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A combination of site-directed mutagenesis and chemical modification was employed to alter protein structure
with the objective of improving diastereopreference over that achieved by simple site-directed mutagenesis.
Conformational analysis usingmolecular dynamic (MD) simulation of Pseudomonas alcaligenes lipase (PAL) indi-
cated that stronger steric exclusion and structural rigidity facilitated diastereopreference. A cysteine (Cys) resi-
due was introduced using site-directed mutagenesis to construct variant A272C. The modifier 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB)was then reactedwith the introduced Cys residue to provide stronger steric exclusion
and structural rigidity. The modification was verified by matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF)mass spectrometry. Diastereopreferencewas improved significantly. The diastereomeric ex-
cess (dep) of L-menthol increased from 35%withwild type PAL to 90%with A272C-DTNBmodified PALwhen the
conversion ratio of L-menthyl propionatewas nearly 100%. Conformation and kinetic parameter analysis showed
that A272C-DTNB modified PAL exhibited stronger steric exclusion and increased structural rigidity around the
modification site that inhibited the hydrolysis of non-targeted substrates. The combination of site-directed mu-
tagenesis and chemical modification could be an effective method to alter protein properties and enhance
diastereopreference through the combined effect of steric exclusion and structural rigidity.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.
1. Introduction

Lipases (triacylglycerol hydrolases, EC3.1.1.3) can be employed in
chiral resolution to yield optically pure chemicals [1]. Optically pure
compounds are important to chemical industries as they are needed in
pharmaceuticals, agrochemicals,flavors and fragrances [2,3]. Lipase bio-
catalysis is a cost-effective and environmentally friendly method for
chiral resolution of a racemic mixture [4]. When the target compound
is not the natural substrate for the lipase, diastereopreference is usually
not optimal [5]. To improve the optical purity of products, lipase re-
quires structural modification.

Site-directed mutagenesis is widely used to modify the structure of
lipases andother biocatalysts to improve their catalytic properties [6–10].
DNA-based techniques are limited to the exchange of one residue to the
other from 19 natural ones. In the pre-genomic period, the chemical
modification of proteins was studied as an approach to identify key res-
idues [11–13], to alter substrate preference and specificity [12,14], and
to improve stability and resistance to proteases [15–17]. Chemical
modifications have more scope than site-directed amino acid changes.
The principal disadvantage of chemical modification is lack of control.
B, 5,5′-dithiobis-(2-nitrobenzoic
n time of flight; WT, wide type;

.edu.cn (L. Yang).
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Uncertainty around the extent and exact location of the modifications
makes it difficult to attribute changes in protein function [18].

Genomics and proteomics have allowed for novel methods that
combine mutational and chemical modifications to alter protein struc-
ture and function [19]. The combination overcomes the disadvantages
of both site-directed mutagenesis and chemical modification and can
yield well-characterized homogeneous products [18,20]. As an effective
method of structural modification, it sheds light on protein functions
and provides insights into understanding the molecular mechanism of
enzymes [19,21–25]. For previous studies, some of them fall short of
full characterization of structural modifications and the mechanisms
behind consequential alterations in protein function.

We previously proposed a diastereomeric recognition mechanism
based on the combined effect of steric exclusion and structural rigidity
in the resolution of racemic menthyl propionate (a molecule that has
three chiral centers and eight isomers, Fig. 1) hydrolyzed by Pseudomonas
alcaligenes lipase (PAL) to produce L-menthol (Scheme 1). Stronger
steric exclusion and structural rigidity around the active site restricted
the hydrolysis of a non-target substrate (L-neomenthyl propionate and
D-isoneomenthyl propionate) and improved diastereopreference. Since
Ala272 of wild type (WT) PAL was found in the most flexible region of
complexes of PAL with non-target substrates, this site was identified
as a hot-spot for the improvement of diastereopreference. Variant
A272F was constructed and diastereopreference was improved signifi-
cantly compared with WT PAL. To overcome the limitation of DNA-
based technology and further improve diastereopreference, the strategy
reserved.
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Fig. 1. The configuration of 8 isomers of menthyl propionate.
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of combining site-directed mutagenesis and chemical modification was
employed. Thiol groups provided by cysteines are particularly amenable
to chemicalmodification [25]. The strategy involved the introduction of a
single cysteine residue into the hot spot via site-directed mutagenesis.
This was then covalently linked with DTNB to give chemically modified
mutant lipase (Scheme 2). Through the combination method, the active
site ofmodified PAL could exhibit stronger steric exclusion and structural
rigidity than variant A272F, thus improving diastereopreference.

2. Materials and methods

2.1. Bacterial strains, plasmid, enzyme and reagents

Escherichia coli DH5α was used for gene cloning and sequencing.
E. coli BL21 (DE3) and vector pET-30a(+) were used for gene expres-
sion. Pfu DNA polymerase and digestive enzyme Dpn1 were purchased
from Takara Bio Inc.

DTNB was purchased from Sigma-Aldrich. Yeast extract and
tryptone were purchased from Bio Basic Inc. Racemic menthyl propio-
nate was synthesized in our own lab [26] (content proportions of
isomenthyl propionate, neomenthyl propionate, menthyl propionate
and isoneomenthyl propionate are 10%, 38%, 50%, and 2% respectively).
Other chemical reagents were of analytical grade.

2.2. Site-directed mutagenesis

Substitution mutagenesis was performed using the QuikChange®
site-directed mutagenesis method described by Fisher and Pei [27].
Two pairs of complementary primers were designed as follows: A272F
primer F: 5′ CGCCACGGTGACCACTTCCTCAACGCCGCGCTC 3′, A272F
Scheme 1. Resolution of racemic menthyl propio
primer R: 5′ GCGGTGCCACTGGTGAAGGCGTTGCTTCGCGAG 3′ and
A272C primer F: 5′ CGCCACGGTGACCACTGTCTCAACGCCGCGCTC 3′,
A272C primer R: 5′ GCGGTGCCACTGGTGACAGCGTTGCTTCGCGAG 3′.

After amplification, the products were treated with Dpn1 in order to
digest native parental plasmids.
2.3. Protein expression and purification

The digestion products were purified using a clean-up kit to remove
the redundant primers, then, the products were transformed to E. coli
BL21 (DE3) component cell by chemical method for each mutation at
42 °C for expression respectively. The E. coli BL21 (DE3) transformants
grew overnight in Luria–Bertani (LB) medium containing 50 μg/mL
Kanamycin at 37 °C. Cultured cells were induced by 0.5 mM IPTG at
OD600 = 0.8 for 10 h at 18 °C. After induction, 100 mL volumes of cell
culture were collected by centrifugation and resuspended in 20 mL
Glycine (Gly)–NaOH buffer (50 mM, pH = 9.0), before undergoing
ultrasonic cell fragmentation. As pET-30a(+) coding the 6×His tag, an
affinity chromatograph of HisTrap™ FF column was employed to purify
PAL. The concentrations of imidazole in the binding buffer and in the
elution buffer were 50 mM and 250 mM respectively.
2.4. Chemical modification of variant A272C

The formation of disulfides on a protein can be accomplished by di-
sulfide exchange, an effective protein modification method [28]. As the
variant A272C has only one Cys residue, themodification reagent DTNB
can be bonded to Cys residue specifically following the method de-
scribed by Tsuneyuki [29].
nate to produce L-menthol catalyzed by PAL.
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Scheme 2. The scheme of site-directed mutagenesis and chemical modification of PAL.
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2.5. MALDI-TOF analysis of modified PAL

After purification, the variant A272C and A272C-DTNBmodified PAL
were dissolved in 75 μL of denaturing buffer (6 M guanidine hydrochlo-
ride, 0.5 M Tris hydrochloride, 2 mM EDTA, pH 8.0) and incubated at
37 °C for 30 min. The denatured protein solution was diluted 1:1 (v/v)
with 100 mM ammonium hydrogen carbonate (pH = 7.8) and 20 ng
of trypsin was added. Digestion was performed at 37 °C overnight. Fi-
nally, the sample was dried using a vacuum concentrator centrifuge
and dissolved in 20 μL of acetonitrile with 0.1% TFA (1:9, v/v) for subse-
quent mass spectrometric analysis [30]. α-Cyano-4-hydroxycinnamic
acid was used as the matrix and ions were extracted into the linear
TOF spectrometer using an extraction potential of 20 kV in high-mass
detection mode [31]. Peptide mass fingerprinting data was also
employed to search in the NCBI non-redundant protein databases
using Mascot software from Matrix Science®.

2.6. Circular dichroism (CD) measurements

CD spectra were recorded on a JASCO® J-715 spectropolarimeter.
The far-UV and near-UV CD spectra were taken at a protein concentra-
tion of 0.2 mg/mL and 0.4 mg/mL in Gly–NaOH buffer (50 mM, pH =
9.0) using a 1-mm path length cell. All spectra were collected from
190 nm to 240 nm for far-UV spectra and 250 nm to 330 nm for near-
UV CD spectra. The background noise was corrected against Gly–
NaOH buffer (50 mM, pH = 9.0) blank. The spectra of protein samples
were subtracted by blanks. Molecular ellipticity was determined as
[θ]λ = [100 × (MRW) × θobs / (c × l)], where θobs is the observed el-
lipticity in degrees at a given wavelength, c is the protein concentration
inmg/mL and l is the length of the light path in cm. Noise in thedatawas
smoothed using JASCO® J-715 software, including the fast Fourier trans-
form noise reduction routine that allows enhancement of most noisy
spectra without distorting their peak shapes [32].

2.7. Hydrolysis of racemic menthyl propionate

Hydrolysiswas carried out in a 20-mL screw-capped tube containing
1880 μL enzyme (about 2 U enzyme activity) solution, 100 μL DMSO
and 20 μL substrate (50 mM). The reaction was realized at 37 °C on a
thermostatic rotator set at 200 rpm. The substrate and product were
extracted from the reaction mixture with hexane, dried with Na2SO4

and then analyzed by gas chromatography (GC).

2.8. GC analysis

The samples extracted from the hydrolysis reaction were injected
into an Agilent® 6890 GC instrument (Agilent Inc.) equipped with a
CP-cyclodextrin-β-2,3,6-M-19, FS 50 m × 0.25 mm column of 0.25 μm
film thickness (Varian Inc.) and a flame-ionization detector for analysis.
N2 was used as the carrier gas. The column, injection and detector tem-
peratures were 130, 260 and 250 °C respectively.

Diastereomeric excess of L-menthol (dep) was calculated as defined
below, where [Lmenthol] and [Diastereomer] were the concentrations
of L-menthol and its diastereomer (L-neomenthol and D-isoneomenthol)
respectively. n-Dodecane was used as an internal standard to determine
the concentration.

dep ¼ Lmenthol½ �− Diastereomer½ �
Lmenthol½ � þ Diastereomer½ �

2.9. Determination of kinetic parameters of WT and A272C-DTNB modified
PAL

The kinetic parameters Km and Kcatwere determined for PAL activity.
Enzymeassaywith 2 mLof free PALwas performed inGly–NaOHbuffer,
pH 9.0 with racemic menthyl propionate concentrations from 5.0 mM
to 75 mM. The data obtained were plotted according to the method of
Lineweaver–Burk to determine Km and Kcat graphically.

2.10. Model building

The starting three-dimensional model of PAL was constructed using
the APM module of the program Sybyl-X 1.1 (Tripos®). This module
employs the fold recognitionmethod,which is based on the observation
that the number of possible folds is limited. The X-ray crystallographic
structure of cocaine esterase (PDB ID: 1JU3) was used as a template.

2.11. Covalent docking of substrate andmolecular dynamic (MD) simulation

The tetrahedral intermediates of L-menthyl propionate, L-neomenthyl
propionate and D-isoneomenthyl propionate were generated using
Sybyl-X 1.1. Starting with the initial protein and substrate structure, the
tetrahedral conformation of the substrate covalently bound to the cata-
lytic serine (Ser133) was elucidated using the covalent docking program
FlexX®. All parameters were set to the standard values.

All MD calculations were carried out using the Amber11® program
and the ff99SB force field parameters. The simulation was carried out
over 20 ns at constant temperature and pressure using the Berendsen
algorithmwith a coupling constant of 2 ps for both parameters. Electro-
static interaction was calculated using the Particle Mesh Ewald method
with a non-bonded cutoff of 12 Å. The trajectories were studied over
20 ns and conformations of systemwere recorded every 2 ps for further
analysis. Trajectory analysis was carried out using the PTRAJ module of
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Table 1
The Michaelis–Menten parameters for the PAL-catalyzed hydrolysis of L-menthyl propio-
nate, L-neomenthyl propionate and D-isoneomenthyl propionate.

Substrate WT PAL A272C-DTNB modified PAL

Km

(mM)
Kcat

(S−1)
Kcat/Km

(mM−1S−1)
Km

(mM)
Kcat

(S−1)
Kcat/Km

(mM−1S−1)

L-menthyl
propionate

0.63 7.63 12.11 0.74 0.26 0.35

L-neomenthyl
propionate

1.57 0.26 1.66 15.29 1.13 × 10−2 0.74 × 10−3

D-isoneomenthyl
propionate

2.53 0.83 0.36 9.17 0.19 × 10−1 2.07 × 10−3
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Amber11 package. A mass/weight average value was calculated for
every residue. These parameters were related to the B-factors, which
were calculated using the coordinates of 20 ns trajectories.

3. Results

3.1. Construction, expression, and purification of WT and mutant PAL

Substitution mutagenesis of A272F and A272C were performed by
the QuikChange® site-directed mutagenesis method. After transforma-
tion, mutagenesis was confirmed by sequencing. To further purify and
characterize native and mutant forms, PAL was overexpressed in the
E. coli BL21 (DE3) host, and the purification of His6-tagged fusion PAL
was also performed by affinity (Ni-NTA Sepharose) chromatography.

The purified WT and mutant PAL had purities of N95% as per SDS-
PAGE analysis in which PAL was present as a band between 40 and
60 kDa.MALDI-TOFmass spectroscopy determined the accuratemolec-
ular weight to be 58,094.3 Da.

3.2. The diastereopreference of WT, mutant and A272C-DTNBmodified PAL

The dep of L-menthol, hydrolyzed byWT, mutants and A272C-DTNB
modified PAL was detected following different conversion ratios. As
shown in Fig. 2, when the conversion ratio of L-menthyl propionate
reached nearly 100%, the dep of L-menthol hydrolyzed by WT PAL was
35%. For the variant A272F, the dep of L-menthol increased to 54%. To
confirm the effect of chemical modification, the dep of L-menthol hydro-
lyzed by both A272C and A272C-DTNB modified PAL was determined.
For the variant A272C, the dep was 68%. After modification with DTNB,
the diastereopreference improved significantly compared with WT
and variant A272C. The dep increased to 90% with A272C-DTNB modi-
fied PAL when the conversion ratio of L-menthyl propionate reached
nearly 100%.

3.3. Kinetic properties

The kinetic parameters of WT and A272C-DTNB modified PAL are
listed in Table 1. The Km value of L-menthyl propionate for A272C-
DTNB modified PAL (0.74 mM) was similar to that for the WT
(0.63 mM). However, the Km values of L-neomenthyl propionate and
D-isoneomenthyl propionate for both WT and A272C-DTNB modified
PAL were significantly different. The Km value of L-neomenthol propio-
nate for WT PAL was 1.57 mM. For the A272C-DTNB modified PAL,
that increased to 15.29 mM. A significant difference in the Km values
of D-isoneomenthyl propionate was also observed. For WT PAL, it was
2.35 mM. That of A272C-DTNB modified PAL increased to 9.17 mM.
Fig. 2. The relationship between dep and conversion ratio of L-menthyl propionate
obtained fromWTPAL (■), variant A272F (▲), variant A272C (▼), and A272C-DTNBmod-
ified PAL (◆).
The catalytic efficiency parameter ofKcat/Km values of L-menthyl pro-
pionate, L-neomenthyl propionate and D-isoneomenthyl propionate
exhibited a downward trend after DTNB-modification. For the A272C-
DTNB modified PAL, the Kcat/Km value of L-menthyl propionate was
35-folds lower than that of WT PAL. The Kcat/Km values of L-neomenthyl
propionate and D-isoneomenthyl propionate for A272C-DTNBmodified
PAL were 2243-folds and 174-folds lower compared to that of WT PAL
respectively.

3.4. Characterization of variant A272C and A272C-DTNB modified PAL by
MALDI-TOF mass spectroscopy

To verify that the Cys residue was reactive towards DTNB,
variant A272C and A272C-DTNB modified PAL samples were treated
with trypsin before undergoing peptide mass fingerprinting using
MALDI-TOF mass spectrometry. As expected, the peptide fragment
of residues 268–299, which contains the mutation site Cys272
(HGDHCLNEALGALGIPNEVIDQVGDWFDHYLK) was detected as a frag-
ment of 3624.9 Da following the tryptic digestion of variant A272C. Ad-
ditionally, a mass shift of 234 Da (corresponding to the weight of the
fragment of DTNB covalently bonded to Cys and K+) for this peptide
fragment of A272C-DTNB modified PAL was detected at 3859.1 Da
(Fig. 3). These data confirmed that DTNB was attached to the Cys resi-
due. In addition, the peptide fragment at 3624.9 Dawas almost insignif-
icant, indicating that the degree of modification was sufficiently high.

3.5. Circular dichroism (CD) measurements

The far-UV CD spectra of WT, variant A272C and A272C-DNTBmod-
ified PAL are presented in Fig. 4A. The spectra were typical for α/β fold
hydrolases, which comprisemainlyα-helix andβ-sheet protein. The CD
spectra in the far-UV region obtained for WT, A272C and A272C-DTNB
modified PAL did not exhibit obvious differences. The results indicated
that the secondary structure did not change significantly among the
three PALs. The near-UV CD spectra of WT, variant A272C and A272C-
DNTBmodified PAL are presented in Fig. 4B. To be different to some for-
mer researches [33,34], themutation and introduction of disulfide bond
did not change the CD spectra in near-UV region obviously, which indi-
cated that the tertiary structure also did not change significantly among
the three PALs.

3.6. MD study

MD simulation provided structural information relating to the in-
teraction between A272C-DTNBmodified PAL and the three substrates,
L-menthyl propionate, L-neomenthyl propionate and D-isoneomenthyl
propionate. A272C-DTNB modified PAL, in which the modified Cys res-
idue faces the C4 stereocenter (Fig. 5D–F), displayedmuch stronger ste-
ric exclusion than the WT enzyme.

B-factor can provide information about local flexibility. Higher
B-factor indicates higher structuralflexibility [35]. To investigate changes
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Fig. 3.MALDI-TOF mass fingerprint obtained by tryptic digestion of (A) variant A272C and (B) A272C-DTNB modified PAL.

Fig. 4. The CD spectra for theWT PAL (black), variant A272C (red) and A272C-DTNBmod-
ified (blue) PAL. (A) The far-UV CD spectra. (B) The near-UV CD spectra.

2498 H. Chen et al. / Biochimica et Biophysica Acta 1834 (2013) 2494–2501
in backbone flexibility, especially around the site of mutation and
modification, MD simulation was used to calculate the B-factors of
WT, A272F, A272C and A272C-DTNB modified PAL bound with each of
L-menthyl propionate, L-neomenthyl propionate and D-isoneomenthyl
propionate. As shown in Fig. 6A, when complexed with L-menthyl
propionate, there were no obvious changes in B-factor among WT,
A272F, A272C and A272C-DTNB modified PAL. However, the binding
of L-neomenthyl propionate or D-isoneomenthyl propionate (Fig. 6B
and C) leads to obvious variation of flexibility around the site of muta-
tion or modification (residues 265–280). B-factor simulation revealed
particularly high flexibility in WT PAL at this site. When residue
Ala272was replaced by Phe and Cys, the B-factor decreased significant-
ly. More significantly, this region of A272C-DTNB modified PAL
exhibited the lowest B-factor. This result indicates that the covalent
linkage of modifier DNTB reduces the flexibility of the region round
the active site of PAL.
4. Discussion

Residue Ala272 was identified as a hot spot for diastereopreference.
MD simulation revealed that the region around Ala272 of WT PAL had
a high density of residues with a higher B-factor when complexed
with L-neomenthyl propionate and D-isoneomenthyl propionate.
Docking analysis in previous research showed that this region faces
and interacts with the isopropyl group of menthyl propionate
(Fig. 5A–C). Stronger steric exclusion in this region helps to restrict
the S-configuration of the stereocenter connected with isopropyl and
a higher flexibility in this region is required to overcome the steric hin-
drance of isopropyl groups for non-target substrates to fit into the
binding pocket of PAL [36]. Based on this analysis, we proposed that
if the rigidity of this region was increased to such a degree that the
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Fig. 5. Representations of models of menthyl propionate diastereomers covalently bound to catalytic Ser133. (A) WT PAL and L-menthyl propionate, (B) WT PAL and L-neomenthyl pro-
pionate, (C)WT PAL and D-isoneomenthyl propionate, (D) A272C-DTNBmodifiedPAL and L-menthyl propionate, (E) A272C-DTNBmodified PAL and L-neomenthyl propionate, (F) A272C-
DTNB modified PAL and D-isoneomenthyl propionate.
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steric exclusion effect could not be overcome, the hydrolysis of non-
target substrates would be inhibited and diastereopreference further
improved.
Fig. 6. Calculated B-factor of PAL residues from MD simulation. For WT PAL (black), for varia
variant A272F, variant A272C and A272C-DTNB modified PAL complexed with L-menthyl prop
with L-neomenthyl propionate, and (C) WT, variant A272F, variant A272C and A272C-DTNB m
To increase the steric exclusion effect and decrease the flexibility of
the region, an amino acid with a bulky side chain such as Phe could be
substituted for Ala272. Instead, Cys was substituted for Ala272 and
nt A272F (blue), for variant A272C (red), for A272C-DTNB modified PAL (pink). (A) WT,
ionate, (B) WT, variant A272F, variant A272C and A272C-DTNB modified PAL complexed
odified PAL complexed with D-isoneomenthyl propionate.
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subjected to DTNB-modification. MALDI-TOF mass spectroscopy
evidenced the effective covalent attachment. The CD spectroscopy in
far and near-UV regions was employed to investigate the secondary
and tertiary structures ofWT, variant A272C and A272C-DNTBmodified
PAL (Fig. 4A, B). The results indicated that the secondary and tertiary
structures did not change significantly among the three PALs. Themuta-
tion and DTNB modification target (A272 or C272) were on the surface
of PAL. The mutation and DTNB chemical modification were hardly to
affect the secondary structure and the interactions of secondary struc-
tures. The differences of diastereopreference do not originate because
of secondary and tertiary structure changes. As shown in Fig. 5D–F,
the DTNB modification facilitated much stronger steric exclusion to
the isopropyl groups of non-targeted substrates when compared with
WT PAL. Diastereopreference analysis showed that A272C-DTNB modi-
fied PAL yielded the highest dep, which was 2.57 times that yielded by
WT PAL.

As shown in Fig. 6, the backbone flexibility was ranked according to
B-factor [36]. Enzymes are dynamic proteins with inherent flexibility
that allows them to interact with substrates [35,37]. The binding of
non-target substrates requires flexibility of the region around Ala272
ofWT PAL, unlike the binding of L-menthyl propionate. The substitution
of residues with larger side chains decreased the flexibility to some ex-
tent. DTNB-modification introduced the largest steric hindrance to PAL
and decreased the flexibility to the lowest level. An analysis of kinetic
properties showed a similar trend. When bound with L-menthyl propi-
onate, WT and A272C-DTNB modified PAL exhibited similar Km values.
In contrast, the binding of non-target substrates produced increased
Km values due to decreased flexibility (Fig. 6B, C) and increased steric
exclusion (Fig. 5D–F). The significant correlation of PAL flexibility with
the Km value of the non-target substrate can be explained by a need
for induced fit of the active site to accommodate the substrate. One
can speculate that the increased steric exclusion introduced by DTNB-
modification of Cyc272 and encountered by non-target isomers pre-
vents their fitting into the PAL's active site by restricting the orientation
of the isopropyl group of the substrate.

What was interesting that the variant A272C exhibited better
diastereopreference than that of A272F, although the side chain of cys-
teine is smaller than that of phenylalanine. The calculated B-factor
(Fig. 6B and C) revealed that the structural flexibility of variant A272C
was lower than that of variant A272F when bounded with non-target
substrate. The increased structural rigidity may compensate the steric
exclusion effect of A272C and also be a benefit for the variant A272C
to achieve higher diastereoselectivity.

Differences in Kcat/Km values evidence an improvement in the
diastereopreference of A272C-DTNB modified PAL. For A272C-DTNB
modified PAL, the Kcat/Km values of L-neomenthyl propionate and
D-isoneomenthyl propionate were further decreased than that of
L-menthyl propionate relative to WT PAL. This result indicates that
the hydrolysis of a non-target substrate was inhibited more than
that of L-menthyl propionate. As evidenced by previous studies, an im-
provement in selectivity is often accompanied by a decrease in overall
enzyme activity due to decreased affinity for the worst enantiomer or
diastereomer.

In conclusion, this research demonstrates that the combination of
site-directedmutagenesis and chemicalmodification in vitro is an effec-
tive method to modify a protein and further confirms the important
roles of steric exclusion and structural flexibility.
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