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Abstract: Enzymes are valuable tools to introduce chirality into small
molecules. Especially, ketoreductase (KRED)-catalyzed
transformations of ketones to yield chiral secondary alcohols have
become an established biocatalytic process step in the
pharmaceutical and fine chemical industry. Development time,
however, remains a critical factor in chemical process development
and thus, the competitiveness of a biocatalytic reaction step is often
governed by the availability of off-the-shelf enzyme libraries. To
expand the biocatalytic toolbox with additional ketoreductases, we
established a multi-faceted screening procedure to capture KRED
diversity from different sources, such as literature, available genome
data, and uncharacterized microbial strains. Overall, we built a library
consisting of 51 KRED enzymes, 29 of which have never been
described in literature before. Notably, 18 of the newly described
enzymes exhibited anti-Prelog preference complementing the
majority of ketoreductases which generally follow Prelog’s rule.
Analysis of the library’s catalytic activity toward a chemically diverse
ketone substrate set of pharmaceutical interest further highlighted the
broad substrate scope and the complementing enantio-preference of
the individual KREDs. Using the generated sequence-function data of
the included short chain dehydrogenases in a bioinformatic analysis
led to the identification of possible sequence determinants of the
stereospecificity exhibited by these enzymes.

Introduction

Optical pure alcohols are key chiral intermediates in the synthesis
of fine chemicals, agrochemicals, and pharmaceuticals.!!
Unsurprisingly, many synthetic procedures have been developed

to access these molecules, predominantly relying on asymmetric
hydrogenation (AH) or transfer hydrogenation (ATH) of ketones,
or the (dynamic) kinetic resolution of the alcohol racemates
employing ruthenium-complexes as catalysts.”! Especially, the
asymmetric reduction of carbonyl compounds is of particular
interest as this synthetic strategy allows to valorize all starting
material (100 % theoretical yield) inherently allowing for a high
atom efficiency. The biocatalytic synthesis of optically pure
alcohols via ketoreductases (KREDs) is an appealing alternative
to chemical synthesis, owing to the enzyme’s intrinsically high
regio- and stereoselectivity, the mild reaction conditions, the
absence of possibly contaminating metal-based catalysts and the
often reduced environmental burden of the overall reaction.®!
KREDs, also named alcohol dehydrogenases (ADH) or carbonyl
reductases, are NAD(P)H-dependent enzymes that catalyze the
reversible transfer of a hydride from the cofactor NAD(P)H onto
the carbonyl function of the substrate (Scheme 1).

Today, KREDs commonly find industrial use in the asymmetric
reduction of prochiral ketones (and aldehydes) or, less frequently,
in the corresponding oxidation of the alcohols. KRED-catalyzed
transformations are industrially used to access a range of (APIs)
or chiral synthons thereof, including ibrutinib,! atorvastatin,“"
41 and angiotensin-converting enzyme (ACE) inhibitors.{ The
industrial importance of KREDs is further underscored by a
number of innovative patents describing KRED-catalyzed
procedures for preparing valuable compounds,® and the overall
increasing number of KRED-related patents filed in recent years
by academia and industry (Figure 1).
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Scheme 1. KRED catalyzed carbonyl reduction via the oxidation of the
NAD(P)H cofactor. Regeneration of the NAD(P)H cofactor by (A) using
isopropanol as cosubstrate for the KRED or (B) employing glucose
dehydrogenase (GDH) in combination with D-glucose as cosubstrate in the
reaction.

Notably, when surveying recent patent activity on KRED-
facilitated transformations, we found that more than half of KRED-
related patents filed in the last ten years had been registered at
the Chinese patent register, either by Chinese companies or
universities. Possible reasons include China’s “National Patent
Development Strategy (2011-2020)", which was implemented in
2011 to enhance China’s core competitiveness and which led to
a massive increase of patents filed.[®
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Figure 1. Patents filed per year in the period from 2010 — 2019 describing novel
KREDs or KRED-catalyzed reactions.

The increasing academic and industrial interest in KREDs
engenders the need to discover novel wildtype enzymes in order
to build versatile enzyme libraries capable of accepting a wide
range of substrates.d Thanks to the growing numbers of genome
sequences becoming available in the frame of whole genome
shotgun sequencing studies,”! an increasing amount of protein
sequences are identified and annotated,® including putative
KRED sequences. The experimental verification of these potential
KREDs and the exploration of their synthetic potential as
biocatalysts enable the implementation of enzymes in routine
synthesis route scoutings and expand the available intellectual
property space.
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The screening of a rich KRED library can serve as the entry point
for applying these biocatalysts industrially in the synthesis of
valuable chiral entities. Subsequent protein-engineering
campaigns to improve the identified starting scaffolds allow to
develop new process routes in a relatively short time frame.®
Notably, an imbalance in enantioselectivity of the applied whole-
cell biocatalysts was found in the carbonyl reduction, where most
described biocatalysts follow Prelog’ rule, typically obtaining the
(S)-alcohol when the sterically smaller substituent is consistent
with lower priority according to CIP nomenclature.['” Therefore,
the availability of diverse and stereo-complementary enzyme
libraries is vital for the fast implementation of biocatalytic
processes in the production of fine chemicals, agrochemicals or
pharmaceutical ingredients and to strengthen biocatalysis as a
viable complement to classical chemical synthesis.['"]

With this goal in mind, we embarked on the establishment of a
comprehensive KRED toolbox. Here, we describe the set-up and
profiling of a diverse KRED library composed of 51 enzymes,
including 29 novel KREDs sourced via protein data mining
combined with strain screening. Within this project, we focused
our screening effort on strains stemming solely from Swiss
sources to facilitate industrialization within the framework of the
Nagoya protocol. Our KRED library showed promising synthetic
potential as highlighted by our capability to selectively produce a
diverse set of secondary alcohols, including valuable active
pharmaceutical intermediates, with high selectivity. Notably, we
newly identified 18 KREDs with anti-Prelog preference and added
them to the biocatalytic reduction toolbox. A close bioinformatic
inspection of the sequence and activity data of KRED enzymes
belonging to the group of short chain dehydrogenases indicated
determinants for the observed enantiopreference.

Results and Discussion

Set-up of the KRED library

At the outset of our project, we targeted to build a KRED library
capable of acting on different substrates in order to facilitate early-
stage process scouting projects or screenings in the frame of 2™
generation processes. With this in mind, three approaches were
followed for the acquisition of appropriate KRED protein
sequences. Firstly, we screened available literature and patent
data to identify KREDs with a diverse substrate scope. We chose
enzymes known to accept substrates ranging, for example, from
ethyl-4-chloroacetate™!  to  cyanocyclopentenonel'?  and
anthrahydroquinone.['¥ Secondly, protein data mining was
performed to explore the continually growing protein sequence
space and identify novel KREDs. Here, structure-sequence
alignments in the commercial 3DM database based on the KRED
from L. kefir (KRED 5)'Y was performed and promising protein
sequences were selected. Additionally, protein sequences from
the NCBI database fitting the adapted motif KxAxxxGxxxGxG of
the common  Rossmann-fold motif for  short-chain
dehydrogenases (SDR) were retrieved,!' and the sequences
with high similarity towards literature described KREDs were
chosen. Lastly, a strain screening using the model substrate
acetophenone as well as an undisclosed ketone of
pharmaceutical interest was performed to identify novel KREDs
from bacteria, fungi, and yeasts (33 organisms in total; Table S1).
All selected strains, sampled from the Culture Collection of
Switzerland (CCOS), were Swiss in origin and chosen such as to
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increase the likelihood to complement our library with completely
novel KRED sequences. To do so, the following criteria were
applied in the selection of the strains: 1) microorganism not yet
sequenced; 2) sequence of microorganism available but not
annotated; 3) sequence of organism available and annotated but
included KREDs not published or patented; 4) sequence of
microorganism available, annotated, and included KREDs
commercialized. In the screening, the two bacteria Weissella
hellenica and Pseudomonas tolaasii, and the fungus Aspergillus
oryzae showed interesting KRED-activity. Thus, the deposited
genomes (NCBI database) of these three organisms were
analyzed to identify putative KRED sequences and ranked
according to similarity with literature described KREDs. Overall,
we incorporated 13 soluble and active KRED enzymes from these
three strains in our KRED library.

All genes encoding the KRED protein sequences acquired
through our above-delineated sourcing strategy were ordered
codon-optimized for the expression in E. coli and cloned in the
pET22b+ vector for experimental characterization. Overall, our
final KRED library consisted of 51 active and soluble expressed
enzymes, 22 of which had been described in literature and
patents, while 29 KREDs represent to our knowledge novel
enzymes without prior mentioning in literature (Table S2).

Activity screening of the KRED library

For the characterization of the KRED substrate spectrum and as
an assessment of the enzyme’s synthetic potential, a wide set of
ketone substrates were selected, including aromatic and cyclic
ketones, and a- and B-ketoesters. All members of the enzyme
library were recombinantly expressed in E. coli BL21(DE3) in 96-
deep well plate format, and the crude-cell lysates were applied in
biocatalysis reactions along with a NAD(P)H recycling-system,
consisting of D-glucose and glucose dehydrogenase (GDH). The
enzymes were screened towards the reduction of acetophenone
(1a), tetralone (2a), benzylacetone (3a), ethyl-2-oxo-4-
phenylbutyrate (4a), 1-boc-3-piperidone (5a), and ethyl 4-chloro-
acetoacetate (6a).

Using gas- or liquid-chromatography coupled to mass
spectrometry analysis (GC-MS or LC-MS, respectively), we
analyzed the biotransformation with respect to activity,
enantiopreference and enantioselectivity (Figure 2 and Table S4).
The absolute configuration of the product alcohols was assigned
through a comparison of their retention times with those of
commercial product standards in the chiral LC- or GC- methods.
With the single exception of product (R)-tetralol (2b), the KRED
library was shown to harbor active and selective enzymes for the
enantiopure synthesis of all investigated alcohols. Remarkably,
the synthesis of all desired chiral alcohols was also feasible solely
by the action of the 29 novel KREDs, highlighting the broad
synthetic potential of these previously undescribed biocatalysts.
Notably, the alcohol products of the three ketones 4a-6a
represent pharmaceutical relevant synthons.#™ The KRED-
catalyzed asymmetric reduction of the a-ketoester 4a to (R)-ethyl
2-hydroxy-4-phenylbutanoate (4b), for example, is literature-
known,'®! since (R)4b is pharmaceutically relevant for
synthesizing several ACE-inhibitors.*! KREDs exhibiting this
industrially desirable enantiospecificity were also identified in our
KRED library, with KRED 23,171 30,['81 31,11 47 2% a5 well as the
novel KREDs from P. folaasii40 and 50 being able to catalyze the
selective reduction of 4a. Remarkably, the novel KRED 50
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Figure 2. Characterization of the KRED library regarding the activity towards
substrates 1a-6a in the crude-cell lysate biocatalysis reaction with 10 mM
ketone substrate, 1 mM NADH, 1 mM NADPH, 20 mM b-glucose, 0.02 mg mL"!
glucose dehydrogenase (GDH-105), and 2 mM MgCl. in 30 mM MES buffer
pH 6.6. A colour gradient shows the concentration of the formed (S)- and (R)-
alcohol products. The background of the E. coli cell lysate has been subtracted
in all cases and is additionally presented for clarity (EV). KREDs are ordered
based on their phylogenetic relationship and literature described KREDs are
underlined.
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showed the highest activity for the selective reduction of 4a to (R)-
4b within the library, expanding the biocatalytic toolbox of known
KREDs for the synthesis of this chiral reaction intermediate.

The structural motif of piperidine is present in various natural
products and biologically active molecules, including APIs.?" (S)-
N-Boc-3-hydroxylpiperidine (5b), for example, serves as the chiral
synthon for the Iymphoma treating drug ibrutinib,“! and
biocatalytic processes for the KRED-catalyzed asymmetric
reduction of this difficult-to-reduce ketonel?? 5a to (S)-5b were
reported.: 2223 |n our KRED toolbox, we identified the novel
KREDs 44 and 50 from P. tolaasii to be selective and moderately
active towards the synthesis of (S)-5b. In addition, we found that
the literature-known KREDs 30,18 31,19 36,24 37,125 38,1261 and
47?%re capable to reduce 5a. To our knowledge, however, none
of these KREDs have been reported for the selective synthesis of
(S)-5b before, with exception of KRED 38 [?%! underlining the
value of enzyme mining approaches when searching to convert
selected substrates with specific enantiopreference.

The chiral synthon ethyl (S)-4-chloro-3-hydroxybutyrate (6b) is a
key intermediate in the synthesis of atorvastatin, a cholesterol-
lowering drug.* 271 As an intermediate of high importance, several
KREDs have been reported to facilitate the enantiopure and
preparative synthesis of (S)-6b with high substrate loadings.: 2
To complement the existing KRED selection with enzymes
present in our library, we screened for the stereo-selective
conversion of 6a. In our study, several KREDs showed the
desired activity and produced (S)-6b, with KRED 25 being most
active under the screening conditions. The high activity of KRED
25 towards 6a is in-line with the initial enzyme characterization by
Nie et al.?l However, even though KRED 25 has been described
as an anti-Prelog KRED, the (S)-selectivity for the synthesis of 6b
has not been reported before, only for homolog enzymes.B% In
addition, 12 novel KREDs were found to exhibit high activity
(>50% product formation) for the conversion of 6a while
simultaneously exhibiting high enantiopreference toward the
desired S-stereoisomer forming a large pool of alternative KREDs
for this interesting biocatalytic reaction. Besides the application of
(S)-6b as chiral synthon, the (R)-enantiomer was described as a
chiral precursor for the synthesis of L-carnitine.?%® 31 When
targeting this product, the novel KRED 8 could for example serve
as an active and selective biocatalyst.

Albeit not enantioselective in the synthesis of most investigated
chiral synthons, KRED 48 from P.tolaasii showed interesting
characteristics in the preparation of (S)-1-phenylethanol: within
our library, it was the only enzyme candidate with high activity for
the selective reduction of 1a to (S)-1-phenylethanol (1b).

Bioinformatic analyses of the KRED library

With this wealth of sequence-activity information in hand, we
performed bioinformatic analyses with the goal to identify global
sequence determinants for the observed enzyme characteristics.
Albeit the sole protein sequence is not sufficient to conclude the
evolutionary relationship between the different enzymes included
in the library (spanning from bacteria, yeasts, fungi, and plant
origin), it enables the similarity clustering of the proteins. Using
this strategy, we observed that the KRED sequences clustered in
two groups (Figure 2), which roughly correlate with the recorded
activity. Whereas group 1 (Figure 2, KRED 1-29) predominantly
harbors KREDs with anti-Prelog specificity, group 2 (Figure 2,
KRED 30-51) includes Prelog specific KREDs mainly
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(classification of Prelog and anti-Prelog configuration of the
investigated alcohol products can be found in the SI).

As the sequence clustering (Figure 2) revealed a connection
between sequence similarity and activity, we follow-up by
comparing the amino acid distribution between Prelog and anti-
Prelog specific KREDs in the hope to reveal the
enantiopreference-defining sites. Due to the large sequence
space reflected in the initial KRED library, we limited our analysis
to enzymes belonging to the short-chain dehydrogenases (SDHs)
by applying the Rossmann-fold sequence motif TGxxxGxG. In
addition, we only considered enzymes showing a clear Prelog or
anti-Prelog preference leading to a selection of 25 wild type
enzymes from our library. The alignment of the selected SDR
protein sequences showed, as expected, the conserved catalytic
triad (S143, Y156, and K160, with the extended N114; Figure 3,
box Ill, KRED 5 numbering) and the NAG and PG-motif (Figure 3,
box | and IV, respectively).'> 32 Subsequently, the SDR
sequences were assigned to two subgroups of Prelog (4
sequences) and anti-Prelog KREDs (21 sequences) based on the
specificity the enzymes exhibited for the substrates measured in
this work. To increase the number of SDHs complying with
Prelog’s rule in the bioinformatic analysis, we complemented our
database with literature known Prelog-specific enzymes (Table
S3). By comparing the alignment of these two subgroups, three
residues in the substrate-binding regions were identified as
possible sequence determinants for the anti-Prelog selectivity of
the KREDs, namely residues 94, 157, and 190 (Figure 3, KRED
5 numbering). These residues lie in the two substrate-binding
pockets in the active site, which are essential to mediate the
enzymes' stereoselectivity.

The alignment highlights the conservation of the large amino acid
tyrosine in the anti-Prelog subgroup at position 190, where the
Prelog subgroup predominantly harbors small amino acids
(Figure 3, box V). The influence of position 190 regarding the
stereoselectivity was discussed before: Niefind et al. rationalized
the presence of the large tyrosine as an important structural
feature to shape the corresponding binding pocket A in the KRED
from L. brevis (identifier in this study: KRED 2). In this way, the
binding pocket allows for accommodation of small moieties of the
substrate only, accounting for the anti-Prelog specificity of the
enzyme.B¥ The same was found for the anti-Prelog KRED from L.
kefir (identifier in this study: KRED 5),['*! and a mutational study
for the acceptance of halogenated acetophenones by
Lactobacillus fermentum SDR (LfSDR) variants.®? The Prelog
specific KRED 45, on the other hand, contains the smaller serine
at the corresponding position (S192). This residue was previously
described to be an important residue for controlling the
stereoselectivity as mutation S192I affected the enantioselectivity
of the investigated reaction.?4

Complementary to position 190 in substrate-binding pocket A, Qin
et al. identified position 94 as an important structural feature in the
substrate-binding pocket B. This finding is reflected in our study,
as our sequence alignment shows the tendency of small amino
acids for anti-Prelog and large residues for Prelog specific KREDs,
shaping a large and small binding pocket, respectively. In addition,
our study revealed for the first time a conserved asparagine at
position 157, which is part of binding pocket A, and which seems
to serve as an additional sequence determinant for anti-Prelog
specificity (Figure 3, box VI).

It is of note, that the previous identification of site Il and site V
(residue 94 and 190 in KRED 5 numbering, respectively) as
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enantiopreference defining sequence motifs was carried out via
the analysis of sequence-function data for single substrate types
only. The structural study on L. brevis SDR, for example, was
carried out with acetophenone,®3 whereas the biotransformation-
based analyses were based on the conversion of substrates 3-
thiacaclopentanone and 3-oxacyclopentanone by the L. kefir
SDRI'! or on the conversion of halogenated acetophenone
derivatives as catalyzed by LfSDR variants.*? Conversely, when
the sequence of the LfSDR possessing anti-Prelog
stereopreference was compared to 1000 further homologues, the
residues at site Il and V were shown to exhibit low conservation
only. The observed diversity was attributed to the residues’
possible involvement in substrate recognition®? marking them as
less indicative for enantiopreference prediction from sequence
data.

Going one step beyond, our study included the activity data for six
diverse substrates as transformed by 25 SDR enzymes (Figure 2)
as the basis for bioinformatic analysis. Based on the differences
in the amino acid distribution between Prelog and anti-Prelog
specific enzymes, we conclude that the sites 94, 157 and 190 can
be used as reliable indicators for the prediction of
enantioselectivity. Anti-Prelog enzymes seem to prefer tyrosine
and asparagine at position 190 and 157, respectively, as well as

Prelog
0.50
02s
0.0

anti-Prelog

Probability
anti-Prelog

Prelog

>G>®

00 | ==

conservsd sites | & IV cawlyiic sites
B ] A

B Acidic [l Basic [l Hydrophobic [ll Neutral [ll Polar

a small residue at position 94 (Figure 3) independent of the nature
of the transformed substrate.

Figure 3. A) Active site pocket model for the Prelog and anti-Prelog specific
KREDs with discussed residues highlighted. B) Conservation patterns for
Prelog and anti-Prelog KREDs belonging to the SDR subfamily. Residue
numbering corresponds to KRED 5. The subgroups consist of 21 and 14 protein
sequences for anti-Prelog and Prelog specific KREDs, respectively.

Conclusion

We have successfully established a multi-factorial screening
procedure to build a KRED library of broad synthetic application.
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By analyzing literature, available genome data in addition to
screening microbial strains, we selected 51 KRED genes,
including 29 genes encoding for novel enzymes, as the basis of
our KRED library and expressed them recombinantly in E. coli.
The comprehensive substrate scope and complementing
enantiopreference of our KREDs in biotransformations of
pharmaceutically relevant ketones bode well for our enzyme
collection’s utility in future academic or industrial route scoutings.
Overall, the availability of diverse (wildtype) enzyme libraries is
essential for implementing and establishing biocatalytic
processes in the pharmaceutical industry. Through the facile and
fast screening of readily accessible biocatalysts, promising
enzyme candidates can be identified early in the process
development, enabling the synthesis of initial amounts of the
target compound.®! In addition, the identified enzyme “hits” then
may serve as starting scaffolds for protein engineering campaigns
to further optimize the biocatalyst for the specific demands of the
process.

Experimental Section
Chemicals

All reagents were purchased from Sigma Aldrich (USA), VWR (USA) or
Carl Roth (Germany) in analytical grade.

Generation and expression of the enzyme library

The codon-optimized genes were synthesized and cloned in the
expression vector by Twist Bioscience (CA, USA). The genes including a
C-terminal stop codon were cloned in the pET22b vector with the cloning
sites Ndel/BamHI or Ndel/Xhol (nucleotide sequences in the Sl). The
plasmids were transformed in E. coli BL21(DE3) and cultured overnight in
1 mL well!. LB medium supplemented with 100 ug mL-" ampicillin in deep-
well plates at 37 °C, 300 rpm (5 cm shaking diameter) in the Duetz-System
(Kiihner AG, Switzerland). For the expression, 0.9 mL well"' ZYM-5052
autoinduction medium33  (without the addition of trace-metals)
supplemented with 100 ug mL-! ampicillin was inoculated with 0.1 mL well-
' preculture in a 96-deep well plate and cultured overnight at 20 °C,
300 rpm in the Duetz-System. The culture was harvested by centrifugation
at 3,428 g, 4 °C, 20 min and the supernatant was discarded. The pellets
were stored at -20 °C for the biocatalysis reaction.

Biocatalysis reactions

The cell pellets were chemically lysed for 20 min at 20 °C, 1000 rpm
(ThermoMixer F0.5, Eppendorf, Germany) by resuspending the pellet with
100 uL well* 30 mM MES buffer pH 6.6 containing 1 mg mL"! lysozyme
(Sigma Aldrich), 0.5 mg mL"" polymyxin B-sulfate (Carl Roth, Germany),
DNase (Sigma Aldrich, USA), and 2 mM MgClz. The biocatalysis reaction
was initiated by the addition of 100 yL well"" 30 mM MES buffer pH 6.6
containing 20 mM substrate (resulting in 10 mM substrate in the
biocatalysis reaction), 2 mM NADH, 2 mM NADPH, 40 mM D-glucose,
0.04 mgmL" glucose dehydrogenase (GDH-105 with ~50 U mg™,
Codexis, USA), and 2 mM MgCl2. The plate was sealed, and the reaction
incubated overnight at 20 °C, 800 rpm (ThermoMixer, Eppendorf).

Reaction work-up and HPLC analysis for biocatalysis with substrates 1a
and 2a

The biocatalysis reaction was quenched by the addition of 800 L well"' of
62.5% methanol in ddH20 and subsequently sealed, incubated for 10 min
at 1300 rpm (ThermoMixer F0.5, Eppendorf), and centrifuged at 3,428 g,
4 °C, 20 min. The chiral HPLC analysis for the biocatalysis of substrate 1a
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was performed by injecting 4 uL of the supernatant in the Agilent 1260
HPLC system with a single quadrupole MSD (Agilent, USA) with the
Chiralpak IE-3 (150 mm x 4.6 mm, 3.0 ym; Daicel Corporation, Japan)
column at 30 °C. The mobile phases A and B were ddH20 + 5%
acetonitrile + 0.2% formic acid and acetonitrile + 0.2% formic acid,
respectively. The following method was used at a flow rate of 1.2 mL min':
10% B for 6 min, gradient from 10 to 55% B in 1 min, and gradient from 55
to 85% B in 2.5 min. 1a was detected in the DAD at 254 nm with at
8.94 min, (S)-1b was detected in the DAD at 200 nm with at 6.71 min and
(R)-1b was detected in the DAD at 200 nm at 6.43 min. The chiral HPLC
analysis for the biocatalysis of substrate 2a was performed by injecting
4 uL of the supernatant in the Agilent 1290 InfinityLab LC/MSD HPLC
system (Agilent, USA) with the Chiralpak IE-3 (150 mm x 4.6 mm, 3.0 uym;
Daicel Corporation, Japan) column at 25 °C. The mobile phases A and B
were ddH20 + 5% acetonitrile + 0.2% formic acid and acetonitrile + 0.2%
formic acid, respectively. The following method was used at a flow rate of
0.4 mL min™': gradient from 10 to 40% B for 5 min, gradient from 40 to 60%
B in 5 min, and gradient from 60 to 95% B in 7 min. 2a was detected in the
DAD at 254 nm with at 16.10 min, (S)-2b was detected in the DAD at
210 nm with at 11.28 min and (R)-2b was detected in the DAD at 210 nm
at 11.52 min.

Reaction work-up and GC analysis for biocatalysis with substrates 3a-6a

The biocatalysis reaction products were extracted by the addition of 1 mL
ethyl acetate per well and shaking at 1300 rpm, 20 °C, 10 min
(ThermoMixer, Eppendorf). For the subsequent GC-analysis, the plate
was centrifuged at 3,428 g, 4 °C, 20 min and 350 uL well"! of the organic
phase were transferred in a GC glass vial with inlet. The chiral GC analysis
for the extracted biocatalysis reactions of substrates 3a-6a were
performed by injecting 1 pL in the Agilent GC-MS system equipped with
the chiral MEGA-DEX ASX 2-92 (0.25 mm x 0.25 micron x 30 m) column
(MEGA S.r.l, ltaly). For all biocatalysis reactions, the flow-rate was set to
1.5 mL min"! (helium), the injector to 250 °C, the FID to 300 °C, and the
MSD to 250 °C. For the analysis of the biocatalysis reactions with
compounds 3a and 6a, the oven was set to 55 °C and a ramp with a rate
of 1.5 °C min™! to 200 °C was applied, followed by a ramp with a rate of
40 °C min™" to 200 °C, which was on hold time for 3 min. The method was
terminated 10 min after the retention of the last compound. The following
retention times were detected: 3a at 45.90 min, (S)-3b at 52.51 min, (R)-
3b at 53.04 min, 6a at48.48 min, (S)-6b at 45.03 min, (R)-6b at 44.83 min.
For the analysis of the biocatalysis reactions with compound 4a, the oven
was set to 120 °C for 1 min and a ramp with a rate of 2 °C min'' to 169 °C
was applied and a subsequent ramp of 40 °C min-" to 200 °C which was
on hold time for 3 min. The retention times were: 4a at 22.37 min, (S)-4b
at 24.56 min, and (R)-4b at 24.10 min. For the analysis of the biocatalysis
reactions with compound 5a, the oven was set to 120 °C for 1 min and a
ramp with a rate of 2 °C min-' to 138 °C was applied, followed by a ramp
of 0.5 °C min"' to 145 °C, and a subsequent ramp of 40 °C min-' to 200 °C
which was on hold time for 3 min. The retention times were: 5a at 18.48
min, (S)-5b at 23.29 min, and (R)-5b at 23.06 min.

Bioinformatics analysis of the KRED library

The selected subset of SDR sequences were aligned using MAFFT
v7.450.81 To achieve a high accuracy of the multiple sequence alignment
the settings were set to --maxiterate 1000 --localpair. To create an
approximate maximum-likelihood phylogenetic tree Fasttree 2.1.10 was
used using the default options.[¥”l The generated phylogenetic tree was
depicted with Dendroscope 3.138]
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The availability of ready-to-screen enzyme libraries enables the identification of suitable biocatalysts early in process design and
accelerates the implementation of biocatalytic steps in industry. Here, we present a panel of 51 ketoreductases and showcase its
ability to synthesize valuable building blocks. The identified protein sequence pattern linked to the enzymes’ enantioselectivities is

expected to guide future enzyme sourcing campaigns.
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