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Introduction

Currently, biocatalysts are playing an important role in the 
chemicals industry, especially in the production of chiral 
substances [3, 6, 33]. Halohydrin dehalogenase (HHDH, 
EC 4.5.X.X) can catalyze a halohydrin to its correspond-
ing epoxide without any cofactors for keeping its activity 
[1, 30]. HHDH has been widely used in the epoxide ring 
opening reaction with the presence of nucleophiles such as 
cyanide-, azide-, and nitrite ions [13, 19, 20, 21, 23]. It is 
reported that HHDHs have been found in several micro-
organisms that utilized halohydrins as carbon and energy 
sources [2, 29, 32]. In the past few decades, a number of 
HHDHs have been purified and characterized from Arthro‑
bacter sp. strain AD2 [30], Corynebacterium sp. strain 
N-1074 [22, 35], Arthrobacter erithii H10a [2], Arthrobac‑
ter sp. strain PY1 [32], and Agrobacterium sp. strain NHG3 
[12]. The genes encoding HHDHs have been cloned and 
expressed and the recombinant HHDHs were characterized 
in detail [31, 35]. These HHDHs were increasingly recog-
nized as attractive tools for the preparation of bio-pharma-
ceutical intermediates and biodegradation of various chlo-
rinated environmental pollutants [3, 10, 11, 16, 21, 32].

Epichlorohydrin (ECH) is an important compound 
widely used as a raw material for the synthesis of epoxy 
resins in polymer chemistry [23]. ECH is also an inter-
mediate for the synthesis of pheromone anisomycin, pro-
pranolol analogs, and β-blockers [17, 19]. HHDH from 
A. tumefaciens can catalyze the dehalogenation of vici-
nal halohydrins to produce their corresponding epoxides 
[13, 19]. The nucleotide sequence of this enzyme, three-
dimensional (3D) structure, and catalytic mechanism have 
been previously solved [5, 6, 28, 31]. The HHDH from A. 
tumefaciens shows significant sequence and mechanistic 
similarity with the short-chain dehydrogenase/reductase 
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enzyme family. Analysis of the catalytic mechanism 
showed that Ser132-Tyr145-Arg149 located in a loop-rich 
cavity was involved as the catalytic triad [5]. The catalytic 
process by HHDH can be divided into ring closure and ring 
opening. Tyr145 as the catalytic base firstly takes up a pro-
ton from the hydroxyl group adjacent to the chloride atom, 
and concurrently the substrate oxygen performs a nucleo-
philic attack on the halogen-bearing carbon atom, result-
ing in ring closure and liberation of a chloride ion. Second, 
the nucleophile (CN−) opens the epoxide ring by nucleo-
philic attack, while the Tyr145 donates a proton to the oxy-
gen atom of the epoxide ring. Thereby the cyanohydrin is 
formed rapidly [6, 8, 31]. Recently, the catalytic properties 
and stability of HHDH have been improved by mutagen-
esis [9, 26, 27], but it still needs further improvement to fit 
the desired transformation, which requires high activity and 
stability in its industrial applications.

The aim of the present study is to construct a novel bio-
catalyst with high activity and stability, and also to assess 
its applicability in production of ECH. In this study, the 
HHDH gene from A. tumefaciens CCTCC M 87071 was 
cloned and expressed in Escherichia coli. Based on previ-
ous reports and structure analysis of HHDH [9, 26, 27], 14 
amino acid residues close to the catalytic center and the 
halide-binding site were selected to create mutant HHDH 
(Mut-HHDH) via site-directed mutagenesis. After expres-
sion, the wild-type (Wt-HHDH) and Mut-HHDH were 
purified and characterized to investigate their optimal 
reaction temperatures and pH, tolerance to metal ions and 
chemicals, as well as reactions using different halohydrins 
as substrates. In addition, the potential applications of the 
Mut-HHDH in the biotransformation of 1,3-dichloro-
2-propanol (1,3-DCP) to ECH were investigated.

Materials and methods

Bacterial strains, plasmids, and growth conditions

A. tumefaciens CCTCC M 87071, used for extraction of 
genomic DNA, was cultivated in nutrient broth containing 
5  g/l peptone, 1  g/l meat extract, 2  g/l yeast extract, and 
5 g/l NaCl at 30 °C for 12 h [31]. E. coli JM109 and E. coli 
BL21 (DE3) were used as hosts for cloning and expression. 
The plasmid pET-28b(+) was used for overexpression of 
protein. Cells were incubated at 37  °C in Luria–Bertani 
(LB) medium (1 % tryptone, 0.5 % yeast extract, and 0.5 % 
NaCl) containing 50 μg/ml kanamycin (Kan).

Chemicals and enzymes

1-chloro-2-propanol, 1,3-DCP, 2-bromoethanol, 1-bromo-
2-propanol 1,3-dibromo-2-propanol and 2,3-dichloro- 

1-propanol (2,3-DCP) were purchased from J&K Sci-
entific Ltd (Shanghai, China). pfu DNA polymerase, T4 
DNA ligase, and restriction endonuclease including NcoI 
and XhoI, were purchased from Fermentas International 
Inc (Shenzhen, China). PrimeSTAR HS DNA Polymerase 
for site-directed mutagenesis was purchased from Takara 
(Dalian, China). All other chemicals used were of analyti-
cal reagent grade.

Gene manipulation

Genomic DNA from A. tumefaciens CCTCC M 87071 was 
prepared as described by Sambrook et  al. [24]. Plasmid 
DNA was isolated using the AxyPrep Plasmid Miniprep Kit 
(Axygene Biotech Ltd., Hangzhou, China) according to the 
instructions of the manufacturer. Extraction of DNA from 
agarose gel was carried out with the AxyPrep DNA Gel 
Extraction Kit (Axygene Biotech Ltd.).

Cloning of HHDH gene

The HHDH gene was amplified by polymerase chain 
reaction (PCR) using genomic DNA of A. tumefaciens 
CCTCC M 87071 as template [24]. Based on the amino 
acid sequence of HHDH from A. tumefaciens, the oligo-
nucleotide primers, P1: 5′-AGGCCATGGGTTCAACCG 
CAATTGTA ACAAAC-3′, and P2: 5′-AATCTCGAGC 
TACTCGGGCATACCAGGCCAAC-3′ were designed. 
The restriction sites NcoI and XhoI were introduced into 
the primers (underlined parts). The PCR reaction system 
(50  μl) consisted of 50  ng genomic DNA, 50  μM each 
dNTP, 0.5 μM P1 and P2, 5 μl 10× pfu DNA buffer and 
2 U pfu DNA polymerase. Amplification was carried out in 
a thermal cycler (Bio-Rad, Hercules, CA, USA) under the 
following conditions: 5 min at 95 °C, 35 cycles of 30 s at 
95 °C, 30 s at 55 °C, 1 min at 72 °C and one final step of 
10 min at 72 °C. The PCR product was digested with NcoI 
and XhoI, and then ligated into the NcoI- and XhoI-line-
arized expression vector pET-28b to construct the recom-
binant plasmid, pET-28b-HHDH. Subsequently, the recom-
binant plasmid pET-28b-HHDH was introduced into E. coli 
JM109 using heatshock method [4].

Site‑directed mutagenesis

The recombinant plasmid pET-28b-HHDH extracted from 
E. coli JM109 cells was used as template for mutagenesis. 
The position of amino acid substitution and synthetic muta-
genic forward and reverse primers were shown in Table 1. 
The mutated plasmids from the previous round of mutation 
were used as template for next mutation. The mutagen-
esis PCR was performed with PrimeSTAR HS DNA Poly-
merase using a program of 5 min at 95 °C followed by 30 
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cycles of 95 °C for 40 s, 55 °C for 20 s, 72 °C for 8 min 
and a final extension at 72 °C for 10 min. The restriction 
enzyme DpnI was added to the PCR products directly to 
remove the methylated template for 1  h at 37  °C in each 
round. Then the products were purified and transformed 
into E. coli BL21 (DE3) for expression.

The recombinant Wt-HHDH and Mut-HHDH were 
grown at 37 °C in 50 ml of LB medium with Kan (50 μg/
ml) and to optical density (OD) with 600 nm between 0.6 
and 1.0. Isopropyl-β-d-1-thiogalactopyranoside (IPTG) was 
added to the culture at a final concentration of 0.5 mM to 
induce the expression of the Wt-HHDH and Mut-HHDH. 
The cultures were then further grown for 8  h at 28  °C. 
Afterwards, the induced cells were harvested via centrifu-
gation at 12,000×g for 10 min.

Scale‑up of Wt‑HHDH and Mut‑HHDH production in a 
bioreactor

Cultivation was performed in a 500-l mechanically stirred 
tank bioreactor (Baoxing Biotech Company, Shanghai, 
China). The recombinant Wt-HHDH and Mut-HHDH cul-
tures (300 ml) were transferred into a 50-l bioreactor that 
contained 30  l  × L B medium with Kan (50  μg/ml) and 
then incubated at 37 °C for 4 h, respectively. The inoculums 
were transferred into a 500-l bioreactor that contained 300 l 
of cultivation medium (12 g/l yeast extract, 15 g/l tryptone, 
10 g/l NaCl, 15 g/l glycerol, 5 g/l (NH4)2SO4 and 1.36 g/l 
KH2PO4) with Kan (50 μg/ml) and grown at 37 °C. When 
OD600 reached between 4.5 and 5.0, the lactose was added 
with a final concentration of 1.5 % (w/v) to induce expres-
sion of the Wt-HHDH and Mut-HHDH for 8  h at 28  °C. 

Cells were collected by centrifugation at 4 °C, 4,000×g for 
20 min, and stored at −20 °C until use.

Purification of Wt‑HHDH and Mut‑HHDH

The recombinant Wt-HHDH and Mut-HHDH cells (5  g) 
were suspended in 50 ml 20 mM phosphate buffer (pH 8.0) 
and disrupted for 30 min using an ultrasonic oscillator. The 
cell debris was removed via centrifugation at 12,000 × g 
for 30  min. The supernatant solutions were used as the 
cell extract. A column (1 × 10 cm2) containing Ni-chelat-
ing Sepharose was preconditioned with buffer A (20  mM 
NaH2PO4–Na2HPO4, 500  mM NaCl, and 20  mM imida-
zole; pH 8.0) for 10 min. The cell extract was then flowed 
into the column for 15 min at a flow rate of 2 ml/min. The 
column was washed with buffer A to remove unbound pro-
teins. The protein sample was successively eluted using 
a step gradient of buffer B (20  mM NaH2PO4–Na2HPO4, 
500 mM NaCl, and 500 mM imidazole; pH 8.0) for 15 min 
at a flow rate of 5 ml/min. The enzyme solution was dia-
lyzed overnight in ice with 20 mM sodium phosphate (pH 
8.0). The resulting enzyme was stored at 4 °C.

Protein analysis

Sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS–PAGE) analysis was carried out with a 
5  % acrylamide stacking gel (pH 6.8) and 12  % separat-
ing gel (pH 8.8) as described by Laemmli [18]. Samples 
were mixed with 2× loading buffer and heated at 100 °C 
for 10  min before electrophoresis. The gel was stained 
with 0.1 % Coomassie brilliant blue R-250 for detection of 

Table 1   Sequences of 
oligonucleotides used for site-
directed mutagenesis

The underlined sections indicate 
the mutagenized nucleotides

Position of amino  
acid substitution

Mutation primer sequence

Q37H F: 5′-GAAAGCTTCAAACACAAGGACGAACTTG-3′
R: 5′-CAAGTTCGTCCTTGTGTTTGAAGCTTTC-3′

Y70F F: 5′-CAGTTACCTCCGCTTTCGGTCAAGTTGATG-3′
R: 5′-CATCAACTTGACCGAAAGCGGAGGTAACTG-3′

P84L, Q87R F: 5′-GACATATTCGCACTGGAGTTCCGTCCCATAGATAAATAC-3′
R: 5′-GTATTTATCTATGGGACGGAACTCCAGTGCGAATATGTC-3′

T131A, T134A F: 5′-ATATTATCTTTATTGCGTCTGCAGCGCCCTTCGGGCC-3′
R: 5′-GGCCCGAAGGGCGCTGCAGACGCAATAAAGATAATAT-3′

T144A, T146S F: 5′-GGAAGGAACTTTCTGCGTACAGCTCAGCCCGAGCAGGTG-3′
R: 5′-CACCTGCTCGGGCTGAGCTGTACGCAGAAAGTTCCTTCC-3′

C153S, T154A F: 5′-AGCAGGTGCAAGCGCGTTGGCAAATGCCCTTTC-3′
R: 5′-GAAAGGGCATTTGCCAACGCGCTTGCACCTGCT-3′

F186Y F: 5′-GAAGATAGTCCCTACTACTACCCCACAGAACCG-3′
R: 5′-CGGTTCTGTGGGGTAGTAGTAGGGACTATCTTC-3′

T194I F: 5′-ACAGAACCGTGGAAAATCAATCCAGAACACGTTGCCC-3′
R: 5′-GGGCAACGTGTTCTGGATTGATTTTCCACGGTTCTGT-3′

M245V, W249A F:5 ′-GGCGGATTCCCAGTGATCGAGCGTGCGCCTGGTATGCC-3′
R: 5′-GGCATACCAGGCGCACGCTCGATCACTGGGAATCCGCC-3′



1148	 J Ind Microbiol Biotechnol (2014) 41:1145–1158

1 3

proteins, and then destained with 10 % ethanol and 10 % 
acetic acid solution. A wide molecular range (10–170 kDa) 
protein standard was used as molecular mass marker.

Protein concentration

The protein concentration was quantified by using the 
bicinchoninic acid (BCA) protein assay kit (Nanjing Key-
gen Biotechnology Co, Nanjing, China) based on the 
method of Smith et  al. [25]. The assay was carried out 
according to the manufacturer’s instructions incubating 
samples for 30  min at 37  °C, and then the absorbance at 
562 nm was determined.

Activity assay

The Wt-HHDH and Mut-HHDH activities were determined 
by measuring the amount of ECH from 1,3-DCP. The Wt-
HHDH reaction mixture consisted of 0.2 M of Na2HPO4–
NaH2PO4 buffer (pH 7.5), 40 mM 1,3-DCP and 26.4 mg/l 
purified Wt-HHDH with a final volume of 1 ml, at 40 °C 
for 8 min and then 20 μl of 2 M H2SO4 was added to termi-
nate the reaction.

The Mut-HHDH reaction mixture consisted of 0.2 M of 
Na2HPO4–NaH2PO4 buffer (pH 7.5), 40 mM 1, 3-DCP, and 
4.2 mg/l purified Mut-HHDH with a final volume of 1 ml, 
at 40 °C for 3 min and then 20 μl 2 M H2SO4 was added to 
terminate the reaction.

The ECH concentration was determined using a GC-
7890A system equipped with a HP-5 capillary column 
(30  m ×  0.32  mm, 0.25-μm film thickness) fitted with a 
flame ionization (FID) detector. Nitrogen was used as car-
rier gas at a flow rate of 1.0 ml/min. The column tempera-
ture was set at 80 °C to keep 4 min then 10 °C/min heating 
to 100 °C and the inlet and detector temperatures were 230 
and 250  °C, respectively. The retention times of 1,3-DCP 
and ECH were 3.0 min and 4.8 min, respectively. One unit 
(U) of activity is defined as the amount of enzyme that pro-
duces 1 mM of ECH per minute.

Characterization of the purified Wt‑HHDH 
and Mut‑HHDH

Optimum temperature and stability of purified Wt‑HHDH 
and Mut‑HHDH

The optimum temperatures of Wt-HHDH and Mut-HHDH 
were determined by incubating the enzyme in assay mix-
tures at temperatures ranging from 30 to 75 °C and deter-
mining the residual enzyme activities in 0.2  mM of 
Na2HPO4–NaH2PO4 buffer (pH 7.5), respectively. For ther-
mostability analysis, triplicate samples of Wt-HHDH and 
Mut-HHDH were incubated for 400  min at temperatures 

ranging from 40 to 55 °C. The residual activity was deter-
mined at 40  °C under the standard assay conditions. The 
non-heated enzyme was taken as the control (100  % 
activity).

Optimum pH and stability of purified Wt‑HHDH 
and Mut‑HHDH

The optimum pHs for Wt-HHDH and Mut-HHDH activ-
ity were determined using the following buffers: 0.2  M 
Na2HPO4–NaH2PO4 (pH 6.5–8.0), 0.2 M Na2B4O7–H2BO3 
(pH 8.0–9.0), and 0.2  M Gly–NaOH (pH 9.0–10.0) and 
determining the enzyme activities in 40 °C, respectively. To 
determine the pH stability, the purified enzymes were pre-
incubated in different buffers of Na2HPO4–NaH2PO4 (pH 
7.5–8.0) and Na2B4O7–H2BO3 (pH 8.0–8.4) with the con-
centration of 0.2 M at 0 °C for 65 h. The residual activities 
were quantified under the standard assay conditions.

Effect of metal ions and chemicals on enzyme activity

Various metal ions and chemicals were added to the enzy-
matic preparations and pre-incubated for 30 min at 30 °C. 
The effects of metal ions on enzyme activities were stud-
ied by incubating the enzyme in reaction mixtures with dif-
ferent metal ions including Al3+, Fe3+, Fe2+, Mg2+, Zn2+, 
Ca2+, Mn2+, Cu2+, and Ag+ with a final concentration of 
1 and 5 mM. The effects of chemicals on enzyme activity 
were studied by incubating the enzyme in reaction mix-
tures with different chemicals including Tween-20, Tween-
80, Triton X-100, and SDS with a final concentration of 1 
and 5 %, and the final concentration of EDTA was 1 and 
10 mM. The residual activity was measured under standard 
assay conditions and expressed as a percentage of the activ-
ity observed in the absence of any additive.

Substrate specificity and kinetic analysis

The substrate specificities of Wt-HHDH and Mut-HHDH 
were determined by replacing 1,3-DCP in the assay mix-
ture with 1-chloro-2-propanol, 1,3-dibromo-2-propanol, 
2,3-DCP, 2-bromoethanol and 1-bromo-2-propanol with 
the concentration of 40 mM, respectively. The activity was 
measured under standard assay condition. Kinetic param-
eters of Wt-HHDH and Mut-HHDH were calculated from 
the initial rate activities of the purified enzyme using 1,3-
DCP and 2,3-DCP as substrates at the concentrations rang-
ing from 10 to 200 mM and the activity was measured under 
the standard assay conditions. The initial rate obtained was 
fitted to the equation: V =  Vmax ×  [S]/(Km +  [S]), where 
Vmax is the maximum rate, (S) is substrate concentration, 
and Km is the Michaelis constant. All the experiments were 
repeated in triplicate if not specifically noted.
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Modeling and molecular docking

The 3D structure of Wt-HHDH form A. tumefaciens (PDB 
code: 1PWX) was obtained from PDB database [5], and 
used as the template to generate a model structure for 
Mut-HHDH by Build Homology Models (MODELER) in 
Discovery Studio 2.1 (Accelrys Software, San Diego, CA, 
USA). The generated structures were improved by sub-
sequent refinement of the loop conformations by assess-
ing the compatibility of an amino acid sequence to known 
PDB structures using the protein health module in DS 2.1. 
Molecular docking was also performed using the dock 
ligands module (LibDock) in DS 2.1. 1,3-DCP was docked 
into the active cavities of the Wt-HHDH and Mut-HHDH, 
respectively. All protein structure figures were prepared 
with PyMOL (http://www.pymol.org) [7].

Statistical analysis

All experiments in this study were performed in triplicate 
if not specifically noted. Analysis of variance (ANOVA) 
was performed with the SAS program version 8.1 (SAS 
Institute Inc., Cary, NC, USA). The results are expressed 
as mean  ±  standard deviation (SD) and the least signifi-
cant differences for comparison of means were computed 
at p < 0.05.

Results

Mutation design and selection

Studies on the 3D structure and catalytic mechanism 
of HHDH revealed that the catalytic residues including 
Ser132, Tyr145, and Arg149 are highly conserved [5, 31]. 
The halide-binding site was mainly formed by the residues 
175–178, and stabilized by Phe12, Asp80, Ser180, Tyr185, 
Phe186, Tyr187, and Trp249 from other subunits [5, 26]. 
In addition to the residues mentioned above, Thr134 and 
Trp139 interact with the substrate directly [9]. Single muta-
tions have shown that disruption of two hydrogen bonds 
around the halide-binding site increases the release rate 
of halide, which enhances the overall catalytic activity of 
the enzyme [26], and all three cysteine residues, Cys30, 
Cys153, and Cys229, in HHDH have affected the stability 
of the enzyme by intramolecular disulfide bond formation 
[27].

Our strategy to improve catalytic efficiency of HHDH 
was to expand the substrate-binding pocket and increase 
its binding ability toward the substrates, especially 1,3-
DCP, by introducing small, hydrophobic amino acids into 
HHDH by site-directed mutagenesis at the positions around 
the active site. Speeded-up the release rate of halide was 

also considered so that some amino acids close to the hal-
ide-binding site residues were semi-randomly selected for 
mutation. In addition, to improve the stability of HHDH, the 
formation of intramolecular disulfide bonds was avoided. 
Based on the analysis above, we chose the following 14 res-
idues to be mutated: Gln37, Tyr70, Pro84, Gln87, Thr131, 
Thr134, Thr144, Thr146, Cys153, Thr154, Phe186, Thr194, 
Met245, and Trp249. Figure  1 shows the 3D structure of 
HHDH, and the positions of mutations are displayed.

The 3D structural analysis and molecular docking

The 3D structure of the mutant HHDH was derived using 
the DS 2.1 program using Wt-HHDH as the template. 
Figure 2 displays the structure analysis of Wt-HHDH and 
Mut-HHDH. The substrate-binding pocket is much more 
open in Mut-HHDH than that in Wt-HHDH. Molecular 
docking was further carried out and tried to deeply under-
stand the interactions between 1,3-DCP and the amino acid 
residues in the active site (Fig. 3). The results showed that 
1,3-DCP was successfully docked into each active site of 
the two enzymes with different free energy of binding, 
4.31 and 4.87  kcal/mol for Wt-HHDH and Mut-HHDH, 
respectively. Moreover, the mutations reduce the distance 
between the hydroxyl of 1,3-DCP and Tyr145 of the active 
site, from 2.36 to 1.91 Å. Meanwhile, the distance between 
the same hydroxyl and Ser132 was also reduced from 2.84 
to 2.05 Å.

Cloning and mutagenesis of HHDH gene

A primer set based on the amino acid sequence (GenBank 
accession no. AAK92099) was used to clone the Wt-HHDH 

Fig. 1   The 3D structure of Mut-HHDH. The structure is gener-
ated based on the reported HHDH from Protein Data Bank (num-
ber: 1PWX). α-Helices are represented as red, β-strands as yellow, 
and loops as green. Residues subjected to mutation are displayed by 
sphere (color figure online)

http://www.pymol.org
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gene from strain A. tumefaciens CCTCC M 87071. The 
sequenced results of PCR products with primers P1 and P2 
showed that the gene fragment consisted of 762 bp, encod-
ing a polypeptide of 254 amino acids with a predicted mass 
of 27.9 kDa. It was consistent with the HHDH gene reported 
previously [31], which indicated that the Wt-HHDH gene 
was successfully cloned. The PCR products were then 
digested with the appropriate restriction endonuclease and 
subcloned into an expression vector pET-28b(+). The can-
didate residues for amino acid substitution of HHDH were 
selected as shown in Table 1, and each mutation was intro-
duced additively on the HHDH gene cloned on pET-28b(+). 
The target residues that located adjacently were mutated at 
one time. Finally, the recombinant plasmid coding the Mut-
HHDH carrying 14 amino acid residues was constructed.

Production and purification of Wt‑HHDH and Mut‑HHDH

The genes encoding the Wt-HHDH and Mut-HHDH were 
expressed under the control of the T7 promoter in E. coli 
BL21 (DE3), respectively. After being cultured for 2 h, the 
biomass has an exponential increase for both of Wt-HHDH 
and Mut-HHDH. The biomass and enzyme activity reaches 
maximums at 8 and 10 h after induced by lactose, respec-
tively. After completion of the cultivation, the biomass 
reached 13.3 g(DCW)/l and activity reached 7,459 U/l for 
Mut-HHDH. However, the biomass reached 11.5 g(DCW)/l 
and activity reached 216 U/l for Wt-HHDH.

In the constructed expression system in this study, the 
Wt-HHDH and Mut-HHDH protein with his tags can bind 

with the Ni–NTA column. After elution with a column 
buffer containing 500  mM imidazole, the recombinant 
Wt-HHDH and Mut-HHDH protein was purified through 
Ni–NTA affinity chromatography after the cell disruption 
through sonication. SDS–PAGE analysis (Fig.  4) clearly 
shows the purified Mut-HHDH in lane 2 with a molecu-
lar mass of approximate 28 kDa, which is agreement with 
Wt-HHDH in lane 4. Table 2 summarizes the results of the 
purification efficiency for Wt-HHDH and Mut-HHDH. The 
yields of purified Wt-HHDH and Mut-HHDH were 41.1 
and 40.9 % and the specific activities were 22 and 582 U/
mg, respectively. The pure enzymes were then used to 
investigate the biochemical characterizations.

Effects of temperatures on the activities and stabilities 
of Wt‑HHDH and Mut‑HHDH

Temperature is an important factor that greatly affects the 
activity and stability of an enzyme. The Wt-HHDH and 
Mut-HHDH showed the maximum activities at 55 and 
65  °C, respectively (Fig.  5a). Retained more than 85 % of 
its peak activity in the temperature range 50–60 °C of Wt-
HHDH and retained more than 90 % of its peak activity in 
the temperature range 50–70 °C of Mut-HHDH. The activity 
decreased sharply when the temperature of the reaction sys-
tem increased. At 75 °C, the purified Wt-HHDH exhibited no 
activity, and at 85 °C, the Mut-HHDH exhibited no activity.

The thermal stability of the Wt-HHDH and Mut-HHDH 
is depicted in Fig. 5b. The purified Wt-HHDH could retain 
almost 80  % of its activity when incubated at 45  °C for 

Fig. 2   Structure analysis of Wt-HHDH and Mut-HHDH. a Structure 
alignment of Wt-HHDH and Mut-HHDH, b surface representation 
of Wt-HHDH, c surface representation of Mut-HHDH. The active 

pocket of Mut-HHDH was larger than the Wt-HHDH, which is high-
lighted with an arrow and a circle (color figure online)
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120  min and the purified Mut-HHDH could retain almost 
95 % of its activity at the same conditions. The half-lives of 
Wt-HHDH were 33.5, 13.2, 4.8, and 0.84  h at 40, 45, 50, 
and 55 °C. However, the half-lives of Mut-HHDH were 47.8, 
39.2, 32.1, and 14.3 h at 40, 45, 50, and 55 °C, respectively.

Effect of pH on the activities and stabilities of Wt‑HHDH 
and Mut‑HHDH

The Wt-HHDH and Mut-HHDH activities were monitored at 
different pH from 6.5 to 10.0. The optimal pHs for Wt-HHDH 
and Mut-HHDH were 8.0 and 8.4, respectively (Fig. 6a). The 
pH stability profile showed that Mut-HHDH is more stable 
than Wt-HHDH, and more than 82.1 % of its original activity 

was maintained when exposed at pH levels between 7.5 and 
8.4 for 65 h at 0  °C, However, the Wt-HHDH activity was 
reduced to 30 % at the same conditions (Fig. 6b).

Effect of metal ions and chemicals on Wt‑HHDH 
and Mut‑HHDH activities

The effects of various metal ions on the activities of Wt-
HHDH and Mut-HHDH are shown in Table  3. There 
was no significant inhibition on both of them by most of 
the studied metal ions, when the concentration of added 
ion was kept at 1  mM. With the additives at a final con-
centration of 5 mM, the Mut-HHDH activity was slightly 
promoted by Mn2+ and Fe2+, while Al3+ and Ag+ showed 
around 11 % loss in activity.

The effects of surfactants on activities of Wt-HHDH and 
Mut-HHDH are presented in Table 4. Most of the surfactants 
had little influence on enzyme activities. In the presence of 
5 % Tween-20 and Triton X-100, the enzyme retained 90.5 
and 89.3  % of their activities, respectively. However, the 
activities of enzymes were strongly inhibited by SDS. SDS 
is an ionic detergent with a long hydrophobic tail that binds 
to the hydrophobic side chains of amino acids. This inhibition 
may be the result of the changing of the microenvironment of 
tyrosine and tryptophan groups of enzyme by SDS. The metal 
chelator EDTA also slightly inhibited the enzyme activities, 
which indicated that HHDH is not a metalloenzyme.

Fig. 3   Docking of 1,3-DCP into the active site of HHDH. a Wt-
HHDH, b Mut-HHDH (color figure online)

Fig. 4   SDS–PAGE analysis of purified Wt-HHDH and Mut-HHDH. 
Lane M standard proteins marker of different molecular weights, lane 
1 crude Mut-HHDH, lane 2 purified Mut-HHDH, lane 3 crude Wt-
HHDH, and lane 4 purified Wt-HHDH (color figure online)
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Substrate specificity and catalytic properties

The utility of enzymes often depends on their substrate spe-
cificities due to their ability to discriminate among differ-
ent substrates. The activities of the purified Wt-HHDH and 
Mut-HHDH towards various substrates are summarized in 
Table  5. In all cases, halide production rates were much 

higher with brominated substrates than chlorinated ana-
logs. The chlorinated alcohols tested in this study showed 
that the 1,3-DCP was the best substrate for Wt-HHDH and 
Mut-HHDH. The kinetic behaviors of the Wt-HHDH and 
Mut-HHDH with 1,3-DCP were reasonably well described 

Table 2   Summary of the purification of Wt-HHDH and Mut-HHDH

Purification step Total protein (mg) Total activity (U) Specific activity (U/mg) Purification (fold) Yield (%)

Crude Mut-HHDH 922.5 58,117.5 63.0 1.0 100.0

Purified Mut-HHDH 40.8 23,745.6 582.0 9.2 40.9

Crude Wt-HHDH 579.4 2,607.3 4.5 1.0 100.0

Purified Wt-HHDH 40.7 895.4 22.0 4.9 41.1
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by the Michaelis–Menten model (Fig.  7). The Km, Vmax, 
kcat, and kcat/Km values of purified enzymes against these 
compounds are shown in Table  6. From the analysis of 

the Kcat values, the Mut-HHDH (kcat = 1,011.1/s) showed 
higher catalytic efficiency toward 1,3-DCP compared to 
Wt-HHDH (kcat  =  54.9/s), which allowed application of 
this enzyme in the production of ECH in large scale.  

Effect of temperature on stability of ECH

The ECH is unstable and self-hydrolysis will be happened 
at higher temperatures, the stabilities of ECH at different 
temperatures were investigated. The effect of tempera-
ture on stability of ECH is depicted in Fig. 8. About 87.1 
and 80.2  % of ECH remained after 60  min of incubation 
at 40 and 45 °C, respectively. However, the concentration 
of ECH only reached 59.7 % after 60 min of incubation at 
50 °C. To reduce the spontaneous hydrolysis of ECH, the 
reaction was performed at a temperature of 45 °C.

Synthesis of ECH by Wt‑HHDH and Mut‑HHDH

Synthesis of ECH from 1,3-DCP was carried out using Wt-
HHDH and Mut-HHDH as biocatalysts. The Wt-HHDH 
reaction mixture consisted of 0.2 M of Na2HPO4–NaH2PO4 
buffer (pH 8.0), 30 mM 1,3-DCP and 21.1 mg/l Wt-HHDH 
with a final volume of 10 ml in a 50-ml flask. The reaction 
proceeded for 1 h at 45 °C with stirring. The Mut-HHDH 
reaction mixture consisted of 0.2 M Na2B4O7–H2BO3 (pH 
8.4), 100  mM 1,3-DCP, and 3.8  mg/l Mut-HHDH with a 
final volume of 10 ml in a 50-ml flask. The reactions pro-
ceeded for 1.5 h at 45 °C with stirring.

The time course of the synthesis of ECH using the Wt-
HHDH as catalyst was shown in Fig.  9a. ECH was pro-
duced with a molar yield of 35.3 % within 50 min. When 
the reaction time extended to 60  min, 1,3-DCP was con-
sumed 58.5 %, while yield of ECH reduced to 28.9 % and 
continuously decreased upon prolonged incubation. The 
time course of the transformation of 1,3-DCP to ECH using 

Table 3   Effects of metal ions on the activity of Wt-HHDH and Mut-
HHDH

The activity was measured under standard assay conditions
a R elative activity of Wt-HHDH
b R elative activity of Mut-HHDH

Metal ions Concentration 
(v/v), mM

Relative activity 
(%)a

Relative activity 
(%)b

Control – 100.0 100.0

Al3+ 1 100.0 ± 0.74 95.4 ± 0.13

5 96.1 ± 0.86 89.3 ± 1.81

Fe3+ 1 105.7 ± 1.21 100.0 ± 0.32

5 100.0 ± 0.72 96.9 ± 0.64

Fe2+ 1 106.6 ± 0.65 103.8 ± 0.09

5 94.1 ± 0.94 109.9 ± 0.81

Mg2+ 1 103.8 ± 0.81 98.4 ± 1.62

5 101.9 ± 0.36 97.7 ± 1.53

Zn2+ 1 92.3 ± 1.38 101.5 ± 2.83

5 94.1 ± 0.63 92.3 ± 0.92

Ca2+ 1 105.2 ± 0.22 98.4 ± 1.62

5 101.6 ± 0.36 95.5 ± 0.53

Mn2+ 1 92.3 ± 0.85 103.8 ± 1.09

5 98.0 ± 0.94 109.1 ± 0.81

Cu2+ 1 109.52 ± 0.18 99.2 ± 0.81

5 96.1 ± 1.81 94.6 ± 0.09

Ag+ 1 96.1 ± 1.93 98.6 ± 1.67

5 98.0 ± 0.90 75.6 ± 1.13

Table 4   Effects of surfactants and inhibitors on the activity of Wt-
HHDH and Mut-HHDH

The activity was measured under standard assay conditions
a R elative activity of Wt-HHDH
b R elative activity of Mut-HHDH

Surfactants Concentration 
(v/v)

Relative activity 
(%)a

Relative activity 
(%)b

Control – 100.0 100.0

Tween-20 1 % 101.1 ± 1.51 71.1 ± 0.53

5 % 95.5 ± 0.51 90.5 ± 0.54

Tween-80 1 % 95.6 ± 0.52 105.6 ± 0.57

5 % 93.4 ± 1.16 97.4 ± 1.19

Triton X-100 1 % 98.3 ± 2.10 88.9 ± 3.85

5 % 99.3 ± 0.55 89.3 ± 0.13

SDS 1 % (w/v) 56.0 ± 1.26 40.0 ± 4.03

SDS 5 % (w/v) 0.0 0.0

EDTA 1 mM 88.6 ± 1.26 89.6 ± 2.93

10 mM 82.2 ± 0.62 89.2 ± 0.12

Table 5    Substrate specificity of Wt-HHDH and Mut-HHDH

The concentration of each substrate was 40  mM. The activity was 
measured under standard assay conditions
a R elative activity of Wt-HHDH
b R elative activity of Mut-HHDH

Substrate Relative activity (%)a Relative 
activity (%)b

1,3-DCP 100.0 100.0

2,3-DCP 28.3 46.3

1,3-Dibromo-2-propanol 113.2 122.9

1-Chloro-2-propanol 88.4 97.1

1-Bromo-2-propanol 168.5 220.8

2-Bromoethanol 55.4 61.6
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Mut-HHDH as catalyst (Fig.  9b) showed that ECH was 
produced with a molar yield of 59.6 % (59.6 mM) within 
1  h. When the reaction time extended to 1.5  h, 1,3-DCP 
was consumed 67.4  %, while yield of ECH reduced to 
54.3 %. Because the HHDH can catalyze the ring closure 
of 1,3-DCP to ECH, as well as the ring opening of ECH to 
1,3-DCP in the presence of Cl−, which is the main reason 
that the 1,3-DCP could not be converted completely and 
the yield of ECH was always low in aqueous phase.

Analysis of ECH by complexation gas chromatography 
and gas chromatography‑mass spectrometry

The gas chromatography spectrum revealed that the 
product was (±)-ECH. The retention times of (S)-
ECH and (R)-ECH were 4.4 and 4.5  min, respectively 

(Fig.  10a). The ECH of the reaction mixture was ana-
lyzed using a complexation gas chromatography and 
gas chromatography-mass spectrometry. Mass spectrum 
of the reaction mixture matches the ECH standard mass 
spectrum (Fig. 10b), which indicated that the ECH was 
obtained.

Discussion

HHDH from A. tumefaciens, exhibiting high regio- and 
enantioselectivity toward a range of substrates, has the abil-
ity to convert 1,3-DCP to ECH, which is an important C3 
compound mainly used as a raw material in the synthesis of 
fine chemicals and organic chemicals [13, 23, 30].

However, the activity, stability, and tolerance to the 
high substrate concentration of the HHDH are not satisfac-
tory to be applied to industrial applications. Therefore it is 
necessary to enhance its performance, especially catalytic 
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under the standard assay conditions (color figure online)

Table 6   Kinetic constants of Wt-HHDH and Mut-HHDH on differ-
ent substrate

The concentration of using 1,3-DCP and 2,3-DCP as substrates at 
ranging from 10 to 200 mM and the activity was measured under the 
standard assay conditions

Enzyme Substrate Vmax  
(mM/min)

Km  
(mM)

Kcat  
(/s)

kcat/Km 
(/mM/s)

Wt-HHDH 1,3-DCP 3.1 39.3 54.9 1.4

2,3-DCP 2.0 47.1 24.8 0.5

Mut-HHDH 1,3-DCP 9.1 18.4 1,011.1 54.9

2,3-DCP 6.7 28.6 522.2 18.3

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

80

90

100

110

C
on

ce
nt

ra
tio

n 
of

 E
C

H
 (

%
)

Time (min)

 40
o
C

 45
o
C

 50
o
C

 55
o
C

Fig. 8   Effect of temperatures on stability of ECH. Conditions as fol-
lows: 20  mM ECH, 0.2  M of Na2HPO4–NaH2PO4 buffer (pH 7.5) 
with a final volume of 10 ml, at 40–55 °C for 60 min



1155J Ind Microbiol Biotechnol (2014) 41:1145–1158	

1 3

activity and tolerance to the high substrate concentration 
in order to meet the requirement of large-scale application 
[9, 37]. Site-directed mutagenesis, a powerful tool in which 
a mutation is created at a defined site in a piece of DNA, 
has been widely used to improve enzyme properties such as 
catalytic activity, stability, and substrate specificity [26, 34, 
36]. In this study, in order to improve catalytic efficiency 
and stability, HHDH was modified by a sequential site-
directed mutagenesis [14, 15, 37]. Based on previous stud-
ies and structural analysis of HHDH, and a Mut-HHDH 
was obtained.

The tertiary structure of Mut-HHDH was obtained 
by homology modeling and compared with Wt-HHDH. 
The results showed that the substrate-binding pocket of 

Mut-HHDH was more open after mutagenesis. This is 
mainly due to the substitutions in which the residues with 
the larger side chains was replaced by smaller ones such 
as Thr131Ala, Thr134Ala, Thr144Ala, and Thr146Ser. 
Another important contribution to the openness of the 
substrate-binding pocket is the substitution Trp249Ala, 
which released a lot of space of active site. According to 
the polarity of the nature of R-based, Thr is a non-charged 
polar amino acid, while Ala belongs to non-polar R-based 
amino acid. Ala is more hydrophobic than Thr, thus it is 
favorable for the interaction of active site and substrates. 
In addition, other mutations (Phe, Met, Pro, Trp, and Tyr) 
are hydrophobic amino acids, which can create an attrac-
tion environment for the hydrophobic substrate. Moreo-
ver, the molecular docking showed that the orientations of 
1,3-DCP in the active sites of Wt-HHDH and Mut-HHDH 
are different. In the Mut-HHDH, the distance between the 
hydroxyl of 1,3-DCP and Tyr145 is much closer. There-
fore, Tyr145 is easier to abstract proton from the hydroxyl 
group. Meanwhile, the distance reduction between 1,3-
DCP and Ser132 leads to the conformation of a hydrogen 
bond that can stabilize the substrate in the active site [5, 
31]. These changes have played a primary role in increas-
ing the enzyme activity. Previous study has demonstrated 
that Cys153 is an important residue involved in the enzyme 
inactivation process [27]. The mutation Cys153Ser pre-
vented the formation of disulfide bonds between Cys153 
and Cys229, which is the major contribution to improve 
the stability of the enzyme. In addition, the Mut-HHDH 
contains more than five hydrophobic amino acid residues 
after mutagenesis, which contributed to the enhanced ther-
mostability of the enzyme.

To assess the potential application of Mut-HHDH, 
the biochemical properties of the purified Mut-HHDH 
were investigated and compared with that of Wt-HHDH. 
The specific activity of the Mut-HHDH toward 1,3-DCP 
was 582 U/mg, approximately 26-fold higher than that of 
Wt-HHDH (22 U /mg). The value of kcat (1,011.1/s) were 
enhanced 18.4-fold than the Wt-HHDH (54.9/s). The ther-
mostability of the Mut-HHDH was substantially higher 
than that of Wt-HHDH. As expected the half-life of the 
enzyme was increased threefold compared to Wt-HHDH. 
These improved features are especially desirable in indus-
trial applications. Moreover, the Mut-HHDH showed 
higher optimal temperature (65  °C) than Wt-HHDH 
(53 °C), which made it possible for synthesis of some ther-
mally stable compounds and biodegradation of various hal-
ogenated pollutants.

In conclusion, a gene encoding HHDH from A. tume‑
faciens was cloned and expressed in E. coli. To increase 
its activity and stability, the Wt-HHDH was further modi-
fied by site-directed mutagenesis. The specific activity of 
the Mut-HHDH was enhanced 26-fold and the value of 
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Fig. 9   The conversion time course of 1,3-DCP by HHDH. a Wt-
HHDH, b Mut-HHDH. Reaction conditions for Wt-HHDH: 0.2  M 
of Na2HPO4–NaH2PO4 (pH 8.0), 30 mM 1,3-DCP and 211 mg/l Wt-
HHDH with a final volume of 10 ml at 45 °C for 1 h. c Reaction con-
ditions for Mut-HHDH: 0.2 M Na2B4O7–H2BO3 (pH 8.4), 100 mM 
1,3-DCP and 3.8 mg/l Mut-HHDH with a final volume of 10 ml at 
45 °C for 2 h
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kcat was 18.4-fold than that of Wt-HHDH, respectively. 
The Mut-HHDH showed threefold extension of half-
life at 45  °C compared to Wt-HHDH. Structure analysis 
showed that the Mut-HHDH had a more accessible sub-
strate-binding pocket than the Wt-HHDH. After mutation, 
the distance between the substrate and active site became 
closer in the mutant compared to Wt-HHDH, which 
improved the catalytic activity. This Mut-HHDH could 

be a potential candidate for the production of ECH at an 
industrial scale.
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