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Abstract Halohydrin dehalogenases (HHDHs) are an impor-
tant class of enzymes for preparing optically active
haloalcohols, epoxides, and β-substituted alcohols. However,
natural HHDHs rarely meet the requirements of industrial ap-
plications. Here, a novel high-throughput screening (HTS)
methodology for directed evolution of HHDH was developed
based on the colorimetric determination of azide. In this meth-
od, azide was involved in the HHDH-catalyzed ring-opening
process and the decrease of azide was used to quantitatively
evaluate HHDH activity. The HTS methodology was simple
and sensitive (ε460=1.2173×10

4 L mol−1 cm−1) and could be
performed in a microplate format using whole cells. To verify
the efficiency of the HTS methodology, it was adopted to
engineer a HHDH (HHDH-PL) from Parvibaculum
lavamentivorans DS-1, which was applied in the process for
ethyl (R)-4-cyano-3-hydroxybutanoate (HN) by the conver-
sion of ethyl (S)-4-chloro-3-hydroxybutanoate ((S)-CHBE)).
A random mutant library containing 2500 colonies was
screened using the HTS methodology, and three beneficial
mutants F176M, A187R, and A187S were obtained. By com-
bining the beneficial mutated residues, the variant F176M/

A187R was identified with 2.8-fold higher catalytic efficiency
for preparation of HN. The high-throughput colorimetric as-
say would be very useful for directed evolution of HHDH for
preparing β-substituted alcohols.
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Introduction

In the past few years, the demand for single enantiomers in
medicinal chemistry was becoming expanding and increasing.
Enzyme-catalyzed reactions exhibit high efficiency,
enantioselectivity, and stereoselectivity in synthetic chemistry,
which are of high interest for synthesis of fine chemicals and
pharmaceutical intermediates (Schmid et al. 2001;
Schoemaker et al. 2003). Halohydrin dehalogenases (HHDHs,
EC 4.5.1.X), also called halohydrin epoxidases and halohy-
drin hydrogen-halide-lyases, are able to catalyze the
dehalogenation of vicinal halohydrins accompanying the for-
mation of epoxides (de Vries and Janssen 2003). On the other
hand, HHDHs could convert epoxides into corresponding β-
substituted alcohols undergoing the nucleophile-mediated
ring-opening processes (Fig. 1). Many nucleophiles such as
CN−, NO2

−, N3
−, SCN−, OCN−, X−, and HCOO− lead to a

diverse range of β-functionalized alcohols (de Vries and
Janssen 2003; Spelberg et al. 2001).

Catalytic mechanism investigations have revealed that
HHDHs belong to short-chain dehydrogenase/reductase
(SDR) enzyme superfamily and possess a conserved catalytic
triad Ser-Tyr-Arg (de Jong et al. 2003). What sets HHDHs
apart from a large number of SDR enzymes is that HHDHs
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do not have a NAD(P)+-binding site; instead, a spacious anion
binding pocket is present. Recently, many novel HHDH genes
have been identified by database mining which enrich the
HHDH enzyme family (Schallmey et al. 2014; Xue et al.
2014). These HHDHs are classified into several phylogenetic
subtypes based on the substrate specificity and sequence iden-
tity. Furthermore, several crystal structures have been resolved
to give deeper insight into the structure-function relationship
of HHDHs (de Jong et al. 2006, 2005; Schallmey et al. 2013).
HheAAD2 from Arthrobacter sp. strain AD2 exhibits a more
open subs t ra te -b inding pocket than HheC from
Agrobacterium radiobacterAD1, which is in accord with that
HheAAD2 probably prefers long-chain halohydrins. HHDHs
and their variants have exhibited high regioselectivity and
enantioselectivity in the dehalogenation and ring-opening pro-
cesses. Owing to the especial promiscuity, HHDHs are be-
coming an attractive biocatalyst in organic chemistry (Vlieg
et al. 2001; You et al. 2013). Examples of relevant applications
are the preparation of optically active halohydrins (Elenkov
et al. 2006b; Tang et al. 2012), epoxides (Spelberg et al. 2001),
and β-functionalized alcohols (Elenkov et al. 2006a, 2007;
Hasnaoui-Dijoux et al. 2008). An industrial application of
HHDH was used for manufacturing HN, which is a key chiral
building block for a salable cholesterol-lowering drug of ator-
vastatin (Fox et al. 2007; Liu et al. 2015; Ma et al. 2010; You
et al. 2014). In this enzymatic process, (S)-CHBE is converted
to corresponding epoxide and subsequently leading to HN in
the presence of cyanide (Fig. 2). A high yield of HN has been
achieved under the mild conditions, for which conventional
chemical processes are rather challenging. Despite the worth-
while and potential for preparation of fine chemicals, natural
HHDHs rarely meet the demands of industrial applications
which require the high specific activity, stability, selectivity,
and the high tolerance to the substrates and products.

Now, it is convenient to construct a mutant library by many
genetic approaches such as DNA shuffling (Stemmer 1994a,
b), error-prone PCR (Leung et al. 1989), MEGAWHOP

(megaprimer PCR of whole plasmid) (Miyazaki and
Takenouchi 2002), site-directed/site saturation mutagenesis
(Zheng et al. 2004), and iterative saturation mutagenesis
(Reetz and Carballeira 2007). By directed evolution approach,
many beneficial enzyme variants with great improvement of
capabilities are obtained and applied into the synthesis of
pharmaceutical intermediates and fine chemicals on an indus-
trial scale (DeSantis et al. 2003; Fox et al. 2007; Savile et al.
2010). Although directed evolution is an effective route to
improve enzymatic properties, screening the large mutant li-
braries is time-consuming and laborious. Therefore, an accu-
rate and rapid HTS methodology was critical to facilitate the
screening procedure (Aharoni et al. 2006; Mastrobattista et al.
2005). Many successful HTS methods for screening enzyme
mutants have been developed based on the properties of these
specific enzymatic processes (Goddard and Reymond 2004;
He et al. 2011; Olsen et al. 2000; Trollope et al. 2014; Zeng
et al. 2013; Zheng et al. 2007). Two colorimetric assays have
been developed for measuring HHDH activity by determining
the released halide ions and protons in dehalogenation process
(Schallmey et al. 2013; Tang et al. 2010). Another chromo-
genic assay for measuring HHDH activity requires the usage
of the specific chromogenic substrates (para-nitro-2-bromo-1-
phenylethanol and the epoxide para-nitrostyrene oxide)
(Spelberg et al. 2002). An adrenaline-based colorimetric assay
for monitoring HHDH-catalyzed epoxide ring-opening reac-
tions has been reported recently, while the diol-producing sub-
strate was required in this method (Tang et al. 2014).

HHDH-PL from P. lavamentivorans DS-1 has been cloned
and applied to preparation of HN from (S)-CHBE (Wan et al.
2014). Unfortunately, the highly toxic cyanide made it diffi-
cult to perform directed evolution. In this study, an efficient
and sensitive azide-based colorimetric assay was established
and optimized to measure HHDH activity. Subsequently, a
HTS methodology was developed and applied to directed
evolution of HHDH-PL. After performing random mutation
and site-directed mutagenesis, a variant F176M/A187R was
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obtained with up to 2.8-fold higher catalytic efficiency for
synthesis of HN.

Materials and methods

Chemicals and reagents

All analytical reagents (sodium azide, ferric chloride,
disodium hydrogen phosphate, monometallic sodium ortho-
phosphate, boric acid, sodium borate, concentrated hydrochlo-
ric acid, concentrated sulfuric acid, and Tris base) were pur-
chased from Aladdin Chemistry (Shanghai, China). (S)-
CHBE and HN were purchased from J & K Chemical Tech-
nology (Shanghai, China). All microplate assays were per-
formed on a Spectramax 5.4 microplate reader with SoftMax
PRO version 5.2 software (Molecular Devices, Sunnyvale,
CA, USA). Ninety-six well standard microplate (maximum
volume 300 μL/well, Thermo Scientific, Shanghai, China)
used for colorimetric assay and 96-deep-well plates (maxi-
mum volume 2 mL/well, Sangon Biotech, Shanghai, China)
were employed to culture and conserve Escherichia coli cells.
PrimerSTAR® HS DNA polymerase and restriction enzymes
were fromTakara (Dalian, China). GoTaqGreen®MasterMix
was from Promega (Madison, WI, USA). AxyPrep Plasmid
Miniprep Kit, DNA Gel Extraction Kit, and PCR Cleanup Kit
were from AXYGEN (Shanghai, China).

Establishment and optimization of the colorimetric assay

Ferric chloride solution (FCS) was selected to determine the
concentration of azide. At first, several concentrations (25, 50,
100, and 200 mM) of FCS were tested to determine azide over
the concentration ranges from 0 to 5 mM. Subsequently, three
buffers of Na2HPO4-NaH2PO4, Na2B4O7-H2BO3, and Tris-
H2SO4 (pH 8.0, concentrations range from 0 to 200 mM) were
selected to imitate the enzymatic catalysis system. Different
concentrations (from 0 to 200 mM) of HCl in Tris-H2SO4

buffer (50 mM and pH 8.0) and water were conducted to
mimic the protons and halide ions that are released upon the
dehalogenation process. For investigating their effects on the
colorimetric assay, 10 μL of each buffer was added into
190 μL 50 mM FCS containing 1 mM sodium azide and
recorded on Spectramax 5.4.

Cloning and expression of HHDH-PL

HHDH-PL gene (GenBank Access ion Number,
ABS64560.1) was amplified and ligated into NcoI/XhoI-
digested pET32a (+) plasmids (Novagen, Darmstadt, Germa-
ny) with the trx-tag and his-tag flanking the gene N-terminal.
The cloning primers are listed in Table S1. The recombinant
plasmids were transformed into competent E. coli BL21

(DE3). Expression of the recombinant HHDH-PL was carried
out in Luria-Bertani (LB) medium with 0.1 mM isopropyl-β-
D-thiogalactopyranoside (IPTG) as the previously described
procedure (Wan et al. 2014). Recombinant E. coli cells were
harvested by centrifugation (BECKMAN COULTER Avanti
J-26S XP, Brea, CA, USA) at 10,000×g and 4 °C for 10 min.
After discarding the supernatant, precipitated cells were
washed with 50 mM Tris-H2SO4 buffer (pH 8.0).

Construction of a random mutant library

The randommutant library of HHDH-PL was generated using
error-prone and MEGAWHOP PCR methods. The error-
prone PCR was carried out in a total volume of 50 μL con-
taining 25 μL 2× GoTaq Green® Master Mix, 5 μL 50 mM
MgCl2 buffer, 5 μL 1 mM MnCl2, 0.5 μL (50 μM) of each
forward and reverse primers (Table S2), 1 μL (100–200 ng)
HHDH-PL plasmids, and 13μL deionized water. The reaction
mixtures were heated at 95 °C for 3min, followed by 25 cycles
of incubation at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
60 s, and a final incubation at 72 °C for 10 min. The PCR
products were analyzed by agarose gel electrophoresis assay
and purified with PCR Cleanup Kit. The purified PCR prod-
ucts were used as primers for MEGAWHOP PCR. The reac-
tions were carried out in a total volume of 50 μL containing
10 μL 5× PrimerStar buffer, 4 μL dNTP Mix (0.8 mM), 1 μL
HHDH-PL plasmids, 0.5 μL PrimerStar, 8 μL mega primers
(1 μg, the purified error-prone PCR products), and 26.5 μL
deionized water. The PCR was performed as the following
program: 72 °C for 10 min, 5 min at 95 °C followed by 30 cy-
cles of 10 s at 98 °C, 15 s at 55 °C, 8 min at 72 °C, and a final
incubation at 72 °C for 10 min. Ten-microliter PCR products
were analyzed by agarose gel electrophoresis, and the remain-
ing PCR products (40 μL) were digested with restriction en-
zyme DpnI (2 μL) at 37 °C for 3 h. The digested product was
incubated at 65 °C for 30min, transformed into the chemically
competent E. coli BL21 (DE3), and plated on the agar/
ampicillin LB plates.

Developing a HTS methodology

The colonies on the agar plates were picked into 96-deep-well
plates containing 1 mL LBmedium and 50 μg/mL ampicillin.
Three wild-type HHDH-PL (HHDH-PL WT) colonies were
picked as controls. The plates were incubated at 37 °C and
stirred for 5 h. Subsequently, each 100 μL culture was trans-
ferred into another 96-deep-well plate containing 100 μL of
30 % (w/v) sterile glycerol for conservation at −70 °C. One
hundred-microliter fresh LB medium containing 50 μg/mL
ampicillin and 1 mM IPTG was added into the remaining
culture (900μL) and induced at 28 °C for 12–14 h. The E. coli
cells were collected by centrifugation at 3000×g and 4 °C for
30 min, and the supernatants were discarded. Five hundred-
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microliter analysis buffer (50 mM Tri-H2SO4 buffer, 20 mM
(S)-CHBE, and 20 mM NaN3) was added into each well to
resuspend the cells. The plates were stirred at 40 °C, 150 rpm
for 30 min. Ten-microliter reaction mixtures of each well were
added into the standard 96-well plates containing 190 μL
50 mM FCS. Colorimetric assay was carried out at 460 nm
on Spectramax 5.4 (Fig. S7). The relative activities were cal-
culated using the following equation:

Relative activity ¼ 20 � OD460 cð Þ � OD460 rð Þ
� �

= 1:2173t

where OD460(c) and OD460(r) represented the optical density of
the negative control (analysis buffer) and the sample catalyzed
by HHDH, respectively, t represented the reaction time, 20
was the dilution factor, and 1.2173 was the coefficient of cal-
ibration curve (y=1.2173 x+0.2774, Fig. S2). The variants
with higher relative activities than HHDH-PL WT were col-
lected as beneficial mutants. The remaining reaction mixtures
of beneficial mutants were extracted with 700 μL ethyl acetate
and dried on anhydrous sodium sulfate for GC verification.
GC analysis of (S)-CHBE, ethyl (S)-oxirane-2-acetate (OAE),
and ethyl (R)-4-azido-3-hydroxybutanoate (AHE) was per-
formed on GC-14C (Shimadzu, Japan) equipped with flame
ionization detector (FID) detector and the Astec CHIR
ALDEX™ G-TA column (30 m×0.25 mm, 0.12-μm film
thickness, Supelco, USA). The temperature program was iso-
thermal at 90 °C for 5 min, increase at 5 °C/min to 140 °C, and
final staying at 140 °C for 10 min. Retention times were as
follows: Rt=6.7 min for OAE, Rt=14.7 min for (S)-CHBE,
and Rt=19.6 min for AHE (Fig. S3).

Recombination of beneficial mutants by site-directed
mutagenesis

Three beneficial mutants F176M, A187S, and A187R were
obtained after screening the random mutant library. Plasmid
F176Mwas prepared using Plasmid Miniprep Kit and used as
templates for site-directed mutagenesis PCR. The double mu-
tants F176M/A187S and F176M/A187R were constructed
using the corresponding primers given in Table S3. PCR re-
actions were carried out in a total volume of 50 μL using
PrimerStar DNA polymerases with the following program:
95 °C for 5 min, followed by 30 cycles of 10 s at 98 °C,
15 s at 58 °C, 8 min at 72 °C, and a final incubation at
72 °C for 10 min. After digestion with DpnI at 37 °C for
3 h, the PCR products were transformed into E. coli BL21
(DE3) and plated on agar/ampicillin LB plates. Successful
construction of these mutants was verified by sequencing.

Determination of the relative activities for HN

Mutants F176M, A187R, A187R, F176M/A187R, and
F176M/A187S were tested to prepare HN and compared

with HHDH-PL WT. Sodium dodecyl sulfate (SDS)-PAGE
assay indicated that the expressions of these HHDHs were
equivalent in the same conditions (Fig. S5), and the crude
enzymes were used to determine relative activity. One-gram
wet weight cells were resuspended in 10 mL Tris-H2SO4

buffer (200 mM, pH 7.5) for sonication for 20 min. After
centrifugation at 12,000×g and 4 °C for 20 min, the super-
natants were used as crude enzymes to prepare HN. All the
reactions were performed on 902 Titrando system
(Metrohm, Switzerland) equipped with a magnetic stirrer
(IKA, Staufen, Germany) and pH stat. In a 50-mL reactor,
30 mL Tris-H2SO4 buffer (200 mM, pH 7.5) and 400-μL
30 % (w/v) NaCN solution (caution: NaCN was highly tox-
ic) were added, and the system pH was adjusted to 7.5 using
50 % diluted sulfuric acid. After heating the mixture up to
40 °C, 1.0 g (S)-CHBE and 10 mL of crude enzyme were
added and stirred at 500 rpm. In this process, the protons
released in the dehalogenation step would lower the pH, and
30 % NaCN solution as a base was injected to keep pH 7.5
by pH stat. After 30 min, 800 μL per reaction was extracted
with 800 μL ethyl acetate for GC assay. GC analysis for (S)-
CHBE, OAE, and HN was carried out on GC-14C equipped
with FID detector and G-TA column. The temperature pro-
gram was isothermal at 90 °C for 5 min, increase at
5 °C/min to 180 °C, and final 2 min at 180 °C. Retention
times were as follows: Rt=7.9 min for OAE, Rt=13.9 min
for (S)-CHBE, and Rt=18.6 min for HN (Fig. S4). The ac-
tivities were calculated by using the yield of HN.

Purification of HHDH-PLWTand F176M/A187R

The variant F176M/A187R and HHDH-PL WT were cul-
tured and expressed in a shaking flask (5×100 mL of LB
medium). The crude enzymes of F176M/A187R and
HHDH-PL WT were prepared as described above. The su-
pernatants were applied to a Nickel-NTA column (MC/20,
16×100, A&B Applied Biosystems) preequilibrated with
buffer A (20 mM imidazole, 50 mM Tris sulfate, 300 mM
NaCl, pH 8.0) at flow rate of 2.0 mL/min. Non-tagged con-
taining proteins were washed off with ten column volumes
of buffer A and ten column volumes of buffer B (50 mM
imidazole, 50 mM Tris sulfate, 300 mM NaCl, pH 8.0).
Bound proteins were eluted with buffer C (200 mM imidaz-
ole, 50 mM Tris sulfate, 500 mM NaCl, pH 8.0) (Liu et al.
2009). The eluted fractions showing HHDH activity were
pooled, concentrated, and buffer exchanged in 50 mM Tris
sulfate (pH 8.0) using an ultrafiltration membrane. SDS-
PAGE assay using a 12 % gel was carried out to determine
the purity of the purified HHDHs (Fig. S6). The concentra-
tion of the purified enzyme was determined by measuring
the absorbance at 590 nm with BCA Protein Assay Kit
(KeyGen Biotech, China).
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Determination of kinetic constants of HHDH-PLWT
and F176M/A187R

The steady-state kinetic parameters of HHDH-PL WT and
F176M/A187R were examined using substrate (S)-CHBE.
The initial velocities of the formation of OAE and HN were
determined by varying the concentrations of substrate (S)-
CHBE ranging from 10 to 100 mM. The initial rates obtained
were fitted with the Michaelis-Menten equation (V=Vmax·[S]/
Km+[S], where Vmax was the maximum rate, [S] was the sub-
strate concentration, andKmwas theMichaelis constant) using
Origin 8.0. The enzymatic reactions to determine the forma-
tion of OAE were performed in 850 μLTris-H2SO4 (100 mM,
pH 8.0) buffer with 50 μL purified enzyme and 100 μL sub-
strate solution (0.1 to 1 M of (S)-CHBE in 100 mM Tris-
H2SO4 buffer, pH 8.0). The enzymatic reactions to determine
the formation of HN were performed in 850 μL Tris-H2SO4

(100 mM, pH 8.0) buffer containing 117mMNaCN (100mM
for the final 1-mL mixture). One hundred-microliter substrate
solution and 50μL purified enzymewere added to the mixture
for incubation at 40 °C. All the reactions were carried out on
Thermomixer comfort (Eppendorf, Hamburg, Germany) at
500 rpm. After the reactions were stopped, 1000 μL ethyl
acetate was added to extract the products and the organic
extracts were analyzed by GC. The yields of OAE and HN
were determined by GC-14 using the program as described
above.

Molecular homology modeling and docking

The modeling structures of HHDH-PL WT and mutant
F176M/A187S were constructed by Modeller software (ver-
sion 9.12) using the crystal structure of HheAAD2 (PDB code:
1ZMO, 2.00 Å) (de Jong et al. 2006) and HheC (PDB code:
1PWX, 1.80 Å) (de Jong et al. 2005) as templates. The gen-
erated models were sent to Procheck (Laskowski et al. 1993)
and UCLA-DOE server for analyzing and validation
(Khajamohiddin et al. 2006). The optimal models were select-
ed to perform docking study for (S)-CHBE using AutoDocK

(version 4.20) (Morris et al. 2009). (S)-CHBEwas treated with
the program LigPrep of Maestro 9.0 (Schrodinger LLC) to
generate the lowest energy conformation before performing
docking studies. The docking results were analyzed and visu-
alized using PyMoL software (academic version).

Results

Establishment and optimization of the colorimetric assay

HHDH was able to catalyze the dehalogenation of vicinal
halohydrins and the ring opening of epoxides in the presence
of nucleophiles. Azide was a frequently used nucleophile for
kinetic resolution of epoxides by HHDHs (Elenkov et al.
2008; Hasnaoui-Dijoux et al. 2008; Molinaro et al. 2010;
Spelberg et al. 2001). In this study, azide was used as a nucle-
ophile and involved in the continuous dehalogenation and
ring-opening processes (Fig. 3). In this case, halohydrin was
converted into corresponding epoxide and followed by ring
opening with azide to form β-azidoalcohol which could be
monitored by the decrease of azide. The aim of this study
was to develop an efficient assay to monitor the changes of
azide in the ring-opening process. A spectrophotometric de-
termination of azide by ferric perchlorate solution has been
reported previously (Anton et al. 1960), which was based on
the blood red complex (iron(III)/azide) with a characteristic
absorbance at 454 nm. Herein, ferric chloride solution (FCS)
was used and optimized to establish a proper colorimetric
assay for determining HHDH activity. SCN- was not chosen
because it exhibited a high inhibition constant and low activity
in HHDH-catalyzed ring-opening process even if it had a con-
venient colorimetric assay (Bergmann and Sanik 1957;
Hasnaoui-Dijoux et al. 2008). Nucleophiles including CN−,
OCN−, and NO2

− were also eliminated due to the inconve-
nient test methods for measuring HHDH activity.

The different concentrations of azide were analyzed in
25 mM FCS, and the generated iron(III)/azide complexes were
scanned at the wavelength ranges from 390 to 750 nm (Fig. S1).

Fig. 3 Azide-based colorimetric
assay for measuring HHDH
activity

Appl Microbiol Biotechnol (2015) 99:4019–4029 4023



With the raise of azide, the absorbance was gradually increased
at 460 nm. In order to gain the feasible colorimetric conditions
for monitoring HHDH activity, the concentrations of azide and
FCS were systematically investigated (Fig. 4). Absorbances
reached the maximum 3.0 at 3 mM azide. At the same concen-
tration of azide, the higher concentration of FCS gave the higher
absorbance. The low concentration (25 mM) of FCS was hard
to observe the color change, and the high concentration of FCS
(100 and 200 mM) had a high intrinsic absorbance. All things
considered, 50 mM FCS was selected to determine the azide.
The detection calibration curve (y=1.2173x+0.2774, R2=
0.999) for azide over the concentration from 0 to 2 mM was
plotted from the mean extinction values (Fig. S2). The molar
absorptivity, ε460=1.2173×10

4 L mol−1 cm−1, was determined
from the slope of the calibration curve.

In the HHDH-catalyzed reactions, the released protons
would lower the pH and a buffer was usually used to keep
the optimal catalytic pH (7.8–8.0). Here, three buffers
Na2HPO4-NaH2PO4, Na2B4O7-H2BO3, and Tris-H2SO4

(pH 8.0) were selected and their effects on this colorimetric
method were investigated. Figure 5 shows that Na2B4O7-
H2BO3 and Tris-H2SO4 buffers had no effect on the absor-
bance, but Na2HPO4-NaH2PO4 buffer irregularly changed the
absorbance owing to the formed sediment ironic phosphate. In
addition, the liberated protons and halide ions were mimicked
using different concentrations of HCl, and their influences on
the absorbance were also examined. Figure 6 shows that the
HCl in water and Tris-H2SO4 buffer (pH 8.0, 50mM) gave the
similar influences on the absorbance. The HCl concentration
of up to 1.3 mM had insignificant effect on the absorbance.
With continual increase of the HCl, the absorbance was grad-
ually reduced, and a distinct decrease was found at the con-
centration higher than 10 mM. For the accurate absorbance, it
was better to control the final proton concentration within
2.5 mM by adjusting the concentrations of enzyme and

substrates, reaction time or the mixture volume that is used
for colorimetric assay.

Based on the results obtained above, a colorimetric assay
for measuring HHDH activity was established: the enzymatic
reaction was carried out in the Tris-H2SO4 buffer (100 mM,
pH 8.0) containing 20mM substrate (halohydrins or epoxides)
and 20 mM NaN3. After incubation at 40 °C for a specific
time, 10 μL of the reaction mixture was added into 190 μL
50 mM FCS for colorimetric assay at 460 nm. The relative
activity could be calculated by the decrease rate of azide.

Screening mutant library using HTS methodology

The developed colorimetric assay was adopted to engineer
HHDH-PL in HTS format for higher catalytic efficiency of
HN. Figure 7 is a brief summary of the HTS methodology for
directed HHDH-PL evolution. After screening a mutant library
of 2500 colonies in 2 weeks (3 days for constructing random
mutagenesis library, every 2 days for 500 colonies screening),

Fig. 4 Effects of azide and FCS on the absorbance. Symbols: 25 mM
FCS (squares), 50 mM FCS (circles), 100 mM FCS (triangles), and
200 mM FCS (inverted triangles)

Fig. 5 Effects of the buffers on the absorbance

Fig. 6 Effects of HCl on the absorbance: HCl in water (dotted line) and
HCl in Tris-H2SO4 buffer (solid line)
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three beneficial mutants F176M, A187S, and A817R were iden-
tified with the improvement of the catalytic efficiency for AHE.
For getting a higher activity, the beneficial mutated residues com-
bined by site-directed mutagenesis were used to generate the
mutants F176M/A187R and F176M/A187S. Subsequently, the
capabilities of these mutants for preparing HN were tested and
compared to HHDH-PLWT. The absolute activity for HHDH-
PLWT was 1521 U/mL (crude enzyme). Figure 8 reveals that
mutants F176M,A187S, andA187R gave the 2.1-, 1.6-, and 1.8-
fold higher activity than HHDH-PLWT, respectively. The dou-
ble mutant F176M/A187S was identified with 2.3-fold higher
activity than HHDH-PLWT, but the increase was not significant
compared with F176M. The relative activity of the best mutant
F176M/A187R was 3.1-fold higher than HHDH-PLWT.

Determination of kinetic constants of HHDH-PLWT
and F176M/A187R

The kinetic constants, Km, kcat, and kcat/Km, for the formation
of OAE and HN were determined and are summarized in
Table 1. The enzymatic efficiency (kcat/Km, 533 ±
10 mM−1 s−1) of mutant F176M/A187R for formation of
OAE was 1.75-fold higher than HHDH-PL WT (kcat/Km,
305±6 mM−1 s−1). On the other hand, the enzymatic efficien-
cy (kcat/Km, 207±3 mM−1 s−1) of mutant F176M/A187R for
formation of HN was 2.8-fold higher than HHDH-PL WT
(kcat/Km, 74±2 mM−1 s−1). The results indicated that the cat-
alytic efficiencies for ring closure and ring-opening processes
were both improved by the mutant F176M/A187R.

Fig. 7 Summary of the strategy
for directed evolution of HHDH-
PL using the HTS methodology
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Molecular homology modeling and docking

To gain deeper insights into the structural changes, the docking
studies of HHDH-PLWT and mutant F176M/A187R for (S)-
CHBE were performed using the model structures (Fig. 9).
S133 was involved in substrate binding, and Y146 acquired a
proton from (S)-CHBE to form OAE. The substitution of
F176M and A187R changed the conformation of (S)-CHBE
in the active site, which made (S)-CHBE closer to the catalytic
triad S133-Y146-R150. The mutation of F176M and A187R
had no effect on the conformation of catalytic triad. When the
small amino acid A187 mutated to large amino acid R187, the
steric hindrance was enhanced to (S)-CHBE, which changed
the conformation of (S)-CHBE to the catalytic triad. As a result,
the substrate (S)-CHBE was closed to S133 and Y146 which
made it easier for substrate binding and proton transfer in
dehalogenation and cyanation processes. The affinity of mutant
F176M/A187R to (S)-CHBE was increased, which was
reflected by the decrease of Km from 7.3±0.3 mM (HHDH-
PL WT) to 5.9±0.2 mM (F176M/A187R). The two residue
substitutions contributed to the 2.8-fold improvement of cata-
lytic efficiency for preparing HN.

Discussion

Recently, HHDHs have exhibited excellent practicability in
the synthesis of optically active pharmaceutical intermediates
and fine chemicals such as enantiopure halohydrins, epoxides,
and β-substituted alcohols (Elenkov et al. 2006a, 2008;
Molinaro et al. 2010; Tang et al. 2012). However, the reported
natural HHDHs with low activity could not meet the require-
ments of industrial application, and most studies were still in
the stage of experiment (de Vries and Janssen 2003). In the
last few decades, many gene techniques were developed to
construct mutant libraries, which made it convenient for engi-
neering enzymes in vitro. Due to the large mutant library in
evolution procedure, an effective and accurate HTS method-
ology was crucial to rapidly find a desired excellent variant.

In this study, a colorimetric assay for measuring HHDH
activity was established based on the existing spectrophoto-
metric assay for the determination of azide with FCS. In view

Fig. 8 Relative activities of HHDHs for preparation of HN. The relative
activities were calculated by using the yield of HN, and the activity of
HHDH-PLWTwas used as control (100 %)

Table 1 Kinetic parameters of
HHDH-PLWT and F187M/
A187R

HHDHs Formation of OAEa Formation of HNb

Km (mM) kcat (s
−1) kcat/Km (s−1 mM−1) Km (mM) kcat (s

−1) kcat/Km (s−1 mM−1)

HHDH-PLWT 7.3±0.3 2222±34 305±6 10.1±0.1 752±18 74±2

F176M/A187R 5.9±0.2 3132±35 533±10 5.4±0.2 1112±27 207±3

a Determination of the kinetic constants without adding NaCN. The kinetic parameters were calculated using the
yield of OAE
bDetermination of the kinetic constants by adding 100 mMNaCN. The kinetic parameters were calculated using
the yield of HN

Fig. 9 Binding poses of (S)-CHBE in HHDH-PL WT and mutant
F176M/A187R. HHDH-PL WT and mutant F176M/A187 were painted
with magenta and green. The (S)-CHBE binding in HHDH-PLWTwas
painted with magenta, and the (S)-CHBE binding in F176M/A187R was
painted with green. Catalytic triad Ser133-Tyr146-Arg150, Phe176,
Ala187, Met176, Arg187, and (S)-CHBE were shown as sticks
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of the accuracy and visualized color change, 50 mM FCS was
adopted to determine the azide and analyze HHDH activity.
The enzymatic reaction should be carried out in Tris-H2SO4

buffer or Na2B4O7-H2BO3 buffer. In the case of using a halo-
hydrin substrate, the high concentration of proton released in
dehalogenation process would affect the absorbance. Hence, it
was better to control the final proton concentration lower than
2.5 mM in colorimetric process. However, when a epoxide
substrate was used in this colorimeric assay, it could be per-
formed without consideration of the effect of proton. The de-
tection calibration curve (y=1.2173×+0.2774, R2=0.999) for
azide was linear with the molar absorptivity 1.2173×
104 L mol−1 cm−1, which indicated that this colorimetric was
sensitive and accurate for determining HHDH activity. Be-
cause of the high molar absorptivity of iron(III)/azide com-
plex, the final azide concentration in FCS should be controlled
in 0–2 mM by altering the sample volume that used for color-
imetric assay.

In addition, a HTS methodology was established based on
the colorimetric assay and used to screen mutant library of
HHDH-PL. After quickly screening 2500 colonies, two vari-
ants F176M and A187R with 2.1- and 1.8-fold higher relative
activities than HHDH-PL WT were obtained. By combining
the two mutated residues, the double mutant F176M/A187R
exhibited 2.8-fold improvement of catalytic efficiency for HN.
Although the improvement was not remarkable, several addi-
tional potential applications regarding the colorimetric assay
were worth noting. Firstly, the colorimetric assay could be
used to screen the HHDH-producing strains. The previous
reported colorimetric assay for measuring HHDH activity
was based on the liberated halide ions or protons in
dehalogenation process. In some cases, halohydrins such as
1,3-dibromo-2-propanol and 1,3-dichloro-2-propanol could
spontaneously generate the corresponding epoxides in
alkalescent condition, and the β-substituted alcohols were dif-
ficult to form in the absence of HHDH. Hence, the colorimet-
ric assay could remove the background activity in screening
process. Secondly, the colorimetric assay was not limited to
the substrates. Both halohydrin and epoxide substrates were
applicable in this colorimetric assay. Thirdly, the HTS meth-
odology based on the colorimetric assay could be performed
on a 96-well microplate format using whole cells, which was
suitable for directed evolution of HHDH for preparing β-
substituted alcohols. The halide-based colorimetric assay
was sensitive but complicated, which involves two solutions:
solution I [NH4Fe(SO4)2 (0.25 M) in HNO3 (9 M)] and solu-
tion II [saturated solution of Hg(SCN)2 in absolute ethanol]
(Bergmann and Sanik 1957; Schallmey et al. 2013). In addi-
tion, the Hg(SCN)2 solution was highly toxic which was un-
safe for a HTS procedure. The pH-based high-throughput col-
orimetric assay for screening HHDH mutant library has been
reported, while it was inconvenient to establish the optimal
concentrations of HEPES and enzyme (Tang et al. 2012).

Furthermore, the two colorimetric methods were limited to
dehalogenation process and not suitable for ring-opening re-
action. Another chromogenic assay for measuring HHDH ac-
tivity is needed to use the chromogenic substrates para-nitro-
2-bromo-1-phenylethanol (ε310=4289 L mol−1 cm−1) and the
epoxide para-nitrostyrene oxide (ε310=3304 L mol−1 cm−1).
This colorimetric assay was limited to the chromogenic sub-
strates, and the sensitivity was lower than the azide-based
colorimetric assay (ε460=1.2173×10

4). The adrenaline-based
colorimetric assay was limited to the diol-producing substrates
(Tang et al. 2014). In summary, the azide-based HTS method-
ology was simple, sensitive, and no substrate limit.

In conclusion, a sensitive and accurate colorimetric assay
was presented to determine HHDH activity based on the de-
termination of azide. In addition, a novel HTS methodology
was developed bymeans of the colorimetric assay and applied
to improving the catalytic efficiency of HHDH-PL for prepar-
ing HN via conversion of (S)-CHBE. By performing random
mutation and site-directed mutagenesis, the variant F176M/
A187R was identified with 2.8-fold improvement of catalytic
efficiency for HN. This efficient HTS methodology would be
very useful for the directed evolution of HHDHs for preparing
β-substituted alcohols.
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