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Halohydrin dehalogenase from Agrobacterium radiobacter AD1 (HheC) shows great potential in producing valuable chiral ep-
oxides and (3-substituted alcohols. The wild-type (WT) enzyme displays a high R-enantiopreference toward most aromatic sub-
strates, whereas no S-selective HheC has been reported to date. To obtain more enantioselective enzymes, seven noncatalytic
active-site residues were subjected to iterative saturation mutagenesis (ISM). After two rounds of screening aspects of both activ-
ity and enantioselectivity (E), three outstanding mutants (Thr134Val/Leul42Met, Leul42Phe/Asn176His, and Pro84Val/
Phe86Pro/Thr134Ala/Asn176Ala mutants) with divergent enantioselectivity were obtained. The two double mutants displayed
approximately 2-fold improvement in R-enantioselectivity toward 2-chloro-1-phenylethanol (2-CPE) without a significant loss
of enzyme activity compared with the WT enzyme. Strikingly, the Pro84Val/Phe86Pro/Thr134Ala/Asn176Ala mutant showed an
inverted enantioselectivity (from an E, of 65 [WT] to an Eg of 101) and approximately 100-fold-enhanced catalytic efficiency to-
ward (S)-2-CPE. Molecular dynamic simulation and docking analysis revealed that the phenyl side chain of (S)-2-CPE bound at a
different location than that of its R-counterpart; those mutations generated extra connections for the binding of the favored
enantiomer, while the eliminated connections reduced binding of the nonfavored enantiomer, all of which could contribute to

the observed inverted enantiopreference.

he application of biocatalysts in the production of optically

pure compounds has attracted much attention during the past
few decades. Enantioselectivity (E) is one of the key parameters
that define the usefulness of enzymes in the corresponding indus-
trial synthesis of fine chemicals. Thus, identification of enzymes
with high enantioselectivity for a desired transformation is impor-
tant. In nature, biocatalysts with high enantioselectivity for spe-
cificindustrial applications are not readily available. Directed evo-
lution has become a routine approach for developing such novel
biocatalysts, and a plethora of successful examples have been re-
ported (1-6). A recent survey regarding the location of mutations
that improve enzyme properties shows that to manipulate the
enantioselectivity of enzymes, closer mutations are more effective
than distant mutations (7). With the availability of structural in-
formation, the methodology of CASTing (combinatorial active-
site saturation test) used in an iterative manner has been particu-
larly successful in tailoring enzyme enantioselectivity (8—11).

Microbial halohydrin dehalogenases attract a great deal of at-
tention for their ability to produce optically pure epoxides and
halohydrins (12, 13). The enzymes which are involved in the bio-
degradation pathway of halopropanols catalyze the intramolecu-
lar nucleophilic displacement of a halogen by a vicinal hydroxyl
group in halohydrins, producing epoxide and HCl. Halohydrin
dehalogenase HheC has been studied extensively because of its
high enzymatic activity and high R-enantioselectivity toward
some short-chain aliphatic and aromatic substrates (14-17). The
enzyme has been applied in the production of optically pure ep-
oxides and most of the R-enantiomers of B-substituted alcohols
through kinetic resolution, with a maximum yield of 50% (18—
20). Although kinetic resolution has a maximum yield of 50%,
both enantiomers could be obtained by the resolution of a racemic
mixture using enantiocomplementary enzymes (21, 22). Directed
evolution of enantiocomplementary enzymes has been investi-
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gated recently for the production of several optically active com-
pounds (8, 9, 23). Wu et al. reported the evolution of enantio-
complementary Candida antarctica lipase B mutants for the
hydrolytic kinetic resolution of p-nitro-phenyl-2-phenylpro-
panoate by applying iterative saturation mutagenesis (ISM) (9). In
conjunction with the strategies for constructing high-quality li-
braries, van Leeuwen et al. also adopted the ISM strategy to obtain
enantiocomplementary haloalkane dehalogenase variants that
catalyze the conversion of 1,2,3-trichloropropane to enantiopure
building blocks (23). These results indicated that the active-site
residues are indeed hot spots for manipulating enzyme enantiose-
lectivity, although the high risk of inactivation could not be ex-
cluded. However, such a limitation could be easily released by
applying some on-line software products, such as HotSpots Wiz-
ard and ConSurf-HSSP (24, 25).

So far, only one S-selective mutant of halohydrin dehalogenase
from Arthrobacter AD2 (HheA) has been evolved by using a semi-
rational design approach, which can be used together with the
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R-selective HheC to produce optically pure halohydrins and ep-
oxides in an enantioconvergent manner (26). However, the S-se-
lective HheA mutant showed a very low catalytic efficiency in the
dehalogenation of halohydrins. From this point of view, HheC
could be a good starting point for evolution of efficient HheC
variants because the wild-type (WT) enzyme displays much
higher activity than HheA toward most halohydrins, especially for
aromatic substrates and those with short-chain aliphatic sub-
strates.

With the availability of the X-ray crystal structures of HheC
(15, 27), it is possible to manipulate the enantioselectivity by ex-
ploring the active-site sequence space of the enzyme. The active
site of HheC is located in a loop-rich region that forms the sub-
strate-binding pocket and the halide-binding site. Inspection of
the structures of HheC with both enantiomers of para-nitro-sty-
rene oxide (PDB codes 1ZMT and 1Z08) revealed that the epox-
ide ring of the unfavored S-enantiomer adopts a nonproductive
binding mode with its Cf atom rather than the epoxide oxygen
connecting to the hydroxyl moieties of Ser132 and Tyr145. Thus,
the high R-enantioselectivity is postulated to be mainly caused by
the nonproductive binding of the unfavored S-enantiomer in the
spatially limited substrate-binding pocket of HheC (27). Among
all residues lining the substrate-binding pocket, the small bulge
formed among the three active-site loop residues Thr134, Trp139,
and Asn176 was proposed to be accountable for the high R-enan-
tioselectivity toward disubstituted epoxides in the wild-type HheC
(28). Moreover, the loop residue W139 was reported to be a crit-
ical obstacle for the binding of the S-enantiomer of bulky sub-
strates, and the binding of the S-enantiomer was largely enhanced
when Trp139 was replaced by a phenylalanine (29). These findings
suggested that the enantioselectivity of HheC is amenable to being
inverted by focused directed evolution.

In this study, seven active-site residues, including the above-men-
tioned three residues Thr134, Trp139, and Asn176, were subjected to
iterative CASTing analysis aimed at evolving enantiocomplementary
HheC for the conversion of 2-chloro-1-phenylethanol (2-CPE) into
an optically active synthetic intermediate. After screening of ap-
proximately 7,000 colonies through two rounds of mutagenesis,
three outstanding mutants (Thr134Val/Leul42Met, Leul42Phe/
Asn176His, and Pro84Val/Phe86Pro/Thr134Ala/Asn176Ala mu-
tants) with divergent enantioselectivity were generated, by which
both enantiomers of styrene oxide with a high enantiomeric excess
(ee) were obtained. Most importantly, the catalytic efficiency of
the S-selective mutant toward (S)-2-CPE is 100-fold higher than
that of the wild-type HheC.

MATERIALS AND METHODS

Materials. rac-2-Chloro-1-phenylethanol (rac-2-CPE), (R)-2-CPE, (S)-
2-CPE, 1,3-dichloro-2-propanol (1,3-DCP), and (R)- and (S)-styrene ox-
ides were purchased from Alfa Aesar (Ward Hill, MA). L-Arabinose was
from Lancaster (Morecambe, United Kingdom). Phusion high-fidelity
PCR kit, restriction enzyme Dpnl, and DNA molecular weight standards
were purchased from New England BioLabs (Ipswich, MA). Escherichia
coli strain MC1061 which was kindly provided by Dick B. Janssen (Gro-
ningen University, Groningen, the Netherlands). All the other materials
were purchased from local businesses.

Library construction. All libraries were constructed by using a Phu-
sion high-fidelity PCR kit (New England BioLabs). The primers used in
this study were synthesized from Invitrogen (Shanghai, China) and are
shown in Table S1 in the supplemental material. Libraries A to D were
constructed by using the recombinant expression vector pPBADHheC car-
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rying as a template the wild-type hheC gene (GenBank accession number
AF397296). The templates used for the construction of libraries E to G are
shown in Table S2. All “small intelligent” degenerate codon sets rather
than NNS (i.e., where N indicates A, T, C, or G and S indicates C or G)
were designed by using the DC_Analyzer software tool (the software is
available from http://cobi.uestc.edu.cn/resource/dc_analyzer/view) (30).
Primers with the corresponding degenerated codons were synthesized
independently and mixed with a ratio of their encoded amino acid num-
bers. The obtained primer mixtures were used for the following PCR
processes. The 20-pl reaction mixture contained 1X high-fidelity buffer,
200 wM (each) deoxynucleoside triphosphate (ANTP), 1 mM Mg>™", 40
ng of template, 2 WM (each) mixed primers, and 0.01 U/pl of Phusion
DNA polymerase. The modified PCR program used was 3 min at 98°C,
followed by 10 cycles of 10 s at 98°C, 45 s at 58°C, and 2 min at 72°C and
then 20 cycles of 10 s at 98°C, 45 s at 68°C, and 2 min at 72°C, ending with
10 min at 72°C. The modified PCR program was used for the construction
of all paired-residue libraries, except for the library construction of P84/
F86, which was performed according to the manual supplied with the
Phusion high-fidelity PCR kit. The digestion of parental DNA by Dpnl
was carried out at 37°C for 2 h, after which the reaction mixtures were
transformed into chemically competent E. coli MC1061.

Colorimetric assay for library screening. All well-separated clones
were picked from agar plates and transferred to 96-well plates containing
180 wl of LB in each well with 100 pg/ml of ampicillin and 0.05% (wt/vol)
L-arabinose for protein expression induction. All libraries were screened
for halohydrin dehalogenase activity using the previously developed col-
orimetric assay (31). The pH indicator-based assay is based on the absor-
bance change of phenol red in a weakly buffered system, due to the release
of protons from the enzyme-catalyzed dehalogenation reactions. In the
first round of mutagenesis, libraries were screened by using 1,3-DCP (5
mM) as a model substrate, while 5 mM (R)-2-CPE and (S)-2-CPE were
used in the second round of mutagenesis for enantioselectivity screening.

Protein expression and purification. The recombinant strain E. coli
MC1061, carrying either the wild-type HheC or the mutant genes, was
incubated overnight at 30°C in 200 ml of LB medium containing 100
pg/ml of ampicillin and 0.05% (wt/vol) L-arabinose to reach an optical
density at 600 nm (ODy,) of 1.7 to 2.0. Cells were harvested by centrifu-
gation (5,000 X g for 50 min) at 4°C and washed once with 10 mM
Tris-SO, buffer (pH 8.0). Both wild-type HheC and its mutants were
purified by using a Q-Sepharose (20 ml; GE) column as described before
(32). The purity of the purified proteins was judged by SDS-PAGE (10%
acrylamide gel). The concentrations of purified proteins were measured
using Bradford’s method.

Enzymatic kinetic resolutions. The kinetic resolution experiments
were performed using the purified enzyme in a sealed container at 30°C.
The dehalogenation reactions (20-ml system) of 5 mM rac-2-CPE were
performed in 200 mM Tris-SO, (pH 8.0) and trigged by adding 120 g of
purified enzyme. All enzymatic reactions were validated by carrying out
reactions in the absence of enzyme under the same conditions. The enzy-
matic conversion was monitored by periodically taking samples (0.25 ml)
from the reaction mixture. The samples were extracted with 0.5 ml of
methyl tert-butyl ether (MTBE) containing mesitylene as an internal stan-
dard. Gas chromatography (GC) analyses were preformed after the sam-
ples were dried with MgSO,. The enantiomeric excess (ee) of products was
determined by chiral GC under the following conditions: 100°C for 6 min,
10°C/min to 170°C, and 15 min at 170°C. All separations were carried out
using a chiral column B-dex 225 (30 m by 0.25 mm by 0.25 wm; Supelco).
The ee values were calculated according to the method of Chen et al. (33).
Evalues were calculated by using the program Selectivity (K. Faber and H.
Hoenig [ftp://borgc185.kfunigraz.ac.at/pub/enantio/]).

Steady-state kinetic measurements. Kinetic parameters of the wild-
type HheC and its variants toward 1,3-DCP and both enantiomers of
2-CPE were taken in 50 mM Tris-SO, buffer (pH 8.0) at 37°C by
monitoring halide liberation using purified enzymes as described be-
fore (26, 34).
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Molecular docking analysis. Ligand Protein Data Bank (PDB) files
were produced using the Prodrg Server. All structural models of HheC
and its corresponding mutants were built by SWISS-MODEL. The crystal
structure of HheC (PDB code 1ZMT) was used as a model template after
removal of all crystallographic bound waters (27). Hydrogen atoms were
added to the protein and residues were kept fixed in their crystallographic
positions in all experiments. Gasteiger charges were added to the ligand.
Proteins were prepared by the addition of the polar hydrogen atoms,
followed by the addition of Kolloman charges. The rigid dockings be-
tween proteins and ligands were performed using the AutoDock Vina.
The docking center was located at the catalytic residue Tyr145, and the
docking box was settled to contain all desired active-site residues. Visual-
ization and graphics were made using the PyMol software program.

MD simulation. Molecular dynamic (MD) simulation analysis was
performed to gain more information concerning the binding of (S)-2-
CPE in the evolved S-selective Pro84Val/Phe86Pro/Thri34Ala/
Asnl176Ala mutant. The model structure of the Pro84Vla/Phe86Pro/
Thr134Ala/Asn176Ala mutant with substrate (S)-2-CPE docked in the
active sites was used as the initial structure for simulation. The model
structure of the mutant was built by using SWISS-MODEL, and the X-ray
structure of HheC (PDB code 1ZMT) was used as a template (27). The
whole simulation was implemented in NAMD 2.9. The AMBER 12 force
field was chosen to parameterize the whole system, as it is an excellent
force field for simulating biological macromolecules. The whole simula-
tion process was conducted as follows: the system energy that contains a
box of water molecules with restrained protein was minimized with a
force constant of 5 kcal/mol for 2,000 steps; a full-scale minimization of
the system for 8,000 steps was performed. To assess thermodynamic equi-
librium, the widely used two-section protocol was adopted. A 9-ns MD
simulation was performed (the system was heated to 20°C in 20 ps and a
constant pressure equilibrium under 1 standard atmosphere pressure was
conducted for 400 ps).

RESULTS AND DISCUSSION

Library design and preliminary screening. A recent survey track-
ing the effect of the mutations on enzyme enantioselectivity re-
vealed that in many cases closer mutations are more effective than
distant ones (7). Based on the structural information and previous
kinetic studies of HheC (14, 15, 27-29), seven noncatalytic active-
site residues of HheC (Pro84, Phe86, Thr134, Leul42, Trp139,
Asnl76, and Tyr187) were targeted for the identification of key
residues in controlling enzyme enantioselectivity. These residues,
except for residue Leul42, are located at the three connected ac-
tive-site loops (residues 74 to 99, loop 1; residues 132 to 140, loop
2; and residues 175 to 188, loop 3). According to the spatial loca-
tion of these residues, 4 CASTing libraries named library A
(Phe86/Leul42), library B (Thr134/Asnl76), library C (Pro84/
Phe86), and library D (Trp139/Tyr187) were constructed. To re-
duce amino acid bias, four “small intelligent” codon sets were
designed by using the computer software DC_Analyzer (32). The-
oretically, the resulting libraries contain 400 variants of each. For
each library, 1,200 colonies should be screened to reach 95% cov-
erage (35). To lower the experimental cost, 1,3-DCP was selected
as a model substrate in the preliminary screening, which aimed to
eliminate those variants that are inactive or less active than the
wild-type enzyme. After screening approximately 4,800 colonies,
35 positive colonies with approximately 1.0- to 4.4-fold improve-
ment in activity toward 1,3-DCP were selected (see Table S3 in the
supplemental material). Sequencing results showed that in some
randomized positions, the substituted amino acids are generally
clustered into a specific group. Strikingly, in library C, nonpolar
small residues showed localization preference at positions 84 and
86 for improved activity; most active variants contain a proline
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TABLE 1 GC analysis of selected positive mutants from CASTing
libraries”

% conversion  eep

Library (residue) ~ Enzyme (min) (%) Evalue®
HheC WT 51 (20) 91 65
A (F86/1142) L142M mutant 48 (30) 95 66
F86L/L142K mutant 53 (35) 96 78
L142F mutant 46 (15) 93 65
L142S mutant 50 (25) 90 58
B (T134/N176)  N176A mutant 48 (20) 30 1
T134A mutant 51 (25) 73 8
T134E/N176F mutant 48 (25) 74 8
N176H mutant 52 (20) 95 72
T134V mutant 47 (20) 92 69
C (P84/F86) P84V/F86P mutant 48 (20) 85 23
P84A mutant 55 (15) 69 6
F86Y mutant 45 (20) 85 50
D (W139/Y187) WI139V/Y187F 64 (20) 53 12
mutant
W139V mutant 54 (15) 71 16
Y187F mutant 47 (20) 90 33
W139E mutant 50 (25) 85 26

“ The absolute configuration in all cases was R. ee,,, ee of the product.
b E values were calculated using the program Selectivity (K. Faber and H. Hoenig
[ftp://borgc185.kfunigraz.ac.at/pub/enantio/]).

residue at either position 84 or 86. The existence of the distinctive
cyclic structure of the side chain of proline has been proven to
affect protein conformational rigidity in many cases (36). It is
worth noting that a conformational change around these active-
site loop regions in HheC has proven to be an essential aspect of
enzymatic activity. Thus, the results might indicate that a certain
conformational configuration of loop 1 is crucial for the enzyme
activity of HheC, probably facilitating the release of a halide ion,
because such an event was identified as a rate-limiting step during
the catalytic cycle of HheC (14).

Evolving enantiocomplementary enzymes. To fully analyze
the enantioselective properties of the active variants, 12 out of 35
positive mutants that cover all classes of mutations in each library
were subjected to GC analysis. For this, 2-CPE was selected as a
model substrate mainly because the two enantiomers of this sub-
strate are commercially available and the three-dimensional (3D)
structures of HheC in complex with both enantiomers of the aro-
matic substrate have been solved (15, 27). The GC results showed
that no mutant with an excellent enantioselectivity was obtained.
This is not surprising, because those mutants were selected based
on their catalytic ability toward 1,3-DCP. As shown in Table 1, all
tested mutants in library A displayed enantioproperties similar to
those of the wild-type enzyme; libraries B to D contained numer-
ous HheC variants with decreased enantioselectivity toward
2-CPE. In particular, three mutants (Asn176Ala, Pro84Ala, and
Thr134Ala mutants) displayed a significant decrease in enantiose-
lectivity, retaining only 1.5 to 12.3% of the value of the wild-type
enzyme (E, = 65 for the wild type). This result indicated that the
side chains of these three residues in the wild-type HheC might be
important for maintaining the R-enantiopreference of the en-
zyme. Moreover, the Thr134Vla and Asn176His replacements in
library B did not show any negative effect on the enantioselectivity
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of HheC. Taking these results together, we speculated that the high
R-enantiopreference of HheC toward these aromatic substrates is
more likely due to steric constraints on the binding of S-enan-
tiomers imposed by the side chains of these amino acids. Such a
hypothesis was further supported by subsequent molecular dock-
ing analysis. With the Pro84Ala, Thr134Ala, and Asn176Ala mu-
tants, (S)-2-CPE could be well fitted into the substrate-binding
pocket of these mutant enzymes in a productive way (see Fig. S1 in
the supplemental material), while a nonproductive binding mode
was obtained when the (S)-2-CPE was docked with the wild-type
HheC (see Fig. S2 in the supplemental material). Thus, residues in
libraries B and C were mainly focused on evolution of S-selective
HheC, while residues in libraries A and B were targeted for evolu-
tion of its counterpart R-selective HheC.

Consequently, two combinatorial libraries, E (S-selective li-
brary) and F (R-selective library), were constructed (see Table S2
in the supplemental material). Because the variant diversities in
the two libraries are only 45 and 60, respectively, the two libraries
were directly subjected for enantioselectivity screening using both
enantiomers of 2-CPE. After screening 180 colonies of each li-
brary, three positive colonies (Pro84Vla/Phe86Pro/Asn176Ala,
Pro84Vla/Phe86Pro/Thr134Cys/Asn176Ala, and Pro84Vla/Phe86Pro/
Thr134Ala/Asn176Ala colonies) from library E and two positive
colonies (Thr134Vla/Leul42Met and Leul42Phe/Asn176His col-
onies) from library F were selected based on their activity differ-
ence toward the two enantiomers of 2-CPE. These three variants
in library E displayed much higher activity toward (S)-2-CPE than
toward its R-counterpart, while the other two variants in library F
showed substantially diminished activity toward the two enan-
tiomers of 2-CPE. It is probable that these variants are enantio-
complementary enzymes in the dehalogenation of rac-2-CPE.

Kinetic resolution studies. To further investigate the enanti-
oselectivity patterns of those variants, studies on the kinetic reso-
lution of rac-2-CPE were performed using purified enzymes (Ta-
ble 2). As expected, the Thr134Val/Leul42Met and Leul42Phe/
Asnl176His variants exhibited an improved R-enantioselectivity,
with E, values of 107 and 132, respectively, compared with the E
value of the wild-type enzyme (E, = 65). The Pro84Val/Phe86Pro/
Asn176Ala, Pro84Val/Phe86Pro/Thr134Cys/Asn176Ala, and Pro84Val/
Phe86Pro/Thr134Ala/Asn176Ala variants showed an inverted enan-
tioselectivity, with Eg values of 28, 54, and 101, respectively. Figure
1 showed the progress curves for the dehalogenation of rac-2-CPE
catalyzed by both the wild-type HheC and the Leul42Phe/
Asn176His and Pro84Val/Phe86Pro/Thr134Ala/Asnl176Ala mu-
tants. No clear chemical reaction was observed during the reaction
period, indicating that rac-2-CPE was chemically stable under our
experimental conditions (Fig. 1B). In the dehalogenation reac-
tion of rac-2-CPE catalyzed by the wild-type HheC and the
S-selective  Pro84Val/Phe86Pro/Thr134Ala/Asnl176Ala mutant
(Fig. 1A), the reaction reached approximately 50% of the total
conversion after 25 min, yielding ee values of 91% and 97% for the
products of (R)- and (S)-styrene oxides, respectively (Table 2).
With the same amount of enzyme, the Leul42Phe/Asn176His
variant catalyzed the conversion 2-fold slower than the wild-type
HheC, with a total conversion of 50% after 50 min, yielding
R-product with an ee value of 98% (Table 2).

In our previous studies, the active-site residue Trp139 also rep-
resented a critical obstacle for the binding of the S-enantiomer of
bulky substrates. To further improve the S-enantioselectivity of
HheC, mutations on position 139 were introduced in library G that
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TABLE 2 Characterization of the wild-type HheC and the enantioselective mutants obtained from combinatorial libraries

(8)-2-Chloro-1-phenylethanol

(R)-2-Chloro-1-phenylethanol

rac-2-Chloro-1-phenylethanol
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Keadd

Keadd

% conversion E

(min)

eep

Absolute

Ecalb
63

K, (s'M™)

523

KWI (mM) kcat (Sgl)

K,(s'M™)

32,956
34,861
2,587
526
345

K,, (mM) ke 571

value®
65

(%)
91

configuration

Enzyme

2.37 £0.23
4.24 *1.11

4.53 £ 0.46
2.19 = 0.61
0.60 = 0.09
0.52 = 0.11

14.83 * 1.40
25.1 = 1.89
6.57 * 0.85
3.54 +0.32
2.77 £ 0.20
5.61 * 0.63
4.45 * 0.37

0.45 + 0.04
0.72 = 0.13
2.54 = 0.43
6.73 * 0.58
8.02 = 1.03
0.23 + 0.07
0.19 = 0.05

51 (20)
48 (20)

HheCWT

18
19
50

1,936

49,967
26,077
35,857

226
162

23

85
84
90
97

P84V/F86P mutant

29.98 £ 2.1

28
54
101

50 (7.5)
51(25)
49 (20)
47 (40)

P84V/F86P/N176A mutant

13.56 = 1.21

S
S

P84V/F86P/T134C/N176A mutant

104
108
152

15.06 = 1.03
2.19 £ 0.17
1.57 = 0.09

0.42 = 0.06
9.70 = 1.18

P84V/F86P/T134A/N176A mutant

10.31 £ 1.01

24,391
23,421

107
32

1

54

57 (50)
36 (40)

97
98
94

b The E_,, value was calculated using the equation E_,; = (key/ K, g/ (kcar/K,nn)s (R preference mutants) or Ey = (keat/K,)s/ (Keai/ K, (S preference mutants).

“ E values were calculated by using the program Selectivity (K. Faber and H. Hoenig [ftp://borgc185.kfunigraz.ac.at/pub/enantio/]).
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FIG 1 Progress curves of the dehalogenation of 5 mM rac-2-CPE in 20 ml of Tris-SO, (200 mM; pH 8.0) at 37°C. Enantiomers of 2-CPE are shown as open
symbols for S and solid symbols for R. (A) Reactions were carried out with wild-type HheC (circles) and P84V/F86P/T134A/N176A (squares). (B) The reaction
was catalyzed by the L142F/N176H mutant (diamonds). We used 120 u.g of purified enzymes in all cases. The chemical background was established in the absence
of enzyme and is indicated by the solid triangle. The error bars indicate standard deviations from triplicate results.

were constructed by using the mixture of the two S-selective
Pro84Val/Phe86Pro/Thr134Ala/Asn176Ala and Pro84Val/Phe86Pro/
Thr134Cys/Asn176Ala mutants as a template. However, only one
mutant, the Pro84Val/Phe86Pro/Thr134Ala/Trp139GIn/Asn176Ala/
Tyr187Phe mutant, obtained an enantioselectivity similar to that
of the parental enzyme, indicating that the bulky side chain of
Trp139isnolonger an obstacle for the binding of (S)-2-CPE in the
case that such a binding obstacle was eliminated in these two S-se-
lective mutants.

Steady-state kinetic analysis. To gain insight into the mecha-
nism of the improved and inverted enzyme enantioselectivity by
those mutations in HheC, steady-state kinetic parameters for both
the wild-type enzyme and the HheC variants toward each enan-
tiomer of 2-CPE were determined using purified enzymes (Table
2). The purity of the purified variants is about 80% as judged by
SDS-PAGE (see Fig. S3 in the supplemental material). Steady-
state kinetic results showed a decreased effect on the k_,, values
toward both enantiomers of 2-CPE, while an opposite effect on
the K,,, values by these mutations was observed in the two R-pref-
erence Thr134Val/Val142Met and Leu142Phe/Asn176His double
mutants. Thus, the effect on K, values by these mutations could
be the main determinant of the improved R-enantioselectivity
with these two R-selective mutants.

All three S-selective mutants showed an approximately 10-
fold-lower K,,, value and 6- to 12-fold-higher k_,, values for (S)-2-
CPE than those of the wild-type HheC, resulting in a 50- to 100-
fold improvement in catalytic efficiency. In contrast, these
mutations showed a negative effect on both K,,, and k,, values for
(R)-2-CPE. The catalytic efficiency of these S-selective mutants
toward (R)-2-CPE was greatly decreased (approximately 15- to
100-fold) by these mutations compared with that of the wild-type
enzyme. The results indicated that the effects of these mutations
on both substrate binding and catalytic activity all contribute to
the inverted enantioselectivity with these S-selective mutants. It is
worth noting that the catalytic efficiency of the highly S-selective
mutant (the P84V/F86P/T134A/N176A mutant) is 32-fold higher
than that of our previously evolved S-selective Asn178Ala HheA
mutant (28), and also higher than that of the wild-type HheC
toward its preferred substrate, (R)-2-CPE. Thus, the P84V/F86P/
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T134A/N176A mutant could be an efficient catalyst for producing
(8)-styrene oxide.

The observed opposite effect of these mutations on K,, values
with these S-selective mutants might be due to the elimination of
steric constraints on the binding of the S-enantiomer of 2-CPE
imposed by the side chains of those active-site residues. The re-
sults correlate well with structural information suggesting that the
high R-enantioselectivity is mainly caused by the nonproductive
binding of the unfavored S-enantiomer in the spatially limited
substrate-binding pocket of HheC (29). Moreover, it was found
that the R-selective variants tend to adopt amino acids with a
relatively large side chain at positions 134 and 176, while the two
most S-selective mutants tend to adopt amino acids with small
side chains, such as alanine, at these two positions. Therefore,
these results imply that these two residues might play key roles in
enantiomer recognition toward rac-2-CPE in HheC.

In addition to the opposite effect on K, values, these mutations
also displayed a positive effect on the k_, value toward the S-
enantiomer of 2-CPE and a negative effect toward its R-counter-
part. The results imply that a different kinetic mechanism may
exist for the dehalogenation of the two enantiomers by HheC.
Such a conclusion was supported by our previous pre-steady-state
kinetic studies for HheC (14), in which a pre-steady-state burst
phase during conversion of (R)-para-nitro-2-bromo-1-phenyl
ethanol [(R)-PNSHH] was observed; no such burst was observed
with the S-enantiomer. This finding indicated that a product re-
lease step is rate limiting for the R-enantiomer but not for the
S-enantiomer. In comparison with the k,, value of the Pro84Val/
Phe86Pro mutant, the introduction of the mutation Asn176Ala
showed a large increase in k,, value toward (S)-2-CPE. However,
previous studies showed that the Asn176Ala mutation alone did
not show any significant increased effect on the enzyme activity
(17). Inspection of the X-ray structure of HheC (PDB code
1ZMT) revealed that these three residues are located at two con-
nected active-site loop regions (15), implying that a cooperative
interaction between the two loops might play a crucial role in
modulating the catalytic properties of HheC toward (S)-2-CPE.
For further exploration of the kinetic mechanism of HheC in the
dehalogenation of (S)-2-CPE, more pre-steady-state kinetic stud-

aem.asm.org 2923


http://www.rcsb.org/pdb/explore/explore.do?structureId=1zmt
http://aem.asm.org

Guo et al.

FIG 2 Representation of the structural models of two R-selective HheC mutants, the T134V/L142M (A) and L142F/N176H (B) mutants, with (R)-2-CPE docked
in the active site. The catalytic triad Ser132/Tyr145/Arg149 and the mutated residues are shown in stick representation. Hydrogen bonds are indicated as dashed

lines.

ies are needed. Moreover, the E_, values calculated on the basis of
steady-state kinetic parameters are comparable to those obtained
from kinetic resolution studies, indicating that these two experi-
ments were conducted under similar conditions.

Structural characterization of mutants by computer model-
ing. To further unveil the enantioselective nature of HheC toward
2-CPE, molecular docking of both enantiomers of 2-CPE with the
two best R-selective and the two best S-selective HheC mutants
was carried out using the program AutoDock Vina (Fig. 2; see also
Fig. S4 in the supplemental material). In HheC, the enzyme uses a
conserved catalytic triad (Ser132/Tyr145/Argl49) to catalyze the
dehalogenation of halohydrins via a general base catalytic mech-
anism. Thus, the selection criteria for hits are as follows: the sec-
ondary hydroxyl moiety of Ca in the substrate was positioned
within hydrogen bonding distance of the OH groups of the cata-
lytic residues Tyrl45 and Ser132; the halide group of CB was
placed in the direction of the halide-binding site of HheC. In the
selected binding modes for (R)-2-CPE with the two R-selective
mutants (Fig. 2), the substrate docks in the same binding pocket as
for the wild-type HheC, with a slight difference in the binding
orientation of both the phenyl group and chloride atom (see Fig.
S2B in the supplemental material). Moreover, these binding
modes of (R)-2-CPE are similar to that of (R)-1-para-nitro-phe-
nyl-2-azidoethanol in the active site of the wild-type HheC, as
revealed from the 3D structure of the HheC-azidoalcohol complex
(15), suggesting that these docking results are reliable and can be
used for the following analysis. In these two cases, the chloride
atom interacts mainly with the phenyl groups of Phel2 and
Phe186 and the peptide oxygen of Pro175. In addition to the cat-
alytic residues Ser132 and Tyr145, the hydroxyl group of the sub-
strate of (R)-2-CPE also connects with the side chain of Vlal34
and Thr134, while such connections were eliminated in the S-se-
lective mutants in which residue 134 was replaced by Ala and Cys.
Inspection of the binding pattern of the phenyl group in the hy-
drophobic pocket revealed a new van der Waals connection be-
tween the side chain of residue 142 and the phenyl group of (R)-
2-CPE in the two R-selective mutants. In addition, the
Leul42Phe/Asn176His mutant also forms one hydrogen bond be-
tween the hydroxyl group of the substrate and the N&1 atom of
His176, which could well explain the facts that the two R-selective
mutants showed lower K,, values toward (R)-2-CPE than the
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wild-type HheC and that the Leul42Phe/Asn176His mutant had
the lowest K, value among the three enzymes. These results em-
phasized that the three randomized residues 134, 142, and 176 all
contribute to the binding of (R)-2-CPE.

With the two S-selective Pro84Val/Phe86Pro/Thr134Cys/
Asnl176Ala and Pro84Val/Phe86Pro/Thr134Ala/Asn176Ala mu-
tants, (S)-2-CPE could be fitted well into the substrate-binding
pocket in a productive way, as expected. Compared with the bind-
ing mode of (R)-2-CPE, (S)-2-CPE was accommodated into the
same binding pocket, with a slightly different binding orientation
for both the chloride atom and the phenyl group. However, no
clear pattern could be found for how the enzyme controls its enan-
tioselective preference from such a similar binding mode for the
two enantiomers of 2-CPE.

To further unveil the source of inverted enantioselectivity in-
duced by these mutations in the dehalogenation of 2-CPE, the
binding mode of (S)-2-CPE in the best S-selective mutant (the
Pro84Val/Phe86Pro/Thr134Ala/Asn176Ala mutant) was opti-
mized by performing MD simulation (Fig. 3). For this, a 10-ns
MD simulation was conducted. The representative binding mode
of (§)-2-CPE used for further analysis was obtained from the last 2
ns of MD simulation trajectory where the whole system is fairly
stable. In this binding mode, the chloride atom of the substrate
points to the halide-binding site of the enzyme and forms contacts
with the side chain of Prol175 and Leul78 and the Ca atom of
Alal76. Strikingly, the phenyl group of (S)-2-CPE points into the
hydrophobic pocket bordered by residues Alal34, Trpl39,
Alal76, and Tyr187, forming connections with the side chain of
Alal34 and Alal76, the hydroxyl group of Tyr187, and the indole
group of Trp139. The results indicated that these mutations in the
S-selective  Pro84Val/Phe86Pro/Thr134Ala/Asn176Ala mutant
greatly facilitated the binding of (S)-2-CPE. Such a binding mode
is completely different from that for the phenyl group of (R)-2-
CPE (binding pocket bordered by residues Pro84, Phe86, Trp139,
Leul42, Phel86, and Tyr187). A similar binding mode for the two
enantiomers of para-nitro-2-chloro-1-phenyl ethanol as the one
we obtained in HheC was also reported with HheA, another mi-
crobial halohydrin dehalogenase originating from Arthrobacter
AD2 (37). Strikingly, in HheA the aromatic side chain of the S-
enantiomer of the substrate was docked in the pocket formed by
residues Leul41, Asn144, and Asn178, among which Leul41 and
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FIG 3 Representation of the structural model of the P84V/F86P/T134A/
N176A mutant with (S)-2-CPE in the active site obtained by molecule dy-
namic (MD) simulation. The catalytic triad Ser132/Tyr145/Argl49 and the
mutated residues are shown in stick representation. The hydrogen bonds are
indicated as dashed lines.

Asn178 are at the equivalent positions of Trp139 and Asnl176 in
HheC. By manipulating these active-site residues, a variant with
an inverted enantioselectivity (from Eg of 21.7 to E, of 13) and an
S-selective HheA variant toward 2-CPE have been developed
(Asn178Ala) (26). The results indicated that the two enzymes
might share similar mechanisms for controlling enantioselectiv-
ity. In the case of HheA, the catalytic efficiency of the highly S-se-
lective mutant toward (S)-2-CPE is 32-fold lower than that of the
S-selective P84V/F86P/T134A/N176A mutant.

These MD simulation and docking results emphasized that
these amino acid residues that differed in the two substrate-bind-
ing pockets are more likely to cause the opposite substrate orien-
tations of the two enantiomers of 2-CPE and that residues at po-
sitions 134 and 176 play dual roles in the binding of two
enantiomers of 2-CPE. Amino acids with small side chains at these
two positions are suitable for the binding of (S)-2-CPE, while
those with large side chains were preferred to be adopted for those
R-selective mutants. This notion is also in agreement with the
observed K,,, values toward both enantiomers of 2-CPE and could
explain the reversed enantioselectivity preference of those mu-
tants. Taken together, the molecular dynamic simulation analysis
and substrate docking study provided structural details for under-
standing the observed enantiopreference of HheC. In conjunction
with in vitro kinetic analysis, the results enable us to propose that
amino acids lining the two substrate-binding pockets are hot spots
for controlling the enantioselectivity of HheC and that the ran-
domization on these targeting sites ultimately led to success.

Conclusions. Halohydrin dehalogenase HheC of bacterial or-
igin represents a valuable multifunctional biocatalyst in produc-
ing optically pure epoxides and a series of 3-substituted alcohols,
which are valuable building blocks in synthetic organic chemistry
and biotechnology. Although HheC has a remarkably high
R-enantioselectivity toward aromatic halohydrins, its structural
basis and the mechanism on controlling enantioselectivity is lim-
ited. In this study, iterative saturation mutagenesis of seven active-
site residues of HheC yielded evolution of five enantioselective
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mutants in the dehalogenation of 2-CPE, two of which displayed
an improved R-enantioselectivity while the other three enzymes
showed inverted enantioselectivity, with Eg values of 50 to 102.
Most importantly, the best S-selective mutant exhibited an ap-
proximately 100-fold-higher catalytic efficiency toward-(S)-2-
CPE than the wild-type HheC; such a catalytic efficiency is at the
same level as that of the wild-type HheC toward (R)-2-CPE. The
evolved enantiocomplementary HheC enzymes proved to be valu-
able tools in producing both enantiomers of optically pure styrene
oxide. Our results demonstrated that this active-site focused mu-
tagenesis strategy, ISM, could serve as a valuable method to de-
velop such enantiocomplementary enzymes. Molecular modeling
in combination with in vitro kinetic assays provided useful mech-
anistic details governing the enzymatic enantioselectivity of
HheC, which will greatly facilitate the ability to rationally predict
mutations that improve the enantioselectivity of an enzyme.
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