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SYNOPSIS

Introduction

We are surrounded by incredible kinds of living
microorganisms that are invisible to our naked eyes and present almost
everywhere. Several of these microbes live with us and within us, and
are vital for our survival, as they protect the skin from the external
parasites, aid in the synthesis of vitamins, digestion of food and
nutrient absorption, as well as train the immune system to fight against
infectious agents. Nevertheless, some of these microbes can cause
infections in humans. These pathogenic microbes can enter our body
through the ingested food, cuts and wounds, insect bites, etc. and infect
the host for their survival and reproduction. In response to the
infections caused by these pathogens, our immune system gets
activated to fight against them. After entering the body, pathogenic
bacteria interact with the host cells and induce the production of
several inflammatory molecules, sometimes this inflammation gets
unbalanced or uncontrolled, leading to inflammation storms and
causing severe sepsis and septic shocks®.

Outer membrane proteins (OMPs) are distinctive features of
Gram-negative bacteria. Apart from their structural role, they play a
crucial role in host-pathogen interaction, virulence, and pathogenesis
of bacteria. Upon interaction with the host immune cells, OMPs
stimulate the production of proinflammatory molecules that may result
in an uncontrolled inflammation, leading to severe sepsis or septic
shock, which is a major cause of many deaths worldwide. A distinct
group of OMPs is composed of antiparallel B-barrels connected via
long loops. Several studies suggested that these surface-exposed loops
interact with the host cell and participate in virulence. OMPs of Gram-
negative infectious bacteria demonstrate significant conservation in the
sequences, and share structural similarities within and among different
species, making them useful diagnostic targets and effective vaccine
candidates (Fig. 1).
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Background of work and Objectives

Outer membrane proteins (OMPs) of H. pylori play a crucial
role in the host-pathogen interaction, virulence, and pathogenesis.
Upon interaction with the host immune cells, OMPs stimulate the
production of pro-inflammatory molecules that may result in an
uncontrolled inflammation leading to the transformation of a normal

cell to a cancerous cell.
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Figure 1. Multifunctional role of Outer membrane proteins (OMPs). Right panel
from top to bottom, schematic representation of Host-pathogen interaction leading to
host aberrant signaling, immune cells and communication system modulation, and
cell signaling induction leading to cancer cell transformation. Left panel from top to
bottom, identification, and structural and functional characterization of virulence
factor (here OMPs) thereby using them as therapeutic targets such as monoclonal
antibody therapy, vaccine, and inhibitors development.

Hom (Helicobacter outer membrane) family of OMPs in H.
pylori consists of four members (HomA, B, C and D). homB gene is
90% similar to another OMP of the H. pylori, which is the jhp0649
ORF homA, with differences between the 300 bp middle region of
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these ORFs?. HomB outer membrane protein is associated with many
stomach diseases and is a novel co-marker for peptic ulcer disease
(PUD)3* and is the most studied and evaluated for its prevalence in
various peptic diseases. Oleastro et al. investigated pathogenesis and
immunological response caused by HomB protein in clinical patients
and 190 H. pylori strain isolated from patients with peptic ulcer disease
(PUD) or gastritis were evaluated for the clinical importance of homB.
HomB protein contributes to the colonization and persistence of H.
pylori, and the presence of homB genes affects the number of bacteria
adhering to the host cells. Additionally, HomB is also associated with
the secretion of the proinflammatory cytokine interleukin-8 (IL-8)°.
Additionally, HomB protein also assists in hyper biofilm formation and
antibiotic resistance thereby likely to enhance bacterial survival by

evading host immune responses and antibiotic treatments®’.

With the agreement of these studies, HomA and HomB can be
considered as virulence markers of aggressive H. pylori virulent
strains. However, the structural and functional characteristics and
details of HomA and HomB have not been reported yet. Thus, it is not
clear how these proteins contribute to ulcer or gastric cancer, and the
exact molecular mechanism is not explored.

The present investigation study consists of the following main
objectives:

1. To study the structural aspect of potential virulence factors,
HomA and HomB outer membrane proteins of H. pylori.
Methods  involve  bioinformatic  tools, biophysical
characterization to reveal important physical states, secondary
structure content and 3D models of proteins. This information
is likely to help in better understanding the role of HomA and
HomB in H. pylori pathogenesis.

2. To investigate the molecular mechanism of HomA and HomB
associated immune system modulation and consequences of the
interaction between H. pylori and immune cells specifically B-

cells. Here, we explored the possible molecular mechanism of



reduced antibody diversity in patients with H. pylori-associated
gastric diseases.

3. To explore the potential of HomA and HomB to be utilized as
prognosis and vaccine candidates. Here, we characterize the
immunoinformatics properties, such as potential antigenic and
immunogenic epitopes present on to the globular domain of
HomA and HomB, which are likely to activate host immune
response. This information further can be utilized for
therapeutic applications.

Biophysical characterization of the homodimers of HomA and
HomB, outer membrane proteins of Helicobacter pylori

OMPs play a crucial role in several important physiological
functions like ionic regulation, cell adhesion, host-pathogen interaction
as well as pathogenesis, and structural information of these OMPs is
vital for understanding their function and regulation. The present study
provides several structural insights for OMPs of the Hom
(Helicobacter outer membrane) family members of H. pylori, HomA
and HomB. HomB is reported to be expressed at the H. pylori outer

membrane and participates in bacterial adherence and inflammation.

Interestingly, in-silico studies demonstrated that HomA and
HomB possess characteristics of B-barrel OMP, such as a signal
peptide at the N-terminal and B-barrel signal at the C-terminal. HomA
and HomB both have mixed secondary structure content, nevertheless,
B-sheets are predominantly present in both proteins. Additionally,
HomA and HomB localize in the outer membrane with 8
transmembrane antiparallel N+C-terminal B-strands connected by the
large surface-exposed globular domain. Furthermore, the secondary
structure was confirmed with ATR-FTIR, amid | spectra for HomA
and HomB both contain mixed o helices and [-sheets spectra. CD
spectra showed HomA and HomB both favors B-barrel structure and
the addition of lipids and detergents to the denatured HomA and



HomB rearranged proteins favoring antiparallel -sheets. Interestingly,
HomA and HomB were stable at a pH range from 3 to 11 which is
likely to assist in low pH environment adaptation. Additionally, both
proteins start unfolding at 2M of urea, the addition of denatured HomA
and HomB to lipids, and detergents refold which was observed in the
tryptophan fluorescence spectra.

We performed size exclusion chromatography for HomA and
HomB and observed peaks that correspond to dimer and monomer.
Moreover, incubation of HomA and HomB with detergents shows
oligomerization/aggregation of proteins, however, incubation with
lipids shows peaks corresponding to dimer and monomer. Furthermore,
the solution structure analysis of HomA and HomB using small-angle
X-ray scattering (SAXS) experiments confirmed that both HomA and
HomB form homodimers. Thus, the unique predicted 3D model of
HomA and HomB provide crucial structural insights (Fig. 2) thereby
our studies will help in a better understanding of H. pylori

pathogenesis and host-pathogen interactions via OMPs.
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Figure 2. Alphafold 2 3D structure prediction of HomA and HomB.. 3D structure
predictions of HomA and HomB (without signal peptide) using Alphafold2, side and
bottom view for HomA from left to right B-sheets (green), a-helices (red) and coils
(blue); side and bottom view for HomB from left to right B-sheets (yellow), a-helices
(red) and coils (blue).

HomA and HomB, outer membrane proteins of Helicobacter pylori
down-regulate Activation-induced cytidine deaminase (AID) and
Ig switch germline transcription and thereby affect class switch

recombination (CSR) of Ig genes in human B-cells

OMPs play a significant role in bacterial pathogenesis. The
significance of HomA and HomB has been associated with gastric
malignancies, both HomA and HomB are reported to help in the
adherence to host cells. Here in this report, we have analysed the

potential role of the HomA and HomB in B-cell's functions. HomA

Xii



and HomB treated cells shows repression of AID at mMRNA and protein
level, which is a crucial player in generating antibody diversity. To
reveal the possible cause of AID suppression, we investigated the
expression levels of known AID transcription regulators. NFkB,
cMYC, PAX5, SMAD3 and STAT6 acts as transcriptional activators
of AID, whereas cMYB and E2F1 act as transcriptional repressors of
AID. Although the activators of AID were largely unchanged in the
HomA and HomB stimulated cells, interestingly, we observed
significant upregulation in the expression of an AID repressor, cMYB,
which could be responsible for the reduced AID levels in these cells.
Since, AID is one of the important factors of CSR, suppression of AID
and commutatively reduced expression of Ig switch germline, likely
affects the CSR process. Thus, we analysed the levels of mature CSR
immunoglobin products of IgM, IgA and I1gG.

Interestingly, we observed reduced IgA:IgM and IgG:lIgM
expression in HomA and HomB treated cells as compared to the
unstimulated control cells. We also checked expression levels of the
other two important CSR factors, BATF and HOXC4, and observed
that the expression of both was not affected in HomA and HomB
treated cells. A subset of B-cells namely Breg cells take part in B-T
cells communication and usually these cells show T-cell inhibitory
consequences via secreting 1L10, IL35, TGFB and PDL1. We observed
upregulated levels of PDL1, IL10 and IL35 in HomA and HomB
treated cells. These observations suggest an important role of HomA
and HomB in polarising B-cells to Breg cells. T-cells inhibition by Breg
cells could be the important mechanism used by pathogens to evade
the host immune system or disruption of B-Tcells communication. Our
report suggests the unique molecular mechanism (Fig. 3) of the dual-
functional role of HomA and HomB, OMPs of H. pylori, in
suppressing antibody diversity and expressing the T-cells inhibitory
markers. This dual role of OMPs can help bacteria in survival and

likely assist in escaping the host immune system.
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Figure 3. Molecular mechanism of B-cell response with HomA and
HomB. Stimulation of HomA and HomB triggers up-regulation of cMYB,
one of the silencers of AID which further binds to the AID regulatory region
and suppresses AID expression in B-cells. In addition, HomA and HomB
also suppress IgG and IgA germline transcription which together with
suppressed AID leads to less CSR. Interestingly HomA and HomB also
upregulates T-cell inhibition marker PDL1 and cytokines IL10 and 1L35.
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Immunoinformatic characterization of globular domains of HomA
and HomB, for potential sub-unit vaccine candidate against
Helicobacter pylori

Gastric cancer is the second most common cause of cancer-
associated deaths®. Chronic gastritis is the major cause of human
gastric cancer caused by the Gram-negative bacterium Helicobacter
pylori. The long-term persistence of H. pylori can stimulate a severe
immune response that can damage the mucosal lining. Chronic
inflammation due to H. pylori infection makes it a potentiate agent of
acute and chronic gastritis, peptic ulcer disease (PUD), and two forms
of cancers, namely, mucosa-associated lymphoid tissue (MALT)

lymphoma and gastric adenocarcinoma®*2,

In addition, HomB has been found to be associated with drug
resistance and hyper biofilm formation and can be considered as
virulence markers. We have reported that HomA and HomB consist of
small B-barrel with a surface-exposed globular domain. In this study,
we have explored and characterized the immunological properties of
HomA and HomB.

The surface-exposed globular part of HomA and HomB was
used for the prediction of the B-cell and T-cell epitopes, which
indicates the possible accessibility by the immune system. Continuous
linear B-cell epitopes were predicted using BCPred, and FBCpred
tools. The epitope length varies from 9-16 amino acids (aa) for all
three predictions. We predicted conformational B-cell epitopes which
happen to be discontinuous epitopes, generated through close
positioning of aa present onto the folded 3D structure of proteins.
Ellipro server predicted a total of 10 epitopes with a maximum score of
0.91 and a minimum of 0.52. The minimum threshold was taken as 0.6.
We have also checked different epitopes characteristics such as
antigenicity, flexibility, surface accessibility, hydrophilicity, and beta-

turn. Further, we have docked globular domains of HomA and HomB
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with TLR4 structure to assess the possibility of TLR4 based immune
system activation by antigen-presenting cells.

The study revealed the B-cell and T-cell epitopes of globular
domains of HomA and HomB. Interestingly, these globular domains
also bind with TLR4 on B-cells which indicated initiation of immune
cell activation process (Fig. 4). These observations provide promising
utilization of HomA and HomB as vaccine subunits, developing them
as therapeutics and for other clinical applications.

%y‘%&;
i Y -\\ ™ B-cell, T-cell
% 7 ‘ containing
globular
HomA and i
HomB

Figure 4. Potential predicted B-cell and T-cell epitopes on HomA and HomB. A
graphical representation of the B-cell and T-cell predicted linear and conformational
epitopes present onto the surface exposed globular domains of HomA and HomB
which subsequently processed and presented onto the cell surface by antigen
processing cells (APCs) to other immune cells.
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Scope of the thesis

The thesis is composed of 6 chapters. Chapter 1 of the thesis
contains a review of the relevant literature which brings up the
objectives of the present investigation. In Chapter 2, experimental
methodologies and materials are described. The observations and
outcomes of the studies reveal structural properties of HomA and
HomB, the molecular mechanism of suppression of antibody diversity,
immune system escape and potential immunoinformatics properties of
HomA and HomB are presented in Chapter 3, 4 and 5, respectively.
Chapter 6 concludes the present study and outcomes, with a summary
and scope for future work, which will provide insights into the
multifunctional role of HomA and HomB with the great potential for
development and utilization for therapeutic applications.

The present study provides a better understanding of the outer
membrane protein’s contribution to the pathogenesis of H. pylori. Our
results revealed that HomA and HomB are made up of unique topology
which is likely to play a crucial role in bacterial adaptation and
survival in adverse conditions. In addition to that HomA and HomB
also suppresses AID and Ig germline transcription in B-cells, leading
to compromised antibody diversity and overexpression of T-cell
inhibition markers which is likely to assist H. pylori in escaping
cellular immunity of the host, thus prolonged survival, and a chance to
causing chronic infection. Furthermore, this study also provides
insights about immunoinformatic properties of HomA and HomB
where these proteins can be utilized as potential prognosis and vaccine
candidates for H. pylori-associated gastric diseases and MALT

lymphoma.
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Chapter 1

Introduction and literature review

1.1 Gram-negative bacteria

We are surrounded by incredible kinds of living microorganisms that
are invisible to our naked eyes and present almost everywhere. These
microorganisms are classified based on different parameters, such as
their habitats, environmental conditions, mode of nutrition and
morphology. Several of these microbes live with us and within us, and
are vital for our survival, as they protect the skin from the external
parasites, aid in the synthesis of vitamins, digestion of food and
nutrient absorption, as well as train the immune system to fight against
infectious agents. Nevertheless, some of these microbes can cause
infections in humans. These pathogenic microbes can enter our body
through the ingested food, cuts and wounds, insect bites, etc. and infect
the host for their survival and reproduction. In response to the
infections caused by these pathogens, our immune system gets
activated to fight against them. After entering into the body,
pathogenic bacteria interact with the host cells and induce the
production of several inflammatory molecules, sometimes this
inflammation gets irregular or uncontrolled, leading to inflammation

storms and causing severe sepsis and septic shocks.

Gram-negative bacteria have a unique outer membrane
structure, which is absent in Gram-positive bacteria. The outer
membrane of Gram-negative bacteria has three distinct layers: the
inner cell membrane, which is in contact with the cytoplasm of
bacteria, a peptidoglycan stratum that is sandwiched in between, and
an outer membrane which is the outermost layer of bacteria that deals
with outer biotic and abiotic factors (Fig. 1.1). Lipopolysaccharide, a
glycolipid moiety, is attached to the outer surface of the outer
membrane of Gram-negative bacteria, which also interacts with the

outside environment. The outer membrane also has some embedded



proteins which transport molecules across the membrane, some of
them perform enzymatic activities, whereas some lipoproteins present
in the inner leaflet of the outer membrane anchor in the peptidoglycan
stratum. Conversely, Gram-positive bacteria possess two layers of
membrane, thick peptidoglycan as an outermost layer and an inner cell
membrane, whereas it completely lacks the outer lipid bilayer

membrane that is present in Gram-negative bacteria.
1.2 Structural insights of Outer membrane proteins (OMPS)

The OMPs are categorized into three groups; first: nonspecific proteins
which transport small inorganic molecules, and they generally have 8
to 16 B-strands, second: substrate-specific proteins which have 18 to 22
B-strands, and third: porins. OMPs are involved in several cellular
functions, such as maintenance of cell structure, transport of nutrients,
efflux of bactericidal agents as well as adhesion to the host cell.
Typically, most of the bacterial proteins including the inner membrane
proteins contain a-helices and are composed of hydrophobic amino
acids. On the other hand, OMPs have completely different structures.
They are composed of unique antiparallel amphipathic B-strands. In
these B-strands, hydrophobic amino acid residues are exposed to the
surface lipid environment to meet the hydrogen bonding requirement
of the membrane with the outer environment and to perform several
important biological tasks. In contrast, the hydrophilic residues are
present in the interior of protein which forms an aqueous pore in porins
(Koebnik et al 2003). Interestingly, the B-barrel shows heat modifiable
property when treated with 2% SDS. In fact, native and heat-denatured
forms of protein show differential migration in the gel (Dekkar et al
1995, Nakamura et al 1976). It seems that the B-barrel structure of
protein present in the outer membrane, and not in the inner membrane,
is due to the biogenesis and translocation machinery of these proteins.
These barrel-shaped proteins are classified on two parameters: the
number of strands present in the [-sheet (n) and sheer number(s),
which is a measure of stagger of strands in the p-sheet. These

parameters specify major geometrical features of the -barrel proteins.



In E. coli, a few of the OMPs are expressed at a high level, e.g. OmpA
and general porins. Conversely, some of the porins are expressed in
specific conditions such as stress, nutrients depletion, e.g. PhoE and
LamB, TonB-dependent receptor (e.g. FhuA and FepA) proteins
involved in the biogenesis of flagella and pili, (Macnab et al 1999,
Soto et al 1999) in addition to enzymes, such as OmpT protease
(Magel et al 1994) and Phospholipase-A (Demot et al 1994).
Interestingly, some of the OMPs are used as the receptor for adhesion
by bacteriophages and bacteriocins. In fact, the iron-siderophore
transporter FhuA was first recognized as a protein that is necessary for
infection by phage T1 and, named TonA (Tone protein A). Likewise,
maltoporin was initially identified as a receptor for phage A. 1 Bacterial
OMPs have been studied in great detail for many years with the help of
X-ray crystallography, (Macnab et al 1999) and a few important OMPs
from Gram-negative infectious bacteria and their crucial structural

features are described in this report.

OmpA, one of the major OMPs of E. coli, is expressed at a very
high level. It is important for the virulence and integrity of the bacterial
cell surface. It has two domains an N-terminal domain of 170 amino
acid residues, which serves as a membrane anchor (Fig. 1.3A) and a C-
terminal domain of 155 amino acid residues, which is located in the
periplasmic space and has been proposed to interact specifically with
peptidoglycan layer (Soto et al, 1999, Mangel et all 1994). Studies
with recombinant OmpA from Klebsiella pneumoniae showed that
kbOmpA interacts via cell surface receptors of the macrophages as
well as the dendritic cells, and thereby activates these cells. (Dakker et
al 2000) kbOmpA is involved in cellular recognition by the scavenger
receptors, such as SRC-1 and LOX-1, as well as TLR2, leading to
cellular activation of innate immunity (Schulz et al 2002). Another
important OMP in Gram-negative bacteria is OmpX. Schulz laboratory
proposed a three-dimensional structure of OmpX as a small B-barrel
membrane protein (Poolman et al 1996) (Fig. 1.3B). OmpX protein

family is highly conserved and plays an important role in virulence by



neutralizing the host defence mechanisms (Demot et al 1994). OmpX
homologue proteins are reported in different microbes, such as, Ail
from Yersinia enterocolitica promotes adhesion as well as entry into
eukaryotic cultured cells, whereas, Salmonella typhimurium produces
two related proteins, PagC and Rck, which have an important role in
their survival within the macrophages. Outer membrane
Phospholipase-A (OMPLA) is an enzyme present in Gram-negative
bacteria and likely responsible for membrane disruption during host
cell invasion and thus plays the role of a virulence factor in some
bacteria and fungi. Phospholipase-A is involved in the colicin release
and virulence of Campylobacter and Helicobacter strains. It is the only
outer membrane enzyme whose three-dimensional structure has been
solved. Its structure is composed of 12 transmembrane Pstrands, and
the barrel interior is polar with a hydrogen-bonding network, which
provides a rigid structure (Fig. 1.3C). The two polypeptide termini and
the surface-exposed loops L1, L4 and L6 obstruct the barrel from
outside, thus excluding a pore function as it was proved by black lipid
bilayer experiments (Demot et al 1994, Koebnik et all 1995). Calcium
ions act as an activator for Phospholipase-A. As it binds with calcium
ions, Phospholipase-A acquires a dimeric form being catalytically
active, however, normally it exists in a monomeric form in the outer
membrane (Jeannin et al 2000). The monomeric protein has three polar
amino acid residues (Tyr-92, GIn-94 and Ser-96) at its membrane-
exposed surface, and these residues allow them to partition into the
hydrophobic membrane environment. Upon dimerization, this network
is modified to involve another hydrogen bond between the side-chains
of GIn94 of both monomer units. This strict conservation of residue
suggests that it plays an important role in the functional dimerization
of OMPLA (Koebnik et all 1995).

Some bacterial OMPs are called porins, as they act as pores and
molecular filters, which form channels with various degrees of
selectivity (Schulz et al 2002). Porins have a super secondary protein

structure that forms p-barrels and is composed of typically 14, 16 or 18



anti-parallel B-sheets. Typically, most of these porins have 16 or 18
strands and the general motif of their structural architecture is the
closure of the barrel by the pairing of the first and last B-strand in an
antiparallel way. These are connected by eight or nine long loops,
facing towards the extracellular side, and seven or eight small turns
embedded in the periplasmic space (Fig. 1.3). In all porins, the f-barrel
center is formed by an inserted long loop L3 that is not exposed to the
cell surface but folds back into the barrel and forms a pore-like
structure that contributes to the permeability of the membrane. This
loop contains a PEFGG amino acid sequence motif which is highly
conserved among the enterobacterial porins (Jeanteur et al 1991). As
expected, the substitution of the two glycine residues in the PEFGG
sequence results in altered channel characteristics (Gelder et al 1997).
Porins, which have 16 strands are called general or non-specific porins
and allow the diffusion of hydrophilic inorganic molecules without any
specificity, whereas, the 18 strands porins are substrate-specific porins
and have particular substrate specificity, such as sugar specific porins
(ScrY and LamB). Some of the porins, such as OmpG or CymA, have
14-strand monomeric and quaternary structures. Usually, porins are
passive diffusion channels with a pore diameter ranging from 15 A for
the general porins to 6 A for the highly selective porins (Galdiero et al
2012). There are some OMPs having higher molecular weight,
containing a 22 stranded B-barrel, which are active iron transporters,
e.g. FhuA (Fig. 1.3G) and FepA (TonB apparatus) (Fig. 1.3H). These
porins play a unique role in overcoming the problem of lack of ATP or
other energy carrier sources for transport of any solute against a

concentration gradient in the periplasm.
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Figure 1.1 Schematic representation of Gram-negative and Gram-positive cell
membrane. Gram-positive bacteria have a thick peptidoglycan layer embedded with
lipoteichoic acid, whereas Gram-negative bacteria have an additional lipid bilayer as
an outer membrane embedded with outer membrane protein (OMP) and a thin

peptidoglycan layer in the middle.



Molecular analysis of several OMPs reveals that they have high
sequence similarities and conserved patterns. Conserved sequences are
present mainly in the [-strand structure. For example, five
enterobacterial OmpA have 74% identity within the B-sheets and 54%
amino acid identity within the periplasmic turns as well as surface-
exposed loops (Braun et al 1984). In the same way, four
Phospholipase-A proteins show 71% identity in the turn residues and
76% identity in the loop residues, whereas 83% of their B-strand
residues are strictly conserved (Brok et al 1994). A similar trend is
also observed with four enterobacterial FhuA proteins, which have
both 52% amino acid identity within the periplasmic turns and 32%
identity within the surface-exposed loops and 56% identity within the
B-sheet (Killmann et al 1998). Structural analysis of B-barrels of
various OMPs shows that the interior residues are more conserved than
the surface exposed residues (OmpA: 77% versus 70%; OMPLA: 85%
versus 82%; FhuA: 61% versus 51%; OmpX homologues: 33% versus
14%). The OmpX, a family of virulence-related membrane proteins,
shows that the membrane-spanning part of the proteins is better
conserved than the extracellular loops. OmpX shows 86% sequence
identity with OmpK17 from K. pneumoniae and 84% identity with
OmpX from E. cloacae. The sequence identities with Ail from Y.
enterocolitica, PagC and Rck from S. typhimurium are 45%, 39% and
38%, respectively. Following an earlier model of OmpA, it is
suggested that E. cloacae OmpX consists of a similar eight-stranded f-
barrel with short periplasmic and longer extracellular loops (Vogel et
al 1986, Stoorvogel et al 1991). Here the percentage sequence
identities with OmpK17, OmpX (E. cloacae), Ail, Rck and PagC are
100%, 100%, 71%, 69% and 67%, respectively. Interestingly, the
OmpX protein family has a specific conserved signature sequence Gly-
X-Asn-X-Lys-Tyr-Arg-Tyr-Glu, which is located in strand -2 within
the barrel. Other OMPs families, e.g. Omp21 from Comamonas
acidovorans, the Opa proteins from Neisseriaceae and PorF from
Pseudomonas aeruginosa also have 8 stranded antiparallel p-barrels

(Baldermann et al 1998) and are structurally related to OmpX and



OmpA. All OMPs of bacteria have a common C-terminal consensus
sequence X-Z-X-Z-X-Z-XTyr-X-Phe (where X is any amino acid and
Z is a nonpolar residue) (Vogel et al 1986). In E. coli porin OmpF is
closely homologous to the porins PhoE (Cowan et al 1992) and OmpC
(Basle et al 2006). These three porins help cells to adjust in different
environmental conditions; additionally, PhoE allows an efficient
uptake of phosphate. OmpC from E. coli shows homology with
OmpK36 from Klebsiella pneumoniae, whereas Omp32 from
Comomonas acidovorance have homology with porin from
Paracoccus denitrificans, and share homologous general features
(Dutzler et al 1999). It seems the core residues of the [3-barrel in most

of the OMPs are stringently conserved during evolution.
1.3 Functional insights of Outer membrane proteins (OMPS)

Several proteins are present in the outer membrane of Gram-negative
bacteria and contribute about 50% of the outer membrane mass.
Proteins of the outer membrane assume a B-barrel secondary structure
that mediates transport of molecules across the membrane, which also
serves as a filter. Additionally, these B-barrel structures are involved in
the host-pathogen interactions. A few integral proteins, such as outer
membrane protein A (OmpA), are expressed at a high level in E. coli,
whereas another class of OMPs, such as LamB and PhoE, are
temporally regulated and expressed in the specific environmental
conditions. Interestingly, some of them also perform enzymatic

activities e.g. Phospholipase-A (Koebnik et al 2000).

The molecular mechanism of interaction between the OMPs
and immune cells is not well understood. It is proposed that OMPs
may be activating the host cells similar to that of the LPS, but not via
an identical mechanism (Galdiero et al 2003). The intracellular
pathway of any receptor-ligand interaction is a complex and sequential

network of biochemical events,
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Figure 1.2. Signal transduction pathway induced by OMPs. OMPs interact via host
transmembrane receptors and stimulate protein kinase A (PKA), protein kinase C
(PKC) thus activating downstream effectors, such as, RAF, MEK, p38, ERK, JNK,
which induces nuclear localization of NFkB and thus stimulates the production of
inflammatory molecules. Uncontrolled inflammation leads to sepsis which ultimately
can result in organ failure.
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Figure 1.3. The graphical representation of OMPs by X-ray crystal structure shows
B-sheet connected via amino acid loops and forms B-barrel structure. (A) OmpA
(PDB code: 1BXW) and (B) OmpX (PDB code: 1QJ8) are small p-barrel proteins;
(C) Phospholipase-A (PDB code: 1QD5) acts as an enzyme; (D) OmpF (PDB code:
20MF) is general non-specific porin which forms trimer B-barrel structure; (E) ScrY
(PDB code: 1A05), (F) LamB (PDB code: 1MAL), (G) FhuA (PDB code: 1BY3)
and (H) FepA (PDB code: 1FEP) are trimer Bbarrel structure substrate-specific large

porins.
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leading to the expression of the target genes. Upon adhesion of bacteria
to the host cell, several cytoplasmic signal transduction pathways are
triggered, in which the mitogen-activated protein kinase (MAPK)
pathway is especially activated (Evans et al 1998, Rosenshine et al
1992). Binding of the extracellular signals, such as OMPs, triggers
pathways such as MAPK, serine-threonine kinases, c-Jun N-terminal
kinases (JNK) and extracellular signal-regulated kinases (ERK), (Davis
et al 2000) which subsequently activate several transcription factors,
such as, activating protein-1 (AP-1) and nuclear factor kappa B
(NFkB) (Karin et al 1997). NFkB is a dimeric transcription factor that
turns on the expression of inflammatory and immunity-related genes.
Typically, NFkB is present in the cytoplasm in a resting state,
combined with IkB, an inhibitor of NFkB. Extracellular signals, such
as OMPs, activate the MAPK pathways, consequently, IxkB is
phosphorylated and eventually degraded through ubiquitination.
Subsequently, NFkB forms a dimer that translocates into the nucleus,
binds to target genes and thereby turns on the expression of genes,
which are mainly involved in the inflammatory and immunological
responses (Galdiero et al 2002) (Fig 1.2). It is reported that OmpA
from Shigella flexineri induces the release of pro-inflammatory
cytokines through activation of NFkB via toll-like receptor-2 (TLR-2).
Moreover, OmpA also plays a critical role in the development of Thl
cells by induction of IFN-y in CD4+ T cells through IL-12 production
in the macrophages (Pore et al 2012). It has been reported that TLR1,
TLR2, TLR6, and MD2 receptors are involved in the recognition of a
broad range of OMPs (Massari et al 2002, 2006, Rau et al 2003
Banerjee et al 2008). Similarly, Galdiero et al, reported that Hib from
Haemophilus influenzae and PorB from Neisseria are recognized by
TLR-2 (Galdiero et al 2004). As the surface-exposed loops of the
OmpA play a fundamental role in the pathogenesis of meningitis, this
feature of OMP may help to design therapeutic strategies against the
disease (Mittal et al 2011). The loop 1 and 2 of OmpA play an

important role in the survival of E. coli in the dendritic cells and the
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Table 1. List of outer membrane proteins of Gram-negative
bacteria involved in infections.

Gram-negative  Diseases Outer membrane

bacteria protein(s)

Bordetella Pertussis P70

Borrelia Lyme disease OspA, OspB, OspC

burgdoferi (lipoprotein)

Brucella Brucellosis Omp10, Omp16, Ompl9
(lipoprotein)

Francisella Tularemia FopA

Haemophilus Pneumonia, bacteremia, OmpP6, Hib

Helicobactor

pyroli
Klebsiella

Leptospira

Neisseria
gonorrhoeae,
meningitides

Pseudomonas

Rickettsia

Salmonella

Shigella

Triponema
pallidum
Vibrio

Yersinia

meningitis, epiglottitis, septic arthritis,
cellulitis, otitis media, purulent pericarditis,
and other less common infections such

as endocarditis and osteomyelitis

Gastritis*

Pneumonia, bloodstream infections®
Leptospirosis
(No widely useful vaccine available)

Sexually transmitted disease Gonorrhea®

Pneumonia, urinary tractinfections (UTIs),

and bacteremia®
Spotted and typhus fever®

Salmonellosis, typhoid fever, food
poisoning, gastroenteritis, enteric fever

Shigellosis, diarrhea

Syphilis, bejel, pinta, and yaws*

Cholera

Yersiniosis

AlpA, AlpB, BabA, SabA,
HopZ

OmpK36

Lip32, Lip36, Lip4l, Lip4s,
OmpL37

OpcA, OpcB, OpcD, Opa
Protein rA and B, protein 1,
protein 11

OprL, OprC, OprE, OprF,
OprG, OprH, PorF

rOmpB, rOmpA

OmpA sal, PagC, Rck

OmpA

TP0136

OmpU

YopD, YopB, YopM, YopT,
Ail

#No vaccine available.
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loop 1 and 3 are essential for survival in the macrophages.
Additionally, the loop 2 is involved in many of the host cell
interactions and thus can be an effective target for immunization. Some
common Gram-negative infectious bacteria and their OMPs have been
listed in Table 1, which have been studied for their role in
pathogenesis and host-pathogen interactions. Porins, interaction with
the host immune system induces inflammation similar to the OMP-
induced inflammation. Recognition of pathogenic bacteria by the host
TLRs is the first step in the activation of the inflammatory responses of
the innate immune system (Akira et al 2006, West et al 2006).

Porins are considered as pathogen-associated molecular
patterns (PAMP) due to their ability to trigger signals via TLR
molecules and other pattern recognition receptors. Similar to OMPs,
porins are demonstrated to induce signal transmission, stimulate
nuclear factors, thereby activating gene expression and finally leading
to the release of cytokines (Massari et al 2003). It is reported that
porins from Salmonella enterica serovar typhimurium induce the
production of TNF-a, TGF, IL-6, and IL-1 by the macrophages, and
IFN-y and IL-4 by the lymphocyte cells. Furthermore, Salmonella
enterica serovar typhimurium porin is reported to enhance the
synthesis and release of IL-6 in U937 cells, in which NF-kB regulate
the transcriptional activity of the IL-6 gene (Finamore et al 2009).
Moreover, porin from S. enterica serovar typhimurium also induces
transduction in mouse macrophages that leads to increased inositol
triphosphate and intracellular Ca++ mobilization as well as Protein
Kinase C (PKC) translocation to the membrane (Gupta et al 1999). In
fact, it is reported that S. enterica serovar typhimurium porin induces
tyrosine phosphorylation of ERK-1, PKA and PKC in U937 cells.
Likewise, Neisseria porin stimulates tyrosine phosphorylation and
affects the expression of B-7 co-stimulatory molecules (Massari et al
2003). Similarly, Hib, a porin from Haemophilus influenza induces an
inflammatory response. It is reported that inoculation of Hib into the

fourth ventricle of the brain induces expression of IL-1a, TNF-a and

13



MIP-2 mRNA at the inoculation site (Galdiero et al 2001). In short,
OMPs are present in all the Gram-negative infectious bacteria and are
involved in the stimulation of the host immune system. Moreover,
these studies OMPs open wide opportunities for a better understanding
of the pathogenesis and development of combating strategies (Fig.

1.4).
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Figure 1.4 Multifunctional role of Outer membrane proteins (OMPs). Right
panel from top to bottom, schematic representation of Host-pathogen interaction
leading to host aberrant signaling, immune cells and communication system
modulation, and cell signaling induction leading to cancer cell transformation. Left
panel from top to bottom, identification, and structural and functional
characterization of virulence factor (here OMPs) thereby using them as therapeutic
targets such as monoclonal antibody therapy, vaccine, and inhibitors development.
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1.4 Host Immune system

We are protected by the immune system from the pathogens such as
bacteria, viruses, fungi and parasites, present outside the environment
and continuously get in touch with us intentionally and unintentionally.
The immune system is a system of collection of cells and array or
biological process of cell-cell communication. The immune system
simply can be categorised into two lines of defence, innate and
adaptive immunity. Innate immunity works as a quick first line of
defence for attacking pathogens which is generally non-specific
(antigen-independent) in nature. Since the innate immune system is
non-specific hence do not form memories thus reencounter of the same
pathogen will not be remembered in future. Whereas the adaptive
immune system is antigen-dependent and creates memories therefore it
takes lag time in building immunity as the pathogens attack, but
subsequent exposure to the same pathogen is rapidly neutralized due to
developed immune memories. Both the immune system, innate and
adaptive, are not exclusive but rather works as complementary to each
other via communicating through cells and cytokines. Defects in either
of them lead to impairment of effective immune system further leading
to host vulnerability to pathogens (Turvey et al 2010, Bonilla et al
2010, Murphy et al 2007).

1.4.1Innate immunity

Majorly innate immunity comprises of the four types of defensive
barriers namely, anatomic which includes skin and mucosa,
physiological barriers mediated by temperature, pH and chemical
mediators, inflammatory barriers include cytokines and chemokines
which recruits the different cells and lastly endocytic and phagocytic
barriers which involves variety of the cell to neutralize or Kill the
pathogens. In general, innate immunity to pathogens depends on
pattern recognition receptors (PRRs) which allow innate immune cells
to detect and respond to pathogens which commonly share structural

patterns which are characterized as pathogen-associated molecular
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patterns (PAMPs) such as lipopolysaccharides (LPS) present of
bacteria surface and double-stranded ribonucleic acid (RNA) produced
during viral infection. Cytokine production during and at the site of
infection is the key hallmark of innate immunity which further recruits
immune cells. Some of the important cytokines to bacterial infections
are tumour necrosis factor (TNF), interleukin 1 (IL-1) and interleukin 6
(IL-6). Many times dysregulation of cytokines also leads to
immunopathological conditions and is often associated with cytokine
storm, sepsis, and autoimmune disease. Various cells participate in the
innate immunity in response to pathogens such as NK cells (natural
killer), macrophages and neutrophils, dendritic cells, mast cells,
basophils, and eosinophils. Phagocytotic cells (neutrophils and
macrophages) engulf microbes and kill them via many bactericidal,
granules and enzymatic pathways (Turvey et al 2010).

1.4.2 Adaptive immunity

The adaptive immune system's primary function is to identify non-self
antigens present on the pathogens. The innate immune system is
critical in the development of follow-on adaptive immunity when
innate immunity becomes ineffective. Adaptive immunity recognises
antigens and targets pathogens and pathogens infected cells via
generating immunologic effector pathways generating an immunologic
memory for the subsequent infection and eliminating pathogens
quickly. The adaptive immune system includes T-cells which directly
attack pathogens or infected cells when activated by antigen-presenting
cells (APCs), known as cellular immune response and B-cells which
are part of humoral immunity and produces antibody (Bonilla et al
2010).

1.4.2.1 B-cells

B-cells originates and mature from hematopoietic stem cells in the
bone marrow. B-cell can recognise antigen own self via unique
antibody expressed on their surface. When B-cells are activated by a

foreign antigen, undergo proliferation, and differentiate into antibody-
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secreting plasma cells and memory B-cells. Upon antigen activation B-
cells produces a wide variety of antibody from limited sets of
immunoglobulin genes, this phenomenon is known as antibody
diversity which is an exceptional feature of B-cells. Interestingly, this
process begins even before encountering the antigens via the process of
VDJ recombination. V(D)J recombination increases antibody
repository by rearrangements of the variable (V), diversity (D) and
joining (J) gene segments mediated by RAG recombinase (Oettinger et
al 1990). In addition to that somatic hypermutation (SHM) and class
switch recombination (CSR) further diversify antibodies upon antigen
stimulation. SHM and CSR both are crucial processes in generating B-
cell immune response, especially antibody production and
diversification. Failing either of them leads to paralysing humoral
immunity and antibody-mediated immune system as well. A key
mutator enzyme known as activation-induced cytidine deaminase
(AID) is essential for SHM and CSR both processes.

AID acts by induction of point mutation to the immunoglobulin
gene. SHM is confined to the variable region of light and heavy chain
of immunoglobulin gene, whereas CSR is related to the switching of
the constant region of mature antibody transcript which is also initiated
by inducing point mutations via AID to switch region present at the
constant region of immunoglobulin gene, which further leads to
double-strand breaks and switching from one constant region to
another. SHM process takes place in the dark zone of the germinal
centre, further SHM generated antibody moves to the light zone where
the clonal selection of high-affinity antibody and CSR process occurs.
AID induces point mutation via deaminating the cytosine to form
uracil which leads to mis-match further repaired by cellular repair
pathways and have various fates in B-cells (Chaudhary et al 2018).
Similar to this, in CSR, AID induces point mutation at the constant
region of the immunoglobulin gene. Each of the constant regions
possesses its own individual promoter and switch region locus.

Switching from IgM, a less or non-specific antibody which is produced
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upon the first activation of B-cells to 1gG, IgA and IgE high-affinity
antibody produced during second exposure of antigen results from AID
induced point mutations which lead to double-strand breaks and
subsequently repaired by MMR, BER pathways.

Physiologically, AID activity is limited to g genes but its off-
target activity on non-lg genes, including some oncogenes, results in
deregulated expression of these genes which is the leading cause of B-
cell lymphomas. AID being the mutator enzyme, its expression and
activity are precisely regulated at the transcriptional, post-
transcriptional, translational and post-translational levels. At mRNA
levels, AID is regulated by microRNAs, for example, miR-155 and
miR-181b binds to the 3> UTR of AID and represses its translation.
Thus, SHM and CSR are reduced by the expression of miR155
(Kolhaas et al 2009, Thai et al 2007). As expected miR-155 acts as a
tumor suppressor, as the activated B-cell deficient in miR155 showed a
higher level of translocation compared to wild type. In mice, AICDA
genomic locus is enriched in binding sites for numerous transcription
factors, such as NF-kB, STAT6, C/EBP, Smad3=4, HoxC4, c-MYB,
E2F, Pax5 and E protein, which positively and negatively regulate the
expression of AID upon B-cell activation (Tran et al 2010, Dedeoglu et
al 2004, Gonda et al 2003).

B-cells generally functions as the positive counterpart of the
immune system via performing T-cell activation through antigen
presentation, antibody production and regulation of inflammation
(Meffre et al 2019, Lebien et al 2008, Lumen et al 2020). Besides, a
subset of B-cells also negatively modulates the immune system.
Several studies have revealed that immunoregulatory functions are
performed by a distinct subset of B-cells known as regulatory B-cells
(Breg cells). The term was first coined by Mizoguchi and his colleagues
in 2002. Breg cells have been reported to suppress T-cells and prompted
T cells to differentiate in suppressor T-cell (Kim et al 2019, Kroniotis
et al 2016, Kalampokis et al 2017, Giacomini et al 2018, Katz et al
1974, Neta et al 1974, Shimamura et al 1982, 1984). Breg cells carry
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unique characteristics of producing cytokines such as 1L10, IL35 and
transforming growth factor (TGF-B). IL10 has been recognised as a
negative regulator and it inhibits CD4+ T cell proliferation and CD8+
T cell responses in chronic hepatitis B virus (HBV) infection (Akdis et
al 2016, Khoder et al 2014, Cerqueira et al 2019, Wu et al 2020, Das
et al 2012). IL10 has been reported in gastric cancer patients where it
dampens the T-cell activation (Li et al 2015). Moreover, IL10, IL35
and TGF-B producing Breg cells interfere with T-cells activation and
macrophages, dendritic cells, and NK cells antigen presentation
thereby acting as a negative modulating subset of B-cells (Butz et al
2012).

1.4.2.2 T-cells

T-cell originates from hematopoietic stem cells in the bone
marrow and after migration, attains maturation in the thymus. T-cells
are equipped with a special type of antigen-binding receptors on their
membrane, known as T-cell receptors (TCRs). T-cells are dependent
on APCs (B-cells, dendritic cells, epithelial cells and macrophages) for
the reorganization of antigens and for their functions. APCs expresses
a set of surface receptor proteins known as major histocompatibility
complex (MHC). These MHC receptors present intracellular and
extracellular antigenic peptides which are processed by APCs. MHC
are categorised as class I, Human leukocyte antigen (HLA) which are
present on all nucleated cells and class 11 HLA DP, DQ, and DR which
are found on macrophages, B-cells, and dendritic cells. Class | MHC
displays intracellular peptides which are present to T-cytotoxic (T-
CD8) cells while class I MHC molecule displays extracellular
peptides to T-helper cells (T-CD4) (Bonilla et al 2010, Murphy et al
2007).

T-cell's response began upon antigenic peptide recognition by
TCRs which binds to appropriate MHC complexes. The complex of
antigenic peptide MHC-TCR activates T-cell to secrete cytokines

which further stimulates T-cells to differentiate into cytotoxic CD8 T-
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cells and helper CD4 T-cells. T helper cells do not have cytotoxic and
phagocytic activity while they activate and direct other cells to
maximise immune response whereas cytotoxic CD8 T-cells are directly
involved in killing pathogens and pathogen-infected cells. Once
activated by the MHC class I-TCR complex, these T CD8 cells migrate
to the site of infection and phagocytose the pathogen-infected cells.
Similar to Byeg cells, a subset of T helper cells also known as regulatory
T-cells (Treg) plays important role in developing appropriate non-self
immune responses. Trg cells regulate and suppress the aberrant
immune response to self-antigens thereby prohibiting the development
of autoimmune disease. Moreover, Trg cells play a crucial role in
maintaining immune tolerance to certain kinds of antigens which

commonly found in food (Bonilla et al 2010, Murphy et al 2007).
1.5 H. pylori infection in gastric diseases

H. pylori is a spiral-shaped, flagellated, motile Gram-negative
bacterium. Two scientists Barry Marshall and Robin Warren
discovered Helicobacter pylori and isolated it from gastric mucosa of
patients with chronic gastritis (Marshall et al 1984). H. pylori has been
classified as a class | carcinogen by the World Health Organization
(WHO). H. pylori is one of the most common human stomach
infectious factors with a prevalence of up to 70% in developing
countries. It often remains asymptomatic and has been found to be
associated with gastric malignancies such as chronic gastritis, peptic
ulcer, gastric cancer. In all the infection cases approximately 10%
develop ulcer disease, 1-3% gastric cancer and 0.1% progresses
mucosa-associated lymphoid tissue (MALT) (Noto et al 2007).

Chronic inflammation is the key player in the H. pylori
infection leading to gastric diseases. Persistent inflammation of gastric
mucosa triggers the expression of a wide array of transcription factors
that mediate the aberrant cellular signalling. Adherence of H. pylori to
epithelial cells initiates the inflammatory responses which further

expand to circulating immune cells which recruits to the site of
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infection. H. pylori infections have been reposted with many pro-
inflammatory cytokines, transcription factors and interleukins such as
IL-1, IL-6, IL-8, TNF-a, NF-xB (Lamb et al 2013).

There are a variety of virulence factors produced by H. pylori
that leads to cellular transformation. Cytotoxin-associated gene A
(CagA) and its pathogenicity island (CagA PAI), VacA (vacuolating
cytotoxin A), outer membrane proteins such as BabA, SabA are the
most studied pathogenic factors. CagA protein is encoded by CagA
PAI genomic locus which is approximately 40 kb long consisting of a
Cag type IV secretion system (T4SS) (Muller et al 2012). The T4SS
develops a syringe-like pilus protrusion which is used to deliver CagA
into the host cells (Nhieu et al 2009). Upon injection of CagA, a vast
verity of downstream host cell signalling pathways are modulated such
as nuclear factor jB (NF-jB) pathway and b-catenin pathway, the
Ras/mitogen-activated protein kinase (MEK)/extracellular signal-
regulated kinase (ERK) pathway (Xu et al 2012, Muller et al 2012).
CagA binds to the inner surface of the membrane and gets its
glutamate-proline-isoleucine-tyrosine-alanine (EPIYA) motif by Src
family kinases. Studies have shown non-phosphorylated CagA could
activate hepatocyte growth factor c-Met and Grb2 an adaptor protein
and induce phosphorylation of phospholipase C gamma (PLCY)
(Mimuro et al 2002, Kamiya et al 2007, Wroblewski et al 2010). In
addition to that non-phosphorylated CagA also inhibits the PARP1 and
MARK protein kinase C signalling leading to disruption of cell-cell
junctions (Turkoz et al 2012).

EPI'YA motif of C-terminal domain of CagA is phosphorylated
by Src and Abl kinase present in the eukaryotic cells, and the N-
terminal of unphosphorylated CagA interact with the multiple
intracellular factors such as it disrupts the association between the
apoptosis-stimulating protein of p53-2 (ASPP2) and p53 to stimulate
the proteasomal degradation of p53 (Buti et al 2011), and it inactivates
the RUNX3 a gastric tumor suppressor Runt-related transcription
factor3 (Tsang et al 2010). The N-terminal of CagA also binds the
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ectodomain of a5bl integrin and thus is responsible for the
translocation of CagA into the host cells (Nhieu et al 2009).
Moreover, together C and N terminal of CagA protein facilitates the

pathogenesis of H. pylori.

In addition to CagA, vacuolating cytotoxin is also secreted by
H. pylori via a type V autotransporter secretion system. It is a 88 kDa
protein made up of the p33 (N-terminal 33 kDa) and p55 (C-terminal
55 kDa) subunits. The p33 forms an inner channel for chloride
transport while the p55 unit help in the binding of the toxin to the
target cell (Boquet et al 2012). The VacA toxin binds and is
internalized to the host cell and creates severe vacuolation consisting
of large vesicles. Additionally, VVacA also interferes with mitochondria
transmembrane potential and cause the release of cytochrome C and
activation of pro-apoptotic factor Bcl-2 associated X protein (Bax),
thus leading to apoptosis (Rassow et al 2012). Further, VacA is also
involved in the polarization of tight junction between epithelial cells
and disrupt T-cell activation, together with these leads to inflammation
and promotes the progression of gastric carcinogenesis (Palframan et
al 2011, Raju et al 2012).

1.6 H. pylori infection and host immune system

1.6.1 Innate immune response to H. pylori

Bacterial antigenic molecules are recognized by TLRs which are
expressed by a wide variety of cells throughout the gastrointestinal
tract. TLRs are the important players of the innate immune system,
TLR4 especially contribute to the recognition of bacterial PAMPSs.
APCs such as dendritic cells, monocytes and epithelial cells expresses
TLR4 and upon bacterial contact these cells secret pro-inflammatory
cytokines such as TNF-a (tumour necrosis factor-a), IL (interleukin)-
1B and IL-8. H. pylori infection is associated with increased expression
of IL10, IL8, TNF-a and TLR2, TLR4, TLRS TLR9 (Lagunes et al
2013, Pimentel et al 2013). In addition, H. pylori uses TLR4 receptor

to adhere to gastric epithelial cells and promotes IL8 secretion via
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upregulation of NF«kB transcription factor. However, other studies
suggest that IL8 secretion and recognition of H. pylori is TLR4
independent (Backhed et al 2003, Suzuki et al 2001). TLR2 is also
expressed onto the gastric epithelial cells, and it can recognise H.
pylori and can induce inflammation signalling pathways. Mostly,
TLR2 recognise lipoproteins, lipoteichoic acid, and peptidoglycan,
besides it can also sense other H. pylori antigens and can induce
immunomodulatory responses. HSP60, an H. pylori antigen which is
recognised by TLR2 and inflammatory cytokine production from
monocytes and gastric epithelial (Takenaka et al 2004, Zhao et al
2007).

1.6.2 Adaptive immune response to H. pylori

Failure of the innate immune system leads to activation of the adaptive
immune system to eliminate the pathogen. During the H. pylori
infection, a versatile group of immune responses are generated which
are both protective and damaging in nature to the host. Aberrant innate
and adaptive immune responses lead to persistent inflammation and
damage the host mechanism which further makes the host vulnerable
to other infections. Persistent H. pylori infection is associated with a
mucosal infiltration of different cells like poly-morphonuclear
leukocytes (PMN), plasma cells, T-cells, macrophages (lhan et al
2012, Aviles et al 2012). In addition to it, the epithelial cell also secrets
cytokines which further modulates the function of the epithelial cell
during persistent H. pylori infection. In the condition of chronic
gastritis, an increased CD4/CD8 T-cell ratio has been reported.
However, immune repose via Thl is predominantly found to be
associated with the release of several pro-inflammatory cytokines such
as s IL-12, IL-18 and TNF-a (Chatterjee et al 2012, Tummala et al
2004).

In course of H. pylori infection, B-cells induces strong specific
local antibody response. Patients infected with H. pylori showed strong

antibodies against whole bacteria and increased levels of plasma cells
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in gastric mucosa which predominantly secret IgA (Nessa et al 2001,
Mattsson et al 1998). However, some patients with increased 1gG
production also reposted with an increased level of phagocytosis of H.
pylori via activation of complement pathway (Tosi et al 1990, Berstad
et al 2001). In humoral immune response to H. pylori, especially 1gA
antibody found against VVacA and urease of H. pylori. Neutralization of
both VacA and urease inhibits adherence of H. pylori to epithelial cells

of the gastric mucosa (Portal et al 2006).
1.6.3 Evasion of the immune system by H. pylori

For the persistence of infection and prolonged survival, H. pylori try to
evade the host immune system by altering different mechanism
including apoptosis of macrophages and changing intracellular
pathways via injecting toxins such as CagA and VacA. VacA, a potent
immunomodulatory factor has been reported to dampen the integrin-
linked kinase (ILK) and endothelial nitric oxygen synthase (eNOS) and
production of reactive oxygen species (ROS) which in turn help H.
pylori escape host immunoreaction and persist gastric infection (Yuan
at al 2009). In addition to that VVacA not only interfere with antigen
presentation mediated by MHCII complex and IL2 signalling pathway
in T-cells but also act as immunosuppressive by directly acting on T-
cells (Boncristiano et al 2003, Molinari et al 1998, Gebert et al 2003).
v-glutamyl transpeptidase (GGT) is another secreted protein of H.
pylori has been reported to be interfering with T-cell responses and T-
cell proliferation. Additionally, it also mediates extracellular cleavage
of glutathione which further leads to the production of ROS and
aberrantly induce cell cycle arrest in lymphocytes via modulating Ras
signalling pathways (Schmees et al 2007). However, Cag PAI
promotes T-cell apoptosis with the induction of Fas ligand signalling in
T-cells (Wang et al 2001).

Treg cells are negative regulators of immune response which in
turn results in increased pathogen load (here H. pylori bacteria) and

facilitate chronic infection. In H. pylori-infected patients, an increased
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amount of Treg has been reported in the gastric tissue as compared with
healthy controls (Lundgren et al 2003, Cheng et al 2012). A subset of
T-cells known as Th17 cells plays a crucial role in the clearance of H.
pylori. Induction of Trg cells keep a sub-optimal level of Th17 cell,
this mechanism depends on optimal induction of Treg cells by H. pylori
which requires cytokines, TGF-p and IL-10 and this strategy was
independent of VacA and CagA (Kao et al 2010).

1.7 Outer membrane proteins of H. pylori infection

H. pylori strains show a lower abundance of OMPs compared to other
Gram-negative bacteria species. Only 4% of the H. pylori genome
encodes a large set of OMPs (~64 OMPs) which indicated the
evolutionary development of paralogous gene families which is
possibly due to acquiring the adaptation to the gastric environment.
The OMPs family broadly can be divided into five families namely,
The largest family is family 1, Hop (for H. pylori OMP, 21 members)
and family 2 and 3 Hor (for Hop related, 12 members) proteins, Hof
(for Helicobacter OMP, 8 members) and Hom (for Helicobacter outer
membrane, 4 members) proteins. Hop family proteins share identical
sequences at their amino and carboxyl termini and include porins
which generally form unique B-barrel topology to perform porin like
functions (Doig et al 1995, Exner et al 1995), and several known or
predicted H. pylori adhesins which act as a binding partner to the
gastric epithelial cells (llver et al 1998, Mahdevi et al 2002). In
addition, another OMP from the third family Hom, HomB, was shown
to be involved in H. pylori adherence and IL8 production (Oleastro et
al 2008). For becoming the successful pathogen H. pylori have evolved
over time with altering the gene expression of OMPs via gene
conversion and gene duplication and allelic variation for the adaptation

to the host environment.
1.8 HomA and HomB in H. pylori infection

The Hom family is the smallest family of OMPs of H. pylori which is

constituted of four members HomA, B, C and D. Out of four members
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HomB is the most studied protein (~75 KDa) expressed in the H.
pylori outer membrane (Oleastro et al 2008). homB has closely related
to its other family member, homA and shares 90% sequence identity,
especially at the 5" and 3' ends with the differences between the middle
region of the open reading frames due to allelic diversity (Alm et al
2000, Oleastro et al 2009). HomA/B have been reported to show allelic
variations which likely occur via the accumulation of single nucleotide
polymorphisms, suggesting that homA/homB allelic variants are
independent of the geographical origin of the strain. In in-silico
approach revealed that the homologous recombination between the
middle regions results in allelic variation (Oleastro et al 2010).
homA/homB reported being present at multiple well-conserved
genome loci (Oleastro et al 2008, 2006) with a geographical
specificity, suggesting an involvement of these genes in host gastric
environment adaptation. HomB is reported for its antigenicity in
humans and in addition to that the protein is also associated with 1L-8
secretion in vitro and contributes to bacterial adherence. These
functions of HomB are associated with the number of homB gene
copies present in a strain. Both the gene homA, homB is associated
with the presence of cagA, contributing to more virulence H. pylori
strains (Jung et al 2009, Abadi et al 2011). Moreover, homB is
considered as a virulence marker of more virulent H. pylori strains,
which leads to the severity of disease and persistent infection
contributes to more severe clinical outcomes. However, the exact
involvement of HomB and HomA gastric cancer outcomes is not
completely known. Despite HomB’s role in adherence, structural and
functional insights remain to be determined and will be a major
challenge for future research for developing therapeutic strategies

against H. pylori.

1.9 Background of work and Objectives

Outer membrane proteins (OMPs) of H. pylori play a crucial role in the
host-pathogen interaction, virulence, and pathogenesis. Upon

interaction with the host immune cells, OMPs stimulate the production
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of pro-inflammatory molecules that may result in an uncontrolled
inflammation leading to the transformation of a normal cell to a
cancerous cell.

Hom (Helicobacter outer membrane) family of OMPs in H.
pylori consists of four members (HomA, B, C and D). homB gene is
90% similar to another OMP of the H. pylori, which is the jhp0649
ORF homA, with differences between the 300 bp middle region of
these ORFs (Alm et al 2000). HomB outer membrane protein is
associated with many stomach diseases and is a novel co-marker for
peptic ulcer disease (PUD) (Oleastro et al 2008) and is the most
studied and evaluated for its prevalence in various peptic diseases.
Oleastro et al. investigated pathogenesis and immunological response
caused by HomB protein in clinical patients and 190 H. pylori strain
isolated from patients with peptic ulcer disease (PUD) or gastritis were
evaluated for the clinical importance of homB. HomB protein
contributes to the colonization and persistence of H. pylori, and the
presence of homB genes affects the number of bacteria adhering to the
host cells. Additionally, HomB is also associated with the secretion of
the proinflammatory cytokine interleukin-8 (IL-8) (Oleastro et al
2008). Moreover, HomB protein also assists in hyper biofilm
formation and antibiotic resistance thereby likely to enhance bacterial
survival by evading host immune responses and antibiotic treatments.

With the agreement of these studies, HomA and HomB can be
considered as virulence markers of aggressive H. pylori virulent
strains. However, the structural and functional characteristics and
details of HomA and HomB have not been reported yet. Thus, it is not
clear how these proteins contribute to ulcer or gastric cancer, and the
exact molecular mechanism is not explored.

The present investigation study consists of the following main

objectives:

1. To study the structural aspect of potential virulence factors,

HomA and HomB outer membrane proteins of H. pylori.

Methods  involve  bioinformatic  tools, biophysical

characterization to reveal important physical states, secondary
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structure content and 3D models of proteins. This information
is likely to help in better understanding the role of HomA and
HomB in H. pylori pathogenesis.

. To investigate the molecular mechanism of HomA and HomB
associated immune system modulation and consequences of the
interaction between H. pylori and immune cells specifically B-
cells. Here, we explored the possible molecular mechanism of
reduced antibody diversity in patients with H. pylori-associated
gastric diseases.

. To explore the potential of HomA and HomB to be utilized as
prognosis and vaccine candidates. Here, we characterize the
immunoinformatics properties, such as potential antigenic and
immunogenic epitopes present on to the globular domain of
HomA and HomB, which are likely to activate host immune
response. This information further can be utilized for

therapeutic applications.
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Chapter 2

Materials, methods, and Instrumentation

2.1 Materials
2.1.1 Primers and enzymes

All oligos used in this study were procured from Sigma Aldrich Pvt.
Ltd. (Appendix B). All restriction enzymes used in this study were

purchased from New England Biolabs and Fermentas (Thermo Fisher).
2.1.2 Genomic DNA. Cloning vectors and competent cells

The bacterial cloning vectors used are pBSSK+ vector (Stratagene) and
expression vector pET43 (Novagen). Bacterial competent cells used
were E. coli DH5a., E. coli Rosetta (DE3).

2.1.3 Chemicals

The chemical agent used in this study are as follows: Trizma base,
Glycine (C2HsNO2), Ethylene diamine tetra acetic acid (EDTA),
Potassium hydrogen phosphate (K2HPOs), Potassium dihydrogen
phosphate (KH2POs4), Sodium hydrogen phosphate (Na:HPOs),
Sodium dihydrogen phosphate (NaH2PO4), Ethidium bromide (EtBr),
Potassium chloride (KCI), Sodium chloride (NaCl), Magnessium
chloride (MgCly), Calcium chloride (CaCl;), Sodium hydroxide
(NaOH), Sodium thiosulphate (Na2S20s3), Sodium hydrogen carbonate
(NaHCO:s), Silver nitrate (AgNOz), Sodium carbonate (Na2COg),
Dimethyl formamide (CzH;NO), Sodium dodecyl sulphate or Sodium
lauryl sulphate (SDS), Commassie brilliant blue G-250, B-
mercaptoethanol (HOCH2CH.SH), Agarose, Luria-Bertani agar (LB-
agar), Luria-Bertani broth (LB-broth), Ampicillin, Kanamycin,
Acrylamide (CsHsNO), N, N’-Methylene bisacrylamide (MBAA),
Triethylenetetramine or Tetramethylethylene diamine (TEMED),
Ammonium per sulphate ((NH4)2S20¢g), Polysorbate 20 or Tween 20
(CsgH114026), non-fat dry skimmed milk powder, Glycerol (C3zHgOs3),
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bromophenol blue or 3',3”,5’,5"-tetrabromophenolsulfonphthalein
(C19H10Br40sS), Bovine serum albumin (BSA), 4',6-Diamidino-2-
Phenylindole,  Dihydrochloride  (Ci6H1sNs),  Paraformaldehyde
(OH(CH20)nH(n=8-100)), Isopropyl-p-D-thiogalactopyranoside
(CoH180sS), Imidazole (C3HsN2), 5- bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (C14sH1sBrCINOg), Nonidet P40 (tergitol), Triton X-
100 Ci14H220(C2H40)n, ethylene glycol-bis (B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid (C14H24N2010), Glycerol (C3HgOs), Xylene
cyanol (CasH27N2NaOeS2), RNase A, Methanol (CH3OH), Glacial
acetic acid (CH3COOH), Formalin or formaldehyde (CH20
(H-CHO)), Ethanol (C2HsOH), Fetal bovine serum (FBS), Dimethyl
sulphoxide (C2HeOS), 2- mercaptoethanol (HOCH2CH2SH),
Glutamine (CsH1oN203), Pyruvic acid (CsH403), Penicillin G
streptomycin, Phenol (CsHsOH), Chloroform (CHCI3), Iso-amyl
alcohol (CsH120), N-lauroylsarcosine (C15H2sNNaO3),
phenylmethylsulfonylfluoride (C7H7FO.S), CSPD substrate, Protease
inhibitor cocktail, HEPES buffer (CsH1sN204S). All chemicals were
from molecular biology grade and procured from different makes like
Sigma Aldrich Chemical Pwvt. Ltd., Invitrogen Pvt. Ltd.,, MP
Biomedical USA, HiMedia Pvt. Ltd. India, Alpha Aesar Pvt. Ltd.,
Sisco Research Lab Pvt. Ltd. India and Otto. Chemie Pvt. Ltd.

2.1.4 Reagents and Kits

Plasmid isolation kit, Gel extraction kit, and PCR purification kit was
purchased from Thermo Fisher Scientific, USA and Favorgen Biotech
Corporation, Taiwan. T4 DNA ligase, 10X Buffer with Mg++, dNTPs,
Taq DNA Polymerase, Q5 DNA polymerase, 100bp DNA ladder, 1kb
DNA ladder, unstained protein marker, prestained protein marker.
TRIzol reagents for RNA isolation, Superscript 1V cDNA synthesis Kit,
Oligo (dT)20, Random hexamers, Dithiothreitol, dNTP mix,
Ribonuclease inhibitor, DEPC-treated water, DNA free kit, SYBR
green master mix, Protein A/G PLUS-Agarose beads. All antibodies
used in the study are listed in Appendix C.
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2.2 Methods
2.2.1 Bioinformatics analysis of HomA and HomB

HomA  (protein_id AAD06225.1) and HomB (protein_id
AADO06437.1) amino acid sequences were used to identify the presence
of signal peptides using the tool SignalP-5.0
(http://www.cbs.dtu.dk/services/SignalP/). We selected a Gram-
negative signal peptide database for the prediction of a signal peptide
in HomA and HomB. Secondary structure predictions for HomA and
HomB were performed using NetSurfP-2.0
(http://www.cbs.dtu.dk/services/NetSurfP/). 3D structure predictions

were done with AlphaFold2 (https://deepmind.com/research/open-
source/alphafold) and I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/).

B-cell and T-cell epitopes prediction was done using IEDB tools

(https://www.iedb.org/), molecular docking and refinement were done

using Patchdock server

(https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php).  Further, normal

mode analysis (NMA) was performed using iIMOD server
(http://imods.chaconlab.org/). Immune simulation studies were carried
out using C-immsim tool

(https://www.iac.rm.cnr.it/~filippo/projects/c-immsim-online.html)

2.2.2 Cloning of homA and homB

Helicobacter pylori J99 (GenBank: AE001439.1) genomic DNA, a
kind gift from Prof. Solnick, University of California, Davis, and Dr.
Ashish Kumar Mukhopadhyay, NICED, Kolkata, was used as a
template for amplifying homA (ORF jhp _0649) and homB (ORF
jhp_0870) genes. The genes for HomA and HomB were PCR
amplified from the genomic DNA of H. pylori strain J99, using Pfu
DNA Polymerase with identical primer pair PK610 and PK652
(Appendix B) as the N-terminal and C-terminal of these proteins are

conserved. Thermal cycles were programmed for 4 minutes as initial
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denaturation at 95°C, followed by 30 cycles of 30 seconds at 92°C for
denaturation, 30 seconds at 55°C as annealing temperature, 130
seconds at 72°C for the extension, and a final extension at 72°C for 10
minutes. Later, the PCR products were cloned into plasmid pBluescript
at the Smal site. Based on the restriction pattern, we identified unique
clones for homA as well as homB and later confirmed by DNA
sequencing. Subsequently, both the homA and homB genes were
cloned into pET43 at Ndel and Xhol sites, respectively, to give pHomA
and pHomB. The cloning was performed in such a way that the
recombinant proteins will express a C-terminal His-tag that will assist
in purification. The inserts and vector DNA were ligated, followed by
the transformation of ligated samples into DH5a cells. The presence of
insert DNA in plasmid constructs was confirmed by colony PCR,
further recombinant plasmids were isolated and then confirmed by
DNA sequencing.

2.2.3 Expression, purification, and heat modifiability of
recombinant HomA and HomB

Recombinant pHomA and pHomB clones were transformed into E.
coli Rosetta cells. All recombinant strains were grown in a Luria-
Bertani medium supplemented with (100 pg/ml) ampicillin. Cells were
induced at an optical density at 600 nm of 0.6 by adding isopropyl-b-
D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM
at 37°C for 4 hours on an orbital shaker at 220 rpm. Subsequently, the
cells were harvested by centrifugation at 6,000g for 15 min at 4°C. The
pellets were washed and resuspended in a buffer containing 30 ml of
25 mM Tris-Cl pH 7.5, 100 pg of lysozyme, and 500 uM of PMSF
added and sonicated at 65-amp, 5 min pulse on and 5 min pulse off for
20 min for 2 cycles. After sonication, the pellet was recovered by
centrifugation at 20,000g for 30 min at 4°C. Subsequently, the
recombinant HomA/HomB protein was purified on Ni-nitrilotriacetic
acid affinity chromatography columns at 4°C. Purification of
recombinant HomA and HomB protein was confirmed on 8% SDS

PAGE gel. Heat modifiability assay was done according to the method
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previously reported, briefly, purified HomA and HomB with either
detergent {LDAO (1-2mM), CHAPS (6mM), TWEEN20 (0.06-
0.08mM)} with respective 4X and 10X CMC concentration and 1 mM
lipids (DOPC and DMPC) added samples were boiled at 95°C for 10
min and unboiled protein samples were run on 12% PAGE with 0.5%
SDS at 150V in cooling condition.

2.2.4 Trypsin digestion

Recombinant purified proteins (0.5 mg/ml) were treated with 25 pg/ml
of trypsin (SRL) for 1 hour at 37°C after which 5 mM phenyl-
methylsulfonyl fluoride was added, and the samples were analyzed by
SDS-PAGE and semi-native PAGE.

2.2.5 Secondary structure analysis

Circular dichroism (CD) analysis was performed using a Jasco J-815
spectropolarimeter (Jasco, Easton, MD). Far-UV CD spectra were
acquired at 25°C in a 1-mm path-length cuvette, with a 1-nm
bandwidth, and a scan rate of 20 nm/min. Spectra of each sample were
acquired and the baseline was corrected by subtracting the spectral
attributes of the buffer. The BeStSel tool (http://bestsel.elte.hu/) was
utilized to assess the secondary structure contents of the proteins from

their spectra.

2.2.6 Tryptophan fluorescence spectroscopy

Fluorescence spectra were obtained using the FluoroMax-4p
spectrofluorometer from Horiba Jobin Yvon (model: FM100) with
samples placed in a 1-mm path-length quartz cell at 25°C temperature.
The excitation wavelength was 295 nm, and the bandwidth of the
excitation monochromator was 2 nm. The folding and denaturing
buffers for HomA/HomB were 50 mM Tris-Cl, pH 8.0, 300 mM NacCl,
1- 8 M urea. Tryptophan emission spectra were recorded between 305
and 400 nm. Background spectra without HomA/HomB were

subtracted to obtain the final emission curves.
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2.2.7 Size exclusion chromatography

For determination of the oligomeric state of HomA and HomB, 1 mg
of protein was loaded onto a Superose 12 size exclusion column (GE
Healthcare) equilibrated with 50 mM Tris-Cl, pH 8.0, 300 mM NacCl,
and lipid and detergent as indicated, at 4°C. Protein was eluted at a
flow rate of 0.5 ml/min. The standard molecular weight markers used
were 200 kDa (B amylase), 150 kDa (alcohol dehydrogenase), 66 kDa
(albumin), 29 kDa (carbonic anhydrase), and 12 kDa (cytochrome C)).
The void volume is determined by blue dextran of MW~ 2000 kDa.

2.2.8 ATR-FTIR

Polarized ATR infrared spectra were recorded on a Tensor 27 (Bruker)
FTIR spectrometer at a resolution of 2 cm?, with parallel and
perpendicular polarization of the incident beam. 80-100 ug of purified
protein was used in a buffer containing 50 mM Tris-Cl, pH 8.0, 300
mM NaCl. Quantitative analysis of the amide | band contour was done
using curve fitting, second derivative methods. The spectral range of
1600-1700 cm™ was decomposed using Origin 8.0 software. Buffer

spectra without protein were subtracted to obtain the final spectra.

2.2.9 SAXS Data Acquisition, Processing, Analysis and Shape

Restoration

SAXS measurements were carried out at the SAXS beamline (BL-18)
of the Indus-2 synchrotron (2.5 GeV, 300 mA) source, Indore, India.
The X-ray beam of wavelength 0.7749015 A (16KeV) was used.
HomA and HomB protein samples (~2.5 mg/ml) in buffer containing
20mM Tris-Cl pH 8, 200mM NaCl, and 5mM BME were placed inside
a “Kapton window cell”’, with 4mm path length for SAXS data
collection. The data were collected in a q (4=nsin©/2, where O is the
scattering angle) range from 0.0096 to 0.361 A for both HomA and
HomB using MAR345 imaging plate detector with the sample to
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detector distance of 3.24 m. The data were corrected for both solvent
and background, and the intensities were radially averaged on a
relative scale. For both data-set, the data in the g-range 0.095 to 0.154
Al for HomA and 0.010 to 0.156 A for HomB were analyzed and
modeled mostly by using software tools available in the ATSAS suite
(Cantos et al 2021). The radius of gyration (Rg) and absolute intensity
1(0) (at g = 0) values were estimated from pair distance distribution
[P(r)] were calculated by GNOM (Svergun et al 1992) of ATSAS suite
(Hopkins et al 2021). The molecular weight of the HomA and HomB
were estimated in a concentration-independent manner from Porod
volume (Pilodov et al 2019, Hajizadesh et al 2018) implemented in
RAW software (Mirdita et al 2021), as SAXS data were on an arbitrary
relative scale. Ab-initio bead model for both proteins was generated by
the DAMMIN module of the ATSAS package. Simultaneously, the
protein structures of HomA and HomB were predicted from AlphaFold
2 online server (Jumper et al 2021). The dimeric assembly for both
HomA and HomB was manually designed based on the SAXS bead
model by using PyMOL. Data have been deposited in the Small Angle
Scattering Biological Databank (www.sasbdb.org; ID: HomA,
SASDMK?7 and HomB; SASDMLY7). Structural figures were prepared
using UCSF Chimera.

2.2.10 Human B-cell culture

Raji human Burkitt’s lymphoma cell line was procured from the
National Centre for Cell Sciences (NCCS) Pune, India. Cells were
cultured in RPMI 1640 medium (Invitrogen) supplement with 10 %
FBS (Invitrogen), 50 uM 2-mercaptoethanol (Sigma Aldrich), 2 mM
glutamine, 100 pg/ml penicillin G, and 50 pg/mL streptomycin
(Invitrogen) at 37°C in 5 % CO..
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2.2.11 Endotoxin removal of recombinant HomA and HomB
Endotoxins from purified proteins were removed with endotoxin
removal columns (Pierce, Thermo Fisher) as per the manufacturer’s

instructions.

2.2.12 B-cell stimulation with HomA and HomB

Raji B-cells were grown up to 90% confluency. Culture media were
changed and grown overnight 5 x 10° cells per plate. The next day
purified and endotoxin-free HomA and HomB were re-suspended into
PBS and concentrations of proteins were measured with Bradford
reagent (HiMedia). Different concentrations of HomA and HomB (10
ug, 50 ug and 100 pg) were added to cells and cells were collected at
different time points (1 hour, 4 hours and 8 hours) and for control, PBS
was added to cells. Cells were washed three times with PBS and used
for RNA isolation or preparation of protein cell extract.

2.2.13 RNA isolation and cDNA synthesis

Total RNA was isolated from 1 x 107 Raji B-cells stimulated with
different concentrations and at different times, by using RNAzol
reagent as per the manufacturer’s protocol (Sigma Aldrich). RNA
samples were treated with the DNA free DNA removal kit (Ambion).
RNA concentration and purity were quantified using the Nanodrop
spectrophotometer (Thermo Scientific). 1 pg of RNA was used to
synthesize cDNA by using the prime script 1% strand cDNA synthesis
Kit (Takara Bio).

2.2.14 Quantitative real-time PCR

The transcription level of GAPDH, AID and its transcriptional
regulators NFkB, PAXS5, SMAD3, cMYC, STAT6 cMYB, E2F1, T-
cell inhibition markers PDL1, IL35, IL10, and TGFp genes from
HomA and HomB stimulated cells were analyzed by using Power
SYBR Green PCR Master Mix (Invitrogen) and appropriate primers

(Appendix B). Similarly, the transcription level of Ig mature transcript
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IgV-Cu, IgV-Ca and IgV-Cy, V-region, Ig switch germline
transcription l1p-Cp, la-Ca, ly-Cy, switched circular transcript ly-Cp,
la-Cp, CSR factors HOXC4, BATF, of HomA and HomB stimulated
cells were analyzed by real-time PCR by using 2X kappa SYBR fast
gPCR Master Mix (Sigma Aldrich). The gRT-PCR run was performed
by using 2X kappa SYBR fast g°PCR Master Mix (Sigma Aldrich) on
the StepOnePlus (Applied Biosystems) real-time PCR system. PCR
conditions used for a run as 92°C for 30 s, 60°C for 45 s and 72°C for
60 s for 40 cycles, in addition to a melt curve. The comparative method
threshold cycle was used, and data were normalized with an internal
control GAPDH as a constitutively expressed gene. Fold change
values for change in gene expression were calculated with respect to
the control. At least three independent experiments were performed,
and a representative result is shown in the Figure. Error bars represent
the standard deviation of technical replicates. Standard deviations of
ACT and AACT were calculated as per the manufacturer’s guide to
performing relative quantitation of gene expression using real-time
quantitative PCR, using the formula SD = (SD12 + SD22 )2, where SD

is the standard deviation.

2.2.15 SDS-PAGE and western immunoblotting

1 x 107 stimulated Raji cells were washed 3 times with PBS by
centrifuged at 1100 rpm; 4°C for 5 min. Subsequently, cells were lysed
in 50 mM Tris-Cl, pH-7.5, 150 mM NaCl, 1 mM EDTA, 1 % Triton-X
100 and Protease inhibitor + DNasel, 1 pg/ml. 5X sample loading
buffer (0.25 M Tris-Cl, pH-6.8, 15% SDS, 50% glycerol, 25% -
mercaptoethanol and 0.01% bromophenol blue) were added to cells
and boiled at 95°C. Proteins were separated on a 12% SDS-PAGE gel
in a mini protean tetra cell (Bio-Rad). For western blotting, the gel was
transferred to the nitrocellulose membrane (Amersham, GE
Healthcare). The blots were blocked in Tris-buffer saline, pH-7.5,
supplemented with 0.02% Tween 20 (Alfa Aesar) and 5% non-fat dry

skimmed milk powder (HiMedia). Western blotting was performed by
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using an anti-AlD, anti-cMyb and anti-GAPDH (Appendix C). Blots
were developed by using appropriate chemiluminescence substrate,
ECL substrate (Bio-Rad). Finally, chemiluminescence was detected by

using the Image quant LAS 4000 Gel Doc system (GE Healthcare).

2.2.16 Immunofluorescence

1 x 107 stimulated Raji cells were washed 3 times with PBS by
centrifuged at 1100 rpm; 4°C for 5 min. Cells were fixed in 4%
paraformaldehyde (MP Biomedicals) for 20 min and permeabilized
with PBS-T (0.1% Triton-X in PBS) for 10 min. Further, the cells were
blocked for 30 minutes in PBS-T containing 5% BSA (Sigma Aldrich)
and incubated with the primary antibodies anti-AID, anti-cMYB and
anti-PDL1 (Appendix C), (1:100) overnight at 4°C on a rotating
platform. Subsequently, cells were washed with PBS-T three times for
10 min each and were incubated with the secondary antibody, anti-
mouse Alexa flour 488 or Alexa flour 594 (Appendix C) (1:200) in
PBS-T containing 2.5% BSA for 120 min. Later, cells were washed
thrice in PBS-T for 10 minutes each. Finally, high-resolution images
were taken at 100 X magnifications using a confocal laser scanning
microscope (Olympus, FV1200MPE). Mean fluorescent intensities and
3D plots were calculated by Image J software using intden and raw

intden values.

2.2.17 Chromatin immunoprecipitation (ChlIP) assay

1 x 107 stimulated Raji cells were cross-linked with 36 %
formaldehyde (final concentration 1 %) for 10 min at 37°C. The
reaction was quenched by adding 125 mM glycine for 5 min at room
temperature. Fixed cells were rinsed twice with PBS plus protease
inhibitor and resuspended in Cell Lysis Buffer (50 mM Tris-Cl pH-7.5,
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.5 % NP-40 plus
protease inhibitor cocktail). The lysate was sonicated for 90 min (30 s
on/30 s off) in a probe sonicator (Qsonica sonicator) and centrifuged at
13,200 rpm at 4°C for 10 min. The supernatant was used immediately

for ChIP experiments. Supernatants were incubated with an anti-
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cMYB antibody, at 1:100 dilution overnight at 4°C on a rota-spin.
Afterwards, protein-A agarose beads were washed with cell lysis
buffer. Samples were incubated with 20 pl slurry of protein-A on a
rota-spin for 2 h at 4°C and pelleted by centrifugation (2000 g, 3 min).
Subsequently, pellets were washed three times in 1 ml of ice-cold
washing buffer (20 mM Tris-Cl pH-8.0, 5 mM MgClz, 5 mM MnCl,,
750 mM NaCl and 1.0 % NP-40) with 5 min incubations between
spins. Finally, 50 ul of 2 % SDS, 0.1M NaHCOs was added and
incubated for 45 min at 65°C to elute chromatin. Thereafter, chromatin
was reverse-cross-linked by adding 6 pl of 5SM NaCl and 0.5 ul 30
mg/ml RNase A to ChIP DNA, and 9 ul of 3M NaCl and 0.5 pl 30
mg/ml RNase A to input DNA and incubated at 65°C for 4 h, further
DNA was treated with proteinase K (20 mg/ ml) digestion and purified
with PCR purification kit (Thermo Scientific). The primers used were
PK869 and PK870 (Appendix B) for region 2 of the AID gene locus.
PCR conditions were 95°C for 30 s, 65°C for 45 s for 40 cycles were
used for the amplification of fragments. The data presented are
percentage levels of immunoprecipitated DNA to the input DNA. At
least three independent experiments were performed, and a
representative result is shown in the Figure. Error bars represent the

standard deviation of technical replicates.

2.2.18 ELISA Assay

Raji B-cells were grown up to 90% confluency. Culture media were
changed and grown overnight 5 x 10° cells per plate. The next day
purified and endotoxin-free HomA and HomB were re-suspended into
PBS and concentrations of proteins were measured with Bradford
reagent (HiMedia). 50 pg concentration of HomA and HomB were
added to cells and cells were collected at different time points (1 hour,
4 hours and 8 hours) and for control, PBS was added to cells. Cells
were centrifuged at 2000 rpm at 4°C and culture supernatant was
collected and stored at 20°C for further use. ELISA for IL35 and 1L10
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were performed according to the manufacturer’s protocol (Krishgen

BioSystems).

2.2.19 Cell viability/proliferation assay

25000 stimulated Raji cells were taken out from each time point and 50
pl of MTT (5 mg/ml in PBS) were added and incubated for 3 hours at
37°C. Afterwards, 150 pl DMSO was added to dissolve formazan
crystals and incubated for 15 min in dark at room temperature.
Absorbance was readout at 590 nm. Each sample was performed with
technical triplicates. Error bars represent the standard deviation of

technical replicates.

2.2.20 Statistics

Data were analysed using GraphPad PRISM 9.0 (GraphPad Software,
San Diego, CA). Results are presented as individual data points and/or
mean + standard deviation (SD). Differences between values were
analysed for statistical significance by Student’s t-test, the non-
parametric Kruskal-Wallis test, one-way or two-way analysis of
variance with appropriate multiple comparisons tests. Differences were

considered significant at P < 0.05.
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Figure 2.1 Schematic representation of methodology used in the study. In the current study, gene and gene sequence was retrieved and isolated from genomic DNA and

genomic DNA sequence from NCBI and proceeded for cloning, protein bacterial expression and purification. Further, the purified protein was used for biophysical structural

and  functional  characterization.  Several  bioinformatic  tools were also used for  different  structural and  functional  predictions.
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Chapter 3

Biophysical characterization of the homodimers of
HomA and HomB, outer membrane proteins of

Helicobacter pylori

3.1 Introduction

Gastric cancer is the second most common cause of cancer-associated
deaths (Neugut et al 1996). Chronic gastritis is the major cause of
human gastric cancer caused by the Gram-negative bacterium
Helicobacter pylori. The International Agency for Research on Cancer
(IARC) declared H. pylori as a type-1 carcinogen for gastric cancer,
which is mediated via chronic gastric inflammation. H. pylori is
estimated to infect 50% of the world’s population (Chiba et al 2006,
Marshall et al 1997). The long-term persistence of H. pylori can
stimulate a severe immune response that can damage the mucosal
lining. Chronic inflammation due to H. pylori infection makes it a
potentiate agent of acute and chronic gastritis, peptic ulcer disease
(PUD), and two forms of cancers, namely, mucosa-associated
lymphoid tissue (MALT) lymphoma and gastric adenocarcinoma
(Matysiak et al 1997, Blaser et al 1998, Ernst et al 2000, Parsonnet et
al 1991). Outer membrane proteins (OMPs) of H. pylori play a crucial
role in the host-pathogen interaction, virulence, and pathogenesis.
Upon interaction with the host immune cells, OMPs stimulate the
production of pro-inflammatory molecules that may result in an
uncontrolled inflammation leading to the transformation of a normal
cell to a cancerous cell. Hom (Helicobacter outer membrane) family of
OMPs in H. pylori consists of four members (HomA, B, C and D). In
the H. pylori genome jhp0870 open-reading frame (ORF) that codes
for HomB outer membrane protein is associated with many stomach
diseases and is a novel co-marker for peptic ulcer disease (PUD)
(Hussein et al 2011, Kang et al 2012). homB gene shares 90%

sequence similarity with another OMP of the H. pylori, which is the
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jhp0649 ORF homA, with differences between the 300 bp middle
region of these ORFs (Alm et al 2000). The Hom OMP family consists
of four members, of which homB is the most studied, and evaluated for
its prevalence in various peptic diseases. Oleastro et al. investigated
pathogenesis and immunological response caused by HomB protein in
clinical patients and 190 H. pylori strain isolated from patients with
peptic ulcer disease (PUD) or gastritis were evaluated for the clinical
importance of homB. HomB protein contributes to the colonization and
persistence of H. pylori, and the presence of homB genes affects the
number of bacteria adhering to the host cells. Additionally, HomB is
also associated with the secretion of the proinflammatory cytokine
interleukin-8 (IL-8) (Oleastro et al 2008). Outer membrane proteins
(OMPs) are distinctive features of Gram-negative bacteria. Most of the
OMPs from Gram-negative bacteria form B-barrel, such as OmpA,
PhoE, LamB, OmpF, OmpC, FepA, and FhuA from E. coli. OMPs are
composed of multiple B-sheets arranged in an anti-parallel fashion and
thus form a p-barrel. These p-barrel proteins contain the
transmembrane domains which interact with the host cell receptors.
Additionally, these proteins form a porin-like structure and act as
efflux pumps, and are involved in the transport of metabolites, such as
BtuB, OprM (Cherezav et al 2006, Akama et al 2004). Interestingly,
these transmembrane B-barrels can exist as monomers or oligomers,
for example, OmpF from Salmonella typhimurium forms a trimer of j3-
barrel (Balasubramaniam et al 2012). Interestingly, TolC trimer from
E. coli forms a single p-barrel (Koronakis et al 2004). The B-barrel
proteins have the lipid facing hydrophobic and protein facing
hydrophilic residues which are arranged alternatively in the
transmembrane, enabling the formation of a pore-like structure and
extensive inter-strand hydrogen bonding with the non-polar lipid
bilayer and the existence of aromatic residues at the water-bilayer
interface anchor them in the lipid bilayer and thus result in highly
stable transmembrane B-barrels, which do not unfold easily (Wimley et
al 2003, Bishop et al 2001, Ulmschneider et al 2001).
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Despite the clinical significance of HomA and HomB, their
structural characteristics have not been studied in detail. Here, we
performed bioinformatics analysis for HomA as well as HomB and
observed that these OMPs likely form a small B-barrel, along with a
large surface-exposed globular domain. Later, we expressed and
purified HomA and HomB, and further used them for their biophysical
characterization, using various spectroscopic as well as
chromatographic techniques. We also used various detergents and
lipids to analyze the structural properties of these OMPs in different
conditions. Additionally, SAXS was performed to reveal the three-
dimensional shape of these OMPs. These structural characteristics are
unique to the H. pylori VT class of autotransporter which are recently
reported for Hop family protein (Coppens et al 2018) and the least
explored for their functional properties.

3.2 Results

3.2.1 In-silico analysis of HomA and HomB sequence

Structural aspects of outer membrane protein HomA and HomB from
H. pylori in bacterial pathogenesis have not been extensively explored.
Since HomA and HomB both shares sequence similarity up to 90%
and have differences that are confined to the middle region only we did
protein sequence alignment using clustal omega (Fig. 3.1). Being
membrane proteins, HomA and HomB are expected to contain a signal
peptide that will enable its insertion in the outer membrane of bacteria.
Thus, to identify the presence of a signal peptide for HomA and
HomB, we analysed amino acid sequences using the tool SignalP-5.0%°
and observed that both HomA and HomB possess a 16 amino acid N-
terminal signal peptide (Fig. 3.2A), like other Gram-negative bacteria.
Typically, outer membrane proteins from Gram-negative bacteria are
synthesized and recognized by the BAM assembly complex via C-
terminal consensus sequence X-Z-X-Z-X-Z-Tyr-Z-Phe/Trp (where X
is any hydrophobic and Z is any amino acid). To confirm the presence

of such a signal at the C-terminal, we performed
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AADBB225.1 MRKLFIPLLLFSALEANEKNGFFIEAGFETGLLEGTQTQEKRHTTTKNTYATYNYLPTDT 60
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Figure 3.1. Protein Sequence alignment between HomA (AAD06225.1) and HomB (AAD06437.1).
Sequence alignment was performed by Clustal Omega. Stars are showing identity. The double dot indicates
strongly similar properties, and the single dot indicates weakly similar properties. Gaps are showing not
identical and not similar in the alignment.
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Figure 3.2. In silico studies for HomA and HomB. A. N-terminal outer membrane protein signal sequences
prediction of HomA and HomB using SignalP-5.0. B. C-terminal B-barrel signature sequence comparison
among reported bacterial B-barrel outer membrane proteins with HomA and HomB. C, D. Secondary structure
contents prediction of HomA and HomB, respectively, using NetSurfP-2.0.
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a sequence alignment with most B-barrel proteins from E. coli and
observed that HomA and HomB also show identical C-terminal
consensus signature sequences for f-barrel OMPs (Fig. 3.2B). Further,
to determine the secondary structure for HomA and HomB, we used
the tool NetSurfP-2.0 (Klausen et al 2019) and observed that HomA
and HomB are likely made up of mixed o helices, B-sheets, and
random coils topology, where 22% a-helices, 34% [-sheets and 44%
random coils contribute for HomA, and 18.5% a-helices, 38.5% p-
sheets and 43% random coils contribute for HomB. Remarkably, N-
terminal shows high scale disordered residues, which might be inside
or outside the membrane as NetsurfP 2.0 predicts only the secondary
structure content and not the location topology (Fig. 3.2 C, D). As both
HomA and HomB predicted to have a significant number of B-sheets,
to know whether these are transmembrane [-Strands of outer
membrane proteins, we predicted the three-dimensional (3D) structure
of HomA and HomB to know the organization of these proteins inside
the outer membrane of the bacteria. Here, we employed AlphaFold 2
(Jumper et al 2021) (Fig. 3.3) and I-TASSER (Fig. 3.4) for the
prediction of the 3D structure model and observed that both HomA and
HomB form B-barrel structures. AlphaFold 2 predicted a small B-barrel
domain that is rich in B-sheets, along with a large surface-exposed
globular domain which consists of a-helix, p-sheets and random coils
(Fig. 3.3). Based on the AlphaFold 2 predictions for HomA and
HomB, secondary structure contents are 20% a-helix, 43% p-sheets,
37% random coil, and 16% a-helix, 38% [B-sheets, 46% random coil,
respectively. These predicted models contain 27 B-strands for HOomA,
and 28 B-strands for HomB, in total. Interestingly, the small barrels for
HomA and HomB were made up of 8 f-strands, where N-terminal S1
B-strand is a part of B-barrel which extend to a surface-exposed
globular domain and S19 B-strand comes back to be a part of B-barrel.
Likely to HomA, N-terminal S1 B-strand of HomB is a part of -barrel
extends to the surface-exposed globular domain and S20 p-strand

comes back to be a part of B-barrel (Fig. 3.5A, B). We also observed
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HomA (alphafol2)

Side view Bottom view

Side view

HomB (alphafol2)

Side view Bottom view

Bottom view

Figure 3.3. Alphafold 2 3D structure prediction of HomA and HomB. A-H. 3D
structure predictions of HomA and HomB (without signal peptide) using
Alphafold228, side and bottom view for HomA from left to right (A, B) p-sheets
(green), a-helices (red) and coils (blue); side and bottom view for HomB from left to
right (E, F) B-sheets (yellow), a-helices (red) and coils (blue). (C, D) molecular
surface view of charged residues of HomA and (G, H) for HomB.
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Figure 3.4. I-TASSER 3D structure prediction of HomA and HomB. A-L. 3D
structure predictions of HomA and HomB (without signal peptide) using I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/), side, top, and bottom view for
HomA from left to right (A-C); side, top and bottom view for HomB from left to
right (D-F).
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Figure 3.5. Alphafol2 3D structure representation of HomA and HomB. A-B. A
HomA and B HomB, forms small B-barrel, N-terminal S1 B-strand (yellow) is part of
B-barrel which extend to form surface-exposed large loop domain and S19 (HomA)
and S20(HomB) is B-strand (violet) joined back B-barrel. Cystine residues(cyan) in
surface-exposed loop amino acid positions in HomA at 245, 252, 393 and. In HomB
at 203, 215, 262, 268, 404 and 427. Tryptophan residues (red) present in the loop as

well as B-barrel.
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hydrophobic belt around the membrane-embedded portions (20 A
calculated) and predominance of charged residues in both outer as well
as the inner portion of the barrel for binding to the lipopolysaccharides
molecules, as shown in the molecular surface representation in HomA
(Fig. 3.3C, D) and HomB (Fig. 3.3G, H) models. These in-silico
studies suggest that HomA and HomB form a small B-barrel outer
membrane protein consisting of 8 3-strands, along with a large surface-

exposed globular domain.
3.2.2 Cloning, expression and purification of HomA and HomB

homA and homB genes were cloned in E. coli to obtain purified HomA
and HomB proteins, which were expressed with a C-terminal His-tag.
homA and homB genes were PCR amplified from the genomic DNA
of H. pylori strain J99 with primers (Appendix B) and cloned into
pBluescript. Based on the restriction pattern, we identified unique
clones for HomA and HomB and later confirmed them by DNA
sequencing. Subsequently, both the HomA and HomB genes were
cloned into pET43 at Ndel and Xhol sites, respectively, to give
pHomA and pHomB (Fig. 3.6A-D). Cloning of homA/homB in pET43
was confirmed by restriction analysis followed by DNA sequencing.
The resultant recombinants were transformed into E. coli Rosetta
(DE3) cells and induced with 0.1 mM isopropyl-bd-1-
thiogalactopyranoside (IPTG). Induced cells were harvested, washed,
and resuspended in 500 pl of buffer containing 25 mM Tris-Cl, pH 7.4.
Cell lysates were prepared and separated as supernatant and pellet, and
supernatant samples were analysed on 8% SDS-PAGE gels to evaluate
the amount of protein present in the soluble form. A high level of
protein expression of HomA and HomB was observed in the
supernatant of induced cells but was absent in the uninduced cells (Fig.
3.6E, F). The cloning of homA and homB was performed in such a
way that the recombinant protein codes for a C-terminal His-tag for
affinity purification. HomA and HomB were purified using a Ni-NTA
column using the Akta system (GE healthcare). The input sample was
prepared in the equilibration buffer (50 mM Tris-Cl buffer, pH 8.0,
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Figure 3.6. Cloning, expression, purification, and heat modifiability of HomA
and HomB. A. Cloning strategy of HomA and HomB B-C. SDS-PAGE of
expression and purification gels of HomA and HomB respectively. For both proteins,
SDS-PAGE lane details are: Lane 1, protein marker. Lane 2, uninduced supernatant.
Lane 3, induced supernatant. Lane 4, flow-through (purification fraction). Lane 5,
elution (purification fraction). D-E. Heat modifiability PAGE of HomA (D) and

HomB (E).
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Figure 3.7. Trypsin digestion analysis and ATR-FTIR spectroscopy of HomA
and HomB. A. pictorial representation of HomA and HomB protease digestion of
scheme. B. trypsin digested proteins run onto denaturing SDS-PAGE. C. same
protein sample run onto the semi-native gel with and without boiling. D. percentage
of folded and unfolded fractions observed on semi-native PAGE. The red asterisk (*)
denotes the N-terminal part that comes out upon unfolding. E-H. Secondary
structure analysis using curve fitting of the amide | region (1600-1700 cm—1) ATR-
FTIR spectroscopy. E, F. FTIR absorbance spectra of amide 1 of HomA and HomB,
respectively, with their second derivatives. G, H. Deconvolution of amide 1 spectra
of HomA and HomB, respectively, for secondary structure content analysis. The
spectral range of 1600-1700 cm—1 was decomposed using Origin 8.0 software.
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300 mM NaCl, and 10 mM imidazole), and loaded on the pre-
equilibrated column at a flow rate of 1 ml/min. Subsequently, the
column was washed with a wash buffer comprising 50 mM Tris-Cl, pH
8.0, 300 mM NaCl, with 50 mM imidazole. The sample was eluted
using an elution buffer comprising 50 mM Tris-Cl, pH 8.0, 300 mM
NaCl, with 250 mM imidazole. The samples were collected for
analysis by SDS-PAGE. Fig. S1B and C show that the HomA and
HomB proteins were able to bind to the Ni-NTA resin, as most of the
protein was absent in the flow-through (Fig. S1B and C, lane 4). The
size of purified proteins was observed near to 75 kDa on 8% SDS-
PAGE for both HomA and HomB. We were able to purify more than
95% pure HomA and HomB proteins (Fig. 3.6E, F). Typically, B-
barrel proteins show migration differences in boiled and unboiled
protein samples during PAGE analysis. Folded B-barrel shows faster
migration, whereas unfolded fraction shows slower migration on
PAGE. In the case of HomA and HomB, [B-barrel is most likely
composed of N and C terminal B-strands and upon unfolding that
become two separate parts and these migrate as lower size bands.
These observations support the in silico predicted model of HomA and
HomB (Fig. 3.3). We also tested the heat modifiability of undigested
purified HomA and HomB proteins in the presence of different
detergents and lipids. We did not observe a significant migration
difference for purified HomA, however, upon incubation with
detergents LDAO, TWEEN 20, CHAPS (4X CMC) and lipids DOPC
and DMPC (1 mM), a slight migration difference was observed (Fig.
3.6G). Similarly, in the case of purified HomB and HomB incubated
with detergents LDAO, TWEEN 20 and lipid DOPC show a slight
migration difference, whereas DMPC and CHAPS show no heat
modifiability (Fig. 3.6 G). Since HomA and HomB are likely to
contain a small B-barrel with a large globular domain composed of a-
helix, B-sheets and random coils and this is possibly the main cause of
masking the heat modifiability of these proteins. To investigate the
reliability of predicted 3D models of HomA and HomB, purified

proteins were treated with protease. Trypsin digestion was carried out
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for one hour at 37 °C followed by further analysis via either SDS
reducing PAGE or semi-native PAGE (Fig.3A-C). A cartoon
representation depicts the possible outcomes of trypsin digestion for
HomA and HomB (Fig. 3.7A). Incidentally, trypsin has several
cleavable sites on HomA and HomB protein sequence, nevertheless,
typically B-barrel domains show resistance to protease digestion. As
expected from the predicted models (Fig. 3.3, the surface-exposed
globular domain part corresponds to 40-45 kDa in addition to a 30—
35 kDa band of small B-barrel on the gel. Most likely, the N-terminal
(16-18 kDa) and C-terminal (22-25 kDa) regions, for HomA and
HomB which are rich in B-sheets, come together to form a B-barrel.
Interestingly, we observed 3 dominant bands of approximately 45 kDa,
25 kDa and 18 kDa both for HomA and HomB (Fig. 3.5. Since f-
barrel is likely to be made up of N and C terminals, on a reducing gel
two separate bands were observed of the size of around 25 kDa and
18 kDa (Fig. 3.7 B). To check whether these two bands are part of -
barrel, the same trypsin digested protein samples were run on a semi-
native PAGE. Interestingly, after the denaturation of these samples, we
observed two separate bands of the B-barrel domain. The single band
in the unboiled samples of HomA and HomB suggests that 80—-85%
protein is in folded conformation, whereas the boiled samples show
only 25-30% fraction in the folded conformation (Fig. 3C, D). The
additional denatured protein band of the B-barrel domain was observed
at around 16-18 kDa (Fig. 3.7 C, lane 5 and 9) which is also present in
SDS reducing PAGE (Fig. 3.7 B), however, this band was not present
in the unboiled protein samples on the semi-native gel (Fig. 3.7 C, lane
4 and 8).

3.2.3 HomA and HomB are rich in p-sheet and likely form barrel
topology

The IR spectra of HomA and HomB proteins were collected to
determine and confirm the predicted secondary structures. The
secondary structure information of a protein’s IR spectrum lies under

the Amide | region, which is made up of several overlapping spectra

60



that are composed of secondary structure elements, such as B-sheet, -
helix, turns, loops and some of them also consist of the side chain
absorbance. Here, the Amide | band in the range 1700-1600 cm—1 was
plotted with its secondary derivatives. To analyse the secondary
structure content of Amide I, we decomposed it to see the individual
component spectra position (Fig. 3.7 E-H). The second derivative
calculation is the easiest and the most common method among a few
others, which was employed for data analysis. We observed that
HomA and HomB both contain high anti-parallel p-sheet as the peaks
were observed at 1634cm-1, 1685cm—-1, 1695 cm—1, and
1634 cm—1, 1685 cm—1, 1697 cm—1, respectively. However, both
proteins also show a peak at 1654 cm—1 for a-helix with a disordered
structure peak at 1643 cm—1 (Table 3.1. We performed circular
dichroism (CD) experiments to know the secondary structure content
of HomA and HomB. Despite sharing more than 92% identity, CD
spectra of HomA and HomB are unique. Soluble HomA protein CD
spectra show a broad negative peak at around 220 nm and a positive
peak at 203 nm, whereas, soluble HomB protein CD spectra show two
negative peaks at 214 nm and 221 nm, respectively, and a positive
peak at 197 nm (Fig. 3.8). Analysis of the CD spectra revealed that the
proportion of a-helix (10.5%), B-sheet (39.6%) and Turn (11.5%) for
HomA, and a-helix (20%), B-sheet (25.6%), and Turn (14.4%) for
HomB. Membrane and detergent environments tend to be amphipathic,
and therefore they have different physical properties than aqueous
solutions, producing different spectral characteristics for proteins
embedded in them. As urea denatured OMPs can refold in micelles of
detergents and lipids, we performed CD experiments to study the
refolding properties of HomA and HomB. Supplementary Table S3
summarizes deconvoluted data of CD spectra of HomA and HomB in
the presence of various lipids and detergents. HomA and HomB show
hyperchromic shifts in the presence of LDAO (4x and 10x CMC),
DMPC and DOPC (0.25 mM, 0.5 mM, and 1 mM), and TWEEN 20,
indicating that incubation of HomA and HomB with these lipids and

detergents reduce a-helix content and increases the parallel -sheet
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Table 3.1 Secondary structure content analysis based on selective

region (1600-1700 cm™) FTIR second derivative spectrum of
HomA and HomB

S Secondary structure Peak position (cm™)
No content HomA HomB
1 Sidechain 1612 1612
2 Anti-parallel B-sheets 1624 1625
3 Parallel B-sheets 1634 1634
4 Disordered 1643 1643
5 a-Helix 1654 1653
6 B-sheets+Turn 1664, 1677 1664, 1678
7 Anti-parallel B-sheets 1685, 1695 1685, 1697
(weak)

Table 3.2. Most to least favourable folding conditions for HomA
and HomB in detergents and lipids based on the circular
dichroism spectra analysis

Folding ranking

Detergent and lipids

HomA

HomB

High LDAO

LDAO; DOPC and
DMPC; TWEENZ20

Moderate

DOPC and DMPC;
TWEENZ20

Low CHAPS

CHAPS
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Figure 3.8. Secondary structure Analysis using circular dichroism. A-C. CD
spectra for HomA, 40-fold dilution to a buffer containing detergent 4x and 10x
concentration of CMC, LDAO, CHAPS, and TWEEN 20, respectively. D, E. CD
spectra for HomA, 40-fold dilution to a buffer containing 0.25 mM, 0.5 mM, and
1 mM DMPC and DOPC lipids, respectively. F—H. CD spectra for HomB, 40-fold
dilution to a buffer containing detergent 4x and 10x concentration of CMC, LDAO,
CHAPS, and TWEEN 20, respectively. 1, J. CD spectra for HomB, 40-fold dilution
to a buffer containing 0.25 mM, 0.5 mM, and 1 mM DMPC and DOPC lipids,
respectively.
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structure. Contrarily, the addition of CHAPS (4x and 10x CMC) to
denatured HomA and HomB proteins did not increase the parallel B-
sheet structure (Table 3.2). HomA with CHAPS (4x and 10x CMC)
reduces a-helix content and increases the turn structures, HomA with
TWEEN 20 and LDAO (4x and 10x CMC) reduces a-helix content
and increases the parallel B-sheet structure. While, the addition of
lipids, such as DMPC and DOPC (0.25 mM, 0.5 mM, and 1 mM) to
HomA, demonstrated reduced a-helix content and increased mixed
parallel and anti-parallel B-sheet as well as turns in the CD spectra
(Fig. 3.8 A-E, Appendix D Table 1). Likewise, CD spectra analysis of
HomB with CHAPS (4x and 10x CMC) demonstrated a reduction in
a-helix content and increased turn structures, up to 48%. Similarly,
HomB with TWEEN 20 and LDAO (4x and 10x CMC) revealed a
reduction in a-helix content and an increase in the parallel and anti-
parallel B-sheet structure. Very similar to HomB, the addition of lipids,
such as DMPC and DOPC (0.25 mM, 0.5 mM, and 1 mM) to HomA,
demonstrated a reduction in a-helix content and an increase in the
mixed parallel and anti-parallel p-sheets (Fig. 3.8 F-J, Appendix D
Table 1).

3.2.4 Effect of pH, detergents, and lipids on the topology of HomA
and HomB

Incidentally, HomA and HomB both contain 4 tryptophan amino acid
residues (Fig. 3.5). The tryptophan residues give fluorescence emission
peaks between 300 to 350 nm depending on the polarity of the local
environment, and thus can be used to assay predicted topologies. We
measured tryptophan fluorescence of recombinant HomA and HomB
proteins to study the conformational state of a protein. Folded B-barrel
protein gives fluorescence emission maximum near to 330 nm range,
called blue-shift, as the tryptophan residues present in the folded B-
barrel proteins move from an aqueous environment to the hydrophobic
environment (Heuck et al 2002). We tested the folding pattern of
denatured and purified HomA and HomB proteins in various pH

buffers, at different urea concentrations, as well as in the presence of
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various detergents and lipids. Initially, we checked the effect of pH on
HomA and HomB structures, by incubating these proteins in buffers
ranging from pH 3.0 to 11.0. We observed that changes in the pH do
not affect the structure of these proteins, and it shows fluorescence
maxima at 324 nm for HomA and 323 nm for HomB, respectively
(Fig. 3.9 A, B). Subsequently, we studied the denaturation kinetics of
HomA and HomB by employing an increasing concentration of urea
from 1 to 8 M. We checked the effect of urea on HomA and HomB
structures, by incubating these proteins in buffers containing 1 M to
8 M urea, to understand the denaturation pattern. The addition of urea
resulted in the redshift (bathochromic shift) from 324 to 338 nm for
HomA, and 323 nm to 340 nm for HomB, respectively (Fig. 3.9 C-E).
the unfolding of these proteins started at 4 M urea, and a steady
decrease in the fluorescence intensity suggests that these proteins are
changing their conformations in the presence of increasing
concentrations of urea. To understand the refolding pattern from its
denatured unfolded states in the presence of urea, we performed a 40-
fold dilution of proteins using a buffer containing different
concentrations of detergents and lipids, thus diluting urea
concentration from 8 M to less than 300 mM. the unfolded HomA
protein in 8 M urea has an emission maximum at 338 nm, whereas the
folded protein shows an emission maximum at 324-325nm for
CHAPS (4x) and (10x), 327-328 nm for LDAO (4x) and (10x), 325—
326 nm for TWEEN 20 (4x) and (10x), 324 nm for DMPC (0.25 mM
and 1 mM), 324-325 nm for DOPC (0.25 mM and 1 mM), respectively
(Fig. 3.10 A-E). Similarly, we observed the unfolded HomB protein in
8 M urea demonstrated emission maximum at 340 nm and the folded
proteins show emission maximum 323 nm for CHAPS (4x) and (10x),
324 nm for LDAO (4x) and (10x), 324-325 nm for TWEEN 20 (4x)
and (10x), 324-323 nm for DMPC (0.25 mM and 1 mM), 324-323 nm
for DOPC (0.25 mM and 1 mM), respectively (Fig. 3.10 F-J). The
emission spectra for LDAO, TWEEN 20, DMPC, and DOPC show
increased fluorescence intensity for the folded proteins, suggesting that

HomA and HomB structures are altered with the addition of these
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Figure 3.10. Effect of detergents and lipids on HomA and HomB folding. A-C.
Tryptophan fluorescence spectra of denatured HomA and 40 folds diluted in buffer
containing CHAPS, LDAO, and TWEEN 20 detergents, respectively, 4x and 10x
concentration of CMC. D, E. Tryptophan fluorescence spectra of denatured HomA
and 40 folds diluted in buffer containing DMPC and DOPC (0.25 mM and 1 mM),
respectively. F—H. Tryptophan fluorescence spectra of denatured HomB and 40 folds
diluted in buffer containing CHAPS, LDAO, and TWEEN 20 detergents,
respectively, 4x and 10x concentration of CMC. |, J. Tryptophan fluorescence
spectra of denatured HomB and 40 folds diluted in buffer containing DMPC and
DOPC (0.25 mM and 1 mM), respectively.
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detergents and lipids. Furthermore, a blue shift (hyperchromic shift) in
the emission spectra observed during the refolding, induced by the
addition of detergents and lipids, further confirms that both HomA and
HomB restores the -barrel topology in the presence of detergents and
lipids.

3.2.5 HomA and HomB exist in monomer and homodimer forms

To assess the oligomeric state of HomA and HomB, we performed size
exclusion chromatography experiments. HomA and HomB were
incubated with the 10x concentration of CMC of detergents (LDAO,
CHAPS, TWEEN 20) or 1 mM of lipids (DMPC, DOPC) in 50 mM
Tris-Cl, pH 8.0, and 300 mM NaCl. The size exclusion chromatogram
profile shows purified HomA and HomB was eluted in two major
fractions which correspond to monomer and dimer forms (Fig. 3.11 A,
B). In the chromatogram for HomA, the first peak near 7.5 ml is of
column void volume, the second hump like peak near 11 ml
corresponds to the most likely trimer size of HomA. The third and
fourth peaks at 12.5 and 13.5 ml correspond to dimer and monomer of
HomA, respectively. The incubation of HomA with LDAO and
CHAPS shows a major aggregation peak at column void volume but
peaks that correspond to dimer and monomer still exist (Fig. 3.11 C,
D). Incubation of HomA with TWEEN 20, DOPC and DMPC shows
similar chromatograms. Simultaneously, fractions were collected
analysed on SDS-PAGE, and approximately 150 kDa and 75 kDa
bands were observed which correspond to dimer and monomer size
(Fig. 3.12 B-D). Likewise, the HomB chromatogram shows prominent
peaks for dimer and monomer at 12.5 and 13.5 ml, respectively
(Fig. 3.11. B and 3.12. E). HomB was predominantly showing peaks
for dimer and monomer, whereas the void volume peak was absent for
HomB. Incubation of HomB with LDAO shows a peak at void volume,
a shoulder peak near 9 ml and dimer, monomer peak at 12.5 and
13.5 ml, respectively (Fig. 3.11. E). However, incubation of HomB

with CHAPS leads to aggregation, which shows a peak of void volume
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Figure 3.11. A-B. Gel filtration profile of HomA (A) and HomB (B) on Superose 12
column in buffer 50 mM Tris-Cl pH 8.0, 300 mM NaCl. The standard molecular
weight markers used were 200 kDa ( amylase), 150 kDa (alcohol dehydrogenase),
66 kDa (albumin), 29 kDa (carbonic anhydrase), and 12 kDa (cytochrome C). The
void volume is determined by blue dextran (red colour profile) of MW~ 2000 kDa.
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dimer. C, D. Size-exclusion chromatogram for HomA incubation with 10X of CMC
concentration of LDAO, CHAPS, and E, F. Size-exclusion chromatogram for HomA
incubation with 10X of CMC concentration of LDAO, CHAPS. All the fractions
were collected for monomer peak (red ball) and dimer (red star) for both HomA and
HomB incubated with either detergent or lipid as mentioned and run onto SDS-
PAGE with or without beta-mercaptoethanol (f-me).
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Figure 3.12. HomA and HomB exist in monomer and homodimer forms. A.
Chromatogram of size exclusion chromatography of HomA. B-D. Size-exclusion
chromatogram for HomA incubation with 4x of CMC concentration of TWEEN 20,
and 1-mM concentration of DMPC and DOPC lipids, respectively. E. Chromatogram
of size exclusion chromatography for HomB. F-H. Size exclusion chromatogram of
HomB incubated with 4x of CMC concentration of TWEEN 20, and 1-mM
concentration of DMPC and DOPC lipids, respectively. All the fractions were
collected for monomer peak (red ball) and dimer (red star) for both HomA and
HomB incubated with either detergent or lipid as mentioned and run onto SDS-
PAGE with or without beta-mercaptoethanol ($-me).
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at 7.5 ml, although some fraction of dimer and monomer still exist
(Fig. 3.11. F). DOPC, DMPC, and TWEEN 20 show similar
chromatogram peaks with HomB, with little void volume peak in lipids
(DOPC, DMPC) incubation (Fig. 3.12 I, J). Like HomA, 150 kDa and
75 kDa bands were observed on SDS-PAGE for each collected fraction
(Fig. 3.12 F-H). Incubation with detergents and lipids of HomA and
HomB rearranges the secondary structure of proteins as observed in
circular dichroism spectra (Fig. 3.8 A-J). Here, incubation with
LDAO and CHAPS leads to larger size aggregation of both HomA and
HomB proteins, whereas Tween 20 induces aggregation in HomA
only. Possibly detergents moieties rearrange the secondary structure of
proteins thus leading to the formation of aggregates. However, the
addition of lipids favours secondary structures that are similar to the
wildtype proteins, and therefore do not show aggregation of proteins.
Both proteins show the formation of the homodimer, as confirmed by
SDS-PAGE analysis.

3.2.6 Solution structure of HomA and HomB dimers

Small-angle solution scattering data on the aqueous solutions of HomA
and HomB were acquired at the BL-18 beamline of the Indus-2
synchrotron source. For Guinier analysis, data with a g-range of
0.00955 to 0.0193 A—1 for HomA and 0.0106 to 0.0199 A—1 for
HomB was analysed. The Guinnier analysis showed a somewhat
similar radius of gyration for HomA and HomB of around~80 A
(Fig. 3.13). Indirect Fourier transformation (IFT) of the curves
calculated using the GNOM program31 and the experimental curves
fitted with SAXS data for HomA and HomB proteins were shown in
(Fig. 3.13). The pair distance distribution function deduced maximum
dimension (Dmax) for HomA and HomB was 280 and 271 A-1
respectively. Both Guinier and pair distance distribution functions
yielded similar Rg values for both proteins, signifying the absence of
aggregation or inter-particle interactions in samples. Since the solution
scattering data were collected on a relative scale of intensity, the

molecular weight of both HomA and HomB from SAXS data was
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Figure 3.14. Ab initio shape model generated with DAMMIN (grey mesh; envelope
at 15 A resolution) and respective overlaid molecular structure of HomA (A) and
HomB (B) in different orientations.
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determined by concentration-independent methods (Piladov et al 2019,
Hajizadeh et al 2018). The molecular weight estimated from the
experimental SAXS profile indicates that both HomA and HomB are
homodimers. Furthermore, AlphaFold 2 deduced the molecular
structure of HomA and HomB fits exceptionally well against SAXS
ab-initio shape models obtained with the DAMMIN module of ATSAS
(Fig. 3.14).

3.2.7 Summary

Helicobacter pylori is the major cause of several stomach
diseases. It interacts with gut epithelial cells and induces inflammation.
Here, we explored the structural aspects of HomA and HomB which
are reported for their prevalence in stomach diseases. Interestingly, in-
silico studies demonstrated that HomA and HomB possess
characteristics of B-barrel OMP, such as a signal peptide at the N-
terminal and B-barrel signal at the C-terminal (Fig. 3.2 A, B). HOmA
and HomB both have mixed secondary structure content, nevertheless,
B-sheets are predominantly present in both proteins (Fig. 3.2 C, F).
Additionally, HomA and HomB localize in the outer membrane with 8
transmembrane antiparallel N+C-terminal p-strands connected by the
large surface exposed globular domain (Fig.3.3 and 3.5).
Furthermore, the secondary structure was confirmed with ATR-FTIR,
amid I spectra for HomA and HomB both contain mixed o helices and
B-sheets spectra (Fig. 3.7 E-H). CD spectra showed HomA and HomB
both favours B-barrel structure and the addition of lipids and detergents
to the denatured HomA and HomB rearranged proteins favouring
antiparallel B-sheets (Fig. 3.8 A-J). Interestingly, HomA and HomB
were stable at a pH range from 3 to 11 (Fig. 3.9 A, B). Additionally,
both proteins start unfolding at 2 M of urea, the addition of denatured
HomA and HomB to lipids, and detergents refold which was observed
in the tryptophan fluorescence spectra (Fig. 3.10 A-J). We performed
size exclusion chromatography for HomA and HomB and observed
peaks that correspond to dimer and monomer. Moreover, incubation of

HomA and HomB with detergents shows oligomerization/aggregation
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of proteins, however, incubation with lipids shows peaks
corresponding to dimer and monomer (Fig.3.11 and 3.12).
Furthermore, the solution structure analysis of HomA and HomB using
small-angle X-ray scattering (SAXS) experiments confirmed that both
HomA and HomB form homodimers (Fig. 3.13). OMPs are distinctive
features of Gram-negative bacteria and play a crucial role in host-
pathogen interaction, virulence, and pathogenesis of bacteria. Our
studies will help in a better understanding of H. pylori pathogenesis
and host-pathogen interactions via OMPs.
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Chapter 4

HomA and HomB, outer membrane proteins of Helicobacter
pylori down-regulate Activation-induced cytidine deaminase
(AID) and Ig switch germline transcription and thereby affect

class switch recombination (CSR) of Ig genes in human B-cells

4.1 Introduction

Helicobacter pylori (H. pylori) is a Gram-negative bacteria and class
one carcinogen for gastric cancer mediated via chronic gastric
inflammation and associated with stomach disease (Chiba et al., 2006).
Incidentally, chronic gastritis is a major cause of human gastric cancer.
Incidentally, people infected with H. pylori are two to ten-fold more
prone to develop a risk of peptic ulcer disease and adenocarcinoma
than people without H. pylori infection or people treated with
antibiotics (Hentschel et al 1993). Although, most people infected with
H. pylori do not show symptoms throughout their life, however,
eventually all of them develop chronic gastric inflammation (Warren,
2000. In addition, H. pylori infection also increase the risk of mucosa-
associated lymphoid tissue (MALT) lymphoma about six-fold higher
(Nato and Peek 2012, Parsonnet et al 1994). MALT lymphoma
majorly consisted of small heterogeneous B-cells present near mucosa
tissues. H. pylori get access to these lymphoid tissues during infection
and is closely linked to the development of gastric MALT lymphomas
(Kusters et al 2006, Zullo et al 2010 and Wundisg et al 2012).

During infection, B-cells are activated, and germinal center
formation takes place in the lymphoid tissue (Tonegawa, 1983). In
course of developing adaptive immunity, B-cells fights with pathogens
by releasing antibodies. The process involved in producing low-
affinity antibodies to high specific affinity antibodies is called affinity
maturation. Prolonged B-cell activation leads to affinity maturation
which involves somatic hypermutation (SHM) and class switch

recombination (CSR). Activation-induced cytidine deaminase (AID) is
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a crucial enzyme that takes part in both processes of affinity
maturation that results in the diversity of antibodies, and subsequent
clonal selection leads to proliferation of high affinity producing B-cells
(Meffre and O’Connor, 2019; LeBien and Tedder, 2008; Luman Wang
and Chu, 2020). Besides, the positive role of AID in affinity
maturation, its off-target activity leads to genomic instabilities and
cancer progression. Matsumoto et al reported that in vivo, AID
transgenic mice develop gastric neoplasm which suggested that
aberrant AID expression contributes to the development of cancer via
the accumulation of somatic mutations (Ruprecht and Lanzavecchia,
2006; Pone et al., 2010; Rawlings et al., 2012; Montes et al., 2007,
Matsumoto et al., 2007).

In addition to antibody-mediated immune response, B-cells also
modulates the immune response in antibody independent manner, via
the release of certain cytokines and presenting antigens to subsets of T-
cells (Buendia et al., 2002; Moseman et al., 2012; Ugrinovic et al.,
2003). A subset of B-cells, regulatory B-cell (Bregs) initially coined by
Mizoguchi et al, exerts immune-suppressive functions (Mizoguchi et
al., 2002). Secretion of anti-inflammatory cytokines, such as IL10,
IL35 and transforming growth factor-B (TGFp), results in suppression
of T-cells and other cells of innate immune responses (Mizoguchi and
Bhan, 2006; Mauri and Bosma, 2012; Fillatreau et al., 2002).
Interestingly, deficiency of B-cells has been reported with enhanced
resistance to pathogenic infections which suggests that Bregs cells
suppress protective immune responses (Goenka et al., 2011; Neves et
al., 2010; Hilgenberg et al., 2014).

H. pylori infection to gastric epithelial cells leads to
inflammation, which is majorly associated with a cagA gene product,
CagA. CagA toxin is directly injected into the host cell via a bacterial
type IV secretion system (Odenbreit et al 2000). Generally, virulent H.
pylori strains possess numerous well-known outer membrane proteins
(OMPs) or adhesions, such as BabA/B, SabA, AlpA/B, OipA and
HopZ. There are several families of OMPs have been reported for H.

pylori. Predominantly five families of OMPs have been studied for
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their different roles, family one of Hop (21 members), Hor (12
members), family two of Hof (8 members), family three of Hom (4
members) and family four and five are iron-regulated OMPs (6
members) and efflux pump OMPs (3 members), respectively (Oleastro
and Menard 2013).

The hom family of OMPs consists of four members, namely
homA, homB, homC and homD. Out of four members, HomB OMP has
been studied for its role in the adhesion and colonization of bacteria in
clinical isolates. In addition, the presence of the homB gene has been
associated with peptic ulcer disease (PUD). In fact, studies suggested
that the homB gene is related to the adhesion of bacteria and
interleukin-8 (IL8) secretion (Oleastro et al 2006, 2008). jhp0870
open-reading frame (ORF) in H. pylori (J99) genome is denoted for
gene HomB outer membrane protein. homB shares 90% nucleotide
similarity with other member homA, i.e. ORF jhp0649 (Tomb et al
1997, Alm et al 1999).

Despite the involvement of HomA and HomB OMPs in
adherence, the exact role of H. pylori in the modulation of B-cells
responses to fight pathogens, and how H. pylori interact with B-cells
during infection, leading to MALT lymphoma development, is not
studied in detail. Here, we explored the role of HomA and HomB in
modulating B-cell cellular immune response, especially on the aberrant
AID expression. Later, we studied their role in the transcriptional
regulation of AID expression via its activators/repressors levels, and
subsequently, we examined class switch recombination of Ig genes. In
addition to that, we also investigated the immune-suppressive B-cell
responses. Interestingly, we observed that H. pylori OMPs, HomA and
HomB, demonstrate a dual role. HomA and HomB transiently
downregulate lg switch germline and AID expression and reduce
antibody diversity. Additionally, HomA and HomB promote the
production of immune-suppressive cytokines and T-cell inhibition

markers.
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4.2 Results

4.2.1 HomA and HomB down-regulates AID expression

Mature B-cells express AID after stimulation with antigens (Park et al
2012). Incidentally, some of the human cancer cell lines, such as
(CNE1) nasopharyngeal carcinoma, (A549) lung cancer, (HeLa)
cervical cancer and (Raji) B-lymphoma cells, spontaneously express
AID (Duan et al 2016). To know the effect of HomA and HomB
stimulation on the expression of AID in human B-cells, we used Raji
cells. We used three concentrations, namely 10 pg, 50 pg and 100 pg,
of HomA and HomB for the stimulation experiments, and observed
that the addition of HomA and HomB to human Raji B-cells
transcriptionally downregulates AID. AID transcription levels were
reduced to around 50 % and 60% after 1 hour and 4 hours of exposure,
respectively, and restored to back to normal after 8 hours (Fig. 4.1A-
F), as compared to levels in the untreated cells. Relatively, 50 pg of
HomA and HomB shows maximum repression of AID at mRNA level
(Fig. 4.1G), and therefore we used 50 ug concentration for performing
further experiments. The repression of AID transcription following the
stimulation with HomA and HomB was also mirrored at the protein
level. Immunoblotting of AID was performed with an anti-AlD
monoclonal antibody, and it showed a clear reduction in AID protein
(Fig. 4.2H-P). Densitometry of AID immunoblot revealed this to be an
approximate 40-50% reduced expression at 1 hour (Fig. 4.2H-J) and
50-60% at 4 hours (Fig. 4.2K-M), as compared to levels in the
untreated cells. Subsequently, AID protein levels were restored to
normal at 8 hours (Fig. 4.2N-P), indicating that AID mRNA
expression and protein levels are reduced after incubation with HomA
and HomB, respectively. Overall, the data shows that the addition of
HomA and HomB to B-cell significantly downregulate AID
expression. In addition to verifying the synergistic effect of both
HomA and HomB on AID expression, we co-stimulated B-cells with
HomA and HomB (50pg) for 1, 4, and 8 hours and we did not observe
drastic differences in AID suppression (Fig. 4.3A, B and C) when
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compared to HomA and HomB stimulation alone (Fig. 4.1). HomA
and HomB also do not affect cell proliferation and we did not observe
any toxic effect on B-cells and viability due to HomA and HomB
stimulation (Fig. 4.3D).

4.2.2 HomA and HomB affect AID transcription regulation

Being a dangerous mutator, AID is tightly controlled at transcriptional,
post-transcriptional and post-translational levels, and transcription
regulation of AID involves transcription factors, enhancers and
suppressors. Incidentally, NFkB, PAX, SMAD3, cMYC, STAT6 act as
positive regulators of AID expression, while cMYB and E2F act as
negative regulators of AID (Zan and Casali 2013). We examine mRNA
levels of AID regulators in the B-cells treated with 50 pg concentration
of HomA and HomB, respectively, and observed a slight decrease in
expression levels of AID activator NFkB at 8 hours in HomA treated
cells and at 4 hours in HomB treated cells (Fig. 4.4A and F) and
decreased expression of cMYC at 1 hour in HomA and HomB treated
cells (Fig. 4.4D and 1). In contrast, we also observed around 1.5-fold
upregulated expression of PAX5 at 1, 4 and 8 hours in HomA treated
cells, but no significant change in HomB treated cells (Fig. 4.4B and
G). Similarly, STAT6 shows slight upregulation at 1 hour in HomA
treated cells, and 1, 4 and 8 hours in HomB treated cells (Fig. 4.4E and
J), whereas SMAD3 expression was not significantly affected (Fig.
4.4C and H).
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Interestingly, cMYB, a transcriptional repressor of AID, shows
significant upregulation, up to 1.5 at 1 hour, in stimulated cells with
HomA and HomB, 1.8-fold at 4 hours in HomA stimulated cells and
continues up to 8 hours (Fig. 4.5A and D). To further confirm whether
the cMYB transcription is reflected at protein levels, we checked
cMYB protein level and we observed 1.6 and 1.5-fold upregulated
expression at 1 hour in HomA and HomB treated cells, respectively,
and at 4 hours HomA treated cells shows 1.2-fold upregulated
expression but not in HomB treated cells (Fig. 4.5E, G and H). At 8
hours cMYB expression was not significantly affected in HomA and
HomB treated cells (Fig. 4.51). Since cMYB expression is upregulated,
we also investigated cMYB occupancy at region 2 of the AID gene
regulatory locus (Fig. 4.5F). Interestingly, at 1 hour around 2 and 1.5-
fold higher cMYB occupancy was observed in the case of HomA and
HomB, respectively, and at 4 hours around 3 and 2.5-fold higher
cMYB occupancy was observed in HomA and HomB stimulated cells,
respectively. At 8 hours, there was no significant change in cMYB
occupancy for both HomA and HomB stimulated cells (Fig. 4.5J).
Nonetheless, the other repressor of AID, E2F, does not show any
significant change in the expression (Fig. 4.5B and D). Additionally, to
further strengthen our observation that there is an inverse relation of
AID and cMYB in stimulated cells, we explored the
immunofluorescence of cMYB and AID. We observed increased
expression of cMYB and decreased expression of AID as well as
reduced nuclear localization of AID in HomA and HomB stimulated
cells at 1 hour (Fig. 4.6), which was restored to normal level at 4 hours
and 8 hours (Fig. 4.7 and 4.8). These results suggest that
overexpression cMYB repressor in HomA and HomB treated cells is

likely responsible for the suppression of AID.
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Figure 4.5. AID transcription repressor expression analysis. A-D, m-RNA expression analysis of AID transcription repressor cMYB and E2F1 in HomA and HomB
treated cells. E, Immunoblot of cMYB of HomA and HomB treated cells. Data represented is of two independent experiments as biological duplicates. F, representation of
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for cMYB ChIP assay qPCR and confocal microscopy are represented as technical duplicates.
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4.2.3 HomA and HomB affect CSR of Ig genes

During pathogenic infection or upon encountering any foreign
antigens, mature B-cells are activated to generate specific neutralizing
antibodies, via the process of somatic hypermutation (SHM) and class
switch recombination (CSR). Raji cells undergo spontaneous CSR of
immunoglobulin gene from IgM to IgA or 1gG mature transcript. In
this process, the heavy chain constant region of immunoglobulin gets
switched from one isotype to another, which determines the final
production of immunoglobulin antibody (Duan et al 2016). We
observed that the HomA and HomB stimulated Raji B-cells show
downregulation of AID, a crucial CSR factor (Recaldin et al 2018). To
investigate whether the incubation of HomA and HomB with Raji cells
affects its CSR activity, we examined the mRNA expression level of
the mature transcript of the immunoglobulin gene. To identify the
outcome of CSR events in the mature Ig transcript, we used
combinations of a forward primer at the V-region and different reverse
primers for different heavy chain constant regions (Fig. 4.9A). First,
we checked the expression of IgV-Cu mature transcript which is
usually expressed in mature B-cell before class switching, and we
observed that HomA stimulated cells shows 2-to-2.5-fold higher
expression in 1, 4 and 8 hours (Fig. 4.9B), whereas HomB stimulated
cells demonstrated a 1.5 to 2-fold higher expression of IgM (IgV-Cp)
mature transcript (Fig. 4.9L), as compared with the untreated control
cells. Similarly, we checked CSR mature transcript product IgV-Ca
and IgV-Cy. In HomA treated cells IgV-Ca expression levels were
reduced by 20% at 1 hour, 40% at 4 hours, and restored to normal at 8
hours (Fig. 4.9C). Likewise, in HomB stimulated cells, IgV-Ca
expression levels were reduced by 50% at 1 hour and by 25% at both 4
and 8 hours (Fig. 4.9M). In the same way, we checked for IgV-Cy
expression and observed that in HomA stimulated cells IgV-Cy
expression levels were dramatically reduced by 70% at 1 hour, and
50% at 4 and 8 hours, respectively (Fig. 4.9D). HomB stimulated cells

also show a similar pattern where at 1-hour IgV-Cy expression levels
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were reduced by 75% and 35% at 4 and 8 hours, respectively (Fig.
4.9N).

As we observed higher expression levels of IgV-Cu as
compared to IgV-Ca and IgV-Cy, to better analyse the effect of HomA
and HomB on the CSR process in Raji cells, we checked ratios of IgV-
Cu to IgV-Ca and IgV-Cy, which were denoted as IgA:IgM and
IgG:1gM, respectively. Interestingly in HomA stimulated cells,
IgA:1gM and 1gG:1gM ratios were around 25-30% (Fig. 4.9E) and 20-
30% (Fig. 4.9F), respectively, at 1 to 8 hours, as compared with the
untreated control cells. Alike, in HomB stimulated cells, IgA:1lgM and
IgG:IgM ratios were around 20-25% (Fig. 4.90) and 20-35% (Fig.
4.9P), respectively, at 1 to 8 hours, as compared with the unstimulated
control cells. Further, to confirm our observation of reduced CSR, we
checked the expression level of Ig switch germline transcription Iu-Cu,
la-Ca, Iy-Cy. Increased levels of Iu-Cp expression were observed in
case of HomA and HomB stimulated cells at 1, 4 and 8 hours (Fig. 4.9
G and Q), whereas la-Ca, Iy-Cy expression levels were decreased at 1
and 4 hours (Fig. 4.9H-1 and R-S). To confirm complete CSR process,
we checked the expression of switched circular transcript ly-Cp, la-Cu
and interestingly significantly reduced expression of Iy-Cp, la-Cu
were observed in HomA and HomB stimulated cells (Fig. 4.9J-K and
T-U). These observations indicated a significantly reduced CSR

process in HomA and HomB stimulated Raji cells.

Nevertheless, to confirm that the reduced CSR activity is
correlated with the decreased AID levels and Ig switch germline
transcription in HomA and HomB and not because of diminished
transcription of IgV genes, we checked transcription of IgV region in
HomA and HomB stimulated cells and compared with the un-
stimulated control cells. We observed that transcription of the IgV
gene was not altered in HomA and HomB stimulated cells at all the
time points (1, 4 and 8 hours) as compared with the control cells (Fig.
4.8V and W). In addition to AID, other factors such as BATF, HOXC4
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Figure 4.9. HomA and HomB reduce the induction of class switching to IgA and 1gG. L-N, mRNA expression analysis of IgM, IgA and 1gG mature transcript of HomB
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affect the CSR process (Park 2012). In line with the AID repressed
data (Fig. 4.1 and 4.2), we also checked the expression levels of BATF
and HOXC4 (CSR factors) in cells stimulated with HomA and HomB
and compared them with the levels in the unstimulated control cells.
Incidentally, there was no significant change in the expression of
HOXC4 (Fig. 4.10A and C) and BATF (Fig. 4.10B and D) in HomA
and HomB stimulated Raji cells as compared to that in control cells.
These results suggest that the reduced AID levels, along with reduced
Ig switch germline transcription, in HomA and HomB stimulated B-
cells eventually affect the CSR process, leading to significantly lower
switching of antibody from IgM to IgA, IgG (Fig. 4.9E, F and J, K).

4.2.4 HomA and HomB upregulate T-cell inhibition markers

In addition to producing highly specific antibodies, B-cells
modulate the immune response, via the release of certain cytokines and
presenting antigens to subsets of T-cells. Thus, to gain better insights
into the immune suppressive role of B-cells, upon HomA and HomB
stimulation, we analysed mRNA expression of T-cell inhibition
markers, such as PDLI1, IL35, IL10 and TGFp. Interestingly, PDL1
expression levels were around 1.5 to 1.8-fold higher in HomA
stimulated cells as compared to the unstimulated control cells (Fig.
4.11A). Similarly, we observed 1.4-fold, 1.5-fold and 1.8-fold higher
expression levels of PDL1 at 1, 4 and 8 hours, respectively, in HomB
stimulated cells as compared to the unstimulated control cells (Fig.
4.11E). A similar observation of higher surface expression of PDL1
was confirmed by confocal microscopy of HomA and HomB
stimulated cells at 1, 4 and 8 hours (Fig. 4.12, 4.13 and 4.14).

IL-35 is another inhibitory cytokine involved in the T-cell
function that is composed of the IL-12 o chain p35 and the IL-27 B
chain Ebi3 (Epstein-Barr virus-induced gene 3) (Su et al 2013). We
analysed the mRNA expression levels of Ebi3 and observed around 2-
fold increased expression at 1 hour, 1.2-fold at 4 hours and 8 hours in

HomA stimulated cells as compared to the unstimulated control cells
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Figure 4.11. HomA and HomB upregulate T-cell inhibition markers. A-D, T-cell
inhibition markers (PDL1, IL35, TGFB) mRNA expression analysis in HomA treated
cells at 1, 4 and 8 hours. E-H, T-cell inhibition markers (PDL1, IL35, TGFB) mRNA
expression analysis in HomA treated cells at 1, 4 and 8 hours. |, ELISA analysis of
secretory IL35 at 1, 4 and 8 hours of HomA and HomB treated cells. J, ELISA
analysis of secretory IL35 at 1, 4 and 8 hours of HomA and HomB treated cells. Data
represented are of two independent experiments as biological duplicates.
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Figure 4.12. HomA and HomB upregulate T-cell inhibition markers. PDL1 surface expression and localization analysis by immunofluorescence, 1-hour stimulation of
Raji cells with HomA and HomB (50 pg), Left to right: bright field visualization of cells, DAPI staining to DNA, FITC staining of PDL1, merged of DNA (DAPI) and PDL1
(FITC) staining and merged image of all staining and brightfield. Data for PDL1 confocal microscopy are represented as technical duplicates.
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Figure 4.13. HomA and HomB upregulate T-cell inhibition markers. PDL1 surface expression and localization analysis by immunofluorescence, 4-hour stimulation of
Raji cells with HomA and HomB (50 pg), Left to right: bright field visualization of cells, DAPI staining to DNA, FITC staining of PDL1, merged of DNA (DAPI) and PDL1
(FITC) staining and merged image of all staining and brightfield. Data for PDL1 confocal microscopy are represented as technical duplicates.
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Figure 4.14. HomA and HomB upregulate T-cell inhibition markers. PDL1 surface expression and localization analysis by immunofluorescence, 8-hour stimulation of
Raji cells with HomA and HomB (50 pg), Left to right: bright field visualization of cells, DAPI staining to DNA, FITC staining of PDL1, merged of DNA (DAPI) and PDL1
(FITC) staining and merged image of all staining and brightfield. Data for PDL1 confocal microscopy are represented as technical duplicates.
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(Fig. 4.11B). Likewise, we observed that the Ebi3 expression was 1.5-
fold at 1 hour and 4 hours which got restored to normal levels at 8
hours (Fig. 4.11F). Similar to PDL1 and IL35, we checked TGFp
expression in HomA and HomB stimulated cells and observed that the
TGFp expression was reduced by 15-20% at 1, 4 and 8 hours, as
compared with the unstimulated control cells (Fig. 4.11C and G).
Furthermore, we verified secreted IL35 levels using an ELISA assay in
HomA and HomB treated cells and observed that the IL35 levels were
significantly higher at 1 hour in HomA and HomB treated cells as
compared to untreated control cells (Fig. 4.11l). Similarly, we
estimated the secreted 1L10 levels using an ELISA assay and observed
that 1L10 levels were significantly higher at 1 hour in HomA (33%)
and HomB (58%) treated cells as compared to untreated cells (Fig.
4.11J). Likewise, IL10 levels were 45% and 20% higher at 4 hours in
HomA and HomB treated cells, and subsequently restored to the
normal at 8 hours (Fig. 4.11J), Nevertheless, IL35 levels were
unchanged at 4 and 8 hours in HomA and HomB treated cells as

compared to the unstimulated control cells (Fig. 4.111).
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Figure 4.15. Proposed molecular mechanism of B-cell response with HomA and
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4.3 Summary

In summary, HomA and HomB OMPs of H. pylori, which are present
on the outer surface of bacteria can interact with host cell surface
receptors and subsequently modulate host cellular signalling. We
identified a new role and a possible molecular mechanism of H. pylori
OMPs, HomA and HomB, in modulating B-cell response and
subsequent interference in CSR events, leading to reduced antibody
diversity (Fig. 4.15). Our study indicates a dual role of HomA and
HomB, by suppressing B-cell antibody diversity as well as via Bregs
cells polarisation to suppress the adaptive immune system by
interfering with T-cell-B-cell communication. These results suggest
that HomA and HomB can act as a two-edged sword and can
contribute as one of the mechanisms for escaping the immune
responses and having a persistent infection of H. pylori. This report
gives a better understanding of the H. pylori pathogenesis leading to

gastric diseases as well as MALT lymphoma.
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Chapter 5
Immunoinformatic characterization of globular
domains of HomA and HomB, for potential sub-

unit vaccine candidate against Helicobacter

pylori

5.1 Introduction

Gastric cancer, almost 700,000 cost lives of people worldwide
(Testerman and Morris 2014). H. pylori is the most associated factor
with gastric diseases, out of which maximum cases remain
asymptomatic and 10% of those infections develops gastric
adenocarcinoma, mucosa-associated lymphoid tissue (MALT)
lymphoma and peptic ulcer (Cover and Blaser 2009; Salama et al.
2013; Yamaoka 2018). The virulent outer membrane proteins of
pathogens play important role in host-pathogen interaction (Viala et al.
2004). H. pylori pathogenesis involves motility, adherence, and
virulence toxins which together facilitates chronic infection. Outer
membrane proteins help H. pylori in adhesion and such as BabA,
SabA, HpA, Omp18 and HomB (Lundstrém et al. 2001; Voland et al.
2003, Monica et al 2013). In addition to it, flagellar proteins such as
FlaA and FlaB assist add bacterial motility and help in moving and

colonizing H. pylori (Allan et al. 2000; Josenhans et al. 1995).

Toll-like receptors (TLRs) plays important role in recognizing
pathogen-associated molecular patterns (PAMPSs) and stimulating the
immune system. Epitopes present on the interacting surface of
pathogens get identified and further downstream signals are activated
by TLRs (Bhattacharya et al. 2020b; Netea et al. 2004). Being on the
outer surface, the outer membrane proteins become crucial as well as
prominent vaccine candidates. Till now there is no effective and
specific antibiotics or drug available to target or to eradicate H. pylori

(Meza et al. 2017; Testerman and Morris 2014). Researchers are

109



finding the best strategy to develop vaccines to combat H. pylori
infection and antibiotics resistant strains. Conventional and classical
strategies to develop vaccine has some limitations such as long
duration time, whole pathogen (live attenuated) which are generally
nonspecific and carry a risk of reverting virulence. Therefore, scientists
are exploring immunoinformatic approaches to develop subunit
vaccine candidates (Bhattacharya et al. 2020a; Dhal et al. 2019;
Pandey et al. 2018).

HomA and HomB, virulent marker proteins help H. pylori
adherence and biofilm formation. We have previously reported that
HomA and HomB are likely to form a small B-barrel with a surface-
exposed globular domain (Tamrakar et al 2021), In addition to that
both the proteins also interfere with the antibody diversity process in
human B-cells (Tamrakar et al 2022). We hypothesis that surface-
exposed globular domains of HomA and HomB are likely to play
important role in host-pathogen interaction and can be potential protein
domains to exposed to host immune cells. In the current study, we have
used immunoinformatic approaches to explore B and T-cell epitopes in
globular domains of HomA and HomB for the potential subunit

vaccine candidates.
5.2 Results

5.2.1 Secondary and 3D structure of the globular domain of
HomA and HomB

HomA and HomB are likely to form small B-barrel with
surface-exposed globular domains. Interestingly, small p-barrel of
HomA and HomB is identical in sequence and made up of discounted
N and C terminal. 57 N terminal and 186 amino acid residues
contribute to forming B-sheet structures which is a part of a small -
barrel. However, the middle region of both the protein forms globular
domains which appear to be hydrophilic in nature thus most likely to

form a surface exposed globular loop (Tamrakar et al 2021).
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We have predicted the middle region structure with alphafold2
and secondary structure content with NetsurfP2.0. As previously
reported middle region of HomA and HomB residues ranging from 57-
470 and 57-480 amino acids respectively, forms topology like globular
domains containing the mixed secondary structure of a-helices, B-

sheets, and coils (Fig. 5.1).
5.2.2 Prediction of B and T-cell epitopes

B cell and T-cell epitope were predicted using an online IEDB
server. Bepiperd and IEDB showed that the globular domain of HomA
and HomB contains B-cell epitopes across the region especially
towards the middle and C terminus (Fig. 5.2 A and C, respectively)
with B-turns, flexibility and observed to be highly antigenic in nature
(Fig. 5.2 B, E F and D, G, H respectively). These globular domains
were also assessed for surface accessibility and hydrophilicity
potential, it was observed both the globular domains show high surface
accessibility and hydrophilicity predominantly at the middle region
(Fig. 5.2 1, J, and K, L respectively). We observed positive value for
epitopes and their characteristics predicted when compared to
threshold value st by the software itself. We also used Alphafold2
predicted PDB to explore linear and conformational B-cell epitopes on
the basis of the structure via the ellipro IEDB tool. We have selected
the Top 10 models for linear epitopes based on score (Fig. 5.3 A-J,
HomA and Fig. 4 A-J HomB). Various length of B-cell linear
epitopes was predicted which are mentioned in Table 5.1. Both the
sequence of globular domains shows high flexibility index, which
provides chances to distantly located different amino acids to come
together and form conformational epitopes. Ellipro stool also predicted
conformational epitopes based on the PDB structure for HomA (Fig.
5.3 K-M) and HomB (Fig. 5.4 K-O) the amino acids residues which
take part in the formation of conformational epitopes are mentioned in
Table 5.2.
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Figure 5.1 Secondary and tertiary structure prediction. (A-B) Alphafold2 3D structure of the globular domain of HomA and HomB respectively, (C-D) NetsurfP2.0
secondary structure content prediction of the globular domain of HomA and HomB, respectively.
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T-cell epitopes were also predicted on globular domains of
HomA and HomB. Predicted results in units of 1C50nM for
combinatorial library and SMM _align. Therefore, a lower number
indicates higher affinity. This high affinity is necessary for potential T
cell epitopes. CD4+ T cell epitopes binding to MHC class 11 molecules
and CD8 + T cell epitopes binding to MHC class | are mentioned in
Table 5.2, 5.3 for HomA and 5.5, 5.6 for HomB.

5.2.3 Immune simulation by the globular domain of HomA and
HomB

The immune simulation study was determined by C-immsim for
globular domains of HomA and HomB to explore the generation of
adaptive immunity and the immune interactions. After every injection
dose, the primary immune response was increased significantly and as
gradual elevation or decrease rates of the different immunoglobulins
were observed. Moreover, the secondary immune response was also
increased (Fig. 5.5 and 5.6 A HomA and HomB respectively). Active
B-cells, (Fig 5.5 and 5.6 B, C), plasma B-cell (Fig 5.5 and 5.6 D),
helper T-cells (Fig. 5.5 and 5.6 K, E, F), and regulatory and cytotoxic
T cells (Fig. 5.5 and 5.6 G—H) responses were higher and stable
showing minimal decay for over 350 days. Moreover, these results
indicate that after every injection, and booster dose strong secondary
immune response, increasing clearance of antigens, and strong immune
memory generation occur. In addition to that, good antigen
presentation was also observed by these antigen-presenting cells from
active epithelial cells, NK cells, dendritic cells, and macrophage cells
concentrations (Fig. 5.5 and 5.6 L-O). interestingly, the administration
of antigen was also capable of forming a good number of different
kinds of cytokines (Fig. 5.5and 5.6 I).
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Table 5.1. HomA, B-cell liner epitopes

Number
of
No. Chain Start End Peptide residues Score
1 A 309 327 VPVTKDGQVEKDSNGKPKD 19 0.779
2 A 79 99 VLPGEAFDSLKIDPYTLFLPK 21 0.771
3 A 333 362 YNVCSLYGGSNQPAFPSNYPNSIYHNCADV 30 0.751
4 A 388 414 ANLGSQTNYNLNASLNTQDLANSMLST 27 0.746
5 A 56 71 FTDAQGNVIDLGVIET 16 0.726
6 A 131 147 RNENKFKDHENHWEAFT 17 0.708
7 A 33 38 YMYNGQ 6 0.692
8 A 234 240 LKDSGVV 7 0.689
9 A 246 255 ITPSNNDDGK 10 0.689
10 A 105 110 TSISDA 6 0.679
11 A 183 217 | NSPTDCDNDPSKCVNPGTNGLVNSKVDQKYVLNKQ 35 0.656
12 A 1 21 TDTILKRAANLFTNAEAISKL 21 0.603
13 A 274 279 GDNLKT 6 0.589
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Table 5.2. HomA, B-cell conformational epitopes

Number
of
No. Residues residues Score

A:N176, A:A177, A:P178, A:F179, A:E180, A:T182, A:N183,
A:S184, A:P185, A:T186, A:D187, A:C188, A:D189, A:N190,
A:D191, A:P192, A:S193, A:K194, A:C195, A:V196, A:N197,
A:P198, A:G199, A:T200, A:N201, A:G202, A:L203, A:V204,
A:N205, A:S206, A:K207, A:vV208, A:D209, A:Q210, A:K211,
AY212, A:V213, A:L214, A:N215, A:Q217, A:N301, A:G302,
1 A:V309, A:P310, A:V311, A:T312, A:K313, A:D314, A:G315, 91 0.696

A:Q316, A:V317, A:E318, A:K319, A:D320, A:S321, A:N322,
A:G323, A:K324, A:P325, A:K326, A:P332, A:Y333, A:N334,
A:V335, A:C336, A:S337, A:L338, A:Y339, A:G340, A:G341,
A:S342, A:N343, A:Q344, A:P345, A:A346, A:F347, A:P348,
A:S349, A:N350, A:Y351, A:P352, A:N353, A:S354, A:I355,

A:Y356, A:H357, A:N358, A:C359, A:A360, A:D361, A:V362

A:T1, A:D2, A:T3, A:l4, A:L5, A:R7, A:A8, A:A9, A:N10, A:L11,
A:T13, A:N14, A:A15, A:E16, A:Al17, A:S19, A:K20, A:L21,
A:Y33, A:M34, A:Y35, A:N36, A:G37, A:Q38, A:N48, A:N50,
A:N51, A:K53, A:F56, A:T57, A:D58, A:A59, A:Q60, A:G61,
A:N62, A:V63, A:l64, A:D65, A:L66, A:G67, A:V68, A:E70,
A:T71, A:P73, A:V79, A:L80, A:P81, A:G82, A:E83, A:A84,
A:F85, A:D86, A:S87, A:L88, A:190, A:D91, A:P92, A:Y93,
A:T94, A:L95, A:F96, A:L97, A:P98, A:1100, A:T105, A:S106,
2 A:1107, A:S108, A:D109, A:A110, A:Q113, A:R131, A:N132, 129 0.696
A:E133, A:N134, A:K135, A:F136, A:K137, A:D138, A:H139,
A:E140, A:N141, A:H142, A:\W143, A:E144, A:A145, A:F146,
A:L234, A:K235, A:D236, A:S237, A:G238, A:V239, A:V240,
A:D268, A:K270, A:G274, A:D275, A:N276, A:L277, A:K278,
A:T279, A:N386, A:A388, A:N389, A:G391, A:S392, A:Q393,
A:T394, A:N395, A:Y396, A:N397, A:L398, A:N399, A:A400,
A:S401, A:L402, A:N403, A:T404, A:Q405, A:D406, A:L407,
A:A408, A:N409, A:S410, A:M411, A:L412, A:S413, A:T414

3 A:K226, A:1246, A:T247, A:P248, A:S249, A:N250, A:N251, 11 0.65
A:D252, A:D253, A:G254, A:K255 '
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Table 5.3. HomA, T-cell MHCI epitopes

Allele Start End Length Peptide Core Icore Score
HLA-A*02:01 271 280 10 | KLFGDNLKTI KLFGDNLTI KLFGDNLKTI 0.646597
HLA-A*01:01 24 33 10 | SSLSPVRVLY SSSPVRVLY | SSLSPVRVLY 0.630021
HLA-B*27:02 113 122 10 | QRVFETLNKI | QRFETLNKI QRVFETLNKI | 0.551582
HLA-A*01:01 347 356 10 | FPSNYPNSIY FSNYPNSIY FPSNYPNSIY | 0.549115
HLA-A*01:01 387 396 10 | YANLGSQTNY | YANLGSQTY | YANLGSQTNY | 0.51508
HLA-A*02:01 233 242 10 | VLKDSGVVGL | VLDSGVVGL | VLKDSGVVGL | 0.476862
HLA-A*02:01 20 29 10 | KLKFSSLSPV KLFSSLSPV KLKFSSLSPV 0.281863
HLA-A*01:01 107 116 10 | ISDANTQRVF | ISDANTQRF | ISDANTQRVF | 0.281521
HLA-A*01:01 203 212 10 | LVNSKVDQKY | LVNSVDQKY | LVNSKVDQKY | 0.270123
HLA-A*02:01 337 346 10 | SLYGGSNQPA | SLYGGSNQA | SLYGGSNQPA | 0.265166
HLA-A*02:01 25 34 10 | SLSPVRVLYM | SLSPVVLYM | SLSPVRVLYM | 0.212954
HLA-A*01:01 38 47 10 | QLTIENFLPY | QTIENFLPY | QLTIENFLPY | 0.196094
HLA-A*02:01 93 102 10 | YTLFLPKIEA YLFLPKIEA YTLFLPKIEA 0.189009
HLA-B*27:02 87 96 10 | SLKIDPYTLF SKIDPYTLF | SLKIDPYTLF 0.169619

Table 5.4. HomA, T-cell MHCII epitopes

Allele Start | End Length Peptide Percentile_Rank
HLA-DRB1*01:01 20 34 15 | KLKFSSLSPVRVLYM 0.01
HLA-DRB1*01:01 19 33 15 | SKLKFSSLSPVRVLY 0.01
HLA-DRB1*01:01 21 35 15 | LKFSSLSPVRVLYMY 0.03
HLA-DRB1*01:01 18 32 15 | ISKLKFSSLSPVRVL 0.07
HLA-DRB1*01:01 17 31 15 | AISKLKFSSLSPVRV 0.1
HLA-DRB1*01:01 22 36 15 | KFSSLSPVRVLYMYN 0.11
HLA-DRB1*01:01 23 37 15 | FSSLSPVRVLYMYNG 0.67
HLA-DRB1*04:01 20 34 15 | KLKFSSLSPVRVLYM 2.5
HLA-DRB1*04:01 19 33 15 | SKLKFSSLSPVRVLY 2.6
HLA-DRB1*04:01 42 56 15 | ENFLPYNLNNVKLSF 2.7
HLA-DRB1*01:01 116 | 130 15 | FETLNKIKTNLVVNY 2.7
HLA-DRB1*04:01 18 32 15 | ISKLKFSSLSPVRVL 3
HLA-DRB1*04:01 21 35 15 | LKFSSLSPVRVLYMY 3.2
HLA-DRB1*04:01 43 57 15 | NFLPYNLNNVKLSFT 34
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Table 5.5. HomB, B-cell liner epitopes

Number
of
No. Chain Start End Peptide residues Score
1 A 402 425 GSQTNYNLNASLNTQDLANSMLST 24 0.818
2 A 79 104 VLPGEAFDSLKEAFDKIDPYTLFLPK 26 0.808
3 A 320 338 VPVTKDGQVEKDSNGKPKD 19 0.763
4 A 344 373 YNVCSLYGGSNQPAFPSNYPNSIYHNCADV 30 0.749
5 A 136 162 SNENPNNFNTCPYNNNGNTKNDCWQNF 27 0.737
6 A 50 70 NNVKLSFTDAQGNTIDLGVIE 21 0.697
7 A 33 38 YMYNGQ 6 0.693
8 A 1 7 TDTILKR 7 0.686
9 A 109 115 STSISDT 7 0.669
10 A 251 255 KNSGV 5 0.649
11 A 199 233 | NSSTDCDSDPSKCVNPGVNGRVDTKVDQQYILNKQ 35 0.645
12 A 285 290 GNDLKT 6 0.532
13 A 263 266 GNDG 4 0.518
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Table 5.6. HomB, B-cells conformational epitopes

No.

Residues

Number
of
residues

Score

A:D96, A:P97, A:Y98, A:T99, A:L100, A:F101

A:N408, A:L409, A:N410, A:A411, A:S412, A:L413, A:N414, A:T415,
A:Q416, A:D417, A:L418, A:A419, A:N420, A:S421, A:M422, A:L423,
A:S424, A:T425

A:T1, A:D2, A:T3, A:l4, A:L5, A:K6, A:R7, A:Y33, A:M34, A:Y35, A:N36,
A:G37, A:Q38, A:N50, A:N51, A:K53, A:S55, A:F56, A:T57, A:D58, A:A59,
A:Q60, A:G61, A:N62, A:T63, A:164, A:D65, A:L66, A:G67, A:V68, A:P73,
A:V79, A:L80, A:P81, A:G82, A:E83, A:A84, A:F85, A:D86, A:S87, A:L88,
A:K89, A:E90, A:A91, A:F92, A:D93, A:K94, A:195, A:L102, A:P103, A:K104,
A:S109, A:T110, A:S111, A:1112, A:S113, A:D114, A:T115, A:Q118,
A:G402, A:S403, A:Q404, A:T405, A:N406, A:Y407

A:T13, A:N14, A:A15, A:E16, A:S136, A:N137, A:E138, A:N139, A:P140,
A:N141, A:N142, A:F143, A:N144, A:T145, A:C146, A:P147, A:Y148,
A:N149, A:N150, A:N151, A:G152, A:N153, A:T154, A:K155, A:N156,
A:D157, A:C158, A:W159, A:Q160, A:N161, A:F162, A:K251, A:N252,
A:S253, A:G254, A:V255

A:L191, A:N192, A:A193, A:P194, A:F195, A:E196, A:T198, A:N199,
A:S5200, A:S201, A:T202, A:D203, A:C204, A:D205, A:5206, A:D207,
A:P208, A:S209, A:K210, A:C211, A:V212, A:N213, A:P214, A:G215,
A:V216, A:N217, A:G218, A:R219, A:V220, A:D221, A:T222, A:K223,
A:V224, A:D225, A:Q226, A:Q227, A:Y228, A:1229, A:L230, A:N231,
A:Q233, A:N312, A:G313, A:V320, A:P321, A:V322, A:T323, A:K324,
A:D325, A:G326, A:Q327, A:V328, A:E329, A:K330, A:D331, A:S332,
A:N333, A:G334, A:K335, A:P336, A:K337, A:P343, A:Y344, A:N345,
A:V346, A:C347, A:S348, A:L349, A:Y350, A:G351, A:G352, A:S353,
A:N354, A:Q355, A:P356, A:A357, A:F358, A:P359, A:S360, A:N361,
A:Y362, A:P363, A:N364, A:S365, A:1366, A:Y367, A:H368, A:N369,
A:C370, A:A371, A:D372, A:V373

A:G263, A:N264, A:D265, A:G266, A:E267
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36
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Table 5.7. HomB, T-cell MHCI epitopes

Allele Seq_Num | Start | End Peptide Core Icore Score
HLA-
A*01:01 1 219 228 | RVDTKVDQQY RVDTVDQQY RVDTKVDQQY 0.888972
HLA-
A*01:01 1 24 33 | SSLSPVRVLY SSSPVRVLY SSLSPVRVLY 0.630021
HLA-
A*01:01 1 358 367 | FPSNYPNSIY FSNYPNSIY FPSNYPNSIY 0.549115
HLA-
A*01:01 1 398 407 | YANLGSQTNY YANLGSQTY YANLGSQTNY 0.51508
HLA-
A*02:01 1 282 291 | KLFGNDLKTI KLFGDLKTI KLFGNDLKTI 0.48301
HLA-
B*27:02 1 118 127 | QRVFETLNNI QRFETLNNI QRVFETLNNI 0.431395
HLA-
A*01:01 1 112 121 | ISDTNTQRVF ISDTNTQRF ISDTNTQRVF 0.327095
HLA-
A*02:01 1 20 29 | KLKFSSLSPV KLFSSLSPV KLKFSSLSPV 0.281863
HLA-
A*02:01 1 348 357 | SLYGGSNQPA SLYGGSNQA SLYGGSNQPA 0.265166
HLA-
A*02:01 1 249 258 | VLKNSGVVGL VLNSGVVGL VLKNSGVVGL 0.261371
HLA-
A*02:01 1 25 34 | SLSPVRVLYM SLSPVVLYM SLSPVRVLYM 0.212954
HLA-
A*01:01 1 38 47 | QLTIENFLPY QTIENFLPY QLTIENFLPY 0.196094
HLA-
A*01:01 1 335 344 | KPKDSDGLPY KPDSDGLPY KPKDSDGLPY 0.161594
HLA-
A*01:01 1 165 174 | QTAEEFTNLM QTEEFTNLM QTAEEFTNLM 0.151
Table 5.8. HomB, T-cell MHCII epitopes

Allele Start End Peptide Percentile_Rank

HLA-DRB1*01:01 20 34 | KLKFSSLSPVRVLYM 0.01
HLA-DRB1*01:01 19 33 | SKLKFSSLSPVRVLY 0.01
HLA-DRB1*01:01 21 35 | LKFSSLSPVRVLYMY 0.03
HLA-DRB1*01:01 18 32 | ISKLKFSSLSPVRVL 0.07
HLA-DRB1*01:01 17 31 | AISKLKFSSLSPVRV 0.1
HLA-DRB1*01:01 22 36 | KFSSLSPVRVLYMYN 0.11
HLA-DRB1*01:01 23 37 | FSSLSPVRVLYMYNG 0.67
HLA-DRB1*04:01 118 132 | QRVFETLNNIKTNLI 1.5
HLA-DRB1*04:01 119 133 | RVFETLNNIKTNLIM 1.5
HLA-DRB1*03:01 239 253 | FRKKIEIDAVVLKNS 1.8
HLA-DRB1*03:01 242 256 | KIEIDAVVLKNSGVV 1.8
HLA-DRB1*03:01 241 255 | KKIEIDAVVLKNSGV 1.8
HLA-DRB1*03:01 238 252 | NFRKKIEIDAVVLKN 1.8
HLA-DRB1*03:01 237 251 | NNFRKKIEIDAVVLK 1.8
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5.2.4 Molecular docking with TLR4 and Normal mode analysis

Molecular docking between vaccine candidate toll-like receptors is an
important fundamental and promising process to characterize the
interaction and binding affinity between the vaccine constructs and the
human Toll-like receptors (here TLR4). The crystal structure of human
TLR4, downloaded from the RCSB protein data bank (PDB 1D: 4G8a)
was used for molecular docking. Molecular docking between TLR4
and predicted globular domain PDB was carried out with a patchdock
web server. Docked results were further submitted for refinement to
the fire dock. The topmost high interface score docking models are
shown in Fig. 5.7. Flexibility in biological macromolecules is an
important characteristic of protein-protein interactions. Therefore, we
have chosen TLR4-HomA globular domain docking model (Fig. 5.7
C) for normal mode analysis. Interestingly, in the docking model, 47
amino acid residues interact with TLR4 which contains B-cell and T-
Cell both the epitopes and are common for both HomA and HomB
(Table 5.1 and 5.5, T-cell containing B-cell epitopes is highlighted in
cyan colour). The complex deformability mainly depends on the
individual distortion of each residue (Ca atom), presented through
coloured hinges in the chain (Fig. 5.6 A). We used the iMODs server
for calculation, the average RMS represented as B-factor, the B-factor
plot represents the stable structure docked molecules shown in Fig. 5.8
B. The server calculated the ecigenvalue as 7.365205e¢—05, as
represented in Fig. 5.8 C. Moreover, the eigenvalue and the variance
are inversely related associated with each normal mode (Fig. 5.8 D).

The covariance matrix represents correlated,
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B-cell Linear Epitope B-cell Linear Epitope

B-cell conformational epitopes

\\

Figure 5.3 3D representation of linear and discontinuous B-cell Figure 5.4 3D representation of linear and discontinuous B-cell
epitopes of HomA globular domain. (A-J) Ellipro B-cell linear epitopes of HomB globular domain. (A-J) Ellipro B-cell linear
epitopes of HomA, (K-M) Ellipro B-cell conformational epitopes. epitopes of HomA, (K-M) Ellipro B-cell conformational epitopes.

M
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Figure 5.5. Immune simulation of the HomA globular domain; (A) immunoglobulin and immunocomplex response to the antigen, (B) B lymphocyte total count, (C) B
lymphocyte population per entity state, (D) plasma B lymphocyte count, (E) CD4 T-helper lymphocyte count, (F) CD4 T-helper lymphocyte count subdivided per entity state,
(G) CD8 T-cytotoxic lymphocyte count, (H) CD8 T-cytotoxic lymphocyte count per entity state, (I) concentration of cytokines, natural killer cell population, (K) CD4 T-
regulatory lymphocyte count, (L) Epithelial cells count, (M) NK cell count, (N) dendritic cell per state.
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Figure 5.6. Immune simulation of the HomB globular domain; (A) immunoglobulin and immunocomplex response to the antigen, (B) B lymphocyte total count, (C) B
lymphocyte population per entity state, (D) plasma B lymphocyte count, (E) CD4 T-helper lymphocyte count, (F) CD4 T-helper lymphocyte count subdivided per entity state,
(G) CD8 T-cytotoxic lymphocyte count, (H) CD8 T-cytotoxic lymphocyte count per entity state, (I) concentration of cytokines, natural killer cell population, (K) CD4 T-
regulatory lymphocyte count, (L) Epithelial cells count, (M) NK cell count, (N) dendritic cell per state.

124



Fig. 5.7 Molecular docking between TLR4 and globular domain of HomA and HomB. (A-E) top 5 high interface score docking complex of TLR4- globular domain of
HomA. (F-J) top 5 high interface score docking complex of TLR4- globular domain of HomB.
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Figure 5.9. Cartoon representation epitopes processing and presentation of B-cell
and T-cell containing globular domain of HomA and HomB.



uncorrelated, or anti-correlated motions with respect to interacting
residues, the with colours graph where correlated, uncorrelated, or anti-
correlated motions are represented by red, white, and blue colours,
respectively (Fig. 5.8E). In addition to that, an elastic network model
shows docked protein molecule (Ca) atoms are interconnected with
“springs” of certain strengths (the darker greys representation of the

stiffer springs).
5.3 Summary

We have used the reverse vaccinology approach to explore the
globular domain or HomA and HomB for the development of potential
vaccine candidates. The predicted secondary and tertiary structure
shows mixed content and globular topology (Fig. 5.1). Both the
domains predict to form B-cell linear and conformational and T-cell
(MHCI and MHCII) epitopes, which shows good antigenicity (Fig. 5.2
and 5.3). Interestingly, the immune simulation shows both the protein
elicited simultaneous strong cellular and humoral immune responses in
humans (Fig. 5.4 and 5.5). 3D structures of globular domains show
their binding affinity with human TLR4 receptors and elicit cellular
responses (Fig. 5.6 and 5.7). Though we found immunogenic response
in our study through in silico approaches there is a strong requirement
of in-vitro and in-vivo studies to validate the effectiveness,
immunogenicity and most vital host safety to vaccine structure before

human trials.
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Chapter 6

Conclusion and scope of future work

6.1 Introduction

The outer membrane acts as the first line of defence for Gram-
negative bacteria against bactericidal and toxic compounds. This
membrane works as a barrier that is impermeable to large, charged
molecules and also participates in bacterial pathogenicity. Porins are
water-filled pore-like structures that span the outer membrane and
control the transport of hydrophilic molecules. Achouak et al, studied
multiple facets of bacterial porins (Yang et al 2016). Bacterial porins
interact and adhere to the host tissues for evasion of host-defence
mechanisms and can elicit innate and acquired immune responses. Di
Donato et al, reported that S. typhimurium porins inhibit phagocytic
activity by activating the adenylate cyclase system (Donato et al 1986).
S. typhimurium porins can induce the activation of the complement
system by acting both on the classic pathway as well as on the
alternative pathway (Galdiero et al 1984). Severe infections caused by
Gram-negative bacteria remain a major cause of morbidity and
mortality in the site of the ongoing development of new antimicrobial
agents (Lazaron et al 1984). The mechanism that pathogenic Gram-
negative bacteria use to infect host cells has been extensively studied.
The outer membrane component of Gram-negative bacteria, such as
LPS and OMPs, are involved in pathogenesis and virulence. The -
barrel structure of OMP forms a pore-like assembly and aids in
biologically functional activities, such as nutrient transport.
Additionally, it provides an osmotically compatible environment,
which is essential for the survival of bacteria. Porins are highly
immunogenic and act as epitopes on the bacterial surface. Moreover,
they are also involved in the emergence of multi-drug resistant
bacterial strains. In general, they are conserved in a bacterial species or

even in a bacterial family and have high homology with primary amino
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acid sequence and secondary structure which are antigenically related
with each other (Roy et al 1994, Snijder et al 1999). Although cell
signalling stimulation by OMPs of Gram-negative bacteria is
extensively studied, the interacting receptors of the host cell with
porins are not well characterized. The surface-exposed loops present in
the B-barrel structure can be used to make synthetic peptides for
vaccination that can mimic antigenic epitopes present on OMPs
(Galdiero et al 2003, Hughes et al 1992). Monoclonal antibodies
against purified OMPs give specificity to the diagnostic tests and
overcome the problem of cross-reactivity by selecting unique antigenic
sites. In fact, commercial monoclonal antibodies are available for
mitochondrial Outer membrane [-barrels (OMBBs) VDAC1 and
Sam50, but not for other typical OMPs of different microorganisms.

6.2 Biophysical characterization of homodimers of HomA and

HomB, outer membrane proteins from Helicobacter pylori

OMPs play a crucial role in several important physiological functions
like ionic regulation, cell adhesion, host-pathogen interaction as well
as pathogenesis, and structural information of these OMPs is vital for
understanding their function and regulation. The present study
provides several structural insights for OMPs of the Hom
(Helicobacter outer membrane) family members of H. pylori, HomA
and HomB. HomB is reported to be expressed at the H. pylori outer
membrane and participates in bacterial adherence and inflammation.
Furthermore, the dismissal of HomB causes significantly low
production of IL-8. Moreover, it is also recognized by antibodies
present in the human serum, which indicates that the surface-exposed
regions of HomB likely interact with the host cell receptors (Oleastro
et al 2008). We performed bioinformatics analysis to predict the
presence of a signal peptide (Fig.3.2), which ensures that these
proteins are likely membrane proteins. Furthermore, we confirmed the
presence of the C-terminal signature [B-barrel sequence (Fig. 3.2).
Typically, B-barrel OMPs from Gram-negative bacteria, such as E. coli

as well as others possess a C-terminal signature sequence, which
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makes these unique from other topological OMPs. This sequence helps
OMPs to fold in a barrel shape, via the BAM complex (Vogt et al
1999). Nevertheless, more recent works also reported another
consensus having — 6 (glycine), —3 (aromatic), — 2 (basic or large
polar) and — 1 (aromatic) amino acids positions at C-terminal (Doyle et
al 2019). This consensus may slightly vary from Gram-negative
species to species (Struyve et al 1991). The homB and homA share
90% similarity, with only difference in the 300 bp central region. This
difference does not make significant changes in the secondary structure
and topology of both proteins. Our in-silico analysis shows (Fig. 3.2)
the membrane location of the C-terminal conserved B-barrel domain
for HomA and HomB where N-terminal B-strand is also a part of -
barrel (Fig. 3.3 and 3.5). I-TASSER also predicted a high C-score, a
large size B-barrel model homologue with 22 B-strand bacterial plant-
ferredoxin receptors FusA, for both HomA and HomB with slight
variations (Fig. 3.4). However, trypsin digestion experiments suggest
that the real structures for HomA and HomB are closer to the predicted
models using AlphaFold 2 (Fig. 3.3 A-D). Generally, bacteria display
a great variety of outer membrane proteins that participates in nutrient
transport, host signaling manipulation, adhesion, and virulence.
Meuskens et al. reviewed different types of secretion systems of Gram-
negative bacteria where these auto-transporters (ATs) have been
categorized in 5 classes (Va-Ve), based on their structure and function
characteristics. Additionally, they also describe another unique class of
secretion system Vf. The Vf class of ATs contain a surface-exposed
loop/globular domain inserted between the N and C-terminal regions
(Meuskens et al 2019). These characteristics are unique structural
features to the H. pylori Hop family outer membrane protein. For
example, BabA protein shows a surface-exposed domain between the
first and second B-strand of an 8-stranded B-barrel and contains no
additional passenger at either terminus of the protein. Thus, the
proposed passenger is an extended loop of the B-barrel domain and the
B-barrel is smaller than that of any other Ats (Coppens et al 2018).

Similarly, Hom family members, HomA and HomB also likely to form
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disconnected small p-barrel where N-terminal p-strand (S1) is
extended to a surface-exposed globular domain and connected back to
C-terminal B-barrel with B-strand S19 in case of HomA and S20 in
HomB (Fig. 3.3 A, B). Although VT class proteins are proposed to be a
part of AT family, their structural topology is very different from the
other types of ATs. Therefore, it is a subject of investigation whether
these proteins do possess secretion mechanisms like other ATs or they
possess some other unique feature for bacterial survival and
pathogenesis. Heat modifiability is one of the peculiar features of -
barrel proteins where proteins show migration differences between
boiled and unboiled samples applied to PAGE analysis (Noinaj et al
2015). We observed heat modifiability of HomA and HomB to some
extent (Fig. 3.6), however, this was not as striking as some of the
reports for other OMPs due to small B-barrel and large exposed loop.
Normally, OMPs forming [B-barrel structures are mostly rich in -
sheets. Many of the OMPs B-sheet structures are extensively studied
with IR spectroscopy, which gives spectra containing a sum of peaks
of the secondary structure content such, as P-sheet (parallel and
antiparallel), a-helix, as well as coils/turns and this information lies
under Amid | band of the spectra. HomA and HomB show a high B-
sheet secondary structure content with parallel and anti-parallel B-
sheets (Fig. 3.7 E-H), which supports the in-silico secondary structure
contents of being a B-barrel protein. Moreover, CD data strongly
suggest that both HomA and HomB are rich in f-sheets that enables
the formation of a B-barrel structure. Renaturation of urea denatured
HomA and HomB into a buffer containing detergents or lipids leads to
changes in the secondary structure content of both proteins (Appendix
D). We observed that the addition of detergents (LDAO and TWEEN
20) and lipids (DMPC and DOPC) favours either parallel or
antiparallel B-sheets secondary structure (Fig. 3.8A-J) and possibly
assists in folding or restoring these proteins to a native [B-barrel
structure. Conversely, we did not observe the restoration of the
structure of HomA and HomB in the presence of CHAPS (Fig. 3.8
B,G). In short, detergents (LDAO and TWEEN 20) and lipids (DMPC
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and DOPC) restore and favour the folded protein spectra, as CD
experiments suggest that these lipids and detergents provide the most
favourable environment for the refolding of urea denatured HomA, and
CHAPS provides a least favoured environment for refolding of HomA
and HomB proteins. Table 3.2 summarises the folding ranking of the
most to least favourable folding conditions for HomA and HomB in a
few detergents and lipids, based on the circular dichroism spectra
analysis. Interestingly, HomA and HomB both are stable between pH
range from 3 to 11 and remain in folded confirmations, as analysed
using Trp fluorescence experiments (Fig. 3.9 A, B). A wide range of
pH stability provides plasticity to proteins. Porin from Yersinia
pseudotuberculosis was studied for its wide pH range (2.0 to 8.0) for
its plasticity and structural rearrangement (Novikova et al 2007, Kim
et al 2007). B-barrel proteins show a blue-shift and a few folds less
intensity in Trp fluorescence spectra upon unfolding (Kim et al 2007).
Trp spectra for HomA and HomB proteins show both 15 nm red-
shifted fluorescence emission profiles along with a twofold loss in
intensity upon unfolding in the presence of urea (Fig. 3.9 C-E), similar
to a typical characteristic of a transmembrane beta-barrel protein.
Moreover, the addition of unfolded proteins in buffers containing
detergents and lipids promotes the folding of the proteins (Fig. 3.10 A—-
J). Incubation of unfolded HomA to buffer containing TWEEN 20
detergent shows blue shift but the intensity of spectra does not increase
significantly which suggest it might not be the most favourable folding
condition (Fig. 3.10C). OMPs form p-barrel and can exist in
multimeric forms. Arvind et al. characterized TrpC/D, a pore-forming
OMP from Treponema pallidum, CD suggest that it forms p-barrel and
exists in monomer and trimer forms (Anand et al 2012). Interestingly,
we also observed that HomA and HomB proteins exist in two
dominant forms, i.e. a monomer as well as a dimer. Earlier reports for
OmpF from E. coli reassembled as a trimer are resistant to the
denaturing action of sodium dodecyl sulphate (SDS) at room
temperature (Anand et al 2012, Rosenbush et al 1974). The denatured

monomer migrates faster than the dimer and trimer in a gel during
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SDS-PAGE. HomA and HomB also show resistance to denaturation by
SDS when it was run on SDS-PAGE, and we observed both monomer
and dimer bands. The addition of detergents leads to oligomerization
of proteins, but dimer and monomer still exist, as evident from the
SDS-PAGE analysis of fractions of size exclusion chromatography
experiments performed with or without B-mercaptoethanol (Fig. 3.11
and 3.12). The ab-initio structure of both HomA and HomB predicted
from AlphaFold 2 has almost similar structural organization. Both
proteins consist of two domains, the surface-exposed globular domain
and a B-barrel domain with a hydrophobic patch suggesting its
transmembrane nature (Fig. 3.3). Both domains were connected with a
flexible neck, primarily consisting of loops. We believe this flexible
neck provides the necessary degree of freedom for the surface-exposed
globular domain against the membrane-anchored B-barrel domain to
explore the best possible orientation for optimal ligand interaction. The
size exclusion chromatography of both HomA and HomB shows the
presence of dimer in the solution. The analysis of experimental SAXS
data of both HomA and HomB showed the molecular weight of the
scattering species very close to dimer supporting the presence of dimer
species in solution. SDS-PAGE analysis of the dimeric fraction of
HomA and HomB suggests the involvement of covalent interaction in
dimerization (Fig. 3.11 and 3.12). Based on the SAXS data, the
prepared dimer model of both proteins has their dimer interface in the
loop region of the surface-exposed globular domain (Fig. 3.3).
Interestingly, the four cysteine residues of HomA (245, 252, 393, 416)
and all six cysteine residues (203, 215, 261, 268, 404, 427) of HomB
are located in the loops of the globular domain (Fig. 3.5). In such a
surface-exposed oxidizing environment, these cysteine residues
between homo (HomA2, HomB2) or hetero (HomA-HomB) globular
domain could form disulphide bond/s to stabilize the oligomeric
assembly. We believe that the oligomerization of HomA and HomB
protein enables them to form stronger receptor-ligand interaction by
harnessing the avidity of combined interaction between multiple

receptors and ligands. Similar oligomeric association of receptor could
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be seen in Receptor tyrosine kinase signalling pathways like JAK-
STAT signalling, insulin-GLUT4 signaling (Hubbard et al 2007), etc.
OMPs greatly help in the colonization of bacteria and persistent
infection. For example, OMPs such as BabA, SabA, and HopC interact
with Globo H, hexaglycosylceramide, Sialyl-Lewis, Collagen 1V,
Laminin, respectively (Oleastro 2013). Additionally, various (-barrel
forming OMPs from H. pylori, HopE, and OMPLA help in the
regulation and adaptation to the surrounding environment (Bina et al
2017, Vollan et al 2017). Thus, HomA and HomB dimers also play a
crucial role in the biology of these proteins. Future experiments will
aid in delineating how dimeric association is pivotal to the functions of
these proteins in H. pylori pathogenesis. Since these loop regions in 3-
barrel or the surface-exposed globular domain of OMP plays important
role in oligomerization states (Lopes et al 2019), and here also the
surface-exposed globular domain likely contributes to dimer formation.
Some of the hypothetical proteins (K74_10375, K747_09130, and
K747_06625) and outer membrane protein is associated with biofilm
formation, HomD, a member of Hom OMP family is associated with
moderate biofilm former (58.3%) to hyper biofilm former (66.7%) H.
pylori strains (Wong et al 2016). Recently, Stephanie et al. reported
that homB expression is related to biofilm formation and regulated
with pH and ArsRS dependent manner, and HomB helps H. pylori in
hyper biofilm formation (Servetasc et al 2018). HomA and HomB both
are stable at a wide range of pH from acidic to basic pH (Fig. 3.9), it
might be one of the reasons for biofilm formation and H. pylori
survival in environmental pH stress conditions. The data presented
herein gives structural insights that cysteine residues present on the
surface-exposed domains (Fig. 3.3) are expected to be involved in the
homodimer formation of HomA and HomB. Such dimerization
assisted by HomA and HomB likely play an important role in cell-cell
interactions, and thus might assist in biofilm formation. Biofilm
formation is not only a crucial survival strategy but also aids in
persistent and successful infection. Biofilm also protects bacteria from

antibiotics and helps in evading immune response and homB is also
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associated with antibiotic resistance of H pylori (Haddadi et al 2020).
C-terminal B-barrel of HomA and HomB forms pore-like structure
topology (Fig. 3.3) and indicates porin channel-like properties, which
might play an important role in the transport of biomolecules,
including antibiotics. Investigation of HomA and HomB, especially
their porin like functions, will not only provide a clue on their possible
role in antibiotic resistance but also offer these proteins as potential
therapeutic candidates. The further structural characterization will
provide new insights into the molecular mechanism of H. pylori

pathogenesis.

6.3 HomA and HomB, outer membrane proteins of Helicobacter
pylori down-regulate activation-induced cytidine deaminase
(AID) and Ig switch germline transcription and thereby affect
class switch recombination (CSR) of Ig genes in human B-cells

H. pylori is classified as a class | carcinogen by the world health
organization (WHO). H. pylori is not only interacting with gastric
epithelial cells but also host immune cells and modulates the
functioning to escape the immune response. Molinari et al. showed that
VacA, a toxin secreted by H. pylori altered the antigen presentation by
B-cells which possibly result in impaired adaptive responses via
interrupting T-cell B-cell communication (Molinari et al., 1998). In
addition to the enigma of H. pylori and immune cell interaction, an
interesting study by Matthijs et al. in the 90s reported a decreased level
of antibodies against H. pylori in arthritis patients (Janssen et al.,
1992). Similarly, Birkholz and Marianne et al. also reported reduced
IgA antibodies in gastric adenocarcinoma patients (Birkholz et al.,
1998; Quiding-J” arbrink et al., 2009). Based on the finding of these
studies we were interested to know how H. pylori interplays with the
immune system and here we focused on B-cells. OMPs are the
foremost bacterial factors that interact with the host cells and the
molecular mechanism of interaction between the OMPs and immune
cells is not well understood. It is proposed that OMPs may be

activating the host cells similar to that of the LPS but via an
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independent mechanism. OMPs help bacteria to adhere to the host
cells, and subsequently provoke the release of inflammatory cytokines
and thus modulate intracellular signalling (Safaralizadeh et al., 2017).
Oleastro et al. reported HomB OMP significantly contributes to the
pathogenicity of H. pylori and can be considered as a virulence factor
(Oleastro et al., 2008). Similarly, Reza et al. reported a significant
prevalence of HomA and HomB with different gastric malignancies,
such as gastritis, peptic ulcer and gastric cancer (Ise et al., 2011). AID
is the key player of antibody diversity and also an important factor of
CSR. Here, we have used Raji cells (Burkitt lymphoma) as a model to
investigate the effect of HomA and HomB, OMPs of H. pylori, on the
AID expression and CSR process. Although Raji cells demonstrate
aberrant expression profiles and genome alteration of different genes, it
has been widely used to study B-cells characteristics, such as immune
complex, immune modulation, BCR signalling and aberrant expression
of immunoglobulin gene (Duan et al., 2016; Caeser et al., 2019; Van
Belle et al., 2016; Gururajan et al., 2006; Niu et al., 2012; Dussault et
al., 2008; Singer and Williamson, 1980). Nevertheless, further
validation of these observations on clinical samples, such as PBMC
from gastric patients or animal models will help develop therapeutics
against H. pylori infection and explore HomA and HomB as potential
virulence factors. We expressed and purified HomA and HomB, and
stimulated human B-cells. We observed a reduced AID expression at
MRNA as well as protein level up to 60 % initially at 1 h and 50 % at 4
h, which was restored to normal levels at 8 h (Fig. 4.1 and 4.2). AID is
regulated by several transcription activators and repressors (Zan and
Casali, 2013). We investigated the mRNA expression of NF«B,
SMAD3, cMYC, and STAT6 and these were not significantly affected
in both HomA and HomB stimulated cells. In contrast, increased
MRNA expression PAX5 was observed in HomA stimulated cells but
not observed in HomB stimulated cells (Fig. 4.4A-J). Further, we
analysed the mRNA expression of transcriptional repressors of AID,
and interestingly, cMYB shows significantly higher expression around
1.5 to 2-folds at 1, 4 and 8 h, in cells stimulated with HomA and
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HomB. cMYB act as a repressor of AID and binds to region 2
(positions +121 to +2221) of the AID gene. In fact, in our ChIP
experiments, we observed significantly higher cMYB occupancy at
region 2 of the AID gene in HomA and HomB stimulated cells as
compared to the unstimulated control cells. Tran et al. reported that
SiIRNA mediated knockdown of cMYB increases the AID expression,
which is tested via luciferase activity, suggesting that any change in
cMYB expression is directly related to its suppressive consequences to
its target genes such as AID. Additionally, these studies revealed that
enhancers/transcription factor, such as Pax5 activity, was not adequate
to balance or counter the suppressive effect of cMYB, suggesting that
cMYB works independently as a negative regulator to counteract the
positive regulators. The higher expression of negative regulators works
as a feedback response to balance over the expression of AID (Tran et
al., 2010). We have observed increased expression of cMYB in HomA
and HomB treated cells and decreased expression and nuclear
localization of AID simultaneously (Fig. 4.5 and 4.6). Besides cMYB,
another transcriptional repressor, E2F did not show significantly
increased expression (Fig. 4.5A-D). In agreement with the data, we
believe cMYB most likely contributes towards reduced expression
AID in cells stimulated with HomA and HomB. Class switch
recombination and AID activity are greatly dependent on the
transcription of 1g genes. Transcription provides single-stranded DNA
for AID deamination reaction and consequently creates double-strand
breaks which further results in isotype switching of the constant region
from Cp to Cy, Ca, and Ce. Reduced AID expression is strongly
related to fewer CSR events. Timothy et al. studied miR-29 role in
AID suppression via directly targeting the AID gene and showed
reduced CSR which is in relation to AID expression level (Recaldin et
al., 2018). Similarly, Zhi et al. reported, changes in AID levels directly
affect the CSR of Ig genes in cancer cells including the Raji B-cells
(Duan et al., 2016). In agreement with the studies published, we also
investigated the correlation of AID expression level with CSR of Ig

genes. We employed qRT-PCR and checked the expression level of Ig
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mature transcript for IgM, IgA, and IgG which are spontaneously
expressed in Raji B-cells. Interestingly we observed around 2-fold
increased expression of 1gV-Cp in both HomA and HomB stimulated
cells. IgV-Ca expression was repressed up to 2040 % at 1 and 4 h in
HomA stimulated cells and 50— 40% were repressed at 1, 4 and 8 h, in
HomB treated cells. 1gV-Cy expression was also repressed in HomA
and HomB stimulated cells nearly 70 % at 1 h and 40 % at 4 and 8 h.
Since IgV-Cp expression level was 2-fold increased, we analysed it
with respect to ratios as IgA:IgM and 1gG:IgM, which was reduced to
20-25 % and 20-35 %, respectively. As our studies revealed a
significantly reduced CSR process in HomA and HomB stimulated
Raji cells, to rule out the possibility of changes in the transcription of
IgV genes, we checked the transcription of the IgV region and
observed that transcription of IgV genes did not show any significant
change upon stimulation of HomA and HomB. In addition to AID, we
also checked the mRNA expression of two important CSR factors,
BATF and HOXC4. BATF acts as a global regulator for both AID
transcription and lg germline transcription (Mai et al., 2010).
Similarly, HOXC4 also regulates AID transcription and CSR (D’Elios
et al., 1997). Expression levels of both of them were not significantly
affected by HomA and HomB, which strongly indicate that the reduced
CSR of Ig genes was primarily due to a reduction in AID expression.
H. pylori upregulates PDL1 and contributes to the apoptosis of effector
T-cells by occupying PD-1 on their surface (Ise et al., 2011). Earlier
studies reported that H. pylori-infected children show fewer antibodies
production; the possible cause considered T-cell polarization towards
Tregs cells and less activation of TH cells which in turn induce B-cell
responses (Soares et al., 2005). Although many studies have been
performed to study T-cell response against H. pylori, B-cell response,
as well as their regulation in reaction to H. pylori infection is not well
understood yet. Similar to Tregs cells, B-cells are also differentiated to
Bregs cells as a subset of the population that can act as an immune
negative regulator (Mizoguchi et al., 2002). Here, we tested whether

the OMPs from H. pylori, HomA and HomB, can induce Biegs cell
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response. Strikingly, we observed increased expression PDL1, IL35
and 1L10. IL35 and IL10 are the cytokines that inhibit T-cell activation
(Freeman et al., 2012) and PDL1 is known to induce T-cell apoptosis
(Chiu et al., 2018). This upregulation of PDL1, IL35 and IL10 can
possibly contribute to the suppression of the immune response to H.
pylori-associated MALT lymphoma. Most likely, H. pylori has
coevolved with the human host and adopted novel strategies to evade

the sturdy innate and adaptive immune response.

6.4 Immunoinformatic characterization of globular domains of
HomA and HomB, for potential sub-unit vaccine candidate
against Helicobacter pylori

H. pylori has been a successful pathogen due to its survival and
immune evasion strategies. Chronic infection is increasing day by day
in developed as well as developing countries. Several studies indicate
chronic infection possibility leads to gastric carcinoma (Correa 1995;
Leung et al. 2004; Nomura et al. 1991). Further, persistent infection
with H. pylori leads to chronic gastritis, multifocal atrophic gastritis,
rarely intestinal metaplasia (Correa 1995). Many treatments have been
used to treat H. pylori, but till now, no effective vaccine candidate is
available for the prevention of H. pylori infection. In the current study,
we have used globular domains of HomA and HomB, virulence outer
membrane protein marker to explore the possibility of the development
of subunit vaccine candidates. We have predicted B-cell and T-cell
epitopes with IEDB online server. High score antigenicity with surface
accessibility of potential linear as well as conformational epitopes was
observed (Fig. 5.2, 5.3 and 5.4). The main advantage of the epitope-
based vaccine is that it can generate specific and strong immune
responses against epitopes and enhance binding affinity with the target
receptor (Bhattacharya et al. 2020, Moise et al. 2015, Terry et al.
2015). For the development of both humoral and cytotoxic immune
responses, T-cell epitopes derived from B-cell epitopes were identified.
HomA and HomB globular domains were used for immune simulation.

Administration of globular domains with continuous two booster doses
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predicted to elicit strong humoral as well as cellular immune
responses. Further innate immune cytokines were high, and NK and
macrophages counts were also high and active during vaccine
administration. In addition to that antigen presentation cells such as
epithelial and dendritic cells count were also active (Fig. 5.5 and 5.6).
Meza et al. reported multi epitope-based peptide (MEBP) vaccine
candidates against H. pylori using the reverse vaccinology approach
(Meza et al. 2017). They predicted both B and T-cell epitopes of four
virulent proteins (FliD, Urease B, VacA and CagA) for designing a
MEBP vaccine candidate against H. pylori. Lately, Khan et al. did the
same and predicted B-cell and T-cell epitopes from different virulent
proteins (CagA, OipA, GroEL and VacA) and planned a MEBP
vaccine against H. pylori (Khan et al. 2019). Generally, selected
common epitopes to elicit the immune response with the target
molecules for the next step of cellular cascades (Zhou et al. 2009).
Now, in this work, we found common B and T-cell epitopes mentioned
in Tables 5.1 and 5.5. Subsequently, we have performed a molecular
docking study between TLR4 and globular domains of HomA and
HomB. Patchdock server demonstrated the binding interaction of
complex, we have selected the top 5 high interface scoring complex
(Fig. 5.7). Out of which we have selected globular domain of HomA-
TLR4 complex for NMA study to analyse the molecular mobility,
comparative deformability. The eigenvalue was noted as 7.3682e—05

which indicates the better flexibility of the docking complex (Fig. 5.8).
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6.5 Conclusion and Future directions

Outer membrane proteins (OMPs) are gaining more attention as
alternative combating strategies to fight against pathogens. OMPs
plays multi-dimensional role such as host-pathogen interaction, host
environment adaptation, and host-immune system evasion. HomA and
HomB have been reported for increased H. pylori adhesion and hyper
biofilm formation. Due to clinical significance, these two OMPs
become important research targets. Since there were no structural and
functional insights are known to date, we investigated the biophysical
aspect of structural studies, the functional role of HomA and HomB to
human B-cells and the potential of HomA and HomB to be utilized as
sub-unit vaccine candidates. A cartoon representation of the present

thesis work is presented in Fig. 6.1.

We have performed biophysical characterization of HomA and
HomB. Interestingly, both the proteins are likely to form small B-barrel
with a surface-exposed globular domain. These unique topologies also
have been reported for special class (Vf) of autotransporter for H.
pylori. A well-designed experimental study is needed to confirm the
fundamental porin or auto-transporter role of HomA and HomB.
Crystallization of HomA and HomB will also provide crucial and

accurate structural information.

However, we have explored the functional role of HomA and
HomB with human B-cells, where we found that these proteins
transiently stall the antibody diversity process via downregulation of
AID. This finding was probably the cause of low antibody diversity
and production in patients with H. pylori-associated gastric disease. In
addition to that, we have also observed polarization of B-cells to act as
Breg cells, which generally plays a negative role by suppressing the
immune system by inhibiting T-cell activation. Additionally, we have
also explored the potential of HomA and HomB as sub-unit vaccine
candidates. We used bioinformatics tools to predict B and T-cell

epitopes present in the surface-exposed globular domain of HomA and
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HomB. Further, we also used these protein domains for immune
simulation to check whether they elicit a human humoral and cellular
immune response. Interestingly immune simulation shows a strong
immune response. Nevertheless, for making successful subunit vaccine
candidates, these in silico observations need to be validated by in-vitro

and in-vivo studies.
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Presentinvestigation in a nutshell

OMPs HomA/B

Gut
lumen V
Helicobacter Pylori

Potential B-cell, T-cell

epitopes containing

globular domain of
HomA/HomB

Normal condition H. pylori infection
Diversity of Antibodies Less Diversity of Antibodies

Figure 6.1. Cartoon representation of summary of chapters 3, 4 and 5 work, presented in the thesis.
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Appendix-B

Primers used in the study

SN | Primer Gene Primer sequence (5'-3')
name

1 PK632 AID AAATGTCCGCTGGGCTAAG
Sense

2 PK633 AID GAGGAAGAGCAATTCCACGT
Antisense

3 PK646 GAPDH | GAGTCAACGGATTTGGTCGT
Sense

4 PK647 GAPDH | GAGGTCAATGAAGGGGTCAT
Antisense

5 PK728 cMYB TACAATGCGTCGGAAGGTCG
Sense

6 PK729 cMYB GCGGAGCCTGAGCAAAACC
Antisense

7 PK730 E2F1 GTGTAGGACGGTGAGAGCAC
Sense

8 PK731 E2F1 TCAAGGGTAGAGGGAGTTGG
Antisense

9 PK732 | NFkB p65 | GACCTGAATGCTGTGCGGC
Sense

10 | PK733 | NFkB p65 | GAGCGGGTGTGTGACAATGA
Antisense

11 | PK734 PAX5 GACCTGAATGCTGTGCGGC
Sense

12 | PK735 PAX5 GCACCGGAGACTCCTGAATAC
Antisense

13 | PK738 cMYC AAAGGCCCCCAAGGTAGTTA
Sense

14 | PK739 cMYC GCACAAGAGTTCCGTAGCTG
Antisense

15 | PK746 STAT6 | AGTGCAGCGGCTCTATGTCGAC
Sense

16 PK747 STAT6 CACCGAGGCCTGAAGGTGC
Antisense

17 | PK748 SMAD3 | ATGTCAACAGGAATGCAGCAGTGG
Sense

18 | PK749 SMAD3 | ATAGCGCTGGTTACAGTTGGGAGA
Antisense

19 | PK781 VHDJH GACACGGCTGTGTATTACTGTGCG
(FR3)
sense

20 | PK782 Cu CCGAATTCAGACGAGGGGGAAAAGGGTT
Antisense
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21 | PK784 Ca GGGTGGCGGTTAGCGGGGTCTTGG
Antisense

22 | PK786 PD-L1 GGCATTTGCTGAACGCAT
sense

23 | PK787 PD-L1 CAATTAGTGCAGCCAGGT
Antisense

24 | PK812 Cy GTGGGCACTCGACACAACATTTGCG
Antisense

25 | PK813 IL10 5TCTCCGAGATGCCTTCAGCAGA
Sense

26 | PK814 IL10 TCAGACAAGGCTTGGCAACCCA
Antisense

27 | PK815 EBI3 AGCACATCATCAAGCCCGAC
Sense

28 | PK816 EBI3 GCTCCCTGCGCTTGTAACG
Antisense

29 | PK821 HoxC4 CTACCTGACCCGAAGGAGAA
Sense

30 | PK 822 HoxC4 TGACCTCACTTTGGTGTTGG
Antisense

31 | PK827 VuDJx CAGTAATACACGGCCGTGTC
(FR3)
Antisense

32 | PK 802 TGFp TCGCCAGAGTGGTTATCTT
Sense

33 | PK 803 TGFp TAGTGAACCCGTTGATGTCC
Antisense

34 | PK798 BATF AGCGAAGACCTGGAGAAACA
Sense

35 | PK 799 BATF TTCAGCACCGACGTGAAGTA
Antisense

36 | PK861 lu GTGATTAAGGAGAAACACTTTGAT
Sense

37 PK862 Iy1/2 GGGCTTCCAAGCCAACAGGGCAGGACA
Sense

38 PK863 lal/2 CAGCAGCCCTCTTGGCAGGCAGCCAG
Sense

39 PK864 C,u(CT) GTTGCCGTTGGGGTGCTGGAC
Antisense

40 | PK869 cMYB GTTCTTCAGAAAATTTTCTTGAGGTCAGACAATG
(chip)
Sense

41 | PK870 cMYB CTGCTGATTTTACCTTTGCTTTCCATTTTACTTTG
(chip)
Sense

42 | PK610F | HOomA/B | GGCCATatgagaaaactattcatcccacttttatt
forward | a
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PK652R

HomA/B
Reverse

ATGCCTCGAGaaacacccacccgtaattg
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Appendix-C

Antibodies used in the study

SN | Protein Antibody details
1 |AID Anti-AID Monoclonal antibody (ZA001)
Invitrogen
2 | cMYB c-Myb Polyclonal antibody (A304-138A) Bethyl
Laboratories, Thermo Fisher
3 | GAPDH anti GAPDH (0411, sc-47724) Santacruz
4 | PDL1 CD274 (PDL1, B7-H1) Monoclonal Antibody
(14-5983-82), Invitrogen
5 | Rabbit IgG | Alexa fluor 594, A21207, Invitrogen
(H+L)
6 Mouse IgG | Alexa fluor 488, A11001, Invitrogen
(H+L)
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Appendix-D

Table 1. Secondary structure analysis using circular dichroism

spectra
S | Sample a-Helix % Anti-parallel - | Paral | Tur | Other | NR
N sheets % lelp- | n% % MS
0 sheets D
%
Reg | Disto | Left | Rela | Rig
ular | rted | twis | xed ht
ted twis
ted
1 | HomA 10.5 0 22.1 0 3.5 135 | 11. 38.4 0.09
5
2 | HomA CHAPS 8 0 127 | 0 0 0 529 | 264 | 0.11
(4X)
3 | HomA CHAPS | 11.0 0 17.7 0 0 0 50 21.3 0.14
(10X)
4 | HomA TWEEN | 12.0 0 6.4 0 13.2 | 38.7 0 29.7 0.11
20 (4X)
5 | HomA TWEEN | 11.0 0 4.1 0 | 154 | 393 0 30.2 | 0.10
20 (10X)
6 | HomA LDAO 0 0 1.1 0 74 | 339 |125| 451 | 0.03
(4X)
7 | HomA LDAO 0 3.3 0 0 |10.7 | 417 | 18 426 | 0.04
(10X)
8 | HomA DMPC 14.1 0 104 | O 9.6 | 38.2 0 27.7 | 0.10
(0.250mM)
9 | HomA DMPC 14.7 0 151 ] 0 74 | 284 | 45 29.9 | 0.09
(0.500mMm)
1 | HomA DMPC 16.2 0 149 | 0 79 | 252 | 4.7 31.2 | 0.10
0 | AmM)
1 | rHomADOPC | 11.6 0 139 0 77 | 323 | 3.2 31.3 | 0.09
1 | (0.250mM)
1 | rHomA DOPC | 15.8 0 55| 0 6.7 | 27.3 | 4.9 29.8 | 0.10
2 | (0.500mMm)
1 | HomA DOPC 16.0 0 227 | 0 3.1 | 173 | 106 | 30.2 | 0.10
3 | (ImMm)
1 | HomB 120 | 8.0 0 1.6 | 100 | 144 | 144 | 399 | 0.02
4
1 | HomB CHAPS 0 27 | 118 | 33 [132| 38 |232| 419 | 0.05
5 | (4X)
1 | HomB CHAPS | 9.1 0 159 | 0 0 0 477 | 273 | 0.12
6 | (10X)
1 | HomB TWEEN | 9.7 7.3 0 55 | 11.3 | 139 [134| 389 | 0.02
7 |20 (4X)
1 | HomB TWEEN | 9.7 7.3 0 55 | 11.3 | 13.9 0 38.9 | 0.02
8 | 20 (10X)
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1 [HomBLDAO | 82 | 90 | 0 | 7.1 | 148 62 |146| 401 | 0.02
9 | (4X)

2 [HomBLDAO | 138 | 100 | 0 | 2.2 | 115| 93 |141| 391 | 0.02
0 | (10X)

2 |[HomBDMPC | 55 | 7.4 | 09 | 10.8 | 17.6 | 41 |13.7| 39.9 | 0.02
1 | (0.250mM)

2 |[HomBDMPC | 154 | 106 | 0 | 0 | 95 | 103 | 13.4| 408 | 0.02
2 | (0.500mM)

2 [HomBDMPC | 58 | 6.9 | 08 | 10.4 | 175 | 52 |13.4| 400 | 0.02
3 | AmM)

2 |[HomBDOPC | 68 | 68 | 0 | 92 | 156 | 85 |135| 396 | 0.02
4 | (0.250mM)

2 [HomBDOPC | 51 | 7.0 | 1.1 | 11.1| 166 | 6.0 |13.7| 395 | 0.02
5 | (0.500mM)

2 [HomBDOPC | 60 | 66 | 0 | 109|166 | 75 |13.4| 39.0 | 0.02
6 | (ImM)
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