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SUMMARY

At the molecular level, the pathogenesis of cholera is a multifactorial process. Several
genes encoding virulence factors aid the pathogen in its colonization, coordinated
expression of virulence factors, and toxin action such as cholera toxin (CT) and the toxin-
coregulated pillus (TCP). Cholera Toxin is primarily responsible for the profuse secretory
diarrhea while the toxin-coregulated pillus is an essential colonization factor and receptor
for the phage encoding CT. In addition to potent CT, there are other putative toxic factors
such as accessory cholera enterotoxin (Ace), zonula occludens toxin (Zot),
hemolysin/cytolysin and hemagglutinin/protease (Vibriolysin). Neuraminidase, a
sialidase, is also considered a virulence factor. It is a key glycoside hydrolase that
catalyzes the conversion of higher-order gangliosides to monosialoganglioside, which is
the cholera toxin receptor. It has been hypothesized that neuraminidase may locally
produce high concentration of the GM1 receptor for CT, thereby enhancing the binding

and internalization of CT and resulting in greater efflux of water and electrolytes.

The present study comprises the analysis of toxin proteases of V. cholerae in order to
have a better understanding of pathogenesis using molecular biology and bioinformatics
tools as the signaling cascades involved in the induction and regulation of mucosal
inflammatory responses to infection by V.cholerae are still largely unknown. The
proposed work is carried out in two phases. The first phase deals with the mRNA
expression of proinflammatory, anti-inflammatory and various other cytokines in
intestinal tissue and bone marrow cells upon infection with purified Cholera Toxin (CT)
alone and in combination with purified neuraminidase from Vibrio cholerae in order to

elucidate the mechanisms of the V.cholerae induced proinflammatory response as well as



the effects of Cholera Toxin in CT-induced immune response for the development of
safe, life attenuated vaccines. The transcriptional profiling upon CT infection in the
intestinal tissue and bone marrow cells at 2, 6 18 and 48 hrs was carried out by RT-PCR.
Among the 15 cytokines (IL-1a, IL1B, IL-2, IL3, IL-4, IL-5, IL-6, IL-7, IL-10, IFNy,
TNFa, GM-CSF, TGFp, MCP-1, and HIF) involved in proinflammatory, anti
inflammatory and antigen-specific immune responses, the mRNA of the eight cytokines
(IL-la, IL1p, IL-7, IFNy, TNFa, TGFB, MCP-1 and HIF) were found to be expressed in
intestinal tissue and bone marrow cells upon infection whereas rest of these cytokines
were either down regulated or not expressed upon infection.

The second phase of the study deals with the prediction of 3D models of toxin proteases
of V. cholerae i.e. Accessory cholera enterotoxin (Ace). zonula occludens toxin (Zot),
and hemagglutinin/protease (Vibriolysin; HA/P) based on comparative homology
modeling in order to have better understanding of pathogenesis using bioinformatics
tools., The predicted structure is discussed with special reference to the active site and
cofactor binding site. The enzyme-inhibitor model was also constructed separately in
order to identify important residues that contribute to the active site interaction of the
enzyme with the ligand. The homology model was constructed in the presence of
inhibitor HPI [N-(1-carboxy-3-phenylpropyl)-phenylalanyl-alpha-aspargine] based on its
sequence homology with Pseudomonas aeruginosa elastase (PAE). Comparison of the 3D
structures of PAE and HA/P reveals a remarkable similarity having a conserved a + b
domain. The inhibitor shows similar binding features as seen in other metalloproteases of
M4 peptidase family. The study also highlights the key catalytic residues as well as the

residues at the S1 and S°1 binding sub-sites. The similarities between the two proteins



provide support for the hypothesis that the two enzymes have similar three-dimensional
structures and a common mechanism of action, The fact that both enzymes are secreted

as zinc-containing proteases, led us to further hypothesize that they may play similar role

in pathogenesis.
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1.1 INTRODUCTION

Vibrio Cholerae (also Kommabacillus) is a highly motile, facultatively anaerobic,

non-invasive Gram negative (1-2.) asporogenous curved-rod shaped bacterium with a

polar flagellum (3-4.) which belongs to the Vibrionaceae family (5).

The foremost assistance to recognized cholera was made by physician John Snow
who originated the link between cholera and contaminated drinking water in 1854 during
the fourth pandemic. In the same year the bacteria was first isolated, described and
termed V.cholerae by Filippo Pacini (5), but his discovery was not widely known until
Robert Koch, working independently thirty years later. exposed the knowledge and
identified V. Cholerae as “comma bacillus™ in 1883 (4). Cholera Toxin (CT), the

causative protein factor was first discovered by Robert Koch in 1884 (5).

V.Cholerae is a well defined organism on the basis of biochemical tests (3-4) and
DNA homology studies (4). It is subdivided into serogroups on the basis of somatic O
antigen (3). A serotyping scheme, the conventional methclzrd used to classify V.Cholerae
strains, was first studied by Gardner and Venkatraman (6). This method is based on
gpitopic difference of cell surface lipopolyscaccharide (LPS) (7). To date. V.Cholerae has
been classified into about more than 200 serogroups (1,3) on the basis of its somatic
antigens (O antigens) (3.8), of which only two serogroups O1 and 0139 strains have been
shown to cause endemic of cholera, a severe diarrheal disease (7-9). The major difference
between the two serogroups is the occurrence of diverse lipopolysaccharide (LPS)
antigens and a capsular polysaccharide (10).
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All strains that were identified by biochemical tests as V.Cholerae that do not
agglutinate with Q-antiserum were collectively referred to as non-01 V. Cholerae. They
were also called non-cholera vibrios or non-agglutinable vibrios (3, 4,6). 154 serogroups
of non-Ol vibrios are known. The biochemical and morphological characteristics,
possessed by these vibrios, are analogous to those of the cholera vibrio but are
nonagglutinable with O1 antiserum. These vibrios are agglutinable by their own antisera
(4). The non-O1 serogroups, despite the fact that are not related to cholera incidence, can
be pathogenic, and are rarely related with small outbreaks of diarrhoeal disease (3).

«The Ol serogroupexists as two biotypes, Classical and EI Tor (3,8) that can be
discriminated by applying different biochemical tests ie. assays of haemolysis.
haemagglutination, phage and polymyxin B sensitivity. In addition, presence of biotype-
specific genes (eg, lepA, rixC), is the latest approach to distinguish between the two (3).
These can be further subdivided into two major serotypes, (_)gglva_and Inaba, which
have different lipopolyscacchride (LPS) structures (3,11-12). Strains of the serotype,
Ogawa are said to produce A and B antigens and a small amount of C antigen, whereas
Inaba strains express only A and C antigens. A third serotype, designated Hikojima,
express all the three antigens, but it is exceptional and unstable (3,11). It has been
revealed by the analysis of the chemical structure of the O antigen that it is composed oi;
a homopolymer, have the amino sugar D perosamine substituted with 3-deoxy-L-
glycerotetronic acid, Both Inaba and Ogawa serotypes contain this structure and thus it

may be the A antigen while the nature of B and C antigens is unknown (Fig.1.1) (11).



Biotype El Tor Classical

Serotype Ogawa Inaba (Hikojima) Ogawa Inaba (Hikaojima)

Antigens A.B AC (A, B, C) A B AC (A, B.C)

Fig.1.1. A serotyping scheme to classify ¥.Cholerae strains on the basis of O antigen.

The classical biotype was responsible for the first six epidemics while the El Tor
biotype was responsible for the seventh epidemic which began in 1961 and is enduring.
Since 1992 in Southeast Asia, apart from O1, the new cholera pathogen V, cholerae 0139
has caused epidemics. But, presently the El Tor biotype is still the main pathogen causing
epidemics (8).

It was assumed earlier, that for cholera pandemics and all major epidemics only V.
cholerae O1 strains were responsible and the non-O1 strains were non-pathogenic and
responsible for only periodic cases of gastroenteritis and extra-intestinal infections. But
then there was an outbreak of cholera in India and Bangladesh in 1992, It was reported

that it was caused by a novel non-O1 strain: V. cholerae 0139 Bengal (7).
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Two significant properties of V. Cholerae are taken into account with respect to
virulence: (i) The production of cholera toxin (CT), which is responsible for the severe
diarrhea, and (ii) the presence of the O1 or 0139 antigen, which acts as a marker of
epidemic potential. On the other hand, molecular analysis has revealed that in addition to
CT encoding genes, all strains competent of causing cholera also carry genes for a
colonization factor known as toxin-coregulated pilus (TCP) and a regulatory protein,
ToxR, which coregulates the expression of CT and TCP. The synergistic effect of a

number of pathogenic factors produced by toxigenic V. Cholerae is responsible for the

pathogenesis of cholera. (4). Q) Us
g: 34
1.2. HABITAT 10U
bedy of ol - 20

Maijority of Vibrio species are everywhere in estuarine and aquatic environments and 1+ CC
'15 3 o
are also found in fresh water. V. Cholerae is extensively dispersed in tru!:l)tca] and |72 Sb
moderate aquatic environments. Various abiotic factors including the organic and;?j

inorganic contents of water and sediments, variations in oxygen tension, fluctuating

temperature, salinity, pH, and exposure to the sunlight affect its distribution (13).

V. Cholerae, a marine microorganism (14), is an autochthonous inhabitant of coastal
marine environment (1,15), and is capable of that transmitting a disease to humans
through infected water and uncooked or partially cooked seafood (14). This Vibrio specie
not only stays alive in riverine, estuarine, and coastal waters around the world but also
survive and multiplies in marine environments by adhering with zooplankton and
phytoplankton (3). lts capacity to form biofilms on biotic and abiotic surfaces plays

important roles in environmental survival though it is still not understandable that to what



extent these mechanisms are established distinctively in toxigenic O1 and 0139 strains.
Various environmental aspects have been associated with cyclic cholera epidemics, but
the correlations of genetic and biochemical determinants are still unidentified (16). As
this human pathogen is principally an inhabitant of the marine environment, water plays
an imperative role in the spread and epidemiology of cholera (17). V. cholerae colonizes
the gastrointestinal tract, where it sticks to villi. Furthermore, it produces two different
proteases called chitinase and mucinase, which facilitate the attachment of V. cholerae to
aquatic organisms. V.cholerae has the ability of to enter copepods with the help of
chitinase. The assistance to entry into the human gastro-intestinal tract is facilitated by a

non-specific protease, mucinase (13).

1.3. PATHOGENESIS AND VIRULENCE FACTORS:

"A/ﬂer oral ingestion of contaminated water or food the organism must pug_t]_lmqg_il

the acid barrier of the stomach and colonize the epithelium of the small intestine.
Colonization is aided by filamentous protein structur the toxin-core d pili

(TCP) and probably by other colonization factors such as the accessory colonization

factor, different haemagglutinins,.and core-encoded pilus. Adherent vibrios produced

N

exmeeilltiﬂhmw | perturb ion transport by intestinal epithelial cells (13). IEE_

— ——— —

uptake of cholera toxin by the intestinal epithelium results in the activation of adenylate

cyclase which in turn results in the increased secretion of CI” and eventually loss of as

e ESEE. A——

much as 20 liters of water and electrolytes per day (18). The exact mechanism of

B




V.Cholerae colonization and the interaction of pili with host are still not clearly
undﬂnd.ﬁll

—At the molecular level, the patho is of cholera i i ial For

establishing a productive infection by V. cholera, colonization is a prerequisite. Several

genes encode virulence factors that aid the pathogen in its colonization, oourdmamd
____,___..—n—"-'_—'—v—

A ——— o -

expression of virulence factors, and toxin action [2]. The main virulence genes in

D —————

V.cholerae are present in clusters (4). Genetic analyses have shown that there are at least

—

two important genetic elements of the V.cholerae chromosome in which genes encoding

the virulence factors are cl clustered together. These include the CTX genetic clement,

which is the genome of a lysogenic bacteriophage, designated CTX® thal carries the

e —

genes _encoding cholera_toxin, (3).and.several other toxins and accessory virulence
factors, (19) and large Vibrio pathogenicity island (VPI) that encodes a toxin-coregulated

pilus {TCP) gene cluster that functions as basic colonization factor and acts as CTX®

—

receptor r (4). Other factors that have been associated with the pathogenesis of chnlera

W (Zot), accessory cholera enterotoxin (Mc)

Hemagglutinins, neuraminidase (nanH), outer membrane protein (ompU), RTX toxin,

Vac a-like toxin (20) and a ToxR regulatory protein. (21).

~ CTX® genome (~7Kb) has been extensively characterized which revealed that it has

a modular structure composed of two functionally distinctive genomes, the core and RS2

———

regions (18). The CTX® genome had been thought originally as a transposon-like genetic

 —

element. A dynamic 4.5kb core region, termed the virulence cassette encodes for both

— — = ——

cholera toxin (CT) and the genes involved i

phage morphogenesis. It is known to carry

—

at least six genes, including cixAB (encoding the A and B subunits of CT). zof (encoding

——




zonula \ occludens toxin), ace (enmdmg accessory cholera_enterotoxin), cep (encoding

cnre-emoded pilin), and orjU (encoding a product of unknown function). The core region

f? flanked by one or more copies of a 2.5kb repetitive sequence designated as RS2 region

—

that encud_cf_gcnts required for replication (rsid), integration (rs¢B), and regulation (rstR)

——

of CTX® (4,13).
Vibrio pathogenicity island (VPI), a 39-kb DNA region, has been shown 1o contain

e,

the fcp gene cluster, which contains a gene that encodes for the ToxT.regulatory. protein

as well as several other clusters of genes
e ——

functions (19). The presence of groups of virulence genes, a regulator of virulence gene,
a transposase gene, and specific (att-like) attachment sites flanking each end of the island

are some important structural features of the VPL. The CTX® uses TCP as the receptor
__H-

during infection. At least 11 accessory proteins are required for the biogenesis of TCP;
the majority of their genes are located in the TCP operon (3). It has been revealed that the

major subunit of TCP is encoded by the fcpd gene: the products of a _1_1_umber of other

genes that are required for the formation and function of the pilus assembly are located

ona large DNA region referred to as the TCP pathogenicity island, which mcludes the

tep and acf gene clusters (4). In brief, the V.cholerae pathogenicity island (VPI) contains

genes related with virulence (TCP-ACF cluster), the regulation of virulence (toxT and

i

tepP/H), the regulation of chemotaxis (tcpl or acfB), and mobility (int and oftl) (21). The

TCP-encoding genes are clustered within a region known as both the vibrio

pathogenicity island (VPI) and the TCP pathogenicity island (18).

The genome of one V.cholerae strain has been sequenced completely (20). Its genome
_H ——

comprises two chromosomes, of which chromosome 1, the larger chromosome, harbors




all virulence factors, including CT and the toxin-co-regulated pilus (TCP) (5). Between
e

the two chromosomes there is marked irregularity in the distribution of genes known to

e —

be essential for is and . Chromosome | cnuudcs_&elcs for DNA

replication and repair, transcription, translation, cell-wall biosynthesis and a vatiety of
central catabolic and biosynthetic pathways. Most genes known to be essential in

bacterial pathogenicity are also located on chromosome 1 ie. those encoding toxin co-

regulated pilus, cholera toxin, lipopolysacharide and the extracellular protein secretion

machinery. Genes that are thought to be essential for normal cell function are found only
—

on chromosome _lL Furthermore, chromosome [l encodes many intermediates of

metabolic pathways (22).
1.4. IMPORTANT TOXIN PROTEINS

Cholera Toxin (CT)

The most essential virulence property of V.cholerae is the production.of cholera toxin
(CT) and the ability to adhere to and colonize the small intestine of the host (8). The 84-

kDa CT belongs to the super family of AB toxins and is an oligomeric protein composed

of a heterodimeric catalytically active A subunit (CTA) and five B subunits (CTB)

encoded by ctxA and ctxB. respectively (8,23-24). The 11.6-kDa CTB is a nontoxic

prolective antigen responsible for mediating toxin binding to the monosialoganglioside

ivales the cellular

adenylate cyclase and accelerates the secretion of chloride and bicarbonates from. the
mucosal cells to_the intestinal Jumen.(8,23). Cholera toxin travels from the plasma

——

membrane of intestinal cells to the endoplasmic reticulum (ER) where a portion of the A-

subunit, the A1 chain, crosses the membranes into the cytosol (25). V. cholerae colonizes




the small bowel using TCP and interacts with receptors on the intestinal epithelium. Once
attached, the bacterium secretes its toxin, .which is_accompanied by the release of
hemagglutinin/protease (HA/protease), This extracellular HA/protease is responsible for

nicking the CT-A subunit at Arg192, yielding discrete CT-A; and CT-A; subunits, which

are solely connected by a single disulfide bond. This post-translational modification is

critical for full activity of the toxin, leading to an increase in cAMP-production. This

causes massive secretion of elecirolytes and water into the intestinal lumen, paralleled by

excretion of the bacteria (35).

Neuraminidase

V.Cholerae neuraminidase, a sialidase, is also considered a virulence factor (26). It is

a_lfe_y glycoside hydrolase (27) that catalyzes the conversion of higher-order gangliosides
w-_;_m@.mhm which is the cholera toxin recepior. It has been hypothesized
receptor for CT
thereby enhancing the binding and interalization of CT and resulting in greater efflux of
water and electrolytes (24, 26, 28).
Hemagglutinins

V. Cholerae produces several hemagglutinins, which may be involved in adherence of

the vibrios to the human gut (29). Out of several he ini uced by V.
chaferae, one of them is the soluble Zn-dependent metalloprotease, which was aﬁginally

identified as a hemagglutinin/protease {HA!P} encoded b:.r thc gma hapA {3{]-32} All

HA/Ps have both hemagglutination and proteolytic activities (33). I'W'P can
proteolytically activate CTA subunit by nicking it into two (A1 and Ay) peptide fragments

[34, 35] and increasing its biological activity (35). It can also activate the E1 Tor




cytolysin and hemolysin (31,35,36) and is capable of hydrolyzing several other

physiologically important proteins such as N_W%MMMTL

Microarray studies of the global transcription pattern of V. cholerae have shown that the

hemagglutinin protease (fap) gene is one of the 12 genes that belong to the pathogenesis
functional group (38).

Hemolysin

V.Cholerae hemolysin/cytolysin (HlyA), an extracellular membrane damaging
protein with a native monomeric weight of 65kda, belongs to a unique class of dimorphic
proteins that can exist in two stable states,.a mﬁlgmmw
if[eg;_al membrane protein. These proteins. are ﬂuﬂﬂiﬂgl_}f known as pore-forming toxins
(PFTs) for their ability to destroy. target eukaryotic cells by punching holes in the plasma

membrane and are released as water-soluble monomeric proteins by a wide variety of
e s

pathogenic bacteria (39.40). HIyA is synthesized as an 82-kDa preprohemolysin by

V.cholerae and exported as the 79-kDa prohemolysin. Proteolytic removal of the 132-

rwwwmciﬁ@emmm
activity (40, 41).

Zonula occludens toxin (Zot) and Accessory cholerae enterotoxin (Ace)

V. chol two other putative toxins known as zonula occludens toxin

(Zot) and accessory cholerae enterotoxin (Ace) (42). Zot increases the permeability of the

small intestinal mucosa by affecting the structure of the intercellular tight junction, or

zonula occludens, ORF of the Zor gene is of 1.3-kb, which encodes a 44.8-kDa

polypeptide and is located immediately upstream of the cixA gene (4). Zoi gene is known

to be involved in phage morphogenesis (21,43). Ace has been described as a third

10



enterotoxin, which increases potential difference across the intestinal epithelium and
A —

affects ion transport (7). Even though Ace is thought to be a minor coat protein of CTX®,

ess by which Ace is

independently released from V. cholerge has not.been chargeterized (18).
1.5. CHOLERA INFECTION:

Cholera is an acute bacterial water-borne infection of the intestine [30] that results in
an estimated 100,000 to 200,000 deaths annually worldwide [23]. Cholera still remains
an imperative worldwide problem, especially in developing countries (2). It is
characterized by the loss of significant fluid, voluminous stool and dehydration and leads
to death if left untreated (44). The customary factors that are involved in the transmission
of cholera are contaminated water supply, poor sanitation, indiscriminate defaecation and
poor personal hygiene (45).

Symptoms are generally rapid and consist of watery diarrhoea and vomiting afier an
incubation period of about 18 h and 5 days. The distinguishing feature of cholera is the
painless eradication of voluminous stools resembling rice-water, having a fishy odor. In
general the vomit is usually clear, watery, alkaline fluid. In aduits the rate of diarrhoea
may promptly exceed up to 500-1000 mL/h with severe cholera and leading to severe
dehydration. Symptoms of severe dehydration include undetectable blood pressure,
absent or low-volume peripheral pulse, sunken eyes, poor skin turgor, and wrinkled
hands and feet. In the early days, patients are fidgety and enormously thirsty; they
become lazy and may lose consciousness as the shock progresses. The loss of the fluid
may be so rapid that within a few hours of infection the patient is at risk of death, and

most deaths occur during the first day. Conversely, the patient may live on for the time



being if rehydration fluids are available in inadequate quantities. In general, from the
improper treatment of cholera infection several complications can occur, If insufficient
fluids are given, acute renal failure from prolonged hypotension may occur. If the
intravenous fluids are not in appropriate concentrations, electrolyte imbalance can occur,
especially hypokalaemia. As a dilemma of shock and poor perfusion of the placenta,
miscarriage or premature delivery can occur in pregnant women. In addition to these
symptoms, severe muscle cramps of arms and legs are common due to the electrolyte
imbalance. Replacing water and electrolytes as fast as they are being lost is the simple
treatment, An electrolytes solution is given to patients intravenously followed by an oral
rehydration solution (ORS). As it is known that sugars are contransported with Na' over
the apical membrane of the enterocytes therefore for more effective reabsorption of
electrolytes the ORS is supplemented with carbohydrates (46).

1.6. EFFECT OF CHOLERA TOXIN (CT) ON INFLAMMATORY
CYTOKINES:

A crucial part of the host response to infection with microbial pathogens is the

stimulation of proinflammatory cytokine genes and other genes with immunomodulatory
function. Initially it has been documented that cytokines were produced exclusively by
cells of the immune system; though now, it is evident that non immune cells, including

epithelial cells, also_produce. cyiokines. and present an essential first-line defense. (47)
Multiple cytokines can be produced by individual cells and can be classified into

different groups, such as interleukins (IL-1 to IL-23), interferons (IFN-g, IFN-y), colony-

——r — e ey

stimulating factors, tumor necrosis factors (TNFs), tumor growth factors (TGF-§), and
chemokines (MCP-1, MIP-1) (48) ,

12



The initiation of an early inflammatory response in the intestinal-epithelialcellsisa

distinguishing characteristic of V. cholerae induced pathology (49-50). Though cholera is

traditionall j to be a non-inflammatory di i there are various
reports suggesting that there is an inflammatory component in the pathogenesis of the
orts suggesiing e

disease (49,51). The presence of lymphocytes and mononuclear cells, congested blood

vessels and the infiltration of polymorphonuclear leukocytes (PMNs) in the lamina

propria as well as elevated level of LTBs, high serum titers of IL-6, localized release of

tumor necrosis factor (TNF-a), (52-53) tissue damage, and the neutrophil chemo-

......

cholerae provide significant evidence of existence of inflammatory component (49-50).

Reports have also documented the_induction of proinflammatory cytokines in intestinal

epithelial cells upon V.cholerae infection such as IL-1a, IL-1B, IL-E,_IL_-S_, MCPf-_l,_ GM-

CSF, TNF-u and epithelial neutrophil-activating peptide-78 (ENA-78) with reduction of

The role of V.cholerae in initiating and supporting the innate inflammatory response

——___

in intestinal epithelial cells as well as the potential contribution of specific V.cholerae

components to_cytokine induction is still largely unknown. The specific components

include lipopolysaccharide (LPS), any secreted protein of V.cholerae, including CT, and

the major surface proteins of V.cholerae. It has been reported that in addition to certain

e

(54). The adjuvanticity of CT is associated with its ability to provoke the local production

of proinflammatory cytokines from various types of cells that create an immunological

-

microenvironment suitable for the induction of systemic and mucosal immune responses

———
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(55). Cholera toxin has shown significant immuno-modulatory properties and stimulates

Th1/Th2 cells with a prejudice towards Th2 cells. Thus, the mechanisms of cholera toxin

adjuvanticity can be elucidated by studying the cholera toxin pro-inflammatory activity.

i

In addition to inducing an acute influx of PMNs, V.cholerge infected intestinal

of mucosal

es of cells might

participate (50). Localized production of pro-inflammatory cytokines is a general feature

of the innate immune response to microbial pathogens, leading to the influx and

—

activati hils and at i i ion, resulting in

inflammation (56). For intestinal pathogens, epithelial cells are the first site of entry and

e

provide the underlying mucosa with early signals via the release of pro-inflammatory and

inflammatory cytokines for the acute mucosal inflammatory response. The intestinal

e e et

response upon infection by pathogens characterizes a complex interaction between non-
specific_inflammatory mechanisms and immunologically specific adaptive events.

S e i
——

Epithelial cells produce pro-inflammatory cytokines after exposure to infection that can

recruit and activate inflammatory cells. Epithelial cells express some accessory

molecules, in addition to producing soluble factors that stimulate the adherence and

activation of immune and inflammatory cells. Thus, epithelial cells regulate the host

response by transducing_gjgm.ls from luminal pathogens to adjacent immune and

—

inflammatory cells (57).

e —_
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1.6. AIM OF THE PRESENT STUDY:

The present project aims towards the study of toxin proteases of V. cholerae in order
to have better understanding of pathogenesis using biochemical and bicinformatics
techniques as the signaling cascades involved in the induction and regulation of mucosal
inflammatory responses to infection by V.cholerae are still largely unknown. The
proposed work is carried out in two phases. The first phase deals the determination of
mRNA expression of proinflammatory, anti-inflammatory and other cytokines in
intestinal tissue and bone marrow cells upon infection with purified Cholera Toxin (CT)
alone and in combination with purified neuraminidase from vibrio cholerae in order to
elucidate the mechanisms of the V.cholerae induced proinflammatory response.

The transcriptional profiling of different cytokines i.e [L-1a, IL1B, IL-2, IL3, IL4,
IL-5, IL-6, IL-7, IL-10, IFNy, TNFa, GM-CSF, TGFp, MCP-1 and HIF, upon CT
infection in the intestinal and one marrow cells for 2, 6 18 and 48 hrs is carried out by

Reverse Transcriptase-PCR (RT-PCR).
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2.1. REAGENTS:

All reagents used were of molecular biology grade. The details of each reagent and buffer
preparation are given in Appendix L

2.2. ANIMALS:

Wistar rats of both sexes weighing 200-220g were used in all experiments. Rats were
obtained from The Animal Facility of Dr. Panjwani Center for Molecular Medicine and
Drug Research, International Center for Chemical and Biological Sciences, University of
Karachi, Karachi. The rats were housed in an environmental room at 22°C and 58-65%
relative humidity with free access to water. The rats were deprived of food for 2, 6, 18
and 48hrs after immunization. All experiments were performed with the prior approval
from the local research ethical commitiee.

2.3. IMMUNIZATION:

Animals were divided into two groups. Rats of group I were orally immunized with ImL
of sterile solution containing 10ug of CTA and 5ug of CTB subunits by blunt end feeding
needle. Rats of group Il were immunized with ImL solution containing 10ug of CTA,

Sug CTB and 44ul (1mg Protein/lml) of neuraminidase. Rats immunized with or without

sterile PBS served as controls.

2.4. ISOLATION OF RNA FROM INTESTINAL TISSUE AND BONE

MARROW CELLS:

a) INTESTINAL TISSUE

Rats were killed by cervical dislocation at intervals of 2hrs, 6hrs, 18hrs and 48hrs. The

abdomen was sterilized with 70% ethanol. An incision was made in the midline of the

16



abdomen. The complete length of small intestine was removed and flushed with PBS
using 3mL syringe with 25-gauge needle for at least 5-8 times in a petri dish. Small
intestine was slit open longitudinally and cut into pieces of 2-3 mm lengths. The samples
were immediately put in the RNA Later Reagent (500-1000mg /100ul) and stored at -

20°C until used further.

The total RNA from the intestinal tissue was extracted wusing guanidium
thiocyanate/phenol/choloroform method which is the modified method of "single-step
RNA isolation method developed by Chomeczynski and Sacchi”, (1987). Total RNA was
isolated from the RNAlater-preserved intestinal tissues. Tissue samples (50-100mg) were
homogenized in ImL of TRIzol reagent using tissue homogenizer. The supernatant was
collected by centrifugation at 10,000rpm for 10mins at 2-8°C. Samples were incubated
for Smins at 15-30°C to permit the complete dissociation of nucleoprotein complexes.
0.2mL of chloroform per ImL of TRIzol reagent was added to the samples. Tubes were
capped tightly and shaken vigorously for 15sec and incubated at 15-30°C for 2-3mins.
The mixture was then centrifuged at 10,000rpm for 15mins at 2-8°C and separated into a
lower red, phenol-chloroform phase, an interphase, and a colorless upper aqueous phase.
RNA remained exclusively in the aqueous phase. The aqueous phase was then transferred
to a new 2mL eppendorf tube. The RNA was precipitated from the aqueous phase by
adding 0.5mL isopropyl alcohol. Samples were incubated at 15-30°C for 10mins and
centrifuged at 10,000rpm for 10mins at 2-8°C. The RNA was observed in the form of gel-
like pellet on the side and bottom of the tube. RNA pellet was washed once with ImL

75% ethanol and mixed by vortexing and then centrifuged at 8,000rpm for Smins at 2-
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8°C. The RNA pellet was dried briefly for 5-10mins. The RNA pellet was dissolved in

30-50 ul of RNase-free water and stored at -20°C.

b) BONE MARROW CELLS

Bone marrow cells were isolated from tibia and femur of Wistar rats by flushing the
bones with PBS using a 3mL syringe with a 25-gauge needle. Cells were pipetted up and
down to bring them into single-cell suspension and centrifuged at 1400 rpm for 6 mins.
The cell pellet was colleted for RNA isolation.

Total RNA was extracted from the bone marrow cells using the RNeasy mini Kit (Cat
No#74124. Qiagen Inc., Valencia, CA, USA) using spin column method according to the
manufacturer’s instructions. Briefly, 1 x 107 cells were lysed in 350ul RLT buffer. The
lysate was directly pipetted onto a QIAshredder mini spin column assembly (supplied
with kit) and centrifuged for 2 min at maximum speed. 350 ul of 70% ethanol was then
added to the lysate, and mixed well by pipetting. 700 il of the sample was transferred to
an RNeasy mini column placed in a 2ml collection tube, centrifuged for 15sec at
10,000rpm. Subsequent steps involve addition of 700 pl of Buffer RW1 and 500 ul of
Buffer RPE to the RNeasy column and spinning the column each time for 15sec at 10,000
rpm. 500 pl of Buffer RPE was again added to the column and centrifuged for 2mins at
10,000 rpm. The column was centrifuged for 1min at full speed to remove all traces of
ethanol. Finally, 30-50 ul RNase-free water was directly pipetted onto RNeasy column to
elute RNA and centrifuged for 1 min at 10,000 rpm. Eluted RNA samples were stored at -

20°C unti] further use,



QUANTIFICATION OF ISOLATED RNA:
The concentration and purity of RNA samples were determined spectrophotometrically.
3ul of RNA samples were diluted up to 600ul (1:200) with deionized water. The
concentration of RNA was determined by absorbance at 260nm.

[RNA] ug/ml = Aggo x Dilution x *40.0
Where: Aazgp = absorbance at 260nm.
* An absorbance of | unit at 260 nm corresponds to 40 ug of RNA per ml.
The absorbance ratio (Azgo/Azgp) of all preparations of purified RNA was between 1.8 and
2.0.
2.5. FIRST STRAND cDNA SYNTHESIS:
First strand cDNA was synthesized from 2ug samples of total RNA using RevertAid™
first strand cDNA synthesis kit (Fermentas-Life Sciences) with oligo(dT);s primer
(0.5ug/ul), according to the manufacturer's instructions. 2ug of total RNA was used for
¢DNA synthesis.

The following reaction mixture was prepared.

* Total RNA 2ug
* oligo(dT)y primer(0.5ug/ul) 2ul
e  DEPC-Treated water 24ul

The mixture was incubated at 70°C for 5mins, chilled on ice and collected by brief

centrifugation.
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Following components were then added to the mixture:

5X reaction buffer 8ul
RiboLock ™ Ribonuclease inhibitor (20u/ul) 2ul
10mM dNTP mix 4ul

(10mM of each dGTP, dATP, dTTP, dCTP)
The reaction mixture was incubated at 37°C for Smins and then the 2ul RevertAid ™ M-
MuLV Reverse Transcriptatse (200u/ul) was then added. The reaction mixture was
incubated at 42°C for 60min. The reaction was stopped by heating at 70°C for 10mins and
then chilled on ice.

2.6. PCR PRIMERS AND AMPLIFICATION CONDITIONS:

PCR PRIMERS: Primers used in this study along with their, sequence. annealing

temperatures and product sizes are shown in Table 2.1:

The oligonucleotide primers for each of the selected cytokines were designed \using
program Primer3 (hup:/frodo.wi.mit.edu/primer3/). Oligonucleotide primers
synthesized by GenLink Inc. 2ul of eDNA was amplified in a 50ul reaction velume usin
GoTaq Flexi DNA Polymerase Kit (Promega, Madison, USA), containing 5X Green
GoTaq Flexi Buffer (10mM Tris-HCI, pH8.3, 50mM KCl), 25mM MgCls, 10mM of
dANTP mix and GoTag DNA polymerase (500U; 5Suful). Glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) was used as a reference gene in all experiments. Hot start RT-

PCR was used to increase specificity of amplification.
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PRIMERS RECONSTITUTION: The volume of the TE buffer to be added was
calculated by multiplying the "nmoles" of each primer by 10 to get 100pmols/ul of stock
solution. The primers were diluted 10 fold to prepare a 10pmols/ul. 20pmol/ul primer was
used for PCR reaction.

PCR reactions were carried out as follows:

Component per sample Final Concentration
5X Green GoTagq

Flexi Buffer 10ul 1X

MgCl, solution, 3ul L.5mM
(25mM)

PCR Nucleotide Mix, lul 0.2mM each
10mM each

Upstream Primer lul 4pmols
Downstream Primer lul 4pmols
Template DNA 2ul <0.5ug (0.2-0.3ug)/50ul
GoTag DNA

Polymearase (5u/ul) 0.25ul 1.25ul
Nuclease-Free water 31.75ul

Final Volume 50ul
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Table.2.1. Primers used in this study along with their, sequence, annealing
temperatures and product sizes.

PCR Annealing | Product sizes
primers* Sequences Temperatures (BP)
IL-1a (F) 5'-GTCAGTCTTTTGCCCTCCTG-3" =
IL-1a (R) 5'~CAAATTTGGBACCCAGAGGA-3' 60 179
IL-1B (F) 5'-AGGCTTCCTTGTGCAAGTGT-3"

IL-1B (R) 5! ~TGAGTGACACTGCCTTCCTG-3' 57 230
IL-2 (F) 5'-ARACTCCCCATGATGCTCAC-3'

IL-2 (R) 5'-TCATCGAATTGGCACTCAAA-3' 54 227
IL-3 (F) 5'-ATGCCCACCATTTACTCAGG-3'

IL-3 (R) 5 ' -GCAGCTGCAGGAATACARCA-3' 60 302
IL-4 (F) 5'-TCCTTACGGCAACAAGGRAC-3'

IL-4 (R) 5'-CAGTGTTGTGAGCGTGGACT-3" 57 209
IL-5 (F) 5'-GTTGACGAGCAATGAGACGA-3'

IL-5 (R) 5'~CATCACGCCAAGGRACTCTT-3"' 56 250
IL-6 (F) 5'-GCCCTTCAGGAACAGCTATG-3'

IL-6 (R) 5'-CAGAATTGCCATTGCACRAC-3' 35 240
IL-7 (F) 5' -GTGAACTGCACAAGCAAGGA-3'

IL-7 (R) 5'-GAAACTTCTGGGAGGGTTCC-3" 57 203
IL-10 (F) 5'-GARTTCCCTGGGAGAGAAGC-3'

IL-10 (R) 5'-CGGGTGGTTCAATTTTTCAT-3' 55 219
IFN-v (F) 5' -AGGAAAGAGCCTCCTCTTGG-3"
IFN-y (R) 5' ~-GGATCTGTGGGTTGTTCACC-3' 58 245




TNF-u (F)

5'-ACGATGCTCAGARACACACG-3'

TNF-a (R) 5'-CAGTCTGGGAAGCTCTGAGG-3" 58 244
TGF-B (F) 5'-TTGCTTCAGCTCCACAGAGA -3'
TGF-B (R) 5! ~TGGTTGTAGAGGGCAAGGAC-3" 53 182
MCP-1 (F) 5'-TGTCTCAGCCAGATGCAGTIT-3'
MCP-1(R) 5 ' —PTCCTTATTGGGGTCAGCAC-3" 56 179
HIF-1a (F) 5'-CCCAATGGATGATGATTTCC-3'
HIF-1a (R) 5'-TGGGTAGRAGGTGGAGAGC-3' 54 243
GM-CSF (F) 5'-GGCCCTGGARGCATGTAGAT-3"
GM-CSF (R) 5' -GGTAGTGGCTGGCTATCATG-3!' 58 221
GAPDH (F) 5' -GGAAAGCTGTGGCGTGATGG-3'
GAPDH (F) 5' ~GTAGGCCATGAGGTCCACCA-3' 60 414
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PCR AMPLIFICATION CONDITIONS:

PCR amplification conditions were as follows: 30 cycles of PCR were performed

Step Temperature Time
Initial denaturation 95°C 1min
Denaturation 95°C Imin
Annealing 56-67°C* Imin
Extension 72°C 1min
Final Extension 72°C 10min

* Annealing temperature for each primer set was based on Tm of the primer, which
was calculated as T, = 4 (G+C) + 2 (A+T)

2.7. AGAROSE GEL ELECTROPHORESIS:

PCR products were separated by 1 % agarose gel electrophoresis containing adding 4 ul
10mg / ml ethidium bromide (0.4 ug / ml) in 1X TBE buffer. 10ul samples of the PCR
products were applied onto the gel. Electrophoresis was carried out at 70Volts for
90mins. The gel was visualized, scanned and recorded using a gel documentation system
(Model-GeneGenius S.No. SYDR/2138. Syngene Synoptics Co.UK). The integrated

density of each band was normalized to the corresponding GAPDH band.



CHAPTER

3.0

RESULTS



3.1. TRANSCRIPTIONAL PROFILING OF CYTOKINES:

The mRNA levels of different cytokines were analyzed in intestinal tissue upon toxin
infection at various time points by Reverse Transcriptase-PCR (RT-PCR). These
cytokines belong to varied functional categories i interleukins (IL-la, IL-6),
chemokines (MCP-1), interferons (IFN-y), tumor necrosis factors (INF- a). The
concentration of all RNA samples was determined by the absorbance at 260nm. The
absorbance ratio (Azgo/Azgg) of all preparations of purified RNA samples was between 1.8
and 2.0. For each sample, 2ug of total RNA was used for cDNA synthesis. <0.5ug of the
template DNA was amplified in a 50ul reaction mixture.

The gene expression profiles were analyzed for the time periods of 2, 6, 18 and 48h of
CT infection alone or in combination with neuraminidase. The products were run on a
1% agarose gel and stained with ethidium bromide and visualized and scanned by gel
documentation system (Model-GeneGenius S.No. SYDR/2138. Syngene Synoptics
Co.UK). The integrated density of each band was compared with the corresponding
GAPDH band. We could not quantify the expression of expressed cytokines as we
analyzed their expression by Reverse-Transcriptase PCR rather the Real-Time PCR. The
level of expression of each mRNA was determined in accordance to the level of

expression of GAPDH mRNA.



3.1.1. Effect of CT and Neuraminidase infection on the expression of

cytokines in rat intestinal tissue:

a) GAPDH:

GAPDH was used as internal standard and was analyzed in rat intestinal tissues after
various toxin treatments as well as in control. The little variation in density of these bands
shows that the initial amount loaded on to the gel was not uniform (Fig.3.1.1).

b) Interleukin-1 a (IL-1 a):

The pro-inflammatory IL-1la mRNA expression was detected as early as 2h following CT
infection while very low expression was observed at 6h, 18h and 48h after infection.
Similar expression profile was observed following CT infection in combination with
neuraminidase (Fig.3.1.2).

c¢) Interleukin-1p (IL-1§) :

Significant up-regulation of IL-1f mRNA was detected at 2h afler CT infection. The
expression increased at 6 and 18h after-infection and then declined at 48h. Similar pattern
for IL1-p mRNA expression was observed following CT infection in combination with
neuraminidase (Fig.3.1. 3).

d) Interleukin-7 (IL-7);

Rats treated with CT alone and in combination with neuraminidase induced IL-7 mRNA
expression in the intestinal tissue uniformly at all time points ie. 2, 6 18 and 48 h

(Fig.3.1.4).
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Fig.3.1.1. GAPDH mRNA expression in intestinal tissue in control and following CT and

neuraminidase infection.
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Fig.3.1.2. IL-la mRNA expression in intestinal tissue following CT infection. A representative
agarose gel analysis shows 2, 6, 18 & 48h expression of IL-1a after CT infection alone and in

combination with neuraminidase.
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Fig.3.1.3. IL-1p mRNA expression in intestinal tissue following CT infection. A representative
agarose gel analysis shows 2, 6, 18 & 48h expression of IL-1p after CT infection alone and in

combination with neuraminidase.



¢) Inteferon-y (IFN-7y):

The mRNA level of immuno-regulatory cytokine, IFN-y was markedly increased at 2, 18
and 48h after CT infection while the low expression was observed at 6h after infection.
The expression was decreased at 2h and 48h while it was up-regulated at 6 and 18h after
infection when CT was administered in combination with neuraminidase (Fig.3.1.5).

f) Tumor Necrosis Factor (TNF-a):

TNF-a showed increased expression at 6, 18 and 48h after CT infection. Similar cytokine
expression profile was observed upon infection with CT in combination with
neuraminidase (Fig.3.1.6).

g) Transforming Growth Factor-f (TGF-p):

The mRNA expression of anti-inflammatory cytokine TGF-§ was decreased at all time
points after infection with CT alone or in combination with neuraminidase as compared
to control (Fig.3.1.7).

h) Monocyte chemotactic protein-1 (MCP-1):

Increased expression of C-C chemokine, MCP-1 mRNA was observed at all time points
upon CT infection except 18h after CT infection where the expression was slightly
decreased. When CT was administered in combination with neuraminidase, lower
expression was observed 2 and 48h after infection and up-regulation in expression 6 and

18h after infection (Fig.3.1.8).
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Fig.3.1.4. IL-7 mRNA expression in intestinal tissue following CT infection. A representative
agarose gel analysis shows 2, 6, 18 & 48h expression of IL-7 as determined by RT-PCR after CT

infection alone and in combination with neuraminidase.

CT-Treated MNeu-Treated

L

2h 6h  18h 48h 2h 6h 18h 48h Con L

Fig.3.1.5. IFN-y mRNA expression in intestinal tissue following CT infection. A representative
agarose gel analysis shows 2, 6, 18 & 48h expression of IFN-y after CT infection alone and in

combination with neuraminidase
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Fig.3.1.6. TNF-o. mRNA expression in intestinal tissue following CT infection. A representative
agarose gel analysis shows 2, 6, 18 & 48h expression of TNF-u after CT infection alone and in

combination with neuraminidase.
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i) Hypoxia Inducing Factor-la (HIF-1a):

Up-regulation of HIF-la mRNA was observed as early as 2h after infection. Thereafter
uniform decline at 6, 18 and 48h after infection was observed. Similar expression profile
was observed upon CT infection when treated in combination with neuraminidase
(Fig.3.1.9).

3.2. Effect of CT and Neuraminidase infection on the expression of

cytokines in rat bone marrow cells:

To obtain a more detailed analysis of the toxin induced cytokine network upon infection,
the expression of cytokines belonging to various functional categories was analyzed
further in bone marrow cells following infection alone with CT and in combination with
neuraminidase. The mRNA levels of different cytokines were analyzed in bone marrow
cells upon toxin infection at various time points by Reverse Transcriptase-PCR (RT-
PCR). These cytokines belong to varied functional categories i.e. interleukins (IL-1a, IL-
6), chemokines (MCP-1), interferons (IFN-y), tumor necrosis factors (TNF- a). The
concentration of all RNA samples was determined by the absorbance at 260nm. The
absorbance ratio (Az40/Azg0) of all preparations of purified RNA samples was between 1.8
and 2.0. For each sample, 2ug of total RNA was used for cDNA synthesis. <0.5ug of the
template DNA was amplified in a 50ul reaction mixture.

The gene expression profiles were analyzed for the time periods of 2, 6, 18 and 48h of
CT infection alone or in combination with neuraminidase. The produets were run on a
1% agarose gel and stained with ethidium bromide and visualized and scanned by gel

documentation system (Model-GeneGenius S.No. SYDR/2138.Syngene Synoptics
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Co.UK). The integrated density of each band was compared with the corresponding
GAPDH band. We could not quantify the expression of expressed cytokines as we
analyzed their expression by Reverse-Transcriptase PCR rather the Real-Time PCR. The
level of expression of each mRNA was determined in accordance to the level of

expression of GAPDH mRNA.
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Fig.3.1.7. TGF-f mRNA expression in intestinal tissue following CT infection. A representative
agarose gel analysis shows 2, 6, 18 & 48h expression of TGF-p after CT infection alone and in

combination with neuraminidase,
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Fig.3.1.8. MCP-1 mRNA expression in intestinal tissue following CT infection. A representative

agarose gel analysis shows 2, 6, 18 & 48h expression of MCP-1 after CT infection alone and in

combination with neuraminidase,

CT-Treated Neu-Treated

# [ - - 2 .

fa Wl

2h 6h 18h 48h 2h 6h 18h 48h Con L

Fig.3.1.9. HIF-1a mRNA expression in intestinal tissue following CT infection. A representative
agarose gel analysis shows 2, 6, 18 & 48h expression of HIF-1a after CT infection alone and in

combination with neuraminidase.
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a) GAPDH:

GAPDH was used as internal standard and was analyzed in rat bone marrow samples
after various treatments as well as in control. The little variation shows in density of these
bands shows that the initial amount loaded on to the gel was not uniform. (Fig.3.2.1).

b) Interleukin-1 a (IL-1 a):

The pro-inflammatory IL-1a mRNA expression was detected as early as 2h following CT
infection while very low expression was observed at 6h, 18h and 48h afier infection.
Similar expression profile was observed following CT infection in combination with
neuraminidase (Fig.3.2.2).

c) Interleukin-1 f§ (IL-1 B):

Significant up-regulation of pro-inflammatory cytokine IL-1p mRNA was observed at 2h
after infection. The expression decreased at 6 and 18h afier infection and then slightly
increased at 48h after infection. In contrast, when rats were treated with CT in
combination with neuraminidase, IL1-f mRNA showed uniform up-regulation at 2, 6 and
18h after infection while the expression was decreased at 48h after infection (Fig.3.2.3).
d) Interleukin-7 (IL-7):

Rats treated with CT alone or in combination with neuraminidase slightly induced IL-7
mRNA expression in the bone marrow cells uniformly at all time points i.e. 2, 6 18 and

48 h (Fig.3.2.4).
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Fig.3.2.1.GAPDH mRNA expression in rat bone marrow cells in control and following CT and
neuraminidase infection as analyzed by RT-PCR.
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Fig3.2.2. IL-la mRNA expression in bone marrow cells following CT infection. A

representative agarose gel analysis shows 2, 6, 18 & 48h expression of IL-1a after CT infection
alone and in combination with neuraminidase
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Fig.3.2.3. IL-1p mRNA expression in bone marrow cells following CT infection. A

representative agarose gel analysis shows 2, 6, 18 & 48h expression of 1L-1p after CT infection

alone and in combination with neuraminidase.
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¢) Inteferon-y (IFN-y):

The mRNA level of immuno-regulatory cytokine IFN-y was markedly increased upon
infection with CT at 2, 6 and 18h afier infection while it decreased at 48h afier infection.
In contrast, when rats were treated with CT in combination with neuraminidase, the
expression was increased at 2h and increased further at 6 and18h after infection, It
decreased again at 48h (Fig.3.2.5).

f) Tumor Necrosis Factor (TNF-a):

TNF-u showed increased expression in bone marrow cells after 2h of CT infection and
then declined thereafter at 6, 18 and 48h after infection. When treated with CT in
combination with neuraminidase, the mRNA of TNF-u was up-regulated at 2h, increased
further at 6h and 18h and decreased slightly at 48h after infection (Fig.3.2.6).

g) Transforming Growth Factor-§ (TGF-):

The mRNA levels of anti-inflammatory cytokine TGF-$ was almost similar at all time
points as compared to control when treated with CT alone or in combination with
neuraminidase (Fig.3. 2.7).

h) Monocyte chemotactic protein-1 (MCP-1):

Relatively low expression of MCP-1 mRNA was observed after in CT and neuraminidase
infection. MCP-1 expression was slightly increased at 2h following CT infection and then
decreased thereafter at all time points. When treated with CT along with neuraminidase,
decreased expression after 2 and 48h and increased expression after 6 and 18h was

observed (Fig.3. 2.8).
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Fig.3.2.4 .IL-7 mRNA expression in bone marrow following CT infection. A representative

agarose gel analysis shows 2, 6, 18 & 48h expression of IL-7 as determined by RT-PCR.
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Fig.3.2.5. [FN-y mRNA expression in bone marrow following CT infection. A representative

agarose gel analysis shows 2, 6, 18 & 48h expression of IFN-y.
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Fig.3.2.6.TNF-a mRNA expression in bone marrow cells following CT infection. A
representative agarose gel analysis shows 2, 6, 18 & 48h expression of TNF-a after CT infection

alone and in combination with neuraminidase.
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i) Hypoxia Inducing Factor-1a (HIF-1a):
HIF-la was detected at Zh following CT infection and then decrease slightly thereafter at
all time points. In contrast, increased expression was observed at after 6 and 18h after

infection as compared to 2h and 48h when CT was administered along with

neuraminidase (Fig.3.1.9).
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Fig.3.2.7. TGF-p mRNA expression in bone marrow cells following CT infection. A
representative agarose gel analysis shows 2, 6, 18 & 48h expression of TGF-f after CT infection

alone and in combination with neuraminidase
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Fig.3.2.8. MCP-1 mRNA expression in bone marrow cells following CT infection. A
representative agarose gel analysis shows 2, 6, 18 & 48h expression of MCP-1 after CT infection

alone and in combination with neuraminidase.
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Fig.3.1.9. HIF-le mRNA expression in bone marrow cells following CT infection. A
representative agarose gel analysis shows 2, 6, 18 & 48h expression of HIF-1u after CT infection

alone and in combination with neuraminidase.
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3.3. No expression of IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, SCF & GM-
CSF:

The level of mRNA expression of IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, SCF & GM-CSF
could not detected upon infection with CT as well as when CT was administered along

with neuraminidase in both intestinal tissues and bone marrow cells (Fig3.3.1 &
Fig.3.3.2)



ILle IL1§ IL2 IL3 IL4 ILS IL6 ILT IL10 GM HIF IFN MCP1 SCF TNFTGF L
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Fig.3.3.1. mRNA expression of all cytokines studied in intestinal tissue following CT infection.
A representative agarose gel analysis shows 6h expression of all cytokines after CT infection

alone and in combination with neuraminidase.
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Fig.3.3.2. mRNA expression of all cytokines studied in bone marrow cells following CT

infection. A representative agarose gel analysis shows 6h expression of all cytokines after CT

infection alone and in combination with neuraminidase.
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CHAPTER

4.0

DISCUSSION



4.1. EXPRESSION OF CYTOKINES/CHEMOKINES IN RESPONSE

TO CT AND NEURAMINIDASE.

Epithelial cells are thought to characterize an integral component of mucosal immune
system, as they provide the underlying mucosa with the early signals for an infection
through the acute inflammatory response via the release of inflammatory and pro-
inflammatory cytokines (50,54). The intestinal mucosal epithelial cells therefore act as
the first barrier for intestinal pathogens. The overall response of intestinal cells involves
an array of interactions between inflammatory and immunologic events through
functional cytokines. Various reports have demonstrated that the production and secretion
of inflammatory cytokines are stimulated by various V. cholerae strains as well as CT,
thus initiating a modest intestinal inflammatory response (54). The exact mechanism of
how individual V. Cholerae initiate and sustains the innate inflammatory response as well
as how its components exert their effect through cytokine expression in intestinal
epithelial cells is still largely unknown (49-50,54). It has been hypothesized Cholera
toxin bind to the monosialoganglioside (GM1) receptor on host intestinal epithelial cells
and neuraminidase may produce locally high concentration of the GM1 receptor for CT,
thereby enhancing the binding and internalization of CT (24,26,28). We therefore,
attempted to analyze the transcriptional profile of pro-inflammatory cytokines in rat
intestinal tissue after ingestion of purified CT alone or in combination with
neuraminidase in order to identify the specific cytokines that are involved in the process
as well as to elucidate the effect of neuraminidase in inducing the cytokine expression
when administered with CT. We studied the cytokine expression in bone marrow cells as

well after ingestion of the toxin as these cells could contribute towards the immunologic
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response or substantiate the role of intestinal cells in its inflammatory response towards
infection. The expression of the cytokines belonging to varied functional groups such as
IL-la, IL-1B, IL-6, IL-7, TNF-¢. IFN-y, GM-CSF (pro-inflammatory), MCP-]
(chemokine), IL-2, IL-5 (Acquired specific immune response), IL-4(anti-inflammatory,
Acquired specific immune response), 1L-10, and TGF- j (anti-inflammatory).Our studies
demonstrate that among the 15 cytokines involved in proinflammatory, anti inflammatory
and antigen-specific immune responses, the mRNA of the seven cytokines [L-1a, L1,
IL-7, IFNy, TNFa, MCP-1, and HIF were expressed in the intestinal tissue and bone
marrow cells whereas rest of the cytokines were either down regulated or not expressed.
The induction of these cytokines was also time dependent. In case of expression of the
cytokines, the untreated control showed no expression, suggesting that this effect is not a
general inflammatory response but is due to CT infection. The expression of
inflammatory group of cytokines in rat intestinal epithelial tissue and bone marrow cells
was significant emphasizing that these cytokines have a major contribution in the
initiation and amplification of the inflammatory response due to toxin infection.

4.1.1 Effect on the expfessian pro-inflammatory cytokines IL-la &
IL1p:

The mRNﬂ_ufE—_Lg_wgs_@g_ggtelx expressed upon CT administration alone or in

combination with neuraminidase both in intestinal tissue as well as in bone marrow cells.
e —— e L B o< = werdei

The expression was maximal at 2h after infection and then there was a slight reduction in

e —=— ——— ——

the expression of IL-la at all time points. It can therefore be suggested that CT is the

mw_m;lm__lj_gn also be suggested that in addition to CT, other

fa@www expression,
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On the other hand, production and release of 1L-1p in the intestinal epithelial tissue and
L

bope marrow cells were markedly stimulated upon toxin infection. The expression profile

of IL-1p revealed that it was maximally induced in intestinal tissue upon infection with

—— e — - — - e

CT alone as well as in combination with neummmdase whcrcas in b-nne marrow cel]s the

i L T —

expressiun was intermediate upon CT infection but maximal upon CT and neuraminidase

admlmstranon Again the expression in both samples was almost constant; it sustained till

-——"

18 h and by 48 h it subsided. These results clearly reveal that CT is an effective inducer

of IL-1B but the possibility of induction of IL-1p by pther factors/components could not
be ruled out. The CT induction of IL-1f is in agreement with earlier reports.

_:—'_'_---.-

Pro-inflammatory cytokines IL-1a and IL-1p are produced by many cell types including

fibroblasts, macrophages, PBMC, and intestinal epithelial cells. IL-1 (IL-1a & IL1f) can

induce the production of many additional cytokines, including IL-2, IL-3, IL-4, IL-5, IL-

6, IL-7, IL-8, IL-12, TGF-B, TNF-u, GM-CSF that mediate additional effects, which

e —

serve to further amplify an _inﬂamm_a}p_:;g_ response (55). IL-1B, a potent immuno-

modulator, is known to mediate a wide range of inflammatory and immune response i.e.
the activation of B and T cells (56), IL-1p is effective for chemotaxis of leukocytes which
is crucial for inflammatory response in the intestine (52).

4.1.2 Effect on the expression of IL-7:

IL-7 is a jetic ¢ c-king, which regulates development, maintenance and

miﬂwm_immmmm. IL-7 influences cell

differentiation at extrathymic sites (59). The present study shows that the IL-7 mRNA

was w}muﬁ and bone marmrow cells upon

infection with

e time
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ﬂ'ltfi Additional sites that induce the production of IL-7 include keratinocytes,
intestinal epithelium, fetal liver, adult liver, dendritic cells and follicular dentdritic cells
(60).Production of IL-7 by intestinal epithelial cells is considered to give rise to a
population of y§ (gamma-delta) intraepithelial T cells that produce growth factors

involved in healing epithelial cells damaged by infection or inflammation in addition to

fight pathogens and kill infected cells directly (59). TGF-p and IL-7 share a reciprocal

r:lali_r.:::lship wherein cach is capable of down-regulating the expression of the other (60).

Thu.s,__lhe present results revealed that CT is the moderate inducer of IL-7.

—— S

4.1.3 Effect on the expression of pro-inflammatory cytokines, TNF-a &
IFN-y:
A multipotential proinflammatory cytokine, tumor necrosis factor-a (TNF-a) is produced

by monocytes, lymphocytes, macrophages and neutrophils. TNF-a has been implicated in

the defense of bacterial infections-and promoting the bactericidal activity of leukocytes

(49,58.61).
The present study demonstrates the induction and transcription of TNF-a in response to

the CT stimulus. The expression profile of TNF-a revealed that it was maximally induced
in both intestinal epithelial tissue and bone marrow cells upon infection with CT alone as

well as in combination with neuraminidase at all time points, TNF-a can augment the
inflammatory response by activating neutrophils, mononuclear phagocytes, and other cell
types such as eosinophils (58,62). Although CT exhibits no systemic manifestation of an

acz{tg-phase reaction, some of the symptoms could be due to the production of TNF-a,
because as a proinflammatory cytokine, it initiates the acute-phase reaction such as fever,

s i
malaise, myalgia and cellular h ism (61).




Our study shows that the expression of [FN-y was intermediate but uniform throughout

e

the entire period of analysis in both the intestinal tissue and bone marrow cells. IFN-y is

results indicate that though moderate, CT induces the immune response throngh IFN-y

which might be one of several other factors that take part in this process.
4.1.4 Effect on the expression of anti-inflammatory cytokine, TGF-:

The present results demonstrate that the expression of the anti-inflammatory cytokine,

TGF-p was down-regulated upon infection with CT. In contrast to the pro-inflammatory

—— Lo A ——— e

cytokines, synthesis of TGF-f, a cytokine which can exhibit potent immunosuppressive

e i

in response to CT infection and therefore it aids in the inflammatory response by the

respective cytokines. In contrast to intestinal epithelial tissue, the expression profile of

TGF-B in bone marrow cells showed almost no change in TGF—E expression.

4.1.5 Effect on the expression of C-C Chemokine MCP-1:

MCP-1 is a potent chemotactic agent for monocytes/macrophages, eosinophils, and
subpopulations of T-cells (49.53-54). Chemokines are important biochemical mediators

of the inflammatory response of the intestinal mucosa (63) The expression profile of

MCP-1 revealed that it swas moderately induced in both intestinal tissue and bone marrow

cells upon infection with CT alone as well as in combination with neuraminidase at all

lime paints_ig_\ggs_;igmei MCP-1 is a potential regulator of monocyte recruitment in

inflammations (58). It has been documented that the production of chemokines is

controlled by pro-inflammatory cytokines or by Thl and Th2 cytokines. [L-18, IL-6 and

TNE-g, the primary pro-inflammatory cviokines, generate a second wave of cytokines
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including chemokines (64). The present results revealed that cytokines such as IL-18,

[FNy and TNF-e¢ may induce _chemokines such as MCP-1, which in turn trigger and

recruit cells from the monocyte/macrophage lineage to induce inflammatory response.

— I

4.1.6. Effect on the expression of Transcriptional Factor HIF-1a:

Hypoxia inducible factor-1a (HIF-1) is a proangiogenic transcription factor stabilized and
activated under hypoxia (65). The present study demonstrates that HIF-1a was expressed

upon infection with CT. Though moderate, the HIF-la was almost constant through the

all time puim.s both upon CT infection alone and in combination with neuraminidase in

intestinal Epnhcha] tissue as well as in bone marrow cells. HIF-1a expressmn is genem]ly

mducad b},r oxidative stress caused by a1 reducred cellula: oxygen level (66). The results

are suggnquvc of the fact that there might be a dire direct or mdm:ci role of the toxin in the

modulating the cellular oxygen level following infection.

4.1.7 Effect on the expression of IL-2, IL-3, IL-4, IL-5, IL-6, IL-10 and
GM-CSF:

In the present study we could not detect the expression of several cytokines such as 11.-2,

IL-3, IL-4, IL-5, IL-6, IL-10 and GM-CSF. These cytokines are commonly involved with

antigen-specific acquired immunity. The present results suggest that CT play either no

significant role in initiation and regulation of antigenic-specific mucosal immune

Wit requires additional pathogen component to exert its effect.

As cytokine signaling involves a network of effects between cells, one group of cytokines

T

(i.e IL-1a, TNF) induces production of other cytokines/chemokines by those cells that

e
e e

_MM@@_(SE} -1p and TNF-a are known to inhibit 1L-6 mductmn

(67) while IL-la is known to induce the production of IL-6 and GM-CSF (55.68). The
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present results demonstrate the low expression of IL-la which may suggest the reason
why IL-6 and GM-CSF-were-not-expressed. Similarly, IFN-y is known to inhibit the
production of IL-4, an im i iated with the T g.
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CONCLUSIONS:

Following conclusions can be drawn from the present study:

CT alone or in combination with neuraminidase induce the expression of
cytokines/chemokines in intestinal tissue and bone marrow cells that appear to be
involved in immunoregulatory, proinflammatory and stress response. These
include IL-la, IL-1f, IL-7, TNF-a, IFN-y, MCP-1 and HIF 1-a.

According to the present study, CT is the effective inducer of IL-1] and moderate
inducer of IL-1a, IL-7, TNF-g, IFN-y, MCP-1 and HIF]1-¢.

The expression of specific array of pro-inflammatory cytokines suggests that
these cytokines act alone or in coordination with each other in order to attract and
activate neutrophils and monocytes/macrophages, key cell types of inflammatory
response thus providing an important early signaling system for the initiation and
implication of the mucosal inflammatory response.

The expression of pro-inflammatory cytokines appears to be an important
component of the cellular response to cholera infection and provides further
evidence towards the existence of the inflammatory component in V. Cholerae.
The expression of specific class of cytokines by intestinal tissue shows that the
toxin play a more significant role in initiating and regulating the innate mucosal
inflammatory response relatively than antigen-specific mucosal immune response.
In contrast to the pro-inflammatory cytokines, reduced expression of the anti-
inflammatory cytokine, TGF-§ and no expression of another major anti-
inflammatory cytokine, 1L-10 provide evidence towards the inflammatory

response.
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It may be possible that for the expression of IL-2, IL-3, IL-4, II-5, IL-6 and GM-
CSF, that besides CT some other component(s) of the pathogen should be present
that would lead to expression.

The study cannot delineate the roles of separate areas of mucosal surface or villi
and crypts that may lead to distinct response towards the expression of
cytokines/chemokines and help in the interpretations of their specific functions as
the study was done with the whole intestinal tissue and bone marrow,

Increased expression of TNF-a & IFN-y (Th-1 cytokines) and no expression of
IL-4, IL-5, IL-6 & IL-10 (Th-2 cytokines) suggests Th-1 type cellular response.
For a Th-2 type of immune response, other components might be needed.

As the adjuvant activity of CT has been associated with its ability to induce local
production of cytokines from various cell types. IFN- y and IL-7 are known to
modulate immune response in infectious diseases or tumor models, and therefore
may play a key role in the CT adjuvanticity.

The pro-inflammatory action of cholera toxin can expose important approaching
towards the mechanisms of CT adjuvanticity.

A striking similarity was observed in the nature of the cytokine expression pattern
following CT infection in the intestinal tissues and bone marrow cells when CT
was administered with neuraminidase suggesting that neuraminidase play no

significant role in the expression of cytokines studied.
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1.0

INTRODUCTION



1.1. HOMOLOGY MODELING OR PROTEIN STRUCTURE

MODELING

7 The knowledge of the tertiary structure of a protein can be dealt much more successfully
to understand the protein’s ﬁmcum:, mechanism of action, and its structure-function
relations, than sequence alone (69). Understanding of the 3D structure of proteins is also
crucial for engineering their properties or for the rational design of site directed mutations
and drugs interfering with their biological functions such as antigenic properties or
binding specifities (69-70). ~

Two very well known experimental methods for obtaining 3D structures are X-ray
crystallography & NMR spectroscopy. These methods make available comprehensive
and precise structural information. In fact X-ray diffraction and NMR spectroscopy have
enhanced the quality and speed of structural studies (71) but the problem still lies that
both these techniques are difficult, and require expensive equipment and complicated
technical procedures. In addition. many proteins fail to crg;tallize,-a requirement for x-
ray crystallography, or are inadequately soluble for NMR.. studies (69). Yet, current
statistics still show that the known protein sequences hugely rising than the available
protein structures (71),

Structural Biology now faces the laborious assignment of characterizing the shapes and
dynamics of the encoded proteins to make possible the perceptive of their functions and
mechanisms of action (71). Millions of proteins that have been sequenced to date come
into sight to have domains that are limited in the topology they become recognizable to
possibly only a few thousand folds (72). Domains with similar sequences and structures

can be clustered into a relatively small number of families on the basis of evolutionary
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relationships, which enable the use of computational methods to predict the structures of
protein sequences such as threading and comparative protein structure modeling. In fact,
many structural genomics efforts merge computational modeling techniques and
experimental structure determination methods to determine enough suitably selected
structures so that a good number of other known protein sequences can be placed within
modeling distance of at least one known structure (71). Comparative modeling, also
called homology modeling, takes advantages of topologically comparable experimental
structures and generally is the best method for obtaining a more accurate model of a
protein (72),

" Comparative protein modeling is playing a key role in protein and peptide sciences due to
the improvements in modeling methods and the huge amount of biological data becoming
available. Modeling tools can often used to predict the structure, function and its
underlying mechanism. It can also approaching to design experiments and recommend
potential lead for drug design and used to learn biochemical processes, such as enzyme
reactions and electron transfer. The entire illustration can be depicting by using computer
simulations that bridge the space between experimental data and theorefical models. It is
extensively documented that comparative protein modeling is a crucial component of
modern molecular biology (73). The critical objective of protein modeling is to predict a
structure from its sequence with an accuracy that is analogous 1o the best experimental
results. In addition, if experimental techniques fail, protein modeling is the only way to

obtain structural information (74)y,
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1.1.1. METHODS OF 3D STRUCTURE PREDICTION:

The most commonly used and best-developed methods for tertiary structure prediction
are of two main types (73).

a. Ab-Initio Methods: This method predicts a protein structure based on physic-
chemical principl;zs directly (75).

b. Template Based Methods: This method use known protein structures as templates.
Template based methods include.

i. Fold Re:_:ugnition_ via Threading.

ii. Hnm;:-lﬂg}r or Comparative Modeling.

Homology Modeling:

Homology modeling is the easiest knowledge based method among the three major
approahes to predict the three-dimensional structure. It is based on two major
ubsg'alians:

1. The structure of a protein is uniquely determined by its amino acid sequence.

2. Atleast in theory knowing the sequence should suffice to obtain the structure (74).

1.1.2. Principles of Homology Modeling:

Model building on the basis of a known 3D structure of a homologous protein in the
absence of an experimental structure for a protein is documented as Knowledge-based
modeling or Comparative modeling (69). It depends on the fact that the structure is more
stable and changes much slower than the sequence during evolution, so that similar
sequences adopt practically identical structures and distantly related sequences still fold

into similar structures (74).
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In 1960’ the initial homology models were built using wire &nd ;ﬁlgsﬁc models of bonds
and atoms. In 1969 the first available homology model stn:lctm'e was of the small
globular protein a-lactalbumin, which was built on the basis of the 3D structure of hen
egg white lysozyme as the template proteins, these two proteins shared 39% sequence
identity. Later on when the X-ray crystallized structure of a-lactalbumin was solved,
apart from the carboxy-terminal end the model turned out to be essentially accurate,
which is different in structure to that of lysozyme (69).

'fohe model-building procedure of more closely related sequences of the target and the
template consists of simple steps and results in more precise model. The accuracy of the
model tends to increase if both sequences have greater than 90% sequence identity and
massive errors are often made if the sequence identity falls below 25-30% (69,71,74). In
general, the additional experimental data is prerequisite requirement for modeling
procedure that can help in determining the 3D structure. In homology modeling two most
important suppositions are made. First, it is supposed that template and target have
identical spatial coordinates if the regions of polypeptide backbone are conserved
between them. Even though this assumption is satisfactory for modeling, but it is not
rigorously accurate, because usually the conserved regions have non-identical
coordinates. Further, it is hypothesized that insertions and deletions of the sequence
alignment will fall mainly in loop regions. The loops permitted to be more elastic in the
model than the conserved core and have differed conformations between target and
template. There are some additional secondary structure clements inserted in loop regions

even for close homology (69).
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1.2. STEPS IN HOMOLOGY MODELING:

Homeology modeling can be defined as the step-wise conversion of the structure of one

protein into the structure of another protein.
1.2.1. Template Searching and Initial Target-Template alignment:

The initial starting step is the searching of structural homology to the target protein.
Protein Data Bank (PDB) (76) contained the most experimentally solved structures. The
accuracy of the model depends on the sequence alignment between the protein to be
modeled-the target structure and the protein that is used as the template (72). The
sequence-search programs such as BLAST (77) or FASTA (78) align the target sequence
with all the sequences in the PDB database of known structures. The structure with the

highest similarity score and the highest sequence identity is chosen as template (78).
1.2.2. Alignment Correction:

After selecting the suitable template protein, an optimal alignment between the target and
template sequence is needed further to construct a 3D model of the target. The alignment
is the most important step in homology modeling because the model of a protein is the
3D representation of the sequence alignment (72). The misalignment will build the low
quality 3D structure. Even the misplacement of single residue in alignment can result to
incorrect interpretation. The alignment can be create better if the insertions and deletions

should not fall in the middle of secondary structure elements (69).

1.2.3. Backbone Generation:

The modeling of the backbone and side chains occurs simultaneously in most homology

modeling programs. By copying the backbone coordinates of the template model onto the
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target model the backbone of the target model is generated. The side chain can also be
copied to the model when a residue is conserved (79). The backbone conformation should
be inspected for regions of insertions or deletions, and regions that were considered to be

difficult to align (69).

1.2.4. Loop Modeling:

The existence of a loop results when the model contains more residues than the model.
There are several approaches to create loops. Some of them use libraries of loops with the
same residues, created out of all structures in the PDB. Other approaches try to build
completely new loops. The other major procedure when a good alignment has been
achieved, is modeling the loops. These regions usually contain insertions or deletions and

are the most variable regions in the sequence (69, 74).

1.2.5. Side Chain Modeling:

In comparative modeling of protein structure the side chain modeling on a fixed main
chain commonly arises, where the initial main chain conformation for the target structure
is obtained from copying the main chain coordinates of a template structure (79). In more
than 90% of the cases the side chains have the same conformations in the two
homologous proteins. In some cases rotamer libraries are used to predict the side-chain

conformation, if the aligned residues are not identical. (69)

1.2.6. Model Optimization:
Many errors are introduced during the generation of the model. To improve local

geometries, atomic interactions and to alleviate bad bond angles global energy
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minimization is performed (69). Several sets of energy function parameters have been

developed including CHARMM and AMBER (73).

1.2.7 Model Validation:

Evaluation of the predicted model involved analysis of geometry, stereochemistry, and
energy distributions in the models. It is essential to verify the validation of the model, and
to predict the resemblance and magnitude of potential error (69.74).Reliability of the
homology model can be carrying out by the programs PROCHECK (80) and What-IF
(81). The result of the complete process is a model of an unknown structure that can be

used for structural analysis mutation analysis, experimental design, etc.

1.3. TOOLS FOR COMPARATIVE OR PROTEIN MODELING:

1.3.1. SEQUENCE ASSESSMENT:

1.3.1.1. Pairwise Sequence Alignment:

To find the possible homologs for a protein in sequence databases such as SWISS-PROT
(82), pairwise sequence alignment is the most important step. A pairwise sequence
alignment compares two protein sequences. BLAST (77) and FASTA (78) are the widely
used programs for detecting the sequence similarities. BLAST (Basic Local Alignment
Search Tool) is the most extensively used local alignment tool. BLAST gives an
expectation value, which calculates approximately the chance such alignment can be
expected. The BLAST results permit to determine the quality of protein alignment
quantitatively (77). FASTA maximize number of aligned residues by allocate insertions

or deletions during the alignment phase and works for global alignment (78).
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1.3.1.2. Multiple Sequence Alignment:

To attain the excellent alignment among sequences, a multiple sequence alignment aligns
several sequences. In multiple sequence alignment the conserved regions (motifs) often
have biological importance in requisites of function and structure. Progressive method is
the broadly used algorithm for global alignment. It constructs a tree on the basis of
pairwise similarity scores. This algorithm has been executed in the most accepted
program for global multiple sequence alignment i.e CLUSTALX (83).

1.3.1.3. Sequence Family and Domain Parsing:

Multiple sequence alignment can classified protein sequences into families. A family
affiliation often specifies a functional, structural, and evolutionary relationship.
Classification of protein family can be based either on the alignment of long sequence
domains or small conserved motifs (84-85). Pfam, ProDom methods mainly concentrate
on the alignment of long sequence domains (86). The classifications of protein sequences
in PROSITE (87), PRINTS (86), and BLOCKS (86) databases are based on fingerprints
of small conserved motifs in sequences.

1.3.1.4. Phylogenetic Classification:

In different organisms phylogenetic relationaship among proteins is possibly be drawn
from the protein sequences. The evolutionary relationship among a family of proteins can
be illustrated by a tree structure of proteins. The most popular are minimum distance,
maximum parsimony, and maximum likelihood trees. A protein tree, used to predict the
phylogenetic relationship that is build on the basis to reduce the total pairwise sequence
distance of adjacent tree nodes is recognized as “A minimum distance method.” The

other two maximum parsimony and maximum likelihood methods are based on multiple
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sequence alignments (73). The widely used computer tools available for protein tree

constructions are PHYLIP (88)

1.3.2. SEQUENCE INTERPRETATIONS:

1.3.2.1. Hydrophobicity Profile:
Hydropathy scale is a physiochemical property that computes the hydrophobicity of an
amino acid. Hydrophobicity profile plots are accessible in several commercial protein
modeling packages, i.e. Insight-1I package (89).

1.3.2.2. Prediction of Signaling Sites:

In signaling proteins, the signaling sites illustrate particular patterns surrounding the
active sites and at the boundaries of the active sites. The widely used SignalP server (90)
and Signal3L (91) predict signal peptides in secretory proteins and their cleavage sites.
1.3.2.3. Search of Possible Active Sites:

Patterns extracted from motif databases such as PROSITE (87) and PRINTS (86) helps in
investigating possible active sites. Some patterns are related to known protein functions,
for this reason, a match to a pattern may recommend a function of the target protein.

1.3.2.4. Secondary Structure Prediction:

w-helices, B-sheet, and coils are the major types of secondary structure that inspected for
sequence variation. A correlation between amino acid sequence and secondary structure
is the basic assumption in all secondary structure predir.:tic'-n. PHD (92) and The
Consensus Secondary Structure Prediction Server (93) are the most commonly used

secondary structure prediction programs.
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1.3.3. COMPARATIVE PROTEIN STRUCTURE MODELING

TOOLS:

To construct a 3D model from given templates and alignments different comparative
modeling methods use different approaches. SWISSMODEL (94) WHATIF (81), and
MODWERB (71) are few comparative modeling tools. The most widely used comparative
modeling tool is MODELLER (71). This program is completely automated and is capable
of generating energy minimized protein models by satisfying spatial restraints on bond
distances, bond length, bond angle, dihedral angles and non-bonded interatomic distances
extracted from the template PDB file. The final 3D model is optimized through the
combination of conjugate gradients and molecular dynamics with simulated annealing.

1.3.4. STRUCTURE ANALYSIS:
The quality and accuracy of the predicted model can be assessed by various modeling
tools for analysis based on protein structures.

1.3.4.1. Visualization Tools:

Structural visualization presents a suitable way to study spatial associations of atoms,
residues, secondary structures, domains, and subunits. There are a number of software’s,
both free and commercial, which help in visualizing biomolecules. VMD (95) has been
used as a tool for interactive visualization and analysis of biomolecules. It can read
standard PDB files and display the structure. RasMol (74) is a molecular graphics
program proposed to visualize the 3D structure of macromolecules. GRASP (96) is used
for visualization of the protein surface color-coded with electrostatic potential or

geometry properties. Swiss-pdbviewer (94) makes high quality images using ray tracing
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method. Insight-11 (89) is a commercial package for protein modeling normally includes
visualization tools with broad features.

1.3.4.2. Geometry investigation:

Further information associated to the conformation and energetics, as well as the
excellence of model of a given protein structure can be provided through geometry
analysis. These analyses can be perceived using programs such as, PROCHECK (80) and
WHAT_CHECK (81).

1.3.4.3. Structure association and Structure Family:

According to structural and evolutionary relationships the association between the
proteins in a structure database can be classified at diverse hierarchical levels. A broadly
used classification comprises family, superfamily, and fold. CATH (97) is a hierarchical
classification of protein domain structures. SCOP (98) uses improved manual
classification with the hierarchical levels of class, fold, superfamily, and family of close
homologs.

1.3.4.4. Molecular Dynamics, Quantum Mechanics, and Electrostatics:

Molecular dynamics simulation is a well conventional method to study a dynamic process
of protein. CHARMM (99), XPLOR (100) and AMBER (101) are accessible programs
for molecular dynamics simulation. Small conformational change and energetics such as
free energy differences between two protein states can be calculated by using molecular

dynamics simulation.
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1.4 OBJECTIVES OF THE PRESENT STUDY:

The present study deals with the prediction of 3D models of toxin proteases of V.
cholerae i.e. Accessory cholera enterotoxin (Ace), zonula occludens toxin (Zot), and
hemagglutinin/protease (Vibriolysin) based on comparative homology modeling in order
to have better understanding of pathogenesis using bioinformatics tools. The study has
been carried out with the special reference to the active site and cofactor binding site. The
enzyme-inhibitor model has been constructed separately in order to identify important
residues that contribute to the active site interaction of the enzyme with the ligand. The
present project aims towards the better understanding of various aspects of structural

features of these toxin proteases.
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2.1 Homology Modeling Methods:

In this study the protein structure prediction was carried out with the comparative protein
structure modeling. Comparative modeling results in the most accurate, comprehensive,
and unambiguous models of protein structure. )

Comparative modeling is an efficient way to obtain information about the protein of
interest such as interpretation of the existing functional data, identifying active, antigenic
properties or binding specifities, design of ligands, rational design of site directed
mutations and drugs, and construction of mutants and chimeric proteins for testing new
functional h}rpﬂlh:sés. Comparative protein structure modeling of a target sequence
consists of four basic steps (i) Identification of known structures related to the target
sequence (templates), (i) Alignment of the templates with the target sequence, (ifi)
Building a model based on the alignment, and (iv) Evaluation of the model (71).

‘The present study represents structure prediction studies of Hemagglutinin/proteinase
(Vibriolysin), Zona occludens toxin (Zot) and Accessory cholera enterotoxin (Ace) from
V. Cholerae by comparative or Homology modeling techniques.

All steps of homology modeling including sequence alignments, model building and
evaluations were executed on a Pentium IV PC. Model building was done by
MODELLER. A succession of outcome of various programs was obtained from World
Wide Web servers. The alignments are presented in Appendix I1. The software WebLab
viewer, Ds-Viewer and Astex viewer for graphical display, structural inspection and

visualization, were used.
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2.2. Sequences Retrieval.

During the course of current studies primary sequences of V. Cholerae proteases ie
Hemagglutinin/proteinase (Vibriolysin) (SwisProt AC: P24153), Zona occludens toxin
(SwisProt AC: P38442) and Accessory cholera enterotoxin (SwisProt AC: P38441) were
rerieved from the SWISSPROT (hup:/www.us.expasy.org) (82) and PIR
(http://www.georgetown.edu) (102) database.
2.3. Searching Template:
Sequences homologous to the target sequences were extracted from PDB (76) databases.
BLAST (Psi-BLAST) algorithm (77) against Protein Data Bank (PDB) was used to carry
out the sequence homology searches.
In this study the templates were chosen on the basis of highest sequence identities
between the targets and templates shown in (Appendix II).

7.4, Protein 3D Structure Databases:
The crystal structure coordinates of 1EZM, 1U4G, 1PXT and ICKV has been selected as
templates for constructing the comparative models of V. Cholerea proteases. The 3D
coordinates of templates were extracted from the Brookhaven Protein Data Bank
(http://www.resb.org/pdb).
2.5, Multiple Sequence Alignment:
In order to identify the functionally important regions, building sequence profile, protein
family classification and phylogenetic reconstruction, multiple sequence alignment was
carried out using the program CLUSTAL X (Version: 1.81) (83) with default parameters
and manually adjusted where necessary. Sequences homologous to the target sequences

were extracted from SWISS-PROT (82).
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_26. Phylogenetic Analysis:
Once the multiple sequence alignment has been constructed, a matrix of pairwise
similarity scores is calculated and employs to construct a tree to express the structural
relationship among the protein sequences in the family. Phylogenetic lincage was
calculated using the phylogeny Inference program Phylip (Version 3.6b) (88).

/27--. Secondary Structure Prediction:

The Secondary structure prediction of target sequences was carried out by submitting the
sequences to the Consensus Secondary Structure Prediction Sever at
hitp://pbil.ibep.fr/NPSA/npsa_npsa.html (103).

/;.3; Model Building and Refinement:

Three dimensional homology models of V. Cholerea proteases were constructed using the
crystal coordinates of templates on the basis of alignment between target and template
sequences. All steps of homology modeling and refinement were carried out by the
program MODELLER (Version 9 (9v8)) (71). The model building process was
completed in two steps.

a. Target-template alignment.

b. Model Building.

a. Target-Template Alignment:

To obtain the target-template alignment for constructing homology modeling, the
template structure and target sequence were realigned by the use of the ALIGN2D
command of MODELLER.

This step is optional, a homology models can also be construct without using the first step

by providing an alignment file as an input to the MODELLER.
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MODELLER Input Files For ALIGN2D:

There are three kinds of input files for running ALIGN2D command of modeler.

e PDB atom coordinates file.

e Alignment file.

e Script or command file.
o PDB Atom Coordinates File:
It is the Brookhaven Protein Data Bank atom file that contains the coordinates of known
structure or template. Each atom file is named code.pdb where code is a short protein
code preferably the PDB code e.g. 1EZM.pdb.
o Alignment File:
The alignment file contains the alignment of the template structure with the target
sequence. The preferred format for comparative modeling is related to the PIR database
format. A sample of alignment file is shown in Fig, 2.1
The first line contains the sequence code, in the format >P1; lezm. The second line with
ten fields separated by colons generally contains information about the structure
coordinates file. The rest of the file contains the sequence of 1ezm, with *** making its
end, The standard one-letter amino acid codes are used.
The alignment files for other two proteases Zona occludens toxin (Zot) and Accessory
cholera enterotoxin (Ace) are presented in (Appendix II).
3. Script or Command File (align2d.py):
The script file contains commands for MODELLER in the Python language. This script

file provides all the compulsory commands to the MODELLER to produce sequence-
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structure alignment using the crystal coordinates of the known structure. The align2d.py
file for vibriolysin is presented in Figure 2.2,
To run MODELLER with the script file align2d.py, the modeller command prompt was
opened and typed the following command at the command prompt:

mod9v8 align2d.py

MODELLER Output Files:

The align2d command was executed to align the two sequences, finally, the alignment is
written out in two formats PIR (align2d.ali) and PAP (align2d.pap). The PIR format
(align2d.ali) is used by MODELLER in the subsequent model building stage, while the
PAP alignment format (align2d.pap) is easier to inspect visually.
.-b. Model Building:

Once the target-template is constructed, three-dimensional homology models of V.
Cholerae proteases i.e Hemagglutinin/proteinase (Vibriolysin), Zona occludens toxin and
Accessory cholera enterotoxin were constructed using crystal structure coordinates of
1EZM, IPXT and 1CKV respectively by using program MODELLER (9v8). This
program is completely automated and is capable of generating energy minimized protein
models by satisfying spatial restraints on bond distances and dihedral angles extracted
from the template PDB file. The crystal coordinates of templates were obtained from
Brookhaven Protein Data Bank (PDB). Many runs of MODELLER were carried out in
order to obtain the most reasonable model satisfying the stereo-chemical properties. The
models build by the MODELLER, at each step, were checked by PROCHECK and the
final model was selected that fits or nearly fits the standard of the best and accurate

model,
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C: A sample alignment in the PIR format; used in tutorial

>Pl:lezm

structureX:lezm:1::295::elastase:Pseudomonas: :
AEAGGPGENOEKIGEYTYGSDYGPLIVNDR-~-~-CEMDDGNVITVIMNSSTDDSKTTPFRF
ACPT----NTYREQVNGAYSP LNDAHF FGEVVFKLYRDWFGTSPLTHRLYMRVHYGRSVEN
AYWDGTAMLFGDGATMFYPLVSLDVARHEVSHGFTEQNSGLI YRGQSGGMNEAF SDMAGE
AAEFYMRGKNDFLIGYDIKKGSGALRYMDOPSRDGRSIDNASQYYNGI DVEHSSGVYNRA
FYLLANSPGWDTREAFEVFVDANRYYWTATSNYNSGACGVIRSAQNRNYSAADVTRAFST
VGEy*

>Pl:vibl

sequence:vibl:::::vibriolysin:Vibrio::
ATGTGEGGNORTGRYEYGSNGLPGFTI DKTGTTCTMNNSAVETVNLNGGT --SGSTAFSY
ACNNSTNYNSVETVNGAYSP LNDAHF FGEVVE DMYQOWLNT SPLTFOLTMRVHYGNNYEN
AFWDGRAMTFGDGYTREYPLVDINVSAHEV SHGFTEQNSGLYYRIMSGGINEAFSDIAGE
AAEYFMRGNVOWIVGADIFKSSGGLRYFDQPSROGRSI DHASQOYYSGI DVHHS SGVFNRA
FYLLANKSGWNVRERGFEVFAVANQLYWT ENSTFDQGGCCVVEAAQDLNYNTADVVAAFNT
Ve

Fig.2.1. Alignment.ali file used to generate align2d.ali & align2d pap files for comparative model
building of Hemagglutinin/proteinase (Vibriolysin) from crystal structure of PAE (lezm).

log.verbose()
env = environ{)

env,libs.topology.read(file="§(LIB)/top_heav.lib')

# Read aligned structure(s):

aln = alignment (env)

aln.append (file="alignment.ali', align_codes="lezn'}
aln_block = len{aln)

# Read aligned seguence(s):
aln.append(file="alignment.ali', align_codes="vibl")

# Structure sensitive variable gap penalty sequence-sequence alignment:

aln.align2d{overhang=0, gap penalties 1d=(-450, 0),
g&p_pen&ltiesﬁ?d*[ﬂﬂﬁr 1-2: 0.9‘; 1.2, 0.6, B.6, 1.2, 0., 0.},
align block=aln block)

aln.write(file="align2d.ali', alignment format='PIR')
aln.write(file="align2d.pap', alignment format='EAP’,
alignment;jaatutes-'IHDICEE HELTIX BETA STRAIGHTHESS ' + \
'ACCESSIBILITY CONSERVATION')

Fig.2.2.The script file (align2d.py) contains commands for MODELLER to produce sequence-
structure alignment using the crystal coordinates of the known structure.
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MODELLER Inputs Files for Model Building:

There are three kinds of input files for running model building command of
MODELLER.

e PDB atom coordinates file.

e Alignment file.

e Script or command file.

1. PDB Atom Coordinates File:

It is the Brookhaven Protein Data Bank atom file that contains the coordinates of known
structure or template. Each atom file is named code.pdb where code is a short protein

code preferably the PDB code e.g 1EZM.pdb
2. Alignment File:

The alignment file contains the alignment of the template sequence with the target
sequence. The preferred format for comparative modeling is related to the PIR database
format. The PIR format (align2d.ali) resulted as an output file of align2d command is
used by MODELLER in the subsequent model building stage. A sample of alignment file
(align2d.ali) is shown in Fig. 2.3
The first line contains the sequence code, in the format >P1; lezm. The second line with
ten fields separated by colons generally contains information about the structure
coordinates file. The rest of the file contains the sequence of lezm; the standard one-
letter amino acid codes are used. /” separated the sequence form the water molecules and
HETATM: °." Represented the total number of water molecules and hetatom (Zn) with

“*" making its end.
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The alignment.ali files for all the three proteases i.e Hemagglutinin/proteinase
(Vibriolysin), Zona occludens toxin (Zot) and Accessory cholera enterotoxin (Ace) are
presented in (Appendix IT).

3. Script or Command File (model-ligand.py):

This script file provide all the compulsory commands to the MODELLER to produce the
homology models using the crystal coordinates of the known structure on the basis of
alignment between the target and template sequences. In order to build all hydrogen atom
models with water molecules and other non-protein atoms (HETATM), the following
parameters were written in model-ligand.py file.

# Read in HETATM records from template PDBs
env.io.hydrogen = env.ic.hetatm = env.io.water = True
This was used for reading the HETATM coordinates from the PDB file, The model-

ligand.py file for vibriolysin is presented in Fig. 2.4
To run MODELLER with the script file model-ligand.py, the modeller command prompt
was opened and typed the following command at the command prompt:
mod9v8 model-ligand.py
MODELLER Output Files:

As the MODELLER proceeds for building the homology model, a number of
intermediary files were produced. The final target model is written to file

vib1.B99990001.pdb.The MODELLER output includes
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i Job.log: A log file i.e. model-ligand.log

ii. Job.ini: Initial conformation for optimization i.e. vibl.ini

i, Job.rsr: Restrain file i.e. vibl.rsr

iv.  Job.D00000001: Progress for optimization i.e. vib1.D00000001

V. Job.sch: A schedule file for the variable target function optimization (VTFM)
1.e. vibl.sch

vi.  Job.V99990001: A file for violation profiles for the newly built model. i.e.
vib1,V99990001

vii.  Job. B99990001: PDB atoms file for the model of target sequence. i.e.

vib1.B99990001.pdb

2.9. Inhibitor Modeling:

In order to identify the residues that contribute to individual specificity subsites and to
understand the mechanism of its action and protein interactions with substrate and/or
inhibitor, a 3D model of HA/P complexed with N-(1-carboxy-3-phenylpropyl)-
phenylalanyl-alphaaspargine (HPI) was constructed by using program MODELLER. The
3D crystal structure of elastase complexed with N-(I-carboxy-3-phenylpropyl)-
phenylalanyl alphaaspargine (HPI) (PDB id: 1U4G) was used as a template to model this

inhibitor into the active site of HA/P.
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C; A sample alignment in the PIR format; used in turerial

>Plilezm

structureX: lezm: 1 : 1453 : :elastase:Pssudomonas:-1.00:-1.00
AEAGG PG ORI GRY TY GEDY GFLIVNDR-——— CENDDGN VI TVDMN S STDDS KT T PERFACPTN--TYEQVNGA
YO PLNDAHFF CGVVE KLY RDNE GT B PLTHRLYMEVHY GREVENAY N DGT AMLE GDGATHEY PLVSLOVAAREVEH
GETEONSGLIYRGORGGEMNEAE SDMAGEAAEF YMRGRNDFLIGY DI KKGSGALRYMDODSROGRSIDNASOYYNG
IDVHHESCVYNRAFY LLANE PGUD T REAFEVEVDANRY YT AT ENY N 8GACGYI REAONEN Y BAADVTRAT 3TVS

VK """"""" L R R FESRFA R e R R I R N L I -
At e A TR R e e T e AT R s R
>Plivibl

sequence: vibl: 3k i ivibriolysin:vibrio:-1.00:-1.00

ATGTGRGENORTGRY BY GENGLPGF T I DETGTTCIMNNSAVETVNLNGGT SGETAF BY ACHN S INYNEVETVNGA
¥ 8 PLNDAHE P CRVVE DNY Q0N LNT § PLT F QL TMRVHY CNNYENAF R DGRAMTF GDGYTREY PLVDINVEAHEVEH
GETEONSGLVYRDMEGGINEAR SDIAGEAAEYFHRGNVDRIVGADIFRESGELRYFDOPSRDGREIDHASOY Y BG
IDVREHEEGVENRARY LLANK EGUNVRKGE EVEAVANOLYRT PNETF DOGECEVVRAAQDLNYNTADVVAAENTVG

Vl‘“ii -------- R R RN L N NN R i L T R S PR A R

Fig. 2.3. Alignment.ali file used to contruct comparative model of Hemagglutinin/proteinase (Vibriolysin)
from crystal structure of PAE (lezm). The alignment file contains the alignment of the template sequence
(lezm) with the target sequence (vibl); the standard one-letter amino acid codes are used. /' separated the
sequence form the water molecules and HETATM, *." Represented the total number of water molecules

and hetatom (Zn) with **’ making its end.

# Homelogy modeling with ligand transfer from the template

from modeller import * # Load standard Modellsr classes
from medeller. automodel import * # Load the automodel class
log.verbose () # requsat verbose output

anv = shviren() # create a new MODELLER environment to build this medel in

# directories for input atom files
env.io.atem files_directory = ['.°, '..fatom_files']

# Read in HETATM records from template EDBs
env.ie.hydrogen = env,io,hetatm = env.io.water = Trus

& = automodel (env,

alnfile = "alignZd.ali', # alignment filename
knowns = "lezm®, # codes of the templates
sequence = "yibl7) # code of the target
a.starting model= 1 # index of the first model
a.ending_model = &0 # index of the last model
# (determines how many models teo calculate)
a.maks () # do the actual homology modeling

Fig.2.4. The script file (model-ligand.py) contains all the compulsory commands of MODELLER to

produce the homology models using the crystal coordinates of the known structure.
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—2.10 Model Visualization.

In order to peruse the reliability of the alignment and modeling of variable surface loops,
structural investigations on the graphics screen using 3D visualization programs, Ds-
Viewer (104), WebLab Viewer (105), Swiss-PdbViewer (94) and Astexviewer (106)
were performed. Structural visualization helps to study spatial associations of atoms,
residues, secondary structures, domains, and subunits.

~2.11 Model Evalution:

Evaluation of the predicted model involved analysis of geometry, stereochemistry, and
energy distributions in the models. The Energy Command of the MODELLER (71)
carried out the reliability assessment of the comparative model.

Reliability of the homology model was carried out by the programs PROCHECK (80)
(Version: 3.4) and WHATCHECK (81).

241.1 PROCHECK:

The principle of PROCHECK is to evaluate the overall stereo-chemical quality of a given
model. It checks the geometry of the residues in a given protein structure as compared
with well-refined structures at the same resolution. To evaluate a structure, the
PROCHECK makes use of a number of parameters i.e. Ramachandran plot quality,
Peptide bond planarity, Bad non-bonded interactions, C-alpha tetrahedral distortion.
Overall G-factor, Main-chain hydrogen bond energy (80). The input to PROCHECK is a
single file containing the coordinates of protein structure in Brookhaven file (PDB)
format. For homology model-built structures, the resolution of the structure(s) on which

the model has been built was used.
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To run PROCHECK, the following command was typed at the window command

prompt.
pro.bat
PRO vibl 2.0
The output of PROCHECK is a set of postscript files with graph.
_2:11.2 ProSA:
The energetic architecture of protein folds was determined by using the tool ProSA
(Protein Structure Analysis, Version.4) (107). It can assist in protein structure quality
control. An energy graph calculated by ProSA provides diagnostic tools to mark
problematic segments. Energy graphs demonstrate the energetic architecture of protein
folds as a function of amino acid sequence position. It calculates a score for input-
structure. Scores of native protein folds are in a distinctive range. If score is outside this
range then structure may have problems.
The program ProSA was installed from http://www.came.sbg.ac.at/ after sending an
installation request form and getting the license key. The PC system physical address was
requisite for installation request which was noted form the window command prompt by
giving the following command at the window command prompt.
ipconfig /all

The license key for installing ProSA was send via email which was saved in ASCII
format and named the file as “LicenseDB",
The input files for ProSA are the target and template models containing the coordinates

of protein structure in Brookhaven file (PDB) format. The generation of energy graphs
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and calculation of z-scores were done by following the commands mentioned in ProSA’s

manual on page no. 17 & 18.
2.11.3 SUPERPOSITION:

In addition, the variability among the models was evaluated by superposition of C-alpha
traces and backbones onto the template crystal structure from which the RMSD values
for positional differences between equivalent atoms were calculated, The structural
superposition was performed by using the SUPERPOSE command of MODELLER.
The MODELLER input files for running superpose.py command were as follows.

e Alignment file i.e. align2d.ali

* PDB co-ordinates atoms files of Target and Template models.

e Command file i.e. superpose.py

To run MODELLER with the script file superpose.py, the modeller command
prompt was opened and typed the following command at the command prompt:

mod9v8 superpose.py

The MODELLER outputs are:
o log log output produces by the MODELLER ren,
o _fit fitted protein structures in the PDB format.

2.12. PROTEINS-LIGAND INTERACTIONS:

Program Ligand Explorer (htip://www.kukool.com/ligand) (108) and Ligplot (109) were

used to study the Protein—Ligand interactions.
2.12.1. Ligand Explorer:

The Ligand Explorer is designed for quick examination of protein-ligand interactions,

such as hydrophobic interactions, hydrophilic interactions and the interactions with
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ordered H,O molecules, Ligand Explorer has been incorporated into the RCSB Protein
Data Bank (PDB). It can also be run as a separate application on desktop to access local
structure files and files on PDB's servers. The input of program is a standard Protein Data

Bank file.

2.12.2. LIGPLOT:

Ligplot was designed to make possible the rapid inspection of many enzyme complexes,
but can also be used to show other types of interaction in proteins and nucleic acids. The
program automatically generates schematic diagrams of protein-ligand interactions from
standard 3D coordinates in a PDB file input. The output present a simple and informative
representation of the intermolecular interactions and their strengths, including hydrogen
bonds, hydrophobic interactions and atom accessibilities in the form of color, or black-

and-white PostScript file.
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3.1. HEMAGGLUTININ/PROTEASE [HA/P (VIBRIOLYSIN)]

3.1.1. Sequence Analysis:

Sequence homology searches for the query hemagglutinin/protease HA/P (Vibriolysin)
was carried out by using BLAST algorithm against Protein Data Bank (PDB).Crystal
structure co-ordinates of Pseudomonas Aeruginosa Elastase (1EZM.pdb) was chosen as a
template on the basis of highest sequence similarity score and lowest E-value for
constructing the predicted 3D structure of vibriolysin, The BLAST result is presented in
Appendix II.

The align2d command of MODELLER realigned the target and template sequences, as a
result reduced the gaps in vibriolysin sequence while shifted the gaps between Asn61 and

Thr62 in the template (PAE) sequence as shown in Fig.3.1.1.
3.1.2. Multiple Sequence Alignment:

Comparison of multiple sequences (18 sequences) shows considerable sequence
similarity among primary structures of all known neutral proteases of M4 family. The
active site and the metal binding residues are highly conserved. HEXXH is the putative
signature of Zn-metalloproteases. This motif contains all of the residues that have been
positively identified as part of the active site. HA/P also contains the typical HEXXH
amino acid motif. The result of Clustal X presenting multiple sequence alignment is

presented in Appendix II.
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Fig.3.1.1: Target (HA/P)-Template (1EZM) alignment by using ALIGN2D command of Modeller (9v8).
Conserved active site (red) and Zn-binding (green) residues are highlighted. The regions that are

thought to be the active site and Zn-binding domains show strong amino acids homologies.

Fig.3.1.2. The schematic representation of homology model of vibriolysin showing arrangements of
secondary structural elements The N-terminal (left) domain of the protein is constructed primarily of
antiparallel B-strands, while the C-terminal (right) domain is a-helical. Central a-helix is shown in

magenta, which is at the bottom of active site cleft with the catalytic Zn ion (yellow sphere).
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3.1.3. Phylogenetic Analysis:

A Phylogenetic tree results show that vibriolysin from both V.choelare and elastase from
P.aeruginosa are derived from common ancestors and are homologous to each other
according to evolutionary point of view, it also shows that they belong to the same
subfamily as shown in Appendix I1L

3.1.4. Secondary Structure Prediction:

The output of consensus Secondary Structure Prediction server helps in identifying the
secondary structural elements i.e. a-helices, B-sheets, and coils, The result of secondary
structure prediction is presented in Appendix IV. The secondary structure of HA/P is
closely resembled to its template structure.

3.1.5. Topology of Predicted Homology Model of HA/P (Vibriolysin):

The overall tertiary structure of the HA/P strongly resembles that of its template PAE and
other neutral metalloproteases, whose structures are known. Fig. 3.1.2 depicts the
schematic representation of the homology model of HA/P showing arrangement of
secondary structural elements. The tertiary structure comprises two major domains with a
+ P structural topology. The N-terminal domain contains mainly p-sheets, whereas the C-
terminal domain predominantly contains a-helices. The domains are conne:ctad by a
central a-helix. The active site is located in the cleft between these two domains. The
catalytically essenﬁ;;l 7n-ion and the central helix are located at the bottom of the active

site cleft.
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3.1.6. Model Assessment:

Table 3.1.1a shows Ramachandran plot statistics of the HA/P models obtained with
PROCHECK. Ramachandran plot indicates that §8.7% of the main-chain dihedral angles
are found in the most favored regions, 10.5% in the additionally allowed, and 0,8% in the
generously allowed while no residue is found in the disallowed regions. The structural
conformations of the predicted HA/P model is similar to X-ray structure of PAE. Table
3.1.1b shows Ramachandran plot statistics of template PAE. The Ramachandran Plots of

target and template are presented in Appendix V.

Fig.3.1.3 (a & b). Shows the energy graph of HA/P calculated by ProSA in term of Z-
score (-7.89) which indicated the overall quality of protein structure. The encrgy graph

for PAE (Template:1U4G) molecule (Z-score: -8.63) is presented in Appendix VL.

The overall description of similarities and differences derived from backbone
superposition is given in Fig. 3.1.4. The RMSD value between template and the predicted
model using all main-chain atoms was found to be 0.467A° and 0.0916A" in absence and

presence of inhibitor HPI, respectively.
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Table.3.1.1a. Table shows Ramachandran plot statistics of the HA/P models obtained

with PROCHECK.

prmmmmmwms=gz< P R © €© H B C K 8 U H M A R Y »rr--cce=——== *
| |
| wibl_lig3é 2.5 301 residues |
| |
+| Ramachandran plot: B8.7F core 10.5% allow .8% gansr .08 dizall |
| I

| #ly & Fro Rsmach: 0 lebelled residuea (out of 43) |
+| chil-chiZ plotse: 1 laballed residuess (out of 1850) |
| |
+| Main-chain pacema: 5 hetter 0 inside 1 worse |
| fide-chain pecams: 5 bottar 0 inside 0 wacse |
| i
*| Residus propectiess: Mex.devistion: 10.7 Bad contacts: 21
= Bond len/angle; 12.8 Morri=s st sl cless: 1 1 2 |
*| 2 cis-peptides I
+| G-factors Dihedcals: =.04 Cowvalent: -.89 Overall: =-.33 |
| |
| Mfe bond lengths: B5.7% within limits 14.3% highlighted |
*| M/c bond sngles: 61.9% within limita 38.1% highlighted 7 eff geaph |
#| Planar groups: 52.9% within lisits 5.1% highlighted 1 off geeph |
|

+ May be worth investigeting further.

* Warth investigeting fucther.

Table.3.1.1b. Table shows Ramachandran plot statistics of template PAE obtained with

PROCHECK.
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|
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|
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|

|
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0 lebelled reaiduss [out of 163)
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* Yorth invescigating further.
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Fig.3.1.3a: Screenshot of ProSA z-score plot of HA/P showing the Z value < 0.

L]

Fig.3.1.3b: Screenshot of ProSA plot of HA/P showing the energy graph of residue scores of a

predicted protein structure,
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Fig. 3.1.4. Structural superposition of Co atoms of HA/P (magneta) onto the crystal
structure of PAE (blue). The structural differences due to insertions in loop regions are

indicated by (i) & (ii).
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3.2. Zona Occludens Toxin (Zot)
~3.2.1. Sequence Analysis:

Sequence homology searches for the query Zona Occludens Toxin (Zot) was carried out
by using BLAST algorithm against Protein Data Bank (PDB). Crystal structure co-
ordinates of chain A of Peroxisomal 3-Ketoacyl-Coa Thiolase of Saccharomyces
Cerevisiae (1PXT.pdb) was chosen as a template on the basis of highest sequence
similarity score and lowest E-value for constructing the predicted 3D structure of Zot.
The BLAST results show the alignment of only 108 residues out of 399 (APPENDIX II).

The align2d command of MODELLER realigned the full length sequences of target and
template, as first 27 residues are not crystallized in the crystal structure of 1PXT these
were deleted from the template sequence, as a result gaps are reduced in both target (Zot)
and template (1PXT) sequence as shown in Fig.3.2.1.

3.2:2. Multiple Sequence Alignment:

Comparison of multiple sequences (7 sequences) showed considerable sequence
similarity among the family members. Little is known about the Zot functions and its
biological activity that’s why no residue is found to be conserved as well as no significant
number of sequences is found to be closed homologue. The result of Clustal X presenting
multiple sequence alignment is presented in Appendix I1.

i;j; Phylogenetic Analysis:

A Phylogenetic tree results showed that Zot from both V.choelare and Peroxisomal 3-
Ketoacyl-Coa Thiolase from S.Cerevisige are derived from common ancestors and are
homologous to each other according to evolutionary point of view, it also shows that they

belong to the different subfamily as represent in Appendix II1.
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1PXT 28 LLEKRFEDUVIVAANEBAIGHGFRGAFRDVNTDYLLYNFLNEFIGAFPEPLRADLNLIEEVACGHVLN
0TV 1 SIFTHHGAPGEYKTSGALWLALLPAIRSGRHIITHNVRGLNLERMAKY LEMDVEDISIRFIDTDHPDGER
L] [
1pzT VeAGATEHRAACLABGIFY STPPVALNROQC S 8GLTAVND IANKIEVGOIDIGLALGVE SNTNNYRNVN
20TV LTMARFEHEARRDAF LF I D CGRINFFALTVTNLEALDTPEDLVAEDRPE AFEVAFDMHAHNGWD ICT
L L - & &
1PxT PLGMISSEELORNREARKCIIFMGITNENVAANFEI SAKDODEFAANTY GRAYRARNECLFEDEILET
20TV VHNMTRBAART GYRHFNRATVELGARPEL T THDAANSGOMD SHALTROVEETIP SFIPFMYA
W L] LI L]
1PXT RLEDGAICQADEGRRPNVIARSLABIAFAFI KDAGTTTAGNABQVADGVAGVLLARRAVANQLNLEVL
zZoTv BTTTGRARDTHAGTALWRD RRILFLIGMVE LMP & SFYGLHDNPIF I GENDATIESEQIEPQORATVE
w [ - - ] * [}
1PZT GRYIDFOTVGVEREINGVEPAY AT PRVLEATGLOVODIDIF EINEAFAAQALYCIHRLGIDLNRYNER
20TV HAVGBERAVAPASF G CIGRLOVODGPVTVEDERYRL VDNLDIFYRELMATSHHIYKDTLTVEFETEDE
L] L]
1pxT GEATALGHPLGCTGARQVATILRELERDQIGVVEAMC IGTGMGAAAIFIRE 417
ZOTV EVFTELFASSYRYKVLPLPDFNHPUVVPDTFAACALWVEVERGLPIKTEND 391
L] L] o

Fig. 3.2.1. Target (ZOT)-Template (1PXT) alignment by using ALIGN2D command of
Modeller (9v8). * represents the conserved residues between the two sequences.

Fig.3.2.2. The schematic representation of the homology model Zot showing arrangement
of secondary structural elements.



~ 3.2.4. Secondary Structure Prediction:
The output of consensus Secondary Structure Prediction server helps in identifying the
secondary structural elements i.e. a-helices, f-sheets, and coils. The result of secondary
structure prediction is presented in Appendix IV. The secondary structure of Zot is
closely resembled to its template structure.

__3.2.5. Topology of Predicted Homology Model of Zona Occludens Toxin
(Zot):
The overall tertiary structure of the Zot strongly resembles that of its template 1PXT and
other proteases belong to superfamily thiolase-like, whose structures are known. Fig.
3.2.2 depicts the schematic representation of the homology model Zot showing
arrangement of secondary structural elements. The tertiary structure comprises with o/
structural topology, mainly antiparallel B-sheets (beta-alpha-beta units).

-3.2.6. Model Assessment:

Table 3.2.1a shows Ramachandran plot statistics of the Zot models obtained with
PROCHECK. Ramachandran plot indicates that 85.9% of the main-chain dihedral angles
are found in the most favored regions, 11.1% in the additionally allowed, 2.1% in the
generously allowed while 0.9% (3 residues) is found in the disallowed regions. The
structural conformations of the predicted Zot model is similar to X-ray structure of 1PXT.
Table 3.2.1b shows Ramachandran plot statistics of template 1PXT. The Ramachandran
Plots of target and template are presented in Appendix V.

Fig.3.2.3 (a & b) Shows the energy graph of Zot calculated by ProSA in term of Z-score
(-0.09) which indicated the overall quality of protein structure. The energy graph for

|PXT (Template) molecule (Z-score: -8,21) is presented in Appendix VL
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Table.3.2.1a. Table shows Ramachandran plot statistics of the Zot models obtained with

PROCHECK.
pmmmmmm e <<« P R O € H B ¢ R B U M M A R Y ¥er----mcaees +
I |
| 2oTV1O 2.8 350 residues |
I I
*| Remachsndren plet: B5.9% core 11.1% allow " Z.1% gener 5% dizall |
| |
*] Gly & Pro Ramach: 4 lebelled residues (out of 47) I
*| Chil-chiZ? plota: 11 labhelled residues [out of 231) |
I I
| Main-chein params: f hetter 0 inside 0 worse
| Bide=chain patams: 5 hetter 0 inside 0 worae |
| |
*| Residue properties: Max.devietion: 8.7 Bad contacts: 10 |
* Pond len/angle: 1z.9 Morcis ot sl class: 1 1 2 |
| |
+| G~factors Dihedrzlsa: -.20 Covalent: =, 55 Overall: =38 |
| I
| M/e bond lengths: 79.2% within limits 20.8% highlighted |
“| Mfe bond sngles: 62.2% within limits 37.8% highlighted 3 off geaph |
+| Planar groups: 95,0% within limits 5.0% highlighted 1 off graph |
| |
P TS S S SRR R e LRSS +
+ May be worth investigeting further. * Worth investigating further.

Table.3.2.1b. Table shows Ramachandran plot statistics of template IPXT obtained with

Ramachandran plot! 79,.0% core

Gly & Pro Bamach)
Chil-chiZ? plots:

18.5% ellow

0 labelled residues (out of
1 lshelled reaidues (out of 200)

2.4% genex .0% disall

19)

Main-cheain pacamsi & bettar 0 insidse 0 worse

8ide-chein params: 5 better 0 inside 0 worse

Residus properties: Max.devismtion: 4.0 _ Bad contacta: ]
Bond len/angle: 4.7 Morris et al class: 1 2 2

G=factors Dihedrals: =.13 Covalant: .30 Ovarall: .05

M/c bond lengths: 57,54 within limita 2.5% highlighted

Mic bond angles: 84,28 within limits 15.8% highlighted

Planat groupni §5.2% within limita 4.8% highlighted 1 off geaph

4+ May be worth investigating further.

* Worth investigating further.

PROCHECK.
e <<< P R O C H B C K 8 U M M A B Y 333-ceemse=a= +
1pXT 2.8 343 residuss
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F ig.3.2.3a: Screenshot of ProSA z-score plot of Zot showing the Z value < 0.

Eequence pesitien

Fig3.2.3b: Screenshot of ProSA plot of Zot showing the energy graph of residue scores of a
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The overall description of similarities and differences derived from backbone
superposition is given in Fig. 3.2.4. The RMSD value between template and the predicted

model using all main-chain atoms was found to be 0.5432A °,

(i). Asn162-Glnl 74

(ii). Asn192-Arg201

Fig.3.2.4. Structural superposition of Ca atoms of Zot (magneta) onto the crystal
structure of 1PXT (blue). The structural differences due to missing regions are indicated

by (i) & (ii)
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3.3.Accessory Cholera Enterotoxin (Ace)

~_33.1. Sequence Analysis:

A sequence homology search for the query Accessory cholera enterotoxin (Ace) was
carried out by using BLAST algorithm against Protein Data Bank (PDB). There was only
a single crystal structure of the Soluble Methane Monooxygenase Regulatory Protein B
(1CKV.pdb) of Escherichia coli that showed 31% sequence identity, which was chosen
as a template on the basis of sequence similarity score and E-value for constructing the
predicted 3D structure of Ace. The BLAST results show the alignment of only 35
residues out of 96 residues (APPENDIX II).

The align2d command of MODELLER realigned the full length sequences of target and
template, as first 45 residues did not show any alignment with the target sequence that’s
why these were deleted from the template’s crystallized structure as well from the
sequence as shown in Fig.3.3.1.

3.3.2. Multiple Sequence Alignment:

Comparison of multiple sequences (4 sequences) showed considerable sequence
similarity among the family members. Little is known about the Ace functions and its
biological activity that’s why no residue is found to be conserved as well as no significant
number of sequences is found to be closed homologue. The result of Clustal X presenting

multiple sequence alignment is presented in Appendix IL
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»
_-3.3.3. Phylogenetic Analysis:
A Phylogenetic tree results show that Accessory cholera enterotoxin (Ace) from both
V.choelare and Monoxygenase from E coli are derived from common ancestors and are
homologous to each other according to evolutionary point of view, it also shows that they

belong to the different subfamily (Appendix ITI).

/3/.3.4. Secondary Structure Prediction:

The output of consensus Secondary Structure Prediction server helps in identifying the
secondary structural elements i.e. u-helices, f-sheets, and coils. The result of secondary
structure prediction is presented in Appendix IV. The secondary structure of Ace is

closely resembled to its template structure.
}.a.’s. Topology of Predicted Homology Model of ACE:

The overall tertiary structure of the ACE strongly resembles that of its template 1CKV
and other proteases belong to superfamily hydroxylase regulatory proteins, whose
structures are known. Fig.3.3.2 depicts the schematic representation of the homology
model ACE showing arrangement of secondary structural elements. The tertiary structure
comprises with & B structural topology, mainly antiparallel B-sheets (segregated alpha

& beta regions).
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1CKV 46 DEINTFIEEILLTDYKENVNPTVNVEDRAGYWWIKANGKIEVDCDEISELLGROFNVYDFLVDVESTI

ACEV 1 MLMMDTLYDWLIDGFTWLVIKLGIMWIESKIFVIQFFWEMEBQKVIDMFTIYPLIQQATDMLPPQYSGE
* * * * -

1CKV  GRAYTLGNKFTITBELMGLDRKLEDYHA 141
ACEV LEFLGLDQALAIVLQALMTRFALRALNL 96
* * *

Fig. 3.3.1. Target (ACE)-Template (1CKV) alignment by using ALIGN2D command of
Modeller (9v8). * represents the conserved residues between the two sequences.

Fig.3.3.2. The schematic representation of the homology model ACE showing
arrangement of secondary structural elements.
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~~"3.3.6 MODEL ASSESSMENT:

Table 3.3.1a shows Ramachandran plot statistics of the ACE models obtained with
PROCHECK. Ramachandran plot indicates that 64.4% of the main-chain dihedral angles
are found in the most favored regions, 27.6% in the additionally allowed, and 8.0% in the
generously allowed while no residue is found in the disallowed regions. The structural
conformation of the predicted ACE model is similar to X-ray structure of 1CKV. Table

3.3.1b shows Ramachandran plot statistics of template 1CKV.

Fig.3.3.3 (a & b) shows the energy graph of Ace calculated by ProSA in term of Z-score
(-0.17) which indicated the overall quality of protein structure. The energy graph for

1CKV (Template) (Z-score: -4.28) molecule is presented in Appendix VL.

The overall description of similarities and differences derived from backbone
superposition is given in Fig. 3.3.4, The RMSD value between template and the predicted
mode! using all main-chain atoms was found to be 0.7577A °. Thus this value and the
small variability between model and the template reflect the presence of strong restraints
in most regions. As expected from the low sequence identity, the two structures are not
well supeﬁmmmt{ and but have similar folding topology and have different

conformations at certain regions.
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Table 3.3.1a. Table shows Ramachandran plot statistics of the ACE models obtained

with PROCHECK
Hmm e —— << P R O C H BE € R g U M M A R Y rrecee-e——e- +
| |
| 1cEY 2.0 56 residuss |
I I
*| Ramachandrsn plot: &4.4% core 27.6% allow E.D% gener .08 di=all |
| I
*| &ly & Fro Pamech: 1 labelled residuss (out of 7) |
*| Chil-chi2 plots: 106 leabelled residues (out of A35) |
I I
+| Main-chain pacame: 5 better 0 insids 1 worss |
*| Bide-chain paramm; 1 hetter D inpida 4 wocse |
| I
*| Residue propecties: Max.deviation: 20.6 Bad contacts: 13 |
I Bond len/sngle: 1.5 Morris =t al class: 3 4 3 |
I I
+| G-factora Dihedrals; -,66 Cowvalent: + 65 Cverall: =15 |
I |
| Mfc bond lengths:l00.0§% within limits .0% highlighted |
| M/c bond engles: 100.0% within limits 0% highlighted |
| Plenar groups: 100,.0% within limits .0% highlighted I
| I
o e e -
+ May be worth investigeting fucther. * Worth investigating further.

Table 3,3.1b. Table shows Ramachandran plot statistics of template 1CKV  obtained

with PROCHECK.
4mm—--me--e<<< P R O C H B C R B 0NN AR Y SRe——a +
| I
| acEv2a 2.0 9& cesidus= |
| |
*| pemechandcan plot: 75.9% core  14.5%% allow 9.2% gener .08 dissll |
I |
*| 5ly & Fro Reamach: 1 labelled residues {out af 7) |
*| Chil-chiZ plots: 4 labelled residues (out af 7TZ) |
| [
| Main-chain params: 5 better 0 insidse 0 worae |
| Bide-chein params: 5 better 0 inside 0 worse |
| |
+| Residus properties: Mex.devistion: 13.8 Bad contacts: 9\
d Bond len/angle: 4.9 Morris et al cless; 1 1 3 |
| |
+| G~factors Dihedrals: =.33 Covalent: P Overall: =.39 |
I |
| M/c bond lengths: 86.3% mithin limits 13.7% highlighted |
| M/c bond angles: 71.2% within limits 28.8% highlighted |
| Planar groups: 100.0% within limite .0% highlighted
-l- ————————————————— o ——— - ] o o +
# May be worth investigating furthsr. * Worth investigating further,
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Fig.3.3.3b: Screenshot of ProSA plot of Ace showing the energy graph of residue scores of a



Fig.3.3.4. Structural superposition of Ca atoms of Ace (magenta) onto the crystal

structure of 1CKV (blue).
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CHAPTER

4.0

DISCUSSION



4.1. HEMAGGLUTININ/PROTEASE [HA/P (VIBRIOLYSIN)]|

4.1.1. Biological Importance:

HA/P (vibriolysin) belongs to a family of metalloproteases (M4:M04.003) which is
largely distributed among pathogenic bacteria (34,36). HA/P can proteolytically activate
CT A subunit by nicking it into two (A; and As) peptide fragments (36,110) and
increasing its biological activity (35). It can also activate the E1 Tor cytolysin and
hemolysin (31, 36) and is capable of hydrolyzing several other physiologically important
proteins such as mucin, fibronectin and lactoferin (111,32). It has been described
previously that HA/P may play a vital role in intestinal colonization, and thus in virulence
(2,112), though there is no clear evidence of direct involvement of HA/P in the
pathogenesis of cholera (34). Both its hemagglutinative and protease functions are
inhibited by a variety of chelating agents and inhibitors that are particularly designed to
inhibit zinc metalloproteases (33).

The present study deals with the prediction of 3D model of hemagglutinin/Protease
[HA/P (vibriolysin)] based on comparative homology modeling. The Enzyme-Inhibitor
model was also constructed separately in order to identify important residues that

contribute to the active site of the enzyme.

4.1.2. Sequence Analysis:

The M4 family is also known as Thermolysin like proteases (TLPs). All members of this
family are synthesized as preproenzymes and processed after secretion of the inactive
pro-enzyme to their respective active mature enzyme. It has been shown that the pro-
sequence act as a molecular chaperone to support in proper folding and preventing

unwanted proteolytic activity in the cytoplasm by acting as a specific inhibitor (113).
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HA/P is synthesized as an inactive preproenzyme of 609 amino acid residues, 1-24 amino
acid residues act as signal sequence whereas the prosequence comprises 25-196 residues.
The mature protein has 413 amino acids after processing. Sequence similarity searches of
HA/P (SwissProt AC: P24153) showed 62% identity with Pseudomonas Aeruginosa
Elastase (PAE) (Swiss Prot AC: P14756) with two insertions at positions between Arg9
and Cys30 and between Thr60 and Asn6l in the template PAE, four gaps in each
insertion and one insertion of two gaps in target sequence at position between Thr248 and
Ser249. 190 amino acids (62%) out of 303 residues are identical and an additional 103
represent conservative amino acid substitutions.

ALIGN2D is based on a dynamic programming method, it is diverse from standard
sequence-sequence alignment methods because it acquire into account structural
information from the template when creating an alignment, as a result, the alignment
errors are reduces. The align2d command of MODELLER realigned the target and
template sequences, as a result reduced the gaps in vibriolysin sequence while shifted the
gaps between Asn61 and Thr62 in the template (PAE) sequence as shown in Fig.3.1.1.
The first 20 amino acid residues of the N-terminal of two proteins shared 65% identity.
The primary structures of both proteins show that the active site residues (Glu147"4" &
His229"*") and the metal (Zn) binding amino acid residues (His146"", His150"*", and
Glu170""") are conserved. In these proteins 53% (1-140) of the residues are identical in
the N-terminal domain. There is 80% sequence identity in the region surrounding the two
active-site helices (141-185). In the remainder of the two proteins (P24153 & P14756),
69% of the residues (186-301) are identical. The active-site cleft is highly conserved; N-

terminal domain is the least, while the C-terminal is intermediately conserved.
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Comparison of multiple sequences shows considerable sequence similarity among
primary structures of all known neutral proteases of M4 family (Appendix IT). The active
site and the metal binding residues are highly conserved. HEXXH is the putative
signature of Zn-metalloproteases. This motif contains all of the residues that have been
positively identified as part of the active site (114-115). HA/P also contains the typical
HEXXH amino acid motif. It has been shown that the two conserved His and a Glu found
in the unique signature (HEXXH) are crucial for the catalytic activity of neutral proteases
(116-117). In addition, these enzymes also possess EXXXD motif, Both motifs are
located in the helical region, which comprise the catalytic domain (118). It is clear from
the multiple sequence alignment that the sequence similarity among the family extended
beyond the HEXXH motif. Within a 10 amino acid stretch extending from three amino
acids before the first His to two amino acids after the second His, there is no charged
amino acid other than His and Glu. Two hydrophobic amino acids are located afier the
second His (114). Previously, the unique putative signature that has been redefined as
(uncharged}-{uncha:ged}-ﬂ-E-{uncharged}-{uucharged}-H{unchargnd}-{hydmphnbic) is
common to Zn-dependent metalloproteases (114-115).Using this signature the similar
regions among the neutral proteases are found to be conserved (1 15).

4.1.3. Topology of Predicted Homology Model of HA/P:

The overall tertiary structure of the HA/P strongly resembles that of its template PAE and
other neutral metalloproteases, whose structures are known. Fig. 3.1.2 depicts the
schematic representation of the homology model of vibriolysin showing arrangement of
secondary structural elements. The tertiary structure comprises two major domains with a

+ P structural topology. The N-terminal domain contains mainly B-sheets, whereas the C-
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terminal domain predominantly contains u-helices. The domains are connected by a
central a-helix. The active site is located in the cleft between these two domains.

The catalytically essential Zn-ion and the central helix are located at the bottom of the
active site cleft. Comparative analyses of sequence alignment and 3D structures of PAE
and HA/P resulted in the identification of active site residues (Glul47"*" and
His229%*"), and the Zinc-binding residues (His146"™", His150"*" and Glu170"*") that
are located in the a-helical region (Fig.4.1). In both proteins the helices that cover the
active site and Zn-binding residues are referred to as “Active-site helices” (119). These
residues as well as the loops connecting those (comprising residues 145-230) are identical
in length. Another structural component that is found to be similar to the known
structures of bacterial neutral proteases is the presence of four-helix bundle within the
residues of the C-terminal domain, Several of the B-strands, as well as the single a-helix

in the amino-terminal domains of the proteins are similar (Fig.3.1.2),

4.1.4 Quality of the Model

Using different validation tools assessed quality of the model. The PROCHECK
program was used to validate the model based on stereo chemical properties of main-
chain and side chain residues and geometric considerations. The Ramachandran plot
shows the main chain N-Ca and Ca-C bonds for each residue in protein known as phi
and psi bond. The homology model of vibriolysin satisfies the stereo-chemical restraints
and passed all criteria implemented in PROCHECK to the same degrees as the crystal
structure refined at 2.5A" resolution. Ramachandran plot indicates that 88.7% of the
main-chain dihedral angles are found in the most favored regions, 10.5% in the

additionally allowed, 0.8% in the generously allowed while no residue is found in the
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disallowed regions (Appendix V). In accordance, the model show relatively good protein

geometry, and most of the quality parameters are better than or in the range of tolerance.

Therefore the models can be considered as structurally realistic.

The energetic architecture of protein folds was determined by using the program ProSA
(Fig.3.1.3a & b). ProSA calculates an overall quality score for a specific input structure
and displayed in a plot that shows the scores of all experimentally determined protein
chains currently available in the Protein Data Bank (PDB). If this score is outside a range
characteristic for native proteins the structure probably contains errors. In general,
positive values correspond to problematic or erroneous parts of the input structure.
Ideally the Z-score should be below the Zero point suggesting no significant stressed or
strained folds with high energies (107). The energy graph of the predicted model was
explored to observe the energy difference. Energy difference in the region between
residues 10-100 might be due to substitution of amino acids in this region. Z-score was
used as the measure of this energy, which indicated the quality of protein structures. The
z-score (-7.89) indicates overall model quality (Fig.3.1.3a), Its value is displayed in a plot
that contains the z-scores of all experimentally determined protein chains in current PDB.
In this plot, groups of structures from different sources (X-ray, NMR) are distinguished
by different colors. It can be used to check whether the z-score of the input structure is
within the range of scores typically found for native proteins of similar size. Fig.3.1.3b
shows local model quality by plotting energies as a function of amino acid sequence
position. In general, positive values correspond to problematic or erroneous parts of the
input structure. A plot of single residue energies usually contains large fluctuations and is

of limited value for model evaluation. Hence the plot is smoothed by calculating the
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average energy over each 40-residue fragment (Fig.3.1.3b, thick line). A second line with
a smaller window size of 10 residues is shown in the background of the plot (Fig.3.1.3b,
thin line). As is evident from the result, the energy graphs (Fig.3.1.3b) corresponded to
highly stable structures and the values of energy, for the target molecule, well below Zero
point, which was in consistence with the values of experimentally found Template
molecule (Z-score: -8,63) (Appendix VI) . That is why, from the energy stabilizations
point of view, there seemed to be no problems in the modeled structure and on the basis
of this graph, the modeled 3-d structure can be acknowledged.

The a-carbon backbones of elastase and HA/P were aligned for comparison. The overall

description of similarities and differences derived from backbone superposition is given

in Fig.3.1.4. The RMSD value between template and the predicted model using all main-

chain atoms was found to be 0.467A" and 0.0916A° in absence and presence of inhibitor

HPI, respectively. Thus this value and the small variability between model and the

template reflect the presence of strong restraints in most regions. As expected from the

high sequence identity, the two structures are well superimposed and have similar

folding topology but have different conformations at certain regions e.g. in region 29-34

and 70-72 because of the insertions of amino acids in these loop regions. The active site

and metal binding residues are well superimposed indicating that the active sites of the

two proteins are identical with similar geometry. The amino acid residues that constitute

the sub-site region that might interact directly with the substrates and/or inhibitors are

also identical and well superimposed. (Fig. 4.2)
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Fig.4.1. Zn-binding residues (line representation), His146, His150, and Glul70 and active site residues
Glul47 and His229 are located in alpha helices (line ribbon).

Fig. 4.2. The active site residues and metal binding residues (line representation) are well superimposed.
The amino acid residues of enzyme segment that arc involved in the hydrophilic and hydrophobic
interactions (line representation) with the substrates and/or inhibitor (stick) are well superimposed.
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4.1.5. Active Site and Protein-Ligand Interactions:

Both PAE and HA/P are metalloproteases, containing one zinc atom per molecule that is
essential for their catalytic activity. The Zn atom is tetrahedrally co-coordinated with
three ligands provided by HA/P His146 (NE2), His150 (NE2), Glul70 (OE2) and with a
water molecule providing the fourth ligand (Fig.4.3). The crystal structure of thermolysin
from Bacillus thermoproteolyticus, with various ligands, has been studied more
comprehensively among the neutral metalloproteases (120). On the basis of
crystallographic analyses Matthews and coworkers suggested a potential mechanism of
catalysis for this enzyme (116-117, 121). On the basis of high sequence and structural
homology with PAE and other neutral metalloproteases in the region of active site and
Zn-binding environment it may be predicted that Glul47 and His229 are the critical
residues for the catalytic activity of the HA/P as in the case with the analogous residues
in PAE and thermolysin (122-123).

A mechanism of catalysis proposed by Matthews and coworkers for thermolysin activity
is a general base type mechanism. According to this mechanism the carbonyl oxygen of
the incoming substrate to be hydrolyzed is coordinated to the Zn-ion of protein. The
water molecule, normally the fourth ligand to the zinc, is displaced towards Glul47
(Glu143™) forming a pentacoordinated complex, but is not totally excluded from the
zinc coordination sphere. There is a nucleopilic attack of this water molecule on the
carbonyl carbon of the substrate to form a tetrahedral transition-state intermediate. The
attacking water molecule is activated by the combined influence of the Zn-ion and
Glu147 (Fig7a). The transition state intermediate is stabilized by interactions with the Zn-

ion and by hydrogen bonds from His229 (His231™™) and Tyrl61 (Tyr157"™).

103



According to the proposed model the active site glutamic acid (Glul47"*") acts as a
“Proton shuttle”, transferring a proton from the attacking water molecule to the nitrogen
of the scissile peptide bond leading to breakage of the bond and subsequent release of
products (128, 133) (Fig.4.4a & 4.4b). In the enzyme inhibitor complex Zn-ion is penta-
coordinated by three protein ligands and two atoms of the inhibitor HPI moiety, rather
than three protein ligands plus a water molecule (Fig.4.4c).

The inhibitor (HPI) is associated with the enzyme segment by hydrogen bonding,
hydrophobic and weak Van der Waal’s interactions. In PAE, forming eleven hydrogen
bonds with enzyme stabilizes HPI; similar hydrogen bonds were observed in HA/P. In the
enzyme inhibitor complex, Asnll18, Alall9, Glul47, Glul70, His229, and Arg204
(HA/P numbering) participate in a number of hydrogen bonds with the solvent and the
inhibitor; two nitrogen atoms and three oxygen atoms of HPI moiety forming hydrogen
bonds with the protein (Fig.4.5 ).

Residues Tyrl14, His140, Vall37, llel186, Gly187, Leul97 of PAE participates in
hydrophobic interactions with the inhibitor, In HA/P same residues (Vall143, Hisl46,
Gly193, Leu203) are involved in hydrophobic interactions with the bound inhibitor
except Tyrl114 and Ile186, which are replaced by Phe120"*" and Val192"** respectively
(Fig.4.6). In addition to these interactions Glul17, Trpl21, Glu147, Asp227, and His229

also interact with the ligand HPI by means of water molecules (Fig.4.7).
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Fig.4.3.The ligplot result shows the interactions of metal jon (Zn) with the amino acid residues of the
protein, An atom of Zn bound with a tetra-co-ordinate geometry to two Histidines (His146 & 150) and a

Glutamate (Glul 70), with water molecule providing the fourth ligand.

Fig. 4a

Fig44 (a): Schematic representation of the key features of the presumed mechanism of action of
thermolysin The catalysis proceeds by a general base-type mechanism as described by Matthew &
coworkers [Modified from Matthews (116)]. Similar residues are involved in the catalytic activity of HA/P
represented by the numbers with superscript HA/P.
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Fig.4.4 (b): An active site His-229 has been proposed to stabilize the transition state in
catalysis by donating a hydrogen bond to the hydrated peptide [Adapted from Matthews

(121)}.(¢): Zn-ion is penta-coordinated in the enzyme inhibitor complex.
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In TLPs four substrate binding pockets (S, S, S, S') have been identified (118, 121).
The S’ sub-site is a deep hydrophobic pocket (112,123) that can accommodate side
chains such as valine, leucine and phenylalanine (121). S, sub-site is mainly composed
of Phel30, LewPhel33, Vall39, and Leu202 (Thermolysin numbering) (112,123). In
HA/P, Phel29, Leul32, Vall43 and Leu203 constitute the S;’ sub-site. The hydrophobic
S/ sub-site is one of the major determinants of the substrate specificity of thermolysin
and related M4 peptidase family (113, 124) Substrates with Phe residue at Py fit well in
the Sy’ sub-site (118,124). The S; and S’ sub-sites are partially hydrophilic pockets. The
substrates with benzyl group at R1 subsitituent oriented towards the S, binding sub-site
that is composed of Asnl12, Phell4, and Tyrl57 (Thermolysin numbering) (113). In
HA/P, the S; sub-site is composed of Asnl18, Phel20 & Tyrl61. In enzyme inhibitor
complex of both proteins (HA/P & PAE) the inhibitor [N- {(1-carboxy-3-phenylpropyl)-
phenylalanyl-alpha-aspargine} (HPI)] occupies the 5,-5 . subsites.

4.1.6. Phylogenetic Analysis:

A phylogenetic tree was generated by using the multiple sequence alignment information
of eighteen sequences with the help of PHYLIP program for exploring the evolutionary
relationships among Thermolysin subfamilies. The tree clearly indicates the divergence
of these eighteen operational taxonomic units (OTUs) from a common ancestral gene as
indicated by the mid-point root. The phylogenetic tree for HA/P gene is presented in
Appendix II1.

Each branch in the dendrogram represents a point of divergence where HA/P gene has
evolved to a new function. The distance between the branches corresponds to

evolutionary distances as measured by how much the various sequences differ from one
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another. It can observed from the dendrogram that the HA/P and PAE genes are clustered
in a recently evolved branch. Another observation made from the dendrogram is that
HA/P and PAE genes are more closely related to each other than either of the sequences
in the tree. However, it can be seen clearly in the dendrogram that HA/P share a common

ancestor with the PAE family as represented by the internal node.
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Fig.4.5. The binding of HPI inhibitor (Stick) with the enzyme segment (Line representation) by hydrogen
bonding. Presumed Hydrogen bonds are represented as dolted line,

Fig4.6. Amino acid residues (line representation) that are involved in hydrophobic interactions with
inhibitor (Stick).
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Fig.4.7. The binding of inhibitor (HPI) on the surface of active site of the HA/P model.
Presumed protein-inhibitor, protein-protein and protein solvent hydrogen bonds are
shown as dashed lines and inhibitor-protein interactions with water molecules are drawn

as solid lines.
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4.2. ZONA OCCLUDENS TOXIN (ZOt)

4.2.1. BIOLOGICAL IMPORTANCE:

Zonula occludens toxin (Zot) is an enterotoxin of a single polypeptide chain of 44.8 kDa
(125-126).The gene encoding Zot is located on the CTX genetic element immediately
upstream of cix gene (127-128). In addition to Cholera Toxin, Zot has been reported a
second toxin of a V.cholerae virulence casselte, that.muld contribute to reactogenicity
suggested its role in the cause of acute dehydrating diarrhea typical of cholera (129-130).
Zot affect the structure of epithelial tight junctions and increases the permeability of the
small intestine. The mechanism of action of Zot on tight junctions involves a
rearrangement of the epithelial cell cytoskeleton due to protein kinase C alphadependent
F-actin polymerization (126-127).

4.2.2. Sequence Analysis:

Sequence similarity searches of Zot showed 26% identity with chain A of Peroxisomal 3-
Ketoacyl-Coa Thiolase of Saccharomyces Cerevisiae with two insertions at positions
between Arg274 and Tyr275 and between Val281 and Gly282 in the template 1PXT,
seven gaps in each insertion and one insertion of eight gaps in target sequence at position
between Val356 and Leu357 as shown in Appendix II. The two sequences showed no
significant sequences similarity only 108 residues are found to align out of 399 residues.
Only 25 residues are found to be conserved in both the sequences but these residues play
no significant biological role (Fig:3.2.1). The amino acid sequence of Zot shoed no
significant homology to sequences stored in SwissProt, as well as to the protein patterns

found in the PROSITE and PRINTS databases.
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Comparison of multiple sequences shows poor sequence similarity among primary
structures of all known homelogous proteins of proteobacteria Appendix II. As there is
scant of knowledge about the primary sequence and function of Zot proteases so no
enough information could be drawn from the sequence comparison of few sequences
because each sequence belongs to the separate family. Only three residues are found to be

least conserved among seven sequences of multiple alignment.
4.2.3. Topology of Predicted Homology Model of Zot:

The overall tertiary structure of the Zot strongly resembles that of its template 1PXT and
other proteases belong to superfamily thiolase-like, whose structures are known. Fig,
3.2.2 depicts the schematic representation of the homology model Zot showing
arrangement of secondary structural elements. The tertiary structure comprises with o/
structural topology, mainly antiparallel j-sheets (beta-alpha-beta units). The arrangement
of secondary structural elements in Zot tertiary structure is thiolase-like consists of two
similar domain and arrange in three layers of o/fi/a.

4.2.4. Model Assessment:

Ramachandran plot indicates (Table 3.3.1a) that 85.9% of the main-chain dihedral angles
are found in the most favored regions, 11.1% in the additionally allowed, 2.1% in the
generously allowed while 0.9% (3 residues, Leu23, Leu97 & Thr300) was found in the
disallowed regions (Appendix V). The structural conformation of the predicted Zot model
is similar to X-ray structure of 1PXT. In accordance, the model show relatively good
protein geometry, and most of the quality parameters are better than or in the range of

tolerance. Therefore the models can be considered as structurally realistic.
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The energetic architecture of protein folds was determined by using the program ProSA
(Fig.3.2.3a & b). The energy graph of the predicted model was explored to observe the
energy difference. Z-score was used as the measure of this energy, which indicated the
quality of protein structures. The z-score (-0.09) indicates overall model quality
(Fig.3.2.3a). Fig.3.2.3b shows local model quality by plotting energies as a function of
amino acid sequence position. In general, positive values correspond to problematic or
erroneous parts of the input structure. A plot of single residue energies usually contains
large fluctuations and is of limited value for model evaluation. Hence the plot is
smoothed by calculating the average energy over each 40-residue fragment (Fig.3.2.3b,
thick line). A second line with a smaller window size of 10 residues is shown in the
background of the plot (Fig.3.2.3b, thin line). As is evident from the result, the energy
graphs (Fig.3.2.3b) corresponded to less stable structures and the values of energy, for
the target molecule, is above Zero point, which is more than the values of experimentally
found Template molecule (Z-score: -8.21) (Appendix VI). Thus from the energy
stabilizations point of view, there seemed to be problems in the modeled structure which
may be because of the low sequence identity between the target and template sequences
but the overall Z-score is < 0 suggests that the predicted homology model fulfill the
criteria of a good model.

The a-carbon backbones of 1PXT and Zot were aligned for comparison. The overall
description of similarities and differences derived from backbone superposition is given
in Fig. 3.2.4. The RMSD value between template and the predicted model using all main-
chain atoms was found to be 0.5432A °. Thus this value and the small variability between

model and the template reflect the presence of strong restraints in most regions. As
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unexpected from the low sequence identity, the two structures are well superimposed and
have similar folding topology but have different conformations at certain regions because
of the difference in total number of residues between target (390AA) and template (443)
alignment as well as because of the missing of few crystallized residues in the crystal
structure of template (1PXT). In template 1PXT crystallized structure there are three
regions (Asnl61-Glnl174, Asn192-Arg201 & Pro247-GIn275) of which the amino acids
are not crystallized during the process of crystallization, so far these residues are missing
from the 3D structure of template 1PXT, on the basis of which the homology model of
Zot was constructed.

4.2.5. Phylogenetic Analysis:

A phylogenetic tree was drawn by using the multiple sequence alignment information of
seven sequences for charting the evolutionary relationships. The tree supports the
divergence of these seven operational taxonomic units (OUTs) from a common ancestral
gene as indicated by the mid-point root. The phylogenetic tree for Zot has been presented
in Appendix IIL. From the toplology of the Zot dendrogram the Zot gene is segregated in
a clade that includes GIP_BPPHL Iand seemed to have separated in the evolutionary
process. It can be observed from the dendrogram that THIK_YEAST (Template) seemed
to have segregated in a slightly distinct branch, that could be attributed because of its

taxonomic position as being the only fungi in the tree.
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4.3.ACCESSORY CHOLERA ENTEROTOXIN (Ace)

4.3.1. BIOLOGICAL IMPORTANCE:

Accessory Cholera Enterotoxin (Ace) has been considered the third toxin of a V.cholerae
virulence cassette. The gene encoding Ace is located on the CTX genetic element
immediately upstream of the genes encoding Zot and cholera toxin. Across intestinal
epithelial membrane, Ace increases the potential difference and alters ion transport may
cause diarrhea. (127-128). The mechanism of action of Ace is still largely unknown, but
its similarity with a family of ion-transporting ATPases may provide evidence. Ace is
much smaller protein as compared to the proteins of this family but the greatest similarity
of Ace and the ion-transporting ATPases is in the hydrophobic transmembrane domains.
Ace is mainly a hydrophobic protein (128).

4.3.2. Sequence Analysis:

Sequence similarity searches of Ace showed 31% sequence identity with crystal structure
of the Soluble Methane Monooxygenase Regulatory Protein B (1CKV.pdb) of
Escherichia coli as shown in Appendix II. The two sequences showed significant
sequences similarity but with low sequence identity as only 35 residues out of 96 residues
showed sequence identity. The align2d command of MODELLER realigned the full
length sequences of target (Ace) and template (1CKV) with improved sequence
similarity. Only nine residues are found to be conserved in both sequences but these
residues play no significant role in its function (Fig.3.3.1). The amino acid sequence of
Zot shoed no significant homology to sequences stored in SwissProt, as well as to the

protein patterns found in the PROSITE and PRINTS databases.
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No appreciable numbers of sequences are found for constructing the multiple sequence
alignment. Only sequences of four species are found to be homologous with Ace.
Comparison of multiple sequences shows poor sequence similarity among primary
structures of all known homoelogous proteins of proteobacteria (Appendix [1).Only single
residue (Gly73)is found to be conserved among the sequence of these four species, while
only ten residues are found to be less conserved and only four residues are found to be
least conserved. As there is no enough information is available about the primary
sequence and function of Ace proteases so no significant information could be drawn
from the sequence comparison of few sequences because each sequence belongs to the
separate famiiy.

4.2.3. Topology of Predicted Homology Model of ACE:

The overall tertiary structure of the ACE strongly resembles that of its template 1CKV
and other proteases belong to superfamily hydroxylase regulatory proteins, whose
structures are known. Fig.3.3.2 depicts the schematic representation of the homology
model Ace showing arrangement of secondary structural elements. The tertiary structure
is comprises with @ + B structural topology, mainly antiparallel B-sheets (segregated
alpha & beta regions).

4.3.4. Model Assessment:

Ramachandran plot indicates (Table 3.3.1a) that 75.9% of the main-chain dihedral angles
are found in the most favored regions, 14.9% in the additionally allowed, 9.2% in the
generously allowed while 0% is found in the disallowed regions (Appendix V). The
structural conformation of the predicted Ace model is similar to X-ray structure of

1CKV. In accordance, the model show relatively good protein geometry, and most of the

116



quality parameters are better than or in the range of tolerance. Therefore the models can
be considered as structurally realistic.

The energetic architecture of protein folds was determined by using the program ProSA
(Fig.3.3.3a & b). The energy graph of the predicted model was explored to observe the
energy difference. Z-score was used as the measure of this energy, which indicated the
quality of protein structures. The z-score (-0.17) indicates overall model quality
(Fig.3.3.3a). Fig.3.3.3b shows local model quality by plotting energies as a function of
amino acid sequence position. In general, positive values correspond to problematic or
erroneous parts of the input structure. A plot of single residue energies usually contains
large fluctuations and is of limited value for model evaluation. Hence the plot is
smoothed by calculating the average energy over each 40-residue fragment (Fig.3.3.3b,
thick line). A second line with a smaller window size of 10 residues is shown in the
background of the plot (Fig.3.3.3b, thin line). As is evident from the result, the energy
graphs (Fig.3.3.3b) corresponded to less stable structures and the values of energy, for
the target molecule, is above Zero point, which is more than the values of experimentally
found Template molecule (Z-score: -4.28) (Appendix VI). Thus from the energy
stabilizations point of view, there seemed to be problems in the modeled structure which
may be because of the low sequence identity between the target and template sequences
but the overall Z-score is < 0 suggests that the predicted homology model fulfill the
criteria of a good model.

The o-carbon backbones of 1PXT and Zot were aligned for comparison. The overall
description of similarities and differences derived from backbone superposition is given

in Fig. 3.3.4. The RMSD value between template and the predicted model using all main-

117



chain atoms was found to be 0.5432A °, Thus this value and the small variability between
model and the template reflect the presence of strong restraints in most regions. As
unexpected from the low sequence identity, the two structures are well superimposed and
have similar folding topology but have different conformations at certain regions because
of the difference in total number of residues between target (390AA) and template (443)
alignment as well as because of the missing of few crystallized residues in the crystal
structure of template (1PXT). In template 1PXT crystallized structure there are three
regions (Asn161-Gln174, Asn192-Arg201 & Pro247-GIn275) of which the amino acids
are not crystallized during the process of crystallization, so far these residues are missing
from the 3D structure of template 1PXT, on the basis of which the homology model of

Zot was constructed.
4.2.5. Phylogenetic Analysis:

A phylogenetic tree was drawn by using the multiple sequence alignment information of
four sequences for studying the evolutionary relationships. The tree supports the
divergence of these four operational taxonomic units (OUTS) from a common ancestral
gene as indicated by the mid-point root. The phylogenetic tree for Ace is presented in
Appendix 111, From the topology of the phylip dendrogram the Ace gene is segregated in
a clade that includes SYFA METCA and seemed to have separated in the evolutionary
process. It can be observed from the dendrogram that MMOB_METCA (Template)
seemed to have segregated in a slightly distinct branch, that could be attributed because it

belongs to different subfamily in the tree.
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Conclusion:

The primary structure of both proteins shows strong amino acid homologies in the

regions that are thought to be the active site and Zn-binding domains.

Comparison of multiple sequences of all known neutral metalloproteases of M4
family shows significant sequence similarity and supports the reality of the
putative signature of Zn-metalloproteases (HEXXH). In addition, the
metalloprotease family also contains another conserved EXXXD motif. Both
these conserved motifs contain crucial residues that might potentially play an

important role in the mechanism of catalysis.

The overall topology and secondary structural elements are quite conserved in the
M4 family. They comprise a two-domain structure, the N-terminal domain
comprises several [3-strands and a single a-helix while C-terminal domain shows
a-helix bundle and a j-sheet. The domains are connected by a central a-helix. The
Glul4] and His223 are the key residues for the catalytic activity of the P.

aeruginosa elastase.

On the basis of high sequence and structural similarity with P. aeruginosa
elastase and other known TLPs it might be proposed that the corresponding
residues Glul47 and His229 in hemagglutinin/ protease are catalytically active
and support the model for the mechanism of action of thermolysin as proposed by
Maithews and coworkers.

The hydrophobic S, binding sub-site is the major determinant of the substrate

specificity of TLPs. The analysis of ligand interactions and assessment of
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hydrophobic S,’ shows that the differences in specificity of M4 family towards
substrates do not associate with sequence variation but depends on a small

number of identifiable amino acids.

It has been shown that M4 metalloproteases have almost identical substrate
preferences as they have identical residues at positions 133" and 202", In fact
substitution of a single amino acid can convert catalytic characteristics of one
family member into that of another. Therefore, on the basis of identifiable amino
acids in TLPs, specific inhibitors to be used for blocking disease-related members

of the metalloproteases family can be designed.

It may be predicted that the hemagglutinin/protease may be inhibited by the same

set of inhibitors that are specifically designed to inhibit Zn metalloproteases.

Both clastase and hemagglutinin/protease differ markedly in their resistance to
heat inactivation; a comparison of their structures may provide a chemical basis

for explaining the differences in their thermal stability.

The structural information obtained from the model may facilitate efforts at
designing more selective inhibitors that can be used to further probe the distinct
biological role of the members M4 family and to explore the potential of these

macromolecular species as therapeutic targets.

The overall tertiary structure of the Zot & ACE strongly resembles that of their
template 1PXT & 1CKV respectively. The tertiary structure of Zot comprises
with o/B structural topology, while the tertiary structure of ACE is comprises with

a + P structural topology.
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e The predicted 3D models of Zot & Ace fulfill the criteria of a good quality model.

e The function and biological role of Zot & Ace could not be predicted from its 3D
predicted structure as there is no information available on their active site
residues. Neither their residues show any conservation with the active site

residues of their respective template.
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APPENDIX 1

Reagents:

* Cholera Toxins, A and B (Sigma, Saint Louis, Missouri USA): CTA (Img/mL) &
CTB (0.5mg/mL) subunits from V.cholerae were reconstituted with 1mL of sterile water
according to the manufacturer instructions and were kept at 4°C for up to 6 months.

* Neuraminidase (Sigma, Saint Louis, Misseuri USA): Neuraminidase from
V.cholerae was in the form of sterile-filtered aqueous solution, pH 5.5 (1mg protein/mL;
5.0units/mg protein)

* Phosphate Buffer Saline (PBS): Ig tablet of PBS was dissolved in 800mL of
deionized water. pH was adjusted up to 7.3-7.4 by using IN HCl or IN NaOH. The
volume was adjusted to 1 litter with deionized water and the solution was autoclaved.

* RNeasy Mini Kit (Qiagen)

¢ Ethanol, 70%, 90%.

* j-Mercaptoethanol (j-ME)

* DEPC Treated Water: 1mL of diethylpyrocarbonate (DEPC) was added to 1 liter of
deionized water, incubated overnight at 37°C and autoclaved.

» Isopropyl alcohol (Merck Marker Pvt. Ltd)

¢ Chloroform (Merck Marker Pvt. Ltd)

* Trizol Reagent (Invitrogen-Life Technologies, USA)

* Tris EDTA (TE) Buffer: 0.1576g of Tris (10mM) and 18.61g of EDTA(1mM) were
dissolved in 80mL of deionized water and pH was adjusted up to 7.5 by using IN HCl or

IN NaOH. The volume was adjusted up to 100mL with deionized water and autoclaved.



s Tris-Borate EDTA (TBE) Buffer (5X): Tris Base (54g), Boric Acid (27.5g) and
EDTA (2.92g) were dissolved in 800mL of deionized water and pH was adjusted to 8.0
by using IN HCI or IN NaOH. The volume was adjusted up to 1 litter with deionized
water autoclaved.

e Agarose (Invitrogen)

e Ethidium Bromide solution (Invitrogen)



Appendix I
pdb|1EZM| Elastase (E.C.3.4.24.26) (Zinc Metalloprotease) Length=301
pdbllU4G|A Chain A, Elastase Of Pseudomonas Aerugincsa With An Inhibitor

Bcore = 374 bits (96l), Expect = 2e-104, Method: Composition-based stats.
Identities = 150/303 (62%), Positives = 230/303 (75%), Gaps = 10/303 (3%)

vie 198 ATGTGPGGNQKTGRYEYGSNGLPGFTIDKTGTTCTMMNSAVKTVNLNGET--5GSTAFSY 255
A GPGGNQK G+Y YGS+ P D+ C M+ VTVe+sN T S +T F +
1EZM 1 AEAGGPGGNOKIGKYTYGSDYGPLIVNDR~~~-~CEMODDGNVITVDMNSSTDDSKTTPERE 56

vie 256 ACNNSTNYNSVKTVNGRYSPLNDAHFFGKVVFDMY(QOWLNTSPELTFQLTMAVHYGNNYEN 315
AC N+ K VNGAYSPLNDAHFFG VVF +Y+ W TSPLT +L M+VHYG + EN
1EZM 57 ACPT----NTYKQVNGAYSPLNDAHFFGGVVFKLYRDWFGTSPLTHKLYMKVHYGRSVEN 112

viB 316 AFWDGRAMTFGDGYTREYPLVDINVSAHEVSHGFTEQNSGLVYRDMSGEINEAFSDIAGE 375
A+WDG AM FGDG T FYPLV +4V+AHEVSHGETEQNSGL4YR SGGHNEAFSD4AGE
1EZM 113 AYWDGTAMLFGDGATMFYPLVSLDVARHEVSHGFTEQNSGLIYRGOSGEMNEAFSIMAGE 172

ViB 376 AAEYFMRGNVDWIVGADIFKSSGGLRYFDQPSRDGRSIDHASQYYSGIDVHHSSGVFNRA 435
ARE+HMRG D+++G DI K S5G LRY DQPSRDGRSID+ASQYY+GIDVHHSSGV+NRA
1EZM 173 AAEFYMRGKNDFLIGYDIKKGSGALRYMDQPSRDGRSIDNASQYYNGIDVHHSSGVYNRA 232

VIiB 436 FYLLANKSGWNVRKGFEVFAVANQLYWTPNSTFDQGGCGVVKAAQDLNYNTADVVAAFNT 495
FYLLAN GW+ RK FEVF AN+ YWT S ++ G CGV+++AQ+ NY+ ADV AF+T
1EZM 233 FYLLANSPGWDTRKAFEVFVDANRYYWTATSNYNSGACGVIRSAQNRNYSAADVTRAFST 292

vie 496 VGV 498

emplate Search result for HA/P (Vibriolysin) and Pairwise sequence analysis by BLAST and used to generate the alignment.ali file for align2d
ymmand of MODELLER.

pdbl1PXT | A Chain A, The 2.8 Angstroms Structure Of Peroxisomal 3-Ketoacyl-
Coa

Thiclase Of BSaccharomyces Cerevisiae: A Five Layered A-B-A-B-A Structura,
Constructed From Two Core Domains Of Identical Topology

Length=3580

Score = 30.8 bits (68), Expect = 0.74, Method: Compositional matrix adjust.
Identities = 25/10B (26%), Positives = 43/108 (39%), Gaps = 22/108 (2D%)

ZoT 255 VQDGFVTVGDERYRLVDNLDIPYRGLWATGHHIYKOTLTVFFETESGSVEPTELFASSYRY 354

VoDG v FE + + L++F G YD TV VB E+ b S
1PXT 249 t.lr5DGVPLWLMRRSVRNQLHLPVLGR————""YIDF\QTV ------- GVFPEIMGVGEAY 254
Z0T 355 EV---===== LPLPDFNHEVVEDTFAAQALWVEVKRGLEIKTENDEEG 394

+ L+ B+ F + + FAAQAL+ G+ 4+ H + G

lpxT 295 RIPRVLEATGLQVQDIDIFEINEAFAAQALYCIHKLGIDLNKVNPRGG 342

smplite Search result for Zona Oceludens Toxin (Zot) and Pairwise sequence analysis by BLAST and used to generate the alignment.ali file for
ign2i command of MODELLER.

pdib | 1ICKV|A Chain A, Structure Of The Soluble Methane Monooxygenase Regulatory
Protein B Length=141

Score = 24.6 bits (52), Expect = 7.1, Method: Compositional matrix adjust,
Identities = 11/35 (31%), Positives = 22/35 (62%), Gaps = 0/35 (0%)

ACEV 23 GIMWIESKIFVIQFFWEMSOKVIDMFTIYPLIQQOAR 57
GIM ++ K F QFF + +Q V + T+ +++tt
1CKY 11  GIMGLEGKDFADQFFADENQVVHESODTVVLVLEKS 45

mplate Search result for Accessory chalera enterotoxin (Ace) and Pairwise sequence analysis by BLAST and used to generate the alignmentali
: for align2d command of MODELLER.



C; & sample alignment in the PIR format; used in tutorial

>P1l;1ludg

structureX:ludg:1l :A:526 :A:elastase:Pseudomonas:-1.00:-1.00
AEAGGPGGNOKIGKYTYGEDYGPLIVNDR--—-CEMDDGNVITVDMNS STDDSKITPFRFACPTNTYRQ--VHNGA
Y SPLNDAHFFGGYVFKLYRDWEGTSPLTHKLYMKVHYGRSVENAYWDGTAMLFGDGATMEY PLVSLDVAAHEVSH
GFTEQNSGLIYRGOSGEMNERFSDMAGEAAEFYMRGKNDFLIGY DI KKGESGALRYMDOPSROGRS I DNASQYYNG
IDVHHSSGVYNRAFY LLARSPGWOTRKAFEVEVDANRYYWTATSNYNSGACGVIRSAONRNY SAADVTRAFSTVG

e e r rr hm 8 o am 8d hn ra s e e e AR AR LA S R A e A R

>Pl;vib2

sequence:vib2: 5 : ivibriolysin:Vibric:-1.00:-1.00
ATGTGPGGNORTGRYEY GENGLEGET I DETGT TCTMNNSAVKTVNLNGGTSGESTAFSYACNNSTNY NSVKTVNGA
YEPLNDAHE FGEVVEDMY CCWLNTSFL T FQL TMRVHY CHNYENAFWDGRAMT FGDGY TREY PLVDINVSAHEVEH
GETEQNSGLVYRDMSGGINEAFSDIAGEAAREY FMRGNVDWIVGADI FKSSGGLRY FOOPSRDGRS I DHASQYYSG
IDVHHSSGVEFNRAFY LLANKSGWRVRKGFEVFAVAROLYWTPNSTFDOGECEVVERAQDLNYNTADVVAATNTVE

vfrilllllltttlltiiii"* ----- R I I T I T

Alignment.ali file used to contruct comparative model of Hemagglutinin/proteinase (Vibriolysin) from erystal structure of
ludg.

C; A sample alignment in the PIR format; used in tutorial

>PL;1PXT

?tggcturex:IPxT:ZB:A:41?:h:Hqtu acyl CoAM:Saccharomyces cerevisiae:-1.00:-
LLEXRPEDVVIVAANRSAIGKGFKGAFKDVNTDY LLYNFLNEFIGRFPEFLRADLNLIEEVACGNYLNVGAGATE
HRAACLASGIFY STPFVALNROCESGLTAVND IANKIKVGOI DIGLALGVESMTNNY KNOQKNRERKKCLIFMGIT
NENRKDDDEFARNSYQKAYKAKNEGLFEDEILPIKLPDGESICOSDEGPRPOVSDEVAGVLLARRSVANOLNLEVL
GRYIDFQTVGVPPEIMGVGPRYAIPKVLEATGLOVODIDI FEINEAFARGALYCIRKLGI DLNKVNPRGGATALG
HPLGCTGARQVATILRELKKDOIGVVSMCIGTGMGARARIFIKE

>F1:ZOTV

| sequence; 20T : Bid i tZona occludens toxin:Vibric cholerse:=1.00:-1.00
SIFIHHGAPGSYKTEGALWLRLLPAIKSGRHI ITNVRGLNLERMAKY LKNDVSDISIEFIDTDHPDGRLTMARFW
HWARKDAFLFIDECGRIWFPRLTVINLKALDTFPDLVAEDRPESFEVAFDMHRHHGNDICLT TEN IAKVHNMIRE
ARFTCYRHFNRATVGLGAKFTLTTHDAANSGOMDSHALTROQVKKIPSPIFKMYASTTTGKARDTMAGTALWKDRE
ILFLFGMVELMESY SFYGLHDNPIFTGGNDAT IESEQSEPQSKATVGNAVESKAVAPASFGFCIGRLCVODGEVT

VGDERYRLVONLDI PYRGLWATGHHIYKDTLTVFFETESGSVPTELFASSYRYKVLPLPDENHEVVEDTFAAQAL
WVEVKRGLPIKTEND*

Alignment.ali file used to contruct comparative model of Zona occludens toxin (Zot) from ervstal structure of 1PXT.

€; A sample allgnment in the PIR format; used in tutorial

>P1;1CKV

structureX:1CKV:46:;A:141:A:Methonol Momooxygenate:Methylococcus capsulatus:~-1.00:-1.00
DEIRTFIEE]ILLTDYKKNVNPTVNVEDRAGYNWIKANGKIEVDCDEISELLGROFNVYDFLYDVSSTIGRAYTLS
NEFTITSELMGLDREKLEDYHA*

>P1+ACEV

seguenceACEV: : : : :RAccessory cholera entérctoxin:Vibrio cholerae:-1.00:-1.00
MLMMDTLYDWLIDGFTWLVIKLGIMWIESKIFVIQFFWEMSQKVIDMFTIYPLIQQAI DMLPPQYSGFLFFLGLD
QALATVLOALMTRFALRALNLY

Alignment.ali file used to contruct comparative model of Accessory cholera enterotoxin {Ace) from erysial structure of ICKV,



Multiple Sequeace Alignment between Ace (Vibrio cholerae) and other species of protobacteria. Highly
conserved residue is marked with * and highlighted with blue, less conserved are marked with : and
highlighted with red and Least conserved residues are marked with - and highlighted with magneta.



CLUSTAL X (1.81) multiple sequence alignment

o [TOYS LY L]

Il

FEET R R

el A

i

Multiple Sequence Alignment between Neatral Protease species & Vibrie cholerae. Conserved residues are

highlighted with blue. Boxes designate residues that are important for catalytic activity (red) and metal
binding (green). Residues that are involved in different interactions are designated as @. Sequences were first

-+ nligned psing Clustal X and then manually edited for improvements.



-MLVFNEGVPRAGESYDAVENHILPALKEGR- - -RVFARLNGLRFDRIAKHLGMA - -END

~MLDIKWNIRANPDFELDESLSKRGIDSVERSI -~~IEIDSEERTLISLIQKLOHER -~ KEF

¥ - -LNQGLNMRD SGLD TAYALRQEATDEKRAS - - ~-WRRATENGFEVGTYEALI PQADLVVN
CBAAL_DANRE LMLAALAGVTGI SASAGLMWTRAYARAGSSV- - -KEEEQMREEEPLEDVAEEAESDGALE
RLMI_SHEWM - LHRERFGFEEWLRENDKYWQELLDEAKARASIGITRCKTKFYGSD IDSRIVALAKENAA

G1P_BPPHL VQHELLVLVDTED - --~VSKLFACTQ~ -~ ===~ DESGKWCIPDEFKDALVVIDEVEEFYVN
SYS ORITI SSSVAHIYDKSS-~~=~TDFEBIQN~-=~=~= DVELINQKITELETSLLEHEKRLSEIMDN
THIK_YEAST LRADLNLIEEVACG----=~~NVLl-==-=--VGAGATERRAACLASGIPY STRFVALN
ILVC PROMH LIPDKQHSAVVQAVQPLMKSGAALGY SHGFNIVEVGEKIRDDI TVVMVAPKCPGTEVREE

CBAAl DANRE EESGEDEDEAGSEEFFEFORIGFRDRKVMEYENRIRAYSTPDEIFRYFATLEI INEHGDA
BLMI, SHEWM HAGVLELIDFSVIHALNVEVPEETGYLITNPPYGERLGTVIALLOLYYQLGDKFRAEFGG




APPENDIX III
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o B 3 ¥
b e '_Ihﬂ': A Bat T

II:NPRV VIBPR
1 EMPA VIBAN

N E NPRE BACAM
- NPRE BACSU

| NPRB BACSU
NPRE PAEPO
NPRE BREBE
—— NPRM BACME
L— NPRE BACCE
NPRS BACST
_I THER BACTH
L THER BACST
| NPRE BACCL
THER BACSO
THER BACCL
— THER ALIAC

Dendogram derived for HAP_VIBCH protease from multiple sequence alignment

using the neighbor joining distances method within Phylip package.



LU ViIbLn

G1P BPPHL
SYS ORITI
CBAAI1 DANRE
RLML SHEWM
ILVC PROMH

Dendogram derived for ZOT_VIBCH protease from multiple sequence alignment

using the neighbor joining distances method within Phylip package.

SYFA METCA
G6P BPPF1

Dendogram derived for ACE_VIBCH protease from multiple sequence alignment

using the neighbor joining distances method within Phylip package.




Appendix IV

onsensus prediction result for : HAP_VIBCH

10 20 30 40 50 (] Ta

| I | | I |
K 113440 HKHIQREUWHAEAGHATGFFLYHAQH?TIDDHBHUEQALAQQQ?SHHFAAEGFﬂlvHT?QLPHGHYKvé
5! -cee-cccceeeshrhhococochhheeseccochehhhhhhhoccccoccccecheesecccocreeea
- =l ‘zhheessccoccocesasasecacchhhhhhhhhhbhhhooccccccocoreesesaccoccanee
21 hhe&eeh geceeeehhoeeehhhhheeeshhhhhhhhhhhhhhheessehhhhhheesceeatttteass
RZ hhhhhochhhhhhhhhbhhhohhhhhhheehhhhhhhhhhhhhhhhhhhhhhhochhhehhhhecccoreee
NC ~~chhhhhhheeh: cccocochhhhhhheeccochhhhhhhhhhbhhhheoocococceesassgccoccanee
R . - oaseeee -cchehceesees chhhhhhhhhhhhhhhoocococcceeeegagccocoeeae
D ; hhhhhhhhhhhhhh cococcocccecchhhhhhhhhhhhcceeseccoeeseeegacocooaBEE
edator ~-cccococochhihhhbhhocochikhhhbhhcocoochhhhbhhhhhhhecocreoocotogeadoonagoece
BM hhhhh-ccheseshtccttcchhhhheesesthhhhhhhhhhhhhheccoccttoceessaaccttcases
c.Cons. -~ ch?-cchheeehchocccchhhhheeses chhhhhhhhhhhbhh?2cccccoucesseaaccocliesse

80 90 100 110 120 130 140

| | | | | | |
K_113440 YOOMYNGVEVYGTVVVATESSKGI SQVYGOMAQQLEADLPTVTPDIESQQAIALAVEHFGEQHAGESLEV
M eeccoocacaasaasseatttooesasecchhhhhhhecoroacc 'TZZhhhhhhh&&CE"'t:ZT' e
c geeccoroceteaeeeeeccocccassehhhhhhhococoooe chhhhheesaccocooocnccscoo
Rl EﬂEEEEEEEﬂEEEEEﬂﬂhhhttte&ﬂﬂﬂnﬂhhhhhhhﬁh"Eﬂﬂﬂthhhhhhhhhhhhhhhhh :chechh
R2 segea--reseccsgeeeacocccaseschhhhhhhhhocs hhhhhhhhhhhhhhh -hhcocooooe
NC hhhhhoooceseesaaaac :'""hhhhhhhhhhhhhh'”“""' -chhhhhhhhhhhcocooocooooe
R |eaeeccon EGE&HEEEE"'"hhhhhhhhhhhhhh”?CL f’hhhhhhhhhhhhhhl o E e e
D eeee___ T e L RS - ToT-Y Taadiad - S niad sttt _hhhhhhhhhhhhhnhh =
edator oo oCeRoageeess hhhhhhhhhhhh "1:':hhhhhhhhhnhhhh-': cocteoe
FM Bahh tt CEERERRBRCCI _hhhhhhhhhhh.hhh coccotcocochihhihhhhhhhtcooctteccee
c.Cons. esgaccCCoegseaesses "“?eee?hhhhhhhhhz.'-. -ccchhhhhihhhhhhiccccccocaces
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| I | | | | |
IK_113440 EHESUQLH?RLDDHQQHQL??L?BfF?ASETPSREFTFISEETGEVLDQHﬂGIHHhDATGTGPGGHQKTE

*M CooCRRARABACTC hhhaaeueeaeaac--c -~caapseehhccceectooccsthocctotttotitet
C n."EEEEEt:M rrooagggsegeecoordcooaMi@eccoOceRelCCCCCeRREECCOCCOCOBRE
JR1 hhhhhhheaehhhhhhhﬂaeeeeeeeqh;:;tt,eeueea ~hhhhhhhhhhtoocceeestcoccooceese

B2 - ~hhhhhehhhhhhhhhhhheseheee-ccoc --ceeesehhhhhehhhhhhhhhheseccccoooeeee
INC chhhheessecc: hhhhhhhhh&&ﬂ&':-. _,aaaee::r-'hh’--frr:: ~CCCCCCCCoeetE
R cecheseeeeeccccccheseescheaccooo coeaseeccochhhhhhecoooce CCCCCCoCoCoCr
10 xhz-reeeaaea:::..eeeaaaanueek_.:.:aaaeua::: Tt ] ek i s u e o e o o el el ol e
redator Sl - . - . S hhhhhheeesseec-cocoocoa@@ecco@@RCCCCCCCoCOCooCCa@ERETOCC
JPM :hhhheeea&e;tttt:heeaeeeeee;:?"'“-ﬁeeaeeh:thhhhhhht"“" T al wnt e o o o
ac.Cona. cochheesaesc hhheﬂﬂﬂﬂﬁﬂﬂl?::T"T:EEGBET"?‘??hhj‘T‘::1“127'7”1;£‘Ud?
220 230 240 250 260 270 280

| | | | | | |

NEK 113440 HYEIGEHGLPGFTIDKTGTTCTHHHSAHRTvHLHGGTSGSTAFHEAEHHSTHYHBUKTUHGﬂIEPLHDﬂH
PH ceocttcctc ecccocooootoccgeestttottbcocoetcotitictocceesecto cochc
sC P T tatertalalat -1 -1 11 Talutafar-1: -1 Ftads eeaauau,;:" *Eaaaaau_h¢. el 1 1oLl T atat m ]
OR1 segettt -~ eepaattteessse hheeesesatto: aa&eaaaetttttttaata&eaee&‘aahhhh
OR2 eagee oo CCeRER L CCCefees ‘seeege CCoCacEeseeeaal coococoaeeseccocccochhh
NHET T St etatatadutal -1 | Tutatar s -ua';;:?eeeeaaacc-rh::aauee::'*1"7'u aecccchacocshh
LR 1 Nadatetututened :1:] - | - (HwEadal fReeeC oCORERERERIOO -cpgpeeacococccocaeeeccoocccoohin
HD ageeccoccoooocs CaoCRoooooCoeeRaRcs T CCRCBCCCCCCCCLTe CCOCCoTUooons
redator : ':;:"':&EEEJ:C‘CZ;C:JJ:&EEBEDCTt:'P’““EHEE”*”"::"' GO .:hhhhhh
OFM -aeecccocresperttooeeeecttesesgesttroCCORBRRBRC OO0 ~eaaeeattc oethh
ec.CONS. eeeecs o CSRAACCOECERRsICIBEREEBCCCTE ~eee@eRCCCoCToCReRas -*"re“rhh
Continue HAP_VIBCH
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FFGKVVFIMYQQWLNT SPLTFQLTMRVHY GNNY ENAFWDGRAMTEGDGY TREY PLVDINVSAHEVSHGFT
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| | | | | | |
EGHSELUYRDHEGGIHELFSﬂIhEEhAE?EHBGHFBHI?GBBiFKBEGGLRTFDQPSRBGSSIDHASQYY
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| 1 Ll
onsensus prediction result for : ZOT_VIBCH
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| | | | | | |
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onsensus prediction result for : ACE_VIBCH
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quance length : 1



ROCHECK

A JA \LIUE.I. HUD}

Ramachandran Plot
vibl lig36
I -

45 9 135 180

Phi (degrees)
Plot statistics
Residues in most favoured regions [A,B,L] 27 8.7%
Residoes in additional allowed regions [ab,1,p] 27 10.5%
Residues in generously allowed regions [~a,~b,~l,~p] . A%
Residues in disallowed regions 0 0%
Number of non-glycine and non-proline residues "2;6 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 36
WNumber of proline residues T
Total number of residues ;_l

Bused on an enalysis of 1 18 stroctueres of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% n the most favoured regions.

ligd6_01.ps




ROCHECK

Ramachandran Plot

5 4
~b
135 180
Phi (degrees)
Plot statistics
Residues in most favoured regions [AB.L] 220 §7.6%
Residues in additional allowed regions [a,b,L,p] 30 120%
Residues in generously allowed regions [~a,~b,~L~p] 1 A%
Residues in disallowed regions 0 0%
Number of non-glycine and non-profine residues 251 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues {shown as triangles) 33
Number of proline residues 9
Total susmber of residucs 295

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no grester than 20%, a good quality model would be expected
1o hove over 90% in the most favoured regions.
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Ramachandran Plot
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Phi (degrees)
Plot statistics
Residues in most favoured regions [AB.L] 293 85.9%
Residues in additional allowed regions [a,b,1p] 38 1L1%
Residues in generously allowed regions [~a,~b~1,~p] 7 2.1%
Residues in disallowed regions : 5%
Number of non-glycine and non-profine residues "34: 100.0%
Number of end-residues (excl. Gly and Pra) 2
Number of giycine residues (shown as triangles) 28
Number of proline residues 19
Total number of residues 3590

Based on en analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 207, a good quality model would be expected
10 have over 9%, in the most favoured regions.
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o Ramachandran Plot
IPXT

180 Ty

135

45 0 45
Phi (degrees)
Plot statistics

Residues in most favoured regions [ABL] 226 79.0%
Residues in additional allowed regions [a,b,Lp] 53 18.5%
Residues in generously allowed regions [~a,~b,~l,~p] 7 24%
Residues in disallowed regions 0 A%
Number of non-glycine and non-proline residues "255 lﬁa
Number of end-residues (excl. Gly and Pro) 7
Number of glycine residues (shown as triangles) 33
Number of proline residucs 17
Total number of residues E

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
1o hive aver $0% in the most favoured regions.
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OCHECK

Ramachandran Plot

ACEV23
| I === |

180

Phi (degrees)

Residues in most favoured regions [AB.L] 66 75.9%
Residues in additiona! allowed regions [a,b,1p] 13 14.9%
Residues in generously allowed regions [~a,~b~l~p) 8 9.2%
Residues in disallowed regions 0 0%
Number of non-glycine and non-proline residues 87 100.0%
Number of end-residues (excl. Gly and Pro) 2

Wumber of glycine residues (shown as triangles) 4

MNumber of proline residues 3

Total number of residues 9%

Based on an analysis of 118 strectures of resolution of o least 2.0 Angetroms
and R-factor no greater than 20%, a good quality medel would be expected
to have aver 90% in the most favoured regions.
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Ramachandran Plot

bl Sl — piiciaieal’ 4

\

Phi (degrees)
Plot statistics
Residues in most favoured regions [A,B,L] 64.4%
Residues in additional allowed regions [a,b,l,p] 27.6%
Residues in generously allowed regions [~a,~b,~l~p] 8.0%
Residues in disallowed regions %%
Number of non-glycine and non-proline residues 100.0%

Number of end-residues (excl. Gly and Pro)

Mumber of glyeine residues (shown as triangles)
Number of profine residues

Total number of residues

2l ma o Bl coupR

Based on an anatysis of | 18 structures of resolution of a1 least 1.0 Angstroms
and R-factor o greater than 20%, s good quality model would be expected
1o have over 90% in the most favoured regions.
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APPENDIX VI
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Fig.1 a: Screenshot of ProSA z-score plot of 1U4G showing the Z value < 0.
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Foovledge-based snergy

fequance positisn
Fig.1b: Screenshot of ProSA plot of 1U4G showing the energy graph of residue scores of a

native protein structure,



Sequencs peition
Fig.2b: Screenshot of ProSA plot of IPXT showing the energy graph of residue scores of a

native protein structure.
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Fig.3a: Screenshot of ProSA z-score plot of ICKV showing the Z value < 0.
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Fig.3b: Screenshot of ProSA plot of 1CKV showing the energy graph of residue scores of a

native protein structure.
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