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t-Butyl 6-cyano-(3R,5R)-dihydroxyhexanoate ((3R,5R)-2) is an important chiral diol synthon of atorvastatin
calcium. Previously, we constructed a variant KmAKR-W297H (M1) of Kluyveromyces marxianus aldo-keto re-
ductase (KmAKR, designated as MO0), possessing excellent diastereoselectivity but moderate activity towards t-
butyl 6-cyano-(5R)-hydroxy-3-oxohexanoate ((5R)-1). In this work, KmAKR-W297H/Y296W/K29H (M3) was
developed via semi-rational design. It exhibited much improved catalytic efficiency towards (5R)-1. The K,
values of M3 for NADPH and (5R)-1 were 0.15 mmol/L and 1.41 mmol/L, and the maximal reaction rate Vpay
was 55.56 umol/min/mg. Compared with M1, the catalytic efficiency kc../Kn of M3 was increased 2.64-fold.
Coupled with Exiguobacterium sibiricum glucose dehydrogenase (EsGDH) for nicotinamide adenine dinucleotide
phosphate (NADPH) regeneration, M3 took 3.5h to completely reduce (5R)-1 at up to 100.0 g/L, producing
237.4 mmol/L (3R,5R)-2 in d.e.p value above 99.5%. The space-time yield (STY) of M3-catalyzed (3R,5R)-2

synthesis was 372.8 g/L/d.

1. Introduction

Atorvastatin, firstly marketed as a calcium salt under the brand
name Lipitor®, possesses outstanding lipid-lowering efficacy, safety
and long-term clinical benefits in reducing cardiovascular and cere-
brovascular disease accidence and mortality [1,2]. So far, atorvas-
tatin has cumulative sales exceeding 100 billion dollars, being
the most successful drug in the history of the pharmaceutical
industry [3].

t-Butyl 6-cyano-(3R,5R)-dihydroxyhexanoate ((3R,5R)-2) is the key
bichiral diol intermediate of atorvastatin [4,5], therefore, studying the
synthetic method of optically pure (3R,5R)-2 is of great significance
[3,6]. The synthetic methods documented mainly include borane-cat-
alyzed reduction of t-butyl 6-cyano-(5R)-hydroxy-3-oxohexanoate
((5R)-1) and bio-asymmetric reductase (5R)-1 to (3R,5R)-2. Borane-
catalyzed reduction suffers from high energy consumption, low con-
version rate, high production cost, etc [7]. As enzymes are the most
proficient catalysts [8], bio-reduction has a lot of advantages over the
chemical reduction, such as high stereoselectivity, few by-products,
mild reaction conditions, and environmental friendliness [7,9].

Semi-rational design utilizes information on protein sequence,
structure and function, as well as computational predictive algorithms
to preselect promising target sites and limited amino acid diversity for
protein engineering [10,11]. In recent years, the methodological ad-
vances in semi-rational design provide researchers with powerful and
effective strategies to manipulate biocatalysts [10]. It has been used to
raise fatty acid w-hydroxylase activity [12], thermostability of nitrile
hydratase [13], and alter selectivity of lipase [14], transglucosylase
[15], nitrile hydratase [16], glycosyltransferase [17]. We constructed a
variant of Kluyveromyces lactis aldo-keto reductase (KIAKR) KIAKR-
Y295W/W296L that possessed improved catalytic efficiency towards
(5R)-1 by using a semi-rational design [18].

Previously, a novel MO was cloned from a thermotolerant yeast
Kluyveromyces marxianus ZJB14056, and its variant M1 was con-
structed, which retained good thermal stability and displayed moderate
activity towards (5R)-1 [19]. In this work, further semi-rational en-
gineering of M1 was performed, and a new variant M3 was obtained
with robust catalytic efficiency.
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2. Materials and methods
2.1. Materials

2.1.1. Engymes and reagents

Optically pure (5R)-1 was generously presented by Zhejiang Lepu
Pharmaceutical Co., Ltd (Taizhou, China). (3R,5R)-2 was purchased
from Toronto Research Chemicals Co., Ltd. (Toronto, Canada), NADPH
from Roche Co., Ltd. (Basel, Switzerland), the restriction enzyme Dpn I
from ThermoFisher Scientific Co., Ltd (Beijing, China), Phanta Super-
Fidelity DNA polymerase from Vazyme Biotech Co., Ltd (Nanjing,
China). The plasmid miniprep kit, DNA gel extraction kit and PCR
cleanup kit were supplied by AxyPrep (Suzhou, China). Tryptone and
yeast extract were acquired from Oxoid Corporation, kanamycin from
Solarbio Science & Scientific Co., Ltd. (Beijing, China), isopropyl -D-1-
thiogalactopyranoside (IPTG) from Heli Biotechnology Co., Ltd
(Shanghai, China). Unless otherwise specified, all other reagents and
chemicals used in this study were obtained from local commercial
suppliers, and used without further purification.

2.1.2. Bacteria, plasmids and culture media

Escherichia coli BL21(DE3) used for cloning and recombinant
protein expression was purchased from Novagen (Shanghai, China).
The E. coli BL21(DE3)/pET28b( + )-esgdh and E. coli BL21(DE3)/pET28a
(+)-kmakr-W297H were constructed in our previous work, and de-
posited in our laboratory [19]. Primers synthesis and DNA sequencing
were conducted at Tsingke Zixi Biotechnology Co., Ltd (Hangzhou,
China).

Luria-Bertani (LB) medium consists of 10.0 g/L tryptone, 5.0 g/L
yeast extract and 10.0 g/L NaCl, and was adjusted to pH 7.0 prior to
sterilization. For slant preparation, LB medium was supplemented with
2.0% (w/v) agar.

2.2. Methods

2.2.1. Homology modeling and docking

MO has a sequence identity of 49% to the conjugated polyketone
reductase C1 from Candida parapsilosis IFO 0708 (CPR-C1, GenBank
accession No.: BAD01652.1, PDB ID: 3WG6), which is the highest level
among the structures that have been elucidated, hence the crystal
structure of CPR-C1 was chosen as the template for KmAKR model-
constructing [20]. The program Modeller 9.19 was used to model the
three-dimension (3-D) structures of MO and its variants. The con-
structed models were validated by the online software PROCHECK
program, and molecular docking of (5R)-1 into the “best” homology
models was conducted with AutoDock 4.2 [21]. The 3-D structures of
(5R)-1 and NADPH were built with ChemDraw. All the modeling and
molecular docking were visualized in the PyMOL.

2.2.2. Site-saturation mutagenesis (SSM)

A two-round of SSM at positions Tyr296 and Lys29 was conducted
to investigate the KmAKR variants activities, in which the degenerate
codon NNS was substituted for the codon of the target amino acids. In
the first round of SSM, Tyr296 was subjected to saturation mutagenesis
with pET28a(+)-kmakr-W297H as the template, accompanied by
screening for the positive variants with enhanced catalytic efficiency.
The pairwise primers were designed as follows: Tyr296-F: 5-GTTAG-
ATTGNNSTGGGTTGATTTCTACACCAAGTA-3’, Tyr296-R: 5-ATCAAC-
CCANNSCAATCTAACAGGTTCATGTTGTA —3’. The second round of
SSM was performed at Lys29 using the “best” mutant pET28a
(+)-kmakr-W297H/Y296W obtained from the first round of SSM on
Tyr296 as the template, and pairwise primers designed as follows:
Lys29-F: 5-TGGTACNNSGCTGAAGAAACC-3’, Lys29-R: 5-TTCAGCN-
NSGTACCACTTGGT-3’. The PCR reaction system (50 uL) consisted of
1 puL forward primer (100 pmol/L), 1 uL reverse primer (100 pmol/L),
25uL 2 x Phanta Buffer, 1 uyL. ANTP mixture (each 10 mmol/L), 1 uL
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plasmid template, 1 uL. DNA Polymerase, and 21 pL ultra-pure water.
The PCR program was set according to the supplier’s manual of Phanta
Super-Fidelity DNA Polymerase as follows: 95 °C for 5 min, and then 29
cycles (95 °C for 155, 55 °C for 155, 72 °C for 7 min), followed by 72 °C
extension for 10 min, 16 °C for insulation. The PCR products were di-
gested by Dpn I at 37 °C for 3h. The resultant recombinant plasmids
were transferred into E. coli BL21(DE3) competent cells, and the clones
were cultivated at 37 °C for 12 h. Then the positive clones were picked
out and sterilely transferred into 10 mL of LB liquid medium supple-
mented with 50 pg/mL kanamycin, and cultivated at 37 °C, 180 rpm for
10 h. The positive clones were verified by DNA sequencing, then each
broth was mixed with equal volume of sterilized 30% (v/v) glycerol
aqueous solution, and deposited in a —80 °C refrigerator.

2.2.3. Cultivation

For preculture preparation, a single colony was picked up and
sterilely transferred into 10 mL of LB liquid medium supplemented with
50 pg/mL kanamycin, and cultivated at 37 °C, 180 rpm for 10 h. 2 mL of
preculture was transferred into 100 mL of LB liquid medium containing
50 pg/mL kanamycin, and incubated at 37°C, 180rpm till ODggg
reached 0.6-0.8, at which point 0.15 mmol/L IPTG was added to induce
KmAKRs expression. Induction cultivation was conducted at 28 °C,
180 rpm for 12 h.

The assay of screening reaction was conducted at 20.0 g/L (5R)-1,
30.0 g/L glucose, and cell lysates from 20.0 g/L. KmAKR-harboring E.
coli and 5.0 g/L GDH-harboring E. coli, 35 °C, pH 7.0 for 30 min.

2.2.4. Protein purification

M1 and its variants were purified as follows. Cells were harvested
from the broth by centrifugation at 8000 rpm, 4°C for 10 min, and
washed twice with 0.9% (w/v) saline. The harvested wet cells were re-
suspended in 100 mmol/L sodium phosphate buffer (pH 7.0) at 50 g/L,
and the mixture was sonicated for 6 min (power 400 W, work for 1 s and
break for 1 s). The supernatant of lysate was collected by centrifugation
at 8000 rpm, 4 °C for 10 min, which was microfiltered through 0.45 pm
membrane. The resultant filtrate was loaded on the Ni?* -nitrilotriacetic
acid column (Bio-Rad, USA), which was pre-equilibrated with buffer A
(pH 8.0, 20 mmol/L sodium phosphate buffer, supplemented with
300 mmol/L NaCl and 20 mmol/L imidazole). Unbound impurities were
washed out with buffer A at a flow rate of 1.0 mL/min until the con-
ductivity became stable. Then target protein was eluted with buffer B
(pH 8.0, 20mmol/L sodium phosphate buffer supplemented with
300 mmol/L NaCl and 500 mmol/L imidazole). The collected eluate
was dialyzed against 20 mmol/L phosphate buffer (pH 7.0) overnight.
All purification steps were conducted at 4 °C. Proteins were identified
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

2.2.5. Engyme activity and kinetic parameters determination

The activity was tested under the standard conditions, which were
35°C, 500 rpm, reaction time of 5min, in a 1 mL reaction mixture
composed of 100 mmol/L sodium phosphate buffer (pH 7.0) supple-
mented with 2.0 mmol/L (5R)-1, 0.25 mmol/L NADPH and 0.1 mg/mL
purified KmAKRs. Each sample of 500 uL was periodically withdrawn,
mixed with equal volume of anhydrous ethanol, and the resultant
mixture was centrifuged at 12,000 rpm for 3 min. The supernatant was
combined, and subjected to microfiltration with 0.22 pm membranes.
The resulting filtrate was subsequently analyzed by High Performance
Liquid Chromatography (HPLC).

For kinetic parameter measurements, the purified KmAKRs were
used, and reactions were conducted at 35°C, pH 7.0 for 3min,
with (5R)-1 and NADPH concentrations of 2.0-10.0 mmol/L,
0.25-1.0 mmol/L, and 0.10 mg/mL purified KmAKRs, respectively.
Since members of the AKR superfamily always follow the ordered bi-bi
mechanism [22,23], values of Michaelis-Menten constant K, and the
maximal reaction rate v,,,, were regressed through nonlinear fitting of
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the initial reaction rate Eq. (1)

b Vinax [A][B]
KA[Bl + KE[AI+KSK D + [A][B] )

where [A] is the concentration of NADPH, [B] is the concentration of
(5R)-1, K., Kn® represent Michaelis-Menten constants for NADPH and
(5R)-1, and K/ is the dissociation constant of the enzyme-NADPH
complex.

2.3. Enzymatic properties of M1 and its variants

2.3.1. Effect of temperature and pH

To investigate the temperature effect of on the activities of M1 and
M3, their activities were measured in pH 7.0 phosphate buffer at
temperatures ranging from 25 to 55 °C. For pH effect evaluation, their
activities were tested at 35°C, in 100 mmol/L acetate buffer of pH
5.0-6.0, 100 mmol/L sodium phosphate buffer of pH 6.0-8.0 and
100 mmol/L Tris-HCl buffer of pH 8.0-9.0. The reaction mixture com-
position, analytical methods were described in the Section 2.2.5.

2.3.2. Thermal stability

M1 and M3 were incubated at 40 °C, 50 °C for 15h and 8h, and
samples were withdrawn at 1 h interval for the residual activity assay
with the original activity defined as 100% [24]. Residual activity y
decay with incubation time t was plotted with y on the ordinate and t on
the abscissa, which was regressed with the nonlinear equation
y= Ae il + Y, using Origin 9.1. Half-life, represented as t; » is defined
as the amount of time required for the residual activity of KmAKRs fall
to 50%.

Circular dichroism (CD) analysis for M1 and M3 was conducted on
Chirascan circular dichroism (CD) spectrometer (Applied Photophysics
Ltd, United Kingdom). Enzyme samples were diluted with 20 mmol/L
sodium phosphate buffer (pH 7.0) at a final protein concentration of
0.1 mg/mL, and then loaded to a 10 mm quartz cuvette for CD assay.
The melting curve of KmAKRs were collected within the far-ultraviolet
(180-260 nm) spectrum at temperatures of from 10 to 90°C con-
tinuously. Data measured at wavelength of 222 nm were converted to
fraction folded a according to Eq. (2),

Lo b= b

6r — 6y ()]
where 6, is the observed ellipticity at any temperature, 6O is the ellip-
ticity of the fully folded form and Oy is the ellipticity of the unfolded
form [25,26]. The melting temperature (T,,) values were calculated
from the CD using Origin 9.1 software.

2.3.3. Effect of metal ions and EDTA

To evaluate impacts of metal ions and chelating agent ethylene-
diaminetetraacetic acid (EDTA) on the activity of M1 and M3, the
purified enzymes were incubated at 35°C for 1h with 1 mmol/L of
EDTA, Fe3*, A3, Zn?*, Fe?*, Mg?*, Co**, Ba®>*, Mn?", Ca®™, Cu®*,
Ni®* and Li*, which were prepared with the corresponding con-
centrations of Fey(SO4)3, Alx(SO4)s, ZnSO,4, FeSO,, MgSO,4, CoCl,,
BaCl,, MnSQ,, CaCl,, CuSO4, NiCl,, CH3COOLi. KmAKRs activities were
determined under the standard conditions, denoted as the relative ac-
tivities based on the original activity prior to incubation with the test
metal ions and EDTA, which was designated as 100%.

2.4. Asymmetric reduction of (5R)-1

16.0 g DCW (dry cell weight)/L of each E. coli BL21(DE3)/pET28a
(+)-kmakr-W297H/Y296W, E. coli BL21(DE3)/pET28a(+ )-kmakr-
W297H/Y296W/K29H mixed with 4.0 g DCW/L of E. coli BL21(DE3)/
pET28b(+)-esgdh was suspended in pH 7.0, 100 mmol/L sodium
phosphate buffer. Reactions were performed in 100-mL round bottom
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Scheme 1. Asymmetric reduction of (5R)-1 by KmAKRs coupled with EsGDH.

flasks, consisting of a certain amount of (5R)-1 and 1.5-fold mass of
glucose. Reaction temperature was controlled at 30 °C, rotation speed at
400 rpm (Scheme 1), and the pH of the reaction mixture was main-
tained at pH 7.0 with 1.0 mol/L Na,CO3 by using a pH-stat (Mettler
Toledo, Switzerland). Each sample of 100 pL was periodically with-
drawn, quenched by 900 pL anhydrous ethanol, and then subjected to
HPLC analysis.

2.5. Analytical methods

(5R)-1, (3R,5R)-2 and (3S,5R)-2 were assayed with HPLC LC-10A
system (Shimadzu, Japan) equipped with an ultraviolet detector SPD-
10A VP Plus (Shimadzu, Japan) plus an ODS HYPERSIL column
(4.6 X 250 mm, 5pm, Thermo Scientific, USA). Column temperature
was controlled at 40 °C. Mobile phase consists of acetonitrile and water
at a volumetric ratio of 1:3 (v/v), and run at a flow rate of 1.0 mL/min,
detector wavelength was set at 210nm [19,27]. Enzymatic activity,
specific activity, (5R)-1 conversion, (3R,5R)-2 yield and diastereomeric
excess (d.e.p) value were calculated based on the HPLC reports. All
measurements were conducted in triplicate.

One unit (U) of enzyme activity was determined as the amount of
the enzyme catalyzing the formation of 1 pmol of (3R,5R)-2 per minute
at 35 °C, pH 7.0. Specific activity was calculated as the units of enzyme
activity per milligram of proteins, U/mg protein. For DCW measure-
ment, cells were first pelleted by centrifuging at 13200g, 4°C for
10 min, and then dried at 80 °C to a constant weight in a drying oven.

3. Results and discussion
3.1. Homology modeling and docking

At present, no crystal structures of KmAKR are available; therefore,
molecular modeling and homology model construction represent the
most accessible approaches to understand and visualize their con-
formations and substrate binding for the case of MO and other variants.
In this study, a homology model of the MO was constructed using the
CPR-C1 (GenBank accession No.: BAD01652.1, PDB ID: 3WG6) as the
construction template since its crystal structure has been elucidated and
they share 49% sequence identity (Fig. S1). The refined 3-D structure of
MO was validated by PROCHECK program, with 90.7% amino acids in
the most reasonable area, 6.8% amino acids in the extra reasonable
area, 1.4% amino acids in the generally reasonable area and 1.1%
amino acids in the unreasonable area, suggesting the constructed 3-D
model is reasonably credible (Fig. S2a). As depicted in Fig. S2b, MO has
the typical (a/B)s barrel structure (TIM structure), which is the con-
served structure of the AKR superfamily [28,29]. Moreover, MO has a
catalytic tetrad of Asp59-Tyr64-Lys89-His122, located in the active
center [20,30].

Molecular docking of (5R)-1 into M1 showed that the distance be-
tween the H atom of Tyr64-OH and the carbonyl oxygen atom of (5R)-1
is 3.30 10\, the distance is close to the hydrogen bond distance (3.4 /0\)
between the carboxylate of substrate and residue Tyr48 of ALR2 (an
aldose reductase) [31], and consistent with hydrogen bonding inter-
actions based on a commonly accepted criteria, i. e. the distance be-
tween the hydrogen bond donor and the acceptor atoms is less than
35A [32]. The distance of the H atom at C4 of NADPH to the carbonyl
carbon of (5R)-1 is 3.11 A, which is close to the distance between ac-
ceptor carbonyl group and C4 atom of NADP™ (3.2 A), reported by
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a LYS-89

HIS-122

Fig. 1. Molecular docking of NADPH and (5R)-1 into M1 (a), and view of the
surface of M1 with NADPH and (5R)-1 molecule (ball-and-stick) bound in the
active site (b). (5R)-1 and NADPH are highlighted in orange and green re-
spectively, the mutant sites (296, 29) and the catalytic tetrad (Asp59-Tyr64-
Lys89-His122) in yellow and blue. The dockings of substrates were conducted
with AutoDock 4.2. Pictures were drawn with PyMOL. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Zheng et al. [33]. Taken together, the docked KmAKR-NADPH-(5R)-1
complex structure is reasonable, which can be used for precise de-
scription of the substrate-binding site and the putative interactions, and
indicates the conformation is catalytically competent (Fig. 1a). There-
fore, the docking is reasonable.

Apart from spatial distance, side chain’s size and charge of the re-
sidues spatially adjacent to the active center affects catalytic efficiency
[34,35]. As shown in Fig. 1b, Tyr296 and Lys29 are close to the active
center, and Tyr296 is non-polar, uncharged amino acid and participates
in hydrophobic interactions with other amino acids as well as (5R)-1. It
is reasonable to further enhance the binding force via replacing Tyr296
with other amino acids with stronger hydrophobicity. Meanwhile,
Tyr64 is the catalytic residue and proton donor, and forms a hydrogen
bond with Lys29, whose role in enzyme conformation deserves deep
investigation. Therefore, Tyr296 and Lys29 were chosen for the fol-
lowing SSM study.

3.2. SSM study on M1

SSM provides a rapid and simple method to generate novel protein
variants [36,37]. In present work, two target residues Tyr296 and Lys29
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Fig. 2. Effect of mutations at Y296 and K29 on the relative activity and ste-
reoselectivity of KmAKR towards (5R)-1. (a), control is M1, whose activity is
designated as 100%. (b), control is M2, whose activity is designated as 100%.
Activity was measured under the standard assay conditions. The values are the
means of three individual experiments.

were subjected to SSM and screened. The first round of SSM library
screening on Tyr296 produced the fittest candidate W297H/Y296W,
resulting in a 2.35-fold increment in activity with excellent selectivity
(d-e.p > 99.5%) remained (Fig. 2a). An explanation is that Trp is non-
polar, more hydrophobic, contributing to stronger affinity to (5R)-1.

The second-round of SSM experiment on Lys29 was conducted with
KmAKR-W297H/Y296W (M2) as the template. The SSM library
screening on Lys29 yielded positive variants M3 and W297H/Y296W/
K29R, showing 0.35, 0.16-fold increase in the value of activity (Fig. 2b).
Lys, Arg and His are positively charged basic amino acids, and the side
chain of His is a sterically hindered imidazole group. It was suggested
that positively charged basic amino acids with large steric hindrance
are favorite at position 29 for improving activity. As shown in Fig. S3,
the majority of M1 and its variants M2, M3 were expressed in the so-
luble form, with a small amount of inclusion bodies formed. The pur-
ified proteins appeared as a single band corresponding to a molecular
size of approximately 36 kDa, consistent with that of MO [19]. As ex-
pected, there were no obvious differences in protein expression levels
between M1, M2 and M3.

3.3. Engymatic properties of M1 and its variants

3.3.1. Effects of temperature and pH

Temperature and pH play vital roles in enzyme activity and stabi-
lity. The optimal temperature of MO was 35 °C [19]. As shown in Fig.
S4, the activities of both M1 and M3 approached a plateau at 35 °C,
peaking at 3.77 U/mg and 5.47 U/mg, respectively. Mutations on
Trp297, Tyr296 and Lys29 did not change KmAKR’s temperature op-
timum.
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Fig. 3. Effect of temperature on the activities of M1 and M3. Equations i, iii
correspond to the relationships between the residual activities of M1 at 40 °C
and 50 °C and incubation time. Equations ii, iv correspond to the relationships
between the residual activities of M3 at 40 °C and 50 °C and incubation time.

MO’s optimum pH value was 7.0 [19]. Also, M1 and M3 were most
active at pH 7.0, peaking at 3.77 U/mg and 5.56 U/mg, respectively
(Fig. S5). Similar to optimum temperature, mutations on Trp297,
Tyr296 and Lys29 did not alter MO's optimum pH.

3.3.2. Thermal stability

As presented in Fig. 3, when temperature was elevated to 50 °C, a
marked reduction in activity was observed. The t; » and k4 data of M1
and M3 at 40 °C and 50 °C were tabulated in Table 1. The half-lives t; ,»
of M1 at 40 °C and 50 °C were 596.4 min and 117.0 min, respectively;
t; /2 of M3 at 40 °C, 50 °C was 639.6 min, 130.2 min.

T for thermostability assessment was also characterized. As the
temperature increased, the negative peak intensity of M1 and M3 at
222 nm gradually decreased (Fig. S6). As tabulated in Table 2, the T,
value of M3 was 61.2°C, which is 3.7°C higher than that of M1
(57.5°C). The triple mutation M3 caused a slightly improvement in the
enzyme’s thermostability.

3.3.3. Kinetic parameter and catalytic efficiency

As tabulated in Table 2, the K,, values of M2 for NADPH and the
substrate (5R)-1 were 0.15 mmol/L and 1.42 mmol/L; for M3, the K,
values were 0.15 mmol/L and 1.41 mmol/L, and the maximum reaction
rates Viyax were 49.50 pmol/min/mg and 55.56 umol/min/mg, respec-
tively. The catalytic efficiencies of M3, M2 were 2.64, 2.20-fold higher
than that of parental M1, the catalytic efficiencies of M3, M2 and M1
were 14.56, 16.69, 3.86 times higher than that of MO [19].

3.3.4. Effects of metal ions and EDTA

Effects of metal ions and EDTA on M1 and M3 activities were pre-
sented in Table 3. No significantly improvement in activity was ob-
served by metal ions addition, and 1.0 mmol/L of Fe**, AI**, Zn?*,

Table 1
Thermal stability of M1 and M3.
Variant kq (1/h)? t1/> (min)® kq (1/h)? t1/> (min)® T (°C)
40°C 50°C
M1 0.070 596.4 0.355 117.0 57.5
M3 0.065 639.6 0.319 130.2 61.2

Tt melting temperature.

2 kq: inactivation rate constant.

Yt ,5: the half-life of the enzymes, at which the residual enzyme activity is
the half of the initial enzyme activity at a certain temperature.
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Table 2
Kinetic parameters of KmAKR and its variants towards (5R)-1.

Enzyme  Viax keat" (1/8)  Km,a Kinp (keat/Km)a  (keat/Km)p
(umol/ (mmol/ (mmol/ (L/mmol/ (L/mmol/
min/mg) L) L) s) s)

MO 4.48 2.72 0.18 2.01 15.11 1.35

M1 17.09 10.36 0.17 1.58 60.94 6.56

M2 49.50 29.84 0.15 1.42 198.93 21.01

M3 55.56 33.67 0.15 1.41 224.47 23.88

" Turnover number k., = Vmax/[E], where [E] is the molar concentration of
enzymes.

Table 3
Effects of metal ions and EDTA on the activities of M1 and M3.

Metal ion Concentration (mmol/L) Relative activity (%)

M1 M3
Control / 100 100
Fe3* 1.0 84 + 1.83 88 + 0.63
AR 1.0 88 + 0.73 101 * 1.52
Zn?* 1.0 86 + 0.97 68 + 2.63
Fe?™* 1.0 90 + 2.31 93 + 0.83
Mg>* 1.0 88 + 1.52 99 * 0.52
Co?* 1.0 87 + 0.36 85 + 0.83
Ba®* 1.0 84 + 1.26 105 + 1.28
Mn2* 1.0 95 + 0.85 96 + 0.26
Ca®* 1.0 83 + 0.54 105 + 1.85
cu?* 1.0 88 + 1.24 78 + 0.69
Ni?* 1.0 89 + 0.92 65 + 0.39
Li* 1.0 112 + 0.73 98 + 2.05
EDTA 1.0 91 * 0.75 96 * 1.25

Activity was measured under the standard assay conditions after M1 and M3
exposure to various metal ions and chemical agents at 35 °C for 1 h. The activity
of M1 and M3 detected in the absence of the test metal ions and EDTA was
recorded as 100%. All reactions were performed in triplicate, and all activities
were expressed as means * standard deviations.

Co?*, Cu®* and Ni** had inhibitory effects on activity to varying de-
grees.

3.4. Mechanic analysis of strict stereoselectivity and enhancement of
engymatic activity

The reaction mechanism of NAD(P)H-dependent dehydrogenase has
been studied in detail [38]. The mechanism of NADPH-dependent bio-
reductions involves a hydride transfer from NADPH to carbonyl carbon
and a proton transfer from the catalytic residue to carbonyl oxygen
[39]. Upon formation of the KmAKR-NADPH-(5R)-1 ternary complex, a
hydride is transferred from the C4 carbon atom of the nicotinamide ring
(4’-pro-R hydrogen) of NADPH to the carbonyl carbon of the substrate
while a proton is provided by the protonated catalytic residue Tyr64 to
the carbonyl oxygen. Totally, there are four different manners of 4’-pro-
R hydrogen and 4’-pro-S hydrogen at C4 of NADPH attacking the car-
bonyl carbon of (5R)-1, forming two different configurations of chiral
alcohol [40]. As shown in Fig. 4b and 4c, the docking results indicated
the 4’-pro-R and 4’-pro-S hydrides could attack from the si face of (5R)-
1, producing (3R,5R)-2, following the anti-Prelog’s rule; also, they can
attack the re face of (5R)-1 to form (3S,5R)-2 [41]. According to our
experimental results, the product was (3R,5R)-2, indicating that M2
and M3 follows the anti-Prelog’ rule.

Docking NADPH and (5R)-1 into the active sites of M1 and its
variants was performed to elucidate the mechanism of activity en-
hancement brought by mutations on Trp297, Tyr296 and Lys29. For
M2, hydrogen bonds were formed between the carbonyl of (5R)-1 in
both orientations and the side chains of Tyr64 and His122 (Fig. 4a and
d), indicating docking results are meaningful. Substituting Tyr296 with
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HIS-29
LYS 89, //

HIS-122

TYR-64

&

Fig. 4. Molecular docking of NADPH and (5R)-1 into M2 (a) and M3 (b, c), and views of the surface of M2 (d), M3 (e, f) with NADPH and (5R)-1 molecule (ball-and-
stick) bound in the active site. The si face of (5R)-1 faces the catalytic site (b); the re face of (5R)-1 faces the catalytic site (c); the si face of (5R)-1 faces the catalytic
site (e); the re face of (5R)-1 faces the catalytic site (f). (5R)-1 and NADPH are shown in orange and green, the mutant sites (296, 29) and the catalytic tetrad (Asp59-
Tyr64-Lys89-His122) are shown in yellow and blue, respectively. The dockings of substrate were conducted with AutoDock 4.2. Pictures were drawn with PyMOL.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Trp shortened the distance between the proton of catalytic residue
Tyr64-OH and the carbonyl oxygen of (5R)-1 from 3.30 Ato02.63A. The
distance of the 4’-pro-R hydrogen of NADPH to the carbonyl carbon of
(5R)-1 was shortened from 3.11 A to 2.97A (Figs. 1a and 4a). These
shortenings made the enzyme catalytic center network more compact,
attributing to enhanced transfer rates of hydrides and protons.

As shown in Fig. 4b, mutation of K29H further shorten the distance
between the proton of the catalytic residue Tyr64-OH and the carbonyl
oxygen of (5R)-1 to 2.13 A, compared to M2. The carbonyl carbon of
(5R)-1 is much closer to the 4’-pro-R hydrogen of NADPH with the
distance reduced from 2.97 A to 2.73 A in the case of M2, satisfies the
distance requirement for hydride transfer [42], which is more con-
ducive to the attack of hydride to the carbonyl carbon. Mutating Tyr296
to the more hydrophobic Trp pushing (5R)-1 more adjacent to the ac-
tive center, linked with increasing hydrophobic interactions. Moreover,
when the Lys29 was mutated to His, the active site tunnel broadened
around the nicotinamide (Fig. 4d and e). The catalytic center was sig-
nificantly enlarged compared to M1, facilitating (5R)-1 binding and
shuttling, facilitating substrate molecules contact with enzyme, which
increases catalytic efficiency.

As for M3, viewed from the si face, the carbonyl carbon of (5R)-1 is
much closer to the 4’-pro-R hydride of NADPH than that of the re face.
When the si face of (5R)-1 faces the catalytic center, the substrate-
binding pocket was further enlarged compared to the re face (Fig. 4e
and f), facilitating (5R)-1 binding and shuttling.

3.5. (3R,5R)-2 bioconversion kinetics

Due to the high cost of NADPH, an EsGDH-mediated NADPH re-
generation system was introduced, which consumed inexpensive

280 - 100
g 2404 L g0
~~
- =
é 200 " Q\/
~ L
1160+ ;
& ~
-~ 1201 L 40
(‘:5.) —O— 120.0 g/L (5R)-1 by M3
~ 804 —@—100.0 g/L (5R)-1by M3
—/A\—100.0 g/L (5R)-1 by M2 20
404 —W—75.0 gL (5R)-1 by M2
—@—50.0 gL (5R)-1 by M2
0 . 8 dey . . 0
0 1 2 3 4 5 6 7
¢ (h)

Fig. 5. Conversion profile of M2 and M3 catalyzed reduction of (5R)-1 to
(3R,5R)-2.

glucose as hydrogen donor, as shown in Fig. 5. Under the optimized
conditions, M2 was able to completely reducing up to 75.0 g/L (5R)-1
in 4.5 to obtain (3R,5R)-2, ind.e.p > 99.5%. M3 completely reduced
100 g/L (5R)-1 within 3.5h, producing 237.4 mmol/L of (3R,5R)-2,
resulting in a STY of 372.8 g/L/d. Further raising (5R)-1 to 120.0 g/L
reduced substrate conversion to 93.8%, demonstrating that excessive
(5R)-1 loading brought about substrate inhibition on enzyme.

To the best of our knowledge, rare AKRs and carbonyl reductases
have been reported with strict stereoselectivity and high activity to-
wards (5R)-1. As summarized in Table 4, E. coli BL21/pET28a-LbCR has
the highest substrate load, and requires 16 h of conversion time for
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Table 4

Comparison of oxidoreductase-catalyzed asymmetric reduction of (5R)-1 to (3R,5R)-2.

Reference

d. ep (%)

Conversion time (h) STY (g/L/d)

Conversion (%)

(5R)-1 (g/L)

Biocatalyst loading size (g DCW/L)

Microorganism source

Enzyme

[43]
[18]
[44]
[27]
[19]

Present work

> 99.5

> 99.5
> 99.5

99.5

120

99
> 99
> 99

8.2 35
50
100

Saccharomyces cerevisiae

Kluyveromyces lactis
Lactobacillus brevis

CR1

623.6
351

1.3
16

20
16
20
20
20

KIAKR-Y295W/W296L

LbCR

300
60
38

243.2
45.4

Kluyveromyces lactis

EsGDH-KIAKR-Y295W/W296LW296L

M1

> 995
> 99.5

12
3.5

> 99
> 99

Kluyveronyces marxianus

372.8

100

Kluyveroniyces marxianus

M3
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complete conversion. E. coli BL21(DE3)/pET28a(+ )-kmakr-W297H/
Y296W/K29H has the highest substrate load among the AKRs, and the
second highest STY, only ranking after E. coli BL21/pET28b-klakr-
Y295W/W296L.

4. Conclusions

M1 has moderate activity towards (5R)-1. In this work, semi-ra-
tional design was used to further evolve M1. A “best” variant M3 with
significantly enhanced catalytic performance was obtained through a
two-round of SSM library screening. Replacing Tyr296 to Trp further
consolidated the enzyme-substrate binding via pushing (5R)-1 close to
the active site. Mutating Lys29 to His enlarged the enzyme active
pocket. Besides, mutations of Y296W and K29H shortened the distance
between the H atom of catalytic site Tyr64-OH and the carbonyl oxygen
atom of (5R)-1, accelerating the transfer rates of protons and electron.
Coupled with EsGDH for NADPH regeneration, M3 was able to com-
pletely reduce 100.0 g/L (5R)-1 in as short as 3.5 h, resulting in a high
STY of 372.8g/L/d. Thanks to its strict diastereoselectivity, good
thermal stability and high activity, a promising platform technology
based on the combination of stereoselective AKR and GDH is con-
structed, enabling efficiently converting prochiral ketones to optically
pure secondary alcohols.
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