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Alcohol dehydrogenases (ADHs) together with the economical substrate-coupled cofactor regeneration
system play a pivotal role in the asymmetric synthesis of chiral alcohols; however, severe challenges
concerning the poor tolerance of enzymes to 2-propanol and the adverse effects of the by-product, ace-
tone, limit its applications, causing this strategy to lapse. Herein, a novel ADH gene smadh?2 was identified
from Stenotrophomonas maltophilia by traditional genome mining technology. The gene was cloned into
Escherichia coli cells and then expressed to yield SmADH2. SmMADH2 has a broad substrate spectrum and
exhibits excellent tolerance and superb activity to 2-propanol even at 10.5 M (80%, v/v) concentration.
Moreover, a new thermostatic bubble column reactor (TBCR) system is successfully designed to alleviate
the inhibition of the by-product acetone by gas flow and continuously supplement 2-propanol. The or-
ganic waste can be simultaneously recovered for the purpose of green synthesis. In the sustainable system,
structurally diverse chiral alcohols are synthesised at a high substrate loading (>150 g L™) without adding
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external coenzymes. Among these, about 780 g L™ (6 M) ethyl acetoacetate is completely converted into
ethyl (R)-3-hydroxybutyrate in only 2.5 h with 99.9% ee and 7488 g L™* d* space-time yield. Molecular dy-
namics simulation results shed light on the high catalytic activity toward the substrate. Therefore, the high

DOI: 10.1039/c9cy01794a
2-propanol tolerance SmADH2 with the TBCR system proves to be a potent biocatalytic strategy for the
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Introduction

Chiral alcohols are important building blocks for chiral phar-
maceuticals, fine chemicals and agrochemicals. In particular,
in the pharmaceutical industry, chiral alcohols can serve as
intermediates of many chiral drugs such as atorvastatin, enal-
april, and crizotinib.'~ Biocatalysis is proved to be a practical
approach to synthesise chiral alcohols, which has attracted
considerable attention due to its mild reaction conditions,
high stereoselectivity and absence of heavy metals.* Chiral
resolution and asymmetric synthesis are two common ways of
the biocatalytic method. Due to the limitation of a 50% theo-
retical yield for chiral resolution, asymmetrical synthesis be-
comes an ideal process to produce chiral alcohols as it can
reach a theoretical yield of 100%.>
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synthesis of chiral alcohols on an industrial scale.

It is necessary to regenerate expensive coenzymes such as
NAD(P)H in ADH-mediated bioreductions, which can be
achieved by coupling a procedure of oxidizing co-substrates.
There are two practical ways to reach the purpose. One is to
add glucose dehydrogenase (GDH) or formate dehydrogenase
(FDH) to form an enzyme-coupled system;® the other is to
add co-substrates such as 2-propanol, which can be oxidised
simultaneously by some ADHs to form a self-regenerating sys-
tem of cofactors called the substrate-coupled system.” The
latter has two advantages: first, a higher catalytic efficiency
on the microscopic level is achieved due to the presence of
only one enzyme in the bioreduction; second, a relatively con-
stant pH value and the cheap co-solvent 2-propanol collec-
tively cause much convenience to the whole reaction on the
macroscopic level. These make the substrate-coupled cofactor
regeneration system more promising.

Nevertheless, ADHs exhibiting high oxidative activity to
2-propanol in previous reports are scarce, and moreover, most
of them have poor tolerance to 2-propanol.® For example,
ADHs such as LSADH (Leifsonia sp.), YICR (Yarrowia lipolytica)
and LKADH (Lactobacillus kefiri) presented activity toward

This journal is © The Royal Society of Chemistry 2020
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different ketones in a substrate-coupled system and were suc-
cessfully applied in the synthesis of several chiral drug inter-
mediates;”>'® however, this application is generally limited
because the tolerance to 2-propanol is relatively poor, and the
proportion of 2-propanol in the system cannot surpass 2.62 M
(20%, v/v), leading to a low substrate loading.

Another difficulty in using this system was the accumula-
tion of the by-product acetone during the whole process, usu-
ally leading to a depressed enzyme activity and an
unfavourable side of the chemical equilibrium.'* To solve
this problem, two strategies, an aeration system and a
depressurizing method, were considered;'*>"* however, excess
2-propanol had to be added at the beginning of the reaction
to compensate for the loss of 2-propanol caused by these two
strategies, which resulted in extra loss of the enzyme activity.
Among these, the depressurizing method had a significant ef-
fect on acetone removal; however, it exhibited high energy
consumption and was not conducive to the synthesis of low-
boiling products. Therefore, it is urgent to establish a sound
strategy to prevent acetone accumulation in order to achieve
high substrate loading.

In this study, a novel NADH-dependent alcohol dehydro-
genase SmADH2 with a broad substrate spectrum was suc-
cessfully expressed by recombinant Escherichia coli cells,
which can tolerate about 80% (v/v) 2-propanol. In order to
solve the acetone accumulation issue during bioreduction
using 2-propanol as the hydrogen donor, a newly designed
thermostatic bubble column reactor (TBCR) system was
established. In this system, acetone can be removed by gas
flow and 2-propanol was continuously supplemented by a
gas mixture and formed a dynamic equilibrium in the reac-
tion unit. The final gas mixture of acetone and 2-propanol
from the reaction unit was condensed by the collection unit
as a side product, which is compatible with green synthe-
sis. Eventually, six important chiral alcohols with quite dif-
ferent structures (ee >99.9%) were successfully synthesised
at 150-780 g L™ substrate loading (Scheme 1). The sound
TBCR system combined with the high 2-propanol tolerance
SmADH2 would have a promising prospect in future
applications.
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Scheme 1 Diagrammatic illustration of bioreduction using a
substrate-coupled cofactor regeneration system. The blue arrows indi-
cate that the ketones can be reduced to chiral alcohols and the co-
substrate 2-propanol can be oxidized to acetone by using a single
SmADH2 (presented as the white cartoon).

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

Construction and screening of ADH library

About 30 genes of SmADHs (Table S17) were identified from
Stenotrophomonas maltophilia LH15 by genome mining and
expressed in a heterologous host, E. coli BL21 (DE3)."* The
asymmetrical reduction from ethyl acetoacetate (EAA) to ethyl
(R)-3-hydroxybutyrate [(R)-EHB] was chosen as a model reac-
tion. In this reaction, the EAA is a substrate with a simple
structure and the optically pure (R)-EHB is an important
intermediate for the synthesis of p-lactamase inhibitors,
B-lactam antibiotics and (+)-decarestrictine L.">™"” The coen-
zyme dependence of ADHs was tested. Thereafter, the cata-
Iytic activity and enantioselectivity of SmADHs to EAA was
detected using the corresponding coenzyme and the result
revealed that 21 ADHs presented activities toward EAA. In
order to build a substrate-coupled cofactor regeneration sys-
tem, these enzymes were then screened for oxidation activi-
ties toward 2-propanol (Table S2t). The results revealed that
only 5 ADHs had activities for 2-propanol. SmADH2
exhibited the best oxidative activity for 2-propanol and re-
ductive activity for EAA; hence, it was chosen as the biocata-
lyst for further research.

Characterisation of SmADH?2

Sequence alignment of SmADH2 was performed with differ-
ent short-chain dehydrogenases (SDRs), which exhibited high
catalytic activity toward EAA, including CmCR from Candida
magnoliae (GenBank: BAB21578.1), BgADH from Burkholderia
gladioli BSR3 (GenBank: YP_004348055.1), LbADH from Lac-
tobacillus brevis (GenBank: CAD66648.1) and LKADH from
Lactobacillus kefiri (GenBank: WP_054768785.1)."5>' Results
revealed that SmADH2 belongs to the SDR superfamily due to
a conserved coenzyme binding domain (GXXXGXG) and a cat-
alytic triad, S146-Y159-K163 (Fig. S17). Based on the sequence
alignment, the amino acid sequence of SmADH2 had merely
30-35% identity compared to those enzymes, which indicated
that SmADH2 would exhibit distinct properties when
catalysing the same substrate.

In addition, SmADH2 showed distinct cofactor depen-
dence with LkADH and LbADH, which may contribute partly
to the low similarity. There are two key regions that deter-
mine coenzyme dependence. One is at the B2a2 domain,
while the other is at the coenzyme binding motif. At the co-
enzyme binding motif shown as green squares in Fig. S1,f
the residues of Lk ADH and LbADH are Thr, which can form
hydrogen bonds with the 2'-phosphate of NADPH, while the
residue of SmADH2 is Val, which cannot form hydrogen
bonds with the 2-phosphate of NADPH. At the 202 domain
shown as purple squares, the residues of LkADH and LhADH
are Arg and Gly residues, which can form hydrogen bonds
with the 2'-phosphate of NADPH, while the residue of
SmADH?2 is Asp, which can only form hydrogen bonds with
the adenine ribose of NADH (Fig. S11). These differences at
the key residues give rise to the distinct coenzyme depen-
dence of the three ADHs.*>?*
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The purified enzyme presented a single band on SDS-
PAGE at 27 kDa (Fig. S27), and this is in accordance with the
calculated result of amino acid sequences. The molecular
weight of native SmADH2 was estimated to be about 110 kDa
by using a gel filtration column, which indicated that
SmADH2 is preserved in a tetrameric state. The specific activ-
ity of SmADH2 to EAA was 320 U mg ™.

The temperature-activity curve of the purified SmADH2 re-
vealed that the optimum temperature is set at 30 °C (Fig.
S3AT). Compared to 40 °C and 50 °C, SmADH2 was most sta-
ble under 30 °C with a half-life (¢,,) of 60 h (Fig. S3B}). At
pH 7.0, the maximum activity of the enzyme was obtained
(Fig. S3Ct). Coincidently, SmADH2 remained most stable at
pH 7.0 and presented 94% residual activity according to the
pH-activity curve (Fig. S3D7). Therefore, the optimum reac-
tion conditions were established, that is, in phosphate buffer
saline (PBS; 100 mM, pH 7.0) at 30 °C.

The experiment measuring kinetic parameters was carried
out in PBS (100 mM, pH 7.0) at 30 °C using NADH as a cofac-
tor. SmADH2 presented a low K, value (0.39 mM) and a high
keac value (210 S71), indicating that SmADH2 had a strong af-
finity for and reduction ability to EAA (Table 1). In addition,
the K, value toward NADH was extremely low, which indi-
cated that SmADH2 had a strong affinity for NADH.
According to the k../K;, value of SmADH2 to 2-propanol, the
oxidation of 2-propanol by SmADH2 can be well used in the
substrate-coupled coenzyme regeneration system.”>*

Substrate specificity

The substrate-specificity assay revealed that SmADH2 had a
broad substrate spectrum. It had good to excellent catalytic
activity toward EAA and 23 other ketone substrates, including
o/B-ketoesters, aliphatic ketones, aryl ketones and heterocy-
clic ketones (Table 2). In addition, SmADH2 exhibits excellent
stereoselectivity towards 14 products (ee >99.9%). Results in-
dicate that the activity of SmADH2 to f-ketoesters is higher
than that to other ketones. Among these -ketoesters, the cor-
responding products 4, 5, 7 and 8 exhibited 99.9% ee values.
These make it possible to synthesise optically pure f3-hydroxy
esters on an industrial scale.

Table 1 Kinetic parameters for reduction of EAA and oxidation of
2-propanol by SmADH2

Substrate Ky (mM) keat () kead Km (MM ™" s71)
EAA 0.39 210 5.4 x 10*

NADH 0.013 188 1.4 x 10*
2-Propanol 66 192 2.9

NAD" 0.15 120 8.0 x 10?

Reaction conditions: EAA (0.1-5 mM, methanol, 5% v/v), purified
SmADH2 (0.1 mg mL™"), NADH (0.5 mM), pH 7.0, and 30 °C toward
EAA. EAA (5 mM, methanol, 5% v/v), purified SmADH2 (0.1 mg
mL™"), NADH (0.005-0.05 mM), pH 7.0, and 30 °C toward NADH.
2-Propanol (0.01-0.5 M), purified SmADH2 (0.1 mg mL "), NAD" (0.5
mM), pH 7.0, and 30 °C toward 2-propanol. 2-Propanol (0.5 M), puri-
fied SmADH2 (0.1 mg mL™"), NAD" (0.1-5 mM), pH 7.0, and 30 °C to-
ward NAD".
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Table 2 Substrate spectrum of SMADH2 considering the reduction of
various ketoesters, aryl ketones and heterocyclic ketones

7 R1=CH,Cl R=CH3 R3=H 14 R;=3'-CI R;=CH3
o)
)J\ 8 Ry= CH,Cl R=CH.CH; Ry=H 15 Ry=4"-Cl R,=CHs
R1 RZ
9 Ry=(CHs)2CH Ry=CH,CHs Rs=H 16 Ry=3'-Br R,=CH;
o
1 Ry=CH3 R;=COOCH;CH; 17 Ry=4"-Br R;=CHs
Y\/U\O/\

2 Ry=CHs R;=CH,CH,0H 18 Ri=2, 4'-CI Ry=CH;
10 ©

3 Ry=(CH2),Ph R,=COOCH;CH; 19 Ri=2', 4'-CI 3'-F R,=CHs

o o o 20 Ry=3"-NO; Ry=CH;
_Ry ,
R; o) R Ry 21 Ry=4"-NO; R,=CH;
1

Rs 22 R;=4"-Cl R;=CH,Cl
23 Ri1=H R;=CH,COOCH,CH3
4 Ry=CH3 Ry=CH3 R3=H 11 Ry=2'-F R=CH3
5 R1=CH3 R=CH,CH3 R3=H 12 R1=3'-F Ro=CH3

6 R1=CH3(CH,); R;=CH,CH;

OQNTOK

13 Ry=4'-F R,=CH3 |

26

Relative Relative Relative

activity” activity activity
S (%) ee? (%) S (%) ee (%) S (%) ee (%)
1 169 R(95.6) 10 64 R(98.7) 19 — —
2 34 R(99.9) 11 25 R(58.2) 20 48 R(99.9)
3 26 5(99.9) 12 24 R(98.5) 21 14 R(99.9)
4 87 R(99.9) 13 56 R(99.9) 22 59 5(96.7)
5 100 R(99.9) 14 14 R(68.5) 23 18 R(99.9)
6 79 R(87.4) 15 23 R(99.9) 24 6 R(96.7)
7 68 5(99.9) 16 — — 25 37 R(99.9)
8 63 5(99.9) 17 57 R(99.9) 26 27 R(99.9)
9 76 R(93.9) 18 — — 27 12 R(87.4)

“ Relative activities measured using purified SmADH2 under the
standard assay protocol and expressed as percentages referred to
EAA. ? ee values determined by GC or HPLC analysis (Table S51).

From the substrate spectrum, we observed that all the
products follow the anti-Prelog rule and most of them are
(R)-form alcohols.”® The substrates 3, 7 and 8 yield the (S)-
form alcohols due to higher priority atoms (-CH,CI > -CF; >
-phenyl > -CHj;) at their chiral centres according to the
Cahn-Ingold-Prelog rule.>® It is well known that relatively
few enzymes follow the anti-Prelog rule,*® but anti-Prelog al-
cohols act as key intermediates in the synthesis of chiral
drugs.”” Therefore, SmADH2 has great application potential.

2-Propanol tolerance of SmADH2 and other ADHs

Polar organic solvents such as 2-propanol usually have ad-
verse effects on the enzyme activity. To investigate the poten-
tial of SmADH2 in the substrate-coupled cofactor regenera-
tion system, the enzyme was incubated in different
concentrations of 2-propanol and the residual enzyme activity
was measured. We found that there was no significant de-
crease in activity of SmADH2 in 20% (v/v) 2-propanol, and the
residual activity was above 95% after 24 h. When the
2-propanol content increased to 80% (v/v), it still maintained

This journal is © The Royal Society of Chemistry 2020
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Table 3 2-Propanol tolerance of SMADH2 and other reported enzymes
2-Propanol
Entry Enzyme Source organism 20% 80% Ref.
1 SmADH2 Stenotrophomonas maltophilia 95.4¢ 87.3¢ This work
2 LSADH Leifsonia sp. S749 Dec.” — 7
3 YICR Yarrowia lipolytica ACA-DC 50109 Dec. — 9
4 PAR Rhodococcus sp. ST-10 Dec. — 12
5 LKADH Lactobacillus kefiri DSM 20587 0.6 0 8
6 Rhoc (ReADH) Rhodococcus erythropolis 16 7.5 8
7 YglC Saccharomyces cerevisiae 45.5 5.5 8
8 SpbC (ScCR) Streptomyces coelicolor 2 0.8 8

“ Residual activity (%) determined in 20% (v/v) and 80% (v/v). Reaction conditions: PBS buffer (100 mM, pH 7.0) and 2-propanol total 1 mL re-
action volume, 0.5 mM NADH, 5 mM EAA, 1.25 pg purified SmADH2; activities were compared with those in pure PBS (100 mM, pH 7.0) as sol-

vent. ® Dec. means declined.

87.3% activity (Table 3). As the concentration of 2-propanol in-
creased, the bound water of enzyme proteins was partly
stripped, resulting in unfavourable conformational changes.®
In several reported substrate-coupled cofactor regeneration
systems, the ratios of 2-propanol/water (v/v) were generally less
than 20% (2.63 M) to ensure that the enzyme functions well.
When the ratio reached 80% (v/v), the enzyme activity de-
creased significantly (Table 3). Thus, the theoretical substrate
concentration was limited. The excellent tolerance to
2-propanol triggers SmADH2 to achieve high substrate
loading.

Enzyme- and substrate-coupled cofactor regeneration system

Bioreactions based on substrate- and enzyme-coupled coen-
zZyme regeneration systems were compared in thermostatic
stirred tank reactors (TSTRs) at 3 and 5 M EAA loading
(Fig. 1). Considering the mass transfer efficiency of coen-
zymes, we co-expressed the smadh2 and gdh in E. coli cells.
Both the smadh2 and gdh were successfully expressed in solu-
ble form. All the reactions were performed under an equiva-
lent enzyme activity of SmADH2 (512.4 U). The activity of
GDH (582.3 U) is higher than that of SmADH2 and thus is
sufficient for cofactor regeneration. In 3 M bioreduction, the
conversions of both systems can finally reach 99.9%. How-
ever, only half the time was required for the substrate-
coupled bioreduction compared with that of the enzyme-
coupled system. The concentration of 5 M bioreduction
based on the substrate-coupled system achieved a maximum
conversion of 95% after 5 h, but that of the enzyme-coupled
system could only attain 80% even after 24 h. These results
indicate that the SmADH2 mediated substrate-coupled coen-
zyme regeneration system is more efficient. The reason may
be that the additional coenzymes and substrate molecules
can get into the molecules more efficiently due to the in-
creased permeability of the cell membrane caused by high-
concentration 2-propanol. Noteworthily, although SmADH2 is
highly tolerant to 2-propanol, 1.25 substrate equivalents of
2-propanol are sufficient to achieve 99.9% conversion, which
makes the bioreduction conform to the principle of atom
economy.

This journal is © The Royal Society of Chemistry 2020

Construction and optimization of the TBCR system

Though the conversion of 5 M EAA bioreduction carried out
in the substrate-coupled system was 95% after 5 h, which in-
dicates a good result, the accumulation of the by-product ace-
tone resulting in adverse effects on enzyme activity and
chemical equilibrium should be considered.>® In order to
solve the acetone accumulation issue and then increase the
substrate loading, a TBCR system was built in this study. The
TBCR system comprises an air pump, a buffer unit, a reac-
tion unit and a collection unit. All these units are connected
by air paths (Fig. 2). The air pump unit provides ventilation
for the entire system. The buffer unit supplies 2-propanol to
the system and the air flows through this unit will become a
mixture of 2-propanol and water vapour. The reaction unit is
the site of bioreduction based on the substrate-coupled coen-
zyme regeneration system. In this unit, the gas mixture is

Concentration (M)
w
T

0 L 2 2 L 1 1 L :

0o 3 6 9 12 15 18 21 24
Time (h)

Fig. 1 Enzyme- and substrate-coupled cofactor regeneration systems.
Line 1 (red circle) and line 2 (red square) are the reaction process
curves with a substrate EAA concentration of 3 and 5 M using the
enzyme-coupled cofactor regeneration system. Reaction conditions:
10 ml PBS (100 mM, pH 7.0), 650 mg lyophilised E. coli cells co-
expressing SMADH2 and GDH, 5 umol NAD*, 3.9-6.5 g EAA and glu-
cose (1.25 equivalents to EAA). Line 3 (blue circle) and line 4 (blue
square) are the reaction process curves with a substrate EAA concen-
tration of 3 and 5 M using the substrate-coupled cofactor regeneration
system. Reaction conditions: 10 ml PBS (100 mM, pH 7.0), 500 mg
lyophilised SmADH2 cells, 5 umol NAD*, 3.9-6.5 g EAA and 2-propanol
(1.25 equivalents to EAA). All the bioreductions were performed under
their optimal conditions.
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Fig. 2 A schematic diagram of the TBCR system (not proportionally
scaled). Area 1 is a pump unit. Area 2 is a buffer unit containing
2-propanol and water. Area 3 is a reaction unit, in which the tempera-
ture is set at 30 °C. Area 4 is a collection unit. Air, water, 2-propanol
and acetone are shown as gray, blue, green and yellow arrows, respec-
tively. Air paths are shown as light blue lines.

injected through a distributor, which can remove the acetone
and 2-propanol according to the gas-liquid mass transfer the-
ory. While acetone is maintained at a relatively low concen-
tration in the system, extra 2-propanol can be continuously
supplemented via the gas mixture, forming a dynamic equi-
librium. The final gas mixture of acetone and 2-propanol
from the reaction unit can be recycled by the collection unit
as side products.

In order to enhance the performance of the TBCR, two fac-
tors containing the amount of air flow and the proportion of
2-propanol in the buffer unit were optimised (Fig. 3). At low
air flow, the ability to remove acetone was limited. In this
case, increasing the proportion of 2-propanol has little effect
on the conversion rate. When the 2-propanol proportion in
the buffer unit was low, the addition of 2-propanol was lim-
ited. With the increase of air flow, the restriction factor of
the conversion rate changed from acetone accumulation to
2-propanol loss. As a result, 2.5 L min™" air flow and 50% (v/
v) 2-propanol/water ratio were selected as the best conditions
for the TBCR system. The concentration of acetone in the re-
action unit was monitored throughout the reaction process,
and it was found that under the action of the TBCR, the con-
centration of acetone in the reaction system decreased signif-
icantly (Fig. S471), contributing to the complete conversion of
the bioreduction.

100

95 =
o
2

20 @
)
>

85 H
o

80

75 - =

Fig. 3 3D bivariate coordinate system optimizing the TBCR. The air
flow was studied in the range of 0.5 L min™ to 3.0 L min"%. The ratio of
2-propanol/water (v/v) was investigated from 10% to 60%.
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Furthermore, the amount of cell, coenzyme and substrate
addition was further optimised (Table S4t). Under these con-
ditions, a substantial amount of (R)-EHB (792 g L', 6 M, ee
> 99.9%) was produced via asymmetric synthesis with a con-
version of 99.9% in only 2.5 h without additional NADH
(Table 4, entry 3). (R)-EHB was then isolated with a yield of
93%. In addition, 9.93 ml 2-propanol and 1.49 ml acetone
were recovered by the collection unit and attained a 99% re-
covery efficiency, which solved the economic and ecological
issues.

From various other studies, we found that two strategies
were usually adopted for the removal of acetone. One is using
an aeration system,"” in which dry air is pumped into the reac-
tion system to remove the acetone. The other includes the
depressurizing method,"* which reduces the pressure of the
system to remove low-boiling acetone. Compared to the aera-
tion system and the depressurizing method, the TBCR strategy
provided more advantages. Initially, water and 2-propanol va-
pour in the gas mixture entering the reaction unit enhanced
the ability to remove acetone. Next, 2-propanol was gradually
added by the gas mixture from the buffer unit to avoid a high
2-propanol content at the initial stage of the reaction. In addi-
tion, the whole reaction process was carried out at ordinary
pressure with low energy consumption, which is suitable for
the synthesis of products with a low boiling point. Eventually,
the organic waste was collected, which realises the goal of envi-
ronmental-friendliness. With the designed TBCR system, the
substrate loading was increased from 5 to 6 M and the external
coenzyme addition was reduced to zero.

Asymmetric synthesis of other chiral alcohols via the TBCR
system

In order to extend the application scope of SmADH?2, several
ketones were chosen based on the substrate specificity and
the application value of the products. The corresponding
products 3, 4, 7, 8 and 26 can serve as important intermedi-
ates for synthesising several crucial drugs such as benidipine
statins and benazepril. Thereafter, the bioreductions were
carried out using the TBCR system under high substrate load-
ing in order to asymmetrically synthesise the chiral precur-
sors of drugs. The results revealed that 180 g L™ 3,580 g L™
4,450 g L™ 7, 330 g L™ 8 and 150 g L™ 26 could be
completely transformed into products with excellent ee of
>99.9% (Table 4), which can meet the requirements of bio-
catalytic processes in the industry (substrate concentration
>100 g L™").*° P13, P17 and P20 were also synthesised with
the substrate loading of slightly less than 100 g L™. Consider-
ing these promising results, the combination of SmADH2
and the TBCR system proves to be a potent biocatalytic strat-
egy and will have a better prospect in drug manufacturing.

Molecular dynamics simulation

For further insight into the catalytic process, the EAA mole-
cule was docked into the SmADH/NADH complex. Further-
more, an all-atom MD simulation of SmADH2 was performed

This journal is © The Royal Society of Chemistry 2020
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Table 4 Asymmetric reduction of ketones with lyophilised E. coli cells of SmADH2“

Ketone
Entry Substrate Reactor (g™ (M) NAD" (mM) Cell (g L) Time (h) Conv.” (%) ee’ (%) Yield (%)
1 3 TBCR 180 0.85 0 20 12.0 99.9 5(99.9) 89
2 4 TBCR 580 5 0 20 3.0 99.9 R(99.9) 93
3 5 TBCR 780 6 0 20 2.5 99.9 R(99.9) 93
4 7 TBCR 450 3 0 20 4.0 99.9 5(99.9) 91
5 8 TBCR 330 2 0 20 6.0 99.9 5(99.9) 89
6 26 TBCR 150 0.75 0 20 12.0 99.9 R(99.9) 88

¢ Reaction conditions: 10 ml PBS (100 mM, pH 7.0), 200-500 mg lyophilised cells, 0-5 pmol NAD", 6.5-7.8 g EAA and 4.8-5.7 ml 2-propanol (1.25
equiv.) were placed in the TBCR and reacted at 30 °C for 24 h. ” Conversion and ee values determined by HPLC and GC analysis (Table S57).

Fig. 4 Three-dimensional structure generated by docking of EAA into the SmMADH2/NADH complex. (A) Catalytic triads are presented as orange
sticks. Hydrogen bonds are given as green dotted lines. Distance is represented by blue dotted lines. The hydrogen on the C4 of NADH attacks the
carbonyl group of the EAA from the (si)-face. (B) Image of EAA docking into the substrate binding pocket of SmMADH2. The substrate binding
pocket is presented as a grey surface. (C) A polar cavity surrounding the EAA. Hydrophobic and hydrophilic domains are presented as red and blue

surfaces.

in complex with the substrate EAA, and a trajectory of about
50 ns for the system was analysed in terms of root-mean-
square deviations (RMSDs). The RMSD of Ca atoms from the
starting structure reached a plateau of about 2 A after 7 ns
(Fig. S5A%), indicating the convergence of the simulation. The
catalytic triad S146-Y159-K163 was an active centre of
SmADH2. According to the catalytic mechanism, a proton is
transferred from the hydroxyl group of Y159 to the carbonyl
oxygen atom of EAA. Next, the hydrogen on the C4 of NADH
attacks the carbonyl group of the substrate from the (si)-face
to form an (R)-form alcohol (obeying the anti-Prelog rule;
Fig. 4A).*

SmADH2 possesses a semi-open substrate binding pocket
with a volume of 206 A® (calculated using Discovery Studio
4.0 software; Fig. 4B). The volume of EAA is 112.9 A® and the
binding energy is 18.1 k] mol™, indicating that EAA can eas-
ily enter the binding pocket and then interact with the active
sites.

Specific polarity distribution in the substrate binding
pocket of SmADH2 forms a polar cavity, which comprises hy-
drophobic residues (L196, L197, L208 and L217) on one side
and hydrophilic residues (S96, G97 and Y159) on the other
side (Fig. 4C). The strong electronegativity of oxygen atoms in
EAA molecules cause the carbonyl and ester groups to be
moderately polar chemical bonds. A more polar side of the

This journal is © The Royal Society of Chemistry 2020

substrate binding pocket is favourable for the carbonyl and
ester groups of EAA. These interactions help the EAA mole-
cules to form pre-reaction states, which could reflect early
stereoselective recognition of enzymes and generate optically
pure products.*

When the EAA came in a particular form into the sub-
strate binding pocket, the carbonyl oxygen atom of EAA
formed hydrogen bonds with Y159 and S146 residues sepa-
rately, which anchored the EAA in the active centre. Analysis
of the distances between the carbonyl group of the substrate
and the catalytic centre is shown in Fig. S5B,i and the result
demonstrates that the distance between the carbonyl group
of EAA and the hydrogen on the C4 of NADH is only 3.76 A,
facilitating the transfer of hydrogen ions to the substrate.*’
All of these factors help SmADH2 exhibit high activity and ex-
cellent stereoselectivity in reducing EAA.

Conclusions

In summary, to expand the application of the substrate-
coupled coenzyme regeneration system, a novel SmADH2
which can tolerate about 80% (v/v) 2-propanol was reported
and studied in detail. Then, a TBCR system was built to alle-
viate adverse effects on enzyme activity and chemical equilib-
rium caused by the by-product acetone. The newly-designed
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TBCR system combined with the high 2-propanol tolerance
SmADH2 provided an integrated strategy for efficiently
synthesising structurally diverse chiral alcohols at a high sub-
strate loading. Furthermore, SmADH?2 can be used as a practi-
cal reductase to help regenerate coenzymes in other redox re-
actions due to the low equivalent of 2-propanol used.

Experimental
General

All the chemicals and reagents were purchased from Aladdin
(Shanghai, China) or other commercial resources. Tag DNA
polymerase was purchased from Yisheng (Shanghai, China).
pET28a(+) vector (Novagen, Shanghai) present in E. coli
DH5a was stored in Luria-Bertani (LB) medium with glycerol/
water (10%, v/v) at -40 °C. The affinity chromatographic
fillers, Ni-nitrilotriacetic acid (Ni-NTA) agarose, used in pro-
tein purification was obtained from SMART (Changzhou,
China). Protein concentration was based on the Bradford
method, and bovine serum albumin (BSA) was purchased
from Tiangen (Shanghai, China). All the operations at DNA,
protein or cell level were governed by standard operations or
manufacturer's protocols unless additionally stated.

Preparation of biocatalyst for synthesizing chiral alcohols

The SmADH2 gene was amplified by polymerase chain reac-
tion (PCR) using the genomic DNA of S. maltophilia as a tem-
plate with the following primers containing Ndel and BamH]I
restriction sites (forward 5-GGAATTCCATATGATTGATTACCA
GTTGACCGG-3'; reverse 5-CGCGGATCCTCACTGCGCCAGGTA
GCC-3'). Double-digested by Ndel and BamH]I, the gene was
then cloned into a pET28a(+) vector to form a recombinant
plasmid named pET28a-SmADH2. Following the principle of
translation, to-be-expressed proteins carry a Hise tag at the
N-terminal site. After analysing the function of proteins by
PBLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), a total of 30
SmADHs were constructed using the same strategy. Specific
primers and other information are listed in Table S1.f The
resulting plasmids were then transformed into E. coli
BL21(DE3).

The recombinant E. coli BL21(DE3) was cultivated at 37 °C
in LB medium with 50 ug ml™ kanamycin overnight. The 200
ml E. coli seed culture was then inoculated into 4 L fermenta-
tion medium (yeast extract, 24 g L™'; tryptone, 12 g L™"; glyc-
erol, 4 g L™"; KH,PO,, 2.31 g L™"; K,HPO,, 12.54 g L™"). Am-
monium hydroxide was added to maintain the pH at 6.9,
whereas the agitation speed and air volume were adjusted to
preserve the dissolved oxygen (DO) at less than 30%. When
the ODggonm reached 20, isopropyl B-p-thiogalactopyranoside
(IPTG) was added (final concentration 0.5 mM) to facilitate
the expression of enzyme at 20 °C for 12 h. Once centrifuged
(8000 rpm, 10 min) at 4 °C, the cells were then collected and
washed twice with physiological saline solution. Some of the
cells were freeze-dried for 24 h to form lyophilised cells,
whereas others were resuspended using imidazole phosphate
buffer (PBI; 100 mM sodium phosphate (pH 7.0), 100 mM
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NaCl, 10 mM imidazole) and then crushed into pieces using
an ultrasonic oscillator to obtain the cell lysate.

The obtained cell lysate was centrifuged at 8000 rpm for
10 min at 4 °C to separate the cell debris and soluble compo-
nents. After loading the supernatant on the Ni-NTA fast-flow
(FF) column, the absorbed enzyme was eluted by imidazole
in PBI with concentrations ranging from 10 to 500 mM. The
cell debris, supernatant and collected fractions were analysed
by SDS-PAGE. The fractions containing SmADH2 were diluted
with sodium phosphate buffer (PBS; 100 mM, p 7.0) and con-
centrated using an ultrafiltration membrane for desalting.
The purified enzyme was stored in PBS with glycerol/water
(20%, v/v) at —80 °C.

Enzyme activity assay

The cofactor dependence of each SmADH was first analysed by
adding NADH or NADPH separately as the coenzyme into the
assay mixtures and by determining the SmADH activity. The
activity of SmADHs was measured at 340 nm (¢ = 6.220 M "'
em™; 30 °C) using a UV spectrophotometer to monitor the de-
crease in the absorbance of NADPH or NADH quantitatively.
To test the reductive activity of the enzyme, the reaction sys-
tem was designed to include 2 umol EAA, 0.1 umol NADPH or
NADH, 97 pumol PBS (pH 7.0) and an appropriate amount of
the corresponding enzyme in a total volume of 1 ml. As for
the oxidative activity, the experiment was conducted, ceteris
paribus, using 150 mM 2-propanol as the substrate and 0.1
pumol NADP® or NAD" as the cofactor instead. One unit (U) of
enzyme activity is defined as the amount of enzyme that catal-
yses the oxidation reaction of 1 pumol NAD(P)H or the reduc-
tion reaction of 1 umol NAD(P)" within 1 min.

Determination of optimal bioreduction conditions

The optimum temperature was studied considering various
temperatures from 15 °C to 65 °C under standard conditions,
whereas the optimum pH was tested in 50 mM of the follow-
ing buffers: sodium citrate (pH 4.0-6.0), sodium phosphate
(pH 6.0-8.0), Tris-HCI (pH 8.0-9.0), and glycine-NaOH (pH
9.0-1.0). The enzyme activity under the optimum temperature
and pH was defined as 100%.

Thermal stability was investigated by incubating the en-
zyme at different temperatures (20, 30, 40 and 50 °C) for 72 h.
During this period, the enzyme activity was measured at regu-
lar intervals until the residual activity was less than 50% of
the initial level. To study pH stability, SmADH2 was incubated
in different buffers at pH values between 4 and 10 at 4 °C for
24 h followed by the measurement of the residual activity.

Tolerance of 2-propanol was studied under standard con-
ditions. A certain amount of purified SmADH2 was added
into the reaction mixture with various 2-propanol contents
from 20% (v/v) to 80% (v/v). The residual activities were then
measured at 340 nm using a UV spectrophotometer.

To investigate the influence of 2-propanol equivalent to
substrate on the bioreduction, reactions containing different
2-propanol contents from 1.0 equivalent to 3.0 equivalents
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were performed in the mixture (20 mM EAA, 100 mM PBS pH
7.0, 0.5 mM NAD' and an appropriate amount of SmADH2
cells in a total volume of 1 ml) for 24 h at 30 °C. The conver-
sions were detected by GC.

Kinetic parameters

Kinetic parameters for the reduction of EAA and the oxidation
of 2-propanol were tested using the purified enzyme. Initially,
kinetic parameters for EAA were determined at different EAA
concentrations (0.1-5 mM, methanol, 5% v/v) with the concen-
tration of NADH kept at 0.5 mM. Similarly, the apparent K,
value for NADH was measured at various NADH concentra-
tions from 0.005 mM to 0.05 mM. As for 2-propanol, the con-
centrations were set in the range of 0.01-0.5 M with a fixed
NAD" concentration at 0.5 mM. The apparent K, value for
NAD' was measured at different NAD® concentrations (0.1-5
mM) in the presence of 0.5 M 2-propanol. All data were fitted
to the Michaelis-Menten equation and the corresponding K,
and V. values were calculated using Graphpad Prism v5.0
(GraphPad Software, San Diego, CA, USA).

Substrate specificity

The substrate specificity assay was performed to measure the
reduction activity of SmADH2. The substrate spectrum con-
tains the data of enzyme activity and stereoselectivity with re-
gard to different substrates. The enzyme activity was tested
using 5 mM substrates under standard conditions, deter-
mined as a percentage relative to 100% activity (the enzyme
activity toward EAA was fixed at 100%). To determine the ee
value of corresponding products, the reaction system
containing different substrates (final concentration 20 mM)
and other substances (100 mM PBS pH 7.0, 0.5 mM NAD", 25
mM glucose 1 mg lyophilised GDH cells and 1 mg lyophilised
SmADH2 cells in a total volume of 1 ml) was shaken for 24 h
at 30 °C. Thereafter, the mixture was extracted with ethyl ace-
tate and dried using anhydrous sodium sulphate. The ee
value was then analysed by GC and HPLC with the corre-
sponding chiral chromatographic columns (Table S57).

Optimum strategy for asymmetric synthesis of chiral alcohols
using SmADH2

Two primers containing EcoRI and HindlIIl restriction sites
(forward 5'-CCGGAATTCAAGGAGATATACATATGTATCCGGATT
TAAAAGGAAA-3'; reverse 5-CCCAAGCTTTTAACCGCGGCCTGC
C-3") were designed using the gdh gene as a template; the
Shine-Dalgarno (SD) sequence (AAGGAG) and the aligned
spacing (AS) sequence (ATATACAT) were inserted into the
primer sd-as-gdhF. The PCR product was double digested
and ligated to the plasmid pET28a-SmADH2. The resulting
plasmid (pET28a-SmADH2-GDH), which contained both en-
zyme genes, was transformed into E. coli BL21 (DE3) cells.
Co-expression of SmADH2 and GDH was performed as de-
scribed above. The recombinant E. coli cells were freeze-dried
for 24 h to form lyophilised cells. After the enzymatic assay,
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the activity of SmADH2 expressed in lyophilised co-expression
cells was 77% of that in lyophilised SmADH2 cells.

The reaction mixture of the enzyme-coupled cofactor re-
generation system using co-expressed cells contained 10 ml
PBS (100 mM, pH 7.0), 650 mg lyophilised E. coli cells co-
expressing SmADH2 and GDH, 5 umol NAD', 3.9-6.5 g EAA
and 6.8-11.3 g glucose. The aforementioned substances were
then added into the TSTR system, and the pH was controlled
at 7.0. The bioreaction was performed at 30 °C for 24 h. The
reaction mixture of the substrate-coupled cofactor regenera-
tion system contained 10 ml PBS (100 mM, pH 7.0), 500 mg
lyophilised SmADH2 cells, 5 umol NAD", 3.9-6.5 g EAA and
2.9-4.8 ml 2-propanol. The aforementioned substances were
also added into the TSTR system. The bioreaction was
performed at 30 °C for 24 h.

To select the optimal strategy for the substrate-coupled re-
generation system, two identical portions of reaction mixture
containing 10 ml PBS (100 mM, pH 7.0), 500 mg lyophilised
cells, 5 pmol NAD", 6.5 g EAA and 4.8 ml 2-propanol (1.25
equiv.) were placed in the TSTR and TBCR separately and
reacted at 30 °C for 24 h. In the TBCR, the gas flow varies be-
tween 0.5 and 3 L min~', whereas the ratio of 2-propanol to
water in the buffer unit of the TBCR ranges from 10% to 60%
(v/v). A mixture of 10 ml PBS (100 mM, pH 7.0), 500 mg
lyophilised cells, 0-5 umol NAD", 6.5-7.8 g EAA and 4.8-5.7 ml
2-propanol (1.25 equiv.) was poured into the TBCR (2.5 L
min~" gas flow, 50% 2-propanol in the buffer unit) and
maintained at 30 °C for 4 h to decide the optimal amount of
lyophilised cells added. To determine the optimum amount of
cofactor in the system, 10 ml PBS (100 mM, pH 7.0), 100-500
mg lyophilised cells, 6.5-7.8 g EAA and 4.8-5.7 ml 2-propanol
(1.25 equiv.) were reacted in the TBCR (2.5 L min™* gas flow,
50% 2-propanol in the buffer unit) at 30 °C for 4 h.

Preparation of (R)-EHB and other chiral alcohols in the TBCR
system

Based on a substrate-coupled cofactor regeneration system,
the bioreductions for six ketones 3, 4, 5, 7, 8 and 26 were
performed in a 50 ml TBCR (2.5 L min™" gas flow, 50%
2-propanol in the buffer unit). Considering EAA as an exam-
ple, the reaction mixture composed of 10 ml PBS (100 mM,
pH 7.0) and 200 mg lyophilised cells were pre-heated under 30
°C for 10 min followed by the addition of 7.8 g EAA and 5.7
ml 2-propanol (1.25 equiv.). After 4 h, the mixture was
extracted twice with an equivalent volume of ethyl acetate and
centrifuged at 8000 rpm for 10 min. The resulting organic
phase was dried using anhydrous sodium sulphate and evapo-
rated to obtain the crude (R)-EHB as a light yellow oily liquid.
The molar conversions and ee values for these six ketoesters
were detected by HPLC and GC (Table S5, Fig. S6-S1171) and
the final products were identified by NMR (Fig. S12-5237).

Modelling, docking and MD simulation

The structural model of SmADH2 was built using the SWISS-
MODEL web server (http://www.swissmodel.expasy.org/)
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based on the crystal structure of an alcohol dehydrogenase
(ADH) from Aromatoleum aromaticum EbN1 (PDB code:
4URE) with 49% sequence identity.>* Thereafter, the geomet-
rically optimised NADH was superimposed into the 3D struc-
ture of SmADH2 to form the SmADH2/NADH complex.

Docking was carried out using AutoDock Vina software
(http://vina.scripps.edu/) under default processes using EAA
as the ligand and the SmADH2/NADH complex as the recep-
tor molecule. The centre of the grid box was located at the
catalytic triad region and each dimension of the grid box was
set at 20 A. Once the docking was finished, the optimal con-
formation was selected from the 12 results according to the
binding energies and the attacking direction of NADH to the
carbonyl group.

MD simulation was carried out using the Antechamber
package and the BCC method to generate force field parame-
ters. The LEaP module in Amber16 was used to add missing
hydrogen atoms. Amber FF14SB force field parameters were
used for SmADH2. The final simulation system contained
about 40 000 atoms. Gromacs 4.6.5 was used for running the
MD simulation process.
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