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Introduction: Iron-regulated outer membrane virulence protein (IrgA) involved in the initial step of iron uptake by binding ferric- iron chelation
siderophore that allows the bacterium to extract iron from the environment. IrgA homologue adhesion (ITha) revealed as a novel adherence conferring
molecule. In this study, homology modeling, fold recognition and Ab-initio approaches along with their combination were invoked to determine the
tertiary structure of Tha. Material and Methods: Specific bioinformatics methods were used to forecast their immunological, biochemical and functional

properties. Results: The results showed that IrgA constitutes beta barrel structures. The immunological, biochemical and functional analyzes led us to
pick a region of every antigen with the highest immunogenic properties. Comparison of antigenicity scores for selected regions and the whole proteins
showed that the antigenicity of the selected regions is considerably higher than the whole antigen. Conclusion: Our strategy for prediction of the 3D
structure and epitopes could be deemed as an amenable approach for efficient vaccine design. These approaches used could provide the basis for future
functional studies to design and development of a suitable vaccine. In this regard, a region includes residues 200-340, covering a part of barrel, was chosen
as vaccine candidate against Iha protein in Escherichia Coli.
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protein (IrgA) involved in the initial step of iron uptake by

Introduction

The O157: H7 Strain of Escherichia coli is a cause of diarrhea,
hemorrhagic colitis, and hemolytic uremic syndrome. The
widespread outbreak of this bacterium in the hospital
environments highlights the significance of vaccination against
this pathogen. Adherence ability to epithelial cells is an
important feature of virulence as enteric pathogens can
efficiently transmit toxins to host tissues, overcome peristaltic
clearance and gain access to nutrients extracted from host
substances (1,2). Iron-regulated outer membrane virulence

binding ferric- iron chelation siderophore that allows the
bacterium to extract iron. The results of recent investigations on
structure, function and underlying mechanisms of expression of
the IrgA homologue adhesion (Iha) homologues in a variety of
bacteria revealed Iha as a novel adherence conferring molecule
(3). Iha was identified as an adhesive in the enterohemorrhagic
E.coli O157:H7 strain called "IrgA homologue adhesive," based
on its homology with the IrgA enterobactin siderophore
receptor of Vibrio cholera (4) And its capacity to impart
epithelial cell adhesion to a non-adherent K-12 strain when
expressed from a plasmid multicopy (5). The Iha was recently
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defined as an urovirulence factor for EXPEC strain CFT073. In
spite of its homology to siderophore receptors, Iha has until now
been functionally defined as a putative adhesive only. Iha has
reported prevalence in various studies showed that most of UTI
isolates containing Tha or sequences closely related to it (6,7).
Some studies have documented an association of Tha with E in
epidemiology UTI and other coli isolates extra intestinal
diseases, compared to that with commensal fecal E. coli isolates
whereas such an association is not established on other reports
(8).

It was also demonstrated that Tha CFT073 and Tha O157:H7
have differed only in single amino acid and this difference does
not deduct the capability of the cloned protein to deliberate
cellular adherence ability to non-adherent laboratory E. coli.

Such though
confirmation because of the known ability of single amino acid

phenotype, anticipated,  warranted
polymorphisms to modify the pathogenically important
receptor binding characteristics E. coli adhesin, FimH (9).

If Tha increases adherence directly or indirectly by affecting
other bacterial components, and whether this phenotype
includes receptor-specific or non-specific binding to the host
cell, further evaluation is needed (9).

The bacteria acquire the iron using different strategies
because of inadequate amount of its free form in biological
fluids. Immunological targeting of all antigens involved in iron
metabolism is a novel strategy capable of blocking all possible
iron uptake mechanisms. This would not let any iron uptake
mechanism to compensate for iron depletion, the compensatory
mechanism seen upon the use of conventional vaccines targeting
a single iron uptake antigen (10).

This study is aimed to predict the 3D structure of the Tha
protein. Prediction of the linear and conformational B cell
epitopes residing within Iha protein sequence might be possibly
by close investigation of their structural models. Given this
information, the most immunogenic regions of the antigen
could be determined and utilized to design a multivalent vaccine
connected with flexible linkers.

Material and Methods

Sequence retrieval and homology alignment

The protein sequence of Tha (Accession no. ABB17254.1)
retrieved from NCBI and used as a query for BLAST against no
redundant protein database. To identify the homologous
structures, putative sequence was served as an input data for the

PSI-BLAST. The PRALINE online server (11) was used to
generate multiple sequence alignment.

Primary analysis

Using the Protparam tool (12), the physicochemical features of
protein were estimated. The Iha antigenicity was predicted by
vaxijen (13). The position of vaccine candidate was predicted
based on the subcellular localization of prokaryotic proteins
applying the PSLpred and CELLO subCELlular LOcalization
predictor (14).

Secondary structure and signal peptide prediction
Prediction of the secondary structure was accomplished via
SOPMA (15) and phyre2 (16).

The topology of membrane proteins and signal peptides
predicted (17). The
transmembrane helices of protein also were predicted by
TMHMM at (18) and SPOCTOPUS (19). PRED-TMBB server
(20) is an algorithm to predict the location of transmembrane f3-

consensus ~ were used TopCons

strands and the topology of loops in protein sequence. The
SignalP 4.1 server (21) predicted the presence and location of
signal peptide cleavage sites in amino acid sequence of proteins
from different organisms.

3D structure prediction, evaluation and refinement

The PS2v2 (22), the SWISS-MODEL (23) and LOMETS (24)
servers were used to predict the protein tertiary structure based
on homology modeling. In Phyre2 a new ab initio folding
simulation named Poing modeled the protein regions with no
detectable homology to known structures and combine multiple
templates. To select the best predicted structure we evaluated the
structures. All the 3D models were evaluated by Rampage and
Ramachandran plots (25) and refined for high resolution
protein structure via Mod Refiner (26). ModRefiner is an
algorithm for atomic-level, high-resolution protein structure
refinement, which can start from either C-alpha trace, main-
chain model or full-atomic model. Both side-chain and
backbone atoms are completely flexible during structure
refinement simulations, where conformational search is guided
by a composite of physics- and knowledge-based force field. One
aim of refinement is to draw the initial starting models closer to
their native state, in terms of hydrogen bonds, backbone
topology and side-chain positioning. It also generates significant
improvement in physical quality of local structures.
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Structure alignment

To evaluate validity of the structurally related sequences, the
protein sequence of Tha was aligned against template sequences
from previous template search. The best predicted 3D structure
of the protein was structurally aligned with the most appropriate
template using Dali server (27).

Membrane orientation and ligand binding site
prediction

The rotational and translational positions of transmembrane
and peripheral proteins in membrane were calculated with the
OPM server [28]. Many membrane-associated proteins from the
PDB that have been calculated already are available at the OPM
database.

The COFACTOR thread the query through the BioLiP
protein function database by local and global structure matches
to identify functional sites and homologies (14). Cofactor at is a
structure-based method for biological function annotation of
protein molecules. Important amino acid involved in ligand
binding site is predicted by this server.

Functional and structural residues

The 3D structure of protein served as an input file for
InterProSurf (29) which predicted the functional sites on protein
surface.

Surface accessible pockets and clefts

The surface accessible pockets and clefts (the binding and active
sites of proteins and DNA) were find out using GHECOM
program (30) as well as the CastP server (31) that identifying also
the interior inaccessible cavities. The Depth program (32) was
used to compute the depth, cavity sizes and ligand binding sites.

Immunogenic regions prediction

Linear and conformational epitopes could be selected as vaccine
candidate and should be qualified as single-scale amino acid
properties assay. Prediction of antigenicity probability of
selected region was performed by vaxijen. The IEDB server and
Protparam tools were employed for calculation of the
physiochemical properties of selected region.

Results

Sequence availability and homology alignment

The Iha protein sequence with 696 amino acids was served as the
query for BLAST search. Ten protein sequences with the highest
total score, E-value=0 obtained from protein blast and ten
protein sequences with the highest Total Score, E-value=0
obtained from template search were aligned for precise
homology analysis.

The first hit was selected as a template for homology
modeling. This top hit for Tha sequence was proteins with PDB
code 2HDI A (32 % identity). Putative conserved domains were
detected within this sequence.

Most of the Tha sequences belong to CirA super family. This
super family includes outer membrane receptor proteins, mostly
Fe transport [inorganic ion transport and metabolism]. These
outer membrane channels share a beta-barrel structure that
differ in strand. A schematic illustration of homology alignment
between 20 sequence obtained from protein blast and PDB blast
is shown in Figure 1.

Primary features and subcellular localization

Using ProtParam tool different properties of Iha protein were
calculated as shown in Table 1. The subcellular localization of
Iha was predicted by CELLO to be the outer membrane with the
highest reliability of 4.534. Using the PSLpred, protein sequence
predicted as outer membrane.

Secondary structure

Prediction of the secondary structure indicated that the alpha
helical, beta strand, beta turn and random coil structures
constitute 28.30%, 23.71%, 10.78%, and 37.21% of the protein
structure. The distribution of different secondary structural
elements in the sequence of Tha is shown in Supplementary
Figure S1. The same results were also confirmed by Phyre2

program.

Topology and signal peptide

The 2D topology model of Tha was built based on the predicted
inside, transmembrane and outside regions of the protein
Supplementary Figure S2. According to the TMHMM,
TOPCONS and SPOCTOPUS programs no transmembrane
helical regions in the protein sequence was detected. The SignalP
and SPOCTOPUS predicted the first 22 residues at the N
terminal of the sequence as the signal peptide.
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Table 1.Protparam and Vaxijen primary sequence analysis
Number of Instabili
Protein VaxiJen um‘ ero Molecular . ol Aliphatic
amino . Theoretical pI index . GRAVY
name Score i weight index
acids
Tha 0.6138 696 76481.09 5.64 30.45 (stable) 74.96 -0.426
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Figure 1. Illustration of homology alignment between 20 sequences attained from protein blast and PDB blast. The superposition
was created with the PRALINE program and adjusted manually. Conserved residues are highlighted from blue to red colors in the

nether line
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3D structure evaluation and refinement

By recruiting the homology modeling of the Swiss model and
Ps*v? servers 2 and 1 model identified respectively. Likewise,
Phyre2 and Lomets Meta server respectively predicted one and
ten 3D models for the protein. Quality of the models was
assessed by Rampage and the erroneous recognizes were
identified Table 2. The model proposed by FFAS03
implemented in LOMETS meta threading server scored the best
based on the Ramachandran. Selected model was refined as
inputs for Mod refiner server. The Ramachandran plot of initial
and refined model are compared in Supplementary Figure S3.

Table 2. The report of Ramchandran Plots on different models based
on the percentage of residues in favored, allowed and outlier regions.

Program FaV(')red Allo.wed Out.lier

region region region
SPARKS-X 92.9% 4.2% 2.9%
PRC 88.6% 7.8% 3.6%
SP3 93.2% 5.2% 1.6%
PROSPECT2 86.9% 9.8% 3.3%
FFAS03 94.2% 3.2% 2.6%
pGenTHREADER 83.6% 11.8% 4.6%
FFAS-3D 93.9% 3.9% 2.2%
Neff-PPAS 89.2% 7.8% 3.0%
wdPPAS 90.8% 6.2% 3.0%
MUSTER 93.2% 4.0% 2.7%
Swiss model 91.3% 6.1% 2.5%
Swiss model 88.1% 7.4% 4.5%
PS2V2 90.8% 6.9% 2.3%
Phyre2 88.6% 7.6% 3.9%

Structure alignment

Based on Dali structure alignments, no significant discrepancy
was seen between the template and query secondary and tertiary
structures. Majority of tertiary structure of the template and
query was matched in tertiary structure alignment Figure 2.
Expansion of structure alignment is based on distance criteria
exclusively. Neither the statistical significance of the alignment
nor the size of gaps regarded in this analysis. The longest
alignment path is now evaluated for statistical significance as z-
score. Similarities with a Z-score lower than 2 are spurious. The
calculated z-score for template and predicted structure was
above 3.

0001 30014 FRITTL
0002 tO01A  mritt

100 :
HHEEEEELLEE

EEEEELLLLLLLEEEEE

EEEEEMBIH AL

0001 50014 L LLLLLL M ML

0002 t6O1A  111111111111111121111111100eed) € EEEEE HILLLLLL HSHLLLLLEEEELLLLLLLL EEEELLLLMHEEEEELLEELLLL
100 : : 2 : |
YTLILIDGVRQGGSSOVTPNGF SA“NTGF PPLAA SO
ILIDGVRQGGSS NOFLA SOA
100 $ t : | : 3
HEEEEELLEEL HMHEEEEEEEELHIEL L LLLLLLEEEEEEE LEEEEEEEELEE
HEEEEELLEELLLLL - 23LLLLLMHHH. | | LLUNHHEEEEEEEEL - M MLLLLLLEEEEEEELLLLLLL EEEEEEEEEEELLLLLLLEEEEEEEEE. LLLL
i 1 : & & 2 300 3 & ¢ 2
SLQURGSTOLRG SLSDTAATRIPY/TES! GALDKAS - EC0VLHFOFDT T7QR DNRDGQLGSLTGGYDR T L EF /K SAGTDHTF
ESONTNLGAILD.KASE DLW FONDT 14QT DNDSOLESLTCO DRTLAVE RIKIZA ST LNNotBKC
8 | : 1 1 3 300 3 3 3
EEEEEEEEEEEEL EEEEEEEEEELEE EEEEEEEEEEEELEE geeeeee EEEEEEEELL -LL
EEEEEEEEEEELLLL ILL EEEEEEEEEEEELLLILL EEEEEEEEEEEE EEEEEE EEEEEELLIILLEE
| 5 : : 400
LNANE TEVKGTELVRSVLKRDKWG  AGOPRE LK ESHL TLNSLLLTPLGESHLVIVG s
ELUASYLKADK ASOPIELKESNLE PLG- ESHLVTVGGEFQSSS
$ t g s 400 £ : :
LU EEEEEEEEEEEEEEELLLLL L Lt LLLL L eeeeet
LLEEEEEEEEEEEEEEE LLLLLEE EELLLL L t LLLEEEEEE

F1TDF SN
se0 i : 3 |

LH##4LLLLEEE LLEEELLLLLLL E LEEEEEEEEEEEEEEEEE
EEEEMMLEEEELLLLLLL [ree L Lge

HLLLEEEEEEEEEEEEELLLLEEEEEEEEEEEELL
LEEEEEEEEEECELLLINON

LLEEEEEEEEEEEE

EEEEEEEEEELLLL L LLLHHMM
EEEEEEEEEELL

LLLEEEEEEEEEL
EEEEEEEEEL

HHHM: EEEEEEEEEELLLLLEEEEEEEELLL
EEEEEEEEELLLLLEEEEEEEELLL

; %
."..' -‘\'«\“
H Y T
CPRR TSRS
N LCA

- "

Figure 2. Dali 2D (Top) and 3D (Below) structure alignment between
Tha (green) and 2HDI (orange) from lateral views
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Functional residues at the protein structure surface predicted by Interprosurf

240,241,243,251,252,253,255,289,164,165,166,168,188,189,
190,694,695,696,250,292,245,291,203,204,160,199,201,239,6 38

Figure 3. Representation of functional residues at the protein structure surface. Top functional residues are highlighted in

filling-space model (red balls) and the next top cluster highlighted in filling-space model (green balls).

The orientation of 3D structure in membrane

The OPM database prospects the orientations of quaternary
complexes formed by a number of interacting proteins
Supplementary Figure S4. The precision of calculated
hydrophobic thicknesses and tilt angles are ~1 A and 2°,
respectively.

Ligand binding site

COFACTOR software indicates that the conserved residues
especially those in the large extracellular loops and cork domain
are involved in the iron binding site Supplementary Figure S5.
COFACTOR software identified the functional conserved
residues involved in the iron binding site. These functional
conserved residues can be an appropriate candidate for vaccine
design against Iha protein.

Functionally and structurally residues

The Interprosurf results illustrate functional sites on protein
structure surface and showed that residues in the outer
membrane loops and the cork domain are the most functionally

important residues in the protein structure Figure 3. The protein
was identified as an iron transporter outer membrane protein.

Surface accessible pockets and clefts

Based on the mathematica 1 morphology of GHECOM server 5
pockets were identified on the surface of protein. The GHECOM
results are shown in Supplementary Figure S6.

The CastP server predicted 5 areas in the protein structure.
Supplementary Figure S7 shows the charging relay system atoms
which reside in the protein's functional pocket. Supplementary
Figure S7 shows the likelihood of residue forming a binding site
and depth plot of residue and a 3D representation of the cavity
prediction.

Single-scale amino acid properties and predicted
epitopes

Several properties such as hydrophilicity, accessibility,
antigenicity, flexibility and another features predicted based on
IEDB and BCEpred server. Most salient region of higher
probability was located in position 200-340 where segment of

beta barrel with large extracellular loops located. Peaks in the
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Table 3. The physicochemical properties of Tha and the vaccine candidate
I . Vaxijen Instability PI B cell A - Beta -
Accessibility  Weight score index epitope Hydrophilicity  Flexibility turn Accessibility
i .81
Vaccine 140 16202.80 055 368 922 0569 2.14 1012 1.028 1.00
Candidates stable
30.45
Iha 696 76481.09 0.6138 stable 5.64 0.515 1.946 1.005 1.021 1.00

plot indicate putative susceptible epitope boundaries. Termini
hits to the first and last 30 residues of the protein sequence were
not remarkable these properties points of view. Most linear B cell
epitopes that predicted by Bepipred server are concentrated in
the region of 206-335. The highest scores are related to the
"STQQRQGSSVTSLSDTAATRIPYPTESQ" at position 206-
233, "TTRQRYDNRDGQLGSLTGGYDRTLRYER" at position
257-284 and "ETENKGRELVRSVLKRDKWGLAGQPREL" at
position 308-335.

On the other hand, the Svmtrip predicted 10 linear B cell
epitopes ranking based on their scores. One of the best epitopes
recommended by this server is !
YNLGARLDWKASEQDVLWED " at position 235-254. About
21 linear along with 3 discontinuous B cell epitopes were

predicted by ElliPro. The best discontinuous and linear epitopes
with the highest protrusion index (PI) are demonstrated in
Figure 4. The " ARLDWKASEQDVLWEFDM " at position 239-
255 is one of the best linear epitopes determined by Ellipro.
Discontinuous B cell epitopes predicted by Discotope which

Figure 4. The best linear and discontinuous epitopes with the
highest PI score predicted by Ellipro. Epitopes mapped on the 3D
models using Discovery Studio Visualizer 2.5.5.

highlighted the outer membrane loops as conformational B cell
epitopes.

Immunogenic regions selection

A region includes residues 200-340 (covering a part of barrel)
was chosen as vaccine candidate and several properties were
compared to its parent protein (Iha). The antigenicity, PI,
instability
flexibility and secondary structure properties calculated for both

index, solubility, hydrophilicity, accessibility,
vaccine candidates. These parameters have been correlated with
the location of continuous epitopes. The results for the
candidate and Tha protein were summarized in Table 3. Three-
dimensional structure of the vaccine candidate is shown in

Figure 5.

Figure 5. Three-dimensional structure of the vaccine candidate

Discussion

Developing best immunogenic agents for promoting immunity
against a pathogen is one of the main challenges in the field of
vaccine development. Among important pathogens, various
strains of E.coli have long been under numerous investigations
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due to their prevalence in hospital environments, especially in
intensive care units (ICUs) (39, 40).

The 3D structure of an antigen is very important for accurate
vaccine design. Due to laborious, costly and time-consuming
processes of involved in experimental structure determination
methods, in silico approaches gained considerable attention to
generate the 3D structure of various proteins by using
bioinformatics and molecular modeling tools (10, 41, 42).
Iron-regulated outer membrane virulence protein (IrgA) is
involved in the initial step of iron uptake by binding ferric- iron
chelating siderophore, which allows the bacterium to extract
iron from the environment. IrgA homologue adhesion (Iha) has
been revealed as a novel adherence conferring molecule involved
iniron uptake (5). Functional blockade of the protein could have
a bactericidal effect on the pathogen.

This study was conducted to develop the 3D model of Iha
protein by invoking various in silico methods. A reliable model
for a protein can be developed using different methods including
homology modeling, threading, and their combination, as well
as ab initio methods (43). We have used various strategies to
generate the 3D structure of Tha protein, which then was used to
determine its immunological properties and consequently to
design vaccine candidates.

The sequence of Tha is homologous to numerous other
molecules, as confirmed by BLAST search results. Most of the
our obtained sequences belonged to TonB dependent/Ligand-
Gated channels, ligand-gated-channel protein family and outer
membrane-channels superfamily (44).

The result of BLAST search revealed protein Colicin I
Receptor Cir (PDB code: 2HDI_A) belonging to of IROMPs
family of proteins, as the best template for structure prediction
of ThA based on E value, query coverage and Max. Identity
values. The identity between query and template primary
sequences was 32%.

One of the members of IROMPs family have resolved crystal
structures including 2HDI_A (Crystal Structure of the Colicin I
Receptor Cir from E. coli in Complex with Receptor Binding
Domain Of Colicin Ia for Iha proteins).

Prediction accuracy depends on the similarity of degree of
sequence. When for a query protein a structure template with a
sequence identity of > 60 percent is found, homology modeling
can be selected as the best in silico approach with an X-ray
approach of accuracy that is as low-resolution. Significant errors
in prediction will arise when the sequences share sequence
identity of less than 30 per cent. Since in our analysis the
sequence similarity between IhA and the template was 32 per

cent, the threading approach was also used for ThA's structure
prediction.

Our obtained structure provided important clues concerning
the architecture of all TonB-dependent receptors and all of them
are important pathogenic antigens in bacterial infections (45,
46).

The models designed by different servers had to be tested in
order to arrive at the most appropriate one. Scoring programs
representing conformational energy were implemented to take a
decision among the 3D structures predicted. Ramachandran
plot, the second plot of the phi psi angles is a standard tool
exploited in determining protein structure. According to the
quality assessment, the model that generated by the LOMETS
server was chosen as the best.

A 2D topology model of this iron receptor vaccine
candidates (Iha) was built focused on expected proteins regions
containing inside, transmembrane and outside. Our results
disclosed that Tha is composed of several trans-membrane anti
parallel B-strands. The predicted models proposed that the
proteins have a B-barrel structure in their native form [47]. The
strands forming B-barrel are linked together through loops at
the outside or turns at the inside (Figure 1). This protein
contained more than 11 external loops, and the side chains of all
residues are highly exposed to the environment indicating their
function in initial binding events with Fe-siderophore complex.

Biological protein roles are performed in conjunction with
other molecules. Pocket size may decide protein interaction with
other molecules in the protein surface. Correlation of binding
sites and clefts in a given protein is a basis for our pocket
investigation.

A large pocket may increase opportunities for forming
protein-to-other molecules interactions, particularly small
ligands. Normally, a protein's active site is in the largest clefts or
cavities. The ligand is connected to the largest cleft in more than
83 percent of single-chain proteins.

Thus, protein-ligand sites are likely to be identified merely
geometrically. Surface binding pockets and occluded cavities are
notable for designing vaccines and producing drugs against
pathogenic agents. This essential cleft lies at the protein
structure's exterior edge.

Antigenicity and immunogenicity of an antigen is in direct
correlation with its epitope density (48) for B-cells, which play a
significant role in vaccine formulation, immunodiagnostic
testing and in the development of antibodies.

The determined epitomic data could be harnessed to choose
Tha regions with higher epitope density that could be used for
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inducing humoral responses with higher average avidity for
epitope-specific monoclonal and polyclonal antibodies. The best
Linear B cell epitopes of this iron receptor vaccine candidate
were located at the largest extra cellular loops. Interestingly, the
conformational B cell epitopes predicted from the 3D structure
of proteins include all of the extra cellular loops. Our epitopes
prediction results were in concordance with experimentally
identified epitopes tested by approved antibodies. This
concordance indicates the accuracy of employed procedures for
both 3D
Comparison of antigenicity scores for selected regions and the

structure prediction and epitope prediction.

whole proteins showed that the antigenicity of the selected
regions is considerably higher than the whole antigen.

Conclusion

In this study, we found a region in Iha molecule as an antigen
with the highest
immunological, biochemical and functional analyzes. The

immunogenic properties using the
antigenicity scores for selected regions is considerably higher
than the whole antigen.

In conclusion, it should be noted that as a compelling
strategy, using bioinformatics tools, scientists could be able to
find the relationship between the number of protein sequences
and the resolved 3D protein structures. Evidence from structural
and immunological properties of antigens may be used in silico
for purposes of vaccine design. In the context of vaccine design
investigations, our strategy to employ 3D structure prediction
and epitope prediction findings could pave the way for further
structural, functional, and therapeutic studies.
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T L AR

Supplementary Figure S1. Representation of secondary structure prediction by SOPMA.
(Blue: alpha helix, Red: Extended strand, Green: Beta turn, Yellow: Random coil)

Supplementary Figure S2. A 2D topology model of Iha. Whole protein includes 2 domains comprising a cork domain at the N-
terminal and a transmembrane barrel at the C-terminal. The barrel topology is composed of 22 transmembrane beta strand, 10
short periplasmic turns and 11 large extracellular loops.
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Supplementary Figure S3. The Ramachandran plot of initial and refined model of Tha. The percent residues in the favored region was
94.2% while 94.7% in the final model. The percent residues in the allowed region for initial and final models are 3.2% and 3.9% respectively.
Also, this percent in outlier region for initial and final models are 2.6% and 1.4% respectively.

Supplementary Figure S4. The orientation of Supplementary Figure S5. Representation of the Tha structure in contacts with the
protein in cell membrane. The origin of coordinates ligand; (lateral and top view). The protein 3D structure is shown in ribbon and ligand
corresponds to the center of lipid bilayer in the space-filling model
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Supplementary Figure S6. The illustration of graph residue-based pocketness and Jmol view of pocket structure based on GHECOM results;

Top: graph residue-based pocketness. The height of the bar displays the value of pocketness [%] for each residue. The height of the bar displays
the value of pocketness [%] for each residue. The color of pocketness bar indicates cluster number of pocket (red: cluster 1, blue: cluster 2, green

cluster 3, yellow: cluster 4, cyan: cluster 5). Below: Jmol view of pocket structure based on pocketness color (Left: Front view, Right: Top view).

PocID Area (SA) Volume (SA)
1 3481.260 5108.663
2 1180.565 842.092
3 388.358

195.907
4 98.566 68.954
5 124.438 28.666

Supplementary Figure S7. The surface accessible pockets and interior inaccessible cavities illustrated by CastP. Pockets are colored based

on area and volume size. The most important one demonstrated in red and other are shown in blue, green, purple and orange respectively.
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Residue Depth Probability of Residue Forming a Binding Site
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Supplementary Figure S8. Top: Probability of residue forming a binding site and residue depth plot. Below: A 3D rendition
of the cavity prediction is shown using Jmol. Residues of the predicted binding cavity are colored red while the rest of the
protein is colored blue.
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