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ZUSAMMENFASSUNG

In der vorliegenden Arbeit werden Leitlinien zur Evolution flavinabhidngiger Enreduktasen,
eine industriell wichtige Katalysatorklasse, dargelegt. Die erarbeiteten Konzepte und
Richtlinien, die allgemeingiiltig fiir diese Enzymfamilie und deren Substrate sind, kénnten in

zukiinftigen protein-engineering-Projekten zu einer erheblichen Effizienzsteigerung fiihren.

Der erste Teil dieser Dissertation beschéftigt sich mit einer konzeptuellen Fragestellung zur
Vereinfachung von potein-engineering Studien. Im Speziellen wurden die bereits vorhandenen
Kenntnisse tiiber einzelne Enreduktasen, der Old Yellow Enyzme (OYE) Familie, die von
gerichteten Evolutionsstudien herriihren, herangezogen, um diese auf den gesamten
Sequenzbereich der Enzymfamilie zu tibertragen. Dadurch soll die Weiterentwicklung neuer
effizienterer Enreduktasen verkiirzt werden. Identifizierte hotspot Positionen, wie C26D/I69T
und C26G, in der Bindetasche von YqjM aus Bacillus subtilis, die fiir eine Aktivititserhohung
und Stereokomplementaritdt verantwortlich sind, wurden in sieben weitere OYE
Familienmitglieder eingebaut. Die ersten Screenings dieser neu synthetisierten Varianten mit
drei unterschiedlichen Substraten zeigten jeweils stereokomplementdre Paare mit hohen
Wechselzahlen von bis zu 660 h' und exzellenten Stereoselektivitaten bis zu >99%. Obwohl die
systematische Vorhersage der absoluten Enantioselektivitat fiir OYE-Varianten sich weiterhin
als schwierig erweist, wurde die Methode des ,scaffold samplings” als schnelles Engineering-
Verfahren fiir diese Familie bestatigt, die den Zugang zu neuen, potenten Biokatalysatoren fiir

die organische Synthese ermoglicht.

Der Fokus des zweiten Teils der Arbeit liegt auf der Entwicklung und Charakterisierung
industriell interessanter Varianten der thermostabilen Enreduktase aus Thermus scotoductus
SA-01 (TsER). Diese Varianten zeigen hohe Aktivititen und Selektivititen in industriell
interessanten =~ Prozessparametern, wie Temperaturen bis zu 70°C, organische
Losungsmittelzusdtzen von bis zu 40% (v/v) und préaparative Ansdtze, mit Produktisolationen
von 3.8 g. Die erreichten Wechselzahlen von bis zu 40 000 h' sind mit denen der hetero- und
homogenen Katalyse von Hydrierungen vergleichbar. Um strukturelle Einblicke in die
stereoselektive Hydrierung von TsER zu erlangen, wurden in silico Studien anhand der
Kristallstrukturen des Wildtyps wund der Varianten C25D/167T, C25G/I67T wund
C25D/167T/A102H durchgefiihrt. Die umfassende Charakterisierung dieser Sammlung an
thermostabilen Enreduktasen zeigt ein hohes Potential fiir den Einsatz in der organischen

Synthese.



Exploring the Evolvability of Old Yellow Enzymes for Organic Synthesis - Nathalie Nett

Im dritten Teil dieser Arbeit wird das Substratspektrum auf strukturell anspruchsvollere
Substanzen erweitert, im Speziellen die Klasse der Cumarine. Im Allgemeinen besteht ein
grofles Interesse darin den Substratbereich von Enreduktasen auf sperrige Substrate zu
erweitern, um diese hochselektiven Transhydrierungskatalysatoren in einem spaten Stadium
der organischen Synthese komplexer Molekiile zu verwenden. Dabei wurden chemoselektive
Varianten entdeckt, die zum Einen die bekannte Hydrierung katalysieren aber zum Anderen
auch eine Saure/Base Aktivitit in der aktiven Tasche von TsER aufweisen, wodurch das

Hydrolyse Produkt des Lactones entsteht.
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ABSTRACT

In the presented thesis, guidelines for the evolution of flavin-dependent ene reductases, an in-

dustrially important catalyst class, are reported.

In the first part of this thesis it should be tested if mining the existing knowledge of the Old
Yellow Enzyme family (OYE), obtained from directed evolution studies, may allow guided
traversing through the sequence space and thereby shortcutting biocatalyst development. Iden-
tified hotspot positions of YqjM from Bacillus subtilis, i.e. C26D/169T and C26G for improvement
of activity and stereoselectivity, respectively, were transferred to seven OYE scaffolds. The new-
ly created variants were tested with three compounds revealing more stereocomplementary
OYE pairs with potent turnover frequencies (up to 660 h'') and excellent stereoselectivities (up
to >99%). Although systematic prediction of absolute enantioselectivity still remains for OYE
variants, ‘scaffold sampling” was confirmed as a fast engineering method for this family allow-

ing access to new, potent biocatalysts for organic synthesis.

In the second part of this thesis the development and characterisation of an engineered panel of
ene reductases (ERs) from Thermus scotoductus SA-01 (TsER) is reported, that combines control
over facial selectivity in the reduction of electron deficient carbon-carbon double bonds with
thermostability (up to 70 °C), organic solvent tolerance (up to 40% (v/v)) and a broad substrate
scope (23 compounds, three of them new). The panel shows excellent enantiomeric excess (ee)
and yields during gram scale synthesis (3.8 g). Exquisite turnover frequencies (TOF) up to
40 000 h are achieved, which are comparable to rates in hetero- and homogeneous metal cata-
lysed hydrogenations. Efforts to rationalize the stereocomplementarity are reported, using the
obtained crystal structure of TsER C25D/167T and in silico docking studies. Our holistic charac-
terisation, together with the preparative scale reactions, shows that these engineered ERs are

truly practical catalysts for preparative organic synthesis.

In the third section the aforementioned panel of TsER variants was screened for bulkier sub-
strate classes and further mutation sites were identified over semi-rational design for the suc-
cessful biotransformation of coumarin-like structures. Thereby chemoselective variants with
either hydrogenation or evidence for acid/base catalysis in the active site of TsER have been
discovered. In general there is a great interest in using these highly selective trans-

hydrogenation catalysts in the late stage synthesis of complex organic molecules.

vii



viii



DANKE...

.. an Prof. Dr. Eric Meggers fiir die Ubernahme des Erstgutachtens und die
langjahrige gemeinsame Zusammenarbeit schon wahrend meiner Bachelor-
und Master-Arbeit. Thre uneingeschrankte Unterstiitzung, nicht nur bei

fachlichen Fragen, schatze ich sehr.

... an Dr. Sabrina Hoebenreich fiir die Betreuung wahrend der letzten drei Jahre
und die Moglichkeit an einem Projekt arbeiten zu diirfen, das meine
Begeisterung fiir die Forschung weiter verstirkt hat, sowie die Ubernahme des

Zweitgutachtens.

... fiir die finanzielle Unterstiitzung wahrend meiner Promotion an: das LOEWE
Schwerpunktprojekt des Landes Hessen SynChemBio, dem Deutschen
Akademischen Austausch Dienst (DAAD) und der Marburg University
Research Academy (MARA).

... my collaboration partner Dr. Diederick J. Opperman for providing the plas-
mid of the thermophilic TsER, the crystallization of the protein variants and the
always professional support. Big thanks to Prof. Adrian Mulholland and Dr.
Kara Ranaghan for showing me the world of computational enzymology and
an awesome time in Bristol. My special thanks go to my host family Watteau,

who gave me a home in Bristol.

...an alle Serviceabteilungen des Fachbereichs Chemie der Philipps-Universitat
Marburg, im Speziellen der Masseabteilung mit Dr. Uwe Linne fiir das immer
offene Ohr und im Besonderen die Hilfe bei der Durchfiihrung der H/DX

Experimente.

... an alle ehemaligen und aktuellen Mitglieder des Arbeitskreises Hoebenreich
fir die freundliche und produktive Stimmung im Labor. Es war an keinem Tag
langweilig oder einsam. Im Besonderen mochte ich dir, Sabine, danken. Ohne
dich ware mir der Alltag im Labor nicht so leicht gefallen, vielen Dank fiir dein
nettes Ldacheln am Morgen und die fachliche Unterstiitzung bei allen

aufkommenden Fragen.

... an alle jetzigen und ehemaligen Mitglieder der Arbeitsgruppe Meggers und
Vézquez. Ich hatte eine tolle Zeit mit euch.
It also has been a great pleasure to work with the international group member.

It was really exciting to learn more about Chinese and Japanese culture.

... an alle meine Bachelor-, Vertiefer- und Master-Studenten: Monika Ballmann,

Gerrit Ernst Benary, Max Biermeier, Natalie Briill, Saskia Dohring, Matthaus

ix



Drabek, Sabine Diiwel, Johannes Karges, Viola Krein, Bastian Langer, Jessica
Pilgram, Alexandra A. Richter, Moritz Ruf. Thr habt einen wichtigen Beitrag

zum Gelingen dieser Arbeit geleistet.

... an alle Korrekturleser: Sabine Diiwel, Olalla Vazquez, Elisabeth Martin, Kara

Ranaghan, Richard Lonsdale, Asher Goodenough und Martin Bruch.

...an alle meine Freunde, im Besonderen in Marburg fiir die Unterstiitzung und

das tolle Leben in Marburg.

. an meine Familie, die mich immer wieder auf den Boden der Tatsachen
zuriick holt und mir zeigt, was wirklich wichtig im Leben ist. Besonders mochte
ich dir, Martin, danken, dass du immer fiir mich da warst und bist und mich in

Allem unterstiitzt!



PUBLICATIONS

Parts of this work have been published in peer-reviewed scientific journals or

have been presented at conferences and summer schools:

Peer-reviewed Articles

N. Nett, S. Duewel, A. A. Richter, S. Hoebenreich, Revealing Additional Stereo-
complementary Pairs of Old Yellow Enzymes by Rational Transfer of Engineered Resi-
dues, ChemBioChem 2017, 18, 685-691.

N. Nett, S. Duewel, L. Schmermund, G. E. Benary, K. E. Ranaghan, D. ]J. Op-
perman, A. Mulholland, S. Hoebenreich, A Robust and Stereocomplementary Panel

of Ene-Reductase Variants for Gram-Scale Asymmetric Hydrogenation, submitted
2017.

N. Nett, M. Ruf, D. J. Opperman, S. Hoebenreich, Evidences for Consecutive Cou-
marin Reduction and Lactone Hydrolysis within the Active Site of TsER Variants,
submitted 2017.

Contributions at Conferences and Summer Schools

Poster Presentations

N. Nett, S. Hoebenreich, at Summer School “Biotransformations” 2014, Bad Her-

renalb, Germany

Exploring the Evolvability Potential of Ene-Reductases

N. Nett, S. Duewel, S. Hoebenreich, at Summer School “Energy Dreams: from Pro-

teomics to Materials and Catalytic Applications” 2015, Marburg, Germany
Expanding the Substrate Scope of Ene-Reductases DrER and RmER by

Protein Engineering

N. Nett, S. Duewel, S. Hoebenreich, at BioTrans2015, Vienna, Austria
Expanding the Substrate Scope of Ene-Reductases DrER and RmER by

Protein Engineering

S. Duewel, N. Nett, S. Hoebenreich, at BioTrans2015, Vienna, Austria
Why is the Ene-Reductase TsER Ca? dependent?

X1



N. Nett, S. Duewel, A. A. Richter, S. Hoebenreich, at Bristol University 2017,
United Kingdom
Shortcutting Enzyme Engineering of Old Yellow Enzymes via Hotspot

Position Transfer

N. Nett, S. Duewel, A. A. Richter, S. Hoebenreich, at BioTrans2017, Budapest,
Hungary

Shortcutting Enzyme Engineering of Old Yellow Enzymes via Hotspot

Position Transfer

N. Nett, S. Duewel, L. Schmermund, G. E. Benary, K. Ranaghan, A. Mulholland,
D.J. Opperman, S. Hoebenreich, at BioTrans2017, Budapest, Hungary

A Stereocomplementary, Thermostable and Solvent Resistant Ene-

Reductase Panel for Synthesis

Oral Presentation

N. Nett, at Biotransformations 2014, Bad Herrenalb, Germany
Exploring the Evolvability Potential of Ene-Reductases

Additional Contributions to Projects Outside of the Thesis Scope

Peer-reviewed Articles and Book Chapters

C. Ritter, N. Nett, C. G. Acevedo-Rocha, R. Lonsdale, K. Kraling, F. Dempwolff,
S. Hoebenreich, P. L. Graumann, M. T. Reetz, E. Meggers, Bioorthogonal Enzy-
matic Activation of Caged Compounds, Angew. Chem. Int. Ed. 2015, 54 (45), 13440-
13443 (Hot Paper).

C. Ritter, N. Nett, C. G. Acevedo-Rocha, R. Lonsdale, K. Kriling, F. Dempwolff,
S. Hoebenreich, P. L. Graumann, M. T. Reetz, E. Meggers, Bioorthogonale

enzymatische Aktivierung maskierter Verbindungen, Angew. Chem. 2015, 127 (45),
13640-13644 (Hot Paper).

S. Hoebenreich, M. Spink, N. Nett, Laboratory-Scale Hydroxylation of Steroids by

P4508ms Variants, Methods in Molecular Biology: Microbial Steroids, Springer
2017, 239-257.

Xii



C. G. Acevedo-Rocha, C. Gamblec, R. Lonsdale, A. Lia, N. Nett, S. Hoebenreich,
J. B. Lingnaua, C. Wirtz, C. Fares, H. Hinrichs, A. Deege, A. J. Mulholland, Y.
Nove, D. Leysc, A. W. Munroc, M. T. Reetz, Targeted Regio- and Diastereoselective
Steroid Hydroxylation Using P450-BM3: Readdressing the Numbers Problem in Di-
rected Evolution 2017, under revision.

Contributions at Summer School

Poster Presentation

N. Nett, C. Ritter, C. G. Acevedo-Rocha, R. Lonsdale, K. Kriling, F. Dempwolff,
S. Hoebenreich, P. L. Graumann, M. T. Reetz, E. Meggers, at Summer School “Se-

lectivity as a Key for Sustainable Chemistry”, 2016 Tongji University in Shanghai,
China

Bioorthogonal Enzymatic Activation of Caged Compounds

Selected Oral Presentation

N. Nett at Summer School “Selectivity as a Key for Sustainable Chemistry”, 2016
Tongji University in Shanghai, China

Bioorthogonal Enzymatic Activation of Caged Compounds

xiii



Xiv



TABLE OF CONTENTS

T INTRODUCTION...ccooiiiiiniinninsnissnnessnesssssssesssessssssssssssssssssssssssssssssssasssasssssssssssssssassssssssassans 1
1.1 ASYMMETRIC CARBON-CARBON DOUBLE BOND REDUCTION IN ORGANIC SYNTHESIS................ 1
1.2 BIOCATALYSIS IN ORGANIC SYNTHESIS .....oouviiiiieiiieeteniteresie ettt ne s s 5
1.3 PROTEIN ENGINEERING .....cutteueteuttteueseatreseesentaeseesesenessssesesenessssesentasssesesensssesesensasssesesensasssesenssees 6
1.4 THE OLD YELLOW ENZYME FAMILY ..ottt teseseeeeaeseneasesese e e e seneneesseens 11

1.4.1 Reaction Mechanism of the OYE FAMILY ........c.ccovoviviiiiiiiiiiiiiicie s 14
1.4.2 Bioreductions with ENe REAUCIASES ........cc.eeveereiiiiiiiisiiist ettt ettt 17
1.5 CHALLENGES IN THE FIELD OF BIOREDUCTIONS WITH OYES ......ccciviiiiiniiniininienieneeienieeieeene 20

2 OBJECTIVE OF THE THESIS.......ccoconviiiitiiiiniiniiniicinnensinsissessaessscsssessssssssessssssssnns 22

3 RESULTS AND DISCUSSION.....cciiririnirininisinssssiessssessessssssossssssssssssssssssssssasssssssssssssss 27
3.1 SCAFFOLD SAMPLING STRATEGY FOR THE OYE FAMILY ......ooiiiriiiiiiiiiiinicciececneceecieeene 27

3.1.1 Review of the Recent LIterature ..............ccccoeiviiiiieiiiiiiiiiiiiiicet et 27
3.1.2 Target Positions for Presented Transferability SEUAY............cccoccovveiiciiiiviiiiiiiiiiiece 29
3.2 DEHYDROGENATION REACTIONS BY OLD YELLOW ENZYMES.......cccevvteriinierenienienneeeeneneenenes 46

3.3 CHARACTERIZATION OF A ROBUST AND STEREOCOMPLEMENTARY PANEL OF TSER VARIANTS 51

3.3.1 Substrate Scope and Selectivity of TSER VAriants............ccccoeeiviiiiiiiiiieicicceccen, 52
3.3.2 Reaction Conditions for Industrial Applications.............cccccvvviviiiiniiiniiiniiiiniiniiiine, 62
3.3.3 Preparative Scale REACHONS .........c.c.ceveiviiiiiiiiiiiiiniicieeietee e 69
3.4 STRUCTURAL INSIGHTS ..c.vteuttetieeneenteeieeniteete et esbeesieesaeesbeebeesaeesabeeaseesseesasesaseeseesaeesanesaseenseens 74
3.4.1 Structural Dynamic Study by H/DX Measurement ..............cccoocevvneviiiiiniiiiiiciincicnas 74
3.4.2 X-RaAY SEUCEUTES ...o.vovvviviiiiiiiiiiciici i 80
3.5 PREDICTION OF SUBSTRATE BINDING AND AFFINITY BY COMPUTATIONAL METHODS................ 81
3.5.1 Prediction of Substrate-Catalyst Interactions by In-Silico Docking Studies.......................... 81

3.5.2 Prediction of Substrate Affinity by Molecular Dynamics Simulations and WaterSwap

CAICUIAFIONS ... 87

3.6 GOING TO BULKIER SUBSTRATE CLASSES....cc..cerstterieeniterierieenieenitesreesseenseesuresmseeseesseesmsesnseenees 101
3.6.1 Synthesis of Bulkier SUDSEIALES............c.ccovvvviiiiiiiiiiiiiicicc 106

3.6.2 Screening with TsER Panel of Chapter 3.3 .......c.ccccocvvviiiiiiiiiiiiiiiciiiiiccicica 108

3.6.3 Generation and Screening of LiDYaries ............ccceveeviiiiieicioiiiiicicccieecc 124

4 CONCLUSION ....uciitetiniententesneieissessessessssssessesssssessssessessessesssssssssssssssssssssssssssesssssssesss 136
4.1 DEVELOPMENT OF THE ‘SCAFFOLD SAMPLING’ STRATEGY FOR ENE REDUCTASES.................... 136

XV



4.2 FULL CHARACTERISATION OF A HIGHLY ACTIVE, ROBUST AND STEREOCOMPLEMENTARY TSER

VARIANT PANEL .ootttttitteeeeeeeeeee e eeee ettt eseeseeeeeaaeaaaeseessessssasabasasaaaannsseesssesesasssesssessrens 138

B N RN 141
5 OUTLOOK .....uuieiiiiintinincicnnessenenisssessesessssessssessessesssssssessessessesssssssessssssssssesseses 143
5.1 BROADENING THE ‘SCAFFOLD SAMPLING” METHOD OF ENE REDUCTASES..........cccooveieuruiiinnnes 143
5.2 INVESTIGATIONS IN DIVERSE CHEMICAL REACTIONS OF OYES ......cooviiiiiiiiiiic 143
5.3 FURTHER MECHANISTICALLY EXAMINATIONS BY IN-SILICO STUDIES .......cocoeeuiiinieininiienennes 145
6 MATERIAL AND METHODS........iiiciiicintnnctcinnenessnsnssessesessssssssesnes 146
6.1 SYNTHESES OF COMPOUNDS.......cuciiietiueniiieteses et tescss et sess st se st s e a bbb s s s seanas 146
6.1.1 Foreword to Compound Synthesis and Analytical Methods...............ccccoovvvviveniiiiinenncnn, 146
6.1.2 Synthesis of 2-Butenoic Cid...............ccecvviiiiiiiiiiiniiiiiiiiiiic s 148
6.1.3 Synthesis of Methyl (E/Z)-2-bromo-3-phenylacrylate............ccccoovvvivivniviniininniniinennnnn, 148
6.1.4 Synthesis of Methyl (E/Z)-2-chloropent-2-eN0ate .............cccovvvievevviinioiiiniiieiiiiieenennn, 149
6.1.5 Synthesis of Ethyl-2-benzylideneacetoacetate...............ccocooveiveivieineiineiineiieiieeeeans 151
6.1.6 Synthesis of Methyl-2-(hydroxymethyl)acrylate............cccoovvvivviviiniiiniiniiiiiiiccn, 152
6.1.7 Synthesis of Methyl 3-hydroxy-2-methylenebutanoate ...............cccccovvvvvinninninncnnnnnn, 152
6.1.8 Synthesis of (E)-(1-Nitroprop-1-en-2-yl)Denzene..............cocoovvveveeviiviereciirirenciiieenennn, 153
6.1.9 Synthesis of (R,E)-1-Methyl-4-(1-nitroprop-1-en-2-yl)cyclohex-1-ene...............ccccoevnenee. 154
6.1.10 Synthesis of (2-Nitroethene-1,1-diyl)dibenzene ...............c.cccoevvivivieiinniineiiiciiccn, 155
6.1.11 Synthesis of 3-Acetyl-7-hydroxy-2H-chromen-2-01e..............ccccoeveieeneiinecineiiecee, 156
6.1.12 Synthesis of 3-Carboxycoumarinethylester ...............ccovvvvvivniviiniiiniiiiiieccns 157
6.1.13 Synthesis of Meldrum’s ACI..............cccooveviviiiiiiiiiiiiie e, 158
6.1.14 Synthesis of 3-Oxo-3H-benzo[fIchromene-2-carboxylic acid ...............ccccccovvnviininnnnn, 158
6.1.15 Synthesis of 1-Methyl-3H-benzo[flchromen-3-0me.............ccccovvviviniiiniinninniicci, 159
6.2 MICROORGANISMS, VECTORS, PRIMERS ....cc..certtriieniienienieeieeseeniteereesneesieesresseesmeesaneeneennees 161
6.3 MEDIA, BUFFERS AND ADDITIVES.....ccccttetttiateaieenieenitenteeteesseesseesatesseesseesasesseesseesseesnsesssesssees 163
6.3.1 NULTTHON MEAIA.......c.oooiviiiiiiiiiiiiiiiiiii 163
6.3.2 Media AAAIHTUES ..........ccooiiiiiiiiiiiiiiiieic 163
6.3.3 Buffers and SOIULIONS ..........c.ccoeuiviiiiiiiiiiiiiiieicictce e, 164
6.4 GENERAL METHODS.......cooiiiitiititiitete ittt ettt re st ss sttt ettt ettt ae e aeae s 165
6.4.1 Isolation of Plasmid DNA from E.COli ..........ccccccouvvvviiiiniiiiniiiniiiiiiiiiiiniiincisc e, 165
6.4.2 Agarose Gel EleCtrOpROTESIS ...........cccovviiiiiiiiiiiiiiiiciciiic s 166
6.4.3 Preparation of Electrocompetent E. COli ...........ccccovviviviiiiiiiiiiiiiiiiiiiiiiiiiciiccc 166

XV1



6.4.4 Transformation of Electrocompetent E.cOli ............ccocoovviviiiiiniiniiiiiiiiiiiniiiicicic 167

6.5 OLD YELLOW ENZYME PROTOCOLS......cocuiiieietiiiieietciece ettt 168
6.5.1 Ene Reductases MULAZENESIS ..........ccvvveveieuiuiiiieiiiiteieietce et 168
6.5.2 Heterologous Expression of Ene Reductases............c.coccvvvinviiiinniiiiiiniiiciieciec, 170
6.5.3 Purification of His-tagged Ene RedUuctases ...........ccccccovvvieiniciiiiiiiieiiiiincincisec, 171
6.5.4 Purification over Size Exclusion Chromatography.............ccccocecvveoiveiieiinciineiiciieene, 172
6.5.5 Purification of Thermostable TSER ...........cccocooiiviiiiiiiiiiiniiiiiiiiiiicccc 172
6.5.6 SDS-Page ANALYSIS ......oovoviviiiiiiiiiiiiiiiiiiiiietest s 173
6.5.7 Protein Identification via Mass ANalysis ...........c.cccovoveeiieiiiiieiiiciieccceeec e 174
6.5.8 Determination of Active Enzyme Concentration by UV-Vis Spectroscopy............ccocevu.e. 177
6.5.9 Circular Dicht0ist SPECtTOSCOPY ...c.voveveveveuiieieieiisiiicieieteeet ettt 178
6.5.10 Spectrophotometric Measurements of FMIN-Oxidation with Molecular Oxygen .............. 178

6.6 THERMOSTABLE GLUCOSE DEHYDROGENASE PROTOCOLS ......eevutiriieeieenieenieeereeneeenieeseeeeeenees 179
6.6.1 Heterologous Expression and PUrification ............ccccvvvviiiniiiiiviiviiiiiiicc, 179
6.6.2 ACHTIEY TESE w.vvviviiiicieieiieectcet e 179

6.7 LYOPHILISATION OF ENZYMES.......ccoiiiiiitiiiitiiietiietieieie ettt ettt 180

6.8 PROTEIN CRYSTALLIZATION AND X-RAY STRUCTURE DETERMINATION.........ccceierererrerenrenenene 180
6.8.1 X-Ray Structure of TSER C25D/I67T .......ccooevviviiiiiiiiiiiiiicisiciciecceesee e 180
6.8.2 X-Ray Structure of TSER C25D/I67T/ATO2H........c.ccoovvivieiieiiciiieiieicieieece e, 181

6.9 BIOTRANSFORMATIONS .....uitetiieriietiietitetitesiteststese et sb et st ese bt b s sb bbbt sbesesbesesbess 183
6.9.1 Reactions with Cell Lysate in 96-Deep Well Plates..............ccccccovvvvnivniniiniiniiiiinn, 183
6.9.2 Reaction with Purified ENZYME ..........c.ccoovviviiiniiiiiiiiiiiiiiiceic s 184
6.9.3 Residual Activity of TSER C25D/167T and C25G/I67T.........cccccovvvvivivvniiiniciiciiican, 184
6.9.4 Upscale Reactions to Determine Enantiomeric EXCESS ............ccoovivvivvivniineiiiciiecnan, 185
6.9.5 Upscale for Polarization Measurement ............c.ccccoeeveinieineineiieisiecsieesee e 185
6.9.6 Upscale of 13a with TSER C25D/I67T ........ccovvvviviiiiiiiiiiiiiiiiiiiiiciiicnicce 186
6.9.7 Preparative Scale BioreduCtiONnS...........c.ccovvviviiiviiiiiiiiiiiiiiiiii 187
6.9.8 Reduction of 22a in Sequential Bi-Phasic Batch Reactions ...............cccccceveveeieiiiiieccciennn, 190
6.9.9 Analytic Methods for SCreening ............cooveivieiiieiiiiiieieiiictcieeictce e 192

6.10 COMPUTATIONAL METHODS AND DETAILS .......ooiviiiiitiiitiietecieieeene e 196

7 REFERENCES .......uttiniteteiitnenencneissessesensssssssessssesnssessessesssssssssssssssssssssessens 200
8 APPENDICES ......uouiiriiiintiniiitctiensisenissssssesisesssssssssssssssssssessesssssssssssssessesssssssssses 217

8.1 LIST OF ABBREVIATIONS AND ACRONYMS.......ciiiiriiiiiiiietiiietiiieteetese ettt enenes 217

8.2 NMR SPECTRA OF UPSCALE REACTION WITH 3-CCE ......coiiiiiiiniiniiniieeenieeeeiee st 220

8.3 DNA AND PROTEIN SEQUENCES ......ccvetitiiiitetiiiiste ettt 222



8.3. 1 VECLOT MAPS ..ottt s 222

8.3.2 OYE GOMES..c..eeeeieeiirieeiisieeiest ettt ettt ettt et nbt ettt 224
8.3.3 PrOtein SCqUENCES.......c.cveviiviviiiiiiiiiietiietitete sttt 224
8.4 GC CHROMATOGRAMS .....ootiiieitiiiieitiitiete sttt sttt b s a e st s ae s e ae s ae s 226
8.5 DOCKING ... veeeuteeeureeeeteeateeeseeeesuteesseeessaesasseessseeanseeaasseesssseesssseeasseesanseesssseessssesssseeesnseessnsees 230

XViii



Chapter 1: INTRODUCTION

1 INTRODUCTION

1.1 Asymmetric Carbon-Carbon Double Bond Reduction in

Organic Synthesis

One field in organic chemistry is the homogeneous or heterogeneous asymmet-
ric catalysis of sp*carbon centres into sp® based on transition metal catalysts to
generate chiral compounds with high enantiomeric excess (ee).l'! Notably, the
importance of asymmetric hydrogenation was finally recognized in 2001 by the
Nobel Prize in Chemistry awarded to WILLIAM S. KNOWLES, RYOJI NOYORI and
KARL B. SHARPLESS.># The asymmetric catalytic reduction of carbon-carbon
double bonds can occur in two different fashions: via cis-hydrogenation and
trans-hydrogenation (Scheme 1). In both cases, two chiral centres are formed at
the same time, opening a broadly appreciated approach to produce chiral com-

pounds.b!

For the cis-hydrogenation there are widely used homogeneous and heterogene-
ous transition-metal catalyst systems.[?! The reaction takes place at the surface of
the metal, where the hydrogen atoms attach. The relatively strong H-H sigma
bond is broken and replaced with two weak metal H-bonds. The pi bond of the
alkene interacts with the metal catalyst weakening the bond. A hydrogen atom
is transferred from the catalyst surface to one carbon of the double bond. Due to
the coordination of the second hydrogen and the alkene to the metal catalyst,
the second hydrogen atom is transferred from the same face forming the cis-

alkane (Scheme 1A).!
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The trans-hydrogenation of alkenes is challenging with transition metal cataly-
sis, caused by attaching the hydrogens and the alkene to the same site of the

metal. For this type of reactions further alternatives must be found.['%1!!

A) cis-Hydrogenation

metal catalyst with hydrogen
and alkene adsorpt

\ / Rl

RS
= + -H > A
/C C\ H thC_CWRzL syn addition of
R2 R4 |Q|\_/| | syn addition ©
metal catalyst hydrogen,
cis-alkane
product release
from catalyst

Rl

\
RZII“C 3 \-'C_C'/
L H\CTI: RZ\ | | /R4
>~ "R H

metal catalyst ]

hydrogen inserted
into C=C bond

B) trans-Hydrogenation

R
\C:C/ + -H > R “.$_E\R3
R R4 H R

anti addition of
hydrogen,
trans-alkane
product release

from catalyst

Scheme 1. Two different additions of hydrogen to a carbon-carbon double bond. A) Both hy-
drogen atoms add to the same face of the alkene (syn-or cis-addition) triggered by a metal cata-
lyst. B) Hydrogens add to the opposite faces (anti- or trans-addition).

The need for optical active compounds is an elementary basis in different in-
dustrial fields like the production of fine chemicals, pharmaceuticals and agro-
chemical intermediates.'? The synthesis of chirally pure molecules is of im-
mense importance to organic synthesis, especially for the pharmaceutical indus-
try. A frequent requirement for regulatory approval of drugs is to understand
the in vivo activity of both enantiomers, because one enantiomer may exhibit

enhanced therapeutic properties over the other, so that the provision of a single
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enantiomer is often essential.® Indeed, the percentage of chiral drugs, which
were approved by the US Food and Drug Administration (FDA), has increased
significantly from 58% in 1992 to 80% in 2006, whereby 75% are single enantio-
mers.!" The earliest commercial application of asymmetric hydrogenation was

for L-DOPA (5) developed by KNOWLES in the 1970s (Scheme 2).

OMe MeO

MeO XN CO,H R,R-DIPAMP (2) MeO CO,H
MAC j@/\l\E{AC
AcO AcO

) H,, Rh(DIPAMP)(COD) BF,” (3) 4, 95% ee

le0+

MGO:©/\(COZH
H
AcO NH,

L-DOPA (5)

Scheme 2. Final two steps of the asymmetric synthesis of L-DOPA (5) developed by KNOWLES.[!
DIPAMP 2 is a chelating diphosphine, where each phosphorus centre bears three different sub-
stituents, anisyl, phenyl and an ethylene group. COD = 1,5-cyclooctadiene.

The range of other applications for asymmetric hydrogenation was somewhat
limited by the diversity of ligands accessible in the early years, but to date there
are more than 1000 ligand systems available. More recently launched drugs,
such as an intermediate for the potent atrial natriuretic factor potentiator Can-
doxatril (7)1, the HIV protease inhibitor Tipranavir (8)!!], and the anticonvul-
sant Pregabalin (9)!'"! are reported to use the [(R,R)-Me-DuPhos Rh (COD)]BF4
complex (6) for the asymmetric hydrogenation in the synthesis route (Figure 1).
The name of the ligand DuPhos is derived from the chemical company DUPONT
that developed this type of ligand and the compound class of phospholanes

(Phos) it belongs to.!°!

It can be noted that in the short term, chiral drugs will become the rule and that

the new chemical entities (NCEs) which make it to the market will all be opti-
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cally pure if a stereochemical centre is present. Thus chiral chemistry must be-

come a state of the art method in organic chemistry.!®!

As mentioned above, based on homogeneous catalysis the design of transition-
metal catalysts for cis-hydrogenation has reached an impressive level, whereas
the asymmetric trans-hydrogenation is still at an early stage of development.[*”!
Despite the kinetic inertness of the transition metals, a certain cytotoxicity of the
complexes cannot be excluded, which might be a disadvantage for usage in

pharmaceutical syntheses.?"!

MeO\/\
@) . N
: I j O O Q
CO,H
— - Candoxatril (7)
BE,
\\\“'()\ E CF3

[(R,R)-Me-DuPhos Rh (COD)]BF, (6) \

Tipranavir (8)

Y\:/\NHZ

SCo,H
Pregabalin (9)

Figure 1. Pharmaceutical applications of Rh-Me-DuPhos 6 which is used in the synthesis of a
key intermediate for the potent atrial natriuretic factor potentiator Candoxatril (7), the HIV pro-
tease inhibitor Tipranavir (8), and the anticonvulsant Pregabalin (9).[1¢!

A better understanding of diseases at the molecular level will lead to structural-
ly more complex and more diverse small-molecule pharmaceuticals and there-
fore need new synthetic tools.?! Due to their inherent chirality enzymes repre-
sent attractive alternatives to ‘traditional’ chemical catalysts.*! The method of
choice for the derivatization of natural product leads will also be enzyme deri-

vatization.[?!]

Therefore the field of biocatalysis is a rapidly growing area of research. The use
of enzymes for the transformation of non-natural compounds, i.e. in organic

synthesis, is one part in the field of biocatalysis.?®! To use catalysts provided by
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nature would be a great alternative due to their safety, environmentally friend-

ly and stereoselective way of synthesis.

1.2 Biocatalysis in Organic Synthesis

The enormous catalytic potential of enzymes for asymmetric synthesis was dis-
covered mainly during the 1980s.?* Enzymes are the proteins responsible for
the catalysis of life. They are grouped into families and superfamilies defined
by sharing a common ancestor, which can be identified by similarities in se-

quences and structures.®!

Most chemical catalysts catalyse a wide range of reactions. They are usually not
very selective. In contrast enzymes are highly selective, catalysing specific reac-
tions only. This specificity is due to the shapes of the enzyme molecules and
their function in nature.?! With the help of biocatalysis process chemists and
medicinal researchers will have an ever growing field of options for replacing
expensive or toxic chemical reagents with more chemo- and stereoselective bio-
catalysts to conduct the synthesis routes in a more efficient and economically

feasible way.

In the beginning, crude commercial enzymes extracted from microorganisms
were applied in the food, detergent and tanning industries and it was more fo-
cused on examining activity and less on selectivity for the catalyst.[”! In the
1990s chemists started to screen whole microbial organisms in the search for
novel activities, but enzyme isolation was still a complex task. With the help of
molecular biology, by means of genomics, proteomics and metabolomics, the
sequence-based search for similar catalysts and the easy production via cloning
and overexpression into a reliable host paved the methodology for efficient bio-

catalysis by chemists. !

With the work of PERUTZ and KENDREW in the 1950s, X-ray diffraction of protein

crystals began to provide structural information at atomic resolution.?" Today
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the increasing number of available protein crystal structures is essential to un-
derstand the catalytic mechanism and to design new properties.®! To bring en-
zymes into industrial processes they must have specific properties like inherit-
ing a desired substrate scope, stereoselectivity, catalytic efficiency, as well as
robustness to organic solvents, high substrate loading, pH extremes and higher

temperatures.*!

As a result of these considerable developments, nowadays various chemical
reactions like asymmetric amination of ketones (transaminases), carbon-carbon
bond formations (aldolases, oxynitrilases), oxidations (amine/alcohol oxidase,
P450 monooxygenases, BAYER-VILLIGER monooxygenases) and reductions (ene
reductases, amino acid dehydrogenases) as well as hydrolysis (nitrilases, nitrile
hydratases, epoxide hydrolases) are performed enzymatically on an industrial

scale.[283334]

The conversion of non-natural substances by enzymes is a break through, espe-
cially for pharmaceutically relevant targets and bulk chemicals.? Due to the
increasing demand of environmentally friendly processes, more often biocatal-
ysis became an alternative for the production of low-cost bulk chemicals. The
ability to develop the next generation of biocatalysts and adapt them to the pro-
cess was enabled through protein engineering and design technologies in the

last twenty years.!

1.3 Protein Engineering

A desired conversion of a non-natural substrate or the improvement of existing
biocatalysts in a laboratory or industrial process is often limited by the low per-
formance of naturally existing commercially available biocatalysts. The process
of altering the structure of an existing protein to improve its properties is de-

scribed by protein engineering.’!
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A protein engineering study involves three steps: choosing the protein changes
(engineering strategies, such as rational design or randomization), making
those changes (mutagenesis) and evaluating the protein variants for improved

properties (screening or selection, see Figure 2.).537]

heterologous expression

in E.coli
parent gene of enzyme parent gene of enzyme wildtype enzyme
in vector
mutagenic
PCR
O = O heterologous
Q expression
isolation of
desired variant .
%b@. :
18 Ao Yo

< e
screen/
selection

Figure 2. Workflow of a protein engineering study. First choosing the target enzyme and pro-

tein changes, second making these changes by mutagenesis and third evaluating the enzyme
variants for improved properties through screening or selection.

First of all, the choice of the best location for amino acid substitution must be
taken and depends on the preferred improvements. The X-ray structure of the
enzyme can clarify the decision. For example to increase the thermostability of
an enzyme, specific stabilizing interactions such as disulfide bonds or salt
bridges can be introduced or highly flexible regions removed from the target
protein.B”l Other common goals are to increase the stereoselectivity or catalytic
activity of enzymes. In this case substitutions closer to the active site give larger

improvements in enantioselectivity or diastereoselectivity than substitutions
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further away from the catalytic centre.® In contrast, substitutions that increase

the catalytic activity are scattered widely throughout the protein.*”!

Once the location of the changes is set, the method for introducing single substi-
tutions or, more likely, multiple substitutions must be chosen. For single substi-
tutions, researchers can use site-saturation mutagenesis®®” or error-prone PCR
(epPCR).1 Site-saturation mutagenesis will substitute all nineteen possible
amino acids at the chosen position, but epPCR randomly substitutes only an

average of six of the possible amino acids over the selected DNA region.*!!

Making multiple amino acid substitutions introduces extra choices. It is possible
to make these substitutions stepwise, which will miss any cooperative interac-
tions. Making them simultaneously creates an exponentially larger library
wherein most of the variants are inactive, but cooperative effects can be ob-
served at the cost of much more screening.**#4 Cooperativity is most likely be-
tween nearby amino acids, so the combinatorial active-site saturation test
(CASTing) is a convenient method. It chooses two amino acids nearby in a line-

ar sequence, so only one mutagenic primer is needed.*"!

Another approach to handle simultaneous mutations is to reduce library size by
eliminating duplicate codons. With the often used degenerated codon NNK
(where N represents A, T, C or G, and K represents G or T) 32 possible codons
are yielded to encode 20 amino acids, so 12 of the codons are duplicates.
Whereby the NDT codon (where D represents G, A or T) yields 12 codons that

encodes 12 different amino acids. ¢!

The third approach to deal with the large number of variants created by simul-
taneous mutations is a statistical approach called ProSAR, for protein structure-
activity relationship.*”! Even if the performance of a particular variant is poor,
statistical comparison to other variants that contain the same substitution will

reveal whether that substitution is beneficial or not.%!
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The limitation in protein engineering is still the unknown structure-function
relationship, which is often hard to predict. Therefore the engineering strategies
have evolved from the first phase of rational design to the second phase with
combinatorial design or ‘directed evolution’, and most recently to the third
phase, data-driven design of biocatalysts.*! In Figure 3 an overview of these

different protein engineering strategies is illustrated.

Directed evolution . Rational Design
. Combined approaches .. . . .
(random mutagenesis) (distinct point mutations)
= S : b Y7
& o B 8 ~
1 t:"‘ é J"~-(, f§ N\ (J; ;::, )
S et R 4 ~ VAT, S =
A 0 o N CEED c 5
25| e TEX AR 1B
A y, gl .‘,_':j‘ r;-“..r; Vel % | ~ E -A
o :
+ epPCR + CASTing/ISM * homology modeling
* gene shuffling * ProSAR + docked substrates
* insertion/deletion + consensus approach ¢ X-ray structures
* circular permutation 3DM + transition state analogous

Figure 3. Overview of approaches for protein engineering methods. The evolutionary methods,
like error prone PCR (epPCR) involve an enormous screening effort, whereupon little is known
about the system. The combined approaches, like combinatorial active-site saturation testing
(CASTing) and iterative saturation mutagenesis (ISM) provide a mean of screening effort and
information intensity. Whereas for rational methods, like in silico studies with homology models
and distinct point mutations a big amount of data must be known. ]

One approach is rational design, where structural and mechanistic information
as well as molecular modelling is used to calculate a new enzyme structure
with the desired properties. In order to achieve a process in which less laborato-
ry screening is necessary and more robust information about the biocatalytic
systems is available, the advances in computational technology plays a crucial

role.[50-531

To be able to generate large libraries of enzyme variants and test them by high
throughput screening (HTS) the directed evolution strategy was evolved.5¢! In
directed evolution mutant libraries are created either by random changes, using
methods such as gene shuffling or epPCR, or by semi-rational methods like site-

saturation mutagenesis, and further screened for the desired property. The var-
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iants showing promising results are subjected to further rounds of evolution
(Figure 2).571 This strategy is, therefore, accompanied by a massive screening

effort.

Iterative saturation mutagenesis (ISM) is a more efficient method for directed
evolution of functional enzymes. By performing iterative cycles of saturation
mutagenesis at rationally chosen sites in an enzyme, such as two or three amino
acid positions important for catalytic properties, it reduces the necessary mo-

lecular biological work and the screening effort remarkably.[”5]

Another approach, the structure-guided consensus technique combines se-
quence-based and structural data and employs a set of phylogenetically diverse
but functionally proven proteins. This data-driven protein design method uti-

lizes structural information to limit the number of variants created.>!

The question arises: what strategy is the best? It would be the strategy that al-
lows one to reach the goal with the least effort. This criterion makes it unlikely
that a purely rational design or purely random mutagenesis approach will be
the best. The available information from related protein structures, families and
mutants is combined and further used for targeted randomisation of certain
regions of the protein (Figure 3).1*! The exponential growth in the field of en-
zyme engineering by more and more evolution based techniques and semi-
rational design, based on the growing knowledge about genome sequences,
number of X-ray structures and biochemical data, will require less screening

effort.[ev

Comparison will also establish principles of protein engineering and increase
the understanding of how enzymes work. This understanding will make ra-
tional design more reliable and further speed up the path to expand the synthe-

sis toolbox by biocatalysts.”!

10
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1.4 The Old Yellow Enzyme Family

The Old Yellow Enzyme (OYE, EC 1.6.99.1) family is a large group of flavin-
dependent redox biocatalysts with major applications in the industrial reduc-
tion of activated alkenes.[®!! These enzymes use flavin mononucleotide (FMN), a
nicotinamide based hydride source (NAD(P)H), and the surrounding solvent
for proton delivery to catalyse the trans-specific reduction of carbon-carbon
double bonds of a,f-unsaturated carbonyl, nitro and cyano substrates to pro-

duce a variety of industrially useful compounds (Scheme 3).[¢%!

EWG EWG
H——R1 RI-H
or
R?=—H H=——R?
R3 R3
FMNH, Ene. FMN R R
EWG = aldehyde, ketone, Reductase [H] = hydride delivered from N5
carboxylic acid, ester, lactone, of the flavin cofactor
cyclic imide, nitro [H*] = proton delivered via Tyr-residue
NAD(P)* NAD(P)H or solvent

Recycling System

Scheme 3. Asymmetric bioreduction of activated alkenes using falvin-dependent ene reductas-
es. The FMNH2 is non-covalently bound to the enzyme shown as yellow structure. EWG = elec-
tron withdrawing group.

As aforementioned this trans-hydrogenation is quite challenging in chemistry.
Hence, the family has attracted quite some attention as tool in organic synthesis
over the last years.*?Y Historically, OYE from Saccharomyces pastorianus
(OYE1)®3441 was the first flavoprotein identified for its reductive activity on elec-
tron poor alkenes. Until today a wide variety of homologues has been discov-
ered. These enzymes have been most commonly identified in bacte-
rial®>7 plants”#3, and yeast, although a few have been found in other organ-

isms.B+%I

11
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The OYEs are divided in two groups, classic and thermophilic-like, which differ
by their distinct sequence and structural characteristics.!'%%! The overall phys-
iological role of these enzymes is unknown, but OYEs from Bacillus subtilis®
and Shewanella oneidensis® have been implicated in the oxidative stress re-
sponse. OYEs from plants such as Oryzae sativa L and Solanum lycopersicum!”*!
are known to be involved in the biosynthesis of the plant hormone jasmonic
acid. An analysis of multiple sequence alignments of 19 OYEs shows that the
overall sequence homology across group member is quite low, in total between
23-34% (Figure 4). But the amino acid sequence alignments show high conserva-
tion in selected regions of the protein, such as residues involved in catalysis,

FMN and substrate binding.[*!

group 1 group 2
OPR1|OPR3 |[NemA|PETNR| XenB | Gox | NCR OYE2.6/KYE1 |OYE3|OYE1 |OYE2| XenA [Rm ER TOYE|Dr ER| Ts ER| YgiM | GKOYE
OPR1 56 42 42 42 39 38 34 36 40 39 39 26 24 29 27 25 26 27
OPR3 56 41 40 42 41 37 31 34 36 37 37 25 25 27 28 27 24 28
NemA | 42 41 69 45 40 38 35 37 38 36 37 27 30 31 32 30 30 29
PETNR| 42 | 40 | 69 48 | 42 | 42 | 38 | 39 | 40 | 38 | 39 | 26 | 30 | 31 | 34 | 30 | 33 | 29
— XenB 42 42 45 48 46 48 35] 35 BY 38 38 30 31 32 34 31 31 32
? Gox 39 41 40 42 46 70 34 34 36 34 35 27 29 32 33 31 32 33
& [NCR 38 37 38 42 48 70 30 32 35 32 32 29 29 30 il 30 30 30
OYE26| 34 | 31 | 35 | 38 | 35 | 34 | 30 41 | 41 | 41 | 41 [ 25 | 25 | 27 |25 24| 26 | 25
KYEI | 36 | 34 | 37 | 39 | 35 | 34 | 32 | 41 68 | 72 | 72 | 24 | 26 | 25 | 26 | 24 | 24 | 25
OYE3 | 40 | 36 | 38 | 40 | 39 | 36 | 35 | 41 | 68 80 | 82 2 | 26 | 26 | 23 | 23 | 26
OYE1 39 37 36 38 38 34 32 41 72 80 23 26 24 27 24 25 25
OYE2 39 37 37 39 38 35 32 41 72 82 24 26 26 27 24 26 26
XenA 26 25 27 26 30 27 29 25 24 23 24 43 39 42 47 41 44
RmiR |24 | 25 | 30 | 30 | 31 [ 20 [ 29 [ 25 [ 26 | 26 | 26 | 26 | 43 40 [ 49 |49 [ 41| w
: TOYE 29 27 il 31 32 a3 30 27 5] 26 24 26 39 40 46 50 53 53
g DrER 27 28 B2 34 34 33 31 25 26 26 27 27 42 49 46 52 48 50
® [Tser [[250] 27 | 30 | 30 | 31 | 31 | 30 | 24 | 24 H 24 [ 24 | 47 | 49 | 50 | 52 50 | 55
YgiM 26 24 30 33 il 32 30 26 24 23 75 26 41 41 5 48 50 67
GKOYE| 27 | 28 | 29 [ 29 [ 32 [ 33 [ 30 [ 25 | 25 | 26 [ 25 | 26 | 44 | 44 [ 53 [ 50 [ 55 [ 67

pairwise sequence identity (%)

[0 10 20 30 40 0 80 NE0ON

Figure 4. The pairwise sequence identity analysis of 19 full length proteins shows 39-67%,
30-92% and 23-34% identity within group 1, within group 2 or across group member, respec-
tively. Percent sequence identity matrix was created by Clustal 2.1 using EMBLSs Clustal Omega
web tool for sequence analysis with standard settings.[”)

Whereas the structural alignment of members from both subgroups adopt a
similar single domain (a,f)s-barrel (TIM barrel) fold of the monomer homo-
logue (Figure 5). OYE family enzymes are known to exist as monomers
(PETNRP®, RmERP), active dimers (e.g. OYE1[%), tetramers (dimer of a dimer;
YqiMP4, TOYEP, TsERIM) and most recently multiple oligomeric states of

thermostable homologues including octamers®>'®l and dodecamers!®!. The most

12
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significant differences between the OYE structures are the positions and amino

acid compositions of surface loops.

A7 R347 from
7 second domain

Figure 5. X-ray structure of TsER from Thermus scotoductus SA-01 (pdb 3HGJ'0l) presented as
active dimer. All OYE homologue monomers adopt a similar single domain (a,f)s-barrel (TIM
barrel). The active dimer of TsER is formed by interaction of R347 from one domain to the sec-
ond (presented as orange sticks). a-Helices are red, B-sheets yellow and loops green. The non-
covalently bound cofactor FMN is illustrated as yellow sticks.

The active site architecture is remarkable similar, despite the low sequence ho-
mology of OYEs (Figure 6). The binding site displays highly conserved resi-
dues, like the H181 and H/N184 (PETNR numbering) as anchor points for the
carbonyl (EWG) coordination and the tyrosine in position 186 as potential pro-
ton donor for the asymmetric hydrogenation. Residue T26 in group 1 and the
highly conserved cysteine at this position in group 2, interacts with the FMN
isoalloxazine ring O4 atom and is known to influence the flavin redox potential
by stabilizing the negative charge of the reduced flavin.l"-1%! In group 1, W102
is a highly conserved residue, whereas in group 2 the same spatial position is
occupied by small amino acids, like alanine and glycine. This exchange may
improve the binding of more bulky substrates within the active site and con-

tributes to the overall increased active site volume in this subgroup.

13
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PETN Y186

PETN H184 I;’(E?E ﬂ;;

NCR N175 i PETN Y68

TSER H175 NCR W66
TeER 167

Cia @s%

PETN H181 PETN W102
NCR H172 NCR W100
- TSER A102
TSsER H172 e
% — )
. Y
s v 7 l\
\ PETN T26
NCRT25
TsER C25

Figure 6. Active site of the structural alignment of PETNR from Enterobacter cloacae PB2 (groupl,
yellow, pdb 3P81), NCR from Zymomonas mobilis (groupl, cyan, pdb 4A3U) and TsER from
Thermus scotoductus SA-01 (group2, green, pdb 3HGJ) with PyMOL v0.99. The highly conserved
residues of both groups are shown in sticks, the non-covalently bound FMN as lines.

The reaction mechanism of trans-specific hydrogenation is described in the fol-

lowing chapter.

1.4.1 Reaction Mechanism of the OYE Family

OYEs are biocatalysts for asymmetric hydrogenation of electron-poor alkenes
with high trans-selectivity. The reaction mechanism occurs via a bi-bi ping-pong
mechanism, where the reductive and oxidative substrate binds in the same ac-

tive site.[102]

In the first part, the reductive half reaction takes place, which proceeds in three
kinetically distinct steps.l'® Initially the reductive reagent NAD(P)H binds in
the oxidized enzyme where the hydride transfer occurs to the cofactor FMN
(Scheme 4). Based on a crystal structure of OYE1 in complex with NADP* it is
well appreciated, that the amide oxygen of the nicotinamide ring undergoes a

hydrogen bond formation with the highly conserved H191/N194 residues,

14
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whereby the C4 atom gets positioned close to the N5 atom of FMN.!% Fur-
thermore, the kinetics of the reductive half reaction with NADPH have been
broadly studied.[?>151%] In a concentration dependent manner, the binding of
NADPH to the oxidized OYE1 leads to the formation of the Michaelis-Menten
complex (k1 and k2). In the next step a charge transfer complex between NADPH
as electron donor and the oxidized FMN as acceptor is formed, resulting in a
long wavelength absorbance band (ks and k4).[°y) The FMN undergoes a biphasic
reduction (ks and ks), which is independent of the NADPH concentration, fol-
lowed by the release of free NADP* (k7 and ks).[10210]

k k
OYEEMN + NADPH=—= OYEEMN-NADPH =—== OYEEMN-NADPH*
2 Michaelis complex 4 Charge transfer
complex
ke ”kS

k7
OYEFMNH, + NADP* - OYEFMNH, NADP*
8

Scheme 4. Kinetic steps in the reaction mechanism of the reductive half reaction of NADPH
with OYE. [61,102,105]

The second step is the oxidative half reaction, where the carbon-carbon double
bond of the activated unsaturated compound gets reduced by FMNH-2. Thus,
FMN is recycled and able to catalyse the next cycle (Scheme 5).[!

For both hydride transfers, in the reductive and oxidative half reaction, quan-
tum mechanical tunnelling have been shown by fast reaction and steady state

kinetics.[107.108]

The presence of an electron-withdrawing group on the substrate is mandatory
as it provides activation via polarization of the carbon-carbon double bond as
well as an anchoring group for attachment in the active site by hydrogen bond-
ing with a H/N or H/H pair located in the binding pocket. As mentioned above
this specific binding combined with overall trans addition of formal molecular

hydrogen explains the high stereospecificity of ene reductases. Mechanistically,
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the bioreduction of alkenes bears a strong resemblance to a Michael-type 1,4-

addition of a hydride to a conjugated carbon-carbon double bond.

stereospecific
FMN
reduced ketone O ox.
N NADPH
ko HN™ |
(@] X 2 =z
%1 O)\N N
\ / ks /
oxidative reductive
half/r\actlon half reaction
fj @”
HN

o,B-unsaturated NADP*

ketone
FMNHZ red.

Scheme 5. The catalytic mechanism of the asymmetric reduction of alkenes catalysed by ene
reductases from the OYE family. The hydride is stereoselectively transferred onto Cg from the
N5 of the reduced FMN.

With some substrates it was observed, that the stereoperference and enantiopu-
rity of the products are influenced by the choice of reaction conditions, namely

oxygen level and the buffer conditions.®!1%]

Important to appreciate is the diversity of flavoenzyme chemistry caused by the
tricyclic isoalloxazine ring system of flavins.!'' Although the redox potential
for two-electron reduction of flavin lies at -200 mV, it can be modulated by the
enzyme environment to span a range from -400 mV to +60 mV, thus conferring

diverse reactivity to the enzyme.[11112

One additional reaction can occur with molecular oxygen to affect C=C-
epoxidation, C-H-hydroxylation and R-SOsH-, R-NO:-, alcohol-, amine-, thio-
ether- and Baeyer-Villiger-oxidations."'? It is also known, that flavoenzymes are
involved in redox-neutral processes, such as C=C-isomerization, magnetorecep-

tion and light-responsiveness.!3-11]
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In flavin-dependent ene reductases, like OYEs, in addition to hydride transfer
from/to nicotinamide, the FMN cofactor can also function as an acid/base cata-
lyst in redox neutral isomerization reactions, or it may directly transfer a hy-
dride between two substrate molecules in a disproportionation reaction, by-

passing the otherwise essential nicotinamide cofactor.!!1

All of the diverse chemical reactions, that are possible with ene reductases from
the OYE family make these extremely versatile catalysts an interesting compo-

nent for organic synthesis.

1.4.2 Bioreductions with Ene Reductases

The OYE family has been shown to be able to reduce an extensive diversity of
a,p-unsaturated alkene compounds (see Figure 7).

Rl O

R' O
RZJ\HJ\RAL RZMOH
R3 R
Carboxylic Acids R! O
R' O Enones

3
R Esters
Enals
OO0
O Substrates for o
Ph—— ( Ene Reductases =
Rl

a,B-Unsaturated

Alkynes Rl
R% O N o)
CN 12:
R? R! R2

_ 2
a,p-Unsaturated R%NO Cyclic Imides
Nitriles R 2

Nitroalkenes

Figure 7. List of substrate classes, which have been shown to be convertible by ene reductase
hydrogenation.
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They typically contain electron-withdrawing groups, like aldehydes, acyclic
and cyclic ketones, carboxylic acids, esters, cyano or nitro functionalities, which

build a Michael acceptor system.

As mentioned before, the electron withdrawing group (EWG) enables an inter-
action with the highly conserved H/H or H/N in the binding pocket of OYEs to
position the substrate for hydride transfer. The final stereochemical outcome
depends on which stereoheterotopic faces of the alkene are available for hy-
dride and proton addition, according to the orientation of the substrate in the
active site.['"! Until now, two possibilities have been described: the so-called

‘normal’ or ‘flipped” binding pose (Figure 8).['!"]

A) normal’ binding pose

Tyr\HJr
R3 R?
. R ) R3 H E
His/Asn-H_ g Sl>——__4< i I 3 I
JEWG TR R EWG
His/Asn—Pi “H
FMNH
B) 'flipped' binding pose
T
YT\H+
R3 R?
His/Asn-H- ‘*EWG\/\ / \(<H
Hls/Asn—H
FMNH

Figure 8. Mechanism of OYE-mediated reduction of carbon-carbon double bonds, according to
two possible substrate-binding modes. The priority rules employed to assign stereochemical
descriptors are following ones: for double bonds EWG > R, R3> R? for stereoheterotopic faces
EWG > =CR?R? > R.I116]

In the normal binding pose the compound is bound in such a way that the pro-
ton is delivered to the Ca-si face, whereas in the flipped binding pose it will be

delivered to the Ca-re face.[''” Most substrates are not tightly bound in the active
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site, which gives the possibility of both binding orientations, explaining the
sometimes low enantiomeric excess (ee) of the product by ene reductase hydro-

genation.!1811

One difficulty in using biocatalytic versus synthetic hydrogenation of activated
alkenes is the necessity of an external expensive reducing agent, like NAD(P)H.
The vast majority of biotransformations using ERs have been performed using
whole cells, most prominently being baker’s yeast*-1%| and bacteria.'>*12¢l With
this strategy cofactor recycling issues are avoided, because the reducing agents
get produced and recycled by the cells. The usefulness of this technique howev-
er, is limited due to the frequent poor product yields often caused by side reac-
tions such as carbonyl group reduction, ester hydrolysis, acyloin reactions and

acetyl cleavage caused by other enzymes present in the cell.[®!

This disadvantage can be overcome by the use of purified enzymes, but re-
quires again the presence of either large quantities of cofactor or, more efficient-
ly, a suitable recycling system. This so-called coupled enzyme approach, where
an additional enzyme is present in the reaction medium together with an inex-
pensive sacrificial cosubstrate like glucose, is broadly used (Scheme 6). The
choice of the regeneration system should take into account that the resulting
coproduct does not have negative consequences on the catalytic efficiency, like
inhibition effects. Moreover the chosen regenerating enzyme should not inherit
a catalytic activity towards the used target substrate and product, such as car-

bonyl reduction.

The common enzyme systems used for regeneration are glucose dehydrogen-
ase/glucose, glucose 6-phosphate dehydrogenase/glucose 6-phosphate, formate
dehydrogenase/formate, alcohol dehydrogenase/propan-2-ol and phosphite
dehydrogenase/phosphite. !
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EWG
R3 ene reductase R3 EWG
\%\Rl HH, H
R, / \ R? R!
NAD(P)H NAD(P)*
\\GD}J
glucono lactone ; , glucose
G6PDH
6-phosphogluconate = glucose 6-phosphate
. FDH
CcO, - : ; formate
! ADH
acetone - : : propan-2-ol
+ PDH .
phosphate - : ; phosphite

regeneration system

Scheme 6. Cofactor Regeneration Systems in ene reductase catalysed hydrogenation reactions.
GDH = glucose dehydrogenase, G6PDH = glucose 6-phosphate dehydrogenase, FDH = formate
dehydrogenase, ADH = alcohol dehydrogenase and PDH = phosphite dehydrogenase.*!

1.5 Challenges in the Field of Bioreductions with OYEs

Although the OYE from Saccharomyces carlsbergensis was isolated in 1933['%7], the
use of ERs as biocatalysts in stereoselective carbon-carbon double bond reduc-
tion still needs further development, especially for substrate scope and stereo-
complementarity. A major challenge in the field of carbon-carbon reduction
employing OYE homologues is the current lack of global understanding of

what governs selectivity and activity.

So far the substrate scope for ene reductases is most often shown with small five
and six membered ring compounds.?¢!! But a better understanding of diseases
on molecular level will lead to structurally more complex and more diverse
small-molecule pharmaceuticals.?!! If OYEs would accept such structurally de-

manding compounds, they could be used at a late stage in the synthesis.

The big challenge in trans-hydrogenation with ERs is the access of both enanti-

omers, since stereocomplementary pairs of OYE wild types (wt) for control of
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facial selectivity are extremely rare and substrate specific among the OYE fami-
ly.[7384128121 To get stereocomplementary products, a flipped binding mode has
to be enabled, for high enantiomeric excess even selectivity favoured over the
normal binding mode. This, especially for bulkier substrates, could be difficult

because of steric hindrance in the active site (see Figure 8).
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2 OBJECTIVE OF THE THESIS

This thesis focuses on the engineering of ene reductases from the Old Yellow
Enzyme (OYE) family. These new ene reductases will have superior substrate
scope, stereocomplementarity and handling properties to establish them as in-
dustrially relevant catalysts in organic synthesis. The work presented here is

divided into four main parts:
Part One: Scaffold Sampling Strategy for the OYE Family

Analysing the existing knowledge about the OYE family from labor intensive
directed evolution studies, will allow the identification of beneficial mutations
to achieve desired properties, such as expanded substrate scope or stereocom-
plementarity. The transferability of these engineered residues to other members

of the OYE family to rationally design new catalysts is investigated here.

Existing
knowledge from
labor intensive
directed
evolution studies

Multiple sequence alignment Multiple structure alignment
of OYE family of OYE family

\

/

combme/

Investigate a fast
engineering
strategy for the
OYE family

Figure 9. Working hypothesis for engineering the OYE family via the scaffold sampling strate-
8Y-
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This so-called scaffold sampling strategy should reduce the search space in-
volved in the directed evolution process, providing a shortcut to the discovery
of new potent ene reductase variants, which should give access to both stereoi-

somers of selected substrates.

Identified hot spot residues of YqjM from Bacillus subtilis for the model com-
pound 3-methylcyclohex-2-en-1-one, i.e. C26D/I69T and C26G for activity and
selectivity, respectively, will be transferred to seven OYE scaffolds. One of these
scaffolds is a thermostable ER, which might be, due to its robustness, more in-
teresting for applications in organic synthesis. This tested strategy would pro-
vide a fast engineering method for this enzyme family allowing access to new,

potent biocatalysts for organic synthesis.

Part Two: Characterization of a Robust and Stereocomplementary Panel of Ene
Reductases from Thermus Scotoductus SA-01 (TsER)

The second section will cover the full characterization of a robust ene reductase
variant panel from Thermus scotoductus SA-01 (TsER). Here, it will be demon-
strated that TsER variant pairs can form a small panel of engineered ene reduc-
tases that combine a broad substrate scope, tolerance to organic solvents and
high temperature with convenient catalyst handling and control over facial se-
lectivity (Figure 10). This combination of properties allows improved handling
at gram-scale and conversion of poorly water-soluble compounds. The control

over facial selectivity will be examined for a broad substrate scope.

In collaboration with D.J. OPPERMAN (University of the Free State, Bloemfon-
tein), crystal structures of TsER variants will be obtained to provide structural
insights into the factors controlling stereoselectivity and achieving activity to-

wards non-substrates for the TsER wild type.
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[ Control Over Facial Selectivity ?J

[High Productivity ?j [ Tolerates Organic Solvents ?\J

: C25G C25D :
[Broad Substrate Scope ?1] C25G/167T C25D/167T [Thermostable ?1]
C25G/167V || C25D/167V

C25G/167C

[ Easy to Producea [ Easy to Handle ?J

Figure 10. Characterization of ene reductase variants from Thermus scotoductus SA-01 (TsER)
derived from part one. Investigation of properties and advantages of these variants for applica-
tions in organic synthesis.

C25D/167C

Part Three: Prediction of Substrate Binding and Affinity towards TsER
variants by Computational Methods

As mentioned in the introduction a major challenge in the field of carbon-
carbon reduction employing OYE homologues is the current lack of global un-
derstanding of what governs selectivity and activity. To set up general rules the
experimental studies will be examined with the help of fundamental computa-

tional methods.

Theoretical studies, such as those employing docking, molecular dynamics
simulations and hybrid quantum mechanics/molecular mechanics (QM/MM)
simulations, can provide important insights into mechanistic details that may
not be possible via experimental means. Relatively few theoretical studies have

been performed on the OYE family.[130-132]

Performing in silico studies with the obtained TsER variant panel will gain a
better understanding of the factors governing substrate acceptance and facial
selectivity. More importantly, the docking data will be analysed to see whether

the predicted stereochemistry matches the experimental observations.
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Additionally, molecular dynamics simulations combined with methods for
predicting binding free energies will clarify substrate affinity, which will allow

a computational pre-screening for new substrate libraries.

substrate library catalyst library
R glieNeacliic 8
B F AT
o {( et pon Experimental data acquisition,
T o @9 by screening the combination of
39 P o ?\ libraries
s
hits faults
é’&(:ﬁ&c A G oM
o b R
e T e

Evaluation of experimental
results via in silico studies

Y

—
F

Figure 11. Workflow for using computational methods to gain more information about the ex-
perimental results.

Part Four: Development of a Set of Compounds as Molecular Probes for Active
Site Geometry

In the fourth section, the substrate scope of TsER will be expanded to bulkier
substrate classes such as indole and coumarin derivatives. The different couma-
rin scaffolds, shown in Figure 12, should help to obtain insights into the binding

pocket of TsER for the identification of potential new engineering residues. Due
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to the fluorescent properties of the used coumarin derivatives, an easy and fast

fluorescence screening will be established.

To achieve this, all coumarin scaffolds have first to be synthesised and second-
ly, another round of mutagenesis must be performed to create a set of active site
libraries. In general, there is a great interest in broadening the substrate scope of
ene reductases to bulkier substrates to use these highly selective trans-
hydrogenation catalysts in the late stage synthesis of complex organic mole-
cules. So far the substrate scope is most often shown with small five and six

membered ring compounds.

o._0O
L
coumarin (10a) as
lead structure

hydrogen bond
HO O__O ~—HO 0__0O ~™Ho 0__0O
Pz \©/\;['( \©/\)\:(OV
O (@)
11a 12a D 132
O O
/ O O
L on )
=

14a  hydrogenbond 15a 16a
aceptor

donor
T

polar group

unpolar group

Figure 12. Different structural scaffolds based on coumarin (10a) to obtain insights into the ac-
tive site of TsER for finding potential new engineering sides to convert more bulky substrates
with ene reductases from the OYE family. Arrows are indicating possible, further introduced
sites for hydrogen bonding.
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3 RESULTS AND DISCUSSION

3.1 Scaffold Sampling Strategy for the OYE Family

3.1.1 Review of the Recent Literature

Implementing enzyme catalysis as a diverse compilation of tools into our chem-
ical synthesis toolbox is a busy research area and a prerequisite for the 21th cen-
tury of sustainable synthesis. The need to improve and adapt Nature’s given
catalysts is high and protein engineering, as well as directed evolution, is inevi-
table as we currently lack sufficient knowledge to design any functional enzyme
from first principles.l'®-1%! Engineering principles cycle iteratively through stag-
es of ‘design-build-test-learn’ to optimize a system for a defined application. The
more data and engineering strategies are available, the better the outcome. Eve-
ry year numerous directed evolution studies are published, either increasing
the data an enzyme engineer can use as knowledge base or adding refined and

new strategies to the protein engineer’s repertoire.

Considering that natural evolution “repeats itself”, as does experimental evolu-
tion in the laboratory,*! obtaining the existing knowledge from labor intensive
directed evolution studies and transferring it to homologous protein scaffolds,
may allow guided traversing through the sequence space and shortcutting bio-

catalyst development.

Indeed, two recent studies have provided first evidence that this shortcut to
enzyme engineering is possible in two distinct enzyme families.[3”13! Scaffold
sampling through transferring non-natural mutations is a result of two merged

concepts: The transfer of non-natural occurring mutations from one to another
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homologous protein structure'®!4 and the transfer of natural mutations ob-

tained by the consensus approach to several scaffolds.?’!

The consensus method is a related engineering strategy, where multiple se-
quence alignments of wild types are used to identify Nature’s solutions for an
addressed enzyme trait.*!! This “check nature first, than evolve”l*? strategy
includes rational assignment of function to key sequence motives as well as us-

ing the obtained diversity as a small amino acid alphabet for smart library crea-

tion_ [143-145]

In fact, transfer of naturally occurring residues or mutations to another closely-
related enzyme is widely used to improve properties.'*! But it is also known
that most improved variants from directed evolution do not occur naturally.[4¢!
In addition, and contrary to the consensus approach and its derivatives, di-
rected evolution also reveals beneficial mutations in positions of high sequence
conservation."141 As a point of fact, many empirical discovered hotspot resi-
dues are conserved in sequence and structure, even among sequences that share
little overall sequence identity. Once being responsible to ensure the natural
function, such conserved sites are no longer subjected to do so and are free to

adapt to the new non-natural environments.

One of these families with high conservation in the active site is the ene-
reductase family of OYEs. The active site architecture and sequence is rather
conserved despite a low overall sequence identity. Minor differences in volume
have been shown to cause the reported diversity in substrate scope and stere-
oselectivity. The natural function is under debate, but the family can use flavin
and NADPH to catalyse the trans-specific reduction of a,-unsaturated carbon-
yl, nitro and cyano compounds (see chapter 1.4). Therefore it has attracted quite
some attention for synthesis in recent years and a fast engineering strategy for

this family would further benefit this area.
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The OYE family consists of two subclasses and protein engineering and di-
rected evolution studies are available for both.[”*1147-1521 They revealed several
hotspot residues, and as expected, most of the newly identified amino acids at
these positions do not occur naturally in other homologues of the family. Engi-
neering of YqjM from Bacillus subtilis identified the combination of C26D/I69T
for an increased specific activity towards the model compound 3-methyl cyclo-
hexenone (17a) and seven additional compounds, while preserving excellent
enantioselectivity.l””! In addition, the highly conserved residue C26 turned out
to be a stereocontrolling switch, yielding the other enantiomer when changed to

C26G.

Building on this basis of BOUGIOUKOU et al., the presented thesis hypothesized
that the DT and G mutation, discovered in one OYE, would induce the same
function when transferred to homologous OYE scaffolds. Of special interest is
the transfer of excellent activity to the thermostable family member TsER from
Thermus scotoductus SA-01. To test if the newly emerged shortcut strategy is
generally applicable in OYE, three additional members from subclass 1 and
three from subclass 2 were chosen, which have already been used in cascade

reactions’®1¥land large scale synthesis/?®l.

3.1.2 Target Positions for Presented Transferability Study

In the presented thesis the strategy was examined with the potential industrial-
ly interesting ene reductases from the Old Yellow Enzyme family. OYEs use
flavin and a nicotinamide based hydride source to catalyse the trans-specific

hydrogenation of a,f-unsaturated carbonyl, nitro and cyano compounds.

Because only medium and low throughput screens based on gas or high-
pressure liquid chromatography are suitable for most OYE transformations,

effective strategies for engineering of family members by avoiding screening-
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intensive protein engineering or directed evolution studies are needed. The big
challenge therefore is the access of both enantiomers, since stereocomplemen-
tary pairs of OYE wild types (wt) for control of facial selectivity are extremely
rare, and substrate specific among the OYE family.38+128121 To get stereocom-
plementary products from the same enzyme, both binding modes, the normal
and flipped poses have to be enabled. For high enantiomeric excess, selectivity
favoured over one binding mode must be given. This, especially for bigger sub-

strates, could be challenging because of steric hindrance in the active site.

Evaluating the existing OYE protein engineering literature reveals that OYEs

have been mostly evolved towards three common compounds (Scheme 7).

O OYE variant o
@\ NAD(P)* @
17a GDH/glucose 17b
(0] O
@/ OYE variant érf
\F\\“ NAD(P)" \”
18a GDH/glucose 18b
o OYE variant o
HO OMe HO/X)J\OMe
NAD(P)*
19a GDH/glucose 19b

Scheme 7. Most common transformation in directed evolution and protein engineering studies
of OYE for control of facial selectivity of the hydride attack. The goal is to find complementary
catalyst pairs allowing access to both enantiomers with excellent stereoselectivities.

The first discovered OYE variant from PADHI et al., able to switch facial selectiv-
ity, was W116I in OYE1 from Saccharomyces pastorianus for the reduction of
(S)-carvone  ((S)-2-methyl-5-(prop-1-en-2-yl) cyclohex-2-en-1-one, 18a) to
(25,55)-18b.°"1 The wild type enzyme and the W116F variant produce
(2R,55)-18b, as well as all other reported OYE wild types. Interestingly, W116X
variants were identified by an activity based screening for the reduction of
3-methylcyclohex-2-en-1-one (17a), but no flip in stereoselectivity was ob-

served.Pl
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The second stereocomplementary pair reported by BOUGIOUKOU et al. was the
C26G and C26D/I169T variants of YqjM from Bacillus subtilis, allowing access to
both enantiomers for the reduction of 3-methylcyclohex-2-en-1-one (17b).”! Al-
so, YqjM variants with mutations in A104 were found to contribute to higher
(R)-selectivity, which are analogous to W116 of OYE1 in hotspot position III
(Figure 13).

When the precursor methyl-2-(hydroxymethyl)-acrylate (19a) of the industrial
important ‘Roche ester’ 19b was introduced as an OYE substrate, all tested wild
types produced (R)-19b.1%¥ Access to (S)-19b was achieved upon discovery of
OYE2.6 from Pichia stipites by WALTON et al.l®! The same study also showed
that single site saturation mutagenesis of OYE1 at hotspot position W116 like-
wise produced stereocomplementary variant pairs for 19b. In a follow up di-
rected evolution study, additional complementary pairs with improved conver-
sion levels were discovered for the OYE2.6 scaffold.l'®! Lately, a rational design
study identified variants C26N/I69A and 169A/H167A of YgjM to induce the
same stereochemical flip.!"®? In addition to the aforementioned studies, a few
single-residue saturation mutagenesis!'®-1%], rational design1%°! or directed

evolution studies!1¢”168] exist, which allow extraction of beneficial mutations.

Taken all together, several hotspot positions have been identified through im-
mense literature research and especially positions I, II and III (Figure 13) were
found to control facial selectivity, activity and substrate scope in OYE1, OYE2.6,
PETNR, KYE and YqjM.[67:91.160.162,165]
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Figure 13: Sequence alignment showing position and residues of hotspots in primary and ter-
tiary structure of wild type OYEs, which have a low sequence homology across group member
(23-34%) and which consist of two subgroups, possessing distinct conserved residues at target-
ed hotspot positions.[11%] Sequence alignment was created with Clustal Omega and sequences
are sorted by pairwise identity. Structures of TsER (3HG]J, green)!'*], PETNR (3P81, yellow)61l
and NCR (4A3U, cyan)!'” have been aligned using PyMOL 1.5.x. Residues at hotspot positions
are shown as sticks, FMN as lines. The Ca atoms of residues are shown as spheres. The side
chains of hotspot position II fill the same space, but residues have different positions in primary
structure.

Probing of all combinatorial possibilities arising from empirically identified
hotspot positions including their amino acid combinations, the screening sub-
strates and available OYE scaffolds, would be too resource intensive. Therefore
this presented study was restricted to seven scaffolds, three groups of variants
and three substrates (17a-19a). The scaffolds from group 1 are NCR from Zy-
momonas mobilis, XenB and NemA from Pseudomonas putida ATCC 17453 and
from group 2 XenA from Pseudomonas putida ATCC 17453, TsER from Thermus
scotoductus SA-01, RmER from Ralstonia metallidurans and DrER from Deinococ-

cus radiodurans. The created variants for all of these scaffolds contain the afore-
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mentioned stereoselective switch residues for group 2 member, which are gly-
cine and aspartate in hotspot positions I and threonine in hotspot position II
(see Figure 13). Also the isoleucine residue in hotspot position III, which is re-
sponsible for a stereoselective switch in group 1 was introduced in scaffolds

from both groups, namely NCR and TsER.

Wild type scaffolds were partially selected based on their proven potential as
bio-catalyst in cascade reactions!'®-1%171] Jarge scale synthesis!'?17%173] yse of
NAD(P)H mimics!7 or stability.l''17%! With this setup, the OYE family was
tested for specific response when applying the scaffold sampling strategy. The
focus is on accessing new stereocomplementary variants with preparative use-
ful turnover numbers and if the new OYE biocatalysts are superior relative to

their starting scaffolds and to the original engineered wild types.

3.1.2.1 Creation of the OYE Variants by Rational Design

The overall high GC content (63-70%) of the seven OYE genes used in this thesis
and the local occurrence of stable secondary DNA structures at hotspot posi-
tions have made mutagenesis of used OYE scaffolds more challenging than ex-
pected compared to previous mutagenesis experience of YqiM (46% GC con-
tent). Quik Change and megaprimer based mutagenesis protocols, betaine
and/or DMSO as additives, new primer design, as well as hot-start methods
were tried. Megaprimer, hot-start and additives were an absolute requirement
for successful mutagenesis in ncr, tser, rmer and drer genes. The genes of xenA
and xenB were more challenging and after several rounds of PCR optimisation,
mutagenesis of these genes was not further pursued. The nemA gene was most
resistant to the mutagenesis trials and only C26D was obtained. In combination
with an extremely low expression level in E. coli, it disqualifies NemA as an en-

zyme with biocatalytic potential.
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The introduction of the mutations in hotspot positions I+II for all OYE scaffolds
were achieved in collaboration with SABINE DUEWEL!7! and ALEXANDRA A.
RICHTER.[7! After introducing aspartate/glycine at hotspot position I and threo-
nine at hotspot position II into TsER, RmER, DrER, NCR and XenB, a first heter-
ologous expression test with wt and all 14 variants was performed. To avoid a
later falsification of biotransformation data due to contaminations with E. colis’
own OYE, a AnemA knockout strain for enzyme production was used.l”®! The
tested expression conditions and subsequent activity test showed the necessity
to reduce the expression temperature to 22 °C after induction with only 10 uM
IPTG. The ODsw normalized SDS-PAGE analysis (Figure 14) reveals that the

tested variants were produced.
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Figure 14. SDS PAGE analysis of heterologous expressed ene reductases. All samples were
normalized to an ODsw of 1, resulting in equal cell mass per lane. Samples before (To) and after
(T1) induction are shown, pET based plasmid show a significant leaky expression. Red squares
indicate the recombinant expressed OYE as confirmed by mass analysis. XenA wt appears al-
most 10 kDa to high (exp. mass 41 kDa), but ORF of both plasmids encoding wt and XenA
C25D variant are identical and correct.

Variant XenB T25D/Y66T did not yield any protein after affinity purification,

confirming recent reports’¥], XenB studies were not further pursued. Mutagen-
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esis and expression problems can sometimes be solved by changing the plasmid
backbone to smaller or newest generation plasmids. This might be especially

promising for XenA, XenB (pGaston) and NCR (pET28).

Overall, site directed mutagenesis yielded 14 heterologous expressed variants
from group 1 and 2 members, which were further identified by purification and
characterized with a thermal stability test, as well as examined for turnover and

stereoselectivity.

DrER and RmER carried an N-terminal His-Tag whereby they were purified by
immobilized metal ion affinity chromatography (IMAC) while monitoring the
purification process with UV spectroscopy and SDS-Page analysis. Yields of
about 6-9 mL with 30-50 uM per 300 mL expression culture (25-40 mg/L) could

be obtained for all variants.
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Figure 15. A) Representative absorption spectrum of protein elution profile at 280 nm during
immobilized metal ion affinity chromatography (IMAC) of DrER C40G with buffer B: 100 mM
potassium phosphate, 0.5M NaCl, 0.5 M imidazole, pH 7.4. FT: flow through, POI: protein of
interest. B) SDS-PAGE of the elution profile after purification of D*ER C40G by FPLC. M: mo-
lecular marker, FT: flow through, 1-15: elution fractions, bands a-c were characterized via tryp-
sin digestion and mass analysis as: a: E. coli chaperone DnaK, b: DrER, c: 50s ribosomal protein
L1 from E. coli.

TsER is a thermostable enzyme discovered by the studies of BERNARD et al.l'”l,
By increasing the reaction temperature, also the specific activity for ketoisopho-
rone (22a) rises. Furthermore, it was shown that TsER retains 50% activity after
25h at 70 °C. Since the here used TsER construct is untagged but thermostable,
it was heat-purified (90 min, 70 °C). With this method all non-thermophilic pro-

teins in solution denatured and can be separated by centrifugation. Yields of
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about 10-15 mL with 100-120 uM per 300 mL expression medium (110-

130 mg/L) were obtained for all TsER variants.

To determine the active enzyme concentration absorption spectra of the puri-
tfied ene reductases were recorded. Here, the fully oxidized FMN cofactor
showed characteristic absorption maxima at 369 nm and 455 nm (Figure 16) and
was used to determine the active enzyme concentration.
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Figure 16. Absorption spectra of purified OYE wt and variants used to determine active enzyme
concentration. Some variants show a slightly shifted maximum. The peak maximum, located
around 455 nm, was always used for concentration determination.

The SDS PAGE analysis of 10 uM enzyme solutions for every purified OYE
shows on one hand the excellent purity but on the other hand, that the supplied
amounts of enzyme are not identical as expected. It can be explained by the
presence of apo-protein in the purified enzyme solution, which is mainly
owned by an incomplete reconstitution with excess of FMN. This demonstrates
the advantage of determining the active enzyme concentration for activity as-
says over the bound FMN absorption maximum instead of the BRADFORD!'®"!
method, where just the whole protein concentration as sum of holo and apo-

protein would be determined.
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Figure 17. SDS PAGE of all purified variants. A 12% self-casted SDS-PAGE (coomassie brilliant
blue staining) loaded with approx. 2 ul purified OYEs of a 10 uM solution determined via
UV/Vis spectrum. TsER showing the expected size of around 37.9 kDa, NCR of around
41.6 kDa, XenB of around 38.8 kDa, RmER of around 40.1 kDa and DrER of around 41.7 kDa.

To determine the influence of introduced mutations, the thermal stability was
measured by CD spectroscopy.l'”®! As can be seen in Figure 18, the introduced
mutations decreased the thermal stability for DrER and RmER by 10 °C and
4 °C, respectively. RmER wt is 7 °C less temperature stable than DrER wt. Over-
all, RmER wt and variants turned out to be the least active OYEs, possibly due

to dimer-dimer instabilities.[*"]

For TsER no melting curve was observed up to 94 °C, indicating high thermal
stability of the enzyme against unfolding. Instead, precipitation of TsER wt and
variant was observed at the end of the measurement. This result is not supris-

ing, because OPPERMAN et al. showed that TsER wt is still active above 80 °C.17]
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Figure 18. Melting curves of group 2 OYE wt and variants, measured by CD spectroscopy. The
molar ellipticity O was measured at 220 nm as an average of three accumulation steps. The re-
ceived data was fitted by ORIGIN 8 with a BOLTZMANN sigmoidal fit. Tm = melting temperature.

3.1.2.2 Substrate Scope and Facial Selectivity of First Variants

All five purified wild types and 14 variants were obtained as active enzymes,
making it possible to convert 10 mM of 18a containing an electronic activated
carbon-carbon double bond with turnover numbers (TON) between 60 and 1000

(Table 1). With the used catalyst loading of 10 uM (0.1 mol%) and the chosen
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reaction conditions a maximal TON of 1000 is possible. Reduction of 18a
achieved turnover frequencies (TOF) between 40 and 667 molecules per hour,
showing that most of these new variants are faster than literature reported vari-
ants (TOF, 18 —300 h1).[5911621811 With the standardized, non-optimized condi-
tions, the TOF numbers are already close to the best reported TOF for
(S)-carvone (18a) (~1000 h') by LacER.'2I As expected, the wild types of group
2, TsER, RmER, DrER and XenA, had a rather low activity (< 1%) for
17a.1656799173182-185] NCR wt, TsER C25D/167T, C25G/167T and DrER C40D/IS1T
reach the best TOF of 82 - 190 h'! for reduction of 17a (Table 1). The electronic
deactivation of the beta position reduced TOF almost ten-fold. A more signifi-
cant effect on TOF was observed, when the hydrogen bond acceptor potential of
the anchoring group is altered by switching from ketones to esters, as in the
case of 19a, where only six (Table 1) of the 19 tested enzymes showed detectable
formation of 19b. A reasonably active enzyme catalyst should have at least a
TON of 10 - 100 and a conversion of >90% for industrial applications.!%! TsER
wt and TsER C25D/I67T achieved this with 94 and 98% conversion after 24 h,
albeit with a moderate TOF of 39 and 41 h’!, respectively.

Transfer of engineered residues into group 1 OYE scaffold NCR did increase
conversion of 19a, since NCR W100I improved from no detectable to 46% pro-
duction of 19b. A similar trend was observed for OYE1 W116X variants, but not
for OYE2.6 variants, even when mutating at the same three hotspot positions
discussed here.l®“1¥7] In group 2, conversion of 19a was significantly reduced for
engineered variants of YqjM, where substrate engineering circumvented the

problem.['52]
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More trends are apparent; C26G homologues showed either unaltered or de-
creased conversion, irrespective of the substrate. Literature also reports the
same trend for YgjM and XenA, especially when substrates without Ca activa-
tion are used, 17 and saturation mutagenesis studies of OYE2.6U'%! or
PETNRI2 did not yield a homolog glycine variant when selected by conver-
sion. Since it has become apparent that double/triple variants with mutations in
hotspot position II generally favour higher conversion levels,¢71¢018] 3 threonine
at the respective position was introduced in all C26G homologues and indeed
conversion of 17a and 18a for glycine/threonine variants increased compared to

the single C26G variants.

Interestingly the C26D/I69T pair did generally increase conversion and TOF in
group 2 members (Table 1). The introduction into group 1 member NCR and
XenB however resulted in a loss of conversion from 47 to 3% or in enzyme in-
solubility, respectively. A similar phenomenon was observed when hotspot po-
sition II in OYE2.6 (Y78) was converted to smaller residues and abolished car-
vone conversion.'® Vice versa, incorporation of W116I homologues into group
2 member TsER was not able to induce increased conversion levels. Mixed re-
ports are apparent in the literature demonstrating that the influence of hotspot
III on conversion might be weaker than other hotspots and highly substrate de-
pendent. No activity for 17a was observed with PETNR W102I, but other amino
acids at this hotspot position and other substrates showed increased conver-
sion.!'21%1 Incorporation of W116lI into circular permutated OYE1 variants low-
ered conversion of 18a,'%*1% a saturation mutagenesis library at W116 showed
no hits for 17al'*"! and biocatalytic characterisation of all 20 variants showed that
W116I is not the best engineered residue for this position.'¥1°!l Nevertheless,
the NCR data supports the importance of hotspot position III itself. Additional-
ly, data mining also reveals an importance for fine-tuning reactivity, either

alonel!®1621871911 or in context with variations at other hotspot positions.[¢7160.181]

41



Chapter 3: RESULTS AND DISCUSSION

Results for reduction of 17a and 18a reflect that evolution of the active site to-
wards improved turnover of 17a was performed in a group 2 member. There-
fore, it was surprising that variant TsER C25D/I67T converts the structurally
different 19a equally well as the wt, and the aspartate/threonine variant of DrER
showed marginally (from 2 to 6%) increased conversions. Overall RmER wt and
variants turned out to be the least active OYE, possibly due to dimer-dimer in-

stabilities.!

It appears that group 1 wild types, with their bulky residues in hotspot position
IT and III prefer a binding mode of 17a that leads to (S)-17b (see Figure
19).173109192-1941 Reports of facial selectivity for group 2 members are rare. XenA
wt favours (5)-17b (>99%)15"! like all other OYE wild types and only YgjM wt
produces (R)-17b with 76% ee.l”] It is expected that TsER wt and DrER wt will
likewise produce the (R)-enantiomer with their structurally almost identical

active sites.['7?]
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aroup 2 e el w, S'D wroggmve (NCR)

Figure 19. Scheme depicting normal and flipped binding modes of 17a in OYE scaffolds from
group 1 and group 2. A 180° flip along the C=O axis presents the other face of the carbon-carbon
double bond to the hydride and leads to the inverted isomer

To access accurate stereoselectivities for entries with such low conversions
(£2%, Table 1), their reactions were performed in large scale (10 mL).

Surprisingly, group 2 member DrER wt and TsER wt produced (5)-17b with
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93% and 76% ee, respectively, and YqjM wt reproducibly (R)-17b with 78% ee
(Figure 20). It would be interesting to understand what determines the re-face

orientation of 17a in YqjM wt compared to DrER and TsER.
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Figure 20. Overview of stereoselectivity of purified OYE variants producing 17b, 18b and 19b.
The selectivity on the left is the prevailing selectivity accessible with wt OYEs. A selectivity
switch for all three substrates is observed with the created variants in hotspot positions I+IL
Assays were performed aerobically, in 200 ul containing 10 uM OYE, 10 mM substrate, a
NADP*, glucose, GDH based cofactor recycling system for 5 h (17a), 1.5 h (18a) or 24 h (19a) in
100 mM KP;, pH = 7.4. Enantiomeric excess was determined by GC. n.c. no conversion, n.d. not
determined.

All currently known OYE wild types reduced 18a with a facial selectivity
yielding exclusively (2R,55)-18b.[*¥172l The data from this study confirms this
trend for TsER, DrER, RmER and XenB, and additionally shows that NCR wt is
no exception.” Furthermore, the data showed 76% or 97% ee for (R)-19b by
TsER and DrER wt, respectively, and confirms the trend that all current known
OYE wt scaffolds exclusively yield the (R)-enantiomer of 19b,"! where the only
known exception is OYE2.6 wt.['* It could be shown that the control of facial
selectivity previously observed for the YqjM variant pair C26G and C26D/I69T
is transferable to NCR, RmER, DrER and TsER for the reduction of 17a. Glycine
variants in hotspot position I give access to (S)-17b and the aspartate/threonine
combination in hotspot position I+II allows access to (R)-17b, irrespective of the

scaffold or the selectivity of the wild type.
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It appears that for the substrate/residue pair 17a and aspartate/threonine in
hotspot position I+II the flipped orientation is predominant and the glycine
based variants showed the same facial selectivity as the majority of wt. Notably,
TsER C25G, DrER C40D/I81T and TsER C25D/167T showed increased stereose-
lectivity compared to YqjM variants. Achieved selectivities are excellent, up to
98% yield of (R)-17b, which is one of the best results obtained so far with OYEs.
Only engineering of group 2 achieved good TON, TOF and enantioselectivity
values for (R)-17b production. Since the literature reported engineered group
1 members all favour (S)-17b.0V162181 the NCR T25D/W66T variant from this
study is the first (R)-17b selective group 1 example, but with rather low activity.
An exception might be XenA C25G, where a report by YANTO et al.l”®! indicates
>99% (R)-17b with a TOF of 53 h, but stands in sharp contrast to the systematic

appearance of (5)-17b preference of hotspot I glycine variants reported here.

Further, the same pattern of stereocomplementarity for the glycine/threonine
and aspartate/threonine variants was observed for the reduction of 18a, allow-
ing access to (25,55)-19b or (2R,55)-19b with excellent diastereoselectivity of up
to 92 or 96% de, respectively.l' This is the first report of group 2 members pro-
ducing (25,55)-19b and besides OYE1 W116X variants from group 1,0%! the only
other set of variants so far for this reaction.l*¥! All other new variants led to
(2R,55)-19b, even the hotspot position III homologues NCR W100I and TsER
A102L.1%!

Lastly, reduction of 19a confirms the generality of the stereocomplementary
pair, since TsER C25G/167T and C25D/167T gave 79% (R)-19b or 97% (S)-19b ee.
The combination of 19a and glycine based variants showed the same facial se-
lectivity as the wt and the aspartate/threonine combination flipped it. This rep-
resents the second variant of group 2 that is able to access (5)-19b.**! RUTHLEIN
et al. discovered YqjM variants C26N/I69A and H167A/I69A for production of
(5)-19b,'2 albeit with TOFs of 10.3 and ~0.3 h', respectively, compared to 41 h-!
(TsER C26D/167T) and 19 h'' (NCR W100I). A combinatorial library of TsER
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(chapter 3.6.3.1) contained some of the in silico designed variants of RUTHLEIN et
al.,’2 but they showed no conversion of 19a under the here used reaction con-

ditions (Table 2).

Table 2. Variants of TsER and NCR having the same mutations as published by RUTHLEIN et
al.152 and POMPEU et al.[13], but were identified as hits in combinatorial mutant libraries in other
projects!'”7! (chapter 3.6.3.1). Even though these variants were not selected for the first project in
the presented thesis, the occurrence further supports the high value of residues identified in
hotspot positions by directed evolution and their transferability to family member.

0
9 o
é\ HOYkOMe
17a 18a 19a
conv. % ee conv. % de conv.
(%GC) (%GC) (%GC)
TsER C25N/H175A® 0.0 n.d. 1 >99 (2R,5S) 0.0
C25N®@ 0.7 n.d. 82 95 (2R,5S) 0.0
C25G/A102I 0.2 n.d. 34 90 (2R,5S) 0.0
C25D/A1021 4.0 53 (R) 82 95 (2R,55) 0.0
NCR W100V® 0.6 n.d. 77 95 (2R,5S) 0.0
W66Y 11.0 99 (S) 78 96 (2R,55) 0.0
T25N 44.0 98 (S) 79 96 (2R,5S) 0.0

(a) homologue to YqjM variants engineered for (S)-selective reduction of 19a by RUTHLEIN et al.[*2], using rational de-
sign. (b) homologue to OYE1 W116V variant, engineered for (25,55)-selective reduction of 18a by POMPEU et al.l¢3],
Although W116I and W116V of OYE1 flip stereoselectivity, NCR W100I and W100V do not for the reduction of 18a. n.d.
not determined.

For variants with incorporated isoleucine at hotspot position III, no flip in facial
selectivity could be found for the reduction of 18a, which is contrary to the orig-
inal report, but consistent with cpOYE1 and OYE2.6 engineering results.[1811°!
Nevertheless, NCR W100I showed >99% (S5)-19b selectivity, presumably repre-
senting a flipped facial selectivity compared to the wt.[%! This supports follow
up studies by STEWART and co-workers, where it was shown that hotspot posi-
tion IIl in group 1 indeed controls stereoselectivity, but highly depends on ami-
no acid substitution in this position and tested substrate.[®1601911 ALEXANDRA
RICHTER could identify a homologue of one of the most promising OYE W116X
variants from the STEWART study!*], the NCR W100V, in a combinatorial li-
brary.l'”7! Interestingly, this NCR W100V variant was not able to switch facial

selectivity for reduction of 17a or 18a (Table 2).
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Compared to the C25/167 variants generated by the scaffold sampling method,
the NCR variants obtained through site-directed saturation mutagenesis!'””!

show low conversion for 17a and 18a and no conversion for 19a.

Recently two groups simultaneously applied the here presented ‘scaffold sam-
pling’ strategy, as a fast protein engineering strategy accessing significantly im-
proved biocatalysts with virtually no screening and creation of low numbers of
variants. The strategy assumes that catalytically important residues obtained
earlier by protein engineering, either rational or random, will induce the same
improvements of traits when transferred to their hotspot positions in other fam-
ily member. DUNN et al.'¥”! transferred XNA polymerase activity to three poly-
merase scaffolds, overcoming the limitation of the originally evolved one.
GOBER et al.[13] quickly identified new olefin cyclopropanation biocatalysts that
allow access to all four stereoisomers by transferring engineered residues into
twelve P450 scaffolds. The overall success rate to obtain an improved biocata-
lyst by this protein engineering strategy appears high, as demonstrated by the

results of both studies and the here presented thesis.

3.2 Dehydrogenation Reactions by Old Yellow Enzymes

VAZ et al." published 1995 a study about dismutation reaction by Old Yellow
Enzymes, exclusivley for cyclic enones. The cyclic enone 20a was first used as
hydride source for the FMN, instead of the nicotinamide cofactor, and was oxi-
dized to 20c followed by tautomerisation to the phenol 20d. A second enone
serves as substrate and was reduced at the olefinic bond to the corresponding
alkane 20b (Scheme 8).0'%-*1 Two following studies showed the potential of ene

reductases as desaturases for cyclic ketones!'%82% and tetralones!'¥.
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(R)-17b 17a 17¢ 17d
C25G/167T 11% 0%
C25D/167T 56% 13%

Scheme 8. Dismutation reaction with 2-cyclohexenone (20a) investigated by VAZ et al.l'%l and a
reversed reaction in absence of a recycling system, promoted by higher temperatures. Produc-
tion of 13% phenol 17d indicates that TsER C25D/167T is only marginally inhibited in contrast to
most ene reductase wild types.

Under the standard screening conditions, in the here presented thesis, with pu-
rified enzyme and GDH/NADP* recycling system, the TsER wild type produces
6% 3-methylphenol (17d) in 24 h at 30 °C. In contrast, none of the variants from
the TsER panel produced 17d, not even at elevated temperatures. It is known
that the dehydrogenation of cyclohexenone is strongly endothermic
(+109 kJmol )1, which can explain why higher temperatures are necessary for

this reaction.

Nevertheless, C25D/I67T in particular did not completely lose the ability to cat-
alyse the desaturation reaction. In the absence of a recycling system, at 70°C
and starting from (R)-17b, 13% of 17d and 56% 17a are formed (Scheme 8). A
similar report of GKOYEP™! exists, where 3-methylcyclohexan-1-one (17b) was
dehydrogenated on the less hindered side leading to 16% 5-methylcyclohex-2-
en-1-one with 23% ee at 70 °C without NADPH for 24 h. However, no m-cresol
(17d), as by-product was observed under their screening conditions.? In con-
trast, C25G/167T only forms 11% of 17a and no m-cresol (17d). For the oxidative
transformation no nicotinamide cofactor was required, proposing that the cata-
lytic cycle was closed via aerobic re-oxidation of FMNH:, which is also support-

ed by absorption measurements shown in Figure 21.1204 It is known that phenol-
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ic compounds are inhibitors to OYEs due to the formation of a charge transfer
complex with the FMN, this can perhaps explain the moderate yield for 17a in

the C25D/167T reaction.®

Dehydrogenation reactions of ketones are traditionally synthesised in a chemi-
cal way often with toxic phenylselenium derivatives®2%! or strong oxidants
such as SeO, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or oxoacids of
iodinel?%-2%81. The enzymatic transformation would lead to an environmentally-

friendly biocatalytic option for the preparation of «,f-unsaturated ketones.

Secondly, flavin dependent ene reductases are also NAD(P)H oxidases. Re-
duced FMN is able to oxidase molecular oxygen forming hydrogen peroxide,
which may react with activated alkenes in a non-enzymatic WEITZ-SCHEFFER
epoxidation,?®! or oxidatively damage the enzyme.['®*?1%] The most significant
consequence is that reducing equivalents are consumed but the desired product
is not formed, commonly known as cofactor decoupling. Therefore, the ques-
tion arises whether the increased productivity of the variants is caused partially
by the loss of NAD(P)H oxidase activity, but it was found by SASKIA DOHRING,
that all variants from the TsER panel still react with molecular oxygen (Figure
21). Under the aerobic screening conditions, and in the absence of a substrate,
wild type and C25D/I67T react similarly fast, whereas C25G/I67T is twice as fast
as the wild-type and C25G/I67V is 2.8 times slower.

Although performing OYE reductions under anaerobic conditions was suggest-
ed to minimize side reactions,?® by mass analysis it could be found that at least
TsER wt and C25D/167T are not oxidized at any position in the enzyme by hy-
drogen peroxide and neither epoxides nor the hydrolysis products thereof were
observed. Additionally, an excess of reducing equivalents, supplied by cheap

glucose, ensures sufficient reduction when working aerobically.
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Figure 21. Time needed to re-oxidize 10 uM TsER variants under aerobic screening conditions.
Upon NADPH addition, the cofactor is reduced to FMNH-2 and rapidly re-oxidized by dissolved
oxygen to FMN, which can be followed at 456 nm. Reaction were performed in 100 mM KP;,
pH 7.4, with 10 mM CoCl2 and 100 uM final concentration of NADPH in a stirring cuvette
(1000 rpm) with a JASCO V-650 spectrophotometer equipped with a PAC-743 Peltier tempera-
ture control unit.

As mentioned above, flavin dependent ene reductases also have an oxidase
function, but until now the has only been observed for the oxidation of molecu-
lar oxygen. Activity screenings of purified RmER wt, C25D/A102I and
A59V/166T with 4-phenylbut-3-yn-2-one (57a) under standard reaction condi-
tions result in conversion to the corresponding alcohol 57d, for the wt 1%,
C25D/A102I in 29% and A59V/I66T in 17%. This turnover could be confirmed
over fragmented GC-MS measurements. The activity towards reduction of 4-
phenyl-3-but-3-yn-2-one (57a) to the enone 57b was first reported by MULLER et
al. with the OYE1-3 and NCR as whole cell catalysts (Scheme 9).1! They did not
observe a reduction reaction to the corresponding alcohol 57d, also only mini-

mal by E.coli (less than 2.4%).%!
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OYE1-3 or O o
NCR ©/\)‘\ ©/\)J\
- e —_—
O
A 57b 57¢
NAD(P)*
Z _ P)
GDH/glucose OH
57a —
RmER 7
variants
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Scheme 9. Possible reactions of 57a with OYEs. The OYE 1 to 3 and NCR wt enzymes reduce the
double bond in whole cell assays!®’], whereas RmER variants from this study produce the alco-
hol 57d.

From the Rigid Body Docking (RBD) studies of chapter 3.5.1, the highest ranked
poses in the TsER wild type and C25D/I67T variant structures are shown in
Figure 22. It can be seen that the H175 serves as an anchor point for the carbon-

yl function and coordinates the benzene residue over a pi-pi stacking interac-

tion.
A) V177 B) Y177
| \
H175 Hq72 |\ H1k75 H172 |
,“v N \‘\ A\‘ \‘\ \j
d(J s 27 b 167 /‘C‘ 19 |
. " N R z ‘F ‘>
509 « ) 4 5'30‘ ‘( Té?
2N = AL G
A< - Oy -
. e Y X \- £ %46
2P » ] = LW »
Y4 ) A > —¢ A\
L

R347 //R347

Figure 22. Rigid body docking (RBD) poses of 57a in A) TsER wt with reduced FMNH2 and
protonated H172/H175 and B) in TsER C25D/I67T with reduced FMNH: and protonated
H172/H175. H-bonds are illustrated as yellow dashes, pi-pi stacking as purple dashes and the
hydride attack distance as orange dashes.

Due to this positioning in the active site of TsER, the distance from the carbonyl

carbon to the N5H of FMNH: is 4.6 A with an ideal Biirgi-Dunitz?'!l angle of
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107.9° in C25D/167T and 105.2° in the wild type structure, which might lead to a

successful carbonyl reduction.

In order to confirm the production of 57d by OYEs, upscale reactions must be
performed to isolate the exact product and fully characterize it by NMR spec-
troscopy and mass spectrometry. This reaction would need further investiga-
tion, but is a first hint that Old Yellow Enzymes also have a ketoreductase func-

tion.

3.3 Characterization of a Robust and Stereocomplementary

Panel of TsER variants

As mentioned in chapter 3.1 the thermostable ene reductase of Thermus scoto-
ductus SA-01 (TsER, also named TsOYE or CrS)["* and its variants can be inter-
esting for industrial applications based on their properties. For industrial syn-
thesis boosted solvent resistance, change of pH and temperature optima and
enhanced and even reversed enantioselectivity are important features concern-
ing the catalyst.®” This chapter will show that the obtained variant pairs of
TsER combine a broad substrate scope, tolerance to organic solvents and high
temperature with convenient catalyst handling. This combination of properties
allows easy use at gram-scale and conversion of poorly water-soluble com-
pounds. Control over facial selectivity was achieved for 10 out of 24 substrates,
described in detail in chapter 3.3.1. Crystal structures of the TsER C25D/I67T
and C25D/I67T/A102H variants, docking and molecular dynamics studies are
used to provide possible insights into the factors controlling stereoselectivity on

molecular level.
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3.3.1 Substrate Scope and Selectivity of TsER Variants

A wide range of substrate classes has been studied for ene reductases, which
vary in the nature of the activating group as well as in the alkene substitu-
ents.1%2711 The motivation in this study was the creation of a convenient set of
ene reductases, spanning all aspects from substrate scope, over high stereoselec-
tivity and control over facial selectivity to tolerance of organic solvents and sta-
bility at higher temperatures. Purified enzymes are rarely used in the produc-
tion of fine chemicals, due to the costs of producing the enzyme with sufficient
purity to eliminate competing side reactions caused by other enzymes. For
TsER usage, simple protocols were examined for production, handling and
storage of the catalyst. All variants reported in this study are easily separated
from the host proteins by heat treatment for 90 min at 70 °C. It was also exam-
ined that shock-frozen catalyst solutions maintain their activity when stored
at -80 °C for over a year; only repetitive thawing and freezing had negative ef-
fects. This was observed with a reaction of a TsER C25D/I67T enzyme stock,
which was stored for more than two years with repetitive thawing and freezing.
The substrate 22a leads to a conversion of just 20% after 24h. Using a freshly
produced enzyme stock could reach full conversion within 5h. To overcome
this limitation, freeze-dried powders were produced, which offer advantages

upon storage and handling.[12213]

Encouraged by the stereocomplementarity of variants TsER C25D/I67T and
C25G,"™! first the active site shape was fine-tuned by modifying residue 167,
incorporating either valine (V), threonine (T) or cysteine (C), and residue A102
to histidine (H), tyrosine (Y) or isoleucine (I) into variants C25D or C25G. The
mutation to tryptophan (W) at position A102 led to no productive heterologous
expression in E.coli. This panel of thirteen engineered TsER variants and the
wild type was tested against a total of 38 activated alkenes (Table 3), mainly

cyclohexenones and cyclopentenones, a,f-unsaturated linear alkenones and
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alkenals, acrylesters and nitroalkenes. Cyclic and acyclic ketones are important
industrial compounds due to their use as either synthons or solvents in many
processes such as polymerizations and pharmaceutical synthesis.?'*l A malei-

mide, citronellylnitrile, two alkynals and an alkynone were tested as well.

A total of 23 compounds were reduced at the carbon-carbon double bond, in-
troducing new stereocenters with high stereoselectivity (Table 3). For all sub-
stances, the control reaction, without enzyme was negative. The stereocomple-
mentary variants give access to both stereoisomers in 10 cases (17-19a, 24-25a,
28-29a, 35a, 37a, 41a) with stereoselectivities ranging from 17 to >99% ee. This
represents a novel example of broad stereocomplementarity for a single set of

ene reductase variants.

In eight additional cases (18a, 22a, 30-33a, 38a, 40a) high chiral purity (88 to
>99% ee) for one stereoisomer is obtained, however this panel is accessing the
same stereoisomer as known ene reductases. In addition, mainly excellent
productivities were achieved under screening conditions, indicating that the

TsER variants consist of valuable biocatalysts.

(R)-Levodione (22b) is for example an important industrial synthon as it is used
in the production of actinaol, a precursor for the synthesis of carotenoids such
as zeaxanthin (Scheme 10).?® The reduction of ketoisophorone (22a) with OYE
is well studied, also the here used TsER panel is able to perform the rapid reac-
tion in good conversions and ee. Preparative scale reactions are shown in chap-
ter 3.3.3. The presence of two ‘activating” keto groups enables the substrate to
bind in the active site in more than one conformation (see Figure 36, in silico
docking results). However, as both conformations lead to the production of (R)-
levodione (22b), the sometimes low ee reported in different studies is due to
significant water-mediated product racemization.?'® This was also investigated

for the TsER panel and is described in chapter 3.3.2.2. The high ee values ob-
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tained here are due to the short reaction time of 2.5 h, whereby the time spent in

the presence of water from 22b is minimized.

Ay

@) ER (S)- Ievodlone (22b)
W
activity Biocatalyst: XenA -

OH

22a (4R,6R)-actinol (22¢)
Biocatalyst: Baker's yeast
—

(R)-levodione (22b)

multiple OH

steps
NN

HO
zeaxanthin (23)

Scheme 10. Literature known reduction of ketoisophorone (22a) by whole cells and isolated
enzymes to a precursor for zeaxanthin synthesis, ER = ene reductase.[657374109173217,218]

Terpenoids and their reduced products, such as citral (38a) and carvone (18a,
30a) are a large group of naturally occurring cyclic and acyclic compounds
which are used industrially as fragrance and flavour substances.?”) For that
reason this compound class was also tested with the TsER panel. Interesting is
the observation for 3-substituted cyclopentenones, where 34a has really low
conversion, whereas the production of the larger methyl ester residue 35b is
quantitative. This trend was also examined in former studies by BOUGIOUKOU et
al.1’} Bioreduction of 3-substituted cyclohex-2-enones (17a, 24a) by wild type
enzymes generally produced lower yields than with 2-substituted cyclohex-2-
enones (18a, 29-30a) although the products were often enantiopure.109162218220]
For the here shown TsER panel the poor conversion was overcome by introduc-

ing mutations in C25 and 167 position and the enantiopurity was kept.
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Figure 23. Substrate scope and stereoselectivities obtained using the TsER variant panel. Shown
are the best results for activity and stereoselectivity, a detailed overview of all enzymes is given
in Table 3. Control reactions without ER showed no background reduction of C=C or C=O
bonds. The stereochemical outcome of 33a reduction using wt TsER (previously reported to be
(5))73»21lwas unambiguously corrected to be (R) by optical rotation. The numbers in brackets
behind 28b indicate the major diastereomer based on retention times. rac, racemic; .s.m., start-

ing material.
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Substrate 26a was used as a racemic starting material, from which all C25D var-
iants consumed mostly the enantiomer with a retention time of 12.25 min,
whereas all C25G variants consumed mostly the enantiomer at 11.10 min. All
conversions end up with the same product in the achiral and chiral GC meas-
urement determined by retention time, which argue for the formation of the
meso compound (Scheme 11). It shows that with the TsER panel the access to
both stereo-selectivities at position C5 from 26a is possible; otherwise the for-
mation of diastereomers had to be detected in the achiral measurement. The
enantiopure reference compounds of 26b are not commercially available; there-

by it was not possible to determine the exact produced product.

diastereomers
not observed

(@] O (@]
TsER variant 1
,ii ] ,ii * ,ii

(R)-26a (3r,55)-26b (3r,5r)-26b
meso trans
compounds enatiomers
(0] . @) @)
TsER variant 2
o " iy "
(5)-26a (31,5s)-26b (3s,5s)-26b

Scheme 11. Kinetic resolution of 26a with the shown TsER variant panel. To start from a racemic
mixture can end-up in diastereomers, trans enantiomers and meso compounds. In the achiral
and chiral GC measurements from the biotransformation of 26a with TsER variants just one
product could be observed. This would argue for the formation of the meso compounds.

Succinimides are cyclic imides that have pharmaceutical applications such as in
the production of anticonvulsant drugs, like ethosuzimide®? and
phensuximide®?!. In addition, N-aryl succinimides, like 32b have potential use
as fungicides, such as N-(3,5-dichlorophenyl) succinimide.*! Seventeen ene
reductases are able to convert 32a in high yields and near optical purity to

(R)-32b, also the TsER panel described here can be added to this OYE
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list.[6573,8599109.220221] The high activity rates towards five-membered cyclic imides
can be explained by the presence of two activating carbonyl groups next to the

carbon-carbon double bond.

Originally, these TsER variants were evolved for cyclohexenone derivatives;
therefore it is particularly interesting that structures such as 19a and 37-38a as
well as derivatives of cinnamic acid (39-40a) are also accepted with excellent
conversions. Aldehydes such as citral (38a) and cinnamalaldehyde (39a) are
used in the production of perfumes.?®! The asymmetric bioreduction of nitroal-
kenes like 41a or 42a is an attractive method for chiral nitroalkane formation.
Compounds that contain nitro groups are versatile intermediates for the syn-
thesis of natural products and other complex organic molecules, because the
nitro group can be transformed efficiently into a variety of diverse functionali-
ties.?6227] Nitroalkanes are often used as industrial synthons, because they can
be converted into corresponding amines, aldehydes, carboxylic acids, oximes,
hydroxylamines or denitrated compounds.?! In the study here both stereoiso-
mers of 41b could be obtained in excellent ee values (>99% S and >99% R), with
the easy to use TsER panel. Previously only PETNR of group 1 showed high

selectivity for production of (S)-41b.01"!

The performed screening contained several new substances for ene reductases,
of which four were transformed (26a, 36a, 40a and 42a). Especially 40b is
formed with high conversion and as a single enantiomer. Small structural modi-

fications (50a, 51a) abolish reduction.

To fine-tune the activity and stereoselectivity of these double variants a third
residue was targeted. As mentioned above, A102 forms a side pocket together
with C25 and 167. In the directed evolution study of YqjM from Bacillus subtilis,
variants with mutations in positions C26 and A104 contribute to higher activity
towards S-substituted cyclohexenones.”! Especially the introduction of polar

and bulky residues, like histidine and tyrosine were obtained. Based on this, the
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TsER variant panel was enlarged by introducing either H, Y or I at position
A102. Also tryptophan was introduced at this positon, but did not lead to the
successful production in E.coli. These triple variants were than tested against
the aforementioned 38 compounds (Table 3). Increased activity for some previ-
ously poorly accepted compounds was observed. Compared to the double vari-
ants®®! the production of 36b increased from 17% for C25D/167V to 33% with
C25D/167T/A102H. Conversion of 41a was enhanced from 64% with C25G/167T
to 98% with C25G/I67T/A102Y and C25G/167C/A1021 without loss of enanti-
opurity (>99% R). The nitro limonene derivative 42a, which is not converted by

any double variant, is now reduced by C25G/167T/A102Y up to 40%.

O NO, NH
44a 45a 46a 47a 48a
O e} O NO,
é@\* ©/\)kOMe ~Hoom @)kfo
07 “OEt OMe
49a 50a 51a 52a

0] O
)\/\)\/CN )\)J\ R
OEt R,

55a R, =Ph,R,=H
56a R, = C;H,;, R, =H
57aR, =Ph, R,=Me

53a 54a

Figure 24. Non-substrates for TsER variant panel under screening conditions.

Overall, 14 compounds were not reduced under the used screening conditions
(Figure 24). These molecules vary too much in structure and electronic proper-
ties to derive an explanation, only poor water solubility as possible cause was
excluded by working in biphasic system. Therefore, investigations by docking
and molecular dynamic studies were performed to better understand steric and

electronic influence on the panel’s substrate scope (see chapter 3.5).
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It could be shown that a diverse range of industrially relevant compounds can
be biocatalytically converted over an alkene reduction, which highlights the
potential of the TsER panel belonging to the biological asymmetric synthesis
manufacture. By using the purified thermostable enzyme, by-product formation
can be avoided, but a disadvantage is the requirement for a cofactor-recycling

system.

At the moment a research field is growing, which tries to solve the expensive
cofactor problematic by electro- and photochemical methods. For example the
use of a mediator that can transfer electrons directly to the enzyme would offer
a nicotinamide-free alternative to the classical recycling system.

¢)

MV?2 ER,, é
X O

MV ER é

A

cathode

+

red

B O
coproduct, flavin ER,, @
light X X (@]
coproduct, 4 flavin, 4 ER g é
Scheme 12. A) Electrochemical reduction of cyclohex-2-enone by ene reductases (ER) using me-

thyl viologen (MV) as mediator.??”! B) Photoenzymatic reduction of cyclohex-2-enone with
ER.[78,230]

Such mediators, most prominently N,N’-dimethyl-4,4’-bipyridinium dichloride
were already investigated in 1981 with the enoate reductase from Clostridia
sp.?! The mediator is first electrochemically reduced at the cathode, and the
resulting radical cation species can subsequently reduce flavin in the ene reduc-
tase (Scheme 12A). To date, related mediator-based systems have been investi-

gated but practical applicability has not been demonstrated. 117922231
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Another way to regenerate the enzyme is photochemically using an external
flavin, like riboflavin, flavin mononucleotide or flavin adenine dinucleotide,
while EDTA, formate or phosphite serve as sacrificial electron donors (Scheme
12B). 82301 Also some investigations were performed in synthetic nicotinamide
cofactors as replacement for NAD(P)H for biotransformations with the TsER
wild type by PAUL et al. ¥ On the basis that the here shown TsER variants have
great activity to a large range of substrates, compared to the wild type, it would
be worth investigating whether the presented methods solve the cofactor prob-

lem with these biocatalysts.

3.3.2 Reaction Conditions for Industrial Applications

3.3.2.1 Solvent Effects

The effect of organic solvents as a process parameter on the bioreduction should
be tested, if a catalyst is to consider for use in an industrial approach. Low wa-
ter-solubility of most ene reductase substrates, in combination with sub-
strate/product inhibition, presents a considerable challenge, often resulting in
low substrate loadings and significant amounts of waste water.””! Addition of
organic co-solvents and use of biphasic reaction systems therefore offer signifi-
cant advantages, often increasing the biocatalyst performance in synthetic
chemistry.[»42®! ]t is important to keep in mind that the reaction system used
here consists of two enzymes, the ene reductase and a glucose dehydrogenase
that belongs to the recycling system, which supplies the consumed hydride
from a sacrificial agent. The following results are therefore specific to the reac-

tion system.

It could be determined that water-miscible solvents lead to diminished activi-
ties when 10% (v/v) is exceeded (Figure 25). The most destructive effect on ac-

tivity shows the panel of TsER variants with small polar solvents like C1 to C3
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alcohols, dimethyl sulfoxide or acetonitrile, common co-solvents for organic
molecules in biotransformation. Other ene reductases have likewise shown a
similar intolerance against such co-solvents, #2201 but no clear trend is appar-
ent.[5236241 [n contrast, the combination of TsER variant and the glucose dehy-
drogenase (GDH-60 from EVOCATAL) tolerates up to 20% (v/v) of various water-
immiscible solvents without any loss in activity for the production of 40b. Im-
portantly, already a small volumetric amount of organic solvent (5-10% (v/v))
increased 40b productivity up to 2-fold, enabling full conversion of the sub-
strate. Encouraged by this result, the non-active substrates 49a and 52a were
tested in the presence of 10% tert-butyl methyl ether (MTBE). No conversion
was observed, excluding the possibility that they are not converted due to their

low solubility.

100- C25D/167T 5% mm 10% wm 20% - 40% 100 C25G/I67T = 10% e 20% -~ 40%
6 E
Q 80 80
X
2 ] w.0. org
S 60 solvent 60
‘s i
5 40 40
'g J
S 20 204

0 - 0 4

n-pentane toluene DIPE MTBE|EtOAc acetone 2-PrOH EtOH MeOH DMSO MeCN n-pentane toluenelacetone MTBE 2-PrOH MeOH
H,0 H,0 H,0 H,0
immiscible miscible immiscible miscible

Figure 25. Effect of organic solvents to the biocatalyst. Addition of organic solvents increased
formation of 40b. Full conversion was reached with toluene, n-pentane and MTBE with either of
the variants. Using 20% (v/v) organic solvent has a positive effect in most cases, and n-pentane
is even tolerated up to 40% (v/v). Grey line indicates the conversion rate without (w.o.) organic
solvent (C25D/I67T 43%, C25G/167T 48%). MTBE, methyl tert-butyl ether; MeOH, methanol,
2-PrOH, 2-propanol; DIPE, diisopropylether; EtOAc, ethyl acetate; EtOH, ethanol;, DMSO, di-
methyl sulfoxide; MeCN, acetonitrile.

Addition of n-pentane, MTBE, diisopropyl ether (DIPE) or toluene proved to be
particularly effective. The low water miscibility of n-pentane (39 mg-1")2*! even
allowed reactions with 40% (v/v) and the recovery of a clean product by simple
phase separation. The findings that immiscible solvents are more compatible
and enhanced conversion levels confirm observations made for other OYE wild

types.¥1220221 Immiscible solvents provide a substrate and product sink for the
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organic compound, keeping concentrations of reactants in the aqueous phase
low.[2#3-241 This is beneficial for enzyme catalysis, because such a reaction setup
often circumvents inhibition due to high product concentrations in the aqueous

phase.

It was noted that the enantiopurity of 33b increased up to 30% upon addition of
an organic phase. Interestingly, the effect was only observed for the wild type
and TsER C25D based variants (Table 4). The beneficial effect of a biphasic sys-
tem on enantiopurity was previously described for compounds prone to race-
mization, like 33b and 22b.[3!

Table 4. Solvent effect on conversion and ee of 33a and 40a. For 40b the ee values were always

>99%. All reactions were done in triplicates; standard deviation for conversion is + 5%. The reac-
tions were stopped after 24 h.

wt C25D/167C | C25D/167T | C25D/167V | C25G C25G/167C | C25G/167T | C25G/167V
o
Eg conv% conv/% conv% conv% conv% conv/% conv/% conv%
33b ee/% ee/% ee/% ee/% ee/% ee/% ee/% ee/%
without solvent 99 99 91 99 90 >99 99 96
79R 66R 57R 69R 87R 84R 81R 85R
with 10%(v/v) 99 99 91 99 90 >99 99 96
MTBE 96R 71R 88R 88R 88R 82R 80R 84R
©xzj conv% conv/% conv% conv% conv% conv/% conv/% conv%
40b
without solvent 40 58 43 60 38 45 48 37
with 10%(v/v)
MTBE 91 88 88 96 39 42 90 37

In addition, pH variation,! choice of nicotinamide recycling system, as well as
the enzyme concentration or the presence of oxygen?!”! are also described to
have a small but notable effect on the enantiopurity of ene reductase reactions.
While all these observations might be explained by the solvent effect on stereo-
selectivity and the formation of different solute-solvent clusters at various reac-
tion conditions,®”! it was surprising to see such a significant difference between

the two variant groups.
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3.3.2.2 Temperature Effects

Enzymes with high thermal stability are of particular interest to biotechnology
and basic research.?#! Increased stability and life-times enables more flexibility
in process design, use in new reactions and exploration of basic research ques-

tions without the limitation of a narrow temperature window.

Before investigating the thermal stability of the whole reaction system, the indi-
vidual thermal stability of both enzymes, glucose dehydrogenase and ene re-
ductase in the reaction system, used during this thesis, was assessed. The recy-
cling system based on GDH-60 from EVOCATAL was found to be active up to
50°C (Table 5). The engineered GDH from Bacillus subtilis (BsGDH
E170K/Q252L)% showed still 60% specific activity at 70 °C under the reaction
conditions which were used in this thesis. Thus, the investigation of tempera-
ture differences was performed with the BsGDH.

Table 5. Spectrophotometric determination of temperature dependency of used glucose dehy-
drogenases. The engineered BsGDH shows highest activity at temperatures between 40-60 °C.
Activity is reduced by 50% at 30 and 70 °C, whereas the GDH-060 from EVOCATAL shows no

activity at 60 and 70 °C. Therefore, BsGDH was used analysing the temperature dependency of
the bioreduction. The temperature range of the spectrophotometer is 0-70 °C.

Temperature 30°C 40°C 50°C 60°C 70°C
BsGDH activity [U/mL] | 32.80 57.78 61.70 5894 38.31

relative activity | 0.53 093 1.00 095 0.62
GDH-60 (EVOCATAL) activity [U/mL] | 23.05 41.42 46.78 0.00 0.00

relative activity | 0.49  0.88 1.00 0.00 0.00

The thermal stability of variant C25G/167T and C25D/167T was assessed by in-
cubating the purified enzymes in buffer at temperatures between 4 and 70 °C
for 14.5 h prior to a reaction at 30 °C (Figure 26A). Both TsER enzymes retain
full activity up to an incubation temperature of 60 °C. At 70 °C incubation,
C25D/167T lost 3% and C25G/167T 14% of its initial activity. This thermal stabil-
ity is comparable to that of the wild type.'”! Notable is the 1.06-fold activity

enhancement for C25G/I67T after incubation at 30 °C compared to no pre-
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incubation, while the activation effect might be masked for C25D/I67T, since

full conversion was reached.

A) B)
£1.19 145 h of incubation C25D/I65T temp (°C) | C25D/167T C25G/167T
=S W C25G/165T ee (%) of R- 22b
® 1.0- 30 91+0.4 90 + 0.6
g 40 85+ 0.5 87 + 0.1
27 45 83+0.2 85%0.1
® 0.9- 50 79+ 0.2 83 + 0.1
5 55 73+ 0.7 78 £0.2
= wo. 4 22 30 40 50 60 70 60 71+0.2 78+£0.2
incubation temperature (°C) 65 30 £0.1 50+ 0.4
70 37+ 0.8 37 +0.5
C) D)
C25G/I67T 55 + 60 + 65°C 55 + 60 + 65°C C25D/167T
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Figure 26. Thermostability assessment of the ene reductase reaction system. A) Residual activity
at screening conditions of TsER C25G/167T and C25D/I67T after 14.5 h incubation at different
temperatures. Temperature-time dependent formation of 22b with the reaction system contain-
ing a TsER variant and the engineered BsGDHI[®! at temperatures between 30 and 85 °C. C)
C25G/167T, D) C25D/167T, B) Enantioselectivity of 22b in the presence of TsER decreases rapidly
with higher temperatures, while in absence of an ene reductase and recycling system, the enan-
tioselectivity is stable up to 60 °C but at 65 °C and above, 22b racemizes and an ee of 8% is ob-
served.

After ensuring thermal stability of both enzymes, the reaction system was test-
ed for levodione (22b) production at reaction temperatures between 30 °C and
85 °C. Formation of 22b completes in 150 min under screening conditions. In-
creasing the temperature accelerated the reaction, now reaching full conversion
in less than 20 min (C25D/167T) or 40 min (C25G/167T) at 55 °C (Figure 26C, D).
Productivity is not affected up to 65 °C, whereas both variants start losing activ-

ity at 70 °C and above. In general, working above 75 °C reduced the lifetime of
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the reaction system below 20 min. Not only the enzymes, but also the nicotina-
mide cofactor (NADPH/NADP*) is labile at higher temperatures. The half-life of
dissolved NADPH at 70 °C and above is less than 10 min.!?**?1 Therefore, it is
impossible to distinguish between cofactor or enzyme degradation as source for
lost activity at high temperatures. This might be a general challenge for pro-
cesses with oxidoreductases at higher reaction temperatures and long reaction
times. The enzyme can be engineered to be more stable,®?51252 but the stability
of the cofactor cannot be altered unless another molecule is used. Consequently,
as long as thermolabile nicotinamide cofactors are used, increased reaction
temperatures may negatively impact yields for reaction times longer than a few
hours, despite the increased reaction rate and enhances solubility of organic

molecules at higher temperatures.

It is known that (R)-levodione (22b) racemizes in buffered aqueous solution
approximately 3% ee per hour at ambient temperatures.?'3?! It was expected,
that the effect would be more dominant at increased temperatures and could be
found that incubation of (R)-22b in aqueous buffer without ene reductase at
65 °C and above for one hour results in a loss of enantiopurity yielding an ee of
8%. The reaction system used here produces (R)-22b with an ee of 92% at 30 °C.
When increasing the temperature, the enantiopurity drops by 50% (Figure 26B).
At 70 °C, 37% ee is still observed, indicating that the reduction is faster than the
racemization. Thus, an increased reaction temperature seems only beneficial for

non-racemizable or achiral compounds.

3.3.2.3 Divalent Metal Impacts and pH Effects

The glucose based recycling system is irreversible due to the hydrolytic cleav-
age of gluconolactone to gluconic acid, benefitting NADPH production but also
leading to acidification of the reaction. Therefore investigations for the effect of

pH on the reaction system were performed and it was found to work well in the
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range between pH 6-8 (Figure 27A and C). The C25D/167T variant is less affect-

ed by a change in pH and still shows production of 22b without loss of efficien-

cy at pH 9.
A) B)

C25D/167T W C25G/I67T cofactor recyclin
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5 6 74 8 9 10 wo. Ca* Zn* Co» Cu?* Mg? Ni* Mn*
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C)
pH 5 6 7 8 9 10

activity (U/mL) 116 166 311 459 544 319
BsGDH

relative activity 0.21 031 057 084 1.00 0.59

activity (U/mL) 4.8 7.2 177 240 332 3.6
GDH-60 (Evocatal)

relative activity 014 022 053 072 1.00 0.1

Figure 27. Effect of pH and divalent metal salts on productivity. A) Effect of pH on 22b-
production with the reaction system consisting of C25D/167T or C25G/167T and GDH-60. B)
Divalent metal chloride salts marginally affect productivity of 17b with stoichiometric amounts
of NADPH (light grey). When the recycling system is used instead (GDH-60/glucose), higher
productivities are achieved and the addition of Co?" becomes slightly beneficial. C) pH depend-
ency of the two used recycling systems, consisting glucose dehydrogenase, glucose and NADP*.

Remarkably, 40-60% formation of 22b was still observed at a pH of 5 and 10,
especially considering that NADPH/NADP" rapidly degrade at pH values be-
low 7.2 The buffer capacity is 100 mM, ten-times higher than the amount of
possible acid equivalents under screening conditions. On this scale, acidification
of the reaction mixture was never observed. When aiming for higher substrate
loadings (>100 mM), gluconic acid equivalents exceed the buffer capacity and

process engineering is needed to compensate for the pH drop.

In view of the fact that enzymes and classical catalysis are more and more com-
bined in one-pot reactions,®?%! the effect of divalent metal salts on the TsER
variant panel and on the reaction system was tested. Water soluble chloride

salts of divalent metals (Figure 27B) had no significant effect on productivity of
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17b. The metal salts had a minimal positive effect when the GDH-60 based re-
cycling system was used, where the minimal improvement of Co? became sig-

nificant and an overall improvement of 0.2 fold was observed.

3.3.3 Preparative Scale Reactions

Due to the highly selective hydrogenation of especially a,f-unsaturated alkenes
the Old Yellow Enzyme family is a quite interesting target for biotransfor-
mations in industrial production. Nowadays the large-scale production of (R)-
levodione (22b) from ketoisophorone (22a) is the most prominent biocatalytic
reduction catalysed by Baker’s yeast?"”! and other ene reductases®”!, which was
also mentioned in chapter 3.3.1. Examples of currently used synthetically rele-
vant OYE bioreductions are presented in Scheme 13. These three examples of
multigram scale products with industrial relevance are obtained by different
ene reductases in whole cell synthesis. Whole cell synthesis has advantages, as
well as disadvantages, over isolated enzymes for industrial applications. First of
all whole cells allow the production of compounds trough multi-step reactions
and with cofactor regeneration. But for a pharmaceutical application it is disfa-
voured to use genetically modified organisms (GMOs) in the process.*° To
broaden the substrate scope and stereoselectivity of ene reductases most often
the enzymes are modified by protein engineering methods and heterologous
expressed in E.coli. To avoid these genetically modified organisms, it would be

important to use purified enzymes.

69



Chapter 3: RESULTS AND DISCUSSION

A crude extract NemA, GDH (100 U)
glucose (3 eq), 0.08 mol% NADP*, 3% EtOH

N X0 KP; buffer (100 mM, pH 7.5), 30 °C X0
| 69%, 99% ee, 4.6 g/L*h |
(E)-38a (5)-38b
NemA = N-ethylmaleimide reductase
B crude extract OYE 2.6, GDH (100 U)
glucose (3 eq), 0.08 mol% NADP*, 3% EtOH
AN KP; buffer (100 mM, pH 7.5), argon, 30 °C X0
) o o
| 67%, 98% ee, 3.2 g/L*h |
(Z)-38a (R)-38b
OYE 2.6 = old yellow enzyme 2.6
C wet cells of E.coli expressing CIER
O GDH (700 U), glucose (2 eq), 0.1 mol% NADP* e)
KP; buffer (100 mM, pH 6), 30 °C o
80%, 98% ee, 60 g/L*h
(@) @)
22a (R)-22b

GDH = glucose dehydrogenase; CIER = ene reductase from Clavispora lusitaniae

Scheme 13. Synthetically relevant examples of bioreductions realized with ene reductases for
industrial relevant alkenes obtained in high enantiopurity in up to multigram scale.

In the presented thesis so far, the reduction of electron-deficient alkenes was
demonstrated only at the screening scale (10 mM, Table 3). Therefore bioreduc-
tions at a preparative scale between 2.5 and 25.6 mmol (equivalent to 275 mg
and 3.84 g) with selected variants for compounds 17a, 22a, 18a and 40b at 30 °C
were performed (Table 6). Up-scaling successfully reproduced conversion and
selectivity values of the screening scale (Table 3). Substrate loadings could even
be increased to 125 mM (19 g/L), demonstrating that the reaction system is easi-
ly scaled to gram quantities producing excellent yields up to 93%. Also the
amount of glucose could be decreased from a ten-fold excess to 1.75 molar
equivalents, possible through the reactor design, minimizing the available gas

volume in the reactor thereby reducing the oxygen concentration which avoids
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side reactions of uncoupling processes. In addition, use of a bi-phasic reaction
system has helped to increase overall substrate concentration at constant reac-
tion volumes, thus increasing the space-time-yield. Furthermore, it simplified
the down-stream processing, and reduced the amount of waste water. Substitu-
tion of the standard extraction solvent ethyl acetate by diethyl ether increased
yields from 72 to 91% for 17b, and 78 to 93% for 18b. Overall, the examples in
Table 6 demonstrate the synthetic potential of the TsER variant panel for the

synthesis of chiral and achiral compounds.

Table 6. Preparative scale bioreduction at 30 °C using TsER variants and BsGDH. Part of this
work was performed by LUCA SCHMERMUND during his master thesis.

Prod TsER Scale catalyst sub- Time* Conv. %ee Yield TON  TOEF¢
uct Variant mmol loading strate (h) %GC  or % ht
loading % de

17b@  C25G/167T 2.5 0.02 mol% 50 mM 8.0 78 518 72® 3900 1986
10 uM 5.5 g/L

17b@  C25D/167T 25 0.02 mol% 50 mM 9.0 99 >99R  91® 4970 3911
10 uM 55g/L

22b©®  C25D/I67T 2.5  0.008 mol% 125 mM 15 91 98R 65 11375 7583

10uM  19.0g/L
18b  C25G/I67T 69  0.005mol% 69mM 45 >99 880 90 20294 5958

3.4 uM 10.4 g/L trans
18b C25D/167T 6.9 0.005mol% 69 mM 6.8 >99 96(@ 78 20294 4928
3.4 uM 10.4 g/L cis
18b@  C25D/I67T 256  0.01mol% 51 mM 7.0 >99 960 93® 10189 40634
5uM 7.7 g/L cis
40b©  C25D/167T 1.0 0.02mol% 50 mM 2.0 81 >99 76 4050  2025®

10 uM 10.9 g/L

(a) Time until completion of reaction. (b) Determined after completion of reaction. (c) Determined after 30 min. Time
dependent product formation is shown in Figure 28. (d) Addition of 10% (v/v) n-pentane. (e) Addition of 10% (v/v)
DIPE. (f) Starting material contains 2% of enantiomer 30b (R)-Carvone. (g) Extraction with diethyl ether increased yield.

In addition, the results in Table 6 reflect the electronic deactivation effect of al-
kyl substituents at Cs-position. These substrates require twice the catalyst load-
ing and longer reaction times, as shown for 17b-production. In contrast, sub-
strates like 22a, 18a and 40b complete approximately 10 times faster, as judged

by obtained turnover frequencies (TOF).
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Figure 28. Preparative scale bioreduction with TsER C25G/167T and C25D/I67T. Doubling the
enzyme concentration was required to achieve (A) 78% or (B) >99% production of 17b in rea-
sonable times of 8 or 9 h, respectively. Total conversion of 18a was achieved after (C) 4.5 h and
(D) 6.8 h. (E) Variant C25D/167T was able to convert 3.85 g of 18ain 7 h.

Long term stability and enzyme reusability are additional requirements of a

convenient catalyst system, and therefore experiments in which the substrate in

its organic solvent (here DIPE) is repeatedly replaced after each transformation

were performed, leaving the enzyme and recycling system in the aqueous

phase. Figure 29 shows three consecutive batches in sum producing 2.5 mmol

22b. More than 50% conversion was still observed in the third batch, despite no
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visible precipitation to indicate denaturation of the enzymes. A pH determina-
tion also excluded a drop in pH as potential cause. Only one other case of repet-
itive batch experiments has been reported for an ene reductase, where four cy-
cles without loss of activity were observed in a continuous electrochemical re-
duction on chip, producing 0.07 mmol cyclohexanone with an turnover number
(TON) of 2500 and a turnover frequency (TOF) of 7 min,?®! whereas in the
study presented here a TON of 12 500 and a TOF of 25 min could be achieved.

3 times
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Figure 29. Effect of reusability of the biocatalyst in a sequential batch reaction. Three consecu-
tive batches with ketoisophorone (22a) in 10% DIPE were performed. After each batch, phases
were separated and a new amount of 22a in 10% DIPE was added. DIPE, diisopropylether.

In general, the up-scale reactions complete in less than 9 h, whereas other pre-
parative scale bioreductions with ene reductases are reported to run for 20-96 h
842602611 or at 10 to 40 times higher catalyst loadings.™! The catalytic systems
show TOF rates of 0.13 to 2 s, which are comparable to hydrogenation rates by
transition metal catalysis.[*? The panel of variants shown and the conditions
developed here expand the possibility of employing ene reductases in prepara-

tive-scale reactions.
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3.4 Structural Insights

3.4.1 Structural Dynamic Study by H/DX Measurement

To study higher-order structures (HOS) of enzymes and their dynamics the hy-
drogen/deuterium exchange (H/DX) method provides a powerful established
mass spectrometric process. Recent innovations in this technique by automation
of the procedure coupled with advanced liquid chromatography (LC) and mass
spectrometry (MS) as well as the development of informatics techniques reveal
its great potential for academic research and industrial applications.?%! Classical
analytical tools like circular dichroism (CD), differential scanning calorimetry
(DSC), isothermal titration calorimetry (ITC), or analytical ultracentrifugation,
are capable of illustrating a global conformational change, but are not suitable
for the investigation of dynamic conformational changes in proteins. H/DX MS
on the other hand provides a great resolution at the peptide level in order to
determine local changes of HOS. Combined with X-ray crystallography and
nuclear magnetic resonance spectroscopy (NMR), it provides given structures

with further information regarding flexibility and dynamics in solution.?*!

The setup of the automated H/DX experiment is shown in Figure 30. The first
step is the so-called on-exchange phase, where the sample is incubated in D0
buffer. Afterwards, the deuterium exchange gets quenched by adding a cold
acidic solution. To obtain analysable peptide fragments the protein gets unspe-
cific digested by the protease pepsin. In the last step the gained fragments are

separated by chromatographic methods coupled with mass analysis.?*!
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Figure 30. Workflow of an automated H/DX MS experiment. In the first step a protein of interest
gets exposed to deuterated solvent for a period of time, followed by quenching in a low pH
buffer where exchange rates are dramatically decreased, followed by fragmentation of the pro-
tein and mass analysis.[2¢]

In the presented thesis a successful H/DX study for the OYE family member
DrER from Deinococcus radiodurans R1 is reported. The attempt to examine such
a structural dynamic study with TsER proved to be not feasible with the availa-
ble setup. Due to the thermostability and robustness of this enzyme, it was not
possible to rapidly denature the protein by quenching and digest it to obtain
small enough peptide fragments for the analysis. All possible parameter chang-
es, which were undertaken, such as higher temperatures of the digest, did not
lead to an analysable dataset. Consequently, the H/DX study was performed
with the related, but not thermostable ene reductase DrER, to gain more struc-
tural information about this family member, since to date no crystal structure is

available.

The enzyme was analysed in three different states, one apo-state, that means
just the holo-protein without any additive, the second state with calcium chlo-
ride added and the third state with the addition of calcium chloride and

NADP*. The addition of a divalent metal ion was used, because it is known that
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OYEs from group 2 benefit from the presence of calcium or magnesium during
catalysis.”! But neither the location of the divalent metal binding site nor the

role this ion plays is known.

Labelling of the protein samples occurred at four different time intervals, which
were chosen to be to = 0 min, t1 = 0.5 min, t2 = 1 min and t3 = 5 min. During this
time the amide hydrogens of the protein backbone were able to exchange with
the deuterated solvent. Depending on its solvent accessibility and hydrogen
bonding, the deuterium uptake of a local peptide fragment differs from the na-
tive control fragment. To interrupt the exchange reaction, the medium becomes
quenched with a cold acidic buffer and is injected into the H/DX manager at
0 °C. The quenching does not just stop the exchange, but also leads to a dena-
turation of protein, which facilitates the following proteolysis by pepsin. To en-
sure that the pepsin is not injected into the LC-MS system, it is immobilized to a
stationary phase and packed into a column.] These quantities of peptide
fragments, which are a result of the unspecific digestion of pepsin, are of ran-
dom size and therefore have to be identified by the PLGS Software of WATERS.
Digestion of the unlabelled protein constructs gives the initial peptide map,
which in combination of the digestion of labelled proteins results in a creation

of a so-called heat map, representing the local uptake of deuterium (Figure 31).

For the analysis of D7ER a total coverage of 96.8% by 259 peptides was calculat-
ed and led to a redundancy of 6.75. In the context of the heat map, remarkably
high uptake of deuterium can be observed at the C- and N-terminus of the en-
zyme, indicated by the red fields, but changes in uptake over time are marginal
just as the differences to between each state. In addition, this is highlighted by
the heat map, where all of the measured states are compared to each other,

showing no significant differential uptake.

Through b-factors, which can be obtained from the software DYNAMX 3.0, the

two dimensional heat map can be plotted on a user-chosen crystal structure to
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get a three dimensional picture with dynamic features. No crystal structure of
DrER wt is available so far, but with the online bioinformatic tool SWISS-MODEL
a homology model was created (Figure 32). The results show that the b-factors
of H/DX calculation fit quite well to the homology structure. For example loops,
which are dangling mainly at the outer face of the enzyme, have a higher up-
take over time than conserved regions, like most a-helices and p-sheets. Quite
low fractional uptake is present between N- and C-terminus with exception to a

few fragments.

An interesting strong fractional uptake over time takes place at the position 29-
32 (amino acids: ELPN), whereas broad and more moderate to low uptake over
time can be observed for positions 87-94, 128-138, 157-161, 247-257, 273-301, 304-
308, 314-326 (marked with black arrows in Figure 32).

DAUGHERTY et al. showed via a synthetic circular permutation library of the
OYEL1 from Saccharomyces pastorianus, that structural rearrangements of some
flexible loops and domains play an important role in the catalytic function of
OYE enzymes."®! During the strategy of circular permutation (CP), the original
N- and C-termini of the protein are covalently linked by a peptide linker and
new termini are introduced elsewhere in the protein structure through breakage
of a peptide bond.**®! The selected flexible regions for CP are comparable with
the results from H/DX plotted b-factors to the homology model of DrER. They
chose three different sites as locations for new termini. One is the exterior heli-
cal subdomain (OYE1 residues 125-160), which is also highly flexible in DrER at
positions 285-301. The second sector includes loop and helix in regions from
250-265 at OYE1, which is comparable to residues 317-325 in DrER. The third
part represents a short loop, residues 375-380 in OYE1 that is also present with a
big exchange in DrER (residues 87-94).11¢1
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Figure 32. Homology model of DrER wt, based on pdb 17444, representing fractional uptake
of the peptide amino-backbone after 5 min within the Ca?*/NADP* state, ranging from no/low
(dark to light blue) to moderate/high (white to red, marked with black arrows and peptide
numbers). Black color fragments indicate mapping gaps, for which no peptides were available.
Cofactor FMN is shown in grey sticks.

In addition, H/DX analysis was performed to find a potential divalent metal
binding site in DrER. To identify the calcium binding site, it is expected that at
this specific position in the peptide, less uptake will take place when Ca* is

bound in the Ca?* and Ca*/NADP* states compared to the apo state.

However the heat map did not show any difference in uptake in the different
states. Even though it has not been possible to identify the divalent metal bind-
ing site, the H/DX results give good insights into the structure and dynamics of

DrER in solution.
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3.4.2 X-Ray Structures

In collaboration with D.J. OPPERMAN (University of Free State, Bloemfontein) it
was possible to obtain a crystal structure of the most promising stereo-
complementary variant TsER C25D/167T compared to the TsER wild type. The
biological dimer was generated from chain A and its crystallographic 2-fold

rotational symmetry operator (Figure 33).

A) B) Y177

|R3a7

Figure 33. A) Structural alignment of the active dimer of TsER wild type (grey, pdb 3HG]J!01)
and TsER C25D/167T (cyan, pdb 5NUX) created with PyMOL 1.5.x. B) Zoom shows the active
site, with both mutated residues and the anchor points, H172 and H175, for the substrate bind-

ing.

No significant differences could be observed in the main chain conformation in
the active site as compared with the TsER wt (pdb 3HGJ)!'! structure. The side
chain of D25 adopts a conformation that is rotated away from the FMN with the
threonine replacement of isoleucine at position 67 marginally increasing the

volume of the active site, but with the introduction of a polar group.

Numerous attempts at co-crystallization of the TsER C25D/I67T with different
substrates to evaluate binding orientations were unsuccessful. When crystal-
lized without the addition of any substrates or inhibitors, TsER C25D/I67T ex-
hibited unresolved density within the active site, which could not be attributed
to any of the components of the crystallization solution. This explains the slight-

ly different orientation of R347, because in the wt structure the inhibitor p-
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hydroxybenzaldehyde is bound, which pulls the guanidinium group into the

active site.

It was also possible to get a crystal structure of the triple variant TsER
C25D/167T/A102H (Figure 34). This variant plays a crucial role in chapter 3.6.2.
Just as for TsER C25D/I67T, numerous attempts at co-crystallization different

substrates were again unsuccessful.

Figure 34. A) Structural alignment of the active dimer of TsER wild type (grey, pdb 3HGJ!01)
and TsER C25D/167T/A102H (cyan, pdb 50GT) created with PyMOL 1.5.x. B) Zoom shows the
active site, with mutated residues and the anchor points, H172 and H175, for the substrate bind-

ing.
Computational chemistry was investigated to obtain an insight into the binding

poses in the wt, TsER C25G/I167T, TsER C25D/167T and TsER C25D/167T/A102H.

3.5 Prediction of Substrate Binding and Affinity by Compu-
tational Methods

3.5.1 Prediction of Substrate-Catalyst Interactions by In-Silico Dock-
ing Studies

To gain a broader understanding of the factors governing substrate acceptance
and facial selectivity, the substrate-catalyst interactions were studied for all 23
substrates and 15 non-substrates from chapter 3.3.1 by rigid body docking

(RBD)#!I' using GLIDE from SCHRODINGER for TsER wt, C25G/I67T and
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C25D/167T. The enzymes were prepared with a reduced FMN co-factor®® and
the potential substrate anchors (H172 and H175) as fully protonated.!3?l The
conjugate acid (protonated form) of the imidazole side chain in histidine has a
pKa of approximately 6.0.271 This means that, at physiologically relevant pH
values, the side chain can be protonated or neutral and is highly dependent on

the specific environment of each residue.*"!!

The docking was performed on the TsER wt structure with
p-hydroxybenzaldehyde (HBA) as inhibitor (pdb 3HG]J"!). As a control exper-
iment, HBA was first re-docked in the oxidized wt structure. Figure 35 shows
the structural alignment of the original and re-docked active site, which looks

quite similar, despite the different oxidation states of the cofactor.

\m A

Figure 35. Structural alignment of the active dimer of TsER wild type in complex with HBA
(grey, pdb 3HGJ'"1) and the re-docked result of HBA in the TsER wild type with oxidized FMN
(cyan) created with PyMOL 1.5.x.

In general, poses showing the ligand inside of the active site were found for all
substrates and non-substrates. Poses were considered potentially productive
when the hydride transfer angle ranges from 80-120°*? and the distance be-
tween the hydride of N5 and Cj is in the range of 3.00 to 4.85 A. Docking results

predicted almost all substrates in potentially productive poses in all three vari-
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ants, reflecting the experimental observations. However, no productive poses
were obtained for 40a, Z-39a or Z-31a in neither the wt or C25D/167T structures.
It was observed that the productive poses contain a hydrogen bond between the
carbonyl group and H175, but not to H172. This is unexpected, since mutagene-
sis studies predict that H172 is essential and exchange abolishes reduction. In
contrast, H175 tolerates side chain variations, which can also be seen in chapter
3.6.3.1.02171 A new binding pose was found, especially for 25a and 35a, where
the carbonyl oxygen from the ring forms a hydrogen bond to the R347 residue

of the other chain, whereas the methoxy group forms a hydrogen bond to H175.

Similarly, non-substrates were predicted with non-productive poses. In those
cases (44-46a, E-47a, 48a, E-53a and 57a) where a hydride attack angle and dis-
tance would define the pose as potentially productive, bad contacts between
atoms of cut-off ratios < 0.89 A are observed, excluding them as productive pos-
es. The only false positives are 54a for wt and 55a for C25G/I67T. In general,
poses for non-substrates appear productive by visual inspection, but the hy-
dride transfer angle is either too small (ranges between 13° and 79.9°) or too big
(ranges between 120.5° and 175°) and the distance of the flavin N5 hydride and
the unsaturated bond is too large (ranges between 4.86 A and 9.51 A), prevent-

ing reduction.

More importantly, the rigid docking data was analysed to see whether the pre-
dicted stereochemistry matches the experimental observations. For the wt with
25a and Z-37a and for C25D/167T with Z-31a and 39a, only incorrectly predicted
selectivities were found. In addition, inconclusive results were obtained for 27a
and 18a with C25D/I67T and wt, respectively. In these cases, equally likely pro-
ductive poses are obtained, predicting either one or the other stereoisomer. Cor-
rect facial selectivity was therefore predictable in 50 and 44% cases for the wt
and C25D/I67T, respectively. Correct facial selectivity for C25G/167T was pre-
dicted in 24% of all cases, 6 ligands did not confirm experimental results and 7

were inconclusive. The detailed evaluation for every pose is given in the ap-
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pendix (Table 27 Table 29). Nevertheless, the prediction of 70-74% of molecules
in accordance with the experimentally observed turnovers and 24-50% with the

correct facial selectivity is within the performance expected of current RBD

methods.2%27

The predicted poses for ketoisophorone 22a and isophorone 44a are interesting.
The highest ranked pose for substrate 22a, shows the methyl group to be in an
alpha position for the hydride transfer, whereas in 44a, a non-substrate, it is in
the beta position. This provides a possible explanation for the experimental re-
activity of these substrates (Figure 36). This result was further investigated by
molecular dynamics simulations and the estimation of the binding free energy

using the WaterSwap method (see chapter 3.5.2.5).
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Figure 36. A) RBD of 22a in TsER wt B) and 44a in TsER wt. Highest ranked pose for 22a is lo-
cated as “flipped” orientation with the methyl group in alpha position, whereas the orientation
of the methyl group in 44a is positioned in beta position. Interactions between the substrate and

surrounded residues are shown by dashed lines (yellow = H-bonds, orange = distance of N5H to
C3 and of Y177 to C2).

RBD of the model compound 17a in the wt yielded two poses that might result
in hydride transfer. The flipped binding mode,*®! resulting in the experimental-
ly observed (S)-selectivity, has a hydride attack angle of 68.4° and a distance of

4.04 A for the hydride transfer between C3 and the hydride at N5. The hydride

attack angle is just slightly off from ideal values, which might explain the al-
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most negligible activity of the wt. The second pose shows a new binding mode,
resulting in (R)-selectivity, anchoring the substrate via H-bonds to R347 with an
angle of 85.3° and a distance of 3.86 A for hydride attack. In C25D/I67T, two
poses are observed with contradicting results. A normal binding mode with a
hydride attack angle of 81.4° and distance of 4.83 A which might result in the
experimentally observed (R)-selectivity, but bad contacts between Y177 and C6
are observed. The second pose shows no hydrogen bonding of the ligand to the
receptor, with a hydride attack angle of 108.3° and distance of 3.68 A, resulting
in (S)-selectivity. This variant shows experimentally a 93% (R)-selectivity, so the

second pose is not in agreement with the experimental outcome.

In C25G/167T the normal and flipped binding modes for 17a are also observed.
In the normal orientation, a hydrogen bond to H175 is formed and the distance
for hydride transfer is 3.29 A with an angle of 107.9°, but bad contacts to Y177
and Y27. This orientation would lead to (R)-17b. Whereas in the flipped orienta-
tion of 17a, the hydrogen bond to H175 also exists, without any bad contacts
and a hydrogen attack angle of 102.1° and transfer distance of 3.46 A, leading to

the experimentally observed (S5)-17b.

Because the results of RBD for 17a with all three variants are inconclusive, the
docking was repeated using the more complex and time-consuming, induced-
fit docking (IFD) method.?*! This method allows flexibility of the residues sur-
rounding the binding pocket, enabling more realistic substrate binding posi-
tions. Figure 37 shows an overlay of the best RBD and IFD pose for the wt (A),
C25D/167T (B) and C25G/167T (C) variants with 17a.

The difference between the poses for 17a in the wt are more noticeable than in
the variants, which can be explained by the movement of residues 167 and Y27,
opening a pocket for the 3-methyl-group to slip into. The pose obtained by IFD
shows a better H-bond angle (160.56° from donor) and distances for the carbon-

yl interaction with H175 (1.85 A compared to RBD 2.05 A). Also, H172 changes
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position significantly, which has previously been observed after the soaking of
a cyclopentenone substrate in OYE1 variant W116L"% Positioning of the sub-
strate in productive poses improved and multiple poses with hydride attack
angles between 90-95° and distances between 3.21 to 3.78 A are obtained. Inter-
estingly, poses for (R)-selectivity could also be obtained, which fits to the exper-

imental result of 76% ee indicating that (R)-selective conformations exist.

B Y177 c Y177

H172 H175 H172

T67

N5-H-CB(A) OH-Cu(A) N5-H-CB(A) OH-Cu(A) N5-H-CB(A) OH- Ca(A)
4.46 5.04 35 4.4

4.04 4.83
3.21 4.14 3.98 3.74 3.3 42
RBD IFD RBD - | [IFD RBD IFD
’E.f l'é T67 B Y
< F =3 ? 67 b" Te7 bﬁ T67

Figure 37. A) Overlay of RBD (cyan, pose 5) and IFD (grey, pose 4) of 17a in the reduced TsER
wt structure. 17a is located in the flipped orientation, which would result in 5-17b.The grey box
shows zooms of residue 167 to highlight the side-chain flip. B) Overlay of RBD (cyan, pose 2)
and IFD (grey, pose 4) of 17a in the reduced TsER C25D/I67T structure. 17a is located in the
normal orientation, which would result in R-17b. The boxes highlight the side-chain flip of T67.
C) Overlay of RBD (cyan, pose 3) and IFD (grey, pose 1) of 17a in the reduced TsER C25G/167T
structure. 17a is located in the flipped orientation, which would result in S-17b. The boxes high-
light the side-chain flip of T67.

C25D/167T also shows a side chain flip of T67 (zoom in Figure 37 (B)) and small
rearrangements in the positions of Y27, H172 and Y177. Notably, Y177 changes
position in the IFD structure, adopting a position in the correct orientation to
the double bond for proton transfer, as shown in the work of LONSDALE et al.[%]
Hydride attack angles and distances are likewise improved for the C25D/I67T
mutant (hydride attack angle = 93.8° and distance = 3.98 A), predicting the ex-

perimentally observed (R)-selectivity (93% ee). Just as for the wt, a good
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(S)-selective pose with a hydride attack angle of 90.5° and distance of 3.68 A is

observed, which has a lower score than the (R)-selective poses.

In the induced-fit docking of C25G/I67T with 17a, all found poses are in the
flipped orientation which will give rise to (S)-17b. This result is in quite good
agreement with the experimental value of 76% (S)-selectivity. Notably, rear-
rangements of H172 and H175 are seen, by which hydrogen bonds of both resi-

dues to the carbonyl can occur.

The docking results show 17a in C25G with the flipped pose and C25D with the
normal pose and therefore give an explanation for the facial selectivity of these
two variants. Overall, docking revealed that the larger hydrophobic pocket
opened through C25G and 169T exchange allows sufficient space and stabilizing
van-der Waals interactions to host smaller substituents like methyl, ethyl or
methoxy groups, allowing flipped binding poses similar to the one of 17a in the
wt to occur. When C25D is present, a polar pocket is formed, disfavouring such
interactions. Substrates are forced to flip into normal binding poses, thereby
presenting the other face of the carbon-carbon bond to the hydride. Neverthe-
less, a bit more space is generated in the C25D/167T variant, which allows the
normal poses to approach closer to the hydride in an optimal angle (Figure

37B).

3.5.2 Prediction of Substrate Affinity by Molecular Dynamics Simu-

lations and WaterSwap Calculations
3.5.2.1 Molecular Dynamics Simulations

Crystal structures are only static models of highly flexible enzymes. Computa-
tional studies that simulate this flexibility (e.g. molecular dynamics simulations)
can identify different conformations of the active site that are more relevant for

substrate binding and conversion.?”! Thus, the simulations provide structural
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understanding of the molecular interactions between the TsER proteins and
substrates, enabling analysis of the effects of mutation on protein dynamics and

substrate binding.

The results of the experimental studies should be examined with the help of
fundamental techniques in theoretical chemistry. Theoretical studies, such as
those employing molecular dynamics (MDs) simulations, can provide im-
portant insights into mechanistic details that may not be possible via experi-
mental means. Relatively few theoretical studies have been performed on the
OYE family.!'¥1321 An explanation for the different reactivities of TsER wt and
the double variants C25D/167T and C25G/167T towards especially 17a is ex-

pected from the MD simulations.

3.5.2.2 Molecular Dynamics Simulations with TsER Wildtype

The IFD pose of the flipped 3-methylcyclohex-2-en-1-one (17a, MCH) in the
TsER wt structure based on pdb 3HG] with FMNH: described in chapter 3.5.1
was used as basis for simulations (see Figure 37A). PROPKAP?! was used to
predict the protonation state of titratable residues in the protein at working pH
7.4. This method predicted both histidine residues in positions 172 and 175 to be
neutral, which was considered in the MD simulations.

During the early stages of MD simulations some small restraints were applied
to all Ca atoms, see chapter 6.10 for details. Analysis of the trajectories showed
that the hydrogen bonds between the substrate and H172 and H175 were bro-
ken after 2 ns. The distance between the carbonyl oxygen and H172 stayed in
range of 2-4 A between 5-20 ns before moving to much larger distances (Figure
38E). The substrate remained above the flavin in the flipped orientation, which
is illustrated by the dominant cluster from the 100 ns MD simulations (see Fig-

ure 38A).
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Figure 38. MD simulations of TsER wildtype with reduced FMNH: and 3-methyl cyclohexenone
(17a). A) Active site of TSER wt in the dominant cluster from MD simulations with 17a (green
lines) in complex. Water molecules within 4 A are shown in stick form. B) Root mean square
deviation (RMSD) of all protein over 100 ns. C) RMSD of 17a in TsER wt over 100 ns. D) The
distance between N5H of FMNH: and C3 of 17a over the course of 100 ns MD simulations. E)
The distance between NH of H175 (black) and NH of H172 (red) to O of 17a over the course of
100 ns MD simulations.
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The high fluctuation of 17a can be seen in the root-mean-square deviation
(RMSD) of atomic positions (Figure 38C). The distance between the substrate C3
with the flavin N5 hydride was monitored over the course of the simulations,

giving an average value of 4.55 A (Figure 38D) for this distance.

LONSDALE et al. discussed the role of Y169 as proton donor in OYE YqjM.['*
They observed that the proton of Y169 points away from the substrate during
the majority of the simulation, even though they suggest that Y169 is more like-
ly to protonate the substrate directly, rather than via a bridging water mole-
cule. In TsER the corresponding residue is Y177. In the clustered pose the
OH group of Y177 points towards the C2 atom of 17a, with a distance of 3.4 A,
indicating that protonation would be possible. Additionally, the OH group of
Y177 interacts with nearby water molecules which could lead to protonation

over a water network, in agreement with the study of YqjM.[*2

Experimentally, TsER wt is found to reduce 17a with just a 1% yield; however,
these simulations indicate that reactive conformations are accessible. Structures
from these MD simulations were used to initiate binding energy calculations
using the WaterSwap method, (described in chapter 3.5.2.5), to predict absolute

binding free energies of 17a to TsER wt.

As mentioned in chapter 3.5.1, why the conversion of ketoisophorone 22a by
most OYEs is possible but not isophorone 44a is still unresolved. The RBD stud-
ies gave an initial explanation by indicating different binding poses for both
compounds (Figure 36). In the pose for 22a, the methyl group is in a-position
for hydrogenation, whereas for 44a it is in S-position. These docking poses were

taken as a starting point for MD simulations.

Figure 39 shows the dominant cluster from 70 ns MD simulations with 22a
(KIP). The enzyme substrate complex stayed stable over the whole simulation,
with the methyl group in a-position for hydrogenation. According to the analy-
sis of the distances between C2 of 22a and the N5 hydride of FMN as well as
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between the carbonyl oxygens of 22a and H172/H175, the substrates stayed in

the active side for at least 60 ns.
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Figure 39. MD simulations of TsER wildtype with reduced FMNH: and ketoisophorone (KIP,
22a). A) Active site of TsER wt in the dominant cluster from MD simulations with 22a (green
lines) in complex. Water molecules within 4 A are shown in stick form. B) Root mean square
deviation (RMSD) of protein over 70 ns. C) The distance between N5H of FMNH: and C3 of 22a
over the course of 70 ns MD simulations. D) The distance between NH of H175 (black) and NH
of H172 (red) to O1 of 22a over the course of 70 ns MD simulations. E) The distance between
NH of H175 (black) and NH of H172 (red) to O2 of 22a over the course of 70 ns MD simulations.

In the starting conformation from docking, 22a is orientated in the flipped
mode, whereas in the dominant cluster from MD simulations it is oriented in
the normal pose. Experimentally TsER wt produces 90% (R)-22b, which means
that the hydride must attack C2 from the bottom (distance 4.7 A) and C3 gets

protonated from the top in the normal binding pose. In Figure 39A, it can be
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seen that Y177 is too far from the substrate to interact directly and the protona-

tion can only occur via a nearby water molecule.

Figure 40 shows the dominant cluster from 70 ns MD simulations with 44a
(IPN). The distance between the substrate C3 with the flavin N5 hydride was
monitored over the course of the simulations and is most often between 4-6 A.
The initial docking pose showed 44a in the flipped orientation with C3 in g-
positon for hydride transfer, whereas in the dominant cluster from MD simula-
tions it is oriented in the normal pose and not stacking above FMN. The posi-
tioning of 44a makes it impossible for hydride transfer with a distance of 6.5 A

and a hydride attack angle of 51.7°.
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Figure 40. MD simulations of TsER wildtype with reduced FMNH:2 and isophorone (44a). A)
Active site of TsER wt in the dominant cluster from MD simulations with 44a (green lines) in
complex. Water molecules within 4 A are shown in stick form. B) Root mean square deviation
(RMSD) of protein over 70 ns. C) The distance between N5H of FMNH: and C3 of 44a over the
course of 70 ns MD simulations.

Comparison of the dominant structures from simulations of both 22a and 44a
gives an explanation of the experimental results. 22a is consistently in a reactive
conformation, allowing quantitative conversion by TsER wt, whereas 44a can-

not adopt a reactive conformation and is not converted at all.
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3.5.2.3 Molecular Dynamics Simulations with TsER C25G/I67T

The IFD of 3-methylcyclohex-2-en-1-one (17a, MCH) in the prepared TsER
C25G/167T structure based on the wildtype crystal structure (pdb 3HGJ) with

FMNH: was used as basis for simulations.

Figure 41 shows the dominant cluster from 70 ns MD simulations with 17a. The
RMSD of the whole protein over 70 ns MD simulations is shown in Figure 41B.
The average value for the RMSD is 3 A, indicating that there is quite a signifi-
cant difference in atomic positions to the crystal structure. According to the
analysis of the distances between C3 of 17a and the N5 hydride of FMN (Figure
41D) as well as between the carbonyl oxygens of 17a and H172/H175 (Figure

41E) the substrate leaves the active site after 20 ns.

The structure of the binding site from the dominant cluster of the simulations
with TsER C25G/I67T and 17a confirmed that the substrate leaves the active site
(Figure 41A). That a substrate is able to leave the active site of TsER is quite im-
portant for the catalytic reaction, because otherwise it would not be possible to
follow the bi-bi ping pong mechanism with NADPH. In contrast to an inhibitor,
a converted substrate should not have an enormous binding affinity, otherwise
the reaction will stop. FITZPATRICK et al. experimentally observed weak binding

affinities of substrate cyclohexenone to YqjM.>”!
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Figure 41. MD simulations of TsER C25G/I67T with reduced FMNH: and 3-methyl cyclohex-
enone (17a). A) Active site of TsER C25G/I67T in the dominant cluster from MD simulations
with 17a (green lines) in complex. Water molecules within 4 A of FMN are shown in stick form.
B) Root mean square deviation (RMSD) of protein over 70ns. C) RMSD of 17a in TsER
C25G/167T over 70 ns. D) The distance between N5H of FMNH: and C3 of 17a over the course
of 70 ns MD simulations. E) The distance between NH of H175 (black) and NH of H171 (red) to
O of 17a over the course of 70 ns MD simulations.
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3.5.2.4 Molecular Dynamics Simulations with TsSER C25D/167T

The IFD pose of 3-methylcyclohex-2-en-1-one (17a) in the prepared TsER
C25D/167T structure based on the wildtype crystal structure (pdb 3HGJ) with
FMNH: was used as basis for simulations. The variant model based on the
wildtype structure was used due to the higher resolution compared to the crys-

tal structure of C25D/167T (pdb 5NUX).

The first round of MD simulations was performed with the same parameters as
described for the wildtype and C25G/167T variant with neutral H172 and H175.
In these simulations the protein-substrate complex was not stable and the sub-
strate 17a left the active site within the first nanosecond of simulation. Figure

42C illustrates the dominate cluster from the 100 ns MD simulations.

For this reason, alternative protonation states of H172 and H175 were tested, as
in the study of LONSDALE et al. for YqjM.!"32 The MD simulations were repeated
with protonated H172 and H175. The dominant cluster from the 100 ns MD
simulations is shown in Figure 42D, which illustrates a stable complex of FMN
with 17a, but shows a flip of the cofactor-substrate complex out of the binding
pocket. Further inspection of the non-covalently bound cofactor FMN reveals
that the hydrogen bond between the phosphate moiety and R319 is broken, al-

lowing this flip to occur.

Hence, the MD simulations were repeated a third time with harmonic restraints
of 20 kcal/mol - A2 from FMN to the backbone of R319 (Figure 42 grey, Figure
43). The first 10 ns of simulations showed a stable substrate-enzyme complex
with the flavin correctly positioned in the binding site. After 10 ns, substrate 17a
moved from its position above the flavin. For this reason the simulations were

stopped after 30 ns.

Figure 42A shows the structural alignment of the enzyme backbone over the
three different MD simulations, which did not indicate any extreme changes,

like unfolding in the dimeric structure. Whereas Figure 42B clearly illustrates
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the different binding modes of the flavin in the active site of TsER C25D/I67T

depending on the protonation states of H172/H175.

A B Y177

FMNH,

C H172/H175 neutral D H172/H175 protonated

Figure 42. Comparison of MD simulations of three different TsER C25D/I67T structures with
reduced FMNH: and 3-methyl cyclohexenone (17a). A) Structural alignment of MD simulations
of TsER C25D/167T with neutral H172/H175 (purple), with H172/H175 protonated (cyan) and
with H172/H175 protonated and distance restraint of FMN to backbone (grey). B) Illustration of
FMN and H172/H175/Y177 in alignment. C) Active site with 17a and neutral H172/H175, D)
with 17a and protonated H172/H175, E) with 17a and protonated H172/H175 and backbone
restraints to FMN.
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Figure 43. MD simulations of TsER C25D/I67T with reduced FMNHo>, restraints of FMN to
backbone, protonated H172/H175 and 3-methyl cyclohexenone (17a). A) Active site of TsER
C25D/167T after 10 ns MD simulations with 17a (green lines) in complex. Water molecules with-
in4 A are shown in stick form. B) Root mean square deviation (RMSD) of protein over 10 ns. C)
RMSD of 17a in TsER C25D/167T over 10 ns. D) The distance between N5H of FMNH: and C3 of
17a over the course of 10 ns MD simulations. E) The distance between NH of H175 (black) and
NH of H171 (red) to O of 17a over the course of 10 ns MD simulations.
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Due to this observation constant pH MD simulations?®! for C25D/167T with 17a
in complex were performed. With this method pKa values for the titratable side
chains of residues D25, H172, H175 and Y177 were calculated, to gain more in-

sight into their different protonation states at the working pH of 7.4.

Table 7. Predicted pKa values for titratable residues D25, H172, H175 and Y177 from constant
pH MD simulations at pH 7.4.

residue Offset® predicted Fraction Transitions®
pKa protonated®

D25 2.479 9.879 0.997 1

H172 -4.108 3.292 0.000 1

H175 -2.754 4.646 0.002 23

Y177 4.848 12.248 1.000 2

a) is the difference between the predicted pKa and the system pH, b) is the fraction of time the residue spends protonat-
ed, c) gives the number of accepted protonation state transitions over 100 fs.

The results of populations of every state for every titratable residue show that
D25 is deprotonated for 0.33% of the time and only syn-protonated (>99% of the
time) on each oxygen. The H172 residue is deprotonated for 0.0078% of the
time, syn-protonated for 0.24% and anti-protonated for 99.7% on each nitrogen.
Residue H175 is deprotonated for 0.17% of the time, syn-protonated for 74%
and anti-protonated for 25.7% on each nitrogen. Y177 stayed always protonated
during the simulations.

These results indicated the different protonation states of at least three residues,
which are important for the catalytic activity. To achieve stable molecular dy-
namics structures for TsER C25D/167T all of these protonation states have to be
considered. This would be a highly computational intensive calculation which

needs further investigation.

3.5.2.5 Calculations of Binding Free Energies with WaterSwap and MM-PBSA

The WaterSwap method works by constructing a reaction coordinate that
swaps the ligand bound to the protein with an equivalent volume of water mol-

ecules. The affect is to move the substrate from being bound to the protein, to

98



Chapter 3: RESULTS AND DISCUSSION

being free in solution, while simultaneously transferring an equivalent volume
of water from being free in solution to being bound to the protein.[*”! The ad-
vantage of WaterSwap is that it allows calculation of absolute binding free en-
ergies.”! This simplifies investigation of the effect of protein mutation on bind-
ing compared to relative binding free energy methods, as differences in abso-
lute binding free energies capture changes in binding mode of the ligand upon

protein mutation. %%

The input files for a WaterSwap calculation are the AMBER format coordinate
and topology files from MD simulations that represent the solvated protein-
ligand complex.?””! WaterSwap?”! absolute binding free energy calculations of
the ligand 3-methyl cyclohex-2-en-1-one (17a) bound to TsER wt followed the
MD simulations, using the structure after 100 ns from the dynamics simula-

tions.

MM-PBSA is another post-processing end-state method to calculate free ener-
gies of molecules in solution from MD simulations./?!l This end-state free ener-
gy method reduces computational cost by eliminating the need for simulating
intermediate states. Modelling the solvent implicitly further reduces the compu-

tational cost by eliminating the noise caused by explicit solvent molecules.*

To experimentally determine binding free energies of substrates to OYEs is a
challenging task. Most often steady state kinetics under anaerobic conditions
with purified enzyme are performed.*?! Using WaterSwap as in-silico pre-

screening for substrate libraries in OYEs would be a great breakthrough.

The WaterSwap calculation for the dominant cluster of TsER wt with 17a
(Figure 38) resulted in a calculated binding free energy of 12 +2.266 kcal/mol.
Unfortunatly, there is no comparable value from an experiment, therefore the
second in-silico binding free energy method MM-PBSA was used. With this

method it was not possible to get any analysable data. Table 8 shows that all
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other performed calculations with the variants C25D/167T and C25G/167T and

also with the substrates 22a and 44a failed.

Table 8. Performed calculations of binding free energies with WaterSwap and MM-PBSA.

Chapter 3: RESULTS AND DISCUSSION

enzyme substrate WaterSwap MM-PBSA
wildtype 17a 12 kcal/mol ~ non analysable
C25D/167T 17a non analysable  non analysable
C25G/167T 17a non analysable  non analysable
wildtype 22a non analysable  non analysable
C25D/167T 22a non analysable  non analysable
C25G/167T 22a non analysable  non analysable
wildtype 44a non analysable  non analysable
C25D/167T 44a non analysable  non analysable
C25G/167T 44a non analysable  non analysable

A reason for this might be the unstable MD simulations with the variants and
all tested substrates and also the presence of a non-covalently bound cofactor.
These calculation methods are not yet optimized for such complex systems and

need further investigations.
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3.6 Going to Bulkier Substrate Classes

So far the substrate scope of ene reductases is most often shown with small five
and six membered ring compounds as described in the introduction chapter
1.4.2. In general there is a great interest in broaden the substrate scope of ERs to
bulky substrates to use these highly selective trans-hydrogenation catalysts in

the late stage synthesis of complex organic molecules.

One structural complex substance class, the steroids, was already investigated
for binding properties of OYEs and it was found that many steroids are inhibi-
tors and some could even be reduced by OYEs.**1% Progesterone for example is
an inhibitor, whereas 1,4-androstadiene-3,17-dione and prednisone are sub-
strates for PETNR.®! Another interesting class would be coumarin derivatives;
due to their fluorescent properties a fast screening method for OYE variants

might be established.

Coumarin is a fragrance used in soaps, lotions and perfumes but it is also used
in laser dyes and it is a building block for several pharmaceuticals. In nature
coumarins are produced by plants, like sweet-clover, sweet grass and meadow-
sweet, to protect them from natural enemies, because in high amounts it oper-
ates as appetite suppressant.’®! In the past coumarin was also used as food ad-
ditive, for example as a vanilla substitute, but since 1954 it is forbidden, because
of the suspicion of being hepatotoxic in animal models.??® 4-Hydroxycoumarin,
for example, is an inhibitor for vitamin K epoxide reductase, whereas it can be

used as rodenticide.

Moreover the dihydrocoumarins are valuable as fine chemicals and chemical
intermediates, for example they can be converted to the corresponding quino-
lone analogues 58 which are valuable for their use as building blocks for the
synthesis of pharmaceutical compounds (Scheme 14).2%! To generate the dihy-
drocoumarin (10b) out of coumarin (10a) the selective reduction of unsaturated

carbon-carbon double bond must proceed in the presence of an aromatic ring.
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This hydrogenation is described in the literature for example over palladium-
based catalysts, like Pd/CI*, the bimetallic PdAu®”! or also traditional reducing
agents, like sodium borohydridel®* and Raney nickel?. The important class of
quinolones can also be synthesised via a sequential Heck reduction-cyclization

(HRC) reaction by using a palladium catalyst.[?0

0_0  H, 0._0 NH, H 5
B
= -H,0
10a 10b 58

| natural products

! E o
; N_ _O :

H OH

OH
pinolinone (59) carteolol (60)

Scheme 14. Both coumarin 10a and dihydrocoumarin 10b are valuable as fine chemicals and
chemical intermediates. ITO and OOSHIDA™! described the conversion of lactones to their corre-
sponding lactams, which are represented in natural products and drugs.

However, more an environmentally friendly process would be a biocatalytic
synthesis route, especially for the production of biologically active compounds

that require low metal contamination (at least less than 4 ppm).>*!

GRIESE et al.®? studied the microbial degradation pathway of coumarin to
quinolone by Pseudomonas putida 86. They characterized the FMN-containing
xenobiotic reductase A (XenA), which catalyses the reduction of 8-hydroxy-
coumarin and coumarin to 8-hydroxy-3,4-dihydrocoumarin and 3,4-dihydro-
coumarin. The oxidized crystal structures of XenA in complex with both cou-
marins show different modes of binding in the active site. While coumarin is
ideally positioned for hydride transfer from N5 of FMN to C4 of coumarin
(Figure 44, blue), 8-hydroxycoumarin forms a non-productive complex with the
oxidized XenA (Figure 44, green), which did not match the experimental re-

sults, because both substances can be transformed by XenA.
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F269 Y183

Figure 44. Active site of XenA in complex with 8-hydroxycoumarin (green, pdb 2H8Z)*2 and
coumarin (blue, pdb 2H90).12%2l Distance of the C3 atom of 8-hydroxycoumarin to the N5 of the
oxidized FMN is 4.7 A, whereas for C3 of coumarin and the N5 of FMN is 3.6 A.

Recently WERTHER et al. showed a remarkably difference in 8-hydroxycoumarin

binding, depending on the oxidation-state of FMN in XenA.>%!

A) Y183F B) Y183F

Figure 45. Oxidation-state-dependent substrate-binding to the active site of XenA. A) Active site
view of the deprotonated phenolate-state of 8-hydroxycoumarin (green lines) in complex with
oxidized Y183F-XenA (pdb 4UT]J).1?’l B) Active site view of the Michaelis complex between re-
duced Y183F-XenA and 8-hydroxycoumarin (green lines) (pdb 4UTM).1?’l The orange dashed
lines illustrate the distance between C4 of coumarin and N5 or N5H of FMN. Yellow dashes
illustrate hydrogen bonds.
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In the crystal structure with the reduced and active FMNH>, the positioning of
8-hydroxycoumarin would lead to a successful hydride transfer (Figure 45B),
whereas in the oxidized enzyme, due to a proton release of hydroxycoumarin to
the buffer the phenolate binds in a flipped pose, with hydrogen bonding to
H178 and H181 (Figure 45A).

Furthermore TURRINI et al. point out that chiral lactones are important for appli-
cations in antibiotics, plant hormones, fragrances and flavor compounds.®*
They found a novel biocatalytic route for the synthesis of optical active, most
often five-membered ring y-lactones, by asymmetric bioreduction with a set of
isolated and purified ene reductases from the OYE family, more precisely:
OYE1, OYE2, OYE3, NCR, YqjM, OPR1, OPR3, XenA, NerA. Coumarins with
the structure shown in Figure 46 are non-substrates for their screening system

caused by instability and decomposition in the used Tris-HCI buffer at pH 7.5.

The combination of the aforementioned studies from GRIESE et al. and TURRINI et
al. plus the pharmacogenomics of coumarins were the motivation to study this
compound class as potential new substrates for the potential industrially inter-
esting TsER panel. Additionally, by enlarging the ring system of coumarin at
different positions, as seen in Figure 46, insights into the binding site of TsER
should be obtained to find potential new variants for the conversion of bulky

substrates with an easy and fast pre-screening fluorescence assay.

By the additional introduction of functional groups, such as the polar 7-
hydroxy and 3-acyl group or the non-polar 4-methyl group, different interac-
tions with the enzyme can occur. The polar groups can undergo hydrogen
bonding to polar amino acids in the active site and orient the substrate in a dif-
ferent way, whereas the methyl group and also the additional phenyl ring can

undergo hydrophobic interactions.
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Figure 46. Different planned structural scaffolds based on coumarins from the work of TURRINI
et al.1?%!l to obtain insights into the active site of TsER for finding potential new engineering sides
to convert more bulky substrates with ene reductases from the OYE family. Arrows are indicat-
ing hydrogen bond possibilities. Introduced polar groups are marked light orange and nonpo-
lar groups light green.

105



Chapter 3: RESULTS AND DISCUSSION

3.6.1 Synthesis of Bulkier Substrates

For the PhD project of SABINE DUEWEL in the working group of SABRINA
HOEBENREICH hapaindole structures were synthesized as screening substrates
for the halogenase WelO15 from Westiella intricata HT-29-1. Therefore,
(R)-carvone (30a) was coupled to indole according to an instruction of BARAN et
al.,?] to obtain substance 69a, which can also serve as a substrate for ene reduc-
tases. This was tested with the TsER variant panel and wild type of chapter 3.3.

The results are listed in Table 9.

Scheme 15. Synthesis route for 69a from PhD project of SABINE DUEWEL, based on the protocol
of BARAN et al.[2%]

Another bulky substrate class, as described in detail above, represents coumarin
derivatives. Parts of this work were carried out by GERRIT E. BENARY®* and
MORITZ RUF*7 during their bachelor theses. The coumarins presented in this
work are synthesized over two different reactions. One mechanism is the
KNOEVENAGEL-condensation, followed by a lactonization (Scheme 16). The con-
densation occurs between a carbonyl compound, most often an aldehyde, and
activated methylene to afford an a,f-unsaturated compound. The initial formed
enol intermediate reacts with the aldehyde, and the resulting aldol undergoes
subsequent base-induced elimination. Michael addition leading to the for-

mation of the coumarin skeleton occurs, followed by re-aromatization.[26-30
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Scheme 16. KNOEVENAGEL-condensation of aldehydes 70 and activated methylene 71 to from
coumarins 12-13a and 15a.

The second used synthesis route occurs via a PECHMANN-condensation, where
the starting materials are phenols and p-keto esters, and due to an acid the
transesterification as well as keto-enol tautomerisation is catalysed to from the

lactone ring (Scheme 17).131

o O O acid O 0._0O
+
Ao 9@
-EtOH/H,0

72 71a 16a

Scheme 17. PECHMANN-condensation of phenol 72 and f-keto ester 71a to form coumarin 16a.

With these two methods it was possible to synthesize four different structural
coumarins shown in Figure 47. 7-Hydroxy-4-methylcoumarin (11a) is commer-
cial available. For the integrity of the different structural scaffolds, the expand-
ed linear coumarin 14a would have been an important substance. But in spite of
several synthesis instructions it was not possible to isolate the desired com-

pound 14a.3-3%1 Most often the starting materials were recovered.

HO O. _O HO o__0O 0._0O
T " e g
I X @
12a 13a

Figure 47. Coumarin derivatives. 12-13a and 15a were synthesized via a KNOEVENAGEL-
condensation and 16a via a PECHMANN-condensation.

16a
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3.6.2 Screening with TsER Panel of Chapter 3.3

First of all, the aforementioned indole 69a and coumarins 11-13a and 15-16a
were screened with the panel of TsER variants from chapter 3.3 to get an indica-
tion of whether the former introduced mutations lead to conversion. The reac-

tions were done with purified enzyme according to chapter 6.9.2.

For indole 69a the highest conversion of 48% could be observed with TsER
C25D/167C/A102Y. All variants with an aspartate in position 25 and a threonine
in position 67 showed comparable conversion rates, whereas the variants with a
glycine in position 25 lose in mean 12-fold of activity compared to the best vari-
ant C25D/167C/A102Y. Due to solubility problems of indole 69a in the reaction
buffer, the conversion rates could perhaps be increased by using a biphasic sys-
tem. Nevertheless, this is the first example of modified indole-type substrates
for the successful biotransformation with ene reductases from the OYE family.
Due to the stereoselective reduction of the carbon-carbon double bond two pos-
sible diastereoisomers 69b and 69c can be formed (Scheme 18). Experimentally
only one peak in the HPLC chromatograms was obtained, but the absolute con-
figuration of the product could not be assigned based on the low amount of

compound.

TsER variants

CD
N

H
9a

(=N

Scheme 18.Possible produced diastereoisomers from 69a through the reduction with TsER vari-
ants.

To gain more information about the possible substrate binding in the active site
of TsER C25D/I67T and C25D/I67T/A102H and the stereochemical outcome,
induced-fit docking studies were performed in the available X-ray structures

(Figure 48). Both poses show a productive binding with the (R)-carvone moiety
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oriented above the FMNH: and a hydride transfer distance from FMNnsu to C3
of 3.4 A. The indole moiety points out of the binding cavity illustrated in the
surface depiction in Figure 48 and is coordinated by pi-pi stacking to H175. In
comparison to C25D/I67T, the indole is vertically flipped in the triple variant,
which leads to a pi-pi stacking interaction with the pyrrole ring. The docking
results show that it might be possible, in further studies, to enlarge the indole
moiety to sizes which are still fitting through the existing cavity.

A frm B) S
HUZE ‘)_,/ Y177

Figure 48. Induced-fit docking results of 69a (green) A) in the active form of C25D/167T with
FMNH2 based on pdb 5SNUX and B) in the active form of C25D/167T/A102H with FMNH: based
in pdb 50GT. Specific residues in the active site are presented as lines (grey), pi-pi stacking
interaction are presented as purple dashes, important distances for hydrogenation as orange
dashes.

The predicted stereochemistry from the obtained docking poses, would lead in
both cases to 69b, where the methyl- and the propenyl-moiety are trans to each

other. This in-silico result would also confirm the obtained diastereoselectivity
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for the reduction of (R)-carvone (30a) with all TsER variants, which always lead

to trans-30b as major diastereomer (Table 9).

In further studies by LUCA SCHMERMUNDE®, the coupled (S)-carvone indole 70a
was also tested with the TsER C25D/167T variant. He was able to determine the
absolute configuration of the products 70b and 70c by NMR spectroscopy. The
major product in this biocatalytic reduction is the cis-isomer 70b, which is also

the obtained diastereomer in the production of 18b by C25D/I67T (Table 3).

.

it
3 @)

20 uM TsER C25D/I167T,
100 mM glucose,

0.33 mM NADP*,
2.2 U/mL BsGDH,
s 0

s

5 100 uM CoCl, N N
> +
@ KP,-buffer pH 7.4, m @E\B
y{ acet;)(l)u: C(li;"zﬁ)}:'/V), y[ ﬁ
70a ’ 70b 70c
U J

N

conversion: 96%
55%, dr =94:6 (70b:70c)

Scheme 19. Biocatalytic reduction of 70a by TsER C25D/I67T from the work of Luca
SCHMERMUND. 3%l

The study with 70a and the IFD results corroborate the presumed stereochemi-
cal outcome of 69a with the TsER variants. For experimental confirmation, up-
scale reactions with 69a and C25D/I67T should be performed, to gain enough
product for NMR studies.
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Chapter 3: RESULTS AND DISCUSSION

The coumarin substrates 12-13a and 15-16a are newly discovered for ene reduc-
tase hydrogenation. The substrate loading in the biocatalytic assay had to be
reduced, due to solubility problems of the coumarin derivatives. They are bare-
ly soluble in water and most organic solvents, such as ethanol, methanol and
ethers which are often used for biological assays. For that reason the stock solu-
tions were prepared in dimethylformamide (DMF). The first tests showed that
solubility of the substrates was an issue due to precipitation at 10 mM, limiting
the working concentration to just 1 mM. In future work this might be avoided

by working in bi-phasic systems with DMF as the organic phase.

Normally, the reduction of the double bond in the lactone moiety is expected to
generate the dihydrocoumarin. However, the biotransformation of 7-hydroxy-
3-carboxy-coumarin ethyl ester (13a) yielded two different products depending
on the used variant, which were identified as either the expected dihydrocou-
marin (13b) or the hydrolysis product 3-(2,4-dihydroxyphenyl)-2-

ethoxypropanoic acid (13c).

HASER et al. described a bioprocess for the production of natural dihydrocou-
marin from coumarin by Saccharomyces cerevisiae.®™ In whole cell biosynthesis
the dihydrocoumarin is further degraded to melilotic acid by hydrolases. As a
consequence, they had to follow up with a distillation of the primary isolated
product melilotic acid in the presence of natural citric acid to obtain the pure
dihydrocoumarin.”! Therefore it was important for the reduction of the lac-
tones to work with purified TsER variants to exclude the lactone hydrolysis by
other enzymes presented in whole cells. It was previously shown by NMR stud-
ies, that the OYE XenA only reduces coumarin but is not responsible for the

subsequent hydrolysis.[*?

In the work of TURRINI et al., it is mentioned that some of their tested coumarins
are unstable and decomposed in Tris-HCI buffer with a pH of 7.5.%°! This was

not observed for the screening system in potassium phosphate buffer used here.
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Chapter 3: RESULTS AND DISCUSSION

In this thesis all reactions were performed in the same potassium phosphate
buffer system at pH 7.4, including the recycling system consisting of glucose,
BsGDH and NADP* at 30 °C for 24 h. The buffer capacity is 100 mM, ten-times
higher than the amount of possible acid equivalents under screening conditions,
and ensures a constant pH, even when considering uncoupling. In the used
scale acidification of the reaction mixture was never observed. Both the nega-
tive control with 7-hydroxy-3-carboxy-coumarin ethyl ester (13a) in reaction
buffer without enzyme, and the biotransformation with TsER wt result in the
isolation of the intact starting material 13a. This is an indication that the lactone
hydrolysis not occur in the used buffer system. However, the biocatalytic reac-
tion of 13a with C25D/I67T and all other double variants produced a transfor-
mation product with an m/z about 254 and a retention time of 1.73 min (deter-
mined over reverse phase HPLC). By large scale reaction, enough product could
be isolated to perform HSQC-NMR experiments to identify the exact product. It
could clearly be identified as 13c. The biotransformation with the triple variants
resulted in a major product with a retention time at 1.33 min and a m/z of 236,

which corresponds to 13b (determined by reverse-phase LC-MS).

possible intermediates

C25D/167T/A102H
NADP", HO OH

GDH, glucose HO O©
30°C, 24 h \©/\;E!(OB o, o
HO 0_0O O

C25D/167T

132 ° H,0,NADP*,  HO OH HO o OSH
GDH, glucose i
OEt
30°C,24h
EtO O 9]
O OH 13e
13¢

Scheme 20. Biotransformations of 13a with TsER variants C25D/I67T and C25D/I167T/A102H
lead to two different products. 13d and 13e are possible intermediates, if the hydrolysis occurs
before reduction or after reduction.

The results presented in this thesis show that hydrolysis might occur in the ac-

tive site of TsER, otherwise it is difficult to explain why after transformation in
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Chapter 3: RESULTS AND DISCUSSION

the same buffer system for the C25D/I67T variant the acid 13c was isolated,
whereas the C25D/167T/A102H variant only produces the dihydrocoumarin 13b
(Scheme 20).

To gain more information about the binding of 13a in both variants, a crystal
structure of the C25D/I67T/A102H variant was obtained in collaboration with
D.J. OPPERMAN (pdb 50GT, details are shown in chapter 3.4.2). Unfortunately,
soaking and co-crystallization experiments with substrate 13a failed. Therefore,
to acquire more information about the possible binding and mechanism of lac-
tone hydrolysis in the different active sites, molecular docking studies were per-

formed. The most likely models were chosen based on experimental data.

In the obtained crystal structures the cofactor FMN is oxidized, whereby no hy-
dride transfer to the substrate is possible. Accordingly, the structures were pre-
pared to mimic the active enzyme with the reduced FMNH: by the use of
ANTECHAMBER. The level of theory used during receptor preparation
(PROPKA)B%3%I predicts both imidazole’s of H172 and H175 as neutral in both
oxidation states. At pH 7.4 the imidazole ring is approximately protonated to
10% when free in solution. Moreover, the protonation state of the two active site
histidines is actually unexplored experimentally. The work of LONSDALE et al.l'%!
showed that the two active site histidines had to be protonated and harmonic
constrains were needed, otherwise the substrate protein complex was not main-
tained during MD calculations. Whereas others have not reported on similar
observations or on the protonation state chosen in their calculations, [130152310311]
in the here presented in-silico studies productive docking poses without the ex-
pected hydrogen bonds to one or both histidines were observed.[*”2? Therefore,
the decision was made to protonate both residues for the IFD experiments as in
the former in silico studies shown in chapter 3.5.1.

The first question to address is whether reduction of the carbon-carbon double
bond occurs before or after lactone hydrolysis. IFD of 13a in the reduced forms

of C25D/167T, C25G/167T, C25D/167T/A102H and the wild type results in pro-
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ductive poses for all variants. Three anchoring modes of the two carbonyl
groups were observed: a) both point towards H172/H175 forming H-bonds with
one or both of them; b) both form H-bonds with R347, and Y27 has a polar con-
tact to the lactones alcohol oxygen; or c) one forms a H-bond with H175 and the
other with R347 (Figure 49A, B). Most of these binding modes still show rea-
sonable angles and distances for hydride and proton transfer upon reduction.
Therefore, further experiments needs to be performed to identify the experi-

mentally relevant orientation.

A) C25D/167T B) C25D/167T/A102H
Y177
HIT2N \ Y177 H1)02
\‘\ ATa2 T67 ! \"1’?
H176  H172( / ‘ {\ 7\ e

\\% ‘ , H175 ) ! T67
"~\ > Y / F \ \_ﬂ/ : 78:\;’\
y—-'sra:" “2s o9 \ \/ . £ “‘:-:\\N ALY QN
| S e A : Ty 0 D7

2 - " j’ < A 2

PLET o A A e

0.0 OH 0.0 OH

o} 0
(R}-13b (5)>-13b

Figure 49. A) IFD of reduced TsER C25D/I67T structure with protonated H172/H175 and 13a
(green lines). Closest and most acidic proton to C=O is dNH+ from H175, shown in orange
dashes B ) IFD of reduced TsER C25D/167T/A102H structure with protonated H172/H175 and
13a (green lines). The essential amino acids (grey) and FMNH2 (grey) are shown as lines, pi-pi
stacking between H102 and phenol ring of 13a is marked as purple dashes. Hydrogen bonds are
shown as yellow dashes and the distance between N5H of FMNH?2 and C4 as orange dashes.

In addition, H-bonds of the 7-hydroxy group from 13a with D25 and T67 are
often observed. In the less polar C25G/167T variant, residue D71 takes over this
function, still orienting 13a in productive poses for hydride transfer (3.2 A,

108.1°, see Figure 50A). The IFD docking for TsER wild type results in no pro-
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ductive poses, caused by the missing interaction partners D25 and T67 or inac-
cessible D71 (see Figure 50B and Table 54). All of these results correlate well

with the experimental results (Table 9)

A Y177 B Y177

Y A102 H175

H175 H172 \
;}/e‘:y e 16 \\ \r ( H177’k >
‘ 74 ) D71
0D =S ~§ D>~ \\
\.( /‘Q *“;' :."5'1 \ ‘> N ‘_% ( )

/ ':
\ R347 /| R347

Figure 50. A) Second highest ranked pose of IFD of reduced TsER C25G/I67T structure with
protonated H172/H175 and 13a. B) Highest ranked pose of IFD of reduced TsER wt structure
with protonated H172/H175 and 13a. The essential amino acids (grey), FMNH: (grey) and 13a
(green) are shown as lines, hydrogen bonds are shown as yellow dashes and the distance be-
tween N5H of FMN and C4 of 13a as orange dashes.

The situation is different with the opened coumarin intermediate 13d, which
would exist if the hydrolysis occurs before reduction. A small cavity formed by
H172, A102 and T67 hosts the dihydroxybenzene group, allowing the carbox-
ylate of 13d to form a salt bridge with R347 in all docking poses of variant
C25D/167T (Figure 51A). This orientation perfectly positions the ester carbonyl
group to form a hydrogen bond with Y27 and sometimes H175. This interaction
bends the double bond away from an optimal orientation for orbital overlap,
very likely preventing reduction. Poses of 13d in C25D/167T/A102H resulted in
many non-productive binding modes (Figure 51B). The smaller cavity, due to
A102H, has eliminated most poses with the salt bridge, nevertheless the dihy-
droxybenzene group is more often observed pointing towards D25 than to-
wards the solvent. Currently, it is proposed that substrate orientation and sub-
sequently stereoselectivity, can be altered by creating new substrate anchors.

H102 would have this potential, but in none of the IFD poses H-bonds to
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A102H have been observed, hence this residue is not a new substrate anchor for

13a-e.
N
A \Y177 B L —
. H175 7 /
' Ay r~
r& ..,7 . T67 i A r )
25 N8, 77 Y ‘\/ DS ,

~Ax

..5« A\ S IR ' Y27
I “, )' D25 — M Y u*\ ALY
P = N S 74 |
_.( » ) / \/ / '321 X *\\ *

A « Y27 \
« v [

e /
R347 R347

Figure 51. A) IFD of reduced TsER C25D/I67T structure with protonated H172/H175 and 13c. Pi-
pi stacking between H172 or Y177 and phenol of 13d is marked with purple dashes. B) IFD of
reduced TsER C25D/167T/A102H structure with protonated H172/H175 and 13c. The essential
amino acids (grey), FMNH: (grey) and 13d (green) are shown in lines. Hydrogen bonds are
shown in yellow dashes and the distance between N5H of FMN and C4 of 13c is shown in or-
ange dashes.

Overall, docking of 13a in reduced C25D/167T and C25D/167T/A102H receptors
(Figure 50) yielded productive poses for hydride transfer, whereas none were
found with 13d (Figure 51). In addition, formation of 13d was not observed in
the performed assays, strongly suggesting that reduction occurs first, followed

by lactone hydrolysis.

In this case, two scenarios exist: 1.) hydrolysis occurs directly after reduction,
before 13b leaves the active site (route 2, Figure 52), or 2.) 13b dissociates and
binds again to either the reduced or oxidized form in a new binding mode that
enables hydrolysis (route 1 and 3, Figure 52). IFD was performed with R- and S-
13b, R/S5-13e and reduced/oxidized C25D/I67T and C25D/167T/A102H to mimic

the relevant states of the reaction (Figure 52).
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accepted, productive binding mode for reduction |

3. Tyr reprotonation Y177 13a+ TsER,y = [132THER 4] === [13b-TSER, ] === 13b + T5ER,
H\ /\ O/\; 1L+13b ﬂ 1L+13b

H172
% i [13b-TSER 4] [13e TSER,,] [13b-T5ER,,]

) 2. protonation ﬂ ﬂ ﬂ
H R? [13e-TSER 4] [13¢TSER,,] [13e TSER ]
1. hydride attack (3 TSER,,.] 13c + THER,, [13cTSER, ]
/ H
\ HN -
H175  H Oé\l\i) N 13c + TSER 4 13c + TSER
\,)5 FMNH- hydrolysis hydrolysis hydrolysis
route 1 route 2 route 3

Figure 52. Accepted mechanism of the asymmetric reduction of a,3-unsaturated alkenes with
ene-reductases. The educt is anchored via hydrogen bonds above the reduced flavin. After hy-
dride transfer, the enolate is most likely protonated from a tyrosine.[102107118,152174312313] After-
wards, Y177 will be re-protonated from a water molecule, creating nucleophilic water in close
proximity to the reduced lactone ring, an ideal situation for hydrolysis directly after reduction.

It is known that y- and 6-lactones react readily in mildly acidic media due to
their basicity.®#! This can be partially explained in terms of their acid dissocia-
tion constants: the higher the acidity, the lower the concentration of the highly
reactive protonated ester and hence the lower the catalytic effect of hydronium
ions.P [In C25D/167T a hydrogen bond between H175 and the carbonyl oxygen
of the lactone is formed (Figure 53A-C), whereby the carbonyl group came in
close proximity to the protonated delta nitrogen of H175, which might result in
protonation of the carbonyl group from 13b. Due to the protonation of the car-
bonyl group from 13b an acid-catalysed hydrolysis of the 6-lactone might occur
and explain the experimental observation. This is presumably due to an Aac2
mechanism, where the attack of a water molecule on the protonated carbonyl is
base-catalysed by an additional water (Scheme 21A).*"*I The Aac2-mechanism is
the most usual acid-catalysed hydrolysis pathway. It takes place in two steps,
the protonation of the carbonyl group followed by an addition of water to get

the tetrahedral intermediate (13e), which in turn decomposes.
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Figure 53. IFD of the potential pro-
duced isomer of (R)-13b in TsER
C25D/167T and (S)-13b in TsER
C25D/167T/A102H, A) oxidized
FMN, charged Y177 and protonat-
ed H172/H175 of C25D/I67T, B)
oxidized FMN, protonated Y177
and H172/H175 of C25D/167T, C)
reduced FMNHo_, protonated
H172/H175 of C25D/167T, D) oxi-
dized FMN, charged Y177 and
protonated H175 of C25D/167T/
A102H, E) oxidized FMN, proto-
nated Y177 and H175 of

C25D/167T/A102H, F) reduced
FMNHo:, protonated H172/H175 of
C25D/167T/A102H.

The essential amino acids (grey),
FMN (grey) and 13b (green) are
shown as lines, pi-pi stacking
marked as purple dashes, hydro-
gen bonds are shown as yellow
dashes, distance of closest and
most acidic proton to C=O of 13b is
shown in orange dashes
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In OYEs, Y177 plays a crucial role in the hydrogenation reaction by delivering
the proton (Figure 52).161102107108118132] Tf the double bond reduction occurs before
the lactone hydrolysis, the charged Y177 might be acting as a base and could get
re-protonated by a coordinating water molecule (Scheme 21B).B1! It is known
from QM/MM studies with YqjM, that a water molecule can be activated by
Y177 for the hydrogenation step, but it is more likely that Y177 protonates the
substrate directly.®2. Therefore, dihydrocoumarin 13b was docked into the ox-
idized TsER variants (Figure 53A,B). In accordance with the work from
LONSDALE et al.['%2], the oxidized receptor was prepared with and without proto-
nated Y177. In contrast to the reduced structure, the PROPKA program predict-

ed D25 in the oxidized structure as protonated.

Recently, WERTHER et al. showed via X-ray crystallography a remarkable differ-
ence in hydroxycoumarin binding, depending on whether the FMN cofactor in
XenA is oxidized or reduced (Figure 45).>*! A binding difference, according to
the oxidation state of FMN, was also observed in the in silico studies shown here

(compare Table 37 and Table 39).

Poses of 13b in oxidized C25D/I67T are slightly different to the reduced com-
plex with 13a. The epsilon nitrogen of H172 is at a distance of 4.4 A to the car-
bonyl oxygen of the lactone, whereas the protonated delta nitrogen of H175
forms a hydrogen bond to this carbonyl. The charged Y177 is close enough
(43 A) to deprotonate a water molecule. In contrast to the pose in
C25D/167T/A102H, where the Y27 forms a hydrogen bond to the lactone oxy-
gen, that the coumarin is flipped in the binding site and the closest polar resi-
due to the carbonyl is R347 with 4.4 A and 5.6 A. Through polarization of the
carbonyl by R347 a nucleophilic attack of a water molecule can occur. Subse-
quently hydrolysis of the lactone occurs by protonation of the former lactone

oxygen by Y27 (Scheme 21C).
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A) A,:2 mechanism with water from the bulk solvent as base
H175

H
HNV - H,O
\: I_I\ /\ /O“H Ho\y y
O-H HZO H/ O OH
H / 2%  H__- HO — > 13c

|4+ -H O+
EtO,C EtO,C

B) A,2 mechanism with Y177 as base in the 1. step and H172 in the 2. step

H172 Y177 H172 Y177
H175 HN7X Hi7s HN7X
NH ((_) i HO
- -
N AR HN- H-B

g = 13c
HOJ 5 "% on

H - .
o 7 o OH
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C) Hydrolysis mediated by residues R347, Y177 and Y27
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R347 - /©/ R347
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N I/_I H N I/_I
H- N O H H- 7/_Ns -
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Scheme 21. Postulated hydrolysis mechanisms of 13b in the binding site of TsER.

There is existing evidence for acid-base chemistry in the active site of ene reduc-
tases. Known in the literature is the redox-neutral acid-base function of the co-
factor FMNH: in OYEs, which catalyses carbon-carbon double bond isomeriza-
tion reactions.% In the proposed acid-base mechanism presented here, the co-
factor FMN is not directly involved. The acid-base catalysts are presented by
the side chains of Y177, H175, H172, Y27 or R347.

For the acidic hydrolysis following the Aac2 mechanism, the next step mecha-
nistically would be the formation of the diol intermediate 13e. The IFD for
(R)-13e in C25D/167T showed a binding pose quite similar to the former proto-

nation state, where H175 interacts via hydrogen bonding with one OH-group
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and Y177 with the second. The interaction of Y177 with the second OH-group
confirms the proposed mechanism in Scheme 21B. However, it should also be
mentioned that in the majority of poses for C25D/I67T, the lactone oxygen is
oriented in the direction of Y27 (Table 49). In comparison, all poses for (S)-13e
in C25D/167T/A102H are oriented as shown in Figure 54B, with a highly distinct
hydrogen bonding network. The distance between Y177 and one OH-group of
the diol is quite far with 4.2 A. This distance might not lead to a re-protonation

of Y177, such as that postulated in Scheme 21C.
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Figure 54 A) IFD pose of reduced TsER C25D/I67T structure with protonated H172/H175 and
intermediate 13e. B) IFD pose of reduced TsER C25D/I67T/A102H structure with protonated
H172/H175 and intermediate 13e. The essential amino acids (grey), FMNH: (grey) and 13e
(green) are shown as lines, hydrogen bonds are shown as yellow dashes.

In conclusion, due the combination of X-ray crystallography and in silico stud-
ies, possible lactone hydrolysis mechanisms by the TsER variant C25D/167T
could be hypothesized. The observed docked poses with the lactone oxygen
pointing in the direction of H172 promote a possible protonation of the carbon-

yl oxygen by H175 and a further hydrolysis via an Aac2 mechanism.

To explore the exact catalytic mechanism of lactone hydrolysis, molecular dy-
namics (MD) simulations along with combined quantum mechanics/molecular
mechanics (QM/MM) studies should be applied. With these methods, details

such as those concerning stable binding of the substrate to the active site, the
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order of the reaction steps, and the nature of transition states to hydride and
proton transfer as well as the role of water in the catalytic reaction and lactone

hydrolysis can be addressed.

With the TsER variant panel of chapter 3.3, for almost every coumarin deriva-
tive in Table 9 a biotransformation product was obtained. The exceptional case
is 7-hydroxy-4-methylcoumarin (11a) whereby no variant showed any conver-
sion. This might be due to the deactivating methyl group at the double bond. In
the RBD of 11a in C25D/I67T and C25G/167T no productive pose within suffi-
cient distance of the FMN hydride to the C4 could be found (Table 28, Table 29).
Even more surprisingly were the successful conversion rates with the even
bulkier 16a. Rigid body docking analysis of both substrates in the
C25D/167T/A102H structure show a preferred pose for 16a for hydride transfer
with an N5H to C4 distance of 3.5 A and 4.1 A for proton delivery of Y177-OH
to C3.

H175 =\

HO o._ 0
W

11a

Y27

IIR347
Figure 55. RBD results of 11a (purple lines) and 16a (green lines) in C25D/167T/A102H structure

with FMNH: and protonated H172/H175. Important residues are shown in grey lines, distance
from FMN N5H to C4 and from Y1770H to C3 shown as orange dashes.
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Active variants were also found for the bulky coumarin 15a, with up to 79%
conversion to the dihydrocoumarin identified by LC-MS (retention time of
1.40 min, m/z of 241). 15a reduction yielded two different products with differ-
ent variants. C25D/I67T yielded two products with retention times of 1.59 min
and 2.13 min (Table 9). This observation is comparable to the results with 13a.
To date it was not possible to clearly identify these two products. Attempts to
upscale the reaction failed mainly due to solubility problems. In analogy to the
retention times of the clearly identified hydrolysis product of 13a, the main
product produced with C25D/167T and 15a might also be the dicarboxylic acid.
This is just an assumption and has to be investigated further in a follow up pro-

ject.

For the first time TSER variants were identified, which reduce coumarin-like
structures as 13a, 15a and 16a. For clearly identifying the produced side prod-
ucts upscale reactions must be performed to analyze them via NMR spectros-
copy. The reaction should be performed in a bi-phasic system with DMF to

avoid solubility problems.

3.6.3 Generation and Screening of Libraries

Inspired by the work of RUTHLEIN et al.'>?! the residue H175 from TsER was con-
sidered as potential new mutation site. They redesigned the binding pocket of
YgjM to alter the binding mode of Roche ester precursor 19a consequently re-
versing the stereopreference, by mutating the mechanistically essential amino
acid H167 to alanine. Figure 56 shows in silico docking studies of the Roche es-
ter precursor 19a in YqjM and one planned variant. It can be seen that due to
the alanine mutation in position 167 more space in this area of the binding

pocket is generated. The additional incorporation of hydrogen donating amino
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acids like asparagine or histidine in position 26 is postulated to induce a sub-

strate flip.

Figure 56. A) Structure of YqjM wt active site. The essential amino acids, FMN, and the posi-
tions for the mutagenesis study are shown explicitly. The binding mode of the Roche ester pre-
cursor 19a resulting from in silico docking is shown in grey. B) The Roche ester precursor 19a
docked into the active site of YqjM C26N/H167A. The mutation in position 167 to alanine offers
more space. Hydrogen bonds are drawn in dashed lines. 15l

Based on this work it was thought that gaining space in position 175 of TsER
enables binding and therefore leads to transformation of the bulkier coumarin-
like substrates. For this reason a library with the mutation sites C25 and H175 of

TsER was planned.

3.6.3.1 Library C25NNK/H175NNK

Protein engineering and evolution applications frequently use protein libraries
that include defined amino acid mixtures at certain positions of interest.’! A
widely used approach for introducing diversity is the use of degenerate codons
incorporated during oligonucleotide synthesis that include mixtures of nucleo-
tides at each position.*® This approach should also be applied for the positions
C25 and H175 in TsER, by introducing the complete set of standard amino ac-
ids, which is encoded using NNK, where N=A, T, Cor Gand K=Gor T.
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The introduction of the reduced codon NNK for position H175 was successful
via a megaprimer PCR method, whereas at position C25 just with two Quik-
Change PCRs a relatively sufficient degeneration of NNK was achieved. The
quality of the library was checked by performing sequence analysis of pooled
plasmids prior to transformation into the expression strain. This concept is
called “Quick Quality Control” (QQC).*1¢317I The degeneracy of saturation mu-
tagenesis at position C25 and H175 can be seen in Table 10. Conspicuously the
four bases are not equally represented as they ideally should be for A/T/C/G
degeneracy with the used codon NNK. Due to the possible imbalance at the
synthesis level of the primers a small deviation of 5-10% can occur.l? Addition-
ally, the pooled primers have different annealing efficiencies, what has to be

taken in account.®!

Table 10. Degeneracy of TsER saturation mutagenesis libraries at position C25 and H175 on
wild type templates. The percentage of each base was calculated from the sequencing data of
the pooled plasmids for each library. The following color code is used: green: C, black: G, red: T,
blue: A.

Library first base second base third base Library first base second base third base
wild type T G A T

T G T G G G
C25_NNK “ . ’ H175_NNK ‘ a .

The NNK codon allows all twenty amino acids (32 codons), which results for

two simultaneous sites in 1024 different codons. To get coverage of 95% over
the sequence space 3066 colonies should be picked and screened. As starting
point 910 colonies were picked in 96 deep-well plates, which correspond to a
28% coverage.

First of all, this generated library was screened with the Roche ester precursor
19a to compare the results with those of RUTHLEIN et al.'® Out of the 910
screened colonies 30 different hit variants were found, which result in a hit rate
of 3.3% (Table 11). This value is quite good for that library size and the intro-

duced degeneracy (compare Table 10). The hit rate depends on the library size
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and numbers of screened colonies, but the number here is comparable with lit-

erature values for directed evolution studies.40318]

Table 11. Hit variants of TsER library C25NNK/H175NNK found by substrate screening with
methyl 2-hydroxymethyl acrylate 19a. Conversion rates were determined by GC.

TsER variant
NADP*/GDH/glucose OH O

H)kOMe

OH O

k”)kOMe

24 h, 30 °C, 700 rpm

19a 19b

TsER variant conversion (%) | TsER variant conversion (%)
C25D 10 C25N/H175S 4
C25D/H175V 1 C25R/H175K 1
C25H 20 C25S 6
C25H/H175A 1 C25S5/H175A 2
C25H/H175K 5 C25S/H175F 2
C25H/H175S 2 C25V 31
C25H/H175T 2 C25V/H175G 10
C25H/H175Y 2 C25V/H175Q 46
C251 36 H175A 4
C251/H175W 19 H175G 2
C25L 47 H175K 1
C25L/H175A 5 H175L 3
C25L/H175E 1 H175S 8
C25N 21 H175T 3
C25N/H175A 1 H175V 2

The identified hits are both single and double variants in the positions C25 and
H175. The conversion rates are comparable with those of the RUTHLEIN study,
where also the single variants in position C26 of YqjM show higher conversion
rates than the double variants. In comparison, YqgjM C26H produced 19b in
56%152 while TsER C25H showed 20% conversion. However it should be men-
tioned that the YgjM results were achieved in a biotransformation with purified
enzyme. That means the concentration conditions could be controlled, whereas
in the TsER lysate screening this was not possible. In assays with purified en-
zymes conversion rates can be increased in controlled conditions as could be
shown for TsER wt. In the lysate screening only 12% of 19b was produced,
whereas in the controlled assay with purified enzyme 94% of 19b was formed

(see Table 9).
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As aforementioned this library was first of all generated to screen with the bulk-
ier coumarin substrates. 7-Hydroxy-3-carboxycoumarin ethyl ester (13a) is due
to the aromatic system and the 7-hydroxy group fluorescent, for which reason a
fluorescence screening method could be adapted from known protocols.?73%]
Changing the analysis method from chromatography to fluorometric highly
reduces labor costs and expenses for the screening, since time-consuming steps
such as extraction, filtration and chromatographic separation are replaced by
simply transferring the reaction mix into a black flat-bottom 96-well microtiter
plate (MTP) and measuring either spectra or single-point results. The best con-
ditions for 13a in the fluorescence assay were determined in a former study",
which result in an excitation wavelength of 400 nm, an emission wavelength of

440 nm and a cut-off at 420 nm.

Former screening of 13a with purified TsER wt showed no activity, whereas the
C25D/167T variant produced 36% of the reduced and hydrolyzed 13c (see Ta-
ble 9). That implies, for the fluorescence assay, samples which showed less fluo-
rescence than the TsER wt were identified as active hits and send to sequencing
for identifying the incorporated mutations (Figure 57). With this simple and fast
pre-screening method 16 hit variants out of 910 screening samples could be
identified for 13a as substrate. This relates to a hit rate of 1.8%. In 12 out of the
16 variants always one of the introduced residues is a hydrogen donating
group, like serine, threonine, asparagine, glutamine, tyrosine and lysine, which
can serve as the anchor point for the carbonyl group of 7-hydroxy-3-

carboxycoumarin ethyl ester (13a).
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Figure 57. Fluorescence read out of one exemplary screening plate of the TsER
C25NNK/H175NNK library with 13a. TsER wild type as negative control colored red and TsER
hit variants are colored green. On each plate five controls were presented: reaction buffer (Al),
YgiM wild type (A2), YgiM C26D/169T (A3), TsER wild type (A4) and TsER C25D/I67T (A5).

To determine the exact conversion rates of 13a with the new found variants,

lysate reactions with subsequent HPLC screening were performed. The results

are shown in Table 12.

Table 12. Hit variants of TsER C25NNK/H175NNK library found by fluorometric substrate
screening with 13a. Conversion rates are determined by HPLC.

TsER variant conversion (%) | TsER variant conversion (%)
C25D/H175R 15 C251./H175S 9
C25F/H175A 14 C25L/H175T 13

C25G 8 C25N/H175K 13
C25H/H175stop 15 C25N/H175P 7
C25I/H175L 12 C25N/H175Q 10
C25L/H175G 12 C25R/H175V 14
C25L/H175P 15 C255/H175A 6
C25L/H175R 11 C25Y/H175W 13

With this generated library it could be shown that H175 is not essential for the

catalytic activity of TsER, although it is most often described that the triad of
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H172, H175 and Y177 participate directly in the catalytic process.’»**17I Never-
theless activity towards 13a compared to variants in hotspot positions I, II and

III (see chapter 3.6.2) drops significantly.

Due to this observation, a combination of variants from chapter 3.6.2 and the
position H175 was planned to gain a positive additional effect in activity to-
wards coumarins. By having a closer look at the active site of TsER wild type in
complex with p-hydroxybenzaldehyde, the alanine residue in position 58 lies in
close proximity to the bound inhibitor. In the first ISM study of YqjM by
BOUGIOUKOU et al. this residue was also chosen to improve the activity towards
3-methylcyclohex-2-en-1-one (17a). It was supposed that A60 from YqjM pre-
sumably pointing to the alpha carbon atom of 17a.”! Double variants in posi-
tion C26/A60 of YqjM showed conversion rates of up to 60% for 17a. For that

reason the newly generated library includes also this site.

A102 167
H175 (
_ N A58
Van S

& /""; = ]

C25

f

Figure 58. Active site of TsER wild type in complex with 13a (green lines, pdb 3HG]J). Five resi-
dues selected for mutation in a second library are shown as grey lines.
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3.6.3.2 Library C25/A58/167/A102/H175

To generate the library with five mutation sites, a mix of six triple variants in
position C25/167/A102 were chosen as template and over a megaprimer PCR the
positions A58 and H175 were degenerated with NNK. The six different tem-

plates are shown in Table 13.

Table 13. Six templates for the generation of libraries in five positions C25, A58, 167, A102 and
H175. These templates are described in chapter 3.3.

template position in active site
C25 167 A102
1 G C I
2 G T Y
3 G C H
4 G T H
5 D T H
6 D C Y

The quality of the generated six new libraries was checked by performing se-
quence analyses of pooled plasmids for each library prior to transformation into
the expression host (chapter 6.5.1.4). The percentage of incorporated base per
position is given in Table 14. The degeneration for position A58 demonstrated
poor quality. The four bases A/T/G/C should be equally represented at the first
and second template base, as described in chapter 3.6.3.1. In the case of position
A58 the template bases are GCC, for the first base an additional C was success-
fully incorporated, which can only lead to proline or the wild type alanine, in-
stead of all 20 essential amino acids. The attempt to build in a higher degenera-
cy by changing PCR conditions and additives failed for that specific position. A
reason might be the high GC content of 65.9% at this specific position in the

TsER gene.

For position H175, with the wild type codon CAT, the degeneration looks quite
moderate. Reasons for the unequal degeneration of every base are given in

chapter 3.6.3.1.
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Table 14. Degeneracy of TsER saturation mutagenesis libraries at position A58 and H175 for six
different templates. The percentage of each base was calculated from the sequencing data of the
pooled plasmids for each library. The following color code is used: green: C, black: G, red: T,
blue: A.

Library first second third Library first second  third
base base base base base base
wild type G A T
C25G/167C/A1021 G G G G
AB8 NNK . H175_NNK ‘ e .
C25G/167T/A102Y G G G G
A58 NNK ‘ . H175_NNK ‘ 0 .
C25G/167C/A102H G G G G
AB8 NNK ‘ . H175_NNK ‘ “ .
C25G/167T/A102H T G G G
A58 _NNK ‘ , H175_NNK ‘ ° .
C25D/167T/A102H G G A G
A58 _NNK ‘ ‘ H175_NNK ‘ ” .
C25D/167C/A102Y G A T
A58 NNK ‘ ‘ H175_NNK ’ ’ .

For every new generated library 91 colonies were picked. This results in two
degenerated positions, like in the library of C25NNK/H175NNK, with again
1024 possible codons to get a 95% coverage. The 91 colonies cover around 8% of
possibilities per library. Due to the poor degeneration of both positions, these
tirst plates should give an indication as to whether it is worth screening more

clones from the generated libraries.

To reduce the screening effort a pooling strategy was applied. First of all the six
library plates were heterologously expressed separately at 22 °C for 16 h. Af-
terwards three clones were pooled together, which reduces the number of
screening plates from six to just two. The first pool contains clones from plate 1-

3 and the second pool clones from plate 4-6. A possible pitfall of this approach
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is the low signal to noise ratio of the detected parameter due to the high back-
ground; this relates to high amounts of cells without activity, thereby counter-
feiting the desired enzyme property.[”] The two plates were screened with 11a,
13a, 15-16a and analyzed by HPLC. For 11a and 15a no hits could be detected,
whereas for 13a and 16a, several wells with up to full conversion were observed

(Figure 59).

Library C25X/A58NNK/167X/A102X/H175NNK
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Figure 59. Evaluation of pooling experiment for library C25X/A58NNK/167X/A102X/H175NNK
with the screening substrates 13a and 16a.The light grey bars represent the first pool (plate 1-3)
and the dark grey bars the second pool (plate 4-6).

To identify the right variant for production of 13b, the pooled clones from the
hit wells need to be screened separately in a second round. In the first pool
wells A6, B3, B12, E5, E11 and G7 from plates 1-3 and in the second pool A4, C6,
F2, F6 and G1 from plates 4-6 were screened again towards 13a activity. Results
are shown in Figure 60. The well A4 contains the control variant C25D/I67T,
which previously showed activity towards 13a which explains the observed

activity in all plates.
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Figure 60. Conversion rates of hit wells from further pooling experiment in separated assays
with substrate 13a.

As a result of the second screening, clones A6, B3 and B12 out of plate 1, E5 out

of plate 2, F2, F6 and G1 out of plate 6 were sent for sequencing to identify the

active variants.

As can be seen in Figure 59 for 16a just in the second pool two clones D2 and E2
showed a high activity. Also clone F1 with a moderate activity of 20% was cho-
sen for a second screening. The results of the second screening are illustrated in
Figure 61 and show only that the clones D2 from plate 5 and 6 are active to-
wards 16a. Considering, the identification by sequencing of these two variants.

second pool

mplate4 mplate5 = plate6

— —_ plate6

production of 16b (%HPLC)
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e ay plateS
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wells

Figure 61. Conversion rates of hit wells from further pooling experiment in separated assays
with substrate 16a.

The sequence identification of the nine selected hits is given in Table 15. Unfor-
tunately no quadruple or quintuple variant was determined, which reflects the
quite poor degeneration of positions A58 and H175 observed in the quick quali-

ty control (see Table 14).
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Table 15. Sequencing results of identified hits from screening with library
C25X/A58NNK/167X/A102X/H175NNK. The first number in the sample column stands for the
plate and the letter and number for the well.

sample amino acid position

wt C25 A58 167 A102 HI175
1_A6 G A C I H
1_B3 G A C I H
1_B12 G A C I H
2 E5 G A T Y H
8_F2 G A T H H
8_F6 G A T H H
8_G1 G A T H H
6_D2 sequencing failed
8_D2 sequencing failed

Based on this result it was deemed unnecessary to screen more clones of these
libraries. In future work it would be potentially advantageous to identify a new
PCR strategy to incorporate sufficient degeneration at GC rich sequences. One
method might be the recently invented QickLib procedure.l*?! The reaction is
very similar to a QuikChange protocol, but with asymmetric primer pairs,
which leads to exponential amplification rather than a simple replication. It
starts with a full plasmid PCR amplification using a long partially degenerate
primer and a short non-degenerate primer sharing complementary 5" ends. Af-
ter the PCR, a Gibson reaction circularizes the library of linear plasmids. Fur-

thermore, the original matrix is eliminated by restriction with Dpnl.3%!
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4 CONCLUSION

4.1 Development of the ‘Scaffold Sampling” Strategy for Ene

Reductases

The relatively broad specificity of OYE family members and the possible expan-
sion of reactivity and control over facial selectivity through combined engineer-
ing and screening methods, presents a real opportunity to develop a new set of
ene reductases with high synthetic value for industrial biocatalysis for the re-
duction of carbon-carbon double bonds. The hope is that such efforts will gen-
erate new and established processes by satisfying the demand for new catalysts
while simultaneously reducing the environmental impact of industrial chemi-

cals’ manufacture.

First, in the thesis presented here a protein engineering strategy was developed
to rapidly access improved OYE variants with minimal screening effort. This
strategy is termed ‘scaffold sampling’ and together with DUNN et al.0%! and
GOBER et al.*®! has proven its usefulness for protein engineering. It has been
shown that scaffold sampling by transfer of engineered residues into wild types
is an extremely valuable protein engineering strategy with high success rates,
allowing quick access to improved biocatalysts. It is related to approaches
which use naturally occurring sequence diversity, but these engineering tech-

niques have a lower success rate with non-natural substrates.

To summarise the first section of this thesis, two sets of hotspot positions, ob-
tained previously via directed evolution®”, were successfully transferred to
seven different OYE scaffolds from group 1 and group 2. The activity enhancing

C25D/167T combination transferred its traits only within group 2 and was
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found to be unfavourable for group 1 scaffolds (Figure 62). The transfer of selec-
tivity controlling hotspot positions was successful irrespective of the subclass.
This demonstrates that hotspot positions and not the OYE scaffolds determine if
the normal or flipped binding mode for 17-19a is preferred, therefore leading to
the same stereoselectivity irrespective of the scaffold. To rationalise the some-
times poor activity or selectivity it should be mentioned that an engineering
process is always designed for one specific property. That means no universal

enzyme/catalyst exists, because otherwise it will lose the selectivity.

empirically identified hotspot positions OYE wild type scaffolds Traits from evolved OYE variants are
within active site of OYE scaffolds with biocatalytic potential transferable to other OYE scaffollds
group 1 group 2 group 1 group 2
‘classical’ ‘thermophilic-like” “classical’ ‘thermophilic-like’ eloc
47 % . selected -
[37 v, - P PETNR ” \\’q]M cngl_r\ieered gene mutability
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Figure 62. Conceptual overview of protein engineering strategy applied in this thesis. Choosing
engineered residues (red) identified in directed evolution and protein engineering studies in
hotspot positions (blue) and transferring them to OYE scaffolds (green).!'%!

Applied to ene reductases from the OYE family, the newly created variants
were tested with three compounds 17a-19a revealing more stereocomplemen-
tary OYE pairs with potent turnover frequencies (up to 660 h') and excellent
stereoselectivities (up to >99%) (Figure 63). It remains to be seen if the other re-
cently identified stereocontrolling hotspots!*”! and engineered residues!®181
will be equally transferable among the OYE scaffolds, but the presented results

allude towards it.

(25,55)-18b (R)-19b (5)-19b

(S)-17b (R)-17b (2R,55)-18b
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Figure 63.Shortcuts in enzyme engineering: Transfer of engineered residues in seven ene reduc-
tase wild type scaffolds revealed additional stereocomplementary pairs, respectively C25D and
C25G (TsER numbering) and provided a fast engineering method for OYEs.
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Protein engineers can start to use knowledge obtained previously by protein
engineering and directed evolution studies systematically, thereby avoiding

wasting of resources when creating new and improved biocatalysts.

Importantly, all TsER variants in this study maintained their thermostability,
creating a set of thermostable, solvent tolerant, active and stereoselective bio-

catalysts of high potency for organic synthesis.

4.2 Full Characterisation of a Highly Active, Robust and

Stereocomplementary TsER Variant Panel

In the second section of this thesis the created panel of TsER variants for trans-
specific hydrogenation was characterised to access its potential in organic syn-
thesis. These variants incorporate mutations in positions C25, 167 and A102. The
broad stereocomplementarity of the panel, especially of double variants in posi-
tion C25G/167X and C25D/167X, is unprecedented and the variants mainly show
excellent enantioselectivities. Out of the 38 screened substances, 24 were con-
verted and 10 showed a stereoselective switch depending on the used variant.
The control over facial selectivity for such an amount of different substrates
with the same catalyst system is quite impressive, because excellent stereoselec-
tivities for both isomers are only accessible for a handful of substrates.”3128129]
For one substrate 26a a kinetic resolution was obtained, which needs further

investigation to characterize the obtained product.

The reaction system, consisting of two engineered enzymes BsGDH and
TsER,®1%1 is convenient to prepare and handle and shows TOF of up to
40 000 h', which are comparable to hydrogenation rates by heterogeneous and
homogeneous transition metal catalysis.**>3!l The observed tolerance of organic
solvents allows working at high substrate concentrations and simplifies product
recovery. Although working at higher temperatures is possible, it bears the risk

of product racemization and increases the lability of the nicotinamide cofactors.
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Moreover the successful biotransformations at preparative scale (3.8 g) estimate

the TsER variant panel as an interesting catalyst class for industrial applica-

tions.
stereocomplementary TsER variant panel

C25G - 167X C25D - 167X

EWG Thermus scotoductus.SA—Ol EWG EWG

ene reductase variants

Rl)\(R3 > Rl\\\v\’R3 or Rl/\‘\\R3

R, NADP*, GDH, R, R,

glucose, phosphate buffer

aerobic up to 99% conversion, > 99% ee

0.005 - 0.1 mol% catalyst

up to 70 °C thermostable

up to 40% organic solvents

up to 25.6 mmol substrate loading
>20 000 TON

>40 000 h™! TOF

Scheme 22. Robust panel of ene reductase variants from TsER with a summary of the best cata-
lytic values obtained in this thesis.

In summary, by coupling high enzyme activity, robustness and stereocomple-
mentarity, the TsER panel provides a solid base to further exploit ene reductas-
es as a tool in preparative organic synthesis, especially for cascade and chemo-

enzymatic one-pot reactions. 26322321

4.3 Prediction of Substrate Binding and Affinity by In-Silico
Studies

As part of this thesis, prediction of substrate binding and affinity towards the
TsER variant panel was investigated by in-silico studies. The RBD results of
compounds 17-19a, 22a and 24-43a highlight the challenge to reliably predict
experimentally observed facial selectivity for ene reductases. While only subtle
differences in size and polarity were found to govern the preferred substrate,
binding poses and consistently distinguish between substrates and non-
substrates in all 38 cases, and the predicting power for the facial selectivity was

found to be moderate. Conversely, non-substrates were less correctly predicted
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with non-productive poses. Whereas the wt docking correctly identified 67% of
non-substrates, the two variants predicted just 37% of molecules as non-
substrates. Often, bad contacts between atoms with a cut-off ratio less than
0.89 A are observed in those cases where a hydride attack angle and distance
would define the pose as potentially productive. Caution is needed when inter-
preting docking results, since most non-substrate poses appear productive by
visual inspection, but the hydride transfer angle is incorrect or the distance for

hydride attack too large, preventing reduction.

Flexibility is an intrinsic feature of proteins playing an essential role in protein-
ligand binding, even a different orientation of a single side chain in the active
site will significantly influence the docking results, and indeed, flexible docking
with IFD yielded better angles and distances for hydride transfer to 17a, never-

theless, IFD is currently too demanding for in silico compound library screening.

The molecular dynamics simulations of the TsER variants have proven to be
challenging. Just with the model substrate 17a and the TsER wt structure stable
MD simulations could be obtained, whereas with the variants C25D/167T and
C25G/167T 17a left the active site within several ns. Constant pH MD simula-
tions for C25D/I67T indicated different protonation states of H172, H175 and
D25, which are important for the catalytic activity. To achieve stable molecular
dynamics structures for C25D/I67T all of these protonation states have to be
considered. This would be a highly computational intensive calculation which

needs further investigation.

An answer to the question why the conversion of ketoisophorone (22a) by most
OYEs is possible, whereas isophorone (44a) is not reacted could be found.
Comparison of the dominant structures from MD simulations of both 22a and
44a gives an explanation of the experimental results. 22a is consistently in a re-
active conformation, allowing quantitative conversion by TsER wt, whereas 44a

cannot adopt a reactive conformation and is not converted at all.
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4.4 Successful Biotransformations of Indole and Coumarin

Derivatives by TsER variants

In the third section the substrate scope of the engineered TsER variant panel
was enlarged to bulkier substrates, especially one indole derivative and a set of
coumarin-like structures. The successful biotransformation with ene reductases
from the OYE family was firstly shown for these compounds. Especially the
triple variants in positions C25, 167 and A102 showed moderate activity rates
towards 12a-16a. Further investigations in targeting new mutation sides, like
A58 and H175 in the binding site of TsER proved to be challenging. Position
A58 could not be degenerated and also variants of position H175 did not shown
higher conversion rates towards 13a, than the previously tested triple variants.
Nevertheless the mutation of H175 still leads to active variants, which dis-

proves the necessity of this residue for the catalytic activity of OYEs.

It seems that remodeling of the active site with more polar residues, leads to
optimal interactions for the functionalized coumarin 13a. In most of the docking
poses the 7-hydroxygroup interacts with D25 and 167 through hydrogen bond-
ing. In the A102H variant a further interaction over pi-pi stacking with the phe-
nol group is presented. In the less polar C25G/I67T variant, the residue D71 in-
herit the hydrogen bond of the hydroxyl group, whereby 13a is still oriented in
a productive position for hydride transfer (3.2 A, 108.1°).

Due to in silico studies evidences for acid-base catalysis within the active site of
ene reductases was found. The presumed mechanisms for the lactone hydroly-
sis of 13a by TsER C25D/I167T can perhaps be proven by real-time NMR studies
in comparison with the biocatalytic reaction of C25D/167T/A102H. To explore
the exact catalytic mechanism of lactone hydrolysis, molecular dynamics (MD)

simulations along with combined quantum mechanics and molecular mechan-

ics (QM/MM) studies should be applied.3243%!
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The reported results pave the way for future applications of ene reductases, es-
pecially the variants of the thermostable family member TsER, in industrially

relevant organic synthesis.
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5 OUTLOOK

5.1 Broadening the ‘Scaffold Sampling” Method of Ene Re-

ductases

As part of this thesis the ‘scaffold sampling” method for the OYE family was
successfully developed, to generate stereocomplementary catalyst pairs for the
trans-specific hydrogenation of a,3-unsaturated compounds. Within following
studies the scaffold scope should be extended to confirm the tolerance of the
method. Especially OYE family members of groupl, which are proven to toler-
ate mutagenesis in the selected gene positions, should be examined. The
HOEBENREICH group recently gained access to the plasmids of OYE2 and OYE3
from Saccharomyces cerevisiael®**l, as well as Gox from Gluconobacter oxydans.>?’!
OYE2 and OYES3 are 91 and 81% identical to the well-studied OYE1 from Sac-
charomyces cerevisiae which showed control over facial selectivity by mutating
hotspot position III (residue W116).011051471601 The Gox enzyme has been rarely
used in synthesis so far.??*?! In the presented thesis data for group 2 combina-
tions of hotspot positions I+II+II were created, but a dataset for hotspot position
I in context with the other two positions for group 1 members is currently miss-
ing.l'%! This incompleteness can be resolved by a study with OYE2, OYE3 and
Gox.

5.2 Investigations in Diverse Chemical Reactions of OYEs

The additional observed dehydrogenation reaction by the ER panel can perhaps

be used for further reactions. As mentioned in chapter 3.2, in the absence of the
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cofactor NADPH the provided substrate gets oxidized to the a,f-unsaturated
ketone or further to the aromatic system by OYEs. In theory it might be possible
to react the carbo-cation intermediate with a provided nucleophile (Scheme 23).

This would generate a totally new product scope for OYEs.

(@) O

O Nu-

B ——

~aH —aNu
FMN FMNH-"

Scheme 23. Possible follow up reaction of the dehydrogenation by OYEs to incorporate nucleo-
philes in a stereoselective fashion.

Recently VAN BERGEN et al. discovered the reduction of vicinal diketones (VDKs)
by OYE1-3 from Saccharomyces cerevisiae (Figure 64).°*! VDKs are by-products of
amino acid synthesis and glycolysis in cells.l**3! This causes problems in the
fermentation industry, since the production of diacetyl negatively affects the
properties of beverages, such as beer, by contributing an undesirable butter-
scotch-like aroma and flavour.%! It would be interesting, if group 2 members of

the OYE family also have ketoreductase activity, as assumed in chapter 3.2,

Scheme 9.
o OYE1-3 o
R? - R?
Rlﬂ\ff N\ Rlﬂ\(
O NADPH NADP* OH
71a 71b

0 9) (@) 9] O
O o
A A oy
72 73 74 75

Figure 64. OYEs from Saccharomyces cerevisiae as enzymes capable of catalysing vicinal diketone
reduction reported by VAN BERGEN et al.® and a list of possible 1,2-diketone substrate for
screening the OYE panel existing in the HOEBENREICH group.

76
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5.3 Further Mechanistic Examinations by In-Silico Studies

Within the scope of this thesis, predictions of substrate binding and affinity,
especially for the model compound 3-methyl cyclohexenone (17a), by molecular
docking and MD simulations were examined. To obtain stable MD simulations
further investigation is required, stable MD simulations of the substrates in
OYE, would allow the use of the WaterSwap method for predicting binding free
energies of substrates. This would be the first implemention of this method for
a biocatalytic process. Using WaterSwap as an in-silico pre-screening for sub-
strate libraries in OYEs would be a substantial breakthrough, since the experi-

mental determination of binding free energies is a very complex task.52

Chapter 3.6.2 described the possible acid-base catalysed hydrolysis of 7-
hydroxy-3-carboxycoumarinethylester (13a), which needs further investigation.
Hybrid quantum mechanics/molecular mechanics (QM/MM) umbrella sam-
pling MD calculations might be used to investigate the mechanism of hydroly-
sis, in a similar manner to that shown for carbapenem hydrolysis in class A {3-

lactamases.3%]

With these methods, details such as those concerning stable binding of the sub-
strate to the active site, the order of the reaction steps, and the nature of transi-
tion states to hydride and proton transfer, as well as the role of water in the cat-

alytic reaction and lactone hydrolysis, can be addressed.
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6 MATERIAL AND METHODS

6.1 Syntheses of Compounds

6.1.1 Foreword to Compound Synthesis and Analytical Methods

General Annotations for Reagents and Working Methods

If not especially announced all reactions were done under atmospheric condi-
tions. If reactions were done under inert gas, the SCHLENK-technique or septum
and syringes were used. The denoted yields refer to products which were dried
in high vacuum atmosphere. The chemicals that were bought from ACROS, ALFA
AESAR, FLUKA, SIGMA ALDRICH and FLUROCHEM were used without further puri-

fication

Annotations for Analytic Methods

Column Chromatography

The purification of raw products with column chromatography was done at
room temperature and with a continued nitrogen flow. As stationary phase sili-
ca gel 60 (grading 0.04 - 0.063 mm) from MERCK was used. The eluents are given

in the current experimental procedure.
Thin Layer Chromatography (TLC)

The TLCs were done on TLC silica gel Fzs: plates from MERCK. The detection

was done with a UV-lamp (A =254 nm or 365 nm) or with a Permanganate-dip.
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Nuclear Magnetic Resonance Spectroscopy

All NMR spectra were measured at a BRUKER ADVANCE 300 system ('H-NMR
resonance: 300 MHz, ®*C-NMR resonance: 75 MHz). The 2D spectra were meas-
ured at a (‘H-NMR resonance: 500 MHz, 3C-NMR resonance: 126 MHz). The
analysis of spectra was done with MESTRENOVA. The spectra were calibrated on
the solvent proton signal. The chemical shifts of the solvents were used as an

internal standard.!334

DMSO-de: 'H: 6 =2.50 ppm, BC: 6 =39.52 ppm
CDCls: 'H: 6 =7.26 ppm, 3C: 6 =77.16 ppm

The multiplicities from the spectra are donated as followed: s = singlet, m =
multiplet, d = duplet, dd = double duplet, dt = doublet of a triplet, t = triplet, q =
quartet. Protons, which might not be identified, were only stated with the shift
and the coupling constant. The given coupling constants were calculated by the

program MESTRENOVA.

Mass Spectrometry

The mass analytic of compounds and enzymes were performed by member of
the service department of the PHILIPPS-UNIVERSITAT MARBURG. The masses are
given in units of m/z. HR-ESI and HR-APCI mass spectra were acquired with a
LTQ-FT Ultra mass spectrometer (THERMO FISCHER SCIENTIFIC). The resolution
was set to 100.000. HR-EI mass spectra were acquired with an AccuTOF GCv
4G (JEOL) Time of Flight (TOF) mass spectrometer. An internal or external

standard was used for drift time correction.

Photometer

The measurements of absorption and fluorescence spectra were done with a
Plate-Reader-Spectra Max M5 from MOLECULAR DEVICES LTD equipped with the
program SOFTMAX PRO 5.2. The evaluation of the spectra was done with the

program ORIGINS.
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6.1.2 Synthesis of 2-Butenoic acid

(0]
O0x-0 MeOH, H,S0,
o OMe
— -
reflux, 16 h OMe
60% o
73 31a

Reflux a solution of citraconic anhydride (73, 1 mL, 8.92 mmol, 1.00 eq) in
MeOH (10 mL, 0.312 mol, 35 eq) and H250s (0.125 mL, 1.27 mmol, 0.14 eq) un-
der nitrogen for 16 h. After evaporation of the MeOH under vacuum, the lefto-
ver was diluted in water and extracted two times with EtOAc, washed with

brine; the organic phase was dried over Na:SOs and evaporated under vacuum.

The pure Z-31a could be obtained in 70% yield (988 mg, 6.24 mmol).53%

1H-NMR: (300 MHz, CDCL); 6 = 5.86 (q, ] = 1.6 Hz, 1H, CH), 3.83 (s, 3H, OCH3),
3.73 (s, 3H, OCHs), 2.06 (d, J = 1.6 Hz, 3H, CHs) ppm.

BC-NMR: (300 MHz, CDCls); 6 = 169.5, 165.5, 145.8, 120.8, 52.5, 52.0, 20.6 ppm.

6.1.3 Synthesis of Methyl (E/Z)-2-bromo-3-phenylacrylate

0 Bry, Et;N 0 Br
\ \
OMe . > N OMe ©/j/:
0°C to RT, DCM Iy 07 OMe
62%
50a E-43a Z-43a

Methyl cinnamate (50a, 2.67 g, 18.3 mmol, 1.00 eq) was solved in 30 mL DCM at
0°C. Br2 (0.930 mL, 18.3 mmol, 2.93 g, 1.00 eq) was added until the solution
turned slightly red. After stirring for 3h at 0°C, EtsN (10.8 mL, 107 mmol,
5.85 eq) was added and a color change from red to brown occurred. The solu-
tion was stirred overnight at room temperature. The solution was quenched
with 45 mL saturated NH4Cl solution, extracted with DCM and the combined

organic layers were dried over MgSOs and evaporated under pressure. After
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silica column chromatography (n-hexane : toluene 1:1) and Kugelrohr distillation
at 3 mbar and 90 °C the product could be isolated as racemic mixture in a yield

of 62% (2.73 g, 11.3 mmol, E/Z 1:1).

1H-NMR: (300 MHz, CDCL); § = 8.21 (s, 1H, CH), 7.84 (m, 2H, CAr-H), 7.42-7.30
(m, 8H, CAr-H), 3.89 (s, 3H, CHs), 3.74 (s, 3H, CHs) ppm.

13C-NMR: (300 MHz, CDCL); 6 = 164.9 (E), 163.9 (Z), 141.2 (Z), 140.1 (E), 134.8
(E), 133.8 (Z), 130.4 (Z), 130.3 (Z), 129.1 (E), 128.5 (E), 128.5 (Z), 128.2 (E), 112.6
(Z), 111.1 (E), 53.6 (Z), 53.0 (E) ppm.

HR-MS (ESI+) [C10H9BrO: + Na*] m/z = cal.: 262.9678 found: 262.9679.

6.1.4 Synthesis of Methyl (E/Z)-2-chloropent-2-enoate

o o S0O,Cl,, AIBN o 0
PN ‘ MOMe
OMe toluene 1
74 RT, 3 h 75

92%
In the first step sulfuryl chloride (900 g, 55.0 mmol, 5.39 mL, 1.10 eq) and cata-
lytic amounts of AIBN were added to a solution of methyl acetoacetate (74,
6.00 g, 50.0 mmol, 5.66 mL, 1.00 eq) in toluene and stirred for 3 h at rt. The solu-
tion was evaporated in vacuum and purified by column chromatography
(EtOAc : n-hexane 2:3). Methyl 2-chloro-3-oxobutanoate (75) was received as

colorless oil in a yield of 92 % (6.95 g, 46.1 mmol).
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o9 0 K,CO; THF ? -l
MOMe - N , \/\)kom *
Cl H RT, 45 min Cl e OMe
75 76 - AcOH E-37a Z-37a

23%

Next, K2COs (5.51 g, 39.8 mmol, 1.50 eq) was added to a solution of propanal
(76, 1.85 g, 31.9 mmol, 2.28 mL, 1.20 eq) with methyl 2-chloro-3-oxobutanoate
(75, 4.00 g, 26.6 mmol, 3.24 mL, 1.00 eq) in dry THF. After 45 minutes the sus-
pension turned orange. The mixture was quenched with 40 mL H:O, extracted
three times with 60 mL EtOAc and washed with 40 mL saturated NaHCOs solu-
tion. The organic phase was dried over MgSOs and evaporated in vacuum. The
crude product was purified by column chromatography (n-hexane : EtOAc
32:1). The product was obtained as racemic mixture in a yield of 23 % (0.924 g,
6.22 mmol, E/Z 1:4).

Analytic methyl 2-chloro-3-oxobutanoate (75):
'H-NMR: (300 MHz, CDCly); 6= 4.76 (s, 1H, CH), 3.91 (s, 1H, OH), 3.83 (s, 3H,

CHa), 2.48 (s, 1H, OH), 2.37 (s, 3H, CH3) ppm.

HR-MS (ESI+) [CsH7ClOs + Na*] m/z = cal.: 172.9976 found: 172.9974.

Analytic second step (final product 37a):

TLC: R«E)=0.57 (n-hexane : EtOAc 32:1).
Ri(Z) = 0.49 (n-hexane : EtOAc 32:1).

'H-NMR: (300 MHz, CDCls); 6= 7.06 (t, 1H, °*J]= 7.3 Hz, CH), 6.44 (t, 1H, 3J=
7.8 Hz, CH), 2.61-2.50 (m, 2H, CH>), 2.36 (p, 2H, *]= 7.5 Hz, CH2), 1.12-1.02 (m,
6H, 2x CHs) ppm.

BC-NMR: (75 MHz, CDCL); 0= 163.1, 143.9, 123.7, 53.2, 52.9, 22.8, 12.0 ppm.
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6.1.5 Synthesis of Ethyl-2-benzylideneacetoacetate

piperidine

e O
o e} AcOH
H + >
©)L )J\/U\OEt toluene O o
110° h
77 71a 0°C 6 40a

46%
Ethyl acetoacetate (71a, 704 pL, 5.50 mmol, 1.1 eq) was stirred in 3 mL toluene
and acetic acid (190 pL, 3.30 mmol, 0.6 eq). Piperidine (50.0 uL, 550 pmol,
0.11 eq) and benzaldehyde (77, 1.30 mL, 5.00 mmol, 1.0 eq) was added and the
reaction mixture was stirred at 110 °C for 6h followed by TLC control
(DCM : MeOH 100:1). Upon completion, the reaction was quenched by adding
10 mL NaOH solution (0.2 M). The aqueous phase was acidified with 1M HCI to
pH 4 and extracted with EtOAc, washed with brine and the combined organic
phases dried over MgSOs. The crude product was purified via column chroma-
tography (n-pentane : EtOAc 10:1) and 40a could be obtained in 46% yield

(500 mg, 2.20 mmol) as yellow oil.
TH-NMR: (300 MHz, CDCL); 6 = 7.57 (s, 1H, CHO), 7.47-7.38 (m, 5H, CAr-H),
4.33 (q, *] =7.0 Hz, 2H, CH>), 2.42 (s, 3H, CHs), 1.27 (t, 3] = 7.0 Hz, 3H, CHs) ppm.

1BC-NMR: (75 MHz, CDCL); & = 194.7, 167.9, 141.4, 134.8, 133.2, 130.8, 129.8,
129.7,129.0, 61.9, 26.7, 14.0 ppm.

HR-MS (APCI+) [CisH14Os + H] m/z =cal.: 218.0943, found: 219.1017.
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6.1.6 Synthesis of Methyl-2-(hydroxymethyl)acrylate

TEDA OH O

i I
+
\)J\OMe H™ "H 1,4-dioxane/water 1:1 H)\H/U\OMG:
78 79 RT, 65 h 192

14%
A suspension of paraformaldehyde (79, 1.03 g, 34.4 mmo], 1.00 eq), methyl acry-
late (78, 9.36 mL, 103 mmol, 3.00 eq) and triethylenediamine (3.86 g, 34.4 mmol,
1.00 eq) in 1,4-dioxane/water (1:1, 344 mL) was stirred for 65 h at room tempera-
ture. The colorless solution was extracted with methyl tert-butyl ether (7 times
150 mL), washed with brine and the combined organic phases were dried over
MgSOs. The raw product was purified by column chromatography
(n-pentane : EtOAc 3:1), and methyl 2-hydroxymethyl acrylate (19a, 547 mg,

4.71 mmol, 14%) was isolated as colorless liquid.

1H-NMR: (300 MHz, DMSO-de); 6 = 6.12 (pq, 1H, ?J = 3.5 Hz, 4] = 1.7 Hz, Hlcis),
5.84 (pq, 1H, J = 3.8 Hz, ¥ = 1.9 Hz, Hltrans), 5.08 (t, 1H, % = 5.5 Hz, OH), 4.12
(dt, 2H, 3] = 5.5 Hz, 4] = 1.8 Hz, CH), 3.68 (s, 3H, CHs) ppm.

BC-NMR: (75.5 MHz, DMSO-ds); 6 = 165.9, 140.7, 123.4, 59.5, 51.5 ppm.

6.1.7 Synthesis of Methyl 3-hydroxy-2-methylenebutanoate

0 o DABCO OH O
+ L
N
\)J\OMe )J\ H 1,4-dioxane )\[HJ\OM(%
78 76b RT, 72h 80

22%
A suspension of acetaldehyde (76b, 1.00 g, 17.2 mmol, 1.0 eq), methyl acrylate
(78, 7.00g, 81.3mmol, 5.0eq) and DABCO (2.54g, 22.6 mmol, 1.3eq) in
1,4-dioxane/water (1:1, 344 mL) was stirred for 72 h at room temperature. The
solution was quenched with water and extracted with dichloromethane

(3 x 150 mL), washed with brine and the combined organic phases were dried
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over MgSQOs. The raw product was purified by column chromatography
(n-hexane : ethyl acetate 3:1) and 22% methyl 3-hydroxy-2-methylenebutanote

(485 mg, 3.78 mmol) was isolated as colorless liquid.

1H-NMR: (300.1 MHz, CDCL); § = 6.20 (s, 1H, Hlcis), 5.81 (m, 1H, Hltrans), 4.61
(q 1H, % = 5.5 Hz, CH), 3.74 (s, 3H, OCHs), 1.36 (d, 3H, 3] = 5.5 Hz, CH3) ppm.

BC-NMR: (75.5 MHz, CDCls); 6 = 124.3, 67.4, 60.6, 52.1, 22.3, 14.4 ppm.

HR-MS (ESI+) [CsH100s + Na*] m/z = cal.: 153.0522; found: 153.0521.

6.1.8 Synthesis of (E)-(1-Nitroprop-1-en-2-yl)benzene

AgNO,, TEMPO
. - NO,
CHCl,

81 60°C, 18 h 41a
97%

AgNO:2 (1.75 g, 11.4 mmol, 3.0 eq) and TEMPO (240 mg, 1.52 mmol, 0.4 eq) were
suspended in 2 mL absolute chloroform with 100 mg activated molecular sieves
(4 A), a-methylstyrol (81, 0.5mL, 3.08 mmol, 1.00 eq) was added and stirred
over night at 60 °C. The reaction mixture was cooled to room temperature and
filtered over celite with EtOAc as eluent and concentrated in vacuo. The crude
product was purified with a silica column chromatography (n-pentane : EtOAc

5:95). The product E-41a was isolated in 97% yield (600 mg, 3.67 mmol).33¢!

1H-NMR: (300 MHz, CDCL); 6 =2.63 (d, 3H, % = 1.6 Hz, CHs), 7.28-7.31 (q, 1H, ¥
= 1.4 Hz, CH-NO), 7.41-7.45 (m, 5H, CAr-H) ppm.

BC-NMR: (75 MHz, CDCL); 6 =18.9, 127.1, 129.4, 130.7, 136.7, 138.7, 150.1 ppm.

HR-MS (ESI+) [CoHoNO: + Na*] m/z = cal.: 186.0526; found 186.0525.
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6.1.9 Synthesis of (R,E)-1-Methyl-4-(1-nitroprop-1-en-2-yl)cyclohex-

1-ene

é AgNO,, TEMPO é

; CHCI =
= 3 /\
P 60°C, 18 h
. NO,
82 51 /0 42a

AgNO:2 (1.42 g, 9.24 mmol, 3.0 eq) and TEMPO (192 mg, 1.23 mmol, 0.4 eq) were
suspended in 2 mL absolute chloroform with 100 mg activated molecular sieves
(4 A), R-(+)-limonene (82, 0.5mL, 3.08 mmol, 1.00 eq) was added and stirred
over night at 60 °C. The reaction mixture was cooled to room temperature and
filtered over celite with EtOAc as eluent and concentrated in vacuo. The crude

product was purified with a gradient silica column chromatography
(n-hexane : EtOAc 15:1 to 10:1 to 5:1). The product 42a was isolated in 51% yield
(283 mg, 1.56 mmol, E/Z 3:1).13%¢]

1H-NMR: (300 MHz, CDCL); § = 6.96 - 6.97 (m, 1H, CH), 5.39 - 5.40 (m, 1H, CH),
2.23 (s, 3H, CHs), 1.78 - 2.22 (m, 7H, Css7Hz;CsH), 1.66 (s, 3H, CHs) ppm.

BC-NMR: (75 MHz, CDCl); 6 = 156.8, 135.0, 134.1, 119.1, 42.0, 29.8, 26.8, 23.3,

16.9 ppm.

HR-MS (ESI+) [C1oH1sNO:2 + Na*] m/z = cal.: 204.0996; found 204.0995.
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6.1.10 Synthesis of (2-Nitroethene-1,1-diyl)dibenzene

NO,

AgNO,, TEMPO |
U0 w0
83 60°C, 18 h 47a
82%

AgNO2 (1.00 g, 6.49 mmol, 3.0 eq) and TEMPO (130 mg, 830 umol, 0.4 eq) were
suspended in 2 mL absolute chloroform with 100 mg activated molecular sieves
(4 A) and ethane-1,1-diyldibenzene (83, 0.4 mL, 2.22 mmol, 1.00 eq) was added
and stirred over night at 60 °C. The reaction mixture was cooled to room tem-
perature and filtered over celite with EtOAc as eluent and concentrated in vac-
uo. The crude product was purified with a silica column chromatography
(n-pentane : EtOAc 20:1). The product 47a was isolated in 82% yield (410 mg,

1.82 mmol).1%!

TLC: Rf=0.4 (n-pentane : EtOAc 20:1).

TH-NMR: (300 MHz, DMSO-ds); 6 = 7.95 (s, 1H, CH), 7.52-7.42 (m, 6H, CAr-H),
7.36-7.33 (m, 2H, CAr-H), 7.23-7.20 (m, 2H, CAr-H) ppm.

BC-NMR: (75 MHz, DMSO-ds); 6 = 148.3, 135.6, 130.7, 128.9, 128.8, 128.6, 128.5,

128.3 ppm.

HR-MS (ESI+) [C1aHuiNO: + Na*] m/z = cal.: 248.0685; found: 248.0682.
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6.1.11 Synthesis of 3-Acetyl-7-hydroxy-2H-chromen-2-one

0 morpholine HO o. _0O
0 0 AcOH
H + =
)J\/U\ OEt reflux, 3 h
HO OH 5% 0
70a 71a 12a

2,4-Dihydroxybenzaldehyde (70a, 7.99 g, 57.9 mmol, 1.0eq) was solved in
43 mL methanol and ethyl acetoacetate (71a, 5.72 mL, 57.9 mmol, 1.0 eq) was
added. The solution was refluxed and while refluxing morpholine (440 puL,
5.20 mmol, 0.095 eq) and acetic acid (160 pL, 2.89 mmol, 0.053 eq) were added.
After 3 h reflux, the reaction mixture was cooled down to room temperature
and stored over night at 4 °C, which causes a yellowish precipitant. The suspen-
sion was filtered and the solid recrystallized out of methanol. The pure product

12a could be isolated in 5% yield (609 mg, 2.98 mmol).

'H-NMR: (300 MHz, DMSO-ds); 6 = 11.10 (s, 1H, OH), 8.59 (s, 1H, CH), 7.79 (d,
1H, %] = 8.6 Hz, CAr-H), 6.85 (dd, 1H, %] = 8.6 Hz, CAr-H), 6.75 (d, 1H, 4] =2.2 Hz,
CAr-H), 2.54 (s, 3H, CHs) ppm.

13C-NMR: (75 MHz, DMSO-ds); 6 = 194.6, 164.2, 157.2, 174.8, 135.6, 119.2, 114.2,
110.7, 101.7, 48.5, 29.9 ppm.

HR-MS (ESI+) [C11HsOs + Na*] m/z = cal.: 227.0315; found: 227.0314.
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6.1.12 Synthesis of 3-Carboxycoumarinethylester

(6] HO (6] O
0) o) Morpholine, HOAc
H + > P OEt
EtO)J\/U\OEt MeOH

HO OH reflux, 3 h o
70a 71b 220 13a

2,4-Dihydroxybenzaldehyde (70a, 2.99 g, 21.6 mmol, 1.1 eq) was dissolved in
dry methanol, and diethylmalonate (71b, 3.15 g, 19.7 mmol, 1.0 eq) was added
and heated to boiling. As catalyst mixture morpholine (163 puL, 1.87 mmol,
0.09 eq) and acetic acid (52 uL, 0.90 mmol, 0.05 eq) in 1 ml dry methanol was
added to the reaction. After 3 h, the reaction mixture was cooled to room tem-
perature and the yellow solid was filtered and washed with methanol. Purifica-
tion by crystallization from methanol yielded the product 13a as a colorless sol-

id (1.03 g, 22%).

1H-NMR: (300 MHz, DMSO-ds); 6 = 8.67 (s, 1H, CAr-H), 7.75 (d, 3] = 8.6 Hz, 1H,
CAr-H), 6.84 (dd, 3] = 8.6, 2.3 Hz, 1H, CAr-H), 6.72 (d, ¥ = 2.2 Hz, 1H, CAr-H),
4.26 (q,3 = 7.1 Hz, 2H, CHz), 1.29 (t, %] = 7.1 Hz, 3H, CH3) ppm.

BC-NMR: (75 MHz, DMSO-ds); 6 = 164.0, 162.9, 157.1, 156.4, 132.1, 114.0, 112.1,
110.4, 101.8, 60.8, 48.6, 14.1 ppm.

HR-MS (APCI+) [Ci2H1005+Na*] m/z = cal.: 257.0420; found: 257.0420.
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6.1.13 Synthesis of Meldrum’s acid

0O O 0 0O O H,S0, OWO
AN, 7 A L T o0
HO OH 0 -5°C,3h 7<
62%

84 85 86 87
Malonic acid (84, 3.46 g, 30.0 mmol, 1.0eq) was dissolved in acetone (85,
2.70 mL, 36.7 mmol, 1.10 eq), acetic anhydride (86, 3.95 mL, 43.0 mmol, 1.25 eq)
and catalytic amount of sulfuric acid was added. The clear reaction mixture was
stirred at -5 °C for 3 h before the reaction was quenched with water. The solvent
was removed in vacuo and the residue recrystallized out of ethanol. The suspen-

sion was filtered and the pure meldrum’s acid 87 was obtained as white needles

in 62% yield (2.67 g, 18.5 mmol).

'H-NMR: (300 MHz; acetone-ds); 6 = 3.87 (s, 2H, CH2), 1.77 (s, 6H, 2CHs) ppm.

6.1.14 Synthesis of 3-Oxo-3H-benzo[f]chromene-2-carboxylic acid

0 0 H O o
W pyridine
o o + HO — .
7< EtOH
80°C,4h
87 88 45% 15a

Meldrum’s acid (87, 210 mg, 1.46 mmol, 1.0 eq), 2-hydroxy-1-naphtaldehyde
(88, 350 mg, 2.00 mmol, 1.4 eq) and a catalytic amount of pyridine was dis-
solved in 2.75 mL ethanol and stirred for 4 h at 80 °C. The color was changing
and a yellow solid precipitated. The suspension was filtered and the solid dried
in vacuo. The pure product 15a was obtained in 45% yield (160 mg, 660 pmol) as

yellow solid.
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1H-NMR: (300 MHz; CDCL); 6 = 12.33 (s, 1H, CO:H), 9.72 (s, 1H, C=CHC), 8.43
(d,%] = 9.0 Hz, 1H, CArH), 8.24 (d, ] = 8.1 Hz, 1H, CArH), 8.00 (d, 1H, ] = 8.1 Hz,
CArH), 7.84 (s, 1H, CArH), 7.70 (s, 1H, CArH), 7.58 (d, 3] = 9.2 Hz, 1H, CArH)

BC-NMR: (75 MHz, CDCl); 6 = 164.2, 156.8, 155.0, 143.6, 135.8, 129.8, 129.0,
128.9,128.9,126.4, 122.3, 117.3, 116.4, 112.0 ppm.

HR-MS (APCI+) (CisHsOs +H*) m/z = cal.: 240.0423, found: 241.0449.

6.1.15 Synthesis of 1-Methyl-3H-benzo[f]chromen-3-one

OH
0) 0) H,S0, (o) (0]
+ f—
OO )J\/U\OEt MW 200 W, 30 sec O >
32%

72 71a 16a

1-Naphtol (72, 144 mg, 1.00 mmol, 1.0 eq.) was mixed in a beaker with ethyl
acetoacetate (71a, 126 mL, 1.00 mmol, 1.0 eq.) and dissolved over sonication.
2 mL sulfuric acid was added, the color changed to dark red. After that the
shoot-beaker was put in the microwave for 30 seconds at 200 watt, the color
changed to dark brown. The reaction mixture was poured in 50 mL ice water
and was centrifuged at 4 °C, for 10 min, at 4000 rpm. A brownish solid was iso-
lated and dried in vacuum. The brownish solid was solved in 50 mL brine and
50 mL DCM and the aqueous layer was extracted three times with DCM. The
combined organic layers were dried over MgSOs. After the solvent was re-
moved in vacuo 32% (67.0 mg, 320 umol) of the desired product 16a was ob-

tained as yellow solid.
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TH-NMR: (300 MHz; DMSO-ds); 6 = 8.43-8.34 (m, 1H, CArH), 8.10-8.02 (m, 1H,
CArH), 7.85 (dd, 2H, 4] = 22.1, 3] = 8.8 Hz, CArH), 7.78-7.68 (m, 2H, CArH), 6.52
(s, 1H, C=CH-C), 2.55 (s, 3H, CH3) ppm.

1BC-NMR: (75 MHz, DMSO-ds); & = 134.4, 128.6, 127.9, 127.4, 123.9, 121.6, 121.3,
115.1,113.8, 18.6 ppm.

HR-MS (EI+) [Ci3H100: + H*] m/z = cal.: 210.0681, found: 210.068.
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6.2 Microorganisms, Vectors, Primers

Table 16. List of microorganisms used in this study.

Chapter 6: MATERIAL AND METHODS

strain source antibiotic resistance
Dhb5a in house TET
BL21 Gold (DE3) NOVAGEN TET

BL21 (DE3) AnemA

GBO05-dir

Group MIHOVILOVIC, Vienna

in house

Table 17. List of vectors and plasmids used in this study.

vector source antibiotic resistance
pET28a(+) Group ESSEN, Marburg KAN
pET22 in house AMP

Table 18. List of primers and their properties. Mutated bases are colored in red. Underlined bases are

the targeted mutations.

name sequence 5° — 3’ Sa}ll_tr;qa((i;(lg(tgd GC (%)
T7minusl AATACGACTCACTATAGGG 48.0 421
7T CTAGTTATTGCTCAGCGG 50.0 50.0
TSER_C25D_F GTCCCCCATGGACCAGTACTCC 61.2 63.6
TSER_C25G_F GTCCCCCATGGGTCAGTACTCC 61.2 63.6
TSER_C25W_F GTCCCCCATGTGGCAGTACTCC 61.8 63.6
TSER_C25N_F GTCCCCCATGAACCAGTACTCCGC 63.3 62.5
TSER_167T_R® CATAAGGGCTGGTACGACCCAAAG 59.5 54.2
TSER_I67V_R® CATAAGGGCTCACACGACCCAAAG 60.5 54.2
TSER_I67C_R® CATAAGGGCTGCAACGACCCAAAG 60.5 54.2
TSER_A102H_R CGGCGTGATGCAGCTGGATCC 63.3 66.7
TSER_A102W_R CGGCGTGCCACAGCTGGATC 63.9 70.0
TSER_A102Y_R CCGGCGTGATACAGCTGGATCC 62.1 63.6
TSER_A102I_R CCGGCGTGAATCAGCTGGATCC 62.6 63.6
TSER_H175A R GGAAAGGAGGTAACCTGCTGCCATGTG 63.1 55.6
TSER_C25MNN_R GCGGAGTACTMNNCATGGGTGAC 60.3 58.7
TSER_C25NNK_F GTCACCCATGNNKCAGTACTCCGC 60.3 58.7
TSER_C25NDT_QC_F CCCATGNDTCAGTACTCCGCCACCTTG 64.1 58.6
TsER_C25AHN_QC_R GAGTACTGAHNCATGGGGGACATGGCCAG 64.9 58.0
TSER_AS9RTC_F GAGGCCACCRTCGTTGAACCTTTGG 63.0 58.0
TSER_AS9GAY_R CCAAAGGTTCAACGAYGGTGGCCTC 63.0 58.0
TSER_A59WGC_F GAGGCCACCWGCGTTGAACCTTTGG 64.3 60.0
TSER_A59GCW_R CCAAAGGTTCAACGCWGGTGGCCTC 64.3 60.0
TSER_A58NNK_F CTGGTAGAGNNKACCGCCGTGG 62.6 65.9
TSER_A58MNN_R CCACGGCGGTMNNCTCTACCAG 62.6 65.9
TSER_H175RNC_F CACATGGCARNCGGTTACCTCCTTTCC 63.1 55.6
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TSER_H175GNY_R GGAAAGGAGGTAACCGNYTGCCATGTG 63.1 55.6
TSER_H175MNN_R GGAAAGGAGGTAGCCMNNGGCCATGTG 65.5 61.1
TSER_H175NNK_F CACATGGCCNNKGGCTACCTCCTTTCC 65.5 61.1
RmMER_C25D_F GCCGATGGATCAGTACTCGGC 63.0 60.0
RmMER_C25G_F CGCCGATGGGCCAGTACTCG 63.9 65.2
RmMER_C25W_F CGCCGATGTGGCAGTACTCGG 63.6 62.5
RMER_I66T_F GAAGGCCGCACCACGCCGACC 68.2 76.2
RMER_I66C_F GAAGGCCGCTGCACGCCGACC 68.4 76.2
RMER_I66V_F GAAGGCCGCGTGACGCCGACC 68.0 76.2
RmMER_A59V_R CAGGCGAAACCACGGTGGCTTCG 65.0 65.2
RmMER_A59C_R CAGGCGAAACGCAGGTGGCTTCG 65.2 65.2
RmMER_AS591_R CTTCAGGCGAAACGATGGTGGCTTCG 63.7 57.7
RMER_A59W_R CAGGCGAAACCCAGGTGGCTTCG 64.8 65.2
RmMER_I66T_R GGTCGGCGTGGTGCGGCCTTC 68.2 76.2
RmMER_I66C_R GGTCGGCGTGCAGCGGCCTTC 68.4 76.2
RmER_I66V_R GGTCGGCGTGACGCGGCCTTC 68.0 76.2
RmMER_A102W_R GGCCAGCATGCCAAAGCTGGATGGTC 66.2 615
RmMER_A102Y_R CGGCCAGCATGATAAAGCTGGATGGTC 63.3 55.6
RMER_A102I_R CGGCCAGCATGAATAAGCTGGATGGTC 63.3 55.6
RmMER_A102H R GGCCAGCATGATGAAGCTGGATGGTC 63.6 57.7
DrER_C40D_F CTCGCCCATGGACACCTACTCGG 63.3 65.2
DrER_C40G_F CTCGCCCATGGGTACCTACTCGG 63.0 65.2
DrER_C40W_F CTCGCCCATGTIGGACCTACTCGG 63.3 65.2
DrER_IS1V_F GGGCCGCGTTACCCCCGAGGAC 68.9 773
DrER_IBIC_F GGGCCGCTGTACCCCCGAGGAC 68.6 773
DrER_I81T_R® CAGGGGTGGTGCGACCCTC 63.4 73.7
DrER_I81V_R® CAGGGGTCAC GCGACCCTC 63.3 65.2
DrER_I81C_R® CAGGGGTGCAGCGACCCTC 63.3 65.2
DrER_A116W_R CCGGCGTGCCAGAGCTGCACC 63.3 65.2
DrER_A116H_R CCGGCGTGATGGAGCTGCACC 63.3 65.2
DrER_A116Y_R CCGGCGTGGTAGAGCTGCACC 63.3 65.2
DrER_A116I_R CCGGCGTGGATGAGCTGCACC 63.3 65.2
XenA_C25D_R GTACTGATCCATGGGCGGAATGG 59.8 56.5
XenA_T67_F GGCGCATCACCCCTGGTTG 62.0 68.4
XenB_T25D_R GGCAGCGATCGAGTGGGGCCATGATG 67.1 65.4
XenB_Y66T_F® ATGGGGGTTGGCACACCGGATACC 66.3 64.6
NCR_T25D_R CACGGTCCAGAGGCGCCATCCA 66.1 68.2
NCR_T25G_R CACGTCCCAGAGGCGCCATCCA 66.1 68.2
NCR_W66_F GGAAGGTTTGGGCCCACCTTATGCTCCG 66.3 60.7
NCR_W66T_F GAAGGTTTGGGCACCCCTTATGCTCCG 65.0 55.6
NCR_W66T_F GAAGGTTTGGGCACACCTTATGCTCCG 63.3 55.6
NCR_W100I_F GCGGTCTTATCTTTGCCCAGCTAATTCATATG 60.6 438
NCR_W100I_R GCACCATACGTCCCATATGAATTAGCTG 59.1 46.4
NemA_T24D_R® CAGGCGATCGAGGGGTGCCATG 64.5 68.2
NemA_Y66T_F CAGGCCAAGGGCACCTCTGGCTCG 68.0 70.8

(a) http://eu.idtdna.com/analyzer/applications/oligoanalyzer/, Standard Settings: Oligo conc. 0.25 puM, Na* conc. 50 mM. The used annealing
temperature for the PCR reaction was calculated according to T, = (highest Ty of the primer pair) — 3 °C.
(b) Primer without silent-mutations leads to extremely stable secondary structures and no PCR amplification.
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6.3 Media, Buffers and Additives

6.3.1 Nutrition Media

All media were sterilized via steam autoclaving.

LB-Media: 10 g tryptone, 5 g yeast extract and 10 g NaCl in 1 L H20.
TB-Media: 12 g tryptone, 24 g yeast extract and 4 mL glycerol in 900 ml
H-:0.

10 x TB phosphate: ~ 23.1 g KH2POs and 156.9 g KeHPOs4 x 3H20 in 1 L H20.
ZYP-5052 medial®¥!:46.4 mL ZY-Stock, 100 pL MgCl> (1M), 1 mL 50 x 5052, 2.5 mL

20x P.
ZY-Stock: 1 g N-Z amine AS, 500 mg yeast extract, 100 mL H20.
50 x 5052: 25 g glycerol, 2.5 g glucose, 10 g a-lactose monohydrate, 73 mL
H-O.
20 x P: 14.2 g Na2HPOs, 13.6 g KH2PO4, 6.6 g (NH4)2504, 90 mL H:O.
6.3.2 Media Additives

Table 19. List of media additives with used concentrations and origins.

media additive stock solution working solution solvent origin

Kanamycin (KAN) 50 mg/ml 50 pg/ml H-0 APPLICHEM
Ampicillin (AMP) 100 mg/ml 100 pg/ml H-0 APPLICHEM
IPTG 100 mM 10 uM H20 APPLICHEM
Tetracyclin (TET) 10 mg/ml 10 pg/ml EtOH APPLICHEM
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6.3.3 Buffers and Solutions

1M KP: buffer:

20 mM MOPS:

50 mM MOPS:

Lysis buffer:

Dialysis solution:

Buffer A (FPLC):

Buffer B (FPLC):

TAE buffer:

10 x SDS-Buffer

SDS-PAGE stain

4 x SDS-PAGE
loading buffer

160 g Ko:HPO: - 3H20 and 40.6 g KH2POs4 in 1 L H20 (pH 7.4, ad-
justed with 3 M HCI and sterile filtrated), storage at 4 °C.

4.19 g MOPS and 5.84 g NaCl in 1 L H20 (pH 7.4 adjusted with
NaOH and sterile filtrated), storage at 4 °C.

5.23 g MOPS, 0.28 g CaClz in 1 L H20 (pH 7.4 adjusted with 5 M
KOH and sterile filtered), storage at 4 °C.

100 mM KP;, pH 7.4 with 1 mg/mL lysozyme.

5 mM EDTA in 100 mM KP: (pH 7.4).

100 mM KP: buffer (pH 7.4, adjusted with 3 M HCI and sterile

filtration), storage at 4 °C.

100 mM KP: buffer (pH 7.4), 0.5 M imidazole, 0.5 M NaClin 1 L

H20, sterile filtration, and storage at 4 °C.
40 mM tris acetate, 1 mM EDTA, pH 8.

10 g SDS, 144 g glycine, 30 g Tris in 1 L H20O, pH adjusted to 8.3
with HCI.

0.25 (w/v) Coomassie Blue R250, 5% (v/v) acetic acid, 50% (v/v)
ethanol filled up with H20.

250 mM Tris-HCl (pH = 6.8), 8% (w/v) SDS, 0.2% (w/v) bromo-

phenol blue, 40% (v/v) glycerol, 20% (v/v) p-mercaptoethanol.
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6.4 General Methods

6.4.1 Isolation of Plasmid DNA from E.coli

For the plasmid preparation the GenElute HP plasmid minipreparation kit from
SIGMA-ALDRICH was used. The cells were resuspended by mixing them in 200 pL re-
suspension solution. Afterwards 200 uL of lysis buffer was added and the mixture
was inverted 8 times. The suspension was cleared by leaving it to stay for 5 min and
350 uL of neutralization and binding buffer was added. The mix was inverted 6 times
and centrifuged in an EPPENDORF 5418 centrifuge at 14 000 rpm for 10 min. If the so-
lution was not cleared, the mixture was centrifuged again at 14 000 rpm for 10 min.
The column was equilibrated by adding 500 uL of column preparation solution and
centrifugation in an EPPENDORF mini spin plus centrifuge at 14 000 rpm for 1 min.
Thereafter the cleared lysate was transferred to the column and centrifuged in an
EPPENDORF 5418 centrifuge at 14 000 rpm for 1 min. The flow-through liquid was dis-
carded. The plasmid DNA was washed to remove contaminants by adding wash so-
lution 1 and centrifuging it in an EPPENDORF 5418 centrifuge at 14 000 rpm for 1 min.
The flow-through liquid was discarded and the same procedure was done with wash
solution 2. After that the DNA sample was centrifuged again in an EPPENDORF 5418
centrifuge at 14 000 rpm for 1 min and left at room temperature for 2 min to remove
the excess of ethanol. After the washing and drying the plasmid DNA was eluted by
adding 30 pL of water and centrifugation at 12 000 rpm for 1 min. The purification is
checked by measuring concentration and absorption coefficients. A260/280 should be
about 1.8, A260/230 should be about 2.0-2.2. If the values are differing, it may indi-

cate the presence of proteins or phenols, respectively.
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6.4.2 Agarose Gel Electrophoresis

Agarose gel electrophoresis is a method to separate DNA fragments depending on
their base pair length. DNA reacts as a negative charged particle because of its phos-
phate backbone. When an electronic field is applied to agarose gel the DNA frag-
ments migrate through it with different speed depending on their base pair length.
The migration of the sample through agarose is also a speed defining parameter as
well as the applied voltage. Smaller DNA fragments tend to migrate faster than taller
ones. A marker with fragments of known base pair length is used to identify the
length of the sample. To make the DNA fragments visible, a fluorescent dye is used
either together with the DNA sample or in the agarose gel.

For the setup, 1% agarose in TAE buffer has to be prepared and heated up in a mi-
crowave until all agarose is solved. After it is cooled to 60 °C, 3 ul/100 ml of midori
green dye can be added that interacts with the DNA. Pour the solution into the
mould, without generating bubbles. After casting, chill the gel for 15 to 30 min to
complete gelation. The DNA samples have to be mixed with 6 x DNA sample buffer
(NEB) which consists of glycerol and bromophenol. This will increase the density of
the sample so it falls into the well of the gel and provides a visible marker to monitor
the progress of electrophoresis. A voltage is applied until the running front is at the

end of the gel. The DNA bands can then be monitored with UV-light.

6.4.3 Preparation of Electrocompetent E. coli

Electrocompetent E. coli were prepared as described early by INOUE et al..**! Briefly,
5mL LB preculture E. coli BL21 (DE3) AnemA without antibiotic were inoculated
from a glycerol stock and incubated overnight at 37 °C, 200 rpm (HT INFORS shak-
er). In the next morning, a 2 L baffled flask with 300 mL LB-Media was inoculated
with 3 mL preculture. The flask was incubated in the shaker with 200 rpm, 37 °C. At

the point the ODew reached 0.4-0.6, the flask was cooled on ice for 30 min. Then the
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cell suspension was transferred into precooled 50 mL reaction tubes and centrifuged
at 4000 rpm, 4 °C for 8 min. The supernatant was discarded and the pellets washed
and resuspended in several steps, using 45, 25, 2 and 0.5 mL chilled 10% glycerol.
After every resuspension step, the cells were pelleted at 4 °C and 4000 rpm for 8 min.
Finally, all cells were pooled together, centrifuged and resuspended in 1.7 mL 10%
glycerol. The cells were aliquoted in 50 pL, shock frozen in liquid nitrogen and kept

frozen at -80 °C until further usage.

6.4.4 Transformation of Electrocompetent E.coli

During a transformation, exogenous DNA is taken up through the cell membrane
and incorporated in the competent cell. Since E. coli does not have natural compe-
tence it has to be made competent for DNA uptake. The transformation proceeds
through an electromagnetic pulse. Before the pulse, the positive and negative
charged particles are allocated counterbalanced. During the pulse an electromagnetic
field is established and an electric potential is been induced across the cell membrane
which is able to increase the cell permeability and as a consequence the cells are able
to take up the exogenous DNA.

The transformation was carried out by adding 1 puL (3 puL) of digested and dialyzed
DNA to 25 uL (50 puL) of competent cells on ice. The mixture was transferred to an
electroporation cuvette with 2 mm gap and the BIO-RAD micropulser with the set-
tings EC2 was used with typical durations for the electro transformation of
5.8-6.0 ms. Immediately 1 mL of LB-medium was added and the mixture was incu-
bated in an EPPENDORF Thermomixer comfort at 37 °C and 700 rpm for 60 min. Then
the cells were centrifuged and resuspended in 100 ul LB-medium. The suspension
was plated on LB-Agar-antibiotic plates and the plates were incubated over night at

37 °C. The plates were then kept at 4 °C.
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6.5 Old Yellow Enzyme Protocols

6.5.1 Ene Reductases Mutagenesis

6.5.1.1 Megaprimer PCR

The PCR reactions contained 2.5 uL of 10x KOD hot start polymerase buffer, 2.5 pL
of dNTPs (stock 2 mM each), 1 puL Mg2SOs (stock 25 mM), 2.5 uL of the appropriate
forward and reverse primers (stock 2.5 uM each), the appropriate template (25 ng),
2.5 uL DMSO (stock 100%) and 0.5 uL KOD Hot Start polymerase (stock 1 U/uL,
NOVAGEN) in millipore water in a final volume of 25 pL.

The megaprimer PCR was done as one-pot reaction: First, hot start at 95 °C (3 min),
then formation of mega-primer with ten cycles of 95 °C (30 s), Ta in Table 18, (1 min)
and 72 °C (30 s and 11.4 min for small and large megaprimer respectively), followed
by twenty-five cycles of 95 °C (30 s) and 68 °C (12.5 min) to generate the whole plas-

mid. PCR reactions finished with 10 min at 72 °C and storage at 4 °C.

6.5.1.2 Quik-Change PCR

In a Quik-Change polymerase chain reaction, according to its specification a poly-
merase amplifies a circular plasmid with a pair of complementary primers, which are
completely overlapping to each other. XIA et al. found out, that the use of only par-
tially overlapping primers is advantageous over total complementary primers, which
are prone to form quite stable primer dimers that make the annealing difficult. The
use of partially overlapping primers should generate linear DNA molecules with
short homologous ends, which requires homologous recombination to generate the
plasmid with the desired mutations after transformation into E. coli.l**"!

For the C25 position this method was used, because it was not successful to degener-

ate this position with megaprimer PCR.

168



Chapter 6: MATERIAL AND METHODS

The PCR reactions contained 5 uL of 10x KOD hot start polymerase buffer, 5 uL of
dNTPs (stock 2 mM each), 3 pL Mg:S0s (stock 25 mM), 1.5 uL of the appropriate
forward and reverse primers (stock 10 uM each), the appropriate template (10 ng)
and 1 uL KOD Hot Start polymerase (stock 1 U/uL, NOVAGEN) in millipore water in a
final volume of 50 pL. The Quik-Change PCR was done with following temperature
protocol: First, hot start at 95 °C (3 min), followed by twenty-five cycles of 95 °C
(25 s), Ta in Table 18 (30s) and 72 °C (90 s). PCR reactions finished with 10 min at

72 °C and storage at 4 °C.

6.5.1.3 Dpnl Digestion and Desalting

To break down the circular methylated template plasmid, the whole PCR product
was digested with 1 uL Dpnl (20 U/uL, NEB) at 37 °C for at least 2 h. Digested sam-
ples were dialyzed against millipore water on a nitrocellulose membrane filter from
MERCK MILLIPORE with a pore size of 0.05 um for 30 min and 1 uL was used to trans-
form with electrocompetent E. coli BL21 (DE3) AnemA. The transformation mixture
was incubated with 1 mL LB medium at 37 °C, 800 rpm (EPPENDORF Thermocycler)
for 1 h and spread on LB-agar plates containing the appropriate antibiotic (50 pug/mL
kanamycin, 100 ug/mL ampicillin). For rational mutagenesis one colony from plate
was transferred to 5 mL LB medium with the appropriate antibiotic and grown over
night at 37 °C, 200 rpm. For library mutagenesis all colonies from plate were dis-
solved in 1 mL water, harvested by centrifugation (1 min, 14 000 rpm) and used for
plasmid preparation. The corresponding plasmid was extracted with the GenElute
HP Plasmid Miniprep Kit (SIGMA ALDRICH) and sequenced by GATC to confirm gen-

eration of mutants.
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6.5.1.4 Quick Quality Control of Libraries

Quick Quality Control (QQC) of combinatorial libraries is a cautionary step that se-
quences the pooled library plasmids to avoid futile screening of non-existing diversi-
ty. Transformants were streaked out onto petri dishes containing LBAM" agar, fol-
lowed by overnight incubation at 37 °C. The cell “carpet” was harvested with 1 mL
water, and the pooled plasmids were extracted in a single vial using a GenElute HP
Plasmid Miniprep Kit (SIGMA ALDRICH). The plasmid mix was sent for sequencing
displayed generated diversities. If the results were not sufficient, optimization steps
of PCR program parameters (e.g. annealing temperature, additives) were performed

to improve the library quality.

6.5.2 Heterologous Expression of Ene Reductases

Gene constructs pET21b(+)-ygiM", pET28a(+)-ncr”, pET28b(+)-rmer™!, pET28b(+)-
drer®, pET22-tser!'™], pET22-nemAl'®, pGas-xen A8, pGas-xenB!'%! were transformed
into electrocompetent E. coli (DE3) BL21 AnemAl78l. Electrocompetent cells were pre-
pared with a modified Inoue method®® as described under 6.4.3 Expression of yqjM,
was performed as previously described®!. Expression of drer, rmer and tser was per-
formed using 300 mL terrific broth (TB) medium with appropriate antibiotic in a 2 L
baffled flask inoculate with overnight culture (3 mL) and incubated at 37 °C, 220 rpm
in a HT INFORS Shaker (MULTITRON, tray with 25 mm shaking diameters) until an
ODswo of 0.6-0.8 was reached. Enzyme production was induced with 10 uM IPTG and
temperature lowered to 22 °C. After 18-22 h cells were harvested (5000 rpm, 4 °C,
15 min) and resuspended in 5 mL 100 mM KPi buffer, pH 7.4.Cultures for heterolo-
gous expression of nemA and ncr were grown in TB medium and were induced with
10 uM IPTG at an ODeoo of 0.6-0.8. The temperature of the NemA culture was reduced
to 30 °C while for NCR production, a temperature of 25 °C worked better. Cells used

for heterologous expression of xenA and xenB were grown in LB medium and in-
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duced with 0.2% rhamnose as described!"®3! XenA was produced at 25 °C and XenB at
30 °C. Cells were harvested after 18-22 h by centrifugation (5000 rpm, 4 °C, 15 min)
and resuspended in 5 mL 100 mM KPi buffer, pH 7 4.

6.5.3 Purification of His-tagged Ene Reductases

DrER, RmER, XenB and NCR were purified as histidine-tagged enzymes by IMAC
giving the proteins with satisfactory purity. Cell lysis and purification was per-
formed analogue for all above mentioned ene reductases. Cells were disrupted by
sonication on ice (5x30 s, 30 s intervals, 5x10 cycles, 40% power, BANDELIN Sonoplus
HD 2070 with a SGH 213G booster horn and a titanium flat tip (TT13)) and the su-
pernatants were recovered by centrifugation (30 min, 10 000 rpm, 4 °C) in a THERMO
SCIENTIFIC Sorvall RC 6 Plus centrifuge equipped with a F21S or F10S rotator.

For purification by FPLC, an AKTAFPLC purifier system (GE HEALTHCARE LIFE
SCIENCES) was used. All elution profiles were plotted by UNICORNTM software.
The column, packed with Ni-NTA agarose beads (QIAGEN), had a volume of 6 mL
and was equilibrated with 90% buffer A (100 mM KP;, pH 7.4) and 10% buffer B
(500 mM imidazole, 500 mM NaCl, 100 mM KP;, pH 7.4). All steps were performed in
a cold room at 4 °C. The filtered lysate (filter 0.45 uM) was loaded on the column
with a 10 mL loop using 90% buffer A and 10% buffer B. A flow rate of 1 mL/min
was used for the whole purification process. The loop was emptied with 25 mL of
90% buffer A and 10% buffer B. If sample size exceeded 10 mL, the process was re-
peated. The column was washed with 12 column volumes (CV), 90% buffer A and
10% buffer B. Next, a gradient (from 10% to 60% buffer B in 12 CV) was set and pro-
tein of interest eluted around 30% buffer B. The column was washed with 5 CV, 100%
buffer B. The column was stripped, cleaned in place and reloaded with nickel after
every third run. The purity of proteins was checked by SDS-PAGE. The eluted frac-
tions were concentrated at 4 °C by centrifugation using 10 kDa concentrators (MERCK

MILLIPORE) and the buffer was exchanged to 100 mM KP;, pH 7.4. The concentrated
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protein solution was incubated with a spatula tip of FMN for 90 min at 4 °C, except
for NCR variants. Removal of salts and excessive FMN was achieved by size exclu-
sion chromatography with 5 mL desalting columns (GE HEALTHCARE). Yields of

about 1-1.5 mL of 30-50 uM could be obtained for all variants.

6.5.4 Purification over Size Exclusion Chromatography

The HiTrap column (GE HEALTHCARE, CV: 5 mL) was washed with H20 (millipore)
for 10 min and then equilibrated with 100 mM KPi buffer for 20 min and a flow rate
of 100 mL/h. For DrER and RmER mutants, the buffer was stored on ice to generate
enough cooling. A peristaltic pump system with a flow rate of 60 mL/h was used. For
every step, the column was charged with a sample volume of 1 mL. Two separated
yellow bands were observed and the elution fractions were collected. After every
step, the column was again washed and equilibrated with H2O (millipore) and
100 mM KPi buffer. After size exclusion chromatography (SEC), BRADFORD test was
repeated and product fractions were combined and concentrated. Elution fractions
with pure FMN were discarded. Subsequently, absorption spectra were also meas-
ured to give an active protein concentration, since the bound FMN has a characteris-
tic absorption maximum at 455nm. The DU 800 UV/Vis Spectrophotometer
(BECKMANN-COULTER) was blanked with 100 mM KP: buffer. If necessary, the sam-
ples were diluted (1:1 or 1:10) to prevent absorption higher than one. The purified

proteins were divided into aliquots, frozen with liquid nitrogen and stored at -80 °C.

6.5.5 Purification of Thermostable TsER

Since TsER is untagged but thermostable, it was purified by heat. Lysate was ob-
tained as described above and incubated in a 50 mL plastic tube at 70 °C for 90 min in

a drying oven. The clear lysate turns milky. Afterwards the suspension was stored at
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room temperature for 10 min to cool down. The supernatant was obtained via cen-
trifugation at 14 000 rpm, 4 °C, 60 min and incubated with FMN for 90 min at 4 °C.
SEC was used to remove excess of salts, FMN and small molecules using 5 mL de-
salting columns (GE HEALTHCARE) and 100 mM KP: buffer (pH 7.4). The purity of the
proteins was checked by SDS PAGE (Figure 17). Dialysis is important, since spectro-
photoscopic analysis of the heat-treated catalyst revealed a new band at 428 nm,
which disappears after dialysis. Using a non-dialyzed enzyme batch, sometimes col-
oration of the reaction media occurred, which intensified upon longer air exposure. It
is assumed, that a copurification of a not further specified organic molecule takes

place

6.5.6 SDS-Page Analysis

The SDS-PAGE (sodium dodecylsulfate polyacrylamide gel electrophoresis) is a size
separation process for proteins in an electrical field. During the sample preparation
the protein solution is combined with SDS and p-mercaptoethanol, to split the disul-
phide bridges and by heating the sample up to 95 °C the tertiary and secondary
structures are denatured. The intrinsic charge of the protein gets thereby overlaid
from the anionic detergent SDS and the molecule linearized, so that proteins are sep-
arated only depending on their charge.l>*!

12 uLL protein solution is mixed with 4 uL 4x sample buffer (100 mM Tris/HCl, pH
6.8, 110 mM SDS, 2 mM p-mercaptoethanol, 40% (w/v) glycerol, 1% (w/v) bromophe-
nol blue) and denatured at 95 °C for 5 min. The mixture is centrifuged for 10 min,
14 000 rpm and 10 pL are loaded on a gel (see Table 20). The separation takes places
applying 120 V. As standard the protein marker PAGE RULER 26630 by THERMO
SCIENTIFIC was used. The protein bands were stained by SDS-stain solution (50%
(v/v) ethanol, 10% (v/v) acetic acid and 250 mg/L coomassie brilliant blue G-250). Ex-
cessive stain was removed by washing and boiling the SDS PAGE three times for

5 min in water.
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Table 20.Compositions for resolving gels for denaturing SDS-PAGE.

separation gel 12% stacking gel 5%

6.7 mL acrylamide/bis-acrylamide solution (30%) | 1.4 mL acrylamide/bis-acrylamide solution (30%)
4.0 mL 4x separation gel buffer (1.5 M Tris, pH 2.0 mL 4x separation gel buffer (0.5 M Tris, pH

8.8; 0.4% (w/v) SDS) 6.8; 0.4% (w/v) SDS)
4.6 mL millipore H20 5.3 mL millipore H20
30 uL 10% APS (w/v) 80 uL 10% APS (w/v)
20 uL TEMED 8 uL TEMED

6.5.7 Protein Identification via Mass Analysis
6.5.7.1 Tryptic Digestion

Because of the low expression levels of certain wild types and variants, assignment of
SDS-PAGE gel bands were done using protein identification by mass analysis. Bands
were cut from SDS gel, destained and digested "in-gel" by adding sequencing grade
modified Trypsin (PROMEGA) and incubated at 37 °C overnight.

The mass spectrometric analysis of samples was performed using an OrbitrapVelos
Pro mass spectrometer (THERMO SCIENTIFIC). An Ultimate nanoRSLC-HPLC system
(DIONEX), equipped with a custom 20 cm x 75 pm C18 RP column filled with 1.7 ym
beads was connected online to the mass spectrometer through a PROXEON nanospray
source. 1-15 uL of the tryptic digest (depending on sample concentration) were in-
jected onto a C18 pre-concentration column. Automated trapping and desalting of
the sample was performed at a flowrate of 6 puL/min using water/0.05% formic acid
as solvent.

Separation of the tryptic peptides was achieved with the following gradient of wa-
ter/0.05% formic acid (solvent A) and 80% acetonitrile/0.045% formic acid (solvent B)
at a flow rate of 300 nL/min: holding 4% B for five minutes, followed by a linear gra-
dient to 45% B within 30 min and linear increase to 95% solvent B in additional
5 min. The column was connected to a stainless steel nanoemitter (PROXEON, Den-
mark)) and the eluent was sprayed directly towards the heated capillary of the mass

spectrometer using a potential of 2300 V. A survey scan with a resolution of 60 000
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within the Orbitrap mass analyser was combined with at least three data-dependent
MS/MS scans with dynamic exclusion for 30 s either using CID with the linear ion-
trap or using HCD combined with Orbitrap detection at a resolution of 7500.

Data analysis was performed using Proteome Discoverer (THERMOSCIENTIFIC) with
SEQUEST and MASCOT (version 2.2; MATRIX SCIENCE) search engines using either

SwissProt or NCBI databases.

6.5.7.2 Denaturation Mass Analysis

To analyse if there is a self-oxidation of the cysteine 25 in the TsER wild type compar-
ing to TsER C25D/I67T a determination of intact protein mass over a denaturation
method was used. 50 puL of a 10 pM enzyme solution in 100 mM KP: buffer, pH 7.4
was desalted online using a Waters ACQUITY H-Class HPLC-system equipped with
a monolithic 50/1 ProSwift RP-4H column (THERMOSCIENTIFIC). Desalted proteins
were eluted into the ESI source of a Synapt G25i mass spectrometer (WATERS) by the
following gradient of buffer A (water/0.05% formic acid) and buffer B (acetoni-
trile/0.045% formic acid) at a column temperature of 40 °C and a flow rate of
0.1 mL/min: Isocratic elution with 5% A for two minutes, followed by a linear gradi-
ent to 95% B within 8 minutes and holding 95% B for additional 4 minutes.

Positive ions within the mass range of 500-5000 m/z were detected. Glu-
Fibrinopeptide B was measured every 45 seconds for automatic mass drift correction.
Averaged spectra were deconvoluted after baseline subtraction and eventually
smoothing using MASSLYNX instrument software with MAXENT1 extension.

The exact mass of TsER wild type and C25D/I67T determined via EXPASY is
37982 kDa, if the wild type cysteine 25 will be oxidized the mass should be
37.997 kDa. But the results are 37.852 kDa for the wt and 37.850 kDa for C25D/167T. It
tits perfect to the predicted mass of EXPASY without the N-terminal methionine,

which is literature known for ESI.[341]
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6.5.7.3 HDX Measurements

The Hydrogen/Deuterium exchange mass spectrometric analysis of the samples were
performed by the department of mass spectrometry using a commercial H/DX-
automation setup (SYNAPT G2-Si, Waters) including a two-arm robotic autosampler
(LEAP TECHNOLOGIES), an ACQUITY UPLC M-Class system (WATERS) and HDX
manager (WATERS). The samples were transferred by PD-10 into a low salt buffer
(10 mM Tris pH 7.8, 100 mM NaCl, 1 mM g-mercaptoethanol), centrifuged for 10 min
at 16100 g and 4 °C prior to irradiation with 656 nm (P: state) or 735 nm (P« state) for
4 min in darkness, afterwards wrapped in aluminum foil and cooled to 1 °C. For each
LC-MS run, 7.5 uL of the protein solution (70 pM) were pipetted in a fresh vial of the
exchange plate at 25 °C and diluted with 61.8 uL of either H-O-buffer (to-runs) or
D20-buffer (exchange runs). After incubation for 15s, 30s, 60 s and 300 s 55 uL of
this solution were transferred to a fresh quench vial containing 55 uL of quenching
solution (400 mM HsPO4/KH2PO: pH 2.2), which was pre-dispensed and pre-cooled
to 1 °C for 10 minutes before starting the first run. After quenching, 95 uL of the re-
sulting solution was immediately injected into the pepsin column (HDX manager,
WATERS).

Digestion was done online using an Enzymate BEH pepsin column (WATERS) at 20 °C
with water/ 0.1 % formic acid at a flow rate of 100 pL/min. Subsequently, peptic pep-
tides were trapped at 0.5 °C using a C18 trap column. Separation of peptides was
achieved at 0.5 °C utilizing a 1 x 100 mm ACQUITY UPLC BEH C18 1.7 um column
(WATERS) at a flow rate of 30 uL/min with the following gradient of solvents A (water
0.1 % formic acid) and B (acetonitrile, 0.1 % formic acid): Linear increase from 5 % B
to 35 % B within 7 minutes, followed by a ramp to 85 % B within 1 minute and hold-
ing 85 % B for additional 2 minutes. Finally, the column was washed at 95 % for
1 minute and re-equilibrated to 5 % B for 5 minutes. During separation of peptides
using the chromatographic column, the pepsin column was washed by injecting 3

times 80 UL of 4 % acetonitrile and 0.5 M guanidinium chloride.
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Enhanced high definition MS (HDMSe) mode was used for t0 peptide detection,
which is a workflow provided by WATERS for data independent acquisition, includ-
ing ion mobility separation (IMS) of precursor ions within the gas phase and alternat-
ing lower and higher energies applied to the transfer cell (higher energies lead to
fragmentation of IMS separated precursor ions, lower energies result in non-
fragmented peptide molecular ion spectra), and H/D-MS (also including IMS, but
with only lower energies applied to the transfer cell preventing fragmentation) for
measuring exchanged peptides. Lock mass spectra were measured every 45 seconds
using Glu-fibrinopeptide B as standard (M?*" = 785.8427 m/z). Blank runs were per-
formed between each sample to avoid peptide carryover from previous runs.

to peptide identification was performed using ProteinLynx Global SERVER 3.0.1
(WATERS) with custom-created databases and the setting “no enzyme”. Final assign-
ment of deuterium incorporation was done with DYNAMX 3.0 (WATERS). The mini-
mum peak intensity was set to 20° counts and a peptide length between five and
twenty was chosen. Moreover, tolerances of 0.5 min for the retention time and
25 ppm for m/z values were applied for the peptide assignment, generating an over-

all sequence coverage of 83% with a 3.2 redundancy.

6.5.8 Determination of Active Enzyme Concentration by UV-Vis Spec-

troscopy

Active enzyme concentration was determined by LAMBERT-BEER using a
BECKMAN COULTER DU 800 spectrophotometer at FMN absorption maximum
around 455 nm. The extinction coefficient of YqjM was used for calculation

(11 600 M-'cm™).%!
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6.5.9 Circular Dichroism Spectroscopy

For detection, a quartz cell with d =0.1 cm in a JASCO J810 spectropolarimeter was
used, equipped with a JASCO CDF 4265 peltier element and a HAAKE WKL26 water
bath (THERMO). The protein was measured in 100 mM potassium phosphate, pH 7.4,
with a protein concentration of 10 uM. The melting curve was determined in 2 °C

steps with three accumulation steps at 220 nm.

6.5.10 Spectrophotometric Measurements of FMN-Oxidation with Mo-

lecular Oxygen

It was determined, whether several mutations in TsER alter the rate of reduction and
subsequent reoxidation of FMN. The purified enzymes TsER wild type, C25D/167C,
C25D/167T, C25D/167V, C25G, C25G/167C, C25G/167T and C25G/167V were used in a
fully-oxidized form and by addition of a 10-fold excess of NADPH in air-saturated
KP: buffer, changes in the flavin reduction status were detected spectroscopically
with a V-650 spectrophotometer (JASCO) at a wavelength of 456 nm against time. Air-
saturation of the buffer was enabled by stirring at 1000 rpm during measurements.
Reaction were performed in triplicates in 100 mM KP;, pH 7.4, with 10 mM CoCl2
and 100 uM final concentration of NADPH in a stirring cuvette (1000 rpm) with a
JASCO V-650 spectrophotometer equipped with a PAC-743 Peltier temperature con-
trol unit. The spectrophotometer was blanked with buffer right before the measure-
ment. After addition of the enzyme, it was waited for 100-150 seconds to obtain equi-
libration of absorption before NADPH was added. The spectrophotometer was set to

456 nm, with a range of 0.2 sec, a bandwidth of 2.0 nm and a temperature of 30 °C.
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6.6 Thermostable Glucose Dehydrogenase Protocols

6.6.1 Heterologous Expression and Purification

Gene construct pACYC-gdh (Bacillus subtilis 168 glucose dehydrogenase variant
E170K/Q252L)5% was transformed into electrocompetent E.coli BL21 DE3 Gold. Ex-
pression was performed using 350 mL TB medium containing 35 mg/mL chloram-
phenicol in a 2 L baffled flask and inoculate with 3.5 mL overnight culture. The ex-
pression cultures were incubated at 37 °C with 200 rpm in a HT INFORS Shaker
(MULTITRON, tray with 25 mm shaking diameters) until the ODsow reached 0.4-0.6.
IPTG was added to a final concentration of 1 mM and the temperature was reduced
to 30 °C. The cultures were incubated overnight, harvested (5000 rpm, 4 °C, 15 min)
and resuspended in 5 mL KPi buffer (100 mM, pH 7.4). Cells were lysed by sonication
on ice (5x30 s, 30 s intervals, 5x10 cycles, 40% power, BANDELIN Sonoplus HD 2070
with a SGH 213G booster horn and a titanium flat tip (TT13)) and the supernatant
was recovered by centrifugation (16 000 rpm, 4 °C, 45 min) in a THERMO SCIENTIFIC
Sorvall RC 6 Plus centrifuge equipped with a F21S or F10S rotator. The cleared lysate
was purified by incubation at 60 °C for 1 h. After centrifugation (16 000 rpm, 4 °C,

45 min) the supernatant was lyophilised and stored at -20 °C.

6.6.2 Activity Test

The activity of glucose dehydrogenase was determined by following NADPH for-
mation according to NOLTMANN et al.B#l. A reaction mix, containing of 50 mM glu-
cose, 0.5 mM NADP" in 100 mM KPi buffer (pH 5-10), was prepared and incubated at
desired temperatures (30-70 °C) for at least 15 min. Cuvettes were pre-warmed in a
JASCO V-650 spectrophotometer equipped with a PAC-743 Peltier temperature con-
trol unit. 10 pL of dissolved glucose dehydrogenase (1.23 mg/mL in KP: buffer) was

added to the mix, the cuvette was inverted twice and measured immediately. The
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absorption at 340 nm was recorded for 60 s, while only the slope of the first 15 s was
taken to calculate activity with the following equation.
AA
Units ( %iglnm) “Veom

Activity [ =
mL ENaDPH,340 nm * VGDH solution

AAs40nm/min = slope of the first 15 s, Veom = complete reaction volume (1 mL),
ENADPH340nm = 6.22 mL - mol! - cm™, Veor= added volume of glucose dehydrogenase

sample

6.7 Lyophilisation of Enzymes

TsER C25G, C25G/167T and C25D/167T as well as BsGDH were lyophilized with a
CHRIST lyophilisator after heat-purification. The yellow powder was stored at -20 °C

until further use. Before use, active concentration was determined via absorption at

455 nm.

6.8 Protein Crystallization and X-Ray Structure Determination

6.8.1 X-Ray Structure of TsER C25D/167T

Heat purified TsER C25D/I67T was concentrated through ultrafiltration (30 kDa
NMWL, AMICON) with additional FMN added to ensure full occupancy. The protein
was further purified using size exclusion chromatography (Sephacryl SI00HR, GE
HEALTHCARE) and eluted in 10 mM MOPS buffer (pH 7.4) containing 20 mM NaClL
Crystals of TsER C25D/167T were grown using sitting-drop vapour-diffusion in 1 pL
drops consisting of equal volumes of 8 mg mL* TsER C25D/I67T and crystallization
solution (15% v/v 2-propanol, 0.1 M sodium citrate tribasic dihydrate pH 5.0, 10%

w/v polyethylene glycol 10,000) at 289 K. Crystals were soaked in reservoir solution
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containing 30% glycerol prior to cryocooling. X-ray diffraction data (Table 21) were
collected at Diamond (UK) on beamline i03. Data was processed using MOSFLMB41
and POINTLESSP#, with intensities scaled and merged using SCALAB*1. Molecular
replacement was performed using PHASERP#! with TsER wt (pdb 3HF3) as search
model. Refinement was performed through iterative cycles of manual model build-
ing in COOTB#! and restrained refinement using REFMACP¥]. Structure was validated

using programs within the CCP4 SUITEB#I.

Table 21. Data Collection and Refinement Statistics.

Data Collection and Processing

Beamline i03, Diamond UK

Wavelength (A) 0.9763

Resolution (A) 94.31-2.3 (2.42-2.3)

Space group P121

Unit cell parameters a=99.o68A b=1010.20A c0=104.26A
a=90° $=115.24° y=90

Unique reflections 83126 (12074)

Completeness (%) 99.8 (99.7)

Mn(I)/sd() 8.1 (2.0)

Multiplicity 3.0(3.0)

Rumerge 0.093 (0.736)

Refinement

Rwork/Riree? 0.182/0.223

Molecules in ASU 4

Average B-factor, all atoms (A2) 47.68

r.m.s.d. Bond lengths (A) 0.011

r.m.s.d. Bond angles (°) 1.558

Ramachandran distribution (%) 96.6/3.1/0.3

Values for the highest resolution shell given in parenthesis
aRfree calculated from 5% reflections omitted from structure refinement
bFavoured/Allowed/Outlier

6.8.2 X-Ray Structure of TsER C25D/167T/A102H

The TsER triple mutant C25D/I67T/A102H was heat purified and concentrated
through ultrafiltration (30 kDa NMWL, AMICON). Additional FMN was added to en-
sure full occupancy followed by size exclusion chromatography [Sephacryl SI00HR
(GE HEALTHCARE)] and eluted in 10 mM MOPS buffer (pH 7.4) containing 20 mM
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NaCl. Crystals of TsER C25D/167T/A102H were grown using sitting-drop vapour-
diffusion in 1 uL drops consisting of equal volumes of 8 mg/mL protein containing
15% DMF with 0.01 M 13a and crystallization solution (0.1M MES monohydrate pH
6.5, 12% w/v PEG 20 000) at 289 K. Crystals were soaked in reservoir solution con-
taining 30% glycerol and 20% DMF with 0.02 M 13a prior to cryocooling. X-ray dif-
fraction data (Table 22) was collected at Diamond (UK) beamline i04-1. Data was
processed using MOSFLMB#!, with intensities scaled and merged using AIMLESSE#1.
Molecular replacement was performed using PHASER®*! with TsER C25D/167T (PDB
5NUX) as search model. Refinement was performed through iterative cycles of man-
ual model building in COOT®#! and restrained refinement using REFMACE#!. The fi-
nal structure was validated using programs within the CCP4 SUITEP*! and deposited

in the PDB under accession number 50OGT.

Table 22. Data Collection and Refinement Statistics.

Data Collection and Processing

Beamline i04-1, Diamond UK
Wavelength (A) 0.9282

Resolution (A) 69.65-2.30 (2.34-2.30)
Space group P121

Unit cell parameters

a=100.27A b=103.24A ¢=102.72A
a=90° B=113.28° y=90°

Unique reflections

85031 (4490)

Completeness (%) 99.5 (99.3)
Mn(T)/sd(T) 4.3 (2.0)
Multiplicity 2.9(2.8)
Rumerge 0.172 (0.627)
Refinement

Rwork/Rfree? 0.206/0.244
Molecules in ASU 4

Average B-factor, all atoms (AZ) 22

r.m.s.d. Bond lengths A) 0.010
r.m.s.d. Bond angles (°) 1.421
Ramachandran distribution (%)> 97.3/0.2

Values for the highest resolution shell given in parenthesis
aRfree calculated from 5% reflections omitted from structure refinement

bFavoured/Allowed/Outlier
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6.9 Biotransformations

6.9.1 Reactions with Cell Lysate in 96-Deep Well Plates

Variants were picked from glycerol stocks or agar plates to inoculate 2.2 mL 96-deep
well plates (VWR) containing 900 uL LB medium with the appropriate antibiotic per
well. Plates covered with gas permeable membranes (BRAND) were cultured over-
night at 37 °C with shaking (220 rpm, HT INFORS). Glycerol (20% v/v) stock solutions,
in sterile 96-well microtiter plates (NUNC), were prepared at this stage and stored
at -80 °C. 100 uL overnight cultures were used to inoculate new 96 deep-well plates
containing 700 uL TB medium supplemented with the appropriate antibiotic and
10 uM IPTG. After 2 h of growing at 37 °C, the temperature was reduced to 22 °C and
the cultures grew for another 18 h. After harvesting the cells, they were lysed by in-
cubation of the resuspended cells in 225 uL lysis buffer (1 mg/mL lysozyme in
100 mM KP;, pH 7.4) for 1 h at 37 °C, 220 rpm. To start the reaction 225 uL reaction
mixture with final concentrations in 450 pL total reaction volume of 100 mM glucose,
2.2 U/mL GDH-60 (EVOCATAL) 1 mM NADP*, 10 mM substrate (1 M in EtOH) was
added. The reaction was stopped after a specified time by extraction with 400 pL

ethyl acetate.

Variation with Pooling Strategy

For the pooling strategy to minimize the screening effort of several plates the har-
vested cells were resuspended in 100 uL. KPibuffer per well and pooled together in
one plate. This means, combining the cell suspension of three plates in one. After cen-
trifugation at 4000 rpm, 4 °C and 10 min the supernatant was discarded and the

pooled cells lysed and screened like described above.
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6.9.1.1 Fluorescence Measurements for 3-CCE Screening

100 uL reaction solution per well was transferred to a black plate without former ex-
traction. Fluorescence measurements were performed in black 96-well flat bottom
plates on a MOLECULAR DEVICES SpectraMax M5 using SOFTMAX Pro V5.2 software
and analysed using ORIGINS. The setting used for the detection of 13a were

Aex =400 nm, Aem = 440 nm with a cut-off filter at 420 nm.

6.9.2 Reaction with Purified Enzyme

All reactants were mixed aerobically in 1.5 mL reaction tubes resulting in the follow-
ing final concentrations in 100 mM KP: buffer (pH 7.4): 100 mM glucose, 10 uM en-
zyme, 0.1 mM CaClz, 0.25 mM NADP*, 2.2 U/mL GDH-60 (EVOCATAL), 10 mM sub-
strate (1 M in EtOH). The reactions were performed at least in triplicates in a total
reaction volume of 200 uL at 30°C with gently shaking in a Thermomixer
(EPPENDORF) set to 700 rpm for 5 h. To stop the reaction, the aqueous solution was
extracted with 200 uL ethyl acetate. Total turnover numbers (TON) were calculated
by dividing (mmol of substrate x conversion) by (mmol of enzyme) and the turnover

frequencies equals TON per reaction time in hour.

6.9.3 Residual Activity of TsER C25D/I67T and C25G/167T

Residual activity assays were performed by incubating the purified TsER variants at
different temperatures. The purified enzyme solutions were defrosted on ice, diluted
with KPi buffer to 11 uM and incubated overnight (14.5 h) at different temperatures.
After equilibrating all samples to room temperature (22 °C) in 15 min, reaction was
started by adding 100 mM glucose, 0.1 mM CoCl;, 0.25 mM NADP*, 2.2 U/mL
BsGDH and 2 pL 22a (1 M, EtOH). The reaction was performed 2.5 h at 30 °C. After
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extraction with ethyl acetate, organic layers were analysed by GC. Residual activity

of control without incubation was set to 100%.

6.9.4 Upscale Reactions to Determine Enantiomeric Excess

Precise ee determination at low conversions (< 5%) requires a larger reaction scale
and higher catalyst loadings. Therefore, all reactants were mixed in a 100 mL Erlen-
meyer flask resulting the following final concentrations: 100 mM glucose, 50 uM en-
zyme, 0.1 mM CaClz, 0.25 mM NADP*, 2.2 U/mL GDH-60 (EVOCATAL), 50 mM sub-
strate (1 M in EtOH). The parafilm sealed flask contained a reaction volume of 10 mL
and was incubated at 30 °C with gently shaking 100 rpm (HT INFORS) for 16 h. To
stop the reaction, the aqueous solution was extracted with 3 mL ethyl acetate and

concentrated to ca. 200 uL via evaporation for chiral GC measurement.

6.9.5 Upscale for Polarization Measurement

To characterize the enantiomer formed by reduction of 2-methylcyclopentenone (33a)
an upscale reaction was performed to isolate the product 33b for optical rotation
measurement. All reactants were mixed in a 50 mL Erlenmeyer flask resulting the
following final concentrations: 40 mM glucose, 20 uM TsER C25G/167C, 0.1 uM
NADP+, 1 U/mL GDH-60 (EVOCATAL), 20 uL pure substrate in 7.53 mL 100 mM KPx
buffer, pH 7.4. The parafilm sealed flask contains a reaction volume of 10 mL and
was incubated at 30 °C with gently shaking 100 rpm (HT INFORS) for 16 h. To stop the
reaction, the aqueous solution was extracted with 20 mL ethyl acetate, washed with
brine. The organic phase was dried over MgSOs and the ethyl acetate was evaporated
under pressure. The optical rotation was measured with a 20 mg/mL solution in

chloroform in a 50 mm cuvette at a polarimeter P800-T, KrRUSS with A = 589 nm at
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25°C and result in [x]3 -81°. In comparison with literature values it is

2(R)-methylcyclopentanone (33b).[

6.9.6 Upscale of 13a with TsER C25D/167T

13a (500 pL, 50 pmol, 1 mM in DMEF), purified TsER C25D/I67T (10 uM), glucose
(100 mM), NADP* (0.25 mM), glucose dehydrogenase (2 U/mL) and cobalt chloride
(0.1 mM) in a total volume of 50 mL potassium phosphate buffer were mixed in a
300 mL Erlenmeyer flask and covered with parafilm and incubated in a HT INFORS
Shaker at 30 °C, 150 rpm for 16 h. The solution was extracted with ethyl acetate (2 x
50 mL), the combined organic layers were washed with brine, dried over MgSO4 and
the solvent was removed under reduced pressure. The product was analysed by
HPLC, NMR and mass. The product was obtained in 79% yield (10 mg, 39.3 pumol)).
The structure was determined by 2D NMR (Figure 67).

1H-NMR (500 MHz; dmso-ds): 6 = 9.29 (s, 1H, OH), 9.03 (s, 1H, OH), 6.73 (d, 3] = 8.2
Hz, 1H, ArH), 6.25 (d, ¥ = 2.4 Hz, 1H, ArH), 6.08 (dd, 3 = 8.1,4] = 2.4 Hz, 1H, ArH),
4.02 (q, % = 7.1 Hz, 2H, CH), 3.63 — 3.58 (m, 1H, CH), 2.85 (ddd, 7 = 34.6 2] = 13.6,%] =
8.8 Hz, 2H, CH2), 2.73 (s, 1H, OH), 1.12 - 1.06 (m, 3H, CHs).

BC-NMR (500 MHz; dmso-ds): 6 = 170.2, 169.2, 157.0, 156.0, 130.9, 114.4, 105.8, 102.3,
60.5, 51.4,29.2, 13.9.

HR-MS(APCT*) (Ci2H110s + Na*) m/z = found: 227.0686, cal: 277.0790.
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6.9.7 Preparative Scale Bioreductions

In the following detailed descriptions of preparative scale bioreductions with TsER

C25G/167T and C25D/167T from chapter 3.3.3 can be found.

3-Methylcyclohexan-1-one (17b): All reactants were mixed in a 100 mL Schott bottle
resulting in the following final concentrations in 100 mM KPi buffer (pH 7.4): 991 mg
glucose monohydrate (5.0 mmol, 1.75 eq), 9.81 mg NADP* disodium salt (0.25 mM),
0.55mg BsGDH (22U/mL), 0.02 mol% TsER wvariant (10 uM), 284 uL
3-methylcyclohex-2-en-1-one (17a, 2.5 mmol, 1.0 eq) and 10% v/v n-pentane. The re-
action was performed in a total volume of 50 mL at 30 °C with gently shaking in a
HT INFORS Shaker set to 150 rpm over a time period of 480 min to 540 min. At differ-
ent time points (see Figure 28) a 20 pL sample for reaction control was taken from the
n-pentane phase and diluted with 200 uL n-pentane for analysing via GC (HP-5). Af-
ter completion the whole reaction was extracted three times with 20 mL DEE. The
combined organic phases were washed with brine, dried over MgSO4 and the solvent
was evaporated under vacuum. Compound (R)-17b was obtained in 91% (255 mg,
2.27 mmol) yield with 99% ee. Compound (S5)-17b was obtained with 78% (202 mg,

1.81 mmol) yield in 57% ee.

TH-NMR (500 MHz, CDCls), 6 = 2.40-2.29 (m, 2H), 2.28-2.17 (m, 1H), 2.08-2.01 (m,
1H), 2.00-1.96 (m, 1H), 1.94-1.80 (m, 2H), 1.73-1.58 (m, 1H), 1.39-1.26 (m, 1H), 1.01 (d,
3H, *J= 6.2 Hz, CHs) ppm.

BC-NMR (125 MHz, CDCls), 6=212.0, 50.1, 41.3, 34.3, 33.5, 25.4, 22.2 ppm.

HR-MS (EI*) (C7H1201) m/z = found: 112.08836, cal.: 112.08881.
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2-Methyl-5-(prop-1-en-2-yl)cyclohexan-1-one (18b): All reactants were mixed in a
300 mL Erlenmeyer flask resulting the following final concentrations in 100 mM KPi
buffer (pH 7.4): 1.64 g glucose monohydrate (8.28 mmol, 1.2 eq), 16 mg NADP* diso-
dium salt (2 mM), 1 mg GDH-60 (EVOCATAL, 2.2 U/mL), 0.005 mol% TsER variant
(3.4 uM), 1.04 mL carvone (18a, 6.9 mmol, 1.0 eq). The reaction was performed in to-
tal reaction volume of 100 mL at 30 °C with gently shaking in a HT INFORS Shaker set
to 110 rpm over a time period of 350 min to 410 min. At different time points (see
Figure 28) a 100 uL sample for reaction control was taken and extracted with 200 uL
EtOAc for analysing via GC (HP-5). After completion the whole reaction was extract-
ed two times with 100 mL EtOAc. The combined organic phases were washed with
brine, dried over MgSOs and the solvent was evaporated under vacuum. Compound
(25,55)-18b was obtained in 90% (939 mg, 6.2 mmol) yield with 88% de. Compound
(2R,55)-18b was obtained with 78% (825 mg, 5.4 mmol) yield in 96% de.

2-Methyl-5-(prop-1-en-2-yl)cyclohexan-1-one (18b) with 25 mmol: All reactants were
mixed in a 500 mL Schott bottle resulting the following final concentrations in
100 mM KP: buffer (pH 7.4): 9.91 g glucose (50.0 mmol, 1.9 eq), 98 mg NADP* disodi-
um salt (0.25 mM), 5.5 mg BsGDH (2.2 U/mL), 0.0098 mol% TsER variant (5 uM),
4.0 mL 18a (25.6 mmol, 1.0 eq) and 10% v/v n-pentane. The reaction was performed
in a total volume of 500 mL at 30 °C with gently shaking in a HT INFORS Shaker set to
150 rpm over a time period of 420 min. At different time points (see Figure 28) a
20 uL sample for reaction control was taken from the n-pentane phase and diluted
with 200 pL n-pentane for analysing via GC (HP-5). After completion the whole reac-
tion was extracted three times with 100 mL DEE. The combined organic phases were
washed with brine, dried over MgSOs and the solvent was evaporated under vacu-
um. Compound (2R5S)-18b was obtained in 93% (3.63 g, 23.8 mmol) yield with 96%
de.
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1H-NMR (500 MHz, CDCl), 6 = 4.83 (s, 1H, Hu), 4.69 (s, 1H, Hu), 2.62-2.52 (m, 2H),
2.43-2.37 (m, 2H), 1.90-1.82 (m, 3H, 1/2 Hs, Ha), 1.73 (s, 3H, Huw), 1.65-1.56 (m, 1H, 1/2
Hs), 1.05 (d, 3H, 3J= 6.9 Hz, H) ppm.

15C-NMR (125 MHz, CDCL), 6= 214.0 (CO), 147.0 (Cs), 111.5 (C11), 44.6 (Cs), 44.1 (Cs),
44.0 (C2), 30.7 (Cs), 26.4 (Cs), 21.5 (Cio), 15.6 (CHs) ppm.

HR-MS (EI") (CioH1601) m/z = found: 152.12014, cal.: 152.12011.

Ethyl 2-benzyl-3-oxobutanoate (40b): All reactants were mixed in a 100 mL Erlen-
meyer flask resulting in the following final concentrations in 100 mM KP: buffer (pH
7.4): 2 g glucose (10 mmol, 10 eq), 6.4 mg NADP* disodium salt (0.41 mM), 6.4 mg
GDH-60 (EVOCATAL, 222 U/mg), 122mg lyophilized TsER C25D/I67T (10 uM),
218 mg ethyl (Z)-2-benzylidene-3-oxobutanoate (40a, 1.0 mmol, 1.0 eq) in 2 mL diiso-
propylether (DIPE, 10% v/v). The reaction was performed in total reaction volume of
20 mL at 30 °C with gently shaking in a HT INFORS Shaker set to 110 rpm over a time
period of 2 h. 200 pL sample for reaction control was taken and extracted with 200 uL
EtOAc for analysing via GC (HP-5). After completion (81% conversion) the whole
reaction was extracted two times with 20 mL EtOAc. The combined organic phases
were washed with brine, dried over MgSOs and the solvent was evaporated under
vacuum. The product 40b was cleaned via column chromatography
(n-pentane : EtOAc 10:1) and could be isolated in clean form in 76% yield (167.4 mg,
0.76 mmol).

1H-NMR (300 MHz; CDCL): 6 = 7.39 (s, 1H, Harom.), 7.28 (s, 1H, Harom.), 7.23-7.10 (m,
3H, Harom), 4.15 (q, ] = 7.2 Hz, 2H, CH>), 3.77 (t, ] = 7.6 Hz, 1H, CH), 3.16 (d, ] = 7.6 Hz,
2H, CHz), 2.19 (s, 3 H, COCHj), 1.20 (t, ] = 7.1 Hz, 3H, CHs) ppm.

HR-MS (ESTI*) (CisH160s +Na*) m/z = found: 243.0991, cal.: 243.0992.
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(R)-Levodione (22b): All reactants were mixed in a 100 mL Erlenmeyer flask resulting
in the following final concentrations in 100 mM KP: buffer (pH 7.4): 2 g glucose mon-
ohydrate (10 mmol, 10 eq), 6.4 mg NADP* disodium salt (0.41 mM), 6.4 mg BsGDH,
42 mL TsER C25D/I67T (final concentration 10 uM, stock concentration 48 uM),
370 uL ketoisophorone (22a, 2.5 mmol, 1.0 eq) in 2 mL diisopropylether (DIPE, 10%
v/v). The reaction was performed in total reaction volume of 20 mL at 30 °C with
gently shaking in a HT INFORS Shaker set to 150 rpm over a time period of 1.5 h.
100 uL sample for reaction control was taken and extracted with 100 uL EtOAc for
analysing via GC (HP-5). After completion (91% conversion) the whole reaction was
extracted two times with 20 mL EtOAc. The combined organic phases were washed
with brine, dried over MgSO: and the solvent was evaporated under vacuum. The

product 22b could be isolated in clean form in 65% yield (250 mg, 1.62 mmol).

1H-NMR (300 MHz; CDCL): 6 = 3.00 (m, 1H), 2.80-2.76 (m, 1H), 2.75-2.70 (m, 1H), 2.51
(d, J=15.2 Hz, 1H), 2.33 (dd, J=17.7, J = 13.2 Hz, 1H), 1.21 (s, 3H, CHs), 1.15 (d,
3] = 6.6 Hz, 3H, CHs), 1.12 (s, 3H, CHs) ppm.

6.9.8 Reduction of 22a in Sequential Bi-Phasic Batch Reactions

All reactants were mixed in a 100 mL Erlenmeyer flask resulting in 100 mM KPi buff-
er (pH 7.4): 2 g glucose monohydrate (10 mmol, 10 eq), 6.4 mg NADP* disodium salt
(0.41 mM), 6.4mg GDH-60 (EVOCATAL, 222 U/mg), 122 mg lyophilized TsER
C25D/167T (10 uM), 148 puL 22a (1.0 mmol, 1.0 eq, 50 mM) in 2 mL DIPE (10% v/v).
The reaction was performed in total reaction volume of 20 mL at 30 °C with gently
shaking in a HT INFORS Shaker set to 110 rpm over a time period of 2.5 h (reaction
control showed 98% product formation). The two phases were separated and to the
aqueous phase 1 mmol 22a (148 uL) in 2 mL DIPE was added again. After 3 h at

30 °C and 110 rpm 90% product formation was obtained. The phases were again sep-
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arated, 1 mmol 22a in 2 mL DIPE was added to the aqueous phase and incubated at
30 °C, 110 rpm for 3 h. Reaction control showed 50% product formation. In total
2.5 mmol 22b (370 pL) could be converted over three steps (TTN = 12 500).
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6.9.9 Analytic Methods for Screening
6.9.9.1 GC Measurements

GC analyses were performed by using Agilent GC7820A system with FID-detector
(Heater 300 °C, Hz-Flow 30 mL/min, Air-Flow 400 mL/min, Makeup Flow 25 mL/min;
Date Rate/ Min Peak width 50 Hz/0.004 min) with either a HP-5 column (30 m x 0.25
mm x 0.25 pum), a chiral BGB-178 column (30 m x 0.25 mm x 0.25 pm), a CP-Chirasil
DEX CB (25 m x 0.32 mm x 0.25 um) or a Lipodex-G column as specified in Table 23.
The enantiomeric excess (ee) was determined by GC analysis. HR-ESI and HR-APCI
mass spectra were acquired with a LTQ-FT Ultra mass spectrometer (Thermo Fischer

Scientific). The resolution was set to 100.000.

Table 23. Used GC programs to analyse reaction after extraction with ethyl acetate. Product peaks in
achiral column were identified using authentic standard or GC/MS, *determined with reference sub-
stance.

Substance Program Retention Retention Lit.
time educt time product
17b 40:1, flow rate 8.33 mL /min, 80 °C, 2 °C/min to 1.92 1.23
86 °C (HP5)
ij\ 20:1, flow rate 3.32 mL/min, 50 °C hold 10 min, 43.51 29.12 (R)* 1671
1.2 °C/min to 96 °C, 18 °C/min to 220 °C hold 3 30.18 (S)*
min (BGB-178)
18b/30b 70:1, flow rate 8.33 mL /min, 92 °C, 4 min (HP5) 3.72 2.87 tl"ans
3.00 cis
19b 40:1, flow rate 8.33 mL /min, 60 °C, 2°C/min to 3.11 2.42
o o 65 °C, 1 min (HP5)
H o~
5:1, 60 °C hold 5 min, 5 °C/min to 65 °C hold 30 - 12.05 (S) (152
min, 20 °C/min to 150 °C hold 5 min (BGB-178) 13.04 (R)
2b 70:1, flow rate 8.33 mL /min, 87 °C, 3 min (HP5) 2.59 2.95
ﬁ 20:1, 80 °C, 1.2 °C/min to 95 °C, 20 °C/min to 220
o °C hold 2 min (BGB-178) 10.85 11.93 (R)* (73]
12.52 (S)
2ab 40:1, flow rate 3.36 mL/min, 60 °C, 2 °C/min to 65 4.32 3.00
0 °C hold 2.5 min (HP-5)
20:1, flow rate 3.32 mL /min, 80 °C 0.5 °C/min to - 6.35 (R) 1671
90 °C, 20 °C/min to 200 °C (Lipodex-G) 6.46 (S)
25b Splitless, flow rate 8.33 mL /min, 80 °C, 4 °C/min 9.37 4.60
o to 108 °C (HP5)
° 20:1, 80 °C, 1.2 °C/min to 170 °C, 20 °C/min to 20.96 18.54 (R) [e7]
220 °C hold 5 min (BGB-178) 18.96 (S)
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26b 40:1, flow rate 8.33 mL /min, 80°C, 2 °C/min to 86 2.34 1.42
o °C (HP5)
Sm-rac 70:1, flow rate 3.07 mL/min, 70 °C hold 12 min, 11.10 (1) 4.00
10 °C/min to 200 °C hold 1 min (Lipodex-G) 12.25 (2)
27b O)k 40:1, flow rate 7.56 mL/min, 80 °C hold 3.5 min 2.38 1.57
(HP-5)
OH 40:1, flow rate 7.56 mL/min, 80 °C hold 10 min 6.49 4.08
28b }Oﬂ (HP-5) 4.19
29b 40:1, flow rate 6.5 mL /min, 80 °C, 1 °C/min to 84 1.42 1.15
°C (HP-5)
ij/ 25:1, flow rate 2.2 mL/min, 90 °C hold 2 min, 1 9.22 6.37 (R) [73]
°C/min to 96 °C, 20 °C/min to 180 °C hold 4 min 6.63 (S)
(Hydrodex-B-Tbac)
31b 30:1, flow rate 6.5 mL/min, 80°C hold 2min, 2.39 2.08
20°C/min to 92 °C, 30°C/min to 220 °C (HP-5)
:S:‘J) 25:1, flow rate 2.86 mL/min, 95 °C hold 15 min,
o 15 °C/min to 130 °C hold 3 min, 20 °C/min to 200 9.10 5.21 (S) [198]
°C (Hydrodex-g-Tbac) 5.59 (R)
32b 30:1, flow rate 6.5 mL/min, 110 °C hold 2 min, 30 4.16 4.43
o °C/min to 210 °C (HP-5)
Ph—N»\ﬁ\\
>]/
° n-hexane/2-propanol 90:10 at 0.8 mL/min (Chi- - 25.68 (R) (198]
ralcel OD-H, HPLC)
33b 70:1, flow rate 8.33 mL /min 62 °C, 2 min (HP5) 1.67 1.20
o 50°C hold 10 min; 1.2 °C/min to 96 °C; 18 °C/min
é “““ to 220 °C hold 3 min (BGB-178) 23.27 14.88 (R)*
16.81 (S)
34b 70:1, flow rate 8.33 mL /min, 62 °C, 3 min (HP5) 2.33 1.24
\i 70:1, flow rate 2.81 mL/min, 50 °C hold 10 min,
1.2 °C/min to 159 °C, 18 °C/min to 220 °C hold 3 20.31 6.75 (R) 1671
min (BGB) 6.93 (S)
35D 70:1, flow rate 6.5 mL/min, 80 °C, 4 °C/min to 96 4.27 2.80
°C (HP-5)
Lo e 70:1, flow rate 3.07 mL/min, 60 °C, 1.2 °C/min to  86.06 64.61(S) [67]
160 °C, 18 °C/min to 220 °C (Hydrodex-b- 65.75(R)
TBDAC)
36b { 40:1, flow rate 8.33 mL /min, 80 °C, 3 min (HP5)  1.88 0.99
37b V*HO%/ 50:1, flow rate 8.33 mL /min, 40 °C hold 2 min, 3.79 3.61
. EC/‘ZM 20°C/min to 180 °C hold 1 min (HP5) 4.10
38b 40:1, flow rate 8.33 mL /min, 97 °C, 5 min 3.02 1.92
H 3.54
)w\*f’&(’ 20:1, 40 °C hold 2 min, 4 °C/min to 120 °C, hold 1
" min, 20 °C/min to 180 °C, hold 3 min (Hydrodex- - 19.88 (S)*
b-TBDAC) 20.08 (R)*
39b 20:1, flow rate 2 mL/min, 100 °C hold 2 min, 20 4.92 4.02
©/\HOL“ °C/min to 220 °C hold 5 min (HP-5)
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100:1, flow rate 3 mL/min, 90 °C hold 30 min,
20 °C/min to 180 °C hold 1 min (Chirasil-DEX
CB)

10.89 (S) [149]
11.19 (R)

40b

20:1, flow rate 8.33 mL /min, 100 °C in 10°C/min
to 160 °C (HP5)

20:1, flow rate 3.32 mL /min 140 °C hold 8 min,
50 °C/min to 200 °C (Lipodex-G)

522

7.02 (E)
7.75 (Z)

426

4.31

41b

40:1, flow rate 8.33 mL /min, 110 °C, 2 °C/min to
120 °C (HP5)

20:1, flow rate 3.32 mL /min 80 °C hold 8 min, 1
°C/min to 130 °C, 50 °C/min to 180 °C hold 2 min
(Lipodex-G)

3.36 (E)
441 (Z)

32.79 (E)
34.80 (Z)

2.76

29.12 (R) 73]
29.50 (S)

42b

40:1, flow rate 8.33 mL /min, 110 °C, 3 °C/min to
134 °C (HP5)

3.97
5.85

4.36

43b

20:1, flow rate 8.33 mL /min, 100 °C, 10 °C/min to
155 °C (HP5)

3.79
4.74

3.38

44a

70:1, flow rate 8.33 mL /min, 83 °C, 3 min (HP5)

2.64

1.72*

45a

cg}o

30:1, flow rate 6.5 mL/min, 80 °C hold 2 min, 20
°C/min to 92 °C, 30 °C/min to 220 °C

5.50

46a

Q
(o) O

o

=

£

70:1, flow rate 8.33 mL /min 80 °C, 3 °C/min to
100 °C (HP5)

4.47

48a

40:1, flow rate 6.5 mL/min, 140 °C, 5 °C/min to
200 °C (HP-5)

4.26

49a

é/

70:1, flow rate 8.33 mL /min, 125 °C, 4 min (HP5)

3.52

2.72

50a

20:1, flow rate 8.33 mL /min, 100 °C hold 0.5 min,
5 °C/min to 120 °C (HP5)

2.28
3.49

51a

% 4

o} o SCO

= ]
£ 5

20:1, flow rate 8.33 mL /min, 180 °C hold 2 min
(HP5)

1.51

52a

70:1, flow rate 8.33 mL /min, 125 °C, 2 °C/min to
135 °C, 1 min (HP5)

5.00

53a

4 z
N

£y

" 3

z

40:1, flow rate 8.33 mL /min, 97 °C, 4 min (HP5)

2.75
3.29

54a

\
;o
8

70:1, flow rate 833 mL /min, 75°C, 2.5 min
(HP5)

1.35

55a

1

70:1, flow rate 8.33 mL /min, 90 °C, 4 °C/min to
106 °C hold 1 min (HP5)

2.80

56a

70:1, flow rate 8.33 mL /min, 80 °C, 2 °C/min to
90 °C, 1 min (HP5)

2.09

57a

f)
©] e
T 0

i

40:1, flow rate 8.33 mL /min, 90 °C, 4 °C/min to
122 °C (HP5)

3.94
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HPLC analyses were performed on a SHIMAZU Prominence-i LC-2030C system

equipped with a quaternary pump, autosampler, column oven and variable wave-

length detector (254 nm) and analysed using LABSOLUTION Software.

All separations were performed at 25 °C, on a reversed-phase C18 column (AGILENT

Eclipse XD8-C18, d =4.6 mm, 1=150 mm, particle size 5 um) in MeCN/water with

0.1% TFA with 10 pL injection volume. Method conditions and retention times are

shown in Table 24.

Table 24. Used HPLC programs to analyse reaction after extraction with ethyl acetate. Product peaks
in achiral column were identified using authentic standard or LC/MS, *determined with reference
substance, (a) reduced product, (b) reduced and opened lactone product.

Substance Program Retention time Retention time Lit.
educt product
NO,
\
O O 50:50 MeCN/H20 + 0.1%TFA for 15 min .
. . 7.25 min -
with 1 mL/min
47a
oL
O N 65:35 MeCN/H20 for 9 min with 1 mL/min 6.71 min 7.47 min
N
H
69a
HO. (6] (6]
_ 30:70 MeCN/H20 + 0.1%TFA for 5.5 min .
. . 4.31 min -
with 1 mL/min
11a
HO (o] (6]
. 0, 1
\@Z( 50:50 MeCN/HzO +0.1 /oTFA for 5 min 9 95 min 1.40 min
0o with 1 mL/min
12a
HO 0] (0]
\Ej\;g(om 50:50 MeCN/H20 + 0.1%TFA for 5 min 237 min 1.33 min (13b)
o with T mL/min ’ 1.73 min (13c)
13a
X
N0 50:50 MeCN/H20 + 0.1%TFA for 5 min . .
with 1 mL/min 3.33 min 1.40 min
15a
O 0.0 . o :
O P 70:30 MeCN/H20 + 0.1%TFA for 8 min 314 min 140 min

with 1 mL/min
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6.10 Computational Methods and Details

Protein Model. The crystal structure of TsER in complex with p-hydroxybenzaldehyde
(pdb 3HGJ)!U was used as the basis for the study. The C25D/167T and C25G/167T
variants were generated on the basis of 3HG]J with the PyYMOL Mutagenesis Wizard.
The protein was prepared for docking using the Protein Preparation Wizard in the
Maestro program, version 11.0, Schrodinger, LLC: New York, 2016-4. The 3HG] crys-
tal structure is a homodimer, where part of the B-chain, especially an arginine resi-
due, interacts with the active site of the A-chain and vice versa. For all calculations
the dimer structure was retained. Protonation states for titratable amino acids were
assigned based on the most favorable interactions with neighboring residues and the
PROPKA program. The His172 and His175 residues, which are believed to be im-
portant in the positioning of the substrate in the active site, were protonated at both
the epsilon and delta nitrogen atoms, for the docking studies. All water molecules
and co-crystallized ligands were removed, with the exception of the oxidized FMN
cofactors. The oxidized FMN cofactor was converted to the reduced FMNH: using

ANTECHAMBER.

Ligand Preparation. Substrates 11-57 were built in Maestro and prepared for docking

using the LigPrep program, version 4.0, Schrodinger, LLC: New York, 2016.

Docking. Substrates 11-57 were docked into the active site of TsER wt, C25D/167T and
C25G/167T using the rigid body docking (RBD) protocol with Standard Precision (SP)
settings within the Schrodinger suite. Additionally, substrates 17a was docked in the
active site of TsER wt, C25D/167T and C25G/167T using the Induced fit docking (IFD)

protocol within the Schrodinger suite.

Details of setup for Rigid Body Docking.
Glide SP uses a series of hierarchical filters, of the conformational, orientational and
positional space, to search for possible locations of the ligand in the active site of a

receptor. In this search, an initial rough positioning and scoring phase that dramati-
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cally narrows the search space is followed by torsional flexible energy optimization
on an OPLS3 nonbonded potential energy grid for a few hundred surviving candi-
date poses. Finally a small number of poses are minimized within the field of the re-
ceptor with full ligand flexibility via a Monte Carlo sampling of pose conformation.
Definitions of Interactions in Maestro:

Hydrogen bonds: The maximum donor-acceptor distance is 2.8 A the minimum donor
angle is 120.0°, and the minimum acceptor angle is 90.0°. These values are consistent
with the default values that are used in Maestro.

Salt bridge: Salt bridges are defined by oppositely-charged atoms that are within 5 A
and are not directly hydrogen-bonded.

Pi-pi stacking: A pi-pi interaction is defined as an interaction between two aromatic
rings in which either (a) the angle between the ring planes is less than 30° and the
distance between the ring centroids is less than 4.4 A (face-to-face), or (b) the angle
between the ring planes is between 60° and 120° and the distance between the ring
centroids is less than 5.5 A (edge-to-face).

Pi-cation interaction: The maximum distance between the cation center and the ring
center is 6.6 A and the angle between the ring plane and the line between the cation
center and the ring center does not deviate from the perpendicular by more than 30°.
Contacts: They are distance based with cutoff ratios of 0.89 for bad and 0.75 for ugly
and exclude the H-bonds.

Details of setup for Induced Fit Docking Calculations.

The Induced Fit protocol begins by docking the ligand using Glide with Standard
Precision (SP) settings using the OPLS3 force field. In order to generate a diverse en-
semble of ligand poses, the procedure uses reduced van der Waals radii and an in-
creased Coulomb-vdW cutoff, and can temporarily remove highly flexible side
chains during the docking. For each pose, a Prime structure prediction is then used to
accommodate the ligand by reorienting nearby side chains. The centroid of the RBD
pose was used as the center of the search space. The box size for the receptor was

automatically determined based on the size of the ligand. No constraints were ap-
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plied to the docking poses. The ligand was permitted to sample ring conformations
within a 2.5 kcal/mol window of the minimized geometry determined at the LigPrep
setup stage. The maximum number of poses allowed during the initial RBD stage
was set to 20, and van der Waals scaling of the receptor and ligand was set to 0.5.
During the Prime refinement stage, the conformations of the side chain residues
within 5.0 A of the ligand poses were optimized. During the rigid redocking phase,
the substrate was redocked into the receptor structures that were within 30 kcal/mol
of the lowest energy structure with SP settings. A total of 19 ligand:receptor confor-
mations were generated for 17a:wt (Table 30), 17a:C25G/167T (Table 31) and 16 for
17a:C25D/167T (Table 32) The quoted IFD scores are a linear combination of the Glide

GScore and 0.05 x the Prime energy of the minimized protein conformation.

Molecular Dynamics Simulations. Molecular dynamics (MD) simulations were carried
out in AMBER168% using the ff99SB force field.[®!! Parameters for the ligand 17a
were assigned from the generalized AMBER force field (GAFF)? using Antecham-
ber to assign partial atomic charges. The protonation states of titratable residues were
estimated using PROPKAP”], and the enzymes were solvated in an cubic box of
TIP3P water molecules? with a buffer of at least 12 A surrounding the protein. The
charge of each model was neutralized by the addition of sodium ions.

The setup of the model consisted of the following: (i) minimization of the positions of
the hydrogen atoms (all heavy atoms fixed); (ii) minimization of the solvent (with all
protein heavy atoms fixed); (iii) energy minimization of the entire system with posi-
tional restraints of 5 kcal/mol-A? applied to all Ca atoms; (iv) canonical ensemble
(NVT) thermalisation to 300 K over 20 ps with positional restraints of 5 kcal/mol-A>
on Ca atoms; (vi) 140 ps of NPT equilibration with decreasing restraints on the Ca
atoms; (vii) 100 ns production simulation. MD simulations were carried out on GPUs
using the PMEMD codel®! of AMBER16.3%!

Average linkage hierarchical clustering (after alignment of structures based on posi-

tions of active site residues) was carried out using the CPPTRA] utility of
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AMBERTOOLS16B% to identify representative structures of the ternary complex over

the course of the simulations.

WaterSwap calculations. WaterSwap?”! calculations were performed using the WSRC
module in Sire?®], with calculations using the same force field parameters and sol-
vent model as the dynamics simulations. WaterSwap calculation for TsER wt used
starting structures taken from the 100 ns MD trajectories. Absolute binding free ener-
gies were calculated using replica-exchange thermodynamic integration®®> over 16 A
windows (0.005, 0.071, 0.137, 0.203, 0.269, 0.335, 0.401, 0.467, 0.533, 0.599, 0.665, 0.731,
0.797, 0.863, 0.929, 0.995) over the WaterSwap reaction coordinate. Thirty million
Monte Carlo moves were performed for each window, with the free energy gradient
averaged over the last 20 million steps. Simulations used the “Set A” soft-core pa-
rameters??, with a 15 A coulomb and Lennard Jones non-bonded cut-off, the shifted-
force cut-off®”! used to account for long-range electrostatics, and a reflection sphere

used to constrain sampling to within a 15 A radius of the ligand.

Constant pH Molecular Dynamics.””®! Hydrogens were added to the structure (pdb
3HG]) using the LEaP module and force field ff10 of AMBER.*! The structure was
then minimized to relax bad contacts by using GB model in AMBER with a salt con-
centration of 0.1 M and a total number of 1000 minimization cycles. A restraint with a
force constant of k=10 kcal/mol-A2 was applied to the atoms of the protein backbone.
The model was heated slowly from 10K to 300 K, keeping the restraints on the back-
bone atoms.

Simulations starting from the TsER C25D/I67T structure were performed at pH 7.4
with residues D25, H172, H175 and Y177 allowed to change protonation state. There
were 10 ns between Monte Carlo steps. Monte Carlo sampling was used to select pro-
tonation states based on calculated energy differences between the possible protona-

tion states.[?”®! The program cphstats in AMBER was used to evaluate the data.
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8 APPENDICES

8.1 List of Abbreviations and Acronyms

3-CCE 3-carboxycoumarinethylester
AMP ampicillin

APCI atmospheric pressure chemical ionization
APS ammonium persulfate

cal calculated

CD circular dichroism

conv conversion

Cp circular permutation

Cv column volume

de diastereomeric excess

DEE diethyl ether

DIPE diisopropyl ether

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP deoxy nucleoside triphosphate
DSC differential scanning calorimetry
E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid
ee enantiomeric excess

EI electron ionization

eq equivalent

ER ene reductase
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ESI
EWG
FMN
FPLC
GC
GDH
H /DX
HOS
HPLC
HR
IFD
IMAC
IPTG
ISM
ITC
KAN
KP:
LB

LC

MS
MTBE
MV
NAD(P)H
NMR

OD

OYE

PCR

ppm
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electrospray ionization

electron withdrawing group

flavin mononucleotide

fast protein liquid chromatography
gas chromatography

glucose dehydrogenase

hydrogen deuterium exchange
higher-order structures

high pressure liquid chromatography
high resolution

induced fit docking

immobilized metal ion affinity chromatography
isopropyl p-D-1-thiogalactopyranoside
iterative saturation mutagenesis
isothermal titration calorimetry
kanamycin

potassium phosphate

Lysogeny broth

liquid chromatography

molar

mass spectrometry

methyl tertbutyl ether

methyl viologen

nicotinamide

nuclear magnetic resonance

optical density

Old Yellow Enzyme

polymerase chain reaction

parts per million
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QQC
RBD
RP
rpm
SDS
SEC
T
Tu
TB
TEMED
TET
TOF
TON

Tris

uv

wt

quick quality control

rigid body docking

reverse phase

rounds per minute

sodium dodecyl sulphate

size exclusion chromatography
annealing temperature

melting temperature

Terrific broth
Tetramethylethylenediamine
tetracycline

turnover frequency

turnover number
tris(hydroxymethyl)aminomethane
unit

ultraviolet

wild type
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8.2 NMR Spectra of Upscale Reaction with 3-CCE
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Figure 65. '"H-NMR of 13¢ from upscale reaction with TsER C25D/167T. 500 MHz in dmso-d6.

ooy aa @ - @ ™
am @ o - w oo haid =
=o [} ® = == =1 =
=€ oo @ = 22 2 [re)
N/ N/ I
HOL A M
;\3/4\:

T T T T T T T T T T T

T T T T T T T u T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 50 50 40
1 (ppm)

o @
@ ]
o =
DMS0-dy
1
T T T
30 20 10

Figure 66. 3C-NMR of 13¢ from upscale reaction with TsER C25D/167T. 500 MHz in dmso-d6.
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Figure 67. HSQC of 13c¢ from upscale reaction with TsER C25D/I67T. 500 MHz in dmso-dé6.
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8.3 DNA and Protein Sequences

8.3.1 Vector Maps

PET-22b(s) sequence landmart

T7 promoter

T7 transcription start
pelB coding sequence
Multiple cloning sites
(Neol- Xhol)
HiseTag coding sequence
T7 terminator

lacl coding sequence
pBR322 origin

bia coding sequence
f1 origin

Bpu1102 Ii80)
361377
360
224-280
Msc [(225)
158225 Dra Ills251) / Eiﬁﬁn %é%’,
140-157 Nde I(288)
26-72 p X0 108) by e
7641843 SqrA [433)
3zt Sphpliﬁglzegs)
4038-4895
5027.5482 ApaB I(7s8)

Sca 1(4588)

Pvu I(4478)
Miu I(1114)

Pst 1{4353) Bel I(1128)

BsiF 11{1295)

Bmg (1323)

Eam1105 1(4108) pET-22b(+) Apa (1325)
(5493bp)

(epg)-vol) P2

BssH ll{1525)
Hpa I{1620)

AlwN 1(3631) oAl
shA 1(1959)

Psp5 {2221}

BspLU11 I(3215) Bpu10 1a3s1)

Sap 1(3099)
Bst1107 1(2986)

Tth111 1{2960) BspG 12741)

T7 promoter primer #59348-3

Balll T7 promoter lac operator 1 tbs
Bt - Aba _fbs_
AGATCTCGATCCEGCGARATTAATACGACT CACT ATAGEERAAT TGT GAGC BGATAAC AATTECCCTE TAGAAAT AATTTTGTTTAACT TTAAGAAGEAG A

Nde| Booht| pelB leader IsciNeol BamM | EcoR| Sacl

TATACATATGAAATACCTECTGL CEAC CECTGCTGCTGETCTEC TECTCCTCGL TECCCAGCCLGCCATROCCATGCATATCGEAATTAATTCGCATCCGAAT TCCRAGLCTCLD
MatlysTyrLeuLeuProThralodlaAlaGlyleulsul suleudl cAlaGlnProflcMath| :iHntAsp[laG\y[ lefsnSerAspProfsnSer SarSer

Eagl Avalr ) signal peptidase
Sall  Hind Il Notl Xhal His-Tag Bput1021

ETEGAEAAGCTTGEEGEEGEAETEGAGEAEEACEAECACEAECACTGAGATECEGETECTAAEAAAGCCEGAAAGEAAEETGAGTTGGETGCTGCCACEGETEAEEAATA&E
ValAsplysleuAloAlaAlaleuGluHisHisH i sHisHI sHi sEnd

T7 terminator T7 terminator primer #59337-3
TAGCATAACCCCTTGGGGCCTCTAMACGGGTCTTGAGGGGTTTTTTG

PET-22b(+) cloning/expression region

Figure 68. The pET-22b(+) vector of Novagen, Darmstadt Germany carries an N-terminal pelB
signal sequence for potential periplasmic localization. Unique sites are shown on the circle map.
The cloning/expression region of the coding strand transcribed by T7 RNA polymerase is

shown below.[175]
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Xho k158
Not l{1es)

. Eag l{1e6)
BET-28a(+) seq Hind 1l{173)
T7 promoter 370-386 Sal l{179)
T7 transcription start 369 Sac liaan)

) ) EcoR l{1s2)
His*Tag coding sequence 270-287 BamH I{19g)
T7*Tag coding sequence  207-239 Bpu1102 lizq) :3: :‘;:;‘
Multiple cloning sites Dra lll{s127) Nco I:zaa;
(BamH [- Xho) 158-203 _- Xba 1(335)

., : - Bal lljaa1y
I]:Lls Ta,g: coding sequence ;:E]?;a'? SarA leaz)

7 terminator Sph |(593)
Iacl coding sequence 77531832
rBR322 origin 3286
Kan coding sequence 3095-4807 Pvu lga428)
f1 origin 4903-5358 Saf ltaaze)

The maps for pET-28b(+) and pET-28c(+)
are the same as pET-28a(+) (shown) with
the following exceptions: pET-28h(+} is a
5368bp plasmid: subtract 1bp from each site
beyond BamH I at 195 pET-28c(+)isa
5367bp plasmid: subtract 2bp from each site

beyond BamH [ at 193.

8ma lis20m Miu lr1123)

Bcl I{1127)
BstE lig1204;

Apa l1324)

PET-28a(+)

(zgg,-g10) P2

BasH 1534
EcoR Vi1573)
Hpa [{1620)

Eco5s7 1(2772)

AlwN 1(3840)

BssS lj3zo7) P=hA [{1968)
BspLU11 l{3224)
Sap li3108)

Bst1107 l{zeo5)

Tth111 ;2060

Bal l{21a7
Fsp lf2205)
Psp5 {2220y

TT7 promater primer #58348-3

ET tre; i #00214-2
P UPS' al;rhpnmer T7 promoter lac operator Xbal rbs
AR TCTC AT AR AT TAATAC A T TATAGGEEAAT TG TEARCGEATAACAATTCCCCTCTAGARATAATTTTETTTAALTTTAAGAAGGAGA
Neo | His«Tag _Ndel, Nhel T7+Tag

TATACCATEEECARCAGCCATCATCATCATCATCACAGCAGCGECCTERTECCE

GLEECAGCCATATEECTAGCATEACTEETERACAGC AN

MetGlySerSerHiaHiaHiaHigHisHiaSerSerGlyLeuValProfrablySerdisletAloSerMetThrGlyGlyGinGin

—_—
Eagl thrombin
BamH | EcoR | Sscl Sail  Hind Il __ Mot Xhal His*Tag

ATEGETCECEEATCCGAATTCGARC TG TCGACAAGCTTGLGGECCECACTCRAGCACCACCACCACCACCACTRAGATCCEGECTECTARCARAGLCD  pET-EBal+|

MetllyhroblySerGluPheb lulevhirghrgb inAlalysGlyhirgThrirghlaPrePrePreProProlechrgSerE lyCyabnd

GETCEEEATCCEAATTCGARCTCCGTCGACAAGCTTGCEGCCECACTCEARCACCACCACCACCACCACTEAGATCCEE

GCTGCTAACAARGCCC pET-ZBlal+]
GlyhrghapProfanierSerSerValhaplyaleoh lof ol loleul (uH gt iad iaH iaHiaH iaEnd

GETCEGATCCEAATTCGAGCTCCETCGACAAGCTTGCEECCGCACTCRAGCACCACCACCACCACCACTEAGATCCGECTECTAACARAGCCL pET-2Be i+
GlyArgl ledrgl lefrghlofreSerThrSerlevfi-af et isSe-SerTheTheTheTheThrTheGlul lef-glealeuThrLysPre

Spul102 | T7 terminator
GAANGEAAGCTGAGTTGECTECTRCCACC L TEAGCAATAAC TAGCATARCCCCTTREEECCTCTARACEEETCTTRAGGRETTTTTTE

-—
T7 terminator primer #60337-2

pET-28a-c(+) cloning/expression region

Figure 69. The pET-22b(+) vector of Novagen, Darmstadt Germany carries an N-terminal His
Tag/thrombin/T7 Tag configuration. Unique sites are shown on the circle map. The clon-
ing/expression region of the coding strand transcribed by T7 RNA polymerase is shown be-

low.[%1
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8.3.2 OYE Genes

tser >gi1166997947 lemb | AM902709.1| Thermus scotoductus chrR gene for chromate reductase,
strain SA-01

ttcaattgggtaacgcccgggttttcccagtcgegacgcetgecagaacgacggctaagetctcgaggatecatatceccgaagaggaggctttccacgtageggaaggeage
cgccagatcggagecttgeccctgaccgaagecggggttcataagaccagtctatcccaaaaaagagegeggggaaacccggeccccacgggactgtttecttacgcetttee
ttcaagagccctccataatggaggcatggecttgetcttcacccecctggaacteggeggecteceggetgaaaaaccgectggecatgteccccatgtgecagtactecgecac
cttggagggagaggtaaccgactggcacctectecactacceccacgegggeccttgggoecgtggoectcatictggtggaggecaccgecgtggaacctttgggccgtat
cagcccctatgacctgggcatetggteggaggatcaccttecgggectgaaggagetegeccggaggatecgggaagetggageggtgecggggatecagetggeccac

geegggrgraaggeggggaccgecaggecctgggaagggooaaageccctggectggcgagtagtagooccaagecccattecctttgacgagggctacceggtace
cgaacccctggacgaageagggatggagegeatectccaggecttegtggaaggagecagacgtgeccttagggeaggctttcaggtgatcgagetecacatggeccatg

gctacctectttectecttecteteccccctttccaaccagegeaccgacgectacgggggaagectggaaaaccgeatgegcetttccectccaggtggcccaggeagtgeggg
aggtggtgcccagggagcttceccttttegtgegggtetecgecacggactggggggaaggagegatggagectcgaggacaccetggecttcgeccggaggcttaagga
getgggootogoaccttttggactgetectegggcgggotaotactcagggtecggatteccctggecccgggctttcaggtgeccttcgecgacgecgtgegeaagagggt
gggcctgegaacgggageegtggecctcatcaccacccccgageaggeggaaaccctectgeaggegggaagegecgatetggtecttetgggccgggtictectcagg
gacccctactteeecttacgggcetgecaaggecttggecgtggccccggaggtacceccccagtaccaaagggggttttageaccateccaacctggeaggaaccaggttgg

agggcaccggccagttecte

drer >gil15807184|refINP_295913.11 NADH-dependent flavin oxidoreductase [Deinococcus
radiodurans R1]

atgaccgtgtcttccgecgetgeacctcaaccegecagtecegecgegecgcetgetgtttaccecgetgaaacttcgeagectggaactgeccaaccgggtggtegtctegeec
atgtgcacctactcggegaccgacggegtcgecaacgaatttcacctegtecacctcggecagtacgegeteggegggecaggectgattctggecgaggecaccgecgtet
cgeccgaggeccgcatcacccccgaggacctgggcctgtgggacgaccgecagategtgeegetgggccacatcactgatttcgtgeaccageacggegggcacattgge
gtgcagctcgegeacgecggacgtaaggegageacctacgecccctggegeggcaagggcgeggtgeccgecgagttgggcgectggcaggtcatcggacctgacgag
aacagctttcacgacctcttccccaccccggegatgatgggcgecgacgagetgegeggegtggtggacgecttcagtgeegecgeccgeegegcetcaggtegeggggtte
gacgctgtggaagtccacgecgegeacggctacctgetgeaccagttectetegeegetggecaacaccegeaccgacgattacggeggctecttcgaaaaccgceaceegge
tgctgetegaagtegtecgegecgtgeggeacgtetggeccgeccacctgecgcetgttcgtgegectgagegecacggactgggecgagggcgectgggacctggaacag
acggtgcaactcagcaaactgctcaagtacgagggegtggacgtgctcgacatcageagegggggattgaccgecgegeageagatcgaggteggecccggcetatcagg
tgeegtttgecgecgeegtgagecgegecgaaaccgaaatcteggtgatggeggteggectcatcgagacgggegegeaggecgaggecatettgcaggeaggegacge
cgacctgatcgegeteggecgececcttectgegegacceccactgggegeagegegeggegegggaactegggttgegeccggtgtecategaccagtacgegegggeg
gggtggtaa

rmer >tr | QILDQ51Q1LDQ5_CUPMC Putative NADH-dependent flavin oxidoreductase [Ral-
stonia metallidurans]

atgcctcatctcttcgatccgtaccggateggcaatctegagettgecaaccgeategecategegecgatgtgecagtactcggeacaggaaggceaatgecaccgactggea
catgattcacctgggecagatggegcetgteeggagegggectgetcatcatcgaagecaccgeggtttcgectgaaggecgeatcacgecgaccgaccttggectgtacaac
gatgccaacgaagcetgegetgggccgtgtgcttggegecgtgegcaaccattegeccategeggtgaccatccagettgeccatgetggecgeaaggeatcgagegaage
geegtgggatggeggcggccagattcgacccgaccagecgegaggctggeagacctttgegecgteggeagtgecgeatgeggegggagaagtecegecggecgeget
cgacaaggccggtatgaagaagattcgegacgacttegtegeggctgecaagegegeggetegectgggtatcgaaggeatcgaagtgeatggegcetcacggcetatetge
tgcaccagtttctttcgeccatcgecaatcaccgtacggacgaatacggtggcagectcgagaaccggatgegettcccgetggaagtgttcgacgecgtgegagaggegttt
cctgeggaacgteeggtetggatgegegtttcegecaccgactgggtgccgaatggatgggacatcgaggggacgategegetatcgeacgaactgaaggegegtggca
gtgcggcggtgcatgtgagcacgggeggegtgtcgecgeageaggecatcaagattggeccgggataccaggtgecttacgegeaacgegtcaaggeggaggtgggat
tgecgacgatggeggtcggectgatcaccgaagecgaacaggecgaagegatcategecaacaatgaggeggacattatetcgategeccgegecatgetgtacgacceeg
cgctggecgtggcacgeggeggccaagettggegcetagtgtcaacgegecgaageagtattggegetcgeageegegegggctggaaaagetgttcaaggacgegceact
tcggccagegttga

8.3.3 Protein Sequences

TsER >trIBOJDW3 I BOJDW3_THESC Chromate reductase [Thermus scotoductus]

MALLFTPLELGGLRLKNRLAMSPMCQYSATLEGEVTDWHLLHYPTRALGGVGLILVEATAVEPLGRISP
YDLGIWSEDHLPGLKELARRIREAGAVPGIQLAHAGRKAGTARPWEGGKPLGWRVVGPSPIPFDEGYPV
PEPLDEAGMERILQAFVEGARRALRAGFQVIELHMAHGYLLSSFLSPLSNQRTDAYGGSLENRMRFPLQ
VAQAVREVVPRELPLFVRVSATDWGEGGWSLEDTLAFARRLKELGVDLLDCSSGGVVLRVRIPLAPGFQ
VPFADAVRKRVGLRTGAVGLITTPEQAETLLQAGSADLVLLGRVLLRDPYFPLRAAKALGVAPEVPPQY
QRGF
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DrER >gil15807184 Iref INP_295913.11 NADH-dependent flavin oxidoreductase [Deinococcus
radiodurans R1]

MTVSSAAAPQPASPAAPLLFTPLKLRSLELPNRVVVSPMCTYSATDGVANEFHLVHLGQYALGGAGLIL
AEATAVSPEGRITPEDLGLWDDRQIVPLGHITDFVHQHGGHIGVQLAHAGRKASTYAPWRGKGAVPAE
LGGWQVIGPDENSFHDLFPTPAMMGADELRGVVDAFSAAARRAQVAGFDAVEVHAAHGYLLHQFLS
PLANTRTDDYGGSFENRTRLLLEVVRAVRHVWPAHLPLFVRLSATDWAEGGWDLEQTVQLSKLLKYEG
VDVLDISSGGLTAAQQIEVGPGYQVPFAAAVSRAETEISVMAVGLIETGAQAEAILQAGDADLIALGRPF
LRDPHWAQRAARELGLRPVSIDQYARAGW

RmER >tr|QILDQ51Q1LDQ5_CUPMC Putative NADH-dependent flavin oxidoreductase [Ral-
stonia metallidurans]

MPHLFDPYRIGNLELANRIAIAPMCQYSAQEGNATDWHMIHLGOMALSGAGLLIEATAVSPEGRITPT
DLGLYNDANEAALGRVLGAVRNHSPIAVTIQLAHAGRKASSEAPWDGGGQIRPDQPRGWQTFAPSAV
PHAAGEVPPAALDKAGMKKIRDDFVAAAKRAARLGIEGIEVHGAHGYLLHQFLSPIANHRTDEYGGSL
ENRMRFPLEVFDAVREAFPAERPVWMRVSATDWVPNGWDIEGTIALSHELKARGSAAVHVSTGGVSPQ
QAIKIGPGYQVPYAQRVKAEVGLPTMAVGLITEAEQAEAIIANNEADIISIARAMLYDPRWPWHAAAKL
GASVNAPKQYWRSQPRGLEKLFKDAHFGQR

Table 25. Alignment of listed sequences for Figure 4 (chapter 3.1.2) was created with Clustal
Omegal®*®l and viewed in JalView3®. Sequences are sorted by pairwise identity.

OYE name | Organism accession numbers
DrER Deinococcus radiodurans NP_295913.1
GkOYE Geobacillus kaustophilus DSM 7263 YP_148185.1
Gox Gluconobacter oxydans 621H YP_190936
KYE1 Kluyveromyces lactis P40952

NCR Zymomonas mobilis Q5NLA1L
NemA Pseudomonas putida ATCC 17453 AHC69715
OPR1 Solanum lycopersicum QIXG54
OPR3 Solanum lycopersicum Q9FEW9
OYE1l Saccharomyces pastorianus Q02899
OYE2 Saccharomyces cerevisiae Q03558
OYE2.6 Pichia stipitis ABN66026
OYE3 Saccharomyces cerevisiae P41816
PETNR Enterobacter cloacae PB2 P71278
RmER Ralstonia metallidurans ABE11721
TOYE Thermoanaerobacter pseudethanolicus | ZP_00777979
TsER Thermus scotoductus SA-01 Q5SLY6
XenA Pseudomonas putida ATCC 17453 QI9R9V9
XenB Pseudomonas putida ATCC 17453 AGS77941
YqjM Bacillus subtilis P54550
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Table 26. Overview of OYE scaffold residues at hotspot positions. Primary structure of active
site residues partially determines classification of OYE scaffolds. According to TOOGOOD et al.l6!]
group 1 contain the “classical” OYE with the model systems OYE1 and PETNR, harbouring an
absolutely conserved threonine in hotspot position I, a bulky aromatic residue either tyrosine or
tryptophan in position II and a second bulky hydrophobic residue in position III, often trypto-
phan, with the exception of OYE2.6. Contrary, group 2 contains the “thermophilic-like” OYE
family member with the model system YgjM, having an absolutely conserved cysteine in
hotspot position I, a hydrophobic isoleucine in position II and a small residue (often alanine) in
position IIL. Since position I+II+IIl form an important part of the biding pocket wall close to
flavins N5 atom, the differences in size induced by the wild type residues have a significant
effect on substrates active orientation within the active site.!163]

OYE scaffolds | amino acid residues at hotspot positions
| 1 11 v
Group 1
OYE1l T37 Y82 W116 H194
OYE2.6 T35 Y78 1116 H191
PETNR T26 Y68 W102 H184
NCR T25 W66 W100 N175
XenB T25 Y66 W100 N176
NemA T24 Y66 W100 H182
Group 2
TSER C25 167 A102 H175
YqjM C26 169 A104 H167
DrER C40 181 Al16 H194
RmMER C25 166 A102 H181
XenA C25 166 Al101 H181
8.4 GC chromatograms
o rerof 22 (HPS) . » C250BTT with 22 (HP5) g w7 | whwith 22 (8GB-ATS) )
- : : .
=i J|L - N L dh

08 1 [ H 75 3 min 05 i 5 B 76 I min 0 N SRR R AR TRERE

Figure 70. Exemplarily shown achiral and chiral GC measurement with 22.

oA C25G_I67T with 24 (HPS) pa7 all variants with 24 (Lipodex-G)

6.345 - R-24b
7 6.458 - S-24b

4319- 24a

f

wi == 3,006 - 24b

Figure 71. Exemplarily shown achiral and chiral GC measurement with 24
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PA ref of 25a (HP5) PA wt with 25 (HPS)
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Figure 72. Exemplarily shown achiral and chiral GC measurement with 25.
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Figure 73. Exemplarily shown achiral and chiral GC measurement with 26.
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Figure 74. Exemplarily shown achiral GC measurement with 27. *impurity from commercial
substrate stock solution.
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Figure 75. Exemplarily shown achiral and chiral GC measurement with 28. *impurity from
commercial substrate stock solution.
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Figure 76. Exemplarily shown achiral and chiral GC measurement with 29. *impurity from
commercial substrate stock solution.
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C25G/IB7C with 30 (HP5)
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Figure 77. Exemplarily shown achiral GC measurement with 30.
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C25G/67T with 31 (Hydrodex)

a
B
o
8
il
w0

5.219-5-31b

8.172-1a

Figure 78. Exemplarily shown achiral and chiral GC measurement with 31.
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Figure 79. Exemplarily shown achiral and chiral GC measurement with 32. *impurity from
commercial substrate stock solution.
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Figure 80. Exemplarily shown achiral and chiral GC measurement with 33.
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Figure 81. Exemplarily shown achiral and chiral GC measurement with 34.
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Figure 82. Exemplarily shown achiral and chiral GC measurement with 35. *impurity from
commercial substrate stock solution.
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Figure 83. Exemplarily shown achiral GC measurement with 36.
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Figure 85. Exemplarily shown achiral and chiral GC measurement with 38.
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Figure 86. Exemplarily shown achiral and chiral GC measurement with 39. *impurity from
commercial substrate stock solution.
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Figure 87. Exemplarily shown achiral and chiral GC measurement with 40.
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Figure 88. Exemplarily shown achiral and chiral GC measurement with 41.
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8.5 Docking

Table 27. Results from RBD of substrates 11a-57a in the reduced TsER wt based on 3HG]J crystal structure. Experimental screening of substrate as (a) racemate (b)
E/Z 1:4, (c) E/Z 2:3, (d) E/Z 7:1, (e) E/Z 1:1, n.t. not tested, n.d. not detected. “would” means hydride transfer angle in a range of 80-120° and distance to the hydride

0ge

of N5 in a range of 3.00 to 4.85 A, “might” means either hydride transfer angle to small or distance to N5 to large.

Sub- Empirical Pose Glide Glide Notes Hydride transfer  distance result
strate Result Gscore Energy angle hydride N5 to
conv (%) substrate
/ ee (%)
17a 1/76S 1 -5.026 -20.847 normal pose, H-bond of H175 to C=O (1.96 A) 78.0 5.37 no hydride transfer
2 -4.963 -21.088 normal pose, H-bond of H175 to C=O (2.05 A), bad contact of Y177 to C5 82.3 5.03 no hydride transfer
3 -4.928 -18.36 new flipped pose, H-bond of R347 to C=0 (1.83 A, 2.34 A) 853 3.86 might result in R-17b
4 -4.766 -18.855 new normal pose, H-bond of R347 to C=0 (1.99 A, 224 A), bad contact of R347 to C2 74.2 5.44 no hydride transfer
5 -4.467 -19.277 flipped pose, H-bond of H175 to C=0 (2.05 A), bad contact of R347 to C4 684 4.04 might result in S-17b
24a n.c. 1 -5.232 -20.731 normal pose, H-bond of H175 to C=0O (2.09 A), bad contacts of R347 to Iso, of Y177 to C5 85.8 491 no hydride transfer
2 -5.187 -20.471 normal pose, H-bond of H175 to C=O (2.07 A), bad contacts of R347 to Iso, of Y177 to C6, of 67 ~ 91.3 4.34 no hydride transfer
to C5
3 -5.125 -21.893 normal pose, H-bond of H175 to C=0O (2.03 A), bad contacts of R347 to Iso, of Y177 to C4 and 82.3 4.87 no hydride transfer
C6
4 -4.875 -19.905 normal pose, H-bond of H175 to C=0 (2.03 A) 749 5.74 no hydride transfer
25a >99 />99R 1 -6.129 -27.949 new flipped pose, H-bond of R347 to C=O (2.78A) and of Y27 (2.16 A), H-bond of H175 to 106.4 3.52 would result in S-25b
C=00Me (1.97 A), bad contacts of H172 and A58 to OMe
2 -5.909 -25.548 normal pose, H-bond of H175 to C=O (2.02 A) and of R347 to C=OOMe (1.83 A), bad contact of ~ 81.2 4.80 no hydride transfer
Y177 to C6
3 -5.836 -27.455 new flipped pose, H-bond of R347 to C=0 (2.27A, 2.38A) of H175 to C=<OOMe (2.00 A), bad 101.9 4.01 would result in S-25b
contact of R347 to C6
R-26a* 1/rac 1 -5.13 -19.68 new normal pose, H-bond of R347 to C=O (1.87 A, 2.16 A), bad contacts of Y177 and C5CH3 87.0 5.76 no hydride transfer
2 -5.126 -20.778 new flipped pose, H-bond of R347 to C=0O (2.00 A, 222 A), bad contacts of Y177 and C3CH3s 76.2 3.89 might result in 3R,55-26b
3 -4.881 -22.511 normal pose, H-bond of H175 to C=0O (2.05 A), bad contacts of R347 to C4 and Y27 to C5CHs 76.5 5.54 no hydride transfer
4 -4.825 -20.643 flipped pose, H-bond of H175 to C=0O (2.00 A), bad contact of R347 to C4 and Y27 to C3CH> 733 3.94 might result in 3R,55-26b
5 -4.819 -20.959 flipped pose, H-bond of H175 to C=0 (2.08 A), bad contact of Y27 to C3CHs 719 4.03 might result in 3R,55-26b
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S-26a* 1/rac -5.145 -20.626 new flipped pose, H-bond of R347 to C=0O (1.97 A, 223 A), bad contacts of Y177 to C3CH3 77.2 3.95 might result in 3R,55-26b
-5.042 -19.603 new normal pose, H-bond of R347 to C=0 (2.05 A, 2.08 A), bad contacts of Y177 to C5CHs 79.7 5.75 no hydride transfer
-5.019 -20.411 new flipped pose, H-bond of R347 to C=0O (2.03 A, 221 A), bad contacts of Y177 to C3CH3 74.6 3.87 might result in 3R,55-26b
-4.71 -20.36 flipped pose, H-bond of H175 to C=O (2.07 A), bad contact of Y27 to C3CH3 70.9 4.20 no hydride transfer
-4.697 -21.116 normal pose, H-bond of H175 to C=0O (2.03 A), bad contacts of Y177 to C6, of Y27 to C5CH3 76.0 5.69 no hydride transfer
and of R347 to C4
27a 99 / achiral -5.544 -24.194 flipped pose, H-bond of H175 to C=0 (1.80 A), bad contact of H172 to CHs 105.3 3.49 productive pose
-5.535 -23.786 wrong double bond location! - - -
-5.349 -23.257 wrong double bond location! - - -
-5.241 -22.829 flipped pose, H-bond of H175 to C=O (1.90 A), bad contact of H172 to 167 99.6 3.91 productive pose
S-28a 88/83 -4.284 -19.417 H-bond of Y27 to C=0 (2.23 A) and of R347 to C=0 (2.30 A), bad contact of Y177 to C6 61.2 4.88 no hydride transfer
(isomer 2)
-4.226 -20.386 H-bond of H175 to C=O (1.81 A), bad contacts of Y177 to C5, of R347 to 4-propen-2-yl 29.1 5.79 no hydride transfer
-4.214 -19.722 flipped pose, H-bond of H175 to C=O (2.12 A), bad contacts of R347 96.2 4.32 might result in (1r,4r)-28b
(trans)
-4.21 -19.484 flipped pose, H-bond of H175 to C=0 (2.11 A), bad contacts of R347 96.4 4.35 might result in (1r,4r)-28b
(trans)
29a >99 / 93R -5.315 -18.814 flipped pose, H-bond of H175 to C=0 (1.82 A) 107.0 3.04 would result in R-29b
-5.312 -18.861 normal pose, H-bond of H175 to C=0O (2.06 A), bad contacts of Y177 to C6 and of 167 to C5 929 4.22 might result in S-29b
-4.919 -17.147 new normal pose, H-bond of R347 to C=O (1.91 A) 99.4 4.26 might result in R-29b
-4.883 -19.073 flipped pose, H-bond of H175 to C=0 (2.07 A) 729 3.87 might result in R-29b
-4.498 -16.835 new normal pose, H-bond of R347 to C=O (1.86 A, 2.66 A), bad contacts of H175 to C4 and of 772 3.98 might result in S-29b
Y27 to C2
22a >99 / 90R -6.146 -27.069 flipped pose, H-bond of H175 to C1=0 (2.04 A), H-bond of R347 (2.49 A) and Y27 (2.39 A) to 94.8 3.18 would result in R-22b
C4=0, bad contacts of Y177 to 2CHs and of 167 to 6CHs
-5.801 -24.422 flipped pose, H-bond of H175 to C1=0 (2.22 A), of R347 to C4=0 (2.27 A, 1.84 A), bad contacts 80.5 3.79 would result in R-22b
of H175 to 2CHs
-5.721 -24.852 flipped pose, H-bond of H175 to C4=0 (2.00 A), H-bond of R347 (1.85 A), 2.64 A) to C1=0,bad ~ 77.1 3.85 might result in R-22b
contact of H175 to C3 and of Y27 to 6CHs
18a >99 /91 -4.698 -20.38 new normal pose, H-bond of R347 to C=0O (1.91 A, 2.78 A), bad contact of H175 to C4 and of 86.5 5.76 no hydride transfer
(2R,5S) 167 to 5-propenyl
-4.658 -22.248 flipped pose, H-bond of H175 to C=O (1.81 A), bad contacts of R347 to 5-propenyl and of 167 105.1 3.12 would result in 2R,55-18b
to C3
-4.643 -21.217 flipped pose, H-bond of H175 to C=0O (2.09 A), bad contact of R347 to C4 74.6 3.90 no hydride transfer
-4.515 -21.006 flipped pose, H-bond of H175 to C=0 (2.10 A) 785 3.59 no hydride transfer

SEDIANAJJY g 13deyD



[4%4

30a >99 /96 -4.666 -22.814 flipped pose, H bond of H175 to C=O (1.96 A), bad contact of R347 to 5-propenyl 110.2 2.92 would result in 2R,5R-30b
(2R 5R)
-4.58 -20.936 flipped pose, H bond of H175 to C=O (2.02 A), bad contact of H175 to C6 779 3.62 no hydride transfer
-4.535 -20.91 flipped pose, H bond of H175 to C=O (2.01 A), bad contact of R347 to 5-propenyl 799 3.64 no hydride transfer
-4.504 -20.498 flipped pose, H bond of H175 to C=O (2.01 A) 75.9 3.71 no hydride transfer
-4.473 -20.82 flipped pose, H bond of H175 to C=O (2.10 A), bad contact of H175 and K107 to 5-propenyl, of ~ 74.8 3.76 no hydride transfer
167 to 2CHs
E-31a n.t. -4.874 -28.968 normal pose, H-bond of H175 to C100Me (2.07 A), and of R347 to C200Me (2.25, 2.39 A), 93.3 3.79 would result in S-31b
bad contacts of 167 to 10Me and of Y27 to 20Me
-4.87 -28.01 H-bond of H175 to C100Me (2.10 A) and of R347 to C200Me (1.83 A) 119.8 4.03 would result in S-31b
-4.804 -27.031 H-bond of H175 to CIOOMe (2.06 A) and of R347 to C200Me (2.04, 2.66 A), bad contacts of 109.7 391 would result in S-31b
167, Y177, H172 to 10Me
-4.76 -28.147 normal pose, H-bond of H175 of C1OOMe (2.06 A) and of R347 to C200Me (2.21,2.30 A), bad 869 3.86 would result in S-31b
contacts of 167 to 10Me and of R347 to 20Me
-4.71 -27.58 H-bond of H175 to CIOOMe (1.80 A) and of R347 to C200Me (1.87, 2.70 A), bad contact of 167 99.6 4.00 would result in S-31b
to 10Me
Z-31a >99 / >99R -4914 -27.325 H-bond of H175 to C1IOOMe (2.16 A), bad contacts of 167, H172, Y177 to 10Me 114.0 3.71 would result in S-31b
-4.567 -26.515 H-bond of H175 to C200Me (2.17 A), bad contacts of 167, H172, Y177 to 20Me 112.0 3.67 would result in S-31b
-4.297 -24.721 H-bond of H175 to CIOOMe (2.00 A) and to R347 of COMe2 (2.12, 2.36 A) bad contacts of 80.0 3.74 would result in R-31b
H175 to 10Me
-4.183 -22.285 H-bond of R347 to C200Me (2.23 A) and to C100OMe (1.94, 2.28 A) 103.6 3.84 would result in R-31b
-3.947 -21.361 H-bond to R347 of C1IOOMe (2.39 A) and to C200Me (1.83, 2.27 A) 89.7 4.32 no hydride transfer
32a 97 [ >99R -6.788 -32.328 H-bond of H175 to 2C=0 (1.87 A), Pi-cation of R347 to Ph, Pi-pi stacking of H175 to Ph, bad 106.4 3.11 would result in R-32b
contacts of 167 to CHs
-6.279 -30.295 H-bond of R347 to 5C=0 (1.91 A), Pi-cation of R347 to Ph, Pi-pi stacking of H175 to Ph, bad 81.1 3.63 would result in S-32b
contact of 167 to CHs and of H175 to 2C=O
-6.233 -30.252 H-bond of R347 to 5C=0 (1.87 A, 2.71 A), bad contacts of 167 to CHs and of H175 to 2C=0O 81.2 3.69 would result in S-32b
-5.969 -29.405 H-bond of R347 to 2C=0 (1.75 A), Pi-cation of R347 and H175 to Ph, Pi-pi stacking of H175 to 89.1 3.62 would result in S-32b
Ph, bad contacts of Y27 to CHs and of H175 to 5C=0
33a 99 /96R -5.235 -18.821 normal pose, H-bond of H175 to C=0O (1.84 A) 106.2 3.95 would result in S-33b
-5.06 -17.667 flipped pose, H-bond of H175 to C=0 (2.24 A) 99.5 3.22 would result in R-33b
-4.971 -18.553 flipped pose, H-bond of H175 to C=0 (2.10 A), bad contact of 167 to CHs 683 4.06 no hydride transfer
-4.711 -15.723 new normal pose, H-bond of R347 to C=0 (2.20 A, 224 A) 96.4 4.26 no hydride transfer
-4.561 -15.513 new normal pose, H-bond of R347 to C=0O (1.95 A), bad contacts of 167 to C4 and Y27 to C5 102.8 3.86 would result in R-33b
34a 14 /94S -4.945 -18.337 normal pose, H-bond of H175 to C=0O (1.90 A) 107.5 3.88 would result in R-34b
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-4.833 -17.352 flipped pose, H-bond of H175 to C=O (1.81 A), bad contact of Y27 to CHs 88.6 3.63 might result in S-34b
-4.65 -15.821 new flipped pose, H-bond of R347 to C=0 (2.14 A, 2.20 A), bad contact of Y177 to CHs 69.4 3.96 no hydride transfer
-4.467 -15.737 new normal pose, H-bond of R347 to C=0O (1.92 A), bad contact of Y27 to C4 and C5 112.0 3.58 would result in S-34b
-4.417 -16.212 new normal pose, H-bond of R347 to C=O (1.89 A, 2.25 A), bad contact of Y177 to C4 and of 96.9 4.21 no hydride transfer
H175 to CHs
35a >99 />99R -6.006 -27.45 new flipped pose, H-bond of R347 (2.31 A) and of Y27(2.34 A) to C=0, H-bond of H175 to 97.5 3.46 would result in S-35b
C=0OMe(2.10 A), bad contacts of H172 and Y177
-5.956 -26.903 new flipped pose, H-bond of R347 to C=0 (2.20 A, 2.24 A), H-bond of H175 to C=OMe (1.86 100.4 3.88 would result in S-35b
A), bad contacts of H172
-5.879 -26.279 new normal pose, H-bond of R347 to C=0O (1.87 A, 2.71 A), H-bond of H175 to C=OMe (2.20 109.6 3.74 would result in S-35b
A), bad contacts of H172
-5.53 -23.999 normal pose, H-bond of C=O to H175 (2.10 A) and C=OMe to R347 (1.87 A, 263 A), pose 98.4 4.63 might result in R-35b
would result in R-15b but the hydride transfer angle is 98°
-5.407 -24.589 flipped pose, H-bond of to C=0 (2.09 A) and of R347 to C=OMe (1.96 A, 2.24 A), bad contact of ~ 90.0 4.11 might result in R-35b
Y27 to OMe
36a 2 /n.d. -5.304 -5.304 normal pose, H-bond of H175 to C=0O (1.97 A), bad contacts of 167 and Y177 to C5 105.8 3.89 would result in 25,3R-36b
-4.993 -4.993 flipped pose, H-bond of H175 to C=0 (2.10 A), bad contacts of 167 to 2CHs and of Y27 to 3CHs ~ 68.4 4.06 no hydride transfer
-4.874 -4.874 H-bond of R347 to C=0 (1.95 A), bad contacts of Y177 to 3CHs, of 167 to C4 and of Y27 to C5 105.6 3.64 would result in 2R,35-36b
-4.814 -4.814 H-bond of R347 to C=0 (1.85 A, 2.64 A), bad contacts of Y177 to 3CHs 71.0 4.14 no hydride transfer
-4.487 -4.487 H-bond of R347 to C=0 (1.91 A, 224 A), bad contacts of Y177 and H175 to 3CHs, of Y177 to C4 96.4 4.19 no hydride transfer
19a 94 /76R -3.127 -21.613 H-bond of H175 to C=0 (1.95 A), of Y177 to OH (2.15 A) 779 3.41 no hydride transfer
-3.124 -21.703 H-bond of H175 to C=0 (1.95 A), bad contact of H172 to OMe 109.0 3.39 would result in R-19b
-3.087 -21.369 H-bond of H175 to C=O (1.84 A), bad contact of H172 to OMe 112.1 3.17 would result in R-19b
-2.956 -18.754 H-bond of R347 to C=0O (1.80 A), of R347 to OH (2.18 A), bad contact of Y27 110.1 3.33 would result in R-19b
2.732 -20.09 H-bond of R347 to C=0 (1.91 A, 2.79 A), of R347 to OH (2.35 A), bad contact of Y27 117.7 3.35 would result in R-19b
Z-37a® 94 /46S -3.938 -21.107 H-bond of H175 to C=O (1.87 A), bad contacts of Y177 and 167 to OMe 349 5.30 no hydride transfer
-3.654 -20.914 H-bond of H175 to C=0 (1.86 A), bad contacts of H172 and A58 to OMe, of R347 to C5 52.7 4.49 no hydride transfer
-3.371 -19.21 H-bond of R347 to C=0 (1.81 A), bad contacts of H172 and Y177 to C5 779 4.18 no hydride transfer
-3.346 -19.069 H-bond of R347 to C=0O (1.83, 2.38 10\), bad contacts of Y177 to C5 95.5 3.72 would result in R-37b
-3.225 -18.072 H-bond of R347 to C=0 (1.78 A), bad contacts of 167 to C5 72.8 4.55 no hydride transfer
E-37a® -4.335 -22.757 H-bond of H175 to C=0 (2.07 A), bad contacts of and 167 to OMe 36.9 5.02 no hydride transfer
-4.254 -22.909 H-bond of H175 to C=0 (2.13 A), bad contacts of and 167 to OMe 50.5 4.59 no hydride transfer
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-3.899 -20.142 H-bond of R347 to C=0 (1.83 A), bad contacts of and 167 to C5 99.3 3.19 would result in S-37b
-3.886 -22.394 H-bond of H175 to C=0 (1.84 A), bad contacts of and 167 to Cl 109.3 291 would result in R-37b
-3.807 -22.07 H-bond of H175 to C=O (1.85 A), bad contacts of and 67 to Cl and C3 90.2 3.48 would result in R-37b
E-38a¢ 60 /99S -2.791 -21.876 normal pose, H-bond of H175 to C=O (1.80 A) 110.7 3.30 would result in S-38b
-2.68 -22.907 normal pose, H-bond of H175 to C=0 (2.13 A) 88.8 4.74 no hydride transfer
-2.615 -21.242 normal pose, H-bond of H175 to C=O (1.80 A) 111.2 3.47 would result in S-38b
-2.404 -20.232 normal pose, H-bond of H175 to C=0O (2.09 A), bad contacts of 167 and Y27 to CHs 110.3 3.45 would result in S-38b
-2.189 -20.548 normal pose, H-bond of H175 to C=0O (2.01 A), bad contact of R347 to C7, C8 96.1 4.13 no hydride transfer
Z-38a¢ -3.294 -23.937 flipped pose, H-bond of H175 to C=0 (1.92 A), bad contacts of Y177 to C4 and of H175 to C8 59.2 3.97 no hydride transfer
-3.236 -23.138 H-bond of R347 (2.15 A) and of Y27 (2.06 A) to C=0, bad contacts of Y177 to C4 63.2 3.60 no hydride transfer
-3.202 -22.236 H-bond of H175 to C=0 (1.89 A), bad contacts of Y177 to C4 53.2 4.34 no hydride transfer
-3.122 -23.618 H-bond of H175 to C=0 (1.93 A), bad contacts of Y177 to C4 67.1 3.92 no hydride transfer
-2.947 -22.714 H-bond of H175 to C=0 (2.28 A) 49.3 4.37 no hydride transfer
Z-39a 92 / rac -3.887 -20.434 H-bond of R347 (2.23 A) and Y27(2.04 A) to C=0, Pi-pi stacking of H175 to Ph, bad contact of 87.2 4.86 no hydride transfer
R347 to CHs
-3.863 -21.71 H-bond of H175 to C=0 (2.10 A), bad contacts of H175 to C3 33.3 5.80 no hydride transfer
-3.33 -21.05 H-bond of H175 to C=0 (2.05 A), Pi-cation of R347 to Ph, bad contacts of K107 to Ph and of 18.1 6.23 no hydride transfer
H175, Y177 to C3
-3.279 -20.953 H-bond of H175 to C=O (2.00 A), Pi-cation of R347 to Ph, bad contacts of Y27 and R347 to Ph 53.6 4.92 no hydride transfer
-3.253 -20.08 H-bond of H175 to C=0 (1.96 A), Pi-cation of R347 to Ph 80.5 4.60 no hydride transfer
E-39a ? -5.171 -22.973 H-bond of Y27 (2.22) and of R347 (2.49) to C=O, Pi-pi stacking of H175 to Ph, Pi-cation of R347 53.4 4.27 no hydride transfer
to Ph
-5.129 -23.081 H-bond of H175 to C=0 (2.06 A), bad contacts of 167 to CHs, Pi-cation of H175 to Ph 53.7 4.19 no hydride transfer
-4.87 -21.99 H-bond of Y27 (2.00) and of R347 (2.36) to C=O, bad contact of Y27 to CHs 58.0 4.21 no hydride transfer
-4.214 -21.525 H-bond of H175 to C=0 (2.00 A), Pi-cation of R347 to Ph 63.9 4.38 no hydride transfer
Z-40a 91/>99 -4.777 -29.657 H-bond of H175 to C=0 (2.19 A) and of R347 to COOEt (2.16 A), Pi-cation of R347 to Ph 38.2 5.82 no hydride transfer
unassigned
-4.548 -29.823 H-bond of H175 to C=0 (2.00 A), Pi-cation of R347 to Ph, bad contacts of Y177, R347 and Y27 83.2 4.16 no hydride transfer
to Ph, of 167 to C3
-4.4 -29.436 H-bond of H175 to C=0 (2.41 A) and of R347 to COOEt (1.96 A), Pi-cation of R347 to Ph, bad 65.5 5.09 no hydride transfer
contacts of Y177 to C3, of 167 to CHs
-4.313 -29.017 H-bond of H175 to C=0 (2.15 A) and of R347 to COOEt (2.69 A), Pi-cation of R347 to Ph, bad 69.7 5.00 no hydride transfer

contacts of Y177 to C3, of 167 to CHs
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E-40a n.t. -5.011 -29.199 H-bond of H175 to COOEt (1.78 A), Pi-pi stacking of H175 to Ph, bad contacts of Y177, 167 and 67.6 5.81 no hydride transfer
H172 to Et
-4.365 -28.665 H-bond of R347 to COOEt (2.15 A, 2.20 A), Pi-cation of H175 to Ph 27.0 6.70 no hydride transfer
-3.963 -25.954 H-bond of R347 to C=0 (2.05 A), Pi-cation of H175 to Ph, bad contact of H175 to COOEt and of  22.2 6.94 no hydride transfer
Y177 to C3 and of 167 to Et
-3.626 -24.659 H-bond of R347 to COOEt (1.88 A), Pi-cation of H175 to Ph, bad contacts of Y177 and 167 to Et 449 6.41 no hydride transfer
-2.703 -21.147 H-bond of R347 to C=0 (2.08 A, 2.80 A), Pi-cation of H175 and R347 to Ph, bad contact of Y177 ~ 21.5 6.67 no hydride transfer
and H175 to Et and of R347 to CHs
E-41a¢ 13 />99S -4.115 -24.009 H-bond of H175 to N=O (1.96 A), Salt bridges of H175 and H172 to NO, Pi-cation of R347 to 56.1 (CB) 4.45 would result in S-41b
Ph, bad contacts of R347 and Y27 to Ph 106.9 (Cax) 3.86
-4.056 -21.912 H-bond of H175 to N=O (1.88 A), Pi-cation of K107 to Ph, bad contact of R347 to Ph 104.1 (CB) 4.08 would result in S-41b
-391 -22.12 H-bond of H175 to N=O (1.93 A), Salt bridge of H175 to NO,Pi-cation of K107 and R347 to Ph 93.8 (CB) 4.51 would result in S-41b
-3.8 -21.503 H-bond of H175 to NO (2.40 A), Salt bridge of H175 to NO (3.09 A), Pi-cation of R347 to Ph, 112.4 (CB) 4.25 would result in S-41b
bad contacts of R347 and Y27 to Ph
-3.495 -20.617 H-bond of H175 to NO (2.24 A), Salt brige of H175 and H172 to NO, bad contacts of R347 and 69.0 (CP) 4.66 would result in S-41b
Y27 to Ph 94.1 (Ca) 437
Z-41a¢ -4.615 -25.742 H-bond of R347 (2.19 A, 2.38 A) and of Y27 (1.94 A) to NO, Pi-cation of R347 to Ph, bad 56.4 (CP) 3.73 would result S-41b
contact of Y177 to CHs 102.8 (Cax) 3.18
-4.512 -24.236 H-bond of R347 (2.20 A, 227 10%) and of Y27 (1.92 A) to NO, Salt bridge of R347 to NO, Pi- 55.9 (CB) 3.95 would result S-41b
cation of H175 to Ph, bad contact of Y177 to CHs 104.7 (Cax) 3.38
-4.284 -25.797 H-bond of H175 to N=O (2.04 A), Salt bridges of H175 and H172 to NO, Pi-cation of R347 and 57.5 (CB) 4.12 would result in R-41b
H175 to Ph, bad contact of Y177 to Ph 103.9 (Cax) 3.58
-3.554 -19.327 no H-bond, salt brigde of K107 to NO, Pi-cation of K107 to Ph 154.3 7.07 no hydride transfer
-3.481 -19.365 no H-bond, salt brigde of K107 to NO, Pi-cation of K107 to Ph 156.1 6.67 no hydride transfer
E-43ac 4 /n.d. -5.181 -28.153 H-bond of H175 to C=O (2.18 A), Pi-cation of R347 to Ph, Pi-pi stacking of H175 to Ph, bad 45.3 (CP) 4.45 would result in S-43b
contacts of H172 and Y177 to OMe 119.4 (Cax) 3.63
-5.048 -27.095 H-bond of H175 to C=0 (2.07 A), bad contact of Y177 and H172 to OMe 46.1 (CP) 4.60 would result in S-43b
119.0 (Cax) 3.79
-4.785 -25.416 H-bond of Y27 (2.12 A) and of R347 (2.42 A) to C=0, Pi-pi stacking of H175 to Ph, Pi-cation of 574 (Cp) 4.38 would result in R-43b
R347 to Ph 105.3 (Cax) 3.82
-4.442 -24.456 H-bond of Y27(2.04 A) and of R347 (2.37 A) to C=0, bad contact of R347 to OMe 61.3 (CB) 4.08 would result in R-43b
99.6 (Cax) 3.63
-4.359 -23.023 H-bond of Y27(2.37 A) and of R347 (1.90 A) to C=0, of Y27 to OMe 67.1 (CB) 4.33 no hydride transfer
94.8 (Ca) 4.01
Z-43a° -4.739 -26.621 H-bond of H175 (2.28 A) to C=0, salt bridge of R347 to Br 32.8 (CB) 6.26 no hydride transfer
139.0 (Cox) 6.18
-4.246 -24.178 no H-bond, bad contact of R347 to Br 37.6 (CB) 5.37 no hydride transfer
131.4 (Ca) 4.37
-4.193 -23.585 no H-bond, salt bridge of R347 to Br, bad contact of R347 to Br 36.5 (CP) 5.39 no hydride transfer
132.9 (Ca) 437
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-4.088 -23.197 H-bond of R347 to C=0 (1.92 A, 2.73 A), Pi-cation of H175 to Ph, bad contact of H175 to Br 42.2 (CB) 6.72 no hydride transfer
128.7 (Ca) 5.79
44a n.c -5.339 -22.487 H-bond of R347 to C=0 (2.00 A, 222 A), bad contact of Y177 to CH3 75.6 3.89 no hydride transfer
-4.955 -22.257 flipped pose, H-bond of H175 to C=O (2.06 A), bad contact of Y27 to CHs 69.4 4.25 no hydride transfer
-4.701 -21.472 H-bond of R347 (1.98 A) and of Y27 (2.37 A) to C=0, bad contact of Y177 to CHs and C4, of 63.7 3.97 no hydride transfer
R347 to C6
-4.601 -20.506 flipped pose, H-bond of H175 to C=0 (2.06 A), bad contact of Y177 to C6 64.6 4.15 no hydride transfer
45a n.c -4.826 -32.291 H-bond of R347 to C=0 (2.30 A, 2.40 A) and to C=OOBu (1.90 A), bad contacts of H172, Y177, 59.5 (CB) 4.51 possible transfer
H103, 167 and A58 to Bu 103.5 (Cax) 4.00
-4.75 -31.818 H-bond of R347 to C=0 (2.20 A, 2.45 A) and of C=O0Bu (1.90 A), bad contacts of H172, Y177, 56.8 (CP) 4.60 transfer possible
A102, 167 and A58 to Bu 106.8 (Cax) 4.02
-4.09 -28.907 H-bond of H175 to C=0 (2.06 A) and of R347 to O (2.50 A) and of R347 to OBu (1.82 A, 2.78 A),  67.9 (Ca) 4.59 no hydride transfer
bad contact of Y27 to Bu 95.0 (CP) 4.27
-3.653 -26.305 ring vertical to FMN, H-bond of K107 to C=0 (2.01 A), of R347 to O (2.26 A) and of R347 (1.93 130.2 (CB) 6.89 no hydride transfer
A) and of Y27 (2.35 A) to C=00Bu, bad contacts of Y27, P113 to Bu 412 (Ca) 5.94
46a n.c -5.063 -18.103 H-bond of R347 to C=0 (1.92 A, 2.76 A), bad contact of R347 to C6 132.6 3.89 no hydride transfer
-4.839 -19.685 Double bond not above N5, H-bond of R347 (2.18 A) and of Y27 (2.25 A) to C=0, bad contact 26.2 6.80 no hydride transfer
of H175 to CHs
-4.761 -17.702 H-bond of H175 to C=0 (2.19 A), bad contact of H175 to C6 121.6 3.56 transfer possible
-4.529 -17.879 No H-bond, bad contacts of H175 to C=0, of R347 to C4, of Y177, 167 and Y27 to propanyli- 104.4 3.33 transfer possible
dene
E-42a n.c -4.38 -20.94 H-bond of R347 to N=O (1.82 A) and of Y27 to NO (2.27 A), bad contacts of Y177 to CHs, of 81.3 4.70 no hydride transfer
R347 to C1
-3.755 -21.118 H-bond of H175 to N=O (1.81 A), bad contacts of Y177 to CHs 62.0 5.54 no hydride transfer
-3.511 -21.679 H-bond of H175 to N=O (1.90 A), bad contact of R347 to double bond in ring 102.0 4.14 no hydride transfer
-3.506 -24.14 H-bond of H175 to N=O (1.99 A), bad contact of 167 and Y27 to CHs, of R347 to double bond in  109.6 3.65 transfer possible
ring
-3426 -21.115 H-bond of H175 to N=O (1.86 A), bad contact of R347 to double bond in ring 94.4 441 no hydride transfer
Z-42a n.c. -4.871 -25.994 H-bond of H175 to N=O (1.95 A), salt bridge of H172 to NO 56.1 4.17 no hydride transfer
-4.866 -22.672 H-bond of R347 to NO2 (1.93 A, 2.30 A) and of Y27 to N=0O (2.01 A), bad contacts of Y177 to 534 3.96 no hydride transfer
CHs
-4.585 -23.578 H-bond of R347 to NO (2.18 A, 2.37 A) and of Y27 to N=O (2.00 A), bad contacts of Y177 to 56.8 3.78 no hydride transfer
CHs
-4.438 -23.409 H-bond of H175 to NO (1.87 A), bad contacts of Y177 to ring 57.7 3.99 no hydride transfer
47a n.c -4.482 -31.823 H-bond of H175 to NO (2.02 A), Pi-cation of H175 and R347 to Ph, Pi-pi stacking of H175 to 53.8 4.49 no hydride transfer
Ph, salt bridge of H175 and H172 to NO, bad contacts of R347 and Y27 to Ph
-4.186 -30.136 H-bond of H175 to NO (2.01 A), Pi-cation of H175 and R347 to Ph, Pi-pi stacking of H175 to 46.9 4.81 no hydride transfer

Ph, salt bridge of H175 to NO, bad contacts of R347 and Y27 to Ph
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-4.117 -27.251 Double bond not above N5, salt bridge of NO to K107, Pi-cation of K107 to Ph and Pi-pi 134.4 8.34 no hydride transfer
stacking of H175 to Ph
-3.967 -25.917 Double bond not above N5, H-bond of K107 to N=O (2.21 A), salt bridge of K107 to NO, Pi- 132.4 8.18 no hydride transfer
cation of K107 to Ph and Pi-pi stacking of H175 to Ph
-3.515 -25.342 Double bond not above N5, H-bond of K107 to N=O (2.35 A), salt bridge of K107 and H175 to 143.8 7.41 no hydride transfer
NO, Pi-cation of K107 to Ph, of R345 to Ph and Pi-pi stacking of H175 to Ph
E-48a n.c -5.028 -29.856 H-bond of H175 to C=0 (1.96 A), of R347 to C=O0tert (2.10 1”%), bad contacts of Y177 to ring, of 121.4 4.23 no hydride transfer
Y27 to NH2
-4.848 -32.613 H-bond of R347 to C=O0tert (1.94 A, 2.24 A), bad contacts of H175 to ring, of Y177 to NH» 51.7 5.01 no hydride transfer
-4.505 -29.027 Double bond vertical to N5, H-bond of Y27 to C=O (1.95 A), of R347 to NH2 (2.12 A) and of 148.3 6.15 no hydride transfer
K107 to C=OOtert (1.96 A)
-4.293 -29.011 H-bond of H175 to C=0 (2.13 A), bad contacts of R347 to tert 1184 4.82 no hydride transfer
Z-48a n.c -5.272 -32.632 Double bond not above N5, H-bond of NH: to backbone V226 (1.9 A), bad contact of Y177 to 312 8.91 no hydride transfer
tert
-4.85 -32.921 H-bond of H175 to C=0 (2.01 A), of R347 to C=OOtert (1.91 A), bad contact of Y27 to C=OOtert ~ 65.3 4.29 no hydride transfer
-4.544 -30.795 H-bond of Y27 (2.09 A) and of R347 (2.38 A) to C=0, bad contact of R347 to NH 127.7 517 no hydride transfer
-4.322 -31.232 H-bond of H175 to C=0 (1.96 A), of R347 to C=OOtert (2.23, 2.45 A), bad contact of P113 to tert ~ 85.2 4.30 no hydride transfer
49a n.c. -4.302 -23.599 H-bond of H175 to C=0 (1.96 A) 38.2 6.05 no hydride transfer
-3.982 -21.882 H-bond of H175 to C=0 (2.11 A) 78.8 5.32 no hydride transfer
-3.835 -22.719 H-bond of H175 to C=0 (1.96 A) 70.7 5.72 no hydride transfer
-3.552 -21.271 H-bond of H175 to C=0 (1.96 A), bad contact of K107 to CHs 78.6 4.97 no hydride transfer
E-50a n.c -4.473 -25.827 H-bond of H175 to C=O (2.03 A), Pi-pi stacking of H175 to Ph, bad contact of 167 to OMe 179 5.75 no hydride transfer
-4.362 -23.885 H-bond of H175 to OMe (2.76 A), Pi-pi stacking of H175 to Ph 59.8 6.52 no hydride transfer
-4.184 -25.672 H-bond of H175 to C=0 (2.04 A) 829 5.59 no hydride transfer
-4.137 -24.345 H-bond of H175 to C=0 (2.03 A), bad contact of 167 to OMe 13.3 6.36 no hydride transfer
-4.094 -24.117 H-bond of H175 to C=0 (1.92 A), bad contact of 167 to OMe 20.0 5.80 no hydride transfer
Z-50a n.c. -4.69 -24.774 H-bond of H175 to C=0 (2.14 A), bad contact of 167, Y177 and H172 to OMe 47.6 4.42 no hydride transfer
-4.624 -22.243 H-bond of Y27 to OMe (2.14 A), of R347 to C=0 (1.87 A, 237 A), Pi-pi stacking of H175 to Ph 249 5.16 no hydride transfer
and Pi-cation of R347 to Ph
-4.377 -22.976 H-bond of H175 to C=O (2.01 A), Pi-pi stacking of H175 to Ph and Pi-cation of R347 and H175 394 5.67 no hydride transfer
to Ph, bad contact of 167 to OMe
-4.305 -23.56 H-bond of H175 to C=0 (2.00 A, Pi-cation of R347 to Ph, bad contact of 167 to OMe 66.1 3.97 no hydride transfer
-4.066 -22.337 H-bond of R347 to C=0 (1.90 A, 276 A), ), Pi-pi stacking of H175 to Ph and Pi-cation of R347 to ~ 42.6 6.27 no hydride transfer

Ph
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51a n.c. -4.861 -32.526 H-bond of Y27 (2.28 A) and R347 (1.91 A) to C1=0, of R347 (1.87 A) to C2=0, bad contact of 167  35.7 7.13 no hydride transfer
to Et
-4.652 -31.725 H-bond of Y27 (2.12 A) and R347 (2.42 A) to C1=0, of R347 to OEt (2.21 A) 359 7.22 no hydride transfer
-4.522 -31.492 H-bond of Y27 (2.76 A) and R347 (2.35 A) to C1=0, of K107 to C2=0 (2.01 A), bad contact of 445 7.75 no hydride transfer
167 to Et
-3.416 -28.981 H-bond of R347 to C1=0 (2.31 A, 2.35 A), bad contact of K107 to Ph and of Y177 to Et 344 6.70 no hydride transfer
-3.134 -24.397 H-bond of R347 to C1=0 (2.30 10\) 43.6 7.51 no hydride transfer
52a n.c -4.801 -26.521 Ph ring above N5, H-bond of Y27 (2.19 A) and R347 (2.36 A) to NO, of R347 to N=O (2.12 A), 81.0 5.86 no hydride transfer
Pi-cation of K107 to Ph, bad contact of 167 and Y27 to Ph
-4.741 -24.421 Ph ring above N5, H-bond of R347 to NO (2.12 A), of R347 to N=O (1.83 A), Pi-cation of K107 72.9 6.25 no hydride transfer
to Ph, bad contact of 167 and Y27 to Ph
-4.666 -27.721 No H-bond, Pi-cation and Pi-pi staking of H175 to Ph 93.6 5.49 no hydride transfer
-4.657 -26.651 Ph ring above N5, H-bond of R347 to NO (2.34 A), of R347 (2.32 A) and Y27 (2.27 A) to N=0O, 83.7 5.82 no hydride transfer
Pi-cation of K107 to Ph
-3.945 -24.258 Ph ring above N5, H-bond of R347 to NO (2.34 A), of R347 (2.32 A) and of Y27 (2.27 A) to 77.3 6.65 no hydride transfer
N=0O, Pi-cation of K107 to Ph
E-53a n.c -3.009 -19.737 H-bond of Y27 (1.89 A) and to R347 (2.30 A) to CN, bad contact of Y177 to C3 97.5 4.01 Might result in R-53b
-2.892 -20.008 H-bond of Y27 (2.33 A) and to R347 (2.00 A) to CN, bad contact of Y177 to C3 98.6 4.18 no hydride transfer
-1.929 -19.629 H-bond of H175 to CN (2.18 A), bad contacts of R347 to C6=C7 116.2 3.18 Might result in S-53b
-1.873 -16.566 H-bond of H175 to CN (1.93 A), bad contacts of R347 to C6=C7 and C5 53.3 4.01 no hydride transfer
Z-53a n.c -3.095 -21.778 H-bond of H175 to CN (2.12 A) 66.7 3.95 no hydride transfer
-2.946 -22.303 H-bond of H175 to CN (2.26 A) 63.0 4.09 No hydride transfer
-2.657 -21.702 H-bond of H175 to CN (2.25 A) 51.8 4.26 No hydride transfer
-2.48 -19.95 H-bond of H175 to CN (2.12 A), bad contact of C9 to backbone of G262, of Y177 to C2 799 4.30 No hydride transfer
54a n.c -3.345 -19.715 H-bond of R347 to C=0 (1.76 A), bad contact of H175 to CHs and of 167 to second CHs 86.8 3.88 No hydride transfer
-3.2 -19.458 H-bond of R347 to C=0 (2.29 A) 115.3 3.89 transfer possible
-3.192 -20.067 H-bond of H175 to C=0 (1.89 A), bad contact of R347 to CHs 75.3 6.09 No hydride transfer
-3.038 -18.262 H-bond of R347 to C=0 (1.84 A) 111.1 3.79 transfer possible
-2.998 -19.157 H-bond of R347 to C=0 (1.78 A) 112.3 3.91 transfer possible
55a n.c -3.699 -22.546 H-bond of H175 to C=0 (2.09 A), Pi-pi stacking of H175 to Ph 44.6 6.26 No hydride transfer
-3.564 -21.11 Ph vertical above N5, H-bond of Q276 to C=0 (2.48 A), Pi-cation of R347 to Ph, Pi-pi stacking 132.3 8.10 No hydride transfer
of H175 to Ph
-3.216 -18.806 H-bond of R347 to C=0 (2.09 A, 2.30 A), Pi-pi stacking of H175 to Ph 37.6 6.34 No hydride transfer
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-3.018 -19.913 H-bond of R347 to C=0 (2.00 A) and to Y27 (2.40 A), bad contact of R347 to triple bond 49.0 5.52 No hydride transfer
-2.94 -19.508 H-bond of R347 to C=0 (2.10 A), bad contact of R347 to triple bond, Pi-pi stacking of H175 to 134.4 6.14 No hydride transfer
Ph
56a n.c. -4.418 -25.233 H-bond of H175 to C=0 (2.10 A), Pi-pi stacking of H175 to Ph 42,6 6.23 No hydride transfer
-4.067 -24.425 H-bond of H175 to C=0 (1.97 A) 28.5 6.85 No hydride transfer
-3.944 -21.472 H-bond of R347 to C=0 (225 A, 2.42 A), Pi-pi stacking and Pi-cation of H175 to Ph 353 6.35 No hydride transfer
-3.898 -23.375 H-bond of H175 to C=0 (2.22 A) 44.2 6.06 No hydride transfer
-3.674 -21.548 H-bond of H175 to C=O (2.09 A), Pi-cation of R347 to Ph 499 5.73 No hydride transfer
57a n.c. -14 -20.296 H-bond of H175 to C=0 (2.06 A), bad contact of H175 to C5 30.6 6.68 No hydride transfer
-1.259 -19.985 H-bond of H175 to C=0 (2.14 A) 36.3 6.40 No hydride transfer
-1.234 -20.688 H-bond of R347 to C=0 (2.02 A), bad contact of R319 to aldehyde 110.8 7.07 No hydride transfer
-1.167 -17.281 H-bond of Y27 (1.99 A) and of R347 (2.17 A) to C=0, bad contact of H175 to C7 and of H172 to 54.1 5.34 No hydride transfer
Cc8
-1.012 -19.142 H-bond of R347 to C=0 (2.15 A), bad contact of R347 to triple bond 1241 5.74 No hydride transfer
11a n.c -5.812 -24.957 H-bond of Y27 (2.11 A) and of R347 (2.07 A) to C=0, of R347 to O (2.20 A), Pi-pi stacking of 69.8 3.70 Might be productive in S-11b
H175 to Ph, bad contact of R347 to Ph, of Y177 to CHs, of Y27 to C3
-5.801 -24.885 H-bond of Y27 (2.12 A) and of R347 (2.07 A) to C=0, of R347 to O (2.20 A), Pi-pi stacking of 69.9 3.70 Might be productive in S-11b
H175 to Ph, bad contact of R347 to Ph, of Y177 to CH3, of Y27 to C3
-5.56 -25.24 H-bond of H175 to OH (2.09 A), of Y27 to C=0 (1.87 A), Pi-pi stacking of H175 to Ph, Pi-cation ~ 48.5 6.47 No hydride transfer
of K107 to Ph, bad contacts of H175 to Ph, of R347 to C1 and C2
-5.229 -24.554 H-bond of Y27 (2.38 A) and of R347 (1.97 A) to C=0, Pi-cation of K107 to both rings, bad 829 5.30 No hydride transfer
contact of R347 to C2, of 167 to OH, of H175 to double bond
13a n.c. -6.15 -36.37 H-bond of R347 (2.05 A) to C=0 and of OH to backbone of 5260 (1.93 A), Pi-cation of H175 to 65.1 (CB) 6.72 No hydride transfer
lactone ring 103.7 (Cax) 6.27
-4.22 -28.471 H-bond of R347 (2.12 A) to C=0, bad contact of H172 to OEt, of R347 to O, of 167 to Ph 73.7 (CB) 4.74 No hydride transfer
89.7 (Ca) 4.55
-4.139 -30.54 vertical to FMN, H-bond of R347 (2.01 A) and of Y27 (2.21 A) to C=O 59.3 (CB) 6.36 No hydride transfer
109.0 (Cax) 5.79
-3.936 -29.229 vertical to FMN, H-bond of R347 (2.00 A) and to Y27 (2.22 /0\) to C=0 59.5 (CB) 6.35 No hydride transfer
108.8 (Cat) 5.79
12a n.c -6.112 -30.243 H-bond of H175 to COAc (2.27 A), of R347 to O (2.04 A), Pi-pi stacking of H175 to both rings 344 (Cp) 5.97 No hydride transfer
136.6 (Cax) 491
-5.972 -30.295 H-bond of R347 to C=0 (2.12 A), Pi-pi stacking of H175 to both rings, bad contact of H175 to 30.2 (CB) 6.66 No hydride transfer
COAc 142.7 (Cax) 5.53
-5.772 -28.967 vertical to FMN, H-bond of K107 (2.16 A) to COAc, of OH to backbone of Q276 (1.82 A), Pi-pi 26.4 (CB) 8.63 No hydride transfer
stacking of H175 to both rings, Pi-cation of H175 and R347 to lactone-ring 149.0 (Cor) 7.44
-5.095 -27.865 H-bond of H175 to C=Ac (1.99 A), Pi-cation of K107 to both rings, bad contacts of 167 to CHs, 87.2(CB) 4.28 No hydride transfer
of R347 to Ph 74.9 (Ca) 4.42
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-4.835 -25.285 H-bond of R347 to C=0 (2.16 A), bad contact of 167 to CHs, of R347 to O 68.8 (CP) 4.89 No hydride transfer
952 (Ca) 458
14a n.c -5.527 -25.857 H-bond of Y27 (2.17 A) and of R347 (2.13 A) to C=0, Pi-cation of K107 to both Ph rings, Pi-pi 53.6 4.31 No hydride transfer
stacking of H175 to both Ph, bad contacts of Y177 to CHs
-5.427 -27.745 vertical to FMN 96.7 10.55 No hydride transfer
-5.276 -26.531 vertical to FMN, with double bond above N5 100.3 6.10 No hydride transfer
-4.85 -25.046 vertical to FMN 50.5 6.69 No hydride transfer
-4.714 -24.666 H-bond of R347 to O (1.97 A) 96.0 4.11 No hydride transfer
16a n.c -5.403 -24.415 vertical to FMN, H-bond of K107 to C=0 (2.05 A), Pi-cation of R347 to lactone ring and Ph, Pi- 116.6 5.63 No hydride transfer
pi stacking of H175 to middle ring
-5.295 -28.098 vertical to FMN with third ring above N5 82.8 10.66 No hydride transfer
-5.262 -26.592 H-bond of H175 to C=O (1.81 A), Pi-cation of H175 to all rings, Pi-pi stacking of H175 to 77.5 3.84 No hydride transfer
second Ph, bad contact of Y27 to CHs
-5.199 -25.586 vertical to FMN, H-bond of K107 to C=0 (2.11 A), Pi-cation of R347 to lactone ring and Ph, Pi- 133.3 6.39 No hydride transfer
pi stacking of H175 to middle ring
-5.108 -24.583 H-bond of Y27 (2.15 A) and of R347 (2.03 A) to C=0, of R347 to O (2.42 A), Pi-cation of K107 to 63.4 3.94 No hydride transfer
middle ring, Pi-pi stacking of H175 to middle ring
15a n.c. -5.664 -33.633 H-bond of H175 to C=OOH (2.01 A), Pi-cation of K107 to all rings 28.1 (CP) 5.83 No hydride transfer
144.1 (Ca) 468
-5.437 -31.549 Vertical to FMN 31.7 (CB) 7.62 No hydride transfer
142.0 (Cax) 6.50
-5.079 -32.52 H-bond of H175 to C=<OOH (2.02 A), Pi-cation of K107 to all rings 77.1 (CB) 4.67 No hydride transfer
86.0 (Ca) 4.56
-4.879 -30.856 H-bond of H175 to C=OOH (2.44 A), bad contacts of R347 to lactone 71.2 (CP) 4.84 No hydride transfer
92.5 (Cax) 4.59
-4.825 -30.416 H-bond of H175 to C=OOH (2.00 A), Pi-cation of K107 and R347 to lactone 82.0 (CB) 4.65 No hydride transfer
81.2 (Ca) 4.66
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Table 28. Results from RBD of Substrates 11a-57a in the reduced TsER C25G/167T variant, created with PyMOL Mutagenesis Wizard on crystal structure 3HG]J. Ex-
perimental screening of substrate as (a) racemate (b) E/Z 1:4, (c) E/Z 2:3, (d) E/Z 7:1, (e) E/Z 1:1, n.t. not tested, n.d. not detected. “would” means hydride transfer
angle in a range of 80-120° and distance to the hydride of N5 in a range of 3.00 to 4.85 A, “might” means either hydride transfer angle to small or distance to N5 to
large.

1¥c

Sub- Empirical Pose Glide Glide Notes Hydride transfer ~ distance result
strate Result Gscore Energy angle hydride N5 to
conv (%) substrate
/ ee (%)
17a 49 /74S 1 -5.372 -21.501 H-bond of H175 to C=0 (1.93 A), bad contact of Y177 to C2 85.7 4.44 no hydride transfer
2 -5.341 -20.514 normal pose, H-bond of H175 to C=0 (2.01 A), bad contacts of Y177 to C5 and of Y27 to C4 107.9 3.29 would result in R-17b
3 -5.239 -22.275 flipped pose, H-bond of H175 to C=0 (1.81 A) 102.1 3.46 would result in S-17b
4 -5.137 -21.769 normal pose, H-bond of H175 to C=O (1.87 A), bad contacts of Y177 to C5 87.1 5.00 no hydride transfer
5 -5.125 -20.6 normal pose, H-bond of H175 to C=0O (1.89 A), bad contacts of Y177 to C6 94.2 4.11 no hydride transfer
24a 36 /99S 1 -5.831 -22.351 flipped pose, H-bond of H175 to C=O (1.74 A), bad contact of T67 to Iso and Y27 to C4 102.7 3.57 would result in S-24b
2 -5.496 -21.964 normal pose, H-bond of H175 to C=0 (2.15 A), bad contact of Y177 to C5 and Y27 to Iso and 103.1 3.43 would result in R-24b
C4
3 -5.251 -21.063 normal pose, H-bond of H175 to C=0O (2.08 A), bad contacts of Y177 to C6 and Y27 to C4 and 96.0 4.04 no hydride transfer
R347 to Iso
4 -5.184 -20.743 normal pose, H-bond of H175 to C=O (1.95 A), bad contact of R347 to Iso 80.7 5.34 no hydride transfer
5 -5.131 -21.405 normal pose, H-bond of H175 to C=0O (2.15 A), bad contact of Y177 to C5 and Y27 to Iso and 99.3 3.63 would result in R-24b
C4
25a >99 / 88S 1 -6.306 -28.271 H-bond of Y27 to C=0 (2.03 A), H-bond of H175 to C=OOMe (2.02 A), flipped pose, bad 102.4 3.44 would result in S-25b
contacts of R347 to C6 and H172 to OMe
2 -5.68 -26.441 H-bond of H175 to C=OOMe (2.00 A) 115.5 4.00 would result in R-25b
3 -5.323 -24.429 new flipped pose, H-bond of R347 to C=O (2.17 A, 2.38 A), H-bond of H175 to C=OOMe (1.92 93.9 5.13 no hydride transfer
A), bad contacts of R347 to C6
4 -5.311 -23.067 normal pose, H-bond of H175 to C=0O (1.92 A), H-bond of R347 to C=O0OMe (2.04 A, 2.56 A) 79.6 5.65 no hydride transfer
5 -5.036 -23.939 H-bond of H175 to C=O0OMe (2.09 A) 83.0 4.47 no hydride transfer
R-26a* 53 /isomer1 1 -5.634 -23.899 flipped pose, H-bond of H175 to C=O (1.73 A), bad contact of Y27 to C4 100.9 3.49 would result in 3R,55-26b
2 -4.938 -22.525 normal pose, H-bond of H175 to C=0 (1.98 A) 76.4 5.49 no hydride transfer
3 -4.787 -20.916 flipped pose, H-bond of H175 to C=O (1.98 A), bad contact of Y27 to C3CH3 71.7 391 might result in 3R,55-26b
S-26a* 53 /isomerl 1 -5.481 -22.23 normal pose, H-bond of H175 to C=O (1.79 A), bad contacts of Y177 to C6 and Y27 to C4 100.1 3.85 would result in 3R,55-26b
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2 -5.453 -24.157 flipped pose, H-bond of H175 to C=0 (1.82 A) 103.7 3.45 would result in 35,55-26b

[474

3 -4.878 -21.403 normal pose, H-bond of H175 to C=0 (2.09 A), bad contact of R347 to C4 69.0 6.33 no hydride transfer
4 -4.87 -21.753 normal pose, H-bond of H175 to C=0O (1.99 A), bad contact of Y177 to C6 76.7 5.50 no hydride transfer
5 -4.841 -20.639 flipped pose, H-bond of H175 to C=0 (2.04 A) 65.2 4.10 no hydride transfer
27a 99 / achiral 1 -5.658 -24.295 H-bond of H175 to C=0 (1.79 A), bad contact of Y177 to C7 107.6 3.31 productive pose
2 -5.506 -24.163 wrong double bond location - - no hydride transfer
3 -5.464 -23.821 H-bond of H175 to C=0 (2.08 A) 104.2 3.52 productive pose
4 -5.253 -22.865 wrong double bond location - - no hydride transfer
5 -4.921 -20.706 No interactions 92.6 3.44 productive pose
S-28a 25/17 1 -5.051 -24.559 no H-bonds, bad contacts of Y177 to C6, of T67 and D71 to 4-propenyl and of A58 to C5 96.1 3.53 would result in (1s,4s)-28b
(isomer 1) (trans)
2 -4.683 -25.428 wrong double bond position - - no hydride transfer
3 -4.559 -20.644 flipped pose, H-bond of H175 to C=0 (1.81 A) 107.8 3.46 would result in (1r,4r)-28b
(trans)
4 -4.519 -22.494 wrong double bond position - - no hydride transfer
5 -4.481 -20.273 flipped pose, H-bond of H175 to C=0 (1.86 A), bad contacts of R347 and Y177 to 4-propenyl 1115 3.49 would result in trans-28b
29a >99 /14S 1 -5.324 -20.534 H-bond of H175 to C=0O (2.07 A), bad contact of Y177 to C6 87.5 3.59 no hydride transfer
2 -5.143 -19.808 normal pose, H-bond of H175 to C=0O (1.98 A), bad contact of Y27 to C5 92.3 4.55 no hydride transfer
3 -5.116 -20.992 flipped pose, H-bond of H175 to C=0 (1.84 A) 102.1 3.36 would result in R-29b
4 -5.086 -20.101 normal pose, H-bond of H175 to C=O (1.89 A), bad contacts of Y177 to C6 and Y27 to C4 95.8 4.10 might result in S-29b
22a 88 /88R 1 -6.432 -27.162 H-bond of H175 to C1=0 (1.92 A), of Y27 to C2=0 (2.03 A), bad contact of Y177 to CH3 60.6 3.73 no hydride transfer
2 -5.992 -25.638 H-bond of C2=0 to H175 (1.80 A), of C1=0 to Y27 (2.11 A), bad contact of Y177 to Iso, of Y27 to  104.0 3.34 would result R-22b
3 -5.069 -21.987 S-—ll):i)nd of C2=0 to H175 (1.86 A), bad contact of Y27 to CH3 733 4.25 no hydride transfer
4 -5.043 -21.708 H-bond of C2=0 to H175 (1.94 A), of C1=0 to Y27 (2.29 A), bad contact of Y177 to Iso, of Y27 to  69.6 4.07 no hydride transfer
5 -4.881 -21.763 f{il)?;nd of C2=0 to H175 (1.93 A), of C1=0 to Y27 (2.32 A), bad contact of Y177 and H175 to 65.4 4.16 no hydride transfer
Iso
18a 87 /88 1 -5.156 -25.243 H-bond of H175 to C=0 (2.15 A), bad contacts of Y177, T67 and A58 to 4-propenyl 81.3 3.76 might result in 25,55-18b
2559 2 -5.102 -22.286 H-bond of H175 to C=0 (2.16 A), bad contacts of Y177 to C6 and of T67, D71 to 4-propenyl 92.6 3.22 would result in 25,55-18b
3 -5.001 -26.019 no productive pose 138.3 5.25 no hydride transfer
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-4.796 -22.373 flipped pose, H-bond of H175 to C=0O (2.04 A), bad contacts of Y177 to C5, of R347 to 4- 102.4 3.46 would result in 2R,55-18b
propenyl
-4.742 -22.756 flipped pose, H-bond of H175 to C=0 (2.14 A), bad contacts of Y27 to C4 and of R347 to 4- 103.6 3.51 would result in 2R,55-18b
propenyl
30a 98 /98 -5.529 -25.942 normal pose, H-bond of H175 to C=0O (2.23 A), bad contacts of H172 to C6, of 167 to 4-propenyl ~ 98.4 3.09 would result in 2S,5R-30b
(2R,5R)
-5.18 -24.722 normal pose, H-bond of H175 to C=O (2.17 A), bad contacts of H172 to C6, of 167 to 4-propenyl ~ 95.3 3.49 would result in 25,5R-30b
-5.053 -22.631 flipped pose, H-bond of H175 to C=0 (2.03 A), bad contacts of Y177 to C6, of R347 to 4- 1114 3.28 would result in 2R,5R-30b
propenyl
-4.694 -21.375 flipped pose, H-bond of H175 to C=0O (2.01 A), bad contacts of R347 to 4-propenyl 87.6 3.65 might be 2R,5R-30b
E-31a n.t. -4.711 -27.688 H-bond of H175 to C1=0 (1.93 A), of Y27 to 20Et (2.18 A) 102.8 3.54 would result in R-31b
-4.556 -26.115 H-bond of H175 to C2=0 (2.15 A), of Y27 to 10Et (2.09 A), bad contact of Y27 to CH> 114.4 3.15 would result in R-31b
-4.056 -24.581 H-bond of H175 to C2=0 (2.05 A), of Y27 to 10Et (1.98 A) 62.7 5.51 no hydride transfer
-4.038 -25.884 H-bond of H175 to C2=0 (2.28 A), bad contact of R347 to 10Et 48.8 4.48 no hydride transfer
-3.982 -24.272 H-bond of H175 to C2=0 (2.19 A) 121.3 4.10 no hydride transfer
Z-31a 97 /96R -4.58 -27.781 H-bond of H175 to C2=0 (2.19 A) 65.5 3.84 no hydride transfer
-4.163 -25.375 H-bond of H175 to C1=0 (2.44 A) 116.6 3.83 would result in S-31b
-3.992 -25.004 H-bond of H175 to C1=0 (1.91 A), bad contacts to Y177 89.0 3.62 no hydride transfer
-3.937 -24.944 H-bond of H175 to C1=0 (1.93 A), bad contacts of Y177 to 10Et 88.0 4.57 no hydride transfer
-3.77 -23.884 H-bond of H175 to C1=0 (2.56 A) 104.3 3.81 would result in S-31b
32a 99 />99R -6.42 -31.224 H-bond of H175 to 2C=0 (1.96 A), bad contact of H172 to Ph 104.4 3.42 would result in R-32b
-6.417 -31.916 H-bond of H175 to 2C=0 (2.06 A), Pi-cation of R347 to Ph 110.0 3.39 would result in R-32b
-6.337 -32.827 H-bond of H175 to 2C=0 (2.19 A), Pi-cation of R347 to Ph, Pi-pi stacking of H175 to Ph 98.3 3.39 would result in R-32b
-6.304 -32.484 H-bond of H175 to 2C=0 (2.21 A) 96.4 3.43 would result in R-32b
33a 99 /80R -5.301 -19.748 normal pose, H-bond of H175 to C=O (1.94 A), bad contact of Y177 to C5 97.4 3.31 would result in S-33b
-5.068 -19.621 normal pose, H-bond of H175 to C=0O (1.80 A), bad contact of Y177 to C5 106.4 3.95 would result in S-33b
-5.055 -19.725 flipped pose, H-bond of H175 to C=0 (2.16 A) 102.5 3.39 would result in R-33b
34a n.c. -5.256 -19.888 flipped pose, H-bond of H175 to C=0 (1.85 A) 108.9 3.51 would result in 5-34b
-5.029 -19.587 normal pose, H-bond of H175 to C=O (1.86 A) 106.6 3.91 would result in R-34b
-4.824 -18.262 flipped pose, H-bond of H175 to C=0 (1.86 A) 81.7 3.99 no hydride transfer
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35a >99 /90S -5.874 -25.146 normal pose, H-bond of H175 to C=0 (1.86 A),bad contacts of Y177 to C5, of R347 and Y27 to 111.2 3.65 would result in R-35b
OMe
-5.736 -25.817 H-bond of H175 to C=O0OMe (1.82 A) 103.3 3.89 would result in R-35b
-5.404 -24.934 H-bond of H175 to C=<OOMe (2.15 A) 115.1 4.03 no hydride transfer
-5.341 -24.891 new flipped pose, H-bond of H175 to C=OOMe (2.15 A) 101.2 3.53 would result in S-35b
-5.253 -23.948 new flipped pose, H-bond of H175 of C=OOMe (1.96 A), of R347 to C=0 (2.36 A) 83.6 4.59 no hydride transfer
36a 2 /n.d. -5.351 -21.295 normal pose, H-bond of H175 to C=O (1.87 A) 107.0 3.92 would result in 2S,3R-36b
-5.32 -21.861 flipped pose, H-bond of H175 to C=0 (2.15 A) 109.2 3.51 would result in 2R,35-36b
-5.2 -19.79 flipped pose, H-bond of H175 to C=0 (1.85 A) 83.3 3.71
19a 11/79R -3.232 -19.346 no productive pose 314 5.69 no hydride transfer
-3.189 -23.478 H-bond of H175 to C=0 (1.98 A) 104.8 3.21 would result in S-19b
-3.162 -22.371 H-bond of H175 to C=0 (1.80 A), of Y177 to OH (2.03 A) 522 5.18 no hydride transfer
-2.879 -20.138 no productive pose 63.5 4.82 no hydride transfer
-2.581 -20.411 no productive pose 25.6 5.91 no hydride transfer
Z-37ab 37 /92R -3.962 -23.712 H-bond of H175 to C=0 (1.80 A), bad contact of A58 to C4 and Y177 to C5 96.3 (Cax) 3.91 would result in R-37b
654 (Cp) 4.26
-3.541 -23.654 No H-bond, salt bridge of H175 to Cl 57.3 (Ca) 4.07 would resultin R-37b
103.8 (CB) 3.52
-3.529 -21.149 Bad contact of H172, Y177 and A102 to OMe 94.7 (Cax) 4.21 No hydride transfer
67.9 (CP) 4.52
-342 -22.514 No H-bond, salt bridge of H175 to Cl 56.2 (Ca) 4.12 would result in R-37b
105.2 (CB) 3.55
-3.39 -21.519 No H-bond, salt bridge of H175 to Br, bad contacts of H172 to Cl and of T67 to OMe 68.8 (Cax) 4.06 would result in R-37b
91.8 (CB) 3.78
E-37ab -3.999 -23.746 H-bond of H175 to C=0O (1.92 A), bad contacts of H172 and Y177 to C4 and C5 84.9 (Cax) 3.56 would result in R-37b
73.7 (CB) 6.70
-3.801 -21.606 Salt bridge of H175 to Cl, bad contact of T67 to C4 81.8 (Cax) 4.02 No hydride transfer
789 (CB) 4.05
-3.663 -21.567 H-bond of H175 to C=0 (2.12 A), bad contacts of H172 to OMe, of H175 to C4 113.2 (Cax) 3.77 would result in S-37b
50.7 (CP) 4.48
-3.628 -22.689 H-bond of H175 to C=0 (1.89 A), bad contact of Y177 to OMe 67.8 (Ca) 4.47 No hydride transfer
94.6 (CP) 4.16
-3.226 -21.257 Bad contact of D71 to C5 89.6 (Cax) 4.50 No hydride transfer
73.6 (CP) 4.69
E-38ac 49 /94S -3.497 -26.877 H-bond of H175 to C=0 (1.77 A), bad contacts of Y27,T67 to C4, of A58 to C5, of A102, A104 91.2 3.54 Would result in R-38b

and A60 to C8
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-3.004 -25.291 H-bond of Y27 to C=0 (2.47 A), bad contacts of Y177 to CHs, of T67,D71 and A58 to C6-C8 63.0 3.63 No hydride transfer
-2.932 -24.409 No H-bond, bad contacts of Y177, A58 and T67 58.4 3.89 No hydride transfer
-2.705 -26.177 No H-bond, bad contacts of H175, T67, A58, D71 and G65 94.1 3.95 Would result in R-38b
-2.701 -21.995 H-bond of H175 to C=0 (1.85 A) 105.1 3.32 Would result in S-38b
Z-38a° -3.284 -23.725 H-bond of H175 to C=0 (2.07 A) 55.8 4.05 No hydride transfer
-2.957 -25.867 No productive pose 153.2 5.27 No hydride transfer
-2.906 -24.849 No productive pose 145.4 4.53 No hydride transfer
-2.5 -25.721 No productive pose 74.0 5.05 No hydride transfer
-2.405 -24.137 No productive pose 147.5 4.94 No hydride transfer
Z-39a 94 [ rac -4.443 -21.239 H-bond of H175 to C=0 (1.96 A), bad contacts of H172 to C3, of Y177, T67, D71 and A58 to Ph 51.2 4.76 No hydride transfer
-4.337 -22.942 No H-bond, bad contact of Y177 to C3 69.8 4.08 No hydride transfer
-3.856 -22.146 No H-bond, bad contact of Y177 to Ph 96.9 3.81 Would result in S-39b
-3.8 -21.557 H-bond of H175 to C=0 (2.05 A), Pi-cation of R347 to Ph, bad contact of Y27 and P113 to Ph 68.6 4.35 No hydride transfer
-3.748 -20.3 H-bond of R347 to C=0 (2.37 A), Pi-pi stacking of Y177 to Ph 113.4 4.00 Would result in S-39b
E-39a ? -5.087 -23.938 H-bond of H175 to C=0 (1.93 A), bad contact of Y177 to Ph 68.4 4.07 No hydride transfer
-5.053 -24.678 H-bond of H175 to C=O (1.94 A), Pi-cation of H175 and R347 to Ph, Pi-pi stacking of H175 to 54.9 4.73 No hydride transfer
-4.943 -25.455 E}:) productive pose 157.8 4.96 No hydride transfer
-4.832 -18.309 H-bond of H175 to C=O (1.84 A), bad contact of T67 and D71 to Ph 103.2 3.38 Would result in S-39b
-4.265 -21.373 H-bond of H175 to C=0 (2.17 A),Pi.cah'on of R347 to Ph, bad contact of Y27 to Ph 83.8 4.94 No hydride transfer
Z-40a 90 />99 -4.702 -30.064 No H-bond, Pi-cation and Pi-pi stacking of H175 to Ph, bad contacts H175 and Y177 to 29.2 5.51 No hydride transfer
unassigned C=0O0Et
-4.564 -24.359 H-bond of R347 to C=OOEt and of Y27 to C=OOMe, Pi-cation and Pi-pi stacking of H175 to 80.3 5.46 No hydride transfer
Ph, bad contacts of R347 to Et
-3.592 -27.976 Pi-cation of K107 to Ph 742 6.85 No hydride transfer
-3.247 -25.612 H-bond of Y27 to C=OOMe (2.68 A), Pi-cation of K107 to Ph 46.6 6.90 No hydride transfer
-3.206 -23.966 H-bond of R347 to C=OO0Et (2.26, 2.44 A), Pi-cation of K107 to Ph 21.1 7.62 No hydride transfer
E-40a n.t. -5.12 -29.793 Pi-cation of R347 to Ph, Pi-pi stacking of H175 to Ph, bad contacts of T67, A58 to Et, of Y27 to 46.6 4.56 No hydride transfer
C=0O0Me
-4.532 -28.622 Pi-cation of R347 to Ph, Pi-pi stacking of H175 to Ph, bad contacts of Y177 to C3 374 5.45 No hydride transfer
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-4.196 -26.653 H-bond of Y27 to C=OOMe (2.03 A) 56.8 6.50 No hydride transfer
-3.692 -26.264 H-bond of R347 to C=OOMe (1.75, 2.54 A), of Y27 to C=OOEt (2.04 A) 65.2 6.55 No hydride transfer
-3.22 -25.372 Pi-cation of K107 to Ph 474 7.03 No hydride transfer
E-41a¢ 64 />99R -4.454 -24.06 H-bond of H175 to N=O (2.01 A), salt bridges of H175 (4.68 A) and H172 (4.68 A) to NO 69.4 4.13 No hydride transfer
-4.125 -20.228 salt bridge of R347 to NO (4.08 A) 78.1 3.79 No hydride transfer
-4.124 -20.116 salt bridge of H175 to NO (3.60 A) 90.9 4.03 Might result in S-41b
-4.098 -22.234 H-bond of H175 to NO (2.27 A), salt bridges of H175 (3.15 A) and H172 (4.98 A) to NO, bad 69.2 4.50 No hydride transfer
contacts of Y177 and Y27 to Ph, R347 to CHs
-4.035 -20.126 salt bridge of H175 to NO (3.09 A), bad contact of Y177 to Ph 106.0 3.58 Would result in R-41b
Z-41ad -4.533 -26.794 H-bond of H175 to N=0O (1.92 A), salt bridge of H175 and H172 to NO, Pi-cation of R345 and 59.3 4.09 No hydride transfer
H175 to Ph, Pi-pi stacking of H175 to Ph
-3.933 -21.865 H-bond of Y27 to NO (1.86 A), salt bridge of R347 to NO, Pi-cation of R345 and H175 to Ph, 51.9 3.82 No hydride transfer
bad contact of Y177 to CHs and Ph
-3.582 -20.251 H-bond of Y27 to N=O (2.15 A), salt bridge of R347 to NO, Pi-cation of H175 to Ph, bad contact ~ 60.3 4.10 No hydride transfer
of Y177 to CHs
-3.029 -18.148 H-bond of R347 to N=O (2.66 A), of K107 to NO, Pi-cation of R347 to Ph, Pi-pi stacking of Y27 125.4 7.37 No hydride transfer
to Ph
E-43a° 3/n.d. -4.548 -25.971 No H-bond, Pi-cation of K107 to Ph, bad contact of Y177 to C3, of D71 to OMe 86.0 (Cax) 4.04 No hydride transfer
75.1 (CB) 4.17
-4.403 -26.155 H-bond of H175 to C=OOMe (2.12 A), bad contacts of Y177 to OMe, of H175 to Br, Pi-cation of 84.8 (Ca) 4.93 No hydride transfer
R347 to Ph 79.5 (CB) 4.99
-4.391 -25.569 Bad contacts of Y27 to OMe, of A58 and T67 to Br 85 (Ca) 4.14 No hydride transfer
76.4 (CP) 425
-4.319 -26.047 H-bond of H175 to C=<OOMe (2.48 A), Pi-cation of H175 to Ph, bad contact of Y177 to OMe, of 128.7 (Cax) 4.05 No hydride transfer
Y27 to Br 39.1 (CP) 5.01
-4.299 -25.615 Pi-cation of K107 to Ph, Bad contact of H172 and A102 to OMe 46.4 (Ca) 3.86 Would result in R-43b
115.1 (CB) 3.09
Z-43ac -4.977 -27.063 H-bond of T67 to OMe (2.11 A), bad contact of A104 to Me, of Y177 to C3 80.1 (Cax) 4.76 No hydride transfer
83.5 (CB) 4.72
-4.757 -28.131 H-bond of H175 to Br (2.15 A), bad contacts of H172 to Br, of T67 to Me 74.1 (Ca) 4.04 Might result in S-43b
86.3 (CB) 3.89
-4.507 -28.599 H-bond of H175 to Br (2.15 A), Pi-cation of R347 to Ph, bad contacts of H172 to Br, of T67 to 84.6 (Cax) 4.18 No hydride transfer
Me 486 (CP) 427
-4.384 -25.487 H-bond of H175 to Br (1.87 A), bad contact of T67 to Me 90.6 (Cax) 4.02 No hydride transfer
70.8 (CP) 4.26
-4.381 -23.528 H-bond of R347 to C=0 (2.36 A), Pi-pi stacking of Y177 to Ph 529 (Ca) 4.74 Would result in S-43b
1117 (CB) 4.07
44a n.c -5.493 -21.803 New flipped pose, H-bond of Y27 to C=0O (2.19 A), bad contact of Y177 64.0 3.67 No hydride transfer
-5.215 -21.204 Flipped pose, H-bond of H175 to C=0 (1.92 A), bad contacts of Y177 and Y27 106.1 3.32 Productive pose
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-4.975 -20.463 Flipped pose, bad contacts of Y177 and Y27 1111 3.74 Productive pose
-4.939 -19.956 Flipped pose, H-bond of H175 to C=0 (1.93 A), bad contact of Y177 and R347 95.7 3.37 Productive pose
-4.779 -20.819 No productive pose, vertical to FMN 120.5 7.02 No hydride transfer
45a n.c -4.825 -32.267 New flipped pose, H-bond of R347 to C=0 (2.25, 2.50 A), of H175 to C=O0OBu (1.73 A), bad 78.1 (CB) 4.92 No hydride transfer
contacts of Y177, Y27 and T67 to Bu 85.9 (Car) 4.83
-4.58 -27.871 New flipped pose, bad contacts of Y177, Y27 and T67 to Bu 63.8 (CB) 3.97 transfer possible
96.3 (Car) 3.59
-4.503 -30.707 New flipped pose, H-bond of H175 to C=OOBu (2.06 A), bad contacts of Y177, Y27 and T67 to 54.6 (CP) 4.58 transfer possible
Bu 109.1 (Car) 3.95
-4.453 -30.211 New flipped pose, H-bond of H175 to C=OO0Bu (1.71 A), bad contacts of H172, Y27 and T67 to  73.0 (CB) 4.93 No hydride transfer
Bu 91.0 (Ca) 471
-3.935 -30.426 New flipped pose, H-bond of H175 to C=<OOBu (2.61 A), bad contacts of H172, Y27 and T67 to ~ 74.0 (CP) 4.45 No hydride transfer
Bu 88.2 (Cat) 428
46a n.c -5.942 -23.746 Flipped pose, H-bond of H175 to C=O (1.84 A), bad contact of Y177 to C3 and of A58 and T67 81.2 3.83 No hydride transfer
to propan-2-ylidene
-5.929 -23.617 Normal pose, H-bond of H175 to C=O (1.85 A), bad contact of Y27 to C3 and of A58 to CHs 57.6 4.49 No hydride transfer
-5.461 -22.331 Flipped pose, H-bond of H175 to C=0 (1.93 A), bad contact of Y177 and H175 to C6 87.8 3.38 No hydride transfer
E-42a n.c. -4.37 -27.502 No productive pose 152.8 5.03 No hydride transfer
-4.148 -27.06 Salt bridge of H175 to NO, bad contacts of Y177, T67, Y27 and D71 to ring 90.3 3.70 transfer possible
-4.052 -26.865 Salt bridge of H175 to NO, bad contacts of Y177, T67, A58 and D71 to ring 62.2 3.80 No hydride transfer
-3.695 -22.726 Salt bridge of H175 to NO, bad contacts of Y177, T67, A58 and D71 to ring 74.1 4.01 No hydride transfer
-3.656 -20.435 Salt bridge of R347 to NO, Pi-cation of H175 to NO: 98.0 5.47 No hydride transfer
Z-42a n.c. -4.71 -25.001 H-bond of H175 to NO (1.78 A), salt bridge of H172 and H175 to NO 52.6 4.48 No hydride transfer
-4.619 -24.811 H-bond of H175 to NO (1.93 A), salt bridge of H172 and H175 to NO 62.0 3.95 No hydride transfer
-4.285 -24.041 H-bond of H175 to N=O (2.20 A), salt bridge of H172 NO 66.3 3.85 No hydride transfer
-4.092 -21.422 No productive pose 164.2 6.02 No hydride transfer
-3.939 -25.875 No productive pose 156.2 5.37 No hydride transfer
47a n.c -4.693 -33.076 H-bond of H175 to N=O (2.00 A), salt bridge of H172 and H175 to NO, Pi-cation of R347 and 56.5 4.34 No hydride transfer
H175 to Ph, Pi-pi stacking of H175 to Ph, bad contact of Y177, Y27 and P113 to second Ph
-4.518 -27.49 H-bond of R347 to NO (2.30 A), salt bridge of R347 to NO, Pi-cation of R347 to Ph, Pi-pi 107.2 4.07 transfer possible
stacking of H175 to second Ph, bad contact of Y177, Y27 and P113 to second Ph
-4.475 -25.894 Salt bridge of R347 to NO, Pi-cation of R347 to Ph, Pi-pi stacking of Y177 to second Ph, bad 60.9 3.83 No hydride transfer
contact of Y177, Y27 and T67 to second Ph
-3.686 -27.697 Salt bridge of H175 to NO, Pi-cation of R347 to Ph 67.8 4.60 No hydride transfer
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E-48a n.c. -5.101 -32.704 H-bond of H175 to C=0 (1.85 A) 1271 5.06 No hydride transfer
-5.057 -30.013 H-bond of H175 to C=0 (1.88 A), of R347 to C=00tert (1.95 A), bad contact of H175 to tert 133.8 4.70 No hydride transfer
-5.027 -32.62 H-bond of H175 to C=0 (1.84 A) 112.9 456 No hydride transfer
-4.452 -29.532 No productive pose 157.7 6.17 No hydride transfer
Z-48a n.c. -5.163 -31.678 H-bond of Y27 to C=0 (2.13 A), bad contact of H175 to tert 126.7 5.33 No hydride transfer
-5.04 -31.423 H-bond of Y27 to C=0 (1.87 A) 128.2 5.06 No hydride transfer
-4.945 -30.342 H-bond of Y27 to C=0 (2.06 A), bad contact of R347 to tert 121.5 4.52 No hydride transfer
-4.733 -30.15 H-bond of H175 to C=0 (2.08 A), bad contact of Y177 to ring 136.6 6.30 No hydride transfer
-4.195 -25.443 No productive pose, vertical to FMN 148.5 5.92 No hydride transfer
49a n.c -4.195 -21.569 H-bond of H175 to C=0 (2.20 A) 37.3 6.79 No hydride transfer
-4.138 -23.36 H-bond of H175 to C=0 (2.00 A), bad contacts of K107 and H175 403 6.46 No hydride transfer
-4.005 -22.519 H-bond of H175 to C=0 (1.85 A) 71.8 5.66 No hydride transfer
-4.001 -22.223 H-bond of H175 to C=0 (1.92 A), bad contacts of K107, R347 and H175 29.6 6.41 No hydride transfer
-3.215 -19.973 H-bond of H175 to C=0O (1.73 A), bad contacts of K107, R347 and H175 88.6 4.96 No hydride transfer
E-50a n.c -5.118 -25.152 H-bond of H175 to C=0 (1.96 A), bad contacts of Y177, G65, D71 and A58 to Ph 83.7 4.51 No hydride transfer
-5.031 -28.25 H-bond of T67 to OMe (2.21 A), bad contact of H175 to Ph, of G65 backbone to Me 175.0 4.63 No hydride transfer
-4.329 -23.373 Pi-pi stacking of H175 to Ph, bad contact of A58 and D71 to Me 45.0 3.81 No hydride transfer
-4.227 -22.315 H-bond of R347 to C=0 (2.39 A), Pi-pi stacking of Y177 to Ph 102.0 4.19 No hydride transfer
Z-50a n.c. -4.852 -28.052 H-bond of H175 to C=O (1.89 A), Pi-cation of R347 and H175 to Ph, Pi-pi stacking of H175 to 55.1 4.71 No hydride transfer
-4.802 -27.103 ;}:{bond of H175 to C=0 (1.94 A) 63.9 3.93 No hydride transfer
-4.169 -24.808 H-bond of H175 to C=0 (1.87 A), Pi-cation of R347 to Ph 82.1 4.99 No hydride transfer
51a n.c -5.018 -32.572 Pi-cation of H175 and R347 to Ph, Pi-pi stacking of H175 to Ph, bad contact of R347 and Y27 to ~ 44.9 4.69 No hydride transfer
-4.815 -32.605 Ic’)i}j:;tion of H175 and R347 to Ph, bad contact of Y27 to 10Et, of Y177 to 20Et 375 5.33 No hydride transfer
-4.812 -30.606 H-bond of R347 to 1C=0 (2.13 A, 2.39 A), of Y27 to 2C=0 (2.27 A), Pi-cation and Pi-pi stacking 72.2 5.29 No hydride transfer
of H175 to Ph
-4.566 -26.968 Bad contacts of Y27 to 10Et and of Y177 to 20Et 60.2 4.52 No hydride transfer
-4.085 -30.476 H-bond of R347 to 1C=0 (2.00 A), Pi-pi stacking of H175 to Ph, bad contact of K107 to 1Et and 58.5 7.16 No hydride transfer

of Y27 to 2Et
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52a n.c. -4.828 -28.745 Pi-cation and Pi-pi stacking of H175 to Ph 94.1 5.48 No hydride transfer
-4.63 -26.113 H-bond of Y27 to N=O (1.95 A), salt bridge of R347 to NO, Pi-cation of K107 to Ph 86.7 5.12 No hydride transfer
-4.552 -23.292 H-bond of H175 to N=O (1.65 A), salt bridge of H175 to NO, Pi-cation of K107 to Ph and Pi-pi 97.3 4.23 No hydride transfer

stacking of Y177 to Ph, bad coontact of Y27 to Ph
-4.396 -25.361 H-bond of Y27 to NO (2.06 A), Pi-cation of K107 to Ph, salt bridge of R347 to N=0O, bad contact 84.3 5.67 No hydride transfer
of Y27 to Ph

E-53a n.c. -3.282 -23.818 Bad contacts of Y177 and Y27 139.6 4.15 No hydride transfer
-3.103 -24.437 H-bond of H175 to CN (1.98 A), bad contacts of Y27, Q57, A58, T67 and Y177 61.4 3.82 No hydride transfer
-2.612 -24.369 bad contacts of Y27, Q57, A58, T67 and Y177 56.6 3.79 No hydride transfer
-2.578 -23.308 No productive pose 151.7 4.59 No hydride transfer
-2.337 -24.828 bad contacts of Y27, Q57, A58, T67 95.9 3.89 transfer possible

Z-53a n.c. -3.209 -23.35 H-bond of H175 to CN (2.20 A) 68.0 3.85 No hydride transfer
-3.063 -23.275 H-bond of H175 to CN (2.20 A) 62.8 4.05 No hydride transfer
-2.786 -22.785 H-bond of H175 to CN (2.20 A) 55.7 4.30 No hydride transfer
-2.785 -21.172 H-bond of H175 to CN (2.20 A) 52.8 4.16 No hydride transfer
-2.097 -24.087 No productive pose 80.2 5.45 No hydride transfer

54a n.c -4.068 -25.964 H-bond of H175 to C=0 (1.88 A) 59.6 4.11 No hydride transfer
-4.013 -27.396 H-bond of H175 to C=0 (2.11 A) 722 3.81 No hydride transfer
-3.918 -25.394 H-bond of H175 to C=0 (1.87 A) 38.8 4.81 No hydride transfer
-3.845 -26.974 H-bond of H175 to C=0 (2.12 A) 722 3.81 No hydride transfer
-3.527 -25.133 H-bond of H175 to C=0 (2.15 A) 90.4 4.43 No hydride transfer

55a n.c -3.856 -20.395 H-bond of H175 to C=0 (2.30 A), bad contact of Y177, G65, T67 and A58 to Ph 61.3 4.64 No hydride transfer
-3.85 -22.931 Pi-pi stacking of H175 to Ph 94.7 3.85 transfer possible
-3.601 -21.491 Pi-pi-stacking of Y177 to Ph 120.6 4.37 No hydride transfer
-3.59 -22.624 H-bond of H175 to C=0 (2.01 A), Pi-pi stacking of H175 to Ph 47.1 6.15 No hydride transfer
-3.354 -21.831 Bad contact of H175 to Ph 117.2 4.32 No hydride transfer

56a n.c -4.387 -25.461 H-bond of H175 to C=0 (1.91 A), Pi-pi stacking of H175 to Ph 46.7 6.13 No hydride transfer
-4.367 -24.846 Bad contact T67 to CH3 111.2 4.80 No hydride transfer
-4.264 -23.731 Pi-pi stacking of H175 to Ph 79.8 3.98 No hydride transfer
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-4.011 -24.116 H-bond of H175 to C=0 (2.02 A) 34.6 6.80 No hydride transfer
-3.619 -23.257 H-bond of H175 to C=0 (2.21 A) 39.2 6.43 No hydride transfer
57a n.c -2.068 -22.429 Bad contact of Y177, T67, A104 and A58 93.0 3.43 transfer possible
-1.971 -22.673 H-bond of H175 to C=0 (1.91 A), bad contact of Y27, T67, A104 and A58 91.9 3.37 transfer possible
-1.931 -21.542 H-bond of H175 to C=0 (2.13 A), bad contact of Y27, D71, Q57 86.6 3.59 no hydride transfer
-1.925 -22.571 Bad contact of D71, G25 and A58 773 3.92 no hydride transfer
-1.791 -25.344 H-bond of H175 to C=0 (1.99 A), bad contact of Y27, D71, Q57 88.3 3.38 no hydride transfer
11a n.c -5.898 -25.864 H-bond of Y27 to C=0 (2.08 A), bad contact of H175 to C6, of R347 to C2 79.1 4.71 no hydride transfer
-5.493 -26.035 Pi-pi stacking of Y177 to Ph 117.4 4.01 transfer possible
-5.491 -25.07 Pi-pi stacking of Y177 to Ph, bad contact of H172 to C6 82.8 4.52 no hydride transfer
-5.477 -24.709 Vertical to FMN 105.3 6.53 no hydride transfer
-5.285 -24.44 Vertical to FMN 100.5 6.68 no hydride transfer
13a -6.249 -30.823 H-bond of H175 to C=0 (1.79 A), of D71 to OH (1.81 A), Pi-pi stacking of Y177 to lactone, bad 116.8 3.07 Would result in R-13b
contact of R347 to OEt, of T§7 to C7
-5.492 -33.889 H-bond of H175 to O (2.76 A), bad contact of H172 to C=0, of R347 to C6, of D71 to OEt 95.3 3.16 Would result in S-13b
-5.349 -32.004 H-bond of R347 to C=OOEt (2.32 A), Pi-pi stacking of Y177 to Ph 84.7 4.52 no hydride transfer
-5.311 -30.915 H-bond of D71 to OH (2.65 A), Pi-pi stacking of Y177 to Ph 82.6 4.36 no hydride transfer
-5.09 -31.307 H-bond of R347 to C=00Et (2.26 A), Pi-pi stacking of Y177 to Ph 91.8 4.71 no hydride transfer
12a -7.464 -31.473 H-bond of H175 to C=0 (1.82 A), of D71 to OH (1.81 A), Pi-pi stacking of Y177 to lactone, bad 1129 3.02 Would result in R-12b
contact of T67 to C7 . .
-7.268 -30.045 H-bond of H175 to C=O (1.82 A), of D71 to OH (1.82 A), Pi-pi stacking of Y177 to lactone, bad 113.0 3.01 Would result in R-12b
contact of T67 to C7 ) )
-6.098 -26.796 H-bond of H175 to C=OAc (2.18 A), of D71 to OH (1.75 A), bad contacts of T67, D71 to C7,C8 36.6 4.88 no hydride transfer
-5.886 -28.206 H-bond of R347 to C=OAc (2.22 A), Pi-pi stacking of Y177 to Ph 86.2 4.62 no hydride transfer
-5.737 -27.374 Bad contact of H172 and Y27 to Ph 112.8 3.12 Would result in R-12b
14a -5.803 -25.473 Pi-pi stacking of H175 to lactone 133.4 4.33 no hydride transfer
-5.381 -27.943 Vertical to FMN to Ph ring above N5 98.6 10.35 no hydride transfer
-5.092 -26.655 Vertical to FMN to double bond above N5 100.6 5.88 no hydride transfer
-5.023 -24.712 Vertical to FMN to C=O above N5 43.9 6.32 no hydride transfer
-4.788 -23.701 Vertical to FMN to double bond above N5 106.2 5.83 no hydride transfer
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16a 1 -6.427 -26.922 H-bond of Y27 to C=0 (2.14 A), Pi-pi stacking of Y177 to second Ph 79.2 4.70 no hydride transfer
2 -5.434 -25.025 Vertical to FMN to double bond above N5 124.5 5.67 no hydride transfer
3 -5.201 -27.164 Vertical to FMN to Ph ring above N5 844 10.45 no hydride transfer
4 -4.979 -24.918 Vertical to FMN to double bond above N5 102.9 5.69 no hydride transfer
5 -4.469 -23.614 Vertical to FMN to Ph ring above N5 99.5 11.05 no hydride transfer
15a 1 -5.248 -30.082 Vertical to FMN to double bond above N5 62.6 6.72 no hydride transfer
2 -5.042 -31.908 H-bond of H175 to C=O0H (2.03 A), Pi-cation of K107 and R347 to both Ph 66.6 5.55 no hydride transfer
3 -4.539 -29.339 Vertical to FMN to double bond above N5 64.2 6.79 no hydride transfer
4 -4.372 -29.618 H-bond of H175 to C=OOH (1.99 A), Pi-cation of K107 to lactone and Ph, Pi-pi stacking of 314 6.12 no hydride transfer
H175 to 2Ph )
5 -4.209 -30.151 H-bond of H175 to C=OOH (2.02 A), Pi-cation of K107 and R347 to Ph and lactone 81.5 4.99 no hydride transfer

Table 29. Results from RBD of Substrates 11a-57a in the TsER C25D/I67T variant, created with PyYMOL Mutagenesis Wizard on crystal structure 3HGJ. Experimental
screening of substrate as (a) racemate (b) E/Z 1:4, (c) E/Z 2:3, (d) E/Z 7:1, (e) E/Z 1:1, n.t. not tested, n.d. not detected. “would” means hydride transfer angle in a

range of 80-120° and distance to the hydride of N5 in a range of 3.00 to 4.85 A, “might” means either hydride transfer angle to small or distance to N5 to large.

Sub- Empirical Pose Glide Glide Notes Hydride transfer  distance result
strate Result Gscore Energy angle hydride N5 to
conv (%) substrate
/ ee (%)
17a 95 /93R 1 -4.583 -22.715 normal pose, H-bond of H175 to C=0O (1.90 A), bad contact of Y177 to C5 83.9 4.95 no hydride transfer
2 -4.42 -22.941 normal pose, H-bond of H175 to C=O (1.80 A), bad contact of Y177 to C6 81.4 4.83 might result in R-17b
3 -4.289 -20.867 flipped pose, H-bond of H175 to C=0 (2.01 A), bad contact of Y27 to CH3 683 3.91 no hydride transfer
4 -3.553 -20.313 no H-bond 108.3 3.68 would result in S-17b
24a 29 /99R 1 -4.487 -22.981 normal pose, H-bond of H175 to C=O (1.80 A), bad contact of Y177 to C6 and of R347 to Iso 80.9 4.84 no hydride transfer
2 -4.44 -20.758 normal pose, H-bond of H175 to C=0O (1.83 A), bad contact of Y177 to C5 and R347 to Iso and 100.5 3.84 would result in R-24b
of D25 to C4, C5
3 -4.285 -21.224 normal pose, H-bond of H175 to C=O (1.86 A), bad contact of Y177 to C5 and D25 to C4, C5 91.0 3.98 would result in R-24b
4 -4.17 -22.017 normal pose, H-bond of H175 to C=0 (2.21 A), bad contact of Y177 to C5 and D25 to C4, C5 89.9 3.92 might result in R-24b
25a >99 / >99R 1 -5.482 -30.445 new flipped pose, H-bond of R347 to C=0O (2.02 A), of H175 to C=OOMe (2.07A), bad contact 58.6 (CP) 3.89 would result in S-25b
of Y177 to OMe and of R347 to C6 101.3 (Cax) 3.39
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-5.191 -26.226 new flipped pose, H-bond of R347 to C=0O (2.18 A, 2.32 A), H-bond of H175 to C=OOMe (1.96 98.6 (CP) 5.11 would result in R-25b
A), bad contact of D25 to OMe and of R347 to C6 67.2 (Cax) 5.48
-4.85 -28.651 H-bond of H175 to OMe (2.04 A), bad contacts of R347 to C6, Y177 to OMe and Y27 to C5, 116.5 (CB) 3.92 would result in S-25b
485 (Ca) 4.69
-4.809 -24.058 normal pose, H-bond of H175 to C=O (1.84 A), H-bond of R347 to C=OOMe (2.10 A, 2.41 A) 77.4 (CB) 5.29 no hydride transfer
87.7 (Ca) 5.17
-4.616 -24.035 normal pose, H-bond of H175 to C=0O (1.99 A), H-bond of R347 to C=O0OMe (2.23 A, 2.26 A) 77.6 (CP) 5.55 no hydride transfer
88.2 (Ca) 5.42
R-26a* 51/74 -4.48 -22.178 flipped pose, H-bond of H175 to C=0 (1.99 A), bad contact of Y27 to C3CH; 70.2 3.88 might result in 3R,55-26b
(isomer 2)
-4.439 -22.73 normal pose, H-bond of H175 to C=0O (2.04 A), bad contact of Y27 to C3CHs 70.6 5.58 no hydride transfer
-4.426 -22.388 H-bond of Y27 to C=0 (1.96 A), flipped pose, bad contact of Y177 to C3CH: 69.5 3.62 no hydride transfer
-4.316 -22.385 flipped pose, H-bond of H175 to C=0 (1.92 A), bad contact of Y27 to C3CH; 72.0 3.85 no hydride transfer
-3.584 -21.038 no H-bond 108.0 3.72 would result in 3R,55-26b
S-26a* 51/74 -4.423 -21.618 normal pose, H-bond of H175 to C=O (1.94 A), bad contact of Y27 73.0 6.03 no hydride transfer
(isomer 2)
-4.399 -21.811 flipped pose, H-bond of H175 to C=0 (1.91 A), bad contact of Y27 to C3CHs 739 3.82 might result in 35,55-26b
-4.383 -22.172 H-bond of Y27 to C=0 (1.99 A), flipped pose, bad contact of Y177 to C3CH; 70.6 3.62 might result in 3R,55-26b
-4.347 -21.347 flipped pose, H-bond of H175 to C=0 (2.03 A), bad contact of Y27 to C3CHs 63.6 4.06 no hydride transfer
-3.611 -21.694 no H-bond 108.3 3.70 would result in 35,55-26b
27a 99 / achiral -4.797 -26.755 Wrong double bond location - - -
-4.585 -26.47 Flipped pose, H-bond of H175 to C=0 (2.20 A) 103.6 3.31 Productive pose
-3.948 -18.286 H-bond of R347 to C=0 (2.19 A) 102.0 4.64 no hydride transfer
-3.928 -17.951 H-bond of R347 to C=0 (2.01 A) 108.8 4.90 no hydride transfer
-3.743 -17.955 H-bond of R347 to C=0 (2.08, 2.47 A) 90.7 5.55 no hydride transfer
S-28a 84 /27 -4.16 -22.824 flipped pose, H-bond of H175 to C=0 (1.70 A), bad contact of Y27 to C4 and D25 to C3 105.6 3.27 would result in (1r,4r)-28b
(isomer 2) (trans)
-3.46 -19.512 flipped pose, no H-bond, bad contacts of H175 to C6, R347 to 4-propenyl 90.4 3.67 would result in (1r,4r)-28b
(trans)
-3.185 -20.697 flipped pose, no H-bond 88.9 3.49 might result in (1r,4r)-28b
(trans)
-3.161 -20.136 flipped pose, no H-bond 874 3.59 might result in (1r,4r)-28b
(trans)
29a >99 / 5R -4.483 -21.164 normal pose, H-bond of H175 to C=O (1.95 A), bad contact of Y177 and D25 to C5 92.3 4.35 no hydride transfer
-4.323 -18.739 normal pose, H-bond of H175 to C=0O (2.16 A), bad contact of Y177 to C5 84.8 5.13 no hydride transfer

SEDIANAJJY g 13deyD



€q¢

-4.319 -22.464 flipped pose, H-bond of H175 to C=0 (1.85 A) 93.1 3.43 would result in R-29b
-4.27 -19.147 normal pose, H-bond of H175 to C=O (1.83 A), bad contact of Y177 to C5, D25 to C4, C5 101.8 3.81 would result in S-29b
22a >99 /92R -5.427 -29.096 Flipped pose, H-bond of H175 to C1=0 (1.97 A), of Y27 to C2=0 (2.26 A) 90.4 3.61 Would result in R-22b
-4.845 -25.394 Flipped pose, H-bond of Y27 to C2=0 (2.01 A) 96.1 3.29 Would result in R-22b
-4.705 -23.098 Flipped pose, H-bond of H175 to C2=0 (2.06 A), of R347 to C1=0( 2.26, 2.31 A) 54.4 4.75 no hydride transfer
-4.505 -22.675 Flipped pose, H-bond of H175 to C2=0 (1.95 A) 67.8 4.01 no hydride transfer
-4.473 -23.114 Flipped pose, H-bond of H175 to C2=O (1.86 A), bad contact of Y27 and D25 to CH3 813 3.67 no hydride transfer
18a >99/92 -3.922 -23.735 flipped pose, H-bond of H175 to C=0 (2.03 A), bad contact of Y27 and R347 to 4-propenyl, D25  96.0 3.80 would result in 2R,55-18b
(2R,55) to C3 .
-3.888 -24.21 flipped pose, H-bond of H175 to C=O (1.83 A), bad contact of R347 to 4-propenyl, D25 to C3 93.2 3.63 would result in 2R,55-18b
-3.849 -25.083 flipped pose, H-bond of H175 to C=0 (1.83 A), bad contact of R347 to 4-propenyl, D25 to C3 92.6 3.66 would result in 2R,55-18b
-3.814 -23.654 flipped pose, H-bond of H175 to C=0O (1.97 A), bad contact of D25 to CHs 91.2 3.38 would result in 2R,55-18b
30a >99 /96 -4.139 -23.669 Flipped pose, H-bond of H175 to C=0 (1.83 A) 95.0 3.68 Would result in 2R,5R-30b
(2R,5R) ]
-4.006 -23.201 Flipped pose, H-bond of H175 to C=O (1.79 A) 88.0 3.50 no hydride transfer
-3.92 -22.675 Flipped pose, H-bond of H175 to C=0 (1.90 A) 94.4 3.63 Would result in 2R,5R-30b
-3.561 -23.755 Flipped pose, H-bond of H175 to C=0 (1.89 A) 919 3.40 Would result in 2R,5R-30b
E3la  nt -4.088 -29.853 H-bond of H175 to C=0 (1.96 A), of Y27 to OMe (2.18 A) 98.9 3.56 Would result in S-31b
-3.937 -24.497 H-bond of H175 to C=0 (1.92 A), of R347 to C=0 (1.96 /0\) 85.4 5.12 no hydride transfer
-3.584 -26.255 H-bond of H175 to C=0 (1.79 A), of R347 to C=0 (2.45 A) to OMe (2.44 A) 75.3 4.78 no hydride transfer
-3.358 -26.364 H-bond of H175 to C=0 (2.12 A) 119.6 3.97 Would result in S-31b
-3.255 -25.954 H-bond of H175 to C=O (1.83 A), bad contact of R347 to OMe 98.5 3.93 Would result in R-31b
Z-31a >99 / >99R -4.24 -30.845 H-bond of H175 to C=0 (2.10 A) 64.1 3.88 no hydride transfer
-3.615 -26.106 H-bond of H175 to C=0 (1.99 A) 82.2 4.68 no hydride transfer
-3.424 -27.61 H-bond of H175 to C=0 (1.94 A), bad contact of Y177 to OMe 84.2 3.60 no hydride transfer
-3.309 -25.409 H-bond of H175 to C=0 (2.00 A), bad contact of Y177 and Y27 to Me 89.4 3.87 might result in S-31b
32a >99 / >99R -5.31 -33.915 H-bond of H175 to C=0 (1.89 A), Pi-cation of R347 and H175 to Ph and Pi-pi stacking of H175 91.2 3.40 Would result in R-32b
-4.978 -33.751 S—il(’)lnd of H175 to C=0 (2.00 A), Pi-cation of R347 and H175 to Ph and Pi-pi stacking of H175 89.2 3.40 Would result in R-32b

to Ph
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-4.936 -29.788 H-bond of R347 to C=0 (2.26, 2.46 A), Pi-cation and Pi-pi stacking of H175 to Ph 113.8 4.12 no hydride transfer
-4.898 -26.981 H-bond of R347 to C=0 (2.73, 2.78 A), of H175 to C=0 (1.96 A), Pi-cation and Pi-pi stacking of 57.8 4.45 no hydride transfer
H175 to Ph

-4.097 -25.391 No hydride transfer, Ph above FMN 107.1 8.36 no hydride transfer

33a 91/88R -4.453 -21.322 normal pose, H-bond of H175 to C=0O (1.84 A) 102.6 3.86 would result in S-33b
-4.261 -21.475 flipped pose, H-bond of H175 to C=O (1.84 A) 97.5 3.33 would result in R-33b
-4.228 -19.364 normal pose, H-bond of H175 to C=0O (2.07 A), bad contact of Y177 and D25 to C4 79.3 3.73 no hydride transfer
-4.044 -15.94 normal pose 94.2 4.83 no hydride transfer

34a 9/57R -4.383 -21.242 normal pose, H-bond of H175 to C=O (1.89 A), bad contact of D25 to C4 102.6 3.83 would result in R-34b
-4.201 -19.039 flipped pose, H-bond of H175 to C=O (1.84 A), bad contacts of Y27 to CH3 883 3.56 would result in S-34b
-3.417 -17.877 no H-bond, bad contact of D25 to CH3 and C4 107.1 3.83 would result in S-34b
-3.39 -16.188 no H-bond 111.7 3.58 would result in S-34b

35a >99 />99R -5.711 -30.308 H-bond of C=0 to Y27 (1.99 A), H-bond of C=OOMe to H175 (1.87 A), bad contact of D25 to 95.8 3.39 would result in S-35b
-5.162 -27.122 S(?f;al pose, H-bond to H175 (1.86 A), bad contact of D25 to C4, R347 to OMe 108.5 3.71 would result in R-35b
-4.894 -25.577 new flipped pose, H-bond of R347 to C=0 (2.33 A, 2.41 A), of H175 to C=OOMe (1.78 A) 85.4 4.68 would result in R-35b
-4.6 -26.804 H-bond to H175 (2.19 A) 115.9 3.90 would result in S-35b

36a 2 /n.d. -4.645 -22.868 normal pose, H-bond of H175 to C=0O (1.90 A) 103.1 3.83 would result in 25,3R-36b
-4.33 -21.256 flipped pose, H-bond of H175 to C=O (1.83 A), bad contact of Y27 to 3CHs 88.4 3.57 might result in 2R,35-36b
-4.172 -19.466 flipped pose, H-bond of H175 to C=0 (1.75 A), bad contact of Y27 to 3CH> 86.3 3.81 no hydride transfer
-4.113 -16.475 normal pose, H-bond of H175 to C=0O (1.90 A), bad contact of Y27 and D25 to 3CH3s 90.8 3.68 would result in 25,3R-36b
-3.384 -16.968 bad contact of H175 to 2CHs 112.3 3.60 would result in 2R,35-36b

19a 98 /975 -3.16 -26.859 flipped pose, H-bond of H175 to C=0 (1.84 A), of D25 to OH (1.84 A) 89.3 3.48 might result in S-19b
-3.001 -24.767 H-bond of H175 to C=0 (1.83 A), H-bond of D25 to OH (2.02 A) 69.7 3.98 no hydride transfer
-2.826 -23.365 flipped pose, H-bond of H175 to C=0 (2.15 A), H-bond of D25 to OH (1.75 A) 60.3 4.59 no hydride transfer
-2.646 -23.971 flipped pose, H-bond of H175 to C=O (2.01 A), bad contact of D25 71.1 4.02 no hydride transfer
-2.555 -24.218 flipped pose, H-bond of H175 to C=0 (1.82 A), bad contact of Y177 922 3.64 would result in S-19b

Z-37ab 51/5R -3.192 H-bond of H175 to C=0 (1.82 A), bad contact of Y177 to C5, of D25 to C4 96.3 (Cax) 3.87 would result in R-37b
-2.596 bad contacts of H175 to Cl, of Y177 and T67 to C5 106.8 (CP) 3.46 would result in R-37b
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-2.534 H-bond of Y27 to OMe (2.37 A), bad contacts of Y177, T67 and D25 to C5 107.2 (CB) 3.23 would result in R-37b
-2.51 bad contact of H175 and H172 to Cl, of Y177 and D25 to C5 112.6 (CB) 3.34 would result in R-37b
-2.489 bad contact of H175 and H172 to Cl, of Y177 and D25 to C5 89.1 3.79 might result in R-37b
E-37a® -3.377 H-bond of H175 to C=0 (1.93 A), bad contact of Y27 to C5 90.0 4.18 no hydride transfer
-3.22 H-bond of H175 to C=0 (2.39 A) 128.9 (Ca) 4.24 no hydride transfer
-3.127 H-bond of H175 to C=0 (2.06 A) 115.1 3.77 Would result in S-37b
-3.106 H-bond of H175 to C=0 (2.00 A) 86.3 3.66 no hydride transfer
-2.444 bad contact of D25 to C3 and C5, of Y27 to Cl 949 3.12 Would result in S-37b
E-38a¢ 70/99S -2.643 H-bond of H175 to C=0 (1.83 A) 100.1 3.64 would result in S-38b
-2.543 H-bond of H175 to C=0 (1.70 A) 102.7 3.59 would result in S-38b
-2.198 bad contacts of H172, Y177, A102, G65, T67, D71 and D25 925 3.81 would result in R-38b
Z-38a° -3.00 H-bond of H175 to C=0 (2.22 A) 53.4 3.92 no hydride transfer
-2.566 H-bond of Y27 to C=0 (1.71 A) 65.8 3.46 no hydride transfer
-2.53 H-bond of H175 to C=0 (2.24 A) 75.0 3.60 no hydride transfer
-2.508 H-bond of H175 to C=0 (2.24 A), bad contact of Y177 to C4 51.3 4.10 no hydride transfer
-1.926 H-bond of H175 to C=0 (2.00 A), bad contact of Y177 to C4, of H175 to C5 70.0 3.61 no hydride transfer
Z-39a 47 [ rac -3.534 H-bond of H175 to C=0 (2.20 A) 342 6.04 no hydride transfer
-2.984 H-bond of H175 to C=0 (2.07 A), Pi-cation of R347 to Ph, bad contact of Y27 and D25 to Ph 60.2 4.52 no hydride transfer
-2.764 bad contact of H172 to CHs 99.5 3.62 would result in S-39b
-2.755 bad contact of H175 to Ph 48.3 4.54 no hydride transfer
E-39a ? -4.774 H-bond of H175 to C=0 (1.78 A) 75.5 4.12 no hydride transfer
-4.64 H-bond of H175 to C=0 (2.05 A), Pi cation of H175 and R347 to Ph, Pi-pi stacking of H175 to 424 5.07 no hydride transfer
-4.621 E}jbond of H175 to C=0 (1.83 A), Pi cation of R347 to Ph, Pi-pi stacking of H175 to Ph, bad 61.9 4.53 no hydride transfer
contact of D25 to CH3 )
-4.48 H-bond of H175 to C=0 (2.12 A), bad contact of T67 to Ph 67.1 4.26 no hydride transfer
-3.738 H-bond of H175 to C=0 (2.02 A), Pi cation of R347 to Ph 58.8 4.59 no hydride transfer
Z-40a 88 />99 -4.374 H-bond of R347 to C=O0Et (2.17, 2.36 A), of Y27 to C=OAc (2.07 A), Pi-cation and Pi-pi stack- 80.0 5.16 no hydride transfer
unassigned ing of H175 to Ph, bad contact of K107 to Et )
-4.331 H-bond of R347 to C=OOEt (2.16, 2.40 A), of Y27 to C=OAc (2.07 A), Pi-cation and Pi-pi stack- 819 5.17 no hydride transfer
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ing of H175 to Ph

-4.312 H-bond of R347 to C=OOEt (2.26 A), of Y27 to C=OAc (2.15 A), bad contact of K107 to Et 50.4 6.82 no hydride transfer
-3.275 Pi-contact of K107 to Ph 73.8 6.89 no hydride transfer
E-40a n.t. -3.996 H-bond of R347 to C=OAc (2.20, 2.58 A), Pi-cation and Pi-pi stacking of H175 to Ph 47.8 5.73 no hydride transfer
-3.713 H-bond of Y27 to C=OAc (2.36 A), of K107 to C=OOEt (2.38 A) 342 7.36 no hydride transfer
-3.326 H-bond of R347 to C=OAc (2.06, 2.63 A), of Y27 to C=OOEt (2.01 A) 61.0 6.70 no hydride transfer
-3.296 bad contact of Y177 to Et 31.0 5.98 no hydride transfer
E-41a¢ 28 />99S -4.162 -20.203 salt bridge of K107 to NO (3.09 A) 119.2 7.96 no hydride transfer
-4.16 -20.521 no H-bond or salt bridge, NO: shows in direction of R347 66.5 4.36 no hydride transfer
-4.037 -21.277 H-bond of H175 to N=O (2.14 A), salt bridge of H175 to NO (4.87 A) 78.0 5.44 no hydride transfer
-3.692 -20.995 salt bridge of D25 to N=O (4.89 A), Pi-cation of Y177 and NO: 90.2 3.80 would result in S-41b
-3.1 -21.001 salt bridge of R347 to NO (4.34 A) 127.2 4.50 no hydride transfer
Z-41ad -4.153 -24.36 H-bond of H175 to N=O (1.91 A), salt bridge of H175 and H172 to NO, Pi-cation of H175 and 579 4.08 no hydride transfer
R347 to Ph, Pi-pi stacking of°H175 to Ph
-3.376 -22.872 H-bond of Y27 to NO (1.84 A), salt bridge of R347 to NO, Pi-cation of R347 to Ph 56.8 3.69 no hydride transfer
-2.849 -19.083 salt bridge of K107 to NO, Pi-cation of K107 to Ph 157.1 6.44 no hydride transfer
E-33ac 4 /n.d. -4.014 -21.743 H-bond of H175 to C=0 (2.46 A), Pi-cation of H175 to Ph, bad contact of Y27 to Br 130.6 3.93 no hydride transfer
-3.923 -23.132 Pi-cation of H175 to Ph, bad contact of Y27 to Br 131.0 4.09 no hydride transfer
-3.886 -24.333 H-bond of H175 to C=0 (2.19 A), Pi-cation of R347 to Ph, bad contact of H175 to Br 75.8 5.02 no hydride transfer
-3.784 -21.435 no productive pose 121.4 8.50 no hydride transfer
-3.257 -23.049 no productive pose 153.7 5.54 no hydride transfer
Z-43ac -4.347 -25.034 H-bond of H175 to C=0O (1.96 A), bad contact of Y177 to Br 95.3 5.79 no hydride transfer
-4.194 -19.036 H-bond of H175 to C=0 (2.39 A), bad contact of H175 to C3 147.7 5.38 no hydride transfer
-3.707 -23.319 H-bond of H175 to C=0 (2.39 A), Pi-pi stacking of Y27 to Ph, bad contact of Y177 and Y27 to 83.7 4.00 might result in R-23b
Ph, of H172 and A58 to OMe
-3.598 -20.976 Pi-cation of K107 to Ph, bad contact of H175 to Br 156.9 5.85 no hydride transfer
44a n.c -4.561 -24.32 Flipped pose, H-bond of H175 to C=O (1.91 A), bad contact of H175 to 2CH3 74.0 3.82 no hydride transfer
-4.432 -25.094 New flipped pose, H-bond of Y27 to C=0 (2.17 A), bad contact of Y177 to CH3 67.6 3.63 no hydride transfer
-4.38 -22.497 Flipped pose, H-bond of H175 to C=0 (2.03 A), bad contact of Y27 to CH3 62.7 4.08 no hydride transfer
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-4.119 -23.792 New flipped pose, H-bond of Y27 to C=O (2.17 A), bad contact of Y177 to CH3 57.0 3.82 no hydride transfer
-3.93 -24.303 Bad contact of H175 to C2 117.8 3.79 Possible transfer
45a n.c -4.384 -23.499 H-bond of Y27 to C=0 (2.22 A), of H175 to C=O0Bu (2.11 A), bad contacts of H172, T67 and 104.7 (Cax) 3.46 Possible transfer to Ca
A58 to Bu 56.3 (CP) 4.02
-4.219 -22.128 H-bond of H175 to C=OOBu (2.06 A), bad contacts of H172, D25, Y177 and A58 to Bu 100.8 (Cax) 3.96 Possible transfer to Ca
61.7 (CP) 4.44
-4.138 -22.844 H-bond of H175 to C=OOBu (2.06 A), bad contacts of H172, D25, Y177, T67 and A58 to Bu 100.9 (Cax) 3.59 Possible transfer to Ca
60.0 (CB) 4.08
-3.873 -24.266 H-bond of H175 to C=00Bu (2.05 A), bad contacts of H172, D25, Y177 and A58 to Bu 91.0 (Cax) 4.37 no hydride transfer
71.8 (CP) 4.60
-3.622 -21.051 Vertical to FMN 105.2 (Cax) 5.93 no hydride transfer
63.0 (CP) 6.42
46a n.c -4.484 -24.842 H-bond of H175 to C=0 (1.91 A), bad contacts of Y177 and D25 to propan-2-ylidene 91.5 3.90 Possible transfer
-4.389 -25.437 H-bond of H175 to C=0 (2.03 A), bad contacts of Y177, H175, T67 and D25 to propan-2-ylidene ~ 67.2 4.17 no hydride transfer
-4.283 -24.671 H-bond of H175 to C=0 (2.27 A), bad contacts of R347 to C5 119.7 3.65 Possible transfer
-3.84 -21.72 bad contacts of H172, Y177, Y27 and D25 to propan-2-ylidene, of H175 to C=O 78.1 3.92 no hydride transfer
-3.825 -22.43 H-bond of H175 to C=0 (2.11 A), bad contacts of H172, T67 and D25 to propan-2-ylidene, of 69.5 4.13 no hydride transfer
R347 to CH3
E-42a n.c -3.675 -27.554 H-bond of Y27 to NO (2.10 A) 80.6 4.41 no hydride transfer
-3.453 -27.047 Ring above FMN 135.1 7.35 no hydride transfer
-3.411 -29.343 H-bond of H175 to N=O (1.71 A), salt bridges of H175 and H172 to NO, bad contacts of D25 to 108.5 4.01 Possible transfer
CHS3, of Y177 to C1
-2.897 -27.228 H-bond of R347 to NO, Pi-cation of H175 to N, bad contact of H175 to C4, of D25 to CH3 75.5 6.06 no hydride transfer
-2.542 -29.781 Salt bridge of R347 to NO, Pi-cation of H175 to N, bad contact of Y177 to C7, of D25 to CH3 99.4 5.55 no hydride transfer
Z-42a n.c. -4.134 -27.327 H-bond of H175 to NO (2.06 A), salt bridges of H175 and H172 to NO 58.8 4.09 no hydride transfer
-3.952 -27.1 H-bond of H175 to NO (2.13 A), salt bridges of H175 to NO 57.8 3.84 no hydride transfer
-3.519 -26.664 H-bond of Y27 to NO (2.03 A), salt bridge of R347 to NO, bad contacts of Y177 56.2 3.87 no hydride transfer
-3.462 -20.203 H-bond of Y27 to N=O (2.00 A), bad contact of Y177 to CH3, of H175 to ring 56.9 3.81 no hydride transfer
-3.15 -20.521 H-bond of H175 to N=O (2.25 A), salt bridge of H175 to NO, bad contact of Y27 to CH3, of 66.4 3.89 no hydride transfer
R347 to double bond in ring
47a n.c -4.345 -21.277 H-bond of H175 to N=O (2.03 A), salt bridges od H175 and H172 to NO, Pi-cation of H175 and 525 4.35 no hydride transfer
R347 to Ph, Pi-pi stacking of H175 to Ph, bad contacts of Y177, Y27 and P113 to second Ph
-3.629 -20.995 H-bond of R347 to NO (1.73 A), salt bridge of R347 to NO, Pi-cation and Pi-pi stacking of H175  113.8 6.13 no hydride transfer
to Ph, bad contact of H175 and D25 to second Ph
-3.443 -21.001 Salt bridge of H175 to NO, Pi-cation of R347 to Ph 64.9 4.65 no hydride transfer
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-2.769 -27.744 H-bond of R347 to NO, Pi-cation of H175 to N, of R347 to Ph, Pi-pi stacking of Y177 to second 1115 4.25 no hydride transfer
Ph, bad contact of Y27 to first Ph, ?f H172, T67 and D25 to second Ph
-2.649 -24.15 H-bond of R347 to NO (2.20, 2.37 A), salt bridge of R347 to NO, Pi-cation of R347 to first Ph, of 153.0 5.27 no hydride transfer
K107 to second Ph, bad contact of Y27 ar:d P113 to first Ph, of D250 and H175 to first Ph ]
E-48a n.c -5.074 -19.93 H-bond of R347 to C=OO0tert (2.24, 2.25 A), of H175 to C=0 (1.80 A), of D25 to NH2 (2.46 A), 121.7 4.19 no hydride transfer
-4.916 -27.203 H-bond of Y27 to C=0 (2.06 A) 130.9 4.66 no hydride transfer
-4.749 -26.378 H-bond of H175 to C=0 (1.96 A) 1129 4.33 no hydride transfer
-4.363 -27.243 H-bond of H175 to C=0 (2.20 A) 123.5 4.63 no hydride transfer
Z-48a n.c. -5.172 -22.711 H-bond of H175 to C=0 (1.78 A), of Y27 to C=OOtert (2.01 A) 128.2 4.31 no hydride transfer
-4.887 -23.936 H-bond of Y27 to C=0 (1.96 A) 128.5 5.05 no hydride transfer
-4.688 -27.856 H-bond of Y27 to C=0 (2.07 A) 124.5 4.67 no hydride transfer
-3.997 -27.351 Vertical to FMN 149.0 6.06 no hydride transfer
-3.936 -27.589 H-bond of H175 to C=0 (2.10 A), of R347 to C=OOtert (2.20 A) 86.5 4.86 no hydride transfer
49a n.c -3.975 -23.75 H-bond of H175 to C=0 (1.77 A) 759 5.63 no hydride transfer
-3.858 -23.758 H-bond of H175 to C=0 (2.14 A), bad contacts of K107 to CH3 52.6 5.95 no hydride transfer
-3.806 -23.755 H-bond of H175 to C=0 (1.77 A) 69.8 5.69 no hydride transfer
-3.659 -22.293 H-bond of H175 to C=0 (1.98 A) 26.1 6.28 no hydride transfer
-3.595 -20.993 H-bond of H175 to C=0 (1.75 A), bad contact of H175 to CH3, of R347 to ring 84.9 5.22 no hydride transfer
E-50a n.c -4.165 -22.082 H-bond of H175 to C=0 (1.91 A), bad contact of H175 to C3 153 6.00 no hydride transfer
-4.038 -37.7 H-bond of Y27 to C=0 (2.28 A) 59.6 5.40 no hydride transfer
-3.674 -34.41 Ph above N5 148.4 4.59 no hydride transfer
-3.227 -36.359 H-bond of T67 to OMe (2.05 A), bad contact of H172 to C3, of H175 to Ph 87.7 4.42 no hydride transfer
-3.13 -34.693 Ph above N5 133.8 5.47 no hydride transfer
Z-50a n.c -4.388 -27.888 H-bond of H175 to C=0 (1.9 A), Pi-cation of H175 to Ph, bad contact of D25 to OMe 63.6 3.83 no hydride transfer
-4.221 -21.789 H-bond of H175 to C=0 (2.24 A), Pi-cation of R347 to Ph 58.0 4.01 no hydride transfer
-4.135 -22.607 H-bond of Y27 to OMe (1.80 A), Pi-pi stacking of H175 to Ph, Pi-cation of R347 to Ph 59.6 3.75 no hydride transfer
-3.808 -19.623 Pi-cation and Pi-pi stacking of H175 to Ph, bad contact of Y177 and D25 to OMe 253 5.81 no hydride transfer
-3.783 -20.401 H-bond of H175 to C=O (1.89 A), Pi-cation of R347 to Ph 79.1 4.95 no hydride transfer
51a n.c -4.19 -19.423 No hydride transfer 347 7.33 no hydride transfer

SEDIANAJJY g 13deyD



6S¢

-4.018 -19.668 H-bond of H175 to C=0 (2.24 A), Pi-pi stacking of H175 to Ph 624 6.84 no hydride transfer
-3.796 -19.381 No hydride transfer 39.1 8.03 no hydride transfer
-3.741 -22.43 No hydride transfer 40.1 8.43 no hydride transfer
-3.676 -20.664 No hydride transfer 37.0 9.51 no hydride transfer
52a n.c -4.616 -19.84 H-bond of H175 to C=0 (2.06 A), Pi-cation of H175 and R347 to Ph, Pi-pi stacking of H175 to 87.7 4.74 no hydride transfer
-4.613 -25.748 IIzication and Pi-pi stacking of H175 to Ph 914 5.50 no hydride transfer
-3.723 -24.899 Ph ring above N5 85.1 5.40 no hydride transfer
-3.631 -20.979 Ph ring above N5 83.7 5.75 no hydride transfer
E-53a n.c -2.408 -22.045 H-bond of Y27 to CN (1.99 A) 106.4 3.89 Possible transfer
-1.999 -22.899 Bad contacts of H175, Y177, A102, A104, T67, A58 and D25 56.8 3.65 no hydride transfer
-1.854 -34.467 Bad contacts of H172, Y177, A102, G65, A58, D71 and D25 97.0 3.78 Possible transfer
-1.737 -26.123 Bad contacts of Y177, D25, A102, A104, A58 and D25 64.8 3.69 no hydride transfer
-1.668 -26.944 H-bond of H175 to CN (2.21 A), bad contacts of R347 98.0 3.58 Possible transfer
Z-53a n.c -2.814 -23.996 H-bond of H175 to CN (2.24 A) 60.1 3.97 no hydride transfer
-2.49 -24.359 H-bond of H175 to CN (2.21 A) 66.1 3.65 no hydride transfer
-2.39 -32.902 H-bond of H175 to CN (2.24 A) 51.6 4.13 no hydride transfer
-2.266 -35.256 H-bond of H175 to CN (2.19 A) 59.1 3.82 no hydride transfer
54a n.c -3.166 -33.815 H-bond of H175 to C=0 (1.97 A) 59.5 3.92 no hydride transfer
-3.103 -32.485 H-bond of H175 to C=O (1.75 A), bad contact of Y177 and D25 to CH3 85.2 4.06 no hydride transfer
-3.029 -33.689 H-bond of H175 to C=0 (1.89 A), bad contacts of Y177, T67, A58 and D25 to Et 53.9 3.92 no hydride transfer
-2.954 -32.961 H-bond of H175 to C=0 (1.92 A), bad contacts of Y177, T67 and D25 to Et 86.6 4.00 no hydride transfer
-2.564 -30.817 H-bond of H175 to C=0 (1.99 A), bad contact of Y177 to CH3 79.6 4.07 no hydride transfer
55a n.c -3.724 -25.293 H-bond of H175 to C=0 (1.90 A), Pi-pi stacking of H175 to Ph 44.6 6.12 no hydride transfer
-3.39 -29.938 H-bond of H175 to C=0 (2.03 A), bad contacts of Y177, G65, T67 and D25 to Ph 57.9 4.74 no hydride transfer
-2.995 -22.38 Pi-pi stacking of H175 to Ph, Pi-cation of R347 to Ph 58.5 4.55 no hydride transfer
-2.748 -23.862 Pi-pi stacking of H175 to Ph, Pi-cation of K107 to Ph 92.6 3.82 Possible transfer
-2.292 -23.44 Ph above N5 124.4 4.48 no hydride transfer
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56a n.c. -4.193 -22.702 H-bond of H175 to C=0 (1.91 A), Pi-pi stacking of H175 to Ph 44.7 6.10 no hydride transfer
-3.718 -21.986 Ph above N5 144.2 7.00 no hydride transfer
-3.651 -27.386 H-bond of H175 to C=0 (2.04 A) 27.7 6.97 no hydride transfer
-3.53 -23.238 H-bond of H175 to C=0 (2.36 A), bad contacts of Y177, A102, G65, D71 and D25 to Ph 60.5 4.61 no hydride transfer
-2.979 -28.905 Ph above N5 130.5 4.69 no hydride transfer
57a n.c. -0.771 -26.754 H-bond of R347 to C=0 (2.35 A), bad contacts of Y177 and A58 115.1 3.93 Possible transfer
-0.763 -20.986 Bad contact of H175 to C4 80.8 4.21 no hydride transfer
-0.705 -29.509 Bad contact of H175 to C4 and C8 80.5 4.23 no hydride transfer
-0.703 -30.938 No hydride transfer 135.1 4.64 no hydride transfer
-0.603 -22.028 Bad contacts of Y177, A102, G65, A58 and D25 775 4.04 no hydride transfer
11a n.c -5.232 -23.948 Bad contact of R347 to C2, H175 to C6 and D25 to C8 81.2 4.85 no hydride transfer
-4.819 -25.938 H-bond of R347 to C=0 (2.10 A), of D25 to OH (1.67 A), Pi-cation of K107 to both rings 108.8 5.73 no hydride transfer
-4.319 -31.616 H-bond of D25 to OH (1.88 A) ), Pi-cation of K107 to both rings, Pi-pi stacking of H175 to 116.1 5.69 no hydride transfer
lactone
-4.289 -33.514 Pi-pi stacking of H175 to lactone, bad contact of R347 to CH3 123.1 4.66 no hydride transfer
13a -4.659 -31.229 Ph above N5 128.6 5.99 no hydride transfer
-4.51 -29.955 H-bond of R347 to C=0 (2.29, 2.42 A) and to C=OOEt (2.39 A), H-bond of D25 to OH (1.56 A), 105.4 5.46 no hydride transfer
Pi-pi stacking of H175 and Y177
-4.289 -30.035 H-bond of R347 to C=OOEt (2.18 A), of D25 to OH (1.89 A), Pi-pi stacking of Y177 to Ph 99.4 5.07 no hydride transfer
12a -5.418 -29.303 H-bond of D25 to OH (1.85 A), Pi-pi stacking of H175 to lactone 53.8 3.79 no hydride transfer
-5.25 -29.797 H-bond of R347 to C=0 (2.12, 2.62 A), to C=0Ac (2.12 A), of D25 to OH (1.57 A), Pi-pi stacking 108.1 5.35 no hydride transfer
of Y177 to Ph, bad contact of H175 to C5
-5.16 -27.797 H-bond of R347 to C=OAc (1.82 A), of D25 to OH (1.63 A), Pi.cation of K107, Pi-pi stacking of 117.1 5.93 no hydride transfer
H175 to lactone
-5.152 -27.354 H-bond of R347 to C=0 (2.04 A), to C=OAc (1.75 A), of D25 to OH (1.67 A), Pi-cation of K107, 110.7 5.83 no hydride transfer
bad contact of H175 to C5
14a -5.225 -20.075 vertical 96.6 10.30 no hydride transfer
-5.16 -25.338 Vertical to dobi above 101.1 5.94 no hydride transfer
-4.861 -22.316 Vertical to dobi above 109.3 5.69 no hydride transfer
-4.86 -24.014 Vertical to O above N5 49.6 6.45 no hydride transfer
-4.089 -21.044 H-bond of H175 to C=0 (1.80 A), Pi-cation of K107 to both Ph, bad contact of Y27 to CHs 60.3 4.17 no hydride transfer
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16a -5.389 -24.053 Vertical to FMN to double bond above N5 122.9 5.67 no hydride transfer
-5.105 -22.348 Vertical to FMN to double bond above N5 135.7 6.45 no hydride transfer
-4.965 -23.2 Vertical to FMN to second Ph above N5 835 10.32 no hydride transfer
-4.872 -21.339 Pi-cation of H175 to lactone, bad contact of K107 to C=O 103.4 5.57 no hydride transfer
-4.599 -28.278 H-bond of H175 to C=0O (1.83 A), Pi-cation of K107 to all rings 56.4 4.44 no hydride transfer
15a -5.149 -22.601 H-bond of H175 to C=0 (2.27 A), of D25 to OH (1.59 A), Pi-cation of K107 to all rings, Pi-pi 133.5 (Cax) 4.32 no hydride transfer
stacking of H175 to lactone
-5.115 -22.264 H-bond of H175 to C=0 (2.15 A), of D25 to OH (1.59 A), Pi-cation of K107 to all rings, of R347 124.4 (Ca) 4.35 no hydride transfer
to second Ph
-4.57 -24.408 H-bond of H175 to C=0 (2.00 A), Pi-cation of K107 to lactone and middle ring, of R347 to 85.2 (Cax) 4.74 no hydride transfer
middle ring
-4.455 -23.325 H-bond of D25 to OH (1.84 A), Pi-cation of K107 to all rings, of R347 to both Ph rings 116.3 (Cax) 4.57 no hydride transfer
-4.168 -26.04 H-bond of D25 to OH (1.86 A), Pi-cation of K107 to lactone and middle ring, of R347 to both 105.0 (Cax) 4.78 no hydride transfer

Ph rings
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Table 30. Results from Induced Fit Docking of substrate 17a in the reduced TsER wt structure
Empirical result is 1% conversion and 76S ee%

based on 3HG] crystal structure.

Pose IFD Glide Prime Glide Notes result
Score GScore  Energy Energy
C=0 H-bond to Arg347, distance 2.14 A and 2.39 A and H- Might result
! -1437.049-6.035 286203 23516 bond to Tyr27 (2.03A); resultin R-1b (63°, 3.24A) in R-17b
C=0 H-bond to Arg347, distance 2.16 A and 2.58 A and H- Might result
2 -1437.008  -5.931 286215 -24.221 bond to Tyr27 (2.08A); resultin R-1b (65°, 3.37A) in R-17b
C=0 H-bond to Arg347, distance 2.12 A and 2.57 A and H- Might result
3 -1437.007 - -5.935 286214 23975 bond to Tyr27 (2.12A); resultin R-1b (65°, 3.35 A) in R-17b
"flipped" pose, distance to H172 3.51 A and H-bond to H175 ~ Would result
4 -1436.827  -5.732 -28621. -24. o o
368 573 86219 35 (1,81 A); resultin S-1b (95°, 321 A) in S-17b
C=0 H-bond to Arg347, distance 2.11 A and H-bond to Might result
> 1436.797 5725 286214 22772 Tyr27 distance 2.13A; resultin R-1b (63°, 3.63 A) in R-17b
"flipped" pose, distance to H172 2.81 A and H-bond to H175 Would result
6 -1436.794 572 286215 24913 (1.80 A); resultin S-1b (94°, 3.18 A) in 5-17b
"normal" pose, distance to H172 2.79 A and H-bond to H175 Would result
7 1436792 5708 286217 25156 (1.98 A); result in R-1b (92°, 3.65A) in R-17b
8 1436757 5641 286223  -22.865  "normal” pose, H-bond to H172 1.93 A No hydride
transfer
"flipped" pose, no H-bond, distance to H172 3.39 A and to Would result
? -1436664  -5.562 28622 21859 H175 4.92 A; result in S-1b (100°, 3.29 A) in 5-17b
10 1436616 -5.505 28602 21735 Cc=0 H-bonsl to Arg347, distance 1.88 A and H-bond to No hydride
Tyr27 (2.21A) transfer
Flipped pose, C=O H-bond to Arg347, distance 2.16 A and No hydride
1 1436562 -5.69 286174 21417 2.22 A and H-bond to Tyr27 (2.214) transfer
12 143649  -5423 286213  -22414  “normal” pose, H-bond to H172 1.83 A No hydride
transfer
. . o Would result
13 -1436.418  -5.595 -28616.5 -23.885 H-bond to H175 (1.94 A); resultin S-1b (93°, 3.64 A) in S-17b
"flipped" pose, no H-bond, distance to H172 3.31 A and to Would result
14 71436328 5397 286186 -20.143 H175 2.57 A; result in S-1b (97°, 3.83A) in $-17b
"flipped" pose, no H-bond, distance to H172 3.44 A and to Would result
15 -1436.306  -5.397 286182 -19.998 H175 4.85 A; resultin S-1b (91°, 3.83 A) in 5-17b
"flipped" pose, no H-bond, distance to H172 3.34 A and bad- ~ Would result
16 1436.08 5.349 28014.6 20.259 contact to H175 2.36 A; result in S-1b (90°, 3.78 A) in S-17b
17 1436008 -5202  -286161  -23.143  H-bond to H175 (1.84 A) No hydride
transfer
18 1435971  -5298 286134  -20.699  "normal" pose, H-bond to H172 2.15 A No hydride
transfer
hvdri
19 1435864 5187 286135  -20373  "normal” pose, no H-bond No hydride
transfer

Table 31. Results from Induced Fit Docking of Substrate 17a in the reduced TsER C25G/I67T
variant, created with PyMOL Mutagenesis Wizard on crystal structure 3HGJ. Empirical result is
49% conversion and 74S ee%.

Pose IFD Glide Prime Glide Notes result
Score GScore  Energy Energy

1 1434.805 5.657 28583 22318 fllppoed pose, H-bond to H172 (1.79 A); result in S-1b (102°, Would result
3.29 A) in 5-17b

2 1434707 5654 285815 22305 fhppued pose, H-bond to H172 (1.79 A); result in S-1b (102°, Would result
3.28 A) in S-17b

3 1434486 -5.655 285766 22298 fhppﬂed pose, H-bond to H172 (1.80 A); result in S-1b (102°, Would result
329 A) in S-17b

4 1434468 5592 285775 22803 fhppoed pose, H-bond to H172 (1.83 A); result in S-1b (97°, Would result
3.37 A) in S-17b

5 1434426 -5.606 28576 22779 fIlpEed pose, H-bond to H172 (1.82 A); result in S-1b (97°, Would result
3.36 A) in $-17b

6 1434223 -5.591 285727 20788 fhpphed pose, H-bond to H172 (1.83 A); result in S-1b (97°, Would result
3.37 A) in S-17b

” 1434129 -5.653 285695 22318 fhppoed pose, H-bond to H172 (1.79 A); result in S-1b (102°, Would result
328 A) in S-17b
"flipped" pose, H-bond to H172 (1.82 A), bad contact to Would result

8 1434.12 5617 285701 22.706 Thr67; resultin S-1b (96°, 3.37 A) in 5-17b

9 1434088 -5.594 28569.9 22795 fhppued pose, H-bond to H172 (1.83 A); result in S-1b (97°, Would result
3.37 A) in S-17b

10 1434034 -5.652 285676 22,355 ﬂlpEGd pose, H-bond to H172 (1.79 A); result in S-1b (103°, Would result
3.26 A) in S-17b
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-1434.013

-1433.946

-1433.744

-1433.583

-1433.322

-1433.322

-5.661

-5.604

-5.591

-5.604

-5.643

-5.592

-28567

-28566.8

-28563.1

-28559.6

-28553.6

-28554.6

-22.333

-22.834

-22.822

-22.826

-22.328

-22.776

"flipped" pose, H-bond to H172 (1.79 A); result in S-1b (102°,
3.28 A)

"flipped" pose, H-bond to H172 (1.82 A); result in S-1b (97°,
337 A)

"flipped" pose, H-bond to H172 (1.83 A); result in S-1b (97°,
3.38 A)

"flipped" pose, H-bond to H172 (1.83 A); result in S-1b (97°,
337 A)

"flipped" pose, H-bond to H172 (1.79 A); result in S-1b (103°,
3.26 A)

"flipped" pose, H-bond to H172 (1.83 A); result in S-1b (97°,
3.35 A)

Would result
in $-17b
Would result
in $-17b
Would result
in 5-17b
Would result
in 5-17b
Would result
in S$-17b
Would result
in 5-17b

Table 32. Results from Induced Fit Docking of Substrate 17a in the TsER C25D/I67T variant,
created with PYMOL Mutagenesis Wizard on crystal structure 3HGJ. Empirical result is 95%
conversion and 93R ee%.

Pose IFD Glide Prime Glide Notes result
Score GScore  Energy Energy
"normal" pose, no H-bond, distance to H175 2.58 Aand to Might result
! 1437.076 4878 28644 22663 H1722.96 A, bad contact to Tyr177 (92°, 4.45 A) inR-17b
"normal" pose, no H-bond, distance to H1754.72 A and to Might result
2 1436741  -4.892 28637 22662 1417955 A (103.2°, 429 A) i RoA7b
No H-bond, distance to H1753.27 A and to H172 3.81 A Would result
3 -1436.639  -4.882 286351  -22.658 (111.5°, 3.95 A) T RATb
"normal" pose, H-bond of H175 (1.88 A) and of H172 (2.00 Would result
4 1436593  -4.877 286343 22664 i) oo nogA) I RATD
"normal" pose, H-bond of H175 (1.77 A), distance to H172 Might result
5 -1436.576  -4.747 286366  -22.903 (267 &) 93.9°, 424 A) i R17b
"flipped" pose, H-bond of H175 (2.17 A) and of H172 (1.86 Would result
-1436. 4. 286334 -22.651 h h
6 3656 89 8633 6 A) (90.5° 3.68 A) in $-17b
Vertical to FMN, no productive pose for hydride transfer No hydride
7 -1436.476  -4.899 286316  -22.675 (149.1°, 499 A) transfer
H-bond of K107 (2.52 A), non productive pose for hydride No hydride
8 1436.462 509 286274 22.645 transfer (125.9°%, 4.14 A) transfer
9 1436435  -4845 286318 22776  H-bond of H175 (196 A) (122.1°, 3.43 A) YXC;“;‘;; esult
10 1436419  -4877  -286308 22587  "flipped" pose, H-bond of H172 (1.87 A) (87.7°, 3.60 A) X‘;‘fi;‘;s““
11 1436253  -4.888 286273  -22.667  H-bond of H175 (1.68 A) (89.0°, 3.88 A) :’Z‘;‘_‘i%esu”
12 1436213 4845 86274 22785 "new flipped" pose, H-bond of R347 (1.96 A, 2.52 A) (62.1°, Would result
) ’ ’ ’ 3.74 A) inR-17b
13 1436187 4808 286258 20eys  new flipped” pose, H-bond of R347 (2.06 A, 2.12 A) (703°,  Would result
: ’ ’ : 3.72 A) inR-17b
14 1436069  -4.541  -28630.6  -23.688  “normal” pose, H-bond of H175 (1.89 A) (96.4°, 3.68 A) :’Z‘l’ill‘;;esult
15 1435988  -4442 286309  -23.68 “normal” pose, H-bond of H172 (2.42 A) (73.3%, 6.00 A) S;’n}gi“de
. No hydrid,
16 143597  -4892 286216 22618  No productive pose (105.1° 5.99 A) o nydride
transfer
17 1435903  -4889  -286203 22661  No productive pose (53.3°, 8.00 A) No hydride
transfer
“new flipped” pose H-bond of R347 (1.85 A) of Y27 (1.85 A) No hydride
18 1435.882  -4.774 286222 2272 (646°, 358 A) transfer
19 1435786  -4881 286181  -22.663  No productive pose (109.6° 7.06 A) ::n}gi“de
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Table 33. Results from IFD of substrate 13a in the TsER C25D/167T structure with FMNH: and protonated H172/H175 based on crystal structure 5SNUX.

Pose IFD Score  Glide Prime Glide Notes Hydride Distance Protonation aa for  result
GScore  Energy Energy transfer to N5 C=0
angle
1 -1453.442 -8.274 -28903.4 -47.488 Lactone O in direction of H172, H-bond of OH to D25 (1.55 A), of H172 to C=0 (1.94 A), 114.3 4.26 H175 distance 3.86 C=0 can be protonated and
of a water molecule to C=OOEt, Pi-pi stacking and Pi-cation of H175 with lactone A, angle 85.2° C=C reduced
2 -1452.885 -7.733 -28903.0 -47.491 Lactone O in direction of H172, H-bond of OH to D25 (1.88 A), of T67 to OH (1.93 A), of ~ 109.0 3.75 H175 distance 3.55 C=0 might be protonated
H172 to C=0 (2.76 A),of R347 to C=OOEt (1.82 A) A, angle 78.3° and C=C reduced
3 -1452.378 -7.374 -28900.1 -45.811 Lactone O in direction of H172, H-bond of OH to D25 (1.81 A), of T67 to OH (1.80 A), of ~ 111.0 3.99 H175 distance 3.65 C=0 might be protonated
H172 to C=0 (2.41 A),of R347 to C=OOEt (2.29 A) A, angle 79.6° and C=C reduced
4 -1452.127 -6.858 -28905.4 -46.983 Lactone O in direction of H175, H-bond of OH to a water molecule, of R347 to OH (1.96  133.6 4.58 H175 distance 3.56, C=O can be protonated
A), of H172 to C=0O (246 A) and to C=OOEt (2.00 A),Pi-pi stacking and Pi-cation of angle 83.3°
H175 to lactone
5 -1452.121 -7.397 -28894.5 -44.276 Lactone O in direction of Y27, H-bond of OH to D25 (1.73 A), of Y27 to lactone O (2.24  89.9 3.93 R347 distance 2.07 C=C reduction
A), of R347 to C=0 (2.07 A) and to C=OOEt (1.66, 2.78 A) A. Angle 156.5°
6 -1452.112 -7.543 -28891.4 -46.872 Lactone O in direction of H175, H-bond of R347 to OH (1.91 A), of OH to water 89.9 3.77 H172 distance 3.31 C=0 can be protonated and
10%, angle 109.7° C=C reduced
7 -1452.064 -7.008 -28901.1 -42.447 Lactone O in direction of H172, H-bond of OH to D25 (1.97 A), of water to C=OOEt, Pi- 114.0 5.27 - no productive pose
pi stacking of H175 to lactone and phenol, Pi-cation of H175 to lactone, bad contacts of
Y177 to OH
8 -1452.053 -7.166 -28897.7 -44.026 Lactone O in direction of H175, H-bond of R347 to OH (2.09 A), of water to OH 97.5 3.57 H172 distance 2.41 C=0 can be protonated and
A, angle 109.3° C=C reduced
9 -1451.884 -7.205 -28893.6 -43.771 Lactone O in direction of Y27, H-bond of R347 to C=O (1.96 A, 231 /0\) and to OEt (2.29 869 4.39 R347 distance 2.31 C=C reduction
A), of OH to D25 (1.71 A), bad contacts of T67 to OH A, angle 140.4°
10 -1451.863 -7.181 -28897.1 -46.276 Lactone O in direction of H172, H-bond of H175 to C=OOEt (1.90 A), of OH to D71 (1.87  106.7 3.18 H175 distance 2.52 C=0 can be protonated and
A), bad contacts of T67 to OH A, angle 106.5° C=C reduced
11 -1451.372 -6.515 -28897.1 -42.108  Lactone O in direction of H175, H-bond of H172 to C=OOEt (1.87 A), of OH to water ~ 76.9 4.29 - no productive pose
and of R347 to OH (2.09 A), bad contacts of R347 to phenol
12 -1451.041 -6.773 -28885.4 -41.445 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.98 A) and to OEt (1.70 A), of  91.7 4.16 R347 distance 1.98,  C=C reduction
OH to D25 (1.67 A) angle 159.1°
13 -1450.932 -5.802 -28902.6 -39.234 Lactone O in direction of H172, H-bond of R347 to OEt (2.48 A), of OH to D25 (1.60 A), 113.5 4.53 H175 distance 3.82, = C=O might be protonated
Pi-pi stacking of H175 with lactone angle 69.5° and C=C reduced
14 -1450.864 -6.401 -28889.3 -44.371 Lactone O in direction of H175, no H-bonds, bad contact of OH with R347 1324 4.52 H172 distance 2.35,  C=O can be protonated
angle 120.0°
15 -1450.848 -6.053 -28895.9 -38.425 Lactone O in direction of H172, H-bond of H172 to C=0O (2.20 A), of OH to D25 (1.67 A),  115.3 4.07 H172 distance 2.20 C=0 might be protonated
bad contacts of Y177 to phenol A, angle 151.8° and C=C reduced
16 -1450.251 -5.817 -28888.7 -41.277 Lactone O in direction of H175, H-bond of H175 to C=O (2.04 A), of R347 to C=OOEt 111.3 3.17 H175 distance 2.04 C=0 might be protonated
(2.00 A, 2.24 A), Pi-pi stacking of H172 to phenol A, angle 151.0° and C=C reduced
17 -1449.717 -5.183 -28890.7 -43.046 Lactone O in direction of H175, H-bond of H175 to C=O (2.08 A), of R347 to C=O0Et 103.6 3.14 H175 distance 2.08 C=0 might be protonated
(219 A, 2.36 A), Pi-pi stacking of H172 to phenol A, angle 149.3° and C=C reduced
18 -1449.144 -4.968 -28883.5 -39.596  Lactone O in direction of H175, H-bond of H175 to C=0 (1.99 A) 109.8 3.37 H175 distance 1.99,  C=O might be protonated

angle 148.6°

and C=C reduced
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Table 34. Results from IFD of substrate 13a in the TsER C25D/167T/A102H structure with FMNH2 and protonated H172/H175 based on crystal structure 50GT.

Pose IFD Score  Glide Prime Glide Notes Hydride Distance Protonation aa for  result
GScore  Energy Energy transfer to N5 C=0
angle
1 -1443.536 -7.885 -28713.0 -46.893 Lactone O in direction of H172, H-bond of OH to D25 (1.54 A), of T67 to OH (2.01 A),Pi-  112.7 3.90 H175 distance 3.73 C=0 can be protonated and
cation of H175 with lactone A, angle 81.0°, C=C reduced
H172 distance 2.83
A, angle 111.1°
2 -1443.488 -8.007 -28709.6 -46.000 Lactone O in direction of Y27, H-bond of OH to D25 (1.96 A), of T67 to OH (1.79 A), of ~ 82.7 3.94 R347 distance 2.12 C=C reduction
H172 to C=OO0Et (1.99 A),of R347 to C=0O (2.08 A, 2.12 A) and to OEt (2.45 A), of Y27 to A, angle 145.2°
lactone O (2.12 A), Pi-pi stacking of H102 to phenol ring
3 -1443.321 -7.637 -28713.7 -44.211 Lactone O in direction of Y27, H-bond of OH to D25 (1.55 A), of T67 to OH (1.94 A),of 91.9 4.11 R347 distance 1.96 C=C reduced
R347 to C=0 (1.96 A) A, angle 150.8°
4 -1443.319 -7.805 -28710.3 -44.953 Lactone O in direction of H172, H-bond of OH to D71 (1.86 A), of T67 to OH (2.16 A), of ~ 102.4 3.19 H172 distance 3.99 C=0 can be protonated and
R347 to C=OO0Et (1.99 A) A, angle 103.5° C=C reduced
5 -1443.201 -7.617 -28711.7 -44.019 Lactone O in direction of Y27, H-bond of OH to D25 (1.96 A), of T67 to OH (1.85 A), of ~ 80.4 3.81 R347 distance 1.95 C=C reduction
Y27 to lactone O (2.18 A), of R347 to C=0 (1.95 A, 2.18 A) and to C=OOEt (2.21 A) A, angle 149.6°
6 -1443.159 -7.718 -28.708.8 -46.941 Lactone O in direction of Y27, H-bond of OH to D25 (1.80 A), of Y27 to lactone O (2.25  80.6 3.84 R347 distance 2.17 C=C reduction
A), of R347 to C=0 (2.11 A, 2.17 A) and to OEt (2.55 A), of H175 to C=OOEt (2.06 A) A, angle 146.0°
7 -1443.125 -7.145 -28719.6 -45.761 Lactone O in direction of H172, H-bond of OH to D25 (1.83 A), of T67 to OH (2.00 A), of ~ 115.0 4.04 H175 distance 3.73 ~ C=C reduction
H172 to C=0 (2.56 A), Pi-pi stacking and Pi-cation of H175 to lactone A, angle 73.5°
8 -1443.015 -7.677 -28706.8 -44.026 Lactone O in direction of Y27, H-bond of OH to D71 (2.06 A), of H102 to OH (2.47 A), of ~ 75.1 3.63 R347 distance 1.91 unproductive
Y27 to C=0 (1.89 A), of R347 to C=0 (1.91 A) and to C=OOEt (1.80 A) A, angle 178.0°,
Y27 distance 1.89
A, angle 177.7°
9 -1443.003 -7.483 -28710.4 -44.431 Lactone O in direction of H172, H-bond of OH to D25 (1.67 A), of T67 to OH (2.00 A) 11211 3.96 - C=C reduction
10 -1442.942 -7.557 -28707.7 45205  Lactone O in direction of H172, H-bond of OH to D71 (1.81 A), of H102 to OH (2.09 A),  99.1 3.11 H175 distance 3.22 ~ C=O can be protonated and
of R347 to C=OOEt (2.05 A) A, angle 81.2 C=C reduced
11 -1442.859 -7.248 -28712.2 -46.044 Lactone O in direction of H172, H-bond of OH to D71 (1.84 A), of H102 to OH (2.37 A),  105.3 3.34 H175 distance 2.71 C=0 can be protonated and
of H175 to C=OO0Et (1.99 A) A, angle 103.7° C=C reduced
12 -1442.807 -6.917 -28717.8 -44.324 Lactone O in direction of Y27, H-bond of R347 to C=0 (2.33 A), of OH to D25 (1.55 A) 86.2 4.19 R347 distance 2.33, C=C reduction
angle 147.8°
13 -1442.788 -7.194 -28711.9 -45.389 Lactone O in direction of H172, H-bond of H172 to C=0 (2.33 A), of OH to D25 (1.57 A) 113.2 4.12 H172 distance 2.33,  C=C reduction
angle 160.2°
14 -1442590 -6.977 -28712.3 -43.571 Lactone O in direction of H172, H-bond of H172 to C=0 (2.17 A), of OH to D25 (1.53 A) 113.1 4.03 H172 distance 2.17,  C=C reduction
angle 160.7°
15 -1442.392 -6.810 -28711.6 -42.481 Lactone O in direction of H172, H-bond of H172 to C=0 (2.09 A), of OH to D25 (1.63 A) 115.6 3.95 H172 distance 2.09,  C=C reduction
angle 156.8°
16 -1442.107 -6.899 -28704.2 -40.777 Lactone O in direction of Y27, H-bond of OH to D25 (2.01 A), of Y27 to lactone O (2.11  82.0 3.82 R347 distance 1.87 C=C reduction
A), of R347 to C=0 (1.87 A, 2.15 A) and to C=OOEt (2.14 A) A. angle 149.6°
17 -1441.877 -6.627 -28705.0 -42.485 Lactone O in direction of R347, H-bond of Y27 to OH (2.44 A), of OH to D25 (1.67 A). Pi-  103.4 4.47 H175 distance 3.51 C=0 might be protonated

pi stacking and Pi-cation of H175 to lactone

A. angle 78.1°

and C=C reduced
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Table 35. Results from IFD of substrate 13d in the TsER C25D/167T structure with FMNH:2 and protonated H172/H175 based on crystal structure 5SNUX.

Pose IFD Glide Prime Glide Notes Hydride Distance to result
Score GScore  Energy Energy transfer N5
angle

1 -1450.811 -6.611 -28884.0 -48.809 H bond of R347 to C=OOH (1.67A, 1.95 A), of Y27 to C=OOH (1.61 A), of H175 to OH (1.99 A), of Y177 to C=OOEt (1.75  117.5 3.13 C=C reduction
A), Pi-pi stacking of H172 and Y177 to phenol

2 -1450.183  -6419  -288753 -43.835  H bond of R347 to C=OOH (1.68 A), of H172 to OH (2.73 A), of Y177 to C=OOEt (1.82 A), of OH to D25 (1.77 A), bad ~ 179.0 441 not productive
contacts of T67 to OH, K107 to Et

3 1449915  -6.064 -28877.0 -41.118  H-bond of H175 to C=OOEt (2.40 A) of Y177 to C=OOEt (1.74 A), of R347 to C=OOH (1.59 A, 1.63 A), Pi-pi stacking of ~ 153.6 3.70 might reduce C=C
Y177 to phenol

4 -1449.829 -3.314 -28870.3 -39.621 H-bond of Y177 to C=OOEt (1.76 A), of R347 to C=OOH (1.59 A), of OH to D25 (2.30 A), bad contacts of K107 to Et, Y27  166.9 4.87 not productive
to OH

5 -1449.822 -5.510 -28886.2 -40.668 H-bond of H175 to C=OOEt (2.14 A), of Y177 to C=OOEt (1.94 A), of OH to D25 (1.60 A) of R347 to C=OCH (1.70 A, 165 1230 4.56 C=C reduction
A)

6 -1449.715 -6.092 -28872.5 -39.716 H-bond of H175 to OH (2.79 A), of Y177 to C=OOEt (1.60 A), of R347 to C=OOH (1.87 A, 2.21 A), of Y27 to C=OOH (2.05  136.7 3.45 might reduce C=C
A), Pi-pi stacking of Y177 to phenol

7 -1449.685 -6.243 -28868.8 -43.666 H-bond of H175 to OH (1.74 A), of Y177 to C=OOEt (1.72 A), of R347 to C=OOH (1.61 A 162 A), Pi-pi stacking of Y177 to ~ 151.5 3.70 might reduce C=C
phenol

8 -1449.564  -5.673  -28877.8 -40.401  H-bond of Y177 to C=OOEt (1.71 A), of R347 to C=OOH (2.18 A), of T67 to OH (2.40 A), of =H to D25 (2.14 A) 164.7 425 not productive

9 -1449.513 -5.198 -28886.3 -42.290 H-bond of Y177 to C=OOEt (1.81 A), of OH to D25 (2.50 A), of R347 to C=O0H (1.61 A, 2.50 A), Pi-cation of K107 to ~ 155.6 5.26 not productive
phenol

10 -1449.383 -5.863 -28870.4 -38.381 H-bond of Y177 to C=OOEt (1.61 A), of OH to D25 (2.68 A), of R347 to C=OOH (1.57 A), of OH to Y27 (1.83 A), bad 1783 4.72 not productive
contacts of K107 to Et, of H175 to OEt

11 1449356 -5461 -28877.9 43440  H-bond of Y177 to C=OOEt (1.81 A), of OH to D25 (2.53 A), of R347 to C=OOH (1.70 A, 1.77 A), of H172 to OH (2.15 A),  176.5 5.10 not productive
Pi-cation of K107 to phenol, bad contacts of K107 to Et, of H175 to OEt

12 -1449.173 -5.353 -28876.4 -42.070 H-bond of Y177 to C=OOEt (2.05 A), of K107 to C=OOEt (2.67 A), of R347 to C=OCH (1.57 A 172 A), of H172 to OH  174.6 5.11 not productive
(232 A), Pi-cation of K107 to phenol, bad contacts of K107 to Et

13 -1449.054 -5.084 -28879.4 -34.609 H-bond of Y177 to C=OOEt (1.84 A), of OH to D25 (2.42 A), of T67 to OH (2.15 A), of R347 to C=OOH (1.83 A), bad  159.6 4.25 might reduce C=C
contacts of H175 to C=OOEt

14 -1448.938 -5.417 -28870.4 -38.868 H-bond of Y177 to C=OOEt (2.02 A), of R347 to C=OOH (1.56 A, 162 A), bad contacts of H175 to C=OOEt 162.6 4.39 not productive

15 -1448.892 -5.133 -28875.2 -39.824 H-bond of Y177 to C=OOEt (1.63 A), of R347 to C=OCH (1.74 A, 1.86 A), of Y27 to C=O0OH (2.72 A), Pi-pi stacking of  144.9 3.81 might reduce C=C
Y177 to phenol

16 -1448.839 -5.048 -28875.8 -42.377 H-bond of Y177 to C=OOEt (1.99 A), of K107 to C=OOEt (2.64 A), of R347 to C=OCH (1.60 A, 257 A), of H172 to OH  162.8 5.79 not productive
(273 A), of OH to D25 (1.99 A), Pi-cation of K107 to phenol

17 -1448.768 -5.168 -28872.0 -41.547 H-bond of H175 to C=O0Et (1.91 A), of R347 to C=O0OH (1.65 A), of OH to D25 (2.19 A) 146.8 5.28 not productive
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Table 36. Results from IFD of substrate 13d in the TsER C25D/167T/A102H structure with FMNH2 and protonated H172/H175 based on crystal structure 50GT.

Pose IFD Score  Glide Prime Glide Notes Hydride Distance to result
GScore  Energy Energy transfer N5
angle

1 -1444.561 -8.063 -28730.0 -41.576 H-bond of H172 to C=OOH (1.74 A), of Y177 to C=OOEt (2.01 A), of R347 to OH (2.06 A), of R? to C=OOH (1.96 A), salt  74.3 6.15 not productive
bridge of H175 to C=OOH

2 1443409 7439  -287194  -49.378  H-bond of Y177 to C=OOEt (2.02 A), of H102 to C=0 (2.06 A), of Q? to C=0O (3.10 A), of R347 to C=OOH (1.56 A, 1.74 A,  128.0 347 might be reduced
1.85 A), Pi-pi stacking of H172 to phenol

3 1442589  -6.736 -28717.1 -41.080  H-bond of Y177 and H175 to C=OOEt (2.15 A and 1.89 A), of OH to D25 (2.76 A), of R347 to C=OOH (2.33 A), Pi-pi  135.5 3.53 not productive
stacking of Y177 and H102 to phenol

4 -1442.347 -6.078 -28725.4 -39.678 H-bond of Y177 to C=OOEt (1.70 A), of T67 to OH (2.35 A), of OH to D25 (2.04 A), of OH to Y27 (1.93 A), bad contact of 1724 4.40 not productive
H175 to OEt

5 -1442.085 -6.141 -28718.9 -38.131 H-bond of H175 to C=O0H (1.53 A), of K107 to C=OOH (1.93 A), of Y177 to C=OOH (1.85 A), of OH to D25 (1.89 A), of 1544 6.57 not productive
Y27 to OH (1.97 A), of R347 to OH (2.27 A)

6 -1442.052 -6.027 -28720.5 -37.673 H-bond of H175 to C=OO0H (1.67 A), of K107 to C=OOH (1.91 A), of OH to D25 (2.06 A), of R347 to OH (2.13 A), bad  112.7 6.97 not productive
contacts of Y177 to phenol, of Y27 to OH

7 -1441.950 -5.844 -28722.1 -41.251 H-bond of H175 to OH (1.92 A), of R347 to C=OOH (2.03 A), of Y177 to C=OOEt (1.69 A), Pi-pi stacking of H172 to  136.3 3.62 not productive
phenol, bad contact of R347 to C=OOH

8 -1441.850 -5.523 -28726.5 -35.532 H-bond of H175 to C=OOH (1.75 A), of K107 to C=OOH (1.96 A), of R347 to OH (2.78 A), of Y27 to OH (1.72 A), of OHto 110.8 7.09 not productive
D25 (1.60 A)

9 -1441.773 -5.838 -28718.7 -35.099 H-bond of H175 to C=O0H (1.57 A), of K107 to C=OOH (2.06 A), of R347 to OH (2.45 A), of Y27 (1.91 A), of OH to D25  110.6 6.74 not productive
(1.65 A)

10 -1441.765 -5.824 -28718.8 -32.978 H-bond of R? to C=O0H (1.93 A), of H172 to C=OOH (2.01 A), salt bridges of H172 and H175 to C=OOH, bad contact of ~ 37.6 7.33 not productive
Y177 to Et

11 -1441.754 -5.752 -28720.0 -37.797 H-bond of H175 to C=OOH (1.60 A), of OH to D25 (1.53 A), of R347 to C=OOEt (2.16 A), Pi-pi stacking of Y177 to phenol 105.9 6.05 not productive

12 -1441.735 -6.201 -28710.7 -41.601 H-bond of Y27 to C=OOH (1.91 A), of R347 to C=OOH (1.54 A, 251 A) 30.3 521 not productive

13 -1441.674 -5.671 -28720.1 -38.268 H-bond of H175 to C=OOH (1.63 A), of K107 to C=OOH (1.83 A), of OH to D25 (1.86 A), of R347 to OH (2.19 A) 114.1 6.17 not productive

14 -1441.635 -5.602 -28720.7 -38.272 H-bond of H175 to C=OO0H (1.66 A), of K107 to C=<OOH (1.87 A), of OH to D25 (1.94 A), of R347 to OH (2.78 A) and (2.13  114.6 6.21 not productive
A)

15 -1441.479 -5.385 -28721.9 -37.129 H-bond of H175 to C=OO0H (1.92 A), of K107 to C=OOH (2.38 A), of OH to D25 (1.63 A), of Y27 to OH (1.87 A), of R347 to  116.8 6.64 not productive
OH (2.52 A)

16 1441419  -6.147  -287055 -41.664  H-bond of R? to C=OOH (2.80 A), of H172 to C=OOEt (1.9 A), of T67 to OH (2.35 A), of OH to D25 (1.54 A), salt bridge ~ 130.8 4.68 not productive
of H175 to C=OOH

17 -1441.207 -5.460 -28714.9 -35.596 H-bond of H175 to C=OO0H (1.57 A), of K107 to C=OOH (1.76 A), of OH to D25 (1.96 A), of R347 to OH (2.15 A), bad 1154 6.20 not productive
contact of Y27 to OH

18 -1440.020 -4.478 -28710.8 -34.169 H-bond of Y27 to OH (2.75 A), of OH to D25 (1.71 A), salt bridge of H175 to C=OOH 162.8 4.73 not productive
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Table 37. Results from IFD of substrate S-13b in the TsER C25D/I167T structure with FMNH: and protonated H172/H175 based on crystal structure SNUX.

Pose IFD Score  Glide Prime Glide Notes result
GScore  Energy Energy

1 -1451.824  -7.072 -28895.0 -43129  Lactone O in direction of Y27, H-band of R347 to C=OOEt (1.72 A) and to C=0 (1.98 A), of OH to D25 (1.85 A), of T67 to OH (1.82 A)

2 -1451.648 -6.710 -28898.8 -43.436 Lactone O in direction of H172, H-bond of Y177 to C=OOEt (1.71 A), of T67 to OH (1.97 A), of OH to D25 (1.55 A), Distance of H172 to C=0O (2.88 A, protonation
angle 157.9°), of H175 to C=0 (3.77 A, angle 61.3°) possible

3 -1451.497 -6.783 -28894.3 -45.376 Lactone O in direction of H172, H-bond of H172 to C=0 (2.62 A), of T67 to OH (2.00 A), of OH to D25 (1.59 A), Distance of H172 to C=O (2.62 A, angle  protonation
154.3°), of H175 to C=0 (4.19 A, angle 60.0°) possible

4 -1451.442  -7.027 -28888.3 445201  Lactone O in direction of Y27, H-bond of R347 to C=0 (2.00 A, 2.32 A),of H175 to C=OOEt (2.18 A), of water to C=OOEt, of OH to D25 (1.89 A), of T67 to
OH (1.93 A)

5 -1451.435 -6.950 -28889.7 -45.517 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.84 A, 2.65 A) and to C=OOEt (2.04 A), of H175 to OEt (2.08 A), of OH to D25 (1.68 A), of T67 to
OH (2.06 A)

6 -1451.404 -6.891 -28890.3 -44.265 Lactone O in direction of Y27, H-bond of R347 to C=0O (2.10 A, 225 A),of water to C=OOEt, of OH to D25 (1.78 A), of T67 to OH (1.89 A), bad contacts of
H175 to C=OOEt

7 -1451.394 -6.400 -28899.9 -44.418 Lactone O in direction of H172, H-bond of T67 to OH (1.86 A), of OH to D25 (1.78 A), of Y177 to C=OOEt (2.05 A), Distance of H172 to C=0 (3.10 A, protonation
angle 157.1°), of H175 to C=0 (3.4 A, angle 67.0°) possible

8 -1451.232 -6.430 -28896.0 -43.286 Lactone O in direction of Y27, H-bond of R347 to C=O (2.00 A) and to C=OOEt (1.76 A), of Y27 to C=0 (2.74 A), of OH to D25 (1.85 A), of T67 to OH
(1.93 A), bad contact of Y177 with C10

9 1451206  -6.891 288863  -43321  Lactone O in direction of Y27, H-bond of R347 to C=0 (2.02 A, 2.53 A) and to C=OOEt (1.98 A), of OH to D25 (1.65 A), of T67 to OH (2.04 A)

10 -1450.965 -6.618 -28886.9 -42.447  Lactone O in direction of Y27, H-bond of R347 to C=0 (2.03 A, 2.53 A) and to C=00Et (2.22 A), of OH to D25 (1.76 A), of H175 to C=OOEt (1.84 A)

11 -1450.390 -5.196 -28903.9 -35.706 Lactone O in direction of FMN, H-bond of OH to D25 (1,57 A), Distance of delta NH of H175 to C=0 4.03 A, angle 53.7°, distance of epsilon NH of H175
3.60 A, angle 61.2°, water in distance of 3.84 A from C=0

12 -1450.113 -6.077 -28880.7 -41.041 Lactone O in direction of H172, H-bond of H175 to C=O (1.85 A, angle 136.3°), of H172 to C=0 (2.29 A, angle 147.6°), of OH to D25 (1.84 A) protonation

possible

13 -1450.068 -5.969 -28882.0 -40.147 Lactone O in direction of Y27, H-bond of R347 to C=O (1.85 A) and to C=OOEt (1.67 A), of OH to D25 (1.68 A), bad contact of Y177 to C10

14 -1449.688 -5.309 -28887.6 -41.020 Lactone O in direction of H172, H-bond of Y177 to C=OOEt (2.13 A), of OH to T67 (2.09 A), distance of delta NH of H175 to C=0 3.57 A, 61.3°

15 -1449.000 -4.614 -28887.7 -38.869  Lactone O in direction of Y27, H-bond of R347 to C=O (1.81 A, 2.64 A) and to C=OOEt (2.14 A), of OH to D25 (2.09 A), bad contact of H175 to C4

16 -1448.760 -4.702 -28881.2 -36.883 Lactone O in direction of H175, H-bond of H175 to OEt (2.20 A), of OH to D25 (1.80 A), distance of delta NH of H175 to C=03.71 A, angle 74.7°

17 -1448.650  -4.674 -28879.5 -35.176  Lactone O in direction of Y27, H-bond of R347 to C=0 (2.03 A, 2.19 A) and to C=OOEt (2.25 A), of OH to D25 (1.77 A)

18 -1448.434 -4.707 -28874.5 -35.320 Lactone O in direction of Y27, H-bond of R347 to C=0 (2.16 A, 2.29 A) and to C=OOEt (2.56 A), of OH to D25 (1.62 A), bad contact of Y177 to C10
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Table 38. Results from Induced Fit Docking of substrate R-13b in the reduced and protonated TsER C25D/167T structure based on crystal structure SNUX.

Pose IFD Score  Glide Prime Glide Notes result
GScore  Energy Energy
1 -1452.057 -7.383 -28893.5 -44.852 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (1.83 A) and to C=0 (2.00 A), of OH to D25 (1.67 A), bad contact of T67 to OH
2 -1452.054 -7.326 -28894.6 -44.708  Lactone O in direction of Y27, H-bond of R347 to C=OOEt (1.75 A) and to C=0 (2.01 A), of Y27 to C=0 (2.74 A), of OH to D25 (1.83 A), bad contact of
T67 to OH
3 -1451.672 -7.055 -28892.3 -43.29 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.26 A) and to C=0 (1.96 A, 2.33 A), of OH to D25 (1.68 A), of T67 to OH (1.86 A)
4 -1451.656 -6.663 -28899.8 -42.132  Lactone O in direction of Y27, H-bond of R347 to C=0 (2.07 A, 2.19 A),of H175 to C=OOEt (2.07 A), of OH to D25 (1.81 A), of T67 to OH (1.81 A)
5 -1451.415  -6.759 -28893.1 -42.613  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.88 A, 2.37 A) and to OFEt (2.22 A), of H175 to C=OOEt (1.93 A), of OH to D25 (1.74 A), of T67 to
OH (1.94 A)
6 11451213 -6915 28886 442581  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.97 A, 2.51 A) and to OEt (2.11 A), of OH to D25 (1.63 A), of H175 to C=OOEt (1.82 A), bad
contact of T67 to 7OH
7 -1451.023 -6.497 -28890.5 -43.296 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.97 A, 210 A), of H175 to C=OO0Et (2.14 A) , of OH to D25 (1.68 A), of T67 to OH (1.83 A), bad
contact of Y177 with OEt
8 -1450.912 -6.691 -28884.4 -41.788  Lactone O in direction of Y27, H-bond of R347 to C=0 (2.09 A, 2.11 A) and to OEt (2.64 A), of OH to D25 (1.53 A), of T67 to OH (1.91 A)
9 -1450.879  -6.235 288929  -43.409  Lactone O in direction of Y27, H-bond of R347 to C=0O (1.96 A, 2.25 A), of H175 to C=OOEt (2.05 A), of OH to D25 (1,70 A), of T67 to OH (1.99 A), bad
contact of Y177 to C10
10 -1450.802 -6.171 -28892.6 -43.384 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.93 A, 221 A), of H175 to C=OOEt (2.10 A), of OH to D25 (1,89 A), of T67 to OH (2.00 A), bad
contact of Y177 to C10
11 -1449.284 -5.442 -28876.9 -37.308 Lactone O in direction of Y27, H-bond of R347 to C=0 (2.08 A, 227 A) and to OEt (2.44 A), of OH to D25 (1.79 A)
12 -1449.014 -4.62 -28887.9 -33.046  Lactone O in direction of H172, H-bond of H175 to C=0 (2.40 A), of R347 to C=OOEt (2.17 A), of OH to D25 (1.67 A) protonation
possible
13 -1448.746 -4.49 -28885.1 -35.741  Lactone O in direction of Y27, H-bond of R347 to C=0 (2.17 A, 2.52 A) of H175 to C=00Et (2.76 A), of K107 to C=OOEt (2.53 A), of OH to D25 (1.73 A),
Pi-cation of K107 to phenol
14 -1448.68 -4.583 -28881.9 -33.226 Lactone O in direction of Y27, H-bond 0fR347 to C=0O (2.28 A), of OH to D25 (2.03 A)

Table 39. Results from IFD of substrate S-13b in the TsER C25D/167T structure with oxidized FMN and protonated H172/H175 based on crystal structure SNUX

Pose IFD Score  Glide Prime Glide Notes result
GScore  Energy Energy

1 -1445.863  -8.182 -28753.6 -43.637  Lactone O in direction of Y27, H-band of R347 to C=OOEt (2.10 A, 2.61 A) and to C=0 (1.95 A), of OH to D25 (1.94 A), of T67 to OH (1.85 A)

2 1444842 -7.459 -28747.6 -36.765  Lactone O in direction of Y27, H-band of R347 to C=OOEt (1.88 A, 2.49 A) and to C=0 (1.84 A), of OH to D25 (2.59 A)

3 1444596  -7.383 -28744.2 -36.68 Lactone O in direction of R347, H-bond of R347 to C=0 (1.85 A), of Y27 to OH (1.85 A), of OH to D25 (1.86 A)

4 1444436  -7.329 287421 -37.873  Lactone O in direction of Y27, H-band of R347 to C=OOEt (1.89 A, 2.45 A) and to C=O (2.02 A), of OH to D25 (1.80 A)

5 -1444.32 7127 -28743.8 -45.063  Lactone O in direction of D25, H-bond of H175 to C=OOEt ( 2.06 A) of OH to D25 (1.68 A), of OH to D71 (1.89 A)

6 -1444.277 -7.262 -28740.3 -37.638 Lactone O in direction of R347, H-bond of R347 to C=O (1.88 A) and to lactone O (2.65 A), of OH to D25 (2.03 A)

7 -1444.212 -6.673 -28750.8 -34.3 Lactone O in direction of H172, H-bond of OH to D25 (2.07 A), of R347 to C=OOEt (2.54 A), Distance of H175 to C=0 (2.82 A, angle 87.2°) protonation

possible
8 1444102 -6.964 -28742.8 -38.023  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.90 A) and to C=OOEt (1.98 A), of OH to D25 (2.01 A)
9 -1444.043 -6.828 -28744.3 -36.363 Lactone O in direction of R347, H-bond of R347 to C=0 (1.79 A) and to lactone O (2.61 A), of OH to D25 (1.71 A)
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-1444.042
-1444.023
-1443.97

-1443.857
-1443.606
-1443.532
-1443.265
-1443.259
-1442.953
-1442.777

-6.818
-6.778
-6.654
-6.537
-7.000
-7.253
-6.333
-6.438
-6.087
-5.833

-28744.5
-28744.9
-28746.3
-28746.4
-28732.1
-28725.6
-28738.7
-28736.4
-28737.3
-28738.9

-40.519
-36.427
-40.247
-38.781
-38.888
-36.676
-34.435
-34.659
-35.617
-30.895

Lactone O in direction of Y27, H-band of R347 to C=OOEt (1.71 A) and to C=O (1.84 A), of OH to D25 (1.80 A)

Lactone O in direction of R347, H-bond of R347 to C=0 (1.96 A) and to lactone O (2.70 A), of Y27 to OH (1.79 A), of OH to D25 (2.50 A)
Lactone O in direction of Y27, H-bond of R347 to C=O (1.96 A) and to C=OOEt (1.93 A), of OH to D25 (2.00 A)

Lactone O in direction of H172, H-bond of Y177 to C=OOEt (2.13 A), of OH to T67 (2.09 A), distance of delta NH of H175 to C=0 3.57 A, 61.3°
Lactone O in direction of Y27, H-bond of R347 to C=0 (1.95 A, 2.38 A) and to C=OOEt (2.17 A), of OH to D25 (1.66 A)

Lactone O in direction of Y27, H-bond of R347 to C=0 (2.06 A) and to C=OOEt (1.94 A), of OH to D25 (2.12 A)

Lactone O in direction of R347, H-bond of R347 to C=0 (2.70 A, 236 A), of OH to Y177 (2.12 A), pi-pi stacking of H175 to phenol

Lactone O in direction of R347, H-bond of R347 to C=0 (2.05 A), of OH to Y27 (2.16 A)

coumarin vertical to FMN, H-bond of OH to S260 backbone (1.95 A), of Y177 to OEt (2.06 A)

Lactone O in direction of Y27, H-bond of R347 to C=0 (2.00 A, 2.28 A), of OH to D25 (2.06 A)

Table 40. Results from Induced Fit Docking of substrate R-13b in the oxidized and protonated TsER C25D/I67T structure based on crystal structure SNUX.

Pose IFD Score  Glide Prime Glide Notes result
GScore  Energy Energy
1 -1446.185 -8.554 -28752.6 -44.61 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (1.72 A) and to C=0 (1.89 A), of Y27 to C=0O (2.71 A), of OH to D25 (1.65 A), bad contact of
T67 to OH
2 -1445.019 -7.434 -28751.7 -36.88 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.24 A) and to C=0 (1.82 A,2.15 10%), of OH to D25 (1.86 A), bad contact of T67 to OH
3 -1444.721 -7.432 -28745.8 -41.214 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.14 A) and to C=0 (1.98 A, 261 A), of OH to D25 (1.74 A)
4 -1444.64  -7.105 287507 -37.71  Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.49 A) and to C=0 (2.10 A, 2.13 A), of OH to D25 (1.71 A)
5 1444558  -7.366 287438  -41.253  Lactone O in direction of Y27, H-bond of R347 to C=OOEt (1.69 A) and to C=O (1.87 A), of Y27 to C=0 (2.66 A), of OH to D25 (1.63 A)
6 -1444.539 -7.051 -28749.8 -36.349  Lactone O in direction of R347, H-bond of R347 to C=0 (1.88 A, 2.61 A) and to lactone O (2.60 A), of OH to D25 (1.84 A)
7 -1444.512 -7.157 -28747.1 -40.192  Lactone O in direction of R347, H-bond of R347 to C=0 (2.00 A), of Y27 to OH (2.00 A), of OH to D25 (2.04 A)
8 -1444.471 -6.865 -28752.1 -37.674  Lactone O in direction of R347, H-bond of R347 to C=O (1.85 A), of Y27 to OH (1.92 A), of OH to D25 (2.14 A)
9 -1444.455 -7.182 -28745.5 -39.519 Lactone O in direction of R347, H-bond of R347 to C=0 (1.95 A), of Y27 to OH (1.78 A), of OH to D25 (2.24 A)
10 -1444.399 -7.146 -28745.1 -40.097  Lactone O in direction of H172, H-bond of H175 to C=0 (1.78 A), of OH to D71 (1.61 A) protonation
possible
1 1444346 -7.884 287293  -43.865 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.03 A), of Y27 to C=0 (1.96 A), of OH to D71 (1.63 A)
12 -1444.246  -7.509 287347  -36.498  Lactone O in direction of R347, H-bond of R347 to C=0 (1.79 A) and to lactone O (2.67 A), of OH to D25 (2.23 A), of Y27 to OH (1,69 A)
13 -1444.163 -6.704 -28749.2 -38.095  Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.44 A) and to C=0 (1.87 A, 2.17 A), of OH to D25 (1.68 A)
14 -1443.901  -6.592 287462 -37.35  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.97 A, 2.15 A), of OH to Y27 (2.04 A), of T67 to OH (2.05 A)
15 -1443.768  -6.906 -28737.3 352 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.98 A, 2.30 A) and to C=OOEt (2.29 A), of OH to D25 (1.87 A), bad contact of Y177 to OH
16 -1443.716 -6.288 -28748.6 -41.899  Lactone O in direction of H175, H-bond of H175 to C=O (2.53 A), of H172 to C=0 (2.05 A), of OH to R347 (1.93 A) protonation
possible
17 -1443.41 -6.033 -28747.5 -37.139 Lactone O in direction of FMN, H-bond of R347 to C=0 (2.13 A), of H175 to C=OOEt (2.00 A), of OH to S260 (2.18 A), Pi-pi stacking and Pi-cation of
H175 to phenol
18 -1443.334 -6.249 -28741.7 -33.276  Lactone O in direction of H172, H-bond of OH to D25 (2.29 A), of Y177 to OH (1.77 A)
19 -1443.331 -6.342 -28739.8 -37.808 Lactone O in direction of FMN, H-bond of R347 to C=0 (2.04 A, 220 A), of OH to 5260 (2.18 A), Pi-pi stacking of H175 to phenol
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Table 41. Results from IFD of substrate S-13b in the TsER C25D/167T structure with oxidized FMN, protonated H172/H175 and charged Y177 based on crystal struc-

ture SNUX
Pose IFD Score Glide Prime Glide Notes
GScore Energy Energy

1 -1447.263 -7.16 -28802.1 -43.495 Lactone O in direction of Y27, H-bond of R347 to C=O (2.05 A) and to C=OOEt (1.70 A), of Y27 to C=0 (2.16 A), of OH to D25 (2.78 A), of T67 to OH (1.90 A)

2 -1446.519 -6.186 -28806.6 -36.335 Lactone O in direction of T67, H-band of OH to Y27 (1.71 A)

3 -1446.469 -6.422 -28800.9 -42.542 Lactone O in direction of Y27, H-band of R347 to C=O (1.93 A), of OH to D25 (1.82 A)

4 -1446.46 -6.425 -28800.7 -41.508 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.89 A, 245 A), of Y27 to lactone O (2.62 A), of OH to D25 (1.92 A)

5 -1446.184 -5.681 -28810.1 -36.313 coumarin vertical to H175, H-bond of OH to 5260 backbone (1.76 A), of K107 to C=0 (2.29 A), of H175 to C=OOEt (2.06 A), pi-pi stacking and pi-cation of H175 to
phenol

6 -1446.147 -5.731 -28808.3 -32.941 Lactone O in direction of H172, H-bond of OH to Y177 (1.63 A)

7 -1446.101 -5.941 -28803.2 -37.964 Lactone O in direction of R347, H-band of R347 to C=O (2.04 A, 2.15 A), of OH to D25 (2.07 A), of T67 to OH (2.48 A)

8 -1445.995 -5.537 -28809.1 -33.175 coumarin vertical to H175, H-bond of OH to Y177 (1.69 A),pi-cation of H175 to phenol

9 -1445.921 -5.231 -28813.8 -32.651 coumarin vertical to H175, H-bond of OH to Y177 (1.64 A)

10 -1445.891 -5.206 -28813.7 -32.439 coumarin vertical to H175, H-bond of OH to Y177 (1.64 A)

11 -1445.715 -4.918 -28815.9 -33.169 Lactone O in direction of H172, H-bond of R347 to C=OOEt (2.69 A), of Y27 to OH (2.65 A), of OH to Y177 (1.80 A)

12 -1445.579 -5.74 -28796.8 -39.344 Lactone O in direction of Y27, H-bond of R347 to C=0 (2.02 A, 2.25 A) and to C=OOEt (2.25 A), of OH to T67 (2.15 A)

13 -1445.54 -4.879 -28813.2 -31.354 coumarin vertical to H175, H-bond of OH to Y177 (1.74 A)

14 -1445.525 -5.28 -28804.9 -33.496 coumarin vertical to H175, H-bond of OH to Y177 (1.72 A),of Y27 to OH (2.47 A)

15 -1445.518 -5.867 -28793 -39.007 Lactone O in direction of Y27, H-bond of R347 to C=0 (2.06 A) and to C=0OOEt (1.96 A), of OH to D25 (1.90 A)

16 -1445.158 -4.839 -28806.4 -33.769 Lactone O in direction of Y27, H-bond of R347 to C=0O (2.04 A, 228 A) and to OEt (2.74 A), of OH to D25 (1.92 A)

17 -1444.969 -5.229 -28794.8 -35.477 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.98)

18 -1444.778 -5.177 -28792 -34.763 coumarin vertical to H175, H-bond of OH to 5260 backbone (1.96 A), of K107 to C=0 (2.01 A), of H175 to C=OOEt (2.05 A), pi-pi stacking and pi-cation of H175 to
phenol

19 -1444.133 -4.609 -28790.5 -33.959 coumarin vertical to FMN, H-bond of R347 to C=0 (2.05 A, 2.15 A)

Table 42. Results from Induced Fit Docking of substrate R-13b in the oxidized and protonated TsER C25D/167T structure with charged Y177 based on crystal struc-

ture SNUX.
Pose IFD Score  Glide Prime Glide Notes result
GScore  Energy Energy
1 -1447.742 -7.022 -28814.4 -44.049  Lactone O in direction of Y27, H-bond of R347 to C=O (1.94 A) and to C=OOEt (2.09 A), of Y27 to C=0 (2.55 A) and to lactone O (2.49 A), of OH to D25
(1.71 A), of T67 to OH (1.96 A)
2 -1447.009  -5.723 288257  -33.866  Lactone O in direction of R347, H-bond of R347 to lactone O (2.41 A) and to C=0 (2.30 A, 2.07 A), of R319 to C=OOEt (2.15 A, 2.54 A), OH to Y177 (1.72
A)
3 -1446.803 -6.131 -28813.4 -40.224  Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.61 A), of R347 to C=0 (2.09 A, 2.48 A) and to C=OOEt (2.55 A), of OH to D25 (1.73 A)
-1446.763 -5.924 -28816.8 -36.07 Lactone O in direction of R347, Pi-pi stacking of H175 to phenol
5 -1446.732 -6.124 -28812.2 -40.126  coumarin vertical to H175, H-bond of OH to S260 backbone (1.96 A), of H175 to C=OOEt (1.81 A), of R347 to C=0 (1.90 A), pi-pi stacking and pi-cation

of H175 to phenol
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6 -1446.661
7 -1446.507
8 -1446.462
9 -1446.444
10 -1446.297
11 -1446.216
12 -1446.114
13 -1445.988
14 -1445.803
15 -1445.752
16 -1445.714
17 -1445.704
18 -1445.622

-5.389
-5.683
-6.297

-5.13
-5.08
-5.848
-5.132
-5.646

-5.792
-5.262
-4.867

-5.366
-4.932

-28825.4
-28816.5
-28803.3

-28826.3
-28824.3
-28807.4
-28819.6
-28806.8

-28800.2
-28809.8
-28816.9

-28806.8
-28813.8

-30.329
-34.344
-41.305

-31.824
-32.085
-37.79
-32.124
-38.614

-38.328
-32.095
-31.591

-37.165
-31.209

coumarin vertical to H175, H-bond of OH to Y177 (1.86 A), of K107 to OH (1.94 A), Pi-cation of H175 and R347 to phenol

Lactone O in direction of R319, H-bond of R347 to OH (1.73 A), of OH to Y27 (1.74 A), of K107 to C=OOEt (2.59 A)

Lactone O in direction of H172, H-bond of H175 to C=0 (1.87 A), of R347 to C=OOEt (2.05 A), of OH to D71 (1.73 A) protonation
possible

coumarin vertical to FMN, H-bond of OH to Y177 (1.91 A)

Lactone O in direction of H175, H-bond of H175 to C=0 (2.13 A), of Y27 to C=OOEt (2.38 A)

Lactone O in direction of R347, H-bond of R347 to lactone O (2.49 A) and to C=0 (2.02 A), of Y27 to OH (1.90 A), of OH to D25 (2.38 A)

Lactone O in direction of K107, H-bond of OH to Y177 (1.70 A)

coumarin vertical to FMN, H-bond of OH to 5260 backbone (2.09 A), of R347 to C=0 (2.24 A, 2.62 A), of H175 to C=OOEt (2.19 A), Pi-pi stacking and Pi-

catio of H175 to phenol

Lactone O in direction of Y27, H-bond of OH to D25 (1.80 A), of R347 to C=0 (2.06 A, 2.42 A) and to C=OOEt (2.23 A)

Lactone O in direction of Y177, H-bond of OH to Y177 (2.63 A), of Y27 to OH (2.45 A)

Lactone O in direction of R347, H-bond of R347 to lactone O (2.34 A) and to C=0 (2.19 A), of R319 to C=OOEt (2.44 A), of OH to Y177 (1.66 A), Pi-cation

of H175 to phenol

Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.76 A), of R347 to C=0 (2.06 A) and to C=OOEt (1.97 A, 2.60 A)

Lactone O in direction of K107, H-bond of OH to Y177 (1.73 A)

Table 43. Results from IFD of substrate S-13b in the TsER C25D/167T/A102H structure with FMNH-: and protonated H172/H175 based on crystal structure 5SOGT.

Pose IFD Score  Glide Prime Glide Notes result
GScore  Energy Energy
1 -1443.469  -7.847 287124 -46.744  Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.28 A), of R347 to C=0 (1.92 A, 2.32 A), of H175 to C=OOEt (1.86 A), of OH to D25 (1.56 A),
pi-pi stacking of H102 to phenol
2 1443339  -7.715 287125 -44.406  Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.20 A), of R347 to C=0 (1.86 A, 2.24 A and to C=OOEt (2.00 A), of OH to D25 (1.92 A), of T67
to OH (1.90 A)
3 -1443.288 -7.674 -28712.3 -43.862 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.92 A, 2.34 A) and to C=OOEt (2.14 A), of OH to D25 (1.85 A), of T67 to OH (1.93 A), bad contact
of H102 to phenol
4 -1443.284  -7.725 -28711.2 -46.847  Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.33 A), of R347 to C=0 (1.91 A, 2.18 A), of H175 to C=OOEt (1.83 A), of OH to D25 (1.86 A),
of T67 to OH (1.88 A), pi-pi stacking of H102 to phenol
5 -1443.136 -7.559 -28711.5 -46.406  Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.25 A), of R347 to C=0 (1.92 A, 2.29 A), of H175 to C=OOEt (1.99 A), of OH to D25 (1.66 A),
pi-pi stacking of H102 to phenol
6 -1443.088  -7.538 -28711.0 -44297  Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.23 A), of R347 to C=0 (1.99 A, 2.16 A)and to C=OOEt (2.16 A), of OH to D25 (1.73 A), of
T67 to OH (2.00 A), bad contact of H102 to phenol
7 -1443.061 -7.476 -28711.7 -44.014 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.99 A), of OH to D25 (1.61 A), pi-pi stacking of H102 to phenol, bad contacts of T67 to OH
8 -1443.017 -7.324 -28713.9 -43.255 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.90 A), of OH to D25 (1.83 A), pi-pi stacking of H102 to phenol, bad contacts of T67 to OH
9 -1442.965 -7.608 -28707.1 -47.769 Lactone O in direction of H172, H-bond of H175 to C=OOEt (1.84 A), of OH to D25 (1.69 A), bad contact of t67 to OH, distance of H172 3.84 A, angle  protonation
98.5° possible
10 -1442.922 -7.601 -28706.4 -44.119 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.96 A), of OH to D25 (1.73 A), pi-pi stacking of H102 to phenol, bad contacts of T67 to OH
11 -1442.879  -7.732 -28702.9 -46.394  Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.35 A), of R347 to C=O (1.85 A, 2.20 A and to OFEt (2.52 A), of H175 to C=OOEt (2.03 A), of
OH to D25 (1.68 A), of T67 to OH (1.97 A)
12 -1442.816 -7.387 -28708.6 -44.592 Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.30 A), of R347 to C=0 (1.86 A,2.12 A and to C=OOEt (2.63 A), of OH to D25 (1.86 A), of T67
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13 -1442.570 -7.403
14 -1442.558 -6.986
15 -1442.552 -7.458
16 -1442.522 -6.883
17 -1442.109 -6.650
18 -1441.841 -6.570
19 -1441.673 -6.692

-28703.3
-28711.4
-28701.9
-28712.8
-28709.2

-28705.4
-28699.6

-45.893
-44.338
-45.996
-42.965
-43.732

-41.396
-39.948

to OH (1.93 A)

Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.46 A), of R347 to C=0 (1.78 A, 2.43 A, of H175 to C=00Et (1.77 A), of OH to D25 (1.88 A),
of T67 to OH (1.88 A), pi-pi stacking of H102 to phenol

Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.56 A), of R347 to C=0 (1.85 A, 2.67 A, of H175 to C=OOEt (2.67 A), of OH to D25 (1.84 A),
of T67 to OH (2.07 A), pi-pi stacking of H102 to phenol

Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.57 A), of R347 to C=0O (1.72 A, 2.80 A), ofH175 to C=OOEt (1.76 A), of OH to D25 (1.60 A),
pi-pi stacking of H102 to phenol, bad contact of T67 to OH

Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.69 A), of R347 to C=0 (1.98 A), of OH to D25 (1.9 A), of T67 to OH (2.03 A)

Lactone O in direction of Y27, H-bond of R347 to C=0O (2.04 A), of OH to D25 (1.76 A), of T67 to OH (2.20 A)

Lactone O in direction of H172, H-bond of H172 to C=0O (2.12 A, angle 157.7°), of OH to D25 (1.67 A), pi-pi stacking of Y177 to phenol

Lactone O in direction of Y27, H-bond of R347 to C=O (1.94 A), of OH to D25 (1.60 A), of T67 to OH (2.07 A)

Table 44. Results from Induced Fit Docking of substrate R-13b in the reduced and protonated TsER C25D/167T/A102H structure based on crystal structure 50GT.

Pose IFD Score  Glide Prime Glide Notes result
GScore  Energy Energy
1 -1443.683 -8.176 -28710.1 -46.734  Lactone O in direction of H172, H-bond of T67 to OH (2.08 A), of OH to D25 (1.46 A)
2 -1443.613 -7.656 -28719.1 -45.915 Lactone O in direction of H172, H-bond of T67 to OH (2.00 A), of OH to D25 (1.55 A)
3 -1443.38 -7.619 -28715.2 -47.3 Lactone O in direction of H172, H-bond of H172 to C=0 (2.40 A), T67 to OH (1.91 A), of OH to D25 (1.90 A) protonation
possible?
4 -1443.366 -7.52 -28716.9 -45.078 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.81 A), of H175 to C=OO0Et (1.91 A), of OH to D25 (1.87 A), of T67 to OH (2.02 A)
5 -1443215  -7.507 287142  -46.162  Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.40 A), of R347 to C=O (2.01 A, 2.52 A) and to OEt (2.79 A), of H175 to C=OOEt (2.10 A), of
OH to D25 (1.69 A), of T67 to OH (2.02 A)
6 -1443.174 -7.424 -28715 -45.483  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.74 A), of H175 to C=OO0Et (1.89 A), of OH to D25 (1.75 A), of T67 to OH (2.03 A)
7 -1442.998  -7.768 287046  -44292  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.98 A), of H175 to C=OOEt (1.90 A), of OH to D25 (1.53 A), of T67 to OH (1.88 A)
8 -1442.831 -7.297 -28710.7 -44.756 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.90 A), of OH to D25 (1.71 A), of T67 to OH (2.01 A)
9 -1442.815 -7.526 -28705.8 -46.498  Lactone O in direction of Y27, H-bond of R347 to C=O (1.77 A), of H175 to C=OOEt (1.95 A), of OH to D25 (1.64 A), Pi-pi stacking of H102 to phenol,
bad contacts of T67 to OH
10 -1442.777  -7422 -28707.1 -46.742  Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.27 A), of R347 to C=0 (1.77 A, 2.52 A), of H175 to C=OOEt (1.96 A), of OH to D25 (1.63 A),
of T67 to OH (1.91 A)
11 -1442.751 -7.189 -28711.2 -43.683  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.88 A), of OH to D25 (1.80 A), of T67 to OH (1.97 A)
12 -1442.617 -7.18 -28708.7 -4408  Lactone O in direction of Y27, H-bond of R347 to C=O (2.01 A), of H175 to C=OOEt (1.87 A), of OH to D25 (1.90 A), of T67 to OH (1.97 A)
13 -1442.427 -7.16 -28705.3 -44.182 Lactone O in direction of Y27, of R347 to C=0 (2.08 A), of Y177 to C=OOEt (1.84 A), of OH to D25 (1.58 A), of T67 to OH (2.37 A), bad contacts of H175
to OEt
14 11442405  -6.882 287105  -46.072  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.92 A), of H175 to C=OOEt (1.96 A), of OH to D25 (1.60 A), of T67 to OH (2.05 A), bad contact of
Y177 to C10
15 -1441.588 -6.326 -28705.2 -40.455  Lactone O in direction of Y27, of R347 to C=0 (2.14 A), of Y177 to C=OOEt (1.88 A), of OH to D25 (1.74 A), of T67 to OH (2.50 A)
16 -1440.867 -6.202 -28693.3 -40.006  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.80 A), of H175 to C=OOEt (2.13 A), of OH to D25 (1.88 A)
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Table 45. Results from IFD

of substrate S-13b in the TsER C25D/167T/A102H structure with oxidized FMN and protonated H172/H175 based on crystal structure

50GT.
Pose IFD Score Glide Prime Glide Notes
GScore Energy Energy
1 -1439.044 77 -28626.9 -41.930 Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.18 A), of R347 to C=0 (1.96 A, 2.35 A) and to C=OOEt (2.29 A), of OH to D25 (2.12 A), of T67 to OH (1.90 A)
2 -1438.993 -7.976 -28620.3 -44.339 Lactone O in direction of Y27, H-bond of R347 to C=O (1.90 A) and to C=0OO0Et (2.00 A), of OH to D25 (2.07 A), of T67 to OH (2.24 A)
3 -1438.914 -7.624 -28625.8 -37.875 Lactone O in direction of Y27, H-bond of R347 to C=O (2.11 A) and to C=OOEt (2.67 A), of T67 to OH (2.24 A). pi-pi stacking of H102 to phenol
4 -1438.687 -7.173 -28630.3 -38.372 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.45 A), of OH to D25 (1.92 A), of T67 to OH (1.90 A)
5 -1438.488 -6.911 -28631.5 -37.000 Lactone O in direction of H175, H-bond of H172 to OH (2.04 A)
6 -1438.355 -7.048 -28626.2 -38.156 Lactone O in direction of Y27, H-bond of Y27 to O lactone (2.78 A), of OH to D25 (1.93 A)
7 -1438.299 7311 -28619.8 -41.727 Lactone O in direction of Y27, H-band of R347 to C=0 (2.12 A) and to C=OOEt (1.96 A, 2.21 A), of Y27 to C=O (2.24 A), of OH to D25 (2.15 A) and to D71 (2.61 A)
8 -1437.76 -6.847 -28618.3 -39.27 Lactone O in direction of H175, H-band of H175 to C=O (1.78 A)
9 -1437.749 -6.551 -28624 -34.976 Lactone O in direction of R347, H-bond of Y27 to C=O (2.48 A) and to C=OOEt (2.07 A)
10 -1437.511 -7.084 -28608.5 -37.669 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.25 A), of OH to H102 (2.05 A)
11 -1437.396 -7.008 -28607.8 -38.611 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.80 A), of OH to D25 (1.70 A)
12 coumarin vertical to FMN, H-bond of OH to 5260 backbone (1.87 A), of Y177 to C=O (1.80 A), of H175 to C=OOQEt (2.04 A), pi-pi stacking and pi-cation of H175 to
-1437.377 -6.421 -28619.1 -38.690 phenol
13 -1437.083 -5.912 -28623.4 -36.704 coumarin vertical to FMN, H-bond of Y177 to C=O (1.88 A), of H175 to C=OOEt (1.89 /0\)
14 -1436.993 -6.239 -28615.1 -38.582 coumarin vertical to FMN, H-bond of Y27 to C=0 (2.11 A), of H175 to C=OO0Et (1.96 A)
15 -1436.992 -6.163 -28616.6 -37.585 coumarin vertical to FMN, H-bond of Y27 to C=0 (2.07 A), of H172 to C=OO0Et (2.40 A), of K107 to OH (1.86 A), pi-pi stacking of Y177 to phenol
16 -1436.94 -5.573 -28627.3 -33.073 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.16 A), of OH to D71 (2.68 A)
17 -1436.547 -5.651 -28617.9 -33.05 Lactone O in direction of R347, H-bond of R347 to lactone O (2.26 A) and to C=0 (1.99 A), of Y27 to C=0 (2.02 A), pi-pi stacking of H175 to phenol
18 -1436.237 -5.79 -28608.9 -32.516 Lactone O in direction of R347, H-bond of R347 to C=O (1.73 A, 2.41 A), of Y27 to C=0 (2.09 A)
19 -1436.207 -5.726 -28609.6 -37.521 H-bond of Y27 to C=OO0Et (1.93 A), of R347 to C=OOEt (2.21 A, 2.68 A) and to C=0 (2.22 A), pi-pi stacking of H175 to phenol
20 -1436.023 -5.75 -28605.5 -29.571 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.19 A), of OH to D25 (1.75 A)

Table 46. Results from Induced Fit Docking of substrate R-13b in the oxidized and protonated TsER C25D/167T/A102H structure based on crystal structure 50GT.

Pose IFD Glide Prime Glide Notes
Score GScore Energy Energy
1 -1439.561 -8.46 28622 4488  Lactone O in direction of Y27, H-bond of R347 to C=0 (1.91 A) and to C=OOEt (1.88 A, 2.76 A), of OH to D25 (1.75 A), of T67 to OH (1.89 A)
2 -1439.539 -8.41 -28622.6 44432  Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.60 A), of R347 to C=0 (1.93 A) and to C=OOEt (2.09 A), of OH to D25 (1.74 A), of T67 to OH (1.9 A)
3 -1438.729 -7.439 -28625.8 -39.974 Lactone O in direction of Y27, H-bond of R347 to C=0 (1.97 A, 2.60 A) and to C=OOEt (2.10 A), of Y27 to C=0 (2.05 A). bad contacts of T67 and H102 to OH
4 -1438.701 -7.794 -28618.1 -39.864 Lactone O in direction of Y27, H-bond of OH to D25 (1.83 A), of T67 to OH (1.91 A)
5 -1438.607 -7.577 -28620.6 -38.933 Lactone O in direction of Y27, H-bond of OH to D25 (1.85 A), of T67 to OH (1.84 A), bad contact of H172 to C5
6 -1438.17 -7.003 -28623.3 -37.379 Lactone O in direction of R347, H-bond of Y27 to C=OOEt (1.78 A), of R347 to C=0 (2.00 A, 2.02 A), Pi-pi stacking of H175 to phenol
7 -1438.053 -7.561 -28609.9 -38.445 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.74 A), of OH to D25 (1.92 A), of T67 to OH (2.02 A)
8 -1437.942 -7.046 -28617.9 -37.548 Lactone O in direction of Y27, H-bond of OH to D25 (2.00 A), bad contact of T67 to OH
9 -1437.648 -6.483 -28623.3 -34.807  Lactone O in direction of R347, H-bond of Y27 to C=0 (2.16 A) and to C=OOEt (2.42 A), Pi-pi stacking of H175 to phenol
10 -1437.634 -6.584 -28621 -40.63 Lactone O in direction of FMN, H-bond of R347 to C=0 (2.04 A), of OH to 5260 backbone (1.96 A), of H175 to C=OOEt (1.85 A), Pi-pi stacking and Pi-cation of H175 to
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-1437.583
-1437.573
-1437.563
-1437.392
-1437.325
-1437.084
-1436.616

-6.449
-7.157
-6.817
-6.162
-6.808
-5.862
-5.956

-28622.7
-28608.3
-28614.9
-28624.6
-28610.3
-28624.4
-28613.2

-34.919
-39.491
-36.796
-33.435
-36.323
-34.539
-34.794

phenol

Lactone O in direction of R347, H-bond of Y27 to C=0 (2.71 A) and to C=OOEt (1.77 A), Pi-pi stacking of H175 to phenol

Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.16 A), of R347 to C=0 (2.04 A, 2.17 A) and to C=00Et (2.71 A), of OH to D25 (2.15 A)
Lactone O in direction of Y27, H-bond of OH to T67 (1.97 A), bad contact of H172 to C5

Lactone O in direction of R347. H-bond of Y27 to C=0 (2.59 A) and to C=OOEt (2.17 A), Pi-pi stacking of H175 to phenol

Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.69 A), of OH to D25 (2.05 A)

Lactone O in direction of H175, H-bond of H172 to C=OOEt (2.20 A)

Lactone O in direction of FMN, H-bond of Y27 to C=0 (1.91 A), bad contacts of Y177 to C=OOEt

Table 47. Results from IFD of substrate S-13b in the TsER C25D/167T/A102H structure with oxidized FMN, protonated H172/H175 and charged Y177 based on crys-

tal structure 50OGT.
Pose  IFD Score Glide Prime Glide Notes
GScore Energy Energy

1 -1440.109 -6.585 -28670.5 -37.848 Lactone O in direction of H175, H-bond of H172 to C=OOEt (1.67 A)

2 -1439.934 -5.888 -28680.9 -39.417 Lactone O in direction of R347, H-band of R347 to C=0 (2.35 A) and to C=0OEt (2.25 A), of Y27 to C=OOEt (2.18 A), of OH to A111 backbone (1.65 A), pi-pi stacking of
Y27 to phenol, bad contacts Y177 to Et

3 -1439.827 -6.234 -28671.9 -40.159 coumarin vertical to FMN, H-bond of R347 to C=0 (2.00 A) and to C=OOQEt (1.83 A), of Y27 to C=OOEt (1.93 A), of OH to Y136 (1.81 A), pi-cation of K107 to phenol

4 -1439.561 -5.592 -28679.4 -36.024 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.12 A), of OH to H102 (2.00 A)

5 -1439.467 -5.881 -28671.7 -40.559 Lactone O in direction of Y27, H-bond of OH to H102 (2.16 A)

6 -1439.453 -6.141 -28666.2 -39.123 coumarin vertical to FMN, H-bond of R347 to C=0 (2.05 A) and to C=OOEt (1.96 A), of Y27 to C=OOEt (2.01 A), of OH to Y136 (1.80 A), pi-cation of K107 to phenol

7 -1439.388 -6.474 -28658.3 -38.004 coumarin vertical to FMN, H-bond of R347 to C=0 (1.97 A) and to C=OOEt (1.77 A), of Y27 to C=OOEt (1.95 A), of OH to Y136 (1.74 A), pi-cation of K107 to phenol

8 -1439.269 -5.761 -28670.2 -36.579 coumarin vertical to FMN, H-bond of OH to 5260 backbone (2.10 A), of H175 to C=OOEt (1.97 A), pi-pi stacking and pi-cation of H175 to phenol

9 -1439.174 -5.48 -28673.9 -37.155 Lactone O in direction of Y27, H-bond of R347 to C=0 (2.12 A, 2.35 A) and to C=OOEt ( 2.14 A), of OH to H102 (2.10 A), of Y27 to lactone O (2.32 A)

10 -1439.126 -5.643 -28669.7 -35.398 coumarin vertical to FMN, H-bond of OH to 5260 backbone (1.96 A),of Y27 to OEt (2.57 A), of R347 to C=OOEt (2.02 A), pi-pi stacking and pi-cation of H175 to phenol

11 -1439.088 -5.09 -28680 -30.858 Lactone O in direction of H175, H-bond of OH to Y177 (1.82 A)

12 -1438.805 -5.553 28665 -37.641 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.18 A) and to C=0 (2.03 A, 2.31 A), of Y27 to C=0 (2.30 A), of OH to D71 (2.56 A)

13 -1438.627 -5.354 -28665.5 -35.274 Lactone O in direction of R347, H-bond of R347 to C=OOEt (2.17 A, 2.52 A), of Y27 to C=OOEt (1.95 A), of OH to A111 backbone (1.86 A), pi-pi stacking of Y27 to
phenol

14 -1438.587 -4.91 -28673.6 -37.057 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.53 A) and to C=0 (2.10 A, 225 A)

15 -1438.429 -5.19 -28664.8 -32.909 coumarin vertical to FMN, H-bond of OH to 5260 backbone (1.73 A), of R347 to C=OOEt (2.30 A), pi-pi stacking and pi-cation of H175 to phenol

16 -1438.412 -5.411 -28660 -34.162 coumarin vertical to FMN, H-bond of OH to 5260 backbone (1.82 A),of Y27 to OEt (2.66 A), of R347 to C=OOEt (2.06 A), pi-pi stacking and pi-cation of H175 to phenol

17 -1438.304 -5.122 -28663.6 -31.89 coumarin vertical to FMN, H-bond of R347 to C=OOEt (2.00 A, 2.56 A) and to C=0 (2.10 A), of Y27 to C=O0Et (1.98 A), of Y136 to OH (1.95 A), pi-cation of K107 to
phenol

18 -1438.284 -5.12 -28663.3 -31.856 coumarin vertical to FMN, H-bond of R347 to C=0OEt (2.00 A, 2.56 A) and to C=0 (2.10 A), of Y27 to C=OOEt (1.98 A), of Y136 to OH (1.94 A), pi-cation of K107 to
phenol

19 -1437.764 -4.541 -28664.5 -30.123 Lactone O in direction of Y27, H-bond of R347 to C=0 (2.09 A 271 A), of OH to D25 (1.86 A)
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Table 48. Results from Induced Fit Docking of substrate R-13b in the oxidized and protonated TsER C25D/167T/A102H with charged Y177 structure based on crystal
structure 50OGT.

Pose  IFD Score Glide Prime Glide Notes
GScore Energy Energy
1 -1440.56 -6.655 -28678.1 442619 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.11 A), of R347 to C=0 (1.96 A, 2.39 A) and to C=OOEt (2.26 A), of OH to H102 (1.97 A)
2 -1439.923 -5.785 -28682.8 -37.852 Lactone O in direction of R347, H-bond of Y27 to C=0 (2.54 A) and to C=OOEt (2.02 A), pi-pi stacking of H175 to phenol
3 -1439.785 -5.197 -28691.8 -31.992 Lactone O in direction of H172, H-bond of OH to Y177 (1.63 A)
4 -1439.73 -6.147 -28671.7 -39.746 Lactone O in direction of R347, H-bond of Y27 to C=0 (2.01 A), of H172 to C=OO0E' (2.10 A)
5 -1439.653 -6.236 -28668.4 -34.966 Lactone O in direction of R347, H-bond of Y27 to C=0 (2.79 A) and to C=OOEt (2.16 A), pi-pi stacking of H175 to phenol
6 -1439.591 -6.114 -28669.5 -39.693 coumarin vertical to FMN, H-bond of R347 to C=0 (1.84 A), of H175 to C=OO0Et (1.95 A), of OH to 5260 backbone (2.10 A), Pi-pi stacking and Pi-cation of H175 to
phenol
7 -1439.479 -5.174 -28686.1 -32.97 Lactone O in direction of H172, H-bond of OH to Y177 (1.78 A)
8 -1439.406 -5.24 -28683.3 -36.738 Lactone O in direction of S260, H-bond of H175 and H172 to C=OOEt (2.16 A, 218 A)
9 -1439.386 -5.509 -28677.5 -35.971 Lactone O in direction of R347, H-bond of Y27 to C=OOEt (1.92 A), Pi-pi stacking of H175 to phenol
10 -1439.254 -5.274 -28679.6 -38.549 Lactone O in direction of S260, H-bond of H175 and H172 to C=OOEt (2.50 A, 215 A)
11 -1439.195 -5.278 -28678.3 -29.839 Lactone O in direction of R347, H-bond of R347 to lactone O (2.07 A) and to C=0 (1.94 A), of OH to Y177 (1.56 A)
12 -1439.093 -5.385 -28674.2 -33.265 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.18 A), of OH to D25 (1.73 A)
13 -1438.953 -5.707 -28664.9 -35.231 Lactone O in direction of R319, H-bond of R347 to OH (2.43 A) and OH to Y27 (1.73 A)
14 -1438.815 -5.122 -28673.9 -36 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.66 A), of OH to D25 (1.97 A)
15 -1438.776 -5.136 -28672.8 -35.692 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.58 A), of OH to D25 (1.91 A)
16 -1438.559 -4.97 -28671.8 -33.177 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.14 A)
17 -1438.45 -5.001 -28669 -36.711 Lactone O in direction of S260, H-bond of H175 and H172 to C=OOEt (2.15 A, 223 A)

Table 49. Results from IFD of R-13e intermediate in the TsER C25D/167T structure with FMNH-: and protonated H172/H175 based on crystal structure 5SNUX.

Pose  IFD Score Glide Prime Glide Notes
GScore Energy Energy

1 -1455.973 -8.001 -28959.4 -46.936 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.01 A), of R347 diol (2.25 A) and to C=OOEt (1.73 A), of OH to D25 (1.83 A), bad contact of T67 to OH

2 -1455.268 -7.066 -28964 -46.23 Lactone O in direction of Y27, H-bond of R347 diol (2.25 A) and to OEt (2.64 A), of OH to D25 (1.69 A), of Y177 to diol (2.31 A), bad contact of T67 to OH

3 -1455.031 -7.125 -28958.1 -44.987 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.22 A), of R347 diol (2.06 A) and to C=OOEt (1.75 A), of OH to D25 (1.72 A), of T67 to OH (1.90 A)

4 -1454.923 -6.786 -28962.7 -45.653 Lactone O in direction of Y27, H-bond of R347 diol (2.38 A) and to OEt (2.62 A), of OH to D25 (1.71 A), of T67 to OH (1.99 A), bad contact of Y177 to diol

5 -1454.898 -6.839 -28961.2 -43.457 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.10 A), of R347 diol (2.00 A) and to C=OOEt (1.64 A), of Y177 to diol (2.56 A), of OH to D25 (1.79 A), of T67
to OH (1.87 A)

6 -1454.827 -6.87 -28959.1 -44.804 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.38 A), of R347 diol (1.99 A) and to C=OOEt (1.81 A), of Y177 to diol (2.70 A), of OH to D25 (1.60 A), of T67
to OH (2.05 A)

7 -1454.36 -6.243 -28962.3 -43.632 Lactone O in direction of Y27, H-bond of R347 diol (1.93 A and 2.05 A), of H175 to C=OOEt (1.95 A), of OH to D25 (1.68 A), of T67 to OH (1.85 A), bad contact of K107

to Et, of Y177 to phenol
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8 -1453.919 -5.934 -28959.7 -43.528 Lactone O in direction of Y27, H-bond of R347 diol (1.99 A and 1.99 A), of H175 to C=OOEt (2.12 A), of OH to D25 (1.72 A), of T67 to OH (1.95 A), bad contact of K107
to Et, of Y177 to phenol

9 -1453.908 -5.799 -28962.2 -43.587 Lactone O in direction of Y27, H-bond of R347 diol (1.93 A and 2.01 A), of H175 to C=OOEt (2.18 A), of OH to D25 (1.73 A), of T67 to OH (1.86 A), bad contact of K107
to Et, of Y177 to phenol

10 -1453.734 5913 -28956.4 42084  Lactone O in direction of Y27, H-bond of R347 diol (2.35 A), of OH to D25 (1.64 A), of T67 to OH (2.04 A)

11 -1453.449 -5.756 -28953.9 -42.666 Lactone O in direction of Y27, H-bond of R347 diol (2.11 A) and to C=OOEt (2.63 A, 1.74 A), of OH to D25 (1.68 A), of Y177 to diol (2.36 A)

12 -1452.927 -5.38 -28950.9 -40.394  Lactone O in direction of Y27, H-bond of R347 diol (1.96 A) and to OEt (2.03 A), of H175 to C=OOEt (1.88 A), of OH to D25 (1.65 A), of Y177 to diol (2.20 A)

13 -1452.916 -5.373 -28950.9 -37.782 Lactone O in direction of Y177, H-bond of H172 to C=OOEt (2.71 A), of Y177 to OEt (2.51 A), of Y27 to OH (1.94 A)

14 -1452.726 -5.162 -28951.3 -37.952 Lactone O in direction of Y177, H-bond of Y177 to diol (1.84 A), of H175 to diol (2.10 A)

15 -1452.661 -5.311 -28947 -34.706 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.12 A), of OH to D25 (1.61 A)

16 -1452.637 -5.645 -28939.8 -36.089 Lactone O in direction of Y27, H-bond of R347 to diol (2.28 A), of OH to D25 (1.56 A)

17 -1452.516 -5.142 -28947.5 -38.639 Lactone O in direction of Y27, H-bond of R347 to C=OOEt (2.34 A) and to diol (2.01 A, 2.42 A), of OH to D25 (1.78 A), bad contacts of H175 to C4

18 -1451.817 -4.134 -28953.7 -34.202 Lactone O in direction of FMN, H-bond of H175 to diol (2.67 A) and to C=OOEt (2.29 A), of K107 to OEt (2.53 A), of Y177 to diol (2.05 A), Pi-cation of R347 to phenol

19 -1451.393 -4.337 -28941.1 -33.748  Lactone O in direction of Y27, H-bond of R347 to diol (2.42 A, 2.42 A and 1.88 A), of OH to D25 (1.97 A)

Table 50. Results from IFD of S-13e intermediate in the TsER C25D/167T structure with FMNH2 and protonated H172/H175 based on crystal structure SNUX.

LLC

Pose  IFD Score Glide Prime Glide Notes result
GScore Energy Energy
1 -1455.499 -7.022 -28969.6 -44.188 Lactone O in direction of H172, H-bond of diol to Y177 (1.83 A), of Z67 to 7OH (1.87 A), of 7OH to D25 (1.76 A) possible hydrol-
ysis?
2 -1454.999 -6.719 -28965.6 -42.96 Lactone O in direction of Y27, H-bond of R347 diol (2.24 A, 2.41 A, 2.31 A) and to C=OOEt (2.44 A), of 7OH to D25 (1.58 A), of T67 to 7OH (1.93
A)
3 -1454.66 -6.61 28961 -44.853  Lactone O in direction of Y27, H-bond of R347 diol (2.11 A, 2.43 A) and to C=OOEt (2.31 A), of 7OH to D25 (1.74 A), of T67 to 7OH (1.88 A), of
H175 to OEt (2.14 A)
4 -1454.483 -6.443 -28960.8 -41.676  Lactone O in direction of Y27, H-bond of R347 diol (2.06 A, 2.20 A) and to C=OOEt (2.29 A), of 7OH to D25 (1.57 A), of T67 to 7OH (1.99 A), bad
contact of H175 to OEt
5 -1454.479 -6.159 -28966.4 -42.836  Lactone O in direction of Y27, H-bond of R347 diol (2.00 A, 2.31 A) and to C=OOEt (2.59 A), of 7OH to D25 (1.73 A), of T67 to 7OH (2.03 A), bad
contact of Y177 to lactone O
6 -1454.163 -6.361 -28956 -43.349 Lactone O in direction of Y27, H-bond of Y27 to diol (1.82 A), of Y177 to diol (1.94 A), of diol to D25 (2.37 A), of R347 to OH (2.07 A), Pi-pi stack-
ing of H175 to phenol
7 -1453.841 -5.889 -28959 -42.355 Lactone O in direction of H175, H-bond of H175 to diol (2.08 A), of R347 to C=OOEt (2.33 A, 2.41 A), of Y177 to diol (2.20 A). Pi-pi stacking of  possible hydrol-
H172 and Y177 to phenol ysis?
8 -1453.749 -5.209 -28970.8 -38.887  Lactone O in direction of 5260, H-bond of R347 to diol (2.36 A, 2.22 A, 2.27 A), of Y177 to C=OOEt (2.11 A), of K107 to C=OOEt (2.72 A), Pi-cation
of K107 to phenol
9 -1453.673 -6.122 -28951 -40.015 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.01 A), of R347 to diol (2.02 A, 2.31 A and 2.46 A) and to C=OOEt (1.92 A), of OH to
D25 (1.64 A)
10 -1453.497 -5.327 -28963.4 -39.447 Lactone O in direction of H175, H-bond of H175 to diol (2.04 A), of Y177 to diol (1.75 A), of R347 to C=OOEt (1.79 A, 2.19 A), of diol to D25 (1.92 possible hydrol-
A) ysis
11 -1453.29 -5.671 -28952.4 -39.917 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.14 A), of R347 diol (2.16 A, 2.23 A, 2.35 A) and to C=OOEt (2.31 A), of OH to D25
(177 A)
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16
17

18

-1453.281

-1453.183
-1452.84

-1452.826

-1452.693
-1452.676

-1452.647

-5.342

-4.501

-4.971
-4.71

-4.729
-5.485

-4.786

-28958.8
-28973.6
-28957 .4
-28962.3

-28959.3
-28943.8

-28957.2

-39.209
-38.418
-37.937
-33.747

-35.017
-34.078

-38.328

Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.78 A), of R347 diol (1.94 A, 2.44 A, 2.72 A) and to C=OOEt (2.62 A), of OH to D25
(1.69 A)

Lactone O in direction of 5260, H-bond of H172 to 7OH (2.04 A), of R347 to diol (2.16 A, 2.30 A, 2.36 A), Pi-cation of K107 to phenol

coumarin vertical to FMN, H-bond of Y27 to diol (2.04 A), of diol to D25 (1.76 A) and of D25 to diol (2.92 A), Pi- cation of K107 to phenol

coumarin vertical to FMN, H-bond of Y177 to diol (1.88 A), of H175 to diol (1.96 A), of R347 to C=OOEt (1.89 A) possible hydrol-
ysis?

coumarin vertical to FMN, H-bond of Y177 to diol (2.02 A), of H175 to diol (2.07 A), of R347 to C=OOEt (1.85 A, 2.71 A)

Lactone O in direction of T67, H-bond of Y177 to diol (2.28 A), of H175 to diol (2.01 A), of K107 to C=OOEt (2.67 A), of Y27 to 7OH (1.84 A) possible hydrol-
ysis?

Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.30 A), of R347 diol (1.91 A, 2.41 A, 2.36 A) and to C=OOEt (2.51 A), of OH to D25
(1.71 A)

Table 51. Results from IFD of R-13e intermediate in the TsER C25D/167T/A102H structure with FMNH: and protonated H172/H175 based on crystal structure 50GT.

Pose  IFD Score Glide Prime Glide Notes
GScore Energy Energy

1 -1447.522 -8.111 -28788.2 48713 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.11 A), of R347 to diol (1.93 A), of Y177 to diol (2.02 A), of T67 to OH (1.94 A), of OH to D25 (1.84 A), of
H175 to C=0O0Et (1.95 A)

2 -1447.431 -8.03 -28788 -49.15 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.11 A), of R347 to diol (1.94 A) and to OEt (2.68 A), of Y177 to diol (2.09 A), of T67 to OH (1.88 A), of OH to
D25 (1.90 A), of H175 to C=OOEt (2.02 A)

3 -1447.319 -8.007 -28786.2 -48.635  Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.17 A), of R347 to diol (1.96 A), of Y177 to diol (1.9 A), of T67 to OH (1.79 A), of OH to D25 (1.88 A), of
H175 to C=0OEt (1.94 A)

4 -1447.192 -7.837 -28787.1 -47.311 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.11 A), of R347 to diol (1.92 A), of Y177 to diol (2.01 A), of T67 to OH (1.97 A), of OH to D25 (1.95 A), of
H175 to C=00Et (1.91 A)

5 -1447.109 -8.055 -28781.1 -48.341 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.25 A), of R347 to diol (1.88 A), of Y177 to diol (2.57 A), of T67 to OH (1.89 A), of OH to D25 (1.69 A), of
H175 to C=00Et (1.92 A)

6 -1447.092 -8.041 -28781 -48.667 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.26 A), of R347 to diol (1.88 A), of Y177 to diol (2.56 A), of T67 to OH (1.84 A), of OH to D25 (1.79 A), of
H175 to C=00Et (1.95 A)

7 -1447.054 -7.824 -28784.6 -48.871 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.27 A), of R347 to diol (1.88 A), of Y177 to diol (2.10 A), of T67 to OH (2.07 A), of OH to D25 (1.85 A), of
H175 to C=00Et (1.96 A)

8 -1447.045 -7.753 -28785.8 -49.469  Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.34 A), of R347 to diol (2.08 A, 2.62 A), of Y177 to diol (2.33 A), of T67 to OH (2.06 A), of OH to D25 (1.77 A),
of H175 to C=OO0Et (1.93 A)

9 -1446.98 79 -28781.6 -45.835 Lactone O in direction of Y27, H-bond of Y27 to lactone O (1.86 A), of R347 to diol (2.06 A, 2.23 A) and to C=OOEt (2.43 A), of T67 to OH (1.90 A), of OH to D25 (1.86 A)

10 -1446.92 -7.867 -28781.1 -47.767  Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.40 A), of R347 to diol (1.84 A), of Y177 to diol (2.64 A), of T67 to OH (1.88 A), of OH to D25 (1.82 A), of
H175 to C=00Et (1.98 A)

11 -1446.884 -8.061 -28776.5 -48449  Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.30 A), of R347 to diol (2.11 A, 2.76 A), of Y177 to diol (2.54 A), of OH to D25 (1.52 A), of H175 to C=OOEt
(192 A)

12 -1446.618 -7.764 -28777.1 -45.875  Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.08 A), of R347 to diol (2.07 A, 2.40 A) and to C=OOEt (2.32 A), of Y177 to diol (2.07 A), of T67 to OH (2.03
A), of OH to D25 (1.92 A)

13 -1446.364 -7.483 -28777.6 -48.333 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.41 A), of R347 to diol (1.88 A), of Y177 to diol (2.51 A), of T67 to OH (1.88 A), of OH to D25 (1.73 A), of

H175 to C=00Et (1.91 A)
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14 -1445.85 -6.98
15 -1444.931 -6.212
16 -1444.751 -6.04
17 -1444.109 -5.127

-28777 4

-28774.4
-28774.2
-28779.6

-47.464

-41.524
-42.537
-36.362

Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.08 A), of R347 to diol (1.94 A) and to OEt (2.54 A), of Y177 to diol (2.35 A), of T67 to OH (1.84 A), of OH to
D25 (1.90 A), of H175 to C=OOEt (2.08 A)

Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.38 A), of R347 to diol (1.84 A), of Y177 to diol (2.12 A), of OH to D25 (1.53 A)

Lactone O in direction of Y27, H-bond of R347 to diol (1.96 A), of Y177 to diol (2.00 A), of OH D25 (1.79 A)

Lactone O in direction of Y27, H-bond of R347 to diol (1.81 A), of OH to D25 (1.85 A), of H175 to C=OOEt (2.31 A)

Table 52. Results from IFD of S-13e intermediate in the TsER C25D/167T/A102H structure with FMNH-: and protonated H172/H175 based on crystal structure 50GT.

Pose  IFD Score Glide Prime Glide Notes
GScore Energy Energy

1 -1446.573 -7.621 -28779 -46.507 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.10 A), of R347 to diol (2.00 A, 2.54 A) and to OEt (2.70 A), of T67 to OH (1.96 A), of OH to D25 (1.68 A), of
H175 to C=00Et (1.89 A)

2 -1446.482 -7.768 -28774.3 -45.602  Lactone O in direction of Y27, H-bond of Y27 to lactone O (1.97 A), of R347 to diol (2.04 A, 2.31 A and 2.29 A), of T67 to OH (1.93 A), of OH to D25 (1.59 A)

3 -1446.373 -7.594 -28775.6 445155  Lactone O in direction of Y27, H-bond of Y27 to lactone O (1.95 A), of R347 to diol (2.15 A, 2.21 A, 2.31 A) and to C=OOFt (2.33 A), of T67 to OH (1.79 A), of OH to D25
(1.73 A)

4 -1446.344 -7.759 -28771.7 -44.817 Lactone O in direction of Y27, H-bond of Y27 to lactone O (1.89 A), of R347 to diol (2.29 A, 2.15 A) and to C=OOEt (2.41 A), of T67 to OH (1.97 A), of OH to D25 (1.60 A)

5 -1446.277 -7.73 -28770.9 -46.821 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.10 A), of R347 to diol (1.93 A), of OH to D25 (1.58 A), of H175 to C=OOEt (1.69 A)

6 -1446.233 -7.057 -28783.5 -44.71 Lactone O in direction of H175, H-bond of R347 to C=OOEt (1.96 A), of Y177 to diol (2.46 A), bad contacts of H175 to lactone O and diol

7 -1445.165 -6.333 -28776.7 -41.214 Lactone O in direction of H175, H-bond of R347 to C=OOEt (1.92 A), of Y177 to diol (2.31 A), Pi-pi stacking of H172 to phenol, bad contacts of H102 to 7OH

8 -1445.144 -6.545 -28772 -46.128 Lactone O in direction of H172, H-bond of H172 to diol (2.06 A), OH to D25 (1.73 A)

9 -1444.703 -5.771 -28778.6 -39.408 Lactone O in direction of Y27, H-bond of Y27 to lactone O (2.38 A), of R347 to diol (1.75 A), of OH to D25 (1.89 A)

10 -1444.678 -6.053 -28772.5 -41.844 Lactone O in direction of H175, H-bond of Y27 to C=OOEt (2.67 A), of Y177 to diol (2.01 A), bad contacts of H175 to lactone O and diol

11 -1444.569 -6.111 -28769.2 -40.946 Lactone O in direction of Y27, H-bond of R347 to diol (2.19 A, 2.23 A), of OH to D25 (1.65 A), of H175 to C=OOEt (2.05 A)

12 -1444.449 -6.084 -28767.3 -42.497 Lactone O in direction of H172, H-bond of H175 to C=OOEt (1.89 A), of OH to D25 (1.83 A), bad contacts of Y27 to C9

13 -1444.229 -5.921 -28766.2 -43.131 Lactone O in direction of H172, H-bond of H172 to lactone O (2.68 A), of H175 to C=OOEt (2.02 A), of OH to D25 (1.73 A), Pi-pi stacking of Y177 to phenol

14 -1443.641 -5.677 -28759.3 -41.376 Lactone O in direction of H175, H-bond of H175 to lactone O (2.18 A) and to C=OOEt (2.16 A), of OH to Y177 (1.97 A)

15 -1443.6 -5.647 -28759.1 -41.213 Lactone O in direction of H175, H-bond of H175 to lactone O (2.16 A) and to C=OOEt (2.19 A), of OH to Y177 (1.97 A)

16 -1443.118 -5.333 -28755.7 -36.064  Lactone O in direction of Y27, H-bond of R347 to diol (1.88 A), of OH D25 (1.71 A)

17 -1443.002 -5.231 -28755.4 -35.885 Lactone O in direction of Y27, H-bond of R347 to diol (1.90 A), of OH D25 (1.70 A)
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Table 53. Results from Induced Fit Docking of substrate 13a in TsER C25G/167T structure with FMNH-2 and protonated H172/H175, prepared of TsER wt structure

3HGJ with Pymol Mutagenesis wizard. The grey marked line is presented as Figure 50A.

Pose IFD Glide Prime Glide Notes Hydride Distance to result
Score GScore  Energy Energy transfer N5
angle

1 -1437.704 -8.568 -28582.7 -47.818 Lactone O in direction of D71, H-bond of Y27 to C=0 (2.17 A) and to C=OOEt (2.51 A), of OH to G65 backbone (1.72 A) 27.5 4.57 not productive

2 -1437.454 -8.251 -28584.1 -44.964 Lactone in direction of H172, H-bond of H172 to lactone O (2.67 A), of OH to D71 (1.58), of R347 to C=OOEt (1.85 A), pi- 1081 3.16 C=C reduction
pi stacking of Y177 to lactone

3 -1437.444 -8.270 -28583.5 -44.409 Lactone in direction of H172, H-bond of H172 to lactone O (2.66 A), of OH to D71 (1.61), of R347 to C=OOEt (1.86 A), pi-  107.5 3.25 C=C reduction
pi stacking of Y177 to lactone

4 -1437.433 -8.238 -28583.9 -45.119 Lactone in direction of H172, H-bond of H172 to lactone O (2.67 A), of OH to D71 (1.62), of R347 to C=OOEt (1.84 A) 108.7 3.17 C=C reduction

5 -1437.421 -8.244 -28583.5 -44.559 Lactone in direction of H172, H-bond of H172 to lactone O (2.65 A), of OH to D71 (1.63), of R347 to C=OOEt (1.86 A), pi- 108.0 3.26 C=C reduction
pi stacking of Y177 to lactone

6 -1437.340 -8.121 -28584.4 -45.095 Lactone in direction of H172, H-bond of OH to D71 (1.69), of R347 to C=OOEt (1.92 A), pi-pi stacking of Y177 to lactone 107.0 3.22 C=C reduction

7 -1436.855 -7.712 -28582.9 -43.065 Lactone in direction of H172, H-bond of H172 to lactone O (2.49 A), of OH to D71 (1.73), of H175 to C=OOEt (1.88 A), pi- 109.2 3.53 C=C reduction
pi stacking of Y177 to lactone, pi-cation of K107 to lactone

8 -1436.845 -7.712 -28582.7 -43.076 Lactone in direction of H172, H-bond of H172 to lactone O (2.50 A), of OH to D71 (1.73), of H175 to C=OOEt (1.88 A), pi-  109.2 3.54 C=C reduction
pi stacking of Y177 to lactone, pi-cation of K107 to lactone

9 -1436.725 -7.740 -28579.7 -42.683 Lactone in direction of H172, H-bond of OH to D71 (1.92), of R347 to C=OOEt (2.05 A), pi-pi stacking of Y177 to lactone 110.0 3.25 C=C reduction

10 -1436.584  -7.480 -28582.1 -40.822  Lactone in direction of H172, H-bond of OH to D71 (1.75), pi-pi stacking of Y177 to lactone 111.0 3.56 C=C reduction

11 -1436.427 -7.414 -28580.3 -42.611 Lactone in direction of H172, H-bond of OH to D71 (1.62), of R347 to C=OOEt (2.18 A) 105.6 2.97 C=C reduction

12 -1436.355 -7.461 -28577.9 -40.477 Lactone in direction of Y27, H-bond of OH to D71 (1.64 A), of R347 to C=0 (1.90 A) 83.2 3.86 C=C reduction

13 -1435.999 -6.914 -28581.7 -44.665 Lactone in direction of H172, H-bond of H172 to lactone O (2.63 A), of OH to D71 (1.67), of R347 to C=OOEt (1.83 A), of ~ 103.0 3.24 C=C reduction
H175 to Ot (2.26 A)

14 -1435.946 -6.886 -28581.2 -40.390 Lactone in direction of H172, H-bond of OH to D71 (1.93), of R347 to C=OOEt (2.28 A) 109.4 3.10 C=C reduction

15 -1435.835 -6.972 -28577.3 -40.093 Lactone O in direction of H175, H-bond of H172 to C=0 (2.09 A), of Y27 to C=OOEt (1.90 A), pi-pi stacking of H175 to ~ 63.4 4.09 not productive
lactone and phenol

16 -1435.815 -6.933 -28577.7 -39.582 Lactone in direction of Y27, H-bond of OH to D71 (1.90 A), of R347 to C=0 (2.04 A) 88.9 3.80 C=C reduction

17 -1435.733 -6.526 -28584.1 -39.383 Lactone in direction of H172, H-bond of OH to T67 (1.72 A), pi-pi stacking of Y177 to phenol 115.6 4.24 C=C reduction

18 -1435.726 -6.800 -28578.5 -38.970 Lactone in direction of H172, H-bond of OH to D71 (1.95 A), pi-pi stacking of Y177 to lactone 107.0 3.59 C=C reduction

19 -1435.361 -6.686 -28577.5 -39.312 Lactone O in direction of H175, H-bond of H172 to C=O (1.91 A), of Y27 to C=OOEt (1.85 A), pi-pi stacking of H175to  57.6 4.14 not productive

lactone and phenol, pi-cation of H175 to lactone
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Table 54. Results from IFD of substrate 13a in the TsER wild type structure with FMNH-: and protonated H172/H175 based on crystal structure 3HG]J. The grey

marked line is presented as Figure 50B.

Pose IFD Score  Glide Prime Glide Notes Hydride Distance to result
GScore  Energy Energy transfer N5
angle

1 -1440.530 -7.525 -28660.1 -37.971 Lactone O in direction of R347, H-bond of R347 to lactone O (2.11 A) and to C=0 (1.77 A), of Y27 to OH (1.89 A), pi-pi 1149 5.43 not productive
stacking of H175 to lactone, bad contact of H175 to Et

2 -1440.119 -6.877 -28664.8 -39.549 Lactone parallel to H175, H-bond of Y177 to C=O (1.70 A), of OH to Q276 (1.81 A), Pi-pi cation of H175 to lactone and ~ 85.7 7.08 not productive
phenol, Pi-pi stacking of H175 to phenol

3 -1439.558 -6.998 -28651.2 -35.211 Lactone O in direction of Y27, H-bond of OH to Y177 (1.93 A), of H175 to OH (1.87 A), bad contact of Y27 to lactone 85.8 5.40 not productive

4 -1439.090 -6.024 -28661.3 -37.001 Lactone O in direction of R347, H-bond of R347 to C=0 (2.32 A), of H172 to C=OOEt (1.90 A), pi-pi stacking of H175to  41.6 5.84 not productive
lactone and phenol

5 -1439.042 -6.664 -28647.6 -35.557 Lactone O in direction of R347, H-bond of R347 to C=O (1.70 A, 2.74 A), of OH to Y27 (2.14 A), pi-pi stacking of H175 to ~ 111.0 5.13 not productive
lactone

6 -1438.623 -6.083 -28650.8 -35.966 Lactone parallel to H175, H-bond of Y177 to C=OOEt (1.77 A), of OH to Q276 (2.06 A), Pi-pi cation and pi-pi stacking of ~ 83.8 7.25 not productive
H175 to lactone and phenol

7 -1438.565 -5.904 -28653.2 -33.039 25a vertical to FMN, H-bond of OH to T110 (1.67 A), of Y136 to OH (1.73 A), of R347 to C=OOEt (1.95 A, 2.21 A), bad ~ 108.2 6.67 not productive
contact of K107 to lactone

8 -1438.461 -5.746 -28654.3 -38.859 Lactone O in opposite direction of Y27, H-bond of H175 to OH (1.97 A), of R347 to C=0 (2.18 A), and to C=OOEt (1.90 A,  84.9 3.16 C=C reduction
2.35 A), pi-cation of K107 to lactone

9 -1438.453 -5.805 -28646.4 -38.195 Lactone O in opposite direction of Y27, H-bond of H175 to OH (1.79 A), of R347 to C=OOEt (1.78 A,2.22 A) 126.6 4.43 not productive

10 -1438.410 -5.894 -28650.3 -35.288 Lactone O in direction of 167, H-bond of Y177 to C=0 (2.14 A) 65.7 5.24 not productive

11 -1438.259 -5.938 -28646.4 -33.543 Lactone O in direction of H175, H-bond of OH to Q276 (1.94 A), pi-pi stacking of H175 to lactone, bad contact of Y177 to ~ 44.2 6.99 not productive
Et

12 -1438.258 -5.727 -28650.6 -34.249 Lactone O in direction to Y27, H-bond of R347 to C=O (1.93 A, 2.04 A) and to OEt (2.63 A), pi-pi stacking of Y177 to  100.5 5.50 not productive
phenol

13 -1438.214 -5.653 -28651.2 -35.193 Lactone parallel to H175, H-bond of Y177 to C=OOEt (1.71 A), of OH to Q276 (2.74 A), Pi-pi cation and pi-pi stacking of ~ 82.0 7.40 not productive
H175 to lactone and phenol

14 -1438.127 -5.519 -28652.2 -35.276 Lactone parallel to H175, H-bond of Y177 to C=OOEt (1.82 A), of OH to Q276 (247 A), Pi-pi cation and pi-pi stacking of ~ 81.4 7.35 not productive
H175 to lactone and phenol

15 -1438.005 -5.618 -28647.7 -33.105 Lactone O in direction of FMN, H-bond of Q276 to OH (2.42 A), of K107 to C=OOEt (2.13 A), pi-pi cation and pi-pi  46.7 9.40 not productive
stacking of H175 to lactone and phenol

16 -1437.979 -5.563 -28648.3 -33.422 Lactone O in direction of Y177, H-bond of OH to Y27 (2.10 A), of R347 to OH (2.00 A) 127.5 7.06 not productive

17 -1437.703 -5.301 -28648.0 -34.330 25a vertical to FMN, H-bond of OH to Y177 (2.28 A), pi-pi stacking of H175 to lactone 1474 7.73 not productive

18 -1437.632 -5.181 -28649.0 -32.352 Lactone O in direction of Y177, Pi-cation of R347 to phenol, bad contact of Y27 and R347 to OH 101.3 6.86 not productive

19 1437523 -5573  -28639.0 -30.932  25avertical to FMN, H-bond of Y177 to OH (1.86 A), of Y27 to C=0 (2.05 A), of R347 to C=O (2.45 A) and to OEt (1.80 A)  19.7 7.54 not productive
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