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Abstract Efficient and highly enantioselective hydrolysis of
2-carboxyethyl-3-cyano-5-methylhexanoic acid ethyl ester
(CNDE) is the most crucial step in chemoenzymatic synthesis
of Pregabalin. By using site-saturation mutagenesis and
high-throughput screening techniques, lipase Lip from
Thermomyces lanuginosus DSM 10635 was engineered to
improve its activity towards CNDE. The triple mutant,
S88T/A99N/V116D exhibited a 60-fold improvement in spe-
cific activity for CNDE (2.35 U/mg) over the wild-type Lip
(0.039 U/mg). Modeling and docking studies demonstrated
that the mutant could more effectively stabilize oxygen anions
in transition states and the lid of Lip in the open conformation.
Additionally, the kinetic resolution of CNDE catalyzed by
Escherichia coli cell overexpressing S88T/A99N/V116D mu-
tant afforded (3S)-2-carboxyethyl-3-cyano-5-methylhexanoic
acid in 42.4 % conversion and 98 % ee within 20 h with a
substrate loading of 1 M (255 g/l). These results demonstrated
that a novel and promising biocatalyst was created for efficient
chemoenzymatic manufacturing of Pregabalin.
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(3S)-2-Carboxyethyl-3-cyano-5-methylhexanoic acid

Introduction

(S)-3-(Aminomethyl)-5-methylhexanoic acid (Pregabalin) is a
lipophilic 4-aminobutyric acid (GABA) analogue and has
been developed to a new blockbuster drug for the treatment
of several central nervous system disorders including neuro-
pathic pain, epilepsy, anxiety and social phobia (Silverman
2008). Compared to chemical catalysis, biocatalysis provides
tremendous advantages such as high efficiency, high selectiv-
ity and “green” reaction conditions (Pollard and Woodley
2007; Wenda et al. 2011; Woodley 2008). In recent years,
biocatalysts have been increasingly applied in practical syn-
thesis of chiral compounds. Consequently, several biocatalysts
such as nitrilase (Xie et al. 2006), lipase and esterase (Felluga
et al. 2008; Martinez et al. 2008; Lambertus 2009; Hu et al.
2011; Zheng et al. 2012, 2013) were employed for the prepa-
ration of chiral intermediates of Pregabalin. The most success-
ful and virtually the only effective scalable chemoenzymatic
strategy for Pregabalin involved lipase-catalyzed resolution of
2-carboxyethyl-3-cyano-5-methylhexanoic acid ethyl ester
(CNDE) to produce the desired (S)-mono acid enantiomer in
high yields and enantioselectivity (Hu et al. 2011; Martinez
et al. 2008). Only the biocatalyst Lipolase®, a commercially
available lipase supplied by Novozymes, was reported for
efficient kinetic resolution of CNDE up to date. Accordingly,
it will be of great significance to develop a novel biocatalyst for
the chemoenzymatic route to Pregabalin.

TLL (lipase from Thermomyces lanuginosus) was the en-
zyme responsible for the lipolytic activity of Lipolase® and
Lipozyme TL IM®, the commercial soluble and immobilized
form of lipase supplied by Novozymes. Although TLL ini-
tially oriented toward the food industry, it has been applied in
many different industrial areas from biodiesel production to
fine chemicals (mainly in enantio- and regioselective or spe-
cific processes) (Fernandez-Lafuente 2010). Recently, another
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thermophilic lipase LN with 78.4 % amino acid sequence
identity to TLL has been cloned from T. lanuginosus
HSAUP03 80006 (Zheng et al. 2011). Therefore, there is
substantial interest in development of lipase LN or its homol-
ogous proteins for use in chemical industries.

Enzymes were usually required to catalyze non-natural
substrates under conditions that favor an efficient and eco-
nomically viable process in industrial application (Dalby
2011). However, in most cases, wild enzymes may not be
suitable for practical applications due to the differences be-
tween the cellular environment and the industrial setting
(Wang et al. 2012b). Therefore, it is crucial to search for a
relatively simple and cost-effective method to solve this prob-
lem. The widely used strategy is to engineer existing
biocatalysts to be compatible with the target industrial process
via directed evolution (Dalby 2011; Reetz 2012; Turner 2009;
Wang et al. 2012b). Directed evolution has been a powerful
tool used to engineer proteins with diverse desired properties,
such as activity (Gerstenbruch et al. 2012;Martinez et al. 2013;
Wang et al. 2012a), enantioselectivity (Cambon et al. 2010; De
Groeve et al. 2010; Reetz et al. 2010), stability (Hoelsch et al.
2013; Mordukhova et al. 2008), and tolerance against organic
solvents (Li et al. 2012). The most frequently used strategies
and techniques for directed evolution libraries are error-prone
polymerase chain reaction (epPCR), DNA shuffling and site-
saturation mutagenesis (Reetz et al. 2010). Nevertheless, site-
saturation mutagenesis is an efficient and fast method in the
directed evolution of enzymes, because in all cases small
enzyme libraries means the screening effort can be reduced
significantly (Reetz et al. 2001; Sanchis et al. 2008).

In this report, the lipase Lip, which has highly homologous
to lipase LN, was cloned from T. lanuginosusDSM 10635 and
overexpressed in Escherichia coli. The site-saturation muta-
genesis at oxyanion hole and the lid hinge region for enhance-
ment of the specific activity was described. Furthermore, the
mutant S88T/A99N/V116D with the highest hydrolytic activ-
ity towards CNDE was investigated by kinetic analysis, struc-
tural modeling and docking studies. In addition, the kinetic
resolution of CNDE by using the whole cell of recombinant E.
coli as biocatalyst was described.

Materials and methods

Chemicals

Restriction endonucleases and T4 DNA ligase were purchased
from Fermentas (Shenzhen, China). PfuDNA polymerase, Taq
DNA polymerase and PrimeSTAR HS DNA polymerase were
purchased from Takala (Dalian, China). The DNA gel extrac-
tion, plasmid extraction and PCR product purification kits were
purchased from Axygen (Hangzhou, China). Kanamycin and
isopropyl-β-D-thiogalacto- pyranoside (IPTG) was purchased

from Sigma. CNDE was kindly provided by Zhejiang Apeloa
Medical Technology Co. Ltd. (Jinhua, China). Lipase from T.
lanuginosus (TLL; commercial name: Lipolase®) was obtained
from Novozymes (Denmark) and purified as previously de-
scribed (Peters et al. 1998). The other chemicals used in this
work were of analytical grade from local suppliers.

Strains, culture conditions and plasmids

Strain T. lanuginosusDSM 10635 was purchased fromGerman
Collection of Microorganisms and Cell Cultures (DSMZ). T.
lanuginosus DSM 10635 was cultivated in a liquid medium
containing (g/l): soluble starch 20.0, yeast extract 50.0,
K2HPO4 5.0, MgSO4·7H2O 1.0, CaCl2 0.15, and olive oil
18.0. T. lanuginosus DSM 10635 were grown in 500-ml
Erlenmeyer flasks containing 50 ml of culture medium.
Flasks were incubated on a rotary shaker at 180 rpm at 50 °C
for 72 h. The E. coli JM109, BL21 (DE3) (Novagen, USA),
plasmid pMD18-T (TaKaRa, Dalian, China) and pET-28b(+)
(Novagen, USA) were used for gene cloning and recombinant
proteins expression experiments, respectively. E. coli cells were
grown in Luria–Bertani (LB) medium with an appropriate
antibiotic if necessary as described by Sambrook and Russell
(2001). All media were solidified with 1.5 % agar.

DNA manipulation and plasmid construction

The total RNA from T. lanuginosus DSM 10635 was
extracted and taken as template for cDNA synthesis using
PrimeScript TM 1st Strand cDNA Synthesis Kit (TaKaRa),
according to the manufacturer's instructions. The mature
protein coding sequence (lip) of lipase Lip was obtained by
PCR. The primers Lip-F and Lip-R (Table 1) designed from
the available T. lanuginosus lipase sequence (GenBank
EU004196) and cDNA template were used for PCR amplifi-
cation. The PCR products were analyzed by 0.9 % agarose gel
electrophoresis. The approximately 0.8-kb fragment was re-
covered byDNA gel Extraction kit (Axygen), then cloned into
T/A vector pMD18-T, and the recombinant plasmid pMD18-
T-lip was transformed into E. coli JM109. The recombinant
plasmid DNAwas sequenced on both strands with an Applied
Biosystems Model 377 automatic DNA sequencer, and a dye-
labeled terminator sequencing kit. Subsequently, the sequences
were analyzed using the software DNAMAN Version 5.2
(Lynnon Biosoft, Quebec, Canada). The recombinant vector
pMD18-T-lip was double digested by NcoI/HindIII. The dou-
ble digestion product was purified using DNA gel Extraction
kit, and ligated into a previously NcoI/HindIII linearised pET-
28(b) vectors. The ligationmixture containing 100 ng of vector
and 200 ng of insert DNA using 1 U of T4 DNA ligase in a
final volume of 10 μl, which was incubated overnight at 16 °C.
The recombinant plasmid pET28-lip was transformed into E.
coli BL21 (DE3) for protein overexpression. The transformed
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colonies were screened by colony PCR followed by double
digestion for verification.

Construction of saturation mutagenesis libraries

Site-saturation mutagenesis was carried out using a protocol
based on PCR (Chronopoulou and Labrou 2011). Saturation
mutagenesis libraries were created at sites A (Ser88, Trp94,
and Asn97), B (Ser88 and Leu152), C (Val91, Ala96, Ala99
and Ala100), and D (Val116) using corresponding forward
primers and reverse primers (Table 1) according to an im-
proved PCR-based method for creating saturation mutagene-
sis libraries. Thirty PCR reactions were performed with
PrimeSTAR HS DNA polymerase using these primers and
plasmid (pET28-lip-WTor pET28-lip-mutant isolated from E.
coli BL21 [DE3]) as the template DNA. The temperature
program used was 3 min at 98 °C followed by 30 cycles of
10 s at 98 °C, 10 s at 60 °C and 6 min at 72 °C and finished
with 10 min at 72 °C. PCR amplification products were
digested with DpnI to remove parent plasmid (2 h at 37 °C
with 10 units of DpnI), then the reaction mixtures were
transformed into chemical competent E. coli BL21 (DE3)
and plated on LB agar plates containing 50μg/ml Kanamycin.

Screening of variants for improved lipase activity

The constructed mutation clone libraries were screened for
lipase activity using a pH-based high-throughput screening

that developed by Moris-Varas et al. (1999) in a 96-well plate
format with some modifications. All clones were transferred
to individual wells in 96-well, 2.2-ml growblock (Axygen)
that containing 1 ml LBmedium. The plates were incubated at
37 °C, 200 rpm and induced with 0.1 mM isopropyl-β-D-1-
thiogalactopyranoside (IPTG) until OD600 reached 0.5–0.6.
After incubated at 28 °C for 10 h, cells were harvested by
centrifugation (4 °C, 3,000×g, 15 min). The cell pellets were
resuspended in 200 μl resuspension buffer (10 mM phosphate
buffer, pH 7.2). Aliquots (20 μl) of the supernatant were
transferred to two new microtiter plates containing 180 μl of
the substrate solution (10 mM phosphate buffer (pH 7.2),
0.01 % Bromothymol blue, 100 mM CNDE). The microtiter
plates were incubation at 30 °C for 0.5–3 h. Several control
experiments were carried out. Parent E. coli cell supernatant
and 10 mM phosphate buffer (pH 7.2) were used as positive
and negative control in the reaction, respectively. A change
from blue to yellow was an indicator of substrate hydrolysis.
The positive clones were marked and further confirmed by GC.

Expression and purification of lipase variants

Recombinant strains E. coli BL21 (DE3) harboring either
pET28-lip-WT or pET28-lip-mutant were grown at 37 °C
in LB medium supplemented with 50 μg/ml kanamycin.
IPTG was added to a final concentration of 0.1 mM for
induction when the OD600 was about 0.6 measured by
spectrophotometer. After 10 h, induction at 28 °C, the cells

Table 1 Oligonucleotide se-
quences used in this study

a Target amino acid position was
coded by degenerated codon
NNN or NNK, where N = A/G/C/
T, K = G/T, M = A/C

Target sites Oligonucleotide sequencesa

Wild type Lip-F: 5′-CATGCCATGGGCCGGCCTGTTCGACGAGCG-3′

Lip-R: 5′-CCCAAGCTTTTAATCACACTCTGAAATGGGACC-3′

88 S88-F: 5′-CCTCTCTTTCCGCGGCNNNCGCTCAGTAGAGAACTG-3′

S88-R: 5′-CAGTTCTCTACTGAGCGNNNGCCGCGGAAAGAGAGG-3′

94 W94-F: 5′-CGCTCAGTAGAGAACNNNATCGCGAACCTCGCC-3′

W94-R: 5′-GGCGAGGTTCGCGATNNNGTTCTCTACTGAGCG-3′

97 N97-F: 5′-GAGAACTGGATCGCGNNNCTCAACGCCGACCTG-3′

N97-R: 5′-CAGGTCGGCGTTGAGNNNCGCGATCCAGTTCTC-3′

152 L152-F: 5′-CTTTACCGGACATAGCNNNGGAGGCGCACTGGCAAC-3′

L152-R: 5′-GTTGCCAGTGCGCCTCCNNNGCTATGTCCGGTAAAG-3′

91 V91-F: 5′-TTTCCGCGGCACCCGCTCANNNGAGAACTGGATCGCGAAC-3′

V91-R: 5′-GTTCGCGATCCAGTTCTCNNNTGAGCGGGTGCCGCGGAAA-3′

96 A96-F: 5′-GTAGAGAACTGGATCNNNAACCTCGCCGCCGACC-3′

A96-R: 5′-GGTCGGCGGCGAGGTTNNNGATCCAGTTCTCTAC-3′

99–100 99-100-F: 5′-GAACTGGATCGCGAACCTCNNKNNKGACCTGACAGAAATATCTG-3′

99-100-R: 5′-CAGATATTTCTGTCAGGTCMNNMNNGAGGTTCGCGATCCAGTTC-3′

116 V116-F: 5′-GCTGCGAGGGGCATNNNGGCTTCGTTACTTC-3′

V116-R: 5′-GAAGTAACGAAGCCNNNATGCCCCTCGCAGC-3′

67 D67A-F: 5′-GATTCTGGATTAGGCGCGGTTACCGGCCTTCTCG-3′

D67A-R: 5′-CGAGAAGGCCGGTAACCGCGCCTAATCCAGAATC-3′
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were harvested by centrifugation at 12,000×g for 10 min at
4 °C.

Recombinant E. coli cells were suspended in 50 mM Tris–
HCl buffer (pH 8.0) and disrupted for 20 min using an ultra-
sonic oscillator. The cell-free extract was fractionated with
solid ammonium sulfate. The precipitate obtained with 35–
55 % saturation of ammonium sulfate was collected by cen-
trifugation at 12,000×g for 20 min and dissolved in 1.0 M
ammonium sulfate in Tris–HCl (50 mM, pH 8.0). The enzyme
solution was loaded onto a Phenyl Sepharose 6 Fast Flow
column (1.6×20 cm, GE) equilibrated with 1.0 M ammonium
sulfate in Tris–HCl (50 mM, pH 8.0) and followed by elution
with a linear gradient of ammonium sulfate from 1.0 to 0M, in
distilled water at a flow rate of 0.5 ml min−1.The fractions
containing lipase activity were dialyzed against Tris–HCl
(50 mM, pH 8.0). The dialyzed component was loaded onto
a DEAE-Sepharose FF column (1.6×20 cm, GE) previously
equilibrated with Tris–HCl (50 mM, pH 8.0). The adsorbed
components were eluted with a linear gradient of NaCl from 0
to 0.5 M at a flow rate of 1.0 ml min−1. The fractions contain-
ing lipase activity were pooled together, dialyzed overnight
against the same buffer, lyophilized and resuspended in Tris–
HCl (50 mM, pH 8.0). The concentrations of proteins were
measured according to the method of Bradford (1976) using
bovine serum albumin (BSA) as the standard.

Activity assay and analytical methods

Lipase activity of pure enzyme was determined by monitoring
the hydrolysis of CNDE. Lipase activity was measured at
40 °C in 10 ml reaction system containing properly pure
enzyme, Tris–HCl buffer (100 mM, pH 7.5), 50 mM calcium
acetate and 100 mM CNDE. One unit of lipase activity (U)
was defined as the amount of enzyme releasing 1 μmol 2-
carboxyethyl-3-cyano-5-methylhexanoic acid/min under the
assay conditions.

Enantiomeric compositions of residual ester and the corre-
sponding acid in reaction systemwere determined by GC-14C
gas chromatography (Shimadzu, Japan) equipped with FID
detector and chiral capillary column Astec CHIRALDEX™
G-TA (30 m×0.25 mm, 0.25 μm film thickness) using helium
as carrier gas. The injector and detector temperatures were set
at 220 °C. The column temperature was set at 135 °C for
42 min. The conversion (C) and enantiomeric ratio (E) were
calculated based on eeS and eeP as the method developed by
Rakels et al. (1993).

Determinations of kinetics parameters

Kinetic parameters of the wild-type and mutant Lip towards
CNDEwere determined in Tris–HCl buffer (100 mM, pH 7.5)
at 40 °C by increasing substrate concentrations ranging from 1
to 100 mM with purified enzyme. The value of parameter kcat

was obtained by using the equation kcat=Vmax/[E], where [E]
is the molar concentration of the enzymes.

Molecular homology modeling and docking

The three-dimensional homology models of Lip and variants
were generated using Build HomologyModels (MODELER),
one of the modules in Discovery Studio 2.1 (Accelrys
Software, San Diego, CA, USA), using crystal structure of
TLL at 2.2 Å resolution (PDB accession code 1GT6) as the
template (Yapoudjian et al. 2002). The generated model was
then subjected to molecular mechanics optimization using
CHARMM27 force-field. Energy minimization (geometry
optimization) was performed until the gradient of 0.01 kcal/
(Å mol) was reached. The geometry qualities of the final
models were checked using Procheck program (Laskowski
et al. 1993). Finally, the best quality model was chosen for
further calculations, molecular modeling, and docking studies
by Autodock 4.0 (Morris et al. 2009). The visualization was
performed with PyMOL program version 1.2r1 (http://www.
pymol.org).

Whole-cell biocatalysis

The bioconversion of CNDE to (3S)-2-carboxyethyl-3-cyano-
5-methylhexanoic acid using recombinant E. coli as a whole-
cell biocatalysts was studied. E. coli cells were harvested by
centrifugation at 12,000×g for 10 min at 4 °C after expression
of lipase and washed with saline twice. The reaction mixture
(250 ml) contains 1 % E. coli cell (10 g dry cell weight/l),
150 mM calcium acetate and 1 M CNDE (255 g/l). In order to
be compared, the experiment using the wild-type Lip whole-
cell and 0.3 M CNDEwas performed. The hydrolysis reaction
was carried out on a stirred reactor (500 rpm) at 30 °C and
neutral pH (maintaining neutral pH using 1 M NaOH).
Samples were taken periodically to check the enantiomeric
excess of the product and conversion of the substrate by
chiral-GC analysis.

Nucleotide sequence accession number

The mature protein coding sequence (lip) of lipase Lip from T.
lanuginosus DSM 10635 was deposited in the GenBank
database under accession number KC479729.

Results

Heterologous expression of lip gene in E. coli

The cDNA (lip, 825 bp) obtained by RT-PCR from T.
lanuginosus DSM 10635 using primers Lip-F and Lip-R
encoded a 274-amino-acid polypeptide of mature lipase Lip.
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Sequence analysis indicated that the lip gene (GenBank ac-
cession No. KC479729) shared the highest similarity of
99.9 % with the lipase LN from T. lanuginosus HSAUP03
80006 (GenBank accession No. EU004197) (Zheng et al.
2011). There was only one base different in nucleotide
sequence, but Lip and LN shared the same amino acid
sequence.

The lip gene was cloned into the expression vector pET-
28b, and overexpressed in E. coli BL21 (DE3) under the
control of T7 promoter. Protein expression was induced with
0.1 mM IPTG and the amount of recombinant Lip expression
product was more than 20 % of total bacterial proteins. The
induced crude extract containing the lipase were analyzed by
SDS-PAGE (Fig. 1a). Most of them existed in a form of
soluble protein. After purified by ammonium sulfate precipi-
tation, hydrophobic interaction chromatography and ion-
exchange chromatography, a band (about 34 kDa) corre-
sponding to the lipase with a yield of 25.6 % was purified
from cell disruption supernatant (Fig. 1b). The kinetic resolu-
tion of CNDE by purified Lip suggested that the enzyme
showed high enantioselectivity (E>200) for CNDE, but low
specific activity (0.039 U/mg; Table 2).

Building of three dimensional molecular model of Lip

The amino acid sequence of Lip, deduced from the cDNA,
was 80 % and 78.4 % identical to that of TTL (Talaromyces
thermophilus lipase; NCBI accession No. JF414585)
(Romdhane et al. 2012) and TLL (NCBI accession No.
ABV69591), respectively. The crystal structure data of TTL
has not been reported, while seven crystal structure data of
TLL have been reported in the PDB database by the end of
March 2012. 1GT6 with open-lid conformation and highest
resolution (2.20 Å) was selected as the model template. After

refinement, the best quality model (Fig. 2) was chosen for
further calculations, molecular modeling and docking studies.

Similar to most basic features of microbial lipase, the model
structure shows a common α–β hydrolase fold and a catalytic
triad composed of a Ser151, which is activated via hydrogen
bonds as part of a charge relay system, along with the His263
and Asp206. The active-site Ser residue is contained in the
consensus sequence G–X–S–X–G. The α-helix fragment from
Val91 to Asn97, which is known as a lid, is located in the top
left corner of the active center, and plus eight amino acids
(87GSRS90 and 98LAAD101) as two hinges around the lid. The
amino acid sequence of the lid and two hinge regions shares
high identity with TTL and TLL. The oxyanion hole consisted
of Ser88 and Leu152, which donate their backbone amide
protons to stabilize the tetrahedral intermediate transiently
formed in the hydrolysis reaction, and Ser88 was neighboured
to a conserved glycine residue (Shu et al. 2009).

The flexible docking studies between Lip and ligand
(S-CNDE) were performed with AutoDock software (version
4.0) using Lamarckian genetic algorithm (Morris et al. 1998).
The docking centre was located at the catalytic residue Ser151
and the docking box was settled to contain all desired active-
site residues. As shown in Fig. 3, Ser88, Trp94, and Asn97
were located near the S-CNDE, and there were two hydrogen
bonds between Ser88 and S-CNDE. The docking result sug-
gested that Ser88, Trp94, and Asn97 and the hydrogen bonds
between Ser88 and S-CNDE are important for the hydrolysis
reaction.

Construction and screening of saturation mutagenesis libraries
of Lip

The saturation mutagenesis libraries were screened using the
high-throughput colorimetric activity assay on a 96-well plate

Fig. 1 SDS-PAGE analysis of
soluble fractions obtained from
expression experiments (a) and
purified Lip from E. coli BL21
(DE3) transformant (b).
Lane M protein markers, lane 1
recombinant E. coli cell without
induced by IPTG, lane 2
recombinant E. coli cell induced
by IPTG, lane 3 precipitation of
cell extract, lane 4 supernatant of
the cell extract, lane 5 ammonium
sulfate precipitate, lane 6 Phenyl
Sepharose pool, lane 7
DEAE-Sepharose pool
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format. After four cycles of saturation mutagenesis at sites A
and B (Ser88, Trp94, Asn97 and Leu152), 36 positive colo-
nies were screened from 800 colonies. Further evaluation of
activity and enantioselectivity by GC, eight colonies which
displayed higher catalytic activity were obtained. Sequencing
results showed that all eight variants were S88T, and S88T-5
was chosen for further investigation due to the highest activity
(0.36 U/mg). No positive mutant with improved activity was
isolated at position 94, 97 and 152. Then a combinatory
saturation mutagenesis library at sites C (the amino acids in
the lid and hinge regions, V91, A96, A99 and A100) was

constructed by choosing the best variant S88Tas a template, and
a double mutant S88T/A99N with higher activity (1.03 U/mg)
was screened. Finally, a triple mutant (S88T/A99N/V116D)
with higher activity (2.35 U/mg) was screened in saturation
mutagenesis library at sites D (V116) by using the variant
S88T/A99N as a template. The variants were purified according
to the same method used in the wild-type Lip purification. The
specific activities of the wild-type Lip, its variants and TLL for
CNDE are listed in Table 2. The most active variant (S88T/
A99N/V116D) demonstrated a 60-fold improvement over the
wild-type Lip in specific activity for CNDE, which almost
matches TLL's performance (2.40 U/mg).

Kinetics parameters analysis

The kinetic parameters for both of the purified wild-type
enzyme, the Lip variants and TLL towards CNDE were
determined. The kinetic parameters Km, Vmax and kcat of
wild-type and Lip variants are summarized in Table 3.
Variant S88T was found to have a Vmax value of 0.431 U
mg−1, about 5.8-fold higher than that of the wild-type Lip
(0.074 μmol mg−1 min−1), and the Km value of variant S88T

Fig. 2 The overall 3-D structure of Lip obtained by homology model-
ling. Ser151, Asp206, and His263 form the catalytic triad (represented by
sticks models; red). The oxyanion hole was consisted of Ser88 and
Leu152 (represented by sticks models; blue). The α-helix span between
Val91 to Asn97 formed the lid (magenta) and the hinge regions at both
sides of the lid (magenta)

Fig. 3 Three-dimensional representation of substrate S-CNDE in the Lip
model active site by docking (AutoDock 4.0). The substrate and the key
amino acid residues were described in stick. The catalytic triad Ser151–
His263–Asp206 (red), S-CNDE (green), and three amino acid residues
Ser88, Trp94, and Asn 97 were located near the S-CNDE (orange)

Table 2 Specific activities of the purified lipase Lip, its variants and TLL
for CNDE

Lipases Specific activitya (U/mg) Relativeb

Wild type 0.039±0.007 1

S88T 0.36±0.04 9.2

S88T/A99N 1.03±0.06 26.4

S88T/A99N/V116D 2.35±0.11 60.3

TLL[c] 2.40±0.21 61.5

a 40°C, 100 mM Tris–HCl buffer (pH 7.5), 100 mM CNDE, 50 mM
calcium acetate
b Relative to wild-type lipase Lip
c TLL, purified from commercial Lipolase®

Table 3 Kinetic parameters of the purified wild-type lipase Lip, its
variants and TLL toward CNDE

Lipases Km

(mM)
Vmax

(μmol mg−1 min−1)
Kcat

a

(min−1)
Kcat/Km

(min−1 mM−1)

Wild type 36.6±1.2 0.074±0.005 2.22 0.06

S88T 20.3±1.0 0.431±0.09 12.93 0.64

S88T/A99N 18.7±0.3 1.423±0.11 42.69 2.28

S88T/A99N/
V116D

18.2±0.5 2.711±0.10 81.33 4.47

TLL 19.7±0.8 2.803±0.17 88.85 4.51

a kcat = Vmax/[E], where [E] is the molar concentration of the enzymes
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(19.3 mM) was lower than that of wild type (36.6 mM), which
implied that substrate-binding affinity of the mutant has been
significantly improved. The specificity (kcat/Km) of variant
S88T is 0.64 min−1 mM−1, indicating that variant S88T has
10.5-fold higher specificity for CNDE. The Km value of
variant S88T/A99N (18.7 mM) and S88T/A99N/V116D
(18.2 mM) only slightly changed compared to the variant
S88T, which suggested that the mutants of A99N and V116D
had little effect on the substrate-binding affinity. Meanwhile,
theVmax value of variant S88T/A99N (1.423μmolmg−1min−1)
and S88T/A99N/V116D (2.711 μmol mg−1 min−1) improved
significantly compared to the variant S88T and wild-type Lip,
which implied that the mutants of A99N and V116D have
strong positive effect on Vmax. The specificity (kcat/Km) of
variant S88T/A99N and variant S88T/A99N/V116D is 2.28
and 4.47min−1 mM−1. The results suggested that the specificity
of the best variant S88T/A99N/V116D almost match the TLL's
specificity for substrate CNDE.

Biosynthesis of chiral intermediate of Pregabalin
by the whole-cell biocatalyst

To verify the potentiality of the mutant in enzymatic hydroly-
sis of CNDE, the kinetic resolution was performed with
recombinant E. coli as a whole-cell biocatalyst in a 250-ml
reaction mixture. The reaction profile was shown in Fig. 4.
(3S)-2-carboxyethyl-3-cyano-5-methylhexanoic acid was pro-
duced in 424 mM with a substrate loading of 1 M after 20 h.
Moreover, the optical purity of product increased from 95 %
to 98%with proceeding of the reaction and was maintained at
high level (>98%) after 6 h. In contrast, only 120 mM product

was formedwith 0.3MCNDE after 50 h bioconversion by the
wild-type Lip whole-cell, and it would be inhibited at sub-
strate loading higher than 500 mM. These results suggested
that the mutant S88T/A99N/V116D whole-cell was an effi-
cient biocatalyst for manufacturing of Pregabalin.

Discussion

Pregabalin (Lyrica®) is one of the fastest growing drugs in the
market. The most successful scalable chemoenzymatic strate-
gy for Pregabalin involved Lipolase®-catalyzed resolution of
CNDE. Up until now, except for the commercial available
lipase, no other robust biocatalyst has been reported.
Therefore, development of novel biocatalyst with high pro-
cess efficiency will be of great significance for Pregabalin
production. The lipase Lip from T. lanuginosus DSM 10635,
which was heterologous expressed in E. coli, has showed
great potentiality as biocatalyst candidate for its high (S)-
enantioselectivity to CNDE (E>200). However, the catalytic
activity of the recombinant Lip is too low to fulfill the require-
ments of the industrial application. The site-saturation muta-
genesis technique was used to improve the hydrolytic activity
of Lip towards CNDE.

The key to the success of site-saturation mutagenesis is the
selection of the mutation site. The flexible docking studies
indicated Ser88, Trp94, and Asn97 lying in the proximity of
the S-CNDE. Consequently, Ser88, Trp94, and Asn97 were
selected as the mutation points in the mutagenesis experiment.
The catalytic activity of enzymes is commonly attributed to
their ability to stabilize transition states (Simon and Goodman
2010). Oxyanion holes stabilize oxygen anions in transition
states of lipase and substrate. Ser88 and Leu152 constituting
the oxyanion hole were also selected as the mutation points.
On the other hand, it is widely believed that activation of
lipase involves the movement of the lid and the unmasking
or restructuring of the active site of lipases through conforma-
tional changes (from close conformation to open conforma-
tion). Therefore, Val91, Ala96, Ala99, and Ala100 in the lid
and hinges were selected as the mutation points. Furthermore,
Brzozowski et al. (2000) demonstrated that the lid of TLL in
the maximally open position must be stabilized by hydrogen
bonds between Asp62–Asn88, Asn88–Gly61, and Asp96–
Asp111. The alignment of amino acid sequence between Lip
and TLL suggested that Val116 in Lip corresponding to
Asp111 in TLL. Consequently, Val116 was also selected as
the mutation point.

The lipase from T. lanuginosus was classified into
Rhizomucor mihei lipase homologous family, which was also
called as Mucoral lipase family. The Lipase Engineering
Database (Pleiss et al. 2000) has collected 123 lipases in
homologous family abH23.01 (Rhizomucor mihei lipase like).
Although the 123 fungi lipases vary in length from 130 to 809
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Fig. 4 Progress curves of the kinetic resolution of CNDE in 250 ml
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amino acid residues, the amino acid residues forming the
catalytic triad and oxyanion hole are highly conserved.
Oxyanion holes of Rhizomucor mihei lipase homologous
family consist of three hydrogen bond donors (NH of a Leu,
NH and OH of a Ser or Thr), orienting toward a central
oxygen atom in the substrate (Holzwarth et al. 1997; Norin
et al. 1994; Schmid and Verger 1998). Our study found that
mutation of Ser88 to any other amino acids, except for Thr,

caused a loss of activity. These results suggested that the
hydrogen bond between β-OH of Ser88 and S-CNDE was
necessary for its function. The increased activity for S88T
might be explained by the increase in steric bulk introduced.
Threonine substituted Serine, which meant that a-H of β-
carbon atom substituted by –CH3 with much larger steric
hindrance, leading to the conformation alterative of the β-
hydroxy. Therefore, modeling studies of the structure of wild-

Fig. 5 Models of oxyanion holes
and catalytic triad with CNDE
of wild-type Lip (a) and mutant
S88T (b). Hydrogen bonds
between donors (Ser88 and
Leu152 [wild type, a] and Thr88
and Leu152 [mutant, b]) and
the carbonyl oxygen of substrates
are represented by red dashed
lines. The side-chain OH of Ser88
or Thr88 contributes to the
oxyganion hole, and the β-OH
of Thr88 in the mutant S88T
interacts tightly with carbonyl
oxygen of substrates (at a distance
of 2.2 Å, b), while the β-OH of
Ser88 in the wild-type Lip with
carbonyl oxygen of substrates
at a distance of 3.2 Å (a)

Fig. 6 Comparison of the open
conformation of the wild type (a)
and mutant S88T/A99N/V116D
(b). Amino acid backbones are
represented by ribbon cartoon
model, lid and hinge regions are
shown in red. Gly66, Asp67,
Ser90, Asn93, Ala99, Asp101,
Val116 (wild type, a) and Gly66,
Asp67, Ser90, Asn93, Asn99,
Asp101, Asp116 (S88T/A99N/
V116D, b) are represented
by sticks models. In mutant
S88T/A99N/V116D, three new
hydrogen bonds, one was
between Asp101 and Asp116,
the other two hydrogen bonds
between Asn99 and Asp116,
were formed to stabilize the
lid in open conformation
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type Lip and mutant S88T complex with CNDE were carried
out in an attempt to verify the hypothesis. Figure 5 shows that
the hydrogen bonds between NH of Leu152 and Ser88 (wild-
type Lip) or Thr88 (mutant S88T) and the carbonyl oxygen of
CNDE did not changed. The side-chain OH of Ser88 or Thr88
contributed to the oxyganion hole, and the β-OH of Thr88 in
the mutant S88T interacted tightly with carbonyl oxygen of
substrates (at a distance of 2.2 Å; Fig. 5b), while the β-OH of
Ser88 in the wild-type Lip with carbonyl oxygen of substrates
was at a distance of 3.2 Å (Fig. 5a). Shortening of the distance
means that oxyanion holes can more effectively stabilized
oxygen anions in transition states in the hydrolytic reaction.
Therefore, the mutant S88T exhibited higher hydrolytic activ-
ity towards CNDE. Analysis of kinetics parameters also im-
plied that the binding affinity of S88T to CNDE has been
significantly improved.

Lipase activity is greatly increased at the oil–water inter-
face, a phenomenon known as interfacial activation (Berg
et al. 1998; Verger 1997). The activation of lipases involves
the movement of the lid and the conformational changes.
Carriere et al. (1997) designed a lipase mutant with a perma-
nent open conformation by domain exchange between the
classical human pancreatic lipase and the guinea pig pancre-
atic lipase related protein 2, which showed the importance of
the hinge regions at both sides of the lid domain to the
interfacial activation. In order to explain why the substitution
of A99N and V116D exhibited higher hydrolytic activity
towards CNDE, the model structures of wild-type Lip and
mutant S88T/A99N/V116D were analyzed. Figure 6 showed
that Gly66, Asp67, Ser90, Asn93, Asn99, Asp101, and
Asp116 had a specific function in Lip in stabilization of the
lid in the open conformation. In mutant S88T/A99N/V116D,
three new hydrogen bonds were formed to stabilize the lid in
the maximally open position, one hydrogen bond was be-
tween Asp101 and Asp116, and the other two was between
Asn99 and Asp116 (Fig. 6b). However, the three newly
formed hydrogen bonds did not exist in the wild-type Lip
(Fig. 6a). Compared to wild-type lipase, the higher hydrolytic
activity of A99N/V116D variant could be attributable to a
higher fraction of enzyme molecules present in the open
conformation. The hydrogen bonds between Asp67–Ser90
and Asn99–Asp116 might play important roles in stabilizing
the lid in the open conformation. The activity was only one-
tenth of the parent lipase when a site-specific mutagenesis
D67Awas occurred (data not shown).

Furthermore, we successfully applied the created E. coli
whole-cell biocatalyst in the kinetic resolution of CNDE. The
biocatalyst showed high activity even at high substrate load-
ing (255 g/l CNDE). After 20 h, a conversion of 42.4 % with
an eeP of 98 % was achieved. Utilizing the whole-cell instead
of the purified enzymes or the immobilized enzymes as the
biocatalyst for Pregabalin production is a potential way to
reduce the cost of biocatalysis. There is a concern that the

need of overcoming the cell wall for the substrate to reach the
enzyme(s) may decrease the reaction rate when using the
whole cells (de Carvalho 2011). However, such impact can
be negligible in this reaction since both the substrate (CNDE)
and product ((3S)-2-carboxyethyl-3-cyano-5-methylhexanoic
acid) are liposoluble substances. Predictably, the mutant
S88T/A99N/V116D whole-cell biocatalyst can be an attrac-
tive and competitive alternative to Lipolase® to be used in
chemoenzymatic route to Pregabalin. Obviously, enzyme im-
mobilization or cell immobilization is another potential way to
reduce the cost of biocatalysis. What is more, a proper immo-
bilization technique may not only permit users to obtain a
reusable biocatalyst; it may also be a powerful tool to improve
enzyme properties, including stability, activity, specificity
and inhibitions (Garcia-Galan et al. 2011; Hernandez and
Fernandez-Lafuente 2011).

Lipase Lip from T. lanuginosus DSM 10635 is one of the
potential biocatalyst candidates for the kinetic resolution of
CNDE into (3S)-2-carboxyethyl-3-cyano-5-methylhexanoic
acid. However, the catalytic activity of the wild-type Lip
cannot match the industrial applications. In this work, site-
saturation mutagenesis has been successfully used to develop
a triple-mutated variant (S88T/A99N/V116D) of lipase Lip.
Compared to wild-type lipase, the developed lipase variant
showed a 60-fold increase in hydrolytic activity toward
CNDE. Further insight into the mechanism was gained by
structural modeling and docking analysis. The results showed
that the mutation S88T contributes to the stabilization of
oxygen anions of CNDE in transition states, and the higher
hydrolytic activity of A99N/V116D variant might be due to a
higher fraction of enzyme molecules present in the open
conformation. Furthermore, a highly robust whole-cell biocat-
alytic process was developed for the S-enantioselective kinetic
resolution of CNDE.
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