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Abstract  This chapter attempts to provide an account of works that have 
attempted to characterize protein–protein interaction interfaces, with fractal 
dimension. However, such characterization of interfaces is not solely depend-
ent upon interface roughness. Without involving the biophysical factors, we will 
concentrate only on geometric characterization of these interfaces. To be specific, 
we will attempt to talk about a possible algorithm to quantify the changes in two 
parameters describing any protein–protein interaction interface; namely, the curva-
ture of shape of protein–protein interaction interface and the surface roughness of 
it. One can connect these two parameters through a novel methodology, ‘extended 
unit iterated shuffle transformation’. Results show that although the interface patch 
for enzyme-inhibitor interaction is flatter and smoother than the non-interfacial 
surface patches, absolute magnitudes of shape curvatures and surface roughness of 
bound interfaces are greater than what they were in unbound states of concerned 
entities. Trends observed on antigen–antibody interfaces are found to be some-
what contradictory to the trends observed in case of enzyme-inhibitor interfaces. 
Antigen–antibody interfaces, like the enzyme-inhibitor interfaces, are found to be 
flatter and smoother than the non-interfacial surface patches. However, unlike the 
enzyme-inhibitor interfaces, absolute magnitudes of shape curvatures and surface 
roughness of bound antigen–antibody interfaces are observed to be less than what 
they were in unbound states of concerned entities. Algorithm proposed in the pre-
sent work could quantify the effects due to changes in two extremely important 
interfacial parameters, through a unified scheme.

2.1 � Introduction to Protein–Protein Interaction Interfaces

Most proteins interact, at least transiently, with other protein molecules. Given 
that many fundamental biological processes such as antigen–antibody recogni-
tion, hormone-receptor binding, and signal transduction are regulated through 
association and dissociation of proteins, we need to study protein–protein inter-
actions in details. Characterizing the physico-chemical properties of interfaces 
through which protein–protein interactions take place, naturally, has always been a 
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primary aim of molecular biology. Several studies have addressed protein–protein  
interactions and their applications in varied paradigms, ranging from rational 
drug design to structure prediction of multimeric complexes. Among these, some 
(Katchalski-Katzir et al. 1992; Todd et al. 2002; Arkin et al. 2003; Nooren and 
Thornton 2003) have focused on the complementarity of chemical and structural 
features (shape, hydrophobic patterns, distribution of electrical charges, etc.) at the 
binding interface as major contributors to intersubunit interactions. These studies 
were useful, but they were banking on an implicit assumption that protein–pro-
tein interaction interfaces can be suitably characterized by using a single reference 
configuration for the interacting subunits; that is, by treating them as if they were 
rigid molecules. Not all studies, however, had resorted to such ‘rigid molecule’ 
framework. Due to the increasing availability of computational resources and more 
refined theoretical models, many other studies were made possible, which investi-
gated the role of a complementary physical effect, namely the internal dynamics of 
the interacting subunits. A number of studies (Rajamani et al. 2004; Li et al. 2004; 
Smith et al. 2005; Yogurtcu et al. 2008) have shown that even in the absence of the 
partner subunits, the dynamical properties of amino acids at the known interface 
region can differ from those of other amino acids at the protein surface.

2.2 � Why One Needs Detailed Geometric Characterization 
of Protein–Protein Interaction Interfaces?

As mentioned earlier, many essential cellular processes such as signal transduction, 
transport, cellular motion, and most regulatory mechanisms are mediated by pro-
tein–protein interaction (PPI)s. Owing to such overwhelming biological significance, 
PPIs have been the object of much attention; especially as they relate to interactions 
and associations across the entire proteome. PPIs are optimized locally (Keskin et al. 
2005) and they are mediated through protein interfaces. 

A huge body of knowledge about PPI interfaces has been amassed. We know 
that PPI sites are (mostly) hydrophobic, (mostly) planar but at times globular 
and protruding (Chothia and Janin 1975; Argos 1988; Jones and Thornton 1997), 
they are composed of relatively large surfaces with shape and electrostatic com-
plementarity (Jones and Thornton 1996; Janin 1995, 1997)—These facts separate 
them clearly from enzyme catalytic sites. The catalytic site of an enzyme is a cleft, 
often buried, sometimes deeply. Catalytic site cleft is enzyme’s workshop; it is 
here that the catalytic reaction occurs. In comparison to protein–protein interac-
tion interfaces, the catalytic site house a relatively small number of amino acids 
that are involved in binding the substrate (and/or cofactor). Interestingly, an even 
smaller subset of these residues is found to be vital to the enzyme’s catalytic func-
tion (Bartlett et al. 2002)—Such simple patterns in either the residue composi-
tion or in geometry are not observed for protein–protein interaction interfaces. 
Furthermore, it is known that these interfaces can be dynamic, facilitating binding 
to different proteins with diverse compositions and shapes (DeLano et al. 2000; 
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Ma et al. 2002; DeLano 2002; Kuhlmann et al. 2000). Indeed it has been noted that 
simple rules to identify protein recognition sites and prediction of energetic “hot 
spots” (Bogan and Thorn 1998) in protein–protein interfaces fail consistently, pri-
marily because of the extreme diversity in shape, chemical character, and plasticity 
of protein–protein interfaces (Joachimiak et al. 2006). Hence, no single parameter 
is found to differentiate protein–protein interfaces from other surface patches with 
absolute confidence (Bradford and Westhead 2005).

It is observed though that, geometry is an important determinant of interfaces. 
Hence, shape complementarity stands out as one of the principal ingredients for all 
scoring functions for docking methods (Chen and Weng 2003). In varying extent, 
almost all the docking algorithms tend to rely on the assumption that interacting 
proteins have a certain degree of shape complementarity. But the exact algorithm 
to quantify shape complementarity varies among docking algorithms, which can 
either be functions based on surface curvatures or functions based on features of 
surface areas (Chen and Weng 2003). Probing the (elusive) connection between 
these, viz. functions based on interface curvatures and functions of interface sur-
face features, therefore, assumes immense importance in the paradigm of PPI 
studies. An attempt to connect them for a system that is dynamic and context-
dependent, however, demands an algorithm that is robust, yet sensitive.

2.3 � FD-Based Characterizations of Protein–Protein 
Interaction Interfaces

As it was stated in the last chapter, it was known that protein surfaces are fractal 
in nature (Lewis and Rees 1985); furthermore, more than two decades ago it was 
proposed that PPI interfaces can be studied with fractal dimension (FD) as a reli-
able marker to quantify protein surface roughness (Aqvist and Tapia 1987). But, 
although promising, such a scheme (Aqvist and Tapia 1987) can be observed to 
have found little application in future. Possible reason behind the lack of appli-
cation of this method might well be due to the absence of a suitable mathemati-
cal structure that, first, respects the fractal nature of protein surfaces and second, 
constructs a model to describe the change in local curvature of protein exterior 
(PPI interfaces in particular). Applying a recently proposed mathematical struc-
ture, ‘extended unit-iterated shuffle transformation’ (EU-IST) (Fujimoto and 
Chiba 2004), a case for this methodology can be submitted where a marker is con-
structed. Such a marker can connect the pattern of changes of surface roughness in 
enzyme-inhibitor and antigen–antibody interfaces, with the pattern of changes in 
the local curvature of the shapes of these two types of interface.

Neither the ‘Grid’—based shape complementarity methods (Katchalski-Katzir et 
al. 1992), nor the ‘pairwise shape complementarity’ (Chen and Weng 2003) meth-
ods, take into account the fractal nature of protein surface roughness. Interestingly, 
the FD-based approach to describe shape changes (Bowman 1995) is radically 
different than those studying shape deformations in a continuous way (Sederberg 
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and Parry 1986). While the later deforms the whole shape continuously, the former 
deforms the shape in a way that each subpart of the shape in all scales is deformed 
recursively. The EUIST-based approach (Fujimoto and Chiba 2004), owes its 
origin to an iterated function system studies (basically, a finite set of contrac-
tion mappings on a complete metric space) (Hutchinson 1981). With the unit-IST 
approach, a fractal-type repetitive structure is constructed on ‘between-the-points’ 
in the domain (atoms on interface of protein PR1, before interacting with pro-
tein B) and those in the range (same set of atoms, after PPI). Thus, this approach 
ensures that local resemblance in space (viz. the scale directions) is maintained. 
[For further details on this, please refer to (Fujimoto and Chiba 2004)]. The 
EUIST-based approach elaborated in this chapter, therefore, could describe the 
continuous process of change of interface shape during the entire course of PPI, 
measuring the change in surface roughness with FD at every step.

2.4 � A Small Study to Probe Antigen–Antibody  
and Enzyme-Inhibitor Interfaces with Surface FD

To conduct such a ‘pilot–study’, 10 pairs of enzyme-inhibitor complex and 10 
pairs of antigen–antibody complex, as provided in the dataset of a 2003 paper 
(Gray et al. 2003), were taken. To obtain the most biologically relevant idea of the 
process, biological unit information (and not that of the asymmetric unit) for the 
uncomplexed and complexed units [as provided by the protein data bank (PDB) 
(Berman et al. 2000)], were considered. [Multifaceted significance of work-
ing with the biological units of proteins, especially while studying PPI, has been 
described in a recent work (Jefferson et al. 2006)].

Each of these protein complex is composed of a pair of proteins, one of which 
was dubbed as “receptor”, while the other was called “ligand”, in the paper (Gray 
et al. 2003) from which the dataset of the current work was taken. Ideally, to study 
the change in comparative surface-roughness profile between interface and non-
interface regions, before and after the PPI, one should have studied the rough-
ness of receptors and ligands both—to quantify the parameters in unbound state. 
However, the ligand protein molecules presented in the dataset turned out to be 
small sized proteins, in many (if not most) of the cases. Smallness of ligand pro-
teins posed a problem for the calculation of surface-FD for a focused solid-angle 
zone (discussed later); because to calculate the surface-FD one requires having 
statistically significant number of atoms, which were not present in most of the 
cases. Furthermore, since the present work resorted to mean magnitude compari-
sons to assess the patterns in changes of surface roughness, a significant number 
of surface patches with statistically significant number of atoms were required. 
Ligand protein molecules, as presented in the aforementioned dataset, failed to 
match this constraint, consistently.

Hence the current study focused only on the surface patches of the receptor 
protein molecule (interface, non-interface alike), while studying the features for 
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unbound and bound state. But in the bound state, the receptor molecule resides in 
the state of a complex. Hence, for the studies of ‘before the PPI’ states, the recep-
tor protein molecules were considered; while, for the studies of ‘after the PPI’ 
studies, the complex protein molecules were considered. Furthermore, since a 
nomenclature that accommodated the receptor protein’s name and PDB id., along-
side that of the complex protein molecule—would have been cumbersome to make 
sense of, in the current study, these informations were not enlisted. The receptor 
protein molecule is referred to as the complex molecule in unbound state—for all 
the ‘before the PPI’ investigations. Details of the receptor and ligand protein mol-
ecules can be obtained from the reference (Gray et al. 2003).

While the implementation strategy of solid angle-based interface patch charac-
terization is discussed later, it is important at this point to talk about the biophysical 
importance of resorting to such a scheme. Despite the fact that the respective geome-
tries of PPI interfaces and catalytic sites play important roles, the geometries merely 
provide a helpful scaffold for the actual entities to interact, which are the amino 
acids present therein. Now, how to identify the residues that are participating in PPI? 
Though PPI interfaces are quite different than enzyme catalytic sites, in this context, 
it helps to recall how the catalytic site residues are characterized.

To investigate and understand the role and function of the catalytic amino 
acids in enzymes, the first necessary step was to define a ‘catalytic residue’ unam-
biguously. One finds such a clear-cut definition in a recent work (Holliday et al. 
2007), where the definition first proposed by (Bartlett et al. 2002) was made more 
pointed. The (Holliday et al. 2007) scheme to define catalytic residues have two 
distinct parts; viz.: a catalytic residue is any residue involved in the reaction that 
either has direct involvement in the reaction mechanism (that is, the ‘reactant resi-
dues’ whose chemical structure is modified during the course of the reaction, for 
example, the residue is involved in covalent catalysis, electron shuttling, proton 
shuttling, etc.); or, has indirect but essential, involvement in the reaction mecha-
nism [that is, the so-called spectator residues, whose chemical structure does not 
change during the course of the reaction—these are the residues that polarize 
or alter the pKa of a residue, a water molecule or part of the substrate directly 
involved in the reaction, affect the stereospecificity or regiospecificity of the reac-
tion, or stabilize the reactive intermediates (either by stabilizing the transition 
states or the intermediates themselves, or destabilizing the ground states of the 
substrates)]. Thus, in order to characterize the catalytic mechanism, one requires 
to study both the ‘reactant residues’ and ‘spectator residues’. Whether the residues 
participating in PPI can be classified in the same manner or not—needs investi-
gation, but the idea that some of the residues can actually participate in PPI and 
the other adjoining ones can help the PPI without actually participating in it—
seems logical. Hence, one needs a construct that present the information about 
the spatial location of both types of residues participating in PPI; moreover, the 
construct should be such that varying number of (purported) ‘spectator residues’ 
can be studied (to probe their effects on PPI), without altering the scheme sig-
nificantly—The solid angle-based construct is an ideal candidate that satisfies all 
these requirements, hence it was resorted to.

2.4  A Small Study to Probe Antigen–Antibody
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2.4.1 � Algorithms, Theoretical Basis, and Implementation 
Strategies

The algorithm to conduct this study comprises of two sections.

2.4.1.1 � Algorithm 1st Part: Calculation Scheme for the Surface Fractals

If a given PPI is known to be involving protein PR1 and protein PR2, the method-
ology described below is presented with respect to arbitrarily chosen protein PR1. 
Exactly the same methodology was implemented on protein PR2.

Placing the center of mass of the protein at the origin of spherical polar coordi-
nate system, solid angles of 30°, 45°, and 60° were constructed to (suitably) map 
the surface atoms for the entire protein. To calculate the FD of a patch of pro-
tein surface constituted by these atoms, the following scheme was implemented. 
(Details of implementation of this scheme can be found in the last chapter of this 
book.)

where (AV dW )i represents the Van der Waals surface area as measured by probe 
sphere with radius (Rp)i ; and FD is calculated as the mean magnitude of several 
sets of Dis; n being the number of such sets. Probe radius (Rp) range between 1.4 
and 4.4 Å was considered, with an interval of 0.3 Å; thus n was 11. Formula stated 
above is the implementable form of the original (Lewis and Rees 1985) formula:

FD magnitude was evaluated from linear profile of AV dW (ordinate) versus 
Rp (abscissa) graph on a log–log scale. Applying this basic scheme, contact-FD 
(CFD), reentrant-FD (RFD), and total-FD (TFD) were calculated for contact, reen-
trant and total surface description respectively, for each of the protein molecules 
in both unbound and complex form. In the complexed form the interface atoms 
reside in ‘buried’ state, which makes it difficult to obtain information about them 
directly. But by systematically studying the surface roughness of the peripheral 
zone of the interface patch, before and after the interaction, valuable insights about 
the trend of change of surface roughness could be gathered—This is exactly what 
has been pursued throughout the present study.

Solid angles, drawn from center-of-mass of a protein, can map the protein exte-
rior in a unique way that helps in rigorous analyses of subtended surface patches in a 
focused manner. In this work, protein surfaces were mapped through a series of non-
overlapping solid angles. A small solid angle, viz., a solid angle with small magnitude 

Di = 2 −

{

(log AV dW )i/(log AV dW )i−1

(log Rp)i/(log Rp)i−1

}

and FD = 1/n

n
∑

i

Di

FD = 2 −

d(log AV dW )

d(log Rp)
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of both ϕ − θ , can ‘zoom in’ on focused patches of protein surface; whereas a large 
solid angle (that is, solid angle with large values of ϕ − θ grid) are helpful to map 
large vistas of surface with minimal expenditure of time. Since the objective of the 
current work was to extract and quantify minuscule features of protein surfaces and 
interfaces, the smaller grids of solid angles were predominantly used.

However, since smaller solid angles often tend to map extremely focused 
areas on protein surfaces, more often than not, statistically significant num-
ber of atoms (necessary requirement for calculating the fractal dimension of 
the patch) could not be found in those small patches. During such cases, pro-
gressively higher grids of solid angles were employed to meet the requirement. 
Thus, although for every protein, a ϕ − θ grid of 15°–15° was chosen as the ini-
tial probing scheme; often, the grids 15°–30°, 30°–30°, 30°–45°, etc.,—had to 
be employed. In some extreme cases, the large grid, viz. 60°–60°—had to be 
employed also.

The grid interval for solid-angle zones for a particular protein was kept con-
stant. That means, for any protein, if the solid angle grid ϕ − θ was observed to 
ensure statistically significant number of atoms for most of the surface patches, it 
was kept constant while mapping the surface of that protein.

2.4.1.2 � Algorithm 2nd Part: Scheme to Quantify Change  
of Interface Shapes

Next, to identify the points on the exterior of any arbitrarily chosen protein PR1, 
each point p on its shape S (p ∈ S) was assigned a unique address of the form 
(a ∈ AL) (address space with L symbols). This could easily be achieved with one-
to-one and onto mapping scheme M : S → AL ; implying an address mapping 
M(p) = a. The surface roughness depends essentially upon positions of the atoms 
P (P = {pi }

n
i=1 n ≥ 32, to ensure statistical significance) that constitute the local 

patch of protein surface. The very same set of atoms holds the local shape of the 
interface for any one of the proteins (PR1). Hence, if surface roughness is denoted 
by f d, it can be (trivially) noted that fd = f (P). One may note that the address 
space defined here might not have to be merely limited to the crystallographic 
coordinate information; instead, it will change in its composition whenever a new 
property is considered (for example, the state of atomic polarizability values (Nagle 
1990; Noorizadeh and Parhizgara 2005)—before, during and after the interaction 
might constitute three different address spaces; each of whom are dependent on 
atomic positional coordinates, but are not atomic positional coordinates themselves). 
To formalize, an attribute function ϕα was defined, such that ϕα : S → Attr — that 
uniquely assigns the magnitude of relevant attribute (α ǫ Attr) to a point (p ∈ S) (in 
other words, ϕα (p) = a).

If position of every interface atom is defined in a space X, one can describe 
the change in the local shape of the interface of PR1 by defining a shift vector 
�v

(

�v ∈ X
)

. A systematic analysis of �v was found to be useful in monitoring every 
intermediate shape that the PR1 interface may assume during PPI. This could be 

2.4  A Small Study to Probe Antigen–Antibody
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expressed in compact form as ϕX ,�v : S → X or (from an equivalent microscopic 
perspective) as ϕ

�v (P) → �v. However, since it is reasonable to view PPIs as 
time-dependent and context-dependent phenomena, it will be realistic to assert 
ϕX ,�v : S, t → X , or equivalently, ϕX ,�v (P , t) → �v; where t denoted the time dura-
tion of PPI. One notes that ϕ

�v is continuous in S and t. (Although any fractal 
surface is inherently non-differentiable, evolution of the shift vector, capturing 
the change of local shape of PR1 is continuous). Furthermore, evolution of ϕ�v is 
self-similar in nature. Hence, one could sum up the interface shape change pro-
cess as:

or else,

For FD calculation of the surface patch(described before), our algorithm 
depended (implicitly) on the solid angle-based algorithm (Connolly 1986) to calcu-
late local shape of protein. Thus in the present scheme the range of solid angle was 
considered to be (0, 2π); solid angle (<π) denoted (subtended) surface of a locally 
concave shape, solid angle (>π) denoted the (subtended) surface of a locally con-
vex shape and solid angle (=π) denoted a flat surface. However, during PPI, the 
local shape of PR1 was found to change. While minuscule at times, the change 
itself was found to be a consistent trend. This implied that the cardinality of the set 
of atoms representing the surface patch subtended by the solid angles, might not 
be constant. In such a case the FD, describing the roughness of the surface patch, 
was found to have undergone subtle change in magnitude too. The subtle change 
in the magnitude of FD, in fact, could be identified as a consistent trend; because 
even in cases where the aforementioned cardinality was found to be invariant, FD 
magnitude was still found to be changing. So to describe the entire situation from 
an atom-centric perspective, by denoting less or more number of atoms with ‘l’ and 
‘m’ respectively, the present scheme could define an EUIST for 32 ≤ l ≤ m, such 
that:

1.	 µ (l, m, a) = a, when number of atoms counted in the solid angle did not 
change, viz. l = m

2.	 µ (l, m, a) = µ(l, m, µ (l, m − 1, a)), number of atoms counted in the solid 
angle did change.

Mean values of l and m drawn from representative subset of enzyme-inhibitor 
interactions or antigen–antibody interactions were considered as constant value for 
l and m for that subset of interactions.

With the help of basic address mapping M(p) = a, one could connect the top-
down scheme with the bottom-up (‘exact number of atom’-centric) view with a 
one-to-one onto mapping: ψ (l, m, p) = M−1(µ′(l, m, M(p)). Thus the shift vec-
tor to describe shape transition could be expressed (more appropriately) as:

ϕ
�v (l, m, P , t) = ϕ

�v (P) + ϕ
�v

(

ψ−1 (l, m, P) , t
)

= ϕ
�v (P) + ψ−1

�v
(l, m, P , t), 

which is essentially the analogous bottom-up view of ϕX ,�v (P , t) = ϕ
�v (P) + ϕ

�v (P , t) .

ϕX ,�v (P , t) = ϕ
�v (P) + ϕ

�v (P , t) ,

ϕX ,�v ( f d, t) = ϕ
�v ( f d) + ϕ

�v ( f d, t) .



25

Due to sensitive nature of each of these parameters on context dependence, 
derivation of an analytic expression that connects P , t , f d, v, l, m — could not be 
achieved. In absence of analytic evaluation of aforementioned mapping schemes, 
to ascertain the shift vector, the present work resorted to an empirical scheme. 
Here, the mean values of the pertinent parameters were calculated. With a more 
focused dataset (that contained, for example, enzyme-inhibitor interactions for 
class specific enzymes in statistically significant number), better representative 
mean values could have been assigned to corresponding entities and better infor-
mation about shift vector transition function could be obtained.

2.4.2 � Results

Results for comparative investigation between surface roughness of enzyme-
inhibitor interfaces and that of the non-interfacial parts are obtained for each 
solid angle zone of the proteins. Similarly results for comparative investiga-
tion between surface roughness of antigen–antibody interfaces and that of the 
non-interfacial parts are obtained for each solid angle zone of the proteins. Data 
were obtained for Connolly-defined CFD and TFD. (RFD could not be cal-
culated for many solid angles, because of the paucity of number of atoms in 
them. These are therefore not included in the final analyses.) While the huge 
bulk of (solid angle specific) raw data obtained thereby is difficult to make sense 
of, the mean magnitudes of surface roughness before and after the interaction 
(presented in a consummate way in Table 1.1) helps to decipher certain broad 
trends.

2.4.2.1 � Comments on the General Trends

Obtained results confirmed the long held view that surface roughness magnitudes 
of interfaces for PPI are low. There was not a single case from the entire spec-
trum of enzyme-inhibitor and antigen–antibody interactions when the interface 
TFD was found to be greater than 2.25. This magnitude is less than what some 
old studies (Pfeifer et al. 1985; Dewey 1994) had suggested. Such low magnitude 

Table  1.1   Summary of trends in change of interface roughness, during enzyme-inhibitor and 
antigen–antibody interactions

Comparative 
profile of surface 
roughness by FD

Interface regions 
of enzymes and 
inhibitors

Non-interface 
regions of enzymes 
and inhibitors

Interface regions 
of antigens and 
antibodies

Non-interface 
regions of antigens 
and antibodies

Before the 
interaction

2.119 ± 0.029 2.111 ± 0.033 2.114 ± 0.043 2.131 ± 0.041

After the 
interaction

2.150 ± 0.029 2.179 ± 0.030 2.108 ± 0.044 2.142 ± 0.041

2.4  A Small Study to Probe Antigen–Antibody
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of interface-FD could be explained [in the line of a previous study (Pfeifer et al. 
1985)] as continuous compromise between two contrasting tendencies for opti-
mization over the course of evolution. Higher FD magnitude of interfaces would 
have helped in maximizing the capture of substrate molecules from the bulk phase, 
whereas increase of speed of migration of substrate molecules along the protein sur-
faces would have been more probable if FD of interfaces assumed low magnitudes. 
Aqvist and Tapia (1987), while commenting upon the causality behind protein sur-
face smoothness, had also emphasized on the contradiction between capture rate and 
diffusion. The fact that regularity of FD magnitude for protein surfaces as obtained 
from the present investigation is not a protein-specific feature but of statistical 
nature, pointed to the fact that aforementioned explanation may well be true.

The CFD magnitudes, ranging between 2.30 and 2.92, on the other hand, 
depicted a completely different picture. But this trend should not be considered 
as a contradiction to the trend observed for the TFDs. CFD magnitudes are cal-
culated only from the contact surface roughness; therefore, they suffer from dras-
tic changes with slightest change of probe radius (Islam and Weaver 1991). More 
importantly, the CFD magnitudes are merely artifacts of computational methodol-
ogy. Roughness of protein surfaces owes its origin to both CFD and RFD. The 
RFD magnitude could not always be calculated because of the unavailability of 
statistically significant number of atoms in the reentrant surface of interfaces. 
While the CFD and TFD trends do not contradict each other, no relationship could 
be established among them, to predict one from another. Though a broad trend, 
viz., increment (or decrement) in CFD, almost always accounted for the increment 
(or decrement) of TFD—could be observed, some exceptions to this trend could 
be observed also. In other words, no proportionality could be found between CFD 
and TFD, at least within the scope of the current study. To minimize the scope of 
confusion, by ‘FD’ from here onwards, only the TFD will be implied.

Since FD values ranged only within 2.04–2.23, attention was frequently drawn 
to the magnitude of the second decimal point to identify patterns in the changing 
profile of FD magnitudes, both in enzyme-inhibitor and antigen–antibody studies. 
The words “more” or “less”, “increase” and “decrease” etc., in the present report 
should be understood in this context. To what extent such small changes in FD val-
ues can be decisive in molecular recognition, is a debatable question. An objective 
quantification of the same, nevertheless, was necessary.

2.4.2.2 � Surface Roughness Comparison Between Interfacial  
and Non-interfacial Patch Before and After PPI

This set of results was derived to identify any possible distinguishing trend in 
the magnitude of surface roughness that the interfacial surface patch might pos-
sess over the non-interfacial ones. As a predominant trend, FD of the interface 
patch for enzyme-inhibitor interactions could be observed to be more than that in 
non-interfacial patches in uncomplexed state. Although the difference was small, 
it was hardly ignorable. That is, before PPI, FDenz−inh

interface = 2. 119 ± 0029 
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and FDenz−inh
non-interface = 2. 111 ± 0. 033—was observed. Studies on uncom-

plexed units of antigens, and antibodies, however, revealed the trend just 
opposite to what was observed in enzymes and inhibitors. For antigens and 
antibodies, the leading trend (eight out of ten cases) revealed that interfacial 
patches of these proteins, even in their uncomplexed forms, have smooth sur-
faces in comparison to non-interfacial surface patches of the same proteins. This 
is why, before the PPI, the magnitudes FDantg−antbd

interface = 2. 114 ± 0. 043 and 
FDantg−antbd

non-interface = 2. 131 ± 0. 041—could be recorded. The margin of 
smoothness possessed by the interfacial patches of antigens and antibodies, could 
be noted to be less than the margin of roughness that characterized the interfacial 
surface patches for enzymes and inhibitors.

Principal trend for the enzyme-inhibitor interactions after PPI suggested an 
increase of surface roughness of the interface (and adjoining) surface patch from 
its magnitude in the uncomplexed state. This could be observed in the compari-
son of mean magnitudes of FD for interfacial surface patch before and after PPI. 
While the results for surface roughness of enzyme-inhibitor interfaces before 
PPI has been presented above; the same for after PPI, states were recorded as: 
FDenz−inh

interface = 2. 150 ± 0. 029 and FDenz−inh
non-interface = 2. 179 ± 0. 030. 

However, for the antigen–antibody interactions, the trend was less clear-cut. 
Here, in four out of ten cases, FD magnitude of the interfacial surface patch 
could be observed to have become less in the interface (and adjoining sur-
face patch) in the complexed form, than what it was in the uncomplexed state. 
For another four cases though, the interfacial FD magnitude was found to 
be slightly higher in the interface than what it was in the uncomplexed state. 
For two other cases, the interface-FD magnitudes (almost) equalled the non-
interface-FD. Because of these contradictory trends, the global result of com-
parative roughness profile between antigen–antibody interfaces (along with 
their adjoining surface patches) and non-interface regions, after the PPI, viz. 
FDantg−antbd

interface = 2. 108±0. 044 and FDantg−antbd
non-interface = 2. 142±0. 041

—could not show a distinct pattern. Although the mean magnitude of FD values 
tends to suggest an unambiguous reduction of surface roughness of antigen and anti-
body interfaces, one has to admit that the trend of reduction of interface-FD is not as 
general as the trend of increase of interface-FD in enzyme-inhibitor interactions.

2.4.2.3 � Patterns in Change of Surface Roughness (FD)  
in Interfacial Patches

Findings presented in the last section for before and after PPI, provide a compos-
ite picture of the process. In case of the enzyme-inhibitor interactions, the portion 
of the surface patch in the uncomplexed form that serves as interface during PPI, 
for both enzymes and inhibitors, could be observed to have (slightly) higher sur-
face roughness than the other (non-interfacial) portions of the same molecules. 
Surface roughness of interfaces increased by a little margin in the course of PPI 
for enzyme-inhibitor interactions; however, during PPI, the roughness of the 
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non-interfacial parts of both enzymes and inhibitors, increased by slightly bigger 
margin. Hence, the interfacial parts of the enzyme-inhibitor complexes appear to be 
flat, when observed with respect to the non-interfacial patches of the same proteins.

For the antigen–antibody interactions, such clear (and dramatic) trends could not 
be observed. The portion of the surface patch in the uncomplexed form that serves as 
interface during PPI, for both antigens and antibodies, were found to have (slightly) 
less surface roughness than the non-interfacial portions of the same molecules. 
Aforementioned roughness was observed to decrease further in the course of PPI; 
whereby in four out of ten cases, the interfacial roughness assumed less magnitude 
than that of the (non)-interfacial roughness. In another four cases interfacial rough-
ness was found to assume higher magnitude than that of the (non)-interfacial rough-
ness; and finally, in two cases they were found to show exactly the same magnitude, 
presenting ultimately an inconclusive result bereft of any tangible trend.

Since it is believed that enzymes and their inhibitors co-evolve to form inter-
faces with high degree of surface complementarity, reason behind the consist-
ent trend of FD increase in interface regions of both of them, could easily be 
understood. Higher magnitude of surface roughness could ensure an increase in 
the probability of better surface complementarity for the enzyme-inhibitor inter-
actions. However, since it is known that enzyme-inhibitor and antigen–antibody 
complexes represent two different classes of binding (Lawrence and Colman 
1993), the same logic could not be applied on the later. The immune system pro-
duces different types of antibodies in response to an antigen, some of which bind 
their respective epitopes quite well while others bind poorly. Thus a particular 
antigen–antibody complex does not necessarily possess the best possible binding 
interface. Such an interpretation could help in understanding the (rather) inconclu-
sive nature of the obtained results, when it came to antigen–antibody interactions.

Obtained results vindicated the age-old assertions that PPI interfaces are notori-
ously difficult to be identified keeping surface roughness as a probe. Work presented 
in this chapter presented the entire anatomy of the process by quantifying surface 
roughness of the interfacial and non-interfacial surface patches for all the involved 
monomers before and after the PPI. Trends observed from obtained results tend to 
suggest that, for all practical purposes, the magnitude of surface roughness alone, 
account for little help in identifying the interfacial regions. However, this difficulty 
could be overcome, to somewhat extent, by incorporating the shape-vector based 
information about trends in the change of local shape on the interfaces.

2.4.2.4 � Patterns in the Magnitude of Shift Vector

From an empirical perspective, magnitude assumed by the function describing the 
shift vector [microscopic description: ψ−1

�v
(l, m, P , t)

(

= ϕ
�v (l, m, P , t) − ϕ

�v (P)
)

, 
macroscopic description: ϕ

�v (P , t) (= ϕX ,�v (P , t) − ϕ
�v (P))] was calculated 

from the mean magnitudes of ϕ
�v (l, m, P , t) , ϕ

�v (P) , ϕX ,�v (P , t) and ϕ
�v (P)

—as observed in enzyme-inhibitor and antigen–antibody cases. Positive magni-
tudes of shift vectors in most cases for enzyme-inhibitor interactions suggested 
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an increment of convexity and complementary concavity in the local shape of  
interfacial area, associated with complex formation. The ΔFDenz–inh  =  0.031—
indicates that for uncomplexed enzymes and uncomplexed inhibitors, the  
curvature of the local shape that holds their interfacial surface patches, increases 
during interaction, albeit by a little margin. Whereas, demonstrating just the oppo-
site trend, consistent decrease (four out of five cases) of shift vector magnitudes 
in case of antigen–antibody interactions symbolized a decrease of convexity and 
concavity that characterized the interfacial shape of the uncomplexed antigens 
and antibodies. As a result of such decrease (the ΔFDantgn–antbd = −0.006), albeit 
small in margin, the antigen–antibody complexes could be observed to possess flat 
shaped interfacial surface patches in them. The fact that shape correlations might 
not be an important parameter while studying antigen–antibody interactions, was 
pointed out long ago (Lawrence and Colman 1993; Novotný et al. 1986). Current 
study provided a comprehensive theoretical characterization behind such claim.

The utility of resorting to shift vector calculation became apparent with these 
observations; that is, even without knowing the exact (non-linear, time-dependent, 
context-dependent) mappings between P , t , f d, �v, l, m;

 one could easily form an 
idea about the nature of change in the curvature of interface from the aforemen-
tioned formulae. Although the current work considered only the final magnitudes of 
these parameters, one may easily implement this algorithm in molecular dynamics 
centric studies to obtain series of magnitudes of these parameters, which might help 
in obtaining an elaborate observation of the evolution of shape change during the 
course of an interaction. Furthermore, one notes that changes in FD magnitudes are 
extremely small in the current work, involving mostly the second or third decimal 
places. The fact that shift vectors could still reveal a change in local shape building 
upon these minuscule differences—suggested affirmatively that they are sensitive.

An increase or decrease of curvature (either in convexity or concavity) does 
not necessarily imply a change in the roughness of the surface that is holding it. 
However, interesting geometrical aspects of such surface patch could be detected 
with attempts that concentrated on particular local regions of protein exterior by 
mapping it with solid angles drawn from any suitably chosen reference (say, centre 
of mass of the protein with any suitable grid of inclination and azimuth). During 
the course of PPI, change in the number of atoms in the surface patch described 
by solid angles, becomes a non-trivial possibility. In such a case, when local cur-
vature is changing alongside the number of atoms in surface patch subtended by 
the solid angle, a measure of surface roughness or a measure of local curvature 
alone, would have merely accounted for incomplete information. The current 
methodology presented an approach to connect these two. One notes the existence 
of another algorithm that attempts to connect local shape with the roughness of the 
surface that holds this shape (Banerji 2011),—however, this method fails to throw 
much light on the nature of change in local shape (viz. the increase or decrease of 
curvature of local shape etc.), which can readily be obtained from an implementa-
tion of the present one.

This work can at best be viewed as a ‘pilot-project’ to investigate the paradigm 
of protein–protein interaction interfaces from a new and rigorous theoretical and 
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computational standpoint. While some of its findings merely vindicated the old 
assertions, the new computational structure proposed in this work could unite the 
information about surface and shape deformation study successfully. The inclusive 
approach of the employed methodology could ensure that protein–protein inter-
action interfaces are not only investigated from studying the monomeric surface 
roughness, but also from the (tiny but hardly ignorable) evidences, collected from 
peripheral surface patches of the (buried) interface. Since the shape changes dur-
ing PPI were considered and connected with the surface roughness change profile, 
the current methodology could present a reliable template for dissection of geo-
metric features of PPI interfaces.
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