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The parasitic pathogens of genus Trypanosoma cause significant morbidity and mortality
worldwide. The most well studied 7Trypanosoma related diseases are African sleeping
sickness (Trypanosoma brucei) and African Animal Trypanosomiasis (7rypanosoma
congolense). Despite more than 100 years of research these diseases continue to have a
devastating impact on the socioeconomic development of Africa. A major impediment to
controlling outbreaks is the lack of an effective vaccine due, in part, to the parasite’s
ability to continually alter its protein coat while in the host, which results in effectively
evading the host immune system. Recent studies have identified Trypanosoma
congolense proteins that are selectively expressed during transmission in the tsetse
arthropod vector where the parasite’s protein coat is not constantly recycled. Of these
proteins, Congolense Insect Stage Specific Antigen (7cCISSA) and Congolense
Epimastigote Specific Protein (7cCESP) were selected for characterization based on
cellular localization, expression levels and predicted roles in facilitating transmission by
the tsetse fly.

The goal of the present study is to understand the crosstalk between 7. congolense and
its vector, the tsetse fly. Revealing the structure of proteins is a crucial step in
determining their functions. In order to gain insight into the molecular basis of structure
and function of 7cCESP and TcCISSA we took various biophysical and biochemical
approaches. TcCISSA was recombinantly produced in E. coli, crystallized and diffraction
quality data collected to 2.5 A resolution. Structure determination, however, has been
problematic due to the absence of homologous models and the inability to take advantage
of SelMet phasing due to the presence of only a single methionine in the sequence.

Structure determination efforts are ongoing using multiple approaches including NMR. In



v
contrast to 7cCISSA, the size and complexity of TcCESP required insect cells for
efficient recombinant production. While crystallization trials have yet to yield diffraction
quality crystals, a combination of homology modeling validated by chemical crosslinking
and mass spectrometry, and circular dichroism spectroscopy have yielded intriguing
insight into the architecture of CESP. Characterizing the function of these proteins offers
the potential for rare insight into the molecular crosstalk between the parasite and vector

and may support the development of novel transmission blocking vaccines.
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Chapter 1 - Introduction

1.1. Vector borne diseases

Vector borne diseases are illnesses that require an organism, a vector, in order to be
transmitted between hosts. Examples of these diseases include malaria, lyme disease,
dengue fever and African trypanosomiasis. Vector borne diseases cause significant
morbidity and mortality on a global scale (Figure 1.1). The disease burden resulting from
infections of vector borne pathogens is dictated both by the acute pathology of the
infection and by the efficiency by which the pathogen is transmitted by the vector. While
many different vectors exist to enable dissemination and transmission of pathogens, the

most widely studied are the arthropod vectors such as mosquitoes, flies and ticks.

Deaths from vector-borne disease
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Figure 1.1. Number of deaths resulting from vector borne diseases. While every country in
the world suffers from vector borne diseases, the continent of Africa pays the heaviest toll. This
map has been reproduced with permission from (1).
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Historically, the majority of vector-borne diseases have been largely restricted to
tropical countries. However, the impact of climate change on vector habitat and the
increased mobility of the population at large has significantly increased the distribution of
vector borne pathogens targeting humans, and agricultural animals and plants on a global
scale (2). The mechanisms by which microorganisms are transmitted by insects range
from relatively simple mechanical events, as in the cases of many vector-borne viruses,
through complex biological processes that enable microbial growth within the vector.
Examples of this latter case are the tsetse fly transmitted kinetoplastid parasites of the
genus Trypanosoma infamously known for their role in causing sleeping sickness in
humans. The Trypanosoma-tsetse fly pairing is an interesting model of a complex vector-

pathogen interaction and it is the focus of my thesis work.

1.2. African trypanosomiasis
1.2.1. Etiologic agent

Protozoan species from the genus Trypanosoma are responsible for diseases known as
African trypanosomiasis. In humans, the disease is better known as African sleeping
sickness while in animals it is referred to as African animal trypanosomiasis (AAT) or
chronic wasting disease. The Zulu word for AAT, N’gana, means useless or to be in low
or depressed spirit (3). Trypanosomes are extracellular parasites, which reside in the
blood or lymph of their host. Figure 1.2 shows an early drawing of trypanosomes among

the blood cells.

Figure 1.2. An early drawing of trypanosomes among blood cells. The trypanosomes are
extracellular parasites and do not enter the host blood cells. This drawing was reproduced from
Reiley, 1915 (4).



1.2.2. Historical perspective and Societal Impact
Trypanosoma infections have shaped the development of the African continent. With

much of the sub-Saharan African economy supported by agriculture and livestock
production (5,6), the effect of AAT is far reaching (5,7) with direct impacts on local
economies and ultimately on human health. It is noteworthy that AAT affects
domesticated animals more seriously than wild animals. The infection in wild animals is
usually mild, compared to the fatal disease observed in domesticated animals. While
numerous different domesticated animal species can acquire AAT, it is of major
importance in cattle, as cattle are the main animals reared in sub-Saharan Africa. N’gana
kills three million cattle every year and causes general chronic ill-health, abortion and
reduced productivity of cattle herds. The economic loss in cattle production is estimated
to be 4 billion USD every year. The greatest loss is in human food production and it is
shown that the absence of oxen for cultivation can result in an 80% decrease in crop
production (8).

In ancient times the north coast of the continent of Africa had more vegetation
compared to the present (9) and records show that the distribution of AAT was different.
During 3000 BC — 2000 BC (Old Kingdom), the flora and fauna of the Nile Valley were
different and it was probably similar to the current region of the Gazelle River, one of the
major tributaries of the Nile (3), in the Sudan. It is reasonable to suggest, therefore, that
the distribution of the vector for trypanosomiasis and therefore the disease was extended
northwards and ranged into the Nile delta. There is evidence that Egyptians of the Old
Kingdom raised and kept their cattle together with game animals in hope of rearing
trypanotolerant animals (3). In addition, a veterinary papyrus (Figure 1.3) dating from 2™
millennium BC describes a disease that is similar to N’gana. An ointment made from the
fat of particular birds was used to treat the bite of the vector. This shows that although the
Egyptians did not know the basis of the disease, they associated the disease with the bite
of a fly (3).



Figure 1.3. Part of the veterinary papyrus describing the disease, ushau. The descriptions
translated from this papyrus are very similar to symptoms of N’gana. On this papyrus, a treatment
for the bite of the fly that was believed to cause the disease has also been described. Reproduced
with permission from Stevering, 2008 (3).

1.2.3. Therapeutic treatments
There are three medications for N’gana (AAT): isometamidium, homidium, and

diminazene and they have been reviewed (10,11). Isometamidium is mainly used as a
prophylactic and provides up to 6 months protection against the tsetse challenge.
Homidium is used as a therapeutic agent and does not have much prophylactic property
and diminazene is only a therapeutic agent. Although there is constant demand for these
medications, the market value does not seem enough to justify the investments by the
pharmaceutical companies. In addition, resistance to drugs has been reported and is on
the rise (12). It is reasonable to assume that some of the areas affected by AAT are
remote and there are no formal reports about the drug resistance from those parts of the

continent (13).

1.2.4. Evolutionary classification of Trypanosoma
The genus Trypanosoma belongs to the order Kinetoplastida due to the presence of the

kinetoplast, a disc shaped organelle, which contains many copies of circular DNA. The

kinetoplast DNA (kDNA) is considered the most structurally complex DNA network and
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there are two types of circular DNA in the organelle: maxicircles, which contain genes
for expressing mitochondrial proteins; and minicircles, which encode RNA editing genes.
These are required for deciphering the encrypted genes in the maxicircles (14-17). Figure
1.4.A shows the organelle located in the Trypanosoma cell and 1.4.B shows an electron

micrograph showing the circular DNA from the kinetoplast.

- Balfs -0

Figure 1.4. The kinetoplast shown in the parasite (A) and an electron micrograph (B)
showing the maxicircles and minicircles. A: The size of the kinetoplast is different in the
different species of Trypanosoma. The biggest kinetoplast belongs to 7. vivax. B: as seen in the
figure minicircles are closely associated with each other and in some cases are interlocked (red
arrow). Panel A is reproduced from (18) and Panel B is modified with permission from (14).

The Trypanosoma species are divided into two main groups based on their mode of
transmission (19): Stercoraria and Salivaria. The Stercoraria migrate to the posterior
(hindgut) of their vector and are transmitted by the feces of the vector (by means of
contamination). An example of these species is 7. cruzi, the cause of Chaga’s disease, a
disease that is found in the South American continent and in the southern United States.
The other group, Salivaria is transmitted via inoculation and the members are spread
through the salivary gland or mouthparts of their vectors. The trypanosomes of the
Salivaria group are the only trypanosomes that are capable of antigenic variation in their
mammalian host. The species that are in this group are the causes of African
trypanosomiasis. They can change their antigens to evade the immune response of the

host and have, therefore, posed major problems in attempts to develop a vaccine.
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There are three subgenera in the Salivaria group (19). Duttonella is one of these

subgenera and the best-known species from this subgenus is Trypanosoma (Duttonella)
vivax. This species is transmitted by the tsetse fly and its final development occurs in the
proboscis of tsetse. 7. (D.) vivax infects domestic animals. The second subgenus from the
Salivarian trypanosomes is the Nannomonas. This subgenus includes the infamous
Trypanosoma (Nannomonas) congolense, the cause of more than 80% of the N’gana
cases in Africa (20-23). T. congolense infects a broad range of domestic animals. This
pathogen is transmitted through the proboscis (mouthparts) of the tsetse fly (19). T.
congolense is further divided into three genetically distinct subgroups: Savannah, or the
‘Dry’ division, which includes isolates from East and West African savannah;
Riverine/forest or the ‘Humid’ division; and finally, the Kenya coast, which is also
named ‘Kilifi’ (24). The last subgenus from the Salivarian trypanosomes is called
Trypanozoon and it includes Trypanosoma (Trypanozoon) brucei, and its subspecies 7. b.
brucei, T. b. rhodesiens and T. b. gambiense. While T. b. brucei infects animals, the other

two sub-species cause human trypanosomiasis or sleeping sickness (25).

1.3. Transmission and dissemination
1.3.1. The tsetse fly: A scourge of sub-Saharan Africa

Species of the genus Trypanosoma are transmitted by the bite of the tsetse fly (Figure
1.5. A). There are 33 species and sub-species of tsetse flies (genus Glossina) (26,27), but
the most important species responsible for parasite transmission is Glossina morsitans.
Tsetse flies are found only in Africa and they are limited to the sub-Saharan region. The
tsetse belt represents an area as of approximately 8 million km® (Figure 1.5. B), nearly
equivalent to the United States (26,28-30). N’gana was associated with the tsetse fly for a
long time and the people living close to the tsetse infested areas have always tried to
graze their herds in safer places, which they determined by trial and error. The first report
describing a direct relationship with tsetse flies was by the missionary David Livingston
in 1857. He described tsetse flies as "poisonous insects to ox, horse and dog". It was
David Bruce, a Scottish pathologist and microbiologist who proved that trypanosomes are
transmitted by tsetse flies (31,32). Tsetse flies are characterized by a distinct proboscis,
an antenna with branched arista hairs and wings that fold at rest and that have a

characteristic “hatchet” cell when opened (33). Tsetse flies feed exclusively on blood and
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they require blood meals every 3-4 days. The life span of a tsetse fly is approximately 3-4

months. A female tsetse fly gives birth to only one offspring at a time and nurses the

offspring for a few weeks (26,34).

Proboscis B

Antenna with
the arista hairs
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Figure 1.5. A. A general diagram of Glossina morsitans. The proboscis, antenna and the
hatchet cells on the wings are shown in the figure above. Figure reproduced from (4). B.
Distribution of different species of tsetse flies. As the guide at the left hand side shows, the
number of species of Glossina found in each region is shown in different colours from green (one
species) to black (more than nine species). The map has been taken from (35)

1.3.2. Controlling tsetse populations: evolving approaches
Traditional measures to control African Trypanosomiases relied on strategies to control

the tsetse fly. One of the approaches taken towards vector control has been the use of
insecticides. Two chemical groups of insecticides have proven successful in controlling
the tsetse  flies. One  group, the organochlorines, includes DDT
(dichlorodiphenyltrichloroethane), dieldrin, and endosulfan. The second group of
chemicals is the group of synthetic pyrethroids. For nearly 40 years, the organochlorines
were the basis for tsetse control using various delivery methods, however their
persistence and negative environmental impacts eventually led to restrictions and
ultimately a ban on their use in most developed countries (36-40).

Use of baits and traps (41,42) and sterile insect techniques (43-46) have also been
pursued as more strategic measures to control tsetse populations. However, with all of
these approaches, the areas that were cleared from tsetse flies were re-infested soon after

the clearing. In addition, the environmental impacts of decreasing the population of tsetse
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flies and the possible effects on the lives of humans have not been clearly understood.
Therefore, a control strategy with an emphasis on deactivating, killing or reducing the
infectivity of the parasites inside the vector is widely considered as a significantly more
effective and long-term solution. Such a strategy will be specific and the environmental
impacts can be minimized. Strategically disrupting transmission, however, will require a
better understanding of the molecular interactions and relationship between trypanosomes
and tsetse fly. Such an understanding can be accomplished through a detailed
investigation of the surface proteins of trypanosomes that are expressed during

transmission by the tsetse vector.

1.4. Tsetse flies play a essential role in the life cycle of Salivarian
trypanosomes

1.4.1. Morphological changes during the life cycle

Salivarian trypanosomes go through a complex life cycle as they alternate between
their vector and their mammalian host. Trypanosomes enter the tsetse fly during a blood
meal and establish an infection that spans the life of the vector. As the trypanosomes go
through different stages in their life cycle, they undergo dramatic morphological and
metabolic changes. For the sake of convenience we will refer to these different forms by
their acronyms: bloodstream forms (BSF) reside in the bloodstream of their mammalian
host, procyclic forms (PF) are found in the midgut, epimastigote forms (EMF) and the
metacyclic forms (MF) are both found in the mouthparts of tsetse (Figure 1.5). The BSF
of T. congolense is a short, stumpy form with swollen mitochondria. At this stage the
trypanosomes use glycolysis and excrete the resulting pyruvate instead of oxidizing it
(47,48). The BSF are covered by ~107 copies of variable surface glycoproteins (VSG),
which are attached to the surface of trypanosomes by glycophosphatydilinositol (GPI)
anchors. These proteins shed periodically and this helps the trypanosomes evade the host
immune system. In addition to immune evasion, the tight packing of the VSG molecules
on the membrane shields the surface of the parasite from the host antibodies (49-51).

In the BSF, the kinetoplast is located towards the posterior end of the cell and the
nucleus is in the center, closer to the posterior than the anterior of the cell (47). After the
blood is ingested, the parasite enters the digestive tract of the tsetse. The first three days

are of crucial importance in establishing a successful infection, because the parasites have
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to overcome the innate immune responses and digestive enzymes of the vector in order to
survive and eventually penetrate the peritrophic matrix that lines up the gut epithelium.
The peritrophic matrix of the tsetse fly is composed of chitin microfibrils, glycoproteins
and proteins that are in a proteoglycan matrix produced by the cardia, a region in the
anterior midgut specialized for producing this matrix (33).

In the midgut of the tsetse fly, 7.congolense cells start proliferating and they eventually
differentiate into the procyclic forms. The differentiation begins when the cells start to
elongate and their kinetoplast moves further from the posterior and closer to the nucleus.
Over time the procyclic forms elongate and become more slender, until their length
doubles and their width halves (on day 17). Cell division in the procyclic forms of T.
congolense is symmetrical and results in two cells that are equal in size. The appearance
of trypanosomes in the proventriculus starts six days post infection and they look longer
and thinner than the procyclic forms in the midgut. At this point the procyclics are unable

to divide and their population is morphologically homogeneous (47).
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Figure 1.6. Top: Morphological changes of 7. congolense during its life cycle stages. Bottom:
digestive tract of a tsetse fly. The anterior and posterior ends of the parasite are only shown on
the BSF, but apply to the other forms. As the BSF enter the midgut they differentiate to
procyclics become longer. Procyclics stop dividing in the proventriculus. These forms then
migrate to the cibarium and proboscis, and differentiate to epimastigotes. Some epimastigotes
possess extremely long posterior ends and some have their posterior ends truncated. The
metacyclics are unable to divide and are very small. Metacyclics are the infective form and are
able to infect a new mammalian host. The top panel is adapted from (47) and the bottom panel is
reproduced with permission from (52).



11

The proboscis infection can be detected even before the saliva of the fly contains
epimastigotes (47). Previous studies have also reported the detection of proboscis
infection prior to the emergence of epimastigotes (53,54). The number of epimastigotes
in the saliva is initially very few and they are variable in length. During the transition into
the epimastigotes the position of the kinetoplast changes relative to the nucleus. First, the
distance between the two organelles decreases and then they pass by each other.
Eventually the kinetoplast will be positioned towards the anterior and the nucleus is
located towards the posterior. In some epimastigotes the posterior end appears truncated,
as if it has been cut off or twisted onto itself. In addition epimastigotes with truncated
posteriors were previously observed in cells grown in vitro (55), so it is very unlikely that
they are artifacts resulting from the fixation process. Epimastigotes adhere to the
chitinous lining of the proboscis and divide and eventually develop into metacyclics,
which are the infective forms of the parasite to the next mammalian host (56,57). The
first metacyclics, identified by their characteristic S-shape (55) and very short length
(much shorter and thinner than the BSF), can be observed in the saliva on day 21(47).

1.4.2. The life cycle of T. congolense and other Salivarian trypanosomes
The life cycle of T. congolense is summarized in Figure 1.7. They both go through the

midgut and migrate to the anterior of the vector. Although this species is classified with
T. vivax in the Salivarian group, the life cycle of the latter species is significantly
different from the 7. congolense. T. vivax only develops in the proboscis of tsetse fly and
never enters the midgut. There they develop into epimastigotes and later into metacyclic
forms. The BSF of 7. vivax exhibits dimorphism. One of these two forms of BSF is a
slender form with a rounded posterior. The other form is club-shaped and has a swollen
posterior and then abruptly tapers toward the anterior. The subgenus Dutttonella has a
characteristically large kinetoplast, which is very useful for diagnosis (19).

T. vivax has been isolated outside of the tsetse belt in Africa and even in South
America (58). This is because 7. vivax can be transmitted by other biting insects. The
transmission of 7 vivax by other insect vectors is strictly mechanical and it gives 7. vivax
the benefit of a more efficient transmission and a more widespread infection of the

infection. The tsetse fly is the only vector in which 7. vivax can multiply and develop into
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epimastigotes and metacyclic forms (19,59,60). Although 7. vivax is more widespread

than 7. congolense, the latter is still the major species of concern in African

trypanosomiasis and the focus of my thesis work.

Metacycllc form

O

Mammalian
Epimastigote bloodstream

form

% Bloodstream form

Procyclic form

Figure 1.7. Lifecycle of 7. congolense. The BSF enter the midgut of tsetse fly after a blood meal.
The BSF develops into PF are shown as blue flagellates in the midgut, (red circle). The PF
migrate to the proboscis and develops into EMF, which are able to divide and adhere to the lining
of the proboscis. The EMF then develops into MF, which are not able divide or adhere. The MF

is the infective form and start the cycle again in a new host. The image of the tsetse fly has been
adapted from: http://homepages.ed.ac.uk/nsavill/tryps.htmL.



13
1.5. Interface between T. congolense and the tsetse fly

1.5.1. Background

Infection of tsetse flies by trypanosomes is not an easy process and there are many
bottlenecks and roadblocks for the establishment of the infection. Laboratory infection
experiments for Glossina involve multiple colonization failures and problems with
parasite survival in the fly. In addition, even in the hot spots for Human African
trypanosomiasis, the percentage of tsetse flies infected with trypanosomes is very low
(61,62). These suggest that the process of tsetse colonization is much contested and it is a
balance between the tsetse immunity, physical barriers and the evading power of the
infecting trypanosome (63). One of the factors that affect the susceptibility of tsetse fly is
the symbionts that reside in this vector. There is evidence that one of these symbionts,
Sodalis glossinidius, increases the susceptibility of tsetse flies to Trypanosoma infection.
However the exact mechanism is unknown (64-66). Another factor is the infectivity of
different strains of 7. congolense. Some strains have a higher infectivity than others (63).
Levels of sialic acids present in the blood of the mammalian host may also affect the
survival and colonization of 7. congolense in the midgut. Trans-sialidase is an enzyme
expressed only in the procyclic forms and is the only means by which trypanosomes are
able to acquire sialic acid (67). It has been shown that trypanosome mutants with no
trans-sialidases are unable to colonize tsetse flies (68). Although these data suggest a
possible correlation between sialic acids and the colonization of trypanosomes in the
midgut of tsetse fly, the exact mechanism is yet to be elucidated (63).

Tsetse flies possess physical and immune barriers against trypanosomes and they are
important defence mechanisms for the vector. The physical barriers of tsetse flies against
pathogens include the peritrophic matrix (PM), cuticle, epithelial layers and basal
membranes. The PM is a barrier between the midgut epithelium and the ingested blood,
and it protects the cells from infection and other damaging or toxic substances that are
present in the blood meal. It also allows for compartmentalized digestion and metabolism
of the blood meal. The PM is mainly composed of chitin, glycosamineglycans,
peritrophin proteins and mucin-like glycoproteins (69-71).

Similar to the vertebrate immune system, the immune system of tsetse fly is comprised

of humoral and cellular arms. Since trypanosomes do not enter the hemocoel of tsetse fly,
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the involvement of the cellular immunity of tsetse has not been documented (33). The
two main humoral immune response pathways of tsetse fly are the Toll and immune
deficiency (Imd) pathways. The Imd pathway is stimulated by trypanosomes and acts in
systemic and epithelial immunity, where effector molecules are released into the
hemolymph or secreted by an epithelium, respectively (72). Many genes are upregulated
in tseste flies after trypanosoma invasion, but it is yet not clear how many of these genes

are related to tsetse immunity (63).

1.5.2. Surface molecules of T. congolense
There is a significant difference between the surface coats of the bloodstream forms

and the metacyclic forms and the coats of the insect stage forms (EMF and PF). As
discussed earlier, the trypanosomes in the bloodstream of mammals are covered with a
dense layer of VSG. The metacyclic forms are also covered by VSG. Unlike the VSG
coat, the surface proteins of the insect stage are not constantly recycled and thus are
better suited as molecular targets for developing inhibitory therapeutics that impair the
transmission of parasite through tsetse fly. Therefore, gaining structural insight into these
proteins will help us understand the function of these proteins and to propose possible
binding partners or biologically active surfaces.

A major technological advance in identifying surface proteins displayed on the parasite
life cycle stages during passage through the tsetse fly was the ability to grow each life
cycle stage of the strain 7. congolense 1L3000 in vitro (73,74). Prior to this, the study of
their surface proteins was limited due to the small number of parasites that can be
harvested from tsetse flies. Recently, Eyford ef al. performed an extensive iTRAQ based
proteomics study of the different life cycles of 7. congolense 1L3000. Most of their
results were confirmed using Western blots (75). A significant outcome of this work was
the identification of several novel proteins that are selectively expressed on the procyclic
and epimastigote insect stages of 7. comgolense. Of the proteins identified by mass
spectrometry, the major surface glycoprotein glutamate/alanine rich (GARP) had been
previously shown by transcriptome analysis to be highly expressed in epimastigotes (76-
78). The structure of GARP (79) was published in the same year by the Boulanger lab
and it resembled the structure of a monomer of VSG (80) and a more recently identified

structure, the haptoglobin/hemoglobin receptor (HpHbR). Despite being of different
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sizes, a common architectural feature displayed by each of these three proteins is a core

triple helix bundle motif (Figure 1.8).
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Figure 1.8. Structures of three surface proteins of trypanosomes. The structures of GARP
shown in pink (79), HpHbR shown in yellow (81), and VSG shown in cyan (82), share a common
triple helix bundle motif. These proteins are GPI anchored and their elongated structures allows

their packing on the cell, creating an impenetrable coat to protect the plasma membrane of the
parasite from the immune system of the host (79).

1.5.3. TcCESP and TcCISSA

Analysis of the Eyford et al. data revealed two intriguing parasite proteins expressed
during tsetse transmission: Congolense Insect Stage Specific Antigen (CISSA — Chapter
2) and Congolense Epimastigote Specific Protein (CESP — Chapter 3). TcCISSA (T.
congolense CISSA) was shown to be expressed in both procyclic and epimastigote forms
with an up-regulation in the epimastigotes (75) and the observed expression profile of
TcCESP (T. congolense CESP) confirmed a previously reported observation by Sakurai
et al (75,83). TcCISSA shared a high amino acid sequence identity with a previously
identified a transmembrane surface glycoprotein from 7. brucei known as Procyclic Stage

Specific Antigen (PSSA-2). This protein was shown to be necessary for the maturation of
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trypanosome infection in the tsetse fly (84). Intriguingly, both CISSA and PSSA-2

incorporate several unusual amino acid repeats (RR, EE, VV, TT, FF, CC, AA, GG, DD,
LL, SS, QQ, RRR, VVV, SSS, GGG) and proline rich repeats that render tertiary
structure prediction programs unusable. Ultimately, the information obtained from the
study by Eyford et al. combined with previous studies about the trypanosome surface
proteins provide a valuable platform, from which to identify target proteins such as
TcCISSA and TcCESP that are likely to have significant biological roles in promoting

parasite transmission.

1.6. Objectives

T. congolense is the major cause of African animal trypanosomiasis in sub-Saharan
Africa. In contrast to the mechanisms of host infection, however, the molecular strategies
that enable the transmission of this disease remain largely enigmatic. This is due, in part,
to the technical challenges associated with studying the vectors themselves. The goal of
my research is to describe the molecular basis of transmission. Structural information
about proteins offers valuable insight into the function, I chose biophysical approaches to
gain insight into the structures of 7cCISSA and TcCISSA. The approach I have taken in
my research is to build on recent studies of describing the surface protein coat of
Trypanosoma congolense as the parasite is transmitted by the tsetse fly. Based on existing
data, we postulate that both 7cCISSA (Chapter 2) and TcCESP (Chapter 3) play
important roles in mediating cross talk between parasite and insect vector. To establish
the molecular mechanism through which this occurs, the goal of my thesis work is to

elucidate the structural and biochemical characteristics of 7¢cCISSA and 7¢CESP.
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Chapter 2 — T. congolense Insect Stage Specific Antigen
(TcCISSA)

Contribution
The initial molecular biology steps were performed by Drew Bowie and Sean

Workman. The preliminary native crystals of 7cCISSA were obtained by Sean Workman
and I was responsible for growing the native crystal with higher diffraction quality. I was
also responsible for the engineering and the cloning and the expression trials of the
mutants and crystallization of the selenomethionine (SelMet) derivative. In addition, I

purified labelled 7cCISSA for NMR studies.

2.1. Introduction
According to the research done by Eyford et al., 7cCISSA is only expressed in the

procyclic and epimastigote forms of 7. congolense (75). It is therefore logical to assume
that 7cCISSA plays a role in facilitating transmission. The potential for 7cCISSA to play
an important biological role is also reflected in its shared 64% sequence identity (Figure
2.1) with the functionally characterized 7. brucei homolog, (ThPSSA-2). Fragoso et al.
have previously shown that 7hPSSA-2 is required for both maturation of 7. brucei
infection in the tsetse fly and migration of the parasite to the salivary glands. More
specifically, deletion of 7hPSSA-2 resulted in a decrease in the infection of salivary
glands by 7. brucei, without altering the level and intensity of the midgut infections.
Complementing the null-mutants with full-length 7ThPSSA-2 restored the ability of T.
brucei to infect the salivary glands. Despite the functional observations associated with
THbPSSA-2, there are no reports describing the mechanism by which the protein promotes
survival of the parasite in the fly. Structural and biophysical characterization of
TcCISSA, therefore, has the potential to provide substantial insight into how both
congolense and brucei species of trypanosomes engage the tsetse vector at the molecular

level.
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TcCISSA 412 B0 - -AK
TbPSSA-2 419 jLepFTV

Figure 2.1. Amino acid sequence alignment between 7hPSSA-2 and 7cCISSA. The two
proteins share about 64% sequence identity. The identical amino acids are shaded black and the
amino acids that have similar chemical properties are shaded gray. Alignment has been done
using BLAST (85) and the shading was done using BoxShade.
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2.2. Materials and methods

2.2.1. Sequence alignment of different homologs of TcCISSA

Using protein BLAST (85,86) and the amino acid sequence of TcCISSA as the query
sequence, homologues of TcCISSA from different species of Trypanosoma. Since my
research focused on the N-terminal of 7cCISSA, I aligned the first 311 amino acids of
this protein with the first 311 amino acids of the homologues. The multiple alignment
was carried out using ClustalW (87), using the slow pairwise alignment. All the different
sequence comparison matrices, BLOSUM, ID, PAM and Gonnet were examined for the

first ~300 amino acids of these proteins (containing their N-terminal).

2.2.2. Construct design, cloning and mutagenesis
The designed gene construct for recombinant 7cCISSA (rfccissa) starts after the

predicted signal peptide cleavage site (88) and ends before the predicted transmembrane
coil. Figure 2.2 shows the amino acid sequence of 7cCISSA that was included in the
construct.

The gene was codon optimized for expression in Escherichia coli and was synthesized
by GenScript. The synthesized gene was flanked by Ncol (5’ end) and NotI sites (3’ end).
The synthetic gene was digested for 30 minutes at 37°C with 1 pL. of Notl (Fermentas,
cat. no. FD0594) and 1 pL of Ncol (Fermentas, cat. no. ER0572) in 1X FastDigest buffer
(Fermentas). The DNA fragment corresponding to the r7cCISSA gene was separated
from the vector on a 1% agarose gel by agarose gel electrophoresis. The DNA band
corresponding to rfccissa was excised from the gel and purified using a QIAquick Gel
Extraction Kit (Qiagen, cat. No. 28704). Two mutants, 7cCISSA L103M and L154M
were designed, each with an additional methionine and were codon optimized and
synthesized by GenScript. The basis for choosing these leucines residues was to have
them about 50 amino acids apart from the methionine residue.

The DNA concentration was measured using a NanoDrop. It was then ligated in a 2:1
ratio of insert to vector into the 5’ Ncol and 3’ Notl endonuclease sites of pET32amod,
which was previously treated with alkaline phosphatase, using T4 DNA ligase and 1X
ligase buffer according to manufacturer’s instruction (NEB cat. No. M0202S). The N-
terminal of this E. coli specific vector contains a thioredoxin tag to support the formation

of disulphide bonds and a hexa-histidine (His) tag, and these tags are separated from the
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rTccissa construct by a thrombin cleavage site. The resistance marker for this vector was

ampicillin. Figure 2.3 shows the predicted amino acid sequence of the resulting clone.

A tube containing 30 pl of chemically competent E. coli DH5a was transformed with
rtccissa/pET32amod DNA and grown on Luria Bertani (LB) agar plates supplemented
with ampicillin to a final concentration of 50 pg/mL. The plate was incubated at 37°C
overnight. A single colony was grown in 5 mL LB broth supplemented with ampicillin
(50 pg/mL). rTecissa/pET32amod DNA was then isolated from the cells grown in the 5
mL LB using a Qiagen Plasmid Miniprep Kit (Qiagen, cat. no. 27104).
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Figure 2.2. Amino acid sequence of extracellular region of TcCISSA. The area highlighted in
orange shows the secondary structure prediction of the construct designed for expression in E.
coli and crystallization trials. The secondary structure prediction (pink bars represent helices and
yellow arrows show the beta-strands) was used to ensure that the construct does not contain too
far from the start of a predicted secondary structure.
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MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQOGKLTVAKL
NIDONPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGOLKEFLDANLAGSGSGHMHH
HHHHSSGLVPR/GSGMKETAAAKFERQHMDSPDLLVPR/GSAMGSSDEPRDDFKEAVNA
FNPNPIEKWTGRFNTENASVRRRTLNVPGFKSIPTVYTEATLPLNKDVTDGRLTVVVNI
NTVOPFTRRTPLRVKREKWYTCSSSQOCSGSSSKCDCHRKHDEFRNKCISEGGRYTTESS
KCRLGEKCGYCKONVYLATLYLVAGSVGGGMYRESDKYQSALYPFYDISQGYEPRQPSS
VNVRLYEGDPFIAFQQOLTEGREEFGIPNRTVGAAA

Trx tag His tag Thrombin cut site Ncol Notl C = 8 cysteines

Figure 2.3. Expected amino acid of r7cCISSA. The thioredoxin tag (red bold text) Ncol
(yellow highlight) and Notl (green) sites, the cysteines (gray highlight), thrombin cleavage sites
(blue highlight) and the His-tag (blue text) have been shown in different colours in the sequence.

2.2.3. Small scale protein expression

A tube of 30 puL Rosetta-gami 2 (DE3) cells (Novagen) was thawed on ice and the cells
were transformed with 1 pL miniprepped rtccissa/pET32amod DNA (10 uL competent
cells), and plated onto LB plates supplemented with ampicillin following an overnight
incubation at 37°C. One colony was used to inoculate 5 mL 2x YT medium for starter
culture. The medium contained 16 g/L tryptone, 10 g/L yeast extract and 5 g/L NaCl,
supplemented with 50 pg/mL ampicillin and 0.5% glucose to avoid undesired expression.
The cells from the starter culture were transferred to 50 mL of ZYP-5052 autoinduction
medium supplemented with 50 pg/mL ampicillin. The ingredients of this medium are

listed in Tables 2.1 and 2.2.

Table 2.1. Ingredients of ZYP 5052 medium.

Component Volume
ZY (5 g/L tryptone, 10 g/L]
yeast extracts)

928 mL

1 M MgS04 1 mL
50x 5052 20 mL
20x NPS 50 mL

Table 2.2. Ingredients of 20x NPS and 50x 5052.

20x NPS 50x 5052
dd H,O 90 mL  |Glycerol 25 g
(NH4)2SO4 6.6 g HzO 73 mL

KH,PO, [13.6 g |Glucose 25¢g
Na,HPO, |14.2¢g |[o-lactose |10 g
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The flask was incubated at 37°C for 4 hours followed by a 44 hour incubation at 16°C.

In order to take a sample for negative control, a 2 mL aliquot was taken right before the
temperature was switched to 16°C and it was centrifuged at 10000 rpm for 2 minutes at
4°C (Eppendorf). After removing the supernatant, the cells were stored at -20°C. In order
to assess the protein expression levels, a 2 mL

sample was taken at various time points, centrifuged at 10000 rpm for 1 min at 4°C
(Eppendorf). Cells from these time points and the cells taken as negative control were
lysed using 150 pL of BugBuster Protein Extraction Reagent (Novagen) and 0.1 uL of
2.5 mg/mL DNAse (Sigma) were added to each tube and they were incubated at room
temperature for 10 minutes. The lysates were centrifuged at 13000 rpm for 10 minutes at
4°C. The supernatant was transferred to a fresh tube and 20 pL was taken to represent the
soluble fractions. The insoluble fraction of the lysate was re-suspended in 130 pL of
dH,O0.

In order to harvest r7cCISSA from the soluble fraction, Nickel purification was
performed using a bed-volume of 30 pL of 50 % Ni-chelated Sepharose beads
(Amersham Pharmacia Biotech AB) in 1X binding buffer (10 mM Tris pH 8.5, 1 M
NaCl, 30 mM imidazole). The tube was incubated for 1 hour at 4°C on a Mini LabRoller
(LabNet International). After the incubation, the samples were centrifuged at 2300 rpm
for 5 minutes at 4°C (Eppendorf) and the supernatants were saved and represented the
flow thru fraction (proteins un-bounded to Ni*" beads). Ni*" beads were re-suspended in
300 pL of binding buffer and the tubes were gently mixed to keep the beads re-
suspended, then centrifuged, and the supernatant was saved as the wash fraction. Protein
bound to the Ni*" beads was eluted by adding 30 uL of stripping buffer (10 mM Tris pH
8.5, 1 M NaCl, 500 mM imidazole) and incubated for 3 minutes on ice and 20 ul. was
taken as the purified fraction. The aliquots from different fractions were analyzed on a

15% SDS poly acrylamide gel run at 185 V for 1 hour and 30 minutes.

2.2.4. Large scale protein expression and purification
The transformation, culture media and the growth conditions were as described for the

small scales. The volume of the starter culture was 100 mL and for the ZYP 5052 it was 2

L. Following the 48 hours incubation in ZYP 5052, the cells were re-suspended in 40 mL
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1X binding buffer supplemented with 60 pL protease inhibitor cocktail (Calbiochem),

and 100 pL DNase. The cell suspension was homogenized and de-gassed, and the cells
were lysed using a French press (SLM Aminco, SLM Instrument, Inc.). The lysate was
centrifuged at 14000 rpm for 20 minutes at 4°C (JA-20 rotor, Beckman Coulter Avanti J-
E centrifuge) and the insoluble fraction was removed following centrifugation. The
supernatant was taken and diluted by adding 100 mL binding buffer. A volume of 60 pL
of protease inhibitor cocktail and a 2.5 mL bed volume of Ni-chelated Sepharose beads
(equilibrated in binding buffer) were added to the lysate. The batch bind was stirred at
4°C for 30 minutes. Ni*" beads were separated using vacuum filtration through a coarse
frit (Chemglass Life Sciences). The beads were then washed with 60 mL binding buffer
and were transferred to a Bio-Rad Poly-Prep disposable column (731-1550EDU). The
rTcCISSA bound to beads was eluted in a series of three 6-8 mL elutions with elution
buffer (10 mM Tris pH 8.5, 1 M NaCl, 250 mM imidazole). Following the elutions, the
remaining protein bound to the beads was stripped using 5 mL of stripping buffer (10
mM Tris pH 8.5, 1 M NaCl, 500 mM imidazole). The absorbance of the protein solution
was measured at 280nm using spectrophotometer (DU 730 Life Science UV/Vis
Spectrophotometer, Beckman Coulter) and the concentration was calculated based on the
extinction coefficient of 29380 M™' cm™. Samples were analyzed by SDS-gel, fractions
pooled based on purity, concentrated and buffer exchanged into size exclusion buffer (20
mM HEPES pH 7.0, 150 mM NaCl, 1% glycerol) using a 10 kDa molecular weight cut-
off (MWCO) Amicon Ultra spin concentrator (Millipore). The thioredoxin tag was
removed by an overnight thrombin cleavage (1 pL thrombin/ 20 mg protein) at 18°C.

The harvested r7cCISSA was purified by size exclusion chromatography using a
Superdex 75 16/60 HiLoad column (GE Healthcare) equilibrated in size exclusion buffer.
The expected elution volume of r7cCISSA monomer was approximately 70 mL and the
thioredoxin tag approximately 80 mL. Fractions from the size exclusion were run on a
15% SDS-gel pooled, concentrated and buffer exchanged into A1 buffer (20 mM HEPES
pH 6.8, 10 mM NaCl, 1% glycerol) for cation exchange using a 3 kDa MWCO Amicon
spin concentrator (Millipore). After buffer exchanging, cation-exchange chromatography
was performed using a HETP source 30S column (GE Healthcare) and 7cCISSA bound

to the column was eluted with an increasing gradient of NaCl using of buffer B (20 mM
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HEPES pH 6.8, 0.5 M NaCl, 1% glycerol). Fractions were run on a 15% SDS gel, pooled

based on purity and concentrated to 22 mg/mL using a 3 kDa MWCO Amicon spin

concentrator (Millipore).

2.2.5. Protein expression in SelMet and M9 media
In order to obtain SelMet derivatized crystals from r7cCISSA, we had to use a culture

medium to support the growth of E. coli Rosetta gami cells. The incubation conditions
were identical to native 7cCISSA. The ingredients are listed in Tables 2.3 and 2.4.
rTcCISSA labelled with °C and "’N was expressed in M9 medium in order to prepare a
sample for NMR experiments. After growing a single colony of Rosetta gami
transformed with rTccissa DNA in 500 mL 2x YT medium, cells were transferred to 4 L
of M9 medium. Cultures in both media were induced with 0.7 mM IPTG for M9 and
SelMet media and the recipe for the M9 medium is given in Table 2.5. The micronutrient
solution for both media was the same. All the media were supplemented with ampicillin

as described.

Table 2.3. Ingredients of the SelMet medium

SelMet medium (per liter)

40% glucose 7.5 mL
Amino acid solution 30 mL
SelMet (Molecular dimensions 10 g/L) | 4 mL
MgSO,4(1M) 1 mL
Thiamine and Biotine (10 mg/mL) I mL
Micronutrient solution I mL
20x NPS 50 mL

Table 2.4. Ingredients of M9 medium with *C and "N.

M9 medium (per liter)

PC glucose 2g
"NH,CI lg
20x NPS 50 mL
CaCl, (0.1 M) 1 mL
MgSO,4(1M) 1 mL
Thiamine and Biotine (10 mg/mL) | 1 mL
Micronutrient solution I mL
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Table 2.5. Ingredients for the micronutrient solution

Micronutrient solution (100 mL)
FCSO4.7H20 0.6 g
CaCl,.2H,0 0.6¢g
MnCl,.6H,0O 01g
COC12.6 Hzo 0.08 g
ZI’ISO4.7 Hzo 0.07 g
CuCl,.2H20 0.03 g
H,BO; 0.002 g
(NH4)M070,4.4H,0 | 0.025
EDTA 05¢g

2.2.6. Crystallization and data collection
Initial crystallization trials for r7cCISSA were performed using the Gryphon

crystallization robot (Art Robbins Instruments). The commercial screens and the protein
were set in 96-well sitting drop Intelli-Plates (Hampton Research) with 55 pL reservoir
solution and different drop ratios in the wells. The screens that were used for initial trials
were Index screen (Hampton Research), Wizard I and II screens (Emerald BioSystems),
and MCSG-1 screen (Emerald BioSystems) and PEG/Ion (Hampton Research). The
resulting crystals were soaked in Nal, KI, NaBr, KBr, LiBr, NH3Br, and heavy atoms.
Native and SelMet derivatized crystals were looped and then soaked into 25% glycerol
as the cryoprotectant in a stepwise manner. The crystals were flash-frozen in liquid
nitrogen (77 K or -196°C). Diffraction data from the native 7cCISSA crystals was
collected on beamline 7-1 at the Stanford Synchrotron Radiation Laboratory (SSRL)
using an ADSC Quantum 315r CCD detector. In total, 320 images were collected with

0.5 degree oscillations.
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2.3. Results

2.3.1. TcCISSA Homologs

To investigate the presence of TcCISSA homologs in other Trypanosoma species, a
BLAST search was performed. The homolog of 7cCISSA that shares the highest amino
acid sequence identity (64%) is ThPSSA-2 from T. brucei. ThOPSSA-2 is required for
maturation of 7. brucei infection in tsetse fly (84). Interestingly, there were genes present
in other species of Trypanosoma that had at least 40% amino acid sequence identity to
TcCISSA. The most identical amino acid sequence after 7hPSSA-2 was observed a
putative PSSA (Procyclic Stage Specific Antigen) from 7. vivax. This species infects
cattle and is a major cause of N’gana. The interesting feature of this parasite is that it can
be transmitted mechanically as well as cyclically and is therefore more widespread than
T. congolense (89).

It is intriguing that 7. cruzi and 7. rangeli, which are from the Stercoraria with
completely different life cycles and vectors, also harbour genes encoding potential PSSA
homologs. These putative PSSA homologs share ~40% sequence identity with 7cCISSA
in their N-terminal region (the first 311 amino acids). While 7. cruzi is a well-known
human pathogen in the South American continent, 7. rangeli is non-pathogenic (90). The
number of Trypanosoma species that express a TcCISSA and have different life cycles
suggests the possibility that the protein is a key multifunctional protein, or perhaps plays
a more structural role such as promoting membrane integrity. An alignment of these

amino acid sequences is shown in Figure 2.4.
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CISSA MCIEQLISSVGEFFKTAIACLCCLVIGGPVLIAMGALFLSSDEPRDDFKEAVNAFNPNPI 60
TbPSSA MCIEQLVHSVGEFFKTAVACLCCLLIGGPVLIGVGVLFLSSDDPRDNFKKAVSAFDPKPL 60
TvPSSA-2 MCLMDLVESIDNCFKSAVACLCFLVIGGPVLIAIGVLFLRHDDGENEFKEALKAFNPESV 60
TcrPSSA MCLFGIVDAVAGFFKSVVACACCLIIGGPALITIAGSMLLNQQODLRKAFSDDVKEFNPTPL 60
TrPSSA MC-FDILGAVEDCYKFVVSFACCLIIGGPALIIAGGILLNKGDGKKAFTEAVKEFDPTFI 59
*% HEI HEGRE * okpdkkkdk k% ok gk P O R
CISSA EKWTGRFNTENASVRRRTLNVPGFKSIPTVYTEATLPLNKDVTDGRLTVVVNINTVQPFT 120
TbPSSA ESWTGTFSDVKATVRRQSLSVAGFGPIPSVYTEATVPVSGNTDGSQLVVKVNINTVAPFT 120
TvPSSA-2 SHWSGFINGHNASLRRGSLNVPGYSGVPTRYVTASVVYP-PVGAKNLRVEVDIRSVERFS 119
TcrPSSA NAWTGTINDVPITVRRESLNVQGVDGAISVFAEAVVSVPQ-RSSSRFPVSVNVNTVASFV 119
TrPSSA NAWTGKINDAPITVRRESLNVQGVTGATSVFAEAVIPVESSRSLGVISISVNVEFNVTPFS 119
¥k 3, HE R R T 2. * o2 HEE R N
CISSA RRTPLRVKREKWYTCSSSQCSGSSS-KCDCHRKHDEFRNKCISEGGRYTTESSKCRLGEK 179
TbPSSA-2 RRSPLHATRERWFSCSSSQCSGYSR-KCDCQEKHEQFRNKCYSQGGQYTTQSSKCRLGEK 179
TvPSSA RSVPLAVRSEKTYSCYSSDCDKYSSSKCRCTKENDKFRRKCEANGGKYSPTVTDCSLGHQ 179
TcrPSSA RKAPFRAIKKTSYTCTSSDCRSRLN--CRCNELLNSFMDQCMASGGRFVRTSGMCVLDRT 177
TrPSSA RRAALQTTRKSVFDCSSTSCRAGKS——CRCDREAREFQDKCIAMKGVFDAYPSWCRSGHK 177
.. : * kg % * ok P *
CISSA CGYCKONVYLATLYLVAGSVGGGMYRESDKYQSALYPFYDISQGYEPRQPSSVNVRLYSE 239
TbPSSA-2 CGYCKQEVYLSKLYLVAASDGKGGYRESTQYQSALYSFGHLSQGYEAVPQDKVQVQLYSE 239
TvPSSA CSTCTQRVYLNTVYLVAEDIGNGKFRESSRYASATHPMGSRS-GYSSRRGDTIEVRLYSD 238
TcrPSSA CGTCERTVYLRRLYLVVSEVGNGKYVEDTKLRSAMYPFGDLDNDYQPGIPSTVTVRLYSS 237
TrPSSA CGQCTTAIYLSRLYLVVQEVSKGHYAEDTALQSAKYAFGAMDNDYQPTMPSEVAVRLYSN 237
* * s k% skkk . . * H * * % $ . . . . H *ekkk
CISSA GDPFIAFQQLTEGREEFGIPNRTVGILCIVLGSLFILLEILVCVAVVCFCMRRKSGPSNQ 299
TbPSSA-2 GDPFIALERETMGEGEFGVPNRTMGIACIVAGSLLLLLETIAVCVCVVCFCLKRKGSSSND 299
TvPSSA KDPLVALEHLTHGRGEFGLGNRTIGIAAIVFGSLLILLEICACAVMICFCMKRKESAGQA 298
TcrPSSA KDPYIALQRLTRGSNDLGVNPRTVGIVLIVLGCLFLLLEIGVCTALICYWTRRKKTSSGA 297
TrPSSA KDPYIALQRETSGTGEFGPNPRTVGIILIVLGVLFLLLEVCVATAIICYCTRRNKTTSDA 297
* % sk * % sk *k g kK *k ok kgekkkg .o sk sk
CISsA SNHPSEEDDSAP 311
TbPSSA-2 TSDPDTPQGDGS 311
TvPSSA SGEDNDEMGYSP 310
TcrPSSA TPYLAPASYGIS 309

TrPSSA SPNFSADNYQTA 309

Figure 2.4. Alignment of the first 311 amino acids of 7cCISSA and 7bPSSA-2 with the other
potential PSSA proteins from other trypanosome species. about 40% of the amino acids are
identical in all sequences. Considering how different the species are from each other, this level of
amino acid sequence identity is very high. Tv, Tcr, and Tr represent 7. vivax, T. cruzi and T.
rangeli, respectively.
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2.3.2. Recombinant protein production

The N-terminal of 7cCISSA contains eight cysteine residues. Since this part of the
protein is located outside the cell in an oxidizing environment compared to the
cytoplasm, it is reasonable to expect that these cysteines are in the form of disulfide
bonds. Because of the number of potential disulfide bonds in our r7cCISSA construct, we
chose the Rosetta-gami strain of E. coli for expressing r7cCISSA. This strain of E. coli
harbours mutations in #7xB (thioredoxin reductase) and gor (glutathione reductase) genes.
These genes express enzymes that reduce the disulfide bonds; therefore the Rosetta-gami
strain is ideal for expressing proteins where the cysteines are in disulfide bonds. Rosetta-
gami also contains a plasmid that encodes rare tRNAs to facilitate expression of proteins
with substantial codon bias (91-94). Expression from the pET32a vector augments the
protein folding capabilities of Rosetta-gami in that pET32a contains a thioredoxin fusion,
an N-terminal chaperon that promotes disulfide bonding in the recombinant protein (95-
97). Using this engineered strain of E. coli in conjunction with the optimal expression
vector, I was able to successfully produce recombinant 7cCISSA that showed a clear

protein band on an SDS-PAGE gel following Nickel affinity purification (Figure 2.5 A).
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Figure 2.5. SDS-gel from r7cCISSA batch-bind elutions. A: Following the cell lysis and after
each batch-bind, the beads were separated and washed (W) with binding buffer. Beads were
eluted 3 times, each time with about 7 mL elution buffer. Beads were then stripped (S) of all the
proteins bound to them using stripping buffer. Three batch binds were performed. The letter B
stands for Batch and E for Elution. B1E1: Batchl, elution 1 etc. B: Verification of the thrombin
cleavage. The expected size of r7cCISSA is about 26 kDa and the thioredoxin tag is about
13kDa. The gel demonstrates that no un-cut r7cCISSA is left. The othe bands observed on the gel
show the contaminants that are present after the affinity purification.

Fractions were pooled based on purity and thrombin removal of the thioredoxin tag
was tested in small scale (Figure 2.5 B). Following the thrombin cleavage step, the
protein was further concentrated to a final volume of 2 mL and centrifuged to remove the
insoluble debris. The protein sample was run on a Superdex 75 size exclusion
chromatography column (Figure 2.6). Three largely distinct peaks were observed,
representing soluble aggregate, monomeric 7cCISSA and thioredoxin tag. The protein
purity requirement for structural studies is very high and since the sample still showed
residual contaminating thioredoxin tag following size exclusion chromatography, a cation
exchange chromatography (Figure 2.7) step was included, resulting in a highly pure
sample. As the following two figures show, the SDS gels and the single peaks from the
chromatogram suggest that the protein is highly purified and consists of a homogeneous

population.
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Figure 2.6. Size exclusion chromatography of rTcCISSA. The dotted red and the secondary y
axis (red) curve represent the molecular weight standards for Superdex 75 column. r7cCISSA is
plotted in blue. The gel picture at the right hand side shows the pooled fractions from monomeric
rTcCISSA, showing a trace amount of thioredoxin tag remaining in the sample.
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Figure 2.7. Cation exchange chromatography of r7cCISSA. The black line and the secondary
y axis show the percentage of buffer B (0.5 M NaCl). r7cCISSA is plotted in blue. The protein
bound to the column was eluted with ~ 300 mM NaCl. The gel at the right hand side confirms the
removal of the thioredoxin tag and confirms the expected size.

2.3.3. Crystallization

Initial crystals were observed in polyethylene glycol (20%) based conditions
supplemented with either ammonium sulphate or lithium sulphate. The resulting crystals
diffracted to 2.5 A resolution. The previous dataset collected from TcCISSA crystals had
a resolution of 2.8 A (98). Despite early crystallization success, reproducibility of the
crystals was a major problem that may have arisen due to the instability of PEG based
solutions. It is well documented that aging of the PEG can result in a reduction of pH and
increased ionic strength and elevated levels of aldehydes, carboxylates and peroxides, as
well as increased metal binding (99,100). However, through crystal seeding experiments I
was able to generate subsequent rounds of diffraction quality crystals, which allowed us

to explore derivatization experiments to properly phase the structure.
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Figure 2.8. rTcCISSA crystals. These crystals formed in two different conditions and grew
overnight. Both conditions yielded the same crystal morphology.

2.3.4. SelMet derivatization

Since we were unable to identify appropriate models to enable structure determination
through molecular replacement, the phase problem was approached through SelMet
derivatization. Using this strategy, methionine residues in a protein are replaced with
SelMet that provide an anomalous signal that can be used to “phase” or determine the
structure. Efforts to express SelMet derivatized r7cCISSA using the B834 strain of E.
coli, a strain incapable of synthesizing methionine, were unsuccessful. Therefore, a
protocol was developed to express SelMet derivatized r7cCISSA using the Rosetta gami
E. coli. SelMet was incorporated in r7cCISSA by growing the Rosetta gami E. coli in a
homemade defined culture medium supplemented with SelMet. The yield of protein
harvested from this medium was approximately half the yield of native r7cCISSA from
ZYP-5052. The protein harvest and purification and the size exclusion and cation
exchange traces were similar to native r7cCISSA. The crystallization condition for

SelMet rTcCISSA was the lithium sulfate condition.
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X-ray diffraction studies revealed that the SelMet crystals were also orthorhombic and

had the same general characteristics as the native r7cCISSA crystals. However, the
diffraction resolution was limited to 3.3 A and the anomalous signal from the single
methionine was not strong enough to solve the structure. To increase the anomalous
signal, we therefore pursued an engineering strategy to replace leucine residues in

rTcCISSA with methionine residues.

2.3.5. Engineering rTcCISSA mutants to increase the number of methionines

Leucine and methionine are structurally similar, therefore it was expected that
replacing leucines with methionines would not disrupt the structure of r7cCISSA. Since
there was only one methionine (excluding the one at the N-terminal of the construct) in
the construct, which was more than 250 amino acids long, I selected two leucines that
were 50-100 amino acids apart from the methionine. The aim was to replace each by a
methionine and create two mutants with two methionines each. This would create a
stronger anomalous signal from SelMet (Figure 2.9). While the double mutant isoforms
expressed in regular media, no expression was observed in minimal media supplemented
with SelMet. This result suggests that while the protein can tolerate substitutions of Leu

to Met at these positions, it cannot tolerate substitutions of Leu to SelMet.
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VVVNINTVQPFTRRTPLRVKREKWYTCSSSQCSGSSSKCDCHRKHDEFRNKCISEGGRYTTESSKCRLG
EKCGYCKONVYLATLYLVAGSVGGGMYRESDKYQSALYPFYDISQGYEPRQPSSVNVRLYSEGD AF

OQOLTEGREEFGIPNRTVG 154

Figure 2.9. Structures of leucine and methionine and the amino acid sequence of
rTcCISSA. Since these two amino acids are close in structure, replacing one with the other
usually does not disrupt the fold of the protein, as long as the residue is on the surface of the
protein. The two chosen leucines are showed in red and the methionine residue in blue. Each of
the leucines was replaced by a methionine to generate a mutant with two methionines.

2.3.6. °C /"N labelled rTcCISSA

As we were unable to solve the phase problem using SelMet derivatization and X-ray
crystallography, we initiated a collaboration to pursue structural studies using Nuclear
Magnetic Resonance (NMR) with Dr. Steve Smith’s Lab at Queen’s University. In
support of this approach, I prepared r7cCISSA labelled with °C and "’N. At the time of
writing, data had been collected on the 600 MHz NMR at Queen’s University and the 800
MHz NMR at the University of British Columbia. As Figure 2.10 shows, the peaks have
a homogeneous intensity and they are well separated from each other. These demonstrate
that the quality of the NMR data was good and the sample was pure and monomeric.
However, due to the size of r7cCISSA, a more efficient deuteration step is required for

solving the structure of this protein via NMR.
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Figure 2.10. Two dimensional "H-""N heteronuclear single quantum coherence spectrum
of 1 mM uniformLy “C/"*N-labeled CISSA at pH 6.9 recorded at 14.1 Telsa and 308
Kelvin. The homogeneity of the spots and the fact that the spots are not clustered in one
part indicate that the protein is folded properly and that the sample is monomeric and

pure.
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2.4. Discussion

2.4.1. TcCISSA an important protein in the insect stages of T. congolense

As discussed earlier, 7cCISSA is a homologue of 7ThPSSA-2, a protein required for
maturation of 7. brucei infection in the tsetse fly (84). The amino acid sequences of these
two proteins are highly identical (64%), they have the same cell localization and they are
also expressed in the same life cycle stage. We therefore expect that they carry out a
similar function. In addition, there are homologues of TcCISSA in other species of
Trypanosoma, which could mean that this is a protein needed for maturation of infection

in other vectors as well.

2.4.2. Other procyclic stage specific antigens (PSSA) in other trypanosomes
As figure 2.4 shows, the PSSA protein is a conserved protein in many different

trypanosomes. The conserved N-terminal is extracellular and interacts with the vector.
Different models of alignment were examined for the N-terminal and they all showed the
same model of alignment and guide tree. I therefore presented the default model (Gonnet)
It is possible that the N-terminus of these proteins is interacting with a universal signal
common to all the arthropod vectors.

Fragoso et al. suggested that ThPSSA2 may form a dimer and they reported that Cygo
could be involved in this dimerization (84). This cysteine residue is conserved in the
other species except T. cruzi (TcrPSSA). The TcrPSSA is shorter though and there is a
cysteine residue in position 272 of this protein. The difference in length could explain the
difference in the position of this cysteine residue.

Fragoso et al. showed that the phosphorylation of T° is needed for the localization of
TbPSSA-2. They showed that a T305D mutant has the same general properties as the
wild type. Replacing a threonine with an aspartate mimics the phosphorylation of
Threonine (84). Interestingly, in the sequence of 7vPSSA there is an aspartate instead of
the threonine in ThPSSA2. As discussed earlier, 7. vivax has a different life cycle from
the other Salivarian trypanosomes (19,101), yet it still shares a significant amino acid

identity with 7cCISSA and 7hPSSA-2. This may reflect a general function for the protein
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such as stabilizing membranes or acting as chaperones to promote assembly of protein
complexes.

While 7. vivax is from the Salivaria group, 7. rangeli and T. cruzi belong to the
Stercoraria. 7. rangeli is an unusual species. The transmission of 7. rangeli occurs both
through the saliva and the feces of the vector, with the anterior transmission being more
efficient. This unusual behaviour could mean that 7. rangeli is an intermediate between
the Stercoraria and Salivaria or that it belongs to a different subgenus, however small-
subunit RNA sequences have shown that this species belongs to the Stercoraria (90). This
unusual position of this 7. rangeli could explain why it lacks the C-terminal. The species
mentioned above are the only species of trypanosomatids that contain homologs of

CISSA. It is possible that this protein is specific to the genus Trypanosoma.

2.4.3. The phase problem and SelMet rTcCISSA
During a diffraction experiment, the intensity of the overall diffracted X-rays is

measured, but the phases are unknown. In order to solve the structure of a molecule using
X-ray diffraction data, one needs to find the relative phases to mathematically describe
the X-ray wave function. Using SelMet derivatized crystals is a common method for
solving the phase problem in crystallography (102,103). Selenium and sulphur are in the
same chemical group and have the same chemical properties. However selenium has 18
electrons more than sulphur and the advantage of this method over soaking crystals in
anomalous scatterers or heavy atoms is that soaking usually damages the crystals, like the
case for r7cCISSA crystals. The classical way of incorporating SelMet in the protein is
by expressing the protein in a defined, methionine deficient medium supplemented with
SelMet as the sole source of methionine. A methionine auxotroph E. coli strain is used to
ensure the 100% incorporation of SelMet in the target protein (103). The challenge we
had for TcCISSA was that our attempts to express the SelMet protein using the auxotroph
strain, B834, were unsuccessful and most of the expressed protein was insoluble. We
hypothesized that the possible reason for this is that the B834 strain does not have the
folding capacity of Rosetta-gami. Therefore, we tried a defined medium supplemented
with SelMet, with the aim of suppressing methionine biosynthesis in Rosetta-gami, so

that the cells would utilize the SelMet from the medium and incorporate it in the medium.
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We were able to harvest a reasonable amount of SelMet protein and get SelMet crystals
with clear anomalous signals.

There was a problem with the number of methionines in the r7cCISSA construct. In
order to solve the structure of a protein using SelMet, there should be one methionine
present per 50-100 amino acids in a protein. Our construct only had one methionine in
>200 amino acids. In addition, the resolution of the SelMet crystals was low (3.3 A). So
despite our success in getting the SelMet derivatized crystals, we were still unable to
solve the structure. We therefore created the L103M and L154M mutants. We chose
these leucines because they were about 50 amino acids apart from the methionine residue
and hydrophilic residues surrounded them. Unfortunately, these mutants were not stable
when expressed in the SelMet medium. It is possible that replacing the leucine residue
with a SelMet is sufficient to disturb the fold of r7cCISSA and thereby promote its
degradation by the proteases present in the Rosetta-gami strain (104). A future direction

would be to choose other leucines for mutation or choose isoleucine instead of leucines.

2.4.4. The NMR sample
As figure 2.10 shows, The "H-""N HSQC spectrum of CISSA displays good chemical

shift dispersion of "H-""N correlation resonances, indicative of a folded protein sample.
The resonances are of a uniform intensity, consistent with a monomeric, homogeneous
protein sample. And approximately the number of resonances expected for non-proline
amino acid residues comprising CISSA (Fig. 2.10). A subset of well resolved resonances
with backbone HN chemical shifts of 8.5 ppm or greater is indicative of extended or -
structure within CISSA while the large number of resonances located in the central
region of the spectrum (7.0-8.5 ppm) also suggests the presence of random coil and a-
helical structure. The size of CISSA necessitates that the protein be deuterated prior to
collecting additional data on the 800 kHz instrument.

Once the structure of the N-terminal of 7cCISSA is determined, the architecture of the
protein will be revealed. This will enable us to we can gain insight into the possible
functions or potential ligands for TcCISSA. Structure determination of 7cCISSA will also
provide us with additional, valuable information as to the overall shape of the surface

protein coat of the parasite during passage through the tsetse fly.
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Chapter 3 — Congolense Epimastigote Specific Protein
(TcCESP)

Contributions
Drew Bowie and Daniel Moller performed the initial cloning and DNA amplification

of TcCESP. Bianca Loveless was responsible for the virus amplification and insect cell
expression. I performed the protein purification steps and the CD experiments. CBDPS
crosslinking analysis was done by the Petrochenko group from Dr. Borcher’s lab and the
homology model was generated collaboratively by myself and Swapna Seshadri (the
Parkinson lab, University of Toronto). I was also responsible for the analysis of

crosslinked lysines and disulfide bonding on the proposed model.

3.1 Introduction
There are very few proteins identified on the surface of Trypanosoma parasites that are

even loosely characterized as adhesins. Not only has 7cCESP been reported to display
adhesive properties (83), it is only expressed in the epimastigote stage of 7. congolense
(75,83) (Figure 3.1). Of note, only the epimastigotes are able to adhere to the lining of the
mouthparts of tsetse fly (105,106). In their study, Sakurai et al. reported that adding the
epimastigote lysate (E-sup) to the procyclic form causes them to adhere to the flask. After
analysing the different saturated ammonium sulfate fractions of E-sup they found the
fraction containing the protein responsible for adhesion. They initially called this protein
“flask-adhesion factor” and carried out further experiments and after further

characterization they changed the name to CESP.
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Figure 3.1. Immunoblot on cell lysate from 7. congolense using a monoclonal antibody
generated against TcCESP. This figure shows that the expression of 7cCESP is restricted to the
epimastigotes and there is no expression in the procyclic forms. Reproduced with permission
from (75,107).

TcCESP is 689 amino acids long and contains a 22 amino acid long signal peptide and
a glycophosphatidylinositol (GPI) binding sequence (19 amino acids). Sakurai et al.
predicted that the overall secondary structure of 7cCESP is mainly a-helical and they also
showed that it is a GPI anchored protein. Southern analyses also showed that there are
multiple copies of the TcCESP gene in the 7. congolense chromosome (83).

As stated in the introduction, the structures of HpHbR, VSG and GARP, all of which
are GPI anchored proteins from trypanosomes, share the same overall predominantly o-
helical structural motif (79,81,82,107). These proteins are from different life cycle stages
and although they have structural similarity, they carry out different functions. One of
these proteins is 7. congolense glutamate/alanine rich protein (7cGARP), which covers
the surface of 7. congolense procyclic and epimastigote forms (76,77). The T. brucei
counterpart of GARP is brucei alanine rich protein (7hBARP) and it covers the insect
forms of 7. brucei. The structures of both 7cGARP and 7ThBARP have been described.
Although these two proteins share around 30% amino acid sequence identity, their
structures are almost identical (79,107). Interestingly, as Figure 3.2.B shows, the
phylogenetic studies by Sakurai et al. showed that 7cGARP and TcCESP are related (83).

Our bioinformatics analyses have revealed that there is about 30% sequence identity
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between TcGARP and TcCESP. It is therefore possible that the structures of these two

proteins are similar.

A

GPI anchor

0.
CESP
Tc GARP (CAB66151)
3.0 Tc GARP (CAB66150)
72.0

Tb BARP (EAN77361) \
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Th BARP (EAN77369)

Th BARP (EAN77362)

Tb BARP ‘Brussels’ (CAA76729)
Th BARP (EAN77367)
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Figure 3.2. A. Structure of 7cGARP (79). B. Phylogenetic tree of the GARP, BARP
and CESP proteins. Ts and Tg stand for Trypanosoma simiae and Trypanosoma
godfreyi, respectively. This tree suggests an evolutionary relation between GARP and
CESP. The phylogenetic tree has been reproduced with permission from (83).

The adhesive properties of 7cCESP are important, because if the epimastigotes do not

adhere to the mouthparts, they would not be able to continue their growth and life cycle

and will never differentiate into the infective forms, the metacyclic. Further biophysical

and biochemical characterization of 7cCESP offers the potential for detailed insight into

the molecular cross talk between parasite and insect vector. The studies presented here

represent the first stage in ultimately defining the binding mechanism in the tsetse fly.
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3.2 Materials and Methods

3.2.1 Construct design and cloning
The r7cCESP (recombinant 7cCESP) gene construct starts after the predicted signal

peptide cleavage site (88) and ends after the GPI anchor addition site (108-111). The
gene was codon optimized for expression in insect cells and was synthesized by
GenScript. The synthesized gene was flanked by Ncol (5’ end) and Notl sites (3° end).
The DNA was digested for 30 minutes at 37°C with 1 pL of Notl (Fermentas, cat. no.
FD0594) and 1 pL of Ncol (Fermentas, cat. no. ER0572) in 1X FastDigest buffer
(Fermentas). The DNA fragment corresponding to the r7cCESP gene was separated from
the vector on a 1% agarose gel. The DNA was excised from the gel and purified using a
QIAquick Gel Extraction Kit (Qiagen, cat. No. 28704).

The DNA concentration was measured using a NanoDrop. It was then ligated in a 2:1
ratio of insert to vector into pAcGP67 His TEV N-term, which was previously treated
with alkaline phosphatase, using T4 DNA ligase and 1X ligase buffer (NEB). The N-
terminal of this insect cell specific vector contains a GP67 secretion signal and a hexa-
histidine (His) tag, which is separated from the TcCESP construct by a TEV-protease
cleavage site. The resistance marker for this vector was ampicillin.

A tube of chemically competent E. coli DH5a was transformed with »Tccesp/pAcGP67
His TEV N-term DNA construct and grown on Luria Bertani (LB) agar plates
supplemented with ampicillin to a final concentration of 50 ug/mL. The plate was grown
at 37°C overnight and a single colony was grown in 5 mL LB broth supplemented with
ampicillin (50 pg/mL). This culture was used as a starter for a 50 mL LB broth culture.
rTccesp/pAcGP67 His TEV N-term DNA was isolated using a Qiagen Plasmid Midi Kit
(Qiagen, cat. no. 12143).
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MEENOSHOCHNKEHNS KNV ATVIEVVIIANANHSARA DT.GSHHHHHHS SGRENLYFQ

/GSMGDEFSLDHVNAFCELTKQFRHLPIAVGQQLDEAIDEEAKAAKARKDSQKAVNRAD
AAAKKSEDAKKHAQDAKEAAKEAFEAADGAEVHLQAASELATELNGLVETHLSRLEEYL
KDAETKGEDERAQEAAKECTGNATNVTSGTLLESKEKLEKAAGKEDYEELRYDTERAGS
LLDDLKGAQLEVSSLOIKATNAEERATEAAAKAKAATPDLYDLTVGQAKAFCKLTEQLR
GLLDTVSRHNVTVTEEVAKTASSKNRSDEAVKQAESAAGRNSDAAPHAKKAKEAGEEVS
AAADEAQKAHEDSSRVVODLRLLAKDKLSSYDRFLKNVGERASGKDAQNAAKECTDSAV
DVKSEVVEKLNAAFEESTPGKPFOQPVKDLFKKFSDNLKELEGAADVASKSRAKAEAAEK
IVNESAAEAETAAFDVKKLTLKQVNAFCGLAEQFRGLLNSVKKLEGOATHCATVAAAVK
ARSTETVKRVVAAAGKNASAKELAERAQAVEAEVTAAADKAQEAYAGVSGFVGNLTASR
DEHLLVLEDVITGAKTSASCSCGIRAAKACTAAAEDVTAESLKEAKDTFRODIPGDHYK
ELSDGAENVSGRLEELRSTAQRVSASRAAAQAAEERLNAIAEEAAA*

Secretionsignal His tag TEV cut site Ncol Notl
N-X-ST predicted N-glycosylation
Cysteines = 9

Figure 3.3. Expected amino acid sequence of the r7cCESP construct. The Ncol (yellow
highlight) and Notl (green) sites, the cysteines (gray highlight), TEV cleavage sites (cyan
highlight), secretion signal (pink highlight) and the His-tag (blue text) have been shown in
different colours in the sequence. There are eight predicted N-linked glycosylation sites.

3.2.2 Transfection and amplification of viral titre
The transfection, amplification and small-scale protein expressions and infection of

cells for large-scale protein production were carried out by Bianca Loveless in the
Boulanger lab. First 2.5 mL Sf9 of insect cells at 2x10° cells/mL were added to a single
well of a 6- well tissue culture plate and then incubated at 27°C without shaking for 1
hour to facilitate adherence. The Sapphire™ baculovirus (Orbigen) was used for the
transfection of the Sf9 cells by adding rTccesp/pAcGP67 His TEV N-term DNA to
Sapphire Baculovirus DNA in a 5:1 ratio, with Fugene HD (Fugene, Fisher Scientific cat.
no. PRE2311) as a transfection reagent. After seven hours of transfection the supernatant
was contained and the cells were discarded. This supernatant contained the P1 virus.

Since the viral titer is usually very low for large-scale infections, an amplification step is
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necessary. In order to amplify the virus and obtain a higher viral titer, 70 uL of P1 virus
was added to 40 mL of Sf9 cells split at 1.5x10° cells/mL, and then incubated at 27°C
with and 140 rpm for 10 days. The cells were discarded and the supernatant was then
harvested. This supernatant contained the P2 virus, which were the next generation after

amplification.

3.2.3. Small scale protein expression and purification
In order to establish the optimum amount of virus needed for maximum protein

expression, different volumes of P2 were added to 2.5 mL of High Five™ cells
(Invitrogen, cat. no. BTI-TN-5B1-4) at 2.0x10° cells/mL in a 6-well tissue culture plate.
A final concentration of 300 ng/mL tunicamycin was added to prevent N-linked
glycosylation. Glycosylation The plate was incubated for 65 hours at 27°C and 140 rpm.
After the incubation period, 10 pL of cells was taken and stained using trypan blue to
visualize and count the cells. The media were harvested from the wells of the plate and
were centrifuged (4000 rpm, 4 min, 4°C). Cells were discarded and 1.8 mL of the
supernatant was taken. 200 uL of 10x binding buffer (200 mM HEPES pH 8.0, 1.5 M
NaCl, 200 mM imidazole) and 30 pL bed volume of nickel chelated sepharose beads
were added to the supernatant. The tubes were incubated on a Lab-rocker for one hour at
4°C and then the beads were harvested by centrifugation, and washed with binding
buffer. A sample from the wash fraction was taken and run on an SDS gel. The bound
rTcCESP was eluted by adding stripping buffer (20 mM HEPES pH 8.0, 150 mM NaCl,
500 mM imidazole) to the beads and incubating the tube on ice for 3 min. This
represented the purified fraction. Some of the supernatant from the beads was run on the
gel as the soluble fraction. All the different fractions were analyzed by PAGE and were
run on a 15% SDS-gel.

3.2.4. Large scale protein expression and purification
Protein expression was carried out by adding 5 pL of P2 virus per 2.5 mL of High

Five™ insect cells at a density of 2.6x10° cells/mL. The cells were grown in Sf900III
media and supplemented with gentamycin and tunicamycin was added to a final

concentration of 300 ng/mL. The flasks were incubated for 65 hours at 27°C (140 rpm).
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After the incubation, cells were visualized and stained using trypan blue as described
above. In order to harvest the protein, the culture was centrifuged (JLA 9.1 rotor, 4500
rpm, 15 min, 4°C) and the cells were discarded. 60 pL of protease inhibitor cocktail
(Calbiochem, cat. no. 539134) was added to the supernatant and then the supernatant was
filtered on ice using 1 and 0.45 um glass fibre filter (Pall Corporation, cat. no. 66215 and
HVLP04700, respectively). Concentration and buffer exchange of the supernatant was
done using a diafilteration system equipped with membrane filters that had a 10 kDa
molecular weight cut off (Pall Corporation, cat. no. 32037044R). The supernatant was
buffer exchanged into binding buffer and was concentrated to a volume of approximately
400 mL. This buffer exchanged supernatant was then centrifuged (JA 14 rotor, 13000
rpm, 30 minutes, 4°C) and the debris was removed. A 2 mL bed volume of nickel
chelated sepharose beads was added and the mixture was incubated with a magnetic
stirrer at 4°C for 30 minutes. The subsequent steps are as described for r7cCISSA in the
previous chapter.

The elutions were pooled and concentrated to 2 mL and the sample was run on a
Superdex 200 size exclusion column (HiLoad 16/60 Superdex 200; GE Healthcare, cat.
no. 17-1069-01). The selected fractions from the size exclusion were analyzed by SDS-
PAGE. In order to further purify the protein sample, the fractions from the size exclusion
step were pooled and concentrated and buffer exchanged into the Al buffer for anion
exchange (20 mM HEPES pH 8.0, 10 mM NaCl). The sample was concentrated to 5 mL
and was run on an anion exchange column (Source 30Q; GE Healthcare, cat. no. 17-
1275-10). The bound r7cCESP was eluted off the column using an increasing B1 buffer
(20 mM HEPES pH 8.0, 1 M NaCl). Fractions were analyzed by SDS-PAGE.

3.2.5. Crystallization trials
Initial crystallization trials were carried out using similar protocols as described for

TcCISSA (Chapter 2). However, crystallization was performed using the following
screens: Index, MCSG-1 and Crystal I and II.

3.2.6. Circular dichroism
We performed a circular dichroism experiment to validate the secondary structure of

rTcCESP biochemically. CD spectra were taken using a Jasco-810 spectropolarimeter

(Ausio lab, University of Victoria). CESP was dissolved in a low salt buffer (10 mM
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NaCl, 20 mM HEPES pH 8.00). Three measurements were taken between 185-240 nm

and the values were averaged and plotted using Microsoft Excel.

3.2.7. CBDPS crosslinking

Crosslinking analysis was performed in collaboration with Jason Serpa from the Borcher
lab (University of Victoria) using CBDPS-H&/DS8
(Cyanurbiotindimercaptopropionylsuccinimide Creative Molecules Inc.), which is an
isotopically coded CID-cleavable affinity-purifiable crosslinker (112). CESP in HBS was
crosslinked using 10 uM CBDPS-H8/DS. Samples were incubated at 25°C for 30
minutes. Crosslinking was quenched by adding 25 pM ammonium bicarbonate and
incubated for 30 minutes at 25°C. The crosslinked samples were then digested with
trypsin and proteinase K at 1:25 and 1:10 (w:w) enzyme:substrate ratios, respectively.
Both digests were overnight at 37°C, with shaking at 300 rpm. Trypsin and proteinase K
were inhibited by adding AEBSF at a final concentration of 10 mM. The crosslinked
peptides were enriched on monomeric avidin beads (Thermo Scientific, Rockford, IL)
and were eluted using 0.1% TFA 50% acetonitrile. The peptides were then concentrated
by lyophilization. A nano-HPLC system (Easy-nLCII, ThermoFisher Scientific, Bremen,
Germany) was used for the Mass Spectrometric analysis. This system was coupled to the
ESI-source of an LTQ Orbitrap Velos mass spectrometer (ThermoFisher Scientific,
Bremen, Germany). MS data were acquired with Mass Tags and Dynamic Exclusion
enabled in global data dependent settings ((mass deltas: 4.02511, 2.68340, 2.01255; ratio
range (%): 50-100). MS scans (m/z 400-2000 range) and MS/MS scans were acquired at
60000 and 30000 resolution respectively. MSMS fragmentation was performed by CID
activation at normalized collision energy of 35%. Data analysis was performed using

DXMSMS Match of ICC-CLASS.

3.2.8. Homology modelling
TcCESP consists of 3 internally repeated domains (residues 26-228 (d1), 238-438 (d2),

450-650(d3)), each sharing about 30% sequence identity (d1-d2 ~31%, d2-d3 ~34.7%,
d1-d3 ~27.2%). A PSI-BLAST (86) search against PDB (113) was performed to identify

closest structural homologue. Since the search did not reveal any structural template that
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could be used to model full sequence, the three domains were modelled individually

using [-TASSER (114). I-TASSER used TcGARP from Trypanosoma congolense (PDB:
2Y44) (79), as the template for modelling all the 3 domains. 2Y44 spans almost the entire
length of the individual domains and shares 25.5%, 25.5%, and 22.4% sequence identity
with dl, d2 and d3 domains, respectively. The fit of the sequence to the modelled

structure was verified using ProSa (115).
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3.3. Results

3.3.1. TcCESP is predicted to adopt three helical domains
Previous studies in our lab showed that the amino acid sequence of 7cCESP contains

three sequence repeats. Each of these repeats share approximately 30% sequence identity
with 7cGARP. When the whole sequence of 7cCESP was submitted to the one-to-one
threading tool from the Phyre server (116) for tertiary structure prediction, no results
were obtained. However, individually submitting the three repeats of TcCESP to the
server yielded three structures similar to 7cGARP. Figure 3.4 shows the predicted tertiary
structure of each of the three repeats of 7cCESP.
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Figure 3.4. Prediction of Tertiary structure of the three repeats of 7cCESP using Phyre
(116). The box shows the sequence of CESP, the location of the signal peptide, the repeat
domains (D1-D3), and the GPI anchor. After modeling each domain by Phyre2, using the GARP
structure as template, each domain adapted the same fold as GARP. The modeled structure of
each repeat domain is shown above each repeat, coloured blue to red from the N to C-terminus.



49

3.3.2. Recombinant protein production
The complexity of r7cCESP necessitated the use of a more advanced expression

platform than E. coli. Consequently, r7cCESP expression studies were carried out in
High Five™ insect cells and the protein was secreted in the culture medium. In order to
prevent N-linked glycosylation (117) of r7cCESP, the protein was expressed in the
presence of tunicamycin, which is a potent inhibitor of N-linked glycosylation in
eukaryotes. Glycosylation adds a degree of heterogeneity to the protein sample and
prevents crystallization. A volume of 2.8 L of insect cells was harvested and after
concentrating and buffer exchanging the culture medium the protein was harvested using
Ni-chelated beads and the elutions were pooled and concentrated down to 2 mL. The
protein was purified on the size exclusion column and it eluted almost exclusively as a
monomer (Figure 3.5). After pooling the Sx200 fractions and buffer exchanging, the

protein was applied to an Anion exchange (Figure 3.6).
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Figure 3.5. Size exclusion chromatography of r7cCESP. The dotted red and the secondary y
axis (red) curve represent the molecular weight standards for Superdex 200 column. r7cCESP is
plotted in blue. The gel picture at the right hand side shows the pooled fractions from monomeric
rTcCESP and the contaminants.
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Figure 3.6. Anion exchange chromatography of r7cCESP. The black line and the secondary y
axis show the percentage of buffer B (1M NaCl). r7cCESP is plotted in blue. The protein bound
to the column was eluted with ~ 300 mM NaCl. The gel at the right hand side confirms the
removal of the contaminants and confirms the expected size.

3.3.3. Building a model for TcCESP
Despite setting numerous crystallization trials with the highly purified r7cCESP, no

crystals of diffraction quality were obtained. Thus characterizing the overall architecture
of TcCESP required the alternative approach of combining circular dichroism
spectroscopy, advanced homology modelling and chemical cross linking with mass
spectrometry.

The first step was to obtain experimental data confirming that the secondary structure
of TcCESP is a-helical. An accurate method for determining the secondary structure of
proteins is the spectroscopic technique of circular dichroism (CD), which takes advantage
of the unique spectroscopic signatures of a-helices, B-sheets and random coils. As
observed in Figure 3.7. A, the CD spectra for TcCESP are consistent with a protein that is

predominantly a-helical.
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Figure 3.7. A. Expected CD spectrum from an a-helical protein. B: the CD spectrum from
rTcCESP. A: The a-helix spectrum contains two valleys around 220 nm and 208 nm and a peak
around 190 nm. Figure adapted from http://www.proteinchemist.com/cd/cdspec.htmL. B: This
spectrum was an average of three readings of a 2 mg/mL solution of 7cCESP in 10 mM NaCl in
pH 8.00 (20 mM HEPES). As the figure shows, the peak obtained from r7cCESP clearly shows
that it is an a-helical protein.

The obtain experimental data describing the spatial relationships within the protein, we
pursued a CBDPS crosslinking approach. When combined with mass spectrometry, this
approach provides relative spatial information between the primary amines of lysine
residues and allows for the mapping of disulphide bonds. After the ideal concentration of
CBDPS for crosslinking was determined, r7cCESP was treated with appropriate amount
of the crosslinker and digested and the peptides were identified using LC-MS/MS. Figure
3.7 shows the CBDPS titration gel and Table 3.1 shows the confirmed crosslinks from
rTcCESP. Thirty one out of 63 lysines from the construct were identified in the
crosslinks. The cross linking data provided a platform from which to assemble the larger
spatial relationships between the three helical bundle domains. Figure 3.8 shows how the
distances between the primary amines of the crosslinked lysines were measured using

PyMol.



52

W 200
W00
W 900
NW 800

W10

o =}
f=1 f=)
& g
g z

125 kDa

93 kDa Multimerized rTcCESP

72 kDa
57 kDa

42 kDa

Figure 3.8. CBDPS titration. The concentration of CBDPS added to the purified r7cCESP is
written on each lane. The first lane has no CBDPS added. As the concentration increases a
population of multimerized TcCESP appears. The ideal concentration of CBDPS is the
concentration in which there is no multimer or higher
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Table 3.1. List of the crosslinked lysines in r7cCESP crosslinked by CBDPS. The domains
represent the three repeats in the TcCESP sequence. Most of the crosslinked lysines were
between domains 1 and 2. Only three were between domains 2 and 3 and none between domains
1 and 3.

lysine 1 lysine 2 Crosslinked domain  lysine1 lysine2 Crosslinked domain

60 87 1-1 87 402 1-2
63 70 11 87 403 1-2
66 70 1-1 93 337 1-2
66 228 11 93 339 1-2
66 348 1-2 93 403 1-2
70 81 11 175 302 1-2
70 228 1-1 228 348 1-2
80 93 11 272 430 2-2
81 87 1-1 282 303 2-2
81 228 11 285 448 2-2
86 87 1-1 285 576 2-3
86 93 11 303 430 2-2
86 226 1-1 320 424 2-2
86 337 1-2 339 402 2-2
86 339 1-2 448 576 2-3
86 403 1-2 452 576 2-3
87 339 1-2 497 505 2-2

87 392 1-2



54

Primary amine
group of lysin

Figure 3.9. Measuring the distance between the terminal amines of lysines. The terminal
amine groups are shown as spheres and the distance between the amine groups of these two
lysines has been shown (7.9 A). This measurement was carried out using PyMol.
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3.4. Discussion

3.4.1. Selecting an optimal expression system
Previously, efforts were made to express 7cCESP in E. coli. Since TcCESP is a large

eukaryotic protein (80 kDa), there was minimal success with the expression trials with
the majority of protein being in the insoluble fraction. The ability to produce r7cCESP
using the insect cell expression system provided the opportunity to study this intriguing
protein. 7cCESP is a GPI-anchored protein therefore the chosen vector for this construct
was one with a secretion signal enabling the protein to be secreted into the medium.

There are eight predicted glycosylation sites on 7cCESP. Protein glycosylation is not
desirable for crystallization, because it adds chemical and conformational heterogeneity
to the protein and a heterogeneous population of proteins would either not crystallize, or
produce crystals with low diffraction quality. Tunicamycin is a potent inhibitor of N-
linked-glycosylation (118,119), and it inhibits cell growth. Therefore the ideal amount to
be added should be tested in small-scale expression experiments. To inhibit
glycosylation, tunicamycin was added to the growth medium of the insect cells.

The reason why the His-tag of r7cCESP was not removed was that buffer for TEV
protease requires a reductant to ensure the optimum catalytic activity of the enzyme. In
order to keep the disulfide bonds intact, the protein was left un-cut. r7cCESP has more
than 600 amino acids and the His-tag is very short (40 amino acids). Thus, it was not

expected that this short tag would affect the overall potential for the protein to crystallize.

3.4.2. Triplication of the CESP domains and the avidity
The sequence identity between GARP and each of the CESP domains suggests that

these proteins have a common ancestor. The phylogenetic tree reported by Sakurai et al.
(Figure 3.2) suggests that GARP and CESP are related, although there is very low
bootstrap support. In addition, there is no scale to show how divergent these genes
actually are.

Our biochemical and biophysical studies together with the sequence analyses suggests

the same evolutionary origin for CESP and GARP. It is possible that the triplication event
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in CESP helps create a binding surface and increase the avidity of this protein. This

supports the proposed role of CESP as an adhesin. We propose two possible models for
CESP, which are described below.

3.4.3. Homology models for TcCESP
Despite the pure protein sample that was properly folded and homogeneous (according

to the CD results) we were unable to obtain X-ray diffraction quality crystals for
rTcCESP. In addition, due to the size of the protein, we could not pursue NMR
experiments for structure determination. We therefore opted for an alternative approach.
Preliminary analysis of 7cCESP showed the presence of three repeats in its amino acid
sequence, each with ~30% sequence identity to GARP. The result from circular
dichroism (CD) confirmed it’s a-helical nature. Using a variety of chemical crosslinkers,
our collaborators (Borchers lab, University of Victoria) were able to provide spatial
information for 7cCESP that could be used to assemble the subdomains and validate a
homology model from the Parkinson Lab (University of Toronto).

Based on the crosslinking data, one plausible model for 7cCESP would be the final
CESP model 1 shown in figure 3.9. In this model domains 1 and 2 are located antiparallel
to each other and domain three, which is attached to the GPI-anchor, is attached to the
membrane. Domain 3 is masked in the GARP coat and the domainl-domain2 bundle is
completely out side the coat. Another model, model 2, supports the idea that the gene
triplication event in 7cCESP is responsible for increased avidity and facilitating adhesion.
Figure 3.9 shows this model together with the other triple bundle motif structures of

GARP, HpHbR and VSG.
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Figure 3.10. Structures of GARP, HpHbR, VSG and the proposed homology models for
CESP. All these proteins have the conserved triple helix bundle motif. Domain three of TcCESP
is the C-terminal domain and is attached to the membrane by a GPI anchor. Although model 1
corresponds to the crosslinks obtained and identified, model 2 suggests a more stable and more
compact structure. It also supports our hypothesis about increased avidity by a gene triplication
event.

Model 1 could explain the adhesive properties of 7cCESP in two ways. Either the
domains interact chemically with the lining of the proboscis, or it might be possible that
the elongated 7cCESP molecules act as an anchor and cause the attachment, which is a
mere mechanical interaction. The linker between domains 2 and 3 can allow the
movement of the bundle of domains 1 and 2. These domains are outside of the GARP
coat, so they can easily interact with their substrate.

In the case of CESP model 2 there are no crosslinks identified to support this model.
However this model is a more stable and compact model compared to model 1. In
addition, this model suggests an efficient binding interface at the membrane distal region

of the protein. As explained in the results, CESP contains three repeats that could be a
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result of a triplication event. This could enhance the avidity of 7cCESP by enhancing the

number of the binding sites.

Attachment of the epimastigote forms from different species of Trypanosoma has been
described based on ultrastructure studies (101,105,106,120). The epimastigotes of T.
congolense and T. brucei have the ability to adhere. A BLAST search with the amino
acid sequence of CESP as query yielded one protein from 7. brucei. This protein was
about 400 amino acids long and had 28% sequence identity to 7cCESP. Interestingly,
among the other identical amino acids, there were four conserved cysteines between these
proteins. These cysteines covered four of the cysteines that make disulfide bonds in
TcCESP. So if this 400 amino acid long putative protein from 7. brucei is really a
counterpart of 7cCESP, the difference in size might be related to differences between
their functions and between the environments they are expressed.

The counterpart of CESP in T. brucei was the only protein that was shown in the
results from BLAST and there was no other protein from other species of Trypanosomes,
or other trypanosomatids. This is not surprising, since 7. brucei and T. congolense are the
two species that have the same life cycle and their epimastigote forms show adhesion to
the tsetse mouthparts. To our knowledge, 7. vivax is the only other species with
epimastigotes adhering to the mouthparts. It is possible that the CESP counterpart in 7.
vivax has a completely different amino acid from the 7. congolense and T. brucei CESP
counterparts, and for this reason it cannot be identified by a BLAST search. The other
species of Trypanosoma have different vectors and life cycles and it is not very likely for

them to have CESP counterparts.
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Chapter 4 — Conclusion and future directions

AAT is a disease with devastating socio-economic impact on the sub-Saharan region of
Africa. It is caused by species of Trypanosoma and is transmitted by the bite of Glossina
ssp (tsetse fly). T. congolense is responsible for most of the diagnosed cases of AAT.
Antigenic variation of the bloodstream forms makes vaccine generation impossible and,
combined with increasing resistance to the therapeutics, it is necessary to develop
alternative strategies for fighting the disease. Vector control is an attractive option as long
as it can be strategically targeted and delivered. A detailed understanding of the
molecular cross talk between parasite and vector may offer the potential for such targeted
control.

The goal of this research is to gain this understanding by studying the surface proteins
that express in the insect stage of 7. congolense. From the surface proteins identified so
far, we chose the ones that had a putative function according to previous studies on these
proteins. One of these proteins, 7cCISSA (congolense insect stage specific antigen), has
more than 60% sequence identity to 7hPSSA-2 that it is necessary for maturation of
parasite infection in the tsetse fly. A construct was designed that contained the N-terminal
of TcCISSA, the recombinant protein was crystallized and good quality X-ray diffraction
data was obtained from native CISSA crystals. In order to solve the phase problem, many
efforts were made and finally a ""N/"°C labelled sample of r7¢CISSA was produced and
sent to the Smith Lab at Queen’s University. Because of the size of r7cCISSA, the
protein needs to be expressed in D,0 to ensure full deuteration of the protein. Since this
protein is conserved among other species, the information from this structure might help
understand the 7rypanosoma interactions with its vectors in a more global perspective.

The other protein that was a target of this study was TcCESP (congolense epimastigote
specific protein). This protein is a putative adhesin (83) and contains three repeats that
are predicted to resemble GARP. A model for 7cCESP is proposed based on the structure
of GARP and validated by disulfide binds and crosslinking data. This model explains
how the domains 1 and 2 are located outside the GARP coat and it provides an overall

shape and positioning of this protein on the surface of the parasite. 7cCESP is only
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expressed in the epimastigotes (75,83) and it is proposed to be responsible for the
adhesion in this lifecycle stage. It is expressed in high copy numbers (83). Further
experiments to identify the binding partner of 7cCESP are needed to confirm the
interaction between 7cCESP and its substrate.

In conclusion this research represents a step forward towards characterizing two
important proteins from the insect stage of 7. congolense. The structural information
from these targets will help us understand the tsetse-7rypanosoma interactions.

We have a good dataset from 7cCISSA crystals, but have been unable to solve the
phase problem. The NMR experiments did not solve the structure because of the size of
rTcCISSA and inefficient hydrogen-deuterium exchange. Recently we have been able to
produce the SelMet crystals in a different condition by seeding. Further experiments are
needed to solve the phase problem for 7cCISSA. In addition, a sample of 7cCISSA
expressed with ’N/"°C and D,O can be used for NMR structure determination. Further
crystallography attempts including designing new constructs and different mutants with
leucines/isoleucines replaced by methionines are also ongoing.

We have presented a homology model for 7cCESP that explains a possible function and
geometry on the cell membrane. There is no binding partner identified for this protein.
We have expressed 7cCESP and 7cCISSA and other insect stage proteins from
trypanosomes and have sent them to the Liverpool School of Tropical Medicine to
identify binding partners for them. Combined with the structural information on
TcCISSA and TcCESP, finding the binding partner will shed more light on the functions

of these proteins.
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