Molecular Catalysis 484 (2020) 110741

journal homepage: www.elsevier.com/locate/mcat

Contents lists available at ScienceDirect

Molecular Catalysis

MOLECULAR

CATALYSIS

Molecular switch manipulating Prelog priority of an alcohol dehydrogenase

toward bulky-bulky ketones

Check for
updates

Xu Guochao, Dai Wei, Wang Yue, Zhang Lu, Sun Zewen, Zhou Jieyu, Ni Ye*

Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University, Wuxi 214122, Jiangsu, China

ARTICLE INFO ABSTRACT

Keywords:

Alcohol dehydrogenase
Molecular switch

Prelog priority
Stereoselectivity
Bulky-bulky ketones
Substrate binding pocket

Structure-guided rational design revealed the molecular switch manipulating the Prelog and anti-Prelog prio-
rities of an NADPH-dependent alcohol dehydrogenase toward prochiral ketones with bulky and similar sub-
stituents. Synergistic effects of unconserved residues at 214 and 237 in small and large substrate binding pockets
were proven to be vital in governing the stereoselectivity. The ee values of E214Y/S237A and E214C/S237 G
toward (4-chlorophenyl)-(pyridin-2-yl)-methanone were 99.3% (R) and 78.8% (S) respectively. Substrate spe-
cificity analysis revealed that similar patterns were also found with (4’-chlorophenyl)-phenylmethanone, (4-

bromophenyl)-phenylmethanone and (4’-nitrophenyl)-phenylmethanone. This study provides valuable evidence
for understanding the molecular mechanism on enantioselective recognition of prochiral ketones by alcohol

dehydrogenase.

1. Introduction

Optically active secondary alcohols are important building blocks in
pharmaceutical, fine chemical, and food industries. Among them, en-
antiopure diaryl alcohols could serve as vital intermediates for anti-
histamine drugs such as (S)-betastine, (R)-neobenodine and (S)-carbi-
noxamine, and might also exhibit versatile pharmaceutical effects due
to the great derivation potential of alcohol or aryl groups [1-3]. As a
result, various approaches have been developed for the synthesis of
chiral diaryl alcohols. Among them, asymmetric chemical reduction,
transition metal-catalyzed hydrogenation, hydrogen transfer reduction
of the corresponding diaryl ketones have provided useful accesses to
chiral diaryl alcohols [4-6], however, with common drawback of lim-
ited substrate range and excess addition of transitional metals [7].
Enzymatic asymmetric reduction by carbonyl reductases or alcohol
dehydrogenases offers necessary alternatives and has been applied in
the synthesis of chiral alcohols [8].

Stereoselectivity is widely accepted as an intrinsic property of bio-
catalysts [9,10]. However, with regard to the reduction of diaryl ke-
tones, such as (4-chlorophenyl)-(pyridin-2-yl)-methanone (CPMK, 1a),
few naturally-evolved reductases displayed high stereoselectivity
[11-13]. For diaryl ketones with two similar aryl groups, pro-R and pro-
S configurations could be generated in the enzymatic reduction since
they are hard to be discriminated by the substrate binding pockets.
Alcohol dehydrogenase from Kluyveromyces polysporus, designated as

* Corresponding author.
E-mail address: yni@jiangnan.edu.cn (Y. Ni).

https://doi.org/10.1016/j.mcat.2019.110741

KpADH, could catalyze the asymmetric reduction of prochiral ketones
with large substituents and follows Prelog’s rule. However, bulky-bulky
substrate 1a was reduced by KpADH into (R)-(4-chlorophenyl)-(pyr-
idin-2-yl)-methanone ((R)-CPMA, 1b) with 82% ee according to the
Cahn-Ingold-Prelog (CIP) priority (Scheme 1) [14], which was the same
received by carbonyl reductase from Sporobolomyces salmonicolor
(SSCR) [13]. Substrate 1a and homologous diaryl ketones, are generally
accepted as “difficult-to-reduce” ketones for carbonyl reductase [11].
SSCR had been evolved and a variant Q245 P was obtained, however,
with moderate ee values (8-90%) toward diaryl ketones [13]. Com-
mercial KRED124 and KRED60 have been reported to give (R) 94% ee
and (S) 60% ee following Prelog and anti-Prelog’s rule respectively
[11]. KmCR2 was identified from Kluyveromyces marxianus CBS4857 by
genome mining with the sequence of KpADH as a probe. KmCR2 dis-
played catalytic activity toward various diaryl ketones and also obeys
Prelog priority in the asymmetric reduction of CPMK [15]. Most re-
cently, TbSADH from Thermoanaerobacter brockii and TeSADH from
Thermoanaerobacter pseudoethanolicus were engineered to accept these
bulky-bulky substrates [16,17]. However, these two ADHs belong to the
zinc-dependent medium-chain dehydrogenases (MDR). It can be seen
that the steric volume of 4-chlorophenyl and 2-pyridiyl substituents
neighboring the carbonyl group of 1a are quite similar, 111.2 and
104.8 A3 respectively. As expected, few naturally evolved carbonyl re-
ductases displayed desirable capacity in stereoselective recognition of
diaryl ketones. In addition, most of reductases obey Prelog’s priority
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Scheme 1. Asymmetric reduction of bulky prochiral ketones (1a-9a) to the corresponding alcohols by (R)- and (S)-selective KpADH variants.

and produce (R)-1b [18,19]. Reductases with excellent anti-Prelog
stereoselectivity are relatively rare [20,21], while some (S)-configured
pharmaceuticals are more effective than corresponding (R)-enantiomer
such as 1b [22]. All above inspires us to identify residues modulating
the stereoselectivity of KpADH and switching its stereoselectivity be-
tween Prelog’s and anti-Prelog’s priorities.

Several studies on the alteration of stereoselectivity toward ketones
through site-directed mutagenesis have been reported due to lack of
high throughput screening methods [23-25]. The results indicate that
the stereoselectivity of reductases could depend on the relative sizes of
two substituents besides carbonyl group. However, the nature of stereo-
recognition between enzyme and substrate and interactions for sub-
strate orientation, especially toward diaryl ketones, remain elusive
[26,27]. Identification of the molecular switch is of great fundamental
and practical importance for the in-depth understanding of structure-
function relationship of enzymes, enzyme-substrate interactions, and
rational design of stereoselectivity.

2. Experimental
2.1. Reagents

Prochiral ketones, (4-chlorophenyl)-(pyridin-2-yl)-methanone (1a),
(4-chlorophenyl)-methyl-methanone (2a), (4-chlorophenyl)-chlor-
omethyl-methanone (3a), phenyl-methyl-methanone (4a), phenyl-
(pyridin-2-yl)-methanone (5a), (4-chlorophenyl)-(phenyl)-methanone
(6a), (4-bromophenyl)-(phenyl)-methanone (7a), (4-methoxyphenyl)-
(phenyl)-methanone (8a) and (4-nitrophenyl)-(phenyl)-methanone
(9a), were purchased from Aladdin (Shanghai) Co., Ltd.

2.2. Structural analysis and molecular dynamic simulations

Molecular dynamic simulations and structural analysis were per-
formed as we previously reported employing crystal structure of
KpADH in complex with NADP ™" (PDB accession No. 5Z2X) [25].

2.3. Site directed mutagenesis at E214 and S237

Saturation mutagenesis of E214 and S237 was performed by whole-
plasmid PCR with pET28-kpadh as template and primers listed in Table
S1. The PCR procedure was set as: predenaturation at 96 °C for 5 min,
20 cycles of denaturation at 98 °C for 15s, annealing at 55 °C for 15s
and elongation at 68°C for 3min, further elongation at 68°C for
10 min. The PCR products were verified by electrophoresis. Then, 5 uL

PCR product was transferred to a new EP tube, followed by addition of
2.0uL 10x buffer, 12.5uL ddH,O and 0.5pL dpnl. The digestion
mixture was maintained at 37 °C for 1h to remove the template plas-
mids. Afterwards, 10 uL digestion mixture was transformed into E. coli
BL21(DE3). Positive clones and mutagenesis were verified by colony
PCR and sequencing.

Positive clones were picked up and inoculated into LB medium
supplemented with kanamycin (50 uygmL~"), and cultivated at 37 °C
and 180 rpm. When the ODgoo reached 0.6-0.8, 0.2mM IPTG was
added into the culture and further cultivated at 25 °C and 180 rpm for
expression of recombinant enzymes. Then, the cells were collected by
centrifugation at 8000 rpm and 4 °C. The cell pellets were resuspended
with A buffer [20 mM PBS pH 7.4, 500 mM NaCl, 20 mM imidazole],
disrupted by homogenizer (AH-BASICII, ATS Co., Ltd). Crude extract
was obtained by centrifugation. Variants were purified by nickel affi-
nity chromatography and eluted with gradient concentrations of imi-
dazole. Purified variants were verified by SDS-PAGE. Variants were
concentrated and further subjected to activity and stereoselectivity
analysis.

2.4. Prelog selective and anti-Prelog selective combinatorial mutagenesis

Prelog selective combinatorial mutagenesis (Prelog library) was
conducted by mixing plasmids of S237P, S237F, S237A, S237H, S237W
and S237Y as templates and mixing primers of E214V, E214Y, E214I
and E214F as primers. Since the concentrations of above-mentioned
plasmids were different, plasmids were diluted according to the con-
centrations and kept at the same concentrations in the final mixture as
shown in Table S2. Then whole plasmid PCR was performed as above
described. Anti-Prelog selective combinatorial mutagenesis (anti-Prelog
library) was also developed by mixing plasmids of E214R, E214S and
E214G as templates and mixing primers of S237I and S237C and pri-
mers. The resultant PCR products were verified and digested with dpnl,
and further transformed into E. coli BL21(DE3). For Prelog library,
about 100 colonies were inoculated into 96-deep well plate and culti-
vated at 37 °C and 180 rpm. For anti-Prelog library, about 30 colonies
were picked up and cultivated for induction of KpADH variants. All the
variants were subjected to activity and stereoselectivity analysis.

2.5. Activity assay

The reductive and oxidative activities were spectrophotometrically
determined by monitoring the absorbance changes of NADPH at
340 nm with molar extinction coefficient of 6220 L-mol~'cm™'. The
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reaction mixture was composed of 1 mM 1la, 0.5mM NADPH in PBS
buffer (pH 6.0, 100 mM) and 10 pL enzyme solution with appropriated
concentration at 30 °C. One unit of activity was defined as the amount
of enzyme that catalyzed the oxidation of 1 umol NADPH per minute
under above mentioned condition.

2.6. Determination of kinetic parameters

Kinetic parameters of the purified KpADH variants was determined
employing above mentioned activity assay method. The final substrate
concentrations of 1a were varied from 0.1 mM to 10 mM with 1.0 mM
NADPH and appropriate of purified enzymes. All the activity was de-
termined in triplicate. The K, Vinax and k., were calculated according
to the Lineweaver-Burk plot.

2.7. Analysis of substrate specificity

Substrate specificity of the purified KpADH variants toward 1a-9a
was analyzed by determination the specific activities using above de-
scribed method. The final substrate concentrations of each substrate
were 1.0 mM. All the activity was assayed in triplicate.

2.8. Bioconversion and determination of stereoselectivity

Six variants with significantly improved activity were selected to
test their stereoselectivity and conversion rate. Bioconversion was
conducted with 20 mM 1a-9a, 20 UmL ™! KpADH or variants in PBS
buffer (pH 7.0, 100 mM) in total volume of 2 mL at 30 °C and 180 rpm
overnight. Then, 1 mL of the reaction mixture was withdrawn and ex-
tracted with equal volume of ethyl acetate. The organic phase was
isolated by centrifugation at 12000 X g for 2 min, and dried over an-
hydrous MgSO,. The conversion rate and stereoselectivity of the pro-
ducts were determined using the Agilent 1100 equipped with a
Chiralcel OB-H column or a Chiralcel OD-H column
(0.46 mm X 250 mm X 5pum, Diacel, Japan). Detailed conditions for
stereoselectivity analysis and the retention times of (R)- and (S)-alco-
hols could be found in Table S3 [28].

3. Results and discussion
3.1. Identification of key residues manipulating stereoselectivity of KpADH

Substrate 1a was docked into the active center of KpADH. According
to the diagram of the active center in Scheme 2, 1a enters the substrate
binding pocket (SBP) following an upside-down model with the car-
bonyl group orienting the bottom of the SBP, where locate the catalytic
Tyrl64 and cofactor NADPH. Residues S237 and E237 locate at the
entrance of large and small SBP. The distance between S237 and 4-
chlorophenyl group, and E214 and 2-pyridyl group, were calculated to
be 3.4 and 3.5A, indicating there might exist direct interactions.
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Consensus analysis was also performed at correspondent positions of
E214 and S237 among 100 homologous proteins with 40.6-54.7% se-
quence identities. Both sites were quite unconserved. At 214 equivalent
position, there could be E, T, S, V, F, A, G, C, H and A, however, the
neighboured positions were quite conversed with N and C at 213, S and
T at 215. Similar pattern was found at 237 position, varied with S, G, A,
N, C, T and F. Previously, conserved residues of carbonyl reductase
DhCR were found to play important roles in the catalytic efficiency
toward a-chloroacetophenone, while almost no effect on stereo-
selectivity [29]. As a result, the unconserved residues, E214 and S237,
were proposed to be crucial in manipulating the stereoselective re-
cognition of substrates.

Saturation mutagenesis was performed at E214 and S237. All the
variants were purified to homogeneity by nickel affinity chromato-
graphy (Fig. S1), and subjected to specific activity and stereoselectivity
analysis (Fig. S2). None of the variants was deactivated hinting that
position 214 has little influence on the catalytic activity. The specific
activities of E2141, E214F, E214M and E214N were a little higher than
that of wild type KpADH (WT). It is interesting to note that the ste-
reoselectivity of WT was significantly influenced by mutation at E214.
The highest and lowest ee values were 95.3% (R) of variant E214 V and
6.7% (S) of E214G. The stereopreference of WT was slightly reversed to
anti-Prelog selective by single mutation, indicating the vital role of
E214 in influencing the stereoselectivity. Moreover, in comparison with
WT, variants E214Y, E2141 and E214F also exhibited enhanced ee va-
lues (> 85%), whereas variants E214I, E214N, E214R, E214S and
E214 G displayed decreased ee values (< 60%). In our previous study,
S237 has been saturationally mutated [30], and the activity and ste-
reoselectivity toward 1a were illustrated in Fig. S2 with varied ee values
ranging from 27.0% (R) to 96.1% (R). The ee values of variants S237A,
S237P, S237F, S237W and S237Y were higher than 90% for (R), while
those of S237I and S237C were lower than 50% for (R). It was pre-
sumed that positions 214 and 237 are the central residues of the small
and large SBP respectively in manipulating the stereoselective re-
cognition of substrates.

3.2. Combinatorial mutagenesis

Synergistic effect of E214 and S237 toward la was explored by
combinatorial mutagenesis among the variants with increased ee values
(> 85%) as Prelog selective evolution (Prelog library) or decreased
(< 60%) ee values for anti-Prelog selective evolution (anti-Prelog li-
brary). According to the CIP priority, for 1a, variants with (R)-se-
lectivity obey Prelog rule while variants with (S)-selectivity follow anti-
Prelog rule. Most of the variants in Prelog library displayed ee values of
over 85%, and about 20% of the variants exhibited > 96% ee, higher
than the best variants in single mutation (E214 V and S237A) (Fig. 1A).
The highest ee value was 99.3% (R) in Prelog library, followed by
98.8% (R), which were sequenced to be E214Y/S237A and E214V/
S237A respectively. With regard to the anti-Prelog library, the

S237 j I‘ > E214

X 2
&
NADPH

Scheme 2. Molecular docking of 1a into KpADH (A) and illustration of S237 and E214 at the entrance of large and small substrate binding pockets (B). Catalytic triad
Ser176-Tyr164-Lys168 was drawn in yellow, NADPH in pink, CPMK in violet, S237 in cyan, E214 in green.
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Fig. 1. Screening result of Prelog selective and anti-Prelog selective combinatorial mutagenesis libraries toward 1a. (A) Prelog selective library, ee = RS % 100%; (B)

R+S

anti-Prelog selective library, ee = ::—E X 100%. R and S denote the peak areas of (R)-1b and (S)-1b.

enantiopreference of about 40% variants was reverted to (S)-selective
(Fig. 1B). It is noteworthy that the ee value of variant E214G/S237C
was found to be 78.8% (S), much lower than the 82.4% (R) of WT,
27.0% (R) of S237C and 6.7% (S) of E214G. Considering the sig-
nificantly increased ee of E214V/S237A and E214Y/S237A and the
reverse stereopreference from (R) to (S) of E214G/S237C, a remarkable
synergy effect in modulating stereoselectivity was found between E214
and S237 in SBP, since all the double variants were the combination of
the best single mutants. It can be seen that 214Y/S237A and E214V/
S237A follow Prelog priority and E214G/S237C obey anti-Prelog
priority. According to the consensus analysis, at counterpart positions,
there are T225/G237 in CgKR1, V222/C244 in Cg26 and T214/G237 in
Gre2p (Fig. S3) [31-33]. In fact, CgKR1 and Cg26 obey Prelog priority
in the reduction of prochiral ketones, while Gre2p follows anti-Prelog
priority. Consequently, residues at 214 and 237 play vital role in ma-
nipulating the switch between Prelog and anti-Prelog priorities of short-
chain dehydrogenase/reductases.

3.3. Kinetic parameters of KpADH and variants

Kinetic constants of single and double variants were determined
(Table 1). Mutation of glutamate into valine and glycine resulted in
decreased Vy,.x, however, with increased binding affinity. Especially,
E214G exhibited the lowest Ky of 0.25 mM among all the single and
double variants. The V., values of E214Y, S237A and S237C were
slightly increased. For double variants, the Ky values of E214V/S237A
and E214Y/S237A were 0.32 and 0.62 mM, much lower than 0.85 mM
of WT, suggesting increased binding affinity toward 1a. Although the
Kear of E214 V/S237A was decreased to 8.46 s~ !, the catalytic efficiency
(kear/Knp) Was increased to 26.6 s~ mM ™! from 18.9 s~ mM ! of WT,
mainly contributed to the significantly decreased Ky; value by E214V
mutation. Both substrate binding affinity and activity of E214Y/S237A
were increased, exhibiting ke,/Ky of 25.5 s~ mM ™!, 1.35-fold of WT.
For the (S)-selective variant E214 G/S237C, the Ky and k., were

Table 1
Kinetic parameters and ee values of WT and variants toward 1a.

Variant Ku [MM] ket [s7']  keao/Km [s7'mM ™' ee/Config. [%]
WT 0.85 16.1 18.9 82.4/(R)
E214V 0.43 8.91 21.2 95.3/(R)
E214G 0.25 5.50 22.1 6.7/(S)
E214Y 0.80 14.8 18.5 93.8/(R)
S237A 0.58 24.4 42.1 96.1/(R)
S237C 1.01 14.0 13.9 27.0/(R)
E214 V/S237A 0.32 8.46 26.6 98.9/(R)
E214Y/S237A 0.62 15.8 25.5 99.3/(R)
E214 G/S237C 0.31 6.30 22.1 78.8/(S)

0.31mM and 6.30 s}, resulting in kent/Ky of 22.1 sTimM™1, higher
than that of WT. Based on above analysis, there exists cooperative in-
teraction between E214 and S237 not only in substrate binding but also
in discriminating pro-R and pro-S conformations, and eventually
working as a molecular switch in manipulating the stereoselectivity of
KpADH.

3.4. Substrate profiles of KpADH, E214Y/S237A and E214 G/S237C

Substrate profiles of WT, (R)- and (S)-selective variants were char-
acterized toward various prochiral ketones with large substituents
(Scheme 1 and Table 2). The SBP of WT is so large that could accom-
modate all the ketones 1a—9a tested. However, due to the relative bulky
substituents at para position of aromatic ring, 7a-9a were hard to be
reduced by WT and variants. With regard to substrate 2a-4a with single
bulky substituents, they were easily accepted by WT. The specific ac-
tivity of WT toward 3a was 44.0 U'mg ! ranking the highest. However,
the stereoselectivity of WT toward 2a-4a was moderate, such as 86.9%
toward 2a and 95.2% toward 3a. Moreover, WT also exhibited poor
stereoselectivity toward bulky diaryl ketones, such as27.5% (R) of 5a,
52.4% (S) of 6a, 70.5% (S) of 7a, 27.3% (R) of 8a and 37.6% (R) of 9a
in ee. It can be seen that WT follows Prelog priority in the reduction of
1a, 6a and 7a. However, with regard to 5a, 8a and 9a, it is meaningless
to define whether WT follows Prelog or anti-Prelog priority based on
low ee values since it can not discriminate the two substituents.

The stereoselectivity of variant E214Y/S237A identified from Prelog
selective library was greatly improved in comparison with WT, dis-
playing (R) 99.3% ee toward 1a, (S) 89.3% to 6a, (S) 99.0% to 7a, (S)
79.4% to 8a and (S) 98.9% to 9a. It should be noted that E214Y/S237A
becomes strictly Prelog-selective and produces (S)-alcohols besides (R)-
1b attributed to the CIP priority. The stereoselectivity of variant
E214 G/S237C identified from anti-Prelog selective library was sig-
nificantly altered, with ee values of (S) 78.8% toward 1a, (R) 91.9% to
6a, (R) 91.4% to 7a, (R) 93.8% to 8a and (R) 93.3% to 9a, which are
opposite to E214Y/S237A. Variant E214 G/S237C was also strictly anti-
Prelog selective and produces (R)-alcohols besides (S)-1b due to the CIP
priority. All the variants showed relatively higher ee toward 1a than 5a,
proving the vital role of chloro group at para position of aromatic ring
in the stereo-recognition. Similar pattern was also found in substrates
2a and 4a, elimination of the chloro group from substrates resulted in
poor stereo-recognition. With regard to substrates 1a and 6a which are
different in the 2’-pyridyl group, (R)-selective variants exhibited higher
ee to 1a than 6a, while the (S)-selective variant preferred 6a-1a, in-
dicating different interactions between 2’-pyridyl group and E214V/Y
or S237C. Moreover, unlike diaryl ketones, no apparent changes on
stereopreference was found among variants toward the acetophenone
derivatives (2a-4a), which might be attributed to the structural
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Table 2
Specific activity and stereoselectivity of WT and variants toward various bulky ketones.
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Substrate ~ WT

E214V/S237A E214Y/S237A E214 G/S237C

Spec. act.® [Umg ~ '] e.e.[%/(R/S)] Spec. act. [Umg ~'] e.e.[%/(R/S)] Spec. act. [Umg ~'] e.e.[%/(R/S)] Spec. act. [Umg ~ e.e.[%/(R/S)]
la 18.4 = 0.9 82.4 /R 12.0 = 0.5 98.7 /R 22.0 = 1.1 99.3 /R 9.65 + 0.39 78.8 /S
2a 7.88 = 0.32 86.9 /R 4.50 = 0.09 97.8 /R 4.28 = 0.13 97.9 /R 0.23 = 0.01 97.4 /R
3a 44.0 = 3.1 95.2 /R 57.7 + 3.5 75.2 /R 54.7 + 3.3 61.7 /R 209 = 1.0 96.2 /R
4a 3.28 + 0.13 37.0 /R 0.55 + 0.02 17.2 /R 0.87 + 0.02 32.1 /R 0.49 + 0.01 99.1 /R
5a 11.8 + 0.4 27.5 /R 8.30 + 0.4 27.5 /R 11.8 = 0.5 18.2 /R 9.00 + 0.36 51.9 /R
6a 2.46 = 0.07 52.4 /S 1.63 = 0.05 —54.2 /S 0.99 = 0.03 89.3 /S 1.82 + 0.05 91.9 /R
7a 0.74 + 0.03 70.5 /S 0.15 + 0.01 —88.1/8 0.36 + 0.01 99.0 /S 0.15 + 0.01 91.4 /R
8a 0.98 + 0.03 27.3 /R 0.08 + 0.02 —81.8/S 0.77 + 0.02 79.4 /S 0.08 + 0.01 93.8 /R
9a 0.90 = 0.03 37.6 /R 0.10 = 0.01 —85.3 /S 0.12 = 0.01 98.9 /S 0.10 = 0.01 93.3 /R
Note: ¢ Spec. act. denotes specific activity.
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Fig. 2. Comparison of docking substrates 1a (A), 6a (B) and 7a (C) in the active center of WT, E214Y/S237A and E214 G/S237C.

difference among them. In summary, the stereoselectivity of KpADH
toward bulky-bulky substrates could be precisely manipulated by E214
and S237, converting between Prelog and anti-Prelog enzymes.

3.5. Interactions analysis of KpADH and variants towards bulky-bulky
ketones

To understand the molecular basis of the altered stereopreference,
molecular docking and dynamic simulations were performed (Fig. 2)
(Fig. S4). In WT, only weak interactions (van der Waals) were found
between chlorophenyl group and S237, and pyridyl group and E214,
which is in consistent with the low stereoselectivity of WT. In E214Y/
S237A, the larger tyrosine rendered a decreased small SBP, and the
substrates would move toward the large SBP and closer to residue
Ala237. Therefore, a new halo-alkyl bond could form between A237
residue and substrates (Fig. 2). The binding energy was decreased ac-
cordingly (Table S4). The conformations of 1a, 6a and 7a in E214 G/
$237C were completely inverted, resulting in the hydride transfer from
Re-face to Si-face. Mutation of Ser at 237 into Cys led to decreased large
SBP and increased polarity, which is unfavorable for the accommoda-
tion of chlorophenyl group. In cooperation with enlarged small SBP by

introducing the smallest amino acid at 214, the chlorophenyl group
rotated to the opposite direction. In addition, residue C237 could form
extra sulfur-rt interaction with pyridyl of 1a and phenyl of 6a and 7a,
contributing to stabilized pro-S state. More interactions could also ac-
counted for the enhanced binding affinity between la and E214G/
S237C.

4. Conclusions

In summary, structure-guided rational mutagenesis was performed
to identify the key residues as ‘molecular switch’ in manipulating the
stereopreference of KpADH between Prelog and anti-Prelog priorities.
The synergistic function of residues at 214 and 237 in E214Y/S237A
and E214G/S237C was elucidated, including changes of substrate or-
ientation, size of SBP and interactions between substrate and SBP.
Significantly, the variants, E214Y/S237A and E214G/S237C, are more
practical to stereoselectively accommodate prochiral ketones with large
substituents neighboring carbonyl group. Our results suggest that the
unconserved residues in SBP mainly modulate the substrate orientation
and shapes of substrate binding pocket, and thus resulting in diverse
stereoselectivity. This study could also provide guidance for
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engineering the stereoselectivity of homologous carbonyl reductases
toward similar substrates with special functional substituents.
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