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Exploiting 3D structural templates
for detection of metal-binding sites
in protein structures
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ABSTRACT

High throughput structural
genomics efforts have been
making the structures of pro-
teins available even before their
function has been fully charac-
terized. Therefore, methods that
exploit the structural knowledge
to provide evidence about the
functions of proteins would be
useful. Such methods would
be needed to complement the
sequence-based function anno-
tation approaches. The current
study describes generation of
3D-structural motifs for metal-
binding sites from the known
metalloproteins. It then scans
all the available protein struc-
tures in the PDB database for
putative metal-binding sites.
Our analysis predicted more
than 1000 novel metal-binding
sites in proteins using three-resi-
due templates, and more than
150 novel metal-binding sites
using four-residue templates.
Prediction of metal-binding site
in a yeast protein YDR533c led
to the hypothesis that it might
function as metal-dependent
amidopeptidase. The structural
motifs identified by our method
present novel metal-binding
sites that reveal newer mecha-
nisms for a few well-known
proteins.
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INTRODUCTION

The biochemical function of a protein is usually dictated by the topology of the poly-
peptide chain, the placement of key functional residues in the three-dimensional space,
and the nature of interacting cofactors. Cofactors often determine the functional prop-
erties of proteins and therefore, one of the important steps in characterizing the func-
tion of a protein is to identify the cofactor and the cofactor-binding site in the poly-
peptide. Proteins bind to varied types of cofactors such as ATP, NADP, halides, pyri-
dine, cyanate, and so forth. The most widely used cofactors that display diverse
functions are, however, metals. Binding of metal ions is known to have a profound
effect on the overall protein conformation, where metals play a wide range of roles
such as stabilizing the active conformation of a protein, playing a structural role or act-
ing as catalysts in several catalytic and regulatory processes. For example, metallopro-
teases harbor a Zn®>" ion that is in most cases held by two histidines of an HEXXH
motif and one glutamate or histidine and a water molecule.! The water molecule held
by Zn** ion attacks and hydrolyzes the peptide bond in the substrate, whereas the glu-
tamate residue of the HEXXH motif donates a proton to the leaving substrate and
restores the original conformation. The Zn®>" ion in this manner displays a catalytic
function in metalloproteases. Thus, in the era of large-scale genome sequencing and
structural genomics, recognition of metal-binding sites in proteins could be a signifi-
cant step in identifying their respective functions.

Metal-binding sites have been studied?~!! extensively in the structures available in
Cambridge structural database (CSD) or protein data bank (PDB). It has been observed
that metals vary in their coordination number as determined by their structural and func-
tional roles. Also, metals display different geometries on the basis of their coordination
number in different metalloproteins.lz’B The metal-binding sites in polypeptides are of
diverse nature such as those comprising backbone oxygen and nitrogen atoms, or those of
side chain oxygen, nitrogen, and sulfur atoms. Yet each metal has specific ligand preferen-
ces.? For example, calcium and magnesium ions prefer side chain oxygen atoms of aspar-
tate and glutamate residues. On the other hand the d-block metals such as zinc and iron
mainly bind to nitrogen- and sulfur-containing residues such as histidine and cysteine.

Experimental techniques such as X-ray crystallography are often encountered with
difficulty in the correct identification of a metal ligand, unless prior identity of the
metal is known. Experimental evidence of the presence of a metal ion can be more reli-
ably obtained by techniques such as atomic absorption spectroscopy,14 extended X-ray
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Structural Motifs for Metal Binding Sites

absorption fine structure (EXAFS), or X-ray absorption
near edge structure (XANES).15 Although these techni-
ques provide definite evidence about the presence of a
metal in a protein, it is difficult to perform such experi-
ments for all the structural genomics proteins. Further,
proteins might not always retain the bound metal during
purification or crystallizations. Computational tools
therefore can complement these experimental limitations
and thereby aid functional annotations.

In the present work, we have reanalyzed the metal-
binding sites in the structures available in the PDB data-
base. This analysis was carried out to judge the consis-
tency of the knowledge of variation in the metal-binding
site observed earlier with smaller number of structures.
Not surprisingly, earlier inferences still hold true with
small variations in certain parameters.16 Information so
obtained was used to design 3D motifs for metal-binding
sites. All the structures in PDB database were then ana-
lyzed to validate these motifs. Interestingly, the structural
motifs matched binding sites in structures where the role
of metal was known but the metal-binding site was not
known. We discuss some of these interesting findings in
detail here.

RESULTS
Analysis of the known metal-binding sites

All the structures in the PDB, which possess biologi-
cally important metal ions bound in them, were analyzed
for their characteristics of metal-binding sites. As men-
tioned in the Materials and Methods section, PDBse-
lect90 was used instead of the entire PDB database so as
to avoid redundancy. The following metal-bound struc-
tures from the PDBselect90 list were obtained: Ca (430
structures), Cu (52 structures), Fe (57 structures), Mg
(379 structures), Mn (118 structures), and Zn (585 struc-
tures). Structures containing Ca, Mg, and Zn metal are
significantly more populated over other metals such as
Ni or Co, which perhaps might reflect their relative use
in biological systems. Likewise, large numbers of struc-
tures are available with bound Ca, Mg, and Zn atoms as
compared with structures harboring Fe, Cu, and Mn
atoms.

The number of ligand atoms for different metals nor-
malized by the total number of ligands in all the metal-
binding PDB structures is shown in Figure 1(a). In cer-
tain cases, the number of the protein ligand atoms for a
metal was less than three, which meant that the remain-
ing coordination bonds were satisfied by water molecules.
Interestingly, some metal chelation bonds were observed
to be longer than anticipated, explanation for which can
be sought as follows: in transition metals (d-block met-
als) there are two groups of d-orbitals. One set of d-orbi-
tals (e;) has higher energy than the other set (ty,). In
low-spin complexes, that is, complexes with high coordi-
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Figure 1

Analysis of metal-binding sites in nonredundant structures. (a) The number of
ligands, including water molecules and inhibitors for different metals as observed
in PDBselect90 list. (b) The number of amino acid residue ligands for each
metal in PDBselect90 list. (c) Frequency of different residues as ligands for
different metals.

nation number, due to electron—electron repulsion distor-
tion of the orbitals occurs to remove degeneracy known
as Jahn-Teller effect or Jahn-Teller distortion. This causes
distortion of the electron cloud around the metal and
hence weak bondage with ligand atoms with long bond
lengths. Thus, the long bond distances in the cases of
metals could be due to the Jahn-Teller effect? thereby
explaining the seemingly unreasonable observation of low
coordination number.

The total number of amino acid ligands for each metal
was also determined [Fig. 1(b)]. It was observed that for
metals with higher coordination numbers, the amino
acid residues alone do not satisfy all the valencies. This
could be attributed to increase in ligand-ligand repulsion
as the coordination number increases. Thus, in the
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ligands for metal ions.

higher coordination number complexes, to reduce steric
hindrance between the side chains of the chelating resi-
dues, water molecules satisfy the remaining valencies.
Besides, certain residues such as aspartate and glutamate
are bidentate and can provide two ligand atoms thereby
reducing the noticeable number of individual ligands.
The carbonyl oxygen and the peptide nitrogen atoms
of all the 20 amino acids are capable of donating elec-
trons to the metals. The other electron donors in amino
acids are the side-chain —O, —N, and —S atoms. Dif-
ferent residues that possess side-chain donor atoms are
hydroxyl oxygens of Ser and Thr, carboxyl oxygens of
Asp and Glu, amide oxygen and nitrogen of Asn and
Gln, amine nitrogen of Arg and Lys, imidazole nitrogen
of His, and thiol group of Cys. Analysis showed that in
spite of the use of all these atoms as ligands, divalent
metals prefer Asp, Glu, His, and Cys [Fig. 1(c)]. As
shown in the Figure 1(c), main chain carbonyl oxygen
and nitrogen of the residues depicted as “others” also
coordinate with metal ions. However, no side chain pre-
ference in this category is observed as anticipated from
the participation of only the main chain atoms in metal
chelation. Metals such as Ca*" and Mg®" being strong

Table |
The Mean and Standard Deviation of the M—L Distances for Different Metals

Mean of Standard deviation
Metal atom M-L distance of M-L distance
ca®* 2.45 0.2
c?ﬁ/Cu2+ 2.18 0.26
Fe?*/Fe®" 2.23 0.25
Mg?* 23 0.28
Mn%"/Mn3* 2.64 0.26
Zn?* 2.27 0.24
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electron quenchers might prefer more nucleophilic side-
chain electron donors than main chain atoms (Fig. 2).

Analysis of metal-ligand (M-L) distances showed that
on an average all the metals form coordinate bonds of
the order of 2.0-2.5 A. The observed mean and standard
deviation in different metals is listed in Table I. The M-L
distances were longer than 2.5 A for Mn?>"/Mn®" and
possess a mean of 2.64 A. This, as explained earlier,
might be due to the Jahn-Teller effect, which is more
prominent in Mn**/Mn’*.

Interestingly, it was observed that the metal ligands
need not necessarily be solvent accessible. Residues bind-
ing to metals possess solvent accessibility ranging from 0
to 100% (data not shown); yet calculation of per-atom
solvent accessibility (accessibility of the liganding atom)
showed that most of the chelating atoms possess solvent
accessibility in the 0-20% accessibility range (see Materi-
als and Methods section for details) (Fig. 3). The obser-
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Variation in the per-atom solvent accessibility of residues chelating metals.
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vations, although unusual, could be ascribed to the struc-
tural role of the bound metal ions. Most of the metal
ions that play structural roles are acquired during the
folding of the protein. Hence, residues interacting with
the structural metal ions are less than 20% accessible.

Structural template generation

The range of distance variation between the C*, CP,
and pseudo atoms of the residue ligands was calculated
for all the different metals. It was observed in our analy-
sis that in spite of metal specificity of each site, all the
metal-binding sites are similar in terms of inter-C* or
inter-CP distances. Consequently, only the zinc-bound
structures were considered for template generation. The
Zn-list was selected due to availability of a larger number
of structures with bound zinc than any other metal
Thus, the final training set consisted of all the 585 Zn-
containing structures in the PDBselect90 list. The com-
plete list of training set structures was screened for the
structures having a three-residue Zn-binding site and
those that have four-residue Zn-binding site. Hundred
structures were used as the training set for the three-resi-
due template and 400 structures were used for the four-
residue 3D template generation. Different geometrical
parameters were derived by training the three-residue
(triad) and four-residue (tetrad) structural templates
(Table II). Similar parameters were used in the two cases,
the only difference being the training set structures. The
C*—C® and CP—CP distances showed large variation
from ~3 to 12 A than pseudo atom distance variation.
The pseudo atom distances varied from 2 to 9 A.

Template validation

A positive data set containing 571 structures and a
negative data set containing 1000 structures were used
for the validation. Metal-binding sites could successfully
be identified in 268 structures among the 571 of the pos-
itive data set. On the other hand, no metal-binding site
could be found in 881 structures of the negative data set.
Thus, the analysis suggests that the structural templates
described in the current work possess 46.9% sensitivity
and 88.1% specificity, where, sensitivity is defined as the
ratio of predicted true positive with respect to all posi-
tives. On the other hand, specificity is defined as the
ratio of predicted true negatives with respect to all ne-
gatives. A relatively large number of false negatives were
either due to involvement of an inhibitor or a water
molecule as M—L, or because of less than three amino
acid ligands in the binding site. False negatives were also
due to involvement of residues other than Asp, Glu, His,
and Cys as metal ligands. However, other residues were
not considered during prediction of metal-binding site,
so as to obtain high specificity of prediction.
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Table Il

Range of Values Obtained for Different Geometrical Parameters

Parameter Maximum Minimum

Values obtained for triad sites
Ca—Ca distance between res1 and res2 12.87 379
CB—Cp distance between res1 and res2 11.15 3.52
Ca—Ca distance between res1 and res3 12.85 3.90
CB—Cp distance between res1 and res3 11.22 3.25
Ca—Ca distance between res2 and res3 12.48 3N
CB—Cp distance between res2 and res3 10.63 345
Angle between Ca and CB plane 35.07 0.07
Volume of the sphere within C@ triangle 133.20 5.70
Distance between pseudo atom1 and 2 6.63 2.04
Distance between pseudo atom1 and 3 9.31 2.03
Distance between pseudo atom2 and 3 7.93 1.75

Values obtained for tetrad sites
Ca—Ca distance between res1 and res2 11.50 378
CB—Cp distance between res1 and res2 10.52 0.01
Ca—Ca distance between res1 and res3 12.85 3.59
CB—Cp distance between res1 and res3 11.32 3.09
Ca—Ca distance between res1 and res4 13.12 4.10
CB—Cp distance between res1 and res4 10.69 332
Ca—Ca distance between res2 and res3 12.37 3.76
CB—Cp distance between res2 and res3 10.69 3.23
Ca—Ca distance between res2 and res4 12.40 3.70
CB—Cp distance between res2 and res4 10.97 273
Ca—Ca distance between res3 and res4 12.30 3.70
CB—CR distance between res3 and res4 10.08 3.08
Angle between Ca and C@ plane 34.56 0.34
Volume of the sphere within C@ triangle 113.95 5.45
Distance between pseudo atom1 and 2 8.27 0.94
Distance between pseudo atom1 and 3 7.38 1.13
Distance between pseudo atom1 and 4 1.52 1.70

Distance between pseudo atom2 and 3 6.91 1.15
Distance between pseudo atom2 and 4 8.23 1.15
Distance between pseudo atom3 and 4 6.35 0.92

Template matching
Tetrad metal-binding sites

Each structure in the complete PDB (April, 2005
release) containing 31,059 entries was scanned for the
structural fragments that match the three- or four-resi-
due templates. The algorithm for four-residue template
matching predicted 9767 putative tetrad sites belonging
to 2525 structures (Supplementary Table I). Out of the
2525 structures, prior knowledge of metal-binding prop-
erty was well known in 2338 structures. However, among
these, 2272 are holo structures and possessed bound
metal atom at the site predicted by the program, whereas
66 structures included apo structures. Interestingly, our
analysis predicted 187 additional structures for which ei-
ther the metal-binding site is not known or the role of
metal itself is not known. Further analysis of the pre-
dicted tetrad metal-binding site in these 187 structures
led to interesting findings, few of which are discussed
below.

The current algorithm identified a putative metal-bind-
ing site in an antifungal protein (pdb code 1AFP).17 AFP,
protein from ascomycete Aspergillus giganteus, inhibits
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Figure 4

The thiolate cluster in antifungal protein (1AFP) in stereo. Our method
predicted that this cluster is involved in metal binding including six cysteine
residues. We suggest (see text in details) that metal-binding property of the
protein might be relevant in the antifungal properties of this protein.

growth of broad-spectrum filamentous fungi. Unlike
other antifungal proteins, AFP does not permeabilize
fungal cell wall. Therefore, its mechanism of action is not
well understood. We identified a putative metal-binding
thiolate cluster in this protein, which we believe might
help in elucidating its mechanism of action. The thiolate
cluster in AFP resembles the one that occurs in metallo-
thioneins (MTs). The conformational arrangement of cys-
teine residues in AFP is also similar to the cysteine clus-
ter in MTs (Fig. 4). Moreover, the SY atom of each of the
cysteines predicted to be involved in metal binding is too
distant (3.2-3.9 A) to be involved in disulfide bond for-
mation. Thus, it is probable that the cysteine residues in
AFP are metal ligands.

MTs are proteins that possess metals coordinated by a
group of Cys residues forming a metal—cysteine thiolate
cluster. In such cases, 7-12 di- or monovalent metal ions
are held by 8-10 Cys residues.1® Bound divalent metal

Figure 5

Metal-binding site in T. maritima proteins in stereo. (a) Diiron carboxylate protein (1V]X), (b) glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (IHDG). The
former is known to be a metal-binding protein, while the latter is a novel site predicted by our program.
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ions display tetrahedral geometry, while monovalent ions
bind in trigonal bipyramidal geometry. Although the
actual numbers of sites are likely to be less than the total
number of predicted sites in 1AFP, the algorithm pre-
dicted a total of 10-16 sites for these structures. It was
observed that the different permutations of ligand cluster
qualify the geometry criterion due to proximity and thus
additional sites are predicted. Manual inspection of these
sites showed that all the combinations satisfy geometrical
criteria for binding and therefore are theoretically possi-
ble. MTs are known to be involved in varied functions
such as metal storage, transport and detoxification.
Besides, MTs play important role in host defense proc-
esses and metal metabolism.!? It is therefore tempting
for us to suggest that 1AFP might exerts its antifungal
action through metal-binding clusters.

The current algorithm predicted a metal-binding site
in diiron carboxylate protein from Thermotoga maritima
(pdb code 1VJX) (unpublished). This protein is a known
diiron protein, but the structure does not contain any
bound iron atoms. Since, the site record is not available
for this protein, we presume that the binding site of the
iron is not known in this case. The algorithm predicted
three metal-binding sites in it: (a) E14, E43, H46, E130;
(b) E43, E100, E130 E133; (c) E43, H46, E130, H133.
Diiron carboxylate sites, as the name suggest, possess two
iron atoms bridged by carboxylates of two glutamate resi-
dues. Such sites occur in the active sites of several
enzymes such as methane monooxygenase, ribonuclease
reductase, stearoyl ACP-A9 desaturase, and ferritins.
Apart from the bridging glutamates, two additional glu-
tamates and one histidine also coordinate with each
metal ion and give rise to a five-coordination geome-
try.20 Two of the predicted sites (a, b) in 1VJX possess
all the geometric features observed in other di-metal car-
boxylate proteins [Fig. 5(a)]. The third site is probably
predicted due to the structural proximity of the two
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binding sites, as it is a hybrid of the actual metal-binding
sites. 1VJX also possesses the EXXH motif known to
bridge the two metals in the known examples. Moreover,
the motifs are packed in four-helix bundles. Therefore,
the prediction of similar metal-binding site further sup-
ports that 1VJX is a metal-binding protein with charac-
teristics similar to ferritin-like proteins.

One of the most interesting outcomes of the current
study was the prediction of a metal-binding site in D-
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH).
GAPDH carries out a key step in the glycolytic pathway
where it converts D-glyceraldehyde-3-phosphate to 1,3
bisphosphoglycerate in a NAD-dependent manner. Sev-
eral structures of GAPDH are known from different
organisms. The enzyme plays a crucial role in organisms
such as Plasmodium falciparum where glycolysis is the
sole pathway for energy generation.2! Besides, GAPDH is
known to perform functions other than energy genera-
tion. For example, GAPDH is involved in membrane
fusion, microtubule bundling, nuclear RNA export, DNA
replication, and repair and apoptosis.22 This suggests
that in spite of being ubiquitously present, GAPDH
shows species-specific variations in its function and
mechanism of action. Our analysis predicted a well-
placed metal-binding site in GAPDH structures. The
organisms include T. maritima (lHDG),23 Leishmania
mexicana (1GYP, 1GYQ, 1132, 1133),24 Trypanosoma cruzi
(1K3T, 1ML3, IQXS),25 Trypanosoma brucei (IGGA),26
and Homarus americanus (4GPD).27 In all these cases
the predicted metal-binding site includes one histidine,
two aspartates, and one glutamate residue. Such a metal-
binding site has been observed in certain hydrolases that
are functional under different stress conditions and some
other metal-binding proteins. Interestingly, the last two
residues of the predicted site form a DXXE pattern and
occur in all the GAPDH structures mentioned above.
Further, it has been demonstrated earlier that the mam-
malian and yeast GAPDH are zinc-binding proteins,28
where the Zn>* ion is essential for the activity of the
enzyme and stabilizes its structure. However, it is not
understood if the metal ion plays a structural or a func-
tional role in bacterial GAPDH structures. The metal-
binding site as shown for 1HDG [Fig. 5(b)] is in close
proximity of the bound NAD. It is likely that the bound
metal atom might be required for the proper conforma-
tion of active site or for an appropriate geometry for
binding NAD. Alternatively, metal might play a role in
stabilizing the protein conformation under stress condi-
tions such as temperature stress in the case of T. mari-
tima. Considering that identical metal-binding sites have
been predicted for the all the parasitic organisms listed
above, this observation might be useful to the develop-
ment of parasite specific inhibitors.

A metal-binding site was also proposed in a PhoU-like
transcription regulator from Aquifex aeolicus, (pdb code
1772).29 PhoU regulon is involved in the uptake of an
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important nutrient in the bacterial physiology, inorganic
phosphate (P;). The only other structure known for the
members of this large family is the PhoU homologue
from T. maritima (pdb code 1SUM).30 The two proteins
are only 23% identical in their amino acid sequence. The
T. maritima PhoU contains two multinuclear metal-bind-
ing sites with three iron atoms and one nickel atom
bound to N-terminal region and three iron atoms bound
to its C-terminal region. Both the sites harbor metals
bound to E(D)XXXD motif.30 It has been shown that
the arrangement of multinuclear iron cluster in T. mari-
tima is similar to the diiron metal assembly observed in
ferritin-like proteins that are involved in iron uptake.
The biological role of the multinuclear metal cluster in
the PhoU-transcription regulators is not known. How-
ever, uptake of iron ions during cell growth, as demon-
strated for T. maritima PhoU clearly suggests functional
association of the metal cluster. On the basis of multiple
sequence alignment of PhoU protein sequences from dif-
ferent organisms, it has been suggested that the multinu-
clear iron cluster binds to a total of four repeats of
E(D)XXXD motif. The 1T72 being an apo-structure, the
metal-binding residues were not reported.2? Encourag-
ingly, the current algorithm identified the metal-binding
site for this protein, which was exactly similar to the site
obtained upon structural alignment with 1SUM [Fig.
6(a,b)]. In the predicted metal-binding site, all the four
repeats are well in agreement with the E(D)XXXD motif.
This suggests that the multinuclear metal-binding motif
in PhoU-like regulator proteins consists of E(D)XXXD
motif. Further, it also supports the suggested involvement
of metal in the function of PhoU protein.

Another interesting prediction of the algorithm
described here is that of the putative metal-binding site
in 1UC2, a hypothetical extein protein from Pyrococcus
horikoshii OT3. 1UC2 shows 33% sequence identity with
RtcB protein from Escherichia coli. rtcB gene occurs on
an operon with the cyclase gene, rtcA.31 Homologues of
RtcB have been observed to occur across all lineages, bac-
teria, archaea, and eukarya. However, its function is still
not understood. Six conserved histidine residues have
been observed in RtcB and hence, involvement of a metal
ion has been proposed for it. 1UC2 is the first structure
of this family of proteins.32 As described, 1UC2 does not
show structural similarity to any of the known structures
or fold. The binding site of the proposed metal involved
in RtcB function was stated as C98, H203, H234, and
H404 on the basis of proximity of these residues [Fig.
7(a)]. However, the current algorithm predicted the
involvement of H329 rather than H203 as the metal
ligand. The predicted site [Fig. 7(b)] is well in agreement
with a square planar geometry observed for metal atoms.
As shown in Figure 7, the predicted site possesses better
geometry than the proposed site. Thus, the algorithm
could successfully suggest the unknown metal-binding
site in a protein structure.
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Two multinuclear metal-binding sites in the PhoU protein (1T72) from A. aeolicus in stereo. (a) N-terminal site D53-D57-D99-E102, (b) C-terminal site D156-D160-
D199-E195. All the residues in both the sites appear to be well poised for metal binding.

Metal-binding site was also predicted in E. coli colicin
protein E3 (pdb code 1E44). E. coli and related bacteria
produce colicin-like antibiotics that act against bacteria
by competing for limited nutrient resources. Colicins act
either by depolarizing cell membrane or by specifically
cleaving 16SrRNA or tRNA. Colicin E3 is a ribonuclease
that specifically cleaves 16sTRNA. The host bacterial cells
protect themselves against toxic effects of E3 by produc-
ing an immunity protein called as Im3. Im3 inhibits E3
activity by binding to its C-terminal domain that displays
ribonuclease activity. 1E44 is a structure of Im3 com-
plexed with C-terminal domain of E3.33 The current
algorithm predicted metal-binding site in colicin E3
chain of the structure [Fig. 8(a)]. The prediction was not
surprising because metal requirement is known for ribo-
nucleotidyl activity of other RNase such as RNaselIl.3%
The E. coli RNase III has been shown to require Mg”" or
Mn*" ion for its activity. The metal ion in RNase III

binds to a combination of aspartate and glutamate resi-
dues. However, metal requirement has not been demon-
strated for E3 colicin. The metal-binding site predicted
by our algorithm, as shown [Fig. 8(a)], has a nearly per-
fect geometry for binding. Further, an extensive study
has been carried out to identify the active site of E3 coli-
cin by generating 27 independent point mutations in this
96-residue long protein. Five mutants were observed to
be completely inactive and four displayed <1% activ-
ity.35 Interestingly, four of these nine positions are the
residues that have been predicted by current algorithm as
metal ligands. On the basis of similarity with barnase,
H58 and E62 of E3 colicin have been proposed to form
the acid-base pair required for catalysis35 and thus
explained the inactivity of H58A and E62A mutants.
However, no role could be described for the inhibitory
effects of D55A and E60A mutations. On the basis of the
prediction by the current algorithm, we propose that E3

Figure 7

Stereo view of the metal-binding sites in extein protein (1UC2). (a) Site proposed on the basis of alignment. (b) Site predicted by the current algorithm. Our method
predicts a different metal-binding site than the published proposal.
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Figure 8
Stereo view of the predicted metal-binding site in (a) colicin E3 protein (1E44) from E. coli and (b) Exo-B-1,4-glucanase (1IEQC) from C. albicans.

colicin displays metal-dependent ribonucleotidyl activity
and inability of D55A, H58A, E60A, and E66A mutants
to bind to the metal ion renders them inactive.

The current algorithm predicted a metal-binding site
in Candida albicans exo-B(1,3)-glucanase (pdb code 1EQC).
Ex0-B-(1,3)-glucanases belong to a large array of glycosyl
hydrolases that hydrolyze a diverse array of polysaccha-
rides. In spite of wide sequence variation, exo-B-(1,3)-
glucanases have been grouped together with bacterial
cellulases (endo-B-1,4-glucanases) into glycosyl hydrolase
family 5.36 All the family members of family 5 possess
eight conserved residues and share common reaction
mechanism. All the eight conserved residues occur around
the catalytic site and share similar spatial arrangement.37
Two of the eight invariant residues are the glutamates
that act as a nucleophile and a proton donor, respec-
tively, during catalysis. Interestingly, the current method
proposed a metal-binding site including these two gluta-
mates (E192 and E292) along with H226 and H253 [Fig.
8(b)]. The structure of C. albicans exo-B-(1,3)-gluca-
nase38 shows that eight residues conserved in the family
are required for maintaining the orientation of E192 and
E292. The structure suggested that Y255 helps maintain-
ing the orientation of E292, while H253 influences E192
conformation in a similar manner. Further, D251 inter-
acts electrostatically with H253. Thus, all the four pre-
dicted metal-binding residues are involved in generating
the active site conformation. This implies that the pre-
dicted metal atom might play a structural role and might
keep the catalytically important residues in proper con-
formation. Further, it has been proposed earlier3® that
1ECE (E. coli endocellulase E1) possesses active site con-
formation similar to DNase I of E. coli. E39 of DNase I
binds to a divalent metal ion and is equivalent to the
proton donor (E168) of endocellulase E1. Thus, the
active site similarity of Endocellulase E1 to DNase I and
the metal requirement of the latter, together suggest that
El might also bind to a metal. We propose that the

DOI 10.1002/prot

glycosyl hydrolase family 5 members might bind to a
metal ion that is not involved in catalysis, but might be
essential to maintain the conformation of the active site.

Triad metal-binding sites

Scanning the PDB database for triad metal-binding
sites resulted into 24,328 sites belonging to 7439 struc-
tures (Supplementary Table II). Out of 7439 structures,
4473 structures were observed to be holo structures with
bound metal ions and 1481 were related apo structures.
Remaining 1485 structures included several oxidoreduc-
tases, haloperoxidases, transferases that are known to
require a metal ion for their activity. Interestingly, a few
examples were identified by our analysis where the pro-
tein is known to bind a metal ion; however, the metal-
binding site has not been identified. One of the most
interesting findings is discussed below.

One of the most interesting predictions of the current
algorithm was the prediction of metal-binding site in
YDR533¢ ORF from Saccharomyces cerevisine (pdb code
1IQVV). 1QVV is a 25.5-kDa protein of unknown func-
tion. On the basis of sequence similarity to ThiJ/P{PI
superfamily, it was proposed that YDR533¢ could be in-
volved in stress response of yeast. Hypothesis that YDR533¢
acts as molecular chaperone was further strengthened by
its observed similarity to E. coli Hsp31 and human DJ-1
proteins. Crystal structure of YDR533c was solved to es-
tablish its role as a molecular chaperone protein.40 As
expected from the sequence similarity, the core structure
of YDR533c¢ is similar to that of Hsp31 with an rmsd of
1.84 A for 196 C* positions.4! Structural comparisons
showed that YDR533c¢ also possesses a Cys—His—Glu cata-
Iytic triad as that occurs in Hsp31, which is similar to
the cysteine protease-like catalytic triad. However, pro-
teolytic activity could not be obtained for YDR533c in
spite of the presence of catalytic triad and elements of
oxyanion hole. It was proposed that lack of activity was
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Figure 9

The triad metal-binding site in (a) YDR533c (1QVV) from S. cerevisiae. (b) Hsp31 (10NS) from E. coli is shown in stereo. The predicted site in 1QVV is similar to the

known metal-binding site in 10NS.

due to inaccessible Cys138, the probable nucleophile.
Surprisingly, chaperonic activity also could not be
observed for YDR533c. Hsp31, the closest homologue of
YDR533¢, is 31-kDa heat shock protein of E. coli yedU
gene which is overexpressed during heat stress. Hsp31
was shown to possess chaperonic42 activity, but its pro-
teolytic activity could not be demonstrated. However, a
recent report4> demonstrated that the protease-like cata-
Iytic triad in Hsp31 is not involved in proteolysis, rather
it displays metal-dependent amidopeptidase activity in
agreement with its narrow groove.42 In addition to the
narrow groove catalytic triad, the crystal structure of
Hsp31 (pdb code 10NS) showed the presence of a Zn**-
ion coordinated with 2-His-1-carboxylate motif. The
metal-binding motif in Hsp31 is similar to Zn**-binding
motif of carboxypeptidase A%4 and iron-binding motif of
several hydrolases. > Yet interestingly, no metal was
found in the YDR533c structure. Our current algorithm
predicted a 2-His-1-carboxylate motif metal-binding site
in YDR533c [Fig. 9(a)]. The predicted metal-binding
motif of YDR533c is similar to the one observed in
Hsp31 [Fig. 9(a,b)]. Therefore, we propose that YDR533c
might be a stress related amidopeptidase like Hsp31. Fur-
ther, we also propose that similar to Hsp31, YDR533c
might be involved in metal dependent clearance of 8-12-
mer peptides that accumulate in the cell during heat or
other stresses.

DISCUSSION

A new sensitive and fast method has been described in
the current study for the identification of metal-binding
sites in the query structures. The method takes into
account the information obtained from the analysis of
known metal-binding sites. Algorithm searches only the
electron donors as probable ligands and thus, it is highly
efficient. Geometrical parameters are used to detect
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structurally similar metal-binding sites in the query
structures. Thus, the algorithm enables functional anno-
tation of new structures on the basis of the predicted
metal-binding site. The most advantageous feature of the
current method is that it does not require sequence in-
formation for identifying the site. Therefore, the method
can be used to characterize even the remote sequence
homologues without any loss of accuracy.

The significance of recognizing metal-binding sites is
best exemplified by sulfatases. Sulfatases are the enzymes
that hydrolyze sulfate ester bonds in wide variety of sub-
strates. It was known that a conserved cysteine in sulfa-
tases is oxidized to formylglycine and is crucial for the
activity of this enzyme. However, the role of formylgly-
cine and mechanism of action of sulfatases could not be
understood. Interestingly, an Mg>" ion was observed as
bound to the formylglycine in the crystal structure of
human arylsulfatase A.40 It was then deciphered that for-
mylglycine gets hydrated by a water molecule coordinated
to the metal atom and is involved in novel transesterifi-
cation reaction. Thus, metal-binding site identification
enabled understanding of the reaction mechanism. Simi-
larly, the role of PhoU protein in uptake of inorganic
phosphate was not known. Identification of dicarboxylate
iron cluster in the structure of PhoU protein30 suggested
that the PhoU-protein might be involved in inorganic
phosphate metabolism using iron cluster as a cofactor.
This implies that identification of metal-binding site can
give clues about the function and mechanism of action
of a protein. These examples therefore suggest that the
ability of metal-binding site prediction makes the current
algorithm a useful tool for function annotation of struc-
tural genomics proteins.

Availability of a large number of metal bound struc-
tures and significance of spotting metal-binding sites
have led to approaches that exploit structural features to
generate 3D-motif for prediction of metal-binding sites
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in uncharacterized structures. For example, using posi-
tion specific scoring matrices, metal-binding sites were
identified in uncharacterized proteins.4” Secondary struc-
ture and solvent accessibility were used as additional fea-
tures in an artificial neural network to distinguish metal
sites from nonmetal sites. Comparison of this artificial
neural network method with the one reported in this
communication showed that the current method is more
sensitive. The artificial neural network based method
possesses an average of 39.2% true positive rate at 5%
false positive rate. However, the current method as
described here exhibits a true positive rate of 46.9% for
all the metals.

In another method, structural motifs were generated
for sequence specific metal-binding patterns in DRES-
PATA3 This approach used a geometric subgraph to
identify residue patterns in a group of sequences. These
subgraphs were then used for the identification of bind-
ing sites in the query structures. However, DRESPAT
method requires sequence information for all the differ-
ent metal-binding site patterns. The availability of ho-
mologous sequences for all the metal-binding residue
patterns therefore limits the scope of DRESPAT.

Kleywegt designed an algorithm SPASM4% that not
only predicts the metal-binding site but also design new
motifs from a set of structures. This algorithm extracts
residues binding to a ligand or a heterocompound and
generates structural motifs using C* and side-chain pseudo
atoms of the ligand-binding residues. The sequence pattern
of the ligand-binding residues is also considered. Similar
to DRESPAT this method also requires a training set for
all the metal-binding patterns. Further, the authors sug-
gested that the motifs are too abstract for sensitive pre-
diction. Russell3 used similar approach as SPASM for
prediction. However, to improve sensitivity CP atoms
were also used as a part of structural motif. The method
however still searches for residue patterns as Cys,—His,
and not all the permutations of probable electron donors.
One, another method uses a clustering procedure to rec-
ognize the cloud of protein atoms coordinating a metal-
ion in the center.”0 The approach uses a set of high-reso-
lution crystal structures for identifying metal-ion position
to use it as a center and then uses fold-X force field for
prediction of the sites in the query structures. Though
highly sensitive the method requires optimum conforma-
tion of coordinating atoms. Therefore, it might not be
suitable for unbound structures. This suggests that
current algorithm might prove to be more useful for
function annotation especially in low resolution and
structural genomics structures.

Numbers of other methods also exist that use struc-
tural templates.”1=>% Polacco and Babbitt>! used a
method similar to SPASM for generating the structural
motifs. However, evolutionary conservation was used as
the criterion to identify the probable ligand-binding resi-
dues. The method has been observed to be highly accu-
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rate for four enzyme families. Nonetheless, the efficiency
of the method for metal-binding site prediction is not
known. Similarly, fuzzy functional forms®2°3 also use
geometrical parameters and have been shown to perform
proficiently for glutaredoxin/thioredoxin like active sites.
Fuzzy functional forms predict well even in low-resolu-
tion protein models. However, their usability for metal-
binding site prediction is not known.

Sequence based approaches have also been used for
prediction of metal-binding sites. A machine learning
method was trained on a set of metal-bound proteins.?
The features used for training included occurrence prob-
ability, secondary structure propensity, and metal-binding
character of all the 20 amino acids in the training set.
However, the method was observed to possess low sensi-
tivity and specificity. The current method is therefore ad-
vantageous as it might perform better than the existing
methods. The current method can be accessed at http://
sunserver.cdfd.org.in:8080/protease/PAR_3D/index.html.

There are certain limitations of the current method.
Since, the minimum number of ligand-binding residues
is set to three or four, the metal-binding sites involving
less than three residues will not be identified. However,
encouragingly the sites involving more than four residues
would be predicted accurately. The method predicts a
five residues site, as a combination of two, four-residue
sites. Another limitation of the method is that it can
identify only those sites that involve Asp, Glu, Cys, and
His. Since, no significant signature has been observed for
other residues as the metal ligands [Fig. 1(c)], we believe
that current method does not lack generality by consider-
ing only the four residues mentioned above.

A large number of structures are known prior to the
functional knowledge due to the increased efforts of
structure genomics consortia. Thus, the methods based
on structural motifs such as the current method and
described by others would enable characterization of hy-
pothetical proteins and structures. Also, these methods
would aid in uncovering less understood evolutionary
aspects. Identification of unknown ligand-binding site
would also increase the extent of drug designing against
known targets.

MATERIALS AND MIETHODS

The design and analysis of structural motifs in proteins
for metal-binding sites involved three steps: (i) analysis
of known metal-binding sites, (ii) generation of struc-
tural template on the basis of training set structures, and
(iii) prediction of sites using the derived structural tem-
plates as in step (ii).

Analysis of known metal-binding sites

PDBselect90 was used to obtain the list of structures
containing bound metal ions. PDB90 was considered to
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avoid analyzing more than one crystal structure of the
proteins with more than 90% sequence similarity. PDB-
select90 list was obtained from http://bioinfo.tg.th-giessen.
de/pdbselect/ site and consist of structures solved at re-
solution higher than 3.0 A and R-factor below 30%.
PDBselect90 does not contain theoretical models. For the
current analysis, only one subunit of oligomeric proteins
was considered. For NMR structures, only the first model
was considered for analysis.

All the structures in the PDBselect90 list were searched
for the presence of Ca, Cu, Fe, Mg, Mn, and Zn metal
atoms and a sublist was generated for each metal. Oxida-
tion states and coordination number of the metals were
not considered for the generation of the list. For each
metal, ligands were identified in the listed structures by
searching the structure file for all the atoms occurring at
a distance of <3 A from the metal atom. Metals are
known to coordinate with —O, —N, and —S atoms,
therefore only these atoms were retained as metal ligands
and other atoms such as main-chain or side-chain —C
atoms were discarded. Water and other ligands bound to
the metal containing protein were also explored as metal
ligands. The coordination number of the metal and its
preference for different residues were analyzed using local
programs. Preference of each metal among main-chain or
side-chain atoms in the case of different residues was
also assessed. Variations in the M-L distances were
checked to understand the flexibility of each metal. Sol-
vent accessibility of ligand atom of all the residues coor-
dinating with the metals was determined using the NAC-
CESS software.”® As defined in the NACCESS documen-
tation, accessibility (relative accessibility) is the ratio
between absolute solvent accessibility in the structure
with respect to the peptide Gly-Gly—X-Gly-Gly.

Structure template generation

Metals can have varied coordination number based on
their oxidation state. However, analysis of known metal-
binding sites suggested that the most preferred site con-
sist of three or four amino acid residue ligands, whereas
water molecules satisfy additional coordination bonds.
Thus, 3D-templates were generated consisting of either
three or four residues. Analysis of the known metal-bind-
ing sites showed the preference of certain residues as M-
L. Consequently, the structures having Asp, Glu, Cys, and
His as the M—L were considered for template generation.
Single template was generated for all the metals due to
the similar nature of the binding sites of different metals.
Each ligand was represented by its C%, CP, and a pseudo
atom coordinate. The pseudo atoms were S in the case
of Cys, midpoint of carboxylate oxygens for Asp and Glu
and midpoint of N°' and C® for His. Structural tem-
plates were defined by certain geometrical parameters as
follows.
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Geometrical parameters that were considered included:

(a) distances between C* atoms of the ligand residues;

(b) distances between their C® atoms;

(c) angle between the C* and cP planes;

(d) distances between the pseudo atoms of the ligand
residues;

(e) volume of the largest sphere that can be inscribed
within the CP atoms triangle (triads) or quadrilateral
(tetrads); and

(f) distance of the proposed position of the metal from
the possible ligand atoms.

The PDBselect90 list of Zn®" atoms was taken as the
training set for calculating the variations of above para-
meters in the metal-binding sites. The minimum and
maximum values of distances, angle and volume as men-
tioned in (a)—(f) that constituted the ranges of values
(Table II). To calculate angle between the C% and cP
planes for tetrad sites, a least square plane was deter-
mined for four C* (or CP) atoms of the ligands.

For prediction of metal-binding site, every structure
was scanned for the presence of Asp, Glu, Cys, and His
residues. All the permutations of these residues were then
assessed for calculating the values of the six parameters.
A combination of three or four residues for which values
of all the six parameters were within the range obtained
from training set was flagged as a putative metal-binding
site.

Template validation

Having derived templates for metal-binding sites, test-
ing was carried out using structures from PDBselect90
list obtained from http://swift.cmbi.kun.nl/whatif/select.
The list consists of 3165 structures that are less than 90%
identical to each other and derived from the Aug. 17,
2006 release of the PDB. The structures in the list pos-
sessed R-factor <0.21 and resolution <2.0 A. A total of
571 structures that contained bound Ca, Cu, Fe, Mg, and
Mn atoms constituted the test set structures, and did not
have any structure common to the training set. A subset
of PDBselect90 was derived that did not contain any
apo- or holo- metal-binding proteins. From this list,
1000 structures were randomly chosen to form the nega-
tive data set for cross-validation.

Template matching

The structural templates generated from the training
dataset were used to predict metal-binding sites in all the
31,059 structures in the PDB database (April 2005
release). Matched residue groups were checked for the
volume encompassed by their chelating side-chains. The
three-residue (triads) or four-residue (tetrads) templates
that meet the volume range were then checked for the
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orientation of the ligand atoms. Since in the case of Asp
and Glu, both the carboxylate oxygen can donate elec-
trons to metal, both the atoms were explored as possible
ligands. Similarly, in the case of His both of the imidaz-
ole —N atoms were examined for possible ligand. The
prospective ligands were identified as the ones that
matched the allowed M-L distances. To calculate M-L
distance metal was placed at each grid point in a 2/2 grid
around the center of the pseudo atom triangle. To get
the coordinates of the points in the 2/2 grid, the incenter
of the pseudo-atom triangle (or quadrilateral) was first
determined. Coordinates of the grid points were then
determined by adding or subtracting 1 from x, » and z
coordinates (one at a time) of the incenter. The sites that
qualified this criterion were then predicted as metal-
binding site. In the present study, each of the predicted
sites, obtained upon scanning complete PDB database
was analyzed manually to identify true and false positive
sites.
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