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Genome sequencing projects have provided researchers with
detailed information on every gene present in a large variety
of organisms. Each of these genes is responsible for produc-
ing one or more proteins (depending on processes such as
alternative splicing and post-translational modification) that
constitute the machineries needed to sustain cellular life. The
ensemble of proteins that an organism is capable of produc-
ing is called the proteome. A significant share of each organ-
ism's proteome requires metal ions or metal-containing co-
factors to carry out its physiological function (metalloprote-
ome). Experimental methods for the characterization of the
metalloproteome of even simple prokaryotic organisms are
still not routinely available, therefore significant insights can
currently be only obtained using bioinformatic approaches.

Herein we review the results obtained from the bioinformatic
analyses of a variety of organisms, including humans, in
which the distribution of iron-, copper-, and zinc-binding
proteins across the kingdoms of life were investigated. It was
found that among the metals, zinc is required by the largest
number of proteins in most organisms (on average, 10 % of
the proteome in eukaryota is predicted to be zinc-binding),
whereas copper is the least common. In addition, the majority
of non-heme iron-binding proteins have homologs in each
taxonomic domain (archaea, bacteria, eukaryota), whereas
zinc- and copper-binding proteins are substantially differen-
tiated in eukaryota with respect to prokaryotic organisms.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The term bioinorganic chemistry (or biological inorganic
chemistry or inorganic biochemistry) refers to the discipline
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in which the interactions between inorganic ions or com-
plexes and molecules of biological interest are studied.!']
This is a vast field of science whose importance stems from
the fact that life originated and developed on the Earth’s
crust, an eminently inorganic environment. A core part of
bioinorganic chemistry is focused on the study of metallo-
proteins, which are defined as those proteins that bind
tightly (with an association constant greater than 103 M ')
to one or more metal ions or metal-containing cofactors,
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and of metal-protein adducts, which are defined as adducts
formed by metal ions or metal-containing cofactors with
proteins (with an association constant lower than 108 M 1).
The metal may play a physiologically relevant role in both
metalloproteins and metal-protein adducts. For simplicity,
from here on we will collectively refer to “true” metallopro-
teins and metal-protein adducts as metalloproteins. From a
more biologically oriented point of view, metalloproteins
can be defined as those proteins requiring one or more
metal ions or metal-containing cofactors to carry out their
biological function. The two definitions overlap to a large
extent. Note that the metal may be required not only be-
cause it is the center of catalysis, as in many metalloen-
zymes, but also for structural reasons (i.e. to stabilize the
metalloprotein’s fold) or regulatory ones (e.g. as in calmod-
ulin).

In the early years of bioinorganic chemistry, the quantifi-
cation of the interactions of metal ions with living organ-
isms focused mainly on determining the quantity of metal
present in a healthy organism per kilogram of weight (in
the case of higher organisms such as mammals or plants)
or per cell (in the case of unicellular organisms). These in-
vestigations provided valuable information on the impor-
tance of metal ions for the correct functioning of cells as
well as on several diseases caused by defects in the metabo-
lism of metal ions and metal-containing cofactors. The suc-
cess of genome sequencing initiatives, however, has added a
new dimension to bioinorganic chemistry, namely the quan-
tification of how many proteins are metalloproteins. This as-
pect deals with identifying how many and which metabolic
pathways require or involve metal ions in addition to estab-
lishing how much of a metal is needed to support the life
of an organism. These two facets are highly complementary
and are both essential in order for bioinorganic chemistry
to fully contribute to the Life Sciences.

Genome sequencing projects have provided the amino
acid sequences of proteins encoded in the genome (besides
the possible effects of alternative splicing or of post-transla-
tional modifications, which contribute to effectively ex-
panding the proteome) of an ever increasing number of or-
ganisms. The large majority of these proteins lack any ex-
perimental functional information, as functional characteri-
zation of proteins at the whole proteome level is still not
routinely possible. To cope with this limitation, bioinform-
atic tools have been extensively exploited to predict func-
tional features from the analysis of amino acid se-
quences.>=! In addition, projects in structural biology and
structural genomics (the structural characterization of all
proteins in a proteome) have prompted the development of
several bioinformatic approaches to predict function from
structure.l*?) The functional information obtained either
experimentally or through bioinformatics is generally sum-
marized in an annotation, which is associated with the vari-
ous individual proteins in any sequenced genome. The an-
notation of gene products is still, however, a far from trivial
process. Predicting function from sequence, even when
structural information is available,''2 often remains an
elusive endeavor that is further complicated by difficulties
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in the exact identification of the coding sequence, especially
in higher organisms.[!3:14

The concepts outlined in the preceding paragraph also
apply to metalloproteins,!'>! although these systems are
even more challenging because metal-binding ability is not
easily detected from standard sequence analysis. On the
other hand, the presence of a motif suitable for protein
binding to metal ion(s) can be exploited for more reliable
identification and classification (including functional infer-
ences) of these proteins.['> ¥ Genome-wide identification
and classification of metalloproteins is also difficult experi-
mentally, although some systematic efforts in this direction
have been described.['%211 Since 2004, specific bioinformatic
approaches have been developed, refined, and applied at the
whole genome level to identify the fraction of an organism’s
proteome that (putatively) requires metal ions for its func-
tion, in other words to identify all metalloproteins encoded
by an organism’s genome.!'®2>241 The ensemble of the
metalloproteins of an organism is hereafter called the
metalloproteome. Herein we review the results of these ef-
forts and provide an overview of the use of different essen-
tial metal ions by organisms in the three domains of life,
including humans.

On the Reasons Why Identifying Metal-Binding
Sites is Difficult

Metal ions can bind to metalloproteins at a variety of
different sites. However, the specificity of a metal-binding
site for a metal may be poor as the same site can often bind
different metal ions with similar affinities (the physiologi-
cally relevant metal ion may sometimes actually not be the
tightest binder), a phenomenon that has allowed research-
ers to obtain structural details of metal-binding sites
through a combination of spectroscopic tools and metal re-
placement.[?>21 This can also be true for polymetallic co-
factors such as iron-sulfur clusters.?”! When preference for
a given metal ion indeed occurs at a binding site, it can be
tuned through site-directed mutagenesis, typically by substi-
tuting one or two protein residues.?®!

Even when 3D data are available from X-ray crystal-
lography, the identification of the presence of a metal-bind-
ing site or the identification of the metal bound at a site is
often far from trivial.?>3% There have been several exami-
nations of the whole protein data bank (PDB) in order to
identify, classify, and attempt to devise general rules for
confirming the presence of metal-binding sites.’'* How-
ever, these efforts have not provided guidelines that can be
applied safely and systematically, even with structural data
in hand. When the protein structure is solved in its apo
form, a further obstacle to the prediction of the presence
of a metal-binding site may arise because of structural re-
arrangements between the apo and holo forms of the pro-
tein, especially, but not exclusively, those involving the side
chain atoms of the amino acidic metal ligands.[33
2547
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X-ray fluorescence analysis is a suitable strategy to exper-
imentally identify the nature of an unknown metal ion
bound to a protein.*®) Another suitable approach is the
study of X-ray anomalous diffraction.?”? NMR analysis can
also be informative.*® The exact details of metal coordina-
tion can often be obtained upon substitution of the metal
with a paramagnetic metal ion through the application of
purposefully designed NMR experimentsi**4% and/or of
advanced computational approaches.™!l  Alternatively,
NMR-active diamagnetic metals, such as Ag, Cd, or Hg,
can be exploited to directly detect proton-—metal corre-
lations in heteronuclear two-dimensional experiments.[4>#°]

Another possible approach to the identification of
metalloproteins is high-throughput screening.['”2!! These
methods, which are based on XAS or colorimetry, can
identify unprecedented metalloproteins and provide hints
about the identity of the bound metal. They do not, how-
ever, provide detailed information on the nature, identity,
and location of amino acidic ligands within the protein se-
quence.

Sequence-Based Bioinformatic Identification of
Metalloproteins

Because of the difficulties mentioned in the preceding
section, it is important to develop methods that can predict
metal-binding capabilities and metal-binding sites based
only on the experimental information directly obtainable
from genome sequencing, namely the amino acid sequence
of the proteins. In other words, the scientific community
working in bioinorganic chemistry would benefit from bio-
informatic tools that can identify metalloproteins within
proteomes.

Bioinformatic resources designed for bioinorganic chem-
ists are relatively limited with respect to the plethora of re-
sources available to the general biologists’ community.['>!
In particular, no web servers are currently available for the
prediction of metal-binding capabilities based on protein
sequence. On the other hand, a few algorithms suitable for
the identification of metalloproteins in proteomes have been
published; these are addressed below.

Before discussing the methods available for the predic-
tion of metal-binding properties based on sequence, it is
useful to briefly describe the application to metalloproteins
of protein structure modeling based on homology (so-called
homology modeling or comparative modeling).[*6471 Ho-
mology modeling has been applied to metalloproteins with
success in a number of instances, yielding interesting in-
sights into the determinants of structure and function of
the systems investigated.['®*$-381 If one is uncertain about
the metal-binding properties of a given protein, homology
modeling is a potential method for building a 3D structural
model that may subsequently be inspected for the presence
of putative metal-binding sites. This approach, however,
presents various potential pitfalls, some of which are linked
to the intrinsic shortcomings of the homology modeling ap-
proach, such as the difficulty in correctly modeling the con-
2548
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formation of amino acid side-chains and loop regions,“®!

where metal-binding sites are often located. However, it has
been suggested that, especially in systems binding metal-
containing cofactors of a relatively large size, such as iron-
sulfur clusters or iron porphyrins, modeling of a metallo-
protein structure in its apo form can lead to significant dis-
tortions of even the global protein fold with respect to the
structure of the holo protein.l'®*8 Such distortions would
prevent reliable use of the modeled structure for the identifi-
cation of binding sites.

The simplest approach to assigning metal-binding capa-
bilities to a protein is to look for the presence of a known
metal-binding pattern (MBP). MBPs can be automatically
extracted from the PDB and can be described in detail
using the COMe formalism.['”) Simpler formalisms essen-
tially report the identity of ligands, the spacing between
them, and, sometimes, the presence of other conserved resi-
dues within or near the MBP. The simplest representation
of an MBP is in the format AX,BX,,C..., where A, B, and
C are the metal-binding amino acids and n, m,... are the
number of amino acid residues in between two subsequent
ligands. A non-specialized database of functional patterns
is PROSITE. However, simply looking for the occurrence
of an MBP within a sequence can be misleading!'® and may
lead to the assignment of an excessively high number of
metalloproteins. A simple example is given by the case of
proteins that bind metals with pairs of cysteines, which in
many systems are involved in the formation of disulfide
bridges rather than in metal binding. Based on the presence
of cysteine pairs (with a given spacing), these proteins
would be erroneously assigned as metalloproteins (note that
in fact they may be able to bind metals in vitro in their
reduced state). A more refined, less error-prone approach
takes into account the presence of local sequence similarity
around the MBPU'®! with respect to a known metalloprot-
ein. The presence of local sequence similarity is indicative
of local structural similarity, which implies similar confor-
mation for the amino acidic ligands of the MBP and thus
formation of the metal-binding site.['® The main weakness
of this approach lies in the detection of metalloproteins
containing an MBP site where the spacing between ligands
is very large. As an example, consider a case where two
ligands are close to one another, say within five amino ac-
ids, a third one is 30 amino acids away, and a fourth one is
another 30 amino acids away; these types of situations are
relatively easy to overlook. To enhance sensitivity and reli-
ability, the analysis of MBPs can be successfully comple-
mented by analyzing the occurrence of protein domains
known to be metal-binding taken from domain libraries
such as Pfam!®® or SCOPI®! In the case of human zinc-
binding proteins, it has been shown that these two ap-
proaches independently provide metal-binding predictions
that are in good agreement with one another, and at the
same time their combination enhances coverage in terms of
zinc-binding proteins detected.?”) The combined use of
MBPs and protein domains for metalloprotein identifica-
tion is also useful in the reduction of the number of false
positives (i.e. of non-metalloproteins that are erroneously
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assigned as metalloproteins).[>>?41 The use of only metal-
binding protein domains does not provide the same bene-
fits.

Alternatively, machine learning methods have shown bet-
ter performance than an approach based on the simple de-
tection of the occurrence of an MBP within a sequence.[%?!
These methods can provide indications at the level of an
individual cysteine or histidine residue and predict whether
it is bound to a metal or not. Metalloproteins are identified
as proteins containing one or more metal-bound cysteines
or histidines.[°” Although this approach may be promising,
especially because it may identify unprecedented MBPs, sig-
nificant improvement is still needed, especially as other
amino acids (aspartic acid, glutamic acid, tyrosine, etc.)
must be taken into account as possible ligands.

It must be remembered that the performance of any pre-
dictive method depends not only on the quality and ingenu-
ity of the underlying algorithm(s) but also on the quality
and amount of experimental data available to perfect the
computational approach. Figure 1 shows the number of
predictions for zinc-binding proteins based on the approach
described by Andreini et al.,['81 which is based solely on
structural information available from the PDB, as a func-
tion of the number of structures of zinc proteins available.
It can clearly be seen that a dramatic increase in the number
of predicted human zinc proteins occurs after a “critical
mass” of available structures is reached. However, the sub-
sequent growth of the number of structures of zinc proteins
in the PDB that occurred after the mid-90s yielded only a
relatively small additional increase in the number of pre-
dicted zinc-binding proteins (a 10-fold increase in structures
corresponds to slightly less than a twofold increase in pre-
dicted sequences). This is presumably a consequence of the
relatively low structural diversity additionally contained in
the newest structures.
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Figure 1. Number of human zinc proteins predicted as a function
of the number of experimental zinc protein structures available
from the PDB. The abscissa of each point corresponds to the
number of structures availble at the end of the indicated year.
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The Metalloproteomes

The Zinc Metalloproteome

Zinc-binding proteins are found in essentially all organ-
isms®* and are quite abundant in eukaryotic organisms
such as humans.”?! Zinc-binding patterns most commonly
include four (70% of instances in the PDB) or three (23%
of instances in the PDB) protein ligands (not distinguishing
between mono- and bidentate carboxylate ligands). In zinc-
binding patterns with three protein ligands, the metal ion
often completes its first coordination sphere by binding a
water or buffer molecule. The most common amino acidic
ligands for zinc are cysteine and histidine: 68 % of the pat-
terns contain at least one cysteine while 65% contain at
least one histidine. Figure 2 shows a distribution of the vari-
ous types of zinc-binding patterns grouped on the basis of
the number, identity, and order in sequence of protein li-
gands, in predicted human zinc-binding proteins.??
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Figure 2. Distribution of four- and three-ligand MBP types de-
tected in putative human zinc proteins. MBPs are grouped based
on their amino acid composition and on the order of the protein
ligands in the sequence. For example, the MBPs HX;HXsC and
HXgHX,C are grouped together as HHC; all MBPs containing
four cysteines are grouped together as CCCC.

Human zinc enzymes are present in all enzyme classes,
with hydrolases being the most common zinc-dependent en-
zymes.??l Indeed, it is well known that a zinc-activated
water molecule is responsible for nucleophilic attack on the
substrate in these systems.[°>4] However, the largest percen-
tage of all human zinc-binding proteins for which a func-
tion can be proposed (>40%) are transcription factors.
These consist mainly of zinc fingers; note, however, that
zinc fingers do not interact only with DNA, but can also
mediate interactions with RNA or proteins.l As the hu-
man zinc proteome makes up approximately 10% of the
entire proteome, it follows from the above figures that 4%
2549
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of the human proteome is involved in zinc-dependent regu-
lation of gene expression. Of course, to have a full picture
of the importance of gene regulation in humans, one should
add to this figure all the proteins involved in regulation that
do not depend on zinc.

Some types of zinc-binding patterns are specifically asso-
ciated with a given function, such as the CCHH type (C =
cysteine, H = histidine), which is characteristic for tran-
scription factors and contributes crucially to the stabiliza-
tion of their 3D structure, whereas others can be associated
with very different functional groups spanning different en-
zyme classes.?”) Even when contained in enzymes, the zinc
ion is not necessarily the center of catalysis, but, as in the
case of transcription factors, it may act as a contributor to
the stability of the structure of the protein. Zinc-binding
sites are thus useful modules that can be exploited not only
for catalysis but also for structural purposes, for example to
drive/stabilize the fold of a protein.

As mentioned, zinc-binding proteins are present in or-
ganisms from all domains of life (archaea, bacteria, eukary-
otes), although they constitute a significantly diverse pro-
portion of their proteomes.?* General trends can be readily
identified that point to archaeal and bacterial proteomes
having a similar content of zinc proteins (5% to 6%), while
the zinc proteomes of eukaryotic organisms constitute a
much more important fraction of the whole proteome
(around 9%). The incidence of eukaryotic zinc proteomes
is higher due mainly to increased needs for regulation of
gene expression, cell compartmentalization, and cell differ-
entiation in multicellular organisms. Indeed, eukaryotic
zinc-binding proteins involved in regulation of expression
contribute nearly all the additional zinc proteins with re-
spect to simpler organisms. Eukaryotes have recruited new
zinc-binding proteins that are not needed, and indeed are
not encoded, by archaea and bacteria specifically for the
above purpose. As a result, the majority of the eukaryotic
zinc proteome is unique to eukaryotes, in other words the
majority of eukaryotic zinc proteins do not have homologs
in archaeal or bacterial proteomes (Figure 3).

The role of zinc in the latter organisms is mainly as the
catalytic center of hydrolytic enzymes, while very little use
is made of zinc in regulatory proteins.>! An interesting ex-
ample is that of a metal-binding helix-turn-helix domain
present in some bacterial and archaeal metal-sensing re-
pressors where transcription is regulated as a function of
intracellular metal concentration, such as that in the zinc-
sensing SmtB protein from Synechococcus PCC 7942 .166-:67]
Intriguingly, an analysis of the zinc-proteome size of ar-
chaeal and bacterial organisms based on their range of
growth temperature (i.e. by dividing them into hyperther-
mophilic, thermophilic, mesophilic, or psychrophilic organ-
isms) suggests that the proteome of organisms living at
higher temperatures is enriched in putative zinc-binding
proteins. The zinc proteome of the 11 hyperthermophilic
organisms studied in a previous paperl?! constitutes
7.0%*=1.1% of the entire proteome, compared to
6.0% £ 1.0% of five thermophilic organisms, 5.3% *1.0%
of 34 mesophilic organisms, and 4.5% *0.2% of two psy-
2550
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Figure 3. Fraction (with respect to the entire zinc-proteome) of pre-
dicted zinc-binding proteins in each domain of life having homo-
logues in all three, two, or only one domain of life (A: archaea; B:
bacteria; E: eukaryota). As an example, 60 % of archaeal zinc-bind-
ing proteins have bacterial and eukaryotic homologues.

chrophilic organisms. This effect may be due to an increased
use of zinc for structural stability by organisms living at
higher temperatures.

The Non-Heme-Iron Metalloproteome

In biological systems, iron can be incorporated into
metalloproteins in a variety of cofactors, usually in the oxi-
dation states +3 or +2 (other oxidation states may be gener-
ated during the catalytic cycle of iron enzymes). The sim-
plest iron-binding protein is probably rubredoxin, a small
electron-transfer protein that binds a single iron ion
through the side-chain sulfur atoms of four cysteines. Due
to its simplicity and ease of preparation and purification,
the three-dimensional structure of rubredoxin has been
studied in great detail.[°*-7!] However, iron-binding proteins
are normally much more complicated than rubredoxin, as
discussed below. The chemical complexity of most iron-con-
taining cofactors (as well as, at least in the case of heme,
their poor solubility), together with the need to control the
extremely versatile reactivity of this metal to prevent unde-
sired reactions, have resulted in the evolution of complex
molecular machineries dedicated to the uptake/assembly
and intracellular distribution of the cofactors.[7>7¢!

Many proteins bind iron in polymetallic clusters com-
posed of iron and sulfide ions that can have various stoi-
chiometries (e.g., Fe>S,, FesS4, FeyS,).[7”1 These proteins are
therefore called iron-sulfur proteins (or ferredoxins) and
typically employ the side chains of cysteines or cysteines
together with histidines to bind the iron-sulfur complex, al-
though some exceptions exist. Clearly, the properties of
these systems depend crucially on the bound cluster, but

Eur. J. Inorg. Chem. 2007, 2546-2555



The Metalloproteome of Organisms

MICROREVIEW

also on the protein environment surrounding it.[8-801 A
variety of heterometallic clusters containing iron together
with other metals can also be formed and bound by pro-
teins.®!) Finally, in very many metalloproteins iron is con-
tained at the center of a variously substituted porphyrin
(heme). The porphyrin provides four nitrogen ligands to the
metal ion while the fifth coordination position is filled by a
protein ligand and the sixth is filled by either a protein li-
gand or water, or remains vacant. The most common of
these heme-containing systems are called cytochromes and
are distinguished by the type of heme bound, which, in
turn, is determined by the chemical nature of the substitu-
ents of the porphyrin. In some cytochrome variants, called
c-type cytochromes, the heme substituents react with the
protein to form covalent bonds between the polypeptide
chain and the cofactor. Proteome-level analyses of the oc-
currence of heme-containing proteins cannot be carried out
by exploiting MBPs as these involve only one or two pro-
tein ligands. In addition, the extensive hydrophobic interac-
tions between the porphyrin moiety and the protein chain
provide a significant contribution in driving binding, which
must be taken into account. For these reasons, the heme
proteome must be analyzed using approaches based on fold
recognition together with the analysis of the occurrence of
known protein sequence motifs, as done recently for mito-
chondrial-type mono-heme cytochromes c.[®? For proteins
containing b-type heme, initial analyses based on the known
folds (e.g., the globin fold or the peroxidase fold) indicate
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that their percentage in eukaryotic proteomes is in the range
0.3-1.0% (unpublished data from our laboratory). The cor-
responding figures for bacteria and archaea are also quite
variable but have a clear tendency toward being smaller
than for eukaryotes (in the range 0.0-0.5%).

The methods described in the section on “Sequence-
based bioinformatic identification of metalloproteins” ex-
ploiting known MBPs can be successfully applied to the
analysis of proteins binding non-heme iron.[>3! Of the vari-
ous types of MBPs relevant to this section, the most com-
mon ones contain only cysteine residues. This is presumably
due to the fact that cysteine-only MBPs are involved in
binding iron-sulfur clusters by most ferredoxins. Approxi-
mately half of all MBPs that bind non-heme iron are
formed by various combinations of histidine, glutamic acid,
and aspartic acid residues, without cysteines.

At variance with what is observed for zinc-binding pro-
teins, in the case of non-heme iron-proteins there is no ex-
pansion of the fraction of the proteome that is metal-bind-
ing in eukaryotes with respect to simpler organisms. For
some organisms, such as yeast, a contraction is actually ob-
served.[>3] Non-heme iron proteins constitute, on average,
7.1% = 2.1% of archaeal proteomes, 3.9% = 1.6% of bacte-
rial proteomes, and only 1.1% = 0.4% of eukaryotic prote-
omes (Figure 4).

Because eukaryotic proteomes are somewhat larger than
those of simpler organisms, possibly with the exception of
yeast, the above numbers mainly indicate that the non-heme
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Figure 4. Percentage of iron-binding proteins identified in each proteome analyzed. The average values for all bacterial, archaeal, and
eukaryotic organisms are also shown. Vertical lines separate the three domains and horizontal lines show the average values within each
domain. The horizontal axis reports the data for, from left to right: 1. Aquifex aeolicus, 2. Bacillus subtilis, 3. Bacteroides thetaiotaomicron,
4. Bdellovibrio bacteriovorus, 5. Bifidobacterium longum, 6. Borrelia burgdorferi, 7. Caulobacter crescentus, 8. Chlamydia trachomatis, 9.
Chlorobium tepidum, 10. Clostridium acetobutylicum, 11. Coxiella burnetii, 12. Deinococcus radiodurans, 13. Desulfotalea psychrophila, 14.
Desulfovibrio vulgaris, 15. Escherichia coli, 16. Fusobacterium nucleatum, 17. Geobacter sulfurreducens, 18. Haemophilus influenzae, 19.
Helicobacter pylori, 20. Mesoplasma florum, 21. Mesorhizobium loti, 22. Methylococcus capsulatus, 23. Neisseria meningitides, 24. Ni-
trosomonas europaea, 25. Nostoc sp, 26. Onion yellows, 27. Rhodopirellula baltica, 28. Prochlorococcus marinus, 29. Pseudomonas aerugi-
nosa, 30. Ralstonia solanacearum, 31. Rickettsia prowazekii, 32. Shewanella oneidensis, 33. Streptococcus pyogenes, 34. Streptomyces coeli-
color, 35. Synechocystis sp, 36. Thermoanaerobacter tengcongensis, 37. Thermotoga maritime, 38. Thermus thermophilus, 39. Vibrio para-
haemolyticus, 40. Xanthomonas campestris, 41. All bacteria, 42. Aeropyrum pernix, 43. Pyrobaculum aerophilum, 44. Sulfolobus tokodaii,
45. Archaeoglobus fulgidus, 46. Halobacterium sp, 47. Methanocaldococcus jannaschii, 48. Methanopyrus kandleri, 49. Methanosarcina
acetivorans, 50. Methanothermobacter thermautotrophicus, 51. Thermoplasma acidophilum, 52. Pyrococcus abyssi, 53. Nanoarchaeum
equitans, 54. All archaea, 55. Saccharomyces cerevisiae, 56. Drosophila melanogaster, 57. Caenorhabditis elegans, 58. Homo sapiens, 59.
Arabidopsis thaliana, 60. All eukaryota, 61. Empty, 62. All organisms.
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iron proteome does not expand with the increase of prote-
ome size that accompanies the increase in complexity of
higher eukaryotic organisms. Indeed, in absolute terms, the
number of non-heme iron proteins predicted in eukaryotes
and in the bacteria with the largest proteomes span the
same range. Figure 5 shows that the majority of non-heme
iron proteins have homologues in all domains of life and
that only about 10% of the non-heme iron proteome is spe-
cific to an individual domain. Taken together, these data
point to non-heme iron being a cofactor of a set of metallo-
proteins that carry out an ensemble of basic functions
which have changed very little with evolution. It can thus
be concluded that the protein repertoire that sustains the
increased complexity of eukaryotic organisms, and which is
unique to these organisms, comprises very few predicted
non-heme iron proteins.
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Figure 5. Fraction (with respect to the entire non-heme iron-prote-
ome) of predicted iron-binding proteins in each domain of life hav-
ing homologues in all three, two or only one domain of Life (A:
Archaea; B: Bacteria; E: Eukaryota).

Overall, the non-heme iron proteome of organisms ap-
pears to be evolutionarily more ancient than the zinc prote-
ome, with variations in its composition driven much more
by loss of genes due to changes in environmental conditions
that made some functions unnecessary than by recruitment
of new iron proteins to cope with new functional needs (e.g.
due to the evolution of multicellular organisms).[3]

The Copper Proteome

Copper is the least pervasive of all the metallic cofactors
described in this review. Nevertheless, copper plays a crucial
role in a number of fundamental biological processes such
as aerobic respiration (in the enzyme cytochrome c¢ ox-
idase). Copper is a redox-active metal that can shuttle be-
tween the +2 and +1 states. It is potentially toxic to the cell,
as it can lead to the formation of reactive oxygen species
(ROS), in particular hydroxyl radicals, through a Fenton
reaction. Consequently, nature has evolved complex path-
ways to control the intracellular concentration and distribu-
2552
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tion of copper,®3-8 parts of which have been structurally
characterized.!®) Recent structural studies of proteins in-
volved in the above pathways in eukaryotic systems are
available, for example of proteins involved in copper deliv-
ery to cytochrome ¢ oxidasel®”! or in copper delivery to the
trans-Golgi network.[88-8]

Copper ions are most commonly bound by cysteine and
histidine side-chains, followed by methionine, and, to a
lesser extent, glutamic and aspartic acid. Copper-binding
proteins are typically predicted (by applying essentially the
same approach as for non-heme iron proteins) to account
for less than 1% of an organism’s proteome (unpublished
data from our laboratory). In particular, eukaryotic prote-
omes contain between 0.2% and 0.5% of copper proteins,
with an average of 0.3%. These figures correspond to euka-
ryotic organisms encoding a few tens up to around one
hundred copper-binding proteins. Among eukaryotes, the
plant Arabidopsis thaliana seems to be richer in copper en-
zymes (as well as in non-heme iron proteins, see preceding
section) than the average. The copper proteome of archaea
and bacteria is composed mainly of proteins that have
homologs either in all domains of life or at least in the two
prokaryotic domains (unpublished data from our labora-
tory, Figure 6). Eukaryotes instead contain a significant
share of eukaryote-specific copper proteins. These proteins
are mainly copper-dependent oxidoreductases, whose
number could be higher with respect to what is found in less
complex organisms because of the compartmentalization of
the eukaryotic cell. In agreement with this, a parallel in-
crease, albeit less important in numerical terms, of copper-
ion transporters is also observed.
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Figure 6. Fraction (with respect to the entire copper proteome) of
predicted copper-binding proteins in each domain of life having
homologues in all three, two, or only one domain of life (A: ar-
chaea; B: Bacteria; E: Eukaryota).

With the exception of hemocyanins, which have a role in
dioxygen transport, the vast majority of copper enzymes
can be assigned as catalyzing redox reactions. The second
most common role for copper proteins is in metal-ion trans-
port (e.g. these proteins are devoted to shuttling copper ions
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within the cell, or to the uptake or excretion of copper).
Copper transport is generally coupled to ATP hydrolysis.

Because of the extensively discussed (potential) toxicity
of copper ions, systems devoted to controlling copper traf-
ficking with the cells are present in a very large majority of
all organisms that encode copper-dependent proteins. Some
of these mechanisms have been so successful that they have
significant similarities across a wide variety of prokaryotic
as well as eukaryotic organisms. These include, for example,
the chaperone/metalloATPase system for copper removal
from the cytosol>3! or the Sco proteins, which are devoted
to the assembly of cytochrome ¢ oxidase and possibly of
other copper-dependent oxidases.[°%-1]

Concluding Remarks

As mentioned for iron and copper, the uptake, transport,
release, and incorporation of metal cofactors in proteins
may require a specialized machinery whose malfunction
may even lead to illness.®? This could be expected for par-
ticularly large or chemically complex metal-containing co-
factors such as heme or iron-sulfur clusters, but also holds
for individual metal ions. As an example, the covalent at-
tachment of heme to c¢-type cytochromes requires up to
eight different proteins in bacteria (so called cytochrome
¢ maturation genes, ccmABCDEFGH).”3! Of the proteins
encoded by these genes, one (ccmE) is devoted to trans-
porting the insoluble heme cofactor, which is bound to
ccmE through a very unusual heme—protein covalent bond,
in the bacterial periplasm.®¥ The structure of ccmE, how-
ever, has only been solved only in the apo form.*%1 As
regards individual metal ions, the most intensely studied
soluble transporters (called metallochaperones) are proba-
bly those that handle copper,®®°? although metallochap-
erones are also known for other metal ions such as
nickel!%! or arsenic.[101]

The presence of delivery systems for metal ions serves
two purposes, namely to prevent metals from binding to
adventitious sites on proteins different from the intended
targets and to incorporate the appropriate metal ion at each
site regardless of the affinity of other metals for the same
site. This second aspect is particularly relevant because of
the need to overcome the intrinsic trend in the variation of
stability of the metal complexes along the d series (the so-
called Irving-Williams series) in order to incorporate the
metal needed for the biochemical function of the system
and not the most thermodynamically favored metal at each
site. In other words, metallochaperones allow the incorpo-
ration of metal ions into metalloproteins to take place un-
der kinetic rather than thermodynamic control, thereby en-
suring proper maturation and thus functioning of metallo-
enzymes and metalloproteins in general. From the chemical
point of view, this unfortunately poses some problems, be-
cause predictions cannot rely on thermodynamic properties
to define which metal is bound at which site, even if the
presence of a metal-binding site is known. In addition, ex-
perimental procedures for protein purification may lead to
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exchange of the biologically relevant metal ion with other
ions contained in the buffers that bind to the protein more
tightly (e.g. metallophosphatases).['°>1931 On the other
hand, nature can exploit this property to incorporate dif-
ferent metals in a protein, depending on their availabil-
ity.[104]

In summary, there are now methods available that allow
the prediction of an organism’s metalloprotein content with
some confidence. A systematic application of these methods
shows significant differences in the use of metals by ar-
chaeal, bacterial, and eukaryotic organisms, the latter of
which have significantly expanded their zinc proteome over
evolutionary time to cope with the increased need for regu-
latory proteins arising from increased cell complexity and
cellular differentiation. On the other hand, non-heme iron-
binding proteins have not evolved significantly from simpler
to more complex organisms; in fact, their number has actu-
ally diminished, with the exception of Arabidopsis thaliana,
in eukaryotes, possibly reflecting reduced iron bio-
availability. Finally, copper proteins are relatively uncom-
mon in all organisms across the three domains of life and
their number and distribution does not show significant
trends. It should be kept in mind, however, that at the level
of the individual protein metal binding is also dependent on
the action of suitable metal-delivery pathways, which may
always leave some uncertainty regarding the correctness of
predictions but also of experimental data when the metall-
oprotein has been expressed heterologously or manipulated
in some ways.
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