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Mandelic  acid,  a  key precursor  of  chiral  synthons,  was  successfully  acylated  in diisopropyl  ether.  The
reaction  was  catalyzed  by  the lipase  from  Pseudomonas  stutzeri  LC2-8,  and  vinyl  acetate  was  employed  as
acyl donor.  Under  the  optimized  reaction  conditions,  a resolution  of  180 mM  (55  g/L) mandelic  acid  was
achieved.  (S)-O-Acetyl  mandelic  acid was  enantioselectivity  formed  in  >99%  ee at a  yield  close  to the  max-
imum  theoretical  value  for  kinetic  resolution  (50%).  The highly  substrate  tolerable  and  enantioselective
eywords:
ipase
seudomonas stutzeri
andelic acid

esolution

nature  of lipase  LC2-8  suggests  that  it  is  of  great  potential  for  the  practical  resolution  of  racemic  mandelic
acid.  Additionally,  the  high  enantiopreference  of lipase  LC2-8  toward  (S)-mandelic  acid  in  acetylation  was
also rationalized  through  molecular  docking  and  molecular  dynamics  simulations.

Crown Copyright ©  2013 Published by Elsevier B.V. All rights reserved.
olecular modeling

. Introduction

Enantiomers of mandelic acid and their derivatives have been
onsidered as important substances because they are utilized
xtensively for synthetic purposes as well as in stereochemical
nvestigations. Mandelic acid enantiomers are employed in the
esolution of racemic alcohols and amines [1,2]. In addition, (R)-
andelic acid is used as a versatile intermediate for preparation of

emisynthetic cephalosporins, penicillins, anti-tumor agents and
nti-obesity agents [3]. In the last decade, the use of lipases in the
nantioselective resolution of racemic mandelic acid for obtaining
hiral enantiomers has received considerable attention. Although

 high enantiomeric excess (ee value) can be obtained in some
eports [4–7], the relatively low substrate concentration, usually
elow 50 mM,  restricts its practical application. Therefore, devel-
ping the efficient resolution process and improving its space–time
ield become imperative.

With the rapid development of computer simulations at

resent, biomolecular modeling provides a promising way to
nderstand the mechanism and selectivity of enzyme-catalyzed
eactions and to guide the modification of enzymes. For example,

∗ Corresponding author. Tel.: +86 25 58139902; fax: +86 25 58139902.
E-mail address: bingfanghe@njut.edu.cn (B. He).

381-1177/$ – see front matter. Crown Copyright ©  2013 Published by Elsevier B.V. All ri
ttp://dx.doi.org/10.1016/j.molcatb.2013.10.026
using docking simulations, Santaniello succeeded in explaining
the enantioselectivity of the Burkholderia cepacia lipase-catalyzed
transesterification of aromatic primary alcohols with vinyl esters
with different chain lengths [8]. Based on molecular dynamics sim-
ulation, using methyl mandelate as a “model” substrate, Yu’s group
has successfully shed light on the source of enantioselectivity mod-
ified and the trade-off of enantioselectivity and activity in directed
evolution of an esterase from Rhodobacter sphaerioides [9,10]. Thus,
molecular modeling seems to be a good choice to rationalize the
enantioselectivity of the lipase-catalyzed acylation of mandelic
acid.

Recently, we  screened and characterized lipase LC2-8 from
Pseudomonas stutzeri [11]. This lipase exhibited significant solvent
tolerance and good enantioselectivity toward 1-phenylethanol. In
the present work, lipase LC2-8 was  used in the resolution of man-
delic acid, with vinyl acetate as acyl donor (Fig. 1). Lipase LC2-8
showed high substrate concentration tolerance and excellent enan-
tiopreference toward (S)-mandelic acid. In addition, we  developed
a molecular model and explained the strict enantioselectivity of
lipase LC2-8 toward mandelic acid.
1.1. Biological and chemical materials

Lipase LC2-8 from P. stutzeri LC2-8 was  screened and charac-
terized in our previous report [11]. The strain of P. stutzeri LC2-8

ghts reserved.

dx.doi.org/10.1016/j.molcatb.2013.10.026
http://www.sciencedirect.com/science/journal/13811177
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Fig. 1. Resolution of (R,S)-man

s currently deposited at the China Center for Type Culture Collec-
ion (Wuhan, China) with accession number CCTCC M 2010279. The
ucleotide sequence of lipase LC2-8 has been assigned a GenBank
ccession number of JN681265.

Mandelic acid was purchased from Merck (Germany). p-
itrophenyl palmitate (p-NPP) and high-performance liquid
hromatography (HPLC)-grade solvents were purchased from
igma (USA). All other chemicals were of analytical grade.

.2. Preparation of crude lipase LC2-8

Strain LC2-8 was cultured in lipase-producing medium consist-
ng of (w/v) 1.0% yeast extract, 0.8% glucose, 0.2% K2HPO4, 0.05%

gSO4·7H2O, 0.05% (v/v) Triton X-100, and 0.5% (v/v) sunflower
il, at a pH of 8.0. The incubations were carried out with shaking
t 180 rpm at 30 ◦C. After 48 h of growth, the culture supernatant
as collected by centrifugation. Chilled acetone was  added under
agnetic stirring to the crude lipase at 0 ◦C for 4 h until the ratio
as 0.8:1 (v/v). The precipitate was obtained by centrifugation

t 10,000 × g and 4 ◦C for 30 min. Finally, the precipitate was  air-
ried and lipase LC2-8 powder was obtained. The lipase activity
as determined using a modified spectrophotometric method with
-NPP as substrate [12].

.3. Resolution of mandelic acid catalyzed by lipase LC2-8

The resolution of (R,S)-mandelic acid was carried out in iso-
ropyl ether containing 300 mM vinyl acetate and 30 mM mandelic
cid. The reaction was carried out with shaking at 180 rpm, and was
atalyzed by 10 mg/mL  (30 U/mL) lipase LC2-8 powder at 30 ◦C. A
ontrol reaction was done by performing the above procedure in
he absence of enzyme.

.4. Enantiomeric analysis of products by HPLC

The concentrations of (R,S)-mandelic acid, (S)-, and (R)-
-acetyl mandelic acid were determined by HPLC (Dionex
680) using a Chiracel OD-H column (250 mm × 4.6 mm)  and n-
exane/isopropanol/TFA (94/6/0.2, v/v/v) as mobile phase, which
as introduced at a flow rate of 1 mL/min. The wavelength of the
V detector was set at 228 nm.  The enantiomeric excess (eep, ees)
nd conversion yield (c) were calculated using the corresponding
eak areas:

Enantiomeric excess,

ep = [(S)-O-acetyl mandelic acid] − [(R)-O-acetyl mandelic acid]
[(S)-O-acetyl mandelic acid] + [(R)-O-acetyl mandelic acid]

es = [(R)-mandelic acid] − [(S)-mandelic acid]
[(S)-mandelic acid] + [(R)-mandelic acid]

Conversion yield [13],

ees

 =

ees + eep

ll reported data are averages of experiments performed at least in
riplicate.
cid catalyzed by lipase LC2-8.

1.5. Construction of the homology model of lipase LC2-8

Lipase LC2-8 is composed of 311 amino acid residues including
a predicted 24-amino acid signal peptide. All computational meth-
ods were carried out using DS2.5 (Accelrys Software Inc., San Diego,
CA) [14]. A search of the NCBI database was done using the Basic
Local Alignment Search Tool (BLAST) [15]. Automated sequence
alignment between lipase LC2-8 and the template sequence was
carried out. The BLAST search showed significant sequence identity
(78.9%) between lipase LC2-8 and Pseudomonas aeruginosa lipase
(Protein Data Bank (PDB) code: 1EX9) possessing the highest bit
score of 450.7. Unanimously, the crystal structure of PAL (resolu-
tion 2.5 Å) was selected as the template. The generated structure
was improved by subsequent refinement of the loop conforma-
tions by assessing the compatibility of an amino acid sequence to
known PDB structures using the Protein Health module [14]. The
geometry of loop regions was  corrected using the Refine Loop. The
three-dimensional structure of lipase LC2-8 obtained was further
optimized by energy minimization. The steepest-descent method
was set at 500 steps for first minimization, and was followed
by 1000 steps of the conjugate gradient method. The programs
PROCHECK [16] and Profiles-3D [17] were used to validate the
accuracy of the refined model of lipase LC2-8.

1.6. Docking and molecular dynamics simulations

It is known that the transesterification mechanism is based
on the acylation and deacylation of the catalytic triad of serine,
and involves two  tetrahedral intermediates. The first intermedi-
ate results from the nucleophilic attack of the catalytic serine on
the acylating substrate, and forms the acyl–enzyme complex. The
second derives from the nucleophilic attack of the acyl acceptor
substrate on the acyl–enzyme complex, and leads to the release
of the ester product [18]. Therefore, the Ser82 residue is covalently
bound to the acyl group in order to mimic  the acyl–enzyme complex
[8,19,20].

The acylation of Ser82 was constructed using the Build fragment
module of DS2.5. All hydrogen atoms were added in their theo-
retical positions. The catalytic residues Asp228 and His250 were
assigned as deprotonated. After all preparations, the acyl–enzyme
complex was run through 1000 steps of conjugate gradient energy
minimization with the backbone atoms of the enzyme fixed, using
the CHARMM force field.

The docking experiment was  performed using the protocol of
Dock Ligand (LibDock) (Receptor–Ligand Interactions module in
DS2.5) [21]. The acyl–enzyme complex was  used as receptor and
the active site side chain residues were defined as the binding site
sphere. The ligands with optimized structures were docked into
the active site of the enzyme. The generated conformations were
manually analyzed, and the one corresponding to the lowest energy
and the highest consensus score was  selected for the subsequent
energy minimizations.
Considering that the docking algorithm treats the protein as a
rigid body, a careful post-docking optimization was carried out on
the enzyme–substrate complexes, in order to take into account
a potential induced fit effect (little displacements in the protein
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Table  1
Effect of organic solvents on the acylation of (R,S)-mandelic acid catalyzed by lipase
LC2-8.

Solvent Log P Conversion yield (%) eep (%)

Diisopropyl ether 1.90 49 99
Diethyl ether 0.85 40.5 99
THF 0.5 45.3 95.3
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Table 2
Effect of temperature on the acylation of (R,S)-mandelic acid catalyzed by lipase
LC2-8.

Temperature (◦C) Conversion yield (%) eep (%)

25 49 99
30 49 99
35 49 99
40 51.7 93.4
eactions were carried out in various organic solvents (2 mL) with (R,S)-mandelic
cid (30 mM),  vinyl acetate (300 mM),  and lipase LC2-8 (20 mg)  at 30 ◦C for 15 h.

tructure due to the presence of the ligand) [20]. The energy mini-
ization consisted of three steps as follows: (1) a fix constraint was

pplied on the protein backbone and all the remaining parts of the
ystem were tethered with a harmonic restraint; (2) the protein
ackbone was kept fix, the side chains were kept tethered and the
ocked ligand was free to move; (3) only the backbone was kept fix,
ith side chains and the ligands free to move. The Conjugate Gra-
ient algorithm was used in the three steps, with root mean square
eviation (rmsd) gradients of 0.01, 0.001and 0.0001 kcal mol−1 Å−1,
espectively.

In order to evaluate the dynamics of the docked substrates,
urther 510 ps MD  trajectory was executed on the corresponding
omplexes with CHARMm force field, adopting a 12 Å nonbound
pherical cut-off, using the isothermal-isochoric ensemble (NVT)
nd with distance-dependent dielectric implicit solvent model,
aintaining the backbone fix. In particular, the stability of the

ssential hydrogen bond interactions and the critical distances for
eactivity were verified. The trajectories were divided in 5 ps of
eating from 50 to 300 K, 5 ps of equilibration at 300 K and 500 ps
f production at 300 K. Frames were registered every 500 fs. Only
roduction phases were considered for analysis.

. Results and discussion

.1. Effect of organic solvents and temperatures on the
nantioselectivity of resolution

Enzymatic reactions in organic solvent are known to be highly
ensitive to the solvent selection, especially in hydrophilic solvent
ystems. Generally, comparable to the hydrophobic counterparts,
he hydrophilic solvents could more easily strip the “essential
ater” bound to the lipase, which is necessary to preserve the flex-

bility of the enzyme conformation; this phenomenon deactivates
he lipase [22]. However, our previous investigations demonstrated
hat lipase LC2-8 showed significant stability in both hydrophobic
nd hydrophilic solvent [11]. Since mandelic acid has poor solubil-
ty in hydrophobic solvents, we employed weakly hydrophilic or
ydrophilic solvents such as diisopropyl ether, diethyl ether, and
etrahydrofuran (THF) as media for resolution of mandelic acid. As
hown in Table 1, diisopropyl ether gave the best result with regard
o enantioselectivity (eep 99%) and reaction rate (15 h for 49% con-
ersion). When the reaction was carried out in THF, a relatively low
e value (95.3%) was obtained. This lower value may  be due to the
nteraction of polar solvent with enzyme that might have resulted
n small changes in the lipase active site [23]. Diisopropyl ether was
herefore chosen as medium for the resolution of mandelic acid in
he subsequent experiments.

In an enzymatic reaction, the temperature significantly influ-
nces the activity, enantioselectivity, and stability of a biocatalyst
24,25]. The effect of reaction temperature on enantioselectivity of

andelic acid was investigated. As shown in Table 2, lipase LC2-8

aintained strict enantioselectivity at temperatures between 25

nd 35 ◦C; the eep was higher than 99%. With further increase
f temperature up to 40 ◦C, a decrease in enantioselectivity was
bserved. Generally, at higher temperature, the structure of the
Reactions were carried out in diisopropyl ether (2 mL)  with (R,S)-mandelic acid
(30 mM),  vinyl acetate (300 mM),  and lipase LC2-8 (20 mg) at 30 ◦C for 15 h.

enzyme is slightly more flexible compared with its state at low
temperature. Therefore, lipase probably loses enantiomeric speci-
ficity at high temperature as a result of the increased flexibility
[26]. Thus, 35 ◦C was  considered as the optimum temperature for
the resolution.

2.2. Effect of substrate molar ratio and mandelic acid
concentration on the efficiency of resolution

Many investigators hypothesize that increasing the amount of
acyl donor could aid in forming the acyl–enzyme intermediate and
accelerate the reaction rate [27]. As Fig. 2 shows, the conversion
yield increased with increasing molar ratio of vinyl acetate to (R,S)-
mandelic acid up to 8:1, and further increase in the molar ratio of
two reactants did not significantly increase the conversion yield of
mandelic acid. On the other hand, no change in the enantioselectiv-
ity of lipase LC2-8 occurred as the substrate molar ratio increased,
indicating the rigorous enantioselectivity of lipase LC2-8 toward
mandelic acid. Therefore, the optimal substrate molar ratio of vinyl
acetate to mandelic acid for the reaction was thought to be 8:1.

A production process with high yield and high conversion is
of considerable economic significance. In the actual catalytic pro-
cess, enzyme activity is frequently inhibited by the existence of
its own substrate at relatively high concentrations. The effect of
mandelic acid concentration was also investigated. As shown in
Fig. 3, although the conversion yield decreased when mandelic acid
concentration increased from 30 to 180 mM,  the acylation rate of
mandelic acid sharply rose even at the same enzyme loading, with-
out effect on the high entantioseletivity of lipase LC2-8. A further
increase to higher concentrations of mandelic acid (e.g., 220 mM)
led to a dramatic decrease of the conversion rate, presumably
via substrate inhibition. After the optimization of enzyme load-
ing (20 mg/mL  of final concentration), the conversion yield reached
49.8% with an eep of >99% (data not shown).

2.3. Time course of kinetic resolution of mandelic acid

We  monitored the time course of the enantioselective acylation
of mandelic acid catalyzed by lipase LC2-8 under the optimized
conditions. The results show that (S)-O-acetyl mandelic acid was
obtained in 99.8% ee,  and the conversion reached 49.15% within
15 h (Fig. 4). There are a number of reports on lipase mediated
hydrolysis of racemic mandelic acid esters as well as the acylation
of racemic mandelic acid [3–7]. Han reported that the enantiose-
lectivity ratio for (R)-mandelic acid (E) was  drastically increased
from 29.2 to more than 300 upon immobilization of Burkholde-
ria sp. GXU56 lipase, using octyl sepharose CL-4B as support
[5]. Yu’s group enhanced the enantioselectivity of esterase from
Rhodobacer sphaeroides in hydrolytic kinetic resolution of methyl
mandelate by directed evolution [9]. In contrast, the ability of
lipase from P. stutzeri LC2-8 to efficiently catalyzed the resolution

of (R,S)-mandelic acid demonstrates its intrinsic enantioselectivity
to mandelic acid. Moreover, the lipase from Burkholderia ambifaria
YCJ01 reported by our group also displayed a remarkable enantio-
selectivity toward mandelic acid, while the substrate concentration
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ig. 2. Effect of substrate mole ratio on the acylation of (R,S)-mandelic acid catalyzed
20  mg)  at 30 ◦C for 15 h. The concentration of (R,S)-mandelic acid was kept constan
ymbols: (�) conversion yield; (�) ees; (�) eep.

as about 30 mM [7]. From the viewpoint of practical applica-
ion, high substrate concentration would be beneficial for practical
pplication of an enzymatic process because it could improve the
pace–time yield and reduce the cost of product isolation to a large
xtent. In the present study, the concentration of (R,S)-mandelic
cid reached 180 mM (55 g/L), which is significantly higher than
hose in other reports which expounded the resolution of mandelic
cid with a substrate concentration below 50 mM [3–7]. The highly
ubstrate tolerance and enantioselective nature of lipase LC2-8 sug-
ests that it is of great potential for the practical resolution of
acemic mandelic acid.

.4. Construction of the molecular model and molecular docking
o rationalize the enantioselectivity
The calculated Ramachandran plot suggests that 91.97% of the
esidues in the derived model are either in the most favored or
n the additional allowed regions. A model structure of protein

ig. 3. Effect of mandelic acid concentration on the acylation of (R,S)-mandelic acid
atalyzed by lipase LC2-8. Reactions were carried out in diisopropyl ether (2 mL)
ith lipase LC2-8 (20 mg)  at 30 ◦C for 15 h. The molar ratio of vinyl acetate to man-
elic  acid was  kept constant (8:1). Symbols: (�) conversion yield; (�) ees; (�) eep;
�)  the amount of transformed mandelic acid.
pase LC2-8. Reactions were carried out in diisopropyl ether (2 mL)  with lipase LC2-8
mmol), whereas the concentration of vinyl acetate was  varied from 30 to 300 mM.

with a high percentage of residues in the favored and allowed cat-
egories more plausibly represents the folding of the protein. Thus,
PROCHECK validates the folding integrity of our model and indi-
cates that the model structure derived from the template (1EX9) is
of higher quality in terms of protein folding. The Profile-3D score of
the model is 178.23 against 197.15, the maximum expected score.
The built model was  also evaluated by superimposing the template
with the crystal structure; the root-mean-square deviation (rmsd)
for the superimposition based on C� atom positions was found to
be 0.391 Å. The active site residues were compared and superim-
posed with the template structure. The conserved catalytic residues
(Ser82, Asp228, and His250) in the lipase LC2-8 model have orien-
tations and locations similar to those of the residues in the template
(1EX9). The oxyanion hole consists of two residues whose backbone
amide protons stabilize the tetrahedral intermediate formed dur-

ing the reaction mechanism. In lipase LC2-8, the oxyanion hole is
probably formed by the main chain nitrogens of Met16 and His83.
His83 is next to the catalytic Ser, whereas Met16 is located in a loop
after �-strand 3, next to a Gly residue.

Fig. 4. Time course of resolution of (R,S)-mandelic acid catalyzed by lipase LC2-
8.  Reaction was  carried out in 2 mL diisopropyl ether with (R,S)-mandelic acid
(180 mM),  vinyl acetate (1440 mM), and lipase LC2-8 (40 mg) at 30 ◦C. Symbols:
(�)  conversion yield; (�) ees; (�) eep.



1 atalysis B: Enzymatic 99 (2014) 108– 113

o
r
b
i
b
f
a
t
t
t
a
h
t
m
2
T
f
c
o
m
c
t
t
a
r
e
t

Table 3
Distances of hydroxyl groups of mandelic acid from the N� atom of His250
(His250:N�) of lipase LC2-8 and acetate carbonyl carbon (Ace:C) of vinyl acetate
orienting to Ser82 after docking.

Complexes dH N (Å) dO  C (Å)

F
(
b

12 Y. Cao et al. / Journal of Molecular C

On the basis of the modeled structure, molecular docking
f (R,S)-mandelic acid to lipase LC2-8 was undertaken. Some
eports indicate that protein conformational rearrangements may
e needed for better ligand affinity, but if the protein distortion

s too extensive, the orientation of some essential residues may
e disturbed, leading to loss of activity [20]. In our case, the con-
ormational changes of lipase LC2-8 were minimal (rmsd values
bout 0.9 Å) after docking. The docking results show that both enan-
iomers could access the catalytic center of lipase LC2-8, while
he acetate oxygen atom (namely Ace:O) of vinyl acetate orienting
o Ser82 forms hydrogen bonds with the backbone NH of Met16
nd His83 in the oxyanion hole (Fig. 5) in both complexes. These
ydrogen bonds may  help to stabilize transition-state complex for
he second tetrahedral intermediate. The alcohol hydroxyl of (S)-

andelic acid is located close to the active site, with distances of
.929 Å from Ace:C and 2.56 Å from His250:N� (Fig. 5 and Table 3).
hese results are in accordance with the required conditions [28]
or the complex to be productive (i.e., the respective distances to
atalytic His and Ser are <4 Å), suggesting that acylation may  occur
n the alcohol hydroxyl of (S)-mandelic acid. In the case of (R)-
andelic acid, it distorts the orientation of the imidazole ring of the

atalytic histidine, thereby breaking the hydrogen bond between
he imidazole and the oxygen of the substrate (Fig. 5) and preven-
ing the protonation of His250. The alcohol hydroxyl is localized

t distances of 5.362 and 4.57 Å from the Ace:C and the His250:N�,
espectively. Such distances relative to the histidine and the acetate
xceed the maximal distance criterion for acylation that allows pro-
on transfer and nucleophilic attack. Therefore, forming the second

ig. 5. Models of the binding between lipase LC2-8 and (R,S)-mandelic acid obtained fro
R)-mandelic acid–lipase LC2-8 complex. (C) The hydrogen bonding interactions of (S)-man
onding interactions of (R)-mandelic acid with catalytic residues and key residues of lipa
S 2.56 2.929
R  4.57 5.362

tetrahedral intermediate between (R)-mandelic acid and acetyl-
lipase is difficult.

It is well known that applying molecular dynamics on com-
plexes obtained by docking would be efficient to refine the models,
accounting for the flexibility of both receptor and ligand [29]. To
complement our study of docking experiments, we  carried out
510 ps of molecular dynamics simulations on the docking com-
plexes after optimization. The stability of the lipase LC2-8 structure
all along the trajectory was  monitored with the RMSD of the back-
bone atoms referring to the initial structure of the protein. During
the MD production phase, the rmsd values were about 0.8–1.5 Å,
indicating the protein did not undergo significant distortions and
the systems were stable throughout simulations. The essential
hydrogen bonds between the acetate carbonyl oxygen of the serine-
bound acetate (Ace:O) and the oxyanion hole residues, Met16: HN
and His83: HN, were present in most of trajectory frames, which

indicated the acetate was  in a catalytically competent orienta-
tion. The trajectories were also analyzed basing on the mandelic
acid alcohol hydroxyl from the catalytic residue His250 and the

m the LibDock approach. (A) The (S)-mandelic acid–lipase LC2-8 complex. (B) The
delic acid with catalytic residues and key residues of lipase LC2-8. (D) The hydrogen

se LC2-8.
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ig. 6. The distances from mandelic acid alcohol to the Ace:C atom and the His250:
�  atom along the trajectory.

erine-bound acetate. Results were shown in Fig. 6. The alcohol
ydroxyl of (S)-mandelic acid maintained close to the catalytic
esidues at distances inferior to 3.2 Å all along the trajectories.
or (R)-mandelic acid, the alcohol hydroxyl was too far from the
atalytic residues (about 4.5–6.5 Å). These results from molecular
ynamics simulations on the docking complexes reinforce our con-
lusions about enantioselectivity of lipase LC2-8 toward mandelic
cid.

. Conclusion

In this paper, lipase LC2-8 demonstrated excellent enantioselec-
ive acylation toward (S)-mandelic acid and afforded a conversion
ield of 49.15% and an eep value of 99%. The reaction concentration
f (R,S)-mandelic acid reached 180 mM (55 g/L), which is markedly
igher than previously reported. In addition, the mechanism of

atalysis of the resolution of mandelic acid with high enantio-
electivity by lipase LC2-8 was analyzed. Molecular docking was
sed to obtain the models of interaction between (R,S)-mandelic
cid and lipase LC2-8. The results reasonably explain the high

[

[

is B: Enzymatic 99 (2014) 108– 113 113

enantioselectivity of lipase LC2-8 in the chiral resolution of man-
delic acid. The analysis of molecular dynamics simulations on the
docking complexes reinforces the conclusions about enantiose-
lectivity of lipase LC2-8 toward mandelic acid. These results may
contribute to the design and engineering of other lipases, especially
those with improved enantioselectivity, for chiral resolution.
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