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N-substituted f-amino esters as an important class of chiral amines, are widely used as building blocks in
pharmaceuticals. A novel imine reductase SVIRED was identified through gene mining from Streptomyces vir-
idochromogenes with high enantioselectivity of > 99 % ee (1R, 2S), 95 % de (cis:trans), towards 2-oxocyclohexane-
1-carboxylate and cyclopropylamine. SVIRED exhibited the highest activity at pH 7.0 and 40 °C. A variety of
amine donors could be used by SVIRED and produce chiral N-substituted p-amino esters with different enan-
tioselectivity. Employing methylamine (i) and pyrrolidine (n) as amine donors, SVIRED exhibited reversed
enantioselectivity of 23 % ee (1S, 2R) and 79 % ee (1S, 2R) respectively. Through alanine scanning, M183 and
H244 were identified with remarkable roles in governing enantioselectivity towards i and n. Compared with WT
SVIRED, the enantioselectivity of M183A was inverted to ee value of >99 % (1R, 25) and de value of >99 % (cis:
trans) towards i, and the enantioselectivity of H244A was inverted to ee value of 88 % (1R, 2S) and de value of
>99 % (cis:trans) towards n. Interaction analysis indicated the orientation of ester group was vital for manip-
ulation of enantioselectivity. This study provides novel Imine reductase mutants for enantioselective synthesis of
N-substituted f-amino esters with different amine donors.

1. Introduction [1]. Primary amines can be achieved by o-transaminase [10,11], amino
acid lyase [12] and amine dehydrogenase [13,14], Recently, consider-
able progress has been made in amino acid/amine dehydrogenases

which utilize ammonia as amine donors and had been evaluated at

Chiral amines are a kind of important chiral synthons and resolution
reagents, which are widely used in the synthesis of natural products,

pharmaceutical, pesticides, perfumes and other fine chemicals [1-4].
Conventionally, chiral amines could be synthesized by enamine reduc-
tion, amide reduction, imide reduction and asymmetric transfer hy-
drogenation [5]. However, small organic molecules (chiral
diene-borane, chiral phosphoric acid, etc.) or transitional metals
(palladium, rhodium, titanium, cobalt, etc.) are usually required as
catalysts [6,7], which are unfavorable for industrial application due to
harsh reaction conditions, long reaction time, expensive catalysts,
environmentally unfriendliness and low optical purity of products.
Hence, development of efficient and sustainable synthetic approaches
draws increasingly attentions in recent years [8,9].

Biocatalysts have made dramatic advances in the synthesis of opti-
cally active fine chemicals especially in the construction of C—N bonds
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preparative scale [15]. However, their application scope was limited to
the synthesis of primary amines, while the reductive amination of ke-
tones with alkyl amines as amine donors remains a challenge [16].
Advances of imine reductases (IREDs) are conducive to the enantiose-
lectively reductive amination of ketones with secondary amines.
Compared with other C—N constructing enzymes, IREDs are more ad-
vantageous in the synthesis of a variety of primary, secondary, and even
tertiary amine products for the preparation of various APIs and scaffolds
[17-20]. Particularly, the newly discovered reductive aminase
(RedAms) [21], a subclass of IREDs, can not only catalyze the reduction
of imines, but also catalyze the formation of imine intermediates be-
tween prochiral ketones or aldehydes and amines, and the subsequent
asymmetric reduction into chiral amine with high enantioselective and
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100 % theoretical conversion, in addition to high atomic economy and
low environmental factor [1].

Since the first discovery in 2017, RedAms have gradually been
applied in the synthesis of various drugs or drug intermediates such as N-
substituted-o/p/8-amino esters and y-lactam [17,22]. The chiral inter-
mediate of Resagiline can be achieved by Q240A of AspRedAm with
turnover number of 32,000 and space-time yield of 3.73 gL1.d”l. A
variety of amine donors can be utilized to catalyze the asymmetric
reductive amination of a series of prochiral ketones, and the conversion
ratios can surpass 90 % even at molar ratio of 1:1 between ketone and
amine donor [21]. A panel of IREDs for the synthesis of azacycloalkyl-
amines by Gao et al. and metagenomic library by Turner et al. were
established [23,17], which demonstrated that IREDs are capable of
synthesizing diverse target blocks and scaffolds, further highlighting the
huge potential application of IREDs. Moreover, IREDs have been applied
in the industrially biocatalytic synthesis of chiral amines. Pfizer reported
that SpRedAms catalyzed the direct reductive amination of ketones with
methylamine, and successfully implemented in the commercial prepa-
ration of JAK1 inhibitor Abcittinib intermediate employing evolved
mutant SpRedAm-R3-V6 [16], with a significantly increased space-time
yield of 60 gL'dl. In addition, GSK achieved commercial
manufacturing of LSD1 inhibitor GSK2879552 through reductive ami-
nation of ketones and amines [24]. Furthermore, different amine donors
can also be used in constructing different C—N bonds to enrich the
building blocks of pharmaceuticals. In recent years, many researchers
have been increasingly interested in expanding the scope of amine do-
nors involved in the reductive amination process, from small and simple
amines to bulky and challenging amines [25-27]. Zheng et al. had
successfully engineered the amine donors’ scope of Pc-IRED [28].
Employing Pc-IRED-M3, cinacalcet was successfully prepared with high
enantioselectivity of >99 % (R) and yield of 84.7 %. Although different
amine donors have been well implemented in the reductive amination
reactions, the underlying molecular mechanism of amine donors influ-
encing enantioselectivity remains to be clarified.

In this study, cyclic p-ketoesters, ethyl 2-oxocyclohexane-1-carbox-
ylate, was selected as a model amine receptor, which could be asym-
metrically reduced into N-substituted $-amino esters. Optically active N-
substituted f-amino esters are important chiral building blocks for many
antifungal drugs and active pharmaceutical ingredients [29-30]. Cyclic
p-ketoesters can be spontaneously racemized and used to develop dy-
namic kinetic reductive amination (DKRA) reactions featuring 100 %
theoretical yield [31]. However, only a few enzymes had been reported
with desired selectivity and activity towards cyclic f-ketoesters. pIR361
was identified from the metagenomic IRED library and exhibited ee
value of >99 % (1R, 2S), while the de value was only 62 % (cis:trans),
which was unfavorable for the application in the synthesis of
N-substituted f-amino esters [17].

Herein, a novel IRED was identified from Streptomyces vir-
idochromogenes by gene mining and designated as SVIRED. SvIRED dis-
played high enantioselectivity and diastereoselectivity with >99 % ee
(1R, 2S) and 98 % de (cis:trans) in the synthesis of cyclic N-substituted
p-amino ester with cyclopropylamine as amine donor. Various amine
donors could be accepted by SVIRED for constructing of diverse chiral
C—N units through dynamic kinetic reductive amination of ethyl 2-oxo-
cyclohexane-1-carboxylate. Influence of different amine donors on cat-
alytic activity and stereoselectivity were explored through alanine
scanning and saturation mutagenesis. Interaction analysis was per-
formed to elucidate the underlying molecular mechanism on enantio-
selectivity regulation by amine donors. This study provides a novel and
highly selective biocatalysts for the enantioselective and sustainable
synthesis of chiral cyclic N-substituted f-amino esters, and provides
useful guidance for engineering the amine donors’ scope of homologous
IREDs.
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2. Material and method
2.1. Materials

The substrate ethyl 2-oxocyclohexane-1-carboxylate and all the
amine donors used in this study were purchased from Sigma-Aldrich
(Stockholm, Sweden), Aladdin (Beijing, China) or Macklin (Shanghai,
China). Cofactors NADP'/NADPH were purchased from Bontac Bioen-
gineering Co. Itd (Shenzhen, China). All the PCR reagents and enzymes
were purchased from TaKaRa Biotechnology Co. (Dalian, China),
Primers for site-directed mutagenesis were synthesized by Talen-bio
Biological Technology Co. (Shanghai, China). Expression vector
pET28a and recombinant strain E. coli BL21(DE3) were previously
constructed and stored in our lab. Glucose dehydrogenase (BmGDH)
derived from Bacillus megatherium were stored in our lab for cofactor
regeneration.

2.2. Heterogenous expression of Imine reductase

Recombinant plasmids harboring genes coding for IREDs were
chemically transformed into competent cells of E. coli BL21(DE3), fol-
lowed by spread on LB plate supplemented with 50 pg-mL™ kanamycin
and cultivated at 37 °C for 12 h. Subsequently, the positive single col-
onies were picked up from the plate and transferred into a flask with 40
mL LB liquid medium containing 50 pg-mL™! kanamycin and cultivated
at 37 °C and 120 rpm for 6-8 h as the seed. Furthermore, the culture was
inoculated at dosage of 1 %o (v/v) into a flask with 80 mL fresh LB liquid
medium containing 50 pg-mL™ kanamycin and further cultivated at 37
°C and 120 rpm. until the ODg(g reached 0.6-0.8. Then, isopropyl -p-1-
thiogalactopyranoside (IPTG) was added to the final concentration of
0.2 mM for inducing the expression of IREDs at 16 °C and 180 rpm for 16
h. Cells were harvested by centrifuge at 4 °C at 8000 rpm for 5 min and
suspended in 10 mL sodium phosphate buffer (pH 7.0, 0.1 M), and
subsequently lysed by ultrasonication (250 W, work 2 s, intermittent 3 s
for 15 min) in ice-water bath. After centrifuge at 8000 rpm at 4 °C for 30
min, the supernatant was obtained as the crude enzyme solution of re-
combinant IREDs. Crude enzyme solution was further lyophilized to
obtain the dry powder of enzyme and stored at 4 °C for further analysis.

2.3. General method for activity assay

Activity of IREDs was spectrophotometrically determined by moni-
toring the absorbance changes of NADPH at OD34¢. The general activity
assay was conducted in a 200-pL reaction mixture constituted of 10 pL 3-
phenylpropanal (5 mM), 10 pL propargyl (10 mM), 10 pL. NADPH (1
mM), 10 pL enzyme solution pre-diluted to appropriate concentration,
and 160 pL PBS buffer (pH 7.0, 100 mM). Reaction was maintained at 30
°C, and the ODs40 was monitored for 3 min. One unit (U) of enzyme
activity was defined as the amount of enzyme required for the reduction
of 1 pmol NADPH. The concentration of enzyme was determined by
Bradford method using bovine serum albumin as the standard protein.

2.4. Purification of SVIRED and GDH

Cells were resuspended in 15 mL binding solution buffer A (20 mM
imidazole, 500 mM NacCl, 25 mM Tris-HCl, 10 % glycerol, pH 7.4) per
one gram of recombinant cells, and disrupted by high pressure homog-
enizer for 3 times under the condition of 0 °C and 800 bar. Then, lysate
was centrifuged at 4 °C and 8000 rpm for 30 min to remove the cell
debris. The supernatant was used as the crude enzyme solution for pu-
rification. Enzyme solution was filtrated through a 0.22 pm filter, and
loaded on a 1.5 mL Ni-NTA Sefinose column (Sangon Biotech Co., Ltd.).
The crude enzyme was gradient eluted with different concentrations of
imidazole ranging from 10 mM to 500 mM. All the elution fractions were
collected and analyzed by SDS-PAGE. The corresponding bands with
high purity of SVIRED and GDH were desalted and concentrated.
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Concentrations of purified SYIRED and GDH were measured by Nano-
drop 2000c (Thermo Electron Co., Ltd.), and then quickly frozen in
liquid N5 and stored at —-80 °C for enzyme characterization.

2.5. Engyme characterization of purified SVIRED

Influence of pH on the activity of purified SVIRED was investigated in
different buffers using the general activity assay method at 30 °C,
including sodium citrate buffer (pH 4.0-6.0, 100 mM), sodium phos-
phate buffer (pH 6.0-8.0, 100 mM), Tris—HCl buffer (pH 8.0-9.0, 100
mM). The highest activity was defined as 100 %. All activity assays were
performed for at least three times.

Effect of temperature on the activity of purified SVIRED was evalu-
ated at different temperatures ranging from 20 °C to 50 °C in PBS buffer
(pH 7.0, 100 mM) employing the general activity assay method. The
highest activity was regarded as 100 %. The purified SVIRED was incu-
bated at 30 °C, 40 °C, 50 °C and the residual activities were monitored
over time to calculate its thermostability. The initial activity was defined
as 100 %. All activity assays were conducted in triplicate.

Effect of metal ions including Na™, Zn2+, C02+, Cu2+, Ni2+, Fe3+,
AIP* Fe?*, Mn?*, Ca?* and EDTA on the activity of purified SYIRED was
explored. Tris-HCI buffer (pH 7.0, 20 mM) instead of PBS was adopted
to eliminate the interference of Na'. Metal ions with a final concen-
tration of 1 mM were incubated with an appropriate concentration of
purified SVIRED at 30 °C for 1 h to determine the residual activity
employing the general method for activity assay. Control experimental
was carried out by incubation equal volume of deionized water, and its
activity was defined as 100 %. All assays were conducted for at least
three times

2.6. Site-directed mutagenesis of SVIRED

Site-directed mutagenesis was performed using recombinant plasmid
containing SVIRED gene as template with a 20 pL PCR reaction system
(Table S1) and three-step PCR amplification procedure (Table S2). The
PCR products were digested by Dpnl (Takara, Shanghai) and trans-
formed into E. coli. BL21 (DE3) cells. The mutation sequences were
verified by DNA sequencing. The positive single colony was transferred,
and expression of SVIRED mutant genes was induced via IPTG at a final
concentration of 0.2 mM. The crude enzyme solution of SYIRED mutants
were prepared as above mentioned, and the conversion ratio and
selectivity of SVIRED mutants were detected by GC analysis. The primers
used in this work are shown in Table S3.

2.7. General procedure for the preparation of standards by chemical
reductive amination

General preparation process: In a 50 mL conical flask with 10 mL 1,2-
dichloroethane as the reaction solvent, 2 mM ethyl 2-oxocyclohexane-1-
carboxylate (1), 2 mM amine donor, 3 mM NaBH (OAc)3 were added,
respectively. Finally, an appropriate amount of trifluoroacetic acid was
added to increase the reaction rate. The reaction mixture was stirred
overnight at 16 °C. Then the reaction was quenched by adding 1.0 M
aqueous NapCO3 and extracted with ethyl acetate. The organic phase
was dried over anhydrous NaySO4, and organic solvent was removed
under reduced pressure to afford the desired product. The corresponding
hydrochloride was obtained by addition of 2.0 M HCI in diethyl ether
and drying under vacuum.

2.8. Determination of conversion ratio, diastereoselectivity and
enantioselectivity

A typical 500-pL reaction mixture contained 10 mM ethyl 2-oxocy-
clohexane-1-carboxylate (1), 20 mM amine donor, 4 mg-mL_1 purified
SVIRED, 6 U-mL ™! glucose dehydrogenase (GDH), 0.5 mM NADP*, 50
mM glucose, 5 % (v/v) ethanol in sodium phosphate buffer (100 mM, pH
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7.0). The reaction mixture was incubated at 30 °C with shaking at 180
rpm for 12 h and quenched by the addition of 100 pL of 1.0 M sodium
carbonate and extracted with 500 pL methyl tert-butyl ether. The
organic phase was dried over anhydrous Na;SO4 and monitored by GC
equipped with CP-ChiraSil-DeX CB column to determine the conversion
ratio and enantioselectivity. Chiral GC analysis: injector temperature:
280 °C, detector temperature: 280 °C, column temperature program:
holding at 80 °C for 2 min, increase to 150 °C at increment of 5 °C/min
and holding at 150 °C for 2 min, further increase 180 °C at increment of
10 °C/min and holding at 180 °C for 10 min. Retention times of (1R, 2S),
(1S, 2R), (1S, 2S), and (1R, 2R) were 16.1, 16.3, 16.5, and 16.8 min
respectively. Diastereoselectivity (diastereomeric excess, de) and enan-
tioselectivity (enantiomeric excess, ee) values were determined ac-
cording to the following equations.

cis — trans
=—x 1 1
de (%) cis + trans 00 M
1R,2S) — (1S,2R
ee (%) = (1R,25) = (15,2R) x 100 ()]

(1R,25) + (15, 2R)

2.9. Determination of kinetic parameters

Kinetic parameters of wild type and variant D246A were determined
by measuring initial rates of consumption of substrate 1 by GC. Reaction
mixture contained 0.5-20 mM of ethyl 2-oxocyclohexane-1-carboxylate
(1), 20 mM cyclopropylamine (a) or methyl amine (i), 6 UmL! glucose
dehydrogenase (GDH), 0.5 mM NADP", 50 mM glucose, 5 % (v/v)
ethanol and purified enzyme in a total volume of 500 pL in sodium
phosphate buffer (100 mM, pH 7.0). Kinetic parameters were deter-
mined through non-linear regression based on Michaelis-Menten ki-
netics using OriginPro2022 software.

2.10. Molecular docking and interaction analysis

Structure model of SVIRED was built by AlphaFold 2 and verified by
SAVES. Cofactor NADPH and substrate were docked into the active
center of SVIRED using the CDOCKER module of Discovery studio 4.5.
Residues D176, T99, and W184 were defined as the combined pocket
cavity. Interaction analysis was implemented using Discovery studio,
and analysis result was visualized employing Pymol.

2.11. Preparative scale reductive amination

For preparative scale reductive amination, a typical 20 mL reaction
mixture contained 50 mM ethyl 2-oxocyclohexane-1-carboxylate, 100
mM amine donors (a, i, or, n), cell-free extracts of IREDs (200 mg), 15
U-mL™! glucose dehydrogenase (GDH), 0.5 mM NADP", 150 mM
glucose, 5 % (v/v) DMSO. The reaction volume was made up to 20 mL
with sodium phosphate buffer (100 mM, pH 7.0). 2 M NaOH was titrated
into the reaction mixture to maintain the pH at 7.0 during reaction. Then
the reaction was quenched by adding 2.12 g Na;COg and extracted with
equal volume ethyl acetate for three times. The organic phase was
combined and dried over anhydrous Na;SOj4, and organic solvent was
removed under reduced pressure to afford the desired product. The
corresponding hydrochloride form of products was obtained by addition
of 2.0 M HCI in diethyl ether and drying under vacuum. Appropriate
amount of product was dissolved in methanol-d4 for NMR verification.

3. Results and discussion

3.1. Identification of IREDs for reductive amination of ethyl 2-oxocyclo-
hexane-1-carboxylate with cyclopropylamine

Chemical synthetic methods for cyclic N-substituted f-amino ester
mainly use (S)-phenethylamine as chiral auxiliary reagents, with the
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highest selectivity of 84 % de under the optimal conditions [32]. Hence,
tedious recrystallization was required to obtain optically pure enantio-
mers. Recombinant IRED pIR361 was reported with activity in the
synthesis of cyclic N-substituted f-amino ester by dynamic kinetic res-
olution of ethyl 2-oxocyclohexane-1-carboxylate with cyclopropylamine
with ee value of 99 % (1R, 2S) while de value of merely 62 % (cis:trans).
To the best of our knowledge, this is the only enzyme reported with
activity towards ethyl 2-oxocyclohexane-1-carboxylate. To obtain a
novel IRED with high stereoselectivity for preparation of cyclic
N-substituted f-amino esters, a total of six putative IREDs with 30-80 %
identity in sequence with pIR361 were selected from NCBI database for
heterogeneously expressed in E. coli BL21(DE3), and were evaluated in
the reductive amination of ethyl 2-oxocyclohexane-1-carboxylate and
cyclopropylamine.

All the six recombinant IREDs was successfully expressed in E. coli
BL21(DE3) according to the SDS-PAGE analysis (Fig. S1), and they were
subsequently evaluated in the reductive amination of ethyl 2-oxocyclo-
hexane-1-carboxylate (Table 1). Conversion analysis revealed that all
IREDs could catalyze the reductive amination of ethyl 2-oxocyclohex-
ane-1-carboxylate with cyclopropylamine as amine donor, however,
with different catalytic activity, enantioselectivity and diaster-
eoselectivity. SVIRED from Streptomyces viridochromogenes exhibited the
highest conversion ratio of >99 %, and relatively high stereoselectivity
of 95 % de (cis:trans) and >99 % ee (1R, 2S). Although AdIRED from
Ajellomyces dermatitidis displayed the high ee value of >99 % (1R, 25), its
catalytic activity was extremely low with merely 3 % conversion under
same reaction conditions. Moreover, the diastereoselectivity of AdIRED
was also low with de value of 56 % (trans:cis). SCIRED from Streptomyces
cyaneofuscatus and McRA from Micromonospora chinaurantiaca displayed
inverted enantioselectivity compared with pIR361 (Table 1). Consid-
ering the highest activity and selectivity of SVIRED, it was selected for
further characterization and study.

3.2. Enzyme characterization of SYIRED

Recombinant SVIRED was purified using nickel-affinity chromatog-
raphy. SDS-PAGE analysis showed that SVIRED was purified to electro-
phoretic purity. And the purified bands migrated at around 30 kDa,
which was matched with its theoretical molecular weight (Fig. S2).
Specific activity of purified SYIRED was 0.94 Usmg™! using 3-phenylpro-
panal and propargyl as substrates, higher than 0.14 Uemg™ of crude
enzyme, indicating a purification-fold of 6.7.

Subsequently, effects of pH and temperature on the catalytic activity
of purified SVIRED were explored. Characterization of pH- and
temperature-profiles was conducive to the optimization of biocatalytic
reaction. Various buffers with different pH values were selected to test
the relative activity of SVIRED. As shown in the Fig. 1A, the optimal pH

Table 1
Result of conversion and enantioselectivity toward ethyl 2-oxocyclohexane-1-
carboxylate (1) and cyclopropylamine (a).

Enzyme Microorganism Identity Conv. de (cis: ee (1R,
(%) (%) trans) 25) (%)
(%)

pIR361 Streptomyces bluensis 100 >99 62 >99

AdIRED Ajellomyces 33.8 3+1 -56 >99
dermatitidis

MyIRED  Myxococcus sp. 33.9 6242 80 57
AM401

SVIRED Streptomyces 73.3 >99 95 >99
viridochromogenes

CfIRED Cystobacter 33.4 18+1 43 50
ferrugineus

ScIRED Streptomyces 49.8 48+1 >99 -99
cyaneofuscatus

MCcIRED Micromonospora 41.3 36+1 44 -33
chinaurantiaca
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of SVIRED was 7.0, with the highest activity of 0.94 Uesmg . The rela-
tive activity at pH 6.0 and pH 8.0 was 69.3 % and 50.0 % of highest
activity, respectively. When the pH was lower than 6.0 or higher than
8.0, the catalytic activity decreased significantly. As illustrated in
Fig. 1B, the relative activity of SVIRED at temperature ranging from 20
°Cto 55 °C were also detected. The activity increased gradually between
20 °C and 40 °C, and the highest catalytic activity was monitored at 40
°C, with specific activity of 1.65 Uemg . Further increasing the tem-
perature to 50 °C, the activity of SYIRED decreased rapidly, which was
just 50 % of the highest activity at 40 °C.

Thermostability of SYIRED was investigated at 30 °C, 40 °C, and 50
°C. The half-life of SVIRED at 30 °C was calculated to be 38.5 h (Fig. 1C),
while its half-lives at 40 °C and 50 °C were 2.0 h and 2.3 min. respec-
tively. All above indicated SVIRED is a mesophilic enzyme with higher
stability at 30 °C than 40 °C and 50 °C. As far as we know, thermosta-
bility of homologous IREDs has not been reported. Directed evolution of
its thermostability and identification of thermostable IREDs is of special
interests and ongoing in our lab. Above all, investigation on the pH and
thermostability of SVIRED guided us to carry out the subsequent
reductive amination reactions under the optimal condition of PBS 7.0
and 30 °C.

Influence of metal ions on the activity of SVIRED was explored by
incubating purified SVIRED with diverse metal ions and EDTA. As shown
in Fig. 1D, metal ions including Zn%*, Co?*, cu?®', Ni%*, Fe?*' has
obvious adverse effect on the activities of SVIRED, with the relativity
activities of 50.0 %, 81.2 %, 39.0 %,73.8 % respectively. While the
relative activities of SVIRED were increased to 121 % and 110 % under
assistance of Mn?* and Ca?". Moreover, addition of EDTA resulted in a
slightly decreased relativity activity to 92.8 %. All above indicated that
although the activity of SVIRED is not highly dependent on metal ions
while Mn?" is favorable for the activity of SYIRED through stabilization
of its spatial conformation.

Kinetic parameters of WT toward ethyl 2-oxocyclohexane-1-carbox-
ylate (1) and different amine donors including cyclopropylamine (a) and
methyl amine (i) (Table S4). The Ky and kcyt values of WT toward
cyclopropylamine (a) were 5.49 mM and 0.78 min~}, resulting in keat/
Ky value of 140 min '-ML. With regard to methyl amine (i) as amine
donor, the Ky and k¢ values of WT were 12.22 mM and 0.002 min‘l,
with kea/Ky value calculated to be 6.4 min -M™. The higher keat/Km
value toward cyclopropylamine (a) than methyl amine (i) indicated
cyclopropylamine is more favorable for donating amine group toward
ethyl 2-oxocyclohexane-1-carboxylate (1).

3.3. Dynamic kinetic reductive amination of ethyl 2-oxocyclohexane-1-
carboxylate (1) towards different amine donors

To explore preference of SVIRED towards amine donors, different
amine donors (a-n) with diverse substituents including primary amines
with small hindrance and secondary amines even large hindrance pri-
mary amines were selected to explore the influence of amine donors in
the dynamic kinetic reductive amination (DKRA). As shown Table 2,
amine donors displayed significant influence not only on conversion
ratios, but also on enantioselectivity of SVIRED catalyzed DKRA
reactions.

According to the proposed catalytic mechanism of AtRedAm [33],
the nitrogen atom of amines may interact with N93, and the allyl group
of amines is bound in the pockets formed by the side chains of L96 and
1123. Moreover, 7n-system interactions were found between the main
amido-carbonyl and amine groups of these residues. Both hydrogen
bonding interaction between n-system and backbone residues are crit-
ical [34,35]. These sites were found to be conserved residues of IREDs
from multiple sequence alignment (Fig. $3). Hence, small amine donors
with z-characteristics such as cyclopropylamine (a), propargyl (b), and
allylamine (c) are easy to be accepted, and SVIRED also showed con-
version ratios of >99 %, 98 %, and 92 %, respectively. While iso-
propylamine (h) are hard to be acceptable by SVYIRED with conversion
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Table 2
Influence of amine donors on the DKRA reactions of SVIRED.

o™ + ReNH SYIRED o™
R 2 GDH/NADP'/glucose

Sodium phosphate
1 a-n (100 mM, pH 7.0) 1a-1n

>N, MMz UNHy A~ NHp (2 NHp CIs A~ NH,
a b c d e f

HO._~_NH,
9

I NH, N R O
NH, “NH, SN, ©/\/ /@/\/ N_
HO

h i i k I m n
Amine donor® Conv. (%) decis:trans) (%) ee (%) Amine donor Conv. (%) decis:trans) (%) ee (%)
a >99 95 >99(1R25) h 3+1 >99 >99(1R-29)
b 98+1 >99 79(1R.25) i 85+1 >99 2315:2R)
c 92+1 81 710R29) j 48+1 >99 78(1R:29)
d 82+1 92 84(1R.25) k nd. nd. nd.
e 4242 61 49(1R.25) 1 n d nd. nd
f 1741 >99 >99U1R:25) m n d n d. n d
g nd’ nd. n. d. n 19+11 >99 79(15:2R)

Reaction conditions: A total of 500 L reaction mixture containing 10 mM 1, 20 mM different amine donor, 4 mg-mL ™ purified SVIRED, 6 U-mL"! purified GDH, 0.5 mM
NADP™", 50 mM glucose, 5 % (v/v) ethanol in PBS buffer (100 mM, pH 7.0) was shaken at 200 rpm and 30 °C for 12 h. Conversion ratios, de and ee values were

determined by chiral GC.
2 : Two equivalents of amine donors were used.
b n. d.: no activity was determined.

ratio of merely 3 %, which is consistent with our experimental results.
Besides, it was likely that the amines (k, 1) with large hindrance
encountered greater barriers to entry into the active center to form imine
intermediates, resulting in the loss of catalytic activity. Interestingly, it
was found that the catalytic activity of SVIRED was significantly

decreased or even deactivated when electron-withdrawing groups such
as -Cl/-OH groups were added to propylamine. However, excellent
diastereoselectivity and enantioselectivity with >99 % de and >99 % ee
were detected toward 3-chloropropan-1-amine (f) despite the low con-
version ratio of 17 %. Only cis-products were produced with amine
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donors of b, f, h-j, and n. More importantly, the enantioselectivity was
inverted from (1R, 2S) to (1S, 2R) towards smaller amines including
methyl amine (i) and pyrrolidine (n), with ee values of 23 % (1S, 2R) and
79 % (1S, 2R), respectively. The discovery of amine donors influencing
the diastereoselectivity and enantioselectivity on SVIRED is of interest to
elucidate the catalytic mechanism of Imine reductase.

3.4. Site-directed mutagenesis of the residues in substrate binding pocket
of SVIRED

To gain deep insight into factors contributing to switch of stereo-
selectivity by amine donor i and n, the structure model of SVIRED was
predicted using AlphaFold2. Substrate (corresponding imine forms of
different amine donors) and NADPH were docked into the active center
of SYIRED. Based on the molecular docking analysis, the ester chain of
substrate exhibited opposite orientations (Fig. 2), which could poten-
tially account for the reversal stereoselectivity. Furthermore, the dis-
tances between the prochiral C atom of the carbonyl group of substrate
and C4 atom of NADPH was 4.2 A with the cyclopropylamine(a) which
was longer than 4.1 A and 4.0 A with i and n respectively (Fig. 2). It
further provided evidence for the influence of conversion ratios by
different amine donors, which was mainly attributed to the structural
characteristic of amine donors.

In order to understand the mechanism of selectivity toward different
amine donors of SVIRED, residues lining the substrate binding pocket in
6 A of SVIRED were selected for site-directed mutagenesis. As illustrated
in Fig. 3A, residues including D246, M125, M19, L179, L180, 1127,
V137, M183, P128, 1124, 1218, M214, V217, H244, D238, and V243
were submitted for alanine scanning. Subsequently, the conversion ra-
tios and selectivity of the mutants towards cyclopropylamine (a),
methylamine (i) and pyrrolidine (n) were monitored. As shown in
Table 3, all the mutants retained reductive amination activity towards a
(13.1-203.3 %), i (11.6-110.0 %), and n (9.7-442.1 %). Especially, the
relative activities of D246A were significantly increased to 203.3 %,
110.0 %, and 442.1 %, ranking the most efficient enzymes. For cyclo-
propylamine (a), the relative activities of M19A, M125A, D246A,
L179A, and I124A were higher than WT, while for methylamine (i), the
relative activities of D246A and I1124A were higher than WT. With re-
gard to pyrrolidine (n), M19A, M125A, D246A, 1124A, P128A, M183A,
1218A, H244A, and D238A were more efficient than WT. All above
proved that the amine donors’ scope of SVIRED could be manipulated.

Furthermore, the influence of mutants on the diastereoselectivity
and enantioselectivity of SVIRED toward different amine donors were
analyzed as shown in Fig. 3. For cyclopropylamine (a), there is no sig-
nificant influence on the selectivity of mutants. (Fig. 3B). Mutant L180A
displayed excellent selectivity with ee value of >99.9 % (1R, 2S) and de
value of >99.9 % (cis:trans). While mutants M19A, M125A, D246A and
L179A retained similar ee value of >99 % as WT. No selective inversion
was observed when a was used as amine donor, while mutants H244A,
D238A, V243A displayed significantly decreased stereoselectivity with
ee values of 53.4 %, 48.7 %, 45.7 % respectively, suggesting these res-
idues may play a key role in the regulation of enantioselectivity. In the

A) (B)

o

“ £ NADPH

&
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’)éi
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asymmetric reductive amination with i, mutants showed drastically
different enantioselectivity, besides de values of >99.9 % (cis:trans)
(Fig. 3C). Compared with WT, only mutant M214A showed increased
enantioselectivity with ee values of 34.3 % (1S, 2R). Mutants M125A,
D246A, 1218A, D238A, 1127A, P128A, H244A, V243A, L180A, and
M183A exhibited reversed enantioselectivity. Most importantly, mutant
M183A showed a remarkable changed enantioselectivity, with ee value
switched from 23 % (1S, 2R) to >99.9 % (1R, 2S), demonstrating the
pivotal role of M183 in manipulating the enantioselectivity of i.
regarding to amine donor n, only mutants M19A, M125A, and 1218A
exhibited increased enantioselectivity with ee value of 93.9 % (1S, 2R),
86.1 % (1S, 2R), and 82.1 % (1S, 2R) respectively (Fig. 3D). Interest-
ingly, enantioselectivity of V217A, L180A, V243A, and H244A were
inverted into (1R, 2S) from (1S, 2R). H244A displayed the highest (1R,
25)-selectivity of 88.4 % ee. All above proved that the enantioselectivity
and diastereoselectivity of SVIRED toward different amine donors could
be facilely manipulated.

Preparative scale reactions were performed to demonstrate the
utility of L180A, M183A and H244A with high selectivity towards
cyclopropylamine (a), methylamine (i) and pyrrolidine (n) in the syn-
thesis of N-substituted p-amino esters. Ethyl 2-oxocyclohexane-1-
carboxylate with cyclopropylamine (a) could be completely reductive
aminated with isolation yields of 92.1 %, 86.5 % and 70.3 % within 48 h
by L180A, M183A and H244A respectively (Table S5). All isolated
products were verified by 'H NMR and '3C NMR as shown in Figs. $9-
S14.

3.5. Interaction analysis of SYIRED and mutants towards methylamine (i)
and pyrrolidine (n)

Mutation of residues surrounding substrate into alanine could facil-
itate the formation of beneficial substrate cavity, promoting the ac-
commodation of substrate in a favorable conformation and produce
product with desired configuration. Good performance of M183A and
H244A encouraged us to perform molecular docking analysis of 1 with i
and n to disclose the underlying molecular mechanism. D176 had strong
attractive interaction with nitrogen of substrate imide, which played an
important role in catalytic process [33]. Nevertheless, tremendous
changes were observed between WT and M183A or H244A according to
the docking results. As for i, alkyl interaction was observed between
cyclic ring of substrate and the side chains of L180 and M183 as shown
in Fig. 4A. M183 was adjacent to L180, which may lead to a serious
steric hindrance effect, causing the orientation of ester chain of substrate
to deviate from the direction of M183. Compared with WT, mutation of
Met into Ala resulted in less attractive interaction towards substrate,
which was consistent with the lower relative activity of 88 %. Moreover,
steric hindrance was drastically reduced by alanine mutation, resulted in
a strong alkyl interaction between side chain of L180 and ester group of
substrate. Hence, the orientation of ester chain was completely reversed
(Fig. 4B), making M183A preferable to produce (1R,2S)-enantiomer.
Regarding to amine donor of n, the substrate was located in the active
center of WT in an outward orientation with the ester chain group

\] r
7

In

©)

NADPH

Fig. 2. Molecular docking analysis of ethyl 2-oxocyclohexane-1-carboxylate with cyclopropylamine a (A), methyl amine i (B), and pyrrolidine n (C).
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Fig. 3. Residues in the substrate binding pocket of SVIRED and alanine scanning results towards a, i, n. (A) Residues within 6 A of substrate; (B) ee and de values of
alanine scanning mutants toward a, (C) ee and de values of alanine scanning mutants toward i, (D) ee and de values of alanine scanning mutants toward n.

Table 3
Relative activity analysis of SYIRED and mutants toward a, i, and n.

Mutant Relative activity (%)
a i n
WT 100° 100° 100°
L180A 65.2 £ 1.2 349 + 3.2 9.7 £ 0.5
M19A 112.6 + 5.8 96.5 + 2.3 136.4 + 1.2
M125A 1941 £ 7.4 93.4 + 3.2 128.5 + 3.7
D246A 203.3 + 3.53 110.0 £ 0.2 442.1 £ 6.7
L179A 104.8 + 7.4 98.6 £ 1.0 54.7 £ 8.3
1124A 101.1 + 4.0 103.4 + 2.7 200.2 + 3.9
P128A 52.6 £ 5.0 48.5 + 3.4 118.4 + 6.4
V137A 489 + 4.4 728 £7.6 28.5 +£ 3.5
M183A 88.9 + 5.7 86.9 + 3.2 206.8 + 4.5
1127A 47.5 + 3.9 349 +43 30.7 £ 2.7
M214A 37.6 £ 3.1 17.7 £ 2.5 479 £ 3.5
1218A 58.4 £ 4.4 66.9 + 2.3 187.8 +£ 5.7
V217A 15.1 + 3.2 30.6 +1.3 28.6 + 0.4
H244A 22.7 £ 6.4 13.8 £+ 4.2 120.9 + 2.2
D238A 225+ 3.4 12.1 + 3.0 153.1 + 4.2
V243A 13.1 £ 3.5 11.6 £ 5.5 80.8 + 2.6
Note:.

2100 %: 17.3 mU/mg.
5100 %: 1.5 mU/mg.
€100 %: 0.3 mU/mg.

forming an alkyl interaction with V243 and coenzyme (Fig. 4C), which
was similar as M183A. Besides, there was also alkyl interaction between
the side chain of M183 and the cyclic group of substrate. However, in
H244A, conformation of 1 was different to WT because of the existence
of diverse interactions, leading to different selectivity of H244A. The
orientation of ester group of 1 was fixed by alkyl interaction between
side chains of M214, M125, and hydrogen-bond interaction between
M125 and oxygen atom of the ester group. Extra interactions including
alkyl interaction between A239 and the cyclic ring, and hydrogen-bond
between 1124 and the hydrogen atom of pyrrolidine (Fig. 4D) were
observed in H244A, which was consistent with its higher activity.

4. Conclusion

In summary, a novel imine reductase SVIRED was identified from
Streptomyces viridochromogenes by gene mining displaying high activity
and selectivity in the dynamic kinetic reductive amination of cyclic
p-ketoester. Enzyme characterization revealed the optimum pH and
temperature were 7.0 and 30 °C. Various amine donors could be utilized
by SVIRED to produce chiral N-substituted f-amino esters with different
diastereoselectivity and enantioselectivity. The enantioselectivity of
SVIRED toward methylamine and pyrrolidine were opposite with ee
values of 21 % (1S, 2R) and 79 % (1S, 2R) Molecular docking and
alanine scanning were performed to identify M183A with inverted ee
value of >99 % (1R, 2S) and de value of >99 % (cis:trans) towards
methylamine, and H244A with inverted ee value of 88 % (1R, 2S) and de
value of >99 % (cis:trans) towards pyrrolidine. Interaction analysis
revealed that the orientation of the ester group played a crucial role in
controlling the selectivity of SVIRED. This study provides stereoselective
imine reductase for the synthesis of chiral N-substituted p-amino esters
and useful guidance for protein engineering the preference of amine
donors.
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