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ABSTRACT

DOES HOST MUCIN - SALMONELLA ADHESION INTERACTION
STEER DISEASE INVASIVENESS?: A COMPARATIVE STUDY USING
COMMON CLINICALLY IMPORTANT SEROVARS

Tunalier, Deniz
Master of Science, Food Engineering
Supervisor: Prof. Dr. Yesim Soyer Kiiciiksenel
Co-Supervisor: Assoc. Prof. Dr. Soraya Chaturongakul

July 2023, 154 pages

Salmonella enterica subsp. enterica (Salmonella) which is a Gram-negative, rod-
shaped, and motile bacterium, is one of the most prevalent foodborne pathogens.
World Health Organization (WHO) highlighted that at least 100 million people
suffer from salmonellosis annually. Salmonella has over 2600 serovars which are
characterized in terms of host specificity or clinical manifestation. Host mucin 1
(MUC1) is a receptor for Salmonella giant adhesin Salmonella intestine infection
(SiiE). The presence of siiE might affect the course of the disease. The severity of
salmonellosis might be affected by MUCL1 and SiiE interaction. In this study, it’s
hypothesized that the degree of invasiveness through this interaction varies regarding
host specificity of Salmonella. Determining protein-protein interactions (PPIs)
between SiiE adhesin of Salmonella and its host receptor MUCL to observe binding
characteristics of different Salmonella serovars is the aim of the study. The gene
sequences of siiE of previously whole genome sequenced (WGS) local METU
Salmonella isolates, as well as universal Salmonella isolates retrieved from National
Center for Biotechnology Information (NCBI). METU isolates were selected by their

original hosts, molecular subtypes, and frequency of making disease in humans in



Tiirkiye. Similar approach was used to select serovars world-wide from NCBI;
serovars representing the most and the least observation rates for making disease in
humans among the continents were used. By using sequence data of previously WGS
METU Salmonella isolates (n=47), primer sets were designed to conduct multiplex
PCR to detect presence of siiE gene. Overall, 78 representative Salmonella isolates
were subjected to screening of the gene. According to the multiplex PCR results, all
these isolates (n=78) have siiE, therefore it is concluded that siiE is an abundant gene
among Salmonella serovars. For in silico analysis, genome data of important 37
Salmonella isolates were obtained from NCBI. Since SiiE is the biggest protein in
Salmonella proteome, including 5559 amino acids, a representative region of this
protein which is bacterial immunoglobulin-like domains 50" to 52" (BIg50:52), was
used for further analysis. A phylogenetic tree was constructed from SiiE Blg50:52
to observe amino acid substitutions in Salmonella isolates (n=84). Total of 20
clusters were observed in the phylogenetic tree and the most prevalent substitutions
were detected on residues 5113 and 5336. Also, secondary structures of WGS METU
Salmonella isolates (n=47) and selected isolates from NCBI (n=5) were determined
by using threading approach to furtherly use in docking with rigid body method.
From docking between SiiE and MUCL, PPIs showed that except disulfide bridges
other interactions have a role on binding. Moreover, no correlation was observed for
interaction of MUC1 and SiiE B1g50:52 of different Salmonella serovars in terms of
host specificity. Finally, it was remarked that SiiE’s residues 5174 and 5175 may
have a vital role on host — receptor interaction between SiiE of Salmonella and

MUCL1 of Homo sapiens.

This study contributed to a better understanding of Salmonella — host interactions
and observing the effect of Salmonella diversity on binding characteristics and

invasiveness.

Keywords: Salmonella, multiplex polymerase chain reaction (PCR), secondary

structure modelling, docking, protein — protein interactions
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KONAK MUSIN - SALMONELLA TUTUNMA ETKIiLESiMi HASTALIGIN
INVAZYASYONUNU ETKILiYOR MU?: KLINIK OLARAK ONEMLI
YAYGIN SEROVARLARIN KULLANILDIGI KARSILASTIRMALI BiR
CALISMA

Tunalier, Deniz
Yiiksek Lisans, Gida Miihendisligi
Tez Yoneticisi: Prof. Dr. Yesim Soyer Kiigiiksenel
Ortak Tez Yoneticisi: Dog. Dr. Soraya Chaturongakul

Temmuz 2023, 154 sayfa

Gram-negatif, c¢ubuksu ve hareketli Salmonella enterica subsp. enterica
(Salmonella) en yaygin gida kaynakli patojenlerdendir. Diinya Saglik Orgiitii (DSO)
yilda en az 100 milyon insanin salmonelloz hastalifina yakalandigini belirtmistir.
Konak o6zgiilliigi ya da klinik belirtilere gore siniflandirilan Salmonella’nin
2600’den fazla susu vardir. Salmonella nin bityiik adezini SiiE nin konak reseptorii
MUCT’dir.  siiE’nin  bulunmast  hastaligin ~ seyrini  etkileyebilmektedir.
Salmonellozun siddeti MUCT1 ve SiiE etkilesiminden etkilenebilir. Bu ¢alismada
Salmonella’nin konak 6zgiilliigiiniin, bu etkilesim yoluyla niifuz edebilmesinin
derecesini etkiledigi varsayilmaktadir. Bu g¢alismanin amaci, farkli Salmonella
suslarmin baglanma 6zelliklerini gézlemlemek i¢in Salmonella’nin SiiE adezini ve
konak reseptorii  MUC1 arasindaki protein—protein etkilesimlerini (PPE)
incelemektir. Ulusal Biyoteknoloji Bilgi Merkezi’nden (UBBM), onceden tiim
genomu dizilenmis yerel ODTU Salmonella izolatlarmin hem de evrensel
Salmonella izolatlarinin SiiE gen dizileri alinmistir. ODTU izolatlar1 konakgilari,

molekiiler alt tipleri ve Tirkiye’de insanlarda hastalik yapma sikliklarina gore
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secilmistir. Benzer yaklasim UBBM’den diinya capindaki suslari secerken de
kullanilmustir; kitalar arasinda insanlarda hastalik yapmada en sik ve en az
gdzlemlenen suslar kullamlmistir. Toplam gen dizilimi yapilmis ODTU Salmonella
izolatlariin (n=47) dizi verileriyle, siiE’nin varligin1 multipleks polymerize zincir
reaksiyonuyla (PZR) belirlemek igin primer setleri tasarlanmistir. Toplamda 78
Salmonella izolatinin geni taranmistir. Multipleks PZR sonuglarina gore, biitiin
izolatlarda (n=78) SIiiE bulundugundan, siiE’nin Salmonella suslarinda yaygin
oldugu sonucuna varilmistir. Bilgisayarda analiz i¢in, 37 6nemli Salmonella susunun
toplam gen verileri UBBM’den alinmistir. 5559 amino asit i¢eren SiiE, Salmonella
proteomunun en biiyiik proteini oldugundan, bu proteinin temsili bolgesi, 50.’den
52.’ye bakteriyel immiinglobulin benzeri domainleri (BIg50:52) ileriki analizlerde
kullanilmistir. Salmonella izolatlarindaki (n=84) amino asit farkliliklarini belirlemek
icin SiiE BIg50:52°den filogenetik agac¢ olusturulmustur. Bu agagta 20 adet
kiimelenme belirlenmistir ve en ¢ok farkliligin 5113. ve 5336. amino asitlerde
oldugu tespit edilmistir. Ayrica toplam gen dizilimi yapilmis olan ODTU Salmonella
izolatlar1 (n=47) ve UBBM’den se¢ilen Salmonella izolatlarmin (n=5) ikincil yap1
modellenmesi, sabit cisim yanastirmasinda kullanilmak igin iplikleme yontemiyle
yaptlmigtir. SiiE-MUCL1 yanastirmasimdan, PPE’ler disilfit kopriileri hari¢ diger
etkilesimlerin baglanmada rol oynadigini gostermistir. Ek olarak MUCI1 ve farkli
Salmonella suslarinin  SiiE  BIg50:52’sinin  etkilesiminde, Salmonella konak
ozgilliigi agisindan iliski gézlemlenmemistir. Son olarak, SiiE’nin 5174. ve 5175.
amino asitlerinin Salmonella’nin SiiE’si ve Homo sapiens’in MUC1’i arasindaki

konak reseptor etkilesiminde 6nemli bir rolii olabilecegine dikkat ¢ekilmistir.

Bu calisgma Salmonella — konak etkilesimini ve Salmonella gesitliliginin konaga
baglanma ozelliklerinde ve niifuz edebilmesindeki etkisini daha iyi bir sekilde
anlamaya katkida bulunmustur.

Anahtar Kelimeler: Salmonella, multipleks polimerize zincir reaksiyonu, ikincil

yap1 modelleme, yanastirma, protein — protein etkilesimleri
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CHAPTER 1

INTRODUCTION

Foodborne illnesses play a crucial role in public health in terms of both mortality and
socioeconomic effect. These diseases occur due to consumption of contaminated
foods and can be encountered during any stage of farm to fork food supply chain
(WHO, 2019). According to estimation of WHO, 600 million people get sick and
420,000 people die due to foodborne illnesses in the world annually (WHO, 2022).
WHO also reported that among other pathogens that put foodborne burden on human
health, Salmonella enterica subsp. enterica (Salmonella) is the number one
contributor (WHO, 2015). Salmonellosis is the disease caused by Salmonella and
has consequences of gastrointestinal effects and fever. Prime foods that are
associated with salmonellosis are meat and poultry products, eggs, dairy products,
nut butters, fresh vegetables, and raw sprouts (FDA, 2019). Although Salmonella
enterica has more than 2600 different serovars, not all serovars cause the same
disease or the same symptoms. Some of these serovars are known for causing
invasive illnesses in humans such as S.Typhi and some of these are known for
specific to swine such as S.Cholereasuis (Cheng et al., 2019). In other words,
Salmonella diversity has an essential role on pathogenesis, disease severity and host
specificity. When burdens on public health, various contamination routes and
Salmonella diversity are taken into consideration, investigating the different
Salmonella serovars’ effect on invasiveness plays a significant role on revealing the

impact of salmonellosis.

The process of bacteria to attach other cells is defined as bacterial adhesion.
Precondition of bacteria to grow, colonize and eventually cause infection on host, is

highly dependent on this initial attachment (Schaeffer, 1993). Consequently, one of



the first and foremost steps of bacteria to cause pathogenesis is adhesion to host cells.
The process of bacterial attachment on host cells requires recognition between
particular proteins on bacterial surface and corresponding receptors on the surface of
host cells (Rehman et al., 2019). Adhesins of Salmonella are one of the virulence
factors that Salmonella requires in adhesion. Salmonella intestine infection (SIiE)
which is a non-fimbrial adhesin of Salmonella has a crucial role of binding
glycostructures on cell surface since it is considered to be responsible of first contact
to polarized host cells (Barlag & Hensel, 2015). Therefore, highlighting the structural
differences of different Salmonella serovars’ SiiE adhesin and investigating the
binding properties between SiiE adhesin of Salmonella and its receptor on host cell,
have a vital effect on enlighten the invasiveness and consequently course of
salmonellosis. Hence, this study is based on the hypothesis that SiiE region varies
among different Salmonella serovars and these differences affect the binding to its

host cell receptor, eventually degree of invasiveness.

In this study, sequence data of local Salmonella isolates, as well as universal
Salmonella isolates retrieved from National Center for Biotechnology Information
(NCBI). Serovars representing the most and the least observation rates for making
disease in humans in Tirkiye and among the continents were used to achieve a better
understanding of Salmonella — host interaction, since different serovars affect the
course of salmonellosis. Additional to in vitro methods, in silico methods were also
applied to enlighten the relation between SiiE adhesin of Salmonella and its receptor
on host cell by using various bioinformatic tools. In the light of bioinformatic
methods, binding characteristics between Salmonella and host cell were investigated

so that salmonellosis can be detected and even prevented from the earliest stage.



CHAPTER 2

LITERATURE REVIEW

2.1 Salmonella

Salmonella enterica subsp. enterica (Salmonella), which is one of the commonly
encountered foodborne pathogen, leads to foodborne disease in humans (Hald,
2013). According to the annual estimation of WHO, at least 100 million people get
sick due to Salmonella in the world (WHO, 2018). Salmonella is regarded as one of
the most significant foodborne pathogens when prevalance, mortality and burden on

economy are taken under consideration (WHO, 2022).

Salmonella is nonsporulating, rod-shaped and gram-negative prokaryotic bacterium.
It belongs to Enterobacteriaceae family. Although it can be nonmotile in culture, it
is mobile owing to having multiple flagella (Mumy, 2014). The name Salmonella
was originated and given bringing honor to Daniel Elmer Salmon who was a
veterinary pathologist from America, by virtue of his efforts (Monte & Sellera,
2020). For the purpose of classifying Salmonella in serovar level, White-Kauffmann-
Le Minor (WKL) scheme is used. The scheme consists of antigens of outer
membrane lipopolysaccharides (O), flagellar proteins (H1 and H2) and capsular
polysaccharides (Vi) (Longo et al., 2019). To determine the group of Salmonella and
to specify the serovars, O antigen and H antigen are used respectively. However, Vi
antigen is observed in only 4 Salmonella serovars among more than 2600 serovars
(Ryan et al., 2017).

Nomenclature of Salmonella was considered as elaborate since, dissimilar systems
had been used among scientist, until WHO Collaborating Centre for Reference and

Research on Salmonella at the Pasteur Institute based system is accepted universally



and solely. A consistent and coherent system is essential for effective communication
between people who work in farm-to-fork continuum, health sector and scientists
(Brenner et al., 2000). According to present WHO Collaborating Centre based
system, genus Salmonella has two species which are S.enterica and S.bongori. The
species S.enterica includes 6 subspecies which are S.enterica subsp. enterica (1),
S.enterica subsp. salamae (1), S.enterica subsp. arizonae (llla), S.enterica subsp.
diarizonae (I11b), S.enterica subsp. houtenae (V) and S.enterica subsp. indica (V1)
(Su & Chiu, 2007). In 2005, a third species which is S.subterranea of genus
Salmonella is recognized, however it is not included to the current system
(Shelobolina et al., 2004).

Table 2.1 Nomenclature of Salmonella (Su & Chiu, 2007)

Genus Species Subpecies
Salmonella enterica enterica (I)
salamae (I1)

arizonae (I11a)
diarizonae (l11b)
houtenae (1V)

indica (VI)
bongori \Y
subterranea
2.1.1 Diversity of Salmonella Serovars

Serovars which belong Salmonella enterica can be categorized into 3 groups in terms
of host specificity. These groups are host-generalist, host-adapted and host-
restricted. S. Enteritidis and S. Typhimurium are members of host-generalist, since
they can affect broad range of hosts. Serovars under host-generalist can cause
gastroentirical disease in both humans and animals (Huang et al., 2019). Host-
adapted group consists of S. Dublin and S. Choleraesuis. Although the former mainly
cause bacteremia in bowine and the latter mostly affect porcine, they may create

infection in humans (Baumler & Fang, 2013). Host-restricted group includes S.



Typhi and S. Gallinarum. As the name implies, the members of this group can lead
to fatal diseases to their related hosts. For example, S. Typhi only infect humans and
cause lethal typhoid fever (Eswarappa et al., 2008).

Table 2.2 Examples of Salmonella serovars diversified by their abilities to cause
diseases in different hosts (Singh, 2013)

Group Serovar Host

Host generalist S. Typhimurium Human, cattle, poultry,
S. Enteritidis swine, mouse

Host adapted S. Dublin Cattle, pig, mouse,
S. Choleraesuis chicken, human

Host restricted S. Typhi Human, poultry, horse
S. Gallinarum
S. Pullorum

S. Abortusequi

Salmonella bongori are generally linked with illnesses in cold-bloded animals (Chan
etal., 2003). S. bongori may also less frequently infect humans although, its reservoir

is reptiles (Fookes et al., 2011).

212 Salmonella Outbreaks

The unexpected increase in a disease occurrence which is the number of cases
increases in a certain location for a certain time, defined as outbreak (Houlihan &
Whitworth, 2019). When two or more people suffer from the same disease after
consuming the same food, a foodborne disease outbreak is occured. To determine
the source of the foodborne outbreak, epidemiologic investigation or laboratory

conformation can be employed (MN Department of Health, 2022).

In Illinois, United States, 5295 confirmed cases of Salmonella infection and 9 deaths

were reported in 1985. The outbreak originated due to S. Typhimurium



contamination in a milk processing plant. This outbreak considered as the largest
Salmonella outbreak in milk (CDC, 1985; The New York Times, 1985).

In United States, 224,000 people underwent gastroenteritis due to S. enteritidis in
1994. The food source was ice-cream. The outbreak was linked to cross
contamination due to carrying ice-cream premix in a tank which had carried

unpasteurized eggs previously (Hennessy et al., 1996).

In late 2008 and early 2009, the largest Salmonella outbreak in peanut butter
happened due to S. Typhimurium contamination in United States. More than 500
people got infected and 9 people were dead. Peanut butter and peanut butter
containing products were recalled and it is known as one of the greatest food recalls
in US (CDC, 2009; Harris, 2009).

Besides gastroenteritis, a couple of Salmonella serovars can cause enteric fever. In a
5-year period between 2015 and 2020, 11 outbreaks were reported among the world.
The source of these outbreaks was consuming contaminated food or drinking
polluted water while, some of these outbreaks’ food source still remains unknown

(Popa & Popa, 2021).

The most recent Salmonella outbreak was reported in October 2022 in US. 33 people
got infected with Salmonella and 13 people were hospitalized. The food source was
raw salmon. The investigation of the outbreak is continuing (FDA, 2022).

2.13 Salmonellosis

The illness caused by nontyphoidal Salmonella is defined as salmonellosis
(Department of Health, 2022). According to a research which was conducted by
WHO, Salmonella puts the highest foodborne burden on human health among other
pathogens (WHO, 2015). Annualy 180 million of diarrheal diseases occur due to
Salmonella globally (Besser, 2018). Besides most common sources of Salmonella
infection which are eggs, meat and dairy products, vegetables and water are also

sources of the infection. In other words, food is the main source of salmonellosis



especially in developed countries (Popa & Popa, 2021). Main symptoms of the
diseases are stomach cramps, diarrhea and fever. These symptoms initiate 6 hours to
6 days and continues 4 to 7 days generally (CDC, 2022). Since salmonellosis is an
infectious disease, multiplication of Salmonella initially in the small intestine
followed by colonization and eventually results in invasion of intestinal tissue due to
production of enterotoxins. Although most prevalent symptomps are mentioned
previously, Salmonella can enter blood stream and even lymphatyic system. Put
differently, Salmonella can also cause fatal illnesses. Also, the severity and the
course of the disease depend to the host. Immunocompromised people such as
infants, elderly, pregnants and people with chronical illnesses are more prone to
salmonellosis (Bell & Kyriakides, 2009).

Table 2.3 Diseases which are caused by Salmonella (Bell & Kyriakides, 2009)

Disease Causative Serovars Infective Load / Cause

Gastroenteritis S.enterica subsp. enterica and >10* cells.

S.enterica subsp. arizonae

Enteric fever S. Typhi and S. Paratyphi <10%cells.
Septicemia S.enterica subsp. enterica Presence of
/ bacteramia Salmonella in

bloodstream

Sequelae S.enterica subsp. enterica Formerly underwent

salmonellosis

214 Virulence Capacity of Salmonella

The ability of an organism to develop infection in the host and eventually to result
with disease is defined as virulence. The molecules which aid the colonization of
bacterium in the host are known as virulence factors. Virulence factors of a bacterium
can be cytosolic, membrane associated or secretory (Sharma et al., 2016). The genes
located on chromosomes and the genes located on virulence plasmid are the two

main segments of Salmonella’s virulence factor encoding genes (Singh et al., 2018).



Salmonella virulence plasmid (Spv) are present in some serovars of S. entrica such
as S. Typhimurium. Although the exact role of Spv is still unclear, a recent study
pointed out that Salmonella virulence plasmid has a role on restraining innate
immune responses of host (Wu et al., 2016). Salmonella pathogenicity islands (SPIs)
are desciribed as certain regions which encode virulence genes and located on
clusters of Salmonella chromosomes (Wang et al., 2020a). Up to date, there are 24

Salmonella pathogenicity islands exist (Cheng et al., 2019).

Table 2.4 S.enterica subsp. enterica pathogenicity islands (Cheng et al., 2019)

SPI Size (kb) Main genes / Gene products Function
SPI-1 40 T3SS, effector proteins (e.g. avrA, Host cell invasion
iacB, invB, sicA, sicP, sipA, sipB, sipC  and enteropathy
and sptP)
SPI-2 40 T3SS, effector proteins (ssaB, ssaE, Intracellular survival
SSCA, sscB, sseA, sseF, sseG and ttr)
SPI-3 17-36 Magnesium transport system (mgtCB),  Intracellular survival,
misL intestinal colonization
SPI-4 25 T1SS (silABCDF), non - fimbrial Adhesion and
adhesin (SiiE) invasion of epithelial
cells, virulence in
mice and cows
SPI-5 11-44 Effectors of SPI-1 and SPI-2 (pipABC,  Epithelial invasion,
sopB, pipD and sigDE) enteric
salmonellosis,
chicken colonization
SPI-6 47 -59 T6SS, atypical fimbriae (safABCD), Invasion,
fimbriae (tcfABCD) and sciS intramacrophage
survival, chicken
colonization,
virulence in mice
SPI-8 6.8 Bacteriocin fragment Unkown
SPI-9 16 T1SS, adhesin Transport, epithelial
adherence
SPI-10 33 P4 — like prophage, Sef fimbriae Virulence in mice and
chickens,
intramacrophage
uptake / survival
SPI-11 6-10 pagCD, envF SRNA RaoN, typhoid Intramacrophage

toxin gene islet (cdtB, pltA and pltB)

survival, serum
resistance, typhoid

fever pathology




Table 2.4 (cont’d)

SPI-12 6-15 sspH2 Actin polymerization,
virulence in mice
SPI-13 25 Putative lyase, hydrolase, oxidase and ~ Macrophage
arylsulphatase regulator internalization,
virulence in chickens
and mice
SPI-14 9 gpiAB, putative acyl-CoA Chicken
dehydrogenase pathogenicity,
epithelial  invasion
SPI-16 45 Bactoprenol glucosyl transferase and LPS modification,
translocase (gtrAB) seroconversion
SPI-17 5 Bactoprenol glucosyl transferase and LPS modification,
translocase (gtrAB) seroconversion
SPI-18 2.3 hlyE hemolysin, taiA invasion — Epithelial invasion
associated protein
SPI-19 45 T6SS Intramacrophage
survival, chicken
colonization
SPI1-23 37 T3SS effectors (sanA, chiR, shaU and  Host cell adherence
dumeE) and invasion,
invasion of pig
epithelial cells
SPI1-24 25 Outer membrane protein (shdA, sivH, Fibronectin binding,
ratAB, sinl and potR) murine intestinal
colonization,
intramacrophage
survival

Virulence factors of Salmonella can have a role on colonization in host, adhesion,
invasion and advance in survival of Salmonella as solely or in company with each
other (Cui et al., 2021).

Salmonella Pathogenicity Island 4 (SP1-4) encodes 6 genes which are silABCDEF.
This pathogenicity island can be also observed in different subspecies of Salmonella
enterica, such as houtanae and indica. SPI-4 can also be observed in S. bongori
species (Cheng et al., 2019).



2.1.41  Salmonella Pathogenicity Island 4 (SP1-4)

Wong and his collegues were defined SPI-4 for the first time in 1998 (Main-Hester
et al., 2008). 6 genes which are silABCDEF are carried by Salmonella pathogenicity
island — 4. Among these 6 genes, SiiC, SiiD and SiiF are responsible for constituting
secretion apparatus for SiiE (Salmonella intestine infection) which is a 600 kDa
adhesin of Salmonella and plays a role on adhesion to epithelial cells. (Kiss et al.,
2007; Gerlach et al., 2007).

—p ) ) m— E)

siA B C D SiiE F

Figure 2.1 Representation of Salmonella pathogenicity island 4 adapted from
Gerlach et al. (2007) and created with BioRender.com

2142 Adhesins of Salmonella

Adhesins are one of the virulence factors which have a crucial role on attachment of
pathogenic bacteria including Salmonella to host cells (Hallstrom & McCormick,
2015). For bacteria to generate pathogenesis, bacteria attach to mucosal surface and
infect the mucosal tissue with the help of adhesins (Klemm & Schembri, 2000). In
other words, host cell surface receptors can be recognized with adhesins. Adhesins
can be cathegorized in three groups which are pili / fimbriae, non — pilus adhesins
and curli which are multimeric molecules, monomeric or oligomeric proteins and
thin fibers respectively (Ghosh et al., 2011).

Fimbrial adhesins are the most prevalent group of adhesins. Fimbriae / pili are
proteins which composed of hundreds of major subunits with tipped or interspersed
minor subunits. One or more of these subunits have the function of adhesion. Also,
fimbrial adhesins’ size in terms of length and diameter can be variable (Abraham et

al., 2015). Moreover, by investigating the presence of fimbrial genes with various
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molecular methods, Salmonella and non — Salmonella can be differentiated and even

Salmonella can be identified in serovar level (Rehman et al., 2019).

Non — fimbrial adhesins are known as heterogenous when compared to fimbrial ones
which are known as homogenous. Non — fimbrial adhesins are secreted via type 1
secretion system (T1SS) or autotransported through bacterial membranes (Wagner
& Hensel, 2011). For the former SiiE (Salmonella intestine infection) and BapA
(Biofilm Association Protein) can be given as example. SiiE of Salmonella is
responsible for attachment to epithelial cells, while BapA is responsible for
producing cellulose composing biofilm and curli fimbriae (Azimi et al., 2020).
ShdA, MisL and SadA are the examples of autotransported adhesins of Salmonella.
Recognizing and particular binding to fibronectin are the function of ShdA, while
MisL has a role on facilitating formation of biofilm and aggregation of bacteria
(Urritia et al., 2014; Wang et al., 2018). Finally, Raghunathan and his collegues
(2011) observed that SadA expression enhances adhesion of human epithelial cells,
formation of biofilm and aggregation of cells.

The last group of adhesins are curli which are thin aggregative fibers (Romling et al.,
1998). CsgA and CsgB can be given as examples of curli. These type of adhesins

have an influence on biofilm stability and structural integrity (Nicastro et al., 2019).

Also developing vaccines and therapeutic drugs against salmonellosis can be
achievable, since adhesins are present in the extracellular matrix (Rehman et al.,
2019). For pathogenesis a single adhesin can have a vital role, although pathogens
including Salmonella may express multiple adhesins (Klemm & Schembri, 2000).
Adhesiome of Salmonella enterica consists of 20 adhesins which comprised of
maximum 13 fimbrial and minimum 7 non-fimbrial adhesins contingent upon
Salmonella serovar (Hansmeier et al., 2017). The function of SiiE which is a type of
non-fimbrial adhesin of Salmonella, is proposed as responsible for the initial contact
to host cell recently, and consequently SIiE has begun to attract attention in the
literature (Barlag & Hensel, 2015; Li et al., 2019).
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2.1.4.3 Salmonella Adhesin SiiE

SiiE which is a huge non — fimbrial adhesin of Salmonella, has a size of 595 kDa. It
is known as the largest protein of Salmonella proteome (Barlag & Hensel, 2015).
Also, SIiE is encoded by SPI — 4 and secreted by T1SS (Li et al., 2019). The giant
adhesin of Salmonella consists of 5559 amino acid residues and has 53 repetetive
bacterial immunoglobulin-like (Blg) domains. According to phylogenetic analysis
of Blg domains of SiiE, domains 51 and 52 can be regarded as interpreters of other
SHE domains, while domain 50 is considered as a unique domain. Therefore, SIiE
Blg50:52 have a special importance to gain an understanding on whole SiiE domains
and research have been conducted for SiiE BIg50:52 in the literature (Griessl et al.,
2013; Peters et al., 2017).

@000 a0000A0000A0000 000 A0 U0 A0 AOUKKQUDN VMR <

.Coiled coil region j Blg domains ' SiiE BIg50:52 ' C-terminal insertions

Figure 2.2 Bacterial immunoglobulin-like domain architecture of SiiE adapted from
Griessl et al. (2013) and created with BioRender.com

The function of SiiE is known for facilitating the binding of Salmonella to polarized
epithelial cells from the apical side (Gerlach et al., 2007). Further resarches of
Gerlach and his collegues (2008) showed that a decrease in invasion of Salmonella
to polarized cells when number of deleted Blg domains of SiiE is increased.
Moreover, a more recent study revealed that SiiE facilitates the binding of polarized
epithelial cells in a lectin — like fashion with the insights gained from lectin blockade
experiments (Wagner et al., 2014). Finally, crystal structure of SiiE BIg50:52 is
resolved with X — Ray diffraction experiments and 2 types of Ca* binding sites were
determined. Also the researchers highlighted that Ca?* binding leads SiiE to rigidify
and aids stabilizing SiiE on cell surface (Griessl et al., 2013).
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2.2 Human Defense Mechanism Against Salmonella

Immune system defends body against pathogenic bacteria including Salmonella with
the coherent function of cells, proteins, chemicals, and organs by recognizing surface
antigens of the pathogens. According to this recognition, the immune system is
categorized into two lines of defense which are innate immunity and adaptive
immunity (Thompson, 2015). The main difference between them is that the former
is antigen-independent while the latter is antigen-dependent. In other words, innate
immunity is non-specific, while adaptive immunity is specific against pathogens.
Therefore, adaptive immunity has an immunologic memory against pathogens and a
lag exposure time. On the contrary, innate immunity acts immediately after exposure
and has no immunological memory (Marshall et al., 2018). T and B lymphocytes are
the examples of adaptive immunity cells whereas, phagocytic cells, natural killer
cells, antigen presenting cells and epithelia can be given as examples for innate

immune system cells (Hato, T & Dagher, 2015).

Salmonella needs to pass through the mucus layer to get in contact with the
epithelium during invasion (Broz et al., 2012). The epithelium which is a part of
innate immune system is covered by mucus layer. Therefore, the mucus layer act as
a physical barrier and form initial defense line against enteric pathogens including
Salmonella (Dharmani et al., 2008).

2.2.1 Protection Properties of Mucus

Gastrointestinal (Gl), urogenital and respiratory tracts which are not enveloped with
skin and ar exposed surfaces of humans, are sheated with mucus (Xu et al., 2019).
Water is the principal component of mucus and it corresponds to 95% of total mucus
wet mass. Mucin glycoproteins and other molecules are other constituents of mucus
which correspond to 5% and 2% of mucus respectively. Cellular debris, secretory
IgA, lipids, peptides and nucleic acids are stand for the 2% of other molecules
(Bakshani et al., 2018). Intestinal mucus layer does not only contact with resident
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microorganisms, but also is exposed to chemical irritants, toxins and intestinal
pathogens including Salmonella (Dharmani et al., 2008). This mucus layer acts as
an initial defense mechanism against these threats (Duangnumsawang et al., 2021).
The defense mechanisms against intestinal pathogens including Salmonella can be
listed as conserving resident flora, prevention of attachement of bacteria by
simulating enterocytes’ receptors, mucus glycoproteins’ negative ionic charges,

creating hydrophobic luminal barrier and presence of IgA (Braulio, 2005).

2211 Mucins

The prime macromolecular constituents of mucus are mucins. There are more than
20 different mucins and each have specific sequence of repetative amino acids
mostly threonine and / or serine (Voynow & Fischer, 2006). Mucins which are highly
glycosylated glycoproteins can be cathegorized in two families which are secreted
gel - forming mucins and membrane - tethered mucins (Brown et al., 2021;
O’Sullivan & Montgomery, 2015). The latter which is also known as transmembrane
mucins are components on all epithelial cells, particularly on small intestine’s
enterocytes (Dolan & Hansson, 2021). Secreted mucins make up physical barrier,
while transmembrane mucins assits the barrier also and channel signals of survival

and growth to internal parts of cells (Kufe, 2009).

Table 2.5 Transmembrane mucins of Homo sapiens (Dolan & Hansson, 2021)

Mucin gene Subtype” Main expression
MUC1 SEA Epithelial cells and non
— epithelial cells
MUC3(A,B) SEA Intestinal epithelial cells
MUC4 NIDO-AMOP- Tonsils and other
VWD epithelial cells

MUC12 SEA Intestinal epithelial cells
MUC13 SEA Intestinal epithelial cells
MUC15 Other Epididymis epithelium
MUC16 SEA Uterus epithelium
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Table 2.5 (cont’d)

MUC17 SEA Intestinal epithelial cells
MuUcC21 Other Esophagus epithelium
MUC22 Other Esophagus epithelium

*: SEA : Sperm protein-enterokinase-agarin, NIDO: Nidogen-like, AMOP:
Adhesion-associated, VWD: Von Willebrand factor

Interactions of receptor — receptor which stand for bacterial surface structures and
host mucosal surface’s corresponding structures, are used when the topic is bacterial
adhesion to mucosa of intestine. Pathogens including Salmonella can bind and / or
degrade mucins, simultaneously mucins function as receptors for these pathogens.
With the receptor — receptor binding between pathogens including Salmonella and
mucins, pathogenic bacteria may be discharged with the flow of mucous or they can
colonize in mucous or permeate the mucous layer and attach to epithelial tissues
consequently (Braulio, 2005). Recently it was revealed that mucin 1 (MUC1),
encoded by MUCL1 gene, is a host receptor for Salmonella adhesin SiiE (Li et al.,
2019).

22.1.2 Human Mucin MUC1

MUC1 gene encodes MUCL1 which has a molecular mass of higher than 300kDa.
MUC1 which is also known as Mucinl is a transmembrane glycoprotein. This type
of mucin is present in all kind of epithelial cells and acts as a physical barrier
(Lillehoj et al., 2013). MUCL1 constitutes a tight mesh structure. Also, variable
number tandem repeat region (VNTR), sperm protein-enterokinase-agarin (SEA)
domain, transmembrane domain (TM) and cytoplasmic tail (CT) are the constituents
of MUCL1. The VNTR is heavily glycosylated and consists of a repeated amino acid
sequence which is 20 amino acid in length and has the sequence of
HGVTSAPDTRPAPGSTAPPA (Chen et al., 2021). The number of tandem repeats
in this region varies between 20 to 125. Self-cleavage of MUC1 occurs in the SEA

domain which have GSVVV motif. Through this cleavage, MUC1 extracellular

15



domain is seperated from the cell surface, whereas TM and CT stay binded to surface
of the cell. The TM region is consists of 28 amino acids and binds MUCL1 to cell
surface. Also, CT is located inside the cell and consists of 72 amino acids (Dhar &
McAuley, 2019).

Extracellular domain

N\

-
XYY RS
C|CT TM|SEA VNTR N

POt i

\(N—glycans

; O-glycans

Figure 2.3 Schematic representation of MUCL1 adapted from Dhar & McAuley
(2019) and created with BioRender.com

Through the function of an extracellular sperm protein-enterokinase-agarin (SEA)
domain, this barrier operates. The SEA domain of MUCL1 plays a role on preventing
epithelial cells from rupturing, harsh environmental conditions and immune attacks.
Actioning as a decoy receptor against pathogens is another vital function of the SEA
domain of MUC1 (Chen et al., 2021). Explicitly, with presence of extracellular
oligosaccharides, MUCL binds to pathogenic bacteria and prevents attainment of
pathogens to cell surface. Hence, MUCL has a crucial importance on protecting cells
from infection which are caused by pathogens (Ke & Liu, 2014). Protective activity
of MUCL1 against foodborne pathogens is shown for several microorganisms (H.
pylori, C.jejuni) previously (Lindén et al., 2009; McAuley et al., 2007). On the other
hand, proinflammatory role of MUC1 for different foodborne pathogens
(enteroaggregative E. coli, S. Enteritidis, S. Typhimurium) is also demonstrated (Boll
etal., 2017; Lietal., 2019). Therefore, MUCL is considered as having a dual function
for pathogens (Bose & Mukherjee, 2020).
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The importance of MUCL1 arise from its activity against wide range of pathogens
including Salmonella and its presence in different types of host tissues (Yuste, 2017).
Therefore, MUCL1 is the most comprehensively studied one among other mucins.
However, most of the studies give information on role of MUCL in cancer biology

instead it’s function in defense mechanism (Linden et al., 2008).

2.3 Host — Salmonella Interaction

Salmonella can enter the gut via three routes which are uptake by M cells, uptake by
dendritic cells and penetration of epithelial cells of intestine (Fattinger et al., 2021).
Salmonella enters the intestinal epithelial cells via its type 3 secretion system (T3SS)
which is encoded by Salmonella Pathogenicity Island 1 (SPI-1) (Broz et al., 2012).
After its entry to entrocytes, Salmonella uses T3SS which is encoded by Salmonella
Pathogenicity Island 2 (SPI-2) for its survival intracellularly (Birhanu et al., 2018).
The prerequisite of these mechanisms, which Salmonella uses to enter the intestinal
epithelial cells and to persist in the host, is the initial adhesion of Salmonella to
epithelial cells (Birhanu et al., 2018). Salmonella uses different fimbriae and
adhesins during its adherence to epithelial cells (Fattinger et al., 2021). According to
a recent research, the role of Salmonella adhesin SiiE was revealed as initial contact
to polarized epithelial cells from the apical side (Barlag & Hensel, 2015). Therefore,
Salmonella adhesin SiiE has a special importance during invasion of Salmonella,
since Salmonella to grow, colonize and eventually cause infection is highly

dependent to its initial attachment to host cells (Schaeffer, 1993).

231 SiiE — MUCI1 Interaction

In 2015, a model which describes role of SPI — 4 of S. enterica on polarized cell
invasion was proposed. According to the model, the function of SiiE was described

as initial contact of polarized epithelial cells from their apical sides. The researchers
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also presented that the giant adhesin of Salmonella follows a zipper — like binding

pattern due to highly repetetive domain structure of SiiE (Barlag & Hensel, 2015).

A more recent study which was published in 2019 revealed that for the first time,
mucin MUC1 is a receptor for Salmonella adhesin SiiE. The researchers observed
that mutant Salmonella strain which siiE was knocked out, did not have the ability
of invading intestinal epithelial cells via mucin MUCL. Hence, this study highlighted
that during SIiE regulated invasion of enterocytes from apical sides, MUCL1 is
compulsory and it is the receptor for giant adhesin SiiE of Salmonella (Li et al.,
2019).

intestinal mucus — SiiE adhesin
% % —— Salmonella

f MUC1 VNTR

—— MUC1 SEA
| — MUCI1 CT

enterocyte

Figure 2.4 Proposed interaction of SiiE - MUCL during intestinal epithelial cell
invasion of Salmonella adapted from Li et al. (2019) and created with Biorender.com

2.4 Protein Modelling

Determination of protein’s structure via experiments and modelling proteins
computationally are intertwined disciplines. Both of them supply 3D information of
proteins in atomic level, since proteins are polymers of amino acid residues (Mullins,

2012). X — Ray crystallography, nuclear magnetic resonance (NMR) and cryo —
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electron microscopy (cryo — EM) are widely used methods when proteins are

modelled experimentally (Dokholyan, 2020).

Table 2.6 Pros and cons of experimental protein structure modelling methods

(Dokholyan, 2020)

Method

Advantages

Disadvantages

X — Ray crystallography

NMR

Cryo - EM

High resolution
structures and large

proteins

Multiple techniques for
structure determination,
ability to quantify
dynamics and witness
conformational dynamics
of proteins

Large structures, ability

Need of high
protein
concentration,
some
crystallographic
artifacts, only for
stable proteins,
Need of high
protein
concentration,
atomic
assignment may
be challenging

Small proteins are

to witness a challenge
conformational states,

faster workflow

Although these methods have some noticeable superiorities, handicaps of these
methods cannot be underestimated. Experimental methods of protein modelling are
time consuming, remarkably expensive and sometimes unpracticable (Mullins,
2012). With the advance of DNA sequencing, ‘omics’ methods have been drawing
exceptional attention. Computational modeling of proteins can be divided in two
classes which are homology modeling and ab initio modelling. The former uses
known structures of homologous proteins with the protein to be modelled which its
structure is unknown, while the latter only uses primary structure of a protein and
builds the model from scratch (Leach & Thomas, 2017). The significance of protein
modelling can be explained with the prime dependence of proteins’ function with
their 3D structures which are contingent upon their amino acid residues. Also,

proteins’ sequences are less conserved than their structures (Agnihotry et al., 2022).

19



24.1 Protein Docking

Protein docking is regarded as molecular modelling. With the assistance of
algorithms and methods of computer science, position and orientation of two
molecules which form complex together is predicted. One of the constituents of the
complex can be a small molecule like nucleic acid or it can be a protein, while the
other one is a protein (Tradigo et al., 2019). Rigid body approach formes the baseline
of many docking methods. Although there exists various methodologies, molecular
dynamics (MD) and Monte Carlo which are based on energy minimization principle
are examples of protein docking methodologies (Silakari & Singh, 2021). The
importance of protein docking is that this discipline helps to specify protein — protein
interface residues and to predict protein — protein interactions (PPIs) (Stanzione et
al., 2021).

24.2 Protein - Protein Interactions

Secondary structures which are a — helix and B — sheet of a protein, are mainteined
by hydrogen bonding. H - bond is formed between two amino acids when carboxyl
group’ oxygen atom is bonded to amino group’ nitrogen. This hydrogen bonding
play a role in stabilizing proteins’ secondary structures. Although only covalent
bonds (disulfide bridges) have an influence on stabilizing tetiary structures of
proteins, ionic bonds and hydrophobic interactions are help to determine proteins’
tertiary structure. Disulfide linkages occur due to interaction between cysteine
residues of amino acids. As well, ionic bonds form between amino acids which have
opposite electrical charges, while hydrophobic interactions arise due to nonpolar side

chains of amino acid residues where lie interior core of a protein (Libretexts, 2022).

20



CH

N
Hydrophobic H:C CHs
interaction  H.C CH,

Polypeptide backbone

Figure 2.5 Protein-protein interactions (PPIs) adapted from Libretexts (2022) and
created with BioRender.com

The importance of PPIs is that a protein will lose its function when the protein loses
its 3D shape which is determined by the interactions explained above in detail
(Libretexts, 2022).

Additionally, by investigating binding of two molecules, the interaction of the two
molecules with each other can be interpreted. These two molecules can be a small
molecule like nucleic acids or can be a bigger molecule such as proteins (Pollard,
2010). PPIs are responsible for the physical contact between two proteins (Farooq
et al., 2021). Non-covalent interactions, except disulfide bridges which are covalent
in characteristics, mediate the interaction between two proteins mostly (Soleymani
etal., 2022).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Chemicals and Materials

A list of chemicals and materials which are meticulously selected for the

experimental procedure can be seen in the Appendix (Table B.1).

3.2 Databases and Bioinformatic Tools

A list of databases and bioinformatic tools that are used in this study are presented
in the Appendix (Table C.1).

3.3 Salmonella Isolates

3.3.1 Whole Genome Sequenced Salmonella Isolates

Salmonella enterica subsp. enterica (Salmonella) isolates which had already been
isolated from Tiirkiye and whole genome sequenced by using lllumina MiSeq
sequencing method can be seen in Table 3.1 with detailed information. These isolates
were previously frozen with glycerol, stored in METU Food Safety Laboratory of
Food Engineering Department at -80°C and given ID codes. In total, 47 whole

genome sequenced Salmonella isolates were used in this study.

Table 3.1 Whole genome sequenced Salmonella isolates

Isolate ID BioProject BioSample Source Isolation
. i Genus Serovar
Code Accession Accession Type Year
MET S1-24 PRINA266622 SAMNO03255391  Salmonella Corvallis Food 2012
MET S1-31 PRINA266622 SAMNO03255393  Salmonella Salford Food 2012
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Table 3.1 (cont’d)

tMET S1-35

MET S1-63

MET S1-65

MET S1-74

MET S1-87

MET S1-103

MET S1-119

MET S1-163

MET S1-248

MET S1-258

MET S1-272

MET S1-277

MET S1-294

MET S1-301

MET S1-313

MET S1-360

MET S1-391

MET S1-408

MET S1-410

MET S1-416

MET S1-421

MET S1-430

MET S1-440

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

SAMNO03255392

SAMNO03255404

SAMNO03255401

SAMNO03255405

SAMNO03255402

SAMNO03255406

SAMNO03255403

SAMNO03255394

SAMNO03255330

SAMNO03255331

SAMNO03255332

SAMNO03255340

SAMNO03255333

SAMNO03255334

SAMNO03255338

SAMNO03255339

SAMNO03255343

SAMNO03255347

SAMNO03255345

SAMNO03255357

SAMNO03255348

SAMNO03255359

SAMNO03255360

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Corvallis

Telaviv

Montevideo

Telaviv

Othmarschen

Infantis

Telaviv

Hadar

Anatum

Anatum

Anatum

Montevideo

Anatum

Anatum

Kentucky

Kentucky

Telaviv

Anatum

Charity

Chester

Anatum

Telaviv

Telaviv

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012
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Table 3.1 (cont’d)

MET S1-443

MET S1-456

MET S1-462

MET S1-465

MET S1-482

MET S1-512

MET S1-517

MET S1-528

MET S1-530

MET S1-548

MET S1-557

MET S1-568

MET S1-581

MET S1-611

MET S1-625

MET S1-634

MET S1-637

MET S1-647

MET S1-666

MET S1-667

MET S1-670

MET S1-675

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

PRINA266622

SAMNO03255349

SAMNO03255361

SAMNO03255358

SAMNO03255350

SAMNO03255351

SAMNO03255352

SAMNO03255356

SAMNO03255363

SAMNO03255365

SAMNO03255372

SAMNO03255382

SAMNO03255379

SAMNO03255376

SAMNO03255377

SAMNO03255380

SAMNO03255378

SAMNO03255383

SAMNO03255384

SAMNO03255329

SAMNO03255381

SAMNO03255387

SAMNO03255367

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Anatum

Telaviv

Reading

Anatum

Anatum

Montevideo

Montevideo

Telaviv

Telaviv

Anatum

Telaviv

Newport

Montevideo

Montevideo

Typhimurium

Montevideo

Telaviv

Telaviv

Mbandaka

Newport

Newport

Kentucky

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

Food

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012
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Except MET S1-24, MET S1-31, MET S1-35, MET S1-408, MET S1-410, MET S1-
666, MET S1-670 and MET S1-675, the rest of the isolates above were isolated
during TUBITAK Project No: 1110192 in 2012 (Acar et al., 2017).

3.3.2 Representative Salmonella Isolates

Representative Salmonella isolates were selected with the emphasis on clinical
importance, PFGE types, isolation source and rareness. These representative isolates
which can be seen in Table 3.2 in detail, had already been isolated from Tiirkiye,
stored at -80°C in METU Food Safety Laboratory of Food Engineering Department
and given ID codes. In total 78 Salmonella isolates were selected as representative

ones.

Table 3.2 Representative Salmonella isolates

Isolate 1D Isolation

Code Genus Serovar Source Type S
MET S1-003 Salmonella Virchow Food 2005
MET S1-005 Salmonella Nchanga Food 2005
MET S1-008 Salmonella Thompson Food 2005
MET S1-014 Salmonella Bispebjerg Food 2005
MET S1-024 Salmonella Corvallis Food 2012
MET S1-031 Salmonella Salford Food 2012
MET S1-119 Salmonella Telaviv Food 2012
MET S1-166 Salmonella Newport Animal 2012
MET S1-170 Salmonella Montevideo Animal 2012
MET S1-172 Salmonella Montevideo Animal 2012
MET S1-175 Salmonella Montevideo Animal 2012
MET S1-184 Salmonella Paratyphi B Human 2012
MET S1-185 Salmonella Typhimurium Human 2012
MET S1-186 Salmonella Paratyphi B Human 2012
MET S1-187 Salmonella Kentucky Human 2012
MET S1-188 Salmonella Paratyphi B Human 2010
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Table 3.2 (cont’d)

MET S1-217

MET S1-220

MET S1-221

MET S1-223

MET S1-227

MET S1-234

MET S1-313

MET S1-324

MET S1-372

MET S1-391

MET S1-392

MET S1-394

MET S1-396

MET S1-397

MET S1-398

MET S1-399

MET S1-400

MET S1-401

MET S1-405

MET S1-407

MET S1-408

MET S1-409

MET S1-410

MET S1-411

MET S1-416

MET S1-421

MET S1-430

MET S1-439

MET S1-536

MET S1-545

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Enteritidis
Typhi
Enteritidis
Typhimurium
Othmarschen
Typhi
Kentucky
Montevideo
Montevideo
Telaviv
Reading
Poona
Montevideo
Montevideo
Caracas
Telaviv
Montevideo
Telaviv
Kentucky
Telaviv
Anatum
Mikawasima
Charity
Enteritidis
Chester
Anatum
Telaviv
Montevideo
Kentucky

Telaviv

Human

Human

Human

Human

Human

Human

Food

Food

Food

Food

Animal

Animal

Animal

Animal

Animal

Animal

Animal

Animal

Animal

Animal

Food

Food

Food

Food

Food

Food

Food

Food

Animal

Animal

2011

2011

2011

2011

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012
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Table 3.2 (cont’d)

MET S1-568

MET S1-581

MET S1-611

MET S1-625

MET S1-634

MET S1-637

MET S1- 647

MET S1-653

MET S1-654

MET S1-657

MET S1-658

MET S1-660

MET S1-662

MET S1-670

MET S1-702

MET S1-703

MET S1-742

MET S1-868

MET S1-979

MET S1-989

MET S1-998

MET S1-999

MET A2-003

MET A2-012

MET A2-022

MET A2-36

MET A2-038

MET A2-072

MET A2-078

MET A2-099

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Newport
Montevideo
Montevideo

Typhimurium
Montevideo
Telaviv
Telaviv
Typhimurium
Anatum
Typhimurium
Montevideo
Enteritidis

Newport

Newport

Telaviv

Hadar
Enteritidis

Bredeney

Muenster
Paratyphi B

Coeln
Virchow
Typhimurium
Enteritidis
Senftenberg
Abony
Richmond
Kentucky
Altona

Liverpool

Food
Food
Food
Food
Food
Food
Food
Animal
Animal
Animal
Animal
Animal
Animal
Food
Animal
Animal
Food
Sludge
Sludge
Sludge
Sludge
Sludge
Sludge
Sludge
Sludge
Sludge
Sludge
Sludge
Sludge

Food

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2012

2013

2015

2015

2015

2015

2015

2015

2015

2015

2016

2016

2016

2016

2019
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Table 3.2 (cont’d)

MET A2-230 Salmonella Enteritidis Cattle Farm 2021

MET A2-236 Salmonella Typhimurium  Poultry Farm 2021

MET A2-099 was isolated during TUBITAK Project No: 1180770 in 2019 and MET
A2-230 and MET A2-236 were isolated during TUBITAK Project No: 1190345 in
2021. Except MET S1-003, MET S1-005, MET S1-008, MET S1-014, MET S1-024,
MET S1-031, MET S1-408, MET S1- 409, MET S1- 410, MET S1-411, MET S1-
670, MET S1-868, MET S1-979, MET S1-989, MET S1-998, MET S1-999, MET
A2-003, MET A2-012, MET A2-022, MET A2-036, MET A2-038, MET A2-72,
MET A2-78 and the other two TUBITAK’s projects’ isolates, the rest of the isolates
above were isolated during TUBITAK Project No: 1110192 in 2012 (Acar et al.,
2017).

3.3.3 Salmonella Isolates from NCBI

SHiE amino acid sequences of different Salmonella serovars were obtained from
NCBI with selection criteria of having both most and least frequent observation rates
in different continents among the world and isolation source (Sayers et al., 2021).
Additional to the selection criteria, an emphasis on Salmonella serovars which are
host — restricted, host — unrestricted and host — adapted, were also taken into
consideration. Detailed information of the selected Salmonella serovars can be seen
in Table 3.3. In total, SiiE amino acid sequences of 37 Salmonella isolates were
obtained from NCBI for this study (Sayers et al., 2021).

Table 3.3 Salmonella isolates from NCBI

NCBI BioProject BioSample Isolation Isolation
. ) i Genus Serovar Source Type i
Accession Accession Accession Year Location
Host-unresticted
QPQ67124.1 PRINA478278 SAMN16987173  Salmonella  Typhimurium Human 2018 Taiwan
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https://www.ncbi.nlm.nih.gov/bioproject/PRJNA478278
https://www.ncbi.nlm.nih.gov/biosample/SAMN16987173

Table 3.3 (cont’d)

QPEO00769

UAD57192.1

QVB93509.1

UAF90589.1

UKR48817

QSD73693.1

UAF72254.1

USZ56745.1

UTL53925.1

QVAS53874.1

QOT44377

UAF12800.1

QVC76329.1

UDP37548.1

QVC41389.1

QVB49741.1

QUY72529.1

UJC60179.1

UJA74055.1

UAE19190.1

QVB45244.1

QV(C85630.1

UDW11782.1

PRINA675428

PRINA292661

PRINA186035

PRINA292666

PRINA803004

PRINA248792

PRINA292666

PRINA852665

PRINA478278

PRINA186035

PRINA659233

PRINA292666

PRINA186035

PRINA186035

PRINA186035

PRINA186035

PRINA186035

PRINA706607

PRINA478278

PRINA292666

PRINA186035

PRINA186035

PRINA292661

SAMN16707726

SAMN20351460

SAMNO02383573

SAMNO7340353

SAMN25608808

SAMNO8732049

SAMNO07410879

SAMN29340051

SAMN29431220

SAMNO03165679

SAMN15950485

SAMNO06256079

SAMNO1813422

SAMN10251118

SAMNO01832085

SAMNO02335376

SAMNO03700983

SAMN18138611

SAMN24782770

SAMNO05440588

SAMNO02335402

SAMNO03464484

SAMN11967932

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Salmonella

Typhimurium

Typhimurium

Typhimurium

Typhimurium

Infantis

Infantis

Infantis

Enteritidis

Enteritidis

Enteritidis

Monophasic

Typhimurium

Derby

Derby

Javiana

Javiana

Javiana

Javiana

Agona

Agona

Agona

Agona

Weltevreden

Saintpaul

Human

Food

Environmental

Animal

Food

Human

Animal

Food

Human

Animal

NA

Animal

Environmental

Food

Human

Environmental

Animal

Food

Human

Animal

Environmental

Environmental

Food

1911

2017

2010

2017

2012

2015

2017

2019

2017

2013

2020

2016

2003

2018

2012

2013

1973

2018

2020

2016

2012

2012

2018

NA

us.

u.s.

u.s.

Slovenia

UK.

us.

China

Taiwan

Belgium

us.

us.

us.

us.

us.

Mexico

u.s.

NA

Taiwan

us.

Mexico

Mexico

u.s.
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https://www.ncbi.nlm.nih.gov/bioproject/PRJNA675428
https://www.ncbi.nlm.nih.gov/biosample/SAMN16707726
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292661
https://www.ncbi.nlm.nih.gov/biosample/SAMN20351460
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN02383573
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292666
https://www.ncbi.nlm.nih.gov/biosample/SAMN07340353
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA803004
https://www.ncbi.nlm.nih.gov/biosample/SAMN25608808
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA248792
https://www.ncbi.nlm.nih.gov/biosample/SAMN08732049
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292666
https://www.ncbi.nlm.nih.gov/biosample/SAMN07410879
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA852665
https://www.ncbi.nlm.nih.gov/biosample/SAMN29340051
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA478278
https://www.ncbi.nlm.nih.gov/biosample/SAMN29431220
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN03165679
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA659233
https://www.ncbi.nlm.nih.gov/biosample/SAMN15950485
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292666
https://www.ncbi.nlm.nih.gov/biosample/SAMN06256079
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN01813422
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN10251118
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN01832085
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN02335376
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN03700983
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA706607
https://www.ncbi.nlm.nih.gov/biosample/SAMN18138611
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA478278
https://www.ncbi.nlm.nih.gov/biosample/SAMN24782770
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292666
https://www.ncbi.nlm.nih.gov/biosample/SAMN05440588
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN02335402
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN03464484
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292661
https://www.ncbi.nlm.nih.gov/biosample/SAMN11967932

Table 3.3 (cont’d)

UDU71057.1 PRINA773584 SAMNZ22488162  Salmonella Saintpaul Human 2014 China
QWJ55763.1 PRINA186035 SAMNO04961976  Salmonella Saintpaul Environmental 2012 uU.S.
UNEB82763.1 PRINA785151 SAMN23543477  Salmonella Muenchen Human 2018 Israel
UAE09678.1 PRINA292666 SAMNO04964189  Salmonella Muenchen Animal 2016 u.s.
UAHG66848.1 PRINA292661 SAMN11968006 Salmonella Muenchen Food 2018 uU.S.
QVY39512.1 PRINA186035 SAMNO02900230 Salmonella Muenchen Environmental 2013 uU.S.
UAH62578.1 PRINA292661 SAMN11967990  Salmonella Bredeney Food 2018 uU.S.
Host- adapted
QUZ71173.1 PRINA186035 SAMNO01933086 Salmonella  Choleraesuis NA NA Switzerland
UAF35553.1 PRINA292666 SAMNO08115123  Salmonella Dublin Animal 2017 uU.S.
WP_213892561.1 PRINA224116 SAMNO03700895  Salmonella bongori NA NA NA
40:235:-
Host-restricted
UQY61348.1 PRINA269675 SAMN23378277  Salmonella Gallinarum NA NA NA
QUZz42214.1 PRINA186035 SAMNO01933155  Salmonella Pullorum NA NA Germany
PSC60333.1 PRINA422033 SAMNO08195664  Salmonella Typhi Human 2005 Pakistan
3.4  Screening of siiE Gene

Whole genome sequenced Salmonella isolates’ (Table 3.1) FASTA files of siiE gene
nucleotide sequences were obtained from NCBI (Sayers et al., 2021). By using
MEGAX software, these isolates’ multiple sequence alignment was conducted and
phylogenetic tree was constructed (Stecher et al.,2020). Then, two sets of primers
which one set for the beginning of the gene and one set for the end of the gene, were
designed by using Primer-BLAST (Ye et al., 2012). Also, specificity and binding

sites of the primer sets were double checked by using SnapGene Viewer (“SnapGene
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https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292666
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https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN01933086
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA292666
https://www.ncbi.nlm.nih.gov/biosample/SAMN08115123
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA224116
https://www.ncbi.nlm.nih.gov/biosample/SAMN03700895
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA269675
https://www.ncbi.nlm.nih.gov/biosample/SAMN23378277
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA186035
https://www.ncbi.nlm.nih.gov/biosample/SAMN01933155
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA422033
https://www.ncbi.nlm.nih.gov/biosample/SAMN08195664

Viewer”, 2021). Finally, primer-dimer formation of the two primer sets was checked

with Multiple Primer Analyzer (“Multiple primer analyzer”, n.d.). Detailed

information of the two designed primer sets is represented in Table 3.4.

Table 3.4 Properties of the designed two primer sets for siiE gene

Location
. Melting GC Product
Nomenclature in the Sequence 5’ to 3’ Length
Temperature | Content | Length
Gene
. 96.bp —
SiiE—I-F TTCCGGGCCAGACATGAAC 19 bp 60°C 57.89%
114. bp
864 bp
. 940.bp —
siE-I-R CCATCAGCAGTCTTGGCCTC 20 bp 60.74°C 60%
959.bp
15656.bp
SiE-L-F - TCTTTACGCCAGGTACACCG 20 bp 59.76°C 55%
15675.bp
583 bp
16218.bp
SiiE-L-R - TCCTTCACCACGCTTTCTTCC | 21bp 60.54°C 52.38%
16238.bp

To investigate presence of siiE gene of Salmonella isolates in molecular manner,
multiplex PCR was performed. Firstly, the representative Salmonella isolates (Table
3.2) which were obtained from -80°C in METU Food Safety Laboratory of Food
Engineering Department were streaked to Brain Heart Infusion (BHI) agars and
incubated for 24 hours at 37°C. Next, 95 uL double deionized water (ddH20) which
had been previously autoclaved were added to 0.2 mL PCR tubes. Afterwards, one
colony for each isolate was transferred to 0.2 mL PCR tubes which then microwaved
for 30 seconds at 90 V to lyse the cells. Next, master mix which components were
presented in Table 3.5 and volume of the components was set according to number
of samples, was prepared in an Eppendorf tube and pipetted to new 0.2 mL PCR

tubes as each contain 24 uL. master mix.
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Table 3.5 Multiplex PCR's master mix components for siiE gene

Reagent Volume (uL)

ddH:0 16.5
5xMyTaq Reaction Buffer 5

SIE—1-F 0.5
SiiE-1-R 0.5
SiiE-L-F 0.5
SiE-L-R 0.5
MyTaq Red DNA Polymerase 0.5

Subsequently, 1 pL of lysed cells are transferred to 24 uL master mix containing
PCR tubes. Then, these tubes are put into T100™ Thermal Cycler which thermal

cycling conditions are shown in Table 3.6 (BioRad).

Table 3.6 Thermal cycling conditions for multiplex PCR of siiE gene

Temperature (°C) Time Cycles
95 1 min 1x
95 15 sec
60.5 15 sec 34 x
72 10 sec
72 5 min 1x
4 o 1x

After PCR products were taken out from the Thermal Cycler, 5 pL of them were
loaded to wells of gel which the gel had been prepared beforehand by using 0.5 X
Tris Borate EDTA (TBE) Buffer and 1.5% agarose. The gel was submerged in
electrophoresis tank which contains 25 mL TBE and 475 mL ddH20, after PCR
ladder and as a positive control MET S1 — 647 were also loaded as 5 pL to the wells.
The gel electrophoresis was run for 50 minutes at 110 V and 400 mA. When the run
was finished, the gel was submerged in EtBr solution which contains 0.002 mg

EtBr/mL ddH.O, for 4 minutes as staining step. For destaining, the gel was
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submerged into ddH20 for 40 minutes. Finally, the gel was photographed under UV
light to obtain the results (BioRad-Gel Doc XR Documentation System, USA).

3.5  Phylogenetic Analysis of Salmonella SiiE Protein

Firstly, multiple sequence alignment of bacterial immunoglobulin-like (BIg)
domains of SiiE from 50" to 52" (SiiE BIg50:52) of Salmonella serovars which
were obtained from NCBI (Table 3.3) and METU whole genome sequenced ones
(Table 3.1) was conducted by MEGAX (Sayers et al., 2021; Stecher et al.,2020).
After phylogenetic tree was constructed, each cluster of Salmonella serovars was
assigned to a group number. Then multiple sequence alignment of groups which
were 20 in total was conducted by MEGAX (Stecher et al.,2020). To determine
amino acid substitutions, the group which consists of Salmonella Typhimurium
mostly was selected as a reference. Finally, the substitutions of amino acids of SiiE
Blg50:52 was determined between the reference group and every other group

according to the multiple sequence alignment result.

3.6 Determination of SiiE — MUC1 Interactions

3.6.1 Secondary Structures of SiiE and MUC1

PDB format of S. Typhimurium LT2 SiiE Blg50:52 (2YN5 and 2YN3) and Homo
sapiens MUC1 SEA Domain (6BSC) were obtained from Protein Data Bank (PDB)
(Burley et al., 2020). The detailed information of experimentally resolved structures
of these proteins can be seen in Table 3.7.
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Table 3.7 Experimentally resolved secondary structures of SiiE Blg50:52 and
MUC1 SEA domain

Length (# of

Modelled Protein PDB ID Method . ] References
amino acids)
. X-Ray Diffraction (Griessl et al.,
SIiE 2YN5 288
(1.85A) 2013).
N X-Ray Diffraction (Griessl et al.,
SiiE 2YN3 288
(212 A) 2013).
X-Ray Diffraction (Noguera et
MUC1 6BSC 57
(1.30 A) al., 2020)

Also, secondary structure predictions of Homo sapiens (human) MUC1 and Sus
scrofa (swine) Mucl were obtained from AlphaFold in PDB format for further
analysis (Varadi et al., 2021). The detailed information of AlphaFold prediction of

proteins of interest are shown in Table 3.8.

Table 3.8 Secondary structure predictions of Mucin 1 proteins

Length (# of amino

Modelled Protein Source Organism AlphaFold ID )
acids)
Homo sapiens
MUC1 AF-P15941-F1 1255
(human)
Mucl Sus scrofa (swine)  AF-A0A4X1W201-F1 810
3.6.2 Secondary Structure Prediction and Structure Analysis of SiiE

from Salmonella Isolates

FASTA files of SiiE BIlg50:52 of METU whole genome sequenced Salmonella
isolates (Table 3.1) and also FASTA files of SiiE Blg50:52 of the selected
Salmonella serovars obtained from NCBI which are S. bongori 40:z35:-, S.
Gallinarum, S. Pullorum, S. Choleraesuis and S. Enteritidis which have NCBI
accession WP_213892561.1, UQY61348.1, QUZ42214.1, QUZ71173.1 and
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USZ56745.1 respectively, were submitted to I-TASSER Protein Structure and
Function Prediction Server to obtain secondary structures of these isolates (Yang &
Zhang, 2015). The secondary structure predictions were obtained in PDB format for

further analysis.

Also, to structurally compare experimentally resolved SiiE Bl1g50:52 (2YN5 and
2YN3) and predicted secondary structures of SiiE Blg50:52 of whole genome
sequenced METU Salmonella isolates and the selected Salmonella isolates obtained
from NCBI, and to determine best superimposed chains of experimentally resolved
SIiE BIlg50:52 with these predicted secondary structures of SiiE Blg50:52 of
Salmonella isolates, MatchMaker tool of Chimera was used (Meng et al., 2006).
After structural alignment, Match -> Align tool of Chimera was also used to
determine RMSD value (Meng et al., 2006).

3.6.3 Protein — Protein Docking of SiiE and MUC1

Firstly, AlphaFold prediction of MUC1 (MUC1(AF-P15941-F1)) and
experimentally resolved structures of SiiE BIg50:52 (2YN5 and 2YN3) were
docked. Then, AlphaFold prediction of MUC1 and best superimposed chains of
experimentally resolved structures of SiiE Blg50:52 (2YN5 Chain B and 2YN3
Chain C) were docked. After, AlphaFold prediction of MUC1 and whole genome
sequenced METU Salmonella isolates SiiE Blg50:52 (WGS METU SiiE Blg50:52)
were docked, docking was performed between AlphaFold prediction of MUC1 and
Salmonella serovars’ SiiE Blg50:52 which were obtained from NCBI (NCBI SiiE
B1g50:52). Then, docking was performed between experimentally resolved
structures of MUC1 (MUCL1(6BSC)) and SiiE BIg50:52. After, experimentally
resolved structure of MUCL and whole genome sequenced METU Salmonella
isolates SiiE BIlg50:52 were docked, docking was performed between
experimentally resolved structure of MUC1 and Salmonella serovars SiiE Blg50:52
which were obtained from NCBI. All the above docking was conducted by using

ClusPro Protein — Protein Docking Server by submitting related PDB files (Kozakov
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et al., 2017). Protein — protein docking scheme of SiiE Blg50:52 and MUCL1 can be

seen in Table 3.9.

Table 3.9 Protein - protein docking scheme of SiiE Blg50:52 and Homo sapiens
MUC1

Docked Protein Docked Protein
SiiE Blg50:52
(2YN5 and 2YN3)
SiiE BIg50:52 Chains
(2YN5 Chain B and 2YN3 Chain C)

MUC1 (AF-P15941-F1)

MUC1 (AF-P15941-F1)

WGS METU SiiE Blg50:52 MUC1 (AF-P15941-F1)
NCBI SiiE Blg50:52 MUC1 (AF-P15941-F1)
SiiE BIg50:52 (2YN5 and 2YN3) MUC1 (6BSC)
WGS METU SiiE BIg50:52 MUC1 (6BSC)
NCBI SiiE Blg50:52 MUCL1 (6BSC)

To furtherly investigate the binding characteristics between SiiE B1g50:52 and
MUC1, docking was performed between Sus scrofa Mucl (Mucl(AF-
AO0A4X1W?201-F1) and SiiE Blg50:52 which includes experimentally resolved
structures of SiiE BIg50:52, best superimposed chains of experimentally resolved
SiiE BIg50:52, MET S1-625’s SiiE Blg50:52 and Salmonella serovars’ SiiE
B1g50:52 which were obtained from NCBI. All the above docking was conducted by
using ClusPro Protein — Protein Docking Server by submitting related PDB files
(Kozakov et al., 2017). Protein — protein docking scheme of SiiE Blg50:52 and Mucl

can be seen in Table 3.10.
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Table 3.10 Protein - protein docking scheme of SiiE Blg50:52 and Sus scrofa
Mucl

Docked Protein Docked Protein
SiiE Blg50:52 (2YN5 and 2YN3) Mucl (AF-A0A4X1W201-F1)
SiiE BIg50:52 Chains (2YN5 Chain B
and 2YN3 Chain C)
MET S1-625 SiiE Blg50:52 Mucl (AF-A0A4X1W201-F1)
NCBI SiiE Blg50:52 Mucl (AF-A0A4X1W201-F1)

Mucl (AF-A0A4X1W201-F1)

3.6.4 Prediction of Protein — Protein Interactions of SiiE and MUC1

According to the SiiE Blg50:52 — MUC1 docking results, the protein — protein
interactions were further investigated by using PyMOL (Schrodinger & Delano,
2021). For determining disulfide bridges, cysteine residues were selected. Then, to
determine salt bridges, negatively charged amino acids and positively charged amino
acids which are aspartate, glutamate and lysine, arginine, histidine respectively were
selected separately and bonding distance was limited to 4 A. Afterwards, polar
contacts were found and hydrogen bonding was determined. Then, for determining
hydrophobic interactions, hydrophobic amino acids which are alanine, glycine,
valine, isoleucine, leucine, phenylalanine and methionine were selected and bonding
distance was limited to 4 A. Finally, amino acids which are responsible for the related
bonding were determined among the protein — protein interface. The PyMOL
commands which were used to determine protein — protein interactions are shown in
Table 3.11.
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Table 3.11 PyMOL commands for determining protein - protein interactions

Interaction Type Command

Disulfide bridge sel cysteines, resn cys
select negative, (resn asp+glu)
Salt bridge select positive, (resn lys+arg+his)
distance saltbridge, negative, positive, 4.0, 0
Hydrophonic interaction select hydrophobes, (resn
ala+gly+val+ile+leu+phe+met)
distance int, hydrophobes, hydrophobes, 4.0, 0
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Prevalence of siiE Gene

To investigate presence of siiE gene of Salmonella, 2 sets of primers were designed
by using whole genome sequenced METU Salmonella isolates’ siiE gene nucleotide
sequences which were obtained from NCBI (Sayers et al., 2021). In total, 47 whole
genome sequenced METU Salmonella isolates where their detailed information can
be seen in Table 3.1 were used for this purpose in this study. By using MEGAX
software, these 47 Salmonella isolates’ multiple sequence alignment was conducted
and phylogenetic tree was constructed where the former can be seen in the Appendix
(Figure D.1) and the latter can be seen in Figure 4.1 in order to observe conserved
regions of the siiE gene since, the goal was designing two primer sets which have

the ability to bind different serovars comprehensively (Stecher et al.,2020).

When multiple sequence alignment was conducted with MEGAX, ClustalW system
was used. The reason of choosing this system was that ClustalW is a convenient
system when dealing with homologous sequences and it uses progressive alignment
methods when aligning multiple sequences. With the algorithm of ClustalW, firstly
the most similar sequences are aligned then sequences that are more distant are
aligned progressively until alignment is achieved globally (“About ClustalW”, n.d.).
When time and memory constraints are taken into consideration, this heuristic
approach of ClustalW is very practical since siiE gene is consists of 5559 amino
acids and these 47 different isolates’ SIiE gene nucleotide sequences are
approximately same in length and share few amino acid substitutions among them.
Moreover when phylogenetic tree was constructed, neighbor — joining method was
preferred. The method based on the principle on minimum evolution and constructs

phylogenetic trees with evolutionary distance data. Neighbor — joining method
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minimizes total length of branches at every stage of clustering of operational
taxonomic units (OTUs / neighbors), for detecting pairs of neighbors. This algorithm
of neighbor — joining method saves unignorable amount of time (Saitou & Nei,
1987). When the number of siiE nucleotide sequences and their size are taken into
consideration, using neighbor — joining method to construct the phylogenetic tree is
very useful and time — saving. In addition, Kimura two — parameter (K2P) model
was used when the phylogenetic tree was contructed. K2P model is a commonly used
model for evoluating genetic distances of nucleotide sequences with considering
transitional and transversional rates of substitutions (Nishimaki & Sato, 2019;
Kimura, 1980).
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Figure 4.1 Phylogenetic tree of whole genome sequenced METU Salmonella Isolates
with respect to their siiE gene nucleotide sequences
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According to Figure 4.1, same type of Salmonella serovars constitutes the clusters
of the phylogenetic tree. Therefore, siiE gene of Salmonella is well conserved within

the same Salmonella serovars.

After conserved regions of whole genome sequenced METU Salmonella isolates’
SiiE gene were detected according to the multiple sequence alignment result, two sets
of primers were designed by using Primer-BLAST (Ye et al., 2012). These primer
sets’ binding sites for whole genome sequenced METU Salmonella isolates were
highlighted in the multiple sequence alignment which were shown in the Appendix
(Figure E.1 - Figure E.4). Also, specificity and binding sites of the primer sets which
can be seen in Figure 4.2, were double checked by using SnapGene Viewer
(“SnapGene Viewer”, 2021). Finally, primer-dimer formation of the two primer sets
was checked with Multiple Primer Analyzer (“Multiple primer analyzer”, n.d.).
Detailed information of the two designed primer sets was represented in Table 3.4.
Also by designing two primer sets rather than one, detection of both beginning and
end part of the gene was attained which helped to infer its expression and

visualization in the gel was achieved.

(0) Start SilE-1-F (96 .. 114)

(16.683) End
(16.218 .. 16.238) SiiE - L- R
(15.656 .. 15.675) SilE - L - F

SiiE-I-R (940 ..959)

MET S1-647 siiE Gene

16.683 bp

Figure 4.2 SnapGene Viewer representation of binding sites of siiE-I-F, siiE-I-R,
SiiE-L-F and siiE-L-R for MET S1-647
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To symbolise Salmonella diversity extensively, representative Salmonella isolates
where their detailed information can be seen in Table 3.2 were selected with the
emphasis on clinical importance, PFGE types, isolation source and rareness. In this
study, in total 78 Salmonella isolates which had been isolated and belonged to METU
Food Safety Laboratory were selected as representative ones. For investigating
presence of siiE gene of Salmonella isolates in molecular manner, multiplex PCR

was performed with proper thermal cycling conditions (see Table 3.6).

100 bp ladder

Figure 4.3 Multiplex PCR gel electrophoresis image of Salmonella isolates. L.:
DNA ladder; 1 (+): MET S1-647; 2 (-); 3: MET S1-409; 4: MET S1-979; 5: MET
S1-005; 6: MET S1-394; 7: MET S1-392; 8: MET A2-022; 9: MET A2-038; 10:
MET S1-31; 11: MET S1-008

There are two bands present in the multiplex PCR gel electrophoresis image. The
upper band has product length of 864 bp, while the lower band has the product length
of 583 bp. The former amplifies the beginning part of SiiE gene, despite the latter
amplifies the end part of the gene. The rest of the representative Salmonella isolates’
multiplex PCR gel electrophoresis images are shown in the Appendix (Figures F.1).
It was seen that all the isolates that were undergone multiplex PCR, have siiE gene.
Hence, it can be clearly concluded that siiE gene is highly prevalent among different

Salmonella serovars.
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Similarly, Wang and his colleagues (Wang et al., 2020b), conducted characterization
of Salmonella which were isolated from chickens in central China and investigated
virulence associated genes of them with PCR. The researchers observed that siiE
gene is present in all the 84 isolated Salmonella isolates. Another research which
distribution of virulence genes of Salmonella Pullorum isolates from chickens in
China between 1953 and 2015 were screened by PCR, also detected siiE gene in all
the 304 Salmonella Pullorum isolates (Zhang et al., 2018). Moreover, when in total
138 Salmonella Typhimurium isolates which were isolated from chickens in China
between 2007 and 2012 were investigated for the presence of 30 different virulence
genes, the researchers concluded the most frequent detected gene as siiE (Li et al.,
2017). In addition, Qiao and his colleagues (Qiao et al., 2018) were determined 30
virulence genes of extended - spectrum [ — lactamases (ESBLs) — producing
Salmonella and the researchers pointed out that marT (a transcriptional regulator)
was the most frequent detected gene which was followed by siiE. Finally, high
conservation of silE among different Salmonella serovars was highlighted according
to bioinformatic studies (Latasa et al., 2005). These researchers’ findings corroborate
with the prevalent occurrence of representative METU Salmonella isolates’ SiiE

gene.

4.2 Amino Acid Substitutions of Salmonella SiiE Blg50:52

According to Europen Union One Health 2020 Zoonoses Report and a research
where worlwide epidemiology of Salmonella serovars were investigated, Salmonella
serovars which have both the most and the least frequent observation rates in
different continents among the world were determined (EFSA, 2020; Ferrari et al.,
2019). Additional to the observation incidence, an emphasis on Salmonella serovars
which are host — restricted, host — unrestricted and host — adapted, were also taken
into consideration. In total, 37 Salmonella serovars’ where their detailed information
can be seen in Table 3.3, SiiE (Salmonella intestine infection) amino acid sequences
were obtained from NCBI for this study (Sayers et al., 2021).

46



Protein domains that resemble immunoglobulin (Ig) domains in terms of amino acid
sequence and structure are named as immunoglobulin (1g)-like domain. These Ig-
like domains are consist of approximately 100 amino acids and their structure
involves B-sheets (Horstkorte & Fuss, 2012). Moreover, bacterial Ig-like (Blg)
domains which play a role in different processes such as biofilm formation and
adhesion, can be extensively observed in bacteria (Hiittener et al., 2019). In other
words, Blg domains of bacteria have a special influence on molecular recognition
which includes binding properties (Bodelon et al., 2013). The giant adhesin SiiE of
Salmonella has 53 repetetive bacterial immunoglobulin-like (Blg) domains (Griessl
et al., 2013). According to a research where phylogenetic analysis of Blg domains
of SIiE were conducted revealed that domains 51 and 52 can be regarded as
interpreters of other SiiE domains, while domain 50 can be considered as a unique
one. Hence, Blg domains of SiiE from 50" to 52" (SiiE Blg50:52) which lie between
residues from 5078 to 5365™ and consist of 288 amino acids in total, have a special
importance to gain an understanding on whole SiiE domains (Griessl et al., 2013).
Therefore, in this study SiiE B1g50:52 of Salmonella were furtherly investigated to
highlight amino acid variations among different Salmonella serovars and to gain
insight of these variations influence on binding to SiiE’s host receptor mucin 1
(MUC1).

By using MEGAX, multiple sequence alignment of SiiE Blg50:52 of Salmonella
serovars which were obtained from NCBI and METU whole genome sequenced ones
was conducted (Stecher et al.,2020). The multiple sequence alignment result can be
seen in the Appendix (Figure G.1). Then phylogenetic tree which is shown in Figure
4.4 was constructed by using MEGAX (Stecher et al.,2020). For the MSA and
construction of the phylogenetic tree, ClustalW system and neighbor — joining
method which the reason of choosing these algorithms was explained in detail

previously were used respectively.
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Group 1: S. Reading, S. Othmarschen, S. Montevideo, S. Infantis, S. Chester, S. Charity,
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Group 12: S. Javiana
Group 13: S. Javiana
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Group 14: S. Derby
Group 4: S. Mbandaka
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Group 15: S. Agona, S. Muenchen

Group 16: S. Saintpaul

Group 9: S. Newport
Group 18: S. Choleraesuis
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Figure 4.4 Phylogenetic tree of SiiE Blg50:52 of Salmonella serovars which were
obtained from NCBI and METU whole genome sequenced ones
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According to Figure 4.4, there are two main branches of the phylogenetic tree where
one branch is furtherly subdivided to enterica species and the other to bongori
species. When examined in more detail, there exist 20 different clusters which most
of them have the pattern of containing same kind of Salmonella serovars. For
example, S. Telaviv constitute one cluster while, S. Newport constitute another. This
motif of the phylogenetic tree was an expected result since, genus Salmonella

consists of 2 species which are furtherly categorized in serovar level.

After each cluster of the phylogenetic tree was assigned to a group number, multiple
sequence alignment of the groups which are 20 in total was conducted by MEGAX
with ClustalW system which the reason of choosing this algorithm was explained in
detail previously (Stecher et al.,2020). The detailed information of the groups and
multiple sequence alignment result of the groups can be seen in the Appendix (Table
G.1 and Figure G.2 respectively). Then, group number 7 which consists of
Salmonella Typhimurium LT2 mostly was selected as a reference and amino acids
substitutions of SiiE Blg50:52 were determined between the reference group and
every other group according to the multiple sequence alignment result. Incidence of
amino acid substitutions of SiiE Blg50:52 is represented in Table 4.1. For example,
the amino acid substitution on residue 5081 of SiiE was only observed in group 20,
while for residue 5113 the amino acid substitution was observed in every group
except group 20. Also, the positions of these substitutions are highlighted for MET
S1-625’s SiiE BIg50:52 which is shown in Figure 4.5.

Table 4.1 Incidence of amino acid substitutions of SiiE B1g50:52

SiiE Blg B Incidence Group Number of
Whole SiiE o
50:52 AA . Substitution* Among Observed
. AA Location I
Location Groups AA Substitution In
4 5081 N-G 1 20
36 5113 E-N 18 1,2,3,45,6,8,9,10,11,12,13,14,15,16,17,18,19
41 5118 T-M 1 17
44 5121 V-A 1 19
49 5126 K-N 1 20
52 5129 M-T 1 20
70 5147 1-M 1 20
73 5150 R-K 1 20
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Table 4.1 (cont’d)

76 5153
78 5155
84 5161
85 5162
91 5168
92 5169
97 5174
98 5175
99 5176
102 5179
105 5182
107 5184
108 5185
122 5199
131 5208
136 5213
137 5214
141 5218
149 5226
151 5228
168 5245
194 5271
197 5274
227 5304
230 5307
232 5309
234 5311
237 5314
243 5320
259 5336
269 5346
273 5350
274 5351
275 5352
280 5357

D-V
P-S
E-D
V-T
S-A
P-V
G-N
T-1
V-A
N-D
R-Q
K-N
Q-K

V-1&V-T 1
V-L
K-Q
N-R
V-l
P-A
A-T
Q-K
D-G
A-V
V-l
T-A
N-S
V-G
-7
G-S
N-T
R-D
S-K

R S T = T = T = - T = S GRS

e T e L T N e e e e e N N - =

-
L)

1

=

Q-L&Q-K 9&1

Q-H

A-E&A-T 10&1

1

20
5,11,19,20
20
1,2,3,4,5,6,12,14
20
20
20
20
4514
9
20
1,2,3,4,5,12,13,14,15,20
20
15& 20
20
20
20
2
20
16
20
1,2,12,13
10,11,12,13,19
20
20
20
20
5,8,10,11,17,19,20
20

1,2,34,5,6,9,10,11,12,13,14,15,16,17,18,19,20

20

20
1,2,3,456,12,13,15 & 20

20

1,2,3,45,6,12,13,14,15 & 20

*: N: Aspargine, G: Glycine, E: Glutamate, T: Threonine, M: Methionine, V: Valine,

A: Alanine, K: Lysine, I: Isoleucine, R: Arginine, D: Aspartate, P: Proline, S: Serine,

Q: Glutamine, L: Leucine, H: Histidine
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Figure 4.5 Representation of positions of amino acid substitutions (red) for MET
S1-625’s SiiE BIg50:52. (blue: the most frequently observed substitutions)

According to incidence of amino acid substitutions of SiiE BIg50:52, it can be clearly
understood that the most frequently observed substitutions are on residues 5113 and
5336 where S. Typhimurium’s glutamate (E) is substituted to aspargine (N) and
aspargine (N) is substituted to threonine (T) respectively. The most frequent
substitutions are followed by residues 5184, 5351 and 5357. Detecting these amino
acid substitutions have a special significance since, protein — protein interactions
(PPIs) occur when particular types of amino acids interact at a specified distance
(Libretexts, 2022). For instance, SIiE of S. Typhimurium’s residue 5113 is glutamate
while for different serovar it is aspargine. The former is a negatively charged amino
acid while, the latter is a polar one. These types of residue substitutions affect the
type of PPIs and even can be resulted in interaction loss.

4.3 Protein — Protein Interactions Between SiiE and MUC1

To obtain secondary structure predictions of SiiE Blg50:52 of METU whole genome
sequenced Salmonella isolates and also S. bongori 40:z35:-, S. Gallinarum, S.
Pullorum, S. Choleraesuis and S. Enteritidis’ FASTA files were submitted to I-
TASSER Protein Structure and Function Prediction Server (Yang & Zhang, 2015).

| — TASSER (lterative Threading ASSEmbly Refinement) is a server which builds
3D structures of proteins from their amino acid sequences. It’s hierarchical approach
firstly matches the proteins’ structure to known proteins’ in PDB by multiple
threading of reassembled fragments. Also, | — TASSER is considered as the best

server for structure prediction of proteins with respect to CASP7, CASP8, CASP9,
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CASP10, CASP11, CASP12, CASP13 and CASP14 experiments (Yang & Zhang,
2015; “I-tasser server for protein structure and function prediction”, n.d.). Hence,
preferring the algorithm of | — TASSER was logical and suitable for predicting
secondary structure of SiiE B1g50:52 of Salmonella, since the unknown structures
of different Salmonella serovars’ SiiE BIg50:52 were able to be predicted by using
threading approach. According to the secondary structure predictions of in total 47
METU whole genome sequenced Salmonella serovars’ BIg50:52, it was observed
11 different models where their detailed information can be seen in the Appendix
(Table H.1) and dominance of B — sheet structure. The predictions of related
Salmonella serovars’ SiiE BlIg50:52 can be seen in the Appendix (Figure H.1 and
Figure H.2).

After experimentally resolved structures of SiiE Blg50:52 (2YN5 and 2YN3) and
MUC1 SEA domain (6BSC) from PDB, and Alphafold prediction of MUC1
(MUC1(AF-P15941-F1)) where their detailed information can be seen in Table 3.7
and Table 3.8 respectively were obtained, secondary structure predictions of METU
WGS Salmonella serovars and Salmonella serovars obtained from NCBI were
furtherly analyzed by MatchMaker tool of Chimera (Varadi et al., 2021; Meng et al.,
2006). 2YN3 consists of 4 chains (A, B, C, D) and 2YN5 consists of 2 chains (A,
B). Structural comparison of experimentally resolved SiiE Blg50:52 and predicted
secondary structures showed that METU WGS and NCBI Salmonella serovars’ SiiE
Blg50:52 were best superimposed with chain C of 2YN3 and chain B of 2YN5.
Hence, in this study best superimposed chains of 2YN3 and 2YN5 were furtherly
used. Also, structural comparison of predicted model 1 with experimentally resolved
SiiE BI1g50:52 of S. Typhimurium LT2 is shown in Figure 4.6, while the rests’ can
be seen in the Appendix (Figure 1.1 — Figure 1.15).
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Figure 4.6 Structural comparion of model 1 (beije). (A) With respect to 2YN3 (blue).
(B) With respect to 2YNS5 (blue).

After structural alignment, Match -> Align tool of Chimera was also used to
determine root mean square deviation (RMSD) value of the models with respect to
2YN3 and 2YN5 where can be seen in the Appendix (Table 1.1) (Meng et al., 2006).
Two proteins’ corresponding atoms’ average deviation is measured with RMSD
value, in other words it measures two protein structures’ similarity. In detail, the
smaller the RMSD, the more similar the two structures (Reva et a., 1998). Also,
RMSD values less than 1.5 A which can be up to 2 A dependent upon the structure
size, are considered as very close structures (Hevener et al., 2009). In this case,
almost all the RMSD values of the models with respect to 2YN3 and 2YNS5 are less
than 1.5 A indicating very close structure of predicted SiiE Blg50:52 with
experimentally resolved SiiE Blg50:52.
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According to the docking scheme of SiiE Blg50:52 and Homo sapiens MUC1 which
can be seen in Table 3.9, protein — protein docking was performed with ClusPro
Protein — Protein Docking Server (Kozakov et al., 2017). ClusPro tool firstly by
sampling billions of conformations performs rigid body docking, then for
representing the most likely models finds the largest clusters by clustering of 1000
lowest energy structures according to RMSD, finally based on Gibbs free energy
minimization refines the selected structures (Kozakov et al., 2017). Hence, using the
algorithm of ClusPro which is based on direct docking was a reasonable preference
for investigating the interaction of SiiE BIg50:52 and MUCL1 since, the exact

mechanism between them and their active sites had not known.

MUCL1 consists of variable tandem repeat region (VNTR), sperm protein-
enterokinase-agarin (SEA) domain, transmembrane domain (TM) and cytoplasmic
tail (CT) where approximately located in its residues 128" to 928", 1041 to 1152",
1158™ to 1181 and 1184 to 1255 respectively (Chen et al., 2021). Also, in this
study AlphaFold prediction of MUC1 (MUC1(AF-P15941-F1)) which is the whole
structure of MUCL is abbreviated as MUC1(AF), while experimentally resolved
structure of MUC1 (6BSC) which includes only SEA domain is abbreviated as
MUC1(PDB).

With further analysis by PyMOL, protein — protein interactions between SiiE
B1g50:52 and MUCL1 were determined (Schrodinger & Delano, 2021). The particular
amino acids that are responsible for specific types of the interactions is represented
in Table 4.2 and Table 4.3. Also, their visualizations can be seen in the Appendix
(Figure J.1 — Figure J.40).
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Table 4.2 Residues of SiiE Blg50:52 and whole Homo sapiens MUC1(AF) that are
responsible for specific interactions respectively

Docking Scheme*

Docked Proteins

H — bond Residues

Salt Bridge

Residues

Hydrophobic

Interaction Residues

SiiE Blg50:52
(PDB) & MUC1
(AF)

2YN3 & MUC1
(AF)

(5282, 5283-511),
(5279-529,549),
(5266-551), (5260-
612), (5081-656),
(5152-698), (5242-
756), (5201-796),
(5210-816,836),
(5209-856), (5212-
858)

(5224-877), (5198-

778,797,798),

(5199,5241-777),

(5241-757,778),
(5280-509)

2YN5 & MUC1
(AF)

(5241-296), (5201-
356), (5208-376),
(5225-396), (5334-

640), (5359-660,680),

(5361-700), (5175-
1095), (5298-1093),
(5314-1091,1092),
(5312-1087,1089),
(5315-1070), (5317-
1067,1062)

(5343-1093)

(5261-189), (5198-

317,337), (5211-357),

(5224-397, 417),
(5355-598, 618)

SiiE Blg50:52
(PDB) & MUC1
(AF)

2YN3 Chain C &
MUCL (AF)

(5310-6), (5364-24),
(5285-1161), (5314-
1149,1150),
(5301,5314-1147),
(5263-460), (5294-
500), (5170-

1070,1091,1092,1093),

(5216-1071), (5214-
1067)

(5216-1071), (5170-
1093)

(5308-9,10), (5309-
10), (5333-13,17)

2YN5 Chain B &
MUCL1 (AF)

(5092-696), (5295-
520), (5317-501),
(5319-483), (5291-
440), (5353-6), (5301-
1147), (5183-1091),
(5170-1089), (5185-
1070), (5212,5213-
1071), (5215-1075)

(5212-1071)

(5355-10), (5280-13)

METU WGS SiiE
Blg50:52 & MUC1
(AF)

Model 1 & MUC1
(AF)

(5260-12),
(5350,5353-9), (5355-
10), (5263-13)
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Table 4.2 (cont’d)

METU WGS SiiE
Blg50:52 & MUC1
(AF)

Model 2 & MUC1
(AF)

(5170-1093)

(5308,5309-9)

Model 3 & MUC1
(AF)

(5123-1217), (5089-
365,385)

(5176-20), (5174-17),
(5151,5344-14),
(5299,5301-10),

(5320-4), (5321-1)

Model 4 & MUC1
(AF)

(5276-836,856)

Model 5 & MUC1
(AF)

(5093-676,696)

(5310-10), (5335-
13,14)

Model 6 & MUC1
(AF)

(5216-1071), (5170-
1093)

(5309-9), (5333-13)

Model 7 & MUC1
(AF)

(5161-776), (5259-
916,939), (5281-
796,816)

Model 8 & MUC1
(AF)

(5113-716,696,676),
(5093-656,636)

(5355-10,13), (5280-
17)

Model 9 & MUC1
(AF)

(5215-1071),
(5092,5160-1082),
(5169,5171-1093)

(5330-12)

Model 10 & MUCL1
(AF)

(5215-1071), (5169-
1093), (5092,5160-
1082)

(5330-12)

Model 11 & MUC1
(AF)

(5276-676,696),
(5320-776,796),
(5294-796), (5296-
816,836), (5178-
856), (5093,5161-
956), (5196,5216-
980)

(5319-778,798),
(5318-777,797)

NCBI SiiE Blg
50:52 & MUCL
(AF)

S. bongori & MUC1
(AF)

(5169-1093), (5213-
1068), (5215-1071)

(5332-13,17), (5308~
10)

S. Gallinarum &
MUCL1 (AF)

(5276-1093,1095),
(5270-1093), (5343-
376), (5178,5296-
356), (5178-336),
(5322,5302,5282-12)

(5268,5269,5274-1)

S. Pullorum &

(5320-836,856),

MUC1 (AF) (5157-596)
S. Choleraesuis & (5320-716), (5296-
- (5147-17), (5148-13)
MUC1 (AF) 656)
S. Enteritidis & (5216-1071),
- (5355-13), (5333-14)
MUC1 (AF) (5170,5183-1093)
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*: In the parenthesis, data source of the protein of interest is represented. PDB:
Protein Data Bank, AF: AlphaFold

According to the Table 4.2, there was no H — bonding between METU WGS
Blg50:52 & MUC1 (AF) and NCBI Blg50:52 & MUC1 (AF), even H atoms were
added later to these two proteins and docking was performed again to be certain.
PyMOL did not show polar contact between these two proteins, although other PPIs
were present. This situation can be resulted from the shorter distance of H — bond
(less than 2.5 A) than the other PPIs (Hubbard & Kamran Haider, 2010). Another
reason can be explained with the phenomenon that when the size of a protein
increases, the accuracy of the bioinformatic methods decreases (Maria Hernandez-
Dominguez et al., 2020). Also, importance of SEA domain of MUC1 was described
previously as having a function against invasive pathogens by actioning as a decoy
receptor through its self-cleavage (Chen et al., 2021; Dhar & McAuley, 2019).
Therefore, to obtain more precise information and further research, MUC1 SEA
domain was furtherly investigated.

Table 4.3 Residues of SiiE B1g50:52 and SEA domain of Homo sapiens MUC1
(PDB) that are responsible for specific interactions respectively

Salt Bridge Hydrophobic

Docking Scheme* Docked Proteins H — bond Residues

Residues Interaction Residues

(5311,5312-1140),
(5314-1143), (5298-
1145), (5344,5126-  (5216,5344-1109),
2YN3 & 6BSC
1109), (5172-1108)
(5174,5172,5160-
1108
SiiE Blg50:52 )
(PDE) & MUCL (5157-1108), (5344-
0B 1091), (5256,5296- (5292-1059),
1093), (5294,5256,5229-
(5256,5258,5294- 1095),
2YN5 & 6BSC
1095), (5292-1096),  (5296,5343,5256-
(5292,5293,5322-  1093), (5150-1075),
1059), (5357-1060), (5157-1108)
(5320-1056)
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Table 4.3 (cont’d)

(5311,5312-1108),
(5311-1109),
(5300,5314-1090),
(5297-1091), (5298-

1104), (5311-1108), (5178-
2YN3 Chain C &
- (5295,5296,5344- 1095), (5296- (5176-1139)
SiiE Blg50:52 6BSC
1093), (5298,5175- 1093,1095)
(PDB) & MUC1
1102), (5178,5296-
(PDB)
1095), (5344-1100),
(5175-1046), (5174-
1140)
_ (5314-1091), (5174-
2YN5 Chain B & (5311-1108), (5178-
1046), (5175,5178- -
6BSC 1095)
1095)
(5311-1109),
(5312,5314-1108),  (5312-1108), (5177-
Model 1 & 6BSC (5315-1106), 1095), (5297- -
(5299,5174,5177- 1093,1095)
1102)
(5093-1140),
(5161,5162-1102), (5170,5172-1108),  (5191-1144), (5090-
Model 2 & 6BSC
(5192-1104), (5169- (5161-1095) 1097)
1108)
(5178-1102),
(5174,5176-1140), (5298-1093,1095),
Model 3 & 6BSC -
(5313-1108), (5316- (5313-1108)
METU WGS SiiE 1106)
Blg50:52 & MUC1 (5175-1102), (5182-
Model 4 & 6BSC (5178-1095) -
(PDB) 1145), (5350-1108)

Model 5 & 6BSC

(5175-1102), (5316-
1104), (5313,5315-
1108), (5312-1109)

(5313-1108), (5178-
1048), (5298-1095)

(5176-1139)

Model 6 & 6BSC

(5252-1145)

(5170-1093,1095),
(5093-1082)

(5177-1144)

Model 7 & 6BSC

(5295-1108), (5158-
1102), (5157-1140)

(5296-1108), (5281-
1095)

(5159-1139)

Model 8 & 6BSC

(5303-1145), (5310-
1109), (5311,5313-
1108), (5314-1104),
(5174,5344-1102),
(5174-1140)

(5296-1095), (5311-
1108)
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Table 4.3 (cont’d)

METU WGS SiiE
Blg50:52 & MUC1
(PDB)

Model 9 & 6BSC

(5090-1102), (5091-
1139), (5092-1140),
(5161-1104), (5191-

1145),
(5166,5171,5178-
1108)

(5171,5177-1108),
(5160-1095)

(5090-1100)

Model 10 & 6BSC

(5172-1142), (5174-
1102), (5175-1140),
(5349-1145), (5311-

1108)

(5297-1095)

Model 11 & 6BSC

(5174-1140), (5178-
1102), (5310-1109),

(5311-1108)

(5311-1108), (5296-

1095)

NCBI SiiE Blg50:52
& MUC1 (PDB)

S. bongori & 6BSC

(5168,5171-1108),

(5299-1145), (5311-
1142), (5310-1140),

(5309-1102)

(5171-1108)

S. Gallinarum &
6BSC

(5311-1108), (5314-
1104), (5175-1102),

(5174-1140)

(5296-1095), (5311-

1108)

(5176-1139)

S. Pullorum & 6BSC

(5311,5313-1108),

(5310-1109), (5174-

1140), (5178-1102)

(5311-1108), (5296-

1095)

S. Choleraesuis &
6BSC

(5311,5313-1108),

(5314-1105), (5303-

1145), (5175,5298-
1102), (5174-1140)

(5311-1108), (5178-

1048), (5296-1095)

(5176-1139)

S. Enteritidis &
6BSC

(5311,5313-1108),

(5310-1109), (5314-
1105), (5350-1145),
(5344-1102), (5174-

1140)

(5178-1048,1095),
(5296-1093,1095),
(5311-1108)

(5176-1139)

*: In the parenthesis, data source of the protein of interest is represented. PDB:
Protein Data Bank, AF: AlphaFold

When residues that are involved in specific interactions between SiiE Blg50:52 and
MUCL1 (AF) which is the whole structure of MUC1, and SiiE Blg50:52 and MUC1
(PDB) which includes only SEA domain of MUCL1 is compared, it was noticed that
some of the residues that are involved in interactions between SiiE Blg50:52 and
MUCL1 (PDB) are not present in the interactions of SIiE Blg50:52 and MUC1 (AF).
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When the whole MUCL1 is intact in docking, the frequency of binding to SEA domain
of MUCL1 is lower when it compared to the frequency of binding to only SEA
domain. This situation is hypothesized as when the SEA domain is not self-cleaved,
consequently MUCL1 protein is not divided into two subunits, binding of SiiE
Blg50:52 to MUC1 SEA domain is harder.

Additionally, when Table 4.2 and Table 4.3 were inspected in detail, the most
prevalent residue of SiiE BIg50:52 which is involved in H — bonding is residue 5174
followed by residues 5311 and 5314. For salt bridge, the most prevalent residue of
SiiE BIg50:52 is 5296 followed by residues 5178 and 5311, while for hydrophobic
interactions, the most prevalent residue of SiiE B1g50:52 is 5176 followed by residue
5355. Also, there is no disulfide bridges between these two proteins, since SiiE

Blg50:52 doesn’t have cysteine residue.

Moreover, when the binding patterns were examined comprehensively by
considering different regions of Homo sapiens MUCL, it was observed that H —
bonding and salt bridges between SiiE Blg50:52 and MUC1, occur mostly in VNTR
region followed by SEA domain, while hydrophobic interactions take place mostly
in the region before VNTR followed by VNTR region of MUC1. According to a
study, which showed MUCL is a receptor for SiiE adhesin of Salmonella, binding
between SiiE and MUCL is proposed as arising from due to interactions between
repetitive domains of proteins of interest (Li et al., 2019). Similarly, the observed
salt bridges and H — bonding between SiiE B1g50:52 and MUCL in this study are
mostly in the VNTR of MUC1. Also, the VNTR region of MUCL1 has hydrophilic
characteristic (Apostolopoulos et al., 2015). Therefore, the observed hydrophobic
interactions between SiiE BIg50:52 and MUCL in this study mostly in the region
before VNTR is reasonable, since hydrophobic interactions take place between
nonpolar side chains of amino acids (Libretexts, 2022).

To furtherly investigate binding characteristics of proteins of interest in terms of host
specificity of Salmonella, secondary structure prediction of Sus scrofa (swine) Mucl

(nomenclature for human MUC1 for animals Mucl) was obtained from AlphaFold
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(Varadi et al., 2021). The detailed information of Sus scrofa Mucl protein can be

seen in Table 3.8.

Protein docking was also performed according to the docking scheme of SiiE

Blg50:52 and Sus scrofa Mucl which can be seen in Table 3.10, by using ClusPro

Protein — Protein Docking server (Kozakov et al., 2017). The reason of choosing this

tool was explained previously in detail. Protein — protein interactions between SiiE

B1g50:52 and Sus scrofa Mucl were determined with further analysis by PyMOL

(Schrédinger & Delano, 2021). The specific interactions and particular amino acids

which are responsible for these interactions is shown in Table 4.4. Their

visualizations can also be seen in the Appendix (Figure K.1 - Figure K.10).

Table 4.4 Residues of SiiE Blg50:52 and Sus scrofa Mucl that are responsible for
specific interactions respectively

) . . Salt Bridge Hydrophobic
Docking Scheme* Docked Proteins H — bond Residues . . .
Residues Interaction Residues
(536-540,541), (5359-
B (5302-75,78), (5266-
SiiE Blg50:52 543), (5282-629,633),
2YN3 & Mucl (AF) 76), (5266,5337-79),
(PDB) & Mucl (5285-80), (5263,5265-
(5304-82)
(AF) 72), (5182-734)
2YN5 & Mucl (AF) (5170-757)
(5344-510), (5298-
511), (5205-502),
(5252-469),
(5166,5167-474),
(5216-478), (5215-
. 482), (5093-366), (5216-478), (5113-
2YN3 Chain C &
(5092-330), (5098- 370,334), (5111-
Mucl (AF)
SiiE Blg50:52 286), (5126-212,249), 334)
(PDB) & Mucl (5124-214), (5113-
(AF) 370,338), (5114-302),

(5115-298), (5116-
266), (5118-262,226),
(5152-238,274)

(5245-78), (5116-177),

2YNS5 Chain B &
Mucl (AF)

(5106,5118-179),
(5092-209), (5128-
215), (5177-719)

(5237-82,85), (5162-
75), (5208-89),
(5206-85,88), (5249-
77)
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Table 4.4 (cont’d)

- (5216-478),
METU WGS SiiE Model 8 (S.
A (5236,5194-442),
Blg50:52 & Mucl Typhimurium) &
(5113-406,370),
(AF) Mucl (AF)
(5111-370)
(5088-40), (5262-
S. bongori & Mucl 406,442), (5275-
- (5364-200)
(AF) 334,298), (5270-
334)
(5194,5216-540),
S. Gallinarum &
(5212-534), (5263- (5364-291,292)
Mucl (AF)
NCBI SiiE 478)
BIg50:52 & Mucl (5296,5178-478),
S. Pullorum & Mucl
(AF) . (5178-442), (5089-
(AF)
226,262)
S. Choleraesuis & (5161-744), (5178-
Mucl (AF) 757)
- (5216-478),
S. Enteritidis &
(5194,5136-442),
Mucl (AF)
(5111-370)

*: In the parenthesis, data source of the protein of interest is represented. PDB:
Protein Data Bank, AF: AlphaFold

According to the Table 4.4, again PyMOL did not show polar contact between
METU WGS BIg50:52 (Model 8, including S. Typhimurium) & Mucl (AF) and
NCBI Blg50:52 & Mucl (AF) for H-bonding. The reason of encountering this
situation was explained previously in detail. Additionally, when the residues that are
involved in interactions between SiiE BIg50:52 and Sus scrofa Mucl was inspected
in detail, the most prevalent residue of SiiE B1g50:52 which is involved in salt bridge
is residue 5113 and 5216 followed by residues 5111 and 5194 and for hydrophobic
interactions, the most prevalent residue of SiiE Blg50:52 is 5364 which is the only
residue that is responsible for hydrophobic interactions between NCBI SiiE
Bl1g50:52 & Sus scrofa Mucl. Also, again there is no disulfide bridges between these

two proteins, since SIiE BIg50:52 doesn’t have cysteine residue.

Also, when the binding patterns were examined by considering different regions of
Sus scrofa Mucl, a similar fashion with Homo sapiens MUC1 was noticed.
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Likewise, H —bonding and salt bridges between SiiE BIg50:52 and Sus scrofa Mucl,
take place mostly in VNTR region, while hydrophobic interactions occur mostly in
the region before VNTR followed by VNTR region of MUCL1. According to a study
which VNTR polymorphism of Mucl gene and litter size of pigs were investigated,
the interspecies homology between repeat units of VNTR region of human and pig
Mucl gene was estimated as 63% and cytoplasmic tail of MUCL1 is well conserved
among different species (Xiao et al., 2012; Dhar & McAuley, 2019). Therefore, the
binding of SiiE B1g50:52 to the similar regions of Homo sapiens MUC1 and Sus

scrofa Mucl is sensible.

Additionally the residues of SiiE Blg50:52 which are responsible for PPIs between
SiiE B1g50:52 and Homo sapiens MUC1 were compared to the incidence of amino
acids substitutions of SiiE BIg50:52 which can be seen in Table 4.1, it was seen that
residues 5081, 5113, 5126, 5147, 5150, 5161, 5162, 5168, 5169, 5174, 5175, 5176,
5182, 5185, 5199, 5208, 5213, 5214, 5274, 5309, 5311, 5314, 5320, 5350 and 5357
are both responsible for PPIs and present in incidence of amino acids substitutions
of SiiE Blg50:52. The most prevalent residue that takes place in PPIs among them
is residue 5311 followed by 5174, then 5314 and 5175. For residue 5311, the type of
amino acid is same for S. Typhimurium and other serovars since both valine (V) and
glycine (G) is nonpolar. However, for residue 5174, S. Typhimurium has glycine (G)
which is nonpolar, while other serovars have asparagine (N) which is polar. In
addition, for residue 5175, S. Typhimurium has threonine (T) which is polar, while
other serovars have isoleucine (1) which is nonpolar and for residue 5314 vice versa
substitution takes place. Therefore, residues 5174, 5175 and 5314 may have a vital
role on host — receptor interaction between SiiE Blg50:52 of Salmonella and MUC1
of Homo sapiens, since these are the most prevalent residues of SiiE Blg50:52 that
are responsible for PPIs and their properties are dependent to the amino acid
substitutions among different Salmonella serovars. When the same comparison was
also conducted for the residues that are responsible for PPIs between SiiE Blg50:52
and Sus scrofa Mucl, and the incidence of amino acid substitutions of SiiE BIg50:52,

only residue that can be pronounced is 5113. For the residue, S. Typhimurium has
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glutamate (E) which is negatively charged, while other serovars have asparagine (N),
which is polar. Hence, residue 5113 may have a significant role during host —
receptor interaction between SiiE Blg50:52 of Salmonella and Mucl of Sus scrofa.
According to a research where function of Ca?* binding sites of SiiE were
investigated, the role of type | Ca?* binding sites is highlighted for secretion and
expression of SiiE, while the role of type Il Ca?* binding sites in the C terminal is
pointed out for proper function of SiiE during adhesion and invasion (Peters et al.,
2017). Griessl et al. (2013) stated type 11 Ca®* binding sites for SiiE Blg50:52 as
5172, 5173, 5175, 5178 and 5180 in the domain 51. Therefore, the residue 5175
which thought to have a significant role on the interaction between SiiE Blg50:52 -
MUC1, is corroborant with these researcher’s findings.

Also, the general overview of the number of the PPIs between SiiE Blg50:52 and
Homo sapiens MUC1(AF), Homo sapiens MUCL1(PDB), Sus scrofa Mucl
respectively is shown in Table 4.5.
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Table 4.5 Number of PPIs between SiiE Blg50:52 and Homo sapiens MUCL1(AF),
Homo sapiens MUC1(PDB), Sus scrofa Mucl individually

Homo sapiens MUC1(AF) Homo sapiens MUC1(PDB) Sus scrofa Mucl(AF)*
Hydro- Hydro- Hydro-
H- Salt y . H- Salt y . H- Salt Y .
. phobic . phobic . phobic
bond Bridge bond Bridge bond Bridge
Int. Int. Int.
SiiE 2YN3 14 0 9 9 3 0 9 0 6
Blg50:52
(PDB) 2YN5 17 1 8 13 9 0 0 1 0
SiiE 2YN3
. 15 2 5 17 4 1 23 4 0
Blg50:52 Chain C
(PDB) 2YN5
. 13 1 2 4 2 0 7 0 7
Chains Chain B
Model 1 —
METU 0-12 0-8 1-8 1-4 0-2
Model 11
WGS
Model 8 (S.
SiiE (
Typhimurium 5 8] 8 2 0 6 0
Blg50:52 w
)
S. Enteritidis 3 2 7 5] 1 4 0
S. bongori 3 8 6 1 0 6 1
NCBI
SIiE S. Gallinarum 10 3 4 2 1 4 2
Bl1g50:52
S. Pullorum 3 0 5 2 0 5 0
S.
2 2 7 3 1 2 0
Choleraesuis

*: In the parenthesis, data source of the protein of interest is represented. PDB:
Protein Data Bank, AF: AlphaFold

MUC1 is considered as having a dual function for pathogens, in other words, it can
function as anti-inflammatory or proinflammatory during infections (Bose &
Mukherjee, 2020). For the protective activity of MUC1, McAuley and his colleagues
(2017) observed higher morbidity and mortality rates during influenza A virus
infection for Muc1” mice. Anti-inflammatory role of MUC1 on H. pylori was also
demonstrated (McGuckin et al., 2007; Lindén et al., 2009). Additionally, McAuley
et al. (2007) identified C.jejuni in the organs of Mucl” mice, but not in the Muc1**
mice and stated more damage in the intestine of Muc1”- mice during oral infection.

In the same study, the researchers also pointed out that no observed difference for S.

65



Typhimurium which targets M cells nevertheless, whether MUCL1 is expressed in the
M cells or not is not known (McAuley et al., 2007). For the proinflammatory role of
MUC1 on pathogens, Boll and his colleagues (2017) stated MUC1 function as a host
receptor for aggregative adherence fimbriae of enteroaggregative E.coli and
observed higher bacterial adhesion which is facilitated by MUC1. According to a
more recent study which revealed MUCL1 is a host receptor for Salmonella adhesin
SiiE for the first time, MUCL facilitates apical invasion of Salmonella on epithelial
cells of intestine through glycans on MUCL. The researchers highlighted that S.
Enteritidis hardly invade MUC1 knockout HT29-MTX cells, consequently MUC1
does not function as a defensive barrier against Salmonella (Li et al., 2019). Hence,
considering these researcher’s findings, the function of MUC1 against Salmonella
was investigated in this study by taking into account host specificity and diversity of
Salmonella comprehensively. Since S. bongori is most commonly observed in cold
blooded animals, S. Gallinarum and S. Pullorum are host — specific to poultry and S.
Choleraesuis is host — adapted to swine. In other words, these serovars of Salmonella
do not cause disease in humans as prevalent as host generalist serovars of Salmonella
which are S. Typhimurium and S. Enteritidis (Jajere, 2019). When the binding
characteristics between SiiE Blg50:52 and Homo sapiens MUC1 which is shown in
Table 4.2 and Table 4.3 is considered in terms of host specificity of Salmonella, it
was noticed that host adapted and host restricted Salmonella serovars bind to MUC1
in a similar fashion with host generalist ones. Same situation is also valid for binding
characteristics between SiiE B1g50:52 and Sus scrofa Mucl which is presented in
Table 4.4. Put differently, no relation was observed for interaction of MUCL1 and
different Salmonella serovars in terms of host specificity in this study. There might
be another mechanism responsible for adhesion and invasion in terms of Salmonella
host specificity into the host species. Grzymajlo et al. (2017) stated that calreticulin
which is expressed in intestinal cells of swine and receptor for FimH adhesin of S.
Choleraesuis, plays a part in host specifity of S. Choleraesuis. The researchers
observed binding of FimH of S. Choleraesuis to calreticulin, while binding of FimH

of S. Enteritidis to calreticulin did not observed. Therefore, the researchers pointed
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out that host specificity of Salmonella also arises from particular receptors which are
expressed by specific hosts, not only expressed proteins and particular mechanisms

of Salmonella (Grzymajlo et al., 2017).
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CHAPTER 5

CONCLUSION

Salmonella enterica subsp. enterica (Salmonella) has been a prominent foodborne
pathogen due to its prevalence and consequences on public health among the world.
Salmonella has the facility of presence in various kind of foods and can be
encountered during any stage of farm to fork food supply chain. Also, the burden of
Salmonella on public health in terms of both mortality and socioeconomically cannot
be underestimated. Hence, to reduce and prevent salmonellosis, investigations and
actions taken have a vital role. One of the main concerns during supression of
Salmonella is its diversity. Not all serovars cause the same disease or the same
symptomps and even cannot persist in the same host. Therefore, investigating the
different Salmonella serovars’ effect on invasiveness have a vital role on
enlightening the impact of salmonellosis, when its pathogenesis, disease severity and
host specificity are taken into consideration. Recently, Salmonella intestine
infection’s (SIiE) which is a giant adhesin of Salmonella and responsible for first
contact on polarized epithelial cells, host receptor on mucous which is mucin 1
(MUC1) is discovered. Consequently, investigating the host — receptor relation
between SiiE and MUCL has a crucial role on clarifying the invasiveness and even

preventing salmonellosis from the very first stage.

In this study, two sets of primers were designed to conduct multiplex PCR by using
whole genome sequenced METU Salmonella isolates. To symbolize Salmonella
diversity, representative Salmonella isolates were selected with putting emphasis on
clinical importance, prevalence, molecular subtype and isolation source. It was
concluded that siiE gene is well conserved among different Salmonella serovars,
since all of the isolates undergone molecular conformation were positive for the

gene. Also, genomic datas of important Salmonella serovars in terms of host
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specificity were obtained from NCBI to furtherly used in in silico analysis. By using
phylogenetic analysis, amino acid substitutions of different Salmonella serovars’
SiiE bacterial immunoglobulin-like domains from 50" to 52" (Blg50:52),
representative of the whole SIiiE protein, were highlighted. The clusters of the
phylogenetic tree and its branches were consistent with the species and serovars of
the Salmonella. Moreover, by using threading approach secondary structures of
whole genome sequenced METU Salmonella serovars and important Salmonella
serovars which were obtained from NCBI were predicted. After secondary structure
analysis was conducted, protein — protein docking was performed for SiiE Blg50:52
and MUC1, and then protein — protein interactions were investigated. It was observed
that except disulfide bridges other interactions which are hydrogen bonds, salt
bridges and hydrophobic interactions have a role on binding. Also, no correlation
was observed for interaction of MUCL and SiiE Blg50:52 of different Salmonella
serovars in terms of host specificity. Finally, it was remarked that SiiE’s residues
5174 and 5175 may have a crucial role on host — receptor interaction between SiiE
B1g50:52 of Salmonella and MUC1 of Homo sapiens, when incidence of amino acid

substitutions and residues that are responsible for PPIs were taken into consideration.

This study facilitated to an improved comprehension of Salmonella —host interaction
and gave a better understanding of the role of Salmonella diversity on binding

characteristics and invasiveness.

Consequently, different mechanisms during host — pathogen interaction should also
be taken into account, considering sole adhesin — host receptor interaction in this
case SIIE — MUCL interaction may not be enough to infer host specificity of
Salmonella. Nevertheless, further investigations are required to obtain a better
understanding of host — receptor relation of Salmonella, to obtain an extensive basis
and to prevent salmonellosis from the very first stage. Since, bioinformatic studies
are hypothetical until experimentally proven. Hence, the need of obtaining
experimentally resolved structures of the whole SiiE and MUCL is still required in

future with improved technology.
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APPENDICES

A. PREPARATION OF MEDIA

Table A.1 Brain Heart Infusion (BHI) Agar

BHI Medium
Agar Bacteriological
dH20

185¢
759
500 mL

B. CHEMICALS AND MATERIALS

Table B.1 The list of chemicals and materials with related manufacturer

information

Chemicals

Manufacturers

American Bacteriological Agar
Brain Hearth Infusion Medium
Trizma Base
Boric Acid
EDTA
5xMyTaqg Reaction Buffer
SiiE Primer Sets
MyTaq Red DNA Polymerase
Agarose

DirectLoad PCR 100 bp Low Ladder

EtBr

Condalab (Madrid, Spain)
Merck (Darmstadt, Germany)
Sigma-Aldrich (St. Lois, MO, USA)
Sigma-Aldrich (St. Lois, MO, USA)
Sigma-Aldrich (St. Lois, MO, USA)
Bioline (London, UK)
Metabion (Planegg, Germany)
Bioline (London, UK)
Sigma-Aldrich (St. Lois, MO, USA)
Sigma-Aldrich (St. Lois, MO, USA)
Merck (Darmstadt, Germany)




C. DATABASES AND BIOINFORMATIC TOOLS

Table C.1 The list of databases and bioinformatic tools with their versions

Databases and Bioinformatic Tools Versions
NCBI -
MEGAX X
NCBI Primer - BLAST -
SnapGene Viewer 5.3.2
ThermoFisher Multiple Primer
Analyzer -
PDB -
AlphaFold -
| - TASSER 5.1
ClusPro 2.0
PyMOL 2.5.2
UCSF Chimera 1.16

UCSF Chimera MatchMaker -
UCSF Chimera Match -> Align -
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D. MULTIPLE SEQUENCE ALIGNMENT OF siiE GENE

Species/Abbrv

1. Typhimurium Original One

2. MET $1-103 Virchow 4293

3. MET S1-74 Telaviv 4292

4. MET $1-63 Telaviv 4291
19 Telaviv 4290

10. MET §1-35 Corvallis 4279
1. MET $1-24 Corvallis 4278
12. MET $1-670 Newport 4274
13. MET $1-647 Telaviv 4271
14. MET $1-637 Telaviv 4270
15. MET $1-567 Telaviv 4269
16. MET $1-667 Newport 4268
17. MET $1-625 Newport 4267
18. MET S1-568 Newport 4266

26. MET S1-456 Telaviv 4248 |
27. MET $1-440 Telaviv 4247
28. MET S1-430 Telaviv 4246
29. MET S1-462 Reading 4245
30. MET S1-416 Reading 4244
31. MET $1-517 Montevideo 424
32. MET $1-512 Enteritidis 4239
‘33. MET $1-482 Anatum 4238
34. MET $1-465 Anatum 4237
35. MET S1-443 Anatum 4236
36. MET $1-421 Anatum 4235
MET S1-408 Anatum 4234

arity 4232

Figure D.1 Part of multiple sequence alignment of WGS METU Salmonella
Isolates’ siiE gene nucleotide sequences (residues 4116-4180)
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E. BINDING SITES OF PRIMER SETS

‘Species/Abbrv
1. NC.003197.2 Typhimurium LT2(A]

2. MET $1-103 Infantis m [ i « TTCCGGGCCAGACATGAAC
3. MET $1-74 Telaviv c cGc c TTCCGGGCCAGACATGAAC
4. MET $1-63 Telaviv c c « cec TTCCGGGCCAGACATGAAC
5. MET $1-119 Telaviv cec TTCCGGGCCAGACATGAAC
6. MET $1-87 Othmarschen cTTC c CHTTCCGGGCCAGACATGAAC
7. MET $1-65 Montevideo c TTCCGGGCCAGACATGAAC
8. MET 51-163 Hadar { TTCCGGGCCAGACATGAAC
9. MET $1-31 Salford TTCCGGGCCAGACATGAAC
TTCCGGGCCAGACATGAAC
TTCCGGGCCAGACATGAAC
TTCCGGGCCAGACATGAAC
13. MET §1-647 Telaviv TTCCGGGCCAGACATGAAC
14. MET $1-637 Telaviv c c c TTCCGGGCCAGACATGAAC
15. MET $1-557 Telaviv { « TTCCGGGCCAGACATGAAC
16. MET 51-667 Newport c c 3 cBi¢ c TTCCGGGCCAGACATGAAC
17. MET §1-625 Typhimurium c c TTCCGGGCCAGACATGAAC
18. MET $1-568 Newport cc « TTCCGGGCCAGACATGAAC
19. MET $1-634 Montevideo c TTCCGGGCCAGACATGAAC
20. MET $1-611 Montevideo TTCCGGGCCAGACATGAAC
21. MET $1-581 Montevideo TTCCGGGCCAGACATGAAC
22. MET $1-548 Anatum TTCCGGGCCAGACATGAAC
23. MET $1-675 Kentucky c c « TTCCGGGCCAGACATGAAC
24. MET $1-530 Telaviv c cGce H TTCCGGGCCAGACATGAAC
26. MET $1-528 Telaviv E TTCCGGGCCAGACATGAAC
26. MET $1-456 Telaviv L c CETTCCGGGCCAGACATGAAC
27. MET $1-440 Telaviv 3 c| c TTCCGGGCCAGACATGAAC
28. MET $1-430 Telaviv { cec « TTCCGGGCCAGACATGAAC
29. MET $1-462 Reading c c cGe TTCCGGGCCAGACATGAAC
30. MET §1-416 Chester c c TTCCGGGCCAGACATGAAC
5 M ideo L c > C TTCCGGGCCAGACATGAAC
32. MET $1-512 Montevideo c MCHTTCCGGGCCAGACATGAAC
33. MET 51-482 Anatum ) c « TTCCGGGCCAGACATGAAC
34. MET §1-465 Anatum c { c TTCCGGGCCAGACATGAAC
35, MET $1-443 Anatum c 1 . cBi¢ TTCCGGGCCAGACATGAAC
ME nat TTC . c CHCHTTCCGGGCCAGACATGAAC
. ME « c CECHTTCCGGGCCAGACATGAAC
38. MET $1-410 Charity. TTCCGGGCCAGACATGAAC

10. MET $1-35 Corvaliis

39. elaviv cTtc { cffirrccococcacacaToAAC
40. MET §1-277 Montevideo chTcC 6cC HCH T TCCOGGCCAGACATGAAC
41, MET $1-360 Kentucky c i C c CB CHCHTTCCOGGCCAGACATGAAC
42. MET $1-313 Kentucky cTTC E c CHCH T TCCGGGCCAGACATGAAC
43. MET $1-301 Anatum c c c TTCCGGGCCAGACATGAAC
44. MET $1-294 Anatum TTCCGGGCCAGACATGAAC
45. MET $1-272 Anatum TTCCGGGCCAGACATGAAC
46, MET §1-268 Anatum c CHTTCCGGGCCAGACATGAAC
47. MET $1-248 Anatum _ c TTCCGGGCCAGACATGAAC

s 3 CHTTCCGGGCCAGACATGAAC

Figure E.1 Binding site of siiE-1-F for WGS METU Salmonella isolates

Species/Abbrv_ e[ ]| *[ e[ [*[*[*[s[*[*[*]s] T~
1. NC_003197.2 Typhimurium LT2 € C c c GAGGCCAAGACTGCTGATGG
2. MET $1-103 Infant c GAGGCCAAGACTGCTGATGG
3. MET $1-74 Telaviv c : c CAGAGGCCAAGACTGCTGATGG
4. MET $1-63 Telaviv C C GAGGCCAAGACTGCTGATGG
5. MET 51119 Telaviv 1 GAGGCCAAGACTGCTGATGG
6. MET 5187 Othmarschen GAGGCCAAGACTGCTGATGG
7.MET $1-65 Montevideo GAGGCCAAGACTGCTGATGG
8. MET $1-163 Hadar GAGGCCAAGACTGCTGATGG
9. MET $1-31 Salford GAGGCCAAGACTGCTGATGG
T s GAGGCCAAGACTGCTGATGG!
1. MET $1-24 Corvallis GAGGCCAAGACTGCTGATGG!
12. MET $1-670 Newport GAGGCCAAGACTGCTGATGG
13. MET $1-647 Telaviv GAGGCCAAGACTGCTGATGG
14. MET $1-637 Telaviv GAGGCCAAGACTGCTGATGG
15. MET $1-557 Telaviv GAGGCCAAGACTGCTGATGG
16. MET $1-667 Newport GAGGCCAAGACTGCTGATGG
17. MET $1-625 Typhimurium € GAGGCCAAGACTGCTGATGG
18. MET §1-568 Newport GAGGCCAAGACTGCTGATGG
 Mon GAGGCCAAGACTGCTGATGG

. Montevideo GAGGCCAAGACTGCTGATGG
21. MET $1-581 Montevideo C c c CMGAGGCCAAGACTGCTGATGG
22. MET $1-548 Anatum c c GAGGCCAAGACTGCTGATGG
23 MET $1-675 Kentucky c c | « CMGAGGCCAAGACTGCTGATGG
24. MET $1-530 Telaviv | GAGGCCAAGACTGCTGATGG
25, MET $1-528 Telaviv CAGAGGCCAAGACTGCTGATGG
26. MET $1-456 Telaviv c | c GAGGCCAAGACTGCTGATGG
27 MET $1-440 Telaviv e { c c CAGAGGCCAAGACTGCTGATGG
28. MET $1-430 Telaviv 3 c C GAGGCCAAGACTGCTGATGG
29. MET $1-462 Reading c c : c CGAGGCCAAGACTGCTGATGG
30. MET $1-416 Chester c c E { GAGGCCAAGACTGCTGATGG
31. MET 51517 Montevideo c c C c CMGAGGCCAAGACTGCTGATGG
32 MET $1-612 Montevideo € { GAGGCCAAGACTGCTGATGG
33. MET $1-482 Anatum GAGGCCAAGACTGCTGATGG
34. MET $1-465 Anatum GAGGCCAAGACTGCTGATGG
35. MET §1-443 Anatum GAGGCCAAGACTGCTGATGG
36. MET $1-421 Anatum_ GAGGCCAAGACTGCTGATGG
37. MET $1-408 Anatum GAGGCCAAGACTGCTGATGG
38. MET $1-410 Charity GAGGCCAAGACTGCTGATGG

39. MET 51-391 Tel GAGGCCAAGACTGCTGATGG
40. MET $1-277 Montevideo GAGGCCAAGACTGCTGATGG
41. MET $1-360 Kentucky GAGGCCAAGACTGCTGATGG
42. MET $1-313 Kentucky GAGGCCAAGACTGCTGATGG
43. MET $1-301 Anatum GAGGCCAAGACTGCTGATGG
44, MET $1-294 Anatum GAGGCCAAGACTGCTGATGG
GAGGCCAAGACTGCTGATGG
GAGGCCAAGACTGCTGATGG
GAGGCCAAGACTGCTGATGG
GAGGCCAAGACTGCTGATGG

45. MET $1-272 Anatum

Figure E.2 Binding site of siiE-I-R for WGS METU Salmonella isolates
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Species/Abbrv | M slofe|ofe]e]e
1. NC_003197.2 Typhimurium LT2 c c TCTTTACGCCAGGTACACCG
2. MET $1-103 Inf; 3 c c TCTTTACGCCAGGTACACCG
3. MET §1-74 Telavi c c c 3 TCTTTACGCCAGGTACACCG
4. MET $1-63 Telaviv TCTTTACGCCAGGTACACCG
5. MET $1-119 Telaviv C| c c TCTTTACGCCAGGTACACCG
6. MET $1-87 Othmarschen € c TCTTTACGCCAGGTACACCG
7. MET $1-65 Montevideo c 3 cc TCTTTACGCCAGGTACACCG
. 1 c c TCTTTACGCCAGGTACACCG
st c TCTTTACGCCAGGTACACCG

10. MET $1-35 Corvallis 5 TCTTTACGCCAGGTACACCG
1. MET $1-24 Corvaliis c { c TCTTTACGCCAGGTACACCG
12. MET $1-670 Newport c TCTTTACGCCAGGTACACCG
13. MET $1-647 Telaviv o - cc TCTTTACGCCAGGTACACCG
14, MET $1-637 Telaviv c TCTTTACGCCAGGTACACCG
15. MET $1-557 Telaviv_ c TCTTTACGCCAGGTACACCG
16. MET $1-667 Newport c TCTTTACGCCAGGTACACCG
17. MET $1-625 Typhimuri : c TCTTTACGCCAGGTACACCG
18. MET $1-568 Newport c E : TCTTTACGCCAGGTACACCG
19. MET $1-634 Montevideo TCTTTACGCCAGGTACACCG
20. MET $1-611 Montevideo € c c TCTTTACGCCAGGTACACCG
21. MET $1-581 Montevideo , C TCTTTACGCCAGGTACACCG
22. MET $1-548 Anatum c c 3 TCTTTACGCCAGGTACACCG
c ] TCTTTACGCCAGGTACACCG

2 v TCTTTACGCCAGGTACACCG
25. MET $1-528 Telaviv « c TCTTTACGCCAGGTACACCG
26. ME g c c TCTTTACGCCAGGTACACCG
27. MET $1-440 Telaviv c TCTTTACGCCAGGTACACCG
28. MET $1-430 Telaviv = TCTTTACGCCAGGTACACCG
29, MET $1-462 Reading [ C c TCTTTACGCCAGGTACACCG
30. MET $1-416 Chester > C TCTTTACGCCAGGTACACCG
31. MET $1-517 Montevideo c c TCTTTACGCCAGGTACACCG
32. MET $1-512 Montevideo 3 TCTTTACGCCAGGTACACCG
33, MET §1-482 Anatum c cc C TCTTTACGCCAGGTACACCG
m « c TCTTTACGCCAGGTACACCG
. c TCTTTACGCCAGGTACACCG
36. MET $1-421 Anatum 1 c 5 TCTTTACGCCAGGTACACCG
37. MET $1-408 Anatum C { TCTTTACGCCAGGTACACCG
38. MET $1-410 Charity cc TCTTTACGCCAGGTACACCG

39, MET 51391 Telaviv
40. MET $1-277 Montevideo
41, MET $1-360 Kentucky

TCTTTACGCCAGGTACACCG
TCTTTACGCCAGGTACACCG
1 1 TCTTTACGCCAGGTACACCG
42. MET $1-313 Kentucky TCTTTACGCCAGGTACACCG
43. ME ] TCTTTACGCCAGGTACACCG
44, MET $1-294 Anatum TCTTTACGCCAGGTACACCG
45. MET $1-272 Anatum TCTTTACGCCAGGTACACCG
TCTTTACGCCAGGTACACCG
TCTTTACGCCAGGTACACCG

48. MET $1-666 Mbandaka TCTTTACGCCAGGTACACCG

Figure E.3 Binding site of siiE-L-F for WGS METU Salmonella isolates

Species/Abbry

GGAAGAAAGCGTGGTGAAGG A
1E c c GGAAGAAAGCGTGGTGAAGGA
4. MET 51-63 Telaviv cec T TC CGGAAGAAAGCGTGGTGAAGGA
5. MET $1-119 Telaviv. C i C C GGAAGAAAGCGTGGTGAAGGA
6. MET $1-87 Othmarschen GCTACBCATC c c GGAAGAAAGCGTGGTGAAGGA
c c c CGGAAGAAAGCGTGGTGAAGGA
L c@c ) c CGGAAGAAAGCGTGGTGAAGGA
9. MET $1-31 Salford ¢ c C ¢ C CGGAAGAAAGCGTGGTGAAGGA
10. MET $1-35 Corvallis { 3 C GGAAGAAAGCGTGGTGAAGGA
11. MET $1-24 Corvallis cec c GGAAGAAAGCGTGGTGAAGGA
12. MET $1-670 Newport C c ) S GGAAGAAAGCGTGGTGAAGGA
13. MET $1-647 Telaviv c { C c CGGAAGAAAGCGTGGTGAAGGA
14. MET $1-637 Telaviv | 1 c CGGAAGAAAGCGTGGTGAAGGA
15. MET §1-557 Telaviv c c C c c cTeC GGAAGAAAGCGTGGTGAAGGA
16. MET $1-667 Newport c cec 3 c 5 GGAAGAAAGCGTGGTGAAGGA
17. MET $1-62¢ imurium | c C ¢ c c
18. MET $1-568 Newport C CBCATC c c CGGAAGAAAGCGTGGTGAAGGA
19. MET $1-634 Montevideo cc c GGAAGAAAGCGTGGTGAAGGA
€ 1 Montevideo CBCTAC « 3 c C@G6CGGAAGAAAGCGTGGTGAAGGA
21. MET $1-581 Montevideo c c ¢ C c c CGGAAGAAAGCGTGGTGAAGGA
22. MET cec cTGC GGAAGAAAGCGTGGTGAAGGA
23, MET $1-675 Kentucky CTACBCATC S c C CGGAAGAAAGCGTGGTGAAGGA
i co g { c GGAAGAAAGCGTGGTGAAGGA
26. MET $1-528 Telaviv. GGAAGAAAGCGTGGTGAAGGA
26. MET $1-456 Telaviv « c 4 c CBGICGGAAGAAAGCGTGGTGAAGG A
27. M 40 Telavi { C c CGGAAGAAAGCGTGGTGAAGGA
28. MET $1-430 Telaviv TAC > GTCcTGC CGGAAGAAAGCGTGGTGAAGGA
29. MET $1-462 Reading cec cB e C c cc CTO COGAAGAAAGCGTGGTGAAGGA
30. MET $1-416 Chester cec - c 2 CGGAAGAAAGCGTGGTGAAGGA
31. MET $1-517 Montevideo c cBe : cCCeTC GGAAGAAAGCGTGGTGAAGGA
32. MET $1-512 Montevideo 3 cec C c c ] C C| CGGAAGAAAGCGTGGTGAAGGA
33. MET $1-482 Anatum i c i c GGAAGAAAGCGTGGTGAAGGA
c c c CGGAAGAAAGCGTGGTGAAGGA
« =TT 2BBCGGAAGAAAGCGTGGTGAAGGA
36. MET $1-421 Anatum C 3 c GGAAGAAAGCGTGGTGAAGGA
37. MET $1-408 Anatum > cec c CGGAAGAAAGCGTGGTGAAGGA
38. MET §1-410 Charit { { c C GGAAGAAAGCGTGGTGAAGGA

3. MET $1-391 Telaviv L GGAAGAAAGCGTGGTGAAGGA
40. MET $1-277 Montevideo « cloc c c BBCGGAAGAAAGCGTGGTGAAGGA
41 MET $1-360 Kentucky c « | E c « c GGAAGAAAGCGTGGTGAAGG A
42. MET $1-313 Kentucky c cGc TTC { c c GGAAGAAAGCGTGGTGAAGGA
43, MET $1-301 Anatum c cITC c { 2 GGAAGAAAGCGTGGTGAAGGA
44, MET $1-294 Anatum c CATC c c CGGAAGAAAGCGTGGTGAAGGA
45. MET $1-272 Anatum c c CGGAAGAAAGCGTGGTGAAGGA
46. MET §1-268 Anatum > c i cc@TcC CGGAAGAAAGCGTGGTGAAGGA
47, MET $1-248 Anatum CTAC c {iRs c c ¢ C CGGAAGAAAGCGTGGTGAAGGA
48. MET 51-666 Mbandaka. c { cilic c CGGAAGAAAGCGTGGTGAAGGA

Figure E.4 Binding site of siiE-L-R for WGS METU Salmonella isolates
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F. MULTIPLEX PCR GEL ELECTROPHORESIS IMAGES OF
SALMONELLA ISOLATES
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Figure F.1 Multiplex PCR gel electrophoresis images of Salmonella isolates. (A) L:
DNA ladder; 1 (+): MET S1-647; 2 (-); 3: MET S1-611; 4: MET S1-625; 5: MET
S1-634; 6: MET S1-637; 7. (B) L: DNA ladder; 1 (+): MET S1-647; 2 (-); 3: MET
S1-324; 4: MET S1-372; 5: MET S1-581. (C) L: DNA ladder; 1 (+): MET S1-647;
2 (-); 3: MET S1-184; 4: MET S1-188; 5: MET S1- 185; 6: MET S1-223; 7: MET
S1-220; 8: MET S1-234; 9: MET S1-187; 10: MET S1-217; 11: MET S1-221; 12:
MET S1-227. (D) L: DNA ladder; 1 (+): MET S1-647; 2 (-); 3: MET S1-170; 4:
MET S1-172; 5: MET S1-175; 6: MET S1-396; 7: MET S1-397; 8: MET S1- 400;
9: MET S1-439; 10: MET S1-658; 11: MET S1-166; 12: MET S1-568; 13: MET S1-
662; 14: MET S1-670. (E) L: DNA ladder; 1 (+): MET S1-647; 2 (-); 3: MET S1-
119; 4: MET S1-391; 5: MET S1-399; 6: MET S1-401; 7: MET S1-407; 8: MET S1-
545; 9: MET S1-702; 10: MET S1-411; 11: MET S1-660; 12: MET S1-742; 13:
MET A2-12; 14: MET A2-230. (F) L: DNA ladder; 1 (+): MET S1-647; 2 (-); 3:
MET S1-313; 4: MET S1-405; 5: MET S1-536; 6: MET A2-72; 7. MET S1-653; 8:
MET S1-657; 9: MET A2-3; 10: MET A2-236; 11: MET S1-186; 12: MET S1-989;
13: MET S1-654; 14: MET S1-3; 15: MET S1-999; 16: MET A2-99. (G) L: DNA
ladder; 1 (+): MET S1-647; 2 (-); 3: MET A2-36; 4: MET A2-78; 5: MET S1-14; 6:
MET S1-868; 7: MET S1-398; 8: MET S1-998; 9: MET S1-24; 10: MET S1-703;
11: MET S1-313
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G. AMINO ACID SUBSTITUTIONS OF SALMONELLA S

2. S.Agona QVB45244.1
3.5.Agona UAE19190.1
4.5.Agona UJA74085.1
5.5.Agona UJC60179.1
6.5.Anatum MET-51-248
7.5.Anatum MET-$1-258

8.5 Anatum MET-51-272

9. 5. Anatum MET-51-294

10. S.Anatum MET-51-301

1. 5.Anatum MET-S1-4(

12. 5. Anatum MET-51-421

13. 5. Anatum MET-51-443
14. S Anatum MET-$1-465
15. S Anatum MET-51-482

16. S.Anatum MET-51-548

17. S.bongori WP 2138925611
18. S Bredeney UAH62578.1
19. S.Charity MET-$1-410

205 Chester MET-51-416
21. S.Choleraesuis QUZ71173.1
22. S Corvalls MET-51-24
23.5.Corvallis MET-51-35
24.5.Derby QVC763291

25. S.Derby UAF12800.1

26, 5.Dublin UAF35663.1

27.5 Gallinarum UQY61348.1
28. S Hadar MET-$1-163

29. S.Infantis MET-S1-103

30. S.Infantis QSD73693.1

31 S.infantis UAF72264.1

32. S.Infantis UKR48817.1
33.5.Javiana QUY72629.1

34. S.Javiana QVB49741.1
35. 5.Javiana QVC41389.1

3. 0P37548.1
37. S.Kentucky MET-$1-313
38. S.Kentucky MET-S1-360

39. S Kentucky MET-51-675
40. S.Mbandaka MET-51-666
41. S.Montevideo MET-S1-277
42.5 Montevideo MET-51-512
43. S.Enteritidis QVA53874.1
S.Enteritidis UTL53925.1
45.5 Enteritidis USZ66745.1
46. 5 Montevideo MET-51-517
47,5 Montevideo MET-51-581
48. S.Montevideo MET-S1-611
49. S.Montevideo MET-S1-634
50. S.Montevideo MET-$1-65
51. S Muenchen QVY39512.1
52. S.Muenchen UAE09678.1
53. 5. Muenchen UAH66848.1
54. 5. Muenchen UNEB2763.1
56.S.Newport MET-51-568
56. S.Newport MET-51-667
57. S.Newport MET-51-670
58. S.0thmarschen MET-$1-87
59. S.Pullorum QUZ42214.1
60. S.Reading MET-S1-462
61. 5 Saintpaul QWJ55763.1
62. S.Saintpaul UDU71057.1

tpau
64. S Salford MET-51-31
65. S Telaviv MET-S1-119

66. S.Telaviv MET-$1-391
67. S Telaviv MET-$1-430
68. S.Telaviv MET-S1-440

69. S Telaviv MET-51-456
70. S Telaviv MET-51-528
71. STelaviv MET-S1-530
72. S Telaviv MET-$1-5567
73. S Telaviv MET-51-63

74. S Tolaviv MET-51-637
76. S Telaviv MET-$1-647

76. S.Telaviv MET-$1-74
77. S.Typhi PSC60333.1
78. S.Typhimurium MET-51-625
79. S.Typhimurium QPE00769.1
80.S.Typhimurium QPQ67124.1

81. S Typhimurium QVB93509.1
82. S.Typhimurium UAD57192.1

S.Typhimurium UAF90589.1
84. S Weltevreden QVC85630.1

Figure G.1 Multiple sequence alignment of SiiE Blg50:52 of Salmonella isolates
from NCBI and WGS METU isolates (residues 1-91)
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Table G.1 Groups which are determined according to the phylogenetic tree clusters

Group Number Salmonella Serovars Included

1 Reading, Othmarschen, Montevideo,

Infantis, Chester, Charity, Bredeney,

Typhimurium

2 Typhimurium

3 Kentucky

4 Mbandaka

) Telaviv

6 Corvallis

7 Typhimurium, Typhi, monophasic
Typhimurium

8 Salford

9 Newport

10 Dublin, Newport

11 Anatum, Gallinarum, Hadar, Javiana,

Enteritidis, Muenchen

12 Javiana

13 Javiana

14 Derby

15 Agona, Muenchen

16 Saintpaul

17 Weltevreden

18 Choleraesuis

19 Pullorum

20 Bongori
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Figure G.2 Multiple sequence alignment of the groups (residues 1-99)
H. SECONDARY STRUCTURE PREDICTIONS OF SiiE Blg50:52

Table H.1 Models which are determined according to secondary structure
predictions

Model Number METU ID Code
1 MET S1-24, MET S1-35
2 MET S1-31
MET S1-65, MET S1-87, MET S1- 103, MET S1- 277,
3 MET S1- 410, MET S1-416, MET S1-462, MET S1-512,

MET S1-517, MET S1-611, MET S1-634

MET S1-163, MET S1-248, MET S1-258, MET S1-272,
4 MET S1-294, MET S1-301, MET S1-408, MET S1-421,
MET S1-443, MET S1- 465, MET S1-482, MET S1-548

5 MET S1-313, MET S1-360, MET S1-675
6 MET S1-568, MET S1-667
7 MET S1-581
8 MET S1-625
MET S1-647, MET S1-63, MET S1-74, MET S1-119,
9 MET S1-391, MET S1-430, MET S1-440, MET S1-456,
MET S1-528, MET S1-530, MET S1-557, MET S1-637
10 MET S1-666
11 MET S1-670
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Figure H.1 Secondary structure predictions of SiiE B1g50:52 of WGS METU
Salmonella isolates. (A) Model 1. (B) Model 2. (C) Model 3. (D) Model 4. (E)
Model 5. (F) Model 6. (G) Model 7. (H) Model 8. (I) Model 9. (J) Model 10. (K)
Model 11.
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Figure H.2 Secondary structure predictions of SiiE Blg50:52 of Salmonella isolates
obtained from NCBI. (A) S. bongori 40:235:-. (B) S. Gallinarum. (C) S. Pullorum.
(D) S. Choleraesuis. (E) S. Enteritidis

i. STRUCTURAL COMPARISON OF SALMONELLA ISOLATES’ SiiE
Blg50:52
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Figure 1.1 Structural comparison of model 2 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).

Figure 1.2 Structural comparison of model 3 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).
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Figure 1.3 Structural comparison of model 4 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).

A
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Figure 1.4 Structural comparison of model 5 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).

A

Figure 1.5 Structural comparison of model 6 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).
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Figure 1.6 Structural comparison of model 7 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YNS5 (blue).

A
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Figure 1.7 Structural comparison of model 8 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).

A

Figure 1.8 Structural comparison of model 9 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).
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Figure 1.9 Structural comparison of model 10 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).

A
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Figure 1.10 Structural comparison of model 11 (beije). (A) With respect to 2YN3
(blue). (B) With respect to 2YN5 (blue).

A

Figure 1.11 Structural comparison of S. bongori 40:z35:- (blue). (A) With respect
to 2YN3 (yellow). (B) With respect to 2YN5 (yellow).
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Figure 1.12 Structural comparison of S. Gallinarum (blue). (A) With respect to
2YN3 (yellow). (B) With respect to 2YN5 (yellow).

A
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Figure 1.13 Structural comparison of S. Pullorum (blue). (A) With respect to 2YN3
(yellow). (B) With respect to 2YN5 (yellow).

A

Figure 1.14 Structural comparison of S. Choleraesuis (blue). (A) With respect to
2YN3 (yellow). (B) With respect to 2YNS5 (yellow).
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Figure 1.15 Structural comparison of S. Enteritidis (blue). (A) With respect to
2YN3 (yellow). (B) With respect to 2YNS5 (yellow).
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Table 1.1 RMSD values of the models and NCBI isolates

RMSD Value (wrt
2YN3/2YNS5) (A)
1.267 (C) / 1.698 (B)
1.266 (C) / 1.684 (B)
1.023 (C)/ 1.721 (B)
1.156 (C) / 1.742 (B)
1.026 (C) / 1.632 (B)
1.201 (C)/ 1.767 (B)
1.359 (C) / 1.688 (B)
1.177 (C) / 1.718 (B)
1.151 (C) / 1.652 (B)
1.318 (C) / 1.633 (A)

11 1.397 (C) / 1.606 (A)

S. bongori 40:235:- 1.091 (C)/ 1.674 (B)
S. Gallinarum 1.040 (C) / 1.738 (B)

S. Pullorum 1.148 (C) / 1.657 (A)

S. Choleraesuis 1.130 (C) / 1.548 (A)
S. Enteritidis 1.065 (C) / 1.500 (A)

Model Number

© 0O N o o A~ W DN P

=
o
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J. PROTEIN - PROTEIN INTERACTIONS BETWEEN SiiE Blg50:52 AND
Homo sapiens MUC1

Figure J.1 PPIs (red) between 2YN3 (blue) & MUCL(AF) (green). (A) H —
bonding. (B) Hydrophobic Interactions.
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C

Figure J.2 PPIs (red) between 2YN5 (blue) & MUCL(AF) (green). (A) H —
bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.

A

w
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C

Figure J.3 PPIs (red) between 2YN3 Chain C (blue) & MUCL(AF) (green). (A) H —
bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.

A

w
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Figure J.4 PPIs (red) between 2YNS5 Chain B (blue) & MUC1(AF) (green). (A) H —
bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.

A

Figure J.5 PPIs (red) between Model 1 (blue) & MUCL(AF) (green). (A)
Hydrophobic Interactions.

A
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Figure J.6 PPIs (red) between Model 2 (blue) & MUCL(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.

A

Figure J.7 PPIs (red) between Model 3 (blue) & MUCL(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.
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Figure J.8 PPIs (red) between Model 4 (blue) & MUCL(AF) (green). (A) Salt
Bridges.

A

Figure J.9 PPIs (red) between Model 5 (blue) & MUCL(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.
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Figure J.10 PPIs (red) between Model 6 (blue) & MUC1(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.

A

Figure J.11 PPIs (red) between Model 7 (blue) & MUC1(AF) (green). (A) Salt
Bridges.
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Figure J.12 PPIs (red) between Model 8 (blue) & MUC1(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.

A
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Figure J.13 PPIs (red) between Model 9 (blue) & MUC1(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.

Figure J.14 PPIs (red) between Model 10 (blue) & MUCL(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.
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Figure J.15 PPIs (red) between Model 11 (blue) & MUC1(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.

A
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Figure J.16 PPIs (red) between S. bongori (blue) & MUC1(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.

A

Figure J.17 PPIs (red) between S. Gallinarum (blue) & MUC1(AF) (green). (A)
Salt Bridges. (B) Hydrophobic Interactions.
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A

Figure J.18 PPIs (red) between S. Pullorum (blue) & MUC1(AF) (green). (A) Salt
Bridges.

A

w

Figure J.19 PPIs (red) between S. Choleraesuis (blue) & MUCL(AF) (green). (A)
Salt Bridges. (B) Hydrophobic Interactions.
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A

Figure J.20 PPIs (red) between S. Enteritidis (blue) & MUC1(AF) (green). (A) Salt
Bridges. (B) Hydrophobic Interactions.

A B

Figure J.21 PPIs (red) between 2YN3 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges
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Figure J.22 PPIs (red) between 2YN5 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges

A
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B

O

Figure J.23 PPIs (red) between 2YN3 Chain C (blue) & MUC1(PDB) (green). (A)
H — bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.

A
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B

Figure J.24 PPIs (red) between 2YN5 Chain B (blue) & MUC1(PDB) (green). (A)
H — bonding. (B) Salt Bridges.

A

w

Figure J.25 PPIs (red) between Model 1 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges.
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Figure J.26 PPIs (red) between Model 2 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.
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Figure J.27 PPIs (red) between Model 3 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges.

A
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B

Figure J.28 PPIs (red) between Model 4 (blue) & MUC1(PDB) (green). (A) H—
bonding. (B) Salt Bridges.
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Figure J.29 PPIs (red) between Model 5 (blue) & MUC1(PDB) (green). (A) H—
bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.

A
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C

Figure J.30 PPIs (red) between Model 6 (blue) & MUC1(PDB) (green). (A) H—
bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.
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Figure J.31 PPIs (red) between Model 7 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.

Figure J.32 PPIs (red) between Model 8 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges.
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Figure J.33 PPIs (red) between Model 9 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.
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Figure J.34 PPIs (red) between Model 10 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges

A
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B

Figure J.35 PPIs (red) between Model 11 (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges

A
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Figure J.36 PPIs (red) between S. bongori (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges
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Figure J.37 PPIs (red) between S. Gallinarum (blue) & MUC1(PDB) (green). (A) H
— bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.
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Figure J.38 PPIs (red) between S. Pullorum (blue) & MUC1(PDB) (green). (A) H —
bonding. (B) Salt Bridges.

A
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Figure J.39 PPIs (red) between S. Choleraesuis (blue) & MUC1(PDB) (green). (A)
H — bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.
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B

Figure J.40 PPIs (red) between S. Enteritidis (blue) & MUC1(PDB) (green). (A) H
— bonding. (B) Salt Bridges. (C) Hydrophobic Interactions.
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K. PROTEIN - PROTEIN INTERACTIONS BETWEEN SiiE B1g50:52 AND

Sus scrofa Mucl

Figure K.1 PPIs (red) between 2YN3 (blue) & Mucl(AF) (green). (A) H —
bonding. (B) Hydrophobic Interactions.

A

Figure K.2 PPIs (red) between 2YN5 (blue) & Mucl(AF) (green). (A) Salt bridges
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A

Figure K.3 PPIs (red) between 2YN3 Chain C (blue) & Mucl(AF) (green). (A) H -
bonding. (B) Salt bridges.
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A

Figure K.4 PPIs (red) between 2YN5 Chain B (blue) & Mucl(AF) (green). (A) H -
bonding. (B) Hydrophobic Interactions.
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A

Figure K.5 PPIs (red) between Model 8 (blue) & Mucl(AF) (green). (A) Salt
bridges

A
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B

Figure K.6 PPIs (red) between S. bongori (blue) & Mucl(AF) (green). (A) Salt
bridges. (B) Hydrophobic Interactions.

A
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B

Figure K.7 PPlIs (red) between S. Gallinarum (blue) & Mucl(AF) (green). (A) Salt
bridges. (B) Hydrophobic Interactions.

A

Figure K.8 PPIs (red) between S. Pullorum (blue) & Mucl(AF) (green). (A) Salt
bridges.
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A

Figure K.9 PPIs (red) between S. Choleraesuis (blue) & Mucl(AF) (green). (A)
Salt bridges.

A

Figure K.10 PPIs (red) between S. Enteritidis (blue) & Mucl(AF) (green). (A) Salt
bridges.
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