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Welcome to Groningen 
 
On behalf of the Scientific and Organizing Committees, it is a great honour and pleasure to warmly 
welcome all participants and accompanying persons to Groningen for the 14th International 
Symposium on Biocatalysis and Biotransformations (BIOTRANS 2019), hosted by the University of 
Groningen. 
 
The BIOTRANS 2019 symposium will showcase recent advances in biocatalysis research, covering 
various cutting edge topics in the field, from reprogramming synthetic biology and redesign of 
natural enzymes to development of new (chemo)enzymatic cascades and novel classes of artificial 
enzymes. The symposium will include invited lectures from experimentalists and theoreticians, from 
both academia and industry. The invited speakers are all current or emerging leaders in their 
respective sub-fields, and bring together the interface between chemistry and biology. The vibrancy 
of the field of biocatalysis and biotransformations will be highlighted in lectures on: 
 

• enzyme discovery and engineering 

• artificial enzymes and de-novo enzyme design 

• systems (bio)technology & synthetic biology 

• biocatalytic cascade reactions 

• chemoenzymatic synthesis strategies 

• industrial biocatalysis 
 
 

We express our warm thanks to the members of the national scientific advisory board and the 
BioTrans steering committee for their help and support. We are also grateful for the generous 
support from our sponsors. All these contributions have helped us to set up the program of 
BioTrans 2019.  

We also thank all presenters of lectures and posters, and chairpersons for contributing to the 
symposium. Except for 43 lectures, there will be approximately 520 posters presented by scientists 
from almost 50 different countries. 

We wish all participants a scientifically rewarding and socially enjoyable meeting in Groningen. 

Marco Fraaije and Gerrit Poelarends 
Chairs BIOTRANS 2019  
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Conference Program 

 

Sunday, July 7, 2019 

14:00– 
16:00 

 
Registration 

 

16:45  
Marco Fraaije 

Gerrit Poelarends 
(chairs) Welcome and introduction 

16:55 

René Paas 
King's Commissioner in the province of Groningen 

Intermezzo 

  Donald Hilvert  
  ETH Zurich 

Welcome address 

17:30  
KL 1 

  Frances Arnold  
  California Institute of Technology 

Innovation by evolution: bringing new 
chemistry to life 

18:30 

  

Welcome reception/walking dinner 
 

The reception will be offered to you by the University of Groningen,  
the Municipality of Groningen and the Province of Groningen 
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Monday, July 8, 2019 

Session 1: New enzymes New reactions 
Chair: Frank Hollmann (Technical University Delft) 

09:00 
KL 2 

Wolfgang Kroutil 
University of Graz 

Extending the reaction toolbox for C-C, C- O and C-N bond 
formation 

09:45 
IL 1 

Todd Hyster 
Princeton University 

Radical biocatalysis – using light to reveal new enzyme 
functions 

10:15 Coffee break 

Chair: Woody Fessner (TU Darmstadt) 

10:45 
L 1 

Tristan de Rond 
Univ. of California, San 
Diego 

Discovery of oxazolone biosynthetic enzymes through 
genome mining 

11:05 
L 2 

Xiaoguang Lei 
Peking University 

Discovery of the first intermolecular [4+2] cyclase in natural 
product biosynthesis 

11:25 
L 3 

Hannah Brass 
Heinrich Heine University 
Düsseldorf  

Ligases in natural product synthesis. A bridge between 
chemistry and biology 

11:45 
L4 

Benoit Desguin 
Université Catholique de 
Leuven  

Biosynthesis and function of the nickel-pincer cofactor of 
lactate racemase 

12:05   Poster Pitch Presentations 

12:30 Lunch break 

14:00 Poster Session I   (odd numbers!) 

Chair: Maurice Franssen (Wageningen University & Research) 

16:00 
IL 2 

Alison Narayan 
University of Michican 

Biocatalysis and complex molecule synthesis 

16:30 
L 5 

David Berkowitz 
University of Nebraska 

Catalytic promiscuity vs. stereochemical fidelity in dynamic 
reductive kinetic resolution (DYRKR) - catalytic and 
structural biology insights 

16:50 
L 6 

Jan Vilím 
University of Amsterdam 

First enzymatic synthesis of nitriles solely from alcohols, 
ammonia and air 

17:10 
L 7 

Lu Shin Wong 
University of Manchester 

Silicateins as biocatalysts in organosiloxane chemistry 

17:30 
L 8 

Roser Marin-Valls 
Consejo Superior de 
Investigaciones Cientificas  

3-Methyl-2-oxobutanoate hydroxymethyl-transferase 
(KPHMT) catalyzed synthesis of 2-ketopantoate and 
homologues aldol addition 

17:50 
IL3 

Tom Desmet 
Gent University 

Exploration, engineering and application of sucrose 
transglycosidases 
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Tuesday, July 9, 2019

Session 2: Cascade reactions 
Chair: Ulf Hanefeld (Technical University Delft) 

09:00 
KL 3 

Helen Hailes 
University College London 

Biocatalytic single-step reactions and enzyme cascades 

09:45 
IL 4 

Anna Fryszkowska 
Merck & Co, Inc 

Rivaling nature: constructing a biocatalytic manufacturing 
route to an unnatural nucleoside 

10:15 Coffee break 

Chair: Laurence Hecquet (University Clermont Auvergne) 

10:45 
L 9 

Jan Deska 
Aalto University 

Fully enzymatic total synthesis of angiopterlactone B 
exploiting non-natural biocatalysis tools in a complex 
cascade design 

11:05 
L 10 

Mattia Lazzarotto 
University of Graz 

Chemoenzymatic total synthesis of deoxy-, epi- and 
podophyllotoxin via a biocatalytic C-H activation by 2-
oxoglutarate dependent dioxygenase 

11:25 
L 11 

Margit Winkler 
The Austrian Center of 
Industrial Biotechnology 

In vivo - in - vitro in sequence: aldehyde formation by CARs 

11:45 
L 12 

James Galman 
Manchester Institute of 
Biotechnology 

Biocatalytic cascade synthesis of unnatural amino acids and 
other valuable building blocks from electron-rich biomass-
derived substrates 

12:05   Poster Pitch Presentations 

12:30 Lunch break 

14:00 Poster Session II (even numbers!) 

Chair: Willem van Berkel (Wageningen University & Research) 

16:00 
IL 5 

Pimchai Chayen 

Vidyasirimedhi Institute of 

Science and Technology  

Enzymatic cascades for biocatalysis, biodetection and 
biofuel  

16:30 
L 13 

Ammar Al-Shameri 

Technische Universität 

Berlin 

Biosynthesis of methylated N-heterocycles from diamines at 
the expense of H2 and O2 

16:50 
L 14 

Florian Seebeck 
University of Basel 

S-adenosylhomocysteine as a methyl transfer catalyst in
biocatalytic methylation reactions

17:10 
L 15 

Jennifer Andexer 
University of Freiburg Polyphosphate-driven cofactor regeneration 

17:30 
L 16 

Nico Bruns 
University of Strathclyde 

Repurposing metalloenzymes to control radical 
polymerizations 

17:50 
IL 6 

Jason Micklefield 
University of Manchester 

Discovery, characterisation and engineering synthetic 
pathways towards bioactive molecules 
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Wednesday, July 10, 2019 

Session 3: Metabolic engineering 
Chair: Francesco Mutti (University of Amsterdam) 

09:00 
KL 4 

Claudia Schmidt-
Dannert 
University of Minnesota  

From biosynthesis to functional biomaterials 

09:45 
IL 7 

Huimin Zhao 
University of Illinois 

Directed evolution of pathways and genomes 

10:15 Coffee break 

Chair: Vladimir Kren  (Czech Acadamy of Sciences) 

10:45 
L 17 

Bruno Bühler 
Helmholtz Centre for Envir- 
onmental Research - UFZ 

Biocatalytic oxygenation driven by photosynthesis 

11:05 
L 18 

Markus Buchhaupt 
DECHEMA Research 
Institute 

Expanding the isoprenoid building block repertoire with an 
IPP methyltransferase from Streptomyces monomycini 

11:25 
L 19 

Vanessa Hubracht 
Ruhr-Universität Bochum 

An enzymatic total synthesis of terpenes 

11:45 
L 20 

Alessa Hinzmann 
Bielefeld University 

Biocatalytic synthesis of aliphatic nitriles at a substrate 
loading of up to 1.4 kg/L: a record achieved with a heme 
protein 

12:05 
IL 8 

Rodrigo de Souza 
Federal University of  

Rio de Janeiro 

Continuous-flow strategies on chemo and enzymatic 
reactions towards API synthesis 

12:35 Lunch break 

14:00 

 

Excursions 

 

19:00 
 
Conference Dinner at Ni Hao (Stadspark), Paviljoenlaan 3, Groningen 
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Thursday, July 11, 2019 

Session 4: Enzyme Engineering 
Chair: Gerard Roelfes (University of Groningen) 

09:00 
KL 5 

Don Hilvert 
ETH Zurich 

Design and evolution of artificial metalloenzymes 

09:45 
IL 9 

Elizabeth Gillam 
University of Queensland 

Looking to the past to evolve enzymes for the future: 
thermostable cytochrome P450 enzymes for biocatalysis 

10:15 Coffee break 

Chair: Sergio Riva (University of Milan) 

10:45 
L 21 

Markus Dick 
California Institute of 
Technology 

Towards a general biocatalyst for noncanonical amino acids 
synthesis: directed evolution of TrpB 

11:05 
L 22 

Cathleen Zeymer 
ETH Zurich 

Engineering artificial metalloenzymes based on de novo 
metal-protein complexes 

11:25 
L 23 

Joyce Liu 
Codexis 

Engineering enzymes for cascade synthesis of a steviol 
glycoside using CodeEvolver® protein engineering 
technology 

11:45 
L 24 

Jonathan Latham 
GSK 

Industrial application of a redox-neutral 
oxidation/reductive amination cascade 

12:05 
IL 10 

Marco van den Berg 
DSM Delft 

Enzymatic reduction of cystine to cysteine 

12:35 Lunch break 

Chair: Kurt Faber (University of Graz) 

14:00 
IL 11 

Roland Ludwig 
University of Vienna 

Depolymerizing cascade reactions of the fungal secretome 

14:30 
IL 12 

Bernard Hauer 
University of Stuttgart 

Completing the circle: investigations on key mechanistic 
steps unveil the full potential of squalene-hopene cyclase 

15:00 Coffee break 

BIOTRANS AWARDS & LECTURES 

15:30 
 

Biotrans Junior Award 
Lecture 
Dörte Rother 
Research Center Jülich 

Synthetic enzyme cascades – from scratch to process 
intensification 

16:00 
 

Biotrans Senior Award 
Lecture 
Dick Janssen 
University of Groningen 

Engineered enzymes by computational design and screening 
of mutant enzyme libraries 

16:45  Poster Prizes & Closing 
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Keynote Speaker (KL 1) 13

Innovation by evolution: bringing new chemistry to life 

Frances Arnold

California Institute of Technology, Pasadena, USA 

Not satisfied with nature’s vast catalyst repertoire, we want to create new protein catalysts and 
expand the space of genetically encoded enzyme functions. I will describe how we can use the most 
powerful biological design process, evolution, to optimize existing enzymes and invent new ones, 
thereby circumventing our profound ignorance of how sequence encodes function. Using 
mechanistic understanding and mimicking nature’s evolutionary processes, we can generate whole 
new enzyme families that catalyze synthetically important reactions not known in biology. Recent 
successes include selective carbene insertion to form C-Si and C-B bonds, and alkyne cyclo-
propanation to make highly strained carbocycles, all in living cells. Extending the capabilities and 
uncovering the mechanisms of these new enzymes derived from natural iron-heme proteins provides 
a basis for discovering new biocatalysts for increasingly challenging reactions. These new capabilities 
increase the scope of molecules and materials we can build using synthetic biology and move us 
closer to a sustainable world where chemical synthesis can be fully programmed in DNA. 

Corresponding author: frances@cheme.caltech.edu 

The lecture of Frances Arnold is sponsored by 
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This lecture is sponsored by 

Extending the reaction toolbhuiminox for C-C, C-O and C-N bond 
formation 

Wolfgang Kroutil1*, E. Eger1, J. E. Farnberger, S. Pompei1, C. Grimm1, A. Żądło-
Dobrowolska1, J. H. Schrittwieser1, M. Fuchs1, M. Lazzarotto1, S. Velikogne1, A. Simon2, K. 

Gruber3, G. Grogan4, K. Houk2 

1 University of Graz, Institute of Chemistry, Graz, Austria  
2 UCLA, Los Angeles, USA 

3 University of Graz, Institute of Molecular Biosciences, Graz, Austria 

3 University of York, York, UK 

Keywords: Friedel-Crafts acylation, oxidative C-C bond formation, ether formation, ether 
cleavage, Pictet-Spengler reaction 

Biocatalyis provides already a good filled toolbox functional group modification and 
interconversion like for the reduction of ketones and imines, amination of alcohols as well 
as for hydrolytic reactions. 

Although a significant number of reactions for building the bigger molecules are under 
investigation and have recently been reported, the repertoire of biocatalytic reactions for 
building the backbone of organic molecule is still rather small. Here will present our recent 
efforts to extend this toolbox.  

We will focus on the Pictet Spengler reaction using the strictosidine synthase,1 ether 
formation using cobalamin dependent methyltransferases,2 Friedel-Crafts acylation3 and 
their extensions as well as on oxidative C-C bond formation. 

References 

1 D. Pressnitz, E.-M. Fischereder, J. Pletz, C. Kofler, L. Hammerer, K. Hiebler, H. Lechner, N. Richter, E. 
Eger, W. Kroutil (2018), Asymmetric Synthesis of (R)-1-Alkyl-Substituted Tetrahydro-ßcarbolines 
Catalyzed by Strictosidine Synthases, Angew. Chem. Int. Ed. 57, 10683-10687. 

2 J. E. Farnberger, N. Richter, K. Hiebler, S. Bierbaumer, M. Pickl, W. Skibar, F. Zepeck, W. Kroutil (2018), 
Biocatalytic methylation and demethylation via a shuttle catalysis concept involving corrinoid proteins, 
Commun. Chem. 1, Article number: 82. 

3 N. G. Schmidt, T. Pavkov-Keller, N. Richter, B. Wiltschi, K. Gruber, W. Kroutil (2017), Biocatalytic Friedel-
Crafts Acylation and Fries Reaction, Angew. Chem. Int. Ed. 56, 7615-7619. 

 

*Corresponding author: Wolfgang.Kroutil@uni-graz.at 
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Radical biocatalysis - Using light to reveal new enzyme functions 

Todd K. Hyster 

Princeton University, Department of Chemistry, Princeton, New Jersey, USA 

Keywords: light, ‘ene’-reductase, photoredox catalysis, radicals 

Enzymes are exquisite catalysts for chemical synthesis, capable of providing unparalleled levels of 
chemo-, regio-, diastereo- and enantioselectivity. Unfortunately, biocatalysts are often limited to the 
reactivity patterns found in nature. In this talk, I will share my groups efforts to use light to expand 
the reactivity profile of enzymes. In our studies, we have exploited the photoexcited state of common 
biological cofactors, such as NADH and FMN to facilitate electron transfer to substrates bound 
within enzyme active sites.1,2 In other studies, we found that enzymes will electronically activate 
bound substrates for electron transfer. In the presence of common photoredox catalysts, this 
activation can be used to direct radical formation to enzyme active sites.3,4 Using these approaches, 
we are able to develop biocatalysts to solve long-standing selectivity challenges in chemical synthesis. 

References:  

1. Emmanuel, M. A.; Greenberg, N. R.; Oblinsky, D. G.; Hyster, T. K. Nature 2016, 540, 414-417. 

2. Sandoval, B. A.; Meichan, A. J.; Hyster, T. K. J. Am. Chem. Soc. 2017, 139, 11313-11316.  

3. Biegasiewicz, K. F.; Cooper, S. J.; Emmanuel, M. A.; Hyster, T. K. Nat. Chem. 2018, 10, 770-775. 

4. Sandoval, B. A.; Kurtoic, S. I.; Chung, M M..; Biegasiewicz, K. F.; Hyster, T. K. Angew. Chem. Int. Ed. 
2019, DOI: 10.1002/ange.201902005R1 

Corresponding author:  thyster@princeton.edu 
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Discovery of oxazolone biosynthetic enzymes through genome 
mining 

Tristan de Rond, Julia Asay, Bradley Moore 

Scripps Institution of Oceanography 
University of California, San Diego 

Keywords: Oxazolones, Enzyme discovery, Genome mining, Bacterial Natural Products 

Despite great progress, there are still countless molecular scaffolds that cannot be effectively 
constructed through biocatalysis. However, four billion years of evolution has provided immense 
genetic – and hence, biochemical – diversity, which is ripe to be explored for useful enzymatic 
transformations. Through genome mining, we have discovered biosynthetic machinery that catalyzes 
the transformation of an N-acyl amino acid into an oxazolone**, a heterocycle with many uses in 
organic synthesis. I will discuss our investigations into the mechanism and biocatalytic potential of 
these enzymes, regulation of oxazolone biosynthesis, possible ecological roles, and why, despite the 
prevalence of the biosynthetic genes in bacterial genomes, oxazolone natural products are so rarely 
reported in the literature. 

References:  

This work is currently unpublished. For my previous publications, please check www.tristanderond.com 

Corresponding author: bsmoore@ucsd.edu
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Discovery of the first intermolecular [4+2] cyclase in natural 
product biosynthesis 

Gao, L.1, Su, C.2, Du, X.1, Dai, J.2, and Lei, X.1 

(1) Beijing National Laboratory for Molecular Sciences, Key Laboratory of Bioorganic Chemistry and 
Molecular Engineering of Ministry of Education, Department of Chemical Biology, College of Chemistry 
and Molecular Engineering, Synthetic and Functional Biomolecules Center, and Peking-Tsinghua Center 

for Life Sciences, Peking University, Beijing, 100871, China 
(2) State Key Laboratory of Bioactive Substance and Function of Natural Medicines; CAMS Key 

Laboratory of Enzyme and Biocatalysis of Natural Drugs, Institute of Materia Medica, Chinese Academy 
of Medical Sciences and Peking Union Medical College, Beijing 100050, China 

Keywords: Diels-Alder reaction, natural product biosynthesis, plant natural product, enzymology 

Diels-Alder (D-A) reaction is a [4+2] cycloaddition between a conjugate diene and a dienophile to 
form a cyclohexene skeleton via a concerted pathway. This reaction is one of the most powerful and 
widely used methods in synthetic chemistry; it is used daily to make many thousands of natural 
products and functional molecules.(1) Despite the preeminence of Diels-Alder reactions in the 
biosynthesis of many secondary metabolites, no naturally occurring enzymes have been demon-
strated to catalyze such intermolecular transformations.(2) In this study, we have identified an 
remarkable enzyme MaDA from plant using a combined effort of activity-based protein purification, 
biosynthetic intermediate probe (BIP)-based target identification and transcriptome analysis. To our 
knowledge, it is the first enzymatic example  of an intermolecular [4+2] cycloaddition reaction in 
plant natural product biosynthesis. We also determined the crystal structure of MaDA at 2.3 Å 
resolution. Guided by this protein structure, through site-directed mutagenesis and computational 
studies we demonstrated how MaDA interacts with both diene and dienophile substrates to catalyze 
an intermolecular and endo-selective [4+2] cycloaddition. We envision that our discovery and 
biochemical characterization of MaDA opens the door for bioinformatics-enabled screening for other 
[4+2] cyclase enzymes in the genomes of plants and species from other domains of life. 

References:  

(1) Nicolaou, K. C., Snyder, S. A., Montagnon, T. & Vassilikogiannakis, G. The Diels-Alder reaction in total 
synthesis. Angew. Chem. Int. Ed. 41, 1668-1698 (2002). 

(2) Jeon, B. S., Wang, S.-A., Ruszczycky, M. W. & Liu, H. W. Natural [4 + 2]-cyclases. Chem. Rev. 117, 5367-
5388 (2016). 

Corresponding author: xglei@pku.edu.cn
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Ligases in natural product synthesis – A bridge between chemistry 
and biology 

Hannah U. C. Brass, Jörg Pietruszka 

Institute of Bioorganic Chemistry, Heinrich Heine University Düsseldorf located at Forschungszentrum 
Jülich, Stetternicher Forst, Building 15.8, 52426 Jülich (Germany) 

Institute of Bio- and Geosciences (IBG-1), Forschungszentrum Jülich, 52426 Jülich (Germany) 

Keywords: biocatalysis, natural products, ligases, new enzymes 

Ligases are enzymes that catalyse the linkage of two molecules, resulting in a covalent bond. These 
linkages can be, among others, C-O, C-N or C-C linkages. The energy required for the reaction is 
supplied via cofactors such as ATP. Ligase-catalysed reactions are found in biosynthetic pathways of 
natural products, but the application in organic synthesis seems to be rare at present. In the 
biosynthesis of the natural products tambjamines, a ligase catalyses the final condensation step. 
Tambjamines are natural products that are produced by marine bacteria and show various bio-
activities.[1,2] 

 

For testing the application of ligases in natural product synthesis, homologous enzymes of the ATP-
dependent ligase TamQ, the condensing enzyme from the tambjamine YP1 (1) producing organism 
Pseudoalteromonas tunicata, were searched for via BLAST. Various homologous enzymes of the 
ligase were found and two enzymes were selected for further investigation - the ligases from Pseudo-
alteromonas citrea and Serratia marcescens.[3] The genes were cloned from the corresponding 
genomes and expressed in E. coli. After successful expression of the ligases, they were biochemically 
characterized. In addition to demonstrating the activity of the ligases, the substrate spectrum was 
analyzed. Kinetic data were additionally obtained for selected substrates. Furthermore, the ligases 
were used for the production of natural product derivatives in a preparative scale biocatalytic 
synthesis. 

References:  

1 K. J. Picott (2019), MedChemComm 10: 478-483  

2 L. N. Aldrich (2010), Bioorg Med Chem Lett 20: 5207-5211 

3 H. U. C. Brass (2019), Adv. Synth. Catal.: 10.1002/adsc.201900183 

Corresponding author: j.pietruszka@fz-juelich.de

  



Oral Presentation (L 4)  19 

 

Biosynthesis and function of the nickel-pincer cofactor of lactate 
racemase 

Benoît Desguin1, Matthias Fellner2, Jian Hu2, Robert P. Hausinger2, Pascal Hols1, and 
Patrice Soumillion1 

1 Institute of Life Sciences, Université catholique de Louvain, B-1348 Louvain-La-Neuve, BELGIUM. 
2 Department of Biochemistry and Molecular Genetics, Michigan State University, East Lansing, MI 

48824, USA. 

Keywords: nickel, cyclometalation, pincer complex, lactate racemase 

The nickel-pincer nucleotide (NPN) is a new cofactor that we identified in lactate racemase (LarA). 
In LarA, NPN is tethered to a lysine and forms a tridentate pincer complex that coordinates nickel 
through one carbon and two sulfur atoms. Although similar complexes have been previously 
synthesized, there was no prior evidence for the existence of pincer cofactors in enzymes (1). 

This cofactor is synthesized from nicotinic acid dinucleotide (NaAD) by three biosynthetic enzymes, 
i.e. LarB, LarC, and LarE. We showed that LarB carboxylates the pyridinium ring of NaAD and 
cleaves the phosphoanhydride bond to release AMP (2). The resulting biscarboxylic acid 
intermediate is transformed into a bisthiocarboxylic acid species by two single-turnover reactions in 
which sacrificial desulfurization of LarE converts its conserved Cys176 into dehydroalanine (3). 
Finally, nickel-containing LarC catalyzes the CTP-dependent nickel insertion into the bisthio-
carboxylic acid species, generating the NPN cofactor. This reaction, known in organometallic 
chemistry as a cyclometalation, is characterized by the formation of new metal-carbon and metal-
sulfur σ bonds. LarC is therefore the first cyclometallase identified in nature (4). 

A bioinformatics study showed that LarA homolog genes and genes coding for the biosynthetic 
enzymes are found in 10 % of all studied prokaryotic genomes and even in some eukaryotes, showing 
the large distribution of LarA homologs. However, it appears that the majority of these LarA 
homologs are not lactate racemases, bot other kinds of isomerases. We already identified four new 
reactions catalyzed by LarA homologs: malate racemization, phenyllactate racemization, 
hydroxybutyrate racemization, and gluconate-mannonate epimerization, yet many other isomer-
ization reactions are still unknown (unpublished results). 

The bioinformatics study further identified that genes coding for the biosynthetic enzymes are 
present without larA homolog in an additional 15 % of the studied genomes. This suggests that other 
unknown NPN-dependent enzymes, catalyzing other types of reactions, are present in these species 
(5). 

 

 

 

 

References:  
1. Desguin B, et al. (2015) A tethered niacin-derived pincer complex with a nickel-carbon bond in lactate 
racemase. Science 349:66-69. 

2. Desguin B, Soumillion P, Hols P, & Hausinger RP (2016) Nickel-pincer cofactor biosynthesis involves 
LarB-catalyzed pyridinium carboxylation and LarE-dependent sacrificial sulfur insertion. Proc. Natl. 
Acad. Sci. U. S. A. 113:5598-5603. 

3. Desguin B*, Fellner M*, Hausinger RP, & Hu J (2017) Structural insights into the catalytic mechanism of 
LarE, a sacrificial sulfur insertase of the N-type ATP pyrophosphatase family. Proc. Natl. Acad. Sci. U. S. A. 
114:9074-9079. *Equal contribution 

4. Desguin B, et al. (2018). Biosynthesis of the nickel-pincer nucleotide cofactor of lactate racemase requires 
a CTP-dependent cyclometallase. Journal of Biological Chemistry 293(32):12303-12317. 

5. Desguin B, Soumillion P, Hausinger RP, & Hols P (2017) Unexpected complexity in the lactate 
racemization system of lactic acid bacteria. FEMS Microbiol. Rev. 41:S71-S83. 

Corresponding author: benoit.desguin@uclouvain.be 
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Biocatalysis and complex molecule synthesis 

Alison Narayan 

University of Michigan 
Life Sciences Institute 

Keywords:  

Natural sources, such as plants, fungi and microbes, have historically provided compounds with 
potent pharmaceutical properties. While it can be challenging to build complex natural products in 
a lab using existing chemistry methods, Nature has perfected these biosynthetic pathways. The work 
described leverages the power of Nature’s tools for building complex molecules to synthesize novel 
molecules with therapeutic potential. The reactivity and selectivity of enzymes from natural product 
pathways are often unparalleled in existing chemical methods. Enzymes with potential synthetic 
utility are used as a starting point for engineering biocatalysts with (1) broad substrate scope, (2) 
high catalytic efficiency, and (3) exquisite site- and stereoselectivity. These biocatalytic methods are 
employed to efficiently synthesize biologically active complex molecules. 

Corresponding author: arhardin@umich.edu
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Catalytic promiscuity vs. stereochemical fidelity in dynamic 
reductive kinetic resolution (DYRKR) - catalytic and structural 

biology insights 

Virendra K. Tiwari, Gaurav P. Kudalkar, Gregory A. Applegate, Kaushik Panigrahi, Peter 
Madzelan, Mark A. Wilson, David B. Berkowitz 

Departments of Chemistry and Biochemistry, University of Nebraska, Lincoln, Nebraska  68588-0304, 
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Our research group was the first to describe the expression, purification and characterization of a 
dehydrogenase enzyme from Clostridium acetobutylicum (CaADH) with considerable potential for 
organic synthesis. This organism was chosen because it naturally traverses a solventogenic phase in 
its normal life cycle. Indeed, it is for this reason that bioengineers have targeted this organism and 
its enzymes for biobutanol production. Our group has established the ability of this enzyme to reduce 
a significant range of carbonyl compounds with high facial selectivity. This presentation will focus 
on dynamic reductive kinetic resolution processes by which a racemic, α-substituted β-keto ester 
substrate is effectively de-racemized and converted largely to a single stereoisomer of four possible. 
Kinetically, this requires that the racemization step be faster than the enzymatic carbonyl reduction 
step, insuring that the disfavored substrate enantiomer does not build up. Stereochemically, this 
process requires that the enzyme both show a significant preference for one enantiomer of the chiral 
educt, and show a strong facial bias for the reduction of the adjacent carbonyl center. This 
presentation will describe our synthesis and enzymatic reduction of a number of substrates under 
such stereochemically dynamic conditions to explore the efficiency of such DYRKR processes as a 
function of substrate structure. This enzyme displays a remarkable degree of active site plasticity, 
whereby substrates of fundamentally different structural classes are reduced stereoselectively, but 
with different facial selectivity depending upon organic substructure and functional group identity 
adjacent to the susceptible carbonyl. This presentation will describe our newest results in 
characterizing the three dimensional structure of CaADH by x-ray crystallography. We will highlight 
our efforts to utilize this information to gain insight into the structural underpinnings of the 
remarkable stereochemical fidelity and yet catalytic promiscuity displayed by this enzyme.  This 
bifurcated organic substrate diversification—structural biology approach to the science should allow 
our collaborative team to build good predictive models to guide future applications of dehydrogenase 
enzymes in synthetic chemistry. 
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In recent years, biocatalytic synthesis of nitriles has been receiving a growing attention since tradi-
tional methods for nitrile synthesis often suffer from a number of drawbacks such as the need for a 
variety of chemical reagents in stoichiometric amounts, the requirement for either harsh reaction 
conditions or toxic cyanide donors. By serendipity, we have discovered an unprecedented formation 
of nitriles from alcohols that is catalyzed by a galactose oxidase variant originated from Fusarium 
sp. (GOx); this enzyme was developed previously for the oxidation of secondary alcohols [1]. In 
contrast, the discovered reaction afforded nitriles from alcohols by using ammonia as the nitrogen 
donor and molecular oxygen from air as final electron acceptor. In this work, we have optimized the 
reaction conditions for the nitrile formation and proved the catalytic role of GOx in the promiscuous 
reaction. The final process permitted to achieve a higher TON (ca. 3300) under the following optimal 
conditions: ca. 2.55 μM GOxM3-5, 400 mM NH3/NH4

+ at pH 9, 30 °C and under air at atmospheric 
pressure. Interestingly, the TON was significantly higher by using GOx as crude cell extract rather 
than as purified enzyme. Finally, the substrate scope of the promiscuous reaction was elucidated and 
included: benzyl alcohols, pyridylmethanols and cinnamic alcohol. The applicability of the reaction 
in organic synthesis was exemplified in a 150 milligram-scale synthesis of 2’-fluorobenzonitrile 
starting from the related alcohol, which afforded quantitative conversion and 75% isolated yield [2]. 
In conclusion, we have discovered a promising catalytic feature of GOxM3-5 that enables the first-
ever one-enzyme transformation of alcohols to nitriles. 
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Silicateins as Biocatalysts in Organosiloxane Chemistry 
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The family of silicatein enzymes from marine sponges (phylum Porifera) is unique in nature for 
catalysing the formation of inorganic silica structures, which the organisms incorporate into their 
skeleton. However, the synthesis of organosiloxanes catalysed by these enzymes has thus far 
remained largely unexplored. To investigate the reactivity of these enzymes in relation to this 
important class of compounds, the α isoform of the enzyme was heterologously produced and its 
catalysis of Si-O bond hydrolysis and condensation was investigated with a range of model 
organosilanols and silyl ethers.  

A high-throughput colorimetric assay based on the hydrolysis of 4-nitrophenyl silyl ethers was 
developed, which enabled the enzyme’s kinetic parameters to be obtained. These assays showed 
unambiguous catalysis with kcat/Km values on the order of 2-50 min-1 μM-1. Condensation reactions 
were also demonstrated by the generation of silyl ethers from their corresponding silanols and 
alcohols. Notably, when presented with a substrate bearing both aliphatic and aromatic hydroxy 
groups the enzyme preferentially silylates the latter group, in clear contrast to nonenzymatic 
silylations. Furthermore, the silicateins are able to catalyse transetherifications, where the silyl group 
from one silyl ether may be transferred to a recipient alcohol.  

Despite close sequence homology to the protease cathepsin L, the silicateins seem to exhibit no 
significant protease or esterase activity when tested against analogous substrates. The silicateins 
thus represent an example of divergent evolution where an existing ancestral enzyme has evolved to 
catalyse reactions in a new “niche” of chemical space. 

Overall, these results suggest the silicateins are promising candidates for future elaboration into 
efficient and selective biocatalysts for organosiloxane chemistry. By providing a new chemical 
context, they may be considered prototype “silyl etherase” enzymes that can be subjected to further 
evolutionary optimisation. 

 

References:  

S. Y. Tabatabaei Dakhili, S. A. Caslin, A. S. Faponle, P. Quayle, S. P. de Visser, L. S. Wong (2017), 
Recombinant silicateins as model biocatalysts in organosiloxane chemistry, Proc. Natl. Acad. Sci. 114: 
E5285. 

Corresponding author: l.s.wong@manchester.ac.u



Oral Presentation (L 8) 24

3-Methyl-2-oxobutanoate hydroxymethyltransferase (KPHMT)
catalyzed synthesis of 2-ketopantoate and homologues aldol

addition 

Roser Marin-Valls, Karel Hernández, Jesús Joglar, Jordi Bujons, Pere Clapés 

Instituto de Química Avanzada de Cataluña IQAC-CSIC. Jordi Girona 18–26, 08034 Barcelona, Spain. 

Keywords: pyruvate aldolases, carbon-carbon bond forming reactions, aldol reactions, 
quaternary carbon centers 

Pantothenate (vitamin B5) is a precursor of coenzyme A (CoA), an essential cofactor in energy meta-
bolism in all organisms. While mammals obtain vitamin B5 from their diet, the biosynthesis of 
pantothenic acid is essential in pathogenic bacteria. Therefore, the enzymes involved in its 
biosynthetic pathway have been identified as attractive targets for new antimicrobial drugs.[1] 

3-Methyl-2-oxobutanoate hydroxymethyltransferase (KPHMT, EC 2.1.2.11) from E. coli K-12,
catalyzes the conversion ofα-ketoisovalerate to ketopantoate and MTHF (N5,N10-methylene
tetrahydrofolate) to tetrahydrofolate (THF) in the presence of a metal ion cofactor.[2]

KPHMT is also able to catalyze aldol addition reactions ofα-ketoisovalerate to formaldehyde through 
a tetrahydrofolate independent mechanism.[3] We envisaged that this could be a useful biocatalyst 
for aldol additions ofα-ketoisovalerate derivatives (1) to aldehydes (2). The products (3) may 
constitute a family of precursors of pantothenate (Vitamin B5) analogues, potential inhibitors of the 
biosynthesis of CoA.  

Herein we present the results for the above mentioned transformation catalyzed by wild-type 
KPHMT and variants (Scheme 1) as an efficient procedure to prepare the 3,3,4-trisubstituted-4-
hydroxy-2-oxobutanoate derivatives 3. The reaction conditions, product conversions and the 
selection of KPHMT variants will be discussed. 

Scheme 1. KPHMT variants-catalyzed aldol addition ofα-ketoisovalerate derivatives to aldehydes. 

This project has received funding from the European Union’s Horizon 2020 research and innovation 
program under grant agreement No 635595 (CarbaZymes) and from Programación Conjunta 
Internacional PCI2018-092937. 
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transglycosidases 
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Because of the growing health awareness among consumers, the sugar industry has come under 
severe pressure all over Europe. However, alternative valorization of common table sugar can be 
realized through its biocatalytic conversion into products with more attractive properties. In that 
respect, it should be noted that sucrose is a very powerful glycosyl donor with an unusually high 
energy content that enables product yields of up to 80% to be reached. Several types of sucrose 
transglycosidases can be found in family GH13, also known as the α-amylase family. By exploring 
the properties of different family members, three new specificities could even be discovered. On the 
one hand, sucrose-6’-phosphate phosphorylase1 points towards the existence of a new pathway for 
sucrose catabolism, involving an alternative PTS. On the other hand, a glycosylglycerate2 and 
glucosylglycerol3 phosphorylase provide new insights into the metabolism of compatible solutes. 
Subsequently, the most promising enzymes were engineered for the production of value-added 
compounds. Through iterative saturation mutagenesis, a double mutant was obtained with high 
selectivity (>95%) for kojibiose (alpha-1,2-glucobiose) as product4. This rare sugar shows potential 
as low-caloric and prebiotic sweetener but its large-scale application has previously been hampered 
by an exuberant price. In turn, by rationally expanding the size of the active site, a whole range of 
novel anti-oxidant glycosides could be synthesized in gram amounts5. These products display 
improved solubility and stability, which should be beneficial for use in food or cosmetic formulations. 
Currently, several new enzymes and processes are being developed in the framework of the H2020-
project “Carbafin“ (www.carbafin.eu). 
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Biocatalytic single-step reactions and enzyme cascades 

Helen C. Hailes 
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We are interested in using biocatalytic strategies for the preparation of single isomer compounds 
and upgrading low cost biomass-derived compounds into valuable synthons. To achieve this, a 
toolbox of enzymes are required that can be used in single-step transformations and multi-step 
enzymatic or chemo-enzymatic cascades. In this presentation, firstly metagenomics strategies for 
enzyme discovery will be presented, including recent work on new robust transaminases. [1-3] Also, 
the discovery of novel ene-reductases and applications in synthesis. The use of biocatalytic enzymes 
to upgrade biomass-derived compounds will then be described. [4-6] 

Norcoclaurine synthase (NCS) catalyses the formation of (S)-norcoclaurine, [7] the first committed 
intermediate in the biosynthetic pathway to benzylisoquinoline alkaloids, a diverse family of natural 
products that have many pharmacological activities including the analgesic morphine, and they 
represent a huge repository of functional chemical space. NCS is a Pictet- Spenglerase and we will 
describe mechanistic investigations and use of the native enzyme and enzyme variants in single-step 
transformations with phenethylamines and aldehydes to access a diverse range of tetra-
hydroisoquinoline alkaloids (THIAs) in high stereoselectivities. [7,8] 

Interestingly, NCSs have also been discovered to accept ketones and we will present recent reactions 
with very sterically challenging ketone substrates. [9] The incorporation of NCSs into in vitro 
enzymatic cascades provides a valuable approach to the synthesis of non-natural THIAs. The use of 
NCSs, with other enzymes such as tyrosinases, decarboxylases and transaminases will then be 
presented in efficient chemoenzymatic cascades. [10,11] 
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Biocatalysis has begun to transform the manufacture of pharmaceutical active ingredients. Recent 
advances in directed evolution and protein engineering, combined with an explosion of genomic 
information, mean that we can now identify and improve enzymes for new reactions with unpre-
cedented speed. The benefits of enzyme-catalyzed reactions in the development of sustainable 
syntheses are well known, but perhaps most powerful is their unique suitability for combination into 
multi-step sequences, which can enable fundamentally different designs for the synthesis of complex 
molecules. We have constructed and engineered a biocatalytic cascade to manufacture an anti-HIV 
nucleoside analogue.  Our work demonstrates that it is now feasible to build multi-enzyme in-vitro 
pathways, enabling the development of green, sustainable manufacturing routes to unnatural active 
pharmaceutical ingredients with a synthetic efficiency and atom economy rivaling natures processes. 
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Biocatalysis is increasingly gaining ground as powerful technique in the organic chemist's toolbox 
for the synthesis of well-defined building blocks. However, with regard to an even broader applica-
tion of enzyme catalysts in classical synthetic chemistry, the lack of biosynthetic precedence for 
numerous synthetically relevant reactions and the consequent lack of biocatalysts to promote those 
reactions need to be considered a major drawback. Since many years, catalytic promiscuity, the 
enzymes' capability to catalyze fundamentally different chemical interconversions, has been in the 
scientific focus,[1] however, just recently entirely abiotic transformations came within reach by 
means of specialized, engineered protein catalysts.[2,3,4] 

In our search of biological catalysts with abilities to address synthetically important reactions beyond 
the biosynthetic repertoire, a range of wild-type metalloenzymes was identified to be effective 
promoters in a range of heterocyclic transformations.[5,6,7] This talk will highlight the synthetic 
potential resulting from the discovery of enzyme activities in abiotic processes as exemplified by a 
complex enzyme cascade design that addresses angiopterlactone B as structurally challenging target 
molecule. Applying traditional retrosynthetic strategies and synthetic-organic principles, a 
streamlined and fully enzymatic reaction sequence was successfully established through 
combination of multiple biocatalytic tools – with both native and artificial functions – that enables 
production of the natural product in a single one-pot operation from acetylfuran as primitive starting 
material.[8] 
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Podophyllotoxin is the most prominent lignan natural product and a precursor for the 
chemotherapeutic drugs etoposide and teniposide (included in the WHO’s list of essential 
medicines). Nonetheless, its asymmetric total synthesis has been historically challenging and 
extraction from the plant remains the main source up to date. In nature, a 2-oxoglutarate dependent 
dioxygenase (2-ODD) is responsible for the stereoselective cyclisation of the natural product’s 
scaffold from the dibenzylbutyrolactone precursor yatein. 2-ODDs are non-heme iron dependent 
oxidation catalysts, using molecular oxygen and 2-oxoglurate. The synthesis of deoxy-, epi-, and 
podophyllotoxin was accomplished through a chemoenzymatic approach involving a 2-ODD from 
Podophyllum hexandrum. The synthetic route consists of a diastereoselective allylation and 
subsequent coupling reaction to yield rac-yatein and its derivatives. 

The biotransformation of rac-yatein has produced deoxy- and isodeoxypodophyllotoxin showing 
that the 2-ODD has no stereopreference for the natural lactone configuration of the rac-yatein 
substrate. On the other hand, enantiopure epi-podophyllotoxin has been obtained after the 2-ODD 
biotransformation of rac-4-hydroxyyatein thanks to a kinetic resolution step performed by the 
enzyme. Moreover, the reaction has been optimized and upscaled to 2 grams to show the scalability 
of the biocatalytic key step.  

By variations in the established 
synthetic route a large library of 
4-hydroxyyatein derivatives were 
produced. With them on hand, 
the substrate scope has been 
investigated, discovering that 
hydroxylation was the dominant 
product outcome when non-
natural substrates were used. 
Eventually, the stereoselectivity 
of the 2-ODD hydroxylation was 
confirmed by crystallization of 
one dihydroxy-dibenzylbutyro-
lactone product. In conclusion, our work proves that 2-ODD are versatile but often disregarded 
biocatalysts. This chemoenzymatic synthesis of epi-podophyllotoxin is a novel, simple route, high 
yielding and low in step count (32% overall yield over 4 steps). By assessing non-natural substrates 
a potential way to alterations of this pharmaceutically highly important structure has been 
established. 
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Industries could not imagine business without aldehydes. This applies especially to the flavor and 
fragrance industry who utilize aldehydes as end-products, but also to the pharma and fine chemical 
industry where aldehydes play a key role as versatile, reactive intermediates. Up-to-date, processes 
used for commercial production of aldehydes raise environmental and ecological concerns. Their 
synthesis from carboxylic acids is a challenging synthetic task but highly attractive in view of 
abundant supply of carboxylates from renewable resources.  

Carboxylate reductases (CARs, E.C. 1.2.1.30) are able to generate a broad variety of aldehydes from 
their corresponding carboxylic acids.[1]  

An economic way to utilize CARs is to embed them in living microbial cells to exploit cellular 
metabolism for co-factor regeneration (ATP and NADPH, respectively). Whereas microbial cells 
have many advantages, they also have drawbacks such as competing metabolic pathways, kinetic 
restrictions due to physical barriers or issues with carboxylate/aldehyde toxicity.[2] One solution to 
keep aldehyde levels in the cells in sub-toxic concentrations is to couple the reaction to follow up 
chemistry. For certain applications, cell free enzymatic routes are on demand. 

Herein, whole-cell-based carboxylate reductions are discussed,[3] including strategies to alleviate 
limitations by side reactions.[4] Furthermore, an in vitro multi-enzyme system that allows for 
quantitative reduction of various carboxylic acids with full recycling of all cofactors and prevention 
of undesired over-reductions is presented.[5] Finally, examples of multi-step reaction sequences 
with aldehyde intermediates are discussed.[6] 
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Sustainable production of fine chemicals from renewable lignocellulosic biomass offers an alter-
native to petrochemical reserves. The use of enzymes in bioconversion processes provides advan-
tages over chemical based processes, such as mild reaction/operating conditions and generating less 
waste from these biodegradable catalysts. However, in order to compete with the current petro-
chemical derived products, an alternative biorefinery route must overcome significant costs and 
productivity barriers.  

Phenylalanine ammonia lyases (PALs) have shown to be effective biocatalysts in the hydroamination 
of a broad range of substituted cinnamic acids and concomitant chemoenzymatic syntheses to 
generate a variety of unnatural L/D-arylalanines. [1] However, the substrate scope of PALs has been 
limited to electron-poor aromatic systems, with little precedent converting electron-rich analogues. 
Herein we employed two complementary approaches to convert electronically and sterically 
demanding cinnamate substrates. Firstly through a semi-rational design of engineered PAL variants 
in the aryl binding pocket of the active site of a recently discovered wild-type PAL from Planctomyces 
brasiliensis. [2] Secondly, we screened metagenomic libraries from Prozomix and identified a new 
clade of PALs which have yet to be fully characterised, but have shown novel activities to accept a 
large scope of demanding electron-rich substrates. 

Our newly discovered PALs illustrate the direct biological conversions for the production of valorised 
compounds from pre-treated lignocellulosic waste plant biomass. We also demonstrate the 
biocatalytic production of the valuable chemical building block coniferol, directly from wheat straw 

via a designed whole cell 
catalyst with plasmid-borne 
overproduction of three 
enzymes: feruloyl esterase 
(FAE), carboxylic acid 
reductase (CAR) and an aldo-
keto reductase (AKR). [3] 
This whole-cell cascade not 
only achieved equivalent 
release of ferulic acid from 
lignocellulose compared to 
alkaline hydrolysis, but also 
displayed efficient conversion 
of ferulic acid to coniferol 
and/or coniferaldehyde. 
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Enzymatic Cascades for Biocatalysis, Biodetection and Biofuel  
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Our research interests span enzyme catalysis, enzyme engineering, systems biocatalysis, metabolic 
engineering and synthetic biology. We cover the entire spectrum from fundamental research to 
industrial uses and innovations. In this talk, I will highlight our recent work on enzymatic cascades 
that lead to applications in biocatalysis and detection technology. Biocatalysis to convert L-arbinose 
to L-ribulose can be accomplished using enzyme engineering approach to construct a pyranose 2-
oxidase variant and other reactions of oxidoreductase to catalyze a complete bioconversion of the 
process. Our group has also studied the reaction of a flavin-dependent monooxygenase HadA which 
catalyzes dehalogenation and denitration of 4-halogenated and 4-nitro phenols to generate p-
benzoquinone. We coupled the HadA reaction with the reaction to generate D-luciferin which is a 
substrate for firefly luciferase. Therefore, the presence of p-halogenated and p-nitro phenols can be 
coupled to light generation using firefly luciferase. On the last topic, I will discuss about a metabolic 
engineering project which we have constructed redox enzymatic cascades to convert fatty acid to 
alkane. 
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Biosynthesis of methylated N-heterocycles from diamines at the 
expense of H2 and O2 

Ammar Al-Shameri (1), Niels Borlinghaus (2), Leonie Weinmann (2), Philipp Scheller (2), 
Bettina Nestl (2), Lars Lauterbach (1) 

(1) Technische Universität Berlin,  Berlin, Germany  
(2) Universitaet Stuttgart. Institute of Biochemistry and Technical Biochemistry, Stuttgart, Germany 

Keywords: putrescine oxidase, hydrogenase, imine reductase, biocatalysis, green chemistry 

N-heterocycles are valuable precursors for the synthesis of various pharmaceuticals [1]. Up to date, 
only a few chemical and biological strategies exist for the selective synthesis of saturated N-hetero-
cycles. Our designed enzymatic cascade for the production of methylated N-heterocycles consists of 
an engineered putrescine oxidase (PuOE203G) [2], an imine reductase (IRED) [3] and a NADP+-
reducing hydrogenase derivative (SH) [4]. The O2-dependent PuOE203G oxidizes diamines to the 
corresponding imines, which are subsequently reduced by the NADPH-dependent IRED to the 
saturated N-heterocycles (Figure 1). The O2-tolerant SH derivative from Ralstonia eutropha 
catalyzes the H2-driven recycling of NADPH [4]. The R- as well as the S-enantiomer of various 
methylated N-heterocycles were synthesized with up to >73% ee and 97% conversion yield [2]. The 
concept of H2-driven NADPH regeneration using a hydrogenase and molecular hydrogen provides a 
promising alternative to carbon-based enzymatic regeneration systems. Furthermore, the described 
enzymatic cascade avoids the consumption of any organic solvents or toxic compounds 
demonstrating the “greeness” of this approach. 

Figure 1: H2-driven biosynthesis of methylated N-heterocycles 
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S-adenosylmethionine (SAM)-dependent methyltransferases constitute a large family of enzymes 
that can catalyze regio-, chemo- and stereospecific methylation of complex natural products. These 
enzymes could be very useful tools for chemoenzymatic production and diversification natural or 
artificial compounds. Despite this potential, in vitro applications of methyltransferases are limited 
by their requirement for SAM as a stoichiometric methyl donor. The chemical complexity, the 
instability, the high cost and the poor atom economy of this reagent prevent preparative in vitro 
methylation reactions from becoming routine protocols in natural product research and viable 
options for process development. In this presentation we demonstrate that C-, N- and O-specific 
methyltransferases can be combined with halide methyltransferases to form enzyme cascades that 
require only catalytic concentrations of SAM and use methyl iodide as the stoichiometric methyl 
donor. 
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Polyphosphate kinases (PPK) have become an interesting option for the regeneration of adenosine-
5’-triphosphate (ATP) in various applications. Inorganic polyphosphate (polyP) is an abundant, 
inexpensive and stable phosphate donor; and PPKs can be used for the phosphorylation of AMP as 
well as ADP. In addition to the characterisation of PPKs with different substrate preferences, we have 
developed polyP-driven enzyme cascades with increasing complexity for the application of different 
cofactor-dependent enzymes.  

In nature, activation of carbonic acids as coenzyme A (CoA) esters is a common method for the 
making of C-C bonds. We have developed an enzyme cascade for CoA-mediated acylation and 
arylation reactions. The CoA ester is formed from CoA and the corresponding carbonic acid in an 
ATP-dependent process catalysed by a CoA ligase. The AMP produced is rephosphorylated in two 
steps by PPKs. After transfer of the CoA-activated group, the CoA is again available for a new round. 
The system has been tested for different acetylation and benzoylations, and is in principle applicable 
for all acyl donors and acceptors, as long as the corresponding CoA ligases and transferases are 
available.   

Biocatalytic alkyl transfer catalysed by methyltransferases (MT) is a valuable tool for synthetic 
applications. In living cells, S-adenosylmethionine (SAM) is recycled from the coproduct S-
adenosylhomocysteine through a multi-step process. Using PPKs and polyP as energy source, we 
have implemented a six-enzyme cascade that mimics the natural SAM cycle. The regeneration cycle 
is shown to work catalytically using O- and N-MTs for the methylation and ethylation of benzoate 
derivatives as a model system. 
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Controlled radical polymerizations such as atom transfer radical polymerizations (ATRP) have 
revolutionized the way that polymers can be synthesized, achieving predetermined molecular 
weights, narrow molecular weight distributions, and allowing to synthesize polymers with complex 
molecular architectures. Metalloenzymes such as horseradish peroxidase, hemoglobin, myoglobin, 
and laccase can be used to catalyze and control these radical polymerizations by reversible 
halogenation and dehalogenation reactions. Biocatalytic ATRP offers many advantages over other 
ATRP catalysts. It allows to control the polymerization of monomers that cannot be polymerized by 
traditional catalysts, and it can be used to confine polymerizations into polymersome-based 
nanoreactors or into protein-cages. Another possibility is to tune the polymerization on surfaces 
through the affinity of the surface to the enzymes in order to prepare well-defined layers of polymers 
on surfaces. Moreover, we have shown that biocatalytic ATRP can be turned into a powerful assay 
for malaria diagnostics, exploiting the dual molecular amplification of catalytic chain initiation and 
the chain growth reaction of radical polymerizations. This malaria assay could become a low-cost, 
yet ultrasensitive diagnostics for malaria eradication campaigns where non-symptomatic patients 
have to be discovered in a population. 
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Discovery, characterisation and engineering synthetic pathways 
towards bioactive molecules 
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Advances in genomics, synthetic biology and structural biology provide us with a unique opportunity 
to discover, engineer and optimize new pathways to bioactive small molecules. This lecture will cover 
our recent work on the discovery, characterisation and engineering of enzymes from secondary 
metabolism for redeployment both  in vivo and in vitro.1-6 
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From biosynthesis to functional biomaterials 
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Cells orchestrate with high-efficiency a multitude enzyme cascades that give rise to an enormous 
diversity of chemical compounds that is unmatched by synthetic methods. We are interested in 
exploring and utilizing the metabolic machineries of biological systems to enable the sustainable 
production of valuable chemicals in engineered microorganisms or by combining isolated enzymes 
in cell-free biocatalytic systems. Intrigued by the spatial organization of biological systems at the 
subcellular and molecular level, we are also investigating, and repurposing systems involved in self-
organization for applications in biocatalysis and for the fabrication of functional biomaterials. 

For the discovery of new enzymes and biosynthetic pathways, we are exploring the unique natural 
product pathways and oxidative enzyme repertoire of mushrooms (Basidiomycota). Mushrooms 
produce a range of unique chemicals, many with demonstrated bioactivities. We are investigating 
the biosynthesis of isoprenoid natural products in mushrooms, which are the largest class of natural 
products and the major class bioactive compounds made by this class of fungi. We have identified 
and characterized the biosynthesis of one group of pharmaceutically important isoprenoids - the 
sesquiterpenes - in several mushroom species. Mushrooms are also masters of oxidative biocatalysis 
performed by novel and expanded families of oxidoreductases. We have built a unique Field-to-
Laboratory Biobank of Basidiomycota that we are screening for the discovery of novel oxidative 
enzymes and biosynthetic enzymes. 

In biological systems, proteins, nucleic acids and lipids are precisely organized to form higher 
ordered structures. Principles underlying the assembly and organization of natural bionanomaterials 
can be harnessed for the design and fabrication of robust materials for biocatalysis and as functional 
biomaterials with emergent properties. Self-assembly provides a low-cost approach for bottom-up 
construction of supramolecular biomaterials from simple building blocks. Peptides and proteins 
offer the most versatility for the assembly of such designed structures due to the chemical diversity 
of their amino acid components. Protein building blocks are also genetically encoded, allowing for 
the genetically programmable production of materials. We are currently designing genetically 
programmable and self-assembling protein-based nano-architectures for multi-step biocatalysis and 
for the fabrication of new types of materials. 
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By mimicking the Darwinian evolution in the test tube, directed evolution has become a powerful 
and indispensable tool for the design and engineering of biological systems including proteins, 
pathways, and genomes for fundamental research and biotechnological applications. In this talk, I 
will highlight our work on the development and application of novel directed evolution tools for 
pathway and genome engineering. Specifically, I will introduce a combinatorial pathway 
optimization strategy (1) and a data-driven directed evolution approach for pathway engineering (2). 
In addition, I will introduce three genome evolution strategies for metabolic engineering of 
Saccharomyces cerevisiae, a prominent industrial production host. These strategies include: (a) a 
CRISPR/Cas9 and homology-directed repair assisted genome-scale engineering (CHAnGE) method 
for rapid engineering of S. cerevisiae with single nucleotide resolution (3); (b) a tri-functional 
CRISPR-Cas system for simultaneous gene activation, interference, and deletion in S. cerevisiae 
either for a set of pre-selected targets or on a whole genome scale (4); and (c) design and construction 
of the RNA interference machinery for automated genome-scale engineering in S. cerevisiae (5). 
Coupled with our recently developed Illinois Biological Foundry for Advanced Biomanufacturing 
(iBioFAB), these strategies should greatly accelerate the metabolic engineering of S. cerevisiae for 
production of value-added products and provide new insights into cellular metabolism and 
physiology.  
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In the past three decades, efficient oxygenase 
biocatalysis concepts have been developed relying on 
the metabolism of living cells of heterotrophic 
organisms, such as E. coli or Pseudomonas (1,2). 
These organisms utilize organic compounds such as 
glucose as source of carbon, energy, and reduction 
equivalents, thereby coupling carbon and energy 
metabolism. Phototrophic organisms on the other 
hand acquire high-energy reduction equivalents by 
light-driven photosynthetic water oxidation and thus 
gained interest as host systems for redox biocatalysis 
(3-7). The photosynthetic light reaction provides 
electrons as well as O2 and thus both cosubstrates of 
oxygenases, independently of carbon metabolism. 
The fast photosynthetic water oxidation thus augurs 
well for resource-efficient oxygenation (Fig. 1). 

Figure 1. Light-driven oxygenation of cyclohexane 
catalyzed by the cytochrome P450 monooxygenase from 
Acidovorax sp. CHX100 (8) in recombinant 

Synechocystis sp. PCC 6803. Fn = Ferredoxin, FnR = Ferredoxin Reductase. 

We present results on photosynthesis-driven oxygenation reactions catalyzed by recombinant 
Synechocystis sp. PCC 6803. High specific oxygenation activities up to 39 U gCDW-1 were obtained 
and found to depend on the light intensity, demonstrating that photosynthetic water oxidation drives 
the oxyfunctionalization reaction. Insights into the complex interplay of oxygenase catalysis with 
phototrophic metabolism in terms of substrate, electron, and O2 supply will be given. Furthermore, 
reaction engineering approaches will be presented to deal with substrate/ product toxicity, volatility, 
and mass transfer as well as with continuous processing. Thereby, this study provides a promising 
basis for a future exploitation of the photosynthetic light reaction for highly sustainable and 
productive biocatalytic oxyfunctionalizations. 
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Terpenes constitute the largest class of natural products with more than 70,000 compounds. 
According to the isoprene rule, most plant terpenoids contain 5, 10, 15 or 20 carbon atoms. Although 
the terpene biosynthesis pathways are highly modular, their starting intermediates are almost 
exclusively the C5 units IPP and DMAPP. They can be combined to yield the building blocks GPP 
(C10), FPP (C15) or GGPP (C20). In some bacteria, terpenes with 11 carbon atoms are synthesized 
via a GPP-C2-methyltransferase and the subsequent conversion of the unusual 2-methyl-GPP by 
certain terpene synthases. In order to furthermore amplify the possibilities of terpene biosynthesis 
through the modification of its building blocks, we identified and characterized another SAM-
dependent methyltransferase from Streptomyces monomycini which can convert IPP into a variety 
of C6 and C7 prenyl pyrophosphates. Heterologous expression in Escherichia coli not only extended 
the intracellular prenyl pyrophosphate spectrum with mono- or di-methylated IPP and DMAPP, but 
also enabled the biosynthesis of C11, C12, C16 and C17 prenyl pyrophosphates. We furthermore 
demonstrated the general high promiscuity of terpenoid biosynthesis pathways towards uncommon 
building blocks by the E. coli-based production of polymethylated C41, C42 and C43 carotenoids. 
Integration of the IPP methyltransferase in terpene synthesis pathways enables an expansion of the 
terpenoid structure space beyond the borders predetermined by the isoprene rule. 
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Terpenes are famous for their importance in technology and medicine and infamous for their often 
low accessibility. To this end, approaches from total synthesis or heterologous fermentation were 
employed to produce e.g. artemisinin. We here report on a reductionistic approach to fermentation, 
in which terpenes are biosynthesized in a cell-free setup. Starting from acetic acid, the generic C5-
precursors of terpenoids, DMAPP and IPP, are enzymatically synthesized via mevalonic acid as 
intermediate. 

 

Fig. 1: Schematic view on the artificial mevalonic acid pathway as used for the enzymatic terpene synthesis. 

Enzymes from various microbial species are cloned and combined in the ex vivo biosynthesis. 
Furthermore, enzymes for the regeneration of expensive cofactors like NADPH and coenzyme A were 
included in the pathway to yield farnesyl pyrophosphate in yields of 1.7 g/L and further downstream 
corresponding sesquiterpens in yields of approx. 1 g/L in an overnight reaction cascade.[1] 
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Biocatalytic synthesis of aliphatic nitriles at a substrate loading of 
up to 1.4 kg/L: a record achieved with a heme protein 

Hinzmann, A., Gröger, H. 
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Universitätsstraße 25, 33615 Bielefeld, Germany 

Keywords: Aldoxime dehydratase, Aldoximes, Nitriles, Industrial biocatalysis 

Linear aliphatic nitriles are bulk chemicals with a broad field of applications and their syntheses are 
presented here using an aldoxime dehydratase from Bacillus sp. OxB-1 (OxdB)[1] in whole cells as 
biocatalyst with substrate concentrations up to 1.4 kg per liter reaction medium. Although bio-
catalysis is nowadays a more and more often used tool in the fine and pharmaceutical industry with 
numerous processes on large scale,[1] analogous examples in the field of bulk chemicals are still 
rare.[2-5] A very prominent exception is the acrylamide process in which acrylonitrile is converted 
by a nitrile hydratase towards acrylamide.[6] Thus, this substrate concentration for the biocatalytic 
synthesis of octanenitrile of 1.4 kg per liter is one of the highest ever reported in biocatalysis and it 
is even more astonishing that it was achieved for a water-immiscible product. In Table 1 the results 
of hexane-, decane- and octanenitrile syntheses are shown. Besides the enormous substrate loading 
in this synthesis, also the easy separation of the product from the reaction medium should be 
mentioned. Since an aqueous reaction medium is used the hydrophobic nitrile products form a 
second phase above the aqueous phase. In a 250 mL-scale biotransformation using aqueous reaction 
medium consisting of OxdB-containing whole cells (33 mg/mL bio wet weight) ~200 g octanenitrile 
was synthesized and no further purification of the nitrile was necessary. 
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Continuous-flow strategies on chemo and enzymatic reactions 
towards API synthesis 

Rodrigo O.M.A. de Souza 

Biocatalysis and Organic Synthesis Group, Chemistry Institute, Federal University of Rio de Janeiro 

In the beginning, APIs were synthesized starting from complex natural products with very few 
modifications in its structure. Along the years much has change, most APIs are now synthesized 
starting from very simple starting materials arriving on very complex molecules. But something has 
not changed, the way this APIs are produced, since the 17th century matter is mixed in round bottom 
flasks for a certain period of time under specific conditions in order to allow the chemistry 
transformation. Unfortunately, most of the time, this procedure must be repeated several times 
(called steps) in order to arrive on the final molecule, which can be taken by the general population. 
Continuous-flow technology has arrived at the drug manufacturing companies in order to avoid 
waste of time and tries to make process chemistry more efficient. It allows the development of 
cascade reactions, combining different steps without the need of isolation and purification, in a cost 
effective way in terms of time and money. During the last years our group has focused efforts on the 
development of chemo and enzymatic methodologies towards the synthesis of fine chemicals, 
intermediates and final APIs, which are important for the chemical industry in Brazil. Several 
examples will be shown, some of them featuring cascade chemo-enzymatic reactions, on the 
synthesis of levetiracetam, ethambutol, crizotinib, donepezil, among others. 
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Design and evolution of artificial metalloenzymes 

Prof. Donald Hilvert 

ETH Zürich Switzerland 

Keywords: Enzyme, evolution 

Enzyme design represents a formidable challenge. We do not fully understand the rules of protein 
folding, and our knowledge of structure-function relationships in these macromolecules is at best 
incomplete. Nature has solved the problem of protein design through the mechanism of Darwinian 
evolution. From primitive peptidic precursors, recursive cycles of mutation, selection and 
amplification of molecules with favorable traits have given rise to all of the many thousands of gene 
products in every one of our cells. An analogous process of natural selection can be profitably 
exploited in silico and in the laboratory on a human time scale to create, characterize and optimize 
artificial catalysts for tasks unimagined by Nature. Recent progress in combining computational and 
evolutionary approaches for the design of artificial metalloenzymes will be discussed, together with 
insights into enzyme function gained from studies of the engineered catalysts. 
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Looking to the past to evolve enzymes for the future: thermostable 
cytochrome P450 enzymes for biocatalysis 

Strohmaier SJ1, Baek J-M1, Thomson RES1, Harris KL1, D’Cunha SA1, Foley G1, Gumulya 
Y1, Boden M1, Jurva U2, Andersson S3, and Gillam EMJ1 
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Gothenburg, Sweden  
3Discovery Sciences, R&D BioPharmaceuticals, Astrazeneca, Gothenburg, Sweden 

Keywords: cytochrome P450, thermostability, C-H functionalization, fine chemical synthesis 

Cytochrome P450 enzymes are of interest for biocatalysis due to their ability to functionalise 
unactivated C-H bonds in a regio- and stereo-selective manner. These haemoproteins mediate over 
60 different chemical transformations via a general mechanism involving the insertion of one oxygen 
from dioxygen into a substrate with concomitant reduction of the other to water. The P450s involved 
in mammalian xenobiotic metabolism metabolise broad but defined ranges of substrates, including 
many complex natural products and other drug-like molecules, a catalytic versatility which should 
suit them to applications in pharmaceutical and other fine chemical syntheses. However, the extant 
drug-metabolizing P450s are unstable under industrial conditions and require both an accessory 
redox partner (cytochrome P450 reductase) and an expensive reducing cofactor (NADPH).  

We have used ancestral sequence reconstruction to resurrect the ancestors of several families of 
vertebrate drug-metabolising P450s, showing them to be highly thermostable, with 60T50 values (i.e. 
the temperature at which 50 % of the protein remains intact after an incubation of 60 min) increased 
by ~ 20 – 30 ºC over the extant forms1,2. It has not been possible to stabilize the natural redox 
partner, cytochrome P450 reductase, to the same extent by ancestral sequence resurrection. 
However, the thermostable P450s can be supported by inexpensive oxygen surrogates, enabling 
incubations to be conducted at elevated temperatures and for extended times. Some ancestral P450s 
also showed enhanced solvent tolerance further improving product yields by allowing increased 
substrate loading. While in many cases the ancestral P450s showed similar catalytic specificity as 
their extant descendants, some evolutionary intermediates demonstrated markedly enhanced 
turnover and alterations in regioselectivity, including novel metabolites. These results suggest that 
evolutionary intermediates of cytochrome P450 enzymes may be a rich source of thermostable 
biocatalysts for fine chemical synthesis. 
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synthesis: Directed evolution of TrpB 
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Noncanonical amino acids (ncAAs) hold undeniable importance in industrial and academic research 
as precursors for pharmaceuticals and natural products, and as biological probes. However, the 
chemical synthesis of ncAAs remains challenging, since it demands stereoselective methods as well 
as numerous activation and protection/deprotection steps. Enzymes are both highly enantioselective 
and chemoselective, thereby making them ideal for the synthesis of unprotected ncAAs. One 
promising approach employs the β-subunit of tryptophan synthase (TrpB), a pyridoxal 5’-phosphate 
(PLP)-dependent enzyme that catalyzes the condensation of L-serine and indole to form L-
tryptophan through formation of a new C–C bond. Recently, we used directed evolution to restore 
the high catalytic efficiency of TrpB outside its native heteroenzyme complex[1] and expanded its 
substrate scope towards electron-deficient indoles and β-substituted serine analogues. [2,3] Here, 
we expand its portfolio beyond indole analogues to include completely new classes of sp3-hybridized 
carbon nucleophiles, such as nitroalkanes, allowing for the formation of stereocenters at both the α 
and γ positions. Overall, our engineered TrpB variants enable new enzymatic routes for the synthesis 
of ncAAs with excellent yield and regio- and stereoselectivity. 
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Engineering artificial metalloenzymes based on de novo metal-
protein complexes 

Cathleen Zeymer1, Nikoletta Piperidou1, Shane Caldwell2, David Baker2, Donald Hilvert1 

1 Laboratory of Organic Chemistry, ETH Zürich, 8093 Zürich, Switzerland 
2 Institute for Protein Design, University of Washington, Seattle, WA 98195, USA 
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Artificial metalloenzymes offer unique reactivities that expand the scope of biocatalysis towards non-
natural chemical transformations. They are typically generated by rational design, combining the 
catalytic properties of an abiotic metal cofactor with the chiral environment of a protein scaffold that 
provides stereoselectivity. Despite the metal’s intrinsic reactivity, initial rate enhancements tend to 
be orders of magnitude lower compared to natural enzymes. This effect can be attributed to the 
substantial influence that second and third coordination spheres have on catalysis. A powerful 
approach for catalyst optimization exploits directed evolution, a technique that mimics natural 
selection in the laboratory through iterative cycles of mutagenesis and screening. Improvements in 
product yield, total turnover number, regio‐/stereoselectivity, and catalytic efficiency can be 
achieved due to subtle structural rearrangements induced by a small number of beneficial mutations. 

We have recently established the formation of well-defined and robust metal-protein complexes 
based on de novo protein scaffolds, in which the metal ions are directly coordinated by natural amino 
acids of the protein. For instance, tight and specific binding of lanthanides has been achieved in a 
computationally designed, symmetric TIM barrel scaffold that was equipped with a metal binding 
site consisting of four glutamate residues. Inspired by the design of lanthanide-binding tags used in 
luminescence-based imaging, we installed a tryptophan residue adjacent to the metal binding site, 
which serves as an intrinsic antenna for photoexcitation, thus facilitating quantitative measurement 
of lanthanide binding through a specific luminescence readout. In addition, we determined crystal 
structures of the lanthanide-bound scaffolds and observed strong anomalous electron density at the 
metal binding site originating from specific binding of the heavy ions. Based on these results, we are 
currently testing and optimizing these metal-protein complexes as artificial metalloenzymes for 
hydrolytic reactions as well as photo-redox chemistry. 
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Engineering enzymes for cascade synthesis of a steviol glycoside 
using CodeEvolver® protein engineering technology 

Vroom, J., Galanie, S., Liang, J., Liu, J., Dellas, N. 

Codexis 

Keywords: enzyme engineering, directed evolution, biocatalytic cascade synthesis, 
glycosyltransferase 

Biocatalysis is a powerful tool for enabling more efficient, cost-effective, and sustainable 
manufacturing processes. Using advanced protein engineering technology, Codexis has developed a 
diverse array of enzymes with novel and improved properties, which have been used to manufacture 
a wide range of pharmaceutical intermediates and food ingredients. Here, we present the application 
of our CodeEvolver® protein engineering platform to the rapid development of an efficient, scalable 
process for the production of a sweetener with desirable characteristics. A set of glycosyltransferases 
and a cofactor recycling enzyme were engineered extensively, and the activity, selectivity, stability, 
and cofactor use of each enzyme was optimized in parallel to result in an inexpensive process that 
converts stevia leaf extracts to a desired steviol glycoside. This multi-enzyme cascade synthesis of 
rebaudiosides enables high product titers and high product purity with minimal downstream 
processing as well as rapid process development for commercialization. 
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Industrial Application of a Redox-Neutral Oxidation/ 
Reductive Amination Cascade 

Jonathan Latham 
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The Synthetic Biochemistry team at GSK recently expanded their biocatalytic toolbox by developing 
a panel of imine reductases (IREDs). This panel enables reductive amination reactions to afford 
chiral secondary and tertiary amines under favourable process conditions - employing stoichiometric 
quantities of ketone/aldehyde and amine, benign reaction temperature and catalytic quantities of 
reducing agent.[1] 

This panel allowed identification of an IRED suitable for application to the synthesis of a chiral 
building block en route to one of GSK’s oncology assets. In this process, the IRED enabled a reductive 
amination with concurrent kinetic resolution of the amine substrate in high stereoselectivity (an 
unprecedented transformation at the time). Directed evolution was subsequently employed to 
transform the panel hit into a process-ready enzyme – reducing enzyme loading from >300 to 1 
w/w% after 3 rounds. This biotransformation was demonstrated on 0.5 kg scale. 

With an efficient biocatalytic reductive amination reaction in-hand, a redox-neutral 
oxidation/reductive amination cascade reaction was developed, by combination of the IRED with a 
ketoreductase (KRED) for generation of the aldehyde IRED substrate in situ. The cascade reaction 
allowed the overall synthetic route to be shortened and allowed the removal of several undesirable 
solvents and reagents. The optimised reaction was successfully demonstrated on 5 g scale using 
stoichiometric quantities of amine substrate. Directed evolution of this KRED then allowed the 
reaction intensity to be increased 2.5-fold and enzyme loading to be reduced 5-fold. This work 
demonstrates that these cascades could afford manufacturable processes and transform the way 
secondary amines are synthesised. 
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Enzymatic reduction of cystine to cysteine 

Marco van den Berg 
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Cysteine is a precursor used in the food, pharmaceutical and personal care industries. One of the 
larger food applications is the production of flavours: the reaction of cysteine with sugars in a 
Maillard reaction to produce meat flavours. Cysteine is also used as a processing aid for baking and 
is added to natural fruit juice products as antioxidant. As pharmaceutical it is applied to improve 
hepatic function and pigmentation. In clinical nutrition cysteine is added to amino acid infusions as 
an antioxidant agent. In the field of personal care, cysteine is used for permanent wave applications 
(predominantly in Asia), wherein cysteine is used for breaking up the disulfide bonds in the hair's 
keratin. Cysteine can be produced via fermentation using Escherichia coli, producing >20 gram of 
cysteine per liter. However, a problem is that in solution oxidization of cysteine readily leads to the 
disulfide cystine, which needs to be reduced. Here, I will present the method for the enzymatic 
reduction of cystine to cysteine. 
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Depolymerizing cascade reactions of the fungal secretome 

Roland Ludwig 
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Keywords: enzymatic cascade reactions, fungal secretome, oxidoreductases, high-resolution 
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Tens to hundreds of different enzymes are secreted by fungi during days and weeks of hard labour 
necessary to degrade plant biomass. The enzyme composition of the secretome is fine-tuned in 
regard to the lifestyle of the fungus, the available substrate and the decomposition stage. But how is 
the catalytic activity and the interaction of polymer degrading enzymes regulated? In contrast to 
most biosynthetic cascade reactions, cellulose and lignin depolymerizing enzymes convert 
heterogeneous substrates. On strategy to separate reactions is achieved by targeting the enzymes 
towards their substratevia, e.g., 84 classes of carbohydrate binding modules. The local concentration 
of enzymes performing a cascadic degradation reaction supports enzymatic activity by an increased 
local concentration of intermediates. Futile reactions of valuable breakdown products, e.g. 
cellobiose, are prevented by specific protein-protein interactions to preserve resources for the fungus 
metabolism. An example of such a highly regulated enzyme is lytic polysaccharide monooxygenase 
(LPMO), which starts the catalytic cascade of cellulose degradation and is present in 90% of 
lignocellulose degrading fungi. LPMO catalyses the initial oxidative cleavage of recalcitrant 
polysaccharides such as cellulose, hemicellulose, starch and chitin to enable the subsequent action 
of hydrolytic enzymes [1, 2]. The discovery of the source of electrons and cosubstrates necessary to 
activate LPMO is fundamental to exploit LPMOs for biomass processing and shows, that a number 
of oxidoreductases which were so far connected to lignin degradation also support cellulose 
degradation via their reaction products like hydrogen peroxide or benzenediols [3]. The lecture will 
report details on the use of temporal and spatial high-resolution methods such as scanning 
electrochemical microscopy, surface plasmon resonance and fluorescence microscopy to follow 
cascade reactions, to determine the true conversion rates of fungal lignocellulose degrading 
oxidoreductases bound onto their polymeric substrates, and to elucidate their interaction. 
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Completing the circle: Investigations on key mechanistic steps 
unveil the full potential of Squalene-Hopene Cyclase 

Bernhard Hauer 

Institute of Biochemistry and Technical Biochemistry, Universitaet Stuttgart, Allmandring 31, D-70569 
Stuttgart 

Squalene-hopene cyclases (SHCs) are part of the terpene biosynthesis and catalyze the 
polycyclization cascade from linear squalene to the pentacyclic products hopene and hopanol. This 
very precise catalysis is initiated by pre-folding of the linear substrate and subsequent protonation 
of the terminal C-C double bond by a Brønsted-acidic center in the enzyme active site. We have 
shown that SHCs are highly promiscuous and evolvable, accepting a broad range of truncated and 
elongated terpenes and terpenoids. By this means the general applicability in asymmetric Brønsted 
acid catalysis was demonstrated by catalyzing not only terpene cyclizations but also Friedel-Crafts 
alkylations, Prins reactions and challenging isomerizations. However, exploiting the Brønsted-acidic 
functionality was only the first step in understanding these enzyms. To unlock the full potential of 
SHCs we have started to investigate the key steps in the cyclization mechanism: 1) entering the active 
site, 2) prefolding, 3) protonation and carbocation control, 4) termination. Consequently, SHCs are 
considered as protonases and we are currently evolving this enzyme for various interesting reactions 
in the field of asymmetric Brønsted-acid catalysis. 
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Enzymatic multi-step reactions offer significant potential to yield chiral building blocks with 
excellent stereoselectivities. Still, the access to economically feasible product concentrations is a 
challenge. By using an integrated engineering approach encompassing enzyme engineering, reaction 
optimisation and optimal process design, this challenge can be overcome. Examples of synthetic 
enzyme cascades for the production of pharmaceutically active ingredients meeting selectivities >98 
% and product concentrations >50 g/L will be presented. 

By the flexible combination of enzymes with varying substrate specificities and stereo-/region-
selectivities, the access to product platforms is possible. Combining (R)- and (S)-selective trans-
aminases and carboligases modularly, all four stereoisomers of e.g. amino alcohols like  nor(pseudo)-
ephedrine1, methoxamine or metaraminol2 are gained from differently substituted starting 
aldehydes.   

In addition, tetrahydroisoquinolines (THIQ) containing three chiral centres can be synthesised by 
an additional cyclisation step. This step is either catalysed by a norcoclaurine synthase or by 
phosphate giving stereocomplementary products.2  Finally, enzymes and chemical catalysts can even 
be combined in hybrid processes with whole (living) cells producing valuable bulk and fine-
chemicals like THIQ from renewables. 

To further increase ecologic and economic efficiency, multi-step biocatalysis can be run in (optimally 
environmentally benign) organic solvents. Whole (lyophilised) cell applications in micro-aqueous 
reaction systems do not only allow addition of poorly water-soluble substrates in high 
concentrations, but also facilitate downstream processing. Exemplarily, the production of several 
vicinal diols with product concentration > 440 mM and space-time-yields > 330 g L-1 d-1 (ee/de 
>99 %) was possible.3 Novel process configurations include coproduct recycling and in situ product 
removal.4  

With higher cascade complexity, also the chance of unwanted cross-reactivity increases.5 We recently 
started to investigate techniques regulating the activity of each step by using external stimuli such as 
light and temperature. 
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Whereas nature harbors a practically unlimited diversity of enzymes and biocatalytic transfor-
mations, practical applications usually require tailoring of biocatalyst properties such as stability, 
(enantio)selectivity and turnover number. This is very successfully achieved by directed evolution, 
which in case there are no possibilities for high-throughput screening may benefit from focused 
libraries and larger jumps in functional properties than allowed by single or pairwise mutations. 
Recent developments in computational protein design and biomolecular simulations make it 
possible to replace large parts of the laboratory work by computational methods. For increasing 
enzyme stability, we have explored a strategy called FRESCO (framework for rapid enzyme stabili-
zation by computational library design), which uses energy calculations and MD simulations to 
predict stabilizing mutations. After experimental verification, the best mutations are combined, 
giving more thermostable and solvent resistant enzymes. This strategy has been used by us and 
others to enhance the stability of several unrelated enzymes (epoxide hydrolase, 2 dehalogenases, 
aminotransferase, peptide amidase, HMF oxidase, xylanase, Baeyer-Villiger monooxygenase). We 
also investigate a strategy called CASCO (catalytic selectivity by computational design and screening) 
that uses molecular modeling, Rosetta design, docking and molecular dynamics simulations to 
discover enzyme variants with desired changes in selectivity. This was applied to obtain limonene 
epoxide hydrolase variants for asymmetric transformation of meso epoxides, haloalkane 
dehalogenase mutants for kinetic resolution, ammonia lyase for asymmetric synthesis of ß-amino 
acids, and an aminotransferase for producing chiral amines. The development of fast algorithms and 
cheaper hardware enables the use of virtual screening of mutant libraries for rapid engineering of 
enzymes with catalytic properties dictated by reaction and process requirements. 
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Cofactor recycling is a crucial aspect of the application of oxidoreductases. A set of fusion biocatalysts 
has been generated that can be used for self-sufficient oxygenations or ketone reductions. These 
biocatalysts were created by fusing a Baeyer-Villiger monooxygenase or an alcohol dehydrogenase 
with three different cofactor regeneration enzymes: formate dehydrogenase, glucose dehydrogenase, 
and phosphite dehydrogenase. Solvent tolerance was investigated, including a deep eutectic solvent, 
and their activity and selectivity with a variety of substrates have been studied. Great conversions 
and enantioselectivities were obtained, showing that these engineered fusion enzymes can be used 
as biocatalysts. 
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2-Deoxy-d-ribose-5-phosphate aldolase (DERA) is a class 1 aldolase that offers access to several 
building blocks for organic synthesis by catalyzing a stereoselective C-C bond formation between 
acetaldehyde and numerous other aldehydes [1]. However, the practical application of DERA as a 
biocatalyst is limited by its poor tolerance towards industrially relevant concentrations of 
acetaldehyde.  

Here, we describe our studies with the acetaldehyde tolerant DERA lb [2]. The gene encoding DERA 
lb from Lactobacillus brevis ECU8302 was expressed in Escherichia coli and two points mutation 
E78K and C42M were introduced to improve both the acetaldehyde resistance of the enzyme and its 
thermostability. The structures and activities of the two enzymes were characterized and compared 
with those of E. coli DERA. The DERAs from lb variants showed much greater activity in the 
sequential aldol condensation reaction (using acetaldehydes and 2-substituted acetaldehydes as 
substrates) than the E. coli ortholog. At 25 °C and 300 mM acetaldehyde, the chiral lactol 
intermediate was obtained in good yield. This intermediate is a synthon for the preparation of a large 
variety of optically pure super-statins, such as Rosuvastatin and Pitavastatin.  
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The chemical space of terpenes and terpenoids is mostly limited to carbon scaffolds that follow the 
isoprene rule and can thus be divided into distinct classes that differ by five carbon atoms. Breaking 
the isoprene rule by selective late-stage alkylation has the potential to generate new molecules with 
altered function (e.g. to access new fragrances and bioactive compounds) [1]. The aim of our studies 
is to establish a selective enzymatic platform for alkene methylation. In particular, we target to access 
enzymes that methylate the carbon scaffold of mono- (C10), sesqui- (C15) and diterpenes (C20). 

S-adenosyl-L-methionine-dependent C-methyltransferases (CMTs) are capable to methylate 
carbon-carbon double bonds of terpenoids. However, such CMTs are so far limited to very specific 
substrates, e.g. phosphorylated precursors of terpene biosynthesis or large C30-structures [2-4]. We 
address selective alkene methylation of terpenes and terpenoids by exploring the catalytic 
capabilities of sterol methyltransferases (SMTs), which naturally catalyze methylation of sterols 
(C30). As SMTs are potential membrane proteins, we have developed a protocol using detergents 
that yields stable enzyme solutions with high in vitro activity. The protocol was developed with the 
SMT from Chlamydomonas reinhardtii and was successfully applied to various homologous SMTs, 
identified by a sequence similarity network. We now have a diverse panel of C30-methylating CMTs 
and we are currently exploring the substrate promiscuity of this fascinating enzyme family. 
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Crude edible vegetable oils are submitted to a refining process, usually consisting of the following 
steps: i) degumming; ii) neutralization; iii) winterization; iv) bleaching; v) deodorization; vi) 
brightening. Each step generates by-products and waste. In the neutralization step degummed oil is 
treated with alkaline aqueous solutions, in order to transform free fatty acids into their respective 
sodium salts, which are then removed from the oil by centrifugation, affording a by-product usually 
called soapstock. Oleic and linoleic acid are the main components of the soapstock mixture obtained 
from corn and sunflower oil. One of the most interesting applications of oleic acid is its conversion 
into azelaic and pelargonic acid by ozonolysis of the C=C double bond. Enzymatic variants of this 
process have already been reported in the literature.(1-3) Azelaic acid is widely exploited in the 
synthesis of polymers (polyesters and polyamides) and pharmaceuticals (anti-acne). Within a project 
devoted to the enzymatic valorization of the side-stream products produced during the refining 
process of vegetable oils (SOAVE - Seed and vegetable Oils Active Valorization through Enzymes – 
Fondazione Cariplo n. 2017-1015) we investigated a new chemo-enzymatic procedure to achieve the 
oxidative cleavage of oleic acid, avoiding the use of ozone. The key intermediate is 9,10-epoxystearic 
acid, which is transformed into the corresponding diol, then submitted to a two-step oxidative 
process to obtain azelaic and pelargonic acid. 
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Bio-based production of commodity chemicals is a route that is less effected by global oil price 
fluctuations and has the advantage of being a ‘green’ process free from reliance on non-renewable 
sources. However, production is currently unprofitable in a batch process vs. chemical synthesis at 
scale. The ConBioChem project aims to enable economically viable continuous fermentation by 
stabilising the genes involved in chemical production pathways and developing transferable models 
for fermentation control and optimisation.  

Previous studies have shown citramalate, a potential precursor to methacrylic acid, to be a model 
example of industrial biosynthesis [1]. Here we demonstrate the use of synthetic biology tools and 
principles to design and build fluorescent reporter citramalate production plasmid vectors and we 
show the use of single-cell techniques to demonstrate their rapid screening. This design-build-test 
cycle has shown how methods of plasmid stabilisation contribute to genetic longevity in industrial 
processes and show potential towards enabling industrially relevant timescales for continuous 
fermentation stability. Such increases in genetic longevity will enable longer continuous 
fermentation runs and thus better economy in bio-based chemical production processes. 
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N-heterocycles are valuable precursors for the synthesis of various pharmaceuticals [1]. Up to date, 
only a few chemical and biological strategies exist for the selective synthesis of saturated N-
heterocycles. Our designed enzymatic cascade for the production of methylated N-heterocycles 
consists of an engineered putrescine oxidase (PuOE203G) [2], an imine reductase (IRED) [3] and a 
NADP+-reducing hydrogenase derivative (SH) [4]. The O2-dependent PuOE203G oxidizes diamines 
to the corresponding imines, which are subsequently reduced by the NADPH-dependent IRED to 
the saturated N-heterocycles (Figure 1). The O2-tolerant SH derivative from Ralstonia eutropha 
catalyzes the H2-driven recycling of NADPH [4]. The R- as well as the S-enantiomer of various 
methylated N-heterocycles were synthesized with up to >73% ee and 97% conversion yield [2]. The 
concept of H2-driven NADPH regeneration using a hydrogenase and molecular hydrogen provides a 
promising alternative to carbon-based enzymatic regeneration systems. Furthermore, the described 
enzymatic cascade avoids the consumption of any organic solvents or toxic compounds 
demonstrating the “greeness” of this approach. 

Figure 1: H2-driven biosynthesis of methylated N-heterocycles 
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Water is a particular attractive reagent due to its sustainability and abundance, however, it is at the 
same time rather unreactive and a poor nucleophile. Chemical addition of water to carbon-carbon 
double bonds displays a very poor selectivity and usually requires harsh reaction conditions often 
leading to undesired side reactions.[1,2] However, water can be involved in the synthesis of relevant 
alcohols from readily available alkenes through elegant enzyme-catalyzed reactions under mild 
conditions by hydratases.[1,2]  

Previous studies using the whole cells of Rhodococcus rhodochrous ATCC 17895 strain harboring a 
Michael hydratase (Mhy) suggested that a broad range of α,β-unsaturated carbonyl compounds 
could be selectively hydrated via not oxygen-dependent mechanism.[3,4] The investigation of the 
substrate scope using Rhodococcus pyridinivorans DSM 20415, a particular active strain towards 
the hydration of Michael acceptors, showed that under oxygen restrictions the biotransformation of 
substrate 1 did not occur, suggesting an aerobic enzymatic mechanism. Surprisingly, the reaction 
with substrates 2 and 3 led to the product formation in aerobic and anaerobic conditions by both 
strains, R. pyridinivorans and rhodochrous. To investigate further these results, the substrates 1-3 
were also evaluated for the biotransformation using an E. coli pBADHisA (empty expression vector) 
as a negative control. The corresponding alcohols from 2 and 3 were still obtained, while substrate 1 
was not converted. The water addition catalyzed by L-lysine [5] was also successfully performed with 
substrates 2-5, but not 1. Altogether, the results suggested that the aminoacids from the cells were 
responsible for an organocatalyzed water addition, while the only enzyme-catalyzed process yielded 
the earlier reported 1.[3,4]  

 

 
 
 

 

 

Scheme 1. Substrate scope for the Michael addition of water catalyzed by enzymes and amino acids. 
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The industrial use of Baeyer-Villiger monooxygenases has been hindered by three main factors: i) 
low operational stability, ii) substrate/product inhibition and iii) use of the expensive NADPH 
cofactor in stoichiometric amounts. In this work, these issues were tackled by means of enzyme 
immobilization, substrate feeding and an additional cofactor regeneration enzyme.  

The thermostable cyclohexanone monooxygenase (TmCHMO) and a novel and highly active glucose 
dehydrogenase from InnoSyn B.V. (GDH-01) were successfully immobilized on amino-
functionalized agarose (Mana-agarose). TmCHMO, was immobilized following a previously 
published work and resulted in 62.4 ± 2.1% retained activity. The GDH-01, on the other hand, was 
immobilized for the first time and resulted in 62.6 ± 2.3% retained activity. 

Both enzymes were studied separately for the synthesis of trimethyl-ε-caprolactone either soluble or 
in its immobilized form. Re-utilization of immobilized derivatives was also tested. The best metrics 
were obtained when both biocatalyst were immobilized and re-used for six cycles (30 mL; [substrate] 
= 132.5 mM). At the end, 2.8 g of product (CHL) could be obtained. A biocatalyst yield of 37.3 g of 
CHL g-1 of TmCHMO and 472.2 g CHL g-1 of GDH-01 were obtained. It represents a 3.6-fold and 1.9-
fold increase respectively, compared with the reaction performed with both enzymes in its soluble 
form. 

The immobilization of enzymes on amino-functionalized agarose and re-utilization of the derivatives 
has proved suitable for this reaction and it significantly improved the biocatalyst yield for both 
enzymes. Furthermore, immobilization also conferred added benefits to the bioprocess like: the 
possibility to work in different reactor configurations (continuous, plug-flow, etc.), enabled an easy 
separation of the enzyme from the reactor content and reduced the foam formation. 
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Marine myxobacteria were studied in a comparative genomic/metabolomic approach for the 
biosynthesis of novel specialized metabolites. Therefore, Haliangium ochraceum DSM 14365, 
Plesiocystis pacifica DSM 14875, Enhygromyxa salina DSM 15201, and the two newly sequenced 
species E. salina SWB005 and SWB007 were analyzed. All of the genomes are large (~10 Mb), with 
a relatively small core genome and many unique coding sequences in each strain. Genome analysis 
revealed a high variety of biosynthetic gene clusters (BGCs) between the strains, and several 
resistance models and essential core genes indicating the potential to biosynthesize antimicrobial 
molecules. Polyketides (PKs) and terpenes represented the majority of predicted specialized 
metabolite BGCs and contributed to the highest share between the strains. BGCs coding for non-
ribosomal peptides (NRPs), PK/NRP hybrids and ribosomally synthesized and post-translationally 
modified peptides were mostly strain specific. These results were in line with the metabolomic 
analysis, which revealed a high diversity of the chemical features between the strains. Only 6-11% of 
the metabolome was shared between all the investigated strains, which correlates to the small core 
genome of these bacteria (13-16% of each genome). Further, the salt tolerance mechanism of these 
bacteria was investigated and revealed that the closely related strains E. salina SWB007 and P. 
pacifica DSM 14875 had developed different strategies to handle salt stress. P. pacifica DSM 14875, 
which was grown between 1 and 4% NaCl, relies solely on the accumulation of amino acids, while E. 
salina SWB007, which was grown between 0.5 and 3% NaCl, employs betaine and hydroxyectoine 
as the major compatible solutes. In accordance with this analysis, only in the latter strain a locus 
identified that codes for genes corresponding to the biosynthesis of betaine, ectoine, and 
hydroxyectoine. The here acquired data corroborate that these microorganisms represent a most 
promising source for the detection of novel specialized metabolites. 
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Glycosyltransferases accomplish some of the most important and extensive post-translational 
protein modifications.[1] Among glycosyltransferases are the prokaryotic polyprenyl 
phosphomannose (PPM) synthases and their eukaryotic equivalents dolichyl phosphomannose 
(DPM) synthases: these transfer mannosyl sugar residues from the donor molecules GDP-mannose 
to lipid phosphate acceptors (figure 1); PPMs and DPMs in turn can act as glycosyl donors for protein 
glycosylation (N-, O-. C-, including GPI formation).[2,3] 

Figure 1 – Transfer of mannose from GDP-Man to a phospholipid acceptor catalysed by a 
PPM/DPM synthase* 

This poster reports the investigation of soluble bacterial PPM synthases as biocatalysts that can 
utilise natural and ‘unnatural’substrates. The chemical synthesis of several donor and acceptor 
substrates will be presented, together with the high-throughput evaluation of enzyme activity and 
selectivity towards them. These preliminary results suggest that the unnatural substrates are 
processed by the enzyme, some with similar activity to the natural substrates. These enzymes could 
be used as useful biocatalysts, but also as models for the development of novel drug targets. 
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The synthesis of enantiopure volatile sulfides has been an area of research interest for many years as 
the opposite enantiomers of the same molecule can often differ in flavour and smell and could 
therefore be exploited in the food industry. However, traditional synthetic methods have often 
proven to be challenging for the enantioselective synthesis of these compounds, due to the lability of 
C-S stereocentre. 

As a continuation of our previous work on the synthesis of mercapto-volatile compounds (1), herein 
we describe the synthesis of enantiopure mercapto-carboxylic acids through the catalytic hydrolysis 
of alpha-mercaptonitrile precursors using nitrilase enzymes. A set of 25 nitrilases was screened 
leading to the identification of a hydrolytic enzyme able to promote the kinetic dynamic resolution 
of racemic alpha mercaptonitriles and afford the corresponding optically pure 1,2-
mercaptocarboxylic acids.  

With this work we showed how the toolbox for chemical synthesis of enantiomerically pure alpha 
functionalised carboxylic acid can be expanded with the use of enzymes that, compared to the 
traditional synthetic methods, require much milder reaction conditions and provide an overall 
greener methodology. 
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The glycosides of tyrosol have known bioactive properties such as anti-oxidant, anti-cancer or anti-
inflammatory ones that make them suitable for use in the pharmaceutical and cosmetic industries. 
This work deals with the tyrosol-β-galactoside (TG) synthesis by immobilized β-galactosidase from 
Aspergillus oryzae. The enzyme was immobilized on six supports based on styrene-divinylbenzene 
or methacrylate resins. Subsequently, immobilized biocalysts were used for TG synthesis from 
lactose and tyrosol in a batch reactor. The maximum product concentrations achieved using the 
methacrylate resin based biocatalysts was the same as with the soluble enzyme. Significantly lower 
amounts of product were obtained by the biocatalysts based on the polystyrene resins due to tyrosol 
adsorption on the resin matrix. The TG synthesis rates were highest with β-galactosidase covalently 
bound on epoxy- and amino- functionalized methacrylate resins when the maximum product 
concentration was reached in 2-3 hours. Upon reaching the maximum, gradual hydrolysis of the 
product was observed. The effects of lactose concentration and reaction temperature on TG 
formation were also studied. The optimal lactose concentration was 0.83 M and its increase to 1 M 
had no significant effect on product concentration or volumetric productivity of the synthesis. At 
reduced lactose concentration, the product yield was significantly reduced. The reaction temperature 
in the range of 42 – 58 °C surprisingly had only a slight effect on both the TG yield and the reaction 
rate. The biocatalyst based on the epoxy-methacrylate resin was used repeatedly in 14 consecutive 
batches with no loss of activity observed. During these experiments, 2.8 g of product was synthetized 
using 0.4 g of epoxy-immobilized biocatalyst with volumetric productivity ofproductivity of  
4.4 gl-1h-1. 
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Aromatic dicarboxylic acids (ADAs), such as terephthalic acid well-known as a major precursor of 
polyethylene terephthalate, are commodity chemicals used as building block for polymer synthesis. 
Many ADAs are synthesized by catalytic oxidation of alkylbenzenes using either air or molecular 
oxygen. On the other hand, reversible decarboxylases (RDCs) can synthesize aromatic carboxylic 
acids by carboxylating aromatic compounds, not only decarboxylate aromatic carboxylic acids. For 
this carboxylation activity, RDCs may be expected to contribute to the realization of the low-carbon 
society. Although many numerous RDCs have been identified, already known RDCs recognizes 
aromatic monocarboxylic acid. Therefore, we thought that discovery of RDCs towards ADAs would 
be able to synthesis ADAs by carbon fixation reaction. 

In order to obtain a RDCs towards ADA, soil samples were cultivated in media supplemented with 
an ADA, 4-hydroxyisophthalic acid (4HIPA) as a sole carbon source. This screening resulted in the 
acquirement of a strain with reversible decarboxylase activuty towards 4HIPA**, Cystobasidium 
slooffiae HTK3. In order to identify the 4HIPA decarboxylase (4HIDC) protein, the cell-free extract 
of C. slooffiae HTK3 were purified with several column chromatography by examining the activities 
in each fraction. After the N-terminal sequence of the purified protein had been determined, the 
degenerate primer was constructed and used for 3’-rapid amplification of cDNA ends (3’-RACE), 
resulting in determination of the primary structure of the 4HIDC protein. Using the cDNA, the 
4HIDC gene was cloned into Escherichia coli and expressed heterologously. The recombinant 
protein also exhibited the 4HIDC activity. 
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Enzyme coimmobilization is a matter of growing interest [1-2]. This has special interest in cascade 
reactions, as coimmobilization avoids the lag-time produced by the use of enzymes immobilized 
independently [2]. In some cases, this is a strict requirement, for example if the product of enzyme 
is very labile [3]. It is necessary to consider some problems related directly to the fact of 
coimmobilization of two enzymes in one particle [4]. First, it is possible that the best immobilization 
protocol for one enzyme is fully different to the optimal protocol of other enzyme, making necessary 
to reach compromise solutions that reduce the beneficial effects of enzyme immobilization on the 
enzyme properties. [4]. Second, after inactivation of the least stable enzyme, both enzymes are 
discarded, even if the other enzyme remains fully active. 

Here we presented some solutions to these problems when one enzyme may be highly stabilized via 
immobilization, while the other cannot, and the immobilized/stabilized enzyme is much more stable 
than the other enzyme [5]. 
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Fungal Unspecific Peroxygenases (UPOs, EC 1.11.2.1) are appealing biocatalysts for organic synthesis 
due to their self-sufficient monooxygenase activity and their extracellular nature. The synthesis of 
flavor-and-fragrances molecules 4-hydroxyisophorone (4HIP) and 4-ketoisophorone (4KIP) was 
studied using these novel enzymes. The wild-type UPO from Chaetomium globosum (CglUPO) and 
the recombinant from Humicola insolens (rHinUPO) selectively transformed the substrate (10 mM) 
in the compounds of interest using H2O2 as the only co-substrate attaining TTN of up to 5500.1 The 
H2O2 was added with a syringe pump (**) or in situ generated by the recently described formate 
oxidase from Aspergillus oryzae (AoFOx, **).2 The study of the enantioselectivity of the reaction 
revealed a preferential formation of the S-enantiomer with an enantiomeric excess of 40% and 4% 
for CglUPO and rHinUPO, respectively. On the other hand, using the racemic 4HIP as substrate, a 
faster conversion of the S-enantiomer by rHinUPO and CglUPO was observed, leading to a kinetic 
resolution of the racemate with 60-75% recovery of the R-enantiomer. In conclusion, 
biotransformations using these novel and appealing biocatalysts would represent a potential more 
environmentally friendly alternative to the chemical synthesis of 4HIP and 4KIP. 
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Puerarin is an isoflavone isolated from the root of Pueraria lobata (kudzu), a traditional medicinal 
Chinese plant; this has received considerable attention due to its biological properties, such as 
protective actions against fever, inflammation and oxidative damage, as vasodilator, 
cardioprotective, anti-diabetes and anti-degenerative diseases.1 However, the poor solubility of 
puerarin limits its absorption in vivo, decreasing its further pharmacological applications. 

The enzymatic glycosylation is seen as an attractive alternative to modify the physicochemical 
properties of puerarin, increasing its water solubility, therewith ameliorating its bioavailability.2 The 
enzymatic method can form a specific glycosidic bound in one step and under an environment-
friendly method.3 Levansucrase (EC 2.4.1.10) catalyzes the de novo synthesis of 
fructooligosaccharides from sucrose, a readily available and cheap agroressource. This bacterial 
enzyme may also fructosylate exogenous hydroxylated acceptor molecules with efficiencies. 

The aim of this work was to screen the capability of different levansucrases (EC 2.4.1.10) produced 
by different microorganisms Bacillus subtilis(SacB), Gluconacetobacter diazotrophicus (LsdA), 
Leuconostoc mesenteroides (LevS) and Zymomonas mobilis (Zm) to fructosylate puerarin in 
aqueous solution without co-solvents. The reactions were carried out under the following conditions: 
0.5 U mL-1 of enzyme,10 mM of puerarin, 500 mM of sucrose at pH 5.8 (50 mM phosphate buffer), 
at 42 °C except Lm (30 °C). The highest conversion rate (88.7 %) was obtained by LsdA, followed by 
SacB (24.8 %) and less than 10 % was obtained with LevS and Zm (7.3 and 9.0 % respectively). LsdA 
synthetized mono to penta puerarin fructosides. According to the HPLC/MS analysis two isomers of 
puerarin mono-fructoside were observed in the reactions performed by SacB, LevS and Zm. These 
enzymes were unable to synthetize poly-fructosides such as LsdA. Therefore, levansucrases show a 
high variability in their catalytic capacity to fructosylate puerarin. 

References:  

1 - Zhou Y-X, Zhang H, Peng C. (2014) Puerarin: A Review of Pharmacological Effects. Phyther Res 
28:961–975 

2 - Herrera-González A, Núñez-López G, Morel S, Amaya-Delgado L, Sandoval G, Gschaedler A, Remaud-
Simeon M, Arrizon J (2017) Functionalization of natural compounds by enzymatic fructosylation. Appl. 
Microbiol. Biotechnol. 101:5223–5234 

3 - Desmet T, Křen V, Dewitte G, De Winter K, Pelantová H, Dirks-Hofmeister ME, De Laet S (2015) 
Enzymatic Glycosylation of Phenolic Antioxidants: Phosphorylase-Mediated Synthesis and 
Characterization. J Agric Food Chem 63:10131–10139 .  

Corresponding author: morel@insa-toulouse.fr



Poster 17  73 

 

Substrate promiscuity of the self-sufficient CYP505A30 

Asschenbrenner, JC1,2, Ebrecht AC1,2, Smit, MS1,2, Opperman, DJ1,2 

1 Department of Microbial, Biochemical and Food Biotechnology, University of the Free State, 
Bloemfontein, South Africa 

2 South African DST-NRF Centre of Excellence in Catalysis, c*change 

Keywords: Cytochrome P450, fungi, self-sufficient, natural fusion 

Cytochrome P450s monooxygenases (CYP450s) have been extensively studied in biological 

disciplines for over fifty years due to their medical and pharmaceutical applications [1]. Self-

sufficient CYP450s have the advantage that their CYP/heme-domain (HD) is fused to the electron-

providing reductase partner (CPR), making them potentially more efficient and stable [2]. The 

CYP505 family is comprised of self-sufficient CYP450s found in fungi. CYP505A30, derived from 

the thermophilic fungus Myceliophthora thermophila, has previously been characterized as a fatty 

acid hydroxylase [3]. Here, we show that the enzyme is also able to use primary alcohols and alkanes, 

with greater catalytic efficiency towards the alcohols. 

The full length and the heme domain of the CYP505A30 were recombinantly expressed in E. coli and 

purified. Catalytic profiling of the enzyme with a broad range of substrates including C8-C16 fatty 

acids, primary alcohols and alkanes was performed. CYP505A30 exhibited the highest affinity for 

longer chain-length substrates, especially for alcohols (KD < 1 μM for C14 and C16). In addition, the 

catalytic efficiency (kcat/KM) was also greater for the alcohols: 3 and 7 times higher for 1-dodecanol 

and 1-decanol compared to the corresponding fatty acid. GC-MS analysis of the reactions showed, 

with most of the substrates, hydroxylation in the ω-1, ω-2 and ω-3 positions.  
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Enzymes are specialized biocatalysts widely known for their specificity, but many enzymes are 
actually known to have promiscuous activities. Catalytic promiscuity is the ability of an enzyme to 
catalyse a reaction distinct from that for which it has been selected. In protein engineering, enzyme 
promiscuity can be harnessed as a starting point for the directed evolution of novel enzyme activities, 
making it an important biotechnological concept. However, there are cases where desirable 
promiscuities have not been identified. For example, epoxide hydrolases and dehalogenases both 
belong to the α/β-hydrolase superfamily, they have related mechanisms and they share key catalytic 
residues. However, a promiscuous enzyme with both dehalogenase and epoxide hydrolase activities 
has not been observed yet. The interconversion of epoxide hydrolase and dehalogenase activities or 
construction of enzymes with dual activities is therefore an interesting objective for studying 
molecular mechanisms and protein evolution. The aim of our work is to successfully convert an 
epoxide hydrolase into a haloalkane dehalogenase, and ideally to identify promiscuous evolutionary 
intermediates with both dehalogenase and epoxide hydrolase activities. Given the challenging nature 
of this problem, large numbers of variants will need to be screened in order to identify an epoxide 
hydrolase variant with significant dehalogenase activity. Therefore, we have developed a new 
ultrahigh-throughput microfluidic droplet-based dehalogenase screening assay. This fluorescence 
assay is based on a novel enzymatic cascade that allows the detection of halide formation, making it 
universal for a large number of halogenated substrates and increasing the chances of identifying 
active variants. 
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The depletion of fossil fuel resources and the formidable consequences of global warming have 
contributed to a rising demand for cleaner and greener synthetic processes. Therefore, biocatalysis 
has begun taking on a more central role in the preparation of speciality chemicals. Poor atom 
efficiencies and the requirement for cofactor recycling, however, hurdle significant advances in the 
field. To this extent, the use of hydrogen as a renewable electron donor for the recycling of 
nicotinamide cofactors is investigated in this work and presented as a lab scale proof-of-concept. 

The ene-reductase, YqjM, was introduced into the naturally hydrogen-oxidizing proteobacterium 
Cupriavidus necator via a tailor-made cumate inducible vector[1] to permit the C=C bond reduction 
of cyclic ketones. Utilizing this approach, the efficiency of this organism was investigated under 
hetero- and autotrophic conditions to identify key advantages and bottlenecks. Of particular interest, 
we noted that exclusively under hydrogen-driven conditions a prochiral ketone, 2-
methylcyclohexenone, was converted with stereoselectivities up to >99% ee.[2] Furthermore, native 
alcohol dehydrogenases catalyzed the stereoselective formation of a diastereomeric alcohol side-
product.  

Following this approach, we were able to demonstrate initial proof-of-concept for hydrogen-driven 
expression and activity of a flavoprotein in C. necator for whole-cell biocatalysis. The coupling of 
such recombinantly expressed oxidoreductases to endogenous hydrogenases for cofactor‐recycling 

permits the omission of organic 
co-substrates as sacrificial 
electron donors in whole‐cell 
biotransformations. This not 
only increases atom efficiency 
and simplifies the reaction; but 
also helps lay the ground-work 
for potential utilization of the 
system with waste-streams such 
as syngas. With the correct 
optimization and scale-up of 
such a system, the industry’s 
negative environmental impact 
may be greatly reduced in years 
to come. 
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Laccases secreted by Basidiomycete fungi are oxidases with a high biotechnological potential as 
environmentally-friendly biocatalysts with the ability to oxidize the lignin polymer and a wide range 
of aromatic compounds, using molecular oxygen as the only requirement. Nevertheless, their 
difficult heterologous expression and acidic profile make their industrial applicability a challenge. 
Enzyme engineering help us to overcome these obstacles, increasing the enzyme expression levels or 
modifying the enzyme's intrinsic features to adapt them to the operational conditions of the 
industrial processes. 

In the current work we describe the characterization of a novel laccase from the saprophytic fungus 
Agrocybe pediades (ApL) synthesized de novo. The enzyme was selected among other laccases 
present in A. pediades genome because its production was induced under ligninolytic conditions, 
that is, during solid-sate fermentation of wheat straw as the only C source. Once the laccase CDS was 
cloned and expressed in Saccharomyces cerevisiae, we rose the secretion levels by enzyme directed 
evolution. We used a mutated alpha pre-proleader previously evolved in our lab as signal peptide 
and after subsequent engineering of the enzyme, we obtained up to 1000 U/L of enzymatic activity 
in flask cultures, thus enabling enzyme purification and characterization. Kinetic constants with 
model substrates, T50 and optimum pH were determined for ApL. Due to the good catalytic 
efficiency and thermostability and quite good activity at neutral pH, together with its fine expression 
in yeast, make the enzyme a promising starting point to develop new tailor-made biocatalysts. 

Finally, the enzyme was hyperglycosylated and three N-glycosylation sites were predicted in the 
protein structure. With the aim to study the effect of glycosylation on enzyme stability and secretion 
and in order to assess the individual effect of each site, we constructed three single deglycosylated 
mutants, each without one of the putative N-glycosylation sites. Preliminary results showed 
glycosylation significantly influences the secretion of the enzyme by the yeast but it seems not to 
affect enzyme thermostability. 
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Cytochrome P450 family 3 (CYP3) enzymes play important roles in drug metabolism and 
physiologically relevant endogenous processes. In humans, CYP3A4 is the major contributor to the 
oxidative clearance of drugs. Its substrate promiscuity and varying degrees of regio- and stereo-
selectivity towards drug substrates makes CYP3A4 potentially attractive as an industrial biocatalyst. 
However, poor stability and low catalytic rates limit the direct application of CYP3A4 in industrial 
biotransformations. Ancestral sequence reconstruction has been used to resurrect the vertebrate 
ancestor of the CYP3 family, CYP3_N1, which showed a significant increase in thermostability over 
the corresponding extant CYP3 forms (Gumulya et al., 2018). Four other ancestral proteins 
(CYP3_N1b, CYP3_N19, CYP3_N23, and CYP3_N100) representing different nodes of the CYP3 
evolutionary tree, have now also been resurrected, to investigate the biocatalytic potential of the 
vertebrate CYP3 enzymes. All four novel ancestral proteins demonstrated up to 30ºC higher 
thermostability compared to extant forms and were active towards typical CYP3A4 substrates, but 
with varying catalytic rates, some showing up to a 4-fold increase in substrate turnover compared to 
extant forms. Each ancestor exhibited a unique metabolite profile with varying ratios of major and 
minor products. The catalytic efficiency of the ancestors was highly substrate dependent, however, 
CYP3_N19, the common ancestor of reptile, bird and human CYP3 forms, stood out as having the 
highest catalytic activity towards all substrates examined. Additionally, CYP3_N19 generated 
entirely novel metabolites from some substrates that are not produced by extant enzymes, 
specifically a dechlorinated metabolite of midazolam and a number of novel steroid metabolites. The 
high thermostability, superior activity towards typical CYP3A4 substrates and improved catalytic 
rates shown by these ancestral P450s underscores the potential usefulness of these enzymes in the 
regio-selective functionalization of C-H bonds in pharmaceutical and fine chemical synthesis. 
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Chiral γ- and δ-hydroxy acid derivatives are of importance in synthetic chemistry as key building 
blocks for constructing natural products and pharmaceutically active compounds. The asymmetric 
reduction of γ- and δ-keto acids and esters is regarded as an atom-economic method to prepare such 
active compounds. However, the position of the γ-/δ-carbonyls in the carbon chain is distant from 
the terminal carboxyl group, which decreases the reactivity, and makes it difficult to accurately 
control the stereoconfiguration of the hydroxy group.  

In this work, a novel carbonyl reductase from Serratia marcescens (SmCR) was discovered by 
microbial screening and genomic data mining. SmCR could convert linear long-chain γ-/δ-keto acids 
into the corresponding γ-/δ-lactones, such as (R)-γ-/δ-decalactones, with high enantioselectivity up 
to 99% ee, which is in contrast to the majority of reported ketoreductases that are mainly active 
toward the α- or β-carbonyls in short-chain alkyl and aromatic keto acids. To improve its activity, 
iterative directed evolution was performed. SmCRV4 exhibited improved activity (up to 500-fold) 
and thermostability toward 14 γ-/δ-keto acids and esters, compared with the wild-type enzyme, with 
110-fold enhancement in catalytic efficiency (kcat/Km) toward methyl 4-oxodecanoate. The 
preparative synthesis of various alkyl and aromatic γ- and δ-lactones with 95%-99% ee and 73%-
90% yields was demonstrated. The highest space-time yield, 1175 g L−1 d−1, was achieved for (R)-γ-
decalactone. 
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Polyurethane (PU), among the synthesized plastics, is ranked the 6th most common plastic used 
worldwide and is accounted for 6-7 % (10 Mt/year) of the total plastics produced. PU, having 
exceptional structure and property diversity, is made into flexible and rigid foams, fibers, elastomers, 
and surface coatings used in furniture, bedding, carpet underlay, electrical, electronics industries, 
etc. PU is formed by reaction of di-isocyanate and/or poly-isocyanate with polyol [1]. Isocyanate is 
an organic substance that contains R-N=C=O group and besides environmental issues, the essential 
negative aspect is that exposure to isocyanates may be harmful for health [2]. Therefore, it is 
mandatory to develop new methods based on non-isocyanate production of polyurethane. Enzymatic 
reactions could be an alternative.  

By this study we are aiming to develop the enzymatic non-isocyanate PU synthesis method applying 
the enzyme β-carbonic anhydrase (β-CA) with its unique features - ability to catalyze reversible CO2 
hydratation and to fix CO2 by converting it into various useful products [3]. Primarily, rapid and easy 
handling activity assay was established for β-CA activity measurement exploring, for the first time, 
indoxyl acetate as a potential substrate for CAs esterase activity. Further, investigation of the most 
effective expression system for bacterial β-CA from Bacillus mojavensis was performed. The 
obtained results will be presented in more detail during the poster session. 
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Expression of heterologous oxidoreductases in cyanobacteria allows the asymmetric synthesis from 
several prochiral chemicals using light as the energy source. The energy and reducing equivalents 
generated from light-induced electron transport could drive a diverse set of carbon metabolic 
pathways for producing chemicals, bioactive products and biofuels. Ferredoxin-NADP+-Reductase 
(FNR) is responsible for nicotinamide adenine dinucleotide phosphate (NADPH) regeneration from 
the light reaction pathways in cyanobacteria. This reductant cofactor is required for many interesting 
heterologous oxidoreductases. [1] The NADPH-dependent enoate reductase YqjM from Bacillus 
subtilis was expressed in the model cyanobacteria Synechocystis sp. PCC 6803, and the light-
catalysed reduction of C=C bond in three selected maleimides (N-methylmaleimide, 2-N-
methylmaleimide, 2-methylmaleimide) was recorded and no side products were detected. [2] 

Observing the reaction at different cell densities with the aim to understand how to improve the 
conditions, the specific productivity was higher with well-balanced illumination and proper 
inorganic nutrient availability. The exploited cyanobacterial photobiotransformation was performed 
photoautotrophically and photomixotrophically under medium-high light intensity. The 
physiological status of the cyanobacteria before and during the reaction influenced the rate. The 
applied photomixotrophy conditions, based on fructose and glucose enriched media, allowed 
approximately two times faster conversion of the selected maleimide to the respective succinimide. 
The reaction kinetic were also measured in medium supplemented with sodium bicarbonate as an 
additional carbon source. This gave a faster product accumulation but slower than when using 
photomixotrophic conditions. The addition of glycerol or sodium bicarbonate did not raised value of 
conversion as high as the addition of monosaccharides. The substrates and corresponding products 
were observed to negatively effect growth rate indicating toxicity, having greater or lesser impact 
depending on the chemical structure. Exploiting the current cyanobacterial strain with the aim to 
reach industrial desirable requirements, the utilisation of 2-methylmaleimide for 
photobiotransformation seems to be suitable when high initial concentration was added. 
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Alcohol dehydrogenases (ADH) are established enzymes for industrial biotransformations, mostly 
for the enantioselective reduction of ketones to produce optically pure alcohols. The ADH enzymes 
can also be applied for the oxidation of alcohols to ketones or aldehydes, which is a desired reaction 
for the preparation of flavor compounds or pharmaceutical intermediates. In the oxidative appli-
cation of ADH, systems for the regeneration of the NAD(P)+ cofactor are required. A water forming 
NAD(P)H oxidase (NOX) is the preferred choice since simply oxygen is used as substrate and con-
verted to water, which results in a “clean” reaction mixture. However, there is a lack in robust and 
catalytic active NOX enzymes that can recycle NAD+ as well as NADP+.  

Within EU’s Horizon2020 ROBOX project, c-LEcta developed ADH and NOX enzymes for selective 
alcohol oxidations in industrial processes. c-LEcta identified and engineered a new NOX enzyme 
into a highly efficient and stable enzyme to recycle both NAD+ and NADP+. The wild-type enzymes 
did almost exclusively transform NAD+ and had a low thermostability. A small engineering program, 
utilizing c-LEcta’s proprietary MDM-technology platform (multi dimensional mutagenesis), yielded 
an enzyme suitable for industrial-scale oxidative processes as a robust biocatalyst where NAD+ as 
well as NADP+ recycling is required.  

To challenge and further develop the capabilities of c-LEcta’s proprietary MDM-technology platform 
a full saturation mutagenesis of an ADH and a multi-parameter screening regime were used. 
Bioinformatics and statistical analysis were used and several recombination libraries were screened 
to finally yield a highly stable (Tm value improved by +25 °C), selective and efficient (17-fold activity 
improvement) ADH for oxidative reactions. 

Industrial scale oxidative biotransformations will be demonstrated within the ROBOX project to 
show that an ADH/NOX couple can be applied for economic oxidative reactions.[1] 
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Oxidoreductases, such as alcohol dehydrogenases (ADHs), are enzymes used in biocatalysis to 
perform oxido-reduction reactions. The majority of those enzymes require the use of nicotinamide 
cofactors to drive the reactions. These cofactors are expensive and therefore need recycling to reduce 
the overall cost. Over the past decades, extensive research has been carried out to circumvent the 
economic impact of such cofactors using two major strategies; cofactor regeneration and synthetic 
nicotinamide mimics.  

Both chemical and enzymatic approaches can be used for in situ cofactor regeneration. Additionally, 
artificial metalloenzymes have also been developed and shown to have an improved stability 
compared to non-anchored metal complexes.[1] For example, ADH from Thermoanaerobacter 
brockii (TbADH) was used to accommodate a Rh complex with bidentate nitrogen ligands for 
NADPH regeneration.[2] Unfortunately, the efficiency of those innovative systems is still limited, 
probably due to steric hindrance between catalyst and cofactor in the active site. 

On the other hand, cheap synthetic derivatives that are structurally similar to the nicotinamide 
cofactor can be used as an alternative with few oxidoreductases. However, those chemicals are 
hydrophobic and are therefore not accommodated by alcohol dehydrogenases.  

By using rational design, the presented work aims to improve cofactor regeneration in TbADH based 
catalysis, by focusing on optimising the position of the metal centre within the active site of the 
artificial metalloenzyme. By doing so, the orientation of the metal complex was tuned to increase its 
exposure to the cofactor. Moreover, this research will present efforts to extend cofactor acceptance 
to nicotinamide mimics. 
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Due to the rising demand for sustainable resources in food, cosmetic, pharmaceutical and chemical 
industry it is inevitable to make natural active compounds accessible through an environmentally 
friendly process as biocatalysis. With fats and oils being the most important feedstock, especially 
hydroxy fatty acids which are challenging to synthesize chemically are in the center of attention.[1,2] 
They offer a wide field of application as active components of flavor additives [3], macrocyclic musks 
[4], cosmetics [5], lubricants [6] or pharmaceuticals [7]. 

For the production of the compound of interest, the trihydroxy palmitic acid (THA), an enzymatic 
two-step synthesis was developed starting with an easily accessible natural compound, ustilagic acid 
(UA) being secreted by the fungus Ustilago maydis. In addition to the desired fatty acid derivative 
linked to the sugar moiety via a glycosidic bond, ustilagic acid shows additional esterifications that 
inhibit the activity of 𝛽-glucosidase. Hence, the synthesis of THA was achieved by a two-step 
enzymatic pathway using a 𝛽-glucosidase in combination with an esterase. Finally, it was possible to 
conduct a one-pot biocatalytic synthesis in preparative scale under pH control with high yield of 
trihydroxy fatty acid. 
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Haloalkane dehalogenases areα/β;-hydrolases that convert halogenated compounds to their 
corresponding alcohols. The overall kinetic mechanism proceeds via four steps: (i) binding of 
halogenated substrate, (ii) bimolecular nucleophilic substitution (SN2) leading to the cleavage of a 
carbon-halogen bond and formation of an alkyl-enzyme intermediate, (iii) nucleophilic addition of a 
water molecule resulting in hydrolysis of the intermediate to the corresponding alcohol and (iv) 
release of the reaction products - an alcohol, a halide ion and a proton. Although, the overall reaction 
has been reported as irreversible, several kinetic evidences from previous studies suggest the 
reversibility of the first SN2 chemical step. To study this phenomenon, we have engineered HLDs to 
stop the catalytic cycle at the stage of the alkyl-enzyme intermediate. The ability of the intermediate 
to exchange halides was confirmed by stopped-flow fluorescence binding analysis. Finally, the 
transhalogenation reaction was confirmed with several HLDs with 2,3-dichloropropene in the 
presence of a high concentration of iodide. The formation of the transhalogenation product 3-iodo-
2-chloropropene catalysed by five mutant HLDs was identified by gas chromatography coupled with 
mass spectrometry. Here we demonstrated the reversibility of the cleavage of the carbon-halogen 
bond by HLDs resulting in a transhalogenation reaction. After optimization, the transhalogenation 
reaction can possibly find its use in biocatalytic applications. 
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Plastics have contributed to resolving a myriad of individual technological challenges since the 
1950’s. From food-preserving lightweight packaging to life-saving hygienic drug delivery systems, 
the versatility, malleability, durability and low-cost of plastics renders them synonymous with 
modern living. As plastics are so incredibly useful, until recently, a significant drawback has largely 
been ignored: they are notoriously difficult to dispose of safely. Indeed, if trends continue, by 2050, 
12,000 million tons of plastic will have accumulated as waste in landfill and the environment. The 
recent discovery of naturally occurring plastic degrading enzymes called “PETases”, offers a plausible 
biotechnological solution to the plastic waste problem. These enzymes have the ability to hydrolyse 
the long-chain polymers of which plastics are composed into smaller sub-units which can then be 
repurposed. Directed evolution provides an ideal strategy for boosting the catalytic capabilities of 
PETases. However, efforts to this end are severely hindered by the lack of a high-throughput 
screening strategy which accurately reports on plastic decomposition activity. Here, we will report 
our efforts towards the design of a high-throughput spectrophotometric PET degradation assay 
which will report on the enzymatic decomposition of plastics. This assay will allow the detailed 
exploration of the PETase catalytic cycle, and will greatly facilitate high-throughput PETase 
engineering to generate commercially viable plastic degrading enzymes. 
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N-heterocyclic compounds are one of the most present structural components in pharmaceuticals 
[1,2]. Of particular interest are methylated N-heterocycles such as pyrazoles, in which the 
methylation pattern controls their biological activity [3,4]. Methylation of N-heterocycles is 
commonly performed using chemical reagents such as methyl iodide or dimethyl sulfate [2,5]. These 
reagents are highly toxic and do not offer regiocontrol which results in additional sepa-
ration/purification steps. A catalyst that controls the regioselectivity could simplify the synthesis of 
methylated N-heterocycles, however, such a catalyst could so far not be developed [4]. 

We aim to perform mild, selective and highly efficient methylation of N-heterocycles such as 
pyrazoles using a biocatalytic approach. S-adenosyl-L-methionine (SAM)-dependent N-
methyltransferases (NMTs) form a huge class of enzymes that catalyze N-methylation with high 
efficiency and selectivity. In these reactions, SAM is used as non-toxic and green methyl donor. As 
NMTs are often highly substrate specific and pyrazole-methylating NMTs are unknown, a current 
challenge is to identify suitable NMTs from the natural pool. We identified two promiscuous NMTs 
that accept pyrazoles as substrate and catalyze pyrazole methylation. We further used computational 
library design (FuncLib [6]) to generate a whole panel of potential pyrazole-methylating catalysts. 
All 50 members of the library showed good NMT expression levels and >90 % of the variants 
catalyzed pyrazole methylation. The library revealed not only variants with high activity, we also 
identified catalysts that control methyltransfer with high regioselectivity. 
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A sequence-based functional metagenomics strategy was applied to identify novel ERs from a sample 
of a microbial community from a domestic drainpipe.(1,2) Ten putative ERs were initially identified 
in silico from the metagenomic database and eight exhibited activities towards mono-cyclic 
substrates. Two high performing ERs were highly active in the reduction of hindered bicyclic and 
tricyclic substrates which is unprecedented with wild-type ERs.(3) These ERs were then used in the 
biocatalytic preparative scale reductions of bicyclic Wieland-Miescher (WMK) and Hajos-Parish 
ketones yielding the saturated products in 95% yields with a complete selectivity for the syn isomer 
without the need for any purification steps.(4) Methyl-substituted WMKs were also successfully 
reduced in high yields (R = Me). Interestingly, as well as displaying high yields, these two ERs 
exhibited an excellent co-solvent tolerance with activity maintained up to 30 % of methanol and 
DMSO. Our results emphasize the merits of metagenomic mining for the discovery of novel and 
robust enzymes. 
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The introduction of enzymes as natural catalysts has improved the industrial processes generating 
more environmentally-friendly routes for the production of high-valuable compounds. However, 
many enzymes require the exogenous addition of expensive cofactors which must be separated from 
the final product increasing the costs and complicating the work-up steps. This is the case of 
pyridoxal-5´-phosphate(PLP)-dependent ω-transaminases (ωTAs) which are gaining attention for 
manufacturing pharmaceutical intermediates. In order to overcome this issue, we previously 
developed a novel co-immobilisation strategy of enzymes and their cofactors onto the same carrier 
allowing the recycle and reuse of both enzymes and cofactors during several cycles.[1] Here, we have 
fabricated self-sufficient heterogeneous biocatalysts by co-immobilising a highly stable ωTA from 
Halomonas elongata (He-ωTA)[2,3] and PLP onto methacrylate-based porous carriers. The enzyme 
was covalently attached to the carrier surface while the cofactor was reversibly absorbed onto a 
cationic polymer coating the biocatalyst. The stability of the resulting biocatalyst was tested for the 
continuous-flow deamination of a model chiral amine. We achieved more than 90% of conversion 
after 50 cycles working at 0.3 mL/min without adding exogenous cofactor.[4] In order to get closer 
to industrial conditions, we increased the flow-rate of the packed-bed reactor to 1.45 mL/min 

maintaining 90% of conversion but improving the 
productivity from 6.79 to 33.95 µmol/min. 
Encouraged by these successful results, we expanded 
this approach to other ωTAs from Chromobacterium 
violaceum and Pseudomonas fluorescens obtaining 
different operational stability results. We suggest that 
such stability relies on the affinity of each enzyme 
towards PLP. Finally, we challenged the self-sufficient 
heterogeneous biocatalysts for the continuous 
synthesis of chiral amines achieving a superior 
performance for more than 50 cycles compared to the 
same system but supplied with exogenous PLP. These 
promising results open new pathways for a cost-
effective and sustainable implementation of cofactor-
dependent enzymes in industrial flow-chemistry. 
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Considering the high amount of biocatalyst required to perform biocatalytic transformations and 
their high price, it is worth it to produce them at bench-scale reactor, applying fed-batch strategies 
and using minimum culture media, reaching high biomass densities and avoiding overflow 
metabolism. 

Escherichia coli is the best known and the most used microbial cell factory in heterologous protein 
expression, thanks to their high growth rates and their easy transformation with exogenous DNA. 
However, it has been demonstrated that some strains used in molecular biology processes are not 
completely reliable when scaling-up production processes from flasks to reactors. 

We have used an in-house developed cloning method known as SLIC (Sequence- and Ligation-
Independent Cloning), which allows us to generate new plasmid vectors in a simple and effective 
way, mixing in a single-step process the linearized vector, the insert containing the genes of interest 
and a DNA polymerase. High number of colonies were generated in all cases tested, confirming the 
robustness and reproducibility of the technique. 

Plasmid was recovered to transform competent M15-derived E. coli strain, being this one the 
microbial cell factory used to produce at bench-scale reactors. This strain has the deletion of the glyA 
locus, which encodes for the serine hydroxymethyl transferase (SHMT) enzyme. Transformed cells 
obtain the glyA gene from the vector, overcoming the auxotrophy. The designed plasmids allows us 
to generate a selective pressure when using defined media, without the need of antibiotics. 

This procedure will allow us to synthetize a wide broad of enzymes, by using productive strains 
simply and quickly generated. 

Characterisation of the strain is being performed by producing eGFP protein, and first reactor 
experiments are carried out nowadays aiming to producee alcohol dehydrogenase (ADH) and lactate 
dehydrogenase (LDH), which are two of the enzymes required for the synthesis of L-lactic acid from 
ethanol and carbon dioxide. 
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The regeneration of nicotinamide cofactors is crucial to allow application of redox biocatalysts at the 
industrial scale. In this respect, NAD(P)+-dependent formate dehydrogenases (FDHs) are 
biotechnologically relevant to regenerate these expensive cofactors. However, most characterized 
FDHs are strictly specific for NAD+ and this hampers their applicability in reactions requiring 
NADPH, the cost of which is much higher than NADH. The choice of a convenient NADPH 
regenerating enzyme is thus a cardinal rule for designing an effective biocatalytic process in the 
industry.  

We previously reported the characterization of GraFDH from the acidobacterium Granulicella 
mallensis MP5ACTX8 (1), an enzyme having double cofactor specificity but low catalytic activity. Its 
amelioration as an applicable biocatalyst, tried by both rational design and directed evolution, failed. 
However, when its sequence was used as probe in a BLAST search guided by the information gained 
from those experiments, we identified a second enzyme, classically NAD+-dependent, in the same 
organism: GraFDH2. The novel FDH proved to be a promising catalyst; basing on functional and 
fine structural characterization and on computational design, we applied a rational engineering 
approach to switch its cofactor preference. One out of the mutants produced displays a 10-fold 
activity improvement over the wild-type enzyme with NADP+, together with the highest affinity and 
biocatalytic efficiency for formate among NADP+-dependent FDHs reported so far. 
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Due to their high enantioselectivity and broad substrate scope, amine transaminases (ATAs, EC 
2.6.1.x) are pyridoxal 5’-phosphate-dependent (PLP) enzymes with great potential in biocatalysis for 
the enantioselective synthesis of chiral amines from carbonyl compounds.(1,2) While different 
enzyme engineering approaches have been successfully applied to alter their substrate scope, 
enantioselectivity and sensitivity to inhibition,(2) the improvement of the stability profile of trans-
aminases has been more difficult to accomplish. The varied array of reported engineering approaches 
for this purpose(3-8) demonstrates that we do not possess a clear understanding of the inactivation 
mechanism undermining the operational and storage stability of this group of enzymes. 

In our recent work we have investigated the inactivation process of the (S)-selective amine 
transaminase from Chromobacterium violaceum (CV2025, Cv-ATA). We found that PLP-binding is 
structurally essential to retain both the Cv-ATA active-site architecture and active dimeric assembly. 
The coordination of phosphate in the phosphate group binding cups located at the dimer interface, 
by hindering the relaxation of K288, was shown to result in a slower dimer dissociation kinetics.(9) 
The permanent disruption of the PLP-K288 Schiff-base enables the relaxation of the catalytic lysine 
to a lower-energy conformation and triggers a series of secondary structural changes that lead to 
inactivation and dimer dissociation. 
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Our research group was the first to describe the expression, purification and characterization of a 
dehydrogenase enzyme from Clostridium acetobutylicum (CaADH) with considerable potential for 
organic synthesis. This organism was chosen because it naturally traverses a solventogenic phase in 
its normal life cycle. Indeed, it is for this reason that bioengineers have targeted this organism and 
its enzymes for biobutanol production. Our group has established the ability of this enzyme to reduce 
a significant range of carbonyl compounds with high facial selectivity. This presentation will focus 
on dynamic reductive kinetic resolution processes by which a racemic, α-substituted β-keto ester 
substrate is effectively de-racemized and converted largely to a single stereoisomer of four possible. 
Kinetically, this requires that the racemization step be faster than the enzymatic carbonyl reduction 
step, insuring that the disfavored substrate enantiomer does not build up. Stereochemically, this 
process requires that the enzyme both show a significant preference for one enantiomer of the chiral 
educt, and show a strong facial bias for the reduction of the adjacent carbonyl center. This 
presentation will describe our synthesis and enzymatic reduction of a number of substrates under 
such stereochemically dynamic conditions to explore the efficiency of such DYRKR processes as a 
function of substrate structure. This enzyme displays a remarkable degree of active site plasticity, 
whereby substrates of fundamentally different structural classes are reduced stereoselectively, but 
with different facial selectivity depending upon organic substructure and functional group identity 
adjacent to the susceptible carbonyl. This presentation will describe our newest results in 
characterizing the three dimensional structure of CaADH by x-ray crystallography. We will highlight 
our efforts to utilize this information to gain insight into the structural underpinnings of the 
remarkable stereochemical fidelity and yet catalytic promiscuity displayed by this enzyme. This 
bifurcated organic substrate diversification—structural biology approach to the science should allow 
our collaborative team to build good predictive models to guide future applications of dehydrogenase 
enzymes in synthetic chemistry. 
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Johnson Matthey (JM) is an innovation driven specialty chemicals company with a strong expertise 
in catalysis. To complement our well-established technologies in homogeneous and heterogenous 
catalysis we have developed in-house biocatalysis capabilities with a special focus on asymmetric 
transformations. Our enzyme collection has expanded, and we offer high performing enzymes for 
the production of chiral amines and chiral alcohols, with a focus on alcohol dehydrogenases, enoate-
reductases, (R)- and (S)-amine transaminases, imine reductases and amine dehydrogenases.  

JM’s products and services cover the entire workflow for the development of efficient biocatalysts 
for industrial applications. We offer commercial kits and plates containing a selection of enzymes for 
different reaction classes. For more in-depth studies we also test our entire diverse collection of 
enzymes for a specific transformation. Furthermore, we can improve an initial hit by enzyme 
discovery using the JM’s proprietary platform SmartScaffold and by enzyme engineering programs 
making use of in-silico design in combination with a limited alphabet targeted engineering library 
(LiTe). Finally, process intensification, scale up and reaction engineering is performed with the 
improved enzyme to offer a cost effective and optimized biocatalytic process. 

Chiral amines are important building blocks to produce pharmaceuticals, agrochemicals and fine 
chemicals. Imine reductases have emerged as a useful class of enzymes for the synthesis of primary 
amines, but also secondary and tertiary amines. This poster shows our strategy for the rapid 
identification and engineering of biocatalysts applied to imine reductases, highlighting our 
capabilities from hit to process. 
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Bacterial hydroxysteroid dehydrogenases (HSDHs) are NAD(P)H-dependent enzymes belonging to 
the superfamily of short-chain dehydrogenases/reductases (SDRs) [1]. These enzymes are attractive 
for industrial applications as they catalyze the reversible oxidoreduction of the hydroxyl/keto groups 
of neutral steroids, bile acids and other steroid derivatives with exquisite selectivity. Specifically, 
HSDHs have been shown to display very high regioselectivity for the hydroxyl groups at different 
positions, e.g., at C-3, C-7, and C-12 of bile acids. Moreover, for each one of these positions, HSDHs 
usually show high stereoselectivity for either the hydroxyl group above (β configuration) or below (α 
configuration) the plane of the steroid molecule [2].  

Although largely investigated during the last years, there is still only a little knowledge regarding 
their possible uses on substrates not showing the core structure of steroid molecules. For instance, 
some years ago a study reported the stereoselective reductions of α-ketoesters catalyzed by HSDHs 
[3]. 

Therefore, the presented work aimed at filling this gap by investigating the substrate promiscuity of 
this highly selective class of enzymes. To this goal, a library of microbial HSDHs, showing either 7α, 
7β, or 12α activity, and originated by already reported sources, as well as from newly identified 
(meta)genomic sequences, was prepared by recombinant expression in E. coli.  

These enzymes were then tested as biocatalysts for the stereoselective reduction of a panel of 
substrates including two α-ketoesters of pharmaceutical interest and selected ketones that partially 
resemble the structural features of steroids. All the reactions were optimized and coupled with a 
suitable cofactor regeneration system. 

Regarding the α-ketoesters, nearly all of the tested HSDHs showed a good activity toward the 
selected substrates, yielding the reduced α-hydroxyester with high conversion and high enantiomeric 
excess. On the other hand, only few among these HSDHs showed appreciable activity toward more 
complex ketones, but with interesting selectivity. 
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Enzyme integration in hybrid materials enable to capitalize the synergic advantages of the structural 
builders for improved biocatalyst properties. Herein, we report the synthesis of a hybrid 
nanobiocatalyst formed by biomimetic silica (Si) nanoparticles entrapping both Horseradish 
Peroxidase (HRP) and magnetic nanoparticles (MNPs). HRP converts the non-toxic plant hormone 
indole-3-acetic acid (IAA) to toxic agents that induce cell death and therefore it is a candidate for 
Directed Enzyme Prodrug Therapy (DEPT). Biomimetic silica was chosen as it provides increased 
enzyme stability, reduced immunogenicity and improved accumulation at the target site for DEPT. 
MNPs could generate heat under an alternate magnetic field (AMF) which would allow for a remotely 
triggered oxidation of IAA through a local increase in the temperature to HRP´s optimal conditions 
(45ºC), much higher than body temperature. Previously, we designed and optimized the hybrid 
preparation which resulted in a thermal stabilization of 300% compared to the soluble HRP and the 
ability to oxidize clinical concentrations of IAA within minutes (1). 

Herein, besides an extensive physicochemical characterization, we studied the effect of the size of 
the required aminated catalyst for the formation of the nanobiocatalyst (polyethylenimine 
MW~1300, 2000, 25000, 60000), on their magnetic heating efficiency (SAR and enzyme 
activation). The nanohybrids (500-600 nm) showed enzyme activation (250-300%) without a 
significant rise of the “overall” temperature and preserved their full activity after application of an 
AMF (829 kHz,252 H) for 20 min. Surface engineered nanohybrids, for better colloidal stability in 
cell culture media, achieved significant differences in the reduction of cell viability of a human colon 
cancer cell line (HCT-116) after the exposure to the AMF (80% versus 30% reduction in controls). 
Our results demonstrated that it is possible to increase remotely the activity of HRP co-entrapped 
with MNPs via magnetic heating for a possible application in DEPT antit-umor therapy. 
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For human metabolism studies, standardized human liver microsomes are routinely examined for 
the participation of cytochrome P450 (CYP450) systems in the degradation of target drugs and the 
identification of relevant metabolites (1, 2). The biotransformation of drugs also takes place in other 
compartments of the human body, such as the central nervous system, though. In particular drug 
molecules that cross the blood brain barrier may cause problems by the local production of toxic or 
reactive metabolites and impaired elimination from the respective tissue. The prediction of those 
reactive metabolites in the so-called deep compartments is therefore a crucial step for the 
comprehension and elucidation of emerging adverse effects and other relevant impacts on physio-
logical processes (3). 

Currently, animal models or very limited samples of human brain tissue are used for the preparation 
of microsomes for the analysis of neuronal metabolic activity. Here, different model systems are 
assessed for their suitability to study drug metabolism in the brain. Using validated substrates for 
CYP450 metabolic activity, enzyme expression, pharmacogenetic profile, enzyme kinetics and 
metabolic pathways will be systematically assessed via liquid chromatography – tandem mass 
spectrometry and compared to the drug metabolism profiles in the human brain. 
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γ-Aminobutyric acid (GABA) analogues represent a major class of pharmaceuticals, and are broadly 
applied as anticonvulsants, as antidepressants and for the treatment of neuropathic pain. Here we 
report a three-step chemoenzymatic reaction cascade for the efficient enantioselective synthesis of 
GABA analogues. By exploiting the promiscuous ‘Michaelase’ activity of a tailor-made variant of the 
enzyme 4-oxalocrotonate tautomerase (4-OT), addition of acetaldehyde to nitroalkene acceptors to 
yield γ-nitroaldehydes was accomplished with excellent enantiocontrol. Combination of this artificial 
biocatalyst with a natural aldehyde dehydrogenase resulted in the enantioselective synthesis of γ-
nitrobutyric acids. Finally, chemical reduction of the nitrobutyric acids was achieved in one-pot, 
obtaining the final GABA analogues with high overall yields (up to 70%) and with excellent 
enantiopurity (e.r. up to 99:1). 
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Metgen Oy is a Finnish biotech company developing producing and supplying industrial enzymes 
and enzymatic processes for Pulp and Paper and biorefinery industries. 

One of the latest developments in biorefinery enzymes is an extremely alkaline and thermostable 
laccase MetZyme® LIGNO. This enzyme is especially promising for lignin upgrade, as the enzymatic 
process can be performed under highly alkaline conditions (pH > 10) where lignin is most soluble in 
water. The wild type enzyme was for the first time characterized and shown promising properties for 
industrial application. The molecule was further genetically improved with multiple mutations to 
increase its expression level and enhance activity in alkaline conditions. New improved enzyme has 
been demonstrated to oxidize bulk biorefinery lignin at extreme alkaline conditions, dramatically 
altering its size and properties. 

Hydroxymethyl furfural (HMF) is considered to be a central platform chemical for biomaterials 
production. Fructose, an important intermediate in this process, can be enzymatically obtained from 
Glucose using xylose (glucose) isomerase. However, currently available commercial enzymes are are 
not suitable for crude lignocellulosic sugar conversion. 

Taking this challenge, MetGen set to develop an industrial glucose isomerase that can work directly 
in lignocellulosic biomass hydrolysate. After extensive analysis of public genomic databases and 
screening the prototypes, we found a new extremely robust enzyme, which outperformed every 
reference enzyme in glucose isomerization in crude lignocellulosic hydrolysate. 

Glucose isomerization by this enzyme was, however, hindered by the presence of xylose, a preferred 
substrate of all known glucose isomerases. Further bioinformatics analysis and enzyme engineering 
allowed for finding enzyme variants with strongly altered substrate preferences between glucose and 
fructose and enabled doubling the efficiency of glucose isomerization by the new enzyme. The 
enzyme production in E.coli and bioconversion was demonstrated at an industrial scale. 

This work was supported by the European Union’s Horizon 2020 research and innovation program, 
project SWEETWOODS, grant number 792061. 
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Pesticides, including the pyrethroids insecticides, have been reported in the environment by 
Environmental Protection Agencies from several countries. Moreover, pyrethroids are the third most 
employed class of insecticides in the world, and cypermethrin is the most employed compound of 
this class in São Paulo state, Brazil. Therefore, this study aimed the screening of a bacterial strain 
isolated from an orange field (located in the Brazilian savannah) capable of degrading this insecticide 
for posterior bioremediation and characterization of the enzymes involved in this process. A total of 
42 bacterial strains were isolated and screened by cypermethrin biodegradation, including 30 
Bacillus, 5 Paenibacillus, 3 Achromobacter, 3 Lysinibacillus and 1 Microbacterium. However, only 
50% of these strains were able to grow in the presence of 100 mg L-1 cypermethrin. The 
biodegradation was quantitatively analyzed, and 19 from 20 strains biodegraded this pesticide, 
ranging from 95% to 20% of biodegradation. A biodegradation pathway was proposed including 14 
identified compounds of pesticide metabolism with emphasis to 3-phenoxybenzoic acid, 3-
phenoxybenzamide, 3-phenoxybenzilic alcohol, benzoic acid, 2-phenylacetic acid and 3-(2,2-
dichlorovinyl)-2,2-dimethylcyclopropanecarboxylic acid. Therefore, the most efficient strain 
Bacillus sp. CSA-36 showed potential for pyrethroids biodegradation and will be further studied for 
bioremediation and enzymatic characterization. 

Corresponding author: willianbirolli@gmail.com 



Poster 44  100 

 

Self-immobilizing biocatalysts for continuous stereoselective 
reactions in microfluidic systems 

Patrick Bitterwolf, Sabrina Gallus, Theo Peschke, Kersten S. Rabe, Christof M. Niemeyer 

Institute for Biological Interfaces (IBG 1), Karlsruhe Institute of Technology, Karlsruhe, Germany 

Keywords: enzyme immobilization, flow-biocatalysis, self-assembly, stereoselective reaction 

Biocatalytic flow processes enable the sustainable and continuous production of value-added 
chemicals for the industrial “white” biotechnology sector.1,2 Apart from optimizing the biocatalytic 
performance by methods of directed protein evolution, maximizing the effective immobilization 
capabilities of enzymes is essential to enable efficient fluidic micro reactor processes. In order to 
retain the biocatalysts under continuous flow conditions, we are developing self-immobilizing 
biocatalysts, such as whole-cells3 and isolated enzymes4 for functionalization of superparamagnetic 
micro particles, as well as reactor modules manufactured by 3D printing of bioinks containing 
thermostable enzymes5. To further increase the volumetric activity of such reactors, we have recently 
developed self-assembling all-enzyme hydrogels with cofactor-regenerating capabilities, consisting 
of either an (R)- or an (S)-enantiospecific ketoreductase combined with the NADPH-regenerating 
glucose 1-dehydrogenase.6,7 Mounted in microfluidic reactors, the gels show excellent 
stereoselectivity (> 99% ee) with near quantitative conversion (> 90%) for the reduction of prochiral 
ketones along with high robustness under process and storage conditions. The gels constitute a 
compartment in which reaction intermediates are retained, thereby enabling extraordinary high 
total turnover numbers of the expensive cofactor NADP(H). Coupling of such reactor modules allows 
to facilitate multi step reaction cascades. 
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The new idea of using waste for the production of fine chemicals has been thoroughly stretched. The 
investigation of waste materials from different sources has been carried out in order to reduce the 
production costs and the use of non-renewable fossil-feedstocks. Forest industry, after harvesting 
and production of compounds for pulp and paper, can still give an incredible amounts of waste which 
cannot be used as is. Chemical, enzymatic or chemo-enzymatic transformations need to be involved 
to produce high-value products which can find application in different areas. Turpentine is one of 
the main components of forestry waste and it is obtained from the distillation of coniferous tree resin, 
mostly pine trees, in approximately 300,000 tons/year.1 Turpentine is a mixture of terpenes, α-
pinene and β-pinene.2 Pinenes, due to their chemical instability, which is given by the four-
membered ring, and the poor sensory impact, are not qualified as flavorings.3 For instance, α-pinene 
could be used for the preparation of fine chemicals and monomers for polymerization through the a 
priori modification of its structure. In this study, chemo-enzymatic transformation together with 
enzyme engineering has been used to introduce functional groups into the α-pinene-derived ketone 
(-)-cis-verbanone in order to perform its ring-opening polymerization.4 Together with the 
homologous compound norcamphor,5 the cyclic ketones have been used to test variants of a 
cyclohexanone monooxygenase from Acinetobacter sp.. The lactones formed by chemical and 
enzymatic transformation was used in cationic ring-opening polymerization using methanesulfonic 
acid as catalyst for the production of homopolymers and copolymers using the natural occurring 
monomer ε-decalactone. 
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The commercialization of sustainable enzymatic and microbial catalysis technology is gaining 
increasing priority for the synthesis of chiral compounds from achiral precursors that require high 
selectivity and high substrate load. Thus, the fast and cost-effective development of novel biocatalytic 
processes using an integrated platform offers significant opportunities to fine chemical, 
pharmaceutical, food & feed, material and related industries. 

BioEngine® is such an integrated platform that offers the full-spectrum solution from enzyme 
discovery, enzyme engineering, enzymatic process development all the way to qualified product 
manufacture. As industrial examples [1-5], we will discuss two cases where wild type enzymes that 
do not meet the desired target criteria for selectivity, activity and solvent tolerance under process 
conditions, whereas after applying bioinformatics guided semirational directed evolution and in 
silico screening (BioNavigator), the evolved variants meet the industrial targets for the sustainable 
production of the desired molecules at multi ton scale.  

 
Case 1: Transaminase engineering for (R)-phenylethylamine 
Case 2: Ketone reductase engineering for (R)-1,3-butanediol 
References:  
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Biocatalysis makes use of the high selectivity of enzymes to enable the synthesis of industrially 
relevant building blocks. Current implementations of biocatalysts in industrial processes, however, 
are often limited by low solubility of reactants, unwanted side-reactions and degradation of organic 
reagents. In addition, many biochemical processes are affected by unfavorable thermodynamic 
equilibria and/or challenging product recovery. Therefore, implementation of biocatalysts in sus-
tainable industrial manufacturing is highly desirable. Recently, the application of enzymes as 
biocatalysts in (semi)continuous flow reactors has become increasingly popular [1]. In this context, 
we present a highly efficient production of chiral amines in batch as well as continuous flow reactors. 
Transaminases were immobilized onto ion affinity beads (EziGTM, EnginZyme) via a selective and 
single-point attachment involving a poly-histidine tag of the enzyme [3]. The immobilization process 
is fast, versatile, and enables high enzyme loading per unit of carrier. We previously reported high 
catalytic performance of EziG co-immobilized dehydrogenase enzymes in hydrogen-borrowing 
amination of prochiral ketones [2]. Optimization of the immobilization procedure was accomplished 
by studying different EziG carrier materials and the immobilization medium (composition, 
concentration, pH and cofactor concentration). Kinetic resolution of methylbenzylamine (rac-α-

MBA) catalyzed by the highly active 
biocatalyst proceeded very fast in single 
batch experiments. Recycling studies 
showed that the biocatalyst could be 
recycled for at least 16 consecutive cycles 
without any observable loss of catalytic 
performance (TON ca. 14400). Continuous 
flow kinetic resolution of rac-α-MBA in a 
packed-bed reactor (157 µL reactor volume) 
allowed for the production of >5 g of (S)-α-
MBA (>49% conversion, >99% ee) in 96 
hours without any detectable loss in 
catalytic performance (space-time yield of 
335 g L-1 h-1). This work highlights the 
potential of continuous flow biocatalysis for 
industrial manufacturing of high value 
chemicals, by selective immobilization of 
enzymes onto functionalized controlled-
pore glass beads through reversible metal-
cation affinity binding. 
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Ketamine (2-(2-chlorophenyl)-2-(methylamino)cyclohexanone) was originally synthesized as an 
alternative to the anesthetic phencyclidine. Clinical studies have indicated that beside the anesthetic 
properties, ketamine demonstrates rapid and sustained antidepressant effects in patients with major 
depressive disorder. Since recently, it is known that along with ketamine additionally its major 
metabolites (2S,6S)- and (2R,6R)-hydroxynorketamine (HNK) possess high potential as 
antidepressants but with less side effects. Unlike ketamine they do not act via NMDA receptor 
inhibition but the detailed molecular mechanisms of their action still remain unknown. In February 
2019, the US Food and Drug Administration (FDA) advisory committee approved SPRAVATOTM 
((S)-ketamine) nasal spray for patients with treatment-resistant depression.(1) Due to this current 
industrial interest in (S)-ketamine and the lack of knowledge about its mode of action and metabolic 
fate in the human body, we focused on the enzymatic synthesis of (2S,6S)-hydroxynorketamine 
starting from (S)-ketamine. 

To achieve this goal, a number of cytochrome P450 monooxygenases were tested and CYP154E1 from 
Thermobifida fusca YX was identified which accepted (S)-ketamine and converted it to 2%. Within 
only three generations of mutagenesis, we successfully engineered a CYP154E1 variant that is capable 
of oxidizing (S)-ketamine to (2S,6S)-HNK in two steps. Thereby almost full conversion (>99%) 
accompanied by high regio- and stereoselectivity of 85% and 97%, respectively were achieved. The 
integration of this selective monooxygenase into an E. coli whole cell biocatalyst allowed production 
of (2S,6S)-HNK at a preparative scale. 

Ultimately, the accessibility of (2S,6S)-HNK will help to shed light on the mechanism of action linked 
to development of this potent antidepressant. 
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Formate dehydrogenases (FDHs) belong to the enzyme group of oxidoreductases and catalyze the 
oxidation of formate to carbon dioxide and vice versa [1]. In oxidative direction electrons are released 
which are used to reduce NAD+ (NAD-dependent FDHs). This makes FDHs suitable for cofactor 
regeneration systems e.g. the production of enantiomerically pure L-tert-Leucine in industrial scale 
[2, 3]. For decades, a FDH from the yeast Candida boidinii (CbFDH) was used to carry out this 
reaction despite the rather average enzyme activity, which acts as a bottleneck in this reaction 
system.  

The NAD-dependent FDH encoded by the genome of the Actinobacterium Rhodococcus jostii 
(RjFDH) shows superior enzymatic activity and improved stability compared to the standard enzyme 
Candida boidinii-FDH and other bacterial FDHs. To check for the applicability of the enzyme in a 
cofactor regeneration system the production of L-tert-leucine was measured. Therefore, a combined 
system of RjFDH and leucine dehydrogenase was used to compare the production to a system 
containing the standard FDH from Candida boidinii as cofactor regenerating part. Furthermore, a 
system containing an alcohol dehydrogenase was tested. In both cases, an up to 3-fold improved 
production of the desired products could be determined. Thus, the RjFDH seems to be a very 
promising candidate for an application in cofactor regeneration systems.  

Since many enzymes are NADP-dependent, mutagenesis studies were performed to improve the 
ability of the enzyme using NADP+ as a cofactor. Preliminary results show that saturation 
mutagenesis at various positions in the area of the substrate channel significantly increase the 
utilization of NADP+ as a cofactor, which would be interesting for application. Further mutagenesis 
studies were performed. Preliminary results suggest that amino acid changes at the positions 27, 67 
and 302 of the enzyme lead to a higher specific activity and improved stability at the thermal 
optimum of the enzyme. 
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Directed evolution approaches allows the tailoring of enzymes by engineering their thermostability, 
regioselectivity, and stereoselectivity as required for industrial or research applications. This process 
can be accelerated and costs can be reduced by building focused libraries designed with 
bioinformatics or computational approaches. A promising method to engineer properties of existing 
enzymes is the CASCO protocol, an in silico semi-rational strategy that is able to predict 
enantioselective variants [1]. The variants are designed using Rosetta and ranked by scoring for near 
attack conformations (NACs) during high-throughput multiple-initialization molecular dynamics 
(HTMI-MD) simulations. 

We are especially interested in enantioselectivity 
prediction, including prediction of stereospecific 
conversions of prochiral substrates as well as 
enantioselectivity in kinetic resolutions. Particularly, we 
are examining libraries of limonene epoxide hydrolase 
(LEH), an enzyme that employs a general acid/base-
catalyzed reaction mechanism for epoxide hydrolysis 
(Fig. 1) [2].  

 

 

 

Fig. 1. Reaction mechanism of limonene epoxide 
hydrolase 

Designs for enantioselective conversion of cyclopentene oxide conversion were described [1]. We are 
currently working on a second generation of LEH designs for conversion of cyclopentene oxide, 
cyclohexene oxide, butene oxide and stilbene oxide. Several highly selective mutants were obtained 
and tested with this range of substrates. The large set of data was examined with docking and HTMI-
MD, with the aim of improving prediction protocols and to create a second generation of 
stereoselective LEH mutants. Moreover, for the stilbene oxide case-study, quantum-mechanics 
calculations (DFT method: B3LYP) were carried out to further refine the protocol. The results 
indicate than the combination of computational design with molecular dynamics offer a promising 
strategy for design of multi-site mutant libraries of epoxide hydrolase. 
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One of the major drawbacks for many biocatalysts is their poor stability under industrial process 
conditions. A particularly interesting example is the supply of oxygen to biooxidation reactions, 
catalyzed by oxidases[1], oxygenases[2] or alcohol dehydrogenases coupled with NAD(P)H 
oxidases[3], which all require the continuous supply of molecular oxygen as an oxidant or electron 
acceptor. Commonly, oxygen is supplied to the bioreactor by air sparging. To ensure sufficient 
oxygen transfer from the gas to the liquid phase, stirring is essential to disperse the gas bubbles and 
create high gas-liquid interfacial area. Studies indicate that the presence of gas-liquid interface 
induces enzyme deactivation by protein unfolding which then readily aggregates and can 
subsequently precipitate. This contribution has examined the effects of stirring and the presence of 
gas-liquid interface on the kinetic stability of water-forming NAD(P)H oxidase (NOX) (EC1.6.3.2). 
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These effects were studied separately and a bubble column apparatus was successfully employed to 
investigate the influence of gas-liquid interfaces on enzyme stability[4]. Results showed that NOX 
deactivation increases in proportion to the gas-liquid interfacial area. While air enhances the rate of 
stability loss compared to nitrogen, stirring causes faster loss of activity in comparison to a bubble 
column. Finally, deracemization of 1-phenylethanol, using a coupled alcohol dehydrogenase /NADH 
oxidase system (ADH/NOX), proceeded with a higher rate in the bubble column than in quiescent 
or in a stirred solution, although, inactivation was also accelerated in the bubble column over a 
quiescent solution. Lastly, we will present unpublished work about the influence of antioxidants on 
operational stability in all three mechanical configurations (quiescent, stirred, and sparged in a 
bubble column). 
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The assessment of the operational stability of biocatalysts by direct determination of the total turn-
over number (TTN), a useful indicator of lifetime biocatalyst productivity, via continuous isothermal 
experiments can be time-consuming and material-intensive, especially in case of rather stable 
catalysts. In the present work, we develop and validate two methods for estimating the TTN of a 
biocatalyst for any desired operating temperature. The first method is a heuristic approach, built 
upon a complete mathematical derivation from first principles, in which TTN can be calculated from 
two simple biochemical measurements.[1] The second method is a novel approach for the 
determination of a kinetic model of enzyme deactivation incorporating time and temperature 
dependence into a single, non-isothermal, continuous assay of instantaneous activity.[2]  

We first verify both methods via continuous isothermal measurement using TEM-1 beta-lactamase-
catalyzed penicillin G (PenG) hydrolysis. Both methods provide estimates of TTN which are within 
one order of magnitude of the values measured directly via lengthy isothermal aging tests, thereby 
enabling both elimination of underperforming, less-stable enzyme variants and calculation of 
biocatalyst cost contribution.  

Lastly, unique temperature profiles that enhance model discrimination with fewer experiments 
compared to linear temperature scans were used to differentiate kinetic models of penicillin G 
acylase (PGA) deactivation. Three models are examined in depth but the technique is generalizable 
to any kinetic deactivation model. Using the Akaike Information Criterion (AIC), the Lumry-Eyring 
model was found to best capture PGA deactivation behavior and the corresponding kinetic para-
meters are presented for the first time.[3] Additionally, simulated experiments on lysozyme and 
TEM-1 beta-lactamase were used to develop temperature profiles that best differentiate the studied 
kinetic models. The results from the developed approach were consistent with conventional, but 
tedious, isothermal batch experiments. 
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Biotransformations are an important element of the industry, which confirms the observed tendency 
to replace production based on classical chemical synthesis with biotechnological methods. Both 
methods applied by our research group concern application of by-products of oil industry during 
solid-state fermentation (SSF). Oilseed cakes are solid residues that are obtained after pressing of oil 
seeds. They are rich in carbohydrates, proteins, fat and therefore provide an excellent media for 
growth of microorganisms.  

One method is biosynthesis of vanillin and vanillic acid from flaxseed cake as well as γ- and δ-
decalactones from rapeseed cake directly from corresponding precursors ferulic, linoleic and 
linolenic acids. The highest concentration of vanillin was obtained after optimization process of 
hydrolysis with Aspergillus niger and Fusarium semitectum of lignins contained in flaxseed cake. 
Yarrovia lipolytica strains exhibit ability to produce γ-decalactone, while Candida pelliculosa 
provided δ-decalactone during SSF.  

The other novel method proposed by us is microbial production of enantiomerically pure aroma 
compounds based on kinetic resolution via SSF. Whole cells of filamentous fungi growing on oilseed 
cakes were screened for enantioselective hydrolysis of racemate phenyl acetate and 
diastereoisomeric mixture of whisky lactones as well. Several strains from genus of Aspergillus, 
Botrytis, Mucor, Papularia, Penicillum and Poria were selected as effective biocatalysts in regard to 
high conversion (78-100%) and enantioselectivity (ee=88-100%) in dynamic kinetic resolution of 
phenyl acetate. Transformations with selected strain Fusarium oxysporum resolved a mixture of 
trans-(+)-(4S,5R) and cis-(+)-(4R,5R) whisky lactones with enantiomeric excess, ee>99% and 
ee=98%, respectively. 

The results highlight the potential economic value of SSF using agroindustrial side-stream 
feedstocks as an alternative to more expensive processes conducted in submerged fermentation 
(SmF). Our research provide results with both high knowledge value and high applicability of the 
developed microbial reactions in the synthesis of flavor compounds. 
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Short-chain dehydrogenases/reductases (SDRs) are a superfamily of enzymes which catalyze 
NAD(P)(H) dependent oxidations and reductions on a wide range of substrates.(1) UDP-glucuronic 
acid 4-epimerases belong to the SDR enzyme family and catalyze the interconversion of UDP-D-
glucuronic acid (UDP-GlcA) and UDP-D-galacturonic acid (UDP-GalA), both essential precursors 
for the synthesis of cell-wall polysaccharides in plants and bacteria.(2) The catalytic mechanism of 
UDP-GlcA 4-epimerases has not been solved. Nonetheless, the comparison to other SDR proteins, 
e.g. UDP-galactose 4-epimerases, has suggested a reaction via formation of a β-keto acid 
intermediate.(3) We are in particular interested in how UDP-GlcA 4-epimerases, other than 
structurally related UDP-D-xylose synthase (UXS) or UDP-D-apiose/D-xylose synthase (UAXS), 
prevent decarboxylation of this rather unstable reaction intermediate.(4-5) Here, we show the 
crystallization and biochemical characterization of a novel UDP-GlcA 4-epimerase (BcGlc-epi2) from 
Bacillus cereus HuA2-4. The crystal structure of BcGlc-epi2 was solved in Michaelis-Menten 
complex with its natural substrate UDP-GlcA and cofactor NAD+ at excellent (1.3 Å) resolution. The 
crystallographic information combined with kinetic isotope effect and mutagenesis studies 
confirmed a reaction mechanism that proceeds via a transient ß-keto acid intermediate. Moreover, 
key amino acid residues important for preventing substrate decarboxylation could be identified. In 
order to gain a more detailed understanding on the epimerase kinetics and back reaction, we 
synthesized the commercially not-accessible product UDP-GalA using a novel one-pot enzymatic 
cascade. UDP-GalA has proven to be a valuable mechanistic probe for crystallography and kinetic 
studies, allowing new insights into the reaction from UDP-GalA to UDP-GlcA. Enzymatic synthesis 
of two other mechanistic probes, namely 4-deoxy-4-fluoro-UDP-D-glucuronic acid and UDP-4-keto-
D-xylose, is presented within the context to highlight the power of biosynthesis in production of 
nucleotide sugars. 
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Unspecific peroxygenases (UPOs) are heme-thiolate peroxidases that can carry out P450-like 
chemistry such as oxygenation of unactivated carbon-hydrogen bonds and epoxidation of olefins. 
They are exclusively found in fungi. UPOs are self-sufficient and only require hydrogen peroxide as 
a cosubstrate since the reaction mechanism is similar to the peroxide shunt pathway of P450s. Two 
of the major factors limiting more widespread application of these enzymes are enzyme production, 
as these enzymes are notoriously difficult to express, and the development of robust enzyme 
processes.  

Homologous expression often results in low enzyme titers and requires specialized complex growth 
media. The heterologous expression of native UPO sequences in common laboratory hosts such as 
yeast and bacterial systems usually only results in minor amounts of active protein. To address this 
lack of a ‘universal’ expression system for UPOs, we have investigated Aspergillus niger as a 
hetorologous production system by expressing native UPO sequences from different fungal origins. 

While hydrogen peroxide is an attractive cosubstrate due to low price and benign environmental 
impact, its use in enzymatic processes can be challenging since heme-peroxides are quickly 
inactivated even at low hydrogen peroxide concentrations. It has been shown that the in situ 
production of hydrogen peroxide can greatly increase the total turnover number of such processes. 
We coupled in situ electrochemical hydrogen peroxide production with UPO-catalyzed 
hydroxylation of ethylbenzoic acid. By employing online hydrogen peroxide analytics, we have been 
able to characterize this system and gain a better understanding of the kinetics of UPO inactivation 
in the presence of various hydrogen peroxide concentrations. 
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Amino acids and peptides based surfactants are among the most important natural surface active 
agents used in cosmetics, pharmaceutical and food industries [1]. However, these biosourced non-
ionic surfactants are mainly produced through the Schotten-Baumann chemical reaction. This 
unselective reaction presents high synthesis yields but requires the use of acyl-chlorides and the 
reprocessing of large amounts of saline effluents. Growing interest starts to emerge regarding the 
use of enzymes as regioselective biocatalysts able to produce lipoaminoacids in greener conditions. 
The aim of this study was to characterize the substrate specificity of aminoacylases from Strepto-
myces ambofaciens and to develop and optimize synthesis of N-undecenoyl-phenylalanine. 

 
The substrate specificity study showed very interesting activity towards the natural amino acids 
depending on the fatty acid used. N-undecenoyl-phenylalanine production, due to its bioactivity, 
appeared as one of the most interesting identified products. The evaluation of the effect of the 
substrates on the reaction performances shows that there is a weak evolution of the initial rate by 
changing the concentration of the fatty acid and an increase of the initial rate by the increase of 
phenylalanine concentration. The study of the operational conditions showed that the activity was 
stable at a large pH range but the temperature stability of the enzyme was weak where a high decrease 
of the activity after 16 h incubation of the enzyme at 37°C was observed. The reaction was also 
performed in different reactor designs and different volumes without loss of activity. In order to 
purify the synthesized product different purification procedures were evaluated. The normal phase 
separation presented the best performance to separate the fatty acid and the product in two steps. 
The N-undecenoyl-phenylalanine was obtained as a powder with more than 99% of purity, which is 
promising for the development of large scale processing. 
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The Friedel–Crafts alkylation is a powerful C–C bond forming reaction used in many industrial 
chemical processes, coupling aromatic rings and alkyl halides to access compounds relevant for fuels, 
synthetic rubber, plastics, and detergents. However, this reaction’s utility is limited due to lack of 
stereo and regiocontrol, the fact that multiple alkylation events are more likely to occur than single 
ones, and the requirement for strong Lewis acids to activate alkyl halides generates carbocationic 
intermediates that can undergo unproductive rearrangements. Recently, our group identified CylK, 
a biosynthetic enzyme from Cylindrospermum licheniforme that catalyzes an analogous C–C bond 
forming event which can overcome these shortcomings. CylK enables a sequential head-to-tail 
dimerization of a chlorinated alkyl resorcinol, a key step in the biosynthesis of cylindrocyclophane 
F. Importantly, this reaction catalyzed by CylK is regiospecific, and it preserves stereochemical 
information at the chlorinated carbon through an inversion of configuration. Numerous secondary 
alkyl halides are accepted by this enzyme, as are resorcinol rings with a variety of substitution 
patterns. Notably, we have used this transformation to access novel analogs of the clinical drug 
candidate benvitimod that are challenging to construct with existing synthetic methods. These 
findings highlight the promise of CylK for enabling mild and selective C–C bond forming synthetic 
methodology. We are working to solve a crystal structure of this enzyme and carry out mutagenesis 
studies in order to characterize how this remarkable chemistry occurs and to engineer a broader 
substrate scope. 
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Bile acid derivatives are used for cholesterol metabolism and have a high demand in the pharma 
industry [1]. Traditional routes for the synthesis of UDCA for example involve many chemical steps 
with harsh conditions and poor overall yield [2]. In the past enzymes have been used to synthesize 
the molecule but it involved an expensive cofactor regeneration system [3,4]. In the quest of 
developing a short, robust and economical industrial process, the potential of a NADH oxidase for 
cofactor recycling system was explored. 

 

 

 

 

 

 

 

The chemoenzymatic cascade for the synthesis of a bile acid using a NADH oxidase was scaled up 
from 1L on lab scale to 6000 L on industrial scale. The beauty of the process is that the cofactor 
regeneration enzyme NADH oxidase uses air as the substrate, thereby rendering the process 
economical and sustainable. The biotransformation, the cofactor recycling system, the special 
equipment and the challenges with the scale up will be presented [5,6]. 
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Prodiginines are tripyrrolic red pigments that occur in various bacterial species. As secondary meta-
bolites, prodiginines display a wide variety of different bioactivities, e. g. antibiotic, antimalarial, 
anticancer, nematocidal or immunosuppressive, which makes them promising high-value 
compounds in biotechnological applications. The BioSC FocusLab CombiCom aims at extension of 
the natural prodiginine diversity by chemical and biosynthetic approaches. As key player, the 
prodigiosin synthetase PigC catalyzes the final condensation step of the bifurcated prodigiosin 
biosynthesis pathway of the enterobacterium Serratia marcescens (figure 1). 

Our goal is to 
engineer PigC 
towards a broadened 
substrate spectrum 
acceptance and a 
generally optimized 
catalytic performance 
to enable efficient 
production of new 
prodiginines from 
artificial substrates. 
For PigC engineering 
the successful protein 
engineering strategy 

 KnowVolution 
(Knowledge-gaining 

directed evolution) 
[2] is applied. 

KnowVolution is significant conceptional advancement in protein engineering, which speeds up 
directed evolution, gains molecular understanding, and reduces screening efforts and time 
consumption. For the KnowVolution campaign, PigC is heterologously expressed in the S1 organism 
Pseudomonas putida KT2440, which has been established previously for prodiginine production [1]. 
A colorimetric high-throughput screening assay has been developed to screen PigC mutagenesis 
libraries in P. putida for beneficial variants. Additionally, we established an agar plate prescreening 
approach for preselection of active PigC clones, which significantly enhances the screening efficiency. 
By means of the combined novel screening system, we identified PigC variants with 2-3x improved 
prodiginine yields from artificial substrates in epPCR libraries.  
In conclusion, the catalytic performance of prodigiosin synthetase PigC with natural and artificial 
substrates could successfully be improved by means of directed evolution and an efficient high-
throughput screening system. 

Acknowledgement: The scientific activities of the Bioeconomy Science Center were financially 
supported by the German Ministry of Culture and Science within the framework of the NRW 
Strategieprojekt BioSC (No. 313/323‐400‐002 13). 
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Ligases are enzymes that catalyse the linkage of two molecules, resulting in a covalent bond. These 
linkages can be, among others, C-O, C-N or C-C linkages. The energy required for the reaction is 
supplied via cofactors such as ATP. Ligase-catalysed reactions are found in biosynthetic pathways of 
natural products, but the application in organic synthesis seems to be rare at present. In the 
biosynthesis of the natural products tambjamines, a ligase catalyses the final condensation step. 
Tambjamines are natural products that are produced by marine bacteria and show various 
bioactivities.[1,2] 

 

For testing the application of ligases in natural product synthesis, homologous enzymes of the ATP-
dependent ligase TamQ, the condensing enzyme from the tambjamine YP1 (1) producing organism 
Pseudoalteromonas tunicata, were searched for via BLAST. Various homologous enzymes of the 
ligase were found and two enzymes were selected for further investigation - the ligases from 
Pseudoalteromonas citrea and Serratia marcescens.[3] The genes were cloned from the 
corresponding genomes and expressed in E. coli. After successful expression of the ligases, they were 
biochemically characterized. In addition to demonstrating the activity of the ligases, the substrate 
spectrum was analyzed. Kinetic data were additionally obtained for selected substrates. 
Furthermore, the ligases were used for the production of natural product derivatives in a preparative 
scale biocatalytic synthesis. 
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Photobiocatalysis has received considerable attention over the past couple of years.[1-3] 
Photosynthesis enables phototrophic organisms like the cyanobacterium Synechocystis sp. PCC 
6803 to convert light energy in chemical reaction equivalents like NADPH, a cofactor necessary to 
fuel oxidoreductases such as Baeyer-Villiger monooxygenases (BVMO). Thus, the application of 
recombinant cyanobacteria as whole-cell biocatalysts represents an outstanding potential in 
sustainable bioprocesses. However, the necessity for understanding the metabolic capabilities of 
these organisms strongly increases in order to create custom-made cyanobacterial cells for a certain 
application. This includes the development of a genetic toolbox and one step further, the 
combination of enzymes to multi-enzyme cascades that requires knowledge on expression and 
activity levels. By combining two oxidoreductases, we were able to produce chiral lactones or alcohols 
in considerable purity. Thereby, promoter engineering was the path-breaking strategy for the 
adjustment of the intracellular biocatalyst concentrations. For the synthesis of lactones, this proved 
to be crucial in order to suppress side-reactions catalyzed by endogenous enzymes from the host 
organism. Furthermore, our results indicate that above a certain cellular activity, the 
biotransformation reaction as additional electron sink reduces the intracellular NADPH-
concentration. 

References:  

1 Schmermund, L. et al. (2019), Photo-Biocatalysis: Biotransformations in the Presence of Light, ACS 
Catalysis 9: 4115-4144. 

2 Köninger, K. (2016), Recombinant Cyanobacteria for the Asymmetric Reduction of C=C Bonds Fueled by 
the Biocatalytic Oxidation of Water, Angew. Chem. Int. Ed. 55: 5582˗5585. 

3. Hoschek, A. (2017), Overcoming the gas-liquid mass transfer of oxygen by coupling photosynthetic water 
oxidation with biocatalytic oxyfunctionalization, Angew. Chem. Int. Ed. 56.47: 15146-15149. 

Corresponding author: kourist@tugraz.at 



Poster 62  119 

 

Biocatalytic oxygenation driven by photosynthesis 

Anna Hoschek, Rohan Karande, Katja Bühler, Andreas Schmid, Bruno Bühler 

Department of Solar Materials, Helmholtz Centre for Environmental Research – UFZ, Permoserstr. 15, 
04318 Leipzig, Germany 

Keywords: Cyanobacteria, photo-reaction engineering, photosynthesis, oxyfunctionalization 

In the past three decades, efficient oxygenase 
biocatalysis concepts have been developed 
relying on the metabolism of living cells of 
heterotrophic organisms, such as E. coli or 
Pseudomonas (1,2). These organisms utilize 
organic compounds such as glucose as source of 
carbon, energy, and reduction equivalents, 
thereby coupling carbon and energy 
metabolism. Phototrophic organisms on the 
other hand acquire high-energy reduction 
equivalents by light-driven photosynthetic 
water oxidation and thus gained interest as host 
systems for redox biocatalysis (3-7). The 
photosynthetic light reaction provides electrons 
as well as O2 and thus both cosubstrates of 
oxygenases, independently of carbon 
metabolism. The fast photosynthetic water 
oxidation thus augurs well for resource-efficient 
oxygenation (Fig. 1). 

Figure 1. Light-driven oxygenation of cyclohexane catalyzed by the cytochrome P450 monooxygenase from 
Acidovorax sp. CHX100 (8) in recombinant Synechocystis sp. PCC 6803. Fn = Ferredoxin, FnR = Ferredoxin 
Reductase. 

We present results on photosynthesis-driven oxygenation reactions catalyzed by recombinant 
Synechocystis sp. PCC 6803. High specific oxygenation activities up to 39 U gCDW-1 were obtained 
and found to depend on the light intensity, demonstrating that photosynthetic water oxidation drives 
the oxyfunctionalization reaction. Insights into the complex interplay of oxygenase catalysis with 
phototrophic metabolism in terms of substrate, electron, and O2 supply will be given. Furthermore, 
reaction engineering approaches will be presented to deal with substrate/ product toxicity, volatility, 
and mass transfer as well as with continuous processing. Thereby, this study provides a promising 
basis for a future exploitation of the photosynthetic light reaction for highly sustainable and 
productive biocatalytic oxyfunctionalizations. 
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The unspecific peroxygenase from Agrocybe aegerita (AaeUPO) enables a variety of C-H and C=C 
oxyfunctionalizations.[1] However, due to the economically and environmentally challenging 
production of AaeUPO high enzymatic turnovers are necessary to create sustainable processes.[2] 
This is particularly hampered by the instability of UPOs against their own co-substrate H2O2. 
Many strategies are known to alleviate the instability issue via in situ generation of H2O2 in adequate 
concentrations such as (electro)chemical, enzymatic or photocatalytic reduction of oxygen. The 
photocatalytic approach appears to be an elegant way utilizing light as the only energy source and 
intrinsically limiting the maximum H2O2 concentration by the equilibrium between photocatalytic 
generation and degradation.[3] However, large scale photocatalysis is limited by the penetration 
depth of light into the reactor, which typically does not exceed a few millimetres. 
Internal illumination through wireless coupling of light sources distributed inside the reactor, 
further called Wireless Light Emitters (WLE), is a promising technique that achieves good 
illumination efficiency and enables a more flexible choice of reactor types.[4] Furthermore, they 
provide the possibility to immobilize the photocatalyst directly onto the WLE itself (cf. Figure 1). 
This has the advantage that a separation from the product and a re-use of the often expensive 
photocatalyst materials can be easily achieved. Furthermore, the light does not actually enter the 

reaction medium anymore 
since it is already fully 
absorbed by the 
photocatalyst coating, so 
the enzyme is protected 
from the harmful UV-light. 

We will explain the working 
principle of the WLE and 
show results of the 
characterization of the 
coatings. Further, we will 
present the generation of 
hydrogen peroxide from 
water and oxygen and the 
photoenzymatic reaction 
(cf. Figure 1) with coated 
WLEs. Finally, we will 
discuss the future per-
spective of this technique 
and the importance of the 
system for up scaling 

photocataytic processes. 
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Biological principles for the compartmentalization and cascading of multiple enzymatic 
transformations provide a rich source of innovation for the next generation of modular production 
processes in industrial biocatalysis.1 On the micro- to centimeter length scale, enzymes can be 
incorporated into microfluidic devices to harness the precise controllability of reaction parameters 
for the continuous production of value-added molecules. To this end, we have developed 
methodologies for the mild and efficient immobilization of recombinant enzymes that are genetically 
encoded with fusion tags, such as Halo-tag or Snap-tag. Using this approach, stereoselective 
ketoreductases were integrated as self-immobilizing biocatalysts in microfluidic packed-bed 
reactors.2 To gain deeper insights into the enzymatic mechanisms and reactor behavior as well as to 
increase biocatalytic process efficiency along with the reduction of materials and costs, we are 
combing experimental data acquisition with mathematical modeling. Furthermore, to fully exploit 
multi enzyme cascades and to understand diffusion and mass transport processes on the nanometer 
length scale, it is essential to have accurate control over stoichiometry and spacing of multiple 
interacting enzymes. We demonstrate that supramolecular fabrication of such well-defined enzyme 
assemblies can be achieved by using concepts of structural DNA nanotechnology.3,4 
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The combination of computational design and laboratory evolution is a powerful and potentially 
versatile strategy for the development of enzymes with new functions. However, the limited 
functionality presented by the genetic code restricts the range of catalytic mechanisms that are 
accessible in designed active sites. Inspired by mechanistic strategies from small-molecule 
organocatalysis, here we report the generation of a hydrolytic enzyme that uses Nδ-methylhistidine 
as a non-canonical catalytic nucleophile. Histidine methylation is essential for catalytic function 
because it prevents the formation of unreactive acyl-enzyme intermediates, which has been a long-
standing challenge when using canonical nucleophiles in enzyme design. Enzyme performance was 
optimized using directed evolution protocols adapted to an expanded genetic code, affording a 
biocatalyst capable of accelerating ester hydrolysis with greater than 9,000-fold increased efficiency 
over free Nδ-methylhistidine in solution. Crystallographic snapshots along the evolutionary 
trajectory highlight the catalytic devices that are responsible for this increase in efficiency. Nδ-
methylhistidine can be considered to be a genetically encodable surrogate of the widely employed 
nucleophilic catalyst dimethylaminopyridine, and its use will create opportunities to design and 
engineer enzymes for a wealth of valuable chemical transformations. 
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Oleate hydratases are known to perform hydration reactions on fatty acids such as oleic acid.  

 

Scheme 1: Oleate hydratase catalysed water addition to oleic acid yielding (R)-10-hydroxystearic 
acid. 

Recently, the identification of a novel oleate hydratase found in Rhodococcus erythropolis CCM 2595 
was reported. In contrast to all other reported oleate hydratases that function as homodimers, this 
enzyme was revealed to be a functional monomer belonging to the HFam3 by Lorenzen et al.[1,2] 

By careful investigation of a diverse group of Rhodococcus strains, two different groups of oleate 
hydratases in the Rhodococcus family were identified. Members of both groups share a sequence 
identity of 38 %. While the above described oleate hydratase from R. erythropolis CCM 2595 falls 
into the first group and is found in a large number of strains, a second, so far unknown oleate 
hydratase was only identified in two strains with one of them being R. pyridinivorans. 

In this work, representative members of both oleate hydratase (ReOhy and RpOhy) groups have been 
heterologously expressed in E. coli and characterised to compare the biochemical properties of both 
oleate hydratases including, for example, kinetic parameters, protein structures as well as the 
substrate range. Here, both oleate hydratases showed a complementary activity regarding the 
conversion of long-chain fatty acids. 
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Optimization of the environment in which a chemical or biochemical reaction takes place is the 
research focus within the design of smart reactors. The geometrically forced guidance of reaction 
components in macro- and micro scale can increase yields and process efficiencies. A broad range of 
materials can be additively manufactured (AM) resulting in specific properties and diverse structures 
making them promising matrices for the utilization as enzyme carriers. The variety of materials 
offers the possibility to select properties needed for particular biocatalytic processes. Especially, in 
those cases where hybrid reactor concepts are aimed at, combining reaction and downstream process 
in one apparatus. For the decarboxylation of ferulic acid (FA)[1], polyethylene terephthalate (PET) 
has been chosen as an AM carrier material to enable immobilization of phenolic acid decarboxylase 
(PAD) from Mycobacterium columbiense. The genetic supplement of PAD with anchor peptides[2] 
enabled the immobilization on PET powder. With the integration of in situ product removal (ISPR), 

facilitated by an extraction with n-
heptane, the altering of PET surface 
hydrophobicity and a complete 
conversion of FA after 4.5 h could be 
observed in batch mode[3]. Specially 
designed periodic open cell structures 
(POCS) were additively manufactured 
to induce simultaneous dispersion and 
mixing in a counter current reactor 
(Figure 1).  

By the guidance of the two phases and 
the reaction components, the 
productivity of the process will be 
increased due to the minimization of 
severe product inhibition. 
Combination of immobilization and 
ISPR in the reactor concept will lead to 
an efficient process with the help of 
AM. 
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Biocatalysis has an enormous potential to replace classical chemical processes due to its intrinsic 
selectivity (enantio-, stereo- or regio-) and efficiency. Too often, however, enzymatic conversions are 
performed at μM to mM scale. The resulting dilute product streams and high amounts of waste water, 
make such enzymatic processes unattractive for preparative scale. Therefore, scaling up to 
industrially relevant product concentrations (preferably to the M scale) is highly desired.  

Here, we focus on the scale up of a benchmark reaction: the conversion of ethyl benzene to R-1-
phenylethanol catalysed by the recombinant unspecific peroxygenase from Agrocybe aegerita 
(rAaeUPO). 

To increase the product concentration, several concepts such as neat reaction conditions or the two-
liquid-phase-system are evaluated and critically compared. 

The inherent peroxide inactivation of rAaeUPO – a Fe-Heme peroxidase – forces the gradual 
addition of peroxide in the low mM range which leads back to the undesired diluted systems. To 
avoid the rAaeUPO inactivation by peroxide hotspots, we employ the enzymatic cascade formate 
oxidase - unspecific peroxygenase (FOx-UPO) for the in situ homogeneous production of H2O2.  

 

The challenges regarding the scale up (substrate phase transfer, oxygen transfer, substrate feeding, 
etc.) along with performance parameters of the enzymatic reaction (total turnover number and space 
time yield) are presented. 
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The addition of a halogen atom to a molecule can lead to significant changes in physical properties 
and biological activity, and nature has therefore independently evolved several different systems to 
install these functionalities. These include flavoenzymes as well as S-adenosylmethionine-, 
vanadium-, and non-heme iron-dependent enzymes. However, the biosynthetic gene clusters for the 
natural products keramamide and konbamide, both of which contain the biologically rare and 
synthetically challenging 2-bromotryptophan moiety, lack clear homologs to any of these enzyme 
families. The konbamide and keramamide gene clusters are found adjacent to one another in the 
genome of the biosynthetically talented, as-yet uncultivated sponge symbiont "Ca. Entotheonella 
factor", an organism whose taxonomic remoteness from common model systems has allowed for to 
the discovery of several new enzyme families. Heterologous expression of genes from the interstices 
of these clusters revealed the responsible enzyme to be KerK, an enigmatic flavoenzyme distantly 
related to disulfide reductases. Although KerK is a flavoenzyme, it shows no significant homology to 
any known halogenase, suggesting independent, convergent evolution of flavin-dependent 
halogenation. Mechanistic, structural, and phylogenetic dissection of this enzyme will shed light on 
the evolutionary origins of cofactor-mediated catalytic promiscuity, a key concept for both 
engineering new biocatalysts and discovering them in nature. 
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Optically active aminoalcohols are an important class of compounds that find applications mostly in 
pharmaceutical products as well as agrochemicals, cosmetics or food industry.[1] Moreover, the 
increasing demand of “greener” products in chemical and biochemical processes made enzymatic or 
chemo-enzymatic cascades a very popular approach in order to reduce the environmental fingerprint 
of a given chemical compound but keeping high selectivity.[2] 

These strict requirements together with the expanding applications of chiral compounds in different 
fields make enzymes the optimal candidates. They are generally regarded as environmentally 
friendly, they have high selectivity and typically they have compatible conditions.[2]  

 

Figure 1. General scheme for the synthesis of optically active aminoalcohols starting from achiral 
alkenes. 

Here, we present a chemo-enzymatic cascade for the synthesis of enantiopure aliphatic 
aminoalcohols starting from achiral alkenes (Figure 1). Using either two enzymes and one chemical 
catalyst or two chemical catalysts and one enzyme enabled access to opposite product enantiomers 
of the aminoalcohols.  

Currently, the best strategy for a 1 pot cascade is to separate the chemical from the enzymatic steps 
resulting in a 1-pot-2-steps or 1-pot-3-steps sequential cascade. 
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Chiral amines are key compounds utilised in the synthesis of active pharmaceutical ingredients and 
therefore a top priority in the pharmaceutical industry for synthetic chemistry [1]. Transaminases 
(TAs) are promising biocatalysts for chiral amine synthesis, however their wider industrial 
implementation is limited mainly due to their low stability in presence of high amine donor 
concentrations and organic solvents [2]. It is well known that thermostable enzymes are more robust 
and stable at high temperatures and in presence of organic solvents; in fact, a few thermostable 
enzymes are used in combination with conventional chemical synthesis for the production of pure 
drugs of interest to pharmaceutical and agrochemical companies [3]. 

In this work, a gene mining approach was taken to look for TAs (Type I to VI) from 9 thermophilic 
microorganisms, including bacteria and archaea. TA sequences were identified from their respective 
genome sequences and their Pfam was then predicted. Phylogenetic sequence analysis confirmed 
that type I-II TAs family are the most abundant ones (~50%) in the thermophiles studied here, 
followed by Type III, V and IV; whilst type VI TAs were not found. 

In total, 93 TAs were successfully cloned (using a one-pot restriction-ligation reaction method with 
Type IIS endonucleases and modified pET29a+ plasmids) and expressed in E. coli showing in most 
cases good expression levels. High throughput colorimetric assays with different amino donors-
acceptors confirmed enzyme activity allowing for initial exploration of the substrate scope. A further 
broad substrate screening is currently ongoing, and best performing TAs will be then characterised 
to determine their usefulness under industrial conditions. 
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Both preventive and curative therapies have created a considerable demand for long chain n-3 
polyunsaturated fatty acids (LC n-3 PUFA) from marine oil, such as eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA). Novel structured triacylglycerols (STAGs) enriched with LC n-3 PUFA 
from soybean oil were synthesized using as acyl donor a fatty acids (FAs) mixture from Brazilian 
sardine oil via solvent-free acidolysis catalyzed by commercial Candida antarctica (Novozyme® 
435) lipase. A three-factor central composite rotatable design was used to study the effect of reaction 
time (X1), substrate mole ratio (X2) and initial water content of the enzyme (X3), and the selected 
objective function was the n-6/n-3 FAs ratio of the STAGs. Easy ambient sonic-spray ionisation mass 
spectrometry (EASI-MS) and gas chromatography (GC) were used for characterisation of STAGs. 
Under optimized conditions (12h of reaction at 40°C, mole ratio of 3:1, water content of 0.84% w/w 
and 10% w/w of the enzyme), the incorporation of EPA and DHA into the soybean oil reached 7.4% 
of the total FAs, leading to a significant reduction in the n-6/n-3 FAs ratio from 11:1 to 3.3:1. After 
the enzymatic reaction, a great variety of new TAGs were formed containing EPA, DHA or both in 
the same molecule. 
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Biodegradable polymers have been continuously studied due to their good mechanical properties 
and compatibility in medical products such as sutures, bones screws, tissue engineering scaffolds 
and gene/drug delivery systems1,2. Polyesters used for biomedical applications are mainly derived 
from glycolide, lactide, β-butyrolactone and ε-caprolactone3. They can be synthetized via classic 
anionic, cationic or metallic catalysis by two distinct mechanisms: (i) polycondensation or (ii) ring-
opening polymerization (ROP)4. 

Enzymatic polymerization can help to avoid unfavorable effects on the environments and toxicity in 
biomedical applications, associated with trace residues of metallic catalysis5. Various lipases can be 
employed in ROP of biodegradable polymers. However, these enzymes are not well suited for the 
reaction conditions required to produce high value materials in industrial preparations, such as high 
temperatures and exposure to organic solvents. Nevertheless, modified serine hydrolases can 
provide the right green alternative for the biosynthesis of polycaprolactone (PCL)2. In this work we 
studied the catalytic mechanism of the hyperthermophilic archaeon Archaeoglobus fulgidus (AfEST) 
esterase using Quantum Mechanics/Molecular Mechanics (QM/MM) methods6. AfEST is a 
promising candidate for potential industrial applications, because of its broad substrate specificity 
and high stability7. 
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The production of biosourced aliphatic aldehydes from vegetable oils, renewable raw material, offers 
many applications in the fields of cosmetics, detergents, polymeric materials and additives. Chemical 
processes by oxidative cleavage or in the presence of organocatalysts such as analogs of thiamine 
have been reported.1,2 These processes require very high temperature, organic solvents and generate 
toxic by-products. 

The goal of this study is to develop a novel ecofriendly enzymatic C-C bond cleavage process catalyzed 
by a thiamine diphosphate (ThDP) dependent enzyme, transketolase (TK) (Figure 1). This enzyme is 
commonly used for the stereoselective formation of a C-C bond in the presence of hydroxypyruvate 
as donor substrate and an aldehyde as acceptor substrate for obtaining ketose products.3 Our project 
aims to study the reverse TK-catalyzed reaction for the C-C bond cleavage of a modified fatty acid 1 
derived from methyl oleate as substrate in order to generate highly valuable aldehydes 2. 

 
Figure 1: Main route to fatty aldehydes 2 from a modified methyl oleate derivative 1 

For this study, the thermostable TK from Geobacillus stearothermophilus (TKgst)4 will be used 
firstly in the presence of various aliphatic hydroxyketones with increasing carbon chain length, 
analogs of compounds 1. Since the wild-type enzyme preferentially accepts polyhydroxylated 
substrates, efficient TKgst variants previously identified and characterized toward hydrophobic 
compounds was selected.5,6 The synthesis of the appropriated hydroxyketones will be first 
presented. Then, the conditions and the results of the enzymatic cleavage catalyzed by different 
TKgst variants will be discussed. 
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Coumarin is an industrial compound of great relevance in flavor and fragrance field. Although 
coumarin is one of the first flavors prepared by synthesis, its toxicity hamper the use of this 
compound in food aromatization. On the contrary, dihydrocoumarin is a natural product, which can 
be found in minute amount both in fava Tonka beans and in Melilotus officinalis flowers. This 
chromanone is considered as safe for human health and has been regarded as a valid substitute of 
coumarin in food aromatization because of its herbal, coumarin and coconut-like odor and its sweet, 
creamy-like flavor. A growing need for compounds that can be labelled as natural has taken over the 
market during the last years. Starting from natural coumarin, natural dihydrocoumarin can be 
obtained by biocatalysed reduction of the 3,4 carbon-carbon double bond. Ene-reductase are a class 
of enzymes common to all eukaryotic microorganisms and are known to catalyze the asymmetric 
reduction of C-C double bonds. Our aim was to screen a variety of fungi and yeasts, isolated from 
different sources, in order to evaluate their ability to selectively reduce coumarin. All strains were 
able to convert the substrate, showing different conversion rates. In particular, the fungus P. 
camemberti displayed a promising activity on the substrate. We tested out different substrate 
concentrations, to determine whether the differences in the conversion yields were due to the toxicity 
of the compound or not. As thought, coumarin induces cytotoxicity at high concentrations and 
therefore inhibits cell growth along with the cell metabolic activity. The strains showed a different 
sensitivity to coumarin concentration. The yeast K. marxianus presented the best resistance to 
substrates concentration, being able to convert it at high rates even at coumarin. 
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Redox metalloproteins are involved in numerous electron transfer (ET) and catalytic biological 
processes such as cellular respiration, metabolism, molecular signalling and photosynthesis among 
others. Much effort has been done in order to understand the factors that determine the loss and 
gain of function of redox proteins in order to improve their use in biodevices. Here, we present an 
example where different changes in the protein environment and / or post-translational modifi-
cations induce structural changes at the level of the metal site that result in an increase in activity. 
Molecular dynamics and hybrid QMMM simulations were used in combination with UV-Vis, 
electrochemical and time-resolved SERR (surface-enhanced Resonance Raman) spectroelectro-
chemical experiments. 

Cytochrome c (Cyt) is a soluble hemoprotein capable of developing more than one function. We 
studied the effect of tyrosine nitration and electrostatic interactions on selected Cyt mutants (Y67F, 
E66Q). Although there is no direct interaction between these mutated residues and the heme group, 
these variants show different kinetic ET parameters than the native protein and they show a 
differential response when subjected to different electric fields. Furthermore, tyrosine 74 nitration 
which triggers a loss of electron shuttling capability, concomitant gain of peroxidatic activity and an 
early alkaline transition in native Cyt, did not show the same response in the Y67F mutant. Our 
computational simulation studies suggest that a disruption of the hydrogen bond network is 
responsible for these effects, evidencing how second sphere perturbations may affect the enzymatic 
and catalytic response of native proteins. 
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Baeyer- Villiger monooxygenations consist in the insertion of an atom of oxygen adjacently to a 
ketone group, obtaining the corresponding ester as a product. These reactions are of high interest in 
the industry as they are used in the synthesis of steroids, antibiotics, pheromones and biopolymers. 
Nevertheless, the chemical reaction requires the use of hazardous compounds and lacks the desired 
selectivity (1). Some enzymes belonging to the class of flavin dependent monooxygenases are capable 
of catalyzing this reaction by using molecular oxygen and generating water as byproduct. Among 
them, type II flavin containing monooxygenases (FMO-II) are of especial interest as they can use 
either nicotinamide adenine dinucleotide (NADH) or its phosphorylated version, NADPH (2).  

Thermostability and organic solvent tolerance are among the most critical characteristic for an 
enzyme to be of industrial interest (3). These characteristics are typically found in enzymes from 
organisms adapted to hot environments. To our knowledge, no FMO-II from a thermophilic 
organism has been characterized yet. Therefore, the aim of this study is to discover and characterize 
a thermostable FMO-II to widen the toolbox of this subclass of enzymes. 

Metagenomic DNA sequences obtained from samples of Cahuelmó hot spring (Chile)(4) were 
analyzed to identify a putative FMO-II. Sequences presenting the characteristic amino acidic motif 
of FMO-II and Rossmann fold were used to construct a phylogenetic tree. The sequence to study was 
selected considering its phylogenetic relationship with previously characterized enzymes of the same 
class. The gene was amplified, cloned and expressed in E. coli. The substrate scope was explored with 
both NADH and NADPH for industrially interesting compounds by gas chromatography.  

In conclusion, a new FMO-II was discovered and recombinantly expressed. The enzyme is 
catalytically active and shows cofactor promiscuity. Next steps of the study include determination of 
thermostability, solvent tolerance and kinetic parameters of the enzyme. 
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The formation of amide bond is an important reaction in chemical synthesis, especially in 
pharmaceutical synthesis. The ‘amide formation avoiding poor atom economy’ has been regarded as 
a key green chemistry reaction by the American Chemical Society Green Chemistry Institute in 2007 
[1]. We recently discovered a unique lipase named SpL from Sphingomonas sp. HXN-200 for amide 
formation with non-toxicity and with atom economy. As the first intracellular enzyme for the 
aminolysis of ester to produce amide, SpL catalyzed the reactions between a series of esters and 
amines to obtain the corresponding amides in high yield with high activity [2]. SpL also showed high 
enantioselectivity and high activity for enantioselective amide formation. Moreover, SpL catalyzed 
the direct amidation of carboxylic acid with high activity and good yield. Remarkably, SpL exhibited 
high catalytic activity in the presence of water. Accordingly, Escherichia coli (SpL) wet cells were 
used as easily available and practical catalysts for the aminolysis of ester or acid, producing a group 
of useful and valuable amides in high concentration and high yield. The newly discovered 
intracellular SpL with unique properties is a promising catalyst for green and efficient synthesis of 
amides. 
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Biocatalysis, a useful and green technology in chemo-, regio- and stereoselective synthesis, has been 
intensely studied and widely used due to its multiple advantages. Rent years, biocatalysis became of 
increasing importance for the fine chemicals and pharmaceutical industries. However, enzyme-
catalyzed enantioselective and regioselective oxidation of C–H and C-N bond was still a challenge in 
organic synthesis for enzymatic reactions. This presentation discusses enzyme screening, enzyme 
engineering and synthetic application of selective oxidation C-H and C-N bond for fine chemicals. 
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Due to heavy environmental impacts resulted from overexploitation of petrochemical resources, 
biorefinery is now seen as an alternative to petroleum refinery industries for producing chemicals 
and biofuels. Glycerol, a byproduct generated from biodiesel production, was chosen as a substrate 
for biosynthesis of 3-hydroxy propionic acid (3-HP) and 1,3-propanediol (1,3-PDO) in this study. 
3-HP was recognized by the US Department of Energy as one of the most potential value-added 
renewable chemicals. 3-HP can serve as the intermediate of several key industrial compounds, such 
as acrylamide and methyl acrylate. 1,3-PDO is also a promising versatile chemical which has a wide 
range of applications, including the textile industry, food, cosmetic, solvent, and its production has 
been burgeoning around the world. In vitro biosynthesis is suggested as a potential platform for 
industrial bio-manufacturing in the future. The advantage is that the product can be synthesized 
without concerning the limits of cell metabolism. Therefore, in vitro biosynthesis generally has better 
elasticity, conversion rate, and yield than whole-cell metabolic engineering. Cell surface display is 
now seen as a good way of enzyme immobilization and stabilization. Ice nucleation protein (INP) 
system was selected as the platform in this study because INP can be expressed at a very high level 
on the cell surface of E. coli without affecting cell activity and its passenger size can be higher than 
other systems. In this study, a cell surface biocatalysis approach to simultaneously produce 3-HP 
and 1,3-PDO from glycerol was proposed. The in vitro biosynthesis pathway is comprised of glycerol 
dehydratase (Gdh), B12-independent glycerol dehydratase (DhaB1 and B2), aldehyde 
dehydrogenase (AldH), and 1,3-propanediol dehydrogenase (dhaT) and has the balances between 
the consumption and generation of NAD+/NADH. The preliminary results suggested that the in vitro 
biosynthesis approach could be useful for co-production of 3HP and 1,3-PDO. 

Corresponding author: yscheng@yunteche.du.tw



Poster 81  138 

 

Building chromosomal gene libraries for genotype  
phenotype mapping 

Jason Baby Chirakadavil, Pascal Hols, Patrice Soumillion 

Louvain Institute of Biomolecular Science and Technology, Université catholique de Louvain, Place Croix 
du Sud, 4-5, 1348 Louvain-la-Neuve, Belgium 

Keywords: deep mutational scanning, directed evolution, chromosomal libraries, neutral drift 

A recently developed technique called deep mutational scanning combines the explorative 
competence of large variant libraries, with high throughput sequencing, enabling us to investigate 
the fitness effects of billions of mutations simultaneously. 

However, current approaches often neglect the evolutionary cost of overexpression from synthetic 
constructs. It has been reported that the gene dosage does not mimic the biological conditions 
governing evolution and this may be responsible for inconsistencies observed in fitness effects. 
Moreover, most studies in fitness mappings have predominantly been focussed on functionally 
cumulative steps in adaptive evolution, however recent findings suggest that adaptive evolution may 
proceed with neutral or even deleterious steps.  

In our study, to obtain a more realistic distribution of fitness effects, it was necessary to set up 
uniform expression conditions for the variant library. To this end, we are using the naturally 
competent bacterium Streptococcus thermophilus for chromosomal expression of the library. We 
have shown that using natural transformation and counter selection it is possible to achieve 
chromosomal library sizes of ~109 cells with gene variants directly inserted in a chromosomal locus. 
The expression conditions of the genes from the chromosomal locus have been mapped. The library 
of variants will be subject to genetic drifts wherein mutants would be expressed with or without 
selective pressure for function. Drifted libraries will be subject to deep sequencing so that subtle 
changes in fitness can be precisely mapped. 

This works hopes to demonstrate fitness effects of mutations experimentally, complementing 
previous research, most of which have been treated purely computationally. 
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Phospholipase A2 is the enzyme that catalyzes cleavage of fatty acids in position two of 
phospholipids, generating free fatty acids and lysophospholipids [1, 2]. Since the products are widely 
applied in food and cosmetic industries, we were interested in the production of this enzyme by using 
microbial cells. The secretory PLA2s (sPLA2s), which are highly active with soybean or egg lecithin, 
have commonly six to eight disulfide bonds and Ca2+ as a prosthetic group [3]. Thereby, bacterial 
sPLA2 which contains only two disulfide bridges [3] was targeted for the overproduction. In this 
presentation, we will report construction of Pichia pastoris-based microbial cell factory for the 
overproduction of the sPLA2 from Streptomyces violaceoruber. The bacterial sPLA2 was expressed 
in Pichia pastoris X-33 under the control of AOX1 promotor. The codon optimized PLA2 gene was 
cloned into pPICZαA, which incorporates Saccharomyces cerevisiae α-mating factor pre-pro leader 
sequence (α-MF). The recombinant enzymes, which had been collected from culture broth, appeared 
to be catalytically active. They were able to hydrolyze lecithin into free fatty acids (e.g., palmitic acid, 
linoleic acid) and lysolecithin. 
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C9 to C12 ω-aminocarboxylic acids are widely used for manufacturing of aliphatic polyamide 
materials. Thereby, we have investigated multi-step biosynthesis of C9 to C12 ω-aminocarboxylic 
acids from renewable long chain fatty acids (e.g., oleic acid) via recombinant Escherichia coli-based 
biocatalysis. For instance, ω-hydroxynonanoic acid, which had been produced from oleic acid via 
hydration of fatty acids, oxidation of the hydroxyl group to ketone, Baeyer-Villiger (BVMO) oxidation 
to ester, and hydrolysis of the ester bond [1,2], was converted into ω-aminononanoic acid by an 
alcohol dehydrogenase (ChnD) of Acinetobacter sp. and ω-transaminase of Silicibacter pomeroyi or 
Agrobacterium fabrum [3]. The recombinant E. coli biocatalysts expressing the ChnD and 
ω-transaminases were also able to produce C10 to C12 ω-hydroxycarboxylic acids into 
ω-aminocarboxylic acids to a high yield. This study will contribute to biocatalyst engineering for the 
production of industrially relevant ω-aminocarboxylic acids from renewable fatty acids. 
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DNA polymerase-based techniques such as PCR and DNA sequencing have become indispensable 
for modern molecular biology. These techniques foster an expanding field of applications, including 
clinical diagnostics, drug screening, forensic research and archaeology. To tailor the properties of a 
polymerase for the desired application, various directed evolution strategies have been employed, 
such as phage display [1], compartmentalized self replication [2] and primer extension assay [3]. 
Here we report, to the best of our knowledge, the first high-throughput screening method for DNA 
polymerase based on cell surface display (CSD). CSD separates the polymerase from cytosolic 
materials which might interfere with the selection of the polymerase for desired activities. A DNA 
polymerase is displayed on Escherichia coli (E.coli) cell surface using an inactivated esterase 
autotransporter. The activity of the displayed polymerase is then detected by a dye that intercalates 
into elongated DNA and emits more fluorescence. Using this method, we evolved Klenow fragment 
of E. coli DNA polymerase I to incorporate NTP and C2'-OMe modified oligonucleotides. The CSD-
based screening method provides a novel alternative for directed evolution of DNA polymerase. 
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Commodity chemicals are present in every field of modern life. In particular, surface active molecules 
play an important role as detergents, emulsifiers, corrosion inhibitors, fabric softeners, and crop 
protectors among others. Conventional synthesis of surfactants is often carried out with renewable 
fats and oils as starting materials. However, toxic catalysts and harsh reaction conditions are often 
used throughout the manufacturing process [1].  

Biocatalysis has emerged as a suitable alternative to current chemical synthesis of commodity 
chemicals owing to the mild reaction conditions and exquisite regio- and chemo-selectivity that it 
can impart [2]. 

In the present work, we show advances on alternative biocatalytic approaches for the synthesis of 
surfactants from renewable sources. Screening of current enzyme libraries and new enzyme 
discovery together with combination of the biocatalysts in tandem cascades could lead to fully 
enzymatic routes for the production of these molecules. 

References:  

1. P. Foley et al. (2012), Derivation and synthesis of renewable surfactants, Chem. Soc. Rev. 41, 1499–1518. 

2. R. A. Sheldon et al. (2018), Role of Biocatalysis in Sustainable Chemistry, Chem. Rev. 118, 801–838. 

Corresponding author: nicholas.turner@manchester.ac.uk



Poster 86  143 

 

Benchtop-NMR for online reaction monitoring of the biocatalytic 
synthesis of aromatic amino alcohols 

Claaßen, C. and Rother, D. 

Institute of Bio- and Geosciences: Biotechnology (IBG-1), Forschungszentrum Jülich GmbH; 52425 Jülich 
(Germany) 

Aachen Biology and Biotechnology (ABBt), RWTH Aachen University; 52074 Aachen (Germany) 

Keywords: enzyme cascade, online reaction monitoring, benchtop NMR 

The combination of different enzymes into cascade reactions was increasingly investigated over the 
last decade.[1] The accessible product range increases with each additional reaction step[2], 
however, not only the product platform extends, but also the overall complexity of the reaction design 
rises. Among others, major challenges when designing enzyme cascades are side reactions due to 
enzyme-substrate-promiscuity[3], and the balancing of the different reaction steps to achieve 
optimal conversions and specific space-time yields for the whole cascade. Detailed kinetic knowledge 
about the reactions would help in, e.g., selecting the right time point at which full conversion is 
reached, to start the next reaction step in sequential reaction modes. Recent advances with benchtop-
NMR-spectroscopy now enable online reaction monitoring not only for chemical syntheses[4], but 
also for fermentation processes[5] or biocatalytic reactions[6] where low analyte concentrations and 
the necessity to use deuterated solvents impeded the use of NMR in the past.  

In this contribution, we show that substrates and products for the enzymatic cascade reaction leading 
to the aromatic amino alcohol, i.e. 3-(2-amino-1-hydroxypropyl)phenol (see Figure 1), are detectable 
even in a low milli-molar range with an benchtop-NMR-device, depending on the measuring 
parameters. Since a suitable distinction between the NMR-signals of all reaction components is 
given, concentrations of the different compounds can be calculated even in complex reaction 
mixtures. We present a general setup of a benchtop-NMR flow system that was used to monitor the 
enzymatic cascade reaction in standard, non-deuterated aqueous buffer solution. Furthermore, we 
show first results of the online reaction monitoring of the above shown cascade, and correlate the 
data collected from the online NMR measurements with offline samples analyzed via HPLC.  

In future, online analytic systems like the described benchtop-NMR-devices might not only enable 
online reaction monitoring of biocatalytic reactions, but also a direct self-regulating feedback control 
of the reaction. 
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The implementation of biocatalysis in academic and industrial settings has proved to be an efficient 
and sustainable alternative to traditional metal catalysts in synthesis. In particular, biocatalysed C=X 
bond reductions proceed with high chemo-, regio-, and stereoselectivity and under ambient 
conditions. However, redox enzymes rely on NADH as a cofactor, which, when used in stoichiometric 
quantities, is prohibitively expensive. In order to use NADH in catalytic quantities, a sacrificial 
reductant (often glucose or isopropanol) must be present to regenerate the cofactor. In contrast, we 
have developed a suite of heterogeneous cofactor-recycling catalysts that use clean H2 gas as the 
reductant. Our catalytic systems use an H2 oxidation catalyst and an NAD+-reductase enzyme co-
immobilized on electronically conducting carbon black particles (Figure 1).[1] Either a metal 
nanoparticle or a hydrogenase enzyme is used for H2 oxidation. These catalytic hydrogenation 
catalysts are 100% atom efficient, leading to simplified product isolation. In each case, the carbon 
particle serves the purposes of transferring the electrons from H2 oxidation to be used for NAD+ 
reduction, acting as a catalytic support, and ultimately allowing the catalyst to be easily removed and 
reused. With each catalyst, an additional NADH-dependent enzyme is used for a desirable 
transformation (e.g. ketone reduction, Figure 1). This poster presents results on the scale up of these 
reactions in batch. We show that the reactions promoted by these reusable catalysts are benchtop 
compatible, stereoselective, high yielding, and that the green chemistry benchmarks (such as E 
factor) are comparable with those associated with the fine and bulk chemical industries. 

 
Figure 1. H2-Driven asymmetric ketone reduction by NADH-recycling catalysts 
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Hydroxynitrile lyases (HNLs) are enzymes that catalyse the reversible cleavage of cyanohydrins, 
yielding hydrogen cyanide (HCN) and aldehydes or ketones [1]. The reverse reaction is of great 
importance as it allows the enantioselective formation of cyanohydrins as platform molecules for 
food, pharmaceutical and chemical industry. Immobilization has been the key to success for several 
industrial, enzyme catalysed processes. For HNLs this would enable safer reaction conditions by 
reducing the reaction volume. Celite is broadly used for the immobilization of many enzymes and 
successful applications have been described, moreover it is environmentally benign and used in the 
food industry [2]. Here we describe our studies for the immobilization of Granulicella tundricula 
manganese dependent hydroxynitrile lyase (GtHNL) on celite R-633. The immobilized enzyme was 
tested in organic solvents to ensure optimal yields. The GtHNL immobilized on Celite can be recycled 
many times and high yield and enantioselectivity was achieved. Moreover the reactions were probed 
in batch and in continuous mode, revealing new insights into the engineering of these processes. 
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The chemoselective hydrogenation of alkenes in the presence of alkynes is a very challenging 
transformation to achieve with traditional chemical methods. The development of an effective route 
to perform this transformation would enrich the toolkit available to organic chemists for the 
development of effective synthetic routes, and the creation of novel structural motifs. The reduction 
of activated alkene bonds by ene-reductases (ERs) is completely chemoselective, because of the 
mechanism of the reaction. Thus, we investigated the use of ERs belonging to the Old Yellow Enzyme 
family for the reduction of α,β;-unsaturated aldehydes with a conjugated C≡C triple bond at the γ 
position. This reaction was exploited as the key step for the development of an effective homologation 
route to convert aryl and alkyl substituted propynals and butynones into 4-alkynals and 4-alkynols, 
avoiding some troublesome or hazardous steps of known synthetic routes. Commercially available 
butynones and propynals (prepared by oxidation of the corresponding available alcohols) were 
converted into the corresponding alkenynals by Wittig or Horner-Wadsworth-Emmons (HWE) 
reaction, followed by DIBAL-H reduction and final allylic oxidation. The alkenynal derivatives were 
reduced by ERs to obtain the corresponding 4-alkynals. A cascade procedure was also developed to 
prepare the corresponding 4-alkynols by the concomitant use ERs and alcohol dehydrogenases 
(ADHs). High conversions and good to high enantiomeric excess values were obtained. In 
conclusion, this work illustrates how a novel chemo-enzymatic sequence involving an easy C=C bond 
formation reaction followed by an enzyme-mediated chemoselective hydrogenation can be exploited 
for the addition of a CH2CHO/CH2CH2OH moiety to an alkynal. 
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The combination between biocatalysis and continuous processing has been identified as one of the 
foremost key techniques for sustainable manufacturing of pharmaceuticals and fine chemicals [1]. 
To increase the uptake of biocatalytic processes by industry, it is essential to demonstrate the 
reliability of enzyme-based methodologies directly applied to the production of high value products. 
A versatile and chemoselective acyltransferase from Mycobacterium smegmatis (MsAcT) was 
selected for its remarkable features: its characteristic hydrophobic tunnel leading to the active site 
disfavoring the ingress of water promotes ester formation over hydrolysis in buffer solution [2], while 
the hydrophobic surface environment is crucial for the acylation reaction to proceed in water. A 
straightforward one-step biocatalyzed synthesis of different flavor-esters starting from primary 
alcohols and naturally available ethyl esters in water was accomplished in batch using the free 
enzyme [3]. Subsequently we demonstrated that MsAcT has a very broad substrate scope and can be 
used for the preparation of N-acetyl derivatives in water starting from different primary amines and 
using a variety of acyl donors [4]. Here, a unique, efficient, and sustainable enzymatic platform for 
the multi-gram synthesis of melatonin, projected to generate around 1.5 billion U.S. dollars 
worldwide by 2021, and its analogues was developed. The system exploits the covalent 
immobilization of MsAcT onto agarose beads (73% of retained activity, enzyme concentration of 1 
mg/g-agarose), increasing the robustness and longevity of the immobilized biocatalyst. The fully-
automated process deriving from the integration between biocatalysis and flow chemistry is designed 
to maximize the overall yields (58-92%) and reduce reaction times (5 min), overcoming the 
limitation often associated with bioprocesses and bridging the gap between lab scale and industrial 
production. 
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Bacteria from Bacillus genus have been explored as whole-cells biocatalysts employing their 
intracellular decarboxylases to produce industrial interest molecules, such as 4-vinyl derivatives [1]. 
Nevertheless, most of Bacillus decarboxylases are thermolabile at temperatures above 30 ºC, 
limiting the development of efficient biocatalytic processes [2]. As an alternative, crosslinked enzyme 
aggregates (CLEAs) has been development for improving enzyme thermal stability, although these 
biocatalytic systems result expensive and susceptible to proteases degradation [3]. The aim of the 
present work was to characterize a novel in cell enzymatic crosslinking system to improve thermal 
stability of a whole-cell biocatalyst to produce 4-vinyl derivatives. Bacillus megaterium LBI001 
strain, isolated from maize alkaline wastewater, was employed as a whole-cell biocatalyst, showing 
decarboxylase activity toward p-coumaric, ferulic and caffeic acids to produce 4-vinylphenol, 4-
vinylguaiacol and 4-vinylcatechol, respectively. Although the whole-cells biocatalyst showed an 
optimum temperature of 40 ºC, just in 4 h incubation, 73% activity was lost. The highest thermal 
stability was at 30 ºC maintaining a residual decarboxylase activity of 64% after 4 h of incubation, 
meanwhile, at 50 ºC the enzymatic activity was completely lost in few minutes. For the development 
of the new in cell enzymatic crosslinking system, the whole-cells were permeated with a 60% ethanol 
solution (v/v) for 20 minutes. A solution of 400 mM of glutaraldehyde was employed as crosslinking 
agent, observing 45% decrease of decarboxylase activity. However, a drastic increase of thermal 
stability was observed showing, after 4 h incubation, residual activities of 80, 185 and 78%, at 30, 40 
and 50 °C, respectively. In conclusion, the novel in-cell enzymatic crosslinked system increases the 
thermal stability of a whole-cells biocatalyst to produce 4-vinyl derivatives, which represents an 
important operational advantage for the use of this new system in consecutive biocatalytic cycles, 
without a significant loss of enzymatic activity. 
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In order to reduce the consumption of fossil-based fuels, considerable efforts have been made to 
develop environmentally friendly fuels as bioethanol. Bioethanol utilizes biomass, such as 
agricultural residues or wood, as a source of fermentable sugars which can be fermented into 
cellulosic biofuels. Woody biomass is mainly composed of the lignocellulosic material, which is 
constituted by cellulose (40-50%), hemicellulose (20-40%) and lignin (20-30%). Due to its 
complexity, the woody biomass is a recalcitrant compound, meaning high pressure and temperature 
are necessary to hydrolyze its main component, the cellulose. For example, cellulose requires a 
temperature of 320 °C and pressure of 25 MPa to become amorphous in water. In addition, biological 
hydrolysis of the biomass can be performed by glucanases, commonly known as cellulases, which 
hydrolyzes the β−1,4-D-glucan bonds, releasing cello-oligosaccharides, cellobiose or glucose. In 
biomass degradation, thermostable cellulases will represent valuable enzymes for this process. 
Several works have been reported towards improving thermostability in glucanases of the family 5, 
yet the molecular mechanism has not been completely understood. This research focused on 
engineering thermostability and understanding the underlying molecular principles of the endo-β-
1,4-glucanase Cel5A. The study was performed by protein engineering, following the KnowVolution 
strategy [1]. The endoglucanase Cel5A was expressed in P. pastoris and a two-step high-throughput 
screening (HTS) system was established. Later, the endo-β-1,4-glucanase Cel5A was evolved to 
increase thermal resistance. Specific structural areas were identified as the main contributors to the 
thermostability of the endoglucanase Cel5A. The knowledge generated from the KnowVolution 
campaign will allow the efficient development of new endo-β-1,4-glucanase Cel5A variants with 
increased thermostability. 
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Enantiopure vicinal amino alcohols are present in the core scaffold of many biologically active 
compounds such as sphingolipids, antibiotics and several natural products[1,2]. Furthermore, these 
functionalities are present in a large variety of APIs like anti-asthma drugs, hormones, alkaloids, 
enzyme inhibitors and β-adrenergic blockers. Moreover, vicinal amino alcohols containing 
compounds find application as chiral ligands and auxiliaries in asymmetric organic synthesis[3-5]. 
Among the vast class of compounds carrying the 1,2-amino alcohol motif, phenylpropanolamines, 
members of the amphetamine family of ephedra alkaloids, are broadly applicable synthons for the 
preparation of chiral auxiliaries in organic synthesis and have direct application as biologically active 
molecules. The synthesis of these molecules has attracted much attention because of their versatility, 
and many chemical and chemo-enzymatic approaches have been described. Nevertheless, these 
synthetic methods entail multiple steps including isolation of intermediates, thus leading to either 
low yields or low enantio-and-diastero selectivity. On the other hand, only two enzymatic routes have 
been reported for the preparation of the nor(pseudo)ephedrine isomers[6,7]. Herein, we present the 
biocatalytic production of two out of the four nor(pseudo)ephedrine isomers via a biocatalytic 
hydrogen-borrowing cascade[8], which consists in the use of an alcohol dehydrogenase (ADH) in 
combination with an amine dehydrogenase (AmDH) in the same pot. We demonstrated the 
enzymatic synthesis of 1S,2R-norephedrine in very high enantio- and diastereoselectivity (>99% ee, 
>99% de) as well as elevated conversions and yields. We also demonstrated the formation of 
enantiopure 1R,2R-norpseudoephedrine by applying the same dual-enzyme cascade (Figure 1). 
Finally, we implemented the HB-cascade into an extended synthetic route in which inexpensive 
trans/cis-β-methylstyrene (1b-c) was converted into nor(pseudo)ephedrine. In this route, the 
enantiopure diol substrates (3b-c) for the HB-cascade were prepared by combining in one-pot our 
recently reported fused styrene monooxygenase (Fus-SMO)[9] with two stereocomplementary 
epoxide hydrolases (EHs)[10] thus leading to the formation of all the four isomers. 
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The use of continuous flow in organic chemistry has seen increased use in recent years, and this has 
now been extended to biocatalysis as well.[1-3] The benefits offered to biocatalysis include easier 
recyclability of reagents and catalysts, increased reaction rates and improved downstream 
processing.  

Biocatalyst immobilisation using EziG [4] has been used to increase the efficiency of several 
biocatalytic processes applied in flow. For example, volumetric productivity improvements up to 23-
fold have been observed with amine dehydrogenase enzymes, and reductive aminase enzymes have 
also been stabilised to allow significantly extended reaction times.[5] Furthermore, the use of a novel 
flow reactor to overcome the low aqueous solubility of oxygen has been used to improve the 
productivity of oxidase enzymes.[6] By using this flow reactor, we have enhanced the productivity of 
GOase variants with >200-fold increase in process productivity versus the equivalent batch reaction, 
and produced high-value, sugar-based monomers with potential application as biomaterials.  

This talk will discuss several aspects of continuous flow that have been applied in the Turner group 
to improve biocatalytic reactions versus their respective batch processes. 
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The direct conversion of diketone substrates into N-alkylated pyrrolidine alkaloids in a four-step 
one-pot cascade catalysed solely by an imine reductase (IRED) has been investigated. The envisaged 
cascade involves the initial enzymatic reductive amination of the diketone substrate, followed by the 
spontaneous cyclisation of the N-alkyl ketoamine intermediate to the respective pyrrolinium cation, 
which undergoes further enzymatic reduction affording the desired N-alkylated pyrrolidine (Figure 
1). 

Figure 1. General enzymatic cascade reaction applied to the synthesis of N-alkylated 2,5-
dissubstituted pyrrolidines.  

In order to investigate the applicability and the substrate scope of the described cascade, we screened 
30 IREDs of metagenomic and genomic origin against two 1,4-diketone substrates (2,5-decadione 
and 1-phenylpentane-1,4-dione) and four amine partners (methylamine, allylamine, propargylamine 
and cyclopropylamine). Reactions conditions (pH, temperature, concentration of reactants) have 
also been evaluated. Following this biocatalytic cascade approach, eight different N-alkylated 2,5-
dissubstituted pyrrolidines were obtained. High conversions and good to excellent 
diastereoselectivities were achieved within 24 hours of reaction.  

This cascade is very ambitious and, to the best of our knowledge, there is no previous report in the 
literature regarding a similar process. Therefore, the results obtained are remarkably promising, 
opening a completely new route to the synthesis of N-alkylated alkaloids. 
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With over 80,000 structures described to date, terpenes are the most abundant class of natural 
compounds on earth. They have long attracted attention because of their biological and 
physicochemical properties. All terpenes are derived from the two universal precursors dimethylallyl 
diphosphate (DMAPP) and isopentenyl diphosphate (IPP). The latter are then condensed by various 
prenyl transferases leading to the enzymatic formation of geranyl diphosphate (C10), farnesyl 
diphosphate (C15), geranylgeranyl diphosphate (C20) and geranylfarnesyl diphosphate (C25), the 
direct precursors of all terpenes. Nature has developed two biosynthetic pathways to produce 
precursors involving 18 enzymes from glucose, the mevalonate (MEV) and methylerythritol 
phosphate (MEP) pathways. 

We investigated here a simplified way to product DMAPP and IPP using the corresponding alcohols 
(dimethylallyl alcohol and isopentenol), and only two enzymes acting as kinases: the acid 
phosphatase from Xanthomonas translucens and the isopentenyl phosphate kinase from 
Methanococcus vannielii to conduct the two phosphorylation steps. To establish the proof of concept 
of this simplified pathway, we carried out the synthesis of cytotoxic prenylated diketopiperazine 
tryprostatin B (TB) using a three-enzyme cascade (FtmPT1 prenyltransferase and the two previously 
mentioned kinases) from chemically synthesized brevianamide F (BF). Under optimized conditions, 
this cascade led to the total transformation of BF (10 mM) to TB in 24 hours. 

TMP allows thus a simplified access to prenylated aromatics and offers a viable alternative to the 
natural MEV and MEP pathways for bio-access to terpenes. 
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 The ability to reliably design enzymes in a ‘bottom up’ fashion would have significant impacts across 
the chemical industry. The combination of computational enzyme design and laboratory evolution 
is an attractive and potentially versatile strategy to achieve this ambition, which to date has delivered 
biocatalysts for a small sub-set of chemical transformations. Here, we report the creation of an 
enzyme for the Morita-Baylis-Hillman (MBH) reaction, a valuable carbon-carbon bond forming 
reaction not observed in Nature. The catalytic efficiency of a primitive computational design was 
increased by several orders of magnitude over multiple rounds of directed evolution. 
Crystallographic snapshots along the evolutionary trajectory highlight the catalytic devices response 
for increasing activity. Our study allows us to add the Morita-Baylis-Hillman reaction to the 
restricted repertoire of biocatalysts available for C-C bond formations, and provides a framework for 
the ‘bottom-up’ creation of enzymes for complex multi-step chemical transformations. 
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The ‘bottom up’ design of enzymes offers exciting opportunities to create biocatalysts for valuable 
chemical transformations that are not observed in Nature. We have recently exploited a combination 
of computational design and laboratory evolution with high-throughput screening to create an 
enantioselective enzyme for the Morita-Baylis-Hillman (MBH) reaction. We now aim to create a 
series of efficient and practically useful MBHases through the design and engineering of de novo 
active sites comprised of distinct constellations of catalytic residues built into diverse protein 
templates. To date, we have identified a handful of catalytically active de novo designs that utilize 
both canonical and non-canonical genetically encoded catalytic nucleophiles. These templates 
provide ideal starting points for evolutionary optimization with the goal of creating biocatalysts with 
efficiencies approaching natural enzymes. 
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With industry moving towards greener processes, biocatalysis is gaining more importance and more 
enzyme sequences are tailored every day for specific processes. To facilitate the enzyme purification, 
these sequences are usually altered by fusing histidines to their N or C terminus, feature which can 
also be exploited for enzyme immobilisation. 

This paper presents a range of enzyme carriers specifically designed to immobilise selectively His-
tagged enzymes for both purification and biocatalytic processes. The resin beads studied had a pore 
size up to 1500 Å, iminodiacetic acid (IDA) functional groups allowing metal loadings from 0.05 to 
1 mmol metal/g, and different hydrophilicities due to the polymeric backbone: methacrylate or 
styrene. Comparisons with standard covalent, ionic or hydrophobic enzyme immobilisation showed 
that the His-tag immobilisation of a R specific alcohol dehydrogenase provides up to 20 times 
increase in the specific activity. Two factors are contributing to such high immobilisation efficiency: 
the high selectivity of the resins for His-tagged enzymes (analysed by SDS-PAGE), and a favourable 
enzyme orientation upon immobilisation. 

Interestingly, we observed that the resin matrix and porosity have a significant effect on enzyme 
immobilisation, regardless of the functional group density and metal content. For example, when 
immobilising the alcohol dehydrogenase on IDA methacrylic and styrenic resins, the activity on 
methacrylic beads was up to 90% higher, even with a cobalt content 5 times lower. Recycling of a 
His-tagged alcohol dehydrogenase immobilised on Co-IDA methacrylic resins showed great stability 
for minimum 10 cycles; the possibility of resin reactivation using fresh metal ion and enzyme is also 
presented. 

The new range of IDA resins described in this paper will maximise the immobilised activity of a wide 
range of His-tagged enzymes while minimising the downstream processing cost when combining 
purification and immobilisation in one simple step. 
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Being the most abundant renewable resource on earth, lignocellulosic biomass offers enormous 
potential for sustainable production of chemicals and fuels [1]. The challenging task for the 
biorefineries of the future is the segregation of polymeric biomass components to obtain pure 
cellulose while causing minimal damage to the lignin and the hemicellulose fraction by the 
application of specific catalysts [2]. Nature has invented and perfected this task by the evolution of 
complex enzymatic systems as highly specialised biocatalysts. In particular, filamentous fungi have 
developed finely coordinated secretomes consisting of different classes of hydrolases supported by 
specialised oxidoreductases. 

Depolymerisation of crystalline cellulose and water-insoluble lignin is still one of the major 
bottlenecks in modern biorefineries. Among others, copper dependent lytic polysaccharide 
monooxygenases and heme-containing peroxidases attracted considerable attention, because they 
are capable of boosting hydrolytic lignocellulose degradation by introducing chain breaks on solid 
substrates [3]. Enzymatic adsorption and desorption processes as well as the binding affinity of 
enzymes to different fractions of lignocellulose are crucial parameters to determine the overall 
catalytic efficiencies of these catalysts. Model systems composed of heterologously expressed 
enzymes from the white-rot fungus Phanerochaete chrysosporium and the brown-rot fungus 
Fomitopsis pinicola were used to investigate their binding interactions with artificial substrates. 
Cellulose regenerated from cellulose xanthate and milled-wood lignin were used to generate thin 
films suitable for the application on surface plasmon resonance (SPR) probes. SPR allows the 
efficient characterisation of the binding behaviour of enzymes as well as the time-resolved 
investigation of the degradation process of the solid substrate, which will be presented.  

We consider the elucidation of the factors influencing heterogeneous catalysis performed by 
lignocellulolytic enzymes and their detailed characterisation as a crucial step for the development 
and optimisation of enzymatic cocktails for efficient biomass depolymerisation. 
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The phenylalanine/tyrosine/histidine ammonia-lyase from Pseudomonas fluorescens (PfXAL) 
belongs to the MIO enzyme family [1]. The posttranslationally formed MIO group is catalytically 
important in the ammonia elimination/addition in the aromatic amino acid metabolism. The PfXAL 
enzyme is the first known MIO enzyme that accepted three natural aromatic amino acids, L-
phenylalanine, L-tyrosine and L-histidine as natural substrates. Enzyme immobilization of the 
PfXAL with this broad substrate scope by two various methods (IMAC-based affinity binding and/or 
epoxide-based covalent binding) provides an opportunity to create new forms of PfXAL as 
biocatalysts with enhanced enzyme stability, recoverability and applicability in flow reactors. 

In this project we compared three significantly different enzyme immobilization methods: whole cell 
immobilization in sol-gel matrix with recombinant E. coli, on mesoporous ReliZymeTM enzyme 
carrier and on magnetic nanoparticles (MNPs). The enzyme immobilizations were realized by metal 
ion affinity due the enzyme His-tag or by covalent binding due bis-epoxides or by a combined 
immobilization via metal ion adsorption and covalent binding. 
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The hydration of non-activated alkenes affording alcohol derivatives, or the reversible reaction, the 
dehydration of hydroxyl moieties via addition/elimination of water, is a highly interesting reaction 
in organic chemistry. The common methods employed for the (de)hydration process usually require 
harsh reaction conditions and due to the side reactions involved, these processes are accomplished 
with low efficiency and poor selectivity [1]. 

From a biocatalytic point of view, Hydratases have a remarkable potential to overcome these issues 
through novel asymmetric enzymatic routes, as these enzymes are able to catalyse the reversible 
(de)hydration of olefins under mild and environmentally friendly reaction conditions with high 
regio-, stereo, and enantioselectivity [2]. 

Linalool Dehydratase-Isomerase (LinD) from Castellaniella defragans, is a cofactor-independent 
enzyme that catalyse isomerization of geraniol to enantiopure (S)-linalool, but also the reversible 
(de)hydration of this tertiary alcohol affording the monoterpene myrcene.[3]. The structure of LinD 
was determined by X-ray studies [4] showing a LinD pentamer where the active site is located in the 
interface of two monomers. From this point, we will try to elucidate and better understand the 
enzymatic mechanism involve in the LinD multifuntional catalysis by site-directed mutagenesis and 
X-ray crystallographic studies with the aim of expand the biocatalytic toolbox with this remarkable 
hydratase and its future application in the synthesis of interesting alkenols. 

 

Scheme 1. LinD-catalysed reversible Isomerization-dehydration reaction of geraniol to myrcene via 
enantiopure linalool. 
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Carboxylic acid reductases (CARs) are biocatalysts of industrial importance. Some properties of this 
protein family, especially poor stability, hamper their use within the bio-industrial pipeline1. Due to 
their size, highly dynamic structure, and reaction complexity, traditional methods for enhancing 
stability are not feasible. We assessed three functional thermostable CARs acquired using a multi-
algorithm ancestral sequence reconstruction (ASR) approach. These ancestral CARs have many 
desirable properties, especially a Tm up to 35 °C higher and half-lives greater than previously studied 
CARs. This has expanded the existing CAR toolbox providing a means to produce aldehyde products 
at high temperatures. This makes them ideal candidates to couple to other enzymes and perform 
biotransformations at elevated temperatures. We, therefore, identified and expressed promiscuous 
thiamine diphosphate (ThDP) dependent enzymes able to utilize aldehyde products from CAR 
reactions. Preliminary data indicates aldehyde turnover. These enzymes will be coupled to CARs to 
form an enzymatic cascade to perform the biosynthesis of benzoin and R/S 1-hydroxy-1-phenyl-
propan-2-one. 
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Cofactors provide chemical versatility well beyond the capabilities of enzymes, emphasizing their 
potential for biocatalysis. Recently, a tethered niacin-derived nickel pincer cofactor (NPN) has been 
discovered in the catalytic site of a lactate racemase for the interconversion of D- and L- lactic acid 
[1]. Sequence analysis indicated that this fascinating novel cofactor is widespread in the prokaryotic 
world [2], but has so far only been confirmed to be operative in gluconate epimerase (GntE). 
Interestingly, this NPN-dependent GntE has also been shown to be active on glucose, albeit very 
slowly. Given that most epimerases require activated substrates for activity, this discovery holds 
great potential to truly revolutionize the production of rare sugars, which find applications in the 
pharmaceutical and food industry [3]. To fully exploit GntE’s potential, it will have to be made active 
on other monosaccharides. Current investigations are focused on deciphering the catalytic 
mechanism of both NPN and GntE which will allow us to obtain a better knowledge of their 
interaction and obtain hotspots for engineering.  

References:  

[1] Desguin B et al. (2015). A tethered niacin-derived pincer complex with a nickel-carbon bond in lactate 
racemase. Science, 349:66–69. 

[2] Desguin B et al. (2014). Lactate racemase is a nickel-dependent enzyme activated by a widespread 
maturation system. Nature Communication, 5:3615. 

[3] Beerens K et al. (2017). The ‘Epimerring’ highlights the potential of carbohydrate epimerases for rare 
sugar production. Biocatalysis and Biotransformation, 35:230–237 

Corresponding author: benoit.desguin@uclouvain.be



Poster 105  163 

 

Efficient biocatalytic route for the synthesis of kojic acid 
derivatives in aqueous media catalyzed by lipase from  

Aspergillus niger 

Prof. B. L. Chaudhari, Dr. D. S. Dalal 

School of Life Science Kavayitri Bahinabai Chaudhari North Maharashtra University. M.S. India 
School of Chemical Science Kavayitri Bahinabai Chaudhari North Maharashtra University. M.S. India 

Keywords: Kojic acid; lipase from Aspergillus niger; 2-amino-6-(hydroxymethyl)-8-oxo-4-
phenyl- 4,8-dihydropyrano[3,2-b]pyran-3-carbonitrile 

Lipase from Aspergillus niger (ANL) is prove to be effective catalyst for the synthesis of 2-amino-6-
(hydroxymethyl)-8-oxo-4-phenyl-4,8-dihydropyrano[3,2-b]pyran-3-carbonitrile from kojic acid 1, 
malononitrile 2, aromatic aldehydes 3 in EtOH-H2O solvent system at room temperature. Moreover, 
this protocol extends the application of enzymes in organic synthesis. Based on experimental studies, 
we proposed a plausible mechanism. Several research groups are involved and spending much effort 
in the discovery of new tyrosinase enzyme inhibitors. Various drawbacks are associated with these 
inhibitors, such as high cytotoxicity, poor skin penetration and low stability. The tyrosinase enzyme 
which play important role in melanin synthesis. This pigment unusually produces high quantity 
causing various diseases related to the skin. Therefore, it is very important to discover novel and 
potent inhibitors which minimizes the side effects. This study is helpful for the designing the new 
tyrosinase inhibitors for human use. 

Method: In a 25 mL round bottom flask containing aromatic aldehyde (1.0 mmol), malononitrile (1.0 
mmol), Kojic acid (1.0 mmol) and enzyme (100 U) were added in the mixture of H2O (5 ml) and 
ethanol (5 ml) and then stirred at room temperature. After completion, as evident from TLC, the 
reaction mixture was diluted with 10 ml of warm ethanol to dissolve the solid products. The 
suspension was centrifuged to separate the lipase and then the solvent of the filtrate was evaporated, 
and the crude product was purified by recrystallization to achieve pure products. The structures of 
the products were confirmed by IR, 1H NMR, 13C NMR. 

Conclusion: In conclusion, an efficient method has been developed for the synthesis of kojic acid 
derivatives using lipase from Aspergillus niger as a catalyst in aqueous ethanol medium. The 
operational simplicity, mild conditions, short time, high yields (85–95%), broad substrate scope and 
environmental friendliness are the distinguished features of this procedure. 
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Carboxylate reductases (CARs, E.C. 1.2.1.30) generate aldehydes from the corresponding carboxylic 
acids in an ATP and NADPH dependent reaction. They were found to be very valuable catalysts due 
to their broad substrate scope on the one hand and their high selectivity, i.e. no overoxidation to the 
alcohol, on the other hand. CARs consist of three domains: an adenylation domain (A-domain), a 
transthiolation domain (T-domain), and a reductase-domain (R-domain) [1]. The enzyme family can 
be divided in four different subtypes, NcCAR belongs to type III [2]. The enzyme has recently been 
characterized biochemically and a mutagenesis study has been conducted, but only little structural 
data is available for this enzyme or the protein family subgroup [3, 4]. 

Aim of our current work is broaden our understanding of this enzyme by X-ray crystallography. The 
approach includes the crystallisation of the full length NcCAR as well as individual domains. 
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Modern laundry detergent formulations comprises many ingredients including enzymes, 
surfactants, builders, bleaching agents, fillers and other minor additives which have a synergistic 
effect in removing stains from the fabric surfaces. Proteases are widely used in complex detergent 
systems to remove proteinaceous stains (e.g. egg, milk, blood, grass) from the textiles. 
Understanding the molecular interactions of main detergent components is crucial in improving 
formulations and functionality of detergent industry products.  

This work will highlight enzyme engineering efforts in HICAST (Henkel Innovation Campus for 
Advanced and Sustainable Technologies). HICAST aims to develop novel and sustainable laundry 
detergents through a fundamental understanding of interactions among enzymes and detergent 
components. The main objective of this work was to gain an in-depth molecular understanding of 
interactions that govern an enzymatic activity boost on an alkaline serine protease in the presence of 
polymers and surfactants. The integrative approach of computational modeling, colorimetric 
analysis, biophysical characterization (CD, FCS, ITC, and DLS) and protein re-engineering proved 
to be a promising workflow to gain molecular insights into the interactions that govern the boosting 
effect and to improve protease performance in detergents [1, 2]. The gained molecular understanding 
on fundamental principles causing enhanced protease performance is likely applicable for other 
detergent enzymes and can be further applied for reengineering of enzymes, polymers and 
surfactants compositions in modern laundry detergents. 
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Cytochrome P450 (CYP) enzymes can catalyse diverse stereo- and regio-specific reactions and 
therefore have been the focus of great interest from chemical and pharmaceutical industries. In 
humans, CYP2D6 is responsible for the oxidative clearance of ~13% of drugs and has potential 
applications in the biosynthesis of authentic metabolite standards, and screening for new lead 
compounds in drug discovery and development. However, most natural P450 enzymes, including 
CYP2D6, are unstable and have poor efficiency; characteristics which limit their use as an industrial 
biocatalyst. Efforts have been made to harness the catalytic versatility of P450s for biocatalysis using 
directed evolution to alter their substrate specificity and other properties. Recently, ancestral 
sequence reconstruction (ASR) has been used to generate proteins, including cytochrome P450 
enzymes, which are significantly more thermostable than their extant descendants. We employed 
this technique to resurrect the ancestors of the CYP2D subfamily so as to study their functional and 
physicochemical characteristics, explore their ancestral function and evolve them further for 
biocatalytic applications. Six ancestors from the CYP2D subfamily were resurrected, representing 
different nodes of the CYP2D evolutionary tree. Each demonstrated a significant increase in 
thermostability of between 5 and 25 degree celsius compared to the extant forms. All ancestors were 
catalytically active when supported by the human cytochrome P450 reductase. However, the older 
forms showed limited if any activity towards typical substrates of extant CYP2D6, whereas the 
younger ancestors showed activities closer to the human enzyme, suggesting diversification of the 
enzyme function over evolutionary period. Further characterisation of the substrate range of these 
ancestral enzymes is underway to determine their catalytic activity towards a wider range of drug 
substrates. The increased stability of the ancestral CYP2D forms make them ideal and robust 
scaffolds for further engineering as thermostable biocatalysts for industrial applications, especially 
in metabolite synthesis in drug development. 
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In the early stages of preclinical research of drug candidate molecules metabolism research has an 
important role. During metabolism research the main goal is to characterize the metabolites of the 
mother components, and to isolate and identify them. These experiments are carried out 
traditionally by in vivo, on living organizations or by in vitro cell based methods. However, this 
approach presents many challenges from an analytical point of view and ethical issues are raised 
because animal studies are performed. Biomimetic oxidation can be an alternative solution for 
metabolic tests. Synthetic metalloporphyrins are feasible catalysts to mimic the liver-based 
metabolism of xenobiotics in presence of an oxygen donor. Their application is based on the 
structural similarity to the active site of the cytochrome P450 isoenzyme family. 

My work can be divided into two parts. In the first half of my research I developed a synthetic 
metalloporphyrin based medium throughput screening system, which can produce metabolites in 
one step from the mother component in homogeneous conditions. The drawback of this method is 
the rapid degradation of the porphyrin therefore it has short lifetime. It can be extended by 
immobilization of the catalyst on solid support. In the second half of my research I immobilized 
meso-tetra(parasulphonatophenyl)ironporphine on surface modified (with aminopropyl groups) 
silica. The immobilized supported catalyst then was filled in packed bed reactor and used in a 
continuous flow system to catalyze biomimetic oxidation. Furthermore, I examined the effect of the 
length of the linker between the catalyst and the supporter surface on the biomimetic reaction. [1] 

 

Figure 1. The scheme of continuous flow biomimetic oxidative system 
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The interdisciplinary FET-OPEN project HOTZYMES envisions the on-demand nanoactivation of 
biocatalysts in one-pot multi-enzymatic processes via alternating magnetic field (AMF).[1] Synthetic 
enzymatic cascades are an efficient alternative path towards the synthesis of high-value chemicals 
and biocommodities in which production cannot be easily achieved by chemical synthesis. 
Nevertheless, their implementation in industrial bioprocesses is yet limited by a few paradigms. 
Among these are (i) coordination of optimal reaction conditions for one-pot multi-enzymatic 
systems, (ii) matching the optimal temperature for each enzyme, and (iii) avoiding cross-reactivity 
of enzymes and the formation of by-products.[2] The overall aim of HOTZYMES is to tackle these 
challenges simultaneously by gaining selective spatial-temporal control over each enzyme activity by 
means of local heating due to molecular movement induced by a magnetic field.[1, 3] The specific 
objectives of the presented work are the implementation and scale-up of a three-step bioprocess 
towards the production of tetrahydroisoquinolines, a group of chiral molecules with several 
pharmaceutical applications,[4] using on-demand sequential activation of each enzyme involved in 
the process (carboligases, transaminases and norcoclaurine synthase) by means of AMF tuning. In 
order to achieve the described objectives, (i) hybrid particles (containing the enzymes immobilised 
on magnetic nanoparticles) will be selected, optimised, and combined; (ii) optimal parameters of the 
AMF (frequency and amplitude) will further be investigated at lab-scale; and finally (iii) the 
completely optimised process will be tested in a state-of-art pilot-scale AMF bioreactor. From this 
approach, a highly selective, sustainable way to yield complex molecules with industrial interest is 
expected to be achieved. Moreover, HOTZYMES contributes to a technological breakthrough 
towards tunable multi-enzymatic bioprocesses in one-pot by the combination of nanobiotechnology, 
magnetic heating and process sustainability. 
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Terpenes and terpenoids represent the widest class of natural products found in nature. Despite their 
structural diversity, all terpenoids are biosynthesized from two chemically related molecules, namely 
1- and 2-isopentenyldiphosphate. The isopentenyl diphosphates are joined in elongation reactions 
to form the linear precursors of all terpenoids. The action of terpene synthases then converts these 
linear precursors into a large number of cyclic products. Near to 75000 terpenes/terpenoids are 
known so far and only 235 has its biosynthetic origin associated to Streptomyces according to the 
Dictionary of Natural Products. Historically the most part of the studies on terpenes were performed 
on plants and fungi. Bacteria were recognized as a source for such metabolites in the most recent 
time. In the current study we are mapping the Brazilian actinobacteria terpenome. Until the moment 
we were able to clone and express several cyclases annotated from Streptomyces genome by using 
genome-mining approaches. The most part of the TS deriving from actinobacteria can be expressed 
in E. coli by using synthetic genes. In vitro studies of these proteins in the presence of precursors as 
FPP, GPP, GGPP are capable to reproduce the cyclization reactions for cyclic terpenes. The first 
experiments of precursors incubation of the terpene synthases show that the enzymes are active and 
capable to convert FPP into terpenes with no precedent structure reported in literature. Therefore 
fundamental knowledge on the chemical space of sesquiterpene synthases, structural limits on the 
activity of enzyme active sites and fundamental mechanisms by which enzymes control selectivity 
and specificity are questions to be addressed on how to expand the knowledge of such important and 
versatile group of metabolites.  
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β-Glycosidases are used in the wine, beer, tea and juice industries to enhance the aromatic properties 
of food,(1) which are considered a key aspect of the product quality. A considerable fraction of the 
compounds responsible for the aroma in those beverages are in the form of odourless, non-volatile 
glycosides.(2) The aromatic portion of the glycosides can be released by enzymatic hydrolysis, 
however, in general, enzymatic performance is sub-optimal due to the unfavourable conditions that 
often characterized these processes (3) such as the presence of high concentrations of glucose and 
ethanol in wine-making or low temperatures in fruit juices processing. An alternative could be found 
in genomes from extremophilic organisms and identify new enzymes; as extremophiles thrive in 
extreme environments, their enzymes are thought to perform better than their mesophilic 
counterparts.(4) 

In this work, an extremophilic β -glycosidase referred to as LD1 has been assessed in the production 
of more aromatic wines. Different model systems as well as real juices and wines have been enriched 
with two aromatic glucosides: geranyl glucoside, a terpene typical of white varieties with floral smell, 
and guaiacyl glucoside, a compound formed in grapes exposed to bush fires. The hydrolytic capacity 
of LD1 was evaluated by measuring the release of the free volatiles in the gas phase with Solid Phase 
Microextraction and gas chromatography-mass spectrometry. The performance of LD1 was 
compared with an enzymatic commercial preparation commonly used in the wine industry. The 
results show that LD1 is more effective in the release of glycosylated compounds in most of the cases 
and hence, a very good alternative to be used in the wine industry. 
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The increasing demand for enantiopure chiral alcohols in the fine chemicals and pharma-industry 
has led to the use of enzymes that work as robust biocatalyst. In order to meet a certain demand, 
protein engineering has to be conducted. Computational methods are becoming a driver force in the 
enzyme design cycle [1]. In order to broaden their industrial applicability, enantio- or substrate 
enzyme selectivity can be manipulated. A highly thermostable alcohol dehydrogenase 
(ketoreductase) from Thermus thermophilus (TtADH) was chosen to invert its enantioselectivity by 
using a computational approach named CASCO [2]. This enzyme belongs to the short-chain 
dehydrogenase family, also called SDR proteins and reduces acetophenone to (S) 1-phenylethanol 
with more than 99% of enantiomeric excess [3]. 

In order to invert the enantioselectivity towards acetophenone, we computationally designed four 
variants, each with six to eight mutations.  

Enantioslectivity of the variants was determined by chiral GC using phosphite dehydrogenase 
(PTDH) as the cofactor recycling system [4]. Three of those four variants produced the (R) alcohol 
with >99% enantiomeric excess. Thus, it was possible to obtain variants with completely inverted 
enantioselectivity with a minimum of experimental screening. Previous rational designed variants 
were not able to completely switch the enantioselectivity towards acetophenone. CASCO approach 
was able to determine the best combination and substitution of amino acid residues that play a role 
in the selectivity of TtADH. 
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Modular polyketide synthases (PKS) are giant molecular assembly lines that produce an impressive 
range of biologically active compounds from simple building blocks.[1] Yet, there is limited insight 
into the dynamic structures of the modules catalyzing the complex reaction cycles. Structural 
elucidation by crystallography would usually be the go-to method in such questions.[2] However, the 
natural flexibility of these enzymes makes it challenging to obtain high-resolution structures.[3] We 
present a successful genetic and chemical modification strategy that led to the cryo electron 
microscopy (cryoEM) structure of a full-length polyketide synthase module at a remarkably high 
resolution (3.7 Å). Specifically, we investigated an engineered rhizoxin PKS module, which mediates 
an unusual vinylogous extender unit addition.[4] Biosynthetic crosslinking of the ketoacylsynthase 
(KS) to the acyl carrier protein (ACP) by a synthetic substrate surrogate provided a cryoEM structure 
capturing the PKS at the moment of C–C bond formation and revealed an unexpected ACP docking 
site, which was corroborated by photochemical crosslinking and mass spectrometry. The cryoEM 
structure and binding site information together give us the possibility to contribute understanding 
the complex interactions between domains in modules and therefore to create a functional dynamic 
model of biosynthesis by PKS systems. 
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Fatty acids (FAs) represent one promising feedstock to substitute fossil-based chemicals and fuels.[1] 
Several biocatalytic systems utilizing P450 peroxygenases for synthesis of industrially important 1-
alkenes or 2-keto acids from FAs have been developed in the last years.[2-4] Based on previous work 
[2, 4], we designed a practical and modular biocascade that allows the formal enantioselective 
amination of FAs to yield a diverse set of non-canonical alpha-amino acids (ncAAs). Alpha-AAs 
represent not only one of the five most important classes of natural compounds, but also drive 
innovations in the field of synthetic biology, bio-imaging, biosensor production or hybrid/organo 
catalysts design.[5] In a proof-of-concept study, the modular one-pot biocatalytic cascade was 
applied for the enantioselective formal alpha amination of hexanoic acid to L-norleucine (L-
methione substitute).[6] The initial regioselective activation via hydroxylation of FAs was catalyzed 
by the peroxygenase P450CLA followed by oxidation of 2-hydroxy acid in one-pot to the respective 
2-keto acid by two stereocomplementary dehydrogenases. Final reductive amination by amino acid 
dehydrogenase yielded L-norleucine in e.e. >97% (130 mg/L).[6] To improve product titers, an 
automated H2O2 supplementation system was established showing excellent scalability, high 
robustness and efficient conversion (46 to >99%; TTN>3300) of a broad range of FAs (C6:0 to C16:0) 
into 2-hydroxy acids (>90% alpha-selective, up to 2.3 g/L) on preparative scale.[7] The redox-neutral 
hydrogen borrowing cascade (alcohol/amino acid dehydrogenase) yielded L-alpha-AAs (20 to 99%, 
up to 2.5 g/L) in excellent e.e. (>99%). Further, the system successfully produced the key pharma 
synthon L-homo phenylalanine (e.e. >99%) directly from inexpensive phenyl butyric acid.[7] To 
outline the usefulness for synthetic biology, we show a short example for the synthesis and 
translational integration of an olefinic ncAA. Based on renewables this novel biocascade is a true 
alternative to asymmetric chemical synthesis. 
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Cytochrome P450 monooxygenases (CYPs) are versatile enzymes with a potential in a variety of 
synthetic biology applications. The ability of CYPs to introduce one oxygen atom from molecular 
oxygen in a non-activated C-H bond while the other oxygen atom is reduced to water, makes them 
attractive biocatalysts. In addition, they are able to perform these reactions in mild reaction 
conditions and often exhibit high regio-, chemo- and/or stereoselectivity. This is in contrast to the 
chemical oxidation process which often requires harsh conditions using rare metal catalysts and are 
not always very effective. One such CYP for industrial application, which cannot be specified due to 
confidentiality, is studied. CYP requires two electrons which are delivered by NADPH via its redox 
partner, NADPH-dependent cytochrome P450 reductase (CPR). Heterologous expression and 
secretion of both CYP and CPR was accomplished in P. pastoris. In order to prevent the necessity of 
two separate enzymes and to promote an efficient electron transfer, a self-sufficient fusion protein is 
under investigation. On the one hand, fusion constructs between the natural redox partners are 
designed. On the other hand fusion with the reductase domain of the natural chimer CYP102A1 from 
B. megaterium (BMR) is executed. One CYP-CPR fusion product and a CYP-BMR construct were
already successfully transformed in P. pastoris. These constructs are further explored.

As NADPH is an expensive cofactor, large-scale application of this system would not be feasible if 
the NADPH has to be added in stoichiometric amounts. For this reason, a NADPH-regeneration 
system is being developed as well. Formate dehydrogenase (FDH) is chosen as it is irreversible, 
requires an inexpensive co-substrate and the formed CO2 is inert and can be easily removed. 
Heterologous expression of an active enzyme regenerating NADPH, was achieved and further 
optimization is being investigated. 

Corresponding author: Delphine.Devriese@UGent.be



Poster 117  175 

 

Rational design of an improved transglucosylase for production of 
the rare sugar nigerose 

Jorick Franceus, Shari Dhaene, Hannes Decadt, Judith Vandepitte, Jurgen Caroen, Johan 
Van der Eycken, Koen Beerens and Tom Desmet 

Centre for Synthetic Biology (CSB), Department of Biotechnology, Ghent University, Coupure Links 653, B-
9000 Ghent, Belgium. 

Keywords: rare sugars, enzyme engineering, nigerose, production and purification of rare sugars 

The sucrose phosphorylase from Bifidobacterium adolescentis (BaSP; carbohydrate-active enzyme 
database family GH13) can be used as a transglucosylase for the production of rare sugars. For 
instance, BaSP is able to synthesises a mixture of the α-(1,4)-bonded glucobiose maltose and the rare 
α-(1,2)-bonded kojibiose when glucose is used as acceptor. We previously exploited this property by 
engineering a mutant enzyme that preferentially forms kojibiose, enabling large-scale production 
and evaluation of this prebiotic sugar [1]. Recently, Kraus et al. reported that the regioselectivity of 
BaSP towards glucose can be altered by introducing a Q345F mutation. This variant is no longer 
capable of forming kojibiose, but instead produces an equimolar mixture of maltose and nigerose, a 
rare α-(1,3)-bonded disaccharide of glucose [2]. It occurs in nature as a constituent of 
polysaccharides such as nigeran and is also found in Japanese rice wine or sake, hence its alternative 
name, sakebiose. 

We present designed variants of BaSP for the efficient synthesis of nigerose from sucrose and 
glucose, thereby adding to the inventory of rare sugars that can conveniently be produced from bulk 
sugars. The +1 subsite of BaSP is mainly shaped by two highly dynamic loops that undergo crucial 
conformational changes throughout the catalytic cycle, one of these loops (341LDLYQ345) houses 
the Q345F mutation necessary for enabling nigerose synthesis. Starting from this variant, the 
remaining loop positions were individually targeted for NNK-based saturation mutagenesis and the 
resulting libraries were screened with high-performance anion exchange chromatography. A final 
mutant R135Y/D342G/Y344Q/Q345F showed to have an increased catalytic efficiency (kcat/KM) and 
to be more flexible in and around loop 341LDLYQ345 via molecular dynamics simulations. The 
variant was put to use for producing nigerose on 0.5 L scale. The product was isolated by means of 
enzymatic degradation of the contaminating sugars and subsequent preparative liquid 
chromatography [3]. 

References:  
[1] K. Beerens et al. (2017), Biocatalytic synthesis of the rare sugar kojibiose: process scale-up and 
application testing, J. Agric. Food Chem. 65: 6030–6041 
[2] M. Kraus et al. (2016), Synthesis of the rare disaccharide nigerose by structure-based design of a 
phosphorylase mutant with altered regioselectivity, Chem. Commun. 52: 4625–4627 
[3] J. Franceus et al. (2019), Rational design of an improved transglucosylase for production of the rare 
sugar nigerose, Chem. Commun. 55: 4531-4533 

Corresponding author: Jorick.Franceus@UGent.be



Poster 118  176 

 

Activity and stability of immobilized BM3 P450 enzymes 

Dibble, CJ 1; Döring, F 1; Urlacher, VB 2; and Pohl, M 1 

1. Institute of Bio- and Geosciences 1: Biotechnology, Forschungzentrum Jülich GmbH, Germany 
2.vInstitute of Biochemistry, Heinrich-Heine-University Düsseldorf, Germany 

Keywords: monooxygenase, immobilization, terpene biocatalysis 

Cytochrome P450 (CYP) enzymes are ubiquitous throughout the tree of life and catalyze the 
hydroxylation of non-activated C-H bonds using a heme cofactor. The well-studied microbial enzyme 
from Bacillus megaterium (BM3) contains an electron donating reductase domain, which supplies 
catalytically necessary electrons, fused to the heme domain. This fusion makes these enzymes 
specifically useful for biotechnological applications.[1] Further, mutagenesis has broadened the 
enzymes’ substrate range.[2] However, the productivity is often hindered by the low solubility of 
substrates and products in aqueous solution, e.g. the formation of nootkatone from valencene.[3] To 
improve the applicability we explore different strategies for immobilization and organic solvent 
tolerance to increase the productivity. We will present activity and stability data of the free and 
immobilized enzyme in several organic co-solvents compared to an aqueous buffer control. 
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Noncanonical amino acids (ncAAs) hold undeniable importance in industrial and academic research 
as precursors for pharmaceuticals and natural products, and as biological probes. However, the 
chemical synthesis of ncAAs remains challenging, since it demands stereoselective methods as well 
as numerous activation and protection/deprotection steps. Enzymes are both highly enantioselective 
and chemoselective, thereby making them ideal for the synthesis of unprotected ncAAs. One 
promising approach employs the β-subunit of tryptophan synthase (TrpB), a pyridoxal 5’-phosphate 
(PLP)-dependent enzyme that catalyzes the condensation of L-serine and indole to form 
L-tryptophan through formation of a new C–C bond. Recently, we used directed evolution to restore 
the high catalytic efficiency of TrpB outside its native heteroenzyme complex[1] and expanded its 
substrate scope towards electron-deficient indoles and β-substituted serine analogues. [2,3] Here, 
we expand its portfolio beyond indole analogues to include completely new classes of sp3-hybridized 
carbon nucleophiles, such as nitroalkanes, allowing for the formation of stereocenters at both the α 
and γ positions. Overall, our engineered TrpB variants enable new enzymatic routes for the synthesis 
of ncAAs with excellent yield and regio- and stereoselectivity. 
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Over the past decades, artificial metalloenzymes have experienced a new renaissance as hybrid 
catalysts, since they combine the excellent selective recognition/binding properties of enzymes with 
transition metal catalysts.1 Although enzymes and metal-catalysts can be independently combined 
(e.g., chemoenzymatic DKR of alcohols) they usually suffer from low compatibility (e.g., deactivation 
of the biocatalysts by the metal catalyst). Artificial metalloenzymes solve this problem. By anchoring 
a metal-catalyst into a host enzyme, the catalyst is shielded from the harmful surrounding and 
increases its biocompatibility while retaining the best advantages of the metal-catalyst. It is not 
strange that the improved selectivity and sustainability that metalloenzymes and metalloDNAzymes 
offer have attracted the attention of research groups. In this communication we will present our 
efforts in the development of CALA-based artificial metalloenzymes via covalent interaction. A series 
of bidentated bipyridines and pyridine-imidazoles, with the potential to be applied to several 
asymmetric transformations, have been effectively incorporated to the active site of the enzyme. 
These modified enzymes have been combined with Cu and Pd to afford the corresponding 
metalloenzymes. Cu- and Pd-metalloenzynes have been applied to several asymmetric C-C bond 
forming reactions, such as the allylic substitution reaction. 
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A multitude of natural products, such as polyphenols (flavonoids, anthocyanins) or alkaloids, 
contain so-called vanilloid and isovanilloid motifs. These substructures, which are formed by 
regiospecific methylation of catechols by O-methyltransferase (OMT) enzymes, are essential for the 
biological activity of these compounds [1, 2]. However, methylation of polyphenols at different 
hydroxyl groups often results in dramatic changes in the spectrum of bioactivities. For example, 
modification of particular flavonoids by OMTs with different regiospecificity produces either natural 
sweeteners (methylation of catechol moieties at the para-hydroxyl) or taste modulators with 
pronounced bitter-masking properties (targeting of the meta-hydroxyl) [3].  

We present a biocatalytic approach to produce such methylated polyphenols in in vitro reactions or 
in living whole-cell systems [4]. Selective methylation is achieved by tailored OMT enzymes which 
are part of multi-enzyme cascading reactions. The development of a tailored OMT enzyme applicable 
in the synthesis of 4-O-methylated catechols is shown. Extensive re-engineering of a template 
enzyme (which exclusively targets the meta-position in such substrates) provided the basis for 
improvement of catalytic rate and generation of variants with opposite regiospecificity. A double 
variant of the enzyme efficiently modified the para-position in catecholic flavonoids only – a 
selectivity rarely found in natural OMT enzymes.  

In addition, the methylation reactions were supported to a by a tributary reaction - the generation of 
this indispensable but expensive co-substrate of OMT enzymes, S-adenosylmethionine (SAM). SAM 
was produced in situ by coupling of the OMT reaction to engineered SAM synthases, which were 
engineered for high activity, low product inhibition and altered substrate scope by rational design in 
order to facilitate cofactor supply [5, 6]. 

References: 

[1] L. A Wessjohann, J. Keim, B. Weigel, M. Dippe (2013), Alkylating enzymes, Curr. Opin. Chem. Biol. 17:
229 - 235.

[2] L. A. Wessjohann, M. Dippe, M. Tengg, M. Gruber-Khadjawi (2014), Methyltransferases in biocatalysis,
in: Cascade biocatalysis: Integrating stereoselective and environmentally friendly reactions, ed. S. Riva
and W.-D. Fessner, Wiley-VCH: 393 - 426.

[3] J. P. Ley, M. Dessoy, S. Paetz, M. Blings, P. Hoffmann-Lücke, K. Reichelt, G. E. Krammer, S. Pienkny, W.
Brandt, L. A. Wessjohann (2012), Identification of enterodiol as a masker for caffeine bitterness by using a
pharmacophore model based on structural analogues of homoeriodictyol, J. Agricult. Food Chem. 60: 6303
– 6311.

[4] L. A. Wessjohann, A.-K. Bauer, J. Ley, T. Geißler (2014), Process for the biotechnological production of
flavonoids, Patent application EP14187583.1.

[5] M. Dippe, W. Brandt, H. Rost, A. Porzel, J. Schmidt, L. A. Wessjohann (2015), Rationally engineered
variants of S-adenosylmethionine (SAM) synthase: reduced product inhibition and synthesis of artificial
cofactor homologues, Chem. Commun. 51: 3637 - 3640.

[6] M. Dippe, W. Brandt, L. A. Wessjohann, H. Rost, A. Porzel (2015), S-Adenosylmethionine (SAM)
synthase variants for the synthesis of artificial cofactors, Patent WO03/008591A1.

Corresponding author: wessjohann@ipb-halle.de 



Poster 122  180 

 

Development of a biphasic reactor system for the lipase catalyzed 
synthesis of active pharmaceutical ingredients 

Karolin Dipper, Edyta Burda-Daghish 

Leipzig University 

Keywords: green chemistry; enantioselective synthesis; enzyme reactor 

Biocatalysis offers the basis for a green approach in the production of active pharmaceutical 
ingredients (APIs) by providing clean sustainable synthesis routes while minimizing environmental 
damage. However, its potential in the pharmaceutical industry is not yet fully realized. Therefore, 
new scalable processes for the synthesis of APIs and intermediates such as antispastic and anti-
inflammatory drugs (e.g. Baclofen, Ketoprofen) are of particular interest. 

Here we present a new enzymatic strategy for the enantioselective synthesis of non-canonical amino 
acids using immobilized Lipase B from Candida antarctica. A convenient procedure based on 
racemic resolution was established by conducting the enzymatic reaction in a biphasic aqueous 
organic system. This method enables fast screening of reaction conditions and substrate scope in a 
commercial reactor and permits quick and facile separation of unreacted substrate from product 
simultaneously. Using this set-up, the synthesis of the biologically active (R)-enantiomer of Baclofen 
and its derivatives was successfully realized with enantiomeric excess of up to >99 %. The desired 
products were easily isolated and the immobilized enzyme may be recycled several times without 
loss of activity, leading to a reduced amount of waste and resource consumption. The scope of the 
reaction was successfully increased and shows the potential of this synthetic strategy to be 
implemented into an industrial process. 
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Terpenes are isoprene derived compounds which compose one of the largest groups of natural 
products. They are especially abundant in plants and provide many different functions like 
protection from herbivores, growth regulation or attraction of pollinators. Moreover, clinical studies 
have shown that terpenes exert anti-tumor, anti-inflammatory and other health beneficial effects. 
Additionally, some terpenes are used in the cosmetic, flavour or fragrancy industries. 

Rather low concentrations of individual terpenes in plants limit their sufficient and stable supply. 
Chemical syntheses of terpenes and terpenoids, in particular of those with complex molecular 
architecture, include a number of protecting group manipulations and thus are generally not 
economically feasible. Therefore, the reconstitution of biosynthetic pathways in recombinant 
microorganisms has attracted considerable interest in the last 15 years. While many di- or 
sesquiterpenes have already been produced in microorganisms, de novo biosynthesis of triterpenes 
still remains a challenge. Their biosynthesis has largely been restricted to yeasts cells, and their 
production in bacterial hosts has not been considered as a suitable strategy. 

In this work, up to 12 genes from plants, bacteria and fungi were cloned in a modular manner to 
construct an E. coli based triterpene producing platform. The system consists of three plasmids and 
allows easy screening for active plant triterpenoid synthases. Several of them could be actively 
expressed in E. coli and were applied to furnish plant triterpenoids like cycloartenol, or β-amyrin at 
concentration of up to 20 mg/L. The described modular E. coli-based system enables easy 
modifications for production of various triterpenes, and will be further optimized for higher product 
concentrations. 
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Terminal hydroxylation of n-alkanes to produce 1-alkanols is the first step in alkane degradation, a 
reaction which has gained great interest from the petrochemical industry because it is so difficult to 
perform with chemical catalysts. CYP153 hydroxylases (CYP153s) are soluble monooxygenases which 
hydroxylate medium chain n-alkanes and fatty acids with high regio-selectivity for the terminal 
carbon atom. CYP153A6 and CYP153A13 which catalyze this reaction with ease have been extensively 
studied and characterized by many research groups, including ours. The specificity and selectivity of 
CYP153AD, cloned from an alkane degrading marine bacterium, were evaluated in comparison to 
CYP153A6 and CYP153A13. Cell free extract biotransformations were used to evaluate the activity 
towards C5 to C16 alkanes. A mixture of 1-alkanols, aldehydes, α,ω-diols, fatty acids and hydroxy 
fatty acids was observed. Activity of CYP153AD towards C5 to C16 1-alkanols and fatty acids was also 
evaluated. CYP153AD demonstrates significant activity towards C12 to C16 n-alkanes yielding a 
mixture of products due to over-oxidation but exhibited the highest activity overall towards n-
dodecane. CYP153A6 had the highest activity towards n-octane yielding 76 % 1-alkanol and 20 % 
aldehyde however, it had very low activity towards C12 – C16 alkanes and also exhibited sub-terminal 
hydroxylation. CYP153A13 proved to be the superior catalyst for the conversion of C10–C16 alkanes, 
exhibiting only terminal hydroxylation with 27 – 40 % of the 1-alkanol oxidized to aldehyde. 
CYP153D2 displayed very low activity towards all the alkanes tested, with more than 50 % of the 
alkanols formed from n-octane and n-decane converted to the α,ω-diol, confirming its preference for 
1-alkanols as substrates. CYP153AD was crystallized and its structure determined using XRD. 
Structural comparison with other available CYP153s will be discussed to correlate 
specificity/selectivity. 
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Previously in our team, one of the attempts to evolve DD-peptidase to beta lactamase, led to partial 
improvement of DD-peptidase’s ability to destroy penicillin but, at the same time, it appears very 
toxic for the host bacterium. This suggests that the evolutionary trajectory linking the two enzymes 
is a very sharp pathway. To date, the directed evolution of genes is mostly performed in plasmids, 
that are the most-commonly used cloning vectors and convenient to handle but lead to large amounts 
of enzymes, which can be a critical issue if the enzyme is toxic. Currently, we are applying the recent 
powerful genome editing technology, CRISPR-Cas9, to deliver our library of variants directly into 
genome of bacteria instead of plasmids, which is much closer to the natural way of gene evolution 
and also producing less amount of enzymes towards a less fitness effect. 
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Enzymes for selective terpene functionalization are of particular importance for industrial 
applications. Borneol and isoborneol are fragrant constituents of several essential oils and have 
frequent application in cosmetics and therapy [1]. Racemic borneol can be easily obtained from 
racemic camphor, which in turn is readily available from industrial side-streams. A selective borneol 
dehydrogenase is highly desirable as it would allow the catalytic separation of the enantiomers of 
borneol and isoborneol. Yet, borneol dehydrogenases from plants and bacteria do not show any 
enantioselectivity towards camphor or borneol enantiomers. In the late 70s, Croteau described 
Salvia leaves to specifically oxidize just one borneol enantiomer, however, no specific enzymes have 
been characterized since [2]. We expected that one or several alcohol dehydrogenases encoded in the 
recently elucidated genome of Salvia sp. would therefore be stereoselective. This study reports on 
the recombinant expression in E. coli and characterization of two alcohol dehydrogenases from the 
Salvia sp. genome, SsBHD1 and SsBDH2, and their comparison to other known ADHs. With a kcat of 
0.037 min-1 and a KM of 0.6 mM, SsBDH2 shows similar activity compared to related dehydrogenases 
from plants, while both enzymes show complete selectivity toward (+)-borneol. Furthermore, 
SsBDH2 is enantiospecific towards borneol, but not selective towards isoborneol, which made the 
synthesis of optically pure (-)-borneol from a mixture of racemic isoborneol and borneol possible. 
The two dehydrogenases thus constitute highly sustainable catalysts for the synthesis of optically 
pure borneol and isoborneol as important bio-based chemicals [3]. 
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F420-dependent enzymes are found in many microorganisms and can catalyze a wide range of redox 
reactions, of which with some substrates that are otherwise recalcitrant to enzyme-mediated 
reductions. Unfortunately, the scarceness of the cofactor prevents application of these enzymes in 
biocatalysis. The best F420 producing organism, Mycobacterium smegmatis, only produces 1,4 µmol 
per liter of culture. Therefore, we synthesized the unnatural cofactor FO-5’-phosphate, coined FOP. 
The FO core-structure was chemically synthesized and an engineered riboflavin kinase from 
Corynebacterium ammoniagenes (CaRFK) was then used to phosphorylate the 5’-hydroxyl group. 
The triple F21H/F85H/A66I CaRFK mutant reached 80% of FO conversion in 12 h. The same 
enzyme could produce 1 mg (2.5 µmol) FOP in 50 mL reaction volume, which translates to a 
production of 50 µmol/L. The activity towards FOP was tested for an enzyme of each of the three 
structural classes of F420-dependent oxidoreductases. The sugar-6-phosphate dehydrogenase from 
Cryptosporangium arvum (FSD-Cryar), the F420:NADPH oxidoreductase from Thermobifida fusca 
(TfuFNO) and the F420-dependent reductase from Mycobacterium hassiacum (FDR-Mha) all 
showed activity for FOP. Although the activity for FOP was lower than that for F420, with slightly 
lower kcat and higher KM values, the catalytic efficiencies were only 2.0, 12.6, and 22.4 times lower 
for TfuFNO, FSD-Cryar and FDR-Mha, respectively. Thus, FOP could be a serious alternative for 
replacing F420, and might boost the application of F420-dependent enzymes in biocatalysis. 
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Cytochrome P450 reductases (CPR, EC 1.6.2.4) are diflavin oxidoreductases that supply electrons to 
type II cytochrome P450 monooxygenases (CYPs, EC 1.14.-.-). In vivo, CPR also reduces other 
proteins such as cytochrome b5, heme oxygenase and the fatty acid elongation system; in vitro, it has 
been shown to also transfer electrons to other non-physiological acceptors such as cytochrome c 
(CytC), ferricyanide and different drugs [1]. Although various CPRs have been functionally and 
structurally characterized, the overall mechanism and its interaction with the redox acceptors 
remains elusive.  

One of the main problems regarding electron transfer between CPRs and CYPs is the so-called 
uncoupling. This phenomenon generates reactive oxygen species (ROS), which not only results in 
loss of electrons and leading to an inefficient reaction, but also results in oxidative damage and 
ultimately inactivation of the enzymes [2].  

In this study we investigated ROS production of a CPR under different conditions. The CPR from 
Candida tropicalis (CtCPR) was recombinantly expressed and purified as a truncated ( Δ1-22) 
version. The enzyme supports the reduction of CytC (kcat 6.1 x 105 min-1) and ferricyanide (kcat 5.9 x 
105 min-1), showing greater activity than previously characterized CPRs from different species (kcat 
1.8-9.0 x 103 min-1) [3,4,5,6]. For the uncoupling assays we analysed the production of H2O2 and 
superoxide in presence and absence of CytC and increasing ionic strength. Results showed that in 
absence of the acceptor, CtCPR consumed 35-55% of the NADPH in the production of ROS, with 
higher values at higher ionic strength. In presence of CytC, less uncoupling was observed (8 - 20%). 
At higher ionic strength the CytC reduction was greater, but also more ROS was produced. 

The X-ray structures of the enzyme was solved with and without the cofactor NADPH. Both 
structures revealed the CPR in the closed conformation. 
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Epsilon-caprolactone (ECL) is a key polymer precursor with a global annual production of multi-kilo 
tons.1 Since the chemical synthesis of ECL involves toxic and explosive chemicals,1,2 developing an 

enzymatic synthesis pathway is of great interest. 
Enzymatic synthesis of ECL via a linear cascade 
approach starting from cyclohexanol (CHL) was 
developed 4,5 and extended 2,3. The convergent 
cascade approach utilises cyclohexanone (CHO) for 
the BVMO-catalysed oxidation and at the same time 
converts the second substrate 1,6-hexanediol (1,6-
HD) by an alcohol dehydrogenase (ADH) to the final 
product ECL (Scheme).6,7 Although cyclohexanone 
monooxygenase (CHMO) from Acinetobacter sp. 
NCIMB 9871 is considered as a model enzyme for 
the Baeyer-Villiger oxidation of CHO, limitations 
such as low operational stability, substrate- and 
product inhibition issues restrict its industrial 
application. 

Four CHMO mutants were screened for higher long-term and thermostability and characterised 
kinetically. A combinatorial mutant – CHMO M16 L323C-A325C – of two previously published 
variants 8,9 showed the best performance in the convergent cascade. However, in the preliminary 
experiments high by-product formation (cyclohexanol) was observed. Since balancing of all the 
parameters – temperature, concentration of substrate, cofactor, ADH – is not trivial, the cascade was 
improved via Design of Experiments. Consequently, the product yield was doubled to 21 mM ECL 
and the cofactor amount reduced to 0.5 mM NADP+. Additionally, the by-product formation was 
decreased significantly to 0.5 mM CHL. 
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The importance of biocatalytic cascades becomes apparent while looking at their advantages: less 
byproducts, less intermediates, they are often environmentally friendly and sustainable. The cores 
of efficient biocatalytic cascade reactions are high numbers of cofactor regeneration and an 
integrated selective downstream processing.[1,2] 

This study evaluates an enzyme reaction 
sequence in a biphasic system, as shown in 
figure 1. In the aqueous phase, an alcohol 
dehydrogenase (ADH) is reducing cinnamal to 
the corresponding alcohol, in situ cofactor 
regeneration being catalyzed by formate 
dehydrogenase (FDH). As second phase, 
xylene proved to be a suitable organic solvent 
for intermediate extraction and at the same 
time preserving enzyme activities in the two 
phases. The individual enzymes were 
characterized and their respective kinetic 
parameters were determined. After the first 
reaction step, the alcohol is extracted in situ 
and subsequently esterified by a lipase with 
the corresponding acid. The feasibility of this 
cascade could be demonstrated by reaching 
overall yields of > 95% after 24 h. 

The scale up into a continuous reactor setup 
required immobilization of the ADH and FDH 
enabling an easier downstream processing, 
the immobilized lipase preparation was 
already commercially available. A screening of 
different methods showed that covalent 

immobilization on amino-activated hydrophilic supports delivered best results in comparison. In 
consequence, a method for the preparation of spherical silica particles was developed for covalent 
immobilization. Both enzymes were successfully immobilized on the self-made carriers with an 
immobilization yield of up to 40%. In addition, a series of 12 consecutive batches was successfully 
carried out with a conversion of ~ 70% during the 12. batch. 

The evaluated process enables the synthesis of a high value ester using immobilized enzymes, which 
can be easily transferred to further aromatic compounds. 

Achnowledgement: DFG (German Research foundation) is acknowledged for the financial support 
of the project (BU 3409/1-1). 
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The enantiomerical obtaining of gamma amino acids is an area of great interest due this and 
molecules show important pharmacological proprieties in the treatment of neurodegenerative 
pathologies, the most classic example is the gamma amino butyric acid (GABA) considered the most 
abundant chemical inhibitor messenger in the central nervous system in the mammalian brain. The 
brain GABA´s deficiency is associated with multiple mental disorders. Although GABA is not a chiral 
molecule, configurationally defined GABA analogues possess important pharmacological properties, 
(R)-Baclofen is a GABA agonist used as muscle relaxant and for the treatment of trigeminal 
neuralgia, while Pregabalin is an anticonvulsant with anxiolytic and analgesic properties. 
Additionally, the introduction of γ-amino acids in the synthesis of oligopeptides gives them stability 
and interesting structural characteristics. Enantiopure synthesis of γ-amino acids often involves 
many step reaction and the use of complex chiral auxiliaries that are not always commercially 
available, on the other hand during the last decades the use of enzymes in organic synthesis has been 
applied to obtain enantomerically pure compounds. Lipase B of Candida antarctica (CALB) is one 
the commercially available enzymes most used in organic synthesis due to its catalytic promiscuity, 
high selectivity, thermoestability, activity in organic solvents among others. Among the effective 
cases in the resolution of carboxylic acid derivatives are those that containing α− and 
β−stereocenters, is noteworthy the selectivity shown by CALB in the resolution reactions of N-
protected β3−amino esters by transesterification like hydrolysis reaction; the results obtained 
showed that the hydrolysis reaction of β3 and β2,3 amino esters in 2-methyl-2-butanol (2M2B) 
catalyzed by CALB is directed by the substituent at three position, and is independent of the 
protecting group. 
In contrast carboxylic acid derivatives with γ-stereocenters are less studied so it is interesting to 
evaluate N-protected γ-amino ester resolution processes by hydrolysis in 2M2B to observe if the 
spatial requirement that governs the resolution of β3−amino esters applies to their gamma 
analogues. In this work we have studied the effect of the substituent on the hydrocarbon chain in the 
resolution of protected N-tert-butoxycarbonyl-γ2, γ3 γ4-amino methyl esters by enzymatic 
resolution CALB catalyzed. The experimental results shown the selectivity is directed by the 
substituent at β-position, likewise happens with the N-Boc protected β-amino acids. 
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Terpene synthases catalyze the conversion of simple linear substrates into complex polycyclic and 
chiral terpenoids, many of which are of interest for the pharmaceutical, cosmetic, and food industry. 
These reactions are very complex and a single enzyme-catalyzed reaction is often able to produce 
more than one compound [1]. Thus, understanding the catalytic mechanism of these enzymes is an 
active field of research, as it can enable the rational design of enzyme mutants with the desired 
selectivity or a fully new specificity leading to production of novel non-natural terpenoids. 

We will present molecular insights into product-determining interactions during catalysis of the 
wild-type (wt) aristolochene (AS) and germacradien-11-ol (Gd11olS) sesquiterpene synthases as well 
as of several mutant variants. Though ASwt and Gd11olSwt share the same natural substrate 
(farnesyl diphosphate, FDP) and initial reaction intermediate (germacryl cation), and both harbour 
water molecules at the active site, only in Gd11olSwt is a water molecule ‘captured’ in the product 
through hydroxylation (Figure 1). Moreover, by single mutations of certain active site residues, it has 
been possible to change Gd11olS [2] and AS [3] product specificity to produce non-hydroxylated and 
hydroxylated terpenoids, respectively. To gain a deeper understanding of the molecular basis for the 
absence or presence of hydroxylase activity in the different variants of these enzymes, we have 
carried out the molecular modelling of the corresponding Michaelis complexes (MCCs) using 
combined docking and molecular dynamics (MD) simulations. 

 

Figure 1. General schematic view of ASwt and Gd11olSwt catalysis. 
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Hydroxy fatty acids (HFAs) are valuable fatty acid derivatives used in various fields such as 
cosmetics, pharmaceuticals and plastics. An important route for HFA biosynthesis in nature is 
hydration of the double bond of unsaturated fatty acids by the enzyme fatty acid hydratase (FAH). 
Many FAHs described to date have limited substrate scope and mostly active against C18 fatty acids. 
Besides, regioselectivity is also limited leading to hydration mainly on delta-9 double bond to 
produce 10-HFA. A recent FAH from Lactobacillus acidophilus, named as FA-HY1, has been shown 
to exhibit broad substrate range and regiodiversity by hydrating various double bonds of C16 to C22 
fatty acids (1). Moreover, L. acidophilus possess one more FAH in its genome with 76 % similarity to 
FA-HY1, named as FA-HY2, which only produces 10-HFAs from C16 and C18 fatty acids. To 
determine basis of this distinction between two enzymes, we performed a comparative analysis of 
the active sites based on a homologous structure. Among the differing amino acids between two 
enzymes, three residues (T391/H393/I378) took our attention, especially due to their interaction 
with the carboxylate-end of the substrate. When we mutated these residues in FA-HY2 to the 
corresponding residues in FA-HY1, we obtained variants that exhibit a significant shift in 
regioselectivity and substrate promiscuity in a way that is more alike FA-HY1. For instance, a triple 
mutant of FA-HY2 (T391S/H393S/I378P) showed a remarkable reversal of regioselectivity towards 
linoleic acid, shifting ratio of the HFA product regioisomers (10-OH:13-OH) from 99:1 to 12:88. Our 
results pave the way for designing tailor-made FAHs for desired substrate specificity and 
regioselectivity. Furthermore, we demonstrate the potential of microalgae as a source of diverse fatty 
acids for HFA production. We also demonstrate the practical utility of FAH mutants for production 
of novel HFAs by preparative scale reactions. 
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Medium chain (C10-C14) fatty acids are an important feedstock for the European oleochemical 
industry. Currently, they are obtained from oils of plants grown in (sub)tropical climates, such as 
palm kernel or coconut oil. The EU-financed COSMOS project aims to establish an alternative 
feedstock of medium chain fatty acids based on oils from two plants that are suited to the temperate 
European climate: Camelina sativa and Crambe abyssinica. Camelina oil contains significant 
amounts of the rare fatty acid gondoic acid (C20:1, cis- Δ11). The unusual position of the double bond 
in gondoic acid makes it a potential precursor for the synthesis of the medium chain fatty acid lauric 
acid (C12:0) via olefin metathesis followed by hydrogenation. To facilitate this process, methods are 
required by which gondoic acid can easily be separated from other fatty acids present in Camelina 
oil hydrolysates. These other fatty acids are predominantly the C18 unsaturated fatty acids oleic, 
linoleic and α-linolenic acid, which all contain a cis- Δ9 double bond. Here, we make use of a cis- Δ9 
specific oleate hydratase to convert the C18 unsaturated fatty acids from Camelina oil hydrolysates 
to hydroxy fatty acids. The formed hydroxy fatty acids can be separated from gondoic acid by e.g. 
cold precipitation, allowing us to obtain pure gondoic acid from the fatty acid mixture. The formed 
hydroxy fatty acids are themselves added-value compounds with applications in the cosmetics 
industry and as precursors for various other fatty acid derivatives. Our results present a novel 
concept for the reactive separation of a valuable fatty acid from a complex oil hydrolysate and 
contribute to the development of alternative feedstocks of medium chain fatty acids for the European 
oleochemical industry. 

The COSMOS project has received funding from the European Union’s Horizon 2020 research and 
innovation programme under grant agreement No 635405. 
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Since the discovery of naturally occurring chiral sulfoxides and sulfoximines, interest in the use of 
chiral sulfur motifs in pharmaceutical molecules has steadily increased. Because of the importance 
of chiral sulfoxides in medicinal chemistry, as well as their use as chiral auxiliaries in asymmetric 
synthesis, strategies for their preparation in high chiral purity continue to evolve(1) and can utilize 
either transition-metal catalysis or biocatalysis. We hereby describe the development of a BVMO-
catalyzed process for the kilo-scale production of a chiral sulfoxide intermediate in AstraZeneca’s 
portfolio 
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Aldolases are wide spread in nature and are able to catalyze aldol reactions with a high degree of 
stereoselectivity and enantioselectivity that is often difficult to achieve with traditional synthesis. 
However, many unaltered aldolases are only able to accept substrates closely related to the natural 
substrate. Previously, trans-o-hydroxybenzylidene pyruvate hydratase-aldolase (tHBPHA) was 
shown to catalyze the aldol reaction of pyruvate with several aromatic aldehydes (1). The reaction 
results in the generation of alpha, beta-unsaturated 2-keto acids, but when using beta-
fluoropyruvate, the fluorinated aldol product is observed (2). To date, there has not been a 
comprehensive study looking at which aromatic aldehydes are accepted when pyruvate is used as a 
nucleophile. We have tested >40 aromatic and aliphatic aldehydes and determined that in nearly 
every case the enzyme is able to couple them to pyruvate efficiently to generate alpha, beta-
unsaturated 2-keto acids in high yields. These products have the benefit of being substrates for 
aminotransferases, ammonia lyases and aminomutases for the generation of amino acids (3). To 
improve scalability, reactions can be carried out in the presence of whole cells harboring tHBPHA 
gene on a multi-gram scale. This work sets the stage for the preparation of a diverse array of products 
under mild conditions. 
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Transaminases as a pyridoxal-5’-phosphate dependent enzymes are capable of catalyzing kinetic 
resolution of racemic amines or asymmetric synthesis of enantiopure amines starting from prochiral 
ketones.[1] Asymmetric synthesis would be more preferred, though, it usually suffers from 
disfavored reaction equilibrium and requires expensive amino donors. Kinetic resolution is 
thermodynamically more favoured option but one enantiomer of a racemic amine is converted into 
the corresponding ketone.[2] Thus drawback of KR process is the maximal 50% yield of the desired 
enantiomeric product. If the formed ketone can be recycled to racemic amine by a proper reductive 
amination method, the overall efficiency of the KR process may be performed. 

Consequently we envisioned a cascade reaction system including immobilized omega-transaminase 
activity biocatalyst and Pd-based heterogeneous catalyst. Whole-cells of E. coli with transaminase 
activity was immobilized with hollow silica microspheres by sol-gel process. [3] The chemocatalyst 
was prepared by precipitation of PdCl2 on in-house prepared amino funcionalized silica gel 
carrier[4] which is suitable for reductive amination of ketones. Fulfilling the requirements of 
sustainable industry and safety regulations this cascade system was performed in miniaturized 
packed bed reactor system installed with back pressure regulator. Flow reactor technology consisting 
of alternating cascade of packed-bed enzyme and racemization reactors at different temperature can 
significantly improve efficacy of biotransformations. 
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The installation of a halogen atom gives a natural product biochemical and biophysical properties 
that greatly differ from the non-halogenated version. These shifts in intermolecular interaction can 
be exploited for the synthesis of pharmaceutical drugs or as precursors for the synthesis of commonly 
used building blocks.[1] While chemical halogenation requires the use of elemental halogen bearing 
problems of high energy demand during production and severe toxicity, halogenating enzymes are 
capable of halogenating electron-rich substrates using halides.[2] 

Although the enzyme does not convey regio- or stereoselectivity beyond that of hypohalides, the use 
of the cheap oxidant hydrogen peroxide rather than expensive cosubstrates, renders the subclass of 
haloperoxidases as a very promising biocatalyst. Furthermore, some members are also known to be 
tolerant against denaturants, high temperatures and organic solvents.[3] 

This project is about immobilizing suitable candidates via diverse immobilizing techniques, followed 
by the implementation of the enzymes in continuous flow chemistry. In this context, halogenation of 
substrates may occur in a controlled environment with strictly defined reaction parameters (reaction 
time, residual time, temperature, pH). This allows the product to be directly isolated and analyzed, 
or transferred to the next reaction tank for consecutive modifications. 
 

To ensure successful immo-
bilization, one heme-depen-
dent haloperoxidase and 
three vanadium-dependent 
haloperoxidases of both, 
bacterial and eukaryotic 
origin, are in the production 
pipeline within E. coli. The 
use of various tags such as 
His-Tag, Strep-II-Tag, or 
HaloTagTM,[4] allows com-
bined isolation and immo-
bilization in one step. 
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The use of nucleoside analogues (NAs) as therapeutic drugs is well established. Because of this, 
interest in stereoselective, sustainable and cheap synthetic methods keeps growing in the 
pharmaceutical industry.  

The enzymatic synthesis of nucleoside analogues offers many different advantages compared with 
multi-step, expensive and environmentally harmful chemical methods, such as the possibility of one-
pot reactions under mild conditions, high chemo-, regio- and stereoselectivity, and an ecofriendly 
technology. In this context, 2’-deoxyribosyltransferases (NDTs) arise as cost-effective and 
sustainable alternatives for the enzymatic syntheses of a wide variety of natural nucleosides and 
nucleoside analogues (NAs) by employing direct one-pot transglycosylation reactions, between 
purine and/or pyrimidine bases.  

However, the use of NDTs as biocatalysts for the industrial synthesis of nucleoside analogues is often 
hindered by their strict preference for 2’-deoxyribonucleosides 1-2. We now show that a highly 
versatile purine nucleoside 2’-deoxyribosyltransferase from Trypanosoma brucei (TbPDT) 3 can also 
accept ribonucleosides as substrates. The ribosyl/deoxyribosyl selectivity ratio was improved ~10 
fold by introducing a single amino acid replacement at position 5 following a structure-guided 
approach that also included assessing the role of Asn53, a position that is usually occupied by Asp in 
other NDTs. Biophysical and biochemical characterization revealed that the TbPDTY5F variant is a 
homodimer that displays maximum activity at 50 oC and pH 6.5 and shows a remarkably high 
melting temperature of 69 oC. Substrate specificity studies demonstrated that 6-oxopurine 
ribonucleosides are the best donors (inosine>guanosine>>adenosine) whereas no significant 
preferences exist between 6-aminopurines and 6-oxopurines as base acceptors. In contrast, no 
transferase activity could be detected on xanthine and 7-deaza purines. TbPDTY5F was successfully 
employed in the synthesis of a wide range of modified ribonucleosides containing different purine 
analogues 
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Leishmaniasis and Trypanosomiasis are diseases caused by protozoa from the genus Leishmania 
and Trypanosoma, respectively. Currently, they are classified parasitic infections named as 
neglected tropical diseases, reaching mainly countries from Latin America, Asia and Africa. 
Pharmacological treatments normally include the use of drugs with high toxicity. Thus, plant 
metabolites could be characterized as a promising strategy for development of new, low cost and 
efficient antiparasitic drugs. Among these, some derivatives of Gibbilimbol B isolated from the leaves 
of Piper malacophyllum (Piperaceae) have already been identified with some antiparasitic activities. 
Comparing these natural compounds with some commercially disposable, these were more efficient 
considering toxicity parameters, as well increased selectivity to the target. Although some 
cytotoxicity pattern was remained. One way to reduce cytotoxicity, but maintaining bioavailability of 
such compounds could be its previous biotransformation by another biological agent. In this sense, 
the present study is evaluating actinobacteria isolated from Brazilian caatinga, about their ability to 
biotransform some known natural antiparasitic compounds, in some drugs with low toxicity and 
high pharmacological efficiency. Five (5) actinomycete isolates from a 173 collection were selected, 
based on previous studies (data not shown) of enzymatic abilities of them. These actinobacteria were 
cultured in ISP9 medium supplemented by 1 % (0.4 mg/mL) of a antiparasitic compound named as 
A1A. The assays were monitored by GC-MS analysis. From these five (5) evaluated actinomycetes, 
one (1) named as AC159 could survive and biotransform A1A, producing as metabolite a compound 
very similar to the applied as substrate, but with some interesting functional group modifications, at 
pharmacological view point. The maximum production of this by-product was after 50 hours of 
culture, showing the conversion of 12 %, until now. At this moment we are working in the purification 
and characterization of the microbial product, wich will be followed by antiparasitary analysis to 
confirm its efficiency and low toxicity. 
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Amino transaminases (ATAs), (PLP)-dependent enzymes which catalyze the stereoselective transfer 
of an amino group between an amino donor and a prochiral ketone substrate, are interesting 
biocatalytic tools for the preparation of optically pure chiral amines.  

In this work we exploited culture enrichment to find new ATAs starting from environmental samples 
collected in hot springs around the triple volcano system Hengill-Hrómundartindur-Grændalur in 
Southwest-Iceland. In particular, a Meiothermus strain that can use β3-phenylalanine as a sole 
nitrogen source for growth was isolated. The genome of the isolated Meiothermus strain was 
submitted for sequencing and genome annotation revealed the presence of 22 putative amino 
transferases sequences. Among these 22 sequences, one was selected for cloning and overexpression 
in E. coli as resulted to be closely related to known ATA showing activity toward β3-aminoacids. 
Cloning was performed in frame with a His-tag sequence in the pETite vector and the enzyme was 
successfully overexpressed in E. coli BL21(DE3), obtaining 70 mg of pure protein (Ms-TA) from 1 L 
culture after purification by affinity chromatography. Ms-TA showed high activity toward (S)-β3-
phenylalanine and some other (S)-
β3-aminoacids and showed a 
preference for α-ketoglutarate and 
aromatic aldehydes as amino 
acceptors. Moreover, Ms-TA resulted 
to be a quite thermostable enzyme 
maintaining about 60% of the 
starting activity after 3 h incubation 
at 50 °C and showing a melting 
temperature of about 73°C. Finally, a 
homology-based structural model of 
Ms-TA was built to analyze the stereo-
electronic features of the active site by 
docking of substrate β3-
phenylalanine and PLP cofactor.  
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Liver cytochrome enzymes (CYPs) are known for their broad substrate tolerance and account for the 
metabolism of various drugs and xenobiotics. In particular human CYPs have become popular as a 
way to synthesise drug metabolites and commercial products, or predict in vivo drug interactions. 
The human CYP3A4 is frequently used to derivatise the steroid testosterone, however, full 
biocatalytic potential has not yet been realised.[1] 

In an attempt to investigate the structure-function relationship of CYP3A4 towards testosterone, 
site-directed mutagenesis was applied to positions identified as possible hotspots in the literature. 
For example structural comparison between human CYPs 3A4 and 2D6 provided positions 
previously found to strongly improve the activity of CYP2D6 for testosterone hydroxylation.[2] 

Mutant enzymes obtained afforded four testosterone derivatives, three of which are yet to be 
confirmed. The observed conversion was rather poor compared to the wild type providing new 
insight into the structure-function relationship of CYP3A4. 

References:  

[1] a) Guengerich, F., Nat. Rev. Drug Discov., 2002, 1, 359-366; b) Wienkers L.; Heath T. Nat. Rev. Drug 
Discov. 2005, 4, 825-833; c) Winkler M.; Geier M.; Hanlon, S.; Nidetzky B.; Glieder A. Angew. Chem. Int. 
Ed. 2018, 10.1002/anie.201800678 

[2] Geier M.; Braun A.; Fladischer P.; Stepniak P.; Rudroff F.; Hametner C.; Mihovilovic M.; Glieder A. 
FEBS Journal 2013, 280, 3094-3108 

Corresponding author: a.glieder@tugraz.at



Poster 143  201 

 

Model-based optimisation of the cascade synthesis of 
L-homoserine 

Morana Cesnik1, Đurđa Vasić-Racki1, Karel Hernández2, Pere Clapés2, Simon Charnock3, 
Zvjezdana Findrik Blazevic1* 

1 University of Zagreb, Faculty of Chemical Engineering and Technology, Savska c. 16, HR-10000 Zagreb, 
Croatia 

2 Catalonia Institute for Advanced Chemistry, Dept. Chemical Biology & Molecular Modelling, IQAC-CSIC, 
Jordi Girona 18–26, 08034 Barcelona (Spain) 

3 Prozomix Ltd, United Kingdom 

Keywords: kinetic model, cascade synthesis, process optimization 

One-pot cascade synthesis of L-homoserine catalysed by transaminase and pyruvate-dependent 
aldolase starting from pyruvate, formaldehyde and L-alanine (Scheme 1) was investigated in this 
work. The proof of concept was shown to work before by Hernandez et al. (2017). In this work two 
types of biocatalysts were used and kinetically characterized; i.e. separate enzymes available as cell 
free extract (CFE). The focus was put on kinetic investigation of this complex reaction. Detailed 
kinetic analysis was done and kinetic parameters were estimated from the experimental data 
collected by using the initial reaction rate method. Based on the reaction scheme and the estimated 
apparent kinetic parameters the kinetic model was developed and was combined with mass balances 
in the reactor for separate reaction steps, as well as for the cascade reaction.  
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Scheme 1 The reaction scheme of the synthesis of L-homoserine.  

The proposed model described the data well for the separate reaction steps; i.e. aldol addition of 
pyruvate and formaldehyde catalyzed by aldolase and transamination of L-alanine by the product of 
the aldol addition. The kinetic model of the cascade reaction was used to find and propose the 
strategy for the improvement of product concentration and volume productivity. It was found that 
the best way to perform the reaction is in the fed-batch reactor with continuous feed of formaldehyde 
and two additions of L-alanine and pyruvate during the course of experiment up to their initial 
concentrations. This strategy enabled the production of L-homoserine of 672 mM and 76.23 g L-1 d-1 
after 25 hours. The kinetic modeling was found to be crucial for understanding of the reaction 
system, and the obtained process metrics present a good starting point for potential industrial 
application. 
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Multi-enzyme biotransformations, which can offer significant cost and productivity benefits, become 
increasingly complex as additional enzymes are added, either for cofactor regeneration or for the 
creation of cascade reactions. In order to understand the dynamics of multi-enzyme systems, the 
creation of kinetic models can be invaluable in offering unique insights. Furthermore, models can 
provide a route for the in silico optimisation of these reactions. 

Here we show the use of an open source Python package for quickly constructing kinetic models of 
multi-step enzyme reactions [1,2]. We demonstrate the use of Monte Carlo sampling of parameter 
distributions to incorporate experimental error or to facilitate the use of uncertain parameters in 
models. Sensitivity analysis can then be used to identify the most critical parameters for better 
experimental characterisation. Using these techniques, we show that minimal models can be 
constructed quickly, with the impact of uncertain parameters taken into account. Differences in 
model predictions and experimental results can then be investigated to reveal process phenomena 
such as enzyme inhibition or other bottlenecks.  

To demonstrate this approach, we have investigated cascades featuring a reductive aminase and 
either an alcohol oxidase or carboxylic acid reductase [3,4]. We show that models for these reactions 
can act as a mathematical description of what we ‘think’ should happen, which can then be tested 
against real experiments to iteratively improve both the reaction and the model. In summary, we 
provide and exhibit a useful tool for understanding and optimising multi-step enzyme reactions 
through kinetic modelling. 
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Recent years of research in biocatalysis have demonstrated the usefulness of enzymes in the selective 
synthesis of amines.1 These compounds are important building blocks in the pharmaceutical 
industry, where absolute control of the reaction selectivity is often vital.2 Our group’s recent progress 
on the establishment of enzymatic cascades enables us to design a toolkit of different synthetic 
strategies for the synthesis of amines from readily available starting materials.3,4 In this work, we 
present a novel one-pot enzymatic redox cascade for the formation of amino substituted cyclic 
amines from amino alcohol substrates that use milder and safer conditions compared to chemical 
methods. 
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Optically pure functionalized L-aspartic acid (Asp) derivatives are widely used as chiral building 
blocks for synthesis of pharmaceuticals, agrochemicals and food additives. Here, we report the 
biocatalytic asymmetric synthesis of N-substituted Asp derivatives using ethylenediamine-N,N'-
disuccinic acid lyase (EDDS lyase) as biocatalyst.[1-2] The enzyme shows remarkably broad 
nucleophile scope, and excellent regio- and stereoselectivity, accepting a wide variety of structurally 
distinct amines for stereoselective addition to fumarate, providing enzymatic access to various 
aminocarboxylic acids including the natural products toxin A, aspergillomarasmine A and 
aspergillomarasmine B, as well as difficult N-cycloalkyl-substituted Asp analogues. In addition, we 
also report the chemoenzymatic asymmetric synthesis of 3-substituted Asp derivatives using an 
engineered variant (L384A) of methylaspartate ammonia lyase (MAL).[3] This enzyme (MAL-384A) 
catalyzes the stereoselective addition of ammonia to a wide variety of fumarate derivatives, providing 
a powerful synthetic tool for the preparation of valuable 3-substituted Asp derivatives that function 
as potent glutamate transporter inhibitors. Besides, we have achieved an efficient, 9-step 
chemoenzymatic route towards enantiopure L-TFB-TBOA (a highly potent and widely used inhibitor 
of glutamate transporters) and its derivatives at multigram scale.[4] Based on this enzyme 
technology, a series of glutamate transporter inhibitors with photo-controlled activity were 
prepared, enabling the remote, reversible, and spatiotemporally controlled regulation of 
transport.[5] 
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Shikimate pathway is one of the most important metabolic pathways in bacteria for synthesizing 
various aromatic compounds including aromatic amino acid. Our previous study, we designed the 
metabolic pathway of Escherichia coli to enhance shikimate pathway by accumulating the 
intracellular PEP concentration and to produce chorismate derivatives in high yields. In order to 
avoid consuming PEP when uptake of glucose, we have generated a recombinant strain with 
replacing the endogenous phosphotransferase system (PTS) with GalP/Glk system (GGS) (PTS- 
GGS+ strain). In order to prevent leakage of carbon flux to the TCA cycle, we also disrupted two 
genes encoding pyruvate kinase (pykA, pykF), from PTS- GGS+ strain. In this study, we designed 
two “Parallel Metabolic Design”. first, we further modified the metabolism in E. coli to be confined 
the use of the glucose to the production of a target compound, MA. This pathway is the “MA 
Production Unit” using glucose as a substrate. Second, to regain the capacity of cell growth, we 
introduced an exogenous Dahms pathway that supplements the metabolites necessary for cell 
growth with xylose into the strain. This pathway is the “Cell Growth Unit” using xylose as a substrate. 
We attempted to produce MA in high yield by combining these two unitized pathways. 
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Monooxygenases are O2-utilizing enzymes that incorporate one oxygen atom into an organic 
substrate. Unlike the textbook enzymes that act only on a single substrate, many monooxygenases 
accept a broad range of molecules as substrates, which often can be attributed to their physiological 
function (e.g. detoxification). The enzyme’s chiral protein scaffold also allows for a complete control 
over reaction stereochemistry, which is usually not the case for the intense conditions and highly 
reactive chemical species required for chemical C-C and C-H bond breakages. To achieve these 
remarkable reactions, monooxygenases utilize active site chemistry beyond the common amino acid 
alphabet. Activated carbons and heteroatoms can be oxygenated employing organic cofactors such 
as flavins, while unactivated carbons require metal-containing cofactors such as heme. We present 
two outstanding monooxygenase classes that are on the brink of bringing biocatalysis out from the 
lab towards industrial appliactions: cytochrome P450s and Baeyer-Villiger monooxygenases. With a 
focus on the latter, we show how the classical limitation of a lack in stability has been overcome with 
recently discovered new variants. Crystallization of these enzymes also allowed us directed evolution 
and rational protein engineering. Using these techniques, we demonstrate how regio- as well as 
enantioselectivity can be tuned, if required. We also investigated the origin of promiscuity in a 
BVMO, by decorating its entire active site with alanines. These developments show the way towards 
practical designer catalyst for reactions previously unavailable to the organic chemist’s toolbox. 
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Piceatannol (3,4,3’,5’-tetrahydroxy-trans-stilbene) is a valuable natural polyphenol with therapeutic 
potential in cardiovascular and metabolic disease treatment. Although piceatannol is commonly 
found in grapes, Japanese knotweed, and passion fruit, this compound is extremely expensive due 
to its low-level accumulation in plants. Biocatalytic synthesis of piceatannol from reveratrol (3,5,4’-
trihydroxy-trans-stilbene), which is readily available and relatively inexpensive, has shown promise 
for their cost-effectiveness and environmental friendliness. It was demonstrated that recombinant 
Escherichia coli expressing the two-component flavin-dependent monooxygenase HpaBC efficiently 
produce piceatannol from resveratrol (1, 2). Recombinant microorganisms are generally 
advantageous for high-yield production applications, but genetically modified microorganisms often 
present difficulties in their use associated with overcoming biosafety and ethical issues, particularly 
in the food industry. As such, natural microorganisms may be more practical.In this study, we 
isolated microorganisms capable of producing piceatannol from resveratrol via regioselective 
hydroxylation. The Gram-negative bacterium Ensifer sp. KSH1 and the Gram-positive bacterium 
Arthrobacter sp. KSH3 utilized 4-hydroxyphenylacetic acid as a carbon source for growth and 
efficiently hydroxylated resveratrol to piceatannol without producing any detectable by-products. 
The hydroxylation activity of strains KSH1 and KSH3 was strongly induced by cultivation with 4-
hydroxyphenylacetic acid as a carbon source during stationary growth phase. Using the 4-
hydroxyphenylacetic acid-induced cells as a biocatalyst under optimal conditions, production of 
piceatannol by strains KSH1 and KSH3 reached 3.6 mM (0.88 g/L) and 2.6 mM (0.64 g/L), 
respectively. We also cloned genes homologous to the monooxygenase gene hpaBC from strains 
KSH1 and KSH3. Introduction of either hpaBC homologue into E. coli endowed the host with 
resveratrol-hydroxylating activity. 
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Transketolase reversibly transfers in vivo a two-carbon ketol unit from a phosphorylated ketose to a 
phosphorylated aldose. The transketolase from Geobacillus stearothermophilus (TKgst)[1] could be 
modified by directed evolution to accept non-phosphorylated non-hydroxylated alkyl and even 
highly hydrophobic arylalkyl aldehyde acceptors.[2] 

Analogous to the transketolase catalyzed acyloin formation from benzaldehydes and an α-oxoacid 
donor,[2] the products anticipated from the reaction of nitrosobenzenes are the so-called 
hydroxamic acids (HA). The latter are interesting because of their potential medicinal properties,[3] 
as well as their propensity for forming strong chelate complexes. In the presence of iron (III) ions, 
the deeply red-colored HA-Fe(III)-complex allows a sensitive HA quantification. Using variously 
substituted nitrosobenzenes and either hydroxypyruvate or pyruvic acid as transketolase substrates, 
more than a dozen of HAs could be successfully synthesized so far on a preparative scale. The 
transketolase from Geobacillus stearothermophilus (TKgst)[1] was found to be particularly suited 
for the conversion of non-polar nitrosobenzene substrates considering its tolerance towards non-
ordinary media. This allowed the use of co-solvents such as DMSO or acetone up to 20% of the total 
reaction volume.[2] 

 

Figure 1. TKgst catalyzed carboligation with nitrosobenzenes leading to hydroxamic acids.  

The colored HA-Fe(III) complexes formed upon HA generation are readily detectable in a 
spectrophotometric high-throughput assay system. Therefore, this allows for the fast colorimetric 
screening of TK activity against nitrosobenzenes in lieu of structurally analogous aldehyde 
substrates, along with the possibility of screening diverse libraries for enzyme engineering. Detailed 
results of the assay principle, its development and application will be presented in the poster. 
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Alginate is a linear anionic polysaccharide composed of β-D-mannuronate and α-L-guluronate and 
it has a wide range of industrial, medical and pharmaceutical applications. The bacterium 
Azotobacter vinelandii encodes a family of seven secreted and calcium ion-dependent mannuronan 
C-5 epimerases (AlgE1-AlgE7) that convert on the polymer level mannuronate residues (M) to 
guluronate residues (G) in the alginate chain. They do so in a processive manner, creating block 
structures of G- or alternating MG-residues. 

Rational design of these alginate epimerases can make it possible to produce enzymes efficient at 
making tailor-made alginate for diverse applications, with specific compositions of M and G. This 
requires a better functional understanding of the enzymes mechanisms and mode of action than 
what we have today. 

To acquire this we are using a combination of computational and experimental methods to study the 
epimerase AlgE4 from A. vinelandii. Several mutants are expressed so far, and their activities and 
binding strengths have been measured with spectrophotometric activity assay, NMR and ITC. The 
studies point to the importance of substrate binding in regulation of enzymatic activity, and charged 
amino acids are essential in binding of the polyanionic substrate. Both positively and negatively 
charged amino acids in the binding groove seem to affect activity, some of which are quite far from 
the active site. Substrate chain length also seems to be important for activity, which is probably due 
to effects on processivity. Even without changing the active site, different product patterns and 
reaction energies emerge.  

Molecular modeling is also part of the project, and the initial results from the experimental studies 
will give input to simulations that again can give further ideas about what to explore in the 
laboratory. These studies holds the potential to unravel how substrate binding, epimerization and 
processivity of epimerases work together for the design of tailor-made alginate. 
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The establishment of microfluidic reactors to implement cascades into biocatalytic processes is a 
topical field of research and development. A major challenge for the introduction of such artificial 
fluidic cascades is the immobilization of active biocatalysts, as conventional non-specific methods 
(e.g. physical adsorption, chemical cross-linking or matrix embedding) often lead to a strong 
decrease or even total loss of biocatalyst activity. We have tackled this issue by employing 
bioorthogonal tags, leading to specifically designed self-immobilizing enzymes and whole bacterial 
cells, which enable high binding affinities while retaining the activity of the biocatalysts. 

As a proof of concept we recently used our self-immobilizing enzymes to transfer a one-pot three-
enzyme cascade for the production of meso diols [1] into a fluidic, compartmentalized reactor 
setup.[2] To this end, (R)- and (S)-specific ketoreductases were genetically fused to bioorthogonal 
tags and immobilized on superparamagnetic microparticles, which were loaded in a microfluidic 
packed-bed reactor, thereby enabeling fluidic production of the meso diol from a prochiral Cs-
symmetric diketone with an initial conversion of 73.6% (d.r. >99:1). Furthermore we engineered 
whole-cell E. coli strains to present bioorthogonal immobilization tags on their surface via genetic 
fusion to the outer membrane protein Lpp-OmpA, while at the same time overexpressing 
stereoselective ketoreductases in their cytosol.[3] These biocatalytically active E. coli strains can be 
immobilized selectively onto complementary functionalized superparamagnetic microparticles and 
can be used for whole-cell stereospecific transformation of the diketone (d.r. >99:1). 

References:  

1 Skoupi M., Vaxelaire C., Strohmann C., Christmann M., Niemeyer C.M. (2015), Enantiogroup‐
Differentiating Biocatalytic Reductions of Prochiral Cs‐Symmetrical Dicarbonyl Compounds to meso 
Compounds, Chem. Eur. J. 21: 8701-8705 

2 Peschke T., Skoupi M., Burgahn T., Gallus S., Ahmed I., Rabe K.S., Niemeyer C.M. (2017), Self-
Immobilizing Fusion Enzymes for Compartmentalized Biocatalysis, ACS Catalysis 7: 7866-7872 

3 Peschke T., Rabe K.S., Niemeyer C.M. (2017), Orthogonal Surface Tags for Whole-Cell Biocatalysis, 
Angew. Chem. Int. Ed. Engl. 56: 2183-2186 

Corresponding author: niemeyer@kit.edu

  



Poster 153  211 

 

Biocatalytic cascade synthesis of unnatural amino acids and other 
valuable building blocks from electron-rich biomass-derived 

substrates 

James L. Galman (a), Robson Tramontina (a,b), Fabio Parmeggiani (a), Joanne L. Porter (a), 
Nicholas J. Weise (a), Fabio M. Squina (b), Neil Dixon (a), Nicholas J. Turner (a) 

(a) Manchester Institute of Biotechnology (MIB), School of Chemistry, Manchester, United Kingdom.  
(b) Postgraduate program in Biosciences and Technology of Bioactive Products (BTPB). Institute of 

Biology, State University of Campinas – UNICAMP, SP, Brazil 

Keywords: Enzyme cascades, green chemistry, amino acid derivatives, renewable feedstocks 

Sustainable production of fine chemicals from renewable lignocellulosic biomass offers an 
alternative to petrochemical reserves. The use of enzymes in bioconversion processes provides 
advantages over chemical based processes, such as mild reaction/operating conditions and 
generating less waste from these biodegradable catalysts. However, in order to compete with the 
current petrochemical derived products, an alternative biorefinery route must overcome significant 
costs and productivity barriers.  

Phenylalanine ammonia lyases (PALs) have shown to be effective biocatalysts in the hydroamination 
of a broad range of substituted cinnamic acids and concomitant chemoenzymatic syntheses to 
generate a variety of unnatural L/D-arylalanines. [1] However, the substrate scope of PALs has been 
limited to electron-poor aromatic systems, with little precedent converting electron-rich analogues. 
Herein we employed two complementary approaches to convert electronically and sterically 
demanding cinnamate substrates. Firstly through a semi-rational design of engineered PAL variants 
in the aryl binding pocket of the active site of a recently discovered wild-type PAL from Planctomyces 
Brasiliensis . [2] Secondly, we screened metagenomic libraries from Prozomix and identified a new 
clade of PALs which have yet to be fully characterised, but have shown novel activities to accept a 
large scope of demanding electron-rich substrates. 

Our newly discovered PALs illustrate the direct biological conversions for the production of valorised 
compounds from pre-treated lignocellulosic waste plant biomass. We also demonstrate the 
biocatalytic production of the valuable chemical building block coniferol, directly from wheat straw 

via a designed whole cell 
catalyst with plasmid-borne 
overproduction of three 
enzymes: feruloyl esterase 
(FAE), carboxylic acid 
reductase (CAR) and an aldo-
keto reductase (AKR). [3] This 
whole-cell cascade not only 
achieved equivalent release of 
ferulic acid from lignocellulose 
compared to alkaline 
hydrolysis, but also displayed 
efficient conversion of ferulic 
acid to coniferol and/or 
coniferaldehyde. 
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DHAP (Dihydroxyacetone phosphate)-dependent aldolases are highly attractive tools for the 
preparation of carbohydrates, analogs and glycomimetics,1 which are the focus of research in our 
group. To date, the electronic and structural characteristics of the active sites that account for their 
particular regio- and stereochemical behavior, and the mechanistic details of the catalyzed aldol 
cleavage/addition reaction, are still poorly studied. This is the case for the rhamnulose-1-phosphate 
aldolase (Rhu-1-PA) from E. coli, which catalyzes in nature the aldol addition of DHAP and (S)-
lactaldehyde (LLA) to afford L-rhamnulose-1-phosphate (R1P). Its crystal structure was described in 
2002,2 and a potential catalytic mechanism was initially proposed.3 From that point onwards, other 
authors have computationally addressed this system by a preliminary characterization of the 
transition state and the substrate binding.4-6 Nevertheless, the details of other steps of the catalytic 
cycle, like protonation/deprotonation processes, have not yet been unveiled.  

In this context, here we present an in silico analysis of the electronic and structural determinants 
associated with the substrate binding and the complete catalytic mechanism of the Rhu-1-PA from 
E. coli. The binding of R1P, DHAP and LLA were studied through molecular docking and molecular 
dynamic simulations (MD). The catalytic mechanism was in-depth assessed through electronic 
structure calculations on a model of the active site. To further understand the role of different 
aminoacids at the active site, a complementary phylogenetic analysis was performed based on 
reported rhamnulose aldolases. The computational model revealed the structural basis behind the 
stereocontrol exhibited at C4 for the aldol addition: four residues are involved in securing the correct 
orientation of the substrates: G31, E117, E171’ and N29. In contrast to previous suggestions,3 our 
findings indicate the presence of two acid/base catalytic centers (E117 and E171’), involved in the 
protonation and deprotonation of DHAP and LLA fragments during the Rhu-1-PA-catalyzed aldol 
cleavage/addition. 
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The increasing demand for production of chiral building blocks for pharmaceutical applications 
brings the necessity for development of new methodologies in synthetic chemistry. Selective 
oxidations are often key in the synthetic routes toward valuable chemicals.  
In this context, biocatalytic oxidation represents a valuable alternative for chemical methods [1], 
which often require harsh conditions and suffer from poor chemo- and enantioselectivity. Due to 
several advantages of oxidases including utilizing molecular oxygen as the most environmentally 
benign oxidant combined with high enantioselectivity and mild reaction condition, the development 
of their application as oxidative biocatalysts is highly desirable. In our study, the potential of two 
flavin-dependent oxidases including 5-(hydroxylmethyl)furfural oxidase (HMFO) and AtBBE-like15, 
in the oxidation of sec-allylic alcohols was investigated (Scheme 1). 

 

  

We successfully identified variants of HMFO [2] for the oxidation of sec-allylic alcohols, including 
single mutation (Val465Ser and Val465Thr) or double mutations (Trp466His/Val465Thr and 
Val367Arg/Trp466Phe). Good conversions with high selectivity (E >100) for the (S)-alcohols were 
obtained by using Val465Ser and Val465Thr variants. 
 
Another oxidase that was tested is the berberine bridge like enzyme AtBBE-like15 which was turned 
from an oxygenase to an oxidase exchanging a gatekeeper residue in the “oxygen reactivity loop” on 
the re-side of the isoalloxazine ring [3,4] leucine (Leu182) into valine. In our study two variants 
including Leu182Val/Leu178Val/Ile184Val and Leu182Val/Ile409Val were prepared. Again high 
enantioselectivity using Leu182Val for (S)-alcohols was obtained. 
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3 B. Daniel, T. Pavkov-Keller, B. Steiner, A. Dordic, A. Gutmann, B. Nidetzky, C. W. Sensen, E. Graaff, S. 
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Diels-Alder (D-A) reaction, a concerted [4+2] cycloaddition between a conjugated diene and a 
dienophile, is widely used by synthetic chemists to prepare complex natural products. Diels-Alder 
reaction, catalyzed by the enzyme Diels-Alderase, has also been found as a key step in biosynthesis 
of microbial secondary metabolites. Recently we have identified the first intermolecular [4+2] 
cyclase from plant, named as MaDA. In this study, we chemically synthesized many different types 
of diene precursors with variation in both their skeletons and substitutions, and achieved efficient 
chemo-enzymatic total syntheses of several D-A type complex natural products and their analogues 
using MaDA catalyzed endo-selective intermolecular Diels-Alder reaction. This work reveals 
substrate promiscuity of MaDA and demonstrates the remarkable application of enzymatic reactions 
in complex natural product total synthesis. 
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Currently, agricultural production of vanillin is not sufficient to supply its industrial demand. Thus, 
industries have triggered the necessity to produce it by other means. Processes for vanillin synthesis 
based on the use of microorganisms, plants cells and enzymes, are of high interest since the obtained 
product can be labelled as “natural”. However, the low process metrics obtained using these 
processes compared to the chemical routes hampered their implementation at industrial level.  

In the present work, an eugenol oxidase from Rhodococcus jostii (EUGO) has been used for the 
synthesis of vanillin from vanillyl alcohol. Aiming to improve the process metrics the enzyme was 
immobilized in different supports and the best obtained derivatives were tested in the target reaction.  

EUGO has been immobilised efficiently onto different supports (MANA-agarose, Epoxy-agarose and 
Purolite 8204F) which can be reused up to 5 cycles to perform the vanillin synthesis preserving good 
stability and improving more than 3-fold the biocatalyst yield. 
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Isocitrate dehydrogenase (IDH or ICDH) is a highly conserved and tightly regulated enzyme of the 
central metabolism (Krebs cycle), whose role is to catalyze the decarboxylative oxidation of isocitrate 
into α-ketoglutarate (1-4). Members of the IDH family differ from each other for cofactor specificity, 
modes of regulation, and oligomeric structure.  

Interestingly, while bacterial IDHs are either monomers or homodimers, homologous enzymes from 
eukaryotes have evolved into tetramers of allosterically regulated heterodimers, thus suggesting that 
that gene duplication followed by asymmetrization of the oligomeric edifice took place in the past (5-
6).  

In this study, we focus on the E. coli IDH (EcIDH) as target for directed evolution studies aimed at 
mimicking the evolutionary scenario observed in nature. Specifically, the strategy envisaged to 
evolve IDH towards novel functions involves the generation of wild-type like heterodimeric species 
to be used as template for semi-rational mutagenesis experiments. 

Here we present the preliminary results of heterodimerization tests conducted in vitro together with 
the kinetic characterization of EcIDH. Our findings suggest that EcIDH undergoes reversible cold-
induced inactivation by dissociating into monomers (7). The reactivation appears to be linked to the 
reconstitution of dimeric structures and is affected by the presence of isocitrate. Biolayer 
interferometry tests conducted by mixing differentially tagged, pre-cooled homodimers strongly 
support the hypothesis that reassociation of the subunits at 37°C can be driven towards formation of 
heterodimeric species. Possible strategies for the in vivo production of heterodimers will be 
discussed as well. 
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Halogenating enzymes have gained much interest for biological and pharmaceutical applications. 
Today it is known, that more than 4000 halogenated natural products exist.[1]  

It has been shown that these moieties enhance biological activity e.g. by preventing rapid 
metabolization. Besides these effects, halogen atoms are also well known for the use in cross coupling 
reactions and thereby derivatization and synthesis of complex structures.[2]  

For the enzymatic halogenation of pyrrole-based natural products, we have chosen two flavin-
dependent halogenases (FDH) from Pseudomonas protegens PF-5. PrnC – a halogenase from the 
pyrrolnitrin biosynthesis cluster – chlorinates the 4 position of the free diffusible 
monodechloroaminopyrrolnitrin (MDA) (3) using sodium chloride as halogen donor.[3] After 
successful cloning, heterologous expression and protein purification, natural substrate synthesis and 
kinetic characterization is ongoing. The aim is to broaden the substrate spectrum for a biocatalytic 
application in organic synthesis as well as derivatization of pyrroles in bio-and mutasynthetic 
approaches. 

The second halogenase PltA is based on the non-ribosomal peptide synthesis (NRPS) cluster 
pyoluteorin and thereby carrier protein dependent (PltL). [4] Here, the aim is the production of 
chlorinated derivatives of NRPS-dependent pyrrolic compounds. 
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Catalytic anti-Markovnikov oxidation of alkene feedstocks could simplify synthetic routes to many 
important molecules and solve a long-standing challenge in chemistry [1]. We have engineered a 
cytochrome P450 enzyme to catalyze metal-oxo–mediated anti-Markovnikov oxidations of styrenes 
with high efficiency. The enzyme uses dioxygen as the terminal oxidant and achieves selectivity for 
anti-Markovnikov oxidation over the kinetically favored alkene epoxidation by trapping high-energy 
intermediates and catalyzing an oxo transfer, including an enantioselective 1,2-hydride migration 
[2]. Here, we present the directed evolution of this enzyme for the anti-Markovnikov oxidation of 
unsymmetrically substituted internal alkenes. By screening site-saturation libraries, we could 
identify beneficial mutations to increase the anti-Markovnikov selectivity for our model substrate 
trans-β-methylstyrene. We started to explore substrate scope using sterically hindered, rich-
substituted alkenes, cis-isomers and conjugated olefins. Combining the evolved anti-Markovnikov 
oxygenase with other established biocatalysts such as alcohol dehydrogenases, transaminases or 
imine reductases enables the asymmetric preparation of valuable anti-Markovnikov amines and 
alcohols from the corresponding internal alkenes. 
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Cross-reactivity in complex enzyme cascades is a major challenge in the field of multi-step 
biocatalysis. To eliminate cross-reactivity in one-pot reaction systems, a novel approach is followed: 
Enzymes prone to side-reactivities are coupled to genetically encoded photosensitisers, which are 
able to produce reactive oxygen species upon irradiation with a distinct wavelength[1]. The resulting 
fusion enzymes can be added to the corresponding reaction step enabling the catalyst activity to be 
switched off. The three-step enzyme cascade starting from 3 hydroxy benzaldehyde and pyruvate to 
a trisubstituted tetrahydroisoquinoline has been chosen as a test system. The first cascade step 
encompasses a carboligation conducted by the pyruvate decarboxylase variant E469G/W543H from 
Acetobacter pasteurianus (ApPDC-EGWH). Afterwards a transamination occurs, mediated by the 
Chromobacterium violaceum transaminase (Cv2025), followed by a final cyclisation by the 
norcoclaurine synthase variant A79I from Thalictrum flavum[2]. This cascade is a suitable target as 
in a one-pot reaction approach cross reactivity occurs and dominant side-products are formed, if 
transaminase activity is not separated/regulated in time or in space.  

 

Figure 1. Inactivation of the ApPDC-EGWH (A) and Cv2025 (B) mediated by photosensitisers in blue light. 

To achieve light-mediated inactivation, the ApPDC-EGWH was genetically linked to a singlet oxygen 
photosensitising protein (SOPP)[3] as shown in Fig. 1A. After illumination with blue light (450 nm) 
the relative activity of the SOPP-ApPDC-EGWH could be reduced to 40 % after 5 min. Cv2025 was 
also inactivated by using pyridoxal 5-phosphate which serves the Cv2025 as cofactor and is 
simultaneously a light-sensitive photosensitizer (Fig. 1B). During illumination with blue light (450 
nm) the Cv2025 could be inactivated completely within 2 h. 
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Enhanced stability in organic solvents is a desirable feature for enzymes implemented under 
industrial conditions. Organic solvents have been reported to influence the enzyme hydration state 
and to cause conformational fluctuations leading to decrease or loss in activity. A lipase from the 
thermophilic bacterium Geobacillus stearothermophilus T6 (LipT6) [1-2] was rationally designed 
towards enhanced stability in methanol via two approaches: (i) solvent tunnels engineering [3], (ii) 
disulfide bond integration. 

Tunnel properties such as length and 
hydrophobicity can influence lipase solvent 
tolerance. By introducing aromatic 
interactions within these pathways, the 
enzyme inner packing can be fortified while 
the solvent molecules diffusion can be 
theoretically reduced. MOLE generator was 
used for detecting tunnels in LipT6 crystal 
structure. Selected residues were replaced 
with Phe, Tyr or Trp and overall 16 mutants 
were generated and screened in methanol. 
Three variants showed elevated stability up 
to 81-fold compared with wild-type, while 
all stabilizing mutations were found in the 
longest tunnel detected nearby the active 
site. Mutant A187F/L360F displayed an 
increase in Tm of +7°C in methanol and a 3-
fold increase in biodiesel yield from waste 
chicken oil. X-ray structures of seven 
variants revealed new π-based interactions 
emphasizing the significance of aromatic 
interactions for improved solvent stability. 

The second approach was the introduction 
of disulfide bonds, a strategy that has been 

applied previously to improve thermostability. Disulfide bonds represent additional covalent 
linkages in the enzyme sequence and can contribute to protein stability. Two computational tools 
were used to design 13 mutants having cysteine pairs aimed to form new S-S bonds. Variant 
E251C/G332C exhibited an increase of +6°C in Tm in buffer and methanol with improved biodiesel 
synthesis yield. Three resolved crystal structures confirmed the presence of new integrated disulfide 
bonds supporting the applicability of this methodology.  
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Chiral amines have widespread practical application in enantioselective synthesis, and as such, are 
highly valuable constituents of many pharmaceutical compounds and their intermediates, with an 
estimated 40% of pharmaceuticals containing chiral amine moieties1. They are prevalent within 
chemical industries, such as in agrochemicals and offer a greener route to synthesis compared to 
their chemical counterparts. 

Whilst several enzyme families have been demonstrated to synthesise optically active amines, the 
pyridoxal 5’-phosphate (PLP) dependent transaminases exhibit automatic co-factor recycling in-situ, 
negating the need for costly co-factor. Their excellent enantioselectivity make them promising 
biocatalysts within asymmetric synthesis, however the poor substrate specificity and poor stability 
towards harsh non-physiological environments as demanded by industrial processes has driven the 
discovery of novel transaminases. 

Herein we describe the progress achieved towards the identification, cloning and soluble production 
of 159 novel transaminases via gene mining of Prozomix Limited metagenomic libraries, in order to 
circumvent the Nagoya Protocol. Metagenomic transaminases were mined and analysed using the 
proprietary bioinformatics software, ProzOMIGO™. Through this platform, over 200 transaminases 
were identified and synthesised. The proprietary cloning method, GRASP™ (Genomics based 
Related Activity Screening Protocol), enabled the high-throughput cloning of transaminase targets, 
and currently from these over 150 have been expressed in soluble form, expanding the Prozomix 
Limited transaminase panel from 50 to 209 transaminases. For the efficient screening of novel 
biocatalysts, production of the panel into 1 mg 96-well plates will allow high-throughput screening 
against a panel of substrates. 

This work highlights the value of metagenomics for the rapid discovery of novel biocatalysts, 
particularly when coupled with a high-throughput cloning strategy, such as GRASP™, and here has 
led to the expansion of the Prozomix transaminase panel, with some seeing commercial usage within 
the pharmaceutical industry. 
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Eukaryotes constitute an interesting natural source of proteins. They harbor a big number of 
enzymes interesting for biocatalysis, as well as, unique enzymes of biosynthetic pathways for the 
synthesis of complex and valuable chemicals. However, due to specific challenges connected with 
their discovery and production the full potential of eukaryotic proteins has by far not been exploited 
yet and industrial application is often limited due to the lack of economically feasible recombinant 
enzyme production. 

At TU Graz and bisy innovative bacterial and eukaryotic expression systems (vectors and strains) 
were developed enabling the efficient engineering, expression and industrial application of novel 
enzymes, including peroxidases, P450 enzymes and lipases which were not available for biocatalysis 
on larger scale before. 
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The utilization of carbon dioxide as C1-building block in carboxylation reactions has attracted much 
interest to meet the demand for more sustainability in chemical production [1]. Although 
carboxylation reactions show 100% atom economy, only a few chemical carboxylation processes are 
performed on large scale owing to the high energy-input required for substrate activation. Several 
biocatalytic (de)carboxylation concepts for arenes [2] have been developed as alternative to the 
(often) harsh chemical methods. In particular, decarboxylases from detoxification pathways 
(secondary metabolism) are generally flexible in their substrate tolerance. Based on their catalytic 
mechanism and the type of substrate, three major classes of enzymes have been employed (Scheme): 
(i) divalent metal-dependent ortho-benzoic acid decarboxylases (o-BDCs) catalyze the ortho-
(de)carboxylation of phenols, (ii) cofactor- and metal-independent phenolic acid decarboxylases 
(PADs) mediate the side chain (de)carboxylation of coumaric acid derivatives via acid-base catalysis 
and (iii) prenylated FMN (prFMN)-dependent decarboxylases from the UbiD superfamiliy. The 
latter successfully applied to the para-carboxylation of catechol-type substrates (by 3,4-
dihydroxybenzoic acid decarboxylases, AroYs) as well as the decarboxylation of acrylic acid 
derivatives (by ferulic acid decarboxylases, FDCs). 
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The homodimeric isocitrate dehydrogenase from Escherichia coli (EcIDH) is a highly conserved 
enzyme of the central metabolism. Its regulation controls bifurcation of metabolic fluxes between 
the tricarboxylic acid and glyoxylate cycles as part of a carbon-source-based metabolic adaptation 
known as the acetate switch. EcIDH is described as a classical Michaelian enzyme which regulation 
depends mainly on phosphorylation. However, recent observations from our laboratory highlighted 
activity coupling between its interfacial active sites. Relevance of oligomerization and resulting 
properties to enzyme function and regulation are no longer to be demonstrated, yet, how synergistic 
regulation between subunits may contribute to enzyme efficiency and metabolic pathways efficiency 
remains broadly unexplored and poorly understood.  

Here, to assess EcIDH subunit interplay, we are developing an asymmetrization strategy to engineer 
EcIDH heterodimeric variants that allow us to control and/or prevent coupling between the active 
sites in vivo and in vitro. After demonstrating in vivo heterodimerization, focus has been on 
heterodimerization yield with consideration for cotranslational subunit association, i.e., direct 
coupling between protein complex assembly and the ribosome-mediated translation process. We 
developed a dual affinity purification scheme to evaluate heterodimerization yield of co-transformed 
vector and bicistronic vector systems. This also allows us to evaluate relevance of cotranslational 
subunit association. Latest results are shown and discussed. Other aspects of the asymmetrization 
strategy are broadly discussed as short-term perspectives ; “asymmetrization” or obligated 
heterodimerization through preferential interface stabilization, investigation of subunit interplay 
through engineering of bi-functional variants and, finally, investigation of the metabolic role of 
subunit interplay through expression of “uncoupled” variants at the EcIDH chromosomal locus. 

These researches also mean to feed the broader long-term goal of developing an oligomeric platform 
for protein engineering and directed evolution. 
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Lipases are commonly employed for acylation reactions in organic media, offering improvements 
like regio- and enantioselectivity over the chemically-catalyzed reactions. However, enzymatic 
acyltransfer in aqueous environments has significant advantages like requiring no/fewer organic 
solvents and enabling the integration of acyltransfer reactions into biocatalytic cascades, which can 
only be implemented under aqueous conditions. Unfortunately, only a small number of enzymes 
capable of catalyzing acyltransfer reactions in aqueous media like a group of lipases/acyltransferases 
from the CAL-A superfamily[1,2] and MsAct[3] are currently known. In fact, acyltransfer has often 
been identified as a promiscuous activity of enzymes that were primarily identified as hydrolases due 
to the lack of an ultrahigh-throughput screening method for acyltransferase activity. This explains 
both why few acyltransferases have been identified and why the known acyltransferases often also 
exhibit significant hydrolase activity. 

Recently we developed a microtiter plate-based screening assay capable of identifying previously 
unknown acyltransferases to facilitate the discovery of novel acyltransferases and were able to 
identify Est8 as a promising new candidate[4]. By scaling down this assay into picolitre droplets, the 
scientific potential of this assay could be further increased. Droplet-based microfluidics approaches 
enable ultrahigh-throughput screening and investigation of large enzyme libraries. The proposed 
assay provides a fluorescence (e.g. Nile Red) readout in droplets upon acyltransferase activity of an 
enzyme/enzyme variant enabling flow cytometric sorting for acyltransferases active in aqueous 
environment. This scale down represents seven orders of magnitude increase in throughput, which 
will enable large mutant libraries of existing acyltransferases and even metagenome libraries to be 
screened, which would give us the ability to drastically enhance the number of known 
acyltransferases. 
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Unspecific peroxygenases (UPOs; EC 1.11.2.1) are unique heme-thiolate enzymes that perform with 
high selectivity C-H oxyfunctionalization reactions, triggered by catalytic concentrations of H2O2. 
Indeed, the poor oxidative stability of UPO is the ‘Achilles heel’ of this emergent industrial 
biocatalyst. While the use of photocatalysis and/or enzyme cascade reactions for the in situ H2O2 
gradual supply are being exhaustively explored [1-4], the design of a self-sufficient chimeric protein 
could represent an attractive/less demanding alternative. 

In this work, we have designed a chimeric fusion catalyst (unspecific peroxygenase-aryl alcohol 
oxidase (UPO-AAO)) which is secreted by yeast. UPO [5] and AAO [6] evolved variants, easily 
produced in Saccharomyces cerevisae, were attached through linker peptides that vary in length, 
structure and amino acid composition. From this set of UPO-AAO chimeras, 5 were purified and 
biochemically characterized opening an exciting venue in UPO synthetic chemistry. 
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Amino alcohols present great interest in pharmaceutical chemistry and catalysis, particularly those 
in enantiomerically pure form due to their relevant role in asymmetric catalysis (chiral auxiliaries, 
ligands and synthetic intermediates) and medicinal chemistry. [1] Thus, their stereoselective 
syntheses represent today a research area worthy of investigation through chemical and enzymatic 
strategies.[2,3] 

In this communication, the stereoselective synthesis of a panel of amino alcohols has been developed 
starting from (hetero)arylic diketones through a multienzymatic approach, which involves the 
biocatalysed stereoselective modification of both carbonyl groups. Therefore, the use of alcohol 
dehydrogenases (ADHs) and transaminases (TAs) has been deeply study for the diastereo- and 
enantioselective synthesis of the four possible amino alcohol stereoisomers (see Scheme). Overall, 
bioreduction processes catalysed by ADHs take places over the carbonyl group bearing a lower 
electronic density, thus the trifluoromethyl ketone moiety. Interestingly, transaminases accept the 
less sterically hindered methyl ketone group, which allow the development of both sequential and 
concurrent processes. 
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Transaminases (TA) which offer a highly stereoselective access to chiral amino pharmaceuticals and 
bioactive compounds have gained considerable attention in the past few years.1–3 The availability of 
efficient screening assays is of high importance to detect, in wild type or mutant enzymes libraries, 
the wanted TA for a specific application. Therefore, in the course of our research aimed at the design 
of new TA-catalysed processes,4–6 we have developed a new screening method for amine-TA. This 
method is based on the use of hypotaurine (HPT) as amino donor substrate, which is converted upon 
transamination into 2-oxoethylsulfinic acid, itself instantaneously decomposed into sulfite and 
acetaldehyde. Sulfite ions can then be easily detected by spectrophotometry at 412 nm using Ellman’s 
reagent, thus allowing direct kinetic measurements. As shown below, two complementary assays 
were developed based on this titration method. 
 

 

The direct assay allows to detect a HPT-TA, ie an enzyme active with any chosen acceptor and HPT 
as donor. These HPT-TA catalyse an irreversible transamination, provided that they don’t accept 
acetaldehyde as substrate. In the coupled assay, L- or D-Ala is used as generic donor substrate of 
amine-TA and is regenerated using an auxiliary HPT-TA. This coupled reaction thus allows the 
activity measurement and can afford an equilibrium shift. We will present the development and 
application of this method for the screening of a collection of 375 Amine-TA from biodiversity. The 
direct assay implementation allowed to identify several highly active HPT-TA, whereas the enzyme 
with the most restricted substrate spectrum proved suitable for use as the auxiliary enzyme in the 
coupled assay. This latter general screening assay was then successfully employed for the activity 
assessment of diverse amine-TA with Ala and a variety of acceptor substrates. 

References:  
1 D. Patil, M.; Grogan, G.; Bommarius, A.; Yun, H.; D. Patil, M.; Grogan, G.; Bommarius, A.; Yun, H. 
(2018), Catalysts, 8: 254. 
2 Gomm, A.; O’Reilly, E. (2018), Curr. Opin. Chem. Biol., 43: 106–112. 
3 Ferrandi, E. E.; Monti, D. (2017), World J Microbiol Biotechnol., 34:13. 
4 Guérard-Hélaine, C.; Heuson, E.; Ndiaye, M.; Gourbeyre, L.; Lemaire, M.; Hélaine, V.; Charmantray, F.; 
Petit, J.-L.; Salanoubat, M.; Berardinis, V. de; et al. (2017), Chem. Commun., 53: 5465–5468. 
5 Heuson, E.; Petit, J.-L.; Debard, A.; Job, A.; Charmantray, F.; Berardinis, V. de; Gefflaut, T. (2015), Appl 
Microbiol Biotechnol, 100: 397–408. 
6 Heuson, E.; Charmantray, F.; Petit, J.-L.; de Berardinis, V.; Gefflaut, T. (2019), Advanced Synthesis & 
Catalysis, 361: 778–785. 

Corresponding author: lea.gourbeyre@uca.fr



Poster 171  229 

 

Carrier-free immobilization of anfaea: an operational stable 
heterogeneous biocatalyst for the synthesis of butyl 

hydroxycinnamates 
Grajales-Hernández DA*, Velasco-Lozano S**, Armendáriz-Ruiz MA*, Asaff-Torres A***, 

Rodríguez-González JA*, Camacho-Ruiz RM*, Mateos-Díaz JC* 

*Industrial biotechnology, Centro de Investigación y Asistencia en Tecnología y Diseño del Estado de 
Jalisco A.C.; Camino Arenero 1227 El Bajío del Arenal, Zapopan, Jalisco (México) 

**Heterogeneous biocatalysis laboratory, Instituto de Síntesis Química y Catálisis Homogénea (ISQCH-
CSIC). University of Zaragoza. C/ Pedro Cerbuna 12. 50009. Zaragoza (Spain) 

***Industrial biotechnology, Centro de Investigación en Alimentación y Desarrollo; Carretera a La 
Victoria km 0.6, Hermosillo, Sonora (México) 

Keywords: feruloyl esterase, cross-linked enzymatic aggregates, esterification 

Feruloyl esterases (FAEs) are able to synthesize butyl hydroxycinnamates, interesting molecules 
which possess antioxidant and antitumoral properties, among others [1]. Nonetheless, they exhibit 
a low stability under synthesis reaction conditions, limiting its use and scale-up. In order to enhance 
the operational stability during synthesis, in this work we studied different conditions to carrier free 
immobilize a type A FAE from Aspergillus niger (AnFaeA) by crosslinking enzymatic aggregates 
(CLEA).  
The precipitation of AnFaeA was achieved with 85% of tert-butanol, recovering 93% of the activity. 
To find the best expressed activity, AnFaeA-CLEAs were prepared by varying different 
concentrations of glutaraldehyde (crosslinker; from 1 to 40mM) and bovine serum albumin (co-
aggregation feeder; from 1 to 10mg/mL). The optimal final concentrations to reach the highest 
expressed activity (384%) were 15 mM of glutaraldehyde and 5 mg/mL of bovine serum albumin 
(BSA). The obtained AnFaeA-CLEA biocatalyst was evaluated in the solvent free direct esterification 
of butyl hydroxycinnamates (Figure 1A). Both biocatalysts, free and immobilized AnFaeA, fully 
converted methoxylated hydroxycinnametes into its corresponding butyl esters after 72h of reaction. 
In is worth noting that the complete conversion of sinapic acid into butyl sinapate by direct 
esterification, was reached at our knowledge for the first time after only 24h of reaction using the 
AnFaeA-CLEAs biocatalyst. In addition, the AnFaeA-CLEAs biocatalyst showed an outstanding 
operational stability under reaction conditions, without significant loss of activity after 10 direct 
esterification cycles (Figure 1B), compared to previous reports which reached at most 2 
transesterification cycles [2]. 

In conclusion, it was possible to achieve a robust carrier free immobilized biocatalyst of AnFaeA, able 
to perform the direct esterification of butyl hydroxycinnamates with an outstanding operational 
stability in a solvent-free system, demonstrating its potential as a heterogeneous biocatalyst which 
may be employed in a continuous manner. 
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Actinobacteria are an important source of commercial (bio)compounds for the biotechnological and 
pharmaceutical industry. They have also been successfully exploited in the search of novel 
biocatalysts. We set out to explore a recently identified actinomycete, Streptomyces leeuwenhoekii 
C34, isolated from a hyper-arid region, the Atacama desert, for Baeyer-Villiger monooxygenases 
(BVMOs). Such oxidative enzymes are known for their broad applicability as biocatalysts by being 
able to perform various chemical reactions with high chemo-, regio- and/or enantioselectivity. 

By choosing this specific Actinobacterium, which comes from an extreme environment, the 
respective enzymes are also expected to display attractive features by tolerating harsh conditions. In 
this work, we identified two genes in the genome of S. leeuwenhoekiii (sle_13190 and sle_62070) 
that were predicted to encode for Type I BVMOs, the respective flavoproteins share 49 % sequence 
identity. The two genes were cloned, overexpressed in E. coli with phosphite dehydrogenase as fusion 
partner and successfully purified. Both flavin-containing proteins showed NADPH-dependent 
Baeyer-Villiger oxidation activity for various ketones and sulfoxidation activity with some sulfides. 
Gratifyingly, both enzymes were found to be rather robust by displaying a relatively high apparent 
melting temperature (45 °C) and tolerating water-miscible cosolvents. Specifically, Sle_62070 was 
found to be highly active with cyclic ketones and displayed a high regioselectivity by producing only 
one lactone from 2-phenylcyclohexanone, and high enantioselectivity by producing only normal (-)-
1S,5R and abnormal (-)-1R,5S lactones (ee >99 %) from bicyclo[3.2.0]hept-2-en-6-one. These two 
newly discovered BVMOs add two new potent biocatalysts to the known collection of BVMOs. 
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The N-functionalized aspartame derivatives neotame and advantame are widely used in the food 
industry as sugar replacement because of their high sweetening potency and low calories. Here we 
report a biocatalytic synthesis route for the production of N-(3,3-dimethylbutyl)-L-aspartic acid and 
N-[3-(3-hydroxy-4-methoxyphenyl)propyl]-L-aspartic acid, precursors to neotame and advantame 
respectively, using an engineerd variant of ethylenediamine-N,N'-disuccinic acid (EDDS) lyase as 
biocatalyst. This engineered C-N lyase displayed a remarkable 1140-fold increase in activity for the 
selective hydroamination of fumarate compared to that of the wild-type enzyme. The molecular basis 
for the efficient catalysis was investigated through X-ray crystallography and substrate docking. 
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The formation and breakage of C-O ether bonds are valuable synthetic transformations contributing 
to the structural diversification of natural products and pharmaceuticals [1-3]. Moreover, O-
methylated phenol derivatives are useful building blocks for the manufacture of antioxidants, 
flavoring agents, fragrances, dyes, agrochemicals and fine chemicals [4,5]. Despite the large variety 
of chemical reactions for methylation and demethylation, none reaction is reversible and sustainable. 
They often lack chemo-, regio- and stereoselectivity and rely on harsh reaction conditions [6]. Thus, 
the development of milder alternatives such as biocatalytic methylation and demethylation reactions 
is of high interest [7]. 

We present a biocatalytic strategy 
utilizing cobalamin (vitamin B12) 
dependent methyl transferases 
(MTases) derived from anaerobic 
bacteria which enable both methylation 
and demethylation of heteroatoms [8,9]. 
In nature, the bacterial system requires 
four proteins for these reactions, 
whereas our concept involves only two 
proteins (see scheme): the veratrol O-
demethylase (MTaseI) from Acetobac-
terium dehalogenans and the corrinoid 
protein (CP) derived from another 
origin. The CP contains a cobalamin 
prosthetic group which acts as methyl 
carrier. In the overall the MTaseI 
catalyzes both, the demethylation of a 
donor and the methylation of an 

acceptor substrate in a reversible fashion. The activity of the MTaseI relies on the amount of CP and 
zinc, because it incorporates a zinc binding motif [10]. The approach represents a substrate 
promiscuous alternative to common chemical and enzymatic methyl transfer methodologies and a 
valuable extension for the toolbox of available biocatalysts for ether bond formation as well as 
cleavage. 
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Flavin-dependent monooxygenases activate and incorporate molecular oxygen to catalyze 
oxygenation reactions. Recently, the pyridine nucleotide coenzyme (NAD(P)H, **) specificity was 
extensively studied for group A flavoprotein monooxygenases. [1] These enzymes catalyze the 
regioselective hydroxylation of phenolic compounds using NAD(P)H as an electron donor, however 
they lack a canonical NAD(P)H binding domain.[1] The biocatalytic applications of synthetic 
nicotinamide coenzyme biomimetics (NCBs, **) were demonstrated with other oxidoreductases such 
as ene-reductases.[2] NCBs are attractive as inexpensive alternatives and in terms of enzyme 
mechanism and mode of coenzyme binding. Here, we investigated kinetic and biocatalytic properties 
of several group A flavoprotein hydroxylases using various NCBs. 

Four synthetic cofactors were screened for activity with 3-hydroxybenzoate-6-hydroxylase (3HB6H), 
4-hydroxybenzoate 3-hydroxylase (PHBH) and 2-hydroxybiphenyl 3-monooxygenase (HbpA). 
Overall, NCBs revealed higher Km and lower kcat values, however in biocatalytic conversions, the 
uncoupling reaction, which leads to the loss of reducing equivalents through H2O2 formation, is 
lower compared with the natural cofactors. This represents an advantage since the electron efficiency 
of the reaction is drastically improved and the detrimental H2O2 formation is reduced. Further 
mechanistic and biocatalytic details on the production of interesting medicinal products will be 
discussed. 
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The lipases and esterases from Geobacillus bacteria are lipolytic enzymes which can be active at 
extreme conditions (alkaline pH, high temperature, organic solvents or detergents in reaction 
environment) and have a great potential for application in bioconversion and ecotechnology. 
However, the primary challenge is design, improvement and development of active lipolytic enzymes 
with desirable characteristics. 

In this study parental GD-95 lipase and GDEst-95 esterase from Geobacillus sp. 95 strain served as 
a templates or fusion partners for protein engineering experiments. The new GD-95RM lipase was 
designed via random mutagenesis experiments. Meanwhile, artificial GDEst-lip esterase-lipase was 
constucted by fusing two different lipolytic domains. Both new lipases were cloned into pET-21c(+) 
vector, expressed in E. coli BL21 (DE3) cells, purified using IMAC methodology, industrially 
important characteristics were analyzed spectrophotometrically and esterification/transeste-
rification capability was tested by thin-layer chromatography.  

The new lipolytic enzymes, GD-95RM and GDEst-lip, possessed improved lipolytic activity (900 
U/mg and 600 U/mg, respectively), tolerance to organic solvents, broad substrate range and activity 
at high temperatures (85-90°C) compared to parental enzymes. It was showed that GD-95RM lipase 
retained higher than 50% of its lipolytic activity after 3 months incubation at 4°C, 22°C and 37°C 
temperatures. The enzyme was activated by 25 % concentrations of ethanol, DMF and DMSO. Also 
GD-95RM lipase remains highly active after incubation with 25 % of ethanol for 40 days. In 
esterification reactions combining different alcohols with fatty acids, this lipase showed efficient 
synthesis of methyl and ethyl oleate.  

In conclusion, in this research presented characteristics of GD-95RM and GDEst-lip lipases 
describes both new enzymes as prospective biocatalysts for industrial application. 
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Aldolases are lyases enabling C-C bond formation and offering the benefit to work in eco-friendly 
conditions (water as solvent, neutral conditions, room temperature) without any need for protection 
and deprotection steps . Another advantage of these biocatalysts mainly relies on their capabilities 
to control the configuration of the newly created chiral centre(s). Using an ketoaldehyde as 
electrophilic substrate (hydroxypyruvaldehyde phosphate, HPP, as a proof of principle) with 
different aldolases, we were able to prepare various 2,5-dicarbonyl adducts. In particular, due to the 
high homology of HPP with glyceraldehyde-3-phosphate, deoxyribose-5-phosphate aldolase (DERA) 
natural substrate, the reactions involving this aldolase proceeded with good efficiency. Amazingly, a 
very interesting result was observed since exceptional multiple additions of the nucleophilic 
substrate acetaldehyde till fourfold was demonstrated, leading to a C11 aldoketose monosaccharide. 
Interestingly, the stereochemistries of the four asymmetric centers were controlled, starting from 
achiral material. HPP was generated using a rhamnulose-1-phosphate aldolase, allowing the 
implementation of a one pot two-steps cascade reactions (figure 1). The results obtained with the 
other aldolases will also be presented herein. 

Figure 1 : DERA catalyzed reaction using hydroxypyruvaldehyde phosphate as electrophile 
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Lipoaminoacids (LAA) are bio-sourced, amphiphilic biosurfactants based on the N-acylation of polar 
aminoacids with a lipophilic hydrocarbon chain from carboxylic acids derived from the vegetable oil 
sector. They are ecofriendly and largely used as techno-functional (surfactant, foaming) or as active 
ingredients in cosmetic, pharmaceutic or cleaning industry. At the industrial scale, LAA are produced 
through the Schotten-Baumann unselective chemical reaction, based on the use of acyl-chlorides at 
very high pH in water with eventual use of organic solvents. The corresponding down-stream 
processing of the reaction media generates large amounts of effluents necessitating heavy treatment. 
In order to face these issues, growing interest starts to emerge regarding the use of aminoacylases as 
biocatalyst to produce LAA by N-acylation in water and without any need of acyl-chloride, very high 
pH or organic solvent. In 2018, our team described the performance of Streptomyces ambofaciens 
aminoacylases (SAMAs) for the acylation of lysine in alpha position [1]. The aims of the present study 
was to investigate the substrate specificity of the SAMAs towards every natural amino acids and 
different fatty acids for the enzymatic synthesis of LAA. The effect of the substrates concentrations 
when performing the production of alpha lauroyl-lysine in batch reactor was also investigated. 

The results shows a clear relation between the amino acid radical chain length and the activity for 
the non-polar amino acids. The best activity was observed with leucine, lysine and arginine followed 
by methionine. The fatty acids specificity of the SAMAs was different, depending on the four amino 
acid used. The evaluation of the effect of substrates concentration on lauroyl-Lysine synthesis using 
SAMAs was also investigated. Achieved results are pretty original and represent a good basis for the 
implementation of LAA enzymatic synthesis as a green alternative to the Schotten-Baumann 
chemical reaction. 

 

Substrate specificity of SAMAs toward natural amino-acids 
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Enzymatic hydrolysis of plant carbohydrates is an eco-friendly alternative to reduce CO2 emissions. 
However, after this process, it has an excess composed of cellulose, hemicellulose and lignin. One of 
the greatest problems is how to solubilize the lignin. Ionic liquids (Ils) were evaluated as carrier 
solvents of lignin monomers (phenylpropanoids), in the same moment that actinobacteria were 
evaluated about their lignin peroxidase activities. Enzymatic broth characterized as bacterial 
supernatant of four (4) actinobacteria isolated from Brazilian caatinga were evaluated under veratryl 
alcohol. Enzymatic kinetic values were found in the order of 10-4 to 10-7 mM for KMapp and 55 to 76 
min-1 for Vmaxapp. Evaluating laccase abilities, the oxidation of guaiacol was measured. Laccase kinetic 
values were 10-5 to 10-8 mM for KMapp and 1 to 21 min-1 for Vmaxapp. Besides, the toxicity of ionic liquids, 
[C8C1Pyrr][NTf2] (IL-1), [C8C1Im][NTf2] (IL-2), [C6(C1Im)2[(NTf2)2] (IL-3) and 
[C8(C1Im)2][(NTf2)2] (IL-4), as well deep eutectic solvents (DES) ClCH/Urea (DES-1) and 
ClCH/Ethyleneglycol (DES-2), the following concentrations were evaluated: 0.01%, 0.1%, 1% and 
2%. Bacterial growth was analyzed by OD600 measurement and cell viability using MTT reaction. It 
was found that all the evaluated actinobacteria could grow in 0.01% in all IL’s and DES. In the 
presence of 2% IL-3, DES-1 and DES-2, the viability was 100% for AC16. Using IL-4 and DES-2 only 
AC22 could survive, while in DES-2 and IL-3 the growth was confirmed for AC153 and AC159, 
respectively. In this context, purified, lignin was solubilized in IL’s and DES, following to monitoring 
analysis using MALDI-TOF, LC-MS and HPLC. These experiments are now in advance, but the 
results obtained until this moment are instigating ourselves to believe ionic liquids and DES could 
be potential solubilizing agents to be used as green carrier for enzymatic reactions that are looking 
the biotransformation of lignocellulosic biomass as substrate for bioethanol production or bioactive 
compounds from lignin polymer as raw material. 
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Molecular dynamics simulations of enzyme-substrate-solvent systems have become a valuable 
modelling method to investigate the impact of protein sequence, substrate structure, and solvent 
composition on the interaction between enzyme and substrate, and to predict the substrate profile 
or the stereo- and regioselectivity of an enzyme. In analogy to wet lab experiments, series of 
simulations are performed to compare mutants, substrates, or reaction conditions, and multiple 
replicates enable a reliable statistical analysis.  

Workflows allow scientists to store and execute all steps of a molecular dynamics simulation as one 
process, making simulations repeatable, reproducible, and easy to use. Large-scale parameter 
studies require a workflow to ensure quality and reproducibility of simulations. The data obtained 
from such automated workflows has to be F.A.I.R. and open to ensure data quality, to make data 
reproducible, and to facilitate exchange of methodologies between groups.  

We have built a workflow based on bash scripts to be able to perform systematic parameter studies 
with molecular dynamics simulations as computational equivalent of a 96 well plate experiment. We 
demonstrate its feasibility by simulating binary solvent mixtures and deep eutectic solvents and 
systematically study directly measurable properties such as viscosity and thermodynamic activity. 
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DyP-type peroxidases are a class of heme-containing peroxidases identified recently and are known 
to catalyze reactions involving dye decolorization as well as the modification of lignin. In this study, 
a new DyP-peroxidase from Cellulomonas bogoriensis (CboDyP) was discovered and overexpressed 
in Escherichia coli. The biochemical characterization of the recombinant enzyme revealed that it was 
capable of decolorizing several dyes. The enzyme functions best at acidic pH values and is quite 
tolerant towards different solvents. The CboDyP crystal structure revealed atomic details of the 
dimeric heme-containing enzyme. One unusual feature in CboDyP is the presence of a glutamate in 
the active site which is an aspartate in most other DyP peroxidases, being part of the DyP-typifying 
sequence motif: GXXDG. Interestingly, the E201D CboDyP mutant was found to show a significantly 
higher activity as compared to the wild type enzyme. 
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Understanding the molecular mechanism of enzyme catalysis requires detailed structural and kinetic 
information. Pre-steady state, or rapid kinetics techniques, such as stopped-flow UV-vis absorbance 
of fluorescence spectroscopy are highly important tools to determine rate constants of individual 
steps in a catalytic mechanism, and to identify catalytic intermediates. The dead time of a 
conventional stopped flow instrument is approximately 1 ms, which does not allow the observation 
of intermediates with a shorter lifetime. By using a four-jet tangential micromixer we have been able 
to construct a continuous flow UV-vis spectroscopic device, called the Nanospec, with a dead time of 
4 µs [1]. And, using the same mixer, a freeze quench instrument called the Microsecond freeze Hyper 
Quenching device (MHQ) with a dead time of 80 µs. Cytochrome c refolding kinetics during a pH 
jump from 2 (unfolded) to 4.7 (near native state) was studied in the submillisecond timescale using 
these rapid mixing techniques [2]. The combination of the UV-vis and EPR data show that within 1 
millisecond cytochrome c folding proceeds through three different steps: 1) His18 binding to the 
heme cofactor, 2) a conformational change that affects the heme environment, 3) Met80 binding to 
the heme cofactor in concert with a significant increase of the alpha helical content of the protein 
(Fig. 1). There is evidence for further slower conformational steps towards the stable folded state at 
pH 4.7. Further applications with the heme enzyme chlorite dismutase are presented. 

 

Figure 1. The refolding kinetics of acid denatured cytochrome c 
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Pentonate dehydratases (L-arabinonate and D-xylonate dehydratases) are enzymes, which are 
involved into a non-phosphorylative oxidative pathway of pentose sugars. Via this pathway, 
hemicellulosic sugars D-xylose and L-arabinose can be metabolized and the pathway can be utlilized 
for the production of biofuels and valuable biobased chemicals. Pentonate dehydratase catalyses the 
removal of water from pentose sugar acid and this is suggested to be a rate-limiting step in the 
pathway. Enzyme belongs to the IlvD/EDD family and contains iron-sulfur [Fe-S] clusters as a 
cofactor [1]. 

Crystal structures of L-arabinonate dehydratase from Rhizobium 
legiminosarum and D-xylonate dehydratase from Caulobacter 
crescentus were solved at 2.4 Å and 2.7 Å resolution, respectively 
[2,3]. Both enzymes were tetramers, and each monomer contained 
one [2Fe-2S] cluster and one Mg2+ ion in the active site. In addition, 
a crystal structure of an apo-form without [Fe-S] cluster and the 
structure of an inactive mutant co-crystallized with substrate L-
arabinonate were solved. The partial binding of the substrate was 
observed and it allowed us to conclude the reaction mechanism for 
pentonate dehydratases. 
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The field of biocatalysis has witnessed over the past few years a renewed interest in the design of 
synthetic routes with high atom economy, particularly those employing redox enzymes. Strategies 
that bypass the need for stoichiometric amounts of cofactor, co-substrate, co-enzyme or reagents are 
now being considered. For nicotinamide-dependent redox enzymes, this translates for instance into 
the enlargement of the scope of intramolecular hydride transfer reactions, allowing 
biotransformations to run in closed loop. Exemplary are redox isomerization reactions applied to 
allylic alcohols or recently cyclic hydroxy-ketones [1]. In both cases, no new bond is created, and the 
hydride shift is responsible for a switch of functionality.  

Following our work on the biocatalytic disproporationation of aldehydes using ADHs [2], we are now 
disclosing a broadly applicable redox self-sufficient enzymatic platform for the synthesis of bi- and 
tri-cyclic lactones starting from dialdehydes via an intramolecular bio-Tishchenko reaction (Scheme 
1). Owing to the dual redox reactivity of aldehydes and complementary activity of alcohol 
dehydrogenases (ADHs) on the aldehyde functionality (oxidation/reduction), we could design a 
formal intramolecular biocatalytic hydride shift on dialdehyde molecules. High turnover numbers 
for the nicotinamide cofactor (up to 1600 half-reactions) along with efficient 1,4-, 1,5- and 1,6-
hydride shift on dialdehydes could be demonstrated following reduction-oxidation sequence through 
formation of the lactol intermediate. In addition to high yields, exquisite regioselectivity was 
observed with a range of wild-type and engineered ADHs and preparative scale synthesis allowed 

isolation of several lactone 
products [3]. Application of 
these lactones in (cross-
)polymerization reactions is 
currently being investigated. 
In parallel, we are evaluating 
the feasibility of an atrop-
selective disproportionation of 
biaryl dicarbonyl compounds 
toward formation of atro-
pisomeric benzoxepinones via 
(dynamic) kinetic resolution. 
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Regioselective hydroxylation on inactivated C-H bonds is among the dream reactions of organic 
chemists. Cytochrome P450 enzymes (CYPs) perform this reaction in general with high regio- and 
stereoselectivity (e.g. for steroids as substrates). Furthermore, enzyme engineering may allow to tune 
the regioselectivity of the enzyme. Regioselective in-chain hydroxylation of shorter or linear 
molecules (fatty acids), however, remains challenging even with this enzyme class, due to the high 
similarity of the substrate’s backbone carbons and their conformational flexibility. CYPs are well 
described for hydroxylating fatty acids selectively in the chemically more distinct alpha- or omega-
position. In contrast, selective in-chain hydroxylation of fatty acids lacks precedence. The 
peroxygenase CYP152A1 (P450BsBeta) is a family member that displays fatty acid hydroxylation at 
both, the alpha- and beta-position. 

Herein we report the influence of hydrophobic active site residues on the hydroxylation pattern of 
this enzyme. By site directed mutagenesis and combination of the libraries, double and triple variants 
were identified, which hydroxylated decanoic acid (C10) with improved regioselectivity in the beta-
position. Variants were identified with 10-fold increase of -regioselectivity (expressed as beta/alpha 
ratio) compared to the wild type. In total 102 variants of CYP152A1 (P450BsBeta) were investigated. 
Initially all variants were evaluated with the electron transfer system CamAB. 
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Cytochrome P450 enzymes are prized as biocatalysts for their ability to carry out the regio-specific 
mono-oxygenation of C-H bonds. Whilst bacterial P450s such as P450-BM3 have been engineered 
towards a wide range of industrial applications, an untapped resource exists in the natural reaction 
scope of animal P450s. In particular, human xenobiotic-metabolising forms such as P450 family 1s 
(CYP1s) can access a range of polycyclic aromatic substrates including pharmaceuticals and drug-
like molecules. While these properties lend them to potential applications in pharmaceutical 
metabolite synthesis and lead diversification in drug development, these enzymes lack the stability 
often required of industrial biocatalysts. To address this, we employed the technique of ancestral 
sequence reconstruction, a bioinformatic approach used to resurrect ancient proteins, which has also 
been found to result in greater thermostability.  

Vertebrate CYP1 ancestors of various evolutionary ages demonstrated significant increases in 
thermostability of up to 30 °C over corresponding extant forms, an improvement which correlated 
with the evolutionary age of each enzyme. Xenobiotic substrates of extant CYP1s; caffeine, clozapine, 
tacrine, imipramine and aminopyrine; were metabolised extensively by select younger ancestors, but 
less-so by older ancestors, suggesting their metabolism is a recently-evolved trait of the CYP1s. We 
propose that the high stability of the oldest CYP1 ancestor facilitated diversification of this family by 
buffering the destabilizing effects of mutations, allowing novel catalytic activities to develop. In the 
same way, this stability may make the older ancestors robust templates for protein engineering 
towards novel catalytic functions. 

 

The regio-selectivity of younger ancestors was highly diverse, particularly towards CYP1 substrate 6-
formylindolo-3,2-b-carbazole (FICZ), for which many novel metabolites were observed, highlighting 
the potential of these ancestors to access novel reaction space. The mammalian CYP1A2 ancestor 
demonstrated consistently high activity towards human CYP1A2 substrates, signifying its potential 
application in the regio-specific functionalization of C-H bonds. 
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One-pot and multistep cascade reactions have gained substantial attention as they can lower the 
number of separation and purification steps required by normal multistep synthesis and generally 
lead to a decrease in waste and to a lower environmental impact.[1] In particular, methods for 
combining enzyme and metal catalysed steps are desirable as these can often have complementary 
activities. Combing enzyme and metal catalysis would therefore unlock synthetic potential that 
would be inaccessible by exclusively enzyme or metal catalysed strategies. 

We previously reported the development of a system of enzyme-modified carbon beads which 
combine enzymes for 100% atom efficient H2-driven NADH recycling and a selective NADH-
dependent biotransformation.[2] This system has proven to be highly efficient in biocatalytic 
hydrogenation, achieving 98 % conversion of substrate to product and total turnover numbers >130 
000, indicating high enzyme stability. The immobilised enzymes can be recovered by a simple 
centrifugation step and re‐used several times.  

In this contribution, we will present our latest results on the development of chemo-bio cascades, for 
which we will use an adaptation of our previously developed enzyme-modified carbon beads system 
for H2-driven biocatalytic hydrogenation (Figure 1).  

Figure 1: Chemo-bio cascade for unsaturated substrate hydrogenation. 
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Late-stage functionalisation (LSF) enables rapid exploration of chemical space around a lead drug 
molecule. P450 biocatalysts can selectively introduce hydroxyl groups into highly functionalised 
structures under mild reaction conditions. Successful biocatalytic LSF of lead compounds relies on 
the selection of the most suitable enzyme variant for a given substrate. However, manual catalyst 
screening is time-intensive, expensive and can consume large quantities of precious starting 
material. Acoustic dispensing was investigated as a novel method for nanoscale high-throughput 
biocatalyst screening. Model reactions using Diclofenac, a marketed anti-inflammatory drug, with 
the P450 isoform Codexis MCYP-P1.2-B12 were dispensed using a Labcyte Echo® acoustic liquid 
handler. Different reaction parameters such as plate type, addition order and reaction scale were 
tested. Conversion into the expected hydroxylated product was detected at scales as low as 0.062 
nmol. 
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Biocatalysis offers potential to make chemical processes more efficient, specific, sustainable, cost-
effective and environmentally friendly. Advances in molecular biology technology, computational 
biology, gene sequencing/ synthesis, can provide enzymes at reasonable timespan and affordable 
costs. Combining advanced mutation and screening techniques foster the identification of enzyme 
variants with improved, industrially valuable properties. However, the potential of biocatalytic 
concepts in industry is not yet fully explored. 

Focusing on Switzerland, we interviewed representatives of a subset of Swiss companies of different 
sizes to determine to which extent biocatalysis is used in the Swiss manufacturing environment and 
to identify main obstacles in transferring biocatalytic processes to industrial scale.  

1. Academic research goals need to fit industrial needs. A novel process has to be suitable for scale-
up and the new concept needs to be economical. Collaboration between all parties involved early on 
in the process design is essential for success. “Innovation in Biocatalysis” hosted by the Swiss 
Competence Center of Biocatalysis (CCBIO) brings together academic and industrial partners to 
jointly develop biocatalytic solutions for industrial application.  

2. Industry needs qualified personnel able to work and take decisions at the frontier between biology, 
chemistry and engineering. In Switzerland, a single educational concept covering all aspects of the 
value-chain from gene to final product as well as legal or economic issues is missing. A postgraduate 
course “CAS Biocatalysis” will fill this gap. 

The target audience of “CAS Biocatalysis” is expected to be very heterogeneous in their needs and 
expectations. Possible attendees expressed their desire to keep on working part time during the 
course; former experience (new university graduate versus long-time employee) and background 
knowledge (biological sciences, chemistry or engineering) differ widely. Thus, teaching at post-
graduate level requires new teaching concepts. Here we discuss a new strategy combining on-line 
learning with lectures in a classroom and practical experimentation. 
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From a BLAST search of the Aspergillus terreus transaminase [1] were identified two hits, RTA1 with 
43% identity and RTA2 with 81% identity, both of which fulfilled the criteria for putative (R)-
selective transaminases set out by Höhne et al. [2] RTA1 was insoluble when tagged and a crude 
extract of untagged soluble RTA1 showed no transaminase activity. However, RTA2 readily 
expressed in soluble form with a C-terminal His-tag, showed a promising substrate scope and 
showed increased thermal stability compared to literature of Asp. Terr. [3] as well as excellent co-
solvent and pH stability. Furthermore, RTA2 was successfully immobilized with even further 
enhanced stability. 
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Significant progress has been made in establishing transaminases as robust biocatalysts for the green 
and scalable synthesis of a diverse range of chiral amines.[1] However, very few examples on the 
amination of cyclic ketones have been reported.[2] Cyclic ketones are particularly challenging for 
transaminase enzymes because they do not display the well-defined small and large substituent areas 
that are characteristic for the biocatalytic mechanism. In this work, we exploited the broad substrate 
scope of the (S)-selective amine transaminase from Halomonas elongata (HeWT) to develop an 
efficient biocatalytic system to generate a range of small chiral amines which feature very often in 
pharmaceuticals and agrochemicals.[3] Tetrahydrofuran-3-one and other challenging prochiral 
ketones were converted to their corresponding amines with excellent molar conversion (94->99%) 
and good to excellent e.e. (66-90%).To increase the complexity of the system, an acyltransferase from 
Mycobacterium smegmatis (MsAcT) has been employed as second biocatalyst to combine the newly 
synthesised chiral amines with different acyl donors. This works demonstrates an alternative and 
synthetically useful route for the preparation of chiral amines and amides in aqueous systems. 
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The incooperation of selenium in nucleic acids is a powerful tool for facilitating crystallization and 
structure determination of nucleic acids in X-ray crystallography used to study structure, functions 
and nucleic acid/nucleic acid and nucleic acid/protein interactions1. In addition, selenium-modified 
nucleic acids have a great potential in disease diagnostics and therapeutics2,3. However, the 
application of selenium-modified nucleotides is limited due to their complicated chemical synthesis 
leading to low yields and high costs1. To overcome this limitation, the chemo-enzymatic synthesis 
routes are developed. Transglycosylation reactions were applied for the synthesis of selenium-
modified ribosides and deoxyribosides using thermostable nucleoside phosphorylases1. However, 
final product yields were low for some compounds (e.g. 12% for 2-Se-deoxyuridine)1. Here, we report 
on the synthesis of sugar modified derivatives of 2-Se-uridine. Nucleoside analogues were produced 
via transglycosylation or direct glycosylation reactions. Thermostable nucleoside phosphorylases 
were applied as biocatalysts. Higher product yields were observed for direct glycosylation compared 
to the transglycosylation reaction. Highest product yields were achieved for 2-Se-deoxyuridine (62% 
of product formation). Final product yields for sugar modified compounds were 0.06% for 2’-deoxy-
2’-fluoro-2-Se-uridine and 2.5% for 2’-fluoro-2-Se-uridine. The chemo-enzymatic production of 
selenium-modified nucleosides by direct glycosylation is a promising alternative to the chemical 
synthesis. 
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Trans-acyltransferase polyketide synthases (trans-AT PKSs) are multimodular megaenzymes with a 
great architectural diversity that furnish complex chemical scaffolds from simple malonyl-CoA 
building blocks, and frequently utilize unique enzymology. However, trans-AT PKSs have long been 
overlooked, as they are frequently present in underexplored, as-yet uncultured organisms and 
neglected bacterial taxa. In a metagenomic sequencing effort of the marine sponge Mycale 
hentscheli, we found a biosynthetic gene cluster (BGC) on an unbinned bacterial contig encoding a 
trans-AT PKS that we hypothesize to be responsible for the production of the pyrrole-containing 
mycalazal natural product family. This compound class has previously been isolated from the 
sponge, but its biosynthesis remained enigmatic. The candidate mcz BGC harbours an impressive 
number of oxidoreductase tailoring enzymes, as well as non-canonical core PKS domains, such as a 
putative N-acyltransferase, and an aminotransferase that we hypothesize to catalyse the formation 
of a pyrrole-ring in an unprecedented fashion. We aim to solve this biosynthetic puzzle through 
partial reconstitution of the biosynthetic pathway with recombinant enzymes and polyketide 
surrogates in cell-free assays. Due to its high complexity but small size (30 kb), the mcz BGC 
represents an ideal minimalistic system to study the potential of trans-AT PKSs as potential 
platforms for synthetic biology. Ultimately, we seek to utilize newly discovered trans-AT PKS 
enzymology for the targeted biosynthesis of complex and novel structures. 
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The synthesis of amides through acid and amine coupling is one of the most commonly-used 
reactions in medicinal chemistry (1), yet still requires atom-inefficient coupling reagents such as 
HATU or DCC. There is a current demand to develop greener approaches to amide bond formation 
(2). To that end, we are aiming to engineer a recently discovered family of enzymes, nitriles 
synthetases (NSs), to develop coupling agent-free, amide-forming biocatalysts. 

The NS enzymes are a small family of ATP-dependent enzymes which catalyse the transformation of 
a carboxylic acid into the corresponding nitrile via the primary amide intermediate. The bacterial NS 
enzymes (QueC and ToyM) have been found in the biosynthetic pathway of modified nucleosides, 
where they catalyse the conversion of 7-carboxy-7-queosine into the corresponding nitrile (3). 
Through enzyme engineering, we aim to expand the substrate scope and control the reaction 
pathway as it progresses through the amide intermediate towards the nitrile product. 

Through sequence homology and structural studies, we identified two highly-conserved residues, 
suggesting their potential importance in NS activity. Through deactivation of these residues by site-
directed mutagenesis, we have been able to observe the full conversion of the acid into the primary 
amide and the complete deactivation of the NS reaction. This engineered amide synthetase (AmS) 
was further explored through kinetic analysis and structural studies to gain insight into its catalytic 
mechanism. We have then investigated its specificity with the aim of expanding its substrate scope 
to generate industrially-relevant amides. 
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Depletion of natural phosphorus (P) resources demand new strategies for an efficient use and a 
recovery strategy of this essential nutrient. The principle storage form of phosphorus in plants is 
phytate (inositol hexaphosphate), which accumulates especially in the bran and seeds. Deoiled rape 
seeds contain more than 2 % of inositol phosphates per g dry matter resulting in a promising 
substrate for phosphorus recovery [1,2]. Pressed rape and sunflower seeds are mainly used as animal 
feed, but monogastric animals like poultry or swine cannot utilize the organic-bound phosphorus 
(phytate). Therefore, phytases which are highly active phosphatases (>1000 U/mg), are commonly 
supplemented to convert organic-bound phosphate into free inorganic phosphate. Aim of the DBU-
funded project Value-PP is to recover free inorganic phosphate from pressed rape seeds to be 
converted to high value products. Thereby the dependency on rock mining, which consumes a lot of 
water and chemicals and contains heavy metal impurities, is diminished and a new value chain for 
the sustainable recovery is created. To engineer the enzyme for these specific process conditions, 
directed evolution is applied [3,4,5]. 
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L-amino acid oxidases (L-AAOs) are flavoenzymes which catalyse the oxidative deamination of L-
amino acids to the corresponding α-keto acids, ammonia and hydrogen peroxide. L-AAOs can be 
used for many biotechnological applications such as the production of α-keto acids or the 
deracemization of racemic mixtures of L/D-amino acids [1]. So far, there is no suitable L AAO for the 
production of enantiomerically pure D amino acids. Furthermore, there is a need to find simple 
heterologous expression systems to produce large amounts of active recombinant L-AAO. 

The major goal of this project will be the improvement of the overexpression, purification and the 
characterization of fungal L-AAOs. Thereby we will focus to increase the relevance for an industrial 
application.  

Recombinant expressions were carried out in P. pastoris and the enzymes were purified via IMAC. 
The expression in shaking flasks was also compared to the expression in bioreactors. The oxidase 
activity was determined with a coupled peroxidase/o-dianisidine assay. 

Recently, we could express two fungal L-amino acid oxidases from the fungus R. solani (rsLAAO1) 
and H. cylindrosporum (hcLAAO4), with a high yield, a broad substrate spectrum and a detailed 
characterization of biochemical properties of the enzyme [2,3,4]. In regard to the substrate spectrum 
the hcLAAO4 showed very few differences when expressed in bacteria or in fungi. Due to the 
treatment with acid a strikingly increase of activity for the hcLAAO4 could be detected. Furthermore, 
the expression of the enzyme, with an ER-signal sequence, in P. pastoris resulted in a glycosylated 
protein and also in a higher enzymatic activity without activation. Similar specific activities were 
observed after acid activation. In addition, analyses of the activity after deglycosylation indicated, 
that there is no loss in activity.  

Our results in terms of yield and activity are a further step towards an industrial use of L-AAOs as 
biocatalysts. 
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Flavoproteins are a diverse protein class employing an isoalloxazine ring for catalysis in form of the 
flavin mononucleotide (FMN) or the flavin adenine dinucleotide (FAD). Among them is the 
berberine bridge enzyme-like (BBE-like) protein family [1]. The monolignol oxidoreductases AtBBE-
like 15 from this protein family catalyse the oxidation of monolignols to the corresponding aldehydes 
[2]. In the course of the reaction the alcohol group of the substrate is deprotonated to form the 
corresponding alkoxide from which a hydride is transferred to the FAD. This leads to the formation 
of the aldehyde. To broaden our understanding of the catalysed reaction and especially about the 
role and function of involved active site residues computational methods were employed. Molecular 
dynamics simulations of protein-substrate complexes were performed and the interactions of active 
site residues and substrates were monitored along the trajectories. Several residues were identified, 
which play a key role at different steps of the reaction. Tyr193 was identified as the potential catalytic 
base. It is able to deprotonate the alcohol group of the substrate. The thus formed alkoxide 
intermediate is stabilized by Gln438 and Arg292 in the active site. Additionally, Gln438 interacts 
with Tyr117 and Arg292 interacts with Gln314 and Asn411. This leads to an orientation of the 
substrate towards the N5-atom of FAD, which enables the hydride transfer crucial for the formation 
of the aldehyde. These findings are also in accordance with kinetic data from mutagenesis studies. 
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Cytochrome P450 monooxygenases (CYP or P450) are heme-containing enzymes that catalyze 
oxidation of chemically diverse molecules using molecular oxygen. In humans, P450s are involved 
in the metabolism of xenobiotics like drugs. As a matter of fact the evaluation of pharmacological 
effect and toxicity for both, drugs and their metabolites, is crucial for drug development. Due to their 
major effect on drug pharmacokinetics and response in humans, the application of recombinant 
human P450s is especially requested during drug development. However, the access to sufficient 
amounts of drug metabolites by human P450s remains limited due to their low expression titers, 
activity and stability [1]. Hence, bacterial P450s with high activity and stability have attracted 
attention for production of drug metabolites. Particularly, P450s from actinomycetes have been 
recently considered as worthwhile alternatives because they can mimic activities of human drug 
metabolizing P450s [2]. Nevertheless, the choice of a bacterial P450 for the synthesis of a desired 
metabolite is a challenging task. 

Herein, we report on a new approach for screening of bacterial P450s for production of human drug 
metabolites starting from three chemically diverse drug substrates as lead structures. For this 
purpose, 16 uncharacterized P450s from Streptomyces platensis and Pseudonocardia autotrophica 
were selected. These actinomycetes were shown to oxidize a variety of chemically diverse drugs [3].  

After heterologous expression in E. coli, substrate profiling with the model drugs allowed the 
identification of two promiscuous P450 candidates. A screening with a library of structurally-related 
molecules and derivatives of the model compounds revealed a correlation between the variation in 
chemical structure of target drugs and differences of the respective enzymes in chemo- and 
regioselectivity. Finally, these novel P450s were applied in whole-cell biocatalysis to demonstrate 
drug metabolite production on a larger scale. 

References:  

[1] Guengerich, F. P. (2002), Cytochrome P450 enzymes in the generation of commercial products, Nature 
Reviews Drug Discovery 1 (5), 359.  

[2] Lamb, D. C., Waterman, M. R., and Zhao, B. (2013), Streptomyces cytochromes P450: applications in 
drug metabolism, Expert opinion on drug metabolism & toxicology 9 (10), 1279-1294. 

[3] Grumaz, C. et al.(2017) Draft genome sequences of three Actinobacteria strains presenting new 
candidate organisms with high potentials for specific P450 cytochromes, Genome announcements 5 (28), 
e00532-00517. 

Corresponding author: Thomas.Hilberath@hhu.de 



Poster 199  257 

 

Characterizing enzymes in the ectoine biosynthesis pathway 

Heidi Therese Hillier, Bjørn Altermark and Ingar Leiros 

Department of Chemistry, UiT The Arctic University of Norway 
The Norwegian Structural Biology Centre (NorStruct) 

Keywords: characterization, ectoine, osmoadaptation, x-ray crystallography 

Osmolytes are small organic compounds that accumulate in, amongst others, bacterial cells and 
protects them against environmental stress. Ectoine is one such osmolyte which has many possible 
biotechnological applications. For example, ectoine protects cells against changes in temperature 
and osmolarity but also drying and freezing, it has high water-retaining abilities, and is shown to 
have a stabilizing effect on proteins. Our group aims to characterize the three-dimensional structure 
and biochemical properties of enzymes associated with the biosynthesis of ectoine. Determining the 
structure and the biochemical properties of these enzymes can help design better producers of 
ectoine, and interesting variants of either ectoine or other commercially valuable compounds 
associated with the pathway. 
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A key reaction in the production of many (chiral) chemical building blocks is the hydroxylation of 
alkanes to activate them for further reaction steps. The established chemical processes often use toxic 
metal catalysts, suffer from high-energy demands due to increased temperature and pressure, and 
usually lack selectivity. A solution to this problem is the use of unspecific peroxygenases (UPOs) for 
alkane hydroxylation.[1] UPOs have attracted great attention during the last few years as they can 
use reduced oxygen (hydrogen peroxide, H2O2) directly to generate catalytically active oxyferryl 
heme species. While the problem of the enzyme’s notorious instability towards H2O2 has already 
been solved with photochemical in situ H2O2 supply [2], the problem of limited alkane solubility in 
aqueous media remained. In this research, we present an approach using immobilized UPO with a 

novel photosensitizer in non-conventional media 
i.e. organic media or neat alkane substrate (Scheme 
1). The latter became the major focus of the study 
since “no solvent is the best solvent”[3]. While the 
immobilization alleviated enzyme deactivation and 
made this reaction possible in the first place, it also 
created a reservoir for the hydrophilic 
photosensitizer in the organic medium. The first 
experiments using this system already yielded the 
hydroxylated product in a millimolar range.[4] In 
conclusion, we delivered a proof of concept for a 
specific light-driven enzymatic hydroxylation of 
neat alkane substrate. 
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Polyurethanes are widely used in high-performance organic coatings. However, the production of 
polyurethane involves the reaction of polyols with isocyanates, which are harmful to human health 
and the environment. The reaction of cyclic carbonates to non-isocyanate polyhydroxyurethane 
(NIPU) is a prominent green alternative to the current industrial synthesis route. [1] 

The chemical synthesis of biscarbonate NIPU monomers from diacids and glycerol carbonate usually 
requires an activation step, e.g. by formation of the acyl chloride. This results from the low resistance 
of the glycerol carbonate ring towards basic catalysts and increased reaction temperatures. We show 
that biocatalysis allows a one-step synthesis of sebacic biscyclocarbonate from the bio-based 
reactants sebacic acid and glycerol carbonate, a product of glycerol. The synthesis was performed in 
neat glycerol carbonate in the presence of lipase B from Candida antarctica (CalB immo Plus). The 
optimization of the reaction conditions in terms of reaction time and temperature revealed a 
temperature optimum at room temperature in contrast to the activity optimum of the lipase. NMR 
analysis was used to investigate the dominant competing reactions and the mechanism of selectivity 
at the optimized reaction parameters. [2] 

This synthesis route was applied to introduce cross-linkable glycerol 1,2-carbonate groups into a 
conventional carboxyl functionalized polyester binder. The functionalized binder was cured with an 
amine as catalyst to form a polyester coating. It is shown that properties of the coating film are 
comparable with a coating obtained by conventional melamine curing of the original polyester. 
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Lactones are valuable building blocks for further transformations into high added value products 
such as polymers. These lactones can be obtained through cyclization of hydroxyacids. The enzyme 
vanadium-dependent chloroperoxidase from Curvularia inaequalis (VCPO) catalyses the formation 
of hypohalites, which can react with unsaturated acids to form a halohydrin that further cyclizes to 
a bromolactone (Scheme 1).[1] Due to its outstanding stability, straightforward preparation and easy 
handling, VCPO is a good candidate to replace commonly used chemical catalysts that have a poor 
atom efficiency and cause a large amount of waste. The VCPO exhibits superb stability against H2O2 
as well as cosolvents and temperature, reaching TON of up to 1.2 million.[2,3] To demonstrate the 
applicability of the VCPO, we aim to perform the bromolactonisation in preparative scale, putting 
high quantities of bromolactone in a bottle. The challenges of substrate inhibition, side product 
formation, and inefficient use of H2O2 due to singlet oxygen formation are addressed with 
appropriate feeding strategies. 

Scheme 1: The VCPO-catalysed bromolactonisation. 
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Recently, 3-hydroxytyrosol (3-HT) was in the spotlight of numerous studies to uncover its beneficial 
effect on human health.(1) 3-HT is abundant in olives (Olea europaea) and olive oil, and the health-
promoting Mediterranean diet is partly ascribed to this compound. Due to its anticarcinogenic, anti-
inflammatory, antiapoptotic and neuroprotective activities, 3-HT is already used in foods and 
cosmetics.(2–4) Previously, a bacterial carboxylic acid reductase (CAR) was described to reduce 3,4-
dihydroxyphenylacetic acid (DOPAC) to the corresponding aldehyde, which was further converted 
to the antioxidant 3-HT by endogenous alcohol dehydrogenases within the E. coli whole cell 
biocatalyst.(5) 

Within this study, TvCAR (6) was used to determine its activity and specific activity for the reduction 
of DOPAC at pH 6.0 to evaluate the potential of this fungal enzyme for this particular substrate. Due 
to the good activity in an acidic environment and its promising specific activity for DOPAC, TvCAR 
was used as the key enzyme for whole cell mediated bioreduction of DOPAC to the antioxidant 3-HT. 
After 24 h, 58 mM of 3-HT were converted, which correlates to a productivity of ~0.36 g L-1h-1 
without further optimizations. This is approximately a five fold improvement compared to the 
previous report (5) by using a different CAR and improved experimental set-up. 
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The manufacturing of oligonucleotide therapeutics is typically performed using iterative solid phase 
synthesis, but the scalability and hazardous waste stream products remain on going problems. The 
aim here is to demonstrate the use of an RNA ligase to catalyse the synthesis of ribose modified 
phosphorothioate oligonucleotides, through the sequential ligation of bisthiophosphate nucleotide 
bases and deprotection. Fundamental to enable the success of this strategy was the engineering of 
an ATP-dependent RNA ligase to improve the activity with ribose modifications and 
phosphorothioate linkages. We found RNA ligase mutants with 16-fold activity improvement for the 
single base addition of 2’ribose modified phosphorothioate to a oligonucleotide primer. Additionally 
showing the sequential addition of two bases to a oligonucleotide primer with conversions >95% as 
a proof of concept for this synthetic approach to oligonucleotide manufacturing. 
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We report here the discovery of a novel ketoreductase (KRED), named KmCR2, with a broad 
substrate spectrum on bioreduction of sterically bulky diaryl- and aryl heteroarylmethanones. The 
position of the substituent on aromatic rings (meta versus para or ortho) was revealed to control the 
stereospecificity of KmCR2. The stereoselective preparation of both enantiomers of diaryl- or aryl 
heteroarylmethanols using strategically engineered substrates with a traceless directing group 
(bromo group) showcased the potential application of this substrate-controlled bioreduction 
reaction. The combined use of substrate engineering and protein engineering, was demonstrated to 
be a useful strategy in efficiently improving stereoselectivity or switching stereopreference of 
enzymatic processes. 
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Bisanthraquinones are a structurally diverse class of bioactive natural products isolated from a 
variety of fungal and lichen species. It includes (+)-rugulosin, (+)-2,2’-epi-cytoskyrin, (–)-
flavoskyrin, (–)-rugulosin, (–)-rubroskyrin, (–)-luteoskyrin, (+)-graciliformin, (+)-cytoskyrin A and 
rugulin.[1] With eight contiguous stereocentres on its framework, it is quite a challenge to synthesize 
these molecules.[2] The only total synthesis reported so far is of (+)-rugulosin and (+)-2,2’-epi-
cytoskyrin A which requires 14-16 steps with extensive protection and deprotection.[1] In contrast, 
we developed a biomimetic, chemoenzymatic, protecting group free synthesis of bisanthraquinones 
based on its reterobiosynthetic pathway.[3] The strategy relies on the use of polyhydroxyanthracene 
reductase (PHAR) from Cochliobolus lunatus, which reduces anthraquinones in a regio- and 
stereoselective manner in presence of NADPH and sodium dithionite to (R)-configured 
hydroanthraquinones.[4] The oxidation of reduced hydroanthraquinones not only gives access to 
monomeric dihydroanthraquinones for the first time but also to their dimerized products which on 
treatment with base led to the formation of bisanthraquinones following a cascade. This approach 
was successfully applied to obtain (–)-flavoskyrin and (–)-rugulosin in just two and three steps, 
respectively.[3] In addition, we have also synthesized, the enantiomers of natural 
bisanthraquinones, (–)-2,2’-epi-cytoskyrin, (–)-rugulosin B and C and probable intermediates, (–)-
lunaskyrin, (–)-flavoskyrin B, C which are yet to be isolated from nature (unpublished results). The 
described chemoenzymatic, biomimetic synthesis implies for the role of PHAR or related enzymes, 
and the involvement of dihydroanthraquinones and flavokyrin type dimeric intermediates during 
the biosynthesis of bisanthraquinones. 
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Bacterial beta-etherases and glutathione lyases are glutathione-dependent enzymes that catalyze the 
selective cleavage of beta-O-4 aryl ether bonds present in lignin (Fig. 1). Due to their non-radical 
mechanism, these enzymes are promising biocatalysts for the selective depolymerization of lignin 
polymer as well as oligomers, and hence the production of aromatic platform chemicals from 
renewable sources. Their glutathione (GSH) dependence, however, is regarded as major limitation 
as stoichiometric glutathione amounts are required. 

 

Figure 1. Schematic representation of the degradation of racemic lignin model compound by 
glutathione (GSH)-dependent β-etherases and glutathione lyases. 

In this study, the use of an Escherichia coli-based whole-cell catalyst was studied for efficient beta-
O-4 aryl ether bond cleavage with intracellular GSH supply and recycling [1]. To demonstrate the 
applicability of this approach, a whole-cell cascade combining a stereoselective beta-etherase (either 
LigE from Sphingobium sp. SYK-6 or LigF-NA from Novosphingobium aromaticivorans) and a 
glutathione lyase (LigG-TD from Thiobacillus denitrificans) was employed in the kinetic resolution 
of racemic lignin model substrate 2,6-methoxyphenoxy-α-veratrylglycerone (2,6-MP-VG). This way, 
enantiopure (S)- and (R)-2,6-MP-VG were obtained on semi-preparative scale without the need for 
external GSH supply1. The application of our intracellular GSH supply and recycling concept based 
on E. coli is not limited to beta-etherases and glutathione lyases, but can be extended to other GSH 
dependent enzymes. 
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The monocot chimeric jacalin OsJAC1 from Oryza sativa is part of the plant immune system and 
enhance the resistance against different plant pathogens. It consists of a dirigent and a jacalin-
related lectin domain. It is assumed that the lectin domain binds towards oligosaccharides related to 
the pathogen, while the dirigent domain increases the resistance against the pathogen[1-3]. This 
study demonstrates a robust and successfully heterologous expression in E. coli and isolation of 
OsJAC1 and its single domains OsJRL and OsDIR. Cell growth experiments showed that OsJAC1 
inhibits the growth rate of E. coli compared to the single domains. Further experiments determined 
the melting points in relation to different conditions, CD spectra and the homooligomeric state by 
size-exclusion chromatography. These results serve as a starting point for the biochemically 
characterisation of the protein and the development of an effective screening method for the 
determination of its natural substrates. We gratefully thank the Deutsche Forschungsgemeinschaft 
for their financial support (CL 598/2-1). 
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β;-Galactosidases catalyze hydrolysis and transgalactosylation reactions, the latter allowing the 
synthesis of the prebiotic oligosaccharides galacto-oligosaccharides (GOS) and lactulose. The 
enzymatic synthesis of lactulose from lactose and fructose is still scarcely explored and most reported 
yields are low. Synthesis in fed-batch mode is proposed for increasing the yield of lactulose synthesis. 

Fed-batch syntheses were conducted at 50 °C, pH 4.5, 400 mL of initial reaction mixture, enzyme to 
limiting substrate ratio of 200 IU/g and different total initial sugars concentrations (C0): 40, 50 and 
60 % w/w, fructose/lactose molar ratios (RF/L): 2, 4 6, 8, 12 and 16, and feed flowrates (F): 1, 3, 5, 
7, 15 and 20 mL/min. 

Figure 1 shows the effect of RF/L, F and C0 on lactulose and GOS yields (YLu and YGOS) and 
lactulose productivity 
(πLu). YLu and πLu 
increased with RF/L (Figs 
1a and 1d) while YGOS 
decreased. This is because at 
high RF/L, lactose concen-
tration in the medium is 
much higher than fructose 
so galactose transfer to 
fructose to produce 
lactulose is more likely than 
to lactose to produce GOS. 
Figure 1b shows that YLu 
slightly decreased with C0, 
being such decrease more 
pronounced in the case of 
YGOS. The opposite effect 
was observed with respect to 
πLu (Figure 1e). Both YLu 
and YGOS decreased 
(Figure 1c) while πLu 
increased (Figure 1f) with F. 

Lactulose synthesis in fed-
batch operation is an interesting alternative to conventional batch synthesis. The effect of F, RF/L 
and sugars concentration was evaluated on reactor performance. Increase in any of these variables 
produced an increase in the productivity of lactulose, being it higher than reported for the synthesis 
in batch with the same biocatalyst and at similar reaction conditions. However, lactulose yield in fed-
batch was lower than in batch. 
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Rational process design of an enzyme reaction requires accurate characterization of enzyme kinetics 
as well as of operational stability under real process conditions. In this context, we investigated an 
enzyme reaction and deactivation of a stable biocatalyst used in an industrially relevant model 
system, the hydrolysis of lactose by immobilized β-galactosidases (β-GAL). A set of slow substrate 
conversion progress curves were measured in the temperature range of 40-67.5°C. To explain the 
behavior of the enzyme over a wide temperature range, model consisting of two ordinary differential 
equations was used for evaluation of experimental progress curves. The first differential equation 
represents hydrolysis of lactose described by the Michaelis Menten kinetics. The second one 
expresses enzyme inactivation kinetics. Estimated calculated reaction rate constants were used to 
calculate operational lifetime of β-GAL. A change of 4 °C for temperatures above 63.5°C reduced the 
operational lifetime of the enzyme almost ten times but, surprisingly, the stability of free enzyme was 
better at lower temperatures than that of the immobilized catalyst. Non-linearity of the Arrhenius 
dependence supports the hypothesis that further deactivation effects such as instability of the carrier 
and/or formation of glutaraldehyde dimers is the secondary cause of inactivation in the slow 
experiments at low temperatures.  
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Phytases, enzymes well placed in the market for industrial enzymes, catalyze a stepwise hydrolysis 
of phosphate from phytate (myo-inositol hexaphosphate, InsP6) (1,2). Under the conditions used in 
the animal feed industry, phytases hydrolyze three of the six phosphate. In order to obtain a higher 
yield of phosphate recovery and to avoid the still remaining anti nutritional effect of myo-inositol 
triphosphate (InsP3), phytases able to hydrolyze to lower degraded product than InsP3 becomes 
necessary. 

We aimed to compare the performance on degrading phytate of four different phytases and to 
establish proper conditions (reaction time, substrate and enzyme amount) for that aim. The ultimate 
goal in the framework of BusinessP project is the enzymatic production of green phosphate by 
processing phytate content of feed plant material and food manufacturing side products for an 
efficient P-management (3). 

Synthetic genes codon-optimized encoding bacterial phytases, a fungal phytase and a metagenomic 
phytase were cloned and expressed in P. pastoris. The degradation of phytic acid was followed by 
phosphate-released quantification and the intermediates obtained were resolved by HPLC.  

Result obtained gives important insights to achieve a better degradation of phytate for promoting 
the enhanced use of phytases.  
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Aryl-alcohol oxidases (AAO, EC 1.1.3.7) are H2O2 producing and FAD dependent oxidoreductases 
secreted by basidiomycetes. AAOs oxidize primary alcohols to the corresponding aldehyde and 
reduce O2 to H2O2, which is consumed by extracellular fungal peroxidases. The substrate scope of 
AAOs comprises primary aromatic alcohols, like p-anisyl and benzyl alcohol, as well as 
(poly)unsaturated alcohols like trans-trans-2,4-hexadienol [1] and trans-2hexenol [2], all of which 
are aroma compounds. Thus, AAOs are valuable biocatalysts which can be used for the production 
of flavors and fragrances with hydrogen peroxide as only by-product.  

An important prerequisite for the use in biotechnological processes is enzyme availability at 
sufficiently high quantities. To date, the heterologous expression of fungal AAO using prokaryotic or 
eukaryotic hosts has often not yielded desirable amounts of the enzymes or involved laborious 
purification steps including refolding. 

Here, we present the expression and initial characterization of a novel AAO from P. eryngii 
(PeAAO2) secreted by Pichia pastoris (P. pastoris). PeAAO2 shares a high amino acid similarity with 
PeAAO1, which is predominantly expressed as inclusion bodies in Escherichia coli [3], and both 
enzymes contain an N-terminal signal peptide for secretion. However, the expression of PeAAO1 in 
P. pastoris could not be detected, while PeAAO2 was secreted in active form with 315 mg/L (25.000 
Units) in a bioreactor. Purified PeAAO2 showed a molecular weight of 100 kDa and an N-
glycosylation extent of around 30 % as determined by shift of mobility during SDS-PAGE. The 
enzyme is stable at temperatures up to 50 °C and in a pH range between pH 3 and 9. Kinetic 
parameters for five AAO substrates were determined: p anisyl alcohol and trans-trans-2,4-
hexadienol showed the highest catalytic efficiencies. 

These results show that the production of PeAAO2 for the use in biotechnologically relevant 
processes is advantageous, mainly due to easy expression and purification with high yields. 
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The SucA, an E1 component of α-ketoglutarate dehydrogenase complex of Escherichia coli, was 
reported to have a carboligase activity with a C2 compound (e.g., acetaldehyde) using thiamin 
diphosphate (ThDP) as a cofactor [1, 2]. Thereby, we have examined C-C bond formation activity of 
the SucAs from Vibrio vulnificus and Mycobacterium bovis. The SucAs from V. vulnificus and M. 
bovis also possess the carboligase activity to produce (R)-acetoin, which was also observed in a 
formaldehyde ligating formolase [3]. Among the three studied enzymes, Vibrio SucA exhibited the 
highest ligating activity against acetaldehyde with an excellent enantioselectivity. The structure of 
Vibrio SucA possesses a dimeric form that is very similar to those of Mycobacterium and E. coli. The 
active site is located at the interface of two subunits with conserved residues for substrate-binding 
as well as the catalysis. We uncover almost identical substrate binding site, differing in the outer 
region, which plays an important role in interacting with the secondary structure and providing 
residues for the binding substrate, compared to Vibrio SucA, Mycobacterium and E. coli. These 
result indicated that outer region contribute to the formation of a more flexible substrate-binding 
pocket of Vibrio SucA than other SucAs. Here, we present a catalytic mechanism that converts two-
molecular acetaldehyde into acetoin via C-C bond formation within active site of Vibrio SucA. 
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In nature, photosynthetic oxidation of water uses light energy to liberate electrons from water, 
shuttling them to NADPH and producing only a proton gradient and molecular oxygen as by-
products. Biocatalytic reduction can be coupled to photosynthesis by heterologously expressing 
NADPH-dependent enzymes in a photoautotrophic host such as cyanobacteria.[1] Reductive 
Amination of α-keto acids to α-amino acids using NADPH-dependent amino acid dehydrogenases 
(AADH) was chosen to expand the scope of whole-cell cyanobacterial catalysts, designed as a part of 
an enzymatic cascade employed in tandem with traditional biocatalysts.[2] Four artificial 
biocatalytic redox-neutral cascades for deracemization or stereoinversion of α-amino acids were 
developed and tested in vitro. In the first step of the linear cascade, α-amino acids were oxidized to 
the corresponding α-keto acids by amino acid oxidases (AAO) or deaminases (AADA). In the second 
step, stereospecific reduction of the α-keto acid by an AADH, yields the enantiopure α-amino acid. 
The reductive step will be investigated to be performed in vivo by heterologous expression of the 
amino acid dehydrogenase in Synechocystis sp. PCC 6083 as model cyanobacterium. 
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An increasing demand for ATP supply and regeneration in enzyme cascades has raised the attention 
for polyphosphate kinases (PPK; EC 2.7.4.1). These enzymes can use inorganic polyphosphate chains 
as an inexpensive phosphoryl source for the synthesis of nucleotides. However, most of the known 
PPKs depend on millimolar concentrations of divalent metal ions. This can be problematic in 
combination with other catalysts. Especially in systems where Pi or PPi are produced (e.g. in SAM 
regeneration), precipitation of insoluble metal-phosphates is likely to be a major yield-limiting issue. 

We had a closer look at the active sites of certain members of the PPK family. Why do some prefer 
manganese over magnesium? How can others go without a metal at all? Does the choice of the metal 
ion have an influence on the substrate selectivity?  

The main focus of our work was on a PPK from the polyextremophile bacterium Deinococcus 
radiodurans, because we think that this particular enzyme bears an exceptional potential for 
biocatalytic applications, especially in cascades. It does not only catalyse in a broad pH range, but 
also has a high thermostability. Further interesting tolerances and features are likely to be found, 
considering the remarkable resilience of the donor organism. 
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Medium-chain α,ω-dicarboxylic acids are valuable precursors in the chemical industry for 
fragrances, nylon, lubricants, and dyestuffs. However, these chemicals are difficult to biologically 
synthesize to high concentrations owing to the toxicity of substrates and products. Here, we 
constructed recombinant cells with cofactor regeneration system by whole-cell engineering and 
biotransformation pathways of 10-hydroxydecanoic acid; and 11-hydroxyundecanoic acid and 11-
hydroxyundec-9-enoic acid into 1,10-decanedioic acid and 1,11-undecanedioic acid by recombinant 
cells harboring screened enzymes, respectively. We also developed a recovery process for 1,10-
decanedioic acid and 1,11-undecanedioic acid from 10-hydroxydecanoic acid; and 11-
hydroxyundecanoic acid and 11-hydroxyundec-9-enoic acid, respectively, with the aid of resins by 
bioreaction engineering. The effects of toxic substrates and products toward microbial cells were 
reduced by their in situ adsorption onto the resins. The products were easily recovered by filtration 
of the resins and solvent extraction. The commercially viable concentrations of 1,10-decanedioic acid 
and 1,11-undecanedioic acid were obtained through enzyme engineering, whole-cell engineering, and 
bioreaction engineering. Our results may apply to the biotransformation of toxic hydrophobic 
chemicals at high concentrations. 
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Fructooligosaccharides (FOSs) and fructooligomers are a well-known class of probiotics; they can be 
divided into three groups including the β-(2,1)-inulin-type, β-(2,6)-levan-type FOSs and neo-levan 
type with both β-(2,1)-and β-(2,6)-glycosidic linkages. β-(2,6)-and neo-levan-type FOSs and 
fructooligomers are of great interest because of the high selectivity of their prebiotic activity and their 
high colonic persistence. They can be produced though endo-levanases (E.C.3.2.1.65)-catalyzed the 
hydrolysis of levans. In our previous research work, levanases from Belliella baltica, Dyadobacter 
fermentans and Capnocytophaga ochracea were found to exhibit high levels of endo-hydrolytic 
activity on β-(2,6)-levan than β-(2,1)-inulin. To improve the thermal stability, the specificity, and the 
reusability of selected levanases, their immobilization on supports by adsorption, chelation binding 
and covalent binding was investigated. Furthermore, as the mass diffusion of levan polysaccharide 
substrate into the levanase’s active site may be limited by the rigidity of the immobilized enzymes, 
the multi-attachment (covalent/chelation; covalent/adsorption) was explored as a potential strategy 
for the immobilization of endo-levanases. The use of glyoxyl agarose-IDA/Cu led to the highest 
retention of specific activity for all investigated levanases. Levanase from B. baltica led to a complete 
recovery of activity upon the immobilization on glyoxyl agarose-IDA/Cu with 100% retention of 
activity in comparison with 40.5, 21.9, and 30.9% for glyoxyl agarose, glyoxyl agarose-IDA, and 
glyoxyl agarose-TEA, respectively. Furthermore, D. fermentans levanase immobilized on glyoxyl 
agarose-IDA/Cu had no enzyme activity loss after 12.5 min of incubation at 50 oC; while the free 
enzyme retained only 36.1% of its initial activity. Moreover, after 6 h of incubation, B. baltica 
levanase immobilized on Glyoxyl Agarose retained 35.4% of its initial activity, while the free enzyme 
kept 20.4% at the same condition. To assess the efficiency of the immobilization on the enzyme 
specificity, the end-product profile of immobilized levanases will also be discussed as function of the 
multi-attachment on the support. 
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Inorganic polyphosphate (polyP) has numerous biological functions, including energy storage and 
gene regulation. In bacterial pathogens, it is involved in biofilm formation, persistence, quorum 
sensing, and synthesis of virulence factors [1]. Polyphosphate kinases (PPKs) are not present in 
animals, thus they are promising targets for the development of new antibiotics. The elucidation of 
the catalytic mechanism and structure-function relationships are essential prerequisites for the 
design of novel bioactives. 

PPKs catalyse the reversible transfer of a phosphate residue from nucleotides to polyP (PPK1) or vice 
versa (PPK2). Based on phylogenetic analysis and substrate specificity, PPK2s are further 
categorised into three classes: PPK2-I phosphorylate nucleoside diphosphates, PPK2-II 
phosphorylate nucleoside monophosphates, and PPK2-III catalyse both reactions [2]. Generally, 
PPK2s are suitable candidates for cofactor regeneration systems, because they rely on polyP as an 
inexpensive and stable phosphate donor [3,4]. 

Here we present new insights into PPK2 enzymes, showing that these enzymes are able to catalyse 
reactions out of this classic scheme. In vitro reactions with representatives of the three classes of 
PPK2 enzymes where analysed using high performance liquid chromatography and high 
performance ion chromatography. We could show that the enzymes do not only produce nucleotide 
di- and triphosphates, also higher degrees of phosphorylation were observed [5]. By comparison with 
authentic synthetical standards, these could be identified as a tetra- and pentaphosphorylated 
adenosine. Beyond that, an adenylate kinase activity was observed [6], showing the broad nucleotide 
utilization of PPK2 enzymes. A series of crystal structures with bound ligands gives first explanations 
for substrate discrimination and the particular enzyme activities [7]. 
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Throughout drug discovery and development, metabolic studies are driven by an increased interest 
to understand the potential for side effects and drug-drug interactions. A rapid and accurate 
identification and quantification of human drug metabolites is important for the separated 
pharmacodynamics and pharmacokinetic evaluation as well as the assessment of potential safety risk 
and toxicity. For these evaluations, structural confirmation and LC-MS recovery as well as reference 
standards of drug metabolites are needed as authentic samples; however, their synthesis is still an 
unsolved problem. The most ubiquitous mechanism for metabolic clearance of drugs is through 
oxidative metabolism predominantly catalyzed by cytochrome P450 monooxygenases (P450s, EC 
1.14.). The development of chemical synthesis to mimic these enzymes in terms of direct single step 
transformation of parent drugs would be a challenging but highly efficient alternative to the 
preparation of difficult-to-access metabolite structures [1]. 

For more than ten years, fungal unspecific peroxygenases (UPOs, EC 1.11.2.1) have gained attention 
in the field of oxyfunctionalization reactions and metabolite preparation. They constitute a distinct 
superfamily of fungal heme-thiolate proteins that catalyze efficient and selective oxygen-transfers 
from peroxides (R-OOH) to diverse organic substrates including non-activated hydrocarbons. In 
contrast to membrane-bound, poorly stable and cofactor-dependent P450s, secreted UPOs do not 
require complex cofactors such as NAD(P)H or electron-transport systems (flavin-reductases, 
ferrodoxines) but merely hydrogen peroxide. Due to their extracellular nature, UPOs are rather 
stable in a broad pH range and in presence of organic solvents. Up to now, four wild-type UPOs have 
been thoroughly characterized and more than 5.000 putative UPO sequences have been found in 
fungal genomes [2]. Based on the versatile molecular architecture, different catalytic activities and 
selectivities were observed for the UPOs known so far. It was shown that UPO-catalyzed reactions 
generally resemble those of P450s and several studies have suggested a broad scope of UPOs as 
synthesis tool for metabolite preparation and other synthetic applications [3, 4]. Thus, a handful of 
UPOs may cover the catalytic diversity of as much as 57 human P450s in terms of oxyfunctionalizing 
pharmaceuticals to form the corresponding human drug metabolites. 
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Enzyme catalytic promiscuity is the ability of a single enzyme active site to catalyze several chemical 
transformations, among them those which are different from natural [1,2]. We have attempted to 
use this feature of enzymes to stereoselectively transform imines. The reaction investigated was the 
nucleophilic addition of nitroalkanes 2 to aldimines 1 (the aza-Henry reaction) whose chemically 
catalyzed version is known to lead to synthetically useful β-nitroamines 3 possessing two stereogenic 
centres. Biocatalytic version of this reaction has not been reported thus far. 

 

We started our studies with a screening test on the reaction of arenesulfonylaldimines 1 with 
nitromethane 2 (R3 = H; hence, only one stereogenic centre could be created) in the presence of a 
number of enzymes – lipases and oxynitrilases (particularly those which proved efficient in the 
analogous Henry reaction [3]) and in various solvents. We succeded in obtaining for the first time 
the desired products in the yields 14 – 74 %. The most efficient proved lipase TL (from Pseudomonas 
stutzeri) and oxynitrilase from Arabidopsis thaliana. However, all the reactions investigated were 
non-stereoselective. The results will be dicussed. 
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Optically active hydroxyalkanoic acids are beneficial as pharmaceutical intermediates, chiral 
synthons, and monomers for functional polymers. Recently, 2-hydroxybutanoic acids are expected 
to be a novel biodegradable polymer or molecular glue [1]. Among various 2-hydroxybutanoic acids, 
we focused on 2-(hydroxymethyl)-2-methylbutanoic acid (HMMBA), which potentially serves as 
molecular glue. To synthesize optically active HMMBA, we isolated microorganisms degrading 2,2-
diethyl-1,3-propanediol (DEPD) or 2-ethyl-2-methyl-1,3-propanediol (EMPD), and attempted the 
conversion of EMPD to optically active HMMBA using whole cells of the soil isolates. 

Through enrichment culturte using DEPD as a sole carbon source, Rhodococcus sp. 2N was obtained 
as a 1,3-propanediols-oxidizing strain. Chiral HPLC analysis of the reaction product from EMPD 
revealed that the strain 2N catalyzed the (R)-selective oxidation of EMPD [2]. Furthermore, 
Agromyces sp. E2, isolated through enrichment culture using EMPD as a carbon source, was found 
to catalyze the (S)-selective oxidation of EMPD [3]. 

The microbial asymmetric oxidation was characterized using whole cells of the soil isolates. For the 
preparation of whole cells showing the oxidation activity for EMPD, the addition of 0.2 or 0.3 % 
(w/v) DEPD in the culture medium was the most effective for the strain 2N and E2. After preparation 
of whole cells, in 72 h-incubation, the strain 2N converted 60 mM EMPD to HMMBA with 65% ee 
(R) at a molar conversion yield of 47%. The strain E2 completely converted 40 mM EMPD to 
HMMBA with 39% ee (S).  
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Medium-chain fatty acids such as n-heptanoic acid and ω-hydroxyundec-9-enoic acid are used in the 
valuable building blocks for synthesis of a various chemical products, or preparation of esters such 
as fragrances and artificial flavors. However, these chemicals are difficult to produce to high 
concentrations due to toxicity of substrates and products. Here, we tested different types of resins 
for overcoming the toxicity of substrates and products. Among the adsorbent resins tested, SP825 
was selected because it bound with the highest concentration of ricinoleic acid, n-heptanoic acid, and 
ω-hydroxyundec-9-enoic acid. Therefore, the toxicity toward biocatalysts and lipase is reduced by in 
situ adsorption of toxic substrates and products to the SP825 resin. As a result, ricinoleic acid into 
n-heptanoic acid and ω-hydroxyundec-9-enoic acid were produced with commercially viable 
concentrations by adding the resin. Our results may contribute to the industrial production of 
medium-chain fatty acids from renewable long-chain fatty acids. 
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Indigo is a well-known blue natural dye from ancient time found in plants such as Strobilanthes 
cusia, Indigofera tinctoria and Polygonum tinctorium. Indigo is an auto-oxidized dimer of indoxyl 
(i.e. 3-oxindole), which is oxidized from indole derived from tryptophan. In addition, mixing 2-
oxindole and indoxyl often generates indirubin, a dimeric regio-isomer of indigo displaying purplish 
red color, which can be used as both dye and drugs from old days in Asian countries. In case of 
halogenated indoxyl, its auto-oxidized dimer product becomes dihalogenated indigos. The 
compounds generate various colors depending upon the kinds of halogen atom and their substituted 
positions. Diverse dihalogenated indigo can be synthesized from tryptophan and halide salts when 
we use halogenase, tryptophanase and monooxygenase. All the above reactions can be further 
proceeded from glucose using recombinant E. coli cell factory in theory, so that several natural color 
indigoid dyes can be efficiently produced by microbial fermentation. We will discuss how halogenase, 
P450 monooxygenase (CYP102G4) and tryptophanase can be smartly used for achieving high titers 
and yield of indigoid dyes, pros and cons for such natural color dye production, and methods of 
synthesis of various indigoid dyes. 
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With an increasing call for greener and more sustainable synthetic pathways, asymmetric synthesis 
employing enzymes has become increasingly well established in the industrial production of 
pharmaceuticals, fine chemicals and agrochemical intermediates.[1–3] Enzymatic biotrans-
formations present significant advantages over traditional synthetic routes, not only due to their 
chemo-, regio-, and stereoselectivities, but also the mild reaction conditions used. As such, enzymatic 
biotransformations provide a cost effective and efficacious strategy for the generation of chiral 
synthons and bioactive molecules. For multi-enzymatic biotransformations, a biocatalytic linear 
cascade where a substrate is converted into a sole product via sequential one-pot biotransformations 
presents as an advantageous strategy. Namely, it prevents the accumulation of hazardous or unstable 
intermediates, thereby 1) Making the industrial process safer and greener 2) Circumventing the need 
for downstream purification steps 3) Driving reversible biocatalytic reactions to completion.  

Here we will describe the application of ene reductases (ERs) and transaminases (TAms) in a 
biocatalytic cascade with activated alkenes 1 towards the molecular assembly of diastereomerically 
enriched amines 2, valuable chiral synthons in the industrial production of pharmaceutical, fine 
chemical and agrochemical intermediates (Scheme 1).[4,5] The application of ERs, operating by the 
stereospecific trans hydrogenation of activated alkenes, is a powerful tool in the generation of up to 
two stereogenic centres.[6] In addition, transamination of a keto acceptor by TAms present an 
efficient means for the preparation of optically pure amines, a prevalent functional group in small 
molecule drugs.[7] The use of ERs and TAms with activated alkene substrates to generate of a one-
pot ER-TAm cascade will be described.  

 

 

 

Scheme 1: General scheme depicting an ER-TAm cascade with activated alkene substrate 1 
converted to diastereomerically enriched amine 2. 
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What are prodiginines and how are they produced safely? 

Prodiginines are a class of red tripyrrole microbial secondary metabolites, which exhibit various 
pharmacological relevant properties including anticancerous, immunosuppressive and antibiotic 
activities. Prodigiosin, one of the most prominent members of the metabolite family, is naturally 
synthesised by the opportunistic pathogen Serratia marcescens. 

To gain access to these highly bioactive metabolites by a safe production strain, the tolerance of 
prodigiosin towards various biotechnological relevant microorganisms was evaluated. Only the 
GRAS certified bacterium Pseudomonas putida KT2440 appeared to be tolerant against 
prodiginines in a substantial concentration range, demonstrating itself as an excellent host for the 
production of prodiginines, also allowing an easy access to pathway manipulation. The chromosomal 
integration of the prodigiosin gene cluster from S. marcescens – utilising the TREX (transfer and 
expression) system – led to the accumulation of prodigiosin at high levels in P. putida.[1] The use of 
polyurethane foam as an adsorbent also made an easy and time efficient in situ extraction of the 
target compound possible. 

Mutasynthesis strategy: Creating prodigiosin derivatives with new bioactivities 

Based on these advances, a mutasynthesis approach was established to create new derivatives of the 
metabolite. Therefore, a P. putida strain was generated that exclusively synthetizes a bipyrrolic 
prodigiosin precursor, which is – together with a monopyrrole precursor – naturally converted into 
the tripyrrolic prodiginines.[2,3] 

 

Here we present our recent findings on the optimised production process and the mutasynthesis of 
prodiginines as well as the role of the involved enzymes with regard to the substrate scope of accepted 
precursors. This is concluded with the insights into the physiological properties of the novel 
prodiginines and the extension of diversification by semisynthesis. 
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Metagenomics is the study of genetic material directly isolated from environmental samples. From 
the perspective of enzyme discovery, there are two primary approaches to metagenomics: sequence-
driven and function-driven metagenomics. 

Current sequencing technologies allow for the generation of hundreds of gigabases of DNA-sequence 
information within hours and public databases with terabases of DNA are exponentially growing 
with doubling times of less than 18 months. Similarly, BRAIN’s fast-growing digitalized 
metagenomes already encompass >2000 Gbp of proprietary genetic information. Thus, there seems 
to be no technical limit in exploring the naturally evolved biodiversity by sequence-driven 
approaches to find the perfect match of almost any protein of interest. However, our current 
understanding of the sequence-function-relationship is still, in most cases, too limited to detect real 
novel enzymes, i.e. enzymes with no natural blueprint. Function-driven metagenomics is therefore 
still the choice for discovering sequences with novel functionalities although the combination of 
sequence-driven and function-driven enzyme discovery maximises success with benefits and 
downsides in both approaches. 

In this presentation, we like to emphasise basic strategies to isolate novel enzyme coding sequences 
from metagenomic resources showcasing at least one of BRAIN’s discovery projects. With these 
examples, we want to address the different requirements for choosing an appropriate strategy for 
enzyme discovery. 

Figure: Sequence-space-analysis and automation system used in sequence-driven and function-
driven enzyme discovery. 
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In the Leibniz Research Cluster multifunctional micro production units are produced to develop cell-
free compound formations. As part of this cluster, we work on developing novel non-natural enzyme 
activities to be applied in these artificial cells. As a proof of principle we could demonstrate the 
enzyme engineering ability of a non-native C−H functionalization with N-methyl indole and diazo 
compounds catalyzed by dye decolorizing peroxidase YfeX variants originated from E. coli.[1] For 
further improvement the successful generation of a saturation mutagenesis library is indispensable. 
We developed a technique termed Golden Mutagenesis for a rapid, easy, reliable and inexpensive 
construction of mutagenesis libraries utilizing the Golden Gate cloning technique which has been 
proven to be an efficient tool for a variety of cloning setups.[2] One to five positions within a coding 
sequence can be altered simultaneously using our protocol which can be performed within two days. 
To facilitate the implementation of this technique, a software library for automated primer design 

and for the graphical evaluation of the sequencing results has been developed: https://msbi.ipb-

halle.de/GoldenMutagenesisWeb/. Mutagenesis libraries with several saturation sites dramatically 
increase the screening effort requiring an efficient high-throughput screening method. For a 
generally applicable screening analysis we developed a GC/MS based multi-injection technique 
allowing screening of microtiter plates and thereby analyzing 96 reactions within one chromatogram 
in 2.5 hours. The developed method is based on the mass spectrometry mode of selected ions 
allowing a specific product analysis with the help of an internal standard. As a result, we were able 
to screen several non-native enzyme-catalyzed reactions, e.g. a C−H functionalization with N-methyl 
indole and diazo compounds or a phosphine-free carbonyl olefination with ethyl diazoacetate and 
benzaldehyde.[1,3] Due to the Golden Mutagenesis and GC/MS screening approach hundreds of 
variants can be generated, screened and analyzed within a few days. 
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Many plant secondary metabolites exhibit pharmacological properties, which have valuable potential 
as medication for various diseases like diabetes, cardiovascular diseases or cancer. In the recent 
years, lignans were brought to attention due to their various health-promoting effects. The best 
known lignan compound is podophyllotoxin, which is commercially available in a glycosidic form 
and is used as a cytostatic drug in chemotherapy. A challenge for the production of lignans is the 
complex synthesis in plants originating in the phenylpropanoid pathway. 

We aim at the synthesis of lignans in Escherichia coli (E. coli) as production host. Our goal is to 
design efficient modules for a synthetic pathway of monolignols starting from inexpensive substrates 
such as L-tyrosine or L-phenylalanine. So far yields of de novo synthesized p-coumaryl alcohol of 52 
mg/L and 110 mg/L from p-coumaric acid have been reached [1,2]. For coniferyl alcohol, several 
coumarate-3-hydroxylases as well as methyltransferases are evaluated with the purpose to find the 
ideal enzyme combinations. Thus, a fluorescence-based assay has been developed to determine the 
amount of caffeic acid and serves as a fast activity measurement method. In the end all enzymes 
combined in one single E. coli strain should be efficient enough to produce coniferyl alcohol in 
sufficient amounts for expansion of the synthetic pathway towards lignans. 
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Halogenases are attractive candidates for biocatalysis because they provide a regioselective access to 
halogenated compounds. Previous successful biocatalytic approaches have required additional 
enzymes to generate the fully reduced state of the flavin cofactor. We developed a photochemical 
access to regioselective halogenation and analyzed the progress by UV/vis spectroscopy and HPLC. 
Illumination of oxidized flavin in the halogenase PyrH by blue light with EDTA as sacrificial electron 
donor produced the fully reduced state of flavin. In the presence of NaCl and air, this photoreduction 
led to a full conversion of tryptophan selectively into 5-chlorotryptophan within 25 hours. Common 
problems of monooxygenases with uncoupling (1), i.e., the unproductive reaction of fully reduced 
flavin in solution with oxygen to hydrogen peroxide, were mostly avoided by binding of flavin to the 
enzyme (2). The turnover frequency of halogenation is limited among other factors by the low 
quantum yield of the photoreduction. Accordingly, we exchanged amino acids close to the flavin and 
achieved a 20 times increase in quantum yield. In conclusion, we present successful steps in the 
conversion of halogenases into efficient photoenzymes for application in biocatalysis.
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Isaria farinosa is an entomopathogenic strain used as a biological control agent [1]. Moreover, it is 
a suitable catalyst for the biotransformation of selected androstanes [2]. Progesterone is one of the 
most crucial sex hormones occurring in pregnancy and pregnenolone is an endogenous steroid and 
intermediate product in the biosynthesis of most of the steroid hormones. Both of them are widely 
used in medicine. 

 

Selected products obtained by biotransformation in the Isaria farinosa KCh KW1.1 culture. 

In this study, we tested the ability to transform pregnanes by Isaria farinosa KCh KW1.1 strain. 
Progesterone, its hydroxylated derivatives and pregnenolone were used as substrates. We also tested 
pregnane's derivatives with a higher number of atoms, and therefore more spatially expanded, like 
corticosteroids and spironolactone. Compounds with 3-one-4-ene moiety were effectively and 
selectively hydroxylated at the 6β and 11α position. The presence of hydroxyl group at 17α (but not 
epoxide group), in addition to 6βhydroxylation, induces hydroxylation at the 12βposition. Two new 
compounds: 3β,11α-dihydroxypregnan-5-ene-7,20-dione and 5α,6α-epoxy-3β,11α-dihydroxy-
pregnan-7,20-dione were obtained in pregnenolone biotransformation as a result of multienzymatic 
reactions. 

This research was supported financially by the National Science Centre (Grant No. 
2017/27/N/NZ7/02509). 
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Glycosides of phenolic acids and of derivatives of hydroxycinnamic acids are ubiquitous in plants, 
however their isolation from plant material is very tedious. Most of phenolic acid glycosides are 
glycosylated on the aromatic hydroxyls. However, glycosides attached to the carboxylic moiety can 
also be rarely found (glycosyl esters; typically β-glucopyranosides). Their chemical synthesis is not 
trivial and involves inherent problems of high lability of glycosyl ester bond, which is incompatible 
with most acyl protection groups. 
 

 

 

 

 

 

 

 

 

Enzymatic approach mimicking in vivo biosynthesis employs glucosyltransferases but this method 
uses expensive UDP-glucose and the yields are low. We have recently described new robust 
diglycosidase rutinosidase from A. niger, which is able to glycosylate various acceptors including 
phenols [1] in a good yield using cheap rutin (1) as a glycosyl donor. To our great surprise glycosyl 
esters were also formed at a reasonable yield. We tested this reaction with a large panel of various 
phenolic acids and as an example we demonstrate rutinosylation of p-coumaric acid yielding 
phenolic glycoside (4) and respective glycosyl ester (5). A broader application of this new type of 
reaction was demonstrated by the synthesis of respective glycosyl esters of p-, m-, o-coumaric acids, 
ferulic acid and others. We describe here the first example of carboxyl group glycosylation with a 
glycosidase [1]. 

This rutinosidase is able, besides great synthetic capabilities, also effectively deglycosylate various 
natural products. We developed a novel biocatalytic methodology for the preparation of quercetin 
from rutin, with both substrate and product being in mostly an undissolved state during 
biotransformation. This “solid-state” enzymatic conversion yields quercetin, which precipitates from 
virtually insoluble rutin. This robust process has an extremely high space-time yield and enable to 
work upto 300 g/L (ca 0.5 M) rutin [2]. 
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Polyurethane has a wide range of various applications. Owing to its physical properties and resilience 
to ageing and degeneration, it is used to manufacture mattresses, thermal insulation, surface 
coatings and many more products. However, managing waste, that contain polyurethane, is a great 
challenge. Currently, there is no bio-based polyurethane utilisation methods or technologies, 
although, some polyurethanes, like polyester type, are susceptible to microbial degradation. 
Polyether polyurethane is far more resilient to microbial degradation and there is limited amount of 
information on its biodegradation [1]. 

The aim of this research is to develop a method for identification of polyether polyurethane 
degrading microorganisms and to investigate enzymes, which might be involved in polyether 
polyurethane biodegradation. Microorganisms from Lithuanian soil and The Baltic Sea water were 
isolated by screening their ability to grow on various minimum cultivation mediums enriched with 
polyurethane as carbon and nitrogen sources. Sixteen strains of bacteria were isolated as potential 
polyurethane degraders and they were identified as Bacillus cereus, Achromobacter denitrifinacs, 
Pseudomonas putida, Lysinibacillus sp., Kocuria sp., Streptomyces sp., Micrococcus sp., 
Microbacterium oxydans, Delftia acidovorans and Rhodococcus sp. using phylogenetic analysis of 
sequenced 16S ribosome gene DNA. In parallel, Lysinibacillus sp. urethanase protein was expressed 
in E. coli as possible polyurethane degrading enzyme. Expression experiments also included the 
development of novel urethanase activity detection assay in agar medium. The obtained results in 
more detail will be presented during the poster session. 
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The small laccase from Streptomyces coelicolor has huge potential as industrial catalyst due to 
favourable properties such as thermostability, activity in alkaline pH and resistance to some 
denaturation detergents. However, low expression levels in native host or the frequently used 
Escherichia coli expression systems tends to limit its applicability. The aim of the current study was 
to improve enzyme production through secretory expression of the enzyme using a single promoter 
and a dual promoter system. The produced enzyme was applied in the synthesis of antioxidants and 
bioremediation of antibiotics. For the single promoter systems, the SLAC gene was cloned into a 
yeast expression vector, pPICZα with an inducible promoter (AOX1) while the SLAC-GAP was 
generated by transforming wild type Pichia pastoris cells with linearised pGAPKαA-SLAC. In the 
dual promoter system, a recombinant Pichia strain (rSLAC-GAP-AOX) producing laccase under both 
AOX and GAP promoters was generated and cultivated in the presence of methanol and mixed feed 
for induction. The use of the dual promoter system (rSLAC-GAP-AOX) led to a 2.3 and 5.1 fold higher 
enzyme production (1200 U/L) than rSLAC-AOX and rSLAC-GAP, respectively. The produced 
enzyme oxidised caffeic acid in a biphasic system to produce a β-β caffeic acid dimer, phellinsin A 
with high antioxidant capacity. Furthermore, the rSLAC, in combination with the mediator 
acetosyringone, degraded 95% of 5 mg/L ciproflaxin and 100% of 150 mg/L tetracycline, and 
completely eliminated the toxicity of the tetracycline. In conclusion, SLAC from S. coelicolor was 
functionally expressed and secreted in P. pastoris, using single and dual promoter systems. The 
enzyme showed potential in biotransformation reactions for the synthesis of potent antioxidants and 
degradation of broad spectrum antibiotics. 
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The nano-textured materials have generated incredible interest in the immobilization of industrially 
important enzymes. Several types of nano-carriers have been widely used for the immobilization 
owing to their surface properties such as thermal stability, biocompatibility, stability in organic 
solvents, and inertness. Extensive attempts have been made to manipulate the mesoporous materials 
and its combination with other structures in order to synthesize a matrix with appropriate pore size, 
large surface area to volume ratio. The properties of nano-material can be tuned for better 
immobilization, longer stabilization, improved catalytic activity, and thermal stability. The 
orientation of enzyme molecule immobilization also plays an important role to protect the thermo-
labile amino acid residues from direct heat shock in a high-temperature environment or reaction 
system. However, the orientation of enzyme molecule during immobilization seems to be difficult to 
control but specific functionalization of identified amino acid residue near the thermo-labile region 
will help to orient the sensitive region toward the matrix or support and protect it from direct heat 
shock which ultimately increases the thermal stability as well as activity. Thus, various types of nano-
textured material for immobilization of enzymes, modification of the properties of nanocarriers, 
instrumental techniques to characterize the nanocarriers with immobilized enzymes and industrial 
potential of these nonmaterial immobilized enzymes. 
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Principles that govern protein folding and unfolding have been explored by scientists for more than 
50 years. Despite the great advances in experimental and in silico techniques that are used to study 
protein folding on a single molecule level, the analysis of experimental data generated by "low 
resolution" techniques such as calorimetry or spectroscopy is often limited to only simple models. 
Currently, only a few data analysis tools are available for specific types of experiments, often with a 
limited selection of unfolding models. To address this, we have developed the CalFitter software [1] 
and corresponding web server [2], which serve as unified platforms for comprehensive analysis and 
fitting of data from protein thermal denaturation experiments. The input data can be collected using 
differential scanning calorimetry, spectroscopic techniques (fluorescence, circular dichroism, 
absorbance) and temperature jump (kinetics). The server allows the upload of data in various 
formats, data pre-treatment, visualization and simultaneous global fitting to one of the twelve 
models of protein unfolding that are available, including reversible and irreversible transitions and 
their combination. Data fitting provides a quantitative description of the unfolding pathway in terms 
of the number of steps, energy parameters with confidence intervals and statistical information 
enabling a comparison of different models. The server offers an interactive and easy-to-use interface 
that allows users to directly analyse input datasets and simulate the expected signal based on the 
model parameters. 
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Enantioenriched γ‐nitroaldehydes are versatile building blocks for the synthesis of pharmaceutically 
active γ-aminobutyric acid derivatives. An efficient one-step route for the asymmetric synthesis of γ‐
nitroaldehydes, catalyzed by proline-based organocatalysts, is the Michael-type addition of 
acetaldehyde to α,β-unsaturated nitroalkenes. We demonstrated that the enzyme 4-oxalocrotonate 
tautomerase (4-OT), which uses its N-terminal proline as a key catalytic residue, is also able to 
catalyze Michael-type additions of acetaldehyde to a series of α,β-unsaturated nitroalkenes.[1] 
Enzyme engineering guided by mutability landscapes resulted in the redesign of 4-OT into two 
enantiocomplementary mutants with improved activity and enantioselectivity.[2] Subsequent 
structure-based enzyme engineering was used to further enhance the enantioselectivity of one 
mutant, resulting in the final improved variants 4-OT L8Y/M45Y/F50A and 4-OT A33D.[3] 
Previously, we focused on synthesizing a series of substituted aromatic γ‐nitroaldehydes, but only 
one aliphatic example has been reported. Here we present that the scope of 4-OT catalyzed 
asymmetric synthesis of γ‐nitroaldehydes can be extended by using a diverse series of aliphatic α,β-
unsaturated nitroalkenes as substrates for acetaldehyde addition. Highly enantioenriched aliphatic 
(R)- and (S)-γ‐nitroaldehydes could be obtained in good yields using the two enantiocomplementary 
mutants 4-OT L8Y/M45Y/F50A and 4-OT A33D. This gives rapid enzymatic access to novel 
pharmaceutical precursors, which could be further explored in pharmaceutical applications. 
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An estimated 40% of all pharmaceutical compounds contain chiral amine moieties; therefore, 
enantiopure amine-synthesis is of great interest [1]. Transaminases (TAs) represent an 
environmentally friendly, straightforward method for the production of enantiopure amines from 
their corresponding prochiral ketones [2].  

Herein, the transamination of 1-phenylpropan-2-one and its derivatives, employing immobilized 
enzymes is presented. E. coli cells overexpressed with transaminases from different origins were 
immobilized with our previously reported method [3].  

Figure 1. Application of immobilized E. coli whole-cell transaminase biocatalysts in asymmetric syntheses. 

The supported biocatalysts were then screened for the asymmetric synthesis of 1-phenylpropan-2-
amine. Furthermore, the effect of amine donors, pH and possibilities for shifting the equilibrium 
have been studied for the synthesis of disubstituted derivatives as well. R-selective TAs from different 
origins (e.g. Arthrobacter sp.) and S-selective TAs from different origins (e.g. Pseudomonas 
psychrotolerans) proved to be suitable for the transformation whilst accepting various amine 
donors, such as isopropyl amine, sec-butylamine, allylamine and benzylamine. While the engineered 
ArR-TAm [4] has been reported to operate in a wider pH range, in case of the other biocatalysts this 
factor showed to be the most crucial for operational stability and higher conversions. In addition, it 
was observed that even at lower amine donor concentrations the native TAs possessed excellent 
selectivity, in contrast with the highly evolved ArR-TAm, where correlation could be seen between 
the enantiomeric excess of the product and the excess of amine donor. 
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The development of sustainable methods for H2-production is being extensively researched and one 
promising method is biocatalysis. One enzyme that has shown to be an efficient catalyst for H2-
production is [FeFe]-hydrogenase.[1] It is dependent on a unique cofactor that consists of a di-iron 
center responsible for catalysis. In vivo, this cofactor is synthesized and transferred to the 
hydrogenase active site by a set of specific maturation enzymes and its complexity and sensitivity has 
made the study of these enzymes a challenge. However, recent breakthroughs in the field have made 
it possible to artificially activate the enzyme using synthetic di-iron cofactors.[2-3] This has made it 
easier to get access to and investigate novel [FeFe]-hydrogenases. 

In light of these developments, we are now working on exploring the biodiversity of [FeFe]-
hydrogenases. All [FeFe]-hydrogenases share the same well-conserved domain referred to as the H-
domain.[4-6] This domain, which is responsible for catalysis, consists of the active site harboring the 
di-iron cofactor and a [4Fe-4S]-cluster. In addition to the H-domain, there are several other domains 
that together with the H-domain form structural sub-groups of [FeFe]-hydrogenases.[4-6] These 
domains usually contain FeS-clusters that act as electron relays but there are also others with 
unknown function. Only a few sub-groups are currently characterized and by exploring different 
monomeric [FeFe]-hydrogenases we aim to increase the knowledge of the different domains and 
expand the toolbox of H2-producing biocatalysts. 

To achieve this, we have developed a screening assay for in vivo detection of active [FeFe]-
hydrogenases in E. coli. We are not only able to monitor H2-production activity in both whole cells 
and cell lysates by GC-based assays and protein film electrochemistry, but we are also able to perform 
spectroscopy (EPR and FTIR) on whole cells containing [FeFe]-hydrogenase. These methods are 
combined into a rapid and simple method for screening of novel [FeFe]-hydrogenases. 
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Volatile Sulfur Compounds (VSCs) are a currently untapped class of flavour compound, in which the 
stereochemistry is often fundamental for the compound’s aroma. For example, (R)-3-thio-1-hexanol 
has a tropical fruit fragrance, while its epimer has a sulfurous, herbaceous smell. Many VSCs in 
nature are present in a 1,3-mercaptoalkanol arrangement, and is likely important for the flavour. 

A series of 1,3-mercaptoalkanol analogues were designed and synthesised by thia-Michael addition 
of thiol and α,β;-unsaturated ketone. A KREDy-to-go panel of 288 ketoreductases (KREDs) was 
screened against phenylthio-pentan-2-one. The best hits were assessed by spectrophotometry and 
small scale reactions to quantify the conversion and ee of the alcohol. 

The scope of the reaction was explored with a variety of different VSCs, and a more efficient means 
of synthesising these analogues was addressed. 

The screening showed KREDs 311 and 349 as the most promising, both yielding excellent 
conversions (>99%) and ee (97-99%). Interestingly, KREDs 311 and 349 have opposing 
enantioselectivities: R-, and S- respectively. The reaction scope was expanded to 12 additional 
analogues. While the conversion was reduced with bulkier substituents, moderate to excellent 
conversions of 44-99%, and excellent ee (>97%) were recorded. 

We then developed a photo-biocatalytic one-pot two-step reaction comprised of ruthenium and light 
to initiate the first step, followed by addition of the biocatalyst to catalyse the reduction. This resulted 
in excellent ee, and good yields of the enantiomerically pure alcohols directly from the thiol andα,β;-
unsaturated ketone. (Fig. 1). The reaction was also monitored using in-situ 19F NMR  

In summary, two novel KREDs, 311 and 349, have been identified as efficient biocatalysts for a broad 
range of 1,3-mercaptoalkanol substrates, and remarkably exhibit opposite enantioselectivities. A 
suitable and effective one-pot photo-biocatalytic method for the synthesis of enantiomerically pure 
VSCs has been developed to directly obtain the product from the commercially available starting 
components. 

 

Figure 1. Overview of the photo-biocatalytic cascade 
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Lytic polysaccharide monooxygenases (LPMOs) have been shown to potentiate biomass degradation 
through oxidative cleavage. After the reduction of their copper centre, these extracellular fungal 
enzymes are able to oxidize cellulose through redox chemistry and can thereby increase the substrate 
accessibility for hydrolytic enzymes. [1] The site of the oxidative cleavage is dependent on the LPMO 
and can be located on either the C1 or C4 of the substrate, but unspecific oxidation of both, the C1 
and the C4 has also been observed. The core of the LPMO structure folds into a ß-sandwich and is 
conserved throughout the known LPMO crystal structures. The copper centre is coordinated by a so-
called histidine brace. The loop architecture around the catalytic site is variable between different 
LPMOs and some patterns are filtering out. These differences in loop-length initiated our studies to 
link the three above-described regiospecificities to the loop architectures around the LPMO catalytic 
site. An additional aspect of this study was to investigate the directional role of a carbohydrate 
binding module (CBM), which is present in some LPMOs and appended to the C-terminal end of the 
catalytic domain by a flexible linker. [2] 

We present the effects of altered loop architectures and the removal of the CBM in Neurospora 
crassa LPMO 9C by applying a combination of rational protein design, activity assays and product 
pattern analysis by HPLC methods. 
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Many industrially relevant enzymes depend upon NAD(P)H cofactors, which are too expensive to be 
added in stoichiometric amounts. H2-driven cofactor recycling has the advantage of 100% atom 
efficiency and the utilisation of H2 as a cheap reducing agent in a world where sustainable energy 
carriers are increasingly attractive [1,2]. The O2-tolerant NAD+-reducing hydrogenase (SH) from 
Ralstonia eutropha has already been applied in vitro and in vivo for H2-driven NADH recycling in 
coupled enzymatic reactions with various NADH-dependent oxidoreductases [3-7]. However, wild-
type SH reacts only with NAD+/NADH. Therefore we engineered the SH for the application in 
NADPH-dependent biocatalysis.  

 

By rational mutagenesis, we introduced specific amino acid exchanges resulting in SH derivatives 
with NADP+-reducing activity [8]. By introducing a positively charged arginine and replacing a 
rather bulky glutamate residue to a small alanine in the NAD+-binding pocket of the enzyme, we 
generated a variant with significantly higher affinity for NADP+ than for the natural substrate NAD+, 
while retaining native O2-tolerance. The applicability of the SHE341A/S342R variant in H2-driven 
NADPH supply was demonstrated in two different biotransformations containing either imine 
reductase or a P450 monooxygenase.  

The newly designed SH represents a versatile platform for H2-driven cofactor recycling in 
biotransformations involving NADPH-dependent oxidoreductases, in particular those that require 
O2 as co-substrate. 
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Halogenated compounds such as halohydrins are valuable precursors of biologically active natural 
products and synthetic drugs [1]. Among the different strategies that can be applied to synthesize 
these derivatives, the reduction of the corresponding ketone precursors is a straightforward tool. In 
this field, the use of ketoreductases (KREDs) has gained relevance in the last two decades due to the 
excellent selectivity demonstrated by these enzymes under very mild reaction conditions [2]. Herein, 
we will show the stereoselective reduction of different halogenated ketones with a lyophilized 
preparation of a KRED from Pichia glucozyma (KRED1-Pglu) overexpressed in E. coli. This enzyme 
is very interesting as it has shown pronounced anti-Prelog stereorecognition in the reduction of 
acetophenone and propiophenone derivatives to yield the corresponding (R)-alcohols, while for 
bulkier substrates this enzyme provided the (S)-alcohols [3]. 

 

Scheme 1: Reduction of α-halogenated ketones catalysed by KRED from Pichia glucozyma. 

Different aromatic alcohols fluorinated at α-position were obtained with a variety of substituents in 
the aromatic ring, showing quantitative conversions and ee values >99% in most cases to the 
corresponding (R)-alcohols. We have broadened the scope substituting the fluorine atom by a 
chlorine atom, and also using 2,2-difluorinated compounds, obtaining the corresponding (R)-
alcohols with good conversions and ee values. We also tested a different structure such as ethyl 4,4,4-
trifluoroacetoacetate, achieving the (R)-alcohol with moderate conversion (67%) and high ee (90%).  
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Podophyllotoxin is the most prominent lignan natural product and a precursor for the 
chemotherapeutic drugs etoposide and teniposide (included in the WHO’s list of essential 
medicines). Nonetheless, its asymmetric total synthesis has been historically challenging and 
extraction from the plant remains the main source up to date. In nature, a 2-oxoglutarate dependent 
dioxygenase (2-ODD) is responsible for the stereoselective cyclisation of the natural product’s 
scaffold from the dibenzylbutyrolactone precursor yatein. 2-ODDs are non-heme iron dependent 
oxidation catalysts, using molecular oxygen and 2-oxoglurate. The synthesis of deoxy-, epi-, and 
podophyllotoxin was accomplished through a chemoenzymatic approach involving a 2-ODD from 
Podophyllum hexandrum. The synthetic route consists of a diastereoselective allylation and 
subsequent coupling reaction to yield rac-yatein and its derivatives. 

The biotransformation of rac-yatein has produced deoxy- and isodeoxypodophyllotoxin showing 
that the 2-ODD has no stereopreference for the natural lactone configuration of the rac-yatein 
substrate. On the other hand, enantiopure epi-podophyllotoxin has been obtained after the 2-ODD 
biotransformation of rac-4-hydroxyyatein thanks to a kinetic resolution step performed by the 
enzyme. Moreover, the reaction has been optimized and upscaled to 2 grams to show the scalability 
of the biocatalytic key step.  

By variations in the established 
synthetic route a large library of 
4-hydroxyyatein derivatives were 
produced. With them on hand, 
the substrate scope has been 
investigated, discovering that 
hydroxylation was the dominant 
product outcome when non-
natural substrates were used. 
Eventually, the stereoselectivity 
of the 2-ODD hydroxylation was 
confirmed by crystallization of 
one dihydroxy-dibenzylbutyro-
lactone product. In conclusion, our work proves that 2-ODD are versatile but often disregarded 
biocatalysts. This chemoenzymatic synthesis of epi-podophyllotoxin is a novel, simple route, high 
yielding and low in step count (32% overall yield over 4 steps). By assessing non-natural substrates 
a potential way to alterations of this pharmaceutically highly important structure has been 
established. 
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Introduction 

The rational design of new enzymes has been proven to be difficult. Designed catalysts often show 
low activities due to the complexity of designing both, binding sites and catalytic activities. In 
contrast, protein design approaches are successful in engineering protein-protein interactions or 
ligand binding.  

Our aim is to overcome the current limitation in enzyme design by providing an artificial cofactor, 
based on derivatives of an organocatalyst for catalytic function. Since several successful examples for 
ligand binders are reported, we expected the binding pocket needed for rate acceleration and 
potential stereoselectivity would be easier to design than creating a whole new enzyme. 

The organocatalyst catalyses a C-C bond forming reaction, the Baylis-Hillman reaction, in an achiral 
fashion. The artificial cofactor is located within a protein scaffold providing an asymmetric binding 
pocket for the transition state - increasing therefore the stereoselectivity as well as the activity of the 
catalyst. 

Methods & Results 

As protein scaffold streptavidin was chosen because of its thermostability, the fast crystallization 
procedure and the relatively easy chemical modification of its natural bound ligand biotin.  

After DFT-calculations of the transitions states we started optimizing a potential binding pocket of 
the initial protein structure harbouring the artificial cofactor using the Rosetta software. Several 
more rounds of rational design, new mutations and subsequent structure determination were 
necessary to gain activity. The crystal structures of the proteins are solved for every step during the 
design process to verify the consequences of the introduced mutations. The activities and 
enantioselectivities of several constructs were determined.  

Conclusion 

We want to highlight a rational, structure-based method to design highly active enzymes by using 
artificial cofactors. This iterative, structure-based and computer-guided process can lead to the 
development of tailor-made biocatalysts for (non-)natural reactions. 

The gained protein/cofactor-catalyst shows increased activity and stereoselectivity compared to the 
bare cofactor. 
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D-Allose is a potential medical sugar because it has benefit pharmaceutical effects, including anti-
cancer, anti-hypertensive, anti-inflammatory, anti-oxidative, anti-tumor, cryoprotective, and 
immunosuppressant activities. One-pot reaction using Flavonifractor plautii D-allulose 3-
epimerase (FP-DAE) and Clostridium thermocellum ribose 5-phosphate isomerase (CT-RPI) 
produced allose from fructose, an inexpensive substrate. For the production of allose from fructose, 
CT-RPI was used along with FP-DAE. The optimal reaction conditions were pH 7.5, 60 °C, 0.1 g/l 
FP-DAE, 12 g/l CT-RPI, and 600 g/l fructose in the presence of 1 mM Co2+. Under these optimized 
conditions, FP-DAE and CT-RPI produced 79 g/l allose for 2 h, with a conversion yield of 13%. This 
is the first biotransformation of fructose to allose by a two-enzyme system. The production of allose 
by one-step reaction using FP-DAE and CT-RPI was increased by 130%, comparing with that by two-
step reaction using the two enzymes. 
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C9 to C12 dicarboxylic acids are valuable building blocks and intermediates for producing polyesters 
and polyamides. They are also used as antimicrobial agents because of high antimicrobial activities. 
Thereby, whole-cell biosynthesis of C9 to C12 dicarboxylic acids from renewable fatty acids has been 
investigated [1-2]. A recombinant Escherichia coli, expressing the alcohol/aldehyde dehydrogenases 
(ChnDE) of Acinetobacter sp. NCIMB 9871 [3], was constructed for the production of 1,9-
nonanedioic acid (i.e., azelaic acid) from 9-hydroxynonanoic acid, which had been produced from 
oleic acid [1-2]. The recombinant E. coli cells were able to produce azelaic acid from 9-
hydroxynonanoic acid to a rather high rate with a high yield. However, final concentration of the 
target product was limited by toxic effect of the dicarboxylic acid to E. coli cells. Therefore, we have 
investigated a new biocatalyst based on Corynebacterium glutamicum, which is more tolerant to 
azelaic acid than E. coli. The biotransformation activities of the recombinant E. coli- and C. 
glutamicum-based biocatalysts for the production of α,ω-dicarboxylic acids will be presented. 
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Microwave was applied for an efficient liquefaction of Silver grass lignin residue to obtain biopolyols. 
Silver grass lignin residue was liquefied in crude glycerol and 1,4-butanediol solvent mixture at 
different solvent blending ratio, biomass loading, acid loading and reaction temperature. The 
optimal reaction condition was determined at a solvent blending ratio of 1:2, a biomass loading of 
20%, a catalyst loading of 1% and a temperature of 140oC for 10 min. The resulting biopolyol was 
directly used for biopolyurethane preparation. The chemical and physical properties of 
biopolyurethane foams derived from Silver grass lignin residue were characterized by FT-IR, TGA, 
and FE-SEM analysis, including compressive strength. The results showed that the biopolyurethane 
foams possessed comparable thermal properties, mechanical strength and morphology structure to 
that of petroleum-based polyurethane foam. 
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The N-acyl-β-amino alcohol moiety is found in various biologically active natural and synthetic 
compounds, such as Midodrine (synthetic vasopressor), Linezolid (synthetic antibiotic) or (S)-
tembamide (natural product with reported antiviral properties).[1] Since a high optical purity is 
generally desired for pharmaceutical applications, considerable efforts have been directed towards 
the development of new chiral synthetic routes to vicinal amino alcohol derivatives.[2]  

Tembamide can be isolated from various members of the Rutaceae family as a partial or total 
racemate. Considering the current trend towards more efficient asymmetric synthetic strategies, we 
have developed a two-step route to (S)-tembamide starting from 4-anisaldehyde (1) (see Scheme). 
The first step consists of a concurrent bi-enzymatic conversion to (S)-4-methoxymandelonitrile 
benzoate ((S)-3), using immobilized Manihot esculenta hydroxynitrile lyase (MeHNL) and Candida 
antarctica lipase A (CALA) as catalysts. In a second step, the nitrile group is catalytically reduced, to 
give (S)-tembamide ((S)-4). The catalytic hydrogenation of acylated cyanohydrins leads to the initial 
formation of an aminoester intermediate that spontaneously undergoes acyl transfer to form the 
corresponding 1,2-hydroxyamide.[3] 

 

To assure the best performance of the bienzymatic system we have studied each of the selected 
enzymes separately, optimizing the conditions for each reaction individually in search for a window 
of compatibility. In addition, we have performed a careful screening of hydrogenation catalysts and 
reaction conditions in order to achieve the hydrogenation of 3 with the highest chemoselectivity and 
enantioretention. 

The designed pathway constitutes a fully catalytic route that reduces the number of work-up steps 
avoiding the isolation of the unstable cyanohydrin (S)-2 and affording (S)-tembamide with excellent 
enantiopurity (98 % enantiomeric excess). The reported strategy might be transferrable to the 
synthesis of other N-acyl-β-amino alcohols, which may be further converted into other amino alcohol 
derivatives. 
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Monoterpenes are a structurally diverse group of natural compounds that are attractive to industry 
as flavours, fragrances and alternative fuels. We have previously developed a platform for the 
production of monoterpenoids through the ‘plug-and-play’ insertion of plant monoterpene synthases 
into an engineered E. coli strain [1]. Most monoterpene synthases expressed in this platform 
produced a mixture of monoterpenoids; however the production of ‘clean’ products is desirable for 
commercial applications. 

Monoterpene synthases catalyze high-energy cyclisation reactions involving unstable carbocation 
intermediates. The reaction is initiated by metal-dependent ionization of the linear geranyl 
diphosphate substrate; the resulting carbocation can then react along several branches to form linear 
or cyclic hydrocarbons. The active site pocket of terpene synthases places steric constraints on the 
reaction intermediates and as such determines the product outcome. In addition, the relatively inert 
active site shows a high degree of functional plasticity, i.e. the ability to drive change via a small 
number of mutations. Rational engineering of monoterpene synthases is therefore hampered by the 
lack of correlation between the active site sequence and cyclisation type.  

Here we integrated protein engineering approaches with synthetic biology methods to investigate 
the influence of active site amino acid composition on product outcome in plant monoterpene 
synthases. We identified three spatially conserved functional plasticity regions in the plant 
monoterpene synthase family that are involved in different stages of the cyclisation cascade [2]. An 
automated pipeline for the screening of diverse monoterpene synthase libraries, employing robotic 
liquid handling platforms coupled to GC-MS and automated data extraction was used to screen 
variant libraries with semi-random mutations in the identified areas of plasticity. Approximately 100 
unique enzyme variants with sometimes drastically altered product profiles were detected [3]. The 
results obtained reveal useful insights into the cyclisation reaction catalyzed and will aid the 
prediction and design of novel terpene synthase activities. 
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The amide function is widespread in many natural and synthetic compounds such as pharma-
ceuticals and polymers. Amide bond formation is therefore a very important chemical reaction in 
chemical industries, especially pharmaceutical, and many efforts have been devoted to develop 
efficient synthetic methods.[1] Regardless the approach, by conventional chemistry or biocatalysis, 
the acylation of amines with activated carboxylic acid derivatives is the most common method to 
access to the amide function.[2] 

In our project, we focused on thermophilic CoA ligases which catalyze the formation of an activated 
carboxylic acid as thioester via an adenylate intermediate in presence of Adenosine TriPhosphate 
(ATP) and coenzyme A.[3] When the reaction is carried out at high temperature, we were able to 
form amide bond from the adenylate intermediate by amine nucleophilic attack to reach 96% 
conversion in 24h. 

To reduce the reaction cost, an ATP regeneration system has been implemented. A thermophilic 
polyphosphate kinase 2 Class III allows ATP regeneration from AMP and polyphosphate. In addition, 
to eliminate pyrophosphate inhibition, a thermophilic inorganic pyrophosphatase is necessary for 
the recycling system to catalyze the hydrolysis of pyrophosphate into inorganic phosphate. 

 

This presentation describes the reaction catalyzed by the CoA ligase with the ATP regeneration. 
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For many years, aldolases catalysing stereoselective C-C bond formation have been considered 
essential for synthetic applications.[1] Biocatalysed aldolisation reactions are performed under mild 
conditions, without any protections and are therefore highly valuable for the development of green 
synthetic processes. In addition, there is room for new C-C bond forming enzymes to construct more 
complex molecules since this category of enzymes is underused when compared with other 
biocatalysts.[2] The classification of aldolases is based on the structure of natural nucleophiles 
leading to five main classes: dihydroxyacetone phosphate- (DHAP), pyruvate-, ethanal-, 
dihydroxyacetone- (DHA), and glycine- aldolases.[1a] Concerning their substrate specificity, one 
generally admitted that if they accept a broad range of aldehydes as electrophiles, most of them are 
strictly dependent on a sole nucleophile substrate. 

Our work highlight that 
aldolases are not always 
dependent on aldehydes as 
electrophile or on a sole 
nucleophile substrates. They 
complete the recent discoveries 
reported by us and others on 

their higher nucleophile tolerance.[3] Recent results in exploring nucleophile and electrophile 
substrates promiscuity among aldolases from biodiversity (see scheme) will be described. 

In particular, we have revisited DHAP-dependent aldolases with ketones as electrophiles.[4] We 
have demonstrated that rhamnulose-1-phosphate aldolases display an unprecedented versatility for 
activated ketones. We selected and characterized a rhamnulose aldolase from Bacteroides thetaio-
taomicron as a proof of concept. DHAP was added to several hydroxylated ketones used as electro-
philes. This aldol addition was stereoselective and produced branched-chain monosaccharide 
adducts with a tertiary alcohol moiety, which is rather difficult to prepare optically pure. Other 
nucleophiles [5] or electrophiles, with different aldolase classes are currently under investigation in 
our lab, which would confirmed the unprecedented substrate tolerance among aldolases. 

References:  
1. (a) P. Clapés, X. Garrabou, Adv. Synth. Catal. 2011, 353, 2263-2283; (b) P. Clapés, W. D. Fessner, G. A. Sprenger, A. 
K. Samland, Curr. Opin. Chem. Biol. 2010, 14, 154-167; (c) M. Müller, Adv. Synth. Catal. 2012, 354, 3161-3174; (d) M. 
Brovetto, D. Gamenara, P. Mendez, G. Seoane, Chem. Rev. 2011, 111, 4346-4403; (e) A. Bolt, A. Berry, A. Nelson, Arch. 
Biochem. Biophys. 2008, 474, 318-330; (f) A. K. Samland, G. A. Sprenger, Appl. Microbiol. Biotechnol. 2006, 71, 253-
264. 
2. N. J. Turner, E. O'Reilly Nature Chem. Biol. 2013, 9, 285–288. 
3 (a) R. Roldaú n, K. Hernandez, J. Joglar, J. Bujons, T. Parella, I. Saú nchez-Moreno, V. Hélaine, M. Lemaire, C. Gueú 
rard-Heú laine, W.-D. Fessner, and P. Clapeú s ACS Catal. 2018, 8, 8804−880. (b) I. Sanchez-Moreno, T. Scheidt, V. 
Hélaine, M. Lemaire, T. Parella, P. Clapés, W.-D. Fessner, C. Guérard-Hélaine Chem. Eur. J., 2017, 23, 2005-2009. (c) 
V. de Berardinis, C. Guérard-Hélaine, E. Darii, K. Bastard, V. Hélaine, A. Mariage, J.-L. Petit, N. Poupard, I. Sanchez-
Moreno, M. Stam, T. Gefflaut, M. Salanoubat, M. Lemaire Green Chem., 2017, 19, 519-526. 
4 (a) V. Laurent, E. Darii, A. Aujon, M. Debacker, J.-L. Petit, V. Hélaine, T. Liptaj, M. Breza, L. Nauton, M. Traïkia, M. 
Salanoubat, M. Lemaire, C. Guérard-Hélaine, V. de Berardinis Angew. Chem., Int. Ed. Engl., 2018, 57, 5467-5471. (b) 
M. Salanoubat, M. Lemaire, C. Guérard-Hélaine, V. de Berardinis WO 2018/215476 A1. 
5 V. Laurent, A. Uzel, V. Hélaine, L. Nauton, M. Traïkia, T. Gefflaut, M. Salanoubat, V. de Berardinis, M. Lemaire and 

C. Guérard-Hélaine Adv. Synth. Catal. 2019, accepted (special Biotrans 2019 issue) 

Corresponding author: marielle.lemaire@uca.fr 



Poster 252  310 

 

Directed evolution of an artificial enzyme with a catalytically active 
unnatural amino acid 

Reuben Leveson-Gower, Zhi Zhou, Gerard Roelfes 

Stratingh Institute for Chemistry, Rijksuniversiteit Groningen 

Keywords: Biocatalysis, Directed Evolution, Artificial Enzyme, Unnatural Amino Acid 

Artificial enzymes hope to emulate the unparalleled efficiency and selectivity of natural enzymes 
whilst enabling chemical transformations which are not known in biology. In our group, we are 
particularly interested in chemical transformations with synthetic utility.  

There are a few examples of the use of unnatural (or ‘non-canonical’) amino acids (UAAs) to create 
artificial enzymes or modulate enzymes properties. They can be conjugated with artificial cofactors 
(e.g. through ‘click’chemistry), used to bind catalytically active metals, or used to bind metal centres 
in existing enzymes and modulate their electronic properties. Our group has shown that the UAA 
para-aminophenylalanine (pAF) can be itself catalytically active without further modification or 
conjugation. Once pAF is inserted into the hydrophobic pocket of multi-drug resistance regulatory 
protein LmrR, a proficient enzyme for hydrazone and oxime formation is created.[1] 

In this work we seek to apply this artificial enzyme to a new abiological reaction – the vinylogous 
Friedel-Crafts alkylation of indoles with enals. The pAF residue is incorporated via amber-stop-
codon expanded genetic code methodology pioneered by Schultz and coworkers[2] and the artificial 
enzyme is expressed in E. coli. From x-ray diffraction crystal structures, residues close to the catalytic 
pAF residue are selected for randomisation in directed evolution studies. Thereafter, codon 
randomised libraries are created using either NNK or NDT randomisation strategies and cell-free 
lysates are screened for their activity or enantioselectivity without purification in a 96-well plate 
format.[3] Upon the identification of the best mutants, further rounds of screening can be conducted 
or beneficial mutations may be combined.  
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Potato proteins (PPT) are of high interest because of their well-balanced amino acid profiles and 
unique emulsifying and foaming properties. However, the thermolabile characteristic of PPT can 
affect their techno-functional properties. The oxidative cross-linking of PPT by laccase can modulate 
their molecular weight profile and enhance their techno-functional properties; this has not been 
reported yet. Laccase can oxidize the tyrosine residues of protein to radicals, which sequentially form 
covalent cross-links. The present study aims at investigating the catalytic efficiency of laccase-
oxidation of PPT and assessing the structural and functional properties of cross-linked PPT. Two 
fungal laccases (from Trametes versicolor and Coriolus hirsutus) were used as biocatalysts; while the 
two major components of PPT, patatin and protease inhibitors were investigated as substrates. The 
kinetic of laccase-catalyzed oxidative cross-linking was determined by estimating the decrease of the 
tyrosine fluorescence signal of PPTs over time. The highest catalytic efficiency was achieved upon 
the oxidation of patatin by C. hirsutus laccase. Additionally, the maximum formation of di-tyrosine 
was achieved upon 20 hrs. The end-product profile with or without mediator ferulic acid (FA) was 
dependent on the reaction time and the type of biocatalysts. Upon 48 hrs, the major cross-linked 
products of patatin, dimer or trimer, reached 18.7%, similarly in the case of protease inhibitors. The 
addition of FA enhanced the cross-linking extent of protease inhibitors by 13%, whereas no 
significant effects on that of patatin was observed. However, the incorporation of FA to patatin was 
5 times higher than to protease inhibitors. The secondary structures of the enzymatically cross-
linked PPTs were analyzed by Fourier-Transform Infared Spectroscopy. The antioxidant, 
emulsifying and foaming properties of cross-linked PPTs will be discussed as they are related to the 
secondary structures. The understanding of this relationship will provide the capability to generate 
cross-linked PTT with enhanced techno-functional properties. 
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Composting is a bioprocess to transform organic residues into biofertilizers. It is obtained by a 
succession of microbial communities, acting during distinct phases and temperatures. The 
overlapping of mesophilic and thermophilic microorganisms during the composting can produce 
important enzymes, including hydrolases and oxidases. Fungi, as microorganisms, are widely 
recognized about their ability to metabolize organic matter in different contexts, mainly due their 
lignocellulolytic enzyme machineries. In this sense, the present study, could isolate filamentous 
fungi (190) from two composting cells, filled by sugar cane bagasse solid residue as main microbial 
substrate. All fungal isolates were subjected to analysis to evaluate some hydrolytic abilities. After 
preliminary screenings 13 (thirteen) cellulolytic and xylanolytic fungi were selected. Among these 
isolates, three fungi characterized as Mucor sp (SPZPF3_47), Byssochlamys nivea (SPZPF1_129) 
and Paecilomyces saturatus (SPZPF1_141), were selected about their oxidase abilities, specifically 
lignin peroxidase (LiP) under veratryl alcohol (λ 310 nm). Crude enzymatic extracts of these fungi 
were evaluated stablishing kinetic-enzymatic parameters constants, including Michaelis-Menten KM 
(mM) and apparent catalytic constant kcat app (mmol/min)-1. For Mucor sp. KM 55.65±6.56 and kcat app 

7.45 were determined under acid pH and room temperature. For Byssochlamys nivea KM 9.60±1.79 
and kcat app 4.02, and Paecilomyces saturatus KM 22.67±5.18 and kcat app 10.67, alkaline pH and 
temperature at 65 ºC were favorable. These results are motivating ourselves for more deep 
investigation of these fungi, aiming the characterization of the proteins. 
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Baeyer-Villiger monooxygenases (BVMOs) are an emerging class of promising biocatalysts for the 
oxidation of ketones to prepare corresponding esters or lactones. Although many BVMOs have been 
reported, the development of highly efficient enzymes for use in industrial applications is desirable. 
In this work, we identified a BVMO from Rhodococcus pyridinivorans (BVMORp) with a high 
affinity toward aliphatic methyl ketones (Km < 3.0 μM). The enzyme was highly soluble and relatively 
stable with a half-life of 23 h at 30oC and pH 7.5. The most effective substrate discovered so far is 2-
hexanone (kcat = 2.1 s−1, Km =1.5 μM). Furthermore, BVMORp exhibited excellent regioselectivity 
toward most aliphatic ketones, preferentially forming typical (i.e. normal) products. Using the newly 
identified BVMORp as the catalyst, a high concentration (26.0 g/L; 200 mM) of methyl levulinate 
was completely converted to methyl 3-acetoxypropionate after 4 h, with a space-time yield of 5.4 g 
L−1 h−1. Thus, BVMORp is a promising biocatalyst for the synthesis of 3-hydroxypropionate from 
readily available bio-based levulinate to replace the conventional fermentation. 
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The Achmatowicz rearrangement, the oxidative ring expansion of furfuryl alcohol, was first 
developed in 1970s where treatment of the heteroarenes with bromine in methanol followed by 
subsequent hydrolysis provides dihydropyranones in high yields.[1] The general pyranone scaffold 
proved to be an extraordinary motif in synthetic chemistry and over the years, the Achmatowicz 
methodology was established as a powerful tool in the preparation of complex heterocyclic target 
structures.[2] En route to chemoinspired enzyme catalysis in traditional synthetic and abiotic 
reactions, our research focuses on biocatalysis of furfuryl alcohols and furan derivatives as well as 
follow-up chemistry. As a consequence, the first directly enzyme-catalyzed Achmatowicz ring 
expansion by peroxidases was developed in our group.[3] Subsequently, we reported an enzymatic 
dynamic isomerization of Achmatowicz pyranones via intermediates ketolactones utilizing alcohol 
dehydrogenases as borrowing hydrogen biocatalysts, mimicking an iridium-catalyzed method 
described in 2015,[4] to afford delta-lactones in high optical purity and yield.[5] 

Encouraged by these previous studies, we further investigated a number of unprecedented enzyme-
catalysed side reactions of Achmatowicz-type pyranones and optimized those towards productive 
novel biocatalysis tools. Modulation of the redox environment, different combinations of alcohol 
dehydrogenases and/or coupling to old yellow enzymes resulted in a series of ring contraction 
pathways yielding five-membered O-heterocycles. Thus, non-aromatizing ring contractions yielded 
either saturated or alpha,beta-unsaturated gamma-lactones in excellent enantiopurities, while 
unprecedented retro-Achmatowicz reactions produced furans. 
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Biocatalysis is a powerful tool for enabling more efficient, cost-effective, and sustainable 
manufacturing processes. Using advanced protein engineering technology, Codexis has developed a 
diverse array of enzymes with novel and improved properties, which have been used to manufacture 
a wide range of pharmaceutical intermediates and food ingredients. Here, we present the application 
of our CodeEvolver® protein engineering platform to the rapid development of an efficient, scalable 
process for the production of a sweetener with desirable characteristics. A set of glycosyltransferases 
and a cofactor recycling enzyme were engineered extensively, and the activity, selectivity, stability, 
and cofactor use of each enzyme was optimized in parallel to result in an inexpensive process that 
converts stevia leaf extracts to a desired steviol glycoside. This multi-enzyme cascade synthesis of 
rebaudiosides enables high product titers and high product purity with minimal downstream 
processing as well as rapid process development for commercialization. 
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Conjugation of antisense oligonucleotides to clusters of galactosamine units such as (5b) more 
effectively targets drug to the liver, leading to lower doses, thereby increasing the therapeutic index 
and improving the affordability of the medicine through reduced cost of goods. It was envisaged that 
the core triacid (3) of (5a) could be prepared using an efficient route in which the key enabling step 
was the novel use of a single nitrilase enzyme to hydrolyse all three nitrile groups of a trinitrile 
precursor, (2). Incomplete hydrolysis had the potential to give a complex mixture of side-products, 
hence it was essential to develop a highly selective and active enzyme. Initial screening of a diverse 
set of nitrilases identified a promising hit for this transformation. Directed evolution was employed, 
targeting activity and selectivity of the hit enzyme. This enabled us to develop a step suitable for 
manufacturing through reduction of enzyme loading 25-fold to 2% wt/wt and control of the key 
process impurity (4) at <0.2%. 
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Ribonucleotide reductases (RNRs) catalyse the reduction of ribonucleotides to the corresponding 
deoxyribonucleotides, the building blocks of DNA. RNRs constitute the last step in the only known 
de novo biosynthesis pathway of these building blocks and are present in all known life forms [1]. In 
principal able to catalyse the reduction of all canonical ribonucleotides, their substrate specificity is 
subject to a sophisticated allosteric regulation [2] (Figure). Although well characterized for their 
natural substrates, the substrate specificity of RNRs towards non-canonical deoxyribonucleotides is 
largely unexplored. This study aims at the exploration and engineering of the substrate specificity of 
RNRs for the synthesis of non-canonical deoxyribonucleotides, relevant in medicine or synthetic 
biology. 

Substrate specificity in RNRs can be examined separately for the different moieties of the 
ribonucleotide substrates: sugar, phosphates and nucleobase (Figure). Phosphate specificity means 
the number of phosphate groups attached to the 5’ carbon atom of the ribose moiety. All known 
RNRs possess either di- or triphosphate specificity, which is defined by two loops forming the 
phosphate-binding site. By exchanging two amino acids in one active site loop, a switch from tri- to 
diphosphate specificity was achieved. The exchanges indicate that loop orientation as well as 
hydrogen bonding to the phosphate moiety of the substrate play a major role in definition of the 
phosphate specificity. 

Investigating the nucleobase specificity is intimately related to allosteric regulation in RNRs. Binding 
of an effector deoxyribonucleotide (dNTP) at the allosteric site activates the enzyme for the 
conversion of a certain ribonucleotide substrate (Figure). Thus, the conversion of non-biological 
ribonucleotides was investigated in the presence of various native and artificial effectors. While 
structurally similar non-canonical ribonucleotides where accepted by the RNR, enzyme engineering 
will be required to open RNRs for a wider range substrates important for medicine or synthetic 
biology. 
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Bacterial microcompartments serve as metabolic modules (pseudo-organelles) that help to increase 
the local concentration of enzymes, facilitate substrate transfer between a series of connected 
reactions and sequester potentially toxic substrates or products. Encapsulation of enzyme(s) might 
be beneficial for biocatalytic approaches due to efficient transfer of intermediates, protection of 
packaged proteins against proteolysis, extended lifetime of the enzyme and protection against 
thermal inactivation.  

We have developed a tool for encapsulation of different enzymes through the co-expression of 
encapsulin and individual guest enzymes. Co-expression was based on a two-plasmids system, one 
carrying the encapsulin-encoding gene and another carrying the gene encoding the cargo enzyme 
fused to an encapsulation tag. In this work, we describe structural features of a protein nanocage 
originating from a thermophilic bacterium, which is a stable scaffold easily overexpressed in E. coli 
with yields that approach 1 g protein per L of culture broth. Solving the structure by electron 
microscopy and x-ray crystallography provides insight into the details of this unique protein-based 
nano-capsule. Dynamic light scattering (DLS) measurements in 0.5 - 6M urea indicated that the 
encapsulin is extremely robust. According to ThermoDLS experiments, the encapsulin is stable up 
to 55ᴼC. 

We have demonstrated the successful encapsulation of peroxidase, oxidase, catalase and a BVMO. 
However, activity was confirmed only for some of these cargo enzymes due to restrictive passage of 
substrates through the encapsulin pores. Encapsulin is permeable for a plethora of substrates 
ranging from small phenolic compounds to ABTS and cellotetraose. However, NADPH and bulky 
dye molecules cannot enter the lumen of encapsulin. 

Newly discovered encapsulin represents a robust scaffold for packaging different types of enzymes 
and proteins. The elucidated crystal structure allows further tuning of the encapsulin characteristics. 
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Nicotinate dehydrogenase (form Comamonas testosteroni JA1) can catalyze the hydroxylation of C6 
on 3-cyanopyridine with high region selectivity, which is very difficult and complex for chemical 
synthesis. However, as a membrane protein with three subunits (including S-subunit, L-subunit and 
M-subunit), nicotinate dehydrogenase is difficult to be soluble expressed in common model hosts, 
such as E. coli, B. subtilis or Pichia pastoris.  

Thus we tried to express the enzyme in non-model strains which is evolutionary similar with 
Comamonas testosteroni JA1 and we chose several broad host plasmids with different copy number 
as expression vectors. We found that the nicotinate dehydrogenase can be well soluble expressed 
with pVLT33 in Comamonas testosteroni CNB-2, though the enzyme activity of 40.6U/L was 
relatively low. To further improve the expression of the enzyme, a T7-like RNA polymerase-
promoter: Mmp1 system was first applied in Comamonas testosterone CNB-2[1], making the 
enzyme activity doubled. Molecular chaperone ES-EL was co-expressed by pBBR1MCS-5 in the same 
host to improve efficient folding of multi-subunit structures. Finally, the enzyme expression was 
improved and the maximum activity was far surpassed the previously reported level, reaching 115 
U/L, towards 3-cyanopyridine. Additionally, N-terminal engineering of enzyme gene (By randomly 
mutating the ribosome binding site and 4 amino acids behind start codon ATG) was applied to 
further improved enzyme activity. These results indicated that T7-like system and co-expression of 
molecular chaperone combined with N-terminal engineering strategy is an efficient way for 
improving the expression of enzyme in some non-model strains. This systematic approach could 
provide a solution for the expression optimization of such kinds of particular functional proteins 
which is difficult to be soluble expressed in common model hosts. 

* This work was financially supported by the National Natural Science Foundation of China (No. 
21676240). 
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Carboxylic acid reductases (CARs) are a class of enzymes that reduce a broad range of carboxylic 
acids to their corresponding aldehydes through acyl adenylate and thioester intermediates.[1] 
Researchers in the Flitsch lab have previously shown that introducing amine nucleophiles to the CAR 
reaction, intercepts the acyl adenylate to form amide products.[2] In this project, this reaction is 
explored further by engineering the enzyme. (Figure below) 

 

 

Considering the findings that the acyl adenylate is attacked by the nucleophile instead of the thioester 
intermediate, we hypothesized that by truncating CAR down to solely the adenylation domain, this 
would yield a significantly smaller enzyme, still capable of carrying out this reaction.  

Using the subtype CARmm from Mycobacterium marinum [3], various truncated versions were 
constructed. A range of different amines was used to perform biotransformations with the full-length 
CAR and the truncated CAR. Not only was the stand-alone CAR adenylation domain able to catalyse 
this reaction, it showed an overall improvement in product formation compared to the full-length 
enzyme. 
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(S)-Mandelic acid is a high-value chemical which is widely used for the production of non-steroidal 
anti-inflammatory drugs including deracoxib and celecoxib. The conventional synthesis of this chiral 
chemical is mainly based on the cyanation of benzaldehyde and subsequent hydrolysis with HCl to 
produce racemic mandelic acid, followed by the resolution with a maximum theoretical yield of 50%. 
Syntheses of (S)-mandelic acid via cyanation of phenylglyoxylic was also reported. However, all of 
these chemical methods use highly toxic cyanide chemistry. Enzyme catalysis has been introduced 
for the production of enantiopure mandelic acid. Nevertheless, the use of highly toxic cyanide for the 
preparation of the substrate or for the biotransformation is still inevitable. It has been our great 
interest to develop several cyanide-free methods to prepare (S)-mandelic acid via cascade 
biotransformation.[1] Here we report the enhancement of the production of (S)-mandelic acid from 
styrene as well as the new synthesis of (S)-mandelic acid from L-phenylalanine, glycerol, or glucose 
by whole cell-based cascade biotransformation. A new strategy to achieve high productivity via the 
recycling and reuse of the cells, unreacted substrate, and organic solvent has also been developed. 
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The poster focuses on the preparation of enantiomers of ethyl 3-chloro-2-hydroxypropanoate and 
ethyl 2-hydroxy-3-iodopropanoate and their derivatives by lipase-catalysed acyl transfers in organic 
solvents. Enantiopure (R)-ethyl 2-acetoxy-3-iodopropanoate can be used in the preparation of [18F]-
β-fluorolactate for positron emission tomography (PET) imaging.  

Candida antarctica lipase B (Novozym 435) catalysed esterification of β-chloro lactic acid with 
ethanol allowed the preparation of its ethyl ester as a racemate. CAL-B was further used for the 
separation of its enantiomers by an enantioselective O-acylation in di-isopropyl ether. Enantiopurity 
of the acylated resolution product was enhanced by a subsequent deacylation. Interestingly, CAL-B 
and Candida antarctica lipase A (NZL-101-IMB) showed here opposite enantioselectivities. 
Resolution of ethyl 2-hydroxy-3-iodopropanoate will also be considered in the poster. 

Ethyl 2-acetoxy-3-chloropropanoate was converted into ethyl 2-acetoxy-3-iodopropanoate by 
sodium iodide in acetone using EmrysTM Creator EXP microwave synthesizer. 
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Flavonons are compounds commonly found in the plant world, fulfilling the function in plant 
colourisation [1], being growth regulators or acting in the transport of auxins between cells [2]. As a 
dietary component, they have antioxidant, anti-cancer, anti-inflammatory or antibacterial properties 
[3,4]. However, they are poorly absorbed in the digestive system due to their low solubility in water. 
Glycosylated derivatives of these substances show their biological properties and, at the same time, 
are characterised by greater solubility in water [5]. The glycosylation reaction is usually described 
for substrates having a hydroxyl group in their structure. Most often such a process was observed for 
strains of the species Absidia coerulea, Beauveria bassiana and recently for Isaria fumosorosea 
[6,7]. 

We used nine entomopathogenic fungi strains belonging to 4 different species to compare their 
properties. Biotransformations were performed on 8 flavones containing from 1 to 5 methoxy groups 
without a free hydroxyl group. Simultaneously, obtained by chemical synthesis methoxyflavones we 
used were also checked for their anti-proliferative properties against tumour cells (HeLa and MCF-
7). Their antiproliferative activity was tested at concentrations of 100-500 μM and already at 100 μM 
showed 50-70% inhibition of HeLa and 20-70% of MCF-7 cell growth. 

 
 

 

 

Figure 1. Examples of 
biotransformation course: 
A) O-demethylation, B) 
hydroxylation, C) 4"-O-
methylglycosylation. 

Nine entomopathogenic fungi strains from Beauveria bassiana, B. caledonica, Isaria farinosa and 
I. fumosorosea species were able to transform tested flavones into their glycosylated derivatives. The 
main process occurring during the reaction is O-demethylation and/or hydroxylation followed by 4"-
O-methylglycosylation. Six of used compounds has been converted to at least one glycoside 
derivative, and in several cases even up to three glycoside derivatives have been formed 
simultaneously (Figure 1). 
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The discovery of the apoptotic activity of orostanal and the anti-tubercular activity of parguesterols 
[1,2] has caused renewed interest in chemistry and biochemistry of the B-norsteroids – compounds 
possessing an unordinary skeleton of [6-5-6-5] fused rings. As becomes apparent from the literature, 
the regio- and stereochemistry of many reactions of this type of compounds differ from that of the 
standard six-membered series [3]. In this study, we consider the course of transformation of B-
norsteroidal 5-alkenes (B-nor-dehydroepiandrosterone and its acetate) by whole cells of Beauveria 
bassiana and Fusarium culmorum fungi. Aspects of the regioselectivity of the hydroxylation of B-
nor substrates and the presence of the acetyl group are compared to the corresponding reactions in 
the standard 6:6 A/B series. 

Based on our previous works, B. bassiana is recognized as a unique species which converts 
dehydroepiandrosterone (DHEA) to 11α-hydroxy-lactone through the sequence of reactions: 11α-
hydroxylation and a subsequent Baeyer-Villiger oxidation [4], and the main profile of 
biotransformation of DHEA by F. culmorum is 7α-hydroxylation.[5] The cultivation of both tested 
fungi and biotransformations were conducted with continuous shaking on 3% glucose and 1% 
aminobac as fermentation medium. The products were extracted with ethyl acetate, separated on 
silica gel column chromatography and identified by chromatographic and spectroscopic methods. 
The microorganisms promoted the following reactions (Fig. 1): 
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From the FAD-dependent family of catalytically interesting GMC-oxidoreductases, glucose oxidase 
(GOX), glucose dehydrogenase (GDH) and cellobiose dehydrogenase (CDH) have been widely used 
in glucose biosensors. The loss of FAD by dissociation leads to an immediate loss of activity and 
destabilises the apoenzyme. This effect is commonly observed in biocatalysis and biosensing and 
greatly influences the applicability of flavoenzymes. Covalent binding of FAD could prevent its 
dissociation and improve enzyme stability. Therefore, the exchange of the native FAD cofactor with 
a modified FAD is required and an investigation of the FAD binding mechanism is important to 
improve the stability of the protein scaffold. We compared different deflavination methods and 
finally found that acidic ammonium sulfate precipitation can be applied to all three GMC-
oxidoreductases. The activity recovery is about 30–45%. Additionally, the spectroscopic properties 
and the thermostability of reconstituted GMC-oxidoreductases were also measured. From the 
UV/Vis absorbance spectrum, we could see that the apoenzyme lost the two typical peaks of FAD at 
350 and 450nm and that the reconstituted enzyme reacquired it. All three native enzymes have 
similar far UV CD-signals, which is consistent with the resolved crystal structures. Although the 
absorbance spectra of FAD are also similar, the visible CD-signal are quite different, which indicates 
a different FAD environment in the enzymes. The reconstituted enzymes have similar secondary 
structures as the native enzymes and the thermostability is also the same. The developed 
deflavination and reconstitution protocols did not change the molecular and catalytic properties of 
the enzyme and can be used to exchange the native FAD cofactor with a modified FAD and thereby 
support further studies. 

Corresponding author: roland.ludwig@boku.ac.at



Poster 268  326 

 

Natural deep eutectic solvents as multifunctional media for the 
valorization of agricultural wastes 

Yunjian Ma,[a] Peilin Li,[a] Yongru Li,[a] Sébastien J.-P. Willot,[b] Wuyuan Zhang,[b] Doris 
Ribitsch,[c] Young Hae Choi,[d,e] Robert Verpoorte,[d] Tianyu Zhang,[f] Frank Hollmann,*[b] 

and Yonghua Wang* 

 [a] School of Food Science and Engineering, State Key Laboratory of Pulp and Paper Engineering, 
Overseas Expertise Introduction Center for Discipline Innovation of Food, Nutrition and Human Health, 

(111 Center), South China University of Technology, Guangzhou 510640 (P.R. China) 
 [b] Department of Biotechnology, Delft University of Technology, Van der Maasweg 9, 2629HZ, Delft (The 

Netherlands) 
 [c] Austrian Centre for Industrial Biotechnology (ACIB), Konrad Lorenz Straße 22, 3430 Tulln (Austria) 

[d] Institute of Biology Leiden, Leiden University, Sylviusweg 72, 2333 BE Leiden (The Netherlands) 
[e] College of Pharmac, Kyung Hee University, 02447 Seoul (Republic of Korea) 

[f] School of Bioscience and Bioengineering, South China University of Technology, Guangzhou 510006 
(P.R. China) 

Keywords: chemoenzymatic cascades, choline oxidase, limonene, lipase, natural deep eutectic 
solvents 

The use of natural deep 
eutectic solvents (NADES) as 
multifunctional solvents for 
limonene bioprocessing was 
reported. NADES were used 
for the extraction of limonene 
from orange peel wastes, as 
solvent for the chemo-
enzymatic epoxidation of 
limonene, and as sacrificial 
electron donor for the in situ 
generation of H2O2 to 
promote the epoxidation 
reaction. The proofof-concept 
for this multifunctional use 
was provided, and the scope 
and current limitations of the 
concept were outlined. 
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Vicinal amino alcohols can be applied as active pharmaceutical ingredients and key building blocks 
in industrial applications. Due to two chiral centers, their asymmetric synthesis is challenging. Here 
we present a sequential 2-step enzymatic reaction targeting the selective synthesis of all four 
stereoisomers of the building block 1 amino 1 phenylpropan-2-ol (APP) (Figure 1). The cascade starts 
from the two easily available bulk chemicals benzaldehyde and acetaldehyde; furthermore, the cheap 
amine donor isopropyl amine (IPA) is applied. 

For the first cascade step either a (R)-selective benzaldehyde lyase (BAL) or a (S)-selective 
benzoylformiat decarboxylase (BFD) is used.[1,2] This gives access to the intermediate 2 hydroxy-1-
phenylpropan-1-one (HPP). The second step to APP is carried out with either the (S)-selective 
transaminase from Bacillus megaterium or the (R)-selective transaminase from Athrobacter sp. 

Figure 1: Two-step enzymatic synthesis towards APP isomers starting from benzaldehyde and acetaldehyde, 
applying carboligase and transaminase in the sequential cascade mode. 

The product APP was produced in 1 mL and 30 mL scale with excellent sereoselectivities (ee >92% 
de >99%) and conversions (>92%) in three of four cases. As a further step, the reaction was set up 
with immobilized enzymes. Two immobilization methods were chosen and compared. First, the 
fusion to a haloalkane dehalogenase on gene level was carried out and the fusion enzymes applied in 
the HaloTag® system. Second, all 6xHis tagged enzymes were immobilized with EziG™ beads. To 
demonstrate the feasibility of enzyme immobilization, initial activity of HaloTag® (75% activity 
compared to free enzyme) was compared to EziG™ (100% activity compared to free enzyme) 
immobilization. For optimal reaction design and gaining improved specific space time yields (sSTY), 
the reaction to (1R,2S)-APP was set up with immobilized [5,6] enzymes in repetitive batch mode. 
With an increase of sSTY from 0.12 g[product]/(g[enzyme]*l·h) to 3.77 g[product]/(g[enzyme]*l·h) 
within 8 repetition. 
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Thiamine diphosphate-dependent (ThDP) enzymes are potential biocatalysts for the stereoselective 
production of pharmaceutical precursors and fine chemicals like (S)-phenylacetylcarbinol [1]. To 
enlarge the spectrum of enzymes able to catalyse desired reactions, bioinformatical methods are 
needed [2]. Such computational methods perform enzymatic function identification based on the 
sequence-function relationship, resulting in so-called annotated enzymes. However, these 
bioinformatical annotations are often negated by experimental results [3]. Therefore, the existing 
computational methods have to be further improved in order to enhance the precision of enzyme 
identification e.g. by sequence and in addition function information, if existing.  

For this purpose, a path through the sequence space in between the two well characterised enzymes 
benzaldehyde lyase from Pseudomonas fluorescens (PfBAL) [4] and 2-succinyl-5-enolpyruvyl-6-
hydroxy-3-cyclohexene-1-carboxylate synthase from E. coli (EcMenD) [5] was set. This path consists 
of ten annotated ThDP-dependent enzymes selected with the help of the thiamine diphosphate 
dependent enzyme engineering database (TEED) [6]. The enzymes are characterised by commonly 
known reactions catalysed by ThDP-dependent enzymes. Furthermore, the characterisation results 
are to be compared in respect to substrate preference, type of catalysed reaction, as well as stereo- 
and region selectivity. Finally, these findings shall answer the question, in which manner the catalytic 
properties along the sequence path behave – do they change steadily or discrete? 
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The chiral amine moiety is one of the privileged scaffolds that are ubiquitous in natural products, 
pharmaceuticals, agrochemicals and fine chemicals. Hence, finding new ways to access it continues 
to be a major research topic in synthetic chemistry.[1] Over the last 20 years, a substantial effort has 
been made in the field of biocatalysis and a significant number of enzymes are now available for this 
task.[2,3] 

In this context, we have recently reported the discovery of a clade in the imine reductase family 
termed reductive aminase (RedAm) that show remarkable activity towards the asymmetric reductive 
amination of carbonyl compounds with amines.[4,5] In this poster presentation, we describe the 
discovery, characterisation and synthetic applications of two new enzymes from the RedAm family 
– the RedAm from Neosartorya fumigata (NfRedAm) and from Neosartorya fischeri (NfisRedAm). 
These enzymes not only show a remarkable activity in the reductive amination of carbonyl 
compounds and primary amines but they can also accept ammonia as amine donor to access a broad 
range of primary amines. This remarkable feature stresses the synthetic importance of this family of 
enzymes as well as expands the biocatalytic toolbox available for chiral amine synthesis. 
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Cyclohexanone monooxygenase (CHMO) has been studied most because of its valuable 
characteristic as a biocatalyst for industrial application. However, the low stability of CHMO is an 
obstacle for their exploitation in industry. [1,2] To improve the characteristic of CHMOAcinteo, we 
have used consensus approach which utilizes structural information and requires fewer homologous 
sequences. [3] After creating the first generation library with single point mutations, the best 
variants were determined and to boost the effect up, the best single point mutations were combined 
and second generation of mutants created. We also did implement the literature known mutation in 
our new library and third generation prepared. The combination of single point mutations gave rise 
to a library of 14 mutants. Then, activity, melting temperature, and thermostability have been 
evaluated. We have found several mutants with increased activity and thermodynamic stability. After 
the combination of improved variants, we ended up with a mutant (S2), composed of 7 single point 
mutations, which showed 40% higher activity, 2-fold enhanced thermostability and 2°C increase in 
the melting temperature than the wild-type. S2 was used for another round of mutation. The 
literature known mutations were combined with S2 and lead us to 6 new variants. There was an 
increase in melting temperature and thermal stability in all mutants. The new mutants showed either 
the same or even higher activity in comparison to wildtype. S8 showed the highest improvement in 
the case of melting temperature by 5 °C and S7 showed the highest thermal stability by more than 8 
fold improvement. We can conclude that the consensus approach would be an efficient method to 
predict the mutations and can be used for further studies in the family of BVMOs. This study also 
can help us to determine the critical residues for this class of enzyme.  
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Acrylic acid is an extremely important building block to generate polymers and various products, but 
its current industrial manufacture employs fossil based starting materials. Therefore, an alanine 
ammonia lyase would be a promising candidate to obtain acrylic acid in a sustainable and alternative 
way. Consequently, it would be interesting to engineer existing ammonia lyases to accept alanine as 
substrate. Suitable candidates are 3,5-dihydro-5-methylidene-4H-imidazol-4-one (MIO)-dependent 
aromatic amino acids ammonia lyases, which catalyse the non-oxidative deamination of 
phenylalanine, tyrosine and/or histidine to form unsaturated acids.[1] Phenylalanine ammonia 
lyases from Anabaena variabilis, Rhodotorula glutinis and Planctomyces brasiliensis are the 
selected biocatalysts for this purpose.[2,3,4] Propargylglycine is the only aliphatic substrate known 
to be accommodated as substrate by a phenylalanine ammonia lyase.[5] As a consequence, more 
information about the behavior of these enzymes on non-aromatic and acyclic compounds are 
required. An enzymatic tool with a coupled reaction and in situ cofactor regeneration has been 
developed to detect the activity of phenylalanine ammonia lyases on aliphatic substrates. 
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Probing the enzymatic activity in whole cells requires specific photosensitive compounds that 
respond to irradiation of a certain wavelength of the electromagnetic spectrum and can reveal a 
specific enzymatic activity. This strategy has been applied to High throughput screening (HTS) 
allowing the automatic monitoring of thousands of samples. New fluorescent compounds revealed 
enzymatic activities in vitro and in vivo environments signaling the presence of specific enzymes. In 
this context, the synthesis of several fluorogenic compounds with novel photo physical 
characterizations and specific biological applications revealed interesting properties. As the 
simultaneous detection of hydrolases in microorganisms, with probes that present different 
fluorophores (resorufin and umbelliferone) and functional groups (epoxide and ester) that, after 
enzymatic action, a chemical cascade ending by the fluorophore release. This methodology is called 
multiplex screening, revealed the enantiomeric excesses (ee) and conversions of enzymatic reactions, 
using enantiomerically enriched umbelliferone derivatives probes with a methodology implemented 
by our research group, named Quick-ee. Also in the biological context, an enzymatic cascade present 
in breast and prostate human tumor cells, involving PSTP (serine / threonine phosphatases) and 
ADH (alcohol dehydrogenases), will be discussed. Finally a novel fluorescent substance with a 
potential photodynamic therapy in prostate cancer cell will be discussed 
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Recently, a small number of pyruvate aldolases were shown to be able to convert hydroxypyruvate 
as donor molecule, which considerably expands their product scope.[1] A detailed analysis of the 
class II pyruvate aldolase A5VH82 from Sphingomonas wittichii RW1 revealed a phosphate 
dependency, which modulates the enzyme’s activity and CH-π interactions for the accommodation 
of hydroxypyruvate.[2] Most importantly, the enzyme was found to display an unprecedented 
promiscuity both on the donor and acceptor side of the reaction. Next to pyruvate and 
hydroxypyruvate, halopyruvates were also accepted as donor substrates. The enzyme further showed 
a high tolerance towards organic co-solvents, rendering it suitable for the conversion of many poorly 
water soluble acceptor substrates, such as linear and branched aliphatic or aromatic aldehydes, polar 
hydroxyaldehydes and even a small set of ketones as acceptors.  
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Chiral amines form one of the key moieties in many active pharmaceutical ingredients (APIs).[1] 
Imine reductases (IREDs) offer a practical route for chiral amine synthesis through either imine 
reduction,[2] and reductive amination.[3] The latter offers great synthetic utility over other 
biocatalytic strategies,[4] through the combinatorial preparation of secondary, and tertiary amines 
.[3,5,6] The number of IREDs discovered over the last decade has been burgeoning with large panels 
emerging through genomic libraries.[5-7] Metagenomics is a platform which is commonly used to 
identify sequentially diverse biocatalysts and often leads to the discovery of novel enzymatic 
activity.[8,9]  

Here we present how a combination of mining metagenomic libraries and genomic databases has 
aided us in assembling the largest and one of the most sequentially diverse IRED panel to date with 
over 400 enzymes being identified. We also present the application of a formazan-based screen in 
384-well format, IREDy-to-go™, that has aided in the high-throughput characterisation of these 
enzymes across a diverse array of substrates The screen has been used to identify IREDs with 
expanded substrate scope towards a number of different compounds including N-functionalised β-
amino esters. The synthetic application of these enzymes was then demonstrated via the preparation 
of a large number of β-amino esters with excellent enantioselectivity and diasteroselectivity. We also 
report the identification of wild-type IREDs with properties applicable for industrial scale processes. 
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HMF oxidase (HMFO) from Methylovorus sp. is a recently characterized flavoprotein oxidase. [1] 
HMFO is able to oxidize 5-(hydroxymethyl)furfural (HMF) into 2,5-furandicarboxylic acid (FDCA). 
Because HMF can be formed from fructose or other sugars and FDCA is a polymer building block, 
the oxidase has attracted attention as industrially relevant biocatalyst. The dicarboxylic acid FDCA 
can be polymerized with ethylene glycol to produce polyethylene furanoate (PEF). This renewable 
and bio-based polyester can be a valid alternative to the petroleum-based polyethylene terephthalate 
(PET) thanks to its similar characteristics.  

The first step to the development of an HMFO with improved catalytic properties is the engineering 
of the enzyme to enhance its thermostability using the recently developed FRESCO method. [2] 

FRESCO (Framework for Rapid Enzyme Stabilization by Computational libraries) is a computational 
approach to determine thermostabilizing point mutations in a protein structure. FRESCO has the 
potential to become a more valid alternative to random approaches like direct evolution when the 
protein structure is known. The first steps consist of in silico screening of single variants. After this 
screening the selected mutants are subject to experimental verification for improved TM and 
preserved catalytic activity. Finally, the combination of stabilizing mutations are combined with a 
novel Golden Gate based technique to lead to highly stabilized variants. 

I will present the results obtained by using the FRESCO method combined with the new gene 
shuffling technique developed: the stability and activity profiles of the generated HMFO mutants will 
be presented and discussed. [3] 

References:  

[1] Dijkman, W. P., & Fraaije, M. W. (2014). Discovery and characterization of a 5-hydroxymethylfurfural 
oxidase from Methylovorus sp. strain MP688. Applied and Environmental Microbiology, 80, 1082–1090. 

[2] Wijma, H. J., Floor, R. J., Jekel, P. A., Baker, D., Marrink, S. J., & Janssen, D. B. (2014) 
Computationally designed libraries for rapid enzyme stabilization. Protein Engineering, Design and 
Selection, 27, 49–58. 

 [3] Martin, C., Maqueo, A. O., Wijma, H. J., & Fraaije, M. W. (2018) Creating a more robust 5-
hydroxymethylfurfural oxidase by combining computational predictions with a novel effective library 
design, Biotechnology for Biofuels, 1–9. 

Corresponding author: m.w.fraaije@rug.nl 



Poster 278  336 

 

Resurrected enzymes provide central clues on lignin 
biodegradation evolution 

Iván Ayuso-Fernández1, Antonio L. de Lacey2, Jorge Rencoret3, Francisco J. Cañada1, Ana 
Gutiérrez3, Francisco J. Ruiz-Dueñas1, Angel T. Martínez1 

1 CIB, CSIC, Madrid, Spain;  
2 ICP, CSIC, Madrid, Spain;  

3 IRNAS, CSIC, Sevilla, Spain 

Keywords: ligninolytic peroxidase evolution, ancestral enzyme resurrection, catalytic sites, 
reduction potent 

Resurrection of ancestral enzymes allows the study of evolutionary hypotheses otherwise impossible 
to be tested, while often providing enzymes with higher stability and evolvability for industrial 
application. Here, we target fungal peroxidases that play a key role in lignin degradation, an essential 
process in the carbon cycle and a limiting step in biobased industries. Ligninolytic peroxidases are 
secreted by wood-rotting fungi, whose origin was established in the Carboniferous period associated 
to the appearance of these enzymes. [1] Lignin peroxidases (LiPs) are the most efficient lignin-
degrading enzymes being restricted to Polyporales, where most wood-rotting fungi are classified 
(with Phanerochaete chrysosporium LiPA as model enzyme). To reconstruct evolution from the 
common ancestor of Polyporales peroxidases (CaPo), peroxidase sequences in Polyporales genomes 
were curated, their phylogeny established, and the main ancestors in the LiPA lineage reconstructed, 
and heterologously expressed for characterization. First, we used stopped-flow spectrophotometry 
to measure the reduction potential of the rate-limiting step in catalysis. In this way, we demonstrated 
that the high reduction-potential that characterizes LiPs today was not directly inherited from CaPo 
but progressively increased through evolution. Secondly, we determined that CaPo, and its 
immediate progeny, were manganese peroxidases (MnPs) acting on phenolic lignin via Mn(III) 
chelates. Then, we found that the LiP ability to oxidize non-phenolic lignin started with the 
appearance ~200 mya of a solvent-exposed tryptophan being able to abstract electrons directly from 
the lignin macromolecule (unable to interact with the buried heme cofactor). Interestingly, the final 
evolutionary step to LiPA includes higher stability under acidic conditions, which favors lignin 
biodegradation. In a wider context, we also found that the catalytic tryptophan is a convergent trait 
appearing not only in the LiP ancestors but also in the reconstructed unrelated evolutionary line 
leading to the current versatile peroxidases (VPs) of Polyporales. [2] 
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The Brazilian tropical savannah, known as “Cerrado”, and the Brazilian semiarid (“Caatinga”), are 
typical national biomes that include potential microorganisms for multiple biotechnological 
purposes. In this context, it is worth mentioning about endophytic fungi, which are known as 
colonizers of living plant tissues causing no apparent infection or symptoms of diseases. These fungi 
have some special abilities to produce a wide range of bioactive compounds, including 
lignocellulolytic enzymes, which can be used in industries that use vegetal biomass as feedstock. The 
production of biofuels, paper, textiles, food, effluent treatment, bioremediation, organic synthesis, 
besides the cosmetics and medicines are industries that involve steps for pretreatment of 
lignocellulosic biomass. So, the goal of this study was to investigate the ligninolytic activities of 
endophytic fungi isolated from Cerrado and Caatinga environments. Nineteen (19) endophytic fungi 
(ten isolated from Cerrado and nine from Caatinga) were analyzed about their enzymatic activities 
of ligninases (lignin peroxidase: LiP; EC 1.11.1.14 and laccase: Lac; EC 1.10.3.2). Among isolated fungi 
from Cerrado, all isolated showed LiP (8.60 to 65.86 U/L) and five (5) were selected about their Lac 
activities (2.18 to 11.47 U/L). One (1) isolated (LRA 9) showed the highest values of all evaluated 
enzymatic abilities (LiP: 65.86 U/L and Lac: 11.47 U/L). However, all isolated from Caatinga 
exhibited LiP (16.40 to 85.13 U/L) and eight (8) Lac (0.99 to 23.24 U/L) with one (1) isolated (FE 
120) showed the most ability (LiP: 85.13 U/L and Lac: 15.23 U/L). These preliminary results are 
motivating the development of the next steps of the work, including the stablishment of the optimal 
conditions to have the better enzymatic performances of the fungi, looking the increment of 
bioethanol processes production. 
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While cost effective synthesis routes of high value chemicals are a necessity for chemical industries, 
their sustainability remains tremendously lacking. To address these questions, artificial 
metalloenzymes have emerged as advanced biocatalysts able to support a wide range of non-
naturally occurring reactions in a biological environment.[1]  

Despite the development of supramolecular anchoring of non-native metals, few enzyme structures 
can be chosen for a pool of desired substrates. 

To promote substrate interactions, we engineered a cofactor-based enzyme, using its active site to 
host the substrate and the cofactor binding pocket to position the transition metal complex. 
Computational modelling has been performed to understand the robust interactions needed between 
an NAD(P)H-dependent alcohol dehydrogenase (ADH) and the metal catalyst anchors, mimicking 
the binding of its natural cofactor. From the selected hit structures with high potential affinity, a 
short synthesis path was further designed to allow the quick development of a metal complexes 
library. Preliminary bioconjugation tests on intermediate anchors suggested a metal catalyst binding 
to ADH with millimolar affinity. 

Supramolecular anchoring of transition metals allows the selection of an appropriate enzyme for a 
substrate of interest. The applied rational design technique appeared as both time and experimental 
resources saver in the drug discovery process. 
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Indoles represent one of the most important heterocyclic rings which provide privileged scaffolds for 
the discovery of new drug candidates with different pharmacological activities.[1] Also, the indole 
moiety can be found in many therapeutically active natural alkaloids.[2] In view of the 
pharmacological significance of these heterocyclic compounds, the synthesis of indoles has been a 
major object of research for over hundred years in organic chemistry. Among the typical approaches 
for the synthesis of indoles, the Fischer’s reaction remains an extremely useful and important 
method;[3] other methods to access indoles include the use of metal catalysts like Pd, Au, Co or 
oxidising agents like DDQ.[4] All these methods often require the use of harsh conditions such as 
high temperatures and acid catalysts that are in many cases environmentally unfriendly and 
hazardous. 

With the aim to overcome these 
limitations, a novel, greener and 
more sustainable approach for the 
preparation of indole compounds 
has been developed. In our 
previous work, we described the 
aromatizing properties of 
monoamine oxidase (MAO-N) 

biocatalysts.[5] Herein, the aromatization of differently-substituted indolines into the respective 
indole products exploiting freeze-dried MAO-N whole cell biocatalysts is presented. In the 
optimization of this methodology the use of different co-solvents as well as the choice of MAO-N 
variant was explored. Indoline substrates were obtained via photocatalysis from anilines or through 
arylative dearomatization of indoles. The new methodology proves to be a sustainable alternative to 
standard catalytic methods for the synthesis of indoles under milder conditions. ** 
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Although our daily life strongly relies on organic synthesis, the necessity to find more sustainable 
ways to produce fine chemicals is emerging. Especially, redox reactions require stoichiometric 
amounts of sacrificial electron donors, which have to be disposed afterwards. Compared to 
conventional synthesis or to biocatalysis in heterotrophic bacteria, biocatalysis in cyanobacteria 
represents an interesting alternative. In these organisms the electrons fuelling the reaction can be 
provided by the light-dependent oxidation of water during the linear electron flow through 
photosystems (PSII and PSI). Among oxidoreductases, cytochrome P450 monooxygenases are 
particularly suitable for the expression in cyanobacteria, because they catalyze reactions consuming 
O2, a by-product of photosynthesis, and they can accept electrons from ferredoxins, naturally 
occurring in these hosts [1]. Cyanobacteria possess a unique class of P450s, named CYP110, and 
among these, the enzyme CYP110D1 (alr4766) from Nostoc sp. PCC 7120 was chosen for the 
expression in the model cyanobacterium Synechocystis sp. PCC 6803. 

CYP110D1 is known to catalyze 
the hydroxylation in C7 position 
of limonene to yield perillyl 
alcohol, a molecule used in 
drugs, cosmetics and cleaning 
products industries. In this 
work, the gene from Nostoc sp. 
was cloned into the self-
replicative plasmid pSEVA251 
for the expression in 
Synechocystis under the control 
of two different constitutive 
promoters, PpsbA2* and 

Ptrc.x.TetO2, which are 6 and 20 times stronger compared to the reference promoter PrnpB [2]. 
These plasmids were used to transform Synechocystis by electroporation. Currently, the transcript 
and protein levels are being evaluated by RT-PCR and Western blot, respectively. 
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Thermal stability of an enzyme increases its half-life and co-solvent compatibility as well as allows 
its storage, transport and reuse under non-natural conditions, thus being a desirable property for 
industrial enzymes. A generalized trend in biotechnological industries is the development of directed 
evolution platforms -complementary to functional metagenomics- to obtain thermostable variants 
of the mesophilic enzymes of interest. Indeed, there is a real need to implement more efficient, 
simple and inexpensive methods that allow both the screening of thermostable variants and the 
detection of thermostable activities from libraries isolated from thermophilic environments. 

We have targeted the Pseudomonas fluorescens esterase I (E.C. 3.1.1.2; PFEI) for thermostabili-
zation by directed evolution, using an in vivo folding method previously developed in our group [1]. 
Transformants of Thermus thermophilus were selected by growth at 48 h at 68ºC and 60 and 80 
µg/ml kanamycin. After screening a total of 90,000 clones, 36 active mutants were recovered. These 
PFEI variants were overproduced in Escherichia coli and purified to homogeneity for 
characterization. Thermal stability was evaluated in terms of thermodynamic and kinetic stability. 
In addition, kinetic parameters were determined with p-nitrophenyl acetate as model substrate. The 
most thermostable variant showed a melting temperature (Tm) of 77.3±0.1ºC (4.6ºC higher than the 
wild-type) and a half-life of over 13 h at 65ºC (7.9-fold better than the wild-type), with unchanged 
kinetic parameters. 

Stabilizing mutations were incorporated into PFEI variant L30P, which had formerly been described 
to be enantioselective in the hydrolysis of the Vince lactam (2-azabicyclo[2.2.1]hept-5-en-3-one) [2]. 
The final variant of this study showed a significant improvement in thermal stability (Tm of 
80.8±0.1ºC and a half-life of 65 min at 75ºC), while retaining enantioselectivity (E >100). Molecular 
modeling studies were carried out to investigate the effect that introduced mutations had on the 
structure and thus, on the overall stability. 
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Sustainable and environmentally friendly energy resources are increasingly required in order to meet 
the modern world’s needs, chief among such needs – biofuels. In particular, second and subsequent 
generations of bioethanol is considered as a promising drop-in fuel. Second generation bioethanol is 
typically produced from lignocellulosic biomass and/or other industrial byproducts, which are 
relatively inexpensive and locally available. The conversion of lignocellulose into reducing sugars is 
more difficult than, for example, the conversion of starch (the first-generation bioethanol) [1]. The 
composition of lignocellulosic biomass depends on its species, growth conditions, variety, the high 
content of cellulose and hemicellulose and low content of lignin is required for efficient ethanol 
production. The production of lignocellulosic bioethanol requires also efficient feedstock 
preparation before fermentation. The purpose of the pretreatment step is to prepare the surface of 
biomass for enzymatic saccharification. However, during this preparation quite high content of 
harmful inhibitors is generated, such as various weak organic acids, phenol and furan derivatives, 
which have the major impact for effective saccharification and fermentation. There are several 
methods used for so called detoxification – removal of inhibitors: extraction with organic solvents, 
use of molecular sieves, steam stripping, ion-exchange which are time consuming and precious. The 
alternative could be the enzymatic detoxification. Promising results were obtained by evaluating 
enzymatic detoxification of wheat straw biomass [2,3].  

By this study, we have examined lignocellulosic biomass of birch sawdust pretreated by steam 
explosion. Enzymatic detoxification was performed with well known enzyme laccase and the 
influence of this detoxification for both ethanol production steps saccharification and fermentation 
was investigated. The obtained results, which will be presented during the conference in depth, 
disclosed the importance of detoxification for the overall productivity of bioethanol. 
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Microbial bioproduction have attracted much attention because of the increasing demand for 
environmentally-friendly bioprocesses. Firstly, we focused on the production of mevalonate by 
Escherichia coli. Mevalonate is one of the important compounds, which is utilized as the 
intermediate of a medicinal or a cosmetic compound and is the metabolic intermediate for 
synthesizing terpenoids. Here, we attempt to improve the production of mevalonate by using single 
gene knockout E. coli library. The plasmid including mevalonate-producing genes (pMev) was 
transformed into a single gene-deficient E. coli BW25113 strain, and cultivated with 20 g/L glucose 
and 5 g/L yeast extract containing a minimal medium. Mevalonate production was determined using 
a gas chromatograph equipped with a flame ionization detector. BW25113 harboring pMev produced 
mevalonate from glucose at a concentration of 0.8 g/L after 48 hours cultivations (WT). Then, the 
effect of single gene knockout on mevalonate production was evaluated. The deletion of several genes 
was effective for improving the production of mevalonate. The production of mevalonate with a gltA-
deficient strain, an aceA-deficient strain, an aceB-deficient strain and an acnA-deficient strain were 
increased compared with WT (1.4 g/L, 0.9 g/L, 1.3 g/L, 1.0 g/L, respectively). These genes are 
involved in acetyl-CoA catabolism in the glyoxylate shunt, and acetyl-CoA level is critical for 
enhancing the production of mevalonate because acetyl-CoA is a metabolic intermediate for the 
synthesis of mevalonate. We also focused on the microbial fuel cell with E. coli as a biocatalyst. The 
accumulation of intracellular NADH is an effective approach for the improvement of electricity 
generation. We, therefore, attempt to utilize a single gene-deficient E. coli for the accumulation of 
intracellular NADH. 
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Selective chemical oxidation of carbohydrates is very challenging. Galactose oxidase (GOase), a 
copper dependent oxidase, can oxidize the primary hydroxyl of non-reducing hexoses with strict 
regiospecificity and can be carried out in buffer whilst requiring only ambient conditions and oxygen 
as a co-substrate. Two variant GOases have now been used to oxidize of panel of glycosides. The 
industrial potential of GOase was tested with the gram scale oxidation of lactose (an inexpensive 
renewable feedstock) that was achieved to full conversion in batch. It was evident that oxygen 
availability is crucial for the reaction to proceed on gram scale and was the limiting factor in scale 
ups. To overcome the issue of oxygen availability, a continuous flow system was utilized for the bio-
oxidation of lactose yielding multi gram quantities of a high value 6-oxolactose. Oxidation of 
industrially relevant glucosides was achieved with GOase F2; chain length and linkage type had an 
impact on conversion. The broad substrate scope and scalability of GOase variants show the enzyme 
to be a highly useful tool in carbohydrate chemistry for selective functionalization of the primary 
hydroxyl. 
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Penicillin G acylases (PGAs) are industrially relevant enzymes for the production of semi-synthetic 
ß-lactam antibiotics, providing the precursor 6-aminopenicillanic acid by hydrolysis of penicillin G 
and catalyzing the subsequent synthesis of semi-synthetic penicillins. Currently, most applications 
are based on PGAs from Gram-negative bacteria. Here, we investigate PGAs from Gram-positive 
Bacillus species, which are secreted to the growth medium allowing a purification directly from the 
supernatant. 

In this study, new PGA enzymes from different Bacillus species were identified by database search 
based on the amino acid sequence of Bacillus megaterium PGA. Two of these novel PGAs were found 
to be active catalysts and showed a strongly improved thermostability compared to the PGA from B. 
megaterium. The protein structures of these three heterodimeric enzymes were elucidated, giving 
the first structures of PGAs from Gram-positives. Based on the enzyme structures, two types of 
mutants were generated, trying to stabilize the natural enzymes by protein engineering. Firstly, 
mutants were constructed consisting of subunits from different species to understand the influence 
of the different subunits on the properties of the enzyme. Secondly, mutants were generated to 
improve the thermostability by covalent binding of the subunits by an artificial linker. These hybrid 
and single-chain PGAs were successfully produced and proven to be active catalysts. The 
thermostability of the single-chain PGA was raised, whereas the melting points of the hybrid PGAs 
were between those of the original variants. For further characterization of the new PGAs as well as 
their mutants different substrates were tested and the products analyzed. 

In summary, the first structures of PGAs from Gram-positive bacteria, together with initial protein 
engineering experiments and first analyses of their substrate spectra provide the basis for 
establishment of new PGA-based biotechnological processes. 
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Methylation of small molecules can have a significant impact on their physical and pharmacokinetic 
properties. However, methylation and alkylation of small molecule substrates typically result in the 
formation of product mixtures which complicates their preparation and ultimately, their wider 
utility. S-adenosyl methionine (SAM) dependent methyltransferases are ubiquitous in nature and 
are promiscuous in the types of substrates which they can methylate, thus offering a potential 
biocatalytic route for small molecule methylation and potentially alkylation.[1-3] At present, a fully 
biocatalytic process is currently limited by the expense of commercial SAM and is restricted to 
transfer of a methyl group. Whilst certain small molecule methyltransferases accept unnatural 
analogues of SAM,[4,5] this currently relies on the chemical synthesis of these analogues, which 
results in the formation of racemic mixtures. A solution to this limitation would be to use a SAM-
generating enzyme (e.g., SalL from Salinospora tropica)[6] coupled with a methyltransferase (e.g., 
NovO from Streptomyces spheroides) in a tandem, one-pot enzymatic process.  

This work will highlight the construction of a structure-activity-relationship profile of modified SAM 
cofactor activity using SalL to catalyse SAM production, with NovO to catalyse alkyl transfer to small 
molecule substrates. Cofactor profiling revealed particular modifications to the purine nucleobase 
and the methionine carboxylic acid which can improve yield of alkyl transfer. Finally, we will 
showcase the application of SAM cofactor profiling to prepare high-value alkylation of coumarin 
substrates of medicinal importance.[7] 
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Fungal laccases are robust multicopper oxidoreductases. Perfectly amenable to synthetic evolution, 
the fungal laccase scaffold is a potential generic for the production of tailored biocatalysts.[1] The 
oxidation of substrate occurs at the T1 copper site and electrons are triggered to a trinuclear copper 
site composed of a T2 and an antiferromagnetically coupled T3 site to perform the efficient O2 
reduction into water.[2] We shape new catalysts based on oriented functionalization of a laccase 
surface with different “plug-ins”. From our initial demonstrations on bi-molecular systems – a 
sensitizer/laccase system coupling the light driven four-electron reduction of dioxygen to water[3] 
to the photo-oxidation of styrene[4], we will present our latest architectures based on the oriented 
grafting of the enzyme surface. Olefin oxidation catalysts based on the use of a reversible electron 
acceptor, methyl-viologen, as electron shuttle[5] and laccase functionalized electrode materials will 
be discussed.[6] 
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Alkaloids are found primarily in plants and are particularly common in certain families of flowering 
plants. Tetrahydroisoquinoline alkaloids (THIAs) are an interesting class of molecules, that exhibit 
diverse pharmaceutical properties and have a history of human use dating back thousands of years. 
In addition to their prominent role in traditional medicine, the THIA scaffold has a wide variety of 
pharmacological applications. Recently, preliminary studies have also uncovered their new potential 
in treating cancer, malaria, and many different diseases. Amongst all THIQs a special group is are 
the 1,1-spirotetrahydroisoquinolines, with growing importance such as the ochostensine natural 
product. In recent years, we have developed new synthetic pathways to these important 
compounds.[1] Moreover, by using Thalictrum flavum NCS (TfNCS) we have reassessed the 
mechanism of the enzyme and using active site mutations of TfNCS we have also increased the 
substrate spectrum towards non-native aldehydes.[2] 

In our research group, we have described that TfNCS can catalyse the Pictet–Spengler reaction (PSR) 
between dopamine and unactivated ketones,[3] thus facilitating the biocatalytic generation of novel 
spiro-THIQs.[4] The enzyme TfNCS has also emerged as a useful tool in different cascades processes 
(Scheme 1) when combined with a range of enzymes such as, transaminases, ene-reductases, 
decarboxylases, methyltransferases or in chemoenzymatic processes.[5] As a result, we have 
obtained the corresponding products in high yields, while decreasing the waste generated in 
synthesizing such alkaloids, and examples will be described. 

Scheme 1. Synthesis of tetrahydroisoquinolines using TfNCS in cascade. 
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ω-Transaminases (ω-TAs) are pyridoxal 5′-phosphate (PLP) dependent enzymes that are attractive 
biocatalysts for the production of enantiopure amines. However, ω-TAs can be rather unstable 
because the aminated cofactor PMP may diffuse out of the active site followed by irreversible 
denaturation. Here we applied a protein engineering strategy termed FRESCO (Framework for 
Rapid Enzyme Stabilization by Computational Libraries) to improve the stability of the recently 
discovered PLP fold-type I class III ω-TA from Pseudomonas jessenii (PjTA). In total 31 stabilizing 
point mutations were discovered (∆Tmapp ≥ +1 °C). All mutations which significantly improved 
stability (∆Tmapp ≥ +3 °C) were located at the interface between the two subunits of the enzyme and 
66% of the 29 computationally predicted interface mutations were stabilizing. After combining 
mutations, two highly robust variants carrying 4 mutations (apparent melting temperature increased 
by 18 °C) and 6 mutations (+23 °C) were obtained. These variants were also 5-fold more active at 
their new and higher optimum temperature. Furthermore, these two robust variants were more 
resistant than the wild-type enzyme in cosolvents that enhance substrate solubility. Crystal 
structures revealed the biophysical origin of the enhanced stability. Due to their enhanced tolerance 
to high concentrations of the amine donor isopropylamine, product yield was increased by 2.5-fold 
with the stabilized aminotransferases in the conversions of acetophenone to (S)-α-
methylbenzylamine (enantiomeric excess >99%). The results suggest that computational subunit 
interface redesign of a homodimeric ω-TA is a powerful strategy for engineering robust enzymes to 
be used in applied biocatalysis. 
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Natural products are highly prized compounds with outstanding bioactivities in their ecological 
niches as well as outside their biological context. As such, they have been an important pillar of 
human medicine for thousands of years. The enzymatic assembly lines responsible for their 
construction have evolved to create unique bioactive structures, making these complex 
megaenzymes a potential treasure trove for novel biochemistry. We focus on the discovery of new 
enzymology from trans-acyltransferase polyketide synthases (trans-AT PKSs) using genome mining 
of putative biosynthetic gene clusters. Our approach relies on a unique attribute of the ketosynthase 
(KS) domains, which catalyze the condensation reactions driving biosynthesis of the polyketide's 
carbon backbone. As opposed to textbook PKSs, KS domains from trans-AT PKSs form distinct 
phylogenetic clades that correlate to the chemical structure of the incoming substrate. This feature 
can therefore be suggestive of unprecedented enzyme-catalyzed reactions upstream of a particular 
KS domain. Indeed, analysis of unassigned clades allowed us to decipher the role of a free-standing 
domain in various biosynthetic pathways with an unprecedented Baeyer-Villiger monooxygenase 
activity responsible for the insertion of oxygen into a growing polyketide backbone. This 
transformation gives rise to a terminal carboxylate in the polyketide oocydin A and an ester in its 
isolated non-hydrolyzed precursor oocydin B. The oocydin pathway also harbors other unusual 
domains, including some that comprise a new chlorination module that produces an internal vinyl 
chloride moiety. These newly characterized domains, and the diverse functional groups they install 
in a single compound, reveal the versatility of molecular assembly lines and showcase their potential 
to serve as an enzymatic tool box to expand the chemical space accessible to synthetic biology 
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Glycoconjugates are of outstanding importance for many biological recognition events. Terminal 
sialic acids are omnipresent at glycan structures in glycoproteins and glycolipids. N Acetyl-
neuraminic acid (Neu5Ac) is the most common sialic acid, which owing to its exposed position 
participates in many biological processes, including cell-cell adhesion, intercellular communication, 
bacterial and viral infec¬tion, inflammation and immunological response.[1] The stereospecific 
transfer from CMP-activated Neu5Ac to a suitable carbohydrate acceptor moiety is catalyzed by 
sialyltransferases (SiaT). In the GT 80 family the α2,3-SiaT from Photobacterium phosphoreum (JT-
ISH-467) shows a useful substrate range.[2]  

Unfortunately, bacterial SiaTs often catalyze CMP-Neu5Ac hydrolysis in the absence, but also in the 
presence of an acceptor substrate (Fig. 1).[3a] So far, few mutant SiaTs from the GT-80 family 
showing decreased hydrolysis or sialidase activities have been studied.[3] Our goal was to optimize 
the ratio of transfer vs. hydrolysis activity of α2,3 SiaT from P. phosphoreum by a directed enzyme 
evolution approach with high throughput screening targeted at 13 residues involved in substrate 
binding. We were able to identify α2,3-SiaT variants with increased binding affinities, higher transfer 
rates, significantly reduced hydrolytic activity and almost fully suppressed sialidase activity. 

Figure 1. Stereospecific transfer of Neu5Ac to lactose (1), hydrolytic (2) and sialidase activity (3) of SiaT. 
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LeLoir glycosyltransferases are important biocatalysts for the production of glycosidic bonds in 
natural products, chiral building blocks, and pharmaceuticals. Trehalose transferase (TreT) is of 
particular interest since it catalyses the stereo- and enantioselective α,α-(1→1)-coupling of a 
nucleotide sugar donors and monosaccharide acceptors to α,α-(1→1)-D-trehalose derivatives. 
Advantageously, archaeal glycosyltransferases are interesting due to their high thermostability and 
solvent resistance, allowing the recycling of the biocatalyst and increasing the total turnover number 
(TTN) of TreT. 

The aggregation-prone TreT from Thermoproteus uzoniensis (TuTreT) was functionally expressed 
as a soluble and stable protein after fusion to the fluorescent and thermostable protein mCherry[1], 
which allowed the qualitative and quantitative protein determination of mCherry TuTreT. Also, the 
formulation of mCherry TuTreT as catalytically active inclusion bodies were explored as immobilized 
biocatalysts showing good overall performance.  

The substrate scope of mCherry TuTreT was investigated with HPLC, showing a wide substrate 
tolerance of (non)-naturally occurring carbohydrates. Upon isolation of the trehalose derivatives, 
naturally occurring D-monosaccharide acceptors produced α-D-α-D-(1→1)-linked disaccharides. In 
contrast, L-monosaccharide acceptors resulted in α-D-β-L-(1→1)-linked disaccharides with an 
opposite anomeric centre. Hence, the anomeric selectivity in the glycosidic bond is controlled by the 
sugar acceptor with mCherry TuTreT. 

Scheme 1: Enzymatic glycosylation with a nucleotide sugar donor (blue) and a sugar acceptor (red) 
to an α,α- or α,β-(1→1)-linked disaccharide. 
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Carbon dioxide (CO2) has been regarded as the major component of greenhouse effect causing 
climate change. Recently, research interest about CO2 utilization, in which CO2 can be used as a 
feedstock for producing value-added fuels and chemicals, is emerging. Although CO2 is kinetically 
and thermodynamically stable and thus its activation is challenging task, CO2 has been successfully 
used as to synthesize various chemicals (e.g., formate, formaldehyde, methanol, methane, carbon 
monoxide, and oxalate) via reduction. Among them, formate is of our interest, because it not only is 
an efficient hydrogen storage material (53 g hydrogen/L-formate, i.e., high energy density material) 
but also has been extensively used in various industries. Chemical routes including electrochemical 
and photochemical approaches have been studied to CO2 reduction to formate, but processes often 
require expensive metal catalysts, operate harsh condition (high temperature and high pressure), 
and exhibit low product selectivity. Accordingly, biological strategies for converting CO2 to formate 
seem to be potential alternatives, since biocatalysis usually functions under mild condition (ambient 
temperature and atmospheric pressure) and shows higher specificity in general. Herein, FDH from 
Rhodobacter aestuariri (RaFDH) was newly discovered through genome-mining and phylogenetic 
analysis and heterologously expressed in Escherichia coli for producing highly concentrated 
recombinant. To characterize the recombinant RaFDH, optimum conditions and specific activity for 
CO2 reduction and formate oxidation were determined. Additionally, kinetic parameters of a 
mediated electro-enzymology were calculated in order to investigate an efficient electron mediator 
for constructing RaFDH-driven CO2 reduction system. Finally, the feasibility of RaFDH-based 
electro-enzymatic system was assessed for applicable formate production utilizing CO2 as 
sustainable feedstock. 
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Site-selective enzymatic halogenation proceeds under benign conditions in aqueous medium in 
presence of oxygen and halide salts, whereas conventional approaches usually require hazardous 
chemicals and suffer from poor selectivity. However, as haloarenes allow useful transformations like 
metal-catalyzed cross-couplings or nucleophilic substitutions, the development of appropriate 
strategies seems to be mandatory. Flavin-dependent tryptophan halogenases offer a broad synthetic 
utility owing to their intriguing regioselectivity, but the in vitro application is hampered by severe 
limitations such as low activity, insufficient stability and a narrow substrate profile. 

Figure 1. High-throughput halogenase engineering assay based on Suzuki-Miyaura cross-coupling (SMC) for 
the generation of thermostable enzymes.  

To overcome the inherent drawbacks of biohalogenation, we emphasized on enzyme engineering. 
Due to the lack of a facile halogenase assay, Suzuki-Miyaura cross-coupling was developed as the key 
step to detect halogenase activity.[1] Accordingly, high-throughput screening with fluorescence 
readout was applied in a directed evolution campaign, resulting in a thermostable flavin-dependent 
tryptophan 6 halogenase with reasonable activity. Therefore, we tackled these fundamental enzyme 
properties by combining successive rounds of directed evolution with semi-rational mutagenesis. 
The evolution campaign led to a triple mutant with substantially increased thermostability and 
nearly doubled activity compared to the wild type. 

In addition, we aim to employ different mutagenesis strategies, such as structure-guided 
mutagenesis to address and alter halogenase regioselectivity. Structure-based protein engineering 
resulted in a pronounced alteration of regioselectivity from C6 to C7-halogenation that was 
exemplified for the halogenase Thal.[2] Currently, our efforts continue to find novel variants with 
higher activity and an extended substrate scope to facilitate the integration of halogenases into 
multistep synthesis. 
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The synergy of biocatalysis and transition metal catalysis is rapidly moving forward providing 
increasingly effective workflows in chemical synthesis. The work presented here deals with the 
coupling of reaction systems of (metal)-organic catalysts and enzymes that are incompatible in a one-
pot process. As an example a facile way to prepare synthetically challenging α-ω-disubstituted O-
containing heterocycles by a chemoenzymatic reaction sequence has been developed.[1] Various 
ketoreductases from mesophilic organisms were identified as effective biocatalysts for the 
stereospecific reduction of (ω-1)-keto-α-diazoester compounds diazoester compounds to the 
corresponding (R)- and (S)-hydroxyl compounds, differing in chain length and substitution pattern. 
Both isolated enzymes and whole recombinant cells were successfully tested with a high activity and 
stereoselectivity. For a subsequent cyclization reaction, several rhodium and copper catalysts were 
compared regarding activity and stereoselectivity, showing conversions of up to 81% and 
diastereomeric ratios of up to 93:7. In this way, novel chiral oxanes and oxepanes were obtained, 
which could be used as precursors for drug development. A natural progression of this work is to 
directly combine both catalyst types in continuously operated flow reactors, with a particular focus 
on the development of processes that allow the use of a single solvent. Especially the application of 
delicate enzymes in flow reactors has been improved by the development of self-immobilizing 
enzymes.[2,3] We anticipate that the synthesis of novel heterocycles and other cross-coupling 
products containing multiple stereocenters can be realized by combining bio- and chemocatalytic 
reaction cascades within hybrid microfluidic systems. This approach will allow scalability and 
automation and thus speed up exploration of new synthetic routes. 
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Phenylalanine ammonia lyases (PALs) catalyse the non-oxidative deamination of L-phenylalanine 
to trans-cinnamic acid, while in the presence of high ammonia concentration the reverse reaction 
occurs. PALs have been intensively studied due to their synthetic and therapeutic importance [1,2]. 
Nevertheless, their wider application for the large scale synthesis of amino acids remained limited, 
mainly due to the decreased operational stability or limited substrate specificity of PALs [3]. 
Furthermore, the successful application of the directed evolution or semi-rational directed 
evolution-based techniques [4,5], in order to improve their stability, activity and selectivity, is 
limited by the lack of high-throughput activity assays allowing fast PAL-activity screening of the 
generated mutant libraries. 

Within this study we describe the development of a fluorescent PAL-activity assay applicable in high-
throughput format. The developed PAL-assay employs the ferulic acid decarboxylase (FDC1)-
mediated decarboxylation of trans-cinnamic acid, the product of phenylalanine ammonia lyase-
mediated reaction. The produced styrene, by photoinduction, in the presence of a diaryltetrazole-
based probe, generates a detectable fluorescent pyrazoline product (Fig. 1). Since FDC1 was recently 
described to transform a wide range of phenylacrylates [6,7], the extension of the fluorescent assay 
for phenylalanine ammonia lyase activity screens towards various non-natural substrates can be 
further accomplished. 

Fig. 1. Fluorescent high-throughput assay for PAL activity 
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Enantiopure amines are essential chiral building blocks for the synthesis of a wide variety of active 
pharmaceutical ingredients. Chemical synthesis of these compounds usually employs transition 
metal catalysts of relatively high toxicity, and may require harsh reaction conditions. In recent years, 
there is a growing interest in transaminases (TAs), which offer a sustainable alternative to these 
synthetic chemical processes. For the sustainable, industrial production of enantiopure amines the 
intensification possibilities offered by immobilized TA biocatalysts and by the continuous-mode 
operations are needed. 

This study aimed for the preparation of robust, stereoselective TA biocatalysts capable of operating 
under batch and continuous-flow conditions to produce enantiopure amines. E. coli cells containing 
overexpressed transaminases of various selectivities and hollow silica microspheres as supporting 
agent were immobilized by an improved sol-gel process. The immobilized cells proved to be easy-to 
store, cheap and durable biocatalysts, and were applied successfully in the continuous kinetic 
resolution of racemic amines. By using the most suitable immobilized transaminase biocatalysts, this 
study describes the first transaminase-based approach for the production of both pure enantiomers 
of 1-(3,4-dimethoxyphenyl)ethan-1-amine. 
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Ene reductases from the Old Yellow Enzyme (OYE) family are industrially interesting enzymes for 
the biocatalytic asymmetric reduction of alkenes (1). To access both enantiomers of the target 
reduced products, stereocomplementary pairs of OYE enzymes are necessary, but their natural 
occurrence is quite limited. 
A library of wild type ene reductases from different sources was screened in the stereoselective 
reduction of a set of representativeα-alkyl-β-arylenones to investigate the naturally available 
biodiversity. As far as the bioreduction of the ethyl ketone derivatives concerns, the results confirmed 
the distinctiveness of the OYE3 enzyme in affording the reduced product in the (S) configuration, 
while all the other tested ene reductases from the Old Yellow Enzymes family showed the same 
stereoselectivity toward the formation of corresponding (R) enantiomer.  
A possible determinant role of the "hot spot" residue in position 296 for the stereoselectivity control 
of these reactions was confirmed by the replacement of Phe296 of OYE1 with Ser as found in OYE3 
(2). Further investigations showed that the same stereoselectivity switch in OYE1 could be achieved 
also by the replacement of Trp116 with Ala and Val, these experimental results being rationalised by 
structural and docking studies. 

Moreover, an additive effect 
on the stereoselectivity of 
OYE1 was observed when 
coupling the selected 
mutations in position 296 
and 116, thus providing two 
extremely enantioselective 
variants of OYE1 (W116A-
F296S, W116V-F296S) 
showing the opposite stereo-
selectivity of the wild type 
enzyme (3). Lastly, the effects 
of the mutations on the 
bioreduction of carvone 
enantiomers were investi-
gated as well. 
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Laccases are multicopper enzymes that oxidize organic and inorganic substrate at oxygen expenses. 
These biocatalysts represent an attractive template for green chemistry implementations in a wide 
range of applications such as: bioremediation, chemical synthesis, detergents, and food processing. 
Indeed, laccases have broad specificity, work with oxygen (air) and their sole by-product is water. 
Nonetheless, they are limited by a relatively low redox potential, slow intramolecular electron 
transfer and low substrate affinity. Although their plasticity has been proven by several directed 
evolution efforts, computer-driven engineering is in a unique position to design fit-for-purpose 
laccases by reshaping their specific activity. Our success stories and the open challenges in using 
computational enzyme engineering are presented in this contribution. 
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Chiral benzocycloalkanes as Ivabradine 1 (Corlanor), are currently employed as inhibitors of the 
cardiac pacemaker “funny current” (If) and commercialized for the treatment of stable angina 
pectoris. In fact, the If current appears to be an ideal target to produce a selective reduction not only 
of resting heart rate but also of tachycardia. After investigation on the activity, the (S)-enantiomer 
was finally selected as a compound for clinical development.  

(S)-Ivabradine is usually obtained via resolution with chiral acids or by preparative chiral HPLC, 
making this process not practical for industrial-scale production. Recently, a more sustainable 
biocatalytic approach has been reported in the literature for the preparation of chiral amine 
precursor 2 (figure 1).[1] Best results were obtained by means of a lipase mediated resolution of the 
amine. 

Herein, we report on a the study of the resolution of alcohol 3 with different lipases and esterases, as 
a precursor for the preparation of amine 2. The alcohol 3 was efficiently prepared starting from 
commercially available nitrile 4 (Scheme 1). After screening of several reaction conditions, both for 
the biocatalyzed acetylation of 3 and for the hydrolysis of acetate 5, the best result were achieved 
with lipase Amano PS and the final products were obtained in up to 98% ee (S enantiomer). 

Compound (S)-3 was then converted into the desired amine 2 in a three step synthetic sequence as 
reported in Scheme 1.  

 
Figure 1. Structures of Ivabradine and chiral amine 2. 

  
Scheme 1. Synthesis of alcohol 3 and amine 2. 
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γ-Hydroxy-α-amino acids are naturally occurring molecules usually found in biologically active 
cyclic peptides such as theonellamides, with broad antifungal activity,[1] or as precursors of 4-
substituted-aminobutyrolactones present in antibiotics, pesticides, and bactericides,[2] or 4-
hydroxy-isoleucine, which has been shown to stimulate insulin secretion and promote insulin 
sensitivity in type-II diabetic models.[3] Therefore, the development of new synthetic routes that 
provide a stereoselective approach to this class of compounds is becoming an active area of 
research.[2,4] 

In this communication, we report the stereoselective synthesis of γ-hydroxy-α-amino acid 
derivatives performed by a tandem reaction of a pyruvate aldolase and a transaminase. The synthetic 
route comprises the aldol addition of pyruvate to aliphatic aldehydes catalyzed by the class I trans-
O-hydroxybenzylidenepyruvate hydratase-aldolase (HBPHA, EC 4.1.2.45) and the subsequent 
transamination reaction catalyzed by transaminases from different sources. HBPHA furnished the 
corresponding β-hydroxy-α-oxocarboxylic acid precursors in good yields and high enantioselectivity. 
These aldol adducts were transformed into γ-hydroxy-α-amino acids by means of transaminases 
using different amino donor components. 

The screening of a panel of transaminases towards 
selected γ-hydroxy-α-oxocarboxylic acids obtained from 
HBPHA catalysis and the alternatives assayed for the one-
pot biocatalytic cascade synthesis with substrate recycling 
will be presented. 

 

 

Scheme 1. HBPHA-catalyzed aldol addition of pyruvate to 
aliphatic aldehydes and transamination reaction of the 
aldol adduct using S-Ala as amine donor to furnish γ 
hydroxy-α-amino acid derivatives. 
 

This project has received funding from the European Unions Horizon 2020 research and innovation 
program under grant agreement No 635595 (CarbaZymes) and from Programación Conjunta 
Internacional PCI2018-092937. 
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In order to solve environmental and resource exhaustion problems and achieve an environmental 
sustainable society, a biorefinery that produces a variety of bio-based products from renewable 
biomass resources is important. At present, by microbial organisms using C5/C6 sugars, the 
production of target compounds currently being produced from petroleum is important. In 
particular, it is expected that the demand for unsaturated hydrocarbons having double bonds, which 
can be used as a polymer raw material, will increase rapidly. 

To produce these compounds, we focused on ferulic acid decarboxylase (FDC). FDC can catalyze the 
decarboxylation of the R-C=C-COOH side chain end of the hydrocarbon unsaturated carboxylic acid 
(such as ferulic acid) and converts it to R-C=C (such as styrene). For this decarboxylation reaction, 
FDC requiters a prenylated-FMN (prFMN) as a cofactor, which is synthesized from FMN and 
dimethylallyl-phosphate by prenyltransferase.  

In this study, to bio-synthesize target α,β-unsaturated compounds, we screened several genes 
encoding FDC and prenyltransferase. Then the FDC showed the highest decarboxylase activity was 
selected as a template and we developed FDC variants to enable production of target molecules 
efficiently based on the rational design of enzyme. Recent years has seen significant interest in a 
rational design in which a mutation is introduced at pinpoint relative to the active site of the enzyme. 
As a host for an enzyme screening and a substrate production, Escherichia coli was selected. Finally, 
with the combination of precursor-producing microbial cell and decarboxylase mutants, we aim to 
develop a microbial cell factory that produces α,β-unsaturated target compounds efficiently and 
directly from renewable carbon source glucose. 
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Meroterpenoids, hybrid natural products partially derived from terpenoid pathways, are widely 
distributed in plants and microbes, and exhibit remarkable structural diversity and biological 
activities. Fe(II)/α-ketoglutarate (αKG)-dependent dioxygenases are involved in the oxidative 
diversification of fungal meroterpenoid compounds in post-cyclization steps of terpenoid moiety. 
Crystallographic studies of this enzyme group indicated that the enzyme reactions are proceeded in 
the same active site, but the position of initial hydrogen atom abstraction is strictly controlled by the 
shape of active site and the interactions with substrates (1). Fe(II)/αKG-dependent dioxygenase 
AndA from Aspergillus variecolor catalyzes two step oxidative rearrangement reactions of 
preandiloid B to andiconin via preandiloid C. Previously, we solved the X-ray crystal structures of 
AndA complexed with substrates preandiloid B or preandiloid C. The structures suggested the first 
and second steps of the enzyme reaction are initiated by the abstraction of hydrogen atom at C-1 and 
C-12, respectively (2). Here, the random mutagenesis experiment based on the crystal structures was 
performed to engineer the product specificity of AndA.  

The random mutations were introduced in M119/N121, N158/T160, and A228/A230 pairs of AndA, 
located to close of A/B-ring of substrates in AndA crystal structures. The mutant library was 
expressed in E. coli and the enzyme reaction products were analyzed by LC-MS. As a result, some of 
mutants newly generated two products with -2 Da and +14 Da from original products. The structures 
of these enzyme reaction products were determined to be 5/6 spirocyclic compound and its 
epoxidated product, respectively, by NMR analysis. Further sequence analysis and in vitro enzyme 
reaction of mutants suggested that the substitution of M119/N121 residues with smaller amino acid 
are critical for the production of new 5/6 spirocyclic compounds. 
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Biocatalysis offers a means by which to deliver enantiomerically enriched molecules, which may be 
exploited in synthetic chemistry. Thus, it is desirable to integrate biocatalysts into reaction sequences 
involving chemical reagents, in order to exploit the advantages of both processes and give access to 
a broad range of enantiomerically enriched scaffolds.  

We have shown that Cyclohexanone Monooxygenase from Acinetobacter calcoaceticus 
(CHMOAcineto), a Baeyer-Villiger monooxygenase, can be used to transform racemic cyclic ketones 
bearing an alpha-quaternary centre into the corresponding lactones bearing tetrasubstituted 
stereocentres in a kinetic resolution process. The biotransformations proceed with high efficiency 
and selectivity (up to 50% conversion, up to >99% ee) and can be performed on a preparative scale. 
The enzyme has been shown to transform substrates bearing bulky tethers with aromatic 
substituents, upon which a range of functional groups are tolerated. 

The lactone products of the preparative scale biotransformations are suitable substrates for SmI2-
H2O mediated reductive cyclisations. This reaction sequence gives access to complex, 
enantiomerically enriched cycloheptan- and cyclooctan-1,4-diols, a motif which is present in many 
biologically relevant molecules and is typically difficult to construct using radical methods. Due to 
the efficiency of the kinetic resolution process, it was possible to isolate the unreacted ketone starting 
material in enantiomerically enriched formed (up to >99% ee). These substrates could also be 
exploited in cyclisations using a different samarium (II) reagent system to deliver cyclobutanol 
motifs.  

Overall, our methodology combines CHMO biocatalysis with samarium diiodide reagent systems in 
a divergent process. This gives access to diverse, biologically relevant carbocyclic scaffolds in 
enantiomerically enriched form, starting from simple racemic materials. 
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Structured lipids (SLs) are lipids that do not exist in Nature. They have been chemically or 
enzymatically synthesized from natural oils and fats. Low-calorie triacylglycerols (TAG), containing 
medium-chain fatty acids (M) at positions sn-1,3 and long-chain fatty acids (L) at position sn-2, are 
known as MLM. This study aims at the production of MLM by acidolysis of crude oil extracted from 
spent coffee grounds, with medium-chain caprylic (C8:0) or capric (C10:0) acids. The spent coffee 
grounds oil used in this study is rich in C18:2 (43%) and C16:0 (34%). Reactions were performed in 
batch, in solvent-free systems, during 48 h, at 50 °C, with a molar ratio TAG:M of 1:2. Commercial 
sn-1,3 regioselective immobilized lipases from Novozymes and the lipase from Rhizopus oryzae 
(ROL) immobilized by physical adsorption or covalent binding in new supports like biochar 
(originated from coffee silverskin pyrolysis) and hybrid support (biochar + silica) were used in the 
reactions. The highest yields of new TAG were achieved with commercial biocatalysts. After 24 h 
acidolysis, yields of 60 % and 70 % of new TAG containing C8:0 or C10:0, respectively, were observed 
with Lipozyme RM IM. When Lipozyme TL IM was used, lower yields were observed (54 % of TAG 
with C8:0 and 37 % of TAG containing C10:0). Using ROL in new supports, TAG yields were less 
than 15%. The oil obtained from spent coffee grounds, a by-product of the coffee industry, catering 
and household, can be used to produce added-value functional oils. 
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Ene-reductases (ERs) catalyze the stereoselective reduction of alkenes activated by a conjugated 
electron-withdrawing group. In this study, the covalent co-immobilization of ene-reductases (ERs) 
and its cofactor-recycling partner enzyme (glucose dehydrogenase, GDH) was performed onto a 
glutaraldehyde activated macroporous polymer resin (Relizyme HA403/M; RGA). The enzyme 
immobilization step was carried out from the crude fermentation lysate obviating the purification of 
the enzyme. Optimization was focused on enzyme loading capacity and the ratio of the ER to the 
cofactor recycling enzyme. The two selected ERs, OYE3 and NCRwt demonstrated their utility in the 
stereoselective bioreduction of a wide variety of α,ß-unsaturated compounds. The asymmetric 
bioreduction of five substrates including two fragrance compound precursors, an unsaturated γ-oxo-
ester, a cinnamic-ester derivative and a pregabalin precursor were investigated with the co-
immobilized preparations (Figure 1.).[1–4] In order to improve the conversion (c) and the 
enantiomeric access (ee) medium engineering was performed. Eventually, preparative-scale 
biotransformation of these industrially relevant substrates was performed, and the co-immobilized 
biocatalysts were recycled in five cycles. 

  

Figure 1. Test reaction for development of ER biocatalyst and the targeted biotransformations of industrially 
relevant substrates 
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Alkaloids are secondary metabolites of plants, insects and amphibians with striking biological 
activities, such as antimicrobial, insecticidal, antimalarial. Recent asymmetric routes to yield 
enantiopure pyrrolidines and piperidines alkaloids have been reported employing biocatalytic 
reactions, such as asymmetric reductive amination and imine reduction mediated by transaminases 
(TA) and imine reductases (IRED).[1,2] Herein, a cascade reaction involving TA followed by a 
spontaneous intramolecular Aza-Michael reaction (AMR) is presented, in order to produce 2,5-
dissubstituted pyrrolidine and 2,6-dissubstituted piperidine scaffolds, starting from α,β-unsaturated 
keto esters 1 and 2 (Scheme 1). The substrates were synthetized by oxidation of 5-hydroxypentan-2-
one and 1-methylcyclopent-1-ene, followed by a Horner-Wadsworth-Emmons reaction (HWE), 
respectively. A screening of 24 commercial transaminases was performed to mediate the reductive 
amination of 1 to obtain enantiopure amine. Subsequently, a spontaneous AMR occurred yielding a 
mixture of diastereomers of pyrrolidine 3, up to >99% yield, 65:35 dr, and >99% ee. Different 
reaction conditions were studied such as isopropyl amine, or alanine as amine donor, 
triethanolamine or Tris-HCl buffers, and DMSO as cosolvent. The optimized conditions were 
employed with keto ester 2, which yielded a piperidine diastereomeric mixture, 4 (>99% yield, 68:32 
dr and >99% ee). The epimerization of 4 in ethanol produced (2R,6R)-4 with 9:1 dr, >99% ee and 
(2S,6S)-4 with 9:1 dr, 94% ee. However, no epimerization was observed for pyrrolidine 3. These 
results are part of the first step of a multienzymatic cascade reaction to produce pyrrolizidine and 
indolizidines scaffolds mediated by TA and IRED, starting with more complex substrates.

 

Scheme 1. Biocatalytic process for assymetric synthesis of pyrrolidines and piperidines. 
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The applicability of enzymes for biotechnological applications is often limited by their insufficient 
stability in non-native conditions, such as elevated temperatures, altered pH or in the presence of 
denaturants. The complexity of interactions in protein tertiary structures and the sensitivity of 
enzymatic activity on sequence alterations make enzyme stabilization very challenging. Macro-
cyclization of proteins can result in a stabilized tertiary structure. So far, macrocyclization 
approaches involve the introduction of disulfide bridges, head-to-tail cyclizations[1] or the use 
electrophilic non-natural amino acids.[2] These approaches allow only limited structural 
diversification which complicates the design process. Here, we report an approach that enables 
cyclization via the installation of modular crosslinks into native proteins composed entirely of 
proteinogenic amino acids. Our stabilization procedure involves the introduction of three surface 
exposed cysteines which are reacted with a triselectrophile resulting in the in situ cylization of the 
protein (INCYPRO).[3] We applied INCYPRO to Sortase A, which resulted in 11 °C increased melting 
temperature and greater tolerance towards thermal as well as chemical denaturation. The bicyclic 
Sortase A variant also proved efficient in protein labeling under denaturing conditions. The 
stabilization of protein structures using INCYPRO is an efficient method to provide enzymes with 
the required stability for biotechnological applications. 
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Biocatalysts provide an excellent alternative to traditional organic chemistry strategies, with 
advantages such as mild reaction conditions and high enantio- and stereoselectivities. One such 
reaction is the nitration of L-tryptophan by the exciting cytochrome P450 (CYP) TxtE, to produce L-
4-nitrotryptophan, a precursor in the biosynthesis of the bacterial phytotoxin, thaxtomin A.(1,2) The 
regiochemistry of this reaction can be controlled: a second CYP, 5NTSlav, was demonstrated to 
nitrate L-Trp to produce 5-nitrotryptophan.(3) Both CYPs utilise nitric oxide and oxygen to catalyse 
nitration. These reactions are of interest, as direct regioselective nitration is a synthetically 
challenging transformation and this may provide a biocatalytic solution.(4) 

Currently, the study of nitration enzymes relies on expensive and unstable, synthetic NO donors to 
deliver NO to the reaction. However, we have overexpressed and purified the nitric oxide synthase 
(NOS), known as TxtD, which provides NO to TxtE as part of thaxtomin A biosynthesis.(5) 
Importantly, we have coupled NO production to CYP catalysed nitration to facilitate the two different 
regioselective nitration reactions in vitro. This has revealed information about the biosynthetically 
important transformation and developed our understanding how these enzymes function together 
as well and independently. We have investigated the biochemistry of a bacterial NOS, few of which 
have been biochemically characterised, and none from Streptomyces, making this interesting and 
novel work. 
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Orthogonal pair of T7RNA polymerase (T7RNAP) and T7 promoter is the powerful genetic element 
and has widely applied in synthetic biology. As Chromosomal-Integrated T7RNAP system (CIT7) is 
restricted to limited genomic information and available genetic editing tools, PDT7 system would be 
more feasible and applicable due to it is easier in gene manipulation. However, it remains challenge 
by its complexity and instability due to limited knowledge of the whole T7 system. Herein, we have 
deciphered the kinetics regulation of T7 system and provided a concise design principle of PDT7, 
which is depending on 16 characterized variants and qualitative modeling for complexity. A series of 
analysis on plasmid levels by q-PCR, transcriptional levels by q-RT-PCR, and protein expression by 
SDS-PAGE is used to clarify the cell behavior under regulating by PDT7. The reason of instability 
was investigated based on the proteomics approach which amino acid in cell was utilized to produce 
more energy instead of being the resource of synthesizing protein, thus causing the instable 
expression. Finally, a genetic amplifier in E. coli cell-based biosensor in corresponding to glucose 
and copper ion signal for increasing 300-fold and 6.8-fold, respectively was designed and developed 
under PDT7. 
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Biocatalysts offer many promising advantages for the introduction of deuterium atoms at specific 
points on molecules, most notably their excellent chemo-, regio-, and stereo-selectivity. Current 
deuteration biocatalysts are, however, restricted by their requirement for a supply of super-
stoichiometric quantities of 2H-labelled pre-cursor, which can be both costly to purchase and 
complex to prepare.1 To overcome this hurdle, we have developed a novel and easily implemented 
platform for the incorporation of 2H-atoms across a number of molecular functional groups, relying 
only on the presence H2-gas and 2H2O.[2,3] The cascade employs a soluble hydrogenase, containing 
both H2-oxidising and NAD+ reducing catalytic centres, to form and recycle [4-2H]-NADH, which in 
turn can be used to drive a multitude of oxidoreductase enzymes in transferring 2H to a chosen 
substrate (Figure 1). This poster will particularly focus on the use of this system for the preparation 
of a suite of isotopically {2H, 13C, 15N} labelled amino acids, which can be incorporated into large 
proteins for structure investigation by NMR spectroscopy. As an example, results from NMR analysis 
of a large (400 kDa) protein prepared with multiply-labelled alanine will be presented.  

Figure 1 Biocatalytic approach to the synthesis of isotopically labelled compounds for studying 
large proteins by NMR spectroscopy 
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Optically active alcohols play a rapidly growing role as building blocks for the synthesis of pharma-
ceuticals and fine chemicals. Attractive access to the alcohols involves alcohol dehydrogenase 
(ADH)-mediated asymmetric reduction of ketones with unparalleled chemo-, regio-, and stereo-
selectivities under benign conditions. However, in nature, very few ADHs follow the anti-Prelog’s 
rule and most ADHs exhibit a rather narrow substrate scope and thus do not reduce most of the 
ketone intermediates required for industrial applications. 

We solved the complex structures of (R)-specific carbonyl reductase (RCR) from Candida 
parapsilosis with a cofactor and a substrate/product. Combined with other known stereoselective 
MDR structures, structure-guided prediction for creation of the anti-Prelog feature was performed. 
The functional experiments of variants W286A and F285A/W286A revealed that the substrate 
orientation was changed and the stereoselectivity was inversed towards aryl ketones. The cavity-
forming amino acids, especially the unconserved residues as ‘‘hotspots’’, may contribute to the 
difference in pocket shape and substrate orientation, and thus direct the stereoselectivity. On the 
other hand, we accurately profile substrate specificity of RCR toward a representative substrate 
library containing 12 aryl ketones, 8 β-ketoesters, and 4 aliphatic ketones. Based on crystal structures 
and the profiling, we successfully altered the substrate specificity of RCR to allow reduction of a 
broadened range of substrates. Furthermore, our strategy allowed us to create mutants which either 
retain or reverse stereoselectivity of wt RCR. The result exemplifies the high complementarity of wt 
RCR together with four specific mutants for synthesis of a broad range of alcohols with varying 
stereoselectivity. Based on X-ray crystal structures and profiling of a substrate library, we engineered 
variants of the stereospecific ADH. The engineering strategy paves the way for creating additional 
ADHs tailored for production of complex chiral alcohols. 
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Hemicelluloses are heterogeneous polysaccharides consisting of a β-1,4-linked backbone of pentoses 
and hexoses, which are usually decorated with side branches. The leading representative of 
hardwood hemicellulose is xylan and more specifically O-acetyl-4-O-methylglucuronoxylan, which 
accounts for 80-90% of hardwood hemicelluloses. Agricultural and forest residues have the potential 
to serve as a sustainable source of sugars that can be subsequently used as feedstock for the 
production of biofuels or high added-value bio-based materials like prebiotic xylooligosaccharides. 

The enzymes that are responsible for the degradation of xylan main chain are endoxylanases (E.C. 
3.2.1.8) and they have been grouped in ten glycoside hydrolase families of the CAZy database. 
Xylanases belonging to GH10 and GH11 families have been widely investigated in literature, while a 
less studied group of endoxylanases belongs to GH30 family, which exhibits a wide diversity of 
activities. 

In the present study, we report the cloning of the Thermothelomyces thermophila ex30a gene and 
its heterologous expression and characterization using the Pichia pastoris expression system. The 
recombinant enzyme (TtXyn30A) functions not only as an appendage-dependent GH30 endo-
xylanase but also shows exo-xylanase activity from the non-reducing end liberating xylobiose (X2) 
from linear and substituted xylan chains. To date, considering its novel catalytic properties, 
TtXyn30A shows differences with most characterized fungal and bacterial GH30 xylanases. The 
discovered xylobiohydrolase mode of action offers new insights into fungal enzymatic systems that 
are employed for the utilization of lignocellulosic biomass.  

Due to its unique mode of action and in order to comprehend the factors that affect the enzyme’s 
activity, we have solved TtXyn30A crystal structure at 2.05 Å resolution by molecular replacement, 
using Talaromyces cellulolyticus GH30 as starting model (44% identity for 91% sequence coverage). 
We are currently trying to elucidate the structure-function relations of TtXyn30A by applying site-
directed mutagenesis and solving its structure in complex with substrate analogues. 
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A synthetic metabolic pathway suitable for the production of chorismate derivatives was designed in 
Escherichia coli. An L-phenylalanine-overproducing E. coli strain was engineered to enhance the 
availability of phosphoenolpyruvate (PEP), which is a key precursor in the biosynthesis of aromatic 
compounds in microbes. Two major reactions converting PEP to pyruvate were inactivated. Using 
this modified E.coli as a base strain, we tested our system by carrying out the production of salicylate, 
a high-demand aromatic chemical. The titer of salicylate reached 11.5 g/L in batch culture after 48 h 
cultivation in a 1-liter jar fermentor, and the yield from glucose as the sole carbon source exceeded 
40% (mol/mol). In this test case, we found that pyruvate was synthesized primarily via salicylate 
formation and the reaction converting oxaloacetate to pyruvate. In order to demonstrate the 
generality of our designed strain, we employed this platform for the production of each of 8 different 
chorismate derivatives, including maleate which is one of the most industrially important 
dicarboxylic acids [1,2]. In addition, we recently focused of the production of the volatile aromatic 
compounds, especially styrene. This aromatic chemical is useful to synthesize styrene-butadiene 
rubber. We created the metabolically engineered E. coli expressing phenylalanine ammonia lyase 
and ferulic acid decarboxylase, and performed microbial production of styrene. Styrene production 
was successfully achieved, and the produced volatile styrene was collected using oleyl alcohol. In this 
study, the versatility of our microbial platform was demonstrated. 
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The practically and financially viable use of immobilized enzymes in the production of 
pharmaceutical and bulk chemicals requires highly catalytically active enzymes and efficient mass 
transfer of substrate to the active site. The substantial cost of immobilized enzymes further mandates 
extended re-use of the enzymes to keep operating expenditures down. The extent of re-use of 
immobilized enzymes depends on parameters such as enzyme long-term stability under process 
conditions, carrier integrity and attrition due to mechanical stress, ease of work-up and recovery on 
scale. Herein, we report on the use of Spinchem® rotating bed reactor for the immobilized enzyme 
X mediated reaction Y of compound Z as an alternative to traditional reaction using free flowing 
immobilized lipases in an ordinary batch reactor. Reusability was studied in addition to other 
parameters such as type of immobilized enzyme, loading, rate of agitation, temperature and 
scalability. By using Spinchem® RBR technology we found that recycling of the immobilized enzyme 
was easy with preserved enantioselectivity and catalytic activity. 
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Hydroxypyruvate (HPA) is a key substrate for several HPA-dependent enzymes including trans-
ketolases (TK)[1] used in biocatalysis for the synthesis of valuable monosaccharides and analogues 
by stereoselective carbon-carbon bond formation. For synthetic purposes conducted at gram-scale, 
the main problem is the cost of the commercial HPA. This compound can also be synthetized by 
hydrolysis of toxic bromopyruvic acid in the presence lithium hydroxide.[2] Enzymatic in situ 
generation of HPA has been previously described, in particular from L-serine using transaminases 
(TA) (Scheme 1A).[3-4] The major drawback of this approach is the requirement of an α-keto acid as 
an amino group acceptor, which is a second substrate generating the corresponding amino acid as 
an additional by-product if not recycled. 

 

To circumvent this limitation, we recently proposed[5] an efficient in situ generation of 
hydroxypyruvate from D-serine catalyzed by a D-amino acid oxidase from Rhodotorula gracilis 
(DAAORg).[6] For improvement of the HPA synthesis, the DAAORg reaction was coupled with TK 
catalyzed reaction in a one-pot, two-step cascade sequence for ketose synthesis from two substrates, 
D-serine and an appropriate aldehyde (Scheme 1B). To validate the strategy, various aldehydes were 
chosen, such as non-hydroxylated and hydroxylated aldehydes. For better efficiency, TKs from 
different sources (wild type TK and variants from E. coli and G. stearothermophilus[7]) were used 
depending on the aldehyde. DAAO and TK-catalyzed reactions were performed simultaneously and 
applied to the synthesis of corresponding ketose products with complete conversion of both 
substrates. All the targeted compounds were recovered with good to excellent isolated yields and 
high enantio- and diastereoselectivity. This strategy can be applied to other α-ketoacids used as TK 
donor substrates generated from corresponding D-aminoacids. All the results will be presented and 
discussed. 
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The cellular metabolism uniquely demonstrates the power of molecular systems. Molecular 
structures of remarkable complexity are produced using an intricate network system of connected 
catalytic reactions that involves feedback loops, reagent regeneration steps, compartmentalization, 
and transport mechanisms. Such biological systems are amenable to modification by so-called 
“metabolic engineering” [1]. However, in many cases the small molecules produced cannot be 
converted further due to the limited synthetic repertoire of nature. In contrast, chemical synthesis is 
more versatile, but the field of systems chemistry is far from achieving a synthetic metabolism. In 
this project we aim to create a hybrid metabolic system: a functional hybrid chemical/biological 
system for the bio-synthesis of  novel complex molecules, that takes full advantage of both 
sophistication of biological systems and the versatility of synthetic systems. 

An artificial enzyme based on the multidrug transcriptional regulator from Lactococcus lactis, LmrR 
with p-aminophenylalanine (UAA) incorporated as a novel catalytic residue is integrated into a 
biosynthetic pathway of an engineered E. coli strain for the biosynthesis of novel molecules through 
new-to-nature reactions [2]. In the initial design, the artificial enzyme is tested in the chromogenic 
hydrazone formation reaction utilizing series of aldehydes prepared in vivo by engineered E.coli. 
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Actinobacteria are known by their abilities to produce a range of bioactive compounds, including 
enzymes with multiple biotechnological applications. Caatinga, also known as semiarid Brazilian 
biome and shows microorganisms and plant species highly resistant to long periods of drought, high 
temperatures and salinity. One of the most abundant phylum in the semiarid soil is Actinobacteria. 
Lignocellulolytic enzymes can be richly explored about their abilities to cleavage lignocellulosic 
biomass. In the present study, it was aimed to evaluate kinetics of 20 actinobacteria isolated from 
soil and rhizosphere samples of Brazilian caatinga. Prospection of enzymatic activity in extracellular 
sample have already demonstrated Dye Peroxidase, Lignin Peroxidase (LiP) and Laccase (Lac) 
activity for these 20 samples. Veratryl alcohol and guaiacol were applied as substrates for detection 
of lignin peroxidase (LiP) and laccase (LaC), respectively. Kinetic parameters were determined, 
applying the same described substrates for LiP and LaC. It was found KMapp range from 2.5 10-10 mM 
to 3.0 10-4mM and Vmax , from 50 to 80 min-1 for LiP under veratryl alcohol, and KM 1.9 10-10 to 36 
mM, Vmax from 51 to 20 min-1 for LaC under guaiacol. It was selected for thermostability and pH 
profile assays, AC 16, AC 159 for Lac activity and AC 22, AC153 for LiP activity. The pH profile for 
lignin peroxidase and lacase activity demonstrated that the activity was stable in all the pHs tested 
(2.0 to 9.0) and enzymatic stability was also evaluated under three different temperatures (4, 30 and 
60 °C) and the KM and Vmax was stable during 24 hours at all the pHs evaluated. These results are 
motivating our research group in more deep analysis to purify and characterize these enzymes from 
microbial isolates (AC 16, 22, 153 and 159) and its abilities. 
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There are currently 60 approved peptide pharmaceutical drugs and since 2010 more than 120 
entered clinical development. Importantly, the average peptide length has been increasing and 70% 
of peptides entering clinical development in the last 9 years have a length longer than 15 amino 
acids.[1] 

Solid-phase chemical synthesis (SPPS) is the prevailing method for large-scale production of small 
peptides, but the yield drops sharply as the size of the peptide grows. For peptides longer than 15 
amino acids it becomes more cost-effective to combine SPSS with enzymatic coupling of shorter 
peptide segments. Moreover, development of coupling enzymes that are selective for specific 
sequences has the crucial advantage of allowing to combine multiple ligation steps in one-pot 
reaction, facilitating the synthesis of even 50 amino acids peptides.[2] 

To re-engineering enzymes the most common tool is directed evolution but it requires construction 
of a large mutant library, exhaustive analysis by functional screening and it might become prohibitive 
if expression and characterization are slow or cannot be miniaturized. Consequently, the way 
forward is to use computational simulations to re-engineer enzymes, screen them and assemble 
smaller and rational mutant libraries. 

We are currently optimizing a computational protocol to model mutant peptiligases and assess their 
catalytic activity. The protocol consists of 3 steps: sampling the sequence-conformational space of 
the enzyme active region, model near attack conformations (NACs) and, finally, assess the stability 
of NACs by high-throughput molecular dynamics.[3] 

To guide the protocol development we are benchmarking the computational predictions against the 
experimental activity of a library of 35 mutants developed for coupling of thymosin-α1, a 28 amino 
acids peptide approved for the treatment of Hepatitis B and C.[4] 
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Fatty acids (FA) are available from vegetable oils in such purity that they may be used for further 
chemical transformations. Unsaturated FA and their methyl esters (FAME) can be further 
epoxidized and used in industrial syntheses of chemicals and intermediates. 

Unspecific peroxygenases (UPO) are a group of recently discovered oxyfuncionalizating enzymes 
able to catalyze the transfer of oxygen from hydrogen peroxide (H2O2) to a wide range of substrates. 
They show several advantages over other oxygenating enzymes like cytochromes P450, avowed as 
the most versatile hydroxylating enzymes, such as no requirement of cofactors (since they only need 
H2O2 as co-substrate) or the fact of being secreted enzymes and therefore more stable and easier to 
isolate. 

This work describes the epoxidation of unsaturated FA and FAME by several fungal peroxygenases, 
such as those from Marasmius rotula (MroUPO) and Chaetomium globosum (CglUPO). Both 
enzymes are able to oxidize the double bond of these substrates and its adjacent carbons as shown 
by gas chromatography-mass spectrometry. In the case of monounsaturated fatty acids, MroUPO 
yielded the epoxide, and to a lesser extent, hydroxylated derivatives in allylic and subterminal 
positions. In contrast, CglUPO was more selective towards epoxide formation. 

Besides monounsaturated fatty acids, polyunsaturated fatty acids such as linoleic and linolenic acids 
were also tested as substrates of these enzymes, being CglUPO again more selective towards 
epoxidation. Regarding FAME, MroUPO showed an improvement in selectivity of epoxidation in 
comparison with free FA, but less than that of CglUPO. 

Selective epoxidation of FA and FAME is appended to the reactions repertoire catalyzed by UPOs. 

Corresponding author: anagu@irnase.csic.es



Poster 323  381 

 

Ene-reductase catalyzed regioselective 1,4-reduction of 
pseudoionone 

Oroz-Guinea I.1, Winkler C.2, Glück S.1, Ditrich K.3, Breuer M.3, Weingarten M.3, 
Schachtschabel D.3, and Kroutil W.1,2 

1 Austrian Centre of Industrial Biotechnology c/o University of Graz, Heinrichstrasse 28, 8010 Graz, 
Austria  

2 Institute of Chemistry, University of Graz, NAWI Graz, BioHealth, Heinrichstrasse 28, 8010 Graz, 
Austria 

3 BASF, Ludwigshafen, Germany 

Keywords: Regioselective reduction, ene-reductase, pseudoionone, high substrate concentration. 

Ene reductases catalyse the asymmetric reduction of activated alkenes by anti-addition of one 
hydride from the flavin cofactor and one proton from water. We investigated the versatility of this 
class of enzymes to achieve regioselective reduction of alpha,beta,gamma,delta-bisunsaturated 
ketones, thus, to investigate the possibility to differentiate between a 1,4- vs. 1,6-reduction. As test 
reaction the transformation of pseudoionone to geranylacetone was investigated (Scheme 1).  

  

Scheme 1. Ene-Reductase catalyzed regioselective 1,4-reduction of pseudoionone. 

Indeed, suitable ene-reductases could be identified to catalyze the regioselective 1,4-reduction of 
pseudoionone. Subsequently the possibility of using lyophilized cells instead of purified enzymes was 
investigated as well as the choice of the cofactor recycling system that allowed the use catalytic 
amounts of NAD+ during the biocatalysis; Finally the influence of different solvents and the tolerance 
of the system towards increasing amounts of them was tested as well as the behaviour of the 
reduction system at increasing concentrations of pseudoionone. As a result, the ene-reductase OYE1 
and the glucose dehydrogenase/glucose pair were identified as the most suitable biocatalyst and 
cofactor regeneration system, respectively. Among the co solvents tested, the best results were 
obtained with DMSO, although 1,2-dimethoxyethane and MeOH also represented good alternatives. 
Nevertheless, concentrations above 20% for the DMSO and 10% for the other two solvents caused 
low conversions indicating the instability of the reduction system under these conditions. Finally, 
quantitative bioreduction was obtained using 100 mM of pseudoionone in the presence of DMSO 
10% as well as in the absence of co solvent. Furthermore, conversions between 60% and 80% were 
achieved at similar conditions at 200 mM of substrate. 
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Our civilization is facing increasing pressure in order to secure future sources for energy and 
materials, and recent advances in enzyme-based technology have been employed to overcome this 
challenge. Particularly, a group of enzymes that catalyze the addition of hydroxyl groups called 
Rieske non-heme iron dioxygenases (ROs) are very promising biocatalysts for the production of 
industrially important compounds. [1] ROs are the only enzymes known that catalyzes the 
stereoselective formation of vicinal cis-diols in one step. These enzymes are able to activate 
molecular oxygen in order to generate reactive oxygen species capable of hydroxylating alkyl-
substrates, but also to promote further oxidative transformations.[2]  

We herein present a light-driven whole-cell approach utilizing ROs in combination with a light-
driven system in order to avoid the use of NAD(P)H and to investigate a catalytic setup relying on 
alternative energy sources such as light. [3] This approach is the first study on an in vivo 
photobiocatalytic system utilizing ROs. Our strategy succeeded in the utilization of four different 
fluorescent dyes, namely eosin Y, 5,6-carboxyeosin Y (CE), safranin O and rose bengal by combining 
it with different sacrificial electron donors such as EDTA, MES and MOPS buffer for photosensitizing 
in terms of capturing photons and transferring the excitation energy to the enzyme. Herein, we 
report that the naphthalene dioxygenase (NDO) from Pseudomonas sp. NCIB 9816-4 [4] showed > 
89 % conversion of 10 mM indene after 24 h, as well as catalyzing the conversion of toluene and 
limonene under light illumination. The productivity of up to 1.3 g/L shows that this is a catalytic 
useful system with which isolatable amounts of product can be achieved. Our system is thus the first 
artificial in vivo photobiocatalytic approach using oxygenases which is competitive with the currently 
achieved productivities of recombinant cyanobacteria. 
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The enzymatic bioelectrochemical cells are of high interest for the production of organic compounds 
starting from CO2 [1]. In such systems, a cascade enzyme system of three enzymes are used, 
including: formate dehydrogenase (FDH), formaldehyde dehydrogenase (FaldDH) and alcohol 
dehydrogenase (ADH). However, the immobilization of the enzymes onto electrode has not be 
optimized. To achieve that, three main aspects are involved: the synthesis of high surface area 
electrodes, covalent immobilization techniques and stability of the electrodes. This study presents 
three immobilization methods of ADH on carbon felt electrodes with simultaneous electrochemical 
NAD+ regeneration. 

As model reaction, we have chosen the enzymatic oxidation of aliphatic alcohols with a NAD+-
dependent alcohol dehydrogenase (ADH) [2]. A two-chamber electrochemical cell separated by a 
cation exchange membrane (CMI-7000 Ultrex). ADH from Saccharomyces cerevisiae was 
immobilized on carbon felt covalently (with glyoxyl groups), by ionic method (with amino groups) 
and by entrapment with Nafion. The anode solution contained 5 mM NADH and 50 mM ethanol in 
100 mM sodium phosphate buffer pH 7.5. For the cathode, a 15 mM K3[Fe(CN)6] solution in 100 mM 
sodium phosphate buffer was used. In the absence of enzyme, the NADH oxidation reaction rate (at 
0.4 V) was determined spectrophotometrically, by measuring the NADH depletion (λ = 340 nm). 
The morphology of the anode was characterized with a FE-SEM. The production of acetic acid was 
monitoring by HPLC. 

The FE-SEM images showed a homogeneous distribution of the biocatalyst on the anode. The NADH 
oxidation rate, in the absence of enzyme and ethanol, was 14 μmol min-1 at 0.4 V. By using a solution 
containing ethanol, the production of acetic acid was observed. After 6 hours of reaction, the 
conversion reached 10 %, which was half the value obtained in the control reaction (using a 5-fold 
NAD+ excess). 

Acknowledgements: FONDECYT Grant No. 11180967. 
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Lactonases are hydrolase enzymes which catalyse the hydrolysis of ester bonds in lactones. 
Caulobacter crescentus xylonolactonase (CcXylC) catalyses the reaction from D-xylono-1,4-lactone 
to D-xylonic acid and belongs to a metabolic pathway from xylose to xylonic acid. This reaction has 
significant industrial potential in synthetic applications that use lignocellulose-based mono-
saccharides (mainly glucose and xylose) as starting materials. 

The enzyme has been crystallised and complex structures determined using X-ray diffraction. Two 
crystal forms were obtained in different crystallisation conditions: two-dimensional rectangular and 
diamond-shaped plates belonging to space groups C2221 and P21 respectively. Complex structures 
with two substrate analogues, D-xylose and (R)-4-hydroxy-2-pyrrolidinone, were obtained by using 
them as cryoprotectants and soaking crystals in them before cooling in liquid nitrogen. Diffraction 
data were collected at Diamond Light Source. The rectangular crystals diffracted to 1.7 Å resolution, 
and both ligands had well observable electron density in refined structures. R-work and R-free of the 
structures converged to 0.176 and 0.220 with D-xylose and to 0.200 and 0.246 with (R)-4-hydroxy-
2-pyrrolidinone respectively. The diamond-shaped crystals, measured only with D-xylose, diffracted 
to 2.2 Å resolution and revealed different crystal packing but almost identical protein conformation 
and ligand binding. R-work and R-free converged to 0.209 and 0.251 respectively. The results give 
valuable hints on the mechanism of the enzymatic catalysis. 
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Glycosyltransferase enzymes catalyse the transfer of sugar moieties from donor to acceptor 
molecules and are ubiquitously found in many domains of life.[1] These reactions greatly expand the 
proteome variety as post- translational modifications[2] and can be highly relevant for cell survival. 
Protein mannosylation pathways in prokaryotes and eukaryotes involve tightly regulated 
glycosyltransferases that utilise polyprenyl and dolichyl phosphomannose substrates (PPMs and 
DPMs) respectively(figure 1).[3] In prokaryotes, protein mannosylation is vital for cell survival in 
addition to being involved in the pathogenesis for Mycobacterium tuberculosis, the causative agent 
of tuberculosis.[4] In eukaryotes, defects in mannosylation pathways are the origin of some 
congenital disorders of glycosylation.[5] Similar mannosylation pathways are also involved in the 
functionalisation of antibiotic small molecules produced by Actinomyces bacteria. [6] Despite the 
availability of some structural and functional data, [7-9] further work in the understanding of 
PPM/DPM enzymes is necessary in order to unlock their potential for biocatalysis and medicine. 

This poster reports the functional investigation of a GT2 glycosyltransferase from a marine 
microorganism with homology to human and Mycobacterium DPM/PPM synthases. This enzyme 
has been heterologously expressed in E. coli and purified via affinity and size-exclusion 
chromatography. To elucidate its catalytic mechanism and substrate specificity/ recognition, 
hightroughput activity assays have been performed with different substrates, as well as stability 
investigations. Our preliminary results suggest that this enzyme constitutes a valuable model for the 
study of PPM and DPM synthases for biocatalysis applications and novel drug development. 

Figure 1: The protein O-mannosylation pathway. Polyprenyl and dolichyl phosphomannose 
molecules are synthesised by PPM/DPM synthases and utilised by protein O-mannosyltransferases 
(PMTs) to functionalise proteins and natural products. n represents the number of isoprene units, 
Man = mannose.* 
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Chiral amines are an important functional group that can be found in a variety of biologically-
relevant molecules, with around 40% of active pharmaceutical ingredients (APIs) and 20% of 
agrochemicals containing some form of chiral amine moiety.[1,2] Within the portfolio of enzymes to 
prepare chiral amines, Imine Reductases (IREDs) have emerged as a powerful tool in the last 
decade.[3] These enzymes catalyse the reduction of imines to the corresponding amines and a 
subclass termed Reductive Aminases (RedAms) can catalyse both the formation of the imine and the 
subsequent reduction.[4,5] Through the use of site-directed mutagenesis, we have been able to gain 
an understanding of the role of key residues involved in catalysis and propose a mechanism for the 
reductive amination pathway. By investigating other residues within the active site, we will try to 
understand the mechanism behind imine reduction as well as the selectivity and substrate scope of 
both IREDs and RedAms, allowing for the access to a wider range of synthetic applications.  
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Numerous fine chemistry processes based on metal catalysts can benefit from the excellent 
recognition and selectivity properties of the enzymes. The combination of a metal catalyst with an 
enzyme to afford the corresponding artificial metalloenzyme will allow for instance that from a 
complex mixture of substrates only one of them is selectively recognized and therefore transformed, 
as happens in biological systems. It also allows to immobilize and, therefore, recycle the catalyst, 
which is fundamental in the development of sustainable processes.[1] To create a metalloenzyme, 
the metallic unit can be linked to the enzyme covalently or non-covalently. The non-covalent union 
has been the most studied and applied with excellent results. However, only the avidin-biotin 
supramolecular interaction has shown to be stable enough for this purpose. The covalent binding 
generates more stable metalloenzymes, which increases activity, and facilitates the catalyst recycling. 
In this context, we will present our research based on the development of novel Rh- and Ru-based 
metalloenzymes via covalent anchoring. The union of the metallic units to CALA have been carried 
out through a phosphonate group that is anchored covalently and irreversibly to the serine group of 
the active center of the enzyme. We will also present the application of the novel metalloenzymes in 
the asymmetric transfer hydrogenation of ketones and imines. 
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We present a strategy that combines wet-lab experimentation and computational protein design for 
engineering polypeptide chains. The protein sequences were numerically coded and then processed 
using Fourier Transform (FT). Fourier coefficients were used to calculate the energy spectra called 
"protein spectrum". We use the protein spectrum to model the biological activity/fitness of protein 
from sequence data. We assume that the protein fitness (catalytic efficacy, thermostabilty, binding 
affinity, aggregation, stability…) is not purely local, but globally distributed over the linear sequence 
of the protein. Our patented method does not require protein 3D structure information and find 
patterns that correlate with changes in protein activity (or fitness) upon amino acids residue 
substitutions. A minimal wet lab data set sampled from mutation libraries (single or multiple points 
mutations) were used as learning data sets in heuristic approaches that were applied to build 
predictive models. We show the performance of the approach on designed libraries for different 
examples1 and discuss how our approach can tackle epistatic phenomena. We can screen up to 1 
billion protein variants in a very short time. 
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The key factors in design of cascade enzyme whole-cell biocatalytic processes will be presented by 
using the biotransformation of renewable long chain fatty acids into industrially relevant medium 
chain fatty acids (e.g., biotransformation of oleic acid into n-nonanoic acid, 9-hydroxynonanoic acid, 
9-aminononanoic acid, and/or 1,9-nonanedioic acid via 9-(nonanoyloxy)nonanoic acid) [1-5] as a 
model system. The key factors will include design of the biotransformation pathways, discovery and 
engineering of the cascade enzymes (e.g., Baeyer-Villiger monooxygenase and transaminase), 
functional and balanced expression of the cascade enzymes as well as systematic engineering of the 
cascade enzyme-based whole-cell biocatalysts. This presentation will be prepared based on our 
Escherichia coli-based biocatalytic systems, which allowed to produce the medium chain fatty acids 
to concentrations of over 200 mM (60 g/L) in the reaction medium [1-5]. 
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Metal nanoparticles (NPs) have a wide range of applications as heterogeneous catalysts for the low 
environmental impact synthesis of fine chemicals. Two novel biosynthesis routes for producing 
copper NPs were described (Figure 1): (a) using the metal-reducing bacterium Shewanella 
oneidensis, involving a previously unknown reduction mechanism as demonstrated by deletion 
mutants [1], and (b) recovering the copper on biogenic magnetite nanoparticles produced by 
bioreduction with Geobacter sulfurreducens, with the additional advantage of easy recyclability by 
magnetic separation (Figure 1). [2]  

 

Figure 1. Alternative routes to biogenic metal nanocatalysts.  

The catalytic efficiency of these biogenic copper NPs was demonstrated against a range of substrates 
for click reactions. The feasibility of the biosynthesis of copper NPs from Cu(II)-containing 
wastewaters (for instance, spent “lees” from whiskey distilleries) was also verified, allowing recycle 
of copper waste and preventing heavy metal pollution. 

The same strategies are also being investigated for the recovery of precious metals (such as Pd, Au, 
Ag) in the form of catalytically active NPs for different types of catalytic reactions. The integration of 
biogenic NPs with overproduced biocatalysts in hybrid "biometallic" systems constitutes a novel 
extension to synthetic biology approaches, showing promise to deliver a range of one-pot chemo-
enzymatic processes for fine chemical synthesis. 
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Enzyme-catalyzed saccharification of lignocellulosic biomass in ionic liquids is a green approach 
toward the production of biofuels. However, present cellulases show little or no activity in high 
concentrations of ionic liquids. Hence, cellulase was modified to improve the stability of the enzyme 
in ionic liquids. To this end, a cellulase-polymer surfactant nanoconjugate was synthesized. First, the 
aspartic and glutamic acids of the enzyme were modified using carbodiimide crosslinker chemistry 
and N,N′-dimethyl-1,3-propanediamine as coupling reagent to yield a cationized enzyme. 
Subsequently, the cationized enzyme was made interact with an anionic polymer surfactant. The 
resulted complex was characterized by different techniques including circular dichroism, Fourier 
transform infrared spectroscopy and differential scanning calorimetry. In addition, the activity of 
the modified enzyme was measured in buffers and in different ionic liquids and compared to the 
native. 
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Pseudomonas putida MET94 Dye-decolorizing Peroxidase (PpDyP) is a heme-containing peroxidase 
that oxidizes a wide range of substrates, including phenolic or nonphenolic lignin compounds and 
metal ions. [1] As such, this enzyme shows potential for biotechnological applications, namely in 
lignocellulose biorefineries. We used directed evolution to optimize PpDyP activity for the lignin-
related substrate syringol and to increased thermal stability [2] and unpublished results. In order to 
understand how the incorporation of mutations affect the enzyme structure crystals of wild type, 
intermediate and hit variants in the course of evolution (9F6, 17F11, 6E10, 29E4 and 25F6) were 
obtained. X-ray diffraction analysis was used to determine the molecular structures. The wild type 
crystallized in space group P32 2 1 and revealed twinning statistics, but its structure could 
nevertheless be solved by molecular replacement. The structure was refined at 2.6 Å resolution with 
Rfree/Rwork of 22.7/24.8, and twinning ratio 0.81. The enzyme variants were also crystalized and 
diffraction data were obtained. Their structure solution and refinement are under progress.  
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Synthetic electrochemistry offers a cheap and controllable source of electrons, operating under mild 
reaction conditions, and spans a vast literature accumulated over a century of research on electrolytic 
transformations.[1] On the other hand, enzymes show an unparalleled specificity to catalyse 
reactions allowing synthetic chemists to build molecular complexity by running reactions in tandem, 
avoiding costly and time-consuming protection and deprotection steps. Then, biocatalysis has 
brought the use of different complementary technologies for the development of relevant biocatalytic 
processes at an industrial level.[2] 

In this work, the integration of electrosynthesis and biocatalysis in innovative ways will be presented. 
The strengths of electrosynthesis (such as global redox change) are matched with those of 
biocatalysis (exquisite control of absolute stereochemistry), showcasing the exceptionally mild 
conditions that are axiomatic to both techniques. 

Different enzymes optimised over many years in the Turner laboratory have been translated into 
flow plate reactors and variables such as reactor design; mixing; residence time; substrate 
concentration; pressure; temperature have been optimised. 
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The compartmentalization of chemical reactions is a basic principle in nature, which can be 
implemented in technical processes by performing reaction cascades with physically separated 
enzymes. For the development of novel approaches in biocatalysis this principle is a major source 
for innovations and is therefore mimicked in several ways. The immobilization of biocatalysts in a 
fluidic setup is one way to achieve compartmentalization and thus precise control over artificial 
reaction cascades. Established state-of-the-art technologies to arrange enzymes for sequential 
reactions require chemical or genetically encoded modifications of the target enzymes, which can 
negatively influence the activities and specificities of the immobilized enzymes. We recently 
demonstrated that unmodified thermostable enzymes can be immobilized by encapsulation in a 
simple and inexpensive, agarose-based thermoreversible hydrogel.1 The method allows the on-
demand and on-site production of catalytically active reactor modules with various shapes based on 
grid-structured circles and polygons using a commercially available easy-to-operate 3D printing 
process. As exemplary biocatalysts, we used an esterase and an alcohol dehydrogenase from 
thermophilic organisms as well as a ketoisovalerate decarboxylase from a mesophilic organism. The 
latter was thermostabilized by rational protein engineering combined with directed protein 
evolution. We showed that the resulting 3D-printed modules can be utilized for continuous, multi-
step sequential biotransformations, which can also be run in parallel fluidic setups. Via simply 
changing the number of stacked modules, the reaction profile could be tuned. We are further 
expanding the scope of this approach by including other enzyme families such as Phenacrylate 
Decarboxylases as well as by integrating these reactors into chemoenzymatic workflows. 
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Rufomycins have also been implicated in inhibiting multidrug resistance protein MRP-1, reversing 
chemotherapy resistance in cancer cells. However, these cyclic peptides exhibit poor water solubility. 
The potential for the development of new treatments for TB and cancer highlights the importance of 
studying these natural products. 

The aim of this project is understanding these CYP enzymes towards developing improved 
derivatives of rufomycin through biocatalysis. In addition, synthetic rufomycin homologs have been 
developed. 
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Rufomycins are natural products with antibiotic activity against M. tuberculosis. Rufomycins are 
non-ribosomally produced cyclic peptides. Following cyclisation, the rufomycin scaffold is modified 
by two cytochrome P450s (CYP). RufM selectively oxidises a single leucine residue and RufS carries 
out an epoxidation of the dimethylallyl group in the L-tryptophan residue. 

Poster 337



Poster 338 396

Synthesis of amide bonds using ATP-dependent Amide Bond 
Synthetases (ABSs) of the McbA family 

Mark Petchey [a]*; Anibal Cuetos [a], Ben Rowlinson [a], Stephanie Dannevald [a], Amina 
Frese [a], Sarah Lovelock [b][c], Peter W. Sutton [b][d], Richard C. Lloyd [b], Ian J. S. Fairlamb 

[a] and Gideon Grogan [a]

[a] Department of Chemistry, University of York, YO10 5DD, York, U.K.
[b] GSK Medicines Research Centre, Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2NY, U.K.

[c] Current address: School of Chemistry, University of Manchester, Manchester Institute of Biotechnology,
131 Princess Street, Manchester, M1 7DN, UK. 

Keywords: Amide Bond Synthetase (ABS), amidation, crystallography, ATP-recycling, 

Amide bond formation is one of the most important reactions in synthetic medicinal chemistry, 
however current methods rely on toxic or hazardous reagents and suffer from poor atom economy. 
In search of biocatalytic alternatives for amide bond synthesis, we have applied a recently discovered 
class of ATP-dependent amide bond synthetases (ABSs), typified by McbA from Marinactinospora 
thermotolerans [1, 2] and a homolog, AcABS from Actinoalloteichus cyanogriseus. These homologs 
have demonstrated diverse activity, catalysing the formation of pharmaceutically relevant amides 
from β-carboline carboxylic acids and equimolar amine precursors. In addition to demonstrating an 
expanded substrate tolerance within families of parent acid and amine partners we have shown that 
these couplings can be achieved in high yield on a preparative scale [3]. Crystallisation studies of 
McbA, have revealed a large conformational change following formation of the AMP adenylate 
intermediate, mirroring that of other adenylating enzymes such as the Carboxylic Acid Reductases 
(CARs). Substrate screens have highlighted access to a number of commercial pharmaceuticals and, 
through the use of an ATP recycling system, their synthesis can be achieved using sub-stoichiometric 
concentrations of ATP.  
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Fitness landscapes attempt to describe the relationship between sequence changes and protein 
functions, usually by measuring the effect of a number of amino acid substitutions, which are widely 
used in protein engineering. In contrast, mall insertions and deletions alter the protein backbone 
and have the potential for larger beneficial changes, but their effect is less well understood. So far no 
fitness landscape for insertions or deletions has been experimentally recorded. 

Here we use protein mutant libraries in GFP with up to 9 nucleotide insertions, deletions or 3 
nucleotide substitutions, sort them according to fluorescence and sequence each fraction with 
Illumina MiSeq. We extract mutations counts from sequencing and compare them to describe the 
effect of hundreds of mutations. We shows that these rarely-used mutations are surprisingly well 
tolerated and may be interesting to anyone working in protein engineering. 
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The synthesis of polymers and copolymers based on renewable monomers by in vitro enzymatic 
catalysis has attracted constantly increasing research effort and looks among the promising future 
applications of biocatalytic processes. ε-Caprolactone (ECL) represents one of the most valuable 
cyclic monomers in ring opening polymerization (ROP) reactions of lactones. Although the industrial 
production of ECL is still based on petrochemical raw materials, an alternative from 5-
hydroxymethyl furfural was reported, upholding ε-caprolactone as possible bio-based monomer [1]. 
The interest for the poly(ε-caprolactone) homopolymer (PCL) was renewed due to its 
biodegradability, biocompatibility and valuable mechanical properties. However, the low 
hydrophilicity, low melting point and slower degradation rate still restrict PCL applicability. These 
drawbacks can be overcomed by copolymerization, introducing new functionalities [2]. 

The research accomplished in our group was focused on the utilization of new bio-based monomers 
holding both hydroxyl and carboxyl groups, including 5-hydroxymethyl-2-furoic acid, hydroxy-fatty 
acids, and gluconic acid derivatives, in polyesterification reactions with ECL. All reactions were 
catalyzed by commercially available native and immobilized lipases. The reactions were carried out 
in solvent-less systems or in organic solvents, at different molar ratios and temperatures up to 80ºC. 
The insertion of the new functional units in the PLC backbone was explored, determining the 
copolymer/homopolymer and linear/cyclic copolymer ratios, average molecular weights and 
maximal polymerization degrees. Although batch processes were mainly employed, a continuous 
reaction system with packed-bed reactor was also tested as novel possibility to carry out enzymatic 
copolymerizations. The characterization of the reaction products, cyclic and linear oligoesters, was 
accomplished by FT-IR, MALDI-TOF and 2D NMR analysis. The thermal properties of the 
synthesized products were evaluated by TG and DSC, compared to the equivalent homopolymers. 
The enzymatic and microbial degradability of the copolyesters was studied for 60 days. Compared to 
PCL, all tested copolymers showed improved biodegradability rate. 
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The oleaginous yeast Rhodotorula glutinis (also termed R. toruloides) is a versatile workhorse of 
biotechnological applications. This is due to its ability to produce interesting secondary metabolites 
such as lipids and carotenoids, as well as for its resilience in harsh environments such as olive mill 
wastewaters (OMWs), which are toxic by-products of olive oil production. 

Stoichiometric modelling approach is applied to gain systemic view on the metabolism of R. glutinis 
and its optimisation potential towards target metabolite production. Genome scale stoichiometric 
model of R. glutinis metabolism is based on Tiukova et al. (2019). It contains almost 5000 reactions 
(155 are exchange reactions) and ~3300 metabolites. We have added 72 new reactions related to 
degradation of phenolic compounds (tyrosol, hydroxytyrosol, oleuropein, vanillic/caffeic acid, 
coumaric acid) based on information about genes, data bases, and experiments. Few of the pathways 
added are "L-tyrosine degradation", "salidroside biosynthesis", "verbascoside biosynthesis", and 
"triacylglycerol biosynthesis". 

Genome sequencing has been performed both for R. glutinis DSM 70398, as well as for a variant of 
this strain which was adapted to produce higher yields of carotenoids and lipids from the OMW. 
Differences in the base sequences of both strains have been evaluated, with a special focus on genes 
predicted by the stoichiometric modelling to be involved in the OMW fermentation and lipid and 
carotenoid production. These findings will be used to improve the stoichiometric model and promote 
a better understanding of the mechanisms behind the waste processing potential of Rhodotorula 
glutinis. 
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Members of the Old Yellow Enzyme (OYE) family are effective biocatalysts for stereo-selective trans-
hydrogenation of activated alkenes and are widely applied for the synthesis of value-added 
molecules.[1] To further facilitate application of this enzyme class we set out to expand the 
biocatalytic toolbox with ene reductases by screening various bacterial strains for hydrogenation 
activity. Analyzing the active strains on the genome level, we identified more than 40 genes encoding 
for putative new ene reductases. Based on sequence and phylogenetic analysis, we propose two new 
subclasses besides the well-known classical and the thermophilic-like OYEs subclass (Figure 1). 
These new subclasses, which we named class III and class IV, show protein sequence homologies to 
both known subclasses but also possess distinct features.[2] 

Four enzymes stemming from the new subclasses were cloned and successfully expressed in E. coli. 
The biochemical characterisation showed relative broad temperature- and pH-profiles. The 
substrate scope of the four enzymes was investigated with a panel of 15 compounds. Enzymes YqiG 
and Ppo-ER3 in particular accepted a wide range of structures ranging from aliphatic aldehydes and 
ketones, to cyclic ketones and even a bulky ester. [2] 
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Metagenomics is the study of genetic material directly isolated from environmental samples. There 
are two main approaches to using metagenomics for enzyme discovery; Sequence-Driven and 
Function-Driven metagenomics. Both approaches have advantages and limitations and the choice of 
which to use depends upon the enzyme discovery output required. Biocatalysts Ltd. uses Sequence-
Driven metagenomics for enzyme discovery. In 2017, Biocatalysts launched MetXtra™; a software 
platform that provides fast analysis of metagenomic enzyme data to identify enzymes against a broad 
range of commercial criteria including secretion and solubility. MetXtra™ is a unique Biocatalysts 
software suite that enables the identification, analysis and RATIONAL selection of novel enzymes 
from metagenomes. Biocatalysts metagenomic libraries provides access to over 335 million non-
redundant protein coding sequences. 98% of these sequences are unique to Biocatalysts and not 
found in the public domain. 

BRAIN AG uses Function driven metagenomics for enzyme discovery. BRAIN’s metagenomic 
libraries are Activity-Based Expression Libraries (ABEL®) and Large Insert Libraries (LIL®). 
ABEL® libraries are made using plasmids with clones expressing mostly single genes, while LIL® 
libraries contain cosmids or fosmids with inserts that can carry large genes or small operons. LIL® 
libraries can be transferred to multiple hosts, which increases the probability of finding enzyme 
encoding genes and even complete pathways that are able to be functionally expressed. BRAIN 
provides an extensive ready-to-screen resource with the ABEL® and LIL® libraries, the former 
comprising the equivalent of ~ 148 million genes, the latter representing more than ~ 66 million 
genes. 

This poster is an introduction to Biocatalysts’and BRAIN’s metagenomic based solutions to identify 
novel enzymes with specific functions to meet the requirements of our customers. We explain 
differences and benefits of each approach and why this powerful combination gives the best 
opportunity to access nature’s biodiversity to select the right approach for your enzyme needs. 
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Biocatalysis, the use of enzymes to perform chemical reactions, is widely accepted as a greener, more 
sustainable alternative to traditional chemical synthesis. Enzymes provide exquisite regio and stereo 
selectivity and can open up synthetic routes to compounds which are inaccessible by other chemical 
means. Enzymes have been extensively investigated and exploited for these properties, and now, due 
to the recent advances in bioinformatics, high throughput screening and gene synthesis, we have an 
almost infinite library of potential enzymes. Despite this library of enzymes being available there are 
still only a few commercially large-scale processes which utilise enzymes. Industrial use of enzymes 
faces a number of problems including low yields due to low substrate loading, slow reaction rates, 
cross reactivities and have issues with downstream processing (1). These problems can be overcome 
by several methods including various immobilisation and encapsulation techniques (2). 

The immobilisation technique we have developed involves the use of a cholesterol-based linker to 
tether a His-tagged protein to a lipid vesicle surface (Figure 1). This tethering mimics His-tag protein 
purification techniques through the use of a Co3+-nitrilotriacetic acid (NTA) moiety. Nickel(II) is 
traditionally used for protein purification, however, cobalt(III) has been shown to greatly increase 
the stability and reduce the lability of this connection (3). In order to purify them, many proteins 
have His-tags already incorporated which makes this technique widely applicable as it can be used 
on any His-tagged protein. In order to test the validity of this technique, GFP was selected to allow 
for visual confirmation of tethering and analysis of the kinetics of this process. In addition to GFP, 
biotransformations and cascades involving ene-reductases (ERs) will also be tested to compare 

against solution phase reactions 
and determine the effects of 
immobilising enzymes using this 
technique (4-7). This 
immobilisation should limit three-
dimensional diffusion and allow 
for efficient substrate transfer 
between enzymes when used in a 
cascade. This tethering aims to 
overcome many problems faced by 
biocatalysis and provide a new 
nanotechnology reaction platform. 

 
Figure 1 - Design of the cholesterol based linker. The hydrophobic cholesterol will sit in a lipid vesicle bilayer; 
the spacer will ensure the NTA moiety is protruding from the membrane, and the cobalt(II)-NTA will provide 
an attachment point to tether any His-tagged protein to the membrane. 
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Due to their broad substrate tolerance as well as regio- and stereospecificity heme-containing 
cytochrome P450 monooxygenases (CYPs) have become the topic of extensive research for 
biocatalytic applications. More recently, 'non-natural' applications of CYP enzymes have been 
enabled through bioengineering their structure and function.[1] The vast majority of CYP 
monooxygenases use one molecule of O2, two protons and two electrons which are transferred from 
an external redox partner,[2] while only a handful of CYPs have evolved the ability to utilize hydrogen 
peroxide as both electron and oxygen source instead. These CYP-peroxygenases belong to the 
CYP152 subfamily[3] and do not require a redox partner, making them valuable enzymes for 
biotechnological applications. They convert fatty acids either to hydroxy fatty acids through α- and 
β-hydroxylation, or to terminal alkenes via oxidative decarboxylation. Since such bioderived olefins 
may serve as biofuels a detailed understanding of the mechanism and substrate scope of this class of 
enzymes is of especial importance. In this work we report on the substrate scope and catalytic 
promiscuity of CYP OleTJE and two of its orthologues from the CYP152 family, utilizingα-
monosubstituted branched carboxylic acids.[4] We identified α,β-desaturation as an unexpected 
dominant pathway for CYP OleTJE using 2-methylbutyric acid. To rationalize product distributions 
arising from α/β-hydroxylation, oxidative decarboxylation and desaturation depending on the 
substrate’s structure and binding pattern, a computational study was performed based on an active 
site complex of CYP OleTJE containing the heme cofactor and 2-methylbutyric acid in the substrate 
binding pocket. It was shown that substrate positioning determines the accessibility of the oxidizing 
species (Compound I) to the substrate and hence the regio- and chemoselectivity of the reaction. 
Furthermore, the results showed that in case of 2-methylbutyric acid α,β-desaturation is favorable 
because of a rate-determiningα-hydrogen atom abstraction, which cannot proceed to 
decarboxylation. 
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The new concepts such as continuous processing, flow chemistry, high-throughput screening, and 
process intensification, have been established in recent years in order to open novel pathways in 
process design and engineering. The process intensification provides insights into the different scales 
at which process intensification can be employed. No doubt, process intensification through 
microreactor applications clearly hold the potential to revolutionize chemical and biochemical 
processes [1]. On the other hand, the transfer of successfully developed bioprocesses of lab-on-a-chip 
to the industrial environment is still a great challenge. To meet these challenges and to minimize the 
gap between research and industry, we must advance the fields from biocatalyst discovery to 
biocatalytic microprocess design. This will require not only a new level of understanding of reaction 
mechanisms and transport phenomena at the micro scale, but also the development of relevant 
computational tools [2].  

In this work, the microscale bioprocess development based on the Lattice Boltzmann modeling in 
combination with multiscale modeling concept is presented. The main features of microscale 
systems are reflected in fluid dynamics, therefore the understanding of fundamental mechanisms 
involved in fluid flow characteristics at the micro scale is essential since their behaviour affects the 
transport phenomena and microfluidic applications. Theoretical description of transport 
phenomena and the kinetics at the micro scale is discussed and illustrated on the cases of a lattice 
Boltzmann simulations for flow distribution in the packed bed microsystems and continuous 
microseparators [3]. 
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Enzymes are promising catalysts for a wide range of biocatalytic processes. Because protein 
engineers still lack a deep understanding of biocatalytic systems, finding the optimal biocatalyst is a 
tedious process, and trial-and-error strategies are widely used. Combining molecular and kinetic 
modeling is a promising strategy to improve the efficiency of enzyme development processes. 
Therefore, we integrate three modelling approaches: the thermodynamic modeling of substrate-
solvent mixtures [1,2], the molecular simulation of enzyme-solvent and enzyme-substrate 
interactions [3,4], and the kinetic modeling of biocatalytic reactions [5,6]. This approach bridges 
between microscopic and macroscopic scales and seeks to derive kinetic parameters from molecular 
models. Scale-bridging simulation of biocatalytic reactions is applied to guide protein engineering 
and to optimize reaction conditions. 
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The enzyme class of unspecific peroxygenases (UPOs) from fungi was discovered over a decade 
ago.[1] UPOs have the potential of becoming the biocatalysts of choice for diverse oxidative reactions 
due to their promiscuous substrate scope, their tolerance to organic solvents, and also the fact that 
UPOs utilize readily-available hydrogen peroxide as the oxygen donor and final electron acceptor. 
UPOs have thus become the target for many studies of biocatalytic oxyfunctionalisation reactions in 
recent years.[2] These studies have been assisted through the development of systems for the 
heterologous expression of these enzymes in the yeast Pichia pastoris.[3] 

The current work is focused on expanding the substrate scope of these versatile enzymes to include 
various N-heterocycles, as these are privileged scaffolds in Medicinal Chemistry. The substrate 
screening performed has also served to provide a better understanding of the optimal operating 
conditions of a variant of Agrocybe aegerita UPO (rAaeUPO). 

It was found that enzymatic in situ production of the peroxide allows the optimization of the 
oxidation of the widest variety of substrates. Multifactorial experimental design identified optimal 
enzyme and substrate concentrations allowing quantitative conversions in most cases. The 
scalability of the biotransformations was also demonstrated. HPLC and GC-based methods 
permitted the separation of various products, which were identified through the synthesis of 
authentic standards and which identified a curious pattern in the enzyme’s regio- and 
chemoselectivity. Purification and co-crystallization of the rAaeUPO with promising substrates is 
also underway in an effort to rationalize the specific chemo-, regio- and stereospecific behaviour of 
the enzyme. 

The better understanding of these factors will pave the way for the widespread biocatalytic use of 
fungal UPOs. 
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Biocatalytic and biotransformation oxidations directly exploiting dissolved oxygen as substrate have 
been gaining importance in industrial biotechnology. Many of these processes employ organic toxic 
susbstrates or products. Numerous works have also dealt with the immobilization of enzymes or 
whole cells for these processes. The aim of this work is to present some important features of the 
interplay of kinetic and mass transfer phenomena of these three-phase reaction-diffusion systems 
for toxic substrates. This simulation work is based on experimental results of 2-phenylethanol 
oxidation to phenylacetic acid by Gluconobacter oxydans cells immobilized in polyvinyl alcohol gel 
particles [1]. 

The effect of suicide-inactivation kinetics on the biotransformation was analysed for different reactor 
configurations. A fed-batch or continuous stirred-tank bioreactor, in which the organic substrate 
concentration is controlled at a low value, is the most suitable configuration. For immobilized 
systems, the control of oxygen mass transfer in the solid phase is crucial for optimal performance. 
The enhancement of mass-transfer limitations via higher intraparticle cell concentrations is highly 
advantageous. For example, the lifetime of immobilized biocatalyst with the initial effectiveness 
factor around 0.3 was predicted to be more than one hundred times higher compared to the free 
biocatalyst lifetime. The mass transfer limitation causes that the toxic 2-phenylethanol is not present 
in the particle core until the late operation phase. Cell inactivation thus progresses from the shell 
layer to the core during the biocatalyst cycle operation. The total turnover number per cell mass can 
be enhanced by one order of magnitude via immobilization. The simulation results are compatible 
with the experimental ones for immobilized and free cells in an air-lift fed-batch bioreactor[1]. 
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Monooxygenase CYP102A1 from Bacillus megaterium ( P450 BM3) is one of the biotechnology 
perspective members of cytochromes P450. Enzymatic process with P450 BM3 requires 
regeneration of the expensive coenzyme NADPH to reduce its costs. For this purpose such enzymes 
as formate dehydrogenase (FDH), phosphite dehydrogenase (PDH), glucose dehydrogenase (GDH) 
and glucose-6-phosphate dehydrogenase (GPDH) are commonly used. The main advantages of 
FDHs are wide pH-optimum (6-9.5) of activity, high thermal stability and low price of the substrate 
– formate ion. Most of FDHs are NAD+-dependent enzymes and several mutant forms with changed 
coenzyme specificity from NAD+ to NADP+ (NADP-FDH) were obtained in our lab using rational 
design approach. 

Several genetic constructions, encoded different variants of hybrid enzymes, were created. They 
consisted of: the genes of mutant form of cytochrome P450 BM3, NADP-FDH, and also flexible 
linker between them. The total length of the polypeptide chain is more than 1200 amino acid residues 
(more than 800 amino acid residues of cytochrome BM3 P450 and 400 amino acid residues for 
FDH) and the dimer construct is more than 2400 amino acid residues. The fusion enzymes of this 
size were prepared for the first time. All hybrid enzymes were expressed using E. coli BL21(DE3) 
cells in active and soluble forms and the purification procedures were performed. The level of 
expression for fusion enzymes was comparable to BM3 P450 expression level. All enzymes are active 
as FDH and BM3 parts. FDHs activity was measured by NADPH accumulation. BM3 activity was 
measured using 12-pNCA and some other organic compounds like octane, naphthalene, etc. The 
comparison of properties of separate enzymes and fusions is provided. It was revealed, that fusion 
enzymes in some cases work faster than mixtures of separate enzymes. 
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The regioselective methylation of catechols gives access to various chemical products and 
intermediates (flavoring agents, antioxidants, agrochemicals)[1]. To achieve methylation of 
catechols a methyltransferase is required. While most of the methyltransferases are S-adenosyl 
methionine (SAM) dependent, the here investigated system relies on cobalamin (B12) as cofactor 
and methyl group shuttle. The designed enzymatic system consists of a corrinoid protein carrying 
the cobalamin cofactor and acting as methyl group shuttle, and a methyltransferase catalyzing both 
methylation and demethylation. Both the methyltransferase and the corrinoid protein originate from 
the anaerobic bacteria Desulfitobacterium halfiense. Within this system various phenyl methyl 
ethers were successfully demethylated and served subsequently as methyl donors for the 
functionalization of various substituted catechols. 

When these substrates bearing a catechol moiety are used as acceptor, the enzyme exhibited a certain 
meta-preference for the O-methylation.[2] The aim of this project is to enhance and control the 
regioselectivity of the O-methylation by reaction parameters. Various factors may influence the 
regioselectivity, like the use of co-solvents, for example, which showed to enhance the enzymatic 
regioselectivity and moreover improved the conversion. Also the pH influenced the regioselectivity 
as well as the polarity of the side chain (“-R”). Among all these factors, it is desirable to find an ideal 
set of conditions (pH, co-solvent etc.) in order to accomplish the regioselective O-methylations of 
substituted catechols. 
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S-Adenosyl-L-methionine (SAM)-dependent methyltransferases (MTs) are interesting tools for the 
specific alkylation of various compounds. Nonetheless, SAM has several disadvantages: it is unstable 
and expensive; therefore, a regeneration system is required for efficient in vitro biocatalysis [1,2]. 

Methionine adenosyltransferases (MATs) are responsible for the in situ synthesis of SAM from L-
methionine and adenosine 5’-triphosphate (ATP). SAM can directly be used by MTs for methylation 
resulting in the byproduct S-adenosylhomocysteine (SAH) that acts as a feedback inhibitor on MTs. 
SAH can be removed either by methylthioadenosine/SAH nucleosidase (MTAN) yielding adenine 
and S-ribosylhomocysteine, or by SAH hydrolase (SAHH) resulting in adenosine and homocysteine 
[3]. The former has the advantage that the reaction is irreversible, the latter gives the opportunity to 
subsequently re-phosphorylate adenosine to ATP by using the combination of adenosine kinase 
(ADK) and polyphosphate kinases 2 (PPK2s) with inorganic polyphosphate (polyP) as a phosphate 
donor [3]. This link closes the cycle and makes it a genuine SAM regeneration system. 

Compared to linear SAM supply cascades using MTAN as the SAH degrading enzyme, the SAHH-
containing regeneration cycle is less efficient. In order to improve the performance, we are 
investigating different SAHH enzymes and variants. Assays are analysed using high performance 
liquid chromatography monitoring the MT substrates and methylated products, as well as 
intermediates such as SAH and adenosine. 

Figure 1. SAM supply cascade with MTAN (indicated by grey arrows) and cyclic SAM regeneration 
system with SAHH (indicated by black arrows). 
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The organic synthesis has been driven by the need of sustainable processes, which also requires 
efficiency and cost-effectiveness. In this work, we described the synthesis of Knoevenagel adducts 
((E)-2-cyano-3-(phenyl)acrylamide derivatives) between cyanoacetamide and aromatic aldehydes 
1a-i in presence of triethylamine. The reactions were conducted under microwave irradiation for 30 
min with excellent yields for the production of Knoevenagel adducts 2a-i (93-99% yield) [1]. The 
adducts 2a-i were employed in the C-C double bond bioreduction by the marine-derived fungus 
Cladosporium sp. CBMAI 1237 in mild conditions and short reaction time for a whole-cells reduction 
reaction (phosphate buffer pH 7.0, 32 °C, 130 rpm, 8 h) with good yields of reduced Knoevenagel 
adducts 3a-i (48-90%), Scheme 1. Finally, the spontaneous tautomerization of the hydrogenated 
products 3a-i produced achiral ketenimines, which were investigated in the presence of protic 
solvents [2]. This approached showed that the use of coupled and greener catalysis methods such as 
microwave irradiation and biocatalytic ene-reduction can be an interesting tool for the synthesis of 
organic molecules. 

 

Scheme 1 
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Thiosterases (EC 3.1.2.) hydrolyze thioester bonds between the carbonyl group and the sulfur atom. 
The thioesterase YciA presumably catalyzes the CoA-regulated hydrolysis of cellular acyl-CoA 
thioesters in a wide range of bacteria. The published kcat and kcat/Km values of YciA towards a large 
variety of substrates indicate a high catalytic efficiency and low substrate specificity. This 
combination makes it a promising candidate for designing an efficient catalyst for biotechnological 
applications. 

The ethylmalonyl-CoA pathway (EMCP) of the α-proteobacterium Methylobacterium extorquens 
harbors several CoA ester intermediates such as ethylmalonyl-, methylsuccinyl- and methylmalonyl-
CoA. Their according acid products serve as promising precursors for chiral synthons. By expressing 
YciA from Haemophilus influenzae heterologously in M. extorquens, we could enable the production 
of a mixture of (S)-methylsuccinic and mesaconic acid. 

However, the selectivity and efficiency of the hydrolysis reaction towards specific EMCP 
intermediates should be increased in order to release ideally one certain product in a high amount.  

We could identify different amino acids that are potentially involved in substrate binding by docking 
the potential ligands to the structure model of YciA.  

By investigating a semi rational library of M. extorquens strains harbouring variants of YciA with 
different amino acid replacements, we could test the influence of every mutation towards in vivo acid 
production.  

Although none of the amino acid exchanges led to a shift in selectivity, one replacement resulted in 
an enzyme variant with a presumably increased catalytic efficiency. Production cultures with this 
certain variant showed a 5-fold increased titer of (S)-methylsuccinic acid and mesaconic acid.  

In summary we found a way to improve the production of EMCP-derived dicarboxylic acids by using 
an engineered YciA. 
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Haloaromatic compounds are widely used and halogenation by enzymes is very attractive. Here, we 
investigated the reaction mechanisms and structures of tryptophan 6-halogenase (Thal or ThdH) 
from Streptomyces albogriseolus using stopped-flow, rapid-quench flow, QM/MM calculations and 
crystallography. Transient kinetic results indicated that the overall rate-limiting step of Thal in the 
halogenation of tryptophan is the halogenation step after the flavin-related reactions. Thal initially 
binds to reduced FAD (FADH-) before reacting with oxygen to form C4a-hydroperoxyflavin 
(C4aOOH-FAD). We found for the first time that C4aOOH-FAD in Thal and other tryptophan 
halogenases i.e. tryptophan 7-halogenase (PrnA) and tryptophan 5-halogenase (PyrH) can react with 
halides (I-, Br-, and Cl-), except F-, to form C4a-hydroxyflavin (C4aOH-FAD) and hypohalous acid 
(HOX). Rate constants measured from stopped-flow experiments and QM/MM calculations indicate 
that I- can react with C4aOOH-FAD the fastest and has the lowest energy barrier. However, only 
chlorinated and brominated tryptophan were detected as products, but not iodinated tryptophan. 
Five Thal crystal structures in apo and in complex forms were solved and the structure of the 
Thal:Trp complex showed that there is not enough space to accommodate I- in the tryptophan 
binding site. This explains the observations that although the flavin site can form hypoiodous acid 
(HOI), iodination cannot occur because of the limitations of the tryptophan binding site. Structural 
comparison of Thal, PrnA, and PyrH revealed that V52, P111, S470 and tryptophan capping’s helix -
probably control the regiospecificity of these enzymes. The knowledge reported herein is useful for 
future expansion of the scope of halogenase applications. 
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Despite the ubiquity of amines in pharmaceuticals, the most applied chemical methods[1] for their 
alkylation face serious flaws. Alkyl halide reagents are genotoxic and prone to over-alkylation, whilst 
reductive amination utilises unstable aldehyde reagents that often require prior synthesis. These 
limitations have led to a drive to develop methods in which redox surrogate reagents are used to 
generate aldehydes in situ for N-alkylation such as the borrowing hydrogen amination of alcohols 
and the direct reductive amination of carboxylic acids. Despite requirements for precious metal 
catalysts, high temperatures, long reaction times and pressurised vessels, these methodologies have 
found application on the process scale, underlining their importance to chemical industry. 

 
Figure 1: Example transformations from this work. 

In 2017, the Turner group reported the discovery of a sub-class of imine reductase with the ability to 
catalyse the challenging step of aqueous imine formation, terming these enzymes reductive aminases 
(RedAms).[2,3] In this work, RedAms are combined with both a mutant alcohol oxidase engineered 
through structure-guided directed evolution (AcCO6)[4] and a wild-type carboxylic acid reductase 
(CARsr) to achieve amine N-alkylation using both alcohol and carboxylic acid substrates.[5] Through 
one-pot enzymatic cascades, these challenging and valuable transformations are achieved at ambient 
temperature in water. Applying this work on a preparative scale also reveals further advantages over 
traditional synthetic methods, such as simple work-up procedures and no overalkylation. 

Furthermore, this work is extended to both terminal diol and keto-acid substrates, uncovering an 
ability of RedAms to catalyse the synthesis of saturated amine heterocycles through the sequential 
inter-intramolecular reductive amination of dicarbonyl substrates. The ubiquity of amine 
heterocycle moieties in natural products and active pharmaceutical ingredients highlights the 
importance of new chemical methodologies for their synthesis, and these novel enzymatic reactions 
underline the huge synthetic potential of these exciting new biocatalysts. 
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Selective oxyfunctionalization, especially the terminal hydroxylation of aliphatic compounds, is a 
challenging chemical reaction. The hydroxylation of fatty acids to the corresponding ω-hydroxy fatty 
acid products is of great industrial interest [1]. The P450 monooxygenase CYP153A from 
Marinobacter aquaeolei (CYP153AM.aq) is described as a fatty acid ω-hydroxylase accepting 
saturated and monounsaturated fatty acids with carbon chains from C9 to C20 displaying highest 
activity for C14:0 [2]. No activity could be shown for industrially relevant smaller fatty acids such as 
C8 (octanoic acid). 

A structure-based rational design of the putative access channels identified by CAVER software tool 
was applied to increase CYP153AM.aq performance in the hydroxylation of octanoic acid [3]. 14 
Mutation sites were addressed and evaluated with the corresponding octanoic acid as substrate. The 
mutagenesis of final hot-spot residues V141 and M228 efficiently hydroxylated C8:0. The obtained 
variant was characterized demonstrating an explicitely improved affinity and improved catalytic 
efficiency towards octanoic acid. Furthermore, the transfer into an artificial fusion construct with 
the heme domain of CYP153AM.aq fused to the reductase domain of CYP116B3 PFOR of the wildtype 
and the variant proved successful. 

Figure 1: (A) Terminal hydroxylation reaction of octanoic acid (C8:0) with CYP153AM.aq. Structural 
comparison of fatty acid hydroxylase CYP153AM.aq wildtype (B) and variant (C) binding pockets with docked 
hydroxyoctanoic acid ligand. 
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Epoxides are interesting compounds for the synthesis of important building blocks such as chiral 
amino alcohols. Peroxygenases are promising catalysts that enable enantiospecific epoxidation of 
C=C double bonds in presence of peroxides[1]. We tested immobilised unspecific peroxygenase from 
Agrocybe aegerita (AaeUPO)[2] for a substrate scope in neat conditions (Scheme 1-A). We 
investigated two immobilisation carriers. Afterwards, we performed a follow-up reaction with the 
desired epoxide to produce the corresponding chiral amino alcohol, (pseudo)ephedrine     (Scheme 
1-B). Organic chemists will rely on this method for the production of ephedrines. 

Scheme: A: AaeUPO-catalysed epoxidation of styrene derivatives. B: (pseudo)ephedrine synthesis 
via ring opening of the corresponding epoxide. 
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Artificial Metalloenzymes (ArMs) combine an abiotic metallocofactor with a protein scaffold and can 
catalyze new-to-nature reactions in vivo.[1] Herein, we report on our efforts to valorize human 
carbonic anhydrase II (CAII) as scaffold for whole-cell transfer hydrogenation.[2] Two platforms 
were tested: periplasmic compartmentalization and surface display in Escherichia coli (Figure 1). 

 
A chemical optimization of the sulfonamide-bearing IrCp* cofactor was performed. This afforded a 
69-fold increase in product formation in the periplasm and a 34-fold increase on the surface of E. 
coli, resulting in 90 turnovers. The crystal structures of four different CAII-bound cofactors highlight 
the importance of the spacer length on the catalytic performance, thus positioning the abiotic 
cofactor in a propitious environment. These findings highlight the versatility of CAII as a promising 
scaffold for ArM-catalysis in a cell environment. Current efforts are exploiting the tumor marker 
carbonic anhydrase IX to concentrate organometallic cofactors and to uncage drugs on cancer cells. 
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Artificial metalloenzymes (ArMs) have become an active field of biocatalytic research[1]. Hence, 
ArMs holding the promise of combining the advantages of homogeneous catalysts with enzymatic 
behavior[2]. Present-day strategies aim to match or even outperform versatilities and specificities of 
an existing catalytic portfolio[3,4]. Herein, we present different engineered biomimetic metal-
binding sites within a fluorescent protein host. Mass spectrometry and transition metal FRET 
(tmFRET)[5,6] studies validate predicted and engineered metal coordination sites and gave insights 
into metal binding dynamics. We successfully tested the established ArM family for catalytic potency, 
by catalytically active Cu(II) centers, as Diels-Alderases. 
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Fungal Copper-Radical Oxidases from the Auxiliary Activity family 5_2 (AA5_2) of the 
Carbohydrate-Active enZYmes classification (CAZy – www.cazy.org) have been the subject of many 
studies since the discovery of its first member: the galactose 6-oxidase from Fusarium 
graminearum. Aside from the intense work carried out on this archetypal enzyme, new members 
have been recently characterized [1, 2, 3, 4, 5]. Among them, the discovery of two novel alcohol 
oxidases (AlcOx) [4] from the phytopathogenic fungi Colletotrichum spp. revealed a wider diversity 
among this family of oxidases. Both AlcOx are able to oxidize a broad range of aliphatic and aromatic 
alcohols to their corresponding aldehydes. These findings suggest untapped catalytic potential 
among fungal copper radical oxidases, which could lead to the efficient production of aliphatic and 
aromatic aldehydes with valuable olfactory properties for industry. In order to further explore the 
catalytic diversity in this family, a combination of secretomic studies on Fusarium and 
Colletotrichum species and heterologous enzyme productions has been undertaken. The interest of 
this approach is to further investigate the potential of these enzymes as catalysts for bioconversion 
applications. 
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Crude glycerol is an inevitable side product in the fat and oil transesterification with alcohols for the 
production of biodiesel. With the world glycerol production estimated to reach 4,200,000 tons by 
2020, the development of new processes that transform this residue into higher value-added 
products is necessary to sustain the viability of the biofuel’s economy. 

In this work, we have studied the glycerol biotransformation to dihydroxyacetone (DHA) with a 
process intensification perspective that facilitated the development of a cleaner technology. Starting 
from the industrial byproduct crude glycerol, resting cells of Gluconobacter oxydans NBRC14819 
were able to convert glycerol under batch reactor conditions in water with no other additive but for 
the substrate. We have studied the impact of biomass:solution ratio, pH, growth stage, aeration and 
simplification of media composition in the bioconversions. Productivities of 2.07 g/L.h of DHA (71.5 
g/g % pure by NMR) were achieved (Fig 1A) surmounting previous reported fermentative 
bioconversions of crude glycerol. The used cells were unable to withstand reutilization which 
prompted us to investigate their immobilization. Starting from 50 g/L of crude glycerol, alginate 
immobilized G. oxydans converted 91.8±1.3% after 140 hours, similar to the conversion obtained 
with pure glycerol (Fig 1B). Although the productivity decreased after immobilization, the strategy 
permitted the reuse of the cells for at least 5 repeated conversion with less than 20% decrease in 
DHA production.  

To the best of our knowledge, the results obtained herein represent the first report of the use of G. 
oxydans in water, differently from the usual bioconversions in more complex media. The findings 
provide significant technological advantages as they simplify the downstream processing of DHA for 
the environmentally friendly obtention of a value-added pure product. 
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Natural products of microbial origin have been a rich source of compounds for drug discovery. In 
particular, actinomycetes and myxobacteria are prime producers of industrially important natural 
products [1, 2]. However, studies of such well-investigated organisms have led to high rediscovery 
rate of already known natural product classes. Nevertheless, global genome mining efforts implied 
the general abundance of secondary metabolite gene clusters within all bacterial phyla. Motivated by 
these findings, we performed a detailed comparative genome survey of bacteria belonging to the ε-
Proteobacteria, a bacterial phylum that has so far been overlooked in terms of secondary metabolite 
production [3]. 

We applied a comparative bioinformatic genome analysis and identified a so far uncharacterized 
NRPS-PKS biosynthetic hybrid cluster. After verification of gene expression by reverse transcriptase-
PCR, the identification of the respective secondary metabolite was accomplished using a comparative 
metabolomic and NMR-guided identification strategy. The structure proposal was verified by a 
modular total synthesis and the bioactivity was tested using different derivatives. 

The identified secondary metabolite, named barnesin, is unusual as it is the first PKS-NRPS hybrid 
natural product produced by anaerobic bacteria; it contains a very rare modified amino acid and 
shows selective activity against certain pharmacological important proteases [4]. Using synthesized 
derivatives, we performed structure-activity studies, which indicate a specific mode of action. 
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The furans rings are fundamental building blocks used as main scaffold for pharmaceutical, 
agrochemical and material compounds. (1) Furthermore, furans derivatives are also employed in 
flavor and fragrance industry owing to their peculiar olfactory properties. (2) Classical 
methodologies for the synthesis of furans require often harsh reactions conditions or the use of 
oxidants in stoichiometric amount and high temperatures. (3) Thus, novel mild and greener 
methodologies for the preparation of furans compounds are highly desirable including the use of 
enzymes that may help to overcome the classical oxidizing and aromatizing reagents. (4) In this 
presentation, the development of an enzymatic procedure for the aromatization of differently-
substituted 2,5-dihydrofurans is performed using the laccase/TEMPO catalytic system. As results, 
different furan containing compounds are synthetized under mild conditions with good conversions. 
In addition, a chemo-enzymatic cascade reaction for the synthesis of furans derivatives directly from 
acyclic aliphatic precursor has been developed. The latter involves the combination in the same 
reaction media of Grubb’s catalyst and laccase enzyme. The cascade reaction allows to afford the 
furans derivatives from allyl ether in a single synthetic step avoiding the subsequently purifications 
and work-up. This methodology represents a new and sustainable method for the synthesis of oxygen 
heterocycles compounds under milder conditions.** 
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The laccase-catalyzed oxidation of a series of substituted 4-hydroxy-chalcones has been investigated. 

The main isolated dimeric products were, as expected, racemic mixtures of trans-2,3-
dihydrobenzofuran derivatives, always co-eluted with an additional isomeric dimer with an open 
structure.  

The two enantiomers, as well as the co-eluted dimeric isomer could be isolated by semi-preparative 
HPLC with a chiral column and fully characterized.  
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Phytate, the perphosphorylated myo-inositol, is the main source of organic phosphorus in cereals, 
beans and legumes. Phosphorus from this compound is poorly available for livestock and is thereby 
excreted and accumulates in soil with various harmful environmental effects. Moreover, this 
molecule has also various antinutritional properties, such as the reduction of other nutrients’ 
availability (cations, proteins…) due to complexes’ formation. To overcome these issues, phytases 
are used as additive in animal nutrition in order to help the hydrolysis of phytates during the 
digestion process. In vivo studies have shown an influence of the diet’s composition on phytase 
benefits, but these in vivo investigations are complicated, expensive and difficult to rationalize. Then, 
in vitro simulations represent a major alternative for the investigation of phytase properties. 

 

A three-step in vitro digestion model was set up. Temperature, pH, proteolytic enzymes, and 
incubation time were adapted to simulate the conditions in the crop, stomach and small intestine of 
poultry. Various amounts of exogenous phytases were added to the different matrices (grounded 
wheat, maize, soybean meal, rapeseed meal, sunflower meal and rice bran) and final contents of 
inositol phosphates (IP6 to IP3) were measured by HPLC. 

With a phytase concentration of 500U/kg, a common concentration in feed products complemented 
with phytases, very different results were obtained depending on the matrix: from a 91% reduction 
of the initial amount of phytic phosphorus in wheat to only 20% in rice bran. The inorganic 
phosphorus released during the simulation was also very different, ranging from 1.0 (maize) to 
3.3g/kg (soybean meal). This in vitro digestion system has shown its potential to evaluate the diet 
composition influence on phytase activity. The two aspects of phytases benefits are monitored: the 
antinutritional compound degradation and the phosphorus availability increase. These results have 
now to be correlated to in vivo studies. 
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gamma-Glutamyl transpeptidase from equine kidney (ekGGT, E.C. 2.3.2.2) [1] is an intrinsic 
membrane enzyme able to catalyze the transfer of the gamma-glutamyl moiety of glutathione to 
amino acids or modified amino acids [2], thus producing gamma-glutamyl derivatives [3, 4] which 
are known as kokumi compounds 
(Scheme). Kokumi is a Japanese 
word that refers to taste perception 
defined as having mouthfulness, 
thickness and a long-lasting savory 
sensation. Although being nearly 
tasteless in themselves, kokumi 
compounds are able to elicit strong 
taste sensations, especially when 
associated with protein-rich food, 
thus acting as true flavor 
enhancers. 

Scheme. ekGGT-catalyzed synthesis of kokumi compounds 

Despite their simple chemical structure, the synthesis of gamma-glutamyl derivatives through the 
classical peptide chemistry is wearisome. Biocatalysis can provide, instead, a more straightforward 
synthetic route. 

An immobilization study of ekGGT was carried out to develop a robust biocatalyst for the synthesis 
of kokumi compounds. A tailor-made immobilization protocol was set up by assaying several types 
of binding chemistry, chemical activation of the support, and immobilization conditions. Octyl-
glyoxyl heterofunctional agarose [5] resulted in a high immobilization yield and activity recovery 
(93% and 88%, respectively). The immobilized ekGGT retained 95% activity under reaction 
conditions (pH 9, 50 mM Tris Hal) [1] for 6 days. The residual activity after 7 reaction cycles (21 
days) was 85% and 31% upon storage at 4 °C for 6 months. The immobilized ekGGT was also 
characterized by Raman spectroscopy and is currently being used for the preparative synthesis of 
gamma-glutamylmethionine. 

This project (TailGluTran, ID 2016-0741) was funded by Cariplo Foundation (Italy). 
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The activation of inert C-H bonds in synthetic chemistry is a very desirable yet challenging process. 
Compounds that are selectively hydroxylated are of particular interest as they can be human drug 
metabolites or used as synthetic intermediates. Synthetic methods for this activation, such as 
transition-metal catalysis or organocatalysts, often require harsh conditions and use valuable metals 
[1]. In addition, synthesis of asymmetric products is severely limited when using these methods. 
Biocatalysis may provide a more favourable approach as the reactions can be carried out under mild 
conditions and can be highly selective. P450s have been previously used to achieve these 
transformations, however they often require nicotinamide cofactors and electron transport proteins 
to function, which can make their use expensive and impractical [2]. 

An alternative to P450s are another class of heme-thiolate proteins called unspecific peroxygenases 
(UPOs), which can carry out a diverse range of different oxyfunctionalisations using only hydrogen 
peroxide as a cosubstrate [3]. The reactions carried out by UPOs are regio-, chemo- and 
enantioselective and they have a large substrate scope. These enzymes are glycosylated which is 
believed to make them stable in both aqueous and organic solvents, however this makes expression 
challenging. 

In this work, a UPO from the fungus Marasmius rotula (MroUPO) has been recombinantly 
expressed using the yeast Pichia pastoris. rMroUPO has been crystallised and the structure was 
determined. The activity of the enzyme has been investigated using kinetic assays and a small 
substrate screen was carried out. 
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The development of environmentally friendly and more efficient chemical processes is a challenge 
for all scientists. The importance of continuous flow processing was reported since it could meet 
some of the twelve principles of green chemistry [1]. In addition, flow chemistry has been reported 
as a compatible technique with the intensification of bioprocesses [2]. 

One biocatalyzed process with potential industrial interest is the production of xylooligosaccharides 
(XOS) from xylan using a xylanase (β-1,4-xylan xylanases; EC 3.2.1.9) enzyme. XOS have been 
recognized as emergent prebiotics [3]. 

The present study focuses on the development and optimization of a packed-bed reactor (PBR) for 
the continuous conversion of xylan into XOS. For this purpose, three different methacrylic polymer-
based supports (Relizyme R403S, Purolite P8204F and Purolite P8215F) activated with glyoxyl 
(short aliphatic aldehydes) groups were used for multipoint covalent immobilization of a xylanase 
from Streptomyces halstedii JM8 (Xys1 Δ) [4]. This work presents a step-by-step screening process 
for selection and characterization of a suitable support to carry out a high-quality biocatalyst to 
fabricate a PRB, basing on physical and mechanical properties, maximum protein loading and 
thermal stability of the support. Thus, a PBR containing Xys1 Δ immobilized on the selected support 
(R403S) was developed, operated and optimized for continuous flow reaction of xylan hydrolysis at 
different flow rates.  

Finally, the effect of different protein loadings of the biocatalyst in the continuous production of XOS 
was assessed. As a result, the use of PBRs allowed us to achieve a mixture of desired end products of 
xylan hydrolysis, through the simple and convenient control of the hydrolysis time by modulating 
the flow rate. The specific productivity for XOS at 10 mL/min flow rate was 3,277 gXOS genzyme−1 
h−1. This PBR conserved >90% of its initial activity after 120 h of continuous operation. 

References:  
1 Wiles C., Watts P. 2012. Continuous flow reactors: A perspective. Green Chem., 14, 38-54. 
2 Tamborini L., Fernandes P., Paradisi F., Molinari F. 2018. Flow bioreactors as complementary tools for 
biocatalytic process intensification. Trends Biotechnol., 36, 73-88. 
3 Lam K.-L., Chi-Keung Cheung P. 2013. Non-digestible long chain beta-glucans as novel prebiotics. Bioact. 
Carbohydr. Dietary Fibre, 2, 45-64. 
4 Canals A., Vega M.C., Gomis-Rüth F.X., Díaz M., Santamaría R.I, Coll M. Structure of xylanase Xys1D 
from Streptomyces halstedii. 2003. Acta Crystallogr. Sect. D. Biol. Crystallogr., D59, 1447-1453. 

Corresponding author: javirocha@icp.csic.es



Poster 370  428 

 

The acceptance of alpha-methyl substituted aldehydes by 
norcoclaurine synthase 

Rebecca Roddan, Gudrun Gygli, Altin Sula, Benjamin R. Lichman, Jürgen Pleiss, John M. 
Ward, Nicholas H. Keep and Helen C. Hailes. 

Department of Structural and Molecular Biology, Birkbeck College, London, WC1E 7HX, U.K. 
Department of Chemistry, Christopher Ingold Building, University College London, WC1H 0AJ, U.K. 

Institute of Technical Biochemistry, University of Stuttgart, Allmandring 31, D-70569 Stuttgart, Germany.  
Department of Biochemical Engineering, Bernard Katz Building, University College London, WC1E 6BT, 

U.K. 

Keywords: norcoclaurine synthase tetrahydroisoquinoline Pictet-Spenglerase 

Here, we report the unusual acceptance of a variety of 𝛼-substituted aldehydes by wild-type 
Thalictrum flavum NCS (𝛥33TfNCS) to give THIQ products. Moreover, the kinetic resolution of 
several 𝛼-substituted aldehydes to give THIQs with two well-defined chiral centres in a single step 
with high conversions was achieved.[3] Several dopamine analogues were also accepted as substrates 
and reactions were amenable to scale-up. The generation and use of TfNCS mutants has 
demonstrated the potential to alter the stereoselectivity of the reaction and improve conversions. A 
rationale for the acceptance of these substrates and improved activity with different mutants has 
been gained from a co-crystallised structure of 𝛥33TfNCS with a non-productive mimic of the 
reaction bound in the active site. Molecular dynamics simulations have confirmed the experimental 
results and have given increased insight into the NCS mechanistic process. 
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The development of organic-inorganic hybrid materials in which enzymes are embedded is an 
attractive approach to both immobilize and stabilize biocatalysts. Confined enzymes show great 
advantages such as stability and robustness in harsh working conditions, reusability and improved 
catalytic activity. Polymer-protein conjugates have facilitated us the synthesis of excellent 
heterogeneous catalysts for biosensing or biotransformation. Our group has recently developed a 
universal methodology to encapsulate enzymes individually within a polymeric material. This 
acrylic-based polymer does not show diffusion issues and improves the stability of the enzyme 
significantly. Moreover, the polymeric shell can be decorated with imidazolate residues (among 
others) in order to coordinate mono-, di- and tri-valent metal cations, and trigger the metal-directed 
assembly of the nanoconjugates into hybrid nanoparticles or films (see Figure below). Those 
structures assembled with our protocol are referred to as Metal-Organic Enzyme Aggregates 
(MOEAs). Moreover, similar conjugates are used for the fabrication of porous and highly active 
organic-inorganic hybrids. In this case, nanoconjugates tend to biomineralize in presence of 
phosphate salts and low concentration of metal ions (Cu2+, Co2+, Ni2+, Zn2+, Ag1+, Au3+, etc.). Each 
metal cation led to the formation of biomaterials with distinct morphology and catalytic 
performance. As example, an outstanding synergistic effect was achieved with the Ag@HRP hybrid, 
boosting the peroxidase activity 900% of that showed by the free HRP. 

Figure 1. Synthesis of different enzyme hybrids (nanosponges, nanoparticles and films) from imidazole 
nanogels. 
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The robustness of a high-redox potential laccase has been enhanced by swapping its second 
cupredoxin domain with that from another fungal laccase, which introduced a pool of neutral 
mutations in the protein sequence without affecting enzyme functionality. The new laccase showed 
outstanding stability to temperature, pH (2–9) and to organic solvents, while maintaining the ability 
to oxidize high-redox potential substrates.  

By engineering the signal peptide, 
enzyme secretion levels in 
Saccharomyces cerevisiae were 
increased, which allowed to purify the 
engineered enzyme for further 
characterization. The purified domain-
swap laccase presented higher activity in 
the presence of ethanol or methanol, 
superior half-lives at 50–70 °C, 
improved stability at acidic pH, and 
similar catalytic efficiency for DMP 
albeit a lower one for ABTS (due to a 
shift in optimum pH). A new N-
glycosylation site and a putative new 
surface salt-bridge were evaluated as 
possible determinants for the improved 
stability by site-directed mutagenesis. 
Although neither seemed to be strictly 
responsible for the improved 
thermostability, the new salt bridge was 
found to notably contribute to the high 
stability of the swapped enzyme in a 
broad pH range. Finally, the application 
potential of the new laccase was 
demonstrated with the enzymatic 
treatment of kraft lignin, an industrially 
relevant lignin stream, at high 
temperature, neutral pH and short 
incubation times. 
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The power of enzymatic catalysis is illustrated by the ease and sophistication by which nature 
constructs complex organic molecules with high efficiency and selectivity. For this reason, there is a 
major push towards creation of designer enzymes for reactions that do not (yet) have an equivalent 
in nature. However, the reaction scope of enzymes is inherently limited by the functional diversity of 
the 20 canonical amino acids.  

The emergence of robust expanded genetic code methodologies has now made it possible to 
introduce non-canonical amino acids at any desired position in a protein.[1] We take advantage of 
this methodology to genetically encode unnatural amino acids with a catalytically active side chain 
(cUAA), that can function as catalytic residue in designer enzymes. 

We use the transcriptional regulator LmrR as the scaffold for the creation of new designer enzymes. 
LmrR is a structurally flexible protein that has an unusally large hydrophobic pore at its dimer 
interface, which is ideal for the creation of a novel active site.[2] Recently, we have reported the 
introduction of p-aminophenylalanine (pAF) as the catalytic residue using stop codon suppression 
methods.[3] This brings a catalytically active aniline residue into the hydrophobic pocket of LmrR. 
Aniline is a versatile, albeit by itself not very reactive, organocatalyst that can catalyse reactions by 
transient formation of an iminium ion, thereby activating an electrophile. We have recently 
demonstrated this by creating a designer enzyme for new-to-nature hydrazone and oxim formation 
reactions. Subsequently, we have shown that such designer enzymes are amenable to directed 
evolution, resulting in a quadruple mutant that is ~30000 faster than aniline itself.[4]  

Here the results of these studies will be presented. Moreover, in this presentation I will show 
applications of this enzyme, and novel designs, in catalysis of other reactions that benefit from 
iminium ion activation, most notable conjugate addition reactions such as enantioselective Michael 
additions and Friedel-Crafts alkylations. 
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Two-component flavin-dependent enzymes are involved in various biological reactions. In nature, 
these enzymes occur as two distinctly separated components - a reductase generating reduced flavin 
and a monooxygenase utilizing the reduced flavin for monooxygenation. For multiple reaction 
systems, a flavin transfer by free diffusion as well as the independence of the kinetics from the 
counter component has been proposed [1]. Although there are indications that a protein–protein-
mediated flavin transfer also exist, it does not seem to be crucial for the system. Suchlike 
independence gives birth to a great potential of tuning opportunities for these systems. 

Baeyer-Villiger Monooxygenases (BVMO) type II are two-component flavoproteins of that kind 
executing among other reactions Baeyer-Villiger oxidation by a separated flavin reductase and 
oxygenase component [2]. As (chemical) Baeyer-Villiger oxidations are known from the end of the 
19th century this transformation of ketones into esters or of cyclic ketones into lactones by peracids 
has been yielded many valuable reaction routes, with an increasing interest in enzymatic solutions 
[3]. Herein, the possibilities to tune suchlike enzymatic BVMO type II reactions by the substitution 
of a reductase-mediated reduction of the FMN is a promising focus. In detail, the utilization of 
artificial NADH mimics for FMN reduction will be demonstrated. Moreover, the application of a 
light-driven FMN reduction for these systems seems to be another interesting approach. 
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Multienzymatic cascade systems are gaining significant attention, especially for the production of 
fine chemicals in the pharmaceutical and cosmetic industry, due to their low environmental impact 
and sustainability 1. The multienzymatic systems offer attractive advantages like: time, chemicals 
and cost for product recovery may be reduced, reversible reactions can be driven and the 
concentration of inhibitory or unstable intermediary compounds can be minimized. 

This work presents the development of a new multi-enzymatic cascade process for the synthesis of 
carbohydrate-based drugs from cheap materials. This multienzymatic system was composed by 
three enzymes: glycerol dehydrogenase (GlyDH), fructose 6-phosphate aldolase (FSA), and NADH 
oxidase (NOX). Based on this multienzymatic system the synthesis of Fagomine, an iminocyclitol 
with enormous nutraceutical potential, was studied. A scheme of the multienzymatic system is 
shown in the Fig. 1.  

 

Figure 1. Scheme of the multienzymatic system for synthesis of preFagomine. 

The influence of the concentration of the substrates and enzymes on the final yield of preFagomine 
was evaluated. All the reactions were performed a 30 ºC and pH 7.0, a compromise conditions for 
the three enzymes. The results shown a strong influence on the final yield at high concentration of 
the acceptor aldehyde (β-CHO), probably due the enzyme inactivation induced by this substrate 2. 
However, at moderate concentration of this substrate, a good yield of 85% of preFagomine was 
obtaining. 

In conclusion, we report a new and interesting strategy for synthesis of iminocyclitols based on an 
multienzymatic system. Although this system might be further improved for increase the substrates 
concentration and productivity, seem an attractive platform to produces different carbohydrates 
drugs by using different aldehydes and/or aldolases. 

Acknowledgment: Fondecyt Grant 3170258 (CONICYT, Chile); Dr. M. Schürmann (InnoSyn 
B.V., The Netherlands) by kindly donated NOX enzyme. 
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For last decades, enzymes have been extensively proposed as a sustainable alternative to 
“traditional” chemical catalysts due to their specificity and selectivity. On the one hand, 
oxidoreductases catalyse one of the most common classes of reactions found in many chemical 
pathways, but the requirement of an exogenous cofactor limits the operational use and 
implementation on large scale of these enzymes. In-situ regeneration of redox cofactors is therefore 
essential for cost-effectiveness of cofactor-dependent biocatalytic processes. Enzymatic regeneration 
systems of nicotinamide cofactors have been proposed as a promising approach. On the other hand, 
amines are one of the most frequently used chemical intermediates for the production of active 
pharmaceutical ingredients and fine chemicals, among others. However, the industrial production 
of amines often requires transition metal complexes, which are expensive and unsustainable. The 
enzymatic hydrogen-borrowing cascade has been proposed as an alternative method to develop 
direct conversion of alcohols into amines (1, 2). Here, an enzymatic cofactor regeneration system has 
been integrated into a multi-enzymatic hydrogen-borrowing cascade reaction for the amination of 
alcohols. An alcohol dehydrogenase has been used together with a cofactor recycling enzyme (i.e. 
NAD(P)H oxidase) and a ɷ-transaminase. The influence of operational reaction parameters has been 
screened to optimize the productivity of the biocatalytic reaction. 
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Alkaloids are natural products that usually occur in plants, but are also found in animals, bacteria 
and fungi. They are heterocyclic nitrogenous organic compounds derived from amino acids. Their 
importance is associated with their broad spectrum of biological activities, inspiring the synthesis of 
new drugs. However, asymmetric synthesis of these compounds is challenging and requires efficient 
routes, and here Biocatalysis toolbox is an efficient strategy applying enzymes or microbial cells for 
regio-, chemo and selective transformations in high yields. Therefore, based on the literature [1,2], 
we proposed a multi-enzymatic cascade reaction for the synthesis of pyrrolizidine alkaloids from 
tetra ketones and transaminases (TA) and imino reductase (IRED). Herein we show the results of 
the first step, where a reductive amination of the less hindered ketone of 1 was achieved by TA. The 
alanine acted as the amine group donor producing gluconic acid as a co-product. Following, a 
spontaneous intramolecular cyclization produced the disubstituted pyrroline scaffolds 2. We have 
tested four commercial transaminases from Codexis®, obtaining good result up to > 99% of 
conversion aiming at chiral 7-(2-methyl-3,4-dihydro-2H-pyrrol-5-yl)heptane-2,5-diones. As a 
conclusion, commercial transaminases were tested producing intermediated compounds 2 that will 
be used next in a multi-enzymatic cascade reaction proposed, where IRED will mediate the 
stereoselective reduction of imine, and consequently a second spontaneous cyclization will occur to 
produce the pyrrolizidine moiety 3, as shown in Scheme 1. 

Scheme 1. Proposed synthesis of pyrrolizidine scaffold by transamination and imino reduction. 
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Numerous short-chain dehydrogenases/reductases (SDRs) have found biocatalytic applications in 
C=O and C=C (enone) reduction. In our previous work, we expanded the substrate scope of this 
enzyme family by showing that the plant SDR noroxomaritidine reductase (NR) from Narcissus 
pseudonarcissus and a homologous SDR from Zephyranthes treatiae (Zt_SDR) are capable of 
reducing a variety of imine compounds.[1] In contrast, an SDR from Asparagus officinalis (Ao_SDR, 
67% sequence identity to NR and Zt_SDR) displayed almost exclusively keto reductase activity. In 
this work, we investigate the basis of this different activity profiles. Zt_SDR was chosen as a template 
for an alanine scan in order to identify amino acids that affect SDR-catalyzed imine reduction. The 
replacement of C150 resulted in an inactive enzyme indicating a crucial role of this residue. This 
approach is complemented by mutagenesis experiments to improve the imine reducing capability of 
Ao_SDR.  

In addition, the variant Zt_SDR_F202A was characterized using 2,3,3-trimethylindolenine as a 
model substrate (up to 390 mU/mg) and applied for the reductive amination of a small set of keto 
compounds. 
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Unspecific Peroxygenases (UPOs) are glycosylated, secreted, fungal enzymes that selectively transfer 
an oxygen atom directly from hydrogen peroxide to the substrate, facilitated by the heme cofactor, 
covalently bound in the active site . Many are the reasons why UPOs are considered to be the perfect 
biocatalyst (1): the absence of accessory cofactors, like NADPH or FAD and, last but not least, their 
major peculiarity is that, so far, more than 300 molecules are recognized to be their potential 
substrates. These features confer them a great potential for industrial applications. My work is 
currently focused on the large-scale cultivation, in a 5 L bioreactor, of different UPO’s isoforms 
(UPO24, UPO12, UPO23) using Pichia pastoris as expression system. Since the enzymes are directly 
secreted in the culture medium, once removed the cells, the supernatant is vacuum filtrated, buffer 
exchanged and concentrated. The enzyme (UPO12) is purified via three chromatographic steps using 
two anion exchange columns (Capto Q and Mono Q) followed by size exclusion chromatography 
(Superdex 75 10/300). The Reinheitzahl (RZ) value (A425/A280 nm = 1,7) is essential to monitor the 
purity of the enzyme during the purification and in the end UPO 12 was assayed with different 
substrates to check its peroxidase-peroxygenase activities. UPO12’s peroxidase activity was 
monitored using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ε405 = 36’000 M-1 cm-1) 
and 2,6-Dimethoxyphenol (ε469 = 49’600 M-1 cm -1 ) as substrates showing respectively kcat = 177 
min-1 and kcat = 150 min -1. Peroxygenase activity was examined with 5-nitro-1,3-benzodioxole (ε425 = 
9’700 M-1cm-1) as substrate and UPO12 showed a kcat = 268 min-1. Since the ultimate goal is to 
crystallize these different UPO’s isoforms the major task is to fully remove the sugars N-linked to the 
enzyme and screen different crystallization conditions. 
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Transaminases are pyridoxal-5'-phosphate (PLP) binding enzymes, broadly studied for their 
potential industrial application. More importantly, the affinity for PLP has been previously related 
to their performance and operational stability. Previous studies suggested an omega transaminase 
from Halomonas elongata (HeWT) (1) exhibited a higher affinity for PLP than the homologous 
enzymes from Chromobacterium violaceum (CvTA) (2) and Pseudomonas fluorescence (PfTA) 
when used in continuous flow (3). To better understand the differences in the PLP binding ability, 
the PLP-binding pocket of these three homologous transaminases were analyzed by residue 
interaction network.  

The analysis revealed the presence of a single difference in HeWT: N120. This residue is in a 
homologous position to a valine in both CvTA and PfTA. Moreover, this residue is in distance to 
interact either with the nitrogen ring of the PLP directly or with the aspartic acid known to protonate 
the pyridinium nitrogen. To investigate the role of this particular residue, 3 different mutants were 
constructed: HeWT-N120V, CvTA-V124N and PfTA-V149N. HeWT-N120V, exhibited less thermal 
stability and a dissociation constant (Kd) for PLP 3 times higher that its wild-type counterpart, 
confirming the important role of N120 in PLP binding. CvTA-V124N, mimicking WT-HeWT, 
presented higher stability and temperature resistance compared to the wild-type. Remarkably, its 
Kd for PLP diminished from 59.03 ± 15.8 µM to 16.42 ± 5.59 µM indicating the beneficial effects of 
the mutation for PLP-binding. As for the PfTA, the Kd was comparable to the WT-HeWT (14.06 ± 

2.25 µM). The structure of 
PfTA was determined to 
confirm the tetrameric 
assembly of the enzyme, 
which explains the higher 
affinity for PLP in response to 
decreased overall flexibility. 
For PfTA, the mutation led to 
a destabilization of the 
quaternary structure shown 
by a lower temperature 
stability however, no change 
in the PLP-binding capability 
was observed. 
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Enzymes dependent on nicotinamide cofactors are important features of the expanding range of 
asymmetric synthetic techniques. New challenges in asymmetric catalysis are now arising in the field 
of deuterium labelling, where compounds bearing deuterium (2H) atoms at chiral centres are 
becoming increasingly desirable targets for pharmaceutical and analytical chemists.1 However, 
utilisation of NADH-dependent enzymes for 2H-labelling is not straightforward, owing to difficulties 
in supplying a suitably isotopically-labelled cofactor ([4-2H]-NADH). Conventional approaches to 
the generation and recycling of [4-2H]-NADH utilise sacrificial [2H]-labelled reductants (such as 
[2H]-glucose), which add both cost and complexity to the process.  

To open up biocatalysis for synthetic deuteration, we designed a strategy whereby a clean reductant 
(H2) could be coupled with a cheap source of 2H-atoms (2H2O) in order to generate [4-2H]-NADH in 
situ.2 The approach relies on the transfer of electrons from the oxidation of H2 by a hydrogenase to 
an NAD+ reducing moiety via an electronically conducting carbon support. The NAD+-reducing unit 
recombines the electrons with 2H+ and NAD+ to yield the desired [4-2H]-NADH (see Figure 1A). In 
employing this site-separated approach to preparing [4-2H]-NADH, the requirement to supply a 
sacrificial reducing agent that is pre-labelled with deuterium can be avoided. By coupling the [4-2H]-
NADH-recycling system to an array of C=O, C=N, and C=C bond reductases, it is possible to perform 
asymmetric deuteration across a range of organic molecules (see Figure 1B). It is anticipated that 
this clean and efficient route to molecular deuteration will bring the powerful synthetic abilities of 
enzymes into the toolbox of isotopic labelling techniques. 

 

Figure 1 (A) A H2-driven route to generating and recycling [4-2H]-NADH. (B) Preparing chiral deuterated 
compounds from [4-2H]-NADH. 
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The biodegradation of the nylon-6 precursor caprolactam by a strain of Pseudomonas jessenii 
proceeds via ATP-dependent hydrolytic ring-opening to 6-aminohexanoate [1]. This non-natural ω 
amino acid is converted to 6-oxohexanoic acid by an aminotransferase (PjAT) belonging to the fold 
type I PLP enzymes.  

To understand the structural basis of 6-aminohexanoatate conversion, we solved different crystal 
structures and determined the substrate scope with a range of aliphatic and aromatic amines. 
Comparison with the homologous aminotransferases from Chromobacterium violaceum (CvAT) 
and Vibrio fluvialis (VfAT) showed that the PjAT enzyme has the lowest KM values (highest affinity) 
and highest specificity constant (kcat/KM) with the caprolactam degradation intermediates 6-
aminohexanoate and 6-oxohexanoic acid, in accordance with its proposed in vivo function.  

Five distinct three-dimensional structures of PjAT were solved by protein crystallography. The 
structure of the aldimine intermediate formed from 6-aminohexanoate and the PLP cofactor 
explains the high activity and selectivity of the PjAT with 6-aminohexanoate. The results suggest that 
the degradation pathway for caprolactam has recruited an aminotransferase that is well adapted to 
6 aminohexanoate degradation. 
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Both synthetic chemists and metabolic engineers aim to produce high value compounds, albeit 
pursuing very different approaches. While the former skillfully employ synthetic catalysts and 
reagents to build up complex molecules, the latter harness the reactivity of biocatalysts in living 
organisms to produce compounds from fermentation. While these approaches have traditionally 
been considered to be incompatible, these disciplines are beginning to merge. To identify 
biocompatible small-molecule catalysts that can be used in concert with cellular metabolism, we set 
out to establish a unique screening platform. Our strategy focuses on repurposing established 
biological tools that allow the site-specific incorporation of non-canonical amino acids (ncAAs) into 
proteins of interest. More specifically, our screening platform is based on coupling the activity of 
synthetic catalysts to yield ncAAs from appropriate precursors with the subsequent incorporation of 
these nonstandard building blocks into GFP. Crucially, the stop-codon suppression efficiency that 
leads to ncAA incorporation correlates with the concentration of the non-standard building block 
present. Moreover, the incorporation relies on all the steps of the central dogma of molecular biology, 
allowing our screening platform to report on both the performance of tested synthetic catalyst and 
the fitness of the organism. In this work different ncAAs were incorporated into a GFP variant 
featuring an in-frame stop codon through a transition-metal catalyzed uncaging of N-protected 
ncAAs. As we found that stop codon suppression was indeed dependent on the success of the non-
enzymatic reaction, the envisioned screening system offers several attractive features: (1) GFP 
fluorescence as quantifiable common readout, (2) the ability to assess the biocompatibility of small-
molecule catalysts, and (3) rapid screening for multiple reaction/catalyst combinations in parallel. 
Our results argue favorably that our method will significantly speed up the discovery of 
reaction/catalyst combinations that lend themselves toward a seamless integration into the cellular 
metabolism. 
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The chemoselective synthesis of aldehyde-containing compounds is challenging in chemistry. Nature 
provides carboxylic acid reductases (CARs) that are ATP and NADPH dependent, as elegant tools for 
the direct reduction of carboxylic acids to aldehydes. The engineering of CARs necessitates a robust, 
product selective high-throughput assay (HTA). We report a simple HTA that allows the substrate 
independent and chemoselective quantification of aldehydes (irrespective of their chemical 
structure) and is sensitive to the nM range. We validated the HTA in microbial cells by reexamination 
of the substrate scope (13 structural different substrates) of CAR from Nocardia iowensis (CARNi) 
and in a mutagenesis study (first random mutagenesis - 6000 mutants; followed by site-saturation 
mutagenesis) to improve its activity for sterically demanding 2-substituted benzoic acid derivatives. 
We identified a hot spot in the active site of CARNi (Q283P) that increased the affinity to 2-
methoxybenzoic acid 9-fold, which was supported by steered molecular dynamics simulations. The 
catalytic performance of CARNiQ283P was significantly better for 2-, 3- and 4-substituted benzoic 
acids, and aliphatic octanoic acid. 

With this assay in hand novel and existing aldehyde producing enzymes can be screened in a HTA 
fashion irrespective of the chemical structure of the substrate. 
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Recent advancements in biocatalytic technology provide new opportunities to redesign synthetic 
routes to chiral molecules1 and the application of ω-transaminase (ω-TA) biocatalysts offers a 
particularly attractive route for the synthesis of chiral amines. In this presentation we report the 
high-throughput screening of commercial and wild-type ω-TAs against a panel of inexpensive aldose 
and ketose sugars, followed by the preperative scale synthesis of these valuable chiral amino-polyol 
synthons.2 

 

However, to provide a desirable process (Kg L-1h-1) and to improve the purification and isolation of 
these water soluble products, subsequent investigation of suitable immobilization strategies of ω-TA 
and their application in flow is examined. 
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Although solid phase phosphoramidite based chemistry is a well controlled and high yielding process 
for manufacturing oligonucleotides, the multiple rounds of iterative synthesis ultimately erode 
overall yields and purity. We have developed an enzyme catalysed process where multiple short 
oligonucleotides are brought together in a single convergent assembly step to generate the final 
product oligonucleotide. This assembly process provides the opportunity to use unpurified short 
oligonucleotides and the elimination of chromatography from the overall process. Both overall 
process yields and product purity are significantly improved compared to standard solid phase 
synthesis. Notably, product related impurities such as ‘N-1’ sequences are eliminated from the final 
product. 
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Novel prebiotics fructooligosaccharides (FOS) can be obtained in a highly regio- and stereo-
controlled manner through enzymatic synthesis. The biocatalytic approach based on levansucrase 
(LS)-catalyzed transfructosylation reaction is of particular interest for the synthesis of well-defined 
FOSs. The most interesting feature of LSs results from their ability to use the free energy of cleavage 
of sucrose to synthesize β-(2-6)-levan and FOS. In spite of the progress that has been made, the use 
of LS is currently hampered by their poor availability, thermal stability, their unfavorable hydrolytic 
activity and the limited modulation of FOS structures. The present study aimed at the 
characterization of the catalytic properties and the catalytic efficiency of new LSs, expressed in E. 
coli, from Novosphingobium aromaticivirans and Vibrio natriegens. To determine the optimal 
temperature and the activation energy (Ea), enzymatic reactions were carried out at broad range of 
temperature varying from 20 to 60oC. While the effect of pH was investigated in the pH range of 4 
to 8 using different buffer systems. For instance, LS from N. aromaticivirans exhibited a maximum 
specific activity at 50oC and retained more than 50% of this specific activity in the range 40 to 60oC. 
The Ea of LS from N. aromaticivirans (51.14 kJ/mol) was higher than that of LS from V. natriegens 
(28.03 kJ/mol). This indicates the high-temperature sensitivity of the reaction-catalyzed by LS from 
N. aromaticivirans. The last LS exhibited a maximum specific activity in the pH range of 6 to 7,
whereas LS from V. natriegens showed a maximum value in the pH range of 8 to 8.5. The effect of
temperature and pH on the reaction selectivity (transfructosylation over hydrolysis) will be
presented. The end-product profile, as well as the catalytic efficiency, will be discussed as a function
of the primary and the secondary structures of the LSs.
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Chiral γ-nitroaldehydes are important building blocks for the preparation of biologically active γ-
aminobutyric acids (GABA).[1] The asymmetric synthesis of γ-nitroaldehydes from simple starting 
materials has become feasible because of outstanding developments within the organocatalysis field, 
particularly fueled by aminocatalysis.[2] In recent years, our research group developed the first 
biocatalytic systems for the enantioselective synthesis of these important pharmaceutical 
precursors.[3] Here, we report that an engineered variant of the enzyme 4-oxalocrotonate 
tautomerase [4-OT(F50A)] can catalyze the asymmetric Michael addition of nitromethane toα,β;-
unsaturated aldehydes, yielding various γ-nitroaldehydes with high enantiopurity (e.r. up to >99:1) 
and in high isolated yield (61−96%).[4] The catalytic mechanism involves the formation of enzyme-
bound iminium ion intermediates in a manner reminiscent of organocatalysis. 
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We have recently reported the characterization and use of nucleoside 2’-deoxyribosyltransferases 
(NDTs) isolated from different microorganisms for the synthesis of nucleoside analogues.[1] 
Although the promiscuity of these enzymes allows them to recognize a broad range of non-natural 
substrates,[2] there is still room for protein engineering on this family of enzymes to expand the 
product repertoire and enhance the overall reaction yields. To do this, it is necessary to understand 
the catalytic mechanism of these enzymes. In this communication we face this question. We study 
the catalytic reaction mechanism of nucleoside 2’-deoxyribosyltransferases of Lactobacillus 
leichmannii (LlNDT) by means of quantum mechanics / molecular mechanics simulations. We have 
modeled the two chemical processes of the accepted reaction mechanism: a nucleophilic attack and 
a proton transfer. Our results support an oxocarbenium species as a reaction intermediate, 
supporting an SN1-like reaction mechanism in this family of enzymes. Our mechanistic proposal has 
been validated by the good agreement found with experimental kinetic data of the wild-type enzyme 
and Glu98Asp, Tyr7Ala, and Met125Ala variants. As proof of concept, we also applied our 
mechanistic proposal to solving the substrate specificity shown by LlNDT towards two non-natural 
substrates.[3] Altogether, this complete understanding of the reaction mechanism in atomic detail 
will help for a more efficient protein engineering campaigns. 
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Enantioselective carbon-carbon bond formation lies at the forefront of organic synthesis, with 
current focus directed towards metal catalysed methods. Enzyme catalysed C-C bond formation 
represents a concise alternative for the preparation of multifunctional products without the 
requirement for rare metals and chiral auxiliaries.[1] Chiral molecules containing asymmetric 
carbon centres bonded with nitrogen form important structural motifs in both natural and synthetic 
biologically active molecules, with the most studied approaches to these species involving addition 
reactions to C=N functionalities.[2]  

Two enzymes that have been widely studied in the Turner lab which catalyse imine (C=N) formation 
are Monoamine oxidase (MAO) and Reductive aminase (RedAm).[3-5] Reductive aminase catalyses 
the coupling of carbonyl and amine partners, generating the corresponding imine intermediate, 
which is subsequently asymmetrically reduced to the chiral amine.[3] On the other hand, 
Monoamine oxidase catalyses the oxidation of amine substrates to the corresponding imine.[5] This 
current work focuses on using a variety of carbon nucleophiles which can undergo addition reactions 
to imines generated by these enzymes, leading to the formation of new asymmetric carbon-carbon 
bonds. Investigation into both inter- and intramolecular C-C bond formation has been undertaken 
using a wide variety of amine substrates. 
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The aim of this work was to develop magnetic biocatalyst using a combined method for one-step 
enzyme purification and immobilization based on the immobilized metal ion affinity chroma-
tography (IMAC)[1]. The selectivity based on the affinity of histidine-tag of His-tagged proteins 
towards metal ions. 

The magnetic nanoparticles (MNPs) were synthetized according to solvothermal method and amino 
groups were created by proper grafting of the surface. The easiest way for selective immobilization 
with IMAC-MNPs is complexing the enzyme to the surface metal ion, followed by elution of the other 
proteins while retaining the target enzyme. In this case, immobilized biocatalyst could be obtained 
by a rapid immobilization process. When covalent enzyme immobilization is needed, cross-linkers 
can be used after complexation, or a bifunctional surface can be created containing epoxy groups 
besides the chelating functions.[2,3] 

In this work, bisepoxides as cross-linkers and ethylenediaminetetraacetic acid (EDTA)-derived 
chelating functions were applied to prepare IMAC-MNPs, and recombinant phenylalanine 
ammonia-lyase (PcPAL) was immobilized as a model enzyme. During optimization of the process 
leading to bifunctional surface, glycerol diglycidyl ether (GDE) and EDTA-anhydride were used in 
different ratios. The surface grafting was considered as optimal when the highest higher enzymatic 
activity of PcPAL could be achieved. Presumably, at the optimal surface grafting ratio the amount 
the EDTA-derived chelator functions could express their selectivity towards the His-tagged target 
protein while the amounts of epoxy groups were sufficient to anchor the retained PcPAL covalently 
to the surface. 

The results showed clearly that for the effective immobilization of the His-tagged target enzyme 
directly from the crude fermentation media both epoxy and metal-chelate groups were required in a 
proper ration at the surface. Modification of the surface with bisepoxides other than GDE offers 
further possibility to tailor the spacer arm for optimal binding of the target protein. 

The bifunctional IMAC-MNPs presented in this study provide an easy, economic and environmental 
friendly way for immobilization of His-tagged enzymes directly from crude cell-lysate without the 
need of extensive purification. 
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A coupled chemoenzymatic reaction in continuous flow is demonstrated for the first time, where a 
Diels-Alder (DA) cycloaddition of acrolein to 2,3-dimethyl-1,3-butadiene (synthesizing 3,4-
dimethyl-3-cyclohexene-1-carboxaldehyde, CCA) is followed by a transketolase (TK) catalyzed two-
carbon chain elongation to 1-(3,4-Dimethyl-3-cyclohexen-1-yl)-1,3-dihydroxypropan-2-one 
(DCDHP). DCDHP is a relevant chiral dihydroxyketone for the synthesis of several compounds, 
including keto sugars. 

Several catalytic DA reactions have been described for the synthesis of racemic 3,4-dimethyl-3-
cyclohexene-1-carboxaldehyde (CCA). For efficient synthesis of DCDHP from CCA, an enzymatic 
reaction would be advantageous, as it would minimize the number of process steps. However, most 
catalysts and reactions conditions used with DA reactions are not compatible with a subsequent 
enzymatic reaction (issues revolve e.g. around solvent compatibility, differing reaction rates, and 
mis-match of pH). In this contribution, we used the spatial confinement of reactions afforded by 
cascaded microreactors, which has been well established for enzyme-enzyme reactions [1], to 
overcome these challenges and to achieve a chemo-enzyme reaction sequence in flow. 

Various solvents and catalyst combinations, including bio-based organocatalysts, were screened for 
the optimization of the DA-TK continuous-flow reaction. The transketolase reaction was performed 
with hydroxypyruvate (HPA) as an irreversible two-carbon donor, and the selectivity of the 
transketolase towards the CCA enantiomers was determined.  

By packing a tubular reactor with aluminium chloride immobilized on a silica gel, and by coupling 
the tubular reactor with a coil reactor containing the transketolase, continuous synthesis of DCDHP 
was achieved. Full conversion was obtained from 5 mM HPA within 200 minutes. These results 
further underpin the rapid advances of microreactor technology for organic synthesis. 
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Mevalonate is a precursor for the production of isoprenoids and is used in cosmetics. Moreover, it is 
used as a research reagent for pharmaceuticals, since mevalonate is an intermediate of cholesterol 
metabolism. It is difficult to industrially produce mevalonate by chemical synthesis, because high 
optical purity is required to be used for these applications. Thus, mevalonate is produced by 
fermentation of microbes from glucose. However, there still remains problem that yields of 
mevalonate is not sufficient. Therefore, we tried to develop highly efficient production of mevalonate 
by metabolic engineering of Escherichia coli. First, we introduced into Escherichia coli three genes 
which express Acetyl-CoA acetyl transferase, HMG-CoA synthase and HMG-CoA reductase (atoB, 
mvaS and mvaE respectively). This strain produced 2.16 g/L mevalonate from 20 g/L glucose. Next, 
we tried to improve production capacity of mevalonate by disrupting some genes. Because three 
molecules of acetyl-CoA are required to synthesize one molecule of mevalonate, the amount of acetyl 
CoA is considered to affect the production of mevalonate. to accumulate Acetyl-CoA, we constructed 
MG1655 Δppc ΔaceBA strain. This strain produced 6.00 g/L mevalonate from 20 g/L glucose. 
Finally, we tried to produce mevalonate from cellobiose. To give the E. coli an ability to break down 
cellobiose, we displayed β-Glucosidase(BGL), Tfu0937, on the E. coli cell surface using Blc as an 
anchor protein. BGL-displaying MG1655 Δppc ΔaceBA strain produced 5.72 g/L mevalonate from 
20 g/L cellobiose. We succeeded in producing mevalonate from cellobiose for the first time. 
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Increasing levels of carbon dioxide in the Earth atmosphere constitute a concern in the perspective 
of climate change. To address this issue, new biotechnological processes that convert carbon dioxide 
into valuable materials may offer solutions to this problem. Within the EU-funded BIOCON-CO2 
project, we aim at developing and applying novel enzymatic processes to reduce carbon dioxide 
emissions directly at the production site. In order to make the process not only beneficial to the 
environment but also economically sustainable, our aim is to use the gas as a carbon source for the 
production of valuable chemicals. In this way, the process will be easily implemented by various 
industries, as it will generate revenues while matching the most recent guidelines in ecology policies. 
Here, we will present the work done at the University of Groningen, where we are focusing on 
engineering enzymes towards higher robustness, in order to make them compatible with the targeted 
process. The enzyme engineering efforts involve a combination of in silico design of mutations and 
in vitro testing of predicted mutant enzymes. The computational work makes it feasible to restrict 
the number of mutants to be tested. The final list of mutants predicted by our simulations is produced 
by recombinant expression in E coli and tested for their biophysical features, such as an increase in 
thermostability. By combining mutations with a beneficial effect, we aim at producing super-stable 
variants. These engineered enzymes will be more easily employed for the production of chemicals 
from carbon dioxide. 
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Oxygenases constitute attractive catalysts for highly selective oxyfunctionalization under 
environmentally benign conditions. Recently, efficient cycloalkane (C5-C8) hydroxylation has been 
reported utilizing a whole-cell biocatalyst based on recombinant Pseudomonas taiwanensis VLB120 
containing a cytochrome P450 monooxygenase (class I) from Acidovorax sp. CHX100 [1]. This work 
aimed at designing expression vectors to enhance cytochrome P450 monooxygenase gene 
expression, in order to maximize the cyclohexane oxidation activity of recombinant P. taiwanensis 
VLB120 and avoid dependencies on highly volatile inducers and expensive citrate as carbon source. 

Approaches to overcome such challenges associated with the original vector pCom10_Cyp included 
transcriptional, translational, and gene dosage engineering. Different promotor systems, RBSs, and 
origins of replication were combined, and resulting constructs were evaluated by means of the 
following readouts: growth rate before and after induction, total and active Cyp content within the 
cells, and specific hydroxylation activity of the cells. Such strain engineering finally enabled a 2.5-
fold increase of the specific activity (from 20 to 50 U gCDW-1) and a 1.9-fold improvement in the 
cyclohexane conversion (from 44% to 84%).  

Expression analyses revealed that a high translation rate does not necessarily result in high 
hydroxylation activity. A careful combination of elements controlling transcription, translation, and 
plasmid replication is therefore crucial for the design of a production strain capable to catalyze 
efficient oxyfunctionalizations. Overall, the resulting biocatalyst outcompetes existing chemical 
catalysts based on cyclohexane conversion and selectivity. 
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Halohydrin dehalogenases (HHDHs) are valuable biocatalysts for the synthesis of β-substituted 
alcohols based on their epoxide ring-opening activity with a number of small nucleophiles enabling 
the formation of novel C-C, C-N, C-O and C-S bonds [1]. So far, however, their biocatalytic 
application was limited to the conversion of terminal epoxides. We recently reported the 
identification of a large set of novel HHDH enzymes based on a database mining approach using 
HHDH-specific sequence motifs [2]. This led to the identification of the first HHDH – HheG from 
Ilumatobacter coccineus – displaying synthetic useful activity in the conversion of cyclic epoxides 
[3]. In an attempt to further broaden the scope of substrates accepted by HHDHs, a panel of 22 
phylogenetically diverse enzymes was investigated in the conversion of aliphatic and aromatic 
vicinally di-substituted trans-epoxides using azide as nucleophile (Figure 1) [4].  

 

Figure 1. Halohydrin dehalogenase-catalysed azidolysis of vicinally di-substituted trans-epoxides. 

As a result, the majority of enzymes was able to convert aliphatic methyl-substituted epoxide 
substrates to the corresponding azidoalcohols. Several HHDHs were even found to be highly 
regioselective, facilitating the synthesis of regioisomerically pure azidoalcohols on preparative scale. 
HheG from I. coccineus converted also sterically more demanding non-terminal epoxides with good 
to high activity. The observed regio- and stereoselectivity of active enzymes towards the tested 
vicinally di-substituted epoxides was overall found to be enzyme- and substrate-dependent. Further, 
docking studies based on crystal structures of HheC and HheG have been performed revealing first 
structural insight into the observed substrate and regio-selectivities of these enzymes.  

Overall, we demonstrate that the substrate scope of HHDHs is not limited to terminal epoxides. 
Instead, they can be applied in the conversion of non-terminal epoxide substrates, thus, expanding 
the range of beta-substituted alcohols that are accessible by HHDH catalysis. 
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In this study light-driven protochlorophyllide oxidoreductases (LPORs) are used to enable the 
reduction of double bonds of organic compounds by using light. LPORs are photoenzymes which 
require light for the catalytic activity. Without light no catalysis takes place. Thus, LPORs combine 
both photo- and biocatalytic concepts, making them interesting in photobiocatalysis.[1]  

LPORs exit in different phototrophic organisms and catalyse the strictly light-dependent reduction 
of the C17=C18 double bond of protochlorophyllide (pchlide) under formation of chlorophyllide, 
which is a key intermediate in the biosynthesis of chlorophyll (Scheme 1).  

In a first step the pchlide is excited by visible light. Subsequently, a hydride is transferred from the 
pro-S face of NADPH to the C17 position of the excited pchlide followed by a proton transfer to C18, 
most likely from a conserved Tyr residue within the LPOR active site.[2] 

In this work, the LPORs are being investigated for their suitability as a new light-dependent 
biocatalyst in synthetic chemistry to reduce double bonds of different substrates by using light. In 
addition to the characterization of cofactor flexibility, solvent and pH stability, the LPORs are 
investigated for their substrate scope. 

For this purpose, ten LPORs were heterologously expressed and purified. The LPORs showed a broad 
pH range and a solvent tolerance up to 20% (v/v). Two LPORs were also able to accept NADH as 
cofactor. Due to the different cofactor flexibility, three amino acid residues were identified in the 
LPORs responsible for the productive binding of NADH. 

This work shows that LPORs might serve as potential new biocatalysts to reduce double bonds of 
non-natural substrates by using light. 

Scheme 1: Reduction of protochlorophyllide (pchlide) by light-dependent protochlorophyllide 
reductases. 
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Nature's creativity in developing solutions for C-H-bond functionalization reactions like 
hydroxylations at activated or non-activated C-H-bonds is remarkably shown by an expansive list of 
metal-dependent enzymes.[1,2] These enzymes, like the Rieske non-heme iron oxygenases (ROs) are 
able to activate molecular oxygen in order to generate reactive oxygen species capable of 
hydroxylating alkyl-substrates, but also to promote further oxidative transformations.[3] For many 
of these reactions no 'classical' chemical counterpart is known.  

In this study, we coupled a well-established whole-cell system based on E. coli via light-harvesting 
complexes to RO-catalyzed hydroxylations in vivo. Although these enzymes represent very 
promising biocatalysts, their practical applicability is hampered by their dependency on NAD(P)H 
as well as their multi-component nature and intrinsic instability in cell-free systems. In order to 
investigate a catalytic setup relying on alternative energy sources such as light, as well as due to the 
instability of ROs, we have investigated a light-driven approach by using artificial light-harvesting 
complexes and sacrificial electron donors that were easily up-taken by the cells, inspired by a similar 
system for P450s reported by Park et al.[4] The herein reported approach does not comprise any 
toxic electron mediators or is limited by self-shading of the cells. The efficiency of this light-driven 
approach is comparable to typical whole-cell transformations in E. coli and represents the first 
example of a photo-induced RO system. 
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Halogenated compounds serve as indispensable key intermediates for the synthesis of valuable 
chemicals. Since the introduction of halogens into aryl scaffolds often requires harsh conditions and 
lacks selectivity, flavin-dependent halogenases emerged as promising tools for selective 
halogenation only requiring halide salts and oxygen under physiological conditions. In particular, 
tryptophan halogenases proved appropriate for regiodivergent aryl functionalization.[1] Previous 
approaches using immobilization and chemoenzymatic cascades paved the way to a preparative-
scale application of these biocatalysts.[2,3] Later, halogenase evolution together with the 
development of a high-throughput assay was reported by us.[4]  

Noncanonical D-tryptophans provide important building blocks of bioactive peptides and drugs. 
However, biohalogenation of D-tryptophan proceeds less efficiently compared to the L-configured 
amino acid. To circumvent this bottleneck, an L-amino acid oxidase (LAAO) can be employed 
together with a non-selective reductant facilitating dynamic stereoinversion. Closer examination of 
the specific LAAO RebO from L. aerocolonigenes unveils a high preference for halogenated L-
tryptophan derivatives. Dynamic stereoinversion using RebO and ammonia-borane complex as the 
reducing agent was optimized yielding an array of D-halotryptophans ranging from 95-99% ee. 
Finally, a one-pot process combining initial halogenation of L-tryptophan and subsequent 
stereoinversion gives access to D-bromotryptophan in good enantiopurity and satisfying isolated 
yields.[5]  

Despite attractive features as photoresponsive materials halogenated indigo dyes were neglected due 
to a lack of safe and efficient synthetic approaches.[6] Therefore, a one-pot cascade involving 
stepwise biocatalytic C–H functionalization was established. Sequential action of a halogenase, a 
tryptophanase and a monooxygenase provides selective access to dibromoindigo. The pigment can 
be further modified by acylation providing N,N’-Boc-protected indigo in good overall yields. 
Moreover, late-stage cross-coupling offers a straightforward platform towards novel arylindigos 
endowed with altered photophysical properties.  

In conclusion, wide-ranging approaches on cascade development towards fine chemical synthesis 
are being presented that further expand the synthetic utility of halogenases. 
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An increasing range of carriers with a wide choice of enzymes suiting both batch and continuous 
processes are available. Macro- and gigaporous carriers suitable for any enzyme are on the market 
for large scale production and guarantee minimized costs. As a result of these developments, the 
number of industrial applications is steadily growing and the ongoing progress will ensure continued 
success in meeting new challenges. 
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The functional group interconversion of alcohols into amines is an attractive option for amine 
synthesis because it can be implemented as a redox-neutral process using the “hydrogen borrowing“ 
concept[1] and because alcohols are abundantly available both from established chemical synthesis 
routes and from natural feedstocks. In recent years, biocatalytic alcohol-to-amine conversion has 
been achieved using alcohol dehydrogenases (ADHs) in combination with transaminases (TAs), 
amine dehydrogenases (AmDHs) or reductive aminases (RedAms).[2–5] 

We have recently developed a three-enzyme cascade comprising a TA, an ADH and an imine 
reductase (IRED) for the conversion of 1,5-diketones into 2,6-disubstituted piperidine derivatives. 
The observation that hydroxyketones are transiently formed as off-pathway intermediates in this 
process has prompted us to investigate the possibility of using the same combination of enzymes to 
obtain cyclic amines from hydroxyketones as starting material in a redox-neutral fashion (see 
Scheme). 

 
 

In practice, we have found that oxidative side reactions can compromise the redox neutrality of the 
system, leading to incomplete imine reduction. Working under inert atmosphere or adding a 
sacrificial electron donor (e.g., 2-PrOH) suppresses these undesired oxidative processes and 
significantly increases the conversion to the desired amines. The preliminary data we have obtained 
so far demonstrate that this novel redox-neutral cascade can be used to access mono- and 
disubstituted cyclic amines featuring 5-, 6-, or 7-membered rings with excellent diastereomeric 
and/or enantiomeric purities. 
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Regioselective production of halogenated compounds using only a halide salt, air, water and 
reducing equivalents can be achieved using halogenases as biocatalysts. In particular, flavin-
dependent tryptophan halogenases have been investigated and several different methods for the 
regeneration of reducing equivalents have been established. While much work has been done on 
improving the substrate scope and stability of the enzymes (1), it remains unclear how certain halide 
salts are favored by different halogenases and how the halogenation reaction is regulated. We 
investigated the mechanism of flavin-dependent halogenases using UV/vis spectroscopy as well as 
FTIR difference spectroscopy based on our established photochemical reduction of flavin inside the 
enzyme (2). In a tailor-made photoreactor, the dependence of the reduction kinetics on the 
temperature as well as the influence of different electron donors was studied. Furthermore, we 
investigated the flavin binding of different halogenases (3) and the influence of different halide salts 
on the flavin reduction. The assignment of signals in the infrared range was achieved using a global 
13C-labelling of the halogenase while the flavin cofactor remained at natural abundance. In the 
absence of halide salt, we observed a more flexible flavin binding pocket and reduced secondary 
structure changes of β-sheet upon reduction. The presence of bromide, which is only converted in 
the halogenation reaction of the halogenase PyrH in the absence of chloride, results in different 
secondary structure changes than the presence of chloride. We therefore identified a regulation 
mechanism of the biocatalyst based on the presence of favorable substrates for the halogenation 
reaction. 
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Oxidations are amongst the most important of all chemical reactions. However, many oxidants are 
hazardous, and likewise for complex chemistry, control is difficult. This has motivated the use of 
enzymes to catalyze such reactions. Enzymes are excellent catalysts, working under mild conditions 
and catalyzing reactions very selectively. Today, in the laboratory many chemists enjoy the benefits 
of using enzymes as catalytic reagents. However a synthetic reaction operating in the laboratory is 
not the same as an industrial process for the manufacture of marketable products. In a collaborative 
effort as part of a major EC-funded project, we have worked on several aspects of translation from 
laboratory reaction to industrial process using four oxidative enzyme systems to introduce oxygen 
atoms in target molecules and to oxidize them further: 

(1) Cytochrome P450 monooxygenases with Glucose Dehydrogenase (GDH) for NADPH 
regeneration 

(2) Baeyer-Villiger monooxygenases (BVMO) with GDH for NADPH regeneration 

(3) Alcohol Oxidase (AOX) with Catalase for hydrogen peroxide quenching and 

(4) Alcohol Dehydrogenase (ADH) with NAD(P)H Oxidase (NOX) for NAD(P)+ regeneration. 

 

In this presentation two aspects of this work will be highlighted: 

The first concerns the demonstration of such reactions initially at small scale, and ultimately at 100 
L pilot plant scale, in order to showcase what is possible using such enzymes. For all four enzyme 
classes the processes could be scaled up in standard stirred tank reactors with only minimal 
adaptations for instance by using pure pressurized O2 as the oxidant. 

The second concerns the benchmarking of such processes using process performance metrics (such 
as reaction yield, productivity and product concentration). Using such methods, the typical 
performance of these enzymes can be assessed as a first step towards techno-economic evaluation. 
For instance, the volumetric productivities ranged from 0.4 g L-1 h-1 for P450s over 3-4 g L-1 h-1 with 
BVMOs and AOX, up to 14 g L-1 h-1 for ADH reactions. 
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Promiscuity is an interesting enzymatic property that helps us understand the evolution of novel 
catalytic activities. Enzymes are generally known for their selectivity, converting only one specific 
substrate from a pool of similar compounds. However, many enzymes are also capable of catalyzing 
alternative reactions. In protein engineering, catalytic promiscuity provides interesting starting 
points for directed evolution of new interesting functions.  

We study the evolutionary relationship of the structurally closely related epoxide hydrolases and 
haloalkane dehalogenases through phylogenetic analysis and ancestral sequence reconstruction. 
Epoxide hydrolases hydrolyze epoxide compounds to form the corresponding diol products, while 
dehalogenases catalyze the removal of a halogen form halogenated compounds. Both enzyme 
subfamilies belong to the alpha-beta hydrolase superfamily. Even though they are so closely related 
and have similar catalytic mechanisms, no enzymes have been discovered so far that are able to 
perform both epoxide hydrolysis and dehalogenation. Therefore, we are engineering a promiscuous 
epoxide hydrolase – dehalogenase utilizing natural sequence diversity and phylogenetic analysis. 
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The direct generation of aldehydes from carboxylic acids is a challenging synthetic task but 
undoubtedly attractive in view of abundant supply of carboxylate feedstocks from nature. Though 
long known by microbiologists, biocatalytic carboxylate reductions are still at a rather early stage of 
development. Carboxylate reductases (CARs, E.C. 1.2.1.30) are known to generate various aldehydes 
with high selectivity from their corresponding carboxylic acid and aldehydes are widely used as 
flavors and fragrances, agro-chemicals and as intermediates for pharmaceuticals.[1]  

To this end, the only economic way to utilize CARs was embedded in living microbial cells to exploit 
cellular metabolism for co-factor regeneration. Processes involving microbial cells have many 
advantages, but they also have drawbacks such as competing metabolic pathways, kinetic restrictions 
due to physical barriers or toxicity problems. Host background activities can annihilate perfect 
aldehyde yields by detoxification mechanisms, leading e.g. to undesired over-reduction. 

To establish an alternative to whole-cell-based carboxylate reductions, which are limited by side 
reactions, we developed an in vitro multi-enzyme system that allows for quantitative reductions of 
various carboxylic acids with full recycling of all cofactors and prevention of undesired over-
reductions. Regeneration of adenosine 5’-triphosphate is achieved through the simultaneous action 
of polyphosphate kinases from Meiothermus ruber and Sinorhizobium meliloti and β;-nicotinamide 
adenine dinucleotide 2’-phosphate is reduced by a glucose dehydrogenase. Under these conditions 
and in the presence of the carboxylate reductases from Neurospora crassa or Nocardia iowensis, 
various aromatic, heterocyclic and aliphatic carboxylic acids were quantitively reduced to the 
respective aldehydes.[2] 
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Phenolic acid decarboxylase (PAD) from Bacillus subtilis is an example of highly interesting 
cofactor-free enzymes. Thus, the reaction solely relies on the intrinsic substrate prerequisites to yield 
4-hydroxy styrenes from coumaric acid derivatives.[1] In the past, several examples have highlighted 
the potential of PAD and its incorporation into chemo-enzymatic cascades, as alkenes are interesting 
targets for further chemical transformations.[2] However, the exceptional low solubility of coumaric 
acids and their derivatives in aqueous media greatly hampers the application of PAD and requires 
elaborate strategies to overcome this bottleneck.  

Herein, we report on the activity of wildtype PAD and variants in classical aqueous medium and in 
deep eutectic solvents (DESs). In DES, common limitations of aqueous systems, like substrate 
solubility and product stability, were tackled.[3] The unprecedented performance of PAD in pure 
DES and DES-water mixtures not only allowed the conversion of substrate loads far beyond solubility 
limits in buffer (up to 300 mM), but also disclosed fascinating differing reactivity patterns depending 
on the solvent system and PAD variant applied. These results highlight, that the combination of tools 
such as enzyme and medium engineering substantially improve a given biotransformation and will 
pave the way for further applications of DES in biocatalytic processes. 
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Cytochrome C (Cyt) is a multifunctional soluble hemoprotein: it may alternate between working as 
an electron carrier and as a peroxidase enzyme. The gain of peroxidase activity is associated to the 
induction of alternative conformations that differ in the axial coordination of the heme iron. One of 
these conformers is the product of the so-called alkaline transition, which is a pH-dependent 
conformational equilibrium associated to a Met → Lys ligand exchange (pKa ~9.4).  

Here we report on the effect of molecular crowding on the thermodynamical and kinetic parameters 
of the alkaline transition. The concentrations of the crowding agents (PEG4000 and sucrose) were 
adjusted to produce viscosities up to 40 cp. The conformational change was characterized by 
stationary and time-resolved surface-enhanced resonance Raman experiments. Soret excitation 
(407 nm laser line) allowed us to monitor the redox state, spin and axial ligands of the heme iron.  

We observed that the ligand exchange occurs at high viscosities as well as in diluted solutions. 
However, thermodynamical and kinetic parameters of the alkaline transition are affected: we 
observed a decrease in pKa as well as a decrease in the kinetics constants of the process. 

This work highlights the need of explicitly considering molecular crowding effects in dynamics of 
Cyt. Studying alkaline transition allows us to understand the mechanism to achieve peroxidase 
activity both in vitro as well as in biological environments. 
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S-adenosylmethionine (SAM)-dependent methyltransferases constitute a large family of enzymes 
that can catalyze regio-, chemo- and stereospecific methylation of complex natural products. These 
enzymes could be very useful tools for chemoenzymatic production and diversification natural or 
artificial compounds. Despite this potential, in vitro applications of methyltransferases are limited 
by their requirement for SAM as a stoichiometric methyl donor. The chemical complexity, the 
instability, the high cost and the poor atom economy of this reagent prevent preparative in vitro 
methylation reactions from becoming routine protocols in natural product research and viable 
options for process development. In this presentation we demonstrate that C-, N- and O-specific 
methyltransferases can be combined with halide methyltransferases to form enzyme cascades that 
require only catalytic concentrations of SAM and use methyl iodide as the stoichiometric methyl 
donor. 
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A tour is taken into a polyacrylic epoxide bead starting at a visible level of 100x magnification ending 
at the moleculair level of 100.000.000x magnification where covalent binding of an enzyme takes 
place. 
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The insertion of an oxygen atom to non-activated C-H bond in the absence of harmful oxidizing 
agents is chemically challenging. Recently newα-keto acid dependent oxygenases (KDOs) were 
discovered, which catalyze the stereoselective hydroxylation of amino acids, resulting in valuable 
chiral building blocks with up to three stereogenic centers. L-lysine derivatives hydroxylated in 3- 
and 4- position find versatile application as chiral building block for active pharmaceutical 
ingredients and could recently be produced via an KDO catalyzed enzymatic reaction [1–3]. The 
enzymatic reaction goes along with the formation of succinate as a by-product, which represents 
another industrial relevant building block. The goal of this work is to optimize the reaction for the 
application in a continuous process, starting from the two easily available and renewable substrates 
L-lysine and α-ketoglutarate, which can both be obtained by whole cell biotransformation with C. 
glutamicum and Pseudomonas spec., respectively. First results on the production, purification, 
immobilization and characterization of three different KDOs will be presented. 
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Polyesters are produced chemically by polycondensation at temperatures above 150 °C. Due the high 
temperatures and the following side reactions the synthesis of functionalized polyesters is limited. 
Candida antarctica lipase B can be used for the synthesis of polyesters under mild conditions. (1) It 
has been shown previously that in CalB catalyzed polyester synthesis only primary hydroxyl groups 
are esterified whereas secondary and tertiary hydroxyl groups remain mostly untouched. This allows 
the preparation of polyesters with free OH groups in the polymer chain. (2) 

We used immobilized CalB for the synthesis polyesters binders in organic coatings. The polyesters 
feature additional OH groups as compared to the chemically synthesized polymers. As these can be 
used for the crosslinking of the organic film, a higher performance of the material is expected. Thus 
we screened a number of available (bio-based) diacids and diols containing secondary hydroxyl-
groups. The synthesized polyesters were analyzed in terms of molar mass and OH content. It is 
shown that the hydroxyl-content of the polyesters can be adjusted by variation of the monomers. The 
most promising polyesters were used as binder in organic coatings. The crosslinking of the films was 
performed chemically via the end-terminal OH groups and the secondary hydroxyl groups in the 
chain. The mechanical properties of the organic film were analyzed and compared to the reference 
film prepared from the respective polyesters without OH groups in the chain. 
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It is estimated that at least 40% of APIs and drugs in development contain chiral amines [1]. Since 
conventional chemical methods for the asymmetric synthesis of amines suffer from different 
limitations, e.g. low efficiency/selectivity and high environmental impact, biocatalytic routes based 
on enzymatic transamination represent attracting alternatives [1,2].  

Omega-transaminases (also termed aminotransferases, omega-AT, EC 2.6.1) are pyridoxal-5’-
phosphate (PLP)-dependent enzymes that catalyze the transfer of an amine group from an amino-
donor to a prochiral ketone acceptor, yielding a second chiral amine and a ketone by-product [1]. 
Omega-ATs were proven to be suitable tools also for application on industrial scale. The most 
remarkable example was reported by Merck and Codexis for the large-scale manufacturing of the 
antidiabetic drug Sitagliptin [3]. 

Herein we report on the immobilization of the omega-AT from Vibrio fluvialis (Vf-AT). Glyoxyl 
agarose [4] was selected upon a large screening of supports and experimental conditions, ranging 
from epoxy-acrylic carriers to differently functionalized agarose derivatives. Activity and stability of 
the immobilized Vf-AT were assayed in the synthesis of acetophenone from pyruvic acid and (S)-
alpha-methylbenzylamine as the amino-donor (model reaction). An immobilized Vf-AT packed bed 
reactor was set-up and successfully tested in flow-based bioprocesses for the obtainment of high-
value chemicals.  

This project (BIOFLOW, ID 2016-0731) was funded by Cariplo Foundation (Italy). 
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Specific targeting of viral and bacterial infections is of major importance for early diagnosis of many 
diseases. Galactofuranose (Galf) is absent in humans but is found as glycoconjugate moiety in a large 
number of human pathogens (Aspergillus, Leishmania, Trypanosoma, Mycobacterium) thus 
offering possibilities to target this carbohydrate in biotechnological applications using enzymes 
involved it its metabolism (UDP-galactopyranose mutase (UGM), Galactofuranosyl transferase 
(GalfT), Galactofuranosidase (Galf-ase).[1] Recently, the first Galf-specific enzyme from 
Streptomyces spp. and gene encoding it has been reported.[2] By applying enzyme engineering 
technology, Galf-ase can be modified to generate neolectins (carbohydrate-binding proteins) for 
various research purposes and notably for diagnosis applications.[3,4]  

In this research Galf-ase was subcloned, overexpressed, purified and kinetically characterized (kcat, 
KM, kcat,/KM). Also, optimum pH and temperature conditions were determined. Using site-directed 
mutagenesis, three mutant Galf-ase enzymes have been overexpressed, purified and kinetically 
characterised (kcat, KM, kcat,/KM) on their potential to be used as neolectins and thioglycoligases for 
furanothioglycoside synthesis. One of the mutant enzymes was successfully tested for 
furanothioglycoside synthesis using pNP-β-D-Galf as donor and several thiophenol and 2-
mercaptothiazoline derivatives as acceptors. The structures of the resulting thioglycosides were 
confirmed by HPLC and HRMS. 

Also, luminescent lanthanide complexes were synthetized, encapsulated in nanoparticles, decorated 
with appropriate functional groups, and used to bind Galf-ase neolectins. The resulting luminescent 
conjugates will be tested as probes in near-infrared optical imaging of Galf located on the surface of 
microorganisms. 
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E1 component of the 2-oxoglutarate dehydrogenase complex, SucA, catalyzes a decarboxylation of 
2-oxoglutarate in the tricarboxylic acid cycle. Escherichia coli SucA has been reported to also 
function as a lyase that introduces, using ThDP as a cofactor, a covalent bond between the two carbon 
atoms of two acetaldehyde or pyruvate molecules. Incubation of pyruvate with E. coli SucA yield 
almost racemic acetoin [(R)-isomer, 8%], but the ee (enantiomeric excess) increased up to 90% when 
acetaldehyde is used as a substrate (1). Here we show that Vibrio vulnificus SucA has shown better 
carboligase activity with the higher enantioselectivity than E. coli SucA. In order to explain the 
catalytic activity of SucA, the tertiary structure of V. vulnificus SucA Δ84 (VvSucA) was determined 
with or without glycolaldehyde-1-13C, acetaldehyde mimicker, at 2.3 and 2.72 Å resolution, 
respectively. Overall VvSucA structure is very similar to the reported SucA structures with a highly 
conserved ThDP-binding site. Several introduced mutations of the residues at the active site and the 
entrance part of the active site changed their respective activity and stereoselectivity for acetoin 
synthesis. We suggest a background for explaining the enantioselectivity and the enzymatic 
mechanism of VvSucA for acetoin production from acetaldehyde. 
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The construction of N-containing molecules is of fundamental importance for the preparation of 
natural products and bioactive compounds of interest at industrial level. Thus, there is a continuous 
interest for the development of new methods to form the C-N bond. Among them, direct amination 
of C-H bonds has emerged as one of the prominent ways to construct C-N bond from direct C-H 
bonds. This C-H functionalization occurs through the formation of metal-nitrene species, which can 
be prepared by reaction of nitrogenated compounds with different transition metals. Regarding 
biocatalytic methods, the formation of C-N bonds is traditionally accomplished by amination of 
carbon atoms with a high oxidation state, using ammonium lyases, aminomutases and 
transaminases. However, the groups of Arnold and Fasan have recently published the use of 
cytochromes P450 under anaerobic conditions to catalyze intramolecular and intermolecular 
processes of direct amination of C-H bonds using acyl azides as nitrogen donors.[1,2] The 
mechanism for this transformation, involving the formation of a Fe-nitrene species in the active site 
of the enzyme, is similar to that proposed for the Toluene Dioxygenase (TDO)-mediated oxidation of 
benzylamine to benzonitrile, which was recently disclosed by our group.[3] TDO is bacterial Rieske 
dioxygenase and, unlike heme-type cytochromes, contain in its active site an Fe atom that is 
coordinated only by two residues of histidine and a residue of aspartic acid, belonging to the group 
of non-heme iron dependent oxygenases. 

Having considerable experience in the use of bacterial Rieske dioxygenases in chemoenzymatic 
syntheses, we set up to study the ability of our enzymes to catalyze this type of reactions. In this work, 
the results obtained from the activity screening of different Rieske-type dioxygenases in inter- and 
intramolecular amination reactions will be presented. Under best conditions, up to 40% conversion 
into the aminated product was found. 
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Since the late 1990’s advanced molecular biology and high-throughput screening were introduced to 
achieve rapid and extensive modification of biocatalysts. This, combined with protein engineering 
enabled biocatalytic access to novel and often non-natural reactions. Thanks to such progress, more 
and more molecules have been and are being synthesized using enzymes. 

In industry, the choice of using free soluble enzyme or immobilised enzyme is largely dependent on 
the cost of the enzyme and the application. Immobilised enzymes are essentially a specialised form 
of heterogeneous catalysis in that they can be recovered and reused, often maintaining activity for 
large periods of time and being applicable to a variety of process formats. 

The industrial relevance of immobilised enzymes is mainly application driven, in the sense that there 
must be a differentiating advantage offered by such biocatalyst over soluble enzymes, whole cells or 
chemical catalysts. Therefore, the use of immobilised enzyme biocatalysts requires a good 
understanding of both technical and economic factors.  

In this paper we will provide information on the effect of Purolite enzyme carrier supports and the 
associated enzyme immobilisation techniques over the applicability, use and advantages of 
immobilised enzymes as biocatalysts in large scale industrial processes. 
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Increasing levels of carbon dioxide (CO2) in the atmosphere, land and water are a serious concern 
and are causing serious effects on climate changes. However, if from the environmental point of view 
CO2 is waste that has to be minimized, it could also be seen as a cheap and abundant C1-building 
block. In this context, utilizing CO2 as a substrate for the conversion into high value products has 
been gaining more and more attraction over the last years for the reduction of greenhouse gases 
emissions. 

In this frame, BIOCON-CO2 project aims to develop and validate flexible and versatile platforms to 
biologically transform CO2 from gas streams into added-value chemicals. The versatility and 
flexibility of the platform is based on 3 main stages: 1) CO2 solubilisation, 2) bioprocess and 3) 
downstream. The use of the enzyme carbonic anhydrase (CA) and a trickle bed reactor (TBR) are 
potential strategies to increase the CO2 solubility and feed the carbonate to the engineered strain 
Cupravidus necator for its conversion to 3-hydroxypropionic acid (3-HP). The capability of the CA 
to accelerate CO2 hydration dramatically will be useful for promoting the absorption rates of CO2 
from gas streams. To avoid the high costs of using the commercial human CA isoform II (hCAII), a 
recombinant hCAII has been produced and purified. Moreover, an engineering strategy for 3-HP 
production of Cupravidus necator is being developed. On the other hand, a TBR has been designed 
with the purpose of developing an absorption process to enhance CO2 solubility. To improve the 
bacterial fermentation at fixed TBR systems, 11 different packing materials have been tested for 
biofilm formation and the 3 best ones have been selected for further analysis. This tools will be 
further developed and combined as puzzle pieces to establish a platform for the conversion of CO2 
into 3-HP. 
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The amino alcohol moiety is an essential structural motif in a vast group of natural and synthetic 
metabolites of pharmaceutical and agrochemical value. Stereochemistry of the amine group in these 
molecules often plays a crucial role for their biological activity. Enantioselective synthesis of 
functionalised amines employing bio-catalysed transamination possesses multiple advantages over 
labour- and resource-consuming non-biological catalysis (Scheme 1). Up to now, only a very limited 
number of transaminases (TAs) were reported as efficient catalysts toward non-aromatic 
hydroxycarbonyl substrates [1-3]. 

Scheme 1. (S)-Stereoselective enzymatic transamination of 
prochiral hydroxycarbonyl substrates. 

We screened a commercial TA panel with the aim to identify new genomic and metagenomic 
enzymes with outstanding activities towards acyloins and aldols for the synthesis of chiral amino 
alcohols. Among the range of (S)-selective ω-TAs found the enzyme with the highest activity PRO-
TRANS(031) was characterized regarding its substrate specificity and process stability. PRO-
TRANS(031) displays improved temperature and pH tolerance as compared to the well-known ω-TA 
from Chromobacterium violaceum (Cv-TA) having a broad substrate scope. Both catalysts have 
similar tolerance to organic co-solvents, but PRO-TRANS(031) exhibits better resistance against 
higher methanol concentrations (up to 40%). The enzyme accepts a broad range of linear and cyclic 
hydroxylated ketones and aldehydes, as well as bulky acetophenone derivatives. At 37oC and pH 8.0 
this enzyme provides several-fold higher conversion rates for aldol and acyloin substrates as 
compared to Cv-TA. PRO-TRANS(031) demonstrates high enantioselectivity towards (S)-MBA 
reaching ee of 98% in the presence of pyruvate as an amine acceptor.  

In conclusion, the catalytic promiscuity and operation stability makes PRO-TRANS(031) a 
promising candidate for preparative biocatalytic synthesis of chiral amino alcohols.  

Acknowledgement: This project has received funding through The German Federal Ministry of 
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Union Horizon 2020 Research and Innovation Programme, grant №722361). 
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The Pictet-Spengler (PS) reaction, i.e. the acid-catalyzed condensation between β-arylethylamine 
and an aldehyde or a ketone and the subsequent ring closure, is an important reaction in organic 
chemistry [1]. It is widely utilized for the synthesis of heterocyclic compounds of pharmaceutical 
importance. A number of enzymes (called Pictet-Spenglerases, PSases) have been identified to 
catalyze this reaction, usually with very high enantioselectivity, making these enzymes of potential 
value in biocatalysis. However, the reaction mechanisms and the origins of the selectivity are not 
fully understood. We have used the quantum chemical cluster approach to investigate the 
mechanism and enantioselectivity of norcoclaurine synthase (NCS), an enzyme that catalyzes the PS 
condensation between dopamine and 4-hydroxyphenylacetaldehyde (4-HPAA). A large model of the 
active site is designed on the basis of a recent crystal structure and it is used to calculate the detailed 
energy profile of the reaction. Good agreement is obtained between the calculated energies and 
available experimental information. Both the “dopamine-first” [2,3,4,5] and the “HPAA-first” [6] 
binding modes of the two substrates reported in the literature are shown to be energetically 
accessible in the enzyme-substrate complex. However, it is demonstrated that only the “dopamine-
first” pathway is associated with feasible energy barriers. Key active site residues are identified and 
their roles in the catalysis are discussed and compared to site-directed mutagenesis experiments. 
Very importantly, the calculations are able to reproduce and rationalize the observed 
enantioselectivity of NCS. A detailed analysis of the geometries of the intermediates and transition 
states helps to pinpoint the main factors controlling the selectivity. The presented results provide 
further support to the usefulness of the quantum chemical cluster approach in the study of enzymatic 
reaction mechanisms, including reproducing and rationalizing experimental enantioselectivities. [7] 
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There have been concerted efforts to reduce dependency to fossil fuel. Ethanol is a major bio-based 
product to be produced sustainably from carbohydrates in second generation bio-refineries. But also 
higher alcohols, such as 1-propanol, isobutanol, and 1-butanol are of interest as they have similar 
energy density to gasoline, show lower hygroscopy and are less corrosive, thus better substitutes for 
gasoline than ethanol. One key enzyme in the major routes towards alcohol production is a final 
reduction step of an aldehyde and a semifinal decarboxylation of an 2-Oxo Acid, which provides a 
thermodynamic driving force.  

In so called consolidated bioprocessing processes lignocellulose break up at high temperatures is 
combined with alcohol production in one step, such requiring thermophilic microorganisms 
engineered to be cellulolytic as well as ethanolgenic (or isobutanolgenic etc.…). One major problem 
here was the availability of thermostable decarboxylases. In addition some recent cell free 
approaches require solvent stable enzymes and thermostability very often is well linked to solvent 
stability. 

We have engineered several decarboxylases for highly increased stability. By combination of several 
strategies, T(50)(1h) (temperature that decreases 50% of initial activity after 1 h incubation) of wild 
type WT enzyme was improved from 55.7 °C to 70.5 °C. At 70 °C, the WT lost completely its activity 
after 1 min while the best variant retained 50% activity after 2 h (>400 fold improvement). Increased 
thermal stability was also translated to a superior process stability. In the presence of 4% isobutanol 
at 50 °C where in vivo production is hampered, the WT showed half-life at 1.3 min and the best 
variant lost 50% initial activity only after 14 h incubation(>600-fold increase). A different enzyme 
with alternative substrate specificity was improved >1500-fold regarding its half-life at 75 °C and 
>5000-fold regarding its half-life in the presence of 9 vol% butanol at 50 °C. 
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Oxygenases are attractive potential biocatalysts due to their regio- and stereospecific introduction of 
oxygen into an extensive range of organic molecules [1]. In addition to cofactor-dependent 
oxygenases, also oxygenases exist that do not contain a cofactor. However, the knowledge of this 
special class of oxygenases is extremely limited [2, 3]. Within the tautomerase superfamily, the 
cofactor-independent 4-hydroxyphenylenolpyruvate (4HPP) monooxygenase RhCC represents the 
first discovered oxygenase [4]. To gain insight into function, substrate range and catalytic 
mechanism of RhCC, 12 bacterial 4HPP oxygenase-like proteins were selected on basis of amino acid 
sequence similarity. The activity of the 12 proteins towards the substrate 4HPP was analysed using 
UV-vis spectroscopy. Here, one protein named Rhop3 showed a high-level activity in 4HPP 
conversion and six proteins exhibited a low-level activity. Rhop3 converts 4HPP into 4-
hydroxybenzaldehyde, oxalic acid and 3-hydroxyl-3-(4-hydroxyphenyl)-pyruvate in an oxygen-
dependent manner, as shown by product analysis using 1H NMR. Additionally, two proteins showed 
a stable tautomerase activity towards a 4HPP derivative, providing a link based on activity to the 
tautomerase superfamily. The investigation of these new cofactor-independent oxygenases could 
provide valuable insights into the mechanistic requirements and substrate range, which will be 
essential to uncover the biotechnological potential of this group of unexplored oxygenases. 
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Lignocellulose biorefineries are a promising alternative to the fossil fuels paradigm we live in today. 
Lignin is one of the three lignocellulose fractions and the most abundant aromatic polymer on earth, 
however, its resistance to degradation and its high heterogeneity, still halters its proper use as a 
source of valuable compounds and materials. In previous works, we characterized a Dye-decolorizing 
peroxidase from Pseudomonas putida MET94 (PpDyP) (1) and by directed evolution (DE) identified 
a variant (6E10) with 100-fold improved catalytic efficiency for 2,6-dimethoxyphenol (DMP) (2), a 
lignin-related phenolic compound. 

In this work we have investigated further the catalytic potential of hit 6E10 using a set of phenol 
derivatives chosen considering chemical structures representative of lignin syringyl, guaiacyl and 
hydroxybenzene derivatives. A database was constructed including NMR, ESI-MS and 
electrochemical data using cyclic voltammetry to help in the characterization effort. We have first 
performed a comparative analysis combining spectrophotometric enzymatic assays and HPLC to 
assess catalytic parameters and substrate conversion levels of 25 lignin-related phenolics. The 6E10 
variant showed up to 100-fold higher specific activity and higher yields of conversion after 24 h of 
reaction at pH 8 of all tested phenolic substrates as compared with the wild-type enzyme. Next, we 
have examined the reaction mixtures with the top 11 substrates by mass spectrometry and NMR to 
identify the products of reactions. Taken together, we further demonstrate the potential of PpDyP 
and its variants for oxidation and conversion of lignin-related substrates for biotechnological 
purposes, showing that these enzymes can tackle the heterogeneity of lignin while simultaneously 
yielding valuable products. 
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Enzyme properties can be tuned and improved through polymer-based protein engineering, which 
enables the generation of polymer shell around an enzyme that can rationally tailor its function. 
Enzymes are characterized by precise and unique structure and function essential for complex 
biochemical processes. Synthetic polymers, on the other hand, are less precisely structured but can 
be rationally designed to withstand and respond to chemical, thermal or biological impulses. The 
synergistic fusion of enzymes and synthetic polymers results in advanced nano-armored enzymes 
with improved properties such as increased solvent, pH and temperature resistance, and modulated 
activity. Such bioconjugates are exceedingly useful in areas such as pharmaceuticals, and chemical 
and biofuel industries. Our current work is focused on the development of efficient and scalable 
combinatorial synthesis method to generate a library of designed bioconjugates and consequently 
screen them on the presence of desired properties such as temperature stability, solvent stability and 
other properties relevant to the field of industrial biocatalysis. In this work, polymer modification of 
lipases is utilized as a case study to demonstrate that enzymes can be successfully functionalized with 
polymers using our high-throughput approach to gain improved stability. Oxygen-tolerant 
controlled radical polymerization method is utilized to create multiple conjugates simultaneously 
with various polymer type, size, attachment point, and grafting density. We were able to identify 
enzyme-polymer conjugates stable in alcohol solutions, under low pH, higher temperatures, and 
organic solvents. Such approach not only speeds up identification of better performing enzymes but 
also contributes to the more profound understanding of how polymer conjugation influences enzyme 
performance and to the development of fundamental knowledge of what kind of enzyme properties 
can be gained through polymer modification. This method can be further extended to a significantly 
more extensive area of protein science. 

References:  

A. Russell (2018), Next generation protein-polymer conjugates, AIChE Journal 64 (9): 3230-3245 

Corresponding author: simakova@biohybridsolutions.com  

 



Poster 424  483 

 

Whole cells as catalysts in the oxidation of 1,4-dihydropyridines: a 
step towards more sustainable laccase-mediated transformations 

Simić S. (a), Božić N. (b), Lončar N. (c,d), Djokic L. (e), Babu R. (f,g), Nikodinović-Runić J. (e), 
Opsenica I.M. (a)  

(a) University of Belgrade, Faculty of Chemistry, Studentski trg 16, P.O. Box 51, Belgrade, 11158, Serbia 
(b) Department of Chemistry, Institute of Chemistry, Technology and Metallurgy, University of Belgrade, 

Studentski trg 12-16, 11000 Belgrade, Serbia 
(c) Groningen Enzyme and Cofactor Collection (GECCO Biotech), Groningen, The Netherlands 

(d) Molecular Enzymology Group, University of Groningen, Groningen, The Netherlands 
(e) Institute of Molecular Genetics and Genetic Engineering, University of Belgrade, Vojvode Stepe 444a, 

Belgrade, 11000, Serbia 
(f) AMBER Centre, Trinity College Dublin, College Green, Dublin 2, Ireland 

(g) BEACON SFI Bioeconomy Research Centre, O'Brien Science Centre, University College Dublin, Ireland 

Keywords: laccase, whole-cell biocatalysis, 1,4-dihydropyridines, CueO multicopper oxidase 

Laccases are a versatile class of enzymes, capable of oxidizing a wide array of substrates, from metal 
ions to complex organic molecules. As a means of circumventing costly enzyme purification, we have 
tested whole-cell systems as catalysts in the oxidation of 1,4-dihydropyridines. E. coli was used as 
the expression host for the cotA gene from Bacillus licheniformis, and the resulting whole-cell 
catalyst facilitated the oxidation of 1,4-dihydropyridines, while retaining catalytic activity after a 
storage time of one month. As a step further in increasing the cost-effectiveness of laccase-catalyzed 
reactions, it was shown that the expression host itself enabled the oxidation of tested substrates with 
the elongation of reaction time. Genome mining of the expression host revealed CueO multicopper 
oxidase as the plausible active species. As a support for this hypothesis, purified CueO multicopper 
oxidase provided full conversion of the starting material to the oxidized product. 

This is the first report of a whole-cell catalytic system containing recombinant laccase for the 
oxidation of 1,4-dihydropyridines. Additionally, the first instance of the use of the E. coli expression 
host in the same reaction is reported. The aforementioned catalytic systems represent suitable 
candidates for more sustainable laccase-mediated transformations in the future. 
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Positron emission tomography (PET) imaging is used in research on metabolic processes in the body. 
Our project concentrates on developing enantiopure precursors for PET applications. 4-
Dibenzocyclooctynol (DIBO) has been used as a building block for an imaging agent that targets a 
pancreatic cancer biomarker.[1] DIBO is a bulky and sterically hindered substrate consisting of an 
enantiomeric pair. According to a screening of a library with 19 enzymes, only lipase A from Candida 
antarctica (CAL-A) provided highly enantioselective O-acylation of DIBO. CAL-A is already known 
to accept extremely bulky substrates[2,3] and its success can be partly explained by a distinct flap 
(residues 425-441) in its structure. The flap is open during interfacial activation, hence providing 
almost unlimited space around the catalytic triad. 

After optimization, isopropenyl acetate was selected as an acyl donor and methyl tert-butyl ether as 
a solvent. Interestingly, metal ions influenced the reaction rate and, therefore, a mixture of 
anhydrous and hydrated magnesium chloride was used in the reaction medium. Preparative scale 
kinetic resolution (E = 170) yielded (R)-DIBO (ee 95%) and its acetylated (S)-ester (ee 96%), thus 
demonstrating the effectiveness of CAL-A on sterically hindered strained substrate. 
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The preponderance of chiral motifs in the pharmaceutical, agrochemical and flavours and fragrances 
industries highlights the importance of developing more efficient synthetic strategies. 
Complementary to chemocatalysis, biocatalytic strategies have known rapid development during the 
past few decades, due to their high chemo- and enantioselective nature. 

From an industrial perspective, the biocatalyst development is driven by the need of cost efficient, 
robust and scalable processes, which translates in the optimization of a series of parameters, 
including selectivity, stability and enzyme preparation, amongst others. 

At Johnson Matthey we are aiming to provide biocatalysts that can make the leap from “lab curiosity” 
to efficient catalysts for the synthesis of a wide variety chiral chemicals. Both the rapid identification 
of biocatalysts for the reaction of choice and the time efficient enzyme engineering are fundamental 
for providing catalysts within the timelines required from our customers. Finally, reaction 
engineering is central to obtaining an optimised and efficient process. 

Selected examples from the latest years will be showcased, including both established and novel 
enzyme classes, with special attention to innovative reactions. 
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Reductive amination of carbonyl compounds provides for single-step access to amines, which, 
thereby, makes it a valuable tool for the synthesis of, among others, pharmaceuticals. The use of 
enzymes for performing such complex transformations additionally allows for the synthesis of non-
racemic amines from pro-chiral ketones and aldehydes. Traditionally, enzymatic reductive 
amination is conducted using transaminases. Recently, a novel class of imine reductases was 
observed to also have reductive aminase activity.[1] Their scope being limited to hydrophobic 
substrates and their relatively low enzyme stability indicates the need for further research. 

Within the Tralaminol project we aim to access a vast pool of amino alcohols by combining 
carboligation enzymes (aldolases[2] and transketolases[3]) with enzymes having reductive aminase 
activity. Initial screenings were performed on a metagenomic panel of 384 putative imine reductases. 
This panel was screened for oxidative deamination activity against various amine-containing 
molecules. 

Serine proved a particularly good substrate as ~10% of the enzymes in the panel were active against 
this amino acid. Several enzymes were able to catalyse the conversion of D- or L-serine, which opens 
up a novel economical route to generating chemically unstable hydroxypyruvate in-situ. Many of the 
active enzymes were also active against N-methylserine and were therefore putatively assigned to be 
(N-methyl)amino acid dehydrogenases. 

Additionally, a subset of enzymes proved to be active against 3-amino-1-butanol, its N-alkyl 
derivatives and 3-amino-2-butanol. Furthermore, one of these enzymes was identified to show 
reductive aminase activity when presented with allylamine and 4-hydroxy-2-butanone or 3-hydroxy-
2-butanone. The activity profile of this lead enzyme is currently being explored. 
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As promising substitutes for conventional organic solvents, ionic liquids (ILs) have been explored in 
the recent biocatalysis, due to their diverse properties and biocompatible features with biocatalytic 
processes[1]. Significant advances in biocatalysis have been observed by the use of ILs[2]. Taking 
into account the described advantages of these alternative solvents, this study evaluated 
experimentally the effect of ILs 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([C4min][NTf2]) and trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide 
([P666(14)][NTf2]) on the enzyme activity of seven commercial lipases from Candida rugosa (CRL), 
Burkholderia cepacia (BCL), Thermomyces lanuginosus (TLL), Rhizopus niveus (RNL), 
Pseudomonas fluorescens (PFL), Mucor javanicus (MJL) and porcine pancreas (PPL) on the 
hydrolysis of olive oil. In order a better understanding of the molecular-level scenario governing the 
enzymatic activity in LIs, molecular docking was used. After an experimental screening, the results 
show that IL [C4min][NTf2] was more efficient in improving lipase enzymatic activities, and 
followed the order: TLL (363.41% ± 3.49) > CRL (337.22% ± 2.88) > RNL (202.06% ± 3.29) > PFL 
(190.12% ± 2.87) > BCL (108.97% ± 3.91). However, this same IL was the one that presented the 
most negative effect for biocatalysts PPL (-50.59% ± 1.05) and MJL (-38.84% ± 0.98). These effects 
were further appraised at the molecular-level by molecular docking. The cation [C4min]+ has a 
higher binding affinity compared to [P666(14)]+, and preferentially interact with side chain amino 
acids of the enzymes. These interactions with side chain amino acids enhance the lipases activity, 
where the particular higher performance of [C4min][NTf2] seems to result from a more compact 
structure of the enzyme afforded by this IL. In summary, the molecular docking results show that 
the different IL ions studied interact with different amino acid residues and by different types of 
interactions, which are responsible for the different behaviours observed in the enzymes activities. 
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Halohydrin dehalogenases are biocatalytically relevant enzymes due to their epoxide ring opening 
activity in the presence of various nucleophiles.[1] HheG from Ilumatobacter coccineus is the first 
halohydrin dehalogenase with synthetically useful activity in the ring opening of cyclic epoxides.[2] 
Hence, this enzyme provides access to chiral β-substituted alcohols that serve as building blocks in 
the pharmaceutical industry. However, the thermal stability of wild-type HheG with an apparent 
melting temperature (Tm) of only 38 °C poses a significant drawback for potential application of this 
enzyme on large scale. In an attempt to thermostabilize HheG by protein engineering, various amino 
acid positions in the enzyme have been randomized and resulting mutant libraries have been 
screened using the Thermofluor assay. Several single mutants at position 123 were identified which 
displayed up to 14 °C increased apparent melting temperatures and up to three-fold higher activity 
(Figure 1).[3] Aromatic amino acids at position 123 resulted even in a slightly higher 
enantioselectivity. Crystal structures of variants T123W and T123G revealed a flexible loop opposite 
to amino acid 123. In variant T123G, this loop adopted two different positions resulting in an open 
or partially closed active site cleft. Classical molecular dynamics simulations confirmed a high 

mobility of this loop at room 
temperature. Moreover, in variant T123G 
this loop on average adopted a position 
much closer to residue 123, resulting in 
denser packing and increased buried 
surface area, than observed for wild-type 
HheG and T123W. Overall, our results 
give first structural and mechanistic 
insight into the dynamic behavior of 
halohydrin dehalogenase HheG. 

 

Figure 1: Characteristics of HheG WT and 
thermostabilized mutants at position 123. 
Specific activities were determined for 
epoxide ring opening of cyclohexene oxide 

with azide as nucleophile. 

References:  
1 Schallmey, A., and Schallmey, M. (2016) Recent advances on halohydrin dehalogenases: from enzyme 
identification to novel biocatalytic applications. Appl. Microbiol. Biotechnol. 100: 7827–7839. 
2 Koopmeiners, J., Diederich, C., Solarczek, J., Voß, H., Mayer, J., Blankenfeldt, W., and Schallmey, A. 
(2017) HheG, a halohydrin dehalogenase with activity on cyclic epoxides. ACS Catal. 7: 6877–6886. 
3 Solarczek, J., Klünemann, T., Brandt, F., Schrepfer, P., Wolter, M., Jacob, C. R., Blankenfeldt, W., and 
Schallmey, A. (2019) Position 123 of halohydrin dehalogenase HheG plays an important role in stability, 
activity, and enantioselectivity. Sci. Rep. 9: 1 - 10. 

Corresponding author: a.schallmey@tu-bs.de



Poster 430  489 

 

Conversion of a DD-peptidase into a beta-lactamase, an impossible 
evolutionary trajectory? 

Carole Urbach, Heykel Trabelsi, Julia Wessel, Gilles Joachim, Gol Mohammad Dorrazehi, 
Jacques Fastrez, Patrice Soumillion 

Louvain Institute of Biomolecular Science and Technology, UCLouvain, Belgium 

Keywords: directed evolution, negative tradeoff, serine hydrolases, fitness adjustment 

The directed evolution of enzymes endowed with new and efficient catalytic mechanisms remains a 
challenging task. Here, we focus on the accelerated evolution of a D-alanyl-D-alanine-peptidase (DD-
peptidase) into a beta-lactamase as a model system. In nature, these two phylogenetically related 
enzyme families share common fold and active site motifs although beta-lactamases have acquired 
an additional hydrolytic machinery. Through success and failures, we have accumulated evidences 
that converting a DD-peptidase into a beta-lactamase follows a counter-intuitive evolutionary 
trajectory that involves a very strong negative tradeoff between the new activity and the original one. 
Our results indicate that the emergence of a beta-lactamase activity is associated with a strong fitness 
cost indicating that, besides antibiotic degradation, the new hydrolytic activity is somehow toxic to 
the bacteria. Although natural DD-peptidases and beta-lactamases are phylogenetically related, 
these activities appear mutually exclusive. Overall, our results are shedding light on an unexplored 
property of natural enzymes, i.e. their security against interfering activities. Securing enzymes may 
constitute an important obstacle for their natural evolution as well as for their engineering in the 
laboratory. 
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The self-healing process of concrete using bacteria is an alternative and innovative mechanism to 
solve the problematic cracks in concrete structures. Spore-forming ureolytic bacteria have high 
yields of CaCO3 precipitation, which is the main crack curing product. In this sense, the present study 
identified and evaluated five bacterial strains collected from soil with a history of contamination with 
petroleum for their potential application in the self-healing process of cement materials via 
bioprecipitation of CaCO3. All bacterial strains (coded BIOPETRO I, II, III, IV, and V) were 
characterized by 16S rDNA analysis and biochemical assay. The strains were cultured in medium 
with yeast extract (YE) + urea, and with addition of glycerol (pH 9.0, 30 °C and 180 rpm). Activity of 
the urease enzyme (U/mL) and cell growth (cell/mL) were evaluated during 40 days of fermentation. 
Based on analyzes of 16S rDNA in conjunction with biochemical assays, the results demonstrate that 
the strains BIOPETRO are either Bacillus cereus or thuringiensis. Among the strains studied, 
BIOPETRO III had the highest potential to perform bioprecipitation. In general, all isolates were 
better adapted with the addition of glycerol when compared to the medium only with YE-urea. 
Thereby, cell growth of 4.2x107 ± 5.7x105 cells/mL at the 35 days of fermentation with urease activity 
of 2,379.02 ± 1.35 U/mL for isolate BIOPETROP III. Bioprecipitation of CaCO3 in the cement molds 
was confirmed with FTIR together with ICP-OES, and an increase in compressive strength of 14.2% 
was verified when microorganism was used. Therefore, this may be a promising alternative for the 
development of more resistant cementitious materials and without the need for steps of 
immobilization of bacteria. In addition, may precede the use of reduced amounts of materials during 
application, as well as establish greater resistance to cracking during the life of the product. 
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Cranberry pomace by-product has been mainly studied as a source of phenolic compounds. However, 
cell wall polysaccharides (PSs) are of high interest because of their techno-functional and health-
promoting properties, for instance anti-adhesive activity against pathogenic bacteria. Yet little is 
known about the structure of these PSs and whether their properties may be enhanced by enzymatic 
modification. In this study, PSs were isolated from cranberry pomace through the use of chelating 
agents (EDTA and sodium oxalate) and sodium hydroxide. PSs were then fractionated into 
populations with different size and ionic profiles. These fractions were subjected to a sequential 
enzymatic treatment by highly specific glycosyl-hydrolases including: pectin lyase (EC 4.2.2.10) 
cleaves α-(1→4) glycosidic bonds of methyl-esterified galacturonic acid residues in the 
homogalacturonan regions of pectin; endo-polygalacturonase (EC 3.2.1.15) hydrolyzes the same 
bond between non-methylated galacturonic acids; finally endo-1,4-β-D-galactanase (EC 3.2.1.89) 
and/or endo-1,5-α-L-arabinanase (EC 3.2.1.99) hydrolyze the galactan and arabinan side chains. The 
combined characterization of end-product profile by high performance anion exchange 
chromatography (HPAEC), high performance size exclusion chromatograpgy (HPSEC), liquid 
chromatography-mass spectrometry and NMR allowed the determination of the structures of 
cranberry cell wall PS and their arragements. Some of the fractions showed high proportion (15 to 
37%) of neutral side chains, particularly arabinogalactan. The possibility of modifying selected PS 
fractions by esterification with lauric or myristic acid by immobilized Candida antarctica lipase B 
(EC 3.1.1.3) (Novozym® 435) in organic solvent (t-buthanol and DMSO) was also explored. The 
resulting carbohydrate fatty acid esters can find application as surfactants in the food and cosmetic 
industry, and may also show antibacterial properties. 

The results contribute to a better understanding of the cell wall network of PSs from cranberry 
pomace, which is necessary for the design of successful enzymatic approaches for the efficient 
isolation of carbohydrate-based bioactive compounds and their conversion into acylated derivatives. 
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Silicatein is an enzyme found in marine sponges that displays a unique ability to manipulate silicon-
oxygen bonds. In nature, sponges harvest silicic acid from their environment and utilise silicatein to 
build their inorganic skeletons. Previous work in our laboratory has shown that silicatein can catalyse 
condensation of several alcohols and organosilanols to the corresponding silyl ethers (1). This is 
significant because organosiloxanes have a variety of uses – from fine chemicals to consumer 
products – but their current synthesis is not a green process. To further study the use of this enzyme 
to catalyse the formation of silyl ethers, we have performed a range of biophysical studies to optimise 
protein production and purification, and performed a series of assays with model compounds.  

Silicatein is inherently aggregation-prone, due to the high proportion of hydrophobic residues on its 
surface (2). Light scattering studies showed that raising the pH of both lysis and purification buffers 
dramatically increased the yield of soluble protein to 327 mg L–1 of culture. Catalytic activity and 
biophysical properties of affinity tags (3) were also investigated. This revealed that the presence of a 
His6-tag increases reaction conversions through non-specific catalysis. In addition to this, a number 
of time-course condensation assays of a variety of substituted aromatic and aliphatic alcohols with 
organosilanols were performed. The effect of solvent polarity on substrate turnover was also 
explored. 

In conclusion, we have improved production and purification of silicatein, giving a greater yield of 
soluble protein and allowing time-course assays assessing silicatein’s catalytic capabilities to be 
performed. This further paves the way for the use of silicateins in organosilicon biocatalysis and 
synthesis. 
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In the light of shifting from fossil-based to biobased economy, cyanobacteria can be sustainable cell 
factories for the production of bulk and value-added compounds. The coupling of enzymatic redox 
processes to the photosystem in these organisms allows the use of water as an electron donor, 
bypassing the stoichiometric addition of an organic reductant as an electron donor.[1] Among redox 
enzymes, NADPH‐specific cyclohexanone monooxygenase (CHMO) from Acinetobacter 
calcoaceticus NCIMB 9871 is particularly interesting since it displays a remarkable broad substrate 
scope.[2] 

 
To overcome the need for expensive redox partners such as NADPH, the gene chnB encoding the 
cyclohexanone monooxygenase (CHMO) was cloned and expressed in Synechocystis sp. PCC 6803. 
The gene was inserted into pSynRekB plasmid under the control of two different constitutive 
promoters, P(cpc) and P(psbA2) and integrated into the chromosomal neutral site slr0168. 
Synechocystis strains harboring the chnB gene were tested in light-driven whole cell 
biotransformation using cyclohexanone as a substrate. The specific activity of CHMO when the gene 
was under the control of P(cpc) was 8 times higher compared to the CHMO activity using P(psbA2). 
These results were in agreement with the transcript levels analyzed by RT-qPCR that were also higher 
for chnB under the control of P(cpc). These results highlight the possibility to produce active whole 
cell biocatalysts in desired amounts playing with different regulatory elements. 
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In vitro enzyme cascades combine biocatalysis with the power of multi-step in vivo pathways. 
Advantages like a direct process control, the absence of a regulatory cell environment and available 
methods for bottleneck identification and optimization led to several successful examples that were 
published within the last years. Within this work, we developed and optimized an enzymatic reaction 
cascade for the production of L alanine from D glucose and ammonium sulfate. The resulting redox 
neutral cascade consists of only six purified biocatalysts and requires solely NAD as cofactor. 
Optimization of the enzyme ratio, total enzyme load and the concentrations of cofactor (NAD), 
ammonium and buffer doubled the effectivity and resulted in a more cost efficient enzyme loading. 
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Chiral alcohols constitute important synthons for pharmaceuticals. They can be produced 
enantioselectively using NAD(P)H-dependent oxidoreductases. Since electrons are the cheapest 
form of reducing power, electrochemical cofactor regeneration has the potential to provide economic 
benefits. However, enzymatic electrosynthesis generally suffers from cofactor and enzyme 
instability. In contrast, microbial electrosynthesis (MES) successfully utilizes electron transfer 
pathways in self-regenerating microbial cells to produce chemicals. Here, we demonstrate MES 
using resting recombinant Escherichia coli cells as a novel production platform for chiral building 
blocks. 

As model system, we overexpressed the NADPH-dependent alcohol dehydrogenase from 
Lactobacillus brevis (LbADH) in E. coli to convert acetophenone to (R)-1-phenylethanol in an 
electrochemical setup. We show that the regeneration of the cofactor NADPH was successfully 
obtained by electron transfer from a cathode using methyl viologen as mediator [1]. The MES was 
assessed in terms of reaction rate and coulombic efficiency as function of mediator and E. coli cell 
concentration. Further, we evaluated the effect of recombinantly expressed c-type cytochromes on 
MES performance using the electroactive E. coli strain JG622 [2]. This proof-of-concept sets the 
basis to further develop E. coli as a universal chassis for MES of chiral building blocks for 
pharmaceutical industry. 
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In addition to oxidations, reductions play an important role in the biosynthetic degradation of 
hydroxylated aromatic compounds. Moreover, reductive reactions occur also in the synthesis of basic 
building blocks and in the biosynthesis of secondary metabolites. 

Here we describe several members of the short-chain dehydrogenases/reductases (SDR) enzyme 
family that catalyze reductions of aromatic compounds. SDRs represent one of the largest protein 
superfamilies. They have an architecture consisting of a Rossmann fold and a variable C-terminal 
substrate binding domain determining substrate specificity. Despite sometimes low sequence 
identity, members of this enzyme family show high structural similarities.[1] 

We focus on SDRs that catalyze the reduction of bi- and tricyclic aromatic compounds. Tri- and 
tetrahydroxynaphthalene reductase (T3/4HNR) from Magnaporthe grisea perform stereoselective 
reductions during melanin biosynthesis.[2,3] An example for involvement in the biosynthesis of 
natural products, simultaneously bringing in a broad metabolic divergence is MdpC from Aspergillus 
nidulans, which is part of the monodictyphenone biosynthetic gene cluster. MdpC is involved in the 
biosynthesis of xanthones, a group of highly biologically active compounds.[4] A further 
representative example for a broad substrate promiscuity besides the well-established physiological 
function is glucose dehydrogenase (GDH) from Bacillus subtilis, acting on keto- as well as iminium 
compounds.[5] 

Our aim is to get a better insight into the structural and functional diversity of the members of the 
SDR enzyme family, their role in metabolic divergence, and to identify the activity- and selectivity- 
determining factors. Furthermore, we elucidate the potential of this enzymes for stereoselective 
syntheses of chiral building blocks and pharmaceutical compounds under mild conditions. 
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Halohydrin dehalogenases (HHDHs) catalyze the reversible dehalogenation of vicinal haloalcohols 
to form the corresponding epoxides. In the reverse reaction, different negatively charged 
nucleophiles such as azide, cyanide or nitrite are accepted leading to the formation of novel C-N, C-
C or C-O bonds.[1] Previously, HheD2 from gamma proteobacterium HTCC2207 was found to 
display very high activity in the production of the statin side chain precursor ethyl (R)-4-cyano-3-
hydroxybutyrate (1, Figure 1).[2] In comparison to other characterized D-type enzymes, however, 
HheD2 exhibited a rather low thermostability (Tm = 42 °C).  

 
Figure 1. HHDH-catalyzed conversion of ethyl (S)-4-chloro-3-hydroxybutyrate into ethyl (R)-4-cyano-3-
hydroxybutyrate. 

Based on HheD2´s crystal structure, residue influencing the enzyme’s stability were identified in 
silico and replaced by the most abundant amino acids at these positions according to a 3DM database 
on SDRs provided by Bio-Prodict. This way, three HheD2 single mutants, D198I, D198L and D198V, 
were obtained exhibiting melting temperature increases of up to 21°C, while displaying reduced 
activity compared to the wild type. Saturation mutagenesis at position D198 further revealed mutant 
D198S, which displayed both an improved thermostability and a similar activity in the production of 
1 as HheD2 wild type. Additionally, the crystal structure of HheD2 revealed a flexible helix region 
spanning residues 170 to 186. This flexible region of HheD2 was completely exchanged by the 
corresponding sequence of HheD3 and HheD5, which displayed significantly higher Tm values. This 
resulted in another HheD2 variant with 9°C higher apparent melting temperature, a 10°C higher 
temperature optimum and improved residual activity at 60 and 65°C compared to HheD2 wild type. 
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Epoxide hydrolases (EHs) catalyse the conversion of epoxides into vicinal diols. These ubiquitous 
enzymes naturally function to detoxify genotoxic epoxides (1), catabolise unique carbon sources (2) 
and regulate signalling pathways (3). These enzymes have extensive value in biocatalysis as they can 
generate enantiopure epoxides and diols via kinetic resolution and asymmetric synthesis, 
respectively. These molecules are important and versatile intermediates in the synthesis of 
numerous chemicals. Despite these benefits, they have seen limited use in bioindustry and novel EHs 
continue to be reported in the literature (4-6). 

This study has identified thirty-three novel putative EHs and limonene epoxide hydrolases (LEHs) 
within the genomes of soil bacteria. Eleven of these EHs were explored in terms of their activity. Five 
were active on a model compound styrene oxide and its ring-substituted derivatives, with high % 
conversions. Further exploration of the substrate scope with enantiopure (R)-styrene oxide and (S)-
styrene oxide, revealed different epoxide ring opening regioselectivities. Two enzymes, expressed 
from plasmids pQR1984 and pQR1990 de-symmetrised the meso-epoxide, cyclohexene oxide, 
forming the (R,R)-diol with high conversion. Two LEHs, from plasmids pQR1980 and pQR1982 
catalysed the hydrolysis of (+) and (-) limonene oxide, with diastereomeric preference for the 
(1S,2S,4R)- and (1R,2R,4S)-diol products, respectively. The enzyme from plasmid pQR1982 had an 
unusually wide substrate scope for a LEH, being active towards styrene oxide and its derivatives, 
cyclohexene oxide and the straight chain epoxide, 1,2-epoxyhexane. 

Overall, the enzymes from plasmids pQR1982 and pQR1984 had wide substrate scopes and their 
enzymatic properties were characterised with respect to styrene oxide. They had temperature optima 
of 40 °C and 30 °C, and reached maximal product formation, after only 4 and 2 hours respectively. 
pQR1982 also tolerated high concentrations of some organic solvents, a useful property for bio-
industrial applications. In summary, this study has provided novel epoxide hydrolases for potential 
exploitation in industrial biocatalysis. 
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Linear α,ω-dinitriles represent an important and industrially relevant substance class. They are, for 
example, relevant as precursors for polymers such as adiponitrile, which is a million tons scale 
product.[1] Today’s industrial production of nitriles is often based on highly toxic cyanide, which 
poses a high risk to humans and the environment.[2,3] This major drawback needs to be overcome 
by a greener alternative. Recently, an alternative approach towards α,ω-dinitriles by dehydration of 
α,ω dialdoximes in a biotransformation using aldoxime dehydratases was published by our group. 
This regio- and chemoselective biocatalytic approach enables a cyanide-free production of 
adiponitrile under mild reaction conditions with high substrate loadings of 100 g/L and high yields 
of up to 80%.[4] However, this approach is mainly focusing on the biocatalytic reaction and misses 
so far, a synthetic route to the dialdoxime from a cheap and readily available source. To challenge 
this task, we investigated the synthesis of linear dialdoximes starting from primary dialcohols. This 
cascade is initiated by a selective TEMPO oxidation of a primary dialcohol to a dialdehyde, followed 
by a condensation of the aldehyde with hydroxylamine hydrochloride in a sequential one pot process 
and finalized by a biotransformation using aldoxime dehydratases towards the nitriles. The selective 
oxidation of dialcohols was very recently achieved using PIPO as catalyst and sodium hypochlorite 
as oxidation agent in butyronitrile as organic solvent with high selectivities towards the aldehyde 
and high yields.[5] The condensation of the dialdehydes with hydroxylamine hydrochloride in 
butyronitrile also led to high yields for the C8 dialdehyde as selected example. Both reactions could 
be combined in a sequential one pot process giving access to 1,8 octanedialdoxime with high overall 
conversion and moderate yield of 58%. These results are a promising starting point for a process 
optimization of the biocatalytic step, which is currently under investigation. 
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Stereo- and regioselective functionalisation of unactivated C–H bonds is a challenging reaction in 
the synthesis of high value chemicals for which biocatalysts are often sought. Cytochrome P450 
enzymes are potential candidates, since they catalyze such reactions on a broad set of substrates. 
However, naturally occurring P450s show low stability, poor expression, and typically modest 
catalytic efficiency. These factors, plus the requirement of most P450s for a redox partner and 
expensive cofactors, make them too costly to use for most applications. Recent studies have shown 
that ancestral P450s exhibit high thermostability and increased expression yield compared to their 
extant descendants, while often retaining similar substrate specificity, which may allow development 
of economically viable P450 biocatalysts. These P450s routinely require a diflavin reductase, 
cytochrome P450 reductase (CPR), so an equally robust redox support system is required to support 
activity. However, CPR is thermolabile and requires expensive cofactors to reduce the P450 and 
allow it to bind dioxygen and proceed through the catalytic cycle. A potential alternative solution is 
to use oxygen surrogates (OSs) to support P450 activity, obviating the need for the redox partner, 
reducing cofactor or aeration of the reaction mixture. Here, the ability of ancestral P450s to use a set 
of peroxides and hypervalent iodine compounds to support monooxygenation was investigated. Of 
the 24 P450s tested, 14 were supported by at least one of the OSs examined, as well as, or better than, 
by the human CPR. Relative turnover compared to the CPR-supported reactions varied with enzyme 
and OS but 2-nitroiodobenzene and 2-nitroiodobenzene diacetate were generally the most effective, 
yielding improvements in product yield of up to a 50-fold in one case. The ability of these enzymes 
to use such low-cost and robust “chemical support systems” may open up opportunities to develop 
more economically viable processes based on P450-mediated biocatalysis. 
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Carbohydrates, a major component of biomass, have attracted attention as a sustainable source of 
building blocks for chemicals, materials and biofuels due to their low cost, ready availability and 
stereochemical diversity.[1] With the aim to upgrade carbohydrates to value-added nitrogen 
containing compounds such as aminopolyols,[2] we investigated biocatalytic aminations using 
transaminase enzymes (TAms) as a sustainable alternative to traditional synthetic strategies. Here 
we will describe the synthesis of cyclic aminodiols using TAms with tetrahydrofuran (THF) 
aldehydes, obtained from the regioselective dehydration of biomass derived sugars.[3] These were 
found to be excellent substrates for a variety of TAm enzymes, giving the corresponding chiral 
aminodiols in excellent yield. In a preliminary study we have also reported for the first time the direct 
transamination of reducing sugars, either aldose or ketose, to give access to chiral acyclic 
aminopolyols in high yields. Notably, the reaction of the ketose D-fructose was scaled up using 
enantiocomplementary TAms allowing the one step synthesis of diastereomeric aminosugars in high 
purity.[4] 
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Many oxidoreductases, as well as ligases, require coenzymes (e.g. NAD+/NADH, NADP+/NADPH, 
ATP) for their catalytic function [1]. Although these enzymes represent many of the most useful 
biocatalysts, their application can be severely limited due to high cost of the coenzymes. Therefore, 
it is necessary to establish suitable and efficient regeneration systems for these coenzymes. 
Adenosine-5’-triphosphate (ATP) is one of the essential molecules in living systems. Generally, ATP 
is used by all classes of enzymes. It can mainly be regarded as a group transfer cofactor in enzymatic 
reactions and is involved in a tremendous number of diverse biological processes [2].  

In this work a linear cascade reaction for the (re-)generation of coenzyme ATP starting from 
adenosine was studied [3]. The system consists of initial phosphorylation of adenosine catalyzed by 
adenosine kinase using ATP as phosphate donor and the phosphorylation of AMP and ADP with 
polyphosphate kinase 2 enzymes and polyphosphate (Scheme 1). Two different polyphosphate 
kinase 2 enzymes were used for AMP and ADP phosphorylation. Kinetic characterization of all three 
enzymes involved in the system was carried out to develop a mathematical model of this reaction. 
Once developed, a mathematical model of this cascade reaction will be used to improve a key 
parameter for cofactor-dependent enzymes, the total turnover number (TTN) which indicates the 
moles of product formed per mole of cofactor during its entire life and represents a measure for 
catalytic efficacy. 
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2-Phenylethanol (2-PE) is a high-value aroma material widely used in cosmetic, perfume, and food 
industries. While natural 2-PE is preferred in such applications, extraction from botanical sources 
cannot meet the large market demand and gives rise to high price ($1000/kg) [1]. Microbial synthesis 
of natural 2-PE from renewable sources such as glucose or glycerol is attractive, but suffering from 
low product titer. Recently, novel and efficient artificial cascade was established in our lab for the 
production of 2-PE from styrene [2]. The cascade was further extended to convert L-phenylalanine 
(L-Phe) to 2-PE [3]. We now developed a novel coupled cells approach to convert glucose and/or 
glycerol directly to 2-PE. An Escherichia coli strain expressing L-Phe biosynthesis pathway and 
another E. coli strain expressing artificial enzyme cascade from L-Phe to 2-PE were engineered and 
used sequentially in one-pot to produce 2-PE (9.1 g/L). The coupled strains approach could be 
generally applicable for microbial production of useful chemicals directly from sugars or glycerol. 
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Cholest-4-en-3-one Δ1-dehydrogenase (AcmB) is an enzyme isolated from Stereolibacterium 
denitrificans, bacteria which have ability to mineralize cholesterol under aerobic and anaerobic 
conditions. AcmB takes part in the anoxic pathway of cholesterol mineralization and catalyses 
regioselective, oxidative dehydrogenation between C1 and C2 of androst-4-en-3,17-dione (AD). The 
enzyme capability to oxidize not only usual steroids but also compounds with non-degraded aliphatic 
side chain (such as cholest-4-en-3-one derivatives), provides an opportunity to apply the enzyme as 
a biocatalyst in the synthesis of various pharmaceuticals It also exhibits unusually low (6.5) pH 
optimum for enzyme of this class [1]. 

In our studies we established the optimal reaction conditions (temperature, pH, ionic strength, 
organic additives, substrate solubilizers) and tested the enzyme stability under different operational 
conditions (aerobic or anaerobic atmosphere, different pH). Interestingly, the optimal pH of 
dehydrogenation strongly depended on the electron acceptor used in the reaction, even though AcmB 
remains stable in a broad pH spectrum, from 6 to 9. We performed batch reactor tests for the 
homogenous enzyme and in the recombinant whole-cell system, which turned out to be the most 
efficient system for dehydrogenation of steroids.  

We also aimed at understanding the mechanism of catalytic reaction. As the structure of the enzyme 
is not know we used KTSD from Rodococcus erythropolis (4c3y) to study reaction by means of 
theoretical modelling (MD, QM and QM:MM) [2]. This allowed vali dation of the postulated in the 
literature reaction mechanism as well as generation of the AcmB homology model. The results of 
calculations were cross-validated by mutation of selected tyrosines in the AcmB active site as well as 
comparison of the calculated and experimentally detrained kinetic isotope effect. This allowed 
determination of the rate limiting molecular steps and elucidation of role of multiple tyrosines in the 
active site.  
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Pyranose 2-oxidases (P2Oxs, E.C. 1.1.3.10) are flavoenzymes that catalyze the C2 oxidation of glucose 
to 2-ketoglucose with the concomitant reduction of dioxygen to hydrogen peroxide (1). The use of 
oxygen as cheap and clean oxidant represent an attractive point for biotechnological application of 
these enzymes. Also, the lack of anomer preference in P2Oxs, make these biocatalysts suitable 
candidates to substitute glucose oxidase e.g. in paper-based biosensors, with improved enzyme 
specificity. In this work, protein engineering approaches, namely directed evolution, are currently 
being employed to improve the efficiency of the enzyme AsP2Ox from Arthrobacter siccitolerans 
towards their successful application in cost-effective portable biosensor devices. This enzyme is the 
first characterized P2Ox from bacterial origin and was recently identified in our lab (2). We have 
observed that the reductive half reaction (reduction of FAD to FADH2) is the liming catalytic step 
and the improvement of AsP2Ox affinity for glucose is therefore the major goal of this project. The 
laboratory evolution is a powerful tool to evolve this enzyme considering that the crystal structure of 
AsP2Ox remains unknown which impairs a reliable rational design approach. Mutagenesis and high-
throughput activity screenings were optimized and validated using two different strategies: ‘activity-
on-plate’and 96-well plates liquid screening. The evolution of this enzyme is currently in progress to 
identify variants with a higher activity, lower Km and improved stability towards the construction of 
a sensing device for glucose detection. 
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Microbial production of 1,5-diaminopentane is from renewable feedstock is a promising and 
sustainable approach to produce bio-based polyamides. In this study, we constructed beta-
glucosidase (BGL) secreting Corynebacterium glutamicum, and direct 1,5-diaminopentane 
production from cellobiose as well as glucose was demonstrated. First, C. glutamicum was 
metabolically engineered to create L-lysine, a direct precursor of 1,5-diaminopentane, producing 
strains. Then L-lysine decarboxylase derived from E. coli and BGL from Thermobifida fusca YX were 
co-expressed. This engineered C. glutamicum strain produced 27 g/L of 1,5-diaminopentane from 
cellobiose in CGXII minimal medium in a fed‐batch cultivation. The yield was 0.43 g-1,5-
diaminopentane / g-glucose (1 g of cellobiose corresponds to 1.1 g of glucose), the highest yield to 
date. These results demonstrated the feasibility of 1,5-diaminopentane production from cellobiose 
or cellooligosaccharides as alternative substrates using engineered C. glutamicum strain. 
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Bioreporter bacteria have proven to be a powerful and cheap tool for analytics of specific target 
molecules or conditions. The design of bioreporter bacteria was mainly exploited for natural 
compounds, but it has been proposed that computational prediction of substrate binding 
interactions in a well-known receptor protein could lead to the design of mutant proteins with novel 
target recognition specificities for non-natural compounds. Here a mutant library of the ribose 
binding protein of Escherichia coli (RbsB) was produced based on Rosetta binding pocket 
simulations, with the goal to find mutants that could bind ribose-analogues such as 1,3–
cyclohexanediol and cyclohexanol.  

Screening of the library by a microcolony-in-bead fluorescence-assisted cell sorting procedure, 
resulted in six mutants with up to 1.5 times induction in presence of 1 mM 1,3–cyclohexanediol, one 
of which responded to 1 mM cyclohexanol as well. These mutants completely lost the capacity to 
react to ribose. Two RbsB mutants bound 1,3–cyclohexanediol, but not ribose, in isothermal 
microcalorimetry confirming the observed reporter induction. Circular dichroism spectroscopy 
indicated structural differences between these two mutant proteins and wild-type RbsB. This and 
further quantification of periplasmic-space abundance suggested most mutants to be more prone to 
protein misfolding and/or with defects in translocation compared to wild-type protein.  

Although bioinformatics can thus help to predict mutations potentially yielding new ligand-binding 
pockets, secondary effects such as protein folding and stability are poorly predicted and may hamper 
successful mutant recovery. Future work will focus on improving mutant protein stability, which may 
eventually enable molecular binding mechanism predictions for non-natural compounds, as well as 
avoid secondary effects. 
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The stereospecific reduction of prochiral carbon-carbon double bonds has become one of the most 
popular synthetic strategies for the preparation of optically active molecules with up to two 
stereogenic centers. While the usual synthetic strategy requires the use of metal-based catalysts like 
Rh and Pd under high-pressure and temperature [1], biocatalysis offers a greener and milder 
alternative.  

The class of ene-reductases (ERs) provides the organic chemist with a toolbox of powerful 
biocatalysts. Over the last years, ERs belonging to the Old Yellow Enzyme (OYE) family have been 
thoroughly investigated for their application in asymmetric synthesis [2]. Specifically, ER OYE3, a 
flavoprotein from baker’s yeast, displayed a high activity in the reduction of C=C conjugated to a 
wide range of electron withdrawing groups [3].  

Enzyme immobilization can increase the stability of the biocatalyst, also allowing its reusability and 
recyclability. However, studies for ER immobilization are still rare and, specifically, ER OYE3 
immobilization has not been described to date. 

In this work, two techniques have been applied to ER OYE3 immobilization: covalent binding of the 
enzyme to glyoxyl-agarose [4] and metal affinity interaction with EziGTM resins [5]. Activity 
recovery and enzyme stability were satisfactory for both carriers, thus paving the way for the use of 
ER OYE3 under continuous conditions. 

EnginZyme AB, Sweden is cordially thanked for providing EziGTM resins. 
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Lipidic alpha-aminoacids (LAA) are non proteinogenic aminoacids with saturated or unsaturated 
long aliphatic side chains. The potential uses of LAA range from lubricants, to cosmetics, polishes 
and surface improvers for ceramics; however, they have received some attention for their role in drug 
delivery systems, where they are employed as starting material for the synthesis of lipid mimetics. 

Here we present a chemoenzymatic synthesis of an array of enantiopure LAA exploiting a protease-
mediated dynamic kinetic resolution of a series of substituted thienyl glycines thioesters followed by 
the Ra-Ni reduction of the obtained amino acid. The thienyl ring is hydrodesulfurized giving the 
correspondent alkyl chain without loss in enantiopurity of the neighboring chiral center. 
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Hypercholesterolemia, a condition characterized by an elevated level of cholesterol in the blood, is 
responsible for a person's risk of developing coronary artery disease.[1] In this context, statins are 
the most widely prescribed cholesterol lowering drugs.[2] They operate by mimicking the natural 
substrate (3-hydroxy-3-methyl glutarate, HMG) and thus, inhibiting 3-hydroxy-3-methyl glutaryl 
coenzyme A reductase (HMG-CoA reductase), which is a key enzyme in the cholesterol biosynthetic 
pathway.[3] 

All pharmaceutically relevant statins share a chiral structural motif that is also present in the HMG 
fragment of HMG-CoA, called the statin side chain, but differ from HMG-CoA by being bulkier and 
more hydrophobic. These structural alterations are the basis for a varying potential for enzyme 
inhibition.[4] It is therefore of great interest to discover novel and highly potent statins that also can 
be synthesized easily.  

We present a green solution for the direct stereoselective synthesis of natural statins and several 
non-natural analogs by a simple 3 step multi-enzymatic cascade reaction, involving a desoxyribose-
5-phosphate aldolase (DERA) [5], a ketoreductase (KRED) and a nicotinamide oxidase (NOX) 
(Figure below).  

 

HMG-CoA inhibitory activity of the new compounds were determined in vitro by using an 
established colorimetric assay method. 
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Enzyme immobilisation is a powerful and necessary, tool for using enzymes in cost-efficient 
industrial processes. It facilitates industrially viable biocatalytic processes through re-use of 
biocatalysts, improvements to downstream processing and enzyme stability. However, enzyme 
immobilisation has been viewed as expensive, time-consuming and lacking in generality - 
accordingly, many of the potential applications of biocatalysis have not been realised.  

EnginZyme AB, Stockholm, Sweden, has developed a general enzyme immobilisation support, 
EziG™, a high capacity carrier characterised by predictable, fast and easy immobilisation of all 
enzyme types. The EziG material has at its core a controlled porosity glass coated with organic 
polymer and chelated Fe(III), designed for selective, non-destructive binding of His-tagged enzymes. 

EnginZyme works closely with both academic and industrial partners with interests in enzyme 
immobilisation for a wide range of enzyme types and biocatalysis in continuous flow. In this work, 
EnginZyme will discuss how it has solved the most significant challenges to enzyme immobilisation- 
speed and cost. EnginZyme has developed an automated, rapid immobilisation screening and 
optimisation tool which greatly reduces the time required to evaluate the benefits of immobilising 
enzymes on EziG.  

We will describe the application of this tool to immobilise and optimise a ketroreductase for the 
asymmetric reduction of a target ketone resulting in >95 % recovered activity once immobilised and 
approximately 20 % by weight enzyme immobilised on the support. We will discuss the automated 
processes that make this possible including automated reaction design and set up, parallel 
optimisation of reaction conditions and confirmative preparative scale transformations.  

The combination of EziG technology, and EnginZyme's expertise and capabilities is solving problems 
that would have been otherwise intractable. This talk highlights the challenges faced getting 
industrial enzyme processes to scale, with a focus on the impact of speed in delivering immobilised 
biocatalysis in industry. 
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Biocatalysis is an increasingly valuable tool for greener chemical production.[1] However, 
biocatalysis still faces some key challenges, as many redox enzymes require cofactors to operate and 
the catalysts are difficult to recover from solution, often making biocatalytic processes prohibitively 
expensive. Immobilising enzymes on a support allows for easier recovery and re-use of the 
biocatalyst, lowering the cost of the process. Supported catalysts are also suited to use in flow 
reactors, where the catalyst is retained within the reactor and substrates are continuously pumped 
through.  

Here we exploit a sequence of enzymes co-immobilised on an electronically conducting carbon 
support that uses only H2 to recycle NADH and drive NADH-dependent catalysis.[2, 3] Carbon is 
used as the support material, due to the ease of enzyme adsorption and good electron conducting 
properties. Different forms of carbon can be used, depending on the application required. As such, 
we recently demonstrated this system using carbon nanotubes as the support for H2-driven 
biocatalytic ketone reduction and reductive amination in a continuous flow reactor (Figure 1).[4]  

 

Figure 1: Heterogeneous H2-driven biocatalysis with built-in cofactor recycling in a continuous 
carbon nanotube flow reactor. 
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Chiral amines are commonly found in a variety of alkaloid natural products as well as in key moieties 
of pharmaceutically active ingredients. Ene-reductases (ERED) [1] and imine reductases (IRED) [2] 
are biocatalysts which are able to asymmetrically and chemoselectively reduce C=C and C=N double 
bonds respectively. Both have been used to prepare a variety of chiral amines and their precursors 
but have yet to be utilised together. 

In this work ERED and IRED have been combined for the preparation of diastereomeric amines. 
Development of a telescopic reaction allowed for a selection of chiral amines to be synthesised with 
excellent conversion and good to excellent enantio- and diastereoselectivity. Alongside, a selection 
of IREDs were screened against cascade intermediates which has given further insight into substrate 
control of IRED catalysed reduction of chiral molecules. A preparative scale synthesis of an enriched 
amine demonstrated the utility of methodology. 
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Chiral amines are widely used compounds in the pharmaceutical industry, making up about 25-40% 
of pharmaceuticals on the market. The synthesis of chiral amines directly from easily available 
racemic alcohols without the use of toxic chemicals and activation reagents has recently attracted 
much attention. Enzymatic approaches provide green and useful alternatives to chemical methods. 
The production of chiral amines from alcohols could be achieved via cascade enzymatic reactions, 
such as the oxidation of alcohol and the reductive amination of ketone or transamination of ketone. 
The key limitation is the lack of non-enantioselective alcohol oxidases or alcohol dehydrogenases 
(ADHs) for the full oxidation of racemic alcohols to ketones. Thus far, only 2 ADHs have been 
reported for the non-enantioselective oxidation of racemic alcohols, but with limited substrate scope. 
Here, we report the engineering of an ADH to give a mutant with significantly reduced 
enantioselectivity, and the use of the mutant for the non-enantioselective oxidation of racemic 
alcohols to ketones with high conversion. The mutant ADH was combined in a cascade with an 
enantioselective ω-transaminase for the conversion of racemic alcohols to chiral amines with high 
yield. Whole cell recombinant E. coli co-expressing the mutant ADH with the ω-transaminase was 
engineered and used for the simple, efficient, and practical preparation of a range of chiral amines 
from the corresponding racemic alcohols. 
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The inversion of hydroxygroups often involves stoichiometric oxidation and reduction reagents. The 
synthesis of Ursodeoxycholic acid (UDCA), a widely used pharmaceutical ingredient for the clinical 
treatment cholesterol gallstones and liver diseases starts from the abundant and cheap cholic acid 
(CA): its chemical transformation requires several protection and de-protection steps and the use of 
toxic and dangerous reagents (e.g. CrO3), resulting in an overall yield of about 30%. We therefore 
aimed at a synthesis of UDCA employing CA or chenodeoxycholic acid (CDCA) based on catalytic 
and selective processes [1]. 

We report the first example of a fully NAD+ mediated cascade for the stereoinversion of CDCA to 
UDCA, using the novel NAD+-dependent 7β-HSDH from Lactobacillus spicheri in combination with 
7α-HSDH from Stenotrophomonas maltophilia. This permitted the redox-neutral biotrans-
formations of CA and CDCA in the presence of catalytic amounts of NAD+, resulting in high yields 
(>90 %) of UCA and UDCA [2]. 

Additionally, we heterologously express the NAD+-dependent HSDH from Ergethella lenta (El12α-
HSDH): this enzyme was used for preparation of 12-oxo-CDCA and 12-oxo-UDCA (from CA and 
UCA, respectively). In order to perform a viable and atom efficient enzymatic hydroxysteroid 
oxidation, the El12α-HSDH was combined with the NAD(P)H oxidase (NOX) for the cofactor 
regeneration. Employing this system 10 mM of substrate was fully and selectively converted to 12-
oxo-CDCA in 24 h [3].  

These steps, together with improvements of the reaction engineering will be presented. 

 
Figure 1: Reaction scheme of the proposed chemo-enzymatic route. R= 4-pentanoic acid. 
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The ever-expanding field of Biocatalysis is in constant need of new biocatalysts with different or 
improved properties such as optimal pH/temperature, resistance to high temperatures or pressures, 
activity in the presence of organic solvents or high salt concentrations and different stereo- or 
enantio-specificity. One way to discover new and potentially novel biocatalysts is to search in 
extraordinary environments, where extreme conditions prevail. 

The marine environment is an untapped source of microbial diversity, presenting several features 
that are valuable for biotechnological applications, including bioremediation, considering that much 
of the earth's pollution occurs in the oceans. An extremely poorly studied source of marine 
biodiversity is fungal invertebrates (such as corals, starfish, anemones and sponges). The 
Mesophobic Zone, in particular, is an underinvestigated marine biotope, probably due to the fact 
that it is below the depths (30-100 m) achieved with traditional SCUBA diving techniques. The 
biodiversity of mesophotic coral ecosystems is considered a possible source of new symbiotic 
microorganisms, which can contribute to the enzymatic arsenal of biocatalysis. 

In this work, 107 ascomycetes were isolated as symbionts of invertebrates from areas of the 
Mediterranean Sea, the Red Sea, the Indian Ocean and the coasts of Thailand. These fungi were 
tested for their ability to biotransform two chlorinated aromatic pollutants: 2,4-dichlorophenol (2,4-
DCP) and 2,4,5-trichlorobiphenyl (PCB29). Strains with high bioconversion ability on these 
pollutants were further studied for the expression of enzymatic activities during bioconversion. In 
this way, a microorganism expressing high catechol 1,2-dioxygenase activity was identified and 
another expressing high laccase activity. The strain that had the ability to detoxify 2,4-DCP was 
identified as Tritirachium sp. while the one that could bioconvert PCB29 was identified as 
Cladosporium sp. The corresponding activities were isolated from the culture broth by ion exchange 
chromatography techniques and the biochemical characterization of the isolated enzymes was then 
performed. 
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Among the MIO-containing enzymes, phenylalanine ammonia-lyases (PALs, EC 4.3.1.24/25) are of 
particular interest due to their wide substrate tolerance which makes them a valuable tool for the 
preparation of enantiopure amino acids from their achiral acrylate precursors.[1]  

Our research focused on the identification and modification of residues from Petroselinum 
crispum PAL (PcPAL), responsible for the active accommodation of the substrate’s ring-
substituents (Figure 1),that would enable tailoring of the enzyme towards non-natural substrates of 
high synthetic value that are poorly transformed by wild-type PALs. 

 
Figure 1. a) An active site model of 
PcPAL[2], (pdb: 1w27) with the 
hydrophobic binding pocket orientation 
shown in relation to trans-cinnamic 
acid b) The ammonia addition and 
elimination reaction catalyzed by PcPAL 

 
Testing the activity and selectivity of 
PAL variants, containing individual 
substitutions of residues in 
hydrophobic substrate binding 
pocket, using a series of mono-
substituted phenylalanine and 
cinnamic acid analogues, revealed 
the possible orientations of 
substrate’s aromatic substituents in 
the active site, as function of their o-
, m-, p- position. Using the developed 
mutant PcPAL variants, non-natural 

substrates, once poorly or not transformed by the wild-type enzyme, have been efficiently converted 
into products with high synthetic value. 

In accord with the results of the mutational strategy, crystallographic analysis supported the 
proposed substrate orientation, providing the first structure of an active PcPAL with a substrate 
bound at the active site. 

The overall results provide evidence that structure based engineering of the PAL active site will be 
productive with respect to producing enzymes of industrial value. 
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Protein engineering via amino acid substitutions is an effective tool for improving the proteins’ 
function, stability or solubility. However, substitutions might not be sufficient to alter the target 
properties profoundly. During evolutionary divergence leading to the emergence of new functions, 
Nature utilizes also insertions and deletions (InDels), providing more significant changes in a 
protein’s backbone conformation and dynamics [1]. On the other hand, the drastic alteration might 
affect stability and can lead to a disruption of the original function. In the present study, the InDel 
mutagenesis was applied on a recently reconstructed hyperstable ancestral protein sequence of two 
evolutionarily related but functionally distinct enzymes, luciferase and haloalkane dehalogenase [2]. 
The InDel mutagenesis of the ancestral protein led to the identification of three distinct regions 
whose alteration resulted in up to 50-fold improvement of the luciferase activity. Crystallographic 
analysis of the best InDel variant revealed open and closed conformations, suggesting that a dynamic 
behavior was introduced and that dynamics played a significant role in the evolution of the luciferase 
activity. Transient kinetics showed that the dynamics was linked to an enhancement of substrate 
binding which was identified as rate-limiting for the original ancestral template. The follow-up 
hydrogen-deuterium exchange experiments and molecular dynamics confirmed increased flexibility 
of the identified regions. Our results demonstrated the potential of InDel mutagenesis for a 
modification of protein dynamics that can be crucial for the development and evolution of novel 
catalytic activities. 
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Asymmetric reduction of activated double bonds is one of the most widely used industrial reactions. 
Members of the so-called Old Yellow Enzyme family, that employ an FMN cofactor for reductions, 
have been extensively studied and their utility in biocatalytic applications is well established for the 
reduction of activated C=C double bonds in α,β-unsaturated compounds. Interestingly, apart from 
the common flavin cofactors FAD and FMN, some bacteria and archaea utilize an unusual 
deazaflavin cofactor, which is called F420. The low redox potential and exclusive two electron 
reactivity of F420 would make F420H2-dependent reductases (FDRs) well suited for challenging 
hydride transfers. 

Three bacterial F420-dependent reductases (FDRs) were identified by genome sequence analysis. 
After recombinant expression and purification, their catalytic scope was explored for activity towards 
α,β-unsaturated aldehydes, ketones, esters and nitriles. 

Herein we show that FDRs can successfully 
perform enantio-, regio- and chemoselective 
ene-reductions. For the first time, we have 
demonstrated that F420H2-driven reductases 
can be used as biocatalysts for the reduction 
of α,β-unsaturated ketones and aldehydes 
with good conversions (>99%) and excellent 
regioselectivities and enantiomeric excesses 
(>99% ee). Intriguingly, FDRs display an 
opposite enantioselectivity when compared 
to the well-established FMN-dependent 
reductases. 

Our results demonstrate that hydride 
transfer occurred stereospecifically from 
F420H2 to the Si-face of the activated double 
bond. According to the structural model of 
FDR-Rh1 complexed with F420, we can 
conclude that the pro-R hydride from F420H2 
is transferred on the substrate. 
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Aliphatic carboxylic acid were crucial scaffolds for the developpement of surfactants, preservatives 
or drugs. Despite the presence of the acidic function, they could be rather insoluble in aqueous 
media. Their solubility could nevertheless be increased through the esterification of the anomeric 
position of glucose or glucuronic acid. [1] This acylation step is also an essential process in the 
detoxification of many drugs in. Glycosyl esters were mainly obtained by chemical coupling and only 
rare examples of enzymatic processes have been described in the literature. They mostly relied on 
glycosyl transferases obtained from microsomial preparation. Indeed the diversion of glycosyl 
hydrolase to perform such anomeric acylation is hampered by the poor nucleophilicity of carboxylic 
acid and the strong competition with water. In order to switch off the water activity, we decided to 
convert a glycosyl hydrolase, anα-L-arabinofuranosidase GH51 from Clostridium thermocellum 
(CtAraf51) into thioligase by mutation of the acid-base residue and evaluate its potential as an acyl 
transfer catalyst. 

CtAraf51 was already known as a versatile catalyst in both tranglycosylation and thioligation 
reactions to obtain biologicaly relevant furanoconjugates.[2,3] We report herein a new catalytic 
activity for this enzyme, the C-1 acylation in the presence of activated furanoside donors and 
carboxylic acid acceptors.[4] This acylation was exemplified to obtain various acyl L-
arabinofuranoses with very good yields (18% to 83%) (Figure 1). 

  

After a rational mutagenesis of the enzyme, this strategy was also extended to the synthesis of acyl 
D-galactofuranoses. With these tools, starting from well described platform donors, we can then 
envision the synthesis of any 1-glycosyl esters. 
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L-Amino acid oxidase/monooxyganase (L-AAO/MOG) from Pseudomonas sp. AIU 813 catalyzes 
mixed bioconversion of L-amino acids, an oxidative decarboxylation (monooxygenase) to yield 
amide and carbon dioxide as well as an oxidative deamination (oxidase) to formα-keto acid, H2O2 
and NH3 of L-amino acids. The enzyme uses L-lysine as a native substrate. L-AAO/MOG has 
potential to be used as an enzyme sensor for detection of L-lysine by measuring the amount of H2O2 
formed. Here, we have investigated mechanistic insights how the oxidase and monooxygenase 
reactions can occur in a single active site. Products from multiple turnover reactions of L-lysine and 
L-ornithine showed not only amide andα-keto acid, but also a carboxylic acid product resulted from 
decarboxylation of α-keto acid. Moreover, studies of O2 and H2O2 effects on the decarboxylation after 
the flavin reduction showed that 5-aminopentanamide could be formed when H2O2 was pre-
incubated with an oxidized L-AAO/MOG under anaerobic condition, indicating that H2O2 is a key 
reactant to generate 5-aminopentanamide. The pre-incubation also increased more fraction of 
decarboxylation ofα-keto acid to form 5-aminopentanoic acid than the condition in the absence of 
extra H2O2. These data agree with the stopped-flow experiment in which none of flavin C4a-adduct 
was detected as an intermediate, implying that only H2O2 not C4a-(hydro)peroxyflavin is needed as 
a reactive oxygenating reagent. The increased fraction of 5-aminopentanoic acid generated when 
extra H2O2 was pre-incubated in the active site implies that H2O2 generated from the oxidation of L-
amino acid substrate must bind at a suitable position in order to readily attack an imino acid to result 
in the oxidative decarboxylation to generate 5-aminopentanamide. Otherwise, the imino acid will be 
hydrolyzed to generate a-keto acid and then react with extra H2O2 to generate 5-aminopentanoic acid 
instead. Product analysis and computational chemistry was also used to investigate the chain length 
effect of L-lysine and L-ornithine on fractions of oxidase and monooxygenase activities. Results 
indicate that proper electrostatic force between side chain of catalytic residues and a positive charge 
of substrates is necessary for optimizing the right position of imino acids to react with H2O2 and H2O 
to result in monooxygenase and oxidase activities, respectively. 
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The main concern about bioactive compounds are their low bioavailability; selective glycosylation by 
glycosyl transferases (GT) appears as the most promising alternative to solve this special issue. GT 
offers good control over reactivity and selectivity of the reaction. However, they are sugar nucleotide-
dependent (Leloir) GT. These enzymes need stoichiometric quantities of a very expensive substrate 
UDP-glucose. At this point, the regeneration of the cofactor is crucial to generate a cost-effective 
process. The co-immobilization and co-localization of GT and sucrose synthase (SuSy), which are 
enzymes that synthesize UDP-glucose from sucrose and UDP, inside the porous structure of a unique 
solid support promotes a drastic simplification of the process of glycosylation. Furthermore, with the 
major aim of reduced the cost of this enzymatic cascade, the negative charged phosphorylated 
cofactor, UDP, can be adsorbed on a cationic polymer through ion-exchange interactions. Co-
immobilization of both enzymes and the cofactor on this poly-cationic carrier strongly improves the 
glycosylation rate. In this biocatalyst, the UDP cofactor would be catalytically accessible but mostly 
retained on the same solid phase for several reaction cycles, avoiding the necessity of add new 
cofactor at the beginning of each reaction. 

The immobilization and stabilization of one GT, from Malus x domestica (UGT) and two sucrose 
synthases, from Acidithiobacillus caldus (wild type (SuSyAc) and one variant (SuSyAcmut)) was 
performed in order to find the most effective bi-enzymatic system. Biocatalyst SuSyAcmut-UGT-Ag-
PEI25, combining the use of the SuSyAcmut and the co-immobilization of the cofactor, was applied 
to the glycosylation of three bioactive compounds. A Total Turnover Number (TTN) of 50 was 
obtained after 5 reaction cycles of glycosylation of piceid. Regarding the glycosylation of quercetin, 
100% of glycosylation was obtained after 4 reactions, achieving a TTN of 46. Finally, the glycosylation 
of phloretin was 100% after 3 reaction cycles, reaching a TTN of 30. 
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The increasing number of approved active pharmaceuticals ingredients (APIs) that contain optically 
active amine moieties, has stimulated the development of new and efficient enzymatic 
methodologies for the asymmetric synthesis of this class of compounds[1]. In this context, native [2] 
or engineered amine dehydrogenases (AmDHs) [3] enable the atom-efficient synthesis of α-chiral 
amines starting from carbonyl-containing compounds. Native AmDHs are solely active on aliphatic 
ketones, whereas engineered AmDHs—obtained using an identical engineering strategy on similar 
starting scaffolds—resulted in variants possessing similar and limited activities towards aromatic 
substrates [4]. Herein, using a computationally-guided approach, we engineered new AmDHs 
starting from an enzyme that does not exhibit any apparent stereoselectivity for its natural reaction. 
The best variant (LE-AmDH-v1) is highly thermostable (Tm: 69 °C), retains its catalytic activity upon 
incubation for 7 days (i.e., residual >99% at RT and 80% at 50 °C) and shows optimal catalytic 
performance at 50 °C and pH 9.0. LE-AmDH-v1 displays a remarkably extended substrate scope 
compared to existing AmDHs, thus affording pharmaceutically relevant amines starting from 
acetophenone and derivatives thereof, α-chromanone, α-tetralone, indanone, etc. Elevated 
conversions, high productivities and enantiomeric excesses up to >99.9% were obtained. The 
applicability of LE-AmDH-v1 in organic synthesis was demonstrated in preparative scale aminations 
(>99.7% conv., >99.7% ee). Although other AmDHs were reported to aminate acetophenone, LE-
AmDH-v1 was a superior catalyst with this substrate because of its reduced competitive product 
inhibition (e.g., 20-fold higher IC50), which led to 15-fold higher catalytic performance (kapp/KMeff). 
A unique substrate-dependent stereo-switchable selectivity is another feature of LE-AmDH-v1 as 6-
oxo heptanoic acid was quantitatively aminated with S-selectivity (>99% ee), whereas substrates 
devoid of the terminal carboxylic moiety gave the R-configured enantiomer (>99% ee). Finally, in 
silico studies provided insight into the role of the mutations upon ligand binding and explained the 
enantioselective preferences of LE-AmDH-v1. 
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Limonene is one of the target compounds for overcome the food vs. feed problem in the strategy of 
valorization of food supply chain waste (FSCW). More than 15 million tons of citrus peel with 
dominant composition of limonene are waste accumulated as a by-product of the citrus fruit industry 
every year. Beside these, limonene and its oxygenated derivatives have great potential as value-added 
products. Chemical derivatization of limonene is difficult requesting hard experimental conditions. 
Therefore, biocatalysis seems to be a promising alternative in this perspective. 

We propose to achieve regio- and stereospecific hydroxylation of R-(+)-limonene based on 
biocatalytic cascade process towards 1,2-dihydroxylated limonene. The biocatalyst is a cocktail of 
lipase (LP) and limonene 1,2-epoxide hydrolase (LEH) enzymes. While LP catalyzes the 
transformation of limonene to limonene epoxide, LEH assists the open of epoxydic cycle leading to 
1,2-dihydroxy limonene derivatives. All aspects related to the process optimization such as 
biocatalyst concentration, organic/ inorganic peroxide as oxidation reagent, reaction medium, co-
solvent in the reaction mixture, reaction time, temperature have been considered. The developed 
process allowed to convert around 80 % limonene with a selectivity of 60 % diol derivatives under 
optimum conditions. Additionally, the biocatalytic process has been evaluated looking to improve its 
regio- and stereoselectivity. Enzyme cocktail as biocatalyst offered promising perspectives for 
enantioselective production of limonene diols. The investigation (GC-MS/FID analysis) of the 
reacted mixture under different experimental conditions allowed to set up an enantioselectiv process 
of the production of requested limonene diol(s). All the experimental aspects correlated with final 
conclusions will be detailed during the presentation. 
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Despite the dramatic progress in nucleoside chemistry to date, the synthesis of nucleoside analogues 
is still a challenge. Chemoenzymatic synthesis has been proven to overcome most of the constraints 
of conventional nucleoside chemistry. The main advantages of enzymatic methods include high 
catalytic efficiency, mild reaction conditions (and thus environmentally friendly and safer 
syntheses), high stereo- and regioselectivity, and fewer synthetic steps [1]. A further step forward to 
fully exploit the potential of biocatalysis in nucleoside chemistry is process intensification by flow 
reactor technology. The use of immobilized biocatalysts in packed bed reactors under a continuous-
flow and modularized process results in a higher temporary biocatalyst/substrate ratio that can lead 
to faster reactions compared to batch biotransformations, higher productivity and level of 
automation. Moreover, coupling of in-line purification steps (e.g. scavenging by-products or catch-
and-release strategies) results in less manual handling, a smaller ecological footprint, higher energy 
and resource efficiency [2].  

The bi-enzymatic synthesis of the antiviral drug Vidarabine, catalyzed by uridine phosphorylase from 
Clostridium perfringens (CpUP) and a purine nucleoside phosphorylase from Aeromonas 
hydrophila (AhPNP) [3], was re-designed under continuous-flow conditions. The enzymes were co-
immobilized in flow using different supports (aldehyde-activated agarose, glutaraldehyde-activated 
silica, EziG). Upon setting-up reaction parameters (substrate concentration and molar ratio, 
temperature, pressure, residence time), the synthesis of Vidarabine was complete in less than 1 hour 
and 1 g of this nucleoside was isolated by simple filtration in 50% yield and >95% purity.  

This project (BIOFLOW, ID 2016-0731) was funded by Cariplo Foundation (Italy). 
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Sesquiterpenoids, which are oxygenated derivatives of sesquiterpenes, constitute the large diverse 
class among terpene compounds and exhibit various biological activities, thereby attracting interests 
from flavor and fragrance or pharmaceutical industries. For example, (+)-nootkatone, a sweet and 
peely odor sesquiterpenoid, is a key aroma component of grapefruit and exhibits natural insecticide 
and anti-proliferative effects [1]. (−)-Rotundone, a woody and peppery odor sesquiterpenoid, is a key 
aroma component of black pepper and improves the overall qualities of various fruit flavors [2]. 
However, these useful terpenoids are found in limited amounts in natural sources, such that effective 
synthesis methods are required for industrial applications. 

Under these situations, we discovered that (−)-rotundone could be synthesized from precursor 
sesquiterpene, α-guaiene, by allylic oxidation using reduced form ferrous iron. Ferrous iron is 
susceptible to molecular oxygen and is able to donate electrons and generate reactive oxygen species, 
whereby Fe(II)-chelate structures function as the active center of oxygenases [3]. Therefore, we 
focused on non-heme Fe(II)-chelate catalysts for the allylic oxidation of sesquiterpenes, which mimic 
the reactions performed by oxygenases. And we utilized reductive supply and regeneration of those 
catalysts. That is, we constructed a unique combination system composed of the oxidative synthesis 
of sesuquiterpenoids using non-heme Fe(II)-chelate catalysts and the enzymatic supply and 
regeneration of Fe(II)-chelate by ferric-chelate reductase, YqjH, from Escherichia coli (Fig. 1). 
Furthermore, we improved the efficiency of this catalytic system by the application of hydroxypropyl-
β-cyclodextrin for stabilization of sesquitepenes, and glucose dehydrogenase from Bacillus sp. for 
NAD(P)H regeneration. With this system, (−)-rotundone and (+)-nootkatone could be synthesized 
from precursor α-guaiene and (+)-valencene at 24% and 67% molar conversion rates, respectively, 
which provides a new insight into the synthesis of sesquiterpenoids. 
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To obtain useful biocatalysts, enzyme engineering is often required to allow efficient turnover of the 
desired substrate with the desired (stereo)selectivity. Catalytic cycles of enzymes are complex, 
however, with even the simplest of examples including at least substrate binding, chemical reaction 
and product release. With atomistic computer simulations, these events can be easily separated. This 
is beneficial, because it is often not clear which approach to structure-based engineering (or selection 
of ‘smart libraries’ for directed evolution) is likely to be most successful. For example, altering the 
substrate binding mode can be sufficient to obtain an active and selective biocatalyst in some cases, 
whereas in others, the chemical step should be taken into account. For the chemical step, hybrid 
quantum mechanical / molecular mechanical (QM/MM) modelling [1] is now an established 
technique, but its application as a tool for in silico screening of biocatalyst activity is still limited. 
Here, I will demonstrate the use of molecular dynamics and QM/MM simulation to gain insight into 
several different enzymes that are of interest for industrial biocatalysis. Examples will include the 
origin of stereoselectivity in ketoreductases [2] and aldolases, as well as insights for engineering 
natural Diels-Alderases [3].  

The use of rapid and automated protocols (e.g. as available through Enlighten: 
https://github.com/marcvanderkamp/enlighten) to obtain efficient in silico assays for screening of 
enzyme variants will be demonstrated. By making these tools accessible to non-computational 
biochemists, the powerful insights that atomistic simulation can bring to understand enzyme 
efficiency and selectivity no longer require a high level of computational expertise. 
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Peroxygenases are a class of enzymes that use H2O2 as a clean oxidant to catalyse hydroxylation, 
epoxidation and halogenation reactions. This gives them an advantage over mono-oxygenases that 
catalyse similar reactions at the expense of complex cofactors. Unfortunately, peroxygenases also 
tend to be susceptible to higher concentration of the oxidant, which is why the quest for the optimal 
in situ H2O2 generation system is still ongoing [1]. Ideally, the H2O2 generation system should be 
robust and yields little waste-products.  

Here, we propose the novel system using sulphite oxidases (SOx) to drive peroxygenase-catalysed 
reactions. SOx catalyses the oxidation of sulphite to sulphate, simultaneously reducing a 
molybdenum-pterin cofactor in the active site. Normally, the electrons are then moved to a haem 
domain in the protein and thereafter to the electron transport chain of the cell. However, if the haem-
domain of the enzyme is deleted, the electrons at the molybdenum cofactor become prone to 
uncoupling with oxygen, thereby forming H2O2 [2]. The scope and limitations of this very promising 
new in situ H2O2 generation approach to promote peroxygenase-catalysed reactions are discussed.  
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Phenylalanine ammonia-lyase (PAL) catalyze the reversible non-oxidative deamination of aromatic 
α-amino acids, yielding trans-α,β-unsaturated acids and ammonia.  

A novel PAL from the psychrophilic Pseudozyma antarctica yeast (PzaPAL) was cloned, expressed 
and characterized. The melting temperature and thermal stability of PzaPAL were investigated 
parallel with the optimal pH value and the influence of NaCl concentration upon PzaPAL activity. 
The optimum of PzaPAL activity was achieved at pH 8.5 (at higher pH values the stability of the 
enzyme considerably decreased). The enzyme showed a remarkably high melting temperature (77.5 
°C) at optimal pH value. The enzymatic activity increased with temperature, showing the highest 
value of activity at 45°C. The thermal stability of PzaPAL was also reasonable (in the temperature 
range between 10 and 40 °C the enzyme retained more than 90% of its original activity after 8 h). 
Moreover, the presence of NaCl even up to 500 mM did not alter the thermal stability and the 
catalytic performance of PzaPAL. 

The Michaelis-Menten kinetic parameters (Km, Vmax and kcat) of this novel PAL were also determined 
with the natural substrate, L-phenylalanine and with further racemic phenylalanine analogs. 

Furthermore, PzaPAL was tested as biocatalyst in elimination and addition reactions using different 
unnatural rac-phenylalanine and trans-cinnamic acid derivatives as substrates. 
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Actinobacteria are known about their metabolic versatility and production of importante bioactive 
compounds as products of their secoundary metabolism. In this context, the present study aimed 
enzyme prospections of actinobacteria, including screenings for different oxidoreductases. These 
microorganisms had a particular characteristic. All of them were characterized as Streptomyces sp. 
and were isolated from soil and rhizosphere samples from Caatinga, the unique exclusively Brazilian 
biome. Looking to evaluate dye peroxidases (DyP) from 173 actinobacteria, Remazol Brilliant Blue 
(RBBR) was used as substrate. Veratryl alcohol and guaiacol were applied as substrates for detection 
of lignin peroxidase (LiP) and laccase (LaC), respectively. From all the obtained results, it was 
possible to select the isolate named as AC166, which showed enzymatic abilities for all evaluated 
criteria: 10 % of DyP activity under RBBR; 51 U/L of LiP and 3 U/L of LaC. Enzymatic kinetic 
parameters were also determined. It was found KM <10-16mM and Vmax 57 min-1 for LiP under 
veratryl alcohol, and KM 2 10-5mM, Vmax 1.75 min-1 for LaC under guaiacol. Enzymatic stability was 
evaluated under three different temperatures (4, 30 and 60 °C). LiP activity was stable during 24 
hours at all conditions. AC166 was also selected for transcriptomic analysis, and these analysis are 
running in this moment. We are looking to have a deep investigation about this bacterial strain, 
aiming an efficient enzymatic system that can be applied under vegetal biomass to increment 
production of a low cost and sustainable lignocellulosic bioethanol. 
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The direct conversion of alcohols into amines is a valuable chemical transformation since amines are 
key useful chemical intermediates for the large scale production of plethora of bioactive compounds 
[1]. Moreover, the use of renewable diols as starting materials contributes to advance the concept of 
biorefinery, broadening the synthetic toolbox to transform bio-based raw materials in high-added 
value chemicals. Sometimes these routes are challenging through chemical methods because they 
employ expensive metal catalysts with limited selectivity. Biocatalytic enzyme cascades offer many 
advantages over these current chemical synthetic methods since they are more selective, reducing 
purification and isolation steps of intermediates to easily access to enantiopure products. Moreover, 
the biological origin of enzymes endows the process with higher sustainability since they do not 
require using toxic organic solvents and their energy demands are much lower [2]. Besides, 
immobilized biocatalytic systems are gaining importance for continuous flow biocatalysis allowing 
stabilization and recycling of biocatalysts [3]. 

In this work we describe the preparation of a multi-functional heterogeneous biocatalyst for the 
synthesis of aminoalcohols starting from renewable diols. The biocatalyst comprises an enzymatic 
cascade composed for 2 main enzymes, an alcohol dehydrogenase and a ω-transaminase which are 
co-immobilized in the same agarose-based microporous particle with other two secondary enzymes; 
a cofactor regenerating one (NADH oxidase) and an equilibrium shifting one (L-alanine 
dehydrogenase) (Scheme 1)We optimized the co-immobilization of the four enzymes in the same 
microparticle to successfully achieve the one pot oxidation/amination of the starting diol, integrating 
both orthogonal cofactor regeneration and product equilibrium displacement systems. We evaluate 
the versatility of this multi-functional heterogeneous biocatalyst by preparing a battery of different 
aliphatic and aromatic aminoalcohols yielding from 5 to 80% of conversion. Finally, we evaluate its 
operational stability by thermal inactivation studies and repeated uses in both consecutive batch 
cycles and continuous synthesis. 
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The enzymatic conversion of nitriles to carboxylic acids by nitrilases has gained significance in the 
green synthesis of several pharmaceutical precursors and fine chemicals. While nitrilases have been 
characterized from different sources, there still exists a need for new enzymes that especially possess 
higher substrate tolerance, wider specificity and better thermostability for industrial application.  

We have identified 16 novel nitrilase sequences based on genome mining and analysis of critical 
residues involved in substrate binding. The nitrilases were over-expressed in E. coli BL21 and their 
biocatalytic potential was evaluated on a panel of 22 industrially relevant nitrile substrates using 
high-throughput screening and HPLC analysis. Nine nitrilases were identified to exhibit high activity 
on a broad spectrum of structurally diverse nitriles including aliphatic and aromatic dinitriles, 
heterocyclic nitriles, beta-hydroxy and beta-keto nitriles. Nitrilases from Zobelia galactanivorans 
(Zgnit), Achromobacter insolitus (Ainit) and Cupravidus necator (Cnnit) were employed as whole 
cell biocatalysts in the conversion of cyanopyridines, iminodiacetonitrile (IDAN) and mandelonitrile, 
respectively. Zgnit was able to achieve yields of 2.4 M nicotinic acid and 1.8 M isonicotinic acid from 
3-cyanopyridine and 4-cyanopyridine respectively within 5 h, using fed-batch substrate addition.
Ainit could achieve 85% conversion of 670 mM IDAN in 6 h. On the other hand, Cnnit could tolerate
up to 100 mM mandelonitrile with enantioselective conversion to (R)-mandelic acid. Directed
evolution of the enzymes is being pursued to further improve conversion efficiency and product
yields.

 In addition, a fed-batch fermentation process was developed on defined media for the high cell 
density cultivation of nitrilase-expressing E. coli. A DO-stat feeding approach was employed 
combined with optimized post-induction strategy to achieve nitrilase titer of 250 kU/l and 78 g/l dry 
cell weight. The availability of highly active nitrilases along with bioprocesses for enzyme production 
expands the tool box for industrial biocatalysis. 
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Enantiomerically pure Halohydrins are very useful synthones of Organic Chemistry. However, their 
preparation by stereoselective reduction of CO carbonyl group and of C=C double bond of a-Halo 
cyclic enone precursors, e.g. I, is well known to be incompatible with the classical asymmetric 
hydrogenations catalysed by transition metals, since at such a condition the Halogen substituent is 
labile (Scheme 1a). In contrast, we have shown that the multi-enzymatic reductions of I by ene-
reductases (ER) and alcohol dehydrogenase (ADH) give the corresponding Halohydrins in good 
yields (>70%) and with very high enantiomeric excesses (ee>98%, Scheme 1a).[1] In addition, we 
report on an application of our multi-enzymatic cascade process for the stereoselective synthesis of 
the most pleasant stereoisomer of the commercially available Jessemal® fragrance (Scheme 1b).  
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The most critical factor in generating efficient bioelectrocatalysts is the electrical coupling of the 
enzymatic activity to the transducing electrode. Enzymes that are capable of direct electron transfer 
(DET) are independent of cofactors and represent therefore a promising tool for bioelectrocatalytic 
oxidation and reduction reactions. Cellobiose dehydrogenase (CDH) is one of the few 
oxidoreductases capable of DET. It is composed of a catalytically active flavodehydrogenase domain 
connected to a b-type cytochrome via a flexible linker peptide. The catalytic flavodehydrogenase 
domain of CDH is a member of the GMC-oxidoreductase superfamily and capable of generating 
various aldonic acids from disaccharides. In this study, CDH serves as model enzyme to generate 
chimeric flavocytochromes based on different GMC-oxidoreductase members with different reaction 
products, such as glucose dehydrogenase (gluconic acid), pyranose dehydrogenase (2-keto-glucose) 
and aryl alcohol oxidase (aromatic aldehydes).  

We fused the cytochrome domain of Neurospora crassa CDH IIA to selected GMC-oxidoreductases 
to generate chimeric flavocytochromes with a built-in redox mediator for direct bioelectrocatalysis. 
For this purpose, glucose dehydrogenase (GDH) from Glomerella cingulata and Aspergillus flavus 
have been chosen for initial studies, because their substrate specificity and oxygen insensitivity 
makes them promising candidates for glucose biosensors. The CYT is supposed to be used to reroute 
the flow of electrons from the catalytic centre of the GMC-oxidoreductase to an electrode. These 
chimeric flavocytochromes have been recombinantly produced in Pichia pastoris, 
chromatographically purified, and characterized by spectrophotometric assays using different 
electron acceptors, rapid spectroscopy and electrochemical methods. The presented results provide 
a basis for optimizing direct electron transfer rates and for maximizing their performance in 
bioelectrocatalytic processes. 
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The aryl-alcohol oxidase (AAO) is a flavoenzyme that plays the role of fungal H2O2 supplier to 
peroxidases and peroxygenases during natural lignin degradation [1]. The AAO oxidizes aromatic 
alcohols with high enantioselectivity, an appealing mechanism for synthesis processes like the 
resolution racemic mixtures in organic chemistry. Unfortunately, activity on quiral molecules, 
secondary alcohols, is a residual feature for AAO [2]. Recently, an expression platform for the 
directed evolution of the AAO from Pleurotus eryngii was developed in Saccharomyces cerevisiae 
and a highly stable and soluble variant was obtained, an optimal canvas to engineer activity on 
secondary alcohols [3]. Here, we present the modulation of the AAO activity to accept chiral aromatic 
alcohols as substrates. First, the active site of the enzyme was remodeled unveiling activity with 
secondary 1-(p-methoxyphenyl)-ethanol [4]. Thereafter, several beneficial mutations were gathered 
by structured-guided directed evolution and curated by a site-directed recombination step. The final 
variant, LanDo mutant, presented five new substitutions and it was characterized at the biochemical 
and computational levels. The location of the mutations allowed bulkier alcohols to be better 
accommodated at the active site, with smaller distances to the catalytic base and cofactor as 
estimated by ligand diffusion simulations. LanDo variant improved the catalytic efficiency with (S)-
1-(p-methoxyphenyl)-ethanol by three orders of magnitude while maintaining the enzyme´s high 
stereoselectivity (ee >99%). Being able to oxidize a selection of chiral benzyl alcohols, the LanDo 
variant could be used as a potential tool for the resolution of racemic mixtures of secondary alcohols 
[5]. 
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We previously reported the isolation and characterization of a bacterial deacetylase (CmCBDA), 
which catalyzes selectively the hydrolysis of GlcNAc to glucosamine under mild reaction conditions1. 
This CmCBDA deacetylase was further studied and demonstrated to catalyze the N-acylation of 
unprotected glucosamine and to N-transacylate unprotected N-acetylglucosamine at ambient 
temperatures. A wide range of N-acylglucosamine derivatives bearing aliphatic chains or different 
functional groups suitable for further incorporation reactions were obtained in high conversion 
rates. Furthermore, CmCBDA catalyzed the N-acylation of glucosamine and was used in an 
enzymatic cascade for the synthesis of sialosides. 
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Amide bonds are a key chemical functional group in a host of synthetic molecules, including 
polymers (proteins, nylon), pesticides (propanil, chlorpropham), and pharmaceuticals (valsartan, 
lisdexamfetamine). Amide bond formation is a resource intensive transformation using traditional 
chemical synthesis. This generally requires ‘activation’ of a carboxylic acid in order to couple to a 
nucleophilic amine. These reactions are performed with super- or stoichiometric amounts of 
expensive coupling reagents using atom-inefficient synthetic routes. The reagents, as well as the 
resultant waste, are highly toxic and environmentally unfriendly. On the other hand, formation of 
amide bonds using enzymes is highly efficient and performed under mild conditions without the 
need for the coupling agents used in current synthetic chemistry. Employing enzymes as a tool to 
perform these couplings has great industrial value as they have the potential to be more efficient, 
environmentally friendly, and cheaper than currently available chemical routes. Proteases and 
lipases are already known to have utility in forming amide bonds under mild conditions. However, 
these eukaryotic-based enzymes are known to have problems due to their poor expression in 
prokaryotic systems. Here we report a panel of evolved esterase enzyme variants that have good 
prokaryotic expression with the novel ability to form amide bonds on a diverse set of ester and amine 
substrates including less reactive aromatic, and hindered amines (Figure). The evolved esterases 
were found to have low E. coli toxicity, good growth and high protein expression levels. These 
enzymes were found to have activity in not only aqueous systems, but in the presence of organic co-
solvent, or even near-total organic solvent (~98%). These evolved esterases can be immobilized to 
perform continuous flow operations for amide production, which aids in the purification of the final 
product. 
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Oxygen-containing heterocycles are important structural motifs in organic compounds such as fine 
chemicals and natural products.[1] As their backbone comprises several potentially functionalizable 
carbon atoms, their preparation is mostly elaborate and needs highly specific synthetic methodology. 
Heterocycles are often part of bioactive polyketides, which are biosynthesized by polyketide 
synthases (PKS). These synthases contribute significantly to the high complexity of polyketides by 
stepwisely elongating the backbone and reductively processing the formed β-keto-thioester 
intermediate by ketoreductase, dehydratase (DH) and enoyl reductase domains. Further 
modifications by non-standard PKS domains and tailoring enzymes can lead to the formation of 
heterocycles. 

A novel group of cyclases with PKS origin, which form oxygen containing heterocycles via 
intramolecular oxa-Michael addition, was recently characterized for the first time.[2,3] The domain 
AmbDH3 from the ambruticin PKS shows a unique dual activity as a dehydratase and a pyran-
forming cyclase (figure 1).[4] Our previous investigations suggest that AmbDH3 might exhibit 
attractive stereoselectivity, substrate tolerance and scalability of its reactions. We strive to deepen 
these studies and expand them to similar cyclases. 

 

Figure 1. AmbDH3 catalyzed dehydration cyclization cascade. 

Apart from further in-depth-studies on AmbDH3, we expand these investigations towards similar 
cyclases from various biosynthetic pathways with the long-term aim to develop a “biocatalytic 
toolbox” of oxygen heterocycle-forming cyclases. Furthermore, we improve the applicability of these 
cyclases by techniques like enzyme immobilization to yield stable and recyclable catalysts. This type 
of enzymes has great potential for the synthesis of chiral fine chemicals and heterocycle-containing 
drugs. 
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L-Homophenylalanine (L-HPA) is a chiral unnatural amino acid which is a key intermediate in the 
synthesis of angiotensin converting enzyme inhibitors and several pharmaceuticals. Biosynthesis of 
L-HPA catalyzed by engineered phenylalanine dehydrogenase has been proven as the most 
promising route. Most research focus on the modification of active site of amino acid 
dehydrogenases. From the perspective of loop engineering, we improved the activity by modifying 
the substrate channel for the bulk substrate. 

Halophilic phenylalanine dehydrogenase (PheDH) from Bacillus nanhaiensis which is organic 
solvent tolerant. Based on modification of C-terminal loop by 4-10 amino acid residues, the activity 
of modified PheDHs for synthesis of homophenylalanine were studied. By deleted 4 and 8 amino 
acid residues from C-terminal, the activity of reductive amination of ethyl 2-oxo-4-phenylbutyrate 
were improved by 1.99 and 2.95 folds, respectively, while the oxidative deamination toward 
homophenylalanine were decreased by 21.8% and 13.7%, respectively. The activity of PheDH-8 for 
ethyl 2-oxo-4-phenylbutyrate was 2.19 U/mg. 

Modular docking and structure assignment analysis indicated that modification of loop not only 
decrease the hindrance of substrate channeling for bulk substrates but also change the charged 
condition of C-terminal. On the basis of structural analysis and dynamic simulation, rationally 
design of dynamic C-terminal loop region can regulates the activity toward bulk substrate. The 
present study provides an efficient and feasible enzymatic process for the production of L-HPA. 
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The benzylisoquinoline alkaloids (BIAs) are one of the most structurally diverse group of compounds 
among higher plant secondary metabolites, which have been reported to show significant 
pharmaceutical activities, such as anti-tumour, anti-HIV and anti-inflammatory properties.[1] 
Natural benzylisoquinoline alkaloids share a common BIA nucleus and are generated from (S)-
norcoclaurine, which is synthesised from the condensation of dopamine and 4-
hydroxyphenylacetaldehyde.[2] The production of BIAs via synthetic biology approaches provides a 
higher yielding strategy compared to the traditional synthetic methods and plant isolation methods. 
Meanwhile, the reconstruction of BIAs pathways in microorganisms combining heterologous 
enzymes can also give access to BIAs via cascade reactions in vitro. Most importantly, non-natural 
BIAs can be generated through such artificial pathways. We will describe the synthesis of several 
BIAs, including several non-natural BIAs, utilizing new tyrosinases, decarboxylases, a transaminase 
and a norcoclaurine synthases in cascades from L-tyrosine and analogues.[3] 
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The synthesis of enantiopure amines via amine transaminases involves several challenges including 
unfavorable reaction equilibria and product inhibition. Described here is a non-catalytic approach 
to overcome such problems by using an in situ-product crystallization (ISPC) to selectively remove a 
targeted product amine from an amine transaminase-catalyzed reaction. The continuous removal of 
the product amine from its reaction solution as a barely soluble salt effectively yields a displacement 
of the reaction equilibrium towards the products and facilitates a simple downstream processing 
approach via filtration. 
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Biocatalysts are versatile tools in the toolbox of an organic chemist, as many biocatalysts have a 
higher conversion rate than transition metal catalysts or organocatalysts and can exhibit almost 
absolute diastereo and enantio selectivity.[1, 2] The continuous flow process extends this tool with 
new valves to optimize the properties of biocatalysts and the overall benefits of continuous flow 
processes. Some of these advantages are safer reactions through low actual amounts of hazardous 
compounds, superior heat and mass exchange through relatively small volumes, better reproduci-
bility through better reaction control and simple automation for the same reason.[3, 4] With flow 
systems it is possible to link biocatalyst reactors to simulate a natural division that allows simple 
cascade reactions with fewer by-products compared to classical batch processes. In addition, the 
optimization of the parameters for a biocatalyst allows the selective formation of a product from an 
otherwise product-endangered catalyst. 

Here we present the systematic comparison of different covalent and non-covalent immobilization 
techniques on selected biocatalysts, including a vector set that allows a simple exchange of tags for 
individual evaluation of the optimal system. 
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Carboxylic acid reductases (CARs, EC 1.2.1.30) catalyse the selective one-step reduction of carboxylic 
acids into their respective aldehydes with little or no over-reduction to the respective alcohols. CARs 
activate the carboxylate substrate with the aid of ATP and catalyse the reduction step using NADPH 
as hydride donor, showing a broad range of substrates, ranging from aliphatic acids to aromatic, 
polycyclic and heterocyclic acids, besides a wide variety of substituents (1). Hence, CARs have been 
applied in various synthetic processes and, in several cases, combined prosperously with other 
enzymes and/or chemical steps through cascade reactions to synthesize pharmaceuticals and other 
valuable products applying more economical routes (2,3). Therefore, the aim of this work is to 
produce and characterize CAR enzymes for the selective reduction of benzoic acid and some naturally 
available carboxylic acids, such as 3-hydroxybenzoic acid and 3,4-dihydroxybenzoic acid, whose 
corresponding aldehydes can act as building blocks to achieve pharmaceutical ingredients (4). The 
CAR enzyme from Nocardia otitidiscavium (NoCAR) (2,5) seems to be very potent for this purpose 
and was therefore chosen to be overexpressed in E.coli BL21 DE(3). However, the low expression 
levels and the formation of inclusion bodies hampered the production of sufficient amount of soluble 
and active protein. But for a feasible biocatalytic process, in which the catalyst production plays a 
major role, high levels of heterologously overexpressed active enzyme is essential, including a 
suitable cofactor regeneration system. Therefore, optimization of the expression conditions, such as 
the use of another host strain (E.coli TUNER DE3), the choice of medium, time and temperature of 
cultivation as well as the concentration of inducer (IPTG) were performed to have significant 
improvements with respect to gene overexpression and production of mostly soluble protein. NoCAR 
enzyme was produced, purified, and its activity towards the reduction of carboxylic acids into their 
corresponding aldehydes was herein targeted. 
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Ammonia lyase enzymes catalyse the deamination of amino acids to produce the corresponding 
acrylic acids with the release of ammonia.[1] To date, enzymes of this type which make use of the 4-
methylideneimidazole-5-one (MIO) active site moiety during catalysis have been subdivided into 
three classes based on their natural substrate specificity. These have traditionally included histidine 
ammonia lyases (HALs), tyrosine ammonia lyases (TALs) and phenylalanine ammonia lyases 
(PALs), with enzymes possessing each function shown to accept only primary metabolic aromatic 
amino acids.[1] By screening a commercially available enzyme kit with a selection of natural and 
non-proteinogenic amino acids, a new member of the enzyme family was found able to deaminate 
dihydroxy-L-phenylalanine (L-DOPA) but with little detectable activity against the usual ammonia 
lyase substrates. Analysis of the sequence of this novel ammonia lyase revealed some distinctive 
variations from the characteristic zymophores of HALs, TALs and PALs,[2] particularly in residues 
present in the aromatic binding pocket of the enzyme, as inferred from homology. These included 
two residues known to be variable within the enzyme family, often reported to be ‘selectivity 
residues’,[1, 2] and another residue for which natural variation is not reported in the literature.[2] 
These sequence data were used to construct a new zymophore, which was employed as a guide to 
discover more enzymes of this type via sequence alignments with a publicly-available translated 
nucleotide database. The results gave potential hits in two distinct clades of the MIO-containing 
enzyme phylogeny, with clusters in both prokaryotes (Alphaproteobacteria) and eukaryotes 
(Sodariomycete fungi). To our knowledge, these enzymes represent the first verified instances of 
MIO-containing ammonia lyases being specific to L-DOPA and discriminating against the primary 
metabolic aromatic amino acids L-histidine, L-tyrosine and L-phenylalanine. This discovery opens 
up new opportunities in the development of biocatalysts for sustainable chemical manufacture and 
biotherapeutics for neurological disorders. 
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A new enzymatic reaction-type of carbene-transfer reactions has been shown by the seminal work of 
Arnold and co-workers in 2013.[1] An impressive set of reactions was demonstrated since then 
predominantly employing the enzymes P450BM3, myoglobin and cytochrome C.[2]  

In 2016, we identified the dye-decolorizing peroxidase (DyP) YfeX from E. coli to catalyse carbene-
transfer reactions. YfeX is an iron-heme enzyme with histidine as proximal ligand and remarkable 
expression as well as stability levels. Using this DyP, we could show carbonyl olefinating activities in 
the presence and absence of phosphines.[3] 

Recently, we were able to demonstrate the activity of 
YfeX on C—H functionalisations of indole using the 
standard carbene-precursor ethyl diazoacetate (EDA) 
in collaboration with the Koenigs lab (RWTH 
Aachen).[4] In this study, we could additionally show 
and investigate the carbene-transfer reaction of 
diazoacetonitrile (DAN) onto indole. This reaction is 
of high interest as it provides direct access to 
important precursors for the synthesis of tryptamines 
such as serotonin. We could improve both reactions by 
an initial alanine-scan of the active site residues and 
deuterium-labelling experiments providing insights 
into the mechanism, which revealed a different 
reaction path for the two diazo-compounds.  

To further improve these reactions, we set out to develop several high throughput techniques to allow 
applying directed evolution protocols. We developed a novel Golden Gate-based mutagenesis 
method, which allows the saturation of up to five positions simultaneously within one day.[5] Aided 
by the freely available online tool for the primer design as well as a graphical analysis of the 
sequencing—accessible at https://msbi.ipb-halle.de/GoldenMutagenesisWeb/ —this Golden 
Mutagenesis technique provides rapid and facile access to small and large mutant libraries.  

We used this technique and others to perform five rounds of directed evolution on the carbene-
transferring reaction to indole. We applied a combination of single-codon saturation mutagenesis 
(SCSM)[6] and iterative saturation mutagenesis[7] that resulted in reshaping the active site.  

The evolved enzyme shall be applied in microproduction units in the framework of the Leibniz 
Research Cluster. 
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For an enzyme to be useful for synthesis, almost always protein engineering is necessary (1). As a 
result, faster engineering methods would enable much wider applications of enzymes, especially in 
the synthesis of pharmaceuticals (2). For some enzymes, computational design can generate suffi-
ciently improved enzyme variants in a very short time (3). There is, however, still a huge need for 
more reliable computational methods. One of the challenges for computational design is that often 
the substrate becomes wrongly positioned in the active site, which is unfavorable for catalysis (4).  

We targeted an alcohol dehydrogenase because these enzymes are capable of producing chiral 
alcohols from prochiral substrates (ketones). In such enzymes, the substrate orientation in the active 
site determines the chirality of the product, which reveals whether the designed binding orientation 
is indeed present. A more practical benefit is that successfully redesigned enzyme variants can 
produce enantiopure building blocks for organic synthesis. The wild-type Thermus thermophilus 
ketoreductase reduces acetophenone to (S)-1-phenylethanol with > 99% enantiomeric excess (5). 
With the goal of inverting enantioselectivity, we computationally designed four variants, each with 
six to eight mutations. Three of those four variants indeed produced the (R) alcohol with >99% 
enantiomeric excess. Thus, it was possible to obtain variants with completely inverted 
enantioselectivity with a minimum of experimental screening. 

To achieve this result, we needed to improve the computational modeling. Previously, we developed 
the CASCO protocol, in which thousands of computationally designed variants are screened by 
geometric scoring during MD simulation (6). In the case of ketoreductases, the slow exchange 
between different binding modes made the existing MD procedures ineffective. This was solved by 
introducing affinity predictions to quantify the participation of the different substrate binding 
modes. 
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Knoevenagel condensation continues to be outstanding importance in the way to build complex 
molecules, being commonly used in the chemical and pharmaceutical industry. The classical 
Knoevenagel reaction involves the condensation of aldehydes and carbon acid compounds to afford 
α, β- unsaturated compounds and can be carried out in the presence of bases, Lewis acids, zeolites, 
clays, ionic liquidsm or amino acids.[1] Despite the common view of simplicity with proceeding 
Knoevenagel reaction, this method suffers from some drawbacks. Thus, the development of cascade 
reaction is a key point for the efficient synthesis of desired products.  

Herein, a new enzymatic protocol based on lipase-catalyzed cascade toward (E)- α, β- unsaturated 
carboxylic acid esters is presented. The proposed cascade consists of elementary organic processes 
starting from acetal and cyanoacetic acid leading to formation of desired produts in a cascade 
sequence. The combination of promiscuous abbilities gives a new opportunity to synthesize complex 
molecules with high yield in the one-pot procedure. The influence of reaction conditions, including 
the organic solvent, enzyme type, addition of water, or enzyme recycling, will be presented. 

The presented cascade provides meaningful qualities such significantly simplified process and 
excelent (E)- selectivity of products in a biomimetic cascade.[2] 

 

Figure 1. Schematic representation of proposed enzymatic cascade. 
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An increasing number of (bio)catalytic oxidation reactions rely on H2O2 as oxidant[1]. However, due 
to poor robustness of the biocatalysts against H2O2, these reactions usually require an in situ H2O2 
generation system[2]. In analogy to the well-known formate dehydrogenase to promote NADH-
dependent reactions, we propose using a formate oxidase such as the enzyme from Aspergillus 
oryzae (AoFOx) to promote H2O2-dependent enzymatic oxidation reactions[3].  

Figure 1 –biocatalytic tandem with FOx for formic acid based oxidation (left) and examples with Unspecific 
Peroxygenase from Agrocybe aegerita (rAaeUPO) and V-dependent chloroperoxidase from Curcuvaria 
inaequalis (right). 

A wide range of peroxizymes could be promoted by AoFOx with highly encouraging catalytic 
performances (TTN >1,000,000) (Figure 1) [4]. Already at an early stage, FOx system is one of the 
best system to our knowledge for in-situ H2O2 generation. In view of preparative scale, oxygen 
diffusion and pH shift are two prominent challenges that needs to be address. We will discuss about 
the different strategies currently studied to meet space time yield required for preparative 
applications. 
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The combination of biocatalysts with photochemistry as well as the use of light-dependent enzymes 
have opened a whole new field in biocatalysis.[1] A range of commercial, externally or internally 
illuminated photoreactors are available to provide the required light for such reactions.[2] However, 
due to the youth of the field, the equipment employed is often not very well characterized, and 
custom solutions are in use to irradiate the reaction. Also, most of the available systems do not allow 
a fast and reliable evaluation of different illumination- and reaction-conditions, as only a single 
sample can be tested at a time.[3]  

To enable running multiple parallel reactions in a classical biocatalytic screening approach, a new 
photoreactor was designed and will be published as open source with the following features: 
• Up to 24 parallel reactions in 2 mL glass vials with two different light sources per glass vial
• Up to four different illumination conditions in parallel
• Controllable light intensity and light pulse frequency
• Controllable wavelength (white light or one of 12 distinct fixed wavelengths)
• Controllable reaction temperature
• Controllable agitation via shaking
• Option to control further light sources outside the reactor
Preliminary results of ongoing research on photobiocatalytic reactions using this reactor will be
presented.
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Industries could not imagine business without aldehydes. This applies especially to the flavor and 
fragrance industry who utilize aldehydes as end-products, but also to the pharma and fine chemical 
industry where aldehydes play a key role as versatile, reactive intermediates. Up-to-date, processes 
used for commercial production of aldehydes raise environmental and ecological concerns. Their 
synthesis from carboxylic acids is a challenging synthetic task but highly attractive in view of 
abundant supply of carboxylates from renewable resources.  

Carboxylate reductases (CARs, E.C. 1.2.1.30) are able to generate a broad variety of aldehydes from 
their corresponding carboxylic acids.[1]  

An economic way to utilize CARs is to embed them in living microbial cells to exploit cellular 
metabolism for co-factor regeneration (ATP and NADPH, respectively). Whereas microbial cells 
have many advantages, they also have drawbacks such as competing metabolic pathways, kinetic 
restrictions due to physical barriers or issues with carboxylate/aldehyde toxicity.[2] One solution to 
keep aldehyde levels in the cells in sub-toxic concentrations is to couple the reaction to follow up 
chemistry. For certain applications, cell free enzymatic routes are on demand. 

Herein, whole-cell-based carboxylate reductions are discussed,[3] including strategies to alleviate 
limitations by side reactions.[4] Furthermore, an in vitro multi-enzyme system that allows for 
quantitative reduction of various carboxylic acids with full recycling of all cofactors and prevention 
of undesired over-reductions is presented.[5] Finally, examples of multi-step reaction sequences 
with aldehyde intermediates are discussed.[6] 
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Mono- and dihydroxylated heterocyclic aromatic compounds are often used as precursors for 
pharmaceuticals and complex target structures. Especially the functionalization of N-heterocyclic 
aromatic compounds is of great interest for the generation of valuable drug synthons [1]. Although 
there are several chemical processes reported using metal catalysts with hydrogen peroxide or 
nitrous oxide for the oxidation of selected aromatic compounds, the application of these reactions 
for organic chemistry is rather limited [2]. Compared to chemical synthesis, the enzymatic 
dihydroxylation by Rieske non-heme iron dioxygenases is an attractive alternative. These 
multicomponent enzyme systems play an important role in the biodegradation of aromatic 
pollutants by incorporating molecular oxygen into aromatic compounds to generate chiral cis-
dihydrodiols [3]. Furthermore, the dihydroxylation proceeds under mild reaction conditions with 
concomitant high chemo-, regio- and stereoselectivity. 

Herein, we show the selective dihydroxylation of aromatic and hetero aromatic compounds using 
various dioxygenase enzymes. The study of the substrate spectrum indicated that the toluene 
dioxygenase from Pseudomonas putida was capable of hydroxylating many of the tested substrates. 
To improve the activity towards the hydroxylation of N-heterocyclic arenes, a semi-rational 
engineering of active site and entrance channel residues was performed. For screening of the mutant 
library, a photometric Gibbs-based assay was established [4] 

Figure 1: Toluene dioxygenase catalyzed hydroxy-
lation of the heteroaromatic compounds 2-phenyl-
pyridine (A) and 4-picoline (B). In the background 
the active site residues (grey) of the toluene 
dioxygenase α-subunit from P. putida (green) can 
be seen near the catalytic iron (orange). 
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Lactonase enzymes are valuable both in nature as well as in industrial applications for the mild, 
chemo- and stereoselective hydrolysis of lactones, thereby leading to hydroxycarboxylic acids and 
going along with important changes in the molecular properties and interactions. As this enables 
simple detection of the product of the lactonase reaction based on a pH change, lactonase activities 
can be easily monitored using a pH indicator dye, thus making possible rapid functional screening 
assays.  

Different classes of lactonase enzymes have been identified from thermophilic genomes and 
metagenomes, the enol lactonases, the quorum sensing lactonases and the sugar lactonases. These 
enzymes have been cloned and over-expressed, purified and subjected to biochemical and structural 
characterisation. Each class of these enzymes using different lactones as substrates have different 
3D structures and mechanisms.  

The substrate specificity has been evaluated using a variety of lactones from different classes of 
compounds and with different structural backbones, from hydrophobic cyclic lactones to hydrophilic 
monosaccharide lactones, which have been prepared by new synthetic methodologies, thus enabling 
the functional characterisation of these novel lactonases.  

Their substrate specificity has been rationalised based on the known and new crystal structures for 
the enol and sugar lactonase enzymes. 
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Anabolic-androgenic steroids (AAS) play a major role in treatment of many diseases, e.g. failure to 
thrive, anaemia and osteoporosis. AAS dehydrogenated at the C1 position of the ring A in the ABCD-
steroid core exhibit better affinity to androgen receptors in muscles than in testicles, which limits 
side effects of the therapy [1]. Cholest-4-en-3-one Δ1-dehydrogenase (AcmB) is a new tool for 
regioselective synthesis of 1-dehydrosteroids. The enzyme is a FAD-dependent 3-ketosteroid 
dehydrogenase (KSTD) isolated form Stereolibacterium denitrificans. AcmB has a broader substrate 
spectrum than other KSTDs and is able to oxidize steroids with an aliphatic side chain at C17. It 
exhibits an unusual pH optimum (6.5), unlike the other known KSTDs [2]. 

The aim of our studies was to investigate 
the catalytic mechanism, determine rate-
limiting steps and kinetic properties of the 
enzyme. Using UV-Vis spectrometry and 
stopped-flow measurements, the kinetic 
parameters for different steroids and 
artificial electron acceptors were 
determined. Site-directed mutagenesis 
was used to probe the role of (crucial) 
amino acids in the active site. Moreover, 
we created a chimeric protein of AcmB and 
KSTD1 from Rhodococcus erythropolis to 
test whether the unique loop of AcmB, not 
present in known structures of KSTDs, 

could be responsible for tuning the substrate spectrum. 

We demonstrated a crucial role of Y115, Y118, Y363, Y536 and G540 residues in catalysis. 
Furthermore, we showed that dehydrogenation proceeds according to the classical bi bi ping pong 
mechanism and FADH2 re-oxidation is the rate-limiting step. Interestingly, the excision of the 
unique loop has demonstrated that the presence of this fragment is not essential for C17-substituted 
steroids dehydrogenation, but has a significant influence on the reaction velocity. The highest 
catalytic efficiency of the enzyme was observed toward native substrate androst-4-en-3,17-dione and 
progesterone. 
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Since long-term exposure to ultraviolet (UV) radiation from sunlight can bring about skin aging (e.g., 
wrinkles and freckling), sunburn, and skin cancer, it is critical to wear sunscreens for protection from 
the UV rays. Although synthetic organic ingredients in sunscreens can absorb UV radiation, they 
were reported to have harmful effects on both human health and the environment. For example, the 
Hawaii State Legislature has passed a bill that forbids the use of two major chemical ingredients in 
sunscreens (oxybenzone and octyl methoxycinnamate) because they break down coral and 
consequently disrupt marine life development. Cosmetic companies have been seeking alternative 
UV absorbers derived from natural substances. Phenolic acids are compounds that can be derived 
from plant biomass. Ferulic acid, one of phenolic acids is found in grains, fruits and vegetables, and 
has been suggested as a candidate for a natural UV absorber. However, its poor solubility in oils 
hinders formulation into cosmetic products. In this work, enzymatic esterification of ferulic acid with 
a lipophilic alcohol is carried out in a solvent-free manner. Among lipases tested, Novozym 435 
showed the highest reaction conversion. The resultant ferulate was purified, and its UV absorption 
was compared to oxybenzone and octyl methoxycinnamate in solution and in cosmetic cream. Effects 
of its addition to commercial sunscreens were also examined. The ester exhibited synergistic effects 
with sunscreens, enhancing sunscreen performance. The lipophilic ferulate will be useful as a plant-
derived active ingredient in sunscreens and cosmetics. 
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Small genetically encoded peptide cyclised by intein chemistry are a promising group of molecules 
to screen for bioactive compounds. Because they are genetically encoded, large libraries of peptides 
can be created using common molecular biology techniques. Once produced in cells, cell-based 
assays allow the recovery of peptides of interest and their sequences through retrieval of their 
encoding gene.  

Using an unorthodox selection strategy we call Selection By Lysis (SBL), we are able screen libraries 
of periplasmic cyclic peptides for activities hard to select for by other means, in this case, peptides 
that sensitize bacteria to antibiotics. 

In a first approach, we look for peptides able to inhibit antibiotic resistance enzymes such as 
carbapenemases. We introduce periplasmic cyclic peptides libraries in strains we have engineered to 
express the target enzyme from a genomic locus. Upon addition of an antibiotic, cells sensitized by a 
produced inhibiting peptide will lyse, thereby releasing the inhibitor-encoding plasmid. Following 
centrifugation of surviving cells, the plasmids can be selectively recovered. 

In a second approach, we will mine those same libraries for peptides disrupting the outer membrane 
of gram-negative bacteria. Bacteria such as E. coli are resistant to glycopeptide antibiotics (e.g. 
vancomycin) because those cannot cross the outer membrane. However, E. coli strains with 
membrane defect are vancomycin sensitive. Therefore, peptides that disrupt the membrane either 
directly or by inhibiting membrane biogenesis enzymes will be selected using SBL. Those would be 
interesting leads for drug discovery or be useful molecular tools to investigate membrane biogenesis. 

Mock experiments carried out with known inhibitors of β-lactamases have shown that SBL can 
isolate inhibitors from a library of 108 variants in three rounds of selection, showing the potential of 
SBL as a method to mine libraries for compounds that diminish the fitness of the bacterial host in a 
specific way. 
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Biotransformation has been increasingly applied for the production of everything from fine 
chemicals to pharmaceuticals.[1] However, the biocatalytic process developed to date is performed 
mostly in aqueous media because nature enzymes or microbes are only water-soluble, which 
prohibits many important reactions using water-insoluble substrates in industry.[2] To address 
this issue, we aim at the development of novel emulsions that solubilize biocatalysts in water and 
substrates in organic media, while possessing the large emulsion interface for catalytic efficiency. 
To this end, a water-in-oil emulsion was first created using block-copolymers, poly(ethylene glycol)-
block-poly(ε−caprolactone), as stabilizers (Figure A).[3] The emulsions were developed into a 
compartmentalized structure by adjusting polymer structure and water/oil ratio, giving rise to a 
large surface area. Encapsulation of biocatalysts into the emulsions typically resulted in higher 
activity. For example, the activity of benzaldehyde lyase (BAL) in the emulsions could be enhanced 
over 225 times compared to an unemulsified two-phase system. Moreover, the emulsion system 
could be also applied to encapsulate live whole cells for efficient catalysis.[4] 
In addition to the block copolymers, enzyme-polymer conjugates, BAL-poly(N-isopropylacryl-
amide), were prepared to directly stabilize emulsions (Figure B), where the conjugates act not only 
as interfacially active emulsifiers but as catalytically active sites.[5] The emulsions resulted in the 
extraordinary bioconversion, while allowed for multiple reuses without significant loss of enzyme 
activity. Furthermore, other enzymes like glucose oxidase and lipase were conjugated to the 
polymers for emulsion formation; combined with a second enzyme, the emulsions could be used for 
efficient cascade reactions.  

Overall, we demonstrate the preparation of novel emulsions stabilized by block-copolymers and 
protein-polymer conjugates for efficient bioconversion, respectively. On a broader perspective, these 
successful demonstrations open new avenues in the field of emulsion biocatalysis, where a plateau 
of enzymes and whole cells can be further explored for industrially relevant biotransformation. 
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With increasing global consumption and their natural resistance to degradation, the accumulation 
of plastic materials in the environment is of increasing concern, especially for the aromatic polymers. 
The past few years have witnessed the discovery of PET-hydrolyzing enzymes that decompose PET 
into its building blocks, and provide attractive and sustainable alternatives to chemical recycling. 
Among the reported microbial polyester hydrolases, PETase from Ideonalla sakaiensis (IsPETase) 
has shown highest PET degradation activity under mild conditions. Due to the inertness of PET at 
mild temperatures, a biocatalytic recycling at low reaction temperatures is unlikely to be feasible. 
This triggers a quest for more efficient degradation of PET. In the present study, we utilized a 
computational strategy (Iterative Overlay Network for Enzyme Stabilization, IONES) to improve the 
thermalstability of PETase. The combined variant had an increased apparent melting temperature 
by 30 °C with satisfying performance at high temperatures and significant enhanced long-term 
survival under mild condition. The PET degradation activity was enhanced by 173-fold at 50 °C for 
48 hours, which compensated the low yield obtained with the wild type enzyme. Additionally, the 
biodegradations of other plastics, such as PBT and PEN, have been significantly improved by the 
computationally engineered variant. The increase in stability was accompanied by a large 
improvement in organic co-solvent tolerance, thus enhancing the potential of this enzyme for 
complete bio-degradation in alcoholysis application. Furthermore, the proposed computational 
strategy enabled a larger jump in enzyme stability, increasing the probability of discovering good 
adaptive routes to higher fitness. 
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The vanadium-dependent chloroperoxidase from Curvularia inaequalis (CvVCPO) catalyses the 
oxidation of halides (Cl-, Br-, I-) to the corresponding hypohalites (OCl-, OBr-, OI-). The latter are 
reactive oxidants, which can be used in a range of oxidation reactions (Scheme 1). Using CvVCPO in 
lieu of stoichiometric bleach offers the possibility for significantly reducing salt wastes in bleach-
based oxidation reactions. 

Today, however, CvVCPO-catalysed oxidation reactions are mostly performed in rather dilute 
reaction media. Typically, substrate concentrations are in the millimolar range. This is unattractive 
both, from an economic and an environmental point-of-view. 

Therefore we aim at establishing reaction conditions with significantly increased substrate loadings. 
The current status of these efforts will be presented and critically discussed. 
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The isomerization of epoxides to carbonyl compounds is an important reaction in chemical synthesis. 
The reaction is usually performed by using the expensive transition-metal (ie, Ruthenium, Iridium, 
copper, palladium) under harsh reaction condition with varied regio- and stereo-selectivity. Styrene 
oxide isomerase (SOI), a membrane-bound enzyme involved in the styrene degradation pathways, is 
the only reported enzyme that could efficiently catalyze the conversion of epoxides into aldehydes or 
ketones. It is cofactor-independent and highly active, thus being of great potential for synthetic 
application. We previously investigated the SOI-catalyzed conversion of a number of substituted 
styrene oxides to the corresponding aldehydes [1,2]. We also combined SOI with other enzymes to 
build up new types of cascade reactions to convert styrene or substituted styrenes into the 
corresponding acids, alcohols and amines [1,2]. The biocatalytic cascades utilized the easily available 
and non-toxic chemicals (O2, NH3, and glucose) and substrates and gave high product conversion 
and yield. Here we report the further investigation of SOI and its unique reactions towards a group 
of new epoxide substrates to synthesize the corresponding useful and valuable acids, alcohols and 
amines. 
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In the present study, a native ketoreductase LbCR, thermostability and activity were evolved 
separately by directed evolution, generating mutations V198I and M154I/A155D with increased 
thermostability and mutations A201D/A202L with increased enzymatic activity. On the basis of 
additivity and cooperative mutational effects, variants LbCRM6 (M154I/A155D/A201D/A202L) and 
LbCRM8 (M154I/A155D/V198I/A201D/A202L) with simultaneously improved thermostability and 
activity were subsequently constructed by combining mutations. Analysis of variant structures 
demonstrated that increased thermostability was largely attributed to rigidification of flexible loops 
around the active site through the formation of additional hydrogen bonds and hydrophobic 
interactions. The best variant LbCRM8 displayed a 1944-fold increase in half-life at 40 °C and a 3.2-
fold improvement in catalytic efficiency compared with the wide-type enzyme. Using only 1 g L−1 of 
lyophilized E. coli cells coexpressing this LbCRM8 and glucose dehydrogenase BmGDH as a catalyst, 
t-butyl 6-cyano-(5R)-hydroxy-3-oxo-hexanoate up to 300 g L−1 loading was completely reduced 
within 6 h at 40 °C, yielding the corresponding t-butyl 6-cyano-(3R,5R)-dihydroxyhexanoate (ATS-
7) with >99.5% de and a space-time yield of up to 1.05 kg L−1 day−1. These results demonstrated that 
LbCRM8 is the most powerful biocatalyst for the synthesis of ATS-7, an advanced chiral intermediate 
for the production of the cholesterol-lowering drug atorvastatin. 
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The enzyme 4-oxalocrotonate tautomerase (4-OT) utilizes an N-terminal proline (Pro-1) as key 
catalytic residue to promote several promiscuous C-C bond-forming reactions, including the 
Michael-type addition of aldehydes to nitroalkenes to yield γ-nitroaldehydes, which are important 
precursors to pharmaceutically active γ-aminobutyric acids. These enzymatic reactions proceed via 
an enamine intermediate formed between the Pro-1 residue and the aldehyde substrate. This 
promiscuous Michael addition activity of 4-OT was improved by protein engineering, guided by 
mutability landscapes for enzymatic activity and enantioselectivity, resulting in the redesign of 4-OT 
into two enantiocomplementary ‘Michaelases’. These designer enzymes catalyze the asymmetric 
addition of acetaldehyde to various nitroolefins, providing access to both enantiomers of important 
γ-nitroaldehydes. 
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Peroxidases and peroxygenases are promising classes of enzymes for biocatalysis because of their 
ability to perform stereoselective oxyfunctionalization reactions. Industrial application is however 
limited, as the major drawback is the sensitivity of the heme-containing enzymes towards the 
required peroxides. This can be alleviated by the stepwise addition of diluted H2O2 which in turn 
increases reaction volumes and reduces both enzyme and product concentrations. Therefore, 
numerous approaches for in situ generation of H2O2 have been investigated, including the use of 
glucose oxidase, light-activated flavins or TiO2 catalysts as well as electrochemical H2O2 production 
(1-10). While all these methods have their own advantages and disadvantages, in all cases com-
ponents have to be added to the liquid. Herein, we report a non-invasive approach to circumvent 
these shortcomings: in situ production of H2O2 by atmospheric pressure plasma. 
Using horseradish peroxidase (HRP), we first investigated the plasma-driven conversion of model 
substrates. While conversion of guaiacol (GC) to the oxidized product tetraguaiacol (tGC) was 
successful, we observed that direct plasma treatment inactivated the enzyme. We therefore investi-
gated the structure as well as protein concentration and heme condition after plasma treatment. 
Based on these experiments, we concluded that the heme cofactor is the bottleneck when the 
enzymes are directly treated with the discharge. In order to prolong enzyme lifetime, several protec-
tion strategies were considered, e.g. tuning of plasma parameters. 
Employing our knowledge gained from HRP, unspecific peroxygenase from Agrocybe aegerita 
(AaeUPO) was then used to convert ethylbenzene to R-(1)-phenylethanol with an ee of >99%, using 
both direct and indirect plasma treatment. Although direct treatment with plasma discharge also 
resulted in reduced enzyme activity, plasma-treated buffer performed just as well as diluted H2O2 
with the same concentration. With this approach, we present the first non-invasive setup to drive 
peroxide-based biotransformations using a technical plasma. 
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Citric acid (CA) is an important commodity chemical used for food, beverage, detergents and 
chemical and medical applications. Aspergillus niger is known as a hyper-producer of CA, and 
biochemical mechanism of CA fermentation has been studied for a long time [1]. However, the 
machineries transporting CA remain unclear, especially mitochondrial CA transporters. On the other 
hand, we previously reported that disruption of the mitochondrial citrate-malate shuttle protein 
gene did not significantly affect CA-production by A. niger WU-2223L, a CA-producing strain [2], 
and pointed out that the other mitochondrial transporter might be a main route for CA production. 
In this study, we confirmed the contribution of cocA, an orthologue of yhm2 gene encoding 
mitochondrial citrate-oxoglutarate shuttle protein in Saccharomyces cerevisiae, to CA-production 
by A. niger. Nucleotide sequence analysis reveals that the characteristic motif of mitochondrial 
transporters is also conserved in cocA of strain WU-2223L. The transcription level of cocA remained 
constant in mycelia of strain WU-2223L during the whole cultivation period under CA-producing 
conditions. Several cocA disruptants were generated and showed restricted growth on agar medium 
plates containing citric acid as sole carbon source. Among them, a typical disruptant strain DCOCA-
1 was used for further analyses. The amount of CA produced by strain DCOCA-1 (35 g/L) was 
significantly lower than that produced by strain WU-2223L (63 g/L) [3]. These results clearly 
indicated that the mitochondrial citrate-oxoglutarate shuttle protein COCA plays an important role 
in both export and import of CA between mitochondria and cytosol, and that COCA and the gene 
cocA significantly contribute to the hyper-production of CA in A. niger. 
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Lactones are important substructures in many natural and pharmaceutical products. Halolacton-
ization of unsaturated acids is a powerful chemical process in synthetic organic chemistry, which can 
not only construct small to large lactone rings but also functionalise olefinic double bonds.[1,2]  

The vanadium-dependent chloroperoxidase from Curvularia inaequalis (CiVCPO) was successfully 
applied for the catalytic halogenation of phenols,[3] halogenation of alkenes[4] as well as to mediate 
the (Aza-) Achmatowicz reaction.[5] 

Herein, we report the biotransformation of γ,δ-unsaturated carboxylic acids to halolactone deriva-
tives catalysed by CiVCPO in the presence of hydrogen peroxide and either Br- or Cl-.  
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Optically pure epoxides and the corresponding vicinal diols are important intermediates in synthesis 
of versatile β-blocker drugs. An epoxide hydrolase from Vigna radiata (VrEH2) is able to 
enantioconvergently hydrolyze racemic p-nitrostyrene oxide (pNSO) to form enantioriched (R)-p-
nitrophenyl glycol (pNPG), which can readily achieve total conversion of substrate. However, due to 
the non-strict specificity of its regioselectivity towards (S)-pNSO (rS =αS/β;S = 7.3), the optical 
purity of the product was unsatisfactory (less than 84% ee). To improve the regioselectivity of VrEH2, 
the crystal structure of VrEH2 was determined and the four non-catalytic residues (Phe33, Ile176, 
Phe196, Met263) around the substrate binding position were focused by insight of the substrate 
binding conformation of enzyme. Then a small library of VrEH2 mutants was constructed by 
substituting each of the four key residues with a simplified amino acid alphabet (Val-Asn-Phe-Trp). 
Among these mutants, mutant M263N attacked almost exclusively at Cα of the (S)-epoxide ring with 
satisfactory regioselectivity (rS = 99.0), without compromising the original high regioselectivity for 
the (R)-epoxide (rR = 99.0), resulting in near-perfect enantioconvergence (>99% analytical yield, 
98% ee). To enhance industrial potential of the promising biocatalyst, we prepared the immobilized 
enzyme VrEH2 M263N-ECR8405F using a commercial epoxy resin. Then a packed bed reactor filled 
with the immobilized VrEH2M263N was connected with macroporous resin NKA-11 for in situ 
product adsorption. A continuous enzymatic synthesis device was then established, which was 
operated stably for more than 144 h with a space time yield of 482 g L-1d-1. Finally, the harvested (R)-
pNPG was used for gram-level preparation the optically pure (R)-Nifenalol. 
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Lignocellulose consists of cellulose, hemicellulose and lignin as the major components. Lignin is 
used to maintain the hardness of the cell wall to avoid invading the surrounding environment and 
transporting nutrients and water. It can be transformed into a number of value-added bio-chemicals 
and biofuels. Lignin possesses an amorphous molecular structure formed by three phenylpropane 
units and their derivatives interlinked by ether bonds and carbon-carbon bonds with a three-
dimensional network of biological polymers. The three phenylpropane monomers are sinapyl 
alcohol, coniferyl alcohol, and p-coumaryl alcohol, respectively. 

In this study, the white rot fungi L. betulina and T. versicolor have been cultivated separately and 
together to investigate the synergistic effect of the two strains. Two major enyzmes: Lac and MnP 
secreted from the fungi were analyzed. The enzymatic activities of them were monitored throughout 
the fermentation period. SEM, GPC were carried out towards the products of the fermentation and 
degradation rates were calculated for the fermentations with a single or both of the strains. GPC was 
also used to follow the whole fermentation period to examine the competitation reactions between 
the polymerization and de-polymerization during the fermentation. The maximum degradation rate 
of the co-culture of L. betulina and T. versicolor reached 70%. 
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Pietro Biginelli, in 1891, developed a multicomponent reaction using aldehydes, dicarbonyl 
compounds and urea, employing acid catalysis, ethanol and reflux conditions [1, 2]. The products of 
the Biginelli reaction are known as dihydropyrimidinones (DHPMs). They are highlighted by carry 
stereogenic centers and by their biological properties, such as anticancer, calcium channel inhibition, 
anti-inflammatory, bactericidal, antiviral and antioxidant activity [3]. In this work was developed 
synthetic methodologies of DHPMs, of low cost and directed to the principles of Green Chemistry. 
The best reaction condition has used a catalytic system composed by CuCl/HCl and ethanol as the 
solvent, yielding racemic DHPMs in the range of 80-99%. The DHPM containing the bromine atom 
at the para position of the aromatic ring was selected as the model substrate for three enzymatic 
resolution reactions [4, 5], of aminolysis, hydrolysis and acetylation. Several lipases were tested 
(CAL-B, PPL II, etc.) and to date no satisfactory results have been obtained in obtaining 
enantiomerically enriched products (Scheme 1). 
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Iron(II)/α-KetoAcid-dependent Oxygenases (αKAOs) constitute a mechanistically diverse super-
family of enzymes that use dioxygen as the oxidant to catalyze several reactions via C-H bond 
activation, mostly hydroxylation. These enzymes exhibit high regio- and stereoselectivities with strict 
substrate specificity. We recently discovered enzymes that exclusively catalyze the stereoselective 
hydroxylation of L- lysine, named KDO for Lysine DiOxygenases, with C3 or C4 regioselectivities.[1] 

To understand the observed C3/C4-
regioselectivity, and as most of the αKAOs 
active towards amino acids and their 
derivatives are C3 regioselective, we 
performed a structural and compu-
tational analysis of the enzyme active sites 
of the superfamily to which our KDOs 
belong. We based our analysis on the 
structures that we solved by X-ray 
crystallography of two of the regio-
divergent αKAOs active towards L-lysine. 
This Active Site Modeling and Clustering 
(ASMC) classification enables us to 
identify the structural elements respon-
sible for the substrate specificity and 
regioselectivity of the hydroxylation reac-
tion of amino acids and derivatives.[2]  

Analysis of the three-dimensional 
catalytic site distribution among bacterial 
biodiversity revealed proteins with 
various specificities.[3] This approach 
allows exploration of the functional 
diversity within enzyme superfamilies. 
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Tetrahydroisoquinoline (THIQ) alkaloids are a family of important bioactive molecules such as the 
opioid analgesic morphine and anti-bacterial berberine. To access these THIQ alkaloids, many of 
which bear chiral centres, quaternary carbons and oxidation-sensitive groups, chemists have 
encountered issues including inevitably the usage of toxic metal catalysts or chemicals, and low 
productivity in multi-step total synthesis. The incorporation of biocatalysts into traditional organic 
synthesis provides many possibilities to prepare such THIQ alkaloids in a mild and atom-economic 
manner. 

Norcoclaurine Synthease (NCS) is a crucial enzyme that catalyses the Pictet-Spengler reaction in 
nature to form the precursor norcoclaurine in the morphine biosynthetic pathway. Here our research 
on the catalytic properties and synthetic applications of wild-type NCS and its mutants will be 
presented (Figure 1) [1-4]. Our study highlights a chemoenzymatic route using NCS towards the 
antibacterial and anti-influenza natural product (S)-trolline, which was isolated in 74% yield (95% 
ee) by a simple acid-base extraction method[1]. In addition, the tolerance of NCS towards unnatural 
ketones to form 1,1'-spiro and 1,1'-disubstituted chiral and non-chiral THIQ alkaloids was observed, 
and has been expanded to more challenging and unreactive substrates[2], [4]. Recently, other 
enzymes have been coupled with NCS to generate the aldehyde substrates in situ to access a wider 
range of THIQ alkaloids (eg. (S)-crispine A analogue). 
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The chemical synthesis of glycosidic bonds, involved in the design of many molecules of interest, has 
often proven to be quite challenging. While the vast biodiversity of retaining glycoside hydrolases 
(rGHs) constitutes a reservoir of readily available and robust en-zymes for the catalysis of 
glycosynthesis reactions, not many of these enzymes are capable of significant innate synthesis (i.e. 
via transglycosylation). Indeed, transglycosylation and hydrolysis catalyzed by these enzymes are in 
competition. Nevertheless, some rGHs can be described as transglycosylases (TGs), performing 
efficient synthesis reactions without any significant interference from hydrolysis. Recent work by our 
group has shed light on the hydrolysis/transglycosylation (H/T) equilibrium in rGHs [1], whose 
activities have been evolved towards transglycosylase activity leading to the molecular design of new 
TGs from rGHs [2]. 

Using a mixed protein engineering strategy, the hydrolytic GH51 α-L-arabinofuranosidase from 
Thermobacillus xylanilyticus (TxAbf) was used as a template to create transarabinofuranosylases 
[2]. We have pursued this work in order to finely probe the H/T partition of TxAbf by mapping its 
active site. This presentation will reveal kinetic, structural, and dynamic data that were collected 
from mutants mainly catalyzing transglycosylation reactions. Within this framework, we will also 
describe how certain mutants display a greater aptitude for transglycosylation, when using an 
alternative donor substrate, namely nitrophenyl-activated β-D-Galf, instead of the original pNP-α-
L-Araf. Our results are important, because they not only further our knowledge of the molecular 
determinants that govern the H/T partition in rGHs, but also open avenues towards the creation of 
efficient and regioselective transgalactofuranosylases. These latter might be useful for the synthesis 
of chemotherapeutic compounds. 
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Asymmetric reduction of imines catalysed by imine reductases (IREDs) represents an attractive 
approach for the synthesis of chiral cyclic amines. However, asymmetric reduction of 3,4-dihydro-
isoquinolines (DHIQs) with bulky substituents at the C1 position remains a great challenge for IREDs 
due to significant steric hindrance. Herein, we report the development of IREDs that are highly active 
and stereoselective towards bulky 1-substituted DHIQs via protein engineering of an IRED from 
Stackebrandtia nassauensis (SnIR).  

We achieved the synthesis of a panel of bulky 1-substituted 1,2,3,4-tetrahydroisoquinolines using the 
engineered SnIR variants, with full conversion and >99% enantiomeric excess in some cases. 
Moreover, the apo structure of SnIR and the structure of an SnIR variant in complex with NADP+ 
and a bulky 1-substituted DHIQ were determined at high resolution. Molecular dynamics 
simulations revealed the mechanistic basis by which the mutation increases the activity and reverses 
the stereoselectivity of SnIR variants. Importantly, we also experimentally demonstrated the 
generality of these mutations to improve other IRED enzymes for the reduction of DHIQs with bulky 
1-substituents. 
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Hydroxynitrile lyases (HNLs) have been demonstrated for their synthetic application in organic 
chemistry by asymmetric C-C formation. To further explore the synthetic value of HNLs, we aimed 
to develop an efficient enantioselective synthesis of classical β2-agnoist which avoid traditional 
racemization in final deprotection, employed our previously reported HNL from Prunus communis 
(PcHNL5) for the key step transformation. To overcome the limitation of the enzyme performance 
for transformation of benzo-aldehyde bears the bulky ketal group. A small but smart mutant library 
(total 10 candidates) was constructed based on the crystal complex of PcHNL5 with its natural 
substrate benzaldehyde and substrate tunnel analysis. Among these mutations, L331A exhibit a 590-
fold increase in specific activity compared to the wild type, thus resulting a remarkable breakthrough 
of transformation of 2,2-dimethyl-4H-benzo[d][1,3]dioxine-6-carbaldehyde (from <1% to >95% 
conversion and from 35% to >99% ee). Employing the variant L331A enabled the first highly efficient 
chemo-enzymatic gram scale preparation of (R)-Salmeterol via selective C-C formation and pro-
amine introduction, with overall 45% yield in three steps after cyanohydrin formation. Further 
kinetic investigation reveal that the position Leu331 may provide regulation in substrate recognition 
of aromatic aldehydes with different level of steric hindrance. Explored our L331 mutant library, 
structurally diverse unnatural pro-phamaco aldehydes can be efficiently transformed (from 1.6 to 
792 folds increase in TOF). Thus laying the groundwork for further develop of new chemo-enzymatic 
methodologies in modern synthetic chemistry. 
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Biocatalysis has been boosted to a level that non-natural reactions are realized in an efficient manner, 
benefitting from the remarkable advances in molecular biology and protein engineering. The 
creation of designer artificial enzymes with novel activities and specificities is recognized as an 
effective method to further expand the power of biocatalysis. Although diverse strategies have been 
used to design and create artificial enzymes, designing enzymes with the ability to efficiently catalyse 
chemical transformations that are not found in nature’s repertoire has remained largely unexplored. 

The Roelfes group has demonstrated that Cu(ll)- phenanthroline and bipyridine complexes are 
efficiently recruited to the LmrR pore and the resulting artificial metalloenzymes showed excellent 
selectivities in Friedel–Crafts alkylation reactions of indoles[1]. Recently, the Roelfes group has 
discovered a novel artificial enzyme based on p-aminophenylalanine (pAF) as active site residue, 
which is able to activate the aldehydes for hydrazone and oxime formation, via iminium ion inter-
mediate[2]. Based on this, this project aims to develop a new concept for enzyme design: synergistic 
catalysis which combines two strategies of artificial metalloenzymes, that are supramolecular 
assembly and designer artificial enzyme featuring unnatural catalytic residue. Here we show that 
this strategy allows for new reactivity and the use of substrates not accessible with a single catalyst. 
This novel concept significantly expands the catalytic repertoire of designer enzymes. 
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Chiral unnatural amino acids are frequently used as synthons for the preparation of various pharma-
ceutically active substances and agrochemicals. Compared to the traditional chemical asymmetric 
synthesis using poisonous or expensive catalysts, biocatalytic methods, which employ enzymes as 
catalysts under mild reaction conditions with high enantioselectivity, conversion, and space-time 
yield, are proved to be low-cost and environment-friendly alternatives. Among these, transamination 
catalyzed by transaminases and reductive amination catalyzed by amino acid dehydrogenases, has 
been clearly demonstrated to be promising approaches to the direct asymmetric synthesis of optically 
pure unnatual amino acids [1, 2]. However, these two processes or enzymes possess distinct 
characteristics, but neither is perfect or universally valid for industrial application. Transaminases 
with great diversity and broad substrate spectrum are always plagued by the unfavorable 
thermodynamic equilibrium and obligatory excessive amino donor. Contrarily the 
thermmodynamics of amino acid dehydrogenase favors the reductive amination but limit their 
suitable products to natural (proteinogenic) amino acids. 

Accordingly, an artificial bio-
catalytic cascade reaction 
system has been developed by 
combining the advantages of 
these two enzymes together 
with a cofactor recycling 
process: 1) transaminase trans-
fers the amino group from 
natural amino donor (only a 
catalytic amount) to the sub-
strate to give the desired 
unnatural products; 2) amino 
acid dehydrogenase recycles 
amino donor from corres-
ponding keto acids by consu-
ming ammonium and 
NAD(P)H; 3) finally, the cofac-
tor is recycled by alcohol dehy-
drogenase using isopro-panol.  
Nine representative unnatural 

amino acid products were successfully prepared through this novel approach, with nearly complete 
conversion and ee value over 99% despite structurally diverse. Additioally, an optimized process for 
synthesis of enantiopure non-selective herbcide L-Phosphinothricin by this cascade reaction reached 
a yield of 99.7% for conversion of 615.4mM substrate and obtained a productivity of 15.9 g/L•h. 
Therefore, this methodology was demonstrated not only to take the advantages of transaminase and 
amino acid dehydrogenase but to overcome the disadvantages of each one. 
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The NAD+-reducing module of Ralstonia eutropha soluble hydrogenase (SH) has been successfully 
used in a heterogeneous catalytic system for H2-driven NADH recycling, in combination with the 
robust NiFe hydrogenases from E. coli.[1,2] In order to explore the scope for extending this system 
to NADPH recycling, a number of variants of R. eutropha SH have been explored to see whether they 
have improved catalytic properties for NADP+ reduction. Protein film electrochemistry is a useful 
way to characterise redox half reactions catalysed by enzyme modules because the electrode supplies 
or takes up the electrons required or released during the catalytic reduction or oxidation reaction. 
The enzyme is immobilised on a carbon electrode surface such that its electron relay centres are in 
direct electronic with the electrode, and the electrode is immersed in a buffered electrolyte solution 
containing the enzyme substrate. Catalytic NADP+ reduction by SH variants results in a flow of 
electrons from the electrode to the enzyme, so enzyme activity is reported as the current at the 
electrode in response to changing substrate levels. It is therefore possible to determine Km values for 
the substrates NAD+ and NADP+ using the electrochemical method. Variants of the SH suitable for 
use in H2-driven NADP+ reduction are identified in this study. 
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Copper sites in proteins have evolved to perform either electron transfer or redox catalysis. Type 1 
and CuA sites are electron transfer hubs bound to a rigid protein fold that prevents binding of 
exogenous ligands and side reactions. Here I report the engineering of several Type 1 sites by loop-
directed mutagenesis within a CuA scaffold with unique electronic structures and functional 
features. UV-Vis, Resonant Raman and EPR spectroscopic results, together with computational 
calculations, point to a copper-thioether axial bond shorter than the copper-thiolate bond as the 
main responsible for the electronic structure features. This is in sharp contrast to all other natural 
or chimeric sites where the copper thiolate bond is short. Moreover, these sites display highly 
unusual features, such as: (1) a high reduction potential despite a strong interaction with the axial 
ligand, possibly due to geometrical constrains imposed by the protein scaffold and (2) the ability to 
bind exogenous ligands such as imidazole and azide, forming a Type 2 like adduct. This phenomenon 
was characterized thermodynamically and kinetically by means of UV-Vis spectroscopy and cyclic 
voltammetry. 

This engineering strategy widens the possibility of using natural protein scaffolds with functional 
features not present in nature. In particular, the high reduction potentials, combined with the ability 
of binding exogenous ligands within a stable protein scaffold, open new avenues to design water-
soluble catalysts able to perform challenging tasks such as water splitting and NO sensing, among 
others. 
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Enzyme-based electrochemical biosensors show tremendous potential for the efficient investigation 
of pharmacokinetic effects, in particular in the cases of co-medication, supplemental therapies with 
natural substances and interferences with specific food compounds. Since cytochrome P450 2D6 
(CYP2D6) is one of the most polymorphic CYPs and metabolizes at least 20% of all clinically relevant 
drugs, it is a suitable candidate for the construction of a biosensor to evaluate the interaction 
potential of xenobiotics. The most suitable approach for the design of a CYP-based biosensor is the 
direct (mediatorless) electron transfer (DET) from an electrode to the redox-active group of the CYP 
[1]. In order to develop CYP2D6-based biosensors comprising DET, enzyme immobilization enabling 
efficient electron transfer from the enzyme to the electrode surface is of essential importance.  

The aim of this work was to establish an efficient technique for CYP2D6 immobilization on carbon 
nanotubes (CNTs)-based electrode, which would enable measurement of CYP2D6 activity within a 
microfluidic device using minimal sample volume. CNTs were used for the efficient creation of a 
conductive channel between the CYP2D6 heme group and the electrode [2]. Immobilization of 
CYP2D6 by physical adsorption, cross-linking with various agents, Nafion® encapsulation and 
covalent binding on functionalized CNTs was studied. The retained enzyme activity and 
immobilization stability were evaluated based on the O-demethylation of dextromethorphan as a 
model reaction [3]. The encapsulation with Nafion® revealed the best results in terms of enzyme 
immobilization efficiency and stability. 
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Our understanding of protein sequence-function relationships, and consequently the predictability 
of mutations improving enzyme function, is limited. In recent years, protein engineers have been 
addressing this problem by gathering extensive functional datasets on mutations in deep mutational 
scanning experiments, utilizing the combination of ultra-high throughput screening and sequencing. 
Estimating the impact of random variation over a full gene, however, is difficult due to the short read 
length of second-generation and the high error rate of third-generation sequencing platforms. Here, 
we address these shortcomings by increasing accuracy in Oxford Nanopore Technologies’ long-read 
sequencing, making it amenable to randomly mutated gene libraries. Using unique molecular 
identifiers, we are able to link sequencing reads to their parent variant, generating high accuracy 
consensus sequences allowing the distinction of single mutation variants as well as retaining 
information on the co-occurrence of mutations. We investigate multiple rounds of directed evolution 
of an amine dehydrogenase, during which activating and stabilizing mutations are enriched, the 
identities of which can be determined using the new sequencing workflow. We demonstrate the 
versatility of third-generation sequencing in protein engineering to determine a large number of 
accurate full-length variant sequences and experimentally inform functional hotspots in proteins. 
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