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Preface

The outer membrane and surface-associated proteins of microorganisms perform various
functions, such as protecting harsh environments, signal transduction, and protein/solute
translocations (Koebnik et al., 2000). They also promote pathogenicity by enhancing
pathogens’ ability to attach and invade the host's immunity (Prasadarao et al., 1996). The
expression of many surface proteins by pathogens such as Staphylococcus aureus,
Pneumococcus, Streptococcus, and Listeria monocytogenes and their relationships in
pathogenesis have been described (Andre et al., 2017; Cabanes et al., 2002; Jan-Roblero et al.,
2017; Lindahl et al., 2005; Liu, 2009). Many of the surface-associated proteins contain

Immunoglobulin (lg) fold.

The 1g-like domains are widely distributed domains among the proteins and are ubiquitously
present across the different phyla (Bork et al., 1994). The domain consists mainly of a B-barrel
composed of seven to nine antiparallel p-strands with the typical Greek-key fold and
sandwich topology that displays a structurally conserved core (Halaby et al., 1999). The length
and regularity of the B-strands, as well as the length and structure of the connecting loops, are
extremely variable. The Ig- like domains are usually grouped into Ig superfamily with having
a sequence homology. The presence of 1g-like domains has been reported in a large number of
proteins with diverse biological functions (Huttener et al., 2022). They are found in proteins
involved in cell-cell recognition, cell-surface receptors, muscle structure protein, and the
immune system (Chothia, 1953). Ig-like proteins are also reported in bacterial species known
as Bacterial 1g-(Big) domain frequently found on cell surface proteins. The Big domain plays
a vital role in the adhesion of bacteria to the host cell and helps in an invasion of pathogenic
strains. Intimin and invasin family of outer membrane (OM) adhesin from E. coli and Yersinia,
respectively, containing Ig-like domains have been studied in detail (Fairman et al., 2012; Seo
etal., 2012). Apart from the structural component of adhesion, 1g-like domains in PapD protein

play a chaperone function in the bacterial periplasm to help in pilus assembly. Ig-like domains
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are also found in a few oxidoreductases family of proteins, sugar-binding proteins, and a few
transcription factors. Some Ig domain containing proteins are reported to have hydrolysing

function (Bork et al., 1994; Holmgren and Branden, 1989).

Chapter 1 reviews the Leptospira and its causing agent, Leptospira. It also elaborates on the
pathogenesis of Leptospira. It also discusses the outer surface proteins involved in virulence
and pathogenesis. Multiple Ig-like domains containing proteins have been reported in the
pathogenic Leptospira as well (James Matsunaga, 2003). These proteins in Leptospira are
named Leptospiral immunoglobulin-like (Lig) proteins. These are mostly located on the
surface of pathogenic Leptospira and help to establish host-pathogen interactions (Silva et al.,
2007a). Pathogenic Leptospira are gram-negative spirochetes of the genus Leptospira, which
causes a neglected tropical zoonotic disease, Leptospirosis (Adler and de la Pefia Moctezuma,
2010). Each year, approximately 60,000 deaths are reported and affect almost a million
population every year globally (Costa et al., 2015). The pathogenic Leptospira successfully
establishes infection in the host mainly by using various surface proteins, including Lig
proteins. Lig, including LigA and LigB, belong to the bacterial immunoglobulin-like domain
(Blg) family and has been reported to be exclusively present across the pathogenic Leptospira
(Haake and Matsunaga, 2021). LigA and LigB have 13, and 12 tandem repeated Ig-like
domains, respectively, with the first six and a half domains nearly identical between the two
Lig proteins. The remaining C- terminal domains, variable regions, are known to involve in
interaction with the host factors. LigB, unlike LigA, has a unique carboxyl-terminal non-repeat
domain (CTD) and is found in all pathogenic strains of Leptospira. Lig proteins have shown to
be a promising vaccine candidate and provided 40-80% protection against lethality in a hamster
challenge model (Haake and Matsunaga, 2021; Koizumi and Watanabe, 2004). In addition, Lig
proteins have been shown to contribute to immune evasion by binding with host complement

system inhibitors Factor H, FH-like 1, and C4b-binding protein (C4BP) (Castiblanco-Valencia
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et al., 2012; Factor et al., 2012; Haake and Matsunaga, 2021). Many previous studies have
shown the importance of Lig protein and its involvement in multiple functions. Moreover, it
plays a crucial role in Leptospira pathogenesis and has been studied as the best vaccine
candidate so far. The family of Lig proteins is a big multi-domain protein whose size ranges
from 130-220 KDa, and its immunogenic region is not well characterized (Haake and
Matsunaga, 2021). Recently, it was shown that antigenic motifs in a single-domain chimeric
immunoglobulin-like fold generate enhanced leptospiral protection compared to whole Lig
protein (Hsieh et al., 2017). Hence, it is thought that the knowledge of the immunogenic
region/epitope will provide opportunities for further improvement in the Lig family vaccine
efficacy through rational design. The three-dimensional structure of protein usually facilitates
this direction. Unfortunately, the complete 3-D structural details of Lig proteins are largely
unknown. However, recently only NMR structures of single domain LigB12 and LigA4 have
been reported (Mei et al., 2015; Ptak et al., 2014). Several efforts are being put to fine map the
antigenic regions among the multi-domain Lig proteins. Several reports suggest that pathogenic
Leptospira evades host complement, as well as a neutrophil extracellular trap (NET), mediated
killing (Scharrig et al., 2015). Few other pathogenic organisms evade host NET by secreting
nucleases that degrade the DNA content of the NET (Andre et al., 2017; Buchanan et al., 2006;
Storisteanu et al., 2017). Surprisingly, no secreted nucleases have been reported from the
Leptospira genome so far. In the absence of secreted nucleases, we hypothesize that other
surface or secreted proteins from Leptospira may have the ability to cleave DNA. A report
suggests that proteins with Ig-like folds having His-ME finger domain may act as a nuclease
(Jablonska et al., 2017). Based on this background information, we raised three questions: First,
what is the full-length structure of Lig family proteins, and what is their domain orientation?
Second, what are potential antigenic epitopes present on Lig proteins? Third, whether Lig

proteins possess any nuclease/DNase activity.
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Chapter 2 illustrates about cloning, overexpression, and purification of Lig proteins and its
various smaller fragments. Both LigA and LigB are large proteins with molecular weights of
130 and 220 kDa. The full-length Lig protein showed weak expression and was inadequate for
crystallographic studies. To improve the yield and protein solubility, different Lig truncated
fragments were generated. The truncation is chosen to cover the complete protein in many
smaller fragments. The DNA fragment containing single as well as multiple domains was
cloned in the pET28a-SUMO vector at BamHI and Hindlll restriction sites. The confirmed
clones of LigA and LigB full-length proteins and their smaller fragments were overexpressed
and purified using various chromatographic techniques. The yield of purified smaller fragments
of LigA and LigB was comparatively better and was sufficient enough to carry out

crystallization studies.

Chapter 3 explains the crystallization screening of all purified protein fragments using a
crystallization robot. The commercially available screens from Hampton and Molecular
Dimensions were used to screen the conditions in vapor diffusion sitting drop plates. The
resulting crystallization conditions for many fragments were further optimized by the hanging
drop vapor diffusion method. Though crystallization hits were screened for many LigA and
LigB fragments, after repeated optimizations, diffraction quality crystals were obtained for
LigB7-12, LigA8-13, LigA12-13, and LigA8-9. Crystals from these were exposed in X-ray in-
house sources at CCMB Hyderabad. Unfortunately, the crystals of fragments LigB7-12,
LigA8-13, and LigA12-13 were poorly diffracted. Only a single crystal of LigA8-9 was
diffracted and diffraction data were collected up to 1.8 A resolution. The LigA8-9 fragment
contains two Ig-like domains of LigA. The diffracted crystals showed the space group P212121
with unit cell dimensions a=34.22A, b=63.90A and c=171.84A. The calculated solvent content
was 49.8%, suggesting two molecules of LigA8-9 in an asymmetric unit. The structure phase

was calculated using molecular replacement using the coordinates of the LigB12 (single Ig-
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like domain) NMR structure and refined refinement using REFMACS. The final Rfree and Reactor
were 24 and 21%, respectively. The final model contains 185 amino acids, 33 ions, and 247
water molecules. The crystal structure of two domains of LigA showed a classical 1g-like fold.
The overall structure of LigA8-9 is composed of 21 B-strands which can be divided into six
sheets (three sheets in each domain) which form a B-sandwich-like structure. The structure
showed some remarkably distinctive aspects even compared to the most closely related IgSF
family members. Further, the structure details the relative orientation of two domains and
highlights the role of the linker region in the domain orientation. The final structure also
showed a clear electron density of Ca*2 ions, and modeled Ca?* ions form a proper interacting
geometry within the protein. Based on the orientation of two domain structures, the overall
arrangement of Ig-like domains in LigA protein was proposed. Moreover, docking of the
Gelatine binding domain (GBD) of fibronectin with the crystal structure highlighted detailed

atomic interactions between the two.

Chapter 4 reports an investigation of antigenic regions present in LigA and LigB. The
investigation utilizes various bioinformatics tools to identify B-cell (BCL) and T-cell (CTL)
antigenic epitopes, and this information were utilized to design a multi-epitope chimeric
vaccine. The potential predicted epitopes among the LigA and LigB were verified with multiple
tools/servers. The epitopes which were common/overlapping to at least two servers were
included in the final vaccine design. The final vaccine construct includes both linear and
structural BCL epitopes. A range of linear BCL epitopes (71-97) was generated among the
LigA and LigB by the three servers. Individual domains from the two proteins generated
various numbers and lengths of BCL epitopes. LigA8 and LigAl1l shared maximum linear
BCL epitopes. In the case of structural BCL, the three-dimensional structure of each domain
of LigA and LigB was modeled using the I-TASSER server. Best models were selected based

on the Ramachandran analysis and Z-scores value and subjected to conformational BCL
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prediction. Three different servers- DiscoTope, ElliPro, and BEPro, were used. The three
servers yielded a different number of discontinuous epitopes, and common epitopes were
selected. As in the case of LigA7, DiscoTope and BEPro predicted 13 residues that are involved
in the formation of a conformational B-cell epitope, while the ElliPro for the same yielded three
epitopes. Hence, common residues involved in conformational B-cell epitopes generated by
three were selected. Similar strategy was applied for all other domains. For the prediction of
CTL, we used IEDB, ProPred-1, and NetMHC servers. The IEDB server-generated 400 potent
MHC-1 binding epitopes covering 35 HLA alleles for LigA and 36 HLA alleles for LigB. The
ProPred-1 generated 1032 epitopes covering all 47 HLA alleles and showed maximum binding
with the HLA-B*58:01 allele. The NetMHC 4.0 generated 327 epitopes covering 72 alleles for

LigA and 76 alleles for LigB.

The prediction of HTL epitopes was completed by using the online tools ProPred, IEDB, and
NetMHC-11 2.3. In the case of HTL epitopes, the IEDB server predicted a total of 185 potent
MHC-I1 binding epitopes, the ProPred server predicted 177 epitopes, and NetMHCII 2.3 server
predicted 665 epitopes. From all the predicted epitopes, the promiscuous peptides that showed
binding to three or more HLA alleles were selected. The common/overlapping epitopes with
higher antigenic scores were selected and fused using linkers to construct a multi-epitope
vaccine. The most antigenic region identified from the prediction study is mapped on Lig

proteins,

To enhance the immunogenicity of the vaccine construct, an adjuvant was also fused at the N-
terminal of the construct using an appropriate linker. The 3-D structure model contains 99.7%
residues in allowed regions of the Ramachandran plot. The model structure of the vaccine
construct possesses 16.96% a-helix, 41.38% extended strand, and 41.66% random coil. Many
previous studies signify the importance of host TLR4 in immunological mechanisms against
leptospiral antigens. The multi-epitope vaccine construct also interacts with the TLR4 through
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several hydrogen bonds and salt bridges, as demonstrated by a molecular docking study. The
docking studies revealed a strong interaction between the vaccine construct and TLR4 and
ensured the induction of immune response. The stability of the interaction was also validated
by performing molecular dynamics simulations for 100ns. Molecular dynamic simulation
generated RMSDs emphasized the stable interaction between vaccine construct and TLR4
receptor. Moreover, the interaction and compactness of the complex between the two are also
analyzed with RMSF and RG plots. Overall, this suggests that the vaccine construct may follow
TLR4 mediated immune response. The multi-epitope chimeric vaccine generated from this
study potential could serve as a promising vaccine against leptospirosis. In-vivo validation and

efficacy of the vaccine construct are being investigated by our collaborator.

Chapter 5 demonstrates a novel in-vitro nuclease and protease activity in the Ig-like domain of
the Lig proteins. All the Lig constructs containing single, and multiple domains showed metal-
dependent nuclease activity. Among various metals such as Mg?*, Mn?*, Ca2*, Fe?*, Co?", Ni?*,
Cu2+, and Zn2+, maximum nuclease activity was displayed by LigA7 in the presence of Mn2+,
Co?*, and Mg?*. The interaction of the magnesium ion with the protein was monitored using
fluorescence spectroscopy. Site-directed mutagenesis revealed Mg?* binding residues in the 1g-
like domain of LigA7. The mutagenesis result suggests Asparagine 49 as an Mg?* coordinating
residue. The basis of novel nuclease activity may be associated with protein adopting different
conformation in the presence of divalent ions and substrate as investigated by change of
intrinsic fluorescence. The interaction of the protein with DNA for the cleavage activity was
analyzed by molecular docking of LigA7 and 19bp DNA stretch. The docking results revealed
the binding of DNA to positively charged residues such as Lysine. Interestingly, no activity
was observed with the RNA, indicating that the protein bears DNase activity and not RNase.
In addition, the Lig proteins also showed metal-independent protease activity. The cleavage of

[-casein was further confirmed by MALDI-TOF MSMS analysis of the cleaved product. This
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part of the study establishes that apart from adhesin-like properties, the Lig proteins also
possess a metal-dependent DNase activity and metal-independent protease activity. To our
surprise, though there were no His-ME motifs found in the Lig sequence, still these novel
functions highlight moonlighting function in the Lig proteins. This finding proposes that the
novel functions may be associated with the evasion of neutrophil extracellular Traps (NET).
Overall this study enhances the basic knowledge of non-nuclease proteins involved in the NET
evasion phenomenon in Leptospira and makes the foundation to explore other pathogens.
Moreover, this information may be utilized to develop preventive strategies to interfere with

Leptospira immune evasion.
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Chapter 1 Introduction and Review of Literature

1.1. Introduction

Leptospirosis is a zoonotic disease caused by a spirochete, pathogenic Leptospira. The disease
is categorized as an emerging and neglected tropical zoonotic disease. It is considered a public
health problem globally, with an estimated ~1 million cases reported each year, causing deaths
of around 60,000 (Costa et al., 2015; Putz and Nally, 2020; Rodrigues de Oliveira et al., 2021a).
The disease has a broad geographical distribution occurring in rural and urban areas. The
infection is more persistent in tropical regions, especially in developing countries where
adequate sanitation is not provided (Faine et al., 1999). Leptospirosis usually has symptoms
such as headache, chills, illness, and muscle aches while the more severe form of the disease
is associated with multi-organs failure known as Weil's disease (David A. Haake, 2015). Cattles
and other domestic animals are primarily affected by Leptospira, which causes a massive loss
in livestock industries each year due to abortion, uveitis, pancreatitis, and other respiratory
diseases (Adler and de la Pefia Moctezuma, 2010a). Humans are the accidental hosts who get
infected through the contaminated water, soil, and food (David A. Haake, 2015). The
individuals associated with farming, sewage work, veterinarians, and other recreational
activities such as swimming and kayaking are at higher risk (Faine et al., 1999). The cases of
leptospirosis drastically increase after heavy rain or flood conditions (Faine et al., 1999).
Leptospira enters the host body through cuts or abrasions in the skin or mucous membranes,
from where it enters the bloodstream and eventually invades many organs (David A. Haake,
2015). Leptospira establishes infection majorly through the surface-expressed antigens.
Leptospirosis is difficult to diagnose because of the nonspecific symptoms that overlap with
common infectious diseases such as malaria, dengue, and flu. Available screening tests include
microscopic agglutination (MAT), an antibody-based serological test that has proven to be the
gold standard in diagnosing leptospirosis (Faine et al., 1999). The molecular diagnosis

techniques that use Polymerase chain reaction (PCR) against the unique target genes (eg,
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LipL32, ligA, ligB) to identify Leptospira DNA in the initial phase of infection, have proven to

be advantageous over serological tests (Deneke et al., 2014; VVedhagiri et al., 2013).

1.2. History

Leptospirosis was first brought into the picture in 1886 by Adolph Weil (Weil, 1886). He
described it as a type of jaundice, accompanied by renal dysfunction, skin rashes, and
conjunctivitis. Later, it was given a name, Weil's disease, to honour him. Although the disease
was identified in 1886, based on the documented records, it is thought to have existed in nature
much earlier. Various names have described the disease in ancient literature, such as rice field
jaundice, autumn fever, seven-day fever, cane cutter's disease, swineherd's disease, yellow
fever, and mud fever (Faine et al., 1999). In 1907, Arthur Stimson discovered the presence of
spirochete for the first time in the kidney tubules of a patient by silver staining. He named it
Spirochaeta interrogans because of their shape (Stimson, 1907). However, this discovery was
not recognized until 1915, when saprophytic forms were discovered in freshwater (Inada, R.1.,
1915). The transmission of Leptospira to humans through rats was first discovered in 1916.
The first case of human leptospirosis was observed in the year 1951 (Coggins, 1962). The
family of Leptospira was proposed sometime in 1979 (Hovind-Hougen, 1979). After three
years, in 1982, based on the antigenic variations, 200 different serovars of Leptospira were
identified (Faine and Stallman, 1982). The complete genome sequence of Leptospira
interrogans Serovar Lai was done in 2003 (Ren et al., 2003). Subsequently, in the year 2005,
seven new species of Leptospira were reported (Sulzer and Rogers, 2005). The diagrammatic

representation of the historical milestone is given in Figure 1.1.
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Figure 1.1: Brief history related to Leptospirosis disease and Leptospira

1.3. Leptospira Biology

1.3.1. General characteristics

The members of the leptospiral family are thin, long, and highly motile bacteria comprising
both pathogenic and saprophytic species. They are microscopic and spiral-shaped bacteria with
an average diameter of 0.1 um and 6-20 um in length (Ko et al., 2009). Motility is provided
by the endoflagillum. Leptospira have a closely associated double-membrane structure like
other spirochetes (Picardeau, 2017). The membrane thickness usually varies from 27 to 30nm,
consisting of the outer membrane, peptidoglycan layer, and inner membrane (Levett, 2001).
The outer membrane is attached with Lipopolysaccharides (LPS) (Haake et al., 2010). The

bacterium is not visible under the light microscope due to its thin structure but can be seen
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under phase-contrast or dark field microscopy (Faine et al., 1999). The images showing the

morphology of Leptospira are given in Figure 1.2.
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Figure 1.2: Architecture of Leptospira interrogans (A) general characteristics of the
bacterium (B) Cryo-electron tomography shows the cap-like structure of Leptospira
interrogans (C) Gram-negative like structure possessed by the bacterium (Adapted from

Picardeau, 2017, Nat Rev Microbiol)
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1.3.2. Leptospira Classification

1.3.2.1. Taxonomical classification
Domain: - Bacteria
Kingdom: - Eubacteria

Phylum: - Spirochaetes
Division: - Gracillicutes
Class: - Scotobacteria
Order: - Spirochaetales
Family: - Leptospiraceae

Genus: - Leptospira

1.3.2.2. Serological classification

Leptospira is grouped into pathogenic and non-pathogenic based on their antigenic
relationships (Picardeau, 2017). All pathogenic serovars belong to Leptospira interrogans
species, and they fail to grow in the presence of 8-azaguanine at 13° C (Terpstra, 1992). In
contrast, the non-pathogens belonging to Leptospira biflexa usually grow. Another prominent
feature observed, unlike non-pathogens, pathogenic species form spherical shapes in the
presence of salt (Levett, 2001). In addition, the Leptospira species are subdivided into serovars
based on the structural heterogeneity of their lipopolysaccharide (LPS) components. To date,

300 pathogenic and 60 non-pathogenic serovars have been described (Picardeau, 2017).
1.3.2.3. Genotypic classification

Based on 16S rRNA phylogenetic analysis, the genus Leptospira is also classified into three
clades; pathogenic, non-pathogenic, and intermediates (Lehmann et al., 2014). The 22 species
of Leptospira are divided based on their genetic diversity, as shown in Figure 1.3. In this
classification, ten Leptospira species are classified as pathogenic, seven species as

intermediate, and five species are classified as non-pathogenic (Picardeau, 2017).

6|Page



Chapter 1 Introduction and Review of Literature

Intermediates Saprophytes
L. licerasiae L. wolffii L. meyeri L. wolbachii
L. terpstrae
L.inadai L. fainei L. vanthielii
L. broomii L. biflexa
E— 3
P L. yanagawae
///
\ e
\\ ///
\ B
Xyt
/
noguch; L. kmetyi
L. kirschner . alstonii
.0\2“0
o %%

Figure 1.3: Phylogenetic analysis of Leptospira strains (Adapted from Picardeau, 2017,

Nat Rev Microbiol)
1.3.3. Growth condition

Leptospira can grow with a doubling time of 6-8h on both solid and liquid media supplemented
with ammonium salts, vitamins B1 and B12, and long-chain fatty acids over a temperature
range of 28-30 °C (Ellis and Michno, 1976). The medium required for culturing Leptospira
under laboratory conditions is Ellinghausen — McCullough-Johnson — Harris (EMJH)
supplemented with Tween20 and 1% bovine serum albumin (BSA) (Ellinghausen and

McCullough, 1965; ElllinghausenH C & McCullough W G, 1965).
1.4. Epidemiology

Leptospirosis is ubiquitous in animals and found in almost all regions across the globe. The
causative agent of leptospirosis, pathogenic Leptospira infects various animal hosts such as
rodents, cattle, sheep, and dogs (Stein, 2007). Leptospirosis is more chronic in animals and
causes infertility, miscarriage, stillbirth, and pulmonary hemorrhage syndrome in dogs, sheep,
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and goats (Libonati et al., 2018; Lilenbaum and Martins, 2014). The disease has shown high
livestock mortality, directly contributing to economic loss (Gendron et al., 2014; Petrakovsky
et al., 2014). Rodents are majorly responsible for the transmission of the disease. A list of

pathogenic serovars of Leptospira and the organisms affected is given in Table 1.1.

Table 1.1: List of pathogenic Leptospira serovars and their host

Affected  Causative organism Reference

organism

Humans L. interrogans (Inada et al., 1916)

Cattles L. interrogans serovar Canicola /Copenhageni, L. (Michnaand Campbell,
kirshneri serovar Grippotyhosa 1969)

Deer Leptospira interrogans serovar Hardjo (FERRIS et al., 1960)

Sheep L. noguchi serovar Autumnalis (Ellis et al., 1983)

Dogs L. noguchi, L. interrogans serovar Canicola, L. (Claus et al., 2008)

interrogans serovar Copenhageni

Swine L. interrogans serovar Canicola (Ellis, 2015)
Bats L. interrogans, L. kirshneri, L. borgpetersenii and L. (Cox et al., 2005)
fainei

Squirrels L. interrogans serovars Icterohaemorrhagiae and (Ellis et al., 1983)
Canicola

Horses L. interrogans serovar Pomona type kennewicki and (Verma et al., 2013)
serovar Grippotyphosa

Goats L. kirshneri serovar Grippotyhosa (Taylor et al., 2011)

1.4.1. Human leptospirosis

Humans are accidental hosts that get infected when they come into contact with contaminated
water, soil, and food (Haake and Levett, 2015). Humans living in rural areas with inadequate
sanitization, poor housing, and close contact with domestic animals are at high risk of
leptospirosis. Even individuals dwelling in the urban slums characterized by substandard

hygiene conditions are also at risk of the disease (Dias et al., 2007). Leptospirosis infection in
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humans has many nonspecific symptoms which are difficult to identify clinically. The
Leptospirosis Burden Epidemiology Reference Group (LERG) provides an estimated burden
of leptospirosis worldwide and promotes awareness of leptospirosis interventions and controls
(Stein, 2007). According to LERG, the rate of infectivity of leptospirosis increases during
rainfall, flood conditions, by animal contact, and in poor sanitation conditions (Costa et al.,

2015).

1.4.2. Cycle of infection

Pathogenic leptospires are usually maintained in the kidneys of infected individuals. Human-
to-human transmission is infrequent but can occur by sexual intercourse (Harrison and
Fitzgerald, 1988) or breastfeeding (Carlisle et al., 1988). The schematic representation of the
Leptospira transmission cycle in humans is given in Figure 1.4. The Leptospira can survive in
the environment without any host for months. Leptospira enters humans body through abraded

skin, cuts, and mucous membranes from the contaminated environment (Dias et al., 2007).

1.4.3. Risk factors

In addition to poor sanitation and sub-standard dwelling conditions, individuals associated with
occupations such as farming, veterinary physician, animal husbandry, hunters, dairy farming,
and scientists handling animals are at higher risk of the disease (Lau et al., 2016; Mwachui et
al., 2015). Indirect contact with infected water is more common and associated with water
sports such as kayaking, swimming, rafting, and other recreational activities (Levett, 2001).

Areas with heavy rainfall and flooding are at risk of having epidemic of the disease.
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Figure 1.4: Transmission cycle of leptospirosis
1.4.4. Clinical manifestation

Leptospirosis in humans is associated with a wide range of symptoms, from headaches, fever,
chills, and muscle ache to the more severe form known as Weil's syndrome, which affects
multiple organs such as the liver, kidneys, lungs, and brain. Most symptoms are nonspecific in
the early stages of the disease, leading to misdiagnosis and remain unnoticed by the patient. In
a Weil's syndrome condition, Leptospira harm multiple organs leading to kidney lesions,
jaundice, vascular injury, oliguria, meningitis, and uremia (Ajay R Bharti, 2003; Hartskeerl et
al., 2011; Samrot et al., 2021). Leptospira colonizes the kidney's proximal tubules leading to
renal dysfunction, oliguria, hypokalemia, and acute renal failure, which have been observed in

16-40% of cases (De Brito et al., 2018; Medicina et al., 1999).
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1.5. Global burden

Leptospirosis occurs worldwide, especially in areas with tropical and sub-tropical climates.
Disability Adjusted Life Years (DALY) index is a parameter used by the world health
organization (WHO) to estimate the global disease burden. One DALY is equal to the loss of
one year of healthy life of an individual. The leptospiral burden in terms of DALY /100,000
per year is given in Figure 1.5. Leptospirosis is a global burden, with the DALY index of
approximately 2.90 million per year, majorly occurring in low-income tropical countries
(Torgerson et al., 2015). While leptospirosis occurs worldwide, cases are more likely in remote
areas where the disease is endemic or in tropical regions with humid environments, such as
Latin America, South Asia, China, and Africa (Zenebe and Abdi, 2013). Areas that generally
receive heavy rainfall are also affected. Fewer cases of human leptospirosis are also reported

in Japan, Taiwan, South Korea, and Hong Kong (Victoriano et al., 2009).
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Figure 1.5: Global burden of leptospirosis in the context of DALY index (Adapted from

Torgerson PR, PLoS Negl Trop Dis, 2015)

Sri Lanka is one of the most endemic countries for leptospirosis, with more than 7,000 reported

cases of leptospirosis in 2008 (Agampodi et al., 2011). In Malaysia, cases of leptospirosis have
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been reported since 1920, and since then, more than 41,736 cases and 502 deaths have been

reported in Malaysia alone (Philip et al., 2020).
1.5.1. Leptospirosis in India

Since the 20" century, India has been considered as a hub for leptospirosis because of its socio-
economic, geographical, and environmental factors (Sethi et al., 2010). The leptospirosis cases
were reported mainly from coastal areas and rainy states like Maharashtra, Tamil Nadu, Kerala,
Gujarat, and Andaman-Nicobar islands (lzurieta et al., 2008; Sambasiva and Naveen, 2003;
Sethi et al., 2010). In 1960, Leptospira icterohaemorrhagiae and Leptospira canicola antigens
were isolated from five patients with jaundice. In 1967, the sera of several patients with
hepatitis showed evidence of infection with L. pyrogenes in Bombay. Sometimes, in 1984-85,
19 patients with acute renal failure due to leptospirosis were reported in Madras. Currently, the
highest incidence of leptospirosis is being reported from Andaman island (50- 65/ 100,000 per
year) (Shivakumar, 2008). Several outbreaks of leptospirosis occurred in the Andaman-
Nicobar islands in 1932, where two leptospiral serovars Leptospira andamans and Leptospira
grippotyphosa were isolated. Andaman Hemorrhagic fever (AHF) outbreak was first reported
in 1988 and was further confirmed as leptospirosis in 1994. In total, 524 cases were reported
from 1988 to 1997, and 524 cases were reported between 2000-2004 (Shivakumar, 2008). In
2004, 322 confirmed cases of leptospirosis were reported, most of which were associated with
occupations such as sewage workers, butchers, forest workers, zookeepers, and farmers
(Shivakumar, 2008). In 2005, 14 out of 58 reported cases of leptospirosis died due to

pulmonary hemorrhage within 48hrs.

In the areas of south Gujrat, such as Valsad, Navsari, and Surat, leptospirosis has been endemic
since 1994 (Clerke et al., 2002). In 2005, 392 cases of leptospirosis were reported in Gujrat,

including 81 deaths due to renal failure and hemorrhagic Pneumonitis. The cases of
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leptospirosis in Maharashtra have been reported regularly since 1998. A major outbreak was
reported, following the monsoon in the year 2005, with 2355 cases and 167 deaths. Kerala is
also one of the most affected states by pathogenic Leptospira. Such cases have been reported
since 1987. A case study of 976 confirmed cases of leptospirosis with a mortality rate of 5.32%
(Kuriakose et al., 1997). In another study with 282 leptospirosis patients showed a mortality
rate of 6.03% (Pappachan et al., 2004). Cases of leptospirosis have been reported from Chennai,
Tamil Nadu since 1980s. The number of cases increased significantly in 2006 with 2765 cases

reported in a year.
1.5.2. Diagnostic challenges

Patients do not receive a direct leptospirosis diagnosis because the clinical manifestations of
the early stages of infection are confused with the symptoms of other illnesses. Diagnosis is
most often made when the patient shows clinical signs such as renal failure, pulmonary
hemorrhage, and jaundice. The gold standard diagnostic tool currently being used is the
serological test, the Microscopic Agglutination Test (MAT). Conventional clinical staining is
not applicable to Leptospira because they are too fine to be stained by Gram staining. However,
they are visible under dark-field microscopy (DFM) due to screw movement, but this method
cannot be used for clinical diagnosis because it can give false-positive results for artefacts such
as fibres. Other available diagnosis tests include ELISA, PCR, and commercial kits such as

Leptocheck dipstick assay, LEPTO IgM MICROLISA ELISA kit, and Leptospirosis IHA test.
1.6. Pathogenesis

The complete molecular mechanism of pathogenesis has not yet been fully elucidated.
However, in recent times, the availability of whole genome sequences of pathogenic leptospires
such as Leptospira interrogans serovar Copenhageni and Lai has made significant advances in

demonstrating pathogenesis. The use of various animal models in laboratories, such as guinea
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pigs and hamsters, has helped to identify key factors involved in establishing host-pathogen
interactions (Budihal and Perwez, 2014). In addition, pathogen-associated molecular patterns

(PAMP) also play a crucial role in establishing pathogenesis (Zuerner, 2015).

1.6.1. Attachment and Invasion

The pathogenic Leptospira exhibits direct attachment with the host Extra Cellular Matrix
(ECM) proteins such as fibronectin, laminin, collagen, elastin, and integrin to establish host-
pathogen interaction. These attachments are usually mediated by various surface-exposed
proteins from Leptospira (Figure 1.6). These proteins have been classified as microbial surface
components recognizing adhesive matrix molecules (MSCRAMMSs). Leptospiral surface-
expressed proteins also help Leptospira, to attach host renal epithelial cells, monocytes,
fibroblasts, and endothelial cells (Liu et al., 2007; Thomas and Higbie, 1990). It has been
observed that pathogenic leptospires bind to host cells more efficiently than non-pathogenic
ones (Liu et al., 2007). Various studies have identified MSCRAMMSs in Leptospira and
established their interaction with host proteins. Such an example is briefed in a schematic

diagram showing MSCRAMMs and their host interacting partners is shown in Figure 1.6B.
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Figure 1.6: (A) Schematic representation of the Leptospira membrane architecture showing
surface-exposed proteins (B) Interaction of Leptospira MSCRAMM with the host ECMs

(Adapted from Vieira, M.L. FEMS Microbiol Lett, 2014 & Faisal, S.M. Springer, 2012).

After attachment, Leptospira migrates through the proximal tubule to target organs such as the
liver, lungs, and kidneys (Ajay R Bharti, 2003; David A. Haake, 2015). The detailed roles of

Leptospira PAMPs and surface-exposed proteins involved in pathogenesis are described

below.
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1.6.2. Lipopolysaccharides (LPS)

Lipopolysaccharides (LPS) are key cell wall components characteristic of Gram-negative
bacteria, a representative of PAMP, and play an important role in pathogenesis. The
polysaccharide components of the LPS primarily participate in protective functions for bacteria
by camouflaging with common host carbohydrate residues. The Lipid component of LPS
incorporates methylated phosphate, which helps the microorganism to be undetected through
the human TLR4 (Werts et al., 2001). Various studies have already established that the LPS
expression is essential for the survival of Leptospira, both inside and outside of the mammalian
host (David A Haake, 2015). In addition, the LPS provides an antigenic diversity in different
species of Leptospira. The LPS of Leptospira is chemically composed of arabinose, galactose,
xylose, and rhamnose (Faine et al., 1974; Microhrology and Britain, 1986). It has been
described in many studies as a diagnostic target and a strong vaccine candidate (Chapman et

al., 1991; Matsuo, 2000; Wang et al., 2007; Widiyanti et al., 2013)

1.6.3. Leptospiral lipoprotein (LipL) Proteins

Leptospiral Lipoproteins such as LipL32, LipL53, LipL36, LipL21, and LipL46 are reported
to be highly expressed during infection (Fernandes and Hartwig, 2007; Haake et al., 1998;
Koizumi and Watanabe, 2003; Shang and Summers, 1996). Many of these LipL are known to
interact with the host extracellular components and are involved in pathogenesis. The LipL46
shows binding with the human plasminogen, and LipL53 is reported to be involved in binding
with laminin, collagen IV, and fibronectin, which highlights the importance of these proteins
during Leptospira infection (Oliveira et al., 2010). In addition, few are reported to be antigenic
in nature. LipL32 is the most abundant surface lipoprotein and a well-known immune-dominant
antigen in human leptospirosis (Haake et al., 2000). The LipLs are mostly conserved in the

pathogenic species of Leptospira. Few have been extensively evaluated as vaccine candidates
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in combination with different strategies such as subunit vaccines, DNA vaccines, and with
BCG (Rino Rappuoli, 2000; Serruto et al., 2012; Yang et al., 2002). The recombinant vaccine
developed, consists of surface-exposed LipL41, and OmpL1 proteins which has been reported
to demonstrate approximately 71% survival against Leptospira infection in the hamster model
(Haake et al., 1999). Moreover, in a recent report, LipL21 and its truncated N-terminal domain
were shown to induce pro-inflammatory cytokines by activating the host's innate immune
response (Kumarietal., 2017). A microarray and in-silico analysis have been used to categorize
LipL45, LipL21, LipL41, and LipL32 to be a potential vaccine candidates against Leptospira

interrogans (Yang et al., 2006).

1.6.4. Leptospira endostatin like protein (Len) and Loa22

LenA is a 24-kDa protein that binds to multiple host factors such as fibrinogen, complement
factor H, laminin, and fibronectin. The Len family includes six different proteins LenA to
LenF, and almost all are reported to interact with the host factors (Angela S Barbosa et al.,
2006; Stevenson et al., 2007; Verma et al., 2006). Loa is the second most abundant outer
membrane protein of Leptospira (Beck et al., 2009) and has a peptidoglycan-binding motif
which makes them similar to outer membrane protein A (OmpA). Loa22 is one of the outer-
membrane proteins which gets upregulated during Leptospira infection (Koizumi and
Watanabe, 2003; Nally et al., 2007). The upregulation of Loa22 may be associated with

pathogenesis.

1.6.5. Hemolysins and HemO

Hemolysins serve as potential virulent factors that have the ability to lyse the cell membranes.
These proteins facilitate the invasion of Leptospira either by damaging the membrane or by
forming the pores. The pathogenic L. interrogans Lai genome encodes for nine hemolysin

genes which include sphingomyelinases, non-sphingomyelinases, and pore-forming
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hemolysins (Ren et al., 2003). Although the exact role of sphingomylinases in pathogenesis
has not been identified, their absence from the saprophytic Leptospira highlights their role in
pathogenicity and survival (Adler and de la Pefia Moctezuma, 2010a; Bulach et al., 2006). The
outer membrane of Leptospira contains many iron up-taking proteins like HemO, and the
distribution of these genes has a direct effect on the virulence and pathogenesis of Leptospira

(Murray et al., 2009).
1.6.6. Leptospiral Immunoglobulin-like protein (Lig)

The family of Leptospiral Immunoglobulin-like (Lig) proteins, present exclusively in
pathogenic species, consists of LigA and LigB, with 13 and 12 homologous extracellular Ig-
like repeated domains, respectively, known to play an important role in bacterial pathogenesis
(James Matsunaga, 2003; Palaniappan et al., 2007; Christopher P. Ptak et al., 2014; Silva et al.,
2007a). The expression of Lig proteins are found to be upregulated during mammalian
infection (James Matsunaga, 2003). The family of Lig proteins binds to host extracellular
matrix components (ECM) and helps pathogens to invade and in host tissue colonization (Choy
et al., 2007; Palaniappan et al., 2007). In addition, Lig proteins are known to bind to the
complement factors in order to evade innate immunity and establish the infection (Factor et al.,
2012). Many studies have been performed on Lig proteins in terms of vaccines and

pathogenesis.
1.7. Host Immune response against leptospirosis

The alternate pathways of the complement system play a crucial role in the elimination of
Leptospira during the first hours of infection. Non-pathogenic Leptospira biflexa is usually
cleared within a minute from the human serum, but pathogenic Leptospira survives within
serum by using different escape mechanisms. Studies on cattle and hamsters suggest their

ability to in induce Th1 response and release of IFN-y against killed Leptospira borgpetersenii
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serovar Hardo and Leptospira interrogans serovar Pomona (Bolin and Alt, 2001; Brown et al.,
2003; Faisal et al., 2008). The involvement of cell-mediated immunity against Leptospira
infection is also well demonstrated, especially for CD4 and Gamma-delta-T cells (y5-T cells).

These yo-T cells serve as the link between the innate and adaptive immune responses.

The innate immune system is first activated in response to the bacterial LPS and lipoproteins
through TLR2 and TLR4 interactions leading to the induction of inflammatory cytokines such
as IL-10, IL1-B, MCP-1, IL-6, and TNF-a (Wang et al., 2012). In addition, the host macrophage
also gets activated in response to Leptospira LPS and induces IFN, IL-1B, TNFa, and IL-6
cytokines (Isogai et al., 1990). Polymorph nuclear neutrophils (PMNs) play a vital role in
clearing the pathogen by producing hydrogen peroxide (H20.) (Murgia et al., 2002).
Furthermore, human defensin such as HNP1, HNP2, and HNP3 produced by neutrophils and

epithelial cells also effectively kill Leptospira.
1.8. Immune evasion strategies

Pathogenic bacteria adopt various strategies to avoid host immune surveillance to survive.
Complement-system is the first arm of the innate immune system and plays a vital role in the
clearance of Leptospira. Non-pathogenic Leptospira are more susceptible to complement-
mediated destruction than pathogenic. Many unique proteins present in the pathogenic
Leptospira, are known to play a role in evading complement-mediated killing (Barbosa et al.,
2009; Meri et al., 2005). It is reported that the pathogenic Leptospira usually avoids
complement-mediated attacks by three main ways. 1. by acquiring complement regulator of
the host, 2. By acquisition of host proteases, and 3. By secreting its proteases to cleave the
complement factor. All three pathways of the complement system are being affected by
pathogenic Leptospira. Pathogen utilizes its outer surface and secretory proteins such as LigA,

LigB, and Leptospira complement binding protein A (LcpA) to bind the complement regulator
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C4BP and increase the cleavage C3 convertase, which ultimately inhibits the activation of
classical and lectin pathways (Breda et al., 2015; Factor et al., 2012). These proteins also bind
to Factor H to inhibit the activation of the alternate pathway of the complement system (Factor
et al., 2012). Pathogenic Leptospira enhance the etiology by interacting with the host
plasminogen (PLG) and converting it to plasmin (Verma et al., 2010; Vieira et al., 2009).
Plasmin is a serine protease that degrades various host substrates such as fibrinogen, ECM, and
complement molecules C3b and C5 (Barthel et al., 2012). In addition, the pathogenic
Leptospira secretes proteases such as Thermolysin that directly cleave complement proteins,

affecting all three complement pathways (Fraga et al., 2014).

I Acquisition of Host Complement Regulators I

Alternative Pathway - FH Classical and Lectin Pathways - C4BP Terminal Pathway - Vn

Inhibition of C9

& | +n_.\) __ polymerization
)= O‘%-—’ o

= X =
//;\\ MJ §

Len A/B EF-Tu

EF-Tu _) - . ) )
: Protease Protesse: — Cleavage by
,_,-/ ™ . Sacraton E L_J\  Yre) meall
A . : L Protease
m.(s W= ) - & ) g —

{ : S
: Y
uPA B ~ : ‘Q\ % &
< - Central \ Alernative Classical andd [

[ 2 2 { Compkement | C3 ) B sl (40
\J Plasmin = ===+ ab) . j ) T \as/ Pathway Lectin Pt v

R e : A ' Q'a '/
& VI Co N ‘5) ’1-»\)

I Acquisition of Host Proteases l I Endogenous Proteolytic Activity |

Figure 1.7: Complement evasion strategies and the associated proteins of pathogenic

Leptospira (Adapted from Fraga TR., Front. Immunol., 2016).
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1.9. Leptospira vaccines

The first Leptospira vaccine was developed in 1916 using phenol-inactivated Leptospira. The
vaccine was successfully tested in guinea pigs and showed protective immunity against
leptospiral infections. Between 1919 and 1921, Japan demonstrated the first large-scale human
testing of vaccines. Besides phenol, many other methods such as freezing, heat, ethanol,
formalin, and irradiation have been used to kill Leptospira to develop an improved vaccine.
However, to date, inactivated whole-cell bacteria have been used as an approved vaccine for
dogs, cattle, and pigs, and due to undesirable side effects, their use in humans is not
recommended. Moreover, the immunity from many known vaccines is serovar specific and
doesn't provide cross-protection (B. M. Naiman et al., 2001). In many countries, combinations
of up to eight different Leptospira serotypes have been used for vaccine purposes, but efficacy
of these vaccines has been found to be very low. Live attenuated vaccines have been developed
by continuous passage of serotype Pomona but do not provide long-term protection (J.D Allen,
1982). The lipopolysaccharides (LPS) derived vaccine showed generation of antibodies in
hamster models (Jost et al., 1989). However, due to the presence of multiple sera, the high-cost
implications and complex structure of LPS make it difficult to be used as a vaccine. The
availability of genome sequences and advancements in recombinant DNA technology has
accelerated the process of antigen identification. Leptospiral antigens are being explored for
the development of an efficacious vaccine. A list of antigens, adjuvant, model organisms, and

protection rates is given in Table 1.2.
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Table 1.2: Immunological studies using the Leptospiral antigens

Antigen Type Animal  Protection Notes Reference
model rate (%)

lipL32 adenovirus Gerbil 86 % 50% survival (Branger et al.,
in control 2001)

lipL32 DNA Gerbil 60 % 35% survival (Branger et al.,
in control 2005)

LipL32 Guinea pig 50% 13-60% (Luo et al., 2009)
survival in
control

LipL32- LTB fusion Hamster 40-100% 0-60% (Enterotoxin et al.,
survival in 2012)
control

LigA or LigB C-terminus. C3H/HEJ 90 % 40% survival (Koizumi and

GST fusions mouse in GST control Watanabe, 2004a)

LigA C—terminus plus C3H/HEJ 100 % 40% survival (Koizumi and

LigB C—terminus. GST mouse in GST control Watanabe, 2004a)

fusion

LigA C-terminus. Histag Hamster 63-100 % Higher dose (Silva et al,
requirement 2007a)

ligA DNA Hamster 100 % 50-75% (Faisal et al., 2008)
survival in
control

LigB fragments Hamster 25-87% Variability (Yan, 2009)
observed

LigA C-terminus Hamster 76-92% Alum adjuvant (Faisal et al., 2009)
showed 50%
protection

OmpL1 Plus LipL41 and Hamster 100% 33% survival (Haake et al,

OmpL1l in control 1999)

ompL1 DNA Hamster 33% Only 2/6 (Heterologous et
survival rate al., 2008)

lipL21 DNA Guinea pig Nil All animal (He etal., 2008)
survived

Lp0607, Lpl18, Lpl454 Hamster 75% No protection (Faisal etal., 2009)

combined with
liposomes

Lic12720, Lic10494, Hamster 30-44% Nil (Atzingen et al.,

Lic12922 His tag 2010)

Lsa2l, Lsa66, Lic11030.  Hamster 20-30% No (Atzingen et al.,

His tag reproducibility 2012)

lemA DNA and LemA Hamster 87% Nil (Hartwig et al.,,

prime boost 2013)

As shown in Table 1.2, almost all studies performed with recombinant proteins showed

problems in the control group. Experimental reproducibility is also one of the significant

22 |Page



Chapter 1 Introduction and Review of Literature

concerns in vaccine production. Based on studies conducted using a variety of recombinant

proteins, Lig proteins have been found to be a potential candidate for vaccine production.
1.10. Leptospiral Immunoglobulin-like protein (Lig)

Leptospiral immunoglobulin-like proteins (Lig) are the surface-expressed multi-domain
protein from Leptospira that play an important role in leptospiral pathogenesis. The Lig protein
family was identified along with GroEL, LipL41, and DnaK from Leptospira-infected human
serum by screening bacterial expression libraries (Palaniappan et al., 2002b). The expression
of Lig proteins is increased during infection in mammals, demonstrating their importance in
pathogenesis (Matsunaga et al., 2013, 2007, 2005a). The family of Leptospira consists of three
proteins LigA, LigB, and LigC. They are one of the most studied leptospiral proteins in terms
of pathogenicity, diagnostic markers, and potent vaccine candidates. Several reports
(mentioned above) show that vaccines developed using the Lig protein can provide more than
90% protection against leptospiral infections in hamster models. In addition, the Lig protein is

exclusively conserved throughout the pathogenic serovars.
1.10.1. Domain organization of Lig

The Lig proteins are multi-domain proteins consisting of 12-13 tandem Ig-like fold domains.
LigA is composed of 13 Ig-like domains, while LigB and LigC are composed of 12 Ig-like
domains, and each domain is composed of 90 amino acids (Matsunaga et al., 2003b). The
overall domain orientation of Lig protein is shown in Figure 1.8. LigB and LigC have an extra
non-lg-like domain at the C-terminal instead of the 13" domain. Each domain of Lig is

connected by small 3-4 amino acid linkers, which probably provide flexibility to the protein.
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Conserved Domains Variable Domains

Figure 1.8: Schematic representation of the domain organization of Leptospiral

immunoglobulin-like protein (Lig).

The first six and a half N-terminal domains of LigA and LigB are identical and known as
constant domains. Rest other domains from 6 &1/2 to 13 in case of LigA and up to 12 in case
of LigB are unique and designated as a variable domain. LigC is a pseudogene expressed as a
truncated form in some species with a domain organization similar to LigB. Both LigA and
LigB variable regions have been shown to be more antigenic compared to conserved regions.
The C-terminal domains (CTDs) of LigB and LigC show 51% sequence similarity among each
other (Matsunaga et al., 2003a). The total molecular weight of LigA is about 130 kDa, and the
molecular weight of LigB is about 212 kDa. The C-terminal domain of LigB is composed of
772 amino acids. The structure and functionality of the LigB and LigC C-terminal domains are
not known, yet. The CTD of LigB and LigC may have important structure and function. The
3-dimensional structure of CTD will provide a complete functional insight of the same in the
LigB and LigC. Lig proteins are usually attached to the outer membrane via LipoBox (Haake

et al., 2000).
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1.10.2. Structure

All the domains of LigA and LigB are predicted to have structural similarities with the
immunoglobulin-like fold like a Fab fragment of human immunoglobulin (Saul, 1973). The
protein folds are named Big-2 and are also commonly found in the structure of intimin of E.coli
and invasin of Yersinia. Three- dimensional structure of the full length of LigA and LigB is
not available. Only, NMR solution structures of single domain LigB12 (2MOG) and LigA4
(2N7S) are present in the protein database (Mei et al., 2015a, 2014; Ptak, 2014). These
structures have been reported to adopt a classical PB-sandwich-like fold. A cartoon

representation of LigB12 and LigA4 is shown in Figure 1.9.

LigB12 LigA4

Figure 1.9: Solution structure of LigB12 and LigA4.

The first LigB and LigC CTD sequences (two domains) showed similarities to the Big 5
domain. A recent, small-angle X-ray scattering (SAXS) study on the full domain LigB1-12
showed that the protein attained elongated conformation and interdomain involved in salt

bridge interactions (Hsieh et al., 2017).
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1.10.3. Calcium-binding

Various in-vitro studies have demonstrated that LigA and LigB bind to calcium ions. Calcium-
binding has been mapped in many Ig-like domains of the proteins. Individual Ig-like domains
LigA9 and LigA10 showed binding to calcium. In other studies, it was demonstrated that
LigBCen2, which comprised LigB12 plus extra amino acids at its amino- and carboxy termini,
binds to calcium. The chemical shifts in the previous NMR experiments on LigA4, LigBCen2,
and LigBCen2R (comprising LigB12 and an N-terminal extension), in the presence of Ca?*
ion, have suggested proteins' ability to bind to Ca?* ions. Other groups did not observe a similar
in-vitro binding. Hence, calcium-binding to Lig proteins is still debatable. Moreover, the
physiological role of calcium-binding in context to the conventional function of Lig Protein is
not clearly understood. Crystallographic studies on Ig-like domains or full-length Lig proteins

may provide structural determinants of calcium-binding within the protein.
1.10.4. Lig in leptospiral pathogenesis

It is well established that the Lig proteins are involved in leptospiral pathogenesis. Earlier
studies suggest that the expression of the LigA gene is induced during infection. The reduction
of LigA and LigB expression decreases the virulence L. interrogans. Moreover, their
expression also increases at physiological osmolarity and temperature. Targeted mutagenesis
studies also have furnished evidence that expression of either ligA or ligB is required for
virulence. In another study, an artificial transcriptional repressor of the lig genes using a
Transcription activator-like Effector (TALE) in the L495 strain of L. interrogans was observed

to be avirulent following intraperitoneal injection into the hamster model.

Studies suggest that L. interrogans adherence to the host ECM is correlated with leptospiral
virulence and pathogenesis. This has been an essential phenomenon for establishing host-

pathogen interactions during leptospiral infection. Many in-vitro reports suggested that the Lig
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proteins bind to various host ECM components such as fibronectin, elastin, tropoelastin,
collagen, and laminin (Ito and Yanagawa, 1987; Toshihiro ITO, 1987). The in-vivo
investigation of adhesion to L. interrogans on MDCK cells is inhibited if L. interrogans is
premixed with fibronectin, suggesting the involvement of host fibronectin in facilitating
Leptospira adhesion. Further, the fine mapping of regions/domains on the Lig proteins
interacting with the host ECM has also been demonstrated. The variable regions of LigA and
LigB displayed high-affinity binding with the fibronectin (Henry A Choy et al., 20073; Lin et
al., 2010). The affinity of LigB for fibronectin was significantly higher. Moreover, an increase
in affinity towards the fibronectin was observed when the first Big_5 domain was introduced,
along with the variable domains of LigB (Henry A Choy et al., 2007a). However, the N-
terminal 1g-like constant regions of LigA and LigB do not interact with the fibronectin.
Usually, fibronectin's gelatin binding domain (Henry A Choy et al., 2007a)(GBD) interacts
with the Lig proteins (Henry A Choy et al., 2007a). Several reports have shown the ability of
LigB7-12 to bind collagen I and collagen IV with a moderate affinity, while LigA7-13 has a
low binding affinity. The binding affinity with laminin showed similar results, the LigB7-12
variable region showed moderate binding, and the LigA8-13 binding was reported as
undetectable. Heterologous expression of LigA and LigB on the surface of non-pathogenic
Leptospira spp. L. biflexa displayed adherence to fibronectin and laminin. However, this
expression did not show increased binding with elastin, collagen 1, or collagen IV (Figueira et

al., 2011).

Various groups have in-vitro characterized/mapped the domains of LigA and LigB involved in
host protein interaction. It has been demonstrated that the binding affinity of LigB for
fibronectin and fibrinogen occurs mainly through LigB9-10. Its binding affinity is enhanced
by adding the 11" Ig-domain of LigB. However, studies conducted by other groups contradict

these findings. In another study, the LigB12 domain and the additional 47 residues from the
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non-lg-like portion of LigB have demonstrated a higher binding affinity with the N-terminal

domains of fibronectin (Y. Lin et al., 2009a).

Interestingly, both LigA and LigB variable domains have been reported to show a good affinity
for fibronectin, but a single truncated Lig domain did not even show moderate affinity. It has
been suggested that the interaction with host GBD requires multi-domains of LigA and LigB
(Henry A. Choy et al., 2007). However, the individual domain LigB4 showed the highest

binding affinity toward tropoelastin (Y. Lin et al., 2009b).

1.10.5. Lig in Immune evasion

To survive in the host during infection, the Leptospira must resist the host's immune attack.
Various host factors, such as antibacterial peptides, neutrophils, macrophages, and the
bactericidal activity of the host's complement system, are involved in the removal of pathogen
load from the body. Pathogenic Leptospira protects itself within the host using a variety of
immune escape strategies. As mentioned above, the Lig protein has demonstrated the ability to
control the activation of all three pathways of the complement system by interacting with
complement regulators such as C4BP, Factor H, FHL-1, and FHR-1 (Figure 1.10). The role of
Lig protein in immune evasion and their interaction with the complement regulator proteins
has been described in various reports. Through various biochemical analyses, Breda et.al. has
performed fine mapping of Lig and C4b-Binding protein interaction (Breda et al., 2015). Their
results have demonstrated that the Lig and LcpA proteins bind to complement control protein
(CCP) via CCP7, CCP8, and CCP4 domains of C4BP. The Lig domains such as LigA7-8,
LigB7-8, and LigB9-10 showed strong binding to CCP 7 and 8 domains of C4BP. Moreover,
these interactions were found to be sensitive to ionic strength. Similarly, the LigB domains
(LigB9-11) are reported to bind directly to C3b and C4b to inhibit both alternate and classical

pathways of the human complement system (Choy, 2012).
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Figure 1.10: Lig plays multiple roles during Leptospira pathogenesis (Adapted from

Plasmmogon

Monica, Immunobiology, 2016).

1.10.6. Lig as a diagnostic marker and vaccine candidate

LigA and LigB are potential diagnostic markers for seroreactivity in patients with acute
leptospirosis due to their expression in the early stage of infection. Their expressions have been
observed during the etiology of Leptospira (Matsunaga et al., 2003a). Many studies have
shown that the variable Ig-like domains of LigA (68-1224) and LigB (68-1191) provide high
levels of protection but, at the same time, do not provide sterile immunity (Koizumi and
Watanabe, 2004a). Recent reports have shown 80-100% protection and 77 -100% sterile
immunity in hamster models using recombinant LigB (131-645) fragments. Animals
immunized with rLigB (131-645) showed IgG antibody production, but IgG levels were lower
compared to the bacterin group (Souza et al., 2017). The combination of the LigA variable
region and the conserved region was used as a DNA vaccine in a study that showed increased

antibody titration and 100% survival in a hamster challenge model, but the control group also
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showed 62.5% survival (Faisal et al., 2008). In another study, when testing five shortened LigA
and LigB DNA vaccines, a maximum survival rate of 62.5% was observed in hamsters
containing LigB conserved portions (Forster et al., 2013). A chimera consisting of a conserved
LigB and a viable LigA region showed 100% protection in hamsters as a DNA vaccine but was
unable to confer sterile immunity (Eduardo et al., 2019). Various studies have been performed
with Lig and its fragments and combination of different adjuvants for vaccine development. A
study by Haake et al. showed that a fragment of LigA10-13 was sufficient to provide 100%

protection in hamster challenge models (Coutinho et al., 2011).

Altogether, Lig proteins are associated with various functions such as adhesion, invasion,
evasion, and many more. The role of Lig proteins at multiple stages of leptospiral infection is

summarized in Figure 1.11.

Drivers Properties Functions Impacts
Evasion
Hemostasis Evasion
Modulation

Ig-like Domains
= Immuno- Vacel
protection ldl
Epitopes

Antigenic ; ;

Figure 1.11: Summary of Lig proteins and their association at different stages during

leptospirosis (Adapted from Haake et., Front. in immunology, 2021).
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1.11. Major challenge and aim of the thesis

Although the pathogen was identified over 100 years ago, effective vaccines are not yet
available. The presence of multiple serotypes makes vaccine development a difficult task, as
the vaccines developed do not provide cross-protection. The existing vaccines have undesirable
side effects, require multiple doses, and are less effective. In addition, nonspecific symptoms
in the early stages of infection disrupt the diagnostic process. Several antigens such as LigA,
LigB, LipL32, and LenA have been identified, and their roles in the establishment of host-
pathogen interactions have been demonstrated. Still, the atomic details of those interactions are
unknown. The family of Lig proteins is a big multi-domain protein whose size ranges from
130-220 KDa, and its immunogenic region is not well characterized (Haake and Matsunaga,
2021). Recently, it was shown that antigenic motifs in a single-domain chimeric
immunoglobulin-like fold generate enhanced leptospiral protection compared to whole Lig
protein (Hsieh et al., 2017). Hence, it is thought that the knowledge of the immunogenic
region/epitope will provide opportunities for further improvement in the Lig family vaccine
efficacy through rational design. The three-dimensional structure of protein usually facilitates
in this direction. Unfortunately, the complete 3-D structural details of full-length Lig proteins
are largely unknown. However, recently only NMR structures of single domains LigB12 and
LigA4 have been reported (Mei et al., 2015a; Ptak, 2014). No X-ray crystallographic studies
have been reported so far on Lig and any of its small fragments. Several efforts are being put
to fine map the antigenic regions among the multi-domain Lig proteins. A recent report
suggests that pathogenic Leptospira evades host complement, as well as a neutrophil
extracellular trap (NET), mediated killing (Scharrig et al., 2015). Few other pathogenic
organisms evade host NET by secreting nucleases that degrade the DNA content of the NET
(Andre et al., 2017; Fairman et al., 2012; Storisteanu et al., 2017). Surprisingly, no secreted

nucleases have been reported from the Leptospira genome so far. In the absence of secreted
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nucleases, it is hypothesized that other surface or secreted proteins from Leptospira may have
the ability to cleave DNA. A report suggests that proteins with Ig-like folds having His-ME
finger domain may act as a nuclease (Jablonska et al., 2017a). Since Lig is a multifaceted
protein and its role in hydrolysing DNA is not been investigated. Based on this background
information, the questions warranted to address are; what is the full-length 3-dimensional
structure of Lig family proteins and their various smaller fragments, and what is their domain
orientation? What are potential antigenic epitopes present on Lig proteins? And whether Lig

proteins possess any nuclease/DNase activity that may substitute the function of nuclease.
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1.12. Objectives of the study

1. Structural characterization of leptospiral immunoglobulin-like (Lig) proteins
2. Identifying antigenic regions within the Lig proteins

3. Investigation of novel nuclease and protease activities among the Lig proteins
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Chapter 2 Cloning, Overexpression and Purification

2.1. Introduction

A family of Leptospiral Immunoglobulin-like (Lig) proteins is an important adhesin expressed
on the outer surface of pathogenic Leptospira (Matsunaga et al., 2003b). Members of the Lig
family, also known as microbial surface components recognizing adhesive matrix molecules
(MSCRAMMSs) and are usually localized on the outer surface of Leptospira (Pinne et al., 2012).
Proteins of this family consist of 12-13 extracellular homologous immunoglobulin-like repeats
and are anchored to the outer membrane with an N-terminal Lipo-box (Matsunaga et al.,
2003b). It includes three proteins, LigA, LigB, and LigC. The LigA is a 130 KDa protein
consisting of 12 1g-like repeated domains. LigB is almost double the size of LigA and possesses
13 Ig-like domains and a non-random domain at the C-terminal. LigC is found to be a
pseudogene (Pinne et al., 2012). These proteins are usually present only in pathogenic species
whose expression is transcriptionally upregulated during the infection and an important in
Leptospira pathogenesis (Matsunaga et al., 2005b). Lig proteins family has been characterized
as the best antigen and a potential diagnostic marker for pathogenesis (Croda et al., 2007). The
Ig-like domain of the Lig proteins, also known as bacterial immunoglobulin-like (Big) repeat
domains, was initially identified in virulence determinants from E.coli and Yersinia
pseudotuberculosis (Matsunaga et al., 2003c). Emerging serologic vaccine and pathogenesis
studies indicate Lig proteins as crucial virulence determinants in host-pathogen interaction. As
it belongs to MSCRAMM s, it was shown to bind to ECM such as laminin, collagen, fibronectin
(Fn), fibrinogen, elastin, and tropoelastin of the host cells (Choy et al., 2007b; Y.-P. Lin et al.,
2009; Lin et al., 2010). The variable region of LigA consists of 1g-like domains 7-13 of LigA,
and 6 lg-like domains (6-12) constitute a variable region of LigB (Palaniappan et al., 2002a).
These variable regions from the LigA and LigB bind to host ECM (Choy et al., 2007b). Each
Big domain consists of approximately 90-100 amino acid residues (Matsunaga et al., 2003c).

Proteins or antigens with multiple repetitive domains, with large molecular sizes, like Lig
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protein family, usually show poor expression and are unamenable to purifying recombinantly
with a good yield. Such proteins can be challenging to crystallize for structural studies. Smaller
fragments of such proteins may provide a better yield and overcome the limitation of
crystallization. This chapter reports the cloning, expression, and purification of various

fragments of LigA and LigB using multiple chromatographic techniques.

2.2. Materials

Chemicals and reagents used for cloning, expression, and purification of LigA and LigB and

their various fragments were obtained from several commercial sources.

2.2.1. Chemical and Reagents used in cloning

All chemicals were purchased from Sigma Aldrich. Plasmid isolation and DNA gel-extraction
kits were procured from Qiagen and Thermo scientific. DNA polymerases, dNTPs, T4 DNA
Ligase, and Restriction endonucleases were procured from New England Bio Labs (NEB). The
quick-site-directed mutagenesis kit was procured from Invitrogen. Oligonucleotides were

purchased from Integrated DNA Technology, Inc.

The plasmids containing a single Ig-like fragment of LigA and LigB as well as LigB8-12 and

LigB9-12 were gifted by Prof. Yung-Fu Chang, Cornell University, USA

2.2.2. Regents used in protein purification and detection

Chemicals including Sodium phosphate, Tris, NaCl, glycerol, imidazole, NiSOa4, DTT, IPTG,
X-gal, B-casein, Ni-NTA, etc. were procured from Sigma Inc. (MERCK). All pre-packed
columns such as His-Traps and size-exclusion chromatography were purchased from GE

Healthcare Life Sciences.
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2.2.3. Recipes of reagents used

All media, buffers, and stocks used in cloning, expression, and purification were prepared
either in Milli-Q or double-distilled water with low conductivity. All stock solutions were
prepared under standard procedures described in Sambrook et al. 1989. Recipes/compositions

of stock solutions are mentioned in the following tables.

Table 2.1: Composition of culture medium

Luria Bertani Broth (LB) 10g tryptone +5¢ yeast extract +10g NaCl per litre in double-
distilled water. pH was adjusted to 7.2 with NaOH. Sterilized
by autoclaving

Table 2.2: Composition of antibiotic stocks

Antibiotic Stock solution* Working concentration
Ampicillin 100mg/ml in Milli-Q 100pg/ml

Kanamycin 50mg/ml in Milli-Q 50pg/ml
Chloramphenicol 34mg/ml in ethanol 34pg/ml

* Sterilized by passing through a 0.22pm filter

Table 2.3: Composition of solutions/reagents used for agarose gel electrophoresis

Reagents Compositions

50X TAE 2429 Tris base +57.1ml of glacial acetic acid + 100ml of 0.5M
EDTA per litre

6X sample loading dye  0.25% Xylene, 0.25% Bromophenol Blue, 30% Glycerol

Ethidium bromide Stock of 10mg/ml (Puregene; Cat no- PG-823)
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Table 2.4: Composition of solution used for protein purification

Buffer Composition

1X PBS Solution NaCl:137 mM, KCI: 2.7 mM, Na;HPO4: 10
mM, KH2P04:1.8 mM, pH 7.4

Lysis Buffer 1X PBS and 5mM Imidazole

Washing Buffer 1X PBS and 30mM Imidazole

Elution Buffer 1X PBS and 250mM Imidazole

Table 2.5: Composition of solutions used for SDS-PAGE.

Reagents Compositions

30% acrylamide 29.2% acrylamide +0.8% Bis-acrylamide

Stacking Buffer 1.5M Tris-HCI, pH8.8 + 0.4% SDS

Resolving buffer 1M Tris-HCI, pH 6.8 + 0.4% SDS

1X Running buffer 39 Tris-HCI +14.49 glycine +1g SDS per liter

De-staining solution Water: Acetic acid: Methanol:: 5:1:4

Staining solution 29/L of coomassie brilliant blue R250 in de-staining solution

1X Laemmli sample buffer ~ 10% glycerol +1% B-mercaptoethanol + 2% SDS + 0.1%
bromophenol blue in 1X separating buffer

2.3. Experimental Procedures

2.3.1. Preparation of Competent cells

The competent chemical cells such as DH5a, BL21 (DE3), and Rosetta (DE3) used for cloning
and overexpression were prepared by the calcium chloride method. The inoculum of cells was
added to 5ml of Luria Broth medium (Himedia) with or without antibiotics, followed by
incubation at 37°C overnight in a shaker incubator. The next day, 1% culture from the primary
culture was added to 100ml of secondary culture and grown till the ODeoo reached 0.4-0.6 at
37°C. The grown culture was then incubated on ice for 30min followed by centrifugation at

6000rpm for 30min while the centrifuge was maintained at 4°C. The pellet and supernatant
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were separated, and the pellet was suspended in 100mM calcium chloride solution. The
suspended cells in calcium chloride were incubated on ice for 3-4hrs. The cells were then
centrifuged at 6000 rpm again, and the supernatant was discarded. The cell pellet was dissolved
in a solution containing 100mM calcium chloride and 10% glycerol. The solution was aliquoted
in 1.5ml centrifuge tubes followed by snap freezing using liquid nitrogen and stored at -80°C
until use. The efficiency and the contamination in the competent cells were checked before

using them for transformation.

2.3.2. Cloning of fragments of LigA and LigB into the expression vector

The fragments of ligA gene (ligA8-12, ligA8-11, ligA8-10, ligA8-9, ligA9-13, ligA10-13,
ligA11-13, and ligA12-13) and fragments of ligB (ligB7-11, ligB7-10, ligB7-9, ligB7-8, ligB10-
12, ligB11-12 and ligB_CTE) were PCR amplified from the existing clones of LigA8-13 and
ligB7-12, respectively, using oligonucleotides primers mentioned in Table 2.6. The optimized
PCR condition and PCR cycles for all the mentioned fragments are mentioned in Tables 2.7
and 2.8. The PCR amplified gene fragments were cloned in the pET28a-SUMO expression
vector under BamHI and HindllIl restriction enzyme sites. Confirmed clones were selected on
the basis of double digestion with the restriction endonucleases. The cloning was further
confirmed by DNA sequencing. The respective clones in pET28a-SUMO are listed in Table

2.9.
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Table 2.6: List of primers used for generation of LigA and LigB fragments

Construct Reverse Primer

LigA8F 5'-GCATGGATCCACACAGGCGACTTTGACTTC-3'

LigA8-12R 5'-GGCGAAGCTTCTAACTTTCCGTAACCGTAACTG-3'
LigA8-11R 5-GAACGAAGCTTCTAAAGAAGCGCTGGAGTGAC-3'
LigA8-10R 5-GTCCAAGAAGCTTCTATACTTTAGCCGGAGTAACTTG-3'
LigA8-9R 5'-GTAAGAAGCTTCTAAAGTTCCGCTGCGGTAACG-3'
LigA13R 5'-GGACGGAAGCTTCTATAATATTTCTGGAGTTACTTCAAAATC-3'
LigA9-13F 5'-AAAAGGATCCACTCCCGCAATTCTTACTTCAATT-3'
LigA10-13F 5'-GAATGGATCCACCGCAGCGGAACTTATT-3'

LigA11-13F 5'-GAATGGATCCACTCCGGCTAAAGTAGTTTCGAT-3'
LigA12-13F 5'-GAATAGGATCCACTCCAGCGCTTCTTCGTTAC-3'
LigB12R 5-GTTAAGCAAGCTTCTACGTGTCCGTTTTGTTTACTGTG-3'
LigB10-12F 5-GCCTTCGGATCCACTGACTTAAAACTGAAAAGTATAAC-3
LigB11-12F 5'-GAAAAGGATCCGCTGCCACGTTAGATTCC-3'

LigB7F 5'-GAAAAGGATCCACAGCTGCAAAGCTTGTTGAA-3
LigB7-11R 5-AAAGAAAGCTTCTAAAGGGTTGCTGCGCTG-3'

LigB7-10R 5-GGCAAAGAAGCTTCTATAACGTGGCAGCACTTAC-3'
LigB7-9R 5'-CCGGGCAAGCTTCTACAGTTTTAAGTCAGTGAC-3'
LigB7-8R 5'-CAAGGAAGCTTCTAAAGAAGTGCAGGAGTGACATT-3'
LigB_C-TerF 5-GGCCATATGATAGCTCCGACGGTTCAATCC-3'
LigB_C-TerR 5-AAAGCGGCCGCTATTGATTCTGTTGTCTGTAAAT-3'

* Restriction sites are underlined, F-Forward primer and R- Reverse primer

Table 2.7: Optimized concentration of PCR reactions

Components Concentration
Template 20ng

Forward Primers 0.5uM
Reverse Primers 0.5 uM

dNTPs 100 uM

DNA Polymerase 1 unit
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Table 2.8: Optimized PCR cycle parameters

Gene Initial Denaturation Annealing Extension Final
Denaturation Extension

LigA8-12 98°C (30s) 98°C (10s) 61°C (30s) 72°C (45s) 72°C (10 min)
LigA8-11 98°C (30s) 98°C (10s) 61°C (30s) 72°C (45s) 72°C (10 min)
LigA8-10 98°C (30s) 98°C (10s) 63°C (30s) 72°C (30s) 72°C (10 min)
LigA8-9 98°C (30s) 98°C (10s) 63°C (30s) 72°C (30s) 72°C (10 min)
LigA9-13 98°C (30s) 98°C (10s) 61°C (30s) 72°C (45s) 72°C (10 min)
LigA10-13  98°C (30s) 98°C (10s) 61°C (30s) 72°C (45s) 72°C (10 min)
LigA11-13  98°C (30s) 98°C (10s) 63°C (30s) 72°C (30s) 72°C (10 min)
LigA12-13  98°C (30s) 98°C (10s) 63°C (30s) 72°C (30s) 72°C (10 min)
LigB7-11 98°C (30s) 98°C (10s) 62°C (30s) 72°C (45s) 72°C (10 min)
LigB7-10 98°C (30s) 98°C (10s) 58°C (30s) 72°C (45s) 72°C (10 min)
LigB7-9 98°C (30s) 98°C (10s) 61°C (30s) 72°C (30s) 72°C (10 min)
LigB7-8 98°C (30s) 98°C (10s) 61°C (30s) 72°C (30s) 72°C (10 min)
LigB10-12  98°C (30s) 98°C (10s) 61°C (30s) 72°C (30s) 72°C (10 min)
LigB11-12  98°C (30s) 98°C (10s) 61°C (30s) 72°C (30s) 72°C (10 min)
LigB C_Ter 98°C (30s) 98°C (10s) 57°C (30s) 72°C (1.15m) 72°C (10 min)

* s- Seconds, min- Minutes
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Table 2.9: Bacteria Strains/plasmids used in this study

Bacterial Description Source
Strains/plasmids
Strains
DH5a A @80dlacZAM15 A(lacZYA-argF)U169 recAl (Taylor et al.,
endA hsdR17 (rk™ mk™) supE44 thi-1 gyrA relAl 1993)
BL21(DE3) F ompT hsdSg (rs” ms~) gal dcm (DE3) (Jeong et al.,
2009)
Rosetta (DE3) F ompT hsdSg(rs” mg’) gal dcm (DE3) pRARE Novagen

(Cam®)

Plasmids/Clones

pPET28a-His-SUMO  P7-based expression vector, with SUMO tag

ThermoFisher

pET28a/ligA8-13 pPET28a-SUMO bearing ligA8-13 This study
pET28a/ligA8-12 pET28a-SUMO bearing ligA8-12 This study
pET28a/ligA8-11 pPET28a-SUMO bearing ligA8-11 This study
pET28a/ligA8-9 pET28a-SUMO bearing ligA8-9 This study
pET28a/ligA9-13 pET28a-SUMO bearing ligA9-13 This study
pET28a/ligA10-13  pET28a-SUMO bearing ligA10-13 This study
pET28a/ligA11-13  pET28a-SUMO bearing ligA11-13 This study
pET28a/ligA12-13  pET28a-SUMO bearing ligA12-13 This study
pET28a/ligB7-11 pET28a-SUMO bearing ligB7-11 This study
pET28a/ligB7-10 pET28a-SUMO bearing ligB7-10 This study
pET28a/ligB7-9 pET28a-SUMO bearing ligB10-13 This study
pET28a/ligB7-8 pET28a-SUMO bearing ligB7-8 This study
pET28a/ligB10-12  pET28a-SUMO bearing ligB7-12 This study
pET28a/ligB11-12  pET28a-SUMO bearing ligB11-12 This study

2.3.3. Transformation

The plasmid containing gene fragments of interest were transformed into competent cells using
the heat shock method. Around 1ng of plasmid DNA was added to the competent cells and

incubated on ice for half an hour. Heat shock was given for 90 seconds at 42°C, followed by
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incubating the cells on ice immediately. One ml of LB was added to the tube and incubated at
37°C in a shaker incubator for 1hr. The competent cells were centrifuged at 4000 rpm for five
minutes, then decanted most of the supernatant. The cells were resuspended in the remaining
LB medium and spread on LB agar plates containing appropriate antibiotics in the required

amount,
2.3.4. Expression and purification of all Lig constructs

The vector containing genes of multiple Ig-like domains of ligA and ligB were transformed in
Rosetta (DE3) competent, and transformants were grown in 500 ml Luria Bertani broth (LB)
medium containing the required amount of kanamycin and chloramphenicol. Isopropyl-D-1-
thiogalactopyranoside (IPTG) was added to the mid-log-phase (ODeoo reached 0.4-0.6) culture,
which was further incubated overnight at 20°C shaker-incubator maintaining at 120rpm. The
cells were harvested by centrifugation at 8000 rpm for 10 min. Cell-pellet was resuspended in
1X Phosphate Buffer Saline (PBS) containing 0.1 mM phenylmethylsulfonyl fluoride (PMSF)
and subjected to sonicate to break the cells. The second round of centrifugation at 13,000 rpm
for 45 minutes was carried out to remove cell debris. The resulting supernatant was applied to
a Ni?*-nitrilotriacetic acid (Ni?*-NTA) column pre-equilibrated with 1XPBS. The supernatant
containing the mixture of soluble proteins was allowed to bind on the Ni?*-NTA column. The
column was washed (five-column bed volumes) with 1XPBS containing 30mM imidazole,
followed by elution with 1XPBS containing 250mM Imidazole. To remove the SUMO tag, the
eluted recombinants were treated with ulp-1 and kept overnight for dialysis in 1XPBS. The
dialyzed sample was applied again to the Ni>*-NTA column. The desired protein was collected
in the flow-through, and the SUMO tag was retained on the column. The protocol followed for
the purification is summarized in Figure 2.1. The flow-through containing recombinant
proteins was further concentrated using an Amicon concentrator with 3,000-Da-cutoff
membranes and further purified by loading them on a size-exclusion chromatography column
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equilibrated with 1XPBS. The purified protein fractions were analyzed on 15% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis. The purified recombinant proteins were pooled

and stored at -80 °C until further use.

l Ni-NTA
column

l Gel filtration

Figure 2.1: Protein purification strategy

2.3.5. Size-exclusion chromatography

The purity and molecular weights of the recombinant proteins were analyzed by size-exclusion
chromatography. The chromatography experiments were carried out with Superdex 75 FPLC
and 16/600 Superdex 200pg columns from the GE healthcare, using 1XPBS as the column
buffer. The void volume of the column was determined using Blue Dextran 200. The elution
times/volumes of all the recombinant proteins were recorded, and the molecular weights were

calculated by estimating the elution volumes of standards of known molecular weights.
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2.4. Results

2.4.1. Cloning of ligA and ligB fragments

Both LigA and LigB are large and multi-domain proteins with molecular weights of 130 and
220 kDa. The full-length Lig proteins showed weak expression and were inadequate.
Purification of full-length protein with good yield was a challenge. Moreover, multi-domain
proteins mostly provide restraint for crystallization. To improve the yield and protein solubility,
different Lig truncated fragments were generated. The truncation is chosen to cover the
complete protein by selecting many smaller fragments containing single as well as multiple 1g-

like domains (Figure 2.2).

Conserved Domains Variable Domains
A8-13
A9-13
A10-13
LigA A11-13
Al12-13
A8-12
A8-11
A8-10
A8-9
B7-12
BS-12
B9-12
LigB B10-12
Bl1-12
1 2 3 4 5 6 Big 5 iBigs! CTD |
B7-11
R7-10
B7-9
B7-8
10

Figure 2.2: Schematic representation of the gene fragments selected for the generation of

truncated proteins
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The fragments of the gene encoding the particular fragments were amplified using the
optimized PCR conditions and checked on 1% agarose gel. The fragments showed

amplification DNA bands at their respective sizes (Figure 2.3).

Figure 2.3: 1% Agarose gel showing PCR amplification of different Lig fragments (A)
LigA fragments amplification (B) LigB fragment amplification (C) LigB C-terminal Non-Ig-

like domain amplification.

Ligation of the PCR products of different fragments was confirmed by double digestion. The
fall-out of the correct size of fragments confirms their integration in the expression vector

(Figure 2.4 & 2.5).
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Figure 2.4: 1% Agarose gel showing double digestion of different LigA fragments from

the expression vector. Lanes are labelled with the fragments of LigA and 1kb DNA ladder.

Fall-out of the fragments is indicated with insert.
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Figure 2.5: 1% Agarose gel showing double digestion of different ligB fragments from the

expression vector. Lanes are labelled with the fragments of LigB and 1kb DNA ladder. Fall-

out of the fragments is indicated with insert.
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2.4.2. Recombinant purification of LigA fragments

2.4.2.1. Single Ig-like domain

All single 1g-like domain fragments of LigA were purified at homogeneity. Their elution from
size-exclusion chromatography and comparison with known molecular weight markers
suggested that protein fragments exist as monomers in the solution. The single domains of Lig
displayed a protomer mass of ~10,000 Da. The purified protein showed more than 90% purity

on the SDS-PAGE (Figure 2.6).
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Figure 2.6: SDS-PAGE showing the purification LigA fragments. (A) LigA7 and its size-
exclusion chromatogram, (B) LigA8 and its size-exclusion chromatogram, (C) LigA9, (D)
LigA10, (E) LigAll, (F) LigAl12, and (G) LigA13, and its size-exclusion chromatogram.
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2.4.2.2. Multiple 1g-like domains

Various multiple 1g-like domain fragments of LigA were also purified at homogeneity. Their
elution from size-exclusion chromatography and comparison with known molecular weight
markers suggested that these fragments also exist as monomers in the solution. The purified

proteins showed more than 90% purity on the SDS-PAGE (Figure 2.7).
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Figure 2.7: SDS-PAGE showing the purification of multiple I1g-like fragments of LigA (A)
LigA8-13, LigA9-13, LigA11-13 and LigA12-13, (B) LigA10-13, (C) LigA8-10, (D) LigA8-

11, (E) LigA8-9, (F) LigA8-12 and its size-exclusion chromatogram.
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2.4.2. Recombinant purification of LigB fragments

Similarly, single Ig-like domains and various multiple Ig-like domain fragments of LigB were

also purified (Figure 2.8).
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Figure 2.8: SDS-PAGE profile showing the purification of Ig-domains of LigB. (A) LigB2
and its size-exclusion chromatogram, (B) LigB4, (C) LigB5, (D) LigB7-12 and its size-

exclusion chromatogram, (E) LigB10 (F) LigB8-12.

Interestingly, all the purified single and multiple 1g-like domains of LigA and LigB showed
very good yield and seemed sufficient for crystallographic studies. The yield obtained after two
rounds of Ni-NTA affinity chromatography and size exclusion chromatography of each protein

is given in Table 2.10.
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Table 2.10: Summary of purification yield of the LigA and LigB fragments in this study.

Lig fragments  Yield (mg/ml) Ligfragments  Yield (mg/ml)
LigA7 14 LigA8-13 10
LigA8 8.5 LigA9-13 9.0
LigA9 53 LigA10-13 5.2
LigAl10 10.5 LigA11-13 8
LigAll 2.5 LigAl12-13 11
LigA12 3.2 LigA8-9 8.2
LigAl13 10.2 LigA8-10 2.5
LigB1 5.2 LigA8-11 3.0
LigB2 103 LigA8-12 10.5
LigB3 8.5 LigB7-12 5.3
LigB4 9.5 LigB1-7 15
LigB5 10 LigB8-12 3.5
LigB6 9.7 LigB10-12 2.5
LigB7 54 LigB11-12 9.5
LigB8 1.5 LigB7-11 4.5
LigB9 2.4 LigB7-10 2.3
LigB10 3.5 LigB7-9 5.0
LigB11 8.5 LigB11-NR 2.4
LigB12 2.6 LigB12-NR 5.6
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2.5. Conclusions

The Lig proteins consist of multiple Ig-like domains that showed poor expression when
complete protein was tried to overexpress. In order to improve the yield and solubility of the
protein, various truncations were made in these proteins. All the truncated variants of LigA and
LigB were cloned successfully in the pET28a-Sumo vector. The truncated proteins showed
good expression and solubility. Various fragments of LigA and LigB were purified to
homogeneity using affinity chromatography and size exclusion chromatography using an
AKTA purifier. All the domains were purified in good amounts for crystallographic studies.
The chapter deals with the preparation of proteins that is further used for setting up
crystallization. The protein preparation mentioned in this chapter was also used further to

perform novel protease and nuclease activity mentioned in chapter 5 of this thesis.
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Chapter 3 Crystallization and Structure determination

3.1. Introduction

The outer membrane and surface-associated proteins of microorganisms perform various
functions, such as providing protection against harsh environments, signal transduction, and
protein/solute translocations (Koebnik et al., 2000). They also promote pathogenicity by
enhancing the ability of pathogens to attach, invade the host, and evade the host’s immunity
(Hughes et al., 2002). The expression of many surface proteins by pathogens such
as Staphylococcus aureus, Pneumococcus, Streptococcus, and Listeria monocytogenes and
their relationships in pathogenesis have been described (Kreikemeyer et al., 2004; Niemann et
al., 2004; Pizarro-Cerda and Cossart, 2006). Pathogenic Leptospira expresses a plethora of
outer surface proteins, and many of them play a crucial role in pathogenesis. The Outer surface
proteins such as LipL32, leptospiral endostatin-like protein (LenA), Loa22, Leptospira
lipoprotein (LipL53), Lp95, and leptospiral immunoglobulin-like protein (Lig) are known to
involve in colonization and pathogenesis (Atzingen et al., 2009, 2008; Angela S. Barbosa et

al., 2006; Hoke et al., 2008; Oliveira et al., 2010; Stevenson et al., 2007).

Lig is a surface-anchored multi-lg-like domain containing protein. The Ig-like domain shares
a similar fold as bacterial immunoglobulin superfamily-2 (Blg_2), which is widely distributed
in nature, including many bacterial species such as intimin and invasion from
E.coli and Yersinia, respectively (Matsunaga et al., 2003b). The N-terminal 630 amino
acids constituting 6 &1/2 1g-like domains of LigA and LigB are highly conserved, and the
remaining Ig-like domains among the two are unique. The LigB consists of an additional C-
terminal domain (CTD) comprising 772 amino acids that form mostly non-structural regions
in the protein. The beginning of this region shares homology with the Blg_5 domain (Haake
and Matsunaga, 2021). The Lig family proteins serve as multifaceted proteins in complement
evasion and binding with ECM components such as fibronectin (Fn), collagen, elastin,

tropoelastin, laminin, and fibrinogen (Fg) (Ito and Yanagawa, 1987). These functions are
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essential in host cell attachment and invasion during leptospiral pathogenesis. In addition, Lig
proteins are highly antigenic and have been extensively studied as vaccine candidates. Recent
studies on LigB have shown that chimera of most antigenic regions provides better protection
(Hsieh et al., 2017). Moreover, the immunoinformatics approaches have identified most
antigenic regions of LigA and LigB proteins. A multi-epitope chimeric construct has been
proposed using these antigenic regions, which could serve as an effective vaccine (P. Kumar
et al., 2021). In addition to multifaceted function, the Lig proteins are reported to bind with
divalent calcium ions, enhancing Lig in-vitro binding to the host extracellular matrix (ECM)
proteins (Raman et al., 2010). The Lig protein is a vital outer surface protein, but its complete
3-D structure and domain organization are largely unknown. Moreover, the atomic details of
interaction with the host proteins have also not been investigated thoroughly. So far, only NMR
structures of the single domain, LigB12, and LigA4 from LigB and LigA are available (Mei et
al., 2015b; Christopher P Ptak et al., 2014). Moreover, the NMR studies on LigA4 and
LigBCen2 (complete LigB12 and additional amino acid stretches from adjacent regions) have
demonstrated the binding to the Ca®* ions with the proteins (Lin et al., 2008a). Other In-
vitro investigations suggest the binding of Ca*? ions with various Ig-like domains of Lig
proteins. However, the physiological relevance of Ca*2 ion binding with the Lig protein is still
debatable. Recent low-resolution small-angle X-ray scattering (SAXS) of LigB has been
demonstrated that all 12 1g-like domains are arranged as an elongated conformation (Hsieh et

al., 2017). However, detailed structural studies in the context of LigA protein are still lacking.

In this chapter, we describe the first high-resolution crystal structure of two domains segment
from the variable region (LigA8-9) of LigA to 1.87 A resolution. The structure showed some
remarkably distinctive aspects compared to the most closely related 1gSF family members.
Further, the structure details provide insight into the relative orientation of two domains and

highlight the role of the linker region in the domain orientation. We also observed an apparent
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electron density of Ca*2 ion and modeled Ca?* ions forms a proper interacting geometry within
the protein. Overall the study suggests an arrangement of Ig-like domains in LigA
protein. Moreover, docking of fibronectin's Gelatin binding domain (GBD) with the crystal

structure highlighted complex atomic interactions between the two.
3.2. Materials

Crystallization screens containing a combination of buffers, precipitants, and salts were
commercially procured from Jena biosciences (Wizard 1&2, JGSG++, and Wizard 3 & 4),
Hampton (crystal screen 1&2), Qiagen (JCSG++), and Molecular dimensions (Morpheus,
structure screen 1 &2, PACT Premier and JGSC Plus). Siliconized glass coverslips and micro-
bridges were purchased from Hampton research. Additionally, coverslips were also purchased
locally and siliconized manually using silicon oil from thermo scientific. Grease was procured
locally and from Hampton research. The vapor diffusion crystallization screening sitting drop
plates (96 wells, two drops) were purchased from Hampton research. Crystallization
optimization was done in 24 well-hanging drop vapor diffusion plates purchased from
Hampton research as well as Thermo scientific. All fine chemicals used for preparing the
crystallization buffers were purchased from Sigma-Aldrich. All the reagents were prepared in
autoclave double distilled water and solutions were filtered with 0.22-micron or 0.45-micron

filters.
3.3. Experimental Procedures

3.3.1. Protein purification

The LigA and its various fragments were purified to homogeneity using different
chromatographic techniques as explained in the experimental methods of the previous chapter

2, 33-50.
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3.3.2. Crystallization Screening

The purified homogeneous recombinant proteins were used to set up crystallization screening
with the commercially available screens mentioned above. A few nano litters of purified
proteins were blended with the crystallization screens using crystallization robotics in a sitting
drop plate followed by sealing the plates with clear tape and incubating it at 22°C and 4°C
respectively. The plates were observed weekly under stereo zoom microscope until they dried
up. The crystallization hits of each protein were monitored separately and the screened
conditions were further optimized in hanging drop plates in order to get crystals suitable for
diffraction. The overall experimental approach followed for crystallization and structure

determination is shown in Figure 3.1.

Purification Screening Optimization

protein 2ul +
reservoir 2yl coverslip & grease

I T .
I - 1

|HO
«

Structure Determination Diffraction Crystal Testing

Figure 3.1: The experimental approach followed for protein crystallization and structure

determination
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3.3.3. Crystallization optimization

The successful crystallization screening hits were further optimized by the vapor diffusion
hanging drop method in a 24-well plate. The concentration of all the components of the hits
was varied one-by-one in 24-well plates. In addition, various crystallization seeding techniques
such as macro seeding, micro seeding, and streak seeding were also used to improve the quality

of crystals.
3.3.4. X-ray data collection and processing

The diffraction quality crystals were obtained for various LigA and LigB fragments in different
crystallization conditions. The single crystal was tested in-house diffraction facility at the
Centre for Cellular and Molecular Biology (CCMB), Hyderabad, and the Indian Institute of
Science (11Sc) Bangalore. Briefly, a single crystal was fished out from the coverslip with the
help of a suitable loop. Crystals were aligned manually in an X-ray beam to test their
diffraction. Only a single crystal of LigA8-9 diffracted at 1.8A. A total of 360 images of
LigA8-9 were collected using the Mar345dtb imaging plate detector. No Cryo-protectant was
used to keep the crystal at a constant temperature (L00K) under the liquid nitrogen jet during

data collection.
3.3.5. Structure determination and model building

Initial phasing for structure solution was obtained using the molecular replacement routines of
the program PHASER (McCoy, 2006). The atomic coordinates of the single terminal domain,
LigB 12 (PDB code 2MOG), were used as a search model. The resultant model was refined
using REFMACS5 and the model was adjusted using COOT (Emsley and Cowtan, 2004;
Murshudov et al., 2011). Water molecules were added at positions where Fo—Fc electron

density peaks exceeded 30 contour level, and potential H-bonds could be made. Based on
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electron density interpretation, divalent ions were added, and further refinement was carried

out. Figures were drawn with PyMOL (DeLano Scientific, San Carlos, CA, USA).

3.3.6. Validation and deposition of LigA8-9 structure

The final structure model of LigA8-9 is validated for the quality using PROCHECK, WHAT
IF, and PDBRedo (Joosten et al., 2014; Laskowski et al., 1993). Protein structural properties
such as bond angle, length, chirality, and omega angle are validated. Moreover, the quality of
the structure was also analyzed by the Ramachandran plot. The suggestions on rotameric states,

packing quality, and backbone conformation were fixed manually in Coot.

3.3.7. Molecular docking with the ECM

The structure of the GBD domain of fibronectin, an extracellular matrix (ECM), was retrieved
from the protein database (PDB ID 1E8B). The structural coordinates of LigA8-9 and gelatin
binding domains (GBD) of fibronectin were subjected to the protein-protein docking server

ClusPro (https://cluspro.bu.edu/home.php). The best-docked structure was selected based on

the binding energy of interaction, and interaction was analyzed among the two structures.
3.4. Results

3.4.1. Crystallization screening

The crystallization screening leads to the identification of many conditions in which crystals
were observed for single and multiple domain fragments of LigA and LigB proteins. The
observed crystallized droplets showed various morphologies including clear droplets, phase
separations, precipitates, and crystallites. Multiple crystallization conditions such as Al, D4,
E4, and H7 of JCSG++, and F11 of Wizard 1&2, yielded hits for the LigA8-13 protein
fragment. Different shapes and morphologies of crystals were observed in different drops as

shown in Figure 3.2.
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Figure 3.2: Crystallization condition obtained for LigA8-13 fragment (A) JCSG++, E4 (B)
Wizard 1&2, F11 (C) JCSG++, Al (D) JCSG++, D4 (E) JCSG++, H7. The name of the
commercial screens and their specific condition number is indicated as the alphabet followed

by numerals.

Similarly, various crystallization hits were obtained for the LigB7-12 fragment of LigB. The
screening conditions such as A11, B8, and F11 of the JCSG++ and F11 of Wizard 1&2 and E1
of Wizard 3&4 yielded some needles and plate-like crystals in various crystallization drops

(Figure 3.3).
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Figure 3.3: Crystallization condition obtained for LigB7-12 fragment of LigB (A) Wizard
1&2, F11 (B) JCSG++, A1l (2) (C) JCSG++, F11 (D) Wizard 3&4, E1 (E) JCSG++, B8. The
name of the commercial screens and their specific condition number is indicated as the alphabet

followed by numerals.

Few conditions such as D10 and E3 of Wizard 1&2 and E3 of Wizard 3&4 were obtained for
the protein-containing six domains LigA8-13 fragment of LigA. The observed crystals hits are

shown in Figure 3.4.
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A

Figure 3.4: Crystallization condition obtained for Ig-like domains LigA8-13. (A) Wizard
1&2, D10 (B) Wizard 3&4, E3 (2) (C) Wizard 1&2, E3. The name of the commercial screens

and their specific condition number is indicated as the alphabet followed by numerals.

Three and four Ig-like domains containing LigA such as, Lig11-13 and LigA10-13 fragments
were, also observed to show needle-shaped crystals in conditions H11 of Wizard 1&2 and A8

of PACT Premier, respectively (Figure 3.5).

Figure 3.5: Crystallization condition obtained for Ig-like domains. (A) LigA10-13, PACT
Premier, A8 (B) LigA11-13, Wizard 1&2, H11. The name of the commercial screens and their

specific condition number is indicated as the alphabet followed by numerals.

The protein fragments containing two domains such as LigA8-9, LigA12-13, and LigB11-12
also yielded a few crystallization conditions in the screening conditions. The LigA8-9 gave
crystallization hits in conditions such as C11, E4, E11, and F11 of Wizard 3&4 and G3 of
PACT Premier (Figure 3.6).
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Figure 3.6: Crystallization condition obtained for LigA8-9 fragment (A) Wizard 3&4, C11
(B) Wizard 3&4, E4 (2) (C) Wizard 3&4, E11 (D) Wizard 3&4, F11 (E) PACT Premier, G3.
The name of the commercial screens and their specific condition number is indicated as the

alphabet followed by numerals.

Maximum numbers of crystallization hits were obtained for LigA12-13 fragment. Conditions
such as D2 of JCSG++, A2, A9 of Morpheus, D10 of PACT Premier, B12, C9, E2 and E4 of

Structure screens 1&2 yielded few needle-shaped crystals for LigA12-13 (Figure 3.7).
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Figure 3.7: Crystallization condition obtained for LigA12-13 fragment (A) JCSG++, D2
(B) JCSG++, D2 (C) Morpheus, A2 (D) Morpheus, A9 (E) PACT Premier, D10 (F) PACT
Premier, D10 (G) Structure screen, B12 (H) Structure screen, C9 (1) Structure screen, E2 (J)
Structure screen E4. The name of the commercial screens and their specific condition number

is indicated as the alphabet followed by numerals.

Figure 3.8: Crystallization condition obtained for LigB11-12 fragment in B11 of the

PACT Premier screen.
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Few conditions for single Ig-like domains, LigA9 and Ligl3, were also obtained. The

conditions D7, and D11 of JCSG++ gave crystallization hits for LigA9 (Figure 3.9).

B

Figure 3.9: Crystallization condition obtained for LigA9 single Ig-like domain of LigA
(A) JCSG++, D7 (B) JCSG++, H11. The name of the commercial screens and their specific

condition number is indicated as the alphabet followed by numerals.

Similarly, single 1g-like domain LigA13 was also observed to give crystallization hits in the

conditions such as F9 of JCSG++ and C9, E4, and F12 of Wizard 1&2 (Figure 3.10).

Figure 3.10: Crystallization condition obtained for Lig A13 fragment (A) JCSG++, F9 (B)
Wizard 1&2, F12 (2) (C) Wizard 1&2, E4 (D) Wizard 1&2, C9. The name of the commercial

screens and their specific condition number is indicated as the alphabet followed by numerals.
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3.4.2. Crystallization optimization:

The crystallization conditions thus obtained for various truncated fragments LigA and LigB
were further optimized manually in 24 well plates by vapour diffusion hanging drop method.
The techniques such as micro and macro seeding were also employed to improve the quality
of the crystals. After optimization, the diffraction quality of crystals were obtained for a few

truncated fragments such as LigA12-13, LigB7-12, LigA8-13 and, LigA8-9 (Figure 3.11).

C D

Figure 3.11: Crystals obtained after optimization (A) LigA12-13 (B) LigB7-12 (C) LigA8-

13 and (D) LigA8-9

3.4.3. X-ray data collection

Single crystals of LigB7-12, LigA8-13, LigA8-9, and LigA12-13 obtained in various
conditions were exposed to an in-house X-ray source for diffraction. Unfortunately, the crystals
of LigB7-12, LigA8-13, and LigA12-13 either tuned out to be salt crystals or diffracted very

poorly. Hence, data was not collected. A poor diffraction pattern was observed for LigB7-12
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and LigA8-13 crystals (Figure 3.12). This could be related to crystal packing issues during the

crystallization.

A B C

Figure 3.12: X-Ray diffraction pattern observed. (A&B) LigB7-12, and (C) LigA8-13

No improvement in the diffraction was observed even after many steps of crystallization

condition optimization of LigA8-13 and LigB7-12 crystals.

The crystals obtained for two Ig-like domains LigA8-9 showed a better diffraction pattern.
Two high-resolution data sets were collected from these crystals at resolutions of 2.3 A and 2.1
A. However, these two data sets were observed to be twinned and were difficult to deduce the
initial phase. The L-test of the collected data also suggested the twinned in the data sets. The
crystallization conditions were further optimized to grow better crystals of LigA8-9.
Fortunately, the diffraction quality crystals were obtained in a crystallization condition
containing 23% PEG3350, 260mM potassium iodide, and 100mM Bis-Tris Propane pH 7.5
and we were able to collect a higher resolution (1.8 A) data set this time. The diffraction pattern
of the crystal LigA8-9 observed at a resolution of 2.3 A and 1.86 A is shown in Figure 3.13

and Figure 3.14, respectively.
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Figure 3.13: Diffraction pattern of one of the LigA8-9 crystals covering 1° oscillation

range and diffracted up to 2.33 A.

Figure 3.14: Diffraction pattern of one of the LigA8-9 crystals. Covering 1° oscillation and

diffracted up to 1.86A.
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3.4.4. Data Processing of LigA8-9

The initial processing statistics are given in Table 3.1. The diffraction data were indexed into
the space group P2:2:2:. The unit parameters includes a=34.219, b= 63.905, c= 171.839 and
a=P=y=90°. The Rmerge Of the data was calculated to be 11.3 and Matthew’s coefficient
calculated two molecules in an asymmetric unit. The completeness of the data was calculated

to be 96.5%. The total number of unique reflections collected was calculated to be 31943.

Table 3.1: Data collection and processing statistics

Data Collection & Processing Stats

Diffraction source CCMB Hyderabad
Detector Mar345
Wavelength (A) 1.5417

Space group P212:2;

Unit cell Parameters (A) a=34.219, b= 63.905,
c=171.839
a=B=y=90°

Resolution range (A) 85.9-1.87

No. of total reflections 213687 (8909)

Number unique reflections 31943(1705)

Mean (I)/o(I) 9.1(2.9)

Rmerge ! (%) 11.3 (34.9)

Completeness (%) 96.5

Probable Solvent content (%) 49.8

No. of molecules in asymmetric unit 2

Multiplicity 55

Values in parentheses refer to the last resolution shell (1.91-1.87A)
I-R =2 0 | (hkl) - <I (hkl) >/ Z, | Z. 1. (hkl), where 1, (hkl) are intensities of

merge

symmetry redundant reflections and </ (#kl) > is the average intensities over all

observations
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The possibility of twining of data was ruled out by analyzing the L-test of the data set that was
collected up to 1.86 A. The test showed the cumulative distribution function for perfect twinned
and untwined data. The expected cumulative distribution function was observed towards

untwined data, suggesting that the collected data set may not be twinned (Figure 3.15).

10°

75x 107" 4

5x107% 1

N(IL])

2:5:%:10} -

—e— Twinned
—=— Untwinned
—— N(L)

0.0 0I2 0I4 0'6 0'8 10

I
Figure 3.15: Cumulative distribution function of the centric and acentric reflections
observed in the LigA8-9 data. Acentric reflection, perfect twin (——), centric, untwinned (—

»—), and observed acentric, untwinned (——).

Wilson plot analysis showed a typical distribution of intensities of the observed data is the same
as the reference distribution of the characteristic protein (Figure 3.16). Probable solvent
content was estimated to be 49.8%. The crystals of LigA8-9 contain two molecules in an

asymmetric unit.
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Figure 3.16: Wilson plot for LigA8-9 data extending to 1.86A. The fall-off intensity is

expected for protein crystals and is similar to the reference protein.
3.4.5. Structure solution and refinement of LigA8-9 data

A single crystal of LigA8-9 fragment (residues 672-851) consisting of two Ig-like domains of
LigA (Figure 3.17), was diffracted and diffraction data were indexed into the space group
P2:2:21. The initial phase was calculated by using the solution structure of LigB12 (2MOG) as
a template. The final structure of LigA8-9 has been resolved up to 1.8 A resolutions, with the
Rwork and Rfree 21% and 24%, respectively (Table 3.2). Two molecules of LigA8-9 were
observed in the asymmetric unit and named chains A and B. Almost all the residues were
observed in the electron density. The final model consists of a total of 185 residues in each

monomer.

71|Page



Chapter 3 Crystallization and Structure determination

1-1224 aa
q_é Conserved lg-like Domains A Variable lg-like Domains ’
= :
N Al A2 A3 A4 AS A6 A7 A8 A9 Al0 r A1l = Al12 + Al3 C
672-851
(a8 {9 ]
Domains used in this study

Figure 3.17: A schematic picture of LigA protein domains organization, indicating
constant and variable domains. A total number of residues are indicated. Fragment of two

domains (LigA8-9) of LigA is also represented.

Table 3.2: Model building and refinement statistics

Refinement Statistics

Resolution range (A) 85.9-1.85
Working R-factor (%) 21
Final R, (%) 24
Rmsds
Bond lengths (A°) 0.019
Bond angles (°) 1.42
Average B values
Main chain (Subunit A) 18.36
Side chain (Subunit A) 21.46
Main chain (Subunit B) 19.68
Side chain (Subunit B) 23.59
Ions 36.12
Ligands 25.35
Water 25.2
Number of Tons 33
Number of ligands 3
Number of water 247

# Five percent of reflections have been chosen as Riree Set.
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The refined model of LigA8-9 was subjected to structure validation to assess its quality. The
final model showed an overall good geometry as assessed by Ramachandran plot analysis
(Figure 3.18). The final structure comprised 99.4% of amino acids in the allowed regions and
only 0.6% of amino acids in the disallowed regions. Overall statistics of the final structure from

the PROCHECK are given in Table 3.3.

~h

Psi (degrees)

Phi (degrees)

Figure 3.18: Ramachandran plot for the final structure of LigA8-9 fragment. All the
residues are within allowed regions. The residue Glu79 of the B-chain is the outlier and lies in

the high-temperature factor region of the structure.
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Table 3.3: Summary of PROCHECK results of the final refined structure of the LigA8-

9 fragment

Property Statistics

Ramachandran Plot

Core region 88.4% (290)
Additional allowed 11% (36)
Generously allowed 0%
Disallowed 0.6% (2)

Residue Properties (deviation of
bond length and bond angle)

Main chain bond length 99% within limits

Main chain bon angle 99.2% within limits

Planer group 97.4% within limits
G- factors

Dihedrals -0.47

Covalent -0.13

Overall 0.32

3.4.6. Overall structure

The overall structure of the LigA8-9 fragment (residues 672-851) consists of two Ig-like
domains of LigA, and is composed of B-sheets similar to other 1g-like domains. The structural
architecture of the single subunit of LigA8-9 consists of antiparallel B-strands (A-G) that form
a classical I1g-like fold. 1g-like fold includes a B-sandwich-like structure based on a Greek key
folding arrangement. The topology diagram reveals that each domain possesses almost ten
strands arranged into two sheets each, in which six antiparallel B-strands are distributed in two

sub-sheets, la and Ib, of sheet I, and the 2" sheet is formed by four strands (Figure 3.19).
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Figure 3.19: The crystal structure LigA8-9 subunit. (A) The overall structure of Ig-like

domains of LigA8-9. N-and C-termini are indicated. (B) A schematic secondary structure

topology of LigA8-9. The total B-strands of each Ig-like domain are arranged in two sheets.

The B-strands in topology and structure are depicted with the same color.

Sheet Ia of LigA8 is composed of B-strands, A, B, and C, and sheet 1b is composed of B, B’,

D, and E B-strands. A similar number of B-strands were also observed among sheets 1a and Ib

of LigA9. The sheet Il of LigA8 was comprised of four B-strands, A’, C’, F, and G, while the

sheet II of LigA9 was composed of five B-strands A’, C’, F, G, and G’ (Figure 3.19 B). The

number of B-strands was mainly conserved among the two. However, a slight variation of 3-

strand’s size was observed. These -strands among the sheets are stabilized by hydrogen bond
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interactions. Unlike typical Ig fold, the Ig domains of LigA8-9 did not possess any disulphide

bond. The amino acid sequence of LigA8 and LigA9 contains only one cysteine residue.

3.4.7. Conserved Hydrophobic core

Two layers of B-sheets close around a hydrophobic side-chain core. The core region is
conserved among the Ig-like folds. The core region is generally composed of alternating buried
hydrophobic and surface-exposed hydrophilic residues. The core of the LigA8 structure is lined
up with F693, T708, V711, W713, L720, 1740, 1742, and T753. The hydrophobic residues
F782,T797,V800, W802, 1812, 1832, and L846 are organized in the core of the LigA9 structure

(Figure 3.20 A&B).

A Hydrophobic co

\ )

N-terminal
C-terminal

N-terminal

Hydrophobic core
Lig A9 C-terminal

Figure 3.20: Hydrophobic core in Ig-like domain. (A) LigA8 structure showing the core

residues in the tick model. (B) LigA9 structure showing the core residues in the stick model.
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3.4.8. Dimerization of LigA8-9

The crystal structure of the LigA8-9 fragment consisted of two sub-units named as chain A and
chain B. The two chains of LigA8-9 were in contact through the LigA8 domain. (Figure
3.21). Moreover, the dimer interface of the two chains was performed and it was found that the
interface covered an area of 1236A2. The physiological role of dimerization of this fragment
is not known. The LigA8-9 fragment existed as a monomer in solution in our experimental
condition. The dimerized form of the LigA8-9 structure may be a crystallization artifact, which
might have been required for crystal packing. The residues present on the interface of the dimer
and are involved in the formation of Hydrogen bond between the two monomers are shown in

Figure 3.21.
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Figure 3.21: Structure of LigA8-9 dimer. Dimerization is mediated by the LigA8 domain.
The two chains of LigA8-9 are shown as yellow (LigA8_chainA), Cyan (LigA9_ChainA) and
magenta (LigA8 chainB), lime green (LigA9_ChainB) cartoon, respectively. The residues
present at the dimer interphase is represented in stick model as yellow and magenta from Chain
A and Chain B, respectively.

The structure analyzed by PDBePISA showed and compared the contribution of each monomer
to dimer formation (Table 3.4). The residues of each monomer were approximately the same
at the dimerization interface (42 and 40). About 10% of all atoms were involved in dimer
formation. Dimer formation tends to increase the solvation energy of each monomer by about

2%, classifying the dimer as stable.
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Table 3.4: Interface Summary analyzed by PDBePISA server

Structure 1 Structure 2
Selection range B A
class Protein Protein
symmetry operation X, Y, Z X, Y, Z
symmetry 1D 1 555 0_555
Number of atoms
interface 129 9.6% 128 9.5%
surface 829 61.7% 828 61.7%
total 1343 100.0% 1343 100.0%
Number of residues
interface 42 22.7% 40 21.6%
surface 176 95.1% 174 94.1%
total 185 100.0% 185 100.0%
Solvent-accessible area, A
interface 1236.1 11.6% 1224.5 11.5%
total 10664.6 100.0% 10675.3 100.0%
Solvation energy, kcal/mol
isolated structure -158.8 100.0% -159.1 100.0%
gain on complex formation -3.3 2.1% -3.1 2.0%
average gain -3.5 2.2% -3.4 2.1%

3.4.9. Binding of metals with the LigA8-9 structure

Several fo-fc electron density blobs (with an 6 contour level of more than 6) were observed on
the dimer interface of LigA8-9. These electron densities indicated the presence of metals.
Since the crystallization condition had potassium iodide, potassium and lodide were modeled
in the electron density. The coordination geometry of the potassium ions was manually
checked. Modeled potassium ions were observed forming bonds with the side chains of amino
acids and water molecules (Figure 3.22). The presence of potassium ions mostly at the dimer

interface suggests that potassium ions might be involved in LigA8-9 dimerization. However,
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no differences were observed in analytical size-exclusion chromatography. The protein did not

elute as a dimer in the presence of potassium iodide (Data not shown).
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Figure 3.22: Representation of dimer structure of LigA8-9 with potassium ions. Fo - F¢
electron density (blue mesh) around the potassium ions. Residues participate in potassium-
binding and water molecules are also shown. Chains A, and B of LigA8-9 are represented in
the yellow and green cartoon, respectively. Potassium ions and water molecules are shown in

magenta and blue spheres, respectively.

In addition, a few bigger fo-fc electron densities blobs were observed which were too big to be
water or potassium. The CheckMyBlob tool (Brzezinski et al., 2021)

(https://checkmyblob.bioreproducibility.org/server/), suggested calcium ions be preferentially

modeled in these blobs. Hence, calcium ions were modeled, and their coordinated geometry

was analyzed. The Ca?* ions were found to coordinate perfectly with the side as well as main
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chains of valine, lysine, and two threonine residues and water molecules (Figure 3.23). All
four model Ca®* ions were present in the LigA8. Surprisingly, no similar densities were
observed in LigA9. Several previous reports suggest that the Lig proteins are calcium-binding
proteins. Many in-vitro studies have demonstrated Ca?* ions binding with Lig domains.
Recently, the NMR structure of the LigA4 domain also showed Ca?* ion interaction and
reported amino residues involved in Ca?* ions binding. Many of these residues were found
conserved in LigA8-9 and observed to interact with Ca?* ions. However, the physiological role

of Ca?* ions is not fully established.

Figure 3.23: Representation of dimer structure of LigA8-9 with calcium ions. Fo - F
electron density (blue mesh) around the calcium ions. Residues participate in calcium-binding
and two water molecules are also shown. Chains A, and B of LigA8-9 are represented in the
blue and yellow cartoon, respectively. Calcium ions and water molecules are shown in green

and red spheres, respectively.
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3.4.10. Structural comparison among two domains

The two domains LigA8 and LigA9 showed an RMSD value of 0.507 A when their structures
were aligned. Structurally these two domains are well aligned with each other. Their core
regions are well conserved. However, the lengths of a few strands — F and G were different.
These strands were longer in LigA8. Moreover, the loop connecting strands A to A’ in both
structures was also different (Figure 3.24A). In addition, LigA8 and LigA9 displayed different
electrostatic surface charge, suggesting a difference in surface residues among the two domains

(Figure 3.24B).

C-terminal

LigA8 LigA9

N-terminal

A B

Figure 3.24: Comparison among LigA8 and LigA9 domains. (A) Superimposition of LigA8
with LigA9 structures represented as green and magenta cartoons, respectively. (B)
Electrostatic surfaces of LigA8 and LigA9. Positive and negative charges distributions are

indicated with blue and red color surfaces, respectively.

3.4.11. Structural comparison of LigA8-9 with other Big domains
The model structure of the protein, containing both individuals and the two-domain, was used

to search for the closest homologs using the DALI server. The server showed that the protein
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belongs to the Blg_2 family of proteins, as expected. The single-domain LigA8 showed the
closest homology to LigBCen2R (PDB id-2MH4), with RMSD and z-score of 3.8 A and 6.5,
respectively. The structures of LigA9 and LigA8-9 showed the closest homology to LigA4
(PDB id- 2N7S) with RMSD of 3.1 A (z-score-8.6) and 3.0 A (z-score-8.6). The multiple
sequence alignment of LigA8 and LigA9 and its closest homolog is given in Figure 3.25 &
Figure 3.26. An additional -strand was observed in the case of LigA9, which was not present
in any other reported domains. Furthermore, the closest homologous structures other than
Leptospira are the Bacteriophage T5 tail protein Pb6 (PDB ID 4UID) for LigA8 and the crystal
structure of the Geobacillus stearothermophilus sugar-binding S-layer protein SbsC (PDB ID

5NGJ) for LigA9 and LigA8-9.
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Figure 3.26: Sequence comparison between LigA9 and its closest structural homolog

The structures of the individual Ig-like domain of LigA8-9 were superimposed well with the
NMR structures of LigA4 (PDBID- 2N7S), LigB12 (PDBID- 2MOG). LigA8 showed an
RMSD value of 2.363 A and 1.728 A with the structures LigA4, and LigB12, respectively

(Figure 3.27 A&B). On the other hand, the LigA9 showed an RMSD value of 2.426 A and

83|Page



Chapter 3 Crystallization and Structure determination

1.604 A with LigA4 and LigB12 structures, respectively (Figure 3.27 E&F). Interestingly,
both LigA8 and LigA9 had fewer structural differences with the LigB12 compared to LigA4.
Suggesting that LigA8 and LigA9 are structurally closer to the terminal domain of LigB.
Furthermore, the structural comparison with intimin showed an RMSD of 2.217 A with LigA8
and 0.408 A with LigA9, suggesting LigA9 is structurally similar to intimin (Figure 3.27
C&G). However, LigA8 and LigA9 showed significant deviation with the Invasin (Figure

3.27 D&H).

Figure 3.27: Structural comparison with Ig-like domain-containing proteins. Structures
are represented as ribbon. (A) LigA8 (red) superimposed on LigA4 (black), (B) LigA8 (red)
superimposed on LigB12 (green), (C) LigA8 (red) superimposed on Intimin (magenta) (D)
LigA8 superimposed on Invasin (yellow-orange) (E) LigA9 superimposed on LigA4 (black)
(F) LigA9 superimposed on LigB12 (green), (G) LigA9 superimposed on Intimin (magenta),

(H) LigA9 superimposed on Invasin (yellow-orange).
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3.4.12. Domain orientation in LigA8-9

The two domains of LigA8-9 were oriented at an angle of 124.8° to each other. The total shape
of the LigA8-9 was observed as an elongated structure with a dimension of 914 A length, 32.4

A height and 28.4A breadth (Figure 3.28 A&B).

Figure 3.28: Size and orientation of LigA8-9. (A) Representation of the total shape and size

of the LigA8-9, (B) Orientation angle between the two domains.

Orientation of these two domains in LigA7-8 is controlled by an inter-domain salt bridge near
the loop region between LigA8 and Lig9. The lysine of LigA8 forms a slat bridge with aspartic
acid of LigA9 (Figure 3.29 A). These residues were conserved in all domains (Figure 3.29 B).
Electrostatic interactions between similar positions are also present in between the three Blg
(bacterial 1g-like) domains found in the invasin (Yersinia pseudotuberculosis) structure. The

involvement of salt bridges near the loop region promotes stability between multi-domain
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LigA. Based on the angle formed between the two domains and the conservancy of the salt
bridge forming residues, a probable domain orientation of the variable LigA7-13 is proposed
(Figure 3.29 C). The domains may be oriented in an elongated zigzag fashion such a way that
the conserved lysine residue from one Ig-like domain is readily positioned toward a conserved
aspartic acid on the loop between p-strands of the subsequent Ig-like domain and results in the

formation of salt-bridges.
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Figure 3.29: Proposed orientation of LigA variable domain (A) Lys and Asp interactions

between LigA8 and LigA9 domains (B) Conservation of Lys and Asp residues among all Ig-

like domains of LigA (C) Probable domains orientation in the variable domain of LigA.
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3.4.13. Interaction with fibronectin

Lig proteins bind to the number of host ECMs proteins to establish colonization such as
fibrinogen, fibronectin, integrin, and collagen. Several reports suggest that LigA and LigB
proteins interact with the gelatin binding domain of fibronectin. The probable interacting
residues of LigA8-9 with GBD were identified through molecular docking studies (Figure
3.30). GBD interacted with the loop region of LigA8 and LigA9 domains via 11 hydrogen
bonds and 1 salt bridge interaction, involving 6 residues of GBD and 7 residues of LigA8-9
(Figure 3.30 B&C). The residues Lys126 (LigA9) and Asp99 (GBD) are involved in the

formation of both H-bond and salt bridges.

Y120

e

SRy ©
~A

D99

Figure 3.30: Docking GBD domain of fibronectin with the structure of LigA8-9 (A)
Docked structure of GBD (Magenta, surface representation) and LigA8-9 (Forest green for
LigA8 and marine blue for LigA9, cartoon representation) (B) Residues contributing in the

hydrogen bond formation (C) Residues forming salt bridges.
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3.5. Conclusions

Lig proteins play an important role in Leptospira infection and knowledge of its structure at
atomic level can help in designing therapeutic against it. The NMR structure of only single
domain is available. In this chapter we have tried to determine the structure of Lig proteins
using x-ray crystallography method. The purified proteins (mentioned in Chapter 2) were
subjected for crystallization screening using various commercially available screens. Many
crystallization hits were obtained for the truncated proteins containing single and multiple
domains. On optimization, we obtained diffraction quality crystals for truncated proteins such
as LigA8-9, LigA12-13, LigA8-13 and LigB7-12. The high-resolution data for LigA8-9 were
collected and solved at a resolution of 1.8A. The structure determination using molecular
replacement, reveals that the protein is majorly composed of B-sheets and followed Greek-key
like folding pattern. The protein showed close homology with other Ig-like domains containing
proteins such as intimin, LigA4 and LigB12. The angle of orientation between the two domains
was calculated to be 124.8°. Using the structural details conserved salt bridge forming residues
were identified in the loop region between the two domains. The structural details were further
utilized to perform molecular docking with human fibronectin GBD. On analyzing the docked
complex, we identified the probable residues involved in forming polar contacts with the

human GBD. This chapter deals with the structure determination of LigA8-9.
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Chapter 4 Identification of antigenic epitopes within Lig

4.1. Introduction

Leptospirosis is considered one of the most neglected zoonotic diseases. The symptoms of the
disease were identified over 100 years ago, but there is still a shortage of appropriate treatments
and effective vaccines for the pathogenic Leptospira. Hence, an advancement in the
development of new therapeutics and effective subunit vaccines is warranted. The current
vaccines are based on inactivated whole-cell or membrane preparations from pathogenic
Leptospira species. These are associated with severe side effects and do not provide cross-
protection among the pathogenic Leptospira species (Adler and de la Pefia Moctezuma, 2010b;
Rodrigues de Oliveira et al., 2021b). In order to control the disease, several virulent factors
involved in leptospiral pathogenesis are being investigated as both therapeutic targets and
vaccine candidates. Outer membrane/surface proteins (OMPs) from pathogenic Leptospira
play a significant role in establishing infection. They are being explored as attractive vaccine
targets as most of them are conserved across the serovars. Moreover, they can be recognized
by the host immune systems in the early phase of infection (Levett, 2015). One of the outer
surface proteins, the Leptospiral immunoglobulin-like (Lig) family, is reported to be the most

antigenic and attractive-vaccine candidate (Odir et al., 2011).

The family of Lig proteins is present exclusively in pathogenic species. Lig domains possess a
similar structural fold as the adhesin domains from enterobacterial pathogens (Raghavan U M
Palaniappan et al., 2007). The family of Lig proteins binds to host extracellular matrix
components (ECM) and helps pathogens to invade and help in host tissue colonization
(Christopher P. Ptak et al., 2014). In addition, Lig proteins are known to bind to the complement
factors to evade innate immunity and establish the infection (Castiblanco-Valencia et al.,
2012a). It has been reported that Lig proteins could induce significant protection against
lethality in a hamster challenge model (Conrad et al., 2017; Evangelista et al., 2017; Silva et

al., 2007b).
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Moreover, in a mouse model, ~90% protection was induced by Lig proteins (Koizumi and
Watanabe, 2004b). The ability of Lig proteins to bind varieties of host factors and contribute
toward immune induction made it possible to consider Lig proteins as putative virulent factors
and the most important vaccine candidate identified to date (Haake and Matsunaga, 2020).
Recently, antigenic motifs within a single domain have been used to generate a chimeric
immunoglobulin-like fold that showed enhanced leptospiral protection compared to whole Lig

protein (Hsieh et al., 2017).

The Lig family of proteins is a big multi-domain protein, and it is thought that its immunogenic
region may not be well accessible. Hence, knowledge of the immunogenic region/epitope will
provide opportunities for further improvement in the Lig family vaccine efficacy through
rational design. Many methods can be used to instigate the immunogenic regions or epitopes
of the Lig family of proteins. Most of these methods are expensive and time-consuming for
vaccine development. However, with the availability of many computational algorithms,
identifying immunogenic regions or epitopes has been an easy task and has expedited vaccine
development research (Dellagostin et al., 2017). There are various successful efforts toward
epitope-based vaccines against diverse pathogens such as HIV (Xu et al., 2018), Influenza virus
(Gottlieb and Ben-Yedidia, 2014), and hepatitis B and C viruses. Similar approaches have been
used to identify potential epitopes against various antigens of Covid19 (Dong et al., 2020;
Uttamrao et al., 2021). The two crucial arms that counter and eliminate pathogens are both
humoral and cell-mediated immune responses. Hence, identifying BCL and CTL epitopes is

essential for designing epitope-based engineered vaccines (De Gregorio and Rappuoli, 2012).

In the present study, the immunoinformatics approaches were applied for the comprehensive
evaluation of antigenic epitopes present in the Lig family of proteins from Leptospira
interrogans. Various T-cell epitopes were generated, and their binding interactions with major
histocompatibility complexes (MHC) were analyzed. Subsequently, structural and continuous
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B-cell epitopes were also predicted. In order to increase the confidentiality of prediction, three
different tools were used to select common and overlapping epitopes. These epitopes were
fused together with suitable linkers and incorporated with an adjuvant to generate a multi-

epitope chimeric vaccine construct.

4.2. Methodology

4.2.1. Protein sequence retrieval

The amino acid sequences of full-length LigA (Accession no. ACH89909.1) and LigB
(Accession no. AAP74956.1) were downloaded from NCBI in FASTA format. Using the
domain information from the UniProt database, we separated the sequence of individual Ig-
like domains from the full-length Lig sequence and saved them separately. All the prepared
sequences of Ig-like domains were subsequently subjected to antigenic epitopes prediction.
The methodology followed for the identification of most antigenic regions in LigA and LigB

is given as a flow chart in Figure 4.1. Tools/servers used is listed in Table 4.1.

Lig Proteins
Immunoinformatic Approach

[ CTL \_/ Linear Structu.ral ]

IEDB IEDB ABCpred DlscoTope 2.0
ProPred-I NetMHC-I1 2 3 BCPred ElliPro
NetMHC 4.0 ProPred BepiPred 2.0 BEPro
J

L

|
Generation of multi-epitope chimeric vaccine

construct
. . Vaxil
PSIPRED Structural and physiochemical | ==
Robetta . . AllerTopv. 2.0
ProSA-web properties prediction Protaram

)

ClusPro GROMACS

Figure 4.1: Flowchart of the methodology used in this study.
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Table 4.1: List of tools and servers used in this study

Server used

Server link

NCBI
I-TASSER
GalaxyRefine
SPDBV
ProSA Web
Procheck
DiscoTope
ElliPro

BEPro
ABCpred
BCPred
BepiPred
IEDB (MHC-1)
ProPred-1
NetMHC 4.0
ProPred

IEDB (MHC-11)
NetMHC 2.3
ProteoMapper
IFNepitope
AllerTop
VaxiJen
ProtParam
PSIPred
Robetta
ClusPro
RCSB
C-ImmSim
JCAT
UniProt

https://www.ncbi.nlm.nih.gov/protein

https://zhanglab.dcmb.med.umich.edu/I-TASSER/

http://galaxy.seoklab.org/cgi-bin/submit.cqi?type=REFINE

https://spdbv.vital-it.ch/

https://prosa.services.came.sbg.ac.at/prosa.php

https://servicesn.mbi.ucla.edu/PROCHECK/

http://www.cbs.dtu.dk/services/DiscoTope/

http://tools.iedb.org/ellipro/

http://pepito.proteomics.ics.uci.edu/

https://webs.iiitd.edu.in/raghava/abcpred/

http://ailab-projectsl.ist.psu.edu:8080/bcpred/

http://www.cbs.dtu.dk/services/BepiPred/

http://tools.iedb.org/mhci/

https://webs.iiitd.edu.in/raghava/propred1/

http://www.cbs.dtu.dk/services/NetMHC/

https://webs.iiitd.edu.in/raghava/propred/page2.html

http://tools.iedb.org/mhcii/

http://www.cbs.dtu.dk/services/NetMHCII/

http://www.peptideatlas.org/map/

https://webs.iiitd.edu.in/raghava/ifnepitope/predict.php
https://www.ddg-pharmfac.net/AllerTOP/

http://www.ddg-pharmfac.net/vaxijen/VaxiJen/

https://www.expasy.org/resources/protparam

http://bioinf.cs.ucl.ac.uk/psipred/
https://robetta.bakerlab.org/

https://cluspro.bu.edu/login.php

https://www.rcsh.org/
https://150.146.2.1/C-IMMSIM/index.php?page=1
http://www.jcat.de/

https://www.uniprot.org/
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http://tools.iedb.org/ellipro/
http://pepito.proteomics.ics.uci.edu/
https://webs.iiitd.edu.in/raghava/abcpred/
http://ailab-projects1.ist.psu.edu:8080/bcpred/
http://www.cbs.dtu.dk/services/BepiPred/
http://tools.iedb.org/mhci/
https://webs.iiitd.edu.in/raghava/propred1/
http://www.cbs.dtu.dk/services/NetMHC/
https://webs.iiitd.edu.in/raghava/propred/page2.html
http://tools.iedb.org/mhcii/
http://www.cbs.dtu.dk/services/NetMHCII/
http://www.peptideatlas.org/map/
https://webs.iiitd.edu.in/raghava/ifnepitope/predict.php
https://www.ddg-pharmfac.net/AllerTOP/
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/
https://www.expasy.org/resources/protparam
http://bioinf.cs.ucl.ac.uk/psipred/
https://robetta.bakerlab.org/
https://cluspro.bu.edu/login.php
https://www.rcsb.org/
https://150.146.2.1/C-IMMSIM/index.php?page=1
http://www.jcat.de/
https://www.uniprot.org/
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Cell-PLoc http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
TMHMM server http://www.cbs.dtu.dk/services/ TMHMM/
NCBI-BLAST https://blast.ncbi.nlm.nih.gov/Blast.cqi

Population Coverage http://tools.iedb.org/population/

ToxinPred https://webs.iiitd.edu.in/raghava/toxinpred/design.php
SOLPro http://scratch.proteomics.ics.uci.edu/

PDBSum Generate http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate

4.2.2. Prediction of BCL epitopes

Three different tools were used to predict the conformational and linear B-cell lymphocytes
(BCL) epitopes. Since, for the conformational epitope prediction, structural information was
required; hence all the individual Ig-like domains (7 variable domains from LigA and all 12
domains from LigB) of Lig proteins were modeled using an online server I-TASSER (Roy et
al., 2010). The i-TASSER took the terminal Ig-like domain (LigB12) NMR structure as a
template to model other individual Ig-like domains (Christopher P. Ptak et al., 2014). Using
the online tool GalaxyRefine (Heo et al., 2013), the models were further refined, and energy
was minimized using the SPDBV tool (Guex and Peitsch, 1997). The quality of the models
was checked by ProSA-web (Wiederstein and Sippl, 2007) and validated by Ramachandran
plot analysis (Laskowski et al., 1993). Three different online tools such as DiscoTope2.0
(Kringelum et al., 2012), ElliPro (Ponomarenko et al., 2008), and BEPro (Jensen et al., 2018),
with the default parameters, were employed for conformational epitope prediction.

In the case of sequence-based linear B-cell lymphocytes (BCL) epitopes prediction, ABCpred
(Sudipto Saha and G. P. S. Raghava, 2007), BCPred (ElI-Manzalawy et al., 2008), and BepiPred

2.0 (Jespersen et al., 2017) were used with the default parameters.
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4.2.3. CTL and HTL Epitope prediction

Potential cytotoxic T-lymphocyte (CTL) antigenic epitopes were predicted from each Ig-like
domain, using three different servers 1. IEDB (Andreatta and Nielsen, 2016), 2. ProPred-I
(Singh and Raghava, 2003) and 3. NetMHC 4.0 (Andreatta and Nielsen, 2016) with the default
parameters. The IEDB tool works on an artificial neural network (ANN) to cover 80 different
MHC-1 alleles, which include 36 HLA-A alleles, 34 HLA-B alleles, and 10 HLA-C alleles.
The peptides that showed IC50 value < 250 nM were selected. The ProPred-1 uses a matrix-
based method to predict potential epitopes by covering 47 MHC Class-1 alleles to predict
potential epitopes and also predicts proteasomal cleavage sites present on antigens. At the
default threshold of 4%, the prediction showed equal sensitivity and specificity towards all the
alleles; thus default threshold was selected for our analysis. The NetMHC 4.0 uses an artificial
neural network algorithm to predict 9mer peptides by covering 81 HLA-alleles belonging to
HLA-A, HLA -B, HLA-C, and HLA-E classes. Only strong binding peptides that showed a %
rank lower than 0.5 were selected. In all cases, peptides binding to MHC-I have a strong
preference for nonamer peptides; thus, nonamer peptides with good antigenic scores were
selected from each server.

For predicting helper T-lymphocytes (HTL) epitopes, three different tools, namely ProPred
(Singh and Raghava, 2002), IEDB (Wang et al., 2010), and NetMHC-I1 2.3 (Jensen et al.,
2018), were used. The ProPred uses quantitative matrices to predict 9-18 amino acid length
peptides by covering 51 HLA-DR alleles of MHC-II. The peptides with a threshold of < 3%
were selected. The IEDB server uses a consensus approach that predicts 15 mer peptides using
different methods available. Peptides showed adjusted rank < 1 were selected. The NetMHC-
Il 2.3 uses an artificial neural networking algorithm to predict 15 mer peptides. Peptides
showed a % rank < 2 were selected. NetMHC-II 2.3 covers a total of 61 different alleles

consisting of HLA-DR alleles, HLA-DQ, HLA-DP, and 7 mouse H2 class Il alleles. Peptides
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that showed binding to >3 different alleles of MHC-1 and MHC-I11 alleles were considered
promiscuous.

4.2.4. Removal of self-peptides and selection of IFN-y-inducing epitopes

The presence of self-peptides can induce autoimmune responses. To overcome this problem,
the peptides that showed overlapping with human peptides were removed using the
ProteoMapper tool (Desiere et al., 2006) at the peptide atlas server. The IFN-y positive epitopes
present among the HTL epitopes were selected using the IFNepitope server (Dhanda et al.,
2013). The IFN-y epitopes play an important role in innate as well as adaptive immune
responses by inducing T-helper cells. SVM hybrid method was used to categorize the epitopes
into IFN-y versus Non-IFN-y epitopes.

4.2.5. Epitope selection and construction of a multi-epitopes vaccine

Common and overlapping BCL, CTL, and HTL epitopes predicted from all three servers were
selected. Among them, the promiscuous, IFN- vy positive, and non-self-epitopes with the
highest antigenic score were shortlisted. Further, the epitopes common and overlapping among
all three lymphocytes were considered for a vaccine to construct. Selected epitopes were linked
with suitable linkers such as EAAAK, GPGPG, and AAY by giving sufficient space and
flexibility among the peptides to fold correctly (Arai et al., 2001; Livingston et al., 20023;
Shiraz et al., 2021). Additionally, a mycobacterial heparin-binding hemagglutinin (HBHA)
adjuvant is attached at the N-terminal to generate a multi-epitope chimeric vaccine construct
(Nezafat et al., 2014a).

4.2.6. Immunoinformatic and physicochemical analysis of the vaccine construct

The constructed vaccine was analyzed for Allergenicity using the AllerTop v. 2.0 tool
(Dimitrov et al., 2014). This tool works on auto cross-covariance (ACC) transformation of

protein. Allergenicity of the vaccine was predicted using the amino acid sequence of the final
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multi-epitope vaccine. The antigenicity of the vaccine was analyzed by the VaxiJen 2.0 server
(Doytchinova and Flower, 2007). Physicochemical parameters of vaccine construct such as
molecular weight, molar extinction coefficient, in-vivo and in-vitro half-life time, grand
average hydropathicity (GRAVY) index, and instability index were evaluated by using the
ProtParam tool (Wilkins et al., 1999).

4.2.7. Prediction of secondary and tertiary structure

The 2° structure contents in the multi-epitope vaccine construct were predicted by the
PSIPRED server (Jones, 1999). The PSIPRED uses two steps artificial neural networking
algorithm based on position-specific scoring matrices generated by PSI-BLAST. To model the
3-D structure of the multi-epitope vaccine construct, the Robetta server (Kim et al., 2004) was
used. ProSA-web server was used for further validating the quality of the modeled structure.

4.2.8. Molecular docking of multi-epitope vaccine with immune receptor

For evaluating the interaction of the multi-epitope vaccine construct with the immune receptor,
TLR4, the ClusPro server (Kozakov et al., 2017) was used with the default parameters. The
coordinate of the TLR4 (PDB ID: 3FXI) (Park et al., 2009) was downloaded from the RCSB,
followed by removing non-TLR molecules. The monomeric form of TLR4 was used to dock
with the vaccine construct. The complex between the two was generated using three subsequent
steps rigid-body docking, clustering of the lowest energy structure, and structural refinement.
The best-docked complex structure was selected based on maximum cluster size and lowest
energy score. The interaction in the complex was analyzed on LIGPLOT v2.2 and visualized
on PyMOL.

4.2.9. Molecular Dynamics Simulation studies

To study the stability of the interaction between the multi-epitope vaccine construct and the

TLR4, molecular dynamics simulation was carried out using OPLS all-atom force
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(Oostenbrink et al., 2004) field implemented in GROMACS 5.1.2. (Hess et al., 2008; Pronk et
al., 2013). The SPC (Simple point charge) was selected as a water model (H J C Berendsen et
al., 1987). The complex system was solvated in a cubic box with water molecules of 1.5 nm to
the box wall from the protein’s surface. The system was further neutralized by adding Na+
counter ions. The steepest descent method for 25,000 steps was used to cut down the internal
steric clashes until the largest force acting in the system was smaller than 1,000 kJ/mol/nm.
The complex was further equilibrated first in an NVT ensemble at 300 K for 50 ps using a
modified V-rescale Berendsen thermostat with a time constant of 0.1 ps, followed by an NPT
ensemble tol atm using a Parrinello-Rahman coupling method with a time constant of 2 ps for
50 ps (Bussi et al., 2007; Parrinello and Rahman, 1981). The complex was submitted for the
final MD run for 100 ns at 300 K. The equations of motion were integrated with time steps of
2 fs and the coordinates were saved for every 2500-time step (5ps), which resulted in a total of
4000 frames for a 50 ns simulation. The Particle Mesh Ewald (PME) method with a real space
cut-off of 10 A was used for long-range electrostatic interactions (H. J.C. Berendsen et al.,
1987). Constraints were applied to bonds involving hydrogens by implementing the P-LINCS
algorithm (Hess, 2008). A total of 20000 frames were used for graph analysis from the
production run. RMSD, RMSF, and gyrate were calculated using gmx rms, gmx rmsf, and gmx
gyrate commands implemented in the GROMACS. The graphs were plotted using
XMGRACE.

4.2.10. Immune simulation

The immunogenic response of the multi-epitope chimeric vaccine construct was predicted
using the online server C-ImmSim (Rapin et al., 2010). Using the sequence information of
vaccine construct, both arms of immune responses were predicted. An immune simulation was
performed with 100 simulation steps and one injection without LPS. The response recorded

was analyzed further.
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4.2.11. In-silico cloning

Finally, in-silico cloning was done using a suitable plasmid containing a multi-epitope
construct nucleotide sequence. The JCat server was used for codon optimization of DNA
sequence based on E.coli K12 strain (No et al., 2005). The percentage of GC ranging between
30 and 70 is treated as an optimal value. The cloning was done in the pET28a (+) expression

vector using SnapGene software at BamHI and HindllI1 restriction sites (Adames et al., 2015).
4.3. Results

4.3.1. Collection and primary sequence analysis

The sequences corresponding to individual Ig-like domains were separated from LigA and
LigB. LigA consists of 1224 residues which form 13 Ig-like domains. On the other hand, LigB
possesses 1890 residues that are divided into 12 Ig-like domains and 766 residues as non-
random C-terminal extensions. Each Ig-like domain consists of approximately 90 residues and
is connected to the adjacent Ig-like domains by three amino acid linkers. Since the first six and
a half domains are conserved among the LigA and LigB proteins, the sequences corresponding
to all 12 Ig-like domains from constant and variable regions of LigB (without non-repetitive
C-terminal domain) were considered for the analysis. While sequences corresponding to only
variable Ig-like domains of LigA were used for antigenic epitope identification.

4.3.2. lIdentification of linear and conformational BCL epitopes

The family of proteins (LigA and LigB) has been reported to be the most potent vaccine
candidate against leptospirosis (Choy et al., 2011; Henry A Choy et al., 2007b; Croda et al.,
2007). Humoral, as well as cell-mediated immunities are triggered in Leptospira infection.
Humoral immunity is majorly involved in the clearance of Leptospira by the production of
antibodies like 1gG and IgM against the leptospiral lipopolysaccharides (LPS) and other

antigenic proteins (Adler and Faine, 1977; Evangelista and Coburn, 2010). In fact, many other
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reports demonstrated the implication of the cell-mediated immune responses against
leptospirosis. Ying-Jun Guo et al. have identified a set of peptides among the Lig that were
associated with the human CD8+ T-lymphocytes (Y.-J. Guo et al., 2010). Similar studies also
illustrated the induction of CD4+ and y/6 T-cells to stimulate type 1 cytokine production against
the heat-killed Leptospira (De Fost et al., 2003; B M Naiman et al., 2001). The potential
immune protection of Lig proteins and their truncated version in the context of vaccine
candidates and their role in T-cells and B-cell mediated immune response against Leptospira
have been highlighted (Haake and Matsunaga, 2021). In order to identify B-cell epitopes, we
generated a 3-dimensional model of all individual Ig-like domains from both proteins (Figure
4.2). All the individual domains showed a similar Ig-like fold with the Greek-Key motif. The
good Z-score values and fairly good Ramachandran statistics verify the quality of 3-D models
of individual domains (Table 4.2). We used DiscoTope, ElliPro, and BEPro, three different
servers, to identify conformational (Non-continuous) B-cell epitopes. All the predicted
epitopes, for each Ig-like domain, from three servers were matched, and only common and
overlapping epitopes for each case were chosen. The three servers yielded a different number
of discontinuous epitopes, and common epitope residues were selected. As in the case of
LigA7, DiscoTope and BEPro predicted 13 residues that are involved in the formation of a
conformational B-cell epitope, while the ElliPro for the same yielded three epitopes. One

among the three was observed to be common and overlapping with the former.
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LigA7 LigA8

LigB11 LigB12

Figure 4.2: Homologous models of single variable LigA Ig-like domains and all individual

LigB Ig-like domains
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Table 4.2: Ramachandran statistics and ProSA Z score

Protein  Favoured Allowed Outlier ProSA
Region (%) Region (%) Region (%) Z-Score
LigA7 943 5.7 0 -3.64
LigA8  92.7 6.1 1.2 -4.47
LigA9 93 7 0 -4.47
LigAl0 95.3 35 1.2 -4.18
LigAll 94.1 5.9 0 -4.66
LigAl2 92 6.9 1.1 -5.17
LigA13 92 6.9 1.1 -4.35
LigB1 95.3 4.7 0 -4.96
LigB2 96.4 2.4 1.2 -3.88
LigB3 96.3 3.7 0 -4.01
LigB4  96.5 2.3 1.2 -4.10
LigB5 97.6 1.2 1.2 -3.50
LigB6 97.7 1.1 11 -3.82
LigB7 94.3 4.5 1.1 -2.98
LigB8 94 6 0 -3.10
LigB9 94.3 4.5 11 -3.73
LigB10 94.3 4.5 11 -3.17
LigB11 953 35 1.2 -2.77
LigB12 955 3.4 1.1 -4.70

The commonly selected epitope also showed a good antigenic score (Appendix Table 1). A
similar approach was followed to select the overlapping or partial overlapping epitopes from
other Ig-like domains of Lig proteins. The number of epitopes and residues involved and their
antigenic scores predicted for each Ig-like domain are listed in Appendix Table 1. The bold
residues in the list depict common and overlapping epitopes. Prediction with different servers
increases the confidence in the selection of epitopes. Similarly, three servers such as ABCpred,

BCPred, and BepiPred 2.0, were used for the linear BCL epitope identification. A total of 97
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epitopes were predicted from the ABCpred. LigA8 shared maximum linear BCL epitopes. The
BCPred predicted a total of 68 linear epitopes, and LigA8, LigB4, and LigB6 Ig-like domains
possess a significantly high number of epitopes. The BepiPred 2.0 server generated a total of
71 epitopes, and LigA11 was observed to have maximum epitopes. For each Ig-like domain,
the epitopes predicted from all three servers were matched, and common and overlapping
epitopes were sorted out. Linear epitopes for each Ig-like domain generated from each server
and their positions are listed in Appendix Table 2. The final BCL epitopes were selected based
on their presence as completely or partially in both linear and conformational predicted
epitopes. This selection criterion yielded five such epitopes from each Lig protein. The
presence of these epitopes on the Ig-like domains and their length and location are listed in
Table 4.3.

4.3.3. Identification of CTL and HTL Epitopes

Cytotoxic T Lymphocytes epitopes were identified among the Lig protein using three different
servers such as IEDB, ProPred-1, and NetMHC. The IEDB server generated 400 strong MHC-
I binding epitopes covering 35 HLA alleles for LigA and 36 HLA alleles for LigB, and the
maximum number of epitopes are observed to bind with HLA-A*68:02 allele from both
proteins. LigA contributed 27 peptides, and LigB shared 52 peptides towards binding to the
HLA-A*68:02 allele. The ProPred-I generated 1032 epitopes covering all 47 HLA alleles and
showed maximum binding with the HLA-B*58:01 allele. LigA and LigB contributed 176 and
112 peptides towards binding this allele, respectively. The NetMHC 4.0 generated 327 epitopes
that cover 72 alleles for LigA and 76 alleles for LigB. The NetMHC 4.0 predicted the maximum
number of peptides for HLA-A*11:01 allele in the case of LigA (18 peptides) and HLA-
C*15:02 in the case of LigB (26 peptides) (Appendix Table 3). Epitopes that are overlapping
or partially overlapping with at least two out of three servers and promiscuous nature, i.e.,

binding to three or more HLA alleles, are selected further for vaccine design.
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In the case of HTL epitopes, the IEDB server predicted a total of 185 strong MHC-I1 binding
epitopes (maximum binds to HLA-DRB1*07:01 for LigB and HLA-DRB1*04:23, HLA-
DRB1*04:26, HLA-DRB1*04:10 equally for LigA), ProPred server predicted 177 epitopes
(DRB1_0402 allele produced maximum epitopes for LigB and DRB1_0423 for LigA) and
NetMHCII 2.3 server predicted 665 epitopes (HLA-DQA10201-DQB10303 generated
maximum for both LigA and LigB) (Appendix Table 4). After considering promiscuous HTL
epitopes, the number of epitopes for each case was sorted as 24, 129, and 215 from IEDB,
ProPred, and NetMHCI112.3 servers, respectively. The best candidates from each server were
selected based on IFN-y positive epitopes. Finally, the HLA epitopes showing their presence
either completely or partially overlapping with at least two out of three servers are considered
for the vaccine design. The final selected epitopes were able to map only on four Ig-like
domains of each Lig protein (Table 4.5).

4.3.4. Generation of multi-epitope chimeric vaccine

The best five CTL, HTL, and BCL epitopes from LigA and LigB were used to construct multi-
epitope vaccines. The selected epitopes were predominantly present on Ig-like domains,
LigA7, LigA9, LigAll, and LigAl3 of LigA protein, and Ig-like domains, LigB1, LigB8,
LigB9, and LigB12 from LigB protein. The antigenic score of these epitopes varies from 0.4
to 1.77 (Table 4.3). These epitopes were linked by short amino acid linkers such as AAY and
GPGPG. To enhance the possibility of induction good immune response, the chimeric vaccine
was additionally fused with a well-known TLR4 agonist mycobacterial heparin-binding
hemagglutinin (HBHA) by EAAAK linker. The best combination of these epitopes was
selected based on its stability and solubility. The final chimeric vaccine construct was 360
amino acids long (Figure 4.3) and was devoid of any sequence homology with the human

protein sequences.
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Table 4.3: List of selected common epitopes for vaccine construction

Domain | MHC-I MHC-I1 B-Cell Epitopes Selected region Score
LigA9 | ATISNTKGY (48-56) | SNNSVATISNTKG (43-55) | NTKGYQGQAHGTGT (52-65) ATISNTKGYQGQAHGTGT (48-65) 1.779
LigA7 | VEIQITPAA (3-11) VEIQITPAA (3-11) IQITPAAASKAKGLT (5-19) VEIQITPAAASKAKGLT (3-19) 0.950
LigA7 GTVKVTASM (68-76) | TVKVTASMGG (69-78) LGSTLKQGTVKVTA (61-74) LGSTLKQGTVKVTASMGG (61-78) 0.879
LigA13 | TISLSSISK (6-14) IVNITISLS (2-9) SSISKTKGSTHQFK (10-24) TISLSSISKTKGSTHQFK (6-24) 0.844
LigAl1l | EVIPNNISF (4-12) VIPNNISFA (5-13) VIPNNISFAKGNSYQFKATG (5-24) VIPNNISFAKGNSYQFKATG (5-24) 0.648
LigB12 | TVSKQFFAYV (15-23) ISPINTNINTTYV (5-17) ISPINTNINTTVS (5-17) ISPINTNINTTVSKQFFAV (5-23) 0.740
LigB12 | KQFFAVGTY (18-26) | FFAVGTYSA (20-28) FFAVGTYSAGTKAD (20-34) KQFFAVGTYSAGTKAD (18-34) 0.694
LigB8 | MVNNVTGSV (49-57) | MVNNVTGSV (49-57) VNNVTGSVTTVA (50-61) MVNNVTGSVTTVA (49-61) 0.648
LigB9 TSIEITPTI (1-9) SIEITPTINS (2-10) PTINSITHGLTKQF (7-20) TSIEITPTINSITHGLTKQF (1-20) 0.563
LigB1 IKAEYNGLY (68-76) IQGNRVRGI (53-61) RVRGIASGSSIIKAEYNGLYSEQKIT | IQGNRVRGIASGSSIIKAEYNGLYSEQKITV | 0.433
V (57-83) (53-83)
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EAAAK Linker AAY Linkers

) 2 2 D

GPGPG Linkers

Figure 4.3: Schematic representation of the multi-epitope vaccine construct. HBHA is an
adjuvant (TLR4 agonist mycobacterial heparin-binding hemagglutinin). Epitopes are

represented as E and numbered from 1 to 10.

4.3.5. Physicochemical features of chimeric vaccine construct

The predicted solubility score of the vaccine construct was observed as -0.007, which suggests
that the vaccine construct is soluble upon overexpression in a heterologous expression system.
The stability index was observed to be 13.99, which categorized it as a stable protein molecule.
The overall molecular weight was calculated to be 36.6 kDa. The estimated half-life in
mammalian reticulocytes (in-vitro) was observed 30 hours, >20 hours in yeast (in-vivo), and
>10 hours in E. coli (in-vivo). Finally, the antigenicity and allergenicity score of the vaccine
classified it as non-allergen for humans and a probable antigen and can induce an immune
response when used as a vaccine. All predicted features of the vaccine construct are

summarized in Table 4.4.
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Table 4.4: Physicochemical features of chimeric vaccine construct

Physicochemical properties

Molecular weight (kDa) 36.6

The instability index 13.99 (Stable)

GRAVY score -0.007 (soluble)

The estimated half-life 30 hours (mammalian

reticulocytes, in vitro)

>20 hours (yeast, in-vivo)

>10 hours (E. coli, in-vivo)
Ext. coefficient 14900
Allergenicity (AllerTop 2.0) Non-Allergen
Antigenicity Score (VaxiJen 2.0) 0.6848 (Antigen)

4.3.6. Secondary and Tertiary structure prediction

The secondary structure content of the vaccine construct includes 16.96% a-helix, 41.38%
extended strand, and 41.66% random coil. The residues and region of the vaccine construct
involved in the formation of secondary structure are highlighted in Figure 4.4. The 3-D model
of the chimeric vaccine construct showed fairly good Ramachandran plot statistics (Figure
4.5). Approximately 99.7% of the residues were observed in the favored and additionally
allowed region, and only 0.3% of residues were present in generously allowed regions of the
Ramachandran plot (Figure 4.5 B). These statistics suggested that the 3-D model possessed
fairly ideal bond lengths and bond angles. The calculated Z-score of 5.61 from ProSA server
also validates the 3-D model of the vaccine construct. The Ramachandran and Z-Score plots of
the same are shown in Figure 4.5 B. The 3D model of the final vaccine construct consisting of

epitope regions from different Ig-like domains is shown in Figure 4.5 A.

107 |Page



Chapter 4 Identification of antigenic epitopes within Lig

...t o — Ol .,
(=}
sy CCCCCHHHHHHHHHHCCHHHHHHHHHHHHHHHCCCCCCCCCHHHCCCCCH
s MAKLSTDELLDAFKEMTLLELSDFVKKFEETFEVTAAAPVAVAAAGAAPRA

12 an ag Aag el

cant e, o el = . — .. e e —

il Jr—

—
sz HHHHHHHHHC CEEEEEEECCC O CEEEEEEEEHHHHC CC CCEEEEEECCCC
s GAAVEAAEEQSEFDVI LEAAGDKK!I GVI KVVREI VEGLGLEKEAKDLYDGA

k] o a0 (2] 1

=

2o = e s .
ot
wwm cCcCHHHHHCHHHHHHHHHHHHHHC CEEEECC CC CEEEEEECCCCCCEEEE
s PEPLLEKYAKEAADEAKMAKLEAAGATVTVHKEAAAKATI SNTEGYQGOQAHG

l

— p—

bl [n ] 120 Ml 140 150

Zunt

ot
w1 ECCCEEEEEEEECCCCEECCCCCEEEEEEEEECCCCEEEEEEEEEEEECC
a2 TGTAAYVE! QI TPAAASKAKGLTGPGPGLGSESTLEKQGTVKEKYTASMGGAAYT

151 170 no 150 200

ol

Caort

w+ CEEEEEECCCCCEECCCCCCCEEECCCCCCCCCCEEEEEEEEEECCCCCC
2l SLSESI SKTHGSTHOQFKGPGPGYI PHNNI SFAKGNSYQFKATGAALY I SPI N

211 220 230 =10 Z

5

‘
;

- CCEEEEECCCCCCCCCCCCCCCCCEEECCCEEEEEEEEECCCEEEEEEEE
g2 TNI NTTVSKOFFAVGPGPGKOFFAVGTYSAGTKADAAYMYNNVTGSVTTY

251 arn no =50 0

w1 ECCCCCEEEEEECCCCCCCCCCCCCEEEEEECCEEEEEECEEEEEEEEED
2 AGPGPGTSI EI TPTI NSl THGLTKAQFAAY| QOGNRVRGI ASGSSI1 | KAEYN

220 230 0 i)

]

ot

~nt+ CEEEEEEEEC
= GLYSEQKI TV

kL H] D HHLD s S

Legend:
Strand Caonf; - # Confidence of prediction
| Halix Cart: 2-state assignment cartocon
— il Pred: 3-state prediction

Ab:  Targst Sequsnce

Figure 4.4: Secondary structure content of the vaccine construct
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Figure 4.5: (A) 3-D model of vaccine construct. (B) Plot showing validation of the 3-D model
by Ramachandran and ProSA server. (C) Promiscuous epitopes used in the vaccine construct

are mapped with the same color code on the Ig-like domains of Lig proteins.
4.3.7. Docking complex of final vaccine construct with immune receptor

To order to get an insight into the binding of the final vaccine construct with the relative
immune receptors, a molecular docking study was executed with the TLR4. The molecular
docking analysis generated more than 30 different clusters. Cluster one showed the highest
binding score and was thus considered for further analysis. The interacting residues between
the two were analyzed using LIGPLOT v2.2, showing a strong interaction involving 32

hydrogen bonds and five salt bridges (Table 4.6). In the 3-D model of the docked complex, the
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vaccine construct was observed to interact at the concave side of TLR4 (Figure 4.6 A). The
residues from both that are involved in making interactions such as polar as well as salt bridges
are represented in the 2-D plot (Figure 4.6 B).

4.3.8. Molecular Dynamics Simulation

To evaluate the stable interactions and dynamic behavior of the multi-epitope vaccine construct
with the TLR4, Molecular Dynamics Simulation was performed for the docked complex at
100ns. The stability of the complex was investigated by some important parameters. The
complex Root Mean Square Deviations (RMSD) trajectory represents the structural variations
associated within the overall structure of the complex formation. The RMSD trajectory of the
complex indicates that the system has attained adequate stability after 50ns of the MDS (Figure
4.7 A). The RMSD trajectories of each protein in the complex were analyzed (Figure 4.8 A).
The RMSD of the complex started with 0.2nm and reached 0.65nm after stabilization; it was
maintained till the end of the simulations, which suggests that the structural arrangement for
the formation of the complex was stable. However, the RMSD plot reflects that there are
significant structural deviations at 40ns, 45ns & 70ns time points. So, to validate the
convergence after 50ns, we compared the change in interface interactions at each deviated time
point along with the stable time frames. Although there is a slight deviation in the backbone,

overall interactions were maintained till the end of the simulations (Figure 4.7 B).

110|Page



Chapter 4 Identification of antigenic epitopes within Lig

y Lys94®) . Ree®, : &
4 Lo 'Y;‘“ o,

Aspsas L |

CIn325(B;
. Tyr288(B) & R Ala301B)
cpoxe) - = yanixe ¥ /

""" A

-
v " ool TesalS s Zusw o Are20808) g
3 ‘&, ThINA) e
. g Gl B

Mg L
8 S )
= g ArgIS6R)
o Serls1®) y GLadII®) ' £
1 ¢ ) Gly3048) 1 h "
v i Pro303(B) {_Q ¢
4 e 2 . 4 Pansar) i vz
4 ] 3 q » Lys32408)
%, */ S ) 3
\ o o . ‘
3 £ e X S S St = LAECTERT 2

| ArgSa0es)

LysdS1)

o

ApSI()

Thrl26(B, Alal66(B)
/,w"’ o

The209(8)

GIN®), .
E 3 L e
P s 4
i 3
SR Aoty A
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represent hydrogen bonds.
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Table 4.5: List of residues involved in forming polar interaction and salt bridges

Interactions

Receptor Residues

Ligand Residues

Hydrogen GLU-5, VAL-6, THR-11, GLN-13, LYS-208, THR-209, GLN-331,

bonds SER-36, ARG-238, ARG-329, GLN-325, LYS-324, GLN-260,
THR-333, ARG-356, HIS-405, GLY-295, PRO-303, GLY-304,
ASP-427, HIS-430, HIS-432, LYS- ALA-301, TYR-288, THR-282
451, ASP-476, SER-478, GLN-479, SER-342, THR-126, LYS-283,
ASN-500, ASN-504, GLN-505, SER-340, GLU-131, LYS-130,
GLN-552, GLU-577, ARG-580, LYS-170, LYS-184, ALA-231,
GLU-582, GLN-590 ALA-166, SER-167

Salt-bridges GLU-5, ASP-34, ASP-58, ASP-476, LYS-208, LYS-324, LYS-324,
HIS-503, GLU-577, GLU-579, LYS-283, GLU-131, LYS-184,
ASP-588 LYS-184, LYS-94

The Root Mean Square Fluctuations (RMSF) of all residues were computed for the docked
complex. The RMSF trajectory highlights the flexibility of the residue in the docked complex.
From our results, the residues 0-600 showed relatively low RMSF, which indicates that these
residues may be involved in certain interactions to stabilize that region (Figure 4.7 C). In
contrast, the construct residues 800-820 were found to have elevated RMSF values indicating
slightly higher flexibility in these regions. Additionally, we performed separate 50ns MDS for
only the construct part to check its flexibility. It was observed that the residual RMSF is also
following the same trend as in the complex and not exceedingly more than 1.1nm (Figure 4.8

B).

The compactness of the complex was evaluated with the change in Radius of Gyration (Rg). It
was observed that during the start of simulations, the complex had higher Rg values, but after
50ns, it attained a steady Rg trend (Figure 4.7 D). This fluctuation in Rg might be due to the

folding and unfolding nature of the protein. For precision, we have analyzed the separate Rg

112 |Page



Chapter 4 Identification of antigenic epitopes within Lig

trajectory for TLR4 and construct, which clearly indicates that both proteins have attained a

flat trajectory suggesting its compactness (Figure 4.8 C)
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Figure 4.7: MDS plots of vaccine construct and TLR4 complex. (A) Backbone RMSD. (B)

RMSF of all atoms. (C) The radius of gyration.
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Figure 4.8: (A) Separate RMSD plot for the vaccine construct and TLR4 at 100ns (B) RMSF
plot for vaccine construct only at 50ns of MDS (C) Separate Rg plot for TLR4 and vaccine

construct at 100ns of MDS.

4.3.9. Immune response profile

Immune profiles of the designed vaccine construct were analyzed using an in-silico immune
simulation approach. Immune simulation response results revealed the consistency in the actual
immune response of the vaccine construct. A high level of B-cell population was observed
upon vaccine construct administration (Figure 4.9 A). At the same time, a higher titration value
of IgM+IgG and IgM was recorded after 15 days (Figure 4.9 B). This indicates induction of
secondary and tertiary immune responses. The rise in IFN- y level was observed after five days
of incubation (Figure 4.9 C). The constructed vaccine showed an increase in the T-helper cell
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population, thus indicating the activation of cell-mediated immune response (Figure 4.9 D).

This analysis ensures the clearance of antigens by induction of immune responses.
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Figure 4.9: Prediction of immune response against the generated chimeric construct (A)
Total B-Cell responses (B) Total antibody responses (C) Interleukins responses (D) Total T-
Cell responses.

4.3.10. In-silico cloning

The CAI value of the optimized DNA sequence was calculated to be 1, which is an ideal value
and increases the chance of expression in E.coli. The GC content was also in the optimal range
(49.62 %). Expression vector pET28a (+) carrying multi-epitope vaccine is shown in Figure
4.10. The final clone consists of a total of 6430bp of DNA, including a vaccine sequence

(1080bp).
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between BamHI and Hindlll restriction sites of pET-28a (+) expression vector (shown as a
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4.4. Conclusions

Multi-domain outer surface proteins, such as LigA and LigB, have been reported to be vaccine
candidates. These two consist of several (12-13) Ig-like domains with an overall size of
proteins ranging from approximately 110 to 220 kDa. It has always been challenging to express
and purify these proteins for immunological studies. Our immunoinformatic studies have
exploited multiple tools to identify the best antigenic epitopes between the two proteins. The
common and overlapping epitopes generated from these multiple tools were considered for the
design of a multi-epitope chimeric vaccine construct. The use of multi-epitopes has provided
confidence in epitope selection. We believe that our multi-epitope chimeric vaccine construct

might provide better results both for in-vitro and in-vivo assays.
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5.1. Introduction

Immunoglobulin (Ig) like domains are widely distributed domains among the proteins and
ubiquitously present across the different phyla. Structural features of the Ig-like domain among
the various proteins are quite conserved. The domain consists mainly of a B-barrel composed
of seven to nine antiparallel B-strands with the typical Greek-key fold and B sandwich topology
that displays a structurally conserved core (Halaby et al., 1999). The length and regularity of
the B-strands, as well as the length and structure of the connecting loops, are extremely variable.
The Ig- like domains are usually grouped into Ig superfamily with having a sequence
homology. In contrast, there are many Ig-like domains in proteins that bear no sequence
homology also. The presence of Ig-like domains has been reported in a large number of proteins
with diverse biological functions. They are found in proteins involved in cell-cell recognition,
cell-surface receptors, muscle structure protein, and the immune system (Chothia, 1953). Ig-
like proteins are also reported in bacterial species and are known as Bacterial 1g-(Big) domain
frequently found on cell surface proteins. The Big domain plays a vital role in the adhesion of
bacteria to the host cell and helps in an invasion of pathogenic strains. Intimin and invasin
family of outer membrane (OM) adhesins from E. coli and Yersinia, respectively, containing
Ig-like domains, have been studied in detail (Fairman et al., 2012; Seo et al., 2012). Apart from
the structural component of adhesion, Ig-like domains in PapD protein play a chaperone
function in the bacterial periplasm to help in pilus assembly. Moreover, the Ig-like domains are
found in a few oxidoreductases family of proteins, sugar-binding proteins, and a few
transcription factors, as well as in hydrolyzing enzymes (Bork et al., 1994; Holmgren and

Branden, 1989).

Bacterial Ig-like domains/proteins are also found in pathogenic Leptospiral species named
Immunoglobulin-like (Lig) proteins. The Lig proteins (LigA and LigB) are primarily located

on the surface of the pathogenic Leptospira and are reported as a potential virulent factor as
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demonstrated by various mutational studies (Christopher J. Pappas, 2015; Fernandes et al.,
2022). The role of many of these virulent factors has been investigated as vaccine candidates,
as well as their roles in interaction with the host proteins (Castiblanco-Valencia et al., 2012b;
Y. P. Linetal., 2009). Moreover, the solution structure of one of the terminal domains, LigB12,
suggests that the 1g-like domain consists of mainly B-strands that form Ig-like fold (Christopher
P. Ptak et al., 2014). Other Ig-like domains from LigA and LigB proteins have relatively similar

folds but are found to have electrostatically different (Christopher P. Ptak et al., 2014).

Additionally, individual domains from each Lig family protein display different
thermostability (Ptak et al., 2019). The Ig-like domains of Lig proteins are well characterized
in interaction with host extracellular matrix (ECM) components such as fibronectin, fibrinogen,
tropoelastin, and laminin (Henry A. Choy et al., 2007; Y.-P. Lin et al., 2009; Lin et al., 2010).
The role of LigA and LigB has also been demonstrated in serum resistance (Fernandes et al.,
2021). These roles and functions attribute Lig proteins as multifaceted proteins. However, the

hydrolyzing function of Lig proteins has not been reported yet.

In this chapter, we report a novel in-vitro nuclease activity in the Ig-like domain of the Lig
family of proteins. All 1g-like domains were able to cleave the DNA in the presence of a
divalent ion, but not RNA. Site-directed mutagenesis revealed Mg*? binding residues in the Ig-
like domain of LigA7. The basis of nuclease activity in the protein may be associated with
adopting different conformations in the presence of divalent ions and substrate, as investigated
by our fluorescence spectroscopy data. The electrostatic surface on each domain indicated the
positive charge region contributed by either lysine or arginine residues may provide a DNA
interaction site on the Ig-like domain. Docking of a stretch of double-strand DNA, shown to
bind on the positive surface of the protein. In addition, the said protein is also found to have
the ability to cleave available protease substrate, f-casein, in our experimental condition. This
is the first report of in-vitro nuclease and protease activities in Ig-like domains and Lig proteins.
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Our study contributes toward the characterization of novel functions among the Lig family of

proteins.
5.2. Materials

Necessary chemicals and reagents have been described in chapter 2 of this thesis. The plasmid
DNA for nicking studies was isolated using either plasmid isolation kits from Qiagen or
following conventional mini prep plasmid isolation protocol. Magnesium chloride was
purchased from Sigma-Aldrich. Single-stranded ®X174 virion DNA was procured from NEB.
Un-methylated DNA was prepared by polymerase chain reaction (PCR) using Pfu polymerase
from NEB. DNase (ML068) and RNase (MB087) were purchased from Himedia. Tris used for
preparing Tris-HCL buffer was purchased from BioRad. The universal protease substrate -
casein was purchased from Sigma-Aldrich (C6905). The EDTA was purchased from Amresco,
and 0.5M stock was prepared in autoclaved double distilled water. Dpnl enzyme to cleave the
methylated DNA was purchased from NEB. DNA marker was purchased from Thermo
scientific and protein ladder BioRad. The polymerase for generating the mutants was purchased

from Takara.
5.3. Experimental Procedures

5.3.1. Nuclease activity assay

To monitor nuclease/DNase activity in the Lig protein containing single as well as multiple Ig-
like domains, a supercoiled plasmid DNA (pET28a) in a reaction mixture containing 50mM
Tris-HCI (pH 8) and 10mM MgCl; was incubated with different concentrations (1uM- 10uM)
of purified recombinant proteins (mentioned in chapter 2). The reaction sample was incubated
at 37° C for 10 min, and the reaction was stopped by adding a sample buffer containing 10mM
EDTA. Plasmid cleavage, as well as nicking, were analyzed on 1% agarose gels. Single-

stranded RNA isolated from human macrophage (Provided by Prof. G. Ravi Gutti, Department
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of Biochemistry, UoH) was used to check the protein's ability to cleave RNA by following the
same protocol. RNA cleavage activity was monitored on 2% agarose gel. Nuclease/DNase
activity was also checked under varying pH conditions ranging from 4 to 8.5. Cleavage activity
with the single-stranded DNA (ssDNA) was checked using ®X174 virion DNA as a

substrate. RNase and DNase were used as positive control.
5.3.2. Effect of divalent ions on nuclease activity

Most of the known nuclease required magnesium as a co-factor. The divalent metal-ion
dependence for nuclease activity was determined by substituting Mg?* ions with other metal
ions like Mn?*, Ca?*, Fe?*, Co?*, Ni?*, Cu?*, and Zn?* in the reaction mixture. The reaction
sample was incubated at 37° C for 10 min, and the reaction was stopped by adding a sample
buffer containing 10mM EDTA. Cleavage of supercoiled plasmid DNA was monitored on the
agarose gel.

5.3.3. Intrinsic fluorescence measurement

The binding of Mg?* with the LigA7 protein was monitored using JASCO (Model No. FP-
8500) fluorescence spectrophotometer. The purified LigA7 protein (5 uM) in PBS buffer pH
7.4 was excited at 280 nm, and the emission spectra were recorded between 300-400nm at 25
°C. An increasing concentration of MgClz (2.5-7.5 uM) was titrated against the same

concentration of LigA7 protein. The data collected was plotted using excel.
5.3.4. Site-directed mutagenesis

The potential Mg?* ion-binding residues among individual LigA domains were selected and
their conservation was analyzed in all variable 1g-like domains of LigA. In order to check the
involvement of these residues in Mg?* dependent nuclease activity, mutation of these was
performed in the LigA7 gene by site-directed mutagenesis. The codon of conserved Mg?* ion-

binding residues was replaced with the alanine codon using mutagenesis primers (Table 5.1)
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and generated various ligA mutant clones in the pET28a-SUMO vector (Table 5.2). Variants

were generated by performing PCR with primers containing the desired substitution mutations.

Table 5.1: List of primers used to generate substitution mutants in ligA7.

Construct Sequence
pPET28a/ligA7 F:5 GTAGCCTTGAATCTTTCTGCGAGTCCTTTTGCTTTGGAA 3’
T22A

R: 5> TTCCAAAGCAAAAGGACTCGCAGAAAGATTCAAGGCTAC 3’
pET28a/ligA7 F:5 TTGTCCGTAAAGATACCAGCAGCCTTGAATCTTTCTGTG 3’
T28A

R: 5> CACAGAAAGATTCAAGGCTGCTGGTATCTTTACGGACAA 3’
pET28a/ligA7 F:5 GGCTACTGGTATCTTTACGGCCAACTCAAATTCCGATATTA 3’
D33A

R: 5> TAATATCGGAATTTGAGTTGGCCGTAAAGATACCAGTAGCC 3’
pET28a/ligA7 F:5 TCCAAGTAACTTGATTTGTAATAGCGGAATTTGAGTTGTCCGTAAAG 3’
D38A

R: 5 CTTTACGGACAACTCAAATTCCGCTATTACAAATCAAGTTACTTGGA 3°
pPET28a/ligA7 F: 5" GAATTCCAAGTAACTTGATTTGCAATATCGGAATTTGAGTTGTCCG
T40A

R: 5> CGGACAACTCAAATTCCGATATTGCAAATCAAGTTACTTGGAATTC 3’
pET28a/ligA7 F:5 AGGAATTCCAAGTAACTTGAGCTGTAATATCGGAATTTGAGTTGTCCGTAA 3’
T41A

R: 5> TTACGGACAACTCAAATTCCGATATTACAGCTCAAGTTACTTGGAATTCCT 3’
pET28a/ligA7 F:5 ATCCGTATTAGAGGAATTCCAAGCAACTTGATTTGTAATATCGGAAT 3’
T44A

R: 5> ATTCCGATATTACAAATCAAGTTGCTTGGAATTCCTCTAATACGGAT 3’
pET28a/ligA7 F:5° GTTGGAAACGGTAAGAATATCCGTAGCAGAGGAATTCCAAGTAACTTGATTT 3’
N49A

R: 5> TCCGCGTTTGGCGTTTGTGGCGGAAACGGTAAGAATATCC 3’
pET28a/ligA7 F:5 TTCTTACCGTTTCCGCCACAAACGCCAAAC 3’
N57A

R: 5 GTTTGGCGTTTGTGGCGGAAACGGTAAGAA 3’
PET28a/ligA7 F:5 GCAAAAGGACTCACAGCAAGATTCAAGGCTACT 3’
E23A

R: 5> AGTAGCCTTGAATCTTGCTGTGAGTCCTTTTGC 3’
PET28a/ligA7 F:5 CAAGTTACTTGGAATGCCTCTAATACGGATATT 3’
S47A

R: 5> AATATCCGTATTAGAGGCATTCCAAGTAACTTG ¥’
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The PCR product was treated with Dpnl and incubated at 37 © C for 1 hour. Dpnl treatment
removes mutation-free parent DNA. Samples treated with Dpnl were then transformed into
XL-Blue competent cells and plated on LB agar plates containing kanamycin antibiotics. Single
colonies from the transforming plate were used to keep primary cultures at 37 ° C, overnight
in a shaking incubator. The plasmid was isolated from the primary culture grown overnight
using the plasmid isolation kit. The isolated plasmid was further sent for sequencing. The
mutations were confirmed by sequencing, and recombinant mutant LigA7 proteins were

purified with the same protocol as used for the wild-type LigA7.

Table 5.2: List of substitution mutants generated in ligA7.

Mutant plasmids/clones

PET28a/ligA7T22A
PET28a/ligA7T28A
PET28a/ligA7D33A
PET28a/ligA7D38A
PET28a/ligA7T40A
PET28a/ligA7T41A
PET28a/ligA7T44A
PET28a/ligA7N49A
PET28a/ligA7TN57A
PET28a/ligA7E23A
PET28a/ligA7S47A

PET28a-SUMO bearing ligA7 T22A mutation
pET28a-SUMO bearing ligA7 T28A mutation
pET28a-SUMO bearing ligA7 D33A mutation
pET28a-SUMO bearing ligA7 D38A mutation
pET28a-SUMO bearing ligA7 T40A mutation
pET28a-SUMO bearing ligA7 T41A mutation
pET28a-SUMO bearing ligA7 T44A mutation
pPET28a-SUMO bearing ligA7 N49A mutation
pPET28a-SUMO bearing ligA7 N57A mutation
pET28a-SUMO bearing ligA7 E23A mutation
pET28a-SUMO bearing ligA7 S47A mutation

5.3.5. Purification of the mutant protein

All the generated mutants of LigA were expressed and purified using the protocol mentioned

on page numbers 33-50 of Chapter 2.
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5.3.6. Homology modeling and molecular docking

The homologous model of all single domains of variable LigA was generated using the online

server I-TASSER (https://zhanggroup.org/I-TASSER/) and following the strategy published

before (P. Kumar et al., 2021; Yang et al., 2015). The quality of the predicted model was
verified by testing the Ramachandran stats and Z-score at the PROCHECK server

(https://saves.mbi.ucla.edu/) (Laskowski et al.,, 1993) and the ProSA-web server

(https://prosa.services.came.sbg.ac.at/prosa.php) (Wiederstein and Sippl, 2007), respectively.

In order to check the interaction of LigA7 with DNA, molecular docking was performed using

the HADDOCK server (https://wenmr.science.uu.nl/haddock2.4/) (De Vries et al., 2010). The
model of a 19bp double-stranded DNA stretch (5-CCGGAGGACAGTCCTCCGG-3') was

taken from a DNA-protein complex reported in a protein data bank (https://www.rcsb.org/).

The calculation of the electrostatic potential surface of the LigA7 modeled structure was done

by the PyMOL tool.

5.3.7. Protease assay

To monitor the protease activity, a universal protease substrate, f-casein (Sigma cat no -
C6905) was used. Purified proteins (10 and 15ug) were incubated with casein (5ug) at 37° C
for 12 and 24hrs in a reaction condition containing 20mM Tris 100mM NaCl, pH 8.0. The B-

casein cleavage was checked on 15% SDS-PAGE.

5.3.8. Mass spectrometry analysis of -casein cleavage product

The proteolytic cleavage products of f-casein and the LigA7 protein bands were excised-out
from the SDS-PAGE and sent for the MALDI-MS/MS analysis to the Sandor Specialty

Diagnostics Pvt. Ltd, Hyderabad.
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5.4. Results

5.4.1. Ig-like domains of LigA possess nhovel metal-dependent nuclease activity

The LigA containing one and more than one variable Ig-like domain were proficiently cleaving
double-stranded supercoiled plasmid DNA in the presence of Mg?* ion. The extent of DNA
cleavage varies from nick formation to complete DNA degradation. High concentrations of
LigA7 displayed complete degradation of the plasmid DNA in a fixed concentration of
Mg?* ion. The cleavage effect was minimal as the concentration of LigA was decreased in the
reaction (Figure 5.1). The cleavage product was not observed when only purified proteins or

only Mg?* ions were incubated with the same plasmid DNA.
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Figure 5.1: DNA cleavage activity in LigA7 on supercoiled double-standard DNA
(PET28a). DNA cleavage activity in the presence of Mg?* ions with different concentrations

of protein was monitored on 1% agarose gel. Only DNA and protein were used as control.

Further, a decreased DNA cleavage activity was observed when EDTA was added to the

reaction mixture (Figure 5.2).
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Protein -

DNA - +
EDTA - -

4+
+++ +
14 4

Figure 5.2: Agarose gel showing metal-dependent DNA cleavage activity of LigA7 in the

presence of both Mg?* ions and EDTA

Moreover, DNA cleavage activity was reduced with the boiled protein (Figure 5.3). The

complete activity was abolished when protein was boiled with SDS (Figure 5.4).
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Figure 5.3: Agarose gel showing metal-dependent DNA cleavage activity of boiled LigA7

In addition, similar activity as LigA7 was displayed by the other purified LigA variable single
domains such as LigA8, LigA9, LigA10, LigAll, LigA12, and LigA13. Since Lig proteins are
reported to be calcium binding proteins, the activity was performed in the presence of Ca?* as

well (Figure 5.5).
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Figure 5.4: Agarose gel showing metal-dependent DNA cleavage activity of boiled LigA7

in the presence of SDS.
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Figure 5.5: Agarose gel showing metal-dependent DNA cleavage activity of different

variable single domains of LigA.
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In addition, the nuclease activity with the protein containing multiple domains such as LigA12-
13 (Figure 5.6), LigA11-13 (Figure 5.7), LigA10-13 (Figure 5.8), LigA9-13 (Figure 5.9) and
LigA8-13 (Figure 5.10) was performed. This suggests that LigA7 and other variable domains
of LigA protein possess Mg?* ion-dependent nuclease activity. To our surprise, the Ig-like
domain from the LigA protein did not display any homology with any known nuclease
domains. This is the first report that demonstrated this novel nuclease activity within the LigA

domains to the best of our knowledge.

Mg® - - + + + + + + + +
Protein - + + + + + + + + +
DNA + + + + + + + + + +

Figure 5.6: Agarose gel showing metal-dependent DNA cleavage activity of LigA12-13
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Figure 5.7: Agarose gel showing metal-dependent DNA cleavage activity LigA11-13
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Figure 5.8: Agarose gel showing metal-dependent DNA cleavage activity LigA10-13.

Mg*
Protein

DNA

Figure 5.9: Agarose gel showing metal-dependent DNA cleavage activity LigA9-13.
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Figure 5.10: Agarose gel showing metal-dependent DNA cleavage activity LigA8-13.
5.4.2. Preference of divalent ions on the LigA nuclease activity

Since the LigA7 showed nuclease activity in the presence of Mg?* ions, the preference of LigA7
for other divalent ions on the nuclease activity was also investigated. Similar to Mg?* ions
concentration, MnCl, CaCl,, FeClz, CoClz, NiClz, CuClz, and ZnCl, were added with the
purified proteins in the reaction sample. Interestingly, the LigA7 showed complete degradation
of plasmid DNA in the presence of MgClz, MnCl, and CoCl: to an almost similar extent,
whereas in the presence of other divalent ions, the LigA7 displayed less or no activity (Figure

5.11).
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Figure 5.11: 1% agarose gel showing DNA cleavage activity of LigA7 on circular double-

strand DNA in the presence of different divalent ions.

Moreover, the quantification of DNA on the agarose gel in the presence and absence of divalent
ions revealed the maximum activity of LigA7 in the presence of MgCly, suggesting LigA7 has

mainly preference towards the Mg?* ion for this activity. Henceforth, all the other reactions

were carried out further in the presence of Mg?* ions.

The effect of pH on the nuclease activity was also investigated. The LigA7 is observed to show
a partial degradation of the plasmid DNA in the presence of a similar concentration of Mg?*
ions at pH 4.0. However, the activity was high and displayed a complete degradation at pH 8.5
of the reaction mix (Figure 5.12). Similar to the LigA7, multiple domains from LigA exhibited
the same observation at different pH. This observation suggested that all the individual domains

as well as a combination of multi-domains possess better nuclease activity at pH 8.5 (Figure

5.12).
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Figure 5.12: Representation of DNase activity in LigA7 with pH variation.

5.4.3. LigA7 nuclease activity on single-stranded DNA and RNA

Whether the metal-dependent nuclease activity exhibited by LigA7 has any substrate
preference towards single or double-stranded DNA, we observed a complete degradation of
single-stranded ®X 174 virion DNA by LigA7 in the presence of metal ions (Figure 5.13). This
result suggested that the LigA7 can degrade both types of DNA, and no specific preference

was displayed in this context.
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Figure 5.13: Agarose gel showing metal ion depended on DNA degradation of ssSDNA by
LigA7.
Moreover, LigA7 was also observed to cleave the PCR amplified product, which was

considered an unmethylated DNA (Figure 5.14).

mMg* - +
Protein - +
DNA + +

Figure 5.14: Agarose gel showing metal ion-dependent DNA degradation of Un-

methylated DNA by LigA7.
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However, the LigA7 could not display any activity to degrade RNA in the presence of divalent
ions. The same activity was checked at both lower and higher concentrations of LigA7 (Figure
4). In both conditions, no activity was noticed. This suggests that the LigA7 prefers only DNA
and not RNA for the cleavage activity. The reason for this preference is not known at this
moment but opens up an avenue to investigate in this context. This observation could be

concluded that LigA7 acts as DNase instead of nucleases.

Mg
Protein

Figure 5.15: Metal depended DNA cleavage activity of LigA7 on RNA monitored on 2%
agarose gel. RNase A was used as a positive control. Two different concentrations of protein

were used with the fixed concentration of Mg?* and RNA

136 |Page



Chapter 5 Characterization of novel activities in Lig

5.4.4. Binding of Mg?* ion with LigA7

Given our observation of the involvement of the Mg?* ion in the DNase activity of LigA7, we
asked whether the Mg?* ion binds to the LigA7. To address this question, we performed a
fluorescence titrations experiment wherein quenching of LigA7 intrinsic tryptophan emissions
was monitored with an increasing concentration of Mg?* ion (MgCl,). Figure 5.16 presents
representative intrinsic tryptophan emissions spectra. Emissions were observed at a maximum
wavelength of ~317 nm in the absence of MgCl, and underwent significant quenching as the
MgCl, concentration was increased. Mg?* ion-dependent quenching of LigA7 emissions
spectra results in a concurrent decrease in the intrinsic fluorescence intensity, suggesting the

binding of Mg?* ions with the protein residues.

Fluroscence intensity

300 320 340 360 380 400
Wavelength

Figure 5.16: Fluorescence measurements of LigA7. Intrinsic fluorescence profile shows
emission maxima at ~317 nm using 5 uM protein with varying concentrations of Mg?* ion 0
uM, 2.5 uM, 5 uM, and 7.5 puM are displayed as blue, green, magenta, and grey curves,

respectively.
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5.4.5. Effect of LigA7 point mutations on the nuclease activity

In order to investigate the residues which bind the Mg?* ions, we have predicted the possible
Mg?* binding residues in LigA7. Many potential residues, such as T22, D33, D38, T41, T44,
N49, and N57, were conserved among other variable Ig-like domains of LigA and depicted as

stars in the sequence alignment (Figure 5.17).
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Figure 5.17: Multiple sequence alignment of all single Ig-like domains from the variable
region of LigA. Star signs below the sequence denote conserved probable Mg?* ion-binding

residues.

The point mutations of LigA7 were generated by replacing these residues with Ala to examine
individual residue's contribution toward DNA cleavage activity. All the plasmids bearing point
mutations were transformed into expression cells. The protein was overexpressed and purified
using the protocol mentioned in Chapter 2. All the mutants showed good expression and

purified in a good amount. The purification profile of all the mutants is shown in Figure 5.18.
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Figure 5.18: 12% SDS-PAGE showing purification of all the generated mutants.

Mutants D38A and N41A of LigA7 displayed Mg?* ion-dependent DNA cleavage activity.
Other mutants are observed to have no or less activity in our condition (Figure 5.19). The

mutational analysis suggests that the residue T22, D33, T44, N49, and N57 from LigA7 binds

with the Mg?* ion and contributes to the activity.

Figure 5.19: Effect of Mg?* ions on LigA7 mutant proteins for the DNA cleavage activity.
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5.4.6. Molecular docking study reveals potential DNA binding surface

In order to map potential DNA binding surfaces of the LigA7, we calculated the electrostatic
surface charge potential for LigA7. Since the LigA7 structure was unavailable, a 3-D model of
LigA7 was generated using the LigB12 NMR structure as a template. The homologous model
of LigA7 was validated by checking the Ramachandran plot and overall Z-score of the model
(Figure 5.20). The energy-minimized structure of LigA7 was used for molecular docking with
a 19 bp double-stranded DNA stretched with the HADDOCK server. The best-docked complex
having the highest energy of -315 kJ/mol was considered to examine the interactions with the
DNA stretch. The calculated electrostatic potential surface charge showed a positively charged

patch on LigA7 (Figure 5.21).
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Figure 5.20: Validation of homologous model of LigA7 (A) Ramachandran plot (B) overall

Z-score.

The positive residues involved in the formation of polar interaction with the negatively charged
DNA strand include mostly basic residues such as GIn7, Lys15, Lys17, Thr20, Arg22, Phe23,
Asn34, Lysb59, Arg60, and Ser64. This region is the most plausible binding site for the

negatively charged DNA, facilitating the DNase activity of the protein.
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Figure 5.21: Representation of LigA7 and DNA complex. Eight nucleotides length of
double-strand was docked on LigA7 modeled structure. LigA7 model is shown as surface

electrostatic charge potential, and the DNA double-strand is represented as a cartoon.
5.4.7. LigAY7 also possesses novel protease activity

The Lig family of proteins is known as multifaceted proteins. So far, our study has established

its novel DNase activity. In order to probe other functions of this protein, we have subjected

the sequence of LigA7 to the MoonProt 2.0 (http://moonlightingproteins.org) (Mani et al.,

2015a) and Protldent server (http://www.csbio.sjtu.edu.cn/bioinf/Protease/) (Chou and Shen,

2008). The MoonProt server predicts moonlighting proteins that contain more than one distinct
function in a polypeptide. The MoonProt predicted peptidase function in the LigA7. In order
to confirm this predicted function, we have examined the degradation of B-casein by the LigA7
in in-vitro conditions. The degradation of B-casein was observed on SDS-PAGE when
incubated with the LigA7. A decrease in the intensity of the B-casein and a smaller product of

the same was observed compared to the control (Figure 5.22).
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Figure 5.22: Protease activity. Degradation of f-casein in the presence of LigA7 incubated
at the different time points and monitored on 12% SDS-PAGE. Only LigA7 and casein

were also kept in control.

It was observed that LigA7 degraded the native form of B-casein completely at a higher
concentration of LigA7. A 20 kDa and other small fragments of $-casein were observed when
incubated for 24hrs. These bands were cut from the SDS-PAGE and sent for MALDI analysis

(Figure 5.23 and Figure 5.24).

The MALDI-MS spectra of the degraded B-casein band confirmed that, indeed, the degraded

band is a cleaved product of B-casein (Figure 5.23 A&B and Figure 5.24 A&B).
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Figure 5.23: (A) MALDI-MS spectra of the degraded casein band. (B). A sequence of the

degraded product.
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Figure 5.24: (A) MALDI-MS spectra of the degraded casein band. (B). A sequence of the

degraded product.

Protease activity LigA7 showed similar activity in the absence and presence of the
Mg?*ions. Moreover, the optimum pH required for maximum cleavage activity was observed

at pH 8.0.

In order to check the effect of protease inhibitors on the activity of LigA7, a B-casein
degradation assay was performed in the presence of an increasing concentration of protease
inhibitor cocktail. No cleavage in the B-casein was observed after incubation for 12hr (Figure

5.25) and 24hr (Figure 5.26).
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Figure 5.25: SDS-PAGE showing degradation pattern of B-Casein. The reaction was

incubated for 12hr in the presence of different concentrations of protease inhibitor cocktail.
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Figure 5.26: SDS-PAGE showing degradation pattern of -Casein. Incubated for 24hr in

the presence of different concentrations of protease inhibitor cocktail.

Furthermore, the protease activity of LigA7 was compared with boiled and native protein. The
reaction mixture without the substrate was boiled at 95° C for 20mins. The mixture was cooled
down on the ice for 5 minutes, followed by the addition of the substrate -Casein. The mixture
was incubated at 37° C for 12hr and 24 hrs. The sample was then boiled with SDS sample

buffer and loaded on SDS-PAGE to monitor the cleavage.

As anticipated, no cleavage was observed in the boiled sample incubated at both 12 and 24hr.
On the other hand, degradation was observed in the sample containing native protein. (Figure
5.27 & Figure 5.28). These observations suggest that LigA7 protein also possesses in-

vitro non-specific protease activity.
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Figure 5.27: SDS-PAGE showing degradation pattern of p-Casein. Incubated for 12hr in

the presence of boiled and native LigA7.

bé
&
3
=
N
‘é' A . )
] Native Protein Boiled Protein
B-Casein - - + 4+ 4+ 4+ 4+ +
LigA7 - + - 4+ + + + -
C——
37kDa | e
— e " —
25kDa —»| e
20 kDa —»| s
15 kDa —»|
L e e e @D s
10 kDa —»| — e S

Figure 5.28: SDS-PAGE showing degradation pattern of B-Casein. Incubated for 24hr in

the presence of boiled and native LigA7.
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5.5. Proposed model of the novel activity

Lig proteins are surface-expressed and are associated with multiple functions. Reports suggest
that when humans encounter Leptospira infection, neutrophil extracellular traps (NETS)
formation takes place to neutralize the pathogens. Many pathogens express surface nuclease to
cleave the NETs and escape the immune-mediated killing. However, the pathogenic Leptospira
escape the NET-mediated killings, but during the genome mining, no known nuclease has been
reported. The Lig proteins are highly conserved across the pathogenic Leptospira spp. and
through our study, we were able to establish the novel nuclease and protease activity in Lig.
Based on these observations, we hypothesize a model stating that Lig proteins might be
involved in Leptospira NET evasion (Figure 5.29). However, these are preliminary results and

need further investigation.
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Figure 5.29: Proposed model of this novel activity in the NET escape.
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5.6. Conclusions

In this chapter, characterization of novel nuclease and protease activities among Lig proteins
has been done. This work is the first report on the comprehensive investigation of novel
nuclease and protease activities among the Ig-like variable domains of the LigA protein from
pathogenic Leptospira. Though Lig domains possess no homology with any known nucleases,
they still can cleave DNA non-specifically in the presence of Mg?* ions. Moreover, the Lig
domains are specific to nucleic acid sugar, as LigA7 does not cleave RNA. The presence of
basic patches on the LigA7 indicates DNA binding surface and may facilitate DNA catalysis
in the presence of Mg?* ions. Through mutational studies, we were able to identify the probable
residues involved with Magnesium interactions. Our results indicate moonlighting properties
among LigA protein. Moreover, our data provide a better understanding of the involvement of

non-nucleases in NET evasion.
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Discussion

Leptospirosis is a global tropical zoonotic disease that accounts for approx. 60000 human lives
annually (Costa et al., 2015). Outer membrane proteins (OMPs) from Leptospira played a
crucial role in establishing infection and in immune evasion strategies (Fraga et al., 2014).
Many of these have been investigated for their potency of vaccine candidates. To date, the Lig
family of proteins (LigA and LigB) has been reported to be the most potent vaccine against
leptospirosis (Henry A. Choy et al., 2007; Coutinho et al., 2011; Silva et al., 2007a). Lig
proteins consist of multiple repetitive 12-13 homologous Ig-like domains divided within
constant and variable regions. The family of Lig proteins is a multifaceted protein and is
associated with Leptospiral infection (Matsunaga et al., 2003a). The LigA and LigB interact
with several host extracellular matrix components. The role of these proteins in serum
resistance has been demonstrated by knockdown mutants in L. interrogans (Fernandes et al.,
2021). They also bind with the complement regulator proteins such as FH and C4BP, allowing
pathogens to escape the immune-mediated clearance (Barbosa and Isaac, 2020; Fraga et al.,
2014). The Ig-like domain is present in a diverse class of proteins and has been involved in
various functions. Their conservancy across the pathogenic serovars and involvement in
multiple functions makes them a potential vaccine target and one of the critical biomarkers.
There are several reports which highlight the importance of Lig proteins in terms of

pathogenesis and vaccine development.

The Lig protein is one of the most studied proteins but lacks a 3-dimension structure and
antigenic regions. As mentioned in chapter 2, various recombinant LigA and LigB fragments
were cloned overexpressed and purified to homogeneity with a good yield (Table 2.10,
Chapter 2). Gel filtration chromatography profiles show that most LigA and LigB fragments
exist as monomers in the solution. All purified fragments were subjected for crystallization
trials. Many yielded crystallization hits. Only LigA8-9 crystals could diffract and data set was

collected. The three-dimensional structure of LigA8-9 was determined using X-ray

150|Page



Discussion

crystallography. The structure reveals a classical immunoglobulin-like fold. The fragment
containing the two domains showed a Greek key-like arrangement. Each domain consists of 10
anti-parallel B-strands arranged in two sheets. This arrangement is typical of a conventional I1g-
like fold (Figure 3.19). However, the length of B-strands and loop regions vary among Ig-like
folds. Overlaying the structure of individual Lig domains of LigA8-9 showed similarities to
Intimin and other Lig domains such as LigA4 and LigB12 (Mei et al., 2015a; Ptak, 2014). The
core of the Ig fold of LigA8 and LigA9 consists of many hydrophobic residues. Conserved Lys
and Asp residues involved in stabilizing domain flexibility by salt bridge formation have been
identified. The involvement of potassium ions between the dimer interfaces appears to be a
crystallization artifact, as no dimer was detected during gel filtration chromatography. The
identified calcium-binding residues were consistent with those previously determined for

LigA4 (Mei et al., 2015a). (Chapter 3).

Getting an accurate knowledge of antigenic epitopes from many big or multi-domain proteins
has been a laborious task due to constraints associated with the lack of high expression and
purification as well as subsequent structural studies. Moreover, immunological research in
vaccine design is experimentally costly and very intensive. However, the development of many
powerful computational tools in the last decade has made tremendous progress towards
handling a larger junk of genomics and proteomics data for valuable purposes. One such
example of reverse vaccinology and structural bioinformatics has been exploited successfully
to reduce the effort of screening many antigens and immuno-dominant epitopes to design
effective vaccines. Similarly, immunoinformatics approaches have been used to unveil crucial

immune-dominant determinants from available databases to develop vaccines.

This study uses various immunoinformatics approaches to construct a multi-epitope chimeric
vaccine from multi-domain outer surface proteins, Leptospira immunoglobulins like (Lig)
proteins (Chapter 4). Humoral, as well as cell-mediated immunities are triggered in Leptospira
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infection. Humoral immunity is majorly involved in the clearance of Leptospira by producing
antibodies like 1gG and IgM against the leptospiral lipopolysaccharides (LPS) and other
antigenic proteins (Adler and Faine, 1977; Karen V Evangelista & Jenifer Coburn, 2010).
Many other reports demonstrated the implication of the cell-mediated immune responses
against leptospirosis. One such is Ying-Jun Guo et. al. 2010, who identified Lig peptides
associated with the human CD8+ T-lymphocytes (Y. J. Guo et al., 2010). Similar studies also
illustrated the induction of CD4+ and y/6 T-cells to stimulate type 1 cytokine production against
the heat-killed Leptospira (De Fost et al., 2003; B. M. Naiman et al., 2001). The potential
immunoprotection of Lig proteins and their truncated version in the context of vaccine
candidates and their role in T-cells and B-cell mediated immune response against Leptospira

have been highlighted (Haake and Matsunaga, 2021).

The study predicted most antigenic BCL and CTL epitopes present on both LigA and LigB
proteins. The advantage of using numerous tools was greater confidence in predicting potential
epitopes. The selected CTL epitopes had strong binding with the respective HLA alleles
covering the wide distribution among the global population. Moreover, promiscuous peptides
were selected, followed by separating non-self and IFN- y inducing epitopes. Choosing the
non-self-peptides may help to avoid any harmful auto-immune responses. The selection of IFN-
Y epitopes is believed to induce innate and adaptive immunity (McLoughlin et al., 2008). B-
cell epitopes in a vaccine construct help in the induction of cell-mediated immunity and
contribute to antibody-based immune therapeutics (Getzoff et al., 1988; Van Regenmortel,
2006). Our study's generation of sequence-based linear and structure-based conformational
BCL epitopes using multiple tools helped us select the best overlapping potential epitopes.
Interestingly, comparing BCL and TCL epitopes further helps to sort out common and
overlapping among them and vyield final peptides for vaccine design. These peptides were

mapped on the Ig-like domains of Lig proteins and observed to be present mainly on 7, 9, 11,
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and 13 Ig-like domains from LigA and 1, 8, 9 and 12 Ig-like domains from LigB protein (Table
4.3). Interestingly, it was observed that primarily Ig-like domains from the C-terminal portion
of Lig proteins possess high antigenic epitopes. In the case of LigA, a previous study reported
that the carboxyl-terminal region of LigA protein provides protective immunity against
Leptospira infection (Silva et al., 2007a). Moreover, Continho et al. 2011 have screened within
the carboxyl-terminal of LigA and reported that the immunoprotective effect is mainly present
in 10-13 Ig-like domains of LigA (Coutinho et al., 2011). No protective effect was reported
from the N-terminal region of Lig proteins. In another study, the LigA variable region

incorporated with PLGA confers a protective immune response (Faisal et al., 2009).

Similarly, the involvement of LigB and its variant in inducing a protective immune response
against leptospiral infection have already been highlighted (Luo et al., 2009; Souza et al.,
2017). Our prediction also showed the presence of the highest antigenic epitopes from the
variable region of Lig proteins, which is in line with the previously reported studies, except for
the existence of antigenic epitopes on the 1st Ig-like domain from the constant region of LigB.
The chimeric vaccine constructs generated from the selected epitopes may provide excellent
immune response. Our final construct consists of the highest antigenic epitopes from these two
proteins linked together by AAY and GPGPG linkers. The linkers AAY and GPGPG used for
the vaccine construct were reported to have better epitope presentation ability and better sites
for proteasomal system cleavage (Farhadi et al., 2015; Livingston et al., 2002b; Nezafat et al.,
2014b). Adjuvants used in the vaccine construct induce robust immune response via the
immune receptor. Our vaccine construct is also augmented with an adjuvant HBHA at the N-
terminal. This novel adjuvant is a TLR4 agonist expressed by Mycobacterium known to induce
a Thl-type response that helps in effective immunotherapeutic strategies (Grange et al., 2008;

Jung et al., 2011). It is believed that the final construct reported in our study consists of all the
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required components for a vaccine construct that may also provide a better immune response

(Figure 4.3).

The success of any vaccine construct relies on the fact that it should confer any deleterious
effect on the host. The vaccine construct passes the test and has been categorized as non-allergic
and antigenic, which may provide the required response. Moreover, it is predicted to be stable
on overexpression and thus qualifies under a good vaccine category. Many promising vaccine
constructs follow a well-defined immunological mechanism to trigger the expected response
in the host. These responses mainly lie in the successful interaction of the vaccine constructs
with toll-like receptors. In context to Leptospira, it is reported that mice defects in TLR4, have
increased susceptibility to Leptospira infection (Koizumi et al., 2005). One of the surface
adhesins, Lsa21 from Leptospira, induces TLR4 mediated inflammatory response (Faisal et
al., 2016). These studies signify the importance of host TLR4 in immunological mechanisms
against leptospiral antigens. Here, we observed that our multi-epitope vaccine construct also
establishes a protein-protein docking interaction with the TLR4, through several hydrogen
bonds and salt bridges (Figure 4.6, Table 4.5). Molecular dynamic simulation generated
RMSDs emphasized stable interaction between our vaccine construct and TLR4 receptor.
Moreover, the interaction and compactness of the complex between the two are also indicated
in RMSF and RG plots (Figure 4.7). This suggests that our vaccine construct may follow TLR4

mediated immune response.

The ultimate aim of any vaccine is to produce a good immune response in terms of antibody
and cytokines productions. Hence, immune profiling of the vaccine construct is essential. Our
vaccine construct shows an increase in IgM antibodies after five days of vaccination, a rise in
the B-cell population, and an elevated level of IFN- y. These predicted immune profiles support
our vaccine construct's strong cellular and humoral responses. Finally, producing a
recombinant vaccine construct requires a suitable heterologous system for expression. Since
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the half-life of our vaccine construct is predicted to be reasonably stable (>10 hr.) in the E. coli
expression system, E. coli strain is used as a source for heterologous expression. Based on E.
coli strain K12, codons optimization of the vaccine construct gene was performed for the in-

silico cloning of the same in a standard expression vector, pET28a (+).

The host's innate immune system plays a crucial role in recognizing and eliminating Leptospira
in the initial phase of infection (Fraga et al., 2011). However, the pathogen has adopted various

ways to combat the host immune response by using the related proteins.

This study establishes novel activities within Ig-like domains of LigA and LigB (Chapter 5).
Interestingly, single and multiple Ig-like domains from the variable region of LigA protein
exhibit Mg?* ion-dependent nuclease activity. However, a previous study reported that proteins
with Ig-like folds bearing the His-Me finger domain act as an endonuclease (Jablonska et al.,
2017b). Unfortunately, the His-Me finger domain is not found in any of the Ig-like domains of
the Lig proteins. There was a total absence of His residues among the Ig-domains of LigA.
Surprisingly, a concentration-dependent DNA degradation was observed, and complete
degradation of supercoiled DNA was also observed at higher enzyme concentrations. The
observed DNA degradation by various Ig-like fragments of LigA was very similar to the
previously reported Vvn nuclease from Vibrio vulnificus (Li et al., 2003). To our surprise, no
structural homology with any of the known nucleases was displayed by Lig domains. Most of
the reported nucleases require metals for cleavage activity (Dupureur, 2008; Yang, 2011a). Our
study also demonstrated a metal-dependent nuclease activity. Since the Lig protein has been
classified as a calcium-binding protein, the presence of calcium is known to enhance its
interaction with the host fibronectin (Lin et al., 2008b; Raman et al., 2010). However, in our
study, the Lig protein favored the Mg?* ion over the Ca* ion for its nuclease activity. The metal

interaction with the nucleases plays a vital role in DNA catalysis in substrate affinity,
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specificity, and structural integrity (Bowen and Dupureur, 2003; Conlan and Dupureur, 2002;

Sigel, 2005; Sigel and Pyle, 2007).

Fluorescence spectroscopy is an important method for studying protein stability,
hydrodynamics, Kinetics, and ligand interactions (Sen et al., 2009). A change of fluorescence
emission and guenching experiments have been applied to study protein metal interaction
(Witkowska and Rowiniska-Zyrek, 2019). A change of intrinsic fluorescence emission of
LigA7 upon Mg?" ion in a concentration-dependent manner indicates Mg?* ion-protein
interaction (Figure 5.16). Metal ions usually coordinate to the specific residues in the protein.
Mg?* ion mainly coordinates with Cys, His, Asp, Glu, Asn, Thr, etc., residues in the protein
(Khrustalev et al., 2016). Except for Cys and His, many of these residues were conserved in
the Ig-domain of the LigA protein (Figure 5.17). The mutation of a few of these residues in
the LigA7 demonstrated their inability to cleave DNA in the presence of Mg?* ion. A reduction
in the nuclease activity with the protein bearing N49A mutation clearly indicates the
coordination of Asn49 with the Mg?* ions. In addition, other mutants such as T22A, D38A,
T44A, and N57A also showed a reduction in the activity, highlighting their role in metal
interaction and nuclease activity (Figure 5.19). The results demonstrate that, indeed, Mg?* ions
bind to LigA7. However, the binding was only investigated with LigA7, as many metal-binding
residues are conserved among other Ig-domains of LigA proteins; the same conclusion may be
extended for the different domains of LigA protein also. Nucleases exhibit cleavage activity
with various nucleotide substrates such as single-stranded DNA, double-stranded DNA,
supercoiled DNA, unmethylated DNA, and RNA. Based on their substrate preference,
nucleases have been classified as DNases or RNases (Hsia et al., 2005; Yang, 2011b). The
result demonstrates an inability of LigA7 to cleave RNA, which behaves more like DNases

(Figure 5.15).
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For any enzyme activity, a substrate has to interact with an enzyme. Similarly, the
DNase/nuclease interacts with DNA substrate and catalyzes DNA cleavage. Few DNases, such
as DNase-1, have specific binding to the minor groove of DNA for its cleavage. Other
endonucleases such as Periplasmic endonuclease, Vvn from Vibrio vunificus bind to the
phosphate backbone of a non-specific DNA and catalyze its cleavage. The electrostatic surface
of LigA7 showed a patch of basic amino acid residues, which indicates that this surface may
provide a site for the negatively charged phosphate groups of the non-specific DNA to bind
(Figure 5.21). This surface offers contact with the DNA for hydrolysis in the presence of Mg?*
ions. Our result also identified the probable DNA binding residues in the LigA7 by molecular
docking analysis study. The DNA hydrolyzing activity of LigA7 was very similar to the Vvn
endonuclease (Li et al., 2003). But, the DALI search did not yield any homology either with
Vvn or other known nuclease/DNases. At this point, the mechanism of DNA hydrolysis by
LigA7 or other LigA domains is not yet precise, but it left an avenue to investigate further.
However, this is the first report of DNA hydrolysis within the Lig proteins. Lig protein plays a
multifaceted function leading to speculation that Lig proteins may have moonlighting
functions. Surprisingly, the MoonProt server predicted that the Lig protein would exhibit
peptidase-like activity as a secondary function (Mani et al.,, 2015b). This activity was
confirmed by the LigA7 protein's ability to cleave - casein (Figure 5.22). Many proteins do
different functions under different conditions/environments, such as pH, salt, or oxidizing and
reducing conditions. Such types of proteins are known as moonlighting proteins (Jeffery,
2016). Similarly, we believe that Lig proteins may also perform different functions under
different conditions. The novel nuclease/DNase process in the Ig-domain of LigA protein
without having a nuclease/DNase motif may be associated with a transient structural change in

the presence of substrate, DNA, or probably Mg?* ion.
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The present study demonstrates a unique and novel aspect of Lig harboring protease and
nuclease activities. However, the physiological significance of this activity is unknown. As
reported earlier, Leptospira infection-induced neutrophil extracellular trap (NET) formation is
reported to evade the NET-mediated killings with unknown factors (Scharrig et al., 2015).
Neutrophils are important players involved in the manifestation of host innate response, which
aid in the clearance or neutralization of the pathogen burden in numerous ways, such as
antimicrobial peptide production, reactive oxygen formation, and pathogen phagocytosis, and
neutrophil extracellular trap formation (Amulic and Hayes, 2004). Interestingly, many
pathogens, such as Streptococcus pneumoniae, Vibrio cholerae, Paracoccidioides brasiliensis,
Prevotella intermedia, and Trypanosoma brucei has been reported to express surface-
associated/secretory nucleases, which aid them to degrade DNA which is a major component
of NETs (Doke et al., 2017; Jhelum et al., 2018; Seper et al., 2013; Zhang et al., 2021; Zonta
et al., 2021). Although the pathogenic Leptospira exhibits the ability to degrade the DNA of
NETSs, in the course of genome mining, no annotated nuclease was found in the Leptospira
(Nascimento et al., 2004). In a recent report, the single domain of LigA11 was shown to have
nuclease activity that is reported to aid in NET escape (Kumar et al., 2021). This study
establishes nuclease activity in all single 1g-like and multiple Ig-like domains of LigA. Based
on this observation, It is hypothesized that upon Leptospira infection, neutrophils get activated,
leading to NET induction. The NET traps the pathogen and neutralizes it using various
antimicrobial components. In the absence of nucleases, the pathogenic Leptospira may use the
surface-expressed Lig proteins to cleave the DNA of the NET and escape from NET-mediated
killing. It is believes that this study enhances the basic knowledge of non-nuclease proteins
involved in the NET evasion phenomenon in Leptospira and makes the foundation to explore
other pathogens. This information may be utilized to develop preventive strategies to prevent

Leptospira immune evasion. Overall finding of the study is summarized in Figure 6.1.
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Appendix Table 1: List of predicted conformation BCL epitopes

Domain BEPro DiscoTope 2.0 ElliPro
Residue No. Residue No Total Residue Total Score
LigA7 1-2, 30-33,36, 54, 56-59 | 2, 5, 29-36, 56, 58, | 13 A:Al, A:K2, A:L3, A:V4, A:E5, A:F29, A:T30, | 13 0.791
59 A:D31, A:N32, A:S33, A:N34, A:G78, A:G79
A:N55, A:T56, A:N57, A:A58, A:K59 5 0.771
A:All, A:Al12, A:Al13, A:S14, A:K15, A:Al6, | 21 0.67
A:K17, A:G18, A:S46, A:N47, A:T48, A:D49,
A:150, A:L66, A:K67, A:Q68, A:G69, A:T70,
A:T87, A:T89, A:Q90
LigA8 1,12, 24-32, 51-54, 74 1,22, 24-32, 36, 15 A:S1, A:124, A:F25, A:T26, A:D27, A:H28, 8 0.833
52-54, A:S29. A:K30
LigA8 1,12, 24-32, 51-54, 74 1,22, 24-32, 36, 15 A:133, A:A51, A:P52, A:G53, A:E54, AE55 |6 0.72
52-54,
A:T34, A:E35, A:Q36, A:E73, A:K74 5 0.652
AT7, A:A9, A:S10, A:Al2, A:K13, A:G14, | 19 0.647
A:M15, A:S42, A:S43, A:K44, A:A45, A:L46,
A:l61, A:A62, A:V63, A:G64, A:N65, A:T82,
A:T84
LigA9 1, 26-31, 51, 53-56 2,4,23,25,27-33, |13 A:T1, A:S2, A:l125, A:Y26, A:S27, A:D28, 21 0.725
54, 55, A:N29, A:S30, A:S31, A:K32, A:134, A:T35,
A:S36, A:S51, A:N52, A:T53, A:K54, A:G55,
A:Y56, A:G75, A:N76
LigA9 1, 26-31, 51, 53-56 2,4,23,25,27-33, |13 A:H10, A:C11, A:L12, A:V13, A:K14, A:G15, | 18 0.705
54, 55, A:S43, A:N44, A:N45, A:S46, A:V47, A:G64,
A:T65, A:G66, A:T67, A:S85, A:T87, A:A88
A:V8, A:K9, A:K83 3 0.561
LigA10 | 13, 27-30, 54-56 13, 28, 29, 87 4 A:A53, A:T54, A:G55, A:S56, A:K57 5 0.823
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LigA10 | 13, 27-30, 54-56 13, 28, 29, 87 4 A1, A:E2, AV25 A:F26, A:T27. A:D28. |13 0.804
A:N29. A:S30, A:T31, A:K32, A:D33, A:134,
A:T35
AT8, A:S9, A:S10, AH11, AK12, AAL3, |20 0.699
A:K14, A:G15, A:S43, A:N44, A:T45, A:A46,
A:Y47, A:L63, A:S64, A:K65, A:G66, A:T67,
A:Q85, A:T87
LigAll | 13-15_27-30, 47, 55, 65, | 13-15, 28, 29, 47, | 9 AV1, A:S2, A125, A:Y26, A:T27, A:D28, 9 0.815
65, 67, 87 A:H29, A:S30, A:E31
LigAll | 13-15,27-30, 47, 55, 65, | 13-15, 28, 29, 47, | 9 A:A13 A:K14. A:G15, A:T87 4 0.784
65, 67, 87 A:134, A:E51, AT53, AF54, A:G55, A:S56, |7 0.686
A:A57
AINS, AINO, A:I10, A:S11, A:S43. A:N44, | 14 0.677
A:P45. A:K46, A:147, A:N64, A:165 A:G66,
A:S67, A:N85
AT35, AE36, A:Q37, A:V38, A:S75, A:D76, | 7 0.575
AT77
LigAl2 | 1-2, 4,6, 13, 25-33,53- | 1, 2, 4, 23-33, 35- | 24 ARL A:Y2, A:T25, A:Y26, A:S27. A:D28, 24 | 0.682
55, 76-78, 89 37, 55, 73, 75-79 A:029. A:S30, A:T31, A:K32, A:L34, A:T35,
A:E36, A:N52, A:T53, A:P54, A:G55, A:K56,
A:K57, A:Y74, A:D75, A:H76, A:H77, A:079
1-2, 4,6, 13, 25-33,53- | 1, 2, 4, 23-33,35- | 24 AS8 AY9, A:AL0, A:G1l, AE13, AKI14, |21 0.660
55, 76-78, 89 37,55, 73, 75-79 A:G15, A:Y16, A:S43, A:N44, A:P45, A:S46,
A:S47, A:S63, A:E64, A:L65, A:G66, A:E67,
A:T86, A:T88, A:E89
LigA13 | 1,15, 29-32, 56-57, 89 1, 29-3L, 4 A:S53, A:N54, A:V55, A:D56, A:D57, A:E58 6 0.732
1, 15, 29-32, 56-57, 89 | 1, 29-31, 4 A:GL, A2, AV3, A:N4. A:K27. A:F28. A:E29, | 17 0.697
A:N30, A:G31, A:A32, A:E33, A:134, A:L36,
A:T37, A:E38, A:N77, A:S78
A:S10, A:S11, All12, A:S13, A:K14, ATI15, | 23 0.646
AK16, A:G17, A:S45, A:N46, A:P47, A:T4S,
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A:V49, A:L65, A:S66, A:V67, A:G68, A:S69,
A:K71, A:D84, A:E86, A:T88, A:P89
LigBl | 1.6,18-19, 29-37,40, | 1.6, 27,29-37,40, | 23 A:NL A:P2. A:T3. A:T5. A:R6. A129. A:F30, | 13 0.8
49-50, 55-56, 74-76, 86- | 41,56, 74-77 A:D31. A:N32, A:G33. A:T34, A:N35, A:036
87
LigBl | 16,1819, 29-37, 40, | 1.6, 27,29-37,40, | 23 A:S14. ASI5, Alll6, A/AL7, AINI8, A:G19, | 20 0.647
49-50, 55-56, 74-76, 86- | 41, 56, 74-77 A:S48, A:049, A:S50, A:V51, A:162, A:A63,
87 A:S64, A:G6E5, A:S66, A:T83, A:V84, AT85,
A:P86, A:A87
LigB2 | 1, 14-15, 25-32, 38,48, | L, 14,15, 25-32, 38, | 15 A:SL A:03, A125. A:F26. A:527. A:D28, 9 0.832
73-75, 85-86 48,73, 74 A:G29. A:S30, A:H31
LigB2 | 1, 14-15, 25-32, 38,48, | L, 14,15, 25-32, 38, | 15 AS9. AGI0. Alll, AlL12, API3, AKI4 |25 0.623
73-75, 85-86 48, 73,74 A:G15, A:T16, A:N17, A:S45, A:N46, A:P47,
A:D48, A:L49, A:161, A:N62, A:L63, A:G64,
AT65, A:ES0, A:T82, A:V83, A:G84, A:DS5,
A:A86
AlI34. A:S35 AN36, AD37, AP38, AL39, |13 0573
A:D53, A:D54, A:S55, A:G56, A:Q73, A:S74,
A:K75
LigB3 | 12 6-7,9,14-15,17, | 1,2,7,9, 14,15, |28 A:ST, A:Q2, A:125, A:Y26. A:S27, A:D28, 11| 0767
19, 23, 25-33, 36, 45-46, | 17, 23-33, 36, 46, A:N29. A:530, A:N31, A:R32, A:l34
51-53, 55, 71-72, 83-84 | 51-53.59, 71, 72,
83, 84
LigB3 | 12 6-7,9,14-15,17, |1,2,7,9, 14,15 |28 AE7L AINT2 Al73. All74 4 0.726
19, 23, 25-33, 36, 45-46, | 17, 23-33, 36, 46, ANN8. ANN9. AP10, ANIL, A:l12, AP13 |24 0.634
21-53, 55, 71-72,83-84 | 51-53, 59, 71, 72, AL14, A:G15, A:K16, A:K17, A:S43, A:N44,
83,84 AS45, A:T46, All47, A:A59, A:D6O, AT6L,
A:G62, A:163, A:180, A:T82, A:P83, A:A84
A:S35, A:S36, A:S37, A:O5L, A:N52, A:N53 | 6 0.552
LigB4 | 1,26-31 46, 53-55, 66, | 25,27-31,54.55, |9 AL, AS2, A125. A-F26. A:T27. A:D28. 11 | 0.758
75-76, 88 76 A:N29. A:530, A:N31. A:S32, A:134
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LigB4 | 1,26-3L, 46, 53-55, 66, | 25,27-31, 54,55, |9 A:G75, A:G76, A177, A:Q78 4 0.716
7576, 88 76 A:S51, AIN52, A:AB3. A:S54. A:D55 A:S56, | 7 0.695
A:H57
AT8, A:NN9, A:S10, AT1L, AV12, A:AL3, | 24 0.649
A:K14, A:G15, A:L16, A:S43, A:N44, A:T45,
A:D46, A:147, A:L63, A:N64, A:Q65, A:G66,
A:N67, A:T84, A:V85, A:T86, A:Q87, A:A88
LigB5 | 1,25-32, 36, 52-55, 74- 25-32,52-54, | 11 ATL, A:S2, A:125. A:F26, A:T27. A:D28, 9 0.854
75 A:N29, A:S30, A:K31
LigB5 | 1,25-32, 36, 52-55, 74- | 25-32, 52-54, 11 A:G74, A:K75, A:V76, A:ST7 4 0.713
75 A:V8, A:L9, AP10, ASIL, A:ll2, A:AL3, | 24 0.610
A:K14, A:G15, A:L16, A:S43, A:S44, A:A45,
A:146, A:VAT7, AHB2, A:A63, A:V64, A:G6S5,
A:D66, A:T83, A:VV84, A:V85, A:P86, A:A8
AT35, A:D36, A:Q37, A:S48, A:V49, A:S50, | 12 0.573
A:N51, A:L 52, A:D53, A:D54, A:N55, A:K56
LigB6 | 1-2, 7, 25-33, 36, 53-56, | 1, 2, 23-33, 36, 53- | 18 ATL, A:S2, A:125, A:Y26, A:S27. A:D28, 10 | 0.831
76, 90 5576 A:N29, A:530, A:N31, A:K32
LigB6 | 1-2, 7, 25-33, 36, 53-56, | 1, 2, 23-33; 36, 53- | 18 A:G75, A:K76, A:VT7, A:ST8 4 0.711
76,90 25, 76 A:S36, A:S51, A:N52. A:A53. A:054. A:K55. | 8 0.697
A:N56, A:Q57
AS1L, AL12, A:A13, AK14, A:G15, A:S43, | 20 0.670
A:D44, A:S45, A:S46, A:l47, A:AB3, A:A64,
A:T65, A:G66, A:A67, A:V86, A:T87, A:A8S,
A:A89, A:K90
LigB7 | 1,25-32, 36, 45-46, 53- | 26-31 46,53-55, | 11 A:V1, A:E2, A:125 A:F26, A:T27. A:D28, 11 | 0.768
56, 76, 89-90 90 A:N29, A:S30, A:N31, A:S32, A:134
LigB7 | 1,25-32, 36, 45-46, 53- | 26-3L, 46, 53-55, | 11 A:AL0, A:S11, AK12, A:AL3, AK14, A:GI5, | 24 0.653
56, 76, 89-90 90 A:L16, A:S43, A:N44, A:T45, A:D46, A:l47,
A:E49, A:L63, A:T64, A:P65, A:G66, A:S67,
A:K85, A:V86, A:T87, A:P88, A:A89, A:Q90
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A:T35, A:N36, A:Q37, A:T5L, A:N52, A:T53, | 10 0.607
A:S54, A:G55, A:S56, A:K57
A:L74, A:G75, A:S76, A:l77, A:K78, A:ST79, |7 0.579
A:S80
LigB8 | 27-30, 45-46, 52, 73, 85 28, 29. 46 3 A:D72, A:S73, A:l74 3 0.776
LigB8 | 27-30, 45-46, 52, 73, 85 | 28, 29, 46 3 AL, AS2, AT25. A:Y26. A:T27. A:D28, |20 0.640
A:H29, A:S30, A:V31, A:032, A:V34, A:T35,
A:A36, A:L37. A:A38. A:N51, A:N52, A:V53,
A:T54, A:G55
A:P7. A:18, A:N9, A:P10, A:S11, A:V12, A:AL3, | 25 0.625
A:K14, A:G15, A:L16, A:S43, A:N44, A:P45,
A:R46, A:K47, A:V60, A:A6l1, A:T62, A:G63,
A:N64, A:N81, A:V82, A:T83, A:P84, A:A85
LigB9 | 1-2,7,9,14-15 2631, | 27,9, 13-15, 26- | 28 ATL, A:S2, A:125. A:F26. A:S27. A:D28, 10 | 0.832
45-46, 51, 53-56, 66, 75, | 31, 33, 44-46, 51, A:K29. A:S30, A:T31, A:032
76, 81, 89-90 53-56, 63, 64, 66,
67, 88-90
LigB9 | 1-2,7,9,14-15,26-3L, |2, 7,9, 13-15, 26- | 28 AF76, A:177, A:Q78 3 0.719
45-46, 51, 53-36, 66, 75, | 31, 33, 44-46, 51, A:T35, A:Q36, A:L37, A.E51, A:N52, A:T53, | 10 0.627
76,81, 89-90 23-56, 63, 64, 66, A:S54, A:G55, A:K56, A:K57
67, 88-90 AT8, A9, A:N10, A:S1L, All12, A:T13, A:H14, | 23 0.611
A:G15, A:L16, A:S43, A:D44, A:P45, A:S46,
A:KA7, A:S63, A:K64, A:L65, A:G66, A:S67,
A:V86, A:T87, A:D88, A:L89
LigB10 | 1-2, 7, 25-31, 53-55, 75- | 1, 2, 25-31, 54,55, | 12 AKL, AS2, A:T25, A:F26. A127. A:D28, |10 0.844
77,90 76 A:G29, A:S30, A:E31, A:Q32
LigB10 | 1-2, 7, 25-31, 53-55, 75- | 1, 2, 25-31, 54,55, | 12 A:N75, A:S76, A.I77 3 0.770
77,90 76 A:S10, A:S11, All12, A:Al13, AK14, A:G15, | 26 0.607
A:L16, A:S43, A:K44 A:S45 A:D46, A:VAT,
A:A48, A:A62, A:L63, A:S64, A:165, A:G66,
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A:S67, A:N83, A:N85, A:V86, A:S87, A:A8S,
A:A89, A:T90
A:T35, A:N36, A:L37, A:I50, A:N51, A:N52, | 11 0.600
A:A53, A:A54, A:N55, A:E56, A:K57
LigB1l | 1-2.4.7,9, 15 2532, | 1-4,6,7,09,23-33, | 33 A:D1, A:S2. A:K4 A:V25. A:Y26. A:S27. |11 0.806
45-46, 53-56, 75-77, 80, | 36, 37, 46, 53-56, A:D28, A:S29. A:T30, A:131, A:032
87, 88 67, 73, 75-78, 80,
82
LigB1l | 1-2,4.7,9,15 2532, | 1-4,6,7,9,23-33, |33 A:N75, A:S76, A:177 3 0.754
45-46, 53-56, 75-77, 80, | 36, 37, 46, 53-56, A:V8, A:N9, A:N10, A:N11, A:l12, AA13, |24 0.642
87,88 67,73, 75-78, 80, A:K14, A:G15, A:L16, A:S43, A:N44, A:S45,
82 A:S46, A:S47, A:L63, A:Q64, A:l65, A:G66,
A:N67, A:T84, A:V85, A:S86, A:A87, A:A88
A:S35, A:D36, A:S37, A:S51, A:N52, A:S53, | 11 0.544
A:T54, A:E55, A:T56, A:K57, A:G58
LigB12 | 14-15, 27-30, 45-47, 53- | 14,15 46, 63, 64, | 12 AST A:S2, A:G24, AT25 A:Y26, A:S27, |12 0.749
55, 64, 66-67, 76, 86-90 66, 67, 86-90 A:A28, A:G29, A:T30, A:K31, A:A32, A:L34
LigB12 | 14-15, 27-30, 45-47, 53- | 14, 15_46, 63, 64, | 12 A:G75, A:S76, A:VT7, A:ST8 4 0.708
55, 64, 66-67, 76, 86-90 | 66, 67, 86-90 A:P7, A:18, A:NO, A:T10, A:N1L, A:l12, A:N13, | 27 0.622
A:T14, A:T15, A:S43, A:N44, A:Q45, A:S46,
A:Q47, AK49, A:163, A:A64, A:S65, A:G66,
A:N67, A:T84, A:V85, A:N86, A:K87, A:T88,
A:D89, A:T90
A:T35, A:S36, A:S37, A:S51, A:N52, A:A53, | 10 0.614
A:S54, A:E55, A:T56, A:K57
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Appendix Table 2: List of predicted linear BCL epitopes

Domain BepiPred 2.0 BCPred ABCPred,

LigA7 Peptide Position Peptide Position | Score Peptides Position | Score
ASKAKGLT 12-19 FTDNSNSDITNQ 28-39 0.992 IQITPAAASKAKGL 5-18 0.87
FTDNSNSDI 28-36 TWNSSNTDILTV 41-52 0.916 AKGLTERFKATGIF 15-28 0.87

VSNTNAKRGL 52-62 GLGSTLKQGTVK 60-71 0.695 | QGTVKVTASMGGIE | 67-80 0.80
G

EDS 79-81 DSVDFTVTQATL 81-92 0.583 | LGSTLKQGTVKVTA 61-74 0.80

SNSDITNQVTWNSS 32-45 0.80

FKATGIFTDNSNSD 22-35 0.78

AAASKAKGLTERFK | 10-23 0.75

LigA8 VSPTRASIAKG 5-15 TSIEVSPTRASI 1-12 0.898 | NISITATLEKLSGK 66-79 0.86

TDHSKKNIT 27-35 KKNITEQVTWKS 31-42 0.741 | SSSKALSMLNAPGE | 42-55 0.81

KSSSKALS 41-48 LSGKTDITVTPA 76-87 0.715 | VSPTRASIAKGMTO | 5-18 0.80
APGEEGTGKAI 52-62 APGEEGTGKAIA 52-63 0.675 | SMLNAPGEEGTGKA | 48-61 0.79
KGMTQKFTATGI 14-25 0.307 | HSKKNITEQVTWKS | 29-42 0.79
GTGKAIAVGNISIT 57-70 0.75
GIFTDHSKKNITEQ 24-37 0.75
TOQKFTATGIFTDHS 17-30 0.75
LigA9 ISPVKHCLVKG | 5-17 TLGNVSSQVSKL | 73-84 0.999 NTKGYQGQAHGTG | 52-65 0.94
LT T
YSDNSSKDI 26-34 AHGTGTGTVDIK | 60-71 0.946 GIYSDNSSKDITSA 24-37 0.78
SSNN 42-45 VATISNTKGYQG | 47-58 0.616 | SKDITSAVTWHSSN | 31-44 0.75
NTKGYQGQ 52-59 TGIYSDNSSKDI 23-34 0.373
LigA10 | NPTSSHKAKG | 6-18 FTDNSTKDITDQ | 26-37 0.948 | TDNSTKDITDQVT | 27-40 0.88
LTE W
TDNSTKDITD | 27-36 ISNATGSKGVVN | 50-61 0.720 LNPTSSHKAKGLTE | 5-18 0.85
SS 42-43 SSANATFQVTPA | 78-89 0.411 ITDQVTWKSSNTAY | 34-47 0.84
NATGSK 52-57 HKAKGLTENFK | 11-22 0.338 SHKAKGLTENFKAT | 10-23 0.80
A
LTENFKATGVFTDN | 16-29 0.77
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KGTSHISATLGSIS 65-78 0.75
LigAll | IPNNISFAKGN | 6-17 VSTTNIGSTNIT 60-71 0.855 EADITEQVTWSSSN | 31-44 0.85
S
YTDHSEADI 26-34 AKGNSYOQFKAT | 13-24 0.639 FKATGIYTDHSEAD | 20-33 0.85
G
S 43 GSTNITAKLSDTVS 66-79 0.83
P 45 VIPNNISFAKGNSY | 5-18 0.81
A 48 ASVENTFGSAGLVS | 48-61 0.75
VENTFGSA 50-57
LigAl2 | YAGIEKGYT 9-17 GTYSDOQSTKDLT | 24-35 0.920 SDOSTKDLTEDVT | 27-40 0.91
W
YSDOSTKDLT | 28-36 GEPDITVFYDHH | 66-77 0.589 TKQFSAIGTYSDQS 17-30 0.82
E
S 43 QSSYTPVTVTES 79-90 0.447 SNPSSVVIENTPGK 43-56 0.75
TPGKKG 53-58 GIEKGYTKQFSAIG 11-24 0.75
LigAl3 | SSISKTKGST 10-19 ISKTKGSTHOFEK | 12-23 0.842 SNPTVVSISNVDDE | 45-58 0.93
ENGAEIDLT 29-37 TGKFENGAEIDL | 25-36 0.585 SSISKTKGSTHOFK | 10-24 0.92
S 45 VVSISNVDDERG | 49-60 0.585 AEIDLTELVTWSSS 32-45 0.81
VDDERGL 55-61 SSSIDFEVTPEI 80-91 0.368 STHQFKATGKFENG | 18-31 0.79
LigB1 ELSYQDSSIAN | 7-21 DSTSIVPDSQSV 39-50 0.997 LEVTAIFDNGTNQN | 23-36 0.89
GTST
FDNGTNQNITD | 29-49 SIANGTSTTLEV | 14-25 0.996 ITDSTSIVPDSQSV 37-50 0.88
STSIVPDSQS
RVRGIASGSSII | 57-83 YSEQKITVTPAT 76-87 0.613 ELSYOQDSSIANGTS | 7-20 0.85
KAEYNGLYSE
QKITV
TIOGNRVRGIAS | 52-63 0.053 SIHKAEYNGLYSEQ 66-79 0.80
IANGTSTTLEVTAI 15-28 0.78
NPTIRIELSYQDSS 1-14 0.78
IOGNRVRGIASGSS | 53-66 0.76
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LigB2 | TSLGSGILPKG | 5-17 SSNPDLVQVDDS | 45-56 0.739 |IOVTSLGSGILPKG | 3-16 0.88
TN
FSDGSHODISN | 27-48 SDGSHODISNDP | 28-39 0.635 | SHODISNDPLIVWS |31-44 | 0.81
DPLIVWSSSNP
HIRASFQSKQGA | 68-79 0556 | VQVDDSGLASGINL |51-64 | 0.78
GSGILPKGTNRQ | 9-20 0553 | GINLGTAHIRASFQ | 61-74 | 0.77
LigB3 | VISNNPNIPLG | 5-18 SSNPDLVQVDDS | 45-56 0.739 | ILETADTGIVTISA | 55-68 | 0.83
KKO
YSDNSNRDIS | 26-35 SDGSHODISNDP | 28-39 0.635 | IANIQNNGILETAD | 47-60 | 0.80
HIRASFQSKQGA | 68-79 0556 | OIOVTSNNPNIPLG | 2-15 0.78
GSGILPKGTNRQ | 9-20 0553 | LIATGIYSDNSNRD |20-33 | 0.77
PLGKKQKLIATGIY |13-26 | 0.75
LigB4 | SPTNSTVAKG | 6-17 FTDNSNSDITDQ | 26-37 0.972 | TDNSNSDITDOQVTW |27-39 | 0.87
LO
FTDNSNSDITD | 26-36 TWDSSNTDILSI | 39-50 0851 | NQGNVKVTASIGGI |64-77 | 0.81
T 45 ISVSPTNSTVAK | 3-14 083 | FKATGIFTDNSNSD | 20-33 | 0.79
LSISNASDSHG | 48-58 ASTLNQGNVKVT | 60-71 0.352 | VSISVSPTNSTVAK | 1-14 0.77
GGIQGSTDFTVT | 75-86 0.316
LigB5 | SPVLPSIAKGLT | 6-17 FTDNSKKDITDQ | 26-37 0.954 | SVSNLDDNKGLGKA | 48-61 | 0.84
FTDNSKKDIT | 26-35 GDTTITATLGKV | 65-76 0.944 | KGLTQKFTAIGIFT | 1427 | 0.83
SSAIVSVSNLD | 43-59 LDDNKGLGKAH | 52-63 0764 | TDNSKKDITDQVT |27-40 |0.77
DNKGLG A W
NKGLGKAHAVGDT | 55-68 | 0.76
=
LigB6 | NPVNPSLAKGL | 6-17 AOKNOGNAYGA | 53-64 0973 | ISNAOKNOGNAYG |50-63 | 0.87
T A A
YSDNSNKDIT | 26-35 TFGKVSSPVSTL | 83-94 0.847 | GIYSDNSNKDITSA |24-37 | 0.82
SSDS 42-45 FSATGIYSDNSN | 20-31 0503 | QKFSATGIYSDNSN | 18-31 | 0.78
NAOKNOG 52-58 VTWFSSDSSIAT | 38-49 0.469 | KDITSAVTWFSSDS | 3245 | 0.77
TSIQINPVNPSL | 1-12 0.357 | QGNAYGAATGATDI | 57-70 | 0.75
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LigB7 | TPAAASKAKG | 6-17 ITNTSGSKGITN | 50-61 0.999 | ITPAAASKAKGLTE |5-18 0.89
LT
ETDNSNSDIT | 26-35 FTDNSNSDITNQ | 26-37 0.992 | TDNSNSDITNQVTW |27-40 | 0.83
NTSGSKGI 52-59 ASKAKGLTERFKAT |10-23 [ 0.82
SNTDIAEITNTSGS | 4356 | 0.79
NQVTWNSSNTDIAE |36-49 | 0.76
LigB8 | TPINPSVAKGL | 6-17 VNNVTGSVTTVA | 50-61 0989 | VQDVTALATWSSSN |31-44 | 0.89
|
YTDHSVQDVT | 26-35 IAVTPINPSVAK | 3-14 0979 |FKATGTYTDHSVQ [20-33 |[0.84
D
SSSNPRKAMV | 41-50 ATGTYTDHSVOD | 22-33 0911 | KGLIRQFKATGTYT |14-27 |0.83
GNTNIKATIDSISG | 63-76 | 0.82
SVTTVATGNTNIKA [56-69 | 0.80
NPRKAMVNNVTGS |44-57 [0.78
v
PINPSVAKGLIRQF | 7-20 0.77
LigB9 | PTINSITHGLT |7-17 FSDKSTONLTOQL | 26-37 0986 | TONLTQLVTWISSD |31-44 | 0.88
FSDKSTONLT | 26-35 IENTSGKKGIAT | 50-61 0.899 | SDPSKIEIENTSGK | 43-56 | 0.85
ISSDPSKIEIENT | 41-60 IQSSPIPITVTD 77-89 0595 | PTINSITHGLTKOFE |7-20 0.82
SGKKGIA
L 65 EITPTINSITHG | 4-15 0497 | KATGIFSDKSTONL |21-34 | 0.79
FI 76-77 THGLTKQFKATGIF | 13-26 | 0.77
NTSGKKGIATASKL |52-65 |0.76
LigB10 | PSSSSIAKGLTQ | 7-18 VAPINNAANEKG | 47-58 1 QQFKAIGTFIDGSE | 18-31 | 0.90
EIDGSEQEI 26-34 GSEQEITNLVTW | 29-40 0741 |ITNLVTWYSSKSDV |34-47 [0.75
YSSKS 41-45
AANEKGLA 53-60
INPVNNNIAKG | 5-17 ISNSTETKGKAT | 50-61 0.97 | QQYTALGVYSDSTI |18-31 |0.90
LigB1l |LT
YSDSTIQDIS | 26-35 YSDSTIQDISDS | 26-37 0.865 | ALQIGNSKITATYN |62-75 |0.85
SNS 43-45 IKINPVNNNIAK | 3-14 0.853 | SSNSSSISISNSTE 42-55 | 0.84
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STETKGK 53-59 SDSTIQDISDSVTW | 27-40 | 0.82
NSTETKGKATALOQI [52-65 [ 0.79
AKGLTQQYTALGVY | 13-26 | 0.77
LigB12 | ISPINTNINTTV |5-17 SPINTNINTTVS | 6-17 0.936 | KADLTSSVTWSSSN |31-44 | 0.91
S
SAGTKADL 27-34 VTGIASGNPTII 60-71 0.916 | VIGIASGNPTIIAT | 60-73 | 0.90
SNQ 43-45 QAKVSNASETKG | 47-58 0339 | FFAVGTYSAGTKA |20-34 |0.85
D
ETK 55-57 GTYSAGTKADLT | 24-35 0.327 | KVSNASETKGLVTG | 49-62 | 0.84
PINTNINTTVSKQFE | 7-20 0.76
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Appendix Table 3: List of predicted CTL epitopes

Domain IEDB NetMHC 4.0 ProPred

LigA7 FTDNSNSDI FTDNSNSDI FTDNSNSDI
GTVKVTASM GTVKVTASM GTVKVTASM
LTVSNTNAK SMGGIEDSV SMGGIEDSV
STLKQGTVK VEIQITPAA VEIQITPAA
LTVSNTNAK LTVSNTNAK LTVSNTNAK
STLKQGTVK

LigA8 ATLEKLSGK ATLEKLSGK
TWKSSSKAL TWKSSSKAL

EVSPTRASI EVSPTRASI

KSSSKALSM KSSSKALSM

KNITEQVTW KNITEQVTW
QVTWKSSSK QVTWKSSSK
SIAKGMTQK SIAKGMTQK

GIFTDHSKK GIFTDHSKK

LigA9 ATISNTKGY ATISNTKGY ATISNTKGY
SVATISNTK SVATISNTK SVATISNTK
TLGNVSSQV TLGNVSSQV

KDITSAVTW KDITSAVTW
WHSSNNSVA WHSSNNSVA

SSKDITSAV SSKDITSAV

GTVDIKATL GTVDIKATL

YSDNSSKDI YSDNSSKDI

LigAl10 SSANATFQV SSANATFQV SSANATFQV
GVFTDNSTK GVFTDNSTK GVFTDNSTK

KISNATGSK KISNATGSK KISNATGSK
ATFQVTPAK ATFQVTPAK ATFQVTPAK
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ALSKGTSHI ALSKGTSHI
GTSHISATL GTSHISATL
SISSANATF SISSANATF
TWKSSNTAY TWKSSNTAY
KSSNTAYAK KSSNTAYAK
LigAll FAKGNSYQF FAKGNSYQF FAKGNSYQF
SVLNVTPAL SVLNVTPAL SVLNVTPAL
KIASVENTF KIASVENTF KIASVENTF
ISFAKGNSY ISFAKGNSY ISFAKGNSY
VTWSSSNPK VTWSSSNPK VTWSSSNPK
YQFKATGIY YQFKATGIY YQFKATGIY
EVIPNNISF EVIPNNISF EVIPNNISF
YTDHSEADI YTDHSEADI
ITAKLSDTV ITAKLSDTV
DTVSGSSVL DTVSGSSVL
NTFGSAGLV NTFGSAGLV
LigA12 YSDQSTKDL YSDQSTKDL YSDQSTKDL
TPGKKGLAF TPGKKGLAF TPGKKGLAF
FSSNPSSVV FSSNPSSVV FSSNPSSVV
HTQSSYTPV HTQSSYTPV HTQSSYTPV
KQFSAIGTY KQFSAIGTY KQFSAIGTY
YDHHTQSSY YDHHTQSSY YDHHTQSSY
RYIMITPSY RYIMITPSY RYIMITPSY
YIMITPSYA YIMITPSYA
ELGEPDITV ELGEPDITV
MITPSYAGI MITPSYAGI
VVIENTPGK VVIENTPGK
GTYSDQSTK GTYSDQSTK
LigA13 KTKGSTHQF KTKGSTHQF KTKGSTHQF
AEIDLTELV AEIDLTELV AEIDLTELV
HQFKATGKF HQFKATGKF
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WSSSNPTVV WSSSNPTVV
FENGAEIDL FENGAEIDL
SSNPTVVSI SSNPTVVSI
ISSSIDFEV ISSSIDFEV
TISLSSISK TISLSSISK
LigB1 IANGTSTTL IANGTSTTL IANGTSTTL
TTLEVTAIF TTLEVTAIF TTLEVTAIF
IKAEYNGLY IKAEYNGLY
LigB2 HIRASFQSK HIRASFQSK HIRASFQSK
RQFSAIGIF RQFSAIGIF RQFSAIGIF
EEMTVGDAV EEMTVGDAV EEMTVGDAV
GTAHIRASF GTAHIRASF
LPKGTNRQF LPKGTNRQF
HQDISNDPL HQDISNDPL
ISNDPLIVW ISNDPLIVW
FSDGSHQDI FSDGSHQDI
LigB3 KQKLIATGI KQKLIATGI
IPLGKKQKL IPLGKKQKL
YSDNSNRDI YSDNSNRDI
TADTGIVTI TADTGIVTI
LigB4 FTDNSNSDI FTDNSNSDI
IQGSTDFTV IQGSTDFTV
LigB5 TSIEVSPVL TSIEVSPVL
TTITATLGK TTITATLGK
LigB6 AQKNQGNAY AQKNQGNAY AQKNQGNAY
STLSVTAAK STLSVTAAK STLSVTAAK
QKFSATGIY QKFSATGIY
KVSSPVSTL KVSSPVSTL
KDITSAVTW KDITSAVTW
GATDIKATF GATDIKATF
LigB7 FTDNSNSDI FTDNSNSDI FTDNSNSDI
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EISAALGSI EISAALGSI
ERFKATGIF ERFKATGIF
VEIQITPAA VEIQITPAA
LigB8 RQFKATGTY RQFKATGTY RQFKATGTY
MVNNVTGSV MVNNVTGSV MVNNVTGSV
SVLNVTPAL SVLNVTPAL SVLNVTPAL
ATWSSSNPR ATWSSSNPR ATWSSSNPR
YTDHSVQDV YTDHSVQDV YTDHSVQDV
HSVQDVTAL HSVQDVTAL HSVQDVTAL
LigB9 FSDKSTQNL FSDKSTQNL FSDKSTQNL
TSIEITPTI TSIEITPTI TSIEITPTI
QSSPIPITV QSSPIPITV QSSPIPITV
FIQSSPIPI FIQSSPIPI FIQSSPIPI
YKFIQSSPI YKFIQSSPI YKFIQSSPI
TINSITHGL TINSITHGL
KQFKATGIF KQFKATGIF
ITHGLTKQF ITHGLTKQF
SNIKAVYKF SNIKAVYKF
EITPTINSI EITPTINSI
KSTQNLTQL KSTQNLTQL
SSNIKAVYK SSNIKAVYK
LigB10 GSSDIYAIY GSSDIYAIY GSSDIYAIY
FIDGSEQEI FIDGSEQEI FIDGSEQEI
LSIGSSDIY LSIGSSDIY LSIGSSDIY
NEKGLATAL NEKGLATAL NEKGLATAL
YAIYNSISS YAIYNSISS YAIYNSISS
QEITNLVTW QEITNLVTW QEITNLVTW
EITNLVTWY EITNLVTWY
DIYAIYNSI DIYAIYNSI
SSNKINFNV SSNKINFNV
QQFKAIGTF QQFKAIGTF
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LigB11 YSDSTIQDI YSDSTIQDI YSDSTIQDI
QQYTALGVY QQYTALGVY QQYTALGVY
WSSSNSSSI WSSSNSSSI WSSSNSSSI
TIQDISDSV TIQDISDSV
ETKGKATAL ETKGKATAL
KITATYNSI KITATYNSI
LigB12 KQFFAVGTY KQFFAVGTY KQFFAVGTY
THATYGSV THATYGSV
TVSKQFFAV TVSKQFFAV
ETKGLVTGI ETKGLVTGI
YSAGTKADL YSAGTKADL
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Appendix Table 4: List of predicted HTL epitopes

Domain ProPred-I NetMHC 2.3 IEDB
LigA7 VEIQITPAA VEIQITPAA
ILTVSNTNA ILTVSNTNA
VKVTASMGG VKVTASMGG
LVEIQITPAA LVEIQITPAA
ILTVSNTNA ILTVSNTNA
IQITPAAAS IQITPAAAS
LigA8 VTWKSSSK VTWKSSSK
ISITATLEK ISITATLEK
IEVSPTRAS IEVSPTRAS
LigA9 ITSAVTWHS ITSAVTWHS
ITSAVTWHSSNNS ITSAVTWHSSNNS
VDIKATLGNVS VDIKATLGNVS
IKATLGNVSSQVS IKATLGNVSSQVS
SNNSVATISNTKG SNNSVATISNTKG
LigA10 IVLNPTSSH IVLNPTSSH IVLNPTSSH
WKSSNTAYA WKSSNTAYA
IEIVLNPTS IEIVLNPTS
IVLNPTSSHKA IVLNPTSSHKA
LGSISSANA LGSISSANA
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LigAll SVLNVTPALL SVLNVTPALL
VIPNNISFA VIPNNISFA
IEVIPNNIS IEVIPNNIS
YQFKATGIY YQFKATGIY
LVSTTNIGS LVSTTNIGS
LigA12 YIMITPSYA YIMITPSYA YIMITPSYA
IMITPSYAG IMITPSYAG IMITPSYAG
WFSSNPSSV WFSSNPSSV
QSSYTPVTVTES QSSYTPVTVTES
TVVFYDHHTQS TVVFYDHHTQS
VTWFSSNPSSV VTWFSSNPSSV
LigA13 TVVSISNVDD TVVSISNVDD
LVTWSSSNPT LVTWSSSNPT
IVNITISLS IVNITISLS
VNITISLSS VNITISLSS
ITISLSSIS ITISLSSIS
LigB1 VVTIQGNRV VVTIQGNRV
VTIQGNRVR VTIQGNRVR
IQGNRVRGI IQGNRVRGI
LigB3 VKLIVTPAA VKLIVTPAA VKLIVTPAA
IVTISASSE IVTISASSE
IWNSSNSTIA IWNSSNSTIA
IQVTSNNPNI IQVTSNNPNI
VKLIVTPAAL VKLIVTPAAL
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GIVTISASSE GIVTISASSE
IVTISASSEN IVTISASSEN
LigB5 WLTVVPAVL WLTVVPAVL
WNSSSAIVS WNSSSAIVS
VLPSIAKGL VLPSIAKGL
LigB6 IQINPVNPS IQINPVNPS IQINPVNPS
ITSAVTWFS ITSAVTWFS
WFSSDSSIA WFSSDSSIA
VNPSLAKGL VNPSLAKGL
LigB7 ILKVTPAQL ILKVTPAQL ILKVTPAQL
VEIQITPAA VEIQITPAA
VILKVTPAQ VILKVTPAQ
IKSSKVILK IKSSKVILK
IQITPAAAS IQITPAAAS
LigB8 VLNVTPALL VLNVTPALL
LIRQFKATGTY LIRQFKATGTY
MVNNVTGSV MVNNVTGSV
VTPINPSVATWSS VTPINPSVATWSS
LigB9 AVYKFIQSSPIPITV AVYKFIQSSPIPITV AVYKFIQSSPIPITV
FIQSSPIPI FIQSSPIPI
SIEITPTINS SIEITPTINS
WISSDPSKI WISSDPSKI
LigB10 SDIYAIYNSISSNKI SDIYAIYNSISSNKI SDIYAIYNSISSNKI

SSDIYAIYNSISSNK

SSDIYAIYNSISSNK

SSDIYAIYNSISSNK
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LVTWYSSKS LVTWYSSKS
I'YAIYNSIS I'YAIYNSIS
YAIYNSISS YAIYNSISS
FKAIGTFID FKAIGTFID
ITISPSSSS ITISPSSSS
LigB11 VTWSSSNSS VTWSSSNSS
IKINPVNNN IKINPVNNN
LigB12 FFAVGTYSA FFAVGTYSA
VTWSSSNQS VTWSSSNQS
ISPINTNINTTV ISPINTNINTTV
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ARTICLE INFO ABSTRACT

Keywords: Bacterial immunoglobulin-like (BIg) domain containing proteins play a variety of biological functions. Lepto-
Leptospira spiral Immunoglobulin-like (Lig) proteins are well-known virulence factors located on the surface of the path-
Immunoglobulin-like protein ogenic Leptospira that act during adhesion, invasion, and immune evasion. The Lig proteins have many roles and
]I:Ili\lease have been designated as multifaceted proteins. However, the hydrolyzing function of Lig proteins is not yet
Protease investigated in detail. Here, we report novel in-vitro nuclease and protease activities in the Ig-like domain of LigA

protein. All Ig-like domains were able to cleave DNA in the presence of a divalent ion, but not RNA. Site-directed
mutagenesis revealed Mg "2 binding residues in the Ig-like domain of LigA7. The basis of novel nuclease activity
may be associated with protein adopting different conformation in the presence of divalent ions and substrate as
investigated by change of intrinsic fluorescence. The docking of a stretch of double-strand DNA shows the
binding on the positive surface of the protein. In addition, the protein is also observed to cleave a general
protease substrate, -casein, in our experimental condition. Our results proposed that the novel functions may be
associated with neutrophil extracellular Trap (NET) evasion. Overall this study enhances the basic knowledge of
non-nuclease proteins involved in the DNA cleavage activity and makes the foundation to explore its in-vivo
activity in pathogenic Leptospira and other pathogens as well. Moreover, this information may be utilized to
develop preventive strategies to interfere with Leptospira immune evasion.

1. Introduction

Immunoglobulin (Ig) like domains are widely distributed domains
among the proteins and ubiquitously present across the different phyla.
Structural features of the Ig-like domain among the various proteins are
quite conserved. The domain consists mainly of a p-barrel composed of
seven to nine antiparallel f-strands with the typical Greek-key fold and f
sandwich topology that displays a structurally conserved core [1]. The
length and regularity of the p-strands, as well as the length and structure
of the connecting loops, are extremely variable. The Ig-like domains are
usually grouped into Ig superfamily with having a sequence homology.
In contrast, there are many Ig-like domains in proteins that bear no
sequence homology also. The presence of Ig-like domains has been re-
ported in a large number of proteins with diverse biological functions.
They are found in proteins involved in cell-cell recognition, cell-surface

receptors, muscle structure protein, and the immune system [2]. Ig-like
proteins are also reported in bacterial species and are known as Bacterial
Ig-(Big) domain frequently found on cell surface proteins. The Big
domain plays a vital role in the adhesion of bacteria to the host cell and
helps in an invasion of pathogenic strains. Intimin and invasin family of
outer membrane (OM) adhesins from E. coli and Yersinia, respectively,
containing Ig-like domains, have been studied in detail [3,4]. Apart from
the structural component of adhesion, Ig-like domains in PapD protein
play a chaperone function in the bacterial periplasm to help in pilus
assembly. They are also found in a few oxidoreductases family of pro-
teins, sugar-binding proteins, and a few transcription factors as well as in
hydrolyzing enzymes [5,6].

Bacterial Ig-like domains/proteins are also found in pathogenic
Leptospiral species named Immunoglobulin-like (Lig) proteins. The Lig
proteins (LigA and LigB) are primarily located on the surface of the

Abbreviations: Big, Bacterial Immunoglobulin; Lig, Leptospiral Immunoglobulin-like; SUMO, Small Ubiquitin-like Modifier; EDTA, Ethylenediamine tetraacetic
acid; ECM, extracellular matrix; C4BP, C4b Binding Protein; NET, neutrophil extracellular traps.
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Immunoinformatics-Based Designing
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From Multi-Domain Outer Surface
Antigens of Leptospira

Pankaj Kumar?®, Surabhi Lata®, Umate Nachiket Shankar and Mohd. Akif*
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Accurate information on antigenic epitopes within a multi-domain antigen would provide
insights into vaccine design and immunotherapy. The multi-domain outer surface
Leptospira immunoglobulin-like (Lig) proteins LigA and LigB, consisting of 12-13
homologous bacterial Ig (Big)-like domains, are potential antigens of Leptospira
interrogans. Currently, no effective vaccine is available against pathogenic Leptospira.
Both the humoral immunity and cell-mediated immunity of the host play critical roles in
defending against Leptospira infection. Here, we used immunoinformatics approaches to
evaluate antigenic B-cell lymphocyte (BCL) and cytotoxic T-lymphocyte (CTL) epitopes
from Lig proteins. Based on certain crucial parameters, potential epitopes that can
stimulate both types of adaptive immune responses were selected to design a chimeric
vaccine construct. Additionally, an adjuvant, the mycobacterial heparin-binding
hemagglutinin adhesin (HBHA), was incorporated into the final multi-epitope vaccine
construct with a suitable linker. The final construct was further scored for its antigenicity,
allergenicity, and physicochemical parameters. A three-dimensional (3D) modeled
construct of the vaccine was implied to interact with Toll-like receptor 4 (TLR4) using
molecular docking. The stability of the vaccine construct with TLR4 was predicted with
molecular dynamics simulation. Our results demonstrate the application of
immunoinformatics and structure biology strategies to develop an epitope-specific
chimeric vaccine from multi-domain proteins. The current findings will be useful for
future experimental validation to ratify the immunogenicity of the chimera.

Keywords: Leptospira interrogans, antigenic epitope, outer surface antigen, vaccine, Leptospira immunoglobulin-
like protein, subunit vaccine, immunoinformatics

INTRODUCTION

Leptospirosis is categorized as an emerging and neglected tropical zoonotic disease worldwide. It is
considered a public health problem globally, with an estimated 1 million leptospirosis cases reported
each year, causing deaths of around 60,000 (1-3). The infection usually shows symptoms such as
headache, chills, illness, and muscle aches, and a more severe form of disease is associated with
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Abstract

Binding of phosphorylated elFiso4E with viral genome-linked protein (VPQ) of turnip mosaic
virus was examined by stopped-flow, fluorescence, circular dichroism (CD) spectroscopy,
and molecular docking analysis. Phosphorylation of elFiso4E increased (4-fold) the binding
rates as compared to unphosphorylated elFiso4E with VPg. Stopped-flow kinetic studies of
phosphorylated elFiso4E with VPg showed a concentration-independent conformational
change. The dissociation rate was about 3-fold slower for elFiso4E-VPg complex upon
phosphorylation. Phosphorylation enhanced the association rates and lowered the dissocia-
tion rates for the elFiso4E-VPg binding, with having higher preferential binding to elFiso4Ep.
Binding rates for the interaction of elFiso4Ep with VPg increased (6-fold) with an increase in
temperature, 278 K to 298 K. The activation energies for binding of elFiso4Ep and elFiso4E
with VPg were 37.2 £ 2.8 and 52.6 + 3.6 kJ/mol, respectively. Phosphorylation decreased
the activation energy for the binding of elFiso4E to VPg. The reduced energy barrier sug-
gests more stable platform for elFiso4Ep-VPg initiation complex formation, which was fur-
ther supported by molecular docking analysis. Moreover, far-UV CD studies revealed that
VPg formed complex with elFiso4Ep with substantial change in the secondary structure.
These results suggested that phosphorylation, not only reduced the energy barrier and dis-
sociation rate but also enhanced binding rate, and an overall conformational change, which
provides a more stable platform for efficient viral translation.

Introduction

Viruses depend on the translational apparatus of the host cells and have developed sophisti-
cated mechanisms to suppress translation of cellular mRNAs whereas ensuring its own transla-
tion. Many viruses use a 5’-cap-dependent mechanism, while other viruses use a cap-
independent mechanism for initiation. Turnip mosaic virus (TuMV) is a positive strand RNA
virus belonging to the potyviridae family [1]. While potyviridae mRNAs possess poly(A) tail at
their 3’-terminus, they lack m’G cap structures and instead carry viral genome-linked proteins
(VPgs) that are covalently attached to the 5’-terminus [2]. VPg of Potyvirus mRNA plays an
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ARTICLE INFO ABSTRACT

Keywords:

Mycobacterium tuberculosis
Nitro-reductases
Antigenic T-cell epitopes

Mycobacterium tuberculosis (Mtb) resides in alveolar macrophages as a non-dividing and dormant state causing
latent tuberculosis. Currently, no vaccine is available against the latent tuberculosis. Latent Mtb expresses ~48
genes under the control of DosR regulon. Among these, putative nitroreductases have significantly high
Peptide vaccine expression levels, help Mtb to cope up with nitrogen stresses and possess antigenic properties. In the current
Dormancy study, immunoinformatics methodologies are applied to predict promiscuous antigenic T-cell epitopes from
DosR putative nitro-reductases of the DosR regulon. The promiscuous antigenic T-cell epitopes prediction was per-
formed on the basis of their potential to induce an immune response and forming a stable interaction with the
HLA alleles. The highest antigenic promiscuous epitopes were assembled for designing an in-silico vaccine
construct. A TLR-2 agonist Phenol-soluble modulin alpha 4 was exploited as an adjuvant. Molecular docking and
Molecular Dynamics Simulations were used to predict the stability of vaccine construct with the immune re-
ceptor. The predicted promiscuous epitopes may be helpful in the construction of a subunit vaccine against latent
tuberculosis, which can also be administered along with the BCG to increase its efficacy. Experimental validation
is a prerequisite for the in-silico designed vaccine construct against TB infection.

1. Introduction

Mycobacterium tuberculosis (Mtb) is a multifaceted pathogen causing
Tuberculosis (TB), which remains one of the prominent reasons for
mortality worldwide. According to the WHO global TB 2020 report,
millions of people are currently infected with Mtb. Among that less than
10% of the total infected individuals are affected with active TB; and
while more than 90% of individuals are afflicted with latent tuberculosis
where Mtb resides inside infected macrophages for a longer period of
time in an inactive metabolic state and non-transmissible form but
reversible state, known as “dormancy". The population of latent tuber-
culosis infection (LTBI) individuals indeed responsible for a major
obstruction to TB control strategies. Although antibiotic treatment offers
standard care for active TB, its effectiveness against latent TB is
doubtful. The current protective Bacillus-Calmette-Guerin (BCG) TB
vaccine — a live-attenuated Mycobacterium bovis vaccine (Eddine and
Kaufmann, 2005)- is known to protect against dreadful forms of TB in
young children (Corbett et al., 2003). However, it does not show effi-
cient and consistent protection in adults against pulmonary TB and also

* Corresponding author.
E-mail address: akif@uohyd.ac.in (Mohd. Akif).
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it doesn't protect from reactivation of the latent TB infection. Hence,
significant efforts for the development of new vaccines/therapies that
can prevent latent Mtb infection are desperately needed. Dormancy in
Mtb is characterized as a state of low pH, nutrient deprivation, hypoxia,
and nitric oxide, which triggers an upregulation of a set of ~48 genes
(~1.2% of the Mtb genome), known as Dormancy Survival Regulon or
DosR (Voskuil et al., 2003). Functions of most DosR regulon gene
products are unknown, but many of them are found to be immunodo-
minant that elicit a strong T-cell response. It has been reported that DosR
regulon triggers a T-cell response and IFN-y inducing capability.
Rv1733c, Rv2029c, Rv2627c, and Rv2628 were found to elicit a strong
immune response as compared to CFP-10, a well-recognized antigen for
Mtb infection (Leyten et al., 2006). Rv1813c, Rv2628, Rv2029c, and
Rv2659c were also reported as latency antigens with a good humoral
immune response and produce a higher number of CD4™ cells (Liang
et al., 2019). Therapeutic effects of these antigens were studied in the
endogenous resurgence mouse TB model. In fact, in the same study,
Rv2626¢ and Rv2032 latency antigens were reported to induce a sig-
nificant effect on CD4" and CD8™ cells (Liang et al., 2019). These two
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