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Introduction

The completion of the human genome project has opened
up many avenues for research in human health and disease.
In order to understand the complex mechanism of biological

processes and metal-associated diseases, one needs to look
beyond the genes to the primary components of cellular
events: the proteins. While the cell-s genome is static, its
proteome is as varied and dynamic as the different states
and responses elicited by the cell. A genome encodes the
protein sequence but does not provide any information
about protein localization, structure, stability or interaction
with other proteins. Recent advances in high-throughput
separation techniques as well as mass spectrometric charac-
terization of protein samples have provided a powerful tool
for proteomics research. Efforts are now underway to cate-
gorize hundreds of newly discovered proteins according to
their organelle location, structure, and function. This process
has uncovered large, previously unknown networks of pro-
teins and begun to outline how they interact with each
other.

Among the known structurally characterized proteins, one
in three contains a metal as a cofactor.[1] The majority of
metalloproteins are enzymes (e.g., proteins containing Fe,
Cu, Zn) or transcriptional factors (e.g., Zn). The ability of
many these metals to exist in multiple oxidation states and
different geometries allows them to promote complex bio-
chemical reactions and participate in highly specialized bio-
logical functions.[1] Metalloproteins are involved in electron
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transport, oxygen storage, metal transport, chemical bond
hydrolysis, redox processes, and synthesis of biochemical
compounds. However, in spite of recent efforts to under-
stand the components of intracellular metal transport and
its disposition, the overall blueprint of metal metabolism re-
mains elusive. Since metals are potentially toxic to cells, var-
ious specific defenses and disposal mechanisms for metals
exist. Such mechanisms likely involve a large array of metal-
stress proteins (e.g., metallothionein), regulatory proteins,
and signaling proteins. Some are soluble whereas others are
membrane-bound transporters. Current proteomics technol-
ogy can be successfully employed to understand these meta-
bolic processes involving metals. Metalloproteomics at-
tempts to identify systematically large sets of proteins asso-
ciated with metals and analyze their regulation, modifica-
tion, interaction, structural assembly, and function as well as
their involvement in diseases. Several groups of researchers,
including our laboratory, are using proteomics technologies
to study metal metabolism.[2–6] However, these efforts are
still either in theoretical stages or are preliminary in nature.
Therefore, a conceptual background of some of the aspects
of metal metabolism along with the latest proteomics tech-
nologies is considered in this article. It is our hope such ef-
forts will help to focus the future direction of proteomics
studies related to metal metabolism.

Metals in the Environment

Today-s environment consists of numerous natural as well as
artificial metals. Metals have played a critical role in indus-
trial development and technological advances. Most metals
are not destroyed and accumulate in the environment.[7] As
a result, biological life is exposed to high levels of various
metals. The widespread distribution of metals in the envi-
ronment is of great concern because of their toxicity; how-
ever, some metals are also essential for normal growth and
development. Metals have been classified as essential, bene-
ficial, and detrimental.[8] Trace elements essential for life in-
clude iron, zinc, copper, chromium, iodine, cobalt, molybde-
num, and selenium. The beneficial metals include silicon,
manganese, boron, and vanadium. Detrimental metals are
those that are considered toxic, such as lead, cadmium, mer-
cury, and arsenic. However, essential and beneficial metals
can also have detrimental effects at high levels. The toxicity
of metals is largely categorized into heavy metal toxicity, ra-
diation effects of radioactive metals, carcinogenicity, and
genotoxicity.[9]

Intracellular metal metabolism and the transport of copper,
iron, and zinc : Intracellular concentrations of many transi-
tion metals are highly regulated due to their ability to cata-
lyze the formation of harmful free radicals.[10] Detailed re-
views of how cells achieve strict homeostatic control over
copper, iron, and zinc are available.[11–14] In order to discuss
proteomics of metal transport, it is necessary to describe
what we know about the intracellular metabolism of metals.

We therefore present a brief account of the intracellular
metal transport of three important metals.

In the cell the delivery of metals to their cellular targets is
accomplished by small soluble proteins called metallochap-
erones.[15] The nature of intracellular copper transport via
these chaperone proteins is well known (Figure 1).[12, 16]

Copper is absorbed from the gastrointestinal tract by the P-
type copper transporting ATPase, ATP7A, also known as
the Menkes ATPase protein. In the circulation, copper joins
the exchangeable pool where it is complexed to albumin
and histidine.[17] CuI is transported into the cell by the
human copper transporter (hCTR1) and is then shuttled to
its cellular targets by a number of small metallochaperones
that include Atox1, Ccs1, Cox17 and glutathione (GSH) for
delivery to ATP7B (the Wilson ATPase protein), superoxide
dismutase (SOD), cytochrome C oxidase and metallothio-
nein, respectively. ATP7B transfers copper to the luminal
side of the secretory network and is involved in incorporat-
ing copper into ceruloplasmin and in conveying copper to
the bile canalicular membrane for biliary excretion. Both
ATP7A and ATP7B transport copper specifically.[16,18] Al-
though we have greatly increased our understanding of in-
tracellular copper transport and how copper is distributed
to different enzymes, many more proteins are likely to be
involved in this process. Moreover, chaperone proteins for
many other essential metals have not yet been discovered.[19]

The main iron transport protein in plasma is transferrin,
which has two ferric iron-binding sites.[13] A number of pro-
teins are involved in the cellular uptake of iron. These in-
clude the transferrin receptors 1 and 2 as well as the diva-
lent metal transporter (DMT-1).[20–22] In the cell, excess iron
is stored as ferritin, a multimeric protein that can bind up-
wards of 4000 iron atoms.[13] The regulation of gene products
involved in iron metabolism is influenced by two cytoplas-
mic iron-regulatory proteins with mRNA-binding ability
(IRP-1 and IRP-2).[23] Cellular export of iron is accom-
plished by ferroportin and export from non-intestinal cells
requires ceruloplasmin.[11]

Zinc circulating in blood plasma is bound primarily to al-
bumin and a2-macroglobulin.[24] Mammalian zinc transport-
ers fall into two main categories: the ZIP (ZRT, IRT-like
protein) family and the CDF (cation diffusion facilitator)
family.[14] The former group is responsible for zinc import
into the cytoplasm, either from the extracellular space or
from the lumen of intracellular organelles. The CDF family
of transporters exports zinc from the cytoplasm out of the
cell or into organelles. In the cytoplasm excess zinc is se-
questered in metallothioneins.

Nature of metal binding sites : Metal-binding sites are het-
erogeneous and differ in the composition of their amino
acid ligands, the number of ligands involved in binding and
their coordination geometry. Amino acid ligands for metals
can be in proximity to each other from the protein primary
sequence or because of favorable positioning due to protein
tertiary structure. Metal binding sites in proteins are gener-
ally located in highly hydrophobic regions.[1,25] Ligands for
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biologically important metal ions include imidazole nitro-
gen(s) from histidine residues, carboxylate oxygen from
acidic residues such as aspartic acid/glutamic acid, thiol
groups from cysteine or thio ether from methionine residues
and amide nitrogens and carbonyl oxygens from the peptide
backbone.[1,26] There are also specialized prosthetic groups
such a porphyrin in hemoglobin.[27] The average interatomic
metal–ligand coordination bond lengths in metalloproteins
are: histidine, 2.02 L; cysteine, 2.15 L; and methionine
2.55 L.[28] Ligand preference to a metal center is governed
by the simple “hard/soft acid/base” (HSAB) principle.[1,29]

Hard metals such as iron, chromium, and vanadium prefer
hard donor such as carboxylate whereas soft metals such
copper and zinc prefer combination with soft ligands such
thiol, thio ether, and imidazole. The electronic properties of
the metal ion bound to a polypeptide depend on the coordi-
nating ligands but the coordination geometry is controlled
by the protein structure.[30,31] Proteins that bind CuI adopt a
linear (two-coordinate), trigonal (three-coordinate) or tetra-
hedral (four-coordinate) coordination geometry.[26,30] CuII

prefers coordination number of 4, 5 or 6, and the coordina-
tion geometry is commonly square planar or octahedral with
weak axial coordination.[32] The majority of iron proteins
have four-coordinate tetrahedral or square planar sites.[33]

Zinc has a preference for four-coordinate tetrahedral geom-
etry but it can assume octahedral geometry as well.[34]

The majority of the catalytic
metal centers in enzymes are
located in hydrophobic pockets
formed by tertiary protein
structure. In contrast, metal
centers in transport proteins or
transcriptional factors are
formed by closely spaced re-
peats of amino acids resi-
dues.[31] The most common
metal binding motif is the
CXnC motif, consisting of two
cysteines separated by two or
more amino acids as found in
metallothionein, transcriptional
factors such as zinc finger
motif, copper chaperone pro-
teins, and heavy metal regula-
tory proteins.[35] ATP7A and
ATP7B possess six heavy
metal binding domains that
each contains a copper-binding
GMT/HCXXC motif. The
copper chaperones Atox1 and
Ccs possess N-terminal
MTCXGC and MXCXXC do-
mains, respectively. Metal cen-
ters can also form distinct ar-
rangements such as Fe–S clus-
ters, which are found in numer-
ous proteins involved in elec-

tron transport mechanisms. In these clusters iron is usually
bound by sulfur ligands from Cys and Met residues in vari-
ous ratios.[36] Copper binding motif similar to the ATCUN
motif in albumin is also found in many other proteins in-
cluding proteins associated with prion and Alzheimer-s dis-
ease.[37,38]

Metal-related diseases involving copper, iron or zinc : Most
metal-associated diseases are related to defects in metal-
transport proteins. These defects arise from mutations in the
genes encoding for metal-transport proteins. Numerous mu-
tations are often observed in the same gene resulting in a
variety of pathological consequences.[9] Thus, it is not only
important to identify the defective protein for a particular
disease but also the consequences of this defect and the re-
sulting pathophysiological states. Proteomics analysis of
metal transport can play an important role in identifying the
proteins involved in these processes.

Wilson and Menkes diseases are disorders of copper
transport.[39] The Wilson ATPase gene[40–44] encodes a copper
transporting P-type ATPase (ATP7B).[45] ATP7B binds six
copper atoms with GMTCXXC repeat at the N-terminus of
the molecule employing a cooperative mechanism.[46–48] De-
fects in this protein result in the toxic accumulation of
copper in various tissues. Menkes disease is another genetic
disorder of copper metabolism characterized by an impair-

Figure 1. Normal intracellular copper transport in human hepatocyte. Copper is absorbed from the intestine by
Menkes copper transporting ATPase (ATP7A). In the circulation, copper joins the exchangeable pool where it
is complexed to albumin and histidine. Copper is then reduced by a hypothetical reductase and transported
into the cell by human copper transporter (hCTR1). Copper is shuttled by a number of small metallochaper-
ones such as Atox1, Ccs1, Cox17, and GSH for its delivery to ATP7B, SOD, cytochrome C oxidase, and metal-
lothionein, respectively. ATP7B is involved in incorporating copper into ceruloplasmin as well as conveying
copper to bile canalicular membrane for biliary excretion.
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ment of the absorption of dietary copper and severe distur-
bance in the intracellular transport of copper.[49, 50] The
Menkes ATPase gene encodes a copper-transporting P-type
ATPase (ATP7A) with a high degree of homology with
ATP7B.[51–53] This protein also binds copper in a 1:6 protein
to copper ratio.[47] The defects in this protein lead to the
clinical symptoms of classic Menkes disease. As a result, the
supply of copper is prevented from reaching developmental-
ly important copper enzymes such as lysyl oxidase, tyrosi-
nase, cytochrome c oxidase, dopamine b-hydroxylase, super-
oxide dismutase, and amine oxidase.[54,55] Occipital Horn
Syndrome is a mild allelic form of Menkes disease causing
skeletal dysplasia but with little neurologic impairment
except developmental delay.[56] The genetic basis is mutation
in ATP7A.

Hereditary hemochromatosis is a disorder of iron metabo-
lism where the uptake of iron from the digestive system is
not downregulated, resulting in excessive iron uptake. The
body continues to absorb high levels of dietary iron regard-
less of the levels of stored iron in the body. Hereditary he-
mochromatosis is an autosomal recessive disorder of iron
metabolism. In aceruloplasminemia iron accumulates in var-
ious tissues including liver, brain, and pancreas. These find-
ings are consistent with biochemical studies, which suggest
direct involvement of ceruloplasmin in iron metabolism
pathways. The ferroxidase activity of ceruloplasmin was first
proposed in the 1960s.[57–59] The ceruloplasmin gene is locat-
ed on chromosome 3, spanning approximately 36 kb and
consisting of 19 exons.[60] Mutations in this gene lead to acer-
ulopasminemia demonstrating progressive neurodegenera-
tion of the retinal and basal ganglia.[11] Ceruloplasmin is a
secreted blue copper protein, which carries 95% of the cir-
culating copper in the body.[61] The crystal structure shows
that the holoprotein contains six copper atoms, three of
which are in a trinuclear copper cluster.[62] The trinuclear
copper cluster is responsible for activating oxygen during
the catalytic cycle of the protein.

Acrodermatitis enteropathica is a rare autosomal reces-
sive disease.[63] It was demonstrated that the disorder was
caused by the inability to absorb sufficient zinc.[64] The link-
age analysis revealed that the acrodermatitis enterpathica
gene is located on chromosome 8q24.3 and the SLC39A4
gene has been found to be the cause for this disorder.[65–68]

The SLC39A4 gene encodes for one member of a human
zinc-iron regulated transporter-like protein (hZIP) family,
hZIP4. Mutations in hZIP4 were found in patients with ac-
rodermatitis enterpathica, which strongly suggest that the
disorder is caused by a defect in this gene. The gene encodes
a polypeptide of 647 amino acids, having eight transmem-
brane domains organized in two blocks of three and five. A
histidine-rich region, which is considered to be the zinc-
binding site, resides between the two blocks of transmem-
brane domains.[66,67,69] This gene is expressed abundantly in
the small intestine, stomach, colon, and kidney. Little is known,
however, about the function of hZIP4, although three other
members of the ZIP family (hZIP1, hZIP2, and hZIP3)
have been shown to transport zinc into the cytoplasm.[70,71]

There are several less common genetic disorders of metal
metabolism.[56] TFR2-deficiency is a rare form of hemochro-
matosis caused by mutations in the transferrin receptor-2
gene, which maps to chromosome 7q22. Clinical features are
related to mutations in HFE.[72] Ferroportin deficiency is re-
lated to hereditary hemochromatosis and is not related to
the HFE locus. Ferroportin is the main iron export pump in
macrophages and hepatocytes. Mutations are found in the
SLC11A3 gene in chromosome 2q32.[73] Tricho-hepatic-en-
teric syndrome is a combination of hair abnormality, hepatic
dysfunction with iron overload and diarrhea. This disorder
may be related to perinatal hemochromatosis but the basis
of the disease is unknown. GRACILE syndrome (Fellman
syndrome) is caused by mutations in the BCS1L gene, which
encodes a protein in the mitochondrial inner membrane re-
quired for the assembly of complex III in the mitochondrial
respiratory chain.[74] Accumulation of iron in this disorder
may be a secondary feature. Iron accumulation becomes less
severe, as affected children get older.

The information available clearly indicates that there are
systematic mechanisms of metal transport and disposition,
most of which remain unknown. The proteomics research
can therefore be employed to identify and characterize the
members of these metal associated protein networks.

Proteomics Technology

Proteomics technology deals with the identification of large
number of proteins from a particular organ, tissue, cell or
organelle on the basis of structure or function. This involves
protein isolation, separation, and identification. Technical
developments in proteomics are led by mass spectrometry
(MS), which encompasses the use of two fundamental sepa-
ration technologies: two-dimensional gel electrophoresis
(2DE-MS) and liquid chromatography (LC MS/MS). In a
typical proteomics protocol (Figure 2), soluble proteins are
first separated by 2D gel electrophoresis based on different
isoelectric points (pI) and relative molecular masses (Mr).
The protein spots are then excised and digested in gel with a
site-specific cleavage enzyme, normally trypsin, into peptide
fragments. The resulting products are identified by peptide
mapping with matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI TOF MS) and
peptide sequencing with quadrupole tandem mass spectrom-
etry (ion trap or QqTOF MS/MS). Alternatively, the total
proteins isolated from a cell line can be directly digested in
solution and subsequently analyzed by online LC MS/MS.
The peptide mixture is separated by multi-dimensional LC
columns, mainly strong cation exchange (SCX) and re-
versed-phase (RP), and identified by tandem mass spec-
trometry followed by database search. These mass spectrom-
etry-based methods have been well established for general
proteomics investigations which are described else-
where.[75–78]

Differential protein expression is an important aspect of
understanding intracellular metal-caused disease processes.
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Functional analysis on the proteome level requires simulta-
neous identification and quantification of individual proteins
within complex mixtures.[79] Advances in mass spectrometric
technologies have encouraged researchers to develop new
analytical approaches to monitor the dynamic change of
proteins. Quantitative profiling of the proteins expressed in
a cell or tissue using certain chemicals and heavy-isotopic la-
beling is possible. The isotope-coded affinity tag (ICAT) re-
agent (which consists of three components: thiol-specific re-
actant, isotopically labeled linker and biotin group) was in-
troduced by Gygi et al.[80] to modify Cys-containing proteins.
The proteins derived from two different sets of cells are
combined and subjected to tryptic digestion, affinity chro-
matography separation, and LC/MS-MS analysis. Quantita-
tive analysis is performed based on the peaks with 8 Da dif-
ference between two identical peptides treated with light-
(hydrogen) or heavy- (deuterated) ICAT. In a similar fash-
ion, Cagney and Emili[81] adapted the MCAT (mass-coded
abundance tagging) method involving the modification of C-
terminal lysine residues of tryptic peptides with different
guanidination. In this case the guanidination yielded 42 Da
differences between modified and unmodified peptides for
the relative quantification of proteins in a mixture. Stable
isotopic labeling of proteins or peptides (e.g., 2H, 13C, 15N,
18O, etc.) has become a common method to determine rela-
tive protein abundance.[82–84] Recently Ong et al.[85,86] de-

scribed a SILAC (stable-iso-
topic labeling in cell culture)
approach in which a stably la-
beled amino acid (13C or 15N)
in a cell-culture medium is in-
corporated into cells in culture.
If cell culture conditions are
modified, the relative quantifi-
cation between protein popula-
tions in two conditions is ach-
ieved by comparing the signal
intensities of labeled and unla-
beled peptides. Owing to the
large number of proteins in-
volved, automatic online LC/
MS-MS analysis is considered
to be the preferential method
for this application. However,
it is not the only technique
that can be used for such pro-
teomics studies; off-line LC
MALDI is an effective alter-
nate choice. In this technique,
the complex peptide mixture is
separated by HPLC and the
fractions are collected onto a
MALDI target. Compared to
multiple charged ions in ESI,
singly charged ions generated
from subsequent MALDI anal-
yses simplify data interpreta-

tion. The flexibility and quality of MS/MS spectra are great-
ly improved by means of manual acquisition since samples
can be stored on the MALDI target for a long time.

Although proteomics research has been widely used for
the identification of novel proteins, unfortunately, there are
very few studies related to proteomics of metal transport.
We feel there are numerous areas where proteomics tech-
nologies can be applied to broaden our understanding of
metal transport pathways and of proteins.

Identification of metal binding proteins and their interacting
partners : As discussed above Wilson disease is caused by a
gene mutation which causes the accumulation of large
amounts of copper in the liver that leads to chronic liver
damage.[87] The human hepatoma cell line Hep G2, which
retains many fundamental characteristics of normal hepato-
cytes has been used to investigate metal accumulation in the
liver and differential protein expression in response to metal
toxicity. The immobilized metal affinity chromatography
(IMAC) can be utilized to capture the metalloproteins or
have metal-binding ability. In a recent study, Roelofen
et al.[87] carried out a proteomics analysis of copper-induced
changes in protein expression in Hep G2 cell lysates by sur-
face enhanced laser desorption ionization (SELDI) mass
spectrometry. Hep G2 cells were loaded with copper in cul-
ture and the expressed proteins were detected on weak

Figure 2. A typical protocol for proteomics analysis of a complex protein mixture.
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cation exchange (WCX) or
copper-coated IMAC Cipher-
gen chips. According to
SELDI mass mapping results,
they found a number of ions
changed intensities in profiling,
and corresponded to 15 up-
regulated and 6 down-regulat-
ed proteins in the cell lysates,
and 21 proteins with increased
abundance and 4 proteins with
decreased abundance in the
culture media. Eighteen
copper-binding proteins ap-
peared when the copper-de-
pleted cell lysate was exam-
ined on a copper-coated
IMAC chip by SELDI TOF
MS. Although some of these
proteins have been predicted
to be likely metallothionein
(MT) isoforms due to their
measured masses, additional
MS/MS experiments are re-
quired to confirm their identi-
ty.

In an initial study, 2DE-MS
analysis of the protein fraction
from an IMAC column al-
lowed the identification of 38
high abundance copper- and
zinc-binding proteins in
Hep G2 cells.[2] We identified
metal-binding proteins includ-
ing albumin, enolase, S100 cal-
cium-binding protein, grp78
and transferrin that all contain
the following putative metal-
binding motifs, C(X)nC (n=2–
4) or H(X)mH (m=0–5)
(Table 1). Furthermore, we de-
tected several proteins with
previously unknown metal-
binding capability. For exam-
ple, protein disulfide isomerase
and peroxiredoxin contain sim-
ilar copper-binding motifs as
those in Wilson disease
copper-transporting ATPase
and the copper chaperone pro-
tein ATOX1.[2] In order to
identify more proteins, 2DE
resolution was improved by
isolating Hep G2 subcellular
(cytoplasmic and microsomal)
fractions and applying them to
IMAC. This eventually result-

Table 1. Copper-IMAC binding proteome of Hep G2 with putative metal binding motifs.[6]

Protein name (NCBI or SWISSPROT Accession No.) Putative metal binding motif(s)

known divalent cation binding proteins
a-actinin (P128167) HXH, HX4H, CX3C
aldehyde dehydrogenase (P00352) HH, HX4H
aminoacylase 1 (Q03154) HXH, HXXH, HX4H
annexin IV (P09525) HXXH
annexin V (Q8V69) none
calreticulin precursor; calregulin (P27797) none
a-enolase; 2-phosphopyruvate hydratase (P06733) none
fructose-biphosphate aldolase A HH
GRP78; BiP (P11021) none
PDI (protein disulfide isomerase) (P07237) 2CXXC
PDI (A3) precursor (P30101) 2CXXC
pyruvate kinase, L-isozyme (P14786) 2HXXH
transketolase (P29401) CX3C
serum albumin (4389275) 17 disulfides
transferrin (NP_001054) 4CXXC, HH
redox proteins
aldehyde reductase; alcohol dehydrogenase (P14550) HH
cytochrome b5 reductase (P00387) HH
GR (glutathione reductase) (P00390) HXH, HX4H, Interchain disulfide
peroxiredoxin (Prx) 1 (Q06830) interchain disulfide, HXCH
peroxiredoxin 2 (P32119) interchain disulfide
peroxiredoxin 6 (P30041) none
chaperones
co-chaperone p23 none
cyclophilin A; peptidylprolyl isomerase (10863927) none
Hsp60 (heat shock 60 kD protein) 2HH, HXXH
Hsp70 (heat shock 70kD protein) (P11142) none
Hsp90 (heat shock 90kD protein 1, a) HX4H
stress-induced phosphoprotein 1 (hsp70/hsp90 organizing protein) HXH, CXXC, CX3C
GRP78; BiP (P11021) none
glycolytic enzymes
GADPH; glyceraldehyde 3-phosphate-dehydrogenase (P04406) HX3H, CX3C
GPI (glucose-6-phosphate isomerase) (P06744) CXXC, HH, HXH, HX4H
l-lactate dehydrogenase M chain (P00338) HX4H
phosphoglycerate kinase I (P00558) HXXH
cytoskeletal proteins
a-tubulin (Q13748) CX4C, HX4H
b-tubulin (P07437) none
cofilin (P23528) none
g-actin (JC5818) HH
nucleic acid binding proteins
40S ribosomal protein sa (34/67 kd laminin receptor) (P08865) none
EEF-1A (euk. translation elongation factor 1 A) (Q96RE1) HH, HXXH
EIF-3A; p27 BBP protein (NP 852134) CXXC, CX3C
EIF-4A (eukaryotic translation initiation factor 4A) (P04765) CXXC
NDK A (nucleoside diphosphate kinase) (P15531) none
40S ribosomal protein sa; 35/67 kDa laminin receptor (P08865) none
40S ribosomal protein s4 (P15880) HX3H
ASF2; alternative splicing factor 2 (B40040) HH
heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2/B1)
(P22626)

HH, HX4H

hnRNP H (P31943) HXXH
hnRNP H3 (P31942) 2HXXH, HX5H
hnRNP K (NP 112553) none
hnRNP L (P14866) CXXC, 2HXH, 5HX5H
LYAR 4CXXC, HH, HX5H
Pro/Glu rich splicing factor; polypyramidine tract-binding protein
(P23246)

2HH, HXH, HXXH, 2HX3H,
2HX4H

ribonucleoprotein HX4H
SAP 62; spliceosome-associated protein; splicing factor 3a subunit 2
(NP_009096)

CXXC

miscellaneous
14-3-3 Protein none
aspartate transaminase HX3H
glutathione synthetase (P48637) HXH, HX3H
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ed in the identification of a total of 67 copper-binding pro-
teins (Figure 3).[6] Our analyses with high mass-accuracy
MALDI QqTOF mass spectrometry had been extended to
the copper metalloproteome on the other hepatoma cell
lines Mz-Hep-1 and SK-Hep-1, and normal human liver,
which showed similar profiles but with subtle differences.

Protein–protein interactions have been of increasing im-
portance to address protein function involved in the regula-
tion of cellular processes. Intensive efforts are required to

identify the interacting part-
ners of individual proteins on
a large scale.[88] Common strat-
egies to study protein–protein
interaction are also known
as “bait-and-fishing” tech-
niques.[89] Large protein com-
plexes are used as “bait” in a
cell line to co-precipitate with
associated proteins using affin-
ity tags or antibodies, then the
“fishing” proteins are separat-
ed by SDS-PAGE gel and
identified by mass spectrome-

try.[89] To date no vigorous studies have been performed in
the hepatic system.

Post-translational modifications : In addition to protein iden-
tification and quantitative analysis, a protein-s post-transla-
tion modifications (PTMs) are also of particular interest to
biologists. Metalloproteins include numerous metalloen-
zymes, metal-transport proteins, and metallochaperones that
are involved in metal-dependent catalytic activity and regu-

latory roles with respect to re-
versible phosphorylation and
dephosphorylation reactions.
We have shown that post-
translational modifications
could be affected by the intra-
cellular action of copper, in
which the glycerylphosphoryl
group at residue Glu-301 of
elongation factor 1-alpha was
lost in Hep G2 cells after
copper depletion (Figure 4).[2]

However, no detailed study of
metal-transport phosphopro-
teomics, that is, how the pro-
teins are catalyzed and regulat-
ed by kinases and phosphatas-
es, has been reported to date.

Protein phosphorylation is a
common modification, involv-
ing the addition of a phosphate
ester group to the side chain of
the hydroxyl amino acids
(serine, threonine, and tyro-
sine), phosphoramidates of ar-
ginine, histidine, lysine, or acyl
derivatives of aspartic and glu-
tamic acid.[90,91] Although this
post-translational modification
cannot be predicted accurately
from its translated gene se-
quence alone, mass spectrome-
try offers a straightforward ap-
proach to the identification of

Table 1. (Continued)

Protein name (NCBI or SWISSPROT Accession No.) Putative metal binding motif(s)

HDGF (hepatoma-derived growth factor) none
isocitrate dehydrogenase HX5H
nuclear chloride channel protein none
PA28a (proteasome activator 28a subunit) (Q06323) CX4C
PEBP (phosphatidylethanolamine binding protein) HH, HXXH
phosphogylycerate mutase I none
RanBP1 (Ran binding protein 1) (P43487) HXXH
UDP-glucose dehydrogenase HXH
g-actin (7441428) HH
GADPH; glyceraldehydes-3-phosphate dehydrogenase (P04406) HX3H, CX3C
RACK 1; guanine nucleotide binding protein (P25388) HXH, HXXH

Figure 3. 2DE map of Hep G2 cytoplasmic proteins displaying copper-binding ability.[6] After elution from a
Cu-IMAC column the proteins were separated on a pH 3–10 IPG strip and resolved on a vertical 12% SDS-
PAGE gel. The gel was stained with Coomassie Brilliant Blue R-250 and protein spots were analyzed by
MALDI-TOF MS. The identified proteins and their putative metal binding motifs are listed in Table 1.
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the precise phosphorylation sites and quantitative compari-
son of the abundance of phosphorylated proteins in
cells.[90–92] However, a direct MS analysis of phosphopeptides
in a peptide mixture is often hindered by signal suppression
of negatively charged phosphate groups in the positive ioni-
zation mode. The detection becomes more difficult when a
phosphorylated peptide is at low stoichiometry (compared
with nonphosphorylated peptide) and has multiple phos-
phorylation sites. Chemical or instrumental isolation of
phosphopeptides prior to MS analysis improves experimen-
tal accuracy. The MS-based proteomics technologies can
now be integrated with HPLC separation,[93] antibody-affini-
ty purification,[94,95] IMAC enrichment[96,97] and tandem mass
spectrometry (product ion scanning, precursor ion scanning,
and neutral loss scanning).[98,99]

Immunoprecipitation using antibodies is an effective
method to detect low abundance tyrosine phosphorylated
proteins, but not well suitable for those with phosphorylated
serine and threonine residues. IMAC-Fe3+ (or Ga3+) facili-
tates a selective enrichment of phosphopeptides under

acidic conditions.[100,101] However, the peptides rich in aspart-
ic acids and glutamic acids also bind to these columns non-
specifically due to chemical similarity of carboxylate and
phosphate groups, although this problem can be alleviated
by converting carboxylic acid groups to methyl esters.[101] In
some instances b-elimination of the phosphate group fol-
lowed by introduction of an affinity tag such as biotin to
capture phosphorylated species was also employed to detect
phosphorylated peptides.[102,103] The weakness of this tech-
nique is that O-linked glycopeptide sites undergo the same
elimination and interfere with the phosphorylation assign-
ments. The tandem mass spectrometric technique used for
characteristic fragments of a phosphopeptide by precursor
ion scanning at m/z 79 (PO3�) and 63 (PO2

�) at negative ion
mode simplifies analysis of peptide mixtures,[104] but it re-
quires an additional peptide sequencing with MS/MS mea-
surements (i.e. , product ion scanning) at positive ion mode
to identify the phosphorylation sites. Alternately, phospho-
tyrosine-specific immonium ion scanning at m/z 216 in posi-
tive ion mode has been successfully used to detect tyrosine-
phosphorylated peptides. Similarly, a neutral loss of 98 and
80 Da corresponds to the loss of H3PO4 and HPO3, respec-
tively, which is commonly used for detection of phosphoser-
ine and phosphothreonine peptides. The conventional meth-
ods using radioactive labeling with the incorporation of 32P
to identify phosphoproteins over a widespread-proteome
scale have their own advantages and limitations. Currently,
we are developing methods using mass spectrometry to un-
derstand the effects of metal ions on phosphorylation levels
of cellular proteins.

Quantification of proteins and biomarker technology : Since
metals play structural and catalytic roles in many biochemi-
cal reactions, metal-binding proteins may serve as biomark-
ers for many diseases. In this effort, some studies have
shown that electrospray ionization (ESI) mass spectrometry
can be effectively used to determine the metal-binding se-
lectivity and stoichiometry in metal–protein complexes
under physiological conditions.[105–109] Quantitative determi-
nation of the metals in various biological systems is also ach-
ieved by trace or ultra-trace elemental analysis using induc-
tively coupled plasma mass spectrometry (ICP-MS), termed
as “element-tagged” or “heteroatom-tagged” proteo-
mics.[110,111] So far ICP-MS has been coupled to high-perfor-
mance liquid chromatography (HPLC) to measure the
metal contents in many metal transport proteins.

Protein biomarkers have attracted considerable attention
from many clinical researchers. Similar to 2DE-MS and LC/
MS-MS analysis, SELDI MS has demonstrated the ability
for the early detection of changed protein profiles associated
with disease states.[112–115] Approaches include the compre-
hensive proteomics analysis of very small amounts of
normal and diseased tissues to identify aberrantly expressed
proteins by mass spectrometry.[114] Such identification of new
disease-specific targets will provide potential applications to
protein-based diagnostics, and inevitably lead to drug dis-
covery.[114]

Figure 4. Peptide sequencing by MS/MS measurements.[2] Peptides were
obtained from Cu-IMAC column in normal Hep diarrheaG2 cells (at m/z
2677.259) and copper-depleted Hep G2 cells (at m/z 2523.235). MALDI
MS/MS spectra were acquired by Manitoba/Sciex prototype QSTAR
QqTOF mass spectrometer, and assigned to the peptide sequence 291–
313 (SVEMHHEALSEALPGDNVGFNVK) of elongation factor 1-
alpha. The post-translational modification at residue Glu301 was identi-
fied and the corresponding chemical structures are shown in the insets
((a) glycerylphosphorylethanolamine and (b) ethanolamine).
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Using an animal model, Simpson et al.[3] have conducted a
copper dependant proteomics investigation in the liver of
Cambridge breed sheep. Liver copper was accumulated over
three months with a copper overload of up to two and four
times of normal levels. The protein identification was per-
formed by 2DE-MS peptide mass fingerprinting and a cross-
species database search. Eighteen hepatic soluble proteins
expressed differentially after copper overloading were iden-
tified, in which 16 proteins were upregulated whereas only
apolipoprotein A-1 and serotransferrin were downregulated.
The changes in abundance of a number of proteins, such as
aldehyde dehydrogenase, carbonic anhydrase II, glutamate
dehydrogenase, NADP+-dependent isocitrate dehydrogen-
ase, and protein disulfide isomerase, were interpreted as
consistent with an early adaptive response to oxidative
stress.

Limitations of current metalloproteomics strategies : Metal-
loproteomics focuses on the qualitative identification, quan-
titative analysis and structural characterization of metal-
binding protein, and their structural metal-binding motifs
using current proteomics technologies. This includes a
number of studies on metal-transport proteins and the asso-
ciated metals in a cellular process or a disease state. Howev-
er, some metalloproteins are inherently unstable outside a
narrow range of environmental conditions. In addition, a
wide dynamic range of relative protein expression makes it
hard to detect proteins expressed at low levels. Technical
challenges are largely responsible for the slow evolution of
proteomics research in this area.

Two-dimensional gel electrophoresis is a mature tech-
nique that has been commonly used for separating protein
mixtures prior to the mass spectrometric analysis. A two-di-
mensional gel view provides a clear pattern of protein ex-
pression; it is capable of resolving thousands of proteins and
allowing a straightforward comparison between different
cellular states. Following high-resolution 2D separation, pro-
teins of interest can be selected and then identified by mass
spectrometry. Unfortunately, because of time-consuming
processes in gel electrophoresis and in-gel enzymatic diges-
tion, 2DE-MS is likely to remain fairly low-throughput. It
also requires relatively large amount of starting material.
This strategy often fails to detect low abundance proteins,
proteins that are highly acidic or basic and large membrane
proteins. This problem is extremely frustrating since many
metalloproteins are membrane or membrane associated pro-
teins as exemplified by the Wilson and Menkes ATPases
(ATP7B and ATP7A).

The shortcomings of 2DE-MS have raised the need for
developing a gel-free technology for proteomics analysis.
LC-MS/MS is gaining acceptance and is amenable to auto-
mation. In principle, to detect low abundance proteins in a
complicated peptide mixture, separation can be performed
by using one-dimensional (RP), two-dimensional (SCX/RP)
or three-dimensional (SCX/avidin/RP) chromatography.
However, LC-MS/MS methods also have some inherent dis-
advantages. First, protein sequences must be in the database.

Second, data validation (by manual inspection) is required
on the low-quality spectrum, especially in the case of incor-
rect assignments by the mass spectrometric software. Third,
despite the high-throughput nature of automated LC-MS/
MS analysis, identification of unknown proteins or peptides
with unusual modifications is very difficult.

Metalloproteins are sensitive to various experimental con-
ditions and therefore difficult to isolate in a state of physio-
logical conformation. The changes in their tertiary structure
often results in the disturbance of the buried metal binding
sites resulting in a loss of metal ions. The utilization of
IMAC for proteomics analysis of metal-transport proteins
takes advantage of the metal selective affinity to histidine-
rich proteins and the proteins having potential metal-bind-
ing sites.[116,117] The cellular proteins bind to metals in vitro
at physiological environment, which provides useful infor-
mation to explore metal–protein binding properties in vivo.
Nevertheless, formation of metal–protein complexes in
IMAC cannot simulate the native metal-binding properties
of proteins or the required geometry of the metal center in
vivo. These proteins also compete with other proteins for
column adsorption at neutral conditions. Thus, non-specific
binding becomes an inevitable problem when isolating met-
alloproteins by IMAC alone. Although this can be avoided
by converting proteins into peptides using on-column diges-
tion as demonstrated in our previous experiments.[2] In the
case of copper-IMAC, peptide binding prefers the order of
residues histidine > methionine > cysteine. Even though
we were able to detect protein disulfide isomerase (PDI) by
our copper–IMAC approach (2DE-MS), the metal-binding
peptides containing CXXC motifs can often be missed.[2]

However, it is essential that the proteins obtained from
IMAC and 2DE-MS tested for their specific metal-binding
properties in follow-up experiments.[118]

Conclusions and Future Perspectives

Transition metals play a myriad of roles in biological sys-
tems. Major changes in environmental metal levels result in
significant metal exposure to humans. Because of the envi-
ronmental metal exposure, as well as diseases associated
with metal transport in humans, there is an urgent need to
understand the components of the human proteome in-
volved in metal transport. This research seeks to identify the
entire set of proteins that participate in metal binding, that
are metal-induced as well as their partner proteins. The
identification of novel metalloproteins, proteins that bind
metals tightly and integrally, remains a major challenge, as
does the detection of low abundance metal-binding proteins.
Metal detection and its quantification directly in biological
systems need to be combined efficiently with current proteo-
mics strategies. The success of this approach will largely
depend on the use of innovative protocols such as radioac-
tive metal detection,[4] colorimetric assays[119] and protein en-
richment with metal-loaded IMAC columns.[116] An efficient
metal detection system integrated with novel separation
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techniques will enhance the speed of detection. For exam-
ple, ICP-MS coupled with LC can selectively detect metal
containing proteins which can be analyzed by MS.[111] In ad-
dition, X-ray techniques such as X-ray absorption spectros-
copy,[120] capillary electrophoresis with x-ray fluorescence
spectroscopy,[121] micro-particle induced X-ray emission
(PIXE),[122] and two photon microscopy[123] are capable of
identifying and quantifying metals in biological systems.
They can also be used to structurally characterize the metal
binding sites.[124] The use of these techniques in concert with
MS, X-ray crystallography, and NMR spectroscopy will im-
prove the speed and efficiency of proteomics studies explor-
ing metal transport in normal physiology and in metal-
caused diseases.

Undoubtedly, proteomics as a way to delineate the func-
tion and activity of metal-transport proteins will continue to
advance. Traditional 2DE-MS and LC-MS based approaches
coupled with quantitative proteomics technologies will be
further extended to improve the current comprehensive
analysis of biological functions of metal-binding proteins ex-
pressed in different cell-types and tissue samples related to
metal-caused diseases. The technical advances in proteomics
will be accelerated by further developments of mass spectro-
metric instrumentation, protein separation, and purification
techniques. We believe that current endeavors relating to
proteomics of metal-transport will play an essential role in
the identification of biomarkers for metal-associated diseas-
es to improve clinical diagnosis and expedite development
of novel treatment modalities.
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