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Identification and Analysis of Binding Site
Residues in Protein-Protein Complexes
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Abstract—We have developed an energy based approach for
identifying the binding sites and important residues for binding in
protein-protein complexes. We found that the residues and residue-
pairs with charged and aromatic side chains are important for
binding. These residues influence to form cation-=, electrostatic and
aromatic interactions. Our observation has been verified with the
experimental binding specificity of protein-protein complexes and
found good agreement with experiments. The analysis on
surrounding hydrophobicity reveals that the binding residues are less
hydrophobic than non-binding sites, which suggests that the
hydrophobic core are important for folding and stability whereas the
surface seeking residues play a critical role in binding. Further, the
propensity of residues in the binding sites of receptors and ligands,
number of medium and long-range contacts, and influence of
neighboring residues will be discussed.
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1. INTRODUCTION

ROTEIN-PROTEIN interactions are important for most of

the cellular processes in life. Hence, understanding the
mechanism of protein-protein recognition at molecular level is
of practical interest and has direct applications to functional
genomics. The two major approaches to this problem are
large-scale studies on protein-protein interaction networks and
investigations on the general principles of recognition and
prediction of their binding sites. Unraveling the mechanism of
protein-protein recognition is a fundamental problem and it
would aid in function prediction and drug design.

The availability of numerous numbers of protein-protein
complexes enables researchers to analyze the binding sites in
terms of amino acid composition, preference of residues,
secondary structures, solvent accessibility, electrostatic
patches, hydrophobic contacts, hydrogen bonding networks
and so on [1-7]. The mapping of protein-protein interactions
on protein sequences suggests that the hotspots can be
predicted from amino acid sequences [8]. Furthermore,
protein-protein interactions have been studied in terms of
efficient clustering, stability calculations, conformational
changes and docking simulations [9-11]. The concepts of
protein-protein interactions in terms of experimental
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techniques, databases, organization, cooperativity and
prediction of protein-protein and domain interactions have
been reviewed in detail [12-15].

On the other hand, several methods have been proposed for
identifying the binding sites in protein-protein complexes.
Jones and Thornton [16] used surface patches for predicting
protein-protein interaction sites. The combination of sequence
and structural features as well as the information on nine
consecutive residues, secondary structure of the central
residue and average properties based on solvent accessibility,
protrusion and depth has also been employed for detecting the
binding sites from amino acid sequence [17]. Shulman-Pelag
et al. [18] constructed a method based on multiple alignment
for detecting binding sites in protein-protein complexes. It
recognizes the spatially conserved physico-chemical
interactions, which often involve energetically important hot-
spot residues that are crucial for protein-protein associations.
Ertekin et al. [19] proposed a method based on the fluctuation
behavior of residues to predict the putative protein binding
sites. Further, machine learning techniques have been widely
used to identify the binding sites in protein-protein complexes
[20-23].

In most of these studies, binding sites have been defined
with a criteria based on the contacts between amino acid
residues in two partners of protein-protein complexes. The
atomic contacts between C, atoms, Cg atoms, any atoms in a
residue as well as the distances of 5-7A have been used to
assign the contacts [24-26]. These criteria include the
repulsive interactions in which two residues are close to each
other. In addition, the residue pairs with different distances
have been treated in a same manner. Other methods employed
shape complimentarity, homologs, conservation and amino
acid properties. In this work, we have developed a new
approach based on interaction energy for defining the binding
sites. We observed that the binding sites are dominated with
aromatic and charged residues indicating the importance of
electrostatic, aromatic and cation-r interactions. Further, we
have analyzed the preference of interacting partners, variation
of surrounding hydrophobicity and influence of medium and
long-range contacts in binding and non-binding sites as well
as the preference of residues in binding segments of different
lengths. The salient features of the results will be discussed.
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II. INTERACTION ENERGY IN PROTEIN-PROTEIN COMPLEXES

A. Dataset

We have developed a non-redundant dataset of 153
heterodimer protein-protein complexes from Protein Data
Bank [27] that have the sequence identity of less than 25%
[28]. In each protein-protein complex, proteins with high and
low molecular weights are termed as receptors and ligands,
respectively.

B. Computation of Interaction Energy

The interaction free-energy between atoms in protein-
protein complexes was calculated using AMBER potential
[29], which is widely used to analyze and understand the
recognition mechanism in protein complexes [30]. It is given
by:

Einer = = [(Ay/ri'* — Biy/ri®) + qiqy/er;] (D

where Aij = 8ij*(Rij*)12 and Bij =2 Sij*(Rij*)(); Rij* = (Rl* +
R*) and g;* = (g* &*)1/2; R* and &* are, respectively, the
van der Waals radius and well depth and these parameters are
obtained from Cornell et al. [29]; q; and q; are, respectively,
the charges for the atoms i and j, and r; is the distance
between them.

C. Distribution of Interaction Energy

In a protein-protein complex, we have computed the
interaction energy (Eqn. 1) of each residue in receptor with all
residues in ligand. We have repeated the calculations for all
the complexes and analyzed the interaction energies of all the
residues in intervals of 0.1 from -15 to 5 kcal/mol. The
frequency of occurrence of residues in receptors at different
intervals of interaction free energies (from -2 to 1 kcal/mol)
are displayed in Fig. 1.

Frequency (%)

&

-2 -15 -1 -0.5 0 0.5 1
Interaction energy range (kcal/mol)

Fig. 1 Occurrence of amino acid residues in different ranges of
interaction energies in receptors. The open and closed circles show
the fraction and total percentage of residues. The expanded data for
the percentage fraction of residues in different ranges of interaction

energies is shown in the inset

In this figure, we present the results for both the fraction of
residues and total percentage of residues at each interval. We
observed that 7.7% of the residues have strong interactions
with ligands and the interaction free energy is less than -2
kcal/mol. On the other hand, 6.2% of residues have repulsive
energies and 77% of the residues have the interaction energy
in the range of -0.3 to 0 kcal/mol, which might be due to the
presence of residues that are far away in 3D structures [31].
Among 48,657 residues 5255 of them have the interaction
free-energy less than -1 kcal/mol. Interestingly, we observed
similar number of residues (4957) in ligands that are
interacting with receptors. As the total number of residues in
ligands are almost half of that in receptors the percentage of
interacting residues are twice to that in receptors. Similar
characteristics are observed for the binding site residues
obtained with the contacts between residues in receptors and
ligands in protein-protein complexes.

D. Comparison with Distance Based Methods

We have compared the results obtained with the energy
criteria used in this work and the criteria with different cutoff
distances for defining binding site residues [24-26] in Table I.

TABLE I
NUMBER AND PERCENTAGE OF BINDING SITE RESIDUES USING DIFFERENT

METHODS

Criterion Cutoff Nbind | Yobind

Energy <1 kcal/mol 5255 | 10.8

Energy <0.5 kcal/mol | 6718 | 13.8

C, distance 6A 1972 | 4.0

Cp distance 6A 3449 | 7.1

Any heavy atoms | 5A 6644 | 13.6

We noticed that the number and percentage of binding site
residues obtained with energy based approach is similar to the
one defined with the distance of SA between any heavy atoms
in receptors and ligands. However, the analysis of binding site
residues obtained in these approaches showed significant
differences between them. Only 1459 residues are common to
each other and this result indicates the importance of
considering the energy between different atoms to define the
binding residues. In addition, 4% of the residues have strong
repulsive energies and all these residues have been identified
as binding residues in distance based criteria, which are not
probable binding residues in protein-protein complexes.

III. PREFERENCE OF RESIDUES IN BINDING SITES

A. Computation of Binding Propensity

The binding propensity for the 20 amino acid residues in
both receptors and ligands in protein-protein complexes has
been developed as follows: we have computed the frequency
of occurrence of amino acid residues in binding sites (f;,) and
in the receptor (ligand) as a whole (f;). The binding propensity
(Pying) 1s calculated using the equation:
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Pring(i) = f(i)/£i(1) @

where, i represents each of the 20 amino acid residues.

B. Binding Propensity for the 20 Amino Acid Residues

We have computed the binding propensity in both receptors
and ligands using Eqn.2 and the results for receptors are
presented in Table II.

TABLEII
BINDING PROPENSITY OF AMINO ACID RESIDUES IN RECEPTORS

Residue Nbind Niot Propensity
ALA 264 3673 7.19
ASP 261 2831 9.22
CYS 82 800 10.25
GLU 323 3233 9.99
PHE 292 2057 14.20
GLY 270 3441 7.85
HIS 140 1066 13.13
ILE 304 2735 11.12
LYS 271 2840 9.54
LEU 482 4510 10.69
MET 132 1084 12.18
ASN 240 2161 11.11
PRO 262 2317 11.31
GLN 244 1917 12.73
ARG 366 2414 15.16
SER 272 2968 9.16
THR 287 2653 10.82
VAL 354 3505 10.10
TRP 132 764 17.28
TYR 277 1807 15.33

We observed that the aromatic as well as positively charged
residues contribute significantly to interact between receptors
and ligands. Interestingly, the behavior is similar in both
receptors and ligands [31]. This result indicates the
importance of cation-m, aromatic and electrostatic interactions
for the recognition of protein-protein complexes. The highly
favorable pairs of interacting residues also reveal the presence
of several pairs formed by aromatic and charged residues.

IV. COMPARISON WITH EXPERIMENTS
A. Protein-protein Interaction Database

We have compared the results obtained in this work with
experimental binding energies of protein-protein complexes.
This has been done with the data on changes in binding free
energy change upon amino acid substitutions. We have
developed a protein-protein interaction thermodynamic
database (PINT), which has the data for more than 140
complexes and 1700 interactions [32]. The database is
available at http://www.bioinfodatabase.com/pint/index.html
and the features are shown in Fig. 2.

PINT ===

== | E— = ¢ ==

Fig. 2 Snapshot of PINT database showing the available features

The search on PINT showed the presence of 217
interactions, which have the difference in binding free energy
of >2 kcal/mol. Generally residues that can cause the binding
free energy of >2 kcal/mol are identified as hotspots. Further
analysis on 217 interactions revealed that 68 of them are
unique. We have analyzed all the unique interactions and we
observed that 38 residues are charged, 32 of them are positive
charged and aromatic. On the other hand only seven residues
are hydrophobic. This result demonstrates the importance of
electrostatic, cation-n and aromatic interactions for the
recognition of protein-protein complexes. Our computational
analysis revealed the importance of these interactions,
showing the good agreement with experiments.

B. E6AP-UbcH7 Complex

Eletr and Kuhlman [33] measured the binding free energies
of 49 mutants in E6AP-UbcH7 complex and 15 of them are
identified as hotspots. We have analyzed all the hotspot
residues and observed that 10 residues are positively charged/
aromatic, 9 are positively/negatively charged and 3 are
hydrophobic. Further, the replacement of F63A altered the
binding free energy of 3 kcal/mol. We have analyzed the
energetic contribution of F63 in 1C4Z and found that F63 in
UbcH7 makes a strong aromatic interaction with Y694 in
E6AP and the interaction free energy is -1.2 kcal/mol. Fig. 3a
shows the aromatic interactions between the residues F63 and
Y694 in E6AP-UbcH7 complex.

Fig. 3a Interactions between receptors and ligands in EGAP-UbcH7
complex
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C. Interleukin4 Receptor Binding Protein Complex

Zhang et al. [34] carried out binding experiments on
interleukin4 receptor binding protein complex (1IAR) and
reported binding free energies for 29 mutants. The analysis on
AAG values shows the presence of 11 hotspots. Interestingly,
six of them are cation-m interaction forming residues, 3 are
charged and 2 are hydrophobic residues. We have analyzed
the contribution due to different residues and the interaction
between Y127 in interleukin4 and R85 in binding protein is
shown in Figure 3b. We observed the presence of a cation-n
interaction and the substitution of Y127A changed the binding
free energy to 2.2 kcal/mol.

Fig. 3b Interactions between receptors and ligands in Interleukin4
receptor binding protein complex

D. Ras-Rap Complex

Kiel et al. [35] studied the thermodynamic behavior of
binding in Ras-Rap complex and measured the binding free
energy of 27 mutants in both Ras and Rap protein. We noticed
the presence of six hotspots and four of them involved
charged residues, Lys, Arg and Asp. Five residues have the
capability of cation-m interactions and there is no residue with
hydrophobic behavior. In this experiment Kiel et al. [35]
reported that the replacement of K32A in Rap with wild type
Ras altered the free energy of 2.5 kcal/mol whereas the
substitution of D238A in Ras with wild type Rap contributed
to the free energy of 3.9 kcal/mol. We have analyzed the
interaction between K32 and D238 and the contribution
towards electrostatic interaction is shown in Fig. 3c. This
analysis verifies the importance of electrostatic interactions
obtained in this work with experimental observations.

Fig. 3¢ Interactions between receptors and ligands in Ras-Rap
complex

V. STRUCTURAL ANALYSIS OF BINDING AND NON-BINDING
SITES IN PROTEIN-PROTEIN COMPLEXES

A. Surrounding Hydrophobicity

We have computed the surrounding hydrophobicity of
residues using the following procedure: The amino acid
residues in a protein molecule are represented by their a-
carbon atoms. The surrounding hydrophobicity (H,) of a given
residue is defined as the sum of hydrophobic indices of
various residues, which appear within 8 A radius limit from it
[36,37].

Hy() = X njj hy 3)

where, nj is the total number of surrounding residues of type j
around ith residue of the protein and h; is the experimental
hydrophobic index of residue type j in kcal/mol [38,39]

We have computed the surrounding hydrophobicity of all
the residues in binding and non-binding sites using Eqn.3 and
the results obtained for various ranges of hydrophobicity are
presented in Fig. 4.
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Fig. 4 Frequency of occurrence of binding and non-binding residues
at various ranges of surrounding hydrophobicity

We observed that more binding site residues prefer to have
the surrounding hydrophobicity of <16 kcal/mol than non-
binding residues. On the other hand, more number of non-
binding residues accommodates high hydrophobic regions
compared with binding site residues. This analysis shows that
the presence of polar residues and the location of such
residues in surface influence binding in protein-protein
complexes.

B. Medium and Long-Range Contacts

The residues in a protein molecule are represented by their
a-carbon atoms. Using the C, coordinates, a sphere of radius
8A is fixed around each residue and the residues occurring in
this volume are identified. The composition of surrounding
residues is analyzed in terms of the location at the sequence
level and the contributions from < +3 residues are treated as
short range contacts, +3 or +4 residues as medium range
contacts and > +4 residues are treated as long-range contacts
[40]. Fig. 5 shows the illustration of short, medium and long-
range contacts.
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Fig. 5 Representation of short, medium and long-range contacts in
protein structures. A typical example for the contacting residues of
Thr152 in T4 lysozyme within 8A is shown: s: short-range contacts,
m: medium-range contacts and 1: long-range contacts

The percentage of residues with different numbers of long-
range contacts is shown in Fig. 6.
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Fig. 6 Percentage of binding and non-binding residues with different
long-range contacts

The data shown in Fig. 6 reveals a transition at four long-
range contacts and the more binding residues prefer to have
less than 4 long-range contacts than non-binding residues. An
opposite trend is observed for the binding and non-binding
residues with more than 4 long-range contacts. This result
suggests that the non-binding residues tend to form long-range
contacts with several residues in protein structures where as
the binding site residues have less number of long-range
contacts and these residues interact with the residues in
partner protein.
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