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Abstract
About one-third of all proteins are associated with a metal. Metalloproteomics is defined as the
structural and functional characterization of metalloproteins on a genome-wide scale. The
methodologies utilized in metalloproteomics, including both forward (bottom-up) and reverse
(top-down) technologies, to provide information on the identity, quantity and function of
metalloproteins are discussed. Important techniques frequently employed in metalloproteomics
include classical proteomics tools such as mass spectrometry and 2-D gels, immobilized-metal
affinity chromatography, bioinformatics sequence analysis and homology modeling, X-ray
absorption spectroscopy and other synchrotron radiation based tools. Combinative applications of
these techniques provide a powerful approach to understand the function of metalloproteins.
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Approximately one-third of all proteins possess a bound metal. Examination of the Protein
Data Bank (PDB, http://www.rcsb.org) reveals that Mg and Zn are the most abundant, while
Ca, Mn, Fe, and Ni are also frequently observed [1]. Metalloproteins represent one of the
most diverse classes of proteins, with the intrinsic metal atoms providing catalytic,
regulatory, or structural roles critical to protein function [2]. For example, Zn, the most
abundant metal in cells, plays a vital role in the function of more than 300 enzyme classes,
in stabilizing the DNA double helix and in control of gene expression [3].

Metalloproteomics is a relatively new field addressing genome-scale identification,
structural characterization, and functional annotation of metal-associated proteins [4–6].
Several major experimental approaches have been successfully employed in
metalloproteomics, including both forward (bottom-up) and reverse (top-down)
technologies. Reverse (top-down) technologies follow classical biochemical approaches,
wherein samples are fractionated, by sequential chromatographic or 2-D gel separations, and
“fractions” are subjected to metal and protein identification techniques, such as atomic
absorption and mass spectrometry (LC-MS and/or ICP-MS) to identify the metal and protein
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associated with specific fractions [6–11]. Advantage of this approach includes isolation of
proteins from a native cell or tissue environment; potential disadvantages are potential loss
of native metal and difficulties in generating sufficient quantities of the protein of interest
for high signal-to-noise analysis. Recent examples include a combined metal-based
approach, reported by Tainer JA and Adams MWW et al. [12], to identify metals and
metalloproteins in three microorganisms (Pyrococcus furiosus, Escherichia coli and
Sulfolobus solfataricus) on a genome-wide scale. 343 metal peaks, in chromatography
fractions and likely associated with specific metalloproteins, were analyzed using ICP-MS
and the most abundance metals from Pyrococcus furiosus were identified as iron (Fe), Zinc
(Zn), tungsten (W) and nickel (Ni) and cobalt (Co). Other metals by inadvertent assimilation
of the analyzed sample include lead (Pb), titanium (Ti) and uranium (U). Several novel
Nickel- and molybdenum-containing proteins were identified through further purification
steps and matrix-assisted laser desorption/ionization (MALDI)-MS.

Immobilized-metal affinity chromatography (IMAC) is the key technique commonly used
for fractionation of metalloproteins dependent on their differential binding affinities of the
surface exposed amino acids towards immobilized metal ion [13,14]. Metal depleted
samples are loaded on an IMAC column/chip saturated with the metal of interest, and
proteins with affinity to the metal are recovered and can be analyzed by any of the classical
proteomics methods, for examples, 2-D gels [8,15–17] and surface enhanced laser
desorption ionization (SELDI) MS [18]. In addition to protein identification and quantitative
analysis, post-translation modifications of proteins are also targeted as many metalloproteins
including metallo-enzymes, metal transporters and metallo-chaperones are involved in
metal-dependent catalysis and regulatory functions related to phosphorylation and de-
phosphorylation. Detection of phosphopeptides by MS can be integrated with IMAC
enrichment technique [19–21]. Combination of IMAC and the hybrid LTQ-obitrap MS with
high sensitivity and high resolution was used to identified phosphoproteome in
Streptococcus pneumonia [22]. IMAC provides information on the presence of metal-
binding sites in proteins but it does not detect the metal-protein complexes present. The
other drawback of the IMAC technique is that metalloproteins with a high metal affinity site
will very likely pass through the column/chip undetected as the metal sites are already
occupied.

The forward (bottom-up) approach is also derived from classic methods, and involves
cloning and expression of the genes of interest followed by analysis of metal content and
function of metalloproteins. Advantages include the ability to optimize the expression and
amount of the protein of interest; disadvantages include non-native metal incorporation or
loss of native metal in protein expression and purification steps, although strategies for
metal exchange to optimize spectroscopic analysis are well known and extremely valuable
[1,23,24].

Both the reverse (top-down) and the forward (bottom-up) experimental approaches suffer
from potential mis-annotation of a metalloprotein in two distinct ways. First, when native
metals are lost in purification a bound metal may not be associated with the protein (false
negative). Second, non-native metals may bind in the place of native metals, which may
mislead the investigator with respect to the native and functionally active metalloprotein
species. Such challenges have been well understood in the metalloprotein field for many
years, as confirmation of the role of a metal in a protein’s native function requires careful
experimental work. By combining a range of computational approaches with HT-
experimental annotation, using either forward or reverse methods, these factors are under
active exploration by many research groups [1,4,12].
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Computational approaches can complement these experimental methods and explore wide
ranges of sequence space for their potential connections to metal binding and related enzyme
functions [25]. Several bioinformatics approaches commonly used in metalloproteomics
include prediction of metal-binding proteins based on known consensus sequences and
prediction of a metal binding site based on a known 3-D structure. A bioinformatics
approach to predict the metal binding ability of proteins to Zn, non-heme Fe and Cu in
several organisms has been reported [25–27]. In this approach, metalloproteins are identified
through the combined search of known metal binding domains and of local sequence
similarity to known metal binding motif. The search can be applied to the whole genome
sequences of any organism and provides an estimate of the complete ensemble of
metalloproteins in the organism. A similar study using structural bioinformatics and whole
genome sequences has been carried out to identify Fe, Zn, Mn and Co binding proteins [28].
Metal binding sites can also be predicted based on a known 3-D structure with reasonable
accuracy because of the conserved nature of a metal binding site and its usual compact size
[29,30]. The method is useful to identify metal binding sites when no metal binding
sequence motifs are obvious.

Metalloproteomics involves the structural and functional characterization of metal-binding
proteins. Synchrotron radiation sources provide a unique set of techniques including X-ray
macromolecular crystallography (MX), X-ray solution scattering (SAXS) and X-ray
absorption spectroscopy (XAS), well suited for the structural and functional studies of
metalloproteins and metalloprotein complexes. Approximately one-third of all structures in
PDB (http://www.rcsb.org) contain a metal, however, very few of these crystal structures
achieve atomic resolution (better than 1.2 Å). The atomic resolution structures can reveal
new features essential to the biological functions of the metalloproteins that are sometimes
missed in medium-low resolution structures [31,32]. XAS is a complementary technique to
MX in structural analysis of metalloproteins [33,34]. XAS can be used to determine aspects
of metalloprotein active site structures at extremely high accuracy (±0.02 Å), comparable to
structures at atomic resolution, and it can be applied to samples in very diverse conditions
(solid, solution or gaseous state). It can be used independently or to supplement structural
information derived from MX or nuclear magnetic resonance (NMR) spectroscopy [35].
This technique can provide element-specific structural information for reaction
intermediates of protein samples that are not amenable to study as single crystals or on
samples that are difficult to crystallize. SAXS is a relatively low resolution technique (~15
Å), however, it is very useful in determination of protein-protein complex structures to
resolve the biological functions of the proteins [31,36,37].

A high-throughput forward approach leveraging purified proteins arising from the U.S.
Protein Structure Initiative structural genomics effort has been reported [1]. In the
metalloproteomics study, thousands of expression constructs and purified proteins are
accessible and each protein was measured directly the metal content utilizing high-
throughput X-ray absorption spectroscopy (HT-XAS). HT-XAS employs the physical
principle of X-ray excitation of core electrons of metal atoms with detection of resulting X-
ray fluorescence as in X-ray absorption spectroscopy [1]. Metal identification and
quantification are based on the energy and intensities of the X-ray fluorescence signal
emitted by intrinsic metals bound to the proteins, respectively. XAS data for hundreds of
samples can be collected in a single run and finished in a few hours with a detection limit of
approximately 100 μg per protein. HT-XAS in metalloproteomics so far has been closely
associated with structural genomics projects [1,24].

One aim of the US structural genomics program has been to experimentally determine at
least one protein structure from each protein family or subfamily that are 30% or less
identical to any protein with a known 3-D structure, thus enabling structural analysis of the
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entire family or subfamily through the use of comparative modeling [38]. Targets are
selected based on this overall strategy, and protein structures are determined by X-ray
crystallography or NMR spectroscopy [39,40]. The success rate from cloning through
purified protein to the final experimental 3-D structures by the large scale structural
genomics centers in the NIH-funded Protein Structure Initiative (PSI) is ~10–14%
[38,41,42], however, the set of purified proteins as a whole represents a useful resource for
biochemical and biophysical characterization of the proteins to better understand function.

A HT-XAS study of a limited ensemble of proteins (a total of 654) from PSI Phase 1 (PSI-1)
via quantitative analysis of six metals (Mn, Fe, Co, Cu, Ni, and Zn) was previously reported
[1,23]. Protein samples were purified using the high-throughput protein production pipeline
of the NYSGXRC [38,42]. Over 10% of the total samples showed the presence of transition
metal atoms in stoichiometric amounts. The method was shown to be 94% accurate in
predicting the presence or absence of a transition metal based on 50 crystal structures from
the sample set. In addition, bioinformatics-based functional annotation was carried out for
the metalloproteins identified by HT-XAS. In many cases, the metal binding information
provided a distinct, new annotation for proteins of unknown function and improved
annotation for proteins with poorly understood function.

The extension of the method to nearly 4000 purified proteins generated by the NYSGXRC
during PSI Phase 2 (PSI-2) has been carried out. Automation of the method was improved to
handle thousands of samples. Within the PSI structure determination pipeline, the results
were used to assist in structure solution by X-ray crystallography, primarily in the map
interpretation step where the metal identities are sometimes ambiguous. Proteins annotated
as metal binding were analyzed by computational methods including PSI-BLAST [43] for
detection of similar sequences and protein family identification via annotation transfer by
homology, and by MetalDetector [44,45], a de novo method that predicts His and Cys
residues that bind to transition metals using information derived from protein sequence.
Structural models available from homology modeling of (often distant) templates deposited
in MODBASE [46] or built utilizing SWISS-MODEL [47], were also used to identify
putative metal binding sites and these models were evaluated in the context of experimental
and bioinformatics results to provide a comprehensive understanding of the metalloprotein
structure of the targets (Figure 1). Overall, the results show that the information from both
experimental and bioinformatics approaches can be productively combined to improve the
understanding of metal binding sites in metalloproteins.

Conclusion
The genome scale analysis of metalloprotein as a class is in its infancy. However, advances
in high throughput technologies, both experimental and computational, are permitting novel
annotations of sequence with metalloprotein function, which will lead to focused
experimentation to conclusively identify the structure and activity of the newly annotated
metalloproteins. Metalloproteomes from many species are still mostly uncharacterized.
Combination of techniques and methods from multiple disciplines, including biochemistry,
biophysics, engineering and computer sciences, are required in fully characterizing
metalloproteomes and achieving a comprehensive understanding of the roles of metals in
biology.
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Figure 1.
Experimental approaches to metalloproteomics.
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Figure 2.
Examples of complementary use of HT-XAS, computational sequence analysis and
homology modeling. A. Zn binding site for target NYSGXRC-892d (aka T812). HT-XAS
showed that this protein contained Zn. MetalDetector [45] identified 3 residues, His70,
Cys98, and Cys101, with high probabilities of 42%, 80% and 73%, respectively, to bind to a
transition metal. Another His residue (His95), not identified by MetalDetector, is located
nearby and likely contributes to metal binding. B. Ni/Zn binding site in the homology model
of NYSGXRC-10060e. HT-XAS showed the protein contained Ni. MetalDetector identifies
His35 with a probability of 21% to bind to a transition metal. MetalDetector only includes
His and Cys in analysis. Based on the structure model, this protein mostly likely binds to a
Zn. Ni detected in HT-XAS screening was probably trapped in the binding site in the
purification step. Structure models were generated and retrieved from MODBASE [46].
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