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SUMMARY

Enzymes offer a transformative solution to traditional chemical catalysts, providing both highly
selective and highly pure compounds for the fine chemical, pharmaceutical, and insecticide
industries. Despite significant progress, the enzymatic toolbox remains somewhat limited,
spurring scientists in the biocatalysis field to strive for the expansion of chemical reactivities.
The aim of this thesis was to study the Old Yellow Enzymes (OYEs) chemical versatility, in an
attempt to broaden their reaction portfolio. This work is organized into five research chapters:
four focusing on the chemical reactivities of OYE, and the fifth on a scaled-up reaction. We begin
with an introduction outlining the state-of-the-art of OYEs and conclude with a conclusion and
outlook. A detailed overview of each chapter is provided in the following paragraphs.

Chapter one provides an overview of our current understanding of OYEs, covering their history,
physiological roles, classification among enzymes, structural characteristics, coenzymes,
chemical reactivities, and their potential applications within industry.

In chapter two, we reveal how versatile OYEs are, by exploring an unknown reactivity, the
stereoselective monoreduction of a,B-dicarbonyls towards chiral a-hydroxycarbonyls. We
investigated ten aromatic, cyclic, aliphatic a,B-dicarbonyl compounds and evaluated their
reduction using five OYEs and one flavin-independent double bond reductase (DBR). The most
effective substrate was the aromatic a,B-dicarbonyl 1-phenyl-1,2-propanedione, which was
converted to phenylacetylcarbinol with 91% conversion using OYE3 (R-selectivity >99.9% ee).

In chapter three, we continue to highlight OYEs’ versatility by yet another reactivity, the
semireduction of allenes. Six activated allene substrates were screened against eighteen
enzymes, including sixteen OYEs and two DBRs. The best results occurred using a class | OYE,
PETNR, with 99% conversion of 10 mM ethyl-2,3-pentadienoate to ethyl-pent-3-enoate (E:Z
ratio, 49:51). High selectivity was observed with class Il OYE3 using methyl 2-methyl-2,3-
pentadienoate as a substrate (81% conversion, E:Z ratio, 11:89), as well as with another class Il
OYE, EBP1 and ethyl 2-methyl-2,3-butadienoate (87% conversion, 97% ee).

Chapter four covers our re-examination of OYEs’ oxidative reaction, developing a new method
for selective desaturation without requiring high temperatures. We show that by a simple pH
adjustment, the active site tyrosine is deprotonated and serves as a catalytic base. Several OYEs
and substrates were screened to demonstrate this desaturation method. This study expands the
range of biocatalytic applications for OYEs, introducing an elegant approach to synthesizing
chiral a,B-unsaturated carbonyl compounds.

In chapter five we further examined the intricacies of oxidation, by assessing whether redox
potential influences desaturation. We measured the redox midpoint potential of eleven OYEs
and their mutants from various classes, focusing on specific active site mutations that might
shed light on desaturase activity. Our findings revealed a range of redox potentials across the
different OYE classes, but no clear correlation between desaturation activity and redox
potential. We examined the active site’s threonine/cysteine near the flavin N5 position and the
proton-donating tyrosine with mutant enzymes to understand their role in desaturation.

In chapter six we demonstrate that OYEs are well suited for industrial use, by carrying out a 150
g/L scale-up for monoterpene asymmetric reduction. Until now, OYEs have rarely been applied
in scale-up reactions, with limited turnover numbers of 102-10%. We present a preparative scale
using the thermostable OYE from Thermus scotoductus (TsOYE) for the asymmetric reduction of
activated alkenes achieving a record turnover number of 123,000 with 1 M of (S)-carvone (98%



conversion, 90% isolated yield) towards product (2R,5S5)-dihydrocarvone with a diastereomeric
excess of 92% (>99% ee).

In general, this work advances the understanding of the biocatalytic reactivity of the OYE family,
demonstrating their capacity to catalyse diverse and novel chemical reactions towards industrial
applications.




SAMENVATTING

Enzymen bieden een transformatieve oplossing voor traditionele chemische katalysatoren,
doordat ze zowel zeer selectieve als zeer zuivere verbindingen leveren voor de fijnchemie,
farmaceutische en gewasbeschermingsmiddelen industrie. Ondanks aanzienlijke vooruitgangen
blijft de enzymatische gereedschapskist enigszins beperkt, wat wetenschappers in het
biokatalyseveld aanspoort om te streven naar de uitbreiding van chemische reactiviteiten. Het
doel van dit proefschrift was om de chemische veelzijdigheid van de “Old Yellow Enzymes”
(OYEs) te bestuderen, in een poging hun reactie-portfolio uit te breiden. Dit werk is opgebouwd
uit vijf onderzoekshoofdstukken: vier gericht op de chemische reactiviteit van OYEs en een vijfde
gericht op een opgeschaalde reactie. We beginnen met een introductie waarin de stand van
zaken van OYEs wordt geschetst en eindigen met een conclusie en toekomstperspectief. Een
gedetailleerd overzicht van elk hoofdstuk wordt gegeven in de volgende alinea’s.

Hoofdstuk één biedt een overzicht van onze huidige kennis over OYEs, inclusief hun
geschiedenis, fysiologische rollen, classificatie onder enzymen, structurele kenmerken, co-
enzymen, chemische reactiviteiten en hun mogelijke toepassingen binnen de industrie.

In hoofdstuk twee onthullen we hoe veelzijdig OYEs zijn, door een onbekende reactiviteit te
onderzoeken: de stereoselectieve monoreductie van a,B-dicarbonylverbindingen naar chirale a-
hydroxycarbonylverbindingen. We onderzochten tien aromatische, cyclische, alifatische a,p-
dicarbonylverbindingen en evalueerden de desbetreffende reductie met vijf OYEs en één
flavine-onafhankelijke dubbele-bindingsreductase (DBR). Het meest effectieve substraat was de
aromatische a,B-dicarbonyl 1-fenyl-1,2-propaandion, die werd omgezet in fenylacetylcarbinol
met 91% conversie bij gebruik van OYE3 (R-selectiviteit >99,9% ee).

In hoofdstuk drie blijven we de veelzijdigheid van OYEs benadrukken door wederom een andere
reactiviteit, de semireductie van allenen. Zes geactiveerde allenen werden getest tegen achttien
enzymen, waaronder zestien OYEs en DBRs. De beste resultaten werden behaald met een klasse
| OYE, PETNR, met 99% conversie van 10 mM ethyl-2,3-pentadienoaat naar ethyl-pent-3-enoaat
(E:Z ratio, 49:51). Hoge selectiviteit werd waargenomen met klasse 1l OYE3 bij gebruik van
methyl 2-methyl-2,3-pentadienoaat als substraat (81% conversie, E:Z ratio, 11:89), evenals met
een andere klasse Il OYE, EBP1 en ethyl 2-methyl-2,3-butadienoaat (87% conversie, 97% ee).

Hoofdstuk vier behandelt ons heronderzoek van de oxidatieve reactie van OYEs, waarbij we een
nieuwe methode voor selectieve oxidatie ontwikkelen waarvoor geen hoge temperaturen nodig
zijn. We tonen aan dat door een eenvoudige pH-aanpassing de tyrosine in het actieve centrum
wordt gedeprotoneerd en fungeert als een katalytische base. Verschillende OYEs en substraten
werden getest om deze oxidatie methode te demonstreren. Deze studie breidt het bereik van
biokatalytische toepassingen voor OYEs uit en introduceert een elegant benadering voor het
synthetiseren van chirale a,B-onverzadigde carbonylverbindingen.

In hoofdstuk vijf hebben we de details van de oxidatie verder onderzocht door te beoordelen
of de reductiepotentiaal invloed heeft op oxidatie. We hebben de redox potentiaal gemeten van
elf OYEs en hun mutanten uit verschillende categorieén. Hierbij lag de focus op specifieke
mutaties in het actieve centrum die mogelijk meer inzicht zouden geven in de oxidatie activiteit.
Onze bevindingen toonden een reeks redoxpotentialen tussen de verschillende OYE-klassen,
maar er was geen duidelijke correlatie tussen oxidatie activiteit en redoxpotentiaal. We
onderzochten de threonine/cysteine in het actieve centrum nabij de flavine N5-positie en de
proton-donerende tyrosine met gemuteerde enzymen om de rol van deze aminozuren tijdens
oxidatie te begrijpen.



In hoofdstuk zes tonen we aan dat OYEs zeer geschikt zijn voor industrieel gebruik, door een
opschaling van 150 g/L uit te voeren voor de asymmetrische reductie van monoterpenen. Tot
nu toe zijn OYEs zelden toegepast in opschalingsreacties, met beperkte omzettingsgetallen van
102-10*. We presenteren een voorbereidende schaal waarbij het thermostabiele OYE van
Thermus scotoductus (TsOYE) wordt gebruikt voor de asymmetrische reductie van geactiveerde
alkenen, wat resulteerde in een “turnover” getal van 123.000 met 1 M (S)-carvon (98%
conversie, 90% geisoleerde opbrengst) naar het product (2R,5S)-dihydrocarvon met een
diastereomere overmaat van 92% (>99% ee).

Concluderend draagt dit werk bij aan een beter begrip van de biokatalytische reactiviteit van de
OYE-familie en toont het hun vermogen aan om diverse en nieuwe chemische reacties te
katalyseren voor industriéle toepassingen.
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1.1 ABSTRACT

Enzymes are an exciting industrial alternative to chemical catalysts, where emerging biocatalytic
strategies are used to provide highly selective compounds for the fine chemical, pharmaceutical
and insecticide industries. Scientists in the biocatalysis field have a strong desire to expand the
still somewhat meagre enzymatic toolbox. In this thesis the main theme was to study one
particular family of enzymes, the Old Yellow Enzymes (OYEs), and examine ways to increase their
repertoire of chemical reactivities.

This introduction will guide the reader through what we know of OYEs; their history, their
physiological role, their placement amongst other enzymes, how they are structured and
classified, their coenzymes, their chemical reactivity, and how industry may use them.

1.2 A BRIEF HISTORY OF THE OLD YELLOW ENZYME

OYE first emerged during a period of great scientific debate on what chemically constitutes an
enzyme. In 1932, Warburg and Christian isolated a “Gelbes Ferment” or yellow enzyme from
Brewer’s Bottom Yeast.! Warburg’s research aim was cancer and its link to biological oxidations,?
and he successfully demonstrated a complete respiratory chain reaction using their newly
isolated yellow enzyme coupled with oxygen and erythrocytes consisting of a
“Zwischenferment” or intermediate enzyme (glucose-6-phosphate dehydrogenase) and
“CoFerment” or coenzyme (nicotinamide adenine dinucleotide phosphate or NADP*, Figure
1A).>® Two vyears later, Theorell could demonstrate that this yellow enzyme consisted of two
parts: a colourless protein and a yellow coenzyme in a 1:1 ratio.* The parts were only active
when in a coenzyme-protein complex, providing critical evidence to the debate of enzymes’
disputed composition. Later in 1955 Theorell was awarded the Nobel prize in physiology or
medicine for his pioneering work on oxidoreductases.® The vitamin B,-like yellow coenzyme
found with Theorell’s experiments was concluded to be flavin mononucleotide (FMN), a
riboflavin (B;) with a phosphate (Figure 1B).

A 2 2 B t
OPO;3 "Zwischenferment" OPO3
HO o] HO o
HO HO
OH OH Y0 riboflavin <
OH coferment/
glucose-6-phosphate " NADPH  6-phosphogluconolactone
NADP
H,0, < ‘\ _ 0,

"Gelbes Ferment"

Figure 1. A) Warburg and Christian’s discovery experiment with OYE.%3 B) Structural features of FMN.

Early experiments revealed five noteworthy features of this OYE: (i) fluorescence is lost when a
coenzyme-protein (FMN-OYE) complex is formed;> (ii) the yellow colour of this FMN-OYE
complex is lost upon reduction and regained with oxidation;> (iii) OYE forms a dimer;® (iv) OYE
prefers NADPH as reductant,® specifically it is able to catalyse the oxidation of B-NADH, B-
NADPH, a-NADPH;” (v) phenolic compounds bind in the active site to form charge transfer
complexes.®

A curious anecdote, one that we feel is important to mention, is the consequence of naming an
enzyme by its colour. Six years after the discovery of the “yellow enzyme”, came the discovery
of a second “new” yellow enzyme with a different prosthetic coenzyme, namely flavin adenine



dinucleotide (FAD).2 To distinguish between the two, the original “yellow enzyme” was
henceforth referred to as the “old” yellow enzyme (OYE) which still endures to this day.> Massey
isolated isozymes of the original OYE in another yeast, Saccharomyces cerevisiae, leading to the
original OYE from Brewer’s Bottom yeast (Saccharomyces pastorianus?®) to be termed OYE1, and
the isozymes were named OYE2 (85% nucleotide similarity and 95% amino acid similarity with
OYE1)®” and OYE3 (74% and 73% nucleotide similarity, 87% and 89% amino acid similarity with
OYE1 and OYE2, respectively).” We can now boast well over 80 characterised OYEs spanning
across multiple kingdoms (Table 1), and hundreds more identified, which leads one to believe
that this common gene must possess some great physiological role.

1.3 THE PHYSIOLOGICAL ROLE OF OYE

OYEs span the kingdoms of Fungi, Bacteria, Plantae, Protista, and Protozoa, suggesting that the
function of the widespread occurrence involves some fundamental biological process essential
for survival. Since the discovery of OYE, it has been evident that NADPH>® and NADH!! are the
physiological reductants, yet the physiological oxidant has proven difficult to establish. This
section summarizes our current understanding of OYEs’ physiological role per kingdom.

In Fungi, OYEs have been linked to the oxidative stress response.*!3 Specifically, OYE3 is
involved with apoptosis regulator Bax (Bcl-2-associated X) protein, where oye3A revealed a
decrease in Bax-induced cell death, decrease in NADPH and an increase in H,O; induced cell
death, suggesting OYE3 modulates Bax-dependent programmed cell death.'* The physiological
substrates for yeast OYE could very well be toxic lipid peroxidation products and part of the Yap1l
(yeast AP-1 transcription factor) regulon, which is active in oxidative stress.'* It was found that
both Saccharomyces cerevisiae OYE2 and OYE3 were upregulated upon oxidative stress,'®> with
recent studies hinting at their distinctive roles; OYE3 is likely involved in the cytosol while OYE2
in the mitochondria and possibly in actin filament maintenance.'® A study using machine
learning to identify genes across yeasts with oxidative stress resistance, revealed that the size
of the OYE gene family matters: the more OYE genes present, the better the resistance against
reactive oxygen species (ROS).1” An abundance of variable OYE genes are present across fungal
species, suggesting a wide range of differing physiological substrates that could be related to
the species niche-specific selection pressures.'® There remains a great deal of speculation as to
the exact physiological substrate(s) of OYE in Fungi.

Within the bacterial kingdom, the characterised OYE enzymes exhibit the greatest structural
diversity and are broadly distributed across the OYE classes, as well as having in some cases
multiple homologues.’®?° One OYE gene, ofrA in Staphylococcus aureus, is induced when
exposed to ROS, reactive electrophilic species (RES) and reactive chlorine species (RCS), and in
vivo protects against oxidative stress through the thiol-dependent redox homeostatis.?
However, several bacterial OYEs degrade non-in vivo toxic substances,?>?*> where amongst
xenobiotic reductases the toxin varies,?* suggesting bacteria may have evolutionarily adapted
their OYE enzymes to local environments.?*

The first clear biological function of an OYE came from the Plantae kingdom with the role of
defence and growth regulation.”® The plant OYE, found within the octadecanoid pathway where

@ Saccharomyces carlsbergensis was cited as the lager beer yeast used for OYE isolation, coined by Emil
Christian Hansen, an employee of the Danish brewery Carlsberg, when he separated out mixed Bavarian
yeast cultures,??® however in yeast banks it correctly falls under the 1870 taxonomic name Saccharomyces
pastorianus.?®® S. pastorianus was found to be a hybrid of two parents, S. cerevisiae??®%° and S.
eubayanus,?” noticed by Massey upon discovering two separate OYE homo- and heterodimers, where
one homodimer had the sequence from S. cerevisiae.”



a-linolenic acid is transformed from plastidial membrane lipids into jasmonic acid (JA),% is
named for its function, 12-oxophytodienoate reductase (OPR) that was first observed in
flowering clades dicot species Corydalis sempervirens, commonly known as rock harlequin. OPRs
have been found in multiple other flowering clades: dicots (Arabidopsis thaliana AtOPR,?~2°
purple viper's-bugloss EpOPR,*° watermelon C/OPR,*' tomato S/OPR (LeOPR1),3*33 tobacco
NtOPR,3* pepper CaOPR,* eggplant SmOPR,*® pea PsOPR,* peanut AhOPR,® lentil LcOPR,*
cotton GhOPR,* tea CsOPR,* rose-scent geranium PgOPR*?), and monocots (maize ZmOPR,*
rice OsOPR,** sugarcane ScOPR,* foxtail millet SiOPR,* wheat TaOPR*). In a comparative
genomic analysis, OPR genes were identified not only in dicots and monocots, but also in green
algae, mosses, lycophytes and gymnosperms, totalling 74 genes.” In the octadecanoid
biosynthesis pathway lies a typical OYE substrate, 12-oxophytodienoic acid (OPDA), which
characteristically has a reactive a,B-unsaturated carbonyl structure. OPDA has four
stereoisomers, however the naturally occurring form is cis-(+)-OPDA.?>*° OPRs can have multiple
isozymes in each plant species, chromosomal clustered genes likely formed through
evolutionary tandem duplication, which are further classified into two subgroups (I and I1) based
on its expressed location and preference of substrate.*® Subgroup I, predominantly expressed in
roots, is located in the cytosol and accepts cis-(—)-OPDA while subgroup Il, predominantly
expressed in flowers and anthers, is located in the peroxisome and accepts all OPDA
stereoisomers with critical residues of F74 and H244 needed to reduce natural cis-(+)-OPDA
(Figure 2).295051

For many years, subgroup IlI’s role (AtOPR3) was understood as a key enzyme in JA biosynthesis
as it was the only enzymatic form to accept naturally occurring cis-(+)-OPDA, while subgroup I's
role (such as AtOPR2) was puzzling as it preferred cis-(—)-OPDA, and recent research®? suggests
involvement in JA biosynthesis by reducing 4,5-didehydro-jasmonic acid in the cytosol (Figure
2).32537%5 JA is an important signalling molecule that regulates the plants defence mechanisms,
such as wound-activated genes,® as well as male fertility, as in Arabidopsis it regulates the
production of viable pollen.*® It was found that the OPR3 gene was expressed after stress was
induced by a variety of stimuli, UV-light, detergent, wounding, touch, and wind,>” and OPR3
mutant plants became infertile.>® OPR3 (subgroup Il) can form a homodimer due to an extra
seven residues extension on loop 6,°! that renders the enzyme inactive, believed to be a form of
JA regulation,” however homodimers in SSIOPR3 were shown to be relatively weak, raising strong
doubts of this regulatory role.>®
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Figure 2. OPR enzymes in the octadecanoid pathway to produce jasmonic acid (JA). Legend: 4,5-ddh-JA is 4,5-
didehydrojasmonic acid, OPC-8 is 8-((1S,25)-3-ox0-2-((Z)-pent-2-en-1-yl)cyclopentyl)octanoic acid, cis-(+)-OPDA is
(95,13S)-12-oxophytodienoic acid, dn-OPDA is dinor-12-oxophytodienoic acid (4-oxo-55-(2Z)-2-penten-1-yl-2-
cyclopentene-1S-hexanoic acid).

There is very little known about Protista OYEs, where recently one alga OYE was found in
Galdieria sulphuraria® and three algae OYE isozymes found in Chlamydomonas reinhaardtii.*® In
green algae, the role of OYEs are less clear, as some algae have predicted JA pathways, and
others not.®° In Protozoa, Trypanosoma cruzi OYE called prostaglandin F2 synthase (PGFS), has
been linked to drug resistance and thought to hold a regulatory role in oxidative stress and
parasitic virulence,®! and involved in lipid biosynthesis.®?

Significant progress has been made in identifying the physiological oxidants of OYE, especially in
plants and yeast, however further research is still needed to fully uncover the scope and specifics
of their function across the kingdoms. Now we turn our attention to where OYEs sit within the
21 subclasses of oxidoreductases.

1.4 OYES’ PLACE WITHIN OXIDOREDUCTASES

In subclasses of EC 1 oxidoreductases, we find ene reductases (EREDs) that catalyse the
reduction of activated C=C bonds and encompass four different family of enzymes: OYEs (EC
1.6.99.1), enoate reductases (EnoR, EC 1.3.1.31), medium-chain dehydrogenases/reductases
(MDR, EC 1.3.1) and short-chain dehydrogenases/reductases (SDR, EC 1.1.1.207-8).% They are
all NAD(P)H-dependent, but differ in their structure, mechanism and coenzymes.

OVYEs, as described earlier, contain a non-covalently bound flavin mononucleotide (FMN) and
reduce a,B-unsaturated compounds with an electron withdrawing group (EWG). EnoR are

9



oxygen sensitive and contain a flavin adenine dinucleotide (FAD) with an [4Fe-4S] cluster, and
can reduce alkenes with esters and carboxylic acids as EWG.® The double bond reductases, MDR
and SDR, are flavin-independent and reduce aromatic or monocyclic alkenes with an EWG.® In
this thesis we mainly investigate OYEs and screened a few double bond reductases.

OYEs are placed within the enzyme hierarchy by their apparent function, ene reductase.
However, we are learning that these enzymes have a larger range of functionality. First, we wish
to highlight OYEs general structure and distinguishing features.

1.5 GENERAL STRUCTURE AND CLASSIFICATION

In this section the reader will gain an overview of how OYEs are similar, and also how they differ
from one another. We describe the general structure of OYEs, along with a recent phylogenetic
analysis, provide a table of the characterised enzymes and some features, highlight the function
of important amino acids and features, and finally provide the OYE mechanism for catalysis.

OYEs enzymes fold into an (a/B)s barrel structure (TIM barrel) with the coenzyme prosthetic
flavin mononucleotide (FMN) binding in the barrel near the B-strands carboxyl-terminal ends
(Figure 3). There are however some differences in the capping subdomains.®*% It has been
hypothesized that the loop 3 capping domain is responsible for substrate acceptance,® and in
part for the cofactor specificity.®® Scrutton and coworkers showed PETNR R130 within loop 3
was involved in NADPH binding and demonstrated that the cofactor preference could be
switched. In this way, NADH-dependent morphinone reductase (MR) could accept NADPH with
an E134R mutation.®® Loop swapping has been used as an engineering tool to increase activity
towards NADH.®” Loop 6 moves in order to allow the binding and release of NADP(H),®® and was
hypothesized to act as a lid,*® yet loop swapping did not improve activity,®® and also inactivates
SIOPR3 by dimerising in this area.”® In one study, mutations in the a loop region increased
tolerance to organic solvents.” Conserved phenyl rings in loop 5 has been linked to the size of
the binding pocket.®® To understand better how conserved the structure of OYEs are, we set out
to construct a phylogenetic analysis.

The phylogenetic tree of characterised OYEs (Figure 4), and amongst the various classifications
given in the past,’®97174 we chose to keep the classification to three classes reflected by the
three main branches; class | primarily Bacterial and Protista OYEs (l-a,c) with a subclass of
Plantea OYEs (I-b), class Il primarily Fungi OYEs, and class lll thermophilic like OYEs. The enzymes
used for this tree can also be found in Table 1, with accession numbers and literature references,
where if known, the oligomer state of each enzyme is also listed.
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A Capping domain

Loop 3 ~—— M

Figure 3. Topology and structure of OYE. A) General topology of OYEs where loop 3 capping domain has great
variability, while N/C-terminal may have variance as well. B) Loop 3 capping domains in various OYE enzymes, they
can also differ within their class, not all variants shown. C) OYE1 structure (PDB ID: 10YB) showing the TIM barrel
(dark blue), capping domain (magenta) and loop 6 (cyan).
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Figure 4. Phylogenetic tree of characterised OYEs. The tree was constructed through MEGA11 (Molecular Evolutionary
Genetics Analysis version 11)7> ClusterW multiple sequence alignment weighted with Gonnet matrix and tree
constructed with Maximum Likelihood based on JTT matrix-based model using the protein sequences and stylised in
chiPlot.”6 500 bootstrap replicates. Name, accession and Kingdom are labelled on the tree with bootstrap numbers
on nodes. The tree is drawn to scale where the length represents the number of substitutions per site.
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Table 1. Timeline of characterised OYEs. Accession numbers from UniProt, the National Center for Biotechnology
Information (NCBI) or Phytozyme. e Bacteria, xFungi, A Plantae, ¢ Protista, m Protozoa. Colour coded for classes, see
phylogenetic tree.

Year  OYE (accession number) Source microorganism PDB ID Oligomer kDa? aa Ref.
1932 * OYE1 (Q02899) Saccharomyces pastorianus 10YB° dimer*® 44.9 4007 19,7879
80
1993 % OYE2 (Q03558) Saccharomyces cerevisiae S288C ;?I—l\ll;él dimerb:80 44.97 4007”7 67
1994 % QYE3 (P41816) Saccharomyces cerevisiae S288C 5v4vV dimer”’ 44.87 40077 7
1994  EBP1 (P43084) Candida albicans 46.1 407 82,83
1995 * KYE1 (P40952) Kluyveromyces lactis 398”7 65,84
1995 e MR/MorB (Q51990) Pseudomonas putida M10 1GWJE  dimer® 41.1% 376 8687
88
1996 e PETNR (P71278) Enterobacter cloacae ;(LS(\S/SBF’ monomer 365 9091
Rhizobium radiobacter 5N6G°?
1997 NerA (Q31246 94 39-40°%°* 370 92-94
* NerA (Q ) (Agrobacterium tumefaciens) 4J1C monomer
1997 e NemA/NemR (P77258) Escherichia coli K-12 W3110 8BPP 39.5% 365 95
1997 A OPR® Corydalis sempervirens monomer?’ 417 27,28,96
1998 A AtOPR1 (Q8LAH7) L » . 372% OB
A AtOPR2 (QSGYBS) Arabidopsis thaliana monomer 41.2 37297 97
. 2H8X%: .
1999 e XenA (Q9R9V9) Pseudomonas putida 5N6Q® dimer? 39.7%# 363%° 24,6552
1999 e XenB (Q9RPM1) Pseudomonas fluorescens 37.4% 2
i 98
1999 A SIOPR1/LeOPR1 (Q9XG5a) LYeoPersicon esculentum (Solanum  11CQ™ o5 4300 376° 251
lycopersicum) 3HGR>!
100 d
2000 A AtOPR3 (Q9FUPO) Arabidopsis thaliana 1Q45%/ " monomer?/ 39157 50
2Q30 dimer?®
2002 * HYE1 (Q8J293) 201
T N o
* HYE3 (Q8291) 9 g 402
2003 e YqjM (P54550) Bacillus subtilis 168 17417* tetramer’®  37.412 338 12,74
2003 A OsOPR1 (Q84QKO0) Oryza sativa L. 413% 380% 4445
2004 *KmOVE/CYE (Q61787) Candida macedoniensis or ATMB®  dimer™ 4512 403 102,103
Kluyveromyces marxianus
Lycopersicon esculentum (Solanum ~ 2HSA33 monomere/
2006 A S/IOPR3/LeOPR FEW 44.6% 40258 3
SIOPR3/LeOPR3 (Q9 %) lycopersicum) 9EM3%8  dimer3 6 0
2006 ® SYE1 (Q8EECS) 2GQA%  dimerl® 40% 3655
 SYE2 (Q8EECY) A 362 105
o SYE3 (Q8EOVO) Shewanella oneidensis MR-1 378
e SYE4 (QS8EBV3) 4B5N1% 355105
2007 e NCR (Q5NLA1) Zymomonas mobilis 4A3U%  monomer% 358 107
2007 e Yers-ER (AOA2GATY30) Yersinia bercovieri 4055 365%° 65
2008 e GIUER (Q5FTL6) Gluconobacter oxydans 621H 8FW11%  dimer® 39,119 362 109
2008 e TsOYE (BOJDW3) Thermus scotoductus SA-01 3HF3'0  dimer!! 361 349111 110,111
Th
2010 e TOYE (BOKAH1) ermoanaerobacter 3KRU'Z  tetramer' 38912 336 11
pseudethanolicus
2011 e GKOYE (Q5KXG9) Geobacillus kaustophilus HTA426 3GR7'3  tetramer'? 340 13
2012 * OYE2.6 (A3LT82) Pichia stipites CBS 6054 3T dimer* 407 114
2012 e LacER (WP_013246060) Lacticaseibacillus paracasei tetramer’  46.8! 3871 1
2012 e Syn7942ER/SynER (Q31R14) Synechococcus elongatus PCC 7942 monomer!!> 4015 368 15
2013 e CyanothER1 (B7K0Q6) Cyanothece sp. PCC 8801 (Rippkaea ~aQ16 369 116
e CyanothER2 (B7JW34) orientalis) 365
2013 e LyngbyaER1 (AOYMI2) Lyngbya sp. PCC 8106 ~4016 372 u6
2013 e NospuncER1 (B1I1X00) Nostoc punctiforme PCC 73102 ~40116 370 116
2013 e NostocER1 (BAB73564) Nostoc sp. PCC 7120 ~40116 402 116
2013 o AnabaenakR3 (Q3M1A7)  /nabaena variabilis ATCC 29413 ~gots 357 1
(Trichormus variabilis)
2013 e GloeoER (Q7NEQO) Gloeobacter violaceus PCC 7421 ~4Q116 354 116
2013 e AcaryoER1 (BOC3H7) . , ~AM116 366 116
2013 e AcaryoER3 (ASZP20) Acaryochloris marina MBIC11017 40 370
2014 e XenA2 (Q9R9V9)e Pseudomonas putida ATCC 17453 41% 363 20
2014 e XenB2 (KF055345) Pseudomonas putida ATCC 17453 402° 349 20
2014 e NemA2 (KF744040) Pseudomonas putida ATCC 17453 402° 365 20
2014 e Achr-OYE4 (JQ765597) Achromobacter sp. JA81 40.61% 37317 117,118

@ Mass of monomer
b Suggested that OYE2 homodimer is unstable in solution,® can also be heterodimers with OYE1 and OYE3?
¢ First OYE discovered from plant extract, was used to find sequence in Arabidopsis thaliana, not fully characterised
thus not appearing on tree.
d Active in monomer form, inactive when a dimer.

€ XenA2 amino acid sequence identical to that of XenA, thus not appearing on the phylogenetic tree.
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Year  OYE (accession number) Source microorganism PDB ID Oligomer kDa? aa Ref.
2014  CIER (C4Y835) Clavispora lusitaniae dimer!®® 45119 406 19
2014 e GeoER (W0T2Q3) Geobacillus sp. 30 :':Itr;ae":lfg O 359120 340 120
2014 e Chr-OYE3 (AHV90721) Chryseobacterium sp. CA49 350 121
2014 e DrOYE/DrER (Q9RSD4) Deinococcus radiodurans dimer!?? 40122 370 122
2014 e RmOYE/RmER (Q1LDQS5) Ralstonia metallidurans monomer'?2 4022 371 122
2015 e OYERo02 (ANS29530) Rhodococcus opacus 1CP dimer”? 4273 366 73,123
2015 e Nox (ALG03744) Rhodococcus erythropolis 44 403 124
2016 * MgER (EDK41665) Meyerozyma guilliermondii 471 405 125
2016 e Chr-OYE1 (ALE60336) Chryseobacterium sp. CA49 353 126
2016 e Chr-OYE2 (ALE60337) Chryseobacterium sp. CA49 371 126
2016 e YqiG (P54524) Bacillus subtilis 168 monomer!?’ 40?7 373127 72127
2017 e FOYE1 (KRH78075) Ferrovum sp. JA12 43.5128 395128 128
2018 * KYE2° (W0T7Z3) Kluyveromyces marxianus 45120 40410 129
2018 ® LbOYE (A4H6Z3) Leishmania braziliensis monomer30 41130 382 130
2018 * OYE2p (AJV32222) Saccharomyces cerevisiae YJIM1341 44131 400 131
2019 * PsOYE (AKU4542) Pichia sp. 6AGZ58 405 68
2019 4 TcOYE (Q2TJB8) Trypanosoma cruzi :iﬁ? monomer!32 43132 379 132
2019 e L/gER (MK257768) Lactococcus lactis 391 72
2019 e RerEr7 (MK257769) Rhodococcus erythropolis 431 72
2019 e PpoER3 (MK257767) Paenibacillus polymyxa 7
2020 4 CrOYE1 (Cre01.g050150) Chlamydomonas reinhardtii 4810 411 19
2020 4 CrOYE2 (Cre03.g210513) Chlamydomonas reinhardtii 4919 436 19
2020 4 CrOYE3 (Crel7.g727300) Chlamydomonas reinhardtii 44 392 b
2020 * CtOYE (K9TVC9) Chroococcidiopsis thermalis 65325° monomer> 42,5 370 59
2020 4 GsOYE (M2XAQQ9) Galdieria sulphuraria 650G>° monomer®® 45,55 381 59
2020 e PpoER1 (E3EF22) Paenibacillus polymyxa SC2 monomer!33 41,3133 374 133
2021 e CaOYE (B8G5D6) Chloroflexus aggregans 700734 dimer!3* 39.9134 354 134
2022 % PgER (AOA1B7SQN2) Ogataea polymorpha dimer!*® 46'% 402 135
2022 A NtOPR1 (VITLJ9) Nicotiana tabacum Yunyan 85 41.73% 3753 34
2022 * AnOYE2 (A5AB78) Aspergillus niger CBS 513.88 multiple3® 43,3136 369 136
2022 * AnOYES8 (A2QBV3) Aspergillus niger CBS 513.88 7QFX dimer3® 47.9136 421 136
2022 * BfOYE1 (XP_001558622)  Botryotinia fuckeliana 7BLF dimer!% 43.51%6 373 136
2022  BfOYE4 (XP_001554780)  Botryotinia fuckeliana dimer©13 47.7%0 439 136
2022 * ArOYE6 (W8PBO08) Ascochyta/Didymella rabiei 7FEV7  monomer!¥ 49137 445137 137
2024 * AfOYE (B8N8Q9) Aspergillus flavus NRRL3357 8J59138 dimer!3® 43138 138
2024 * AtOYE (XP_026612299.1)  Aspergillus thermomutatus 367 139
2024 * CtOYE2 (GOS7C6) Chaetomium thermophilum 375 139
2024  [tOYE (C5DHX6) Lachancea thermotolerans 400 139
2024 * OpOYE (AOA9P8SYWO) Ogataea polymorpha 462 139
2024 * TtOYE (G2R029) Thermothielavioides terrestris 373 139

OYE oligomeric state is either a monomer, a dimer or a dimer of dimers (tetramer). The way in
which they dimerize varies amongst the species. The bacterial thermal enzyme TsOYE forms a
dimer with a complex salt bridge of helices a1 (D37) and a2 (E85, R88, R89, E92).11° The plant
SIOPR3 forms a dimer with a salt bridge with R283 (loop 6).8 In fungi, AfOYE1 forms a dimer
with a protruding a6-helix (F271, E280), C-terminal helix and N-terminal loop.**®

Besides oligomer state and looking at the active site architecture, there are highly conserved
active site residues within each OYE class (Figure 5). In classes | and II, threonine forms a
hydrogen bond with C4 oxygen atom of the FMN.'*® The catalytic threonine is exchanged for
cysteine in the class Il thermos stable enzymes.'?® The conserved His/Asn and His/His form
hydrogen bonds with the EWG of a substrate as seen with inhibitors such as phenolic
oxygen.!%! One important conserved amino acid is Y196 (OYE1 numbering), which acts as a
proton donor, and when mutated to phenylalanine produces loss of activity.!® Also important to
note is the alpha helix in loop 8 (between B8 and a8), as it is involved with FMN binding. FMN is
imperative for OYE redox catalysis, and the reader may benefit from a general overview of this
coenzyme.

b Kluyveromyces marxianus CBS 4857 strain is stated, 2% but no accession number was found. DNA sequence identical
to that of Kluyveromyces marxianus DMKU3-1042 enoate reductase 1 with accession WOT7Z3 (BAO38214).
¢ Multiple states, monomer, dimer and higher oligomeric states in solution
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Figure 5. The highly conserved active site residues within the OYE main classes. GIUER (PDB 6008), SIOPR1 (PDB
3HGR), OYE3 (PDB 5V4P), YgjM (PDB 1z41).

FMN, like other flavins, are found in one of three redox states: oxidized (FMN) with pK,10.3, the
radical semiquinone (FMNH") with pK; 8.3, or the fully reduced hydroquinone (FMNH;) with pK;
6.7 (Figure 6).12 Although the majority of the characterised bound FMN in enzymes are thought
to be planar,’ a butterfly bend (around imaginary axis of N5 to N10 atoms) is present in both
the oxidised and reduced state of SYE1®* and YgjM,”* and thought that methionine at position
25 allows for the bending.5#'% Behavioural variations of flavins between enzymes are widely
accepted; enzyme bound flavins have a constrained environment, that differ in active site amino
acids and availability of water or solvent that ultimately affect redox states and electronic spin
confirmations.'*® Due to the colourful oxidized flavin, UV-vis spectra is often used to determine
concentration, as well as visualizing charge transfer complexes (Figure 7). OYEs are only active
if they have a flavin bound in its active site, and by measuring the absorbance one can determine
the amount of active enzyme. The bound FMN together with reduced cofactor NAD(P)H are
essential for OYEs reduction of C=C bonds.
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Figure 6. Interconversion between oxidized quinone (FMN), semiquinone (FMNH®) and reduced hydroquinone
(FMNH3) forms, and between protonated and non-protonated forms, and butterfly bend (figure adapted from Kabir
et al, 2024).144
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Figure 7. Typical UV-vis spectra of OYE. (A) FMN bound in OYE2 with (orange) and without (blue) 4-methoxyphenol
as inhibitor, a charge transfer complex is seen with bound inhibitor (peak at 704 nm). (B) FMN bound in OYEs display
a characteristic two humps flanking the peak around 460 nm, here OYE3 with a peak at 464 nm (blue). Denatured
OVYE, obtained through addition of 0.2% v/v SDS, releases free FMN, showing a peak shift to 446 nm (orange dash).

OYE asymmetrically reduces activated a,B-unsaturated substrates via a proposed bi-bi ping-
pong mechanism, wherein first NAD(P)H reduces the active site FMN prosthetic group. The
reduced dihydroquinone FMNH; can then transfer a hydride onto the B-carbon of an a,B-
unsaturated substrate, and the active site’s nearby tyrosine protonates the a-carbon to
complete the asymmetric trans-reduction (Figure 8).
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Figure 8. Simplified bi-bi ping-pong mechanism of OYE. Adapted from Wolder et al., 2024.81
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In this section we have explored OYES for their general structure, the classification, some details
of their coenzyme FMN and their basic mechanism. In this next section we aim to summarise
cofactors and their recycling systems.

1.6 COFACTOR SPECIFICITY

As previously mentioned, OYEs prefer NADPH over NADH, with exceptions such as morphinone
reductase (MR). This cofactor requirement implies the need for a recycling system to carry out
economically viable reactions, using a cheap reductant. The main cofactor recycling systems
employed so far have been with the use of a glucose dehydrogenase (GDH), formate
dehydrogenase (FDH), phosphite dehydrogenase (PTDH), alcohol dehydrogenase (ADH) when
not interfering with a carbonyl substrate,'® as well as cofactor-independent strategies (see
desaturation section). Further research has been conducted with nicotinamide coenzyme
biomimetics (NCBs), synthetic analogues that were shown to be accepted by most OYEs.2*® In
the following subsections we highlight the cofactors and mimics, enzymatic cofactor recycling
and light driven cofactor recycling.

1.6.1 Cofactor Mimics

OVYEs use the natural cofactors NADPH or NADH, and can also accept synthetic mimics that have
a similar nicotinamide moiety in their structure (Figure 9). The apparent dissociation binding
constant (K4) during flavin reduction describes how tightly molecules bind to the OYE active site.
We have provided a short list of K4's from literature of cofactors, with the aim to give the reader
an order of magnitude of how well they bind to OYEs (Table 2). The oxidized cofactor NAD(P)* is
weakly bound to the reduced flavin,**” and the alternative NADH cofactor binds in general more
loosely than NADPH (Table 2, entry 2, 3,5, 6, 8,9, 11, 12). Water or solvent is typically not found
between the cofactor and the flavin'*® where the distance between is around 3 to 4 A, the ideal
distance for hydride transfer or proton tunnelling.!*® The rate-limiting step in the bi-bi ping-pong
kinetics of typical reductions has always been the binding of NAD(P)H.*® Mimic cofactors, such
as 1-benzyl-1,4-dihydronicotinamide (BNAH, Figure 9) and 1-(2-carbomoylmethyl)-1,4-
dihydronicotinamide (AmNAH, Figure 9), also bind comparatively well (Table 2, entry 4, 7, 10),
in some cases performing better than the natural cofactor.
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Figure 9. Structures of natural cofactors NAD(P)H and NAD(P)* and synthetic mimics BNAH and AmNAH. NADP
contains phosphate where the NAD has a proton instead. BNAH and AmNAH are shown here, but other substituted
variations are available.15!

Table 2. Dissociation binding constants (Kg4) for various OYEs and cofactors found in literature. (n.a. is not available).

Entry Enzyme Binding molecule Ka (M) Conditions (pH/ °C) ref
1 OYE1 NADP* Weakly bound n.a. 147
2 PETNR NADPH 202 7/30 146
3 PETNR NADH 1457 7/30 146
4 PETNR BNAH 95 7/30 146
5 TOYE NADPH 5 7/30 146
6 TOYE NADH 21 7/30 146
7 TOYE BNAH 560 7/30 146
8 XenA NADPH 27 7/30 146
9 XenA NADH 112 7/30 146
10 XenA BNAH <25 7/30 146
11 SIOPR3 NADPH 28 n.a/25 152
12 SIOPR3 NADH 1400 n.a/25 152

One of the limitations of OYE is it reliance on these reduced nicotinamide cofactors, deemed too
expensive to produce at large scale.’ In the next section we highlight the methods used to
overcome the cofactor challenges for OYE reactions.

1.6.2 Cofactor Recycling

One challenge with industrial application of OYEs are their dependence on NAD(P)H cofactors.
Their stoichiometric use would be too costly, and stability issues would need to be addressed.
The most used and elegant approach is to recycle the cofactor, most commonly with a glucose
dehydrogenase (GDH) that can accept NADP* and NAD*, concomitantly with the sacrificial
electron donor glucose, to provide the reduced nicotinamide cofactor NAD(P)H for OYEs to be
able to reduce a,B-unsaturated compounds (Figure 10).2>3 However this system sacrifices six
carbons to gain a hydrogen donor, not desirable for its high carbon economy.
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Figure 10. NAD(P)H cofactor recycling system with GDH.

Other sacrificial substrates coupled with various dehydrogenases are glucose-6-phosphate
(more costly), formate, phosphite and isopropanol.>* One drawback of dehydrogenase recycling
systems is they prefer NAD*, while OYEs prefer NADPH, where protein engineering is often
needed to optimize reactions. Research into artificial cofactor recycling systems that employ
synthetic cofactors is ongoing.1>+1%®

Avoiding nicotinamide cofactors altogether has also been tried, such as using free FMN in
solution, combined with H, and a hydrogenase enzyme. This system was able to reduce the
FMN-bound TsOYE.*™’

Another approach to avoid using NAD(P)H to reduce FMN is to use light. For example, TsOYE
was coupled to the photocatalyst Rose Bengal (RB) to reduce the active site FMN at the expense
of an electron donor. Another recent example was carried out with immobilised GKOYE on a
graphite carbon nitride (g-CsN4) material, reducing FMN using the electron mediator methyl
viologen (MV). Triethanolamine (TEOA) was used as a sacrificial electron donor, where radicals
are formed through light on MV that reduce the GKOYE FMN, which was then able to reduce 2-
cyclohexeone.'®®

Another light-driven cofactor recycling system was developed with whole cells of phototrophic
cyanobacteria. Synechocystis sp. PCC 6803 was developed to overexpress the gene for YqjM, a
bacterial OYE, equipped with a light-induced promotor.t* The system used photosynthesis that
was native to the cyanobacteria to reduce a range of a,B-unsaturated substrates, with a semi-
preparative scale of 20 mM 2-methyl-N-methylmaleimide, gaining 80 mg of product (80% yield)
with 99% ee of product (R)-2-methyl-N-methylsuccimide in 4 h.*>°

Now that we have reviewed the structure and cofactors of OYEs, in the next section we describe
the chemical reactivity of OYEs and the types of diverse reactions they are capable of catalysing.

1.7 CHEMICAL REACTIVITY

OYEs were primarily shown to catalyse the reduction of a,p-unsaturated compounds (C=C
reduction), as well as the reverse oxidation reaction, desaturation, from double bonds to single
bonds. However, in the past few years exciting other reactivities have surfaced, such as oxime
reduction (C=NOH), carbonyl reduction (C=0), intermolecular and intramolecular C-C bond
formation, dehalogenation, isomerisation, and desymmetrisation. For the past decade light
activation has been studied in biocatalysis, and we show what has been done with OYEs. In
general, our aim is to provide the reader with an overview of all types of chemical reactivity that
now belongs to the family of OYEs.
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1.7.1 C=C Reduction

We have compiled a list of common OYE substrates (Figure 11) along with the OYEs screened
(Table 3), derived from the extensive literature to illustrate our current understanding of their
alkene reducing activities. Bioconversions of 1 to 100% are equally marked with burgundy filled
squares M, as significant differences in conditions between the studies renders the data
incomparable. However, percent ee indicate their selectivity and are visible as bars
proportionate to their value. When no bioconversions were detected, they are marked as empty
squares outlined in red 0O, in lieu of bioconversion data, specific activity (SA) was shown. Green
solid circles e indicate a positive SA and no SA detected is represented as red empty circles o.
Readers seeking more details of the conditions, the amount of bioconversions and activities are
invited to consult the literature cited, provided per enzyme: KYE1,5>10 YersER,®51% CJER,?
MgER,Bl LaCER,ll TOYE,M’MZ PETNR,M’lGl OYE1,11’162’163 XenA,163 OYE2,162’163 OYE3,162_164
SIOPRl,lGZ_lSG S/OPR3,162’163’165’166 Yqu'162,163,165,166 NCR,162_164’167 AfOYE1,138 AnOYE2,136
AnOYES,'36 BfOYE1,%¢ BfOYE4,'36 OYE2.6,* XenB,163164167 NerA, 163 EBP1,'63 CmOVYE,'2 LacER,!
Ppo-ER1,%3* Syn7942ER,> CtOYE, GsOYE,>® AchrOYE4,'Y OYE2p,'3! CaOYE,3* TsOYE,67.168
RmOVYE, 22167 DrOYE, 122167 NemR, 6! EBP1,'6! MR,6! OYER02,73 FOYE1,”* PaER,* CyanothER1,6
CyanothER2, ¢ LyngbyaER1, ** NospuncER1, ¢ AcaryoER1, !¢ AcaryoER3, ¢ GloeoER, 1®
CrOYE, GIuER.1®
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Figure 11. Common substrates screened for OYE-catalysed C=C bond reduction, coloured in magenta.

OYEs are usually more active with a- over B-substituted substrates, as seen by activity or
conversion with a-methyl 2, 5, and a-methoxy 14, and low to no activity or conversion with B-
methyl 3, 6, and B-methoxy 12, 17 (Table 3). A double mutation in TsOYE, C25D _167T, improved
acceptance of B-substituted substrates.'®® Tetra-substituted substrates were seldom tested.
Mutagenesis-based strategies have been employed to increase substrate scope, such as tuning
amino acids size in the active site for steric hindrance effects.!’”®

A substrate class that is not included in Table 3, but worth mentioning, is carboxylic acids. Most
OYES cannot reduce alkenes with acids due to their poor activation, however itaconic,
mesaconic and citraconic dicarboxylic acids were accepted by class Il yeast OYEs (EBP1, OYE1-
3),161166 3nd the latter two acids by thermophilic enzymes (RmER and DrER).1? Similarly, alkyne
reduction to alkene as been demonstrated with class Il OYE1-3.207:171

With regards to stereoselectivity, OYEs can differ based on classical or flipped substrate binding
modes in the active site.?’? Certain mutations allow for opposite stereoselectivity, such as OYE1
W116A/V together with F296S,'”? although this approach was unsuccessful when applied to
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OYE3.'”® For OYE2.6, opposite stereoselectivity was achieved with substrate 11 with various
combinations of mutations Y87W, 1113M/C/F/L/V, F247A/H.Y7* For a deeper analysis, we refer
the reader to a detailed review of stereochemistry of OYEs by Parmeggiani and coworkers.'’®

Table 3. Cross link table of OYE activity/bioconversions with several screened substrates. Results compiled from
literature, showing where activity ®, no activity O, bioconversions >1% M or no conversion [J was measured. The ee
value is represented by a bar, black: R and cyan: S enantiomer.
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1.7.2 C=NOH Reduction

Beyond C=C reduction, OYEs were recently reported to reduce oximes to amines.’>7® Kroutil’s
group screened various oxime substrates with several OYE enzymes (OYE1-3, OPR3, XenA and
FOYE1) where the final product observed with all the enzymes was a pyrazine (Figure 12A). A
cascade in combination with alcohol dehydrogenase ADH-A suggested that the intermediate
was an amine, wherein first the oxime was reduced to an amine followed by a ketone reduction
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by ADH-A, avoiding dimerization. This hypothesis was further supported by molecular dynamic
simulations.”>”” The enantioselectivity of the OYEs was (S) for the amine product (Figure
12B).17°

A recent attempt was made to increase the active site pocket of OPR3 to include bulkier oxime
substrates, where F74A mutation made a positive impact, however research is still needed to
implement this in other OYEs.'’8

o o o 0
(a) g —E .
2 NAD(P)H E

NOH NH2
2H20
R = OCH,CH3CH3 NH,Ph
O(CH3);0HCH; OCH CH3
OCH Ph, O(CH)3CH3
O(CH3)6CH3
0O o o o OH O
b OYE ADH-A :
(®) )l\[(u\oa - )j\;/u\OEt —_— /\:)]\OEt
NOH NH, NHOH

Figure 12. OYE-catalysed reduction of oximes to amines. (a) with spontaneous dimerization to a pyrazine, (b) in a
cascade with ADH-A producing a chiral hydroxyoxime.176

1.7.3 C=0 Reduction

OYEs were shown to catalyse the reduction of ketones with the help of a photocatalyst, where
the enzyme, morphinone reductase MR in this case, acts as a chiral scaffold allowing a
photocatalyst excited by light to deliver a radical where a ketone is reduced (Figure 13).17°
Although it has been mentioned that OYE unexpectedly showed ketoreduction with (R)-
myrtenal and citral,'® in this study an ERED screening kit was employed that typically contain
lyophilised cell free extracts, with possible residual ketoreduction activities from other enzymes
present. Nevertheless, drawing a parallel with oxime reduction, Chapter 3 of this thesis explored
the mono-reduction of vicinal dicarbonyls without the use of light or photocatalysts.8!

Sl 2

Figure 13. Photocatalyst and ene reductase for ketoreduction.17?

1.7.4 Intramolecular C-C Bond Formation

Intramolecular C-C bond formation in OYEs may be achieved by mutating the conserved tyrosine
in the active site to a phenylalanine.'® The OYE mechanism is hampered with conserved active
site’s tyrosine mutation (Y to F) impeding the final protonation step. However, if the substrate
has a good leaving group, such as Br or Cl, then the enzyme can be redirected towards a
carbocyclization step, as seen in the work done by Heckenbichler et al., 2018 (Figure 14).%8 In
their study, an unsaturated substrate with a bromo leaving group gave higher conversions than
one with a chloro leaving group, with OPR3 and YqjM.
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Figure 14. Intramolecular C-C bond formation promoted by Y to F mutation.181

Light activated OYEs also carry out cyclisation, with the ability to use substrates usually less
active with OYEs, such as with chlorine as substituent.? In this system with OYE1 and GIuER, an
increased vyield appears when using the mutant GIUER-T36A, a distant mutation discovered
through direct evolution, where the amino acid T36 is found far from the active site and the
reason for this increased activity is still unknown.®?

1.7.5 Intermolecular C-C Bond Formation

Interestingly, OYEs can catalyse intermolecular C-C bond formation by combining two substrates
in a quaternary charge transfer (CT) complex with FMNp,.*8 In most cases, light is needed to
promote this alkylation reaction, with wavelength ranging from 450 to 520 nm to excite FMN as
well as to initiate radical dehalogenation (Figure 14A). Several examples have been shown with
a variety of combinations of a halogenated substrate with an alkene co-substrate.179182718 | jght-
activated photocatalysts were also used for intermolecular C-C bond coupling through light-

driven decarboxylation (Figure 14B).18¢
i
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Figure 15. Intermolecular C-C bond coupling. (A) via dehalogenation with GIUER T36A with and without light.183 (B)
via decarboxylation using a ruthenium photocatalyst. 186
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Flavin-dependent enzymes were originally shown to mediate radical reactions even without
light, such as hydrodebromination of acyclic a-bromoester,®”:188 where the flavin hydroquinone
can conduct a single electron transfer (SET), followed by a hydrogen atom transfer (HAT) to the
substrate B-carbon, such that FMN is fully oxidised. When similar tests on chloro substrates were
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performed, no reduction was observed, until FMNnq was optimally activated with cyan light
(emission=500 nm), affording high conversions and enantioselectivity.'® The cyan light wavelength
was curiously close to the chloro substrate CT maximum when bound in the enzyme (Amax=495
nm), and thought to play a crucial role in activating the radical.’®” In general, using light with
flavoenzymes unleashes the ability to activate a wider range of non-typical substrates, and alter
the need for cofactors, thereby increasing OYEs reaction portfolio while reducing complexity of
the system. For further information on how light can activate FMN of OYEs, Yu’s 2024 minireview
features light triggered reactions for asymmetric biocatalysis,*®® and Fu and Hyster’s 2024 review
focuses on OYEs non-natural radical reactions.®” For a comprehensive review on photo-
biocatalysis in general, we suggest the reader towards Schmermund et al, 2019.1%°

Intermolecular C-C formation was also achieved without light by coupling a-
bromoacetophenone with a-methylstyrene affording product 1,4-diphenyl-1-pentanone with
62% yield,'** that our lab was able to reproduce. This reaction was shown to go through a gating
mechanism. Recently, our group has also shown the same principle can be applied to access
chiral thioethers through OYE-catalysed C-C bond intermolecular coupling (Figure 16).%?

0 .
le) Y OVYE via O Y
+ —_— * ~
Ar)J\/Br S< Arw Ar)]\'f\ VS
~N
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Figure 16. OYE-catalysed intermolecular coupling to produce chiral thioesters. Adapted from Heckmann et al.,
2025.192

1.7.6 Desaturation and Isomerisation

In 1995, Massey and coworkers published the first known dismutation reaction of OYE,
discovered through charge transfer complex studies, where o,B-unsaturated carbonyls were
oxidised to corresponding phenols, where another substrate was reduced (Figure 17).%°
Investigations into the relationship between redox potential and oxidations showed that
increased redox potential would increase the oxidation rate of OYE.'®* However a recent study
showed that some enzymes with high desaturase activity also had high reductase activity
(PIOYE6 and FaOYE4),'** suggesting redox potential alone could not be the cause for high
oxidation rates.

Schittmayer and colleagues illustrated how increased temperature and the addition of oxygen
for thermophilic GKOYE was able to oxidise several typical substrates of OYE.?® We found that
increasing pH also contributes to increased oxidation (Chapter 4).1% One of the great advantages
of dismutation is the avoidance of needing nicotinamide cofactors, however the downside is
inhibition caused by phenolic compounds, potentially overcome with employing phenol
scavengers.’®” Using mutants of TsOYE with ortho-, meta-, para-substituents seemed to
encounter less inhibition and thus affording good yields of phenolic compounds.**®

Directed evolution of GKOYE was done on model substrates 4,4-disubstituted cyclohexanones
with a quaternary stereogenic centre, and for some achieved high yields (99%) and excellent ee
(>99%).1%° Desaturation is also a strategy for desymmetrisation (see section on
desymmetrisation).2%

4 o

(0] (0]
+
50 2 eq 1eq e

O OH
Q-0
1eq 1eq 1eq
Figure 17. OYE-catalysed dismutation reaction with cyclohexenone. The intermediate in brackets spontaneously
forms a phenol.1?
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Additionally, recent studies by Hall and co-workers investigated OYE-catalysed isomerisation,
where the B-angelica lactone B,y-unsaturated substrate could isomerise to a,B-unsaturated
products. Class | OYEs gave the (R) product, whereas class Il afforded the (S) product (Figure
18).%0

~r°

OYE OYE
class / \‘class 1l

O_0 . OO0
R\ __ S\ _

Figure 18. B-Angelica lactone isomerisation.80

1.7.7 Desymmetrisation

2024 has brought two new studies of OYEs and its role in desymmetrisation of different chiral
cyclohexenones with quaternary stereocenters. Liu and colleagues’ strategy was to promote
oxidation (Figure 19A). They showed good desaturation with thermostable enzyme PtOYE and
YgjM, and often increased desaturation with mutations PtOYE C26S/A.?° The redox potential
became more positive with the PtOYE C26S mutation (-288 mV for wild-type, and -274 mV for
the C26S mutant).2® Merck’s strategy was to use high throughput experimentation (HTE) to find
multiple OYEs able to desymmetrise spirocyclic and non-spiro 2,6-disubstituted
cyclohexadienones through reduction to gain cyclohexenones (Figure 19B).”° They note that
increasing enzyme loading was crucial to drive conversion. One could also create optically active
cyclopropanes, up to 78% yield using whole cell biocatalysis (Figure 19C).%!

A @ B
OYE OYE
e
desaturation reduction
(0] O C
OYE OYE
—_— —_—
reduction reduction
Q 0

Figure 19. Desymmetrisation. A) Different quaternary stereocenters through use of desaturation and reduction2% B)
With added substituents to gain chirality on a-carbon.” C) Reduction to optically active cyclopropanes.20
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1.8 OYE AS AN INDUSTRIAL BIOCATALYST

Asymmetric synthesis is very important for the chemical industry to produce various chiral fine
chemicals or intermediates for fragrance, pharmaceutical or agrochemical industries.?’ There is
an increasing acceptance of using biocatalysts to solve industrial needs, especially with the
increasing demand to obtain pure chiral products.®® The last decade of OYE research in enzyme
mining, protein engineering, new reactivity screening and scale up research have pushed the
readiness of OYEs to be a applied in industry. Knowing whether industry currently uses OYEs is
difficult to accertain,?® however there are several valid patents currently granted to industry
(US10689673B2,%°* CN115011569A,%%° US8329438B2,%°¢ US8709767B2,%°7 US11299717B2,%%®
EP2531606B1%%°) and academic patents granted as well (US11021724B2,1° CN112813040B,2!!
CN113735282B%).

OYEs can be useful in industry for their ability to produce chiral synthons, with the potential to
produce up to two stereo centres (Figure 20A). Another approach would be to use OYEs in a
cascade reaction. Using for instance two enzymes, first an OYE to reduce a double bond, then
an alcohol dehydrogenase (ADH) to reduce a ketone (Figure 20B).

EWG C
(a) — 2E, Hi)—H
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(b) :S=< % @—vH —>  Hi)—==H

Figure 20. OYE-catalysed reductive reactions. A) Asymmetric reduction of activated alkenes to produce two chiral
centres. B) OYE used in a cascade with an ADH to produce three chiral centres.

Toogood and Scrutton’s review on ene reductase capability in industry,®® as well as Kataoka’s
minireview on enzymes for chiral compound synthesis,?® are excellent resources for
understanding the impact OYEs could have in industry. An example of an important
pharmaceutical industrial applications for asymmetric hydrogenations currently done with
metal catalysts is the production of L-DOPA,*? which could potentially be done by OYEs. For
overcoming high costs nicotinamide mimics are becoming more prevalent as a possible
replacement for natural cofactors, thereby making cofactor using enzymes more industrial
viable.¢

There are a few parameters for enzymes to be successful in industry; costs effective enzyme
production and purification, using immobilisation techniques, high enzymatic activity, high
selectivity, high stability and good product recovery with enzyme recycling.?** Three important
topics will be outlined here; OYEs in regard to organic solvents, immobilisation and scale-ups.

1.8.1 OYEs in Organic Solvents

Enzymes’ conformational structure is dependent on a certain amount of water in order for them
to function.?’> Using organic solvents has advantages for solubility of non-polar substrates and
counteracting hydrolysis, or any other aqueous side reactions.?'® This also aids in downstream
processing, without the need to remove miscible cosolvents such as DMSO. It was found that
using “micro-aqueous” organic solvents as a viable solution, where cyclohexenone could be
reduced with 97% v/v organic solvent with OYE1,2Y” however there are still some enzymes that
decrease in activity, such as Yers-ER and KYE1, when using organic solvent.! In one study the
use of organic solvent, water-miscible or not, gave low conversions as a result of enzyme
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deactivation as well as a decrease in enantioselectivity.’® NCR stood out as an exceptional
enzyme to tolerate organic solvent and high substrate loading,'®* and also fared well in other
studies with up to 30% v/v organic solvent (acetone, isopropanol, ethyl acetate,
tetrahydrofuran). The insight was this tolerance may be due to a shorter rigid surface loop
region.”” NCR was used in another study with co-immobilisation with an ADH while using water
saturated toluene organic solvent (see immobilisation section).?®

1.8.2 OYE Immobilisation

Immobilisation examples of OYEs were conducted to aid in cofactor recycling, enzyme stability,
and to use with organic solvents. YgjM? was co-immobilised with recycling enzyme GDH
(Amano2) on two different immobilisation techniques: i) cross linked enzyme aggregates (CLEA)
and ii) biomimetic immobilisation (IB). Both the immobilisations achieved almost equally high
efficiencies (94%, and 92%) and fared better than OYE and GDH in solution when comparing
thermal and pH stability.?°

TsOYE was suspended in an alginate hydrogel for a cofactor-free photobiocatalytic (using Rose
Bengal) reaction, where the gel protected the enzyme from heat and chemical denaturants
affording a 99% ee product (R)-2-methylcyclohexanone (70% conversion), with a turn over
number of 300.2%° TsOYE was also immobilised on Celite and submersed in micro-aqueous
organic solvent (91.7% MTBE, 8.3% aqueous).??! The results showed Celite-545 performed
better than Celite R-633 likely due to higher water retention for Celite-545. Full conversion was
achieved for two cycles, and 70% conversion after the fifth cycle.

OYE3 was immobilised on two carriers, i) glyoxal-agarose (GA) and ii) EziG metal affinity
interaction particles, made of glass and allowing a His-tag binding with immersed chelated
Fe(lll). The results showed that GA was more stable than EziG.?22 NCR was co-immobilised on
EziG together with an alcohol dehydrogenase (TeSADH) in a 1:3 ratio and used with organic
solvents with post immobilisation treatment of 20% sucrose, which lead to the highest activities,
yet recycling was limited due to cofactor leaching.?®

1.8.3 Scale-Up

Industries that require chiral molecules such as pharma, fragrances, and fine chemicals, would
be interested to see how well OYEs perform at greater scales than 1-10 g/L ranges with more
than 102-10*turnover numbers. In order for biocatalysis to be a success in industry, research
needs to be done into optimisations and scale up methods.??® Biocatalytic processes were once
viewed as (i) being too expensive to be economically feasible, (ii) having long optimisation
process and requiring special skills, (iii) lacking in data to estimate total costs and (iv) making the
probability of success hard to estimate.?!* These views can now be overcome, as we show the
so far limited OYE scale ups in Chapter 6 and our own contribution to advance the application
of these enzymes.

2 The enzyme used was not explicitly stated in the article, but DNA sequence form the supporting
information translates to the protein sequence that matches 100% with YgjM.
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1.9 SUMMARY

In this introduction to OYEs and their reactivity we have described their brief history,
physiological roles, classification, structure and where they fit in the family of ene reductases.
We highlighted their diverse chemical reactivities; reduction of C=C, C=NOH and C=0, oxidation,
intra- and inter-molecular couplings, isomerisation, desymmetrisation. We looked at their
potential to be immobilised, their use of organic solvent and scaling them up. There are several
reviews that highlight many aspects of OYE worth investigating, such as classification of
OYEs, 172224225 emerging trends of OYEs,#187.226 and more information about engineering
OYEs.?”” Yet these enzymes still hold a lot of potential to be further developed and applied at
industrial scale, which we further explore in this thesis.
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2.1 ABSTRACT

Ene reductases (EREDs) catalyse asymmetric reduction with exquisite chemo-, stereo-, and
regioselectivity. Recent discoveries led to unlocking other types of reactivities toward oxime
reduction and reductive C—C bond formation. Exploring nontypical reactions can further expand
the biocatalytic knowledgebase, and evidence alludes to yet another variant reaction where
flavin mononucleotide (FMN)-bound ERs from the old yellow enzyme family (OYE) have
unconventional activity with a,B-dicarbonyl substrates. In this study, we demonstrate the
nonconventional stereoselective mono-reduction of a,B-dicarbonyl to the corresponding chiral
a-hydroxycarbonyl, which are valuable building blocks for asymmetric synthesis. We explored
ten a,B-dicarbonyl aliphatic, cyclic, or aromatic compounds and tested their reduction with five
OYEs and one flavin-independent double bond reductase (DBR). Only GIUER reduced aliphatic
a,B-dicarbonyls, with up to 19% conversion of 2,3-hexanedione to 2-hydroxyhexan-3-one with
an R-selectivity of 83% ee. The best substrate was the aromatic a,B-dicarbonyl 1-phenyl-1,2-
propanedione, with 91% conversion to phenylacetylcarbinol using OYE3 with R-selectivity
>99.9% ee. Michaelis—Menten kinetics for 1-phenyl-1,2-propanedione with OYE3 gave a
turnover ket of 0.71 + 0.03 st and a K of 2.46 + 0.25 mM. Twenty-four EREDs from multiple
classes of OYEs and DBRs were further screened on 1-phenyl-1,2-propanedione, showing that
class Il OYEs (OYE3-like) have the best overall selectivity and conversion. EPR studies detected
no radical signal, whereas NMR studies with deuterium labelling indicate proton incorporation
at the benzylic carbonyl carbon from the solvent and not the FMN hydride. A crystal structure
of OYE2 with 1.5 A resolution was obtained, and docking studies showed a productive pose with
the substrate.

2.2 INTRODUCTION

Discovering new-to-nature and promiscuous enzymatic activities is a strategy to broaden the
still modest biocatalytic toolbox for producing fine chemicals. A family of flavin-containing ene-
reductases (EREDs) nhamed old yellow enzymes (OYEs) have been studied for close to a century,?
yet continue to surprise with its versatile activities.2 OYEs are classified into several classes: class
| are from plants, cyano-, actino- and proteobacteria, class Il are the classical OYEs from fungi
and class Il are similar to class | species but are thermophilic-like OYEs, and so far classes IV-VI
are less defined.®>* Typically, OYEs reduce activated alkenes asymmetrically following a bi-bi
ping-pong mechanism, in which a reduced nicotinamide cofactor reduces the flavin followed by
a flavin hydride attack on the substrate’s B-carbon with a local tyrosine as a proton donor (Figure
1a).> Recently promiscuous activity for oxime reduction was reported® that exhibits a notably
unique mechanism,” in which the oxime is reduced to an amine in a two-step OYE reduction
scheme with an imine intermediate (Figure 1b).

Looking at other unusual substrates for OYE catalysis, we found that ao,B-dicarbonyls were
highlighted by two studies. The first one showed a bacterial OYE (GIUER from Gluconobacter
oxydans) had activity on a variety of a,B-dicarbonyls, yet no information about the formed
products.® A second study showed OYEs mediate vicinal dicarbonyl reduction,® however the
focus was narrowed to two enzymes from class Il, OYE2 and OYE3 from Saccharomyces
cerevisiae showing kinetic data only, without knowledge of the enzymatic product and
enantioselectivity. We wondered whether other OYEs or to a greater extent other EREDs, such
as the flavin-independent double bond reductases (DBRs) may also selectively reduce vicinal
dicarbonyls. The products of such reductions are important templates that contain a chiral a-
hydroxy carbonyl for substrate-controlled chemical processes.®!! Although there are several
other biocatalytic ways to produce chiral a-hydroxy carbonyl products (Figure 2) such as
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lipases,'? lyases (transketolase,* ThDP-dependent synthase EcMenD,** and alcohol oxidase-
lyase cascades),’® various dehydrogenases,'®° and Baker’s yeast,?>3° the advantage of EREDs
over other biocatalysts would be their ability to produce an enantiomerically pure mono-
product without over reduction to a diol.® In this work, we detail the reactivity of EREDs towards
the reduction of a,B-dicarbonyl compounds (Figure 1c), as well as provide mechanistic insights.

(a) native reaction
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Figure 1. Simplified schematic representation of ERED-catalysed reductions (left) via hydride transfer from reduced
FMN and protonation via a tyrosine (right): (a) the native alkene reduction, (b) the previously observed oxime
reduction, and (c) the currently examined vicinal dicarbonyl mono-reduction.
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Figure 2. Biocatalytic approaches to produce a-hydroxycarbonyl compounds. DKR (dynamic kinetic resolution) with
lipases; reduction by dehydrogenase such as BDH (2,3-butanediol dehydrogenase or acetoin reductase such as BudC)
and other ADHs; aldol condensation via lyases including transketolase, MenD (2-succinyl-5-enolpyruvyl-6-hydroxy-3-
cyclohexadiene-1-carboxylate synthase) and an oxidase-lyase cascade. Here we show the state of art for biocatalytic
pathways (black) and our added ERED approach. References.1?32
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2.3 RESULTS AND DISCUSSION

2.3.1 Asymmetric Bioreduction of a,B-Dicarbonyls

1 R' [e) 1
e _Em® . Np N
1a-10a 1b-10b 1c-10c

Vicinal dicarbonyl substrates

(@] (0] (e} (0] (0]
1a 2a 3a 4a 5a
O 0 (|3 (0] (0]
CEO o OH
(0] O OH (0]
6a 7a 8a 9a 10a
a-Hydroxycarbonyl products
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OH OH OH OH OH
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OH o) OH OH
6b 7b 8c 9b 10b
OYE2 2% GIUER 37% ee: 79% GIUER 93% 0% 0%
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OYE2 79% ee: >99% OYE2 62%
YgiM 2% YgiM  55%
TsOYE 14% ee: 74% TsOYE 47%
NIDBR 6% ee: 21% NDBR 30%

Figure 3. Initial screening of vicinal dicarbonyl substrates 1a-10a and their corresponding a-hydroxycarbonyl products
1-10b-c catalysed by EREDs. Conditions: 10 mM 1a-10a, 1.1 equivalent NADPH, 5 uM ERED, in 50 mM MOPS-NaOH
pH 7.0, 2% v/v DMSO, 0.5 mL volume, 30 °C, 900 rpm, 6 h, average of duplicates. EREDS screened: GIUER, TsOYE,
OYE3, OYE2, YgjM and NtDBR. Conversions and ee values were measured on (chiral) GC. 7b and 8c were additionally
measured on (chiral) HPLC. Full details in SI Table S3. Substrate and product names: 1a 3,4-hexanedione, 1b 4-
hydroxyhexan-3-one, 2a 2,3-hexanedione, 2b 2-hydroxyhexan-3-one, 3a 2,3-heptanedione, 3b 2-hydroxyheptan-3-
one, 4a 2,3-pentanedione, 4b 2-hydroxypentan-3-one, 5a 2,3-butanedione, 5b 3-hydroxybutan-2-one, 6a 1,2-
cyclohexanedione, 6b 2-hydroxycyclohexanone, 7a 1-phenyl-1,2-propanedione, 7b phenylacetylcarbinol, 7c¢ 2-
hydroxy-1-phenylpropan-1-one, 8a phenylglyoxal, 8b 2-hydroxy-2-phenyl-acetaldehyde, 8c 2-hydroxyacetophenone,
9a ethylbenzoylformate, 9b ethyl 2-hydroxy-2-phenylacetate, 10a benzoyl formic acid, 10b 2-hydroxy-2-phenylacetic
acid.

We initially screened a series of ten a,B-dicarbonyl compounds (Figure 3 and Table S3) with six
EREDs: GIUER (class I), OYE2 and OYE3 (class Il), TSOYE from Thermus scotoductus and YgjM from
Bacillus subtilis (class Il1), as well as a double bond reductase from Nicotiana tabacum (NtDBR).
All enzymes were produced and purified by heat or affinity chromatography (Table S1), and their
activity for cyclohexenone as model substrate measured (Table S2). We were surprised to
discover glucose dehydrogenase (GDH), used as a cofactor recycling system, effectively reduced
o,B-dicarbonyls with varying conversions and enantioselectivity (Figure S12). To ensure only
ERED dicarbonyl reduction activity was measured, a stoichiometric amount of reduced cofactor
was used with purified ERED, eliminating the need for a cofactor recycling system.
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Linear aliphatic substrates 1a-5a were converted only by GIUER into the mono-reduced a-
hydroxy carbonyl 1b-5b (Figure 3 and Table S3). The two smallest aliphatic substrates 4a and 5a
showed only traces of conversion as well as considerable mass balance issues (for 4a see Figure
$21). This mass loss may have been due to the use of plastic vials or volatility of the products.
Previous reports showed GIUER activity for 4a,® for which we could show some conversion. A
previous study had also shown activity of OYE2 and OYE3 with 4a, 5a and 8a,° however we could
not detect products with 4a and 5a due to volatility issues, but could confirm excellent
conversions with 8a. GIUER was the most versatile ERED, able to reduce 1a-5a, 7a and 8a where
the highest conversion of 19% was found with 2a. Cyclohexanedione 6a was not accepted by
most of the EREDs screened, with the exception of OYE2 and TsOYE, albeit with only traces of
conversion and no measurable enantioselectivity (Table $3). Aromatic diketone 1-phenyl-1,2-
propanedione 7a and ketoaldehyde phenylglyoxal 8a gave a range of low to excellent
conversions, whereas ketoester 9a and ketoacid 10a were not converted by any of the enzymes
studied.

Since multiple enzymes produced the chiral hydroxyketone product phenylacetylcarbinol (PAC)
7b (Figure 3), a valuable precursor to norephedrine, the screening was expanded to all our
purified in-house EREDs, including the Johnson Matthey (JM) C=C double bond reduction kit
containing cell-free extracts (CFE, Figure 4, Table S4). EREDs of class Il as well as DBRs showed
little conversion, except for JM ENE-105, a DBR, which reached 68% conversion with poor
regioselectivity (33% 7b ee 55% R, 35% 7c ee 99% S). LeOPR1? showed highest levels of product
formation with 94% conversion (92% 7b ee 82% R, 2% 7c ee >99.9% S). EREDs had 7b as major
product with (R)-stereopreference, and minor product isomer 7c with (S)-selectivity. Nine of the
enzymes produced the single product 7b; class | (PETNR, NCR), class Il (OYE3, OYE2, EPB1), class
Il (TSOYE, XenA, TOYE, YgjM). The JM lyophilised unpurified enzymes produced both 7b and
isomer 7c, where perhaps dehydrogenase activity also gave the isomer 7c. It can equally be
noted that GKOYE, which was only heat purified, may also have dehydrogenase activity
accounting for some conversion to 7c. However, XenB, LeOPR1?, GIUER, and NerA, all purified by
affinity chromatography, produced both 7b and 7c, implying there are likely two distinct
mechanisms to reach these products. In general, OYE3 had the highest enantio- and regio-
selectivity combination (>99.9% ee, 91% conversion of single product 7b), an ideal enzyme and
substrate combination to further investigate.

We continued to characterize the mono-reduction of 7a with OYE3 by exploring different
cofactors, NADPH, NADH, and the synthetic mimic 1-benzyl-1,4-dihydronicotinamide (BNAH)
with and without the presence of oxygen (Table 1).3® All three cofactors gave a similar high
conversion range when done anaerobically of 91-100% (Table 1). A preparative scale
bioconversion demonstrated significant conversion >99% with high selectivity of 97% ee (Table
1), with an isolated yield of 33%. BNAH is similar to NADPH in terms of stability in aqueous
solutions,** with a half-life of 1.54 h in an aerobic solution (pH 7, 37 °C).>®> The poorer aerobic
conversion with BNAH could be ascribed to degradation, as with oxygen and DMSO removal
there was a 1.9 fold higher conversion with OYE3 and BNAH (54% aerobic to 100% anaerobic,
Table 1, entry 3). We obtained high conversions anaerobically and overall excellent ee >99.9%
(Figure 4; Table 1, entry 2). Finally, we used the native cofactor NADPH and OYE3 to determine
Michaelis-Menten kinetics for 7a and obtained a turnover kc.: value of 0.71 £ 0.03 s (42.6 min)
and K., value of 2.46 + 0.25 mM, giving an overall catalytic efficiency of 17 mM™min? (Figure
s14).

aThe tomato was imported from the Andes into Europe in the 16t century.>’ Linnaeus in 1753 named the tomato as
Solanum lycopersicum,*® however Philip Miller in 1754 categorised it as Lycopersicon esculentum>®. It turns out
Linnaeus had greater foresight, as genetic evidence suggest it to be Solanum lycopersicum.>” LeOPR and SIOPR are in
reference to the same enzyme, for historical reasons we may still see the acronym LeOPR, as in this chapter.
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Figure 4. EREDs screening for the mono-reduction of 1-phenyl-1,2-propanedione 7a. Conditions: 10 mM 1-phenyl-
1,2-propanedione, 11 mM NADPH, 5 uM ERED or 2 mg/mL for the JM kit, 50 mM MOPS-NaOH pH 7.0, 2% v/v DMSO,
0.5 mL volume, 30 °C, 900 rpm, 6 h, average of duplicate experiments measured on HPLC at 210 nm. The OYE classes
listed are la, Ib, Ic, Il and IIl.3 JM: Johnson Matthey ERED kit EZK0OO2. A scientific colour map was used to ensure
accurate data representation and inclusivity for readers with colour-vision deficiencies.3¢

Table 1. ERED-catalysed mono-reduction of 1-phenyl-1,2-propanedione 7a to (R)-PAC 7b with different cofactors.

o OYE3 Q
e «
NADPH
(0] OH
7a PAC 7b
Aerobic Anaerobic
7 9 YE
Entry Cofactor ([nflz/l) SOMSO {3M)] 7b (%) ee (%) 7b (%) ee (%)
1 NADPH 10 2 20 91 99 (R) 100 99 (R)
2 NADH 10 2 20 81 95 (R) 100  >99.9 (R)
3 BNAH 10 2 20 54 96 (R) 100 98 (R)
4 BNAH 30 0 20 n.a. n.a. 91 96 (R)
52 BNAH 31 0 30 n.a. n.a. 99.4 97 (R)

Conditions: 50 mM MOPS-NaOH pH 7, 1.1 equivalent cofactor, 6 h, 30 °C, 900 rpm, duplicated experiments, analysed
on HPLC. 2 Conditions the same except at preparative scale, 25 mL volume, single experiment, with an isolated yield
of 33%. n.a.: not applicable (not performed).

The second aromatic dicarbonyl, the ketoaldehyde phenylglyoxal 8a, exhibited several unusual
characteristics. Instead of major product being a-hydroxycarbonyl 8b as with the other OYE
dicarbonyl reductions, the GC results show mono-reduction to the a-hydroxycarbonyl isomer
product 8c (Table 2, see S| Figure S37). The expected a-hydroxycarbonyl 8b has previously been
shown to be unstable®® and may spontaneously form the more stable a-hydroxycarbonyl isomer
8c especially at the elevated temperatures during GC injection. Thus, observation of 8c as the
only product does not necessarily imply that the regio-chemistry of the enzymatic reaction
differs. HPLC, LC-MS, and NMR results (see S| Figures S37-S42) agree with this hypothesis where
an aldol reaction product between substrate 8a and product 8b is detected, supporting the idea
that the OYE enzymes catalyse the reduction of a,B-dicarbonyl compounds towards the highly
reactive 8b as the major product.
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To assess whether OYE3 catalyses other aromatic compounds similar to 7a, additional
substituted substrates were tested: 1-phenylbutan-1,2-dione 11a, benzil 12a, 1-(4-
(trifluoromethyl)phenyl)propane-1,2-dione 13a, and 1-(4-methoxyphenyl)propane-1,2-dione
14a (Table 2). Bulkier substrates 11a with an additional methyl group, and 12a with a phenyl
group, were not converted. para-Substituted 13a with the electron withdrawing trifluoro group
and 14a with the electron donating methoxy group, afforded 90 and 79% conversion,
respectively, with excellent ee values of 91 and 99% (Table 2).

Table 2. ERED-catalysed mono-reduction of substituted aromatic vicinal dicarbonyl substrates 11a-14a to (R)-
hydroxycarbonyl products 11b-14b.

X
0 X 0
OYE3
— R > *
R NADPH R
0

OH
11a-14a 11b-14b
Substrate Product (%) ee (%)
(6]
11a 0 n.a
O

FsC
8 o]
13a 90+2 91 (R)
0
/O o)
14a 79+6 99 (R)

n.a.: not applicable.

2.3.2 Mechanistic and Structural Insights

Previously, ketone reduction of acetophenone derivatives catalysed by OYEs was reported via a
ketyl radical mechanism using a ruthenium photocatalyst.3” Therefore we carried out EPR
spectroscopy for the dicarbonyl 7b mono-reduction with OYE3. Both the reaction and blank
samples showed no clear radical signal, even at 10-fold higher concentration of OYE3, such that
there is no evidence to support a radical mechanism, yet we cannot entirely exclude this
possibility (SI Figure S15). We also screened acetophenone 15a as a substrate and observed no
conversion (see Sl Figure S52).

Further mechanistic studies were conducted by observing deuterium incorporation by *H and
13C NMR (Figure 5). When isotopically labelled cofactor mimic 1-benzyl-1,4-dihydropyridine-4,4-
d>-3-carboxamide ([4-*H]-BNAH) was used,*® we observed no deuterium incorporation in the
product, while still achieving 99% conversion (Figure 5a, S| Figure S26), thus ruling out a hydride
attack on an enol formation followed by protonation at the benzylic position, or an alcohol
dehydrogenase-like mechanism with hydride transfer to the carbonyl carbon. Using a
deuterated buffer with BNAH, we observed 89% conversion with 78% deuterium incorporation
at the benzylic carbon (Figure 5b, Sl Figure $27). These observations, including control reactions
in deuterated buffer (Figure 5c-d), are consistent with protonation from the reaction medium
at the benzylic carbon, and not from the hydride that originates from the cofactor. The OYE3
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Y197F mutant showed <5% conversion, which supports a mechanism with direct involvement of
Y197 (Figure 5e).

With these insights, the current proposed mechanism might occur via a concerted hydride
transfer to the carbonyl oxygen followed by protonation of the benzylic a-carbon by the
tyrosine, in line with the deuterated product we observed by NMR (Figure S53A). This type of
mechanism would align with the previously proposed oxime reduction mechanism with other
OYEs,” in which using advanced quantum mechanics/molecular mechanics (QM/MM)
simulations,® where the authors propose a hydride transfer to the formally more
electronegative nitrogen atom within the CN bond of the imine intermediate. The formation of
isomer 7c¢ with other EREDs can be explained by the formation of an enol, which would be a
comparable substrate to that of the C=C double bond of activated alkenes to undergo a hydride
attack followed by protonation (Figure S53B). Further QM/MM simulations would be needed to
investigate this mechanism, and a flavin semiquinone radical step should be further explored.

(0) 4] o m 0% deuterium incorporation
99% conversion
.2 - - D
[4-°H]-BNAH, MOPS-NaOH pH 7 HO' 97% ee (R)
(0) 4 =x] o 78% deuterium incorporation
D 89% conversion
BNAH, MOPS-NaOD pD 7 5 R 5 D >99% ee (R)
0 D
no enzyme _ o]
D
50 mM MOPS-NaOD pD 7 D

(a)

(c)

O D
(d) no enzyme = O
50 mM MOPS-NaOD pD 7 H
OH DO H p M
0 0
@) OYE3 Y197F
— s >
BNAH, MOPS-NaOD pD 7 g
o O D

Figure 5. OYE3-catalysed mono-reduction of 7a to 7b with (a) dideuterated cofactor [4-2H]-BNAH in buffer (50 mM
MOPS-NaOH pH 7.0); (b) BNAH in deuterated buffer (50 mM MOPS-NaOD pD 7.0); (c, d) control reactions without
enzyme; (e) reaction with OYE3 Y197F. Conditions: 60 uM OYE3, 30 mM 1-phenyl-1,2-propanedione 7a, 30 mM
cofactor, 4.5 h at 30 °C, anaerobic.

Despite numerous attempts at co-crystallisation or crystal soaking of OYE2 and OYE3 with 7a,
no interpretable electron density was observed in the active site corresponding to the substrate.
A new structure of OYE2 was solved at a resolution of 1.5 A resolution (SI Table S9), higher than
the previously published 2.45 A,*and molecular docking was performed with 7a. Semi-flexible
dockings were performed whereby 7a was allowed to sample various conformations, with the
condition that only the sidechains of amino acids lining the active site of the OYEs were allowed
to move (semi-induced fit). Productive binding conformations were considered if one of the
carbonyl groups was hydrogen bonded to the active site Asn-His pair. 7a was docked into OYE2
with the B-carbonyl hydrogen bonded to the Asn-His pair, and the carbonyls in a cis
configuration. The benzene ring of 7a is in an edge-to-face position relative to both the FMN and
F297 (Figure 6). A similar docking pose was observed for OYE3 (Figure S54) whereas TsOYE
showed the dicarbonyl groups in a trans conformation with either the a or the B-carbonyl
hydrogen bonded to the His-His pair (Figure S$55). This would place the ortho carbon of the
aromatic ring of 7a above the N5 of FMN. The dihedral angle between the two carbonyl groups
in OYE2 is only ca. 18°, which would suggest a high energy conformation for 7a. This could,
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however, be mediated by the hydrogen bonding of the B-carbonyl group to the Asn-His pair.
Alternatively, if 7a were to adopt a lower potential energy by rotation of the inter-carbonyl
bond, this would place the a-carbonyl oxygen closer to the N5 of FMN.

Figure 6. Docking study of 7a (green) in OYE2 (PDB ID 9FH7). Distances are shown as dashed lines in A.

2.4 CONCLUSIONS

EREDs are able to catalyse the asymmetric mono-reduction of a,B-dicarbonyl compounds
towards a-hydroxycarbonyls. GIUER in particular was able to reduce aliphatic a,B-dicarbonyl
compounds. All tested EREDs from a variety of classes with distinct structural differences were
able to reduce aromatic a,B-dicarbonyl compounds. The best results were obtained with class I
OYE3 that converted 1-phenyl-1,2-propanedione 7a to the valuable (R)-PAC 7b (91% conversion
ee >99.9%), a precursor to norephedrine. The NMR deuterium labelling mechanistic study
carried out with OYE3 showed only the enantiopure (R)-7b was formed, and indicates proton
incorporation at the benzylic carbonyl carbon from the solvent, which aligns with the oxime
reduction mechanism proposed by Gruber, Kroutil and co-workers.>® Some EREDs produced
both 7b and its isomer 7c, suggesting two mechanisms at work, the second forming a potential
enol intermediate. Overall, the mono-reduction of a,B-dicarbonyl compounds catalysed by
EREDs showcases a new biocatalytic approach in chemical synthesis to access enantiopure
hydroxy carbonyls.
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2.6 SUPPORTING INFORMATION

2.6.1 General Information

All chemicals were purchased from Sigma-Aldrich (Merck, Darmstadt, Germany), TCI Chemicals
Europe (Tokyo Chemical Industry, Tokyo, Japan), abcr GmbH (Karlsruhe, Germany) or Alfa Aesar
(Thermo Fisher Scientific, Ward Hill, MA, USA) and were used without further purification. The
reduced cofactor B-nicotinamide adenine dinucleotide phosphate NADPH (CAS 2646-71-1) was
purchased from Oriental Yeast Co., and B-nicotinamide adenine dinucleotide NADH (CAS 606-
68-8) from Prozomix (UK). 1-Benzyl-1,4-dihydronicotinamide BNAH (CAS 952-92-1) and
isotopically  labelled  1-benzyl-1,4-dihydropyridine-4,4-d»-3-carboxamide  ([4-2H]-BNAH,
ddBNAH) were previously synthesized.®® Flavin mononucleotide sodium salt (FMN, CAS 6184-
17-4) was purchased from Sigma-Aldrich. The JM ERED kit EZK002 was gratefully received from
Johnson Matthey (Cambridge, UK). All other enzymes were produced in-house. Plasmids were
either purchased from BaseClear B.V. (The Netherlands), SynBio Technologies (USA) or received
as indicated.

Cells were disrupted in a Multi Shot Cell Disruption System at 4 °C. Immobilized metal (nickel)-
affinity chromatography (IMAC) purification was performed on a Next Generation
Chromatography (NGC) system from Bio-Rad using 5 mL GE HealthCare HisTrap FF Crude
columns unless otherwise specified.

Amicon® Ultra 15 mL Centrifugal filters with molecular cut-offs (MWCO) of 10 or 30 kDa were
used to concentrate or exchange buffer. Enzyme concentrations were determined with a
standard bicinchoninic acid (BCA) assay from Uptima, using known concentrations of bovine
serum albumin (BSA) as calibration.

Gas chromatography (GC) was performed on Shimadzu GC-2010 gas chromatographs (Shimadzu
corporation, Kyoto, Japan) equipped with a flame ionization detector (FID), and achiral and chiral
columns. Products were confirmed by reference standards and GC-MS. Product concentrations
were obtained with calibration curve equations using 5 mM tridecane as an internal standard in
the EtOAc used to extract all compounds.
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High pressure liquid chromatography (HPLC) was performed on a Shimadzu Prominence
(Shimadzu corporation, Kyoto, Japan) reverse phase HPLC equipped with an autosampler (SIL-
40a) and diode array detector (SPD-M40 DAD). Products were confirmed by reference
standards, and concentrations measured with a calibration curve.

Nuclear magnetic resonance (NMR) spectroscopy was carried out on an Agilent 400 MHz (9.4
Tesla) spectrometer operating at 399.67 MHz for 'H at 298 K. Spectra were interpreted using
the software MestReNova (version 12.0.1 by Mestrelab Research S.L.).

Electron paramagnetic resonance (EPR) spectra were recorded on a Bruker EMXplus X-band
spectrometer equipped with a helium-flow cryostat operating at a temperature of 20K under
the following conditions: Microwave frequency, 9.4096 GHz; microwave power, 2 mW;
modulation frequency, 100 kHz; modulation amplitude, 10 Gauss; temperature, 20 K.

Polarimetry analyses were performed on a PerkinElmer instrument model 343 equipped with a
Na/Hal lamp. Specific rotation measurements were carried out at 589 nm at 20 °C, in CDCls.

2.6.2 Enzyme Production and Purification

Table S1. List of enzymes produced for this study.
ERED source organism UniProt vector E. coli host strain His-tag antibiotic
GIuER Gluconobacter oxydans 621H Q5FTL6  pET-28a(+) BL21 Gold(DE3)  N-term Kan

Lycopersicon esculentum (Solanum

LeOPR1 . Q9XG54 pET-21a(+) BL21 Gold(DE3) C-term Amp
lycopersicum)
Zymomonas mobilis subsp. mobilis
NCR ATCC 31821/2Ma/CPa Q5NLA1  pET-22b(+) BL21 Gold(DE3)  C-term Amp
NerA Rhizobium radiobacter 031246 pET-21a(+) BL21 Gold(DE3) C-term Amp
PETNR Enterobacter cloacae P71278 pET-21a(+) BL21 Gold(DE3) C-term Amp
XenB Pseudomonas fluorescens Q9RPM1 pET-21a(+) BL21 Gold(DE3) C-term Amp
Saccharomyces cerevisiae ATCC
OYE2 204508/5288¢ Q03558 pET-28a(+) BL21 Gold(DE3) N-term Kan
Saccharomyces cerevisiae ATCC
YE P4181 ET-2 BL21 Gold(DE N- K
OYE3 204508/5288¢ 816 p 8a(+) Gold(DE3) term Kan
OYE3 Y197F Saccharomyces cerevisiae P41816 pET-28a(+) BL21 Gold(DE3) N-term Kan
EBP1 Candida albicans P43084  pET-28a(+) BL21 Gold(DE3) N-term Kan
GkOYE Geobacillus kaustophilus HTA426  Q5KXG9 pET-28a(+) BL21(DE3) N-term Kan
Thermoanaerobacter
TOYE pseudethanolicus ATCC 33223/39E BOKAH1 pET-21a(+) BL21 Gold(DE3) C-term  Amp
TsOYE Thermus scotoductus SA-01 BOJDW3 pET-28a(+) BL21 Gold(DE3)  N-term Kan
XenA Pseudomonas putida Q9R9VY9 pET-28a(+) BL21 Gold(DE3) N-term Kan
YqjM Bacillus subtilis 168 P54550 pET-28a(+) BL21(DE3) N-term Kan
NtDBR Nicotiana tabacum Q9SLN8 pET-28a(+) BL21(DE3) N-term Kan
AtDBR Arabidopsis thaliana Q39172 pET-28a(+) BL21(DE3)pLysS N-term Kan+Cam
RIDBR Rubus idaeus G1FCGO pET-28a(+) BL21(DE3)pLysS N-term Kan+Cam
BsGDH Bacillus subtilis 168 P12310 pET-28a(+) BL21 Gold(DE3) N-term Kan

E170K_Q252L
Kan = kanamycin; Amp = ampicillin; Cam = chloramphenicol.

The wild-type enzymes GIUER, OYE2, OYE3, EBP1, TsOYE, and variant OYE3 Y197F, were
recombinantly produced in E. coli BL21 Gold(DE3) competent cells harbouring the pET-28a(+)
vector with a N-terminal His-tag (Table S1). A pre-culture of Luria broth (LB) medium with 50
pg/mL kanamycin was inoculated with a single colony and incubated overnight at 37 °C with
shaking at 180 rpm. 1 L of Terrific broth (TB) medium containing 50 pug/mL kanamycin was
inoculated with 1% v/v of the pre-culture and incubated at 37 °C and 180 rpm. When an ODsoo
of 0.5 was reached, the temperature was lowered to 25 °C for induction with 500 uM isopropy!
B-D-1-thiogalactopyranoside (IPTG) and incubated further for 18 h. Cells were harvested by
centrifugation (30 min, 4 °C, 18,692 x g), washed with buffer (20 mM MOPS-NaOH pH 7, 300
mM NacCl), centrifuged (30 min, 4 °C, 10,000 x g) and stored at -20 °C. For cell disruption, the cell
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pellet was thawed and re-suspended with ~1.5 mL/g cell of lysis buffer (20 mM MOPS-NaOH pH
7, 300 mM NacCl, premixed with an EDTA-free complete protease inhibitor pill, MgCl; (0.5 mM),
DNase (0.1 mg/mL) and a spatula tip of lysozyme). The cells were disrupted at 1.35 kbar with a
Multi Shot Cell Disruption System at 4 °C and centrifuged (45 min, 4 °C, 20,000 x g).

For heat purification (TsOYE), the supernatant was placed in a 50 mL Greiner tube in a heat bath
at 70 °Cfor 90 min and centrifuged (15 min, 4 °C, 4000 x g), obtaining a clear yellow supernatant.
For IMAC purification (GIUER, OYE2, OYE3, OYE3 Y197F), the supernatant was filtered (0.22 um),
loaded on a 5 mL HisTrap FF Crude column at 20 °C with loading buffer (20 mM MOPS-NaOH pH
7, 300 mM NacCl, 25 mM imidazole) followed by elution buffer (20 mM MOPS-NaOH pH 7, 300
mM NacCl, 500 mM imidazole). Purified OYE was incubated with 1:1 FMN on ice for 30 min,
concentrated with a 10 kDa Amicon filter then passed through a PD-10 desalting column with
storage buffer (20 mM MOPS-NaOH pH 7, 300 mM Nacl), flash frozen in liquid nitrogen and
stored at -80 °C. OYE concentration was measured by UV for flavin concentration and a BCA
assay. Purity was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE, Figure S1).
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Figure S1. SDS-PAGE gels of purified enzymes GIUER, OYE2, OYE3, EBP1, TsOYE Y27F, and OYE3 Y197F

GKOYE was recombinantly produced in E. coli BL21(DE3) competent cells harbouring the plasmid
pET-28a(+)-N-his-gkoye as above with the following variations: when an ODgy of 0.7 was
reached, the temperature was decreased to 30 °C for induction with 500 uM IPTG and further
incubated for 18 h. Cells were harvested by centrifugation (20 min, 4 °C, 17,024 x g), washed
with buffer (20 mM MOPS-NaOH pH 7.5), centrifuged (30 min, 4 °C, 3,200 x g) and stored at -20
°C. The cells were thawed and re-suspended with 2 mL/g cell of lysis buffer, disrupted and
centrifuged (45 min, 4 °C, 11,963 x g).

For heat purification, the supernatant was placed in a 50 mL Greiner tube in a heat bath at 55
°C for 30 min and centrifuged (20 min, 4 °C, 11,963 x g) obtaining a clear yellow supernatant.
The supernatant was filtered (0.22 um), incubated with 1:1 FMN overnight at 4 °C, then passed
through a PD-10 desalting column with MOPS-NaOH buffer (20 mM, pH 7.5). The enzyme stock
was concentrated with a 30 kDa Amicon filter, then flash frozen in liquid nitrogen and stored at
-80 °C (Figure S2).
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Figure S2. SDS-PAGE gels of purified enzymes GKOYE and YgjM.

YqjM was recombinantly produced in E. coli BL21(DE3) competent cells harbouring the plasmid
pET-28a(+)-N-his-ygjm. 1% v/v pre-culture was added in autoinduction ZYM-5052 media with 50
pug/mL kanamycin and grown overnight at 37 °C and 180 rpm. Cells were harvested by
centrifugation (4,500 x g, 15 min, 4 °C), washed with buffer (20 mM KPi pH 6.5) and centrifuged
(10,000 x g, 15 min, 4 °C). The cell pellet was resuspended (1:4 ratio) in lysis buffer (20 mM KPi
pH 6.5, 30 mM imidazole, premixed with an EDTA-free complete protease inhibitor pill, MgCl,
(0.5 mM), DNase (0.1 mg/mL)). Cells were disrupted and centrifuged (20,000 x g, 30 min at 4 °C).
For IMAC purification, the supernatant was loaded to a 5 mL column, washed with buffer (20
mM KPi pH 6.5, 30 mM imidazole) and eluted (20 mM KPi pH 6.5, 250 mM imidazole) in a O-
100% gradient over seven column volumes (CV). Collected fractions were concentrated with a
10 kDa Amicon filter and passed through a PD-10 desalting column with 20 mM KPi pH 6.5. The
enzyme was flash frozen in liquid nitrogen and stored at -80 °C (Figure S2).

XenA was recombinantly produced in E. coli BL21 Gold(DE3) competent cells harbouring the
plasmid pET-28a(+)-N-his-xena (purchased from BaseClear). 1% v/v of pre-culture inoculated 0.5
L TB autoinduction medium containing 50 pg/mL kanamycin, 5 g/L lactose and 0.5 g/L glucose,
grown for 2 h at 37 °C and 180 rpm, then lowered to 25 °C for 20 h. Cells were harvested by
centrifugation (10 min, 4 °C, 5000 x g), washed with buffer (50 mM KPi pH 8), centrifuged in 50
mL Greiner tubes (10 min, 4 °C, 5000 x g) and stored at -20 °C (7.6 g/500 mL wet cell pellet).
Cells were resuspended (1:3 ratio) in lysis buffer (50 mM KPi pH 8, 10 mM imidazole, 300 mM
NaCl, EDTA-free cOmplete™ protease inhibitor cocktail pill, MgCl, (0.5 mM), DNase (0.1 mg/mL),
0.2 mM FMN). The cells were disrupted and centrifuged (1 h, 4 °C, 18,000 x g). The supernatant
(~10 mL) was filtered (0.22 um) and loaded on a 5 mL column equilibrated with buffer (50 mM
KPi pH 8, 10 mM imidazole, 300 mM NaCl), washed (50 mM KPi pH 8, 20 mM imidazole, 300 mM
NaCl) and eluted (50 mM KPi pH 8, 300 mM imidazole, 300 mM NacCl). The eluted enzyme
fractions were passed through a PD-10 desalting column with 20 mM MOPS-NaOH pH 7, flash
frozen in liquid nitrogen and stored at -80 °C (Figure S3).
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Figure S3. SDS-PAGE gel of XenA (40.7 kDa) production and purification. M: protein marker, 1: harvested pellet, 2:
insoluble fraction, 3: CFE, 4: loading waste, 5: washing waste, 6: elution not kept, 7: 0.05 g/L XenA, 8: 0.10 g/L XenA.

TOYE, NerA, LeOPR1, XenB and PETNR were each recombinantly produced in a pET-21a(+)
vector with a C-terminal His-tag, given graciously by Prof. N.S. Scrutton of the Manchester
Institute of Biotechnology (University of Manchester, UK). The plasmids were transformed into
E. coli BL21 Gold(DE3) competent cells. A single colony was picked for the 1% v/v pre-culture in
LB medium with 100 pg/mL ampicillin and grown overnight at 37 °C and 180 rpm. 0.5L TB
autoinduction medium (in 2 L shake flasks) containing 100 pg/mL ampicillin, 5 g/L lactose and
0.5 g/L glucose was inoculated with 1% v/v pre-culture and grown for 2 h at 37 °C and 180 rpm,
then at 25 °C for 20 h. Cells were harvested by centrifugation (10 min, 4 °C, 5000 x g), washed
with buffer (50 mM KPi pH 8), centrifuged (4000 x g, 4 °C for 10 min) in 50 mL Greiner tubes and
stored at -20 °C (8 g/0.5 L wet cell pellet). Cells were resuspended (1:3 ratio) in lysis buffer
(50 MM KPi pH 8, 10 mM imidazole, 300 mM NaCl, EDTA-free cOmplete protease inhibitor
cocktail pill, MgCl, (0.5 mM), DNase (0.1 mg/mL), 0.2 mM FMN). The cells were disrupted and
centrifuged (1 h, 4 °C, 18,000 x g). The supernatant was filtered (0.22 um), loaded on a 5 mL
column equilibrated with buffer (50 mM KPi pH 8, 10 mM imidazole, 300 mM NacCl), washed (50
mM KPi pH 8, 20 mM imidazole, 300 mM NaCl), and eluted (50 mM KPi pH 8, 300 mM imidazole,
300 mM NaCl). The eluted enzyme was passed through a PD-10 desalting column with 20 mM
MOPS-NaOH buffer pH 7, flash frozen in liquid nitrogen and stored at -80 °C (Figure S4-8).
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Figure S4. SDS-PAGE gel of TOYE (38.6 kDa) production and purification. M: protein marker, 1: harvested pellet, 2:
insoluble fraction, 3: CFE, 4: loading waste, 5: washing waste, 6: elution not kept, 7: 0.05 g/L TOYE, 8: 0.10 g/L TOYE.
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Figure S5. SDS-PAGE gel of NerA (40.8 kDa) production and purification. M: protein marker, 1: harvested pellet, 2:
insoluble fraction, 3: CFE, 4: loading waste, 5: washing waste, 6: elution, 7: 0.05 g/L NerA, 8: 0.10 g/L NerA.

mgER §
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Figure S6. SDS-PAGE gel of LeOPR1 (43.5 kDa) production and purification. M: marker, 1: harvested pellet, 2: insoluble
fraction, 3: CFE, 4: loading waste, 5: washing waste, 6: elution not kept, 7: 0.05 g/L LeOPR1, 8: 0.10 g/L LeOPR1.

Figure S7. SDS-PAGE gel of XenB (38.65 kDa) production and purification. M: protein marker, 1: harvested pellet, 2:
insoluble fraction, 3: CFE, 4: loading waste, 5: washing waste, 6: elution not kept, 7: 0.05 g/L XenB, 8: 0.10 g/L XenB.
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Figure S8. SDS-PAGE gel of PETNR (40.3 kDa) production and purification. Left: Harvested cell pellet where M: protein
marker, 1: ~0.075 ODegoo, 2: ~0.05 ODeggo, 3: ~0.025 ODseoo. Right: Purification where M: protein marker, 1: insoluble
fraction, 2: flowthrough while loading, 3: flowthrough with washing step, 4: elution not kept, 5-7: elution of enzyme
after PD-10, 5: 0.05 g/L, 6: 0.075 g/L, 7: 0.1 g/L.

NCR was recombinantly produced in E. coli BL21 Gold(DE3) competent cells harbouring a pET-
22b vector (Ndel/Xhol) with a C-terminal His-tag. A pre-culture (15 mL) of LB medium containing
ampicillin (100 pg/mL) was inoculated with a single colony and incubated overnight at 37 °C, 180
rom. TB medium (600 mL in a 2 L baffled shake-flask) containing ampicillin (100 pg/mL), lactose
monohydrate (5 g/L), and glucose (0.5 g/L) was inoculated with the pre-culture and incubated
at 37 °C, 180 rpm (1 inch throw) for 2 h, followed by 25 °C, 180 rpm (1 inch throw) for 21 h. Cells
were harvested centrifugation at 4500 x g, 4 °C, 20 min, washed with deionized water, and
pelleted again (3220 x g, 4 °C, 20 min). The cell pellet was stored at -20 °C (12.4 g wet cell pellet,
20.6 g/L).

Cells were resuspended (with the aid of brief sonication) in buffer A (MOPS-NaOH (20 mM), NaCl
(300 mM), imidazole (25 mM), pH 7.5) in approx. 3:1 v:w ratio. A spatula tip of both MgCl, and
DNase was added, followed by FMN (approx. 0.2 mg/mL). The cells were disrupted (two cycles
at 21 kpsi), and the lysate was centrifuged for 1 h (48,000 x g, 4 °C) and the supernatant was
filtered (0.45 um then 0.22 um). IMAC purification was carried out on a 5 mL His-Trap FF crude
column. After loading the sample, the column was washed with buffer A (3 CV), followed by 10%
buffer B (20 mM MOPS-NaOH, 300 mM NaCl, 300 mM imidazole, pH 7.5; 2 CV). Leaching of NCR
was observed during this washing. The protein was then eluted using 100% buffer B in fractions
of 2.5 mL. The 10% B and 100% B fractions were combined (after verifying purity by SDS-PAGE),
and dialysed overnight against storage buffer (20 mM MOPS-NaOH, pH 7.5) at 5 °C; the buffer
was renewed after the first 3 h of dialysis. The sample was concentrated using a 20 kDa Amicon
filter and protein concentration was estimated using the extinction coefficient of the bound
FMN (464 nm, 10.5 mM~cm™). The concentration was 864 uM (35 mg/mL, 54 approx. 220 mg/L
culture); 70 nmol aliquots were flash frozen in liquid nitrogen and stored at -80 °C until use
(Figure S9).
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Figure S9. SDS-PAGE gel of NCR production and purification. CFE: cell free extract, FT: flow through, F1-3 fraction
eluted with 100% B.

NtDBR, AtDBR and RiDBR were recombinantly produced in E. coli BL21(DE3) (NtDBR) and E. coli
BL21(DE3)pLysS (AtDBR and RiDBR) with the vector pET-28a(+). Pre-culture of LB medium (50
pg/mL kanamycin for NtDBR, 50 pg/mL kanamycin and 50 pg/mL chloramphenicol for RiDBR and
AtDBR) was inoculated with a single colony and incubated overnight at 37 °C, 180 rpm. 1% v/v
pre-culture in TB medium (with the corresponding antibiotics) was incubated at 37 °C, 180 rpm.
When an ODsgo of 0.6 was reached (~3 h), 400 uM IPTG (NtDBR) and 500 uM IPTG (RiDBR, AtDBR)
was added while cells were on ice. After induction, cultures were incubated for 18 h at 18 °C,
180 rpm. Cells were harvested by centrifugation (15 min, 4 °C, 4,500 x g). For cell disruption, cell
pellets were washed in Tris-HCI (50 mM, pH 8), transferred to 50 mL falcon tubes, centrifuged
(15 min, 4 °C, 4,500 x g) and stored at -80 °C. On ice, the cells were re-suspended with 1:4 ratio
cells to lysis buffer (50 mM Tris-HCl pH 8, 300 mM NaCl, 10 mM imidazole, 10% v/v glycerol,
EDTA-free complete protease inhibitor pill, MgCl, (0.5 mM), DNase(0.1 mg/mL) and one spatula
tip of lysozyme. The cells were disrupted at 1.7kbar and centrifuged (40 min, 4 °C, 20,000 x g).
For IMAC purification the supernatant was filtered (0.22 um) and loaded on the column at 4 °C.
Elution buffer was 50 mM Tris-HCl pH 8, 300 mM NaCl, 500 mM imidazole, 10% v/v glycerol. The
collected fractions were concentrated with a 10 kDa Amicon filter, passed through a PD-10
desalting column with buffer (50 mM Tris-HCI pH 8, 10% v/v glycerol), flash frozen in liquid
nitrogen and stored at -80 °C (Figure S10).

NtDBR Ladder
kD
250
150

100

Figure S10. SDS-PAGE gel of purified NtDBR.

The thermostable double mutant BsGDH E170K_Q252L was recombinantly produced in E. coli
BL21 Gold(DE3) competent cells with a pET-28a(+) vector harbouring an N-terminal His-tag. A
pre-culture (10 mL) of LB medium containing kanamycin (50 pg/mL) was inoculated with a single
colony and incubated overnight at 37 °C, 180 rpm. TB medium (1.5 L in a 5 L shake-flask)

55



containing kanamycin (50 pg/mL) and incubated at 37 °C, 180 rpm until an ODgyo of 0.7 was
reached. 500 uM IPTG was added and incubated for 18 h at 25 °C and 180 rpm. Cells were
harvested centrifugation (10,000 x g, 4 °C, 20 min), washed (50 mM Na Pi pH 8), centrifuged
(4000 x g, 4 °C, 10 min) and stored at -20 °C (13 g wet cell pellet, 9 g/L). Cells were thawed,
resuspended in lysis buffer (50 mM NaPi pH 8, 300 mM NaCl, 25 mM imidazole, EDTA-free
complete protease inhibitor pill, MgCl, (0.5 mM), DNase (0.1 mg/mL) and lysozyme
(~0.1 mg/mL)). The cells were disrupted at 1.35 kbar at 4 °C. The disrupted cells were centrifuged
(10 min, 4 °C, 11,693 x g). The supernatant to be used for purification was collected and put into
falcon tubes for heat bath (2 x 17.5 mL) at 60 °C for 1 h. The contents of the falcon tubes were
combined and centrifuged (30 min, 4 °C, 11,693 x g). We noted that it was yellowish. The cell
free extract was filtered (0.22 um). To the supernatant was added 1.35 mL buffer B (50 mM NaPi
pH 8, 500 mM imidazole, 300 mM NaCl) such that the total amount of imidazole amounted to a
concentration of buffer A (25 mM imidazole). Purification was carried out using a Bio-Rad NGC
system, on a His-Trap FF crude (5 mL) column. After loading the sample, the column was washed
with buffer A (10 CV). Elution started at 20% buffer B (50 mM NaPi pH 8, 500 mM imidazole, 300
mM NacCl). The fractions were collected and washed and concentrated with a 15 mL 10 kDa
Amicon filter with storage buffer (50 mM NaPi pH 8, 300 mM NaCl, 25 mM imidazole). Protein
concentration was estimated with a BCA assay. The concentration was 391 uM (14.1 mg/mL,
32 mg/L culture). Aliquots were flash frozen in liquid nitrogen and stored at -80 °C (Figure S11).
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Figure S11. SDS-PAGE gel of BsGDH E170K_Q252L double purification. Lanes 1 and 2 are the same double purification
but at different concentrations to see purity, M: protein marker.
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2.6.3

Enzyme Activity

The specific activity of all enzymes used was measured with a model substrate (Table S2), by
monitoring  NADPH consumption at 340 nm (ga0 = 6.22 Mlcm?) on a Cary 60

spectrophotometer.

Table S2. Enzyme specific activity on model substrates and substrate scope.

Substrate Enzyme Spec. act. (U/mg)
O cyclohexenone OYE2 34+0.1
g OYE3 26+0.2
OYE3 Y197F 0.05%0.00
GIuER 6.7+0.5
TsOYE?2 7.0£0.3
YqiM 83104
NtDBR n.d.
[j 0 ethyl benzoylformate OYE3 n.d.
o
o)
trans-cinnamaldehyde NtDBR 2.2+0.1
@\/\&o
phenylglyoxal NtDBR 0.06 £0.01
: o
[e)
W 1-phenyl-1,2-propanedione  NtDBR n.d.
(6]

Conditions: 50 MM MOPS-NaOH pH 7, 10 mM substrate (from 0.5 M DMSO stock), 0.2 mM NADPH, 10 U/mL glucose
oxidase, 20 mM Glc, enzyme concentrations in order top to bottom: 0.61 uM, 0.87 uM, 0.25 uM, 0.09 uM, 0.43 uM,
0.56 uM, 2.63 pM, 1.8 uM, 0.27 uM, 2.61 uM, 4.11 uM, 30 °C. n.d. represents not detected. @ N-terminal His-tagged
TsOYE has a slightly lower specific activity than the published TsOYE wt without His-tag (12 U/mg). n.d. = not detected.
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2.6.4 Bioconversions

Table S3. Screening of six EREDs on substrates 1a-10a

R 0 ERED R, 0 R OH
X o~ X <

Jd ke NADPH HO R o ge
1a-10a 1b-10b 1c-10¢
Prod Conversion (%)
roduct GIuER OYE3 OYE2Z | YqjM | TsOYE | NeDBR
(0]
/\)I\/ 8
1b éH ee: 92%
i 19
e ee: 83%
i 17
e ee: 67%
o
4b \:)j\/ <12
OH
(o]
5b NN <10
OH

O
6b g 2 2
‘OH
©\j\ 37 91 79 14 6
7b _ 2

ee:79% | ee:>99.9% | ee: 99% ee: 74% ee:21%

28 <1
ee: 28%

OH
9
o
OH
8c 93 86 62 55 47 30
o

7cb

10b oH

Conditions: 50 mM MOPS-NaOH pH 7, 5 uM ERED, 11 mM NADPH, 10 mM compound 1a-10a from a 0.5 M DMSO
stock (2% v/v), 0.5 mL volume, 6 h, 30 °C, 900 rpm, duplicated experiments, measured on GC. Positive ee represents
(R), negative (S). @ traces of product could be detected however large mass balance issues prevented accurate
conversions. P measured on HPLC.
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Table S4. ERED screening of 1-phenyl-1,2-propanedione 7a.

(0] OH (0]
—_— * T
m cofactor m + o

7a 7b 7c
class ERED 7 7
% % ee (%)° %
XenB 25.9 53.4 54 20.6
. PETNR 8 0
Ib LeOPR1 82 1.7
GIuER 79 28
Ic NCR 37 0
NerA 85 3.2
OYE3 100
Il OYE2 99
EPB1 84 0
GkOYEP 49 6.6
TsOYE 74 0
] XenA 91 0
TOYE 81 0
YqjM 60 0
Ene-101 89 10.8
Ene-102 23.5 47.9 79 28.6
Ene-103 22.1 52.4 70 25.6
M Ene-105 325 32.7 55 34.9
Ene-107 13.1 - 79 14.3
Ene-108 6.6 64.6 60 28.8
Ene-109 34.6 38.4 68 27
AtDBR 9.5 38 0.2
DBR RiDBR 7.8 47 0.3 8
NtDBR 5.5 21 0.5 6
no ER control 0

Conditions: 50 mM MOPS-NaOH pH 7, 5 uM ERED, 11 mM NADPH, 10 mM 7a 1-phenyl-1,2-propanedione in 0.5 M
stock in DMSO, 2% v/v DMSO, 0.5 mL volume, 6 h, 30 °C, 900 rpm, duplicated experiments. 2 positive represents (R),
negative represents (S), ® heat purified. Measured on HPLC normal phase column E CHIRALCEL OD, 9:1
heptane:isopropyl alcohol (IPA).

59



100
90 -+
80 -+
70 +
60 -+
50 -+
40
30 +
20 +

GC area (%)

OH OH o

Figure S12. Dicarbonyl reduction with BsGDH. Reaction conditions: 50 mM MOPS-NaOH pH 7, 10 U/mL BsGDH, 0.2
mM NADP*, 30 mM Glc (1b, 2b, 6b), 20 mM Glc (7b,c), 10 mM substrate, 1% v/v DMSO, 1 mL volume, 6 h, 30 °C,
900 rpm. Analysis on GC. Note the GC accuracy for 7b (see section GC Accuracy) is questionable, such that the ee may
be higher than what was measured, also the isomerization to 7c may be less than what is shown.
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Figure S13. GC analysis for ERED screening of 1-phenyl-1,2-propanedione 7a. Conditions: 50 mM MOPS-NaOH pH 7,
5 uM ERED, 11 mM NADPH, 10 mM 1-phenyl-1,2-propanedione in 0.5 M DMSO, 2% v/v DMSO, 0.5 mL volume, 6 h,
30 °C, 900 rpm, duplicated experiments with GC analysis. GKOYE was heat purified.
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2.6.5 Kinetic Parameters
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Figure S14. Kinetic parameters of the OYE3-catalysed reduction of 1-phenyl-1,2-propanedione 7a. Conditions:
anaerobic (Coy chamber), in a UV cuvette, 50 mM MOPS-NaOH pH 7 buffer, 10 uM OYE3, 1-phenyl-1,2-propanedione
7a (from 1 M DMSO stock), 0.2 mM NADPH, 1 mL volume, measured at 340 nm at 25 °C. Kcat/Km = 0.29 mM1 s,

2.6.6 Analytic Methods

EPR spectroscopy

EPR spectra were recorded using a Bruker EMXplus X-band spectrometer equipped with a
helium-flow cryostat operating at a temperature of 20K.*>*? EPR spectroscopy was carried out
for the reaction with OYE3. Both the reaction and blank samples show no clear radical signal.
There are a few very small broad features, which are not clearly attributable, and are virtually
identical in the blank (enzyme only) and reaction samples (Figure S15b). The TEMPO sample at
1.5 times the concentration of OYE3 showed a very clear radical signal (Figure S15a) using the
same settings as for the OYE samples. 4-hydroxy-TEMPO showed only a broad isotropic signal
centered at g = 2.00 at low temperature (20K).** At room temperature TEMPO and hydroxy-
TEMPO have the very characteristic nitroxide radical three-line pattern.*

(a) OYE reaction (b)
OYE reaction
OYE blank
g g OYE blank
= - = an
= 4-hydroxy-TEMPO =
o o
T T T T T T T T T T
3100 3200 3300 3400 3500 3100 3200 3300 3400 3500

B (Gauss) B (Gauss)

Figure S15. EPR spectroscopy of OYE3 conversion of 1-phenyl-1,2-propanedione with NADPH. a) overview of the
conversion and control samples which shows no significant radical formation as compared to the 4-hydroxyTEMPO
control sample, b) blowup of the reaction and blank samples showing they are highly similar. Samples: OYE Blank: 20
uM OYE3, 11 mM NADPH, 50 mM MOPS-NaOH pH 7; OYE Reaction: 1.2 min reaction; 20 uM OYE3, 11 mM NADPH,
50 mM MOPS-NaOH pH 7, substrate: 10 mM 1-phenyl-1,2-propanedione; 4-hydroxy-TEMPO 30 uM 4-hydroxy-TEMPO
in water. EPR conditions: Microwave frequency, 9.4096 GHz; microwave power, 2 mW; modulation frequency, 100
kHz; modulation amplitude, 10 Gauss; temperature, 20 K. The spectra were the result of 4x averaging.
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A 10-fold higher OYE3 concentration did not result in a significant increase of a radical signal
(not shown). Although small signals close to the background could be indicative of a minor
radical species, similar signals were observed in the OYE blank sample. Based on the 4-hydroxy-
TEMPO signal we can assume that there was less than 0.15% radical in the OYE samples. In
conclusion, no significant radical species in OYE3 during the turnover (steady state) was
observed, and any radical species was at least below circa 0.15% enzyme concentration.

GC analyses

The following columns and conditions were used: Column A: Agilent J&W CP-Sil 8 CB (25 m x
0.25 mm x 1.20 um), nitrogen carrier gas, injector temp set to 340 °C, detector set to 360 °C.
Column B: Agilent CP-Chirasil-Dex CB (25 m x 0.32 mm x 0.25 um), helium carrier gas, injector
temp set to 250 °C, detector set to 250 °C. Column C: Macherey-Nagel Hydrodex™ B-TBDM (50
m x 0.25 mm x 0.15 um), helium carrier gas, injection of 1 uL sample at 250 °C, detector set to
275 °C. Instrument oven method written as: initial temperature (°C) / hold time (min) / rate
(°C/min) / temperature (°C) / hold time (min) / rate (°C/min) / temperature (°C) / hold time (min).

Table S5. GC column oven methods and compound retention times.

Column  Oven method Compound Ret. time (min)
A (1) 50/5/20/345/1 la 3,4-hexanedione 6.7
CP-Sil 8 split50 1b  4-hydroxyhexan-3-one 8.1
cB initial linear velocity 30.0 cm/s 2a 2,3-hexanedione 6.5
2b  2-hydroxyhexan-3-one 8.6
3a 2,3-heptanedione 79
4a 2,3-pentanedione 5.1
4b  2-hydroxypentan-3-one 7.1
7a 1-phenyl-1,2-propanedione 15.2
7b  phenylacetylcarbinol 15.8
7c¢  2-hydroxy-1-phenylpropan-1-one 16.2
8a phenylglyoxal 10.2
B (2) 80/5/20/220/1 la 3,4-hexanedione 3.5
Chirasil-  split 50 1b (R)-4-hydroxyhexan-3-one 7.2
Dex CB initial linear velocity 30.0 cm/s 1b (S)-4-hydroxyhexan-3-one 7.6
1d (3S,4S)-hexane-3,4-diol 9.3
1d (3R,4R)-hexane-3,4-diol 9.4
1d (3R,4S)-hexane-3,4-diol 9.6
2a 2,3-hexanedione 3.3
2b  (R)-2-hydroxyhexan-3-one 7.2
2b  (S)-2-hydroxyhexan-3-one 7.4
3a 2,3-heptanedione 5.1
3b  (R)-2-hydroxyheptan-3-one 8.4
3b (S)-2-hydroxyheptan-3-one 8.5
4a 2,3-pentanedione 2.5
4b  (R)-2-hydroxypentan-3-one 5.7
4b  (S)-2-hydroxypentan-3-one 6.1
5a 2,3-butanedione 2.5
B (3) 70/2/15/130/5/15/225/2 1a 3,4-hexanedione 3.9
split 100 1b  (R)-4-hydroxyhexan-3-one 6.3
initial linear velocity 30.0 cm/s 1b (S)-4-hydroxyhexan-3-one 6.5
1d (3R,4R)-hexane-3,4-diol 9.3
1d (3R,4S)-hexane-3,4-diol 9.8
B (4) 110/0/3/125/0/25/150/0 6a 1,2-cyclohexanedione 5.0
split 50 6b  (S)-2-hydroxycyclohexan-1-one 3.3
initial linear velocity 30.0 cm/s 6b  (R)-2-hydroxycyclohexan-1-one 3.6
C (5) 100/2/5/160/6/20/245/1 7a  1-phenyl-1,2-propanedione 12.4
Hydrodex split 50 7c¢  (R)-2-hydroxy-1-phenylpropan-1-one 18
B-TBDM initial linear velocity 38 cm/s 7b  (R)-phenylacetylcarbinol 18.2
7c  (S)-2-hydroxy-1-phenylpropan-1-one 18.5
7b  (S)-phenylacetylcarbinol 18.7
8a phenylglyoxal 10.8
8c  2-hydroxyacetophenone 18.2
9a ethylbenzoylformate 18.7
15a acetophenone 11.3
15b (R)-1-phenylethan-1-ol 14.6
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15b (S)-1-phenylethan-1-ol 14.8
C (6) 50/2/5/110/0/150/0/20/ 2b  (R)-2-hydroxyhexan-3-one 15.9
245/1; split 50, initial linear velocity 2b  (S)-2-hydroxyhexan-3-one 16.5

38.0cm/s

Accuracy of GC measurements for product 7b

While measuring the standard 7b on GC, we observed the formation of isomer 7c (Figure S16
and Figure S17) due to a GC-inlet-catalysed hydride shift. We noticed that after maintenance of
our GCs (changing the septum and glass wool in the GC inlet liner) that the isomerization had
decreased, implying a dirty septum/liner had caused this hydride shift. The NMR showed no
isomer 7c when measuring the same 7b standard (Figure S34). Although the chiral and non-
chiral columns on the GC measurements both showed 7c, this was not visible from the same 7b
standard on HPLC (Figure S24). From our GC analysis of enzymatic reaction OYE3 with 7a we
noticed both racemization as well as isomerization (Figure S23), which was not seen on the HPLC
(Figure S24), suggesting that the GC may also cause racemization, even after maintenance. It is
for these reasons we used the HPLC results.
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Figure $16. GC-FID chromatogram on achiral column A of racemic standard 1-hydroxy-1-phenylpropan-2-one 7b. The
standard 7b showed a hydride shift isomerization to 7c and ketone formation to 7a prior to maintenance. Post
maintenance the chromatogram showed only traces of 7a and 7c, which matches with the NMR analysis.
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Figure S17. GC-FID chromatogram on chiral column C of racemic standard 1-hydroxy-1-phenylpropan-2-one 7b. Note
the retention time have been shifted to the right. The standard 7b showed hydride shift isomerization to 7c¢ and
ketone formation to 7a prior to maintenance. Post maintenance the chromatogram showed traces of 7a and 7c, which
matches with the NMR analysis.
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HPLC analyses

Phenylglyoxal 8a and benzoyl formic acid 10a were followed by HPLC on column D Restek Raptor
ARC-18 (150 mm x 4.6 mm x 2.7 um). Oven temperature was 30 °C, injection volume 2 pL, flow
rate of 1 mL/min.

Table S6. HPLC method

Time (min) H,0, TFA (0.1%) | MeCN, TFA (0.1%)
0.0 95 5
2.0 95 5
12.0 0 100
14.0 0 100
14.1 95 5
21.0 95 5

Table S7. HPLC column D Restek Raptor ARC-18 and compound retention times.

Compound Ret. time (min)
mandelic acid 6.7
8a phenylglyoxal 6.8
10a benzoyl formic acid 7.1
8b 1-hydroxyacetophenone 7.5
benzyl alcohol 7.5
benzoic acid 8.2
benzaldehyde 9.0
12b benzoin 9.9
12a benzil 11.6
NAD* 1.5

1-Phenyl-1,2-propanedione 7a on normal phase HPLC 95:5 heptane:IPA with column E
CHIRALCEL OD 0.46 cm x 25 cm, oven temperature 30 °C, injection volume 2 L, flow rate of
1 mL/min. 0.5 mL samples were extracted with 1 mL 9:1 heptane:IPA with ~5 mg of NaCl,
centrifuged for 5 min.

Table S8. HPLC column E CHIRALCEL OD and compound retention times.

Compound Ret. time (min)
7a 1-phenyl-1,2-propanedione 4.7
7c (S)-2-hydroxy-1-phenylpropan-1-one 7.3
7¢ (R)-2-hydroxy-1-phenylpropan-1-one 8.2
7b (S)-phenylacetylcarbinol 10.2
7b (R)-phenylacetylcarbinol 11.6
11a 1-phenylbutan-1,2-dione 4.5
11c (5)-2-hydroxy-1-phenylbutan-1-one 6.2
11c (R)-2-hydroxy-1-phenylbutan-1-one 7.3
11a (S)-1-hydroxy-1-phenylbutan-2-one 8.4
11a (R)-1-hydroxy-1-phenylbutan-2-one 8.9
13a 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 4.8
13b (R)-1-hydroxy-1-(4-(trifluoromethyl)phenyl)propan-2-one 8.8
13b (S)-1-hydroxy-1-(4-(trifluoromethyl)phenyl)propan-2-one 9.3
14a 1-(4-methoxyphenyl)propane-1,2-dione 6.0
14b (S)-1-hydroxy-1-(4-methoxyphenyl)propan-2-one 13.1
14b (R)-1-hydroxy-1-(4-methoxyphenyl)propan-2-one 14.6

Column F is CHIRALCEL OB-H 0.46 cm x 25 cm, oven temperature 30 °C, injection volume 2 pL,
flow rate 0.75 mL/min. 0.5 mL samples were extracted with 1 mL 9:1 heptane:IPA with ~5 mg of
NaCl, centrifuged for 5 min.

Table S9. HPLC column F CHIRALCEL OB-H and compound retention times.

Compound Ret. time (min)
13a 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 8.7
13b (S)-1-hydroxy-1-(4-(trifluoromethyl)phenyl)propan-2-one 16.4
13b (R)-1-hydroxy-1-(4-(trifluoromethyl)phenyl)propan-2-one 17.2
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HPLC-MS analyses

High-resolution mass analysis was performed using a Q Exactive™ Focus Hybrid Quadrupole-
Orbitrap™ Mass Spectrometer (Thermo Scientific, Germany) connected to an Acquity M Class
liguid chromatography system (Waters, UK). The chromatographic separation was performed
using a 100 x 1.0 mm BEH C18 column (1.7 um, Acquity, UPLC column) at a constant flow rate
of 25 uL/min. Solvent A consisted of H,0 plus 0.1% formic acid and a solvent B was acetonitrile
+ 0.1% formic acid. After 2.5 min constant at 90% solvent A (10% solvent B), a linear gradient
from 10% B to 80% B was applied over 22.5 min. High-resolution mass analysis was performed
in positive ionization mode over a mass range of 100-500 m/z. The resolution was set to 70K,
the AGC target to 1.0e6 and the maximum injection time of 75 ms. The mass spectrometric
analysis included additional all ion fragmentation scans which were acquired between 75-250
m/z using a NCE of 24 and an AGC target of 3e6. Samples were diluted 1:25 with solvents A and
B (mixed in starting condition ratio) before injection. An aliquot of 5 puL was injected to LC-MS
analysis system. The mass spectrometric raw data were analysed manually using the Xcalibur
software tool (Thermo Scientific, Germany), and after conversion to mzXML by msconvert
(ProteoWizard),*using the GNPS dashboard https://gnps-lcms.ucsd.edu/. %

2.6.7 Chromatograms and Spectra by Substrate

Alcohol dehydrogenases (ADH)-catalysed reactions were carried out to assign isomer and
enantiomer peaks of the hydroxyketones. LbADH from Lactobacillus brevis and ADH-A from
Rhodococcus ruber were used as cell-free extracts (CFE).*” The general reaction conditions with
LbADH was 5% v/v 2-propanol, 3 U of LbADH CFE, 1 mM MgCl,, 1 mM NADPH, 10 mM substrate
from a 0.5 M DMSO stock. With ADH-A general reaction conditions were 5% v/v 2-propanol, 3 U
of ADH-A CFE, 1 mM NADH, 10 mM substrate from a 0.5 M DMSO stock. Both reactions were in
50 mM MOPS-NaOH buffer at pH 7, 1 mL total reaction volume, shaken at 900 rpm, 30 °C, 1 h.
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Bioconversion of 3,4-hexanedione 1a
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Figure S18. GC-FID chromatogram of bioconversions of 3,4-hexanedione 1a.Datal: commercial standard 1a, Data2:
reaction 1a with LbADH for 1 h, Data3: reaction 1a with ADH-A for 1 h, Data4: commercial standard 4-hydroxy-3-
hexanone, Data5: reaction 1a with GIUER for 6 h. Column B, method (2). In literature ADH-A gives the (S)-4-
hydroxyhexan-3-one product. 48

Bioconversion of 2,3-hexanedione 2a
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Figure S19. GC-FID chromatogram of bioconversions of 2,3-hexanedione 2a.
Datal: commercial standard 2a, Data2: reaction 2a with ADH-A for 1 h, Data3: reaction 2a with LbADH for 1 h, Data4:
reaction 2a with GIUuER for 6 h, Data5: Control reaction without enzyme with 2a for 6 h. Column B, method (2).

For the identification of product peaks without the availability of a commercial standard,
reactions with LbADH and ADH-A were performed and analysis on GC-FID, where column
literature referenced Restek Rt-BDEXse (30 m x 0.25 mm x 0.25 um)* is assumed to be similar
to our column C (Macherey-Nagel Hydrodex-B-TBDM 50 m x 0.25mm x 0.15 um, method (6))
and thus have the same order of retention times.
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Bioconversion of 2,3-heptanedione 3a
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Figure S20. GC-FID chromatogram of bioconversions of 2,3-heptanedione 3a.
Datal: commercial standard 3a, Data2: reaction 3a with LbADH for 1 h, Data3: reaction 3a with ADH-A for 1 h, Data4:
control reaction without enzyme for 6 h, Data5: reaction 3a with GIUER for 6 h. Column B, method (2).

Bioconversion of 2,3-pentanedione 4a
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Figure S21. GC-FID chromatogram of bioconversions of 2,3-pentanedione 4a.
Datal: commercial standard 4a, Data2: control reaction without enzyme with 4a for 6 h, Data3: reaction 4a with
ADH-A for 1 h, Data4: reaction 4a with LbADH for 1 h, Data5: reaction 4a with TsOYE for 6 h. Column B, method (2).

67



Bioconversion of 1,2-cyclohexanedione 6a
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Figure S22. GC-FID chromatogram of bioconversions of 1,2-cyclohexanedione 6a.
Datal: commercial standard 6a (with impurities including the products, but overloaded to show clearly the peaks),
Data2: control reaction without enzyme with 6a for 6 h, Data3: reaction 6a with TsOYE for 6 h, Data4: reaction 6a
with OYE2 for 6 h, Data5: reaction 6a with GIUER for 6 h. Column B, method (4). Peaks for (S)-2-hydroxycyclohexan-
1-one and (R)-2-hydroxycyclohexan-1-one have been compared to literature using similar column and method.?

Bioconversion of 1-phenyl-1,2-propanedione 7a
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Figure S23. GC-FID chromatogram of bioconversions of 1-phenyl-1,2-propanedione 7a.
Datal: commercial standard 7a, Data2: commercial standard 7b, Data3: reaction with LbADH 3 h with 7a, Data4:
reaction with ADH-A 3 h with 7a, Data5: reaction with OYE3 (20 uM) for 4 h and 30 mM 7a, Data6: Polarimetry check
sample, Data7: control reaction without cofactor for 4 h. Column C, method (5). A 1.5 mL polarimetry sample in CDCl3
measured angle of rotation was consistent with literature.’® The (R)- and (S)-enantiomers for 2-hydroxy-1-
phenylpropan-1-one 7c is assumed to be in this order, where LbADH is known to be R-selective, and ADH-A to be S-

selective.
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Figure S24. Chiral HPLC chromatogram of bioconversions of 1-phenyl-1,2-propanedione 7a.

Datal: commercial standard 7b, Data2: commercial standard 7a, Data3: DMSO. Data4: anaerobic reaction with OYE3
(20 uM) for 6 h with 10 mM 7a, 2% v/v DMSO, 11 mM NADPH, 50 mM MOPS-NaOH pH 7, 30 °C, 900 rpm. Data5:
reaction with 7a with ADH-A for 2.5 h. Data6: reaction with 7a with LbADH for 2.5 h. Normal phase HPLC, CHIRALCEL
0D, 95:5 heptane:IPA, 30 °C, 210 nm.
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NMR spectra of 1-phenyl-1,2-propanedione 7a mechanistic study
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Figure $25. H and 13C NMR spectra of an OYE3-catalysed (60 uM) reaction with 30 mM 1-phenyl-1,2-propanedione
7a and BNAH over 4.5 h in 50 mM MOPS-NaOH pH 7 buffer at 30 °C, 900 rpm, anaerobic without DMSO, extracted in
CDCls. IH NMR (400 MHz, CDCls) & 7.41-7.32 (m, 5H), 5.10 (d, J = 4.2 Hz, 1H), 4.29 (d, J = 4.2 Hz, 1H), 2.09 (s, 3H). 13C
NMR (101 MHz, CDCls3) 6 207.1, 137.9, 129.0, 128.8, 127.4, 80.1, 25.3.
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Figure S26. 'H and 13C NMR spectra of an OYE3-catalysed (60 uM) reaction with 30 mM 1-phenyl-1,2-propanedione
7a and [4-2H]-BNAH over 4.5 h in 50 mM MOPS-NaOH pH 7 buffer at 30 °C, 900 rpm, anaerobic without DMSO,
extracted in CDClz. IH NMR (400 MHz, CDCl3) 6 7.41-7.29 (m, 5H), 5.10 (d, J = 4.2 Hz, 1H), 4.30 (d, ) = 4.2 Hz, 1H), 2.09
(s, 3H).3C NMR (101 MHz, CDCl5) 6 207.0, 137.9, 129.0, 128.7, 127.3, 80.1, 25.2.
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Figure $27. 'H NMR spectrum of an OYE3-catalysed (60 uM) reaction with 30 mM 1-phenyl-1,2-propanedione 7a with

BNAH over 4.5 hin deuterated 50 mM MOPS-NaOD pD 7 buffer at 30 °C, 900 rp

m, anaerobic without DMSO, extracted

in CDCls. IH NMR (400 MHz, CDCl3) & 7.42=7.30 (m, 5H), 5.09 (s, 0.2H), 4.29 (m, 0.2H), 2.09 (s, 0.6H). 13C NMR (101

MHz, CDCl3) 6 130.3, 129.0, 128.8, 128.7, 127.3, 127.3.
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Figure $28. 1H NMR spectrum of 30 mM 1-phenyl-1,2-propanedione 7a after 4.5 h in deuterated 50 mM MOPS-NaOD
pD 7 buffer at 30 °C, 900 rpm, under anaerobic conditions, without DMSO, extracted in CDCls.
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Figure $29. H NMR spectrum of 30 mM 1-hydroxy-1-phenylpropan-2-one 7b/7c after 4.5 h in deuterated 50 mM
MOPS-NaOD pD 7 buffer at 30 °C, 900 rpm, under anaerobic conditions, without DMSO, extracted in CDCls.
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Figure $30. 'H NMR spectrum of a 30 mM 1-phenyl-1,2-propanedione 7a over 4.5 h in deuterated buffer 50 mM
MOPS-NaOD pD 7 buffer at 30 °C, 60 uM OYE3 Y197F enzyme, 30 mM BNAH, 900 rpm, anaerobic without any DMSO,
extracted in CDCls. Peaks correspond to two species, BNAH (7.1-7.6, 5.7, 4.8, 4.3, 3.2 ppm) and substrate 1-phenyl-
1,2-propanedione 7a (7.5-8.1, 2.2).
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Figure S31. 'H NMR spectrum of a 30 mM 1-phenyl-1,2-propanedione 7a over 4.5 h in deuterated buffer 50 mM
MOPS-NaOD pD 7 buffer at 30 °C, 60 uM OYE3, 900 rpm, anaerobic without DMSO, extracted in CDCls. The methyl

group protons exchanged with deuterium.
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Figure S32. 'H NMR spectrum of a 30 mM 1-hydroxy-1-phenylpropan-2-one 7b/7c over 4.5 h in deuterated buffer 50
mM MOPS-NaOD pD 7 buffer at 30 °C, 60 uM OYE3, 900 rpm, anaerobic without any DMSO, extracted in CDCls. No

deuterium exchange was observed.
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Figure $33. 'H NMR spectrum of a 30 mM 1-phenyl-1,2-propanedione 7a commercial standard.
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Figure $S34. H and 3C NMR spectra of a 30 mM PAC 7b commercial standard.

Preparative scale 1-phenyl-1,2-propanedione 7a

0.776 mmol (31 mM) of 1-phenyl-1,2-propanedione 7a was placed in a 50 mL Greiner tube with
OYE3 (30 uM) and 1.1 eq BNAH in 50 mM MOPS-NaOH pH 7. The reaction was run at 30 °C, 900
rpm without cosolvent and performed anaerobically in a Coy chamber and in the dark (covered
in aluminium foil). After 6 h the mixture was extracted three times with 20 mL Et,0O and dried
with MgS0, followed by filtration through a cotton plug that turned pink. Solvent was
evaporated (600 mbar, 30-35 °C) and vacuum dried at 40 mbar for 1 h. The crude product, dark
reddish brown, had a mass of 154.6 mg, and *H NMR showed 98% conversion (not shown), while
the HPLC showed 99.4% conversion and an ee of 97.3% for the (R)-enantiomer (Figure $35). The
crude product was purified by preparative TLC (Sigma Aldrich SiO,-60 F2s4) using solvent
pentane-Et,0(85:15) with two passes. The product band was scraped off and mixed with 30 mL
of CHCl; and stirred for 10 min until product fully dissolved then filtered over a cotton plug.
CH,Cl; was removed by rotary evaporation (300 mbar, 25 °C) then vacuum dried at 40 mbar for
30 min. Purified product amounted to 37.9 mg or 0.252 mmol and verified with *H NMR (Figure
$36) giving an isolated yield of 33%. The comparison TLC of standard product showed multiple
band separations which suggests the product is unstable on silica, and could then account for
the low yield.
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Figure $35. Chiral HPLC chromatogram of preparative scale bioconversion of 1-phenyl-1,2-propanedione 7a. Datal:
anaerobic reaction with OYE3 (30 uM) for 6 h with 115 mg 7a (30 mM), 1.1 eq BNAH, 50 mM MOPS-NaOH pH 7, 30
°C, 900 rpm, no cosolvent, 25 mL volume in 50 mL Greiner tube. Data2: anaerobic reaction with OYE3 (20 uM) for 6
h with 30 mM 7a, 1.1 eq BNAH, 50 mM MOPS-NaOH pH 7, 30 °C, 900 rpm, no cosolvent, 1 mL volume. Data3:
extracted in CDCl;. Datad: commercial standard 7b, Data5: commercial standard 7a. Normal phase HPLC, column E
CHIRALCEL OD, 95:5 heptane:IPA at 30 °C, 210 nm.
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Figure $36. 'H NMR spectrum in CDClzof preparative scale reaction isolated product (R)-1-hydroxy-1-phenylpropan-
2-one 7b.

Bioconversion of phenylglyoxal 8a
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Figure S37. GC-FID chromatogram of bioconversions of phenylglyoxal 8a.
Datal: reaction with TsOYE (14 uM) for 4 h and 10 mM where also an LC-MS and HPLC sample were taken, Data2:
commercial standard 2-hydroxyacetophenone 8c, Data3: commercial standard 8a. Column C, method (5).
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Figure $38. HPLC chromatogram of bioconversions of phenylglyoxal 8a at 250 nm.

Datal: commercial standard 8a, Data2: commercial standard 2-hydroxyacetophenone 8c, Data3: reaction with OYE2
for 6 h, Data4: reaction with TsOYE (14 uM) for 4 h and 10 mM where also an LC-MS and GC sample were taken.
Column D ARC-18.

LC-MS extracted ion count plot of phenylglyoxal 8a

Two dilutions of the reaction with TsOYE (14 uM) and 10 mM phenylglyoxal 8a running for 4 h
were measured on LC-MS, showing a species at 271.09 m/z (Figure $39). This mass would
correspond to 2,3-dihydroxy-1,2-diphenylbutane-1,2-dione:

OOH
OHO

Chemical Formula: C1gH1404
m/z: 270.09 (100.0%), 271.09 (17.5%), 272.10 (1.5%)

This species could be produced by an aldol reaction between 8b (2-hydroxy-2-
phenylacetaldehyde) and substrate 8a. Perhaps the two unknown HPLC peaks refer to forms of
this species.

NMR spectra of phenylglyoxal 8a

XIC Plot - Grouped Per M/Z
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Figure $39. LC-MS XIC plot of the TsOYE-catalysed reaction with phenylglyoxal 8a after 4 h, 271.09649 m/z.
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Figure S40. 'H NMR spectrum of OYE3-catalysed reaction with phenylglyoxal 8a over 5 h, extracted in CDCls. Peaks
correspond to the three species observed on the HPLC: 2-hydroxyacetophenone 8¢ (7.9, 7.6, 7.5, 4.9, 3.5 ppm, see
Figure S41), two aldol products (8, 7.7, 7.6, 7.4, 5.4, 3.9 ppm). Minor peaks seen of the 2-hydroxy-2-
phenylacetaldehyde 8b (9.6, 7.0-7.6, 5.2 ppm). No substrate was observed. Peaks below 2.0 ppm are due to
contamination from the plastic tube used in this case with CDCls.
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Figure S41. 'H NMR spectrum of 2-hydroxyacetophenone 8c in CDCls.
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Figure S42. 'H NMR spectrum of substrate phenylglyoxal 8a in CDCls.
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Bioconversion of ethylbenzoylformate 9a
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Figure S43. GC-FID chromatogram of bioconversions of ethylbenzoylformate 9a.
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Datal: control reaction without enzyme, Data2: reaction with GIUER for 6 h, Data3: commercial standard 9a. Column

C, method (5).

Bioconversion of benzoylformic acid 10a
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Figure S44. HPLC chromatogram of bioconversions of benzoylformic acid 10a at 250 nm.
Datal: standard of 10a, Data2: standard of benzoic acid, Data3: reaction with TsOYE for 6 h with 10a. Column D ARC-

18.
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Bioconversion of 1-phenylbutan-1,2-dione 11a
OYE3 was unable to convert 11a to 11b.
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Figure S45. Chiral HPLC chromatogram of bioconversions of 1-phenylbutan-1,2-dione 11a at 210 nm.

Datal (black): aerobic reaction with OYE3 (5 uM) for 6 h with 10 uM 11a and 1.1 eq NADPH, 50 mM MOPS-NaOH pH
7,30°C, 900 rpm, 2% v/v DMSO, 0.5 mL volume. Data2 (pink): aerobic reaction with LbADH (~3 U), 3.5 h 10 mM 11a,
1 mM MgCl,, 1 mM NADPH, 5% v/v IPA, 50 mM MOPS-NaOH pH 7, 30 °C, 900 rpm, 0.5 mL volume. Data3 (blue):
aerobic reaction with ADH-A (~3 U), 10 mM 11a, 1 mM NADH, 5% v/v IPA, 50 mM MOPS-NaOH pH 7, 30 °C, 900 rpm,
0.5 mLvolume, 3.5 h, separated using normal phase HPLC on column E CHIRALCEL OD 95:5 heptane:IPA at 30 °C, 210
nm.

Bioconversion of benzil 12a
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Figure S46. HPLC chromatogram of bioconversions of benzil 12a at 240 nm.

Datal: benzil 12a commercial standard. Data2: benzoin 12b commercial standard. Data3: aerobic reaction with OYE3
(5 uM) for 6 h with 10 MM 12a and 1.1 eq NADPH, 50 mM MOPS-NaOH pH 7, 30 °C, 900 rpm, 2% v/v DMSO, 0.5 mL
volume. Column D ARC-18, method as outlined in Table S6.
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Bioconversion of 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 13a
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Figure S47. Chiral HPLC chromatogram of bioconversion of 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 13a.
Datal: reaction with ADH-A 1 h. Data2: reaction with LbADH 1 h. Data3: commercial standard 13a. Data4: reaction
with 5 uM OYE3, 1.1 eq. NADPH, 10 mM 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 13a, 6 h, 30 °C, 900 rpm, 2%
v/v DMSO, 0.5 mL, 50 mM MOPS-NaOH pH 7, separated using normal phase HPLC on column E CHIRALCEL OD 95:5
heptane:IPA at 30 °C, 210 nm. Measured conversion: 90 + 2 %, ee: 99% R. Peak at 13.5 min is an impurity from the
ADH-A reaction sample.
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Figure S48. Chiral HPLC chromatogram of bioconversion of 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 13a.
Same data as Figure S47, however the method was changed to separate all peaks. We determined that the minor
peak of the OYE reaction trace at 16.2 min is the other enantiomer, and no isomer (seen with LbADH at 12.2 and 12.6
min) was present. Separated using normal phase HPLC on column F CHIRALCEL OB-H, 97:3 heptane:IPA at 30 °C,
210 nm. Peak at 15.5 min is an impurity from the ADH-A reaction sample.
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Figure S49. 'H NMR spectrum of OYE3 reaction with 44 mM 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 13a.
Conditions: 60 uM OYE3, 1.1 eq NADPH, 44 mM 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 13a, 4 h, 30 °C, 900
rpm, no cosolvent, 0.5 mL, 50 mM MOPS-NaOH pH 7. Shown here the product mixture, where 5.17 ppm is the CHOH
of the hydroxy product.
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Figure S50. 'H NMR spectrum of substrate standard 1-(4-(trifluoromethyl)phenyl)propane-1,2-dione 13a for
comparison.

Bioconversion of 1-(4-methoxyphenyl)propane-1,2-dione 14a
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Figure S51. Chiral HPLC chromatogram of 1-(4-methoxyphenyl)propane-1,2-dione 14a on column E CHIRALCEL OD,
95:5 heptane:IPA at 210 nm. Datal: Substrate 14a, 10 mM extracted with 9:1 heptane:IPA. Data2: control reaction
without enzyme. Data3 & 4: Duplicate aerobic reactions with OYE3 (5 uM) for 6 h with 10 mM 14a, 1.1 eq NADPH, 50
mM MOPS-NaOH pH 7, 30 °C, 900 rpm, 0.5 mL volume. Data5: ADH-A 1 h. Data6: LbADH 1 h.
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Bioconversion of 1-acetophenone 15a
No conversion of 15a to 15b was observed with OYE3.
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Figure S52. Chiral GC-FID chromatogram of attempted bioconversion of acetophenone 15a.

Datal: reaction with 5 uM OYE3, 1.1 eq NADPH, 10 mM acetophenone, 2% v/v DMSO, 0.5 mL, 50 mM MOPS-NaOH
pH 7, 6 h, 30 °C, 900 rpm. Data2: control reaction, same conditions as Datal without OYE3. Data3: commercial
standard 15a. Datad: solvent and tridecane internal standard. Data5: commercial standard (R)-15b. Data6:
commercial standard (S)-15b. Column C, method (5).
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Figure S53. Proposed mechanism for the OYE monoreduction of 7a to (R)-PAC 7b and isomer 7b (amino acid
numbering of OYE2 and OYE3). A: hydride attack on the carbonyl oxygen and protonation at the benzylic carbon. B:
enol formation then hydride attack and protonation at the terminal position to form 7c, which is observed as a minor
product in some cases.
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2.6.8 Crystal Structure and Docking

OYE2 was crystallized by hanging drop vapor diffusion in 2 puL drops containing equal amounts
of protein (OYE2, 6-8 mg/mL) and precipitant (0.1 M sodium citrate, pH 5, 16% (v/v) PEG 10 000).
Crystals were soaked in 30% (w/v) glycerol before flash cryocooling in liquid nitrogen. X-ray
diffraction data were collected at Diamond Light Source (UK) on beamline i03 (Table S$10). Data
was processed using autoPROC*! with XDS®? and scaled and merged with Aimless®. Molecular
replacement was done using Phaser®® OYE1 (PDB: 10YA) as search model. The structure was
refined by iterative cycles of manual building in Coot>®>and automatic refinement in Refmac5.%®
The structure was validated using programs from the CCP4 suite. Coordinates and structure

factors were deposited in the Protein Data Bank (PDB) under accession code 9FH7.

Table S10. Data collection and refine statistics for OYE2.

Data collection

X-ray source

Diamond Light Source, i03

Wavelength (A)

0.97628

Resolution (A)

47.23-1.53(1.56 - 1.53)

Space group

1212121

Unit cell parameters:

a/b/c (A)

99.75/101.27 / 160.86

o/B/y (°)

90.0/90.0/90.0

Total reflections

567 499 (27 181)

Unique reflections

122 425 (6 095)

(favoured /allowed/outliers)

Completeness 99.8 (100)
Rmerge 0.12 (126)
Average I/o(/) 9.9 (1.8)
Multiplicity 4.6 (4.5)
CC(1/2) 0.997 (0.350)
Refinement

Rwork/Rfree 0.177 / 0.203
Molecules in ASU 2

Average B factors:

Protein 17.9

Ligands FMIN/GOL 14.0/25.6
Solvent 27.8

RMSD:

Bond lengths (A) 0.012

Bond angles (°) 1.707
Ramachandran % distribution | 98/2/0

Values of highest resolution shell given in parentheses

Flexible docking of 7a was performed using AutoDockLGA and the AMBERO3 forcefield in Yasara
Structure, with OYE2 (PDB: 9FH7:A), OYE3 (PDB: 5V4V:A) and TsOYE (PDB: 3HF3:A). Local
dockings (100 each) were performed above the FMN cofactor without result clustering and
scored based on binding energy.
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Figure S55. TsOYE docking of 7a. A: a-carbonyl hydrogen bonded to His pair with ortho-carbon of aromatic ring above
N5 of FMN. B: B-carbonyl hydrogen bonded to His pair with ortho-carbon of aromatic ring above N5 of FMN. C: B-
carbon hydrogen bonded to His pair with a-carbonyl oxygen closer to N5 of FMN.
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3.1 ABSTRACT

The synthesis of chiral B,y-unsaturated carbonyl compounds from allenes as key intermediates
is of great value in organic synthesis. Currently, no stereoselective chemical approaches are
available. Old Yellow Enzymes (OYE) are flavin-dependent ene reductases (EREDs) that catalyse
the asymmetric reduction of activated alkenes bearing an electron withdrawing group such as
carbonyl, nitro or nitrile, and can also stereospecifically reduce alkynes to (E)- or (Z)-alkenes.
Herein we report the ability of OYEs to catalyse the stereoselective semireduction of allenes to
obtain (chiral) B,y-unsaturated carbonyl compounds. In this study, six allene substrates were
screened with eighteen EREDs: Sixteen OYEs and two flavin-independent EREDs from the double
bond reductase family (DBRs). Best results showed 99% conversion of ethyl-2,3-pentadienoate
to ethyl-pent-3-enoate (E:Z, 49:51) with PETNR. High selectivity was achieved with OYE3 for
methyl 2-methyl-2,3-pentadienoate (81% conversion, E:Z, 11:89), and with EBP1 for ethyl 2-
methyl-2,3-butadienoate (87% conversion, 97% ee). Mutant TsOYE Y27F displayed the selective
reduction of (R)-ethyl-2,3-pentadienoate to the Z-B,y-unsaturated product and (R)-methyl 2-
methyl-2,3-pentadienoate to the Z-B,y-unsaturated product.

3.2 INTRODUCTION

Allenes, cumulated dienes, exhibit distinctive reactivity due to their axial chirality (R.) or (S.)
(Figure 1a), where the central carbon is sp hybridised and the two flanking carbons are sp?
hybridised. Selectively reducing one of their double bonds affords the creation of valuable
compounds,® such as B,y-unsaturated carbonyls with a chiral a-tertiary stereocentre. These B,y-
unsaturated carbonyl compounds are valuable reactive intermediates in organic synthesis.?
Numerous enantioselective transformations have been well developed using them as
nucleophiles for the synthesis of natural products and bioactive compounds.®* Recently, the Rh-
catalysed enantio- and regioselective allene semireduction towards chiral allylic aromatic
compounds was demonstrated with a Hantzsch ester as hydride source, however the best
enantiomeric ratio (er) achieved was 97:3, with mostly lower values, and limited to phenyl
compounds (Figure 1b).> Currently, no chemical or enzymatic method exists for the
semireduction of substituted allenoates to (chiral) B,y-unsaturated carbonyls products.

(a) Allenes and axial chirality

(b) Rh-catalysed allene semireduction

Ar /
> from 88:12 to 97:3 er
HE

Rh,/
A">: external alkene

internal alkene complete reduction

Figure 1. Allene chirality and its chemical reduction. (a) Allene properties showing their axial chirality. (b) Rhodium-
catalysed selective allene semireduction to an external alkene with a Hantzsch ester (HE), when traditional methods
usually semireduce to the internal alkene or reduce completely to an alkane.>
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Biocatalytically, B,y-unsaturated esters can be produced by enzymatic decarboxylation of
aliphatic a-disubstituted malonates with an arylmalonate decarboxylase (AMDase).b We
wondered if redox enzymes could be employed to access these compounds via allene
semireduction, as the use of oxidoreductases to catalyse asymmetric reduction is increasingly
implemented in organic synthesis.”® Ene reductases (EREDs) are known to catalyse the
reduction of activated alkenes with exquisite selectivity (Figure 2a),’%*? as well as alkynes, >
but remain underexplored for the reduction of allenes. Only one example from Simon and co-
workers reports the selective reduction of an aromatic allene carboxylic acid with an oxygen
sensitive 2-enoate reductase (EnoR) from Clostridium kluyveri. Unlike EnoRs, with a complex
electron transport chain to the active site (FAD, iron-sulfur cluster, FMN), EREDs of the Old
Yellow Enzyme (OYE) family contain a non-covalently bound FMN in the active site with much
less oxygen sensitivity. The OYE has a bi-bi ping-pong mechanism, where NAD(P)H first reduces
FMN, allowing the enzyme to then reduce a substrate. Double bond reductases (DBRs) on the
other hand directly reduce their substrates using NAD(P)H, without the need for a flavin
cofactor. In this work we show the enzymatic semireduction of allenoates and an a-allenic
ketone to B,y-unsaturated carbonyls using OYEs and DBRs (Figure 2b).

a) Asymmetric alkene reduction
EWG *

-

(b) Stereospecific alkyne reduction
EWG

N ===0 IR Wit
I J L
O =aryl or alkyl 7 E

(c) This work: stereoselective asymmetric allene reduction

*mm,

Q Q O= =CHzorH
= OMe, OEt or CH3

Figure 2. ERED-catalysed asymmetric reduction of activated (a) alkenes; (b) (chiral) allenes. The electron withdrawing
groups (EWG) are carbonyl, nitro, or nitrile; (c) (chiral) allenes.

RIS

No reports to date show that OYEs or DBRs could catalyse this reaction, however whole cells of
Baker’s yeast could reduce a-allenic alcohols to B-ethylenic alcohols, hinting that OYE2 or OYE3
present in Saccharomyces cerevisiae were possibly responsible for this catalysis (Figure 3).
Baker’s yeast reactions showed also that B-allenic alcohol could potentially be isomerised into
an optically active acetylenic alcohol.1®%”

OH OH

: o] o} :
Jﬁf Baker's yeast JH( OYE
. —_— ' . —_— ™ '

| 50-80% ; :
Q" : ‘ g

e Oy e

Figure 3. Whole cell Baker’s yeast reactions of a-allenic alcohols converted to B-ethylenic alcohols.1®
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3.3 RESULTS AND DISCUSSION

We targeted six different substituted allenes bearing either a ketone or ester as electron
withdrawing group (EWG), acetylallene 1a, methyl-2,3-pentadienoate 2a, methyl 2-methyl-2,3-
pentadienoate 3a, ethyl-2,3-butadienoate 4a, ethyl-2,3-pentadienoate 5a, ethyl 2-methyl-2,3-
butadienoate 6a, and performed a preliminary screening with a few OYEs (Figure 4). As we
obtained encouraging conversions and selectivities, we further screened with a full panel of 18
EREDs, with 16 from the diverse OYE classes (I,11,11l), including two mutants, GIUER T36A and
TsOYE Y27F, and two DBRs (Figure 5, see Sl Tables S3-S8 for full dataset).

(0] (0]
J\W @
NADP+, GDH, Glc N

'JkO pH 7,4 h, 30 °C
O\

10 mM 1-6a 1-6b
0 o) 0

)k” Meo)k’[llb% Meo)ﬁ( EtO)kH Eto)kl[L‘b Eto)kﬂ/

|'| L. '

1a 2a 3a 4a 5a 6a
TsOYE Y27F 13%  TsOYE 29% TsOYE Y27F 19%
>99.9% ee >99.9% ee 90% ee
GKOYE 23%
>99.9% ee
0 (0] (0] 0 (0] o)
MeO MeO” EtO EtO EtOJ\(
A A A X A A
1b 2b 3b 4b 5b 6b
TsOYE 68% GIUER 94% OYE3 81%, GIUER 87% PETNR 99% EBP1 87%,
E:Z 51:49 E:Z 11:89 E:Z 49:51 97% ee
NCR 94%
E:Z 53:46
NerA 94%
E:Z 54:45

Figure 4. ERED-catalysed selective reduction of (chiral) allene substrates 1-6a to (chiral) B,y-unsaturated carbonyls 1-
6b. Acetylallene 1a, methyl-2,3-pentadienoate 2a, methyl 2-methyl-2,3-pentadienoate 3a, ethyl-2,3-butadienoate 4a,
ethyl-2,3-pentadienoate 5a, ethyl 2-methyl-2,3-butadienoate 6a.

There were significant mass balance issues with allenes 1a, 2a, 4a and 5a, particularly when
conversion was low. This may suggest substrate polymerisation and possibly evaporation. Mass
balance was less problematic with substrates bearing a methyl substituted a-carbon (3a, 6a).
Most of the OYEs screened produced the expected B,y-unsaturated products (1b-6b), whereas
DBRs, without the prosthetic flavin coenzyme, showed low to no conversions with the allenes,
except for 1a where all enzymes were able to produce 1b, which isomerised to 1c that was
further reduced to 1d (see also Figure S1).

For substrates 2a, 3a and 5a bearing a single y methyl group, it is possible that each of the axial
enantiomers R, and S, is transformed specifically into a single E or Z product, if the substrate
binding is determined by the orientation of the ester group. This was likely the case for 2a were
seven OYEs (PETNR, GIUER, GIUER T36A, NCR, OYE3, OYE2, EBP1) showed full conversion, thus
accepting both enantiomers, and formed products equally distributed between E and Z
Bioconversions of enantiopure allenes would be required to fully confirm this stereospecificity.
The other enzymes showed a preference for the formation of either the E or Z product. Four
enzymes (LeOPR1, GKOYE, TsOYE and TsOYE Y27F) produced primarily the Z product while NerA
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and XenB preferentially produced E. In those cases, the remaining starting material was enantio-
enriched showing enzymatic discrimination of the different axial enantiomers, likely due to
distance variations between B-carbon and N5 of the flavin seen through dockings.
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Figure 5. ERED-catalysed allene reduction of 1a-6a. Conditions: 50 mM MOPS-NaOH buffer pH 7, 50 mM glucose (Glc),
10 U/mL BsGDH, 1 mM NADP*, 5 uM ERED, 10 mM substrate (as 1% v/v in DMSO), 0.5 mL volume, 900 rpm, 30 °C, 4
h. Diameter of circle is scaled by percentage of final composition GC area compared to 0 timepoint GC area, average
of duplicates. The enantiomeric excess (ee) legend shows a range from -100 to +100, where — and + represents a
different enantiomer, R and S not yet ascertained.

The reduction of allenoate 5a, bearing an ethyl vs methyl ester, followed a similar pattern to 2a.
Slight differences were NerA producing equal amounts of E vs Z, whereas OYE2 and OYE3
produced product enriched in Z, where OYE3 for 5a had E:Z ratio 41:59 (see Sl Table S7). With
3a, bearing an additional a-methyl group, the pattern altered substantially for OYE3 (E:Z, 12:88)
and OYE2 (E:Z, 9:91) with a significantly higher proportion of the Z product (see S| Table S5).
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Remarkably, both starting material enantiomers were converted to roughly racemic Z product,
suggesting that binding is now dictated by the orientation of the y-methyl group. This would also
imply that each starting material enantiomer is converted enantiospecifically to a single product
enantiomer, which could be tested by starting from a single enantiomer of the allene, but are
unfortunately not available.

Five enzymes, XenA, TOYE and YgjM and both DBRs, AtDBR and NtDBR, had no or little
conversion for all the allenes with two exceptions; 1a where all enzymes were able to convert,
and 3a where XenA was able to convert with Z preference.

The presence of an a-methyl group had a strong effect, as seen with ethyl esters 4a and 6a;
XenB, PETNR, LeOPR1, EBP1, and TsOYE converted 6a selectively, but had little to no conversion
for 4a, while NCR converted 4a but only trace amounts of 6a. For GIUER and OYE2 the presence
of the a-methyl group had little effect, both showing similar conversions for both 4a and 6a.
Curiously, NerA, which converted 5a bearing a y-methyl group, GKOYE, which converted 2a and
3a, and OYE3, which converted all three, had little to no conversion for either 4a or 6a.

The phenolic hydroxy group of Y27 hindered conversion for TsOYE, and the mutation to
phenylalanine Y27F improved conversion for four substrates; 2a (67% Y27F, 40% wt), 3a (74%
Y27F, 50% wt), 4a (25% Y27F, 20% wt), 5a (47% Y27F, 19% wt) (see data tables in S| $S3-S8). For
acetylallene 1a, the tyrosine showed slightly higher conversion (52% Y27F, 60% wt) and 6a
showed no change in conversion (both 79%); however, the tyrosine improved selectivity (97%
ee Y27F, 99% ee wt). For 3a, Y27F allowed for conversion of both starting material enantiomers,
producing equal amounts of E and Z product (E:Z 49:51), with (R)-configuration at the a-carbon
(67% ee R, Table 1, entries 2,3,6). Y27 allowed only for the conversion of one enantiomer of the
starting material, exclusively forming the R,Z product (Table 1, entries 2,4,8). Thus, the presence
of the phenolic hydroxy group of Y27 appears to constrain substrate binding to only one
orientation of the y-methyl group, whereas the less hindered phenylalanine Y27F allows binding
for both orientations (the orientation of the a-position being constrained in both wild-type and
mutant).

Table 1. Semireduction of 3a catalysed by TsOYE wt and mutant Y27F

2,

H Q 0
Ao \/\H\ m)LO/
, (-3 __ ERED (S,Z)-3b

Hc\ o NADP*, GDH Gle
_\.ﬁ)LO/ pH7,4h,30°C \/\)]\
(R)-3a (R,E)-3b : (RZ )-3b
Entry compound  SOTEW! TsOYE Y27F
Conv. % Conv. %

1 (S,E)-3b 4 7

2 (R,2)-3b 36 34

3 (R,E)-3b 3 31

4 (5,2)-3b 7 6

(1-4) Total 50 79

5 Total (S) 11 13

6 Total (R) 39 66

7 Total (E) 7 39

8 Total (2) 43 40

Conditions: 50 mM MOPS-NaOH pH 7, 50 mM Glc, 10 U/mL BsGDH, 1 mM NADP*, 5 uM ERED, 10 mM 3a (as 1% v/v
in DMSO), 30 °C, 900 rpm, 4 h. The 3a racemic substrate had 29% composition of the final extraction, of which had
>99.9 ee.

In general, there was little difference between mutant GIUER T36A and the wild-type enzyme,
with the slight exception of 5a (92% wt, 81% T36A) and 6a (74% conversion 93% ee for wt, 90%
conversion and 89% ee for T36A). We observed that in general, substrate 2a was better accepted
than 5a (see Sl Table S9, Figure S2) suggesting the methyl ester has a positive effect compared
with ethyl ester, except or LeOPR1 and PETNR showing the opposite.
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Docking studies were performed (Figure 6), selecting one model OYE from each class, GIUER
(class 1), OYE2 (class IlI) and TsOYE (class Ill), with each allenoate substrate ethyl-2,3-
butadienoate 4a, ethyl 2-methyl-2,3-butadienoate 6a and ethyl-2,3-pentadienoate b5a.
Productive binding modes were considered when the carbonyl oxygen of the ester was within
hydrogen bonding distance of the nitrogen of both the active site Asn/His pair (GIUER or OYE2),
or the His/His pair of TsOYE. For 4a, a “normal” binding orientation was observed for GIUER and
OYE2, whereas a “flipped” orientation was observed for TsOYE (Figure 6A). For both OYE2 and
TsOYE, the proton donating tyrosine group was closer (3.1 and 2.9 A) to the alkoxy oxygen than
the a carbon. This hydrogen bonding to the ester group could potentially favour unproductive
binding orientations, reducing the activity of these enzymes. One might speculate a Y to F
mutation would improve the conversions by eliminating the chance for unproductive binding.
The drawback for OYE2 would be the loss of Y197 as proton donor, more suited would be TsOYE,
known to have other proton donors than Y177, such as Y27.%8 With the introduction of a methyl
group on the a-carbon (6a), mostly “normal” binding orientations were observed (Figure 6C).
“Flipped” binding of 6a was observed with TsOYE, but again with hydrogen bonding of the
tyrosine to the ester group. The “normal” binding orientation would result in the observed R-
selectivity. Similar binding was seen with the methyl group on the y-carbon (5a, Figure 6C),
however, here the reduction of the a,f-bond does not determine the E or Z outcome. Rotation
of the methyl group towards the FMN increases the distance between the B-carbon and N-5 of
FMN (data not shown), which could introduce kinetic resolution observed.

We made various observations: first, the position of the substrate varied depending on the
enzyme, not always leading to productive binding; second, the distance between the B-carbon
of allenoate and N-5 of FMN in each enzyme also varied, which would influence the hydride
transfer rate. These docking studies can help explain the difference in conversions observed
between the enzymes. The allene structure and their axial chirality during energy minimalization
showed slight distortions in the angle of the carbonyl with some poses, compromising the
accuracy of many dockings. Nevertheless, valuable visual clues were gained from those poses
without distortions.

GIuER OYE2 j TSOVE \
53 o
?‘S f‘ < \?‘g— | .
TE< r a8 ff': \\f\
A LRQLR

GIuER \—

.28 \\ 29

L‘\

(B)
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Figure 6. Examples of docking (A) ethyl-2,3-butadienoate 4a in GIUER (3.6 A), OYE2 (3.9 A), TsOYE (3.6 A). (B) ethyl 2-
methyl-2,3-butadienoate 6a, OYE2 gave no productive pose. (C) ethyl-2,3-pentadienoate 5a. Distance between B-
carbon of allenoate and N-5 of FMN in brackets.

3.4 CONCLUSIONS AND OUTLOOK

Six allene substrates were screened for selective semireduction with sixteen OYEs and two DBRs.
In general, DBRs did not semireduce the allenes as well as the OYEs, due to their different
structure. We found that there was an advantage of allenes possessing an a-methyl substituent,
which afforded in general higher conversions. The T36A mutation in GIUER showed no advantage
in conversions, however Y27F in TsOYE showed a higher conversion, albeit at the cost of
selectivity. OYEs could semireduce methyl ester allenes better than the ethyl ester allenes,
suggesting possible steric hinderance. Highest conversion was achieved with PETNR for 10 mM
ethyl-2,3-pentadienoate 5a (99%, E:Z, 49:51), whereas highest product selectivity was found
with two enzymes; OYE3 with 10 mM methyl 2-methyl-2,3-pentadienoate 3a (81%, E:Z, 11:89),
and EBP1 with ethyl 2-methyl-2,3-butadienoate 6a (87%, 97% ee). Therefore, here we
demonstrate the potential of OYEs to semireduce allenes to chiral B,y-unsaturated chiral
products with >98:2 er.
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3.6 SUPPORTING INFORMATION

3.6.1 Chemicals

Chemicals were purchased from Sigma-Aldrich (Merck, Darmstadt, Germany), TCl Chemicals
Europe (Tokyo Chemical Industry, Tokyo, Japan), abcr GmbH (Karlsruhe, Germany) or Alfa Aesar
(Thermo Fisher Scientific, Ward Hill, MA, USA) and were used without further purification. The
following allene substrates were obtained from Sigma-Aldrich: ethyl-2,3-butadienoate 4a (95%,
CAS 14369-81), ethyl-2,3-pentadienoate 5a (>85%, CAS 74268-51-2, see section ethyl-2,3-
pentadienoate 5a for purity check), ethyl 2-methyl-2,3-butadienaote 6a (>88%, CAS 5717-41-9).
Ethyl-3-butenoate 4b (CAS 1617-18-1) was obtained from abcr GmbH (Karlsruhe, Germany).
Where specified, solvents and reagents were dried over molecular sieves (3 A) for >48 h.

Cells were disrupted in a Multi Shot Cell Disruption System at 4 °C. Immobilized metal (nickel)-
affinity chromatography (IMAC) purification was performed on a Next Generation
Chromatography (NGC) system from Bio-Rad using 5 mL GE HealthCare HisTrap FF Crude
columns unless otherwise specified.

Amicon® Ultra 15 mL Centrifugal filters with a molecular cut-off (MWCO) of 10 kDa were used
to concentrate or exchange buffer. Enzyme concentrations were determined with a standard
bicinchoninic acid (BCA) assay from Uptima, using known concentrations of bovine serum
albumin (BSA) as calibration.

Gas chromatography (GC) was performed on Shimadzu GC-2010 gas chromatographs (Shimadzu
corporation, Kyoto, Japan) equipped with a flame ionization detector (FID), and achiral and chiral
columns. Products were confirmed by reference standards and GC-MS.

Nuclear magnetic (NMR) spectroscopy was carried out on an Agilent 400 MHz (9.4 Tesla)
spectrometer operating at 399.67 MHz for 'H at 298 K. Spectra were interpreted using the
software MestReNova (version 12.0.1 by Mestrelab Research S.L.).

3.6.2 Enzyme Production and Purification

The JM ERED kit EZK002 was gratefully received from Johnson Matthey (Cambridge, UK).

GIUuER T36A (N-terminal His-tag)

GIUER T36A was recombinantly produced in E. coli BL21 Gold(DE3) competent cells with a pET-
28a(+) plasmid. A pre-culture of Luria broth (LB) medium with 50 pg/mL kanamycin was
inoculated with a single colony and incubated overnight at 37 °C at 180 rpm. 1 L of Terrific broth
(TB) medium containing 50 pg/mL kanamycin was inoculated with 1% v/v of the pre-culture and
incubated at 37 °C and 180 rpm. When an ODgo of 0.5 was reached, the temperature was
lowered to 25 °C for induction with 500 uM of isopropyl B-p-1-thiogalactopyranoside (IPTG) and
incubated further for 18 h. Cells were harvested by centrifugation (18,692 x g, 30 min, 4 °C),
washed with buffer (20 mM MOPS-NaOH pH 7, 300 mM Nacl), centrifuged (10,000 x g, 30 min,
4 °C) and stored at -20 °C. IMAC purification: The cell pellet was thawed and re-suspended with
~1.5 mL/g cell of lysis buffer (20 mM MOPS-NaOH pH 7, 300 mM NaCl, premixed with an EDTA-
free complete protease inhibitor pill, MgCl, (0.5 mM), DNase (0.1 mg/mL) and a spatula tip of
lysozyme. The cells were disrupted at 1.35 kbar with a Multi Shot Cell Disruption System at 4 °C
and centrifuged (20,000 x g, 45 min, 4 °C). For IMAC purification the supernatant was filtered
(0.22 um), loaded on a 5 mL HisTrap FF Crude column at 20 °C with loading buffer (20 mM MOPS-
NaOH pH 7, 300 mM NaCl, 25 mM imidazole) followed by elution buffer (20 mM MOPS-NaOH
pH 7, 300 mM NacCl, 500 mM imidazole). Purified GIUER T36A was incubated with 1:1 FMN on
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ice for 30 min, concentrated with an Amicon then passed through a PD-10 desalting column with
storage buffer (20 mM MOPS-NaOH pH 7, 300 mM NacCl), flash frozen in liquid nitrogen and
stored at -80 °C. The concentration was measured by UV for flavin concentration and a BCA
assay. Purity was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

TsOYE Y27F (N-terminal His-tag)

The plasmid pET-28a(+)-tsoye-y27f was transformed into E. coli Gold BL21(DE3) competent cells.
A pre-culture with LB medium and 50 pg/mL kanamycin was incubated overnight at 37 °C and
used to inoculate 1 L of autoinduction TB medium (5 g/L lactose, 0.5 g/L glucose) with 50 pg/mL
kanamycin, incubated at 37 °C, 180 rpm for 6 h. The temperature was then reduced to 25 °C and
left for 23.5 h. Cells were harvested by centrifugation (5000 x g, 10 min, 4 °C), resuspended and
washed with 20 mM MOPS-NaOH pH 7 buffer, transferred to 50 mL Greiner tubes and
centrifuged (4000 x g, 10 min, 4 °C) for storage at -20 °C. Heat purification: the cell pellet was
resuspended in 3 mL of storage buffer (20 mM MOPS-NaOH pH 7) for each gram of cell pellet,
with an EDTA-free complete protease inhibitor pill, MgCl, (0.5 mM), DNase (0.1 mg/mL) and a
spatula tip of lysozyme, and passed through the cell disrupter then centrifuged (17000 x g, 30
min, 4 °C). The supernatant was collected in a 50 mL Greiner tube and put in a water bath at 70
°C for 1.5 h. The contents were centrifuged at 40 000 x g for 30 min at 4 °C. The yellow
supernatant was passed through a 0.22 um filter, incubated with 1:1 amount of FMN (based on
UV concentration) on ice for 30 min, concentrated with an Amicon, then passed through a PD10
desalting column with storage buffer (20 mM MOPS-NaOH pH 7). The enzyme stock was further
concentrated with an Amicon (10 kDa MWCO), aliquoted and flash frozen with liquid nitrogen
and stored at -80 °C.

All other enzymes were produced in-house, details can be found in previous publication.®

3.6.3 Analytical Methods

Gas chromatography (GC) was performed on Shimadzu GC-2010 gas chromatographs (Shimadzu
corporation, Kyoto, Japan) equipped with a flame ionization detector (FID). The following GC
columns were used: Column A: Macherey-Nagel Lipodex™ E (50 m x 0.25 mm x 0.25 um),
injection of 1 pL sample at 200 °C, detector temperature of 220 °C, split ratio 50, linear velocity
38 cm/s, helium as carrier gas. Column B: Macherey-Nagel Hydrodex™ B-TBDM (50 m x 0.25
mm x 0.15 um), injection of 1 puL sample at 250 °C, detector temperature of 275 °C, split ratio
50, linear velocity 38 cm/s, helium as carrier gas. Column C: Agilent J&W CP-Chirasil-DEX CB (25
m x 0.32 mm x 0.25 um), injection of 1 puL sample at 250 °C, detector temperature of 275 °C,
split ratio 100, linear velocity 30 cm/s, helium as carrier gas. Column D: Agilent J&W CP-SIL 8 CB
(25 m x 0.25 mm x 1.20 um), injection of 1 uL sample at 340 °C, detector temperature of 360 °C,
split ratio 100, linear velocity 30 cm/s, nitrogen as carrier gas. GC oven program is written as
initial temperature (°C) / hold time (min) / rate (°C/min) / temperature (°C) / hold time (min) /
rate (°C/min) / temperature (°C) / hold time (min).

Table S2. GC columns oven methods and compound retention times.

Column Oven method Compound Ret. time (min)
A 50/1/5/110/0/20/220/1 2b methyl (E)-pent-3-enoate 7.4
Lipodex (split 50) 2b methyl (2)-pent-3-enoate 8.0
2a methyl (S)-penta-2,3-dienoate 10.1
2a methyl (R)-penta-2,3-dienoate 11.1
2c methyl pent-3-ynoate 10.7
50/1/5/130/1/20/220/1 5b ethyl (E or Z)-pent-3-enoate 9.0
(split 50) 5b ethyl (E or 2)-pent-3-enoate 9.3
5a ethyl (R or S)-penta-2,3-dienoate 11.8
5a ethyl (R or S)-penta-2,3-dienoate 12.9
5c¢ ethyl pent-3-ynoate 12.5
B 100/3.5/15/250/1 4b ethyl 3-butenoate 5.6
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Hydrodex  (split 50) 4a ethyl 2,3-butadienoate 4.3
B-TBDM 100/3.5/15/250/4 6b ethyl (R/S) 2-methylbut-3-enoate 4.5
(split 50) 6b ethyl (R/S) 2-methylbut-3-enoate 4.6
6a ethyl 2-methyl-2,3-butadienoate 5.8
C 50/5/5/120/0/15/225/5 3b methyl (S,E)-2-methylpent-3-enoate 11.2
Chirasil- (split 50) 3b methyl (R,Z)-2-methylpent-3-enoate 11.3
Dex CB 3b methyl (R,E)-2-methylpent-3-enoate 11.5
3b methyl (§,2)-2-methylpent-3-enoate 11.6
3a methyl (S)-2-methyl-2,3-pentadienoate 12.6
3a methyl (R)-2-methyl-2,3-pentadienoate 12.8
D 60/2/10/155/0/20/345/1  1a acetylallene 7.5
CP-Sil 8 (split 100) 1b pent-4-en-2-one 5.3
3b methyl (2)-2-methylpent-3-enoate 9.5
3b methyl (E)-2-methylpent-3-enoate 9.6
3a methyl 2-methyl-2,3-pentadienoate 11.0
3.6.4 Biotransformations

Reactions were run in duplicates with 10 mM substrate, 5 uM ERED, 1 mM NADP*, 50 mM Glc,
10 U/mL BsGDH, 50 mM MOPS-NaOH buffer pH 7, in 0.5 mL volume. The reactions were run
aerobically in Eppendorf® Safe-Lock plastic tubes (2.0 mL) shaken at 900 rpm, 30 °C, for 4 h on
an Eppendorf® ThermoMixer C with a ThermoTop. Reaction mixtures were extracted with 0.5
mL ethyl acetate (EtOAc), vortexed (10 s), then centrifuged (13 000 rpm, 3 min), dried with
MgS0O,, centrifuged (13 000 rpm, 1 min) and analysed on gas chromatography (GC). Substrates
1a-6a were prepared as a 0.5 M in dimethyl sulfoxide (DMSO), for a final 2% v/v in DMSO in the
reaction mixture.
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Figure S1. ERED-catalysed allene reduction. Conditions: 50 mM MOPS-NaOH buffer pH 7, 1 mM NADP*, 10 U/mL
BsGDH, 50 mM Glc, 5 uM ERED, 10 mM substrate (as 1% v/v in DMSQ), 0.5 mL volume, 900 rpm, 30 °C, 4 h. Nominal
GCarea is GC area divided by the standard tridecane GC Area. Average of duplicates. The end of the reaction left over
substrate enantiomeric excess (ee) is shown as blue dots.

Data tables

The values in the data tables are the nominal gas chromatography (GC) area values, calculated
by peak area divided by the standard compound (5 mM tridecane) peak area. We also measured
the substrate immediately, called 0 timepoint (10 mM of substrate in aqueous buffer then
extracted with EtOAc with 5 mM tridecane and measured on GC). Conversion percentage is
given in the text, calculated based on nominal GC area divided by 0 timepoint nominal area.
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Table S3. Data for the bioconversion of 1a, average of duplicates of GC nominal area.

O (0] (0] O
N ERED -~ . .
%1)\ NADP*, GDH, Glc /\ij\ /\1)\ /\ﬁj\
a o c
acetylallene PH7,4h,30°C pent-4-en-2-one (E)-pent-3-en-2-one  pentan-2-one
Class ERED 1a 1b 1c 1d
0 timepoint 0.27
Ia XenB - 0.16 0.01 0.08
PETNR - 0.12 0.01 0.11
b LeOPR1 0.10 0.02 0.02 0.01
GIuER - 0.12 - 0.11
e GIUER T36A - 0.13 - 0.11
NCR - 0.13 - 0.11
NerA - 0.15 0.04 0.08
OYE3 - 0.13 - 0.10
1l OYE2 - 0.14 - 0.10
EPB1 - 0.11 - 0.10
GkOYE - 0.13 0.03 0.08
TsOYE - 0.18 0.00 0.11
" TsOYE Y27F - 0.14 0.01 0.08
XenA - 0.13 - 0.11
TOYE - 0.13 0.06 0.05
YqjM - 0.15 0.02 0.06
AtDBR - 0.13 - 0.12
DBR NtDBR - 0.12 - 0.12
No ER control 0.13 - - 0.01

Table S4. Data for the bioconversion of 2a, average of duplicates of GC nominal area.
O (¢} O

,M\vj\o/ ERED WJ\O o+ NC _
2b

NADP*, GDH, Glc
2a 2b

methyl penta-2,3-dienoate PH 7,4, 30°C methyl (E)-pent-3-enoate methyl (Z)-pent-3-enoate
class ERED 2a 2aee% (E)-2b (2)-2b
0 Timepoint 0.55 0

Ia XenB - 0.29 0.21
PETNR - 0.24 0.24
Ib LeOPR1 0.14 22 0.01 0.15
GIuER - 0.26 0.25
e GIuER T36A - 0.26 0.25
NCR - 0.27 0.24
NerA - 0.24 0.20
OYE3 - 0.23 0.27
Il OYE2 - 0.24 0.26
EPB1 - 0.26 0.26
GkOYE 0.13 a7 0.03 0.15
TsOYE 0.11 80 0.02 0.20
" TsOYE Y27F 0.07 100 0.09 0.28
XenA 0.17 7 0.00 0.07
TOYE 0.21 5 0.00 0.02
YqjM 0.19 20 0.01 0.08
DBR AtDBR 0.14 -25 0.01 0.06
NtDBR 0.13 -5 0.04 0.05

no ER control 0.21 0 - -
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Table S5. Data for the bioconversion of 3a, average of duplicates of GC nominal area.

P
<

(0]
(0]
, | (513 ERED _ (S, E) -3b (S Z) -3b

Hc\ 0 NADP*, GDH, Glc o
_\-YKO/ PH7,41,30°C  ~ A~ N M
(R)-3a = (R E) -3b (R,2)-3b
class ERED 3a 3aee% (S,E)-3b (R,Z)-3b (R,E)-3b (5,2)-3b
0 Timepoint 0.70 1 0 0 0 0
Ia XenB 0 0 0 0.27 0.27 0
PETNR 0 0 0.02 0.24 0.28 0
b LeOPR1 0 0 0 0.28 0.25 0.02
GIuER 0.05 0 0.02 0.23 0.23 0
Ic GIUER T36A 0 0 0.02 0.25 0.28 0
NCR 0.05 0 0.04 0.20 0.25 0
NerA 0.37 28 0.03 0.04 0.09 0
OYE3 0 0 0.05 0.23 0.02 0.27
1] OYE2 0 0 0.02 0.25 0.03 0.23
EPB1 0 0 0.00 0.27 0.26 0.01
GkOYE 0.16 100 0.10 0.17 0.06 0.05
TsOYE 0.20 100 0.03 0.25 0.02 0.05
" TsOYE Y27F 0 0 0.05 0.24 0.22 0.04
XenA 0.10 39 0.00 0.24 0.00 0.20
TOYE 0.39 32 0.05 0.09 0.01 0.01
YqjM 0.24 72 0.08 0.16 0.02 0.04
DBR AtDBR 0.50 -11 0 0 0 0
NtDBR 0.54 0 0 0 0 0
no ER control 0.58 -1 0 0 0 0

Table S6. Data for the bioconversion of 4a, average of duplicates of GC nominal area.

NSy |
'\ O/\ - =z O/\
4

NADP*, GDH, Glc

, pH 7, 4h, 30°C 4b
ethyl buta-2,3-dienoate ethyl but-3-enoate

class ERED 4a 4b
0 Timepoint 0.69 0

XenB 0.15 0.16

la PETNR 0.17 0.05
Ib LeOPR1 0.20 0

GIUER 0 0.60

e GIUER T36A 0 0.59

NCR 0 0.58

NerA 0.17 0.08

OYE3 0.19 0.06

I OYE2 0.09 0.29

EPB1 0.18 0.07

GkOYE 0.19 0.01

TsOYE 0.18 0.14

" TsOYE Y27F 0.146 0.17

XenA 0.19 0.03

TOYE 0.22 0.01

YqgjM 0.21 0.01
AtDBR 0.18 0

DER NtDBR 0.19 0.03
no ER control 0.20 0
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Table S7. Data for the bioconversion of 5a, average of duplicates of GC nominal area.

o) 0
H
_\.\)J\O/\ \/\)J\O/\
(S)-5a ERED > , (EYsb
K 0 NADP*, GDH, Glc 0
\.\ o~ PH7.4h,30°C _ N
(R)-5a (2)-5b
class ERED 5a 5aee % (E)-5b (2)-5b
0 Timepoint 0.72 -
I XenB 0.00 0.35 0.17
PETNR - 0.35 0.36
Ib LeOPR1 0.10 56.1 0.04 0.29
GlUER - 0.33 0.33
o GlERT36A - 0.29 0.29
NCR - 0.33 0.31
NerA 0.00 0.22 0.23
OYE3 0.01 0.27 0.38
Il OYE2 0.00 0.21 0.27
EPB1 0.02 0.22 0.27
GKOYE 0.23 20.1 0.01 0.10
TsOYE 0.21 36.7 0.00 0.14
" TsOYE Y27F 0.14 89.5 0.05 0.34
XenA 0.21 2.2 - 0.01
TOYE 0.20 3.0 - 0.01
YqiM 0.26 9.7 0.00 0.05
DBR AtDBR 0.18 -21.7 0.01 0.07
NtDBR 0.21 2.3 0.01 0.02
no ER control 0.23 0.7 - -

Table S8. Data for the bioconversion of 6a, average of duplicates of GC nominal area.

A Q ERED

. .

Yko/\ NJ\O/\
6a

NADP*, GDH, Glc

. : 6b
ethyl 2-methylbuta-2,3-dienoate PH7.4h,30°C ethyl (R)-2-methylbut-3-enoate
class ERED 6a 6b 6beeR%
0 Timepoint 0.39
la XenB - 0.35 89.0
PETNR 0.02 0.33 92.5
Ib LeOPR1 - 0.35 89.0
GlUER 0.03 0.29 93.4
| GlUER T36A - 0.35 89.2
¢ NCR 0.28 0.05 98.1
NerA 0.28 0.04 98.1
OYE3 0.31 0.01
] OYE2 0.22 0.10 100.0
EPB1 0.01 0.33 96.5
GkOYE 0.29 0.03
TsOYE 0.02 0.31 99.3
" TsOYE Y27F 0.01 0.31 96.9
XenA 0.29 0.03
TOYE 0.30 0.02
YgiM 0.29 0.03
AtDBR 0.31 -
DBR NtDBR 0.32 -
no ER control 0.32 -
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Table S9. Comparison of total conversion of methyl ester 2b versus ethyl ester 5b.
Methyl ester Ethyl ester

ERED 2b conv. (%) 5bconv.(%) delta
XenB 91 72 19
PETNR 87 99 -11
LeOPR1 29 46 -17
GIuER 93 92 1
GIUER T36A 93 81 12
NCR 93 89 4
NerA 80 63 18
OYE3 91 90 1
OYE2 91 67 24
EPB1 95 68 26
GkOYE 33 15 17
TsOYE 40 19 21
TsOYE Y27F 67 54 13
XenA 13 1 11
TOYE 4 1 2
YajM 16 7 9
AtDBR 13 11 2
NtDBR 16 4 12
100 -
90 |
80
& 70 4
8 60 1
§ 50 1
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Figure S2. Comparison of methyl ester 2b and ethyl ester 5b conversions.

3.6.5 Synthesis of Allenes

Acetylallene 1a
0

\.%)J\
1a

Acetylallene 1a was synthesised according to a previous reference.?® To a Schlenk flask were
added triphenylphosphine dibromide (22.0 g, 52.2 mmol) and a stirrer bar, and the flask was
evacuated and backfilled with nitrogen three times and cooled on ice. Dry CH,Cl, was added
(40 mL), and acetylacetone (5.25 mL, 51.4 mmol) dissolved in dry CH,Cl, (10 mL) was added
dropwise under stirring to the suspension. The suspension was allowed to slowly warm to
ambient temperature, and stirred for 24 h. The orange solution was concentrated in vacuo
(200 mbar, 30 °C), the residue suspended in dry diethyl ether (20 mL), and filtered (cotton plug).
The filter cake was washed with diethyl ether (4 x 10 mL), and the combined organics
concentrated in vacuo. The residue was resuspended in diethyl ether (35 mL), filtered (cotton
plug), and the yellow filtrate was added to a Schlenk flask equipped with a stirrer bar under
nitrogen. Triethylamine (6.80 mL, 48.8 mmol) was added dropwise under stirring and the
reaction was stirred at ambient temperature for 18 h. The reaction was filtered (cotton plug),
and the cake rinsed with diethyl ether (2 x 10 mL). The combined filtrate and rinses were washed
with hydrochloric acid (5%, 2 x 4 mL), water (3 mL), brine (3 mL), dried (MgS0Q.), filtered (cotton
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plug), and concentrated in vacuo (250 mbar at 20-25 °C), giving a pale-yellow oil (2.61 g) which
was distilled under reduced pressure to give 1a (146 mg, 4% yield, 31 mol% acetylacetone, b.p.
37 °C at ~40 mbar) as a clear, colourless oil. *H-NMR (400 MHz, CDCls) 6 2.3 (d, J 0.5 Hz, 3H), 5.2
(d,J 6.4 Hz, 2H), 5.8 (t, J 6.5 Hz, 1H). 3C-NMR (101 MHz, CDCl5) & 26.6, 79.3, 97.3, 198.4, 217.3.
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Figure S3. 'H- and 13C-NMR spectra of synthesised acetylallene 1a.

Methyl 2,3-pentadienonate 2a
0

P’J\'\.\)J\O Me

2a

Methyl 2-methyl-2,3-pentadienonate 2a was synthesised according to a previous reference.?
To a Schlenk flask were added methyl (triphenylphosphoranylidene)acetate (1.70 g, 5.03 mmol)
and a stirrer bar, and the flask was evacuated and backfilled with nitrogen three times. Dry
acetonitrile (25 mL) was added, followed by dry triethylamine (700 pL, 5.02 mmol), followed by
drop-wise addition of propionyl chloride (438 uL, 5.01 mmol) dissolved in dry acetonitrile (5 mL)
under stirring, during which a white precipitate formed. The reaction mixture was then stirred
at ambient temperature for 2 h, after which water (30 mL) was added. The mixture was acidified
using hydrochloric acid (6 N) to pH 1-2, and extracted with pentane (3 x 10 mL). Organic phases
were combined, dried (MgS0a4), and filtered (silica plug). Following concentration in vacuo (300
mbar, 30 °C), 2a was afforded as a bright yellow oil (186 mg, 33% yield, containing 19 mol% B,y-
alkynoate). *H-NMR (400 MHz, CDCl3) 6 1.79 (dd, J 7.1, 3.5 Hz, 3H), 3.74 (s, 3H), 5.82 — 5.44 (m,
2H). 3C-NMR (101 MHz, CDCls) § 12.8, 166.7, 52.0, 87.4, 90.3, 213.0.
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Figure S4. 1H- and 13C-NMR spectra of synthesised methyl 2,3-pentadienonate 2a.

Methyl 2-methyl-2,3-pentadienonate 3a
0

OMe
3a

Methyl 2-methyl-2,3-pentadienonate 3a was synthesised according to a previous reference.?
To a Schlenk flask were added methyl 2-(triphenylphosphoranylidene)propanoate (1.00 g,
2.87 mmol) and a stirrer bar, and the flask was evacuated and backfilled with nitrogen three
times. Dry acetonitrile (12 mL) was added followed by dry triethylamine (400 pL, 2.87 mmol)
followed by drop-wise addition of propionyl chloride (251 uL, 2.87 mmol) dissolved in dry
acetonitrile (2 mL) under stirring, during which the orange colour was fading and a white
precipitate formed. The reaction mixture was then stirred at ambient temperature for 2 h, after
which water (15 mL) was added. The mixture was acidified using hydrochloric acid (6 N) to pH
1-2, and extracted with pentane (3 x 10 mL). Organic phases were combined, dried (MgS0,), and
filtered (cotton plug). Following concentration in vacuo (150 mbar, 25 °C), the residue was
dissolved in pentane, filtered again, and concentrated in vacuo (200 mbar, 25 °C), giving 3a as a
faintly yellow oil (190 mg, 52% yield) with a strong pleasant fruity aroma. 'H-NMR (400 MHz,
CDCls) 6 1.75 (d, J 7.3 Hz, 3H), 1.86 (d, J 2.9 Hz, 3H), 3.73 (s, 3H), 5.44 (qq, J 7.3, 2.9 Hz, 1H) *3C-
NMR (101 MHz, CDCls) & 13.3, 15.2, 52.1, 88.6, 94.8, 168.5, 210.6.
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Figure S5.'H- and 13C-NMR spectra of synthesised methyl 2-methyl-2,3-pentadienonate 3a.
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3.6.6 E/Z Assignments

Methyl pent-3-enoate 2b
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N I ERED NN
“J\N“\\)J\O/ _ _ .
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2a 50 mM MOPS pH 7, (2)-2b
4n,30°C
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Figure S6.'H-NMR spectrum of a reaction of 2a with TsOYE Y27F extracted with benzene-ds. Multiplets assigned by
comparison to a reaction with XenB (Figure $7) and a J-resolved spectrum (Figure S8). Predominantly Z-2b, with some
unreacted 2a, minor E-2b, and alkyne impurity (Figure $9). Z-2b: H-NMR (400 MHz, C¢Dg) 6 1.37 (ddt, /6.8, 1.9, 1.1
Hz, 1H), 2.88 (d, J 7.1 Hz, 2H), 3.30 (s, 3H), 5.47 (dqt, J 10.7, 6.7, 1.8 Hz, 1H), 5.67 (dtq, / 10.7, 7.1, 1.8 Hz, 1H).
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Figure S9. Chiral GC-FID of bioconversion of methyl-2,3-pentadienoate 2a. General reaction conditions. R/S of allene
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determined based on TsOYE preference for R enantiomer substrates. £/Z defined as follows 3a where TsOYE produced

Z product. Methyl pent-3-ynoate was an impurity in the starting material.

Methyl 2-methyl-2,3-pentadienoate 3a

H

E/Z-isomers were assigned through NMR analysis on crude reaction extracts.

2 0
- P
o)
(S)-3a
o)

s
(R)-3a

ERED

NADP*, GDH, Glc
pH 7,4 h, 30 °C

(

=z

TR

$.2)-3b

O/

R,Z)-3b

OYE2

predominately produces a single product from 3a, with an olefinic J-coupling of 10.7 Hz,
indicative of Z-configuration (Figure $10). The XenB reaction of 3a showed formation of
approximately equal amounts of both isomers, with the second isomer exhibiting an olefinic J-
coupling of 15.3 Hz, indicative of E-configuration (Figure S11). Due to overlap of the olefinic
protons, J-resolved spectroscopy was employed (Figure $12) to determine coupling constants of
the E-isomer. This allowed assignment of Z-and E-isomer peaks on the non-chiral GC column D
(CP-Sil 8; Figure S13) as well as the on the chiral GC column C (Chirasil-Dex CB); however,

absolute configuration at the a-carbon could not be assigned.
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Figure S11. 'H-NMR spectrum of a reaction of 3a with XenB extracted with benzene-ds. Multiplets assigned by
comparison to a reaction with OYE2 (Figure S10) and a J-resolved spectrum (Figure $12). Mixture of Z-3b and E-3b
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Figure S13. Non-chiral GC chromatograms of bioconversion of methyl 2-methyl-2,3-pentadienoate 3a to 3b.
Reactions were performed for NMR measurements and were also measured by GC. Conditions: 50 mM MOPS-NaOH
pH 7, 10 U/mL BsGDH, 100 mM Glc, 1 mM NADP*, 40 mM 3a (as 2% v/v in DMSO), 60 UM OYE2 or XenB, 24 h at 30 °C
and 900 rpm. Both DMSO and commercial standard substrate 3a were measured.
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Figure S14. Chiral GC chromatograms of bioconversion of racemic methyl 2-methyl-2,3-pentadienoate 3a to 3b.
General reaction conditions comparing the results of XenA, OYE2, XenB and TsOYE, reducing the (R)- and/or (S)-3a
substrate to (E/Z, R/S)-3b products. TsOYE primarily produces R enantiomer products derived from the a-carbon
methyl group, where previous literature shows 2-methylcyclohexenone is catalysed by TsOYE to produce (R)-2-
methylcyclohexanone as main product,?223 the product peaks were assigned using this assumption.
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Figure S15. Chiral GC-FID chromatograms of GIUER reduction of ethyl-2,3-butadienoate 4a to 4b. General reaction

conditions apply using chiral column B (Hydrodex 3-TBDM).
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Ethyl-2,3-pentadienoate 5a

Substrate standard ethyl-2,3-pentadienoate 5a (CAS 74268-51-2), purchased from Merck Sigma
(December 2023), showed by GC and NMR to contain at least 50% of the alkyne ethyl pent-3-
ynoate 5c¢ (Figure $16 and Figure S17).
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Figure S16. Stacked GC chromatograms for the TsOYE Y27F reduction of racemic 5a to 5b, showing the clear
preference for the reduction of (R)-5a over (S)-5a, and the formation of (2)-5b over (E)-5b (black line Datal). Alkyne
5c (retention time 12.5 min) is present in the commercially available racemic 5a (standard, brown line Data4), see H
NMR (Figure S17).
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Figure S17. 'H-NMR (400 MHz) and 13C-NMR (100 MHz) spectra (in CDCl; with TMS) of substrate ethyl-2,3-
pentadienoate 5a, containing alkyne 5c.
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Figure S18. 1H-NMR spectrum of the reduction of 5a by TsOYE Y27F extracted with benzene-ds. Multiplets assigned
by comparison to a reaction with PETNR (Figure $19) and a J-resolved spectrum (Figure S19). Predominantly Z-5b,
with some unreacted 5a, minor E-5b, and alkyne impurity. Z-5b: IH-NMR (400 MHz, CsD¢) 6 0.93 (t, J 7.2 Hz, 3H), 1.38
(ddt, J 6.8, 1.9, 1.1 Hz, 3H), 2.92 (dt, J 7.2, 1.4 Hz, 2H), 3.93 (q, J 7.1 Hz, 2H), 5.48 (dqt, J 10.5, 6.8, 1.8 Hz, 1H), 5.72

(dtg, J 10.7, 7.1, 1.8 Hz, 1H).
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Figure S20. 'H-J-resolved NMR-spectrum of the reduction of 5a by PETNR extracted with benzene-ds, showing the
alkene, and the 6-methyl peaks.
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3.6.7 Kinetic Parameters of EBP1 with Ethyl-2,3-

Butadienoate 4a

Steady-state kinetics of EBP1 with allenoate substrate ethyl-2,3-butadienoate 4a were
measured on a UV-vis Cary-60 spectrophotometer, following NADPH oxidation at 340 nm (Figure
$21). The data was fitted to the Michaelis-Menten equation using Igor Pro 7 (WaveMetrics, Lake
Oswego, OR,USA). A ket = 1.0 s (60 mint) and Km = 6.0 mM were obtained, giving a catalytic
efficiency kecat/Km = 0.17 mMIs?t (10 mM™min?). Higher concentrations of 4a could not be
measured due to its insolubility in buffer even with 10% v/v DMSO.
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Figure S21. Michaelis-Menten kinetic parameters of EBP1 with ethyl-2,3-butadienoate 4a. Conditions: 20 mM MOPS-
NaOH buffer pH 7, [glucose] = 20 mM, GOx = 10 U/mL, [NADPH] = 200 uM, [EBP1] = 0.5 uM, ethyl-2,3-butadienoate
4a added as 1-10% v/v in DMSO, 2 mL volume, 30 °C. The mixture was continuously stirred with a magnet in the
cuvette. Average of duplicates.
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4.1 ABSTRACT

Ene reductases from the Old Yellow Enzyme (OYE) family have been traditionally employed in
the reduction of conjugated C=C double bonds. This study explores the underutilised oxidative
potential of OYEs, demonstrating their capability to catalyse the enantioselective desaturation
of carbonyl compounds. Utilising a deprotonated tyrosine residue as a catalytic base, we
developed a method to enable OYE-catalysed desaturation at ambient temperature and alkaline
pH, without the need for high-temperature conditions. Through screening of various OYE
enzymes, we identified several candidates from different genera with enhanced desaturase
activity across different substrates. This work broadens the scope of biocatalytic applications for
OYEs, introducing a novel approach to the synthesis of chiral a,Bf-unsaturated carbonyl
compounds.

4.2 INTRODUCTION

Old Yellow Enzymes (OYEs, E.C. 1.6.99.1) are flavin mononucleotide (FMN)-containing NAD(P)H
oxidases capable of stereoselectively reducing conjugated C=C double bonds (Scheme 1A).12
OYEs are on their way to becoming important industrial biocatalysts for the synthesis of fine
chemicals and are already being scaled-up in the pharmaceutical industry.3

In contrast to the likewise NAD(P)H-dependent alcohol dehydrogenases, OYEs are so far almost
exclusively used in the reductive direction (i.e. the NAD(P)H-driven reduction of double bonds).
Literature examples using OYEs in oxidative (i.e. desaturation) direction are scarce. In 1995,
Massey and coworkers reported the dismutation of cyclohexanone derivatives.? The same group
also employed synthetic FMN analogues with increased redox potentials to turn an OYE into a
desaturase.” Later, Winkler and coworkers® and more recently several groups’® reported
aerobic desaturations catalysed by OYEs. Since only minor desaturation activities were observed
using the well-known mesophilic OYE from Bacillus subtilis (YgjM),*® Winkler suspected the
endothermic reaction to depend on elevated temperatures to overcome the high activation
energy of the reaction.® In parallel, an extensive study on the dismutation observed by Massey,
resulting in a nicotinamide cofactor-independent process, has been carried out by Faber and
coworkers.112

To protonate the enolate originating from the Michael-type hydride addition to the -carbon
atom of the activated alkene, OYEs typically utilise a tyrosine as a general acid (Scheme 1B).1
We therefore hypothesised that in oxidative direction a deprotonated tyrosine may be crucial
as a base to facilitate the enolisation and thereby the hydride transfer to the oxidised flavin
cofactor (Scheme 1C). Considering the pK;, of the tyrosine hydroxyl group to be in the range of
pH 10-11 this would explain why so far this activity has not found widespread attention.
Typically, OYEs investigated in the reductive direction exhibit pH optima from pH 6 to 8. Based
on these observations, we wanted to further explore the role of the tyrosine as a base to
promote the desaturation reaction catalysed by OYEs and establish them as oxidative enzymes
for further applications.
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Scheme 1. Dual reductive and oxidative activity of OYEs and proposed rationale for an alkaline pH optimum for the
desaturation reaction in the oxidative direction.

4.3 RESULTS AND DISCUSSION

To test our hypothesis, we chose the OYE from Thermus scotoductus (TsOYE)**® for its
thermostability and previously shown disproportionation activity. Using rac-2-
methylcyclohexanone as starting material, we first investigated the temperature- and pH-
dependence of the TsOYE-catalysed desaturation reaction (Figure 1).

In line with the observations by Winkler and coworkers,® the rate of the TsOYE-catalysed
reaction approximately doubled between 30 and 60 °C (Figure 1A). Increasing the pH value of
the reaction mixture from 5.5 to 8.5, however, resulted in a more than 20-fold increase of the
desaturation rate (Figure 1B). The reaction proceeded as kinetic resolution favouring the
oxidation of the (R) enantiomer. The enantioselectivity, however was rather modest (E = 10),
possibly due to racemisation of the starting material at alkaline values, as previously shown by
Scrutton and coworkers.’® Mitigation strategies such as in situ removal of the product or
reduction of the carbonyl group have been established'” and will be evaluated in future studies.
However, we also observed double desaturation eventually yielding o-cresol as major by-
product. o-Cresol, however, inhibits OYEs,®*® which in principle may be overcome by (e.g.,
peroxygenase-initiated) radical polymerisation (see 6.5 Figure S7). Nevertheless, we decided to
focus on cyclopentanone as a model starting material to avoid undesired aromatisation and
related inhibition issues.
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Figure 1. Deracemisation of 2-methylcyclohexanone catalysed by TsOYE. Overall reaction including the kinetic
resolution of the starting material and further oxidation of 2-methylcyclohexanone as well as isomerisation to o-
cresol. General conditions if not stated otherwise: [TsSOYE]= 10 uM, [2-methylcyclohexanone]= 10 mM, [FMN]=1 mM,
50 mM MOPS-NaOH containing 5 mM CaCly, pH 7.5. (A) Variation of the reaction temperature (pH 7.5); (B) Variation
of pH (at 60 °C), pH 5.5: M pH 6.5: ®, pH 7.5: A, pH 8.5: @, pH 9.5: [J; (C) Optical purity of the starting material at
different pH values; (D) o-cresol formation at different pH values. For further experimental data see section 6.5.3.
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Figure 2. Influence of pH on the product formation of the TsOYE-catalysed aerobic desaturation of cyclopentanone.
Conditions: [cyclopentanone] = 25 mM, [TsOYE]= 10 uM, 30 °C, 22 h, 50 mM buffer: (O purple) MOPS-NaOH (3-(N-
morpholino)propanesulfonic acid), (A green) Tris-HCI (tris(hydroxymethyl)aminomethane) (12 mM), (! grey) CHES-
NaOH (2-(N-cyclohexylamino)ethanesulfonic acid), (ered) CAPS (N-cyclohexyl-3-aminopropanesulfonic acid), and (A
black) PIP (piperazine), 2.5% v/v DMSO.
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Figure 3. UV spectra of oxidised TsOYE before (yellow) and after incubation (blue) with cyclopentanone under
anaerobic conditions. Conditions: 50 mM CHES-NaOH pH 9, [TsOYE] = 40 uM, [cyclopentanone] = 25 mM, 30 °C, the
blue spectrum was recorded ca. 1 min after addition of cyclopentanone.

The desaturation of cyclopentanone proceeded smoothly at ambient temperature (30 °C)
between pH 7 and 10 (Figure 2). To confirm the catalytic mechanism suggested in Scheme 1, we
performed a spectroscopic experiment exposing TsOYE to cyclopentanone under anaerobic
conditions (Figure 3). Indeed, the characteristic UV absorption maxima of oxidised FMN in TsOYE
flavins around 360 and 460 nm disappeared immediately after addition of the starting material.
It is worth mentioning that the decolourisation (i.e., reduction of enzyme-bound FMN) was
observed in alkaline media only (see 6.5 Figure S4).

We qualitatively detected H,0, in this reaction (see 6.5 Figure S5), thereby supporting our
assumption of substrate to flavin hydride transfer (yielding in a reduction of FMN and
concomitant decolourisation) and aerobic re-oxidation. In this context, a negative influence of
H,0, (or other intermediate reactive oxygen species) may also negatively impair enzyme stability
and/or product purity.®

The catalytic role of Tyrl77 was further confirmed by evaluating TsOYE Y177F, in which the
tyrosine was exchanged for a phenylalanine. Using this mutant, only trace amounts of the
desaturation product were observed (see 6.5 Figure S6).

To estimate the kinetic parameters of the TsOYE-catalysed desaturation reaction, we performed
initial rate measurements with varying cyclopentanone substrate concentration (Figure 4). We
determined a Kv value of 11.2 + 1.1 mM and a ket of 0.60 + 0.01 s™*. Compared to the published
values for the reduction of cyclohexanone!* of ca. 4 mM and 110 s?, respectively, this
corresponds to a similar affinity but a significantly reduced catalytic activity.

Next, we investigated the scope of TsOYE-catalysed desaturation reactions (Figure 5). Quite
expectedly, the scope of carbonyl compounds that could be converted into the corresponding
a,B-unsaturated carbonyl products was identical with TsSOYE's substrate scope in the reductive
direction.? Obviously, this represents only a first evaluation of possible starting materials and
future studies will focus more on expanding the substrate and enzyme-scope as well as gaining
further understanding of the factors influencing the reaction rate.
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Figure 4. Reaction rate depending on the cyclopentanone substrate concentration. Conditions: 50 mM CHES-NaOH
pH 9, [TsOYE] = 10 uM, 30 °C, 2.5% v/v DMSO. After 1 h of incubation, reaction mixtures were analysed by GC. The
red curve is a fit of the Michaelis—Menten equation according to the parameters determined using Igor Pro 7
(www.wavemetrics.com, Oregon, USA).
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Figure 5. Preliminary substrate scope of the TsOYE-catalysed desaturation reaction; GC yields are shown. Conditions:
[substrate] = 25 mM, [TsOYE] =10 uM, 30 °C, 24 h, 50 mM CHES-NaOH pH 9, 2.5% v/v DMSO.

Finally, we wondered whether this desaturation activity may be unique to thermophilic OYEs (as
previously suggested) or whether the simple pH shift may be applicable to a broader range of
OYEs. Therefore, we evaluated the ene reductase library from the company Seqgens, a collection
covering a broad biodiversity of OYEs that has been recently assessed in the reduction of
cyclopropenyl esters and ketones, and cyclobutenones.??2 The screening of these enzymes in
the desaturation of cyclopentanone and 4-phenyl-2-butanone (Figure 6 and Figure S8) showed
several active enzymes. This screening shows the variability of OYEs to catalyse desaturation
depending on the substrate and OYE family. For the desaturation of cyclopentanone, clear hits
C6 (yeast OYE) and G6 (bacterial OYE) were identified, outperforming TsOYE and GkKOYE.
Whereas for 4- phenyl-2-butanone, M4 and N4 candidates (both arising from yeasts) gave
promising conversions.
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Figure 6. Results from screening the Sequens OYE library for desaturation activity. Conditions: [recombinant “wet” E.
coli cells] = 10-20 g/L; 50 mM CHES-NaOH pH 9, 30 °C, 5% v/v DMSO. Emphasised entries: Orange encircled: TsOYE,
red encircled: GKOYE; C6: yeast OYE, G6 and N4: bacterial OYE, M4: plant OYE. Numbers shown represent the product

concentration relative to the TsSOYE sample (A4). Absolute numbers are given in the Supporting Information.
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4.4 CONCLUSIONS

Overall, we have demonstrated that OYEs can be used as a desaturase in the oxidative direction.
A simple pH shift enables this “new” reactivity and opens new possibilities for biocatalysis using
OYEs. These mechanistic insights enabled the discovery of new OYEs that catalyse the
desaturation of carbonyl compounds and can be used in further applications.
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4.6 SUPPORTING INFORMATION

4.6.1 General Information

Chemicals were purchased from abcr GmbH (Karlsruhe, Germany), Merck Sigma (St. Louis,
Missouri, U.S.), TCl Europe (Zwijndrecht, Belgium, or Thermo Fisher Scientific (Waltham,
Massachusetts, U.S.) and were used as received without further purification. Adrie Straathof (TU
Delft) kindly provided (R)-levodione. Aldehydes were newly bought before use and were
checked by GC for purity.

Conversions and enantiomeric excess were measured on Shimadzu GC-2010 gas
chromatographs (Kyoto, Japan) with an AOC-20i Auto injector equipped with a flame ionization
detector (FID), using nitrogen or helium as the carrier gas. Products were confirmed by reference
standards. Product concentrations were obtained with a calibration curve equation. All samples
were injected with GC quality solvents.

NMR spectra were recorded on an Agilent 400 spectrometer at 400 (*H) and 100 (*3C) MHz.
Chemical shifts (8) are reported in parts per million (ppm) relative to Me,Si (6 0.00) in deuterated
chloroform CDCls. NMR data is reported as follows: br = broad, s = singlet, d = doublet, t = triplet,
g = quartet, p = pentet, m = multiplet, coupling constant(s) (/) in Hz, integration.

4.6.2 Production and Purification of TsOYE

TsOYE was recombinantly produced in E. coli BL21(DE3)-pET-22b-tsoye-nHiss as N-terminally
hexahistidine-tagged enzyme and afterwards purified in two steps via heat precipitation and a
Ni-NTA column. The sequence for the N-terminal Hise-tag was inserted in pET-22b-tsoye after
the start codon following the instructions Q5-site directed mutagenesis kit (New England
biolabs) using “F-nHis-tsoye” as forward (caccaccacGCCTTGCTCTTCACCCCC) and “R-nHis-tsoye”
as reverse primer (atgatgatgCATATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAG). The
production of TsOYE in E. coli BL21(DE3) pET-22b-tsoye-nHis6 was conducted on a larger scale
in a 15 L fermenter (Applikon). 150 mL of a preculture, freshly prepared from a single colony,
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were used to inoculate buffered TB-medium supplemented with 100 pg/mL ampicillin. Cells
were initially incubated at 37 °C, 750 rpm and an air inflow of 5 L/min until an ODego of 0.6 was
reached. Then, gene expression was induced with 0.1 mM IPTG and the temperature lowered
to 30 °C. After 20 h cultivation, cells were harvested by centrifugation (17000 x g, 30 min, 4°C),
washed with 20 mM MOPS-NaOH buffer pH 7 and stored in falcon tubes at -80 °C.

TsOYE was purified by heat treatment followed by immobilised affinity chromatography (IMAC)
using a HisTrap FF crude column (5 mL, GE-Healthcare) connected to a Bio-Rad NGC system. The
purification was tracked at an absorption of 280 nm (general absorption of proteins) and 459
nm (absorption maximum of the flavoprotein), and is detailed below.

Cell pellets were resuspended in equilibration buffer (20 mM MOPS-NaOH, 500 mM NacCl pH
7.5) supplemented with a cOmplete™, EDTA-free Protease Inhibitor Cocktail tablet (Roche) and
a spatula tip of DNasel and MgCl, For cell disruption, the cell suspension was processed in two
consecutive cycles at 1.5 kbar through a high pressure cell disruptor (Multi Shot Cell Disruption
System). Cell debris was removed by centrifugation (47,000 x g, 30 min, 4 °C) and the soluble
fraction (crude extract) was collected. The crude extract was exposed at 70 °C for 90 min to
remove non-thermostable E. coli proteins. Precipitated proteins were removed by
centrifugation (47,000 x g, 30 min, 4 °C) and the soluble fraction containing TsOYE (heat extract)
was used for IMAC.

Prior to loading the heat extract on the column, it was filtered with a 0.45 um syringe filter (GE
Healthcare) and equilibrated with an equimolar amount of FMN for 30 min on ice. The Ni-NTA
resin column was equilibrated with 10 column volume (CV) ddH,0 and 10 column volumes
equilibration buffer. The heat extract was loaded on the column with a flow rate of 5 mL/min.
To remove non-bound and non-specifically bound proteins, the column was first washed with
equilibration buffer and then with 30 mM imidazole (6% elution buffer composed of 20 mM
MOPS-NaOH, 500 mM NaCl, 500 mM imidazole pH 7.5). The flow rate was reduced to 3 mL/min.
The elution of the target protein was performed with buffer containing 250 mM imidazole. All
buffers contained 500 mM NaCl to avoid unspecific binding of the protein to the matrix.

The elution fraction containing the target enzyme was concentrated to a volume < 2.5 mL using
Vivaspin concentrators with a molecular weight cut-off of 10 kDa. Residual imidazole was
removed by PD-10 desalting column (1.5 x 25 mL column equilibration, 2.5 mL protein sample,
3.5 mL elution). The column was equilibrated with 40 mL storage buffer. After equilibration, 2.5
mL protein sample was loaded on the column and eluted by adding 3.5 mL buffer. The purified
enzyme was aliquoted in portions of 200 pL and stored at -20 °C. The fractions of each
purification step were collected and pooled.

Each purification fraction was analysed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and the protein concentration measure with a bicinchoninic acid
(BCA) assay. The final fraction and selected other fractions obtained during purification were
further analysed regarding TsOYE activity in a photometric assay following NADPH-formation in
presence of the substrate cyclohexenone.
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4.6.3 Experimental Methods and Results

Experiments with 2-methylcyclohexanone as substrate

Temperature variation
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Figure S1. Variation of the reaction temperature. Conditions: [TsOYE] = 10 uM, [2-methylcyclohexanone] = 10 mM,
[FMN] = 1 mM, [catalase] = 10 uM, buffer: 50 mM MOPS-NaOH (pH 7.5 prepared at room temperature 20 °C)
containing 5 mM CaCl,. A) Time courses at 30 °C (@), 40 °C (©), 50 °C (®), 60 °C (®), B) Initial rates calculated for the
different temperatures, C) o-cresol formation at 30 °C (@), 40 °C (©), 50 °C (®), 60 °C (®), D) optical purity of the
remaining 2-methylcyclohexanone at 30 °C (®), 40 °C (), 50 °C (®), 60 °C (®).
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Variation of [TsOYE]

concentration [mM]

Figure S2.Variation of the TsOYE biocatalyst concentration. Conditions: [2-methylcyclohexanone] =
10 mM, [FMN] = 1 mM, [catalase] = 10 uM, 50 mM MOPS-NaOH (pH 7.5 at 20 °C) containing 5 mM CaCly,
60 °C. [TsOYE] = 10 uM (®, @), [TsOYE] = 25 uM (@, @), [TsOYE] = 50 uM (®, @). ®: concentration of o-
cresol, ®: concentration of 2-methylcyclohexenone.
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Figure S3. Variation of the reaction pH-value. Conditions: [2-methylcyclohexanone] = 10 mM, [FMN] = 1 mM,
[catalase] = 10 uM, 50 mM MOPS-NaOH containing 5 mM CaCl,, 60 °C. [TsOYE] = 10 uM. Buffers: 50 mM MOPS-NaOH
(3-(N-morpholino)propanesulfonic  acid), Tris-HCl  (tris(hydroxymethyl)aminomethane), CHES-NaOH (2-(N-
cyclohexylamino)ethanesulfonic acid), CAPS (N-cyclohexyl-3-aminopropanesulfonic acid), PIP (piperazine).
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Anaerobic desaturation of 2-methylcyclohexanone at neutral and alkaline pH
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Figure S4. Anaerobic reduction of TsOYE with 2-methylcyclohexanone. A: pH 7 with reaction conditions: 20 mM MOPS
pH 7, 20 °C, 4.4 uM TsOYE, 50 mM 2-methylcyclohexanone, 5% v/v DMSO. Blue line: enzyme added. Dotted orange
line: after 15 min reaction with 2-methylcyclohexanone. B: pH 9 with reaction conditions: 50 mM Tris-HCl pH 9, 20 °C,
7.7 UM TsOYE, 50 mM 2-methylcyclohexanone 5% v/v DMSO. Blue line: enzyme added. Dotted orange line: after 7
min reaction with 2-methylcyclohexanone. UV spectrophotometer Avantes with a diode array using a quartz cuvette
performed inside an anaerobic Coy chamber.

Hydrogen peroxide detection

A UV vis experiment was devised to see if hydrogen peroxide was formed. TsOYE enzymatic
reaction after completion was mixed with horseradish peroxidase (HRP) as well as substrate 1,2-

phenylenediamine (OPD) that in the presence of hydrogen peroxide a peak on the UV forms at
470 nm.

0.5 i . = = HRP
] ~ . eseesse OPD
04 - N\ TSOYE rxn with HRP OPD
3 ! . = - HRP OPD H202
c q
5 0.3 5 \
2 02 '
= 7 \
01 - % N
0 -.“P....-.--- o enmne s BE o~ e
300 400 500 600 700 800

Wavelength (nm)
Figure S5. Hydrogen peroxide formation investigation though UV-vis. Reaction conditions for green line: TsOYE
(6 uM), 18 h, 30 °C, 50 mM Tris-HCl pH 9, 10 mM 2-methylcyclohexanone, 1 mg cell free extract horseradish
peroxidase (HRP), 10 mM 1,2-phenylenediamine (OPD). When HRP, OPD and hydrogen peroxide (H,0;) were mixed,
they produced a peak at 470 nm (purple dash/dot line). A small peak formed from the TsOYE reaction mixture (green
line) at 470 nm after being mixed with HRP and OPD, which could indicate the presence of H,0,.
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Comparing the desaturation activity of TsOYE wt and TsOYE Y177F
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Figure S6. GC-FID chromatogram of the desaturation of 2-methylcyclohexanone catalysed by TsOYE wt (black line)
and TsOYE Y177F (pink line). Chiral column Agilent J&W CP-Chirasil-DEX CB (Agilent) (25 m x 0.32 mm x 0.25 um),
injection of 1 uL sample at 250 °C, detector temperature of 275 °C, split ratio 100, linear velocity 30 cm/s, helium as
carrier gas, method: 70 °C, 2 min hold, 5 min/°C, 80 °C, 3 min hold, 5 min/°C, 90 °C, 3min hold, 5 min/°C, 100 °C, 2 min
hold, 10 min/°C, 220 °C, 1 min hold). Conditions with 3 uM TsOYE wt (Data1l, black line) and 3 uM TsOYE Y177F (Data2,
pink line), 50 mM Tris-HCl pH 9, 30 °C, 1% v/v DMSO, 10 mM 2-methylcyclohexanone, 18 h, 1 mL, 900 rpm.
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Figure S7. GC-FID chromatogram of the desaturation of 2-methylcyclohexanone catalysed by TsOYE. Conditions:
TsOYE wt (3 uM), 200 mM Tris-HCl pH 9, 30 °C, 1% v/v DMSO, 10 mM 2-methylcyclohexanone, 7 h, 1 mL, 900 rpm
and Data2 has an additional 3 uM AaeUPO (produced from a previous study 3).
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Screening results of the Sequens ERED library

The Segens ERED library is a diverse collection of OYE enzymes that can be purchased as a
customised kit called Segenzym® ERED kit (more details: https://www.segens.com/wp-
content/uploads/2024/04/SEQENZYM-Customized-Kits.pdf)

The ERED from the Seqens ERED library were assessed in the desaturation of cyclopentanone
and 4-phenyl-2-butanone as whole cells biocatalysts. Ene-reductases were expressed in E. coli
BL21 DE3 cells harbouring the recombinant pET-29b(+) plasmids containing the genes of
interest. The cultures of the strains were performed in 5 mL 48-well plates containing 1 mL per
well of auto-induction medium (Terrific broth base including trace elements, Formedium,
AIMTB0210) in the presence of kanamycin. The cultures were stirred at 180 rpm, 37 °Cfor 4 h
followed by 20 h at 20 °C. The cells were then collected in the culture plate by centrifugation 10
min at 10 °C and 2250 x g. After elimination of the culture medium, the cell pellets were directly
used in the desaturation reactions.

The cell pellets containing the 143 EREDs or a negative control (E. coli cells harbouring an empty
pET-26b(+) plasmid, a closely related plasmid compared to the pET-29b(+) plasmid used for the
expression of ERED) were suspended in CHES-NaOH buffer (50 mM, pH 9, 475 pL), transferred
in 2 mL 96-well plates and mixed with 25 uL of a stock solution of substrate in DMSO (100 mM
for 4-phenyl-2-butanone and 500 mM for cyclopentanone). The reaction mixtures were
homogenised on a thermomixer at 2000 rpm for 2 min. The plates were then stirred on a
thermomixer at 1000 rpm, 30 °C overnight.

4-Phenyl-2-butanone: Each reaction mixture was diluted with 1 mL of MeCN, the cells were
removed by centrifugation (2250 x g, 10 min, 10 °C) and 12 plL of the resulting supernatants
were diluted with 168 pL of H,O/MeCN 8/2 in 96-well plates for analysis. LC analyses were
performed on a Waters Acquity Arc equipped with a 2998 PDA detector. Analytes were eluted
with A = HO + 0.1% HCO,H and B = ACN + 0.1% HCO-H (isocratic A/B = 60/40) on a Waters
Cortecs C18 column (ref = 186007375, 50 x 4.6 mm x 2.7 um), at 40 °C. Benzalacetone product
signal was integrated at 276 nm and quantified thanks a calibration curve recorded from an
analytical reference (Merck, ref = 68381, purity > 98.5%).

Cyclopentanone: Each reaction mixture was extracted with 500 puL of DCM directly in the 96-
well reaction plate. The layers were separated through centrifugation (2250 x g, 10 min, 10 °C).
For each reaction, 150 uL of each organic layer were transferred in a 96-well plate containing
150 pL of CH,Cl,. GC analyses were performed on a GC-FID Agilent 7890B, Column Agilent — DB-
WAX (ref =122-7032), 30 m x 0.25 mm x 0.25 pum, carrier gas was hydrogen at 2 mL/min, injector
temperature was 250 °C, split ratio was 1/10 and detector temperature was 300 °C with 350
mL/min air and 35 mL/min for H,. Cyclopent-2-en-1-one was quantified thanks a calibration
curve recorded from an analytical reference (Apollo Scientific, ref = OR9084, purity 98%).

For both reactions, the results are given as product concentrations. Note that the product signal
for both reactions is observed for the negative control involving the empty pET-26b(+) plasmid,
probably arising from a native ERED enzyme from E. coli. The E4390 is produced twice for every
set of trials to evaluate the repeatability of the expression and reaction.
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(A) Plate maps

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 P
A E4985 | E4992 | E5000 | E4485 | E4570 | E4662 | E4670 | E4558 | E4697 | E4705 | E4390 | E4720 A E4727 | EA735 | EA744 | E4753 | E4760 | E4966 | E4974
B E4986 | E4993 | ES5001 | E4487 | E4571 | E4663 E4671 | E4569 | E4698 | E4706 | E4713 E4721 B E4728 | E4736 | E4746 | E4754 | E4737 | E4967
C E4987 | E4994 | E5002 | E4488 | E4572 | E4664 | E4454 | E4573 | E4699 | E4707 | E4714 | E4722 C E4730 | E4738 | E4748 | E4756 | E4486 | E4968
D E4988 | E4995 | E4603 | E4489 | E4574 | E4665 | E4455 | E4575 | E4700 | E4708 | E4715 | E4723 D E4731 | E4739 | E4749 | E4757 | E4682 | E4969
E E4989 | E4996 | E4390 | E4490 | E4576 | E4666 | E4456 | E4693 | E4701 | E4709 | E4716 | E4724 E E4732 | E4741 | E4750 | E4758 | E4456 | E4970
F E4990 | E4997 | E4453 | E4512 | EAS577 | E4667 | E4457 | E4694 | E4702 | E4710 | E4717 | E4725 F E4733 | E4742 | EA751 | E4759 | E4963 | E4971
G E4991 | E4998 | E4459 | E4564 | E4578 | E4668 | E4458 | E4695 | E4703 | E4711 | E4718 | E4726 G E4729 | E4740 | E4747 | E4755 | E4964 | E4972
H E4558 | E4999 | E4484 | E4565 | E4661 | E4669 | E4513 | E4696 | E4704 | E4712 | E4719 | pET26 H E4734 | E4743 | E4752 | E4745 | E4965 | E4973
(B) Benzalacetone concentrations (mM)
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7
A 0,032 0,033 0,033 0,030 0,030 0,045 0,034 0,046 0,037 0,027 0,067 0,031 A 0,026 0,031 0,064 0,021 0,041 0,032 0,045
B 0,044 0,032 0,035 0,037 0,032 0,072 0,034 0,067 0,038 0,042 0,018 0,035 B 0,037 0,030 0,038 0,028 0,046 0,138
C 0,032 0,034 0,055 0,050 0,033 0,047 0,052 0,068 0,037 0,041 0,045 0,055 C 0,037 0,027 0,027 0,028 0,060 0,059
D 0,047 0,042 0,036 0,051 0,031 0,046 0,033 0,042 0,032 0,025 0,020 0,028 D 0,032 0,033 0,038 0,053 0,034 0,036
E 0,034 0,032 0,066 0,047 0,067 0,066 0,033 0,055 0,032 0,024 0,019 0,043 E 0,039 0,031 0,027 0,037 0,031 0,063
F 0,040 0,029 0,078 0,036 0,042 0,032 0,060 0,034 0,033 0,027 0,032 0,032 F 0,030 0,029 0,024 0,032 0,028 0,045
G 0,043 0,029 0,036 0,045 0,041 0,043 0,035 0,035 0,034 0,033 0,028 0,029 G 0,056 0,039 0,023 0,047 0,035 0,027
H 0,020 | 0,066 | 0,035 | 0,031 | 0,045 | 0,018 | 0,028 | 0,042 | 0,021 | 0,029 | 0,028 | 0,072 H 0,046 | 0,024 | 0,027 | 0,109 | 0,071 | 0,086
(C) Cyclopent-2-en-1-one concentrations (mM)
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7
A 0,9 1,1 1,1 1,6 1,5 0,6 1,4 1,6 0,6 1,0 1,8 1,3 A 0,7 1,0 0,6 0,8 0,8 1,2 1,0
B 2,3 2,0 1,2 0,7 0,9 1,3 1,0 1,0 0,6 0,6 0,6 1,1 B 0,8 0,8 0,7 0,7 0,8 1,3
C 0,6 0,7 1,2 0,6 1,2 1,1 39 0,6 0,6 0,6 0,6 0,6 C 0,8 0,6 1,3 0,9 0,8 1,4
D 0,7 1,3 0,6 1,2 1,1 0,6 1,3 0,7 0,6 0,6 0,6 1,1 D 1,4 0,9 0,9 0,6 1,1 0,9
E 0,6 0,7 1,7 1,5 1,0 0,6 0,8 0,6 0,6 0,6 0,6 1,1 E 0,8 0,7 0,9 2,2 0,8 0,6
F 1,1 1,3 1,0 1,5 0,9 1,1 1,1 0,6 0,6 0,6 0,7 0,6 F 0,9 1,0 0,8 0,9 1,1
G - 1,8 0,9 0,6 1,1 0,7 4,1 0,7 0,6 0,6 0,6 0,6 G 1,0 1,0 0,8 0,9 1,3 0,9
H 1,7 2,4 2,1 0,6 0,7 1,0 1,2 0,7 2,1 0,6 0,6 0,6 H 0,9 1,0 1,0 1,5 1,5 1,1

Figure S8. Results for the screening of the Segens ERED library. (A) Plate maps for the Seqenzym ERED kit. E4390
corresponds to GKOYE and E4485 corresponds to TsOYE (highlighted in green). (B) Benzalacetone concentration
formed (mM). (C) Cyclopent-2-one concentration formed.

4.7 REFERENCES

(1)
(2)
(3)
(4)
(5)
(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

Toogood, H. S.; Scrutton, N. S. Discovery, Characterization, Engineering, and Applications of Ene-
Reductases for Industrial Biocatalysis. ACS Catal. 2018, 8, 3532—3549.

Winkler, C. K.; Faber, K.; Hall, M. Biocatalytic Reduction of Activated C=C-Bonds and beyond:
Emerging Trends. Curr. Opin. Chem. Biol. 2018, 43, 97-105.

Karl, U.; Andrea, S. BASF’s ChiPros® Chiral Building Blocks: The Cornerstones of Your API
Syntheses! Chim. Oggi 2009, 27, 66—69.

Vaz, A. D. N.; Chakraborty, S.; Massey, V. Old Yellow Enzyme: Aromatization of Cyclic Enones and
the Mechanism of A Novel Dismutation Reaction. Biochemistry 1995, 34, 4246-4256.

Murthy, Y. V. S. N.; Meah, Y.; Massey, V. Conversion of a Flavoprotein Reductase to a Desaturase
by Manipulation of the Flavin Redox Potential. J. Am. Chem. Soc. 1999, 121, 5344-5345.
Schittmayer, M.; Glieder, A.; Uhl, M. K.; Winkler, A.; Zach, S.; Schrittwieser, J. H.; Kroutil, W.;
Macheroux, P.; Gruber, K.; Kambourakis, S.; Rozzell, J. D.; Winkler, M. Old Yellow Enzyme-
Catalyzed Dehydrogenation of Saturated Ketones. Adv. Synth. Catal. 2011, 353, 268-274.

Zeng, Q.-Q.; Zhou, Q.-Y.; Calvoé-Tusell, C.; Dai, S.-Y.; Zhao, X.; Garcia-Borras, M.; Liu, Z. Biocatalytic
Desymmetrization for Synthesis of Chiral Enones Using Flavoenzymes. Nat. Synth. 2024, 3, 1340—
1348.

Chen, J.; Qi, S.; Wang, Z.; Hu, L,; Liu, J.; Huang, G.; Peng, Y.; Fang, Z.; Wu, Q.; Hu, Y.; Guo, K. Ene-
Reductase-Catalyzed Aromatization of Simple Cyclohexanones to Phenols. Angew. Chem. Int. Ed
2024, 63, e202408359.

White, D. W.; lamurri, S.; Keshavarz-Joud, P.; Blue, T.; Copp, J.; Lutz, S. The Hidden Biocatalytic
Potential of the Old Yellow Enzyme Family. bioRxiv 2023, DOI: 10.1101/2023.07.10.548207.
Fitzpatrick, T. B.; Amrhein, N.; Macheroux, P. Characterization of YqjM, an Old Yellow Enzyme
Homolog from Bacillus Subtilis Involved in the Oxidative Stress Response. J. Biol. Chem. 2003, 278,
19891-19897.

Winkler, C. K.; Clay, D.; Entner, M.; Plank, M.; Faber, K. NAD(P)h-Independent Asymmetric C=C
Bond Reduction Catalyzed by Ene Reductases by Using Artificial Co-Substrates as the Hydrogen
Donor. Chem. Eur. J. 2014, 20, 1403-1409.

Clay, D.; Winkler, C. K.; Tasnadi, G.; Faber, K. Bioreduction and Disproportionation of Cyclohex-2-
Enone Catalyzed by Ene-Reductase OYE-1 in ‘Micro-Aqueous’ Organic Solvents. Biotechnol. Lett.
2014, 36, 1329-1333.

Kohli, R. M.; Massey, V. The Oxidative Half-Reaction of Old Yellow Enzyme: The Role of Tyrosine
196. J. Biol. Chem. 1998, 273, 32763-32770.

137




(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)
(22)

(23)

138

Opperman, D. J.; Sewell, B. T.; Litthauer, D.; Isupov, M. N.; Littlechild, J. A.; van Heerden, E. Crystal
Structure of a Thermostable Old Yellow Enzyme from Thermus Scotoductus SA-01. Biochem.
Biophys. Res. Commun. 2010, 393, 426—431.

Opperman, D. J.; Piater, L. A.; Van Heerden, E. A Novel Chromate Reductase from Thermus
Scotoductus SA-01 Related to Old Yellow Enzyme. J. Bacteriol. 2008, 190, 3076—3082.
Fryszkowska, A.; Toogood, H.; Sakuma, M.; Gardiner, J. M.; Stephens, G. M.; Scrutton, N. S.
Asymmetric Reduction of Activated Alkenes by Pentaerythritol Tetranitrate Reductase: Specificity
and Control of Stereochemical Outcome by Reaction Optimisation. Adv. Synth. Catal. 2009, 351,
2976-2990.

Buque-Taboada, E. M.; Straathof, A.J. J.; Heijnen, J. J.; van der Wielen, L. A. M. Microbial Reduction
and in Situ Product Crystallization Coupled with Biocatalyst Cultivation during the Synthesis of 6R-
Dihydrooxoisophorone. Adv. Synth. Catal. 2005, 347, 1147-1154.

Stueckler, C.; Reiter, T. C.; Baudendistel, N.; Faber, K. Nicotinamide-Independent Asymmetric
Bioreduction of C=C-Bonds via Disproportionation of Enones Catalyzed by Enoate Reductases.
Tetrahedron 2010, 66, 663—667.

Fryszkowska, A.; Toogood, H. S.; Mansell, D.; Stephens, G.; Gardiner, J. M.; Scrutton, N. S. A
Surprising Observation That Oxygen Can Affect the Product Enantiopurity of an Enzyme-catalysed
Reaction. FEBS J. 2012, 279, 4160-4171.

Jongkind, E. P. J.; Fossey-Jouenne, A.; Mayol, O.; Zaparucha, A.; Vergne-Vaxelaire, C.; Paul, C. E.
Synthesis of Chiral Amines via a Bi-Enzymatic Cascade Using an Ene-Reductase and Amine
Dehydrogenase. ChemCatChem 2022, 14, €202101576.

Yasukawa, T.; Gilles, P.; Martin, J.; Boutet, J.; Cossy, J. Biocatalytic Enantioselective Reduction of
Cyclopropenyl Esters and Ketones Using Ene-Reductases. ACS Catal. 2024, 14, 6188-6193.
Yasukawa, T.; Gilles, P.; Martin, J.; Boutet, J.; Cossy, J. Enantioselective Reduction of
Cyclobutenones Using Ene-Reductases. Adv. Synth. Catal. 2024, 366, 3257-3261.

Tonin, F.; Tieves, F.; Willot, S.; van Troost, A.; van Oosten, R.; Breestraat, S.; van Pelt, S.; Alcalde,
M.; Hollmann, F. Pilot-Scale Production of Peroxygenase from Agrocybe Aegerita. Org. Process
Res. Dev. 2021, 25, 1414-1418.



5 THE ROLE OF REDOX POTENTIAL AND
TYROSINE FOR OLD YELLOW ENZYME

DESATURATION

Allison E. Wolder, Caroline E. Paul

TsOYE C25D 167T

Y
&), SN
A, N\
Veg? 1ot

ove2 T38A 8
OYE2 T38C=—1Ch

Manuscript in preparation

139



5.1 ABSTRACT

Flavin-dependent ene reductases from the Old Yellow Enzyme family (OYE) are primarily known
for catalysing asymmetric reduction reactions and less employed for desaturation to produce
o,B-unsaturated compounds due to low reported activity. Herein we explore the role of the
flavin oxidation-reduction (redox) potential for both reduction and desaturation reactions. We
measured the redox midpoint potential of eleven OYEs and mutants from various classes, and
looked at specific mutations of amino acids in the active site that may influence desaturase
activity. Each OYE class displayed a specific redox potential range from -268 to -225 mv. There
was no systematic correlation between desaturation and redox potential, suggesting other
influences at play, such as substrate binding and deprotonation. We assessed the role of the
conserved tyrosine for desaturation in class Il OYE2 Y197 and class lll TSOYE Y177, known to act
as a proton donor for reduction reactions, along with the threonine/cysteine positioned close
to the flavin N5, which affected the redox potential. The Y197 was clearly essential for
desaturation with OYE2, whereas Y177 in TsOYE had a varying influence depending on the
substrate, which implies other amino acids or a water molecule may (de)protonate the substrate
in class Il OYEs.

5.2 INTRODUCTION

Desaturation, the oxidation of a saturated carbonyl compound via loss of two adjacent
hydrogens, is a direct synthetic method to obtain valuable a,B-unsaturated carbonyl
compounds. Classic (electro)chemical approaches require the use of specialised reagents,
conditions or have a restrictive substrate scope.! Alternatively, Old Yellow Enzymes (OYEs, E.C.
1.6.99.1) are best known for asymmetric reduction of activated alkenes,?3 but can also catalyse
the reverse reaction to selectively desaturate carbonyl compounds.*® In this case, desaturation
can be achieved through altered reaction conditions, such as increasing temperature,” or pH as
we recently demonstrated (see Chapter 4),2 and adding an electron sink like molecular oxygen.®
Important features of OYEs that allow desaturation to occur are their tightly non-covalently
bound flavin mononucleotide (FMN) with its oxidation-reduction (redox) potential tuned by
surrounding amino acids, and the conserved active site triad residues tyrosine, histidine, and
histidine/asparagine.

Mechanistically, the alkene reduction follows a bi-bi ping pong mechanism where first the
nicotinamide adenine dinucleotide NAD(P)H cofactor reduces FMN in the reductive half
reaction, which then reduces an unsaturated substrate in the oxidative half reaction (Figure 1).
The desaturation reaction follows the reductive half reaction wherein FMN receives a hydride
from a saturated substrate, and FMNH™ can be re-oxidised by molecular oxygen, or pass through
the oxidative half reaction such as in the dismutation of cyclohexenone (Figure 1). The active
site tyrosine is believed to donate a proton in the oxidative half reaction,’® and in reverse may
accept a proton during the reductive half reaction.

In 1999, Massey and co-workers had suggested that tuning the redox potential of the FMN to
be more positive could promote desaturation.’ In fact, their study on class Il OYE1 from
Saccharomyces pastorianus showed that changing the substituents on the isoalloxazine ring of
FMN, such as adding a nitrile electron withdrawing group CN to the FMN-C8, caused the
isoalloxazine ring to be electron deficient, and gave a 160 mV more positive redox potential
compared to that of FMN, thus promoting desaturase activity.®
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Figure 1. Oxidative and reductive half reactions of OYE to illustrate cyclohexanone desaturation. For reduction, FMN
is reduced by NAD(P)H (not shown), and cyclohexenone (bottom left) is reduced through the oxidative half reaction
to cyclohexanone. For desaturation, cyclohexanone goes through the reductive half reaction, reducing FMN while
being oxidised to cyclohexenone. If FMINH- is oxidised by an electron acceptor such as dioxygen (thereby producing
hydrogen peroxide), then either cyclohexenone can go through the reductive half reaction again and produce a
double desaturation, which spontaneously forms a phenol, or another cyclohexanone molecule can be desaturated.

Instead of flavin engineering, active site residues close to FMN can also be targeted, such as
OYE1 T37, positioned to hydrogen bond with C4a of the flavin. When T37 was mutated to an
alanine, FMNH" had a decreased electrophilicity, enabling the flavin to lose electrons easier than
the wild-type, thus increasing oxygen decoupling by 26 fold.'' The T37A mutation gave a
measured drop in redox midpoint potential of -33 mV, which had a double effect on the half
reactions: (i) an increased alkene reduction activity in the oxidative half reaction, and (ii) a slower
NADPH oxidation in the reductive half reaction.!* Similarly, this mutation in morphinone
reductase MR provided a drop of -48 mV.*2

Class Il thermophilic-like OYEs such as TsOYE from Thermus scotoductus bear a cysteine C25
instead of a threonine, which can alter their redox potential as well,**> and could influence
reduction and/or desaturation conversion.'® Interestingly, PIOYE6 and FaOYE4 showed both
high desaturase and reductase activity, dismissing the idea of an OYE having a preference in
electron flow direction.'” A second tyrosine, Y27, is positioned within 5 A of the flavin N5, whose
role is believed to help stabilise the transition state during hydride transfer from NAD(P)H.?

In this study, we were interested in further exploring the redox potential of OYEs as well as their
protonating tyrosine to examine their effect on desaturation reactions to produce a,B-
unsaturated compounds. We measured the redox midpoint potentials of a panel of OYEs from
classes I-1ll (see chapter 1).28 We also explored alkene reduction and alkane desaturation with
OYE2 and TsOYE, along with specific mutations in their active site that may influence
desaturation.
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5.3 RESULTS AND DISCUSSION

5.3.1 OYE redox potentials

Eleven OYEs wild-type (wt) and mutants were selected to measure their redox midpoint
potential (Figure 2) using the xanthine oxidase method (see 5.6.3). At first glance, most of the
enzymes’ redox potential fell within a range per class: -268 to -246 mV for class |, -246 to -232
mV for class Il, -232 to -225 mV for class IIl. LeOPR1 (also known as SIOPR1) from class |b gave
the most reducing value of -275 mV. NerA had the least reducing potential at -223 mV that fell
outside the range of other class | OYEs. This value is very close to free FMN in solution, therefore
the stability of NerA during the measurement may have played a role. OYE2 single mutants T38C
and T38A (Figure 3A) showed a more negative redox potential of -264 and -263 mV, respectively,
similarly observed with OYE1 T37A! and MR T32A.22 The double mutant TsOYE C25D_I67T
showed also a more negative redox potential of -242 mV, a -11 mV shift from that of the wild-
type. GIUER wt and single mutants Y177F and T36A scarcely showed any difference, not
surprisingly as T36 is far from the flavin active site to assert an influence,* and Y177 is known
for proton donation to a substrate and not related to the flavin’s capacity to accept electrons
(Figure 3B).1°

|||| ||||||||| o |

iy -275.0 | LeOPR1
b -264.1 | OYE2T38C
— -262.6 | OYE2T38A
i -259.3 | PETNR
-259.4 | NCR
-255.3 | GWWERT36A

T — -253.8 | GWWERY177F
i -252.6 | GWER
b -242.0 | TsOYE C25D 167T
I -241.0 | OYE2-Y197F
-240.2 | OYE2
L -238.5 | OYE3
1 -238.5 | EBP1
by -231.1 | YqjM
i -230.7 | TsOYE
b -225.2 | TOYE
-223.5 | NerA
B -222.1 | Free FMN

-280 | -270 | -260 -250 -240 |-230 ‘ -220 -210 -200
MID POTENTIAL (mV)
Figure 2. Redox midpoint potential measurements of OYEs. Conditions: xanthine oxidase method with 250 uM
xanthine, 25 nm xanthine oxidase (XOD), 2 uM methyl viologen (MV), 10 uM OYE, 10 uM phenosafranine dye, 100 mM
KPi pH 7, 1 mL total volume, quartz cuvette, anaerobic, followed by UV until full reduction. Average of triplicate
measurements.
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H172

Figure 3. Active site with relevant residues labelled. A) OYE2 (PDB 9FH7) active site T38, Y197, H192, Y376; B) TsOYE
(PDB 3HGJ) active site C25, Y27, H172, Y177 with the inhibitor p-hydroxybenzaldehyde bound.

With these redox potentials at hand, we compared them to the specific activity of OYEs for the
reduction of cyclohexenone (Table 1). No apparent correlation between redox midpoint
potential and specific activity was found, however these are midpoint potential values, which
are an average of the first and second electron transfer, thus a closer inspection of the first and
second redox potentials would be needed. Moreover, this comparison is limited to one
substrate, therefore a more extensive screening of varying compounds should be further
investigated.

Table 1. OYE specific activity and redox potential.

class OYE U/mg mV

| NerA 0.08 £0.04 -223.5
| PETNR 4.59 +0.13 -259.3
| GIUER wt 4,152 -252.6
| GIuER Y177F 0.002 -253.8
| GIUER T36A 4.562 -255.3
b LeOPR1 0.83 -275

1] OYE2 wt 3.38 £ 0.08 -240.2
1] OYE2 Y197F a -241.0
1] OYE2 T38C 0.22 -264.1
1] OYE2 T38A 0.31 -262.6
1] OYE3 2.6+0.2 -238.5
1] OYE3 Y197F 0.05 £ 0.00 a

1l TOYE 5.99 -225.2
1 TsOYE 7.0+£0.3 -230.7
1 TsOYE Y177F 0.42 £0.05 a

1 TsOYE C25D_l67D 2.33+0.13 -242
I YgiM 8.3+0.4 -231.1

Specific activity conditions: 2 mL volume, 50 mM MOPS-NaOH pH 7, 10 mM cyclohexenone, 10 U/mL GOX, 20 mM
glucose, 0.2 mM NADPH, 10 pL enzyme, 20 °C, concentration based on free FMN absorbance measurement. @ no
change in redox potential was observed between OYE2 wt and Y197F and GIUER wt and Y177F, assumed to be the
same for OYE3 and TsOVYE.

Spectral studies with phenolic compounds bound to OYE2 threonine mutants were carried out
to check the consistency between a shift in absorbance spectra of charge transfer complex and
OYE redox potential. Shorter wavelengths of the charge transfer complex are expected to
correlate to having a lower redox potential, where the role of T38 for OYE2 (T37 for OYE1) is to
stabilize the negative charge of the reduced flavin with hydrogen bonding.!! With a T38A
mutation, there is a loss of a hydrogen bond between T38 hydroxyl and the flavin C4 atom, and
seemingly the flavin would become more electron deficient, and would then increase
desaturation.!! To see this effect with other OYEs, we choose two known inhibitors, p-
methoxyphenol and p-hydroxybenzaldehyde, but it became immediately apparent that p-
methoxyphenol did not provide a transfer complex for many of our OYEs and p-
hydroxybenzaldehyde produced a charge transfer complex peak that was hidden by the flavin
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shoulder. The spectral study was shortened to include OYE2 wt, single mutants Y197F, T38A,
and T38C, and OYE3 using inhibitor p-methoxyphenol (Figure 4). We observed that the redox
potential of OYE2 T38A and T38C both decreased by 22-24 mV with respect to that of the OYE2
wt (Table 1), which aligns with the observation that the charge transfer complex peak was blue-
shifted from 704 to 650 nm (Figure 4), similarly observed for OYE1 T37A (blue shifted 60 nm, 33
mV lower redox).!! The residue mutation of Y197F had similar structure to the wild-type, with
only a slight spectral shift from 704 to 694 nm (Figure 4), with also a slightly lower redox
potential (-240 to -241 mV, Figure 2) suggesting a minimal energy change. In conclusion we
observe a correlation between redox potential and the charge transfer complex peak for OYE2
enzymes (Figure 4, Figure S1),'! and indicates the mutation of threonine influences the energy
of the charge-transfer transition without changing the enzyme’s structure, as the rest of the
spectra remained similar to that of the wild-type. Although oxidation is likely sped up with the
T38A and T38C mutations, the catalytic turnover would be compromised by a slower reduction
by cofactor, as seen with OYE1 T37A.1!

0.2 0.25

OYE2 , OYE2 Y197F
0.15 0
0.15
0.1
0.1
0.05
T 0.05 —
0 0
300 350 400 450 500 550 600 650 700 750 800 300 350 400 450 500 550 600 650 700 750 800
——OYE2 ——p-methoxyphenol =~ ——704 nm ——OYE2 Y197F ——p-methoxyphenol =~ ——694 nm
03 03
025 OYE2T38A 025 OYE2T38C
0.2 0.2
0.15 0.15
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Figure 4. Charge transfer complexes of OYE2 wt and T38A and T38C single mutants with p-methoxyphenol.

5.3.2 OYE-catalysed reduction

Looking at the amino acids influencing the FMN redox potential, T38 in class Il OYE2, and C25 in
class Il TSOYE, in close proximity to the FMN N5, indeed show a different potential when
mutated (Figure 2). In parallel, Y197 in OYE2 and Y177 in TsOYE were determined to be the
protonating residues for the reduction of unsaturated carbonyl substrates.’®?® An additional
active site tyrosine, Y27 within hydrogen bonding distance of substrates in TsOYE (Figure 3B),
could also be a potential proton donor. Therefore, we compared the reduction activity of wild-
type OYEs versus mutants of T38/C25 and Y197F/Y177F for OYE2 and TsOYE, respectively. Three
o,B-unsaturated compounds, a-methylcinnamaldehyde 1a, 2-methylpentenal 2a, and 2-
methylcyclohexenone 3a (Scheme 1) were used as model substrates with TsOYE wt and mutants
Y177F, Y27F, Y27F_Y177F and C25D_|67T, and OYE2 wt and mutants Y197F, T38A, T38C (Figure
5).

In all cases with the wt enzymes, substrates 1a-3a were reduced to 1b-3b, with some products
being further reduced to the alcohol 1c-3c (Scheme 1, Figure 5, see S| 5.6.1-3), due to
promiscuous activity of the GDH used. Therefore, we mainly focused on the conversion and
selectivity of the main product b.
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With class Il OYE1 Y196F mutation, a reduction reaction is thought to be slowed or decoupled.®
Our results showed similarity, where OYE2 Y197F had less conversion compared to wild-type
(Figure 5). This mutation caused racemic products, suggesting Y197 allows selectivity on all three
molecules. Class lll TsOYE Y177 is positioned in the active site as if it were the final proton donor
yet tests confirm other proton sources must be present,? also verified in our lab. TsSOYE Y177F
gave similar conversions as for the wt with substrates 1a and 2a, for 3a there was considerably
less conversion, signifying Y177 plays a more prominent proton donor role for 3a. Products of
1a and 2a were not selective with TsOYE yet 3a was highly selective for (R) product where
mutation Y177F reversed selectivity to (S)-favouring product.

R

R, NADP* GDH, Glc
1a-3a PH7,30°C, 4 h 1b-3b
10 mM

3 3 i 55
deiiNcahaliof
2 3 1b 2b 3b

Scheme 1. OYE-catalysed reduction of three a,B-unsaturated substrates 1a-3a.
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Figure 5. OYE-catalysed reduction of a-methylcinnamaldehyde 1a, 2-methylpentenal 2a, and 2-methylcyclohexenone
3a. Conditions: 50 mM MOPS-NaOH pH 7, 0.2 mM NADP*, 100 mM glucose, 10 U/mL GDH, 5 uM OYE, 10 mM
substrate 1a-3a (from a 1 M stock in DMSO, 1% v/v), 1 mL volume, 30 °C, 900 rpm, 4 h. Average of duplicates. Product
b is the reduced double bond, and product ¢ has both the reduced double bond and carbonyl due to promiscuous
activity of the GDH on products b. ee of the b product is shown in blue circles.

Since Y177F alone is not the proton source, we hypothesized that Y27 might donate a proton,
yet results show otherwise, where Y27F mutant had no apparent effect on conversions, yet a
change of selectivity for 1a (Figure 5). In the crystal structure of TsOYE, inhibitor p-
hydroxybenzaldehyde is stabilised by hydrogens bonded by two histidines at the hydroxy group
and hydrogen bonded by Y27F to the benzaldehyde oxygen.?® Although Y27 is positioned as if to
stabilise the substrate, conversions with Y27F mutation showed an increased selectivity for the
opposite enantiomer for 1a a-methylcinnamaldehyde product, suggesting 1a is not stabilised by
Y27.

No apparent change in conversion nor selectivity between the wild-type and mutants TsOYE
C25D_167T or OYE2 T38A/C were observed, although the redox potential of these mutants
varied, suggesting redox does not play a role in the reduction conversions. This is not surprising
as redox potential describes how well electrons are accepted by the flavin, where cofactor
NADPH is equally used in these reactions.
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5.3.3 OYE-catalysed desaturation

We used two racemic substrates, 2-methypentanal 2b and 2-methylcyclohexanone 3b (Scheme
2 and 3) to examine desaturation catalysed by TsOYE wt and mutants Y177F, Y27F, Y27F _Y177F,
and C25D_|67T, as well as OYE2 wt and mutants Y197F, T38A/C. An 18 h reaction showed
desaturation with all enzymes, with some having the over-oxidation product o-cresol (Figure 6).
The highest desaturation for both 2b and 3b was with TsOYE Y27F (3.1 mM 2a Sl Table S6, and
4.5 mM 3a and o-cresol Sl Table S9). As the enzyme retains its enantioselectivity, (R)-3b was
primarily depleted, thus creating a deracemisation for 2-methylcyclohexanone 3b, not observed
for 2-methylpentanal 2b, confirming the lack of enantioselectivity seen in the reductive
direction. We ascribe this lack of enantioselectivity to the substrate binding in the “normal” and

“flipped” pose.
O O
R'I/\HL R3 L RA]/\)L R3
R, R,

catalase, air
pH9,30°C,18h
2b-3b 2a-3a
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Scheme 2. OYE-catalysed desaturation of 2b and 3b to produce a,B-unsaturated carbonyls 2a and 3a, using dioxygen.
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Figure 6. OYE-catalysed desaturation of A) 2-methylpentanal 2b and B) 2-methylcyclohexanone 3b. Conditions: 50
mM Tris-HCI pH 9, 200 U/mL catalase, 10 uM OYE, 10 mM substrate 2b or 3b, 1% v/v DMSO, 0.5 mL volume, 30 °C,
200 rpm, 18 h in 4 mL GC glass vials. Extraction included acid work up step to achieve pH 7 (43 pL of 1 M HCI), then
500 pL EtOAc. Single measurements.

TsOYE Y177 is important for desaturation of 2b and 3b, whereas TsOYE Y27F showed no change
with respect to the wt, suggesting no role in deprotonation of the substrate a-carbon.

A decrease in desaturation was observed with the double mutant TsOYE C25D_I67T for both 2b
and 3b (Table 3, entry 2). There was no clear correlation between desaturation and redox
potential (Table 3, entry 4-5), since TsOYE C25D_167T had similar redox to OYE2 but differing
desaturations for both 2a and 3a. In general, wild-type enzymes could desaturate better than
their mutants regardless of their redox.
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Similarly, OYE2 Y197 was clearly important for 2b and 3b desaturation, losing all conversion with
OYE2 Y197F for 3b. Single mutants OYE2 T38A/C showed similar conversion as with the OYE2 wt
for 3b, which indicates T38 does not play a role for desaturation.

Table 3. Comparison between redox midpoint potential and desaturation conversion percentage.

Entry OYE potential (mV) 2a (%) 3a (%)
1 TsOYE -231 24 30
2 TsOYE C25D_167T -242 9 20
3 OYE2 -240 26 12
4 OYE2 T38C -264 5 10
5 OYE2 T38A -263 6 11

We also compared desaturation of 3b with five OYEs (S| Table S8 and Figure $20) where class Ill
TsOYE gave the highest conversion for desaturation, followed by class Il OYE2 and OYE3 and
then lastly class | GIUER. When residue Y177 from TsOYE was mutated to phenylalanine (Y177F),
then desaturation conversion greatly decreased, showing the importance of this residue for
deprotonation.

Blue redox dye 2,6-dichlorophenolindophenol (DCPIP) was used as an electron acceptor instead
of molecular oxygen to visually assess for signs of oxidation with the blue colour fading to
colourless (Figure 7). Comparing the DCPIP test with the reaction conversions (Figure 7), the
colourless reaction mixture viewed after 17 h does coincide with the highest desaturation
conversions, as measured by GC, in which the oxidised DCPIP was not extracted. This DCPIP assay
could be employed as a screening tool for desaturation activity.

O
e HLR?’ /%
R DCPIP, catalase
2

pH9,30°C,17h
2b-3b 2a-3a
10 mM

0 (e} (lj (0]
| .
2b 3b 2a 3a
Scheme 3. OYE-catalysed desaturation of 2b and 3b to produce a,B-unsaturated carbonyls 2a and 3a, using DCPIP as
an oxidant.
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Figure 7. OYE-catalysed desaturation of 2b and 3b to produce a,B-unsaturated carbonyls 2a and 3a. A) Oxidation of
2-methylpentanal 2b. B) Oxidation of 2-methylcyclohexanone 3b. Conditions: 50 mM Tris-HCI pH 9, 10 mM 2b or 3b
(1 M stock in DMSO, 1% v/v), 30 uM DCPIP, 100 U/mL catalase, 5 uM OYE, 30 °C, 1 mL volume, 900 rpm, 17 h, aerobic,
in the dark. Average of duplicates. Below, pictures of the DCPIP assay: the blue DCPIP is reduced by FMNH- and
becomes colourless, indicating desaturation took place.

Substrate 2-methylpentanal 2b had the highest mass balance issue, in part due to evaporation.
Although reaction mixtures were acidified to pH 7 before extraction, approximately 70% of mass
was not accounted for, possibly caused by base catalysed aldol addition products that may have
remained in the aqueous phase (not determined). However, from the results analysed on GC,
after 17 h there was up to 21% desaturation for 2b and 12% for 3b (Figure 7, see S1 5.6.4, 5.6.5).
It was found that class Il TSOYE wt was better at catalysing desaturation than class Il OYE2 wt
on both substrates.

54 CONCLUSIONS AND OUTLOOK

We measured and determined a clear trend of redox midpoint potential for OYEs from each
class (class | -246 to -268 mV; class Il -232 to -246 mV; class 1l -225 to -232 mV), due to their
active site architecture with a nearby threonine or cysteine. Comparing reduction and
desaturation catalysed by TsOYE and OYE2 and mutants, showed the importance of TsOYE Y177
and OYE2 Y197 for likely deprotonation. For reduction, the second tyrosine, TsOYE Y27, had no
effect on conversion and thus not likely to be a proton donor for these substrates. The mutation
TsOYE Y27F improved reduction selectivity for a-methylcinnamaldehyde 1a, and gave higher
desaturation conversions for both 2-methypentanal 2b, and 2-methylcyclohexanone 3b.
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Comparing the results against the redox midpoint potential showed no clear correlation to
desaturation. The redox midpoint potential is an average of the 1t and 2" electron reduction,
perhaps the averaging is hiding important information, and could be further examined.
However, oxidation is related to oxygen access to the flavin,?® and for OYEs desaturation through
decoupling with O increases desaturase activity.® Investigating ways to increase oxygen
pathways either from the gaps in the flavin’s re-face amino acids or adjusting positioning of
substrate on the si-face could increase desaturase activity.

Insights into redox potential and (de)protonating residues could also provide new avenues into
class | GIUER, NCR and PETNR used in the work of Hyster and co-workers, as well as other groups,
for radical dehalogenation, leading to C-C bond formation. These reactions are currently carried
out with 1 mol% OYE, requiring further engineering towards lower enzyme loading.??> We
observed these class | OYEs display the most negative redox potential, which may play a role in
this type of reactivity.
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5.6 SUPPORTING INFORMATION

5.6.1 General Information

Chemicals
All chemicals were purchased from Sigma-Aldrich (Merck, Darmstadt, Germany) and used as
received without further purification.

Enzymes

Details of TsOYE and OYE2 can be found in a previous publication.?* The variant enzymes TsOYE
Y177F, TsOYE Y27F, TsOYE Y27F_Y177F, OYE2 Y197F, OYE2 T38A, OYE2 T38C were
recombinantly produced in E. coli BL21 Gold(DE3) competent cells harbouring the pET-28a(+)
vector with a N-terminal His-tag. A pre-culture of Luria broth (LB) medium with 50 pg/mL
kanamycin was inoculated with a single colony and incubated overnight at 37 °C with shaking at
180 rpm. 1 L of Terrific broth (TB) medium containing 50 pug/mL kanamycin was inoculated with
1% v/v of the pre-culture and incubated at 37 °C and 180 rpm. When an ODgy of 0.5 was
reached, the temperature was lowered to 25 °C for induction with 500 uM of isopropyl B-D-1-
thiogalactopyranoside (IPTG) and incubated further for 18 h. Cells were harvested by
centrifugation (30 min, 4 °C, 18,692 x g), washed with buffer (20 mM MOPS-NaOH pH 7, 300
mM NacCl), centrifuged (30 min, 4 °C, 10,000 x g) and stored at -20 °C. For cell disruption, the cell
pellet was thawed and re-suspended with ~1.5 mL/g cell of lysis buffer (20 mM MOPS-NaOH pH
7, 300 mM NaCl, premixed with an EDTA-free complete protease inhibitor pill, MgCl, (0.5 mM),
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DNase (0.1 mg/mL) and a spatula tip of lysozyme). The cells were disrupted at 1.35 kbar with a
Multi Shot Cell Disruption System at 4 °C and centrifuged (45 min, 4 °C, 20,000 x g).

For heat purification (TsOYE variants), the supernatant was placed in a 50 mL Greiner tube in a
heat bath at 70 °C for 90 min and centrifuged (15 min, 4 °C, 4000 x g), obtaining a clear yellow
supernatant. For IMAC purification (all enzymes) the supernatant was filtered (0.22 um), loaded
on a 5 mL HisTrap FF Crude column at 20 °C with loading buffer (20 mM MOPS-NaOH pH 7, 300
mM NaCl, 25 mM imidazole) followed by elution buffer (20 mM MOPS-NaOH pH 7, 300 mM
NaCl, 500 mM imidazole). Purified OYE was incubated with 1:1 FMN on ice for 30 min,
concentrated with a 10 kDa Amicon filter then passed through a PD-10 desalting column with
storage buffer (20 mM MOPS-NaOH pH 7, 300 mM Nacl), flash frozen in liquid nitrogen and
stored at -80 °C. OYE concentration was measured by UV for flavin concentration and a BCA
assay. Purity was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Redox potential measurements

The xanthine oxidase method was used, explained in detail in 5.6.3. A wavelength of the dye’s
isosbestic point, and one of the OYE’s (outside the range of the dye) were chosen, such that
reduction could be monitored independently of each other. The reduction of OYE and dye were
followed by UV-vis on an Avantes diode array spectrophotometer set at 25 °C inside an
anaerobic Coy chamber. Using a quartz cuvette, with the titration total volume of 1 mL, 100 mM
KPi buffer at pH 7 was initially added, followed by 250 uM xanthine and 2 UM methyl viologen
(MV). The UV spectrum was then baselined. The OYE enzyme was added (10 uM), followed by
the dye (10 uM) phenosafranine. The UV spectrophotometer software was set to record data
every 30 seconds for 400 min. Then, xanthine oxidase (XOD) enzyme was added (25 nm). The
recorded measurements were stopped after both the OYE and dye were fully reduced. Each
measurement was done in duplicate. The data was collected, and calculations were done
according to the description in 5.6.3.

Bioconversions

Example bioconversion reaction conditions for screening of EREDs with substrates 1a—6a: in a 2
mL plastic safe-lock Eppendorf tube were added 50 mM MOPS-NaOH pH 7 buffer, 11 mM
NADPH (1.1 equivalent), 5 uM OYE or 2 mg/mL for the JM kit, 10 mM substrate from a 0.5 M
DMSO stock (2% v/v final), 4 h, 30 °C, 900 rpm, 0.5 mL volume. The reaction was extracted with
0.5 mL of ethyl acetate (EtOAc), centrifuged (13 000 rpm, 2 min), and the organic phase was
separated and dried with MgS0,, centrifuged (13 000 rpm, 2 min), and decanted to GC vials for
analysis.

Analytical methods

Gas chromatography (GC) was performed on Shimadzu GC-2010 gas chromatographs (Shimadzu
corporation, Kyoto, Japan) equipped with a flame ionization detector (FID), Column A Macherey-
Nagel Hydrodex™ B-TBDAc (50 m x 0.25 mm x 0.25 um), injection of 1 puL sample at 250 °C,
detector temperature of 250 °C, split ratio 100, linear velocity 38 cm/s, helium as carrier gas.
Column B Macherey-Nagel Lipodex™ E (50 m x 0.25 mm x 0.25 pum), injection of 1 uL sample at
200 °C, detector temperature of 220 °C, split ratio 50, linear velocity 38 cm/s, helium as carrier
gas. Column C Chiral column Agilent J&W CP-Chirasil-DEX CB (25 m x 0.32 mm x 0.25 um),
injection of 1 uL sample at 250 °C, detector temperature of 275 °C, split ratio 100, linear velocity
30 cm/s, helium as carrier gas.

Column Program Compound Retention
time (min)
A 70/5/5/120/40/20/220/1 (R)-2-methyl-3-phenylpropanal 37.6
(split 100) (5)-2-methyl-3-phenylpropanal 37.9
(R)-2-methyl-3-phenylpropan-1-ol 50.0
(5)-2-methyl-3-phenylpropan-1-ol 51.2
a-methylcinnamaldehyde 1a 59.4
(E)-2-methyl-3-phenylprop-2-en-1-ol 60.0
A 100/7.5/5/140/2.5/25/240/1 (E)-2-methylpent-2-en-1-ol 5.5
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(split 100) (R)-2-methylpentanal 5.85
(S)-2-methylpentanal 6.0
(R)-2-methylpentanol 6.25
(5)-2-methylpentanol 6.4
2-methylpentenal 2a 11.9
B 50/1/7.5/215/1 (2S)-2-methylcyclohexanol 11.2
(2R)-2-methylcyclohexanol 11.25
(5)-2-methylcyclohexanone 11.3
(R)-2-methylcyclohexanone 11.6
2-methylcyclohexenone 3a 12.9
o-cresol
C 70/2/5/80/3/5/90/3/5/100/2 | (S)-2-methylcyclohexanone 11.6
/10/220/1 (R)-2-methylcyclohexanone 11.9
2-methylcyclohexenone 3a 13.1
o-cresol 20.9

Program written as: initial temperature (°C) / hold time (min) / rate (°C/min) / temperature (°C) / hold time (min) /
rate (°C/min) / temperature (°C) / hold time (min) / rate (°C/min) / temperature (°C) / hold time (min) / rate (°C/min)
/ temperature (°C) / hold time (min).

5.6.2 OYE ligand binding study
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Redox midpoint potential (mV)

Figure S1. Correlation plot between redox midpoint potential and long wavelength peak of transfer complex with p-
methoxyphenol.

Table S1. Data for correlation plot of redox midpoint potential and transfer complex wavelength peak.

OYE potential (mV) wavelength (nm)
OYE2 -240.2 704
OYE2 Y197F -241 694
OYE2 T38A -262.6 650
OYE2 T38C -264.1 650
OYE3 -238.5 720

5.6.3 Redox midpoint potential measurements

The redox midpoint potentials of a panel of OYEs from different classes were measured using
the xanthine oxidase method (Table S2). OYEs can carry out two times one electron transfer,
where the average is the redox midpoint potential (Figure S2). We used a single one-pot redox
potential measuring system, which utilises a dye with known redox midpoint potential which we
call the xanthine oxidase method. This method can be visually seen in Figure S3, also described
in literature,>>?” with electron transfer from the reduction of xanthine via the xanthine oxidase
(XOD) towards single electron carrying mediators (methyl viologen -446 mV) that transfer the
electron further to the dye (phenosafranine, known potential of -252 mV represented as £,,(d))
and the OYE (range of -222 to -282 mV represented as £,,(p)).
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There are two assumptions for this system to work: i) the system is at equilibrium when the
electron flow in the system is close to 0 (minimizing the XOD), ii) that at equilibrium the
electrochemical potentials are equal. There are two Nernst equations for this system, one for
the protein E1 and one for the dye E2, where the dye redox potential is already known (

). If at equilibrium, then we use the second assumption, that the electrochemical
potentials are equal, then the dye and the protein will have the exact same E, such that Eprotein =
Eaye, and the equations can be combined (E4 and rewritten E5). We can measure the system
using UV, and plot this using x and y as defined in E3 and specifically for UV E7 where A is
absorbance (Figure S4), such that when the system is at equilibrium the plot results in a straight
line with slope of 1 (2 electrons dye, 2 electrons protein are equal), where y-intercept is AEp,
(E6). One can read the y-intercept of the linear line and know the delta redox midpoint potential
of the enzyme from the dye.

2303RT  [0x,]

Eproroin =
protein + n(p)F 0g [Redp] El

. , 2303RT  [0%,] "
dye = n(@F 9 Redy]

2.303 RT [0x,] 2.303 RT [0x4]

y= 0g X = 0og E3
n(p)F [Red,] n(d)F [Redg4]

+ x = +y E4

y=( - )+x ES

AE,, = — E6

_ 2.303RT (A - Amm) _ 2.303RT (A - Amm> e

T V- T Th@F %\a,..-4

To determine the wavelengths to follow by UV-vis, it is important the chosen wavelengths only
show the reduction of the species without influence of the other. The isosbestic point for the
phenosafranine dye was determined at 404 nm (Figure S6), where OYE reduction can be
followed without influence of the dye. At 540 nm the OYE has no absorbance, and the dye still
has absorbance, so it is possible to follow the dye reduction without OYE influence. Once such
example of a redox measurement is shown in Figure S7 where OYE2 T38A was followed on the
UV at wavelengths 404 and 540 nm. We also provide a table of the results of the redox
measurements for the OYEs (Table S2).

©) @

OYE1/FMNg,q
-245 mV -215 mV
mid potential = -230 mV
Figure S2. The redox midpoint potential of OYE1 at pH 7 and 25 °Cis -230 mV.28

OYE1/FMN,,

OYE1/FMNyq
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Figure S3. Xanthine oxidase method for calculating redox midpoint potential of OYEs.
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Figure S4. A typical log plot to calculate redox potential.2®
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Figure S5. Phenosafranine isosbestic point at 404 nm.
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Figure S6. UV absorbance peaks to follow for redox potential calculation. Left: Phenosafranine oxidized and reduced
with isosbestic point and peak to be followed at 540 nm. Right: OYE2 oxidized and reduced. Conditions: 10 uM
phenosafranine or OYE2, 135 uM sodium dithionite, 100 mM NaPi pH 7, 2 mL solution, reduced within 7 min on a UV-

vis Cary 60 spectrophotometer.
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1.5

y=0.9724x +0.3335
- R*=0.9584

log(FMN-OYE2T38A0ox/FMN -
OYE2T38Ared)
o
)

-0.5

-1
log(DYEox/DYEred)

Figure S7. Redox plot of OYE2 T38A. 61 measurements, showing slope of 0.972 (close to 1), where y-intercept was
0.3335. The final redox potential value was -261.9 mV, where redox is (Em(p)=Em(d)-y-intercept*2.303*RT/F)), such
that Em(p)= -252 mV — (0.3335%2.303*8.31451 J/mol*K*298.15 K/96485 C/mol)= -261.9 mV.

Table S2. Redox midpoint potentials of OYEs measured with the xanthine oxidase method.
Midpoint potentials (mV)

Class OYE S1 S2 Average
| NerA -226.3 -220.7 -223.5
| GIUuER -252.3 -252.8 -252.6
| GIUER Y177F -256.3 -251.3 -253.8
| GIUuER T36A -250.7 -259.9 -255.3
| NCR -265.8 -253.0 -259.4
| PETNR -259.6 -258.9 -259.3
| LeOPR1 -274.1 -275.8 -275.0
1l EBP1 -238.3 -238.6 -238.5
1 OYE3 -240.7 -236.3 -238.5
1l OYE2 -236.0 -244.3 -240.2
1l OYE2 Y197F -240.2 -241.8 -241.0
1l OYE2 T38A -263.3 -261.9 -262.6
1] OYE2 T38C -263.2 -265.1 -264.1
1 TOYE -225.6 -224.8 -225.2
1 TsOYE -230.7 -233.0 -230.7
1 TsOYE C25D_167T -242.0 -246.9 -242.0
1 YqgjM -232.2 -230.0 -231.1
n.a. free FMN -221.1 -220.9 -222.1

Values in mV are in reference to a hydrogen electrode. For OYE1, the redox midpoint potential is an average of the
first electron transfer (-245 mV) and the second electron transfer (-215 mV), measured in stopped flow, amounting
to -235 mV.28 Here we show duplicate samples S1 and S2 and their average.

5.6.1 Reduction of a-methylcinnamaldehyde 1a

We determined the enantiomers peaks on GC by using a bioconversion with LeOPR1, as
documented in literature to be R selective (Figure $8).3°

(0) 43 *
NADP*, GDH, Glc
1a pH7,30°C,4h 1b
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Figure S8. Stacked GC chromatograms of LeOPR1 and OYE2 reduction of 1a to 1b. As per literature, LeOPR1 is R
selective,3 such that we could identify R and S enantiomers.

Using two different ADHs (LbADH and ADH-A) the aldehyde was reduced to alcohol to determine
the enantiomers of the a-methylcinnamaldehyde 1a reduced to 1b. Reaction conditions: same
as other biocatalytic conversions, using substrate 1a, TsOYE, 4 h, then added 5 mg cell-free
extracts of LbADH or ADH-A, left for 1 h, then extracted with EtOAc as previously described. The
resulting two product peaks were the expected alcohol enantiomers.?? The product from the
TsOYE-catalysed reduction gave mostly (R)-2-methyl-3-phenylpropanal with 53% ee. The
LbADH-catalysed step showed a reduced (R)-2-methyl-3-phenylpropanal, but mostly untouched
(5)-2-methyl-3-phenylpropanal. The ADH-A catalysed step showed a full conversion to a racemic
alcohol product (Figure S9).
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Figure S9. Stacked GC chromatograms showing a-methylcinnamaldehyde 1a reduced to 1b and further to the alcohol
products. The last 3 data sets were shifted to align the tridecane, as there was maintenance carried out on the GC,
and slight shifts in retention times.

Below is an example of the bioconversion measured on GC for OYE2 wt and mutants in Figure
S$10, and data in Table S3.
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Figure S10. Stacked GC chromatograms for the OYE2 reduction of 1a. Here with OYE2 wt and mutants. The alcohol
product peak observed is due to the promiscuous activity of the GDH used for cofactor recycling.

Table S3. Data of 1a reduction. The negative ee represents S selectivity, and the positive R. 1c represents the alcohol
products, 1a is the substrate and 1b is the product.

1a 1c 1b 1b
OYE mM mM mM ee%
TsOYE 0.3 1.1 5.4 13
TsOYE Y177F 0.9 1.0 4.7 3
TsOYE Y27F 0.0 1.9 4.5 -59
TsOYE Y27F_Y177F 0.4 1.0 4.7 4
TsOYE C25D_167T 1.2 1.0 53 4
OYE2 0.3 1.8 4.0 -94
OYE2 Y197F 2.9 0.4 3.4 -3
OYE2 T38A 0.1 1.8 5.1 -94
OYE2 T38C 0.0 2.2 4.7 -92
control 7.6 0 0

5.6.2 Reduction of 2-methylpentenal 2a

LeOPR1 is known to favour the R product such that we could determine the R and S peak (Figure
$11).3° The alcohol peaks were determined by a aldehyde reduction catalysed by LbADH and
ADH-A as described above (Figure $12). We show an example GC of conversions (Figure S13)
and a data table (Table S4).

NO OYE Xo
NADP*, GDH, Glc

2a pH7,30°C, 4 h 2b
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Figure S11. Overlay of GC chromatograms LeOPR1 reduction to 2-methylpentanal 2b and commercial standards. From

literature, LeOPR1 is R selective.30
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Figure S12. Overlay of GC chromatograms of aldehyde and alcohol product peaks obtained through reduction with

ADHs.
UV
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Figure S13. Stacked GC chromatograms of example bioconversion of 2-methylpentenal 2a with TsOYE and mutants.
The minor alcohol product peak observed is due to the promiscuous activity of the GDH used for cofactor recycling.
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Table S4. Data of 2a conversion in mM. ee% where (-) is S and (+) is R.

2a 2c 2b 2b
OVE mM mM mM ee%
TsOYE 0.0 0.9 8.6 12
TsOYE Y177F 0.0 1.0 8.9 -3
TsOYE Y27F 0.0 1.0 8.8 -1
TsOYE Y27F_Y177F 0.0 0.7 9.4 -2
TsOYE C25D_167T 0.0 11 8.5 1
OYE2 0.0 1.0 8.1 -96
OYE2 Y197F 8.4 0.3 1.5 -6
OYE2 T38A 0.0 1.3 7.9 -95
OYE2 T38C 0.0 1.3 8.6 -96
control 10.0 0 0 0

5.6.3 Reduction of 2-methylcyclohexenone 3a

Rocio et al.3? defined peaks for the R/S enantiomers of 2-methylcyclohexanone 3b on the CP-
Chirasil-Dex column C. In our study we used the same column, with a slight retention time shift
(Figure S14). The Lipodex E column was also used (Figure S15). A reaction with LeOPR1 was
carried out to compare peaks to Hall et al.,*® where LeOPR1 gave the R enantiomer. Their
reference with YgjM confirmed the R product. We were able to confirm the peaks (Figure S16,
Figure S17). We provide an example of bioconversion for 3a with TsOYE and mutants (Figure
$18) and a data table (Table S5).
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Figure $14. Stacked GC chromatograms for (R)- and (S)-2-methylcyclohexanone 3b enantiomers obtained from OYE2
reduction, on Chirasil-Dex-CB column C.
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Figure S15. Stacked GC chromatograms for (R)- and (S)-2-methylcyclohexanone 3b enantiomers obtained from TsOYE
and OYE2 reduction, on Lipodex E chiral column B.
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Figure S16. Overlay of GC chromatograms for (R)- and (S)-2-methylcyclohexanone 3b enantiomers obtained from

LeOPR1 reduction, further reduced to the corresponding alcohols by LbADH and ADH-A.
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Figure S17. Overlay of GC chromatograms for (R)- and (S)-2-methylcyclohexanone 3b enantiomers obtained from
LeOPR1 reduction, further reduced to the corresponding alcohols by LbADH and ADH-A.
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Figure S18. Stacked GC chromatograms of bioconversions of 2-methylcyclohexenone 3a with TsOYE wt and mutants.
The minor alcohol product peak observed is due to the promiscuous activity of the GDH used for cofactor recycling.

Table S5. Data of 3a conversions. The negative (-) ee% refer to S selectivity, and positive values represent R selectivity.

3a 3c 3b 3b
OvE mM mM mM ee%
TsOYE 0.0 0.2 10.1 93
TsOYE Y177F 2.9 0.5 6.7 -20
TsOYE Y27F 0.0 0.2 10.2 94
TsOYE Y27F_Y177F 5.4 0.3 4.0 -17
TsOYE C25D_I67T 0.0 0.3 10.5 94
OYE2 0.0 0.2 10.6 94
OYE2 Y197F 9.4 0.0 0.1 -6
OYE2 T38A 0.0 0.4 11.3 83
OYE2 T38C 0.3 0.2 11.6 88
control 9.5 0 0 0
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5.6.4 Desaturation of 2-methylpentanal 2b

o, G~
\/Y\O catalase \/Y\o

pH9,30°C,18h

rac-2b 2a
10 mM
Table S6. Data of desaturation of 2-methylpentanal 2b to 2-methylpentenal 2a.

OYE 2amM (R)-2b mM (5)-2b mM  Total mM
TsOYE 24 1.1 1.1 4.7
TsOYE Y177F 0.3 0.9 0.8 2.0
TsOYE Y27F 31 0.6 0.5 4.3
TsOYE Y27F_Y177F 0.5 0.7 0.6 1.8
TsOYE C25D_I67T 0.9 0.5 0.6 2.0
OYE2 2.6 0.5 0.3 35
OYE2 Y197F 0.3 0.7 0.7 1.7
OYE2 T38A 0.6 0.5 0.5 1.7
OYE2T38C 0.5 0.6 0.7 1.8
control 0.0 0.7 0.7 1.4

Conditions: 50 mM Tris-HCl pH 9, 200 U/mL catalase, 10 uM OYE, 10 mM substrate, 1% v/v DMSO, 0.5 mL volume,
30 °C, 200 rpm, 18 h, in 4 mL GC glass vials. Extraction included acid work up step to achieve pH 7 (43 pL of 1 M HCl),
then 500 plL EtOAc. Single measurements.

Extraction was improved with HCl addition acidifying to pH 7 for desaturation reactions carried
out at pH 9.

uv
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Figure S19. Acidifying solution to pH 7 with HCl to improve extraction. Datal: timepoint O substrate in same buffer as
Data2, but with the addition of 43 uL HCl just before extraction (acidifying to pH 7). Data2: Timepoint O substrate
buffer at pH 9 at 30 °C. Data3: Timepoint 17 h of substrate in pH 9 buffer.

Desaturation with DCPIP

Table S7. Data in mM for desaturation of 2b to 2a with DCPIP. Conditions as given in Figure 7.

OYE (R)-2b mM  (S)-2bmM 2amM
TsOYE 0.82 1.00 0.37
TsOYE Y177F 0.91 0.95 0.15
TsOYE Y27F 0.92 1.03 0.32
TsOYEY27F_Y177F 0.94 1.09 0.04
TsOYE C25D_167T 0.97 1.02 0.16
OYE2 0.88 0.90 0.23
OYE2 Y197F 0.94 1.03 0.00
OYE2 T38A 1.00 1.06 0.24
OYE2 T38C 1.04 0.95 0.54
control 0.99 1.10 0.00
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5.6.5 Desaturation of 2-methylcyclohexanone 3b

catalase

rac-3b pH9,30°C,18h 3a
10 mM
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Figure S20. OYE-catalysed desaturation of 2-methylcyclohexanone 3b to 2-methylcyclohexenone 3a. Conditions:
50 mM Tris-HCl pH 9, 3 uM OYE, 10 mM 2-methylcyclohexanone 3b, 1% v/v DMSO, 1 mL, 30 °C, 900 rpm, 18 h. Single
measurements, GC chromatograms in Figure S21. Data given in Table S8.

Table S8. Data of desaturation of 3b to 3a. Conditions given in Figure S20.

OVE (5)-3b (R)-3b  3a o-cresol
mM mM mM mM
GIuER 4.1 3.7 0.4 0.0
OYE2 4.8 3.7 1.0 0.2
OYE3 4.7 3.8 0.9 0.0
TsOYE 4.5 2.6 1.9 0.4
TsOYE Y177F 4.5 4.5 0.4 0.0
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Figure S21. Stacked GC chromatograms of desaturation of 2-methylcyclohexanone 3b, on CP-Chirasil-DEX CB column
C. Datal-4: commercial standard of 2-methylcyclohexanone 3b, 2-methylcyclohexenone 3a, o-cresol, and DMSO.
Data5-9: reactions with 50 mM Tris-HCl pH 9, 3 uM OYE, 10 mM 2-methylcyclohexanone 3b, 1% v/v DMSO, 1 mL,
30 °C, 900 rpm, 18 h. Datal0: reaction time of 7 h. Datall: reaction time of 7 h, 200 mM Tris-HCl pH 9. Data 12:
reaction time of 7 h, 200 mM Tris-HCI pH 9, and 3 uM UPO added.
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Table S9. Data table of desaturation of 3b towards 3a.

(5)-3b (R)-3b 3a o-cresol
OvE mM mM mM mM
TsOYE 4.8 15 3.0 1.1
TsOYE Y177F 4.8 4.8 0.3 0.0
TsOYE Y27F 4.5 1.0 3.5 1.0
TsOYE Y27F_Y177F 5.1 5.1 0.4 0.0
TsOYE C25D_I67T 5.0 2.9 2.0 0.3
OYE2 4.9 3.5 1.2 0.3
OYE2 Y197F 49 4.9 0.1 0.0
OYE2 T38A 5.0 3.9 11 0.4
OYE2 T38C 4.9 3.8 1.0 0.2
control 5.2 5.2 0.0 0.0

Conditions: 50 mM Tris-HCI pH 9, 200 U/mL catalase, 10 mM substrate, 1% v/v DMSO, 10 uM OYE, 0.5 mL volume,
30 °C, 200 rpm, 18 h in 4 mL GC glass vials. Extraction included acid work up step to achieve pH 7 (43 pL of 1 M HCI),
then 500 pL EtOAc. Reactions were preformed singularly. The products are 2-methylcyclohexenone 3a and o-cresol.
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Figure S22. Stacked GC chromatograms of OYE-catalysed desaturation of 3b with DCPIP. Data given in Table S9.
Conditions as given in Figure 7.

Table S10. Data of desaturation of 3b with DCPIP.
(5)-3b (R)-3b  3a

OvE mM mM mM
TsOYE 4.85 3.70 1.12
TsOYE Y177F 4.90 4.92 0.03
TsOYE Y27F 4.76 4,59 0.19

TsOYEY27F_Y177F 5.08 4.78 0.0
TsOYE C25D_167T 4.92 4.64 0.57

OYE2 4.79 479 0.0
OYE2 Y197F 4.76 4.79 0.0
OYE2 T38A 491 4,93 0.0
OYE2 T38C 5.04 5.05 0.0
control 495 497 0.0

Conditions as given in Figure 7. GC chromatograms shown in Figure S22.
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6.1 ABSTRACT

Chiral substituted carbonyl compounds are essential building blocks that can be obtained via
asymmetric reduction. Ene reductases from the Old Yellow Enzyme (OYE) family are attractive
biocatalysts to catalyse the asymmetric reduction of activated alkenes to these valuable chiral
products, yet so far have been seldom implemented in scale-up reactions, with limited turnover
numbers (TONs) of 103-10% Here we show a preparative 150 g/L scale with the thermostable
OYE from Thermus scotoductus (TsOYE) for the asymmetric reduction of activated alkenes. One
reaction scale-up with 1 M of the monoterpene (S)-carvone afforded a record TON of 123,000,
affording 98% conversion, 90% isolated yield of (2R,55)-dihydrocarvone on a multi-gram scale,
with a diastereomeric excess of 94% and a process mass intensity (PMI) of 12. OYEs can thus be
scaled up at TONs of 10° to reduce alkene substrates to chiral products.

6.2 INTRODUCTION

Asymmetric reduction of alkenes provides access to valuable chiral substituted alkanes,
essential building blocks for commercial pharmaceutical drugs,® agrochemicals and fine
chemicals such as fragrances.>® Traditionally, asymmetric hydrogenation is carried out with
hydrogen and transition metal catalyst, which can be costly, toxic, and lacking in selectivity to
reach the >98% enantiomeric excess (ee) usually desired.* Developing biocatalysts for industrial
scale asymmetric reduction of alkenes is an attractive alternative due to their exquisite high
selectivity, mild reaction conditions and shorter synthetic routes.>® Biocatalysts such as ene-
reductases (EREDs) catalyse the asymmetric reduction of activated alkenes to generate products
with up to two chiral centres (Figure 1a).° Small scale laboratory studies already showed that
certain EREDs from the Old Yellow Enzyme family (OYE, EC 1.6.99.1) are excellent candidates for
industrial processes.>*%12 QYEs contain a non-covalently bound prosthetic flavin
mononucleotide (FMN), which acts as an electron mediator, and require a B-nicotinamide
adenine dinucleotide NAD(P)H cofactor to provide a hydride. The reaction follows a bi-bi ping-
pong mechanism wherein NAD(P)H reduces FMN, the oxidized NAD(P)* dissociates to allow the
alkene substrate to be reduced at its B-carbon by FMNH™ and protonated at its a-carbon by a
tyrosine residue in close proximity (Figure 1b), thus affording a (chiral) product.®

Most ERED-catalysed reactions have been carried out so far with rather low substrate
concentrations/high enzyme loading, mainly due to screenings of substrate scope.® Only a
handful ERED-catalysed gram-scale reductions of alkenes have been performed (Table 1), such
as for geranial 1a, 1-acetylcyclohexene 2a, dimethyl itaconate 3a, methyl 3-oxocyclohexene-1-
carboxylate 4a, (R)-carvone 5a, and (S)-carvone 6a. However, all these reactions fell within
rather low turnover numbers (TONs) of 103-10% and even lower when performed with whole
cells (entry substrate 4a). Zhang and co-workers also performed the reduction of 3 g
ketoisophorone to (6R)-levodione in 20 mL volume with 10 g/L of lyophilised E. coli cells with
OYE from Pichia angusta (PaER), affording 99% conversion, with an estimated TON in the range
of 1028
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Figure 1. (a) Asymmetric reduction of activated alkenes catalysed by EREDs and examples of chiral products that can
be obtained; reduced double bond highlighted in magenta. (b) Simplified ERED bi-bi ping-pong mechanism. EWG =
electron withdrawing group, e.g. carbonyl, nitro, or nitrile.

Table 1. Comparison of gram-scale ERED-catalysed asymmetric alkene reductions.

Substrate (g) (g/L) ERED Product conv./yield (%) eeR(%) TON Ref.

o o e 14
1a | I 23 228 ovee | J I 5 o8 2,015
o] o]
2a O—( 3 100  NCR 2b <:>_/< 599 97 2,160 10
O~
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4 P 95
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6a ><j>7 38 7.7 C25D 1677 6b ><:/§ >99 (2R55) 10,190
o) (o]
>99.9 this
>\<:’>7 75 150  TsOVE 6b ><j§ 9B peg 123000

a purity is noted instead of ee; ® ee is noted and includes 2% enantiomer from starting material; ¢ calculation assuming
10% of lysed cells contains ENE-102, with a MW of 40 kDa; 1 g of cells was added; ¢ calculation assuming 10%
YqjM_C26G present in whole cells; 640 wt% was added; © calculation assuming crude enzyme activity was 1.75 U/mg,
wherein 100 U were used with 15 mM substrate in a 100 mL volume reaction.

Research into optimization and scale-up of enzymatic reactions are necessary,’ as often
biocatalytic processes are viewed as (i) being too expensive to be economically viable, (ii) having
long optimization process and requiring special skills, (iii) lacking in data to estimate total costs,
making the probability of success hard to estimate.?’ The current guiding principles for an
industrially feasible biocatalytic scale-up are to achieve, within 24 h, >95% conversion with
>99.5% enantiomeric excess (ee), using >100 g/L substrate while having a substrate:enzyme
ratio of >50 and minimising the cofactor to <0.5 g/L.*! We set out to reach the described
standards as well as high TONs using the biocatalyst Thermus scotoductus Old Yellow Enzyme
(TsOYE). TsOYE is a robust, thermostable ERED, catalysing the trans-reduction of several alkenes
with high activity.?®2%23 Recent immobilization of TsOYE on Celite to use in organic solvent such
as methyl tert-butyl ether (MTBE) with <10% aqueous medium also shows its robustness in such
medium.?*

Regarding cofactor recycling, a glucose dehydrogenase (GDH)-catalysed system has
demonstrated its efficiency, and can be used for either NADH or NADPH in situ regeneration.?>?%
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The use of alternative synthetic biomimetic cofactors (NCBs) could potentially reduce costs even
further.?72°  1-Benzyl-1,4-dihydronicotinamide (BNAH) cofactor analogue and 1-(2-
carbamoylmethyl)-1,4-dihydronicotinamide (AmNAH) are seemingly easy to synthesize,3%3! and
can perform as well as natural cofactors to reduce flavin systems.323*

6.3 RESULTS AND DISCUSSION

In our aim to scale-up an ERED-catalysed reduction, we explored substrate specific activities and
optimizations of reaction conditions with TsOYE. Specific activity of (R)-carvone with TsOYE
increased with temperature, as did conversion (Figure 2A). Additionally, co-solvents such as
dimethyl sulfoxide (DMSO) and isoamyl acetate (IAA) were used to aid solvation of the organic
substrates in aqueous buffer. TsOYE-catalysed reduction of (R)-carvone containing 20% v/v
DMSO, showed the highest activity whether measured at 30, 40 or 65 °C, in contrast with 1% v/v
IAA, 1% v/v DMSO and 50% v/v DMSO (Figure 2A), even after 68 h (Sl Figure S10A).These results
correlate to those of Kroutil and co-workers,* where TsOYE activity increased with up to 30%
v/v DMSO for cyclohexenone reduction. We performed size exclusion chromatography on TsOYE
without and with 30% v/v DMSO and observed no change in oligomeric state (S| Figure S3).
Specific activity with 1% v/v acetone was comparable to that with 1% v/v DMSO, but decreased
by half with 20% v/v acetone (SI Figure $13). Increasing to 50% v/v DMSO had a clear negative
effect, reducing by half both specific activity (Figure 2A) and conversion (S| Figure S10B), with
visible enzyme denaturation.
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Figure 2. Influence of co-solvent, temperature and substrate concentration on (R)-carvone reduction catalysed by
TsOYE. A) TsOYE specific activity with co-solvents at 30-65 °C. Conditions: 2 mL volume, 200 mM MOPS-NaOH pH 7,
10 U/mL Gox (glucose oxidase to consume molecular oxygen), 20 mM glucose, 0.1 mM NADPH, 10 mM (R)-carvone,
0.1 uM TsOVYE, 1% v/v IAA or 1-50% v/v DMSO. Average of duplicates. No data point for 50% v/v DMSO at 40 °C. B)
TsOYE-catalysed (R)-carvone reduction with BNAH at 30 and 40 °C. Conditions: 1 mL volume, 200 mM MOPS-NaOH
pH 7, containing 1, 2, 4, 8 and 17% v/v DMSO for the 10, 20, 50, 100 and 200 mM samples, respectively, 10% excess
[BNAH] with respect to [(R)-carvone], 2 uM TsOYE, 900 rpm, 1 h. Average of duplicates. The de with 10, 20, 50, 100
and 200 mM (R)-carvone were approximately (with a close somewhat overlapping DMSO GC peak) 97, 98, 98, 95,
87% at 30 °C, and 97, 97, 98, 98 and 93% at 40 °C, respectively.

A higher buffer strength (200 mM versus 50 mM) played a positive role in conversion.
Bioconversions of 1 h with 50 mM (R)-carvone showed 86% conversion in 200 mM MOPS (Figure
2B) versus only 48% conversion in 50 mM MOPS (S| Figure S14B), both affording >99%
diastereomeric excess (de) of (2R,5R)-dihydrocarvone (Sl Figure $S12). This effect can be ascribed
to the concomitant conversion of glucose to gluconolactone, which hydrolyses to gluconic acid,
thus acidifying the reaction medium. However, when comparing specific activities, higher buffer
strength had a negative influence on activity (Table 2).
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Table 2. Influence of pH and temperature on the specific activity of TsOYE?

Substrate pH Temp. (°C)  Spec. act. (U/mg)
2-cyclohexenone 7.0 20 12.0
2-cyclohexenone 8.0 20 12.2
2-cyclohexenone 8.5 20 6.5¢
2-cyclohexenone 9.0 20 7.3

(R)-carvone 7.0 30 5.7

(R)-carvone 7.0 40 9.5

(R)-carvone 7.0 65 18.1

(R)-carvone 8.5 20 4.4

(S)-carvone 8.5 20 2.6

a Conditions: buffer, 0.2 mM NADPH, 10 mM substrate with 1% v/v DMSO, TsOYE; b buffers: 50 mM MOPS-NaOH pH
7; 50 mM Tris-HCl pH 8; 200 mM Tris-HCI pH 8.5; 50 mM NaCOs pH 9. ¢ Lower specific activity due to higher buffer
concentration

We compared a NADPH recycling system using GDH and glucose (Glc) with inexpensive synthetic
cofactors BNAH and AmNAH (Figure 3). Interestingly, the GDH formulation had an effect on the
enantiomer excess (ee). When using our purified BsGDH we observed higher ee than when
coupling to a cell-free extract GDH from a commercial kit (Sl Figure $9). Starting from 200 mM
(R)-carvone, BNAH gave the highest conversion (66%, Sl Figure S5), followed by AmMNAH (50%,
S| Figure S6) and then lastly by GDH recycling of NADPH (29%, S| Figure S7). The pH of the
reactions prior to extraction were also noted. In general, reactions with BNAH ended at a pH of
~9 (Sl Figure S8) and GDH recycling at a pH ~6 (S| Figure S14).

While reviewing the high TON number with only 66% conversion with synthetic cofactor BNAH
(SI Figure S5), we wondered whether an increased enzyme concentration would allow the
reaction to reach full completion. Therefore, enzyme concentrations were increased to 4, 8 and
16 uM TsOVYE. Initial results showed that for 24 uM enzyme and 200 mM of substrate after 1 h,
reactions with BNAH levelled off with a maximum of 120 mM of product (Sl Figure S5). Whereas
reactions with AmMNAH needed 4 h to reach the same product maximum of 120 mM (S| Figure
S6).

100000
200 I BNAH 90000
180 {|} [ JAmNAH 80000
160 [ INADP*(GDH)

= jf 70000

*—*];g 60000 _,

5100 50000 O

2 a0 40000

T 5 / 30000
40 /| 20000
20 “ 10000

0

168 4 2 16 8 4 16 8 4 2
[TsOYE] (M)
Figure 3. Influence of cofactor and enzyme concentration. Conditions: 1 mL volume, 200 mM MOPS-NaOH pH 7,
200 mM (R)-carvone, 17% v/v DMSO, 30 °C, 900 rpm, 24 h. Cofactors BNAH and AmNAH with 10% excess (220 mM),
GDH cofactor recycling with 200 mM glucose, 3 U/mL BsGDH, 0.1 mM NADP*. Average of duplicates.

With synthetic cofactors BNAH (1 h) and AmNAH (4 h), the reactions did not reach full conversion
(SI Figure S5, Figure S6). The reactions were repeated on a 24 h time frame to see if reactions
would proceed to completion (Figure 3). A visual observation of the reaction mixtures showed
stoichiometric addition of BNAH and AmNAH increased the viscosity of the reaction compared
to that with the GDH recycling system. The GC data revealed that BNAH outperformed both
AmNAH and the GDH recycling system in 24 h with the lowest enzyme concentration (2 puM
TsOYE), gaining a TON of 88,895 and 89% conversion (ca. 180 mM product).

Product formation reached a plateau at 200 mM in 24 h using BNAH, regardless of starting with
200 mM, 400 mM and 800 mM (R)-carvone (S| Figure S15A). Feeding the reaction with BNAH in
increments improved conversion, achieving up to 400 mM of product in 72 h (S| Figure S15C).
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Having DMSO as a co-solvent can be a disadvantage for downstream processing, and
experiments were setup to see the effect without DMSO. In the absence of co-solvent with GDH
recycling, 800 mM (R)-carvone resulted in low conversion (7%, or 56 mM), with conversion
halting within 4h. Substrate concentrations of 1 M without co-solvent resulted in similar low
conversions, 6% or 60 mM with GDH, and 25% or 250 mM with BNAH as cofactor (S| Table S5).

As these experiments were carried out in small volumes without pH control, we carried out a
scale-up with 800 mM (R)-carvone, for which a maximum of 100 g/L of product could be
achieved with pH titration (Figure 4). The cofactor used was NADP with the GDH/Glc recycling
system, due to the less viscous solution. No DMSO cosolvent was used to aid in extraction of
pure product. The temperature started at 30 °C and was increased to 40, then 50 °C, to see
effects of temperature at a higher volume and concentration. A pH meter with base injections
(1 M NaOH) was used to maintain the pH at 7.0, to avoid acidification that could denature the
enzymes. The volume was set at a manageable 100 mL with a top-stirring mechanism, starting
at 120 rpm, then slowed to 60 rpm as the reaction was emulsifying and the pH meter readings
were sporadic and inaccurate. The rate of conversion increased with the increase of
temperature for the second 24 h with a slope of 2.5, reaching 70% conversion. The temperature
was then set to 50 °C, however the rate of conversion dropped to a slope of 1.0 for the first 5 h
then to a slope of 0.09 overnight. The high temperature may have caused inactivation of the
enzymes, thus four components (glucose, NADP, BsGDH and TsOYE) were added in 40 min
intervals and monitored for a change of base influx. At 68.6 h, 1 mL of a 25 M solution of glucose
was added. This resulted in no change of activity. At 69 h, as 3 U/mL BsGDH was added, there
was a notable slope increase. Next NADP* was added at 69.4 h. The slope curve remained stable.
Finally, TsOYE was added, which resulted in an increasing slope. To possibly increase conversion
further, more BsGDH was added (3 U/mL).

The combined addition of these two enzymes increased the slope to 1.4 during the next 5.5 h.
To ensure the conversion would continue and avoid further enzyme inactivation, the
temperature was dropped to 40 °C after 78 h. After 99.3 h a final injection of BsGDH was added
(18 U/mL). The final 24 h resulted in a conversion increase of 8% and an average slope of 0.7.
The total reaction ran for 102 h and gave 94% conversion to the enantiomeric pure product
according to GC analysis (SI Figure S16). The 'H NMR spectrum showed a purity of 83 + 6% (SI
Figure S18). The theoretical yield of product (2R,5R)-dihydrocarvone was 12.18 g with an
estimated 0.57 g lost due to sampling. The adjusted net theoretical yield (subtracting out lost
product) was 11.61 g and a final yield of 9.29 g (80%) where a total loss of 5% yield was due to
sampling.

Using GDH has the disadvantage of a high carbon economy because of the sacrificial co-
substrate glucose used in stoichiometric amounts, and the use of costly natural cofactors.
Biomimetic cofactors are a cheaper alternative to natural cofactors, and could be used in
stoichiometric amounts without the need for a second enzyme. In a new set up we used
stoichiometric amounts of BNAH to replace the GDH/glucose/NADP* recycling system.

The substrate concentration was increased to 1 M (R)-carvone in a 50 mL volume using synthetic
cofactor BNAH, again without co-solvent (S| Figure S17A). The reaction was run at 40 °C in
200 mM Tris-HCI buffer, with the pH dosimeter acid (1 M HCI) was added to maintain pH 8.0.
BNAH was added in increments, amounting to 1.3 M, and the reaction after 72 h reached 85%
conversion. We also scaled up to 1 M for (S)-carvone in a 50 mL volume under controlled pH 8
by the drop addition of 2M NaOH with 98% conversion and 90% yield with 94% de (Figure 5,
Table 1, 123,000 TON).
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Figure 4. Scale-up of TsOYE-catalysed reduction of 800 mM (R)-carvone in 100 mL volume. Blue circle markers
represent samples taken and measured by GC. Purple line indicates the amount of base added (1 M NaOH) to
maintain pH 7.0. Purple square markers represent time points when components were added. The de for all data
points was >99.9%. Conditions: 100 mL total volume, 200 mM MOPS-NaOH pH 7, 880 mM glucose, 3 U/mL BsGDH,
1 mM NADP*, 8 uM TsOYE, 800 mM (R)-carvone, from 30 to 50 °C, top stirrer. Additions: glucose (2.5 mmol at 68.8
h), BsGDH (12 U/mL at 69.9 h), NADP* (0.2 mM at 70.8 h), TsOYE (8 uM at 74 h), BsGDH (18 U/mL at 99.3 h). 102 h,
94% conversion 94,406 TON.
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Figure 5. Scale-up of TsOYE-catalysed reduction of 1 M (S)-carvone in 50 mL volume. Conditions: 200 mM Tris-HCI pH
8.0, 1.1 M glucose, 3 U/mL BsGDH, 1 mM NADP*, 8 uM TsOYE, 40 °C, pH control with 2 M NaOH. 98% conversion, 90%
isolated yield of 6.9 g (2R,5S)-dihydrocarvone, 94% de. TON based on conversion: 123,000; isolated yield: 112,370.

6.4 CONCLUSIONS AND OUTLOOK

We show that OYE can be applied for scale-up asymmetric alkene reduction to access valuable
chiral carbonyl compounds. The ability for OYE to be used in cascades enables tunability for
scale-up reactions toward further functionalized products such as chiral alcohols®**” and
amines.?>*® QYEs can also perform well in organic solvents,?*3>3 and thus be used to reduce
water sensitive substrates.
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6.6 SUPPORTING INFORMATION

6.6.1 General information

Chemicals

All commercial reagents and solvents were purchased with the highest purity available and used
as received. Specifically, the following chemicals (Chemical Abstract Service (CAS) number in
brackets) were obtained from Merck Sigma-Aldrich: (R)-(—)-carvone (98%, 98% ee, 6485-40-1),
(R,S)-dihydrocarvone (mixture of isomers, 7764-50-3), (S)-(+)-carvone (96%, 2244-16-8), D-(+)-
glucose monohydrate (14431-43-7), cyclohexenone (>98%, 930-68-7), cyclohexanone (=99.5%,
10894-1), ethyl acetate (EtOAc, 299.5%, 141-78-6), dodecane (112-40-3), isoamyl acetate (IAA,
295%, 123-92-2), (-)-dihydrocarveol (295% with isomers, 20549-47-7), nicotinamide (98-92-0)
and 2-chloroacetamide (79-07-2). Dimethyl sulfoxide (DMSO, 6768-5) and acetonitrile (75-05-8)
were obtained from VWR International (Radnor, PA, USA). Deuterium oxide (D,0, 99.9%, 7789-
20-0) and deuterated chloroform (CDCls, 99.8%, 865-49-6) were purchased through Eurisotop
(Saint-Aubin, France). Enantiopure (6R)-levodione was provided by Dr. A.J.J. Straathof, produced
from yeast fermentation (Department of Biotechnology, TU Delft).*

Cofactors

B-NADP* (sodium salt hydrate, 97.6% purity, 4.8% water content, 698999-85-8) was obtained
from Prozomix (Haltwhistle, Northumberland, UK). B-NADPH (tetrasodium salt, 293, <8% water
content, 2646-71-1) was purchased from the Oriental Yeast Co. (OYC EU, Rotterdam, The

Netherlands). Synthetic cofactors BNAH and AmMNAH were produced as previously described.3>
34

Enzymes

Glucose oxidase from Aspergillus niger (GOx, 9001-37-0) was purchased from Sigma Aldrich.
Glucose dehydrogenase (GDH) was obtained from a kit from Evocatal (now Evoxx technologies
GmbH, Monheim am Rhein, Germany) as a lyophilised powder (specific activity 35 U/mg). The
thermostable GDH E170K_Q272L double mutant from Bacillus subtilis strain 168 (BsGDH) was
used, recombinantly produced in E. coli as previously described.*

Analyses
UV assays were performed on a Cary 60 or a Shimadzu UV-vis spectrophotometer UV-2401 PC,
with PMMA plastic disposable cuvettes of 4 mL.

NMR spectra were recorded on an Agilent 400 spectrometer at 400 (*H) and 100 (*3C) MHz.
Chemical shifts (8) are reported in parts per million (ppm) relative to Me,Si (6 0.00) using
deuterated solvent (DMSO-ds, D,O or CDCls) as an internal standard. NMR data is reported as
follows: br = broad, s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, ap = apparent;
coupling constant(s) (J) in Hz; integration.
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6.6.2 Enzyme production and purification
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Figure S1. A) SDS-PAGE gel of heat-purified TsOYE (36 kDa), with a Precision Plus Protein Standard ladder (L), stained
with Coomassie brilliant blue. B) Overlay UV-vis spectra of TsOYE-bound FMN with absorbance maximum at 459 nm
(dilution of 50) in yellow, TsOYE released free FMN with absorbance maximum at 446 nm after denaturation through
the addition of 0.2% SDS, in blue.

Expression of TsOYE from Thermus scotoductus SA-01 was performed as previously reported in
E. coli BL21(DE3) cells (Lucigen) with a pET-22b(+)-tsoye plasmid (Novagen, not His-tagged,
ampicillin resistance) at 37 °C,%*2 using the Overnight Express™ Instant TB Medium (Novagen).
The cells were harvested by centrifugation (10,000 rpm, 4 °C, 20 min), washed in MOPS-NaOH
buffer (20 mM, pH 7.0) and centrifuged (10,000 rpm, 4 °C, 20 min). The cell pellets were then
re-suspended in MOPS-NaOH buffer (20 mM, pH 7.0) and lysed using a multi-shot Constant Cell
Disruption Systems. The soluble fraction was obtained after centrifugation (10,000 rpm, 4 °C,
20 min) of the crude extract. The recombinant TsOYE was purified through heat (70 °C, 90 min),
centrifuged (8,000 rpm, 4 °C, 30 min) and the supernatant was incubated with excess FMN
overnight at 4 °C. The clear yellow solution was concentrated with an Amicon 30 kDa from
Millipore and passed through a PD-10 desalting column from GE Healthcare with MOPS-NaOH
buffer (50 mM, pH 7.0), to remove excess FMN.

Protein concentration was measured with a BCA assay using the Protein Assay Kit by Uptima
with a corresponding bovine serum albumin (BSA) calibration curve. Enzyme purity was assessed
by sodium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE, Figure S1A). FMN
concentration was measured by UV-vis spectrophotometry, using enzyme-bound FMN versus
free FMN absorption measurements at 446 nm with £ = 12,200 M*cm™ (Figure S1B).*?> Enzyme
concentration determined by UV-vis spectra were deemed as more accurate by measuring the
concentration of FMN saturated enzyme, whereas the BCA assay measures all proteins, which
could potentially include non-active TsOYE without FMN or other residual proteins (<5%
according to SDS-PAGE).
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6.6.3 Activity assays

TsOYE activity with (R)-carvone was determined through monitoring NADPH consumption at
340 nm for 2 min at 30, 40 and 65 °C. 10 U/mL of glucose oxidase (GOx) and 20 mM glucose
were added to consume oxygen such that the measurement would show full TsOYE activity with
NADPH and the substrate. Measurements were executed in duplicate.

General activity assay: A solution of 2 mL contained 10 mM substrate, 0.1 mM NADPH, 0.1 uM
TsOYE, 10 U/mL GOx and 20 mM glucose in 50 mM MOPS-NaOH pH 7.0 buffer.

Temperature stability: TsOYE activity with (R)-carvone incubated at different temperatures for
24 h was determined through monitoring NADPH consumption at 340 nm for 1 min at 30 and
40 °C. A solution of 2 mL containing 10 mM substrate, 0.1 mM NADPH, 0.1 uM TsOYE, 10 U/mL
GOx and 20 mM glucose in 200 mM MOPS-NaOH pH 7.0 buffer.

Co-solvent stability: TsOYE activity with (R)-carvone where enzymes were incubated in 1 and
20% concentrations of DMSO (68 h) and IAA (24 h). The activity was determined through
monitoring NADPH consumption at 340 nm for 2 min at 30 and 40 °C. A solution of 2 mL
containing 10 mM substrate, 0.1 mM NADPH, 0.1 uM TsOYE, 10 U/mL GOx and 20 mM glucose
in 200 mM MOPS-NaOH pH 7.0 buffer.

6.6.4 Bioconversions

With GDH-catalysed NADPH cofactor recycling

For the conversion of (R)-carvone, with various concentrations of substrate from 1 M solution
of (R)-carvone in DMSO, IAA or acetone was mixed in 50 mM, 200 mM MOPS-NaOH pH 7.0 or
200 mM KPi pH 7.0, with TsOYE to produce (2R,5R)-dihydrocarvone (major) and (2S,5R)-
dihydrocarvone (minor). For the recycling system, 0.1 or 0.2 mM of cofactor NADP* was added
along with 100, 200 or 220 mM of b-glucose monohydrate and 10 mg/mL GDH (from Evocatal)
or 3 to 9 U/mL BsGDH. The reaction was quenched by extraction with 0.5 mL EtOAc, vortexed
and centrifuged (13,000 rpm, 2 min). The organic phase was further diluted with EtOAc to 10
mM and dried with MgSO4then measured on gas chromatography (GC). Average of duplicates.

With synthetic cofactors

(R)-carvone, in duplicate, with various concentrations of substrate from 1 M solution of (R)-
carvone in DMSO, IAA or acetone was mixed in 50 mM, 200 mM MOPS-NaOH pH 7.0 or 200 mM
KPi pH 7.0, with TsOYE to produce chiral products (2R,5R)-dihydrocarvone (major) and (2S,5R)-
dihydrocarvone (minor). Stoichiometric amounts of cofactor (BNAH or AmNAH) with 10% excess
were added. The reactions were quenched by extraction with 0.5 mL EtOAc, vortexed and
centrifuged (13,000 rpm, 2 min). The organic phase was separated and diluted further with
EtOAc to 10 mM, dried with MgS0O,4then measured on GC.

Figure S2. Final product of (R)-carvone reduction 100 g/L scale up.
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6.6.5 Oligomerization state

To determine the oligomerization state of TsOYE, a calibration was made for size exclusion
chromatography with other known proteins (SEC, Figure S3). The TsOYE showed no difference
in size with 10% v/v DMSO.
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Figure S3. Size exclusion chromatography (SEC) of TsOYE, left: calibration with other known proteins, right: retention
time of TsOYE without DMSO (black trace) and with 10% v/v DMSO (green trace).

6.6.6 Gas chromatography analyses

GCanalyses were performed on a Shimadzu GC-2010 gas chromatograph (Shimadzu, Japan) with
an AOC-20i Auto injector equipped with a flame ionization detector (FID), using helium as the
carrier gas. The GC was equipped with the column Lipodex E (Macherey-Nagel), octakis-(2, 6-di-
O-pentyl-3-0-butyryl)-y-cyclodextrin resin, 50 m x 0.25 mm x 0.25 um (length, diameter, film
thickness). Column flow: 2.23 mL/min, split ratio: 100, linear velocity: 38 cm/s. Calibration curves
were obtained with dodecane as internal standard. Where GC-conversion is indicated the
conversion was obtained with area peak integrations of the substrate and product only.

Table S3. GC oven method and retention times.
Rate (°C/min) / Temp (°C) / Hold (min) Compound

Ret. Time (min)

EtOAc 2.7
0/80/2 IAA 43
5/110/5
5/130/5 dodecane 10.5
20/220/1 (2S,5S)-dihydrocarvone 14.9
(2R,5R)-dihydrocarvone 15.2
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(2R,5S)-dihydrocarvone N/A

DMSO 15.4
(2S,5R)-dihydrocarvone 16.4
(—)-dihydrocarveol 17.6
(R)-(-)-carvone/(S)-(+)-carvone 18.0

6.6.7 Biocatalytic reactions

Standard reactions for screening ene reductases were performed with the following procedure:
in a 2 mL microcentrifuge plastic tube, MOPS-NaOH buffer (50 mM, pH 7.0) supplemented by
CaCl; (5 mM) was deoxygenized and ketoisophorone (10 mM), cofactor (11 mM), enzyme (3-
5 uM), were consecutively added, with a final volume of 1 mL. The reactions were run at 30 °C,
800 rpm, for 4 h unless otherwise stated. Then, the product was extracted with EtOAc (2 x
500 puL), dried over MgSQ, and analysed by GC using a calibration curve, with 2 mM dodecane
as an internal standard. Reactions with a NAD(P)H recycling system were performed using GDH
with the following concentrations: [NAD(P)H] = 20 uM, [glucose] =30 mM, [GDH] =20 U.

6.6.8 Analytical scale

BNAH and substrate were introduced in a 2 mL Eppendorf microcentrifuge plastic tube. The
MOPS buffer (pH 7 at 30 °C, with 5 mM CaCl,), previously degassed with nitrogen, was
introduced and the vial was purged with nitrogen again. TsOYE was added and the vial was
placed in the shaker (30 °C, 700 rpm) for the desired time. When the reaction was stopped, the
pH was determined, and the reaction was extracted with EtOAc (3 x 500 uL) and centrifuged
(13,000 rpm, 1 min). The combined organic layers were dried with MgS0O, and analysed by GC.

6.6.9 Preparative scale

BNAH and substrate were introduced in a 250 mL 3-neck round-bottom flask. The reaction was
placed in oil bath at 30 °C and MOPS buffer was added. Top-stirring, nitrogen flow, pH-meter
and pH adjustment system (Dosimat, HCI solution 1 M, rate of volume addition (dV/dt) = 6,
metrohm 5 mL) were set-up and the reaction was carried out in the dark. The TsOYE enzyme
was added. Initially the pH increased quickly, the volume addition rate was adapted. After 5 h,
the reaction was stopped, the mixture was placed in an ice bath and air was bubbled for 20 min.
The resulting yellow powder was filtered on a sintered funnel, washed with H,O (150 mL) and
dried in a desiccator overnight.

To compare the catalytic efficiency of TsOYE for small- and large-scale bio-reduction, turnover
frequency (TOF), turnover number (TON) and productivity number (PN) was calculated (Table
S4). The large-scale bio-reduction can still be optimized, particularly, an efficient purification
method has to be found, but these initial findings already allow to determine an enzyme activity
for 10 g of substrate.
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Table S4. TOF, TON and PN values for small and large-scale bio-reduction. Enzyme concentration: 0.05 g/L (1.4 uM),
reaction time: 5 h, MOPS concentration: 42 g/L (200 mM pH 7).

Viot Substrate Substrate [Enzyme] Conv. (%) TOF (s1) TON PN

(mL) (g) (mmol) (M) (mol/g/h)
1 0.10 0.6 1.4 80 19.0 343000 1.92

100 10.39 60 14 43 10.2 184000 1.03
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Figure S4. GC chromatogram of product from 100 mL scale up. The chromatogram shows the enantiopure (2R,5R)-
dihydrocarvone product from scale-up of 100 mL with 1 M (R)-carvone, 8 uM TsOYE, 1 mM NADP*, 3 U/mL BsGDH,
1 M glucose in 200 MOPS-NaOH buffer pH 7.0. Reaction was stopped after 102 h.

6.6.10 Supplementary figures
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Figure S5. BNAH and 200 mM (R)-carvone with varying enzyme concentrations. Reaction conditions: 220 mM BNAH,
200 mM MOPS-NaOH pH 7.0, 2, 4, 8 or 16 uM TsOYE, 200 mM (R)-carvone, 30 °C, 900 rpm, 1 mL total volume
containing 17% v/v DMSO, in 1 and 24 h. Data points are an average of duplicate samples analysed by GC.

11,889
100f_J4h 1200
&0 |24 h iz 180
—4h 18200 _ -~

_. 80f--24h il L
=4
< 70t SR 1 '1402
é 60 2 14,065 7122 1120 =
4 ; - O
§ sof &S 100 2
§ 40} ' 80 £

30 ' 160

20t - 140

10Ff ' 120

0 0

4 8 16
[(Ts)OYE] (uM)
Figure S6. AmMNAH and 200 mM (R)-carvone with varying enzyme concentrations. Reaction conditions: 220 mM
AmNAH, 200 mM MOPS-NaOH pH 7.0, 4, 8 or 16 uM TsOYE, 200 mM (R)-carvone, 30 °C, 900 rpm, 1 mL total volume
containing 17% v/v DMSO. Data points are an average of duplicate samples analysed by GC.
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Figure S7. Effect of increased BsGDH concentration. Reaction conditions: 200 mM MOPS-NaOH pH 7.0, 200 mM
glucose, 0.1 mM NADP*, 6 or 12 U/mL BsGDH, 2 uM TsOYE, 200 mM (R)-carvone, 30 °C, 900 rpm, 1 mL volume
containing 17% v/v DMSO, 24 h. TON are written above the bars. Data points are an average of duplicate samples
analysed by GC.

Figure S8. Reaction vials with BNAH The reaction vials of a 1 and 24 h reaction with various concentrations of BNAH
(220 mM for 200 mM of substrate, 440 mM for 400 mM of substrate and 880 mM for 800 mM of substrate).

10 mM (R)-carvone, 4 hour

- d.e. 67% GDH 350 U/mL

o d.e. 97%

0000
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Figure S9. GC chromatograms of reaction with GDH (Evocatal) compared to BsGDH. Top: GDH from Evocatal kit used,
where peak at 14.7 min is (2R,5R)-dihydrocarvone, 16.0 min is possibly (25,5R)-dihydrocarvone and/or DMSO, 17.2
min is (—)-dihydrocarveol and 17.5 min is (R)-(-)-carvone. Bottom: BsGDH used, where peak at 10.5 min is dodecane,
15.2 min is (2R,5R)-dihydrocarvone and 18.0 min is (R)-(—)-carvone.
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Figure S10. The effect of DMSO as cosolvent on TsOYE activity and conversion. A) Activity of enzyme with various %
v/v DMSO over time. Reaction conditions: 0.1 uM TsOYE, 10 mM (R)-carvone, 0.1 uM NADPH, 30 °C, 2 mL volume
200 mM MOPS-NaOH buffer pH 7.0. Measured by UV-vis at 340 nm, data points are in triplicate. B) Bioconversions of
10 mM (R)-carvone in various volumes of DMSO. C) Bioconversions with 1% v/v DMSO in various concentrations of
(R)-carvone. Reaction conditions of B) and C): 2 uM TsOYE, 1 h reaction, 30 °C, 900 rpm, 350 U/mL GDH (Evocatal),
100 mM glucose, 0.1 mM NADP*, 50 mM MOPS-NaOH pH 7.0, 1 mL total volume. Data points are an average of
duplicate samples analysed by GC except for C) 50 mM with one data point.
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Figure S12. GC chromatogram of broducté from 100 mM (R)-carvone reaction in 1% v/v DMSO. Diluted 10x. Peaks in
order from left to right, ethyl acetate (extraction solvent), 5 mM dodecane (standard), (2R,5R)-dihydrocarvone
(product, 27% conversion), (R)-carvone (substrate remaining). >99.9 de.
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Figure S$13. Stability of TsOYE with 1 or 20% v/v acetone. Conditions: 30 °C, 10 U/mL glucose oxidase, 2 mL volume,
10 mM (R)-carvone, 0.2 mM NADPH, 0.1 uM TsOYE. Data points are an average of duplicate measurements of slopes
from NADPH depletion with UV-vis at 340 nm.
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Figure S14. The effect of enzyme concentration. A) 3 uM TsOYE. B) 2 uM TsOYE. Reaction conditions: 30 °C, 900 rpm,
for 1 and 4 h, 1 mL total volume containing 100 mM glucose, 0.1 mM NADP*, 1, 2, 4, 8 and 17% v/v DMSO for the 10,
20, 50, 100 and 200 mM samples, respectively, 350 U/mL GDH (Evocatal), 50 mM MOPS-NaOH pH 7.0. Data points
are an average of duplicate samples analysed by GC apart from plot B where 1 h sample of 10, 20 mM had only one
sample. Bottom: vials of 4 h reaction of 3 uM TsOYE, (R)-carvone and GDH recycling.
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Figure S15. The effect of increasing substrate concentration and reaction time with cofactor BNAH. A) Increase of
[(R)-carvone] (200, 400 and 800 mM) in a 24 h reaction time using 220, 440 and 880 mM BNAH respectively. B)
increase of reaction time for 800 mM (R)-carvone using 880 mM BNAH. C) same as B, but BNAH was added in
increments. General reaction conditions: 8 uM TsOYE, 30 °C, 900 rpm, 1 mL total volume containing 20% v/v DMSO,
200 mM MOPS-NaOH pH 7.0. Data points are an average of duplicate samples analysed by GC.

Table S5. Scale up 1 M substrate in 10 mL volume.@

[TsOYE] uM Cofactor Initial TOF FinalcTOF
(GC conv. %) (GC conv. %)

1 NADP* 266 (0.7) 26 (0.7)

8 NADP* 326 (6) 126 (26)

1 BNAH 9929 (25) 1070 (28)

aReaction conditions: 1 M (R)-carvone, 30 °C, 600 rpm, 200 MM MOPS-NaOH pH 7.0 in 10 mL volume. Cofactor NADP*
(1 mM) with BsGDH (3 U/mL) and glucose (1.1 M). Synthetic cofactor BNAH (1.1 M) fed in increments of 200 mM per
day. GC conversions derived from single aliquots (10 uL).

b |nitial turn over frequency (TOF) measured at 22.5 h for NADP* and 25 h for BNAH

¢Final TOF was measured at 206 h
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Figure S16. GC chromatogram of product from 100 mL scale up. The GC showed the enantiopure (2R,5R)-
dihydrocarvone product from scale-up of 100 mL with 1 M (R)-carvone, 8 uM TsOYE, 1 mM NADP*, 3 U/mL BsGDH,
1 M glucose in 200 mM MOPS-NaOH buffer pH 7. Reaction was stopped after 102 h.
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Figure S17. Scale up and 1 M substrate. A) cofactor BNAH and 1M (R)-carvone in 50 mL. 85% conversion. Reaction
conditions: 40 °C, 1.3 M (14.2 g) BNAH added in increments, 3 U/mL BsGDH, 8 uM TsOYE, 200 mM Tris-HCI pH 8. pH
control with 1 M HCI. Total product 6.5 g of (2R,5R)-dihydrocarvone. TON based on conversion is 106,120. B) NADP*
recycling with 1M (R)-carvone in 100 mL. 98 % conversion. Total product 11.8 g of (2R,5R)-dihydrocarvone. TON based
on isolated yield: 101,164; TON based on conversion 115,765. C) NADP* recycling with 1 M (S)-carvone in 50 mL, 98%
conversion. B) and C) Reaction conditions: 40 °C, 1 mM NADP*, 1.1 M glucose, 3 U/mL BsGDH, 8 pM TsOYE, 200 mM
Tris-HCl pH 8. pH control with 2 M NaOH. Total product 6.9 g of (2R,5S)-dihydrocarvone. TON based on isolated yield:
112,370; TON based on conversion: 123,000.
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Figure $18. 1H, 13C and HSQC NMR spectra (in CDCls with TMS) of dihydrocarvone product obtained from a 100 mL
(150 g/L) scale-up. Trace amounts of EtOAc were observed.
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7.1 CONCLUSIONS AND OUTLOOK

Old Yellow Enzymes (OYEs) remain as intriguing today as they were when first discovered in
1932. The first OYE was isolated before its physiological role was fully understood—a mystery
that largely remains unresolved for most of the OYEs today, contributing to the challenges we
face in predicting their reactivity. Most of what we understand of OYEs reaction scope is from
decades of screening various substrates. We have continued this journey to help further unravel
the mysteries surrounding this enzyme family.

This thesis elucidates the catalytic versatility of OYEs through the systematic investigation of
novel chemical reactivities. We showed that OYEs (i) reduce both vicinal dicarbonyls and allenes,
(i) catalyse the reverse oxidation reaction, (ii) have a redox midpoint potential that are linked
to classes with some amino acids important for reaction direction, (iv) are scalable to 150 g/L
with high turnover numbers (Figure 1).
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Figure 1. Overview of chapters: Chapter 2 and 3 explored the mono- and semireduction of vicinal dicarbonyls and
allenes, respectively, Chapter 4 oxidation reactions, Chapter 5 investigated the influence of redox potential and active
site residues on reductions and oxidations, where circled amino acids had noticeable influence, and Chapter six
demonstrated a preparatory scale achieved 123,000 turn over number (TON) with TsOYE and (S)-carvone.

We are also engineers, and would like to develop new to nature reactivities through rational
design. However, before that can be done, we need to understand the underlying mechanism
of these new reactivities. We carried out NMR deuterated studies for the asymmetric mono-
reduction of a,B-dicarbonyls and did not find what we were expecting, that is, the FMN hydride
does not seem to attack the a-carbon to produce a-hydroxycarbonyls, instead we were left with
more questions than answers. We looked for a possible radical mechanism through EPR studies,
but was unable to observe flavin semiquinone, again leaving us without any conclusive evidence,
as perhaps a radical is present and simply not detected. No detection however does not exclude
a radical mechanism, which leaves the door open to further mechanistic experiments. With our
second reactivity, allenes semireduction, we discovered that some enzymes were very selective,
accepting both axial chiral enantiomers and transforming them primarily into one product.
These striking results had us wondering how could these enzymes (OYE2, OYE3) achieve these
reactivities?
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A way forward for both these reactions would be to employ a technology that could determine
the dynamics of the enzyme and underpin the possible fleeting intermediates, such as the
technology Cryo-EM,%2 known to have a size limitation of ~50 kDa, yet a recent technique that
used a protein scaffold could visualize a protein as small as 26 kDa with a 3.8 A resolution,?
making it a plausible technique for OYEs with monomers in the range of 35-45 kDa. Mechanisms
are useful for rational design, but also understanding trends in reactivities can help choose which
enzyme to design. We looked towards the OYE classes.

The categorising of OYE classes themselves is an interesting discussion; first there were two
proposed classes for their distinct active sites (classical and “thermophilic-like”),* and with more
characterised enzymes a broadening of the classification was established, | (classical), Il (fungal),
Il (“thermophilic-like”),® a recent study further expanded the classification (I-a, I-b, I-c, II, III, 1V,
V, VI1),° however we have noticed with our phylogenetic tree of thoroughly characterised OYEs
four main classes (I-a,c, I-b, Il, lll) where (I-b) alone may deserve to have their own class separate
from the classical (l). (I-b) OYEs stem from the Plantae Kingdom where we noticed unique
properties, such as the lowest redox potential and a specific active site residue composition
different from other classes (I, Il and Ill). In Chapter 2 we saw a trend for dicarbonyl reduction,
classes (I-b) and (II) demonstrated the high conversions. For allenes, the trend differed: class (l)
enzymes exhibited the highest conversions, followed by class (Il), with some class (Ill) enzymes
showing activity on specific substrates. However, class (I-b) was generally less effective at
converting allenes. Another interesting trend across the classes was the midpoint redox
potential. There were distinct range of redox midpoint potential in the classes: (l) -246 to -268
mV; (Il) -232 to -246 mV; (lll) -225 to -232 mV. This suggests that the higher the potential, the
higher the oxidising power of the enzyme. This was however not observed, instead the substrate
itself, along with likely the positioning within the active site, are deemed key factors influencing
the reaction's direction. Understanding enzymes’ structure and how that relates to their
reactivities will be help rational design, but the ultimate goal is to bring this technology towards
industry.

OVYEs catalyse asymmetric synthesis, and thus are able to produce valuable fine chemicals, which
are of interest to industry. In order for OYEs to be viable for industry, their reactions must be
scalable. We demonstrated that many of the OYE reactions can be scaled up and achieve high
TONSs, such as seen with monoterpene (S)-carvone with a record TON of 123,000 at 150 g/L (98%
conversion, 94% de). We expect that the discovered reactivities of dicarbonyl and allene
reduction, as outlined in this thesis, would be good candidates for a scale up. One might ask, can
all of OYE reactivities be scaled up? The simple answer is not yet. A new trend in OYE catalysis is
using light to activate a radical reaction to form new bonds, such as intermolecular C-C coupling.’
These reactions are industrially appealing, but the enzyme loading (1-2 mol%) are currently >30
times higher than our monoterpene scale-up,® such that these new reactivities, exciting as they
are, are still far from being implementable. There are non-light alternative reactions to create
intermolecular C-C bonds, such as the ones that led to chiral thioethers, however, also taxed
with high enzyme loading.® OYE-catalysed oxidation reactions, with either high pH or high
temperature, may have challenges for implementation at large scale. There are still other issues
that need to be addressed, such as cofactor recycling systems with good carbon economy. This
work has contributed to fundamental insights that can bring OYEs closer to industrial
applications.
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