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Abstract

Molecules in the midgut of the tsetse fly (Diptera: Glossinidae) are thought to
play an important role in the life cycle of African trypanosomes by influencing their
initial establishment in the midgut and subsequent differentiation events that ultimately
affect parasite transmission. It is thus important to determine the molecular composition
of the tsetse midgut to aid in understanding disease transmission by these medically
important insect vectors. To my sufprise, I found that the most abundant protein in
midguts of teneral (unfed) Glossina morsitans morsitans was a 60 kDa molecular
chaperone of bacterial origin. Since two species of symbiotic bacteria reside in the tsetse
midgut, Sodalis glossinidius and Wigglesworthia glossinidia, 2-D gel electrophoresis and
mass spectrometry were used to determine which of these organisms was the source of
the 60 kDa molecule. To do this, peptide mass maps were compared to virtual peptide
maps predicted for S. glossinidius and W. glossinidia chaperone sequences. Four
signature peptides were identified, revealing that the source of the chaperone was
W. glossinidia. Comparative two-dimensional gel electrophoresis and immunoblotting
further revealed that this protein was localised to the anterior midgut containing the
bacteriome and not the distal portion of the tsetse midgut. The possible function of this
highly abundant endosymbiont chaperone in the tsetse midgut is discussed.

Both Sodalis glossinidius and Wigglesworthia glossinidia are either required for
tsetse viability or fecundity, and may influence the life cycle of African trypanosomes.

S. glossinidius is thought to modulate the transmission of trypanosomes and thus is of
considerable interest. To obtain probes for analysis of this symbiont, pure cultures were
established and used for immunisation and derivation of monoclonal antibodies (mAbs).
One mADb bound to an abundant 60 kDa protein that was highly expressed on the surface
of Sodalis and was secreted as a soluble protein into the culture medium. This mAb
recognised molecules only in S. glossinidius and W. glossinidia and not in other members
of the Enterobacteriaceae family. Using the mAb in microimmunoadsorbent columns,

the 60 kDa protein was isolated from Sodalis culture supernatants and identified by mass



iii

spectrometry as a GroEL-like chaperone. Three mAbs were specific for Sodalis and did
not bind the primary midgut symbiont, W. glossinidia, and thus are useful probes for
detection of Sodalis in tsetse.

A monoclonal antibody, which recognises a repetitive EP polypeptide epitope and
which was originally derived against procyclic form 7rypanosoma brucei, cross-reacted
with midgut lysates from both Glossina palpalis palpalis and Glossina morsitans
morsitans. The DNA sequences of the genes encoding these EP proteins were
determined and the translated protein sequences were obtained. Protein structure and
function analysis using a variety of predictive algorithms showed that the EP repeat
proteins contained distinct domains and antigenic regions. A putative signal peptide and
post-translational modifications were predicted, supporting the idea that these molecules
are expressed in the lumen of the midgut, and thus are good candidates for participation

in vector-parasite interactions.
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Chapter 1. Introduction

Case Study Number 1:

A 50 year old male in reasonably good physical condition walked into a clinic
complaining of a persistent fever, abdominal discomfort, headache and general
myalgia. Upon questioning, it was found that he recently was on safari in Uganda
for two weeks and suffered numerous insect bites. Based on his symptoms, the
initial conclusion was that the patient had malaria. Microscopic examination of
blood smears, however, showed high numbers of trypanosomes. As the
subspecies of 7rypanosoma brucei are morphologically indistinguishable, a more
exact diagnosis was based on epidemiology and the rapidity of disease
progression. An infection with 7rypanosoma brucei rhodesiense, the agent of
East African sleeping sickness, was confirmed. The patient was immediately
hospitalised. Further examination revealed severe anaemia, thrombocytopenia
and tachycardia (135 bpm) but his cerebro spinal fluid (CSF) was negative for
trypomastigotes. The only available treatment was Pentamidine, used for the
treatment of early stage Gambian sleeping sickness but essentially ineffective
against the generally resistant 7. b. rhodesiense. Suramin, the toxic anti-
trypanosomal drug of choice was ordered from the only known depository at the
Centers for Disease Control (CDC) in Atlanta, GA. The patient was given
pentamidine intravenously for 24 hours until the Suramin arrived. A few hours
post Suramin treatment, the parasites had lysed and patient prognosis improved
until death was no longer imminent.

Case Study Number 2:

J. H., male, aged 30, a strong young man, was travelling through Sudan in the fall
of 1999. He was admitted to the clinic in June 2000 with classical symptoms of
an infection: irregular fever, erythema and swollen lymphatic glands. A blood
film showed no evidence of either malarial merozoites or African trypanosomes.
An oral regime (10 d) of penicillin was prescribed and the patient was released.
Four months later, the patient was re-admitted complaining of insomnia, intense
headaches and a loss of coordination. The patient displayed extreme emaciation,
mental confusion, high fever and slurred speech. Microscopic examination of a
CSF sample confirmed that the patient had an advanced neuralgic 7. b. gambiense
trypanosomiasis. The implementation of a rigorous treatment regime (3 injections
per day) with the arsenical therapeutic, Melarsoprol, did not prevent further
deterioration. The patient developed Melarsoprol-induced haemorrhagic
encephalopathy and died two days later (liberally adapted from Ross and
Thomson, 1910; Moore et al., 1999).




Summary:

Case study number 1 was based on two recent reports of travellers, American (Dunavan,
2000) and British (Moore et al., 2002) that contracted the usually fatal blood borne
parasitic disease, African sleeping sickness. Fortunately, in both of these cases, the CDC
(one of the only remaining international repositories of anti-trypanosomal compounds left
in the world since manufacturers deemed the continued production of these drugs as
“commercially unattractive™) was able to supply the appropriate drug for treatment.

It is a sad state of affairs that living in regions with epidemic or endemic African
trypanosomiasis, where access to CDC supplies and drug distribution is limited,
significantly reduces one’s chance of survival. Even if the slower, less virulent form of
the disease, West African (Gambian) sleeping sickness, is acquired (as described in Case
2), inadequate diagnostic techniques (Cattand, 1987), diminishing supplies of anti-
parasitic therapeutics (White, 2000), drug toxicity and developing trypanosome resistance
are severe impediments to the treatment of this disease.

Human African trypanosomiasis, or sleeping sickness, is one of several
uncontrolled plagues that ravage sub-Saharan Africa. It is transmitted by tsetse flies
infected with either 7rypanosoma brucei gambiense or Trypanosoma brucei rhodesiense.
In Africa, 15% of the sub-Saharan population (60 million people) risk contracting this
disease in the endemic regions that span 36 countries (Smith et al., 1998). Five of these
countries, Sudan, Central African Republic, Uganda, the Democratic Republic of Congo
and Angola are also confronting a serious epidemic where an underestimated 500,000
people are currently infected (Barrett, 1999; Moore et al., 1999). Along with the rise of
sleeping sickness in Africa, the number of cases of this disease surfacing in non-endemic
regions of the world is proportionally increasing. To quote Dr. David A. J. Moore, a
specialist in tropical medicine at the Hospital for Tropical Disease (London, UK) in
reference to an increased number of British travellers infected with sleeping sickness,
“.....with increases in tsetse fly activity reported in many regions of sub-Saharan Africa,

the potential for further (international) cases is substantial. Neither (of) the locations



from which our patients acquired their infections is novel, but the sudden appearance of
two cases in such a short time is noteworthy” (Moore et al., 2002). As the recent human
trypanosomiasis epidemic continues to expand and contemporary control methods (vector
control, chemotherapy, and chemoprophylaxis) are slowly rendered either ineffective or
obsolete, attention is turning to the development of new approaches for disease
management and ultimately, for long-sought eradication.

The African trypanosome has two distinct proliferative life cycle stages that
alternate between the insect vector (tsetse fly) and the mammalian host. In both stages,
the trypanosomes have developed unique strategies to survive in either the alimentary
tract of the fly or the bloodstream of the mammal. A greater understanding of the vector-
host-parasite interactions that control disease transmission requires first, a better
understanding of the basic biology of the tsetse and the trypanosome and second, an

investigation into the molecules of both the vector and the parasite.

Tsetse distribution

The tsetse fly is perhaps the single, most significant factor that has influenced the
development of the African continent. With a range of 9 million km? (Budd, 1999), tsetse
effectively render much of the land unsuitable for livestoqk (Figure 1.1, Panel A). The
reason for this is that tsetse transmit animal trypanosomiasis (known as Nagana, meaning
“poorly” in Zulu), a serious threat to wild game but more so, to livestock. A study
released in 1999 estimated that 3 billion pounds (6.8 billion Canadian dollars) are lost
annually due to cattle mortality and inaccessibility to agriculturally rich land (Budd,
1999). Several wildlife species have evolved resistance mechanisms to animal

trypanosomiasis but remain carriers of the parasite, acting as the living reservoir



responsible for the persistence of both human sleeping sickness and Nagana (Vickerman
et al., 1993). Nagana is primarily a bovine disease characterized by reduced milk

production, retarded growth, weight loss, sterility and, inevitably, loss of the animal. All
of these manifestations indirectly contribute to the overall impoverishment and economic
devastation in large parts of sub-Saharan Africa. Human sleeping sickness is also spread
by tsetse vectors, putting at risk millions of people in endemic foci (Figure 1.1, Panel B),

and periodically spreading disease further, in great epidemics.

Figure 1.1.  Geographic distribution of tsetse flies, cattle, and human sleeping
sickness in Africa.

Panel A: tsetse and cattle distribution. Panel B: endemic foci of human
sleeping sickness (modified from Hursey, 2001).



Tsetse biology

The name tsetse (pronounced tsee-tsee) is derived from the noise that the fly
makes during flight. However, it is interesting to note that it means “fly” in the Tswana
language, and in Sechuana, it is interpreted as “fly destructive to cattle”. Tsetse are
classified under the single genus, Glossina and under the order of the two-winged flies,
Diptera. In addition to two localities in the Arabian peninsula, tsetse fly territory covers
a third of Africa south of the Sahara (Figure 1.1, Panel A). There are 23 species and 8
subspecies thus far identified and these are divided into three distinct clades: morsitans,
palpalis and fusca, which refer to the most common species in each subgenus. Each |
member is classified according to their preferential habitats: river, savannah and forest |
and to morphological differences in their genitalia (Leak, 1999). In central and west
Africa, the riverine species (Palpalis group) tend to feed predominantly on reptiles and
ungulates. However, as human settlement patterns are typically in close proximity to a
water supply, the flies are also vectors of human sleeping sickness. The savannah-
woodlands species (Morsitans group) are the most economically important as they
preferentially feed on livestock and wildlife found in the open grasslands, often found in
reserves and national parks. Both the palpalis and morsitans groups are vectors of
Trypanosoma brucei spp. Tsetse from the third and most primitive clade (Fusca group),
inhabit the damp, evergreen forests and are not considered to be medically or
agriculturally important as none of the species in this group are vectors of
trypanosomiasis.

Despite the diversification in the species, all tsetse are easy to distinguish from

other insects. The flies are light brown to black in colour and are roughly twice the size



of a housefly, depending on the species. There are two anatomical features that make
visual identification from other insects relatively easy. The predominant characteristic is
the “hatchet-shaped” cell found in the center of each wing between the 4™ and 5™ veins
(Figure 1.2, Panel B). The other less obvious feature is the presence of long, fine hairs

(setae) on the third antennal segment situated between the eyes (ellipse, Panel A).

Figure 1.2.  Phenotypic identification of tsetse using two features that distinguish
them from other species of flies.

Panel A: Secondary branching hairs on antennae (ellipse). Panel B:
Characteristic hatchet-shaped cell within each wing membrane (arrow).
Panel A: Scanning electron micrograph taken by Oliver Meckes
(Dunavan, 2000). Panel B: Photograph taken by L. R. Haines.



Life cycle of the tsetse

The life cycle of the tsetse is both unusual and fascinating as the female fly does
not lay eggs but instead gives birth to 6-12 mature larvae in a normal lifespan of 4
months (Hoffman, 1954). In most Glossina spp., the female is sexually mature 48 -72
hours after emergence while males become fertile several days following eclosion.
Mating may take several hours, as a uterine spermatophore (temporary sperm capsule)
must form prior to sperm deposition. The female needs to mate only once as the sperm
remain viable (within a specialized sperm storage structure called the spermatheca)
during the reproductive life of the female. Males, however, can mate up to 15 times
during their lifetime (Leak, 1999). Female tsetse reproduce by an unusual process called
adenotrophic viviparity, which, in colloquial terms, is like giving birth to teenagers. This
process involves the hatching of a single egg and subsequent larval development (to third
instar) entirely in utero. The larva is nourished by the secretions from a pair of uterine
glands commonly referred to as the milk glands. At the time of larviposition (birth), the
mature third instar larvae weighs more than the adult female fly. The entire process,
from fertilization to parturition takes 9-10 days (Denlinger and Ma, 1974). Upon
deposition in suitable soil, the larva quickly burrows below the surface to pupate. After
only a few hours, the puparium (pupa case) becomes fully sclerotised and remains in this
protective casing until eclosion (Zdarek and Denlinger, 1993). The puparial period is
long, typically taking 30 —40 days, although environmental variations such as
temperature, light intensity and soil type can positively or negatively influence the length
(and success) of metamorphosis (Leak, 1999). As well, differences in puparial duration

have been observed between the species and sexes (Saunders, 1962). The young teneral



(condition after eclosion before the insect cuticle is completely sclerotised) adult exits the
puparium and emerges from the soil in mid-afternoon (Dean et al., 1968) whereupon the
wings slowly inflate, the exoskeleton hardens and the cycle begins again. Figure 1.3
shows the physical characteristics of each of the stages described. With energy reserves
depleted during metamorphosis, teneral tsetse immediately seek a vertebrate host to
obtain the first bloodmeal. In both west Africa (Weitz, 1963) and east Africa (Weitz and
Glasgow, 1956), tsetse flies, in particular G. palpalis, will initially feed on anything from
mammals and reptiles to birds. In fact, tsetse are ranked the most promiscuous
hematophagous insects in the world with respect to their complete lack of host specificity
(Okedi, 1995). This lack of host specificity for feeding, together with the extensive
intrauterine larval maturation, drastically increases tsetse survivorship and more than

compensates for the abnormally low rate of reproduction.
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Adult Fly Puparium
Lifespan of 4 months in the wild Underground 30-40 days

Egg 1 Instar larva 2nd instar larva  3rd instar larva
50-60 hrs 1-2 days 2 days 2.5 days

Figure 1.3.  Schematic representation of the tsetse life cycle.

Female tsetse produce a single egg every 10 days. Four days after the egg
is fertilized it hatches within the uterus as a first instar larva. The larva
feeds on highly specialized intrauterine milk glands and parturition of the
third instar larva occurs on day 9. After deposition, the larva burrows
into the soil to pupate. The adult emerges after a puparial period of at
least one month, depending on environmental conditions (adapted from
Leak, 1999 p. 16).



Tsetse are the only insect known to cyclically transmit African trypanosomes.
The interactions between the trypanosome and its invertebrate and vertebrate hosts are
thus of utmost importance. As realised by Robert Koch when commenting on the “tsetse-
fly sickness™:
“Before passing, however, to the principal subject of my discourse,
it seems to me important for your enlightenment to give you a short description of
the trypanosoma... ”(Koch, 1904).
Trypanosome physiology
The African trypanosomes are eukaryotic salivarian parasites belonging to the
Genus Trypanosoma. Members of this genus alternate between two life cycle stages. In
the bloodstream form (Figure 1.4, Panel A), the typical sickle shape is created by the
presence of microtubules underlying the plasma membrane. The flagellum (light blue)
originates at the flagellar pocket, the site of endocytosis, and extends the entire length of
the cell to which an undulating membrane is attached. Other major features, shared by
most protists, are a predominant nucleus (maroon), complex endoplasmic reticulum, and
a single branched mitochondrion (pink). The kinetoplast (dark blue) is a specialised
section of the mitochondrion that contains a large mass of mitochondrial DNA (K-DNA).
It is the presence of this morphological structure that taxonomically places the
trypanosome under the order of Kinetoplastida (Vickerman, 1969). In addition to
morphological changes in relative size and linearity of the trypanosomes, the organelles
also reposition in response to cellular changes induced by differentiation (Figure 1.4,
Panel B). The nucleus, kinetoplast and flagellum persist throughout all of the various life
cycle stages and move to different positions within the cell that cérrelate to the stage of

trypomastigote development (Vickerman, 1985).
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Figure 1.4.  Schematic representation of a bloodstream form of an African
trypanosome and its differentiation in the mammalian host and insect
vector.

Panel A: Principal structures in a bloodstream trypomastigote form
shared between all African trypanosomes. Panel B: Changes to the
flagellum, kinetoplast and nucleus as the trypanosome differentiates into
forms characteristic of the host environment. Note: for clarity, the VSG
and procyclin coats have been omitted from the appropriate stages. Panel
A: adapted from Vickerman, 1969. Panel B: adapted from Vickerman,
1985.
Trypanosome lifecycle
Mammalian blood infected with African trypanosomes contains extracellular
parasites that are covered with an immunogenic surface calyx of approximately 10’
identical variant surface glycoprotein (VSG) molecules (Vickerman, 1969). This dense,
continuous coat physically shields underlying membrane proteins from host immune
responses and is central to antigenic variation. This survival strategy allows some
parasites in the population to evade immune destruction, the survivors replicating to form

the next wave of parasitaemia. The consecutive, but unpredictable expression of a large

repertoire of VSG genes permits expansion of antigenically distinct trypanosome
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populations within the host. After host immune assault (in response to high parasitaemia)
the majority of the parasite population is destroyed. Despite this attack, minor sub-
populations in the bloodstream survive by expressing VSG molecules antigenically
distinct from the last (variant antigenic types) and consequently remain undetected by the
anti-VSG antibodies. The continuous cycles of trypomastigote replication and
destruction result in waves of fluctuating parasitaemia clinically observed as irregular
fevers and other transient symptoms.

When tsetse consume infective bloodmeals (Figure 1.5), the VSG-covered
bloodstream trypomastigotes, along with the blood, pass into the crop for temporary
storage. Entrance into the midgut is preceded by the encasement of the bolus by the type
IT peritrophic membrane (Lehane and Msangi, 1991). Only the nonproliferating stumpy
bloodstream form is pre-adapted to survive the now cooler (27°C), proline-rich insect
environment. However, only 24 hours after ingestion, even the dual nature of this
bloodstream form is lost (Bruce, 1915) as it irreversibly differentiates into the procyclic
insect midgut form. This phenomenon is characterized by the complete replacement of
the VSG coat by a new, structurally distinct surface of acidic glycoproteins, the
procyclins. Procyclic trypanosomes are covered with approximately 5 million procyclin
molecules per cell (Pays and Nolan, 1998) and have been proposed to protect the parasite
from proteolytic digestion (Acosta-Serrano et al., 2001), and to serve in parasite
development and possible ligand-associated parasite-vector signaling (Roditi and

Pearson, 1990; Ruepp et al., 1997).
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Figure 1.5.  Schematic representation of the life cycle of African trypanosomes.
In the fly, the ingested bloodstream forms transform to procyclic forms in

the midgut. The procyclic midgut forms migrate to the salivary glands (or
mouthparts) to mature and differentiate into the mammal-infective
metacyclic trypomastigotes. The central panel is a scanning electron
micrograph of bloodstream form 1. brucei (adapted from Hursey, 2001).
Following successful survival within the tsetse midgut, the differentiated
procyclic form must undergo establishment and asexual proliferation. Only a minority of
infections proceed beyond this stage yet, in order for successful transmission, the
parasites must further differentiate into the infective metacyclic form within the salivary
glands. The migration route of the procyclic trypomastigotes from the midgut to the
salivary glands is still speculative. Two theories exist. The classical theory (Figure 1.6)
describes a route through the peritrophic membrane via the hindgut followed by
ectoperitrophic transit through the alimentary canal and into the salivary ducts
(Vickerman et al.,1988; Maudlin, 1991). The shorter route involves a breach of the
peritrophic membrane and gut epithelium (physical and/or enzyme-assisted) into the

haemocoel followed by direct penetration into the salivary glands (Evans and Ellis,

1983). Upon reaching the “holy ground”, the procyclic trypomastigotes attach their
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flagella to the salivary epithelium by interdigitation of their membranes and transform

into epimastigotes. The non-infective epimastigotes complete several rounds of

replication and differentiation. This differentiation includes the appearance of a surface

coat and mitochondrial changes to accompany the posterior migration of the kinetoplast

(Figure 1.4, Panel B) before they detach into the lumen as mature, free-form, infective

metacyclic trypomastigotes. At this point, each mature metacyclic parasite has acquired a

unique VSG coat (forming an antigenically heterogeneous population) and the relevant

metabolic transformations necessary for survival after transmission to a mammalian host.

Food canal

G

Figure 1.6.

Schematic representation of the “classical route” of trypanosome
migration from the midgut to the salivary glands of the tsetse fly.

The midgut-localized procyclic trypomastigotes migrate to the hindgut
towards the rectum (R) and penetrate the underdeveloped peritrophic
membrane (PM) into the ectoperitrophic space bordered by the PM and
the midgut epithelium (ME). As the trypanosomes re-traverse the midgut,
multiplication ceases and they exit through the proventriculus into the
food canal. The journey continues as the trypomastigotes ascend the food
canal and enter the salivary glands via the salivary duct. The arrows
outline this generally accepted ‘classical’ parasite route from the midgut
lumen to tsetse saliva (Liberally modified from Vickerman et al., 1988).
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Midgut complexity

Given that trypanosome differentiation and establishment of an infection within the tsetse
midgut are the first steps in the transmission cycle, determination of the molecules
involved in triggering or controlling these events is of immense interest. Unfortunately,
both genomic and proteomic approaches to identifying and characterizing these
molecules is fraught with complications. First, insect, trypanosome and bloodmeal

components are all present in the same midgut sea. To further complicate matters, the
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Figure 1.7.  Diagrammatic representation of the potential DNA and protein
complexity within tsetse.

The primary endosymbiont, Wigglesworthia glossinidia (designated by the
letter P) is restricted to the bacteriome (yellow). Sodalis glossinidius, a
secondary symbiont (designated by the letter S), is found in the
hemolymph, fat body (not shown), milk gland and the midgut. A third
bacterium, Wolbachia spp., is localized to the reproductive tissues.
African trypanosomes, nematodes and bacteriophages can also be found
in tsetse midgut, thus further complicating genomic and proteomic
analysis (adapted from Maudlin and Welburn, 2001).

tsetse midgut may potentially contain additional DNA and protein contamination from
multiple sources: bacterial endosymbionts and symbionts, phages, baculoviruses and

parasitic nematodes (Figure 1.7). Some of these organisms, in particular the bacterial
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endosymbionts, are thought to influence disease transmission (Maudlin ef al., 1990;

Welburn et al., 1993).

Research hypothesis and thesis outline

In my thesis research, I explored the tsetse midgut environment for novel
molecules that could directly or indirectly affect the vectorial capacity of the fly. This
focus resulted in the identification of several novel midgut proteins from G. m. morsitans
and G. p. palpalis, and two symbiont proteins of bacterial origin. Chapter 1 is a general
introduction to African sleeping sickness, the tsetse and the parasite to outline the
importance of this vector-based investigation. Chapter 2 describes the biochemical and
immunological characterization of the major soluble protein found in the midgut of G. m.
morsitans (Westwood). This predominant 60 kDa heat shock protein was identified as a
bacterial molecule, not a tsetse molecule as expected. The third chapter identifies
molecules isolated from an axenic, in vitro culture of the bacterial symbiont, Sodalis
glossinidius. The final chapter investigates a midgut-associated EP repeat sequence

derived from the riverine species, G. p. palpalis.

"If we knew what it was we were doing, it would not be called research, would it?"
Albert Einstein
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Chapter 2. Identification of major proteins in the midgut of the tsetse,

Glossina morsitans morsitans

1. Introduction

Although Dr. David Bruce first identified tsetse as the vector of African sleeping
sickness in 1895 (Bruce et al., 1909), little progress has been made to eradicate the
disease from Africa. Measures for controlling tsetse populations are used less than they
were several decades ago (Allsopp, 2001) and vaccine work targeting the causative
parasite, the African trypanosome, although showing renewed promise (Pearson, 2001),
has yet to come to fruition. There is an urgent need to adopt a new strategy for disease
control, one that considers the role of the tsetse during trypanosome development and
maturation. The identification of molecules expressed by both parasite and vector during
the transit of the trypanosome through the insect stages of the life cycle may allow the
design of new control strategies. As a first step in this process, one of my goals was to
identify tsetse midgut molecules involved in either tsetse survival or the establishment
and differentiation processes involved in the transmission of pathogenic African
trypanosomes.

Upon ingestion by a non-refractory fly, bloodstream forms (BSF) of
trypanosomes travel to the midgut and undergo transformation to procyclic forms, which
then rapidly proliferate. Ensuing migration pathways (en route to the salivary glands)
through or around the peritrophic membrane barrier and into the ectoperitrophic space in
the midgut lumen have been proposed, though the processes controlling either active

penetration or passive uptake have yet to be defined (Leak, 1999). In the 7rypanosoma
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brucei group, mature infections are established when the salivary glands are populated by
epimastigote forms which become anchored to the epithelium and subsequently transform
into metacyclic trypomastigotes that express variant surface glycoprotein coats
(Vickerman, 1985). It is this infective salivarian stage that is transported with the tsetse
saliva into a vertebrate host during feeding.

The establishment of midgut-adapted trypanosomes involves midgut factors that
are thought to mediate parasite transformation, growth and survival. A study by Nguu et
al., (1996) demonstrated that BSF trypanosomes transformed into procyclic forms in
vitro when incubated with midgut homogenates from non-teneral tsetse. In addition,
several midgut proteins are thought to influence parasite survival. These include lectins
(Welburn et al., 1989; Lehane and Msangi, 1991), trypanolysins and proteolytic enzymes
(Endege et al., 1989; Imbuga et al., 1992). Six proteolytic enzymes were partially
purified (Cheeseman and Gooding, 1985) but these were not described in biochemical
detail. However, two genes encoding midgut serine proteases (Yan et al., 2001b) and
genes encoding a cathepsin and two zinc-metalloproteases were recently sequenced (Yan
etal.,2001a).

The idea that midgut molecules function during the developmental stages of
vector-borne parasites is supported by a recent publication describing anti-Anopheles
midgut monoclonal antibodies (mAbs) that, in an artificial membrane feeding system,
markedly reduced both vector competence and survival rates (Lal ef al., 2001). However,
the tsetse digestive tract differs from that of the mosquito in that it hosts two species of

symbiotic bacteria that have been reported to affect refractoriness for trypanosome
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infections in both teneral and fed flies (Maudlin and Ellis, 1985; Maudlin ef al., 1990).
Thus tsetse midgut proteins may be of both eukaryotic and prokaryotic origin.

Although molecular biology techniques have been useful for determination of
gene expression and thus indirectly in identification of proteins present in a cell, the often
poor relationship between messenger RNA levels and levels of protein (Anderson and
Seilhamer, 1997; Aebersold and Goodlett, 2001) can lead to false assumptions about the
amounts of expressed proteins. Unfortunately, direct identification and characterization
of proteins present in only small amounts of materials, such as the tsetse midgut, or those
with highly similar chemical characteristics are not easily performed by standard protein
chemical techniques. For this reason I have used protein microchemical techniques
involving mass spectrometry to identify major proteins in midguts of teneral Glossina
morsitans morsitans. Using this approach, I unexpectedly identified the predominant

midgut protein in teneral G. m. morsitans as a microbial chaperonin.

2. Experimental procedures

2.1. Tsetse

The G. m. morsitans Westwood, from which midguts were obtained, were from
several subcultures maintained at the University of Alberta. All of these colonies
descended from material originating near Kariba, Zimbabwe. For a brief history of the
colonies, see Gooding and Jordan (1986). Throughout my experiments, the colonies
were maintained at 24.5YC and approximately 60% relative humidity. Tsetse flies were
fed on rabbits every other day using a protocol that conformed to guidelines of the

Canadian Council on Animal Care.
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Intact midguts, bacteriomes (formerly called mycetomes) and midguts without
bacteriomes were prepared from mixtures of female and male G. m. morsitans. Teneral
(i.e. newly eclosed, unfed) adults aged 24 to 48 hours were placed in a glass shell vial and
immobilised by cooling on ice for 30 minutes. After removing the wings and legs, the
flies were submersed in sterile saline (0.85% NaCl) and positioned ventral side up under
a dissecting microscope. Incisions were made along the sides of the abdomen, using fine
tipped surgical scissors, to expose the digestive tract. To isolate intact midguts, the entire
organ was gently teased free of adhering fat body and severed immediately posterior to
the crop and anterior to the proctodacum. In separate preparations, the midgut region
containing the bacteriome was severed from the remainder of the midgut and both
fractions saved in separate tubes. With all preparations, excised tissues were removed
from the dissecting tray and excess saline blotted away, taking care to minimise loss of
midgut contents. After transferring the midgut tissues to sterile Eppendorf
microcentrifuge tubes (pre-cooled on dry ice) and freezing, the tubes were stored at
—80°C, shipped on dry ice to the University of Victoria and then stored at —80°C until

used for protein fractionation.

2.2.  Procurement and axenic culture of Sodalis glossinidius

S. glossinidius were isolated at the University of Alberta according to a protocol
modified from that of Welburn ef al. (1987). In brief, six teneral G. m. morsitans
Westwood, line 231, were surface sterilised using a series of washes with bleach, ethanol
and sterile water. The head (posterior to the brain) was punctured using a sterile stainless

steel pin and after removing 2-4 ul of hemolymph from each fly, the pooled hemolymph
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was added to a single 5 ml culture tube previously seeded with Aedes albopictus cells
(cell line C6/36). After centrifuging the pooled hemolymph and cells for 3 min at 1800 x
g, the supernatant was discarded, thus removing inhibitory melanization factors in the
hemolymph. Pelleted cells were resuspended in 0.5 ml serum-free Mitsuhashi and
Maramorosch Insect (MMI) medium (Sigma-Aldrich Canada, Oakville, ON) and
transferred to a non-vented T25 flask (Corning, Cambridge, MA) seeded with a layer of
A. albopictus cells and incubated in the dark at 27YC for 20 days. An axenic culture was
established by adding 20% of the volume of the original culture to serum-free MMI
media. Serum-free axenic cultures, in establishment since 02-2000, were maintained by
passaging every 4-5 days into fresh MMI medium. Culture purity was monitored by
either microscopic examination (oil immersion 1000X) and the identity of the S.
glossinidius culture was confirmed by Coomassie Brilliant Blue staining of SDS-PAGE

gels that give a characteristic protein banding pattern.
2.3.  One-dimensional gel electrophoresis

Midgut fractions (15 ul) were resuspended in 2X Laemmli sample buffer (Laemmli,
1970) and 25 pl of each were loaded onto 10% acrylamide, 0.75 mm 1-dimensional
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) minigels and
run on a Mini-Protean II apparatus (Bio-Rad Laboratories, Hercules, CA). Proteins were
electrophoresed at 50V for 30 min and then at 90V for an additional 90 min. A 10 kDa
molecular weight ladder (#10064-012; Gibco BRL, Burlington, ON) was run on each gel.

Following electrophoresis, gels were either stained with GelCode® Blue (Pierce
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Chemical, Rockford, IL), silver stained (Merril ef al., 1981) or transferred onto

membranes for subsequent immunoblotting or for N-terminal protein microsequencing.

2.4.  Immunoblotting

Immunoblotting using BioTrace ™ polyvinylidene (PVDF) membrane (Pall
Corporation, Ann Arbor, MI) was performed as previously described (Beecroft et al.,
1993) except with SuperSignal Dura chemiluminescence substrate (Pierce Chemical
Company, Rockford, IL) a 1:500 dilution of primary antibody (mouse anti-GroEL; SPA-
807, Stressgen Biotechnologies, Victoria, BC) and a 1:50,000 dilution of secondary
antibody (goat anti-mouse 1gG/IgM-horseradish peroxidase conjugate; Caltag
Laboratories, South San Francisco, CA). Kodak Biomax MR film (Eastman Kodak
Company, Rochester, NY) was used to detect chemiluminescence. After development of
the autoluminograms, proteins were stained on the PVDF membrane with GelCode®
Blue. The exposed film was superimposed on the stained PVDF membrane to reveal the
precise location of the immunoreactive protein bands in relationship to the entire protein

profile.

2.5.  N-terminal protein microsequencing

Amino acid sequencing was performed by Edman degradation using a Perkin-
Elmer-Applied Biosystems 475 gas-phase sequencer (Foster City, CA). Samples
electroblotted onto BioTrace ™ PVDF membrane were stained with GelCode®™ Blue
Stain (Pierce Chemical, Rockford, IL) and dark-staining protein bands were excised and

the membrane pieces placed directly into the microsequencer. N-terminal protein
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sequence information was submitted to the online FASTA (version 3.3t) sequence

analysis program (European Bioinformatics Institute, http://www?2.ebi.ac.uk/) for

searching of the Swiss-Prot database.

2.6.  Gene cloning and sequencing

Organisms from 1.0 ml of a 5-day S. glossinidius axenic culture (Agoo = 0.20)
were washed twice with sterile phosphate buffered saline (PBS) and genomic DNA
extracted using phenol-chloroform as previously described (Maloy, 1990). Two Sodalis-
specific primer sets, GPO1 F/R (plasmid DNA) and RLO1 F/R (genomic DNA) designed
by O’Neill ez al. (1993) and Welburn and Dale (1997) respectively, were used to confirm
the identity of the isolated Sodalis DNA. To amplify any GroEL-like sequences from
Sodalis, primer sequences were derived from the 5’-terminal GroEL-like nucleotide
sequence of the Sitophilus oryzae primary endosymbiont (Charles et al., 1997) and the
3’-terminal nucleotide sequence from multiple alignment information (Clustal W
http://www.ebi.ac.uk/clustalw/) on GroEL sequences from selected Enterobacteriaceae.
The software program, Primer Premier (PREMIER Biosoft International, Palo Alto, CA)
allowed optimisation of non-degenerate primer specificity.

" Polymerase chain reactions (PCR) were performed with a thermal cycler
(GeneAmp PCR System 2400; Perkin-Elmer, Norwalk, CN) for 35 cycles at 94YC for 30
sec, 65YC for 45 sec, and 72YC for 2 min, followed by a 10 min extension at 70YC. The
amplified 1.6 kb PCR product was gel purified using a QIAEX II Gel Extraction Kit
(Qiagen Inc., Mississauga, ON) and cloned into E. coli TOP 10 cells (TOPO cloning Kit;

Invitrogen, Carlsbad, CA) for blue/white screening without IPTG induction. Ten
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transformants were grown overnight in Luria-Bertani broth supplemented with ampicillin
(100 pg/ml) and plasmid purification performed using a Qiaprep Spin MiniPrep Kit
(Qiagen Inc.) according to the instructions of the manufacturer. Of the ten clones, four
were submitted to the Centre for Environmental Health, University of Victoria, for
automated dideoxynucleotide sequencing. S. glossinidius GroEL-like sequence data

were submitted to the GenBank database as accession number AF404511.
2.7.  Two-dimensional gel electrophoresis

High-resolution two-dimensional SDS-PAGE was performed using the ISO-DALT
multiple 2-D system (Anderson and Anderson, 1978a; Anderson and Anderson, 1978b)
as previously described (Anderson et al., 1985). Five midguts, five bacteriomes and five
midguts with bacteriomes removed were separately solubilized in 30 ul of urea mix (9 M
urea, 4% NP-40 (v/v), 2% Pharmalyte 3-10 ampholines (v/v), 2% DTT (w/v)) and
mechanically disrupted using a 1 cc syringe equipped with a 21G needle. Samples were
centrifuged for 30 sec at 10,000 x g to remove insoluble material and subsequently loaded
onto pre-focused tube gels containing pH range 3-10 ampholines (Pharmalyte 3-10,
Amersham Pharmacia, Upsala, Sweden). First dimension isoelectric focusing was
conducted at 800 V for 18h (14,400 Vh). Following electrophoresis the tube gels were
equilibrated for 15 min at room temperature in equilibration buffer and immediately
mounted onto 10-16.5% gradient SDS-PAGE slab gels with the acidic end positioned to
the left. Electrophoresis was performed at 4YC at 1 Amp until the dye front was about 1
cm from the bottom of the gel (about 5 hours). After electrophoresis the gels were fixed

and then stained with colloidal Coomassie Brilliant Blue G-250.
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2.8.  Staining of gels with Coomassie Brilliant Blue G-250

Gels were agitated gently in fixative (50% (v/v) ethanol, 3% (v/v) ortho phosphoric
acid) for 1-4 days at room temperature, washed three x 30 min in distilled water and
allowed to equilibrate in Neuhoff’s solution (16% (w/v) ammonium sulphate, 25% (v/v)
methanol, 5% (v/v) ortho phosphoric acid (Neuhoff ez al., 1988) for one hour with gentle
agitation. One gram of CBB G-250 (EM Science, Gibbstown, NJ) was sprinkled into the
Neuhoff’s solution and staining continued for 3-5 days. Once well-stained protein spots
were visible, gels were either scanned and protein spots cored or the intact gels were
transferred into a 20% (w/v) ammonium sulphate solution for storage at 4°C (Neuhoff ez
al., 1988).

Digital images of both 1-D and 2-D CBB stained gels were captured by scanning at
300 dpi using a colour scanner (UMAX Astra 3400, Fremont, CA) after briefly rinsing
the gels in distilled water. The images were manipulated and stored as JPEG and/or TIFF

files using Photoshop™ 5.5 graphic software (Adobe Systems Inc., San Jose, CA).

2.9.  Reduction, alkylation and tryptic digestion of 2-D gel spots

Protein spots of interest were cored using a 4 mm plastic straw and either
transferred to 1.5 ml Eppendorf microcentrifuge tubes (previously autoclaved and rinsed
with 50% methanol to remove any contaminants) for digestion or to 96 well sterile tissue
culture plates (one spot per well in 10 pl of 20% (w/v) ammonium sulphate for storage at
—20°C. For analysis by mass spectrometry, 2-D protein spots were de-stained (50% (v/v)

methanol/5% (v/v) acetic acid), reduced with 10 mM DTT and alkylated with 100 mM
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iodoacetamide as described previously by (Kinter and Sherman, 2000). The
carboxyamidomethylated protein spots were digested overnight at 37°C with 20 ng/pl
modified, sequence grade, porcine trypsin according to the manufacturer’s directions
(Promega, Madison, WI). Peptides were extracted from the gel pieces using a series of
elutions with 50% (v/v) acetonitrile and 5% (v/v) formic acid. The resulting pooled
eluates were each reduced to a final volume of 20 pl in a Speed Vac Concentrator

(Savant, Hicksville, NY) and processed for mass spectrometry.
2.10. Q-TOF mass spectrometry

A capillary liquid chromatography system (CapLC system; Waters Corp., Milford,
MA) was interfaced to a quadrupole-time-of-flight (Q-TOF) mass spectrometer (Q-Tof,
Micromass, Beverly, MA) operated using Masslynx 3.4 software. System calibration
was performed daily using the MS/MS spectrum of [Glu]' -fibrinopeptide B.

Trypsinized peptides were loaded onto the column and separated at 300 nl/min using a 10
min, 2-42% acetonitrile gradient. Analyses of liquid chromatography profiles and Q-
TOF peptide mass spectra were executed using the computer algorithms SEQUEST
(Finnigan MAT, San Jose, CA) and/or Mascot (Matrix Science Ltd, London, UK) on the
non-redundant (NR) protein database supplied by the National Centre for Biotechnology

Information (NCBI).
2.11. MALDI-TOF mass spectrometry

The digest supernatant was mixed with analyte solution (a-cyano-4-

hydroxycinnamic acid; Aldrich, Milwaukee, WI) and spotted onto a Voyager 100
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position, stainless steel MALDI plate (Applied Biosystems, Foster City, CA). After
drying, the plate was inserted into an Applied Biosystems Voyager DE-STR and mass
spectrometry data was acquired in delayed extraction, reflectron mode. The masses of
the observed tryptic peptides were submitted to MS-Fit (Protein Prospector software

package; http://prospector.ucsf.edu/) and Mascot (Matrix Science;

http://www.matrixscience.com/) to perform the peptide mass fingerprint searches.

3. Results
3.1.  Analysis of tsetse midgut proteins by gel electrophoresis

Separation of solubilized midgut proteins by 1-D gel electrophoresis resolved a
large number of proteins ranging from less than 20 kDa to greater than 200 kDa. (Figure
2.1, Panel A, lane 1). These proteins likely include any that may have been secreted into
the lumen of the midgut since care was taken not to remove any loosely bound molecules
during midgut dissection, washing, freezing and solubilization. Degradation appeared to
be minimal since a number of high molecular weight proteins are clearly visible and the
stained protein bands throughout the entire molecular weight range are sharp. Major
proteins of 26, 28, 32-34, 42, 48, 52, 58-60 and 7§ kDa were predominant.

Analysis of midgut proteins by high-resolution 2-D gel electrophoresis (Figure
2.1, Panel B) also revealed major protein spots of 26, 28, 32-34 and 58-60 kDa, in line
with the 1-D gel banding pattern. In addition, relatively abundant lower molecular mass
spots of 15 and 18 kDa were present that were not resolved in the non-gradient 1-D gel.
It is interesting that the major 42 and 48 kDa proteins seen as bands in the 1-D gel pattern

were not clearly visible in the 2-D gel implying they were comprised of multiple proteins
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with the same approximate molecular mass but with different isoelectric points. The
preponderant proteins on the 2-D map appeared as a major set of slightly acidic spots at
60 kDa (arrow). Surprisingly, in the 1-D gel profile, the 60 kDa protein, although major,
does not stand out from the other abundant protein bands. As the most prolific protein in

the 2-D profile, I selected the 60 kDa protein for identification by mass spectrometry.

Figure 2.1.  Protein profiles of whole midgut from teneral Glossina morsitans
morsitans.

Panel A: A single midgut was solubilized in 40 pl of Laemmli buffer and
20 pl of this mixture was separated in a 10% gel. Proteins were stained
using colloidal Coomassie Brilliant Blue G-250. Lane 1, midgut lysate;
Lane 2, molecular mass standards (10kDa ladder). Panel B: Two-
dimensional polyacrylamide gel analysis of whole midgut from teneral G.
m. morsitans. Proteins were stained using colloidal Coomassie Brilliant
Blue G-250. The arrowhead points to the major 60 kDa protein excised
for mass spectroscopy. Wide range ampholytes, pH 3-10, were used in the
first dimension and a 10-16.5% gradient gel in the second dimension. The
gel is shown with the acid end to the left.
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3.2.  Q-TOF mass spectrometry of the major midgut proteins

The major 60 kDa protein spots (Figure 2.1, Panel B, arrow) were destained,
reduced, alkylated and digested with modified porcine trypsin to generate peptides for
separation by capillary liquid chromatography and Q-TOF mass spectrometry. Peptide
masses were used to probe protein databases and the search identified 5 peptide masses
(Figure 2.2, blue highlight), which represented 8% coverage of the protein, a GroEL-like
chaperonin of the weevil, Sitophilus oryzae, (NCBI accession number gi|7443844). The
SymL protein (symbionin) from the aphid Myzus persicae (NCBI accession number
£1/2754808) was also identified. These insect-derived sequences were expressed by the
endosymbiotic bacteria S. oryzae principal endocytobiote (SOPE) and Buchnera
aphidicola, respectively, and consequently led us to consider the symbionts of tsetse as

the source of the 60 kDa tsetse midgut protein.
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Figure 2.2.

3.3.  Identification of major proteins of the tsetse symbiont Sodalis glossinidius

Of the three known symbiotic bacteria of tsetse only two inhabit the midgut,

The DNA sequence and the translated protein sequence of the Sodalis

glossinidius GroEL homologue.

The DNA for sequencing was obtained by PCR-amplification of
S. glossinidius genomic DNA. In addition, the N-terminal protein
sequence (green highlight) was determined by gas-phase protein

microsequencing and the five tryptic peptide sequences (highlighted in
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blue) were derived by Q-TOF mass spectrometry. The numbers on the left

correspond to the nucleotide position.

Sodalis glossinidius and Wigglesworthia glossinidia (Aksoy, 2000) and only the former

can be cultured in vitro. This organism was therefore grown in serum-free medium in

axenic culture and the proteins were separated by 1-D gel electrophoresis, transferred to

PVDF membrane and stained with GelCode® Blue. The results are shown in Figure 2.3.
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The most predominant protein bands were 35 kDa and 60 kDa (lower and upper arrows,
respectively). Protein bands of 48-50 kDa were also present but did not appear to be
abundant. N-terminal protein microsequencing of the 35, 50 and 60 kDa proteins after

electroblotting to Immobilon-P™ membrane was attempted.

20

Figure 2.3.  N-terminal sequencing of two Sodalis glossinidius proteins.

The bacteria were grown in axenic culture in serum-free medium and
washed twice in phosphate-buffered saline before solubilization. Proteins
were stained using GelCode® Blue. Lane 1, S. glossinidius lysate (cells
from 1.0 ml of culture at an ODgy of 0.2); Lane 2, molecular mass
standards (10 kDa ladder). The arrows point to the 60 kDa and 35 kDa
proteins used for N-terminal protein microsequencing.

No sequence was obtained for the 50 kDa protein as it was blocked at the N-terminus.

Sequences for the 35 and 60 kDa proteins are shown in Table 2.1.
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Table 2.1. Amino-terminal amino acid sequences” of the major 60 kDa and 35 kDa
proteins of Sodalis glossinidius.

60kDa: AAKDVKFGNDy, ARVKMLRGNV,, LADAVK

35kDa: A EV YNZKDG N Ky LDIYGEKAYVG Ly HY F S

*Gas-phase, N-terminal protein microsequencing was performed after blotting of the
proteins shown in Figure 2.3 onto BioTrace™ membrane.

Searching (FASTA, European Bioinformatics Institute) of the protein database
(SwissProt) showed that the 26 residue sequence of the 60 kDa protein matched the
highly conserved N-termini of the 60 kDa chaperonins of many different bacteria. The
24 amino acid sequence of the 35 kDa protein matched the outer membrane porin
sequences of several Enterobacteriaceae species. This sequence was submitted to the
Swiss-Prot protein sequence database as Accession Number P83079. The DNA sequence
of the 60 kDa Sodalis chaperonin was determined by PCR amplification using primers
specific for the N-terminal sequence and two nested tryptic peptides sequenced by Q-Tof
mass spectrometry (Figure 2.4). This sequence was conceptually translated into the

amino acid sequence used for peptide mass mapping (see Figure 2.5).
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Figure 2.4.  Polymerase chain reaction (PCR) analysis of the GroEL gene from S.
glossinidius.
Panel A: Schematic diagram of the strategy used for PCR amplification of
genomic DNA encoding S. glossinidius GroEL. The predicted size of the
PCR products (in base pairs) and the gel lanes used for their analysis are
indicated for each primer set. Panel B: Agarose gel separation of the
PCR products obtained using the primer sets shown schematically in
panel A. Genomic DNA from S. glossinidius was used as the template for

the primer pairs (lanes 1-4). Molecular size standards (Lambda Hind 111
digest| 100 bp ladder) are in lane 5.

3.4.  MALDI-TOF mass spectrometry of the 60 kDa major tsetse midgut protein

To determine the exact origin of the 60 kDa GroEL-like midgut chaperonin,
peptide mass fingerprinting was performed and the results compared to virtual (predicted)
tryptic peptide sequences of the 60 kDa chaperonin sequences of both S. glossinidius and

W. glossinidia. The results are shown in Figure 2.5 below.
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MAAKDVKFGNDARSKMLRGVNVLADAVKVTLGPKGRNVVLDK | SPFGSPMITK | DGVSVAREVELED

-

65 KFENMGAQMVKEVASKANDAAGDGTTTATVLAQSIVNEGLKAVAAGMNPMDLKRGIDKAVIAAVEE
65 KFENMGAQMLKEVASKANDAAGDGTTTATVLAQSIVNEGLKAVAAGMNPMDLKRGIDKAVIGAVAE

131 LKKLSVPCSDSKAIAQVGTISANADETVGTLIAEAMAKVGKEGVITVEEGSGLODELDVVEGMQFD

131 LKKLSVPCSDSKSIAQVGTISANADKTVGTLIAEAMEKVGKEGVITVEEGSGLODELDVVEGMOQFD
(b)

197 R | GYLSPYFVNKPETGAVELESPFILLADKK | ISNIREMLPVLEAVARKAGKPLLITIAEDVEGEALA

197 R|GYLSPYFVNKPEARSVELDNPFILLSDKK | ISNIREMLPILESVAKAGKPLLIIAEDVEGEALA

261 TLVVNTMRGIVKIAAVKAPGFGDRRRAMLODIAILTAGTVISEEIGLELERATLEDMGQAKRVVIT
261 TLVVNNMRGIVKVAAVKAPGFGDRRKAMLODIAILTSGTVISEEMGLDLEKSTLEDMGQAKRVVIT
(c)
327 KDTTTIIDGEGDKALIDSR |VTQINQOR |DEATSDYDREKLQERVAKLAGGVAVIKVGAATEVEMK
327 RDTTTIIDGTGNKSMISSR |VSQINQER | DEATSDYDKEKLQERVAKLAGGVAVIKVGAATEVEMK
(@)
391 EKKARVEDALHATRAAVEEGVVAGGGVALIRVANR | IAELRGDNEDQNVGIK | VARRAMEAPLRQI
391 EKKARVEDALHATRAAVEEGVVAGGGVALIRVANR | IVNLRGENEDQNVGIR | VARRAMEAPLRQT

455 VANAGEEPSVIANKVKAGEGNTGYNAATEEYGNMIDMGILDPTKVTRSALQYAASIAGLMITTECM
455 VANAGEEPSVIANKVRAGEGNTGYNAATEVYGNMIDMGILDPTKVTRSALQYAASIAGLMITTECM

521 VTDLPKEDKPDLGGAG-GMGGMGGMM 545
521 ITDLPREEKPDLSGAGAGMGGMGGMM 546

Figure 2.5.

Peptide mass spectrum of the digested 60 kDa protein from teneral G. m.
morsitans midgut and correlation of masses to the amino acid sequences
of GroEL for S. glossinidius (S.g.) and W. glossinidia (W.g.).

The major 60 kDa protein spots (arrowhead in Figure 2.1, Panel B) were
used for tryptic digestion and MALDI-TOF mass spectrometry to obtain
the peptide masses. Upper Panel: Peptide mass profile showing the major
peptide peaks. For simplicity, only the masses of the major peptide peaks
that matched predicted masses of GroEL peptides are shown. Although
not all matching peptides are represented in the figure, 30% coverage of
the total protein sequence was achieved using the Matrix Science (Mascot)
algorithm and 36% coverage using the Protein Prospector (MS-Fit)
algorithm. Peptides labelled a, b, ¢ and d, are unique to W. glossinidia.
Lower Panel: Comparison of amino acid sequences of GroEL from S.
glossinidius and W. glossinidia. Amino acids that differ between the two
sequences are underlined. The unique W. glossinidia peptides identified
by mass spectroscopy are in bold and designated a, b, c and d,
corresponding to the peaks designated in the spectrum in the upper panel.
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Twenty-three of the 73 peptide masses used to search the NCBI nr.7.1.2001 database
identified bacterial GroEL. Depending on the search algorithm used I obtained either
30% coverage (Mascot; Matrix Science, London, UK) or 36% coverage (MS-Fit; Protein
Prospector, San Francisco, CA) of the protein. Four of the peptide masses were unique to
the W. glossinidia peptide fingerprint (designated a, b, ¢, and d in Figure 2.5),

unequivocally determining that the GroEL-like molecule was from this endosymbiont.

3.5.  Comparison of bacteriome and bacteriome-severed midgut by 2-dimensional gel

electrophoresis

Although both S. glossinidius and W. glossinidia are inhabitants of tsetse midgut,
W. glossinidia is restricted to the bacteriome. I therefore compared the proteins of the
bacteriome with those of the remaining midgut tissue by 2-D gel electrophoresis (Figure
2.6). It was striking that the major 60 kDa protein was restricted to the bacteriome

(ellipse, Panel B).
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Figure 2.6.  Two-dimensional polyacrylamide gel analysis of proteins in bacteriome
and midgut lacking bacteriome from teneral G. m. morsitans.

Proteins were stained using colloidal Coomassie Brilliant Blue G-250.
Panel A: Midguts with bacteriomes removed. Panel B: Bacteriomes. The
W. glossinidia GroEL position is within the ellipse. Its identity was
confirmed by MALDI-TOF mass spectrometry. Both gels were run
simultaneously using the ISO-DALT system and are shown with the acid
end to the left.
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3.6.  Immunodetection of the 60 kDa chaperonin in bacteriome and midgut lacking

bacteriome

To detect GroEL-like proteins in the two midgut fractions, immunoblotting was
performed using an anti-GroEL mAb of known specificity as a probe. The anti-Hsp60
mAD that I used recognises an epitope that is conserved in both eukaryotes and

prokaryotes. The results are shown in Figure 2.7.

Figure 2.7.  Immunoblot analysis of midgut proteins from teneral G. m. morsitans.

Proteins were separated using a 10% gel, blotted onto PVDF membrane
and probed with anti-GroEL mAb SPA-807 (StressGen). The
autoluminogram pattern (dark bands indicated by arrows) is shown
superimposed on the same PVDF membrane which was subsequently
stained with GelCode® Blue to reveal the exact location of the
immunoreactive protein bands. Lane 1, S. glossinidius (positive control);
Lane 2, bacteriome,; Lane 3, midgut minus bacteriome; Lane 4, whole
midgut; Lane 5, molecular mass standards (10 kDa ladder).
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The autoluminogram, which is superimposed over the same blot after subsequent
counterstaining with GelCode®™ Blue, showed single, predominant, strong bands at 60
kDa in the bacteriome fraction (arrow, lane 2) and in whole midgut (arrow, lane 4). The
midgut without bacteriome was negative (lane 3). As a positive control, S. glossinidius
was loaded into Lane 1, and as expected, a single 60 kDa band (arrow), previously

identified as a GroEL-like protein by N-terminal sequencing (Table 2.1) was detected.

4. Discussion

Tsetse flies, like most hematophagous insects, can simultaneously harbour
multiple organisms such as bacteria, nematodes, protozoa, and viruses thus potentially
complicating tsetse genome analysis (Maudlin and Welburn, 2001). Similarly, the
presence of multiple organisms within certain tsetse tissues, such as the midgut, makes
tsetse proteome analysis more complex. The midgut of fed flies also contains proteins
from host blood and tsetse proteins induced by feeding. For these reasons, in the work
reported here, I decided to focus on the midgut molecules of unfed, newly emerged
(teneral) tsetse.

I set out to identify the most abundant proteins in the insect midgut and made an
effort not to remove soluble molecules contained in the lumen. It was my reasoning that
abundant molecules may be important for health and survival of the flies and that some of
them may potentially interact with trypanosomes ingested during the first infected
bloodmeal. It is an interesting phenomenon that tsetse are most susceptible to
trypanosome infection as teneral flies that feed on infected blood immediately following

eclosion. Otieno et al., (1983) reported that the highest susceptibility to 7. b. brucei
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infection was observed when membrane-fed G. m. morsitans were given an infective
meal 1-8 hours after emergence. This increased susceptibility suggests that the midgut
either contains molecules that augment the establishment of a mature infection (perhaps
the Wigglesworthia GroEL?) or that there is an absence of trypanolytic factors within the
midgut upon eclosion. It is of course possible that an incompletely formed peritrophic
membrane in teneral flies (Lehane and Msangi, 1991) may also play a central role in this
increased susceptibility.

Both total and PBS-soluble proteins in teneral tsetse midgut were separated by 1-
D and 2-D gel electrophoresis. Although both procedures revealed proteins that ranged
from less than 20 kDa to greater than 200 kDa, it was clear that 2-D separation gave a
better indication of the amount of individual constituents of the midgut proteome. This
was due to the separation, by isoelectric point differences, of proteins of the same
apparent molecular mass that appeared as single bands on the 1-D gel profiles and to the
enhanced resolution achieved by gradient gels in the second dimension. Thus the 2-D
profiles clearly revealed the 60 kDa protein as the most abundant protein in the midgut. I
therefore selected this predominant protein for identification by Q-TOF mass
spectrometric analysis. Database searching using peptide mass maps obtained after in-gel
tryptic digestion showed that several peptides matched those of a GroEL-like protein
isolated from a weevil endosymbiont, Sitophilus oryzae principal endocytobiote (SOPE)
as well as SymL from an aphid symbiont, Buchnera aphidicola. Biosynthetic protein
labelling experiments demonstrated that greater than 40% of the ex vivo protein synthesis
was directed to the GroEL-like protein produced by the endosymbiont (Charles et al.,

1997) further supporting my observations of GroEL over-expression.
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That the major tsetse soluble midgut protein was most closely related to GroEL-
like chaperones of bacteria was surprising. However, two Gram-negative symbionts are
known to reside within the tsetse midgut: the primary endosymbiont Wigglesworthia
glossinidia and the secondary symbiont Sodalis glossinidius. Interestingly,
immunological characterization of these symbionts (isolated from non-teneral flies)
suggested that abundant proteins synthesized by both were chaperonins (Aksoy, 1995a).
Since my preliminary mass spectrometry results indicated that the 60 kDa protein was of
bacterial origin, I decided to ask the question, is this midgut protein indeed a microbial
chaperonin or is it produced by the tsetse? To date, no tsetse heat shock protein or
chaperonin has been identified or biochemically characterized.

All Glossina sp. harbour Wigglesworthia, an obligate endosymbiont that resides
within a specialized midgut organelle, known as the bacteriome (Aksoy, 1995b; Aksoy et
al., 1995). These bacteria are implicated in the metabolism of B-complex vitamins
essential for tsetse survival (Nogge, 1981). In contrast, the symbiont Sodalis is found in a
range of host tissues, including extracellularly in the midgut lumen and intracellularly in
the midgut epithelium (Aksoy et al., 1997; Dale and Maudlin, 1999). Unlike
Wigglesworthia, a species-specific and age-specific population density has been observed
with Sodalis (Cheng and Aksoy, 1999; Maudlin, 1990). However, Welburn and Gibson
(1989) have previously reported stable Sodalis populations in teneral G. m. morsitans, the
species I have chosen to investigate. Based on a recent analysis of the Sodalis genome
(Akman et al., 2001), a role for Sodalis in the biosynthesis of cofactors and vitamin
metabolites has also been proposed, although these bacteria, unlike Wigglesworthia, may

not be necessary for tsetse survival. Of great interest, however, is that there are several
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reports of increased trypanosome infections in flies with high Sodalis (previously referred
to as rickettsia-like organism) loads (Maudlin and Ellis, 1985).

Because it could be cultured in vitro in the absence of host cells or feeder cells, I
first focused on Sodalis glossinidius in my pursuit of endosymbiont 60 kDa chaperonin.
My objective was to determine the sequence of the Sodalis GroEL gene product in order
to predict the tryptic peptide masses for mass spectrometry analysis. To do this I isolated
the Sodalis GroEL gene, determined the DNA sequence and translated it into an amino
acid sequence. Multiple alignments of GroEL protein sequences of enteric bacteria show
high sequence identity in the N-terminal apical domains and in the C-terminal equatorial
domains, permitting the design of both forward and reverse primers for use in gene
isolation by polymerase chain reaction. In addition, the codon usage in the sequences
from the multiple alignment was appropriately biased for Sodalis, as judged by
considering the few previously submitted GenBank Sodalis sequences. Using these
primers, a GroEL-like gene from Sodalis was successfully cloned and sequenced. This
sequence was aligned with the GroEL sequences of Wigglesworthia (from G. brevipalpis)
and Sodalis (G. m. morsitans isolate) that had been independently sequenced by one of
our collaborating laboratories (Yale). These were subsequently submitted to the NCBI
GenBank (accession numbers AF321516 and AF321517). Hypothetical tryptic peptides
were generated from the translated DNA sequences and compared to the tryptic peptide
masses generated by MALDI mass spectrometric analysis of the in-gel digested proteins.
The GroEL from Wigglesworthia glossinidia was unambiguously identified, by the
presence of four unique peptides, as the predominant molecule within the midgut of G. m.

morsitans. This result was subsequently confirmed by comparing the 2-D gel patterns of
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midguts (which may contain Sodalis, but not Wigglesworthia) to dissected bacteriomes
(containing only Wigglesworthia). Only the bacteriomes contained the 60 kDa protein.
Finally, immunoblotting with an anti-GroEL monoclonal antibody confirmed that the 60
kDa GroEL-like protein was present only in the bacteriome and not in the rest of the
midgut, again indicating that it originated from Wigglesworthia. It is surprising that

S. glossinidius GroEL was not detected in the midgut lacking the bacteriome by either 2-
D gel electrophoresis or by the more sensitive immunoblotting technique. Perhaps the
population of this microbe in this strain of teneral G. m. morsitans is too low to allow the
detection of GroEL. It will be interesting to examine the midguts of fed flies to see if the
numbers of S. glossinidius change after feeding, particularly since it has been reported
that there is a correlation between the number of these symbionts and susceptibility to
trypanosome infection (Welburn and Maudlin, 1991).

GroEL (also known as Hsp60) belongs to a well-characterized sequence-related
group of molecular chaperones that are constitutively expressed but are also stress
inducible. Members of this group of chaperones are involved in assembly of oligomeric
protein complexes, folding and refolding of nascent polypeptides, and transmembrane
transport of newly synthesized proteins (Filichkin et al., 1997). For a comprehensive
review of chaperonin structure and func<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>