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Abstract

The vital nature of metal uptake and balance in biology is evident in the highly evolved strategies
to facilitate metal homeostasis in all three domains of life. Several decades of study on metals and
metalloproteins have revealed numerous essential bio-metal functions. Recent advances in mass
spectrometry, x-ray scattering/absorption, and proteomics have exposed a much broader usage of
metals in biology than expected. Even elements such as uranium, arsenic, and lead are implicated
in biological processes as part of an emerging and expansive view of bio-metals. Here we discuss
opportunities and challenges for established and newer approaches to study metalloproteins with a
focus on technologies that promise to rapidly expand our knowledge of metalloproteins and metal
functions in biology.
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The elements of biology: metals are fundamental to life processes

Metals are integral components of nearly all biological processes from the familiar red color
of iron-containing blood to the binding of copper as part of the bizarre biology of prions in
mammalian brains [1]. Paradoxically, some metals are essential in trace amounts and toxic
at elevated levels, some are simply toxic, while others are tolerated at excessively high
levels by living cells. Uranium, arsenic, copper, and lead have all recently been implicated
in novel biological roles as part of the current expansion of what is known about metal
functions in biology [1-3]. The elemental building blocks of life are common knowledge
and most students would identify carbon, hydrogen, oxygen and nitrogen as the elements
essential to life. While these fundamental components of life are predominate in terms of
mass, it is important to note that all life forms have an absolute requirement for any number
of metals. When we pause to consider the types of metals in biological systems, most of us
would recall the essential minerals, yet we often do not consider how key these ‘trace’
elements are to most biological processes. One might argue that metal uptake, balance, and
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function are as elementary to life as carbon and nitrogen for many basic and complex
biological processes. The expanding numbers and roles of metallic elements implicated in
biological functions is striking, and becoming far broader than previously envisioned.
Technological advances have given rise to the burgeoning research fields of metallomics
and metalloproteomics. One particularly powerful approach highlighted here, combines the
simultaneous proteomic and metallomic characterization of fractionated biomass to map
entire metalloproteomes (Fig.1). This and other approaches promise a deeper and more
comprehensive understanding of the use, balance, and function of metals in cells,
ecosystems and human disease. Here we discuss several approaches that promise to be key
in defining the largely unexplored landscape of metalloproteins and biological metals in the
coming decades.

Bioinformatics of metalloproteins

The exponential growth in available genome sequence information has driven an explosion
in bioinformatics in the past decade. Almost 2,000 complete genome sequences are
available, and over 11,000 genome projects are in progress (www.genomesonline.org). The
amount of genetic data available to researchers will only continue to expand as new
sequencing technologies such as semiconductor-based sequencing devices come into
production [4]. Currently, many different informatics approaches to identify metalloproteins
from primary sequence data have generated metalloprotein database resources [5-7].
However, the accurate prediction of metalloproteins is generally limited to closely
homologous well-characterized proteins. It is striking that systems biology and informatics
approaches capable of deciphering complex cellular circuitry [8] but remain incapable of
predicting metal-binding specificity in proteins on a genome-wide basis. Given that perhaps
a third or more of genes in a typical genome sequence correspond to conserved hypothetical
or hypothetical proteins, a significant fraction of these genes likely encode novel metal-
containing proteins that cannot currently be predicted. Consequently, while several metal-
binding motifs have been identified, and some are useful in detecting probable
metalloproteins from primary sequence, in most cases computational approaches fail to
predict specific protein-bound metals. This limitation is likely due to and incomplete
understanding of the complex determinants of metal-binding specificity in proteins rather
than a limitation of informatics approaches.

Most metal-binding motifs require only a small number of coordinating amino acids in a
specific spatial arrangement (Fig 2). There are nearly infinite combinations of amino acid
sequence that can bring several coordinating residues into the proper spatial arrangement for
metal binding. This fact results in highly variable sequences at metal binding sites and
makes identifying reliable sequence motifs difficult or impossible. Of the many metal
binding sites that have been identified nearly all are highly degenerate between species and
genera and even between proteins in the same organism [9]. The degenerate regions of metal
binding motifs, typically denoted “X’, may also play a significant role in determining metal
specificity [10,11]. Sequence-based prediction of specific metal binding is further limited by
the fact that the same motif may bind more than one type of metal. A prime example is the
ubiquitous Cys-X-X-Cys motif, which may coordinate iron-sulfur clusters or zinc, as well as
being part of dithiol/disulfide redox sites in metal-free proteins. In addition, metal binding
specificity can be dictated by factors other than a protein’s primary sequence, including the
cellular context, maturation and ancillary proteins, and metal availability [3,12,13]. One
such case is the iron-molybdenum cofactor of nitrogenase, in which a vanadium atom is
inserted into the cofactor by alternate ancillary proteins when molybdenum is not available
[reviewed in 12]. Another example is the substitution of a tungsten atom for molybdenum in
an otherwise identical nitrate reductase [14]. In fact, the processes that regulate specific
metal incorporation within a cell are often poorly understood and those that are described
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are elaborate and often variable between species, metals, proteins, and environments
[reviewed in 10]. Consequently, the use of amino acid sequence information is primarily
useful for surveying a subset of metalloproteins across genomes but inherently limited in
identifying specific metal binding by a given protein [3,15]. While there are some cases,
such as the superoxide dismutases where sequence and structure are more reliable predictors
of specific metal incorporation [16,17], this is not commonly the case. As informatics
approaches incorporate datasets from individual biological systems, three dimensional
metalloprotein structures and other non-sequence datasets, their predictive capacity for metal
binding will surely continue to improve [18,19]. Informatics approaches will undoubtedly
remain an important tool for identifying metalloproteins in diverse genomes, but because of
the nature of metal-specificity in proteins, these approaches will require validation by
biophysical datasets for the foreseeable future.

Structural Biology of Metalloproteins

Structure databases such as the protein databank (PDB) are the prevailing resources for the
properties of metalloproteins at the atomic level. Together with the powerful spectroscopic
approaches such as magnetic circular dichroism (MCD) [20], electron paramagnetic
resonance (EPR) [21], and Mdssbauer spectroscopy [22], a great deal of insight into the
coordination and electronic properties of metalloproteins has been realized. Such studies
have revealed metalloproteins that directly coordinate metals, bind inorganic metal clusters,
and those with prosthetic metal cofactors (Fig. 2A-C respectively). Surprisingly, the
determination of atomic resolution structures has lead to the discovery of metal binding in
proteins that were previously not known to be metalloproteins [23,24]. However, even these
powerful approaches and the resources they generate have inherent limitations for predicting
and identifying metal-specific binding in biological systems. Notably, structure databases
may be biased toward specific metalloproteins due to several practical considerations of the
methods used in crystallography. First, a large fraction of structures in PDB are derived
from heterologously expressed recombinant proteins, which often have misincorporated
metals that are not representative of the endogenous metalloprotein. Such a case has recently
been described for the structure of a recombinantly expressed ‘zinc-protein’ that coordinated
a nickel atom when purified from the endogenous microbe [3]. The well-characterized zinc
finger folds are known to substitute many different metals for zinc, including; cobalt,
cadmium, copper, nickel and iron, which can all coordinated by the same polypeptide [25]
(Fig. 2). Secondly, the practice of ‘soaking in’ heavy metals to solve the phase problem in
protein crystallography displaces endogenous metals [26]. This process may skew the
metalloprotein content of structural databases for folds that readily exchange metals and/or
are stable in the apo-forms. Indeed, given that well over a fourth of proteins probably require
a metal for normal function, it is striking that so few unique metal-binding folds have been
identified. The routine production of recombinant proteins in E.coli and the practice of
displacing endogenous metals to solve crystal structures may in part account for the
relatively few unique metal-binding folds described to date. Alternatively, the essential
nature and primordial origins of metals in biology may have selected a small subset of folds
that are readily adapted for diverse metal binding and function. However, a more likely
explanation is that there are simply a large number of metal-binding folds that remain
uncharacterized. Regardless, while datasets from native biomass are essential to
unequivocally determine endogenous metals, structural and spectroscopic approaches for
identifying and characterizing metalloproteins remain among the most powerful means to
study metalloproteins.
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Mass spectrometry of metals and proteins

Spectroscopic and crystallographic approaches are precise methods for characterizing
biological metal centers and largely account for what is known about metalloproteins. These
approaches typically require large quantities (milligram amounts) of highly purified protein
and typically focus on one metalloprotein at a time. The recent development of practical
instruments for inductively coupled plasma mass spectrometry (ICP-MS) has made possible
rapid and sensitive quantification of metals from complex biological samples. Quantitative
ICP-MS metal analysis is a powerful analytical approach for metals in broadly diverse
samples such as honeybee venom [27], urine and plasma [28,29], seawater [30], and
quantifying toxic metal accumulations in seafood and drinking water [31,32]. As these
metallo-approaches become more commonly applied, they will undoubtedly help identify
markers of human disease much like the more mature proteomic [33] and metabolomic [34]
approaches. The findings of these so-called metallomic studies all reflect the power of ICP-
MS to address metals and metal balance issues in widely varied systems from complex
ecosystems to human health and disease (Fig. 1).

Metallomics studies do not inherently consider the metalloprotein context in biological
samples. Metals within protein metal centers often have markedly altered properties that
facilitate redox sensing [35], protein stability [24], metal sensing and balance [36], in
addition to biochemical catalysis. Recent metalloproteomic studies have combined the
sensitive metal detection of ICP-MS with established MS-based proteomics methods to
probe fractionated native biomass. These studies have fundamentally changed the scope and
depth of our understanding of metalloproteomes [3,15,37]. The approach recently described
by Cvetkovic et al combined high-throughput tandem MS/MS based proteomics with ICP-
MS analyses and revealed that microbial metalloproteomes are likely twice as extensive than
was previously appreciated. The authors surveyed native metalloproteomes from three
highly divergent microbial species isolated from particularly divergent environments. The
microbes included two archaeal hyperthermophiles, the marine anaerobe Pyrococcus
furiosus and the freshwater acidophilic aerobe Sulfolobus solfataricus, and the enteric
bacterium Escherichia coli. A remarkable diversity of metalloproteins with twelve various
associated metals were detected in the native metalloproteomes of one or more of these
species (Fig. 3). Many of the metals bound to proteins were unexpected, because 1) the
growth media was not supplemented with the metal and 2) the microbial species was not
known to utilize that element. Several trace metals were concentrated by microbes into
significant protein-associated quantities irrespective of the supplemented metals. Among
these were surprising accumulations of lead, uranium, cadmium, strontium, and arsenic [3]
(Fig. 3). While the “function’ of these metalloprotein associations are not clear in all cases,
the accumulation of these metals into biomass indicates a specific biological interaction
whether beneficial or harmful. Importantly, each microbe tested had markedly different
metal-use preferences, none of which corresponded to concentration of supplemented metals
of in the respective growth mediums. Excluding the predominant iron- and zinc-proteins, P.
furiosus incorporated tungsten and nickel into metalloproteins whereas S. solfataricus used
molybdenum and barium while the enteric E. coli proteins preferentially bound copper and
manganese [3]. Taken together, these data reveal that each microbe has evolved a specific
metal-usage profile that is largely maintained irrespective of the available metals. Notably,
these observed metal specificities are not reflected in any recognized pattern in
metalloprotein amino acid sequence or any other apparent informatics datasets. As part of
the metalloproteomic survey, a limited number of native P. furiosus proteins were purified
by following metal peaks through multiple chromatography steps. Using this method, a
novel metalloprotein was identified as coordinating a nickel atom (PF0086) while the same
polypeptide coordinated a Zn atom when expressed in E. coli [3]. These data further
illustrate the complexities of specific metal incorporation into proteins within cells and
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emphasize the importance of factors other than primary amino acid sequence in determining
metal-specificity. The comprehensive survey of three native metalloproteomes also
expanded the known metallomes for these species and increased the sum of known types of
Ni-containing enzymes in biology from 8 to 10 [3]. The metalloproteomics analysis of
native biomass from three divergent microbes has brought many unexpected results and
solidly established the power of combining biochemical fractionation of native biomass with
proteomics and metallomics as an approach at the forefront of biometal research (Fig. 1).

Several other burgeoning approaches for metalloproteomics analyses hold great promise to
expand this largely unexplored landscape and further enhance the fields of metallomics and
metalloproteomics. Significant advances with metal detection using synchrotron radiation
sources reveal the localization and content of metals within cells and have become high
throughput in some cases [reviewed in 38,39]. Microsolution isoelectric focusing [40], solid-
state NMR [41], and colorimetric reagents [42] among other techniques are poised to
contribute to metalloproteomics knowledge bases. Objective methods for observing the
impact of metal ions on RNA and protein tertiary structures by small angle x-ray scattering
have also been developed [43]. However, many of these techniques lack the breadth of
analysis or ease of application of the approach described by Cvetkovic et al. [3]. The
development of routine proteomics analysis coupled with practical ICP-MS instrumentation
has brought metalloproteomics research into the reach of most institutions and many
individual laboratories. Looking ahead, the application of all of these metallo-technologies
to bioremediation, bioenergy, carbon cycling, ecology, human health, bio-industrial
applications, and the treatment of human disease bring remarkable potential for discovery.

Closing Remarks

The citation of metalloprotein studies has grown steadily and increased ten-fold over the
past twenty years reaching nearly 2,500 citations last year. Recent findings have revealed
that the sum of these works and our current knowledge is likely limited to far less than half
of the metalloproteins that exist [3]. Among known metalloprotein functions are vital roles
in the fundamental processes of photosynthesis, electron transport, nitrogen fixation, and
oxygen transport in vertebrates among many others. The discovery of such a large number
of uncharacterized metalloproteins holds enormous potential for uncovering new
biochemistries and novel evolutionary solutions to basic biochemical reactions. The
convergence of ‘-omics’ technologies has begun to provide a systems view of microbes,
microbial communities, complex organisms, and ecosystems. All known living systems have
exploited the unique chemical and physical properties of metals to maintain homeostasis and
facilitate life in even the most extreme environments. Considering the ubiquity and
indispensable nature of metals to all life, any such *systems view’ will be severely lacking
without consideration of metal requirements, balance, flux, and functions. As the newer
metal-technologies mature to meet established technologies, our ability to rapidly identify
and characterize novel metalloprotiens, metal folds, and define metal usage in biological
systems will be dramatically expanded.

Metalomics and metalloproteomics will in time find their place with genomics and
transcriptomics as key approaches to understanding complex biological systems. The
biochemical processing of oxygen, nitrogen, sulfur and carbon are all reliant on
metalloproteins and thus an in depth understanding of metalloproteins is fundamental to
diverse research areas from climate change, carbon capture, and bioenergy to plant biology
and medicine. Future applications of metal-technologies to biological research promise to
not only expand our understanding of metal function in microbial physiology, ecology, and
human disease, but will almost certainly impact all aspects of biology in the coming
decades.
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Figure 1. Diagrammatic representation of state-of-the-art metalloproteomics
Diverse biological samples can be fractionated using any number of biophysical processes
(left), followed by parallel proteomic and metallomic analysis with MS/MS and ICP-MP
respectively (middle). This approach reveals the entire native metalloprotein content of any
given sample (i.e. microbes [3]). This powerful approach is equally applicable to biological

samples from any context.

Curr Opin Biotechnol. Author manuscript; available in PMC 2013 February 1.

Page 11



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Page 12

(a) | (b)

o . 2Fe-2S cluster
Zinc finger (Zn, Ni) (SoxR, PDB: 2ZHH)

AlaX-M (Zn, Ni)
PDB:2E1B PDB: 1ZAA

) &
Zinc hook (Zn, Hg) Gal4 (Zn, Cd)  Cu/Zn superoxide 4Fe-4$ cluster
Rad50, PDB: 1L8D PDB:1D66 dismutase; PDB: 3F7K (XPD, PDB: 2CRV)

(c)

.
Vitamin B12 (Cu) FeMoCo (v) Heme (Fe)
Cobalamin, PDB: 2BB6 PDB: 1H1L Cytochrome, PDB: 30FT

Figure 2. A series of exemplary metal binding sites and coordinating side chains from various
metalloproteins

Protein fold names are indicated and examples of metals known to bind each fold listed in
bold, PDB file numbers are indicated. (a) Cysteine and histidine coordinated single and
double metal binding sites, most commonly Zinc. Top: AlaX-M [44], Zinc-finger [45];
bottom: Zinc-hook [23], Gal4 [46], Cu/Zn superoxide dismutase [47]. (b) Iron-sulfur
clusters: 2Fe-2S cluster in SoxR [48] and 4Fe4S-cluster in the XPD helicase [24]. (c) Metal
cofactor binding proteins: Vitamin B12 in Transcobalamin [49]; FeMoCo in Nitrogenase
[50] and Heme in Cytochrome [51].
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Figure 3. Periodic table emphasizing biologically relevant elements and bio-metals
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The highly abundant building blocks of nature are shown in green, metals described to be
associated with metalloproteins are shown in orange and non-metal trace elements in blue.
Catalytic metals present in active sites of enzymes are marked with a red star and metals
incorporated into microbial biomass in the studies of Cvetkovic et al. (3) are indicated by

dotted boarders.
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