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Abstract 

Serine proteases are a group of protease enzymes that catalyze the hydrolysis of 
peptide bonds in proteins using a serine residue in their active site. In both 
prokaryotes and eukaryotes, the main function of serine proteases is digestion; 
however they are also involved in other physiological functions such as blood 
coagulation and immune response. The activity of these enzymes is inhibited by a 
group of proteins termed serpins (SERine Protease INhibitorS), which play key roles 
in controlling various functions e.g. blood coagulation. The research on these proteins 
is enormous; however there are many unanswered questions relative to the excessive 
data made available by various experimental and computational studies on these 
proteins.  

The first part of this thesis deals with neuroserpin, a serine protease inhibitor of 
tissue-type plasminogen activator (tPA), a serine protease that is a.o. a key regulator 
of blood flow to brain cells. Neuroserpin, clade I of serpins is a selective inhibitor of 
tPA and is involved in many neurological diseases such as epilepsy and familial 
encephalopathy with neuroserpin inclusion bodies (FENIB), characterized by 
dementia and seizures. In this thesis, we aim to study structural aspects of neuroserpin 
in various organisms based on the crystal structure of human neuroserpin. We have 
identified 13 new members of neuroserpin in various organisms most of which have 
no known neuroserpin. We have found that M. fascicularis (cynomolgus monkey) is 
found to contain neuroserpin, that is 98% similar to the human neuroserpin and its 
structure has been modeled by comparative modeling. Neuroserpin family of proteins 
contains an unique structural pattern, the Ω-loop which is the causative of FENIB 
disease. We have thoroughly investigated the structural aspects of Ω-loop containing 
– other human disease causing proteins by comparing secondary structural elements 
of these proteins with their structural homologs. This provides an understanding of the 
disease causing interactions of these loops that could be used in potential drug design 
strategies against these diseases. 

The second part of this thesis deals with the development of a co-evolution based 
method for the prediction of functional residues in proteins. Based on a protein 
evolution strategy, the co-evolution of amino acid residues, we have developed a new 
tool, PREACH (PREdiction of Amino acid Co-evolution by Hellinger) for functional 
residue prediction. Our tool has proven that co-evolution is a significant benchmark 
for the prediction of functional residues and is shown to be more efficient in protein-
protein interface prediction. Our results compared favorably with the available 
conservation based method, Jensen-Shannon divergence method and also with a 
phylogeny based method MINER. The categorical ability of the method is explicitly 
proven using a serine protease as a case study. This part of the thesis will form the 
basis for the development of functional residue prediction tools using amino acid 
residue co-evolution as a strategy.  
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Samenvatting 

Serine proteasen katalyseren de hydrolyse van peptide bindingen in eiwitten met 
behulp van een serine residu in de actieve plaats. In zowel prokaryoten als in 
eukaryoten, is digestie de hoofdfunctie van de serine proteasen, maar ze komen 
eveneens tussen in tal van fysiologische processen zoals de bloedstolling en de 
immuun response. De activiteit van deze enzymes wordt geïnhibeerd door weer een 
andere groep eiwitten, gekend als serpines (SERine Protease INhibitorS), welke 
bijgevolg een heel belangrijke rol spelen bij de controle en regulering van tal van 
processen. Hoewel het onderzoek naar deze eiwitten intens is en dus het aantal 
gegevens dat ter beschikking is vanuit verschillende experimentele en computationele 
studies indrukwekkend, blijven toch heel wat vragen onbeantwoord.  

Het eerste deel van deze thesis handelt over neuroserpine, een serine protease 
inhibitor van  weefseltype plasminogeen activator (tPA), een serine protease dat een 
belangrijke regulator is van o.a. de  bloedstroom naar hersencellen. Neuroserpine, een 
lid van de clade I van serpines, is een selectieve inhibitor van tPA en is betrokken in 
een ganse reeks neurologische aandoeningen zoals epilepsie en familiale 
encefalopathie met neuroserpine inclusion bodies (FENIB), gekenmerkt door 
dementie en neurologische aanvallen. In onze studie vergeleken we structurele 
aspecten van neuroserpines van verschillende  organismen uitgaande van de kristal 
structuur van humaan neuroserpine. We hebben 13 nieuwe leden van de neuroserpine 
familie geïdentificeerd in verschillende organismen, waarvan in de meeste tot nu toe 
geen neuroserpines gekend waren. We hebben hierbij vastgesteld dat een 
neuroserpine in M. fascicularis (cynomolgus aap) voor 98% gelijk is aan humaan 
neuroserpine, wat ons toeliet om een  structuur voor te stellen met behulp van 
vergelijkende modellering.  

De neuroserpine eiwitfamilie bevat een vrij uniek structureel patroon, gekend als 
de Ω-loop, waarvan bovendien geweten is dat deze een causatieve rol speelt bij de 
FENIB ziekte. We hebben een grondige studie uitgevoerd naar het voorkomen en 
structurele aspecten van andere eiwitten die een Ω-loop bevatten en die betrokken zijn 
bij andere menselijke ziekten, door secundaire structuurelementen van deze eiwitten 
te vergelijken met hun structurele homologen. Dit draagt bij om te begrijpen hoe de 
interacties die deze loops aangaan, kunnen bijdragen tot het veroorzaken van de 
ziektes, en opent mogelijkheden om te komen tot mogelijke nieuwe drug design 
strategieën. 

Het tweede deel van deze thesis behandelt de ontwikkeling van een op co-evolutie 
gebaseerde methode voor de voorspelling van functionele residuen in proteïnes. 
Uitgaande van een eiwitevolutie hypothese, namelijk de co-evolutie van aminozuur 
residu’s, hebben we een nieuwe tool, PREACH (PREdiction of Amino acid Co-
evolution by Hellinger) ontwikkeld die toelaat om functionele residu’s te voorspellen. 
We konden aantonen met onze methode dat de co-evolutie benadering een 
significante bijdrage kan leveren tot het voorspellen van functionele residu’s en dat 
dit zelfs toelaat om residu’s betrokken in eiwit-eiwit interacties meer efficiënt te 
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voorspellen dan met bestaande methodes, zoals de methode gebaseerd op 
conservering, de Jensen-Shannon divergentie methode of de op fylogenie gebaseerde 
methode MINER. Een bewijs voor de voorspellende kracht van onze methode 
tenslotte werd geleverd door de succesvolle toepassing ervan op een serine protease 
als een case studie. Dit deel van onze thesis zal de basis vormen voor de verdere 
ontwikkeling van functionele residu voorspellingsmethodes uitgaande van 
aminozuurresidu co-evolutie als strategie. 
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Chapter 1 

1 Introduction 

Proteins are complex organic chemical compounds, comprising chains of amino acids 
linked by peptide bonds, which ultimately folds into a specific three-dimensional 
shape. A peptide bond is formed when the carboxyl group of one amino acid reacts 
with the amino group of another one, inducing the elimination of a water molecule. 
The originating -C(=O)-NH- bond is called a peptide bond and the resulting molecule 
is termed an amide. Enzymes are proteins that catalyze chemical reactions with 
greater specificity for their substrates and can be affected by inhibitors, which 
decrease their activity. The study of principles of enzyme catalysis has been 
intensified over many years and the mechanisms have been described in greater detail 
in [1]. Proteases (proteolytic enzymes/peptidases/proteinases) are enzymes that 
execute the hydrolytic breakdown of peptide bonds and are involved in a wide variety 
of physiological reactions involving simple digestion to highly complex cascades.  

Serine proteases are enzymes that have a hydrophilic amino acid, serine in their 
active site and are classified into chymotrypsin-like and subtilisin-like serine 
proteases. Chymotrypsin-like serine proteases and subtilisin-like serine proteases 
possess the same catalytic mechanism, but are not evolutionarily related to each other. 
Serine proteases are involved predominantly in digestion and also in co-coordinating 
various functions such as in immune response, reproduction and in blood coagulation. 
Serine proteases have been investigated in various kinetic [2], structural [3] and 
theoretical [4] studies and new theories and studies are being proposed to answer 
questions about the mechanism and evolution of these enzymes, since they are 
involved in many biological processes [5]. The activity of serine proteases is 
governed by the catalytic triad formed by His57, Ser195 and Asp102 (Figure 1.1). 
Figure 1.2 displays the generally accepted catalytic mechanism of chymotrypsin-like 
serine proteases. Assisted by His57, Ser195 attacks the carbonyl of the peptide 
substrate to yield a tetrahedral intermediate, which is stabilized by the Asp102 
hydrogen bond [2]. 

The activity of proteases is inhibited by protease inhibitors, which are classified 
either by the type of protease they inhibit (e.g. serine protease inhibitors, aspartic 
protease inhibitors etc,) or by their mechanism of action (e.g. protein protease 
inhibitors, suicide inhibitors etc,). Serpins/serine protease inhibitors constitute the 
most diverse family of protease inhibitors [6-8]. Most serpins perform proteolysis, 
however there are other serpins that do not inhibit enzymes, but perform other 
functions, such as storage (ovalbumin, in egg white), hormone carriage proteins 
(thyroxine-binding globulin, cortisol-binding globulin) and suppression of the ability 
of cancer cells to invade other tissues (e.g. tumor suppressor genes – maspin). Serpins 
control composite processes such as coagulation and inflammation and deficiency of 
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these proteins result in various pathophysiological conditions. They undergo unique 
conformational changes while inhibiting target proteases. Mutations that lead to 
misfolding of these proteins results in the formation of inactive long-chain polymers 
and consequent diseases termed “serpinopathies” [9, 10]. Thus these proteins often 
are target of medical research and to structural biologists. The two angled stereo view, 
front and back of a typical 3D structure of a serpin are shown in figure 1.3. 
Neuroserpin possess certain structural aspects that differ from other serpin families 
e.g. Ω-loop that is an unique characteristic of the neuroserpin family is shown in 
figure 1.4. 

 

  

Figure 1.1 : The catalytic triad of serine proteases [2] 

   

Figure 1.2 : General mechanism of serine proteases [2] 
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Figure 1.3 : Front and back stereo views of a typical serpin [11] to illustrate the secondary 
structural features and RCL. β-sheets A, B, and C are shown in Red, Blue and Green 

respectively. The eight α-helices A to H is labeled and the reactive center loop (RCL) is shown 
in Yellow. 
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Figure 1.4 : Structure of a neuroserpin specific Ω-loop. Superposed structures of human 

neuroserpin and ovalbumin shown in Cyan and Green respectively. Ω-loop is shown in Pink. 
The structure was created with PyMOL [12].  

This thesis is based on our international publications resulting from various 
individual studies that are summarized in this introductory chapter which outlines the 
theme of the work and groups the individual works presented in the papers. The 
remainder of this chapter is methodized as follows: Section 1.1 describes the problem 
statement and methodology and section 1.2 summarizes the state of the art. In section 
1.3, the contributions and approach of each individual study have been summarized. 
Finally, section 1.4 presents the structure of the text of this thesis. 

1.1 Problem Statement and Methodology 

The research field of proteases and their inhibitors is enormous and thousands of 
research groups have been working on the sequence and structure related studies of 
these proteins. However, there are various unanswered questions regarding these 
proteins, in relation to the enormous amount of data made available through various 
experimental and computational studies.  

Proteases catalyze most important and universal post-translational modifications 
inside cells and understanding the structure, function and evolution of these enzymes 
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and their inhibitors has become mandatory. Serine proteases are characterized by the 
reactive active site that contains a serine. The two well studied family of serine 
proteases are the chymotrypsin family and subtilisin family of proteases, because of 
the abundance of the structural information available for these proteins. Each serine 
protease has different specificity and they cleave different peptide bonds, nevertheless 
they have high structural similarity. The major function of serine proteases is 
digestion; the three protein-digesting enzymes secreted in pancreas being 
chymotrypsin, trypsin and elastase. Several important factors in the cascade of 
reactions that leads to blood clotting and in the coagulation cascade are serine 
proteases e.g. thrombin, coagulation factor X, tPA, protein C. In addition to their 
degradative roles, they also act as specific modulators of signaling molecules and 
their concealed pathways, in which they act by forming networks and cascades. They 
are also involved in wound healing e.g. matrix metalloproteinases (MMPs) and 
certain serine proteases e.g. elastase and in general, these wound healing proteases act 
on various proteins, such as extracellular matrix (ECM), elastin etc,. Since proteases 
are involved in various aforementioned metabolic processes from simple digestion to 
complex functions such as blood coagulation, immune response etc. [3, 10, 13], 
mutation of these proteins leads to decreased or increased activity of enzymes 
resulting in various pathophysiological consequences. The activity of these enzymes 
is inhibited by a group of structurally similar inhibitors termed serpins (SERine 
Protease INhibitorS). Along with their inhibitory functions, certain serpins perform 
non-inhibitory functions as mentioned earlier. Mutations of these proteins lead to 
various disease states e.g. FENIB, serpinopathies. Thus, studies on proteases and their 
inhibitors have been steadily increasing at the level of sequence, structure, function 
and evolution. The work presented in this thesis focuses on serine protease inhibitors 
and serine proteases, categorized into structural and evolution based analyses 
respectively. 

Neuroserpin, a member of the serpin superfamily of serine protease inhibitors has 
been studied by researchers in vitro, which has revealed complex formation of this 
protein with different serine proteases e.g., uPA, tPA, plasmin and it is found to be a 
selective inhibitor of tPA (tissue-type plasminogen activator) [14]. Human 
neuroserpin has been studied well; however this protein has not been characterized in 
other organisms. Our study aims to determine the presence of neuroserpin in various 
organisms based on the crystal structure of human neuroserpin. The presence of the 
neuroserpin in a non-human primate M. fascicularis, an organism that is used 
extensively for diseases related to neuroscience has been demonstrated and its 
structure has been modeled by comparative modeling. The unique structural patterns 
of the neuroserpin family have been investigated thoroughly and demonstrated in the 
newly found members. We have used various basic bioinformatics tools for these 
analyses and the most important tools that have been used are explained here. With 
the human neuroserpin sequence, we searched for new members in unannotated 
databases using Blast. Blast, the basic local alignment search tool [15] is an algorithm 
to find regions of local similarity between sequences by comparing the query 
sequence (nucleotide or protein) to the sequence databases. It calculates the statistical 
significance of the matches, which can be used to infer functional and evolutionary 
relationships between sequences. A variant of blast, tblastn has been used for the 
detection of the homologs in the non-redundant database and the expressed sequence 
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tags database using the human neuroserpin sequence. tblastn searches six-frame 
translations of a nucleotide database using a protein query and is an informative way 
of finding protein-coding regions in an unannotated database. 13 new members of 
neuroserpin in various organisms have been identified which extended the family to 
47 members. To analyze the conservation of consensus residues in neuroserpin 
family, the human neuroserpin sequence and sequences of the newly found members 
has been aligned with ClustalW [16]. ClustalW is a MSA (multiple sequence 
alignment) program for DNA or proteins which calculates the best match and can be 
used to infer identities, similarities and differences between sequences. The output of 
ClustalW has been used to infer phylogeny between sequences using PHYLIP [17], 
the PHYLogeny Inference Package, in which various programs e.g. protdist, neighbor 
etc,. were used for various purposes like calculating distances between sequences, 
bootstrap analysis etc,. One of the detected homolog of neuroserpin in M. fascicularis 
that has no known neuroserpin so far, has been modeled by comparative modeling 
using an online server, Geno3D [18], an automated web server used for protein 
comparative modeling. Given a protein query, Geno3D identifies homologs, performs 
the query-template alignment and performs 3D construction of the protein by using a 
distance geometry approach. By comparative sequence and structural analysis of 
neuroserpin, we have demonstrated that the Ω-loop is a unique structural pattern of 
the neuroserpin family. Mutation studies have revealed that distortion in the Ω-loop is 
the causative of a disease called FENIB, familial encephalopathy with neuroserpin 
inclusion bodies. The involvement of a non-regular secondary structure, such as an Ω-
loop in human diseases has not been analyzed by researchers. Thus, we devise a study 
to analyze the structural aspects of Ω-loop containing – disease causing human 
proteins with respect to their structural homologs, which might provide insights into 
the binding sites of the proteins that could be used for potential drug design against 
these diseases. FUGUE algorithm [19], an eminent algorithm for protein sequence-
structure homology recognition has been employed to correlate proteins that have 
functional Ω-loops with their structural homologs. The secondary structural elements 
of the Ω-loop containing proteins are compared with their structural homologs using 
SSM server [20, 21] and the structural aspects of these proteins are analyzed. SSM 
compares the secondary structural elements (SSE) of the given query sequence with 
SSE of the available 3D protein structures and finds similarity between them. 

Serine proteases are involved in a wide variety of pathways and differ in their 
substrate specificity, nevertheless possess high structural similarity. The catalytic 
mechanism of these enzymes is governed by the catalytic triad and detection of such 
functional sites in serine proteases and other proteins has been a major field of 
research in computational biology. Generally, functional residues are identified either 
by conservation analysis or phylogeny analysis. Even though, conservation-based 
functional residue prediction methods are good at predicting catalytic site residues, 
they are not very efficient in predicting protein-protein interfaces. Phylogeny-based 
methods lose information about the alignment by constructing a single phylogenetic 
tree out of possible multiple valid trees. Our aim was to develop an amino acid co-
evolution – hellinger distance estimation method, PREACH (PREdiction of Amino 
acid Co-evolution by Hellinger) for the prediction of functional residues, which 
would overcome these issues by considering the evolutionary distance between each 
column and surrounding neighbors for efficient protein-protein interface prediction 
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and by considering the underlying distance matrices rather than constructing trees 
which would prevent loss of alignment information. Our method calculates the 
evolutionary distance between each residue in question with the neighboring 
sequential windows and is based on the principle that, any mutation in a functional 
residue would have triggered a possible mutation in neighboring functional residues. 
This amino acid co-evolution is identified by the minimum evolutionary distance 
between a functional residue and its neighbors. Our method has strikingly improved 
the prediction of protein-protein interface residues than the available conservation 
based and phylogeny based methods and is comparable with the conservation based 
methods in the prediction of catalytic site residues. 

Structural analyses 

Serine protease inhibitors (serpins) are a group of proteins that inhibit serine 
proteases. tPA (tissue-type plasminogen activator) is a serine protease that catalyzes 
the conversion of plasminogen to plasmin which is responsible for the breakdown of 
blood clots and is a key regulator of blood flow to brain cells. Neuroserpin, a member 
of the serpin family is a selective inhibitor of tPA and is localized to neurons in the 
brain [14]. In the central nervous system (CNS), it is associated with synaptic 
plasticity, the ability that permits neurons to pass an electrical or chemical signal to 
each other, essential for neuronal function. Neuroserpin is found to be involved in 
many neurological diseases such as dementia, cerebrovascular disease, epilepsy, etc., 
[14]. Mutations of the human neuroserpin gene have been linked to familial 
encephalopathy and epilepsy, characterized by the presence of intraneuronal 
neuroserpin inclusion bodies (Familial Encephalopathy with Neuroserpin Inclusion 
Bodies or FENIB) [21,22]. This particular serpin has been taken as a subject of our 
study for structural analyses, since the unique structural patterns of this serpin family, 
that differ from other serpin families, are thought to be involved in the function of this 
protein and distortions in these regular patterns affect its function. By comparative 
sequence analyses based on the human neuroserpin, members of neuroserpin in other 
organisms have been identified and by comparative structural analyses, the 
conservation of the unique structural patterns and stabilizing interactions within 
neuroserpins has been analyzed. Since neuroserpin is involved in memory and 
learning processes in human, the presence of neuroserpin in non-human primates is of 
question. Macaca fascicularis or cynomolgus monkey, a primate that is used 
extensively in medical experiments that are connected with neurological diseases has 
been taken for a comparative study with human neuroserpin. The study aims to 
identify structural similarities of neuroserpin of M. fascicularis and human 
neuroserpin and also to discriminate the differences between them. The structural 
organization of motifs of both neuroserpins has been analyzed for their intact 
conservation patterns and the identified neuroserpin of M. fascicularis has been 
modeled by comparative modeling using the human neuroserpin as a template. Our 
structural analyses of neuroserpin on M. fascicularis and other organisms have 
revealed that Ω-loop is an unique structural pattern of the neuroserpin family. Ω-loop 
contributes to the inhibition of tPA and is found to be the reason for FENIB [21]. The 
involvement of a non-regular secondary structure such as a Ω-loop in other human 
diseases is of great interest. The structural divergence and conservation of Ω-loop 
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containing disease causing human proteins have been analyzed by comparing and 
aligning the secondary structural elements of Ω-loop containing proteins with their 
structural homologs, which might pave way for drug design strategies against the 
diseases caused by the mutations of Ω-loops. 

Evolution based analyses 

Serine protease inhibitors inhibit a group of enzymes, termed serine proteases. Serine 
proteases comprise a serine in their active site, where it binds its target protein and 
hence their name. The catalytic mechanism in serine proteases is governed by the 
catalytic triad, which refers to the three amino acid residues: serine (S) at position 
195, aspartate (D) at 102 and histidine (H) at position 57 [2] (position numbering with 
respect to chymotrypsin; figure 1.2), that function together in catalysis. These three 
key amino acids play an essential role in the cleavage ability of the proteases. Serine 
proteases perform a wide variety of functions; e.g. digestion is aided by the following 
serine proteases, trypsin, chymotrypsin and elastase. Several important factors in the 
cascade of reactions that leads to blood clotting and in the coagulation cascade are 
serine proteases e.g. thrombin, coagulation factor X, tPA, protein C. Processes 
involving serine proteases require highly regulated and limited proteolysis; 
insufficient or excess protease activity or genetic deficiencies can promote significant 
pathologies. Specificity determining (SD) positions are residues in proteins that are 
predicted to induce changed protein function when mutation occurs during evolution 
[23]. These positions play a role in determining the functional or structural specificity 
within a protein family. Development of prediction methods for identifying SD 
positions has been a great challenge tackled during the past decade and at present 
there are only a very few methods [24-27] that can tentatively identify these residues. 
To predict functional site residues (catalytic site residues, ligand binding sites and 
protein-protein interfaces) and specificity determining positions of serine proteases, 
we have developed an amino acid co-evolution based method PREACH, which has 
been generalized to be applicable for other proteins. The signal of amino acid co-
evolution between functional residues has formed the basis of this method and the 
categorical ability of this method has been explicitly proven using a serine protease as 
case study. 

1.2 State of the Art 

In this section, an overview of past and present important contributions of related 
works is presented. The research of proteases and their inhibitors is enormous and 
information about ~3000 individual peptidases and inhibitors are summarized in the 
MEROPS database [28]. From the hay stack, a bundle is presented in the state of the 
art to justify the contributions of this thesis, to indicate the prevalence of serine 
proteases and serpins and the relevance of the work of this thesis. In what follows, the 
contributions of this thesis are presented with respect to the relevant literature in a 
comparative manner.  

Serpins typically consists of 350-400 amino acids and are involved in a diverse set 
of functions. The structure, evolution and mechanism related studies of serpins are of 
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greater interest since mutations in these proteins result in various disease states like 
emphysema (progressive lung disorder), dementia (neuro-disorder), etc,. Many 
serpins have been identified in higher eukaryotes, animals and plants and in addition 
to their protease inhibiting activity, they do participate in various other functions as 
mentioned earlier. There has been many sequence, structure, evolution, function and 
mechanism related studies on serpin superfamily and new studies are being proposed 
to enhance the understanding on these proteins. Irving et al. [29] has provided a 
comprehensive alignment and phylogenetic analysis of serine protease inhibitors and 
have shown that patterns of sequence conservation characterize this family as a 
whole, with a clear relationship to the mechanism of function. The divergence of 
structural and functional aspects of the subfamilies of serpin superfamily can be 
correlated with divergence in these patterns. They have provided a clear curated 
alignment of serpin sequences and have derived a phylogenetic tree that reveals the 
relationships among the members of this superfamily, which is being used as a 
framework for the classification of the available and newly found serpins. The 
evolution, mechanism of inhibition and function of serpins have been discussed by 
Silverman et al [30] and also a nomenclature has been suggested for the serpins. It has 
been found that serpins acquire a metastable conformation that is necessary for their 
inhibitory function consisting of β-sheets A, B and C, α-helices, RCL, (Figure 1.2) 
etc,. The mechanism of inhibition, polymerization and functional aspects has been 
thoroughly investigated in [30]. Neuroserpin belonging to clade I of the serpins, 
localized primarily in neurons is a selective inhibitor of tPA (tissue-type plasminogen 
activator) and is found to play an important role in neuronal plasticity [31]. tPA is a 
serine protease that catalyzes the conversion of plasminogen to plasmin which is 
responsible for the breakdown of blood clots and is a key regulator of blood flow to 
brain cells. It also plays an important role in the development of central nervous 
system and maintenance. Mutations in tPA lead to the formation of blood clots in the 
brain and disrupt the flow of blood to the brain. tPA is actively inhibited by 
neuroserpin. In mouse models of cerebral infarction, neuroserpin acts as a neuro-
protectant and protects the mouse against cortical damage. It has been suggested that 
neuroserpin demonstrates inhibition within the central nervous system (CNS) and 
inhibits both single- and two-chain forms of tPA. Neuroserpin is important in brain 
development and function of human and the crystal structure of human neuroserpin 
has been deposited in PDB as 3FGQ. However, the presence of neuroserpin has not 
been identified in other organisms so far. The identification of this serpin in other 
organisms would lead to the understanding of the evolution of this protein and 
structural differences between the neuroserpins of different organisms would provide 
many structural insights. The unique structural patterns, stabilizing interactions and 
consensus residues can be identified using comparative sequence and structural 
analyses. Thus, our study was devised to identify neuroserpin in other organisms 
based on the crystal structure of human neuroserpin and to identify the unique 
structural patterns of the neuroserpin superfamily. We have also dealt with the 
comparison of overall folds and motifs of the crystal structure and the computational 
models. The important structural aspects of the neuroserpin family have been 
identified by comparative sequence and structural analyses. Using basic 
bioinformatics tools explained in the methodology section, we have identified 13 new 
members of neuroserpin in various organisms. This serpin is newly found in various 
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chordates like Ambystoma tigrinum (Tiger Salamander), Gasterosteus aculeatus 
(Three-spined stickleback), Poecilia reticulate (Millionfish), Oncorhynchus nerka 
(Sockeye salmon), Rana catesbeiana (America bullfrog) and Perca flavescens 
(Yellow perch). We have shown that the Ω-loop is an unique structural pattern of the 
neuroserpin family in human and in other organisms. One of the newly found 
members, the neuroserpin of Macaca fascicularis has been modeled by comparative 
modeling, to distinguish the differences between the human neuroserpin and non-
human primate neuroserpin, since the identification of this serpin in non-human 
primates has not been accomplished so far. The modeling shows that, Macaca 
fascicularis, a primate that is used extensively in neurological disease related medical 
experiments, is found to contain a neuroserpin that is 98% structurally similar to the 
human neuroserpin. Miranda and Lomas [32] reviewed the role of neuroserpin in 
brain development, function and disease related mechanisms and have found that 
expression of neuroserpin is prominent in areas of brain that participate in learning, 
memory and behavior. Neuroserpin provides neuronal protection in pathologies such 
as cerebral ischemia and epilepsy, by preventing excessive activity of tPA. It is also 
responsible for formation of inclusion bodies that underlie an autosomal dominant 
dementia called FENIB (familial encephalopathy with neuroserpin inclusion bodies). 
FENIB is formed by mutations in the neuroserpin gene by adherence of mutant 
neuroserpin proteins that results in the formation of neuroserpin inclusion bodies 
within the nerve cells, which leads to cell death. Thus, studies of mutations in 
neuroserpin have gained high importance over the past decade. Takao et al. [33] 
characterized the neuropathologic phenotype of neuroserpin associated with 
hereditary progressive myoclonus epilepsy caused by S52R mutation of neuroserpin. 
The S49P of mutant neuroserpin that causes FENIB is found to be a poor proteinase 
inhibitor [34]. It readily forms polymers in vitro, characterized by loop-sheet 
polymers. Biochemical properties of this mutant neuroserpin are characterized in [34], 
which possess strong evidence for polymerization caused by the aggregation of the 
mutant neuroserpin in the brain of individuals with FENIB. Our structural analyses of 
neuroserpin on various organisms and in Macaca fascicularis have shown that Ω-loop 
is indeed a unique structural pattern of the neuroserpin family. Ω-loops are also found 
to be involved in protein stability and in protein folding and mutation studies have 
shown that the Ω-loop is the one that interacts with tPA and is responsible for FENIB 
[34, 35]. Ω-loops are non-regular secondary structures found in globular proteins, 
characterized by a loop-shape in three-dimensional space. They are often found on the 
surface of the proteins and lack regular hydrogen bonding patterns found in regular 
secondary structures. Ω-loops are involved in various protein functions, such as being 
sites for tyrosine sulfation and prohormonal cleavage [34]. An extensive review of Ω-
loops and the involvement of Ω-loops in protein function and stability has been 
provided by Fetrow [35]. There has been many function and mutation related studies 
on the Ω-loops, however, analysis on the structural aspects of Ω-loop containing 
proteins that are involved in human diseases has not been investigated. Thus, we 
devised a study to analyze structural aspects of human proteins that have functional 
Ω-loops involved in disease-causing interactions. The involvement of a non-regular 
secondary structure in human diseases is of specific interest and the structural aspects 
of these proteins were analyzed by comparing the secondary structural elements of Ω-
loop containing human proteins with their structural homologs. The understanding of 
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these structural aspects could help in identifying binding sites of these proteins and 
could help in drug design strategies against these diseases. 

Serpins inhibit a group of enzymes termed serine proteases and predicting 
serpin/protease interactions has been a major field of research over the past decade. 
Experimental approaches to identify these interactions have been well elucidated in 
[36]. The authors have described detailed protocols to determine and characterize the 
substrate specificity of proteases, which could be used to predict inhibitory serpin 
partners of a protease. However, experimental identification and characterization of 
protease substrates is time-consuming. In [37], the same authors have provided an 
overview of recent advances in bioinformatics approaches for predicting protease 
substrate cleavage sites and identifying novel putative substrates. The advantages and 
disadvantages of all the methods have been discussed. They also have provided 
details on building accurate models by deriving multiple sequence and structural 
features of substrates and suggestions for the improvement of protease-substrate 
prediction. Out of 500-700 proteases known, almost one-third of all proteases are 
classified into serine proteases, chymotrypsin being the abundant one in nature [2]. 
Serine proteases and their homologs belong to the second largest gene family 
comprising of 54 genes. Serine proteases form a very large family of protein cleaving 
enzymes that play a vital role in blood coagulation, apoptosis and inflammation. 
Immune cells exhibit several serine proteases like granzymes, elastase, cathepsin G, 
chymase, tryptase etc,. The impact of serine proteases on development and 
progression of immune-related diseases, function of serine proteases in inflammation, 
apoptosis and tissue remodeling has been discussed by Heutinck et al. in [38]. The 
understanding of the mode of action of serine proteases would help to unravel 
molecular processes involved in immunological disorders and aid in the identification 
of new therapeutic agents. There have been a lot of studies on sequences of serine 
proteases; Barbosa et al. [39] disclosed many novel features of serine protease active 
sites and specificity pockets by sequence analysis and modeling studies. An alignment 
of bacterial and mammalian pancreatic serine proteases [40] suggests that ~60% of 
Cα atom positions of bacterial serine proteases are topologically equivalent to Cα 
atom of pancreatic enzymes. Results of these topological comparisons have been used 
to deduce an experimentally sound sequence alignment for these several enzymes, 
which showed that there is an extensive tertiary structural homology among the 
bacteria and pancreatic enzymes without primary sequence identity (lesser than 21%). 
The catalytic mechanism of these enzymes is governed by the catalytic triad and there 
exist many methods to predict catalytic sites and functionally important residues from 
sequence conservation and phylogeny of homologous sequences of a query protein. 
Capra and Singh [41] have developed an information-theoretic approach for 
estimating sequence conservation based on Jensen-Shannon divergence and a general 
heuristic that considers estimated conservation of sequentially neighboring sites. They 
have concluded that residue conservation is highly predictive in identifying catalytic 
sites and residues near bound ligands, however is less effective in identifying residues 
in protein-protein interfaces. Analysis of catalytic residues in enzyme active sites has 
been carried out by Barlett et al. [42], which gives a clear idea of general active site 
environments and provides a heuristic basis for predicting catalytic residues in 
enzymes of unknown function. Certain other methods use phylogeny as a criterion for 
functional residue prediction e.g. MINER [43] is an algorithm that identifies 
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phylogenetic motifs by comparing the phylogenetic similarity of each window 
alignment tree to the complete alignment phylogenetic tree and finds differences 
between them using a partition metric algorithm. Since many phylogenetic trees are 
possible, given a MSA, considering only a single tree results in loss of information. 
To overcome the issues of conservation-based and phylogeny-based functional 
residue prediction methods, we have developed an algorithm that would take into 
consideration, the sequential neighbors which will improve protein-protein interface 
prediction. The method will use underlying distance matrices rather than constructing 
phylogenetic trees which would prevent the loss of information, a drawback of the 
phylogeny-based methods. This amino acid co-evolution based functional residue 
prediction method PREACH is based on the phylogenetic correlation of a functional 
residue with its co-evolved sequential neighbors in a multiple sequence alignment. 
The evolutionary distance between a functional residue and its sequential neighbors 
will be indicative of functional residues, since most of the functional residues co-
evolve with other functional residues. Our method has been tested on two types of 
datasets; catalytic dataset and protein-protein interface dataset. It has been shown that 
our method has outperformed the conservation based method JS and the phylogeny 
based method MINER on both types of datasets, while it is significantly efficient in 
predicting protein-protein interfaces. Our method has shown that rather than 
conservation or phylogeny, amino acid co-evolution should be used as a standard 
strategy for protein-protein interface prediction. The limited literature discussed here 
and the unlimited literature available on serine proteases and their inhibitors reveal 
the importance of these proteins in various aspects of their sequence, structure, 
function, evolution and mechanism of inhibition and polymerization. 

1.3 Contributions 

From the enormous amount of data made available by past and present experimental 
and computational studies on serine proteases and their inhibitors, this thesis is an 
attempt to answer a few questions about these proteins. Figure 1.5 depicts the theme 
of this thesis that explains various individual studies performed and the relationship 
between them. The study of serpins employed in this thesis deals with the 
identification of neuroserpin in various organisms and in Macaca fascicularis. The 
unique structural patterns and stabilizing interactions of neuroserpin in the newly 
found members has been demonstrated. Since, the Ω-loop of neuroserpin plays an 
important role in FENIB disease, the structural aspects of Ω-loops in proteins that are 
involved in other human diseases has been thoroughly investigated. The second part 
of this thesis comprises the identification of functional sites by an amino acid co-
evolution based method in serine proteases that has been generalized with respect to 
other proteins. This thesis is presented on the basis of four publications; the first three 
constitute structural analyses of serine protease inhibitors and the last publication 
comprising the identification of functional residues in serine proteases.  
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Figure 1.5 : Analyses of serine proteases and their inhibitors 

1.3.1 Neuroserpin 

1.3.1.1 Neuroserpin : Structural analyses 

The first contribution [44] is: 
 

Comparative sequence and structural analyses of neuroserpin : the serine 
protease inhibitor family. Kuchi Srikeerthana and Patrick De Causmaecker. 
Proceedings of the International symposium on Biocomputing, ISB2010. ACM, 1-7, 
http://doi.acm.org/10.1145/1722024.1722031. 
 
Neuroserpin is a member of the serpin (serine protease inhibitor) family, encoded by 
the SERPINI1 gene and is associated with familial encephalopathy with neuroserpin 
inclusion bodies, a progressive disorder of the nervous system that is caused by 
mutations in the SERPINI1 gene. Neuroserpin is a selective inhibitor of tPA (tissue-
type plasminogen activator) and is found to have a crucial role in synaptic plasticity, 
memory and learning. In mouse models of cerebral infarction, neuroserpin acts as a 
neuro-protectant and protects the mouse against cortical damage. Serpins undergo a 
unique conformational change when they inhibit their target proteases; hence the 
study of serpins is of interest to structural biologists. The crystal structure of the 
human neuroserpin has been deposited in PDB as 3FGQ. In 2001, a serpin 
nomenclature was established based on a phylogenetic analysis of ~500 serpins. The 
human genome encodes 16 serpin clades, termed serpinA through to serpinP, 
encoding 29 inhibitory and 7 non-inhibitory serpin proteins. Despite the fact that 
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serpins have many different functions, they all share a common fold. Mutation in 
serpins leads to misfolding and polymerization and causes serpinopathies (formation 
of long-chain inactive polymers).  

This part of the study analyzes the three-dimensional structure of clade I of serine 
protease inhibitors, neuroserpin and deals with the identification of structural 
homologs, comparison of overall folds and local motifs, binding interactions and 
structure-function relationships of the experimentally solved structures and 
computational models. By comparative sequence analysis (tblastn and Pfam analysis), 
13 new neuroserpins in different organisms have been identified. By comparative 
structural analysis, the unique structural patterns such as the Ω-loop, crystal contacts 
that stabilize the RCL (reactive center loop) and a consensus sequence (Asn-Leu-Val) 
at the end of helix ‘F’ have been demonstrated. 

1.3.1.2 Neuroserpin of Macaca fascicularis 

The second contribution [45] is: 
 

Neuroserpin of Macaca Fascicularis - Identification, sequence and structural 
analyses in silico. Kuchi Srikeerthana and Patrick De Causmaecker. International 
Journal on Recent Trends in Engineering & Technology, IJRTET, Art no : 107, 4(1), 
2010. 

 
Neuroserpin has been well characterized in humans; on the other hand, identification 
of this serpin has not been accomplished in non-human primates so far. As 
neuroserpin plays an important role in memory and learning processes in human, the 
presence of neuroserpin in the non-human primates has been presumed. Thus, this 
study has been devised to identify the presence of neuroserpin in Macaca fascicularis, 
to associate the similarities between the human and Macaca fascicularis neuroserpin 
and also to discriminate the structural differences between them. The structural 
organization of the motifs has also been analyzed for their intact conservation patterns 
and the neuroserpin of M. fascicularis has been modeled by comparative modeling. 
M. fascicularis, is found to contain a neuroserpin that is 98% similar to that of the 
human neuroserpin. 

1.3.1.3 Ω-loops of proteins in Homo sapiens  

The third contribution [46] is: 
 

Ω-loops of proteins in Homo sapiens : Role in diseases. Kuchi Srikeerthana and 
Patrick De Causmaecker. Communications in Computer and Information Science, 
142(2):362-367, 2011. http://dx.doi.org/10.1007/978-3-642-19542-6_67. 

 
Secondary structures in proteins are highly regular sub-structures of local inter-
residue interactions mediated by hydrogen bonding between the main-chain peptide 
groups. The main types of secondary structures of proteins are α-helix (alpha helix) 
and β-sheet (beta sheet). α-helices are significant in DNA binding motifs, membrane 
spanning and in stabilization of the structures, while β-sheets are less common than α-
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helices. β-strands consists of 3-10 amino acids, which in turn connected by at least 
two or three backbone hydrogen bonds to form pleated sheet termed β-sheets, which 
are involved in human diseases, such as, in Alzheimer's disease. However, there are 
many other non-regular secondary structures that play crucial roles in various 
biological processes and there exists many tools to predict and analyze the structures 
of these loop regions. 

Ω-loops (Ω-loops) are non-regular secondary structures formed by polypeptide 
chains, characterized by a loop-shape in three-dimensional space and are found to be 
involved in protein stability, folding and function. Neuroserpin indeed comprises a Ω-
loop which by interacting with tPA contributes to its inhibition. Mutation studies 
show that the deletion of this loop results in a three-fold decrease of the association 
rate constant with tPA. The structural analyses of neuroserpin thus revealed that Ω-
loops are unique structural patterns involved in disease-causing interactions in 
humans. The involvement of a non-regular secondary structure in human diseases is 
of great interest and the importance of Ω-loops in other disease causing human 
proteins has been analyzed by comparing and aligning the secondary structure 
elements of Ω-loop containing human proteins with their structural homologs, which 
might pave way for drug design strategies against the diseases caused by the 
mutations of Ω-loops. 

The database of all known structures, the PDB was searched using the PDBelite 
database, for the x-ray crystal structures of human proteins that comprises Ω-loop that 
are involved in disease causing interactions and the search yielded a total of 4 non-
redundant hits. Structural homologs of these 4 proteins have been identified using the 
FUGUE algorithm and the secondary structure elements (SSE) of the four proteins 
and their structural homologs have been aligned and compared using the secondary 
structure matching server (SSM). The structural similarities and differences of the 
secondary structure elements of these 4 human proteins, with respect to their 
structural homologs have been analyzed and demonstrated. 

1.3.2 Amino acid co-evolution based functional 
residue prediction 

The fifth contribution [47] is: 
 

Amino acid co-evolution – An indicator for the prediction of functional residues. 
Kuchi Srikeerthana and Patrick De Causmaecker. Journal of Evolutionary 
Bioinformatics, 2012 (submitted). 

 
Functional residues are crucial residues of a protein that are important for the proper 
structure and function of it and their positions determine the sub family functions in 
proteins. Most of the available methods predict functional residues by conservation 
analysis of amino acid residues of the protein in a multiple sequence alignment 
(MSA). Conservation based only on the sequential information is the most preferred 
way of predicting functional residues, since they do not need structural information as 
a prerequisite. The functional residue sites are assumed to be conserved, with respect 
to the rest of the alignment, because of the limited number of mutations tolerated at 
these positions. Positions near in space and sequence to functionally important 
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residues are known to be more conserved than average. The conservation of spatial 
neighbors and sequential neighbors are exploited to improve prediction of 
functionally important residues. Assigning a protein into a broad functional class can 
be achieved by many conservation based methods, however, there are only a few 
methods that can identify specificity determining (SD) positions, conferring core 
function and specificity. SD positions play a role in defining the structural or 
functional specificity within a protein family.  

The objective of this study is to devise a amino acid co-evolution based method 
PREACH, for the prediction of functional residues based on the phylogenetic 
correlation of a functional residue with its co-evolved sequential neighbors in a 
multiple sequence alignment by hellinger distance estimation between the distance 
matrices. A distance matrix provides a measure of the sequence similarity of proteins 
within the protein family and has been used for inferring protein structures, for 
structural comparison of proteins, for determining optimal structural alignments. The 
evolutionary distance between a functional residue and its neighboring window 
alignment can be an informative way of determining functional residues, since the 
compensatory amino acid changes occur in the same lineage and often these sites are 
located close to each other. If the residue in question is a functional residue, then any 
mutation at the site would have triggered a possible change (a compensatory 
mutation) in the neighboring sites, which can be determined using distance matrices. 
Our method makes use of this co-evolutionary relationship and quantifies the 
correlation of a single column alignment in consideration with the neighborhood 
window alignment and denotes the correlation with a score. Since each column is 
compared against neighboring window alignment, susceptibility to noise of 
comparing a single aligned column to the whole alignment is surpassed. Since no 
phylogenetic trees are constructed and the underlying distance matrices are used for 
the prediction, no alignment information is lost. The method takes as input, a multiple 
sequence alignment and constructs column similarity matrix and constructs local 
similarity matrices for windows of fixed width. The similarity between the distance 
matrices (column and windows) is calculated using the hellinger distance. The 
categorical ability of the method to distinguish residues into functional and non-
functional residues is evaluated using ROC curves and explicitly proven using a 
serine protease as case study. 

1.4 Structure of the Text 

The remainder of this thesis is organized into the following chapters: 
 

Chapter 2: Selection of Published Articles 
 
This chapter comprises three published articles and a submitted article. The content of 
each publication has been summarized in section 1.3. 
 

1. Srikeerthana K, De Causmaecker P, Comparative sequence and structural 
analyses of neuroserpin : the serine protease inhibitor family. Proceedings of 
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the International symposium on Biocomputing, ISB2010. ACM, 1-7, 
http://doi.acm.org/10.1145/1722024.1722031. 

2. Srikeerthana K, De Causmaecker P, Neuroserpin of Macaca Fascicularis - 
Identification, sequence and structural analyses in silico. International Journal 
on Recent Trends in Engineering & Technology, IJRTET, Art no : 107, 4(1), 
2010. 

3. Srikeerthana K, De Causmaecker P, Ω-loops of proteins in Homo sapiens : 
Role in diseases. Communications in Computer and Information Science, 
142(2):362-367, 2011. http://dx.doi.org/10.1007/978-3-642-19542-6_67. 

4. Srikeerthana K, De Causmaecker P, Amino acid co-evolution – An indicator 
for the prediction of functional residues. Journal of Evolutionary 
Bioinformatics, 2012 (submitted). 

 
Chapter 3: Conclusions and Future Work 

 
Chapter 3 summarizes the conclusions of the work presented in this thesis and 
includes directions for future research. 
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Chapter 2 

Selection of Published 
Articles 

This chapter comprises three internationally published articles and a submitted article. 
 
1. Neuroserpin 

 
1.1 Comparative sequence and structural analyses of neuroserpin : The 

serine protease inhibitor family. 
1.2 Neuroserpin of Macaca Fascicularis - Identification, sequence and 

structural analyses in silico. 
1.3 Ω-loops of proteins in Homo sapiens : Role in diseases. 

 
2. Amino acid co-evolution – An indicator for the prediction of functional 

residues 
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2.1 Neuroserpin 

2.1.1 Comparative sequence and structural 
analyses of Neuroserpin – The serine 
protease inhibitor family  

Authors: Kuchi Srikeerthana and Patrick De Causmaecker 
  
Published in: Proceedings of the International Symposium on Biocomputing, 
ISB2010, Calicut, India. ACM, 1-7, http://doi.acm.org/10.1145/1722024.1722031.  
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Comparative sequence and structural analyses of 
neuroserpin – The serine protease inhibitor family 

Kuchi Srikeerthana and Patrick De Causmaecker 

 
KU Leuven, Combinatorial Optimization and Decision Support (CODeS), 

Kortrijk, Belgium 

Neuroserpin, a clade of serine proteinase inhibitors (serpins) is a selective 
inhibitor of tissue-type plasminogen activator (tPA) and usually consists of 
more than 220 residues. The crystal structure of native human neuroserpin has 
been reported by Takehara et al. [1] at 2.1 Å resolution. The native fold of 
neuroserpin is composed of a five stranded β-sheet A and a mobile helical 
reactive center loop (RCL). The structure also contains a Ω-loop that 
contributes to the inhibition of tPA and a helix “F” that plays an important role 
in folding, complex formation and polymerization. 

In this study, we identify new members of the neuroserpin family by 
comparative sequence analyses using human neuroserpin and we analyze the 
conservation and divergence of the reactive center loop, the Ω-loop, the helix 
“F” and other consensus residues, in the newly found relatives. These consensus 
residues were found to differ from the consensus sequences of other clades of 
serpins. By comparative structural analyses of neuroserpin with its structurally 
similar proteins, we demonstrate the unique structural patterns and stabilizing 
interactions that are unique among the members of neuroserpin family. 

1 Introduction 

Serine proteinase inhibitors (serpins) are a superfamily of proteins (350–500 amino 
acids in size) that fold into a conserved structure [2] and have the ability to inhibit 
proteases. Neuroserpin belong to clade I of serpin superfamily and in humans, it is 
expressed during the late stage of development in the neurons of the central and 
peripheral nervous systems and in the adult brain [3]. Neuroserpin inhibits tissue-type 
plasminogen activator and thought to be important in the control of synaptic 
plasticity, memory and learning [1]. tPA is a key regulator of blood flow to the brain 
and is involved in breakdown of blood clots in the blood-brain barrier. The activity of 
tPA is inhibited by neuroserpin, which is important in the regulation of permeability 
between the vascular compartment and the nervous system [3]. Neuroserpin acts as a 
neuroprotectant and in the mouse models of cerebral infarction, it protects the mouse 
against cortical damage [4]. 

The native structure of neuroserpin has been reported at 2.1 Å resolution and the 
co-ordinates has been deposited in Brookhaven protein data bank [5,6] as 3FGQ [1]. 
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The tertiary structure of serpin is characterized by three β-sheets (A, B and C), nine 
main α-helices and a long exposed flexible reactive center loop (RCL). The crystal 
structure of human neuroserpin revealed two molecules in the asymmetric unit and 
comprises the serpin domain in an intact conformation. The structure also revealed 
unique structural elements that contribute to the conformational stability of 
neuroserpin. The structure is based on a five-stranded β-sheet A (Figure 1) and a 
mobile helical reactive center loop (RCL). The overall fold also comprises a Ω-loop 
and a helix “F”. The β-sheet A and the RCL are characteristics of the fold of the 
serpin superfamily and in neuroserpin, the RCL has a propensity to form a helical 
conformation [1]. The Ω-loop contributes to the inhibition of tPA, as the association 
rate constant with tPA decreases threefold, upon deletion of this loop. There is a helix 
“F” at the end of which neuroserpin has an Asn-Leu-Val consensus sequence, which 
differs from the Gly-X-Ile consensus sequence of the serpin superfamily of proteins. 

Our aim in this study was to identify new members of the neuroserpin family by 
comparative sequence analyses using the human neuroserpin and to analyze the 
conservation of the consensus loops and residues in the newly found members by 
sequence alignment techniques and phylogenetic analysis. By analyzing the structural 
aspects of the neuroserpin with its structurally similar proteins, we aim to find the 
unique structural patterns and stabilizing interactions among the neuroserpin family. 
This may help in the understanding of the residue-residue interactions in the fold. 

 

 
 

Figure 1 : (a) Cartoon representation of native human neuroserpin. Sheet A is shown 
in yellow, sheet B in blue, and sheet C in cyan, α-helices are in red and loops are 

green. helix F (hF) and sheet A (sA) are labeled [7]. 
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2 Methods 

2.1 Sequence analyses 

Using 3FGQ as query, homologous sequences were searched for, by the program 
tblastn [8] against the databases nr and EST [9] (non-redundant and expressed 
sequence tags databases respectively). A tblastn search is useful for homolog 
detection in an unannotated nucleotide database using a protein query. The multiple 
sequence alignment was created with the program ClustalW [10], which aligns 
multiple sequences of either DNA or protein and attempts to calculate the best match 
to highlight the similarities and differences between them. The protein was reverse-
translated and the multiple sequence alignment of the nucleotide sequences was 
performed with ClustalW program. Phylogenetic analysis was performed with the 
program PHYLIP [11] using neighbor-joining method, on both the protein and 
nucleotide sequence alignments. To identify the domain architecture of the translated 
ESTs, the protein sequences were searched for in Pfam, the 23rd release [12] against 
the Pfam A family. The nomenclature of the newly found relatives of neuroserpin 
follows the rules proposed in Silverman et al [2]. 

2.2 Structural analyses 

Structurally similar proteins were acquired by SSM (Secondary Structure Matching) 
program, which correlates and compares the given protein with all the available 
structures in 3D [13,14,15]. Based on the “Q” scores that are obtained, 15 reliable hits 
were picked for further investigation. The unique structural patterns and the unique 
interactions among the neuroserpin family were analyzed. Phylogenetic analysis was 
performed with the program PHYLIP [11] using neighbor-joining method, with the 
structurally similar proteins of the neuroserpin. 

3 Results 

3.1 Sequence analysis 

3.1.1 Homologous sequences 
With the 13 newly found sequences, the neuroserpin family was expanded to 47 
members. Using 3FGQ as query, the nr and EST databases were searched on, for 
homologs using the tblastn program. The reliable hits consists of the alignments that 
had query coverage of equal to or more than 70%. The sequences that contained >220 
residues were considered true positives [2]. The neuroserpin inhibitor is newly found 
in various chordates like Ambystoma tigrinum (Tiger Salamander), Gasterosteus 
aculeatus (Three-spined stickleback), Poecilia reticulate (Millionfish), Oncorhynchus 
nerka (Sockeye salmon), Rana catesbeiana (America bullfrog) and Perca flavescens 
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(Yellow perch). The rest of the hits include sequences from Gallus gallus (Red 
Junglefowl), Xenopus tropicalis (Western clawed frog), Xenopus laevis (African 
clawed frog). 

Neuroserpin comprises a serpin domain followed by a flexible 13-amino-acid C-
terminal extension. Serpin domain usually comprises three β-sheets (termed A, B and 
C), eight or nine α-helices (hA-hI), the reactive centre loop (RCL) that includes the 
specificity determining region which forms the initial interaction with the target 
protease (Figure 1). The C-terminus was truncated during crystallization of the human 
neuroserpin [1] to reduce heterogeneity. The domain architecture of the sequences 
were identified with a Pfam search against the 23rd release of Pfam A family and all 
the 13 sequences were found to retain the serpin domain, characteristic of the serpin 
superfamily. The other conserved residues of the serpin superfamily [16] are also 
found to be conserved in the newly found members of neuroserpin family (Figure 4a). 

 

  
Figure 2 : Sequence alignments of the β-sheet A of neuroserpin and the newly found members 
of the family. (a) Strand 2 of β-sheet A formed by residues Tyr 104-Gln115 in red (b) Strand 1 
formed by residues Ala134-Val139 in green (c) Strand 3 formed by residues Leu178-Gly188 in 

orange (d) Strand 4 formed by residues Phe295-Asp302 in purple (e) Strand 5 formed by 
residues Lys335-Val344 in brown [1]. 

3.1.2 The β-sheet A 
The native fold of neuroserpin comprises a five-stranded β-sheet A (Figure 3), which 
is a characteristic of the serpin superfamily. The cleavage of the RCL results in the 
insertion of the reactive loop between strands 3 and 5 of the β-sheet A [1]. The 
conservation of the β-sheet A in the neuroserpin and the newly members is shown in 
figure 2. The β-sheet A plays an important role in the stability and inhibitory function 
of the serpins. 
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Figure 3 : Structure of the five stranded β-sheet A, created with PyMOL [21]. 

3.1.3 The reactive center loop 
Neuroserpin, a dimer comprises of two molecules in the asymmetric unit and the 
intact conformation of the serpin domain is similar to the conformation of the α1-
antitrypsin [17]. The configuration of reactive center loop of the neuroserpin is 
stabilized by crystal contacts with Asn83, Gly84, Phe87, Tyr131 and Val145.  

Even though the RCL is not found conserved (Figure 4b), due to the fact that the 
length of the sequences of the newly found members is much lesser than the native 
neuroserpin, the crystal contacts of the RCL are found to be conserved (Figure 4c). 
Since the RCL is found at the C-terminal end of the protein and generally neuroserpin 
is truncated at C-terminus to reduce heterogeneity, the probability of the observation 
of the RCL conservation is less. However, since the crystal contacts those stabilize the 
RCL were found to be considerably conserved, the probability of the presence of the 
RCL in the newly found members is relatively high. The asparagine at position 83 is 
replaced by a non-polar amino acid proline in some of the members and the valine at 
position 145 is replaced by a hydrophobic non-polar alanine. This replacement might 
lead to the formation of a distorted helical reactive loop, which will resemble the loop 
swap variant of α1-antichymotrypsin [1]. Residues glycine at position 84, phenyl 
alanine at position 87 and tyrosine at 131 are almost conserved in the newly found 
inhibitors. These data are in agreement with the importance of these residues in the 
stabilization of the reactive center loop. 
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Figure 4 : (a) Sequence alignment of human neuroserpin (3FGQ), with the newly found 
neuroserpin members. The residue shading in black corresponds to some of the conserved 

residues characteristic of the serpin superfamily [15]. (b) The reactive center loop of 
neuroserpin along with the newly found members. The residues that correspond to the RCL are 
highlighted in red. (c) The residues (Asn83, Gly84, Phe87 and Tyr131) those are responsible 

for the stabilization of RCL in neuroserpin [1] and the corresponding residues of the new 
members are highlighted in cyan. (d) The helix ‘F’ of neuroserpin and new members are shaded 

in grey. The Trp154 in helix F that forms a hydrogen bond with Glu141 of α1-antitrypsin is 
marked in cyan. 

3.1.4 The Ω-loop 
Ω-loops are non-regular secondary structures and characterized by a polypeptide 
chain that is loop-shaped in three-dimensional space (Figure 5b). They are often 
involved in protein function, stability and folding. Ω -loops are typically 6-16 amino 
acids in length and can function as ligand-binding sites or can act as regulators of 
enzyme activity [18]. Hydrophobic residues such as phenylalanine, alanine, leucine, 
valine, isoleucine and methionine are found less in Ω-loops. Small hydrophilic 
residue, asparagine and residues associated with reverse turns (glycine and proline) 
are found more often in Ω-loops. Loop deletion or replacement results in protein 
specificity alterations and also has effects on protein stability [16]. 

Neuroserpin has an Ω-loop that contributes to the inhibition of tPA, since it plays 
an important role in the interaction between the neuroserpin and tPA and mutation 
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studies show that the deletion of this loop results in the decrease of the association 
rate constant with tPA by threefold [1]. The Ω-loop in all the newly found members is 
almost conserved (Figure 5a) and in the variations observed, the asparagine has been 
replaced by another hydrophilic polar glutamine, or in one case with the polar serine. 
Thus, the Ω-loop is conserved throughout the members of the neuroserpin family and 
seems to be an unique structural pattern of this family. 

 

 
 

Figure 5 (a) Residues that correspond to Ω-loop that is a significant and unique structure 
pattern of the neuroserpin family has been highlighted in red. (b) Structure of the Ω-loop of the 
human neuroserpin that is formed by the residues Asp230-Gly237. The structure was created 

with PyMOL [21]. 

3.1.5 Helix “F” and Asn-Leu-Val Sequence 
Helix “F”, a characteristic of the serpin superfamily plays an important role in 
folding, complex formation and polymerization of the serpins [19]. Considering the 
pattern of the helix “F” in the newly found members, the residue Trp154, an 
important residue, which forms a hydrogen bond with glutamine 141 of α1-antitrypsin 
[1], is found to be conserved in all the newly found members (Figure 4d). 

Gly-X-Ile, an important consensus sequence is conserved within the serpin 
superfamily. The position “X” is usually favored with Lysine. These residue positions 
of the neuroserpin family are occupied with Asn161-Leu162-Val163 and thus differ 
from the serpin consensus sequence. Replacing the NLV residues at these positions 
with the residues GKI, in a mutation analysis retained the structure, but the mutants 
did not polymerize, whereas the wild-type neuroserpin could readily form polymers 
[1]. The stability of the neuroserpin and the ability to form polymers is readily 
affected by Gly or Asn at position 161 (Figure 4d). 

In the newly found members, the Asn at position 161 is found to be conserved in 
50% of the sequences, whereas in the other 50%, the Asn has been replaced by 
another hydrophilic residue Ser. Deviation from this consensus sequence reduces the 
stability of the turn and helps in the formation of polymers, which would help in the 
unfolding and refolding during the process of polymerization. 
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3.1.6 Nomenclature of neuroserpin members 
Nomenclature of the newly found relatives of neuroserpin family of serpins follows 
the rules proposed in Silverman et al. [2] in 2001. The term “SERPIN” serves as the 
gene symbol universally for humans and other species. Due to the diversity of the 
serpin functions, naming is based on a robust classification scheme rather than based 
on activity, gene structure etc. Thus, the serpin superfamily was divided into clades 
based on their phylogenetic relationships and neuroserpin has been classified as clade 
“I”. Based on the clades described by Irving et al, [16] the naming for the neuroserpin 
family has been done. Currently, there are 16 different clades of the superfamily, 
lettered A-P. The verification of the ortholog relationship of the newly found 
members with the humans was performed with the Phylofacts orthology group [20], a 
server that is designed to predict super-orthologs using evolutionary analysis. For 
clarification, the 5-letter code for specific species approved by HUGO gene 
nomenclature committee (HGNC) has been added to the gene name. 

3.2 Structural analyses 

Structurally similar proteins were obtained by SSM (Secondary Structure Matching), 
which compares the given protein with all the available protein structures in 3D space 
[15]. SSM compares the protein structures in a first stage, where a graph-matching 
algorithm [13] is applied to the mapping of the secondary structure elements (SSE) of 
the proteins, taking their positions and orientation in 3D into account and in a second 
stage, where the mapped SSEs are used for the iterative 3D alignment of the C-α 
atoms of the protein backbone. 

To balance the length of the sequence Nalign and the RMSD (root mean square 
deviation), an empirical structural similarity function “Q” is calculated. Hits which 
had a “Q” score of equal to or more than 0.69 were considered as reliable hits [13]. 
Thus, based on the “Q” score, 15 reliable hits were taken and investigated further. 

The reliable hits of SSM analysis consists of the important members of the serpin 
superfamily such as the, native human neuroserpin, human squamous cell carcinoma 
antigen 1, native PCI in Space Group P21, α1-antitrypsin, other groups of serpins 
such as 

1. Non-inhibitory serpins: thyroxine-binding globulin, un-cleaved ovalbumin 
2. Slow-inhibitory serpins: A1PI-PITTSBURGH 
3. Mutant serpins: thr114phe α1-antitrypsin 

3.2.1 Comparison of the secondary structure elements of the neuroserpin with 
the structurally similar proteins 
Since the residues from 20 to 394 of the protein forms the serpin domain, which is 
characteristic of the serpin superfamily, the secondary structure elements at these 
positions seem to be conserved in almost all the structurally similar members. 
Position numbering corresponds to secondary structural elements formed by group of 
residues in the multiple sequence alignment (Figure 7a). The helix at 12th position of 
the secondary structure element position (Figure 7a), formed by the residues 168-173 
(Figure 8) in neuroserpin is replaced by a non-identical strand in other serpins and the 
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helix formed in other serpins at the 13th position is replaced by a strand in 
neuroserpin formed by residues 178-188. 

 

 
 

Figure 7 : (a) Sequence alignment of the secondary structure elements of the neuroserpin and 
its structurally similar proteins and shading corresponds to the variation in the SSE alignments. 

The two similar alignment patterns for the slow thrombin inhibitor (1oo8) and the mutant 
serpin (3drm) have been highlighted in red. (b) Residue numbering corresponds to the 

neuroserpin 3fgq. The residues that form the helix at the 12th position and the ones those form 
the strand at the 13th position are shaded in grey. (c) The residues those form the helix at 27th 
position in the neuroserpin are highlighted in grey. (d) The residues forming the Ω-loop, which 

is a unique structural pattern in the neuroserpin family, have been marked in red. 

Multiple sequence alignment of the structurally similar proteins reveals that, at 
positions 168-173 (See Figure 3b), the formation of the helix in neuroserpin is 
mediated by the positively charged residue (Arg) at position 170 and a negatively 
charged residue (Asp) at position 171, since the presence of a polar residue and a non-
polar residue at 168 and 169 respectively does not induce the formation of the helix in 
the other structurally similar proteins. In the same way, the presence of a non-polar 
and a negatively charged residue at positions 172 and 173 respectively also does not 
induce the formation of helix in the other proteins. 

The formation of the helix at the 13th position (Figure 7a) is favored by alanine or 
valine at the 179th position in the sequence since the combinations of other residues 
at other positions does not seem to favor the formation of strand in other serpins. 
Thus, presence of alanine at 179th position favors the formation of a strand and the 
presence of valine favors the formation of a helix (Figure 7b). 
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Figure 8 : Structure of the helix formed by the residues Ser168-Asp173 in the neuroserpin. The 
image was created with PyMOL [21]. 

Surprisingly, at the C-terminal, instead of having the same secondary structure 
pattern as that of the other inhibitory serpins, neuroserpin has a similar SSE pattern as 
that of a non-inhibitory serpin, that is the un-cleaved ovalbumin. A helix is formed at 
27th position in neuroserpin and in ovalbumin by residues Ala359-Tyr367 and 
Gly349-Val360 respectively (Figure 7c). The Ω-loop is not seen in any of the 
structural relatives of the neuroserpin, which shows that the Ω-loop is a special 
characteristic of the neuroserpin family (Figure 7d). 

3.2.2 Phylogenetic analysis 
Surprisingly, neuroserpin clusters with un-cleaved ovalbumin of the non-inhibitory 
serpin family. This is due to the fact that, the series of secondary structure elements of 
the neuroserpin family resembles SSE of the ovalbumin rather than the inhibitory 
serpins or the mutants. One more interesting observation is that, the mutant serpin 
thr114phe α1-antitrypsin clusters with the slow thrombin inhibitor. When the series of 
SSE elements of these two proteins are analyzed, the pattern is almost the same. 
Mutation of a serpin at a specific residue depletes the inhibitory nature of the serpins 
and turns it into a slow inhibitor. Proteins that have similar or near similar SSE 
patterns in the alignment have been clustered as a single one in the phylogenetic tree. 
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Figure 9 : Structure of the strand formed by the residues Leu178-Gly188 in the neuroserpin 
and the strand has been marked with the residue labels. The structures were created with 

PyMOL [21]. 

 

 
 

Figure 10 : Phylogenetic tree of the human neuroserpin and the newly found 
members of the neuroserpin (PDB codes and the corresponding chain identifiers are 

used for the nomenclature). The tree was constructed using the PHYLIP program 
[11]. 
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4 Discussion 

Neuroserpin possesses a stable, conserved structure that could be used for structure – 
activity relationship studies. Comparative study of the peptides confirmed the 
uniqueness of Ω-loop in the neuroserpin family and helps to understand functional 
roles of the loop. Even though the fold of the protein is common among the members 
of the serpin superfamily, the crystal contacts that stabilize the reactive center loop, 
the Ω-loop and the consensus sequence Asn/Ser-Leu-Val at the end of the helix “F” 
are distinctive features of the family. The neuroserpin family of serine protease 
inhibitor family can provide a good basis for structure-function-activity relationship 
studies and can also be used for evolutionary analyses in the serpin superfamily of 
proteins. 

5 Related work 

Most previous works on serpins focused on the inhibitory mechanism and 
polymerization. Hastings et al [3] determined that neuroserpin is localized in neurons 
and is a critical regulator of tPA activity in the central nervous system which plays a 
role in neuronal plasticity and memory. Silverman et al [2] proposed a revised 
nomenclature for serpins and has provided a detailed description on the structural 
features, conformations, inhibitory mechanism and polymerization. Their study 
concluded that serpins are a superfamily of structurally similar but functionally 
diverse proteins. Irving et al [16] presented a comprehensive alignment and 
phylogenetic analysis of the serpin superfamily, which is very useful to derive the 
phylogenetic relationships among the members of this family, based on which the 
serpins have been classified and the conserved residues among the members of the 
family have been identified.  
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Neuroserpin, a clade of serpins, is a family of serine protease inhibitors (>220 
residues), and is a selective inhibitor of tissue type plasminogen activator (tPA) 
in humans [1]. Neuroserpin has been well elucidated in humans, on the other 
hand, identification of this serpin has not been accomplished in non-human 
primates so far. As neuroserpin plays an important role in the memory and 
learning processes in humans [1], the presence of neuroserpin in the non-human 
primates has been presumed. Thus, this study has been devised to identify the 
presence of neuroserpin in Macaca fascicularis, to associate the similarities 
between the human [2] and Macaca fascicularis neuroserpin and also to 
discriminate the structural differences between them. The structural 
organization of the motifs has also been analyzed for their intact conservation 
patterns. 

1 Introduction 

Peptide proteinase inhibitors consist of both single domain proteins and multiple 
domains within proteins; referred to as either simple or compound inhibitors, 
respectively. They are synthesized either as a prepropeptide or with an inactive 
peptidase or zymogen. This is associated with an N-terminal domain, which hinders 
access of the substrate to the active site. Serpins (serine proteinase inhibitors) are a 
superfamily of proteins that are 350–500 amino acids in size that fold into a 
conserved structure [8]. Neuroserpin belongs to clade I of the serpin superfamily and 
is expressed during the late stage of development in neurons of the central and 
peripheral nervous systems [10]. It plays an important role in neuronal plasticity, 
memory, and learning [1] in humans. 

The structure of human neuroserpin has been crystallized at 2.1 Å resolution and 
the co-ordinates have been deposited in Brookhaven protein data bank [2] [9] as 
3FGQ [1]. Serpin domain usually comprises three β-sheets (termed A, B and C), eight 
or nine α-helices (hA-hI), the reactive centre loop (RCL) that includes the specificity 
determining region which forms the initial interaction with the target protease. The 
crystal structure of human neuroserpin consists of the following components; A 
helical reactive center loop (RCL) and a β-sheet A, in which the cleavage of the RCL 
results in the insertion of the reactive loop between strands 3 and 5; an Ω-loop that 
contributes to the inhibition of tPA. The association rate constant with tPA decreases 
threefold, on deletion of this loop. The structure also contains a helix “F” that has 
Asn-Leu-Val consensus sequence, which differs from the Gly-X-Ile consensus 
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sequence of the serpin superfamily of proteins [1]. In this study, in silico 
identification of M. fascicularis neuroserpin has been accomplished and is compared 
with human neuroserpin, in order to identify the similarities and differences in the 
structural aspects of the neuroserpin family. 

2 Methods 

The QFbase [3] (Macaca fascicularis cDNA database, a dedicated database for the 
deposition of M. fascicularis sequences), a database that provides cDNA sequences 
derived from M. fascicularis, has been searched for homologs, using the fully 
characterized human neuroserpin, 3FGQ [1] as query, using the tblastn [4], [5] 
program that finds protein homologs in an unannotated nucleotide database. The 
domain architecture of the translated homologue has been identified using a Pfam [6] 
(a database of manually curated protein domains) and a SMART [7] database search. 
Geno3D [11] [12], an automatic web server, has been used for the comparative 
modeling of the neuroserpin of M. fascicularis using the human neuroserpin as the 
template. The DaliLite program [15] has been used for pair-wise structural 
comparison of the human and the modeled M. fascicularis neuroserpin. 

3 Results 

3.1 RCL , Helix ‘F’ and Asn-Leu-Val consensus sequence 

Human neuroserpin consists of two molecules in the asymmetric unit, in which, along 
with an overall serpin domain, a reactive center loop (RCL) is present that forms a 
helical conformation, whose configuration is stabilized by crystal contacts with 
Asn83, Gly84, Phe87, Tyr131 and Val145. The residues that correspond to the 
formation of RCL, have found to be conserved in the M. fascicularis neuroserpin 
(Figure 1). 

The helix “F”, an important structural motif in neuroserpin, plays a vital role in the 
complex formation, in folding and also in the polymerization of serpins [16]. The 
helix “F” and Trp154, a residue that forms a hydrogen bond with glutamine 141 of 
α1-antitrypsin [1] is found to be conserved (Figure 1). Asn161-Leu162-Val163 of 
neuroserpin differs from the Gly-X-Ile consensus sequence, an absolute structural 
pattern in the serpin superfamily, where the position “X” is generally favored with 
Lysine. Substituting GKI in the position of NLV in neuroserpin, in a mutation 
analysis maintained the structure, however prevented polymerization, whereas the 
wild-type ones could form polymers competently [1]. This demonstrated that, the 
stability of the neuroserpin could efficiently be altered by Asn or Gly at 161th 
position which is found to be conserved in the M. fascicularis neuroserpin (Figure 1). 
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Figure 1: . Sequence alignment of the human and M. fascicularis neuroserpin; Residue 
numbering correspond to the human neuroserpin; Strand 2 of β-sheet A formed by residues 

Tyr104-Gln115, has been highlighted in Red; Strand 1 formed by residues Ala134-Val139 in 
Green; Strand 3 formed by residues Leu178-Gly188 in Orange; Strand 5 formed by residues 

Phe295-Asp302 in Purple; Strand 5 formed by residues Lys335-Val344 in Cyan. Residues that 
form the helix “F”, Asn144-Thr158 have been shaded in Red and the residues that form the 

RCL shaded in Black. Asp230-Gly237 that form the Ω-loop and the NLV consensus sequence 
have been highlighted in Red. The other conserved residues that correspond to the consensus 

residues of the serpin superfamily have been shaded in Grey.  

3.2 The Ω-loop 

Ω-loops, typically consisting of 6-16 amino acids, are non-regular secondary 
structures, characterized by a polypeptide chain that is loop-shaped in three-
dimensional space (Figure 2a). Residues that are hydrophobic, such as valine, leucine, 
alanine, phenylalanine, methionine are found less often in Ω-loops. Small hydrophilic 
residue, asparagine and reverse turns associated residues such as, glycine and proline 
are considerably more [17]. Ω-loops are found on the surface of the protein and found 
to be involved in protein function, stability and folding. They can also function as 
ligand-binding sites or can act as regulators of enzyme activity [6]. 

Deletion of this loop or replacement affected the protein stability and resulted in 
protein specificity alterations in a mutation study [17]. Ω-loop of neuroserpin 
contributes to the inhibition of tPA, by interacting with neuroserpin. Deletion of this 
loop in a mutation study, showed the decrease in the association rate constant with 
tPA by threefold [1]. Thus, the Ω-loop is an important constituent and an unique 
structural pattern of the neuroserpin family. Residues that correspond to the formation 
of the Ω-loop have been found to be conserved in the newly found M. fascicularis 
neuroserpin (Figure 1). 
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3.3 The β-sheet A and the conserved residues in serpin superfamily 

The native fold of neuroserpin also comprises a five-stranded β-sheet A (Figure 2b), 
in which an insertion occurs between 3rd and 5th strand due to the cleavage of RCL 
[1]. The residues that correspond to the formation of β-sheet A and the conservation 
pattern of the β-sheet A in the M. fascicularis neuroserpin is shown in figure 1.  

 
 

Figure 2: Modeled structure of the Ω-loop in the M. fascicularis neuroserpin. (b) Modeled 
structure of β-sheet A in M. fascicularis neuroserpin. The images have been created with 

PyMOL [20]. 

3.4 Comparative Modeling 

The sequence of M. fascicularis neuroserpin was submitted to an online automated 
comparative protein modeling server, Geno3D [11], that builds three-dimensional 
models for proteins, based on the homologs of known structure. The crystal structure 
of human neuroserpin, 3FGQ was selected as a template for modeling. The modeled 
structure was investigated for structural differences and similarities with the human 
neuroserpin. The superposed structure of the modeled M. fascicularis with the human 
neuroserpin has been shown in figure 3. The DaliLite program [15] has been used for 
pairwise structural comparison of the human and the modeled M. fascicularis 
neuroserpin, in which the RMSD between the native human neuroserpin and the M. 
fascicularis neuroserpin has been calculated to be 0.8Å. 
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Figure 3 : Structure of the superposed modeled M. fascicularis neuroserpin and the crystal 
structure of human neuroserpin, shown in Pink and Green respectively. The image has been 

created with PyMOL [20]. 

4 Discussion 

Even though an extensive sequence and structure related research has been done on 
the human neuroserpin, the study on the presence of this serpin in non-human 
primates has not been accomplished so far, which could pave way to understand the 
evolution of this enzyme and could also be a good basis for the structure-function-
activity relationship studies, as neuroserpin possesses a stable structure and also 
comprises of unique structural features and stabilizing interactions. The aim of this 
study is to be a good start for investigation of the evolution of this enzyme. 
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Ω-loops are non-regular secondary structures formed by poly-peptide chains 
that are characterized by a loop-shaped structure in three-dimensional space. Ω-
loops have been found to involve in protein stability, folding and function. The 
study on the structural geometry and prediction of Ω-loops have been carried 
out by many researchers [1], [2], [3], however, analysis on the involvement of 
these loops in disease-related interactions of Homo sapiens is significantly rare. 
In this study, Ω-loops that are involved in the interactions causing potential 
diseases in Homo sapiens have been analyzed at the level of their structures, 
functions and their involvement in diseases. The information on the 
understanding of the disease-causing interactions and other properties of Ω-
loops could be used in potential drug design against these diseases.  

1 Introduction 

Secondary structures of proteins have been classified into regular and non-regular 
secondary structures; e.g. α-helix, β-strand which constitutes the former, while e.g. 
loops, random coils are included in the latter, which lack repeating backbone dihedral 
angles, however have repeating motifs [1]. Omega (Ω-) loops are compact structures, 
where the motif’s backbone forms a loop (Ω) -shaped structure in three-dimensional 
space and hence the name. 

Ω-loops are often found clustered on the surface of a protein and consist usually of 
6-16 amino acids. Residues correlated with reverse turns, glycine and proline and 
hydrophilic residue, asparagine are often found in Ω-loops. Charged residues, except 
aspartic acid occur with average frequency, however, hydrophobic residues, such as, 
phenylalanine, alanine, methionine, leucine, isoleucine and valine are rarely found 
[1]. Ω-loops play roles in protein functions that require certain flexibility such as 
serving as substrates, inhibitors or as ligand-binding sites. Ω-loops, being structures 
having very few hydrogen bonds, still play an important role in the protein structure 
and stability, because single and multiple mutations of these motifs have drastic 
effects on overall stability of the protein [1], thus authenticating the role of these 
loops in stabilizing and destabilizing protein structures. It has also been suggested that 
these loops play an important role in protein folding. 

Previous studies have been focused on various structural and functional features of 
Ω-loops, however, there are not enough studies that have been devised to analyze the 
involvement of these loops in disease-causing interactions in humans. Thus, this study 
focuses on the involvement of Ω-loops in human diseases and provides an initiator 
step for the detailed study of the disease causing interactions of the Ω-loops in Homo 
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sapiens, providing clues for drug design against the diseases caused by mutations of 
Ω-loops. 

2 Methods 

The database of all known structures, the PDB [4] was searched using the PDBelite 
[5] database, for the X-ray crystal structures of human proteins comprising Ω-loops 
(consisting of 6-16 amino acids) that are involved in disease causing interactions and 
the search yielded a total of 4 non-redundant hits. Structural homologs of these 4 
proteins have been identified using FUGUE algorithm [6] and the secondary structure 
elements (SSE) of these four proteins and their structural homologs have been aligned 
and compared using the secondary structure matching server (SSM) [7]. The results 
are analyzed for similarities and uniqueness of Ω-loops of these 4 proteins, with 
respect to their structural homologs. 

3 Results 

The search for Ω-loop containing disease causing human proteins in PDBelite 
database yielded a list of 4 non-redundant hits that included, phosphatidylcholine 
Transfer Protein (1LN1), human factor IX Gla domain (1NL0), human neuroserpin 
(3FGQ) and peroxisome proliferator activated receptor (3PRG). The crystal structure 
literature of 3 out of the 4 proteins [8-11] confirmed the presence of Ω-loops in their 
three-dimensional structures and their connection to disease-related mechanisms in 
Homo sapiens. Thus, these proteins are preferred for further analysis. 

Comparison of the domains of a protein with its structural homologs provides 
insights into the unique structural patterns of the protein and leads to the identification 
of the probable regulatory binding sites and helps in drug-design against the disease-
causing motifs as targets. In this analysis, an eminent algorithm, FUGUE [6] has been 
employed for protein sequence-structure homology recognition to correlate proteins 
that have functional Ω-loops with their distant homologs by sequence-structure 
comparison. To identify similar patterns and to distinguish unique secondary 
structural patterns, these 4 proteins are compared with the secondary structure 
elements of their corresponding structural homologs using the SSM [7] server. 

3.1 1LN1 

Phosphatidylcholine Transfer Protein (PC-TP) transfers phosphatidylcholine (PtdCho) 
between membranes, which is a vital substance present in every human cell and is 
majorly involved in liver repair and lipolysis. PC-TP belongs to the START 
(Steroidogenic Acute Regulatory protein related transfer) domain superfamily of 
ligand-binding proteins. The crystal structure of PC-TP with its ligand comprises 2 Ω-
loops [8], which are inserted between β5- β6 (Ω1) and β7- β8 (Ω2). 
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Phosphatidylcholine is a major constituent of cell membranes and plays a role in 
membrane-mediated cell signaling. 

 
 

Figure 1: Secondary structure matching of the 4 proteins with their structural homologs as 
aligned by SSM server. The proteins are indicated by their PDB codes and chain identifiers. 

FUGUE yielded Human StarD13 (DLC2) lipid transfer and protein localization 
domain (2PSO) as a profile hit with a Z-score of 26.07. The alignment in SSM shows 
that the SSE of PC-TP shares a high similarity with the SSE of the DLC2 and hence 
the reason for their structural homology (Figure 1). Manual inspection of the 
superposed structures shows that, they in fact share similarity in the regions of the Ω-
loops (Figure 2a). The presence of Ω-loops in the lipid transfer protein is just a 
hypothesis in this study, since the crystal paper is yet to get published. DLC2, the 
lipid transfer protein has been implicated to be a tumor suppressor protein. 

3.2 1NL0 

Human factor IX, a serine protease of the coagulation system, belongs to peptidase 
family S1. Deficiency of this protein causes hemophilia B, an inherited disorder in 
which one of the proteins needed to form blood clots is either missing or reduced. 
Binding of factor IX to membranes during blood coagulation is mediated by N-
terminal Gla (γ-carboxyglutamic acid-rich) domain [9]. Factor IX antibodies are 
directed at the Ca2+ stabilized Gla domain to interfere in the Factor IX-membrane 
interaction. Such antibody, 10C12 forms a hydrophobic pocket, to accommodate the 
Gla domain and is directed at the membrane binding site in the Ω-loop of Factor IX 
that is important for cell surface anchoring and blocks its interaction with membranes 
[9]. 

FUGUE yielded gamma-delta t-cell receptor (1HXM) [14] as a profile hit with a Z-
score of 33.12. The relative similarity of their secondary structures has been 
determined using the SSM server (Figure 1), which showed that, they have similarity 
at their regular secondary structures, however, have considerable differences at loops. 
The 3D structural alignment of both the proteins showed that the t-cell receptor lacks 
the Ω-loop at the corresponding site of 1NL0, which shows the uniqueness of Ω-loop 
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of 1NL0. However, they both share a similar fold and retain Immunoglobulin v-set 
and c1-set domains, revealed by a Pfam search. 

 
 

Figure 2 : (a) Superposition of 1LN1 (Shown in Pink) and 2PSO (Shown in Green). The 
residues that correspond to the formation of Ω-loops have been numbered. Numbering 

corresponds to 1LN1. (b) Superposition of 3FGQ (Shown in Pink) and 2ACH (Shown in 
Green). The residues that correspond to the formation of Ω-loop in human neuroserpin have 

been numbered. The images have been created with PyMOL [18]. 

3.3 3FGQ 

Human neuroserpin is a selective inhibitor of tissue-type plasminogen activator (tPA) 
and plays a role in neuronal plasticity, memory and learning. The crystal structure of 
the human neuroserpin shows an Ω-loop between strands 1B and 2B [10], which 
contribute to the inhibition of tPA. An Ω-loop deleted mutant of neuroserpin, formed 
a less covalent complex and had a lower Ka (association constant) with tPA, 
suggesting the importance of the Ω-loop, for the interaction between neuroserpin and 
tPA. Deficiency of neuroserpin results in Familial encephalopathy with neuroserpin 
inclusion bodies (FENIB), dementia and serpinopathy, confirming the role of 
neuroserpin Ω-loop in human diseases. 

FUGUE yielded Human α1-antichymotrypsin (2ACH) [15] as the topmost hit, 
since they both retain the serpin domain in a Pfam search. The Z-score was 61.0 and 
the manual inspection of the superposed structures of 2ACH and the human 
neuroserpin 3FGQ shows the complete absence of Ω-loop in the α1-antichymotrypsin. 
This confirms that the Ω-loop is a unique structural pattern of human neuroserpin, 
which is absent in all the other members of the serpin superfamily (Figure 2b). 
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3.4 3PRG 

Peroxisome proliferator activated receptor (PPAR) is a member of the nuclear 
receptor supergene family and in contrast to other nuclear receptor ligand binding 
domains (LBDs), the Ω-loop is extended in 3PRG and stands between helix 1 and 3 in 
PPARγ LBD [11]. Researchers have recently found the nature of abnormal lung 
maturation in the absence of airway epithelial cell PPARγ and identified a putative 
genetic determinant of dysanapsis [16]. Thus, PPARγ seems to have a disease-related 
functional Ω-loop. 

FUGUE yielded 1SKX (orphan nuclear receptor pxr) [17] as a profile hit with a Z-
score of 28.44, since they both retain the LBD of the nuclear hormone receptor 
domain, revealed by Pfam search. The three dimensional alignment of the superposed 
structures show that the Ω-loop in PPARγ has the largest deviation from the fold and 
has an insertion of a +20 amino acid region, with respect to 1SKX. 

4 Discussion 

Previous studies have discussed the structural features and geometry of Ω-loops, 
which are proven to be involved in protein structure, stability and in folding. 
However, the analysis of Ω-loops in disease-related proteins has not been carried out 
thoroughly. The comparison of structural features of such proteins with their 
structural homologs, results in the identification of the similarities and also helps to 
distinguish the unique structural patterns of the disease related Ω-loops in proteins of 
Homo sapiens. This study, focuses on the presence of Ω-loops in human proteins 
involves in diseases and thus provides insights for drug design against these diseases, 
caused by undesirable interactions and mutations of Ω-loops. 
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Amino acid co-evolution is a phenomenon of an amino acid change triggered by a 
change in a related amino acid, in order to maintain structural and functional integrity 
of the protein. Residues under physical or functional constraints often exhibit co-
evolution and most of the functional residues are found to be co-evolved with other 
functional residues or with other residues. Detection of these co-evolving amino acid 
residues will serve as a powerful guideline for the prediction of functional residues. In 
this study, we introduce an amino acid co-evolution – hellinger distance estimation 
method, PREACH (PREdiction of Amino acid Co-evolution by Hellinger), for the 
prediction of functional residues in a protein. Our analysis makes evident that amino 
acid co-evolution is a significant benchmark for identifying functionally important 
residues. We also demonstrate that our method is significantly more efficient in 
predicting protein-protein interface residues than the available most efficient 
conservation-based and phylogeny-based prediction methods and is comparable in 
predicting catalytic site residues.  

1 Introduction 

Although many complete genome sequences are available through various 
experimental studies, the fraction of proteins functionally characterized through 
experiments remains considerably low. Computational inference of a protein's 
function can be accomplished by comparison of an uncharacterized protein with its 
functionally annotated homologs at the level of sequence and/or structure. Predicting 
the function of a protein from only its sequence information has emerged as a major 
research field in computational biology, since structural information is not a 
prerequisite and many attempts have been made to accomplish this task. Most of the 
available methods predict functional residues either by conservation analysis or 
phylogenetic analysis of amino acid residues of the protein in a multiple sequence 
alignment (MSA).  

In conservation analysis, functional residue sites are assumed to be conserved with 
respect to the rest of the alignment, because of the limited number of mutations 
tolerated at these positions. There are many methods that take residue conservation 
into account for the prediction of functional residues as reviewed by Valdar [1]. Capra 
and Singh [2] proposed an information theoretic approach for estimating sequence 
conservation based on Jensen-Shannon divergence and demonstrated that considering 
conservation at sequential neighbors generally improves the performance of their 
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method and all the other methods they tested. Incorporating background frequency of 
an MSA also improves most of the entropy-based residue conservation measures in 
identifying functional sites from protein multiple alignments [3]. Conservation 
analysis has been found efficient in catalytic site and ligand binding site predictions, 
however, it has been observed that predicting protein-protein interface (PPI) residues 
by conservation measures is challenging, which suggests that conservation alone 
should not be used to predict interface residues [2,4-6]. In phylogenetic analysis, 
phylogenetic motifs (PM) are identified which are sequence regions that retain the 
phylogeny of the protein family. MINER [7] is an algorithm to identify protein 
functional sites from MSA by comparing the phylogenetic similarity of each window 
tree to the complete phylogenetic tree using a modified partition metric algorithm. 
Phylogenetic similarity between each region on the sequence and the whole sequence 
represents catalytic sites and protein-protein interfaces [7]. Given an MSA, many 
valid phylogenetic trees are possible; however these methods consider only one. 

Functional amino acid residues are often under significant evolutionary pressure 
and these positions are expected to tolerate very limited number of mutations and 
often such mutation is compensated by another mutation or substitution. This 
phenomenon of change of an amino acid triggered by the change in a related amino 
acid is termed amino acid co-evolution. Residues under physical or functional 
constraints exhibit co-evolution [8,9], which is detected in a two-step process: 
construction of an MSA of the protein and its homologs; and calculation of a co-
evolution score for each pair of sites [10]. Structural and functional roles of co-
evolved sites in proteins have been studied by Chakrabarti and Panchenko [11]. 
Residue co-evolution allows the protein to maintain its overall structural-functional 
integrity and spatial distribution of these sites has revealed that a high fraction of co-
evolved sites are located close to each other. It has been shown that functionally 
important residues are frequently co-evolved with other functional residues [11]. 
Also, residues which form co-evolutionary connections with other residues are more 
conserved in evolution and are involved in functionally important interactions or 
conformational changes [12]. Interestingly, coupled amino acid changes will mostly 
occur in the same lineage or on the same branch of the phylogenetic tree [13, 14] due 
to the strong positive selection pressure to mutate another site to compensate for the 
original mutation. 

2 Method 

The objective of this study is to devise a method for the prediction of functional 
residues and to improve protein-protein interface prediction by calculating the 
evolutionary distance between co-evolved functional amino acid residues. The 
method does not calculate co-evolution scores between every pair of residues 
however, takes advantage of the fact that the evolutionary distance between co-
evolved functional amino acid residues is lesser and the similarity between co-
evolved residues can be obtained by the distance between the distance matrices of a 
residue and its sequential neighboring regions. The neighbors are taken into account, 
since incorporating background frequency of an MSA improves most of the column-
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based measures in functional residue prediction [2]. The evolutionary distance 
between a functional residue and its neighboring window alignment can be an 
informative way of determining functional residues, since the compensatory amino 
acid changes occur in the same lineage and often these sites are located close to each 
other. This is accomplished by constructing distance matrix of a column alignment 
and computing the similarity of the column with the distance matrix of its sequential 
neighbor window alignment. A distance matrix provides a measure of the sequence 
similarity of proteins within the protein family and has been used for inferring protein 
structures, for structural comparison of proteins [15], for determining optimal 
structural alignments [16]. The neighboring window alignment is considered, since 
any mutation in the functional residue in question would have triggered a possible 
change (a compensatory mutation) in the neighboring functional amino acid residues 
and this change can be determined by computing the similarity between these co-
evolved residues. In other words, the smaller the evolutionary distance between co-
evolved amino acid residues, greater is the similarity between the functional residue 
column and its neighboring window alignment, which can be denoted by a score. 

The method takes as input, a multiple sequence alignment A created with ClustalW 
[17] of length L over N sequences. Ac denotes the Cth column of an alignment and 
Ack, the symbol in column C of sequence k, where Ack can be one of the 21 elements 
(20 amino acids and a gap symbol). The method compares a single column matrix to 
neighboring window matrix over fixed-width windows on an alignment and proceeds 
in the following steps: 

1. Over all N sequences of length L, generate alignments of each column aj, in 
an alignment A. 

2. Split the alignment A into fixed windows of width W (default =7). 
3. Generate pair-wise similarity matrices, ajm for all columns, Wm for all 

windows that contain  N(N-1)/2 similarity values for all unique sequence 
pairs. 

Based on the number of sequences, either ProtDist from PHYLIP package [18] or 
distmat from EMBOSS suite [19] can be used, which calculates evolutionary 
distances between each pair of sequences in an MSA. In the case of distmat, the true 
evolutionary distance is reflected by estimating the distance by Kimura protein 
distance [20]. 

4. Let X=(x1,x2,...,xn) and Y=(y1,y2,...,yn) be the lists of matrix elements of the 
column distance matrix, P=(p1,p2,...,pn) and window distance matrix, 
Q=(q1,q2,...,qn) respectively, after normalization of each element by the total 
sum of each list respectively. For each column aj, hellinger distance HD [21] 
(Equation 1) is calculated to quantify the similarity with the neighborhood 
window matrix Wm, in which the column aj is a part. An example alignment 
is shown in figure 1.  

( ) ( )[ ]22/12/1

1
2/1 ii
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Equation 1 : Hellinger distance 
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5. For each column aj, the HDpq represents the PREACH score. 

3 Datasets 

Two types of datasets, namely (1) the catalytic dataset of Capra and Singh [2] and (2) 
the protein-protein interface dataset of Caffrey et al [5], that exhibit divergent 
conditions have been used in this analysis, since functional residue prediction are 
usually employed amidst such varying contexts. The datasets comprises different 
types of functional residues and the results are expected to be comparable among 
these datasets. 

 

 
 

Figure 1 : Showing an example alignment A comprising N sequences of length L. Distance 
matrix Wm of window W and distance matrix ajm of a column aj.  

3.1 Catalytic site dataset 

The first dataset consists of 645 alignments with an average of ~79 sequences per 
alignment and ~1900 catalytic sites derived from Capra and Singh [2]. The annotated 
catalytic sites for comparison are obtained from the Catalytic Site Atlas (CSA) [22], a 
literature derived database of enzyme active sites and catalytic residues. 
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3.2 Protein-protein interface dataset 

The second dataset is derived from Caffrey et al [5] consisting of 64 protein-protein 
interfaces, that includes 42 homodimers, 12 heterodimers and 10 transient complexes. 
For each protein, multiple sequence alignments of both close and diverse homologs 
created with ClustalW [17] have been used in this analysis. Positive interface residues 
are defined as those losing more than 1% relative solvent accessibility (RSA – the 
atomic accessible surface area when a probe is rolled around the Van der Waal’s 
surface of a protein) on complex formation; as suggested by Caffrey et al [5]. 

4 Interpretation 

Results are compared with JSD [2] and MINER [7] methods on two datasets by 
computing receiver operator characteristic (ROC) curves and by comparison of the 
ranking of positive functional residues. Using ROCR package [23] in R [24], a ROC 
curve is computed for each alignment and averaged across all alignments to obtain the 
overall ROC curve. The area under the ROC curve (AUC) is reported at a range of 
false positive rates : 0.1 (AUC0.1), 0.5 (AUC0.5) and 1.0 (AUC1). Rank analysis is 
performed as suggested by Wang K and Samudrala R [3], in which, the PREACH 
scores for all columns have been computed and the rank of known functionally 
important columns are recorded. The top 30 hits score computes the number of 
functional sites among the top 30 scoring residues in a given protein. Since the 
number of positives might be less than 30, it is normalized such that, all possible 
positives in the top 30 predictions gets a score of one and the top-30 statistics are 
averaged over all alignments [2]. The statistical significance of differences between 
the ROC curves is estimated by McNemar's test [25], which is a non-parametric 
method used on nominal data. 

5 Results and Discussion 

The PREACH method is compared to the JSD method, which outperformed six other 
measures [2] and also to the phylogeny based MINER method. The performance 
statistics – averaged AUCs and top 30 – for our method and MINER are appended 
with the performance statistics tables published in JSD [2]. The results are compiled 
for the catalytic site dataset in Table 1, and the close homolog dataset (results are 
similar to diverse homolog dataset) in Table 2. Total predictions by PREACH and 
overlapping predictions with JSD and MINER are shown in Table 3. 

The results on the catalytic dataset are comparable with the conservation based 
measures listed in Table 1. Even though JSD has performed better than PREACH at 
different false positive rates on the catalytic dataset, PREACH had better results in the 
top-30 scores (Table 1), which demonstrates that most of the catalytic residues are 
scored higher than other residues. It has been shown that [2], JSD, Relative entropy 
(RE) and Rate4site (R4S) perform better than the other four methods and so is our 
method. There is an overlap of ~1200 true positive predictions between JSD and 
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PREACH (Table 3) which indicates that, even though PREACH method is based on 
the principle of co-evolution, it predicts most of the residues that are identified as 
being conserved by JSD and other methods. Since the ligand dataset employed in JSD 
analysis [2] is based on a less restrictive definition of functionally important residues, 
the ligand dataset has not been used in this analysis. Predicting protein-protein 
interaction (PPI) residues by conservation measures is much more challenging [2,4-
6], which can be determined from table 2. Co-evolution based functional residue 
prediction is a novel method and is also efficient in predicting PPIs. In the PPI dataset 
(both close and diverse homolog alignments), PREACH method has scored better 
than JSD on all parameters (Table 2). Table 2 shows that none of the seven 
conservation measures studied by Capra and Singh [2] has performed better in PPI 
prediction. For our method, the statistics for both close and diverse homolog 
alignments are similar. The AUC1 values for the conservation based methods are 
~0.55, whereas the AUC1 for the PREACH method is ~0.65, which shows that, even 
though the conservation signal at a protein interface is least detectable, co-evolution 
turns out to be a striking signal for the prediction of PPIs. Capra and Singh [2] 
suggested that the results on the PPI dataset would be improved by dividing the 
dataset into transient and obligate interactions, however, as we here could show, the 
alternative is to use co-evolution as a criterion for PPI prediction. Since the number of 
positive predictions by JSD on the PPI dataset is not high, there is an overlap of only 
~200 true positives between JSD and PREACH. The top-30 score of our method is 
higher than the AUC1 of all the conservation methods studied in [2], which proves 
that co-evolution, rather than conservation, should be used for the prediction of PPIs. 
At a fixed false positive rate of 0.1, our method produces AUC of a near perfect 
prediction on the PPI dataset. 

 

Method AUC0.1 AUC0.5 AUC1 Top-30 

Shannon Entropy 0.0524 0.4248 0.9235 0.6783 

Property Entropy 0.0338 0.3780 0.8749 0.4328 

von Neumann Entropy 0.0499 0.4211 0.9166 0.6462 

Sum-of-pairs measure 0.0528 0.4291 0.9271 0.6374 

Relative Entropy 0.0599 0.4436 0.9428 0.7120 

Rate4Site 0.0615 0.4451 0.9412 0.7240 

Jensen-Shannon divergence 0.0623 0.4464 0.9440 0.7338 

PREACH (close and diverse 
homologs) 0.0598 0.4350 0.7814 0.7800 
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Table 1 : Results of the catalytic site dataset 

 

Method AUC0.1 AUC0.5 AUC1 Top-30 

Shannon Entropy 0.0060 0.1352 0.5203 0.1692 

Property Entropy 0.0037 0.1160 0.4968 0.1225 

von Neumann Entropy 0.0059 0.1367 0.5265 0.1670 

Sum-of-pairs measure 0.0069 0.1380 0.5217 0.1806 

Relative Entropy 0.0079 0.1529 0.5468 0.1948 

Rate4Site 0.0075 0.1466 0.5433 0.1772 

Jensen-Shannon divergence 0.0079 0.1516 0.5437 0.1960 

PREACH (close and diverse 
homologs) 0.0096 0.2064 0.6469 0.5493 

MINER 0.0052 0.1252 0.4996 --- 

Table 2 : Results of the close homolog dataset 

Type Total 
Predictions 

by 
PREACH

Overlap 
with JS 

Overlap 
with 

MINER

Overlap 
between JS 
and MINER 

CSA 1999 1581 1213 736 635 

PPI (close) 2664 1824 325 395 208 

PPI 
(diverse) 2664 2153 204 289 67 

Table 3 : Overlapping predictions between PREACH and MINER 

 

MINER 0.0193 0.2890 0.5931 0.5831 
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Out of total 1999 catalytic sites, PREACH predicted 1581 catalytic sites compared 
to 736 predictions by MINER. MINER predicts 395 and 289 PPIs compared to 1824 
and 2153 (close and diverse alignments respectively) PREACH predictions, which 
shows that PREACH performs better than MINER (Table 3) on both the datasets. The 
various AUC values at different false positive rates of 0.1, 0.5 and 1 on catalytic 
dataset and PPI dataset are summarized in Table 1 and 2 respectively. At a false 
positive rate of 0.1 on the PPI dataset, PREACH gives a near-perfect prediction score 
of 0.0096. Also at different AUC levels on all the datasets, PREACH has 
outperformed MINER in all instances. 

Recently, many studies have been devised to identify strengths and weaknesses of 
the available co-evolution detection methods [10], aimed to define structural and 
functional roles of co-evolved sites in proteins [11,12,26,27]. Chakrabarti and 
Panchenko [11] showed that a noticeable fraction of functionally important sites 
undergo co-evolution. Co-evolution points towards compensatory substitutions as a 
probable co-evolutionary mechanism within spatially proximal co-evolved functional 
sites. The same authors [12] also found that protein sites with a higher number of co-
evolutionary connections with other sites have a tendency to evolve more slowly. 
PREACH, the hellinger based functional residue prediction takes advantage of the 
fact that functional residues that undergo evolution, would trigger a possible co-
evolutionary change in related functional residues and that the similarity between the 
functional residue in question and the neighboring residues will be higher [11]. This 
similarity is computed by constructing distance matrix of a column and its 
neighboring residues in a multiple sequence alignment, which is an estimate of the 
divergence time between the two species [18]. The rationale for considering 
neighboring residues is that catalytic site residues and interfaces are often formed by 
spatially contiguous set of residues [28] and this is analogous to considering adjacent 
residues along the polypeptide chain i.e. the sequential neighbors [29]. Thus, the 
minimum evolutionary distance between a column distance matrix of a residue and its 
neighboring window distance matrix is indicative of functional residues. 

PPI prediction – A case study 

The ability of the PREACH method in the prediction of PPI residues has been shown 
with Factor Xa, a serine protease (protease group S1), which consists of two chains A, 
shown in Green (Figure 2) and B, shown in Cyan (Figure 2). Sequence homologs 
from 12 different organisms have been obtained by blast program [30] and the 
multiple sequence alignment was created with ClustalW [17]. The structure of this 
protein deposited in PDB [31] as 1HCG [32] contains a total of 489 residues, out of 
which 36 are known to be interface residues. The alignments of both close and diverse 
homologs have been used. PREACH method predicted 41 residues as interface 
residues, in which 32 residues were correctly predicted, 9 were false positives and 4 
were false negative residues. The true and predicted interface residues are depicted in 
figure 2. 



Amino acid co-evolution based functional residue prediction 65 
 

 

 

Figure 2 : Structure of the true and predicted interface of 1HCG, created with PyMOL [33]. 
Chain A and Chain B shown in Green and Cyan respectively. Actual and predicted positive 

residues in Violet, false negatives shown as Pink spheres and false positives shown as Orange 
lines. 

Conclusion 

Our method has proven that amino acid co-evolution can be used as a powerful 
strategy for identifying functional residues. The minimum evolutionary distance 
between a functional residue and its corresponding neighboring window is indicative 
of functional residues and our method is efficient in predicting both catalytic site 
residues and protein-protein interface residues. The increased efficiency of prediction 
on the PPI dataset by PREACH suggests that, rather than conservation or phylogeny, 
amino acid co-evolution should be used as a strategy for PPI prediction.  

The performance of our method can further be improved by using different 
window widths with respect to a single residue and also by constructing sliding 
windows rather than fixed window widths. Since our method depends on the 
similarity between co-evolving residues, our method might also perform well in 
determining specificity determining positions [34,35], features that will not be 
determined by conservation measures. Comprehensively, our method proves that the 
principle of co-evolution forms a powerful basis for the prediction of functional 
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residues and this method serves as a lead for the development of co-evolution based 
methods for the prediction of catalytic residues and PPIs. 
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Chapter 3 

Conclusions and Future 
Research 

This chapter concludes the work presented in this thesis, summarizes our major 
contributions and indicates possible directions for future research. 
 

3.1 Contributions 

This thesis aims to answer a few important questions regarding serine proteases and 
their inhibitors and provides insights into structural and evolutionary aspects of these 
proteins. The research on proteases and their inhibitors is enormous, however there 
are many unanswered questions regarding these proteins in contrast to the excessive 
amount of data made available through various experimental and computational 
studies. Since these proteins are involved in many disease related mechanisms and 
mutation of these proteins leads to various pathophysiological consequences, the 
studies on the evolution and structural aspects of these proteins are considered 
important. This thesis is divided into two parts; the first being the structural studies of 
neuroserpin in Macaca fascicularis and other organisms, which has led to the 
identification of 13 new members in this serpin superfamily based on the crystal 
structure of human neuroserpin. The conservation of unique structural patterns and 
stabilizing interactions of the human neuroserpin and the newly found members have 
been studied in great detail. The study of neuroserpins in non-human primates has not 
been accomplished so far and its presence in primates is presumed. M. fascicularis or 
cynomolgus monkey is a primate that is used extensively in neuroscience based 
medical experiments, however as there is no known neuroserpin in this mammal. We 
have identified a neuroserpin in M. fascicularis by comparative sequence analyses 
and a structure has been modeled by comparative modeling, which shows that 
neuroserpin of M. fascicularis is 98% structurally similar to that of human 
neuroserpin. Ω-loop is found to be an important structural pattern of neuroserpin of 
almost all the organisms. The involvement of a non-regular secondary structure, the 
Ω-loop in human diseases has been dealt with, since the Ω-loop of human neuroserpin 
is known to be associated with FENIB (Familial encephalopathy with neuroserpin 
inclusion bodies), a disorder in humans. 

The second part of this thesis has dealt with the development of an amino acid co-
evolution based functional residue prediction method PREACH, which has been 



70 Conclusions and Future Research 

 

generalized to other proteins. It has been known that functional residues often co-
evolve with other functional sites and coupled amino acid changes occur in the same 
branch of a phylogenetic tree. The similarity of a residue column alignment and its 
sequential neighbor window alignment can be an informative way of predicting 
functional residues, since co-evolved functional residues are often close to each other. 
We have developed a co-evolution based functional residue prediction method, since 
the available conservation methods are not very efficient in predicting protein-protein 
interactions, while phylogeny based methods lose information by assuming only a 
single phylogenetic tree from possible multiple valid trees. While our method is 
comparable with the results of conservation-based methods on the catalytic dataset, it 
performs significantly better on the protein-protein interface (PPI) dataset, while it is 
found to be superior to the phylogeny-based methods on all datasets. Thus, we 
conclude that, co-evolution rather than conservation or phylogeny must be used in 
identifying PPIs. 

3.2 Future Research  

While research on serine proteases and inhibitors is never-ending, we present here 
some ideas on our future work, which mainly focuses on the second part of this thesis. 
The principle of co-evolution in the prediction of functional residues is an innovative 
idea for the improvement of PPI predictions. Our method takes a multiple sequence 
alignment of the protein as an input and compares each column alignment to the 
neighboring window alignment of fixed width and takes advantage of the fact that, 
functional residues are often co-evolved with other functional residues. We could 
show that, co-evolution is a stronger signal than conservation or phylogeny for 
functional residue prediction. Indeed, our method has strikingly improved the protein-
protein interacting residue predictions, compared to the available conservation 
methods. The reason for the improvement of PPI prediction is due to incorporation of 
the evolutionary information about the sequentially adjacent positions. Since our 
method uses the underlying distance matrices rather than constructing phylogenetic 
trees, it does not lose information as lost by other phylogeny-based functional residue 
prediction methods e.g. MINER. Future work involves the improvement of the 
algorithm with respect to the prediction of catalytic site residues by taking into 
consideration, the gap removal of alignments. The tool will be refined by using 
different window widths; from a width of 3-9 (the default will be 7). As co-evolution 
might occur in a neighboring window width of any size, the use of different window 
widths will be useful, however to avoid irrelevant results, we would restrict the 
window width to be 9. We will also use sliding windows to increase the homogeneity 
of the method. Structural information is not a prerequisite for this method however, 
the method can be improved by using structural information, wherever available. 
Since our method has predicted PPIs better than conservation methods, we expect it to 
be able to distinguish between specificity determining positions, positions that confer 
functional or structural specificity (the catalytic triad as in the case of serine 
proteases), which cannot be distinguished by the available conservation methods.  
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3.3 Concluding thoughts 

The interest in evolutionary and structural information on serine proteases and their 
inhibitors has been constantly growing during the last decade, due to the involvement 
of these proteins in important mechanisms related to human diseases. This thesis has 
provided useful insights into the evolution and structural aspects of these proteins. 
The structural study on the neuroserpin has extended the serpin superfamily and M. 
fascicularis is found to contain neuroserpin that is 98% similar to human neuroserpin. 
The structural similarities and differences of Ω-loop containing proteins and their 
structural homologs, that are involved in human diseases have been thoroughly 
investigated which might pave way for drug design strategies against these diseases. 
The co-evolution based functional residue prediction method, PREACH is an 
innovative approach in the field and the striking improvement on the prediction of 
protein-protein interfaces has proven that co-evolution rather than conservation or 
phylogeny should be considered for functional residue prediction. Further 
improvement of the algorithm might make co-evolution a standard strategy for 
functional residue prediction. Thus, this thesis provides various significant insights 
into the structural aspects of serine protease inhibitors using available tools. The 
newly developed functional residue prediction method can be applied to serine 
proteases or virtually to any protein or class of proteins, provided the sequence of the 
protein and their sequence homologs are available. 
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your own mind, but the object of your study is always your own mind. 
 

Swami Vivekananda 
  



 

 



 

 

 
 

 Arenberg Doctoral School of Science, Engineering & Technology
Faculty of Science

Department of Computer Science
Research groups CODeS and ITEC-IBBT

Etienne Sabbelaan 53
8500 Kortrijk



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages false
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata pogodnih za pouzdani prikaz i ispis poslovnih dokumenata koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [5952.756 841.890]
>> setpagedevice


