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Bioremediation is a biological method for removing heavy metals from the
environment. Heavy metal binding proteins have been identified in various organisms
and have been used to study bioremediation. CXXC and histidine peptide rich motifs are
metal binding domains found in proteins of all living organisms. Genes encoding the
metal binding domain CXXC motif from the mcsA gene and histidine peptide rich motifs
from the copA gene of S. aureus were used to construct 3 recombinant proteins containing
various metal binding domains, C4, C8 and C4His recombinant proteins. C4 and C8
recombinant proteins contain four and eight domains of CXXC motifs, respectively. C4His
recombinant protein contains four domains of the CXXC motif fused with a histidine-
rich metal binding domain. Recombinant proteins were tested for metal binding using
IAA chromatography. C4 and C8 recombinant proteins bound Cu?*, Zn?**, Cd**and Co?** ,
whereas, the C4His recombinant protein did not bind to any heavy metal tested. E. coli
expressed with C4 or C8 recombinant proteins showed increased resistance to Cu?** and
Cd?**. E. coli expressed with C4His recombinant proteins showed increased resistance to
Cd?*. E. coli expressed with C4, C8 or C4His recombinant proteins were tested for
intracellular bioaccumulation under various heavy metal conditions. The results showed
E. coliexpressed C8 recombinant protein had the highest Cu?* and Cd?* intracellular
bioaccumulation above control. This study shows that metal binding domain recombinant
proteins can effectively bind and accumulate various types of heavy metals and are good
potential tool for studying bioremediation.
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Heavy metalsrel eased in the environment
pose a risk to humans. Bioremediation is the
treatment of hazardous heavy metal contamination
inthe environment with biological agents, such as
bacteriaor plants®. The expression of heavy metal
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binding proteins or peptidesin microorganismsto
enhance heavy metal accumulation has great
potential for bioremediation”. Heavy metal binding
proteins have the ability to bind and absorb various
types of heavy metals and have been utilized in
the treatment of heavy metal contamination+%,
Genetically engineered bacteriaexpressing heavy
metal binding proteins exhibit asuccessful ability
to absorb and accumulate toxic heavy metals'>#,
The recombinant strain of Caulobacter crescentus
expressing 6 His fusion protein has an ability to
remove cadmium from water*®, Recombinant spores



16 BOONYODYINGet al., Biosci., Biotech. Res. Asia, Vol. 12(1), 15-22 (2015)

of Bacillus subtilis expressing CotB comprising
poly-histidine residues show increased ability to
absorb and accumulate Ni?* 12, Genetically
engineered E. coli expressing acadmium transport
system and metallothionein can tolerate and
accumulate higher concentrations of Cd?* and other
heavy metals compared to control”??2, The CXXC
motif isametal binding domain that contains four
Cys-X-X-Cysmotif where X isany amino acid. It
has been identified at the N-terminal of copper-
ATPases and metal chaperones of eukaryotes and
prokaryotes®, Histidine rich peptide is a metal
binding domain capable of binding multiple atoms
of Zn?*, Ni", Co?*, Cu®, Cd?* and Hg?*°. Cys-X-X-
Cysor histidinerich metal binding motif is present
in the soft metal ATPase and chaperone protein of
prokaryotes. S. aureus contains a heavy metal
binding domain at the N-terminal of several
proteins, including those encoding by ctsR or cop
operon??2+25, CXXC motifs were found in the N-
terminal of copper transporters CopA and McsA
in al S aureus strains, whereas histidine rich
peptidewasfound inthe N-terminal of copper efflux
transporters of some S. aureus strains. These
heavy metal binding proteins can bind various
heavy metal <, thus, it is possibleto take advantage
of these proteins in the study of bioremediation.
In the present work, we constructed genetically
engineered E. coli harboring a mcsA gene with 4
heavy metal binding domains (CXXC motif) (C4)
and 8 heavy metal binding domains (C8).
Genetically engineered E. coli expressing a
combination of 4 heavy metal binding domainsand
aHisrich metal binding domain (C4His) wasalso
constructed. The objective of this study was to
compare heavy metal binding and accumulationin
these three genetically engineered E. coli
harboring various heavy metal-binding domains.

MATERIALSANDMETHODS

Strains, plasmids, mediaand cultureconditions.

The S. aureus, E. coli and plasmids that
were used in this study are described in Table 1.
PlasmidpRSETawas used to expressthe C4, C4His
and C8 recombinant proteinsin E. coli, S. aureus
was grown in TSB and E. coli was grown in LB
broth at 37°C. When needed, 50 pg/ml ampicillin
and 10 pg/ml chloramphenicol were added to the
growth medium.

Cloningand Over expression of C4, C 8and C4His
recombinant protein.

To construct C4 recombinant protein,
PCR of mcsA gene was performed using two
oligonucleotide primers (mcsA-F1 and mcsA-RS,
Table2) and S aureusgenomic DNA strain SH1000
asatemplate. The PCR productswere cloned into
the TA vector (RBC Bioscience, Taiwan) and
subsequently cloned into BamHI and sites Hindl 1
of pRSETavector containing an N-terminal 6xHis-
tag. C8 recombinant protein was constructed by
the PCR of the mcsA gene using oligonucleotide
primer (mcsA-F1/mcsA-R1 and mcsA-F2/mcsA-
R2, Table 2) and the S. aureusgenomic DNA strain
SH1000 as a template. Both PCR products were
digested with Hindlll and ligation, the resulting
fragments were cloned into a pBluescript vector
(Fermentas) and subsequently cloned into BamH|I
and EcoRI sites of a pRSETa vector. C4His
recombinant protein was constructed by the PCR
of the mcsA gene and the copA gene using
oligonucleotide primers (mcsA-F1/mcsA-R1 and
His-F/His-R) andthe S aureusgenomic DNA strain
SH1000 and ATCC12600 asatemplate, respectively.
Both PCR products were digested with Hindlll,
ligation and the resulting fragments were cloned
into a pBluescript vector (Fermentas) and
subsequently cloned into BamHI and EcoRI sites
of thepRSETavector. The E. coli BL21 (DE3) pLysS
(Novagen) was transformed by recombinant
plasmid by the heat shock method. To overexpress
the recombinant protein, the transformants were
grownin LB containing 50 pug/ml ampicillinand 10
pg/ml - chloramphenicol at 37°C until the optical
density at 600 nm reached 0.4. Then, the cellswere
induced to express their proteins by adding 1.0
mM of IPTG for 4 hrs. The induced cells were
harvested, washed, and re-suspended in a lysis
buffer. Pelletswere homogenized and the cell debris
was removed by centrifugation at 12,000 rpm at
4°C. Supernatants were applied to nickel-charged
agarose affinity columns (Novagen) and eluted
with 200-400 mM imidazole. Fractions containing
the overexpressed His-tag protein were pooled and
dialyzed against dialysis buffer (25 mMTris, 100
mM sucrose, 50 mMNaCl, 1 mM of DTT, pH 8.0).
Characterization of the metal binding activity of
C4,C8and C4Hisrecombinant protein by |AA
chromatography.

The metal binding activity of the
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recombinant protein was determined by using
iminodiacetic acid-agarose (IAA) chromatography
as described by Sitthisak, et al (2012). Columns
containing IAA resin equilibrated with buffer
containing one of various heavy metals (Cd?* ,
Cu*,, Co*, Zn#*, Po*, Mn?**, Mg*, Fe*) at afinal
concentration of 1 mM were used. 50 g of purified
recombinant protein were added to the resin.
Columns were centrifuged to remove unbound
proteins and washed with a sodium phosphate
buffer. Bound proteinswere el uted from the column
with 50 mM EDTA in asodium phosphate buffer.
Both eluted and unbound proteins were analyzed
by 15% SDS-PAGE.
Analysis of growth kinetics of the E. coli
expressing C4, C 8 and C4His recombinant
protein inthepresenceof heavy metals

To study the effects of heavy metals in
the E. coli expressing recombinant proteins, the
growth characteristics of E. coli strains were
determined under various heavy metal conditions
and compared to E. coli harboring plasmid pRSETa.
Bacterial culturesharboring various overexpressed
plasmid were grown in an LB broth containing 50
Yag/ml ampicillin and 10 %g/ml chloramphenicol,
heavy metals (Cu?*, Cd*", Co?* or Zn?*) were added
to variousfinal concentrations. Bacterial cultures
wereinduced by the addition of 0.1 mM IPTG. The
culturetubeswereincubated at 37°C with shaking
(200 rpm). Growth was measured by optical density
determination at 600 nm with a spectronic-20

spectrophotometer.
Analysis of intracellular heavy metal
accumulation.

Overnight cultures with over-expressed
recombinant proteinsor control strainswerediluted
1:100 in fresh LB media containing 50 ¥g/ml
ampicillinand 10 ¥.g/ml chloramphenicol. Cultures
weregrown at 37°C until the optical density at 600
nm of the cultures reached 0.4-0.6. The cultures
were subsequently induced with 1 mM PTG and
various heavy metalswere added. The cultureswere
incubated for 4 hrs. Subsequently, cells were
harvested by centrifugation for 10 min at room
temperature and washed three times with 10
MMTrigHCI (pH 7.4) containing 1 mM EDTA and
once with analysis grade dH,O. Cells were dried
overnight at 80°C then dissolved in concentrated
nitric acid. Disrupted cells were then diluted with
analysisgrade dH,0 and centrifuged for 10 minat

room temperature. The concentration of heavy
metals in the soluble fraction was measured by
atomic absorption spectrophotometer.

RESULTS

Construction and purification of C4, C8 and
C4Hisrich recombinant proteins

Gene encoding heavy metal binding
motifsfrom S. aureus. copA and mcsA were used to
generate the fusion proteins. C4 recombinant
protein was cloned from 567 bp of mcsA genefrom
S aureus(Fig1(A)). C8recombinant proteinwas
cloned from fusion gene of two of 360 bp N-termina
of themcsA generesulting in 720 bp of fusion gene
(Fig1(B)). C4Hisrichwascloned fromthe hybrid
gene of 360 bp N-terminal of mcsA and 249 bp N-
terminal of copA S. aureus resulting in 609 bp of
fusiongene (Fig 1 (C)). Genetically engineered E.
coli harboring C4, C8 and C4His recombinant
proteins were constructed. Recombinant proteins
were expressed and purified and all recombinant
proteinswere expressed in soluble form. Asshown
in Figure 2., the C4, C8 and C4His recombinant
proteins were expressed as molecular weights of
25kDa, 35 kDaand 32 kDa, respectively.
Analysisof metal binding activity of the C4, C8
and C4Hisrich recombinant proteins

The metal binding activity of the three
recombinant proteins is shown on Figure 3. In
accordancewith previousfindings, C4 recombinant
protein bound specifically to Cu?", Zn?*, Cd?*, and
Co?* 25 (Fig 3 (A)). C8 and C4Hisfusion proteins
were constructed and also tested for the binding
activity. C8 recombinant protein also bound to
Cu?, Zn?, Cd*, and Co** (Fig 3 (B)), whereas,
C4His recombinant protein did not bind to any
heavy metal tested since the protein was present
in the unbound fraction (Data not shown).
Growth kineticsof the E. coli expressing heavy
metal recombinant protein in thepresenceof heavy
metals

Three genetically engineered E. coli
harboring heavy metal-binding domains, C4, C8
and C4His rich, were compared for their heavy
metals sensitivity using E. coli harboring only
PRSET plasmid as control. Expression of C4 and
C8 metal binding motif conferred increased Cu?
and Cd* resistance to the engineered E. coli strain
compared to the control (p<0.05). As shownin
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Figure 4A and 4B, E. coli harboring C4 metal
binding motif significantly increased resistanceto
Cu?* in the presence of 1-1.5 mM to Cu?** and
significantly increased resistance to Cd* at
concentrations of 0.125-0.5 mM. |n addition, E.
coli harboring C8 metal binding motif significantly
increased resistance to Cu?* in the presence of
1mM to Cu? and significantly increased resistance
to Cd? at concentrations of 0.125-0.25 mM
compared to the control. However, there were no
significant differences in the growth of the all E.
coli strainsin the presence of Zn? and Co** (data
not shown)

Intracellular accumulation of E. coli expressing
heavy metal recombinant proteininthepresence
of heavy metals

The intracellular accumulations of Cu?
and Cd** were measured to confirm that Cd* and
Cu?* accumulatesin E. coli expressing C4, C4His
and C8. TheE. coli strainsweregrownin LB broth
containing 1 mM Cu? or 0.5 mM Cd?". After 4 hrs
incubation, the amount of Cd* in the cells
expressing C4, C4His and C8 was significantly
higher than that of control. The level of
intracellular Cd?* accumulationwas 1.4, 2.5and 2.5

Table 1. Strains and plasmids used in this study

Strains and Relevant characteristics Reference
plasmid
S. aureus
strains
SH1000 NCTC 8325-4 with rsbU mutation repair Horsburgh, et al., 2002
ATCC12600 NCTC8532[IAM 12544, R. Hugh 2605] American Type Culture
Collection (ATCC)
E. coli
strains
DH5? A recombination-deficient amber suppressing strain Hanahan, 1983
used for plating and growth of plasmids and
hsdR17recAlendAl gyrA96 thi-1rel Alcosmids.
hsdR17recAlendAl gyrA96 thi-1rel Alcosmids.
TheO80LacZ M15mutation permit-? complementation
with the amino terminus of ? galactosidase
encoded in pUC vector
BL21(DE3) F- omp T hsdSB (rB-m-B) gal dem(DE3) pLysS (CamR) Promega
pLysS
Plasmids
TA vector PCR cloning vector, Ampr, Kanr RBC Bioscience Corp
pRSETa Overexpression vector, Ampr Invitrogen, USA
pBluescript DNA cloning and sequencing vector, Ampr Fermentas, USA
Table 2. Primers used in this study
Primers(5° 3') Relevant characteristics References
mcsA-F1 GCGGATCCGTGCTTTGTGAAAATTGTCAACTTAA This study
mcsA-R1 GGGAAGCTTGACGATATCAATGATGTCATCTTTAAATG This study
mcsA-F2 CGAAGCTTGTGCTTTGTGAAAATTGTCAACTTAA This study
mcsA-R2 GGGGAATTCGACGATATCAATGATGTCATCTTTAAATG This study
mcsA-R3 CGAAGCTTTTATGCGTCATCATGTTGCACCTCACTCTCAGC  This study
His-R GCGAATTCAGCCCCTGATAAAAATGGCTT This study
His-F GAAGCTTATGGAGCATCATAGTCATCAAGAAC This study
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Fig. 1.Schematic representation of C4, C8 and C4His rich recombinant fusion protein. The arrow indicates the
mcsA gene and copA gene orientation. The schematic of amino acid representation of C4 with four heavy metal
binding CXXC motif (A), C8 with eight heavy metal binding CXXC motif (B) and C4His rich with four heavy
metal binding CXXC motif and Hisrich motif areindicated below (C)

fold higher than the control. E. coli expression of
C4 and C8 fusion protein was more effective in
bioaccumulating Cu?* than that of the control. The
level of intracellular Cu?* accumulation was 1.8 and
2.7 fold higher than the control. There was no
differenceinintracellular copper accumulation of
E. coli expression C4Hisfusion protein.

Fig. 2.C4, C4His and C8 recombinant fusion protein
analysed on 15 % SDS- polyacrylamide gel. The C4,
C4His and C8 recombinant protein have a molecular
weight of 25, 32 and 35 kDa, respectively. Lane M:
Molecular weight marker.

Cu Zn Cd Pb Fe Mg Mn  Co

- - - -
Ll T 1 ]

Fig. 3. Binding of C4 (A), C8 (B) recombinantprotein
to I1AA resin chromatography. The IAA-resin was
charged with different heavy metals asindicated above
the respective lane. Bound and unbound proteins were
analyzed by 15% SDS-PAGE. Upper row: Bound
protein; Lower row: Unbound protein.
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Fig. 4. Effects of heavy metals on growth of E. coli
BL21(DE3) expressing heavy metal binding protein.
Overnightcultures were diluted to OD600 in LB with
0.1 mM of IPTG and different concentrations of
CuCl, (A), CdCl, (B), CoCl,. Cultures were incubated
at 37°C with shaking. Cell growth was monitored by
measuring the optical density at 600 nm for 18 h. E.
coli harboring overexpression plasmid pRSETawas
used as the control. Each point represents the mean
value of three experiments (+ standard error of mean)
(P<0.05).
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Fig. 5. Intracellular bioaccumulation of Cu?* and Cd?*
by cells expressing C4, C4His or C8 recombinant
protein.E. coliBL21 (DE3) harboring overexpression
plasmid pRSETa was used as the control. The data
shown are the mean value of three experiments ( +
standard deviation ) (P<0.05).

DISCUSSION
Heavy metal binding domains have the

capacity to bind and accumulate various types of
heavy metal. E. coli expressing heavy metal

recombinant protein bound heavy metal and
accumulated in the cells and increased the heavy
metal sensitivity. The heavy metal binding of C4,
C8 and C4His recombinant proteins by 1AA
chromatography showed that C4 and C8
recombinant protein hasthe ability to capture Cu?*
Zn? Cd* and Co* , but not Pb*, Fe**, Mg*,
Mn?*, and Ni#". Previousreport on metallothionein
protein with cysteine-rich motif showed that it was
found to have the ability to capture heavy metals
such as Cd?*, Hg?, Cu?* and Zn?* 21725, C4 and C8
recombinant proteinswere derived from fusion of
geneencode McsA. Thisprotein can bindto Cu?,
Cd?*, Co?* and Zn* , but could not bind to the
heavy metals Pb*, Fe**, Mg?* and Mn?* 2%, Heavy
metal binding of proteins is dependentupon the
number of electrons outside of the heavy metal
and on the number and types of amino acid side
chain of the recombinant proteins. Previous studies
using NMR spectroscopy analysis of the CXXC
motif in copper AT Pase showed that it is bound to
Cu?" using two cysteine residues®. Previous
studiesin McsA protein showed that when six of
the eight conserved cysteinesin the CXXC motifs
of McsA protein were changed into alanine, the
mutated McsA still bound to Cu?with the two
cysteine . However, to capture Cd?* the CXXC
motif was found to use 3 or 4 cysteine residues®.
C4Hisrecombinant protein was found not to bind
to any heavy metal tested. This may be explained
by thefolding of C4Hisrecombinant protein having
characteristics different from C4 recombinant
protein. C4His recombinant protein isafusion of
N-terminal of mcsA and copA genes to create the
genetically modified protein. This protein has
amino acid sequence differences from native
protein. The three-dimensional structure and
function of a protein is determined by the amino
acid sequence. Changing in amino acid sequence
of the protein makethethree-dimensional structure
change and may affect the binding function of the
protein 4. The growth sensitivity of bacteria, E.
coli BL21 (DE3) pLysS expressed C4, C8
recombinant proteins in media containing heavy
metal s showed increased Cu?* and Cd?* sensitivity.
This study was consistent with the metal binding
studies show C4 and C8 recombinant proteins have
the ability to capture heavy metals Cu?* and Cd?*
Thus, the increased resistance of Cu?* and Cd**
may be dueto their ability to capture heavy metals
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thereby reducing the heavy metal toxicity. Bacteria
E. coli expressing C4 and C8 recombinant protein
had intracellular heavy metal accumulation Cd?*
and Cu? higher than the control. This result was
consistent with a previous study that showed E.
coli expressing metallothionein from various
species have the ability to accumulate Cu?* and
Cd?" over the control'121 A previous study
showed increased Cu?* sensitivity in E. coli
expressing the copper transport gene in the cell
wall®®. E. coli with the expression of C4Hiswhich
isacysteine-rich motif fusion with copA showed
no significant differences in the growth and
intracellular accumulation of Cu?* compared to the
control. No binding wasfound for thisrecombinant
protein with any heavy metals. C4Hisrecombinant
protein cannot bind to Cd? but E. coli that
expressed C4His recombinant protein showed
increased Cd?* sensitivity. This may be explained
by the differences in the status of heavy metal
ions that float freely in broth for the sensitivity
test or the heavy metal ions that are immobilized
on the surface of the resin used for metal binding
assay27, 28

In conclusion, this study showed that the
metal binding domain of C8 recombinant protein
bind heavy metals efficiently. Genetically
engineered E. coli expressing C8 recombinant
protein showed highest Cu?* and Cd?* intracellular
bioaccumulation and can be used for
bioremediation.
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