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Vector-borne diseases such as malaria, leishmaniasis, and African trypanosomiasis are
a major scourge to humans and animals in some of the most impoverished nations across the globe.
Enabling the transmission of these disease-causing pathogens is a highly sophisticated molecular
arsenal of surface proteins. My research focuses on biophysical characterization of these proteins
with the ultimate goal of deciphering the molecular crosstalk between pathogen and vector. In
support of this goal, | have selected the tsetse fly-transmitted parasites of the genus Trypanosoma,
the etiological agent of African sleeping sickness, as a model system. Towards elucidating the
molecular mechanism of transmission, | have attempted to characterize structurally three novel
proteins; TbFam50.360, TOPSSA2, and TcCISSA and get insight into their functions. Before this
study, GARP (Glutamic Acid Rich Protein from T. congolense), and VSG (Variant Surface
Glycoprotein from T. brucei) were the only proteins to be structurally characterized in the vector
stages of the parasite.

Our structural analysis revealed that while the N- terminal region of TbFam50.360 adopted
a three-helical structure similar to previously characterized trypanosome surface proteins,
ectodomains of both TbPSSA2 and TcCISSA adopted a previously uncharacterized bilobed

architecture. The structural analysis further identified putative ligand binding regions in

TbFam50.360 and TcCISSA. However, in the absence of binding partners, the exact function of



Y,
these proteins could not be established. Our lab in conjunction with our collaborators is
investigating the binding partners of these proteins within the tsetse.

The structures of TbFam50.360, TOPSSA2, and TcCISSA can be added to the repertoire of
structurally characterized surface proteins expressed by trypanosomes. The information gained
from these first structures of trypanosome surface proteins offer insight into their role in the

trypanosome life cycle, and may, in the future, contribute to the control of African

trypanosomiasis.
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Chapter 1 : Introduction

1.1  Vector Borne Diseases-A global burden

Vector-borne diseases (VBD) caused by pathogens transmitted by blood-feeding insects
have long impacted human affairs. The great king and conqueror, Alexander the Great, was
defeated by the bite of a tiny mosquito vectoring pathogens for malaria. The Black Death that
nearly decimated Europe and killed millions worldwide was the work of a tiny flea vectoring the
pathogen responsible for bubonic plague from rats to humans. VBDs remain very influential even
to this day, suppressing the economies of nations where they remain endemic.

Approximately one-sixth of the illness and disability caused worldwide is due to VBDs,
with more than half the world’s population currently estimated to be at risk (World Health
Organization, 2014b). While there are many different VBDs worldwide (see Table 1.1), malaria,
caused by Plasmodium and transmitted by Anopheline mosquitoes is predominant. Each year,
approximately 225 million people are infected with the malaria parasite and in 2014 around
781,000 of these resulted in disease-induced mortality (World Health Organization, 2014b).
Leishmaniasis, which is spread by female sandflies, is also quite deadly, with 12 million infected
and 800,000 deaths each year (World Health Organization, 2013). However, because of the
promiscuity of trypanosomes, to infect both humans and domestic animals through the bites of
tsetse, trypanosomiasis arguably has a great economic impact. Approximately 70 million people
and 50 million cattle were infected with the African variety over the last ten years, resulting in an
economic loss of ~1-5 billion US dollars (Brun et al., 2010, Simarro et al., 2011, Simarro et al.,

2012).



Table 1.1: Major vector-borne diseases of humans, and associated aetiological agents and

arthropod vectors

Disease

Protozoan diseases

Malaria

Leishmaniasis

Trypanosomiasis

Chagas disease
Viral diseases
Dengue fever
Encephalitis
Yellow fever
Filarial nematodes

Lymphatic filariaisis

Onchocerciasis

Pathogen/parasite

Plasmodium falciparum, Plasmodium
vivax, Plasmodium ovale, Plasmodium
malariae

Leishmania spp.

Trypanosoma brucei gambiense,
Trypanosoma brucei rthodiense
Trypanosoma congolense

Trypanosoma cruzi

DEN-1, DEN-2, DEN-3, DEN-4
flaviviruses

Flavi-, alpha- and bunyaviruses

Yellow fever flavivirus

Brugia malayi, Brugia timori,
Wuchereria bancrofti

Onchocerca volvulus

Arthropod disease vector

Anopheles spp.
(mosquitoes)

Lutzomyia and
Phlaebotomus spp.

Glossina spp.

Triatomines

Aedes aegypti

Various mosquito and tick
species

Aedes aegypti

Anopheles, Culex, Aedes
and Ochlerotatus
(mosquitoes)

Simulum spp.



VBDs have the greatest impact on poorly developed tropical countries, where a
combination of optimal vector habitat and a lack of proper medical care can lead to large-scale
epidemics. They affect rural, urban communities, but thrive predominantly among communities
with poor living conditions such as lack of access to adequate housing, safe drinking water, and
sanitation. Malnourished people and those with weakened immunity are especially vulnerable.
These diseases also exacerbate poverty by preventing people from working and supporting
themselves and their family, causing further hardship and impeding economic development
(World Health Organization, 2014a, World Health Organization, 2014b). Moreover, globalization
has made these diseases not just restricted to the tropics; they are spreading in the developed world

and present a major global health and economic threat.

1.2 General life cycle of VBDs

Hosts can be infected either by biological or mechanical transmission of the pathogen.
Mechanical transmission involves a simple transfer of pathogens from the mouth parts or other
body parts of the vector to hosts. The vector, thus merely acts as a carrier of the pathogen and the
pathogen does not undergo developmental changes in the vector (Greenberg, 1973). Though
mechanical transmission is a public health concern, biological transmission is the most significant
mode of transmission involving multiplication and/or development of the pathogen inside the
vector. During a biological transmission, the vector takes a blood meal from an infected host and
pathogens from this host enter the vector. Inside the vector, the pathogens develop and/or multiply.
After an incubation period (varying for different pathogens), they are transmitted to a healthy host
when the vector takes another blood meal (illustrated in Fig. 1.1). All major VBDs including
malaria, African trypanosomiasis, and leishmaniasis are biologically transmitted. Therefore, due

to the importance of biological transmission, this thesis will discuss biological transmission.
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Figure 1.1: General transmission cycle for vector-borne diseases. The biological transmission
of VBDs, involving insect vectors taking a blood meal from one host (infected host) and
transmitting pathogens to other (healthy) hosts that become infected (Images of vectors copied
from McGraw and Neill, 2013)
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1.3 Treatment and Control of VBDs

While there are a number of methods for preventing and treating VBDs, there is still a
major push to identify novel targets for vaccines and drugs. Current vaccines are generally not
effective and drugs have severe side-effects or become virtually useless as the parasites develop
resistance. Moreover, these drugs are too expensive for widespread use.

Treatment

To date, drugs remain the most effective treatment against VBDs in spite of causing severe
side effects and challenges by contributing to the potential rise in pathogen resistance. Chloroquine
derivatives (target the parasite’s ability to detoxify heme) and artemisinin (thought to release free
radicals causing disruption of parasite membrane) has been used successfully to combat malaria

(De Vries and Dien, 1996; Mutabingwa, 2005; Nosten and White, 2007). Similarly, ivermectin



and Sodium stibogluconate have been effective against filariasis and leishmaniasis (Liu and
Weller, 1996; Croft, 1997; Goodwin, 1984). Trypanicidal drugs such as eflornithine (inhibits
ornithine decarboxylase and prevents spermidine synthesis) or benzidanazole (binds tubulin and
prevents the uptake of glucose by parasites) can provide effective treatment against
trypanosomiasis (Delespaux and de Koning, 2007, Burri, 2010). However, these drugs have severe
side effects such as neurotoxicity, Gl-tract disorders, and seizures that greatly limits their
widespread use (White, 1985, Bouteille et al., 2003).

Control/Prevention of VBDs
Vaccination is an important strategy to control any infectious disease. However, they were

a huge failure against VBDs with vaccines against yellow fever being the only exception. Current
vaccines target pathogen-associated antigens expressed during host stage of their life cycle.
Targeting the host specific antigens have proven difficult, owing to the complexities of different
life cycle stages of the pathogen and our limited comprehension of the human immune response.
One of the greatest challenges in developing a blood-stage vaccine is overcoming antigenic
diversity. Most of the antigens presented by the pathogens show substantial polymorphism that
facilitates its immune evasion (Volkman et al., 2002; Barry and McCulloch, 2001). Vaccine
approaches not only need to account for this diversity, but also cover the majority of strains causing
infection and diseases. Since an antigen has several allelic forms, it becomes impossible to
incorporate all these forms into a single vaccine. Currently, the vaccines for malaria (RTS S/AS01)
(Agnandji et al., 2011) and dengue (Sabchareon et al., 2012) have had mixed results. In the absence
of a fully developed vaccine, the best way to control VBDs is by targeting the vector.

Vector control represents an important strategy for controlling VBDs, as the pathogens are
powerless without their vectors. Currently, vector control is the only practical option for
controlling dengue, Chagas disease, and plays a vital role in preventing malaria. Additionally,

there is increasing evidence for vector control in preventing African animal trypanosomiasis and



lymphatic filariasis in several epidemiological settings (Allsopp, 2001). For decades, the primary
method of vector control involved the use of organochlorine (DDT), organophosphate (Malathion),
carbamate (Carbaryl), and pyrethroids (Deltamethrin) based insecticides. They reduced levels of
transmission of dengue, leishmania, and filariasis in many parts of the world. Some countries such
as Taiwan, are now celebrating 50 transmission free years of malaria (Yip, 2000). Recently, the
use of insecticide-treated bed nets have been instrumental in reducing morbidity and mortality of
VBDs. For example, in Africa, the use of insecticide-treated bed nets resulted in a dramatic
decrease in parasitemia in young children by 62% and an increase in child survival by 27%
(Schellenberg et al., 2001).

Although effective, insecticides have several limitations leading to their restricted use. In
many countries of Asia, Africa, and South America, there is an emergence and spread of pyrethroid
(insecticides targeting Anopheles mosquitoes) resistance (World Health Organization, 1992).
There were also reports of organophosphate and carbamate resistance (broad-spectrum
insecticides). Furthermore, the use of insecticides has adverse effects on human health. For
example, DDT has been banned in many countries (United Nations, 1991) as exposure of low to
moderate levels of DDT may cause nausea, increase liver enzyme activity, disrupt endocrine
signaling and can be carcinogenic (Longnecker et al., 1997). Moreover, DDT also causes major
effects in other organisms such as birds (thinning of eggshells and difficulties in egg hatching).
The cost of insecticides has also been an important limiting factor. Therefore, financial burden,
health risk and the evolution of resistance in insects have largely undermined the widespread
application of insecticides.

Another way of targeting the vector is a method called sterile insect technique (SIT). This
process involves mass rearing and release of male insects (mosquitoes or tsetse) that are sterilized

by irradiation (Alphey et al., 2010). The released vectors mate with wild female vectors causing a



population fall. This technique has been used efficiently to eliminate the tsetse population in areas
of Zanzibar and Nigeria (Vreysen et al., 2000; Politzar and Cuisance, 1984). Furthermore, this
technique was used successfully to control Anopheles in El Salvador (Lofgren et al., 1974). Use
of SIT is limited, despite its advantages. SIT requires the breeding of large numbers of insects
before release, which is difficult. Vectors (males) often show negative fitness after irradiation
making them incompetent for mating as compared to wild-type male vectors (Yakob et al., 2008).
Furthermore, SIT does not provide a permanent elimination of vector population and creates a

niche that can be re-colonized by immigrants (Thomé et al., 2010).

Emerging technologies for vector control

Genetic modification of the vector

Genetic modification, though still in its infancy, is aimed at making the vector recalcitrant to
disease transmission. There are 2 main approaches. The first approach, also known as the release
of insects with death lethal allele (RIDL), involves inducing mutations in such a way that the
daughters of released males are either unable to fly or die as pupae (Phuc et al., 2007; Fu et al.,
2010; Wise de Valdez et al., 2011). RIDL is currently trialled by Oxitec in Brazil and Malaysia
(Lacroix et al., 2012). The second approach attempts to improve the defense system of vector. This
approach uses RNA interference (RNAI) that recognizes and degrades invading pathogenic RNA.
For example, the virus causing dengue carries DENV2 genomic RNA. This RNA was engineered
into a genetic construct and transfected in male vectors. These males mate with wild type females
and resulting females express DENV2 repeat RNA that activates RNAI and reduces vector
competence (Franz et al., 2006; Gu et al., 2011).

Biological control using Wolbachia

The potential application of the symbiotic bacteria, Wolbachia, to control VBDs is a recent

addition to the arsenal of weapons in the fight against VBDs. In this approach Wolbachia carrying



males or females mate with wild-type females or males, resulting in offsprings that either die at
the embryonic stage or are resistant to pathogens (Moreira et al., 2009; O'Connor et al., 2012).
Recently, this technique has been successfully used to reduce vector competence of Australian-
Mosquito populations (Walker et al., 2011; Hoffmann et al., 2011).

Though genetic modification and biological control offer much promise to combat VBDs, their
usage is restricted. The need to release a large number of vectors (>500-600), risk of evolution of
resistance against the genetic modification in vectors and financial costs, partially offsets the
success of these techniques (McGraw and Neill, 2013). Due to the ineffectiveness of current
vector-control approaches, alternative therapeutic strategies against VBDs are highly warranted.
One strategy which is receiving increasing attention from the past decade, is targeting the surface

coat of the parasite when it traverses through the vector.

1.4  Targeting the surface proteins at the vector-parasite interface

The surface proteins at the vector-parasite interface play an important role in the successes
of a pathogen’s life cycle. These surface proteins protect the parasite from digestive enzymes and
innate immune response of the insects (Roditi and Liniger, 2002). Also, surface proteins can act
as tethering agents (adhesins), attaching the parasite to a specific area, and others facilitate the
parasite to migrate from one life cycle stage to another (Roditi and Liniger, 2002). Most
importantly, these vector-stage proteins are unlikely to undergo antigenic variation in the same
manner in the host, and consequently, may be more suitable targets for the development of
vaccines (Roditi and Liniger, 2002; Brun et al., 2010). Despite the contribution of these proteins
to the life cycle of the pathogen, they are largely understudied. Therefore, understanding the
molecular details of how these pathogens attach and migrate through their vectors is crucial in
controlling their dissemination. Targeting these proteins may be one of the novel approaches to

prevent/control VBDs.



Research on the surface proteins expressed in the vector-stages of the pathogen is currently
undergoing a revival. Until a decade ago, morphology used to be the main criterion for
distinguishing between different stages of a parasite life cycle, but it now transpires that
differentiation from one stage to the next often accompanies alterations in the surface coat. Most
of the surface molecules identified to date are peripheral membrane proteins usually anchored to
the plasma membrane by a glycosylphosphatidylinositol (GPI) anchor (Utz et al., 2006; (Matthews
et al.,, 2011). Besides GPl-anchor proteins, transmembrane proteins are also present on the
pathogen’s surface. They are likely to play an important role in multiple signaling pathways, such
as communicating signals from the external environment to the cytoplasm or vice versa. However,
due to the dominance of GPI anchor proteins, TM proteins are very hard to identify (Roditi and
Liniger, 2002). Until now, very few TM proteins have been identified. Despite the identification
of a number of surface proteins, our knowledge of these proteins at the molecular and functional
level remains limited. Understanding the molecular mechanisms of these surface proteins is crucial
in controlling pathogen dissemination. In this thesis, using tsetse-trypanosome as the model system,
I will be discussing the surface proteins previously speculated to play an important role in the

transmission of trypanosome inside the tsetse vector.

1.5  Tsetse-Trypanosome an ideal model system for understanding vector-pathogen

interactions

The tsetse-trypanosome system shows a lot of promise as a highly tractable system to
investigate vector-pathogen interaction. Culturing different life cycle stages of the trypanosome in
vitro, and their genetic transformation has been achieved in T. congolense, thereby enabling the
reproducibility of the entire life cycle of T. congolense in vitro (Coustou et al., 2010). Growing all
the life cycle stages allows deciphering the mechanisms underlying the different differentiation

steps of the parasite. Also, all the stages of the life cycle can be grown in sufficient quantities for
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biochemical analysis, which gives a unique opportunity to study the differential protein expression
throughout the infection cycle. The size of the tsetse (~6-15mm) is bigger than most of the vectors,
such as mosquitoes (~2-12mm), and sandflies (~1.5-4mm) (Rozendaal, 1997) making dissection
relatively easy. Therefore, it is possible to isolate the specific substructures including midgut,
proboscis, and salivary glands and assess the molecular interactions between tsetse-trypanosome.
Besides this, the biological architecture of tsetse is similar to other insects. Therefore, studying
this tractable system will not only improve our understanding of trypanosome dissemination, but

also provide valuable insight into other vector-pathogen systems.

1.6 Human and Animal African Trypanosomiasis

African trypanosomiasis are devastating diseases endemic to sub-Saharan Africa. These
diseases are caused by kinetoplastid parasites of the genus Trypanosoma and threaten both humans
and livestock; around 70 million people and 50 million cattle are under threat and 3 million are
killed each year, causing a vast socio-economic damage in this region (Brun et al., 2010, Simarro
etal., 2011, Simarro et al., 2012).

The causative agents for Human African trypanosomiasis (HAT) popularly known as
sleeping sickness, are two sub-species of T. brucei: T. brucei gambiense, and T. brucei rhodiense.
While the Rhodesian form of HAT is more rapid, progressing over the course of weeks or months,
the Gambian form is characterized by a slow progression that can last for months or even years.
The Gambian form is more severe, accounting for approximately 90% of cases reported to the
WHO each year (Simarro et al., 2008). Nausea, lethargy, disruption of regular sleep cycles, loss
of concentration and seizures are the most common HAT symptoms, which if left untreated, can
cause death (Kennedy, 2008).

While trypanosome species causing HAT have a major impact on public health, other

trypanosome species significantly affect livestock and cause African animal trypanosomiasis
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(AAT). Among the species causing AAT, T. congolense is widely considered to be the most
economically significant as it infects a broad range of livestock and domesticated animals,
including cattle, sheep, pigs and dogs (llemobade, 2009). Symptoms include anemia, weight loss,
and immunosuppression, and lack of treatment results in death (Vincendeau and Bouteille, 2006).
Approximately 3 million cattle are killed by AAT every year, resulting in an economic loss in the
range of ~1billion US dollars per annum. When including secondary losses such as reduced
manure and draft power into consideration, the total GDP losses can be up to an amount of 5 billion
per annum (Chappuis et al., 2005). Tsetse that transmits AAT has a territory covering almost a
third of Africa (~9 million km?), precluding much of the best-watered and most fertile land from
cultivation that would otherwise be suitable for crop production or pastureland (Fig. 1.2) (Budd,

1999).
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Figure 1.2: Tsetse fly distribution in sub-Saharan Africa. Map showing the distribution of
different tsetse species in sub-Saharan African countries. The red outline indicates the area infested
by the tsetse which corresponds to ~9000Km? (Map adapted from Kariithi et al., 2013.)
Currently, there are no vaccines available for HAT and AAT, and the few available
treatments present severe side effects (Kennedy, 2008). Since these parasites have serious health
and economic impacts, an understanding of their virulence mechanisms is essential to block the
parasite and/or the associated pathogenesis. Interestingly, the most virulent form of the parasite
develops in the tsetse (Matthews et al., 2011). Understanding the trypanosome developmental

pathway in the tsetse will allow a better comprehension of the molecular crosstalk between parasite

and vector, which is crucial for disrupting key interactions in preventing disease transmission.

1.7 Life cycle of trypanosome in tsetse

Trypanosomes (T. brucei and T. congolense) exhibit a complex life cycle alternating

between the mammalian host and insect vector. As the trypanosome stages in both host and vector
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are subject to dramatic environmental changes, they demonstrate an equally dramatic change in
their metabolism and surface architecture. Trypanosomes assume four distinct life forms
throughout their life cycle. These include the Blood stage forms (BSF), Procyclic forms (PF),
Epimastigote forms (EMF) and Metacyclic forms (MF). While BSF and MF are common to both
vector and host, the other stages are found exclusively in the vector. The majority of stage-specific
surface proteins expressed by trypanosomes are anchored to the surface of parasite via a GPI
anchor. The life cycle stages present in the tsetse express cell surface molecules that have been
proposed to protect the parasite from proteolytic digestion (Acosta-Serrano et al., 2001) or to serve
in parasite development and possible ligand-associated parasite-vector signaling (Richardson et
al., 1988, Ruepp et al., 1997). It is important to note that at no stage is the surface naked, i.e., a
continuous monolayer of glycoprotein or other glycoconjugates always covers trypanosomes. A
dense coat of variable surface glycoprotein (VSG) covers the BSF and MF stages. The antigenic
variation of VVSG is responsible for the evasion of the immune response in the mammalian host
(Barry and McCulloch, 2001). This antigenic variation is responsible for the waves of parasitemia
characteristic of trypanosomiasis, and it presents as a huge roadblock to vaccine development
(Barry and McCulloch, 2001).

BSF trypanosome appears in two forms; a long form that rapidly proliferates and after
reaching a specific threshold, become non-proliferative short stumpy form (Fig. 1.3, a). This
transformation appears to prepare the parasite in adapting to the life inside the tsetse. The short
stumpy VSG covered BSF trypanosomes are ingested by the tsetse during a blood meal and move

into the lumen of the tsetse midgut, where they differentiate irreversibly to the PF (Fig. 1.3, b).
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Figure 1.3: Life cycle of trypanosomes in the tsetse fly. Trypanosomes exist in 2 distinct forms,
a long slender form and a short stumpy form (a), in the mammalian bloodstream. Upon a successful
blood meal, the short stumpy form differentiates into the PF within the lumen of the midgut (b).
To complete its development, the trypanosome must cross the PM, migrate to the foregut and
differentiate further into long EMF. In the foregut, the long EMF are present that undergo
asymmetrical cell division to produce a long and a short EMF (c, d). The short EMF replicate and
colonize the salivary gland epithelium (e). These EMF further differentiate into the MF, thus
completing the life cycle (f). Both T. brucei and T. congolense share the same life cycle. However,
the MF in T. congolense are found in the proboscis in contrast to T. brucei MF, which are found
in the salivary glands.

This differentiation is characterized by shedding of the VSG coat and expression of invariant
tsetse-specific glycoproteins, called procyclins (Vickerman et al., 1988). In T. brucei, the procyclin
coat (PC) is comprised of two classes of procyclins EP procyclins that contain internal Glu-Pro

dipeptide repeats and GPEET procyclins that contain the pentapeptide repeat Gly-Pro-Glu-Glu-

Thr (Pays and Nolan, 1998, Roditi and Lehane, 2008, Roditi et al., 1998). A dense layer of
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protease-resistance molecules (PRS), as well as glutamate- and alanine-rich protein (TCGARP)
(Beecroft et al., 1993, Bayne et al., 1993) and heavily glycosylated T. congolense heptapeptide
repeat protein (TcHRP) (Utz et al., 2006) covers the surface of T. congolense PCs. Following
successful establishment within the tsetse midgut, the parasites must cross the peritrophic matrix
(PM) to the foregut (Welburn and Maudlin, 1999). The PM acts as a physical and a biochemical
barrier to toxins and pathogens. In the foregut, the trypanosome differentiates into long
epimastigote form (Fig. 1.3, c), that undergoes an asymmetrical cell division to produce long and
short EMFs (Fig. 1.3, d) (Van Den Abbeele et al., 1999), and differentiate further and migrate to
the mouthparts. From here, the progression of short epimastigote form diverges in T. brucei and
T. congolense. T. brucei short epimastigotes move to the salivary glands of the tsetse, attach to the
microvilli with dendritic outgrowths from the flagellum, and differentiate into the non-motile,
proliferative EMF (Fig. 1.3, e) (Vickerman, 1985). T. congolense short epimastigotes differentiate
into the EMF in the proboscis of the fly, attaching to its chitinous interior via hemidesmosome-
like structures (Vickerman, 1985). The EMF stage in T. brucei is characterized by the expression
of glycoproteins such as BARP (Brucei Alanine rich protein), ISG65 (Invariant surface
glycoprotein) and ISG75 whereas T. congolense expresses TCGARP and TcCESP (Congolense
epimastigote specific protein) (Bdtikofer et al., 2002, Sakurai et al., 2008). The EMF then
differentiates into smaller non-dividing MF in a process called metacyclogenesis (Fig. 1.3, ). In
the MF stage, procyclins are shed and VSG re-appears. MF trypanosomes are smaller than the
EMF, are non-proliferative, and the virulent form of the parasite. MF trypanosomes are injected
into new mammalian hosts by the tsetse during a blood meal where they differentiate into the BSF,
thus completing the trypanosome life cycle. Therefore, the surface proteins expressed by the

parasite play an important role in the differentiation of the parasite from one form to another. A
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better understanding of the role played by the surface proteins could provide insights on novel

ways to interrupt transmission.

Outstanding question

While a significant body of work has identified numerous surface molecules, the molecular
mechanisms of vector-parasite interaction remain unknown as very few surface proteins have
proposed functionality. Therefore, the key question in the field is “what is the exact functions of
these surface proteins and how they facilitate parasite migration through tsetse”. To address this
question, my thesis focuses on understanding the structure-function relationship of proteins
hypothesized to be involved in playing a critical role in the transmission of parasites inside the

tsetse.
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1.8 TbFam50.360

TbFam50.360 is a GPIl-anchored protein belonging to the Fam50 family of proteins
(Jackson et al., 2013) found in T. brucei. Transcriptomic data reveal a high expression in both
EMF and MF, with MF having higher expression than EMF (Jackson et al., 2013). A high
expression in the MF indicates a possible role played by TbFam50.360 in the insect to host
transition since MF is the infective form. Recently, a proteomic study also demonstrated a high
expression of this protein in MF, consistent with the genomic data (unpublished data). In this study,
salivary proteins from both naive and trypanosome-infected saliva were either subjected to an in-
solution analysis or fractionated on 1D SDS-PAGE, followed by trypsin digestion. An LC-MS/MS
analysis of the tryptic fragments from both preparations suggested a very high expression of
TbFam50.360 in the saliva from T. brucei infected flies. Chapter 2 explains this protein in greater

detail.

1.9  TcCISSA/TbPSSA2

A recent proteomic study taking advantage of the ability to culture T. congolense in all life
cycle stages in vitro investigated the differential expression of proteins throughout its life cycle
stages. This study revealed the existence of a novel protein overexpressed only in PCF and EMF.
This protein was named TcCISSA (Congolense Insect Stage Specific Antigen) (Eyford et al.,
2011). Interestingly, TcCISSA is a homolog of a previously identified surface protein in T. brucei,
PSSA2 (Procyclic Stage Specific Antigen), and shares 60% identity. In contrast to the previously
characterized GPIl-anchored proteins from the surface of trypanosome, both TcCISSA and
TbPSSAZ2 are transmembrane (TM) proteins containing a cytoplasmic domain. While the function
of TcCISSA is unknown, a recent study postulated the involvement of TOPSSA2 in sensing and
transmitting signals that contribute to the parasite’s decision to divide, differentiate or migrate

(Fragoso et al., 2009). In this study, the authors observed that TOPSSA2 null mutants were



18

inefficient in establishing infections in salivary gland, despite successful infection in the midgut.
Based on the sequence identity with TOPSSAZ2, it is tempting to speculate that TcCISSA would

also play a similar role. Chapter 3 presents a detailed study on these proteins.
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1.10 Research objectives

The African trypanosome T. brucei is a vector-borne parasite causing HAT in sub-Saharan
Africa and, along with related species T. congolense, causes a similar disease in wild and domestic
animals. Together, these parasites have a significant impact on socio-economic development in
Africa. Trypanosomes express proteins on their surface that influence the host environment and
allows for their transmission. Since the trypanosomes in the insect-stage undergo less antigenic
variation in comparison with host-stage trypanosomes, the insect-stage offers an improved target
for parasite control if strategies can be devised to disrupt their transmission to mammalian hosts.
Though proteomic studies have identified a number of surface proteins, their functions remain
unknown. Characterizing these currently unknown proteins will help facilitate the development of
novel strategies to alter the host environment, thereby making it inhospitable for the parasite, and
reducing disease transmission. Obtaining more information regarding parasite surface proteins and
their interactions with their vector is critical to improving our understanding of parasite survival
and transmission. The two main objectives of this dissertation project were as follows:
Q) Structurally characterize surface proteins hypothesized in facilitating the
transmission of trypanosome from midgut and attachment with salivary glands.

(i) Decipher the functions of the surface proteins from their structures.
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Chapter 2 : Structural characterization of TbFam50.360

Contributions:

Construct design, cloning, and initial crystallization trials were performed by Sean Workman
(Materials and Methods section 2.2.1 and 2.2.2). Structure determination and refinement were
performed alongside Dr. Marty Boulanger and | completed the final structural interpretation

(Materials and Methods section 2.2.3-2.2.5)

2.1 Introduction

As discussed in Chapter I, HAT is a deadly parasitic disease caused by protozoan parasites
of T. brucei species and transmitted by tsetse. A number of disease control strategies applied to
date have not been very successful, and a long-term solution remains unidentified. Particularly
relevant for disease control are surface proteins that play a significant role in interacting with the
vector environment. They are predicted to play important roles in adhesion, signal transduction
and membrane trafficking.

VSG and procyclin are two of the more well-studied surface proteins expressed by T. brucei in its
PF and BSF stages. The VSG allows the parasite to evade the immune response in the host (Barry
and McCulloch, 2001, Hajduk, 1984), whereas the role of procyclin is not entirely clear. Initially,
procyclins were thought to protect the parasite against the digestive enzymes secreted by the tsetse
midgut (Ruepp et al., 1997). However, a knockout study indicated that this is not necessarily true
(Vassella et al., 2003). A third GPIl-anchored family, BARP (Brucei alanine rich protein),
expressed by immature salivary gland stages has been identified (Urwyler et al., 2007, Nolan et

al., 2000) the function of which is unknown.
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Identifying and characterizing more surface proteins is thus urgently needed. As a step in
this direction, recent studies have applied in silico GPI-anchor attachment and signal sequence
prediction approaches to identify genes predicted to encode products associated with the cell
surface of trypanosome and evaluated their expression profile. Hypothetical protein, Th927.7.360,
was identified in these studies (Savage et al., 2012; Jackson et al., 2013).

Tb927.7.360 is a 360 amino acid polypeptide with a potential N-terminal leader sequence
and a C-terminal hydrophobic sequence allowing GPI-anchor attachment (Fig. 2.1). Th927.7.360
will henceforth be referred to as TbFam50.360.

TbFam50.360 belongs to clade iv of a larger family of proteins called the Fam50 family
(Fig. 2.2) (Savage et al., 2012). Fam50 is one of the 79 gene families in the ‘Fam’ family group,
which are known or predicted to be having surface localization. Besides Th927.7.360, Fam50 also
contains TcCGARP, ThBARP, TcCESP, and three other clades i-iii. Clade iv also contains four
paralogs of TbFam50.360 which include Th427.07.380, Th427.07.440, Th427.07.420, and
Th427.07.400. Since the genomic profile (transcriptomic data) of most of the members of Fam50
family reveals an upregulation in the midgut and salivary glands (Savage et al., 2012; Jackson et
al., 2013), it is tempting to speculate their role in establishing infection in these stages. However,

the exact functions of Fam50 family of proteins remain unknown.
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TbFam50.360
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Parasite cell
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Figure 2.1: Predicted domain architecture of TbFam50.360. The figure shows the predicted
organization of domains for ToFam50.360. Light grey indicates the predicted signal peptide, dark
grey- predicted GPI anchor, and deep purple- ectodomain. (Bottom) shows the predicted
localization of protein with respect to the plasma membrane. Note: The amino acids after the GPI
anchor site are not shown as they get cleaved.
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2.0 sub/site

Figure 2.2: Bayesian phylogeny of Fam50 family. Phylogenetic analysis reveals different family
members in distinct clades. The nodes are supported by posterior probability values and non-
parametric bootstraps generated from a maximum likelihood analysis using an LG model with rate
heterogeneity (Accession numbers of the proteins are indicated). The tree is midpoint rooted.

Copied from (Jackson et al., 2013).



24

To date, TcGARP (glutamic acid -alanine rich protein) remains the only surface protein
from. The PF and EMF stages of T. congolense express TCcGARP. This protein is postulated to
play a role in switching the trypanosome coat from VSG to other procyclins during the procyclic
stage and protecting the parasite surface by shielding against digestive enzymes, proteins, and
complement of the tsetse midgut (Loveless et al., 2011). But beyond this its functional roles are
unknown. Besides TcGARP, CESP has also been assessed previously and was shown to be a
putative adhesin (Sakurai et al., 2008). Interestingly, the preliminary structure of BARP and a 3D
model of CESP were also shown to adopt a three helical motif thereby showing a striking similarity
to previously characterized trypanosome surface proteins including TcCGARP (Loveless et al.,
2011), TbVSG (Freymann et al., 1992) and TcHpHbR (Higgins et al., 2013). Based on the
structural similarities between TcCGARP, TbBARP, TcCESP, ThVSG and TcHpHDbR, it is tempting
to speculate that TbFam50.360 may also share the same architecture.

Among the members of the Fam50 family, clade iv is the only group having a predominant
expression in MF at both genomic (Savage et al., 2012) and proteomic level (unpublished; from
collaborators). Since MF is the infective form of the parasite that is transmitted to the vertebrate
(host), it appears that clade iv may be important in insect-vertebrate transition. To gain insights
into the structure and function of clade iv glycoproteins, we expressed the N-terminal region of

one of the paralogs, TbFam50.360, in E. coli and determined its crystal structure.
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2.2 Materials and Methods

2.2.1 Construct design and cloning of TbFam50.360

The sequence corresponding to TbFam50.360 from Trypanosoma brucei was obtained
from TriTrypDB (Aslett et al., 2010); accession No. Th427.07.360. A sequence encoding the
mature ThFam50.360 from the end of signal peptide to the beginning of the predicted GPI anchor
(Glul7 to Gly353, with numbering starting from the initiation methionine) was codon optimized
for E. coli and synthesized by GenScript. A construct (Gly24 to Ala233) that aligns with the
conserved portion of the TbFam50 clade iv was then sub-cloned into a modified pET32a vector
(Novagen) containing N-terminal thioredoxin (Trx) and hexa-histidine tags separated from the
gene of interest by a TEV protease site. Sequencing confirmed that no mutations were introduced

during the amplification procedure.

2.2.2 Expression and Purification of TbFam50.360

TbFam50.360 was produced recombinantly in E. coli Rosetta-gami 2 (DE3) cells (Novagen) grown
in autoinduction medium (Invitrogen) from a 5% inoculum. Following four hours of growth at 37 °C and
64 hours at 16 °C, the cells were harvested and the pellet re-suspended in 20 mM HEPES pH 8.3, 1 M
NaCl, 30 mM imidazole. Cells in suspension were lysed using a French Press. The insoluble material was
removed by centrifugation, and the soluble fraction allowed to batch-bind with Ni-agarose beads for 1 hour
at 4°C. TbhFam50.360 was eluted with buffer containing 250 mM imidazole, and fractions were analyzed
by SDS-PAGE and pooled based on purity. The Trx-Hise tag was removed by TEV cleavage overnight at
18 °C, and TbFam50.360 was further purified by size exclusion chromatography (Superdex Hi Load 16/60
75) in HEPES buffered saline (HBS). The protein concentration was determined by absorbance at 280 nm
with a calculated extinction coefficient of 9970 M cm™ (The extinction coefficient was calculated using

Protparam (Gasteiger et al., 2005)).
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2.2.3 Crystallization and data collection

Crystals of purified recombinant TbFam50.360 were initially identified in the Index
screen (Molecular Dimensions) using the sitting drop method at 18 °C. The final drops consisted
of 0.3 pL of ThFam50.360 at 20 mg ml™* with 0.3 L of reservoir solution and were equilibrated
against 60 pL of reservoir solution. Diffraction quality crystals grew in 48 hours in 25% PEG,
1500. A single crystal was looped, cryopreserved in 12.5% glycerol for 20 seconds, and flash-
cooled to -173.15 °C directly in the cryostream. Diffraction data were collected at Canadian

Light Source (CLS) at a wavelength of 0.9795 A.

2.2.4 Data processing, structure solution and refinement

Diffraction data to 1.82 A resolution were processed using Imosflm (Leslie, 1992) and
Scala (Evans, 2006) in the CCP4 suite of programs (Dodson et al., 1997). Initial phases were
obtained by molecular replacement using PHASER (McCoy et al., 2007) with one copy of the
Glutamic Acid/Alanine-Rich Protein (TcCGARP) from Trypanosoma congolense (Loveless et al.,
2011) (PDB 2y44; 15% identity over 210 residues). Solvent molecules were added using COOT
(Emsley and Cowtan, 2004) and refinement carried out using Phenix Refine (Affonine et al.,
2012). The overall structure of TbFam50.360 was refined to an Rree 0f 20.43%. Stereo-chemical
analysis performed with PROCHECK and SFCHECK in CCP4 showed excellent
stereochemistry with more than 99% of the residues in the favored conformations and no residues
modeled in disallowed regions of the Ramachandran plot. Overall, 5% of the reflections were
set aside for calculation of Rfree. Data collection and refinement statistics are presented in Table

2.1



Table 2.1 Data collection and

refinement statistics

TbFam50.360
A. Data collection
Synchrotron source CLS
Space group P212121
a, b, c(A) 24.81, 79.50, 108.17
a=F=y(° 90.00
Wavelength (A) 0.9795
Temperature (K) 100
Resolution range (A) 44.72-1.82 (1.92-1.82)
Measured reflections 136043
Unique reflections 19605 (2715)
Redundancy 6.9 (6.4)
Completeness (%) 98.2 (94.9)
Io(l) 20.8 (9.3)
Rmerge” (%0) 6.0 (15.9)

B. Refinement Statistics
Resolution (A)
Rcrystb / RfreeC (%)
No. of atoms
Overall
Protein
Solvent/Heterogen atoms
Mean temperature factor (A2?)
Overall
Protein
Solvent/Heterogen atoms
r.m.s. deviation from ideality
Bond lengths (A)
Bond angles (°)
Ramachandran statistics
Most favored (%)
Allowed (%)
Generously allowed (%)
Disallowed (%)

37.31-1.82 (1.88-1.82)
16.94(19.24)/20.28(29.20)

3,347
3,074
273

12.3
11.3
18.0

0.010
1.14

99.5
6.6
0.0
0.0
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Values in parentheses are for the highest resolution shell

2 Rimerge= X hkt i |Init,i = [1hial] / X Xi hiai, Where [1na] is the is the average

of symmetry related observations of a unique reflection

® Reryst=Y.[Fobs-Feaic|/3. Frons, Where Fops and Feac are the observed and the calculated
structure factors, respectively.

¢ Riree IS R using 5% of reflections randomly chosen and omitted from refinement

dRamachandran statistics were determined using PROCHECK
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2.2.5 Bioinformatics

Multiple sequences were aligned using Clustal Omega (Sievers et al., 2011) with
BLOSUMG62 matrix and pairwise alignment. The gap penalty at the beginning and the end was
assigned a value of 1. The sequences were illustrated in ESPript 3.0. (Robert and Gouet, 2014)
Accession numbers for the aligned sequences were obtained from TriTrypDB (Aslett et al., 2010)
and are as follows; TbhFam50.360 (Th427.07.360), ThFam50.380 (Th427.07.380), ThFam50.440
(Tb427.07.440), ThFam50.420 (Th427.07.420), ThFam50.400 (Tb427.07.400). The models of the
C-terminal domain of TbhFam50.360, full-length TbFam50.380, ThFam50.440, TbhFam50.400, and
TbFam50.420 were generated using the IntFOLD algorithm (Roche et al., 2011). The template for
modeling the N-terminal domains of TbhFam50.360 homologs was the crystal structure of
TbFam50.360. All the models of N-terminal domains had high confidence and P-values (P-value
TbFam50.360- 6.21E-3; P-value ThFam50.380- 5.13E-3, P-value TbFam50.440- 6.11E-3; P-value
TbFam50.400- 6.43E-3; P-value ThFam50.420- 6.57E-3). The signal peptide and GPI anchor were

predicted using SignalP 4.0 (Petersen et al., 2011) and PredGPI (Pierleoni et al., 2008).
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2.3 Results

2.3.1 TbFam50.360 adopts an extended helical architecture

The conserved, N-terminal domain of TbFam50.360 (Gly24 to Ala233) (Fig. 2.3A) was
recombinantly produced in E. coli and purified to homogeneity using nickel affinity and size
exclusion chromatography (SEC). Comparison of the SEC elution profile against a series of
globular protein standards showed that ToFam50.360 eluted as a monomer of approximately 22
kDa (Fig. 2.3A). Crystals of purified TbFam50.360 were obtained using the sitting drop method
and grew in space group P2:2:2; with a single molecule in the asymmetric unit. Molecular
replacement using a truncated form of T. congolense Glutamic Acid/Alanine-Rich Protein
(TcGARP - PDB 2Y44) as the search model was used to determine the structure of ThFam50.360.
Despite low sequence identity (15%), TCGARP emerged as a suitable model based on secondary
structure predictions. The overall structure of TbFam50.360 was refined to a resolution of 1.82 A
and is well defined with only two residues from the N-terminus remaining un-modelled.

The core of the TbhFam50.360 N-terminal ectodomain adopts an elongated structure
measuring approximately 83 A in height and spanning approximately 25 A in width (Fig. 2.3B —
left panel). It has a well-ordered ectodomain with low B-factors throughout the structure (Fig 2.3B
— middle panel). TbFam50.360 adopts an overall helical bundle structure composed of a core of
extended twisted helices capped by a smaller helical bundle at the N-terminal end predicted to be
distal from the parasite membrane (Fig. 2.3B). The helical bundle dominating the structure consists
principally of three helices; Helix I (blue) comprises of residues VV29-S83, helix Il (green: E88-
A129) and helix VI (red: F180-A233). The three helices adopt a bend of approximately 30° at G44
(helix 1), A127 (helix I1) and L194 (helix V1) and collectively, give rise to the helical bundle cap.
In addition to the ends of the three major helices, this bundle includes three shorter helices: helix

I11 (orange: D134-E142), which is connected by a five-residue loop to helix IV (cyan: S143-G156),
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and helix V (pink: S166-F179) connected to helix IV by a nine residue loop. Helices IV and V lay

on either side of helix | and form the broadest face of the helical bundle cap.
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Figure 2.3: Structural and functional analysis of TbFam50.360. (A) Top: Construct encoding
the TbFam50.360, which was recombinantly produced in E.coli is indicated in deep purple from
Asn?* to Glu?®, Superdex 75 column size exclusion chromatogram of ThFam50.360 (deep purple
curve). ToFam50 eluted at ~67.5 ml, consistent with the molecular weight of 22kDa Inset, SDS-
PAGE analysis of the column fractions, with TbFam50.360 migrating at ~22kDa. (B) Left- Surface
representation of TbFam50.360 shown in deep purple. The structure was found to be 83.3 A tall
and 25.5 A in width. Middle- B-factor putty model of the TbFam50.360 ectodomain. Ordered
regions are shown in thin blue ribbons, flexible regions- in red and larger diameter tubes. Right-
Secondary structure depiction of ToFam50.360. The color schemes used were white (coil), blue
(Helix 1; V?°-S83), green (Helix I1; E®-A) orange (Helix I11; D3-E#?), cyan (Helix 1V; S**3-
G), light pink (Helix V; S'®6-F179), red (Helix VI; F8-A23)  The underlined residues enclosed
in brackets indicate the bend forming residues in helix | (G**), 1l (A'?") and VI (L'%*) respectively.
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2.3.2 Surface analysis reveals a pocket likely to bind a ligand in TbFam50.360

The lack of significant sequence identity between TbhFam50.360 and any protein of known
function led us to perform a DALI (Holm and Park, 2000, Holm and Rosenstrom, 2010) search to
identify structural homologs. DALI identified TcGARP (PDB id: 2Y44) as the top hit with a Z-
score of 21.4. A least squares superposition between the two structures resulted in an rmsd of 1.7
A over 183 Ca atoms (Fig. 2.5 — left panel). The DALI also revealed structural homology to
previously characterized haptoglobin-hemoglobin receptor (HpHbR) from T. congolense and T.
brucei (PDB id: 4E40 and 5HUG6 (not shown in fig. 2.4)) (Higgins et al., 2013, (Lane-Serff et al.,
2015) (Lane-Serff et al., 2015), and variant surface glycoprotein (VSG) from with T. brucei (PDB

id: 1VSG) with Z scores of 18.0, 17.7 and 6.5 respectively (Fig. 2.4).
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ThFam50.360 TcGARP TcHpHbR
7=21.0 7=18.0

Figure 2.4: TbFam50.360 closely resembles TcGARP. The figure shows the DALI comparison
of TbFam50.360 with previously characterized surface proteins. TbFam50.360 shares a three-
helical architecture with the N-terminal domain of TcCGARP (PDB id: 2Y44), TcHpHDbR (PDB id:
4E40) and TbVSG (PDB id:1VSG). Helices | (blue), Il (green), and Il (red) form the core
architecture of all three proteins. White color indicates loops and coils. Structural comparison
shows that TbFam50.360 is structurally most homologous to TCGARP with a high Z-score of 21.0.
It has the least resemblance to ThVVSG with Z-score of 6.5.

All these proteins exhibit a complementary core of twisted three helical bundles. Structural
comparison, however, indicates a closer architectural similarity with TcHpHbR, and TbHpHbR
compared to TbVSG. This is because of the breakdown of the third helical strand into loops and
extensions allowing a greater structural diversity (Freymann et al., 1990). Moreover, TcHpHDbR,
TbHpHbLR, and ThFam50.360 are monomeric in contrast to a dimeric VSG (Freymann et al., 1990).
Despite the general architectural similarity with of TbFam50.360 with TcHpHbR, the lack of key
ligand binding residues (Higgins et al., 2013, Lane-Serff et al., 2015), indicates a different

biological role for TbFam50.360.



34

A close analysis of the TbFam50.360 and TcGARP structures revealed a similar
distribution of acidic and basic residues along the entire length of the structure and no clear
localized charge densities that would indicate a molecular recognition site. However, both
structures present a surface pocket at the membrane distal end near the region where the core

helices in both proteins bend (Fig. 2.5 — middle panel).

TbFam50.360 TbFam50.360

12.2 A

Figure 2.5: Comparison of the structures of ThFam50.360 and TcGARP.  Left:
Superimposition of TbFam50.360 (deep purple) with TcGARP (light blue) (PDB ID: 2Y44). The
disulphides are shown in yellow ball and stick model. Middle: GRASP image of TbFam50.360
indicates a predominantly hydrophobic pocket and (bottom) a corresponding polar pocket in
TcGARP. The orientation of the images was rotated by 90° from that in left. Right. Side view of
the structure of TbFam50.360 and TcGARP (bottom), showing the depth and diameter of the
cylindrical cavity. Residues within the central cavity are predominantly hydrophobic in
TbFam50.360 and polar in TCGARP. The residues involved contributing to the depth of the cavity
are highlighted in blue. The pocket present in TbFam50.360 was deep having a depth of 12.2 A,
whereas TcGARP had a shallower pocket measuring 5.7 A in depth.
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N-terminal portion of helix I, the loop connecting helix Il to 111, helix V and N-terminal region of
helix VI form the pocket in TbhFam50.360. The secondary structures contributing to the pocket
formation in TCGARP were similar, with the N-terminal portion of helix I, C-terminal region of
helix 11, the loop connecting helix 111 to IV, and N-terminal region of helix V forming the pocket.
Intriguingly, the overall dimensions of the pockets are quite different. In TbFam50.360, the pocket,
measures approximately 12.2 A in depth and 5.9 A in diameter (Fig. 2.5 — right panel) and is lined
by ten hydrophobic residues (A35, L38, F39, L42, 1133, L169 A172, G176, 1184, and L188). In
contrast, the pocket of TCGARP is significantly smaller, measuring approximately 5.7 A in depth
and 6.4 A in diameter and formed by predominantly polar (Fig. 2.5 — right panel) residues (T46,
D49, V50, Q53, T137, E168, T170, S171, A177,L.181, and D190). It is intriguing to speculate that
these pockets in ThFam50.360 and TcGARP may coordinate a different subset of ligands

consistent with a putative role for these proteins as adhesins.
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2.4 Discussion

TbFam50.360 belongs to the Fam50 family of surface anchored proteins. Currently, the
functions of all members of Fam50 family remain unknown. Among the Fam50 family of proteins,
TbFam50.360 appears to be important due to its predominant expression in the MF of the parasite
life cycle as revealed by proteomics. Based on the expression of ThFam50.360 in the infectious
stage of the life cycle, it was hypothesized to enable the parasite transition from insect vector to
the mammalian host. Besides this, the function of TbFam50.360 is largely unknown. To get an
insight into the function TbFam50.360 we structurally characterized the N-terminal domain of
TbFam50.360. This is only the second protein, after TCGARP, to be structurally characterized from
the Fam50 family.

The crystal structure of TbFam50.360 N-terminal domain revealed structural homology
with previously characterized trypanosome surface proteins. The mature protein, however,
contains an additional, 127 residue C-terminal tail predicted to be highly disordered, which could
not be crystallized. The C-term suggested that this region might allow the protein to extend longer
from the parasite cell surface. Interestingly, long C-terminal regions have also been observed in
apicomplexans adhesive micronemal proteins, where they are hypothesized to play a role in
protein-protein interactions, cell signaling, or facilitating proteolytic processing. For example, in
TgAMAA4, the C-terminal region (547 residue linker) functions as a tether to initially contact the
parasite cell membrane and enables its homolog TJAMAS (93 residue linker) to interact with
parasite cell membrane, thereby enabling a staged process (Parker et al., 2016).

TbFam50.360 could play a role similar to TJAMA4. TbFam50.360 has 4 additional
paralogs, (TbFam50.380, TbFam50.440, TbFam50.400, and ThFam50.420) (Fig. 2.6A and B). The
N-terminal regions of these paralogs are highly identical to TbFam50.360 but the C-terminal

regions have varying lengths (Fig. 2.6A and B). We do not know if they are differentially expressed
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or co-expressed. Since the sequence identity of these proteins is high, it allowed us to generate
high confidence models using the IntFOLD server (Roche et al., 2011). All the models look
strikingly similar to TbFam50.360 with an rmsd range of 1.2-1.5 A over 195 Co atoms and
comparable isoelectric points of approximately 5.2. Despite high sequence identity, the pocket
forming residues lacked sequence conservation, thereby distorting the pocket in all the homologs.
The residues F36, T131, G175, and L187, were replaced by other amino acids in the paralogs
suggesting a unique function for ThFam50.360 in comparison to its paralogs (Fig. 2.6B). This

region could offer the parasite a broad mechanism to engage other cellular partners.



38

A TbFam50.360
N-term domain

TbFam50.380
model ThFam50.440
model

TbFam50.400

49 aa

Parasite cell membrane

B Signal Peptlde

0

* VW >

IIEESE 'VSHVSAAC ALHGHPIJ A

h#3:EGE0N TVSHVSAAC, ALHGhP) A

IIE- S §~ IVSAAC ALHGH P (A

KGG O TVSHVSAAC ALHGY B} uT

PKGG QI TVSHVSAAC ALHGY B\ aT
120 v

TbFam50.360
TbFam50.380
TbFam50.440
TbFam50.400
TbFam50 . 420

TbFam50.360
TbFam50.380
TbFam50.440
TbFam50.400
TbFam50.420

SKA A
vy
K VY FGUE: ‘1‘G KILTDG
KK\/2SACATI MG! RIARTR
KK \/4SACAT IMG! RIARTR
. TQ \/ZSGEA NTARAR
TQ L 19SGEA NTARXR

260 280

TbFam50.360 ;gu ER! |EADVQE I SREEFEGNVEVPED/| E TERTEVEEVPKKDPEGNVEVPEDKEK
TbFam50.380 E EE% EN' {ETDVQEISREEFEGNVEVPED E TERTEVEEVPKKDPEGNVEVPEDKEK
TbFam50 . 440 S50 M ETDVOE T SREEFEGNVEVPED | T Gevieenan
TbFam50.400 2 R F‘F?" EEAE 1 1<
TbFam50.420 |U2 l“ R EAR RS EEA (T i i K

TbFam50.360 E _ E Hi'
mramss 0 bl LEEEEEEEEH&
TbFam50.400 PKKDP E'
TbFam50. 420 PKKDP HI'
C-terminal GPI
region signal

Figure 2.6: Model depicting the TbFam50.360 family of proteins in the context of the
metacyclic stage of the trypanosome. (A) The C-terminal region of TbFam50.360 (deep purple)
nd full length of TbFam50.380 (light purple), TbFam50.440 (pink), TbFam50.400_(wheat) and
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TbFam50.420 (light pink) were modeled using the IntFold server. TbFam50.360 N-terminal
domain is shown in blue. ToVSG (PDB ID: 1VSG), also expressed in the metacyclic stage, is
shown in lime green. The length of the C-terminal region is also shown; ThFam50.360- 127aa,
TbFam50.380-103aa, TbFam50.440-77aa, TbFam50.400-51aa, ThFam50.420-49aa. All the
proteins are membrane anchored by the GPI. The figure shows that the proteins belonging to the
TbFam50.360 family extend much more from the parasite cell membrane when compared to
TbVSG. (B) Sequences for TbFam50.360, ThFam50.380, TbFam50.440, TbFam50.400 and
TbFam50.420 were aligned in Clustal Omega and illustrated in ESPript3.0. The red box indicates
the C-terminal region. The black boxes indicate the signal peptide and the GP1 signal regions. The
inverted blue triangles indicate the pocket forming residues found in TbFam50.360. The residues
conserved across the family are indicated in light grey. Accession numbers: ThFam50.360;
Tb427.07.360, TbFam50.380; Tb427.07.380, TbFam50.440; Th427.07.400, ThFam50.420;
Th427.07.420.

Furthermore, the presence of many lysines and arginines in the C-terminal regions
suggested a susceptibility to proteolysis. Since the C-terminal regions are predicted to be
disordered this scenario is highly likely. Based on this information, we decided to investigate the
C- terminal region for the presence of potential proteolytic sites using the PROSPER server (Song
et al., 2012). PROSPER analysis revealed the C- terminal regions of all homologs to be replete
with several protease cleavage sites. This analysis corroborates in the case of TbFam50.360, where
investigations into the saliva of the infected tsetse fly, found that TbFam50.360 is present in the
soluble fraction (unpublished data). The reason for this cleavage remains unknown. It could be a
part of a homeostatic process as many of these parasites are dying and lysing, releasing proteases
and cleaving the protein. The cleavage could also be a strategic process employed by the parasite

to release the adhesive function using specific proteases.
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Conclusion

HAT continues to be a major health burden in Africa. Improved therapeutic strategies are
desperately needed as parasites continue to develop resistance to front-line drugs and evade the
development of highly effective vaccine. In this study, we report the first structural
characterization of TbFam50.360 that has been hypothesized to be involved in insect-host
transition based on its predominant expression in the MF of the parasite life cycle. Our structural
characterization reveals the first high resolution insight into the N- terminal domain of
TbFam50.360, which adopts an extended helical bundle with an overall shape that highly
resembles TcHpHDR, TbVSG and TcGARP. Structural analysis reveals a possible ligand binding
function for ThFam50.360 and provides a high resolution framework for future epitope mapping
studies and a foundation for targeted drug discovery. Currently binding studies are underway in an
attempt to identify its molecular binding partner and establish its function. Unraveling the function
of TbFam50.360 may have important implications for designing novel transmission blocking

therapeutics.
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Chapter 3 : Structural characterization of TOPSSA2 and TcCISSA

Contributions:

Sean, and Sarah Goomeshi Nobary obtained the preliminary crystals for TOPSSA2 and TcCISSA
(Materials and Methods section 3.2.2-3.2.4). Dr. John Burke and Meredith Jenkins performed the
HDX-MS (Materials and Methods section 3.2.6). Dr. Marty Boulanger solved and refined the
structures (Materials and Methods section 3.2.2-3.2.4), and | completed the interpretation

(Materials and methods section 3.2.1 and 3.2.5 (Refinement and validation)).

3.1 Introduction

Surface proteins are crucial in contributing to the success of trypanosomes. A majority of
surface proteins identified to date are the GPI-anchored proteins. These proteins are present in
abundance on the surface of the trypanosome. Due to their sheer abundance, the identification of
less abundant albeit important TM proteins gets impeded. Very few proteins have been identified
in life cycle stages of trypanosome so far, the majority of which have unknown functions. TM
proteins play a major role in signal transduction by virtue of their structure and thus may facilitate
cell differentiation and migration (Ullrich and Schlessinger, 1990, Juliano and Haskill, 1993).
Investigating these proteins may provide insights into their role and potential to support the design
and development of novel therapeutics and vaccines. In this chapter, | describe the study of two
such TM proteins, TOPSSA2 and TcCISSA expressed by T. brucei and T. congolense respectively.

TbPSSA2 was the first TM protein identified in the vector stages of trypanosome by
screening expressed T. brucei PCF plasma membrane extracts with antiserum made against T.
brucei PCF plasma membrane extracts (Jackson et al., 1993). A later study by Fragoso et al.

(Fragoso et al., 2009) confirmed the expression of TOPSSA2 in PCF and EMF at the protein level
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using an immunoassay with genetically modified trypanosomes. Furthermore, the authors also
studied the phenotype resulting from TbPSSA2 knockout (KO). Though the TOPSSA2 KO mutants
established infections in the midgut, they were unable to progress to the salivary glands resulting
in fewer and weaker salivary gland infections. Additionally, they identified a phosphorylation site
at a Threonine-Proline motif (residue 305-306) that is phosphorylated by MAPK (mitogen
activated protein kinase). This phosphorylation was important for facilitating the transit of
TbPSSA2 from the ER to the cell surface (Fragoso et al., 2009). While the function of TOPSSA2
is unknown, the fact that it is an integral membrane protein with both intra- and extracellular
domains suggests that this protein may act as cytoskeletal scaffold protein or a receptor/sensor.
The BLAST analysis revealed a homolog of TOPSSAZ2 in T. congolense with 61% sequence
identity (Fig. 3.1 B). Interestingly, a recent proteomic study conducted by the Pearson lab
investigating the differential expression of surface proteins by Trypanosoma congolense in the
different life cycle stages also revealed high expression of this protein in PF and EMF, similar to
TbPSSA2. They named this protein TcCISSA (Congolense-Insect Stage Specific Antigen) (Eyford
et al., 2011). The amino acid sequence of TcCISSA revealed that a pair of glutamates replaces the
Ser-Pro motif (residue 305-306) that was phosphorylated by MAPK in TOPSSAZ2 and involved in
cellular localization. The glutamates can act as a functional mimic to phosphorylation. Therefore,

it is highly likely that TcCISSA may have a localization pattern similar to TOPSSAZ2.
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Figure 3.1: Domain organization and sequence alignment of TOPSSA2 and TcCISSA. (A)
Top left: Schematic representation of TOPSSA2 with predicted structural domains and signal
peptide (SP). SP is shown in white; Transmembrane domain (TM)- dark grey; Cytoplasmic domain
(CTD) — light grey. The entire ectodomain is indicated in deep purple. Top right: Schematic
representation of TcCISSA with the same color scheme as TbPSSA2 except the ectodomain is
colored in blue. (B) Sequences for TOPSSA2 and TcCISSA was aligned in Clustal Omega and
illustrated in ESPript3.0. The conserved amino acids are colored black. The predicted signal
peptide (SP) and transmembrane domain (TM) are boxed. (Accession numbers: TbPSSA2-
Tb427.10.11220, TcCISSA-TcIL3000.10.9440)
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Both TbPSSA2/TcCISSA have relatively non-descriptive database annotation of a surface
protein with no functional motifs as determined by InterProScan (Zdobnov and Apweiler,
2001)(data not shown). Therefore, functional prediction through amino acid sequence analysis
provides very little insight. Both proteins are predicted to have a signal peptide for the secretory
pathway, an N-terminal extracellular domain, a single transmembrane helix and a C-terminal
cytoplasmic domain (Fig. 3.1 A). Besides the genetic knockout study on TOPSSAZ2, these proteins
are largely unstudied. Due to their structure, with a single membrane-spanning domain, their role
in sensing and transmitting signals from tsetse to the parasite could be speculated.

In this chapter, | describe the cloning, recombinant expression and structural
characterization of the extracellular domain of TcCISSA and TbPSSAZ2. Intriguingly, both
structures adopt a unique bilobed architecture. Our study represents the first detailed insight into a

previously understudied trypanosome surface antigen, with intriguing functional consequences.



3.2 Materials and Methods

3.2.1 Bioinformatics

Sequences of TOPSSA2/TcCISSA were aligned using Clustal Omega (Sievers et al., 2011)
with BLOSUMG62 matrix and pairwise alignment. The gap penalty at the beginning and the end
was assigned a value of 1. The sequences were illustrated in ESPript 3.0 (Robert and Gouet, 2014).
Accession numbers for aligned sequences were obtained from TriTrypDB (Aslett et al., 2010) and

are as follows; TbPSSA2-Tb427.10.11220, TcCISSA -TclL3000.10.9440. The HINGEprot

program (Emekli et al., 2008) was used to predict rigid body domains and flexible hinge regions

in TOPSSA2/TcCISSA. The structure figures were made in PYMOL (DeLano, 2002).

3.2.2 Construct design and cloning

The sequences corresponding to TbPSSA2 and TcCISSA from Trypanosoma brucei
(Th427.10.11220) and Trypanosoma congolense (TclL3000.10.9440) were obtained from
TriTrypDB (Aslett et al., 2010). TbPSSA2 (Glu40 to Val262, with numbering based on the
initiation methionine) and TcCISSA (Ser40 to Val264) were codon optimized for E. coli and
synthesized by GenScript. The construct for TOPSSA2 begins a few residues after the predicted
signal peptide, as the secondary structure prediction for the region between Gly28-Leu39 was
weak with low confidence, and ended before the predicted transmembrane domain. The TcCISSA
construct aligns with the predicted start of the crystallization construct of TOPSSA2. Signal
peptides were predicted using SignalP 4.0 (Petersen et al., 2011) and the TM domain boundaries
of TOoPSSA2/TcCISSA were predicted using TMPred (Hofman, 1993). The constructs were then
sub-cloned into a modified pET32a vector (Novagen) that contained a N-terminal thioredoxin

(Trx) and hexa-histidine tags separated from the gene of interest by a thrombin protease site.
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3.2.3  Protein expression and purification

TbPSSA2 and TcCISSA were produced recombinantly in E. coli Rosetta-gami 2 (DE3)
cells (Novagen) grown in autoinduction medium (Invitrogen) from a 5% inoculum. Following four
hours of growth at 37 °C and 64 hours at 16 °C, the cells were harvested and the pellet re-suspended
in 20 mM HEPES pH 8.3, 1 M NaCl, 30 mM imidazole. The cell suspension was lysed using a
French Press, and centrifugation was performed to remove the insoluble material. The soluble
fraction was allowed to batch-bind with Ni-agarose beads at 4°C for 1 hour. Both proteins were
eluted with buffer containing 250 mM imidazole, and fractions were analyzed by SDS-PAGE and
pooled based on purity. The Trx-Hise tag was removed by thrombin cleavage overnight at 18 °C,
and the proteins were further purified by size exclusion chromatography (Superdex 16/600 75) in
20mM HEPES pH 6.8, 150mM NaCl. Fractions containing monomeric TcCISSA and ThPSSA2
were pooled and further purified by cation-exchange chromatography on a HiTrap SP FF column
(GE Healthcare) in 20mM Tris-HCI pH 6.2, 10mM NaCl. TcCISSA and TbPSSA2 were eluted
with an increasing concentration of NaCl. The protein concentrations were determined by
absorbance at 280 nm with calculated extinction coefficients of 28000 M cm™ and 29380 M
cm™ for TOPSSA2 and TcCISSA respectively (The extinction coefficients were calculated using

Protparam (Gasteiger et al., 2005)).

3.2.4 Crystallization and Data Collection
TbPSSA2
Crystals of purified recombinant ToPSSA2 were initially identified in the Index screen

(Molecular Dimensions) and MCSG-1 screen (Microlytic) using the sitting drop method at 18 °C.
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MCSG-1 produced highest quality crystals. The final drops consisted of 0.3 pL of TOPSSA2 at
15mg mlIt with 0.3 pL of reservoir solution and were equilibrated against 60 uL of reservoir
solution. Diffraction quality crystals grew in 48 hours in 0.2M (NH4)2SOa, 0.1M Bis-tris pH 6.5,
and 25% PEG 3350. A single crystal was looped, cryopreserved in 25% glycerol for 20 seconds,
and flash-cooled to -173.15 °C directly in the cryostream. Diffraction data were collected on
beamline 9-2 at Stanford Synchrotron Radiation Laboratory (SSRL) at a wavelength of
0.9795 A.
TcCISSA
Initial crystallization trials for TcCISSA were performed using the commercial screens
Index and PEG/lon screen (Hampton Research), Wizard | and Il and MCSG-1 screens (Emerald
BioSystems). The protein was set in 96-well sitting drop Intelli-Plates (Hampton Research) with
different drop ratios containing of 0.2 or 0.3 pl protein solution (25mg.ml™) and 0.2ul reservoir
solution and equilibrated against 55ul reservoir solution. A single crystal of TcCISSA was
observed in 20% PEG 3350 with 0.2M ammonium sulfate after overnight incubation at 18 °C; the
crystals developed equally well using both drop ratios. Diffraction data were collected on beamline

9-2 at Stanford Synchrotron Radiation Laboratory (SSRL) at a wavelength of 0.9795 A.

3.2.5 Data processing, structure solution and refinement
TbPSSA2

Diffraction data for native and iodide derivative crystals were processed to 1.65 and 1.85
A resolution, respectively, using Imosflm (Battye et al., 2011, Leslie, 1992) and Scala (Evans,
2006) in the CCP4 suite of programs (Winn et al., 2011). The structure of TOPSSA2 was phased

by lodine derived single wavelength anomalous dispersion. A total of twenty-eight iodide sites
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was identified and refined using the SHELX C/D/E pipeline (Sheldrick, 2010). High-quality
phases were obtained after density modification in dm (Cowtan, 1994) and enabled building and
registering of 60% of the backbone using buccaneer (Cowtan, 2007). The remaining structure was
built manually and used as a molecular replacement model for the higher resolution native data
using Phaser (McCoy, 2007). Solvent atoms were selected using COOT (Emsley and Cowtan,
2004) and refined in Phenix Refine (Afonine et al., 2012). The overall structure of TOPSSA2 was
refined to an Rfee Of 20.4%. Stereo-chemical analysis performed with PROCHECK and
SFCHECK in CCP4 (Collaborative Computational Project, 1994) showed excellent
stereochemistry with more than 99% of the residues found in the conformationally favorable
regions and no residues modeled in the unfavourable regions of the Ramachandran plot. For
calculating Rree, 5% of the reflections were set aside. Data collection and refinement statistics are
presented in Table 3.1.

TcCISSA

Diffraction data for native crystals were processed to 2.45 A resolution using the methods
described for TbPSSA2. Initial phases were obtained by molecular replacement using Phaser
(McCoy, 2007) with TbPSSA2, pruned with CHAINSAW (Schwarzenbacher et al., 2004) to better
reflect the TcCISSA sequence, as a search model. Refinement, structural validation, and
stereochemical analysis was performed similar to TOPSSA2 described above. Data collection and

refinement statistics are presented in Table 3.1.



Table 3.1: Data collection and refinement statistics

TbPSSA2_I SAD TbhPSSA2 TcCISSA
A. Data collection statistics
Spacegroup P1 P1 P2,
a, b, c(A) 32.13,57.82, 60.61 31.82,57.81, 61.24 75.81, 87.65,
98.89
a, B, v (deg.) 74.24,76.45, 89.76 73.55, 76.43, 89.98 90, 113.27,
90
Wavelength 1.1807 1.1807 0.9795
Resolution range (A) 56.59 - 1.80(1.84-1.80) 56.95-1.65(1.67—-1.65) 39.47-245
(2.49 — 2.45)
Measured reflections 184718 (10800) 171475 (8353) 146837
(11384)
Unique reflections 35093 (2079) 45400 (2236) 42734 (2110)
Redundancy 5.3(5.2) 3.8(3.7) 3.4 (3.5)
Completeness (%) 93.2 (91.9) 92.3(90.7) 97.6 (98.3)
o) 11.3(2.4) 10.3 (2.0) 17.8 (1.2)
Rmerge® 0.087 (0.822) 0.066 (0.542) 0.044 (0.517)
CCu:2 0.997 (0.771) 0.995 (0.739) 0.960 (0.821)

Number of | sites

B. Refinement statistics

Resolution (A)
RcrysTb/ RfreeC

No. of atoms

Protein (A/B/C/D/U)

Sulfate/Glycerol
Solvent
B-values (A?)
Protein (A/B/C/D/U)

Sulfate/Glycerol
Solvent

r.m.s. deviation from ideality

Bond lengths (A)
Bond angles (deg.)

Ramachandran statistics (%)

Most favoured
Allowed
Disallowed

28

N/A

47.12 - 1.65

0.170/0.204

1728/1692

5
492

21.2/24.8

31.0
31.0

0.006
0.991

98.8
1.2
0.0

N/A

39.48 —2.45
0.257/0.289

1630/1568/1
468/1486/74
40/12

68

65.8/70.0/87.
1/84.8/68.4
75.3/62.4
51.9

0.003
0.763

96.0
4.0
0.0

Values in parentheses are for the highest resolution shell

aRmerge= Xkl illhki= [1hia]] / Xnailniai, where [Ina] is the average of symmetry related observations of a

unique reflection

® Reryse=Y.|Fobs-Feaic|/>Fons, Where Fops and Feac are the observed and the calculated structure factors,

respectively

°Riree IS R using 5% of reflections randomly chosen and omitted from refinement

49
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3.2.6 Hydrogen- Deuterium Exchange Mass Spectroscopy (HDX-MS) measurements

TcCISSA was prepared at a concentration of 10uM in a buffer composed of 20 mM
Tris/HCI1, 100 mM NacCl (pH 7.0). The HDX was initiated by mixing 10 ul of purified protein with
40 pl of the 2H20 buffer (10 mM HEPES pH 7.5, 50 mM NaCl, 2 mM TCEP, 92% 2H,0); the
mixtures were incubated at various time intervals 0-300s on ice. At the indicated time-points, the
mixtures were quenched by adding ice-cold quench buffer (final concentration 0.6 M guanidine-
HCI, 0.8% formic acid). For non-deuterated samples, 10 pl of the purified protein was mixed with
40 pl of *H,0 buffer (20 mM Tris-HCI, pH 7.0, and 100 mM NacCl in water) and ice-cold quench
buffer (final concentration 0.6 M guanidine-HCI, 0.8% formic acid) was added. The quenched
samples were injected into UPLC (ultra-pressure liquid chromatography) and digested online by
passing them through an immobilized pepsin column (Applied Biosystems; porosyme, 2-3131-00)
at a flow rate of 130 puL/min for 5 min with with a 5-36% B (buffer A 0.1% formic acid, buffer B
100% acetonitrile) gradient over 20 min. Peptide fragments were subsequently collected on a
VanGuard precolumn trap for de-salting. The trap was subsequently eluted in line with an Acquity
1.7 um particle, 100 x 1 mm2 C18 UPLC column (Waters), with a 5-36% B (buffer A 0.1% formic
acid, buffer B 100% acetonitrile) gradient over 20 min.

Peptides were identified by running tandem MS/MS experiments using a 5-36% B gradient
over 120 min. The resulting MS/MS datasets were analyzed with the Mascot search within Mascot
distiller (Matrix Science). The MS tolerance in mascot was set to 3 ppm with an MS/MS tolerance
at 0.1 Da. Peptides showing a Mascot score >20 were analyzed using HD-Examiner Software
(Sierra Analytics). The full list of peptides was then validated manually by comparing it with a
non-deuterated protein’s MS scan to check for the correct m/z state, and the presence of

overlapping peptides. All ambiguous peptides were excluded from further analysis. The HD-
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Examiner software performed the first round of analysis and identification, but it was ensured that
all peptides (both deuterated and non-deuterated) were verified manually at every state and time
point to check the correct charge state, m/z range, presence of overlapping peptides, and any
deviation from the expected retention time. Corrections for back exchange were generated from a

fully deuterated sample. All experiments were performed in triplicates.
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3.3 Results and Discussions

3.3.1 The ectodomains of TbPSSA2 and TcCISSA adopt previously uncharacterized
architecture

Recombinantly produced N-terminal extracellular domains of TOPSSA2 and TcCISSA
from E. coli were initially purified using nickel affinity chromatography, followed by thrombin
cleavage to remove the TRX tag. The size exclusion profile indicated a monomeric organization
for both TbPSSA2 and TcCISSA (Fig. 3.2A). Native ToPSSA2 and TcCISSA were crystallized
but in the absence of sequence identity with reported structures, no suitable molecular replacement
models were identified. The phases for TOPSSA2 were ultimately obtained from an iodide based
crystal soak using single wavelength anomalous dispersion. lodine phasing solved the structure of
TbPSSAZ2 to a resolution of 1.65 A. Two molecules were present in the asymmetric unit (AU) of
the primitive unit cell. While TOPSSA2 crystallized in space group P1 with two molecules in AU,
TcCISSA crystallized in space group P2; with four molecules in AU. The structure of ThPSSA2
emerged as a suitable molecular replacement model for TcCISSA, which crystallized as a
monomer with four molecules in the AU of the primitive monoclinic unit cell. The structure of
TcCISSA was solved to a resolution of 2.45 A,

Both TbPSSA2 and TcCISSA have similar overall structure, in agreement with their
sequence homology (sequence identity ~61%). They adopt a bi-lobed architecture consisting of 2
lobes (hereafter L1 and L2) separated by a hinge region (Fig. 3.2B). Since several residues (13 in
TbPSSA2 and 10 in TcCISSA) in the C-terminal were hard to model, predicting the precise

orientation of TOPSSA2 and TcCISSA with respect to the membrane was difficult.
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L1 is the larger lobe consisting of 2 polypeptide segments from both the amino terminus (residues
40-123 in TbPSSA2 and residues 44-123 in TcCISSA) and carboxyl terminus (residues 188-256
in TOPSSA2 and residues 188-255 in TcCISSA). Interestingly, both N and C terminus fall at the
same end. The intervening segment (residues 126-186) constitutes L2. A single elongated -
strand, 8, spans the entire length of the protein, including both lobes and hinge region. This strand
extends to a maximum length of 49 A.

The individual lobes L1 and L2 of TOPSSA2 and TcCISSA exhibit a high correlation with
each other with a root mean square deviation (RMSD) ranging from 0.234-0.321 A over 113 Ca
atoms (L1) and an RMSD range of 0.31-0.42 A over 52 Co in L2. L1 adopts an identical
configuration in both TOPSSA2/TcCISSA. The individual lobes L1 exhibit a high correlation with
each other with a root mean square deviation (RMSD) ranging from 0.234-0.321 A over 113 Ca
atoms. N-terminal and C-terminal a-helical periphery and a 7-stranded -sandwich core consisting
of B1, 2, 3,4, 5,9, 10 and 11 define the overall structure of L1. The § sandwich packs against 3-8
on one face in addition to a 4-residue o helix (a-2) on the opposite face. L2 forms a -a-p motif.
The B strands, -7, and -6, coordinate the -8 linker. This lobe is the most stable between the two
lobes stabilized by four intramolecular disulphide linkages. Two disulphide bonds are formed in

the loop connecting -6 and a-3 while the remaining 2 are formed with the linker -8 (Fig. 3.2C).
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Figure 3.2: Both TOPSSA2 and TcCISSA behave as monomers in solution and adopt a unique
bilobed architecture. (A) Left: Schematic representation of TOPSSA2 with predicted structural
domains and signal peptide. Construct for crystallization (Glu*® to Val?®) is indicated in deep
purple. Bottom left: Superdex 75 size exclusion chromatogram of TbPSSA2 construct (deep
purple). The peak for TOPSSA2 and thioredoxin (Trx) is indicated. The protein standards used
were conalbumin (75 kDa; peak 1), ovalbumin (43 kDa; peak Il), carbonic anhydrase (29 kDa;
peak I11), ribonuclease (13.7kDa; peak 1V) and aprotinin (6.500kDa; peak V). Inset, SDS-PAGE
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of purified TOPSSA2. Top right: Schematic representation of TcCISSA as shown in A with
construct for crystallization (Ser*® to Val?®4) indicated in blue. Bottom right: Superdex 75 size
exclusion chromatogram of TcCISSA construct (blue) with SDS-PAGE of purified TcCISSA
indicated in inset. (B) (A) Secondary structure depiction of TOPSSA2 (left) and TcCISSA is shown
in the predicted orientation to the parasite membrane. The chain A of TOPSSA2 and chain B of
TcCISSA is shown as they were the most extensively modeled chains. 2 lobes (L1 and L2)
connected by a hinge region divide the structure. L1 is colored in green, L2 in blue. The segment
connecting both the strands is colored in red. The four disulphide bonds in L2 are indicated in
yellow ball and sticks. (B) Topology diagram of TOPSSA2 and TcCISSA colored as in (A).

To investigate the similarity of TOPSSA2 and TcCISSA to other structurally characterized
proteins, a DaliLite search (Holm and Rosenstrom, 2010) was performed for the entire
crystallization construct. Dali returned hits with low Z scores (Z-score<4.0) and weak alignments
with RMSD scores greater than 2 A. Since the entire structure returned low Dali scores, a search
with the individual lobes L1 and L2 alone was carried out. However, both L1 and L2 also gave
results similar to the entire structure. Therefore, with Dali not returning any strong matches, it

appears that the structures adopted by ToPSSA2 /TcCISSA are previously uncharacterized.

3.3.2 TbPSSA2 and TcCISSA have conformational flexibility

There are 2 copies of TOPSSA2 and 4 copies of TcCISSA within the ASU. Both TOPSSA2
and TcCISSA exhibited flexibility among the individual monomers in the crystal structure. This
was evidenced by a higher RMSD value overlay of the bilobed monomers (0.35-0.52 A in
TbPSSA2 over 137 C, and 0.3-0.57 A in TcCISSA over 132 C,), while L1 overlay with a lower
RMSD (0.21-0.25A over 117-119 C, in TOPSSA2 and 0.27-0.31 A over 107-119 C, in TcCISSA).
The inclusion of L2 resulted in an increase in RMSD thereby suggesting an inter-lobe flexibility,
visually supported by a L1 overlay and the observation of resulting relative rotation in L2 (Fig.
3.3A, B). Moreover, hinge prediction bioinformatics algorithm (Emekli et al., 2008) identified
residues H126, A127, T128, R129, E130, K184, Q185, and N186 in TbPSSA2; R126, V127, K128,

R129, E130, K184, Q185, and N186 in TcCISSA as the hinge residues with very high probability.
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On comparing the degree of flexibility between different monomers of TbPSSA2 and
TcCISSA, it was found that the individual L2 rotates to an angle of 5° (into the plane of the paper)
in TOPSSA2 (Fig. 3.3A), whereas it rotates to maximum angle of 30° (into the plane of the paper)
in TcCISSA. The existence of distinct conformers of TOPSSA2 and TcCISSA suggests an inherent

flexibility around the lobes. The range of flexibility that we observe is generated by crystal packing

forces.

TcCISSA A
W ThPSSA2 A
' x’.’%\ TbPSSA2 B S TcCISSA C 5
G \ =y 3
1L AN ~ ~
4 4 ~LC O
o > T -T
5 5
ogQ gQ
- @ i
5 g
& A
. _

Figure 3.3: TOPSSA2 and TcCISSA display conformational flexibility between their lobes.
(A) Left: Structural superposition of 2 monomers of TOPSSA2 (chain A- deep purple; chain B-
dark teal). The hinge and lobes are indicated. The lobes L2 are displaced to a maximum of 6 A.
Right: pictorial representation of chain A and B overlay depicting the degree of rotation (~5°)
between the L2. (B) Structural superposition of the four monomer chains of TcCISSA (chain A-
orange; chain B- cyan; chain C- marine; chain D- limegreen) showing a maximum swing of ~18
A between the lobes L2. Right: pictorial representation of TcCISSA same as in (A) with the angle
rotation ranging from ~10-30°.

To investigate whether the dynamic structural conformation observed in the crystal
structure are also present in solution, we performed Hydrogen-deuterium exchange (HDX). HDX-

MS measures the rate of exchange of peptide amide hydrogen with deuterium in the solvent. The

rate of deuterium uptake is affected by secondary structure, flexibility and the dynamics of the
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protein conformation. Flexible regions show a high exchange rate, whereas ordered regions such
as regions with secondary structures show slow exchange rate. We performed HDX-MS on
TcCISSA since it showed the highest conformational flexibility (Fig. 3.4- left panel). Mass
spectrometric identification of peptic peptides from TcCISSA resulted in about ~95% of sequence
coverage. HDX-MS clearly suggested a possibility of multiple conformers in solution consistent
with the crystal structure. Interestingly HDX-MS did not reveal flexibility between the lobes albeit
it revealed flexibility around the B6-a3 region (lobe 2) with a distinct slow and a fast exchanging
population (Fig. 3.4- right panel). Though the reason for this flexibility is unknown, it is tempting
to speculate that this may be in response to molecular recognition of binding partner or in

facilitating ligand binding. Further experimentations should be performed to confirm this.
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Figure 3.4: HDX-MS reveals conformational herogeneity of TCCISSA in solution. Left Panel:
The figure shows the heat map at 300s™ overlaid on to the X-ray crystal structure of TcCISSA. The
B6-03 loop is indicated by the dotted box. The color key shows the HDX levels. Right panel:
Shows the analysis of the p6-a3 loop region. The HDX-MS at the 300s™ exchange time point is
shown. HDX-MS clearly indicates the existence of 2 distinct populations in the loop region (blue-
fast exchanging; red-slow exchanging), consistent with the crystal structure. The non-deuterated
peptide is shown in grey and disulphide connectivity is shown as orange star.
3.3.3 Hinge region in TcCISSA may be capable of closing around a ligand

The hinge region in chain A of TcCISSA accommodates a peptide with unmapped side
chains due to difficulties in registering the sequence in electron density (Fig. 3.5A). This peptide
nicely wraps around the hinge region, thereby mimicking a ligand-binding region. The contours
around the strand-binding region reveal intriguing structural evidence that suggests a binding event
at the hinge region (Fig. 3.5A). Interestingly, this is the only chain in TcCISSA that accommodates
a strand and coordinates a sulphate. A closer inspection of the hinge region revealed an R128 and
K130 pair at the base of the hinge where the divergence between different monomers of TcCISSA

begins. In chain A, R128 is pinned to sulphate along with K130 (Fig. 3.5B-middle panel). This

sulphate might be a side chain of a biological binding partner. However, the other conformers do
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not accommodate this strand because R128 and K130 (to a lesser extent) in these conformers have

steric hindrance with this strand (Fig. 3.5B-right panel).

TcCISSA A-peptide

B

TcCISSA B S TcCISSA A

TcCISSA C

Figure 3.5: Analysis of the hinge region in TcCISSA. The figure shows the analysis of strand
bound region in TcCISSA. (A) Surface representation of the TcCISSA Chain A (grey) highlighting
the assembly of bound strand (lightpink). It can be seen that the strand nicely wraps around the
protein. (B) (Left panel), shows superimposition of different monomers of TcCISSA with the same
coloring scheme used in (Fig. 3.3). The hinge region is indicated by black box. Middle panel, Top:
R127 and K130 in the hinge region of chain A coordinating with sulphur is shown. The sulphur is
depicted as stick model with a 2Fo-Fc electron density map (green mesh) contoured at 1.5c. Right
panel: shows R128 and K130 of chains B, C, and D. These amino acids sterically clash with the
strand and not coordinated by sulphur.
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While the exact reason for orientations between chains around the hinge region is
unknown, the orientation of the membrane distal loop could be having an impact in the hinge
region organization. Biologically, this hinge region may be involved in interacting with a binding

partner, which is consistent with it being on the surface and recognizing a partner.
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Conclusions
Surface proteins play an important role in enabling a successful transmission of the parasites
causing trypanosomiasis. In this study, we report the first structural characterization of the
ectodomains of ThbPSSA2 and TcCISSA, two membrane spanning surface proteins expressed
differentially in the PF and EMF stages of the trypanosome life cycle. Currently very little is
known about the role of these proteins. A previous study showed that the KO of TOPSSA2 results
in a phenotype incapable of infecting the salivary glands (Fragoso et al., 2009). A recent proteomic
study showed an up-regulation of TcCISSA in PF and EMF (Eyford et al., 2011). These are
intriguing pieces of evidence to suggest their possible role in the molecular crosstalk between
tsetse and trypanosome. Our structures reveal a previously uncharacterized bilobed architecture
for these proteins with an inherent flexibility between the lobes suggesting that they may be able
to accommodate a binding partner. Interestingly, we found that TcCISSA accommodated a peptide
between the lobes, which re-enforces our hypothesis that these proteins may bind their ligands
between the lobes. In conclusion, we have taken the proteins previously postulated to be involved
in sensing and shown that through a unique architecture has an inherent capacity to bind a ligand
and have their flexible lobes re-orient relative to each other. Our structures give an insight of how
these proteins may be involved in sensing and their capacity to act as a sensor to recognize the
extracellular environment. Ultimately, identifying the binding partners of these proteins would be

key to fully understanding their functions.
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Chapter 4 : General discussion and future studies

The pathogens causing VBDs express an arsenal of surface proteins, enabling their
successful transmission. However, the molecular mechanism underlying their transmission is
unknown. Therefore, the aim of my thesis was to understand the molecular mechanism underlying
vector-pathogen interaction. Using tsetse-trypanosome as the model system, | elucidated the
structure of important surface proteins involved in the transmission of trypanosomes inside tsetse
and attempted to infer the functions of these proteins using the structure.

Chapter 2 describes the structural characterization of TobFam50.360. It adopted a three
helical architecture, similar to previously characterized trypanosome surface proteins. Structural
analysis revealed the presence of a hydrophobic pocket that may play a role in ligand binding.
Moreover, the presence of a C-terminal linker region that may allow the protein to extend from
the VSG layer on the parasite surface and in interacting with the ligand, makes us believe that
TbFam50.360 is likely to be an adhesin. However, in the absence of a binding partner, we cannot
test this hypothesis. Therefore, future studies must involve in identifying binding partners to this
protein. Currently, our collaborators are trying to identify possible TbFam50.360 binding proteins
by pull-down experiments. Studies may also involve investigating the C- terminal region using
NMR. Additionally, studies can also be carried out by truncating the C-terminal region, and
observing its effect on parasite survival and differentiation. Insights into the characterization of
the C - terminal region may shed more light on the function of this novel protein.

Chapter 3 describes the structural characterization of TOPSSA2 and TcCISSA. Structural
analysis revealed that both proteins adopted a previously uncharacterized bilobed architecture with

one of the lobes articulating movements in and out of the plane of the paper. Bilobed proteins
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described in the past bind their partner between their lobes. Interestingly, one of the monomers of
TcCISSA (chain A) crystallized with a strand suggesting a capacity to bind ligand. Since the
electron density of the strand was ambiguous, it was not possible to identify the ligand. In such a
scenario, characterizing the binding partners is imperative. Our collaborators are working to
identify possible binding partners using pull downs.

In this study, we structurally characterized important surface proteins previously hypothesized to
play an important role in tsetse-trypanosome interaction. These proteins can be added to the
repertoire of structurally characterized surface proteins expressed by T. brucei and T. congolense.
Our structural analysis shows that they adopt interesting structural architecture and based on the
structure we were able to identify putative ligand-binding regions. However, deciphering their
functions was difficult without the presence of a binding partner. Once the binding partners are
identified, co-crystallization studies with these partners would shed more insight into the

mechanism underlying binding and also their function.
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