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Abstract The cis-epoxysuccinate hydrolases (CESHs),

members of epoxide hydrolase, catalyze cis-epoxysuccinic

acid hydrolysis to form D(-)-tartaric acid or L(?)-tartaric

acid which are important chemicals with broad scientific

and industrial applications. Two types of CESHs

(CESH[D] and CESH[L], producing D(-)- and L(?)-tartaric

acids, respectively) have been reported with low yield and

complicated purification procedure in previous studies. In

this paper, the two CESHs were overexpressed in Esche-

richia coli using codon-optimized genes. High protein

yields by one-step purifications were obtained for both

recombinant enzymes. The optimal pH and temperature

were measured for both recombinant CESHs, and the

properties of recombinant enzymes were similar to native

enzymes. Kinetics parameters measured by Lineweaver–

Burk plot indicates both enzymes exhibited similar affinity

to cis-epoxysuccinic acid, but CESH[L] showed much

higher catalytic efficiency than CESH[D], suggesting that

the two CESHs have different catalytic mechanisms. The

structures of both CESHs constructed by homology mod-

eling indicated that CESH[L] and CESH[D] have different

structural folds and potential active site residues.

CESH[L] adopted a typical a/b-hydrolase fold with a cap

domain and a core domain, whereas CESH[D] possessed a

unique TIM barrel fold composed of 8 a-helices and 8 b-

strands, and 2 extra short a-helices exist on the top and

bottom of the barrel, respectively. A divalent metal ion,

preferred to be zinc, was found in CESH[D], and the ion

was proved to be crucial to the enzymatic activity. These

results provide structural insight into the different catalytic

mechanisms of the two CESHs.
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Abbreviations

CESH cis-epoxysuccinate hydrolases

CESH[D] The CESH producing D(-)-tartaric acid

CESH[L] The CESH producing L(?)-tartaric acid

PDB Protein Data Bank

1 Introduction

Chiral epoxides and diols, which can be used to produce

optically active chiral compounds, are important synthons

in modern organic chemistry and pharmaceutics [4, 13]. A

major challenge to generate optically active chiral com-

pounds is to find suitable catalysts which catalyze reactions

with both high yields and high stereo- and regio-selectivities

[13]. Recently, microbial epoxide hydrolases have received

much attention as a biocatalyst for producing enantiopure

epoxides from racemic epoxides with high yields and
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selectivities [1, 2]. Epoxide hydrolase is a cofactor-indepen-

dent, relatively stable and easy-to-use enzyme, which exists

widely from bacteria to mammals [1, 9, 15, 27]. Preliminary

data indicate that these enzymes belong structurally to the a/

b-hydrolase fold family [26], but the structures of these

enzymes are largely unknown.

The cis-epoxysuccinate hydrolases (CESHs) are epoxide

hydrolase members which catalyze the hydrolysis of cis-

epoxysuccinic acid to form D(-)-tartaric acid or L(?)-tartaric

acid (Fig. 1) [16, 19, 21]. The enantiomeric tartaric acids,

L(?)- and D(-)-tartaric acids, are well-known chiral chemi-

cals with broad scientific and industrial applications [7, 11,

28]. The gene of several CESHs, for both CESH[D] and

CESH[L], have been sequenced and cloned, and the enzymes

were purified from the original species [16, 19, 21]. Both

CESH[D] and CESH[L] had been cloned into Escherichia

coli[19, 21], but no purification from Escherichia coli was

reported in literature, and the yields of the purification from

the original species were quite low. The low yield and com-

plicated purification procedure may limit the structural/bio-

chemical researches and industrial applications. The lack of

the structure of both CESH[L] and CESH[D] will further limit

the engineering studies of both enzymes.

In this paper, we report high yield expressions and one-

step purifications of two recombinant CESHs, including

one CESH[D] and one CESH[L] using synthesized genes

with optimized codons for E. coli. The properties and

kinetics parameters of both recombinant enzymes were

studied. The structure models of both CESH[L] and

CESH[D] were constructed by homology modeling. Our

results provide the basis for future biochemical, structural,

and engineering studies of CESHs, and will be helpful to

the industrial applications of both recombinant enzymes.

2 Materials and Methods

2.1 Gene Codon Optimization and Cloning

The two genes encoding CESH[D] (GeneBank: EU053208)

(MW: 32,478.8) from Bordetella sp. BK-52 and CESH[L]

(GeneBank: DQ471957) (MW:28,136.5) from Rhodococcus

opacus were optimized for codon adaption in E. coli by the

web server Jcat (http://www.jcat.de/) [12]. The original and

optimized genes were shown in supplementary Figure S1.

The genes were synthesized (Biomed Inc., Beijing) and

cloned into the plasmid pET28a between the NdeI and EcoRI

restriction sites, generating plasmids pET28a-CESH[D] and

pET28a-CESH[L], respectively. The products of the con-

structs contain an N-terminal His6-tag to facilitate the protein

purification.

2.2 Protein Expression and Purification

The plasmids pET28a-CESH[D] and pET28a-CESH[L] were

transformed into E. coli BL21(DE3), respectively. The cells

were cultured in LB medium containing 100 mg/L of

kanamycin at 37 �C until the optical density at 600 nm

(OD600) reached 0.6–0.8. The cells were then cultured at

16 �C for 30 min. After addition of 0.1 mM isopropyl b-D-

1-thiogalactopyranoside, the culture was incubated at 16 �C

for 24 h to induce the protein expression. And then the cells

were harvested by centrifugation at 3,300 g. The cell pellets

were suspended in buffer A (20 mM sodium phosphate

buffer, 500 mM NaCl, 20 mM imidazole, pH 7.8) and lysed

by ultrasonication. The supernatants were applied onto a Ni

affinity column (GE Healthcare). The proteins were eluted

with buffer B (20 mM sodium phosphate buffer, 500 mM

NaCl, 500 mM imidazole, pH 6.0). The eluted fractions

were dialysed against buffer C (137 mM NaCl, 2.7 mM

KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.5) three

times. The purified proteins were stored at -20 �C in 50 %

(v/v) glycerol. The protein purity was checked by SDS–

PAGE. The protein concentrations were measured by the

Bradford method [5].

2.3 Activity Measurement

To measure the CESH[D] activity, 0.1 mL enzyme solution

was added into 0.9 mL 60 mM disodium cis-epoxysucci-

nate in 50 mM sodium phosphate buffer, pH 7.5. To

measure the CESH[L] activity, 0.02 mL enzyme solution

was added into 0.98 mL 1.0 M disodium cis-epoxysucci-

nate in 200 mM sodium phosphate buffer, pH 8.0. The

solutions were incubated at 37 �C for 30 min and 20 min

for CESH[D] and CESH[L], respectively, and the reactions

were terminated by adding 0.4 mL 1.0 M H2SO4. The

tartaric acids generated in the reactions were measured by

the ammonium metavanadate method [18]. Briefly, 1 mL

of 1 % (w/v) ammonium metavanadate was added into the

reaction solution, and the solution was diluted to 10 mL.

After a lapse of 5 min, the absorbance at 480 nm was

measured on a Synergy HT Multi-mode microplate reader

(BioTek Instruments, Inc.). The concentration of tartaric

acid in the reaction solution was then calculated according

to the standard curve recorded at various tartaric acid

Fig. 1 Hydrolysis of cis-epoxysuccinic acid by cis-epoxysuccinic

acid hydrolase to form D(-)- or L(?)-tartaric acid
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concentrations. One unit of enzyme was defined as the

amount of enzyme that generates 1 lmol of D(-)- or L(?)-

tartaric acid per minute under the above conditions.

2.4 Effects of pH, Temperature and Substrate

Concentration on the Activity

To detect the effect of pH, the activities of both enzymes

were measured at various pH values from 4.0 to 11.0. The

pH was adjusted by the addition of NaOH or H3PO4 and

measured by a Sartorius PB-10 pH meter. To detect the

effect of temperature, the activities were measured at var-

ious temperatures from 4 �C to 65 �C. To detect the

kinetics parameters of the catalytic reactions, the enzyme

activities were assayed at substrate concentrations from 3.6

to 22.8 mM for the enzyme CESH[D], and from 10 to

100 mM for the enzyme CESH[L], respectively. The con-

centrations of CESH[D] and CESH[L] were 1.07 and

0.35 lM, respectively. The Km and kcat values were

obtained by the Lineweaver–Burk plotting method [17].

2.5 Homology Modeling

The homolog sequences of CESH[L] and CESH[D] were

obtained by Blast search against Protein Data Bank (PDB).

MODELLER version 9.9 [24] was used to construct the

homology models. Structures with PDB codes 1QQ5,

2NO4, and 2HSZ were used as the templates of CESH[L].

Structures with PDB codes 2Y7T, 3LOT, and 3E49 were

used as the templates of CESH[D]. Secondary structure

predictions were made on the PSIPRED server (http://bio

inf.cs.ucl.ac.uk/psipred/) [6].

3 Results and Discussion

3.1 Enzyme Purification

The recombinant genes of CESH[D] and CESH[L] were

codon-optimized for expression in E. coli. The optimiza-

tions changed the codons of 58.5 % (172/294) and 59.3 %

(150/253) residues of CESH[D] and CESH[L], respectively.

The recombinant genes were expressed in E. coli at a very

high level. High yields were helpful to purification, and

one-step purifications by Ni column produced high pure

enzymes (Fig. 2). The high yields and simple purification

steps resulted in high recovery ratios (Table 1). The spe-

cific activities of crude enzymes for CESH[D] and

CESH[L] were 11.4 and 95.8 U/mg, respectively, and after

purification 94.9 % and 89.6 % recoveries were obtained

for CESH[D] and CESH[L], respectively. As a comparison,

the yield of CESH[D] in Bordetella sp. BK-52 was 1.8

U/mg specific activity for crude enzyme, and only 27.1 %

recovery was obtained after purification [21]; the yield of

CESH[L] in R. opacus was 2.02 U/mg specific activity for

crude enzyme, and only 9.6 % recovery was obtained after

purification [19]. Therefore, our protocol provides simple

and efficiently method to produce recombinant CESHs

with high yield and recovery.

The recombinant protein yields from 250 mL culture

were 41.0 and 48.7 mg for CESH[D] and CESH[L],

respectively. The purified enzymes had specific activity

36.2 U/mg and 298.4 U/mg for CESH[D] and CESH[L],

respectively, therefore the total activities of purified pro-

teins from 250 mL culture were 1,483 U and 14,517 U for

CESH[D] and CESH[L], respectively. The high yields of

recombinant enzymes will facilitate the mechanism and

structural studies.

3.2 Characterization of the Recombinant Enzymes

In order to get the properties of the recombinant enzymes,

we measured the effects of pH and temperature on their

activities. We also measured the kinetics parameters of both

enzymes to compare the enzymatic reaction mechanisms.

The optimal pHs were obtained by the activity mea-

surements at pH from 4.0 to 11.0 (Fig. 3). CESH[D] showed

an optimal pH of 6.0, and had high activities ([60 %) from

pH 5.5 to 8.5. CESH[L] showed an optimal pH of 8.5, and

had high activities ([60 %) from pH 7.5 to 8.5. These results

indicated that CESH[D] has a broader pH stability than

CESH[L], and are in agreement with the previous reported

results for native enzymes purified from the original species

[19, 21].

The optimal temperatures were obtained by the activity

measurements at 4–65 �C (Fig. 4). Results showed that both

CESH[D] and CESH[L] have similar optimal temperatures

Fig. 2 SDS–PAGE of CESH[D] (left) and CESH[L] (right) at

different purification steps stained with Coomassie Brilliant Blue

G250. 5 lL samples containing *1 lg purified protein or *3 lg

crude extract were loaded onto the gels. Lane M: protein marker; lane
1: crude extract; lane 2: purified protein
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of 40–45 �C. The result for CESH[D] is in agreement with

the previous reported result for native enzyme purified

form the original specie, but the recombinant

CESH[L] showed a higher optimal temperature than the

reported value (20–30 �C) of native enzyme purified form

the original species.

With cis-epoxysuccinic acid as the substrate, the Km and

kcat values of the enzymes were determined at pH 7.5 and

37 �C by the Lineweaver–Burk plotting method (Fig. 5).

The values of Km, kcat and kcat/Km are shown in Table 2.

The Km value of CESH[D] is slightly larger than that of

CESH[L], but the kcat value of CESH[D] is only about one-

fifth of that of CESH[L]. Therefore, the kcat/Km value of

CESH[D] is about one-fifth of that of CESH[L]. The similar

Km values for both enzymes indicate that both enzymes

bind cis-epoxysuccinate with similar affinities. However,

Table 1 Summary of the

purifications of CESH(D) and

CESH(L) from 250 mL LB

cultures

Purification

process

Total Protein

(mg)

Total

activity (U)

Specific activity

(U/mg)

Purification

fold

Recovery

(%)

CESH[D]

Crude extract 137.7 1,563 11.4 1 100

Purified enzyme 41.0 1,483 36.2 3.189 94.9

CESH[L]

Crude extract 169.1 16,200 95.8 1 100

Purified enzyme 48.7 14,517 298.4 3.114 89.6

Fig. 3 Effect of pH on the activities of purified CESH[D] (left) and

CESH[L] (right) at 37 �C. The buffer for CESH[D] contained 60 mM

disodium cis-epoxysuccinate, 50 mM sodium phosphate buffer, and

the buffer for CESH[L] contained 1.0 M disodium cis-epoxysuccinate,

200 mM sodium phosphate buffer. The pHs were adjusted by the

addition of NaOH or H3PO4. The reaction time were 30 min for

CESH[D] and 20 min for CESH[L]. The concentrations of

CESH[D] and CESH[L] are 1.07 lM and 0.35 lM, respectively. The

highest activity of CESH[D] which refers to 100 % is 43.3 U/mg

specific activity at pH 6.12. The highest activity of CESH[L] which

refers to 100 % is 316.1 U/mg specific activity at pH 8.6

Fig. 4 Effect of temperature on the activities of purified

CESH[D] (left) and CESH[L] (right). The buffer for CESH[D] con-

tained 60 mM disodium cis-epoxysuccinate, 50 mM sodium phos-

phate buffer, pH 7.5. The buffer for CESH[L] contained 1.0 M

disodium cis-epoxysuccinate, 200 mM sodium phosphate buffer, pH

8.0. The reaction time were 30 min for CESH[D] and 20 min for

CESH[L]. The concentrations of CESH[D] and CESH[L] are 1.07 and

0.35 lM, respectively. The highest activity of CESH[D] which refers

to 100 % is 37.2 U/mg specific activity at 37 �C. The highest activity

of CESH[L] which refers to 100 % is 271.7 U/mg specific activity at

45 �C
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the large difference of kcat/Km values indicates that the

efficiency of CESH[D] is much lower than that of CESH[L].

Since both D(-)- and L(?)-tartaric acids are important

building blocks in the pharmaceutical and food industries,

the mechanism difference should be studied in future to

increase the efficiency of CESH[D].

3.3 Homology Modeling of CESH[L] and CESH[D]

CESH[D] and CESH[L] catalyze the same substrate, cis-

epoxysuccinate, to form different enantiomeric tartaric

acids. The catalytic mechanisms are interested by lots of

researchers, and our data indicated that the efficiency of

CESH[D] is much lower than that of CESH[L] although

both enzymes have similar affinity to the substrates. The

structure of the enzymes may be helpful to understand the

underlying mechanism difference but the structures of the

two CESHs have not been reported yet. To get structural

insight into the two enzymes, we constructed structural

models of CESH[L] and CESH[D] by homology modeling

using MODELLER9.9 [24].

By search in Protein Data Bank using Blast, several

proteins with low homology with each of the CESHs were

found and used as templates in the modeling (Supple-

mentary Figure S2). Because the sequence identities

between the CESHs and the candidate templates are low

(24–34 %), multiple templates were used in the homology

modeling to get more reliable results [8, 10, 14]. The

templates for CESH[L] include L-2-haloacid dehalogenase

from Xanthobacter autotrophicus GJ10 (PDB code 1QQ5,

27 % identity in 209 residues), haloacid dehalogenase

DehIVa from Burkholderia cepacia MBA4 (PDB code

2NO4, 34 % identity in 117 residues) and a novel predicted

phosphatase from Haemophilus somnus (PDB code 2HSZ,

24 % identity in 232 residues). The templates for

CESH[D] are 3-keto-5-aminohexanoate cleavage enzyme

(Kce) from Candidatus Cloacamonas acidaminovorans

(PDB code 2Y7D, 27 % identity in 299 residues) and two

uncharacterized proteins from Archaeoglobus fulgidus

(PDB code 3LOT, 30 % identity in 292 residues) and

Burkholderia xenovorans LB400 (PDB code 3E49, 26 %

identity in 287 residues). The templates of CESH[L] and

CESH[D] belong to a/b-hydrolase fold and TIM barrel fold,

respectively. Both folds are widespread in various proteins

with divergent functions [20, 27], which is the reason why

the functions of some templates are not CESH-related

enzymes. To confirm the reliability of the models based on

low-identity templates, the secondary structures of the two

CESHs were predicted from the sequences. The predicted

secondary structures correlated well with the secondary

structure compositions in both structural models (Supple-

mentary Figure S3), which confirmed the high reliabilities

of these models.

The model of CESH[L] adopts a typical a/b-hydrolase

fold with a cap domain and a core domain (Fig. 6a), which

extensively presents in epoxide hydrolases. A unique char-

acteristic among epoxide hydrolases is that although they

commonly have low sequential similarities, their catalytic

residues remain conserved. Based on previous studies, the

catalytically important residues of L-2-haloacid dehalogen-

ase [23] and DehIVa [22, 25] were indicated by asterisk (*)

in supplementary Figure S2; almost all of these residues

were conserved in CESH[L]. The existence of conserved

catalytically important residues in CESH[L] (Asp18, Thr22,

Arg55, Thr133, Lys164, Tyr170 and Asp193), which may

consist a catalytic pocket at the interface of two functional

domains (Fig. 6a), indicated that CESH[L] may adopt a

similar catalytic mechanism as L-2-haloacid dehalogenase

or DehIVa.

The model of CESH[D] possesses a unique TIM barrel

fold composed of 8 a-helices and 8 b-strands, and 2 extra

Fig. 5 Lineweaver-Burk plots

of CESH[D] (left) and

CESH[L] (right). The effect of

substrate concentration on the

two types of CESHs were

determined at different

concentration over the range of

3.6–22.8 mM for CESH[D] and

10–100 mM for CESH[L], and

the reaction time were 30 min

for CESH[D] and 20 min for

CESH[L] at 37 �C. The

concentrations of CESH[D] and

CESH[L] are 1.07 and 0.35 lM,

respectively

Table 2 Kinetics parameters of the hydrolysis of cis-epoxysuccinic

acid by CESH[D] and CESH[L]

Km (mM) kcat (min-1) kcat/Km (mM-1 min-1)

CESH[D] 24.4 1.23 9 103 50.4

CESH[L] 22.7 5.44 9 103 239.8
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short a-helices exist on the top and bottom of the barrel,

respectively (Fig. 6b). A zinc ion may present near the

catalytic site (Fig. 6b). CESH[D] only preserved part of the

catalytically important residues of one modeling template,

3-keto-5-aminohexanoate cleavage enzyme Kce [3]

(Fig. 2b, His47, His49, Thr82, Ile121 and Asp251). This is

reasonable because CESH[D] and Kce have different

enzymatic functions. The fold conservation suggests they

may share an ancestor, while the active sites were evolved

to have different functions. All templates used in modeling

for CESH[D] contain a zinc ion, and the zinc ion partici-

pates the catalytic process of enzyme Kce. Therefore, we

speculated CESH[D] may also contain a divalent metal ion.

We first checked the activity in the presence of 10 mM

EDTA and found CESH[D] almost lost its activity

(Table 3). Then we added 50 mM excess divalent metal

ions in the EDTA-treated samples, and we found that the

activities of CESH[D] were restored. Further, zinc ion can

restore the activity to *100 %, while other ions only

restore the activity partially (Table 3). These results con-

firmed that the active CESH[D] contains a divalent metal

ion, preferred to be zinc, which is necessary for its activity.

Our studies indicated CESH[L] and CESH[D] have dis-

tinct structures as well as catalytically important residues,

suggesting totally different catalytic mechanisms. To reveal

the mechanisms of CESHs, high-resolution 3D-structures

and detailed functional researches were indispensable.

Discoveries presented here will provide clues for further

structural and functional studies.

Previous studies suggested that pure epoxide hydrolases

have low stability which prevented the direct industrial

application of the enzyme [19]. Protein engineering may

help to increase the stability, but the stability could not

be carefully and extensively studied without high yield

enzyme production. Our protocol for production of

recombinant CESHs has a high yield and the recombinant

enzymes have similar properties to the native enzymes.

Further, the structural models of the two enzymes could

provide clues for the protein engineering studies. There-

fore, our works provide the basis to the stability and protein

engineering studies, which will be helpful to the industrial

recombinant enzyme productions and other industrial

applications.

4 Conclusions

In this paper, both CESH[D] and CESH[L] were recombi-

nantly expressed in E. coli with high yield and recovery. We

successfully used codon-optimized synthesized genes and

His6-tag fusion protein to obtain high expression and fast

purification. The purified recombinant proteins exhibited

Fig. 6 Ribbon representation of

structural models of

CESH[L] (a) and CESH[D] (b).

Side chains of conserved

catalytically important residues

were indicated in red, Zn2? ion

was indicated as blue ball

Table 3 The relative activities of CESH[D] in the presence of EDTA (10 mM) or various metal ions (50 mM)

CESH[D] ? ? ? ? ? ? ? ? -

EDTA - - - - ? ? ? ? -

Ca2? - ? - - - ? - - -

Mg2? - - ? - - - ? - -

Zn2? - - - ? - - - ? -

Activity (%) 100 ± 3.8 99.6 ± 1.8 95.6 ± 12.2 94.8 ± 4.6 8.2 ± 1.5 26.9 ± 4.3 57.7 ± 4.7 91.9 ± 3.8 0

The specific activity of CESH[D] without additive was 26.2 U/mg which was normalized as 100 %
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similar properties as the native proteins purified from the

original species, and the only exception is that the recom-

binant CESH[L] showed a slightly higher optimal tempera-

ture than that of native CESH[L]. This indicated the fusion

His6-tags have little effect on the enzyme activity and

property. Therefore, purified recombinant enzymes can be

used in the future biochemical and structural studies.

Homology modeling of the two CESHs indicates that

CESH[L] and CESH[D] have completely different structures

and active site residues. CESH[L] adopted a typical a/b-

hydrolase fold with a cap domain and a core domain, and

conserved catalytically important residues consist a catalytic

pocket at the interface of two functional domains.

CESH[D] possessed a unique TIM barrel fold composed of 8

a-helices and 8 b-strands, and 2 extra short a-helices exist on

the top and bottom of the barrel, respectively. A divalent

metal ion was found in CESH[D] by homology modeling and

activity experiments. The metal ion, preferred to be zinc, is

necessary to the activity of CESH[D]. Our work provides the

basis to the stability and protein engineering studies, as well

as the structural insight of the catalytic mechanisms of the

two CESHs, which will be helpful to the industrial produc-

tions and other applications.
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