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A significant role of zinc-binding motifs on metal mobility in Escherichia coli was explored using a chimeric metal-
binding green fluorescent protein (GFP) as an intracellular zinc indicator. Investigation was initiated by co-
transformation and co-expression of two chimeric genes encoding the chimeric GFP carrying hexahistidine (His6GFP)
and the zinc-binding motif fused to outer membrane protein A (OmpA) in E. coli strain TG1. The presence of these two
genes was confirmed by restriction endonucleases analysis. Co-expression of the two recombinant proteins exhibited
cellular fluorescence activity and enhanced metal-binding capability of the engineered cells. Incorporation of the zinc-
binding motif onto the membrane resulted in 60-fold more binding capability to zinc ions than those of the control cells.
The high affinity to metal ions of the bacterial surface influenced influx of metal ions to the cells. This may affect the
essential ions for triggering important cell metabolism. A declining of fluorescent intensity of GFP has been detected on
the cell expressed of zinc binding motif. Meanwhile, balancing of metal homeostasis due to the presence of cytoplasmic
chimeric His6GFP enhanced the fluorescent emission. These findings provide the first evidence of real-time monitoring
of intracellular mobility of zinc by autofluorescent proteins.
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1. Introduction

Zinc is an essential trace element required for the
normal growth and viability of organisms [1]. This metal
ion plays critical roles in many cellular processes
including cofactor of enzymes, nuclear factor and
hormone. A large number of enzymes and proteins
contain zinc as a structural or catalytic cofactor such as
alkaline phosphatase, RNA polymerase, superoxide
dismutase and zinc finger proteins. In some eukaryotes,
level of intracellular zinc triggers various important cell
events. Depleting of zinc ions from the cell leads to cell
death and apoptosis meanwhile deficiency of zinc ions in
human can cause anemia, loss of appetite, defective of
immune function, loss of epithelium integrity and growth
retardation [2, 3]. Although zinc is not redox active under
physiological conditions, excess of zinc ions can cause
toxic to cells. Zinc toxicity may mediate via binding to
other cation binding sites which subsequently alter the
appropriate function of proteins and cofactors. The
intracellular level of zinc ions is needed to be regulated to
maintain viability and cell function. Precise regulatory
systems have been evolved in many organisms to control
the uptake, distribution, storage, and detoxification of zinc
ions (for recent review see [4]). Several families of integral
membrane proteins play role to transport zinc ions across
the membranes into and out of the cells. In Escherichia coli,
zinc homeostasis is accomplished largely through the
transcriptional control of zinc uptake and efflux
transporters [5, 6]. In mammalian cells, the
transmembrane transporters (e.g. ZIP and ZnT families)
are involved in the regulatory processes. However, little is

known on the molecular mechanism and location of
intracellular zinc storage. Recent studies revealed that no
persistent cytoplasmic pool (zinc quota) of free zinc exists
in E. coli under steady-state growth conditions [7]. In
eukaryotic cells, labile zinc level has been estimated at the
low-nanomolar range [8]. Monitoring of intracellular zinc
level usually requires the fluorescent zinc-specific probes
e.g. zinquin, zinpyr-1 and TSQ [9, 10, 11]. Increasing of
the intracellular labile zinc upon up taking from the
extracellular medium can be visualized by the fluorescent
intensity of cells. Depletion of intracellular pools by metal
chelators e.g. TPEN (membrane-permeable) and CaEDTA
(membrane-impermeable) reveals a rapid decrease of
fluorescence. However, limitation has been on the high
background of fluorescence, photobleaching and cell
toxicity.

Herein, we explore the feasibility of using metal-
binding green fluorescent proteins together with the
expression of the zinc-binding motif as tools to study the
metal mobility of the cells. The co-expression of the
chimeric genes encoding the zinc-binding motif fused to
outer membrane protein (OmpA) [12] and the chimeric
GFPs [13] were performed in E. coli strain TG1l. With an
advantage of autofluorescence of the GFP, depletion of
zinc ions and metal homeostasis were monitored in real
time.

2. Materials and Methods

Bacterial strain and plasmids

E. coli strain TG1 [(lac-pro), Sup E, thil, hsd D5/F’ tra
D36, pro A* B, lacl, lacZ, M15; (ung*, dut*)] was used as
host. Plasmids pGFPuv (Clontech Laboratories, USA),
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pHis6GFPuv [13] and pEVZn [12] were used for co-
transformation and co-expression.

Enzymes and chemicals

Restriction endonucleases and molecular weight
marker (A/HindlIll) were obtained from New England
Biolabs.  Chelating Sepharose Fast Flow gel was
purchased from Pharmacia Biotech, Sweden. All other
chemicals were of analytical grade and commercially
available.

Co-transformation of chimeric genes

Transformation of chimeric genes into E. coli was
performed according to the standard procedure. A
plasmid pEVZn, which has previously been proven to
express polyhistidine on the cell surface, was firstly
transformed into E. coli strain TGl. These cells were
grown and treated with 50 mM CaCl, to become the
competent cells. The plasmid of either pGFPuv or
pHis6GFPuv was then co-transformed into the cells. Cells
were subsequently spread onto LB agar containing 100
mg/l ampicillin. Transformants those possessed greenish
fluorescence (observed under UV transiluminator) were
picked and subcultured onto the LB media for isolation.
Plasmids were extracted from the cells by Miniprep
standard  protocol as described by  Maniatis.
Successfulness of co-transformation was verified via
restriction endonucleases analysis.

Verification of co-expression of two recombinant proteins

Cells carrying these two plasmids were grown in
liquid LB medium containing 100 mg/1 ampicillin at 35°C
with shaking for overnight. Cultures were pelleted by
centrifugation then washed twice and resuspended in
phosphate buffered saline (PBS; 50 mM NaHPO,, 0.3 M
NaCl, pH 7.4). Cell suspension was loaded onto the
Immobilized Metal Affinity Chromatography (IMAC)
charged with zinc ions. Unbound cells were removed by
washing with phosphate buffer. Binding of cells to the gel
was detected by determination of fluorescence emission
under UV translumination and fluorescence microscope.
Bound cells were eluted with 500 pl phosphate buffer
containing 20 mM EDTA. Eluate was collected and
subjected to microplate fluorescence reader for
fluorescence measurement (excitation at 395 nm and
emission at 508 nm).

Effect of zinc ions on fluorescence emission of engineered
cells

Cells carrying pEVZn co-transformed with either
pGFPuv or pHis6GFPuv were cultivated to allow co-
expression between zinc-binding motif on the cell surface
and native GFP or His6GFP in the cytoplasm. Cultures
were harvested, washed, and resuspended in 5 mM
HEPES buffer, 085 % (w/v) NaCl, pH 7.1. Cell
suspensions were adjusted to 0.5 OD measured at 600 nm.
Aliquots of 50 pl cell suspension were further incubated
with various concentrations (50 nM-50 mM) of ZnSO; in
96-well microtiter plates. Effect of zinc ions on fluorescent
emission of engineered cells was investigated. —The
fluorescence intensity was measured at 5, 15, 30, 45, 60,
120, 180, and 240 min using the microplate fluorescence
reader.

3. Results and discussion

On this, we report the first evidence of using the
chimeric GFP as an intracellular zinc indicator in E. coli.

147

Expression of the zinc-binding motif on the surface
membrane clearly indicates that limitation of zinc uptake
into the cell decreases the fluorescent intensity of the GFP.
Meanwhile, the presence of cytoplasmic metal-binding
region (His6GFP) plays an active role for metal
homeostasis.

Co-expression of chimeric GFP and zinc binding motif

Co-transformation of the two chimeric genes
encoding zinc-binding motif fused to outer membrane
protein A (OmpA) [12] and chimeric green fluorescent
protein carrying hexapolyhistidine (His6GFP) [13] in E.
coli strain TG1 was performed. The presence of these two
chimeric genes was verified via restriction endonucleases
analysis. With respect to the presence of a unique EcoRI
site on each plasmid (pEVZn and pHis6GFPuv), the
extracted plasmid was cleaved by EcoRI and subsequently
analyzed on an agarose gel electrophoresis. As shown in
Figure 1, two corresponding bands (3.9 and 3.3 Kb) were
observed as compared to the pEVZn and the pHis6GFPuv,
respectively (lanes 2, 4 and 7).

To further confirm the co-expression of these two
recombinant proteins, cells those exhibited green
fluorescence were grown and expression of the zinc-
binding motif on the cell surface was investigated via
binding to the immobilized metal affinity chromatography
(IMAC) charged with zinc ions. Binding of engineered
cells (TG1/pEVZn + pHis6GFPuv) on the IMAC gel was
determined by using UV transiluminator as compared to
cells expressing His6GFP intracellularly. As shown in
Figure 2, the engineered cells exhibited not only a strong
fluorescence as comparable to the control cell (upper
panel) but these cells also provided the metal-binding
capability (lower panel). Immobilized cells were further
visualized via a fluorescence microscope as represented in
Figure 3. All these findings inferred not only the success
of co-expression but also exploring a feasibility of
applying this approach as a tool for verification of metal-
binding avidity of the engineered cells. Similar
investigations have also been reported by using phase
contrast ~ microscopy, electron transmission and
fluorescence micrograph or confocal laser scanning
microscope [14, 15, 16].

To further calculate the metal-binding capability of
the engineered cells, a linear correlation between
fluorescence intensity and amount of by-standing cells on
the IMAC gel was determined. Figure 4 showed such the
correlation of cells expressing His6GFP intracellularly
(Figure 4a) or co-expression of His6GFP and zinc-binding
motif (Figure 4b). Both cases demonstrated the linear
correspondence with a correlation coefficient very close to
1. In addition, the engineered cells exhibited a bit higher
fluorescence emission per se than the cell expressing
His6GFP. From these data, calculation could easily be
taken by dividing of the fluorescence intensity of cells
eluted from the gel by the amount of gel. The amounts of
engineered cells and cells expressing intracellular
His6GFP immobilized onto the gel were 0.98 x 108 cfu/ml
and 0.0173 x 108 cfu/ml, respectively. This finding
suggested that the metal-binding capability of engineered
cell was approximately 60-fold higher than those of the
control cells. The strong binding affinity is mainly
attributable to the presence of zinc-binding motif
consisting of several histidine residues throughout the
bacterial surface membrane. These basidic amino acids
provide more affinity to zinc ions than the polar head
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group of the membranous material or the peptidoglycan
layer of control cells [17].

Location of metal-binding regions on fluorescence
responses

To investigate whether location of zinc-binding motif
affected intracellular metal mobility, the alteration in
fluorescent intensity of engineered cells was monitored.
For this purpose, co-transformation between pEVZn and
pGFPuv was performed in a similar manner and applied
for comparison. All the cells were incubated with various
concentrations (50 nM-50 mM) of ZnSO; and the
fluorescence responses were measured. As shown in
Figure 5a, a gradually reduction of fluorescent emission of
cells expressing zinc-binding motif on the cell surface and
native GFP (TG1/pEVZn + pGFPuv) according to time
was observed in the absence of zinc ions. Low
concentration of zinc ions (50 nM) had no significant effect
on the fluorescent intensity while contrarily metal at
higher concentrations (50 uM - 50 mM) enhanced the
fluorescence of the cells. In case of cells expressing zinc-
binding motif on the cell surface together with
intracellular His6GFP, the declining of fluorescent
emission in the absence of metal ions was not observed
(Figure 5b). More importantly, when various
concentrations of zinc ions (50 nM - 50 mM) were applied
the enhancement effect on the fluorescent intensity was
revealed as concentration dependent. A plausible
explanation to the discrepancy observation was the
competitive binding to metal ions between the zinc-
binding motif on the cell surface and intracellular metal-
binding region. In case of the native GFP, availability of
zinc ions passing through the cellular membrane is limited
by binding of the zinc-binding motif on the cell surface.
We have previously reported that zinc ions enhanced the
fluorescent emission of GFP in vivo [18]. Therefore,
depletion of zinc resulted in a reduction of the fluorescent
intensity of native GFP. Supportive evidence is that
fluorescence emission of native GFP expressed in the TG1
host without expression of the zinc-binding motif on the
cell surface is up to 8-10 fold higher than those of the cells
carrying pEVZn and pGFPuv (data not shown).
Furthermore, an alteration on colony morphology of the
engineered cells is detected upon metal deprivation. This
is in a good agreement with the reduction of cell viability
in the presence of zinc chelator (TPEN) [11].

It is worth to state that there was no significant
difference in fluorescent emission between cells expressing
His6GFP and cells co-expressing zinc-binding motif in the
absence of metal ions (Figure 4). The enhancement effect
of zinc ions on the fluorescence emission has readily been
observed even at very low amount of metal applied to the
cells (Figure 5b). Explanation is that the presence of
intracellular polyhistidine may act as a high affinity-
binding domain capable of efficiently capturing metals
from the environment, which may increase the uptake and
in turn modulate the function of metal ions for the cells.
Supportive evidences can be taken into accounts i) E. coli
strain TG1 expressing His6GFP intracellularly provided
more metal accumulation than the others [19], ii) the
hexahistidine provided a high affinity toward divalent
cations as has been demonstrated by the association to
chelating membrane lipid [20, 21] and IMAC-Zn?* binding
[13], iii) the relative mobility of zinc ions across the cell
membrane in a similar fashion was observed upon
addition of a membrane-impermeable chelator e.g.
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CaEDTA [10] and iv) the histidine residue plays a major
role in many zinc-transport systems [22, 23].

All these findings suggest not only the significant
role of zinc-binding motif on the metal regulation at the
cellular level but also supporting a high feasibility to
apply the chimeric GFPs as an intracellular metal indicator
in the future [24]. For circumstances, linear response
between zinc concentrations and fluorescent intensity of
the engineered cells was investigated (Figure 6). Cells co-
expressing the zinc-binding motif and His6GFP provided
a linear response ranging from 0.5 uM - 5 mM with the
correlation coefficient greater than 0.9 (Figure 6b).
However, little is known on the enhancement of the
fluorescent emission upon addition of zinc or cadmium
ions to the cells expressing chimeric GFPs. Further work
is required to understand whether the hexapolyhistidine
exert their action by mediating direct transfer of the metal
ions into the chromophore region as in case of the intra or
intermolecular mechanism of copper transfer from the N-
terminal histidine rich region to the active site of Cu/Zn
SOD [25] or by increasing the local concentration of the
metal around the chromophore of the GFP.
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Figures

Figure 1. Restriction endonucleases analysis. Lane 1 pEVZn

uncut, lane 2 pEVZn/EcoRl], lane 3 pHis6GFPuv uncut, lane 4
pHis6GFPuv/EcoRI, lane 5 A/Hindlll, lane 6 Co-transformation
(pEVZn + pHis6GFPuv) uncut,
(pEVZn + pHis6GFPuv)/EcoRI

lane7 Co-transformation

MW. Kb)

Figure 2. Determination of metal-binding capability of

engineered cells via fluorescent analysis.  Upper panel
suspension of cells expressing His6GFP intracellularly

(TG1/pHis6GFPuv) and cells co-expressing zinc-binding motif
on the cell surface and His6GFP in the cytoplasm (TG1/pEVZn
+ pHis6GFPuv). Lower panel metal-binding capability of
engineered cells immobilized onto the IMAC gel charged with
Zinc ions.

IMAC-Zn
(After wash)

wi/o cell TG1/pH6GFPuv TG1/pEVZn + pH6GFPuv
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Figure 3. Metal-binding capability of engineered cells co-
expressing zinc-binding motif on the cell surface and His6GFP
intracellularly to the immobilized zinc ions on the IMAC gel
determined by fluorescence microscope (400 X magnification).

Figure 4. Linear correlation between fluorescent intensity and
amount of cells expressing His6GFP intracellularly
(TG1/pHis6GFPuv) (a) and engineered cells co-expressing zinc-
binding motif on the cell surface and His6GFP in the cytoplasm
(TG1/pEVZn + pHis6GFPuv) (b).
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Figure 6. Linear correlation between zinc concentration and
fluorescence level of E. coli co-expressing zinc-binding motif on
the cell surface and native GFP (a) or His6GFP (b) in the
cytoplasm.
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