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Metals and metalloids are crucial for life and indispensable
for a series of biological processes.[1] It is estimated that
a quarter to one third of all proteins require metals to carry
out their functions, and roughly half of the known enzymes
uses a particular metal as a cofactor.[2] In spite of the
prevalence and importance of metalloproteins, they are
generally poorly characterized in many organisms. A recent
study demonstrated that the microbial metalloproteome is
much more extensive and diverse than we presently know.[3]

Currently, it is impossible to predict, genome-wide, the
numbers and types of metals used by organisms and to
define any metalloproteome until the proteins are fully
characterized owing to diverse and poorly recognized metal
coordination sites. Moreover, metals/metalloids have long
been used for therapeutic purposes, for example, arsenic
trioxide for the treatment of acute promyelocytic leukemia.[4]

The detailed molecular mechanisms, however, are still not
fully understood owing to the complex functions of metals in
biological systems.[5] A robust and convenient approach, by
which metals/metalloids can be mapped to their associated
proteins proteome-wide is urgently needed.[6] Such a method-
ology will improve our understanding of the molecular
mechanisms of metal-dependent biological processes and
profoundly promote metallomics research,[7] an integrated
biometal science complementary to genomics and proteo-
mics.[8] Gel electrophoresis has been one of the commonly
used methods for separation and analysis of proteins based on
their molecular mass and charge; however, it fails to provide
information on metal identity and content for metallopro-
teins. The lack of convenient subsequent methods for specific
metal detection confines its application on providing metal-
related information of corresponding proteins. Although laser

ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS)[9] and synchrotron X-ray fluorescence spectrometry
(SXFS)[10] have been used for the identification of metal-
binding proteins on gels and in tissues/organs, either com-
promised sensitivity originating from the sample introduction
system or limited accessibility to the synchrotron facility
prevents their routine applications. Other strategies such as
metal isotope radioautography, which employs unique metal
isotopes to label metalloproteins, are also very inconvenient
for daily usage.[11]

Herein, a new strategy based on column-type gel electro-
phoresis coupled with a metal-specific detection system, that
is ICP-MS, was developed (Figure 1a), allowing both metals
and their associated proteins to be examined comprehen-
sively. Since the strategy can be used to analyze and at the
same time to separate and isolate proteins, it can readily be
applied to not only detect metalloproteins and/or metal-
bound proteins with a sensitivity at the femtomole level, but
also conveniently integrate current proteomics with metal-
lomics. We further showed the bismuth profile in cell lysates
of Helicobacter pylori upon treatment with colloidal bismuth
subcitrate (CBS) and further characterized metal-binding
features of H. pylori SlyD (HpSlyD) inside cells.

The column-type gel adopted the traditional slab gel
preparation. Both native and denaturing conditions could be
applied, and the gel compositions varied with the protein
targets of interest. To validate the feasibility of the column gel
system, three metal-binding proteins, Cu-bound bovine serum
albumin (Cu-BSA), Cu,Zn superoxide dismutase (Cu, Zn-
SOD), and diferric transferrin (Fe2-Tf), were mixed and
subjected to separation. Three bands, corresponding to Fe2-
Tf, Cu,Zn-SOD, and BSA, were visualized on a Coomassie-
Blue-stained slab gel (Figure 1b). The proteins separated by
column-type gel electrophoresis gave rise to migration
profiles similar to those observed in classical slab gel under
comparable conditions. The elutes from the column gel
system were split into two parts by using a T connection,
with one for online metal measurement by ICP-MS and the
other for protein identification through biological mass
spectrometry analysis of the collected fractions (Figure 1a).
It is noted that one peak was observed in either the 66Zn or
57Fe profile corresponding to SOD and transferrin, respec-
tively, indicative of association of ZnII ions with SOD and
binding of FeIII ions to Tf; whereas there are two peaks in the
63Cu profile, with each corresponding to a distinct molecular
mass, thus suggesting that copper binds to both SOD and
BSA. The amounts of metals were quantifiable (Figure S2 in
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the Supporting Information) with a sensitivity at a level of
tens of femtomoles (26 fmol, the Supporting Information).
The achieved sensitivity was significantly better than that of
other strategies in monitoring metal/protein complexes after
separation by gel electrophoresis, for example, typical detec-
tion limits for the LA-ICP-MS system even with a powerful
femtosecond laser source are at the sub-parts-per-million
level.[12]

We then use colloidal bismuth subcitrate (CBS, De-Nol)
as an example to track the metallodrug-binding proteins in
H. pylori, a pathogen leading to gastrointestinal diseases and
even stomach cancer.[13] Bismuth-based drugs have long been

used for the treatment of the bacterial infection and peptic
ulcer together with antibiotics.[14] Selected proteins have been
reported to be up- or down-regulated upon the treatment of
H. pylori with CBS and further validated.[15] Nevertheless the
underlined molecular mechanism of action of bismuth drugs
is still not fully understood.

H. pylori 26695 was cultured in the presence of CBS
(20 mgmL�1), and the cell lysates were analyzed by using our
current system. As shown in Figure 2, Bi-associated peaks

with an apparent molecular weight less than 67 kDa were
observed for the cell lysate, thereby demonstrating that the
system is able to separate proteins with high resolution. The x-
axis shows the counts (concentration) of 209Bi, and the y-axis
the molecular weights, which were referenced to the Hg-
labeled protein markers (see the Supporting Information).
According to the apparent molecular weights calculated from
the makers and a previous report,[15b] seven proteins were
tentatively assigned (Figure 2). The corresponding peaks
were fractionized, collected, and subjected to MALDI-
TOF-MS analysis after a purification step. Proteins corre-
sponding to each peak in Figure 2 were identified through
peptide mass fingerprinting, which confirmed our tentative
assignments; the results are summarized in Table S1–7 in the
Supporting Information.

Till now, none of the protein targets of a Bi-based drug in
H. pylori has ever been unequivocally identified. UreA and
UreB are the subunits of urease, an enzyme catalyzing
hydrolysis of urea to ammonia and carbon dioxide, and
thereby neutralizing the acidic environment around the
bacteria.[16] The enzyme is critical for H. pylori colonization
in the human stomach, and has been regarded as a valid target
for the treatment of H. pylori infection. Other identified

Figure 1. a) Illustration of the column gel system, which consists of
a gel electrophoresis system, a metal-specific detection system (ICP-
MS), and a fraction collector. 1. Gel column; 2. upper running buffer;
3. lower running buffer; 4. elution buffer; 5. peristaltic pump; 6. power
supply; 7. dialysis membrane; 8. cooling system; 9. loaded sample;
10. proteins are separated according to molecular weight and analyzed
by ICP-MS; 11. fractions can be further analyzed by, for example, MS
(upper arrow) or ITC (arrow below). b) Profiles of metals (66Zn, 57Fe,
and 63Cu) measured by ICP-MS after separation by the column-type gel
electrophoresis. On the y-axis, the time of elution (seconds) is plotted,
which corresponds to a certain molecular weight. The corresponding
proteins (Cu-BSA, Cu,Zn-SOD, and Fe2-Tf) separated by using a slab
gel (stained with Coomassie Blue) are shown for comparison.

Figure 2. Profile of Bi-binding proteins in H. pylori (strain 26695)
measured with the gel electrophoresis system after treatment of the
pathogens with CBS (20 mgmL�1). A reverse multi-layered gradient gel
was optimized and used for the separation. The molecular weights
were evaluated by using standard protein markers consisting of
a series of metal-labeled proteins and the y-axis was plotted accord-
ingly (see the Supporting Information).
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proteins are also important for various functions of bacteria.
Ef-Tu, belonging to the GTP-binding elongation factor family,
promotes the binding of tRNA to ribosomes during protein
biosynthesis.[17] TsaA, a thiol-specific antioxidant, acts against
intracellular oxidative stress.[18] HP1286, a hypothetical pro-
tein, contains a conserved YceI-like domain, and its homo-
logue in Thermus thermophilus plays an important role in
isoprenoid quinone metabolism and/or transport and/or
storage.[19] CeuE is the iron(III) ABC transporter periplasmic
iron-binding protein;[20] whereas cell binding factor 2 is
a secreted peptidyl-prolyl cis/trans-isomerase, which may
bind to toll-like receptor 4 and trigger the signaling path-
way.[21] The observation of such a Bi profile implied that the
Bi-based drug inhibits the pathogen in a unique manner
through acting on multiple protein targets. It will be of
interest to further examine the potential functional changes of
these proteins induced by the metal drug.

We subsequently used the method to investigate protein-
associated metals on a metallome-wide scale using HpSlyD
expressed in Escherichia coli as a model. SlyD is a member of
the FK506-binding protein (FKBP) family, which possesses
peptidyl-prolyl cis/trans-isomerase (PPIase) and chaperone
activities.[22] A recent study demonstrated that HpSlyD was
positively related to the H. pylori associated gastric cancer,
and may be used as a biomarker and potential drug target.[23]

Interestingly, it possesses a histidine- and cysteine-rich
domain at the C terminus (152ILASHHGGGTGC-
CGGHGGHGGKKGGGCGCSCSHG185). Various transi-
tion metals (Zn, Ni, Cu, and Co) have been proposed to
bind SlyD in vitro, and metals may also play a role in the
function of the protein.[22b, 24] The role of metals associated
with SlyD in vivo remains unclear.

Upon loading the crude cell lysate of E. coli overexpress-
ing HpSlyD to the gel electrophoresis system, several metal-
associated peaks were clearly observed. Mass-spectrometry-

based peptide mass fingerprinting on the collected fractions
confirmed that one major peak corresponds to HpSlyD
(Table S8 in the Supporting Information), and the metal
profiles are shown in Figure 3. Further mass spectrometry and
isothermal titration calorimetry (ITC) data confirmed that
HpSlyD binds these metals with binding constants (Kd) of 1.4
and 2.6 mm for PbII and CdII, respectively, (Figure S3 in the
Supporting Information). ESI-MS data obtained under the
native condition also demonstrated the association of HpSlyD
with PbII and CdII (Figure S4 in the Supporting Information).

To further examine whether metals bind specifically at the
C-terminal histidine- and cysteine-rich domain, an HpSlyD
variant lacking the C terminus (HpSlyDDC) was constructed
and expressed in E. coli under identical conditions. Little
metal corresponding to the HpSlyDDC fraction was detected
by using the gel electrophoresis system (Figure S5 in the
Supporting Information), thus confirming that these metals
bind the protein at the C terminus. It is commonly believed
that both cysteine and histidine serve as metal-binding
residues. To identify whether these residues in the C terminus
of HpSlyD are critical for such binding, two HpSlyD variants,
that is, HpSlyD-CmutA and HpSlyD-HmutA with all cys-
teines and histidines mutated to alanines, respectively, were
constructed and used to carry out similar experiments. For the
cells expressing HpSlyD-CmutA no metal peaks were
observed (Figure S6 in the Supporting Information), thereby
indicating that the protein did not bind to any metal ions;
whereas the cell expressing HpSlyD-HmutA gave rise to
extremely weak peaks of Zn, Cu, Pb, and Bi compared with
those for the wild-type protein. Taken together, cysteine and
histidine residues in the C terminus of HpSlyD are identified
to be the key residues coordinated to metal ions.

Unexpectedly, when E. coli cells were aerobically cul-
tured in LB medium, HpSlyD exhibits binding towards Cu,
Zn, Cd, Pb, Bi (Figure 3) amongst 26 metals of interest i.e.,
Mg, Al, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Se,
Mo, Ag, Cd, In, Sn, W, and Bi, which include all essential
metals/metalloids measured except for Na and K.[25] In
particular, HpSlyD preferentially binds Zn followed by Cu,
with the percentages of bound metals being 69 % and 30 %,
respectively, while other metal ions account for less than 1%
(Figure 3b). Surprisingly, Ni does not bind to HpSlyD in vivo,
in contrast to a previous in vitro study.[26] It is intriguing that
HpSlyD showed a high selectivity towards Zn and Cu given
the moderate amounts of Zn (13.4 mm) and Cu (3.3 mm) found
in the culture medium compared with other metals with
relatively high contents (e.g. Mg (> 41.2 mm) ; Ca (26.8 mm) ; Fe
(9.4 mm) ; Table S4 in the Supporting Information). Impor-
tantly, the relative ratios of bound Zn and Cu to the protein
kept nearly unchanged (Figure S6), even when the amounts of
metals in the culture medium were elevated (Ni, Cu, Fe, Co to
ca. 10 mm). It will be of interest to further investigate the role
of the protein on metal homeostasis in vivo.

Ni has previously been suggested to be the key metal ion
that binds to EcSlyD and regulates its PPIase activity,[24a] and
its insertion into the apo-enzymes of urease[27] and hydro-
genase[28] is the critical process for the maturation of these
enzymes. Unexpectedly, we demonstrated herein that little
nickel binds HpSlyD in the cell lysates under aerobic

Figure 3. Crude lysate of E. coli expressing HpSlyD analyzed with the
gel electrophoresis system. a) Metal profiles with one peak in each
profile further identified as HpSlyD. The x-axis shows the counts of the
respective metal. b) Distribution of metals associated with HpSlyD.
Inset: Zoom in of the ICP-MS spectra of Bi, Cd, and Pb of the collected
fraction showing that trace amounts of metal-binding proteins could
be monitored, for example the peak intensities of Bi- and Cd-bound
forms of HpSlyD were as low as hundreds of counts, corresponding to
only hundreds of femtomole of metal/HpSlyD complex.
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conditions, even in the presence of excess nickel (10 mm nickel
in the culture medium, Figure S6). When the cells expressing
HpSlyD were cultured under anaerobic condition, limited
amounts of Ni were found to bind HpSlyD (ca. 5% Ni among
total bound metals, Figure S8 in the Supporting Information).
It has been shown that the uptake of nickel in cells under
aerobic condition is poor, and this may perturb the SlyD
function.[29]

In summary, the methodology we developed provides
a comprehensive and robust approach to readily identify
metal-associated proteins as well as to quantify the metals for
fast metallome/proteome-wide profiling of metal-binding
proteins. By using such a method, the profile of bismuth-
binding proteins in H. pylori was successfully established, and
HpSlyD-associated metals in cells were identified. The
method can readily be extended to investigate metal (and
metallodrug) homeostasis in vivo, considering its high-reso-
lution separation of proteins and sensitive detection of metals.
The column-type gel electrophoresis allowed for continuous
flow, which is ideal for coupling with ICP-MS for specific
metal detection and thus readily extends the application of
classical gel electrophoresis to metallomics/metalloproteins.
Metallomics and metalloproteomics studies using this
approach are under way.

Experimental Section
H. pylori 26695 (ATCC 700392) (OD600 = 0.1–0.2), in Brucella Broth
(Oxoid) with 10% fetal bovine serum (Gibco), was cultured under
microaerobic condition at 37 8C with constant agitation overnight.
Colloidal bismuth subcitrate (Livzon Pharmaceutical Ltd) was added
to the medium (at early-log phase) to the final concentration of
20 mgmL�1. E. coli strain KMl603 was used for expressing HpSlyD
and its variants, and BL21(DE3) and KMl603 were used as controls.
Crude cell lysates were directly applied to the demonstrated gel
electrophoresis system, which consists of a modified Mini Prep Cell
(Bio-Rad) column gel separation system and an ICP-MS detector of
7500a (Agilent Technology) or Elan 6000 (PerkinElmer). The
fractions could proceed simultaneously through a T connection
splitting the eluted solution before it entered into the detector. The
collected fractions were lyophilized and digested with trypsin,
followed by a purification step with ZiptipTM (Millipore), finally
characterized with LTQ Orbitrap VelosTM mass spectrometer
(Thermo Scientific). The proteins were identified through the plat-
form of MASCOT Peptide Mass Fingerprinting (www.matrixscien-
ce.com). Alternatively, the fractions were further separated with a 1D
slab gel, visualized with silver staining. The protein bands were
excised, subjected to trypsin digestion, and identified by peptide mass
fingerprinting using the relevant databases. Further details are
described in the Supporting Information.
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