
Contents lists available at ScienceDirect

Ecotoxicology and Environmental Safety

journal homepage: www.elsevier.com/locate/ecoenv

Secretory expression, immunoaffinity purification and metal-binding ability
of recombinant metallothionein (ShMT) from freshwater crab Sinopotamon
henanense

Yongji Hea,b,⁎, Lan Wangb, Wenli Mab, Xiaoxia Luc, Yunlong Lia, Jinping Liub

a Institute of Agro-Products Processing Science and Technology, Shanxi Academy of Agricultural Sciences, 79 Longcheng Street, Taiyuan 030031, Shanxi Province, PR
China
b School of Life Science, Shanxi University, 92 Wucheng Road, Taiyuan 030006, Shanxi Province, PR China
c Biology Institute of Shanxi, 50 Shifan Street, Taiyuan 030006, Shanxi Province, PR China

A R T I C L E I N F O

Keywords:
Metallothionein
Secretory expression
Immunoaffinity purification
Metal-binding ability
Sinopotamon henanense
Polyol-responsive

A B S T R A C T

Metallothioneins (MTs) are a super-family of ubiquitous, low-molecular-weight, cysteine-rich and metal-binding
proteins. They are thought to play a predominant role in mediating metal metabolism and antioxidation.
However, the accurate functions of MTs remain unclear in the physiological processes due to native proteins
deficiency and little information of their metal-binding character. Freshwater crab Sinopotamon henanense is a
decapod crustacean widely distributed in northern China, in which only one MT isoform (ShMT) has been
reported so far. In order to shed light on the accurate role of ShMT, a novel recombinant ShMT in native form
was over-expressed by phoA secreted expression system in Escherichia coli (E. coli). Then the ShMT proteins were
purified using a one-step gentle immunoaffinity chromatography with a polyol-responsive mAb (PR-mAb) to
ShMT, which was generated by conventional hybridoma technology followed by ELISA-elution. The Zn-, Cu-,
and Cd-ShMT complexes were prepared by recombinant synthesis in metal-enriched media and reconstitution
with metal ions, respectively. Further analysis about metal-binding capacity showed recombinant ShMT has high
ability to bind Zn, Cu and Cd metals, although the recombinantly expressed and reconstituted metal-ShMT
complexes have different metal-to-protein stoichiometry. Moreover, the affinity of recombinant protein for metal
ions has been analyzed using competitive reaction with 5, 5-dithiobis (2-nitrobenzoic acid) (DTNB). The results
demonstrated the affinity of recombinant ShMT for metals was as follows: Cu＞Cd＞Zn. In summary, the ex-
perimental procedure we have developed facilitates production of recombinant ShMT with native characteristics
for further research and the study of metal-binding ability could help further clarify the accurate functions of
ShMT.

1. Introduction

Metallothioneins (MTs) are ubiquitously small cysteine-rich pro-
teins (Sauge-Merle et al., 2012). They have a high affinity to metal ions
in the form of metal thiolate clusters by their abundant cysteine re-
sidues, which enables them to play an important role in detoxification
of heavy metals such as cadmium (Cd), and in maintenance of the
homeostasis of essential metals such as zinc (Zn) and copper (Cu) (Mao
et al., 2012). In addition to their functions as metal chelators, MTs play
a role in the management of oxidative stress as efficient scavengers of
reactive oxygen species (Mao et al., 2012). Moreover, MTs are also
involved in the regulation of cell proliferation, apoptosis and

differentiation (Yang et al., 2007). Since their identification from
equine kidney cortex in 1957 (Margoshes and Vallee, 1957), various
MT proteins have been reported in many vertebrates and aquatic in-
vertebrates (Amiard et al., 2006). Despite that MTs have been found to
have different biological functions, the accurate roles of MTs are poorly
understood in the physiological processes (Pérez-Rafael et al., 2012;
Nezhad et al., 2013).

The metal-binding ability of MTs is an important basis of their
biological functions (Capdevila and Atrian, 2011). MTs constitute a
polymorphic system in practically all the organisms, so that the di-
versification of MT isoforms may underlie their ability to perform dif-
ferent metal-specific physiological roles in accordance with their metal-
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binding ability (Pérez-Rafael et al., 2014; Shahpiri and
Mohammadzadeh, 2018). The typical example is Roman snail Helix
pomatia which synthesize three MT isoforms including HpCuMT,
HpCdMT and HpCd/CuMT (Pérez-Rafael et al., 2014). HpCuMT with
the high specificity to Cu could be associated with the homeostasis of
essential Cu to secure it for haemocyanin biosynthesis and another
isoform HpCdMT with the high specificity to Cd may have an important
role in heavy metal detoxification (Pérez-Rafael et al., 2014). HpCd/
CuMT with a mixture of metal-binding properties could perform the
diverse physiological functions. Moreover, Ec-1 isoform from bread
wheat Triticum aestivum with the high preference to Zn could related
with basal Zn metabolism and antioxidation (Tarasava et al., 2013).

In order to investigate the metal-binding ability of MTs, there is a
need for sufficient amounts of pure MT in native form. Although the
traditional purification method from natural tissues is a preferred way
to prepare native MT proteins, it is limited by low recovery and in-
tricate procedure. In comparison with the traditional purification
method, heterologous expression of MT is better suitable due to high
expression rates and low cost. To date, despite that MTs from various
sources have been expressed in bacteria and fungus to produce re-
combinant active proteins, heterologous expression of MTs is not de-
void of complications as their stability and degradation (Mejáre and
Bülow, 2001; Shahpiri and Mohammadzadeh, 2018). Many researchers
attempted to solve this problem by fusion technology (Mejáre and
Bülow, 2001; Tarasava et al., 2013). However, the fusion tag portion
(including GST and 6His, and so on) may interfere with the metal-
binding ability of MTs, cleavage of the fusion is usually necessary
(Pérez-Rafael et al., 2012; Tarasava and Freisinger, 2015). So this
strategy is not only time consuming but also not cost effective, which
also limits it applications. Furthermore, MTs prefer to be oxidated and
self-aggregated and then are prone to alter their metal-binding char-
acter under normal aeration during the isolation process (Lim et al.,
2010; Pérez-Rafael et al., 2012). So it would also be necessary to de-
velop efficient and reliable purification method for recombinant MT
with native character.

Freshwater crab Sinopotamon henanense is widely distributed in
northern China. In general, invertebrates examined contain two or
more distinct isoforms compared with mammals (Amiard et al., 2006;
Pérez-Rafael et al., 2014). However, only one MT isoform has so far
been found in S. henanense (Ma et al., 2009). In order to characterize its
metal-binding ability, a novel recombinant ShMT similar to its natural
was overexpressed by phoA secreted expression system in E. coli. Then
one “polyol-responsive” monoclonal antibodie (PR-mAb) to ShMT was
generated and used to purify recombinant ShMT using one step gentle
immunoaffinity chromatography. Finally the metal-binding ability of
recombinant ShMT was analyzed preliminarily including the capacity
and affinity for binding metal ions. These present studies could help
further elucidate full metal-binding properties and clarify the accurate
functions of ShMT.

2. Materials and methods

2.1. Secretory expression of ShMT in E. coli

The coding region of full-length ShMT has been initially inserted
into cloning vector pGEM-T to construct the plasmid pGEM-T-ShMT in
our previous study (Ma et al., 2009). In order to construct the secretory
expression plasmid, we designed the primers 5′-GCCATGGCCCCTGAT
CCTTGCTGC-3′ and 5′-AGGATCCTGAGGGGC AGCAGGAGCAAG-3′
(Sangon, China), which contained NcoⅠ and BamHⅠ restriction sites
(underlined). The PCR reaction was performed using pGEM-T-ShMT as
a PCR template under the following conditions: 1 cycle at 94 °C for
5min; 30 cycles at 94 °C for 30 s, 65 °C for 30 s, and 72 °C for 1min;
followed by 1 cycle at 72 °C for 10min, and hold 4 °C. The PCR products
of about 200 bp was digested with NcoⅠ and BamH Ⅰ (TAKARA, China),
isolated and ligated into the same sites of phoA expression vector

containing phoA promoter and modified pel B leader sequence that was
kindly provided by Dr. Jinan jiao (Sunol Molecular Corp., USA). The
recombinant plasmid phoA-ShMT was subsequently transformed into E.
coli TOP10 competent cells. Then the transformation mixture was cul-
tured on LB agar plates containing 100 μg/mL ampicillin. Plasmid
phoA-ShMT was isolated from a positive colony and the ligation and in-
frame insertion was confirmed by DNA sequencing (Sangon, China). E.
coli BL21 (DE3) strain (Novagen, Germany) were transformed with
recombinant plasmid for protein expression and phoA plasmid as a
control.

For expression analysis, recombinant E. coli harboring phoA-ShMT
vector were picked from a single colony and grown overnight at 37 °C in
LB medium with 100 μg/mL ampicillin. Then the culture mixture was
diluted 1:100 (v/v) in the modified minimal medium developed by
Neidhardt et al. (1974) (0.05% yeast extract, 0.5% tryptone, 0.3%
(NH4)2SO4, 0.5% NaCl, 0.1% MgSO4, 0.4% glucose) supplemented with
100 μg/mL ampicillin. Cells were grown at 30 °C under continuous
shaking (165 rpm); expression of the recombinant protein was induced
by the phosphate starvation. The content of the phosphorus was
quantified by phosphorus liquirapid complete test kit, following the
procedure recommended by the manufecturers (Human, Germany).
During the induction, 300 µM ZnSO4 was added to stabilize ShMT.

2.2. PR-mAb generation

2.2.1. Hybridoma and mAb
For the isolation of hybridomas produce ShMT-specific mAbs, the

recombinant ShMT fused with SUMO tag (hereby designated as SUMO-
ShMT) was prepared as antigens as previously described (He et al.,
2014). Prior to immunization, the purified protein was dialyzed using a
3000 MWCO membrane (Millipore, USA) against 0.01M Tris-HCl (pH
7.8) and the SUMO-ShMT protein concentration was evaluated using
Bradford assay. The female Balb/c mice of 6 weeks old (Vital River
Laboratories, China) were injected in the hind leg muscle with an in-
itiation shot of 25 μg SUMO-ShMT mixed with an equal volume of
QuickAntibody (Kangbiquan Inc., China), a novel water-solubility im-
munoadjuvant without emulsification to distinguish from the Freund's
adjuvant. The second immunization was performed at the 3th week in
the same manner. After five weeks, the blood samples were collected
from the tail vein and the sera were assayed for their titer by indirect
ELISA using SUMO-ShMT as a solid-phase antigen as previously de-
scribed (He et al., 2014). When the sera showed a titer of at least 10,
000, mice were boosted with another injection (i.p., 50 μg of SUMO-
ShMT without adjuvant) and then sacrificed for spleen cell collection
three days later. All animal protocols were approved by the Committee
on Ethics of Animal Experiments at Shanxi University of School of Life,
China.

Hybridomas were prepared from isolated splenocytes using SP2/0
myeloma cells as the fusion partner by standard hybridoma method
(Esch et al., 2012). The cells producing mAb were selected for reactivity
to ShMT which was recovered from the SUMO-ShMT fusion protein by
SUMO protease, using an indirect ELISA method as previously de-
scribed (He et al., 2014). The selected wells were cloned at least three
by the limiting dilution method (Esch et al., 2012). Antibody isotyping
was identified by ELISA-based kit(IsoQuick™ Kit for Mouse Monoclonal
Isotyping, Sigma-Aldrich, USA).

2.2.2. Purification of mAb and western blot analysis
Ascites were obtained from the abdominal cavity irritated with an

established hybridoma of Balb/c mice by indirect ELISA method as
previously described. To purify antibodies, ascites were firstly diluted
twofold with PBS (10mM, pH 7.4) and then filtered through absorbent
cotton. After adjusting the solution to a pH of 9 with a 0.1 M Tris-HCl
solution (pH 10) containing 3M NaCl, the ascites containing IgG were
filtered through a 0.22 µm membrane and subsequently purified on
Protein A-Sepharose CL-4B column (GE Healthcare, USA). Columns
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were washed with 20mM Tris-HCl (pH 9.0) containing 3M NaCl and
then the bound protein was eluted with 0.1 M glycine buffer (pH 3.0).
Eluted mAbs were neutralized by the addition of 2M Tris-HCl (pH 8.0)
immediately, and were dialyzed using a 10,000 MWCO membrane
(Millipore, USA) against PBS.

The reactivity towards recombinant and endogenous ShMT was
examined by Western blot analysis. As endogenous proteins, natural
ShMT was purified from the hepatopancreas of S. henanensewas exposed
to Cd previously prepared (Ma et al., 2009). Overall procedure was
followed by our previous study (He et al., 2014). Briefly, purified re-
combinant SUMO-ShMT and natural ShMT were separated on 15% SDS-
PAGE and subsequently transferred to a PVDF membrane (Bio-Rad,
USA). The membrane was blocked with 5% skim milk at pH 7.4 PBS for
60min at 4 °C and was incubated with the mAbs for 2 h at 4 °C. Then we
used goat anti-mice IgG conjugated with alkaline phosphatase (Sangon,
China) and NBT/BCIP reagent (Amresco, USA) as substrate.

2.2.3. ELISA-elution assay
ELISA-elution assays were performed according to the methods of

Esch et al. (2012) with slight modifications. The solution of SUMO-
ShMT (10 μg/mL, 100 μL), which was dissolved in the coating buffer
(0.5 M Na2CO3/NaHCO3, pH 9.6), was added to the well of a 96 well
microplate and incubated at 4 °C overnight. The wells were then wa-
shed three times with washing buffer (PBS containing 0.1% Tween 20,
PBST) and blocked with 3% BSA in PBS to eliminate nonspecific ab-
sorption. MAbs solutions (100 μL) were added to wells and incubated
for 1.5 h at 37 °C. After the plate was washed three times with PBST,
polyol elution buffers containing various concentrations of propylene
glycol and ammonium sulfate in 50mM Tris–HCl (pH 7.9) were added
to each well and incubated at room temperature for twenty minutes.
Plates were washed with PBST, and incubated with 100 μL of a 5000
fold horseradish peroxidase-conjugated goat antibody (GeneTex, USA)
diluted with PBSTB (PBST containing 1% BSA). The bound mAb was
detected with hydrogen peroxide substrate and o-phenylenediamine
(OPD) (Amresco, USA) in citrate buffer. Finally, the reaction was ter-
minated by adding 30 μL of 2M H2SO4 and quantification was per-
formed with a microplate reader (TECAN Infinite M200, Switzerland) at
492 nm.

2.3. PR-mAb conjugation to Sepharose resin

The procedure used to make an immunoaffinity column was de-
scribed by Esch et al. (2012). Purified PR-mAb was dialyzed through
coupling buffer (0.1M NaHCO3, 0.5 M NaCl, pH 8.3) overnight at 4℃.
The protective additive of CNBr-activated Sepharose 4B (GE Health-
care, USA) was washed away by 1mM HCl (pH 4.0) and the beads were
rinsed with coupling buffer. The excess amount of PR-mAb was con-
jugated to a slurry of CNBr-activated Sepharose 4B to prepare the im-
munoaffinity column. Then the PR-mAb-conjugated Sepharose was
washed away by five volumes of the coupling buffer followed by
blocking buffer (0.1 M Tris-HCl, pH 8.2). Subsequently, the PR-mAb-
conjugated Sepharose was washed to remove noncovalently bound
protein by blocking buffer with 0.5M NaCl and acetate buffer (0.1 M
sodium acetate, 0.5M NaCl, pH 4.0) in turns. The PR-mAb-conjugated
Sepharose was stored in PBS with 0.02% NaN3 at 4℃.

2.4. Immunoaffinity purification of ShMT using PR-mAb

Prior to purification, the induced E. coli cells were centrifuged at 8,
000 g for 20min at 4 °C, suspended in Tris-HCl buffer (50mM Tris-HCl,
pH 7.8) and disrupted by a sonicator on ice for 3×20 s and heated at
80 °C for 10min. Cell debris was removed by centrifugation at 14,000 g
for 25min at 4 °C (Multifuge X1R, Thermo Fisher Scientific, USA). The
soluble fraction was applied to a 5mL column of the PR-mAb-con-
jugated Sepharose at 4 °C for one hour. Then the resin was washed with
50mM Tris-HCl (pH 7.8). A third wash was performed with 50mM

Tris-HCl (pH 7.8) containing 0.25M ammonium sulfate. Finally, ShMT
protein was gently eluted from the column with polyol elution buffer
(50mM Tris-HCl+0.75M ammonium sulfate +40% propylene glycol,
pH 7.9). The purity of the ShMT protein was assessed on a 15% SDS-
PAGE. To prevent oxidation of the ShMT, nitrogen gas was bubbled in
all the purification steps following cell disruption.

2.5. Analysis of metal-binding capacity of ShMT protein in E. coli and in
vitro

E. coli harboring phoA-ShMT vector were grown until the phosphate
of culture was depleted and then the modified minimal medium were
supplemented with 300 μM ZnSO4, CuSO4 and CdCl2 respectively. After
growing for another 3 h, recombinant ShMT could be extracted from
bacterial lysates using the PR-mAb described above. In order to de-
termine metal ion content in recombinant metal-ShMT complexes, 1 mL
of each metal-ShMT sample was dried at 120 °C and digested with 1mL
of concentrated nitric acid (HNO3) for 2 h at 95 °C. After cooling at
room temperature, the digests were diluted with deionized water to the
final volume of 4mL and analyzed for metals by inductively coupled
plasma optical emission spectroscopy (Thermo iCAP 6300, USA). The
purified ShMT was quantified using Bradford assay.

The reconstitutions of ShMT complexes with metal ions (Zn-ShMT,
Cu-ShMT and Cd-ShMT) were performed with the procedure reported
in Park et al. (2007). For preparing Zn-ShMT, Cu-ShMT and Cd-ShMT,
an aliquot of the purified Zn-ShMT was acidified from pH 7.8 to pH 2.0
with HCl and chromatographed on a Sephacryl S-100 column equili-
brated with 0.01M HCl and eluted with the same solution to remove
the bound metal ions. The purified samples (apo-ShMT) were added
with of Zn2+, Cu2+, and Cd2+ respectively (apo-ShMT: metal = 1:8),
followed by adjustment to pH 8.0 with tris base, to prepare the corre-
sponding metal complexes. The unbound access metals were removed
by Sephacryl S-100 column equilibrated with 0.01M Tris-HCl (pH 7.8)
again. The reconstitution procedure was performed under anaerobic
conditions and all the solutions were saturated with nitrogen gas. The
metal ion content in reconstituted metal-ShMT complexes were ana-
lyzed by the methods above described.

2.6. Reaction with DTNB

The affinity of ShMT for metals was assayed using competitive re-
action with 5, 5-dithiobis (2-nitrobenzoic acid) (DTNB) as follows (Wu
et al., 2014). In brief, 0.5 nmol of the reconstituted metal-ShMT com-
plexes were dissolved in 100 μL of 10mM Tris-HCl buffer (pH 8.0) and
placed in a quartz cuvette. The reaction was started by adding 25 nmol
of DTNB (Sigma, USA) and the absorbance at 412 nm was recorded by
UV–visible spectroscopy (UNICO UV2802, USA) for 100min at room
temperature. The initial velocity was obtained from each curve of ab-
sorbance versus the reaction time (t).

3. Results

3.1. ShMT expression in E. coli

The ShMT gene of 185 bp was introduced into the phoA expression
vector and transferred into E. coli TOP10 competent cells. The trans-
formants were grown in LB medium supplemented with 100 μg/mL
ampicillin and the plasmid DNA was isolated. DNA sequencing con-
firmed that the recombinant phoA-ShMT expression plasmid included
no nucleotide substitutions and the ShMT gene was cloned in the cor-
rect frame after the modified pel B leader sequence (data not show).

In order to prepare sufficient amounts of ShMT in native form, re-
combinant E. coli harboring phoA-ShMT vector were induced by the
phosphate starvation. As shown in Fig. 1, recombinant ShMT was ex-
pressed in the soluble fraction by the phosphate starvation in E. coli
compared to the control (vector alone). The soluble ShMT migrated in
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SDS-PAGE with an apparent molecular weight of 7 kDa (Fig. 1, lane 2).

3.2. Production of anti-ShMT mAb

The digestion ShMT derived from SUMO-ShMT has poor im-
munogenicity because it is a small protein with a molecular mass below
10 kDa (Kim et al., 2011), so the SUMO-ShMT with a molecular weight
of 26 kDa was chosen as immunogen to immunize mice for mAb pro-
duction in this study. Spleen cells from the selected mouse were fused
with myeloma cells to produce the desired hybridoma cell lines. The
hybridomas secreting mAb against ShMT was screened using the di-
gestion ShMT of 7 kDa as coating antigen by indirect ELISA because of
its good specificity, which were further cloned by the limiting dilution.
Finally, four high-affinity mAbs against ShMT were recovered and de-
signated 1MT10, 1MT12, 2MT3 and 2MT31, respectively. All mAbs
were determined to be IgG1 isotype by ELISA-based kit.

To test mAb specificity with ShMT, recombinant SUMO-ShMT and
endogenous ShMT were analyzed by Western blot analysis. Whole
natural ShMT from the freshwater crabs and the purified SUMO-ShMT
were separated by 15% SDS-PAGE, blotted onto membrane and de-
tected by all mAbs. As shown in Fig. 2, all four antibodies were not only
able to detect recombinant SUMO-ShMT (26 kDa) and endogenous
ShMT (7 kDa or 14 kDa) from hepatopancreas of the freshwater crab.

3.3. Polyol-responsiveness of mAb

A specific type of mAb, designated polyol-responsive mAb (PR-
mAb) was described for the first time in 1992 by Thompson et al.

(1992). In this study, we performed modified enzyme-linked im-
munosorbent assays (Thompson et al., 1992), termed ELISA-elution
assay, to screen for PR-mAbs against ShMT. In general, a mAb is con-
sidered polyol-responsive only if the signal drops to 50% of the control
buffer (50mM Tris-HCl, pH 7.8) signal when incubate with polyol
buffer (Esch et al., 2012). Our result showed only 2MT3 of four mAbs
was typical PR-mAb and the signal for it dropped to 74% of the original
signal in the presence of 40% propylene glycol and 0.75M ammonium
sulfate (Fig. 3A). Fig. 3B showed a detailed analysis of 2MT3 polyol-
responsiveness to increasing concentrations of polyol and salt.

3.4. Immunoaffinity chromatography of ShMT using PR-mAb

In order to protect natural metal-binding ability of ShMT from harsh
eluting conditions, especially extreme pH, we covalently attached PR-
mAb 2MT3 to cyanogen bromide-activated sepharose and used it to
purify recombinant untagged ShMT using one step gentle im-
munoaffinity chromatography (Fig. 1). As expected, recombinant ShMT
could bind to the 2MT3 resin until eluted with polyol elution buffer.
The eluates show a significant purification of ShMT (7 kDa) which is the
major band in the fraction as determined by 15% SDS-PAGE.

3.5. The metal-binding capacity of ShMT in E. coli and in vitro

In order to estimate the metal-binding capacity of the ShMT in E.
coli and in vitro, the recombinant and reconstituted metal-ShMT com-
plexes were prepared and then analyzed for metals, respectively. As
shown in Table 1, purified ShMT was able to bind 6.2, 10.8 and 2.9

Fig. 1. Expression and immunoaffinity purification of recombinant ShMT were analyzed by SDS-PAGE (A and B) and Western blot (C). Mr, protein molecular-weight
markers; lane 1, non-induced cell extract; lane 2, induced cell extract; lane 3, soluble fraction of induced cell extract; lane 4, the supernatant after heating at 80 °C for
10min; lane 5, flow through; lane 6, wash; lane 7, elution.

Fig. 2. mAb reactivity with recombinant and endogenous ShMT. Lane 1, Whole lysate of E. coli expressing SUMO-ShMT; lane 2, recombined SUMO-ShMT; Lane 3, the
digested ShMT; Lane 4, natural ShMT.
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mols of Zn, Cu and Cd per mol protein in E. coli. However, in vitro
incubation of recombinant ShMT with metals led to coordination of 6.1,
12.4 and 5.7 mols per mol protein.

3.6. Determination of the metal-binding affinity of ShMT with DTNB

For investigating the metal-binding affinity of the ShMT in vitro, Zn-
ShMT, Cu-ShMT and Cd-ShMT were prepared by MT reconstitution in
order to remove ZnxCuy-ShMT and Cd-S2--ShMT species and then con-
firmed by ultraviolet absorption spectra. The ultraviolet absorption
spectra of the reconstituted Zn-ShMT, Cu-ShMT and Cd-ShMT showed a
significant absorption shoulder at 216 nm, 270 nm and 254 nm re-
spectively and a low absorbance at 280 nm (data not show). This
spectral profile is typical of metal-thiolate ligand absorbance with Zn,
Cu and Cd in agreement with natural ShMT from the crab (Ma et al.,
2009). To understand the affinity between ShMT and metal ions, we
employed the competitive reaction with DTNB to assess the accessi-
bility of DTNB to protein sulfhydryls, which relates to the structure and
metal binding affinity of the protein (Wu et al., 2014). The reaction was
followed by determining the production rate of TNB at 412 nm. Fig. 4
shows the DTNB reaction profile with each of the metal-ShMT com-
plexes prepared in vitro. The Zn-ShMT complex have the highest re-
activity and the absorbance units at 412 nm after 60min. The results
demonstrated that the initial velocity of Zn-ShMT, Cu-ShMT and Cd-

ShMT complexes were calculated as about 957.11 nmol/min, 635.32
nmol/min and 321.54 nmol/min. According to the obtained results, the
affinity of metal ions for ShMT was as follows: Cd＞Cu＞Zn.

4. Discussion

4.1. Expression of recombinant ShMT

Despite the efforts to improve the procedures, there are many
complications concerning the expression of MT in E. coli (Shahpiri and
Mohammadzadeh, 2018). The cysteine content of MTs is very high,
which might interfere with cellular redox pathways in the cytosol. The
intra-molecular reaction of SH groups may occur, which can cause the
formation of inclusion bodies (Lim et al., 2010). Moreover, MTs are
quite unstable with a short half-life time owing to its low molecular

Fig. 3. Polyol-responsiveness of anti-ShMT mAb. A) ELISA-elution assay results to determine polyol-responsiveness. B) The ability of mAb 2MT3 to bind ShMT in
response to various combinations of ammonium sulfate and propylene glycol. Data represent mean±SD of three independent experiments.

Table 1
M ratio (metal/protein) of ShMT in E. coli and in vitro.

Metal-ShMT complexes Zn/protein Cu/protein Cd/protein

Recombinant metal-ShMT complexes in
E. coli

6.2 10.8 2.9

Reconstituted metal-ShMT complexes in
vitro

6.1 12.4 5.7

Fig. 4. Reaction profiles of the reconstituted metal-ShMT complexes with
DTNB.
0.5 nmol of each metal-ShMT complexes was dissolvedin 100 μL of 10mM Tris-
HCl, pH 8.0 and the reaction was started by adding 25 nmol of DTNB to the
solution. The absorbance at 412 nm was recorded for 60min at 25 °C. Each
calculate is the mean of three replicates.
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weight. Many researchers solve this problem by fusing it with GST and
SUMO proteins (Mejáre and Bülow, 2001; Lim et al., 2010). Another
approach to overcome the problem is to express MTs on the cell surface
as fusions to LamB and OmpA, proteins that span the outer membrane,
or to PAL, a protein that is anchored to the peptidoglycan layer or in the
periplasm as fusions to MBP (Mejáre and Bülow, 2001). However,
Cleavage of the fusion is usually necessary because the fusion interferes
with the structural or functional properties of the recombinant MT, so
this strategy is limited in its application by the labor-intensive and cost
(Nezhad et al., 2013; Shahpiri and Mohammadzadeh, 2018; Zhou et al.,
2018).

In our previous study, recombinant soluble ShMT was over-ex-
pressed as a fusion protein with SUMO to overcome the instability,
toxicity and formation of inclusion bodies (He et al., 2014). However,
SUMO tag, especially 6His part of it, could alter metal-binding char-
acter of ShMT (Tarasava et al., 2013; He et al., 2014). In order to
prepare enough ShMT with native metal-binding character, we inserted
the ShMT gene into phoA vector to express recombinant ShMT without
any fusion partner in E. coli.

In this study, the recombinant ShMT was expressed in the periplasm
(data not show). This periplasmic localization occurs through the signal
sequence (modified pel B leader sequence) encoding a peptide of 19
amino acids which directs the fusion protein through the cytoplasmic
membranes to the periplasm. The ShMT protein was transported to
periplasm to avoid it's possible toxicity to the host cells. It should be
noted that ShMT protein tend to be oxidized in the periplasm compared
with in the cytoplasm because of the oxidative environment of the
periplasm. The oxydation of cysteine residues would reduce their
ability to bind metal ions and thus negatively affect metal capacities. So
the ShMT must be expressed in the presence of metal ions to stabilize
MT clusters and under anaerobic conditions to prevent their self-ag-
gregation (Lim et al., 2010; Sauge-Merle et al., 2012). Additionally,
compared with other fusion tag, the modified pel B leader sequence was
cleaved after the ShMT protein into periplasm by the corresponding
signal peptidase and ShMT protein similar to its natural form was
produced.

4.2. Production and use of PR-mAb for immunoaffinity chromatography

PR-mAbs are naturally occurring mAbs, which maintain a high af-
finity for their antigen under binding conditions, but release in the
presence of a low molecular weight polyhydroxylated compound
(polyol) and a nonchaotropic salt. In general, only approximately
10–20% of all mAbs have this property. The property of polyol-re-
sponsiveness can be employed to isolate interesting antigen protein
with native structure and biological activity (Thompson et al., 1992). In
comparison with general mAbs, PR-mAbs couldn’t require a high con-
centration of denaturing reagents and/or extreme pH to release antigen
protein. In our study, mAb 2MT3 have typical polyol-responsive prop-
erty and was chosen to develop an immunoaffinity chromato-

graphy for ShMT. As discussed previously by Esch et al. (2012), the
mechanism and mAb characteristics contributing to this property re-
main puzzled so far.

Immunoaffinity chromatography is a powerful tool which can iso-
late proteins rapidly and specifically in a single purification step,
especially for untagged proteins. However, the approach usually re-
quires harsh elutiong conditions which can denature proteins or influ-
ence their activity (Esch et al., 2012). PR-mAbs are especially useful in
purifying proteins that retain biological activity and structural integrity
(Esch et al., 2012). In this study, PR-mAb 2MT3 to ShMT was generated
and used to purify recombinant untagged ShMT by one step gentle
immunoaffinity chromatography.

4.3. The metal-binding capacity of ShMT in E. coli and in vitro

The results about metal-binding capacity of ShMT showed

recombinant ShMT has different metal-to-protein stoichiometry in E.
coli and in vitro. Different reasons account for the difference of metal-to-
protein stoichiometry of ShMT in E. coli and in vitro with regard to
different metal ions. In this study, recombinant ShMT could bind as
many Zn2+ ions in E. coli as in vitro, which is in good agreement with
the results by Toriumi et al. (2005) and by Orihuela et al. (2010).
Moreover, recombinant ShMT was able to bind more Cu+ ions in E. coli
than in vitro. Maybe it's because multiple coexisting heterometallic
ZnxCuy-ShMT was produced due to the presence of native Zn2+ ions in
E. coli (Orihuela et al., 2010), Zn2+ ions of which could been eliminated
when reconstituted in vitro (Orihuela et al., 2010; Pérez-Rafael et al.,
2014). It was also observed that reconstituted Cd-ShMT complexes have
higher Cd/ShMT ratio compared with recombinant Cd-ShMT com-
plexes, mainly because the presence of ternary Cd-S2--ShMT species in
most of the recombinantly constituted Cd-ShMT complexes (Orihuela
et al., 2010). In the reconstituted process, the acidification procedure
provokes the protonation of the S2- ligands and allows removing the
acid-labile S2- as H2S, leading to the denaturation of the metal-MT
clusters, which can be recovered by reneutralization (Pérez-Rafael
et al., 2012, 2014). In this study, the results showed recombinant ShMT
has a higher binding capacity with Cu as compared to Zn and Cd. What
is interesting, however, the Cd accumulation was higher than zinc and
copper in corresponding recombinant strain at the same concentration
in our previous study (He et al., 2014). It could be explained that re-
combinant ShMT supplemented with Cd have a higher level of ex-
pression compared with Zn and Cu at the same concentration.

4.4. The metal-binding affinity of ShMT with DTNB

So far different metal-binding affinity with metals has been de-
monstrated in different MT isoforms. Previously, the human re-
combinant MT3 showed the highest affinity for Cu as compared to Zn
and Cd (Wu et al., 2014), while recombinant rice MT1 from Oryza sativa
have the greater binding affinity for Cd than for Zn and Cu (Nezhad
et al., 2013). In another study, the order of the metal-binding affinity
for recombinant MT from antarctic clam was found to be Cu>Cd>Zn
(Park et al., 2007). The thermodynamic and the kinetic stability of
formed metal-MT complexes are main factors that determine the affi-
nity of MT proteins for metals (Zhou et al., 2018). It is worth noting that
the same MT from different heterologous expression could not have
consistent affinity with metals. For example, the order of metal-binding
affinity of recombinant human MT3 from E. coli was found to be
Cu>Cd>Zn while another human MT3 from methylotrophic yeast
was Cu>Zn>Cd (Toriumi et al., 2005; Wu et al., 2014).

The metal binding capacity and affinity are mainly determined by
the content and arrangement of cysteine residue in MT (Pérez-Rafael
et al., 2012), which relate to the metal-binding specificity of the protein
and is an important basis of their biological functions. Based on the
results of metal-binding feature including the capacity and affinity, we
suggest that ShMT could play a diverse role in Cd detoxification as a Cd-
thionein, Zn metabolism and oxidative stress as a Zn-thionein and Cu
metabolism in relation to haemocyanin synthesis as a Cu-thionein.

In conclusion, using a secrete expression system and an efficient and
gentle immunoaffinity purification method, we produced high amounts
of pure ShMT protein in native form. The Zn-, Cu-, and Cd-ShMT
complexes were prepared by recombinant synthesis in metal-enriched
media and reconstitution with metal ions, respectively. Further study of
metal-binding ability demonstrated recombinant ShMT has high ability
to bind Zn, Cu and Cd metals, although with different metal-to-protein
stoichiometry in E. coli and in vitro, and the affinity of recombinant
ShMT for metals was as follows: Cu＞Cd＞Zn. Taken together, the ex-
perimental procedure we have developed facilitates production of re-
combinant ShMT with native characteristics for further research and
the study of metal-binding ability could help further clarify the accurate
functions of ShMT.
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