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ABSTRACT Cation–aromatic database (CAD)
is a publicly available web-based database that
aims to provide further understanding of interac-
tion between a cation and the p-moiety of the aro-
matic residues in protein data bank (PDB). All the
metal ions and basic amino acid residues are con-
sidered as cations. The motifs are defined on the ba-
sis of distance between the cation and the centroid
of the aromatic ring. This generalized way of defin-
ing the motifs enables a thorough inspection and
analysis of the type of interactions in proteins. Of
these pairs, those having the cation within a cylin-
der with the arene ring as a base are identified.
This geometric criterion enables the identification
of strong cation–p interactions. A tool to identify
the interactions in a user-given protein is also
added to the database. CAD is freely accessible
via the Internet at http://203.199.182.73/gnsmmg/
databases/cad/ Proteins 2007;67:1179–1184.
VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

The regulation of metal ions plays a major role in enzymes
to catalyze a range of biological reactions involved in signal-
ing pathways, maintaining the electrochemical gradient for
ion transport, and translocation of proteins.1–5 Identification
and characterization of the metal ion binding sites and their
selectivity have received immense attention in the past few
decades.6–9 It is evident from the earlier studies that metal
ions can bind to aromatic groups in a covalent as well as
noncovalent fashion. The noncovalent interactions between
the metal ions and an aromatic ring, which are considered
as a strong cation–aromatic interactions, are increasingly
recognized as an important binding force relevant to struc-
tural biology.10–12

Number of computational studies and carefully de-
signed experimental studies were performed to under-
stand the strengths and structural features of the cation–
aromatic complexes.13–16 To assess the nature of these
interactions, Gallivan and Dougherty used an energy-
based criterion to identify favorable interactions in pro-

teins.10 On the basis of this, Crowley and Golovin found
that at least half of the protein complexes and one third of
homodimers contained cation–p pairs.17 Biot et al. defined
cation–p interactions in protein–ligand complexes using a
distance and an angle criterion.18 The interaction ener-
gies were evaluated using ab initio quantum chemistry
calculations by reducing the cation–p pairs to simplified
systems.19,20 Theoretical and experimental studies have
shown that these interactions can be quite strong, both in
the gas phase and aqueous media.21–26

However, in most of these studies, the cation is the side
chain protonated nitrogens of the basic amino acid residues,
but understanding of the metal ion interactions is rather
scarce. The binding of metal ion has an option to complex r
or p fashion, especially in the case of heteroaromatics.
Therefore, understanding the nature of M-aromatic interac-
tions is key to realize and model various processes in metal-
loproteins. The purpose of the present study is to develop
and present an exhaustive database of M-aromatic motifs
found in proteins present in the protein data bank (PDB)
based on relevant geometrical criteria and obtain meaning-
ful statistics. M-aromatic motifs include both r as well as p
interaction geometries in the database. Such a database
helps in screening and developing newmethods for identify-
ing and ranking these interactions. Statistical analysis has
been carried out on the cation–aromatic pairs, to assess the
frequency of occurrence of various metal ions in cation–aro-
matic interactions.

METHODS

The PDB database is searched for the instances
wherein the cation is located within 6.0 Å from the cent-
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roid of the aromatic ring. This, we call it as a cation–aro-
matic motif, and since they all occur in a sphere of radius
6.0 Å from the centroid, we name them as the motifs pres-
ent inside the sphere. A lower cut-off distance of 2.0 Å is
taken to avoid the covalent bonds. The aromatic systems
include the aromatic side chains of the residues trypto-
phan (Trp), tyrosine (Tyr), phenylalanine (Phe), and histi-
dine (His). All the metal ions present in the PDB are con-
sidered as cations apart from the protonated basic amino
acid residues lysine (Lys) and arginine (Arg). However,
His can act either as cation or as an aromatic moiety
depending on its protonation state, and in our study, both
the possibilities are considered.
To depict the cation–p motifs, a virtual cylinder is con-

sidered below and above the plane of the aromatic ring
(Scheme 1). The height of the cylinder is equal to the ra-
dius of the sphere (6.0 Å). The base of the cylinder is taken
as a circle having a radius equivalent to the distance
between the centroid and any atom of the aromatic ring.
Obviously, this is also the radius of the cylinder. In case of
an indole ring, the two 5- and 6-membered rings are
treated individually as a p-system. This includes cation–p
motifs, which are obtained by treating indole as a single
entity without loss of generality. Moreover, defining the
base of the cylinder by considering the entire indole would
give certain irrelevant motifs. Thus, in the construction,
the two rings in the indole have been considered inde-
pendent of each other. If the cation is present inside the
cylinder, it is considered as a strong cation–p interaction,
and we call it as a motif inside the cylinder.
If the motif is inside the cylinder, we set a flag

CYL_CHK to ‘‘YES’’ in the database, otherwise flag is set
to ‘‘NO.’’ However, it should be noted that the cation–p

interactions wherein the cation is located outside the cyl-
inder may also be significant.10 Thus, while the cylindrical
approach gives purely cation–p motifs, the sphere
approach also include the r-type interaction of the cation
with the aromatic ring.

The position of the cation is specified with two distances
d1 and d2 considering the centroid of the aromatic ring as
the origin. d1 : Perpendicular distance from the cation to
the plane of the aromatic ring; d2 : perpendicular distance
from the cation to the principle axis of the aromatic ring
(Scheme 1).

A total of 34,917 protein structures from PDB (updated
till 1st February 2006) are considered and with a FOR-
TRAN program, we have evaluated all the possible cat-
ion– aromatic interactions. The database is organized in
two tables, where one table contains the details of the pro-
teins viz. pdb-id, class of the protein, date of deposition,
resolution. The second table consists of the information
about the cation–p motifs present in each of the protein.
For each of these motifs, the details like name of the cat-
ion and aromatic ring involved and their corresponding
residue-id and chain-id along with the distances from cat-
ion to each of the aromatic ring atoms, centroid, and the
perpendicular distances to the aromatic plane (d1) and
the principle axis (d2) are provided.

The database is implemented in MYSQL (version
3.23.54) on RedHat 9.0 operating system. HTML and Java
servlets with TOMCAT 5.4 are used in the front-end
design and development, respectively. The front-end pro-
vides the user to find all the cation–aromatic interactions
present in specified protein (Fig. 1). Many filters like reso-
lution, class, aromatic, cation, cation–centroid distance
(d1 and d2) have been provided to trim the output with
according to requirement. An online tool is also made
available to calculate the cation–aromatic interactions
present in the protein inputted by the user.

RESULTS ANDDISCUSSIONS

There are about 6,124,083 cation–aromatic motifs pres-
ent in the database. Among them, about 6% (369,493) of
the motifs are present inside the cylinder. Percentages of
total motifs involving the aromatic side chain of Phe, Tyr,
and Trp are 22.63, 22.37, and 19.47, respectively, whereas
for His it is 35.51. In case of the motifs inside the cylinder,
these side chains of the four aromatic amino acids are
almost equal ranging from 24 to 26% of the total motifs.
The analysis carried out by Gallivan and Dougherty
shows that over one-fourth of the typtophans in the PDB
experience energetically significant cation–p interac-
tions.10 Similarly, Ruan and Rodger using guided ion
beam tandem mass spectrometry observed that the bind-
ing of Naþ or Kþ with aromatic residues is more favored
for Trp, followed by Tyr and Phe.16 The database analysis
of cylindrical motifs shows that Trp involved are more in
number relative to Phe or Tyr till the cation–centroid dis-
tance of almost 4 Å, beyond which the Phe also increases.
However, in the case of spherical motifs, the domination of
Trp residues is not seen. This implies that Trp is the pref-

Scheme 1.
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erential residue for cation–p interactions and also Trp pre-
fers a p interaction to r and distorted r interaction. Quan-
tum mechanical studies also illustrate that the indole
ring, an aromatic moiety of Trp residue, has high interac-
tion energy with metal ions.19 In case of motifs of various
metal cations, a total of 37 different metal cations are
involved in 446,253 cation–aromatic interactions in all
the proteins of PDB. Among them, the cations of 18 differ-
ent metals viz. lithium (Li), potassium (K), rubedium
(Rb), beryllium (Be), aluminum (Al), cerium (Ce), lead
(Pb), antimony (Sb), barium (Ba), ruthenium (Ru), yt-
trium (Y), gadolinium (Gd), uranium (U), indium (In),
iridium (Ir), palladium (Pd), samarium (Sm), and silver
(Ag) do not have any single motif inside the cylinder. The
cations of cobalt (Co), tungsten (W), nickel (Ni), aurum
(Au), tellurium (Te), chromium (Cr), and strontium (Sr)
have less than 5 motifs in the cylinder. Zinc (Zn) cation
has the highest 61.8% proportion of motifs, followed by
iron (Fe) 19.58%, copper (Cu) 6.40%, selenium (Se) 4.33%,
and calcium (Ca) 2.93% among the total spherical motifs,
involving metal cations. The motifs of magnesium (Mg),
mercury (Hg), sodium (Na), arsenic (As), manganese
(Mn), and cadmium (Cd) are present in smaller propor-
tions. Lanthanum (La) even though has 250 spherical
motifs, they are from only three proteins (pdb ids: 1DJG,
1KQV, and 1NKF) that to 240 are only present in 1NKF
which is an NMR structure with 30 models, and each
model has a lanthanum (III) cation, which has interaction
with the tyrosine residues present in the same model and
other models. The cations of the basic residues Lys, Arg,
and His are involved in 92.7% of the total cation–aromatic
motifs. Among the motifs present in cylinder, about 98.5%
involve the Lys, Arg, and His cations. Among these three

cations, His contributed in higher percentage (35.1%), fol-
lowed by Lys (31.6%) and Arg (25.89%). In the work pre-
sented by Crowley and Golovin, it was found that cation–p
interactions involving Arg are common in the interfaces of
protein complexes.17 Similarly, Biot et al. analyzed pro-
teins bound to ligand molecules containing a nucleic acid
base as the p system indicated the dominance of Arg as the
cation counterpart.18 In our studies, we find that the num-
ber of cylindrical motifs with Arg is more within the cat-
ion–centroid distance range between 2.5 and 4 Å. How-
ever, Lys predominates beyond 4 Å. Moreover, the total
number of motifs containing Lys within 6 Å is larger than
those containing Arg. This implies that the marked prefer-
ence for Arg at the protein interfaces decreases when con-
sidering the whole protein. However, the preference for
Arg still exists.

The number of cation–aromatic motifs increases as the
distance between the cation and the centroid of the aro-
matic ring increases (Fig. 2). If we consider d1 distance
ranges, the number of motifs are picking up between the 3
and 3.5 Å distance ranges and decreasing gradually with
the increase of cation–aromatic distance. In cylinder, the
motifs are increasing with the cation–centroid or cation–
aromatic distance and are high in the distance range of
3.5–4.0 Å, except for the motifs involving the imidazole
moiety of the histidine as the aromatic. The number of
motifs involving histine as aromatic is high at shorter dis-
tance ranges and decreases with the increase of cation–
centroid or cation–aromatic distance. This is due to the
preference of imidazole ring to form rmotifs with the cati-
ons, as electron rich nitrogen atom is present in its ring.
Earlier, quantum mechanical calculations indicate the
preference of histidine to involve in r-type interac-

Fig. 1. The snapshot of the web interface to the database.
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tion.27,28 Database analyses indicate a similar trend. The
difference in the number of spherical motifs and cylindri-
cal motifs is largest for His as an aromatic indicating its
marked preference for the r-type interaction. Moreover,
in 57% of its total motifs, the cation is histidine itself in its
protonated form. If we consider the variation of number of
motifs with distance d2 for various amino acid residues, it
increases gradually with the maximum between 3.0 and
3.5 Å, followed by a steady decrease. Individually for each
aromatic, the peak is observed at 4.5–5.0 Å for Phe, Tyr
and 3.5–4.0 Å for Trp and 3.0–3.5 Å for His.
The number of motifs involving the metal cations is

observed to vary with the cation–centroid, d1 and d2 dis-
tances. (Fig. 3) With the increase in the cation–centroid
distance, the number of motifs of the Zn, Fe, Cu metal

ions gradually reach a maximum (�45–55%) at 3.0–3.5 Å,
and for other metal cations the peak is observed at 5.0–5.5
Å. The motifs inside the cylinder have their maximum
number inbetween 3.5 and 5.5 Å. If we consider the motifs
according to the distance d1 for metal ions, the maximum
number of motifs for Zn, Fe, Cu, Ca, Mg, and Na is in 2.0–
2.5 Å range if consider the spherical motifs, whereas it is
maximum at 4.0–5.5 Å in case of cylindrical motifs. This
indicates the preference of these metal cations to form r-
type of motifs over the p-type. For the Hg, As, Mn, and Cd,
the motifs are high in the d1 range of 3–4.5 Å. The num-
ber of motifs increases with distance d2 and maximum
between 3.0 and 3.5 Å, except for Se, Ca, Na, and Mn. For
these metal ions, the maximum number of motifs is at a
d2 range of 5.0–6.0 Å.

Fig. 2. Statistics of the motifs of the considered aromatics in the cation distance ranges from the centroid
(a and b), aromatic plane (c and d) and principle axis (e) of the aromatic ring. (a) and (c) correspond to the
motifs in sphere. (b) and (d) correspond to the motifs in cylinder.
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CONCLUSIONS

The comprehensive database presents exhaustive infor-
mation on the cation– aromatic interactions in the pro-
teins and also furnishes the frequency of their occurrence
around the aromatic motif at a given distance. The statis-
tical analysis reveals that the aromatic side of the histi-
dine moiety prefers to bind in a r fashion, whereas the
rest shows propensity to bind in p-fashion. The predomi-
nance of r-type interaction in His moiety may be traced to
the presence of electron deficient nitrogen atom. Trp is
dominating in the cation–p distance ranges, followed by
Phe and Tyr. Even though most of the cation–aromatic
interactions are contributed by basic amino acid residue
cations Lys, Arg, and His, metal ions too have significant
number of cation–aromatic interactions (cation–r and cat-

ion–p). In the cations of basic amino acid residues, Arg
cation has in the cation–p interaction distance ranges.
Among all the metal cations. Zn followed by Fc has more
cation–aromatic interactions. An on-line tool has been
incorporated in the database, which furnishes all the cat-
ion–p interactions for any new protein. It is planned that
the freely accessible public domain database will be main-
tained by our group and will be updated periodically.
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