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ABSTRACT
Claudins are family of proteins of tight junctions establishing the paracellular barrier that controls the
flow of molecules in the intercellular space between the cells of an epithelium. Claudin 1 protein plays
significant role in Enteropathogenic Escherichia coli infection which is an important agent of infectious
diarrhea, especially in pediatric populations. The crystal structure of Claudin 1 is yet unknown to the scientific
public, hence a 3D structure is very essential for structural studies, protein – ligand interaction and designing of
novel agonists against the infection. In this study we modelled a 3D structure of Claudin 1 by X-ray crystal
structure of Apct Transporter of Methanocaldococcus jannaschii (PDB ID: 3GI9, Chain C) used as the template.
Our study found that Claudin 1 predominantly consists of α helix. The RMSD value of modelled protein was
found to be 2.0 Ao and steriochemical validation shows 88. 9% residues are in allowed region of Ramachandran
plot. Further validation was done by various empirical force fields. Overall quality factor of the model identified
to be 66.83 and error values of individual residues are negligible. The modeled protein was submitted to Protein
Model Database and can be downloaded with the ID: PM0076543. Molecular docking studies with selected
ligands were carried out and concluded that Cathepsin L and Celecoxib were the best ligands of choice with
Etotal– 162.3, -154.3 respectively. Our study concluded that these inhibitors could be used as potential drug
candidates against Enteropathogenic E.coli Infections
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INTRODUCTION
Enteropathogenic and Enterohemorrhagic Escherichia coli are important causal agent of infectious
diarrhea, particularly amongst pediatric populations. While enteropathogenic E. coli is a significant health threat
in developing countries, enterohemorrhagic E. coli causes sporadic, sometimes deadly outbreaks of hemorrhagic
colitis, with a serious complication, hemolytic uremic syndrome, occurring in a proportion of cases. 1,2,3.
Infection of humans with enterohemorrhagic Escherichia coli (EHEC) serotype O157:H7 causes outbreaks of
hemorrhagic colitis and hemolytic uremic syndrome and it is related to production of Shiga-like toxins, an
important cause of acute kidney failure. The related pathogen enteropathogenic E. coli (EPEC) is an important
cause of prolonged watery diarrhea in infants in underdeveloped countries. 4,5,6.
Tight junctions (TJ) are the most apical cell-cell contacts and are important for barrier function in
epithelial and endothelial cells. A number of integral membrane proteins associated with the TJ have been
identified during recent years, including occludin, junctional adhesion molecule, and the claudin family
consisting of at least 24 members. 7,8,9,10 Claudins and occludins build up the functional units responsible for the
tight sealing of the cells in epithelial sheets, whereas TJ proteins, such as Tight Junction Protein 1 (TJP1), are
responsible for linking Claudins and occludin to the actin cytoskeleton.11 Claudins comprise four
transmembrane domains along with two extracellular loops and two cytoplasmic domains (Fig.1). Recent
advances revealed that Claudins are directly involved in intercellular sealing of simple as well as stratified
epithelia in vertebrates. 12,13,14. During the course of infection, enteropathogenic and Enterohemorrhagic
Escherichia coli subvert the host cell signaling machinery and hijack the actin cytoskeleton to tighten their
interaction with the gut epithelium, while avoiding phagocytosis by professional phagocytes. 15,16,17,18
Comparative modelling predicts the three-dimensional structure of a given protein sequence (target)
based primarily on its alignment to one or more proteins of known structure (templates). The prediction process
consists of fold assignment, target-template alignment, model building, and model evaluation.19 Docking is a
method which predicts the preferred orientation of one molecule to a second when bound to each other to form a
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stable complex. 20. A variety of experimental and computational techniques can be used to identify possible
protein binding partners of protein. The prediction of putative protein– ligand interaction geometries by using
computational docking methods is of increasing importance in the field of structure based drug designing 21. In
this study we have modelled a detailed 3D structure of Claudin 1 and docking studies were carried out to design
and optimize novel therapeutic agents for Enteropathogenic E.coli infections
MATERIALS AND METHODS:
Sequence retrieval of Claudin 1
The protein sequence of Human Claudin 1- Accession: O95832 was retrieved from UNIPROT 22
database and the FASTA sequence is used for our studies
>sp|O95832|CLD1_HUMAN Claudin-1 OS=Homo sapiens GN=CLDN1 PE=1 SV=1
MANAGLQLLGFILAFLGWIGAIVSTALPQWRIYSYAGDNIVTAQAMYEGLWMSCVSQSTGQIQCKVFD
SLLNLSSTLQATRALMVVGILLGVIAIFVATVGMKCMKCLEDDEVQKMRMAVIGGAIFLLAGLAILVA
TAWYGNRIVQEFYDPMTPVNARYEFGQALFTGWAAASLCLLGGALLCCSCPRKTTSYPTPRPYPKPAP
SSGKDYV
Screening for best homologous templates
The best homologous proteins of Human Claudin 1 were selected based on the percentage of identity,
similarity, expectation value and alignment scores using PSI-BLAST 23 algorithm across Proten Data Bank
(PDB).
Multiple sequence alignment and phylogenetic characterization
The best homologous sequences were subjected to Multiple Sequence Alignment and Phylogenetic
Characterization. MSA was performed by T-COFFEE 24 to analyze the conservation factor in the closely related
proteins. The guide tree created from the best homologs was submitted to NJ Plot to interpret the evolutionary
pattern of the homologous set.
Proteogenome analysis of Claudin1
The protein sequence of Claudin 1 was reverse translated by the Reverse Translate tool hosted in the
ExPASy server. The nucleotide sequence of Claudin was subjected to Open Reading Frame analysis by the
NCBI-ORF Finder. The locations of the functional genes present in the nucleotide sequence of claudin were
analyzed by the GENSCAN 25. The Secondary structure conformation of Claudin protein sequence was
predicted by PSIPRED26. The domains and motifs, single peptides, internal repeats, intrinsic protein disorder
and outlier homologues were predicted by the tool SMART27. The Post translational modifications of target
protein sequence were predicted by dbPTM 28. The hydrophobicity and topology prediction was done using TOP
PRED29
In silico Comparative Modeling of Cludin-1 Protein
An in silico comparative modelling of the Claudin protein was performed by the MODELLER 9v730.
The best homolog identified earlier in the proteogenomic characterization was used to generate alignment, atom
and the script files for modelling. The target and template were superimposed by DaliLite 31 server to analyze
the RMSD value. The modelled protein was visualized by PyMOL32.
Model refinement, validation and submission of modeled structure to PMDB
The modeled protein is validated by molecular dynamics and mechanics with the help of various
empirical force fields such as ANOLEA 33, GROMOS 34 and VERIFY3D35. The parameters included the
covalent bond distances and angles, steriochemical validation and atom nomenclature were validated using
PROCHECK 36. The statistics of non-bonded interactions between different atom types were detected and value
of the error function was analyzed by ERRAT37. The modelled β-Enolase Protein was deposited to the Protein
Model Data Base 38.
Selection of Potential Drug Candidates against Claudin1 protein
On the basis of literature studies and drug database survey, about 10 inhibitors were selected for
docking process to identify the potential drug candidate against the Claudin 1 related disorders. The selected
inhibitors are Aspirin39, Cathepsin L40, Sodium butyrate and Trichostatin41 Indomethacin 42, Prostaglandin E243,
Glucose44, Cysteine45, Celecoxib and Diclofenac46. The structural coordinates of these molecules were retrieved
from NCBI PubChem 47 in SDF format and converted to PDB.
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Molecular Docking
A rigid body docking was performed with HEX 6.148 by SP Fourier Transform, FFT steric scan, FFT
final search and MM refinement. The clustering histogram with the scoring function was generated to analyze
the binding energy of each selected conformations. The energy values in the clustering histogram of the docked
complexes were analyzed. The ligand that produced the best ETotal , minimum energy, was selected as the best
inhibitor. The docked complex is viewed and the interaction residues of amino acids with the ligands were
analyzed by PyMOL
RESULTS AND DISCUSSION
Retrieval of protein sequence
The protein sequence of Human Claudin 1 consists of 211 amino acids. It plays a major role in tight
junction-specific obliteration of the intercellular space, through calcium-independent cell-adhesion activity and
also acts as a co-receptor for HCV entry into hepatic cells. It is expressed in liver and kidney, heart, brain,
spleen, lung and testis.
Screening of Best homologous
The PSI – BLAST results were analysed and the best protein hits were selected based on the percentage
of identity, similarity and query coverage. The identity range was 29-50%, similarity range was 45-60% and Evalue range was 2.6- 8.2. (Table-1)
MSA and phylogenetic characterization
The multiple sequence analysis was performed with T- COFFEE and the conservation present in the
target protein was interpreted. The phylogenetic relationship between the selected templates and target was thus
analysed.(Fig 2) The crystal structure of ‘Apct Transporter bound to 7f11 monoclonal Fab fragment’ of
Methanocaldococcus jannaschii (PDB ID: 3GI9, Chain C) was found to have the closest relationship with the
Human Claudin 1 protein. Hence the protein structure 3GI9 was selected as the best template for Human
Claudin 1Protein for Homology Modelling.
Proteogenomic analysis
The ORF FINDER displayed all possible six frames of translation of the reverse translated Human
Claudin 1 protein sequence. Out of the 6 frames of translation only +1, +2, -1, -2, and -3 frames possess the
potential to translate to protein sequences. The +1 frame being the longest reading frame and it consist of many
coding regions. The GENSCAN output showed that initial exon is present in the strand of 593 bps starting from
95 to 687. The molecular weight and isoelectric point of the protein were found to be 22743.8 Dalton and 8.41
respectively. The secondary structure of Claudin was predicted by PSI-PRED. It has been noticed that Claudin 1
consists majorly of helices. It was predicted that 56.4% were α helices, 9.95% were extended strand, 4.27%
were β strands and 29.38% were random coils. The topology analysis revealed that protein consists of central
transmembrane helical segment, internal helix cap, internal loop and an external loop. The hydrophobicity
profile and the topology of Claudin protein were predicted by TOPPRED. The functional motifs predicted by
SMART indicated a domain of Pfam ID: PF00822. The low complexity region is present between the 119 and
136 amino acids. The domain is expressed in many tissues but mainly by schwann cells as a component of
myelin of the peripheral nervous system (PNS). It plays a role both in myelinisation and in cell proliferation.
The proteins of this family are about 160 to 173 amino acid residues in size, and contain four transmembrane
segments. PMP-22, EMP-1, -2 and -3 are highly similar.
Comparative modelling
A pair wise alignment between the target and temple is performed (Fig 3).The Modeller program was
executed and a series of files were generated and the final modelled protein was written as
‘Claudin.1B99990001’ The superimposition was performed to analyse the backbone threading and fold
recognition of target. (Fig.4) .There is 207 residues are aligned between the target and template with a Z score
of 18.5. It has noticed that RMSD value is 2.0 and which indicate the backbone configuration of the protein is
good. The modelled protein was visualized in PyMol. It was seen that the helices were predominant in the
modelled protein and coils were present in small proportion. (Fig.5).
Validation of the modelled protein
The refinement of model was done by various empirical force fields such as ANOLEA, GROMOS and
VERIFY-3D (Fig.7).The modelled protein is validated by Ramachandran Plot generated by PROCHECK. The
Ramchandran plot accounts for 88.9% of the residues in the allowed region, 8.9% of the residues in the
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additionally allowed regions, about 1.7% in the generously allowed and disallowed regions each.(Fig.6). The
overall quality of the model is identified to be 66.832.(Fig.8).
Submission of the modelled structure in to Protein model database
The modelled protein was then submitted to Protein Model database with the unique ID PM0076543.
This structure is available in the database and can be downloaded for further structural studies.
Docking between of Claudin with best inhibitors
The docking was performed effectively with all the selected ligands. (Table II) The best ligand was
analysed based on the ETotal value given by the clustering histogram. Cathepsin L was analysed as the best ligand
with ETotal -162.3 (Fig.9) Celecoxib also showed a significant binding affinity to the protein with energy minima
of -154.3. The main interacting residues of protein with Cathepsin L are ARG158, THY159 and MET102.The
docking study clearly shows that Cathepsin L and Celecoxib have strong inhibitory activity against claudin 1
and these could be used as drugs of choice against Enteropathogenic E.coli Infections.
CONCLUSION
Claudin-1 is a member of the Claudin protein family that participates in the formation of tight junctions
between adjacent cells. The hallmark of EPEC/EHEC infections is induction of attaching and effacing (A/E)
lesions that damage intestinal epithelial cells. Thus, agents capable of enhancing or maintaining the epithelial
barrier, through preservation of the tight junction or via modulating intracellular signalling pathways that
compete with those activated by bacteria, may be of value in reversing the effects of EHEC infection.
The structure of Claudin 1 is not yet known to public as there is no evidence in crystallographic data in
PDB and other structural databases. Thus there is a need for the three dimensional structure of Claudin 1 for
study of complete structural bioinformatics, protein – ligand interaction and designing of new agonists against
the infection. The initial studies were mainly focused on proteogenomic aspects of Claudin 1. The structure of
Claudin 1 is modelled based on the template crystal structure of ‘Apct Transporter protein of
Methanocaldococcus jannaschii. The model is validated by various empirical force fields. The Ramchandran
plot accounts for 88.9% of the residues in the allowed region, 8.9% of the residues in the additionally allowed
regions, about 1.7% in the generously allowed and disallowed regions each. The overall quality of the model is
identified to be 66.832. The secondary structure of Claudin 1 mainly consists of α helices and turns. The validity
of the modelled protein was so significant and it is submitted to Protein Modelling Database with unique ID,
PM0076543. The suitable ligands against Claudin were shortlisted based on the survey of various literatures.
The docking study indicated that Cathepsin L and Celecoxib were good inhibitors against Claudin 1 and these
could be used as potential drugs of choice against Enteropathogenic E.coli Infections
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Table 1: Best Homologous Template Structures for Claudin 1 protein

PDB
ID
3D6L
1VFG
2W0A
1Y5L
3GI9

Chain

Length

A
A
A
C
C

137
390
455
225
444

Percentage
of Identity
29
36
42
38
50

Percentage of
Similarity
53
50
60
58
58

E-value
2.6
5.1
5.9
7.9
8.2

Organism
Campylobacter jejuni
Aquifex aeolicus
Mycobacterium tuberculosis
Escherichia coli
Methanocaldococcus jannaschii

Table 2 Docking binding energies of selected inhibitors towards modeled Claudin 1

Sl.No.

Pub chem ID

Inhibitor

Binding energy

1

CID:2244

Aspirin

-81.2

2
3

CID:16760361
CID:2662

Cathepsin L
Celecoxib

-162.3
-154.3

4

CID:594

Cysteine

5

CID:3033

Diclofenac

-124.5

6

CID:24749

Glucose

-111.1

7

CID:3715

Indomethacin

-123.4

8

CID:5280360

Prostaglandin E2

-132.6

9

CID:5222465

Sodium butyrate

-116.8

10

CID:444732

Trichostatin A

-50

-132

Fig 1 KEGG Molecular pathway showing the role of Claudin 1 protein in Enteropathogenic E.coli infections
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Fig2 Phylogenetic Characterization of the best homologs of Claudin 1

Fig 3 Sequence alignment between target Claudin and template

Fig 4. Superimposed structure of target and template
Figure 5 : Modelled Claudin protein visualized by PyMol
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Fig 6 VERIFY 3D plot of modelled protein

Fig 8 Quality factor analysis of Claudin 1 by ERRAT

Fig 7. Ramchandran plot of Modeled protein generated by PROCHECK
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Fig 9 Docked complex showing the Cathepsin L to modelled Claudin
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