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A B S T R A C T   

Aldo-keto reductase KmAKR-catalyzed asymmetric reduction offers a green approach to produce dichiral diol 
tert-butyl 6-substituted-(3R,5R/S)-dihydroxyhexanoates, which are important building blocks of statins. In our 
previous work, we cloned a novel gene of NADPH-specific aldo-keto reductase KmAKR (WT) from a thermo
tolerant yeast Kluyveromyces marxianus ZJB14056 and a mutant KmAKR-W297H/Y296W/K29H (Variant III) 
has been constructed and displayed strict diastereoselectivity towards tert-butyl 6-cyano-(5R)-hydroxy-3-ox
ohexanoate ((5R)-1) but moderate activity and stability. Herein, to further co-evolve its activity and thermo
stability, we performed semi-rational engineering of Variant III by using a combinational screening strategy, 
consisting of tertiary structure analysis, loop engineering, and alanine scanning. As results, the “best” variant 
KmAKR-W297H/Y296W/K29H/Y28A/T63M (Variant VI) was acquired, whose Km, kcat/Km towards (5R)-1 was 
0.66 mM and 210.77 s−1 mM−1, respectively, with improved thermostability (half-life of 14.13 h at 40 °C). 
Combined with 1.5 g dry cell weight (DCW) L-1 Exiguobacterium sibiricum glucose dehydrogenase (EsGDH) for 
NADPH regeneration, 4.5 g DCW L-1 Variant VI completely reduced (5R)-1 of up to 450 g L−1 within 7.0 h at 
40 °C, yielding the corresponding optically pure tert-butyl 6-cyano-(3R,5R)-dihydroxyhexanoate ((3R,5R)- 
3, > 99.5% d.e.p) with a space–time yield (STY) of 1.24 kg L−1 day−1, and this was the highest level docu
mented in literatures so far on substrate loading and STY of producing (3R,5R)-3. Besides (5R)-1, Variant VI 
displayed strong activity on tert-butyl 6-chloro-(5S)-hydroxy-3-oxohexanoate ((5S)-2). 4.5 g DCW L-1 Variant VI 
completely reduced 400 g L−1 (5S)-2, within 5.0 h at 40 °C, yielding optically pure tert-butyl 6-chloro-(3R,5S)- 
dihydroxyhexanoate ((3R,5S)-4, > 99.5% d.e.p) with a STY of 1.34 kg L−1 day−1. In summary, Variant VI 
displayed industrial application potential in statins biomanufacturing.   

1. Introduction 

Asymmetric hydrogenation of prochiral ketones or aldehydes to 
chiral alcohols is an important transformation in organic synthesis  
[1,2]. Over the past several decades, a variety of chemical approaches 
have been developed [3–5], most of which are based on boride-cata
lyzed asymmetric hydrogenation [6,7], which requires harsh condi
tions, especially cryogenic treatment (T  <  -60 °C) [8,9], bringing 
about huge energy consumption and waste disposal problems [10], 
along with unsatisfactory product optical purity [11,12]. Biocatalysis 
generally proceeds under moderate conditions and is highly selective  
[13], therefore being extensively applied in the commercial chemical 

production, especially pivotal chiral compounds [13–18]. Un
fortunately, natural enzymes commonly display poor performance on 
unnatural substrates [19], most of which fail to withstand the harsh 
industrial conditions [20,21]. Catalysis at high temperatures is ad
vantageous to raise substrate solubility, diffusion and reaction rate, and 
to reduce viscosity of reaction mixture [22]. However, co-evolution of 
enzyme activity and thermostability is particularly challenging due to 
the well-known stability-activity trade-off [18,22]. In such cases, one 
needs to take into account enzymes’ activity and thermostability si
multaneously towards unnatural substrates with high concentration  
[23,24]. 

Aldo-keto reductases (AKRs) have been used in prochiral ketones 
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and aldehydes asymmetric synthesis [18,25,26]. Dichiral diol tert-butyl 
6-substituted-(3R,5R/S)-dihydroxyhexanoates are important building 
blocks of statins. Asymmetric reduction of tert-butyl 6-cyano-(5R)-hy
droxy-3-oxohexanoate ((5R)-1) [27] and tert-butyl 6-chloro-(5S)-hy
droxy-3-oxohexanoate ((5S)-2) gave optically pure tert-butyl 6-cyano- 
(3R,5R)-dihydroxyhexanoate ((3R,5R)-3) and tert-butyl 6-chloro- 
(3R,5S)-dihydroxyhexanoate ((3R,5S)-4) [28], which are pivotal chiral 
intermediates of atorvastatin (Lipitor®) [29,30,31], rosuvastatin 
(Crestor®) and pitavastatin (Livalo®) [32,33], respectively. These sta
tins possess excellent lipid-lowering efficacy, safety and long-term 
clinical benefits in reducing cardiovascular and cerebrovascular disease 
accidence and mortality [27,34,35]. 

In our previous work, wild type (WT) KmAKR has been cloned from 
a thermotolerant yeast Kluyveromyces marxianus ZJB14056 [25], and its 
variant KmAKR-W297H/Y296W/K29H (Variant III) was constructed 
via one round site-directed saturation mutagenesis (SSM) and two 
rounds iterative saturation mutagenesis (ISM), which retained good 
thermostability and had 16.69 folds improved catalytic efficiency in 
comparison with those of WT [26]. Variant III took only 3.5 h to 
completely reduce 100.0 g L-1 (5R)-1, yielding 237.4 mM (3R,5R)-3 in 
d.e.P value above 99.5%, and the corresponding space–time yield (STY) 
was 372.8 g L-1 d-1. Still, engineering of KmAKR to develop a robust 
biocatalyst for green biomanufacturing of statin intermediates is in 
huge demand. 

In recent years, owing to the fast development of computer simula
tion technology [36–39], semi-rational engineering [40] of targeted re
sidues based on sequence alignment [41] and structure analysis  
[14,41,42] has been developed. A general strategy is substituting the 
unstable residues or segments with their stable counterparts, thus rigi
difying the overall protein structure and enhancing the thermostability 
and activity [15–17]. In such protocols, choosing suitable hot spots for 
mutation is critical and challenging, which depends on the molecular 
understanding of enzymes’ structure–function relationship [43]. 

In the present study, we dug out the critical hot spots by a combi
national screening strategy that consists of tertiary structure analysis, 
loop engineering, and alanine scanning, and then performed ISM to co- 
evolve the activity and thermostability of KmAKR. For the “best” var
iant, its enzymatic properties towards (5R)-1 and catalytic perfor
mances towards both (5R)-1 and (5S)-2 were studied in details. 
Moreover, the underlying molecular mechanism was investigated by 
docking analysis and molecular dynamics (MD) simulations. 

2. Materials and methods 

2.1. Materials 

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-Y296W/W297H/K29H were constructed in our previous 
work [26], and preserved in our laboratory. Primers synthesis and DNA 
sequencing were conducted by Tsingke Zixi Biotechnology Co., Ltd 
(Hangzhou, China). (5R)-1 was generously presented by Zhejiang Lepu 
Pharmaceutical Co., Ltd (Taizhou, China), and (5S)-2 presented by 
Zhejiang Jingxin Pharmaceutical Co., Ltd (Xinchang, China). (3R,5R)-3 
was purchased from Toronto Research Chemicals Co., Ltd. (Toronto, 
Canada), (3R,5S)-4 from J&K Scientific (Beijing, China). NADPH and 
NADP+ were purchased from Roche Co., Ltd. (Basel, Switzerland), 
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). Kanamycin 
was acquired from Solarbio Science & Scientific Co., Ltd. (Beijing, 
China), isopropyl β-D-1-thiogalactopyranoside (IPTG) from Heli Bio
technology Co., Ltd (Shanghai, China). Unless otherwise specified, 
other chemicals were of analytical grade and obtained from the stan
dard commercial sources. 

2.2. Methods 

2.2.1. Mutagenesis 
Alanine scanning technology was used for primary screening of 6 

hot spots based on Variant III. A one-round of SSM was conducted to 
assess the functions of Tyr28 based on Variant III and one-round of ISM 
was conducted to assess the functions of Thr63 in the KmAKR-W297H/ 
Y296W/K29H/Y28A (Variant V), in which the degenerate codon NNS 
was substituted for the codon of the target amino acids. The primers 
used in this study were listed in Table S1 (Supporting Information). The 
template was digested by DpnI at 37 °C for 0.5 h (refer to Table S3 for 
details) and PCR amplified under PCR reaction conditions, which were 
supplemented in Table S2 and Figure S1. The resultant PCR products 
were transformed into E. coli BL21 (DE3) competent cells for enzyme 
expression 

2.2.2. Enzyme expression and purification 
The Variant III and its variants were cultivated at 37 °C, 200 rpm, in 

100 mL of Luria-Bertani (LB) medium containing 50 μg mL−1 kana
mycin sulfate. When optical density at 600 nm (OD600) of the culture 
reached 0.6–0.8, protein expression was induced with 0.15 mM IPTG 
for 12 h at 28 °C, 200 rpm. The cells were collected by centrifugation 
(8000 rpm) at 4 °C for 10 min, and washed twice with 0.9% (w/v) 
saline. The harvested wet cells were re-suspended in 100 mM sodium 
phosphate buffer (pH 7.0) at 50 g L-1, and the mixture was sonicated for 
10 min (power 400 W, work for 1 s, break for 1 s). After centrifugation 
at 8000 rpm for 10 min to remove the precipitate, the as-prepared cell- 
free extract was loaded onto a Ni2+-nitrilotriacetic acid column (Bio- 
Rad, USA), which was pre-equilibrated with buffer A (pH 8.0, 20 mM 
sodium phosphate buffer, supplemented with 300 mM NaCl and 20 mM 
imidazole). The target protein was eluted with buffer B (pH 8.0, 20 mM 
sodium phosphate buffer supplemented with 300 mM NaCl and 500 mM 
imidazole), and desalted against 20 mM phosphate buffer (pH 7.0) 
overnight for 12 h using the cellulose dialysis bag (molecular weight 
cut-off: 14000 Dal). Enzyme purity was assessed by SDS-PAGE, and 
enzyme concentration was determined using the Bradford method [44] 
at 562 nm using bovine serum albumin as the standard. The purified 
enzymes were stored at 4 °C until further use. 

2.2.3. Enzyme activity assay and kinetics characterization 
The activities of Variant III and its mutants were assayed at 35 °C, 

500 rpm, in a total of 1.0 mL reaction mixture, composed of pH 7.0, 
100 mM sodium phosphate buffer supplemented with 2 mM (5R)-1, and 
0.25 mM NADPH together with appropriate amounts of the purified 
KmAKRs. An aliquot of 500 µL was withdrawn after reaction for 5 min, 
which was quenched by adding 2 µL, 6.0 mol L-1 HCl. The resultant 
mixture was centrifuged at 12,000 rpm for 3 min. The supernatant was 
combined, and subjected to microfiltration with 0.22 μm PTFE organic 
membranes. The resulting filtrate was subsequently analyzed by High 
Performance Liquid Chromatography (HPLC). 

One unit (U) of enzyme activity was defined as the amount of 
KmAKR required for 1 μmol of (3R,5R)-3 formed per minute at 35 °C, 
pH 7.0. Specific activity was calculated as the units of enzyme activity 
per milligram of proteins, U mg−1 protein. 

The Michaelis-Menten kinetics of KmAKRs were determined 
through measuring the initial rate at varying concentrations of (5R)-1 
in a range of from 0.1 to 10 mM at a fixed NADPH concentration 
(0.2 mM). The kinetic parameters were obtained by nonlinear regres
sing the experimental data to Michaelis-Menten equation [18]. All data 
were handled by the software Origin 8.5, in the Michaelis-Menten 
model. 10 μL of each reaction mixture was sampled to assay (5R)-1, and 
(3R,5R)-3 by HPLC equipped with a C18 column (4.6 × 250 mm, 5 μm 
particle size, J&K Scientific). Separation was achieved with mobile 
phase consisting of acetonitrile and deionized water (75 : 25, v/v) at 
40 °C, running at a flow rate of 1.0 mL min−1. Wavelength of the ul
traviolet detector was set at 210 nm. 
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2.2.4. Substrate spectrum 
The specific activity of purified KmAKR-WT and its mutants towards 

various ketones or ketoesters was determined spectrophotometrically 
by monitoring the change in NADPH absorbance at 340 nm (ɛ = 
6220 M−1 cm−1) in phosphate buffer (pH 7.0, 100 mM) at 35 °C. The 
assay mixture (0.5 mL) contained 10 mM substrates (Sub1-Sub7), 
0.25 mM NADPH, and an appropriate amount of WT, Variant III, 
Variant V and Variant VI. The test substrates included model sub
strates (5R)-1 (Sub1), (5S)-2 (Sub2), ethyl 4-chloro-3-oxobutanoate 
(Sub3), ethyl 3-oxobutanoate (Sub4), acetophenone (Sub5), ethyl 4,4,4- 
trifluoro-3-oxobutanoate (Sub6), tert-butyl 3-oxobutanoate (Sub7). 

2.2.5. Thermostability assay 
Determination of half-life t1/2 

The half-lives (t1/2) of purified KmAKRs were determined by in
cubating each purified protein (1.0 mg mL−1) at 40 °C, 50 °C, respec
tively, for appropriate time, followed by measurement of the residual 
activity. The half-lives (t1/2) were calculated according to the first order 
deactivation function 1 and Equation 2: 

ln(A/A0) = -kdt (1) 
t1/2 = ln2/kd (2) 
where A0 is the initial activity, A the residual activity at time t 

during the thermal deactivation, kd the deactivation rate constant 
(h−1). 

Determination of T50
15 

T50
15 is the temperature at which enzymes lose 50% activity after 

incubated for 15 min. 50 μL of purified KmAKRs (1.0 mg mL−1) were 
added into Eppendorf tubes, which were incubated at temperatures 
ranging from 20 °C to 50 °C for 15 min. After cooled down on ice bath, 
the residual activities of KmAKRs were assayed. 

Determination of melting temperature (Tm) 
Tm values were measured by circular dichroism (CD) spectrometer 

(Applied Photophysics Ltd., United Kingdom). The melting curve data 
of KmAKRs were collected from 180 nm to 260 nm under temperatures 
of from 10 °C to 90 °C continuously with a gradient of 2 °C min−1. Data 
measured at wavelength of 222 nm were converted to fraction folded α 
according to the following Equation (3). The enzyme samples were 
diluted in potassium phosphate buffer (20 mM, pH 7.0) at the final 
concentration of 0.1 mg mL−1 purified protein, and then loaded to a 
10 mm quartz cuvette for CD assay [45]. 

= t U

F U (3)  

where θt is the observed ellipticity at any temperature, θF is the 
ellipticity of the fully folded form and θU is the ellipticity of the un
folded form. The melting temperature (Tm) values were calculated from 
the CD using Origin 8.5 software. 

2.2.6. Modelling, docking and MD simulation 
The three-dimensional (3-D) model of KmAKR-WT was created via 

homology modeling by using the SWISSMODEL web server (http:// 
www.swissmodel.expasy.org/). Modeler models structure (PDB ID: 
3WG6) was used as the starting structure of WT for model-constructing. 
The structures of Variant III, Variant V, Variant VII and Variant VI 
were constructed individually by foldx software with its inherent script. 

Docking was carried out using YASARA 16.3.5 software under de
fault processes using (5R)-1 as the ligand and the KmAKR-Variant III/ 
NADPH complex, KmAKR-Variant V/NADPH complex, KmAKR- 
Variant VI/NADPH complex and KmAKR-Variant VII/NADPH com
plex as the receptor molecule. The center of the grid box was located at 
the catalytic tetrad region and each dimension of the grid box was set at 
10 Å. Once the docking was finished, the optimal conformation was 
selected from the 10 results according to the binding energies and the 
attacking direction of NADPH to the carbonyl group. 

Then, the Variant III and mutants were subjected to MD simulation 
at 298 K for 20 ns with the software YASARA [46,47]. A cubic box was 

constructed to perform MD calculation. In the MD simulation, the 
Amber 03 force field was applied and the structures were put in a cubic 
box in each XYZ direction. The transferable intermolecular potential 3 
points (TIP3P) model was used for water molecules and 150 mM NaCl 
was added. The model systems were relaxed by a series of minimiza
tions and short dynamic simulations. The time step was 2 fs, and tra
jectories were saved every 100 ps. For KmAKR-WT and its variants, 
three independent MD simulations were performed [46,47]. 

2.2.7. Biotransformation of (5R)-1 and (5S)-2 
As for (5R)-1, a 100 mL scale reaction mixture consisting of sub

strate (45.0 g), glucose (1.0 equivalent), and 6.0 g DCW L-1 containing 
Variant VI mixed with EsGDH, in potassium phosphate buffer 
(100 mM, pH 7.0) was incubated at 40 °C and 800 rpm. The pH of re
action mixture was maintained at 7.0 by adding of Na2CO3 solution 
(2.0 M) with a pH-stat (Mettler Toledo, Switzerland). The stereo
selectivity and yield of (3R,5R)-3 were detected as previously described  
[26]. As for (5S)-2, the reaction conditions were the same as (5R)-1 
except that the substrate addition amount was 40.0 g. The stereo
selectivity and yield of (3R,5S)-4 were detected as previously described  
[28]. 

3. Results and discussion 

3.1. Design of mutants based on Variant III 

In our previous study, three KmAKR mutants harboring three ben
eficial substitutions, Y296W, W297H and K29H (variant KmAKR- 
W297H was designated as Variant I, variant KmAKR-W297H/Y296W 
designated as Variant II, KmAKR-W297H/Y296W/K29H designated as 
Variant III) were characterized [25,26]. These variants exhibit strictly 
selectivity and improved activity compared with WT, demonstrating 
that protein engineering is a powerful tool to modulate diastereos
electivity and activity. The homology model of KmAKR was constructed 
based on the crystal structure of a reductase C1 from Candida para
psilosis complexed with NADPH CPR-C1 (GenBank accession No.: 
BAD01652.1, PDB ID: 3WG6) since its crystal structure shares 49% 
sequence identity with KmAKR [26]. A previous study [26] has re
ported side chain’s size of the residues spatially adjacent to the active 
center affects catalytic efficiency. In this study, molecular docking of 
(5R)-1 into Variant III were firstly performed, and we tried to replace 
the larger amino acids with smaller amino acids to enlarge the volume 
of the substrate-binding pocket. Initially, Tyr28 was chosen as the 
mutagenesis target (Figure S2). Variant III possesses a substrate 
binding cavity with a calculated volume of 124.2 Å3, which was en
larged to 140.7 Å3 by replacing Tyr28 with much smaller alanine 
(computed by CAVER Analyst 2.0 BETA) based on its homology model 
(Figure S3). To further verify the effect of Tyr28, SSM was performed on 
Tyr28 based on Variant III, and KmAKR-W297H/Y296W/K29H/Y28A 
(Variant V) had 55.4% improved relative activity compared with 
Variant III (see 3.2 for detailed data). Subsequently, a screening 
strategy based on structure analysis was employed to dig out potential 
hot spots (Scheme 1). We mainly focused on the amino acid residues 
within 5 Å from the catalytic residues for the consideration that the 
maximum distance in which the hydride of C4 from the nicotinamide 
ring of NADPH attacked the carbon atom of the C3 carbonyl group of 
(5R)-1 was 4.5 Å [40,48,49], and on the surface loop within 30 Å from 
the catalytic residues, as residues within catalytic center played im
portant roles in the activity and stability of enzyme [43]. Finally, we 
chose six sites Val21, Gly22, Thr25, Gln62, Thr63, Phe90 (Scheme 1) 
according to the intersection, by taking the amino acid residues within 
5 Å from the catalytic residues and the surface loop within 30 Å from 
the catalytic residues into account. Attempt was made to identify the 
potential hot spots using SSM. However, screening saturation mutant 
libraries of 6 residues is an enormous task. Numerous reports have 
demonstrated that “low-energy screening” strategies such as alanine 
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scanning, which are efficient in identifying potential amino acids that 
may affect catalytic activity [50,51]. Therefore, alanine scanning 
strategy in combination with ISM was adopted in this study. 

3.2. SSM and ISM for co-evolving KmAKR’s thermostability and activity 

As shown in Table 1, only Y28A had 55.4% improved relative ac
tivity compared with Variant III in the 1st SSM, and KmAKR-W297H/ 
Y296W/K29H/Y28A (Variant V) was acquired. The mutation sites of 
Val21, Gly22, Thr25, Gln62, Thr63 and Phe90 were targeted and the 
potential positive mutants were obtained via alanine scanning based on 
Variant V. Compared with Variant V, only T63A showed 1.12-fold 
improved relative activity, which was 0.8 times higher in kcat/Km than 
Variant III (Table 2). The second round SSM was set T63 as the target 
to conduct ISM based on Variant V. As shown in Table 1, a “best” 
mutant Variant VI (KmAKR-W297H/Y296W/K29H/Y28A/T63M) was 
acquired with 4.1-fold activity improvement, compared with Variant 
V. Variant VI exhibited 7.8-fold and 3.8-fold improvement in kcat/Km 

in comparison with Variant III and Variant V, respectively (Table 2). 
Among all the saturated mutations, 10 mutants were positive, most 

of which were caused by replacements with hydrophobic amino acids. 
We speculated that the hydrophobic amino acid substitutions at posi
tion 63 was beneficial to promote the formation of the hydrogen bond 
and the protonation of (5R)-1. In addition to Variant VI, KmAKR- 
W297H/Y296W/K29H/Y28A/T63L (Variant VII) was 3.0 times higher 
in relative activity than Variant V. 

Variant V, Variant VI, Variant VII were selected for thermo
stability verification. The half-lives of Variant V, Variant VI, and 
Variant VII at 40 °C were 8.77 h, 14.13 h, 16.96 h, respectively. 
Although Variant V acquired enhanced activity, unfortunately, a de
creased thermostability was observed (Table 3). In addition, Tm and 
T50

15, representing the thermodynamic stability and kinetic stability, 
respectively, were also characterized. Both the thermodynamic stability 
and kinetic stability of Variant VI and Variant VII were significantly 
improved compared with Variant III (Fig. 1). The T50

15 values of 
Variant VI and Variant VII were 49.8 and 50.4 °C, respectively, higher 

than that of Variant III (48.1 °C) (Fig. 1A). CD spectroscopy analysis 
showed that the Tm values of Variant VI (56.0 °C) and Variant VII 
(56.8 °C) were enhanced by 3.8 and 4.6 °C, respectively, compared with 
Variant III (52.2 °C) (Fig. 1B). Herein, a desired robust mutant Variant 
VI was obtained, whose activity and thermostability were improved 
synchronously. 

3.3. Substrate specificity analysis of KmAKRs 

The specific activities of the purified KmAKRs towards 7 different 
ketones or ketoesters were investigated. Results were summarized in  
Table 4. As documented in our previous study [25], KmAKR-WT 
showed low specific activity towards the test ketones, ketoesters. Var
iant III, Variant V, Variant VI showed much higher activity towards 
all the test compounds except Sub5. And two trends emerged from the 
analysis of KmAKRs catalytic activity towards artificial ketones or ke
toesters. 1) Variant VI’s activity decreased with skeleton length of the 
test substrates, and it exhibited the highest specific activity towards 
Sub7, which shares tert-butyl moiety with (5R)-1 and (5S)-2 and has the 
least number of carbon atoms in the skeleton. 2) Variant III, Variant V, 
Variant VI showed much reduced activity towards bulky aromatic 
ketone Sub5. Since tailoring KmAKR was targeted at (5R)-1, these two 
trends illustrated that the catalytic activity of variants were more 
adaptable for the aliphatic short-chain ketoesters, structural analogs of 
(5R)-1. Furthermore, Variant III, Variant V, Variant VI displayed 
excellent activity towards Sub3, which was the precursor of both (5R)-1 
and (5S)-2. 

3.4. The mechanism clarification of activity enhancement in KmAKR 

The reaction mechanism of NAD(P)H-dependent dehydrogenase has 
been well studied. The prereaction states reflect early substrate binding 
with enzymes and co-factors via computational simulations. Based on 
the reaction mechanism of AKRs, Asp59 stabilizes the substrate; Tyr64 
functions as the catalytic base, and the pKa of the hydroxyl group of 
Tyr64 is lowered by Lys89 [52,53]. The reaction is initiated by proton 

Scheme 1. Strategy for constructing highly focused KmAKR library.  
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transfer from Tyr64-OH to the carbonyl oxygen atom of (5R)-1. Then, 
the hydride of NADPH is transferred to the carbonyl carbon, converting 
the carbonyl group to a hydroxyl group [54–56]. Hence, there are two 

distances that can be used to evaluate whether the enzyme-substrate 
complex is developed to the prereaction state. One is defined by the 
distance between the carbonyl oxygen (C3) of (5R)-1 and the H atom of 
Tyr64-OH, designated as d1, indicating the formation of the hydrogen 
bond and the protonation of (5R)-1. 

The other is defined by the distance between the carbonyl carbon 
(C3) of (5R)-1 and the hydrogen atom (H4) at C4 of NADPH nicotina
mide, designated as d2, indicating the process of nucleophilic attack 
(Figure S4). d1 ≤ 3.4 Å and d2 ≤ 4.5 Å are prerequisites for hydrogen 
bond formation and hydride transfer, respectively [40,48,49]. There
fore, it is a reasonable mechanism explanation to clarify the improve
ment in activity of positive mutants through the changes of two dis
tances in enzyme-substrate complex indirectly. According to the results 
of docking studies, the d1 and d2 of enzyme-substrate complex on three 
positive mutants were notably shortened compared with Variant III 
(Fig. 2), which explained why the formation of hydrogen bond, the 
process of hydride transfer and the process of nucleophilic attack be
came easier. 

Interaction studies of substrate and neighbouring amino acids using 
CDOCKER (Discovery Studio 4.0) were performed with Variant III, 
Variant V, Variant VI, Variant VII and (5R)-1 as the substrate. The 
structural characteristics of prereaction states of Variant III and dif
ferent mutants with (5R)-1 were further studied. Major interactions of 
both systems were calculated, as shown in Figure S6, respectively. For 
Variant III, the interactions of (5R)-1 and amino acids were mainly 
concentrated on the tert-butyl group, and except van der Waals force, 
few amino acid directly interacts with C3 carbonyl oxygen of (5R)-1. In 
comparison, in addition to the interactions of the surrounding amino 
residue with the tert-butyl group, the interactions of (5R)-1 with 
neighboring amino acids of Variant V, Variant VI and Variant VII 
were mainly maintained through hydrogen bonds with amino acid re
sidues including Thr25 and Tyr64. It was demonstrated that these 
mutations changed the interactions between the amino acid residues in 
active center and (5R)-1, contributing to the increased interactions, 

Table 1 

Effect of mutation on activity and stereoselectivity of KmAKR towards (5R)-1. 

Variant Relative activity (%) d.e.p (%) Variant Relative activity (%) d.e.p (%)  

Variant III a 100.0  ±  0.66  >  99.5 3rd round ISMd 

1st round SSMb Y28A/T63P 15.9  ±  2.13  >  99.5 
Y28F 71.8  ±  0.85  >  99.5 Y28A/T63F 263.2  ±  2.11  >  99.5 
Y28G 18.7  ±  1.24  >  99.5 Y28A/T63M 793.3  ±  1.19  >  99.5 
Y28H 55.9  ±  1.51  >  99.5 Y28A/T63I 358.1  ±  1.47  >  99.5 
Y28I 9.9  ±  0.77  >  99.5 Y28A/T63R 308.2  ±  2.55  >  99.5 
Y28L 23.4  ±  2.13  >  99.5 Y28A/T63L 654.1  ±  2.28  >  99.5 
Y28P 25.4  ±  1.20  >  99.5 Y28A/T63Q 416.6  ±  3.23  >  99.5 
Y28R 63.1  ±  2.24  >  99.5 Y28A/T63K 157.4  ±  3.87  >  99.5 
Y28S 37.9  ±  1.13  >  99.5 Y28A/T63S 140.3  ±  2.22  >  99.5 
Y28T 25.2  ±  1.78  >  99.5 Y28A/T63H 93.9  ±  2.98  >  99.5 
Y28V 54.3  ±  1.82  >  99.5 Y28A/T63E 8.1  ±  0.11  >  99.5 
Y28W 23.4  ±  0.69  >  99.5 Y28A/T63G 117.3  ±  0.87  >  99.5 
Y28A (Variant V) 155.4  ±  3.81  >  99.5 Y28A/T63N 112.1  ±  2.33  >  99.5 
2nd Alanine Scanning c Y28A/T63C 263.4  ±  3.94  >  99.5 
V21A 95.1  ±  3.22  >  99.5 Y28A/T63Y 290.1  ±  2.71  >  99.5 
G22A 34.1  ±  1.33  >  99.5 Y28A/T63W 153.4  ±  1.99  >  99.5 
T25A 53.2  ±  2.31  >  99.5 Y28A/T63D 8.4  ±  0.49  >  99.5 
E62A 104.4  ±  4.94  >  99.5 Y28A/T63V 374.2  ±  5.89  >  99.5 
T63A 329.8  ±  1.23  >  99.5    
F90A 13.6  ±  2.25  >  99.5    

a Variant III is KmAKR-W297H/Y296W/K29H, whose activity is designated as 100%. Activity was measured under the standard assay conditions. The values are 
the means of three individual experiments. 

b 12 variants at Y28 based on KmAKR-W297H/Y296W/K29H were shown in 1st round SSM. The remaining 7 variants at Y28 were not shown in Table 1 because 
they lost activity completely after mutation. 

c Alanine scanning was performed based on KmAKR-W297H/Y296W/K29H/Y28A. 
d ISM was performed based on KmAKR-W297H/Y296W/K29H/Y28A.  

Table 2 
Kinetic parameters of KmAKR-Y296W/W297H/K29H and other variants to
wards (5R)-1a       

Variants vmax (U  
mg−1) 

kcat (s−1) Km for (5R)-1 
(mM) 

kcat/Km (s−1  

mM−1)  

KmAKRb-WT  4.48  2.72  2.01  1.35 
Variant Ib  17.09  10.36  1.58  6.56 
Variant IIb  49.50  29.84  1.42  21.01 
Variant III  56.56  33.67  1.41  23.88 
Variant V  75.76  45.37  1.04  43.62 
Variant VI  141.89  139.69  0.66  210.77 
Variant VII  128.62  160.17  0.81  198.09 

aKinetics data were measured by using purified proteins. All enzymatic assays 
were performed in triplicate and average values were adopted. 
bThe kinetics data of KmAKR-WT, Variant I and Variant II were refereed to our 
previous work [25,26].  

Table 3 
The half-lives of Variant III and its variants.       

Variants 40 °C 50 °C  

kd (h−1)a t1/2 (h)b kd (h−1)a t1/2 (h)b  

Variant III  0.065  10.66  0.319  2.17 
Variant V  0.079  8.77  0.669  1.04 
Variant VI  0.049  14.13  0.242  2.86 
Variant VII  0.041  16.96  0.221  3.15 

a kd: inactivation rate constant. 
b t1/2: half-life, the time taken for the residual activity of enzyme to fall to 

half its original activity at a specified temperature.  
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therefore being more conducive to the catalysis of the enzyme and the 
substrate. This interaction analysis is consistent with the enhanced kcat/ 
Km. Compared with the volume size of substrate binding pocket of 
Variant III (124.2 Å3), all of Variant V, Variant VI and Variant VII 
showed an expanding trend in the volume size (computed by CAVER 

Fig. 1. The trend in thermostability of KmAKRs by mutation, Tm (A), T50
15 (B).  

Table 4 
Specific activity of KmAKR-WT and its variants towards various ketones and 
ketoesters.      

Sub1 Sub2 Sub3 Sub4 

Sub5 Sub6 Sub7        

Entry Specific activity (U mg−1) a 

WT Variant III Variant V Variant VI  

Sub1 b 4.44 ± 0.81 55.32 ± 3.33 72.69 ± 3.28 135.44 ± 5.45 
Sub2 b 3.21 ± 0.32 41.42 ± 2.10 68.12 ± 1.23 151.42 ± 3.98 
Sub3 19.51 ± 1.11 61.13 ± 3.98 152.34 ± 3.76 209.77 ± 2.21 
Sub4 5.87 ± 2.21 80.11 ± 4.87 187.01 ± 4.49 250.57 ± 7.89 
Sub5 1.57 ± 0.11  <  1.00 N.A.c N.A.c 

Sub6 14.24 ± 2.23 66.71 ± 5.92 181.77 ± 7.21 154.43 ± 5.62 
Sub7 7.07 ± 0.03 89.94 ± 4.22 205.03 ± 5.98 291.55 ± 8.87 

a Specific activity was determined using the purified enzymes by monitoring 
the change in NADPH absorbance at 340 nm (ɛ=6220 M−1 cm−1). All enzy
matic assays were performed in triplicate, and the averaged values were pro
vided. 

b Herein, the specific activities towards Sub1 and Sub2 obtained are a little 
bit (varied between 5 and 8%) lower than those determined by HPLC, owing to 
the methodological errors. 

c N.A. stands for no measurable activity.  

Fig. 2. Docking binding orientations of the substrate (5R)-1 and NADPH in the 
active site of Variant III (A), Variant V (B), Variant VII (C), Variant VI (D). 
Docking were performed with YASARA. 
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Fig. 3. MD analysis and intramolecular interactions analysis in flexible region of Variant III and its mutants at 313 K using YASARA during a 20-ns simulation, and 
comparison bwtween Variant III and Variant V (A), Variant III and Variant VII (B), Variant III and Variant VI (C). Hydrophobic interaction is shown in red, 
hydrogen bond shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Analyst 2.0 BETA), which were 140.7, 294.1 and 245.7 Å3, respectively 
(Figure S7). A lager substrate binding pocket can accommodate more 
(5R)-1 molecules, raising the binding probability of substrate and active 
site, and hence accelerating the reaction rate. 

3.5. Clarifying the mechanism underpinning thermostability enhancement 

Protein interaction calculation and MD simulation were used to 
analyze the difference in interactions and structures between various 
mutants. Protein interaction calculator online services (http://pic.mbu. 
iisc.ernet.in/) was applied to analyze the protein intramolecular inter
actions including hydrophobic interactions, hydrogen bonds, ionic in
teractions, aromatic-aromatic interactions, aromatic-sulphur interac
tions, cation-π interactions and disulfide bridges. As shown in Table S4, 
positive mutants didn’t possess increased overall protein interactions, 
compared to Variant III. As for Variant V, mutation lost 1 hydrophobic 
interaction, 1 hydrogen bond, 1 aromatic-aromatic interaction. For 
Variant VI and Variant VII, mutation lost 2, 3 hydrogen bonds and 
increased 3, 1 hydrophobic interactions, respectively. Besides, mutation 
increased 1 aromatic-sulphur interaction in Variant VI. 

As shown in the inserts of Fig. 3, introduced Ala28, Met63, Leu63 
were all hydrophobic amino acids, however, compared with Variant 
III, no additional hydrophobic interaction was introduced in the cor
responding flexible region of Variant V and Variant VII. The hydro
phobic distance between His29 and Lys65 of Variant V and Variant 
VII was 5.77 and 5.32 Å, respectively. However, the distance between 
His29 and Lys65 of Variant III was 5.62 Å, much shorter than that in 
Variant V, which is an explanation for decreased thermostability of 
Variant V. Instead, 2 additional hydrophobic interactions were in
troduced in the flexible region of Variant VI, and the hydrophobic 
distance between His29 and Lys65 was 5.37 Å, between His122, Ala61 
and Met63 was 4.86 and 4.95 Å, respectively. 

Among all the 3 mutants, hydrophobic distance between His29 and 
Lys65 in Variant VII was the shortest (5.32 Å), contributing to ex
cellent thermostability. Based on model analysis, in the case of muta
tion of K29H located at flexible loop region, the hydrophobic distance 

between His29 and Lys65 might play a significant role in thermo
stability. Pace et al. reported the hydrophobic interaction contributed 
60  ±  4% to protein stability and the more hydrophobic groups, and 
the larger the volume, the stronger the hydrophobic interaction. 
Hydrogen bonds contribute 40  ±  4% to protein stability.[57] 

MD simulations of Variant III and mutants with improved thermo
stability Variant VI and Variant VII was performed to obtain the pro
found insight into the molecular stabilization mechanism [43]. Root 
mean square fluctuation (RMSF) reflects protein stability, and high RMSF 
values on individual residues indicate high flexibility for a given residue. 
Loops that comprise turns and random coils are the most flexible struc
ture elements in enzymes. The active-site-decorating loops involved in 
the enzyme substrate interaction influence enzyme functions, such as 
activity and stability [43]. As shown in Fig. 3, in addition to the flexible 
C-terminal RMSF value reduction, the RMSF values of loop 91–99 and 
loop 49–56 decreased. We hypothesized that (5R)-1 bound to the active 
center, forming stable interactions with the surrounding amino acids, 
which not only reduced the volatility of the amino acids near the cata
lytic center, but also reduced the volatility of loop 91–99 and loop 49–56. 

Compared with Variant III, Variant VI had an additional hydrogen 
bond between Ala28 and Thr25 on loop17-38, and His29 formed a hy
drogen bond with the Glu32 and Ser38 on loop 17–38, weakening the 
flexibility of loop 17–38 (Fig. 3C). Met63 forms a hydrogen bond with 
Lys65, along with hydrophobic interactions with Ala61 and His122, which 
play important role in reducing flexibility of loop 49–56 and loop 91–99 
loop. When Thr63 was substituted by Leu63, additional hydrophobic in
teractions were formed between Lys89 and Leu120, between His29 and 
Tyr64, decreasing the flexibility of loop 91–99 and loop 49–56 (Fig. 3B). 
Hence, we concluded that introducing new hydrophobic interactions and 
hydrogen bonds in flexible regions raises KmAKR’ thermostability. 

3.6. Biocatalysis of (5R)-1 and (5S)-2 

The engineered KmAKR mutants were capable of catalyzing the 
asymmetric reduction of prochiral statin intermediate (5R)-1 and (5S)-2 

Fig. 4. Asymmetric reduction of (5R)-1 and (5S)-2 by E. coli cells harboring KmAKR Variant VI and EsGDH to synthesize (3R,5R)-3, (3R,5S)-4 on 100 mL scale.  
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to pharmacologically active (3R,5R)-3, (3R,5S)-4, accompanied by the 
consumption of NADPH. Therefore, a glucose dehydrogenase from 
Exiguobacterium sibiricum was introduced to regenerate the desired co
factor NADPH from NADP+ using glucose as the co-substrate (Fig. 4). 

The enzymatic asymmetric reduction of (5R)-1 at 200 g L-1 was 
conducted using the Variant V, the reaction was accomplished com
pletely within 4.5 h using 15.0 g DCW L−1 of E. coli cells expressing 
Variant V and 5.0 g DCW L−1 of E. coli cells expressing EsGDH on 
100 mL scale. Under the same scale, 450 g L-1 (5R)-1, 400 g L-1 (5S)-2 
were completely converted by 4.5 g DCW L-1 Variant VI. Due to the 
outstanding thermal stability of the Variant VI, we tried to raise the 
reaction temperature from 35 °C to 40 °C to accelerate reaction rate. As 
shown in Fig. 5, the reaction catalyzed 200 g L-1 (5R)-1 by Variant V 
achieved  >  99% conversion in 4.5 h, and the corresponding STY 
reached 670.5 g L-1 d-1 with d.e.p  >  99.5%. The “best” mutant Variant 
VI catalyzed 450 g L-1 (5R)-1 for 7.0 h, giving 99% conversion and STY 
of 1.24 kg L-1 d-1. 400 g L-1 (5S)-2 was converted into (3R,5S)-4 within 
5 h, STY reaching 1.34 kg L-1 d-1. The “best” mutant Variant VI sig
nificantly decreased the catalyst load, resulting in a dramatic increase 
of substrate/catalyst ratio of from 10.0 g g−1 to 75.0 g g−1 (Table S5). 

Reviewing the entire evolution campaign from WT to Variant VI, 
five mutation sites were acquired to enhance the stereoselectivity, ac
tivity and thermostability. As shown in Figure S13, the location of five 
mutation site can be divided into 3 portions, core shell, middle shell and 
surface shell. Core shell is the active center, NADPH binding region and 
substrate binding region, and site 63 is located in the core shell. Surface 
shell is the enzyme surface region, where site 296 and 297 are located. 
Between the core shell and surface shell is the middle shell, where site 
28 and 29 are located. The sites surrounding active center is the 
common hot spot for activity enhancement via rational and semi-ra
tional engineering. However, the sites surrounding active center re
presents only a small portion of the whole enzyme. Identifying more hot 
spots from surface shell and middle shell via other methods, such as 
error prone PCR, to discover further reinforcing mutations other than 
only core shell for enzyme activity and thermostability engineering is 
helpful to develop ideal industrial biocatalysts with better catalytic 
performance. 

To date, only limited alcohol dehydrogenases/reductases have been 
reported for chirl diol (3R,5R)-3 and (3R,5S)-4 biocatalysis. In our 
previous work, an aldo–keto reductase KlAKR-WT was cloned from the 
Kluyveromyces lactis (Table 5), which had excellent R-stereoselectivity 
towards (5R)-1, a sequence identity of 89% and the same catalytic 
tetrad with the KmAKR [58]. Our previous work on KlAKR was mainly 
focused on activity improvement through modification on amino acid 
residues that were situated in the neighborhood of tunnels of substrate- 
entrance and product-release, (5R)-1 and NADPH binding pockets, and 
within 4 Å distance from the bound (5R)-1, yielding a positive variant 
KlAKR-Y295W-W296L-I125V-S30P-Q212R-I63W, whose catalytic 

efficiency towards (5R)-1 was 36.31 s−1·mM−1. Under the optimized 
conditions, it completely reduced (5R)-1 at load of up to 80 g·L-1 in 
1.5 h, giving (3R,5R)-3 in d.e.p  >  99.5% and STY of 660.0 g·L-1·d-1. In 
present work, to engineer KmAKR, we used the combinational screening 
strategy to screen hot spots around the intersection of the neighbor
hoods of the active center and surface loop. A synchronously im
provement in both activity and thermostability was achieved. The 
Variant VI is much more active and thermo-stable than KlAKR-Y295W- 
W296L-I125V-S30P-Q212R-I63W [31]. 

3.7. Environmental factor analysis and economic analysis 

Asymmetric bioreduction of (5R)-1 and (5S)-2 to (3R,5R)-3, 
(3R,5S)-4 by Variant VI is greener and more economic than the che
mical reduction. As for the conditions of reaction, a variety of organic 
reagents consumption is zero for Variant VI. In contrast to the chemical 
asymmetric reduction using metal catalysts and NaBH4, this enzymatic 
process used glucose as sustainable co-substrates, affording water as a 
clean byproduct, making this method a promising green chemistry 
approach to manufacture atorvastatin intermediate (3R,5R)-3 and 
“Super statins” chiral intermediate (3R,5S)-4. Biocatalytic process em
ploying Variant VI avoids the use of potentially hazardous hydrogen 
and heavy metal catalysts throughout the process, thus obviating con
cerns for their removal from waste streams and/or contamination of the 
product. More importantly, the enzyme catalysts and the co-substrate 
glucose are derived from renewable raw materials and are completely 
biodegradable. The by-products of the reaction are gluconate, a tiny 
amount of residual glucose, enzyme, cell debris and minerals, and the 
waste water is directly suitable for biotreatment. In term of economy, in 
this bioprocess, no exogenous NADPH or NADP+ was added and the 
atom efficiency is 56.3%, attributing to that the use of glucose as the 
reductant for cofactor regeneration is cost effective but not particularly 
atom efficient.[30] Fortunately, glucose is a renewable resource and the 
co-product gluconate is fully biodegradable. 

4. Conclusion 

In summary, KmAKR mutants Variant VI and VII that exhibit si
multaneously improved thermostability and activity compared with the 
parent enzyme Variant III were constructed using the combinational 
screening strategy and ISM. It was worth noting that the trade-off be
tween activity and thermostability was avoided. Analysis of Docking, 
protein interaction calculator and MD stimulation, mutations of Y28A 
and T63M or T63L shortened the distance between the H atom of cat
alytic site Tyr64-OH and the carbonyl oxygen atom of (5R)-1, accel
erating the transfer rate of protons. As for thermostability, flexible loops 
around the active site were rigidified through introducing additional 
hydrogen bonds and hydrophobic interactions in mutants Variant VI 
and Variant VII, leading to improvements in t1/2, Tm, T50

15. Most im
portantly, Variant VI allowed for asymmetric bioreduction of (5R)-1 
and (5S)-2 to (3R,5R)-3 and (3R,5S)-4 at elevated temperatures (e.g., 
40 °C), dramatically shortening the reaction times and enhancing the 
productivity significantly. Finally, a STY of (3R,5R)-3 up to 
1.24 kg·L−1·d−1 was achieved with a 75.0 g·g−1 S/C mass ratio, and a 
STY of (3R,5S)-4 up to 1.34 kg·L−1·d−1 was achieved with a 66.6 g·g−1 

S/C mass ratio. Hence, Variant VI is a very promising biocatalyst for 
large scale production of statins chiral intermediates (3R,5R)-3 and 
(3R,5S)-4. 
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Comparison of (3R,5R)-3 synthesis by Variant VI with other reductases.           

Enzyme Microorganism source Substrate load (g L- 

1) 
Reaction time 
(h) 

NADPH or NADP+ 

(mM) 
S/C ratioc (g  
g−1) 

P/C ratiod (g  
g−1) 

STY (g L-1 d- 

1) 
Reference  

Variant VI K. marxianus 450 7.0 0  75.0  60.0  1224.0 This study 
M3 K. marxianus 100 3.5 0  5.0  2.9  372.8 [26] 
KRED The engineered keroreductase SEQ ID 

NO.316 
300 22 0.1  85.0  18.9  281.0 [59] 

LbCRM8
a Lactobacillus brevis 300 5.0 0.1  27.0  21.6  1152.0 [18] 

LbCRM8
b L. brevis 300 6.0 0.1  300.0  262.5  1050.0 [18] 

KlAKRM8 K. lactis 80 1.5 0  4.0  2.1  660.0 [31] 

a LbCRM8 is the lyophilized cells expressing LbCRM8. 
b LbCRM8 is the lyophilized E. coli cells coexpressing LbCRM8 and BmGDH. 
c Mass ratio of substrate load to catalyst load. 
d Mass ratio of product formed to catalyst load.  
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