
This article was downloaded by: [UQ Library]
On: 21 June 2013, At: 01:59
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Journal of Biomolecular Structure and Dynamics
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/tbsd20

Structural Features of the Interfaces in Enzyme-
Inhibitor Complexes
Alexei N. Nekrasov a & Alexei A. Zinchenko a
a Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry Russian Academy of Sciences, ul.
Miklukho-Maklaya, 16/10, Moscow, 117997, Russia
Published online: 15 May 2012.

To cite this article: Alexei N. Nekrasov & Alexei A. Zinchenko (2010): Structural Features of the Interfaces in Enzyme-
Inhibitor Complexes, Journal of Biomolecular Structure and Dynamics, 28:1, 85-96

To link to this article:  http://dx.doi.org/10.1080/07391102.2010.10507345

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/tbsd20
http://dx.doi.org/10.1080/07391102.2010.10507345
http://www.tandfonline.com/page/terms-and-conditions


85

Journal of Biomolecular Structure & 
Dynamics, ISSN 0739-1102  
Volume 28, Issue Number 1, (2010) 
©Adenine Press (2010)

Alexei N. Nekrasov1,2 
Alexei A. Zinchenko1,3

1Shemyakin-Ovchinnikov  

Institute of Bioorganic Chemistry  

Russian Academy of Sciences 

ul. Miklukho-Maklaya, 16/10, 

Moscow, 117997 Russia. 

Structural Features of the Interfaces in  
Enzyme-Inhibitor Complexes

http://www.jbsdonline.com

Abstract

Specific protein-protein interaction is essential for the function of life systems. A variety 
of computational methods are being extensively used now-a-days to investigate this inter-
action and to identify structural features of binding sites. In this paper, the informational 
structure analysis method was applied to the study of protein-protein interaction interfaces 
in enzyme-inhibitor complexes. The analysis of amino acid sequence by informational 
structure analysis method reveals three types of sites (ADD+, NORMAL and ADD-) 
which differ in the density of first rank elements in the informational structure. ADD+, 
NORMAL and ADD- sites also differ in their ability towards adaptive conformational 
reorganization which contributes to the formation of protein-protein interaction interfaces 
in enzyme-inhibitor complexes. The study of hydrolytic enzymes in complex with their 
protein inhibitors shows that at least one of the interaction interface sites is of ADD- type. 
ADD- sites possess an increased ability towards adaptive conformational changes thus 
enabling effective protein interaction. 

Key words: Informational structure of proteins; enzyme-inhibitor complex; protein-protein 
interaction.

Introduction

The study of protein complexes is one of the major trends in modern molecu-
lar biology, and now-a-days it is developing rapidly. There are multiple types 
of molecular systems in cell: enzyme/inhibitor, signal protein/receptor, antigen/
antibody complexes, etc. Such interactions of proteins form the core of all bio-
logical regulation. Computational methods that are becoming of wide use to 
study such interactions are molecular modeling, docking and  molecular dynam-
ics simulations (1-15). In this paper we provide an alternate method, the informa-
tional structure analysis method to the study the interfaces in enzyme-inhibitor 
complexes. 

The identification of the contacting groups involved in the formation of interac-
tion interfaces is a fundamental aspect of protein complex study (16-18, http://
ppidb.cs.iastate.edu/). The formation of protein associate is the result of effective 
cooperative interaction of all functional groups at the interface. The ability of poly-
peptide chains to undergo spatial reorganization enables the effective interaction 

Abbreviations: BpTI: Bovine pancreatic trypsin inhibitor; Subt/CI-2A: Subtilisin-chymotrypsin  
inhibitor – 2; pMe 1: pectin methylesterase 1; pMeI: pectin methylesterase inhibitor; RNase A:  
Ribonuclease A; RI: Ribonuclease inhibitor; ppe: porcine pancreatic elastase; α1-pI: α1-proteinase  
inhibitor; MMp-3: Matrix metalloproteinase-3; TIMp-1: Tissue inhibitor of metalloproteinases 1.

e-mail: 2alexei_nekrasov@mail.ru
 3alezina@mail.ru
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of functional groups and, in our opinion, plays the key role in the formation of 
protein-protein complexes. 

In the present work we have applied the ANIS method (19) to introduce the com-
putable parameter allowing to evaluate the ability of polypeptide chain to undergo 
adaptive conformational reorganization.

Methods

The previously described method of protein primary structure analysis (ANIS 
method) allows to consider amino acid sequence as the system of hierarchically 
organized sites - ELements of Informational Structure (eLIS). It is shown that high 
rank eLIS correspond to domains in case of proteins with distinct domain architec-
ture (19), the subsequent study has indicated (20) that high rank eLIS are involved 
in the enzyme catalytic activity manifestation. 

The ANIS method is based on a representation of protein sequence as a set of 
informational units (IU). Such approach was proposed according to the study of 
positional information entropy (21). In that paper we described two fundamental 
features of information encoding in protein sequences:

- The correlation between amino acid residues which can be observed on great 
distances in protein sequences

- High and constant level of correlation between residues on distances less then 
6 positions. 

The latter allows introducing the new approach to protein sequence representation 
which considers the primary structure as a set of short overlapping peptide frag-
ments (IU). Such a method can be used to discover the hierarchical organization of 
protein sequences.

Informational Structure Analysis

Graphic representation of IS (IDIC-diagrams) can be composed using following 
algorithm:

- the amino acid sequence of a given protein is encoded as a set of informational 
units (IU);

- the population profile of the target protein structure by IU is determined;
- IDIC-sites are localized within the protein sequence; 
- the graphic representation of IS is constructed.

Encoding Protein Sequences as IU Sets

Let ℜ be the set of all known amino acid residues forming primary structure of 
native protein sequences, i.e., ℜ = {A,C,D,E,F,G,H,I,K,L,M,N,P,Q,R,S,T,V,W,Y}. 
In traditional form the protein sequence is written as B:{1,...,N} → ℜ, where N  
is the number of residues in the sequence. 

In our previous work (21) it was shown that in native proteins neighboring residues 
have high level of correlation on RHLCD distance. We encoded a protein sequence 
by a set of Informational Units (IU) Ui = (Bi–d,...,Bi+d) each representing a group 
of e neighboring residues, where e = 2d  + 1, d = 1,...N. All the protein sequences 
included in the pIR database rel. 8.0 (22) were encoded in this manner and  
have formed the set ℑ = {Ue}. All elements in the set ℑ are characterized by the 
occurrence frequencies PUk of informational units of type k (Uk). The occurrence 
frequencies of IUs were used for the analysis of informational structure of studied 
protein sequences.

D
ow

nl
oa

de
d 

by
 [

U
Q

 L
ib

ra
ry

] 
at

 0
1:

59
 2

1 
Ju

ne
 2

01
3 



87

Interfaces in Enzyme-
Inhibitor Complexes

The Composition of Population Profile of the Protein Sequence by IU

The next step in the study of protein information structure is the composition of the 
profile F = {F( j)} of the protein sequence populated by IU: 
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P if

if

U

U

U
i j

j

j

i

( ) /=
∈ℑ

∉ℑ












= ±
∑

e 2

0
 [1]

where j = 1 + d,...N – d, e = 2d  + 1 and ℑ is the set of all possible IU from all native 
protein sequences. Information Units belong to ℑ if 80% of IU forming residues 
are equal to the elements of ℑ.

Localization of IDIC-Sites 

IU encoding allows to compute a value of IU correlation in protein sites  
having different size. Sites with local high coordination level were called  
IDIC-sites (19). To identify the location of IDIC-sites we introduced a function  
f ( j′) for each j = 1,2...N
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which is determined for all values j = 1,2...N and which complies with the  
condition 

 F( j) – f ( j′) ≤ 0 [3]

The latter condition is the limitation of f ( j') function D parameter value. For each 
j = 1,...N the D = D ( j) parameter is chosen to be the maximal of D satisfying 
the condition (3). During the computation the r values were matching interval  
d < r < N – d, where N is the length of target sequence. At the same time, 
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can be computed for each f ( j') function.

Graphic Representation of a Protein IS (the IDIC-Diagram)

The IS of a protein can be graphically represented as a surface Gw which is the func-
tion w = w( j, r) determined for all possible r and j values. A simpler and more 
convenient representation of IS (IDIC-diagram) can be constructed by considering 
only sites with a locally increased degree of coordination between residues [4], 
thus operating with a restricted set of Gw surface values, which are local maximums 
complying with the condition: 

 w r w r w r( , ) ( , ) ( , )j j j− +1 1   [5]

As the result of such substitution the structurally complicated Gw surface is 
reduced to a limited set of points K j j j j  {w r w r w r w r( , ) : ( , ) ( , ) ( , )}− +1 1
1  j N − d, d d r N − .  By connecting the closest points which corre-
spond to positions of IDIC-sites of different length r, hierarchical graphs - eLIS 
are produced. The eLIS at the given node point is characterized by the rank which 
is equal to the number of node points along the most distant path from lowest-level 
element to target node point. The eLIS located at the lowest level of hierarchy and 
corresponding to the shortest IDIC-sites are assigned a rank equal to 1. 
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Results

Upon encoding the protein primary structure as a set of IU we discovered the 
hierarchy of sites with increased degree of information coordination (IDIC-sites) 
between amino acid residues. We designated the ensemble of hierarchically orga-
nized IDIC-sites as informational structure (IS) and the individual parts of IS 
as eLIS. eLIS is characterized by its location in the primary structure and its 
rank – the position inside IS hierarchy. each IDIC-site of various length cor-
responds to its own eLIS. The shortest IDIC-sites correspond to first rank eLIS. 
The length of IDIC-sites conforming to high rank eLIS, ranges from several tens 
up to hundreds of residues, depending on the total size of protein sequence. In 
the previous study (20) we discussed the functional role of high rank eLIS in the 
enzyme structure. In the present work we consider the structure and functional 
role of first rank eLIS.

We used a small protein pheromone eR-1 (23) as an illustration of the role of first 
rank eLIS in the formation of protein secondary structure. The pheromone IS is 
presented on Figure 1A, the protein spatial configuration with marked central resi-
dues of IDIC-sites, forming first rank eLIS, is on Figure 1B. The spatial structure 
of eR-1 consists of three packed helixes of different length. Figure 1B shows that 
the longer is helix the higher is quantity of first rank eLIS it incorporates. 

This example together with molecular modeling of IDIC-sites sequences allows 
to conclude that IDIC-sites forming first rank eLIS possess determined helical-
like conformation. This allows postulating that the system of first rank eLIS forms 
the protein secondary structure elements by enabling the conformational states of 
polypeptide chain in the reverse turns of β-sheets and also in helices. The presence 
of sequence fragments with determined helical-like conformation in the protein 
primary structures correlates with the previously described periods in oscillating 
term of positional information entropy (21).

One should expect first rank eLIS to be uniformly distributed along the protein 
sequence. However, our study of first rank eLIS distribution function in the pIR 
database sequences (24) has shown that it is a function with several maximums 
(Figure 2). Such function can be approximated by the superposition of three Gauss-
ian functions. These functions reflect the distances between first rank eLIS in 
sequences. It is important to note that distance equal by 5 positions in polypeptide 

Figure 1: The information (A) and spatial (B) structures of eR-1 pheromone (2eRB.pDB). On the 
informational structure plot the central residues of IDIC-sites corresponding to first rank eLIS are shown 
with red round marks, the residues designations are given. The same residues are marked with red color 
on the spatial structure chart. 
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chain (HLCD value) match the range on which the highest level of amino acid 
coordination is observed (21).

We have termed “NORMAL” the sites which were characterized by such distances 
between central residues, meaning that they possess a normal density of first rank 
eLIS (5-7 sequence positions). The positions of centers of two other Gaussian 
functions deviate from “NORMAL” value. There are sites in the protein sequences 
with the distance between central residues less than 5 positions, and we term them 
“ADD+ sites”, i.e., the sites with anomalously high density of first rank eLIS. In 
the opposite, there are sites with the distance between central residues exceeding 7 
positions, and we designate them as “ADD- sites”, i.e., sites with anomalously low 
density of first rank eLIS (Figure 2). Such classification based on 
the first rank eLIS density allows to represent a protein structure 
as an ensemble of NORMAL, ADD+ and ADD- sites. Figure 3 
shows the mutual arrangement of first rank eLIS at the ADD+, 
NORMAL and ADD- sites. Above we discussed the role of first 
rank eLIS in the development of secondary structure elements by 
providing the determined helical conformation of short regions of 
polypeptide chains. Such short fragments correspond to IDIC-sites 
of first rank eLIS. The first rank eLIS fragments overlap at the 
ADD+ sites (Figure 3), thus enabling the determined conformation 
of polypeptide chain in ADD+ site. In the opposite, ADD- sites are 
conformationally labile. This allows ADD- sites to exist as a series 
of different conformational states with similar values of potential 
energy. Such regions possess topological variability and signifi-
cant ability towards adaptive conformational reorganizations. The 
conformational and adaptive properties of NORMAL type sites lay 
between characteristics of ADD- and ADD+ sites. 

According to the proposed classification of protein sites by the first 
rank eLIS density (ADD-, ADD+, NORMAL) there are six types 

Figure 2: The first rank eLIS distance distribution graph built for the pIR database representatives (the 
distribution density of first rank eLIS). The distances (R) between central residues of IDIC-sites corre-
sponding to first rank eLIS are on X-axis, while the occurrence rates of such distances (N) in the database 
are on Y-axis. The first rank eLIS distribution density curve is represented by the thick line on a chart. 
The Gauss functions approximating first rank eLIS distribution density are shown as dotted lines. The 
central Gauss function (white color) corresponds to first rank eLIS densities which are typical for NOR-
MAL sites. The left Gauss function (orange color) corresponds to first rank eLIS densities which are 
characteristic for ADD+ sites. The right Gauss function (green color) corresponds to first rank eLIS 
densities typical for ADD- sites. The intervals conforming to different type of sites are designated with 
braces.

Figure 3: The localization of IDIC-sites corresponding to first rank eLIS 
in the ADD+, NORMAL and ADD- sites. The IDIC-sites are marked by 
different colors. “R” is the distance between central residues of IDIC-sites, 
which is designated by horizontal arrows. 
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of possible contacts between residues in protein-protein interaction interfaces, 
depending on the type of site each residue is affiliated with:

Type I (‘+-’). ADD- -  ADD+ or (ADD+ - ADD-)
Type II (‘N-’).  ADD- - NORMAL or (NORMAL – ADD-)  
Type III (‘--’).  ADD- - ADD-
Type IV (‘NN’).  NORMAL – NORMAL 
Type V (‘N+’).  NORMAL – ADD+ or (ADD+ - NORMAL)  
Type VI (‘++’).  ADD+ - ADD+

The object of present research is the study of properties of polypeptide chain regions 
composing protein-protein interfaces and the role of adaptive conformational reor-
ganization in the formation of contact surfaces. We used the previously proposed 
protein informational structure approach (19) and the classification of protein sites 
based on distribution density of first rank eLIS, which is described above. We stud-
ied the complexes of hydrolytic enzymes with their inhibitors of different source 
and molecular weight (Figure 3):

- Trypsin with bovine pancreatic trypsin inhibitor (Trps/BpTI), 3TGI.pDB; 
- Subtilisin with Subtilisin-Chymotrypsin inhibitor - 2 (Subt/CI-2A), 1A10.pDB;
- pectin methylesterase 1with pectin methylesterase inhibitor (pMe 1/pMeI), 

1XG2.pDB;
- Ribonuclease A with Ribonuclease inhibitor (RNase A/RI), 1DFJ.pDB;
- porcine pancreatic elastase with α1-proteinase inhibitor (ppe/α1-pI), 2D26.pDB;
- matrix metalloproteinase-3 with tissue inhibitor of metalloproteinases 1 

(MMp-3/TIMp-1), 1OO9.pDB.

The initial information on protein sequences and spatial structures of complexes 
were obtained from pDB database (http://www.rcsb.org/pdb/home/home.do). The 
spatial structures of studied enzyme-inhibitor complexes are shown on Figure 4. 
The IS of protein complexes was computed, the locations of ADD-, ADD+ and 

Figure 4: The spatial structures of enzyme-inhibitor complexes. (A) trypsin with bovine pancreatic 
trypsin inhibitor (Trps/BpTI), 3TGI.pDB; (B) Subtilisin Carlsberg with Subtilisin-chymotrypsin inhibi-
tor - 2 (Subt/CI-2A), 1A10.pDB; (C) pectin methylesterase 1 with pectin methylesterase inhibitor (pMe 
1/pMeI), 1XG2.pDB; (D) ribonuclease A with ribonuclease inhibitor (RNase A/RI), 1DFJ.pDB; (E) 
porcine pancreatic elastase with α1-proteinase inhibitor (ppe/α1-pI), 2D26.pDB; (F) matrix metallopro-
teinase-3 with tissue inhibitor of metalloproteinases 1 (MMp-3/TIMp-1), 1OO9.pDB. The spatial struc-
tures of enzymes are in blue color. The spatial structures of inhibitors are in red color.
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NORMAL sites were determined (Figure 5). To determine the localization of resi-
dues situated on boundaries of sites with different first rank eLIS density, we have 
introduced the following rule: the central residue of IDIC-site situated in a border 
area between ADD-, NORMAL or ADD+ sites is attributed to the one with maxi-
mal density of first rank eLIS. According to such rule the central residues of border 
IDIC-sites are assigned to adjacent NORMAL or ADD+ sites. 

We chose the interatomic distance of 3.7 angstrom or less as a criterion of contact 
between a pair of residues in the protein-protein interaction interface. The analy-
sis of each contact considered the type of the site (ADD-, NORMAL, ADD+) to 
which the each residue belonged. Thus, we composed a table of interresidual con-
tacts which were obtained from X-ray data for the hydrolase-inhibitor complexes 
(Supplementary Material). 

Figure 5A depicts the sequences of trypsin and bovine pancreatic trypsin inhibi-
tor (BpTI) with marked locations of ADD-, ADD+ and NORMAL sites. The 

Figure 5: The amino acid sequences of enzymes and their inhibitors forming protein-protein complex. The central residues of IDIC-sites conforming to first rank 
eLIS are in bold. ADD+ and ADD- sites are noted with orange and green background, accordingly. NORMAL sites are not marked with color background. (A) 
trypsin and bovine pancreatic trypsin inhibitor (Trps/BpTI); (B) subtilisin Carlsberg and subtilisin-chymotrypsin inhibitor - 2 (Subt/CI-2A); (C) pectin methyl-
esterase 1 and pectin methylesterase inhibitor (pMe 1/pMeI); (D) ribonuclease A and ribonuclease inhibitor (RNase A/RI); (E) porcine pancreatic elastase and 
α1-proteinase inhibitor (ppe/α1-pI); (F) matrix metalloproteinase-3 and tissue inhibitor of metalloproteinases 1 (MMp-3/TIMp-1). 
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X-ray data (25) have shown that the Trps/BpTI interaction interface is formed by 
27 pairs of residues: 18 residues in structure of trypsin and 9 residues in struc-
ture of BpTI. 24 contacts are of type I (88.9%), there are also unitary contacts 
of types III, V and VI (3.7% each). The contact between amino acid residues 
usually involves several atoms. Type I contacts are characterized 59 interatomic 
distances (93.6%) which are less then 3.7 angstroms. There are 2 cases (3.2%) of 
such close mutual atomic dislocation in type IV contacts, and one case in each 
of type III and type VI contacts (1.6% each). The data obtained is summarized 
in Table I. 

Figure 5B depicts the sequences of subtilisin and subtilisin-chymotrypsin 
inhibitor - 2 (Subt/CI-2A) with marked locations of ADD-, ADD+ and NOR-
MAL sites. The X-ray data (http://www.rcsb.org/pdb/files/1a10.pdb) have 
indicated that the Subt/CI-2A interaction interface is formed by 30 pairs of 
residues: 23 residues in structure of subtilisin and 11 residues in structure of 
CI-2A. 11 interresidual contacts are of type I (36,7%), 9 are of type II (30%), 
3 are of type IV (10%), 6 are of type V (20%) and 1 is of type VI (3,3%). The 
analysis of interatomic contacts have indicated that there are 30 (39%), 26 
(33.7%), 9 (11.7%), 10 (13.0%) and 2 (2.6%) cases of interatomic distances 
being less then 3.7 angstrom among the atoms involved in type I, type II, type 
IV, type V and type VI contacts, respectively. The data obtained is summarized 
in Table I.

Figure 5C depicts the sequences of pectin methylesterase (pMe) and its inhibitor 
(pMeI) with marked locations of ADD-, ADD+ and NORMAL sites. The X-ray 
data (26) have indicated that the pMe/pMeI interaction interface is formed by 31 
pairs of residues: 17 residues in structure of pMe and 22 residues in structure of 
pMeI. 13 contacts are of type I (41.9%), 8 are of type II (25.8%), 5 are of type 
III (16.1%), 2 are of type IV (6.5%) and 3 are of type V (9.7%). The analysis 
of interatomic contacts have indicated that there are 24 (33.8%), 22 (31.0%), 15 
(21.1%), 4 (5.6%) and 6 (8.5%) cases of interatomic distances being less then 3.7 
angstrom among the atoms involved in type I, type II, type III, type IV and type V 
contacts, respectively. The information on pMe/pMeI complex interresidual and 
interatomic contacts is summarized in Table I. 

Figure 5D depicts the sequences of RNase A (RNaseA) and its inhibitor (RI) 
with marked locations of ADD-, ADD+ and NORMAL sites. The X-ray data 
(27) have indicated that the RNaseA/RI interaction interface is formed by 30 
pairs of residues: 21 residues in structure of RNase A and 21 residues in structure 
of RI. 8 interresidual contacts are of type I (26.7%), 7 are of type II (23.3%), 
13 are of type III (43.3%), 2 are of type V (6.7%). The analysis of interatomic 
contacts have indicated that there are 16 (31.4%), 12 (23.5%), 21 (41.2%) and 
2 (3.9%) cases of interatomic distances being less then 3.7 angstrom among the 
atoms involved in type I, type II, type III and type V contacts, respectively. The 
information on RNase A/RI complex interresidual and interatomic contacts is 
summarized in Table I. 

Figure 5e depicts the sequences of porcine pancreatic elastase (ppe) and 
α1-proteinase inhibitor (α1-pI) with marked locations of ADD-, ADD+ and NOR-
MAL sites. The X-ray data (28) have indicated that the ppe/α1-pI interaction 
interface is formed by 5 pairs of residues: 5 residues in structure of ppe and 5 
residues in structure of α1-pI. 1 interresidual contact is of type I (20.0%), 1 is of 
type II (20.0%), 2 are of type III (40.0%), 1 is of type V (20.0%). The analysis of 
interatomic contacts have indicated that there are 1 (20.0%), 1 (20.0%), 2 (40.0%) 
and 1 (20.0%) cases of interatomic distances being less then 3.7 angstrom among 
the atoms involved in type I, type II, type III and type V contacts, respectively.  
The information on ppe/α1-pI complex interresidual and interatomic contacts is 
summarized in Table I. 
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Figure 5F depicts the sequences of matrix metalloprotease-3 (MMp-3) and tissue 
inhibitor of metalloproteinases 1 (TIMp-1) with marked locations of ADD-, ADD+ 
and NORMAL sites. The X-ray data (29) have indicated that the MMp-3/TIMp-1 
interaction interface is formed by 59 pairs of residues: 21 residues in structure 
of MMp-3 and 22 residues in structure of TIMp-1. 3 interresidual contact are of 
type I (5.1%), 32 are of type II (54.2%), 4 are of type III (6.8%), 16 are of type 
IV (27.1%), and 4 are of type V (6.8%). The analysis of interatomic contacts have 
indicated that there are 49 (9.6%), 238 (46.9%), 32 (6.3%), 125(24.6%) and 64 
(12.6%) cases of interatomic distances being less then 3.7 angstrom among the 
atoms involved in type I, type II, type III, type IV and type V contacts, respectively. 
The information on MMp-3/TIMp-1 complex interresidual and interatomic con-
tacts is summarized in Table I. 

The analysis of data from Table I indicates that interactions between residues of 
ADD+ sites (‘++’ contacts) are minor in case of six examined complexes and aver-
ages 0.7% of all interatomic contacts. The impact of interatomic contacts of the 
residues from ADD+ and NORMAL sites (‘N+’ contacts) does not exceed 13% 
and averages 8.1% for all studied complexes. The impact of interatomic contacts of 
the residues located in the sites with normal distribution of first rank eLIS (‘NN’ 
contacts) does not exceed 12% in 5 cases of 6, and the average impact of ‘NN’-type 
interactions is about 7%. In the case of MMp-3/TIMp-1 complex the impact of 
‘NN’ contacts reaches 24.6%.

A completely different picture is observed in the case of three remaining types of 
possible contacts which involve an ADD- site as imperative component. As it was 
mentioned, the ADD-- sites possess the significant ability towards adaptive con-
formational reorganization. The impact of interatomic contacts of residues located 
in ADD- sites (‘--’ contacts) averages 22.4%. The actual impact of such contact 
type varies widely in different complexes. The percentage of ‘--’ contacts does not 
exceed 6.3% in case of 3 complexes we’ve studied, and for the rest of 3 cases it 
ranges from 21.1% (pMe/pMeI) up to 64.3% (ppe/α1-pI).  

The interatomic contacts involving residues from ADD- and NORMAL sites (‘-N’ 
contacts) average 24.9% of total number of interactions. There are no such con-
tacts in Trps/BpTI complex, as for other complexes, the impact of ‘-N’-type inter-
actions ranges from 14.3% (ppe/α1-pI) to 46.9% (MMp3/TIMp1). Finally, the 
interatomic contacts between residues belonging to ADD- and ADD+ sites (‘+-’ 
contacts) are major for the studied complexes and their average impact is about a 
third of all interactions (36.9%). The percentage of such contacts varies from 9.6% 
(MMp3/TIMpI) to 93.6% (Trps/BpTI). The average impact of contacts involving 
ADD- site residue as a member of interacting pair amounts to 84.2%. This value 
ranges from 62.8% (MMp3/TIMp-1) to 95.2% (Trps/BpTI). More then 90% of 
such interactions are observed in the case of RNAse/RI (96.1%) and ppe/α1-pI 
(92.9%) complexes. However, the possible variants of contacts (‘--’, ‘N-’, ‘+-’) 
are not represented equally in the studied proteins. As for Trps/BpTI complex, 
the ‘+-’ contacts are virtually predominant, while there are all three possible vari-
ants of interaction in the structure of RNAse/RI and ppe/α1-pI complexes, yet 
the ‘--’ contacts are major. It is important to note that Trps/BTpI and ppe/α1-pI 
complexes represent the different mechanisms of enzyme inhibition: α1-pI forms a 
covalent bound with a residue of ppe active site, whereas BpTI possesses a peptide 
bound with distorted geometry, which mimics the substrate (30). As for other three 
enzyme-inhibitor complexes, the percentage of contacts involving ADD- sites is 
slightly lower and ranges from 62.8% (MMp3/TIMp-1) to 85.9% (pMe/pMeI). In 
pMe/pMeI complex all three possible contact types are uniformly present, while in 
MMp3/TIMp-1 the ‘N-’ type contacts are dominant (46.9%). As it was mentioned 
above, the impact of NN-type contacts to the formation of MMp3/TIMp-1 complex 
is also significant. This can provide an explanation of the fact that this complex is 
characterized by lowest binding constant among the others complexes (29). 

D
ow

nl
oa

de
d 

by
 [

U
Q

 L
ib

ra
ry

] 
at

 0
1:

59
 2

1 
Ju

ne
 2

01
3 



95

Interfaces in Enzyme-
Inhibitor Complexes

It is significant that ‘+-’ contacts are the most common among the three dominant 
interaction types (‘+-’, ‘N-’, ‘--’). In our opinion this allows to propose a set of 
criteria to which members of the protein complex should fit to provide an effective 
and rapid interaction:

- one polypeptide chain must possess the determined topology
- the partner molecule has to be inclined to adaptive conformational  

reorganization.

The presence of such contacting pairs of sites in the interaction interfaces provides  
evidence for the regular nature of such interaction developed during  molecular 
evolution.

Thus, our results have indicated that the formation of interaction interfaces in 
enzyme-inhibitor complexes complies with a set of regularities which can be 
described by ANIS-method. It is shown that the protein interaction interfaces are 
mostly formed by contacting pairs of sites which include at least one site (ADD- 
site) which is characterized by the decreased density of first rank eLIS. The pres-
ence of ADD- sites reflects the necessity of adaptive conformational reorganization 
for the effective interaction of polypeptide chains. As informational structure is 
computed according to protein sequence and because the density of first rank eLIS 
reflects the ability of polypeptide chains to undergo conformational reorganization, 
we can state that the first rank eLIS density is an effective measure of interaction 
interface formation capacity. 

Conclusion

The results obtained provide strong evidence of crucial role of adaptive conforma-
tional mobility of at least one of the polypeptide chains involved in the formation 
of protein complex. The ANIS method involves the computable parameter derived 
from protein sequence to detect sites with different abilities towards adaptive con-
formational reorganizations and can be an effective tool for protein interactions 
study, not only in complexes, but also inside independent polypeptide globule. 

Supplementary Material

Supplementary material dealing with inter-residue contacts is available at no charge 
from the authors directly; the supplementary data can also be purchased from Ade-
nine press for US $50.0.
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