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a b s t r a c t

A recombinant carboxylesterase (rPPE) from Pseudomonas putida ECU1011 was previously cloned and
engineered to give a potential application for resolving chiral a-hydroxy acids including mandelic acids
and derivatives. Two variants rPPEW187H and rPPED287A showed a �100-fold increase in activity towards
rac-2-acetoxy-2-(20-chlorophenyl) acetate (rac-AcO-CPA), but rPPED287A had a significant decrease in
enantioselectivity (E = 8.7) compared to rPPEW187H and the wild-type rPPE (rPPEWT) (E > 200). Here we
report the crystal structures of rPPEWT and rPPEW187H, both by themselves and in complex with the sub-
strate, to elucidate the structural basis of this phenomenon. An inactive mutation of nucleophile residue
S159A was introduced to obtain the structure of rPPES159A/W187H complexed with (S)-AcO-CPA. The struc-
tural analysis reveals that the side chain of residue Asp287 in rPPEWT would have a potential steric con-
flict with (S)-AcO-CPA when the substrate binds at the active site of the enzyme. However, the mutation
W187H could facilitate the relocation of Asp287, while D287A directly eliminates the hindrance of
Asp287, both of which offer sufficient space for the binding and hydrolysis of substrate. Moreover,
Asp287 generates one site of the ‘‘three-point attachment model’’ as a hydrogen-bond donor that deter-
mines the excellent enantioselectivity of rPPE in chiral recognition, and D287A would obviously destroy
the hydrogen bond and result in the low enantioselectivity of rPPED287A.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

With the rapid progress in resolving protein structures by X-ray
diffraction or NMR spectroscopy, the number of enzyme structures
deposited in Protein Data Bank is increasing enormously (around
50,000 up to date). As a strategy of protein engineering, rational
or semi-rational design based on the structural information is
increasingly important for the engineering of enzymes with indus-
trial application potential [1,2]. Nowadays, even if there is no avail-
able structural data of the target enzyme, molecular modeling has
been used to predict its structure using a homologous enzyme
structure (if any) as template, which is widely applied in enzymes
with conserved 3-dimensional structures, like enzymes of a/b
hydrolase fold [3–5]. However, under many circumstances, the
results of semi-rational design based on the predicted model are
not completely consistent with the expectation. Even in the cases
that improved performance (e.g., higher activity, better selectivity
or stability) is successfully achieved with variants, we cannot al-
ways give a reasonable answer to how the mutation works with
the predicted model, therefore unable to guide further engineering
of the protein. In order to understand the molecular mechanism of
enzymatic catalysis or reveal the basis of positive mutations from
directed evolution and semi-rational design, accurate structural
information by X-ray crystallography or NMR are indispensable
[6].

Carboxylesterases (EC 3.1.1.1), widely distributed in animals,
plants and microorganisms, are members of the a/b hydrolase fam-
ily. They catalyze the hydrolysis of esters with short chain aliphatic
or aromatic groups [7,8]. At present, they are widely used in indus-
trial processes due to their broad substrate specificity and high re-
gio- and enantioselectivity. In addition, a lot of carboxylesterases
have shown high activity and stability in organic solvents,
which are valuable properties for application in organic synthesis
[9–11]. Among them, rPPE is a novel, thermostable and
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organic-solvent tolerant carboxylesterase with a half-life of
14 days at 50 �C, capable of catalyzing the bioresolution of racemic
2-acetoxy-2-(20-chlorophenyl)acetate (rac-AcO-CPA) with excel-
lent enantioselectivity (E > 200). However, the high KM (146 mM)
and low kcat (8.9 s�1) of rPPE result in its low catalytic efficiency,
which limits its application in industrial processes [12]. In our
previous work, rational design based on homologous modeling
and molecular docking generated two variants rPPEW187H and
rPPED287A which have 100- and 81-fold improvements in the cata-
lytic efficiency (kcat/KM), respectively. However, only rPPEW187H re-
tained the excellent enantioselectivity (E > 200), while the
enantioselectivity of variant rPPED287A decreased dramatically to
E = 8.7 [13]. These results suggests that the residues at sites 187
and 287 have significant influence on the catalytic efficiency and
chiral recognition, but the homologous model that we used could
not afford a clear understanding of this phenomenon.

In this work, we resolved the crystal structures of wild-type
rPPE (rPPEWT, PDB: 4OB8) and rPPEW187H (PDB: 4OB7), which be-
long to the mammalian hormone-sensitive lipase (HSL) subfamily
with a/b-hydrolase fold. We also introduced an inactive mutation
S159A into rPPEW187H to obtain the structure of rPPES159A/W187H

in complex with substrate (S)-AcO-CPA (PDB: 4OB6). Structural
analysis reveals the molecular mechanism behind the dramatic
changes in activity and enantioselectivity of rPPE variants in detail.
Moreover, structural information of rPPE allows a better under-
standing of its substrate recognition mechanism which is impor-
tant for rational design of more robust biocatalysts.
2. Materials and methods

2.1. Protein expression and purification

The genes encoding rPPE variants [12] were cloned into a pET-
21a(+) expression vector. Transformed Escherichia coli BL21(DE3)
were grown overnight at 37 �C to provide a starter culture for
expression. One liter medium was inoculated with 1% (v/v) of over-
night culture and grown at 37 �C. When OD600 reached 0.6–0.8, the
cultivation temperature was lowered to 25 �C and IPTG was added
to a final concentration of 0.2 mM to induce protein overexpres-
sion. After 18 h, the cells were harvested by centrifugation
(6000g) at 20 �C, and the cell pellet was resuspended in 50 ml lysis
buffer (20 mM Tris–HCl, 500 mM NaCl, 5 mM 2-mercaptoethanol,
10 mM imidazole, pH 8.0), disrupted by sonication and the cell ly-
sate was centrifuged (30,000g) at 4 �C for 40 min. The resulting
supernatant was loaded onto a Ni–NTA column (5 ml) equilibrated
with lysis buffer, and the retained protein was eluted with an
increasing gradient from 10 to 500 mM imidazole in elution buffer
at a flow rate of 5 ml/min. Then gel filtration was performed by
chromatography on a Superdex 75 column (GE Healthcare) and
eluted with Tris–HCl buffer (25 mM, pH 7.5) containing 150 mM
NaCl and 1 mM DTT. SDS–PAGE analysis of the eluted protein re-
vealed over 95% purity of the target protein, which was concen-
trated to around 32 mg/ml, and aliquots were immediately
frozen in liquid nitrogen and stored at �80 �C.
2.2. Protein crystallization

Crystals of rPPEWT, rPPES159A/W187H and rPPEW187H were ob-
tained by the sitting drop vapor diffusion method at 18 �C. Initial
crystallization conditions were screened using Crystal Screen I &
II Kits, Index kit (Hampton Research, USA) and Morpheus (Molecu-
lar dimensions, USA). The condition A of 0.1 M Hepes/Mops-Na, pH
7.5, 12.5% (w/v) PEG1000, 12.5% (w/v) PEG3350, 12.5% (v/v) MPD
(2-methyl-2,4-pentanediol), 0.03 M MgCl2, and 0.03 M CaCl2

yielded the diffraction quality crystals after 2 days. The enzyme-
substrate complex crystals of rPPES159A and rPPES159A/W187H were
obtained under condition B consisting of 16% (w/v) PEG8000,
0.04 M KH2PO4, and 20% glycerol. Prior to cocrystallization, the
proteins of rPPES159A and rPPES159A/W187H (0.94 mM or 32 mg/ml)
were incubated with 100 mM sodium salt of (S)-AcO-CPA at 0 �C
for 30 min. Before data collection, crystals were soaked in a cryo-
protectant solution consisting of the reservoir solution and
10% (v/v) glycerol and then quickly frozen with liquid nitrogen.

2.3. Data collection and structure refinement

X-ray diffraction data were collected with flashly frozen crystals
(at 100 K in a stream of nitrogen gas) on a RaxisIV++ imaging plate
(Rigaku, TX, USA) using an in-house Rigaku MicroMax-007 HF
rotating-anode X-ray generator operating at 40 kV and 30 mA. Dif-
fraction data for the crystals were collected at 1.65–2.40 Å resolu-
tion, as shown in Table 1. The intensity sets were indexed,
integrated and scaled with the HKL2000 package [14].

The rPPEWT structure was solved by molecular replacement
method using Phaser [15] in the CCP4 crystallographic suite [16]
with the crystal structure of esterase VA1 (PDB: 2YH2) as template.
Several cycles of refinement were carried out using Phenix and
Coot [17,18], progress in the structural refinement was evaluated
by the free R-factor. The structures of rPPEW187H, rPPES159A/W187H,
rPPES159A-(S)-AcO-CPA complex, and rPPES159A/W187H-(S)-AcO-CPA
complex were solved by molecular replacement using Phaser with
the structure of rPPEWT as the search model.

2.4. Mutagenesis

Site-directed mutations of rPPE were constructed by Quick
Change� Site-Directed Mutagenesis Kit, the mutagenic PCR was ap-
plied to the pET-21a(+) vector containing the gene of the
rPPEWT and rPPEW187H. For the mutation of M213A, the primers
used were: 50-ACCACCGGGATGGCGAAGTGG TTCTG-30 (forward)
and 50-CAGAACCACTTCGCCATCCCGGTGGT-30 (reverse). For the
mutation of S159A, the primers used were: 50-TGGCCGGCAA-
CGCCGTTGGCGGCAACA-30 (forward) and 50-TGTTGCCGCCAACGG-
CGTTGCCGGCCA-30 (reverse). The PCR products were transformed
into E. coli DH5a and cultivated on the LB agar plate containing
100 mg/ml ampicillin. And the verified plasmid was transformed
into E. coli BL21(DE3) for over-expression.

2.5. Activity assay using p-nitrophenyl esters

The activities of purified rPPEWT and rPPEM213A towards various
p-nitrophenyl esters was assayed spectrophotometrically by mea-
suring the initial rate of p-nitrophenol formation in enzymatic
hydrolysis of 1 mM p-nitrophenyl ester in 100 mM sodium phos-
phate buffer (pH 7.0) at 30 �C [12]. One unit of activity was defined
as the amount of enzyme that catalyzes the hydrolysis of 1.0 lmol
p-nitrophenyl ester per minute under the assay condition.
3. Results

3.1. Overall structure of rPPE

The 1.8 Å resolution crystal structure of rPPEWT was determined
in space group P43212 with one molecule per asymmetric unit by
molecular replacement method. Refinement of the structure finally
converged with an R-factor of 0.1489 and R-free of 0.1823. The fi-
nal model is comprised of 319 amino acids, one MPD (2-methyl-
2,4-pentanediol) molecule, one PEG molecule and 365 water
molecules. The rPPE molecule has an ellipsoidal shape with
approximate dimensions of 51.3 Å � 42.5 Å � 38.4 Å (Fig. 1A). The



Table 1
Data collection and refinement statistics.

rPPE rPPEW187H rPPES159A/W187H rPPES159A-(S)-AcO-CPA rPPES159A/W187H-(S)-AcO-CPA

Data collection statistics
Wavelength (Å) 1.5418 1.5418 1.5418 1.5418 1.5418
Space group P43212 P43212 P43212 P43212 P43212
a (Å) 95.6 95.4 95.8 94.6 95.4
b (Å) 95.6 95.4 95.8 94.6 95.4
c (Å) 87.8 88.3 88.9 88.5 88.3
Resolution range (Å)a 42.8–1.80 (1.86–1.80) 42.0–1.65 (1.71–1.65) 38.6–1.99 (2.06–1.99) 42.3–2.40 (2.49–2.40) 33.7–1.70 (1.76–1.7)
Total/Unique reflections 38,145/3732 49,350/3205 28,983/1628 16,307/1896 45,435/2720
Redundancya 25.5 (25.6) 15.4 (11.6) 17.8(17.2) 8.6 (8.7) 16.7 (16.2)
Average (I/d)a 32.7 (9.6) 41.7 (5.1) 25.3 (3.6) 12.8 (3.0) 44.8 (8.4)
Completeness (%)a 99.6 (100) 99.5 (97.6) 99 (100) 100 (100) 100 (100)
Rmerge (%)b 9.2 (41.0) 6.6 (49.6) 4.1 (12.2) 7.0 (80) 4.2 (41.2)

Refinement statistics
PDB ID 4OB8 4OB7 4OU5 4OU4 4OB6
No. of reflections 38081 49281 28928 16258 45369
R-factor/R-free (%)c 14.9/18.2 15.6/17.3 14.2/17.6 16.8/23.3 16.4/18.1

Average B factor (Å2)
Protein atoms 24 21 24 34 22
Solvent atoms 36 31 35 37 29
MPD 23.2 23.3 26.8 – –
PEG 41.6 35.6 43.2 – –
(S)-AcO-CPA – – – 54.2 30.1/42.5/35.9

R.m.s deviations from ideal geometry
Bond lengths (Å) 0.006 0.006 0.007 0.008 0.007
Bond angles (�) 1.074 1.060 1.035 1.126 1.191

Ramachandran plot
Favored (%) 98.1 97.8 97.2 95.0 97.5
Allowed (%) 1.9 2.2 2.8 4.7 2.2
Disallowed (%) 0 0 0 0.3 0.3

a Numbers in parentheses are values for the highest-resolution shell.
b Rmerge =

P
hkl|Ii � Im|/lhklIm, where Ii and Im are the observed intensity and the mean intensity of related reflections, respectively. Values in parentheses indicate high-

resolution shell.
c R-factor =

P
||Fo � Fc||/acFo|. Rfree =

P
T||Fo � Fc||/eT|Fo|, where T is a test data set of 5% of the total reflections randomly chosen and set aside prior to refinement.

Fig. 1. The crystal structure of rPPE. (A) Overall structure of rPPE, the catalytic triad is colored in yellow. (B) Stereo diagram of the active center of rPPE. The catalytic triad is
shown in yellow sticks. Hydrogen bond network around the catalytic triad is presented as red dashed line. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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crystallographic statistics for data collection and refinement are
summarized in Table 1.

The structure of rPPE consists of a core domain, belonging to the
a/b hydrolase fold family, and a cap domain, analogous to those
present in the other members of the HSL family [19,20]. When
compared with the generalized a/b-hydrolase fold described by Ol-
lis et al., rPPE obeys the canonical a/b-hydrolase fold with central
eight-stranded b-sheet surrounded by a-helices on both sides
(only strand b2 is antiparallel) (Fig. 1A). The b1 and b8 strands
are approximately perpendicular to each other because of the
counter clockwise twist of the b-sheet. The cap domain is formed
by the clustering of two N-terminal a-helices (a1 and a2) and
two a-helices (a6 and a7) following strand b6, and located at the
upper region of the central b-sheet (Fig. S1b).

3.2. Catalytic triad and substrate binding pocket

By sequence and structural alignment, the catalytic triad of rPPE
was identified as Ser159, Asp256, and His286. Ser159 is in the con-
served Gly-X-Ser-X-Gly motif [21], and is located at the nucleo-
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philic elbow between strand b5 and helix a5. Its conformation is
stabilized by the hydrogen bond between its OG atom and NE2
atom (atoms were named as in PDB file) of His286 at 2.7 Å distance
(Fig. 1B). His286 is located in a five-residue loop, connecting strand
b8 to helix a9. Its ND1 atom is hydrogen bonded to the OD1 and
OD2 atom of Asp256 at 3.4 Å and 2.8 Å distance, respectively.
Asp256 is the third member of the catalytic triad, and is located be-
tween strand b7 and helix a8 (Fig. S1b). The side chain of Asp256 is
further stabilized by a hydrogen bond between its OD1 atom and
the NH atom of Leu258 (2.9 Å), and a hydrogen bond between its
OD2 atom and the water molecule HOH13 (2.7 Å), which in turn
interacts with HOH5 (3 Å). HOH5 is hydrogen bonded to the car-
bonyl oxygen atoms of both Leu258 (2.9 Å) and Pro188 (2.73 Å).
These water molecules are strictly conserved within the HSL family
[19,22], forming the center of a hydrogen bonding networks which
stabilize the active site pocket by connecting the C-terminal end of
strand b7 and the N-terminal end of helix a8.

Based on the observation of the solvent accessible surface, a
cavity could be identified between helix a1 and a2 of the cap do-
main, leading to the active center of rPPE (Fig. S2). The nucleophile
residue (Ser159) of active site lies at the bottom of this hydropho-
bic cavity, which has a funnel shape with approximate dimension
of 13 Å � 10 Å on top and 17 Å in depth. The residues from loop re-
gion (Gly86–Gly88, Phe207–Thr209, Ile285–Asp287) and helix a7
(Met212–Phe216) act as internal borders of this cavity. By compar-
ing with structures of other HSL family members, rPPE has a signif-
icant hindrance in the acyl part of substrate binding pocket
(Fig. S3). Accordingly, mutation M213A was introduced at the bot-
tom of the funnel to extend the acyl binding pocket which would
facilitate rPPE to catalyze the hydrolysis of esters with relatively
larger acyl group. As shown in Fig. 2, the substrate preference of
rPPEM213A towards p-nitrophenyl esters was shifted as expected.
For substrate pNPB with a large four-carbon acyl group, a 63-fold
higher activity was observed with rPPEM213A, while its activity to-
wards substrate pNPA with a small two-carbon acyl group de-
creased over 40-fold, when compared with the rPPEWT. However,
for the ester substrate with an even larger six-carbon acyl group,
the activity of rPPEM213A (0.063 U/mg) became negligible, but also
has a 30-fold improvement compared with rPPEWT (0.002 U/mg),
impling that the space of acyl binding pocket is still limited for es-
ters with larger acyl group, probably by hindrance of residues such
as Val160 and Trp89.
3.3. Crystal structure of rPPEW187H

The variant rPPEW187H was crystallized readily under the same
condition as that for rPPEWT, and its structure was determined at
a resolution of 1.65 Å. Just like in rPPEWT, one MPD molecule could
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Fig. 2. Substrate preference of rPPE and rPPEM213A for p-nitrophenyl esters. The
activity of purified enzymes towards various p-nitrophenyl esters were determined
spectrophotometrically. j, rPPEWT; , rPPEM213A.
be found in the funnel shape cavity leading to the active site, with a
distance of 5.7 Å to the nucleophile residue Ser159. The three-
dimensional structure of rPPEW187H is very similar to that of rPPEWT

(Rmsd = 0.062 Å) except the side chain of the mutated residue, the
residues of the catalytic triad or those around the mutation site
have no conformational change (Fig. 3A).
3.4. Complex structure of rPPES159A/W187H with (S)-AcO-CPA

To obtain enzyme-substrate complex structure, we introduced
an inactive mutation of nucleophile S159A in rPPEWT and
rPPEW187H. The structure of rPPES159A/W187H complexed with sub-
strate was solved by molecular replacement using the coordinates
of rPPEWT as the searching model. The final structure was refined to
a crystallographic R-factor of 0.164 and an R-free of 0.181 in the
resolution of 33.7–1.70 Å resolution range. Three (S)-AcO-CPA mol-
ecules were identified, with the first one binded at the active cen-
ter (Fig. 3B), the second one located at the entrance of the binding
pocket and the third one being on the surface of the protein. By
structural alignment, we found that the side chain of Asp287 in
the complex structure has a significant motion of 2.2 Å, and it
interacts closely with the ionized carboxyl group of the substrate
(Fig. 3C). Meanwhile the side chain of His187 moves significantly
(2.3 Å) in the same direction to offer enough space for Asp287.
To confirm the alteration is resulted from the binding of substrate,
rather than the mutation of S159A, we further determined the
structure of rPPES159A/W187H containing no substrate. In the native
structure of rPPES159A/W187H, no significant conformational change
could be found, as has been observed in the complex structure.
Moreover, we solved the structure of rPPES159A co-crystallized with
substrate, and found an unmodeled density in the acyl binding re-
gion and one (S)-AcO-CPA molecule on the surface of the protein
(Fig. S4). The unmodeled density suggests a very low occupancy
of the substrate molecule, which is coincident with the low binding
affinity of rPPEWT with (S)-AcO-CPA [13]. As expected, no confor-
mational change was observed around both sites Asp287 and
Trp187.
4. Discussion

4.1. Origins of activity enhancement in rPPEW187H and rPPED287A

What causes the striking difference in catalytic performance be-
tween the rPPEWT and variants rPPEW187H and rPPED287A, when
only a single mutation was introduced? Based on the detail struc-
tural information reported here, one straightforward explanation
might be the reduced steric hindrance facilitates the access of sub-
strate to the active site in rPPE. By superimposing the native struc-
tures of rPPEWT and rPPEW187H with the complex structure
rPPES159A/W187H-(S)-AcO-CPA, respectively, we found that the ion-
ized carboxyl group of substrate would have a potential steric con-
flict with the side chain of residue Asp287. In variant rPPEW187H,
this conflict is removed by the relocation of side chain of Asp287
and His187. However, there was no sufficient space for the indole
ring of Trp187 to move flexibly in rPPEWT (Fig. 3D), which preven-
tes the relocation of the side chain of Asp287 and consequently
hinders the effective binding of substrate in the active center.
Therefore, a 7.3-fold decrease in KM combined with a 13.8-fold in-
crease in kcat contributed to a total 100-fold increase in kcat/KM of
rPPEW187H [13]. For variant rPPED287A, since the steric hin-
drance is significantly reduced by the single mutation D287A, its
substrate binding affinity has a 34-fold increase compared with
rPPEWT [13].



Fig. 3. Crystal structure of the rPPES159A/W187H-substrate complex. (A) Structural comparison of active site residues between rPPEW187H (deep salmon) and rPPEWT (bule). (B)
Details of the interaction of rPPES159A/W187H with (S)-AcO-CPA in the active site. The Fo � Fc electron density map of ligand contoured at 1.0r is shown in black mesh. (C)
Superposition of rPPES159A/W187H-(S)-AcO-CPA (green) and rPPEW187H (deep salmon). The red arrows represent the relocation of side chain of His187 and Asp287 caused by the
substrate binding. (D) Superposition of rPPES159A/W187H-(S)-AcO-CPA (green) and rPPEWT (bule). The red arrows represents the different conformation of side chain of residue
187 and Asp287 in rPPEWT and in rPPES159A/W187H-(S)-AcO-CPA complex. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Three-point-attachment model of chiral recognition. The substrate (S)-AcO-
CPA is shown in blue; the residues participated in chiral recognition is shown in
orange. Point one: the oxygen atoms of the carboxyl groups is stabilized by
oxyanion hole; point two: the ionized carboxyl group of substrate has a hydrogen
bond with Asp287; point three: the space left in the active site for accommodating
the H atom is very limited. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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4.2. Chiral recognition of rPPE

In our previous work, mutation D287A significantly increased
the substrate binding affinity of rPPE by 34-folds, but the E value
was significantly decreased (from >200 to 8.7) [13]. Based on the
complex structure, we supposed that Asp287 not only plays a vital
role in the substrate binding, but also is very important for guaran-
teeing the excellent enantioselectivity of rPPE. The distance be-
tween the ionized carboxyl group of substrate and the side chain
of Asp287 is 2.6 Å. As calculated by PROPKA, in the complex struc-
ture of rPPES159A/W187H-(S)-AcO-CPA, the pKa values of Asp287 and
substrate are 9.9 and 3.8, respectively. The pKa values suggests that
when the substrate binds to the enzyme , Asp287 should be in the
protonized state while the ionized carboxyl group of substrate
should be deprotonized, and there should be a strong hydrogen
bond between them. Under this assumption, the ‘‘three-point
attachment theory’’ put forward by A.G. Ogston (1948) can provide
us a better understanding of the mechanism of rPPE for chiral rec-
ognition and high enantioselectivity. During the substrate binding
process, three substituent groups of the chiral carbon atom in sub-
strate are spatially fixed by the active site of rPPE, which deter-
mines the preference of rPPE for (S)-configuration substrate
(Fig. 4). Firstly, the carbonyl group of ester bond is stabilized by
oxyanion hole with three hydrogen bonds. Secondly, the ionized
(or deprotonized) carboxyl group of substrate forms a hydrogen
bond with Asp287. Lastly, the space left in the active site for
accommodating the H atom of chiral carbon atom is very limited,
therefore sterically preventing the mis-location of any large group
on this position and making the bulky othro-chlorophenyl group
located compulsively in the external and wider side of the sub-
strate access cavity. Based on this assumption, the active site of
rPPE allows the substituent groups of (S)-substrate to bind well
into a definite spatial arrangement of the active site and excludes
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the possibility of (R)-enantiomer’s mis-binding, naturally resulting
an excellent enantioselectivity. When the residue Asp287 was re-
placed by alanine in variant rPPED287A, the active site of the enzyme
would lose one effective point of attachment, the expanded space
around residue 287 might allow othro-chlorophenyl group to ac-
cess this position. Therefore, there will be only ‘‘two-point attach-
ment’’ between the enzyme and the substrate, which would
necessarily lead to a severe decrease in the enantioselectivity of
rPPED287A.

In conclusion, our work not only explains the reason for activity
changes of variants rPPEW187H and rPPED287A but also reveals the
mechanism for chiral recognition of rPPE. The results reported here
are interesting from either a theoretical or biotechnological point
of view, and provide vital structural information for further
engineering of this enzyme as well as other closely related
a/b hydrolases to improve their catalytic efficiency and/or
enantioselectivity.
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