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Samenvatting

Chirale amines zijn waardevolle componenten in de farmaceutische
industrie. Het is mogelijk om deze chirale amines te maken met behulp van
organokatalyse, metallokatalyse en sinds kort ook via biokatalyse. Enzymen zijn
zeer selectieve biokatalysatoren, wat ze bij uitstek interessant maakt voor chirale
aminesynthese. Het doel van het onderzoek in dit proefschrift was om
verschillende biokatalytische routes toe te passen met oxidoreductasen om
chirale amines te synthetiseren.

In Hoofdstuk 1 laten wij een overzicht zien van enzymen en reacties die
zijn gebruikt voor aminesynthese, met een nadruk op oxidoreductasen. Wij
houden ons bezig met het onduidelijke onderscheid tussen twee recentelijk
ontdekte enzymen: imine redutases (IREDs) en reductive aminases (RedAms).
In de daaropvolgende hoofdstukken beschrijven wij de verschillende manieren
om oxidoreductasen toe te passen voor aminesynthese.

Als eerste onderzochten wij in Hoofdstuk 2 een multi-enzymatische
cascade, bestaande uit een Old Yellow Enzyme (OYE) en een natieve amine
dehydrogenase (AmDH). Door te starten met een onverzadigd keton of aldehyde,
konden twee chirale centra worden verkregen in de amine producten. Wij
verkregen een breed scala aan amine producten door de reactiecondities aan te
passen en we konden de selectiviteit aanpassen door het type OYE te
veranderen.

Naast het vormen van amine, observeerden wij ook alcoholvorming als
bijproduct in de cascade. Daarom onderzochten wij in Hoofdstuk 3 de
promiscuiteit van deze AmDHs door de reacties uit te voeren zonder ammonia.
Onder deze omstandigheden tonen AmDHs activiteit die vergelijkbaar is met
alcohol dehydrogenases (ADHs). Wij stelden een voorkeur vast voor vrijwel-
neutrale pH, dus het gehalte aan alcohol bijproduct kon worden verminderd door
de pH te verhogen.

Omdat we bij deze AmDHs ADH-activiteit observeerden, en deze
enzymen neigen om een matige stabiliteit en een klein substraat bereik te
vertonen, kozen we er voor om een standaard ADH te modificeren om AmDH
activiteit te verkrijgen. In Hoofdstuk 4, richtten wij ons op de Lactobacillus brevis
ADH (LbADH) met een combinatie van rationeel ontwerpen, en het energie-
minimaliseringsalgoritme genaamd FuncLib. Helaas waren wij niet in staat om
AmDH activiteit van de ontworpen mutanten te detecteren, slechts een lichte
reductie van een specifiek imine in het amine product, dus matige IRED-
promiscuiteit was bereikt. Desondanks hebben we kennis opgedaan over de
activiteit, stabiliteit en opslagomstandigheden van de LbADH, en daarmee
bijgedragen aan de huidige kennis over dit enzym.



In Hoofdstuk 5 richten we ons de RedAms, en omdat er bij de start van
het onderzoek alleen RedAms uit schimmels gekarakteriseerd waren in de
literatuur, zochten wij naar bacteriéle RedAms om de enzymfamilie te vergroten
en aan te vullen. Onze aanpak was gebaseerd op het zoeken naar genen met
een hoge aminozuur sequentie identiteit, actief centrum residu
identiteit/overeenkomstigheid en Hidden Markov Modelling (HMM). Beide
methoden waren gebaseerd op de nauwkeurig gekarakteriseerde RedAm van de
schimmel Aspergillus oryzae (AspRedAm). Gebaseerd op alleen sequentie
identiteit, leverden de door ons geselecteerde hits drie RedAms op met
katalytische activiteit. Door HMM-modellering toe te passen op onze in-huis
Rhodococcus database, ontdekten wij een paar hits, voornamelijk een
veelbelovende hit oorspronkelijk uit Rhodococcus erythropolis (RytRedAm). De
complete karakterisering en kristalstructuur leveren inzichten op over de cofactor
specificiteit voor zowel NADH als NADPH, een unieke eigenschap voor RedAms,
net als de zeldzame S-selectiviteit voor chirale amines.

Na deze succesvolle HMM-benadering, zochten wij naar potentiéle
RedAm hits in de SINTEF-database, zoals beschreven in Hoofdstuk 6. Van de
vijf geselecteerde kandidaten, toonden drie RedAms potentie, en deze RedAms
werden gekarakteriseerd. Opmerkelijk genoeg behielden de RedAms activiteit bij
30 en 40 °C na twee dagen, en zijn ze dus ongewoon stabiel voor dit type
enzymen. Wij konden deze RedAms toepassen in cascades met verschillende
OYEs, en verkregen complexe amines met twee chirale centra in hoge
zuiverheid.

Kortom, dit proefschrift draagt bij aan de momenteel bekende chemische
routes om chirale amines te synthetiseren. De beschreven methodes bewijzen
hun potentieel als methodes om amines te maken via biokatalyse. Deze kennis
biedt inzicht om deze enzymen in de toekomst te gebruiken op een grotere,
industriéle schaal.



Summary

Chiral amines are valuable compounds in the pharmaceutical industry.
These valuable compounds have been made via organocatalysis,
metallocatalysis but in the last two decades also via biocatalysis. Enzymes are
highly selective, making them attractive catalysts to target chiral amine synthesis.
The aim of this dissertation was to apply different biocatalytic pathways with
oxidoreductases to synthesize chiral amines.

In Chapter 1, we give an overview of the enzymes and their chemical
reactions that have been applied for this synthesis, with an emphasis on
oxidoreductases. We engage in the challenging distinction between the two
recently discovered enzyme families: imine reductases (IREDs) and reductive
aminases (RedAms). We then proceed to describe the different approaches
employed to apply oxidoreductases for chiral amine synthesis in this dissertation.

For instance, in Chapter 2 we explored a multi-enzymatic cascade,
consisting of an ene reductase from the Old Yellow Enzyme (OYE) family and a
native amine dehydrogenase (AmDH). By starting from the unsaturated ketone
or aldehyde substrate, up to two stereocenters could be achieved in the amine
products. We obtained a wide range of amine products by altering the reaction
conditions and could alter the selectivity by changing the type of OYE.

Besides amine formation, we also observed alcohol formation as a by-
product in this cascade. Therefore, in Chapter 3, we investigated the
promiscuous activity of these AmDHSs by performing the reactions in absence of
ammonia. Under these conditions, AmDHs showed activity similar to that of
alcohol dehydrogenases (ADHs). We established AmDH preferred near-neutral
pH, therefore alcohol by-product formation could be diminished by increasing the
pH.

As ADH activity was observed with AmDHSs, and these enzymes tend to
display poor stability and substrate scope, we envisioned to engineer an industrial
workhorse ADH to gain AmDH activity. In Chapter 4, we targeted the
Lactobacillus brevis ADH (LbADH) with a combination of rational design, and the
energy minimization algorithm called FuncLib. Unfortunately, we were unable to
detect AmDH activity of our mutants, only obtaining the reduction of a specific
imine into the amine product, thus poor IRED promiscuity was achieved.
Nevertheless, we gained knowledge on the activity, stability, and storage of the
LbADH, which could contribute to the current knowledge of this enzyme.

Focusing on RedAms, at the time when only fungal RedAms were
characterized, we searched for bacterial RedAms to expand and complement this
family of enzymes, which we describe in Chapter 5. Our approach was via
sequence identity, active site residues identity/similarity, and Hidden Markov
Modelling (HMM). Both methods were based on the well-characterized fungal



RedAm from Aspergillus oryzae (AspRedAm). Based on sequence identity alone,
our selected hits provided three RedAms with catalytic activity. Applying HMM
modelling on our in-house Rhodococcus database, we discovered a few hits,
especially a promising one originating from Rhodococcus erythropolis
(RytRedAm). The full characterization and crystal structure provide insights on its
cofactors specificity for both NADH and NADPH, a unique property for RedAms,
as well as the rare S-selectivity to chiral amines.

Following this successful HMM approach, we mined potential RedAm hits
in the SINTEF database, as shown in Chapter 6. From five selected candidates,
three RedAms showed potential and were characterized. Remarkably, these
discovered bacterial RedAms retained activity at 30 and 40 °C over two days,
thus are uncommonly thermostable for RedAms. We could apply these RedAms
in cascades with different OYEs, and obtain complex amines with two chiral
centers in high purity.

Overall, this dissertation contributes to the currently known pathways to
synthesize chiral amines. The described approaches prove their potential as
methods to synthesize amines with biocatalysis. This knowledge provides insight
to use these enzymes for future applications on a larger industrial scale.



Chapter 1: Introduction

Chiral amine synthesis

In the 1870s, Jacobus Henricus van ‘t Hoff graduated from the Delft
University of Technology as a physical chemist. Besides being the first Nobel
Prize winner in Chemistry in 1901, he is well known for his groundbreaking
discoveries in stereochemistry. According to his findings from 150 years ago,
molecules with carbons binding to four diverse groups form a tetrahedron with
the carbon atom at its center. Because of this structure, these types of molecules
are enantiomers of each other and polarize light in opposite directions, making
their differences observable, hence the synonym ‘optically active compounds’.["]

Optically active compounds such as chiral amines, amino acids and
amino alcohols are highly targeted in the pharmaceutical, agrochemical and
chemical industries.[?! The demand for optical purity started due to incidents
where drugs contained racemic mixtures in which the ‘wrong’ enantiomer caused
harm. Therefore, in 1992, the United States Food and Drug Association (FDA)
installed strict regulations to characterize the effects of relative enantiomers.?
Since this milestone, other industries as the agrochemical industry focused on
the synthesis of chiral compounds as well. By only synthesizing the active
enantiomers, processes are more efficient which could decrease costs and
environmental impact.!

Chiral amines are valuable in the pharmaceutical industry as building
blocks to synthesize drugs,*” with approximately 40% of all small drug
molecules containing this moiety.? In 2020, the global demand was such that the
chiral amine market was valued at 14 billion USD.[ Previously, crystallization of
carboxylic acids with chiral amines was and is still used as a method to obtain
chiral amines from a racemic mixture.[® The main challenge of this approach is
the maximal yield of 50%, therefore, synthetic routes were designed to overcome
this threshold. One approach is hydrogenation of the corresponding imine, which
needs the activation of hydrogen by metal catalysts, such as rhodium and
ruthenium, to accelerate imine hydrogenation for many applications.? 9 Most
metal catalysts are precious and non-renewable, and are difficult to remove from
the product due to metal leaching.['] Besides metal catalysts, organocatalysts
are small molecules acting as a catalysts, with proline as its best-known
example.l'". 12 The challenge of organocatalysts is the need for high catalyst
loading.['%]

Over the last decades, enzymes, biocatalysts, have emerged as new
potential catalysts to overcome the challenges in amine synthesis by
organocatalysis and metal catalysts. Enzymes display high potential and are of
high interest due to their high enantioselectivity and efficiency and require milder
conditions to implement in comparison with other catalysts, such as neutral pH,
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room temperature and atmospheric pressure. Using catalysts under milder
conditions are from an economic but also environmental point of view valuable
properties in academia and industry.['8l However, large-scale applications are
challenging because of the low stability of enzymes.[?2l Some enzymes also rely
on expensive cofactors and could decrease in activity over time due to product
inhibition. Furthermore, despite the advantage of mild reaction conditions, the pH
and temperature scale in which enzymes are active is narrow.['s] Besides these
general challenges, specific types of enzymes from different types of classes
have their own challenges, which need to be tackled individually.

Out of the seven enzyme classes, chiral amine synthesis is achieved by
enzymes from three classes: oxidoreductases, transferases and hydrolases.
Oxidoreductases catalyze redox reactions combined with either an electron
donor or acceptor, here employed for asymmetric reductive amination.
Transferases catalyze the transfer of a specific group from one molecule to the
other, in this case transferring an amine. Hydrolases inherently catalyze reactions
using water to break bonds or releasing water to form bonds, and can also
catalyze the enantioselective acylation of a racemic amine using an ester as the
acyl donor in an anhydrous solvent. Five different enzymatic approaches are
currently available: (dynamic) kinetic resolution, C-H amination, hydroamination,
transamination and asymmetric reduction/reductive amination (Figure 1).

Kinetic resolution /
deracemization

NH,
R1/;\R2
N R b
R1J|\R2 g
Y\ NHR3 %
R’ *RZ
4 Ny .
JJ\ X OH Hydroamination

Figure 1. Retrosynthetic biocatalytic approaches for chiral amine synthesis.

(Dynamic) kinetic resolution/deracemization

To overcome the threshold of 50% conversion from racemic mixtures due
to kinetic resolution (KR), strategies of racemizing the unaccepted enantiomer
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have been applied, also known as dynamic kinetic resolution (DKR). This
approach is used in chiral amine synthesis with lipases, which catalyze the
acylation of alcohols or amines into the corresponding ester or amide,
respectively.l?! Lipases display high enantioselectivity, so in a racemic mixture of
amines, only one of the enantiomers is acylated. ['1 By racemizing the substrate,
conversion of over 50% is possible. An example of amines formation by DKR is
by adding a Pd/C-catalyst, racemizing the non-acylated amine enantiomer
(Figure 2). Thus, the chiral acylated product accumulates, while the amine is
racemized until all is converted by the lipase.[']

Another approach starts from a racemic mixture in which an enzyme
converts one of the enantiomer into an achiral product. This approach,
deracemization, is used for instance with monoamine oxidases (MAOs). MAOs
catalyze the oxidation of amines into the corresponding imines with high
selectivity, using a flavin cofactor and reducing oxygen in hydrogen peroxide.['8!
Subsequently, the imine is reduced by a chemical reductant such as ammonia
borane (NH3:BH3), yielding the desired chiral amine (Figure 2).1'"]

NH> NHAG NH
(@) R)\R w A~ + /'\2

1 2 R R R R

Acyl donor
Pd/C

NH, NH, NH
b +
O rte oM e,

NH3:BH3

Figure 2. Overview of different biocatalytic reactions using dynamic kinetic resolution,
either by a lipases (a)*® or MAOs (b).[*"]

Hydroamination

Hydroamination enables an amino group addition to an unsaturated
carbon. This reaction is usually catalyzed by phenylalanine ammonia lyases
(PALs).l'8 The native reaction of PAL is the deamination of phenylalanine to trans-
cinnamate and ammonia, from which the reverse reaction is hydroamination
(Figure 3). PALs have been discovered amongst many different organisms, and
many applications rose to form a variety of chiral building blocks.[19-21]

0] )

~on -~ (7,
NH,
NH,

Figure 3. Example of PAL-catalyzed hydroamination. Adapted from Weise et al.l?1]
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C-H amination

C-H bond activation requires cleaving the C-H bond and replacing it with
another bond, such as with an oxygen or nitrogen atom. Among iron heme-, non-
heme iron-dependent and artificial metallo-enzymes that can yield chiral amines
by C-H amination, here we highlight P450 monooxygenases (P450s). These
enzymes contain an iron heme cofactor and catalyze a variety of reactions, such
as hydroxylation, epoxidation and oxidation.[?2 23 After the iron heme binds with
the carbon monoxide, the maximum absorbance is shown at 450 nm, hence the
name P450.2%1 These enzymes have been engineered to catalyze C-H amination
to obtain chiral amines. A serine ligated P450 called P411, allowed the amine
transfer towards hydrocarbons (Figure 4), which was further improved by protein
engineering.?4 In this way, C-H amination was possible with tosyl azide (TsN3) as
the amine source.[25 26]

NHTs

R1_I(j/\ o -~ R
| |
Z Heme =

TsN 3

Figure 4. Example of amine synthesis using a serine ligated P450, also known as P411.
Adapted from Deane et al.[2%]

Transamination

Transaminases (TAs) catalyze the transfer of an amine group towards
carbonyl substrates to form the corresponding amines, mediated by cofactor
pyridoxal phosphate (PLP).1?1 TAs can be classified into two groups depending
on the substrates.l28 a-TAs convert alpha amino and keto acids, (a -TAs). w-TAs
do not rely on the carboxylic acid group on the substrate, and, besides keto-acids
are capable of aminating aldehydes and ketones.[?] TAs catalyze a reversible
reaction in which PLP is required as a cofactor and mostly alanine as amine
donor, although the corresponding product, pyruvate, is inhibitory for TAs.[% To
overcome this challenge, various efforts have been made to remove pyruvate
from the reaction mixture (Figure 5).3" Although these approaches are the most
commonly used, a few examples also apply DKRI2 32 or and deracemization. 33l

NH, NH, % OH
PS + )k ﬁ /k

PLP R1 R2 COzH CO2H

NH, NADH  NAD*

/‘\CO2H Gluconolactone 4%% Glucose

Figure 5. Example of transamination reaction where the equilibrium is forced by reducing
the pyruvate byproduct. From Gomm et al.l?”]
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Asymmetric synthesis/reductive amination

Most enzymes used for chiral amine synthesis belong to the
oxidoreductase class and rely on a redox cofactor, such as the ubiquitous
nicotinamide amine dinucleotide (phosphate) NAD(P)H. The substrate is reduced
via hydride transfer from NAD(P)H resulting into a chiral product when starting
from a prochiral substrate, hence the term ‘asymmetric reduction’. In the case of
chiral amine synthesis, the reaction starting from a carbonyl and amine substrate
combination to yield an amine is called reductive amination. This thesis focuses
on enzymes catalyzing asymmetric reduction reactions, therefore below these
enzymes are described in more detail.

Amino acid dehydrogenases (AADHSs) catalyze the reductive amination
of carboxylic acids into the corresponding amino acids with NAD(P)H (Figure 6).
The carboxylic acid group is coordinated by charged, polar amino acid residues.
Bommarius and co-workers engineered AADHs to accept carbonyl substrates
without the carboxylic acid group, as the first known amine dehydrogenases
(AmDHs).34 351 These AmDHs catalyze the reductive amination of carbonyl
substrates with ammonia as external amine donor to obtain primary, chiral amines
using NAD(P)H.[38]

Opine dehydrogenases (OpDHs) catalyze the reductive amination of o-
ketoacids, similar to AADHs,] with an amino acid as the amine donor instead of
ammonia (Figure 6). In general, OpDHs use NADH as cofactor, 38 except for one
that is flavin-containing.l®9 Because OpDHs yield chiral amino acids, engineering
these enzymes is required to synthesize chiral amines.[37-40.411 Only one example
is described in a patent from Codexis® where engineering resulted into the
synthesis of complex tertiary amines.

The discovery of AADHs and OpDHs was unique since no enzymes were
capable of reductive amination of carbonyl substrates without engineering. In
2016, the Génomique Métabolique group from Génoscope discovered a wide
panel of native amine dehydrogenases (nat-AmDHs, Figure 6).42>4 The
continued exploration of metagenomic data had led to the discovery of more
families of nat-AmDHs.*% Besides this work, after engineering, nat-AmDHs
accepted larger alkyl aldehydes- and ketones.[*6]

AmDHSs have a homodimer structure, and the mechanism of the reductive
amination by nat-AmDHs is proposed to be similar to some AADHSs (Figures 7-
8).471 Upon binding the nicotinamide cofactor, the AmDH folds into its holo
structure, and ammonia is accepted as amine donor by binding to the negatively
charged glutamate residue (Glu108). The substrate carbonyl group binds to the
tyrosine (Tyr168) hydroxyl through hydrogen bonding, while the ammonium gets
deprotonated by Glu108, so it can act as a nucleophile, eventually leading to
releasing water and the formation of the iminium ion intermediate, which is

13



reduced by the nicotinamide cofactor. In this way, the chiral primary amine is
formed. Nat-AmDHs have been shown to catalyze asymmetric reduction with
ammonia, and in some cases methylamine as amine donor, therefore for larger,
more complex secondary and tertiary amines, other enzymes are of interest, such
as imine reductases.

3 1
@ oy + Ny -

H 3 1" COOH

RT COO NADPH R

COOH

(b) j)j\ NH, HN™"R?

R"SCOOH © R¥COOH  napy R “COOH

o) NH,

© qoge * MR —EIRE— e,

NAD(P)H

Figure 6. Overview of different native biocatalytic reactions by asymmetric reduction. Via
engineering, AADH (a)B4 and OpDHs (b)“% can catalyze these reactions without acid
groups in the substrate, whereas nat-AmDHs (c)*Z already accepted ketone substrates.

N\

Tyr168
Figure 7. Crystal structure of the AmDH from Cystobacter fuscus (CfusAmDH) monomer
(left) and the close-up of the active site (right), containing the nicotinamide cofactor NADP*
(yellow), the product cyclohexylamine (green) and the catalytic amino acid residues
(orange). PDB 61AU.13]
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Figure 8. Proposed mechanism of CfusAmDH. Adapted from Mayol et al.[*3!

IREDs and RedAms

Imine reductases (IREDs) catalyze the asymmetric reduction of imines to
amines (Figure 9).1481 These enzymes have been used in many characterizations
and applications since their discovery in 2010.19-51 IREDs have also been
investigated for amine synthesis starting with a carbonyl substrate and amine
donor (Figure 9).52 Because IREDs rely on the presence of imines in solution,
which easily hydrolyze, the reaction equilibrium needs to be forced towards imine
formation. Imine formation is for instance facilitated by adding higher mole
equivalents of amine donor and increasing the pH. Due to the required high
excess (up to 500 mM) of amine donor, the efficiency of IREDs is far from optimal.

In 2017, a fungal enzyme was discovered to be a reductive aminase
(RedAm), catalyzing both reductive amination of a carbonyl substrate with an
amine donor as well as asymmetric reduction of the corresponding imine (Figure
9).1531 This enzyme showed promising conversions in presence of a wide range of
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ketones with one mole equivalent of amine donor, or more depending on the
carbonyl substrate. The authors defined a RedAm with the condition that the
reaction: i) gives quantitative conversions at a 1:1 mixture of carbonyl and amine;
ii) is equally efficient at neutral pH compared to pH 9.0; iii) exhibits ter-bi kinetics
for the carbonyl:amine reagents. The latter is rarely performed for all reactions
suggested to be reductive aminations but where an enzyme reaction fulfils the
first two criteria, the enzyme would justifiably be acting as a RedAm. Since this
discovery, several RedAms have been characterized in fungi®¥ and bacteria.l%5
51 Because of the versatility and efficiency of RedAms, these enzymes are
interesting catalysts to apply in new methods to synthesize valuable building
blocks. However, it can be challenging to distinguish RedAms from IREDs in
literature.

(a) [ (A

N N
NAD(P)H H
o NHMe
(b) ©) + NHzMe — >
10 mM 500 mm  NAD(P)H
0 HN S
N
(C) + H2N/\\ — >
NAD(P)H

5 mM 5mM

Figure 9. Overview of different biocatalytic reactions via asymmetric reduction. IREDs
reduce the imine (a), either as a substrate or as an intermediate pre-formed in solution (b),
whereas RedAms catalyze reductive amination and asymmetric reduction in low molar
equivalents (c).

Host organism and metabolic role

Whereas the first characterized IREDs originated from bacteria, [57- 581 the
first enzyme classified as a RedAm was discovered from fungi. As mentioned
before, multiple enzymes have been characterized from fungi since this
discovery. However, in the last few years, a few examples have emerged from
bacterial organisms.[%% %61 Based on these developments, classifications based
on host organism is no longer suitable.

Because of the instable nature of imines, imines need to be pre-formed
in solution. Nevertheless, imine-reducing enzymes have been confirmed to have
important roles in biosynthesis. For instance, dihydrofolate reductase (DHFR) is
involved in folate biosynthesis, also known as vitamin B9.51 Pyr2C-reductase is
involved in L-proline biosynthesis.[®%

IREDs and RedAms are often annotated in databases as 3-
hydroxyisobutyrate dehydrogenase or 6-phosphogluconate dehydrogenases,
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from the superfamily of B-hydroxyacid dehydrogenases (3-HADs). 3-HADs are a
different family of enzymes which oxidize 3-hydroxyacid substrates.1 Within this
family, a tartronate semialdehyde reductase is involved in the synthesis of
glycerate, possibly to store energy in bacteria.[®! 621 The native reaction of these
enzymes is the reduction of 3-hydroxyisobutyrate in methylmalonate
semialdehyde with NADH as cofactor in Arabidopsis thaliana.l® In this plant, the
3-hydroxyisobutyrate dehydrogenase is involved in the degradation of valine and
isoleucine catabolism.®4 D-Phenylserine dehydrogenases are involved in the
metabolism of branched chain amino acids.®9 Potentially, B-HADs also play a
role in the succinic semialdehyde catabolism, involved in different metabolisms
depending on the organism and kingdom.f¢l Increased levels of
hydroxyisobutyrates are reported in diseases, possibly correlated with a lack of
activity of hydroxyacid dehydrogenases.”] Both IREDs and RedAms are often
annotated as B-HADs, tartronate semialdehyde reductases, 3-
hydroxyisobutyrate dehydrogenases or any other protein falling within the class
of B-HADs, although they can be distinguished based on their active-site
residues. Based on these observations, although the physiological function is
unknown for many IRED types, IREDs and RedAms probably have essential
roles in the metabolism among all types of organisms.

Structure

Both IREDs and RedAms consist of a homodimeric structure with a
Rossmann fold. Both contain the cofactor binding motif GxGxxG. Most IREDs
contain the more specific motif GLGxMG. Both contain the residue arginine in the
cofactor binding motif, which indicates the preference for NADPH over NADH.[68]
This motif is a target for engineering cofactor preference, albeit with high K. [6°!
Based on the structure, it is difficult to distinguish RedAms from IREDs. Although
both IREDs and RedAms are often annotated as (-HADs in public databases,
IREDs and RedAms bind their substrate by domain swapping, whereas (3-HADs
bind the substrate with only one monomer.[%8 70 IREDs and RedAms contain
hydrophobic residue side chains in the active site, whereas B-HADs contain
nucleophilic and electrophilic active site residues. Besides, B-HADs contain a
lysine residue for stabilizing the carbonyl substrate,[®8 whereas RedAms and
IREDs do not have this residue. It is also difficult to make a distinction between
IREDs and RedAms based solely on their structure.

Active site residues

Three residues are involved in the reaction mechanism of the reductive
aminase from Aspergillus oryzae (AspRedAm, Figure 10). The proposed reaction
mechanism is similar to that of AmDHSs (Figure 11), but the RedAm active site
pocket is larger than of AmDHs, causing a preference for larger primary and
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secondary amines instead of ammonia. The asparagine residue at position 93
contributes to stabilizing the amine donor in the active site. The glutamic acid
residue at position 169 is negatively charged and stabilizes the positively charged
iminium intermediate. The tyrosine residue at position 177 acts as a proton donor.
Besides these three catalytic residues, the substrate pocket consists of
tryptophan (209), methionine (239) and glutamine (240). Turner and co-workers
stated that, although these residues suggest reductive aminase activity, the pool
of potential RedAms is not necessarily limited to these exact residues in the active
site. The same group described the screening of a wide range of IREDs with
varying active site residues.®? Remarkably, some IREDs catalyzed reductive
amination with a serine substituted for the asparagine. One example even
contained a tyrosine residue instead of a negatively charged aspartic acid.
However, these enzymes were not classified as RedAms, because the
researchers could not confirm enzymatic imine formation, since reactions in this
work were run at pH 9 and an unknown concentration of IRED was added as a
lysate.

site (right) containing NADP (yellow), amine product rasagiline (green) and the catalytic
residues (Asn95, Asp169 and Tyrl177, blue).53
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Figure 11. Proposed mechanism of AspRedAm. Adapted from Sharma et al.[>

Reductive amination activity

Imine formation between an aldehyde and an amine donor is favored
under basic conditions, as is shown with benzaldehyde and methylamine.[’]
Because IREDs require the imine substrate to be present in solution, a basic pH
is preferred in combination of a carbonyl substrate and amine donor. Whereas
IRED catalyzed amine formation was possible at pH 9, no amine product was
present when the reaction pH equaled 7.

Turner and co-workers measured the reductive aminase specific activity
towards hexanal and allylamine. The IREDs used in this work are over 100-fold
more active at pH 9 than at pH 7.1531 This specific activity ratio (relative activity in
pH 9 over pH 7) is only 1.3 for the AspRedAm, which proves this enzyme does
not rely on pH to catalyze reductive amination. AspRedAm acts both as an IREDs
and a RedAm because there is an increase in activity at pH 9. The ratio would
result in a RedAm ‘spectrum,” where a low ratio corresponds to a RedAm, and a
higher corresponds to an IRED. This factor was only described in the work from
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the Turner group, but previous work has shown several activity-based
classifications.

For instance, work from Céardenas-Fernandez et al. describes the
discovery of a panel of new IREDs.["2 29 different IREDs displayed activity toward
2-methyl-1-pyrroline. In pH 7 and 9, with either NADH or NADPH, the authors
determined activity amongst all conditions. They also found activity in the
presence of 20 mM cyclohexanone and 160 mM methylamine. Instead of naming
these enzymes RedAms, the authors describe these enzymes as IREDs with
RedAm activity.

In collaboration with Pfizer (New York City, US), work from Grogan and
co-workers describes the engineering of a so-called reductive aminase from the
Pfizer in-house library.”®l The library contains IREDs, from which some were
screened for their desired carbonyl substrate-amine donor combination. Initial
screening contained 20 mM substrate and 40 mM amine donor in a Tris-HCI
buffer pH 8. No reactions are done at pH 7 or pH 9, so we cannot determine the
aforementioned activity ratio to classify the enzymes as IREDs or RedAms. After
screening and site-selected mutagenesis, the authors obtained 43% conversion
(enantiomeric excess (ee): 98.4%) from an upscale reaction with 50 g/L substrate
loading. After establishing this impressive scale-up performance, the enzyme was
described as a RedAm.

Other work om Pfizer describes how a RedAm from Streptomyces
purpureus (SpRedAm) catalyzes the synthesis of abrocitinib, a drug used for
atopic dermatitis treatment.[4l After different rounds of enzyme engineering, the
researchers isolated a total of 311 kg of product with high purity in 60 h. Because
this SpRedAm catalyzed reductive amination with methylamine to provide the
secondary amine, we can state this is a RedAm. However, this enzyme also came
from the Pfizer IRED database. The work also reports an initial performance of
the SpRedAm wild-type (wt) conversion towards the desired reaction, which was
only 0.75% from 100 g/L substrate and 1.5 g/L enzyme after 24 h. Besides, the
SpRedAm sequence is retrieved from work from Li et al., where the enzyme is
annotated as an IRED.["® Apparently, the distinction between IRED and RedAm
is made here based on product yield.

Gilio et al. interestingly reported that RedAms can switch to being only
imine reducing depending on the substrate.l’8! This classification is based on
comparing the reductive amination of different potential RedAms with sodium
cyanoborohydride (NaBHsCN) as a catalyst. In case NaBH3CN catalyzes this
reaction at a higher rate than the enzyme, it can be classified as an imine reducing
enzyme, but if the enzyme shows more conversion, it would be classified as a
reductive aminase. Although this comparison with stoichiometric reducing
reagent shows a change in reaction rate dependent on the substrate, it is difficult
to classify an enzyme with unspecified concentrations.
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Chen et al. shows an imine reductase from the fungus Penicillium
camemberti capable of reductive amination of sterically hindered amines.!””1 With
the wildtype enzyme, good conversions were obtained with aldehyde substrates,
low amine equivalents and neutral pH. However, this enzyme is named an “IRED
with unusual reductive amination reactivity”. Why the enzyme was called an IRED
instead of a RedAm is unclear, a common pattern in literature.

EnelRED activity

Besides IRED/RedAm catalyzed asymmetric reduction and reductive
amination, Turner and co-workers described the discovery of an EnelRED from
Pseudomonas sp., capable of catalyzing the asymmetric reduction of an
activated alkene as well as reductive amination.l’8l Remarkably, this enzyme is
solely active in presence of an amine donor. The active site contains an additional
tyrosine residue, unlike most known IREDs and RedAms, with a few
exceptions.[’8 In the reported phylogenetic tree, there is no clear subgroup of
EnelREDs present. Thorpe et al. showed by crystal structure how the EnelRED
active site contains multiple tyrosine residues. Tyr177 aligned with other known
IREDs, but Tyr181 replaced the leucine normally located in IREDs. Through
single point mutations Y177A and Y181A, Thorpe et al. concluded both tyrosine
residues contributed to the catalytic activity, but Y177A affected only the C=C
reduction step.["8] Although this explains how the enzyme catalyzes both C=C
reduction and reductive amination, no conclusions were made whether these
tyrosine residues are essential to determine EnelRED activity.

In addition, Turner and co-workers screened a range of EnelREDs with
either selectivity to form the (R)- or (S)-product.l’® Instead of enones as substrate,
this work tested the reduction of ene imines. Both the C=C and N=C bonds are
reduced by the enzymes, hence the name EnelRED. It is not described whether
these enzymes could catalyze reductive amination.

Amino acid sequence — activity relationship

Because of the variety in activity and inconsistency in annotations, we
compared the (mostly) characterized IRED, RedAm and EnelRED sequences
and focused on the active site residues (Table 1) and phylogeny (Figure 12). The
NDY-WMQ active site motif in AspRedAm is present in all currently characterized
fungal RedAms, except for PclRED. RedAms from bacteria such as IR-77 contain
only one out of the six residues. However, both a negative charge for amine donor
stabilization and a hydrogen( bond) donor for imine reduction are required. A few
exceptions include SKIRED, AolRED, BcIRED and SalRED, all solely IREDs
dependent on high amine donor concentrations and basic pH. In all these cases,
the preformed imine is likely to be uncharged, and therefore, no charged residues
may be necessary in the active site. However, we found two exceptions. IR0O07
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was engineered to produce a precursor of a CDK 2/4/6-inhibitor. Although the
enzyme was only ready for industrial use after several rounds of engineering, it
still displayed reductive amination activity at pH 8. Interestingly, the improved
activity was independent of adding a negatively charged residue to the active site.
The EnelRED discovered by the Turner group also contains no negative charge
in the active site, but reactions are performed at pH 9, possibly causing
deprotonation of the amine donor. The hypothesized mechanism is uncommon,
where the enone substrate is coordinated in a different orientation in the active
site than the imine intermediate.[”8 Therefore, it is hard to argue why this enzyme
does not rely on negatively charged residues in the active site.

In the majority of the enzymes listed in the table, amino acids potentially
functioning as hydrogen( bond) donor are present within the six active site
residues. Either Y or W acts as a hydrogen bond donor, but also S, T or W are
present on the 177 position. Normally, the catalytically active site residues N, D
and Y are at positions 93, 169 and 177, but a few examples, such as the
RytRedAm (discussed in Chapter 5) contains a tyrosine located on position 240.
Only PcIRED contains a serine instead, but overall, this type of residue is
conserved.

Phylogenetic tree

When analyzing the relation of these enzymes, we prepared a
phylogenetic tree (Figure 12). We tried to cluster enzymes groups based on the
branches in which these are separated and their reported activity. A bacterial
IRED (1) and fungal RedAm branch (ll) are clearly separated into two groups in
the tree. However, most of the enzymes are not easily distinguishable based on
the phylogenetic tree or activity. We only observe a group of bacterial enzymes
more related to the fungal RedAms (lll), all with RedAm activity and a sequence
identity of 40%. All enzymes in these group could be classified as RedAms. This
branch seems distinctive from the largest group which contains IREDs, RedAms
and EnelREDs (IV), without a clear basis to classify these enzymes. Although a
small group of fungal RedAms and bacterial IREDs form a cluster, there is no
clear bacterial RedAm, IRED or EnelRED subfamily.
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Table 1. Multiple sequence alignment of different IRED/RedAm/EnelRED active site
residues mentioned in this work. Numbering and sequence identity (Seq. id.) is compared
to AspRedAm as query sequence. Negatively charged residues are highlighted in green,

potential hydrogen donors are in pink, putative hydrogen-bond donors in purple.

Enzyme 93 169 177 210 239 240 Segq.id. (%) Reported activity
AspRedAm!53] N D Y W M Q 100 RedAm
AcRedAm[59] N D Y W M Q 65 RedAm
AtRedAmi54l N D Y W M Q 60 RedAm
NfisRedAm[&0l N D Y W M Q 60 RedAm
NRedAm[8d N D Y W M Q 59 RedAm
BaRedAm[5%] N D Y W M Q 51 RedAm
ShyRedAm? N D Y W M Q 50 RedAm
IR-G36wtle1 N D Y W M Q 45 RedAm
StroRedAm? N D Y W M Q 43 RedAm
StrepRedAm?2 N D Y W V N 43 RedAm
pQR2600172 T D T wW M M 42 RedAm
PihRedAm? N D Y Y M Q 41 RedAm
BacRedAm? N D Y Y M Q 40 RedAm
PauRedAm? N D Y W M Q 40 RedAm
SKIRED#2 S Y W T M G 40 IRED
AoIREDI83] S N Y W M N 38 IRED
SpRedAm-wt™4 T D W W V Q 38 RedAm
EnelRED-07179 T D W M V H 37 EnelRED
GSK-IR10(84 T D W M V H 37 RedAm
PcIREDI7] N D 'S L V. Q 36 RedAm
pQR2595!72 S D W | T D 36 RedAm
pQR2601[72 S D W L T E 36 RedAm
SrIREDI0 S D W wW T H 36 IRED
EnelREDI"8] T Y Y S V H 35 EnelRED
pQR2612[72 A D W VvV S VvV 34 RedAm
GSK-IR13(84 S D W A T H 33 RedAm
MsIRED®®! S D W E A H 33 IRED
BcIREDI88] s Y W M M G 32 IRED
GSK-IR22184 A D W S S vV 32 RedAm
SKIRED(2) 1871 S D W G T H 32 IRED
IR-77wtl78] S D W A P H 31 RedAm
RytRedAm? T D F T vV Y 31 RedAm
IR0Q7!73 S Y L F M M 30 RedAm
SalREDI#2] S Y W F M G 30 IRED
GSK-IR49(84 T D F S T CcC 28 RedAm
NhIREDI88] S Y W N M D 28 IRED

aRedAms later discussed in this dissertation.
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Figure 12. Phylogenetic tree of different IREDs, RedAms and EnelREDs from literature.
The corresponding alignment was produced via ClustalW alignment. The maximum
likelihood distance tree was computed by MegaX with replications of 500 bootstraps.

Corresponding values are shown as nodes at all branches. Layout was further adapted
with iTOL.[88-90]

Final remarks

Most enzymes from the phylogenetic tree either catalyze the reduction of
(pre-formed) imines or reductive amination. The phylogenetic tree splits the
enzymes into two branches. The bottom two groups, the fungal RedAms (Il) and
bacterial RedAms (lll) are similar in sequence identity and activity. Enzymes in
this group have been shown to be active as RedAms. Because of the similarity
with the fungal RedAms (40% identity with AspRedAm or higher), the substrate
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scope is also likely to be similar. However, the enzymes from the upper groups (I
and 1V) are enzymes with reported imine reducing, reductive amination or
‘EnelRED’ activity. Enzymes from this class are not guaranteed to function as
RedAms, but enzymes displaying reductive amination activity also contain rare
properties in comparison with fungal RedAms. Therefore, subfamilies Il and Ill
are more likely to contain RedAms than subfamily IV, whereas subfamily |
contains imine reducing enzymes only, which can be ascribed to the presence of
a tyrosine residue instead of an aspartate at position 169.

The activity assay from Aleku et al. shows a potential measurable
approach to distinguish RedAms from IREDs.!5% Uniting the three conditions
previously mentioned, i) quantitative conversions with 1:1 mixture of carbonyl and
amine, ii) catalytic efficiency at neutral pH, iii) exhibiting ter-bi kinetics for the
carbonyl:amine reagents, enables to experimentally classify these enzymes. Until
a better approach is discovered, these criteria remain the best method to
distinguish a reductive aminase from an imine reducing enzyme.

Challenges

Although oxidoreductases display high atom efficiency and
enantioselectivity, each type of enzyme comes with its own challenges. Enzymes
such as RedAms so far remain uncommon, so little is known about these
enzymes. AmDHs are known for their poor stability, and current IREDs and
RedAms rely on engineering for applicability for larger scale reactions. Therefore,
biocatalytic chiral amine synthesis via asymmetric reduction requires further
research to implement efficient reaction processes yielding a wider variety of
complex amines.

Goal

The goal of this thesis was to apply biocatalytic pathways using
oxidoreductases to synthesize chiral amines. In Chapter 2, we describe a multi-
enzymatic cascade, using an Old Yellow Enzyme ene reductase (OYE) and a
native AmDH. Since both enzymes catalyze asymmetric reduction, their
combination resulted into amine products with two chiral centers. We further
investigated the AmDHs for their observed alcohol by-product formation in
Chapter 3. Based on this outcome, we explored whether an alcohol
dehydrogenases could be engineered to obtain amine dehydrogenase activity in
Chapter 4, in which active site mutants of the alcohol dehydrogenase from
Lactobacillus brevis (LbADH) were investigated. In Chapters 5 and 6, we
searched for reductive aminases from genomic databases via different
approaches. In Chapter 5, a NAD(P)H-dependent reductive aminase from
Rhodococcus erythropolis (RytRedAm) was discovered and characterized. In
Chapter 6, three other RedAms were characterized from actinobacteria.
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Chapter 2: Synthesis of chiral amines via a multi-enzymatic
cascade using an ene-reductase and amine dehydrogenase
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Summary

Access to chiral amines with more than one stereocenter remains
challenging, although an increasing number of methods are emerging. Here we
developed a proof-of-concept multi-enzymatic cascade, consisting of an ene
reductase and amine dehydrogenase (AmDH), to afford chiral diastereomerically
enriched amines in one pot. The asymmetric reduction of unsaturated ketones
and aldehydes by ene reductases from the Old Yellow Enzyme family (OYE) was
adapted to reaction conditions for the reductive amination by amine
dehydrogenases. By studying the substrate profiles of both reported biocatalysts,
thirteen unsaturated carbonyl substrates were assayed against the best duo
OYE/AmDH. Low (5%) to high (97%) conversion rates were obtained with
enantiomeric and diastereomeric excess of up to 99%. We expect our established
multi-enzymatic cascade to allow access to chiral amines with both high
enantiomeric and diastereomeric excess from varying alkene substrates
depending on the combination of enzymes.
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Introduction

Chiral amines are encountered in a myriad of building blocks and are
valuable chemicals used in pharmaceutical and fine chemical industries. Besides
their synthesis by metal-assisted catalysis or by more sustainable organocatalytic
alternatives,!'- 2 biocatalytic methods have been increasingly developed over the
last decade.® 4 Among the panel of enzymes reported to date for this
transformation, amine dehydrogenases (AmDHs; EC 1.4.1) are described to
catalyze the reductive aminations of carbonyl-containing compounds to
corresponding primary amine products with ammonia as amine source and the
1,4-dihydronicotinamide adenine dinucleotide (NAD(P)H) cofactor. Particularly,
native AmDHs have been reported to be active toward various aliphatic
aldehydes and ketones to access a variety of amine products with S-configuration
in case of chiral amines.[> 8 Their implementation in biocatalytic cascade
reactions could allow access to various substituted (chiral) products.

Biocatalytic cascades, i.e. the combination of at least two reaction steps
in a single reaction vessel without isolation of the intermediates, have been
reported for the synthesis of many compounds,”! allowing to save reagents, time
and operational workup steps, with easier access or more appropriate initial
substrates. Particularly, the use of two catalysts in in vitro linear sequences have
been applied for the synthesis of amines. Ramsden et al. have described the one-
pot combination of reductive aminase (RedAm) from Aspergillus oryzae with
choline oxidase or carboxylic acid reductase to perform biocatalytic N-alkylation
of amines through in situ generation of aldehydes.l! Hydrogen-borrowing
asymmetric amination was carried out by coupling alcohol dehydrogenase (ADH)
and AmDH/RedAm to prepare various (R)-amines,® including with co-
immobilized biocatalysts.l'¥ By adding another step catalyzed by P450
monooxygenase, unfunctionalized alkanes can be employed to access amines
with isolated enzymesl!'"! or E. coli whole cells.['2

Ene reductases (EREDs) of the Old Yellow Enzyme family (OYEs; EC
1.6.99.1) catalyze the asymmetric reduction of unsaturated ketones and
aldehydes in high conversion and enantiomeric excess, and are promising
biocatalysts for industrial applications.l’! OYEs have already been applied in
cascade reactions, especially for the synthesis of carboxylic acids also in a
hydrogen-borrowing concept,['8l or in combination with ADH to access o-
substituted alcohols.l'*16] The transformation of enones to amines was
accomplished with OYEs and transaminases (TAs) chosen unreactive toward the
starting enones. Moderate to high diastereomeric excess of (1R,3S)-, (1S,3S)-,
(1R,3R)-1-amino-3-methylcyclohexane and substituted aryl amines were
obtained depending of TA from Codexis and wild-type or engineered OYE
used.['7. 18]
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Here we envisioned a multi-enzymatic cascade combining OYE and
native AmDH to obtain a panel of amine compounds, several with various methyl
substitutions leading to chiral products (Scheme 1). With the extending substrate
scope of AmMDHs and the growing number of characterized OYEs, it appeared
interesting to prove the viability of such a cascade and to apply it on a large
number of substrates. This one-pot biocascade circumvents the need for isolation
and purification of intermediates while retaining the enantioselectivity of each
enzyme. A NAD(P)H cofactor recycling system with the well-established glucose
dehydrogenase (GDH) provides the necessary electrons for the system via
inexpensive glucose. After an extended substrate scope study of both OYEs and
AmDHs, we describe here the results obtained with the best duo OYE/AmDH for
the biocatalytic conversion of nine common substrates. Several key cascade
reactions were conducted at a 10 mM concentration to demonstrate the viability
of this setting.
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Scheme 1. Overview of the one-pot multl -enzymatic cascade to obtain chiral amines, from
asymmetric reduction catalyzed by an OYE to reductive amination with ammonia and
AmDH.

Results and Discussion

OYE specific activity towards substrate scope

In this study, we focused our effort on the following characterized AmDHs:
CfusAmDH from Cystobacter fuscus, ApauAmDH from Aminomonas
paucivorans, MsmeAmDH from Mycobacterium smegmatis, MicroAmDH from
Microbacterium sp. MA1, ChatAmDH from Hungatella hathewayi, and
IGCAMDH5 and MATOUAmMDH2 from metagenomic data. Their reported
substrate scope are mainly aliphatic aldehydes and ketones, linear or cyclized.['®]
No or very low activity were described for carbonyl compounds bearing an
aromatic group. Therefore, we selected unsaturated enones structurally identical
or similar to this preliminary list, despite the scarce activity data of OYEs for this
type of substrate. We extended this list to methyl-substituted unsaturated
aldehydes to take advantage of the stereoselectivity of OYEs toward substituted
enones and access diastereoisomers via the cascade process, resulting in the
selection of differently substituted cycloalkenones 1a-1f, aliphatic enones 1g-1i,
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methyl-substituted unsaturated aldehydes 1j-11 and unsaturated aldehyde 1m
(Figure 1).

We started screening the activity toward substrates 1a-1m with available
OYEs from Thermus scotoductus (TsOYE),2% Saccharomyces -cerevisiae
(OYE2),2" Bacillus subtilis (YqjM),122l Gluconobacter oxydans (GIUER)23 and
Geobacillus kaustophilus (GKOYE).[? TSOYE was already described to catalyze
the reduction of maleimides and cycloalkenones,?5 and was expected to accept
substrates such as aliphatic, unsaturated aldehydes and ketones not yet explored
but known as OYE substrates.[?6l Compared with other OYEs, we initially chose
TsOYE as a model enzyme due to its high solvent and thermal stability. The
specific activity for the reduction of substrates 1a-1m with TsSOYE was measured
by spectrophotometry under standard conditions (Figure 1).

The highest specific activity was obtained with 3-buten-2-one 1g (18.8
U/mg) and decreased with increasing alkyl chain length, with 2-penten-3-one 1h
(16.8 U/mg) and 3-penten-2-one 1i (1 U/mg), as well as with a-methyl
substituents, from trans-pentenal 1m (10.3 U/mg) to frans-2-methyl-pentenal 11
(8.7 U/mg). The activity was lower for cyclic substrates cyclopentenone 1a and
cyclohexenone 1d compared with linear ones, and the same activity decrease
was observed with a- and B-methylated substrates (1b, 1¢, 1e and 1f). In
particular, B-methyl substituted substrates 3-methylcyclopentenone 1c and 3-
methylcyclohexenone 1f afforded no observable activity with TSOYE. Therefore,
we also probed the double mutant TsOYE-C25D/167T1271 (0.30 U/mg) and OYE2
(0.06 U/mg) with 3-methylcyclohexenone 1f (Figure 1). For cyclohexenone 1d,
the highest activities were obtained with TSOYE followed by OYEZ2, then YqjM
(Table 1).1281 In case of enals 1k and 11, there specific activities were also tested
toward GKOYE and GIUER but TsOYE remained the most active one in the tested
conditions (Figure S4). Thus, we established that the selected OYEs had a
substrate scope highly compatible with the preliminary data reported for the
studied AmDHSs, with high activity toward aliphatic unsaturated aldehydes and
cyclohexenone, and some notable activity toward the other tested
ketones/substituted cycloalkenones.
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Figure 1. Specific activities of TSOYE for unsaturated ketone and aldehyde substrates 1a-
1m. Conditions: 10 mM substrate 50 mM Tris-HCI buffer pH 8.0, TsOYE. 10.0 U/mL
glucose oxidase (GOx), 20 mM glucose, 0.2 mM NADPH. 3-methylcyclohexenone 1f* was
tested with TSOYE-C25D/I67T and 1f** with OYE2 and 0.2 mM NADH. Average of
duplicates.

Impact of reaction conditions on OYE activity

Next, we chose cyclohexenone 1d as a model to determine reaction
conditions for OYEs that would be compatible with AmDH activity, this substrate
giving good activity and being one of the least volatile. To design one-pot cascade
reactions, reaction conditions must fit to all the enzymes involved in the steps. In
case of enzymes working with specific conditions, the other enzymes must
tolerate these conditions sufficiently to ensure the success of the cascade without
this being to the detriment of the use of too large quantity of catalysts. In our case,
a high ammonia concentration is essential for AmDH activity, mainly due to the
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very high Km of ammonia. Thus, the main parameter to be studied was the
tolerance of OYEs to high ammonia concentrations.

In addition to commonly used buffers, 0.25-1.00 M ammonium formate
buffers were tested. At 50 mM, TsOYE gave the highest activity with MOPS-
NaOH at pH 7.0 and Tris-HCI at pH 8.0, decreasing from 12.0 to 6.5 - 7.3 U/mg
when increasing the pH to 9.0 (Table 1). This significant activity decrease at pH
9.0 can be ascribed to deprotonation of tyrosine 177,2°1 known to play an
important role as proton donor in the OYE active site.[2% 30 Notably, the specific
activity of TSOYE with and without glucose oxidase (GOx) to remove molecular
oxygen in situ showed no significant difference (see Figure S3). The use of
ammonium formate as buffer at 0.25-1.00 M concentration resulted in a
significant decrease in activity, all the more important as the concentration
increased (Table 1).

Table 1. Specific activity of OYEs for substrate cyclohexenone 1d.[

1d  NADPH NADP* 2d
OYE Buffer [Buffer] (M) pH  Spec. act. (U/mg)
OYE2 Tris-HCI 0.05 80 3.310.1
YqjM Tris-HCI 0.05 80 21100
TsOYE MOPS-NaOH  0.05 70 12.0x0.0
TsOYE  Tris-HCI 0.05 80 12203
TsOYE  Tris-HCI 0.05 85 10.9x0.1
TsOYE  Tris-HCI 0.05 90 65%00
TsOYE  Na2COs 0.05 90 73103
TsOYE  NH4HCO:2 0.25 80 14
TsOYE  NH4HCO:2 0.5 80 0.3
TsOYE  NH4HCO:2 1.0 80 041

[a] Conditions: specified buffer, [OYE] (0.05 M buffer: 0.05, 0.73 and 0.65 uM of TsOYE,
OYE2 and YqjM respectively; 0.56, 1.38 and 3.96 uM of TsOYE at 0.25, 0.50 and 1.00 M
NH4HCO: buffer respectively), 10 U/mL glucose oxidase (GOx), 20 mM glucose, 0.2 mM
NADPH, 10 mM cyclohexenone. Average of duplicates.

We carried out biocatalytic reactions monitoring conversion after one
hour to determine whether these low specific activities observed at 0.25-1.00 M
ammonium formate still allowed for conversion while maintaining appropriate
amounts of catalysts (<0.1 mg/mL), with the substrate scope (1a, 1c, 1d, 1e, 1f,
1h, 11, 1m). For better understanding, these reactions were tested in four different
buffers (Figure 2). The synthetic cofactor 1-benzyl-1,4-dihydronicotinamide
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(BNAH) was used as an inexpensive alternative to NADPH to simplify screening,
as using BNAH avoids a cofactor recycling system and is stable under basic
conditions (Figure $6).3"1 Overall, the conversion rates were similar for the
buffers used (Tris-HCI or NH4HCO:), even if a concentration of at least 50 mM of
Tris-HCI is preferred to sufficiently buffer the medium. Nearly complete
conversions were obtained for substrates 1a, 1d, 1e and 1h, moderate (<70%)
conversions for substrates 11 and 1m, and low to no conversions for 3-methyl-2-
cyclopenten-1-one 1c and 3-methylcyclohexenone 1f (Figure 3A, Table S4).
Substrate 3-methylcyclohexenone 1f was better reduced with the double
mutant TsSOYE-C25D/I67T (92% ee R) and OYE2 (99% ee S), giving access to
both product enantiomers, despite low conversion rates (10-20%) (see Table
$4).1271 25 mM and 1 M ammonium formate buffer were not tested for 1f because
of the already low conversions with Tris-HCI buffer pH 8.0. Interestingly, when we
studied this same buffer effect but with NADPH/GDH recycling system planned
for the whole cascade, the conversions were drastically affected by the presence
of high concentrations of ammonium formate buffer (B), which was not the case
with BNAH (A/B). We hypothesize the GDH may be the limiting factor in these
high ionic strength conditions,[?°] despite its use in many reduction processes with
such buffer. Based on this buffer study, 1 M ammonium formate buffer was
beneficial for the reductive amination step, benign to the OYE conversions but
detrimental to the GDH regeneration system. Nevertheless, we decided to
proceed with this important prerequisite for the AmDH activity, taking care of
reaction times and optimized amount of OYE/GDH to counter this negative effect.
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Figure 2. (A) TsOYE-catalyzed reduction of unsaturated ketones and aldehyde substrates
1 after 1 h with BNAH. Conditions: 2 pM TsOYE, 10 mM alkene 1, 15 mM BNAH, 10% v/v
DMSO, 1 mL volume. 1d and 1h were tested in 50 mM Tris-HCl and 1 M NH4HCO: only.
Average of duplicates. (B) TsOYE-catalyzed reduction of 2-methylcyclohexenone 1e after
1 h using GDH-recycled NADPH (in purple) or BNAH (in grey). Conditions: 1% v/v DMSO,
2 uM TsOYE, 10 mM 2-methylcyclohexenone in different buffer conditions, 1 mL volume.
Average of duplicates. purple: with GDH cofactor recycling system: 175 U/mL GDH-105,
0.1 mM NADPH, 12 mM glucose. grey: with 11 mM BNAH cofactor.

Substrates 2-methylbutenal 1k and 2-methylpentenal 11 were further
screened with three OYEs for conversion and ee. As 11 was a mixture of both cis
and frans isomers, the conversion was limited to 50% conversion as TSOYE
prefers the trans over the cis isomer. Thus, we screened the frans-1k and trans-
11 with TsOYE, GKOYE and GIUER. With GKOYE and GIUER we obtained a

38




significantly higher ee of products 2-methylbutanal 2k and 2-methylpentanal 2l
(Figure 3).

A 0 B 0

. - ., -
2k = 2l

TsOYE GkOYE GIUER TsOYE GkOYE GIUER

Figure 3. Conversion of unsaturated aldehydes 1k and 1l by TsOYE, GKOYE and GIUER
after 1 h with BNAH. Brown circles show ee. Conditions: 1 uM TsOYE or GKOYE or GIUER,
10 mM substrate 1, 15 mM BNAH, 10% v/v DMSO, 1mL volume in 50 mM Tris-HCI buffer
pH 8.0. (A) trans-2-methylbutenal 1k; (B) trans-2-methylpentenal 11.

In terms of nicotinamide cofactor, the selected AmDHs displayed high
preference either for the phosphorylated form NADPH (CfusAmDH,
MATOUAmMDH2, MsmeAmDH and MicroAmDH) or NADH (ChatAmDH,
IGCAMDHS5 and ApauAmDH). The OYEs used in this study are reported to prefer
NADPH over NADH, seen for 1b, 1j-1m (Figure S5), but the use of recycled
NADH still provides good conversions.3!! Therefore, the preferred cofactor for
AmDH enzymes were chosen in priority.

We proceeded with investigating the impact of DMSO for both types of
enzymes to have a preliminary state of potential OYEs-AmDHs cascade
reactions at high substrate loadings, which usually required addition of co-solvent
for solubilization. For OYEs, 1 to 20% v/v DMSO were tested with TsOYE toward
1d. These amounts of DMSO have a low impact on the conversions, as the
conversion at 20% v/v was 85% compared to 97% at 1% v/v DMSO (Figure 4A).
For AmDHs, their tolerance to DMSO was studied by measuring specific activity
for substrate 2j (Figure 4B). All the studied AmDHs maintained at least 50% of
their maximum activity at 5% v/v DMSO, except for ChatAmDH, for which a higher
decrease was observed (37% of maximum specific activity at 5% v/v DMSO).
AmDHs MsmeAmDH, CfusAmDH and MicroAmDH gave the highest resistance
to DMSO at 5% v/v DMSO with more than 70% activity retained. Above 10% v/v
DMSO, MsmeAmDH, IGCAmMDH5 and MicroAmDH were the more tolerant
enzymes with even higher activity in the presence of DMSO for MicroAmDH.
Based on these results, 1% v/v DMSO could be used to test each substrate in
the cascade at 10 mM without high negative impact on conversions. Higher
percentages than 1% v/v of this co-solvent could surely be used for further scaled
up reactions at higher substrate concentrations, especially with MicroAmDH for
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AmDH and TsOYE for OYEs, subject to prior stability tests under 5-20% v/v
DMSO.
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Figure 4. (A) TsOYE-catalyzed reduction of 2-methylcyclohexenone 1l1le to 2-
methylcyclohexanone 2e with 0-20% v/v DMSO after 1 h. Conditions: 2 pM TsOYE, 10
mM1e, 11 mM BNAH cofactor. Average of duplicates. (B) Specific activities of AmDHSs for
isobutyraldehyde 2j in the presence of 0, 5, 10, 15 and 20% v/v DMSO. For each AmDHs,
their maximum specific activity was set up at 100%, which corresponds to specific activity
without co-solvent for ApauAmDH, IGCAmMDH5, ChatAmDH, MATOUAmMDH?2,
MsmeAmDH and CfusAmDH, and to specific activity with 15% DMSO for MicroAmDH.
Conditions: 5 mM substrate (2j for ApauAmDH, IGCAmMDHS5, ChatAmDH and 2d for
MATOUAmMDH2, MsmeAmDH, CfusAmDH and MicroAmDH), 0.04-0.10 mg/mL purified
AmDH, 0.4 mM NADH (NADPH for MATOUAMDH2) in 1 M ammonium formate buffer pH
9.0 at room temperature (20 °C) (ApauAmDH, MsmeAmDH, CfusAmDH, MicroAmDH) or
50 °C (IGCAmDH5, MATOUAmMDH2, ChatAmDH). Specific activities were calculated
based on spectrophotometric assay (see Sl for details). Average of duplicates.
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AmDH activity towards ketone and aldehyde intermediates

All AmDHSs used in this study were previously characterized in term of
substrate profile, however these data were in majority specific activities, not
conversions rates, and did not cover all the set of substrates defined for this work.
AmDHs CfusAmDH, ChatAmDH, IGCAmMDH5, ApauAmDH, MATOUAmMDH2,
MsmeAmDH and MicroAmDH were therefore tested toward aldehydes and
ketones 2a-2m in addition to the corresponding unsaturated compounds 1a-1m
for reductive amination in the conditions defined for OYEs in cascade reaction.

Each series of substrate was tested with the enzyme(s) showing the
highest specific activities in previous reported results toward exactly or the more
structurally similar substrate. From this screening, selected enzymes for each
series of compounds were the enzymes showing the higher amount of amines
toward the carbonyl form while exhibiting no or very low activity toward the
unsaturated carbonyl to avoid any side product of unsaturated amine 4a-4m (see
Figure S8-S10 for details). This screening was carried out in 96-well plate in 100
uL total final volume at 0.5 mg/mL of purified enzyme and amine amounts were
estimated using calibration curves and ultra-high performance liquid
chromatography coupled to mass spectrometry (UHPLC-MS) assay (see Sl).
Despite some inconsistencies due to screening in 96-well plate with uncontrolled
evaporation of some aldehydes, results were viable to compare the enzymes for
one substrate and so to select the more appropriate enzyme(s) for the cascade
reaction. These selected enzymes are highlighted in yellow for each substrate a-
m in Table 2.

Multi-enzymatic cascade analysis

We proceeded to perform the full cascade reactions with both selected
OYEs and AmDHs based on their initial individual screening for each substrates
considered (Table 3). Each combination OYE-AmDHs-unsaturated substrate 1
was chosen to obtain the highest enantioselectivity and conversion (see Sl). The
reactions were carried out with the preliminary conditions defined for the cascade
i.e. ammonium formate 1 M pH 8.0 with 1% v/v DMSO, nicotinamide cofactor
preferred by the AmDH and glucose/GDH cofactor recycling system. The
concentration of amine products 3a-3m were quantified with GC calibration
curves using standards when commercially available (Table 3, see SI),
enantiomeric (ee) and diastereomeric excess (de) were determined by
derivatization (see Sl).
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Table 2. AmDH screening for the reductive amination of saturated carbonyl substrates

2 [al
[corresponding amines 3 a-m] (mM)

AmDH 2a 2b 2c 2d 2e 2f 2g 2h 2i 2j 2k 2l 2ml
CfusAmDH! 3.4 1.6 nd [ 71 1.8 05
ChatAmDH[ nd 82 04 0.1
IGCAMDH5! nd 7.8 06 0.1
ApauAmDH[ nd 10.0 06 1.9
MATOUAMDH2® 4,1 05 07 35 12 19 23 0109 nd 52 22 01
MsmeAmDH 0.8 22 34 23 12 12
MicroAmDH®! 29 05 24 43 3.7 45 15 nd 0.9

[a] Amounts of amine (mM) obtained with each enzyme toward tested ketones/aldehydes

are reported. Colors indicate the favorite enzyme (yellow), good candidate (orange) and
other potential candidates (grey) for the cascade. Conditions: 0.5 mg/mL AmDH, 10 mM
substrate, [b] 0.2 mM NADP or [c] 0.2 mM NAD, 3 U/mL GDH105, 24 mM glucose, 5 mM
CaClz, 1 M NH4HCO2 pH 8.0, 24 h at 30 °C, volume =100 pL in 96-well plate. The amounts
of amine 3 were deduced from calibrations curves after derivatization of reaction mixtures
with benzoyl chloride and UHPLC-MS analysis. Reported results are average of
duplicates. See S| and Figures S8 for results with enones 1. [d] isobutylamine 3j was not
detected probably due to evaporation of this volatile compound; previously reported results
allowed us to select the preferred AmDH for this substrate (data not shown); [e] these
conversions are underestimated due to evaporation of the compounds; blank boxes = not
tested; nd = not detected.

Starting from 10 mM substrate, the cascades with the cyclic pentenones
(1a-1¢) showed low to moderate amine concentrations (0.49 to 3.20 mM), which
is in concordance with the low to moderate activity of TsSOYE and AmDHs toward
these substrates. In the case of 3b, very low selectivity was measured, probably
due to racemization of 2b in the reaction mixture. With OYEZ2 instead of TSOYE
we still obtained 3¢ in low quantity (0.49 mM, (1S) = 99% de and (3S) = 99% de).
The cyclic hexenones (1d-1f) gave reasonable conversions (3.4 to 4.9 mM), in
concordance with the conversions rates of 30—83% for both TSOYE toward 1e-1f
and MsmeAmDH/MicroAmDH toward 2e/2f,5] respectively. Although these
conversions remain low, the high diastereoisomeric excess obtained for (1S,2R)-
3e ((1S) = 99% de (2R) = 93% de) and (1S,3R)-3f ((1S) = 99% de and (3R) =
99% de) are remarkable and demonstrate the asset of this cascade. Without the
first step, amines 3e and 3f were previously reported to be obtained with much
worse diastereoisomeric excess, respectively (2R) = 36% de and (3S) = 4% de
with 2e/MsmeAmDH and 3e/MicroAmDH.151 Thus, the imperfect stereopreference
of AmDHs toward o/B-substituted ketones can be compensated by the high
stereoselectivity of TSOYE C25D/I167T, and the subsequent stereochemical
control of the amine center is brought by the AmDH. Starting from substituted
enones and performing this cascade is so a good strategy to access a/f

42



substituted primary chiral amines with high controlled chirality. We also produced
the opposite enantiomer 3f by using OYE2 instead of TsOYE C25D/I67T (2.4 mM,
>99% de for (1S,3S)-3f) The precedent results reported for the synthesis of 3f by
coupling OYE1 and TAs gave a diastereomeric excess de of 98% to 99% for
(1S,3S5)-3f at 78% and 62% conversion with ATA-113 and ATA-237, respectively.
In this former study, higher amounts of enzyme were used for the second step (2
mg/mL) and longer reaction time (36 h vs 24 h), but lower amount of OYE were
required (60 ug/mL) as OYE2 was active toward 1f in contrast with TsOYE.

The linear aliphatic unsaturated ketones (1g-1i) were good to excellent
substrates for TsOYE, but poor to moderate for the AmDH chosen, namely
MsmeAmDH and MicroAmDH. Nevertheless, 2-aminobutane 3g was observed
with high conversion (75%) and ee (92%). The pentylamine 3i was quantified to
1.5 mM, this low amine amount being certainly due to the already poor conversion
obtained with MsmeAmDH for this substrate at more appropriate pH 9.5 (27%).15]
We observed an excellent ee of 99% for linear aliphatic amines such as 2-
aminopentane 3i, in accordance with the high ee reported with the tested
AmDH.BI Even if the 3-aminopentane 3h was obtained in only 35%, this result is
highly of interest. Indeed, native enzymes performing the intrinsic or apparent
reductive amination (RedAms, AmDHs, TA) are not, or very poorly, active toward
substrates harboring larger substituent than methyl for the smaller substituted
group. MicroAmDH is so a promising enzyme for reductive amination of ethyl-
substituted ketones, the same for its use coupled with OYEs on corresponding
enones.

Concerning aldehydes, since GIUER displayed a higher selectivity for 2-
methylbutanal 1k compared with TsOYE (Figure 3), we performed the cascade
with GIUER for this substrate, affording full conversion with 99% ee (Table 3). We
ascribe the excellent ee obtained here compared with Figure 2 to the in situ
conversion of the reduced enal to the corresponding amine, avoiding
racemization. Both ApauAmDH and GIUER led to full conversion on isolated
steps. The larger unsaturated aldehydes 2-methylpentenal 11 and pentenal 1m
were good substrates for GIUER and TsOYE, but poor for the AmDHs chosen,
thus explaining the lower calculated conversions (42% and 7%, respectively).
Furthermore, the selectivity obtained for 2-methylpentylamine 31 was low, also
probably because of racemization of intermediate 21 in the reaction mixture.

No formation of the unsaturated amines 4 was observed in these cascade
reactions, which confirms the high chemoselectivity of the AmDHs toward
saturated carbonyl substrates 2 versus unsaturated carbonyl substrates 1, while
benefiting from the much higher activity of OYEs compared with AmDHs toward
enones and enones/enals 1. Thus, the EREDs/AmDHs combination can be run
in one pot cascade reactions without requiring a sequential procedure.
Interestingly, presence of small amount of alcohol in reactions with substrates 1d,
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1e, 1i and 1k, was observed (data not shown). Formation of alcohol 5d was
quantified by GC-MS to facilitate peak attribution due to partial co-elution. The
effective amount of 5d due to MATOUAmMDH2 was less than 0.14 mM in
NHsHCO:2 buffer pH 8.0. At pH 10.0, this amount was similar in reaction mixture
containing the enzyme compared to the one without any AmDH (0.17-0.21 mM)
(see Sl). To minimize the direct reduction of ketone to alcohol while maintaining
sufficient activity of OYEs, pH 9.0 was preferred over pH 8.0 for the reaction
scale-up and increased the concentration of TsOYE from 2 to 10 uyM to
compensate for its lower activity at this pH (vide infra). The presence or absence
of alcohol was also dependent on the substrate, certainly due to varying distances
and orientations between the carbon atom of the ketone/aldehyde in case of
direct reduction or of the iminium intermediate in case of reductive amination.
This point was not further studied in this work but was recently described by Mutti
and co-workers,[32 33 and investigated in another research article.[34
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Table 3. Overview of proposed multi-enzymatic cascade OYE-AmDH combinations per

substrate. [

1 ER 2 AmDH 3 Cof Cont, [Nl [ee | de
m ofactor ont. 0, 0,
oy |0 |00
o o NH,
la é TSOYE | 2a é XQTD?_'LZ" 3a é NADPH |- 3.2 - |-
o] o NH;
1b é/ TSOYE | 2b é/ X;”SeH 3b G/ NADPH |[(S\R)|2.7 31 |31
o o NH,
1c Q OYE2 |2¢ & s Q NADPH |(S.,S) [0.5 99 |99
0 0 NH,
1d ij TSOYE | 2d é XQTD?_'LZ" 3d © NADPH |- 46 - -
o) 0o NH,
le ij/ TSOYE | 2e ij/ "X'rfgz 3e ©/ NADPH |(S\R) 3.4 99 |93
o (0] NH,
EOE Micro- N
1f -C25D/ | 2f . o |3 . |NADPH |(SR)[4.9 99 |99
167T
2 o Msme- NH2
1g M _~ TsOYE |2g M ampH |39 Nl |INADPH |(S) |75 92 |-
2 o Micro- NH2
i~ A~ TSOYE (20 I eth |3h L [NADPH |- 35 - |-
I .0 Msme- . NH;
U M~ TSOYE (20 I avpm |31 A~ [NADPH |(S) |15 99 |-
0 0 NH,
| { icro-
3 Y TSOYE |2j H/ xr'ﬁg’H 3j H/ NADPH |- |24 - -
0o o NH;
| 2k I, Apau. *
1k 2~ GIUER aoH |3k NADH |(R) |10.0 99 |-
9 2§ e
1IH/\/TSOYE H‘/vxrﬁgﬂg' 3 NADPH |(R) |4.2 48 |-
o] o 5 NH
1ml_~_TsOYE |2m (_~_ XQTD?_E am . |NADPH |- 07 -

[a] Conditions: 1 M NH4HCO:2 buffer pH 8.0, 10 mM substrate, 24 mM glucose, 0.2 mM
NAD(P)H, 3 U/mL GDH-105, 10 uM TsOYE or 20 uM OYE2, 0.5 mg/mL AmDH, 1 mL
volume. Amine products obtained after 24-h one-pot multi-enzymatic cascade reaction.
Conditions: 1 mL volume containing 1 M NH4HCO:2 buffer pH 8.0, 3 U/mL GDH-105, 24
mM glucose, 0.2 mM NAD(P)*, 0.5 mg/mL AmDH indicated in Table 3, 10 uM TsOYE or
TsOYE-C25D/167T for 3f, or 3 uM GIUER for 3k), or 20 uM OYEZ2 for 3c, and 10 mM alkene

1, 1% v/v DMSO. See Sl for more results.
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Finally, for a small scale-up synthesis we selected the best substrate 2-
methylbutanal 1k in combination with ApauAmDH and GIUER. The multi-
enzymatic cascade was carried out with 50 mM substrate 1k in a total volume of
20 mL and afforded 21% conversion (10% isolated yield), after 24 hours, to 2-
methylbutylamine 3k with 99% ee. We ascribe the low conversion to non-
optimized conditions with the increased substrate concentration. The pure chiral
amine was isolated as a hydrochloride salt as previously described,
demonstrating the applicability of this multi-enzymatic cascade (see SI).5!

Conclusion

In this study, we established a multi-enzymatic cascade with OYE and
AmDH enzymes to produce various substituted chiral amines. We explored the
capacity of the cascade by determining the reaction conditions of each step, and
the enantiopurity, the diastereomeric excess and conversion from substrate to
amine. We designed an efficient multi-enzymatic cascade capable of producing
chiral amines with high enantioselectivity and diastereomeric excess (both 99%).
The lack of or very low activity of AmDHs toward enones is of great advantage to
perform an easy protocol of one pot cascade in simultaneous mode. Before
considering chiral amine production on a larger scale, there is still room for
improvement, as most cascades resulted in amine concentrations of 5 mM from
10 mM substrate. Nevertheless, the combination of these types of enzymes
shows potential to produce chiral amines efficiently.

Despite reduced performance of OYEs in reaction medium rich in
ammonia required for the AmDH step, high optical purity of amine can be isolated,
as exemplified with the synthesis of (2R)-2-methylbutanamine obtained with 99%
ee. These results can give rise to extended amine products by using other
members of OYEs and AmDHs families, still in expansion. This cascade is even
more interesting as the substrates enones are substituted to access to
diastereomerically enriched amines. Nevertheless, this can be also beneficial in
the case of non-substituted ones. Indeed, enones can be more easily accessible
than their reduced form ketones, depending on commercial resources or
synthetic schemes. Enones are indeed products of key chemical reactions
extensively used in synthetic strategies such as dehydration of aldol or Wittig-
Horner reactions.

The portfolio of AmDHs is growing,['¥ thus enabling the access of both
amine chirality by using either (S)-selective AmMDHSs such as the ones used in this
study, or (R)-selective AmDHSs such as engineered-AADHSs and €-deaminating L-
lysine dehydrogenase.l'® This cascade is therefore a real alternative to the
already described EREDs/TA cascade and can be extended to structurally
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diverse amines, again thanks to the wide substrate scope of both OYEs and
NAD(P)H-dependent enzymes performing reductive amination.

Materials and Methods

General information

All chemicals were obtained from commercial suppliers Sigma-Aldrich,
Acros Organics, Alfa Aesar, TCI Europe and abcr GmbH with the highest purity
available and used as received. Glucose dehydrogenase GDH-105 was
generously donated by Codexis®. UV-vis absorbance was measured with a Cary
60 spectrophotometer. Compound analyses were carried out on Shimadzu GC-
2010 gas chromatographs (Shimadzu, Japan) with an AOC-20i Auto injector and
equipped with a flame ionization detector (FID), using nitrogen or helium as the
carrier gas. GC-MS analyses were performed on a GC (ThermoFisher Focus GC)
coupled to a single-quadrupole mass spectrometer (ThermoFisher DSQ Il). The
instrument was equipped with a non-polar 30 m x 0.25 mm x 0.25 um DB-5MS
column (Agilent) and split/splitless injector. Carrier gas was helium at a constant
flow rate of 1 mL/min. Injection and transfer line temperature were set up at 200°C
and 250 °C, respectively. MS detection was performed in electronic impact
ionization, positive mode, ion source 220 °C, detector voltage 70 eV, full scan
mode. Glucose dehydrogenase GDH-105 was generously donated by Codexis®.
UHPLC-MS analyses were performed on a UHPLC U3000 RS 1034 bar system
(Thermo Fisher Scientific, Waltham, USA) equipped with a DAD3000 diode array
detector and a MSQ Plus™ Single Quadrupole Mass Spectrometer with
electrospray Sl in positive mode (cone voltage = 75V, probe temperature set up
at 450 °C). The UHPLC column was a Kinetex® F5 (Phenomenex) column (100
x 2.1 mm; 1.7 um)

Example of asymmetric reduction reactions with TsOYE

The reactions were performed in 50 mM Tris-HCI buffer, pH 8.0 in a final
volume of 1.0 mL: 10 mM substrate 1, with either: 0.1 mM NADPH, 11 mM
glucose, 5 mg/ml GDH or 11 mM BNAH; 2 yM TsOYE, 1% v/v DMSO; in a
thermomixer at 900 rpm and 30 °C for 1 h on a Thermomixer (Eppendorf).
Extraction was carried out with 0.5 mL EtOAc, dried over MgSO4 and analyzed
by GC-FID.

Example of reductive amination reactions with AmDHs

The selected AmDHs (CfusAmDH, ChatAmDH, IGCAmDHS5,
ApauAmDH, MATOUAMDH2, MsmeAmDH, MicroAmDH) were tested toward
ketones 2a-m and enones 1a-m in 96-well plate with cofactor regeneration
system using UHPLC-MS monitoring. To a reaction mixture (total volume 100 pL)
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containing 10 mM substrate (10 mM of ketone 2 + 10 mM of enone 1 in case of
mixture of substrate), 0.2 mM NAD(P)*, 24 mM glucose, 5 mM CaClz, 3 U/mL
glucose dehydrogenase (GDH-105) in 1 M NH4HCO: buffer pH 8.0, was added
0.5 mg/mL of purified AmDH. The 96-well plate was covered with a lid and left for
reaction 24 h at 30 °C in a thermocontrolled oven. Reaction mixtures were
analyzed by UHPLC-MS after derivatization with benzoyl chloride. Background
reactions were performed in the same manner but with mixtures lacking the
substrate or the purified AmDH.

Example of multi-enzymatic cascade reaction

Cascade reactions were performed in 1 M NH4HCO:2 buffer (pH 8.0, 2 M
NH+OH to adjust the pH) in a total volume of 1mL: 10 mM substrate 1, 0.2 mM
NAD(P)H, 3 U/mL GDH-105, 24 mM glucose, 0.5 mg/mL AmDH, 3-25 uM OYE,
1% v/v DMSO; in a thermomixer at 400 rpm and 30 °C. After 24 h 1 mL of 10 M
NaOH was added and the mixture vortexed, followed by extraction with two times
0.5 mL EtOAc, dried over MgSO4 and analyzed by GC-FID. Derivatization with
Ac20 was carried out when necessary for ee determination on a chiral column. 35

The complete supporting information, including supplementary Figures
S12-S25, and S29-S72 can be found at: doi.org/10.1002/cctc.202101576

Supporting information

OYE accession numbers and sequences

Thermus scotoductus Old Yellow Enzyme (TsOYE) accession number BOJDW3
MALLFTPLELGGLRLKNRLAMSPMCQYSATLEGEVTDWHLLHYPTRALGGVGLILVEAT
AVEPLGRISPYDLGIWSEDHLPGLKELARRIREAGAVPGIQLAHAGRKAGTARPWEGGK
PLGWRVVGPSPIPFDEGYPVPEPLDEAGMERILQAFVEGARRALRAGFQVIELHMAHG
YLLSSFLSPLSNQRTDAYGGSLENRMRFPLQVAQAVREVVPRELPLFVRVSATDWGEG
GWSLEDTLAFARRLKELGVDLLDCSSGGVVLRVRIPLAPGFQVPFADAVRKRVGLRTGA
VGLITTPEQAETLLQAGSADLVLLGRVLLRDPYFPLRAAKALGVAPEVPPQYQRGF

Saccharomyces cerevisiae Old Yellow Enzyme 2 (OYE2) accession number Q03558
MPFVKDFKPQALGDTNLFKPIKIGNNELLHRAVIPPLTRMRAQHPGNIPNRDWAVEYYAQ
RAQRPGTLIITEGTFPSPQSGGYDNAPGIWSEEQIKEWTKIFKAIHENKSFAWVQLWVLG
WAAFPDTLARDGLRYDSASDNVYMNAEQEEKAKKANNPQHSITKDEIKQYVKEYVQAA
KNSIAAGADGVEIHSANGYLLNQFLDPHSNNRTDEYGGSIENRARFTLEVVDAVVDAIGP
EKVGLRLSPYGVFNSMSGGAETGIVAQYAYVLGELERRAKAGKRLAFVHLVEPRVTNPF
LTEGEGEYNGGSNKFAYSIWKGPIIRAGNFALHPEVVREEVKDPRTLIGYGRFFISNPDL
VDRLEKGLPLNKYDRDTFYKMSAEGYIDYPTYEEALKLGWDKN

Bacillus subtilis Old Yellow Enzyme (YqgjM) accession number P54550
MARKLFTPITIKDMTLKNRIVMSPMCMYSSHEKDGKLTPFHMAHYISRAIGQVGLIIVEAS
AVNPQGRITDQDLGIWSDEHIEGFAKLTEQVKEQGSKIGIQLAHAGRKAELEGDIFAPSAI
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AFDEQSATPVEMSAEKVKETVQEFKQAAARAKEAGFDVIEIHAAHGYLIHEFLSPLSNHR
TDEYGGSPENRYRFLREIDEVKQVWDGPLFVRVSASDYTDKGLDIADHIGFAKWMKEQ
GVDLIDCSSGALVHADINVFPGYQVSFAEKIREQADMATGAVGMITDGSMAEEILQNGR
ADLIFIGRELLRDPFFARTAAKQLNTEIPAPVQYERGW

Gluconobacter oxydans Old Yellow Enzyme (GIUER) accession number A1E8I9
MPTLFDPIDFGPIHAKNRIVMSPLTRGRADKEAVPTPIMAEYYAQRASAGLIITEATGISRE
GLGWPFAPGIWSDAQVEAWKPIVAGVHAKGGKIVCQLWHMGRMVHSSVTGTQPVSSS
ATTAPGEVHTYEGKKPFEQARAIDAADISRILNDYENAARNAIRAGFDGVQIHAANGYLID
EFLRNGTNHRTDEYGGVPENRIRFLKEVTERVIAAIGADRTGVRLSPNGDTQGCIDSAP
ETVFVPAAKLLQDLGVAWLELREPGPNGTFGKTDQPKLSPQIRKVFLRPLVLNQDYTFE
AAQTALAEGKADAIAFGRKFISNPDLPERFARGIALQPDDMKTWYSQGPEGYTDYPSAT
SGPN

Geobacillus kaustophilus (strain HTA426) Old Yellow Enzyme (GKOYE) accession number
Q5KXG9
MNTMLFSPYTIRGLTLKNRIVMSPMCMYSCDTKDGAVRTWHKIHYPARAVGQVGLIIVEA
TGVTPQGRISERDLGIWSDDHIAGLRELVGLVKEHGAAIGIQLAHAGRKSQVPGEIIAPSA
VPFDDSSPTPKEMTKADIEETVQAFQNGARRAKEAGFDVIEIHAAHGYLINEFLSPLSNR
RQDEYGGSPENRYRFLGEVIDAVREVWDGPLFVRISASDYHPDGLTAKDYVPYAKRMK
EQGVDLVDVSSGAIVPARMNVYPGYQVPFAELIRREADIPTGAVGLITSGWQAEEILQNG
RADLVFLGRELLRNPYWPYAAARELGAKISAPVQYERGWRF

OYE production and purification

The OYEs were produced as previously described via recombinant
heterologous expression of the genes in E. coli. For GIUER, OYE2, YqjM, and
GKOYE, the genes were cloned in pET-28a(+) plasmids with an N-terminal His-
tag, with restriction enzymes Ndel and Xhol (Baseclear, Leiden, The
Netherlands). TsSOYE wild-type and TsOYE-C25D/I67T double mutant were in a
pET-22b(+) plasmid without His-tag. Briefly, the plasmids were transformed into
E. coliBL21(DE3) (BL21 Gold(DE3) for OYE2) competent cells using the supplier
protocol (Novagen, Merck). 10 mL of LB overnight pre-cultures were diluted 1:100
in LB medium (0.5 L in 2-L glass Erlenmeyer flasks, or 1 L in 5-L glass Erlenmeyer
flasks) shaken at 37 °C at 180 rpm until the ODsoo reached 0.6. IPTG was added
to a final concentration of 0.1 mM, and the cultures were shaken at 25 °C at 180
rpm for 18 h. The broth was centrifuged at 4 °C and 10,000 rpm for 10 min. The
supernatant was removed, and the cell pellets were resuspended in 50 mM
MOPS-NaOH buffer pH 7.0, then centrifuged at 4,000 rpm and 4 °C for 15 min.
The supernatant was removed, and the cell pellets were stored overnight at -80
°C. The pellets were then thawed, resuspended in 50 mM MOPS-NaOH buffer
pH 7.0 (1:4), and supplemented with a small spatula tip of DNase | and MgClz,
and one pill of EDTA-free cOmplete™ protease inhibitor cocktail. This mixture
was passed through a cell disrupter Multi Shot Cell Disruption System (one cycle)
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and centrifuged at 10,000 rpm and 4 °C for 30 min. The supernatant containing
the OYE enzyme was then further used for purification.

The TsOYE wild-type, TsOYE-C25D/I67T double mutant and GKOYE
were heat purified by incubation in a water bath at 70 °C for 1.5 h. The resulting
mixture was centrifuged at 8,000 rom and 4 °C for 30 min. OYE2, GIuER and
YqjM were purified by affinity column chromatography as previously described.[36:
37]

FMN was added (amounts determined according to protein content) to
the thawed enzyme solution. The solution was then concentrated with an
ultrafiltration centrifugal filter (30 kDa cut-off, Amicon® Ultra-15 Centrifugal Filter
Devices). The excess of FMN was removed with a PD-10 Desalting column (GE
Healthcare) with 50 mM MOPS-NaOH pH 7.0 buffer. Purified enzymes were
frozen as droplets in liquid nitrogen and stored at -80 °C.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) was run to determine enzyme purity (Figure S1). Samples were prepared
by mixing samples with Laemmli buffer and 5% v/v dithiothreitol (DTT). Enzyme
concentration was determined by UV-Vis spectrophotometry and by the
bicinchoninic acid (BC) assay (Uptima BC Assay).

A kDa B kDa
250 250
150 150
100 100
- 75 ' 75
- S0
50
B 37
37
«
- 05
B 20 25
20

Figure S1. SDS-PAGE gels of TSOYE and TsOYE-C25D/I67T. A: TSOYE after purification
on the left lane, protein-ladder on the right lane. B: TSOYE-C25D/I67T after purification on
the left lane, protein-ladder on the right lane. Each sample was prepared by adding an
equivalent volume of Laemmli buffer. From this mixture, 15 pL was loaded onto the gel.
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AmDH production and purification

AmDHSs used in this study were produced and purified as previously
described. CfusAmDH, MsmeAmDH, ApauAmDH and MicroAmDH were
produced and purified according to Mayol et al..®! ChatAmDH, IGCAmDH5 and
MATOUAmMDH2 were produced and purified according to Caparco et al.lfl

Substrates, intermediates and product names

Table S1. List of alkene substrates, carbonyl intermediates and amine products with

assigned numbers.

Alkene substrates

Carbonyl intermediates

Amine products

la
1b
1c
1d
le
1f 3-methyl-2-cyclohexenone
1g
1h
1li penten-2-one

2-cyclopenten-1-one
2-methyl-cyclopentenone
3-methyl-2-cyclopentenone
2-cyclohexenone
2-methyl-2-cyclohexenone

3-buten-2-one
penten-3-one

1j methacrolein

1k trans-2-methyl-2-butenal
1l trans-2-methyl-2-pentenal
1m trans-2-pentenal

2a
2b
2c
2d
2e
2f  3-methylcyclohexanone
29
2h
2i 2-pentanone

2j isobutyraldehyde

2k 2-methylbutanal

2l 2-methylvaleraldehyde
2m valeraldehyde

cyclopentanone
2-methylcyclopentanone
3-methylcyclopentanone
cyclohexanone
2-methylcyclohexanone

2-butanone
diethylketone

3a
3b
3c
3d
3e
3f 3-methylcyclohexylamine
39
3h
3i 2-aminopentane

cyclopentylamine
2-methylcyclopentylamine
3-methylcyclopentylamine
cyclopentylamine
2-methylcyclohexylamine

2-aminobutane
3-aminopentane

3j isobutylamine
3k
3l 2-methylpentylamine
3m amylamine

2-methylbutylamine

Table S2. List of enamine and alcohol by-products, with assigned numbers

Enamine products

Alcohol products

4a cyclopent-2-en-1-amine 5a cyclopentanol

4b  2-methylcyclopent-2-en-1-amine  5b  2-methylcyclopentanol
4c  3-methylcyclopent-2-en-1-amine  5¢  3-methylcyclopentanol
4d cyclohex-2-en-1-amine 5d cyclohexanol

4e 2-methylcyclohex-2-en-1-amine  5e  2-methylcyclohexanol
4f  3-methylcyclohex-2-en-1-amine  5f  3-methylcyclohexanol
4g but-3-en-2-amine 5g 2-butanol

4h  pent-1-en-3-amine 5h  3-pentanol

4i  pent-3-en-2-amine 5i  2-pentanol

4j  2-methylprop-2-en-1-amine 5j  isobutanol

4k  trans-2-methylbut-2-en-1-amine 5k 2-methylbutanol

4]  trans-2-methylpent-2-en-1-amine 5|  2-methylpentanol

4m trans-2-pent-2-en-1-amine 5m pentanol
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Substrates 1a-1m
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Figure S2. Structures of alkene substrates, carbonyl intermediates, amine products and

alcohol by-products, with assigned numbers.
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OYE specific activity measurements

For specific activity measurements, a 2 mL UV cuvette was used to
monitor the decrease of NADPH at a wavelength of 340 nm on a Cary 60 UV-Vis
spectrophotometer. The extinction coefficient of NAD(P)H was assumed to be
6220 M-'cm-1.1381 Once the cofactor is oxidized, it loses its absorbance at 340 nm.
The addition of 20 mM of glucose and 10 U/mL glucose oxidase was tested to
remove molecular oxygen.

=
S

=

o N
1 1

H

H

Specific activity (U/mg)

o N b OO
1

with GOx no Gox

Figure S3. Activity measurements for TSOYE, with and without glucose oxidase (GOXx)
control. Reaction conditions: 50 mM Tris-HCI buffer pH 8.0, 0.05 uM TsOYE. 10 U/mL
glucose oxidase (GOx), 20 mM glucose, 0.2 mM NADPH, 10 mM cyclohexenone. Average
of duplicates.

Table S3. Concentration of TsOYE, OYE2 or TsOYE-C25D/I67T in the activity
measurements for asymmetric reduction of our substrate scope as described in Figure 2.
Conditions: 50 mM Tris-HCI buffer pH 8.0, TsOYE. 10 U/mL glucose oxidase (GOx), 20
mM glucose, 0.2 mM NADPH. 3-methylcyclohexenone 1f* was tested with TsOYE-
C25D/I67T and 1f** with OYE2 and 0.2 mM NADH.

Substrate [OYE] (uM)
la TsOYE 0.10
1b TsOYE 0.19
1c TsOYE 0.05
1d TsOYE 0.05
le TsOYE 0.19
1f TsOYE 0.05
1f" TsOYE-C25D/I67T 0.94
1" OYE2 5.15
19 TsOYE 0.03
1h TsOYE 0.05
1i TsOYE 0.33
1j TsOYE 0.05
1k TsOYE 0.05
1l TsOYE 0.10
Im TsOYE 0.05
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Activity of OYEs towards trans-2-methylbutenal 1k and trans-2-methylpentenal
11

10 - TsOYE
S
2 84 ) GkOYE
>
Q’S 6 =_ B GIuER
£ _

25 41
Q- 2 | -
(7]

0 T

1k 1l

Figure S4. Specific activity of OYE for unsaturated aldehydes 1k and 1l. Conditions: 50
mM Tris-HCI buffer pH 8.0, 20 mM glucose, 10 U/mL glucose oxidase, 0.2 mM NADPH,
10 mM substrate. [GKOYE] = 0.15 puM; [GIUER] = 0.14 puM; TsOYE concentrations as
shown in Table S6.

Activity of OYEs with NADPH or NADH

In some cascade combinations, the native AmDHs showed a cofactor
preference towards the non-phosphorylated nicotinamide cofactor NADH. We
added the cofactor based on this preference, despite the preference for
phosphorylated nicotinamide cofactor by TsOYE and GIUER. Therefore, we
screened OYE for specific activity with NADH (Figure S5).

20 1 NADPH
= 12 = . = NADH
£ ' 0
3 14 A |
> 12 =
s
2 10 - o) I
g 8 i %/\ : Q C|)

b = |
o 4
o
w24 _ =
0 - | || | —_
1b 1j 1k 1k 1l im
GIUER TsOYE GIUER TsOYE GIUER TsOYE

Figure S5. Specific activity of OYEs towards substrates with NADPH or NADH.
Conditions: 50 mM Tris-HCI buffer pH 8.0, 20 mM glucose, 10 U/mL glucose oxidase, 0.2
mM NAD(P)H, 10 mM substrate. OYE concentrations from left to right in uM with NADPH:
0.19, 0.05, 0.14, 0.05, 0.14, 0.05 uM. With NADH: 0.61, 0.24, 0.23, 0.24, 1.2, 0.48 uM.

AmDH specific activities in presence of DMSO

All the reactions were conducted from duplicates in a spectrophotometric
cell (10 mm light path) in a final reaction volume of 100 pL. To a reaction mixture
of isobutyraldehyde 2j or cyclohexanone 2d (5 mM) in ammonium formate buffer
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(1 M, pH 9.0) was added 0.4 mM of NADH (NADPH for MATOUAmMDH2) and the
appropriate volume of DMSO. The mixture (pre-incubated at 50 °C for 2 min in
the case of reactions with IGCAMDH5, MATOUAmMDH2, ChatAmDH) was
transferred in a spectrophotometric cell (thermostated at 50 °C for reactions run
at 50 °C), and an appropriate amount of enzyme (0.04 - 0.10 mg/mL) was added
to initiate the reaction. The initial slope measured at 340 nm (in a temperature-
controlled UV-spectrophotometer set at 50 °C for the reactions run at 50 °C)
determined the specific activity of the enzyme according to Beer-Lambert's law
and the molar absorptivity of B-NAD(P)H (€ = 6,220 M~" cm™"), after subtraction
of the slope obtained under the same conditions except without enzyme.

Screening of OYEs

Three buffers were initially prepared to perform the reactions: 50 mM Tris-
HCI buffer pH 8.0, 50 mM Na2COs pH 9.0 and 250 mM NH4HCO: pH 8.0. 25 mM
NH4sHCO:2 buffer was made by diluting the 250 mM buffer 10 times (pH was
measured at 7.86). The substrates were dissolved in dimethyl sulfoxide (DMSO),
to make a 1 M stock. NADPH was dissolved in a 50 mM Tris-H2SO4 pH 7.0 buffer.

The enzymatic reactions were performed in a total volume of 1 mL in
Eppendorf microcentrifuge plastic tubes. The reactions contained 2 yM TsOYE
and 10 mM of substrate (in the model case 2-methylcyclohexenone). NADPH or
BNAH were added to the reaction. For the recycling system, 0.1 mM NADPH, 11
mM glucose and 5 mg/ml GDH (Evozymes, lyophilized powder, 35 U/mg) were
added to the enzyme. Without the recycling system, 11 mM BNAH was added.

O 0O

2e
o) 0
NH, [~ | NH;
|| @
N N
Figure S6. Reaction scheme of asymmetric reduction by TSOYE with synthetic cofactor
BNAH.

1e

The reaction tubes were covered in parafilm and placed in an Eppendorf
thermoshaker (900 rpm, 30 °C). The reactions were stopped after 1 h by placing
the reaction plastic tubes on ice and adding 500 pL of EtOAc. This mixture was
vortexed and centrifuged for 1 min at 13,000 rpm. The EtOAc was then separated
and dried with MgSOs4 for analysis by GC.
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R-methylated enone reduction by OYE2 and TsOYE-C25D/I67T

100 ~ =
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70 - 1 M NH4COO- pH 8
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0_

Conversion (%)

foﬁ iT @O
1d 1e 1f
Figure S7. Conversions of substrates 1d and 1e by TsOYE, and 1f by TsSOYE-C25D/I67T

after 1 h. Conditions: 50 mM Tris-HCI or varying concentrations NHsHCOOH buffer, pH 8.
11 mM BNAH, 2 uM TsOYE or TsOYE-C25D/167T. Average of duplicates.

Table S7. Asymmetric reduction of B-methylated cycloalkenones by OYE2 and TsOYE-
C25D/167T for 1 h.

Substrate  OYE ESJ)E ] Conv. (%) (S,,;;)Se" ee (%)°
1c OYE2 2 1.1 0.1 99 (S)
1c OYE2 4 3.2 0.2 99 (S)
1c TsOYE-C25D/I67T 2 0 0 n.a.

1c TsOYE-C25D/167T 4 0 0 n.a.

1f OYE2 2 10 0.2 99 (S)
1f OYE2 4 20 0.5 99 (S)
1f TsOYE-C25D/167T 2 20 0.1 92 (R)
1f TsOYE-C25D/I167T 4 20 2.6 92 (R)

a Reactions were performed in duplicate. ® ee = enantiomeric excess.

Reductive aminations catalyzed by AmDHs

The selected AmDHs (CfusAmDH, ChatAmDH, IGCAmDHS,
ApauAmDH, MATOUAMDH2, MsmeAmDH, MicroAmDH) were tested toward
ketones 2a-m and enones 1a-m in 96-well plate with cofactor regeneration
system using UHPLC-MS monitoring. According to retention times and MS
spectra, combination of substrates were done as followed to minimize the number
of tests: ketones 2f, 2i, 2j, 2m and enones 1i were tested in separate wells;
ketones 2d, 2g, 2k, and 2l were tested with their corresponding enones 1d, 1g,
1k and 11; 2a with 2¢, 2b with 2e, 2h with 2f, 1a with 1¢, 1b with 1e, 1f with 1h
and 1j with 1m. To a reaction mixture (total volume = 100 yL) containing 10 mM
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of substrate (10 mM of ketone + 10 mM of enone in case of mixture of substrate),
0.2 mM NADP* or 0.2 mM NAD*, 24 mM glucose, 5 mM CacClz, 3 U/mL glucose
dehydrogenase (GDH-105) in 1 M NH4HCO: buffer pH 8.0, was added 0.5 mg/mL
of purified AmDH. The 96-well plate was covered with a lid and left for reaction
24 h at 30°C in a thermocontrolled oven. All the reaction mixtures were analyzed
by UHPLC-MS after derivatization with benzoyl chloride (BzClI). Background
reactions were performed in the same manner but with mixtures lacking the
substrate or with mixtures lacking the purified AmDH. In case of reactions with
ketones 2a — 2j and 2m, amounts of amines in reaction mixtures were deduced
from calibrations curves obtained with the corresponding amines 3a-3j and 3m
in mixtures containing 1 M NH4HCO: buffer pH 8.0 and 10 pL of the buffer used
for enzyme purification. In case of ketones 2l and 2k, the amounts of amine 3l
and 3k were estimated from calibrations curves obtained with amines 3i and 3g
respectively, in mixtures containing 1 M NH4HCO: buffer pH 8.0 and 10 L of the
buffer used for enzyme purification. For enamines 4, not available and not
targeted, their presence in the reaction mixture were hypothesized from
extraction of the corresponding m/z [M+H]* from the ESI trace (Figure $9-S10)
but were not quantified.

BzCl derivatization

This derivatization was carried out in 96-well plate. 20 yL of reaction
mixture were transferred from the enzymatic reaction plate to a second plate
containing in each well 10 yL of a 1 M Na2COs3/NaHCO3 aqueous solution pH 9.5,
40 pL of H20, and 30 pL of a 50 mM BzCl solution in acetonitrile. This
derivatization plate was left for reaction for 40 min and then quenched by the
addition in each well of 20 yL of a 1 M HCI aqueous solution and 30 L of a 1/1
solution of H2O/acetonitrile. After centrifugation (10,000 rpm, 10 min, room
temperature) on a filtration 96-well plate (0.22 um), the filirate were analyzed by
UHPLC-MS (eluent MeCN/H20 + 0.1% formic acid with a linear gradient 20/80
during 1 min, then 20/80 to 70/30 in 3 min, then 70/30 during 2 min followed by
re-equilibration time; flow 0.5 mL/min; temperature 25 °C; injection volume 3 pL;
MS detection parameter: electrospray ionization in the positive mode, probe 450
°C, 50 V).
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Cfus | Chat | IGC | Apau | MATOU | Msme | Micro
la nd nd nd
2a 3.4 4.1 2.9
1b nd nd nd
2b 0.5 0.8 0.5
1c nd nd nd
2c 1.6 0.7 2.4
1d nd
2d 3.5 4.3
le
2e 1.2 2.2 3.7
1f nd
2f 1.9 3.4 4.5
1g nd
29 2.3 2.3
1h
2h 0.1 1.2 1.5
1i nd

i 0.9 1.2
nd
5.2
2l 18 | 04 | 06 | 0.6 2.2
im nd
2m 05| 01| 01 1.9 0.1 0.9

Figure S8. Amounts of amines 3a-m for reaction of each AmDHs toward tested
ketones/aldehydes and presence or absence of enamines 4a-m for reactions of AmDHs
toward tested enones. Reaction conditions: 0.5 mg/mL AmDH, 10 mM substrate, 0.2 mM
NADP (for CfusAmDH (Cfus), MATOUAmMDH2 (MATOU), MsmeAmDH (Msme) and
MicroAmDH (Micro)) or NAD (for ChatAmDH (Chat), IGCAmMDH5 (IGC) and ApauAmDH
(Apau)), 3U/mL GDH-105, 24 mM glucose, 5 mM CaClz, 1 M NH4HCO2 pH 8.0, 24 h at 30
°C, volume = 100 pL in 96-well plate. For amines 3a —3m, the amount deduced from
calibrations curves is reported in mM. Colors indicate the favorite enzyme for the cascade
(green), good candidate (blue) and other potential candidates (grey). For enones 1a-1m,
the presence of the corresponding enamines 4a-4m were hypothesized from extraction of
the corresponding m/z [M+H]* from the ESI trace, quantification could not be performed
due to absence of standards. Colors indicate the area measured from the integration of
the correspond peak (pink: area >1500, yellow: area = 1500-10000; orange: area = 10000-
30000, red: area >30000). Reported values are average of duplicates. 2 isobutylamine 3j
was not detected during this screening probably due to evaporation troubles, but already
reported results allows us to select some favorite enzymes for this substrate; ? these
conversions are certainly underestimated due to evaporation troubles; blank boxes = not
tested; nd = not detected.
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Figure S9. Examples of chromatogram obtained for reaction with 2f and 1f.
Chromatogram of the derivatized reaction mixture with A) MsmeAmDH, B) MicroAmDH,
C) MATOUAmMDH?2 after extraction of m/z [M+H]* = 218.1 and m/z [M+H]* = 216.1
corresponding to derivatized 3-methylcyclohexylamine and 3-methylcyclohex-2-enamine
respectively; D) Chromatogram of the derivatized standard 3-methylcyclohexylamine (5
mM) after extraction of m/z [M+H]* = 218.1.
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Figure S10. Examples of chromatogram obtained for reaction with 2k/1k. Chromatogram
of the derivatized reaction mixture with A) ApauAmDH, B) IGCAMDH5, C) MATOUAMDH2
after extraction of m/z [M+H]* =192.1 and m/z [M+H]* = 190.1 corresponding to derivatized
2-methylbutanamine 3k and trans-2-methylbuten-2-amine 4k respectively.

Bi-enzymatic cascade reactions

Different purified amine dehydrogenases that showed activity towards
the reduced substrates (2a-m) were used. These were the following enzymes:

MicroAmDH, 2.78 mg/mL
MATOUAmMDH2, 4.18 mg/mL
MsmeAmDH, 6.76 mg/mL
ApauAmDH, 2.07 mg/mL

GDH-105 (Codexis), 123 mg, 50 U/mg

For every cascade, 0.5 mg/mL of AmDH and 3 U/mL GDH-105 was used.
A 1 M glucose and a 10 mM NADP* stock were prepared in Milli-Q. Reactions
were performed in a 1 M NHsHCO: buffer (pH 8.0, 2 M NH4OH to adjust the pH)

at 30 °C, in a thermomixer at 400 rpm and 30 °C in a total volume of 1mL.

60



B35

ovE_ (S) -2f (1R,35)-3f (1S,38)-3f
) iﬁ (5 O
(R)-2f (1R,3R)- 3f (1S,3R)- 3f

Figure S11. Selectivity for substrate 3-methylcyclohexenone 1f.

Amine extraction and derivatization

To extract the amine from the reaction mixture, 1 mL 10 M NaOH was
first added, vortexed, followed by the addition of 0.5 mL EtOAc, and vortexed.
After centrifugation, the top layer was extracted. A second extraction was
performed with 0.5 mL EtOAc. The combined organic layers were dried with
anhydrous MgSO4 for analysis on GC. Amines 3e, 3g, 3i and 3k were derivatized
to determine the enantiomeric excess and diastereomeric ratio. A small spatula
tip of potassium carbonate and a four drops of acetic anhydride were added to
the extracted amine (in EtOAc), and shaken at 400 rpm at 30 °C for 1 h.[3% Then,
0.5 mL of Milli-Q water was added and shaken at 400 rpm at 30 °C for 30 min.
After centrifugation, the EtOAc layer was separated and dried with MgSO4 for
analysis on GC.

Scale-up synthesis of 2-methylbutylamine preparations

The reaction volume for our upscaling was increased to 20 mL. The
reaction mixture contained 50 mM pure trans-2-methylbutenal, 120 mM glucose,
3 U/mL GDH-105 (From Codexis, 50 U/mg), 0.2 mM NAD®*, 0.5 mg/mL
ApauAmDH, 3 yM GIUER in 1 M NHsHCOOH-NH4OH, pH 9.0. After 24 h reaction
time, the conversion was calculated to be 21%, according to the same protocol
described for 1-mL reaction. We ascribe the low conversion to the increased
substrate concentration and only leaving the reaction 24 h. Reaction was stopped
with 10 M NaOH until the pH was increased to over 12 (2.5 mL). To the falcon
tube, 40 mL diethyl ether (Et20) was added. This was shaken thoroughly, and the
water layer was removed with a separation funnel. This step was repeated twice
with 20 mL Et20. The combined organic layers were dried and concentrated
under reduced pressure to approximately 10 mL before addition of a solution of
2 M HCl in Et20 . The solid was filtered, washed with cold Et2O (3 x 5 mL) and
dried over vacuum to obtain (S)-3k as a hydrochloride salt (12 mg, 10% overall
isolated yield).
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GC analyses

Compound analyses were carried out on Shimadzu GC-2010 gas
chromatographs (Shimadzu, 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 equations using 5 mM dodecane as an internal
standard. All samples were injected with GC quality EtOAc, except where
specified with Et20 or methyl tert-butyl ether (MTBE).

The following chiral columns were used to determine enantiomeric
excess of chiral products; details on the injection temperature, linear velocity,
column flow, oven temperature program and retention times can be found for
each compound below. See ESI of Jongkind et al. for GC chromatograms for all
substrates from our scope.[®]

A. Hydrodex B-TBDAc (Macherey-Nagel), 50 m x 0.25 mm x 0.25 ym
(length, internal diameter, film thickness), injection at 250 °C, flow 3
mL/min, split ratio 50, linear velocity 37 cm/sec, column flow 4 mL/min,
nitrogen as carrier gas.

B. CP-Sil 8 CB (25 m x 0.25 mm x 1.20 ym), injection at 340 °C, split ratio
100, linear velocity 30 cm/sec, column flow 4 mL/min, nitrogen as carrier
gas.

C. CP-Sil 8 CB (50 m x 0.53 mm x 1 um), splitless, injection at 340 °C,
flow 20 mL/min, nitrogen as carrier gas.

D. CP-Wax 52 CB (50 m x 0.53 mm x 2.0 ym), splitless, injection at 250
°C, flow 20 mL/min, nitrogen as carrier gas.

E. Hydrodex B-TBDM (Macherey-Nagel), 50 m x 0.25 mm x 0.15 um,
heptakis-(2,3-di-O-methyl-6-O-t-butyldimethyl-silyl)-B-cyclodextrin,
injection at 250 °C split ratio 50, linear velocity 38 cm/s, column flow 2.23
mL/min, helium as carrier gas.

F. CP-Wax 52 CB (25 m x 0.53 mm x 2.0 ym), injection at 250 °C, split ratio
100, flow 4 mL/min, nitrogen as carrier gas.

G. Lipodex E (Macherey-Nagel), 50 m x 0.25 mm x 0.25 ym, octakis-(2,6-
di-O-pentyl-3-O-butyryl)-y-cyclodextrin, split ratio 100, injection at 200
°C, linear velocity 38 cm/s, column flow 2.16 mL/min, helium as carrier
gas.

H. CP-Chirasil Dex CB (Agilent J&W), 25 m x 0.32 mm x 0.25 ym, heptakis
(2,3,6-tri-O-methyl)-B-cyclodextrin, injection at 250 °C, split ratio 150,
linear velocity 30 cm/s, column flow 1.55 mL/min, helium as carrier gas.

In the case of a, d, e, g and m, two methods were developed: one for the

separation of compound 1 and 2, and another method to separate 1, 2 and 3,
both methods and the corresponding GC columns are shown for each substrate.
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Table S5. List of all compounds and applied internal standards (IS) with their
corresponding GC columns and methods.

Cmpd Column GC oven program Retention time (min)
Method 1
a ©  @cCsssm s cycionentenone 3¢
30 °C/min to 325 °C hold 1 min yclop '
Method 2 80 °C hold 3 min Jacyclopentenone 7.8
a B 5 °C/min to 90 °C hold 5 min 3a czclogentylaminels 8
20 °C/min to 325 °C hold 1 min dodecane (IS) 16.6
o . 1b 2-methylcyclopentenone 13.4
800 c hOId 5 m|n° . 2b 2-methylcyclopentanone 10.7, 11.0
b E 5 “C/min to 100 °C hold 10 min 3b 2-methylcyclopentylamine 9.8, 9.9
5 °C/min to 120 °C hold 5 min 110 yleyclopenty € 99
20 °C/min to 240 °C hold 1 min dodecane (IS) 25.6
80 °C hold 5 min
5 °C/min to 100 °C hold 10 min 1c 3-methylcyclopentenone 21.7
c E o . R . 2c 3-methylcyclopentanone 12.2, 12.4
5 °C/min to 120 °C hold 5 min Dodecane (IS) 25.6
20 °C/min to 240 °C hold 1 min ’
Method 1 1d cyclohexenone 7.3
d B 80 °C hold 3 min 2d cyclohexanone 6.9
345 °C/min to 345 °C hold 1 min dodecane (IS) 9.7
Method 2 1d cyclohexenone 11.6
d B 80 °C hold 3 min 2d cyclohexanone 9.8
5 °C/min to 100 °C hold 4 min 3d cyclohexylamine 8.4
25 °C/min to 345 °C hold 1 min dodecane (IS) 16.1
Method 1
100 °C hold 3 min
e C 25 °C/min to 140 °C hold 1 min ;2 g:mzmy:gyg:gnzigﬂgﬂz gg
10 °C/min to 150 °C hold 1 min yiey :
25 °C/min to 345 °C hold 1 min
Method 2 le 2-methylcyclohexenone 7.8
e c 100 °C hold 3 min 2e 2-methylcyclohexanone 6.9
25 °C/min to 145 °C hold 6 min 3e 2-methylcyclohexylamine 6.0, 6.3
25 °C/min to 345 °C hold 1 dodecane (IS) 12.2
R . 1f 3-methylcyclohexenone 28.8
8(3, c hOId 5 mlno . 2f 3-methylcyclohexanone 19.5, 20.0
f E 5 °C/min to 100 °C hold 10 min 3f 3-methylcyclohexylamine 14.4, 14.7
5 °C/min to 120 °C hold 5 min e
20 °C/min to 240 °C hold 1 min 16.5, 16.7
dodecane (IS) 25.6
Method 1
9 D s0:Chodomn 20 2 butanone 24
25 °C/min to 230 °C hold 1 9 :
1g 3-buten-2-one 4.1
MeEhod 2 . 2g 2-butanone 4.3
’ ° ggo Scr}?ri?niomﬂs °Chold 1min 39 2:aminobutane 4.0
dodecane (IS) 14.9
1h penten-3-one 5.1
h = 65 °C hold 6 min 2h 3-pentanone 4.3
20 °C/min to 345 °C hold 1 min 3h 3-aminopentane
dodecane (IS) 16.6
. 1i penten-2-one 7.3
65 °C hold 6 min .
i c 5 °C/min to 70 °C hold 3 min 2 gjgari‘inpoe”n‘i:ﬁg -
20 °C/min to 340 °C hold 1 min dodecane (IS) 17.8
1j methacrolein 3.7
i B 65 °C hold 6 min 2j isobutyraldehyde 3.5

230 °C/min to 345 °C hold 1 min

3j isobutylamine 4.4
dodecane (IS) 14.9
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Method 1
80 °C hold 4 min

1k trans-2-methylbutenal 16.3

k A 5 °C/min to 100 hold 5 min 2k 2-methylbutanal 8.9, 9.0
5 °C/min to 110 hold 5 min dodecane (IS) 16.8
20 °C/min to 220 hold 1 min
MeEhOd 2 . 1k trans-2-methylbutenal 7.5
60 °C hold 3 min
o . o . 2k 2-methylbutanal 4.9
k C 10 °C/min to 70 °C hold 5 min .
o . N . 3k 2-methylbutylamine 6.2
10 °C/min to 140 °C hold 3 min dodecane (IS) 21.9
20 °C/min to 340 °C hold 1 min )
100 °C hold 7.5 min 1l trans-2-methylpentenal 10.7
A 5 °C/min to 140 °C hold 2.5 min 2| 2-methylvaleraldehyde 6.0, 6.2
25 °C/min to 240 °C hold 1 min tridecane (IS) 13.2
Mezhod 1 . 1m trans-2-pentenal 6.3
60 °C hold 3 min
m D o h o . 2m valeraldehyde 3.1
5 °C/min to 70 °C hold 2 min dodecane (IS) 12.6
25 °C/min to 245 °C hold 1 min )
Mezhod 2 . 1m trans-2-pentenal 10.4
50 °C hold 4 min 2m valeraldehyde 7.5
m C 5 °C/min to 60 °C hold 2 min y ’

5 °C/min to 65 °C hold 4 min
20 °C/min to 345 °C hold 1 min

3m amylamine 9.5
dodecane (IS) 21.2

Table S6. List of all compounds and applied internal standards (IS) with their
corresponding GC columns and methods.

Cmpd Column GC oven program Retention time (min)

e G éq(()jlﬁirr:?lcjdléz)m"% hold 15 min acetylated 2-methylcyclohexylamine 3e
25 °C/min to 225 °C hold 1 min__ +6-7- 170,180, 18.6
100 °C hold 2 min

g H 5 °C/min to 140 °C hold 10 min acetylated 2-aminobutane 3g, 9.8, 10.5
25 °C/min to 220 °C hold 1 min
100 °C hold 2 min

i H 5 °C/min to 140 °C hold 10 min acetylated 2-pentylamine 3i, 10.5, 11.0
25 °C/min to 220 °C hold 1 min

K H éq}%/&ml{’dé?g}: hold 10 min acetylated 2-methylbutylamine 3k, 14.4,
25 °C/min to 220 °C hold 1 min 14.5
100 °C hold 2 min .

H 5 °C/min to 125 °C hold 10 min acetylated  2-methylpentylamine  3I,

25 °C/min to 220 °C hold 1 min

expected at 17.5 and 18.5

pH-effect on reaction composition with

MATOU-AmDH2

cyclohexanone, TsOYE and

1]

Figure S26. Gas chromatogram of cascade reaction mixture with substrate 1d at pH 8.0.

Cyclohexanol 5d at 9.3 min. Dodecane at 16.1 min.
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o NH2

Figure S27. Gas chromatogram of cascade reaction mixture with substrate 1d at pH 8.5.
Cyclohexanol 5d at 9.3 min. Dodecane at 16.1 min.

22500 0]

NH,

ol

Figure‘ S28. Gas c“hrofnatagram of‘cascad’é re"acti]o‘n rﬁixtljre vt/hith subgtrafe 1d at pH 90
Cyclohexanol 5d at 9.3 min. Dodecane at 16.1 min.

Alcohol formation

To a reaction mixture (total volume = 100 pL) containing 10 mM of
cyclohexanone 2d, 0.2 mM NADP*, 12 mM glucose, 3 U/mL glucose
dehydrogenase (GDH-105) in 1 M of specified buffer at the specified pH, was
added 0.3 mg/mL of purified MATOUAmMDH2 or water in case of blank reaction
without AmDH. The reaction mixtures were stirred in closed 500 uL Eppendorf
tubes for 21h at 30 °C and 400 rpm in an Eppendorf ThermoMixer® equipped
with an Eppendorf ThermoTop®. All the reaction mixtures were analyzed by GC-
MS after organic extraction: to 80 uL of reaction mixture was added 40 pL of 10
M NaOH and 100 pL of EtOAc (GC-MS quality). After rapid vortex and
centrifugation, 70 pL of the organic phase were taken (x 2) dried over MgSO4 and
injected on GC-MS after dilution 1/10 in EtOAc. Amounts of amine 3d, alcohol 5d
and remaining ketone 2d were deduced from calibrations curves obtained with
commercially available standards (0, 0.1, 0.3, 0.5, 1, 5 mM for 5d; 0, 2, 4, 6, 8,
10 for 3d and 3c) in mixtures containing the identical buffer studied at pH 8.0 and
5 L of the buffer used for enzyme purification. Peak areas of extracted mass 82,
99 and 98 from the full mass scan (30 — 500) were used to quantify amine 3d,
alcohol 5d and ketone 2d respectively (Table S7 and Figure S73-S74).
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Table S7. Amounts of amine 3d and alcohol 5d from
MATOUAmMDH2 with 2d.

reaction of ChatAmDH and

Observed concentration (mM)

AmDH buffer 5d 3d 2d
MATOUAMDH2 NH4HCO:2 pH 8.0 0.27 6.93 0.45
NH4HCO2 pH 10.0 0.17 8.59 0.21
NH4CI/NH4OH pH 8.0 0.16 6.96 0.13
NH4CI/NH4OH pH 10.0 0.10 1.47 6.20
without AmDH NHsHCO2 pH 8.0 0.13 nd 8.06
NH4HCO2 pH 10.0 0.21 nd 9.11
NH4CI/NH4+OH pH 8.0 0.11 nd 10.19
NH4CI/NH4OH pH 10.0 0.05 nd 9.84
nd: not detected
3d 5d 2d
A RT: 4.94 NL: 5.83E8
: miz=
10 M- 17519243 RT- 595 RT 534 £150-62.50+7 50-98.50+
0 MA: 257253341 MA 305137984 [91605[90?490300[; + ¢ Full ms
A 041933111 _cals
0 RT 536 NL: 6.60E8
B 10 RT 4.95 A amlazsm sw 50 82 ggfr sugausm
50 MA- 418364632 pr o5 f‘ [16.00406. 007 148 ' ™
j\ MA: 38465589_}’ | 41933_111_cal3
0 RT- 491 IJL 6038
g C 10 MA raﬁmsoaa sw :.8 £2.50+97.50.98.50¢
RT: 5.25 5 +c Full ms
‘vé 50 fl‘\ MA 4615615 A 50675442 51013334‘1“1?“&1”3
S 0 ' RT 536 ML: 7.40E8
- iz=
2 D 10 R 81 50-82 50+37 50-98 60+
3 10.00400, ouF] e
4 %0 miﬁzfgﬁgzm 541933 11_e1
0 RT- 404 - TL: 5.73E8
E 10 MA: 958269096
55% ;&:%'325470519 d41933_111_d2
0 RT- 536 NL_ 7 84E8
F 10 MA: 12‘3?252691 aw 5082 50497 50-98 50+
/ .50-89.50 F +cFuII ms
50 RT: 6.25 [ [ 20-400.00] |
0 MA 43985264 /| d41933_1711_ LM
s R A e e B e A
44 46 48 50 52 54 56 58
Time {min)

Figure S73. GC-MS chromatogram of A) calibration point in 2M NH4HCO:2 pH 8.0 with 1
mM of 5d, 8 mM of 3d and 2 mM of 2d, B) calibration point in NH4HCO:2 pH 8.0 with 0.3
mM of 5d, 4 mM of 3d and 6 mM of 2d, C) reaction mixture with 2d and MATOUAmMDH2

in 2 M NH4HCO:2 pH 8.0, D) reaction mixture without Am

DH in 2 M NH4HCO> pH 8.0, E)

reaction mixture with 2d and MATOUAmMDH2 in 2 M NH4HCO2 pH 10.0, F) reaction mixture

without AmDH in 2 M NH4HCO2 pH 10.0.
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3d

l

5d 2d

]

NL =1-D‘IEB

81 SU 82.50+97.50-9850+
50-88 50 F: + c Full ms

[‘IU 00-400.00] M3

d41933_111_ca2

ML 6.29E8

miz=
81.50-82.50+97.50-98.50+
98.50-99.50 F: + ¢ Full ms
[10.00-400.00] M3
d41933_111_cal0

NL: 6.01E8
mi;

: ngs n+
s -141933_111_11

NL 9 05E8

81 50-82.50+97.50- 9850+
50-98 50 F + cFullm
[‘IU 00-400.00] MS d4‘|933 111_e3

A P §i1204611
100 RT 525 RT: 534
MA: 247550013  MA- 248337104
p AL
0
B 100 RT- 404 M- 315349540
MA: 379508392 RT- 595
50 I MA: 41863171 ll
/
0 RT- 4.93
2 C 10 MA 792881332
@ ,", RT: 5.23 RT: 534
2 50 I NA: 32912976 MA- 19228038
=l 0 N
< m 5133 77993451
£ b RT 527 7
3 50 MA: 21786373
lid
0 RT 535
E 10 A 49839105
. RT- 524 i
503 ﬁﬂk;ﬂ’é&ggygg MA- 16883846 | |

F 100
50%

RT 537
MA: 13i4253732
]
RT. 5.25 /|
MA: 10159420 / |

NL 8.20E8

81 50 82 50+97.50-9850+
50-89.50F: + cFull ms
[10 00-400.00] MS d41933_111_e4

52 54

Time (min)

Figure S74. GC-MS chromatogram of A) calibration point in 2 M NH4CI/NH4OH pH 8.0
with 1 mM of 5d, 8 mM of 3d and 2 mM of 2d, B) calibration point in NH4CI/NH4OH pH 8.0
with 0.3 mM of 5d, 4 mM of 3d and 6 mM of 2d, C) reaction mixture with 2d and
MATOUAmMDH2 in 2 M NH4sHCO2 pH 8.0, D) reaction mixture without AmDH in 2 M
NH4CI/NH4sOH pH 8.0, E) reaction mixture with 2d and MATOUAmMDH2 in 2 M
NH4CI/NH4OH pH 10.0, F) reaction mixture without AmDH in 2 M NH4HCO2 pH 10.0.
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Figure S75. Spectrum of compounds A) 2d, B) 3d, C) 5d.
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Chapter 3: Native amine dehydrogenases can catalyze the
direct reduction of carbonyl compounds to alcohols in the
absence of ammonia
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Summary

Native amine dehydrogenases (nat-AmDHs) catalyze the (S)-
stereoselective reductive amination of various ketones and aldehydes in the
presence of high concentrations of ammonia. Based on the structure of
CfusAmDH from Cystobacter fuscus complexed with nicotinamide adenine
dinucleotide phosphate (NADP*) and cyclohexylamine, we previously
hypothesized a mechanism involving the attack at the electrophilic carbon of the
carbonyl by ammonia followed by delivery of the hydride from the reduced
nicotinamide cofactor on the re-face of the prochiral ketone. The direct reduction
of carbonyl substrates into the corresponding alcohols requires a similar active
site architecture and was previously reported as a minor side reaction of some
native amine dehydrogenases and variants. Here we describe the ketoreductase
(KRED) activity of a set of native amine dehydrogenases and variants, which
proved to be significant in the absence of ammonia in the reaction medium but
negligible in its presence. Conducting this study on a large set of substrates
revealed the heterogeneity of this secondary ketoreductase activity, which was
dependent upon the enzyme/substrate pairs considered. In silico docking
experiments permitted the identification of some relationships between
ketoreductase activity and the structural features of the enzymes. Kinetic studies
of MsmeAmDH highlighted the superior performance of this native amine
dehydrogenases as a ketoreductase but also its very low activity towards the
reverse reaction of alcohol oxidation.
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Introduction

To address some of the Sustainable Development Goals to be achieved
by 2030 according to the United Nation, biocatalysis, i.e. the use of enzymes for
synthetic purposes, appeared as a valid contributor for seven of them.!'l Many of
the benefits offered by biocatalysis over conventional chemistry have been
reviewed. 1 Among the biocatalysts studied closely, NAD(P)H-dependent
oxidoreductases performing reductive amination are established enzymes for the
biocatalytic formation of amines. Facing the importance of sustainable access to
amino compounds such as bulk chemicals and high value-added products, both
the discovery of efficient enzymes and the deep understanding of their potential,
have been studied by several research teams.®! Besides requiring simple starting
materials (carbonyl compound, amine source), these enzymes have the major
advantage of depending on an easily recyclable nicotinamide cofactor
(NAD(P)H). Currently, these enzymes include amine dehydrogenases (AmDHs)
from engineered L-amino acid dehydrogenases (AADHSs) including an e-
deaminating L-lysine dehydrogenase (LysEDH), native amine dehydrogenases
(nat-AmDHs) identified among biodiversity by (meta)genome-mining approaches
and some variants, imine reductases (IREDs) and reductive aminases
(RedAms).[6-311 Mechanistically, the C4 atom of NAD(P)H that donates a hydride
is in close proximity to the electrophilic carbon of the iminium intermediate that is
formed from both substrates. Thanks to crystal structures, residues have been
identified that interact with the carbonyl and/or with the amine function of the
substrate/product, thus ensuring effective binding and catalysis. Therefore,
theoretically, in the absence of an amine source, a similar binding of the carbonyl
substrate might lead to its direct reduction into an alcohol as catalyzed by
ketoreductases (KREDs). This ketone reduction is already known to be catalyzed
by widely used alcohol dehydrogenases (ADHs) or KREDs, which harbor the
same core Rossmann-type fold shared by the whole NAD(P)binding domain
superfamily (InterPro entry IPR036291).132 33]

The dual reductive amination and direct ketoreduction activities of
carbonyl compounds has been reported for few NAD(P)H dependent
oxidoreductases. Recently, Tseliou et al. enhanced the direct ketoreduction of
aromatic aldehydes observed with LysEDH from Geobacillus stearothermophilus,
through targeted protein engineering. They extensively studied the dual KRED
and AmDH activity of these engineered LysEDHs and identified a dependence of
this dual activity on the substrate structure with variability according to the
variants. Notably, high alcohol yields were obtained for reduction of benzaldehyde
and derivatives and 3-phenylpropanal, even in the presence of ammonium
buffers. The wildtype LysEDH and variants LE-AmDH-v24 and LE-AmDH-v27,
harboring an F173S mutation, produced the highest alcohol yields, both in
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ammonium and ammonium-free buffers. Interestingly, some good substrates for
the AmDH reaction were poor substrates for ketoreduction in ammonia-free
solution, highlighting the crucial positioning of the substrate in the active site with
respect to the C4 atom of the NADH.34 Interestingly, no KRED activity has been
described thus far with other AmDHs engineered from AADHs. However,
secondary carbonyl reductase activities were reported with enzymes known to
reduce C=N bonds, namely IREDs, and RedAms, but only with highly activated
fluorinated acetophenones.!3% 361 This specific behavior, surely dependent on the
higher redox potential of the carbonyl carbon, appears to be assisted by a shift of
the substrate positioning resulting from an interaction of fluorine atoms with
hydroxy groups of the ribose of the NADPH, thus generating the required distance
from the C4 atom of NADPH to the carbonyl carbon, and so a possible direct
reduction. 34371 The dual AmDH/IRED-KRED activity of such enzymes seems to
be restricted to very particular cases. By contrast, secondary C=N bond reductive
activity has been reported for some enzymes of the short-chain
dehydrogenases/reductases enzyme superfamily (SDR), or has been introduced
through protein engineering.[*8.39 For enzymes active towards acyclic imines, and
even more towards carbonyl compounds undergoing both catalyzed imine
formation and reduction, this particular feature of dual AmMDH-KRED activity is
thus far limited and has not been studied for a wider set of enzymes.

We have recently reported the discovery of nat-AmDHs among
biodiversity and detected KRED secondary activity for several of them.[7. 18.21,40]
Biocatalytic amination with MATOUAmMDH2 gave rise to small amounts of
alcohols (<2% of cyclohexanol at pH 8 at 1 M ammonium formate buffer) and,
with the variant IGCAMDH1-W144A, 4% of octan-1-ol from octanal were
detected.?] These results encouraged us to study this feature more specifically.
Indeed, on the one hand, it is important to know whether the alcohol products can
be formed in the reductive amination reactions of different types of substrates and
with different nat-AmDHs, as this potentially might complicate the synthesis. On
the other hand, the use of these enzymes as KREDs, or in redox-neutral
cascades if a dual-active enzyme is available, can be interesting applications 341,
Here we report the results and analysis of the KRED and AmDH activities of many
nat-AmDHs and some of their already described variants. Using nineteen
enzymes, we have studied the correlations between their structural features and
promiscuous KRED activity, while also providing some complementary kinetic
studies.
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Results and Discussion

Conversion data in alcohols and amines

We conducted this study with 12 characterized nat-AmDHs, i.e.
ChatAmDH, IGCAmDH1, RgnaAmDH, MATOUAmMDH2, CfusAmDH,
ApauAmDH, PortiAmDH, MicroAmDH, MsmeAmDH, SgorAmDH, IGCAmDH5
and AcolAmDH, in addition to the recently described seven variants
corresponding to CfusAmDH-W145A.211 We tested these nineteen enzymes
toward a large panel of carbonyl substrates at 10 mM concentration (Figure 1).
Group A comprises alkyl aldehydes (isobutyraldehyde 1a, butanal 2a, hexanal
3a, heptanal 4a and octanal 5a), group B substituted aldehydes (furfural 6a,
cyclopentanecarbaldehyde 7a and benzaldehyde 8a), group C linear ketones
(pentan-2-one 9a, hexan-2-one 10a, heptan-2-one 11a, hexan-3-one 12a,
acetophenone 13a and 4-phenylbutan-2-one 14a) and group D cyclic ketones
(cyclohexanone 15a and 2-methylcyclohexanone 16a). The alcohol 1¢c-16¢c and /
or amine 1b-16b products were semi-quantified in two reaction conditions
(condition a: buffer with ammonia/ammonium species; conditions b: buffer without
ammonia) by GC-FID monitoring, with a mix of NAD* and NADP* cofactors,
internally recycled with glucose dehydrogenase GDH-105. The specific activities
of some of the enzyme/substrate pairs were also determined (Table 4).

GROUP A o ' GROUP B
NIRRT
)vo 3a 79 6a
_o A_.0O
1a NN
o 4a
\/2\¢ -0 OVO o
a SN

(0]
9a o
\/\/U\ i i
13a
(@)
= QO
/M 14a
11a 15a 16a

Figure 1. List of substrates used in this study.

For ammonia-free reactions, previous data reported by Tseliou et al.
demonstrated higher apparent rates of reduction at pH 7.0 compared to higher
pH, and no preferred type of buffer in cofactor-recycling conversion studies. With
the objective of achieving the best conversions into alcohols in condition b, we
studied the effect of pH on the alcohol formation with the couple 15a/MsmeAmDH
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in sodium phosphate buffer. The reaction conditions (quantity of enzymes and
duration) were deliberately adapted to deviate from quantitative conversions and
thus to better visualize the differences according to the pH. As depicted in Figure
2, the alcohol amount 15¢ was quite similar in the pH range 6.0-7.5 and
decreased progressively above pH 8.0. The screening for KRED activity was also
done at pH 7.5 unlike the one for AmDH activity performed at pH 8.5 as already
published.[']

3.5 ~

1.5 A

[Cyclohexanol] (mM)
N
H

6.0 6.5 7.0 7.5 8.0 8.5 9.0
pH
Figure 2. pH effect on the conversion of cyclohexanone 15a into cyclohexanol 15c in
ammonia-free buffer. Conditions: 100 mM NaPi buffer pH 6.0-9.0, 12 mM glucose, 6 U/mL
GDH-105, 0.2 mM NADP+, 0.1 mg/mL MsmeAmDH, 10 mM cyclohexanone 15a, 1% v/v
DMSO, 25 °C, 400 rpm, 4 h. Cyclohexanol is quantified with calibration curves by GC-FID
1. Error bars represent standard deviations of two independent experiments.

All the conversions deduced from calibration curves of standard alcohols
and amines are presented in Figure 3. Despite alcohol peaks observed in blank
reactions lacking enzymes, especially with aldehydes, the alcohol formations are
enzymatic and present after subtraction of these blank controls. Importantly, in 2
M ammonium buffer (conditions a), the AmDH activity strongly outperformed the
KRED one, as, in most cases, no or only traces of alcohol could be detected (<1%
conversion). The saturated ammonia / ammonium concentration promotes the
amination reaction, presumably minimizing the “free” carbonyl substrate in the
active site and so its direct reduction.l'”! This KRED activity, specific to ammonia-
free buffer, differs from the KRED side activity of wild-type or some engineered
LysEDHs observed in ammonium buffer for some substrates. For example, 8a
was converted into 17% of 8b and 23% of 8¢ in 2 M ammonium formate buffer
with wild-type LysEDH.34 Here, none of the tested enzymes was revealed to
display higher promiscuous KRED activity than AmDH one in ammonium buffer,
except PortiAmDH, which displayed 3.4% conversion of 5a into 5¢ but no
conversion into 5b. More notable KRED activities (conversions of 3.1-9.3%) were
reached with variants, even if they were still lower than the AmDH ones.
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On the contrary, in ammonia-free buffer (condition b), alcohols were
detected, even up to significant amounts. It appeared that, in general, the
amounts of alcohol formed were very variable. This was not only linked to the
identity of the enzyme itself, but also to the enzyme/substrate couple. Among all
the tested substrates, each enzyme displayed notable KRED activity (>0.5 mM
of alcohol formed) with at least one substrate. Higher alcohol formation and a
higher number of accepted substrates were obtained with some enzymes
compared with others. RgnaAmDH, MATOUAmMDHZ2, PortiAmDH, MicroAmDH
and MsmeAmDH display high promiscuous KRED activity in ammonium-free
buffer, with up to 96% of alcohols formed. Generally, for wildtype enzymes, we
observed much higher AmDH activity in ammonia-rich buffer than ketoreduction
in ammonia-free buffer, but with variabilities depending on the type of substrate.
For the short substrates 1a and 2a of group A, the conversions into alcohols under
condition b were at least twice lower than the conversions into amines under
condition a. Up to around conversions of 40% were nevertheless obtained, for
example for 1a into 1c with MsmeAmDH, RgnaAmDH and CfusAmDH. For
enzymes active toward longer aldehydes, the AmDH activity was 6-20 times
higher than the KRED one; no more than 10% of alcohol 3c were obtained in
condition b. For group B, unsaturated aldehydes 6a and 8a were not reduced, or
only in very low amounts, despite many of the tested enzymes displayed high
conversions to the corresponding amines 6b and 8b in ammonia-rich buffer.
Specific activities towards 6a were all below 0.6 mU/mg, thus in accordance with
conversion results (S| Table S4). The KRED activity was observed only for
cyclopentanecarbaldehyde 7a, with differing AmDH/KRED activity ratios
dependent on the enzymes. RgnaAmDH and MATOUAmMDH2 appeared as the
enzymes with the higher KRED promiscuous activity for this substrate with 16—
32% and 23-27% conversions of 7a into 7c¢ respectively, and IGCAmMDH1 and
ChatAmDH the less active ones for the direct reduction while forming 63—-76% of
cyclopentanecarbamine 7b. The specific activities determined with 7a in
ammonia-free buffer correlates with such KRED activity data, with 0.4 and 14.6/
58.4 mU/mg measured for IGCAmDH1 and RgnaAmDH/ MATOUAmMDH2,
respectively. In group C, for 9a, the KRED activity was significant in the cases of
enzymes displaying high conversions in reductive amination, with AmDH/KRED
activity ratios of around 4/1 for CfusAmDH and MicroAmDH to 2/1-1/1 for
PortiAmDH and MsmeAmDH, respectively. For example, 53% conversion into 9b
vs. 54% into 9c, in the respective ammonia-rich and ammonia-free conditions,
were obtained with the couple 9a/PortiAmDH. This trend was not shared for
hexan-3-one (12a), for which no alcohol 12¢ was detected despite high amine
12b formation for PortiAmDH, MicroAmDH, and MsmeAmDH. For the other
substrates of this group displaying activities only with variants, the amounts of
alcohol were only significant with CfusAmDH-W145A, with 17-36% of 11¢c and
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14c¢, when 54% and 53-70% of corresponding amines 11b and 14b were formed.
For ApauAmDH-W141A and MicroAmDH-W141A, no or only low amounts of
these alcohols were detected, while the AmDH activities induced conversions
above 20%. For cyclic ketones of group D, all the highly active AmDHs displayed
high promiscuous KRED activity, giving particularly nearly total conversion in
cyclohexanol 15¢ with CfusAmDH, MicroAmDH, MsmeAmDH and PortiAmDH in
ammonia-free buffer. These results were in line with the high KRED specific
activities of 39.4, 510.6 and 235.2 mU/mg measured in ammonia-free buffer with
15a for the first three, respectively (S| Table S4).

Stereochemistry

In the case of prochiral substrates (group C and D except 15a), the
enantiomeric excesses (ee) were measured when >1 mM of alcohols (>10%
conversion) were formed. As for the AmDH activity, the (S)-configuration was
obtained with ee of (S)-alcohols 9¢ and 11¢c >99%. We can conclude a high (S)-
selectivity for the promiscuous KRED activity of these AmDHSs. In the case of the
chiral substrate 16a, the cis-configuration was the major but not exclusive form
(cis:trans ratio from 60:40 to 82:18) of the alcohol product 16c, with a moderate
to high preference for the (S)-configuration at the tertiary carbon created (ee (S,R)
=73-83%; ee (S,S) = 80-97%)) (Figure 3; Sl Table S6).

The Michaelis-Menten parameters were determined for MsmeAmDH for
the reduction of cyclohexanone 15a to cyclohexanol 15¢ to provide a comparison
to the values previously reported for its reductive amination into 15b (Table 1;
Figure S5).I'1 Indeed, MsmeAmDH was able to catalyze the conversion of this
substrate for both reactions in high yields. In the absence of ammonia and at pH
7.5, the Kmfor cyclohexanone 15a was slightly lower than in amination condition
(0.25 and 0.55 mM, respectively). A similar observation was made for the Ku of
the cofactor NADPH (0.04 and 0.06, respectively). The kcat being seven times
lower, the resulting catalytic efficiency was approximately two times lower for 15a
for the KRED activity over the AmDH one, and nearly identical for NADPH.
MsmeAmDH displayed very slow catalysis of oxidation with a specific activity for
15¢ reaching only 0.4 mU/mg, preventing any accurate determination of kinetic
parameters. No oxidation activity could even be detected for 7c¢, whose
corresponding ketone 7a nevertheless emerged as a very good substrate in
reduction condition.

Table 1. Kinetic parameters of MsmeAmDH for the KRED activity?
Keat (5'1) Kwu (mM) Keat/ Kwm (3'1/M'1)
cyclohexanone 15a 0.17 0.25 667
NADPH 0.14 0.04 4155
@ on Hydrodex B-TBDM Kinetic parameters were measured in a 100 pL final volume in 100
mM KPi buffer at pH 7.5 at concentrations of 0.05-2 mM 15a and 0.005-0.3 mM NADPH.
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In silico analysis

In an attempt to link the in vitro data to the active-site characteristics of
the enzymes, some structural analysis and docking experiments were performed
on the closed conformations of structures of MATOUAmMDH2-NADP,
MsmeAmDH-NADP and CfusAmDH-NADP, and on energy minimized models of
RgnaAmDH-NAD, MicroAmDH-NAD(P), IGCAmDH1-NAD and RgnaAmDH-
NADNHg4* for studies in presence of ammonia/ammonium species (see Material
and methods). We confirmed the energy minimization step by comparing the
conformations before and after energy minimization for the X-ray structure of
CfusAmDH with NADP*. The greatest difference was seen for the ribose of
NADP* with a shift of 1.2 A, but more importantly, no shift in orientation of all the
residues involved in the pocket and the nicotinamide part were observed (Figure
$6). In addition, the energy minimized model of MATOUAmMDH2 was compared
to its X-ray structure (PDB ID: 7ZBO) recently published.?% Some important shifts
were observed in the more flexible part such as Y176, residue too far from the
reacting part to be discussed in this paper. For the residues surrounding the
substrate/product, no drastic shifts were generated, the notable depicted ones
(0.7-1.5 A) must be considered for discussion results (Figure S7). The following
molecules were docked: 6a—c, 7a—c, and 15a-c; and the top ten conformations
were considered (Table 2; Figure S8). We noticed that the docked aldehydes or
ketones should be analyzed more carefully, as the obtained conformations were
often not in agreement with the conformations of the corresponding products and
mechanism. For example, the docked conformations of 15a displayed the
carbonyl function “in the lower front” of the pocket, certainly due to interactions
with the NH backbone of Q137 (MsmeAmDH numbering) and amide of the
cofactor. In these conformations, the distances between the reactive carbon and
the C4 of the nicotinamide are in the 4.6-5.1 A range, therefore in disagreement
with observed reduction (Figure S9). We can notice that in the case of
MATOUAmMDH?2, the docked 7a and 15a were flipped, with the carbonyl oriented
to the “right” of the pocket, i.e., to His184 and Tyr171. The higher space available
in this bigger pocket enables such orientation, in a conformation more similar to
the one of the alcohol product, which may induce higher efficiency of
MATOUAmMDH2 for the reduction compared to other enzymes such as
MsmeAmDH (Figure $10).12% Precisely for cyclopentanecarbaldehyde 7a, KRED
specific activities were ten-fold higher for MATOUAmMDH2 compared to
MsmeAmDH (58.4 vs 5.2 mU/mg, Sl Table S4).

First, looking at the distance between the carbon bearing either the
alcohol or the amine and the C4 atom of the nicotinamide (hydride donor), we
noticed that they are quite similar for a couple alcohol/ amine and in an
appropriate range for hydride delivery in many cases (3.3-4.2 A).4! The main
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interaction promoting lower energy conformations is indeed the hydrogen bond
between labile hydrogen of alcohol or amine with the oxygen atom of the catalytic
residue Glu104 (MsmeAmDH numbering), which "sticks" the carbon atom
carrying this function at a very similar position, and therefore at a similar distance
with the NADPH C4 atom hydride. Despite being in the same range, notable
trends can be established from slight differences for this key distance, all the
more so if we coupled the criterion of calculated energies of the top conformations
(Table 2; Figure S8). Globally, the alcohol conformations were of higher energies
than the amine ones, and the gain of energies between carbonyl substrates and
alcohol vs amine were lower (0.05 — -0.22 vs -2.05 — -2.29 kJ/mol), which could
be in agreement with the higher amount of amine formed compared to alcohol. In
the case of 7c, lower average distances of 3.90 and 3.91 A were measured for
the favored “up” conformations for MsmeAmDH and RgnaAmDH respectively,
enzymes with high promiscuous KRED activities, whereas slightly higher
distances (3.8-4.6 A, average value = 4.11 A) were measured for IGCAmMDH1
displaying very low conversion and specific activity toward 7a (Table 3; Sl Table
S4). Bearing in mind that a distance of 4.3 A is already too distant to postulate a
direct hydride transfer, most of the conformations obtained with the latter were
not in accordance with a possible reduction. Moreover, for the enzyme
IGCAMDH1 with low promiscuous KRED activity, energies were all higher than -
4.97 kd/mol, unlike the others which were below -5.1 kd/mol, reaching -5.46
kJ/mol for MsmeAmDH with good promiscuous KRED activity. For
MATOUAmMDH2, and to a lesser extent MicroAmDH, bearing bigger catalytic
pockets, these relationships were not found. Such observation could also be
made for cyclohexanol (15¢) where distances of 3.6-3.8 A, associated with lower
energies (-5.42 — -5.83 kJ/mol), were calculated for nearly all the top ten
conformations for MicroAmDH, MsmeAmDH, CfusAmDH displaying high
promiscuous KRED activities, whereas longer distances (3.9—4.6 A) with higher
energy (-5.19 — -5.15 kdJ/mol') were measured for IGCAmDH1, for which only
traces of 15¢ and specific activity of 0.5 mU/mg were obtained in in vitro
experiments (Figure 4; Figure S8). In the case of RgnaAmDH, five of the ten top
conformations of 15¢ displayed distances of 3.4-3.5 A whereas only 15.5-17.2%
alcohol were formed experimentally and a moderate specific activity of 2.6
mU/mg was calculated with 15a. The remaining other five conformations were
inappropriately flipped which may reflect an inferior suitability of this active site
for 15¢, as observed for CfusAmDH for 7c¢. Interestingly, the average energy for
7c (-4.71, -5.41 and -5.23 kJ/mol) and 15¢ (-5.00, -5.82 and -5.53 kJ/mol) were
much lower than the ones for 6¢ (-3.67, -4.23 and -4.21 kdJ/mol) with respectively
MATOUAmMDH2, MsmeAmDH and CfusAmDH. Combined with the fact that the
energy difference between ketone/aldehyde substrates and alcohol products are
negative for 7 and 15 (-0.07 — -0.21 kJ/mol), while being positive for 6 (0.05 kJ
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mol') unlike the furfural 6a/furfurylamine 6b one (-2.05 kdJ/mol), this trend can be
linked to the low specific activities with 6a compared to 7a and 15a and the
absence of 6¢ in conversion experiments, compared to notable amounts of 7¢
and 15c (conversions of 10.6-23.2% of 7a and 30.5—>99% of 15a into 7c¢ and
15c respectively).

Table 2 C4N-C(OH) distances and related energies of the corresponding top 10 docked
conformations of alcohols 6¢, 7¢ and 15¢ into some studied nat-AmDHs.

6¢c 7c 15¢
RgnaAmDH 3.91 (-5.18) 3.66 (-5.51)
MATOUAmMDH2 4.27 (-3.67) 412 (-4.71) 3.80 (-5.00)
MicroAmDH 4.59 (-5.08) 3.98 (-5.42)
MsmeAmDH 3.77 (-4.23) 3.90 (-5.40) 3.64 (-5.82)
CfusAmDH 3.52 (-4.21) 3.64 (-5.24) 3.78 (-5.53)
IGCAmMDH1 4.11 (-4.97) 4.14 (-5.17)

Distances are expressed in A. Energy are expressed in kJ/mol and indicated in brackets.
a flipped conformations. Average values are provided. For detailed results for each ten
conformations and results on 6a-6b, 7a-7b, 15a-15b, see Figure S8.

Figure 4. C4N-C(OH) distances for MsmeAmDH (yellow), CfusAmDH (pink) and
IGCAMDH1 purple) with selected conformations of docked cyclohexanol (15c). Distances
are in A. Surrounding residues are labelled only for MsmeAmDH for clarity.
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To give some insights into the differences observed in conversions into
alcohol in the presence or absence of ammonia, docking experiments were
performed on RgnaAmDH with 6a and 7a, with or without NH4* docked inside the
active site, using the model of CfusAmDH-15a-NH4*, already published, as a
template.l'”1 With docked NH4*, the reactive carbon of 7a was too far from the C4
nicotinamide in all the conformations (4.4-5.1 A) to allow reduction, whereas
these distances (3.7 A for correct conformations) in absence of NHs were in
accordance with experimentally observed KRED activity (conversion 32%) and
specific activities (14.6 mU/mg). For 6a, the calculated distances (4.3—4.4 A) were
in each case incompatible with KRED activity both in ammonia-free or ammonia-
rich conditions, as observed in the in vitro experiments (Figures 3 and 5; Figure
S4).

Figure 5. Active sites of RgnaAmDH docked (A) with NH4* and 7a; (B) without NH3 and
7a; (C) with NH4* and 6a; (D) without NH3 and 6a. Distances are in A. For clarity, only one
conformation is shown in the case of several almost identical conformations.

Conclusion

Based on the determined kinetic parameters, MsmeAmDH performs both
carbonyl reduction and reductive amination in the same range, in absence or
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presence of ammonia source, respectively. It differs from LE-AmDH-v1, which
was reported to act preferentially as an AmDH with benzaldehyde, mainly due to
a much higher kapp.[3 However, the effect on Ku was similar as LE-AmDH-v1 also
exhibited four-fold better Kvapp for the reduction, as for MsmeAmDH. Compared
to the well described alcohol dehydrogenase (ADH) from Ralstonia sp. (RADH),
which was shown to prefer aromatic and cyclic aliphatic compounds, the Ku for
15a was 60 times lower for MsmeAmDH than for RADH (10.8 mM for RADH at
the same pH 7.5). The K for the NADPH cofactor was more in the same range
(0.008 mM for RADH). The affinity of MsmeAmDH for cyclohexanone 15a in the
reduction condition at pH 7.5 was also higher than for other ADHs/KREDs, such
as that of Methanobacterium palustre (Km = 6.5 mM), despite a much lower
velocity (Vimax = 30 U/mg; keat = 86 s71).1421 The catalysis is extremely less reversible
for MsmeAmDH than for both RADH and ADH from Mb. Palustre, reported to
catalyze both the reduction of 15a and the oxidation, even if the reduction was
faster (2.5-fold at pH 9.0 in Tris-HCI buffer and 18-fold at pH 7.5 respectively).[*]
MsmeAmDH, and by extension the nat-AmDHs, therefore appear as good
enzymes for the reduction of ketones to alcohols with the particularity of having
almost no activity in the reverse direction of oxidation. The docking experiments
carried out in this study allowed to formulate hypotheses for the KRED
promiscuous activity of some nat-AmDHs with a few substrates, based on
distance and energy differences. But highlighting some key residues responsible
for variations in AmMDH/KRED activity ratios, via different product positioning,
remains a challenge because the first layer in enzymes with either low or high
promiscuous KRED activities are all similar. Further analysis such as molecular
dynamics at different pH could provide clues. The dual activity shown in this study
raises the question of whether there is a link between the two families of enzymes
nat-AmDHs and KREDs. Nevertheless, the demonstrated catalytic glutamate, not
present in KREDs and not required in the ketoreduction mechanism, does not
point to an evolutionary relationship. This hypothesis will perhaps be clarified
when the metabolic role of nat-AmDHs will be elucidated, which is not currently
the case for CfusAmDH and MsmeAmDH homologs .

This study highlights a key feature of the native AmDH family, i.e., the
potential of some of these enzymes to perform ketoreduction, even quite
efficiently for some substrate/enzyme couples. Such behavior is not detrimental
for their use as biocatalysts for amine synthesis as no, or only traces, of the
corresponding alcohols could be detected in the presence of excess of ammonia,
required for the amination reaction. On the contrary, this dual activity can be
beneficial in some synthetic schemes where the AmDH and KRED activities could
be alternatively turned off or turned on depending on the reaction conditions.
Nevertheless, their very low activity in the oxidative direction would prevent their
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use in one pot neutral hydrogen borrowing cascades with a single enzyme, as
already reported with LysEDH variants.

Materials and Methods

Chemicals and Materials

All chemicals were obtained from commercial suppliers Sigma Aldrich,
Acros Organics, Supelco, Thermo Scientific and CombiBlocks with the highest
purity available. Glucose dehydrogenase GDH-105 was generously donated by
Codexis®. GC-FID analysis were performed either on a Shimadzu GC-2010 gas
chromatographs (Shimadzu, Japan) with an AOC-20i Auto injector equipped with
a flame ionization detector (FID) and using nitrogen as the carrier gas (GC-FID
1), either on a Gas Chromatograph Trace 1,300 (Thermo Scientific) equipped
with an autosampler injector Al/ AS1310, a Flame lonization Detector (FID) and
a Hz2 Generator Alliance (F-DGSi) (GC-FID 2). All samples were injected with GC
quality solvents. The AmDHs used in this study have already been described.!'
20, 21, 31, 40 New batches were produced, according to the protocol already
described, for IGCAMDH1, IGCAMDH1-W144A, RgnaAmDH,
RgnaAmDHW155A, MATOUAmMDH2, ApauAmDH, ApauAmDH-W141A,
PortiAmDH, PortiAmDH-W140A, MicroAmDH, MsmeAmDHW141A, SgorAmDH,
IGCAMDHS and AcolAmDH (S| Figure S1). For CfusAmDH, CfusAmDH-W145A,
ChatAmDH, MATOUAmMDH2-C148A and MsmeAmDH, previous batches
obtained from previous studies and stored at -80°C were used.!. 40
Spectrophotometric assays were recorded on a Safas UVMC2 (Safas, Monaco)
thermostated at 30 °C with a refrigerated/heating circulator Corio CD-200F
(Jubalo®, Seelbach, Germany) using microcells high precision cell quartz with
10-mm light path (Hellma Analytics, Mullheim, Germany).

GC-FID conditions

On GC-FID 1, the samples were injected on a CP-Sil 5 CB (25 m x 0.25
mm x 1.20 ym) with the following parameters: Injection at 340 °C, split ratio 100,
linear velocity 30 cm/s, column flow 4 mL/min, nitrogen as carrier gas. Details on
the oven temperature program and retention times are given in Figure S1. For
chiral GC-FID analyses, the samples were injected on CP-Chirasil Dex CB
(Agilent J&W) (25 m x 0.32 mm x 0.25 ym, injection at 250 °C, split ratio 25, linear
velocity 30 cm/s, column flow 1.68 mL/min, helium as carrier gas) for compounds
9a, 9c, 16a, and 16¢c and on Hydrodex B-TBDM (50 m x .25 mm x 0.15 um,
injection at 250 °C split ratio 25, linear velocity 38 cm/s, column flow 2.35 mL/min,
helium as carrier gas) for 11a and 11c¢. Details on the oven temperature program
and retention times are described in Sl Table S2. On GC-FID 2, samples were
injected on TG-35MS AMINE column (30 m x 0.25 mm x 1 um; Thermo
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Scientific), TG-624SILMS column (30 m x 0.25 mm % 1.4 um; Thermo Scientific),
ZB-XLB column (20 m % 0.18 mm x 0.18 ym; Phenomenex) or CP-Chirasil Dex-
CB column (25 m x 0.32 mm x 0.25 pm; Agilent) with Hz as carrier gas (30
mL/min). Details on the oven temperature programs, split ratio, detector and inlet
temperature and retention times are detailed in Table S3.

pH study of ketoreductase activity with MsmeAmDH

The reactions were performed in 100 mM NaPi buffer at pH ranging from
6.0 t0 9.0 in a final volume of 1.0 mL. A solution of 10 mM substrate 15a, 0.2 mM
NADP*, 12 mM glucose, 3 U/mL glucose dehydrogenase (GDH-105), 0.1 mg/mL
MsmeAmDH, 1% v/v DMSO was stirred in a thermomixer at 400 rpm and 25 °C
for 4 h. Extraction was carried out with 1 mL of ethyl acetate (EtOAc), the organic
layer was dried over MgSO4, and analyzed on GC-FID 1. Cyclohexanol 15¢c
concentrations were deduced from a calibration curve equation using 5 mM
dodecane as an internal standard and 15c reference standards. GC-FID
chromatograms of reference standards, control reaction and one example of
reaction with MsmeAmDH are provided in Figure S2.

Conversion, ee and de analysis for reductive amination and ketoreductase
activities (GC-FID monitoring)

All the selected AmDHs were screened for conversion of a range of
carbonyl-containing substrates to corresponding amines and alcohols as follows.
To a reaction mixture (200 pL in 500 yL Eppendorf tubes) containing 10 mM
carbonyl-containing substrate (for substrates 3, 4, 8, 11, 13, and 14, 200 mM
stock solutions were prepared in DMSO rather than H20, with 5% v/v in the final
reaction mixture), 0.2 mM NAD*, 0.2 mM NADP*, 3 U/mL GDH-105, 12 mM
glucose in the appropriate buffer (for reaction with ammonia/ammonium species:
2 M NH4HCO2/NH4OH buffer at pH 8.5, for ammonia-free reactions: 100 mM
sodium phosphate buffer at pH 7.5), was added 0.5 mg/mL of purified enzymes.
For each substrate, a blank mixture was prepared in the same manner but lacking
the enzyme replaced by an appropriate volume of desalting buffer used for
protein purification. The reaction mixtures and the calibration points were stirred
at 25 °C for 24 h at 400 rpm. To 80 uL of mix reaction were added 20 pyL of 10 M
NaOH and an extraction with 200 yL was performed with solvent (EtOAc or
methyl tert-butyl ether (MTBE)) containing known amount of internal standard
(1.5 mM dodecane or toluene) related in S| Table S3. The organic layers were
then analyzed on GC-FID 2 according to conditions detailed in S| Table S3.
Product b and ¢ concentrations were deduced from calibration curves equation
prepared with various ratio of ketone/alcohol/amine (or ketone/alcohol in the case
of ammonia-free reactions) in the corresponding buffer and in presence of an
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appropriate volume of desalting buffer. Examples of GC-FID chromatograms are
provided in Figure S3. In addition, the organic layers were analyzed on GC-FID
1 according to conditions detailed in Supplementary Table S2, with chiral
columns to determine the enantiomeric and diastereomeric excesses of chiral
alcohols.

Determination of kinetic parameters

Kinetic parameters were determined by spectrophotometric NADPH-
monitoring in the forward ketoreduction direction at 340 nm. The reactions were
performed in 100 mM potassium phosphate buffer pH 7.5 in a final volume of 100
pL at 30 °C in a spectrophotometer cell with optical paths of 1 cm. Initial rates of
the reaction were measured after addition of the purified enzyme (0.1 mg/mL)
with various concentrations of 15a (or NADPH) and saturated concentrations of
NADPH at 0.2 mM (or 15a at 2 mM). The uncertainties are those generated by
the fitting and the data are averages of three independent experiments. The
conditions, fitting and determination of kinetic parameters were performed with
Sigma Plot software and plots are provided in Supplementary Figure S5.

Specific activities in ketoreduction and alcohol oxidation catalysis

The reactions were conducted in duplicate at 30 °C in a thermostated
spectrophotometric cell (10 mm light path) in a final reaction volume of 100 pL.
For the KRED activity, the reactions were performed in potassium phosphate
buffer pH 7.5 with 0.2 mM of NADPH and 0.1-0.3 mg/mL of enzyme
(MsmeAmDH, MATOUAmMDH2, CfusAmDH, IGCAmMDH1, MicroAmDH). Initial
rates of the reaction were measured at 340 nm after addition of 2-10 mM of
substrate (6a, 7a, 15a) to determine the specific activity of the enzyme according
to Beer—Lambert’s law and the molar absorptivity of B-NADPH (¢ = 6,220 M-' cm-
1) after subtraction of the slope obtained under the same conditions except
without enzyme. The calculated specific activities are detailed in S| Table S4. For
alcohol oxidation activity, the reactions were performed in 100 mM Tris-HCI pH
8.6 buffer with 0.2 mM of NADP* and 2 mM of 7¢ or 15¢. Initial rates of the
reactions were measured at 340 nm after addition of 1 mg/mL of MsmeAmDH to
determine the specific activity as mentioned above after subtraction of the slope
obtained under the same conditions but lacking substrate.

Docking experiments

For study cases in ammonia-free buffer, the products 6a, 6c, 7a, 7¢ and
15¢c were docked into the closed conformations of structures of MATOUAMDH2-
NADP (PDB ID: 7ZBO), MsmeAmDH-NADP (PDB ID: 6l1AQ) and CfusAmDH-
NADP-15b (PDB ID: 6lAU) after removal of the amine 15b, and on models of
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RgnaAmDH-NAD, MicroAmDH-NAD(P) and IGCAmMDH1-NAD,['7. 18 energy
minimized beforehand to obtain the more favored positioning of the nicotinamide
cofactor from its copied position in the CfusAmDH-NADP structure. The latter
were previously energy minimized without restraints, using the YASARA2 force
field within YASARA, after addition of the nicotinamide cofactor copied from the
CfusAmDH-NADP  structure.* For study cases in presence of
ammonia/ammonium with RgnaAmDH, the model of CfusAmDH-15a-NHsa,
already published, was used as a template to paste the ammonium molecule,
after alignment of models using PyMOL Molecular Graphics System (Version 2.0
Schrédinger, LLC).I'1 NAD cofactor was built from the CfusAmDH-NADP
structure by replacing the phosphate group (P2B, O1X, 02X and O3X atoms)
with a hydrogen atom. The ligand PDB files were generated using the CORINA
Molecular  Online  Tool (https://demos.mn-am.com/corina.html).  With
AutoDockTool, the docking simulations were performed on rigid structures, with
no flexibility given to any catalytic pocket residues.[*5] The box was centered in
the active site with the following size: 34, 36, 30 (36, 38, 30 in the case of dockings
in presence of NHs) (Autodock parameters). The number of Genetic Algorithm
(GA) runs was fixed at 10 using the Lamarckian GA (4.2). The 10 ligand
conformations obtained were then analyzed on PyMOL Molecular Graphics
System (Version 2.0 Schrédinger, LLC).

Supporting information

The complete supporting information of this article, including
Supplementary Figures S2, S3, S4 and S8 can be found at the following doi:
10.3389/fctls.2023.1105948.

Supplementary figures
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ApauAmDH  |ApauAmDH  |PortiAmDH PortiAmDH MicroAmDH
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Figure S1. SDS-PAGE gels of enzymes obtained according to the protocol already
described for CfusAmDH and CfusAmDH-W145A.21 M = molecular marker SeeBlue®
Plus2 pre-strained standard (5 ug deposited), L = cell-free extracts (15 ug deposited) and
P = purified enzymes (5 ug deposited).
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Figure S5. Plots for kinetic parameter determination of MsmeAmDH for the
ketoreductase activity toward 15a for A) cyclohexanone (conditions: 100 mM KPi
buffer pH 7.5, 0.2 mM NADPH, 30 °C, 0.1 mg/mL MsmeAmDH) and B) NADPH
(conditions: 100 mM potassium phosphate buffer pH 7.5, 2 mM cyclohexanone,
30 °C, 0.1 mg/mL MsmeAmDH). Error bars represent the standard deviation of
three independent experiments. The uncertainties of the kinetic parameters
values are those generated by the fitting.
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Figure 'S6. Comparison of CfuAmDH-NADP*-cycIoheyIamine 15b structure before
(blue) and after (pink) energy minimization from X-ray structure (PDB ID: 61AU).

’ i

Figure S7. Coparison of MATOUAmMDH2-cyclohexylamine 15b structure (PDB ID:
7ZBO) (green) and energy minimized model of MATOUAMDH2 built from CfusAmDH
template.l'8] Some distances (A) between two identical residues in each model are
indicated.
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Figure S9. Positioning of cyclohexanone 15a docked into MsmeAmDH (only one
conformation is presented for clarity, but all the docked conformations were the same).
Distances (A) leading to potential H bonds with NH backbone Q137, NH2 amide Q137 and
NHz amide nicotinamide are represented in dashed lines, in addition to the distance
between the reactive carbon of 15a and C4 nicotinamide.

a )
Figure S10. MATOUAMDH2 (green) with docked cyclopentacarbaldehyde 7a (lime green)
flipped compared to docked cyclopentacarbaldehyde 7a (pale yellow) in MsmeAmDH
(yellow), in addition to docked cyclopentanecarbanol 7c (grey) in MATOUAmMDH?2.
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Supplementary tables

Table S1. GC method on the CP-Sil 5 CB column with oven program and compound
retention times (GC-FID 1)

GC oven program Retention time (min)
80 °C hold 3 min cyclohexanone 10.0
5 °C/min to 100 °C hold 4 min cyclohexanol 9.5

25 °C/min to 345 °C hold 1 min dodecane (IS) 16.2

Table S2. Chiral GC methods with oven program and compound retention times (GC-FID
1).
GC
column

GC oven program Retention time (min)

°C/min °C hold (min)
50
55
60
65
70
75
80
95
100
105
220 1.25
°C/min °C hold (min)
50 15.1
55 2
60 2
65 2
70 2
75 2
2
2
2

2-pentanone 4.2
(R)-2-pentanol 8.4
(S)-2-pentanol 8.6
DMSO 12.1

CP-
Chirasil
Dex CB

ggororororororo ot
NNNNNNNNNDN

N
o

o
N

(S)-2-methylcyclohexanone 36.6
(R)-2-methylcyclohexanone 37.4
trans-2-methylcyclohexanol 49.5, 49.8
cis-2-methylcyclohexanol 51.6, 51.9
DMSO 16.7

CP-
Chirasil

Dex CB 80

95
100
105 2

20 220 1.25

°C hold (min)
50 24

55
60
65
70
75
80
95
100
105
220

NNNNNNNNPEY

o
Q
3
=]

2-heptanone 33.9
(S)-2-heptanol 46.3
(R)-2-heptanol 46.5
DMSO 39.5

Hydrodex
B-TBDM

NoOolTortortorortororol ot

o
PNNNNNNNNN
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Table S3. GC methods on the TG-35MS AMINE column with oven program, split ratio,
extracting solvent and compound retention times (GC-FID 2).

Mol ID | Retention | Extrac- GC conditions
time (min) tion
a c |solvent/IS| column T°C inlet flow | spilit split temperature gradient
(internal (ml/m| flow | ratio
standard) in)
1 1.8 | 29 |MTBE/ TG-624 Sil 180 2 80 40 |55 °C (0.5 min); 1 °C/min to 62 °C;
toluene 30 °C/min to 200 °C (3 min).
2 23| 3.7 |MTBE/ TG-624 Sil 180 2 80 40 |55 °C (0.5 min); 1 °C/min to 60 °C;
toluene 30 °C/min to 200 °C (2 min).
3 4.3 | 5.7 |EtOAc/ TG-35MS 220 2 20 10 |70 °c (0.5 min); 9.73 °C/min to 80
dodecane |Amine °C (5 min); 10 °C/min to 130 °C; 30
°C/min to 200 °C (5 min).
4 5.7 | 6.9 |EtOAc/ TG-35MS 220 2 20 10 |80 °C (0.5 min); 10 °C/min to 115
dodecane |Amine °C (0.15 min); 2 °C/min to 125 °C;
20 °C/min to 200 °C (5 min).
6 4.2 | 5.2 |EtOAc/ ZB-XLB 220 2 20 10 |85 °C (0.5 min); 9.73 °C/min to 100
toluene °C; 1 °C/min to 105 °C; 20 °C/min
to 200 °C (5 min).
7 3.9 | 4.7 |EtOAc/ TG-35MS 220 2 20 10 |85 °C (0.5 min); 9.73 °C/min to 100
toluene Amine °C; 1 °C/min to 105 °C ; 20 °C/min
to 200 °C (5 min).
8 3.8 | 4.3 |EtOAc/ TG-35MS 220 2 20 10 |95 °C (0.5 min); 20 °C/min to 200
toluene Amine °C (12 min).
13 |27 | 2.5 |EtOAc/ TG-35MS 250 2 20 10 {100 °C (0.5 min); 1 °C/min to 105
dodecane [Amine °C; 20 °C/min to 220 °C (5 min).
9 29| 2.7 |EtOAc/ TG-35MS 180 1.5 | 20 13 |80 °C (3 min); 2 °C/min to 90 °C; 30
toluene Amine °C/min to 200 °C (0.5 min).
10 |[3.5] 3.3 |EtOAc/ TG-35MS 220 2 20 10 |80 °C (0.5 min); 2 °C/min to 90 °C ;
toluene Amine 30 °C/min to 200 °C (5 min).
11 [4.9| 4.7 |EtOAc/ TG-35MS 220 2 20 10 |80 °C (0.5 min); 9.73 °C/min to 90
toluene Amine °C (2 min); 10°C/min to 130 °C;
30°C/min to 200 °C.
12 [ 3.3 | 4.9 |EtOAc/ TG-35MS 220 2 20 10 |82 °C (0.5 min); 2 °C/min to 87 °C;
toluene Amine 30 °C/min to 200 °C (5 min).
14 |64 | 6.7 |EtOAc/ TG-624 Sil 200 2 20 10  |110 °C (0.5 min); 15 °C/min to 150
dodecane °C; 3 °C/min to 165 °C ; 15 °C/min
to 200 °C (1 min).
14 35| 3.6 TG-35MS 250 2 20 10 |110 °C (0.5 min); 5 °C/min to 120
Amine °C ; 20 °C/min to 250 °C (3 min).
14 (S): CP- 225 2 20 10 |85°C (0.5 min); 1 °C/minto 113 °C;
237 Chirasil 10 °C/min to 200 °C (3 min).
(R): Dex-CB
24.7
15 |6.8| 6.1 |EtOAc/ TG-35MS 180 2 20 10 |80 °C (0.5 min); 2 °C/min to 90 °C;
toluene Amine 30 °C/min to 200 °C (5 min).
16 | 7.3 16.8/6.|EtOAC/ TG-35MS 180 2 20 10 |80 °C (0.5 min); 2 °C/min to 90 °C;
9 |dodecane |Amine 30°C/min to 200 °C (3 min).
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Table S4. Specific activities of MsmeAmDH, MATOUAmMDHZ2, MicroAmDH, CfusAmDH,
RgnaAmDH, IGCAmDH1 for the ketoreduction of 6a, 7a and 15a

Specific activities (mU/mg)

MsmeAmDH MATOUAmMDH2 CfusAmDH MicroAmDH IGCAMDH1 RgnaAmDH

6a 0.2+0.0 0.2+0.0 0.5+0.0 0.6 +0.2 0.4+0.0 05+0.1
7a  52+0.2 58.4+1.1 24+03 22.8+35 0.4+0.0 146+1.1
15a 2352+4.3 9.7+09 39.4+0.4 510.6+7.2 0.5+0.0 26+0.1

Conditions: Ketone substrate 6a, 7a, 15a at 2 or 10 mM, potassium phosphate buffer pH
7.5, 02 mM NADPH, 0.1-1.0 mg/mL of enzyme (MsmeAmDH, MATOUAmMDH2,
CfusAmDH, IGCAmDH1, MicroAmDH). Specific activities were determined according to
the protocol described in Materials and Methods.
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Summary

Alcohol dehydrogenases are currently industrially applied for their
exquisite selectivity for asymmetric reduction of carbonyls to potent chiral
alcohols. In particular, Lactobacillus brevis alcohol dehydrogenase (LbADH) is
known for its high activity and stability, although this data has been inconsistent
in literature. We determined the specific activity with acetophenone to be 96 U/mg
after two months of storage at 4°C in 10% v/v glycerol and 50 mM NaCl. Previous
work showed the possibility to engineer an amino acid dehydrogenase to an
amine dehydrogenase (AmDH) to synthesize valuable chiral amines. Therefore,
we envisioned to repurpose LbADH to an AmDH through rational design with
single variants Y156E and S143E, inspired by the active site of AmDH. Further
amino acid substitutions were predicted using the FuncLib algorithm to ensure
stable and active variants. Despite promising molecular dynamics predictions, no
amine dehydrogenase activity was observed but 4% of 10 mM imine was reduced
by LbADH-Y156E. This work shows the surprising variation in activity and stability
of LbADH along with the essential role of Tyr156 and Ser143 in its catalytic active
site and provides insights on further amino acids positions and predictions. This
study also highlights the complexity of rationally re-purposing LbADH, despite
promising computational predictions, and highlights the need for further studies
on the LbADH activity and storage conditions.
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Introduction

Alcohol dehydrogenases (ADHSs) are ubiquitous in nature and catalyze
the reversible asymmetric reduction of carbonyl substrates into corresponding
chiral alcohols. Large panels of ADHs are characterized and available to be used
in industry with their exquisite activity and enantioselectivity.!'! Chiral alcohols are
essential for the synthesis of fine chemicals or active pharmaceutical ingredients
(APIs), with recent examples including an engineered alcohol dehydrogenase
from Paraburkholderia hospita to obtain (S)-3-cyclopentyl-3-
hydroxypropanenitrile, a precursor for ruxolitinib.”2l Another example is an
engineered ADH from Kluyveromyces marxianus, which is capable of forming the
precursor of atorvastatin (tert-butyl 6-cyano-(3R,5R)-dihydroxyhexanoate 18 4! In
parallel, the chiral amine moiety is highly valuable and found in ca. 40% of
pharmaceutical ingredients.l5 6 Besides enzymes from the hydrolasel”- 8 and
transferase classes!®, many enzyme families have been discovered from the
oxidoreductase class.['% Previous work on amino acid dehydrogenases (AADH)
demonstrated the possibility to engineer these enzymes to gain amine
dehydrogenase (AmDH) activity.l'": 2 However, these engineered AmDHs are
mostly active on aromatic substrates.['®! |ater, native AmMDH (nat-AmDH) were
discovered, and mostly accepted smaller, aliphatic aldehydes and ketones.['4-16]
Further discoveries of imine reductases (IREDs)!'"! and reductive aminases
(RedAms)!'8l expanded the biocatalytic toolbox to access chiral amines, but these
enzymes are plagued by low stability. Applications of IREDs in industry rely on
protein engineering to obtain stability.['%2"] Besides stability, broadening the
substrate scope was also a target for these enzymes, proving how protein
engineering and mutagenesis are essential approaches in industrial
applications.[?2. 23]

The anti-Prelog R-selective ADH from Lactobacillus brevis (LbADH)R4 is
a short-chain reductase (SDR) that is known for its high activity and stability.[2% In
this work, we envisioned to engineer LbADH to gain AmDH activity to harness the
stability and large substrate scope of LbADH.['Yl AmMDHs show specific activities
in the range of 1 U/mg, whilst LbADH displays over 100-fold towards multiple
ketone substrate.?®l Therefore, LbADH as a backbone of a new reductive
aminating enzyme could combat the main challenges known for AmDHs.

LbADH requires two magnesium ions for each tetramer,?”1 and the active
site contains a proton relay system, formed by the residues from asparagine,
lysine, tyrosine and serine. Y156 is the catalytic proton donor, S143 binds the
substrate in the active site, and both residues stabilize the alkoxide intermediate
formed after reduction by the nicotinamide adenine dinucleotide cofactor NADPH.
LbADH also contains residues S142, Y189, E145 and M206 that engage in
conformational changes to the holo-enzyme.[27-2°]
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In Chapters 2 and 3, we observed ketoreduction activity with AmDHs, [30:
31 therefore we compared their active sites and determined relevant residues that
would be needed for reductive amination (Figure 1). Both enzymes are NADP-
dependent oxidoreductases, containing a Rossmann fold domain to bind and
position the nicotinamide cofactor in the active site, which contains a proton
donating tyrosine residue. We used a computationally guided, semi-rational
design approach to create AmDH activity in an ADH (Figure 2). The main
difference between the active site of the ADH and AmDH is the conserved
negatively charged glutamate E108 in the AmDH active site. Therefore, we aimed
for mutations in the active site of LbADH: Y156E and S143E. In this way, the ADH
activity would be suppressed while a negative charge, crucial in AmDHs to
catalyze reductive amination,['* 32 is present in the active site. Since function-
enhancing mutations may destabilize a protein, we additionally added multiple
mutations using the FuncLib algorithm[®¥ and screened the variants for
ketoreduction and reductive amination of different substrates.

Although LbADH was discovered over 25 years ago and is being used
extensively in research and industry, the stability and activity of this enzyme
varied drastically in literature. Reported specific activities range from 89 U/mg!2®!
to 455 U/mg, although conditions are unclear how to reach this activity.*4 To
ensure our reaction or storage conditions are not limiting the potential AmDH
activity of the LbADH-mutants, we first determined the specific activity with
acetophenone under different conditions. We also assessed several storage
conditions to maintain stability of the enzyme.

- /
//
/
,/ 4

< ] 4 )
Figure 1. Active site of CfusAmDH (PDBID: 61AU, left) and LbADH (PDBID: 1ZK4, right),
highlighting the nicotinamide cofactor and catalytic residues in both enzymes. In the active

site of CfusAmDH, cyclohexylamine is present, whereas in LbADH acetophenone is
present.
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Figure 2. Schematic overview of reactions catalyzed by the LbADH (top) and amine
dehydrogenase (AmDH, bottom). Hydride attack on the si-face of the ketone substrate by
NADPH (right).

Results and Discussion

Specific activity and stability of LbADH-wt

After successful expression and purification of the LbADH-wt (see Sl),
we determined its specific activity with acetophenone to be 43 U/mg for
acetophenone, when measured directly after purification (Table 1, entry 3). The
specific activity of LbADH was further measured in different buffers (Table 1).
Tris-HCI| and sodium or potassium phosphate buffers without DMSO as co-
solvent resulted in comparable specific activities of ca. 40 U/mg. Because of the
pH-stability and similarity to storage conditions of the purified LbADH, KP; buffer
was chosen for further activity measurements and screenings. The LbADH
activity decreased drastically in presence of 5% v/v DMSO, whereas 1% showed
no significant activity loss. Likewise, the activity was drastically reduced in 1 M
NH4HCO:2 buffer pH 8.0 and 9.0, which agrees well with the known pH-
dependence of ADH activity wherein reduction (comprising hydride and proton
transfer to the substrate) is favored at neutral to slightly acidic pH values, whereas
oxidation is favored at mildly alkaline pH values.

Table 1. Specific activity of LbADH in different buffers 2

Buffer DMSO Spe. activit

Buffer Em M) b pn ) Umay
Tris-HCI 50 7.5 0 40.3+1.5
NaH2PO4 50 7.5 0 41.0+2.8
KH2PO4 50 7.5 1 43.0+1.6
KH2PO4 50 7.5 5 47 +0.1
NH4HCO. 1000 8.0 0 169+1.1
NH4sHCO. 1000 9.0 0 0.2+0.1

@ Conditions: 11 mM acetophenone, 0.2 mM NADPH, varying buffer and DMSO
composition, 1 mM MgClz, 30 °C. Average of triplicates.

The addition of 10% glycerol and 50 mM NaCl improved the retention of
activity, especially when the protein was stored at -80 °C or 4 °C (S| Section 4).
Storage at -20 °C showed no difference with respect to initial activity. Storage at
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4 °C with 10% v/v glycerol and 50 mM NaCl resulted in the highest measured
specific activity on day 1 (54.9 U/mg). We also measured the specific activity of
LbADH aliquots stored at -80 °C and 4 °C at various time points over a period of
59 days (Figure 3). Again, the specific activity is higher when stored at 4 °C.
Moreover, the activity increased over time with storage at 4 °C, reaching a plateau
between 90 and 100 U/mg. At -80 °C the activity remained around the starting
level (34-50 U/mg).

The highest specific activity we measured for LbADH was 96 U/mg, which
is close to values reported by Kulishova (112.9 U/mg; 10 mM acetophenone, 50
mM Tris-HCI pH 7.5, 1 mM MgClz2, 30 °C)B and Kulig (89.6 U/mg; 10 mM
acetophenone, 50 mM TEA-HCI pH 7.0, 0.8 mM CaClz, 30 °C).[?6] However, with
only 1.5 mM acetophenone, well below the Ku of LbADH for acetophenone (2.8
mM)i271 a surprisingly high activity of 450 U/mg was reported by Hummel.[34
Reaction conditions were not reported to reach this activity. Machielsen et al. also
reported high activity with the same acetophenone concentration (355 U/mg; 1.5
mM acetophenone, 100 mM NaPi pH 6.5, 1 mM MgCl2,30 °C).[%¢l Regarding the
half-life of the LbADH, storage at 4 °C provided high stability with a half-life of at
least two months. At 30 °C, Hildebrand et al. reported a half-life of 20 h,[3"]
Kulishova of 63 hi®l and Machielsen et al. of 160 h.[3¢! With a bi-phasic system in
MTBE in a 50:50 ratio, Villela Filho et al. reached a half-life of 1400 h. 138 Because
the activity assays and storage conditions are either different or unclear, the
reported activities and half-life values of LbADH have ranged drastically in
literature.l?® Despite this unclarity, this work shows how storing with 10% v/v
glycerol and 50 mM NaCl will increase the stability of LbADH.

100 { 44°C
~ *-80°C : 4
E 80 x
=)
> 604
= ¢ * * .
t)’ 40 T * §
@
¢ 20 -
)
o T T T T T T T T T T T
0 10 20 30 40 50 60

Incubation time (d)

Figure 3. Stability of LbADH after storage in 4 °C (black triangles) and -80 °C (red
diamonds). The enzyme was stored with 10% v/v glycerol and 50 mM NaCl. Conditions:
11 mM acetophenone, 0.2 mM NADPH, 50 mM KP; buffer pH 7.5, 1 mM MgClz, 30 °C.
Average of duplicates or triplicates.
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LbADH variants selection

After manually changing the active site of LbADH with either Y156E or
S143E in YASARAR (PDB: 1ZK4),I271 we explored each amino acid present in
the active site near these residues. We discarded the amino acids present in the
catalytic tetrad or involved in the folding into the holo-structure. We then used the
algorithm FuncLib!3® (S| Section 2.3) to create a library for the following positions:
193, A94, V95, N96, L110, 1144, L153, A155, N157, A158, S159, G189, V196,
L199. We created libraries with both LbADH-Y156E and LbADH-S143E and
selected the hits with the lowest Rosetta energy from each library.

In case the single mutant from the catalytic tetrad would prevent amine
reduction activity, we also focused on residues more distant from the active site.
The alanine on position 94 (A94) is positioned on the outside border of the active
site, and by replacing A94 with an acidic amino acid on this position, it could
potentially be more accessible for the ammonia to bind. Because the MD-
simulations showed good binding of the iminium ion in the active site after
replacing the A94 with either aspartic acid (D) or glutamic acid (E), we engineered
the single variants A94E and A94D (SlI, section 2.3). All LbADH variants were
obtained in high purity and yield (Table 2, see Sl). Under the same conditions as
described above, none of the purified LbDADH-Y156E and LbADH-S143E variants
displayed ketoreduction activity. Activity measurements of LbADH-A94D and
LbADH-A94E cell-free extracts (CFE) gave a specific activity of 55 and 23 U/mL,
respectively.

Table 2. LbADH variants with corresponding labels used in this work.

LbADH variant Label

Y156E LbADH-Y156E
A94F/N96P/L110V/Y156E/N157H/L199I LbADH-YF1
A94F/N96P/Y156E/S159A LbADH-YF2
A94Y/N96P/L110V/Y156E/S159A LbADH-YF3
S143E LbADH-S143E

A94Y/N96P/S143E/N157A/S159A/L1991 LbADH-SF1
N96P/L110V/S143E/N157Q/S159A/L1991 LbADH-SF2
A94D LbADH-A94D
A94E LbADH-A94E

Screening of LbADH variants

After purifying our designed LbADH variants (Table 2), we screened the
enzymes for ketoreduction of our substrate scope (Figure 4). As expected,
LbADH-wt afforded almost complete conversion of all tested ketones to the
corresponding chiral alcohols. The Y156E series of variants showed a
significantly impacted activity, with only 0 to 11% ketoreduction. The substrate 2-
methylcyclohexanone 1d was the only exception, as we observed up to 56%
conversion by LbADH-YF2. The S143E series of variants showed lower
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conversions to the alcohols (0-7%) than the Y156E series. Contrary to our
expectations, none of the overexpressed mutants showed amine product
formation under reductive amination conditions (ammonium formate buffer pH
8.0) (Figure 5). Under reductive amination conditions, we observed that the wild-
type enzyme still converted the ketone into the corresponding alcohol. Whereas
some of the tyrosine variants showed little to no conversion into the alcohol (up
to 13%), the serine variants showed no alcohol formation for any substrate.
Remarkably, all tyrosine variants were still able to reduce 2-methylcyclohexanone
1d into the corresponding alcohol under reductive amination conditions. Because
the mutation for A94D and LbADH-A94E was not within the catalytic tetrad,
alcohol formation would still be possible. When we performed reaction screening
under reductive amination conditions, neither A94D nor A94E displayed reductive
amination activity. Instead, these enzymes showed up to full ketoreduction of the
carbonyl substrate into the corresponding alcohol product.

i o

R" “R? KPi pH 7.5 R" "R?
1a-j NADP*, GDH/GIc ~ (R)-2a-

(@] (@] (0] O
©* 8. ©A* iir dwi
1a 1b 1c 1d 1e 1f
(0]

100
LbADH-wt
90 A
LbADH-Y156E
80 A
LbADH-YF1
70 -
LbADH-YF2
60 -
LbADH-YF3
50 A
= LbADH-S143E
40 -
u LbADH-SF1
30 A
u LbADH-SF2
20 A
u LbADH-A94D
10 -
0 u | bADH-A94E

la 1b lc 1d le 1f 19 1h 1i 1j
Substrate
Figure 4. Ketone reduction catalyzed by LbADH-wt and variants in reaction conditions for
ketoreduction. Conditions: 50 mM KPi buffer pH 7.5, 1 mM MgCl2, 0.2 mM NADP*, 6 U/mL
BsGDH, 20 mM glucose (Glc), 10 mM substrate, 2 yM enzyme unless stated otherwise,
0.5 mL reaction volume, 24 h at 500 rpm and 30 °C. LbADH-A94D CFE: 4.4% v/v. LbADH-
A94E CFE: 2.2%uV/\v.

Alcohol (%)
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Figure 5. Ketone reduction catalyzed by LbADH wt and variants in reaction conditions for
reductive amination with excess ammonia. Amine products 3a-j were not observed.
Conditions: 1 M NH4HCOO:- buffer, pH 8.0, 0.2 mM NADP*, 6 U/mL BsGDH, 20 mM Glc,
10 uM enzyme unless stated otherwise, 0.5 mL reaction volume, 24 h at 500 rpm and 30
°C. LbADH-A94D CFE: 22.2% v/v. LbADH-A94E CFE: 11.4% viv.

MD simulations of LbADH in complex with substrate 1a

In addition to our biochemical characterization, we conducted molecular
dynamics (MD) simulations of wild-type (wt), and all the variants derived from
LbADH in complex with the substrates acetophenone 1a and 2-
methylcyclohexanone 1d (see Sl). Specifically, we initiated simulations of the
Michaelis complex of LbADH-wt with 1a bound in an initial productive mode. This
associated chemical reaction involves the transfer of the hydride group from the
C-4 atom of the nicotinamide group of NADPH to the carbonyl carbon of 1a. The
enzyme exhibits anti-Prelog stereopreference, with the small methyl group in a
pocket formed by residues E145, D150, L153 and Y190, whereas the larger
phenyl group interacts with the A94 and L195 sidechains. Furthermore, according
to our simulations, the motion of active site loops plays a crucial role in
determining whether the substrate remains bound to the active site or dissociates
(see Sl). Given the R-specificity of the enzyme, si face addition to the carbonyl
group results in the formation of R-alcohol (Figure 6A). The addition to other
prochiral face re, results into the formation of S-alcohol.

This distinction between addition to the re and si faces was determined
by Cahn-Ingold-Prelog priority-based improper dihedral angle distributions during
the MD simulation, where the re face (clockwise) is marked by a negative dihedral
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angle and the si face (counterclockwise) by a positive dihedral angle (Figure 6B).
The frames are separated based upon this improper dihedral angle distribution
throughout the simulation. The overall product formation depends upon the two
steps: (1) hydride transfer from C-4 atom of the nicotinamide ring of NADPH to
the carbonyl carbon of the substrate, and (2) the proton transfer from Y156 to the
alkoxide of the substrate. After sorting the frames based on this improper dihedral
angle distribution, we have further filtered out the frames by setting the criteria on
both the reactive distance and proton transfer as less than 3.5 A and less than
3.0 A, respectively, and then back-calculated this to get a predicted % ee (Figure
6C). Using this definition, our MD simulations predicted the wild-type enzyme,
and the A94D, A94E and to a lesser extent the YF3 variant to have a higher % ee
compared to the other tested variants.

A similar approach was extended to the iminium intermediate to compare
the relationship between the catalytic distances and the performance of LbADH
as an amine dehydrogenase. Notably, the Y156E-LbADH was the only variant
showing a slightly lower average distance between the hydride transfer from C-4
atom of the nicotinamide ring of NADPH to the iminium carbon than and between
the cofactor and acetophenone (Figure 6C). However, this data falls within the
calculated error range, so no clear conclusions can be made on the differences
between the LbADH variants. The increased distances with the iminium ion are
in line with the experimental characterization of the poor performance of the
enzymes as AmDHs.

@(01-C3-C1-H4) = 91.1 | @(01-C3-C1-H4) = -92.4
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Figure 6. MD predictions of the expected ketone reduction selectivity by LbADH in
complex with acetophenone (1a). Shown here are representative structures of the si
prochiral face addition (A) and re prochiral face addition (B). C: ee distribution across all
the variants based on 5 x 100ns simulations of each variant (blue bars), with average
values and standard deviation of the reactive distance between transferrable hydride atom
and carbonyl carbon (blue circles for the alcohol, yellow circles for the iminium).

Selectivity towards 2-methylcyclohexanone

Surprisingly, although the designed variants led to significant loss in
conversion for most substrates, the mutants Y156E, YF1, YF2 and YF3 still
displayed conversion of a mixture of cis- and frans 2-methylcyclohexanone 1d
into 2-methylcyclohexanol (Figure 7). Because this product contains two chiral
centers, we investigated the impact of the tyrosine mutation and FuncLib
algorithm on the selectivity of the LbADH (Figure 8). It is known that the LbADH-
wt follows the anti-Prelog rule,!"- 40 hence the expected product is the R-alcohol.
The LbADH-wt shows full ketoreduction of the carbonyl substrate, and showed
high enantioselectivity towards the frans-product, but not the cis-product. The
mutants showed a much lower conversion to the cis-product while the conversion
to the trans-product remained largely intact, greatly increasing the de (Table 3).
Especially LbADH-YF3 showed a high preference for the trans-product (94%).
The LbADH-YF2 mutant showed the highest conversion into the alcohol product,
at the expense of the de. Remarkably, YF3 showed the highest de, demonstrating
an increased selectivity compared to the other variants. In reductive amination
conditions, no corresponding amine was formed, but the de was lower (see SlI).
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Figure 7. Expected diastereoisomeric products obtained with LbADH from 2-
methylcyclohexanone 1d (highlighted in light blue).

100 @, 100

90 A . . * . - 80

80 1 . L 60
< cis (R,S)
70 mtrans (R,R) [ 40
o 60 - etransee [ 20
2 5o cis ee L o SE,
)
o 40 - - -20 @
>
S 30 1 L 40
(&)

20 - - -60

10 - - -80

O T T T T -100

wit Y156E YF1 YF2 YF3

Figure 8. Ketoreduction of 2-methylcyclohexanone 1d to 2-methylcyclohexanol, and the
corresponding ee of either frans- (diamonds) or cis-product (triangles). ee was not
determined for conversions under 10%. Conditions: 50 mM KPipH 7.5, 1 mM MgClz, 12
mM Gic, 0.2 mM NADP*, 6 U/mL BsGDH, 2 yM LbADH, 10 mM 1d, 24 h at 500 rpm, 30
°C. Average of duplicates.

Table 3. Diastereomeric excess (de) of the trans-2-methylcyclohexanol catalyzed by the
LbADH variants from screening in ketoreduction.
LbADH de (%)

wit 8

Y156E 86
YF1 82
YF2 33
YF3 94

MD simulations of LbADH in complex with substrate 1d

Corresponding simulations were also conducted of different LbADH
variants in complex with 2-methylcyclohexanone 1d, with separate simulations
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being performed for each of the S (Figure 9A) and R (Figure 9B) enantiomers
of the substrate in each system. Given the R-specificity of the enzyme, only the
R-configuration of the alcohol is considered among the four possible
diastereomers that can be formed. The R-enantiomer of 1d resulted in the
formation of the frans diastereomer (1R,2R) as the major stereoisomer whereas
the S-enantiomer of 2-methylcyclohexanone led to the formation of the cis
diastereomer (1R,2S) as the major product. Based on initial studies, all variants
preferred the ketoreduction into the trans diastereomer (1R,2R). Throughout the
simulations, we monitored the reactive distance between the hydride of the C-4
atom of the nicotinamide group of NADPH and the C-1 carbonyl carbon of 2-
methylcyclohexanone 1d and predicted the selectivities (Figure 9C).
Interestingly, some of the variants (Y156E and YF3) showed a preference for the
cis-product, contradicting our experimental data. However, the distance between
the cofactor and ketone substrate for all LbADH-variants is within the standard
deviations. The enantioselectivity of the cis- and trans-products were higher in
our experiments than we obtained from our simulations. From the racemic
substrate mixture, the LbADH probably reduced the (R)-2-methylcyclohexanone
with a high selectivity to get the frans-product with high ee, but accepted the (S)-
2-methylcyclohexanone with lower enantioselectivity after the (R)-substrate was
depleted.

A o

110



50 - trans (1R, 2R) cis (1R, 2S) r 4.5
45 - trans distance cis distance L 40
40 1 - 35
35 1 - 3.0
.30 -
S - 2.5
\0:25 b 00
® 20 - -
15 - - 1.5
10 ~ - 1.0
5 - 0.5
T T T T T 0.0

WT Y156E YF1 YF2 YF3 S143E SF1 SF2 A94D A94E

Figure 9. MD predictions of the expected ketone reduction selectivity by LbADH in
complex with 2-methylcyclohexanone 1d. Shown here are representative structures of the
si prochiral face addition with (R)-1d (A) or (S)-1d (B). The ee distribution across all the
variants with either the trans or cis product (C) based on 5 x 100 ns simulations of each
variant (bars), with average values and standard deviation of the reactive distance
between transferrable hydride atom and carbonyl carbon (circles).

IRED and ER conditions screening

We initially aimed for AmDH activity, hence we used ammonium or
methylamine as potential amine donors in our initial screening. Because this
activity was not present, we also screened for amine formation under conditions
where the imine intermediate is formed (Table 4, Figure 10).1' We combined
hexanal or benzaldehyde with either cyclopropylamine or allylamine and ran the
reactions at pH 9. In this way, we screened for promiscuous imine reductase
(IRED) activity, which was realized in previous works.[*2 431 The serine variants
showed no amine formation under these conditions. Only the single mutant
LbADH-Y156E afforded the amine product formed from hexanal and
cyclopropylamine (4% from 10 mM, see SI), aside from formation of the
corresponding alcohol. Benzaldehyde with both amine donors and hexanal with
allylamine were not accepted as a substrate (data not shown). From this data, we
conclude that LbADH-Y156E gained IRED activity towards the specific substrate
combination of hexanal and cyclopropylamine. In the initial studies of the
simulation on the Michaelis complex derived from hexanal and cyclopropylamine,
all data is within the error range, therefore no conclusions can be made based on
these MD predictions (Figure 10).

We also screened the variants LbDADH-Y156E, LbADH-YF1, LbADH-YF2
and LbADH-YF3 for double bond reduction of cinnamaldehyde, as this switch in
reactivity was previously reported to promote ADH activity from an ene reductase
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with a single mutation.*4 We observed no alkene reduction activity with this
substrate, nor aldehyde reduction to the corresponding alcohol (data not shown).

Table 4. LbADH-catalyzed reaction with IRED reaction conditions starting from hexanal
and cyclopropylamine.

> Ho . e _ D PRPPA
NN NH —phs . N, - —_— N
ot z RN NADPH, GDH/GIu H
- N-hexylcyclo-
hexanal hexanol imine .
LbADH ropanamine
) o) o)
wt 0 100 0 0
Y56E 3 28 65 4
YF1 2 26 71 0
YF2 3 36 61 0
YF3 3 26 72 0
S143E 6 29 65 0

Conditions: 50 mM Tris-HCI buffer pH 9.0, 1 mM MgClz2, 30 mM Glc, 10 U/mL BsGDH, 0.2
mM NADP?*, 10 mM hexanal, 100 mM cyclopropylamine, 10 uM LbADH variant. Average
of duplicates.
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Figure 10. MD predictions of the expected IRED reduction by LbADH in complex with
iminium intermediate derived from hexanal and cyclopropylamine, with average values
and standard deviation of the reactive distance between transferrable hydride atom and
iminium carbon.

Conclusions

We aimed to re-purpose the enzyme LbADH to catalyze reductive
amination instead of ketoreduction. After engineering, the variants displayed no
reductive amination activity in the presence of ammonium or methylamine. The
catalytic tetrad is probably affected by our engineering to such extent that no
reduction or reductive amination is possible. Both S143 and Y156 are essential
for such activity and should be kept intact if LbADH re-purposing is investigated
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further. Adding mutations on the A94 position created no AmDH activity either, so
other positions should be targeted to possibly reach such activity.

Although the results from our engineering and screening efforts are not
what we hoped for, we can still draw some interesting conclusions. Firstly, the
stability of LbADH combined with glycerol causes the enzyme to maintain its
activity over time after storing the enzyme at -80 °C. Four weeks after storing the
enzyme at 4 °C, LbADH activity was at its highest activity (96 U/mg), and was
retained for another four weeks. The reported LbADH activities of over 200 U/mg
could not be reproduced from literature, therefore clearer storage and reaction
conditions should be reported for this enzyme in future works. Secondly,
engineering on the Y156 position has a drastic effect on LbADH, but the enzyme
still displays ketoreduction activity. Thirdly, the impact on engineering S143 was
more destructive than Y156, proving the higher importance of the serine in the
proton relay system than the tyrosine. Finally, LbADH-Y156E displayed slight
IRED promiscuous activity to reduce the imine formed from hexanal and
cyclopropylamine. Based on these observations, this work contributes to the
knowledge about the LbADH storage and stability properties.
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Materials and methods

Chemicals were purchased from Sigma-Aldrich (Merck, Darmstadt,
Germany), Janssen Chimica (Geel, Belgium), Fluka Chemica (Buchs,
Switzerland), Acros organics (ThermoFisher Scientific, Ward Hill, MA, USA),
Thermo Fisher Scientific (Ward Hill, MA, USA) and Enamine (Riga, Latvia).
HPLC-grade ethyl acetate (EtOAc) was used as solvent for gas chromatography.
HPLC-grade dimethylsulfoxide (DMSO) was used as a co-solvent. Lyophilized
glucose dehydrogenase 105 (GDH-105) was purchased from Codexis (Redwood
City, CA, USA). Crude lyophilized DNasel, lyophilized lysozyme from chicken egg
white and cOmplete™EDTA-free Protease | inhibitor were purchased from
Sigma-Aldrich (Merck, Darmstadt, Germany).

Ketoreduction conditions

To 50 mM KP; buffer with 1 mM MgClz and pH 7.5 in a glass GC vial,
glucose (20 mM), GDH-105 (6 U/mL), NADP* (0.2 mM), LbADH (2 yM) and
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ketone substrate (10 mM) were added. Products were extracted with 0.5 mL
EtOAc. The isolated organic layer was dried with MgSQOa4, centrifuged at 10,000
x g for 1 min, decanted to a GC vial and injected onto the GC-FID.

Reductive amination conditions

To 1 M NH4HCOO buffer (titrated to pH 8.0 or 9.0 with 4 M NH4+OH),
glucose (20 mM), GDH-105 (6 U/mL), NADP* (0.2 mM), ketone substrate (10 mM)
and LbADH (10 uM) were added. In case of reactions with methylamine, 250 mM
methylamine was added to 50 mM Tris-HCI buffer with 1 mM MgClz at pH 9.0.
The reaction mixtures of 0.5 mL were incubated for 24 h at 30 °C and 500 rpm.
For reductive amination conditions, 0.4 mL 10 M NaOH was added, and the
reactions were extracted twice with 0.5 mL EtOAc. The isolated organic layers
were combined, dried with MgSQa4, centrifuged at 10,000 % g for 1 min, decanted
to a GC vial and injected onto the GC-FID.

Supporting Information

Complete data from Supporting Information, including GC
chromatograms in Figures $12-S22 van be found at doi: 10.4121/af778919-
5f7a-4b39-ae6d-92b563d44063.v1. The synthesis of 3-octanamine was
performed according to Mangas-Sanchez et al.,[5 with the following deviations.
35 mmol ammonium acetate and 7 mmol sodium cyanoborohydride were added
to 3.5 mmol of ketone in 11 mL methanol. The reaction was stirred for 4 h and
was quenched with 12.6 mL 1 M NaOH. The mixture was then concentrated by
rotary evaporation. The product was analysed on proton and carbon NMR (400
MHz). The spectrum of the product was in accordance with literature. ]

LbADH production and purification

Sequence of Lactobacillus brevis alcohol dehydrogenase (LbADH). UniProt:
Q84EX5 Genbank: AJ544275.1.

MGSSHHHHHHSSGLVPRGSHMSNRLDGKVAIITGGTLGIGLAIATKFVEEGAK
VMITGRHSDVGEKAAKSVGTPDQIQFFQHDSSDEDGWTKLFDATEKAFGPVS
TLVNNAGIAVNKSVEETTTAEWRKLLAVNLDGVFFGTRLGIQRMKNKGLGASII
NMSSIEGFVGDPSLGAYNASKGAVRIMSKSAALDCALKDYDVRVNTVHPGYIK
TPLVDDLPGAEEAMSQRTKTPMGHIGEPNDIAYICVYLASNESKFATGSEFVVD
GGYTAQ

Induced fit docking of iminium in LbADH active site

The crystal structure of the alcohol dehydrogenase from Lactobacillus
brevis (LbADH, PDB ID: 1zk4) was loaded in YASARA (20.8.23). The docked
acetophenone was removed from the crystal structure, and the LbADH was
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mutated either on position Y156 or S143 to glutamate. The energy was
minimized, and the positively charged iminium ion formed from acetophenone
was docked into the LbADH active site by induced fit docking (VINA). The
YASARA sessions were saved as .pdb to be used as described below.

FuncLib library

The following parameters were used for the generation of variants with
the FuncLib algorithm (URL: https://funclib.weizmann.ac.il/bin/steps)3l. Amino
acid positions to diversify: 92A, 93A, 94A, 95A, 109A, 143A, 152A, 154A, 156A,
157A, 158A, 188A, 195A, 198A. Min ID: 35. Max targets: 4000. Coverage: 75. E
value: 0.0001. A PDB file of LbADH-Y156E (Table S1) or LbADH-S143E (Table
S$2) with the docked iminium intermediate of acetophenone as described above
was used as input. Essential amino acid residue positions were: 113A, 141A,
142A, 144A, 155A, 159A, 189A, 205A. Ligands to keep during simulations were:
1270A (nicotinamide cofactor), 1682A (iminium intermediate). The single mutant
and the three hits from the FuncLib algorithm with the highest predicted stability
were selected for expression in the lab.

Table S1 List of the 50 most stable hits from Y156E-LbADH generated by FuncLib.
AAG

Label 92 93 94 95 109 143 152 154 156 157 158 188 195 198 (kJ/mol)
Y156E | AV N L | L A N A S G V L -744
YF1 | F v P V I L A H A S G V | -760
YF2 | F VvV P L | L A H A S G L Y -759
YF3 | Y VvV P V I L A N A A G V L -759

Table S2. List of the 50 most stable hits from S143E-LbADH generated by FuncLib.
AAG
Label 92 93 94 95 109 143 152 154 156 157 158 188 195 198 (kJ/mol)

S143E'I A V N L | L A N A S G V L -741
SF1 | Y V P L | L A A A A G V I -760
SF2 I AV P V | L A Q A A G V I -760
SF3 A N V | L A Q A A G V I -760

Production of LbADH-wt and variants

The gene sequences for the LbADH-wt, the serine and tyrosine variants were
ordered in a pET28a(+) vector from SynBio (Monmouth Junction, NJ, USA). The
corresponding plasmids were transformed in E. coli C43(DE3) competent cells.
The transformed cells were grown on selective LB-agar plates (50 pg/mL
kanamycin) overnight at 37 °C. TB-medium (500 mL in 2L baffled flask) was
inoculated with 1% overnight LB preculture of the transformed cells and incubated
for 3-5 h at 37 °C, 180 rpm. After reaching an ODsoo of 0.6-0.8, 0.5 mM IPTG was
added, followed by overnight incubation at 22 °C. Cells were harvested
(17,000 x g, 20 min, 4 °C) and stored at -80 °C.
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For LbADH-A94D and LbADH-A94E, primers were ordered from
BaseClear (Leiden, The Netherlands). Site-directed mutagenesis was performed
via PCR using a Q5® High-Fidelity 2X Master Mix (NEB M0492) from New
England Biolabs (Ipswich, MA, USA). The produced plasmids were purified using
a Monarch® Plasmid Miniprep Kit (NEB T1010) from New England Biotech and
were sequenced by Macrogen (Amsterdam, The Netherlands) (Appendix C.2).
The mutated genes were confirmed with an alignment with CloneManager
Professional Suite (Figure S1).

Primer sequences:

A94E forward: CGC TGG GAT CGA GGT TAAGA

A94E reverse: TTATTAACT AAT GTA GAAACT GGG CC
A94D forward: CGC TGG GAT CGA CGT TAA CAA GAG
A94D reverse: TTATTAACT AAT GTA GAAACT GG

lbh—adh co 241 tttggoocadtttotacattagttaataacgotgyyatogogyttaacaayagtytogaag
lb—adh co A9 241 tttggoococagtttotacattagttaataacgoetgyyatocgacgttaacaagagtgtogaag
lb—adh col94 241 tttggoococagtttoctacattagttaataacgoetgyyatocgaggttaacaagagtgtogasag

Figure S1. Alignment of gene fraction encoding for LbADH-wt (top), LbADH-A94D
(middle) and LbADH-A94E (bottom). Prepared with Clone Manager.

Affinity chromatography purification of LbADH-wt and variants

Two buffers were prepared for each purification: a 20 mM sodium
phosphate (NaP) buffer with 0.5 M NaCl, 1 mM MgClz, pH 7.4, titrated with 3 M
NaOH (referred to as ‘binding buffer’) and a 20 mM NaP; buffer with 0.5 M NacCl,
250 mM imidazole, 1 mM MgClz, pH 7.4, titrated with 3 M HCI (referred to as
‘elution buffer’). For preparation of the cell-free extracts the cells were
resuspended in 20 mM NaP; buffer pH 7.5, 0.5 M NaCl, 1 mM MgClz. To the buffer,
EDTA-free protease inhibitor, lysozyme and DNasel were added. After 10 min
incubation, the suspension was passed through a cell disruptor at 22 kpsi with 50
mM KP; buffer pH 7.5 with 1 mM MgClz and clarified by centrifugation (32,000 x
g, 30 min, 4 °C). After filtering the CFE (0.2 ym), IMAC was performed with 5 mL
HisTrap™ FF crude column (GE Healthcare, Chicago, lllinois, U.S.). These
columns were attached into a Bio-Rad NGC Chromatography system.

Protein fractions were concentrated with Amicon® Ultra-15 10 K
Centrifugal Filter Devices at 4,000 rcf. Desalting was performed using PD10
desalting columns (52-1308-00 AP) from GE Healthcare (Chicago, IL, USA),
equilibrated with 50 mM potassium or sodium phosphate buffer, pH 7.4, with 1
mM MgClz. 10% glycerol and 50 mM NaCl were added to the pure protein fraction
which was then stored at -80°C. When comparing storage conditions, stocks were
placed either at 4 °C and -20 °C. Total protein amounts were determined by BC
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Assay (Uptima Protein Quantitation Kit UP40840A, Interchim, Montlucon,
France).

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) was run to show gene expression and enzyme purity levels (Figure S2 -
Figure S8). Samples were prepared by mixing with one equivalent of Laemmli
buffer and 5% v/v dithiothreitol (DTT), heated to 95 °C for 5 min, then centrifuged
at 9,000 x g for 2 min. From these samples, 10 yL was loaded onto the gel,
whereas 5 L of protein ladder was loaded onto a Criterion TGX Stain-Free
Precast Gel. Imaging was performed with a ChemiDoc MP imaging system (Bio-
Rad Laboratories, Hercules, California, U.S.).
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Figure S2. SDS-PAGE gel of the purification of the LbADH-wt IMAC purification. L: protein

ladder. 1: cell-free extract. 2: flowthrough after loading on Histrap colum. 3: washing
fraction. 4: eluted LbADH-wt.
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Figure S3. SDS-PAGE gel of the purification of the LbADH-Y156E IMAC purification 1:
cell-free extract. 2: flowthrough after loading on Histrap column. 3-4: washing fractions. 5:
eluted LbADH-Y 156E.
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Figure S4. SDS-PAGE gel of the purification of LbBADH-YF1 IMAC purification. 1: cell-free
extract. 2: flowthrough after loading on Histrap column. 3-4: washing fractions. 5: eluted
LbADH-YF1. L: protein ladder.
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Figure S5. SDS-PAGE gel of the purification of LbADH-YF2 IMAC purification. 1: cell-free

extract. 2: flowthrough after loading on Histrap column. 3: washing fractions. 4-6: eluted
LbADH-YF2. L: protein ladder.
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Figure S6. SDS-PAGE gel of the purification of LbADH-YF3 IMAC purification. L: protein
ladder. 1: cell-free extract. 2: flowthrough after loading on Histrap column. 3: washing
fractions. 4: eluted LbADH-YF3.
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Figure S7. SDS-PAGE gel of the purification of LbADH-S143E (1-3) and LbADH-SF1 (4-
7) IMAC purifications. 1: cell-free extract. 2: flowthrough after loading on Histrap column.
3: eluted LbADH-S143E. 4: cell-free extract. 5: flowthrough after loading on Histrap
column. 6: elution fraction with LbADH-SF1. 7: pure fraction with LbADH-SF1.
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Figure S8. SDS-PAGE gel of the purification of LbADH-SF2 IMAC purification. L: protein
ladder. 1: cell-free extract. 2: flowthrough after loading on Histrap column. 3: eluted
LbADH-SF2.
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Carbonyl substrates and corresponding products
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Figure S9. Panel of ketone substrates used in screening of LbADH variants towards
ketoreduction or reductive amination.

Table S3. List of carbonyl substrates, original alcohol products and targeted amine
products with the corresponding labels used in this work.

Label Carbonyl substrates Label Alcohol product Label Amine product

la acetophenone 2a phenylethanol 3a phenylethylamine

1b phenylacetone 2b 1-phenyl-2-propanol 3b 1-phenylpropan-2-amine
1c 4-phenyl-2-butanone 2c 4-phenyl-2-butanol 3c 4-phenylbutan-2-amine
1d 2-methylcyclohexanone 2d 2-methylcyclohexanol  3d 2-methylcyclohexanamine
le 3-methylcyclohexanone 2e 3-methylcyclohexanol 3e 3-methylcycolhexanamine
1f 2-hexanone 2f 2-hexanol 3f 2-hexanamine

1g 2-heptanone 2g 2-heptanol 3g 2-heptanamine

1h 2-octanone 2h 2-octanol 3h 2-octanamine

1i 3-octanone 2i 3-octanol 3i 3-octanamine

1j hexane-2,3-dione 2j hexane,2-3-diol 3j 2-aminohexan-3-one

1k hexanal 2k 1-hexanol 3k 1-hexanamine

1l benzaldehyde 2l benzyl alcohol 3l benzylamine

Activity assays

Specific activity measurements were carried out with a volume of 2 mL in
a 4 mL UV cuvette monitoring the consumption of NADPH at a wavelength of 340
nm on a Cary 60 UV-Vis spectrophotometer. The extinction coefficient of NAD)H
was assumed to be 6220 M-'cm'.#61 Carbonyl substrates were prepared as a 1
M stock solution in DMSO. NAD(P)H stock solution was prepared in the
mentioned buffer as a 10 mM concentration (confirmed by UV spectroscopy).
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Figure S10. Specific activity of LbADH-wt after storage in 4, -20 and -80 °C, without (light
blue) and with (dark blue) 10% glycerol and 50 mM NaCl. Conditions: 11 mM
acetophenone, 0.2 MM NADPH, 50 mM KP;buffer pH 7.5, 1 mM MgClz, 30 °C. Averages
of triplicates.

The specific activity of LbADH-wt and LbADH-YF2 was measured with
the best performing substrate 2-methylcyclohexanone from the previous
screening (Table S4). For LbADH-wt, the specific activity towards 2-
methylcyclohexanone was 137 U/mg, compared with 22.6 U/mg for
acetophenone in similar conditions (1% v/v DMSO as co-solvent). LbADH-YF2
gave a specific activity of 20 mU/mg.

Table S4. Specific activities of LbADH-wt and LbADH-YF2 with 2-methylcyclohexanone.

Specific activity
LbADH (U/mg)
wt 137 +3.3
YF2 0.02 £ 0.00

Conditions: 0.2 mM NADP*, 50 mM KP; buffer pH 7.5, 1 mM MgClz, 30 °C. Average of
duplicates.
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Biocatalytic reactions
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Figure S11. Ketoreduction of 2-methylcyclohexanone in 2-methylcyclohexanol under
reductive amination conditions, and the corresponding enantiomeric excess of either the
trans- (diamonds) or cis-product (triangles). ee was not determined for conversions under
10%. Conditions: 1 M NH4HCOO buffer, pH 8.0, 0.2 mM NADP*, 6 U/mL BsGDH, 10 uM
LbADH, 20 mM glucose, 24 h at 500 rpm, 30 °C. Average of duplicates.

Table S5. Diastereomeric excess (de) of the trans-2-methylcyclohexanol catalysed by the
LbADH variants from screening in reductive amination conditions.

de
LbADH (%)
wt 8
Y156E 73
YF1 72
YF2 10
YF3 91

Imine reductase conditions

To 50 mM Tris-HCI buffer pH 9.0, 1 mM MgCl2 glucose (20 mM), GDH-
105 (6 U/mL), NADP* (0.2 mM), aldehyde substrate (either hexanal or
benzaldehyde 10 mM), amine donor (either cyclopropylamine or allylamine, 100
mM) and LbADH (10 pM) were added. The reaction mixtures of 0.5 mL were
incubated for 24 h at 30 °C and 500 rpm. For reductive amination conditions, 0.4
mL 10 M NaOH was added, and the reactions were extracted with 0.5 mL EtOAc.
The isolated organic layer was dried with MgSOs, centrifuged at 10,000 x g for 1
min, decanted to a GC vial and injected onto the GC-FID.
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GC analyses

Samples 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 using 5 mM dodecane or tridecane as an internal
standard. All samples were injected with GC quality ethyl acetate (EtOAc), except
where specified with diethyl ether (Et20) or methyl tert-butyl ether (MTBE).
Columns used in this work:

A: CP-Wax 52 CB (Agilent Technologies, Santa Clara, California, United States)
(25 m x 0.53 mm x 2.0 ym), injection at 250 °C, split ratio 100, flow 4 mL/min,
nitrogen as carrier gas.

B: CP Chirasil-DEX CB 1a, 25 m x 0.32 mm x 0.25 ym, injection at 250 °C, split
ratio 100, flow 4 mL/min, helium as carrier gas.

C: Hydrodex B-TBDM (Macherey-Nagel, Diren, Germany), 50 m x 0.25 mm x
0.15 um, heptakis-(2,3-di-O-methyl-6-O-t-butyldimethyl-silyl)-B-cyclodextrin,
injection at 250 °C split ratio 50, linear velocity 38 cm/s, column flow 2.23 mL/min,
helium as carrier gas.

D: CP Sil 5 CB Split, 25 m x 0.25 mm x 1.20 ym, injection at 250 °C, split ratio
50, flow 4 mL/min, nitrogen as carrier gas.

Table S6. Overview of GC methods and retention times for ketone substrates 1a-k and
aldehyde substrates 1l-o.

No. Column Parameters ?’?:Tn?in) Temp. (°C) I(_‘n?ilg) time Compound Ret. time (min)
Split ratio: 50 - 100 3 tridecane 7.4
Linear velocity: 10 140 1 phenylethylamine 3a 12.5
1 A 30.0 cm/s 10 175 4 DMSO 13.0
10 190 1 acetophenone la 14.4
20 250 1 phenylethanimine® 16.4
phenylethanol 2a 17.4
Split ratio: 50 - 80 3 tridecane 9.8
Linear velocity: 10 145 1 DMSO 15.6
2 A 30.0 cm/s 10 190 1 phenylacetone 1b 18.2
10 205 4 1-phenyl-2-propanol 2b 19.7
10 245 1
Split ratio: 50 - 80 3 tridecane 9.8
Linear velocity: 10 145 1 DMSO 15.6
3 A 30.0 cm/s 10 190 1 4-phenyl-2-butanone 1c 20.2
10 230 4 4-phenyl-2-butanol 2c 21.9
10 245 1
Split ratio: 100 - 70 2 DMSO 6.3
Linear velocity: 5 80 3 2-methylcyclohexanamine 3d 11.2,13.4
4 B 30.0 cm/s 5 90 3 2-methylcyclohexanone 1d 11.5,11.8
5 100 2 2-methylcyclohexanol 2d 16.1,16.2, 17.1,
10 220 1 tridecane 17.2
20.5
Split ratio: 50 - 50 15.1 DMSO 12.4
5 B Linear velocity: 1.02 55 2 2-methylcyclohexanone le 19.1, 19.6
38.0 cm/s 2 2-methylcyclohexanol 2e 23.2,235,23.9
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2 60 2 dodecane 25.6
2 75 2 tridecane 30.7
2 80 2
2 95 2
2 100 2
20 105 2
220 1.25
Split ratio: 50 - 80 5 DMSO 12.4
Linear velocity: 5 100 10 3-methylcyclohexanamine 3e 13.9, 14.2, 15.8,
38.0 cm/s 5 120 5 3-methylcyclohexanone 1e 16.1
6 C 20 240 1 3-methylcyclohexanol 2e 19.1, 19.6
dodecane 23.2,235,23.9
tridecane 25.6
30.7
Split ratio: 50 - 80 3 2-hexanamine 3f 5.6
Linear velocity: 5 150 1 2-hexanone 1f 6.8
30.0 cm/s 20 250 1 2-heptanamine 3g 7.8
7 A 2-heptanone 19 9.4
tridecane 121
2-heptanol 2g 12.8
2-hexanol 2f 13.9
DMSO 17.6
Split ratio: 50 - 100 3 2-octanamine 3h 6.5
Linear velocity: 10 130 7 tridecane 7.9
8 A 30.0 cm/s 10 165 2 2-octanone 1h 8.2
30 250 1 2-octanone 2h 11.3
DMSO 18.0
Split ratio: 50 - 80 3 DMSO 10.7
Linear velocity: 5 110 3 3-octanone 1i 11.4
9 C 38.0 cm/s 5 125 3 3-octanamine 3i 11.5,11.6
10 180 15 3-octanol 2i 15.4
20 220 1 tridecane 22.0
Split ratio: 50 - 80 3 hexane-2,3-dione 1j 5.8
Linear velocity: 5 220 2 DMSO 10.6
10 C 38.0 cm/s hexane-2,3-diol 2j 17.8
2-hydroxy-3-hexanone 11.6
tridecane 18.9
Split ratio: 100 - 50 4 hexanal 1l 7.7
Linear velocity: 5 60 2 1-hexanamine 3l 9.7
1 D 30.0 cm/s 5 65 4 1-hexanol 2| 11.3
20 340 1 benzaldehyde 1m 13.6
DMSO 14.7
tridecane 22.0
Split ratio: 50 - 80 3 hexanal 6.8
Linear velocity: 5 150 1 dodecane 9.2
12 A 30.0 cm/s 20 250 1 imine? 11.8
N-hexylcyclopropanamine 11.3
DMSO 20.3
ahypothesized
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Datafile Name:9-2-2024_Y 156E_hexanal_10eqcpropyl_3c_2_003.gcd
Sample Name:Y 156E_hexanal_10eqcpropyl_3c_2
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Figure S23. Gas chromatogram of reaction mixture with LbADH-Y156E, hexanal (6.8

min), hexanol (13.7 min) and the corresponding imine formed with cyclopropylamine (11.8
min) and amine product N-hexylcyclopropanamine (11.3 min) (Method 12).

~2-2024_blank[3¢[in
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Figure S24. Overlay of reaction mixture with LbADH-Y156E with hexanal and
cyclopropylamine (pink) and a negative control of extracted hexanal and cyclopropylamine
in buffer (black) (Method 12).

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using the crystal
structures of LbDADH (PDB ID: 1ZK4)271 from the Protein Data Bank! ! to describe
the wild-type enzyme, with mutant forms of LbADH generated using the Dunbrack
2010 Rotamer library as implemented in Chimera.“8] LbADH is a homotetrameric
enzyme whose quaternary structure is stabilized by the presence of two divalent
magnesium ions at the dimerization interface. The structure of the homotetramer
was generated in PyMOL™9 using the symmetry matrix, and protonation states of
all titratable residues were assigned to their predicted states at physiological pH
based on predictions using PROPKA v 3.1.150 Histidine side-chain protonation
states were assigned based on a visual inspection of their local environment to
maintain optimal hydrogen bonding networks.
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One limitation of the LbADH structure used in these simulations is that in
this structure, a critical substrate binding loop (Thr192 — Lys210)?"1 is found in an
open conformation. This results in substrate dissociation from the active site
when attempting simulations from this starting structure. In contrast, the crystal
structure of a different ADH from Lactobacillus kefir (LkADH, PDB ID: 4RF2)
presents this loop in a closed conformation, and as these two enzymes share
both 70% sequence identity and high structural homology in this region (Figure
S24), we grafted the closed loop onto the LbADH structure in our simulations,
thus allowing us to retain the substrate in the active site.

Figure S25. Overlay of the structures of the ADHs from Lactobacillus brevis (LbADH, PDB
ID: 1ZK4R™) and Lactobacillus kefir (LkADH, PDB ID: 4RF2), with the active site loop in
open (pink) and closed (yellow) conformations, respectively.

The substrate molecules, acetophenone (1a) and the corresponding
iminium intermediate derived from 1a, the (R) and (S) enantiomers of 2-
methylcyclohexanone (1d) and the iminium intermediate formed from hexanal
and cyclopropylamine for IRED activity were parametrized using Antechamber(®']
and the General AMBER Force Field (GAFF)®2., Partial charges were calculated
at the HF/6-31G* level of theory using Gaussian16 Rev.[%3 and fitted using the
standard RESP protocol.’ NADPH parameters were adopted from the

literature®®, and an octahedral cationic dummy model was used to describe
Mg?* 156. 7]
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The simulations were performed using the GPU version of the AMBER20
simulation package!®® with the ff14SB force fieldl®®! and TIP3P® water model. All
systems were solvated in an octahedral box of water molecules extending to 10
A from the closest solute atom. Sodium and chloride ions were added for overall
charge neutrality.

The preparation for production MD simulations involved a series of steps,
including energy minimization, system heating, and equilibration. All hydrogen
atoms and solvent molecules were first minimized using 100 steps of steepest
descent, followed by 900 steps of conjugate gradient minimization. A 100 kcal
mol-' A-2 positional restraint was placed on all heavy (non-hydrogen) protein and
ligand atoms during this process. The positional restraints of 25 kcal mol-' A2
were applied as the system was heated from 50 to 300 K in an NVT ensemble
over 50 ps of simulation time using a 2fs time step and Langevin thermostat®'!
(collision frequency of 1 ps). After the initial steps of energy minimization, the
subsequent phase involved another round of energy minimization with 5 kcal mol-
1 A2 positional restraints specifically applied to the Cq-atoms. This process
consisted of 1000 steps of steepest descent minimization. Following this, the
system underwent a heating process from 25 K to 300 K over a period of 20
picoseconds (ps) in an NVT ensemble, maintaining constant volume and
temperature. Following the preparatory phases, the simulations progressed into
the NPT ensemble at 300 K and 1 atm pressure, employing Langevin thermostat
with a collision frequency of 1 ps™' and a Berendsen barostatl®2 with a 1 ps
pressure relaxation time. A simulation time step of 2 femtoseconds (fs) was
utilized during the NPT simulations. During these simulations, four quasi-
harmonic distance restraints of 20 kcal mol-' A2 were implemented strategically.
The first restraint targeted the reactive distance between the substrate and the
transferrable hydride of NADPH. The remaining three restraints were crucial for
maintaining specific structural features: one between the Cq-atoms of amino acid
residues A94 and L195, another between N96 and L199, and the fourth between
D63 and the amino group of the adenine ring of NADPH. These restraints were
helpful in preventing the substrate from escaping the active site throughout the
MD simulations. Gradual release of the 5 kcal mol-' A2 positional restraints
occurred in increments of 1 kcal mol-' A2 every 10 picoseconds (ps) during 40 ps
of simulation time. Subsequently, a 7 nanosecond (ns) MD simulation was
conducted for further equilibration. During this phase, the distance restraints were
reduced from 20 kcal mol-* A2 to 5 kcal mol-' A2, decreasing incrementally every
1 ns simulation time while maintaining the NPT conditions.

The final production runs consisted of 100 ns simulations (5 replicas per
system) using a 2fs time step. The SHAKE®3 algorithm was employed to
constrain all bonds containing hydrogen atoms. Temperature and pressure were
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controlled by the Langevin thermostat with a collision frequency of 1 ps-! and the
Berendsen barostat with a 1 ps coupling constant. A cutoff of 8 A was applied to
all non-bonded interactions, and long-range electrostatic interactions were
evaluated using the particle mesh Ewald (PME)!®4 approach. Analysis of the MD
simulations was performed using CPPTRAJ.[65]
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Summary

Reductive amination is one of the most synthetically direct routes to
access chiral amines. Several Imine Reductases (IREDs) have been discovered
to catalyze reductive amination (Reductive Aminases or RedAms), yet are
dependent on the expensive phosphorylated nicotinamide adenine dinucleotide
cofactor NADPH and usually more active at basic pH. Here we describe the
discovery and synthetic potential of an IRED from Rhodococcus erythropolis
(RytRedAm) that catalyzes reductive amination between a series of medium to
large carbonyl and amine compounds with conversions of up to >99% and 99%
enantiomeric excess at neutral pH. RytRedAm catalyzes the formation of a
substituted vy-lactam and N-methyl-1-phenylethanamine with opposite
stereochemistry to that of fungal RedAms, giving the (S)-enantiomer. This
enzyme remarkably uses both NADPH and NADH cofactors with Km values of 15
and 247 yM, and turnover numbers kcat of 3.6 and 9.0 s, respectively, for the
reductive amination of hexanal with allylamine. The crystal structure obtained
provides insights in the flexibility to also accept NADH, with residues R35 and 169
diverging from that of other IREDs/RedAms in the otherwise conserved
Rossmann fold. RytRedAm thus represents a subfamily of enzymes that enable
synthetic applications using NADH-dependent reductive amination to access
complementary chiral amine products.
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Introduction

Chiral amines are valuable for applications in the pharmaceutical and
agrochemical industries, representing ca. 40% of FDA-approved small molecule
drugs.['- 2 Besides metallo-%l and organocatalysts,™ biocatalysts have been used
for the asymmetric production of chiral amines from prochiral substrates since the
early 2000s.5-"1 Within the oxidoreductase class of enzymes,!'2 3 herein we
focus on the family of nicotinamide adenine dinucleotide (phosphate) NAD(P)-
dependent imine reductases (IREDs) that catalyze the asymmetric reduction of
imines to amines,['* 151 and its subfamily of reductive aminases (RedAms) that
catalyze the full reductive amination reaction from carbonyls and alkyl amines
(Figure 1),['6-1% in contrast to amine dehydrogenases, which mostly accept
ammonia and methylamine.['%. 201 IREDs are homodimeric enzymes that contain
a Rossmann-fold and prefer NADPH over NADH.[2'l In general, their active site
harbors a negatively charged residue, usually aspartate, which has been
proposed to stabilize the positively charged iminium substrate, and a proton
donor such as tyrosine is often present as well.?221 IREDs show highest activity
toward imine substrates at neutral pH,?% however with imines being prone to
hydrolysis in water,?* 25 a carbonyl substrate with an excess of amine donor at a
basic pH are usually applied to favor imine formation. The discovery of a
‘Reductive Aminase’ from Aspergillus oryzae (AspRedAm) and other IREDs
enabled some reductive aminations to be performed with one molar equivalent of
amine donor at neutral pH (Figure 1).18 19. 26, 27]

R3 + R4 R R4
N GED N

R® _R*
PR R e .
R'I R2 H HZO R1J\R2 NAD(P)H R’IJ\

0]

R2

Figure 1. Reductive amination of carbonyls with alkylated amines, and imine reduction (in
light blue), catalyzed by IREDs.

Several IREDs with the ability to enable reductive aminations at
equimolar concentrations of carbonyl and amine at neutral pH have been
identified in fungi,’?? 28 bacterial'® 2°] and from wide panels of IREDs that were
screened for this property at neutral pH.l'8 271 While the active sites in fungal
enzymes contains several conserved amino acids,?! RedAm activity has also
been demonstrated in enzymes with a range of active site residues.3% In most
cases, however, the majority of enzymes favor the phosphorylated cofactor
NADPH over NADH.

In this work, we describe the discovery and characterization of a bacterial
enzyme from Rhodococcus erythropolis (RytRedAm), which accepts both
NADPH and NADH as nicotinamide cofactors. The gene encoding for this
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enzyme was discovered based on a sequence alignment with the AspRedAm,
from a database from the Rhodococcus genome via a Hidden-Markov Model
(HMM).[28]

Results and Discussion

Discovery of RytRedAm

We started our search for bacterial reductive aminases with AspRedAm
(accession number Q2TWA47) as the query sequence, based on its three catalytic
active site residues N93, D169 and Y177, and the other three residues W210,
M239 and Q240 reported for substrate binding (Table 1).l281 With the National
Center for Biotechnology Information (NCBI) database, we used two
bioinformatics tools. First, EnzymeMiner identified putative sequences by filtering
hits containing either all six or only the three catalytic residues.3"! Several enzyme
sequences were selected for production, some did not express, or the protein
precipitated after overexpression. Of the seven soluble enzymes obtained (Sl
Table S1), five gave activity with cell-free extracts (CFE) and three were screened
for conversions with different substrates (Figure 2, S| Figures S9-S11, S14).
PihRedAm (from Paenibacillus ihbetae), ShyRedAm (from Streptomyces
hygroscopicus), and BacRedAm (from Bacillus sp. J13) gave low to high
conversions. ShyRedAm was the most promising, as it converted ketones such
as cyclohexanone (with cyclopropylamine, propargylamine and allylamine) and
2-hexanone (with cyclopropylamine and propargylamine) in a 1:1 ratio of
carbonyl: amine (Figure 2). ShyRedAm displayed the same (R)-
enantioselectivity as with AspRedAm (2¢, 2d, 10c), and accepted methyl amine
to produce N-methylcyclohexylamine 1b. PihRedAm also displayed the same
enantiopreference as AspRedAm for 10¢, but with higher selectivity, >99% ee.

In parallel, we used the basic local alignment search tool (BLAST)?3? to
download all hits with a sequence identity of more than 50%, cumulating to 100
sequences. A multiple sequence alignment was extrapolated from a multiple
sequence comparison by log-expectation (MUSCLE),[3® and a HMM database
was created with the HMMer tool, resulting in a database with conserved domains
of 101 protein sequences. With the HMM we searched in the genome databases
of 43 different Rhodococcus strains as reported in Busch et al.l?8 The output list
of sequences was ranked based on the E-value.

We selected the most significant hits with the following restrictions: the
host organism should be known, and each sequence should originate from a
different bacterial organism. Four hits from Rhodococcus rhodochrous
(RocRedAm), Rhodococcus opacus (RopRedAm), Nocardia seriolae
(NocRedAm), and Rhodococcus erythropolis (RytRedAm) were selected based
on the six active site residues from the AspRedAm query sequence (Table 1,
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sequence identity and solubility factor predicted by SoluProt (between 0 and 1)341.
Two of the three catalytic residues in the AspRedAm active site D169 and Y177
are similar to the hit sequences except for NocRedAm. The asparagine N93,
shown to have a role in the catalytic activity,l?? is replaced by a threonine or
serine. The substrate active site residues at positions 210, 239 and 240 showed
variances that could possibly result in a different substrate scope.
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Figure 2. CFE-catalyzed reductive amination under reaction conditions a) and b) of (A)
PihRedAm and (B) ShyRedAm. *Absolute configuration aligned with that of AspRedAm.
Conditions: a) 100 mM Tris-HCI pH 8.0, 0.2 mM NADP, 12 mM Glc, 6 U/mL GDH, 50 pL
CFE, 10 mM carbonyl, 1-20 equivalents amine: 1c, 1d, 1le, 2c and 2d with a 1:1 ratio, 1b
1:2 ratio, 4c, 4e and 11f 1:4 ratio, 10c 1-20 ratio, 30 °C, 500 rpm, 24 h; b) 100 mM Tris-
HCI pH 9.0, 0.4 mM NADP, 30 mM Gilc, 10 U /mL GDH, 100 pL CFE, 10 mM carbonyl, 1-
20 equivalents amine as above, 25 °C, 500 rpm, 24 h.

Table 1. Active site residues of sequences obtained from the Rhodococcus database, and
corresponding positions of hit sequences compared with AspRedAm.2" Sequence identity
and solubility factor predicted by SoluProt (between 0 and 1).27]

RedAm 93 169 177 210 239 240 Identity Solubility
AspRedAm N D Y W M Q 100 0.76
RocRedAm T D Y F L E 39 0.47
RopRedAm T D Y F F T 35 0.13
NocRedAm S Y H F M M 32 0.34
RytRedAm T D F " \% Y 31 0.36
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The potential bacterial RedAms were recombinantly produced in E. coli
and their activity was tested with hexanal and allylamine at neutral pH (Sl Figures
S4, S10). The gene encoding for NocRedAm did not over-express and
RocRedAm resulted in insoluble protein (Figures S4). RopRedAm was poorly
active at pH 7, whereas RytRedAm showed highly promising activity from the
CFE, more than with ShyRedAm (Sl Figures S10-S11), and thus was further
characterized.

RytRedAm was purified by affinity chromatography in high yield, with 250
mg pure RytRedAm/6 g wet cell weight (Sl Figure S5). RytRedAm was further
characterized in different buffer salts, measuring activity with hexanal and
allylamine across a pH range of 5.0-10.0 (Figure 3A). MOPS-NaOH buffer
caused lower activity compared with KP; and Tris-HCI. KP; buffer showed the
highest activity within the range pH 6.0-7.0 (6.1 U/mg at 25 °C), and was therefore
used as a reaction and storage buffer. The specific activity was systematically
higher at neutral pH than at pH 9 by a factor of 0.4. In comparison, AspRedAm
has a 0.8 fold lower activity at pH 7 compared with pH 9.1261 Certain IREDs were
also reported to have a broad pH range and active at neutral pH, indicating the
formation of the iminium.[23. 27. 351 Therefore, we hypothesize that RytRedAm acts
as a reductive aminase at neutral pH with 1:1 ratio for several carbonyl:amine
partners (shown further below in Figure 6). The activity at different pH for
cyclohexanone and cyclopropylamine was also measured and provided the
highest activity at pH 7 (Figure 3B).

With the ideal neutral pH at hand, RytRedAm activity was measured at
varying temperatures (Figure 3C). The activity increased along with higher
temperatures, reaching a maximum at 50 °C, and dropping at 60 °C. In terms of
stability, RytRedAm displayed 20-35% loss of activity after a one-hour incubation
at 20-30 °C, and complete loss of activity at 40 °C (Figure 3D). Therefore, a
temperature of 30 °C was used for further reaction screenings.

Considering the key amino acids involved in the active site, we propose
the following mechanism based on previous observations with AspRedAm
(Figure 7).1221 Y235 would be involved as a proton donor, while D166 and T90
would coordinate the protonated amine donor. A nucleophilic attack of the amine
on the carbonyl substrate can lead to the iminium ion intermediate and the
release of water. NAD(P)H then can reduce the iminium intermediate, resulting in
amine formation and release.
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Figure 3. Effect of pH and temperature on activity. A) Conditions: 50 mM buffer: acetate
pH 5.0 (@), pyridine pH 5.5 (A), KPi pH 6.0-8.0 (®), MOPS-NaOH pH 6.5-7.5 (#), Tris-
HCI pH 7.5-9.0 (m), glycine-NaOH pH 9.5-10.0 (A), 10 mM hexanal, 100 mM allylamine,
1% v/iv DMSO, 0.2 mM NADPH, RytRedAm, 25 °C. B) Conditions: 50 mM KPi pH 6.0-8.0,
10 mM cyclohexanone, 100 mM cyclopropylamine, 0.2 mM NADPH, RytRedAm, 25 °C;
100% corresponds to 23 mU/mg. C) Conditions: 100 mM KPi pH 7.0, 10 mM hexanal,
100 mM allylamine, 1% v/v DMSO, 0.2 mM NADPH, RytRedAm, 10-60 °C. D) Conditions:
RytRedAm or AspRedAm incubated 1 h in 100 mM KPi pH 7.0 at 20-50 °C, activity
measured at 30 °C with 10 mM hexanal, 100 mM allylamine, 1% v/iv DMSO, 0.2 mM
NADPH; 100% corresponds to 6.7 U/mg for RytRedAm, 0.97 U/mg for AspRedAm.
Average of duplicates.

Evaluation of RytRedAm substrate scope

RytRedAm activity was highest with aldehydes, hexanal and
benzaldehyde, coupled with allyl amine, followed by cyclopropyl amine and
methylamine (Figure 5). With ketones, cyclohexanone and acetophenone gave
activities of 23-65 mU/mg with allyl amine and cyclopropyl amine, and no
observable initial activity with methylamine.
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Figure 5. Specific activity of RytRedAm toward aldehyde (left) or ketone (right) substrates
with 10 molar eq. of amine donor. Conditions: 100 mM KPi pH 7.0, 10 mM hexanal,
benzaldehyde, cyclohexanone or acetophenone, 100 mM allylamine, cyclopropylamine or
methylamine, 0.2 mM NADPH, RytRedAm, 30 °C. Average of duplicates.
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The conversion rate of RyfRedAm with two different substrate-amine
combinations over time showed full conversion in under 30 min for the most
favored combination of hexanal and allylamine (Figure 6). The reductive
amination of cyclohexanone with cyclopropylamine to 1c was clearly slower over
time. A scale-up with 50 mM hexanal and 100 mM allylamine afforded 65 mg of
pure 3e (52% isolated yield), confirmed by NMR (S| Figures S47-S48).
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Figure 6. Reductive amination of hexanal with allylamine (©), and cyclohexanone with
cyclopropylamine (A). Conditions: 100 mM KPi pH 7.0, 30 mM Glc, 6 U/mL BsGDH
E170K/Q252L, 10 mM carbonyl, 25 mM amine, 0.2 mM NADP, 0.25 mg/mL RytRedAm,
500 rpm, 30 °C, 24 h. Average of duplicates.

Bioconversions were carried out with a panel of carbonyl substrates and
amine donors to establish a wider substrate scope (Figure 7, Sl). Starting from
10 mM carbonyl, excellent conversions were obtained with aldehydes such as
hexanal (>99% 3c-e) and benzaldehyde (89->99% 11c-11e) with only one molar
equivalent of amine donor, and moderate to high conversions with
hydrocinnamaldehyde (59-67% 4c-e), combined with four molar equivalent of the
best amine donors cyclopropylamine, propargylamine and allylamine. Methyl
amine gave 43-55% conversion with aldehydes (3b, 11b) and 7-12% with ketones
(1b, 7b with >99% ee S). Benzyl amine gave 80% conversion with benzaldehyde
(11f) and 4% conversion with cyclohexanone (1f). Reductive amination was not
observed with ammonia (1a, Figure S15), nor with 2-hexanone (Figure S8).

Previous work showed that more equivalents of amine donor increased
conversion. A conversion of 98% 1¢ was achieved with 20 equivalent cyclopropyl
amine, compared with 24% when using equimolar amounts (see S| Figure S15).
Imine reduction with 2-methyl-1-pyrroline was attempted, but less than 2%
conversion was obtained after 24 h (S| Figure S39). This displays the lack of
IRED activity in contrast with the reported AspRedAm Vmax of 0.24 U/mg.[26]

Interestingly, ethyl levulinate combined with cyclopropylamine produced
the chiral y-lactam product 1-cyclopropyl-5-methyl-2-pyrrolidinone 10c. A scale-
up provide 11 mg of pure 10c (confirmed by NMR, Figures S50-51) with 95% ee,
the opposite enantiomer to that formed by AspRedAm, which provides only 74%
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ee (Figures S33 and S49). The opposite enantioselectivity is also seen with 7b
(>99% ee (R)- for AspRedAm and (S)- for RytRedAm, Figure S30). This
complementarity enables further opportunities for product scope with RedAms,
which are otherwise engineered to access the desired enantiomer.13€!

R1 R1 R3
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Figure 7. Reductive amination of carbonyl:amine combinations catalyzed by RytRedAm.
Conditions: 100 mM KPi pH 7.0, 0.5 mg/mL RytRedAm, 30 mM Glc, 6 U/mL BsGDH
E170K/Q252L, 10 mM carbonyl, 10-200 mM amine (equivalents of amine donor in
brackets), 0.2 mM NADP, 500rpm, 30 °C, 24 h. Average of duplicates.
* Absolute configuration not assigned, opposite to that obtained with AspRedAm.

Evaluation of RytRedAm cofactor specificity

RytRedAm specific activity was measured with each NADPH and NADH
cofactors, and was surprisingly slightly higher with NADH (7.6 U/mg, Figure 8A),
which has been so far unreported for RedAms and IREDs,®”: 38 and would
significantly increase the economic and synthetic potential of these enzyme
families, allowing for NAD-dependent biocatalytic processes. Conversions of one
hour were run with varying combinations of carbonyls and amines with each
NADP* or NAD* with a GDH/GIc recycling system (Figure 8B). Full conversion
was obtained for 3e with both cofactors, whereas 11e and 1c with lower
conversions showed the slight preference for NADPH over NADH, which may
also be ascribed to the GDH employed for cofactor recycling (Bacillus subtilis
BsGDH E170K/Q252L, Sl section 1)1,
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Figure 8. Cofactor specificity. A) Specific activity with NADPH and NADH. Conditions: 100
or 50 mM KPi pH 7.0, 10 mM hexanal, 100 mM allylamine, 1% v/v DMSO, 0.2 mM
NAD(P)H, RytRedAm, 25 °C. B) One-hour conversions of carbonyl substrates with 10 eq.
of amine donor with NADP (dark green) and NAD (light green). Conditions: 100 mM KPi
pH 7.0, 10 mM carbonyl, 100 mM amine, 30 mM Gilc, 12 U/mL BsGDH E170K/Q252L, 0.2
mM NAD(P), 0.5 mg/mL RytRedAm, 500 rpm, 30 °C, 1 h.

At first glance, the cofactor binding motif in the RytRedAm sequence is
similar to other IREDs/RedAms that have strong NADPH preference.! 3l
However, when measuring the kinetic parameters (Table 2, Sl Figures $S12-S13),
the catalytic efficiency kcat/Km with NADH was only seven times lower than that
with NADPH. Noticeably, the kcat for NADH is three-fold higher, which explained
the higher specific activity observed earlier. Kinetic parameters of AspRedAm
with NADH are not known, but it is reported that AspRedAm is approximately 150
times more active with NADPH than with NADH.281 When measuring the activity
with cyclohexanone and methylamine, Aleku et al. reports a Km of 120 uM for
NADPH, which is ten times higher than that of the RytRedAm Kw of 15 uM. One
IRED from Myxococcus stipitatus was engineered using the Cofactor Specificity
Reversal Structural Analysis and Library Design (CSR-SALAD) to change
cofactor specificity from NADPH to NADH, resulting in an V10 mutant with an
overall kcat/ Km of 7.9 min-'mM-1, with a Km of 11 mM. 7. 381 |n our study, RytRedAm
gave a catalytic efficiency of 2187 min'mM-' with NADH, with a Km of 0.25 mM
(Table 2). One recent report from Ward and co-workers describes a range of
IREDs accepting both NADH and NADPH as cofactors for reductive amination at
pH 7 and 9, but no kinetic data is reported.*?! RytRedAm displays significant
activity for NADH that is uncommon in RedAms and IREDs, including engineered
variants. This enzyme model enables opportunities for protein engineering of
other RedAms and IREDs, and the further discovery of other ‘cofactor-flexible’
enzymes.
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Table 2. RytRedAm kinetic parameters Ku and kcat for NADPH and NADH.2

Cofactor Km (M)  Keat () Kcat/Km (s7tTmM™1)
NADPH 15+4 3.6+0.2 241
NADH 247 +50 9.0x0.3 36

2 Conditions, 100 mM KPi pH 7.0, 10 mM hexanal, 100 mM allylamine, NADPH or NADH,
RytRedAm, 30 °C (see SI).

Crystal structure and mechanism

In an effort to shed light on the determinants of cofactor binding by
RytRedAm, its structure was determined by X-ray crystallography in two forms.
Each structure was obtained in space group P3221 with one molecule in the
asymmetric unit, so the IRED dimer was constructed using the symmetry
neighbor. The first, an apo-structure, was determined in the absence of cofactor
(PDB 9FMS8). While co-crystallization with NAD* or NADP* failed to give a
structure with a fully intact cofactor, crystals obtained with the latter gave an ADP-
2’-ribose phosphate (ADP-2RP) complex (density for the nicotinamide ring and
ribose sugar of NADP* being absent) that revealed the residues involved in
cofactor binding. A search of the structural databases with the RyfRedAm
monomer using DALI 'l revealed fairly low sequence homology with determined
structures, including IREDs from Streptomyces albidoflavus (PDB 7XE8,121 33%
sequence id; Z-score 32.8; rmsd 1.3 A over 284 Ca atoms) and Mycobacterium
smegmatis (6SMT:31 30%; 32.7; 2.6 A over 283 Ca atoms). Neither of these
enzymes was reported to use NADH as the cofactor in addition to NADPH. The
structure of the reconstituted dimer of the RytRedAm ADP-2RP complex is shown
in Figure 9A (PDB 9FM7) and the residues involved in cofactor binding are
shown in Figure 9B.

Figure 9. Crystal structure and active site residues of RytRedAm. A: Structure of dimer of
RytRedAm (PDB 9FM7) with subunits in coral and green; B: Cofactor binding site of
RytRedAm showing selected side chains and ADP-2RP with carbon atoms in green and
grey respectively. The electron density map shown is the 2Fo-Fc map at a level of 0.6 o
clipped to the side chains to show R35 pointing away from the cofactor binding site.
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A consideration of the residues involved in cofactor binding is revealing
when compared with natural IREDs with NADPH specificity and especially those
that have been engineered previously for NADH recognition. These include the
enzyme from Myxococcus stipitatus,i® for which crystal structures of both the
NADPH-dependent wild-type (6TO4) and NADH-dependent mutant (6TOE) have
both been presented by one of our groups.*# An alignment of selected cofactor
binding regions for a range of IREDs is shown in Figure 10.

6TO4 TTTVWNRTKAKSEPLAK-—==—==—=~- NVLDYDTSDQ
6TOE TTTVWEYEKARSEPLAK-—==—=-=—-~- NVIDYDVSDQ
3ZHB PTTVWNRTAAKRAEPLVA-==——==—==-— CVSDYDAVHA
5G6R KTSVWNRTTAKATIPLVE-—==—=-=—-~- CLLNNQVVED
TXES8 STTVWNRTPGKADELAA-=-———=—=—~ CVADDEAVHQ
6SMT TVTVWNRTESKAQALRD—=———-——-—-— NVVDHDAVDA
RytRedAm KVTVWNRTADRALPLAA-——=——=—-~= SLLNYEIAKD

o« kK o e e Ko

Figure 9. Sequence alignment of selected IREDs in cofactor binding regions. 3ZHB and
5G6R are NADPH-specific IREDs. 6TO4 is the NADPH-specific IRED from Myxococcus
stipitatus that was engineered into 6TOE, a variant with improved NADH specificity
through, among others, mutation of K37 (red) to R and T71 to V (blue). Natural RytRedAm
is seen to have R35 and hydrophobic 169 in these positions.

The alignment reveals that, although many residues are involved in
cofactor binding, two of the most effective mutations for increasing NADH binding
in 6TO4 were at positions K37 and T71 to R and V, respectively. K37 is also
present in enzymes of established NADPH specificity including 3ZHB,
AspRedAm 5G6R and also the closest extant structural homologs of RytRedAm,
7XE8 and 6SMT. RytRedAm already has an R in position 35 equivalent to 37; in
the structure of RytRedAm in complex with ADP-2RP, the side chain had
incomplete density for the terminal guanidinium group, but the map at a level of
0.6 o indicates that the side chain is pointing away from the phosphate binding
site. Ward, Hailes and co-workersi*? suggest that this K to R substitution does not
always have to be present for IREDs to display at least some NADH-dependent
activity. In 6TO4 position T71, RytRedAm has hydrophobic 169, which stacks
against the adenine ring of ADP-2RP in the structure, and is closer in chemical
character to the valine in the NADH dependent 6 TOE variant. A consideration of
the variant data suggests that preference for either cofactor is a complicated
phenomenon with synergistic input from a number of residues, but the
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observations for RytRedAm may provide useful indicators for the mutations of
other IREDs to alter cofactor specificity.

Conclusions

We discovered bacterial reductive aminases via EnzymeMiner and HMM
approaches, in particular, RytRedAm represents another family of RedAms that
catalyze reductive amination at neutral pH and accepts both NADPH and NADH
cofactors. It is active on a panel of carbonyl substrates, especially aldehydes, to
produce secondary amines and provides a chiral y-lactam with 95% ee and (S)-
N-methyl-1-phenylethylamine, opposite selectivity to that of fungal RedAms. The
higher activity at pH 7 compared to pH 9 shows this enzyme catalyzes the
formation of the iminium ion.

RytRedAm displays an interesting profile regarding substrate preference,
enantioselectivity, cofactor specificity and reaction conditions. The crystal
structure obtained provides insights for its NADH acceptance. Because of its
complementarity with previously characterized RedAms and IREDs, RytRedAm
is a good model to investigate the reductive amination reaction mechanism with
varying substrate combinations with NADH as a cofactor for further scale-up
applications.

RytRedAm could benefit from protein engineering to obtain other chiral
amine products and higher thermostability. Other optimizing strategies such as
reaction temperature, amine donor equivalents and protein concentrations can
be investigated. RytRedAm is a promising example of the potential undiscovered
pool of bacterial reductive aminases, and further discovery of enzymes from this
family is ongoing.
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Materials and methods

General information

Chemicals (aldehydes, amines, ketones) were purchased from abcr
GmbH (Karlsruhe, Germany), Merck Sigma (St. Louis, Missouri, U.S.), TCI
Europe (Zwijndrecht, Belgium), Thermo Fisher Scientific (Waltham,
Massachusetts, U.S.) and VWR International BV (Amsterdam, the Netherlands)
and were used as received without further purification. Amines were stored under
nitrogen atmosphere. Aldehydes were newly bought before use and were
checked by GC for purity. NADPH was bought from OYC EU B.V. (Rotterdam,
The Netherlands) with a reported purity of 295%. NADH was purchased from
Prozomix (Haltwhistle, United Kingdom).

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 using 5 mM dodecane as an internal
standard. All samples were injected with GC quality ethyl acetate (EtOAc), except
where specified with diethyl ether (Et20) or methyl tert-butyl ether (MTBE).

Thin layer chromatography (TLC) were run on TLC polyester sheets with
a silica gel layer POLYGRAM SIL G (Macherey-Nagel, Diren, Germany) and
compounds were revealed using a potassium permanganate solution.

Nuclear magnetic resonance (NMR) spectra were recorded on an Agilent
400 spectrometer at 400 ("H) and 100 ('3C) MHz. Chemical shifts (5) are reported
in parts per million (ppm) relative to Me4Si (& 0.00) in deuterated chloroform
(CDCls). NMR data is reported as follows: br = broad, s = singlet, d = doublet, t =
triplet, m = multiplet, coupling constant(s) (J) in Hz, integration.

Specific rotation measurements were performed on a Perkin EImer Model
343 S Polarimeter at 20 °C, at a wavelength of 589 nm with the solvent and
concentration stated.

RytRedAm reaction screening

Reactions were performed in GC glass vials with 100 mM KP; buffer pH
7.0, 10 mM carbonyl substrate, 10-1000 mM amine donor, 0.2 mM NADP, 30 mM
Glc, 10 U/mL BsGDH, 0.5 mL purified RytRedAm, 0.5 mL total reaction volume.
Reactions were stirred at 500 rpm at 30 °C for 24 h on an Eppendorf
Thermomixer C. To quench the reaction, 0.8 eq. 10 M NaOH was added, and the
reaction mixture was vortexed and extracted with 1 eq. EtOAc (centrifuged at
10,000 x g for 1 min). The isolated organic layer was dried with MgSQOa4,
centrifuged at 10,000 x g for 1 min, decanted to a GC vial and injected onto the
GC-FID. Conversions were determined by the product peak area divided by the
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sum of the substrate and product peak areas. Control reactions were run in the
same conditions but without RytRedAm.

Supporting information

The complete supporting information, including Figures S16-S24, S26-
S29 and S34-S38 can be found at: https://doi.org/10.4121/6fda9cb1-beb8-4985-
a210-a9625eca8899

RedAm sequences and production

EnzymeMiner search: The sequence from AspRedAm (Q2TW47, PDB
5G6R) was used to identify targets on the online EnzymeMiner database. Two
approaches were used: protein sequences that contained the six key residues
N93, D169 Y177, W210, M239 and Q240, or contained only the first three of
these residues. Then, the query identity range was set to 0-50%, as all hits with
higher similarity come from fungal organisms. The predicted transmembrane
protein sequences were excluded. The first hit with an identified organism strain
was selected from Streptomyces hygroscopicus. The solubility factor was set to
be a minimum of 0.5, determined by SoluProt. Then, the bacterial strains were
manually selected. From eight sequences, Streptomyces and Bacillus hits were
selected. From the remaining six sequences, one hit was selected from each
family, since there were three pairs of sequences from the same family of
Amycolatopsis, Paenibacillus and Kibdelosporangium. The sequence from
Rhodococcus rhodnii was rationally selected to use a broad range of bacterial
strains for this work (Table S1).

Table S1. Amino acids on key-residue positions of selected hits from bacterial
organisms, found by EnzymeMiner. Sequence identity is based on the AspRedAm
sequence. Solubility is calculated by SoluProt.

Organism RedAm 93 169 177 210 239 240 Id. Solub.
Aspergillus oryzae AspRedAm N D Y w M Q 100 0.76
Amycolatopsis lurida AluRedAm N D Y w M Q 41.3 0.54
Bacillus sp. J13 BacRedAm N D Y Y M Q 39.5 0.66
Zr'men'qosr’orang'“m KarBRedAm N D Y W M Q 367 055
Paenibacillus ihbetae PihRedAm N D Y Y M Q 40.1 0.56
Rhodococcus rhodnii

LMG 5362 RhodRedAm N D Y w L N 353 0.23
ﬁ”eptomyf’es ShyRedAm N D Y W M Q 481 023

ygroscopicus
Streptomyces sp. WAC gyonpedAm N D Y W | N 429 053

01529

RedAm accession numbers and sequences

All gene sequences were cloned in a pET-28a(+) vector with a N-terminal

His-tag, without codon optimization.
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Aspergillus oryzae AspRedAm, GenBank accession number: KY327363.1;
UniProt number: Q2TWA47
MGSSHHHHHHSSGLVPRGSHMSKHIGIFGLGAMGTALAAKYLEHGYKTSVWN
RTTAKAIPLVEQGAKLASTISEGVNANDLIIICLLNNQVVEDALRDALQTLPSKTI
VNLTNGTPNQARKLADFVTSHGARYIHGGIMAVPTMIGSPHAVLLYSGESLELF
QSIESHLSLLGMSKYLGTDAGSASLHDLALLSGMYGLFSGFLHAVALIKSGQDT
STTATGLLPLLTPWLSAMTGYLSSIAKQIDDGDYATQGSNLGMQLAGVENIIRA
GEEQRVSSQMILPIKALIEQAVGEGHGGEDLSALIEYFKVGKNVD

Amycolatopsis Ilurida AluRedAm, GenBank accession number:
WP_091600158.1
MGSSHHHHHHSSGLVPRGSHMGKALAAAFLAAGHPTTVWNRSAGKADSLVA
DGAIQAATITEAVTASPIVVVCLLDYPVLHEILEPVGDTLAGRALVNLTNGTPDQ
ARETAGWARGRGADYLDGGIMAVPAMIGRPEARVLYSGSRPVFDQYEGTLNR
LGTARYVGADHGLASLYDLALLSAMYGQFAGASHALALVRTEKADLTEFASSLL
APWLTATTVALPLLAEQNDTGTQAGEESASPPDMQAVAIANIVTASNAQNVDKA
LLSHLFVPLRDLIGRPAHDRDLAGMVDLIKKPQE

Bacillus sp. BacRedAm, GenBank accession number: WP_028404255.1
MGSSHHHHHHSSGLVPRGSHMVRYFFRQGKGEIKVSTDQSKNEALSPVTIIGL
GEMGQALANVFLQNGYPTTVWNRTAAKAEALVKQGAVLAATPREAIQASPVVI
LCVLDYDAVHEILDPLGDALKGRVLFNLTNGTPKQAGDTAQWAKDRGYDYIDA
GIMAVPQIIGTEDAFILYSGGNKNSFDSNKELLDVMGASTYLGEDAGLASLLDL
AMNGAMYGMLAGAMHAISVVATEGIKAQAFSSELLIPYLTAITGIIPNLARQFDT
KEFTVGVSAKLAMQQVGFRNIRQASKDQGISTELLDPIQSLMDRRVAAGFPDD
DFSAVTELFKQAKHNT

Kibdelosporangium aridum KarRedAm, GenBank accession number:
MGSSHHHHHHSSGLVPRGSHMGETLAETFVSNGHPTTVWNRTPGKVVEGAT
HAPTAAEAVAASEVVVVCVLDYKAAREVLDPIDLTGKAVVNLTNGTPAHAREFV
RGDYLDGGIMAVPQMIGTPEAIVLYSGSRTVFDNYQDTLNVLGQSRFVGEDPG
LAALYDLALLSAMYGQFAGAKHALDMVGANRGDFVETLLIPWLTSTMVAIPVLG
QSDPQSPDDMQAVAIGNIIEANEDLGLGQPGHLR

Paenibacillus ihbetae n PihRedAm, GenBank accession number:
WP_099476365.1

MGSSHHHHHHSSGLVPRGSHMNTDQSKRNALSPVTIIGLGEMGQALANVFLQ
NGYPTTVWNRTAAKAEALVKQGAVLAATPYEAIQASPVVILCVLDYDAVHEILD
PLGDALKGRVLFNLTNGTPKQARDTAQWAKDLGYDYMDAGIMAVPQIIGTEAA
FILYSGGNKESFNSNKELLDVMGASTYLGEDAGLASLLDLAMNGAMYGMLAG
AMHAISVVATERIKAQDFSSELLIPYLTAITGIIPNLARQFDTKEFTVGVSAKLAM
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QQVGFRNIRQASKDQGISTELLDPIQSLMDRRVAAGFPDDDFSAVTELFKTPK
Q

Rhodococcus rhodnii RhodRedAm, GenBank accession number:
EOM76188.1
MGSSHHHHHHSSGLVPRGSHMGTPIAAAFIDAGYRTIVWNRSPGKADALASR
GAEPAATAAEAVAAAPLVVAPLLDHVAVRQTLVPATAALQGRTVVNLANSTPDQ
ARDLAAWVAGHGAAYLDGAMMALPDSVATREGFFLYSGSEEAFTRYRSALEV
MAPAHYFGADPGGAEIHDLAVLGTGYGALSGFLHSLAILHGTGTSPEHFAALA
ARWLNGLAAFLPELAREIDAAHYTDGISTIDLNRAAVDGIVELGRASGVSAATH
EPLRDLLHRSSDNGRGKDSFSSVFELMRKRDDPRQ

Streptomyces hygroscopicus ShyRedAm, GenBank accession number:
WP_066027906
MGSSHHHHHHSSGLVPRGSHMSKTPVTVLGLGDMGTALARALLEGGHPTTV
WNRTAAKAEALAPEGALTAATTGEAVAASRLVVVCLLDYDSVRQVLGPLGEAL
AGRTVVNLTNGTPRQARDLAAWAAGHGAEYIDGGIMAVPPMIGTPAAFLLYSG
SPAAFAAHRSVLDLFGESHHLGEDHGRAPLYDLALLSAMYGMFSGVLHAYALV
RSDGVAAGDVAPLLGRWLTAMSGAVDGYAQRIDSGDHATGVVSTIAMQSAAF
GNFTGSARDQGISPELIAPIGALMARRVAAGHGHEDLTGLVELLTA

Streptomyces  sp. StrepRedAm, GenBank  accession  number:
WP_125517916.1
MGSSHHHHHHSSGLVPRGSHMGSALAAALLRAGHRTTVWNRTAAKTGPLAA
QGATPAETAAEAIEASALVIVCLTTNDNVRTLLEPEAAALAGRTVVNLTNGTPAQ
ARELAHWAAEHGITYIDGGIMAVPQMIATPGAYILYSGTDEEAYETHRPTLAALA
ETKWVGKDPGAAALYDLSLLTGMYGMVMGVAQAYALIGTGGVPARDFAPLLK
EWVNAMTDGLVPGMAEALDSGQHLTDVSSLAINQAALPNFLDAFAQQGLSGA
LFEPLQALLDRSVEEGYGADGLSRLATLIKKE

Rhodococcus rhodochrous reductive aminase RocRedAm, GenBank
accession number WP_059384799
MGSSHHHHHHSSGLVPRGSHMGSALASRLLDIGYHVTVWNRSPGRDTVLVE
SGAHPAETVAAAAGANPLIVACLLRATSVYETLTPVVEQLRGRTLINLTTTTPNE
ARALADWADRHGIAYLTGAILAVPDMIGTPAAQIFYSGPQPIYEQHHELLDTWA
TSTYDGADPGMASLVDLAMLSGMYQMFAGFFHGAAMVGSEGMTAEEFARRA
TPFLRAMTSGFREYAAVIDAGDYTAPGQQSLEFSDLGHIVSASEEQCVDPATLV
ALQGLITREIAAGHGSEGFARVFVSMRADTGDRTAERIA

Rhodococcus opacus reductive aminase RopRedAm, GenBank accession
number: WP_064080687.1
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MGSSHHHHHHSSGLVPRGSHMTGTDVTVLGLGAMGQAIAVALLRAGRTVTV

WNRTPEKADTVTKSGAHPAGSVSAAVQASPLVLVCVLDDETVHELIEPVAGDL
RGRTLVNLTTTTPEQARAMSRWAGAARVEYVDGGIMAVPDMIGGGDTFVLYS
GAAEAFDRNRPVLELFGRAVFVGDDAGAAAMYDLALLGAMYAMFAGFEQGA
AMVRGAGGTAGELAAMAAPFLQAMTGSFEEFAVGIDTPAQYEPVQSAEFTAA
AIDTVARAGAEAGVPTALPIAVRAVLAGSIDAACP

Rhodococcus erythropolis reductive aminase RytRedAm, GenBank
accession number: WP_020971038.1
MGSSHHHHHHSSGLVPRGSHMDVSILGTGLMGTALAQALIRSGTKVTVWNRT
ADRALPLAAAGATVAESPQSAIAASPLIVISLLNYEIAKDVVTEADSIAGKIIVNTA
TGTPEEANQFAEWIAGRGARYLDGAIAAYPEDIGTESSGINYSGDEDVWEDVQ
SLLTPIAAQSRYVGARPGAANVIDAAMAGAFFNVALGAFHEAAAYVRSEDVAIA
EMRHSLHLWTDKLLELLHEALKAFESGEYETDQATLNVYAAAVEAWQQSMQR
AGQRAALMTANLDNLQRACAAGHGDKGIFAQIETLSANPQSAI

Nocardia seriolae reductive aminase NocRedAm, GenBank accession
number: WP_033085900
MGSSHHHHHHSSGLVPRGSHMSEPRRSVTVIGLGPMGRAMVKAFLAAGVEV
TVWNRSPEKADAMAESGAKRAGTVAEALDANEVIVVSLTHYAAMYDVLEPVA
DRLRGKVIANLSSDSPENARKGAASVRSFGARFLSGGCMTVSDDILHPASYIF
YSGPREVFDAHAELLRPLSPQEYLGADDGLSQVYYQALLTIFHSWMLALDQAF
ALIVNSGNEIGHFLPYALRSQTPFADFMANFAAAAEAGGWGDLANLRMMDAG
AQHVIEASEDAGVDASLAHAAQALWRKAIAASETAGAPVPVFRILKGTAA

Bacillus subtilis glucose dehydrogenase E170K/Q252L BsGDH, UniProt
number: P12310

MGSSHHHHHHSSGLVPRGSHMYPDLKGKVVAITGAASGLGKAMAIRFGKEQA
KVVINYYSNKQDPNEVKEEVIKAGGEAVVVQGDVTKEEDVKNIVQTAIKEFGTL
DIMINNAGLENPVPSHEMPLKDWDKVIGTNLTGAFLGSREAIKYFVENDIKGNVI
NMSSVHEVIPWPLFVHYAASKGGIKLMTKTLALEYAPKGIRVNNIGPGAINTPIN
AEKFADPKQKADVESMIPMGYIGEPEEIAAVAAWLASKEASYVTGITLFADGGM
TLYPSFQAGRG

Enzyme production

Lyophilized plasmids of the selected sequences from EnzymeMiner and
the Rhodococcus sequences cloned in pET-28a(+) were ordered and received
from SynBio Technologies (Monmouth Junction, NJ, United States). The
AspRedAm plasmid was kindly provided by Prof. N.J. Turner (University of
Manchester, Manchester Institute of Biotechnology, UK).
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E. coli BL21(DE3) chemically competent cells were transformed with the
vector containing the listed genes unless stated otherwise. The AspRedAm gene
was transformed in either E. coli BL21(DE3), C43(DE3) or BL21 Gold(DE3)
competent cells. The transformed cells were grown on selective LB-agar plates
(50 pg/mL kanamycin) overnight at 37 °C. TB-medium (500 mL in 2 L baffled
flask) was inoculated with 1% v/v overnight LB preculture of the transformed cells
and incubated for 3-5 h at 37 °C, 180 rpm. After reaching an ODeoo of 0.6-0.8, 0.5
mM IPTG was added, followed by overnight incubation at 20 °C. Cells were
harvested (17,000 x g, 20 min, 4 °C) and stored at -80 °C.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was run to show gene expression and enzyme purity levels (Figures $1-S4).
Samples were prepared by mixing with one equivalent of Laemmli buffer and 5%
v/v dithiothreitol (DTT), heated to 95 °C for 5 min, then centrifuged at 9,000 x g
for 2 min. From these samples, 10 yL was loaded onto the gel, whereas 5 pL of
protein ladder was loaded onto a Criterion TGX Stain-Free Precast Gel. Imaging
was performed with a ChemiDoc MP imaging system (Bio-Rad Laboratories,
Hercules, California, U.S.).
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Figure S1. SDS-PAGE gel of hits from EnzymeMiner search before and after IPTG-
induction. 1: AluRedAm (29 kDa) before induction. 2: AluRedAm after induction. 3:
RhodRedAm before (29 kDa) induction. 4: RhodRedAm after induction. 5: BacRedAm (32
kDa) before induction. 6: BacRedAm after induction. 7: RhodRedAm (29 kDa) before
induction. 8: RhodRedAm after induction. 9: ShyRedAm (29 kDa) before induction. 10:
ShyRedAm after induction. 11: StrepRedAm before induction. 12: StrepRedAm after
induction.
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Figure S2. SDS-PAGE gel of AspRedAm (32 kDa) cell-free extracts (CFE) after induction
with different strains of E. coli. L: protein ladder. 1: KarRedAm (24 kDa). 2: AspRedAm in
E. coli BL21(DE3). 3: AspRedAm in E. coli C43(DE3). 4. AspRedAm in E. coli BL21
Gold(DE3).

kDa L 1 2 3 4 5 6 7 8 9 10

250

150
100
75

50

37

25
20

15

10

Figure S3. SDS-PAGE gel of all hits selected from EnzymeMiner after cell lysis. 1:
ShyRedAm CFE. 2: ShyRedAm lysate. 3: KarRedAm CFE. 4: KarRedAm lysate. 5:
AluRedAm CFE. 6: AluRedAm lysate. 7: PihRedAm CFE. 8: PihRedAm lysate. 9:
StrepRedAm CFE. 10: StrepRedAm lysate.
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Figure S4. SDS-PAGE gels of CFE of bacterial RedAms. Left: 1: NocRedAm before
induction. 2: NocRedAm after IPTG induction. 3: CFE. 4: cell lysate. L: protein ladder. 5:
RytRedAm before induction. 6: RytRedAm (31.4 kDa) after IPTG induction. 7: CFE. 8: cell
lysate. Right: 1. RopRedAm before induction. 2: RopRedAm (28.7 kDa) after IPTG
induction. 3: CFE. 4: cell lysate. 5: RocRedAm before induction. 6: RocRedAm after IPTG
induction. 7: CFE. 8: cell lysate. L: protein ladder.

Affinity chromatography purification of AspRedAm and RytRedAm

Two buffers were prepared: 50 mM Tris-HCI pH 8.0, 300 mM NaCl, 1 mM
MgCl2 with 30 mM imidazole for the binding buffer, and with 300 mM imidazole
for the elution buffer. The buffers were filtered and degassed before use. The cell
pellets were thawed and suspended in 5 mL/gwew binding buffer. After adding a
spatula tip of deoxyribonuclease (DNase), MgClz, lysozyme from chicken egg
white (Sigma Aldrich) and a pill of cOmplete™ Mini EDTA-free Protease Inhibitor
(Merck), 3 gwew Of cells were disrupted using a Constant Systems Continuous
Flow Cell Disrupter CF1 (22 kpsi) and clarified by centrifugation (32,000 x g, 30
min, 4 °C).

The cell-free extract (CFE) was then filtered (0.2 um) and purification was
performed by immobilized-metal affinity chromatography (IMAC) using a Ni-NTA
5 mL HisTrap™ FF crude column (GE Healthcare, Chicago, lllinois, U.S.) on a
Bio-Rad NGC Chromatography system. After equilibrating the column with
binding buffer at 5 mL/min, the CFE was loaded on the column with a velocity of
3 mL/min. Then, the column was flushed with 10 column volumes (CVs) of binding
buffer at 3 mL/min. after 10 CVs, or when the absorbance at 280 nm reached
near zero, 100% of the elution buffer was pumped through the column, also at 3
mL/min. Elution fractions were collected, pooled, and kept on ice until desalted
with a PD10 desalting column (GE Healthcare). Enzyme concentration was
determined by the Uptima bicinchoninic acid (BC) assay (Interchim, Montlugon,
France).
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Figure S5. SDS-PAGE gels of IMAC purification of AspRedAm and RytRedAm. Left: 1:
AspRedAm (32 kDa) elution, 180 mM imidazole. 2: AspRedAm elution, 300 mM imidazole.
L: protein ladder. Right: 1: CFE RytRedAm. 2: cell lysate after disruption. 3: IMAC
flowthrough. 4-5: RytRedAm (31.4 kDa) elution, 300 mM imidazole. L: protein ladder.

Size exclusion chromatography purification of RytRedAm

Peak fractions after affinity chromatography containing protein of the
correct molecular weight (32 kDa) were pooled. Size exclusion chromatography
(SEC) was conducted on an AKTA pure Protein Purification System. The pooled
fractions were loaded on a HiLoad 16/600 Superdex 75 pg Cytiva column and
eluted using buffer containing 100 mM KPi pH 7.0, 300 mM NaCl and 10% v/v
glycerol. Peak fractions containing protein of the correct molecular weight were
pooled and centrifugally concentrated, using 10 kDa MWCO concentrator
(VivaSpin20™ Géttingen, Germany).

Protein concentration was determined by absorbance at 280 nm using
the Beer-Lambert law. Proteins were concentrated to 13, 26, 36 and 65 mg/mL.
proteins were mixed with 5 mM NAD(P)* . Initial screening of crystallization
conditions was performed using commercially available INDEX (Hampton
Research), PACT premier and CSSI/Il (Molecular Dimensions) screens in 96-well
sitting drop trays.
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Figuré SG.NSDS-PAGE gel (top) and SEC chrbmafogram (bottom) of the SEC purification
of RytRedAm. L: protein ladder. 1: void volume. 2: fraction minor peak. 3-13: fractions
major peak.

Expression and purification of RytRedAm for X-ray crystallography

The sequence encoding RytRedAm was subcloned into the pETYSBLIC-
3C plasmid using established protocols.*5 The LIC3C plasmid containing the
gene for RytRedAm was used to transform E. coli BL21(DE3) competent cells for
gene expression. Pre-cultures were grown in LB-medium (10 mL) containing 30
pg/mL kanamycin for 18 h at 37 °C with shaking at 180 rpm. 0.5 L Terrific Broth
cultures were inoculated with the pre-culture (10 mL) and incubated at 37 °C, with
shaking at 230 rpm until an ODeoo of 0.7 was reached. Gene expression was
induced by addition of IPTG (0.5 mM) and shaking was continued overnight at 16
°C with shaking at 230 rpm. The cells were then harvested by centrifugation at
5000 x g for 20 min and resuspended in 0.1 M Tris-HCI buffer pH 8.0 containing
300 mM NaCl and 30 mM imidazole (His Buffer A). Cells were disrupted, and the
suspension was centrifuged at 20,000 x g for 1 h at 4 °C to yield a clear lysate.

The N-terminal His6-tagged protein was purified by IMAC using Ni-NTA
column, followed by size exclusion chromatography (SEC). The lysate was
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loaded onto a pre-equilibrated HisTrap™ FF crude 5 mL column, followed by
washing with His Buffer A. The bound protein eluted with a step profile with 500
mM imidazole. Fractions were analyzed by 12% acrylamide SDS-PAGE (Figure
S7A). Fractions containing RytRedAm were pooled, HRV3C protease (1:50 ratio)
added in order to cleave the histidine tag, and the protein dialyzed overnight
against His buffer A. The cleaved RytRedAm was loaded onto the
aforementioned IMAC column, with only the flow-through being collected. His-tag
free RytRedAm was centrifugally concentrated (10 kDa MWCO Vivaspin) and
loaded onto a HiLoad 16/600 Superdex 75 gel filtration column pre-equilibrated
with buffer containing 50 mM HEPES pH 7.0 and 300 mM NaCl. Fractions were
analyzed by 12% acrylamide SDS-PAGE (Figure S7B). The concentrated protein
sample after gel filtration was used for crystallization screening.
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Figure S7. 12% acrylamide SDS-PAGE gels of the Ni-NTA column A and gel filtration
column B showing RytRedAm at approximately 31 kDa.

Crystallization, data collection and structure solution and refinement

Initial screening of crystallization conditions was performed using
commercially available INDEX (Hampton Research), PACT premier and CSSV/II
(Molecular Dimensions) screens in 96-well sitting drop trays. Optimization was
carried out in a 48-well sitting-drop format to obtain crystals for X-ray diffraction
studies. For co-crystallization experiments, a 0.1 M stock solution of cofactor
NADP* in water was prepared and cofactor added to a final concentration of 2
mM.

Crystals of both apo- RytRedAm and the ADP-2’-ribose phosphate (ADP-
2RP) complex were grown using RytRedAm concentrated to 35 mg/mL in 50 mM
HEPES buffer at pH 7.0 containing 300 mM NaCl. The best crystals were
obtained in conditions containing 25% (w/v) PEG 3350 and 0.2 M MgCl2
(hexahydrate) in bis-Tris buffer pH 6.5. Crystals for diffraction testing were

156



harvested directly into liquid nitrogen with nylon CryoLoops™ (Hampton
Research), using the mother liquor without any further cryoprotectant.

Data collection, structure solution and refinement

The datasets described in this report were collected at the Diamond Light
Source, Didcot, Oxfordshire, U.K. on beamlines 103 and [04. Data were
processed and integrated using XDSI*6l and scaled using ¥7! included in the
Xia2l“8] processing system. Data collection statistics are provided in Table S2. All
crystals were obtained in space group P3221, with one molecule in the
asymmetric unit. The structure of RyfRedAm was solved by molecular
replacement using MOLREP 9 and a model generated using AlphaFold® as the
search model. The structures were built and refined using iterative cycles in
Cootl®"l and REFMAC.[ Following building and refinement of the protein and
water molecules in the ADP-2RP dataset, residual density was observed in the
omit maps at what would be the dimer interface. This could be clearly modelled
as ADP-2RP, as no density for the nicotinamide ring and ribose of NADP* were
observed.

The final structures of RytRedAm and RytRedAm-ADP-2RP exhibited
% Reryst/Riee values of 21.8/30.0 and 19.5/24.5, respectively. Refinement
statistics for the structures are presented in Table S2. The structures of
RytRedAm and RytRedAm-ADP-2RP have been deposited in the Protein
Databank (PDB) with accession codes 9FM8 and 9FM7, respectively.

Table S2. Data collection and refinement statistics for RytRedAm. Numbers in brackets
refer to data for highest resolution shells.

RytRedAm apo RytRedAm ADP-2RP
21-04-24 - 0574 10-05-24 - 5331
Beamline 103 104
Wavelength (A) 0.97627 0.95374
Resolution (A) 53.39-2.38 (2.47-2.38) 70.78-2.00 (2.05-2.00)
Space Group P3221 P3221

Unit cell (A) a=b=280.66;c=82.78;a | a=b=281.73;,c=83.38; a
=B =90.00°%y=120.00° | =8 =90.00°%y=120.00°

No. of molecules in the

asymmetric unit L 1

Unique reflections 12900 (1319) 22229 (1631)
Completeness (%) 100.0 (100.0) 100.0 (100.0)
Rmerge (%) 0.14 (0.98) 0.07 (1.14)
Rp.im. 0.03 (0.22) 0.02 (0.37)
Multiplicity 19.8 (20.0) 20.3 (20.6)
<llo(l)> 8.6 (0.6) 28.0 (3.1)
EDA\SraII B from Wilson plot 47 35
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CCup 1.00 (0.96) 1.00 (0.94)
Reryst! Riree (%) 21.8/30.0 19.5/24.5
r.m.s.d 1-2 bonds (A) 0.005 0.007
r.m.s.d 1-3 angles (°) 1.44 1.65

Avge main chain B (A2 71 48

Avge side chain B (A?) 76 55

Avge waters B (A?2) 61 50

Avge ligand B (A2 - 82

Carbonyl substrates, amine donors and products.

Substrates and amine donors

Table S3. List of carbonyl substrates and amine donors used in this study

Label  Carbonyl substrates Label  Amine donors

1 cyclohexanone a ammonium chloride
2 2-hexanone b methylamine

3 hexanal c cyclopropylamine
4 hydrocinnamaldehyde d propargylamine
5 2,5-hexanedione e allylamine

6 benzylacetone f benzylamine

7 acetophenone

8 1-indanone

9 B-tetralone

10 ethyl levulinate

11 benzaldehyde

12 4-fluorophenylacetone

13 2-heptanone
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Figure S8. Targeted amine products for which the RytRedAm showed no measurable
conversion.

Amine product synthesis

The synthesis of cyclopropylcyclohexanamine (1c, 824-82-8), N-2-
propyn-1-ylcyclohexanamine (1d, 18292-76-7), N-
cyclopropylbenzenepropanamine (4c, 18381-62-9), N-2-propyn-1-
ylbenzenepropanamine (4d, 56862-31-8), N-allylbenzenepropanamine (4e,
528812-92-2) and 5-methyl-1-(2-propyn-1-yl)-2-pyrrolidinone (10d, 18327-34-9)
was performed as previously reported. !53]

In dry tetrahydrofuran (THF), 2 mmol of ketone/aldehyde, 2.2 mmol
amine, 3 mmol sodium triacetoxyborohydride and 2 mmol glacial acetic acid were
mixed and stirred under N2 at room temperature (20 °C) overnight. The reaction
was quenched with 10 mL of 10 M NaOH. The reaction mixture was mixed with
EtOAc (10 mL) and the organic phase was separated. This step was repeated,
the organic phases were combined and extracted with 1M HCI (3 x 10 mL). The
aqueous phase was basified to pH 12 with a 5 M NaOH solution. The product
was extracted into EtOAc (2 x 20 mL), dried with MgSO4 and the solvent was
removed under reduced pressure on a rotary evaporator to afford the
aforementioned amines.

The synthesis of 1-cyclopropyl-5-methyl-2-pyrrolidinone (10¢c, 1351473-
78-3) and 5-methyl-1-(2-propyn-1-yl)-2-pyrrolidinone (10d, 18327-34-9) was
performed based on literature.®3 In dry THF, 1 mmol of ketone, 2 mmol of amine,
2 mmol of acetic acid and 1.4 mmol of sodium triacetoxyborohydride were mixed
and stirred under N2 at room temperature overnight. The mixture was quenched
with 1 M NaOH (5 mL) and extracted with EtOAc (3 x 5 mL). The organic layers
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were combined, dried over MgSO4 and the solvent evaporated under reduced
pressure to afford crude amine products. Yields of synthesized amines varied
between 30 and 50% isolated yield. The synthesized compounds were confirmed
by NMR. Products  N-methylhexylamine  (3b, 35161-70-7), N-
hexylcyclopropanamine (3¢, 1040067-31-9), N-allylhexan-1-amine (3e, 22774-
71-6), N-methylbenzylamine (11b, 103-67-3) and N-benzylcyclopropanamine
(11c, 13324-66-8) were obtained via biotransformations and confirmed by GC-
MS (see section 5.3).

N-methylation of (S)-a-methylbenzylamine

To assign the enantiomer obtained from product N-methyl-1-
phenethylamine (7b, 32512-24-6), N-methylation of (S)-a-methylbenzylamine
was performed as described by Aleku et al.l81 2 mg of the primary amine was
dissolved in 200 pL methanol, then 100 pL of 16% v/v formaldehyde in H20 was
added, and the mixture was shaken at room temperature (20 °C) at 800 rpm for
1 h. The reaction mixture was cooled on ice, and 5 mg of NaBHs was added
slowly. 200 pL dH20 was added, and the reaction mixture was extracted with 1
mL CH2Cl2. The organic layer was dried with MgSO4 and the corresponding
secondary amine with known configuration was analyzed by GC-FID without
further purification.

RedAm activity assays

For specific activity measurements, 4 mL UV grade
polymethylmethacrylate (PMMA) plastic cuvettes were used to monitor the
decrease of NAD(P)H at a wavelength of 340 nm on a Cary 60 UV-Vis
spectrophotometer. The extinction coefficient of NAD(P)H used was g340nm = 6220
M-'cm-1,54 and &370 nm = 2.216 M-"cm' (for kinetic parameter measurements at
higher NADH concentrations).153!

Carbonyl substrates were prepared fresh as a 1 M stock solution in
DMSO. Amines were prepared fresh in 100 mM KP; buffer pH 7.0, titrated with a
solution of 6 M HCI to adjust the pH to 7.0. NAD(P)H stock solutions were
prepared fresh in the mentioned buffer as a 10 mM concentration, confirmed by
UV spectrophotometry at 340 nm.

For buffers at different pHs the following salts were used: sodium acetate-
HCI pH 5, pyridine-HCI pH 5.5, KPi pH 6-8, MOPS-NaOH pH 6.5-7.5, Tris-HCI
pH 7.5-9, glycine-NaOH pH 9.5-10. Buffer pHs were thermodynamically corrected
using Buffer Calculator® (Prof. Robert J. Beynon
http://phbuffers.org/BuffferCalc/Buffer.nhtm, checked on 22/05/2024).
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CFE activity of RedAm hits

Amycolatopsis lurida

Bacillus sp. J13
Kibdelosporangium aridum
Paenibacillus ihbitae
Rhodococcus rhodnii LMG 5362
Streptomyces hygroscopicus
Streptomyces sp. WAC 01529

0 1 2 3 4 5 6 7 8
CFE activity (U/mL)

Figure S9. CFE reductive amination activity of RedAms from the EnzymeMiner search
(AluRedAm, BacRedAm, KarRedAm, PihRedAm, RhodRedAm, ShyRedAm,
StrepRedAm). Conditions: 100 mM KPi pH 7.0, 10 mM hexanal, 100 mM allylamine, 1%
v/v DMSO, 0.2 mM NADPH, 75 uL CFE, 25 °C.

Nocardia seriolae | 0
Rhodococcus erythropolis 21.4
Rhodococcus opacus | 0.2
Rhodococcus rhodochrous
2 8 10 12 14 16 18 20 22 24

CFE activity (U/mL)

Figure S10. CFE reductive amination activity of RedAms from the HMM search in the
Rhodococcus genome (NocRedAm, RytRedAm, RopRedAm, RocRedAm). Conditions:
100 mM KP; pH 7.0, 10 mM hexanal, 100 mM allylamine, 1% v/v DMSO, 0.2 mM NADPH,

CFE, 25 °C.

PihRedAm
BacRedAm
ShyRedAm

RytRedAm
AspRedAm

11.43
I 10.46
H34.17

1 401

i 83.05

Empty vector | 0.38

-10 10 50
CFE activity (U/mL)
Figure S11. CFE reductive amination activity of soluble and active RedAm hits, compared

with AspRedAm and an empty pET28(+) vector. Conditions: 100 mM KPi pH 7.0, 10 mM
hexanal, 100 mM allylamine, 1% v/v DMSO, 0.2 mM NADPH, CFE, 25 °C.
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Steady-state kinetics of RytRedAm with NADH and NADPH

Steady-state kinetics were analyzed using IGOR Pro 9 (WaveMetrics).
Measurements were plotted onto the equation f(S) = Vmax x (S/(Ku+S).

Specific activity (U mg '1]

Coefficient values % one standard deviation
Vmax = 6.6616 +0.27
kM =0.014821 + 0.00355

T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5
[NADPH] (mM)

Figure S12. Steady-state kinetics for the reductive amination of hexanal and allylamine
catalyzed by RytRedAm with NADPH. Conditions: 100 mM KP; pH 7.0, 0.025-0.5 mM
NADPH, 10 mM hexanal, 100 mM allylamine, 7.5 pg RytRedAm, 30 °C.

TU’
E
2 104
2
2
5 8-
o
o
L3
s 6
o
7]
Coefficient values + one standard deviation
44 Vmax = 16.646 + 0.552
. kM =0.24667 + 0.0241
2 -
0
T I I I T I 1
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
[NADH] (mM)

Figure S13. Steady-state kinetics for the reductive amination of hexanal and allylamine
catalyzed by RytRedAm with NADH. Conditions: 100 mM KP; pH 7.0, 0.025-0.5 mM
NADH, 10 mM hexanal, 100 mM allylamine, 7.5 pg RytRedAm, 30 °C.
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RedAm reactions

CFE reactions of RedAm hits

CFE screening of PihRedAm, ShyRedAm and KarRedAm (not shown)
were performed under two different sets of conditions:

A: 100 mM Tris-HCI pH 8.0, 0.2 mM NADP, 12 mM Gilc, 6 U/mL GDH, 50
pL CFE, 10 mM carbonyl substrate, 1-20 eq. amine donor. Stirred at 30 °C and
500 rpm for 24 h

B: 100 mM Tris-HCI pH 9.0, 0.4 mM NADP, 30 mM Glic, 10 U /mL GDH,
100 pL CFE, 10 mM carbonyl substrate, 1-20 eq. amine donor. Stirred at 25 °C
and 500 rpm for 24 h.

CFE screening of BacRedAm was only performed under condition set A
(Figure S14). KarRedAm displayed no reductive amination conversions in both
sets of conditions for any substrate-amine combination we tried. To quench the
reaction, 0.8 eq. 10 M NaOH was added to the mixtures, and vortexed thoroughly.
Then, the reaction mixture was extracted twice with 0.5 uL EtOAc, vortexed,
centrifuged and the organic layer separated. After drying with MgSQO4, the organic
phase was centrifuged at 12,000 rpm for 1 min, transferred to a GC vial and
injected onto the GC-FID for analysis. Conversions were calculated by the
product peak area divided by the sum of the substrate and product peak areas.

5 -
1 mA:pH8,30°C
4 4

[amine product] (mM)

1b 1c 1d le 2c 2d 4c 4e 10c 11f
Figure S14. BacRedAm CFE-catalyzed reductive amination.

RytRedAm 1-hour biotransformation

Reactions were performed in GC glass vials with 100 mM KP; buffer pH
7.0, 10 mM carbonyl substrate, 100 mM amine donor, 0.2 mM NADP, 30 mM Gilc,
12 U/mL BsGDH, 0.5 mg/mL purified RytRedAm, 0.5 mL total reaction volume,
stirred at 500 rpm at 30 °C for 1 h on an Eppendorf Thermomixer C.

RytRedAm imine reduction screening

Reactions were performed in GC glass vials with 10 mM 2-methyl-1-
pyrroline, 0.2 mM NADP, 30 mM Glc, 10 U/mL BsGDH, 100 mM KPi buffer pH
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7.0, 0.5 mg/mL purified RytRedAm, 0.5 mL total reaction volume. Reactions were
stirred at 500 rpm at 30 °C for 24 h on an Eppendorf Thermomixer C. The reaction
mixture was quenched, extracted and analyzed as described above. Less than
1% conversion was observed (see GC section 5.2.7).

Reductive amination with cyclohexanone and different amine donor
concentrations

100
] o leq

80 - 5eq
< i m10eq
»C/ 60 - =20 eq
o
@
()
> 40 -
s I

20 A L

. B | | I—.l,-_I- -

Mesm, [—NHa =7 NH, /\/NH2©/\NH2

Figure S15. Influence of the amine donor concentration for the reductive amination of
cyclohexanone catalyzed by RytRedAm. Conditions: 100 mM KPi pH 7.0, 30 mM Glc, 10
U/mL BsGDH, 10 mM cyclohexanone, 10-500 mM amine, 0.2 mM NADP, 0.5 mg/mL
RytRedAm, stirred at 500 rpm at 30 °C for 24 h.

GC analyses
GC columns and methods

The following chiral columns were used to determine enantiomeric
excess of chiral products; details on the injection temperature, linear velocity,
column flow, oven temperature program and retention times can be found for
each compound below.

A. CP-Sil 8 CB (Agilent Technologies, Santa Clara, California, United States) (25
m x 0.25 mm x 1.20 ym), injection at 340 °C, split ratio 50, linear velocity 30
cm/sec, column flow 1.01 mL/min, nitrogen as carrier gas.

B. CP-Wax 52 CB (Agilent Technologies, Santa Clara, California, United States)
(25 m x 0.53 mm x 2.0 ym), injection at 250 °C, split ratio 50, flow 4 mL/min,
nitrogen as carrier gas.

C. Hydrodex B-TBDM (Macherey-Nagel, Diren, Germany), 50 m x 0.25 mm x
0.15 pm, heptakis-(2,3-di-O-methyl-6-O-t-butyldimethyl-silyl)-B-cyclodextrin,
injection at 250 °C split ratio 50, linear velocity 38 cm/s, column flow 2.23
mL/min, helium as carrier gas.
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Table S4. List of GC methods, with corresponding methods and retention times.

GC oven program

GC

rate  (°C/min),

temp.

Compound

ret. time

column Mthd (°C), hold (min) (min)
Methylamine b 78
DMSO 8.3
A ) 80 3 cyclohexylamine 1a 9'9
CP-Sil 8| A1 5 100 4 cyc:oEexanoI (si1de product) 16.8
cyclohexanone
CB 25 345 1 N-methylcyclohexylamine 1122
15 16.8
dodecane '
DMSO
cyclohexanol (side product)
cyclohexanone 1 8.3
benzylamine f 10.8
_ 80 3 N-2-propyn-1- 1.4
5 100 4 ylcyclohexanamine 1d @ 16.0
A A2 N-allylcyclohexanamine 1e [18.62
10 200 2.2 N- 17.9
25 345 1 cyclopropylcyclohexanamin |18.6 2
elc? 20.3
dodecane 27.3
N-benzylcyclohexanamine
1f
DMSO
benzaldehyde 11 5.9
benzyl alcohol 9.7
N-methylbenzylamine 11b® |11.7
- 100 3.25 |dodecane 12.6°
A A3 5 250 1 N-allylbenzylamine 11e © 16.9
20 345 0 N-benzylcyclopropanamine |17.8 ¢
11cP 18.6°
N-benzylpropargylamine 18.7°
11d°® 32.6
dibenzylamine 11f
DMSO
dodecane
hydrocinnamaldehyde 4 51
- 100 1.75 | N-allylbenzenepropanamine | 13.8
A Ad 10 140 2 4e 2 13.2
5 180 5 N-2-propyn-1- 2182
20 345 1 ylbenzenepropanamine 4d 2 |22.6 2
N- 22,743
cyclopropylbenzenepropana
mine 4c 2
B } 80 3 hexanal 3 6.7
CP-Wax |B1 5 150 1 dodecane 9.2
52 CB 11.2b
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20 250 1 N-hexylcyclopropanamine |13.6°
3cP 16.8¢
N-methylhexylamine 3b® 11.2°
N-(prop-2-yn-1-yl)hexan-1- |20.2
amine 3d°¢
N-allylhexan-1-amine 3e®
DMSO
DMSO 6.8
N-Methyl-1- 9.5,9.6
C phenylethylamine 7b 9.8
Hydrod C1 - 100 2 ethyl levulinate 10 10.5
ex PB- 5 220 1 acetophenone 7 16.7, 16.8
TBDM 1-cyclopropyl-5-methyl-2- a
pyrrolidinone 10c 10.7
dodecane
2-methyl-1-pyrroline 10.7
c c2 - 80 2 2-methylpyrrolidine 20.1, 20.5
5 220 1 (R)-2-methylpyrrolidine 20.1
DMSO 17.7

a Based on products of amine synthesis
b Based on comparison with negative control, confirmed on GC-MS
¢ Based on negative control

N-allylhexan-1-amine 3e

v
FID1

25000

20000

dodecane|

15000]
10000] N ANF
c
E
-
J

50001

04 L

T
°| F—owmso

‘ 7.‘5 ‘ ‘ ‘ ‘ ld.O ‘ ‘ ‘ ‘ 12.5 ‘ ‘ ‘ ‘ 15.0 ‘ ‘ ‘ ‘ 17‘.5 ‘ ‘ ‘ ‘ 26. ‘min

Y
FID1

50000+

dodecane

25000+

£~ hexanal
>imine
T
DMSO

7.5 10.0 125 15.0 17.5 20.0 min
Figure S25. GC chromatogram of reaction mixture with RytRedAm to produce N-
allylhexan-1-amine 3e (top) and control reaction without enzyme (bottom); on column CP-
Wax 52 CB method B. Expected amine product at 11.2 min.
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Amine products from acetophenone 7

N-methyl-1-phenylethylamine 7b

AL S

850 "ars 500 875 00 0 050 Toirs 00 s s 200 min

Figure S30. GC chromatogram of reaction mlxture with RthedAm to produce N-methyl-
1-phenylethylamine 7b by RytRedAm (black), and the enantiomers of 7b (pink) on
Hydrodex 3-TBDM.

125000’Datal 5-6-2024_7D blank_002.gcd FID1
Data2:5-6-2024_7b methylation sy nthesis 3_003.gcd FID1 N\ NH
[Data3:5-6-2024_control methy lation 7b no nabh4_001.gcd FID1 N H =

100000~

75000+

50000

25000+

0

9, 8 100 101 102 103 104 10 5 mln

Figure S31. GC Chromatogram of racemic standard of N-methyl-1-phenylethylamine
(black), (S)-N-methyl-1-phenylethylamine after methylation of (S)-a-methylbenzylamine
(pink), and control reaction without NaBHa4. Expected imine at 10.0 min, expected
dimethylated product at 10.3 min; on Hydrodex 3-TBDM.
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Amine products from ethyl levulinate 10

1-cyclopropyl-5-methyl-2-pyrrolidinone 10c

uyv.
175007FpT

150004

125004

100004

7500+

5000+

1-cyclopropyl-5-methyl-2-pyrrolidinone

25004

40000+

30000+

1-cyclopropyl-5-methyl-2-pyrrolidinone

20000+

10000+

o] A 1

' ' ' 75 ' ' ' ' 100 ' ' ' ' 125 ' ' ' ' 150 ' ' ' ' 175 ' ' ' ' 200 ' ' ' ‘m\n‘
Flgure S32. GC chromatogram of RytRedAm reaction product 1-cyclopropyl-5-methyl-2-
pyrrolidinone 10c (top), unknown side-product formed at 12.8 min; bottom: synthesized
amine product 1-cyclopropyl-5-methyl-2-pyrrolidinone 10c; on Hydrodex 3-TBDM.

3_RytRedAm_10c_24h_004.gcd HDl
IData3:2-6-2023_ethyl levulinate cpropyl amine product 10c_003.gcd FIDL

L e B e L L B e e s e e e T B e e e e LA B B e e B
15,75 16,00 16,25 16,50 16,75 17,00 17,25 17,50 17,75 18,00 18,25 18,50 min

Figure S33. Chiral GC chromatograms of the reaction mixture to produce 1-cyclopropyl-
5-methyl-2-pyrrolidinone 10c with AspRedAm (black), RytRedAm (pink), and the
synthesized racemic product (blue); on Hydrodex 3-TBDM.
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Imine reduction by RytRedAm
2-methyl-1-pyrroline reduction by RytRedAm.

tal:11-7-2023_new botlle pyrroline_002.gcd FIDL
ta2:19-7-2023 FID1

w
7000473

jcd FIDL

Da 3 g
Patad:25-7-2023_DMSO_002.gcd FIDL

6000-fbata5:13-7-2023_2methy}-1-pyrroline rytredam 1_002.gcd FID1
5000
4000
30004
20004

10004

o

1000

Figure S39. GC chromatograms of 2-methyl-1-pyrroline (black), 2-methylpyrrolidine
(pink), (R)-2-methylpyrrolidine (blue), DMSO (brown) and a reaction mixture with the
RytRedAm (green); on Hydrodex 3-TBDM method C2.

GC-MS column and chromatograms

When the expected amine product was not commercially or synthetically
available, extracted reaction samples were injected and analyzed on a GC-MS-
QP2010 SE from Shimadzu.

Column D: CP-Sil-5 VF-1ms, 25 m x 0.25 mm x 0.4 um, split ratio 50,
injection temperature 340 °C, helium as carrier gas.

Table S5. GC-MS method and retention times of products which were commercially
unavailable.

GC oven program

GC rate (°C/min), temp. Ret. time

colurmn Method (°C), hold (min) Compound (min)
N-methylhexylamine 3b 3.4

) 80 3 N-allylhexan-1-amine 3e 5.5

D N-methylbenzylamine 11b 5.9
CP-Sil-5 D1 5 100 4 N-hexylcyclopropanamine 3c 6.0
VF-1ms 25 345 1 N-benzylpropargylamine 11d 8.9
dodecane 9.0

N-benzylcyclopropanamine 11c 9.5
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N-methylhexylamine 3b
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Figure S40. GC-MS chromatogram (top) and mass spectrum (bottom) of N-
methylhexylamine 3b (3.4 min) on CP-Sil-5 VF-1ms method D1.
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Figure S41. GC-MS chromatogram (top) and mass spectrum (bottom) of N-
hexylcyclopropanamine 3c (6.0 min) on CP-Sil-5 VF-1ms method D1.
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N-allylhexan-1-amine 3e
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Figure S42. GC-MS chromatogram (top) and mass spectrum (bottom) of N-allylhexan-1-
amine 3e (5.5 min) on CP-Sil-5 VF-1ms method D1.
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Figure S43. GC-MS chromatogram (top) and mass spectrum (bottom) of N-
methylbenzylamine 11b (6.0 min) on CP-Sil-5 VF-1ms method D1. Corresponding alcohol
present at 4.9 min, corresponding imine present at 5.3 min.
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N-benzylcyclopropanamine 11c
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Figure S44. GC-MS chromatogram (top) and mass spectrum (bottom) of N-

benzylcyclopropanamine 11c (9.5 min) on CP-Sil-5 VF-1ms method D1.
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benzylpropargylamine 11d (8.9 min) on CP-Sil-5 VF-1ms method D1.
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RytRedAm scale-up reactions

Biotransformation to N-allylhexan-1-amine 3e

In a 50 mL falcon tube were added 100 mM KP; buffer pH 7.0, 50 mM
hexanal, 200 mM allylamine, 150 mM Gilc, 0.2 mM NADP, 12 U/mL BsGDH, and
1.0 mg/mL RytRedAm in a total volume of 14 mL. The reaction mixture was
shaken at 350 rpm at 20 °C for 24 h. The workup was done as described by Mayol
et al.,[%5] After 24 h, the mixture was basified with 10 M NaOH until pH was 12.0.
Then, the product was extracted with 3 x 20 mL Et20. A solution of 2 M HCI in
Et20 was added (2 mmol) to the combined organic layers. Then, 10 mL of distilled
water was added and the corresponding amine hydrochloride salt was extracted
with 2 x 20 mL water. The combined aqueous phase was washed with 3 x 10 mL
Et2O. The aqueous phase was lyophilized to obtain N-allylhexan-1-amine
hydrochloride salt 3e (65 mg, 52% yield) as pale-yellow crystals.

"H NMR 400 MHz, CDCIs3) 9.58 (br s, 2H), 6.14-6.03 (m, 1H), 5.46 (m,
2H), 3.59 (m, 2H), 2.88 (m, 2H), 1.89-1.81 (m, 2H), 1.38-1.29 (m, 6H), 0.87 (t, J
= 6.7 Hz, 3H); '*C NMR (100 MHz, CDCls) 127.8, 123.9, 49.4, 46.4, 31.1, 26.4,
25.8,22.4,13.9.
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Figure S46. GC chromatogram of isolated RytRedAm reaction product N-allylhexan-1-
amine 3e. Product was solubilized in water before extraction in EtOAc and analysis by
GC-FID.
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scale up 3e
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Figure S47. *H NMR spectrum in CDCIs of isolated RytRedAm reaction product N-
allylhexan-1-amine hydrochloride salt 3e-HCI.
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Figure S48. 3C NMR spectrum in CDCls of isolated RytRedAm reaction product N-
allylhexan-1-amine hydrochloride salt 3e-HCI.

Biotransformation to 1-cyclopropyl-5-methyl-2-pyrrolidinone 10c

In a 50 mL falcon tube were added 100 mM KP; buffer pH 7.0, 50 mM
ethyl levulinate, 250 mM cyclopropylamine, 150 mM Glc, 0.2 mM NADP, 12 U/mL
BsGDH, and 1.0 mg/mL RytRedAm in a total volume of 14 mL. The reaction
mixture was shaken at 350 rpm at 20 °C for 24 h. The workup was done as
described by Aleku et al.l33 After 24 h, the mixture was basified with 10 M NaOH
until pH was 12.0. The product was extracted with 3 x 20 mL dichloromethane
(CH2Cl2). The organic layers were pooled, and the CH2Cl. was removed under
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reduced pressure until a small volume remained. The remaining oil was subjected
to column chromatography (silica, 100% EtOAc, Rr = 0.20) to afford the
corresponding product as a colorless oil (11 mg, 95.3% ee, 11% isolated yield).

"H NMR & (400 MHz, CDCls) 3.60-3.52 (m, 1H), 2.43-2.35 (m, 2H), 2.31-
2.23 (m, 1H), 2.14-2.05 (m, 1H), 1.61-1.53 (m, 1H), 1.26 (d, J = 6.3 Hz, 3H), 0.97-
0.90 (m, 1H), 0.83-0.76 (m, 1H), 0.71-0.62 (m, 1H), 0.55-0.48 (m, 1H). '*C NMR
5 (100 MHz CDCls) 175.8 (C=0), 55.0 (CH), 30.7 (CH2), 26.3 (CH2), 23.0 (CH),
20.0 (CHs), 7.4 (CH2), 4.1 (CH>).

The isolated 1-cyclopropyl-5-methyl-2-pyrrolidinone (10¢) was dissolved
in CHCIs to a concentration of 10 mg/mL. Specific rotation was determined using
a Perkin Elmer Model 343 S Polarimeter at 20 °C, at a wavelength of 589 nm,
[a]3%=—69° (¢ = 1.0, CHClI3).

NS s 2 e P R L
40000
35000
30000
25000
20000
15000

10000

50003

[

Figure‘ S49. GC chrbmatogramé of reaction product 1-cycloprbpyI-S-methyI-Z-
pyrrolidinone 10c obtained with RytRedAm (black) and by chemical synthesis (pink); on
Hydrodex 3-TBDM.
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Figure S50. 'H NMR spectrum in CDCIsz of isolated RytRedAm reaction product 1-
cyclopropyl-5-methyl-2-pyrrolidinone 10c.
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Figure S51. 3C NMR spectrum in CDClIs of isolated RytRedAm reaction product 1-
cyclopropyl-5-methyl-2-pyrrolidinone 10c.
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Summary

Chiral amines are valuable building blocks that are accessible via
reductive amination. Their formation can be catalyzed by reductive aminases
(RedAms), a subfamily of imine reductases (IREDs), showing great potential
using a 1:1 ratio of carbonyl: amine at pH 7. However, most characterized
RedAms display poor thermostability, making industrial applications challenging.
In this work, we discovered and characterized three thermostable RedAms from
Streptosporangium  roseum (StroRedAm), Pseudonocardia aurantiaca
(PauRedAm) and Streptomyces griseus (StrepRedAm). We observed a Kuin the
micromolar range for NADPH and in the millimolar range for NADH. All three
RedAms retained most of their activity after 24 h incubation in 30 °C, and
StroRedAm retained 83% of its relative activity after 48 h at 40 °C. Besides a
broad substrate scope of aldehydes, cyclic ketones, enones and amine donors
(up to >99% conversion), StroRedAm and PauRedAm were used in multi-
enzymatic cascades with different OYEs, yielding chiral amine products with high
purity (ee and de up to 99%). First scale-up reactions show promise to proceed
further with assessing these enzymes for applications on a larger scale,
eventually contributing to the panel of chiral amines produced by IREDs and
RedAms.
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Introduction

Chiral amines are highly targeted products because of their use as
building blocks in the pharmaceutical industry.l'- 21 Approximately 40% of all FDA
approved drugs contain a chiral amine within its structure. The demand for high
enantiopurity makes enzymes interesting catalysts for this purpose, because of
their high enantioselectivity. In particular, imine reductases (IRED), NADP-
dependent oxidoreductases, catalyze the asymmetric reduction of imines to the
corresponding amine products.> 4 Besides the reduction of cyclic imines,®
reductive amination of carbonyl substrates has also been achieved with IREDs.
Due to the poor stability of imines in solution, a basic pH and a large excess of
amine donor are usually used as reaction conditions.®-81 Recently, Turner and co-
workers discovered an enzyme from a subfamily of IREDs, a reductive aminase
from Aspergillus oryzae (AspRedAm), capable of reductive amination of carbonyl
substrates with low mol equivalents of amine donor at neutral pH (Figure 1).1°! In
the active site of AspRedAm, N93 and D169 are hypothesized to coordinate the
amine donor in the active site, whereas Y177 acts as a proton donor. Other amino
acids in the active site, M210, W239 and W240, form the hydrophobic pocket for
the substrates.® Since the discovery of the AspRedAm, many characterization
studies were done with RedAms from fungi,®'"l and bacteria.l'% 13 Both IREDs
and RedAms have a Rossmann-fold domain, and contain the NADP cofactor
binding motif, showing the preference of NADP over NAD.['*] Furthermore, both
enzymes are homodimers, forming two active sites by domain swapping.

Because of the high similarity between IREDs and RedAms, the
distinction between the two has been challenging to establish. The active site
residues of AspRedAm indicate RedAm activity but are not required to name an
enzyme a RedAm instead of an IRED. In previous research, some reductive
aminating enzymes were described as IREDs, while others were described as
IREDs facilitating reductive amination,! IREDs with reductive amination
activity,l'® or IREDs that switch into RedAms dependent on the substrate.l'®! In
other cases, the distinction is made after RedAm activity was observed.!'7-19]
Another challenge with the use of RedAms and IREDs is their poor stability and
low to no tolerance to higher temperatures, apart from a few exceptions.[20-22]
Therefore, the discovery of RedAms requires a well-described strategy, and
finding thermostable RedAms with this strategy would be beneficial for making
pharmaceuticals by biocatalysis.

In Chapter 5, we searched and discovered bacterial RedAms using the
public database NCBI. In this work, we further explored the diversity of bacterial
RedAms using the database from SINTEF (Trondheim, Norway). We discovered
and characterized three thermostable RedAms from the following organisms:
Streptosporangium  roseum  (StroRedAm), Pseudonocardia aurantiaca
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(PauRedAm) and Streptomyces griseus subsp. griseus (StrepRedAm), and used
these in multi-enzymatic cascades and larger scale biotransformations.

R3 + R* R

O ~ -
B oreyr G N
R2 H N\ R1">R2 NADPPH g1

H,0 J\Rz

Figure 1. Imine reduction and reductive amination catalysed by RedAms, whereas IREDs
only catalyse imine reduction.

3 R4

R1

Results and Discussion

RedAm discovery

We selected five potential reductive aminases from the database of
SINTEF (see Sl) coming from the following organisms: Streptosporangium
roseum (StroRedAm and StroRedAm?2), Pseudonocardia aurantiaca (PauRedAm
and PauRedAm2) and Streptomyces griseus subsp. griseus (StrepRedAm)
(Table 1). Mining of the RedAm sequences from SINTEF internal sequence
databases were carried out by homology search approaches using the BLAST
software (version 2.7.1+) and HMMER suite (version 3.1b2) with a set of
reference RedAm sequences. The set includes AspRedAm (accession number
Q2TW47) and other characterized sequences reported in literature.l! The
reported catalytic active site residues, N93, D169 and Y177 were required to be
present in all hits, whereas we allowed variety in the pocket residues (positions
210, 239 and 240 in AspRedAm). From this search, five of the hits ranked the
highest based on similarity were selected. Sequences that were too similar to
each other were skipped to increase our chances of finding good hits. Because
the hits were found in a genome database, the start of the sequence was
rationally determined by finding a methionine followed up with a Rossmann-fold
domain (recognized by the GxGxxG motif).

All hits were successfully transformed and expressed in Escherichia coli
(E. coli), although PauRedAm2 precipitated after cell lysis (see Sl). After cell lysis,
we determined the activity of the cell-free extracts (CFEs) and measured activity
in both pH 7 and pH 9 (Figure 2). Scheller and co-workers showed how a basic
pH increases the pre-formation of the imine in aqueous solution.”l Whereas
IREDs would rely on this imine formation, RedAms catalyze reductive amination,
decreasing the reliance on the buffer pH.[!l We determined enzymatic activity of
StroRedAm, PauRedAm and StrepRedAm using a range of carbonyl substrates
and amine donors. The activity at pH 7 was higher for each of these RedAms
than at pH 9, suggesting reductive amination activity. StroRedAm2 showed no
reductive amination activity for any carbonyl substrate-amine donor combination.
Therefore, we discarded PauRedAm2 and StroRedAm2 from future studies.
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Table 1. Active site residues of selected RedAms compared to the residues in AspRedAm,
including sequence identity, calculated mass and predicted solubility (Sol.) from
SoluProt.?3

Seq. length MW

RedAm 93 169 177 210 239 240 id (%) (aa) (kDa) Sol.

AspRedAm N D Y w M Q 100 295 319 0815

StroRedAm N D Y w M Q 43 291 352 0.216

PauRedAm N D Y w M Q 40 297 343 0.270

StrepRedAm N D Y w \% N 43 328 30.6 0.189

PauRedAm2 N D Y w M Q 54 283 304 0.270

StroRedAm2 N D Y w L M 37 336 31.8 0.204

j= g
60 - StroRedAm

~ 50 - PauRedAm

c m StrepRedAm

3 40 1 m StroRedAm?2

2

3307 -

& 20 - I

w

S 10 - = =

0 = - [ = il
hexanal hexanal hexanal c.hexanone [2-m.c.hexanon
allylamine allylamine allylamine c.propylamine | c.propylamine
NADH NADPH NADPH NADPH NADPH
pH 7 pH 7 pH9 pH 7 pH 7

Figure 2. Activity of RedAm CFEs towards hexanal, cyclohexanone (c.hexanone) or 2-
methylcyclohexanone  (2-m.c.hexanone) and amine donors allylamine or
cyclopropylamine (c.propylamine). Conditions: 100 mM KPi pH 7 or Tris-HCI pH 9, 10 mM
carbonyl substrate, 100 mM amine donor, 0.2 mM NAD(P)H, CFE in a total volume of 2
mL, 30 °C. Average of duplicates.

pH and temperature preferences

After reductive amination activity was detected with CFE, StroRedAm,
PauRedAm and StrepRedAm were purified by affinity chromatography (see SI)
and their specific activity was determined towards hexanal and allylamine (Figure
3A). All three RedAms showed higher reductive amination activity at pH 7 than at
pH 9. The ratio of the activity pH 9 compared to pH 7 for StroRedAm, PauRedAm
and StrepRedAm were 0.40, 0.23 and 0.49, respectively, whereas AspRedAm is
slightly more active at pH 9 (activity ratio of 1.3), probably due to promiscuous
IRED activity. Therefore, these RedAms display true reductive aminase activity,
and could be classified as RedAms based on this assay. PauRedAm displayed
the highest specific activity (5.1 U/mg), followed by SfroRedAm (2.9 U/mg) and
StrepRedAm (1.1 U/mg). When determining the pH profile of StroRedAm,
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PauRedAm and StrepRedAm, all RedAms displayed higher activity in KPi over
Tris-HCI buffer, with a maximum at 7.5 or 8.0 (see Sl). To ensure a reductive
aminase activity from our RedAms in the substrate screening, we proceeded with
KPi buffer at pH 7. Interestingly, the three RedAms preferred NADPH over NADH,
yet still displayed a measurable activity with NADH (up to 0.38 U/mg for
StroRedAm).

IREDs and RedAms tend to precipitate at higher temperatures due to
their poor stability, apart from a few exceptions.l2%! We measured the activity of
the RedAms at higher temperatures (Figure 3B), and evaluated their
thermostability by incubating the enzymes at 30 and 40 °C (Figure 3C-D). The
specific activity increased for all RedAms with a reaction temperature up to 60
°C. Whereas the activity decreased significantly for PauRedAm and StrepRedAm
at temperatures over 60 °C, StroRedAm showed higher activities at 70 and 80
°C. Remarkably, StroRedAm showed the most thermostability, but all three
enzymes displayed a good tolerance towards higher temperatures. After
incubation at 30 °C, PauRedAm displayed the largest loss in activity after 48 h
(51% residual activity), whereas StroRedAm and StrepRedAm retained 87 and
83% of their activity, respectively (Figure 3C). Upon increasing the incubation
temperature to 40 °C, both PauRedAm and StrepRedAm showed a drastic
decrease after 24 h (13% and 12% residual activity), whereas StroRedAm,
impressively retained 83% activity after 48 h (Figure 3D), making this enzyme
the most thermostable RedAm from our studies.

Cofactor specificity

The kinetic properties for the RedAms were determined with both NADPH
and NADH cofactors (Table 2, see Sl), although the activity was too low to
determine the kcat and Ku with NADH for StrepRedAm. The Kwu of all three
enzymes was very low, (<10 yM NADPH), similar to our previously characterized
RytRedAm, and thus showing better affinity compared to that of AspRedAm (0.12
mM).BI With respect to IREDs, Nestl and co-workers engineered the cofactor
specificity from NADPH to NADH, producing a variant V10 with a Km of 11 mM
and a keat of 1.5 s, which is the only other example currently known.

When comparing the Kcat values of the RedAms with NADPH and NADH,
we observed a decrease of 1.9- and 13-fold for StroRedAm and PauRedAm,
respectively. The keat is lower for StroRedAm and PauRedAm than for V10 in the
mentioned work, yet the catalytic efficiency of the engineered V10 is lower than
that of our RedAms.[24 Overall, the kcat/ Km with NADH is 34 and 33 mM-'min-! for
StroRedAm and PauRedAm, respectively. Due to the higher activities with
NADPH, we proceeded to further screening of substrates with this cofactor,
however the acceptance of NADH could be further exploited for its lower cost.
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It is relevant to note here that the synthetic cofactor 1-benzyl-1,4-
dihydronicotinamide (BNAH) is not accepted by these Rossmann-fold containing
enzymes (data not shown), and care must be taken to ensure purified enzymes
do not contain trace amounts of NAD(P) before making such a claim.[25 26l
Extensive protein engineering would be needed to reach such activities.
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Figure 3. Effect of cofactor, pH and temperature on RedAm activity. A and B) Conditions:
100 mM KPi pH 7 or Tris-HCI pH 9, 10 mM hexanal, 100 mM allylamine, 0.2 mM NAD(P)H,
purified RedAm, 2 mL volume, A) measured at 30 °C, B) measured at 20-80 °C with
0.2 mM NADPH; C and D) Conditions: 100 mM KP; pH 7, 10 mM hexanal, 100 mM
allylamine, 0.2 mM NADPH, RedAm, 2 mL volume C) incubation of 0.5 mg/mL enzyme in
100 mM KP;i pH 7 at 30 °C, D) at 40 °C. Average of duplicates.

Table 2. Observed estimated kinetic data of StroRedAm, PauRedAm and StrepRedAm
with NADPH and NADH.2

NADPH NADH
Enzyme StroRedAm PauRedAm StrepRedAm | StroRedAm PauRedAm
Km (M) 6.7 9.4 6.1 1600 550
Kcat (S_l) 1.7 4.0 0.7 0.9 0.3
Keat /Km
(MM sY) 254 425 115 0.56 0.55
Keat / Ku . 15200 25500 6890 34 33
(mM*min?)

@ Conditions: 100 mM KPi pH 7, 10 mM hexanal, 100 mM allylamine, NAD(P)H, RedAm,
30 °C (see Sl). Kinetic data of StrepRedAm with NADH was not determined.
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Substrate scope

We proceeded to screen a range of carbonyl substrates and amine
donors (Figure 4). We used 1.0 mg/mL of purified StrepRedAm because of its
lower activity, and 0.5 mg/mL for StroRedAm and PauRedAm. Especially
cyclohexanone, hexanal, hydrocinnamaldehyde and benzaldehyde (1-4) were
well-accepted substrates, with up to 98% conversion into the amine product
starting from 10 mM carbonyl substrate. Cyclopropylamine ¢ and propargylamine
d were the best accepted amine donors from our scope. Remarkably, we
obtained high conversions after only 4 h, whilst most literature reports data with
RedAms after 24 h.[° 13,20, 27]

The ketone-amine combinations (5-13) yielding chiral products were
screened after 24 h. Unfortunately, we were unable to obtain any reductive
amination of several chiral amine products we screened for (see Sl). Although
ethyl levulinate with cyclopropylamine showed poor conversions, PauRedAm
showed moderate conversion of ethyl levulinate with propargylamine with good
ee (56%, ee 89%). According to our chiral GC-analysis, we obtained 5d in the
same configuration of AspRedAm as with PauRedAm. In our screening efforts
we observed no differences in enantioselectivity between the three RedAms.
Therefore, we assumed the three RedAms in this work are (R)-selective, as
reported for the AspRedAm.®! We screened the RedAms for EnelRED activity,
another subfamily of enzymes previously discovered by Turner and co-
workers.[?8 291 Starting from 2-cyclohexen-1-one 12, the enzymes produced the
corresponding unsaturated amines 12c¢ and 12d, and no trace of over reduction
to the saturated products (see Sl). Only work from the Turner group showed the
EnelRED asymmetric reduction of the double bond in addition to reductive
amination of saturated aldehydes.l'?

Beyond cyclohexanone, we also screened 2-methyl- and 3-
methylcyclohexanone to obtain amines with two chiral centers (Figure 4, Table
3). Based on synthesized standards of both racemates and (R)-10 and (R)-11
(see Sl), the ee (selectivity of the amine group) and diastereomeric excess (de)
were determined. PauRedAm showed full conversion to 10c-d with high
enantioselectivity (Table 3). StroRedAm showed high conversion with 10d only,
and StrepRedAm only showed moderate conversions. Starting from rac-2-
methylcyclohexanone, StroRedAm and PauRedAm produced 10c-d with high
conversions (>99%) and ee (>99% for the amine). However, both enzymes
showed no selectivity to either the cis- or trans-product (de 4 and 3%).
StrepRedAm showed a slight preference for the trans-product over cis (de 38%),
but the conversion was much lower (30%). With propargylamine d, StroRedAm
and PauRedAm showed high conversion compared to StrepRedAm (>99%
versus 11%), while the de is much lower for StroRedAm (3%) and PauRedAm
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(24%) compared to StrepRedAm (>99%). With 3-methylcyclohexanone 11 as a
substrate, the enantioselectivity is low amongst all for 11¢c (<17%), whilst the
highest diastereoselectivity is for StroRedAm (>99%). As for 11d, StroRedAm
showed remarkable conversion and ee (>99%), although no stereoselectivity was
observed. With PauRedAm higher ee and lower de was observed.
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R2 NADP, GDH, Glc R2

112 a-f KPipH 7 1-12a-f
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2e (1:4) 3¢ (1:4) 3d (1:4) 3e (1:4)
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1b 1c 1d l1le 1f 2e 3c 3d 3e 4c 4d 4f 5c¢c 5d 10c 10d 1ic 11d 12c 12d

StroRedAm PauRedAm  mStrepRedAm

Figure 4. Conversions of carbonyl and amine donor combinations catalyzed by
StroRedAm, PauRedAm and StrepRedAm. Carbonyl:amine donor ratios shown in
brackets. Conditions: 100 mM KP; buffer pH 7, 30 mM Glc, 10 U/mL BsGDH, 0.2 mM
NADP, 10 mM carbonyl, 10-200 mM amine donor, 0.5 mg/mL StroRedAm or PauRedAm
or 1 mg/mL StrepRedAm, 30 °C, 500 rpm, 500 L volume. Reaction time: 4 h for 1-3, 24
h for 4-12. Average of duplicates.
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To overcome the poor stereoselectivities for products 11¢ and 11d, we
screened StroRedAm and PauRedAm toward reductive amination of the (R)-2-
methylcyclohexanone to make (3R)-11c and (3R)-11d (Figure 5). With both
enzymes, full conversion to (3R)-11c and (3R)-11d was reached, and with
StroRedAm, de >99% was reached for (3R)-11d. PauRedAm showed excellent
selectivity for (1R,3R)-11d (Figure 5), and less for (1R,3R)-11¢c (9% de, 46:54 dr
cis:trans). Based on these results, these RedAms could potentially yield enantio-
and diastereomerically pure amines with two chiral centers with chiral substrate
precursors.

Table 3. Conversions of substrates 10-11 as shown in Figure 4 and the corresponding
amine products with two chiral centers, ee, er, de and dr determined by chiral GC-FID (see
Sl).

cis-10c,d  trans-10c,d cis-11c,d  trans-11c,d

ede; Q@

(1R,2S) (1R.2R) (1R,3S) (1R,3R)
N HR N HR

(1S,2R) (1S,25) (183R) (1S,39)
Product Enzyme Conv. (%) ee(1R) (%) er (1R:1S) de (%) dr (cis:trans)
10c StroRedAm 85 >99 >99:<1 4 48:52
PauRedAm >99 >99 >99:<1 5 47:53
StrepRedAm 30 >99 >99:<1 38 31:69
10d StroRedAm >99 >99 >09:<1 3 48:52
PauRedAm >99 >99 >99:<1 24 38:62
StrepRedAm 11 >99 >09:<1 >99 <1:>99
1ic StroRedAm >99 2 49:51 >99 <1:>99
PauRedAm >99 0 50:50 25 37:63
StrepRedAm >99 17 58:42 43 29:71
11d StroRedAm >99 1 50:50 >99 <1:>99
PauRedAm >99 64 18:82 12 44:56
StrepRedAm >99 n.d. n.d. n.d. n.d.

n.d. not determined due to unclear product separation on GC-FID. er: enantiomeric ratio;
dr: diastereomeric ratio.
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Figure 5. Reductive amination of (3R)-methylcyclohexanone 11 with cyclopropylamine or
propargylamine to obtain (3R)-11¢c and (3R)-11d. Conditions: 100 mM KPi pH 7, 30 mM
glucose, 10 U/mL BsGDH, 0.2 mM NADP, 10 mM (3R)-methylcyclohexanone 11, 100 mM
cyclopropylamine ¢ or 20 mM propargylamine d and 0.5 mg/mL StroRedAm or PauRedAm
at 30 °C and 500 rpm in a total volume of 500 pL. Average of duplicates.

Multi-enzymatic cascades

The conversions with substrates 10 and 11 showed potential for a multi-
enzymatic cascade, as is previously described in Chapter 2 and in literature.[30-32
These substrates are formed from the unsaturated ketone by the ene-reductase
family of Old Yellow Enzymes (OYEs). (R)-10 can be formed by PETNR,% (R)-
11 can be formed by OYE2 and (S)-11 by TsOYE-C25D/I67TR34 (Figure 6).
Because we found reductive amination activity towards enones, we applied a
one-pot, two-step multi-enzymatic cascade; after incubating the enone with the
OYEs for 24 h, we added the amine donor and RedAms to the reaction mixture
(see SI).

We explored different reaction conditions to products (2R)-10, (3R)-11 or
(3S)-11 (Figure 6). In all cascades, little to no enone was present, confirming full
ketoreduction of the enones by the OYEs. With intermediate 10, there was only
moderate amine formation with PauRedAm and PETNR, but with high ee and de.
StroRedAm gave less amine product for both 10c and 10d, and moderate
formation of (3R)-11d with high purity (56%, ee and de >99%). (3S)-11d was only
obtained with PauRedAm (71%), albeit with a de of 64%. Higher purities were
obtained with the (R)-methylated substrates, showing some selectivity towards
this orientation over (S)-methylated substrates. Interestingly, both RedAms can
be used based on the carbonyl substrate and amine donor.
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Figure 6. Reductive amination of 2-methylcyclohexenone 10 (a) and 3-
methylcyclohexenone 11 (b) and (c), by StroRedAm and PauRedAm. Conditions: 100 mM
KPi pH 7, 60 mM Glc, 12 U/mL BsGDH, 0.2 mM NADP, 10 uM OYE, 10 mM 2-methyl-2-
cyclohexen-1-one or 3-methyl-2-cyclohexen-1-one, 500 rpm, 30 °C. After 24 h, 100 mM
propargylamine or cyclopropylamine and 0.5 mg/mL RedAm were added to a total volume
of 0.5 mL, and the reaction was mixed for another 24 h. de was not determined for
conversions <10%. Average of duplicates.

Scale-up reactions

Scale-up reactions were performed with PauRedAm and StroRedAm
(Figure 7). Full conversion to 1d was possible with PauRedAm, with an isolated
yield of 65 mg (53% yield, see Sl). StroRedAm gave high conversion but low yield
with (3R)-11d (9 mg, 7% yield), due to product loss during the work-up. The
optical rotation was measured for the first time (see Sl), and the configuration
was assumed to be (1R,3R)-11d, since the selectivity is the same as with
AspRedAm for product 5d, although further confirmation is needed.

189



HN/\

0
HoNT

a + 12

@ é " NADP*, GDH, Glc

KPipH 7.0
50 mM 1 60 mM d 1d
>99% conv.
o} HN\

(b) + HZN/\Q

. NADP*, GDH, Glc .

KPi pH 7.0
50 mM (3R)-11 100 mM d (1R,3R)-11d

>99% conv.
ee >99%, de 93%

Figure 7. Scale-up reactions to produce 1d and (1R,3R)-11d.

Conclusions

In this work, three thermostable RedAms were discovered and
characterized. Measuring the reductive amination activity at pH 7 compared with
basic pH confirmed they belong to the subfamily of RedAms. The three RedAms
displayed a broad substrate scope. Especially (methylated) cyclohexanone and
aldehydes showed high promise amongst all three characterized enzymes.
Enones were also accepted as substrates, showing selective reductive amination
compared with EnelREDs, leading to unsaturated amines. While PauRedAm
displays the highest specific activity, StroRedAm has the best thermotolerance at
40 °C. Although StrepRedAm did not stand out in our characterization studies, it
is worthwhile to test other ketone-amine combinations with this enzyme. Further
investigation on even more ketone-amine combinations and larger scale
reactions with higher temperatures could increase the amount of complex chiral
amines made. Obtaining a crystal structure of the three enzymes could provide
further insights in substrate preferences, cofactor specificity and thermostability.
Due to their tolerance to higher temperatures and NADH activity, these RedAms
are interesting targets for protein engineering. With these future steps, the
RedAms from this work could contribute to eventually use these biocatalysts for
industrial applications.
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Materials and methods

Chemicals (aldehydes, amines, ketones) were purchased from abcr
GmbH (Kalsruhe, Germany), Merck Sigma (St. Louis, Missouri, U.S.), TCI Europe
(Zwijndrecht, Belgium), Thermo Fisher Scientific (Waltham, Massachusetts, U.S.)
and VWR International BV (Amsterdam, the Netherlands) and were used as
received without further purification. Amines were stored under nitrogen
atmosphere. 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 using 5 mM dodecane as an internal
standard. All samples were injected with GC quality ethyl acetate (EtOAc), except
where specified with diethyl ether (Et20) or methyl tert-butyl ether (MTBE).

NMR spectra were recorded on an Agilent 400 spectrometer at 400 ('H)
and 100 ("3C) MHz. Chemical shifts (3) are reported in parts per million (ppm)
relative to MesSi (6 0.00) in deuterated chloroform CDCls. NMR data is reported
as follows: br = broad, s = singlet, d = doublet, t = triplet, m = multiplet, coupling
constant(s) (J) in Hz, integration.

Specific rotation measurements were performed on a Perkin EImer Model
343 S Polarimeter at 20 °C, at a wavelength of 589 nm with the solvent and
concentration stated.

Biocatalytic conversions

Biotransformations

Reactions were performed in a total volume of the reaction was 500 pl
and were added in 2 mL safe-lock Eppendorf tubes, containing 0.1 M KP; buffer
pH 7, 30 mM glucose, 10 U/mL BsGDH, 0.2 mM NADP*, 10 mM ketone/aldehyde,
10-1000 mM amine donor and 0.5 mg/mL and 0.5-1 mg/mL RedAm (0.5 mg/mL
StroRedAm or PauRedAm, 1 mg/L StrepRedAm). The total reaction time was 4
or 24 h stirred at 500 rpm and 30 °C on an Eppendorf Thermomixer C. After the
reaction time was reached, the Eppendorf tubes were cooled on ice for 5 minutes.
Then 0.8 eq. of 10 M sodium hydroxide (NaOH) was added and vortexed to the
GC samples. Next, 1 eq. of ethyl acetate (EtOAc) containing 5 mM dodecane or
tridecane as internal standard was added and the mixture was vortexed. Then,
the tubes were centrifuged at 10,000 x g for one minute and the upper organic
layer was extracted from the aqueous layer. Finally, magnesium sulphate
(MgS04) was added and centrifuged at 10000 x g for one minute to obtain a dry
sample ready for gas chromatography (GC) analysis.
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Reductive amination of 2-cyclohexen-1-one was carried out in 0.1 M KP;i
buffer pH 7, 30 mM glucose, 10 U/mL BsGDH, 0.2 mM NADP*, 10 mM 2-
cyclohexen-1-one, 100 mM cyclopropylamine or propargylamine and 0.5 mg/mL
StroRedAm. The workup was performed as described above.

NaBH;CN reactions

Sodium cyanoborohydride (NaBH3CN) was used for the chemo selective
reduction of the imines formed out the ketones 2-methylcyclohexanone (10), 3-
methylcyclohexanone (11) and (R)-3-methylcyclohexanone (12) and the amine
donors propargylamine and cyclopropylamine. The following compounds were
used for this procedure: 0.1 M KP; buffer pH 7, 10 mM ketone, 100 mM amine
donor and 150 mM NaBHsCN dissolved in 0.1 M KP; buffer pH 7 with a total
reaction volume of 1 mL stirred at 500 rpm at 30 °C for 2 h on an Eppendorf
Thermomixer C. Then, the samples were prepared for GC analysis as described
before.

Multi-enzymatic cascades

To 2 mL Eppendorf tubes, 0.1 M KP;: buffer pH 7, 60 mM glucose, 12 U/mL
BsGDH, 0.2 mM NADP*,10 uM either PETNR, C25D-I67T TsOYE or OYE2, 10
mM 2-methylcyclohexenone (14) or 3-methylcyclohexenone (15) were added and
stirred at 500 rpm and 30 °C for 24 h. Then, 100 mM propargylamine or
cyclopropylamine and 0.5 mg/mL StroRedAm or PauRedAm were added to a
total volume of 0.5 mL. The reactions were mixed again for another 24 h. Then,
the reactions were quenched, the amines were extracted, and the samples were
dried as described above.

Supporting Information

More details, including GC chromatograms (Figure $14-S28) and DNA
sequences of used enzymes in this work can be found at doi: 10.4121/b727ca98-
bdab-4434-96d5-fe3e75dee4fb.

Enzyme sequences and production

RedAm sequences

Streptosporangium roseum (StroRedAm)
MGSSHHHHHHSSGLVPRGSHMTTDDRPPVTVLGLGSMGRALAGAFLDNGHP
TTVWNRTAGKGGELAERGATEAATAAEAIAASPVVVVCVLDYDAVREVLGAPG
ASGLTGIEDIEDVLDTPGEAGTVSGLLAGRTLVNLTNGTPRQARELARWVSGR
GADYLDGGIMAVPPMIGNPASLVLCSGSPDAFTTHERTLSALGTISYLGEDAGR
AALYDIALLSAMYGMFGGFFQAVAMTASEKVPATEFTPLVVSWLNAMITSLPEM
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AKAYDANDHSATASNLGMQAAGFVNLLETGRDQGVSTELLEPMGALLDRAVA
ANRGGDDLSALIGLLRTNPAKGAAPARDANTGSHDIGSE

Pseudonocardia aurantiaca (PauRedAm)
MGSSHHHHHHSSGLVPRGSHMTDDRPSVTVIGLGAMGRALAGVFLDNGHPT
TVWNRTAGKGGELTARGATEAATAAEAIAASPIVVVCVLDYDAVRSVLGAPGTS
GVSNAEGVTDVSSASGVTNVADILDPPGTSGTVTGVLAGRTLVNLTNGTPRQA
RELARWVSAQGADYLDGGIMAVPPMIGHPGSLVLYSGSTEAFTAHERTLSVM
GAANYLGEDAGRASLYDIALLSAMYGMFGGFFHAIAMVGSEKVPATEFAPLVV
SWLNAMTTSLPAMAKAYDANDHSATASNLEMQAEAYVNLLDASRDQGVSTEL
VEPMGTLLHRGVAANRGGGDLSTLIDLLRTGPV

Streptomyces griseus subsp. griseus (StrepRedAm)
MGSSHHHHHHSSGLVPRGSHMSTNPAVSVIGLGMMGTALAAAFLKAGHPVTV
WNRSPAKTGPLVAQGATPADTAAEAVAASPLVVVCLTTYDTVRTVLEPLSGQLT
GKTVANLTNGTPEQARDLAVWAAKEGAGYLDGGIMAVPQMIAGPHAYVFYSG
AREVFDAHQETFAALGGTKYVGADPGLAALYDLALLTGMYGMIMGVMQAYALV
GTESIPATEFSELLVPWVGAMLGSAPAWAAAIDSGQHLTDVSSLAVNQEAFPNL
LETFAAQGVSGELFAPVQNLLDRAVAEGHGADGLSRLADLLRSSTS

Streptosporangium roseum (StroRedAmz2)
MGSSHHHHHHSSGLVPRGSHMPVSVFGLGAMGTALATQFLRKGHKTTVWNR
TPAKAQPLIAIGASHAPTIDSAAAASSLLIICQLDKASVMQTLQQAPTAWAAKTIV
DLTNGTPAHARETADWALAHGARYIHGGIMAVPFMIGQPDAMILY SGPAEVFE
GVKDTLSVLGTNTYVGEDVGLASLHDLALLSGMYGLFSGFTHAVALVQSANIP
AAGFVATQLIPWLTAMTQHLNLLATQVDEKDYGDGGSSLDMQAKAAPNILEAS
QAQGVSVELIQPIFKLIERRVEEGKGSEGLAALVGMI

Pseudonocardia aurantiaca (PauRedAmz2)
MGSSHHHHHHSSGLVPRGSHMSERAKSPVTVLGLGRMGTPIATAFLDAGHPT
TVWNRTAGKADALVARGAIRAATVTEAVATGPLVIAIPLLDQDAVRQTLGPATAA
LRGRTLVNLANSTPDHARELASWAAGHGADYLDGAMMALPQTVATPEGFFLY
SGSQDAFTTYRRELEVMAPAHYFGADPGAAEVHDLALLGTGYAALTGFLHAA
ALLDSVGTTPEVFAPLAARWLHGMAGFLPELAREAGSAAYADGVSTVDLNRA
GIDALIRLSGAHGIAADVHEPLRTLLDKRSADGHGQDSFSSVFELLRSRGTPR
R

Lyophilized plasmids of the selected sequences were cloned in pET-28a(+) with

a N-terminal His-tag, without codon optimization and received from SynBio
Technologies (Monmouth Junction, NJ, United States).
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OYE sequences

Saccharomyces cerevisiae Old Yellow Enzyme 2 (OYE2): accession number
Q03558
MGSSHHHHHHSSGLVPRGSHMPFVKDFKPQALGDTNLFKPIKIGNNELLHRA
VIPPLTRMRAQHPGNIPNRDWAVEYYAQRAQRPGTLIITEGTFPSPQSGGYDN
APGIWSEEQIKEWTKIFKAIHENKSFAWVQLWVLGWAAFPDTLARDGLRYDSA
SDNVYMNAEQEEKAKKANNPQHSITKDEIKQYVKEYVQAAKNSIAAGADGVEI
HSANGYLLNQFLDPHSNNRTDEYGGSIENRARFTLEVVDAVVDAIGPEKVGLR
LSPYGVFNSMSGGAETGIVAQYAYVLGELERRAKAGKRLAFVHLVEPRVTNPF
LTEGEGEYNGGSNKFAYSIWKGPIIRAGNFALHPEVVREEVKDPRTLIGYGRFF
ISNPDLVDRLEKGLPLNKYDRDTFYKMSAEGYIDYPTYEEALKLGWDKN

Enterobacter cloacae PB2 Old Yellow Enzyme (PETNR): accession number
P71278
MSAEKLFTPLKVGAVTAPNRVFMAPLTRLRSIEPGDIPTPLMGEYYRQRASAG
LIISEATQISAQAKGYAGAPGLHSPEQIAAWKKITAGVHAEDGRIAVQLWHTGRI
SHSSIQPGGQAPVSASALNANTRTSLRDENGNAIRVDTTTPRALELDEIPGIVN
DFRQAVANAREAGFDLVELHSAHGYLLHQFLSPSSNQRTDQYGGSVENRARL
VLEVVDAVCNEWSADRIGIRVSPIGTFQNVDNGPNEEADALYLIEELAKRGIAYL
HMSETDLAGGKPYSEAFRQKVRERFHGVIIGAGAY TAEKAEDLIGKGLIDAVAF
GRDYIANPDLVARLQKKAELNPQRPESFYGGGAEGYTDYPSLHHHHHH

Thermus scotoductus Old Yellow Enzyme C25D/I67T (TsOYE C25D/I67T):
wildtype accession number BOJDW3
MALLFTPLELGGLRLKNRLAMSPMDQYSATLEGEVTDWHLLHYPTRALGGVG
LILVEATAVEPLGRTSPYDLGIWSEDHLPGLKELARRIREAGAVPGIQLAHAGRK
AGTARPWEGGKPLGWRVVGPSPIPFDEGYPVPEPLDEAGMERILQAFVEGAR
RALRAGFQVIELHMAHGYLLSSFLSPLSNQRTDAYGGSLENRMRFPLQVAQAV
REVVPRELPLFVRVSATDWGEGGWSLEDTLAFARRLKELGVDLLDCSSGGVV
LRVRIPLAPGFQVPFADAVRKRVGLRTGAVGLITTPEQAETLLQAGSADLVLLG
RVLLRDPYFPLRAAKALGVAPEVPPQYQRGF

OYEs were retrieved as pure enzymes from previous works. Production
and purification were performed as previously described.[34-36]

RedAm production

E. coli BL21(DE3) chemically competent cells were transformed with the
vector containing all listed genes. The transformed cells were grown on selective
LB-agar plates (50 pg/mL kanamycin) overnight at 37 °C. TB-medium (500 mL in
2L baffled flask) was inoculated with 1% overnight LB preculture of the
transformed cells and incubated for 3-5 h at 37 °C, 180 rpm. After reaching an
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ODeoo of 0.6-0.8, 0.5 mM IPTG was added, followed by overnight incubation at
20 °C. Cells were harvested (17,000 x g, 20 min, 4 °C) and stored at -80 °C.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was run to show gene expression and enzyme purity levels (Figures S1-S2).
Samples were prepared by mixing with one equivalent of Laemmli buffer and 5%
v/v dithiothreitol (DTT), heated to 95 °C for 5 min, then centrifuged at 9,000 x g
for 2 min. From these samples, 10 uL was loaded onto the gel, whereas 5 pL of
protein ladder was loaded onto a Criterion TGX Stain-Free Precast Gel. Imaging
was performed with a ChemiDoc MP imaging system (Bio-Rad Laboratories,
Hercules, California, U.S.).

L 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure S1. SDS-PAGE gel of RedAms hits. L: protein ladder. 1: StroRedAm before
induction. 2: StroRedAm after IPTG induction. 3: Cell lysate StroRedAm. 4: StroRedAm
10x diluted CFE, 5: StroRedAm 20x diluted CFE. 6: PauRedAm before induction. 7:
PauRedAm2 after IPTG induction. 8: Cell lysate PauRedAm. 9: PauRedAm 10x diluted
CFE. 10: PauRedAm 20x diluted CFE. 11: StrepRedAm before induction. 12: StrepRedAm
after IPTG induction. 13: Cell lysate StrepRedAm. 14: StrepRedAm 10x diluted CFE. 15:
StrepRedAm 20x diluted CFE.
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Figure S2. SDS-PAGE gel of RedAms hits. L: protein ladder. 1: StroRedAm2 before
induction. 2: SfroRedAm2 after IPTG induction. 3: StroRedAm?2 cell lysate 4: StroRedAm2
10x diluted CFE. 5: StroRedAm2 20x diluted CFE. 6: PauRedAm2 IPTG induction. 7:
PauRedAm after IPTG induction. 8: Cell lysate PauRedAm2. 9: PauRedAm2 10x diluted
CFE. 10: PauRedAm2 20x diluted CFE.

Affinity chromatography of StroRedAm, PauRedAm and StrepRedAm

Two buffers were prepared: 50 mM Tris-HCI pH 8, 300 mM NaCl, 1 mM
MgCl2 with 30 mM imidazole for the binding buffer, and with 300 mM imidazole
for the elution buffer. The buffers were filtered and degassed before use. The cell
pellets were thawed and suspended in 5 mL/gwew binding buffer. After adding a
spatula tip of deoxyribonuclease (DNase), MgClz, lysozyme from chicken egg
white (Sigma Aldrich) and a pill of cOmplete™ Mini EDTA-free Protease Inhibitor
(Merck), 3 gwew Of cells were disrupted using a Constant Systems Continuous
Flow Cell Disrupter CF1 (22 kpsi) and clarified by centrifugation (32,000 x g, 30
min, 4 °C). After filtering the CFE (0.2 ym), IMAC was performed with a 5 mL
HisTrap™ FF crude column (GE Healthcare, Chicago, lllinois, U.S.) on a Bio-Rad
NGC Chromatography system.

After equilibrating the column with binding buffer at 5 mL/min, the CFE
was loaded on the column with a velocity of 3 mL/min. Then, the column was
flushed with 10 column volumes (CVs) of binding buffer at 3 mL/min. after 10
CVs, or when the absorbance at 280 nm reached near zero, 75% of the elution
buffer was pumped through the column, also at 3 mL/min. Elution fractions were
collected, pooled, and kept on ice until desalted with a PD10 desalting column
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(GE Healthcare). Enzyme concentration was determined by the Uptima

bicinchoninic acid (BC) assay (Interchim, Montlugon, France).
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Figure S3. SDS-PAGE gel of StroRedAm IMAC purification. 1: CFE; 2: flowthrough; 3:
StroRedAm (35.2 kDa).
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Figure S4. SDS-PAGE gel of PauRedAm IMAC purification. 1: CFE; 2: flowthrough; 3:
PauRedAm (34.3 kDa).
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Figure S5. SDS-PAGE gel of StrepRedAm IMAC purification. 1: CFE; 2: flowthrough; 3:
StrepRedAm (30.6 kDa).

Carbonyl substrates, amine donors and products

Table S1. List of carbonyl substrates and amine donors used in this study.

Label Carbonyl substrates Label Amine donors

1 cyclohexanone a ammonium chloride
2 hexanal b methylamine

3 hydrocinnamaldehyde c cyclopropylamine
4 benzaldehyde d propargylamine
5 ethyl levulinate e allylamine

6 1-indanone f benzylamine

7 acetophenone g sec-butylamine

8 phenylacetone

9 B-tetralone

10 2-methylcyclohexanone

11 3-methylcyclohexanone

(R)-11 (R)-3-methylcyclohexanone

12 2-cyclohexen-1-one

The ketone/aldehydes used for the experiments were prepared as 1 M
stocks in dimethyl sulfoxide (DMSQ). The amines were made as 1 M stocks in
buffer, using HCI to adjust the pH to 7.
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Figure S6. List of combinations tried in this work where no reductive amination was
observed.

Amine product synthesis

The synthesis of cyclopropylcyclohexanamine (1c, 824-82-8), N-2-
propyn-1-ylcyclohexanamine (1d, 18292-76-7), N-
cyclopropylbenzenepropanamine (3c, 18381-62-9), N-2-propyn-1-
ylbenzenepropanamine (3d, 56862-31-8) and N-allylbenzenepropanamine (3e,
528812-92-2 was performed as previously reported.]

In dry tetrahydrofuran (THF), 2 mmol of ketone/aldehyde, 2.2 mmol
amine, 3 mmol sodium triacetoxyborohydride and 2 mmol glacial acetic acid were
mixed and stirred under N2 at room temperature overnight. The reaction was
quenched with 10 mL of 10 M NaOH. The reaction mixture was mixed with EtOAc
(10 mL), and the organic phase was separated. This step was repeated, the
organic phases were combined and extracted with 1M HCI (3 x 10 mL). The
aqueous phase was basified to pH 12 with a 5 M NaOH solution. The product
was extracted into EtOAc (2 x 20 mL), dried with MgSO4 and the solvent was
removed under reduced pressure to afford the aforementioned amines.

The synthesis of 1-cyclopropyl-5-methyl-2-pyrrolidinone (5¢, 1351473-
78-3) and 5-methyl-1-(2-propyn-1-yl)-2-pyrrolidinone (5d, 18327-34-9) was
performed based on literature.®! In dry THF, 1 mmol of ketone, 2 mmol of amine,
2 mmol of acetic acid and 1.4 mmol of sodium triacetoxyborohydride were mixed
and stirred under N2 at room temperature overnight. The mixture was quenched
with 1 M NaOH (5 mL) and extracted with EtOAc (3 x 5 mL). The organic layers
were combined, dried over MgSO4 and the solvent evaporated under reduced
pressure to afford crude amine products. Yields of synthesized amines varied
between 30 and 50 % isolated yield. The compounds were confirmed by NMR.
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RedAm activity assays

For specific activity measurements, 4 mL UV grade
polymethylmethacrylate (PMMA) plastic cuvettes were used to monitor the
decrease of NADPH at a wavelength of 340 nm on a Cary 60 UV-Vis
spectrophotometer. The extinction coefficient of NAD(P)H used was €340 nm =
6220 M-'cm-".187]

Carbonyl substrates were prepared as a 1 M stock solution in DMSO.
Amines were prepared in 100 mM KP; pH 7, titrated with HCI to adjust the pH to
7. NAD(P)H stock solutions were prepared in the mentioned buffer in a 10 mM
concentration, confirmed by UV spectroscopy at 340 nm.

For buffers at different pHs the following salts were used: Tris-HCI pH
7.5-9 and KP; pH 6-8. Activity assays at different temperatures were performed
from 20-80 °C. Buffer pHs were thermodynamically corrected using Buffer
Calculator® (Prof. Robert J. Beynon http://phbuffers.org/BuffferCalc/Buffer.htm,
checked on 22/05/2024).

The model reaction was run by adding 10 mM hexanal, 100 mM
allylamine, 0.2 mM NADPH, enzyme in 100 mM KP; pH 7, 2 mL volume,
measured at 30 °C. The amount of enzyme added to the sample mixture was
based on a decrease in absorbance at 340 nm around 0.05-0.20 A/min.
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pH profiles of StroRedAm, PauRedAm and StrepRedAm
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Figure S7. Activity of StroRedAm (top left), PauRedAm (top right) and StrepRedAm
(bottom) according to pH. Conditions: 50 mM KP; pH 7 or Tris-HCI pH 9, 10 mM hexanal,
100 mM allylamine, 0.2 mM NADPH and purified StroRedAm, 2 mL volume, 30 °C.

Average of duplicates.

Thermostability

The thermostability assay of the purified RedAms was carried out by
incubating aliquots of the enzyme at 30 °C in the concentrations in which these
were retrieved from the IMAC purification (Figure S8). The activity assay was

performed as described as our model reaction.
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Figure S8. Specific activity of SiroRedAm, PauRedAm and StrepRedAm stocks incubated
at 30 °C over 120 h. Conditions: 100 mM KPi pH 7, 100 mM allylamine e,10 mM hexanal
2, 0.2 mM NADPH, purified StroRedAm, PauRedAm or StrepRedAm, 2 mL volume, 30 °C.
Average of duplicates.

o 4

The thermostability assay measurements with pure RedAm were
performed with the standard cuvette composition. Three samples with 0.5 mg/mL
of pure StroRedAm, PauRedAm and StrepRedAm were stirred at 500 rpm and
30 and 40 °C. UV-VIS measurements were performed after 0, 4, 24,48 and 120 h
to determine the specific activity of the enzymes.

The stability assay measurements with RedAm in buffer were performed
with model reaction mixture. Three samples were made with 10x diluted pure
StroRedAm, PauRedAm and StrepRedAm, respectively, mixed at 500 rpm and
30 or 40 °C. Measurements were performed after 4, 24 and 48 h.

Steady-state kinetics of StroRedAm, PauRedAm and StrepRedAm with
NAD(P)H

Michaelis-Menten curves were prepared for each RedAm using 0.05-0.4
mM NADH or NADPH combined with 10 mM hexanal and 100 mM allylamine in
a 0.1 M KP; buffer pH 7. RedAm 3 showed too low activity in presence of NADH
to create a curve, hence only kinetics were determined with NADPH. Steady-
state kinetics were analyzed using IGOR Pro 9 (WaveMetrics). Measurements
were plotted onto the equation f(S) = Vmax % (S/(Kut+S).
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Figure S9. Steady-state kinetics for the reductive amination of hexanal and allylamine
catalyzed by StroRedAm with NADPH. Conditions: 100 mM KP; pH 7, 0.025-0.5 mM
NADPH, 10 mM hexanal, 100 mM allylamine, StroRedAm, 30 °C. Average of duplicates.
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Figure S$10. Steady-state kinetics for the reductive amination of hexanal and allylamine
catalyzed by StroRedAm with NADH. Conditions: 100 mM KP; pH 7, 0.025-0.5 mM NADH,
10 mM hexanal, 100 mM allylamine, StroRedAm, 30 °C. Average of duplicates. Pending
further data points above 0.4 mM NADH.
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Figure S11. Steady-state kinetics for the reductive amination of hexanal and allylamine
catalyzed by PauRedAm with NADPH. Conditions: 100 mM KP; pH 7, 0.025-0.5 mM
NADPH, 10 mM hexanal, 100 mM allylamine, PauRedAm, 30 °C. Average of duplicates.
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Figure S12. Steady-state kinetics for the reductive amination of hexanal and allylamine

catalyzed by PauRedAm with NADH. Conditions: 100 mM KP; pH 7, 0.025-0.5 mM NADH,
10 mM hexanal, 100 mM allylamine, PauRedAm, 30 °C. Average of duplicates. Pending
further data points above 0.4 mM NADH.
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Figure S$13. Steady-state kinetics for the reductive amination of hexanal and allylamine
catalyzed by StrepRedAm with NADPH. Conditions: 100 mM KP; pH 7, 0.025-0.5 mM
NADPH, 10 mM hexanal, 100 mM allylamine, StrepRedAm, 30 °C. Average of duplicates.
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GC analyses

GC columns and methods

The GC experiments are carried out on Shimadzu GC-2010 gas
chromatographs containing an AOC-20i Auto injector and a flame ionization
detector (FID). The used carrier gasses for the experiments are helium or
nitrogen. The compounds were dissolved in ethyl acetate (EtOAc). The following
different column types are used to separate the compounds in the GC reaction
vials:

A: CP-Sil 8 CB (Agilent Technologies, Santa Clara, California, United States) (25
m x 0.25 mm x 1.20 uym), injection at 340 °C, split ratio 50, linear velocity 30
cm/sec, column flow 1.01 mL/min, nitrogen as carrier gas.

B: CP-Wax 52 CB (Agilent Technologies, Santa Clara, California, United States)
(25 m x 0.53 mm x 2.0 ym), injection at 250 °C, split ratio 50, flow 4 mL/min,
nitrogen as carrier gas.

C: Hydrodex B-TBDM (Macherey-Nagel, Duren, Germany), 50 m x 0.25 mm x
0.15 um, heptakis-(2,3-di-O-methyl-6-O-t-butyldimethyl-silyl)-B-cyclodextrin,
injection at 250 °C, split ratio 50, linear velocity 38 cm/s, column flow 2.23 mL/min,
helium as carrier gas.

D: CP-Chirasil-DEX CB column (Agilent Technologies, Santa Clara, California,
United States), 25 m x 0.32 mm x 0.25 ym injection at 250 °C, split ratio 150,
linear velocity 30 cm/sec, flow 4.0 mL/min, helium as carrier gas.

Table S2. GC column and methods for substrate combinations.

GC oven program

GC rate (°C/min), temp. (°C),

column Method hold (min) Compound RT (min)
methylamine b 7.8
DMSO 8.2
A i} 80 3 cyclohexylamine la 9.8
CP-Sil 8| Al 5 100 4 cyclohexanol (side product) 10.8
CB 25 345 1 cyclohexanone 1 11.4
N-methylcyclohexylamine 1b 12.4
dodecane 16.8
DMSO 8.2
cyclohexanol (side product) 10.8
80 3 cyclohexanone 1 11.4
5 100 4 benzylamine f _ 15.8
A A2 N-2-propyn-1-ylcyclohexanamine 1d 2 | 18.5
10 200 2.2 N-allylcyclohexanamine 1e 17.8
25 345 1 N-cyclopropylcyclohexanamine 1c? 18.8
dodecane 20.3
N-benzylcyclohexanamine 1f 27.2
DMSO 5.7
benzaldehyde 11 9.5
. 100 3.25 benzyl alcohol 11.6
A A3 5 250 1 dodecane 16.7
20 345 0 N—benzylcyclopropane_lmine 1lc® 18.5
N-benzylpropargylamine 11d ° 18.5
dibenzylamine 11f 32.4




DMSO

dodecane 5.1
) 100 175 hydrocinnamaldehyde 3 13.6
10 140 2 N-allylbenzenepropanamine 3e ? 13.0
A A4 .
5 180 5 N-2-propyn-1-ylbenzenepropanamine |21.6
3d*® 22.4
20 345 ! N-cyclopropylbenzenepropanamine 22.5
3c?
DMSO
80 3 cyclohexanol 8.2
) 2-cyclohexen-1-one 12 10.6
A AS 5 100 4 N-cyclopropylcyclohex-2-en-1-amine | 12.9
10 180 22 |12c® 18.8
N-(prop-2-yn-1-yl)cyclohex-2-en-1- 19.0
25 345 ! amine 12d* 20.3
dodecane
- 80 3 hexanal 2 6.8
B dodecane 9.2
C;Vl\éax Bl 5 150 1 N-allylhexan-1-amine 2e 2 11.2
52C 20 250 1 |DMSso 20.2
DMSO 7.0
c ethyl levulinate 5 9.8
1-cyclopropyl-5-methyl-2- 17.5-17.6
- 100 2
:))(/drog_ C1 pyrrolidinone 5c?# 16.3,
TBDM 5 220 1 5-methyl-1-(2-propyn-1-yl)-2- 16.6
pyrrolidinone 5d? 11.5
dodecane
™ ¢ Jouso s
c c2 10 160 1 dodecane 161
5 195 5 indanone 6 8.9
20 215 5 rasagiline 6d° 18.
- 70 5 DMSO 215
5 75 5 3-methylcyclohexanone 11 32.4,
3-methylcyclohexanol 33.1
S 80 S tridecane 43.4
5 85 5 3-methyl-N-(prop-2-yn-1- 57.9
5 90 5 yl)cyclohexan-1-amine 11d° 51.5,
(3R)-methyl-N-(prop-2-yn-1- 51.8,
5 95 5 yl)cyclohexan-1-amine (3R)-11d°¢ 52.4,
C C3 5 100 5 3-methyl-2-cyclohexen-1-one 52.7
5 105 5 51.8,
5 110 5 524
5 115 2 50.6
20 120 5
20 155 1
25 250 1
DMSO 5.8
dodecane 13.4
(2R)-methylcyclohexanone (2R)-10 7.8,7.9
D 2-methylcyclohexanol 10.8,
CP- - 90 2 10.9,
Chirasil | D1 5 105 12.5 | N-cyclopropyl-2-methylcyclohexan-1- | 11.8,
-DEX o5 230 1 amine 10c °© 11.9
CB 13.8,
2-methyl-N-(prop-2-yn-1- 14.3,
yl)cyclohexan-1-amine 10d° 14.6,
2-methyl-2-cyclohexen-1-one 15.2
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(3R)-methylcyclohexanone (3R)-11 19.6

) 90 5 (3S)-methylcyclohexanone (3S)-11 14.8,

tridecane 15.2,

D2 10 130 9.2 | N-cyclopropyl-3-methylcyclohexan-1- | 15.8,
20 155 1 amine 11c°® 16.1

o5 250 (3R)-N-cyclopropyl-3- 15.8,
methylcyclohexan-1-amine (3R)-11c® |16.1

3-methyl-2-cyclohexen-1-one 175

3-methylcyclohexanol 13.7,
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Figure S29. GC chromatograms of reaction mixture with NaBH3CN to chemically
synthesize all four configurations of N-cyclopropyl-2-methylcyclohexan-1-amine 10c
(blue), aligned with a reaction mixture with StroRedAm (pink) and a negative control
without RedAm (black). CP-Chirasil DEX-CB method D1.
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Figure S$30. GC chromatogram of reaction mixture with StroRedAm to synthesize 2-
methyl-N-(prop-2-yn-1-yl)cyclohexan-1-amine 10d (blue), aligned with a reaction mixture
with StroRedAm (pink) and a negative control without RedAm (black). CP-Chirasil DEX-
CB method D1.

Amine products from 3-methylcyclohexanone 11 and (3R)-
methylcyclohexanone (3R)-11

N-cyclopropyl-3-methyicyclohexan-1-amine 11c

(1IR,3R) (1S,3S)

Flgure S31 GC chromatogram of react|on m|xture W|th NaBHaCN to chemlcally
synthesize all four configurations of N-cyclopropyl-3-methylcyclohexan-1-amine 11c
(black), aligned with a reaction mixture with 3-methylcyclohexanone 11 and StroRedAm
(pink) and a reaction mixture with (R)-3-methylcyclohexanone (R)-11 and StroRedAm
(blue). CP-Chirasil-DEX CB Method D2.
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Figure S32. GC chromatogram of reaction mixture with NaBH3CN to chemically
synthesize all four configurations of 3-methyl-N-(prop-2-yn-1-yl)cyclohexan-1-amine (11d)
(black), aligned with chromatograms of a reaction mixture with 3-methylcyclohexanone 11
and StroRedAm (pink) and a reaction mixture with (3R)-methylcyclohexanone (3R)-11 and
StroRedAm (blue). Hydrodex 3-TBDM method C3.
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FiQure 833. GC chromatogram of réaction rﬁixture with PauRedAm to synthésize N-
cyclopropylcyclohex-2-en-1-amine 12c. CP-Sil 8 CB method A5.
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Figure S34. GC chromatogram of reaction mixture with StroRedAm to synthesize N-(prop-
2-yn-1-yl)cyclohex-2-en-1-amine 12d. CP-Sil 8 CB method A5.

OYE-RedAm enzymatic cascades
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T | |

Figure 835. GC cHromatografn of cascéde reactidn mixture'containing' 2-methy|-2-
cyclohexen-1-one and cyclopropylamine with PETNR and PauRedAm. CP-Chirasil-DEX
CB Method D1.
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Flgure S36. GC chromatogram of cascade reaction mixture containing 2-methyl-2-
cyclohexen-1-one and propargylamine with PETNR and PauRedAm. CP-Chirasil-DEX CB
Method D1.

3-methyl-2-cyclohexen-1-one
GC chromatograms of the biocatalytic cascades with 3-methylcyclohexanone
and propargylamine
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Figure S37. Overlay of (3R)-methylcyclohexanone (green), rac-3-methylcyclohexanone
(blue), reaction intermediate catalyzed by the (R)-selective TSOYE-C25D/I67T (pink) and
the (S)-selective OYE2 (black). CP-Chirasil-DEX CB Method D2.
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Figure S38. GC chromatogram of cascade reaction mixture containing 3-methyl-2-
cyclohexen-1-one and cyclopropylamine with TsOYE-C25D/I67T and StroRedAm. CP-
Chirasil-DEX CB Method D2.
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Figure S39. GC chromatogram of cascade reaction mixture containing 3-methyl-2-
cyclohexen-1-one and propargylamine with OYE2 and PauRedAm. Hydrodex (-TBDM
method C3.
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Figure S40. GC chromatogram of cascade reaction mixture containing 3-methyl-2-
cyclohexen-1-one and propargylamine with TsOYE-C25D/I67T and PauRedAm. Hydrodex
3-TBDM method C3.
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TsOYE-C25D/I67T shown in Figure S39 (pink) and the cascade reaction mixture with
OYE2 shown in Figure S40 (black).
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Flgure S42 GC chromatogram of scale up reaction with cyclohexanone 1 and
propargylamine d with PauRedAm to produce N-2-propyn-1-ylcyclohexanamine 1d. CP-
Sil 8 CB method A2.
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Figure S43 GC chromatogram of scale up reactlon with (3R) methylcyclohexanone (BR)-
11 and propargylamine d and StroRedAm to produce (3R)-3-methyl-N-(prop-2-yn-1-
yl)cyclohexan-1-amine (3R)-11d. Hydrodex 3-TBDM method C3.

- Product 11d

GC-MS columns and chromatograms

When the expected amine product was not commercially or synthetically
available, extracted reaction samples were injected and analyzed on a GC-MS-
QP2010 SE from Shimadzu.

Column E: CP-Sil-5 VF-1ms, 25 m x 0.25 mm x 0.4 ym, split ratio 50, injection
temperature 340 °C, helium as carrier gas.

Table S3. GC-MS method and retention times of products which were commercially
unavailable.

GC oven program

GC Metho |rate (°C/min), temp. (°C), Compound Ret. time
column |d hold (min) P (min)
80 3 DMSO 3.2
E ) N-cyclopropylcyclohex-2-en- |10.2
cp-sil-s | E1 5 100 4 1-amine 12c 10.3
) 10 200 2.2 | N-(prop-2-yn-1-yl)cyclohex-2-

VF-1ms :

en-1l-amine 12d 13.7

25 345 1
dodecane
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Figure S44. GC-MS chromatogram (top) and mass spectrum (bottom) of N-
cyclopropylcyclohex-2-en-1-amine 12¢ on CP-Sil-5 VF-1ms method E1. Molecular weight
is equal to 137.2 g/mol.
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Figure S45. GC-MS chromatogram (top) and mass spectrum (bottom) of N-(prop-2-yn-1-
yl)cyclohex-2-en-1-amine 12d on CP-Sil-5 VF-1ms method E1. Molecular weight is equal
to 135.1 g/mol.

RedAm scale-up reactions

Reductive amination of cyclohexanone and propargylamine by PauRedAm

In a 50 mL falcon tube were added 100 mM KP; buffer pH 7, 50 mM
cyclohexanone, 60 mM propargylamine, 150 mM glucose, 0.2 mM NADP*, 12
U/mL BsGDH, and 0.5 mg/mL PauRedAm in a total volume of 14 mL. The
reaction mixture was shaken at 350 rpm at 20 °C for 24 h. The workup was done
as described by Mayol et al.,[®8] After 24 h, the mixture was basified with 10 M
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NaOH until the pH was 12. The product was extracted with 3 x 20 mL Et20. The
organic layers were pooled, and the Et2O was removed under reduced pressure
until a small volume remained. A solution of 2 M HCI in Et2O was added (2 mmol)
to the liquid, and the precipitate was filtered and then washed with ice cold Et20.
The residue was then dried under pressure to afford the corresponding product
as amine hydrochloride salt (>99% conversion, 65 mg, isolated yield 53%).
NMR-spectra for N-2-propyn-1-ylcyclohexanamine 1d were analyzed
and is in accordance with literaturel®l: '"H NMR (400 MHz, CDCI3) 5 9.86 (s, 2H),
3.84 (d, J = 2.6 Hz, 2H), 3.29 (tt, J = 11.3, 3.8 Hz, 1H), 2.54 (t, J = 2.6 Hz, 1H),
2.21 (m, 2H), 1.88 (m, 2H), 1.63 (m, 3H), 1.29 (m, 3H). 3C NMR (101 MHz,
CDCl3) 6 77.7,73.0, 55.3, 32.9, 28.9, 24.7, 24 4.

o
N-2-propyn-1-ylcyclohexanamine
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PR MAmEEEEE® NNN NN o

TR NV
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Figure S46. "H NMR spectrum of N-2-propyn-1-ylcyclohexanamine 1d dissolved in CDCls.
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Figure S47. '3C NMR spectrum of N-2-propyn-1-ylcyclohexanamine 1d dissolved in
CDCls.

Reductive amination of (3R)-methylcyclohexanone and propargylamine by
StroRedAm

In a 50 mL falcon tube were added 100 mM KP; buffer pH 7, 50 mM (R)-
3-methylcyclohexanone, 100 mM propargylamine, 150 mM Glucose, 0.2 mM
NADP*, 12 U/mL BsGDH, and 1.0 mg/mL RedAm 1 in a total volume of 14 mL.
The reaction mixture was shaken at 350 rpm at 20 °C for 24 h. The workup was
done as described by Mayol et al.[38 After 24 h, the mixture was basified with 10
M NaOH until the pH was 12. The product was extracted with 3 x 20 mL Et20.
The organic layers were pooled, and the Et2O was removed under reduced
pressure until a small volume remained. A solution of 2 M HCI in Et20 was added
(2 mmol) to the liquid, and the precipitate was filtered and then washed with ice
cold Et20. The residue was then dried under pressure to afford the corresponding
product as amine hydrochloride salt (>99% conversion, ee >99%, de 93%, 9 mg,
isolated yield 7%).

The isolated product (3R)-11d was dissolved in D20 to a concentration
of 10 mg/ml. Specific rotation was determined using a Perkin ElImer Model 343 S
Polarimeter at 20 °C, at a wavelength of 589 nm. [a]23,<,,, = +3.5°.

NMR spectra for (3R)-3-methyl-N-(prop-2-yn-1-yl)cyclohexan-1-amine
(3R)-11d were analyzed: '"H NMR (400 MHz, CDCI3) 8 9.90 (br s, 2H), 3.85 (s,
2H), 3.31 (m, 1H), 2.54 (s, 1H), 2.20 (m, 2H), 1.87 (m, 1H), 1.69-1.66 (m, 4H,
H207?), 1.60-1.47 (m, 2H, H207?), 1.30 (m, 2H), 0.97 (m, 3H). 3*C NMR (101 MHz,
CDCI3) 6 77.8,72.9, 55.3, 37.0, 33.4, 32.9, 31.5, 28.4, 24.1, 22.1.
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Figure S48. '"H NMR spectrum of (3R)-3-methyl-N-(prop-2-yn-1-yl)cyclohexan-1-amine
(R)-11d dissolved in CDCls.
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Figure S49. '3C NMR spectrum of (3R)-3-methyl-N-(prop-2-yn-1-yl)cyclohexan-1-amine
(3R)-11d dissolved in CDCls.
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Chapter 7: Outlook

Biocatalysis is the chemistry involving enzymes to catalyze reactions
towards valuable products. Enzymes are interesting catalysts because of their
high selectivity and efficiency. Over the past decades, enzymes were investigated
in synthesizing chiral amines, which are valuable building blocks for the
pharmaceutical industry. Most of the recent applications employ oxidoreductases,
which use electron transferring cofactors to catalyze redox reactions.
Oxidoreductases such as RedAms were only recently discovered, yet already a
lot of research has been done to bring them to industrial applications, which
highlights their attractive synthetic properties. In general, oxidoreductases that
catalyze reductive amination towards chiral amines, such as AmDHs, IREDs and
RedAms, are known for their poor stability, and preference for NADP, which is
economically unfavorable for potential industrial purposes. In this thesis we
developed three different pathways using oxidoreductases to synthesize chiral
amines (Figure 1):

e Using AmDHs, in a single step or in a multi-enzymatic cascade (Chapter
2 and 3)

e Engineering ADHs to induce AmDH/IRED activity (Chapter 4)

¢ Discovering bacterial RedAms via enzyme mining (Chapter 5 and 6)

OYE .
1 * 1
X" R X“y R
‘8‘2&3 e NADP*, GDH, Glc (4
M R?  NHHCOO pH 8 R

(0] OH NH
NHR®  Chapter 4 IIq LbADH - . L
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hapfers& NH,HCOO pH 8 3
6 1
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IIq ~ ) —NH

R" "R? NADP™*, GDH, Glc R2
NH,R3, KPi pH 7
Figure 1. Overview of different biocatalytic approaches described in this dissertation to
obtain chiral amines.

R "R2

AmDHs and (ER-coupled) cascades

The multi-enzymatic cascade described in Chapter 2 demonstrates how
chiral primary amines (up to 10 mM, >99% ee) were produced from this efficient
cascade. Because OYEs yield products that are well-accepted substrates for
AmDHs, these enzymes are nicely complementary to each other. By selecting
diverse enzymes from the OYE and AmDH families, a variety of cyclic and
aliphatic chiral amines were obtained in high enantio- and diastereopurity. Thanks
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to the variety in OYE enantioselectivity, different configurations of amine products
could be obtained by simply tuning the OYE.

In the last few years, many examples have emerged where OYEs were
used in cascades to synthesize chiral amines.l': 4 The OYE family has also
expanded over time, and the new OYE classes potentially expand the diversity
of the substrate scope by these enzymes.B! In parallel, the AmMDH family has
expanded as well.*- 51 As most AmDHs are (R)-selective, efforts have been made
to switch AmDHs to become (S)-selective. Instead of altering the product through
varying the type of OYE, switching the AmDH is a future possibility to produce
even more complex primary amines.

Cascades are attractive reaction processes because no intermediates
need to be isolated, less solvents are wasted and less purification steps are
necessary, in addition to their tunability. For example, Monti and co-workers
combined TAs with ERs to produce amines with high ee and de.l?l As we showed
in Chapter 2, a multi-enzymatic cascade using only oxidoreductases creates a
highly efficient process regarding the nicotinamide cofactor. Using a glucose
dehydrogenase (GDH) or formate dehydrogenase (FDH), the cofactor is recycled
after the consumption of glucose or formate, respectively. A process including
FDH would be even more efficient, as the co-product CO:is released as a gas.®
Alternatively, a hydrogenase coupled to a NAD(P)-reductase could be used
instead, which uses hydrogen gas as electron donor.[l By using one of these
applications, the step towards biocatalytic processes on an industrial scale could
be more sustainable.

The main challenge to overcome in cascades yielding chiral amines lies
in the need for compromising reaction conditions for OYEs and AmDHs. For
instance, alcohol by-product formation, as described in Chapter 2 and 3, is likely
at pH 7 but was limited at pH 9. AmDHs display higher activity at pH 9 but OYEs
are more active at near-neutral pH. In our screenings, we used 1 M of ammonium
formate buffer which increases the AmDH activity but drastically decreases the
OYE activity. However, due to the significantly lower activity of AmDHs than that
of OYEs, the reductive amination step is most likely to be the rate limiting step,
even in conditions favored by AmDHs. In the few cases where alkene reduction
is the limiting step, a one-pot two-step cascade could be considered, where the
amine donor and AmDH are added after all unsaturated substrate is reduced by
the OYEs. Fine-tuning a cascade depends on which substrate-OYE-AmDH
combination will be used, and being aware of these challenges will simplify where
the cascade could be altered to improve yield.

LbADH engineering

Although we were unable to re-purpose an ADH into an AmDH, we
gained more knowledge on the wildtype LbADH. Our work in Chapter 4 also
shows how the reported characterized parameters such as activity and stability
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have been inconsistent. We demonstrated how storage conditions of LbADH
could impact the specific activity, ranging from 20 to almost 100 U/mg. Therefore,
investigating the best reaction and storage conditions for LbADH will be
worthwhile for the chemical building blocks industry.

The hypothesis to use this thermostable, highly active enzyme as the
backbone seemed promising, but our approach to obtain reductive aminating
mutants was unsuccessful. Mutating one of the amino acids from the catalytic
tetrad was risky but seemed necessary to eliminate ketone reduction. For
example, work from Lygidakis et al. demonstrated how an ene reductase could
reduce alcohols after introducing a tyrosine in the active site. A glutamic acid was
replaced, normally involved in stabilizing enol intermediates.® We replaced the
tyrosine for glutamic acid in LbADH, and found that the LbADH-Y156E showed
poor imine reduction. We tried using the energy minimization algorithm FuncLib
on our rationally designed LbADH-Y156E and LbADH-S143E. Unfortunately,
none of the FuncLib variants showed any imine reduction or reductive amination
activity. Using computational algorithms such as FuncLib could only be
successful after selecting more than only the three mutants from its output. High
throughput screening of as many hits as possible from any computational tool is
necessary for the best outcome. Based on our results, the described method in
Chapter 4 is not recommended for enzyme re-purposing.

Despite this outcome, enzyme re-purposing was proven to be successful
in several examples.l® An important factor for successful engineering is to
observe promiscuity already present in the targeted wildtype enzyme. For
instance, Mutti and co-workers discovered ADH promiscuity in the LysEDH, an
engineered amino acid dehydrogenase.l®l After further engineering of the
LyseDH, the enzyme could catalyze both alcohol oxidation and reductive
amination into the corresponding amine. Another example showed how certain
short-chain dehydrogenases (SDRs) could reduce specific imines after protein
engineering.l'> "l Instead of targeting the catalytic residues, mutants were
obtained by site-directed mutagenesis, leading to mutations of amino acids with
more polar side chains in the active site. Because we observed no imine
reduction or reductive amination promiscuity of LbADH-wt, it might be an
unsuitable target for further engineering into an IRED or RedAm, unlike the recent
successful example of an engineered GDH.['2

Alcohol formation was observed as a by-product in AmDHSs,['3 41 IREDs
and RedAms.["5] Because the reaction mechanism of the reduction of ketones
and imines is so similar, ADH re-purposing into IREDs is likely to be further
investigated in the future. However, the possible limitation of engineering SDRs
into AmDHs or RedAms is the active site pocket size since the space for ammonia
or more complex amine donors is limited. Realizing more complex synthesis
might only be possible after engineering the active site pocket, allowing for this
space. Obtaining successfully engineered ADHs would require intensive protein
engineering, with the risk of having little to no reductive amination ability.
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RedAm discovery

The search for reductive amination activity provided us with bacterial
RedAms with unique properties. RytRedAm showed high affinity with both NADH
and NADPH, with better kinetic parameters than engineered IREDs.!'8! After
crystallization, we gained insights about what amino acids are involved in this
cofactor flexibility. This information could be applicable for other RedAms to
obtain NADH acceptance. We also suggest to determine any future RedAm
activity with both NADPH and NADH cofactors, since research on RedAms lacks
research on NADH. RytRedAm is (S)-selective, which is an uncommon property
for RedAms. Instead of using AspRedAm, RytRedAm could fulfil as a new
template for new potential RedAms to search for more (S)-selective enzymes.
Other unique RedAms in this work are the StroRedAm, PauRedAm and
StrepRedAm described in Chapter 6. These enzymes all displayed some NADH
acceptance as well, although a preference for NADPH was clear. All three
enzymes retained most enzyme activity at 30 °C, and at 40 °C for PauRedAm.
These enzymes demonstrate that interesting properties such as cofactor
preference, selectivity and thermostability could be found in nature amongst
bacterial IREDs/RedAms.

We also demonstrated different enzyme mining methods, with varying
outcomes. Finding RedAms via sequence identity compared to the AspRedAm
was successful, as we found a few hits with reductive amination activity. However,
because of the similarity with AspRedAm, the activity was either similar to or
worse than reported for the AspRedAm. To contribute to the scope of amines
produced by RedAms, a different approach is necessary. When we applied HMM,
we found RedAms with more diverse properties for cofactor specificity, substrate
scope, and thermostability. All hits were successfully expressed, purified, and
characterized. These hits displayed different properties compared to the
AspRedAm, as this method focuses on structure similarity instead of sequence
identity. The risk of using HMM is finding enzymes that are too unrelated. In
addition, the distinction between IREDs and RedAms remains difficult to assess
based on sequences and structures. Both of these mentioned approaches
focused on only a few potential hits, whereas examples exist where a high-
throughput screening (HTS) approach was performed.['7-19 |t would also prevent
selecting hits which turn out to express poorly in E. coli or precipitate after cell
lysis. We concluded our approaches were successful, but HTS could also be
considered, especially when a certain type of product formation is desired.

Our search methods did not focus on a certain product but on detectable
activity. In our work from Chapter 5 and Chapter 6 we applied the activity assay
described by Turner and co-workers,[2% comparing reductive amination of an
aldehyde at neutral and basic pH. We tried to confirm reductive amination via an
activity ratio (activity pH 7 : activity pH 9) and found enzymes more active at
neutral than basic pH. The enzymes found in this work had a ratio below 1,
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suggesting no dependence on imine formation in solution, which is more likely at
pH 9. Although this method is subjective, the enzymes discovered in Chapters 5
and 6 with a low activity ratio proved to catalyze reductive amination for other
substrate combinations as well. The IRED/RedAm database has expanded, but
remains far from being exhaustive. If more enzymes are characterized that
display reductive amination activity, we could learn more about what causes
reductive amination in a RedAm and what is missing in IREDs, including
knowledge on their NADPH- or NADH-cofactor dependence.

The characterization of RedAms described in Chapters 5 and 6 shows
how these enzymes are not limited to the fungal kingdom. We found multiple hits
with high similarity compared to the reductive aminases characterized from fungal
organisms. Even though some of the hits we found from databases are annotated
as IREDs, it could be worthwhile to screen reductive amination at neutral pH.
Potentially, a pool of RedAms is present in bacteria, which could contain more
RedAms with a different substrate scope.

Evaluation of methods

From the three described methods, the least successful one was the
enzyme re-purposing approach. Engineering ADHs without reductive amination
activity is currently still too challenging to be a future asset to the chiral amine
synthesis industry. Although examples have shown re-purposing can be
successful, and LbADH makes a great target for its activity and stability, it is
uncertain to what extent this enzyme can catalyze amine formation. From the
remaining two methods, the best method to synthesize chiral amines simply
depends on the type of product desired. The multi-enzymatic cascade has a
broad scope of primary amine products thanks to the wide a panel of OYEs and
AmDHs to choose from. This method is robust, simple, and versatile thanks to
the various positions to obtain a chiral center. Discovering bacterial RedAms
potentially enables the production of secondary or tertiary amine products. Even
though a high-throughput approach could be a better way to obtain RedAms with
HMM, we successfully characterized bacterial RedAms we picked from the
search output. As we described in Chapter 6, we hypothesized how our RedAms
combined with OYEs could expand the amine scope even further. After
understanding the RedAm and IRED difference, and characterizing more
RedAms, we could use RedAms in this cascade as well.

Chiral amines by biocatalysis

Biocatalysis as a method for chemical synthesis is expected to continue
growing in the future, including for chiral amine synthesis.[?'-23] Qver the past
years, the panel of amine products made with oxidoreductases has expanded
significantly, either with AmDHs, IREDs or RedAms. However, the number of
amines synthesized on an industrial scale by these enzymes remains low,
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wherein the general challenge lies in their poor stability. Examples from previous
works contain multiple rounds of protein engineering, either to improve certain
product acceptance or to improve thermostability. Based on our experience, a
maijor factor of successful protein engineering is the targeted enzyme scaffold.
RytRedAm described in Chapter 5 shows good activities, especially with the less
costly NADH cofactor, but also displayed low stability. Therefore, studies to
enhance thermostability would be an interesting follow-up. StroRedAm,
PauRedAm and StrepRedAm show better thermostability, and might be good
targets for engineering to accept different complex amine products. As for these
examples, we can potentially use biocatalysis on an industrial scale after protein-
and reaction engineering. With the computational tools we have at hand today,
helpful for protein engineering, protein discovery or retrosynthesis, biocatalysis
will become more accessible for designing reaction methods for complex
products. Overall, the future of biocatalysis is exciting, and could become a more
efficient and environmentally friendlier method to contribute to the chemical and
pharmaceutical industries.

Conclusion

This work describes different pathways to synthesize chiral amines using
oxidoreductases. We applied oxidoreductases in multi-enzymatic cascades, tried
protein engineering and discovered enzymes with valuable properties. These
approaches contributed to our understanding of these enzymes and the amines
they produce, which will eventually aid in designing new enzymes and processes
for chiral amine synthesis. In this way, biocatalysis could fulfill a leading role in
producing pharmaceuticals and fine chemicals.
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