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A B S T R A C T

Here, S237 was identified to be important in fine tuning the substrate specificity and enantioselectivity of al-
cohol dehydrogenase from Kluyveromyces polysporus (KpADH). In the reduction of a diaryl ketone, (4-chlor-
ophenyl)-(pyridin-2-yl)-methanone (1a), the highest and lowest enantioselectivity of 96.1% and 27.0% e.e. (R)
were obtained with S237A and S237C. Kinetic parameters analysis revealed that S237G, S237A, S237H and
S237D displayed improved kcat/Km toward 1a. Various prochiral ketones, including acetophenone, 4-chlor-
oacetophenone and ethyl 2-oxo-4-phenylbutyrate could be asymmetrically reduced by S237C, S237G and S237E
with> 99% e.e. This study provides guidance for the application of KpADH in the preparation of chiral sec-
ondary alcohols.

1. Introduction

Alcohol dehydrogenases are arising as one of the most promising
catalysts in the synthesis of chiral compounds, due to their 100% the-
oretical yield, high selectivity, mild condition and environmental be-
nignancy [1–3]. Various naturally evolved or tailor-made alcohol de-
hydrogenases have been successfully applied in pharmaceuticals,
agrochemicals and liquid materials [4–6]. However, their complex and
sophisticated structures often result in narrow substrate specificity
[7–9]. It is of increasing interest to identify novel alcohol dehy-
drogenases with activity toward substrates with diverse substituents
[10–12].

Diaryl ketones could be reduced into diaryl alcohols which are key
building blocks of antihistamine, antiepileptic, antibechic and anti-
depressant pharmaceuticals [13,14], and are widely accepted as “hard-
to-reduce” substrates for alcohol dehydrogenases because of their high
steric hindrance, inertness and similarity of two aromatic substituents
[5,11]. Few alcohol dehydrogenases have been identified with activity
toward diaryl ketones [15–18]. SSCR from Sporobolomyces salmonicolor
could reduce (4-chlorophenyl)-phenylmethanone at 10 mM with 62%
conversion rate and 88% e.e. (R) [17]. Commercial ketoreductases have
been evaluated for asymmetric reduction of diaryl ketones, and
KRED124 could reduce (4-chlorophenyl)-(pyridin-2-yl)-methanone
(1a) into (R)-(4-phenyl)-(pyridin-2-yl)-methanol (1b), a vital inter-
mediate of anti-allergic drug Betahistine. 1a (10 g·L−1) was reduced
with 98% conversion rate and 94% e.e. under 1 g·L−1 NADP+ and

2 g·L−1 purified KRED124 [16]. As a result, asymmetric reduction of
diaryl ketones is still challenging, and the identification of key residues
in discriminating two bulky aromatic groups of 1a is of special interests
in prompting the biocatalytic preparation of chiral diaryl alcohols.

Alcohol dehydrogenase KpADH was identified from Kluyveromyces
polysporus by genome mining [19], and was efficient in preparation of
diaryl secondary alcohols, as much as 100 mM 1a (21.7 g·L−1) could be
completely converted into (R)-1b with 82% e.e. The stable performance
of KpADH even at high substrate loading indicates that KpADH is pro-
mising in the synthesis of chiral secondary alcohols. In this study,
KpADH was engineered by site-directed mutagenesis and a vital residue
was identified in tuning the substrate specificity and enantioselectivity.
The application potential of KpADH variants in the preparation of chiral
secondary alcohols was also evaluated.

2. Experimental

2.1. Construction and activity assay of KpADH variants

Site-directed mutagenesis was performed employing whole plasmid
PCR with pET28a-kpadh as template and primers listed in Table S1. The
resultant PCR products were digested by addition of 1.0 μL QuickCut™
Dpn I at 37 °C for 1 h to remove the parental plasmids and transformed
into E. coli BL21(DE3). KpADH coding genes were induced with 0.2 mM
IPTG at 25 °C and 180 rpm for 6 h. Cells were harvested, re-suspended
with Buffer A, and disrupted by high pressure homogenization at
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600–800 bar (AH-BASICII, ATS Engineering Inc.). Supernatant was
isolated by centrifugation at 8000 ×g and 4 °C for 30 min, filtered and
loaded on the HisTrap FF nickel column using AKTA Avant System (GE
Healthcare). All the KpADH variants were gradient eluted and purified
to homogeneity [21]. Activity assay toward 1.0 mM 1a, acetophenone
(2a), 4′-chloroacetophenone (3a), ethyl 4-chloroacetoacetate (4a),
ethyl benzoylformate (5a), ethyl 2-oxo-4-phenylbutyrate (6a), 1-(pyr-
idin-2′-yl)-phenylmethanone (7a), 1-(4′-fluorophenyl)-phenylmetha-
none (8a), 2-chloro-1-(4′-chlorophenyl)-ethanone (9a) and 1-(4′-
chlorophenyl)-phenylmethanone (10a) was performed as previously
reported in triplicate [19].

2.2. Bioconversion and determination of enantioselectivity

Bioconversion was conducted with 20 mM 1a–10a,
20 U·mL−1KpADH variants, 40 mM isopropanol 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 extracted with ethyl
acetate. The organic phase was isolated by centrifugation and dried
over anhydrous MgSO4. The conversion rate and enantioselectivity of
the products were analyzed as described in supporting information.

3. Results and discussion

3.1. Analysis and identification of hot spots of KpADH

For further application of KpADH in preparation of chiral alcohols,
semi-rational mutagenesis was performed. Firstly, the model of KpADH
was built by homology modeling with crystal structure of Gre2p from
yeast (PDB No. 4PVD) as template [20]. According to the Ramachan-
dran chart (Fig. S1), 98.55% residues were located in the maximum
allowable region, indicating this model was acceptable. Substrate
binding pocket was identified by searching the cave and consisted of
residues F86, Y127, M131, P133, Q136, F161, C165, S196, F197, E214,
S237 and Q238 (Fig. 1A). All these residues were site-directly mutated
into alanine to evaluate their influence on the activity of KpADH. As
shown in Fig. 1B, relative activities of variants Q136A, F161A, F197A
and Q238A toward 1a were< 20% of wild-type KpADH (WTKpADH).
Mutation of E214 and S237 resulted in improved activity of 125.6% and
232.4% respectively. Considering the highest activity of variant S237A,
saturation mutagenesis was performed at S237 to elucidate its detailed

roles. All nineteen variants were constructed and confirmed by SDS-
PAGE (Fig. S2), and the enzymatic properties of purified enzyme were
investigated, including specific activity, enantioselectivity, kinetic
parameters and substrate specificity.

3.2. Activity and enantioselectivity analysis of KpADH variants mutated at
S237

The specific reductive and oxidative activities of purified KpADH
toward 1a and isopropanol were 11.4 and 18.3 U mg−1 respectively.
Substrate 1a could be reduced into (R)-1b with e.e. of 82% by KpADH
obeying anti-Prelog priority. The specific reductive activities of S237A,
S237G, S237D, S237 W and S237E were 23.2, 22.7, 18.0, 12.8 and
12.7 U mg−1 respectively, which were 2.04-, 1.99-, 1.58-, 1.12- and
1.11-fold of that of WTKpADH (Fig. 2). Mutation of serine at 237 into
leucine (S237L), valine (S237V), isoleucine (S237I) and threonine
(S237T) resulted in severely decreased specific activities of 5.21, 2.93,
2.91 and 1.71 U·mg−1. The oxidative activity of KpADH was sig-
nificantly influenced by mutation of Ser237, and only S237A exhibited
higher specific oxidative activity of 25.8 U·mg−1, which was 1.41-fold
of WTKpADH (Fig. 2).< 1.0 U·mg−1 of oxidative activity was detected
for S237H, S237T and S237V. Although properties of threonine are
supposed to be similar to serine, the reductive and oxidative activities
of S237T were much lower than WTKpADH.

Enantioselectivity analysis revealed that enantioselectivity of
KpADH could be finely manipulated by mutation of S237. Mutation of
serine at 237 into alanine rendered KpADH the highest selectivity in
discriminating the chlorophenyl and pyridin-2-yl groups, with e.e. of
96.1% and ratio of (R)-1b to (S)-1b of 98.0:2.0 (Fig. 2). Variants S237W
and S237Y also displayed improved enantioselectivity of 93.0% and
92.6% e.e. Considering the molecular size of tryptophan and tyrosine is
much larger than serine while alanine is smaller, steric hindrance is not
the only factor that influences stereo recognition and binding of 1a.
Most interestingly, the enantioselectivity of S237C was significantly
decreased to 27.0% e.e.. Variants S237M and S237I also exhibited de-
creased enantioselectivity of 55.5% and 44.5% e.e.. The hydropathy
index of cysteine (2.5) was much higher than serine (−0.8), indicating
that the enantioselectivity was influenced by steric hindrance and hy-
drophobic interaction.

0 50 100 150 200 250

WT

F86A

Y127A

M131A

P133A

Q136A

F161A

C165A

S196A

F197A

E214A

S237A

Q238A

Relative activity /%

K
pA

D
H

 v
ar

ia
nt

WTKpADH

(B)(A)

Fig. 1. Substrate binding pocket analysis of KpADH model (A) and relative activity toward 1a of KpADH variants (B). Catalytic triad was shown in green, NADP+ was depicted in pink,
and residues of substrate binding pocket were shown in yellow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Kinetic parameters of KpADH variants

In order to understand the binding affinity and catalytic efficiency
toward 1a, kinetic parameters were determined (Table 1). The Km and
Vmax of WTKpADH were 0.85 mM and 24.2 μmol·min−1·mg−1, and the
kcat and kcat/Km were 16.1 s−1 and 18.9 s−1·mM−1. To the best of our
knowledge, this KpADH was the most efficient alcohol dehydrogenases
or carbonyl reductases in the bioreduction of 1a. Variant S237G dis-
played the highest kcat/Km (59.4 s−1·mM−1) among all S237 variants.
The Km of S237G was 0.62 mM, 27% lower than that of WTKpADH, and
the Vmax was 55.2 μmol·min−1·mg−1, 2.28-fold of WTKpADH, in-
dicating its higher binding affinity and catalytic efficiency. The kcat/Km

of S237A was 42.1 s−1·mM−1, 2.23-fold of WTKpADH. Since glycine
and alanine are the smallest amino acids, steric hindrance might be one
major effect in binding and reducing of diaryl ketones, which was also
proved by the decreased Vmax of S237W, S237F and S237Y. Variants
S237H and S237D also displayed improved kcat/Km, which were 32.1
and 30.6 s−1·mM−1. Since both histidine and aspartate are hydrophilic
charged amino acids, polar interaction might be advantageous for the
reduction of diaryl ketones. Mutation into other hydrophilic amino
acids, such as S237E, S237R, S237K, S237N and S237Q, resulted in
similar Vmax to that of WTKpADH. Hydrophobic mutation of S237I,
S237L and S237V significantly decreased the catalytic efficiency with
kcat/Km of 4.96, 6.23 and 4.40 s−1·mM−1, ascribing to the decreased
Vmax. It is noted that the e.e. of S237L, S237I and S237V were also
decreased to 64.1%, 44.5% and 69.8%. Increased hydrophobicity not
only influenced the catalytic activity but also interfered the stereo

recognition of 4-chlorophenyl and pyridin-2-yl groups. The Km, Vmax,
and kcat/Km of S237T were 0.64 mM, 3.56 μmol·min−1·mg−1 and
3.70 s−1·mM−1. S237T displayed similar binding affinity while sig-
nificantly decreased catalytic efficiency due to its higher steric hin-
drance. The kcat/Km of S237C was 13.8 s−1·mM−1, little lower than
WTKpADH. It is presumed that hydrophobic interaction presents
stronger impact on enantioselectivity than catalytic activity. Hydro-
phobic interaction has been identified to be important in en-
antioselective recognition of prochiral ketones in alcohol dehy-
drogenases [22,23]. In summary, both size and hydrophilicity of
residues at 237 play important roles in tuning the catalytic activity and
enantioselectivity. Variants with smaller residues at 237 displayed
higher activity, and variants with higher hydrophilic residues exhibited
higher enantioselectivity.

Models of variants S237A, S237G and S237C were constructed
based on the homology model of KpADH. 1a was docked into each
enzymes, and ten poses with the highest score were selected (Fig. S3).
The calculated binding energy of WTKpADH was −16.19 kJ·mol−1, and
all the poses are in favor of producing (R)-1b, with Si-face of 1a or-
ienting toward NADPH. The calculated binding energies of S237A and
S237G were 0.68 and 0.31 kJ·mol−1 lower than WTKpADH, which
provide evidence for the decreased Km. All the poses are also located
with Si-face orienting toward NADPH. Especially, the chlorophenyl
group moves closer to A237 and G237 in all the poses. In S237C,
chlorophenyl group is away from the hydrosulfuryl group of Cys237. In
some poses of S237C, the Re-face of 1a orients toward NADPH, leading
to (S)-1b. The binding energy of S237C was calculated to be
−15.23 kJ·mol−1, 0.96 kJ·mol−1 higher than that of WTKpADH.

3.4. Substrate profiles of KpADH variants

Substrate profiles of KpADH variants were determined against di-
verse prochiral ketones (Fig. 3). KpADH displayed higher activity in the
asymmetric reduction of various diaryl ketones (1a, 7a, 9a) than that of
aryl ketones (2a, 3a, 8a), although with apparently higher steric hin-
drance. β- and α-keto esters 4a and 5a were the “easy-to-reduce” sub-
strates of KpADH.

Saturation mutation at S237 resulted in different substrate profiles
as shown in Fig. 3. S237A and S237D displayed higher activities toward
6a and lower toward 2a–5a than WTKpADH. Specific activities of S237G
toward 2a, 3a and 6a were 1.14-, 2.43- and 1.61-fold of WTKpADH,
while S237G was less efficient in reduction of 4a and 5a with specific
activities of 67.1 and 167 U·mg−1. Specific activities of S237I, S237L
and S237V were lower than WTKpADH and their substrate profiles be-
came narrower. Variants S237W, S237F and S237Y, with aromatic
substituents, displayed high activity toward 1a and 6a. Mutation of
S237 into hydrophilic amino acids, such as arginine (S237R), aspar-
agine (S237N), glutamine (S237Q), proline (S237Q), lysine (S237K)
and histidine (S237H), resulted in varied substrate profiles. Variant
S237T exhibited the narrowest substrate profile, with specific activities
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Fig. 2. Specific activity and enantioselectivity of KpADH
S237 variants toward 1a. Activity was shown in bar chart
(grey bar: reductive activity, white bar: oxidative activity).
Enantioselectivity was illustrated in pie chart (green part:
(R)-CPMA, yellow part: (S)-CPMA). Reductive activity was
determined with 1.0 mM 1a and 0.5 mM NADPH in PBS
(pH 6.0, 100 mM), oxidative activity was determined with
10.0 mM isopropanol and 1.0 mM NADP+ in Glycine-
NaOH (pH 9.5, 100 mM) employing the standard activity
assay method. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Kinetic constants of KpADH variants toward 1a.

Variant Km [mM] Vmax

[μmol·min−1·mg−1]
kcat [s−1] kcat/Km

[s−1·mM−1]

S237G 0.62 ± 0.09 55.20 ± 3.41 36.8 59.4
S237A 0.58 ± 0.03 36.52 ± 3.02 24.4 42.1
S237H 0.45 ± 0.12 21.67 ± 2.14 14.4 32.1
S237D 0.81 ± 0.18 37.15 ± 3.28 24.8 30.6
WTKpADH 0.85 ± 0.14 24.21 ± 1.95 16.1 18.9
S237W 0.76 ± 0.12 19.08 ± 2.38 12.7 16.7
S237E 0.95 ± 0.14 23.72 ± 2.95 15.8 16.6
S237R 1.16 ± 0.38 23.92 ± 1.82 16.0 13.8
S237C 1.01 ± 0.10 20.91 ± 1.82 13.9 13.8
S237N 1.04 ± 0.13 20.57 ± 0.84 13.7 13.2
S237F 0.69 ± 0.20 12.25 ± 1.50 8.17 11.8
S237K 1.12 ± 0.30 18.20 ± 0.69 12.1 10.8
S237Q 1.21 ± 0.05 17.03 ± 2.04 11.4 9.42
S237Y 0.73 ± 0.21 9.14 ± 1.31 6.09 8.34
S237M 1.06 ± 0.16 10.90 ± 0.45 7.27 6.86
S237L 1.27 ± 0.22 11.86 ± 1.09 7.91 6.23
S237P 1.36 ± 0.26 11.60 ± 1.69 7.73 5.68
S237I 0.76 ± 0.10 5.65 ± 0.43 3.77 4.96
S237V 1.28 ± 0.12 8.45 ± 0.80 5.63 4.40
S237T 0.64 ± 0.09 3.56 ± 0.56 2.37 3.70
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toward 2a–6a of 0.66, 0.56, 6.80, 10.0 and< 0.05 U·mg−1, due to the
additional methyl group of threonine. Cysteine mutation (S237C) ren-
dered KpADH with preference toward 2a (5.96 U·mg−1), however,
lower activity toward 3a, because of the increased hydrophobicity.
Variant S237G displayed the highest reducing activity toward 3a of
19.4 U·mg−1, while S237E was the most efficient in the reduction of 6a
(19.5 U·mg−1). All the variants displayed decreased activities toward
7a–9a, except for S237A toward 8a. Enhanced specific activities of
S237A, S237G, S237E, S237G, S237R and S237Y encouraged us to

investigate their performance in the asymmetric preparation of sec-
ondary alcohols.

3.5. Asymmetric preparation of secondary alcohols employing KpADH
variants

Application potential of all the beneficial variants in substrate
profiles analysis was evaluated with “Substrate-coupled” cofactor re-
generation mode (Table 2). Only WTKpADH, S237G and S237C

O
N

Cl

O

O

Cl

O O

O
Cl

O

O

O

O
O

O

O
N

O

F

O

Cl

O

Cl

1a 2a 3a 4a 5a

6a 7a 8a 9a 10a

Cl

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

WT

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237G

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a
S237A

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237H

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a
S237D

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a
S237E

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237W

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237R

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237C

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237N

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237Q

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a
S237K

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a
S237M

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237L

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237F

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237Y

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a

S237P

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a
S237I

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a
S237V

0

1

10

100

1000
1a

2a

3a

4a

5a6a

7a

8a

9a
S237T
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displayed> 98% conversion rate in the reduction of 2a because of
their higher specific activities. It is interested to note that the e.e. of
S237C and S237G toward 2a was as high as 99.0%, while the e.e. of
WTKpADH and S237A was only 89.7% and 71.1%. Substrate 3a could be
asymmetrically reduced by S237C, S237E, S237G, S237R and S237Y
with> 99% e.e. (R), higher than WTKpADH (97.5%) and S237A
(98.7%). All above indicates different interactions and mechanisms in
the chiral recognition of diaryl ketones and aryl ketones. 4a could be
reduced into ethyl (R)-4-chloro-3-hydroxybutyrate, the key building
block of L-carnitine [9], by all the tested variants with> 98% conver-
sion rate, and S237E displayed the highest e.e. (96.6%). 5a could be
reduced into ethyl (R)-2-hydroxy-2-phenylacetate, which could be used
for the synthesis of anticoagulant Clopidogrel [24]. Although WTKpADH
displayed relatively high specific activity toward 5a, the conversion
rate and e.e. were only 88.2% and 73.4%. The conversion rate and e.e.
toward 5a of S237G were 97.1% and e.e. of 93.6%. 6a could be reduced
by KpADH into ethyl (R)-2-hydroxy-4-phenylbutyrate (6b), an im-
portant chiral building block for enalapril or captopril [3], with 78.0%
e.e., which could not satisfy the pharmaceutical requirement. It is ex-
cited to note that variant S237E could asymmetrically reduce 6a into
(R)-6b with> 99% conversion rate and 99.0% e.e.. Mutation at residue
S237 also influenced the enantioselectivity of KpADH in the reduction
of 7a–10a (Table 2). The e.e. of S237C, S237G and S237A toward 7a,
8a and 10a increased to 38.3%, 61.7% and 86.5% from 26.5%, 33.6%
and 55.3% of WTKpADH. All above demonstrates the importance of
residue S237 in tuning the activity and enantioselectivity of KpADH for
the asymmetric preparation of chiral secondary alcohols.

4. Conclusions

In summary, residue Ser237 was identified to be important in fine
tuning the activity and enantioselectivity of KpADH. The e.e. of S237A
toward (4-chlorophenyl)-(pyridin-2-yl)-methanone improved to 96.1%,
while the e.e. of S237C decreased to 27.0% in comparison with 82.0%
e.e. of WTKpADH. All the variants exhibited different substrate profiles
from WTKpADH. Variants S237C, S237G and S237E could catalyze the
asymmetric reduction of acetophenone, 4-chloroacetophenone and
ethyl 2-oxo-4-phenylbutyrate with> 99% e.e.. Both steric hindrance
and hydrophilicity are key factors in manipulating the substrate spe-
cificity and enantioselectivity of KpADH.
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