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Abstract—Cation—r interactions are known to be important contributors to protein stability and ligand—protein interac-
tions. In this study, we have analyzed the influence of cation—r interactions in single chain immunoglobulin proteins. We
observed 87 cation—r interactions in a data set of 33 proteins. These interactions are mainly formed by long-range contacts,
and there is preference of Arg over Lys in these interactions. Arg—Tyr interactions are predominant among the various pairs
analyzed. Despite the scarcity of interactions involving Trp, the average energy for Trp—cation interactions is quite high.
This information suggests that the cation—m interactions involving Trp might be of high relevance to the proteins. Secondary
structure analysis reveals that cation—n interactions are formed preferably between residues in which at least one is in -
strand. Proteins having f-strand regions have the highest number of cation—= interaction-forming residues.
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The importance of cation—=n interaction has been
stressed by several investigators for their role in enhance-
ment of the stability of thermophilic proteins [1, 2], fold-
ing of polypeptides [3, 4], and the stability of membrane
proteins [5, 6]. Immunoglobulin proteins form a large
group of cell surface and soluble proteins that are involved
in the recognition, binding, or adhesion processes of
cells. Immunoglobulin (Ig) was reported to be the most
populous family of proteins in the human genome [7].
The molecules are categorized as members of this super-
family based on shared structural features — they all pos-
sess a domain known as an immunoglobulin domain or
fold. The vertebrate immune system has developed into a
highly sophisticated form that gives rapid, measured, and
localized response to a vast variety of pathogens. They are
commonly associated with roles in the immune system
[8]. In this study we consider the features of these pro-
teins, how they interact, and their structural stability.

The prediction of secondary structure is a part of the
base of knowledge in all proteins; based on these consid-
erations, our current study might provide understanding

Abbreviations: ASA, accessible surface area; LRO, long-range
order; SC, stabilizing centers.
* To whom correspondence should be addressed.

of the structurally and energetically significant parame-
ters of immunoglobulin proteins involving cation—=
interactions [9]. During the process of protein folding,
the cooperative, noncovalent, and long-range interac-
tions between residues provide stability to resist the local
tendency for unfolding [10, 11]. Protein structures are
stabilized by various noncovalent interactions, including
hydrophobic, electrostatic, van der Waals, and hydrogen
bonding interactions. These interactions are crucial in
many areas of modern chemistry, especially in the field of
molecular recognition and for structural stability [12,
13]. As a result, noncovalent interactions of immuno-
globulin proteins are recognized to play an important
role in the stability and specificity of proteins. In pro-
teins, cation—m interactions occur between the cationic
side chain of lysine (K) or arginine (R) and the aromatic
side chains of phenylalanine (F), tyrosine (Y), and tryp-
tophan (W) [13]. Clusters of residues in protein structure
identified as stabilizing centers (SC) are based on long-
range order interactions; most of them are in buried
positions [14] and have hydrophobic and aromatic side
chains. Gromiha and Selvaraj proposed a parameter,
long-range order (LRO) [15], from the knowledge of
long-range contacts in protein structure. LRO is a quan-
titative measure of the number of residue—residue con-
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tacts that are close in space (within 8 A) and far in the
sequence (with the minimum separation of 12 residues)
normalized by the total number of residues in the pro-
tein, as described by Poupon and Mornon [16]. Previous
studies on cation—m= interactions have focused on various
aspects such as their role in ligand recognition [17-19]
and protein—drug interactions [20]. There are several
instances where cation—n interactions have been shown
to play a significant role. For example, the active site of
horseradish peroxidase consists of an arginine interacting
with an adjacent tyrosine residue to allow aromatic
donor binding [21]. Influence of cation—n interactions
in protein—DNA complexes has been studied by
Gromiha [22]. There are also reports on these kinds of
interactions in a set of 62 non-redundant DNA binding
proteins by the same author [23]. Recently, our group
published work on cation—m interactions in interleukins
and tumor necrosis factor (TNF). Noncovalent interac-
tions have been investigated in interleukins and TNF
proteins. The results reveal that cation—n interactions
are important for understanding stability and functional
similarity of proteins [24], and in RNA-binding proteins
the energy contribution due to cation—m interaction are
increasingly recognized as important noncovalent bind-
ing interactions. The influence of cation—= interactions
on the stability of RNA binding proteins and its highest
occurrence among the aromatic residues have been
explored [25].

Hence, we have analyzed the cation—= interaction in
immunoglobulin proteins. The energetic contribution of
cation—r interactions is revealed for each of the 33 pro-
teins, and all six pairs of residues (Arg—Phe, Arg—Tyr,
Arg—Trp, Lys—Phe, Lys—Tyr, and Lys—Trp) involved in
such interactions are investigated.

MATERIALS AND METHODS

Searching of PDB for immunoglobulin proteins. The
protocol we have used for our current study of
immunoglobulin proteins in terms of PDB IDs available
in the literature [26] and cross validation with the SCOP
database [27] is that they come under the category of
immunoglobulin-like B-sandwich fold. The set was
obtained with the following conditions: (i) the three
dimensional structures of these proteins have been solved
with <3.0 A resolution, (ii) the similarity search using
PSI-BLAST yielded e-value of less than 0.001, and (iii)
sequence identity is less than 80%. The complexes, whose
proteins were homologous but recognized different
nucleotide sequences, were included in the PDB IDs.

The PDB tags of the proteins are: ligm, 1wzl, Icfy,
ladj, 1a4k, 1f13, 1nbv, 1ktr, Impa, 1cbv, lap2, lcgs, 1vpo,
Isbs, 1bbd, 32c2, lafv, labw, 117t, lum5, Ijpt, lken,
Imci, 1a8j, 2mpa, le6o, Imfb, Imck, Imcp, 116x, 1k6q,
1h3u, and 2gj7.
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Computation of amino acid composition. The amino
acid composition for each amino acid residue that is
involved in cation—n interactions (Lys, Arg, Phe, Trp,
and Tyr) was computed using the standard formula:

comp(i) = n(i)/N,

where n(i) is the number of amino acids of type “i” and N
is the total number of amino acids in the protein.

Energetic contribution due to cation—m interactions.
To provide an energetic evaluation of all potential
cation—r interactions in immunoglobulin proteins, their
structures are identified and evaluated using the energy-
based program CAPTURE (http://capture.caltech.edu/)
developed by Gallivan and Dougherty [27]. The percent-
age composition of a specific amino acid residue con-
tributing to cation—mn interactions is obtained from the
equation:

COMPey_r(i) = Neq (1) x [100/n(1)],
where “i” stands for the five residues (Lys, Arg, Phe, Trp,
and Tyr), n.,_, is the number of residues involved in
cation—r interactions, and s(i) is the number of residues
of type “i” in the considered protein structures.

We have computed the energetic contribution of
cation—r interactions for each enzyme in the data set and
for all possible pairs of positively charged and aromatic
amino acids. The total cation—n interaction energy
(E._,) Was divided into electrostatic (E,) and van der
Waals energy (FE,,) and computed using the program
CAPTURE, which implemented a subset of OPLS [28]
force field to calculate the energies. The electrostatic
energy (FE,) is calculated using the equation:

E,= Eqiqjez/rij’

where g, and g; are the charges for the atoms i and j,
respectively, and ry is the distance between them. The van
der Waals energy is given by:

E,= 48ij[(f5ij12/rij12) - (Gijé/rij())]a

where o; = (c;0;) /> and &; = (g;¢;)"/*; o and ¢ are the van
der Waals radius and well depth, respectively.
Classification of long-range orders. The short-,
medium-, and long-range interactions for immunoglob-
ulins was evaluated computationally, i.e. contacts
between two residues that are close to the residues com-
ing within a sphere of 8 A was computed as described in
[29]. For a given residue, the comparison of the sur-
rounding residue is analyzed in terms of the location at
the sequence level. The contribution from <*4 are treat-
ed as short-range contacts, >+4 to <£20 as medium-
range contacts, and >20 are treated as long-range con-
tacts. This classification enables us to evaluate the con-
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tribution of long-range contacts in the formation of
cation—m interactions.

Computation analysis of solvent accessibility and
secondary structure analysis in cation—7 interaction-
forming residues in immunoglobulin proteins. We investi-
gated the structural significance of secondary structure
and solvent accessibility, which are the two major inter-
mediate steps in understanding the structure and func-
tion of proteins. We systematically analyzed the prefer-
ence for each of the cation—n interaction-forming
residues based on their location in different secondary
structures of immunoglobulin proteins and their solvent
accessibility. Solvent accessibility is the ratio between the
solvent accessible surface area of a residue in a 3D struc-
ture and in an extended tripeptide conformation. We
obtained the solvent accessible surface area (ASA) infor-
mation using Net ASA view (http://www.netasa.org/)
[30]. The entire implementation of ASA View for all
PDB proteins as a whole or for an individual chain can
be accessed at http://www.netasa.org/asaview/. Require-
ments for the uses are simply the PDB code or the coor-
dinate file. Solvent accessibility was divided into three
classes, buried, partially buried, and exposed indicating,
respectively, low, moderate, and high accessibility of the
amino acid residues to the solvent. We used the DSSP
program (http://swift.cmbi.kun.nl/gv/dssp/) [31] to
obtain information about secondary structure. The sec-
ondary structures were classified into a-helix, f-strand,
and random coil as suggested by Heringa and Argos [32].
Solvent accessibility was divided into three classes, i.e. 0-
20, 20-50, and >50% indicating the least, moderate, and
high accessibility of the amino acid residues, respective-
ly.

Computation of stabilization center. Stabilization
centers are clusters of residues that are involved in medi-
um- or long-range interactions. Residues can be consid-
ered part of stabilization centers if they are involved in
medium- or long-range interactions and if two supporting
residues can be selected from both of their flanking tetra
peptides, which together with the central residues form at
least seven out of the nine possible contacts. We used the
server available at http://www.enzim.hu/scide [33] for
this purpose.

Conservation score. The Consurf program (Consurf
server http://consurf.tau.ac.il/) was used to analyze con-
servation score of cation—n interacting amino acid
residues in each immunoglobulin protein [35]. The serv-
er computes the conservation based on comparison of the
sequence of a PDB chain with the proteins deposited in
Swiss-Prot [36] and finds the ones that are homologous to
the PDB sequence. The number of PSI-BLAST iterations
and the E-value cutoff used in all similarity searches were
1 and 0.001, respectively. All the sequences that are evo-
lutionarily related with each one of the proteins in the
data set were used in subsequent multiple alignments.
Based on these protein sequence alignments, the residues
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are classified into nine categories from highly variable to
highly conserved. Residues with a score of 1 are consid-
ered highly variable, and residues with a score of 9 are
considered highly conserved.

RESULTS

Composition of aromatic and positively charged amino
acids in immunoglobulin proteins. The composition of
amino acid residues that are involved in cation—m inter-
actions was analyzed and the results are presented in
Table 1. We observed that Lys has higher occurrence than
Arg in immunoglobulin proteins [6, 8]. Tyr has higher
occurrence than Phe among the aromatic residues, and

Table 1. Composition of cation—n forming residues in
immunoglobulin proteins

PDB code | %Lys %Arg %Phe %Tyr %Trp
1IGM 3.3 4.1 4.1 4.5 1.6
IWZ1 5.1 5.1 4.2 5.5 2.5
1ICFV 4.3 4.7 34 6.0 1.3
1A4) 6.9 2.5 4.1 4.1 1.6
1A4K 6.9 2.5 4.1 4.1 1.6
1FL3 4.3 3.6 2.6 4.7 1.9
INBV 5.3 3.2 34 4.1 2.1
1KTR 6.0 3.0 3.4 5.6 1.7
IMPA 5.5 3.5 3.5 4.4 2.0
1CBV 5.3 3.2 34 4.1 2.1
1AP2 5.1 3.0 2.6 6.0 2.1
1CGS 5.1 3.2 3.2 4.6 2.1
1VPO 5.7 4.1 3.2 5.0 1.8
1SBS 5.2 3.2 2.9 5.9 2.0
IBBD 5.8 2.5 2.5 5.8 2.1
32C2 4.6 3.0 2.8 4.8 2.1
1AFV 49 2.9 2.9 3.6 2.4
IA6W 5.2 3.1 3.1 6.1 3.1
IL7T 5.7 4.1 3.2 5.0 1.8
1UMS 6.5 2.8 2.8 5.5 1.4
JPT 5.6 2.8 3.1 5.2 1.6
1KEN 5.4 3.9 3.8 4.2 2.1
IMCI 6.5 1.4 2.3 5.1 1.4
1A8] 6.5 1.4 2.3 5.1 1.4
2MPA 5.6 3.6 3.6 4.4 2.0
1E60 5.8 2.1 2.8 5.6 2.3
IMFB 4.7 2.6 2.6 4.2 2.6
IMCK 6.4 1.4 2.3 5.1 1.4
IMCP 4.8 3.8 3.4 4.8 1.8
1L6X 8.3 4.1 3.7 4.1 1.7
1K6Q 6.2 1.9 2.9 5.3 2.2
1H3U 8.7 2.9 3.4 4.3 1.9
2GJ7 4.8 4.2 2.9 4.2 2.1
MEAN 5.63 3.13 3.16 4.87 1.93
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Fig. 1. PyYMOL view of Arg—Phe and Lys—Tyr interacting pairs in
Iwzl.

Trp has the lowest occurrence. Generally the composition
of cation—n interaction forming residues is similar to
other globular proteins [6, 8].

Cation—7 residue pairs involved in immunoglobulin
proteins. In this work we have studied 33 proteins with -
structure. The number of cation—mn interactions ranged
within 1-6. Our study shows that 5, 14, and 20% of the
proteins had 1, 2, and more than 2 interactions, respec-
tively. The energetically significant cation—m interacting
residues are Arg—Phe, Arg—Tyr, Arg—Trp, Lys—Phe,
Lys—Tyr, and Lys—Trp pairs. The PyMOL view of
Arg—Phe and Lys—Trp interacting pairs for the protein
with PDB ID 1wzl is shown in Fig. 1. It was found that
among the cation—m interactions involving Arg residues
Arg—Tyr interactions were more often found than
Arg—Phe and Arg—Trp interactions. Among the cation—n
interactions involving Lys residues Lys—Tyr interaction
was higher than Lys—Phe and Lys—Trp interactions.
These results are shown in Fig. 2. Individually Arg and
Tyr were more often observed in cation—n interactions,
and also the Arg—Tyr and Lys—Tyr pairs were more com-
mon than the other four pairs. Hence, Arg—Tyr and
Lys—Tyr interactions may play the main role in the stabil-
ity of immunoglobulin proteins.

Energetic contribution of cation—n interactions in
immunoglobulin proteins. The 33 immunoglobulin pro-
teins were investigated, and we found 87 energetically sig-
nificant cation—= interactions, the total cation—m energy
ranging from —2.45 (PDB ID 1mck) to maximum —30.92
(PDB ID Icfv) kcal/mol. The energetic contribution of
each cationic—aromatic pair of amino acids was comput-
ed, and the results are presented in Table 1 in the supple-
ment available on the journal site (http://protein.bio.
msu.ru/biokhimiya). The pairwise cation—n interaction
energy between the cationic and aromatic residues shows
that Arg—Trp (—6.41) energy is the strongest and
Arg—Phe is the lowest (—3.43) among the six possible
pairs as shown in Fig. 3. In the 33 proteins it was found
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that 55% showed a cation—m energy less than
—10 kcal/mol, 21% from —10 to —20 kcal/mol, and 24%
of them showed a cation—m interaction energy greater
than —20 kcal/mol. Most of the cation—=n interactions
have energy in the range of —3 to —6 kcal/mol.
Separation in primary sequence and conservation
score. The distance in the primary sequence was calculat-
ed between the cationic and the aromatic residues for
each cation—r interaction, and the results are shown in
Fig. 4. Those from <x4 are treated as short-range con-
tacts, >*4 to <£20 as medium-range contacts, and >20
are as long-range contacts. In our study group 20, 15, and
60% of immunoglobulin proteins exhibited short-, medi-
um-, and long-range interactions, respectively. This
result revealed that majority of the cation—= interactions
in immunoglobulin proteins are long-range interactions.
This result reflects the importance of long-range interac-
tions to the stability of immunoglobulin proteins. We used
the Consurf program to calculate the conservation score
for cation—n interaction forming residues for proteins
1ktr and lumS5 whose conservation scores are not avail-
able. We found that 34% of cationic residues and 17% of
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7 residues have conservation score from 6-9 (these
residues are most conserved) and 45% of cationic residues
and 47% m residues have conservation score from 1-5
(these residues are more variable) (see Fig. 5).

Solvent accessibility of cation—m interaction-forming
residues. We estimated the solvent accessibility of all
residues that are involved in cation—n interaction using
DSSP [31]. We analyzed the percentage of cation—n
interaction forming residues at various ranges of solvent
accessibility defined as: 0-20% (buried), 20-50% (partial-
ly buried), and >50% (surface exposed). The average sol-
vent accessibility of the Arg, Lys, Phe, Tyr, and Trp
residues involved in cation—m interactions is 56, 24, 21,
49, and 10%, respectively (Fig. 6). The solvent accessibil-
ity of Arg and Tyr residues is significantly higher than that
of other cation—n forming residues [37, 38]. From this
classification, we observed that Arg and Tyr residues were
mostly in the exposed region, Lys and Phe were mostly in
the partially buried region, while Trp was mostly be in the
fully buried regions.

Cation—7 interaction-forming residues in different
secondary structures. We calculated the occurrence of
cation—m interaction-forming residues and in different
secondary structures of immunoglobulin proteins (Table
2). We found that in the immunoglobulin proteins
cation—m interaction-forming Lys was predominantly in
strand, while Arg was dominantly in strands and also to
some extent in random coil and turn regions. Most of the
aromatic cation—mn interaction-forming residues are in
strand.

Stabilization centers of cation— interaction-forming
residues in immunoglobulin proteins. We computed the
stabilization center for all cation—= interaction forming
residues of immunoglobulin proteins using the program
SCide (Fig. 7). It was found that 35% of cationic residues
and 20% of = residues had one or more stabilization cen-
ters. Cationic residues were found to have more stabiliza-
tion centers than &t residues. This trend was different with
an earlier report on RNA binding proteins [25]. It is

35 -
30
25 1
20 1
15 1
10 1
5

Cation n-Residues

Percentage of SC

Stabilization centers

Fig. 7. Stabilization centers in immunoglobulin protein.
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Table 2. Frequency of occurrence of cation—mn interaction-forming residues in different secondary structures

Residue | Total number Strand Total number Helix Total number Coil Total number Turn
Arg 31/62 50.0 0/62 0.0 14/62 22.58 15/62 24.19
Lys 18/25 72.0 0/25 0.0 1/25 4.0 6/25 24.0
Phe 14/22 63.63 2/22 9.09 3/22 13.63 3/22 13.63
Tyr 30/53 56.6 4/53 1.88 9/53 16.98 9/53 16.98
Trp 8/12 66.6 0/12 0.0 2/12 16.66 1/12 8.33

interesting to note that all the five residues found in
cation—m interactions are important in locating one or
more stabilization centers. These observations strongly
reveal that these residues can contribute significantly to
the structural stability of these proteins in addition to par-
ticipating in cation—m interactions.

DISCUSSION

The percentage of specific amino acid residues con-
tributing to cation—mn interactions was calculated for
immunoglobulin proteins. Further, the characteristic fea-
tures of residues involved in cation—n interactions have
been evaluated in terms of secondary structure, solvent
accessibility, conservation score, and stabilizing centers
(see Table 2 in supplement available on the journal site
http://protein.bio.msu.ru/biokhimiya). We observed that
the cation—m interaction energy for pairs with Arg is
stronger than with Lys. Most of the cation—m interactions
in immunoglobulin proteins are of residues distant from
each other in the primary sequence, i.e. long-range inter-
actions. Arg—Trp and Arg—Tyr have the strongest
cation—m interaction energy among the six possible
residue pairs. Secondary structure and solvent accessibil-
ity of residues in immunoglobulin proteins reveal that
cation—m interaction-forming Lys residues are mostly in
strand, while Arg is mainly in strand but also sometimes
in coil and turn regions. Most of the cation—= interac-
tion-forming aromatic residues are in strand. While Arg
residues are usually solvent exposed, Lys is often partially
buried and the cation—n interaction-forming aromatic
amino acids Tyr and Phe are partially buried and Trp
residues are buried. In this comprehensive approach our
study articulates significant cation—=n interactions and
gives deeper understanding about proficiency, specificity,
and stability of immunoglobulin proteins. Overall we
report here that all proteins with f structure have long-
range cation—r interactions, Arg—Trp and Arg—Tyr pairs
have the strongest cation—m interaction energies, and Lys
and Arg are primarily in strand. We believe that this report
will help to understand structural stability and will pro-
mote the use of immunoglobulin proteins as peptide
based drugs.
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