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Abstract We obtained an extended functional annotation
of zinc proteins using a combination of bioinformatic
methods. This work was performed using a number of
available predicted zinc proteomes of various representa-
tive organisms, leading to the almost complete annotation
of, among others, the predicted human zinc proteome. The
computational tools exploited included sequence-based
and, when possible, structure-based functional predictions.
We assigned a hypothetical function to 74% of the 1,472
sequences analyzed that lacked annotation in the starting
dataset. We also added new functional categories, not
described in the reference dataset, such as ubiquitin binding
and DNA replication. As a general conclusion, we can state
that the quality of each functional prediction parallels the
amount of information for the sequence analyzed: the lar-
ger the amount of information, the more detailed and
reliable is the proposed functional prediction. Among the
findings, we have propose a zinc binding site for archaeal
zinc-importing proteins. Furthermore, we propose two
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groups of transcriptional regulators that are involved in
fatty acid metabolism.
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Introduction

Zinc is essential for life and is the second most abundant
transition metal ion in living organisms after iron. In
contrast to other transition metal ions, such as copper and
iron, zinc is present in cells in a single oxidation state,
zinc(Il), which does not undergo redox reactions owing to
its filled d shell. In the present work, we want to further our
understanding of the biochemical functions that underlie
the requirement of organisms for zinc. The present work
constitutes a bioinformatic contribution toward mapping
the many cellular processes involving zinc.

The zinc proteomes of 57 representative living organ-
isms including members of Archea, Bacteria, and Eukarya
are available [1]. These 57 zinc proteomes were previously
predicted to encode cumulatively 18,336 potential zinc-
binding proteins, which had been grouped into ensembles
on the basis of sequence similarity [1]. Functional infor-
mation, either based on available experimental data or on
computational biology methods, was described in the
annotation of most of these protein sequences, which was
relevant for all proteins in a given ensemble. Functional
hints for additional protein ensembles were provided by the
Gene Ontology (GO) database [2]. Of the 18,336 zinc
proteins, 1,472 (784 from Eukarya, 212 from Archea, and
476 from Bacteria) did not have a defined functional
annotation and no hit was retrieved from the GO database;
their annotations typically described them as hypothetical,
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putative, or predicted proteins [1]. Of these sequences, 932
grouped into 204 ensembles, whereas the remaining 540
did not cluster into any group.

In the present work, we attempted to make functional
predictions for these proteins by using sequence- and/or
structure-based approaches, exploiting online as well as
stand-alone bioinformatics databases and software tools
[3-5] (see “Materials and methods™). We assigned a
hypothetical function to 1,090 sequences (74% of 1,472),
of which 721 constituted 132 ensembles of homologs (65%
of the 204 ensembles of putative zinc proteins). For the 382
remaining sequences there were not enough data to assign a
function even at a low level of confidence. The coverage of
functional annotation originally included about 92% of all
zinc proteins, which, after our contribution, increased to
98%. It was found that hydrolytic activity is the most
represented zinc-related function in our dataset (33% of the
total), followed by transcription (24% of the total). Spe-
cifically for eukaryotic zinc proteins, a role in transcription
is proposed for more than 37% of these proteins. The
present data confirmed the dominant role of zinc fingers in
the regulation of expression in eukaryotes, within both
activators and repressors. This research shows that an
essentially complete annotation of the zinc proteome can
be achieved for every living organism whose genome
sequence is available.

Materials and methods

The prediction of the zinc proteomes [1] from which the
present work started to obtain an extended functional
annotation of all zinc proteins was essentially based on the
use of a list of known zinc-binding domains available in the
Pfam database [6, 7], filtered [8] with the available zinc-
binding patterns (ZBPs). Below, we briefly recapitulate the
procedure that was used in [1] to obtain these data. The
Pfam domains that had been retrieved using “Zn” and
“zinc” as query keywords were analyzed manually to
collect a list of physiological zinc-binding domains. In
parallel, all the structures in the Protein Data Bank (PDB)
[9] that physiologically bind at least one zinc ion were
selected. In both cases, physiological and nonphysiological
zinc binders were separated by manually checking the lit-
erature for each of the systems under analysis (protein
domains or individual structures). The composition in
terms of Pfam domains was determined using the HMMER
2.0 [10] program for all the proteins of known structure
where zinc binding is of physiological relevance. The
residues coordinating the zinc ion(s) defined the ZBP for
each structure analyzed [11-13]. When a ZBP was made up
of residues contained in a known Pfam domain, the latter
was associated with the ZBP. This resulted in a list of zinc-
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binding Pfam domains that was as extended as possible;
one or more ZBPs were assigned to all zinc-binding Pfam
domains having a structurally characterized representative
[1]. The physiological relevance of zinc binding was typ-
ically supported by the available scientific literature.
Andreini et al. [1] obtained the list of predicted zinc pro-
teins by making use of the aforementioned Pfam domains
and the associated ZBPs, when available, to scan the pro-
teomes of 57 selected organisms using HMMER 2.0. No
experimental verification of these predictions has been
carried out. The overall procedure was recently reviewed
in [8].

Sequence-based methods

We started our search by analyzing all of the sequences of
interest against the entire Pfam database (release 23.0)
[6, 7, 14] as we deemed that defining the composition in
terms of functional domain(s) (including also those not
endowed with zinc-binding capability) for each unknown
sequence constitutes the most reasonable starting point for
any subsequent analysis (see also our workflow for
metalloprotein prediction in [8] and the diagram for com-
parative genomic analyses of trace elements in [15]).
Unfortunately, not all the Pfam domains feature a detailed
functional description. For example, in various cases only
structural similarities to other proteins are reported. For this
reason, we complemented the information available from
Pfam with queries to the COG database [16, 17]. Each
cluster of an orthologous group of proteins (COG) consists
of individual proteins or groups of paralogs from at least
three lineages and thus corresponds to an ancient conserved
domain. In other words, each COG contains protein
sequences or groups thereof that, in different species,
evolved from a common ancestral gene by speciation and
are thus orthologous. Usually, orthologous proteins have
the same Pfam domain composition, thereby making the
two methods complementary for the identification of
orthology relationships. The identification of orthologs is
important for reliable predictions of protein function
because they normally retain the same function in the
course of evolution. In contrast to the Pfam-based methods,
which are mainly dependent on sequence similarity, the use
of COGs, which take into account the phylogenetic dis-
tance between homologs, is more appropriate to identify
relationships between distant proteins with low sequence
similarity [16, 17]. To predict putative transmembrane
regions in the sequences analyzed, we used TMHMM
[18-21] as a stand-alone program, whereas we used
pSORT [18, 22, 23], an online tool, to predict the cellular
localization. For eukaryotic sequences, these were the only
sequence-based tools employed. In contrast, for prokaryotic
proteins we additionally exploited the STRING [24-26] and
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ShOPs [27] tools. The former shows the possible functional
partners of the target protein, on the basis of its COG
classification, taking into account a variety of experimen-
tally validated data (such as physical interactions, occur-
rence in the same metabolic pathways, gene fusions, and co-
occurrence or coexpression in different organisms). ShOPs
is an online server that allows the visualization of operons.
The latter analysis can give indirect but very useful hints
about the hypothetical function of a protein when it is
codified within an operon containing genes that code for
other proteins of known function [28].

Structure-based approach

For each of the 204 functionally unassigned ensembles of
homologs that were contained in the starting dataset of
predicted zinc proteins [1], we created a hidden Markov
model (HMM) profile [10] and queried the entire PDB to
identify related proteins with known structures to be used
as templates in homology modeling, performed using
Modeller 6v2 [29-31]. With a structural model of the target
protein, the most conserved residues within the ensemble
and/or the Pfam domain HMM profile (which reflects the
information of a greater number of sequences) to which the
target protein belongs could be mapped onto the protein
surface. This, in turn, allowed us to define potential func-
tionally important regions such as catalytic pockets or
binding sites. As we are dealing with proteins predicted to
bind zinc, it is also important to verify whether the pro-
posed binding residues are close in space in the proposed
model, i.e., whether they define a reasonable zinc binding
site.

No HMM profile was created for the 540 sequences that
did not cluster with other proteins in an ensemble in the
original dataset. For these we therefore queried the PDB
using each individual amino acidic sequence. When the
PDB templates corresponded to proteins lacking a func-
tional characterization (e.g., for structures determined
within structural genomics projects), we used bioinfor-
matics tools for structural analysis, such as ProFunc [32],
WHISCY [33], ProMate [34], and CastP, to obtain addi-
tional functional hints. ProFunc is an online server pro-
viding clues on a protein’s likely or possible function from
its 3D structure. This analysis is based on the use of various
databases, including the PDB and UniProt [35, 36] for the
identification of structurally characterized clefts, folds, or
binding motifs on the protein surface. WHISCY, ProMate,
and CastP can identify active residues on the target protein
surface and consequently define potential functional areas,
such as protein—protein binding sites, enzyme active sites,
or small-ligand binding pockets.

When homology modeling was not applicable, we per-
formed protein threading, also known as fold recognition,

using the online tool Phyre [37, 38]. Protein threading is a
method to predict protein structures that aims at assigning
known folds to proteins that do not have homologs with
known structure. The prediction is made by aligning each
amino acid of the target sequence to a position in the tem-
plate structure, taken from a library of diverse folds, and
evaluating how well the target fits the template, typically
using a simplified potential for energy calculation. After the
best-fit template has been selected, the structural model of
the sequence is built on the basis of the alignment with the
chosen template. The quality of the final structural predic-
tion is measured through an expectation value (E value)
[37, 38], which estimates quantitatively the number of
possible errors given the size of the library used (thus, the
lower the better). The functional predictions derived from
the analysis of structural models obtained through threading
have a lower degree of confidence with respect to the case
of structural models obtained by homology modeling,
because the models are inherently of lower quality.

For each ensemble we manually checked the consis-
tency between the results given by all the tools used, and
the support provided by the relevant scientific literature.

Results and discussion
Overview of functional annotations

We have complemented the already-available information
on homology relationships among the predicted zinc pro-
teins contained in our reference dataset using the COG
database [16, 17], which, however, does not cover all of the
organisms addressed in this work. The Pfam and COG
assignments showed a good agreement. Indeed, the
sequences in each of the starting ensembles of zinc proteins
had the same composition in terms of Pfam domains as
well as, when available, the same COG annotation. This
provides significant evidence that the 204 groups of
sequences defined in the original prediction of the zinc
proteome [1] with which we started our analysis were
indeed groups of homologs. In addition, we analyzed all
the 540 individual sequences that could not be assigned to
any ensemble (i.e., they did not have homologs in the
organisms subjected to analysis in [1]).

Of the 1,472 sequences lacking functional information
in [1], only for about 26% could we obtain structural
models of any kind. These can be further separated into
homology models (150), threading models encompassing
the entire length of the target protein (100), and threading
models encompassing only a part of the target protein
(134). Tt is to be noted that we imposed a relatively
restrictive threshold on the degree of sequence similarity
between the target and template sequences (40% sequence
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identity over the entire target length), to ensure that only
reliable models were produced [39]. On the other hand, we
used a relatively loose threshold (E value lower than 10.0)
to select results from threading to ensure that the maximum
amount of structural information could be obtained. We
were thus left with 1,086 proteins for which no structural
information could be gathered at all. We obtained useful
functional information from the analysis of sequence fea-
tures alone for 704 of these proteins (Table S1).

In total, we therefore assigned, with variable degrees of
confidence, a possible function to 1,090 proteins, of which
721 belonged to 132 ensembles of homologs. This
assignment is entirely based on the application of bioin-
formatic methods and therefore is typically not supported
by specific experimental evidence (although there may be
experimental evidence available for other, relatively close
systems). The assignment results are shown in the pie
graph in Fig. la. After our analysis, the functional
assignment of the zinc proteomes has almost been com-
pleted (Figs. 1b, 2; the percentage distribution of the
functional categories assigned is given in Table S2). In the
reference work, and subsequently in this work, release
number 36 of the human proteome was analyzed, counting
about 40,000 proteins, of which 9.2% constituted the zinc
proteome. The present functional annotation shows that
44% of human zinc proteins are involved in the regulation
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Fig. 1 The functional assignment obtained for a the 1,472 sequences
analyzed in this work that were previously unassigned, and b all the
18,336 proteins in the complete 57 zinc proteomes
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of gene expression, followed by 12% hydrolases (Fig. 2d).
These figures compare well with the average distribution in
Eukarya. The present work also provided some new hints
on the cellular role of various families of zinc proteins, as
discussed in more detail below. The portfolio of functional
categories to which we could assign zinc-binding proteins
was larger and finer-grained than that described in [1],
thanks to a more detailed comparison of the various dat-
abases used in this work, using functional categories from
GO as the reference.

It must be pointed out that about 75% of the proteins
still lacking a functional assignment are hypothetical,
putative, or predicted eukaryotic proteins. The average size
of unassigned ensembles is 2.9, indicating that a significant
fraction of them in fact contain only two/three proteins.
Nearly two thirds of the proteins that we could not assign
had no hits against the Pfam database. To a large extent,
these sequences may actually be the result of noncodifying
regions of the genome sequence that were erroneously
interpreted, e.g., due to wrong positioning of introns [40].

In the following, we analyze three selected case studies.
These cases were chosen on the basis of the different
content of information available for each of them, to
exemplify the degree of insight that can be reached in each
case. In the first test case, the amount of available infor-
mation is extensive also at the functional level. In the
second case, at the time of preparation of this manuscript,
there was good structural information but hardly any even
indirectly relevant functional information; nevertheless, the
information obtained from the analysis of gene organiza-
tion features allowed us to obtain a detailed functional
prediction. Similarly, for the third case study, we could
obtain a detailed functional prediction, on the basis of the
analysis of potential physiological protein partners.

ZIP proteins

Four archeal sequences contained the ZIP domain, which is
characteristic of various transmembrane zinc transporters
found in all domains of life [41-43]. ZIP proteins move
zinc to the cytoplasm from the extracellular medium or
from vacuoles, in contrast with the action of cation diffu-
sion facilitator proteins, which mediate the reverse process.
Through structure threading methods, we could model part
of the NP_147044.1 sequence onto the PDB structure of a
CI™ transporter with 11 transmembrane regions (PDB code
1KPL [44]) (Fig. 3). In particular, although the E value
(see “Materials and methods”) is quite poor (4.0), the
model can be used to interpret the common sequence
properties of this ensemble of proteins. On the basis of the
high conservation in sequence of the residues involved
(Fig. 3b), we propose that Hx(3)Ex(29)H is the putative
ZBP; note that the Glu ligand is either conserved or
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Fig. 2 Functional annotations A
of the zinc proteomes [1]:

a Archea, b Bacteria, ¢ Eukarya,
d human. The color coding is as
in Fig. 1. The corresponding
numeric values are given in
Table S2

14%

1%

Fig. 3 a Protein structure threading onto 1KPL for the representative
sequence NP_147044.1. The side chains of the amino acids in the
proposed zinc-binding pattern Hx(3)Ex(29)H are shown. b The
hidden Markov model (HMM) logo of the ZIP domain; the three
residues are highlighted with asterisks

B 5%

1% 4%

13%

conservatively substituted by Asp. The present proposition
is reinforced by the fact that these residues are close in
space in the structural model (Fig. 3a). Note that although
zinc binding by ZIP proteins has been established, the
mode by which this is accomplished is still not fully sup-
ported by structural evidence; the present data therefore
provide novel insight into the atomic-level features of the
archaeal system.

A putative regulator of the metabolism of fatty acid

When we collected our data, for an ensemble of 27 archeal
sequences we identified a homolog of known structure with
PDB code 2GNR (from Sulfolobus solfataricus). This was
the structure of a protein dimer solved at the Joint Center of
Structural Genomics. The protein was described as having
unknown function. Each subunit binds a zinc ion with the
known ZBP Cx(2)Cx(10)Cx(2)C. Using STRING, we
found a functional correlation between the target protein
and acetyl-CoA acetyltransferase, the first enzyme in the
fatty acid biosynthetic pathway. Other putative functional
partners were 3-hydroxy-3-methylglutaryl-CoA synthe-
tase, 3-hydroxyacyl-CoA dehydrogenase, 3-ketoacid-CoA
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transferase, hydroxymethylglutaryl-CoA reductase, and
pyruvate/ferredoxin oxidoreductase, which are all involved
in the fatty acid anabolism. These enzymes are coded by
genes in well-defined operons, upstream of which is loca-
ted the codifying sequence of the protein under analysis
here. Finally, the zinc-binding knuckle contained in

E g KK Eﬁcuﬂ , PPECL gf

LIS S e R

Fig. 4 a The homodimeric Protein Data Bank structure of 3IRB. The
two monomers are in light blue and green, the eight Cys constituting
the zinc-binding pattern are in yellow. The residues constituting the
putative acetyl-CoA binding-pocket are reported in red. b HMM logo
of the corresponding ensemble of proteins (only one monomer is
shown)

Fig. 5 Proposed model for

dimerization for YacG based on A
the 1LV3 structure. a Protein

surface, b protein backbone
representation, showing the side

chains of the highly conserved

residues (stereoview), and ¢

HMM logo of the corresponding
ensemble of proteins

Relative Entropy

the structure corresponds to a known zinc-finger fold,
potentially able to bind DNA. Figure 4a shows the struc-
ture of the protein, with the two subunits in light blue and
green. As the sequence logo shows, the four Cys in each
subunit are either completely or very highly conserved
(Fig. 4b). CastP [45] recognized a putative binding pocket;
the residues involved are shown in red in Fig. 4a. The size
and shape of the pocket were compatible with acetyl-CoA,
the starting molecule for biosynthesis of fatty acids. All
these hints allowed us to propose that these proteins are
putative transcriptional factors regulating fatty acid
metabolism, possibly responding to acetyl-CoA concen-
tration. It has to be noted that, after the completion of this
work, the reference PDB structure 2GNR was superseded
by 3IRB (doi: 10.2210/pdb3irb/pdb), classified as acyl-CoA
binding protein. We considered the recent data as a vali-
dation of the proposed functional predictions.

A putative transcriptional factor regulating pilin
biosynthesis

Twelve bacterial sequences had a homolog of known
structure corresponding to PDB entry 1L.V3 [46], which is
a monomeric zinc-binding protein (YacG) with unknown
function whose structure was solved by the Northeast
Structural Genomics Consortium. In these sequences, we
identified a DNA-binding zinc-finger domain that is present
in known transcriptional factors. We now additionally
propose that they are involved in the type II secretion
system. Using the STRING tool, we identified various
putative functional partners belonging to this system, such
as PilA (pre-pilin), a precursor of type IV fimbrial pilin,
PilB, and PilC, ATPases for PilA maturation and assembly,
and PilD, a peptidase processing the N-terminal region of

1 345Ill'a0|0||l2|3|4|510|7‘!|932‘
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PilA. In archea and bacteria, polymers of type IV fimbrian
pilin form flagella, for twitching motility, and f-pilus, for
DNA transfer in processes such as conjugation, infection,
and transformation. All the reported codifying sequences
are contained in well-characterized operons, having the
target sequence downstream. A model for the possibly
functionally active YacG homodimer, which is com-
monly the oligomerization state for transcriptional factors,
could be successfully built (Fig. 5). The HMM-logo in
Fig. 5c¢ shows that the zinc-binding residues are completely
conserved.

Conclusions

Genome sequencing projects are continuously making
new DNA sequences and potential protein sequences
available. Several of these are not experimentally char-
acterized, and thus a hypothetical function can be pro-
posed only by functional prediction [47, 48]. Functional
prediction can be a powerful and relatively high confi-
dence method to this end, exploiting sequence and/or
structural features [49, 50]. The composition of the ana-
lyzed sequences in terms of functional domain(s), their
cellular localization, hints about functional partners, and
conservation of residues among homologs are all impor-
tant information allowing computational biologists to
figure out hypothetical functions. The analysis of protein
structures and protein surfaces can provide even more
reliable and detailed hints [51].

There are computational approaches reported in the lit-
erature that can provide the metal proteome for each com-
pletely sequenced genome. We showed that this information
can be complemented for the zinc proteome by an essentially
complete functional annotation, again as the result of the
systematic application of computational prediction meth-
ods. An experimental verification of these predictions is thus
generally warranted, at least for selected cases of particular
interest, where the purpose would be beyond the validation
of the functional predictions proposed in this work. The
annotations of the zinc proteomes of the 57 organisms
analyzed are available at http://www.cerm.unifi.it/home/
research/genomebrowsing.html.
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