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Abstract

Background: A thermostable alcohol dehydrogenase from Thermoanaerobacter brockii (TbSADH) has been repur-
posed to perform asymmetric reduction of a series of prochiral ketones with the formation of enantio-pure second-
ary alcohols, which are crucial chiral synthons needed in the preparation of various pharmaceuticals. However, it is
incapable of asymmetric reduction when applied to bulky ketones. Recently, mutations at two key residues A85 and
186 were shown to be crucial for reshaping the substrate binding pocket. Increased flexibility of the active site loop
appears to be beneficial in the directed evolution of ToSADH towards difficult-to-reduce ketones.

Methods: Using the reported mutant A85G/I86A as template, double-code saturation mutagenesis (DCSM) was
applied at selected residues lining the substrate binding pocket with a 2-membered reduced amino acid alphabet.

Results and conclusions: The mutant A85G/I86A was first tested for activity in the reaction of the model substrate
(4-chlorophenyl)-(pyridin-2-yl)methanone, which showed a total turnover number (TTN) of 3071. In order to further
improve the turnovers, a small and smart mutant library covering a set of mutations at Q101, W110, L294, and C295
was created. Eventually, a triple-mutant A85G/I86A/Q101A was identified to be a superior catalyst that gave S-selec-
tive product with 99% ee and 6555 TTN. Docking computations explain the source of enhanced activity. Some of the

best variants are also excellent catalysts in the reduction of other difficult-to-reduce ketones.
Keywords: Directed evolution, Conformational dynamics, Alcohol dehydrogenase, Activity, Enantioselectivity

Background

Optically active alcohols are essential synthons for the
preparation of numerous pharmaceutical intermediates
and fine chemicals. Both transition metals and biocata-
lysts are competent for the enantioselective synthesis of
chiral alcohols. However, in the scenario of transform-
ing difficult-to-reduce ketones, such as bulky diaryl
ketones and ketones having sterically similar alpha- and
alpha’-substituents, it is difficult to achieve high enanti-
oselectivity by transition metal catalysis (Corey and Helal
1998; Morris 2009; Noyori 2002; Sandoval et al. 2008).
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and indicate if changes were made.

As a complementary strategy to the traditional approach,
it has been demonstrated that alcohol dehydrogenases
(ADHs) can reduce such prochiral ketones with very high
chemo-, regio-, and stereoselectivity, thereby enabling
a sustainable synthetic route to chiral alcohols, which
includes biodegradability of the biocatalyst (Garcia-
Urdiales et al. 2005; Huisman et al. 2010; Nie et al. 2018;
Sun et al. 2016a; Xu et al. 2018; Liang et al. 2018).

As an attractive ADH in biotechnology, the thermosta-
ble ADH from Thermoanaerobacter brockii (TbSADH)
has already been repurposed to perform asymmetric
reduction of prochiral ketones with the formation of
enantio-pure secondary alcohols by our group and oth-
ers (Heiss et al. 2001; Li et al. 2017; Musa et al. 2009; Qu
et al. 2018; Sun et al. 2016a, b). TbSADH is an NAD(P)
H- and Zn-dependent enzyme, and its reduction mecha-
nism has been elucidated. In general, the carbonyl oxygen
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of the unsymmetrical ketone substrate coordinates to the
Zn ion, and a hydride from the cofactor NADPH attacks
the carbonyl carbon atom from either the Re or Si face,
producing the corresponding optically active secondary
alcohol (Li et al. 2017; Moa and Himo 2017; Nealon et al.
2015; Qu et al. 2018).

The crystal structure of Tb)SADH shows that the sub-
strate binding site consists of two hydrophobic pockets,
one smaller than the other (Fig. 1) (Korkhin et al. 1998).
The substrate binds in an orientation determined by the
best fit of the two alkyl groups attached to the carbonyl
into these two pockets, dictating the stereochemical out-
come (Keinan et al. 1986; Moa and Himo 2017; Nealon
et al. 2015). The NAD(P)H cofactor then transfers its pro-
R hydride to either the Re or Si face of the ketone, pro-
ducing secondary alcohols with (S)- or (R)-configuration,
respectively. To date, nearly all of the residues situated at
the two pockets (shown in Fig. 1) have been analyzed by
many different research groups, leading to the documen-
tation of mutational effects on activity, enantioselectivity,
and substrate specificity (Additional file 1: Table S1). In
particular, recent studies have demonstrated that muta-
tions at residues A85 and 186 can influence the motion
of the active site loop, thereby increasing the plasticity of
the binding pocket and thus raising the ability to accept
non-natural substrates (Li et al. 2017; Liu et al. 2019).

We sought to perform the biocatalytic reaction of diffi-
cult-to-reduce ketones such as 1 with formation of (S)-2,
which is a crucial chiral synthon needed in the prepara-
tion of antiallergic drugs Bepotastine (Kida et al. 2010;
Takahashi et al. 2004) and (S)-carbinoxamine (Barouh
et al. 1971; Maclaren et al. 1955) (Scheme 1). Despite
the fact that wild-type (WT) TbSADH showed no activ-
ity towards 1, we set out to expand its substrate scope by
means of directed evolution.

Directed evolution of enzymes has proved to be a pow-
erful technique to endow biocatalysts with novel catalytic
repertoires (Bommarius 2015; Reetz 2011, 2013a; Shel-
don and Pereira 2017; Arnold 2018; Denard et al. 2015;
Sun et al. 2019). In recent studies, protein engineering of
TbSADH was applied for various purposes. When aim-
ing at the optimization of selectivity and activity, the
combinatorial active-site saturation test (CAST) along
with iterative saturation mutagenesis (ISM) at sites lin-
ing the binding pocket constitutes a viable protein engi-
neering technique (Reetz 2017; Reetz and Carballeira
2007; Reetz et al. 2006, 2010). In this regard, CAST-based
double-code saturation mutagenesis (DCSM), in which
the reduced amino acid alphabet comprises two mem-
bers as building blocks, has been shown to be efficient in
manipulating enzyme stereoselectivity and activity (Sun
et al. 2016¢).
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Fig. 1 The overall structure of the ToSADH catalytic pocket (PDB
code 1YKF), consisting of a smaller (green) and a bigger (cyan)
pockets. NADPH is shown by white sticks, whereas Zinc atom is
depicted by a gray sphere. The zinc-coordinating residues are colored
in magenta and are presented in lines

\
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Scheme 1 ADH-catalyzed asymmetric reduction of ketone 1

In continuation of the preceding study, we now report
that DCSM is well-suited for significantly elevating the
activity of TbSADH in the reduction of the challenging
ketone 1 with no trade-off in enantioselectivity. Specifi-
cally, we focus saturation mutagenesis on the reported
sites A85 and I86. Docking analysis was carried out on
the best mutant to gain insight into the origin of altered
catalytic profiles.

Results and discussion

Investigation of key residues A85 and 186

As delineated in the background information, two key
residues A85 and 186 emerged as possible sites for
mutagenesis. We therefore directly tested the reported
mutants A85G, I86A, and A85G/I86A as catalysts in
the reduction of the non-natural ketone 1. It is of inter-
est to note that both of the two single mutants displayed
weakly catalytic activity, while the double-mutant A85G/
I86A showed a notably better conversion rate (Table 1).
To further explore the essential role of A85 and 186 in the
substrate specificity for ketone 1, the two residues were
deleted individually and combinatorially. As a result, var-
iants AA85 (“A” indicates deletion), AI86, and AA85/AI86
showed no measurable activity towards ketone 1, even
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Table 1 Results of site-directed mutagenesis of A85
and 186
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Table 2 Results of site-directed saturation mutagenesis
using A85G/I86A as the starting template

Enzymes c (%)? ee(%)®  Enzymes c(%)? ee (%)
WT - - WT - -
A85G 6 96(5) A85G/I86A 76 >99(S)
I86A 13 80(5) A85G/I86A/Q101A 98 >99(S)
A85G/I86A 76 >99(S) A85G/I86A/Q101S 79 >99(5)
@ Conversion rate (c %) was determined by high-performance liquid AB5G/I86A/W110A 42 >99(5)
chromatography (HPLC) analysis as shown in Additional file 1 A85G/I86A/W110S 17 >99(5)
b The ee values were determined by chiral HPLC analysis; the absolute AS5G/IS6A/L294A 38 >99(S)
configuration was determined by comparison of the elution order with literature
data (see Additional file 1) ABSG/IB6A/L2945 28 >99(5)
A85G/I86A/C295A 93 >99(5)
A85G/I86A/C295S 86 >99(S)

though the mutants were expressed well in protein level
(Additional file 1: Figure S1), suggesting the importance
of proper amino acids at the positions 85 and 86 in
accommodating the non-natural ketone 1.

Double-code saturation mutagenesis of TbOSADH

The double-mutant A85G/I86A showed moderate per-
formance for ketone 1 with excellent (S)-enantioselec-
tivity (99% ee), but we wanted to further improve its
activity while maintaining high (S)-selectivity. Accord-
ingly, the other residues Q101, W110, L294, and C295 at
the binding pocket were considered as candidates (Fig. 1
and Additional file 1: Table S1). Notably, aside from A85
and 186, mutations at sites W110, L294 as well as C295
have also been reported to be important in tuning enan-
tioselectivity and/or activity (Additional file 1: Table S1).
The above selected residues were then mutated by apply-
ing the DCSM strategy to the double-mutant A85G/I86A
as template, using the two small amino acids alanine and
serine as combinatorial building blocks due to their steric
properties. After checking the activity, several mutants
with improved activity towards ketone 1 were indeed
obtained, all retaining the high enantioselectivity for (S)-
2 shown by the double-mutant A85G/I86A (Table 2).
Among them, mutants A85G/I86A/Q101A and A85G/
I86A/C295A showed particularly excellent enantiose-
lectivity (>99% ee) and high conversion (>90%) in the
reduction of ketone 1.

Characterization of best mutants with total turnover
numbers (TTNs) determination and kinetic parameters

The above two selected TbSADH mutants together with
A85@G, I86A, and A85G/I86A were then characterized
by TTN determination, which is an important param-
eter in catalysis (Hagen 2006). As shown in Table 3 and
Fig. 2, A85G and I86A increased the TTN marginally for
ketone 1, whereas the respective double-mutant A85G/
I86A increased the TTN ca. sixfold. In sharp contrast,
the triple-mutant A85G/I86A/Q101A led to an unusually

2 Conversion rate (c %) was determined by HPLC analysis as shown in Additional
file 1

b The ee values were determined by chiral HPLC analysis; the absolute
configuration was determined by comparison of the elution order with literature
data (see Additional file 1)

Table 3 Total turnover numbers of mutants

in the reduction of ketone 1

(TTNs)

Enzymes TTN? ee (%)
WT - -

A85G 333 96(5)
I86A 482 80(S)
A85G/I86A 3071 >99(5)
A85G/I86A/Q101A 6555 >99(5)
A85G/IB6A/C295A 5828 >99(5)

@ TTN: [product formation]/[enzyme]

b The ee values were determined by chiral HPLC analysis; the absolute
configuration was determined by comparison of the elution order with literature
data (see Additional file 1)
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Fig. 2 Total turnover numbers (TTNs) and the conversion rate of
ThSADH mutants in the reaction of ketone 1. Reactions were done in

triplicate
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Table 4 Kinetic parameters of Tb)SADH mutants towards substrate 1
Enzymes 1 NADPH
K., (mM) Keae (s7) Keat/Kry (s7" K., (mM) keat (s77) kcat/K
mM-T)
mM "
A85G/I86A 0.095£0.01 8.50£0.21 89.47 0.04240.01 24514151 583.57
A85G/I86A/Q10TA 0.079+£0.02 28924022 366.08 0.06£0.01 3248£0.95 541.33
high TTN of 6555, a 20-fold improvement over the single -
mutant A85G, and twofold over A85G/I86A. In parallel, a ‘\A/E b NADER \'
the conversion rate for ketone 1 was also improved in a f‘//\ by 2 m I
stepwise fashion (Fig. 2). Ao A 1294; &\
After protein purification, the best TBSADH mutant )< \ atoip AR -~“1 539\ \
A85G/I86A/Q101A as well as A85G/I86A were subse- 7aea b HS9 ~ S D
quently characterized by enzyme kinetics. As a result, A N
the variant A85G/I86A/Q101A displays a higher sub- \

strate affinity (K, 0.079 mM), and the catalytic effi-
ciency (k. /K,,=366.08 s"' mM™") is increased fourfold
compared to A85G/I86A (k. /K,,=89.47 st mM™*)
(Table 4). The apparent consistency between TTN deter-
mination and catalytic kinetics suggests that the one
round ISM step yielded a remarkable improvement.
Overall, the elevating conversion rates, TTN values, and
kinetic parameters indicate additive mutational effects
(Reetz 2013b) occurred in this iteratively enzyme engi-

neering study.

Docking analysis for explaining the source of improved
TTN

In order to gain insight into the possible origin of the
evolved TTN, ketone 1 was docked into a homology
model of mutant A85G/I86A/Q101A (Additional file 1:
Table S2). The highest ranked docking pose for ketone 1
preferentially orientates in such a way that the n-face of
the C=0 bond undergoes nucleophilic attack to yield the
(S)-product (Fig. 3). The protein-ligand interaction anal-
ysis suggested that this preferred binding mode results in
-7t interactions between the phenyl substituent of the
substrate and the side chains of nearby residues W110
and Y267 (Additional file 1: Figure S2), enforcing the
phenyl group of the substrate to stay in the bigger pocket
and therefore leaving the pyridine group of the substrate
in the smaller pocket. Moreover, hydrogen bonding inter-
action was observed between the substrate carbonyl
oxygen atom and the side chain of S39 (Additional file 1:
Figure S2). We also performed the docking analysis using
a homology model of mutant A85G/I86A; the interface
energy of ketone 1 as evaluated by Rosetta energy units
(REU) is less stable (—19.74 REU) than that of A85G/
I86A/Q101A (—22.05 REU, Additional file 1: Table S2),
indicating that the latter mutant confers better binding

149

Fig. 3 Highest ranked docking pose for ketone 1 in mutant A85G/
I86A/Q101A. a Overlay of the substrate binding pocket. b (5)-selective
docking pose. The mutated residues are shown in magenta. The
docking poses meet the reactivity requirements and are consistent
with the formation of (5)-2

affinity towards ketone 1. The binding affinity diversity is
supported by the kinetic parameters, the mutant A85G/
I86A/Q101A has a lower K, value relative to A85G/I86A
(Table 4).

Testing the best mutants as catalysts in the reduction

of other bulky ketones

In order to evaluate the substrate scope of three of
the best mutants and WT, a series of diaryl ketones
were subjected to reduction (Table 5). Compounds
3a-3f are characterized by a pyridine ring and a phe-
nyl substituent, while 3g and 3h contain two phenyl
groups (Scheme 2). WT shows extremely low activity
towards 3b, 3c, and 3d, which all can be transformed
by A85G/I86A/C295A, suggesting that this variant
have a wider substrate scope. Notably, the variants
all greatly increased the enzyme activity for 3h; how-
ever, it was reduced to the (R)-alcohol by WT, A85G/
I86A, and A85G/I86A/Q101A; interestingly, A85G/
I86A induces opposite stereoselectivity. This suggested
that the substitution of diaryl ketones greatly affects
enzyme activity and enantioselectivity. In order to gain
insight whether such a drastic change of stereoselectiv-
ity and activity is general, we also performed the reduc-
tion of purely aliphatic (3i-3k) and also aryl-alkyl
ketones (31-3n) (Scheme 2). In the case of the aliphatic
ketones, 3j was all reduced with excellent reversed
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Table 5 Asymmetric transformations of ketone 3a-n by ToSADH mutants evolved for ketone 1
Entry Substrate code Enzymes
WT A85G/186A A85G/I86A/C295A A85G/I86A/Q101A
c(%)? ee (%)° c(%)? ee (%)° c (%) ee (%)° c(%)? ee (%)°
1 3a 98 97(5) 49 48(R) 49 56(R) 1 -
2 3b 6 65(5) - - 49 96(5) 2 -
3 3c 5 40(5) - - 35 98(5) 3 -
4 3d <1 - - - 1 >99(R) - -
5 3e 2 - - - 3 - <1 -
6 3f 16 84(5) - - 6 75(R) - -
7 3g 41 >99(R) 42 >99(R) 34 98(R) 1 -
8 3h 8 78(R) 38 98(5) 93 93(R) >99 >99(R)
9 3i >99 74(R) >99 52(R) 95 54(R) 98 41(R)
10 3j >99 26(5) >99 >99(R) 98 97(R) 98 95(R)
1 3k 13 36(5) 15 44(R) 12 41(R) 14 43(R)
12 3l 85 75(R) 94 >99(R) 83 >99(R) 44 >99(R)
13 3m 98 36(5) 98 1(5) 78 77(S) <1 -
14 3n 68 66(R) 98 >99(5) 99 >99(5) >99 >99(R)

@ Conversion rate (c %) and ee values were determined by chiral HPLC and GC analysis as shown in Additional file 1

b ee value was not determined if conversion is lower than 5%

o} TbSADH OH OH
o N :

R "R, NAD(P)H Ry 'R; R{ R,

3a-n (S)-4a-n (R)-4a-n

3a R4=2-pyridyl, R,=C¢H5

3b R4=2-pyridyl, R;=2'-CH;3;C¢H5

3c R4=2-pyridyl, R;=4'-CH;C¢H5

3d R¢=2-pyridyl, R,=4'-OCH;C¢H5

3e R4=2-pyridyl, R;=4'-FC¢Hs5

3f R1=2-pyridyl, R;=3'-CIC¢H5

3g R4=4'-CIC¢H;5, R,=C¢H5

3h R4=4'-NO,C¢Hs, R,;=CgH5

3i  Ry=CH,OH, R,=CH,CH,

3j  Ry=CH,CH,OH, R,=CH,

3k Ry=CH,CH,CHj, Ry=CH,

3l Ry=C¢Hs, R;=CH,

3m  R4=4'-CICgH;, R;=CH;

3n R¢=2-pyridyl, R,=CHj
Scheme 2 Asymmetric reduction of ketones 3a-3n

enantioselectivity compared to WT. As for the aromatic
ketone 3n, all the variants showed improved conversion
and enantioselectivity (> 99% ee).

Conclusions and perspectives

Conversion of difficult-to-reduce ketones to enantio-
pure secondary alcohols is of particular interest in
some applications, and is also one of the challenges in

organic synthesis. This work has shown that such chal-
lenge can be partly met by applying directed evolution
to the robust enzyme TbSADH. Using the previously
reported key mutants A85G and I86A as the starting
templates and ketone 1 as the substrate, the double-
mutant A85G/I86A enabled a 99% (S)-enantioselec-
tivity and 3071 TTN, amounting to six- and ninefold
improvements compared to the single mutants A85G
and I86A, respectively. In order to further improve
the catalytic efficiency (TTN) while conserving the
high level of (S)-selectivity, structure-guided satura-
tion mutagenesis using reduced amino acid alphabets
based on DCSM strategies was carried out at sites lin-
ing the binding pocket (CAST residues). Eventually, the
best mutant A85G/I86A/Q101A displaying 99% ee in
favor of the (S)-enantiomer and up to 6555 TTN was
obtained. The substrate docking analysis shed light on
the possible source of stereoselectivity and activity.
This work highlights the ease of elevating enzyme activ-
ity without trade-off in enantioselectivity by the DCSM
strategy (Sun et al. 2016¢).

Materials and methods

Materials

PrimeSTAR DNA polymerase and restriction enzyme
Dpn I were obtained from TAKARA and NEB, respec-
tively. The oligonucleotide synthesis and DNA sequenc-
ing were conducted by GENEWIZ technology. All
reagents and chemicals were purchased from commercial
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sources and used without further purification. The gene
coding TbSADH optimized for expression in E. coli was
cloned into pRSFDuet-1 and constructed by previous co-
worker (Agudo et al. 2013).

Model generation and substrate docking

All protein and ligand structures were prepared in the
Schrodinger Maestro software (Schrodinger Suite 2015).
The X-ray structure of ADH from Thermoanaerobacter
brockii was used as the basis for model creation (Korkhin
et al. 1998). The initial structure of the mutants A85G/
I86A and A85G/I86A/Q101A was generated employing
the PyMol program (http://www.pymol.org) using the
WT model as a template, and was then relaxed/repack-
ing using Rosetta program suite version 3.10. Dock-
ing ketone 1 into the two mutants was performed using
Rosetta docking program (Combs et al. 2013). A total of
50 models were run, from which the top 5 poses lowest
in ligand—protein interface_score energy with Rosetta
energy units were selected for comparison (Additional
file 1: Table S2). The Rosetta docking command lines are
also supplied in Additional file 1.

Site-directed mutagenesis

Site-directed mutagenesis of TbSADH was performed
using the megaprimer approach®® with PrimeSTAR
DNA polymerase. The PCR conditions for short frag-
ment: 95 °C for 5 min, (95 °C for 30 s, 56 °C for 30 s, 72 °C
for 40 s), x 32 cycles, 72 °C for 10 min. For mega-PCR:
95 °C for 5 min, (95 °C for 30 s, 60 °C for 30 s, 72 °C for
6 min), x 26 cycles, 72 °C for 10 min. The PCR products
were analyzed on agarose gel by electrophoresis. Then,
0.5 pL Dpn I was added to 10 uL PCR reaction mixture
for the digestion at 37 °C for 3 h. After Dpn I digestion,
the PCR products were directly transformed into electro-
competent E. coli BL21(DE3) to create the mutants. The
primers are shown in Additional file 1: Table S3.

Activity assay and determination of total turnover
numbers (TTN)

The protein expression of TbSADH mutants was induced
by 0.1 mM IPTG at 20 °C for 16 h. The cells were har-
vested, washed once with phosphate buffer (50 mM, pH
7.4), and then lysed by sonication. The crude extract was
obtained by centrifugation and lyophilized under vacuum
to form the crude enzyme powder. The reduction reac-
tions were conducted by mixing phosphate buffer solu-
tion (50 mM, pH 7.4), NADP™ (1 mM), isopropanol (10%
v/v), crude enzyme powder of the TbSADH mutants
(5 mg), and ketone 1 (5 mM) in 0.5 mL Eppendorf tube.
TTN was defined as the molar number of the product
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yield divided by the catalyst concentration. The proce-
dure for TTN determination was the same as the activ-
ity assay except for using 10 mM ketone 1 and 0.05 mg/
mL purified enzyme. The TbSADH mutants with His-
Tag were purified by Nickel-affinity chromatography
and analyzed by SDS-PAGE as previously reported (Sun
et al. 2016a). Protein concentration was measured using
the Bradford method. The reaction mixture was stirred
at 30 °C, 1000 rpm for 24 h. The product and remain-
ing substrate were extracted using equal volume of ethyl
acetate for HPLC analysis to measure the conversion and
ee values (Additional file 1: Table S4). All reactions were
carried out in triplicate.

Determination of kinetic parameters

The reductive activity was measured by monitoring the
consumption of NADPH from the decrease in absorb-
ance at 340 nm using a molar absorption coefficient of
6220 M~! cm™!. Purified enzyme was added to phos-
phate buffer (50 mM, pH 7.4) with a total volume of 200
pL containing substrate 1, NADPH, and 2.5% acetonitrile.
One unit of enzyme activity was defined as the amount of
enzyme catalyzing the conversion of 1 umol NADPH per
minute. The kinetic parameters were obtained by meas-
uring the initial velocities of the enzyme reaction and
curve-fitting according to the Michaelis—Menten equa-
tion. For ketone 1, 1 mM NADPH and ketone 1 in the
range of 0.01-1 mM were used for the enzyme kinetic
assays. For NADPH, the activity assay was performed in
a mixture containing a varying concentration of NADPH
(0.01-0.1 mM) and 1 mM ketone 1.

Substrate scope investigation

General procedure was carried out as follows: NADP*
(1 mM), isopropanol (10% v/v), crude enzyme pow-
der of the TbSADH variants (10 mg/mL), and ketone
substrate (10 mM) were mixed in a phosphate buffer
solution (0.5 mL, 50 mM, pH 7.4). The reaction mix-
ture was stirred at 30 °C, 1000 rpm for 24 h. Then the
product and remaining substrate were extracted using
an equal volume of ethyl acetate for HPLC analysis and
n-butanol for GC analysis to obtain the conversion and
ee values. The absolute configuration was determined
by comparison of the elution order with literature
data for HPLC analysis and performed with Chiralcel
OD-H column (4.6 mm x 250 mm x 5 pum) and Chiral-
pak ADH column (4.6 mm x 250 mm x 5 pm). Some
of them were determined based on authentic racemic
mixture and enantiomer product for GC analysis, and
performed with Hydrodex-B-TBDAc (25x0.25 mm
ID). Analytic conditions of HPLC and GC are listed in
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Additional file 1: Tables S4 and S5. All reactions were
carried out in triplicate.

Additional file

Additional file 1. Additional tables and figures including: Table S1.
Summary of the TbSADH residues involved in this work. Table S2. Rosetta
docking results. Table S3. List of primers for site-directed saturation
mutagenesis. Table S4. Analytical conditions of HPLC. Table S5. Analytical
conditions of GC. Figure S1. SDS-PAGE analysis of the protein expression
of the variants /AA85 (“/\"indicates deletion), /AI186 and /AA85//\186.
As shown, all the three variants are well expressed. M: molecular markers.
Lines 2~4,5~7,8~10 and 11~13 represent: whole cell lysate, soluble
protein, inclusion body and empty vector, respectively. BL21(DE3) harbor-
ing the empty vector pRSFDuet-1 was used as a negative control. The
expected size of TbSADH (37.58 KDa) is indicated by black arrow. Figure S2.
The non-bonded interactions between ketone 1 and mutant A85G/I86A/
Q101A, investigated by PLIP tool (Salentin et al. 2015). And computational
command lines for running Rosetta Docking.
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