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African trypanosomes are devastating human and animal pathogens transmitted
by tsetse flies between mammalian hosts. The trypanosome surface forms a critical
host interface that is essential for sensing and adapting to diverse host environments.
However, trypanosome surface protein composition and diversity remain largely
unknown. In the following works, we identify the trypanosome cell and flagellar
surface proteomes using surface labelling, affinity purification, and proteomic
analyses of both insect-stage and mammalian bloodstream-stage Trypanosoma brucei.
We identify a substantial number of novel proteins with unknown functionalities,
indicating that the surface proteomes are larger and more diverse than previously
anticipated. We demonstrate stage-specificity for a number of proteins, suggesting
that the parasite surface undergoes fine-tuning in order to adapt to specific, but
diverse, host environments.

Similar analyses were performed on the trypanosome flagellum, an essential
and multifunctional organelle involved in motility, morphogenesis, and host-parasite
interactions. Previous attempts to characterize flagellar composition were limited by
the inability to purify intact flagellum. Using a combination of genetic and mechanical
approaches in conjunction with surface labeling and affinity purification, we
conducted independent analyses of the flagellum surface and matrix fractions. We
identified a broad spectrum of proteins with predicted signaling functionalities,
indicating that the flagellum is a diverse and dynamic host-parasite interface that is
well-suited for host-parasite signaling.

In procyclic, or insect-stage, parasites, we reported identification of several

receptor-type adenylate cyclases (ACs) that are specifically upregulated in procyclic



T. brucei. Previously studied ACs were constitutively expressed or confined to
bloodstream stage parasites. Using gene-specific tags, we find that ACs are
glycosolated surface-exposed proteins that dimerize and possess catalytic activity.
Notably, while some ACs were found to be distributed along the flagellum length,
others specifically localized to the flagellum tip. Differential localization suggests
that the membrane is organized into specific subdomains, suggesting a specific-role
for cAMP signaling in procyclic-stage parasites.

Functional analyses of ACs were done in the context of socio-microbiological
analyses. There are sophisticated systems for cell-cell communication that enable
microbes to act as a group. In their native environment, T. brucei lives on host tissue
surfaces, and in vitro cultivation on surfaces causes the parasites to actively assemble
into densely packed communities, from which they coordinately migrate outwards in
radial projections across the surface. This behavior is termed social motility (SoMo)
due to analogies with bacterial systems. Functional analyses revealed that flagellar
ACs cooperate with cAMP-specific phosphodiesterase to regulate trypanosomal social
behaviors. This supports the hypothesis that ACs transduce extracellular signals and
are involved in stage-specific signaling pathways. Experiments using CAMP analogues
suggest that the phenotype is specific to cAMP, and not due to downstream metabolic
byproducts. Notably, knockdown of only some ACs impacts social motility, indicating
segregation of AC functions.

There are several possibilities for why only some ACs are involved in social
motility. One of the most intriguing explanations has to do with the differential

localization. Some ACs localize along the flagellum length, while others are specific to



the tip. Such localization is novel, and this protein family is the first known example
of transmembrane proteins in T. brucei, and one of the first in any system, to localize
exclusively to the flagellar tip. Despite the importance of flagellar protein trafficking,
flagellar targeting signals are virtually unknown. In these works, we investigate
whether flagellar subdomain localization impacts AC functionality. Using protein
truncations, chimeras, and point mutants, we identify an intracellular segment and
specific residues required for flagellum and flagellum subdomain targeting. Strikingly,
the social motility defect of a flagellum-tip AC mutant can be rescued by redirection
of another AC from along the length to the flagellum tip. These results demonstrate
the importance of protein targeting to specific subdomains within the flagellum, and
implicates cAMP signaling at the flagellum tip as a key regulator of cell-cell
communication required for social behavior.

These combined works identify and define the cell surface and flagellar
proteomes, with in depth characterization and analysis of a group of novel cAMP
signaling proteins. Through usage of the social motility assay, these works identify the
first known regulators of trypanosomal social behavior, and the first direct evidence
of cAMP functionalities in procyclic-stage parasites. Furthermore, signaling
functionality is tied to differential localization of ACs to specific flagellar subdomains.
Our works thus advance understanding of principles that govern protein targeting to
flagellum subdomains and provides insight into T. brucei signaling mechanisms, both
of which are poorly understood but fundamentally important features of flagellar and

trypanosomal biology.
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Chapter I:

Introduction



African trypanosomes and the Kinetoplasta

The Kinetoplastida are a class of flagellated protists, and are distinguished by
the presence of a kinetoplast, which is a DNA-containing structure within the single
mitochondrion. The order Trypanosomatida is comprised of kinetoplastid protozoans
with only a single flagellum, the name being derived from the Greek words for

“borer” (trypano) and “body” (soma), due to their cork-screw like movements (1).

The trypanosomatids are exclusively parasitic, living in a wide range of hosts,
with several genera living in more than one host (2). Of these, there are several
human-infectious species. These trypanosomatids are the etiological agents of three
major diseases, which constitute a global public health problem (Figure 1-01) (3-7).
Leishmania spp. are the causative agents of leishmaniasis. Depending on the species,
this may present as a cutaneous, mucocutaenous, or visceral form of leishmanias.
They are spread by various sandflies, which are the common name for various groups
of bloodfeeding flies from the order Diptera. South American Trypanosomes, such as
Trypanosoma cruzi, cause American Trypanosomiasis, colloquially known as Chagas
disease. They’re spread by bloodfeeding triatomine insects. African trypanosomes,
such as Trypanosoma brucei, are the focus of this dissertation. They cause Human
African Trypanosomiasis, colloquially known as sleeping sickness. They’re transmitted

by the bite of their bloodfeeding tsetse-fly vector.



Epidemiology and global impact

Collectively, these parasites are considered neglected diseases, and massively
impact the developing world. They can be found throughout over 100 countries,
mostly in tropical regions of the world. African trypanosomes are endemic to sub-
Saharan Africa, as will be discussed later, while American trypanosomes are endemic
to South and Central America. Leishmania can be divided into old and new-world
species, and as such are found spanning several continents. These broad geographic
ranges put nearly 500 million people at risk, with over 20 million people a year
infected. This results in tens of thousands of human deaths annually, with incredibly

large medical and economic impacts (Figure 1-01).

Many of these parasites were once considered under control, particularly in the
1960’s and 70’s, due to disease surveillance efforts and active prevention/eradication
policies. However, negligence and abandonment of these policies resulted in
resurgence of these parasitic diseases. Various reasons such as political turmoil and
instability/war, lack of funding, and even the environmental movement of the 1960’s,
where public support over indiscriminate insecticide usage waned, have allowed many

of these diseases to rise again to greater prominence.

Due to the nature of insect vectors, re-emergence often occurs in epidemic
outbreaks. A classic example of this has been seen in Uganda, where Human African

Trypanosomiasis was considered to be nearly eliminated thanks to proficient control



practices, with very few documented cases in the late 60’s and early 70’s (8). This
changed in the early 1970’s. A military coup put Dictator Idi Amin in charge of
Uganda, leading to a decade of political unrest and civil warfare. It’s estimated that
100,000 to 500,000 people died during his regime (9). Civil warfare sidelined anti-
trypanosomal efforts, and coupled with rapidly crumbling infrastructure and
decreasing availability of healthcare, conditions were ripe for a new epidemic.
Uganda went an entire decade with less than 1,000 deaths attributed to sleeping
sickness, to over 50,000 deaths spanning just a few years. It wasn’t until the early
80’s, after Amin’s downfall, where new government and public health programs were
re-established and control measures were re-taken, drastically reducing infectious
rates (8). Unfortunately, the damage was already done: insects do not recognize or
respect geopolitical boundaries. As such, there are two major consequences to
outbreaks: first, trypanosomes were introduced into new districts and regions that
were previously unaffected. Secondly, infection rates in neighboring countries raise,
as the large influx of infectious insect vectors overwhelms existing infrastructure and
control efforts (10). Similar events have been observed in several countries, causing
outbreaks for all three trypanosomatid-derived diseases. These diseases reflect that
decades of work can be undone by the breakage of a single, weak link. Therefore, it’s
essential to have a coordinated global effort, with unilateral support, dedicated to

prevention, treatment, and control.



History of African trypanosomiasis

Human African Trypanosomiasis (HAT) is colloquially known as African sleeping
sickness, and in humans is caused by two subspecies of Trypanosoma brucei (11). T. b.
rhodesiense is found in eastern and southern Africa, and causes an acute form of the
disease. T. b. gambiense is found through most of central and western Africa, and
causes a long-term chronic infection. The clinical manifestations of the disease are
virtually identical and described below, with the major difference between these two
subspecies being the time frame (12-14). Acute trypanosomiasis progresses rapidly,
leading to patient death within weeks to months and is thought to reflect a more
recently evolved pathogen. In contrast, the chronic disease progresses slowly, leading

to patient death within one to two years.

Sleeping sickness and Nagana, an animal wasting disease, were long known to
be serious threats to the people of sub-Saharan Africa. Arabian geographers and
traders would relay tales of their African travels to historians, leaving the oldest
written accounts of these diseases. Descriptions around 1200AD described villages
whose inhabitants had animal and livestock which were always “skin and bones and
asleep” (15). The first recorded mention of sleeping sickness in humans is traced to
noted historian, Ibn Khaldun, considered the founding father of sociology and
historiography (16, 17). Ibn Khaldun wrote in his records the passing of a Sultan King:
“He told me that Jata had been smitten by the sleeping illness, a disease which

frequently afflicts the inhabitants of that climate, especially the chieftains who are



habitually affected by sleep. Those afflicted are virtually never awake or alert. The
sickness harms the patient and continues until he perishes. He said that the illness
persisted in Jata's humour for a duration of two years after which he died in the year
[1373AD] (18).” Nearly 700 years later this remains a simple, yet accurate, description

of the disease.

As with most infectious diseases, the causative agents remained unknown for a
very long time. Trypanosomes were first identified in European fish and frogs in
1841/1842, but were not at the time suspected of being pathogens (19). It was not
until the later part of the 1800’s that scientists began to comprehend the true nature
and impact of trypanosomes (11, 18, 20-22). In 1880, Griffith Evans, a veterinarian in
India found trypanosomes in the blood of animals suffering from Surra, a wasting
disease, providing the first evidence of pathogenesis by what became known as
Trypanosoma evansi (23). Towards the end of the 1800’s, medical scientists flocked to
investigate debilitating illnesses in what is now South Africa. In 1895, David Bruce was
the first to show that trypanosomes (Trypanosoma brucei) were the causative agent
of Nagana in cattle. Several years later, in Gambia, Michael Forde examined the blood
of a patient suffering from recurrent fevers, and noticed the presence of
trypanosomes. This was the first link between the human disease and the similar
animal diseases. The parasites were named Trypanosoma gambiense, later
reclassified as Trypanosoma brucei gambiense. Over the following few years,
dedicated medical and field research positively identified the insect vectors

responsible for parasite transmission. Additionally, studies on patients with brain



abnormalities discovered the presence of trypanosomes within the cerebrospinal
fluid. The discovery that trypanosomes can cross the blood-brain barrier began to

answer the mysteries of the neural and cognitive dysfunction during trypanosomiasis.

Disease and treatment

Human African Trypanosomiasis can be divided into two distinct stages.
Infection begins when parasites are transmitted into a mammalian host via the bite of
a tsetse fly. Fly feeding behavior typically punctures several blood vessels, forming a
subdermal pool of blood, and allowing trypanosomes an entry point from the
subcutaneous tissue into the bloodstream. In a stage one infection, parasites survive
and replicate extracellularly within the host’s bloodstream. T. brucei is able to
indefinitely evade the host immune response due to antigenic variation, as well as
active recycling of the coat surface, reducing immunoglobulin effectiveness (24-26).
Clinical manifestations of a stage-one infection include moderate to severe flu-like
symptoms, with cyclical waves of fever. One distinctive feature is excessive swelling
of the lymph nodes near the neck, known as Winterbottom’s sign. It’s important to
note that despite being the first stage of infection, the disease is now already lethal if
left untreated. Even in the first stage, many patients succumb to the septicemia, or
blood infection, and additional clinical symptoms include immunosuppression,
anemia, and related complications, and progression to a second-stage infection is

inevitable (12, 27, 28).



Trypanosomiasis is considered to have reached a stage-two infection when
parasites traverse across blood vessels in the brain, and now infect the central
nervous system (29-32). This may happen within weeks for an acute infection strain,
or several months for the chronic strains. In late stage infections, T. brucei will have
additionally penetrated into several tissues or organs, although it remains
extracellular at all times. Within the central nervous system, the parasite is now
responsible for various neurologic disruptions. Patients have altered sleep-wake
cycles, headaches, and eventually fall into a coma, from which they’ll never recover.
Due to the constant attack and overwhelming of the immune system, many patients

succumb to secondary infections of other commensal or pathogenic microbes.

As a neglected disease, little focus has been put into developing
pharmaceutical therapeutics against trypanosomiasis. Most of the front-line drugs are
antiquated, difficult to administer, toxic, and increasingly ineffective as resistance
mounts (33-36). It’s critical to diagnose and treat patients before a secondary-stage
infection could occur, as very few remaining therapeutic options are available.
Several treatments are only effective against one subspecies, and due to difficulties
in crossing the blood-brain barrier, are only useful for stage-one diseases. In fact,
misdiagnosis and treatment with a stage-one therapeutic can be quite dangerous.
Cerebral-spinal fluid acts as a safe haven, from which parasites can cross-back into
the bloodstream, effectively causing a relapse of the disease. This highlights the need

for both rapid, and accurate, clinical diagnosis.



Current front line drugs include pentamidine, which has been in use since the
1930’s. This compound is administered by 10 deep muscle injections, and is only
effective against stage-one T. b. gambiense. For T. b. rhodesiense, suramin has been
used since 1922 for stage-one infections. Since the 1940’s, the major front-line drug
has been melarsoprol, that until 1990, was the only second-stage drug effective
against both subspecies. Tragically, this compound is incredibly toxic, being an
arsenic-based compound. 10 to 15% of patients undergo reactive encephalophies from
treatment, and half of those suffer through a pulmonary edema and then death within
72 hours (37). Additionally, melarsoprol is administered intravenously, which is
difficult to administer given the nature of the afflicted regions. Disturbingly, it’s only
soluble in propylene glycol, which makes intravenous administration extremely
painful, where it also destroys the veins at site of injections, resulting in tissue

damage.

The first beacon of hope in a long time was both a great success and a near
tragedy (38-41). DFMO, known as eflornithine, was developed in the 1970’s as an anti-
cancer drug, but was ineffective and shelved. In the 1980’s, the Gillette company
discovered that DFMO had an interesting side effect: it’s a potent inhibitor of hair
growth. This resulted in the development and patenting of several chemical variants.
By 1990, it was serendipitously discovered to be effective at treating trypanosomiasis,
and remained effective even against pentamidine-resistant strains. In fact, it was

hailed as the “resurrection drug” by the WHO, for its ability to save late-stage



patients. DFMO was produced for treatment of trypanosomiasis only for a few short
years before being shelved, due to the exorbitant cost of production, and the utter
lack of profitability from economically repressed sub-Saharan Africa. International ire
was raised when production was re-initiated, not for anti-trypanosomal therapeutics
but for Vaniga, a new product targeted to prevent female facial-hair (42). Efforts by
the WHO, Doctors without Borders, and humanitarian groups pushed for a partnership
to allow for DFMO to be used for treatment of trypanosomiasis. In just five years,
spanning 2001 to 2006, over 110,000 patients were treated. Unfortunately, resistance
to DFMO has been growing, resulting in the need to continue administration of other
more toxic compounds, such as melarsoprol (43). Therefore, there is a pressing need

to better understand the biology of the parasite and develop new therapeutics.

Impact of trypanosomiasis on agriculture and development

In discussions of African trypanosomes, it is important that one consider them
not as a symptom of poverty, but as a continuing cause of poverty (44-46). In addition
to their massive impact on human health and productivity, agricultural development
is seriously strained in endemic areas. Several strains of African trypanosomes,
including the non-human infectious T. congolense, T. vivax and T. b. brucei, are able
to infect various mammalian animals resulting in Nagana, a severe wasting disease.
Many native African animals have some inherent resistance to trypanosomes, lessening

the impact of Nagana, and are considered trypanotolerant (47-49). Although this has

10



prompted intense interest in the genetic basis of trypanotolerance, modern
agricultural practices rarely use native livestock, preferring animals bred for specific
characteristics. Therefore, agricultural expansion contributes to difficulties in
controlling trypanosomiasis, as millions of livestock are raised in endemic areas. Non-
native livestock serve as an extremely convenient food source for bloodfeeding tsetse

flies, as well as an animal reservoir for trypanosomes.

Nagana-stricken animals are a major economic burden. These animals breed
less often, produce less milk, offer less meat, and similar difficulties, yet consume
plenty of resources. Coinciding with the epidemic outbreak of human trypanosomiasis
above was a massive outbreak in Ugandan agriculture, in which millions of livestock
died and millions more were culled (10, 50) . In recent decades, trypanosomal control
methods have focused effort on misleading tsetse flies. Zimbabwe, for example,
utilizes over 60,000 artificial cows. Pumped full of insecticides, but coated with
bovine-odorants, these fake cows can trap bloodfeeding insects without the need for

discriminate usage of environmental insecticides (51).

It is not surprising that numerous impact analyses have declared trypanosomes
to be a very serious medical, and economic, burden on the developing world (44-46) .
In 2006, the World Health Organization has declared that the control of these
neglected zoonotic diseases is a route towards alleviating poverty in sub-Saharan
Africa that must be taken, echoing the need for a concerted, global effort towards

control and eradication (22).

11



There are many additional impacts of African trypanosomiasis that are lesser
known. One facet is the major difficulty and risk posed to animal conservation
programs. Africa has long been a destination for trophy hunting, and plagued with
illegal poaching of animals, for products such as ivory horns or meat. In modern
times, many African countries have dedicated animal reserves and game parks as safe
havens for the protection and guardianship of rare and endangered wildlife. Rescue
efforts involving relocation of animals, either to or from trypanosome endemic areas,

must therefore be done with great caution.

One of the most unfortunate examples of conservation attempts gone awry due
to trypanosomiasis involves the Northern White Rhinoceros (52). Over the last few
decades, there were many attempts to conserve and breed this critically endangered
species, either by captive-zoo breeding programs, or by protecting them from
poachers in patrolled game reserves. In the early 80’s, one such program involved
relocation of a breeding group composed of five white rhinos, from a tsetse-free
region to a game reserve endemic to tsetse flies and trypanosomes. Within several
years, four of the five white rhinos succumbed to a mystery disease, diagnosed post-
mortem as trypanosomiasis (53). Their chronic, trypanosomal-related health problems
included several miscarriages, dealing a devastating setback to the effort to save the
rhinoceros. Due to failure of captive zoo-breeding programs, ongoing illegal poaching,
and trypanosomiasis, the northern white rhinoceros is anticipated to go extinct. As of

June, 2015, there is only a single male and a handful of females left of their species

12



(54). At 42 years old, he has already surpassed the life-span of most wild
rhinoceroses. “Sudan,” the last of his species, is kept under armed guard day and

night, to live out his remaining days in peace.

Life cycle of Trypanosoma brucei

African trypanosomes have a very complicated life cycle (Figure 1-02). As
discussed earlier, trypanosomes are heteroxenous, requiring both an insect vector and
a mammalian host to complete the life cycle. Parasites are injected into a
mammalian host during the feeding of an infected tsetse fly, where parasites enter
the bloodstream and replicate indefinitely. Although trypanosomes will eventually
penetrate the blood brain barrier, only parasites in the bloodstream are accessible to
tsetse flies, and eligible to able to continue the life cycle. In an established infection,
a small percentage of bloodstream-form parasites differentiate into stumpy-form
parasites, likely due to a quorum sensing mechanism (55-58). This is a growth-
arrested stage, and it’s suggested that stumpy parasites are preadapted for uptake

into new, uninfected tsetse vectors during their inaugural bloodmeal.

Trypanosoma brucei ultimately colonizes two main regions of the fly, the
midgut and salivary gland tissues, in a long and lengthy process (59-61). The tsetse fly
bloodmeal, laden with stumpy-form parasites, is taken into the posterior end of the

fly midgut. Here, the fly begins digestion of blood proteins, while the trypanosomes

13



differentiate into procyclic, or insect-midgut stage, forms. These parasites then
proliferate within the gut, ultimately traversing the peritrophic membrane and
establishing an infection within the ectoperitrophic space surrounding the midgut. T.
brucei then performs a directed series of tissue tropisms, migrating through different
organs and tissues until they ultimately reach the salivary gland. These migrations are
accompanied by additional differentiation events, with different cellular morphology
and protein expression. The salivary gland is the critical destination, where parasites
form a tight attachment with the gland epithelial cells, triggering parasite
differentiation into mammalian-infectious metacyclic forms. Metacyclic parasites
freely move within the saliva into the next unassuming target of a tsetse bloodmeal,
continuing the life cycle. Every step in this developmental pathway needs to be met,

as failure to reach the salivary glands leads to a literal dead-end for T. brucei.

Sensory needs of Trypanosoma brucei

Trypanosomes, being heteroxenous, live a very complicated life cycle. In the
mammalian host, trypanosomes are under constant threat and attack by the immune
system. In the tsetse fly, the parasites must proliferate and migrate from the midgut,
where the bloodmeal is stored, up to the salivary gland, as described earlier. The
parasites must be able to interact with the external environment in both hosts, as
each presents unique challenges and obstacles that must be accommodated for the

parasite to be transmitted and cause pathogenesis (60, 62).

14



A critical, but poorly understood, aspect of host-parasite interactions is the
parasite’s cell surface, which is the direct interface with the host environment
(Figure 1-03). Surface proteins must be responsible for nutrient uptake, sensing
navigational and developmental cues, as well as impact pathogenesis, immune
evasion, and resistance to therapeutics (63-65). Despite their importance, the
proteins comprising the host-parasite interface remain mostly unknown and
uncharacterized. It’s long been known that bloodstream form parasites are dominated
by a dense coat of variant surface glycoprotein (VSG) (66). VSG effectively shields
other surface proteins from the host immune system, by blocking macromolecular
access and is therefore thought to be one of the primary roadblocks preventing
vaccine development. T. brucei VSG undergoes antigenic variation, by switching
expression to alternate VSG genes, allowing the parasite to indefinitely evade the
immune system (67). Antigenic variation of VSG is why a stage-one bloodstream
infection is inevitably lethal without treatment, as VSG variants account for over 10%
of the genome (68). Other life-stages are also known to be dominated by a singular
surface coat, for example, the insect-stage parasites utilize procyclin. These major
surface proteins are thought to be responsible for immune evasion, and are unlikely to
contribute to the other essential parasite needs, such as nutrient uptake, navigation,

and similar sensory inputs.

In their different environments, trypanosomes undergo extreme morphological

changes (57). Presumably, these changes include remodeling of the parasite surface,
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beyond the known exchanges of the major protein coats. Such remodeling would be
required in order for the surface proteome to function as the dynamic host-parasite
interface that is optimized for such different, hostile environments. In order to better
understand the biology of the parasite and find candidate targets for therapeutic
intervention, there’s a pressing need to identify the T. brucei surface proteome.

These works, and further discussion thereof, are the focus of Chapter II.

The flagellum: a multifunctional organelle

The trypanosome flagellum is one of the most prominent features of the
parasite. First noted in 1841 as an “undulating membrane” (19), the single flagellum
is attached along the length of the cell body, emerging from the posterior end of the
cell. Trypanosomes have long been a model organism for structure and function
analyses of the eukaryotic cilium (synonymous with flagellum), a highly conserved
organelle (69-73). In trypanosomes, the flagellum is critical in parasite development,
morphology, transmission, and pathogenesis. It’s long been anticipated that, as a
subset of the cell surface, the flagellum plays roles in signaling and sensing of the

external environment.

In the last decade, extensive characterization of the eukaryotic cilium
(synonymous with flagellum) has determined that they are multifunctional. In

addition to well-defined roles in motility, they function as a signaling center acting
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figuratively, and sometimes literally, as cellular antennae (Figure 1-04, (74-78).
Flagella are a ubiquitous organelle, found in nearly every tissue type in mammals
performing key mechano- and chemo-sensory functionalities. For example, our
perception of light is due to photoreceptors in our eyes, which are really just
modified flagella. Similarly, our sense of smell can be attributed to flagellated
olfactory neurons. Specific signaling functions can be seen in the kidney, for example.
Here, flagella function as mechanosensors, bending in the kidney ducts bend under
fluid flow pressure, triggering polycystin-activation (79). These mechanosensitive ion-
channels activate calcium-mediated signaling pathways via release of intracellular
calcium. Flagella also function in many chemosensory pathways, such as in the
hedgehog signaling pathway, which is well-defined for vertebrate development (80-
83). The receptor protein Patched localizes to the flagellum, where it inhibits
Smoothened. Upon binding of hedgehog-ligand, this inhibition is ceased, which allows
for Smoothened to accumulate in the flagellar membrane. Smoothened is then able to
activate the GLI transcription factors, reservoirs of which are near the flagellar tip in
an inactive-state. Activated GLI is then trafficked out of the flagellum, and to the
nucleus, where it activates transcription of the hedgehog target genes. The flagellum
thereby acts as an antenna, and as such hedgehog signaling requires a complicated

interplay between activation and trafficking of several flagellar proteins.

Any defects in structure of functional properties of the flagellum thereby can
have massive effects on the cell or organism. In humans, there a wide range of

heritable diseases, collectively termed ciliopathies (74, 84-86) Clinical manifestations
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may include infertility, respiratory malfunction, polycystic kidney disease,
retinopathies, polydactyl and assorted developmental defects, et cetera. Many known
genetic abnormalities can be more easily studied in a model organism, such as

Trypanosoma brucei, as will be discussed shortly.

Despite a rapidly increasing understanding of ciliopathies, the sensory role of
the flagellum is not well established in eukaryotic pathogens. Many parasitic protozoa
are flagellated, and in addition to the kinetoplastids this group includes parasites
causing several serious infectious diseases, including malaria, trichimoniasis, and
giardiasis (87-89). In T. brucei, the flagellum has long been suspected of playing
important sensory roles (69-73). Attachment of the parasite to the tsetse salivary
gland epithelium, which is required for differentiation into mammalian-infectious
forms, is mediated by outgrowths of the flagellar membrane. In bloodstream-stage
parasites, very few virulence factors have been positively identified, but all are
flagellum associated. Recent efforts have attempted to define and characterize the
composition of the trypanosome flagellum, in an effort to elucidate signaling and

sensory pathways. Such works are the focus of Chapters Il and IV.

Cyclic-nucleotide signaling systems

One of the best characterized signaling systems in flagellated organisms utilizes

cyclic-AMP (cAMP), an important secondary messenger involved in many different
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biological processes (90-92). cAMP binds to and regulates the function of many ion-
channels, including those used in phototransduction and olfactory sensation signaling
pathways. Production of cAMP is typically triggered by G-Protein Coupled Receptors
(GPCRS), which bind various ligands and hormones and activate adenylate cyclases,
which catalyze cAMP from ATP. cAMP can then activate PKA (protein kinase A), which

will allow for phosphorylation of target substrates.

Perhaps owing to their early, eukaryotic lineage (93), trypanosomal cAMP
signaling systems are very incredibly divergent from mammalian systems (94, 95). The
trypanosomal homolog of PKA appears to be repressed, not activated, by cAMP.
Furthermore, the trypanosome genome is devoid of any GPCRs and heterotrimeric G
proteins, indicating that they must utilize other sensory inputs (68). Instead,
trypanosomal ACs utilize a different protein domain structure than the canonical
architecture of mammalian adenylate cyclases (65). Canonical ACs are multi-
transmembrane-pass proteins that have two catalytic domains on a single polypeptide
and lack direct receptor activity, relying instead on upstream GPCR signaling
pathways. Trypanosomal ACs, on the other hand, have a singular catalytic domain
connected by a transmembrane segment to a large, extracellular, putative ligand
binding domain. The trypanosomal AC extracellular domain exhibits homology to
bacterial periplasm binding proteins, which bind small ligands to direct chemotaxis
and other cellular responses (95-97). Interestingly, ACs have been localized to the

flagellum (98), which as discussed earlier, is a signaling organelle. Such an
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arrangement therefore offers the ability to directly couple ligand-binding with direct

signaling output, utilizing a single protein.

What makes adenylate cyclases a fascinating gene family is that they are vastly
expanded specifically in T. brucei (Figure 1-05). Such an expansion has been
postulated to accommodate various sensory needs in different, and species specific,
host environments (99). To date, very few adenylate cyclases have been
characterized, making this gene family an intriguing biological mystery. How does
CAMP signaling function in T. brucei, and are ACs a major component of the host-
parasite interface? Identification and functional characterization of adenylate
cyclases and cAMP signaling systems comprise a major focus of this dissertation, and

are discussed in depth in Chapters IV, V, and VI and Appendix .

Social behaviors of T. brucei

Trypanosomes typically live most of their lifecycle on or near tissue surfaces,
particularly in the tsetse-fly insect vector. As discussed, parasites must first colonize
the tsetse-fly midgut before migrating to the salivary gland across several tissues.
Within the salivary gland, attachment to the epithelium is required to trigger
differentiation into mammalian-infectious forms. Despite the ubiquity of parasite-
surface interactions during T. brucei transmission, studies of these organisms are

almost exclusively conducted using axenic, in vitro suspension cultures (69). In many
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microbes, it’s known that exposure to surfaces induces developmental and behavioral

changes (100). This paradigm, however, had not been explored in parasitic protozoa.

When cultured on surfaces, Trypanosoma brucei also engages in a collective,
social behavior (Figure 1-06). Parasites initially assemble into small aggregates, which
grow by clonal expansion and active recruitment of neighboring communities.
Eventually, a large densely-packed colony is formed, from which groups of parasites
migrate radially outwards, away from the center. This behavior was termed “social

motility” due to analogies with bacterial systems (101, 102).

Studies of surface-exposure in other microbes have unveiled a broad range of
responses, including quorum-sensing systems, biofilm formation, various types of
swarming motility, and even differentiation events (103-108). In comparison to a
strictly unicellular life cycle, social behaviors offer many advantages, including a
competitive edge in nutrient acquisition, pathogenesis, and enhanced ability to
colonize, penetrate, or migrate across surfaces. All of these processes may be
similarly beneficial and relevant to the T. brucei life cycle, and are reviewed in

Chapter VII.

Notably, mechanistic studies have uncovered a broad range of signaling
systems, and considerable ingenuity has gone into the ability to co-opt these systems
for the general public good. The most common example would be the development of

antibiotics, which are generally a feature of microbial competition (109, 110). Many
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bacteria secrete various polysaccharides or adhesion proteins to generate biofilms,

and many of these are being considered for industrial usage (111, 112).

In all systems, collective social behaviors require the ability to sense and
respond to external signals, allowing the community to coordinate their collective
action (112-115). Studies of microbes demonstrate that there are many ways to
achieve a common goal. For example, the social swarming bacteria Paenibacillus spp.
utilizes a protease (116). Myxococcus spp. uses cell-cell contact, as well as
extracellular signaling mechanisms (117-120).Pseudomonas spp. utilize rhamnolipids,
which is distinct to their genera (121). Interestingly, detailed functional analyses of
pseudomonads have revealed that cyclic-nucleotide signaling plays a regulatory role

in control of biofilm and swarming motility (122, 123).

Trypanosomal social motility is therefore anticipated to be a rich source of
novel biological function, and serves as an excellent system with which to assess the
signaling capacity of insect-stage parasites. Such works comprise a large focus of this

dissertation, and are discussed in depth in Chapters V, VI, VII, and Appendix | and II.

Trypanosoma brucei is an excellent experimental system and model organism

Trypanosomes are single-celled, protozoan pathogens. As the etiological agent

of African trypanosomiasis, there is a pressing need to better understand the biology
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of the parasite and develop new therapeutics. Due to dedicated efforts by many
research groups over the last half century, trypanosomes have transitioned from field

studies to controlled laboratory studies (Figure 1-07).

Two stages of the parasite, the bloodstream-stage and the procyclic-insect
midgut stage, can be cultured axenically in vitro. This allows for convenient
biochemical and physiological assessment, without the need for culturing mammalian
or insect tissues, or maintaining animals. However, defined animal models are
available, allowing for pathogenesis studies in rodents using both chronic and acute
infectious strains. Tsetse-fly colonies can also be maintained within a laboratory

setting, allowing for fly colonization and transmission studies.

Trypanosomes are amenable to most molecular genetic approaches, offering
researchers a broad array of tools. As Trypanosoma brucei is amenable to
transfection, as well as endogenously capable of homologous recombination, gene-
targeting studies are routine. Using selectable drug-markers, one can generate strains
containing gene knock-outs, knock-ins, gene replacements, or epitope-tagging
proteins endogenously (69, 124, 125). T. brucei has homologues to the RISC complex,
allowing for usage of targeted RNAi. Many laboratory strains have been modified to
express a T7 polymerase and tetracycline-repressor, allowing the usage of stably-

integrated, inducible systems (126-129).
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In addition to their roles as pathogens, trypanosomes are also utilized as a
model organism to study the eukaryotic flagellum, as discussed above. Several sub-
species have been sequenced, and fully annotated genomes are available, allowing for
rapid application of the above tools (68, 130). Annotated genomes opened the gates
for trypanosomal researchers to use modern, cutting-edge systems level analyses. This
includes RNA-sequencing and transcriptomics, quantitative proteomics, and can be
used in conjunction with existing RNAI libraries, allowing for unbiased screens (131-

134).

T. brucei serves as an excellent experimental system with a powerful suite of
tools for molecular genetics and systems biology. These tools are used throughout all
of the following works and chapters to further our understanding of the host-parasite

interface and characterize signaling systems of Trypanosoma brucei.
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FIGURES

Figure 1-01. Kinetoplastid parasites are a global public health problem
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(Top-left)  Three major diseases caused by kinetoplastid parasites and their insect

vectors.
(Top-right) Global distribution of kinetoplastid parasites.

(Bottom) Summary table of the global impact of kinetoplastid parasites.
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Figure 1-02. Trypanosoma brucei life cycle
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Trypanosoma brucei has a complicated life cycle, requiring both mammalian hosts
(right), and tsetse-fly insect vectors (left). There are two subspecies which infect
humans (center). T. b. gambiense causes a chronic infection and is found in central
and western Africa, while T. b. rhodesiense causes an acute infection and is found in
south-eastern Africa. The life-cycle image is modified from Lee et al (135). The map

of Africa is courtesy of the WHO (22).
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Figure 1-03. Parasite surface proteins are critical
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(Top) T. brucei lives in varied, host environments. Within the fly, it must migrate
through several tissues, while in the mammalian host they eventually cross the blood-
brain barrier. Parasite surface proteins are therefore critical for many functionalities,
including nutrient uptake, immune evasion, and sensing/navigation (top-center). The
T. brucei surface is mostly unknown, except for the major surface protein coats
(bottom). Insect-stage parasites utilize procyclin, while bloodstream-stage parasites
utilize variable surface glycoproteins, which form a thick layer blocking
macromolecular access to the cell surface, as seen by electron microscopy cross-

sections.
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Figure 1-04. The eukaryotic flagellum is a sensory organelle
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(Top) Schematics representing two major sensory inputs attributed to flagellum.
Mechanosensory ion-channels, such as polycystin in kidney epithelial cells, trigger an
influx of calcium when the flagellum bends under fluid flow. There are many
chemosensory pathways, including hedgehog signaling, in which hedgehog-ligand
binding induces trafficking of proteins into and out of the flagellum in order to direct

a cellular response.

(Bottom left) Virtually all tissues in the human body have or can make a cilium
(synonymous with flagellum). Defects in structure or functional capabilities result in a

wide range of heritable diseases, collectively known as ciliopathies.
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(Bottom right) Examples of infectious diseases that are the result of infection by
flagellated, eukaryotic pathogens. Images are pseudo-colored scanning electron
micrographs, or artistic representations of the parasites (from left to right)

Trypanosoma brucei, Trichomonas vaginalis, and Giardia lamblia.
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Figure 1-05.

The adenylate cyclase family size correlates with complexity of the parasite life

cycle
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Expansion of the adenylate cyclase gene family is lineage-specific. Parasites with
greater penetrance and colonization of tsetse tissues, and additional developmental
forms, have greater number of adenylate cyclase paralogs. Taken together, this
correlation suggests that ACs play stage-specific roles, particularly within the tsetse-
fly vector. The tissue and development schematic (right) is adapted from Rotureau et

al, 2013 (136).
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Figure 1-06. Social motility requires sensing and cell-cell communication

Trypanosomes are social!

Although trypanosomes are typically grown in suspension culture, when inoculated on
an agar surface, they perform social motility (top row). This social behavior is a
several day process, and requires sensing and active response in order to fulfill.
Parasites expand clonally, and actively aggregate into larger communities (left).
Eventually, the parasites reach a densely packed colony. Using fluorescent reporter
cells, parasites are free to move in all directions within the constraints of the colony
(center). Eventually, nodes of highly concentrated cells emerge from the periphery,

and parasites migrate en masse outwards across the surface (right).
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Figure 1-07. Trypanosoma brucei: an excellent experimental system
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(Top) A schematic of the eukaryotic pathogen, Trypanosoma brucei, highlighting
several features and organelles. Of particular note is the kinetoplast, a DNA
containing organelle that anchors the flagellum at the posterior end of the cell to the

single mitochondrion. Schematic used courtesy of the Engstler laboratory webpage.

(Bottom) Table summarizing the available molecular tools and advantages of using T.

brucei as an experimental system.
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PREFACE

The following chapter is a modified version of “Cell surface proteomics provides
insight into stage-specific remodeling of the host-parasite interface in Trypanosoma
brucei,” by Shimogawa et al, originally accepted for publication in Molecular and
Cellular Proteomics in 2015, doi:10.1074/mcp.M114.045146, and reprinted with

permission.

In this work, we utilized surface protein labeling, combined with affinity purification
and shotgun proteomics, to describe the surface proteomes of trypanosomes from the
mammalian bloodstream and tsetse fly midgut stages. Results uncover proteins
important for host-parasite interactions and reveal extensive remodeling between the
parasite life-cycle stages. As second author, | contributed significantly to this
manuscript. | was involved in discussions and planning of experiments, and
contributed to writing of the manuscript. Specific experimental contributions include
various bioinformatics analyses of the large datasets (phylogeny, cross-comparison to
existing transcriptomic data sets, etc), performing the gqRT-PCR analyses, and general

technical assistance.
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SUMMARY

African trypanosomes are devastating human and animal pathogens transmitted
by tsetse flies between mammalian hosts. The trypanosome surface forms a critical
host interface that is essential for sensing and adapting to diverse host environments.
However, trypanosome surface protein composition and diversity remain largely
unknown. Here, we use surface labeling, affinity purification and proteomic analyses
to describe cell surface proteomes from insect-stage and mammalian bloodstream-
stage Trypanosoma brucei. The cell surface proteomes contain most previously
characterized surface proteins. We additionally identify a substantial number of novel
proteins, whose functions are unknown, indicating the parasite surface proteome is
larger and more diverse than generally appreciated. We also demonstrate stage-
specific expression for individual paralogues within several protein families,
suggesting that fine-tuned remodeling of the parasite surface allows adaptation to
diverse host environments, while still fulfilling universally essential cellular needs.
Our surface proteome analyses complement existing transcriptomic, proteomic and in
silico analyses by highlighting proteins that are surface-exposed and thereby provide a

major step forward in defining the host-parasite interface.
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INTRODUCTION

Parasitic protozoa afflict nearly one billion people worldwide and constitute a
substantial global public health burden. Owing to infection of livestock and crop
plants, protozoa also cause economic hardship and limit development in some of the
most impoverished regions of the world. A critical but poorly understood aspect of
parasite-host interactions is the parasite cell surface, which is the direct interface
with the host environment. Parasite surface proteins function in attachment and
invasion of host tissues, defense against host attack and uptake of essential nutrients
(1). For many parasites, transmission between human hosts occurs through
invertebrate vectors and intermediate hosts, requiring that the surface proteome be

sufficiently flexible to accommodate diverse extracellular environments.

The protozoan parasite Trypanosoma brucei causes lethal sleeping sickness in
humans and nagana in cattle, which together impose a tremendous medical and
economic burden across sub-Saharan Africa. There is no vaccine for sleeping sickness
and current treatments are antiquated, toxic and increasingly ineffective (2).
Transmission between mammalian hosts occurs through the bite of a tsetse fly vector
and T. brucei is extracellular throughout all stages of its life cycle. Therefore, a
dynamic and multifunctional surface proteome is paramount for T. brucei survival,

transmission and pathogenesis (3-5).
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In the mammalian host, T. brucei replicates indefinitely in the bloodstream,
where surface proteins must continuously protect against attacks from the host
immune system and simultaneously compete with host cells for uptake of essential
nutrients (6). The surface of bloodstream-form parasites is dominated by a dense coat
of variant surface glycoprotein (VSG), which shields other parasite surface proteins
from host antibodies and allows evasion of the immune system through antigenic
variation (7-9). Upon uptake during a tsetse fly bloodmeal, the parasites undergo a
dramatic differentiation, marked by pronounced changes in cell morphology and
metabolism and replacement of VSG with a surface coat of procyclin (10). The
resulting procyclic-form parasites establish an infection in the fly midgut. Parasites
then migrate from the midgut to the salivary glands and undergo several further
differentiations, including modification of procyclin isoforms and acquisition of a
surface coat of “brucei alanine-rich proteins” (BARPs) (11-14). Upon establishing a
salivary gland infection, parasites undergo a final differentiation into mammalian-
infectious forms that reacquire a VSG coat in preparation for transmission to a new
host. Remodeling of major surface proteins between life cycle stages reflects the
parasite’s need to adapt to varied and generally hostile host environments (4, 15). In
addition to the major surface proteins discussed above, less abundant surface
proteins are responsible for sensation of signals that direct tissue-specific

differentiation events crucial for infection chronicity and transmission (16-20).

Beyond their role in host-parasite interaction, T. brucei surface proteins are

directly relevant for therapeutic intervention, impacting nearly all currently available
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drug treatments. For example, cell surface transporters mediate uptake of
pentamidine and melarsoprol, two of the frontline drugs used to treat bloodstream
and central nervous system infections, respectively (21-23). Mutations in these
surface transporters cause naturally occurring drug resistance in field isolates (24-26),
underscoring the clinical relevance of parasite surface proteome composition and

function.

Despite its importance to transmission and pathogenesis, the T. brucei surface
protein repertoire remains largely unknown, presenting a major gap in our
understanding of parasite biology and host-parasite interactions. Here, we utilize
surface biotinylation, coupled with affinity purification and shotgun proteomics (27,
28), to obtain cell surface proteomes from procyclic (insect midgut) and bloodstream-
form T. brucei. We identify many proteins not previously known to be surface
exposed, indicating great diversity of proteins that function at the host-parasite
interface. Comparison of surface proteomes from procyclic and bloodstream forms
reveals extensive stage-specific surface protein remodeling that includes individual
paralogues within protein families. As such, our studies suggest that the surface
proteome is larger and more diverse than generally appreciated and that fine-tuned
remodeling enables adaptation to different host environments, while still

accommodating universally essential cellular needs.
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EXPERIMENTAL PROCEDURES

Cell lines
427-derived bloodstream form trypanosomes, 221 single marker cell line, and

procyclic form, 2913 cell line were cultivated as described (29).

Purification of biotinylated proteins and VSG depletion

Surface biotinylation with sulfo-NHS-SS-biotin (Pierce) and purification of biotinylated
proteins was done as described (27, 28), with the exception that flagella were not
removed. 1-5x10® cells were washed twice in phosphate buffered saline (PBS) and
resuspended in PBS + 0.5 mg/ml Sulfo-NHS-SS-biotin (Pierce) for 10 min on ice.
Unreacted biotin was blocked by addition of 100 mM Tris for 10 min on ice, followed
by two washes in PBS + 100 mM Tris. Purification of biotinylated proteins was
performed as described (28). Briefly, cells were lysed in PBS + 0.5% NP-40 +
SigmaFAST EDTA-free protease inhibitors (Sigma) for 10 min on ice. Soluble and
insoluble proteins were separated by centrifugation at 13,000 rpm for 10 min at 4 °C.
The supernatant containing soluble proteins was incubated with Streptavidin
Sepharose High Performance beads (GE Healthcare) for 30 min at 4 °C. Beads were

collected by centrifugation and washed as described (28).

VSG depletion
VSG was removed by activation of GPI-PLC (30). Surface-biotinylated cells were

hypotonically lysed at 8e8 cells/ml in ice-cold H20 + SigmaFAST EDTA-free protease
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inhibitors (Sigma) for 5 min on ice. Membranes were pelleted at 3,000 x g for 10 min
at 4 °C and resuspended in 10 mM sodium phosphate, pH 8 + protease inhibitors at 37
°C for 5 min. After chilling briefly on ice, VSG-depleted membranes were pelleted at
12,000 x g for 10 min at 4 °C. Purification of surface-biotinylated proteins from VSG-

depleted membranes was performed as described above.

Western blotting

Aliquots from each purification step were analyzed by SDS-PAGE using standard
protocols. Non-reducing sample buffer was used to prevent cleavage of the Sulfo-NHS-
SS-biotin. Primary antibodies were 1:8,000 mouse anti-biotin (Jackson
ImmunoResearch), 1:100,000 rabbit anti-VSG 221 (Jay Bangs), 1:10,000 rabbit anti-
EP9 procyclin (Jay Bangs), 1:50,000 rabbit anti-BiP (Jay Bangs) and 1:5,000 rabbit
anti-EIF4Al (Osvaldo Pompilio de Melo-Neto). Horseradish peroxidase-coupled goat

anti-mouse and goat anti-rabbit secondaries (Bio-Rad) were used at 1:5,000.

Shotgun proteomic analysis of surface proteomes

Proteomic analyses were performed essentially as described (28). TCA precipitates
and on bead samples were mixed with digestion buffer (100 mM Tris-HCL, pH 8.5, 8M
urea). The samples were reduced and alkylated by sequential treatment with 5 mM
tris(2-carboxyethyl) phosphine (TCEP) and 10mM iodoacetamide as described earlier
(31, 32). Afterward, samples were sequentially digested with Lys-C and trypsin
proteases as previously described (32). The digestion was stopped by addition of 5%

formic acid and peptide digests were analyzed by mass spectrometry. An initial set of
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surface proteome samples were prepared from both BSF (n=3) and PCF (n=5) stage
cultures and analyzed by 2D-LC-MS/MS on a Thermofisher LTQ-Orbitrap XL as
described in (27, 28). Additional surface proteome samples were subsequently
prepared in order to either (1) assess the relative abundance of putative surface
proteins in the Input versus streptavidin-bound fractions or (2) perform label-free
MS1-based quantitation of surface proteins that were differentially identified in the
initial BSF or PCF samples. These subsequent surface proteome preparations were
desalted and analyzed by LC-MS/MS on a Thermofisher Q-Exactive. For Q-Exactive
experiments, desalted peptide digests were separated online using reversed-phase
chromatography on a 75 pM inner diameter fritted fused silica capillary column with a
5 UM pulled electrospray tip that was packed in-house with 15 cm of Luna C18(2) 3 uM
reversed phase particles. An EASY-nLC 1000 ultra high pressure liquid
chromatography (UHPLC) system (Thermo Scientific) was used to deliver a linear
acetonitrile gradient from 3% to 30% solvent B (Buffer A: 0.1% formic acid, Buffer B:
Acetonitrile / 0.1% formic acid) was delivered by at a flow rate of 200-300nl/min.
MS/MS spectra were collected on a Q-Exactive mass spectrometer (Thermo Scientific)

as described in (33, 34).

Raw data files were converted to MS2 files using RawExtractor v.1.8 and v.1.9.9.2 for
LTQ-Orbitrap XL and Q-Exactive data, respectively. Data analysis was performed using
ProLuCID for database searching and DTASelect2 for probabilistic filtering as
implemented in the Integrated Proteomics Pipeline v. 2 - IP2 (Integrated Proteomics

Applications, Inc., San Diego, CA) (35-37). MS/MS spectra were searched against a
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protein FASTA database obtained from TriTrypDB (downloaded from tritrypdb.org on
February 9, 2012) appended with sequences for ESAGs from the 221 VSG expression
site (Gl numbers 189094616-189094632) and concatenated to a decoy database in
which the amino acid sequence of each entry was reversed (19686 total entries). The
search parameters (31) for LTQ-Orbitrap XL data were as follows: (1) precursor ion
mass tolerance of +/- 20 ppm, (2) fragment ion mass tolerance of +/-400 ppm, (3)
only peptides with fully tryptic ends and unlimited missed cleavages were considered
as candidates, and (4) a static modification of +57.02156 Da on cysteine residues
resulting from carbamidomethylation. The search parameters for analysis of Q-
Exactive data were identical except precursor ion mass tolerance and fragment ion

mass tolerance were each set +/- 10 ppm.

Protein and peptide identifications were filtered using DTASelect and required at
least two unique peptides per protein and a spectra-level false positive rate of less
than 5% as estimated by a decoy database strategy (38). When protein-level false
positive rates are estimated using a decoy database approach, these filtering criteria
give a protein-level FDR of <1% for all datasets included in the manuscript.
Normalized spectral abundance factor (NSAF) values including shared peptides was
calculated as described and multiplied by 10’ to improve readability (39). Proteins
that could not be distinguished by available peptides in any given replicate were
considered as a group. The numbers in the text refer to the number of protein groups,
corresponding to the minimum number of proteins present. See Tables S8-513.

Proteomic mass spectrometry data have been deposited to the ProteomeXchange
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Consortium via the MassIVE partner repository with the dataset identifier PXD001946

(40).

MS1 analysis

To validate the PCF- and BSF-specific classifications made based on the initial
qualitative datasets, additional surface proteomic analyses were performed for both
BSF and PCF samples. These additional datasets were acquired on the Q-Exactive
instrument and subjected to MS1-based, label-free quantitative analysis. Data were
acquired as two technical replicates from single biological preparations for both BSF
and PCF stages. Proteins were identified and filtered as above, and the identifications
were used to generate spectral libraries within the Skyline v2.6 proteomic mass
spectrometry software suite (41). Identifications were filtered within Skyline to only
include fully tryptic, uniquely mapping peptides with no missed proteolytic cleavage
sites. Peaks were picked in an automated fashion using the default Skyline peak
picking model. Integrated peak areas were generated from extracted ion
chromatograms for each peptide’s [M], [M+1] and [M+2] isotopic precursor masses.
The calculated peak-areas were exported for statistical analysis using the linear
mixed-effects model provided within the R package MSstats v2.3.4 (42). Settings for
the group-comparison within MSstats are as follows: (1) peak intensities were log2
transformed, (2) intensity normalization between runs was accomplished by means of
quantile normalization, (3) the scope of conclusions for biological and technical
replication was set to restricted and expanded respectively, (4) settings for inclusion

of interference transitions and assumption of equal feature variance were both set to
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“TRUE.” P-values were corrected within MSstats via Benjamini-Hochberg correction.

See Table S13.

Volcano plots of Log,(PCF/BSF) ratios and significance were plotted using Microsoft
Excel. Plots showing distributions of Log,(PCF/BSF) ratios in cell surface and whole-
cell proteomes were plotted using GraphPad Prism. Proteins were binned by
Log,(PCF/BSF) ratio, using a bin width of 0.7 and proteins with Log,(PCF/BSF) ratios <

5.25 or > 5.25 were consolidated into the first and last bins, respectively.

Enrichment in the Bound versus Input or Unbound fractions

For bound versus input or unbound analyses, surface biotinylation was performed as
described above. Half of the soluble NP-40 extracted supernatant was reserved for
shotgun proteomic analysis (Input) and the other half was incubated with streptavidin
beads to obtain the Bound and Unbound fractions. Bound fractions were analyzed by
on-bead digestion as described above. Input and Unbound fractions were TCA
precipitated and analyzed using shotgun proteomics as described above. See Table
S12. IP2 software (Integrated Proteomics) was used to compare protein identification
between samples (Table S4). The relative abundance of proteins within each fraction
was determined by dividing the number of spectra for each protein over the total
number of spectra for all proteins in that fraction. The Bound/Input and
Bound/Unbound ratios for each protein were then determined based on relative

abundance in the corresponding fractions.

60



Bioinformatics Analyses
Prediction of membrane-targeting domains, reciprocal best BLAST analysis, and

DAVID/GO classification are described in Supplemental Experimental Procedures.

Comparison to whole-cell SILAC proteomes

Three stage-specific whole-cell proteomes have been published (43-45). A detailed
comparison to the Urbaniak et al. (44) and Butter et al. (43) studies is shown in Figure
2-05. The third study utilized a different trypanosome strain and analyzed parasites
extracted from mice instead of culture (45) (Table $S6), so was excluded from the
comparison. The distribution of Log,(PCF/BSF) protein ratios from MS1 quantification
of proteins in the cell surface proteome or SILAC quantification of proteins in the
whole cell proteomes are plotted (Figure 2-05B). For Butter et al. (43), replicate
protein ratios from SupTable3 were converted to Log;(PCF/BSF) and averaged.
Urbaniak et al. (44) reported 10.6% of their whole cell proteome to be 5-fold
differentially expressed between the BSF and PCF life cycle stages. Our analysis of
SupTable3 from Butter et al. (43) indicates that 8.6% of the proteome was 5-fold
differentially regulated in both replicates. Proteins 5-fold differentially regulated
were considered stage-specific and proteins less than 5-fold differentially regulated

were considered constitutively expressed for analyses in Figure 2-05C.

Mass spectrometry analysis of stage-enriched cell surface family members
The list of proteins comprising the T. brucei cell surface phylome (46) was kindly

provided by Dr. Andrew Jackson. Families represented in the cell surface proteomes
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were analyzed with respect to stage-specificity of individual members. Categorization
as BSF-specific or PCF-specific was strictly defined as exclusive expression in one or
the other life cycle stage (Figure 2-03). Owing to challenges presented by proteins
with closely related sequences, we additionally examined the distribution of
unambiguous peptides mapping to individual proteins (Table S5). Proteins detected by
at least two unambiguous peptides in two different samples were categorized as
putatively BSF-enriched, PCF-enriched, or constitutive. Phylogenetic trees (FigTree,
http://tree.bio.ed.ac.uk/software/figtree/) display MUSCLE alignhments of the
protein sequences in each family. In the case of Fam51, four additional family
members were added: two ESAG4s from the 221 VSG expression site (GI# 189094619,
1890946250), ACP4 (Tb927.10.13040) (47), and ACP2 (Tb927.10.16190) (48). For
Fam57, the 221 expression site does not contain an ESAG10, so an ESAG10 from an
alternate expression site was included (Tb427.BES15.1; Gl 189094656) to show the
approximate relationship between PCF-specific and BSF-specific isoforms. Peptide

data are included in Tables S10-S11.

Quantitative real-time PCR (gRT-PCR)

Total RNA was extracted using Qiagen’s RNAeasy kit. DNAse treatment was followed
by reverse transcription using oligodT primers for first-strand cDNA synthesis. qRT-PCR
was performed as described (49) using iQ SYBR Green Supermix (Bio-Rad) on a DNA
Engine Opticon 2 (Bio-Rad). All analyses were performed in duplicate on two
independent RNA preparations and values were normalized to PFR2 and TERT2 (50)

Z-AAC

using the T method (51). Gene-specific primers were designed using NCBI Primer-
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BLAST to amplify a region of 150-200 base pairs (see Supplemental Experimental

Procedures).

RESULTS AND DISCUSSION

Purification of cell surface proteins from T. brucei

We used a combination of cell surface biotinylation, affinity purification, and
shotgun proteomic mass spectrometry (Figure 2-01A) to determine the protein
composition of the parasite surface from insect stage procyclic culture-form (PCF) and
mammalian bloodstream form (BSF) T. brucei. Live cells were incubated with a cell-
impermeant biotin conjugate to label surface-exposed proteins. Immunofluorescence
against intracellular and cell surface markers confirmed that cells remained intact
during surface biotinylation (Figure S1A). Labeled cells were lysed with non-ionic
detergent and the detergent-soluble fraction was incubated with streptavidin beads
to purify biotinylated proteins. The vast majority of proteins fractionated with
unbound material, while biotinylated proteins were quantitatively purified with the
streptavidin-bound fraction (Figure 2-01B). Known surface proteins VSG and procyclin
co-purified with the biotinylated fraction, while known intracellular proteins such as
BiP were almost exclusively in the unbound fraction (Figure 2-01C). As a control,
streptavidin purification was also performed on unbiotinylated samples from each life
cycle stage. No biotinylated proteins were detected by anti-biotin staining (Figure

S1B) and in the absence of surface biotinylation, VSG and procyclin were restricted to
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the unbound fraction. Thus, surface biotinylation and streptavidin purification

enabled effective enrichment of T. brucei surface proteins.

VSG depletion improves detection of other surface proteins

Abundance of the major surface proteins (5-10 million copies/cell), procyclin
on PCF cells and VSG on BSF cells, poses a potential barrier to a comprehensive
analysis of the parasite surface proteome. Shotgun proteomic analysis of the
streptavidin-bound fraction from PCF cells revealed very few spectra for procyclin
(Figure 2-02A), presumably due to its lack of tryptic cleavage sites. In contrast, the
overwhelming majority of mass spectra (nearly 80%) from BSF samples mapped to
VSG, presenting a potential dynamic range challenge for reliable detection of low
abundance proteins. To overcome this, we took advantage of endogenous GPI-specific
phospholipase C (GPI-PLC) activity to release VSG from the cell surface (30) prior to
streptavidin purification of surface proteins (Figure 2-02B). Using this strategy we
obtained a streptavidin-bound fraction that was relatively free of VSG and
intracellular marker proteins EIF4Al and BiP based on Western blotting (Figure 2-02C).
To determine whether VSG depletion improved detection of non-VSG proteins, we
compared proteomic analyses of VSG-depleted and non-depleted samples. VSG
depletion increased the total number of proteins identified by >50% and reduced the
proportion of mass spectra corresponding to VSG from approximately 80% to 15% of
total spectra (Figure 2-02A). Spectra from another GPl-anchored surface protein,
transferrin receptor, were also reduced, though not absent (Figure 2-02D). In

contrast, spectra derived from other surface proteins increased markedly, while
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spectra from known intracellular contaminants remained relatively constant.
Therefore, VSG depletion dramatically increased sensitivity of detection for non-VSG

surface proteins.

Surface proteomes provide high-confidence datasets of surface protein
candidates.

Having established a method for effective enrichment of T. brucei surface
proteins, we performed surface biotinylation, purification and proteomic analysis on
multiple biological replicates for each life cycle stage. To minimize the effects of
sample variation, only proteins reproducibly identified in 3 of 3 VSG-depleted BSF
samples or at least 4 of 5 PCF samples were considered high-confidence surface
protein candidates (Figure 2-03). This yielded datasets of 239 BSF proteins and 198
PCF proteins, referred to as BSF and PCF surface proteomes, respectively (Table $1),
for a combined surface proteome of 372 non-redundant proteins. As expected, the
surface proteomes contain most currently known and suspected classes of surface
proteins (Table S2) and are enriched for proteins with predicted membrane-
association domains (Figure S2A). Notably, despite use of GPI-PLC to deplete VSG,
proteins with predicted GPI anchors were still identified. Endogenously biotinylated
proteins were not a significant confounding factor, as proteomic analyses of two
unbiotinylated samples from each life cycle stage identified very few proteins (Table

$3).
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Rigorous assessment of surface location demands a great deal of effort for any
single protein, let alone a large set of randomly selected proteins, which would be
necessary to use localization as a means of evaluating the surface proteome dataset.
We therefore evaluated the dataset as a whole by determining the relative abundance
of known surface and intracellular proteins in streptavidin-bound versus unbound and
input fractions. In BSF cells, most surface protein controls (19 of 24) were enriched in
the bound fraction (Bound/Input > 1), while most intracellular controls (78 of 87)
were depleted (Bound/Input <1) (Figure 2-04, Table S4). Strikingly, amongst the
controls examined, an enrichment >2.0 was observed almost exclusively for bona fide
surface proteins. Likewise, in PCF cells, a fold-enrichment of >2.5 was observed for 15
of 20 known surface proteins, but only 3 of 96 intracellular controls (Figure 2-04,
Table S4). Notably, 46 proteins meeting this enrichment threshold among BSF or PCF
proteomes are annotated as hypothetical (Table $1), with no clear conserved

domains, indicating novel functionalities for trypanosome surface proteins.

As with any biochemical purification or analysis of the scale presented here, we
expect to miss some surface proteins and to identify some false positives.
Nonetheless, several independent lines of evidence demonstrate that the surface
proteomes reported here represent high-confidence datasets of candidate surface
proteins. These include high quality of the purified samples, multiple independent
biological replicates to minimize the impact of prep-to-prep variability, excellent
coverage of known surface proteins, and label-free quantitation of intracellular and

surface protein controls in the Bound vs. Input fractions.
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The parasite surface proteome is enriched for life cycle stage-specific proteins,
including stage-specific paralogues within protein families.

As different hosts present varied environments and challenges, stage-specific
surface proteins are primary contributors to host-parasite interactions. We therefore
examined cell surface proteomes for proteins that were exclusively identified in only
one life cycle stage. We identified 72 BSF-specific proteins and 74 PCF-specific
proteins, (Figure 2-03, Table S1). Note that proteins present in both life cycle stages,
but up-regulated or down-regulated between life cycle stages would be missed by this
approach. However, the stage-specific proteins identified constitute the most
prominent and robust changes between the surface proteomes during the parasite’s
transmission between hosts. To test the robustness of these stage-specific
assignments, we completed additional independent surface proteome analyses using
MS1 label-free quantitation, with two technical replicates for each life cycle
stage. Nearly all proteins assigned as stage-specific could be quantitated in MS1
analyses (Table S1), and of these, the majority showed significant (p < 0.01)
upregulation in the assigned life cycle stage (Figure 2-05A). Therefore, these analyses
provided strong statistical support for stage-specific assignments based on exclusive
detection in one or the other life cycle stage. In addition, MS1 analyses revealed
stage-specific enrichment of several proteins in the surface proteome that were not

exclusive to one stage (Figure S3, Table S1).

The cell surface is the direct interface with the host. We therefore asked

whether the cell surface proteome is enriched for stage-specific proteins compared to
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the whole-cell proteome. The distribution of relative protein abundance in BSF and
PCF surface proteomes was plotted against the distributions in published BSF and PCF
whole cell proteomes (43, 44). The data demonstrate that the cell surface proteome
is enriched for proteins that are differentially regulated between BSF and PCF stages
(Figure 2-05B). Likewise, among proteins identified in whole-cell proteome analyses
(43, 44), roughly 25% of the stage-specific proteins are present in the cell surface
proteome, as compared to only 5% of constitutive proteins (Figure 2-05C). Therefore,
a substantial fraction of developmentally regulated gene expression changes in T.

brucei are devoted to remodeling the host-parasite interface.

We noticed that paralogues from large protein families (46) were well-
represented among stage-specific surface proteins (Figures 6 and 54, Table S5). While
stage-specificity has been described for some families, e.g. adenylate cyclases (47),
glucose transporters (52) and nucleoside transporters (53), stage-specific regulation
was not previously known for others, e.g. hypothetical proteins (Fam72 and Fam79)
(Figure 2-06, Tables S1 and S5). We therefore used qRT-PCR to independently assess
stage-specific expression for several of these protein families (Figures 6 and S4). The
gRT-PCR results fully supported the stage-specificity determined by mass
spectrometry, validating the mass spectrometry analysis and suggesting that
dedicated use of distinct paralogues in different environments is a common feature of

T. brucei host adaptation.
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Implications for expanded gene families and host adaptation

One of the largest protein families encoded by the T. brucei genome is a family
of approximately 75 receptor-type adenylate cyclases (ACs) (Fam51, (46), Figure 2-
06). The canonical AC is the BSF-specific ESAG4 (54, 55), which contributes to
parasite virulence by modulating the immune response of the mammalian host (48).
Recent work described five ACs that are specifically upregulated in PCF cells (47), one
of which regulates social behavior (56), demonstrating that both BSF-specific and PCF-
specific ACs mediate parasite interaction with the environment. In addition to these
previously identified ACs, we identify two additional PCF-specific and BSF-specific ACs
(Tables S1 and S5, Figure 2-06), further supporting an important role for ACs in host-
specific adaptation. We speculate that individual ACs not identified in our studies are
optimized for host environments that are not recapitulated in cultured PCF and BSF

forms.

Gene expansion is a well-known phenomenon in T. brucei and other
kinetoplastid parasites (57). The reasons for gene expansion are not clear, though it
has been suggested to reflect redundant gene duplication. Based on the size of the T.
brucei AC family and the identification of PCF-specific ACs, we have previously
proposed that the greatly expanded repertoire of T. brucei ACs reflects the relative
complexity of the life cycle within the insect vector, as compared to other
kinetoplastids (47, 56). Our discovery in the present work that stage-specific
expression of distinct paralogues is common across multiple families argues against

simple redundancy as the explanation for gene expansion. Moreover, some families

69



are described to have undergone faster diversification since the divergence of African
trypanosomes from other trypanosomatids (46), indicating that gene expansion
confers a selective advantage. Thus, rather than redundancy, our results suggest
surface protein families have expanded in response to the need for alternately-
expressed isoforms that are each tuned to a specific host environment, as has been
suggested for the nucleoside transporter family (53). This would allow the parasite to
continually meet essential cellular needs that are common in all environments, such
as uptake of an essential nutrient, while still responding to unique pressures imposed
by hostile and markedly different environments in each host. Given that adapting to a
multitude of different extracellular environments is intrinsic to a parasitic lifestyle,
we speculate this is a paradigm that applies broadly to surface proteome remodeling

in other parasites.

Cell surface proteomes represent the first direct analysis of stage-specific surface
protein remodeling

Aside from major surface proteins, the parasite surface proteome has remained
largely uncharacterized. Previous efforts to define life cycle stage-specific proteomes
have almost exclusively focused on the whole-cell proteome (43-45) (Table $6). The
flagellum surface proteome has been examined (28, 58). However, efforts to define
the T. brucei whole-cell surface proteome have been limited to in silico prediction
(46) and a subtractive proteomic analysis of crude fractions containing plasma
membranes and cytoskeletons from bloodstream form parasites (59) (Table S6). In

silico predictions are powerful, but they do not distinguish between cell surface and
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intracellular membranes. Likewise, while subtractive proteomics can be a useful
approach, no attempt was made to directly separate surface-exposed proteins from
intracellular contaminants and no comparable analysis was done in procyclic-stage
parasites. Therefore, the cell surface proteomes described here present the first
analyses to directly isolate and define the cell surface proteome and to do so from

both the insect and mammalian life cycle stages of T. brucei (Table S6).

Functional implications of the cell surface proteomes

Proteomic analyses identify a large and diverse surface proteome important for
host-parasite interaction and therapeutics

An important finding to come from our studies is that the T. brucei cell surface
proteome is larger and more diverse than generally appreciated. Surface proteins
identified encompass a broad range of molecular functionalities (Table S7), including
activities anticipated for cell surface function, such as receptors, transporters and

proteases, as well as numerous proteins of completely unknown function.

Approximately 10-20% of the BSF and PCF surface proteomes are restricted to
kinetoplastids, with nearly half of those being exclusive to T. brucei (Figure S2).
Only a handful of T. brucei surface proteins have been studied in depth and virtually
all perform critical functions, particularly in the context of host-parasite interaction
and therapeutics. Examples include VSG and transferrin receptor in BSF cells (60-62),

as well as surface proteins modulating resistance to human serum (63, 64) and recent
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studies showing virulence functions for ESAG4 and calflagin (48, 65). In procyclic
forms, procyclin is required for robust infection and transmission through the tsetse
fly (66). From a clinical perspective, parasite genes impacting the efficacy of all five
currently available drugs have been identified and the majority of these encode
surface-exposed proteins (67-71). Importantly, nearly all of these proteins were
identified in the cell surface proteome, emphasizing the functional relevance of the
surface proteome. Thus, our studies define a cohort of proteins important for host-

parasite interaction with potential to impact success of therapeutic interventions.

The surface proteome prioritizes proteins important for fitness and host-
parasite interaction

Our surface proteome analyses advance systems-level studies of protein
function in T. brucei. For example, unbiased high-throughput RNAi target sequencing
(RIT-seq) analysis has identified nearly 4,500 genes that impact parasite fithess or
differentiation from bloodstream to procyclic forms in culture (72). While these 4,500
genes are interesting for their potential as drug targets, there are far too many
candidates for effective prioritization. We conducted a meta-analysis of the surface
proteome versus the RNAi target dataset. Our analyses substantially pare down the
number of proteins required for parasite fitness from 4,500 (72) to approximately 65
that are surface-exposed based on enrichment in Bound vs. Input fractions (Table 51)
and thus accessible to small molecules added to live cells. These genes can therefore
be prioritized for investigation as therapeutic targets that may circumvent the need

for cell-permeant drugs. Moreover, nearly half of these proteins are of unknown

72



function, emphasizing novel features of the cell surface proteome and suggesting
host-interaction functions for approximately 30 of the ~5,000 T. brucei genes
annotated as hypothetical (73). Relevance to host-parasite interaction also comes
from considering stage-specific expression, as our analyses distinguish surface
proteins, which would directly interface with the host, from intracellular proteins,
such as those uncovered in whole proteome stage-specific analyses (43-45), that may

simply reflect downstream metabolic or structural consequences of differentiation.

Cell surface proteome analyses distinguish between cell surface and intracellular
membranes

Our data provide a valuable resource for resolving outstanding questions
regarding individual proteins. As an example, conflicting evidence for surface
exposure of GPI-PLC has been reported (74, 75). We observe a Bound/Input ratio <1
for this protein (Table S1), supporting intracellular localization. Similarly, a
Bound/Input ratio of <1 for the virulence factor metacaspase 4 (Table S1) supports
previous data suggesting it is predominantly intracellular (76). In contrast, we see
strong surface enrichment for flagellar calflagins (65) and a flagellum tip-localized
calpain-like protease (65, 77) (Table S1), suggesting these proteins function at the
flagellum surface. Our bound/input analyses also provide insight into the large family
of T. brucei ABC transporters. Out of ~20 annotated ABC transporters in the genome,
only four have B/I ratios of > 2.3, indicating they function in substrate exchange with
the host environment, while the remainder function intracellularly (Table S1).

Another interesting discovery is a group of three phospholipid-transporting ATPases
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that are enriched >12-fold in the bound fraction compared to input (Table S1). A role
for phospholipid transporters at the cell surface has not been demonstrated, but
could be important for host-parasite interactions by maintaining distinct lipid
compositions of the cell surface membrane and critical subdomains, such as the
flagellum and flagellar pocket membranes (78). These proteins will be interesting

targets for further functional studies.

SUMMARY AND PERSPECTIVE

The surface of parasitic protozoa remains vastly understudied relative to its
importance for parasite biology, pathogenesis, transmission and clinical influence.
Here we find that the T. brucei surface proteome is larger and more diverse than
generally recognized and includes proteins known or predicted to be important for
host-parasite interaction and drug action. Additionally, our studies reveal extensive
remodeling of the surface proteome, indicating the parasite strives to accommodate
specific requirements of hostile host environments while continuing to maintain

fundamental processes essential for viability.
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FIGURES
Figure 2-01. Purification of cell surface proteins from procyclic and bloodstream

form T. brucei
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(A) Strategy for biotinylation and streptavidin purification of surface proteins.
Surface-biotinylated cells were fractionated into Lysate (L), Insoluble (I), Soluble (S),
Unbound (U), and Bound (B) fractions. (B) Fractions labeled in panel A were analyzed
by anti-biotin Western blotting (top) and Sypro Ruby staining of total protein
(bottom). Numbers below the blots indicate relative number of cell equivalents
loaded. (C) Western blotting shows enrichment for major surface proteins VSG and
procyclin in the bound fraction, while the intracellular protein BiP remains in the

unbound fraction.
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Figure 2-02. VSG depletion improves detection of low abundance surface proteins.
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(A) Abundance of mass spectra corresponding to the major surface proteins procyclin
and VSG, calculated as a fraction of total mass spectra in PCF and BSF samples,
respectively. Data are the mean +/- SD. Procyclin spectra were less than 0.5% of the
total. (B) Strategy for proteomics of VSG-depleted surface fractions. Fractions are
Lysate (L), Cytosol (C), Pellet (P), soluble VSG (V), VSG-depleted pellet (P*), Insoluble
(1), Soluble (S), Unbound (U), and Bound (B). (C) Western blotting of fractions, as
labeled in panel B, probed with the indicated antisera. The majority of VSG is

removed in the soluble VSG fraction (V), leaving no detectable VSG in the VSG-
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depleted pellet fraction (P¥). Intracellular markers EIF4Al (cytoplasmic) and BiP (ER
lumen) are removed in the cytosolic (C) or unbound (U) fractions. Numbers below the
blots indicate relative number of cell equivalents loaded. (D) Relative abundance of
individual known surface proteins is shown as a fraction of total mass spectra. Black
bars represent the mean from VSG-depleted samples, while white bars represent the
mean from samples without VSG depletion (n=3 for each). Known surface proteins are
transferrin receptor (TfR), invariant surface glycoproteins (ISGs), glucose transporter
(THT1), adenylate cyclases (ACs), aquaporins (AQPs), and nucleoside transporters
(TbNTSs). The dashed lines (Bkgrd) indicate the average relative abundance of known
intracellular proteins (e.g. proteins annotated as ribosomal proteins and histones)

from VSG-depleted (black line) and non-depleted (gray line) samples.
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Figure 2-03. Defining cell surface and stage-specific cell surface proteomes.
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Schematic illustrating criteria for inclusion in the cell surface and stage-specific cell
surface proteomes. Surface biotinylation, purification and shotgun proteomic analysis
were performed on multiple biological replicates for each life cycle stage. The BSF
and PCF cell surface proteomes were defined as proteins reproducibly identified in 3
of 3 VSG-depleted BSF or >4 of 5 PCF replicates, respectively. Proteins that could not
be distinguished by available peptides in any given replicate were considered as a
group (see Tables 51 and S8-511). The numbers listed are the number of protein
groups identified, corresponding to the minimum number of proteins present. The

number of non-redundant protein groups identified in the combined surface proteome
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from either life cycle stage was 372. Stage-specific proteomes were defined as

proteins or protein groups that were exclusive to one life cycle stage (Table S1).
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Figure 2-04. Surface proteome datasets show enrichment for known surface

proteins.
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Unbound and Bound fractions from a single independent PCF or VSG-depleted BSF
surface purification were analyzed by shotgun proteomics. The relative abundance of
individual proteins was determined as a percentage of the total mass spectra in each
fraction, and the ratio of relative abundance in the Bound vs. Input fractions is
plotted for several known surface proteins (black) and intracellular proteins (grey) in

ascending order (see columns in Table S4). Intracellular controls included alpha and
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beta tubulin, two dynein heavy chains, BiP, and proteins annotated as ribosomal
proteins or histones. A ratio >1 indicates enrichment, while a ratio <1 indicates
depletion. Proteins identified in the Bound but not Input fraction were plotted as >10
(BSF) or >40 (PCF) in the figure. Note that the graph does not include proteins not

identified in the Bound fraction.
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Figure 2-05. Cell surface proteomes are enriched for stage-specific proteins.
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(A) Stage-specific proteins exclusively identified in either the cell surface proteome
from BSF cells (red circles) or PCF cells (blue circles) were analyzed by MS1 label-free
quantitation in two technical replicates each. The Log,(PCF/BSF) fold change
measured for each protein is plotted on the x-axis. Statistical significance is plotted
on the y-axis, with p < 0.01 above the dashed line. (B) Graph shows the distribution of
Log,(PCF/BSF) protein ratios from MS1 analysis of the cell surface proteome (shaded
area), relative to whole-cell proteomes determined by SILAC analyses (*Urbaniak et
al., 2012 (44), black dashes; **Butter et al., 2013 (43), black line). (C) Chart shows
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the relative fraction of constitutive and stage-specific proteins identified in published
whole-cell proteome SILAC analyses (43, 44) that were also identified in the cell
surface proteome. Proteins at least 5-fold differentially regulated between PCF and

BSF in published SILAC studies were defined as stage-specific (43, 44).
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Figure 2-06. Life cycle stage-specific paralogues of surface protein families.
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(A) Phylogenetic trees illustrate relationships within protein families predicted in the
cell surface phylome (46) for which we identified life cycle stage-specific paralogues.
Families are adenylate cyclases (ACs), amino acid transporters (AATs), and two
families annotated as hypothetical proteins. Proteins are colored according to the
predicted expression profile inferred from mass spectrometry data (Table S5). (Red =
BSF-enriched; Blue = PCF-enriched; Green = Constitutive, Grey = Not identified, Black
= identified but expression profile could not be reliably predicted). The total number

of proteins in each family is shown along with the number of BSF-enriched and PCF-
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enriched proteins identified in the cell surface proteomes. If two or more proteins
could not be distinguished based on peptides identified they are counted as a single
entry, and the group is indicated by a bracket in the phylogenetic tree. *Proteins for
which stage-specific expression has been previously described (see Table S5 for
references). *Proteins whose stage-specific expression was examined by qRT-PCR in
panel B. (B) Expression levels for the indicated genes were determined by qRT-PCR
analysis using RNA from BSF (red) and PCF (blue) cells. Data are the mean +/- SD of
two independent biological replicates and expression is normalized to the stage
having higher expression. **Groups of closely related genes detected by the primer
pair used for qRT-PCR analysis (189094619/189094625;
Tb927.7.6050/Tb927.7.6060/Tb927.7.6070;

Tb927.4.4820/Tb927.4.4840/Tb927.4.4860).
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Chapter IlI:

Independent analysis of the flagellum surface and matrix
proteomes provides insight into flagellum signaling

in mammalian-infectious Trypanosoma brucei
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PREFACE

The following chapter is a modified version “Independent analysis of the flagellum
surface and matrix proteomes provides insight into flagellum signaling in mammalian-
infectious Trypanosoma brucei,” by Oberholzer et al, originally published in Molecular

and Cellular Proteomics, 2011: 10(10):M111.010538 and reprinted with permission.

In this work, we utilized a mutant cell line that results in readily-detached flagella,
allowing us to mechanically separate and isolate the flagellum of bloodstream form t.
brucei in order to do surface protein proteomic analyses, similar as described in
Chapter Il. We additionally used the non-biotinylated soluble proteins to establish the
flagellar matrix proteome. As a co-second author, | contributed significantly to this
manuscript. Experimental contributions included assisting in validation of the flagellar
surface proteome by epitope tagging candidate flagellar membrane proteins (FS21,
FS31, and FS105) as well as the sole person validating candidate matrix proteins by
epitope tagging (FAP174, FAP265) and RNAi (FAP174). Additionally, | assisted in
optimization of immunofluorescence and analysis of extracted flagella (ie, Figure 03-
2). Furthermore, | was responsible for most of the technical bioinformatics-based
analyses on both surface and matrix proteomes. This included cross-referencing
against existing RNAseq and proteomic data, analyzing and categorizing our proteins
by putative function (DAVID analysis) or presence of surface-association features (such
as signal peptides and transmembrane domains, GPI anchors, dual-acylation motifs, et
cetera). The full manuscript (and all supplemental files) are available on the journal

website.
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SUMMARY

The flagellum of African trypanosomes is an essential and multifunctional
organelle that functions in motility, cell morphogenesis and host-parasite interaction.
Previous studies of the trypanosome flagellum have been limited by the inability to
purify flagella without first removing the flagellar membrane. This limitation is
particularly relevant in the context of studying flagellum signaling, as signaling
requires surface-exposed proteins in the flagellar membrane and soluble signaling
proteins in the flagellar matrix. Here we employ a combination of genetic and
mechanical approaches to purify intact flagella from the African trypanosome,
Trypanosoma brucei, in its mammalian-infectious stage. We combined flagellum
purification with affinity-purification of surface-exposed proteins to conduct
independent proteomic analyses of the flagellum surface and matrix fractions. The
proteins identified encompass a broad range of molecular functionalities, including
many predicted to function in signaling. Immunofluorescence and RNA interference
(RNAi) studies demonstrate flagellum localization and function for proteins identified
and provide insight into mechanisms of flagellum attachment and motility. The
flagellum surface proteome includes many T. brucei-specific proteins and is enriched
for proteins upregulated in the mammalian-infectious stage of the parasite life-cycle.
The combined results indicate that the flagellum surface presents a diverse and

dynamic host-parasite interface that is well-suited for host-parasite signaling.
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INTRODUCTION

The eukaryotic flagellum is recognized as a major signaling center that acts as
a cellular antenna to sense and transduce extracellular signals [1-4]. A sensory
function for the flagellum is broadly conserved across diverse taxa [5]. In metazoans,
receptor-guanylate cyclases, ion channels and G protein-coupled receptors (GPCRs) in
the flagellar membrane perceive chemical and mechanical cues that are necessary for
normal development, physiology and reproduction [6-9]. Important examples include
wingless (Wnt) and hedgehog signaling responses in vertebrates [3,10]. In protists,
flagellum-localized ion channels, agglutinins and receptor-kinases control motility,
mating and response to extracellular growth factors [11-13]. Flagella are prominent
among pathogenic protozoa, which cause tremendous human suffering worldwide and
present a barrier to economic development in some of the poorest regions of the
world [14-17]. These include the etiological agents of African sleeping sickness,
leishmaniasis, malaria, epidemic diarrhea and trichomoniasis [14-16,18]. In most
cases these pathogens are obligate parasitic organisms whose survival depends upon
their ability to sense and respond to extracellular cues in diverse host environments.
The flagellum’s motility function in protozoan parasites is self-evident, but its
capacity for sensing and responding to external signals is largely unexplored.

African trypanosomes, e.g. Trypanosoma brucei, are uniflagellated protozoan
parasites that cause African sleeping sickness in humans and related diseases in wild
and domestic animals [19]. T. brucei is transmitted to the bloodstream of a
mammalian host through the bite of a tsetse fly vector. To be successful, T. brucei

must integrate environmental signals that direct parasite movements and
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developmental transformations within specific host compartments [20-22]. For
example, entry into the mammalian bloodstream promotes cellular adaptations that
define the bloodstream-form life cycle stage, including changes in metabolism,
morphology and surface protein composition [23]. Prominent among these is
differentiation of proliferative, ‘long-slender’ forms into cell cycle-arrested, ‘short-
stumpy’ forms that are adapted for survival in the tsetse [23,24]. Parasite-host
signaling is also reported to contribute to invasion of the central nervous system [25].
In the tsetse, bloodstream-forms differentiate into procyclic-forms, which reenter the
cell cycle and establish an infection in the fly midgut. Procyclic-form parasites
undergo a defined series of directional migrations and tissue-specific developmental
transformations, culminating in flagellum attachment to epithelial cells in the tsetse
salivary gland and differentiation into human-infectious forms [26,27]. Except for
surface-exposed carboxylate transporters that participate in stumpy-to-procyclic
differentiation [24], proteins that perceive signals for directing parasite navigation
and tissue-specific development are mostly unknown.

The paradigm of the flagellum as a sensory organelle in other eukaryotes,
together with the observation that the trypanosome flagellum interacts directly with
host tissues [26,28], has fueled the hypothesis that the parasite flagellum functions as
a signaling organelle for integrating host-derived and parasite-derived signals [20,22].
In T. brucei, this idea is supported by the finding that specific proteins from cyclic
nucleotide and Ca*" signaling pathways are present in the flagellum [29-34]. The T.
brucei flagellum (Fig. 3-01) is built around a microtubule-based axoneme plus an

extra-axonemal filament, termed the paraflagellar rod (PFR), which runs alongside
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and is attached to the axoneme [15,35]. The axoneme and PFR are ensheathed by a
flagellar membrane whose protein and lipid composition are distinct from the cell
surface membrane [36,37]. The lumen of the flagellum, termed the flagellar matrix,
is contiguous with the cytoplasm, but selective filters at the base of the flagellum
restrict access to the matrix, such that protein composition of the matrix is distinct
from that of the cytoplasm [38]. The flagellum emerges from the cytoplasm at the
cell posterior and is laterally connected to the cell body by cytoskeletal filaments
that connect the axoneme and PFR to subpellicular microtubules in the cell body and
maintain tight apposition of the flagellar and cell surface membranes [39,40]. These
connections form a “flagellum attachment zone” (FAZ) that runs along most of the
length of the flagellum, with a small distal portion of the flagellum extending free of
the cell body. A specialized membrane domain, termed the flagellar pocket,
surrounds the flagellum at the site where it emerges from the cytoplasm at the cell
posterior [39,41,42]. As the sole site of surface protein turnover and macromolecular
uptake in trypanosomes, the flagellar pocket is a key portal for host-parasite
interaction [41,42], yet little is known about its protein and lipid compositions.
Lateral attachment of the flagellum to the cell body poses significant
challenges for isolating intact flagella from T. brucei. Existing procedures employ
detergent-extraction and salt-extraction to isolate the insoluble flagellum skeleton,
which contains the axoneme and PFR, but lacks the membrane and matrix [43-45].
Thus, although several hundred axonemal and PFR proteins have been identified
[31,43,46], the protein compositions of the flagellar membrane and matrix in T.

brucei are largely unknown. This poses a particular limitation for studying flagellum
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signaling, because signaling capacity is dictated by surface-exposed membrane
proteins coupled to soluble components of signaling cascades in the matrix [2].

Here we employ a combined genetic and mechanical approach to isolate intact,
membrane-enclosed flagella from T. brucei in its mammalian-infectious stage. We
used flagellum purification, combined with affinity purification of surface-exposed
proteins and multidimensional protein identification technology (MudPIT) to define
the flagellum surface and flagellum matrix proteomes. Immunofluorescence and RNAi
demonstrate flagellum localization and function for proteins identified and provide
insight into mechanisms of flagellum attachment and motility. Our combined studies
indicate that the trypanosome flagellum presents a diverse and dynamic signaling

platform adapted for host-pathogen interaction.
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EXPERIMENTAL PROCEDURES

Cell lines

Bloodstream-form trypanosomes, 221 single marker cell line [47], were used for all
experiments and were cultivated in HMI-9 medium supplemented with 10-15% fetal
bovine serum (Gibco) as described previously [48]. The flal cell line was generated by
transfection with the p2T7-Fla1 plasmid [49] using standard procedures [48]. Selection

for transformants was done using 5ug/ml Phleomycin (InvivoGen).

Surface biotinylation

Cells were washed twice in ice-cold PBS and resuspended in ice-cold PBS + 0.5 mg/ml
sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithiopropionate (Sulfo-NHS-SS-biotin;
Thermo Scientific). After incubation on ice for 10-30 min with gentle agitation,
unreacted Sulfo-NHS-SS-biotin was blocked by addition of Tris to 100 mM final
concentration. Biotinylated cells were washed three times in ice-cold PBS + 100 mM

Tris.

Purification of flagella and flagellar surface proteins

Cells harboring the flal tet-inducible RNAi cassette (density 5x10° cells/ml) were
induced for 18 h with 1 pg/ml tetracycline. From this step onward all procedures
were performed at 4°C unless otherwise stated and all solutions were cooled on ice.

Induced cells were surface biotinylated as described above. Flagella were removed
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from the cell bodies by repeated passage (five times) through a 28G needle. Some
(<1%) of isolated flagella remained motile. The resulting flagella plus cell body
mixture was loaded on a 30% sucrose bed and centrifuged for 10 min at 770g. The
supernatant and interface containing isolated flagella were collected and sucrose
sedimentation was repeated. Purified flagella were collected by a high-speed spin
(15,000g, 1h) and resuspended in 200 pl PBS, containing 2.5 pg/ml Leupeptin and 0.5
pg/ml Pepstatin. Purified, biotinylated flagella were lysed by addition of NP40 to 0.5%
final concentration and incubation on ice for 10 min. Soluble proteins (flagellum
matrix and membrane) were separated from insoluble proteins (flagellum skeleton) by
centrifugation (15,000g, 30min). The resulting soluble flagellar proteins (200 pl) were
incubated with 50l streptavidin beads (Streptavidin Sepharose High Performance, GE
Healthcare) for 30 min with agitation. Proteins bound to streptavidin beads were
separated from the unbound fraction by centrifugation and washed at room
temperature once in buffer A (8M Urea, 200 mM NaCl, 2% SDS, 100 mM Tris, pH 8),
once in buffer B (8M Urea, 1.2 M NaCl, 0.2% SDS, 100 mM Tris, 10% Ethanol, 10%
Isopropanol, pH 8), once in buffer C (8M Urea, 200 mM NaCl, 0.2% SDS, 100 mM Tris,
10% Ethanol, 10% Isopropanol, pH 8) and twice in buffer D (8M Urea, 100 mM Tris, pH
8). All fractions were analyzed by Western blotting using standard protocols (Fig. 3-
03). Antibodies used were anti-BiP 1:10,000 [50], anti-PFR 1:1,000 [45], anti-V5G221
1:10,000 [51], anti-biotin 1:2,000 (Jackson Immunoresearch). Secondary antibodies

were HRP-coupled donkey anti-mouse or donkey anti-rabbit 1:2,500 (Bio-Rad).
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MudPIT analysis

Streptavidin-bound proteins were digested directly on beads by the sequential
addition of lys-C and trypsin proteases [52,53]. Peptide samples were fractionated
online using multidimensional chromatography followed by tandem mass
spectrometric analysis on a LTQ-Orbitrap mass spectrometer (ThermoFisher) as
previously described [53,54]. RawXtract (ver. 1.8) was used to extract peaklist
information from Xcalibur-generated RAW files. Database searching of the MS/MS
spectra was performed using the ProLuCID algorithm (ver 1.0) and a user assembled
database consisting of all protein entries from the TriTrypDB for T. brucei strain 927
(version 2.3, 10533 entries) and seven sequences from T. brucei strain 427: 453391
(Tb-1.7g), 458439 (Tb-24), 18413545 (ESAG4.a from 221 expression site), 18413551
(ESAG4.b from 221 expression site), 189094632 (VSG-221), 18413541 (ESAG7 from 221
expression site), 18413542 (ESAG6 from 221 expression site) [55]. Other database
search parameters included: (1) precursor ion mass tolerance of +/- 20 ppm, (2)
fragment ion mass tolerance of +/- 400 ppm, (3) only peptides with fully tryptic ends
were considered candidate peptides in the search with no consideration for missed
cleavages, and (4) static modification of +57.02156 on cysteine residues. Peptide
identifications were organized and filtered using the DTASelect algorithm which uses
a linear discriminant analysis to identify peptide scoring thresholds that yield a
peptide-level false discovery rate of less than 5% as estimated using a decoy database
approach. Proteins were considered present in the analysis if they were identified by

two or more peptides using the 5% peptide-level false discovery rate [56-58].
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Immunofluorescence microscopy

Cells or isolated flagella were washed once in PBS and fixed by addition of
paraformaldehyde to 0.01% for 5 min on ice. Fixed cells were washed once in PBS and
air-dried onto coverslips. The coverslips were incubated for 10 min in -20°C methanol
and 10 min in -20°C acetone. After a re-hydration step (10-30 min in PBS) the slides
were blocked for 1.5 h in blocking solution (PBS + 5% BSA + 5% Normal donkey serum
(Gibco)). Coverslips were incubated with primary antibodies diluted in blocking
solution for 1.5 h. Antibodies used were anti-biotin 1:2000 (Jackson
ImmunoResearch), anti-BiP 1:10,000 [50], anti-HA.11 1:200-1:1,000 (Covance), anti-
PFR 1:500 [45], anti-tyrosinated tubulin YL1/2 1:500 (Chemicon International). After 3
washes in PBS + 0.05% Tween-20 for 10 min each, samples were stained with
secondary antibodies diluted in blocking solution for 1.5 h (donkey anti-mouse Alexa
Fluor 488, donkey anti-rabbit Alexa Fluor 594, goat anti-rat Alexa Fluor 594 1:500
(Molecular Probes)). Cells were washed three times in PBS + 0.05% Tween-20, once in
PBS and mounted with Vectashield containing DAPI (Vector Laboratories). Flagellar
pocket staining with biotinylated tomato lectin was performed as described [59].
Biotinylated tomato lectin was visualized using streptavidin Alexa Fluor 594 (Molecular
Probes). Images were taken using a 100x objective on a Zeiss Axioskop Il compound
microscope and processed using Axiovision (Zeiss, Inc.) and Adobe Photoshop (Adobe

Systems, Inc.).
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NP40 fractionation of whole cells

Cells were washed once in PBS and lysed in ice-cold PBS + 0.5% NP40 + protease
inhibitors (complete mini, Roche) for 10 min on ice. Lysates were centrifuged for 30
min at 15,000g at 4°C and supernatant and pellet fractions were analyzed by western
blotting using standard procedures. Primary antibodies used were anti-HA.11, anti-BiP
(as described above) and anti-trypanin 1:1,000 [60]. Secondary antibodies were HRP-

coupled donkey anti-mouse or donkey anti-rabbit 1:2,500 (Bio-Rad).

In situ tagging

In situ tagging was carried out as previously described [61] to introduce epitope-
tagged copies of each gene analyzed into the corresponding endogenous chromosomal
locus. In brief, 500-800 bp DNA fragments homologous to the target gene open reading
frame or 3’ UTR were PCR-amplified from genomic DNA and cloned upstream of the
3xHA or downstream of the puromycin resistance marker in pMOTag2H. pMOTag2H is
an in situ tagging plasmid containing a 3xHA epitope tag and a puromycin resistance
marker, adapted from [61]. All sequences were verified by DNA sequencing at the
UCLA Sequencing and Genotyping Core center. The tagging cassettes were excised
from the pMOTag2H vector backbone by restriction digestion, then purified and
transfected into 221 bloodstream-form T. brucei using standard methods [48]. Stable

transformants were selected using 0.1ug/ml puromycin.
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RNAi

The targets for RNAi against FS179 and RSU (FM458) were identified by the Trypanofan
RNAit algorithm [62], then PCR-amplified from genomic DNA using primers listed
below: (restriction enzyme cleavage sites are underlined):

FS179-RNAi-f: 5’ CATAAGCTTTCATTGCGTCATTTTGCCTA 3’

FS179-RNAi-r: 5° CATCTAGAAAGGCTGACGAGATCTTGGA 3’

RSU-RNAi-f: 5 TGTGAAGCAACCCAACACAT 3’

RSU-RNAi-r: 5° GTAATGCGAGAGCGGAGTTC 3’

The resulting DNA fragments for RNAi were ligated into the p2T7-Ti/B-RNAi vector,
which is a tetracycline-controlled expression vector with opposing T7 promoters [49].
Inserts were verified by sequencing at the UCLA genomics center. The p2T7-Ti/B-RNAi
vector containing the FS179 or RSU target sequence was linearized with Notl, ethanol
precipitated and transfected into 221 bloodstream form T. brucei as described above.

Transformants were selected using 5 ug/ml phleomycin.

Imaging and motility traces

FS179 RNAi imaging (Fig.7 a-c): Cells were induced for 48 h with 1 pg/ml tetracycline,
fixed using 4% PFA and mounted with Vectashield containing DAPI (Vector
Laboratories). Images were taken and processed as described above. FM458 RNAi
motility traces (Fig.7 d,e): Cells were induced for 48h with 1 ug/ml tetracycline and
motility traces were obtained for induced and uninduced control cells as described
previously [48]. The movie of the isolated flagellum was recorded and played at 30

frames per second as described previously [48].
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Bioinformatic and protein comparisons

Protein domains were assessed using the SMART database [63]. For homology
searches, we employed eight ciliated (L. major, T. cruzi, P. falciparum, C.
reinhardtii, M. brevicollis, C. elegans, D. melanogaster, H. sapiens) and 4 non-
ciliated (D. discoideum, S. cerevisiae, C. merolae, A. thaliana) eukaryotic species,
including both unicellular and multicellular representatives. Homology searches were
performed using NCBI BLAST with default parameters. Proteins with an expect-value
of <1 x 107" were considered as homologues and identical criteria were applied across
all datasets and comparisons. For T. brucei flagellum skeleton proteomes, we used
the combined, non-overlapping set of proteins identified in three proteomic analyses
of extracted flagellum skeletons from procyclic-form parasites [31,43,46].
Comparison to the C. reinhardtii flagellum proteome was done locally with proteins
downloaded from [64]. For analysis of molecular function (Table 1), the DAVID
Bioinformatics Resource, v6.7 [65,66] was used for functional annotation of proteins
in TbFSP and TbFMP. Proteins were categorized using annotated GO terms for
molecular function [67], using the GOTERM_MF_2 category with a threshold count of 2
and an EASE of 0.1. Expression analysis (Fig.3-10) was done using RNA sequencing

data from [68].
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RESULTS

Purification of intact, membrane-enclosed flagella from T. brucei in its

mammalian-infectious form

The T. brucei flagellum is laterally connected to the cell body along most of its
length by filamentous connectors and tightly apposed membrane-membrane contacts
(40). These connections present significant challenges for isolating intact flagella.
Current approaches employ detergents to remove membranes, together with salt-
extraction to disrupt filamentous connectors, followed by centrifugation to isolate
flagellum skeletons from solubilized material (43-45). Resultant preparations contain
the axoneme and PFR, but are stripped of flagellar membrane and soluble matrix
proteins. To obviate the need for detergent and salt-extraction, and thus retain the
flagellar membrane, we employed tetracycline-inducible RNA interference (RNAi)
against flal to disrupt lateral flagellum attachment to the cell body (49). This allowed
intact flagella to be separated from cell bodies by shearing, without using detergent
(Fig. 3-02). Importantly, some isolated flagella remained motile without addition of
exogenous ATP (Fig. 3-02b), indicating that they retained an intact flagellum
membrane, as well as internal proteins and small molecules necessary for motility.
Flagella were purified from cell bodies by sucrose density sedimentation (Fig. 3-02).
To enable purification of surface-exposed proteins, cells were surface biotinylated
prior to flagellum purification (Fig. 3-02d). Surface-biotinylation was retained in

purified flagella (Fig. 3-02e). The bulbous enlargement at one end of purified flagella
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contains material from the basal body, kinetoplast and flagellar pocket (Fig. 3-02e).
Thus, purified flagella retain an intact membrane that includes flagellar pocket
membrane.

Purified, surface-biotinylated flagella were lysed with non-ionic detergent
(NP40) and lysates were centrifuged to separate the insoluble fraction, containing
flagellum skeleton proteins, from the soluble fraction, containing matrix plus
membrane proteins. Biotinylated proteins in the soluble fraction were purified by
adsorption to streptavidin beads and fractions from the purification were analyzed for
total protein, biotin and specific marker proteins (Fig. 3-03). Purified flagella were
enriched for flagellum markers (PFR) relative to intracellular markers (BiP).
Streptavidin-binding quantitatively purified biotinylated proteins and SYPRO-Ruby
staining revealed unique protein profiles for the streptavidin-bound and unbound
fractions. The bound fraction contained surface proteins (variable surface
glycoprotein, VSG (68)), but not abundant intracellular proteins (Binding Protein, BiP
(50)), or intraflagellar proteins (paraflagellar rod protein, PFR (45)) (Fig. 3-03). These
results support immunofluorescence data (Fig. 3-02d and e) indicating that

biotinylation was specific for surface proteins.

Identification of flagellum surface and matrix proteins by mass spectrometry
Proteins in the streptavidin-bound and unbound fractions were identified by

MudPIT proteomic analysis. In some cases peptide coverage allowed unambiguous

identification of proteins. In other cases, peptides did not distinguish between

proteins with very similar sequences. As such, each proteomic dataset represents a
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maximum number and minimum number of total proteins, with the minimum number
reflecting groups of proteins whose sequences could not be unambiguously
distinguished. From here on, we refer to the minimum number of proteins identified
in each fraction. This analysis identified 158 proteins in the bound fraction, termed
the T. brucei flagellum surface proteome (“TbFSP”, Supplemental Table ST3-01) and
666 proteins in the unbound fraction, termed the T. brucei flagellum matrix proteome
(“TbFMP”; Supplemental Table ST3-03). Proteins in the two datasets encompassed a
broad range of predicted functionalities and both datasets included a large number of
proteins with no annotated molecular function (Table T1). We next employed several
independent analyses to validate the proteomic datasets. Each dataset included
suspected contaminants, e.g. ribosomal proteins. However, to avoid user bias, no
subjective filters were applied to remove these suspected contaminants and analyses
were performed on the unfiltered datasets, i.e. 158 proteins in TbFSP and 666
proteins in TbFMP. We focused on the flagellum surface proteome because the

primary interest was surface-exposed proteins.

Validation of the flagellum surface proteome.

As a first step in assessing the quality of the proteomic datasets, we probed
each dataset for proteins known to localize to specific flagellum compartments (Fig.
3-04). The flagellum surface proteome contained most known flagellum membrane

proteins and was generally devoid of intraflagellar proteins, i.e. flagellum matrix and
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skeleton proteins (Fig. 3-04a, supplemental table ST5 and ST8, ST2). By comparison,
the flagellum matrix proteome contained 7 of 21 known matrix proteins, 9 of 10
known membrane proteins and 62 of 532 flagellum skeleton proteins (Fig. 3-04b,
supplemental table ST8, ST4). We also examined each dataset for predicted
transmembrane (TM) domains, as these are expected to be enriched in the surface
proteome. As expected, proteins with predicted TM domains were enriched in the
surface proteome (51%) compared to the genome as a whole (19%) [70,71], the
flagellum matrix (20%) or the flagellum skeleton (2%) (Fig. 3-05). Proteins with a
predicted signal peptide were also enriched in the flagellum surface proteome (38%)
versus the genome (24%) and the matrix (20%) (ST2 and ST4). By using the minimal
number of proteins identified, our analysis is suspected to underestimate the
enrichment of TM domains and signal peptides in the flagellum surface proteome,
because the genome numbers include redundant and closely related sequences.

We next used epitope-tagging and immunofluorescence microscopy to
determine the subcellular location of ten proteins from the flagellum surface
proteome. All tagged proteins were detergent-soluble (Supplemental Fig. S2 and not
shown), consistent with membrane association. Eight of ten tagged proteins localized
to one or more sub-domains of the flagellum membrane, e.g. along the entire length
of the flagellum, the flagellar pocket or the flagellum attachment zone (Fig.6,
Supplemental Fig. S3 and data not shown). Four of these eight proteins were
exclusively located in the flagellum and/or flagellar pocket, one was distributed
throughout the whole cell surface and three were also observed in intracellular

compartments (summarized in Supplemental Table ST6). In sum, the flagellum surface
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proteome includes most experimentally characterized flagellum membrane proteins,
is largely devoid of intraflagellar proteins and immunolocalization demonstrates
flagellar location for several proteins identified. Thus, the results indicate that the

flagellum surface proteome is enriched for flagellum membrane proteins.

RNAi knockdown reveals flagellar functions for proteins identified

We used tetracycline-inducible RNAi to determine whether loss of a particular
protein impacted flagellum function. In most cases, RNAi directed against proteins in
the flagellum surface proteome did not reveal an obvious phenotype in culture (not
shown). One notable exception was F5179, which encodes a putative calcium channel.
Immunofluorescence showed that FS179 was localized to the flagellum attachment
zone (Fig. 3-06b), suggesting a potential role in flagellum attachment. RNAi
knockdown of FS179 caused the flagellum to become detached from the cell body and
the daughter flagellum was preferentially affected (Fig. 3-07 a-c). This result supports
FS179 localization to the flagellum attachment zone and is consistent with previous
studies suggesting a requirement for Ca*" in flagellum attachment [40]. The flagellar
matrix protein FM458 corresponds to the protein kinase A regulatory subunit (RSU)
[72] and was of interest based on the importance of protein kinase A and cyclic
nucleotide signaling to flagellum function in other organisms [13,73,74]. RNAi
knockdown of FM458 inhibited forward motility, consistent with a role in flagellum
function (Fig. 3-07 d,e). Interestingly, despite motility defects, bloodstream-form
FM458 knockdowns were viable, which contrasts to the lethal phenotype caused by

knockdown of flagellum skeleton proteins [29,43,60].
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Host-parasite signaling capacity of the flagellum surface

Prominent within the flagellum surface proteome were proteins known or
suspected to function in host-parasite interaction and/or signaling (Fig. 3-08). For
example, VSG, MSP-A and GPI-PLC, are characterized surface proteins that function in
antigenic variation and VSG clearance [69,75,76]. Likewise, transferrin receptor and
glucose transporter function in host nutrient uptake [77,78], while adenylate cyclases
and calflagins are predicted to function in host-parasite signaling [30,33,34,79]. In
addition, many uncharacterized flagellum surface (“FS”) proteins have domain
architectures that indicate receptor function, with a large extracellular domain
suitable for binding host ligands connected to an intracellular signaling module, e.g.
kinase domains in FS164, FS190 and FS201. In some cases, extracellular domains
exhibit homology to characterized ligand-binding motifs, such as the periplasmic
binding protein superfamily (receptor-type adenylate cyclases) or EGF-like domain
superfamily involved in protein-protein interaction (FS133) [80,81]. Also well-
represented among uncharacterized proteins are several classes of ion and metabolite
transporters, including ABC-transporters (FS166), P-type ATPase pumps (FS60, FS80,
FS163, FS188, FS193, FS$198), ion channels (FS179), amino acid transporters (FS group
108 and 121), glucose transporters (FS192) and a group of major facilitator proteins
(FS group 126) related to the PAD surface receptors that perceive extracellular signals
for bloodstream-form to procyclic-form differentiation [24]. In sum, the data indicate
a diverse flagellar surface protein repertoire that is suitable for mediating a broad

range of host-parasite interactions.
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The flagellum surface is enriched for T. brucei-specific proteins

The flagellum surface is postulated to function in detection of extracellular
signals and is therefore anticipated to include cell-specific proteins that
accommodate environments uniquely encountered by T. brucei. The availability of an
independent flagellum surface proteome allowed us to test this idea directly by
examining the phylogenetic distribution of proteins in the flagellum surface and
matrix proteomes (Fig. 3-09, ST1, ST3). As reference organisms, we chose 8 ciliated
(L. major, T. cruzi, P. falciparum, C. reinhardtii, M. brevicollis, C. elegans, D.
melanogaster, H. sapiens) and 4 non-ciliated (D. discoideum, S. cerevisiae, C.
merolae, A. thaliana) eukaryotic species, including both unicellular and multicellular
representatives. Among the 158 flagellum surface proteins, 16% were specific to T.
brucei. By comparison, 5% of matrix proteins and 1% of flagellum skeleton proteins

were T. brucei-specific.

Conserved flagellum surface proteins are not biased toward flagellated organisms
Proteins required for flagellum structure and motility are broadly conserved
among organisms with flagella, but are generally absent in organisms that lack
flagella [82-84]. To determine if the same bias applied to flagellum surface and
matrix proteins, we examined the phylogenetic distribution of ‘conserved’ proteins in
each dataset, i.e. proteins that were encoded in the genome of at least one non-
kinetoplastid organism (Fig. 3-09). As expected [82-84], a large fraction (42%) of

conserved flagellum skeleton proteins were restricted to organisms with flagella. In
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contrast, only 3% of conserved flagellum surface proteins and 7% of conserved

flagellum matrix proteins were restricted to organisms with flagella.
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DISCUSSION

Flagellum purification

The T. brucei flagellum is an essential and multifunctional organelle that is required
for cell motility and cell morphogenesis and is postulated to function in immune
evasion and host-parasite signaling [15,20,35,85-87]. Previous studies of the T. brucei
flagellum have been limited by the inability to purify intact, membrane-enclosed
flagella. Here we combine genetic manipulation and mechanical force to isolate
intact flagella from mammalian-infectious T. brucei. The quality of the preparation is
evidenced by motility of flagella separated from cell bodies, combined with
biochemical and microscopic analysis of purified flagella. The flagellum preparation is
further validated by independent analyses showing flagellum localization and/or
function for several proteins identified in the purified sample. The availability of
intact flagellum preparations opens new opportunities for studying unique and
conserved features of T. brucei flagella. In other organisms, the ability to purify
intact flagella has been critical for advancing studies of flagellum biology, including
the recent resurgence in awareness of the important roles played by flagella in human
health and disease [7,64,88]. Development of a method for flagellum isolation from T.
brucei is anticipated to advance efforts to understand flagellum biology in these
pathogens and will expand the utility of trypanosomes as an experimental system for

studying flagellum biology.
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Identification of flagellum surface and flagellum matrix proteins

We took advantage of our flagellum purification to conduct a proteomic
analysis of surface-exposed flagellum membrane proteins and soluble flagellum matrix
proteins. We identified 158 and 666 proteins in the flagellum surface and matrix
fractions, respectively, with 87 proteins common between the two datasets. The
combined surface and matrix proteomes include 165 proteins for which homologs
were identified in a proteomic analysis of intact flagella from C. reinhardtii [64]
(supplemental table ST7). Gene ontology annotation indicates that proteins identified
in the T. brucei surface and matrix fractions encompass a wide range of
functionalities (Table 1). A notable feature of each dataset was the large number of
proteins, 52% of the surface and 52% of the matrix proteome, for which gene ontology
analyses did not reveal predicted functionality.. Previously, pioneering proteomic
studies of detergent-extracted flagellum skeletons from procyclic T. brucei provided
important insights into flagellum biology [31,43,46]. Novelty of the membrane and
matrix proteomes identified in the current study is illustrated by comparison with
these previous analyses. There is minimal overlap among the proteomes, with 91% of
proteins identified in the surface and matrix proteomes being unique to the current
analysis. The combined studies make T. brucei one of few organisms for which
analysis of the entire flagellum, i.e. membrane, matrix and skeleton, is available and,
to our knowledge, provides the first example where an independent analysis of
surface-exposed flagellar proteins is available.

Analysis of the surface dataset is particularly interesting, as it shows

enrichment for transmembrane proteins, including several predicted transporters and
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proteins predicted to initiate host-parasite signaling (see below). The nhumber and
predicted functionalities of proteins identified in the flagellum surface fraction
indicate that T. brucei surface protein diversity is greater than might be inferred from
the relatively few previously characterized surface proteins [89]. The surface dataset
has relevance from a therapeutic standpoint because the identified proteins are

accessible to small molecules added to live, mammalian-infectious parasites.

Signaling capacity of the trypanosome flagellum

The trypanosome flagellum has been hypothesized to participate in host-
parasite signaling, but proteins responsible for detection and transduction of
extracellular signals are mostly unknown. Previously, only a handful of flagellar
membrane (including the flagellar pocket) and matrix proteins have been identified in
T. brucei [24,30,33,34,75,90-97]. In other organisms, flagellum-dependent signaling is
dominated by three signal transduction pathways: cyclic nucleotide signaling, Ca®*
signaling and phosphorylation cascades initiated by receptor-kinases on the flagellar
membrane [2,8]. The T. brucei flagellum surface proteome is replete with proteins
capable of initiating signal transduction in each of these signaling pathways (Fig. 3-
08), including receptor kinases, receptor adenylate cyclases [30] and proteins
predicted to function in Ca?* signaling [33,36]. The surface proteome also includes
many proteins predicted to function in transport of solutes across the cell membrane
(Table 1). The combined data indicate a diverse flagellar surface protein repertoire

suitable for mediating a broad range of signaling functions, thus providing molecular
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support for the hypothesis that the flagellum membrane is an important host-parasite
signaling interface.

A role for the T. brucei flagellum as a signaling platform is supported by
previous work that identified downstream targets of cyclic nucleotide, Ca*" and
phospho-signaling pathways anchored to the T. brucei flagellum skeleton (Fig. 3-08)
[29,31,32,43]. The flagellar matrix fraction included many of these effectors, as well
as several other candidate signaling proteins (Supplemental Table ST3) (Fig. 3-08). A
major effector of cyclic nucleotide signaling that was not identified in previous
studies of the T. brucei flagellum is the protein kinase A regulatory subunit (“RSU”),
which binds cyclic nucleotide [72]. RSU mediates cyclic nucleotide signaling in diverse
organisms [98,99], although a function has not been defined for this protein in T.
brucei. We identified RSU in the flagellum matrix fraction (Supplemental Table S3).
Absence of RSU from detergent-extracted flagellum preparations [31,43,46] indicates
it is not stably associated with the axoneme or PFR. To test for a requirement of RSU
in flagellum function, we used RNAi. RSU knockdown inhibited motility of
bloodstream-form cells (Fig. 3-07 d,e). The motility defect caused by RSU knockdown
supports the identification of RSU in the flagellum matrix and provides experimental

evidence for cyclic nucleotide-dependent signaling in regulating flagellum function.

Functional analysis of flagellum surface proteins provides insight into mechanisms
of flagellum attachment.
One of the most distinctive features of the T. brucei flagellum is lateral

attachment to the cell body, via regularly-spaced, desmosome-like adhesions between
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the flagellar and cell surface membranes [40]. Immunofluorescence revealed that
some proteins in the flagellum surface fraction, e.g. FS179 (Fig. 3-06b) and FS105
(Supplemental Fig. S3), are restricted to the flagellum-cell body interface and do not
extend to the flagellum tip, suggesting a potential role in flagellum attachment. RNAi
knockdown of FS179, which encodes a putative Ca?* channel, caused the flagellum to
become detached from the cell body, with the daughter flagellum being
preferentially affected (Fig. 3-07a-c). The phenotype was ultimately lethal
(Supplemental Fig. S4). FS179 knockdown phenocopies flagellum detachment caused
by treatment of bloodstream trypanosomes with Ca** chelators, as reported by
Vickerman forty years ago [40]. These results indicate a requirement for Ca*" in
establishment of flagellum-cell body adhesion in T. brucei [40] and suggest that F5179
is critical for maintaining Ca** homeostasis at the flagellum-cell body interface. In
other organisms Ca’" is required for homophilic cell-cell adhesion, including fibrous
linkages between the connecting cilium and the periciliary inner segment collar of
mammalian photoreceptors [100]. Defects in these periciliary attachments cause
Usher syndrome in humans [101]. Previous analogies have been drawn between
mammalian Ca?*-dependent cell-cell adhesions and trypanosome flagellum-cell body
adhesions [40]. Our findings support this view at the molecular level. Flagellum
attachment is essential in T. brucei, suggesting that Ca®* channels might be exploited
as targets for therapeutic intervention in trypanosomiases. Indeed, Ca** channels are
major targets of the pharmaceutical industry for treating of a variety of human

diseases [102] and Ca** channel blockers have anti-protozoal activity in vitro [103].
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Matrix-specific proteins include IFT proteins and components of the ubiquitin
conjugating system

Many proteins identified in the flagellum surface fraction were also identified in the
flagellum matrix fraction. This result is expected because biotinylation and avidin
purification are not 100% efficient. On the other hand, the vast majority (87%) of
proteins in the flagellum matrix were exclusive to this fraction. Matrix-specific
proteins include components of the intraflagellar transport (IFT) system that are
required for flagellum assembly and signaling [104,105]. We identified five IFT
complex B proteins, one complex A protein, and the IFT anterograde kinesin motor,
KIF3A (Supplemental Table ST8). Notably, none of the IFT proteins were identified in
the surface fraction, or in previous proteomic analyses of the flagellum skeleton
[31,43,46].

Another interesting group of proteins specifically identified in the matrix
fraction includes components of the ubiquitin conjugating system (Supplemental
Table ST9). Ubiquitination is a post-translational protein modification that has
essential roles in many cellular processes, including cell-cycle control, protein quality
control and signaling [106-108]. A recent study identified a functional ubiquitination
system in the flagellum of C. reinhardtii, where it is postulated to control flagellar
resorption and cAMP-dependent signaling in the flagellum during mating [109].
Several ubiquitinated proteins were identified, including the polycystin 2 cation
channel (CrPKD2) and a cyclic GMP-dependent protein kinase (CrPKG) that both
participate in flagellum signaling during mating [109]. Polyubiquitin was identified in

all three T. brucei flagellum fractions (Supplemental Tables ST9 [31,43,46]),
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indicating ubiquitination of T. brucei flagellar proteins. The identification of an
ubiquitin-activating enzyme and three ubiquitin conjugating enzymes in the flagellum
matrix fraction suggests that ubiquitination might be carried out within the flagellum
itself. While the function of ubiquitination in the T. brucei flagellum remains to be
determined, we postulate that this pathway participates in regulation of flagellum

function as described for C. reinhardtii [109].

The flagellum surface presents a dynamic and cell-specific host-parasite interface
Phylogenetic analysis revealed that 16% of flagellar surface proteins are T.
brucei-specific. By comparison, only 5% of proteins in the flagellar matrix and 1% in
the flagellum skeleton are T. brucei-specific. These results suggest that flagellum
surface proteins must accommodate cell-specific functions, such as perception of
signals specific to the parasite’s extracellular environment. In contrast, composition
of the flagellar matrix and skeleton fractions reflect more broadly conserved
functions, e.g. downstream signal transduction and motility capacity of the organelle.
Trypanosomes infect a broad range of organisms and survival in diverse host
environments necessitates specialized surface proteins for signaling, nutrient
acquisition and protection against host defenses. A cell-specific flagellum surface
proteome would provide an interface that is tailored to meet the demands specifically
imposed on T. brucei in each host. In support of this idea, we found that 21% of
flagellum surface proteins are upregulated by 2-fold or more in the bloodstream life
cycle stage (Fig. 3-10) [68,71]. This is higher than seen for matrix proteins (10%),

flagellum skeleton proteins (3%) or for the genome as a whole (3%) (Fig. 3-10) [68,71].
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Thus, the flagellum surface proteome is a dynamic host-parasite interface that is

particularly subject to life cycle stage-specific regulation.

Conserved flagellum surface proteins are not biased toward flagellated organisms
Comparing the phylogenetic distribution of conserved proteins, i.e. those that
are not kinetoplastid-specific, in each flagellum sub-fraction revealed an interesting
feature of surface and matrix proteins. Namely, conservation of surface and matrix
proteins is not biased toward flagellated organisms. This result contrasts markedly
from what is observed for conserved flagellum skeleton proteins, which are generally
more restricted to flagellated organisms (Fig. 3-09). The bias toward flagellated
organisms reflects the requirement of flagellum skeleton proteins for axoneme
structure and motility, which are unique to organisms with flagella [82-84]. Flagellum
surface and matrix proteins on the other hand, are predicted to be involved in
perception and transduction of extracellular signals, i.e. processes that are not
unique to flagellated organisms. An exception is the group of IFT proteins in the
matrix, which are involved in flagellum assembly but represent a small fraction of
matrix proteins. The combined phylogenetic analyses indicate that protein
composition of the eukaryotic flagellum surface is shaped by selective forces that are
a combination of cell-specific demands, imposed by unique extracellular
environments, and more broadly conserved signaling needs. This finding has practical
implications, as it means comparative genomic approaches, which are useful for
identifying flagellum assembly and motility genes [82-84], are not well-suited for

identification of genes involved in flagellum signaling.
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FIGURES

Fig. 3-01. Flagellum architecture of T. brucei.

a b Membrane

Axonema}é XMatrix
PFR__ 1%

Schematic diagrams showing the T. brucei cell and flagellum (a), together with cross
sectional (b) and cut-away (c) views corresponding to the regions indicated by boxes
in panel a. Relevant structural features are labeled, including the flagellum
membrane, matrix, axoneme and paraflagellar rod (PFR), as well as the flagellum
attachment zone (FAZ), flagellar pocket (FP) and basal body. See text for details.

Figure adapted from reference (104), with permission.
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Fig. 3-02. Purification of flagellum surface and matrix proteins from bloodstream-

form T. brucei.

a

Y

Unbound (U) Bound (B)

MudPIT MudPIT
(TbFMP) (TbFSP)

(a) Schematic diagram illustrating the strategy for flagellum purification and
separation of flagellum surface and matrix proteins. Lateral connections between the
flagellum and cell body were removed by tetracycline-induced (+Tet) RNAi against
Fla1 (49). Induced flal cells were surface biotinylated (flal-induced, surface
biotinylated cells) and flagella were removed from the cell body by mechanical
shearing, then purified by sucrose sedimentation (purified flagella). Purified, surface-
biotinylated flagella were lysed with non-ionic detergent (NP40) and soluble proteins
(S) were separated from insoluble flagellar skeletons (P) by centrifugation. Soluble
proteins were applied to streptavidin beads (avidin chromatography). Proteins in the
streptavidin-bound (B) and streptavidin-unbound (U) fractions were identified using
multidimensional protein identification technology (MudPIT). (b) Time-lapsed image
sequence (from supplemental movie 1, recorded and played at 30 fps), showing that

some flagella continued to beat after detachment from cell bodies (timestamps are
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given in ms). (¢) Phase contrast image of purified flagella (Scale bar 5 pm). (d) Anti-
biotin immunofluorescence (green) of surface-biotinylated RNAi-induced flal cells
showing detached flagella (arrows, scale bar 25 pm). (e) Anti-biotin
immunofluorescence (green) of purified flagella shows surface labeling (inset, bottom
left). The bulbous structure at one end of the flagellum (inset, upper right) includes
material from the flagellar pocket (tomato lectin staining, red), the basal body

(tyrosinated tubulin staining, green) and kinetoplast DNA (DAPI staining, blue).
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Fig. 3-03. Analysis of flagellum
purification fractions.

Proteins from the indicated fractions of the
purification were analyzed by SDS-PAGE and
SYPRO-Ruby staining (top) or Western
blotting (bottom) with antibodies against
intracellular (BiP), flagellar skeleton (PFR)
and cell surface (VSG) markers. Biotinylated
proteins were detected with anti-biotin
antibody. Whole cells (WC), purified flagella
(F), detergent-insoluble flagellum pellets
(P) and the streptavidin-unbound (U) and
bound (B) fractions are as indicated in Fig.
3-02A. Flagellum enrichment is indicated by
the increased ratio of the flagellar marker
PFR to the intracellular marker BiP in the
purified flagellum fraction (F) versus whole

cells (WC). Both PFR and BiP are largely

250kDa—

75kDa—

50kDa—

37kDa—
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115kDa—
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absent from the streptavidin bound fraction (B).
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Fig. 3-04. The flagellum surface proteome contains known flagellum surface

proteins but is generally devoid of intraflagellar proteins.
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Chart shows the percentage of known flagellum membrane, matrix and skeleton
proteins that were (a) identified in the flagellum surface proteome (TbFSP) and (b)
flagellum matrix proteome (TbFMP). Flagellum skeleton proteins are from (31, 43,
46). Known flagellum membrane and matrix proteins are given in supplemental table
ST5 and table ST8, respectively. TbFSP included 9 of 10 (90%) membrane, none of 21
(0%) matrix and 14 of 532 (2.6%) skeleton proteins. TbFMP included 9 of 10 (90%)

membrane, 7 of 21 (33%) matrix and 62 of 532 (11.6%) skeleton proteins.
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Fig. 3-05. The flagellum surface proteome is enriched for transmembrane

proteins.
100 Chart shows the percentage of proteins in the flagellum
. surface (TbFSP), matrix (TbFMP) and skeleton (TbFP)
y (31, 43, 46) proteomes that are predicted to contain
& 50+ transmembrane domains. For comparison, the relative
- number of predicted transmembrane-containing
proteins in the T. brucei genome (70) is shown.
T e a4 < Numbersare80/158, 118/666, 12/532 and 2133/11425
P

for TbFSP, TbFMP, TbFP and genome, respectively.
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Fig. 3-06. Immunofluorescence shows flagellum localization for proteins

identified in the flagellum surface proteome.

PFR

Immunofluorescence analysis of bloodstream-form trypanosomes expressing the
indicated HA-tagged flagellum surface proteins (FS133, FS179, FS33 or FS60). Cells
were co-stained for the HA epitope (green), the paraflagellar rod (PFR, red) or the
flagellar pocket marker tomato lectin (TL, red) as indicated. DNA was visualized with
DAPI. (a) FS133 localizes along the flagellum and in the flagellar pocket (inset,
arrows). (b) FS179 localizes along the flagellum, but does not extend to the flagellum
distal tip, as evidenced by the extension of PFR staining (arrowhead) beyond the end
of FS179 staining (arrow). See inset for merged images. (¢, d) FS33 and FS60 localize
along the entire length of the flagellum. FS60 was also observed in cytoplasmic

puncta (not shown).
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Fig. 03-7. RNAi knockdown indicates flagellum function for FS179 and FM458.

uninduced

uninduced

induced

induced

(a-c) Phase contrast images of tetracycline-inducible FS179 RNAi cells grown in the
absence (a) or presence (b and c) of tetracycline to induce RNAi. FS179 knockdown
causes the daughter flagellum to become detached (arrows in b and c), while the
parental flagellum remains connected to the cell body (arrowheads in b and c). DNA is
visualized with DAPI. (d and e) Motility trace analysis of FM458 RNAi cells grown in the
absence (d) or presence (e) of tetracycline to induce RNAi. Each line traces the path

of a single cell for 2 minutes (Scale bar 50 pm).
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Fig. 03-8. The trypanosome flagellum provides a diverse signaling platform.

¥
Receptor Kinase FS133 Phosphoglycerate Adenylate Calflagin  Ca? channel Ca®ATPase
(FS164, FS190) Kinase cyclase (e.g.FS52)% (FS179) (FS60)%

(FS201) (e.g. FS33)%

Ca?

Extracellular

Diagram shows representative components of signalig pathways identified in the
flagellum surface proteome (black text) and flagellum matrix proteome (green text).
These include receptors and transporters for initiating signal transduction (black text)
and downstream signaling proteins (green text). Predicted domain structures are
indicated for flagellum surface proteins (K: kinase; EGF: epidermal growth factor
domain superfamily; cNMP: cyclic nucleotide binding domain; PGK: phosphoglycerate

kinase domain; PBP: periplasmic binding protein domain; AC: adenylate cyclase
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domain; EF: EF hand calcium-binding domain). Predicted interactions are indicated

with dashed lines. Unknown host factors (orange box) are predicted to engage
signaling pathways, which mediate downstream trypanosome processes (blue box). *

Indicates proteins that have been demonstrated to be flagellar by independent

studies (29-33, 89, 92-94)
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Fig. 3-09. The flagellum surface proteome contains many T. brucei-specific

proteins.

a

TbFSP

cilium
specific

3%

TbFMP

cilium
specific

7%

TbFP

cilium
specific

42%

Pie charts show phylogenetic distribution of proteins in the flagellum surface (TbFSP),

flagellum matrix (TbFPM) or flagellum skeleton (TbFP) proteomes. Percentages are

shown for proteins that are conserved in at least one non-kinetoplastid organism

(gray), or are kinetoplastid-specific (black), or T. brucei-specific (red outline). Bar

charts show the percentage of conserved proteins, i.e. not kinetoplastid-specific, that

are restricted to ciliated organisms.
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Fig. 3-10. Flagellum surface proteins are upregulated in bloodstream-form cells.

30

20-

%

10

TbFSP TbFMP skeleton genome

Chart shows the percentage of proteins in each proteomic dataset that are up-
regulated in bloodstream-form cells (light gray bars) or procyclic-form cells (dark gray
bars) by two-fold or more based on RNA sequencing analysis (67). Proteomic datasets
are for the flagellum surface (TbFSP), the flagellum matrix (TbFMP) and the flagellum

skeleton (TbFP) proteomes (31, 43, 46).
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Table 3-01: Predicted molecular function of proteins identified in TbFSP and
TbFMP. Proteins in the flagellum surface proteome (TbFSP) and flagellum matrix
proteome (TbFMP) were analyzed for predicted molecular function using the

DAVID database for gene ontology and protein domain analysis

Predicted molecular function ThFSP (158) ThFMP {(666)

Cyclase activity 17 0
Lyase activity 18 0
Substrate-specific transporter activity 12 0
Transmembrane transporter activity 15 0
Mucleotide binding 31 117
Oydrolase activity 0 117
Protein binding 0 54
Oxidoreductase activity 0 52
Cofactor binding 0 20
Translation factor activity, nucleic acid binding 0 12
Carboxylic acid binding 0 5
Peroxidase activity 0 4
Carbohydrate binding 0 4
No Annotated Function 83 350
Not in DAVID 22z 46
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PREFACE

The following chapter is a reprint with minor modifications of “Insect stage-specific
receptor adenylate cyclases are localized to distinct subdomains of the Trypanosoma
brucei flagellar membrane” by Saada et al, with permission from Eukaryotic Cell,
2014: (13)1064-1076. Additionally, this publication was spotlight featured by the
editors of the journal as an article of significant interest (doi: 10.1128/EC.00156-14),
due to the identification and initial characterization of procyclic-specific receptor
cyclases. Some of these putative signaling proteins localize to the flagellum tip, and
the results indicate that compartmentalization of cAMP signaling in the ciliary
membrane suggest stage-specific roles, as well as specific subdomain targeting, which

will be explored in Chapters V and VI.
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ABSTRACT

Increasing evidence indicates that the Trypanosoma brucei flagellum (synonymous
with cilium) plays important roles in host-parasite interactions. Several studies have
identified virulence factors and signaling proteins in the flagellar membrane of
bloodstream stage T. brucei, but less is known about flagellar membrane proteins in
procyclic, insect-stage, parasites. Here we report identification of several receptor-
type flagellar adenylate cyclases (ACs) that are specifically upregulated in procyclic
T. brucei. ldentification of insect stage-specific ACs is novel, as previously studied
ACs were constitutively expressed or confined to bloodstream stage parasites. We
show that procyclic-specific ACs are glycosylated, surface-exposed proteins that
dimerize and possess catalytic activity. We used gene-specific tags to examine the
distribution of individual AC isoforms. All ACs examined localized to the flagellum.
Notably however, while some ACs were distributed along the length of the flagellum,
others specifically localized to the flagellum tip. These are the first transmembrane
domain proteins to be localized specifically at the flagellum tip in T. brucei,
emphasizing that the flagellum membrane is organized into specific subdomains.
Deletion analysis reveals that C-terminal sequences are critical for targeting ACs to
the flagellum and sequence comparisons suggest that differential sub-flagellar
localization might be specified by isoform-specific C-termini. Our combined results
suggest insect stage-specific roles for a subset of flagellar adenylate cyclases and
support a microdomain model for flagellar cAMP signaling in T. brucei. In this model

CcAMP production is compartmentalized through differential localization of individual
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ACs, thereby allowing diverse cellular responses to be controlled by a common

signaling molecule.
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INTRODUCTION

African trypanosomes, including Trypanosoma brucei and related species, are
the causative agents of African trypanosomiasis, also known as sleeping sickness in
humans and nagana in animals. Sleeping sickness is recognized as one of the world’s
most neglected diseases and poses a threat to 60 million people living in sub-Saharan
Africa (1). The disease is fatal if left untreated and therapeutic treatments are
antiquated, difficult to administer and increasingly ineffective (2, 3). Due to its
ability to infect livestock, T. brucei also hinders economic growth and agricultural
development and as such represents a significant contributor to poverty in some of
the most impoverished regions of the world (4).

T. brucei is heteroxenous, requiring a tsetse-fly vector and a mammalian host
in order to complete its life-cycle. In both hosts the parasite must sense and respond
to extracellular signals, but very little is known about how trypanosomes accomplish
this. In other eukaryotes, the flagellum (synonymous with cilium) harbors membrane
proteins and signal transduction pathways that mediate cellular responses to changing
extracellular signals (5). In mammals for example, ciliary receptor-guanylate
cyclases, ion channels and G-protein coupled receptors (GPCRs) control development
in response to external signals (5-7). The T. brucei flagellar membrane is a direct
interface with the host and accumulating evidence indicates that flagellar proteins of
these parasites play important roles in mediating interaction with the host
environment (8-15). For example, proteomic analysis of the flagellum in

bloodstream-form T. brucei identified receptor and transporter proteins predicted to
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function in signaling, as well as corresponding effector proteins (9). In addition,
recent forward genetic screens for downstream effectors in quorum sensing and cAMP
signaling pathways in bloodstream-stage T. brucei identified putative flagellar
proteins (16, 17).

Perhaps the best-characterized flagellar protein involved in host-parasite
interaction is “expression site associated gene 4” (ESAG4), a bloodstream-form
specific adenylate cyclase (AC) that is localized along the length of the flagellar
membrane (18). ESAG4 contributes to virulence in mice and upon encountering host
cells is postulated to be activated to drive cAMP production, which in turn inhibits
host TNFo production, thereby resisting the host’s early innate immunity attack (15).
Several other virulence factors are also localized to the T. brucei flagellum, including
GPI-PLC (11) , calflagin (13), and metacaspase 4 (14). The precise role of these
proteins in host interaction is not known, but each is required for full virulence, as
mice infected with corresponding knockout or knockdown parasites show prolonged
survival compared to mice infected with control parasites.

The flagellum is also important for parasite interaction within the tsetse fly
vector. For example, flagellum-dependent motility is required for transmission
through the tsetse fly (19), and parasite attachment to the fly salivary gland
epithelium is mediated by outgrowths of the flagellar membrane (10). Flagellum
attachment is a critical step in the transmission cycle, as it enables the parasite to
establish a permanent infection in the salivary gland and marks the onset of
differentiation into mammalian-infectious forms (20, 21). Little is known about

flagellar membrane and matrix proteins in insect-stage T. brucei (22), but one
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interesting family of proteins is a set of adenylate cyclases encoded by “genes related
to ESAG4” (GRESAG4) (23). T. brucei encodes approximately 65 GRESAG4 proteins
(15), some of which cross-react with anti-ESAG4 antibodies and are localized along
the flagellum in both bloodstream and procyclic (fly midgut stage) cells (18).
Trypanosomal ACs (ESAG4 and GRESAG4s) have a domain structure that differs from
the canonical architecture of mammalian adenylate cyclases. Canonical ACs are
multi-transmembrane pass proteins that have two catalytic domains on a single
polypeptide and lack direct receptor activity, relying instead on upstream G-protein
coupled receptor (GPCR) signaling pathways. Trypanosomal ACs on the other hand
resemble mammalian receptor-guanylate cyclases, having an intracellular catalytic
domain connected by a single transmembrane segment to a large, extracellular,
putative ligand binding domain (23, 24). The trypanosome AC extracellular domain
exhibits homology to bacterial periplasmic binding proteins, which bind small ligands
to direct chemotaxis and other cellular responses in bacteria (25-27). Trypanosomes
have no known GPCRs, and it’s been suggested that trypanosomal ACs function
directly as receptors, similar to the mammalian receptor-guanylate cyclases they
resemble (24, 28).

In vitro differentiation of bloodstream form cells into procyclic cells and
subsequent proliferation is associated with bursts of CAMP production, which suggests
procyclic-specific cCAMP-dependent processes are important for parasite
differentiation (29-31). Trypanosomal adenylate cyclases exhibit sequence diversity
in their extracellular domains, suggesting a mechanism for ligand-specific regulation

of AC activity (24, 32), making these proteins well-suited for directing cAMP signaling
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in response to host-specific signals. To date, however, all GRESAG4 genes studied
have been found to be expressed in both bloodstream-stage and insect-stage cells
(18, 23, 29, 33, 34), raising questions about whether they are responsible for
procyclic-specific regulation of cAMP production. Here we report the identification of
a group of T. brucei adenylate cyclases whose expression is upregulated in procyclic
cells. We show that procyclic-specific ACs are glycosylated, assemble into multimeric
complexes, exhibit catalytic activity, and are localized to the flagellum where they
are surface-exposed. Interestingly, individual ACs are located in distinct subdomains
of the flagellum, indicating specialized functions and trafficking mechanisms. Our
studies provide the first analysis of individual trypanosome adenylate cyclases within
insect-stage cells and support a model for microdomain organization of cCAMP signaling

in the T. brucei flagellum.

MATERIALS AND METHODS

Cell culture and RNAi knockdown.

Procyclic-form cells were used for all experiments and cultured in Cunningham’s SM
medium as previously described (35). Transfections and selection of clonal lines by
limiting dilution were done as described (35). The Fla1 knockdown cell line was
generated by transfection of 2913 cells (36) with the p2T7-Fla1 plasmid, as described
previously (37). For ACP1 knockdown, the RNAI target region, corresponding to 311 bp
of the 3’UTR, was PCR-amplified using the following primers with restriction sites in

italics: ACP1-RNAi-F: ATAAGCTTTCCTTCTGGCTTCGTCACTT, ACP1-RNAi-R:

162



attctagattcatcccggaacaaaactc. Resulting DNA was ligated into the p2T7-Ti-B RNAi
vector (37). Insertion was verified by sequencing by Genewiz, Inc. The p2T7-ACP1-
RNAi vector was linearized with Not1, transfected into 29-13 cells and stable
transfectants were selected wit 10ug/ml phleomycin. Transfected cells were

maintained in selective medium and clonal lines were generated by limiting dilution.

Proteomic identification of flagellar adenylate cyclases.

Procyclic T. brucei Fla1 knockdown cells (37) were induced for 25 hours with 1ug/ml
tetracycline. After addition of 0.2M sucrose to cells at a density of 4 x10° cells/ml,
cells were sonicated for 6 min and spun at 2,000xg for 5 min to pellet cell bodies (P1),
leaving flagella in the supernatant (51). The S1 fraction was spun again at 2,000xg for
5 min to remove debris and then subjected to a high-speed centrifugation at 20,000xg
for 35 min. The pellet (P2) was resuspended in PBS, layered on top of a 13 ml step
gradient of sucrose (10/20/30/40/55/68%), and then centrifuged at 245,000xg for 4
hours at 4°C in a Beckman Optima L-90K ultracentrifuge using a SW 41 rotor. 14
fractions of approximately 1 ml each were collected from the top of the gradient and
spun at 14,000xg for 1 hour at 4°C to concentrate the samples for examination by
phase-contrast microscopy. Flagella were found primarily in fractions 8 and 9,
corresponding to the interface between the 40% and 55% sucrose layers. To solubilize
membranes, this flagellum fraction was incubated for 10 min at RT with 0.1% NP40 in
PBS and then centrifuged at 10,000xg for 10 min to separate the axoneme-containing
pellet (P3) from the supernatant (S3) harboring flagellar membranes and matrix

proteins. Since NP40 can degrade the quality of MS spectra, proteins were
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precipitated from the flagellum (S3) fraction by trichloroacetic acid (TCA)
precipitation, followed by two washes with acetone. Cell bodies (P1) were disrupted
by hypotonic lysis (38), sonicated for 2 min, and incubated for 10 min at RT with 0.1%
NP40 in PBS. Solubilized proteins were precipitated by TCA and washed with acetone.
TCA-precipitated proteins from solubilized flagellum and cell body fractions were
digested by the sequential addition of lys-C and trypsin proteases (39, 40) and
subjected to MudPIT analysis as described previously (9). Proteins were considered
present in the analysis if they were identified by two or more peptides using a 5%
peptide-level false discovery rate (41-43).

The majority of proteins were uniquely identified by specific peptides (unique,
“U”). Proteins identified only by peptides shared with other proteins were assighed
to groups. The set of proteins identified in the cell body fraction was subtracted from
the combined flagellum fractions, yielding a subtracted dataset of 175 proteins
arranged in 157 groups (Supplemental Table 4-01). In situ tagging and
immunofluorescence localization analyses (44) were done for four proteins of the
subtracted dataset. All of these localized to the cytoplasm or cell body surface, but
not the flagellum (not shown), indicating the subtracted dataset contained substantial
cell body contamination and precluding analysis of the dataset as a stand-alone
flagellar proteome. Interestingly however, the subtracted dataset included a group of
six receptor-type adenylate cyclases that were not found in previous analysis of
bloodstream-form flagellar membranes (9) (Table 4-01, Supplemental Table 4-01).

These proteins were selected for further study. Sequence comparisons were done by
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pairwise alignments using VectorNTI’s AlignX module (Invitrogen) with sequences

obtained from the TriTrypDB database [91].

Quantitative real-time PCR.

Cells were harvested at a density of approximately 5x10° cells/ml (PCF) and 1x10°
cells/ml (BSF) . For ACP1-knockdowns, cells were grown with or without tetracycline
at 1 pg/ml for 72 hours prior to harvesting. Total RNA was extracted using Qiagen’s
RNAeasy kit, and quantitative reverse transcriptase -real time PCR (qRT-RTPCR) was
performed as described (45). Gene-specific primer sets were designed using the
Trypanofan RNAit algorithim (46) and NCBI Primer-Blast (47). Primers used were:
ACP1-F: CGTTGACTTCACGGCTTACA, ACP1-R: acatttcgttctcccactge, ACP2-F:
GCCATGTCGTTGATTTCACA, ACP2-R: ccaaccagaccacagacctt, ACP4-F:
AGCTTACGAGGGCTGTGAAA, ACP4-R: aaatacactgccccttgtcg, ACP5-F:
TCTGCTTATGCAGGACGATG, ACP5-R: cctcaaaagtctcgaggtge, FS33-F:
GCGCTAGCATAAGACGTGGT, FS33-R: gaaccgttctcacaccaaca, ISG65-F:
CATGACAGAGGAGTGGCAGA, ISG65-R: catgctcggttgaagcacta. gRT-PCR was conducted
on a DNA Engine Opticon 2 (MJ Research, Bio-Rad) using iQ SYBR Green Supermix (Bio-
Rad) according to the manufacturer’s instructions. All analyses were performed in
technical duplicates on at least two independent RNA preparations and values were
normalized against two stage-independent control genes, TERT and PFR2 (48), using

the 2(-AAC(T)) method (45, 49).

In situ epitope tagging.
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In situ tagging was done by amplifying short (300 to 600bp) fragments of DNA
homologous to the target gene’s open reading frame or 3’UTR and cloning these
upstream of the 3xHA tag, or downstream of the puromycin resistance gene of the
pMOTag2H vector, or the 3xMYC tag and phleomycin resistance gene of pMOTag53M
(44). The primers used, with restriction sites italicized, were: ACP1orfF:
ATGGTACCACATGGCTGCCCGCACAGAG, ACP1orfR: atctcgaggttttcctcctttggggttga,
ACP1utrF: ATGGATCCGGGTCGTAGGCATGCGCCAT, ACP1utrR:
attctagagggggagcaggcgcctcaat, ACP2orfF: ATGGTACCTTGTGAATTGGGTCAGTCGCA,
ACP2orfR: atctcgagttctcgttcgctgcettgt,

ACP2utrF: ATGGATCCCATCAAGAAGGAAACCGAGTA, ACP2utrR:
attctagatgaactaaattgcagtctccca, ACP4orfF:
GATGGTACCTGCGCGGACGGAAAATGTGACGAAC, ACP4orfR:
gatctcgagaaacttatcaaaatccgtggtccgattgggga, ACP4utrF:
GATGGATCCGGGTTTTGGGGGGTTAATGGCACAA, ACP4utrR:
gattctagaatttcaccgccggagacgttgttga

ACP5orfF: ATGGTACCATGGCTGCGGGACGGAGAG, ACP5orfR:
atctcgagccgctgegetteggggttte, ACP5utrF:ATGGATCCAAACCACTCCACGAACTAATGAC,
ACP5utrR: attctagagaaggagtgttccctgcgataa. For ACP1 and ACP2 truncations, the
following primers for amplification of the ORF were designed to eliminate the final 45
codons: ACP1AC45F: ATATGGTACCAGGGTTACGACTACTATGGTCA, ACP1AC45R
atatctcgaaacgacgtgtcccacttttg, ACP2AC46F:
ATGGTACCCCGTCAATGAGCTTCAGAGACCCTAGCGAAGGAAAACTC, ACP2AC46R:

atctcgagcatatgaacgacatggcccacttttgttgctatacgccgcataac. All sequences were verified
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by direct sequencing at the UCLA Sequencing and Genotyping Core Center. Tagging
cassettes were excised by restriction digestion, purified, and transfected into 2913
cells. Transfected cells were maintained in selective medium and clonal lines were

generated by limiting dilution.

Southern Blots.

Genomic DNA was isolated using a PureLink Genomic DNA kit (Invitrogen) according to
manufacturer’s instructions. Restriction enzyme digestions (New England Biolabs)
were done for eight hours, and samples were then separated on a 0.8% agarose gel.
Gels were treated for fifteen minutes each in depurination buffer (0.25M HCI),
denaturation buffer (0.5M NaOH, 1.0M NaCL), and neutralization buffer (1 M Tris-HCL
[pH 7.5], 3M NaCl), and rinsed in distilled water. DNA was transferred to Hybond-XL
membrane (GE Healthcare) using capillary transfer overnight in SSC buffer (3M NacCl,
300 mM Na3;C¢Hs07). The membrane was cross-linked using 1500J on a UV Stratalinker
(Stratagene). Digoxigenin-probes were PCR-generated using the following primers:
PuroProbe_F: CACCGAGCTGCAAGAACT, PuroProbe_R: ctcgtagaaggggaggttg,
ACP1_probeF: ATTCTAGAGGGGGAGCAGGCGCCTCAAT, ACP1_probeR:
atggatccggtcgtaggcatgcgecat. Hybridization, washes and detection were done
according to manufacturer’s instructions using Roche’s DIG EasyHyb buffer, CDP-Star

substrate, and PCR DIG-probe synthesis kit (Roche, Inc.).

Cell fractionation and immunoblotting.
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To assay for association with detergent-resistant membranes (Figure 4-03A), cells
were washed once in PBS and lysed at either 4°C or 37°C in PBS with 1% Triton-X100
and protease inhibitors (SigmaFAST cocktail, Sigma Aldrich) as described (50)).
Lysates were centrifuged for 20 min at 15,000g at either 4 °C or room temperature to
separate solubilized proteins (S) from the insoluble pellet (P) fraction.

Immunoblotting was done as previously described (45).

Blue Native analysis and de-glycosylation.

Cells were harvested and washed in PBS, then resuspended into PEME buffer (100mM
PIPES, 1mM MgS04, 0.1mM EDTA, 2mM EGTA, pH 6.9) with 1% NP40 and protease
inhibitors (SigmaFAST cocktail, Sigma Aldrich). Following a 10-minute incubation at
room temperature, lysates were spun for 15 minutes at 13K rpm at 4 °C.
Supernatants were transferred to new tubes and spun again for 10 minutes to clear
debris, and the resultant soluble fractions were used. For Blue-Native analysis,
NativePAGE sample buffer and 5% G-250 sample additive (Invitrogen) were added, and
samples were run on a NativeMARK 4-16% Bis-Tris native gel and transferred to a
polyvinylidene difluoride (PVDF) membrane per manufacturer’s suggested protocols
(Invitrogen), followed by immunoblotting. For deglycosylation, the soluble fraction
was denatured and treated with PNGaseF (New England Biolabs) for one hour at 37°C
using the manufacturer’s suggested protocols, followed by SDS-PAGE and

immunoblotting.

Immunoprecipitation.
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Cells were harvested and washed in PBS, then lysed in IP buffer (150 mM NaCl, 50mM
HEPES, 5mM EDTA, 5mM EGTA, 1% NP40, 10% glycerol, and 1xSigmaFAST protease
inhibitors). After 10 minutes on ice, lysates were centrifuged at 4°C for 30mins to
remove insoluble material. A fraction of the soluble fraction was retained, and the
rest was added to EZview red anti-HA affinity matrix (Sigma Aldrich) and incubated
for approximately 3.5 hours at 4°C on a nutator. Beads were collected by
centrifugation and washed several times in IP buffer. Input, unbound and bead
fractions were boiled in sample buffer and analyzed by SDS-PAGE and

immunoblotting.

Surface biotinylation and streptavidin purification.

Surface biotinylation was done as described previously (9). Cells were harvested and
washed in ice-cold PBS then resuspended in 3mls of cold 0.5mg/ml biotin (Pierce
21331) solution, and incubated for 10 minutes on ice. 2M Tris pH 6.8 was added to a
final concentration of 100mM to block unreacted biotin, and incubated on ice for 10
minutes. Cells were pelleted, washed with cold PBS + 100mM Tris and extracted with
1% NP40 in PBS with 100mM Tris and SigmaFast Protease Inhibitors. After a 10-minute
incubation on ice, samples were centrifuged at 14,000 rpm for 10 minutes at 4°C to
pellet insoluble material. A fraction of supernatant was retained (“input”) and the
remainder was transferred to a new tube with 50ul of GE Healthcare Streptavidin
Sepharose High Performance Beads and incubated for one hour at 4°C on a nutator to

allow biotin-strepatavidin binding. Beads were pelleted and washed as described (9),
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then resuspended and boiled in native sample buffer (“bound” samples) for analysis

by immunoblotting.

Yeast Complementation.

For yeast complementation, adenylate cyclase open reading frames were subcloned
into a modified version of the pRS315 Saccharomyces cerevisiae expression vector
(51), pRS315-GPDp-CYCt, which contains a glyceraldehyde 3-phosphte dehydrogenase
(GPD) promoter to allow constitutive high expression, with a cytochrome C isoform 1
(CYC1) terminator. The pRS315-GPDp-CYCt plasmid was kindly provided by Drs.
Giancarlo Costaguta and Gregory Payne (UCLA). The S. cerevisiae wild type adenylate
cyclase (CYR1) coding sequence was amplified from the YCp50-CYR1 plasmid (52) and
full length T. brucei adenylate cyclase coding sequences were amplified from genomic
DNA using the following forward (F) and reverse (R) primers, with restriction sites
italicized: CYR1F: ATATGGATCCATGTCATCAAAACCTGATACTGGTTCG, CYR1R:
atatgtcgactcaagttgataaatcctttgegttc, ACP1F:
ATATACTAGTACTGCGATGAATATGCTTCACTTG, ACP1R:
atatctcgaggtcgacacgaccctcagttttcctcc, ACP2F:
ATATAAGCTTACTAGTATGAATATGCTTCACTTGGACGAC, ACP2R:
atatctcgaggtcgacttattctcgttcgetgettgtg, ACP4F:
ATATACTAGTATGAAAGCACCAGCCTTGC, ACP4R: atatctcgagttaaaacttatcaaaatccgtggtc,
ACP5F: ATATACTAGTATGACCACCACGAAGGCTTCGTGTC, ACP5R:
atataagctttcaccgctgegcttcggggtitc. Amplified coding sequences were cloned into the

pRS315-GPDp-CYCt using the corresponding restriction sites (italicized in primers) and
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the resulting plasmids transformed into the S. cerevisiae cyr1-2 mutant (53) using
standard methods (54). Transformants were selected and maintained on “SD -Leu”
selective media as described (54). Clonal strains were resuspended in PBS at an ODggo
of 1.0 and five-fold serial dilutions were spotted onto YPD-rich media agar plates,

which were incubated at permissive (22°C) or restrictive (35°C) temperatures.

Antibody production.

Anti-ACP1 antibody was generated by Pacific Immunology, Inc. against a synthetic
peptide corresponding to the C-terminal 15 amino acids of ACP1, CAVGERNVSTPKEEN,
which is unique and distinguishes ACP1 from ACP2. Antibodies were raised in New
Zealand white rabbits and ACP1-specific antibodies were affinity-purified by the
vendor using peptide coupled to agarose beads. Antibody specificity was determined
by immunoblotting with total protein extracts from ACP1 RNAi knockdown cells grown
with or without tetracycline. For PFR antibodies, a fragment encoding the N-terminal
328 amino acids of PFR2 (NCBI#XP_847327.1) was amplified from genomic DNA and
expressed using the pETDuet-1 system (Novagen). Recombinant protein was purified
using the manufacturer’s suggested protocols, and used to raise polyclonal antibodies

in rabbits by Pacific Immunology, Inc.

Immunofluorescence microscopy.
Immunofluorescence on whole cells was done as described previously (9). Monoclonal
anti-HA antibody HA.11 (Covance) was used at a 1:250 dilution and detected using

donkey anti-mouse secondary coupled to AlexaFluor488 (Molecular Probes) at 1:750.
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Polyclonal PFR anti-sera was used at a 1:1250 dilution, polyclonal affinity-purified

anti-ACP1 antibodies were used at 1:500, and both were detected using donkey anti-
rabbit antibody coupled to either AlexaFluor 488 or 597 (Molecular Probes) at 1:750.
Coverslips were mounted in VectaShield mounting medium with DAPI. Samples were

imaged on a Zeiss Axioskop Il (Zeiss, Inc.).
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RESULTS

Identification of procyclic stage-specific adenylate cyclases.
We previously reported isolation of intact flagella and proteomic analysis of flagellar
membrane and matrix proteins from bloodstream form (BSF) T. brucei (9). We
attempted a similar analysis using procyclic culture form (PCF) T. brucei,
corresponding to insect midgut stage parasites, but our analyses indicated a high level
of contamination by cellular proteins, likely owing to the use of sonication to remove
flagella from cell bodies (methods). Among the proteins identified, however, were a
group of receptor-type adenylate cyclases that were not detected in BSF flagellum
preparations (Table 4-01). These adenylate cyclases are part of a previously
described family of “genes related to ESAG-4” (GRESAG4), based on their sequence
similarity to the expression site associated gene 4 (ESAG4) (23). ESAG4 is expressed
only in BSF parasites, while previously examined GRESAG4 genes were found to be
constitutively expressed in both BSF and PCF parasites (18, 23, 29, 33, 34). We were
therefore surprised to uncover a group of GRESAG4s that were detected only in
procyclic flagella and we investigated these further. We termed these proteins ACP1
through 6, to reflect the fact that they were found in procyclic, but not bloodstream,
proteomic analyses.

The T. brucei genome includes approximately 65 GRESAG4 genes, each having a
large extracellular domain at the N-terminus, followed by a single transmembrane
region and a cytoplasmic catalytic domain (15). The catalytic domain is followed by a

short C-terminal region of approximately 150-175 amino acids. Sequence
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relationships among trypanosomal ACs, including ACP1-6, have been described
previously (15, 55). Amino acid sequence diversity among ACP1 - 6 is highest within
the N-terminal and C-terminal regions (Figure 4-01B). Pairwise alignments revealed
that ACP1 and 2 are approximately 90% identical in amino acid sequence throughout
their length, with differences lying primarily within the C-terminus. The other ACs
identified exhibit considerable sequence differences between one another (Figure 4-
01B).

Peptides specific to ACP1 - 6 were not detected in a proteomic analysis of
flagella from bloodstream form cells (9), suggesting these proteins are expressed only
in the procyclic life cycle stage. However, sequence similarities among the AC
protein family make it difficult to unambiguously identify specific isoforms using
proteomics alone. For example, while one or more peptides uniquely mapped to each
of ACP1 and 3 - 6 in the current study (Table 4-01), the five peptides that mapped to
ACP2 also mapped to ACP1. We therefore used quantitative reverse-transcriptase,
real-time PCR (qRT-PCR) with gene-specific primers to directly determine the
developmental expression profile for ACP1 through 6. We found that ACP1 and 3 - 6
were each expressed primarily in procyclic-form parasites (Figure 4-01C), while ACP2
expression was similar in both life cycle stages. Notably, qRT-PCR also demonstrated
that expression of FS33, an AC identified in BSF flagella (9) but not PCF flagella, was
indeed upregulated in BSF cells (Figure 4-01C). Thus ACP1 and 3-6 show
developmentally-regulated expression distinct from that reported for all other

GRESAG4 genes studied to date.
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In situ epitope tagging enables analysis of individual ACs.

The large size of the AC gene family, together with extensive sequence
homology among individual genes, has complicated efforts to analyze any single AC
gene or protein. Our proteomic analyses identified a small subset of ACs as being
expressed in procyclic cells, thereby allowing prioritization of individual genes for
direct analysis. We focused our studies here on ACP1, 2, 4 and 5, while ACP3 and 6
are the focus of separate work. To study each protein individually, in situ tagging
(44) was used to incorporate an HA epitope tag at the 3’ end of each gene. Western
blot analysis of cell lysates demonstrated a single HA-tagged protein of the expected
size was expressed in each tagged cell line, and Southern blotting demonstrated
integration of the HA epitope tag at the expected locus in each case (Figure 4-02).
Having established gene-specific tags for each AC, we set out to characterize the

individual proteins.

Biochemical analysis reveals that T. brucei ACs are surface-exposed glycoprotein
multimers.

The cellular distribution of adenylate cyclases in procyclic T. brucei has
previously been examined only in conglomerate (18). The availability of gene-specific
epitope tags provided a unique opportunity to monitor the fractionation and
distribution of individual AC proteins. The ACs studied here were identified in
detergent-solubilized cell fractions. To determine whether this represented the

entire cellular pool for each protein, we performed Western blot analysis of
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detergent-soluble and detergent-insoluble fractions. Each AC fractionated exclusively
in detergent-soluble supernatants, consistent with what would be anticipated for
membrane-associated proteins (Figure 4-03A). Some flagellar membrane proteins are
associated with detergent resistant membranes (56). To determine whether this is the
case for ACs, we asked whether solubilization with TritonX-100 at 4°C shifts ACs to
the pellet fraction, as seen for proteins in detergent-resistant membranes, such as
calflagin (56). The AC fractionation patter was unchanged at 4°C and 37°C indicating
they are not associated with detergent-resistant membranes. T. brucei ACs are
predicted to be surface exposed and this has been demonstrated for ESAG4 and FS33
in BSF parasites, as well as for a group of AC proteins in conglomerate in procyclic
cells (9, 18). We asked whether ACP4 and 5 were surface-exposed using surface
biotinylation, followed by affinity purification with streptavidin. Western blot
analysis of bound and unbound fractions demonstrated that each AC eluted with the
bound, i.e. surface-biotinylated, fraction, while the intracellular marker BiP eluted in
the unbound fraction (Fig 4-03B). Therefore, ACP4 and 5 are exposed on the cell-
surface of procyclic-form T. brucei.

The calculated molecular weights of ACP1 and 2 are nearly identical, 137.5 and
137.9 kDa, respectively (Table 4-01). However, Western blots revealed significant
size differences between these proteins (Figure 4-02), suggesting differential post-
translational modifications. Trypanosomal ACs have a receptor-type structure and are
predicted to function in recognition of extracellular ligands. Glycosylation is a
common feature of surface proteins and can be critically important for receptor-

ligand interactions (57). Moreover, there are several putative glycosylation sites
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present in both proteins, and all are predicted to be within the extracellular N-
terminal domains (data not shown). We therefore asked whether glycosylation
accounted for the size difference between ACP1 and 2. To test for glycosylation, we
used digestion with peptide N-glycosidase F (PNGase F), which cleaves N-linked
carbohydrate groups. PNGase F treatment caused a significant reduction in size for
each AC as seen by SDS-PAGE (Figure 4-03C). As a control, the cytoplasmic protein
E1F4Al (58) showed no change in protein size with PNGase F treatment. Therefore,
individual ACs are differentially glycosylated, although some difference in size
remains, suggesting additional modifications may be present.

All characterized nucleotide cyclase catalytic domains operate as dimers,
with catalysis occurring at the dimer interface (59, 60). Unlike conventional
adenylate cyclases, which have two cyclase domains on a single polypeptide,
trypanosomal cyclases have only a single catalytic domain per protein (Figure 4-01A).
In vitro studies with recombinant catalytic domains previously demonstrated that T.
brucei AC catalytic domains require dimerization for catalytic activity (34, 59) but
whether the full-length proteins form dimers in vivo is not known. We therefore
asked whether native T. brucei ACs formed multimeric complexes by examining cell
lysates using Blue Native gels in non-reducing conditions. Western blots of Blue
Native gels showed that each of the ACs examined migrated as multiple species,
ranging in size from approximately 160 kDa to 500 kDa, with the major species in each
case being the larger MW (>300kDa) bands (Figure 4-03D). The size of the smaller
species in each case agrees with the predicted size of the monomeric protein,

~150kDa. Therefore, AC proteins form multimeric complexes under native conditions.
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Multimeric complexes observed by BlueNative gels suggested dimerization, but could
be due to interaction with proteins other than ACs themselves. To test for
dimerization directly, we generated doubly-tagged lines, in which one ACP1 allele is
HA-tagged and the other is MYC-tagged. We also did this for ACP2.
Immunoprecipitation with anti-HA in each case demonstrated that the Myc-tagged
protein co-precipitated with the HA-tagged protein (Figure 4-03E), while singly-tagged
ACP1-Myc was not precipitated with anti-HA antibody (4-03G). Notably, co-
immunoprecipitation was only observed if the HA-tagged and Myc-tagged proteins
were expressed in the same cells. Using a mixture of cells, in which one half
expressed HA-tagged protein and the other half expressed Myc-tagged protein, co-
immunoprecipitation was not observed (Figure 4-03F). Although dimerization is
anticipated, this is the first direct evidence that ACs dimerize in vivo.

To test whether the ACs identified here are catalytically active, we tested
their ability to rescue growth of Saccharomyces cerevisiae mutants that lack a
functional adenylate cyclase. The yeast cyrl-2 strain harbors a temperature-sensitive
mutation that disrupts function of the endogenous adenylate cyclase, CYR1, rendering
cyrl-2 yeast non-viable at the restrictive temperature due to a cAMP deficiency (53).
Expression of T. brucei ACP1, 2, 4 or 5 restored viability of the cyrl-2 mutant at
restrictive temperatures (Figure 4-04). Thus, each of these proteins individually

possesses adenylate cyclase catalytic activity in vivo.

Individual adenylate cyclases are localized to different domains of the flagellar

membrane.
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Subcellular distribution has not been determined for most adenylate cyclases in
T. brucei. Two individual ACs, ESAG4 (18)and FS33 (9) have been shown to localize
along the length of the flagellum in bloodstream form parasites. Immunofluorescence
using pan-specific antibodies showed localization along the length of the flagellum for
a group of GRESAG4 proteins in procyclic form parasites, but individual proteins were
not examined in this life cycle stage and it is not known to which specific GRESAG4
genes the labeling (18). The availability of clonal lines, each having a single, uniquely
epitope-tagged AC protein made it possible to examine the location of each AC
individually by immunofluorescence microscopy. Using immunofluorescence with
anti-HA antibody, we found ACP1, 2, 4 and 5 to be localized exclusively to the
flagellum (Figure 4-05). Notably, the specific distribution within the flagellum was
different for individual ACs. ACP1 and 4 were localized primarily to the distal tip of
the flagellum, whereas ACP2 was evenly distributed along the entire length of the
flagellum. ACP5 was concentrated at the flagellum tip with weaker signal seen along
the flagellum. The tip-specific localization of ACP1 and 4 distinguishes them from
trypanosomal ACs studied previously and is to our knowledge a novel finding for a
transmembrane protein in T. brucei.

Localization of individual trypanosomal ACs to distinct regions indicates that
different structural features must be present to distinguish the tip of the flagellum
from the length of the flagellum in order to enable tip-specific targeting. To assess
when such features are established, we examined AC protein localization as a
function of the cell cycle. Trypanosome cultures grow asynchronously and

morphogenetic markers are available to easily define cell cycle stage for any given
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cell in the population (61). Cells that have completed kinetoplast division but not
mitosis contain two kinetoplasts and a single nucleus (2K1N). These cells possess one
fully formed flagellum and one newly forming flagellum, whose tip connects to the
side of the old flagellum (61). Anti-HA immunofluorescence showed that 2K1N cells
have two spots of fluorescence in cells expressing ACP1-HA or ACP4-HA, one
corresponding to the tip of the old flagellum and one corresponding to the tip of the
newly forming flagellum (Figure 4-06B). Therefore any cellular features required for
flagellum tip-specific localization are established prior to completion of mitosis, while
the nascent flagellum is still growing.

To assess whether the HA epitope tag influenced protein localization, we raised
ACP1-specific antibodies and used these antibodies to determine the location of the
endogenous protein. To test specificity of anti-ACP1 antibody, we generated a gene-
specific RNAi knockdown of ACP1. gRT-PCR demonstrated specific and efficient
knockdown of ACP1 without affecting expression of ACP2 (Figure 4-06A) , which is the
protein most closely related to ACP1. Knockdown of ACP1 did not affect parasite
growth or motility (not shown). Western blots with anti-ACP1 antibodies detected a
single band of the expected size that was lost following induction of RNAi (Figure 4-
06B). Anti-ACP1 antibody failed to detect any signal in lysates from bloodstream-form
parasites, corroborating the gqRT-PCR results demonstrating that ACP1 is a procyclic-
specific protein. These results further demonstrate that the antibody distinguishes
ACP1 from ACP2, as ACP2 expression is unaffected by ACP1 knockdown.
Immunofluorescence with ACP1-specific antibody showed that endogenous ACP1 is

located at the distal tip of the flagellum (Figure 4-06C), as seen for the HA-tagged
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protein, and the tip-signal is lost upon RNAi induction against ACP1. Therefore the
HA-tagged protein (Figure 4-05) correctly reports localization of the endogenous
protein.

Protein targeting to specific subcellular locations requires cis-acting targeting
sequences within the protein. ACP1 and 2 are almost identical in sequence, except for
their C-termini, suggesting that this region is important for specifying flagellar and/or
sub-flagellar localization. We therefore generated epitope-tagged deletion mutants
lacking the C-terminal 45 or 46 amino acids of ACP1 and 2, respectively, to assess the
influence of these amino acids on flagellar localization. In both cases, expression was
reduced and the deletion mutants exhibited a punctate distribution throughout the
cell, but were completely absent from the flagellum (Figure 4-07), demonstrating that

these residues are critical for targeting to the flagellum.
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DISCUSSION

Insect stage-specific adenylate cyclases.

Our studies reveal a new paradigm for trypanosomal ACs through identification
of a group of AC genes upregulated in the procyclic life cycle stage, indicating a
specific role within the tsetse fly. There are approximately 65 chromosome-internal
adenylate cyclase genes in the T. brucei genome (55) but only a few of these have
been studied directly. Among the ACs identified here, ACP4 corresponds to previously
studied GRESAG 4.2/4.3 (33, 55). ACP1 and 2 correspond to two “ESAG4-like” genes
identified as being upregulated in BSF parasites following knockout of ESAG4 (55),
though they were not examined in PCF parasites. ACP3, 5 and 6 do not correspond to
previously studied GRESAG4 genes. Procyclic-specific expression is a novel finding, as
all ACs examined previously have been found to be either BSF-specific, ESAG4 (23, 29)
and FS33 (Figure 4-01) (9), or constitutively expressed, GRESAG4.1, 4.2/4.3 and 4.4
(18, 23, 33, 34). Prior analysis of GRESAG 4.2/4.3, corresponding to ACP4, reported
equal expression in BSF and PCF parasites by Northern blot (23) , while our qRT-PCR
analysis shows six-fold up-regulation of ACP4 in PCF versus BSF parasites. We suspect
that the discrepancy may lie in greater capacity for gene-specific analysis in qRT-PCR.
Additionally, earlier studies may have underestimated potential for cross-reactivity in
Northern blots, because the size and extent of sequence similarity among the
AC/GRESAG gene family was not known.

ESAG4 functions in manipulation of host immune responses to trypanosome

infection (15) and potentially in cytokinesis in bloodstream form parasites (55).
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However, the functions of chromosomal-internal GRESAG4 ACs and the reasons for
expansion of the AC gene family remain unknown. ACP1 and 2 are upregulated in
bloodstream cells following knockout of ESAG4, compensating for loss of ESAG4 (55).
Thus, some ACs may substitute for others under selective pressure. Nonetheless, our
data argue against a strictly redundant role for T. brucei ACs, because we see
developmentally-regulated expression profiles that differ from expression profiles
described for ESAG4 and all other GRESAG4 genes studied to date. Distinct functions
for individual ACs is also supported by sequence diversity among different isoforms
(28) and our finding here that individual isoforms show distinct distributions along the
flagellum

Non-redundant functions for individual ACs in parasite-tsetse interactions are
also consistent with the observation that expansion of the AC gene family varies
among different tsetse-transmitted trypanosomes. T. vivax for example, which
develops only in the fly mouthparts and foregut (62), has 14 AC genes (15). By
comparison, development of T. congolense and T. brucei occurs not only in the
mouthparts and foregut but also the midgut, with T. brucei additionally advancing
through the salivary glands (62). Correspondingly, T. congolense and T. brucei have a
larger cohort of AC genes, with approximately 45 and 65 chromosome-internal AC
genes, respectively (15). Therefore, size of the AC gene family in different African
trypanosomes directly correlates with complexity of the parasite’s developmental
cycle and tissue distribution in the tsetse, consistent with the idea that ACs function

in tsetse-parasite interactions. In vitro differentiation of bloodstream parasites into
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procyclic forms and subsequent proliferation is accompanied by spikes in cellular

CAMP (18, 29) and procyclic-specific ACs provide a potential source for this CAMP.

Functional consequences of tip-localized adenylate cyclases.

Previous studies showed flagellum localization for ACs in procyclic parasites,
but the antibodies could not distinguish between isoforms (18). By using gene-specific
epitope tagging, we were able to determine the unique distribution of individual AC
proteins. Surprisingly, we discovered distinct patterns of localization for different
isoforms. Most notably, ACP1 and 4 were localized to the flagellum tip, which has not
been reported for any previously studied T. brucei AC. Hundreds of T. brucei
flagellar proteins have been described (9, 22, 63). However, aside from ACs reported
here, only three flagellar tip proteins have been identified. These are two axonemal
proteins, kinesin KIF13.2 (64) and FLAM8 (22), and one membrane protein, calpain1.3,
which associates with the membrane via acylation (65). KIF13.2 functions in flagellum
length control, while the functions of calpain1.3 and FLAM8 are not known. Flagellum
tip proteins in other organisms play important functions in cell signaling. Examples
include vertebrate polycystins and Gli proteins that function in Ca™ and hedgehog
signaling, respectively (66-68). Examples in other protists include flagellar tip
agglutinins in Chlamydomonas that mediate cell adhesion events associated with cAMP
signaling and mating (69, 70). Thus, identification of tip-localized ACs that could
modulate cAMP signaling in T. brucei is of great interest.

Unlike mammalian ACs, trypanosomal ACs are postulated to function as

receptors modulating signaling, with specificity conferred by divergent N-terminal

184



ligand binding domains (24, 28). Consistent with this idea, the AC N-terminal domain
shares homology with bacterial periplasmic binding proteins (PBPs) that function in
chemotaxis and signaling through recognition of diverse ligands (Figure 4-01) (25, 71).
A receptor function for trypanosome ACs remains speculative at present, but
demonstration that procyclic-specific ACs dimerize and are catalytically active
supports their function in cAMP production. Differential localization would provide a
mechanism to spatially restrict cAMP output from different AC isoforms, allowing
them to interface with distinct effector proteins. Thus, segregating individual
isoforms to distinct flagellum sub-compartments would allow two different ACs to
initiate specific responses despite using a common output. Such an arrangement
provides support for a micro-domain model for cAMP signaling postulated for T. brucei
and observed in other eukaryotic cells, where close proximity of ACs,
phosphodiesterases and effectors confines cCAMP signaling to distinct foci (72-74).
Importantly, the T. brucei cAMP-specific phosphodiesterase PDEB1 is distributed along
the length of the flagellum (75) and is thus positioned to act as a diffusion barrier,
limiting CAMP to the site of production by differentially localized adenylate cyclases
(74).

Protein localization to the flagellum tip is also interesting in the context of
parasite development because the tip initiates attachment to the fly salivary gland
prior to differentiation into mammalian-infectious metacyclics (20). Reorganization
of cytoskeletal filaments and the flagellum membrane at the site of attachment (76),
as well as subsequent cellular and molecular changes that accompany differentiation

into metacyclics (20, 21), presumably involves signaling events triggered by flagellum
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contact. Consistent with this idea, metacyclogenesis in T. congolense can be
triggered in vitro via flagellum contact with plastic surfaces (77). There is also a
precedent for flagellum-tip attachment triggering cellular differentiation in the
protist Chlamydomonas reinhardtii, whereby, flagellum tip adhesion between two
gametes triggers a CAMP signaling cascade resulting in gamete fusion (69, 70, 78).
Recent ex-vivo reconstruction of the T. brucei mating cycle identified gamete-like
cells that interact via their flagella prior to fusion (79), raising the intriguing
possibility that flagellum-dependent interactions may be part of the T. brucei mating
cycle. The flagellum functions in mechanosensation in other protists (80, 81), and
may therefore function in contact-mediated signaling in T. brucei. Surface-exposed
adenylate cyclases at the tip of the flagellar membrane are ideally positioned to
perceive and transduce responses to flagellum attachment. Tests of this hypothesis
will require tsetse infection experiments using trypanosomes lacking specific ACs.
The insect stage-specific ACs identified here present excellent candidates for testing
this idea and the lack of any growth defect following RNAi knockdown of ACP1
demonstrates that such experiments are now feasible. Apart from host-parasite
interaction, the flagellum tip is also distinguished structurally from the rest of the
flagellum and is the site of flagellar structures important to cell division (82, 83).
Thus, tip-specific ACs are located in a unique region of the cell that plays several

important functions in parasite biology.
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Flagellum tip-targeting signals

The C-terminal 45 and 46 amino acids are required for flagellar targeting of
ACP1 and 2, respectively. Previous work showed that a 21-amino acid fragment near
the C-terminus of calpain 1.3 is required for flagellar targeting (65). We did not
observe any obvious sequence similarities between the C-terminal sequences of ACs
and Calpain 1.3, nor did we identify similarities to published targeting sequences in
flagellar membrane proteins of other organisms (84). Protein localization within
specific flagellum sub-domains is emerging as an important aspect of flagellum
biology (22, 85-87) , but sequences responsible for directing sub-flagellar targeting
are unknown (88, 89). In this regard, ACP1 and 2 in T. brucei offer potential insights,
because they are ~90% identical in amino acid sequence and differences are primarily
restricted to the C-terminal region that is required for flagellum localization. This
region is expected to be intracellular and thus accessible to targeting machinery.
Alignment of the C-terminal 42 amino acids of ACP1 and 2 revealed differences at 31
positions (Figure 4-07). Of these 31 positions, only 5 are conserved between ACP1 and
the other tip-localized AC, ACP4. Therefore, these 5 residues are likely to be
important for specifying sub-compartment localization within the flagellum. Notably,
3 of these 5 residues are conserved in ACP5, consistent with the intermediate, i.e.
“tip-enriched + length”, localization observed for ACP5. The localization of ACP3 and
6 were not determined, but based on sequence conservation within the putative tip-
targeting domain (Figure 4-07), these proteins are likely to be tip-localized, or tip-

enriched.
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The flagellum and cAMP signaling in trypanosomes

Cyclic AMP is important in T. brucei development and pathogenesis (15, 29,
32). ACs are the source of cAMP production and are therefore critical for cAMP
signaling. All of the adenylate cyclases so far studied in T. brucei are concentrated in
the flagellum, which also contains cAMP-specific phosphodiesterases (75)and cAMP
effectors (16). Together, this indicates an important role for the flagellum in T.
brucei cAMP signaling. Future studies aimed at understanding AC function as well as
mechanisms of targeting to the flagellum and specific flagellum sub-compartments
offer opportunities for understanding key aspects of trypanosome biology and host-

parasite interaction.
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FIGURES

Table 4-01. T. brucei adenylate cyclases identified in the present study.
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Figure 4-01. Procyclic-specific receptor adenylate cyclases.
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(A) Schematic shows the general architecture of T. brucei adenylate cyclases,
including a signal peptide (SP), a single pass transmembrane domain (TM) and cyclase
catalytic domain (CYC), followed by a short intracellular C-terminal region. Within the
N-terminal region are one to two domains homologous to periplasmic binding proteins

(PBP) of bacteria. The average sequence identity among ACP1-6 (P1-P6) is shown

above each section. (B) Pairwise amino acid sequence identities within the N-
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terminal, catalytic and C-terminal domains of ACP1-6. (C) Chart shows relative mRNA
abundance in procyclic form (PCF) and bloodstream form (BSF) cells for adenylate
cyclase genes ACP1-6 ( and FS33, as determined by qRT-PCR. ISG65 is a bloodstream
form-enriched gene (90) used as a control. Expression levels for each gene are

normalized to the higher expressing life-cycle stage.
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Figure 4-02. Isoform-specific epitope tagging of trypanosomal adenylate cyclases.
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(A) Western blot analysis of whole cell lysates from 2913 control cells and 2913 cells
in which an HA epitope tag was integrated into the genomic locus of ACP1, 2, 4 or 5.
Blots were probed with anti-HA (top) or anti-tubulin (bottom) antibodies. (B)
Southern blots using genomic DNA prepared from 2913 control cells, or cells with an
HA epitope integrated into the indicated ACP1, 2, 4 or 5 genomic locus. DNA was
digested with the indicated restriction enzymes and blots were probed with probes
specific to the ACP1 3' UTR (3’ UTR) or the coding sequence of the puromycin
resistance gene (Puro). The ACP1 UTR probe hybridizes to two bands in the tagged

line, one corresponding to the untagged allele, which is also observed in 2913 cells,
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and one corresponding to the tagged allele, which is specific to the tagged line. The
puroR probe does not hybridize to control (2913) DNA and hybridizes to a single band
in each tagged line that corresponds to the size expected for integration at the
corresponding locus. (C) Diagrams show restriction maps for the ACP1 locus and the
indicated HA-tagged genes, as determined based on the T. brucei 427 genomic
sequence in the TriTryp genome database (91). Restriction enzymes correspond to
those used for the Southern blots in panel B, and are EcoRV (E), Nde1 (D), Mlu1 (M),
Nco1 (N), Sal1 (S), and BamH1 (B). The green and red bars indicate the position of
probes corresponding to the ACP1 3’UTR (green) and PuroR coding sequence (red),
and the size of restriction fragments recognized by these probes are shown below the

restriction map.
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Figure 4-03. Trypanosomal adenylate cyclases are glycosylated surface proteins

that dimerize.
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(A) Western blot analysis of soluble (S) and insoluble (P) proteins from cells extracted
withTritonX-100 at the indicated temperature (4° or 37°C). Protein samples from
cells expressing the indicated HA-tagged ACP (1, 2, 4 or 5) were probed with

antibodies against HA , calflagin, and tubulin. (B) Cells expressing HA-tagged ACP4 or
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5 were surface-biotinylated and protein extracts harvested as indicated in the
schematic were subjected to Western blot analysis with antibodies against HA or BiP.
(C) Whole cell lysates were prepared from 2913 control cells or cells expressing HA-
tagged ACP1, 2, 4 or 5. Samples were untreated (-) or treated (+) with PNGaseF, then
subjected to Western blot analysis with antibodies against HA or EIF4Al. (D) Whole
cell lysates prepared from 2913 control cells or cells expressing HA-tagged ACP1, 2, 4
or 5 were separated by Blue Native gel electrophoresis then transferred to a PVDF
membrane and probed with anti-HA antibodies. (E) Cells with two tagged alleles of
ACP1 (ACP1-Myc/HA) or two tagged alleles of ACP2 (ACP2-Myc/HA) were used for co-
immunoprecipitation to test for homodimerization. In test samples, one allele of the
indicated AC gene contains an HA-tag and the other allele has a Myc-tag. Samples
were immunoprecipitated with anti-HA antibody and input (I), unbound (U) and bound
(B) fractions were probed in Western blots with anti-HA or anti-Myc antibody. As a
negative control, ACP1-Myc lacks any HA tag and is not precipitated by anti-HA
antibody (panel G). Numbers below each lane indicate the relative number of cell
equivalents analyzed. (F) Cells expressing ACP1-HA were mixed with cells expressing
ACP1-Myc, cells in the mixture were lysed and immunopreciptated using anti-HA
antibody. Input, unbound and bound fractions were probed in Western blots with anti-
HA or anti-Myc antibody. (G) Myc-tagged ACP1 is not precipitated by anti-HA
antibody. Cells expressing Myc-tagged ACP1 were subjected to immunoprecipitation

and analyzed by Western blot as above with anti-HA or anti-Myc antibodies.
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Figure 4-04. Trypanosomal adenylate cyclases are catalytically active.
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The temperature-sensitive Saccharomyces cerevisiae adenylate cyclase mutant (cyrl-
2) was transformed with a yeast expression vector containing either the S.

cerevisiae wild-type adenylate cyclase (CYR1) or the T. brucei adenylate cyclase
genes (TbACP1, 2, 4 or 5). An empty vector was transformed as a control, and yeast

viability was assessed at the permissive (22°C) and restrictive (35°C) temperatures.
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Figure 4-05. Trypanosomal adenylate cyclases localize to flagellum subdomains.
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(A) Trypanosomes expressing the indicated HA-tagged adenylate cyclase were
subjected to immunofluorescence. Cells were stained with anti-HA antibodies (green),
and nuclear and kinetoplast DNA were visualized with DAPI (blue). (B)
Immunofluorescence analysis as in panel A, showing dividing cells. Cells have a single
nucleus and two kinetoplasts, indicating they have not completed mitosis, and possess
a mature flagellum (filled arrowhead) as well as a newly forming daughter flagellum
(unfilled arrowhead). (C) Images show additional examples of immunofluorescence on

trypanosomes expressing the indicated HA-tagged adenylate cyclases.
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Figure 4-06. Endogenous ACP1 localizes to the flagellum tip.
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(A) mRNA levels for ACP1 and 2 were determined by qRT-PCR in ACP1-knockdown cells
grown in the absence (-) or presence (+) of tetracycline (Tet). (B) Total protein
extracts were prepared from bloodstream form cells (BSF) and from procyclic ACP1-
knockdown cells (ACP1-KD) grown without (-) or with (+) Tet, then subjected to
Western blot analysis (Top) using affinity-purified anti-ACP1 antibodies. The bottom
panel shows total protein in the same samples visualized by Coommassie staining of
SDS-PAGE gels. (C) Immunofluorescence of ACP1-knockdown cells grown without or
with tetracycline and probed with affinity-purified anti-ACP1 antibodies. Nuclear and

kinetoplast DNA are stained with DAPI (blue).
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Figure 4-07. C-terminal sequences are required for targeting to the flagellum.
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(A) Western blot analysis of whole cell lysates from cells expressing the indicated HA-
tagged protein. Blots were probed with anti-HA or anti-tubulin antibodies. (B)
Trypanosomes expressing the indicated HA-tagged deletion mutants were subjected to
immunofluorescence. Cells were stained with anti-HA antibodies (green), anti-PFR
antibodies (red). Nuclear and kinetoplast DNA were visualized with DAPI (blue). (C)
(Top) Schematic diagram illustrating amino acid sequence identities between ACP1
and 2, which are nearly identical except for a short region at the C-terminus.
(Bottom) Alignment of the C-termini of ACP1-6. ACP1 residues that differ from ACP2
are boxed and among these, those residues that are conserved between ACP1 and 4

are highlighted in gray.
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PREFACE

The following chapter is a modified version of “Insect stage-specific adenylate
cyclases regulate social motility in African trypanosomes,” by Lopez, Saada, and Hill,
originally published January, 2015 in Eukaryotic Cell (doi:10.1128/EC.00217-14) and

reprinted with permission.

In this work, we utilized a reverse genetic approach to interrogate functions of the
adenylate cyclases identified in Chapter IV, discovering that a subset are involved in
the regulation of social motility through generation of cCAMP. As second author, |
contributed significantly to this work. In addition to assisting in planning and writing
the manuscript, specific experimental contributions included: assisting with the gqRTR
analyses, designing the primers and constructs for the point-mutations, isolating RNA
and performing Northern Blots to assess knockdown levels, and planning, designing,

and co-performing the ELISA analysis.

This work is complemented by functional studies focusing on cAMP-specific

phosphodiesterase B1, (Appendix I).
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SUMMARY

Sophisticated systems for cell-cell communication enable unicellular microbes to act
as multicellular entities, capable of group-level behaviors that are not evident in
individuals. These group behaviors influence microbe physiology and the underlying
signaling pathways are considered potential drug targets in microbial pathogens.
Trypanosoma brucei is a protozoan parasite that causes substantial human suffering
and economic hardship in some of the most impoverished regions of the world. T.
brucei lives on host tissue surfaces during transmission through its tsetse fly vector,
and cultivation on surfaces causes the parasites to assemble into multicellular
communities in which individual cells coordinate their movements in response to
external signals. This behavior is termed “social motility”, based on similarities with
surface-induced social motility in bacteria, and demonstrates that trypanosomes are
capable of group-level behavior. Mechanisms governing T. brucei social motility are
unknown. Here we report that a subset of receptor-type adenylate cyclases (ACs) in
the trypanosome flagellum regulate social motility. RNAi-mediated knockdown of
adenylate cyclase 6 (AC6), or dual knockdown of AC1 and AC2, causes a hypersocial
phenotype but has no discernable effect on individual cells in suspension culture.
Mutation of the AC6 catalytic domain phenocopies AC6 knockdown, demonstrating loss
of adenylate cyclase activity is responsible for the phenotype. Notably, knockdown of
other ACs did not affect social motility, indicating segregation of AC functions. These
studies reveal interesting parallels in systems that control social behavior in
trypanosomes and bacteria, and provide insight into a feature of parasite biology that

may be exploited for novel intervention strategies.
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INTRODUCTION

Trypanosoma brucei and other African trypanosomes are protozoan parasites
that cause sleeping sickness in humans and related wasting diseases in wild and
domestic animals. Sleeping sickness is recognized as one of the world’s most
neglected diseases with approximately 60 million people living at risk of infection,
while livestock infections account for significant economic hardship in some of the
most impoverished regions of the planet (18, 26). Dedicated efforts over the last
decade have reduced the human health burden, but these parasites remain a
continuing threat for re-emergence owing to their capacity for explosive outbreaks
and their historical ability to resist eradication (8, 11). Sleeping sickness is fatal if
untreated, no vaccine exists and current treatment options are toxic, antiquated and
increasingly ineffective (1, 52). Therefore, new perspectives on trypanosome biology,
transmission and pathogenesis are urgently needed to facilitate novel intervention
strategies.

T. brucei is transmitted between mammalian hosts by blood feeding tsetse
flies. Transmission through the fly requires extensive interaction with host tissue
surfaces as parasites move across and through tissues en route from the fly midgut,
through the alimentary tract and mouthparts and then into the salivary gland (56).
Once in the salivary gland, parasites colonize the gland epithelial surface and
complete the final stages of development into mammalian-infectious forms (58).
Thus, as is the case for many microbes (17), T. brucei in its natural habitat lives in

intimate and continuous contact with surfaces.
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Despite the ubiquity of parasite-surface interactions during T. brucei
transmission, studies of these organisms are almost exclusively conducted using
suspension cultures. While such studies have yielded many important insights, they
overlook an important and ubiquitous feature of trypanosome biology. To overcome
this gap in knowledge, we utilized semisolid agarose matrices to assess the influence
of surface cultivation on parasite behavior (38). This led to the surprising discovery
that rather than acting as individuals, surface cultivated procyclic (insect-stage)
trypanosomes assemble into multicellular groups that coordinate their movements
across the surface (38). Initially, parasites collect into small groups and these grow
larger through recruitment of other cells. At the periphery of the inoculation site,
parasites assemble in nodes of high cell density and from there they advance
outward. Movement is polarized such that cells move outward but not laterally,
leading to the formation of thin projections radiating away from the center. When
cells in radial projections encounter a separate group of parasites they halt or divert
their movement to avoid contact, implicating cell-cell signaling in the control of
trypanosome group behavior. We termed this behavior “social motility” (SoMo) based
on features shared with surface-induced social motility in bacteria (17, 20).

As is the case in bacteria (3, 13, 55), social motility in T. brucei requires cell
motility and some ability of cells to sense and respond to external cues (38). Surface-
induced group behaviors such as social motility and biofilm formation have been
extensively studied in bacteria (20, 55), but molecular mechanisms that govern
surface-induced group behavior in trypanosomes are completely unknown. In other

microbes, collective activities of groups of cells are commonly controlled by cyclic
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nucleotides, which function as second messengers and as secreted signaling
molecules. In Dictyostelium discoideum for example, CAMP acts as a chemoattractant
and signaling molecule to direct surface motility of individual cells, enabling them to
assemble into multicellular fruiting bodies (10). In several species of bacteria, cyclic-
di-GMP (c-di-GMP) governs the transition between surface-induced swarming motility
and biofilm formation (32) (5, 22, 30, 51). In this case, decreased intracellular c-di-
GMP promotes swarming, while elevated c-di-GMP inhibits swarming and promotes
biofilm formation (23, 31, 50, 55). In the yeast Candida albicans, cyclic nucleotides
regulate dimorphic transitions connected to surface penetration and pathogenesis
(21).

Cyclic nucleotide synthesis in T. brucei depends on a large family of receptor-
type adenylate cyclases (ACs) that are localized to the flagellum membrane (14, 33,
42, 46). Trypanosomal ACs are distinguished from mammalian ACs in that the
intracellular catalytic domain is directly connected to an extracellular, putative
ligand binding domain on a single polypeptide (42). As such, trypanosome ACs may be
regulated by extracellular ligands directly rather than via upstream GPCRs as
observed for mammalian ACs (42). The canonical T. brucei AC is “expression site-
associated gene 4” (ESAG4), a bloodstream stage-specific AC that modulates the host
immune response to promote parasite survival during infection (49). Aside from
ESAG4, functions for T. brucei ACs are unknown. Notably, several flagellar ACs were
recently identified that are specifically upregulated in procyclic T. brucei (46), the
parasite life cycle stage that undergoes social motility (42). Given the widespread use

of cyclic nucleotides in control of microbial social behavior and the emerging role of
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the eukaryotic flagellum in coordinating cellular responses to external signals (12,

25), we asked whether T. brucei flagellar ACs function in social motility. Here we
report that AC6, a procyclic stage-specific AC (46), is localized to the tip of the
flagellum and regulates social motility. RNAi-mediated knockdown of AC6 causes a
hypersocial phenotype, while knockdown of several other flagellar ACs does not affect
social motility. Importantly, point mutations in the AC6 catalytic domain phenocopy
the knockdown, demonstrating that loss of activity, rather than loss of the protein is
responsible for the phenotype. These studies are, to our knowledge, the first to
demonstrate function for trypanosomal ACs in the insect life cycle stage and extend
the paradigm of cyclic nucleotide control of microbial social behavior to parasitic

protozoa.

MATERIALS AND METHODS

Cell culture and motility assays

Procyclic cells derived from the 2913 cell line (59) were used for all
experiments. Suspension cultures were maintained using Cunningham’s semi-defined
medium (SM) as described previously (39). For RNAi lines, 2.5mg/ml Phleomycin, was
included in the medium for selection of stable transfectants and RNAi was induced by
adding 1mg/ml tetracycline. Lines carrying pMOT vector-based sequences for rescue
and HA-tagging were cultured with 1 pg/ml of puromycin. Motility in suspension

culture was assayed as previously described (39). Social motility assays were done as
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previously described (38). For quantitation, several independent assays were done

and the numbers of projections formed per plate were quantitated.

RNAi and QRT-PCR

RNAi target regions for the ACs were chosen by the Trypanofan RNAit algorithm
(45) and were PCR-amplified using the following primers: AC1&2KD_F:
TTGATGATGATGGTAGCGGA, AC1&2KD_R: ACATACACCGCCTTACTGCC. AC3KD_F:

GACGGTTCTGTCCCTGTTGT, AC3KD_R: TGGCTCTGAACAGTGAATGC.

AC4KD_F: AGCTTACGAGGGCTGTGAAA, AC4KD_R: AAATACACTGCCCCTTGTCG.
AC5KD_F: TCTGCTTATGCAGGACGATG, AC5_R: CCTCAAAAGTCTCGAGGTGC. AC6KD_F:

TGGAGCAGCAAATCTACGTG, AC6_R: TTTTCTCGGCTCTCCACTGT

AC6UKD_F: ATAAGCTTACGGGGTTCCCTCATTTAAC, AC6uKD_R:

ATTCTAGAACAACAACAACCCCCAAAAA, with restriction sites italicized.

Fragments were amplified using genomic DNA from 2913 cells and ligated into the
p2T7Ti-B RNAi plasmid (24). All sequences were verified by direct DNA sequencing.
RNAi vectors were linearized, transfected and selected with antibiotic as previously
described (39). Clonal lines were generated by limiting dilution. Efficacy of
knockdown was assessed via Quantitative reverse-transcriptase real-time PCR (qRT-
PCR) as described (34) at 72 hr post induction. gqRT-PCR results are reported as
arithmetic means (+/- standard deviation) from at least two independent RNA

preparations, each analyzed in duplicate and normalized against the housekeeping
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genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Tb927.6.4280/
Th927.6.4300) and RPS23 (Tb10.70.7020/Tb10.70.7030). Relative gene expression was
determined using the 2**“"method as previously described (19, 27). Primers used for
gRT-PCR::

AC1_F: F- CGTTGACTTCACGGCTTACA, AC1_R: ACATTTCGTTCTCCCACTGC, AC2_F:
GCCATGTCGTTGATTTCACA, AC2_R: CCAACCAGACCACAGACCTT, AC3_F:
ACTGATGGGCGTCTTCACACAA, AC3_R: GGATGCACTTTTCTTGGGCAAC, AC4_F:
CTGCGAGTGCGAGTTGGTGT, AC4_R: ACGTTCTGCGGTGCTGAGTG, AC5_F:
CACATCTCAGCGCCAAAAACTG, AC5_R: TAGACCGCATAATCGCCTCACA, AC6_F:
TGCAGTTAAGGTGGGTCACA, AC6_R: GATCCACCGCAGGATTAGAA, GAPDH_F:
GGCTGATGTCTCTGTGGTGGA, GAPDH_R: GGCTGTCGCTGATGAAGTCG. RPS_F:

AGATTGGCGTTGGAGCGAAA, RPS_R: GACCGAAACCAGAGACCAGCA
Western blots and immunofluorescence

Protein extracts were prepared and analyzed by Western blotting as described
(44). 1x10° cell equivalents per lane were used. Monoclonal mouse anti-HA antibody
from Covance (used at 1:5000) and monoclonal anti-B-tubulin E7 hybridoma
supernatant (used at 1:7000 dilution) were used at as primary antibodies, and
detected by horseradish peroxidase-coupled goat anti-mouse antibodies (BioRad) at a
1:5000 dilution. Immunofluorescence was carried out on whole cells as described
previously (47), with the monoclonal anti-HA antibody HA.11 (Covance) used at 1:250
dilution, and donkey anti-mouse secondary coupled to AlexaFluor488 (Molecular

Probes) used at 1:2,500.
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Generation of AC6-Ri and AC6**-Ri mutant cell lines

AC6-Ri and AC6**-Ri were generated as described (43). To generate the AC6-Ri line, a
426-bp fragment corresponding to the 3’ terminus of the AC6é open reading frame was
cloned immediately upstream of the a/B tubulin intergenic region in the pMOTag
plasmid (41) . A fragment of the AC6 3’UTR was then cloned downstream of the
puromycin resistance gene in this plasmid to generate plasmid “pMOT-AC6WT426’.
Primers used were AC6_ORF_F: ATGGTACCGAGGCATATGTGGCGGATG, AC6_ORF_R:
ATGTCGACCTACTGCTTCCCCTTTTCCT, AC6_UTR_F:
ATGGATCCTAACAGCAGTAGTGAATTGAAG, AC6_UTR_R:

ATTCTAGAACGTGGACTTCACCTTCATC.

Plasmid DNA sequences were confirmed by plasmid sequencing (Genewiz, Inc.)
Tagging cassettes were excised by restriction digest, purified, and transfected into
AC6uUKD cells. Stable transfectants were selected and clonal lines were generated by

limiting dilution.

To generate AC6**-Ri, the 426-bp AC6 fragment in pMOT-AC6WT426 was
replaced with a fragment the terminal 3’ 1332bp of the AC6 ORF, encompassing the
catalytic domain, to generate pMOT-AC6WT1332. The Stratagene Quickchange
mutagenesis Kit (Stratagene, Inc.) was used to mutate coding sequences for conserved
active site residues NMAART (amino acids 1031-1036), that are essential for AC
catalytic activity (4). The NMART sequence was mutated to AAAAAA to generate
plasmid pMOT-AC6**1332. Primers used to amplify the 1332 bp fragment were:

AC6_1332_F: ATGGTACCACGCGCATTAGTGTGTGGTC, AC6_1332_R:
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ATGTCGACCTACTGCTTCCCCTTTTCCT. Site-directed mutagenesis was done using the
Stratagene Quickchange Kit (Agilent), using primers MUT_F:
ggatatgactattacggtcaaacggcagccgeggctgecgecgeggagagcattgcgaa, MUT_R:
ttcgcaatgctctccgeggeggeagecgeggetgecgtttgaccgtaatagtcatatce. Plasmid sequence
verification and generation of stably-transfected clonal lines were done as described

above.

Epitope tagging

Cell lines carrying HA-tagged versions of AC6 and AC6** were generated by in
situ tagging with the pMOTag-HA plasmid, as described (39). The 3’ end of the wild

type AC6 ORF was amplified genomic DNA of 2913 cells using primers:

F- ATGGTACCGAGGCATATTGTGGCGGATG

R- ATCTCGAGCTGCTTCCCCTTTTCCTCC

The AC** catalytic domain mutant fragment was PCR-amplified from the pMOT-

AC6**1332 plasmid using primers:

F- ATGGTACCACGCGCATTAGTGTGTGGTC

R- ATCTCGAGCTGCTTCCCCTTTTCCTCC

Amplified fragments were cloned upstream of the HA tag in pMOTag-HA. All
sequences were confirmed by direct DNA sequencing (GeneWiz, Inc.), tagging
cassettes were excised and used to generate stably-transfected clonal lines as

describe above.
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CAMP ELISA

Total cellular cyclic AMP levels were measured using the cyclic-AMP Direct
ELISA Kit (EnzoLife Sciences) essentially as described previously (60). 4x10” cells were
harvested, washed in PBS, re-suspended into a hypotonic lysis buffer (1 mM Hepes, 1
mM EDTA, 1x SigmaFAST Protease Inhibitors) and left on ice for 10 minutes. Samples
were then passed through a 25+3/8G needle ten times, before the addition of 1M HCL
to give a final concentration of 0.1M HCL. Cells were spun at 14,000xg at 4°C for 10
minutes, and supernatant fractions were saved for analysis. 100ul of supernatant
corresponding to 2.5x10” cells was used per well. The ELISA was done following the
manufacturer’s suggested protocols, and output was read at 405nM and analyzed
using MasterPlex2010 (MiraiBio Group of Hitachi America). A best-fit curve using 5PL
logistics was utilized. All values are averages of independent biological replicates that

were assayed in technical duplicates.
Northern blot

Northern blots were done similar to previously described (29), except that
digoxygenin was used for detection rather than 32P-labeling. A probe unique to the
AC 6 ORF was generated with primers F-TGTGCTTTTGTTTGGTGCTC and R-
AGTAGTTCGGGTCCGTGATG and suspended into DIG-EasyHyb Buffer (Roche). This
corresponds to a 305-bp region that is AC 6 specific according to RNAit (45) and NCBI-
BLAST. Blots were visualized using the DIG Nucleic-Acid Detection Kit (Roche). As a

loading control, total RNA was visualized by UV shadowing (54).

224



RESULTS

A subset of insect-stage specific ACs regulate social motility without impacting

individual cell motility in suspension culture

Cyclic AMP production in T. brucei is catalyzed by a large family of receptor-
type adenylate cyclases (ACs) whose biological functions are mostly unknown (15). We
recently identified a group of 6 ACs in the flagellum of procyclic T. brucei and found
that five of these are specifically upregulated in procyclic stage cells (46). To test
whether any of these ACs function in social motility, we generated gene-specific,
tetracycline-inducible RNAi knockdowns by targeting unique regions of each gene’s
open reading frame. The open reading frames of AC1 and AC2 are 89% identical, with
a single region of high divergence near the 3’ end that distinguishes between the two
genes. We therefore generated a single RNAi construct for simultaneous knockdown of
both AC1 and AC2, allowing us to reserve unique regions for assessing expression of
each gene individually. Quantitative reverse transcription-PCR (qRT-PCR)
demonstrated that the targeted mRNA was significantly reduced following
tetraycycline induction of RNAi. Parasite growth rates in suspension culture were not
affected in any of the AC knockdowns. This differs from bloodstream-form T. brucei,
where knockdown of ESAG4 causes morphological defects and is lethal (49).
Knockdown of AC3, 5 or 6, and dual knockdown of AC1&2, did not impact motility of
individual cells in suspension culture, while AC4 knockdown parasites showed reduced

motility.
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We next examined social motility in each of the AC knockdowns. T. brucei
social motility is characterized by the formation of multicellular communities that
grow through recruitment of nearby cells (35). Collective motility of parasites
outward produces radial projections that radiate away from the site of inoculation
(28, 38). There were no apparent differences in social motility of AC3, 4 or 5
knockdowns compared to wild type (Figure 5-01). However, social motility in the
AC1&2 dual knockdown and the AC6 knockdown differed from that of wild type cells
(Figure 5-01). The general pattern was the same, with projections extending outward
and tending to spiral in a clockwise direction, but the number of projections formed
was greater in the knockdowns and projections were more closely spaced. We termed
this behavior “hypersocial,” by analogy to hyper-swarming observed in bacterial
diguanylate cyclase mutants (31, 32, 55). The hypersocial phenotype of AC1&2 dual
knockdown and ACé6 knockdown cell lines was dependent on tetracycline-induced RNAi

(Figure 5-01).

Restoring AC6 expression in AC6 uKD cells rescues the hypersocial phenotype

Our results implicate a subset of T. brucei ACs in trypanosome social motility.
As AC1 and 2 are 89% identical at the nucleotide level, distinguishing their specific
contributions poses challenges and we therefore focused our analyses on AC6. To
assess the specific role of AC6, we asked whether the hypersocial phenotype could be
rescued by restoring expression of the wild type protein in the knockdown cell line.

To achieve this, we generated a knockdown line targeting the ACé6 3’ UTR, “ACé6-
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uKD”, because this enables one to test for rescue under RNAi-inducing conditions by
expressing an AC6 transgene with an alternate 3’ UTR that is immune to RNAi (34,
43). Tetracycline induction of AC6-uKD cells effectively reduced ACé expression,
without affecting growth or individual cell motility in suspension culture. Expression
of other ACs was unaffected. Importantly, the AC6-uKD phenocopied the open reading
frame knockdown, exhibiting an RNAi-dependent hypersocial phenotype that was
qualitatively and quantitatively indistinguishable from that observed for the open
reading frame knockdown. These results establish a background in which an AC6

transgene can be expressed while the endogenous gene is knocked down.

We next replaced the 3’ UTR of one AC6 allele with the alpha tubulin 3’ UTR.
We refer to this cell line as “AC6-RNAi-immune” (AC6-Ri). Northern blots
demonstrated that AC6 mRNA is upregulated in procyclic cells (Figure 5-02),
consistent with qRT-PCR results (46). A single AC6 mRNA was observed in control and
AC6-uKD cells while AC6-Ri cells expressed two mRNAs, corresponding to endogenous
and RNAi-immune transcripts (Figure 5-02). Abundance of the endogenous transcript
was substantially reduced upon RNAi induction, while the RNAi-immune transcript was
unaffected (Figure 5-02). Thus, AC6-Ri cells maintain ACé expression following
knockdown of the endogenous gene. Growth and individual cell motility in suspension
culture were unaffected in AC6-Ri cells with or without RNAi induction. Maintenance
of AC6 expression under RNAi induced conditions rescued the hyper social phenotype
(Figure 5-0 2), demonstrating that the hyper-social phenotype is a consequence of

ACé6-specific knockdown.
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RNAi alone does not distinguish between phenotypes caused by loss of protein
activity, versus indirect consequences arising from loss of = the target protein (43).
For example, while the ACé6 knockdown phenotype might be a direct result of
impaired cAMP output, it might alternatively be due to changes in potential
interaction partners of ACé6 caused by loss of the protein. To distinguish between
these possibilities, we asked if blocking AC catalytic function without altering protein
levels alters social motility. The T. brucei AC active site contains a highly conserved
NMAART domain that is required for catalytic activity (4). We therefore mutated the
NMAART domain to all alanines to generate a catalytically inactive version, termed
“AC6**” and introduced an RNAi-immune copy of AC6** into the AC6 uKD line. This cell
line is referred to as AC6**-Ri. Following tetracycline induction, endogenous AC6
MRNA levels were substantially reduced while AC6**-Ri mRNA levels were unaffected.
Growth and motility in suspension culture were unaffected in AC6**-Ri cells, but
expression of the AC6** catalytic mutant failed to compensate for loss of endogenous

AC6 (Figure 5-02).

It is possibile that the phenotype of AC6**-Ri mutants might be due to altered
expression levels and/or localization of the mutant protein. To test this, we
compared expression and localization of wild type AC6 to that of AC6**. For this, we
used in situ tagging (41) to place an HA epitope at the C-terminus of the wild type
and mutant proteins. Western blot analysis showed a single band of approximately
equal abundance in AC6-HA and AC6**-HA cells (Figure 5-03). Immunofluorescence
revealed that wild type AC6-HA localized to the flagellum, but interestingly, was

restricted to the flagellar tip (Figure 5-03). Interestingly, tip localization for ACé was

228



predicted previously based on sequences within a C-terminal domain that is required
for flagellum targeting (46). Importantly, the AC6** catalytic mutant gave a flagellum-
tip distribution that was indistinguishable from wild type (Figure 5-03), indicating that
the hyper social phenotype of AC6**-Ri cells is a consequence of lost activity and is

not caused by altered expression or mislocalization.

We next asked whether knockdown of AC6, or expression of AC6** affected
total cellular cAMP levels (Figure 5-04). Although there was a trend toward reduced
total cellular cAMP following RNAi-induction in AC6uKD and AC6**-Ri cells, the
changes were not statistically significant. Given the discrete localization of AC6 to a
tiny subdomain of the parasite surface, and the fact that this is just one of several
ACs expressed in this life cycle stage, it is not surprising that RNAi did not cause gross

perturbation of total cellular cAMP.

DISCUSSION

Recognition of social behavior and cell-cell communication as ubiquitous
properties of bacteria (3, 17) transformed our view of microbiology and microbial
pathogenesis, but protozoan parasites have not generally been considered in this
context. Recently, we showed that the paradigm of microbial social behavior applies
to the protozoan parasite T. brucei when cultivated on surfaces to mimic their natural
environment (38). Here we provide the first molecular dissection of mechanisms
underlying social motility in trypanosomes and our results suggest that cAMP signaling

systems in the flagellum control T. brucei social behavior. As discussed below, our
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studies reveal intriguing parallels in systems used by trypanosomes and bacteria for
controlling surface-induced social behavior. Moreover, by discovering an accessible
readout for receptor-type adenylate cyclase function in T. brucei, our findings
provide a foundation for dissecting structure-function of these enigmatic proteins and

by extension cAMP signaling in trypanosomes.

Several independent analyses point to a specific role for cAMP produced by AC6
in social motility. Firstly, a hypersocial phenotype is observed in two independent AC6
knockdown lines targeting distinct regions of the AC6 mRNA, while expression of other
ACs is unaffected. Secondly, the phenotype is rescued by expression of wild type AC6,
but not by a catalytic domain mutant. Thus, normal social motility depends on AC6

activity and the mutant phenotype is not due to off target effects of knockdown.

CAMP is implicated in the T. brucei transmission cycle as well as pathogenesis,
and elevated cAMP is lethal for bloodstream form cells, making cAMP pathways a
target of drug discovery efforts (7). Pathways of cAMP signaling in these organisms
remain poorly characterized however and lack familiar features found in mammalian
cells (14). One outstanding question is why trypanosomes have so many AC genes, ~75
compared to ~10 in mammals for example (16). Some T. brucei ACs may substitute for
others (48), suggesting some redundancy or overlap in function. However, the
presence of ACs that are specific to different life cycle stages and that exhibit
distinct subcellular localizations (42, 46) argues against strictly redundant functions
for these proteins. The idea of distinct functions for individual ACs is also supported
by the fact that expression of AC1-AC5 is unaltered in AC6 knockdowns but do not

accommodate for loss of AC6. Likewise, normal expression of ACé does not
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accommodate for loss of AC1&2. At least two possibilities may explain the inability of
AC6 to compensate for loss of AC1&2 or vice versa. One possibility is that normal
social motility requires interaction between different AC isoforms, such that each
isoform must be present to form an active complex. It is also possible that rather than
direct interaction, independent signaling through each is required and different

isoforms function as coincidence detection modules.

Simultaneous expression of several ACs in a single cell presents a conundrum if
each AC controls a different pathway, because cAMP output must be segregated to
avoid interference. In mammalian cells this problem is mitigated via a microdomain
model, in which spatial separation of cAMP signaling output enables different ACs to
control distinct cellular responses (2). Such a model has been suggested for T. brucei
(36) and is supported by our results. In this model (Figure 5-05) social motility is
regulated by local levels of intraflagellar cAMP specifically derived from an ACé6-
microdomain at the flagellum tip. When levels are high, social motility is attenuated
and when levels are low, social motility ensues. In wild type cells (Figure 5-05A) AC6
activity is down-regulated in response to a specific signal, e.g. presence of an
inhibitor or loss of an activator, resulting in reduced local cAMP levels and initiation
of social motility. Upon constitutive inactivation of AC6, e.g. through knockdown or
expression of a catalytic mutant (Figure 5-05B), a signal-independent decrease in
local cAMP within the AC6 microdomain results in a precocious, hypersocial
phenotype. A key tenet of this model is that cAMP-specific phosphodiesterase
localized throughout the flagellum provides a diffusion barrier (36, 40) to shield the

ACé6 tip domain from cAMP generated by other flagellar ACs (36, 40). As such, the
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model predicts that if local cAMP levels are constitutively elevated through loss of the
diffusion barrier, social motility would be blocked. In support of this model, in
separate work (Oberholzer and Hill, submitted) we show that genetic or
pharmacological inhibition of flagellum-localized cAMP-specific phosphodiesterase

leads to elevated cAMP and a complete block of social motility (37).

Our findings extend the concept of cyclic nucleotides as regulators of microbial
social behaviors to parasitic protozoa and reveal parallels with c-di-GMP regulation of
bacterial swarming motility. Two specific examples are the SadC/BifA system in
Pseudomonas aeruginosa and the ScrABC system in Vibrio parahaemolyticus (31, 55).
Pseudomonas and Vibrio species undergo surface-dependent swarming motility. In P.
aeruginosa swarming is regulated by the combined activities of SadC , a diguanylate
cyclase (DC) that synthesizes c-di-GMP, and BifA, a phosphodiesterase (PDE) that
specifically degrades c-di-GMP (31). Knockout of the cyclase reduces intracellular c-
di-GMP levels and causes hyper swarming, while knockout of the phosphodiesterases
results in elevated c-di-GMP levels and blocks swarming (31). In V. parahaemolyticus
swarming motility is regulated by the ScrABC system. Here, the ScrC protein is a c-di-
GMP cyclase and phosphodiesterase that is regulated by the periplasmic binding
protein, ScrB (55). The ligand for ScrB is an extracellular “S-signal” that accumulates
in a cell density-dependent fashion and binds ScrB. Once bound to it’s ligand, ScrB
neutralizes the c-di-GMP cyclase activity of ScrC and simultaneously activates its
phosphodiesterase activity. This causes intracellular c-di-GMP levels to drop and
stimulates swarming. At low density, in the absence of S-signal, the cyclase activity of

ScrC predominates, resulting in elevated c-di-GMP and inhibition of swarming. Thus,
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in both bacteria and trypanosomes, the extent of social motility on surfaces is
inversely proportional to levels of intracellular cyclic nucleotide, as controlled by
reciprocal regulation of cyclase and phosphodiesterase activities. In bacteria, an
expanded repertoire of DC genes is common and makes it possible to use c-di-GMP

signaling for responding to a wide variety of signals (46).

In addition to pathway architecture, the domain structure of ScrC in Vibrio is
similar to that of trypanosome ACs, having a surface exposed ligand binding domain
coupled via a transmembrane segment to a cytoplasmic nucleotide cyclase domain
(42, 55). Ligand binding to trypanosome ACs has not been demonstrated, but the AC
extracellular domain bears homology to bacterial periplasmic binding proteins (9),
such as ScrB. Bacterial periplasmic binding proteins bind a variety of small molecule
ligands and control chemotaxis and swarming motility (53, 55), raising the intriguing
possibility that small molecule ligands might control social motility through AC6 in T.
brucei. In bacteria where social motility has been well-studied, this behavior
facilitates rapid colonization of surfaces, antibiotic resistance and efficient use of
nutrients (6, 17, 57). Although the in vivo correlates of social motility in T. brucei are
not yet known, similar activities would be beneficial to parasites in the tsetse fly
(38). More broadly, studies of bacterial surface-associated group behaviors have
provided tremendous insight into signaling mechanisms used by these organisms (3,
55). Likewise, our findings present an important advance by providing the first
demonstrated requirement for ACs in procyclic form parasites and establishing a
foundation for dissecting CAMP signaling systems in these organisms using a readily

accessible in vitro assay.
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FIGURES

Figure 5-01. Social motility is regulated by a subset of procyclic stage-specific

adenylate cyclases.
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Figure 5-01 (A) Gene specific knockdowns targeting the indicated ACs were assayed
for social motility compared to 2913 control cells (ctrl) on plates containing
tetracycline to induce RNAi. (B) Social motility assays are shown for the indicated
knockdowns maintained in the absence or presence of tetracycline (Tet) to induce
RNAi. (C) Quantitation of the number of projections formed for wild type cells (WT)
or the indicated knockdown lines maintained in the absence or presence of
tetracycline. Mean values and standard error are shown. P values for unpaired t-test
are shown. WT -Tet: n=12, +Tet n=7; AC1&2KD -Tet n=24, +Tet n=20; AC6KD -Tet

n=16, +Tet n=23; AC5KD -Tet n=36, +Tet n=36.
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Figure 5-02. Social motility is modulated by AC6 catalytic activity.
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(A) Social motility assays on AC6-UTR-knockdown (AC6 uKD), AC6-RNAi-immune (AC6-
Ri) or the RNAi-immune catalytic domain mutant (AC6**-Ri). Cells were maintained in
the absence or presence of tetracycline (Tet) to induce RNAi. Schematics at the top
of the panel illustrate the region targeted for RNAi. RNAi targets the 3’UTR of the
endogenous ACé6 gene, while transgenes are immune to RNAi owing to presence of an
alternate UTR. (B) Northern blot probed with an ACé6-specific probe (top). RNA was
prepared from bloodstream cells (BSF), procyclic 2913 control cells (PCF), AC6-uKD

cells, AC6-Ri cells or AC6**-Ri cells maintained with or without tet as indicated.
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Position of the endogenous AC6 mRNA (open arrowhead) and transgene mRNA (closed
arrowhead) are indicated. Total RNA was visualized by UV illumination of the blot
(bottom). (C) Quantitation of the number of projections formed for the indicated cell
lines maintained in the absence or presence of tet. Mean values and standard error
are shown. P values for unpaired t-test are shown. AC6uKD -Tet n=90, +Tet n=90; AC6-

Ri -Tet n=34, +Tet n=34; AC6**-Ri -Tet n=30, +Tet n=30.
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Figure 5-03. ACS is localized to the tip of the trypanosome flagellum.
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(A) Western blot of protein extracts from 2913 cells and from cells expressing wild

Tet:

anti HA

anti Tub

type HA-tagged AC6 (AC6HA) or catalytically inactive AC6 (AC6**HA). Blots were
probed with anti-HA antibody, or anti-tubulin antibody as a loading control. (B)
Control cells (2913) or cells expressing HA-tagged wild type (AC6HA) or the catalytic
domain mutant (AC6**HA) were subjected to immunofluorescence with anti-HA

antibody (green) and DAPI (blue). Scale bar is 2 um.
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Figure 5-04. ELISA analysis of total cellular cAMP
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Total cellular cAMP levels were determined for the indicated lines grown in the
absence or presence of tetracycline to induce RNAi as indicated. Error bars indicate

standard deviation.
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Figure 5-05. Model for cAMP microdomain regulation of social motility.
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(A) Schematic model for AC6-dependent control of social motility in wild type cells
(WT) and AC6 knockdown or catalytic mutant cells (AC6(-)). AC6 is one of several ACs
in the trypanosome flagellum. The model posits that ACs recognize different ligands
depending on their divergent extracellular domains and that ligand binding regulates
AC activity. cAMP produced specifically by ACé acts to inhibit social motility and when
ACé6 activity is reduced through ligand-mediated regulation (WT), this results in
reduced cAMP and activation of social motility. Constitutive inactivation of AC6, e.g.
through knockdown or expression of a catalytic mutant (AC6(-)), causes a signal-
independent decrease in local cCAMP, resulting in a precocious, hypersocial phenotype.

(B) Reciprocal relationship between social motility (SoMo) and cAMP concentrations.
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PREFACE

The following chapter describes efforts to understand whether the differential
flagellum localizations of ACs, as characterized in Chapter IV, are functionally
relevant to their regulatory roles in social motility, as described in Chapter V. The
following chapter represents work that, at time of dissertation submission, is a
manuscript in preparation for submission to a journal for peer review and publication.
I am lead author and contributor of the manuscript, and responsible for most
experimental design, generation of all vector constructs and cell lines, and performed
all of the social motility, immunofluorescence, and immunoblot assays, with one
exception. Michelle Shimogawa, the second author, performed the surface
biotinylation assay, as well as provided general technical assistance throughout the

project, and contributed to writing of this manuscript.
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ABSTRACT

Trypanosomes are devastating human and animal pathogens. These protozoan
parasites are known to engage in complex social behaviors, although the underlying
molecular mechanisms are mostly unknown. We recently reported on functional
analyses of cAMP signaling systems within Trypanosoma brucei, revealing that
receptor adenylate cyclases (ACs) cooperate with cAMP-specific phosphodiesterases to
regulate trypanosomal social behaviors. Interestingly, we previously localized several
procyclic-specific ACs to either the flagellum length or flagellum-tip, suggesting
specialization of flagellum membrane subdomains. RNAi studies implicate at least one
flagellar-tip AC as a regulator of T. brucei social motility, indicating flagellum
subdomain-specific cCAMP signaling. Despite the importance of flagellar protein
trafficking, flagellar and subflagellar targeting signals are virtually unknown in any
organism. Here, we investigate whether flagellar subdomain localization impacts AC
function, utilizing protein truncations, chimeras, and point mutants to define flagellar
and flagellar-tip targeting sequences. We identify a 45 amino acid segment within the
AC intracellular domain that is necessary for flagellum membrane targeting and
further define a nine amino acid sequence within this domain that directs targeting to
the flagellar tip. Strikingly, the social motility defect of a flagellum-tip AC mutant can
be rescued by redirecting another AC from its native localization along the flagellum
length to the flagellum tip. This result demonstrates the importance of protein
targeting to specific subdomains within the flagellum, and implicates cAMP signaling

at the flagellum tip as a key regulator of cell-cell communication required for social
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behavior. Our work thus advances understanding of principles that govern protein
targeting to flagellum subdomains and provides insight into T. brucei signaling
mechanisms, both of which are poorly understood but fundamentally important

features of flagellar and trypanosomal biology.
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INTRODUCTION

Trypanosoma brucei is a flagellated protozoan parasite that afflicts humans
and other mammals throughout sub-Saharan Africa. The human disease, African
sleeping sickness, is fatal if untreated, and infection of animals imposes a severe
agricultural burden, making T. brucei a vector-borne parasite of incredible medical
and economic importance. T. brucei alternates between tsetse flies and mammalian
hosts, and therefore must sense and respond to external signals in both organisms.
Within the tsetse, the parasite must undergo an ordered series of directional
migrations from the midgut through the mouthparts and into the salivary glands to
complete development into mammalian-infectious forms (1). Little is known about the
signaling and sensory pathways by which these complicated developmental programs
are accomplished.

The eukaryotic flagellum (also known as cilium) is a major site for perception
of external signals, and serves as a diverse signaling platform. The flagellar
membrane contains transmembrane receptors that function as chemo- and mechano-
sensors (2-4). In mammals, the cilium membrane controls hedgehog and Wnt signaling
and ciliary defects cause a long list of human diseases, including polycystic kidney
disease, obesity and cancer (5-8). T. brucei’s single flagellum is a major feature of
trypanosomal biology, and is a critical host-pathogen interface. In the mammalian
host, T. brucei flagellar membrane proteins modulate infection and virulence (3, 9,
10). In the tsetse fly, the trypanosome flagellar membrane attaches to salivary gland

epithelial cells, enabling the parasite to establish permanent infection and marking
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the onset of parasite differentiation into human-infectious forms (5). Key to the
sensory and signaling roles of the eukaryotic flagellum is the specialized and
regulated targeting of transmembrane receptors to the flagellar membrane, such that
its protein composition is distinct from the rest of the cell surface (11, 12). Despite
advances in identifying flagellar proteins, little is known about targeting signals and
mechanisms for flagellar membrane proteins in any organism. Efforts to study the
sensory role of the T. brucei flagellum have further been hampered by a lack of
specific assays for signaling function.

T. brucei spends most of its life cycle in direct contact with host-tissue
surfaces. This is particularly evident in the tsetse fly, where flagellum interactions
with the salivary gland epithelium are required for parasite development (1, 13). A
recently discovered, and largely unexplored, aspect of trypanosome biology is the
capacity for individual parasites to engage in collective behaviors. As observed in
many other microbes (14), surface exposure induces profound changes in trypanosome
behavior. Individual trypanosomes actively assemble into densely packed
communities, from which millions of cells coordinately emerge and migrate across the
surface in the form of radial projections (15). This process has been termed social
motility (SoMo) due to analogies with similar bacterial behaviors. Parasites must
collectively be able to sense, respond, and communicate to accomplish these
processes. Thus, surface-induced social motility likely reflects distinct features of
parasite behavior occurring in vivo (15, 16), as trypanosomes must colonize and
migrate through several fly tissues. Recent findings support this hypothesis. Work

from the Roditi group has posited that procyclic (insect midgut-stage) parasites can
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be further classified into early and late forms, such that only the early procylics are
SoMo-competent, and represent early stage fly infections (17). Furthermore, the
RFT1-/- mutant line is incapable of engaging in social motility, and shows impaired
colonization of the tsetse fly (18), providing the first link between in vitro social
motility and parasite success in vivo.

We recently reported on the first known signaling pathways regulating social
motility in trypanosomes. Adenylate cyclases (ACs) catalyze cAMP production, and
inhibition of some procyclic-specific ACs by RNAi or mutagenesis results in a hyper-
social phenotype, characterized by a significant increase in the number of outwardly
migrating radial projections (19). Conversely, RNAi or pharmaceutical inhibition of
phosphodiesterase B1 (PDEB1), which degrades cAMP, prevents social motility,
resulting in parasites being unable to form radial projections (20). Utilization of FRET-
based cAMP sensors as well as CAMP analogues indicates that the loss of social motility
is correlated with increases in intracellular cAMP, while in vitro viability, morphology,
and standard propulsive motility are unaffected (20). The discovery that T. brucei
social motility is controlled by cAMP signaling provides a concrete link to social
behaviors in other systems, such as Pseudomonas spp., which have also been shown to
be regulated by cyclic nucleotide levels (21, 22).

Trypanosomal ACs are of particular interest for two major reasons: firstly, they
are the sole source of cCAMP production, which has been linked to viability and
virulence defects in bloodstream forms (10, 23), and now social motility in procyclic
parasites. Secondly, ACs are a vastly expanded gene family in T. brucei, with variable

extracellular N-terminal domains and putative roles as receptors. Many are life-stage
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specific (24, 25). We previously characterized several procyclic-specific ACs,
demonstrating them to be surface-exposed glycoproteins that homo-dimerize and
possess catalytic activity (24). Notably, immunofluorescence analysis revealed that
some ACs were distributed along the flagellum length, while others were restricted to
the flagellum tip, indicating specialization of flagellum membrane subdomains (24).
The recent discovery that only some of the ACs regulate social motility, notably AC6
which localizes to the flagellar tip (19), has generated interest in whether flagellar
subdomain compartmentalization impacts cAMP signaling and output. Therefore,
trypanosomal adenylate cyclases provide an excellent system for uncovering flagellar
and subflagellar targeting signals, as well as determining the impact of flagellar
subdomain localization on cAMP signaling.

Here, we demonstrate that AC flagellar localization impacts social motility in
Trypanosoma brucei, utilizing protein truncations, chimeras, and point mutants. We
report that AC flagellar and flagellar-tip targeting sequences are contained with the
intracellular C-terminal region, and that these regions are necessary for AC flagellar
trafficking but not sufficient to drive heterologous reporters. Strikingly, the social
motility defect of a flagellum-tip AC mutant can be rescued when a flagellum-length
AC is redirected to the flagellar tip. Thus, our studies provide insight into targeting of
flagellar membrane proteins, as well as evidence for flagellar subdomain-specific

CAMP signaling in Trypanosoma brucei.
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MATERIALS & METHODS

Cell culture and RNAI

The 2913 procyclic cell line was used for all experiments (26). Suspension cultures
were maintained using SM media as described previously (27). For RNAi lines, 2.5
mg/ml phleomycin was included in the medium to maintain stable transfectants, and
RNAi was induced by addition of 1ug/ml tetracycline. Cell lines expressing epitope-

tagged proteins were cultured in 1 pg/ml puromycin.

Generation of epitope-tagged proteins

In situ epitope tagging was done by amplifying fragments of DNA homologous to the
target gene’s open reading frame (ORF) or 3’ untranslated region (UTR) and cloning
these into the pMOTag vector series (28). For ectopic expression of the synthetic and
‘minimal construct’ genes, the full ORF was cloned into the pKR10 inducible
expression vector (27). The full set of primers and cloning sequences used are
available in Supplemental Table 1. Mutagenesis primers were designed using
Stratagene’s QuikChangell mutagenesis kit and website tool, and generated following
the manufacturer’s suggested protocols within the above epitope-tagging plasmids.
Transfections and selection of clonal lines by limiting dilution were done as described
previously (27). Integration of epitope tags was verified by Western Blot analysis and
mutations were confirmed by sequencing of genomic DNA (data not shown) using

allele-specific primers (Supplemental Table 1). Genes used to test sufficiency of
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flagellum targeting sequences, e.g., FS179, were previously epitope-tagged and

localized (29).

Immunoblotting

Protein samples were analyzed by immunoblotting as previously described (30, 31).
Anti-HA monoclonal antibody HA.11 (Covance, Emeryville, CA) was used at 1:2500. B-
tubulin was used as a loading control and was detected by the monoclonal antibody E7
(32) obtained from the Developmental Studies Hybridoma Bank maintained by
University of lowa Department of Biological Sciences. Anti-BiP antibodies were

provided by Jay Bangs (33).

Blue native PAGE

Cells were harvested and washed in PBS and then resuspended in PEME buffer (100
mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)], 1 mM MgSO4, 0.1 mM EDTA, 2
mM EGTA, pH 6.9) with 1% NP-40 and protease inhibitors (SigmaFAST cocktail; Sigma-
Aldrich). Following a 10 min incubation at room temperature, lysates were spun for 15
min at 13,000 rpm and 4°C. Supernatants were transferred to new tubes and spun
again for 10 min to clear debris, and the resultant soluble fractions were used. For
Blue Native PAGE, NativePAGE sample buffer and 5% G-250 sample additive
(Invitrogen) were added, and samples were run on a NativePAGE Novex 4-16% Bis-Tris
protein gel and transferred to a polyvinylidene difluoride (PVDF) membrane per the

manufacturer's suggested protocols (Invitrogen), followed by immunoblotting.
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Surface biotinylation and streptavidin purification

Surface biotinylation was done as described previously (29). Cells were harvested and
washed in ice-cold PBS and then resuspended at 1e8 cells/ml in PBS + 0.5 mg/ml
sulfo-NHS-SS-biotin (catalog no. 21331; Pierce) and incubated for 10 min on ice. Tris
(2 M, pH 6.8) was added to a final concentration of 100 mM for 10 min on ice to block
unreacted biotin. Cells were pelleted, washed with cold PBS+100 mM Tris, and
extracted with IP buffer (150 mM NaCl, 50 mM HEPES, 5 mM EDTA, 5 mM EGTA, 1% NP-
40, 10% glycerol, 1x SigmaFAST protease inhibitors). After a 10 min incubation on ice,
samples were centrifuged at 14,000 rpm for 10 min at 4°C to pellet insoluble
material. A fraction of the supernatant (the input) was retained, and the remainder
was transferred to a new tube with 50 pl of streptavidin Sepharose high performance
beads (GE Healthcare) and incubated for 2 h at 4°C on a nutator mixer to allow
biotin-streptavidin binding. The beads were pelleted and a fraction of the
supernatant (the unbound) was retained. Beads were washed in IP buffer and then

resuspended and boiled in Laemmli sample buffer for analysis by immunoblotting.

Northern blotting

Total RNA was extracted from the indicated cell lines using an RNeasy mini kit
(Qiagen). Northern blot assays were done using total RNA essentially as previously
described (34, 35). Digoxigenin (DIG)-labeled probes were generated using AC1-
specific primers (Supplemental Table 1), and were visualized by the DIG nucleic acid

detection kit (Roche). Total RNA was visualized by UV shadowing of the nylon
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membrane (Amersham Hybond-XL).

Immunofluorescence microscopy

Immunofluorescence microscopy on whole cells was done as previously described (36),
using mouse anti-HA antibody (Covance) at a 1:250 dilution and detected using donkey
anti-mouse secondary antibody coupled to AlexaFluor 488 (Molecular Probes) at
1:1500. Polyclonal PFR antiserum was used at a 1:1250 dilution and detected using
donkey anti-rabbit antibodies coupled to AlexaFluor 594 (Molecular Probes) at 1:1500.
Coverslips were mounted in mounting medium containing DAPI and imaged on a Zeiss

Axioskop Il microscope (Zeiss, Inc).

Social motility assays

Social motility assays were done with some variations to the original protocol (15).
Suspension cultures were grown to mid-log density, then centrifuged and resuspended
to allow for inoculation of 6e4 cells in 4.25ul. The indicated cell lines were inoculated
onto agar plates supplemented with 1ug/ml tetracycline to allow for RNAi induction.
Plates were incubated at 28°C with 3.5% CO; for approximately 72 to 96 hours, and
then imaged using a digital camera. The number of projections per plate was

quantified and results were plotted using GraphPad Prism.
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RESULTS

The C-terminus is required for flagellar targeting of adenylate cyclases (ACs) AC1
and AC2

We previously reported the first identification and characterization of
procyclic-specific receptor adenylate cyclases (ACs) (35, 36). The discovery that a
flagellar tip-localized AC is involved in regulation of social motility supports the
proposed microdomain signaling model, in which cAMP production and signaling are
confined to distinct foci by differential localization of ACs.

We therefore sought to test whether social motility is regulated by the precise
flagellar and sub-flagellar localization of AC proteins, rather than total cellular cAMP
levels. To do this, we took advantage of two closely related PCF-specific ACs that
localize to different flagellar subdomains (Figure 1A). AC1 and 2 are the most closely
related procyclic-specific ACs identified (36), and dual-knockdown of these proteins
results in a hyper-social phenotype (35). Interestingly, despite being nearly identical
throughout most of their sequence (Figure 1B), AC1 is restricted to the flagellum tip
while AC2 is along the length of the flagellum (Figure 1A).

Sequences responsible for protein targeting to flagellar subdomains are
completely unknown, and flagellar targeting signals have only been characterized for
a few proteins in any system. In all known cases, these signals are contained within an
intracellular loop of multipass transmembrane proteins, or near the C-terminal end of

single-pass transmembrane proteins (2). Consistent with this, divergence between AC1
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and 2 is primarily concentrated within the intracellular C-terminal region (Figure 1B),
which was previously shown to be important for AC trafficking to the flagellum (36).
We therefore asked whether flagellar targeting sequences are present in the C-
terminal regions of AC1 and 2. We generated truncation mutants of AC1 and AC2,
lacking the entire C-terminal 145 or 146aa, respectively. Immunoblot analysis shows
the truncated proteins were expressed at the expected sizes and at levels similar to
the wild-type protein (Figure 1C). As anticipated, truncation of the C-terminal region
resulted in loss of flagellar localization and dispersal throughout the cell body (Figure
1D), consistent with previously published experiments, in which only the C-terminal

45aa were truncated (36).

The C-terminal domain of AC1 is sufficient to redirect AC2 from the flagellum to
the flagellum tip

We also generated chimeric fusion proteins, to ask whether the C-terminal
region contains signals that control targeting to flagellar subdomains. Unexpectedly,
the chimeric fusions had interesting, non-reciprocal effects. Fusing the C-terminal of
AC1 onto AC2 redirected the protein from the entire length of the flagellum to just
the flagellar tip, clearly demonstrating that the C-terminal sequences are important
for flagellar localization. In contrast, however, fusing the C-terminal of AC2 onto AC1
did not redirect the protein away from its normal location at the flagellar tip.

Trypanosomes are diploid, containing two alleles for every gene. In considering
possibilities for why localization of the AC1 chimera was not altered, we sought to

test whether interactions with the wildtype AC1 protein influence retention at the
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flagellar tip. Therefore, we expressed the AC1 chimera in the previously described
AC1-UTR-RNAI line, allowing us to inhibit expression of the wildtype allele (36).
Interestingly, knockdown of endogenous AC1 actually appeared to enhance tip-
localization (Supplemental Figure 1), suggesting there may be other mechanisms or
interaction partners that contribute to AC1 flagellum tip localization. To minimize
confounding factors, we therefore focused efforts on the C-terminal 145aa of AC1,

which was sufficient to redirect the AC2-chimera to the flagellar tip.

The C-terminal domain of AC1 is not sufficient to direct flagellar targeting of other
proteins

To test whether this sequence was sufficient to direct flagellar tip localization
of a synthetic reporter, we generated a series of synthetic, single-pass
transmembrane reporter constructs designed to represent a “minimalized AC”
(Supplemental Figure 2A). Initial designs incorporated short N-terminal regions, the
transmembrane domain, and fragments of AC1 C-terminal sequence fused to an HA
epitope tag, but were not expressed (Supplemental Table 1, data not shown). Instead,
a larger synthetic reporter was designed by expressing the first 100 N-terminal amino
acids of AC2, a 60 amino acid region containing the AC2 transmembrane domain, and
the entire C-terminal sequence of AC1. This protein was expressed, but failed to
localize to the flagellum (Supplemental Figure 2B). The transmembrane domain of
adenylate cyclases falls in the beginning of the catalytic cyclase domain, and flanking
sequence may include additional secondary structure. We therefore substituted this

fragment with the transmembrane domain and flanking sequence from two other
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surface-localized proteins, ISG65D and PSSA2 (37, 38). In both cases, expression of the
synthetic reporter increased, but the reporter still failed to localize to the flagellum,
displaying a concentrated localization at the flagellar pocket and endosomal region
(Supplemental Figure 2B).

We therefore proceeded to test whether the AC sequence was sufficient to
redirect other native surface and flagellar proteins. In a few cases, fusion of the AC1
sequence resulted in lowered expression levels, presumably due to protein instability,
and assessment of protein localization was not possible (data not shown). One protein
examined was PSSA2, a membrane-spanning phosphoprotein that localizes to the cell
surface. Chimeric fusion of AC1-sequence to the C-terminal end of PSSA2 resulted in
reduced protein expression, and disruption of surface localization (Supplemental
Figure 2C). The PSSA2 C-terminal region is comprised of degenerate repeats, and our
result mirrors observations that disruption of the repeat sequences reduces PSSA2
expression and results in protein accumulation in the flagellar pocket and endosomal
pathway (38). We additionally examined FS179, an ion channel that localizes to the
flagellum attachment zone (29). Chimeric fusion to the AC1-sequence did not alter
localization, as the protein still localizes along the length of the flagellum attachment
zone, ending at the anterior end of the cell body (Supplemental Figure 1D).
Cumulatively, these results indicate that although this sequence is necessary for
flagellar targeting in the context of trypanosomal adenylate cyclases, it is not
sufficient for heterologous or synthetic reporters, as has been observed for most

characterized flagellar targeting sequences (2, 39, 40).
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AC2 can be redirected to the flagellum tip by mutation of six residues in the C-
terminal domain

The sufficiency of the AC1 sequence for redirection of AC2 to the flagellar tip
was a striking result. We therefore went forward with studies to dissect flagellar
targeting of AC2. We previously demonstrated that truncating the terminal 45aa of
ACs was enough to disrupt flagellar localization (36), so we asked whether chimeric
complementation of that region could restore flagellar localization, and be sufficient
for redirection to the flagellar tip. We find that AC2, with the C-terminal 45aa of AC1,
localizes to the flagellum tip (Figure 2A), indicating that targeting signals are present
within the C-terminal 45aa.

In a preliminary sequence analysis of the procyclic-specific ACs, we had
predicted a region within the C-terminus that may correlate with flagellar subdomain
localization, but not all of the ACs had been localized (36). We have since found that
AC6 is also localized to the flagellar tip (35), as is AC3 (Supplemental Figure 3),
consistent with the earlier prediction. Therefore, we focused our attention on this
stretch of predictive residues within the C-terminal tail of the adenylate cyclases
(Figure 2B). Knowing that AC2 can be redirected to the flagellar tip when
complemented with AC1 sequences, we opted to use point mutagenesis to target
specific residues and minimize changes to the protein sequence (Figure 2C,
Supplemental Figure 4). Most notably, AC2 has three arginines whereas AC1 has three
serines. Considering the potential for post-translational modifications, we first opted
to mutate all three residues from arginine to serine. There was no apparent effect on

localization (Figure 2C), so we mutated three additional residues to match AC1
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sequence, changing a leucine to valine, alanine to isoleucine, and a leucine to
isoleucine. Combined, these six mutations were sufficient to redirect AC2 to the
flagellar tip (Figure 2C).

These residues therefore clearly impact flagellar localization, and the results
suggest two distinct models for how flagellar targeting may be regulated: the first is
that we provided AC2 with a “tip-targeting” signal from AC1. The second is that the
flagellum tip is the default localization for ACs, and that AC2 has a “flagellum length”
targeting signal that we have disrupted. To distinguish between these models, we
mutated these same residues to alanines, finding no discernable impact on the
flagellar localization of AC2 (Figure 2D), and ruling out the latter model. To further
test the impact of these six specific residues, we performed mutagenesis within the
AC2 chimeric protein. AC2, with the C-terminal 45aa of AC1, localizes to the flagellar
tip. Yet, when the corresponding six residues within the chimeric AC1 region are
mutated back to AC2 sequence, the protein is completely excluded from the flagellum
(Figure 2E, Supplemental Figure 4). These results therefore suggest that these
residues contribute to flagellar and flagellar-tip targeting in the context of a larger

signal or sequence requirement.

AC1 truncation mutants do not rescue the social motility defect of an AC1 RNAI
line

Having identified determinants that affect flagellar localization of ACs, we now
have the opportunity to assess whether flagellar AC localization impacts regulation of

trypanosomal social behaviors. AC1 and 2 were previously implicated in control of
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social behavior in a dual-knockdown line (35), however the individual contributions
were not examined. We recently generated an AC1-specific RNAi line, but were
unable to generate specific knockdown of AC2 (36). Therefore, we sought to
determine whether AC1 alone is able to exert regulatory effects on social motility.
RNAi inhibition of AC1 results in a hyper-social phenotype, which is characterized by a
dramatic increase in the number of projections formed in comparison to a control line
(Figure 3A). This hyper-social phenotype resembles the phenotype seen when AC1 and
AC2 are dually-targeted. Furthermore, we show that normal social motility can be
restored by introducing an RNAi-immune allele of AC1-HA, suggesting AC1-specific
functionality in control of social motility.

Having generated AC1-truncation mutants that fail to localize to the flagellum,
we next asked whether flagellar localization of AC1 is required for rescue of this
phenotype. RNAi-immune alleles of AC1 lacking either the last 145 (AC1AC) or 45 (AC1
AC45) amino acids were introduced into the AC1 RNAi line and expression verified by
Northern blot analysis (Supplemental Figure 5A). Neither truncation rescued the
hyper-social phenotype, indicating that flagellar localization of AC1 may be required
for proper social motility. A potential caveat of this result is that ACs are surface-
exposed, putative receptors that require dimerization for catalytic activity (41). We
therefore assessed whether the mislocalized AC1-truncation mutants were still
surface-exposed and able to dimerize. Blue native PAGE analysis indicates that the
truncation mutant AC1 AC4s is smaller in size, but, like the full-length protein, is still
primarily in a dimer or multimer (Supplemental Figure 5B), and presumably

catalytically active. As expected, full-length AC1 can be immunoprecipitated by a
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combination of cell surface-biotinylation followed by streptavidin affinity purification,
consistent with surface exposure. However, both of the truncation mutants remained
in the unbound fractions, indicating they were inaccessible to extracellular biotin and

unlikely to be surface-exposed (Supplemental Figure 5C).

Redirection of AC2 to the flagellum tip rescues the social motility defect caused by
AC1 knockdown

To avoid confounding variables from the truncation mutants, we instead took
advantage of our ability to redirect AC2 from the flagellum length to the flagellum
tip. This allows us to ask whether tip-specific production of CAMP is required for
normal social motility. AC2 expression and localization along the length of the
flagellum are unaffected in the AC1-RNAi line (36). We generated an epitope-tagged
AC2-HA allele in the AC1-RNAi line, and as anticipated, AC2-HA had no impact on the
hyper-social phenotype. However, expression of the tip-localized AC2 chimera rescues
the hyper-social phenotype, dramatically reducing the number of projections
observed to near control levels (Figure 3B). Normal social motility is observed in this
line, despite efficient RNAi inhibition of AC1 as confirmed by Northern blot analysis
(Supplemental Figure 5D). Thus, it is the relocalization of AC2 to the flagellum tip

that rescues the social motility defect caused by loss of AC1.
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DISCUSSION

Flagellum and flagellum-tip protein trafficking

The eukaryotic cilium (synonymous with flagellum) is a critical signaling center
and ubiquitous organelle, found in nearly every tissue type in mammals. Signaling
systems within the flagellum involve various mechano- and chemo-sensory pathways,
which often require coordinated trafficking of proteins into and out of the flagellum
(42-47). Despite the importance of flagellar localization for many proteins and
receptors, targeting systems to this organelle are poorly understood. The flagellum
contains no ribosomes, and is cordoned off from the rest of the cell by a barrier at the
base, preventing free diffusion of membrane and matrix proteins (48). Therefore,
proteins are thought to either be actively trafficked into and out of the flagellum or
contain a targeting signal allowing free access through the diffusion barrier. Efforts to
identify flagellar targeting signals (FTS) have been largely unsuccessful; fewer than
two dozen FTS have been identified that are sufficient to grant flagellar localization
to heterologous reporters.

One major obstacle is the apparent lack of common consensus sequences, such
as those identified for nuclear localization signals. Instead, it appears that FTS are
contextual to a specific group of proteins, and lack any definitive patterns across
different organisms or protein families. For example, the phototransduction protein
rhodopsin localizes to ciliary membrane stacks using a single VxPx motif (49), while

the flagellar somatostatin3 receptor uses a motif that must contain AxXSxQxxxAxAxQ
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(50). The one feature common to all proteins with known FTS is that the motifs are
contained within an intracellular region of the protein. For multipass transmembrane
proteins, such as rhodopsin, the FTS is typically in the largest intracellular loop (49,
51). As seen here for the adenylate cyclases, the FTS for single-pass transmembrane
proteins is typically near the C-terminal end. The inability of the C-terminal AC
sequence to redirect a heterologous reporter to the flagellum is also a common
finding. In fact, dozens of sequences found to be necessary for flagellar localization of
a specific protein or protein family are insufficient to drive other proteins or
reporters to the flagellum.

Very little is known about trafficking of proteins to flagellum subdomains. In
mammalian systems, an “inversin” compartment has been described to be next to the
transition zone (52-54), though very little is known about the distal, flagellar tip.
Despite the obvious potential for functional specialization at the tip, very few
transmembrane proteins have been localized there, with trypanosomal ACs being
among the most prominent examples. We identified six residues within the C-terminal
region that were sufficient to redirect a flagellum length AC to the tip, uncovering a
major component of the AC FTS. Attempts to find a more minimal motif were not
successful, as mutations to the first three amino acids did not alter localization, and
mutations to the latter three amino acids were essentially already tested in AC5
(Figure 2B), which is not tip-specific (36). Additional factors regulating flagellar and
subflagellar targeting are yet to be identified.

The trypanosome flagellum emerges from the posterior end of the cell, and is

attached along the length of the cell body, except for a short, unattached region at
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the anterior end that encompasses the flagellar tip. It’s unclear whether the
localization of some ACs specifically to the flagellum tip is actually restricted to the
free region of the flagellum. Super-resolution microscopy may be better able to
resolve the precise localization and offer mechanistic insight into how differential
localizations are achieved. Our work on flagellar tip-targeting signals supports a
couple of models that are not mutually exclusive. The first is that localization to the
flagellum tip is actually a result of flagellar/cell-body exclusion. Such a model may
require an inhibitory effect from proteins that localize specifically to the flagellar
attachment zone (FAZ), and could explain why experiments using chimeric proteins
were only able to redirect proteins towards, and not away from, the tip. A
modification of this model may involve differing membrane composition, such that
lipid composition at the free-flagellar tip differs than that among the flagellum
length. However, earlier results indicate that ACs are not preferentially associated
with lipid rafts (36). Alternatively, there may be interacting proteins at the flagellar
tip. Such a model would be consistent with our observations that tip localization of
the AC1-chimeric proteins appears enhanced by knockdown of the endogenous AC1
allele (Supplemental Figure 1), and that the AC2 chimera redirected to the tip
displays a small shift in size by Blue native PAGE (Supplemental Figure 5E).
Alternatively, this latter result may simply reflect conformational changes or
differences between the native and chimeric C-terminal amino acid compositions.
Ongoing studies will focus on identifying interaction partners of AC1 and AC2 to

address these possibilities.
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cAMP signaling pathways in Trypanosoma brucei

Adenylate cyclases comprise one of the largest gene families in T. brucei, and
have been postulated to provide life-cycle specific functionalities. The bloodstream-
specific ESAG4 is known to be a virulence factor (10, 55), while some procyclic-
specific ACs cooperate with a cAMP-specific phosphodiesterase (PDE) to regulate
trypanosome social behaviors (20, 35). Despite these important roles, little is known
about cAMP signaling pathways in T. brucei.

Differential localization of individual ACs (36) suggests that the microdomain
signaling model applies to T. brucei. In this model, cAMP production is
compartmentalized through localization of individual ACs to different flagellar
subdomains, allowing for diverse cellular responses to be controlled by a common
signaling molecule without crosstalk. A key tenet of this model would be the
requirement of corresponding effector proteins. The first known cAMP effectors in T.
brucei (CARP1-4) were only recently described (56), and have not yet been
characterized or localized in procyclic form parasites. A key prediction of the
microdomain signaling model would suggest that at least one CARP effector protein
localizes to the flagellum tip, allowing for specific responses to catalytic output from
the subset of ACs at the flagellum tip that contribute to regulation of social motility.
This regulation may be mediated in several ways. In mammalian systems, effector
proteins have been implicated in feedback loops controlling cyclase activity,

activation of downstream signaling functions such as phosphorylation or
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opening/closing ion channels, or even activation of different transcriptional pathways
(57). The usage of social motility as a signaling assay and further mechanistic studies

in procyclic-parasites can help elucidate these potential cCAMP signaling pathways.

Regulation of SoMo by cAMP signaling at the flagellum tip

The flagellum tip is at the parasite’s anterior end, and adenylate cyclases are
therefore ideally positioned to perceive and transduce responses to flagellar
interactions within the environment. Trypanosomal adenylate cyclases primarily vary
in their extracellular, ligand binding domains. The lineage-specific gene family
expansion correlates with the complexity of the life cycle within the tsetse fly, with
Trypanosoma brucei having far more ACs than T. congolense or T. vivax, suggesting
life-stage specific roles. Such interactions may be particularly relevant in the tsetse
fly, where T. brucei development into infectious metacyclic forms is triggered by
attachment to the salivary gland epithelium (1). Functional analyses of ACs involved
in regulation of social motility thereby offer interesting perspectives on cAMP
signaling specific to the flagellum tip.

Currently, one simple model is that total cAMP levels at the flagellar tip are
critical to maintain normal social motility. In this model, inhibition of a tip-cyclase,
such as AC1 or AC6, results in a hyper-social phenotype, as insufficient cAMP levels
are available at the flagellum tip. In such a model, redirection of AC2 to the flagellum
tip restores the normal phenotype by either raising CAMP levels at the tip or reducing

CAMP levels along the flagellum length. An alternative model relies on the different
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ligand-binding domains, as described above. With the exception of AC1 and AC2, the
other procyclic-specific cyclases are divergent in their extracellular region, and
presumably react to different ligands. In this scenario, CAMP levels at the flagellum
tip are critical at specific time points and/or in response to specific environmental
cues. AC1/2 and ACé6 may respond to different environmental cues, such that
inhibition of either would result in a hyper-SoMo phenotype. We favor this model,
which is supported by experimental data on AC3 and AC4, which both localize to the
flagellum tip, yet have no observable impact on social motility when inhibited (35).
The apparent paradox that knockdown of all tip-localized ACs does not result in
the same SoMo phenotype could be explained by ligand-mediated regulation of ACs.
For example, if ACs are inhibited by ligand, then RNAi inhibition would only affect
CAMP output when the ligand remains absent. In this example, AC4 may already be
inhibited by a ligand present in the SoMo in vitro assay conditions, rendering RNAi
ineffective, whereas AC1 and AC6 would be catalytically active, allowing RNAi to
effectively lower flagellar-tip cAMP levels. The inverse of this model, whereby the
presence of ligand activates AC activity, is equally applicable. As SoMo is an in vitro
assay, it lacks the presence of normal tsetse fly environmental signals, therefore
additional resolving power and insight is expected to come from complementary in

vivo analyses of AC function in vivo.

Connection between cAMP signaling and differentiation within the fly
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CcAMP signaling has been often hypothesized to link critical differentiation
events in the trypanosome life cycle, but this has never been directly demonstrated.
Early studies found that in vitro differentiation from bloodstream to procyclic form
parasites causes a large spike of CAMP levels approximately 6 to 10 hours after
induction (58). This timing coincided with the shedding of the VSG coat, and it was
hypothesized that AC activity triggers this differentiation event. Later work using a
mutant was able to inhibit shedding of the VSG, but still observe a cAMP spike,
indicating that these are independently-regulated events (59). Around the same time,
studies in bloodstream parasites implicated cAMP in the long-slender bloodstream to
stumpy-form differentiation event (60). It was later discovered that it was likely
cAMP metabolic byproducts that had a much more potent effect, rather than direct
action due to cAMP (61). Despite the presumed importance of cAMP, direct links to
the life-cycle have not been elucidated.

Interestingly, it’s recently been proposed that the insect-stage parasite can
further be classified into early or late procyclics, reflecting newly defined
developmental stages within the fly (62). Proteomic analysis indicated that several
proteins, including a few uncharacterized adenylate cyclases, are differentially
regulated between these two procyclic forms. A connection between this
developmental transition and AC regulation is interesting, as it suggests priming for
new environmental conditions in line with our proposed model of stage-specific
functionality of ACs, and fits earlier hypotheses that cAMP signaling is linked to
differentiation events. Remarkably, late-procyclics are SoMo incompetent, suggesting

that only early-procyclic forms need to engage in social behaviors. The biomarker for
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this early to late transition is the GPEET-procyclin surface protein, which is expressed
in early procyclics but down-regulated in late procyclic forms. Here, we see that
inhibition of flagellum-tip ACs results in a hyper-social phenotype, with no change in
GPEET expression (data not shown). Our previous analysis of the SoMo-incompetent
PDEB1 mutant, which has elevated intracellular cAMP levels, also expresses GPEET-
procyclin (20). Expression of GPEET in the PDEB mutant indicates that an increase in
cAMP levels can inhibit SoMo without triggering a clear differentiation from early to
late, GPEET-negative procyclics, though further studies are needed to determine
whether these pathways are directly linked.

Additional work from the Roditi group demonstrated that the RFT1-/- mutant
line, which is incapable of engaging in social motility, shows impaired colonization of
the tsetse fly (63). Studies of AC mutant and knockout lines in a tsetse fly model
therefore have the capability to offer additional insights into signaling and sensing
systems of T. brucei. It would be interesting to note whether the hyper-SoMo
phenotype observed in vitro would manifest or be observable in an in vivo model. For
example, if social motility corresponds to the intra-tsetse migratory routes and
subsequent tissue colonizations, one might predict that the hyper-SoMo mutant would
display an increased tsetse-infection rate. Of particular interest might be assessment
of AC mutants, such as AC4, that do not display any apparent SoMo phenotype in
vitro. Any phenotype gleaned from in vivo studies would likely indicate the presence
of fly-specific ligands or signals as a regulator of cCAMP signaling, and provide insight

into the evolution and expansion of the AC gene family.
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Summary and perspective

Microbes in their natural environments do not survive axenically, but in rich,
complex environments. Trypanosoma brucei, which infects many mammals and uses a
tsetse-fly vector, offers a prime example of the varied environments a microorganism
may face in its lifecycle. cCAMP signaling has been demonstrated to be important in all
cultivable stages of the parasite life cycle, as evidenced by expansion of the
trypanosomal adenylate cyclase family of receptor proteins. Despite their importance,
most are still uncharacterized, and thus little is known about cAMP signaling
pathways. Our analyses indicate that flagellar and flagellar-tip targeting sequences
are contained within the C-terminal region of ACs and are necessary for flagellar
localization. Gene-specific RNAi implicates cAMP signaling at the flagellum tip as a
key regulator of social motility, and provides direct evidence for the microdomain
organization model of cAMP signaling in the T. brucei flagellum. Our studies therefore
offer important insights into many important aspects of trypanosomal and flagellar

biology.
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FIGURES

Figure 1. The C-terminus is required for flagellar targeting of adenylate cyclases

(ACs) AC1 and AC2.
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A) AC1 (red) localizes to the flagellum tip, while AC2 (green) localizes along the
entire length of the flagellum. B) Schematic illustrating the % identity between AC1
and AC2. C) Western blots of whole cell lysates from cell lines expressing HA-tagged
full-length or C-terminally truncated AC1 and AC2 constructs. Control is an untagged

line. As indicated, blots were probed with anti-HA or anti-tubulin antibody (as loading
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control). D) Immunofluorescence microscopy of AC1 and 2 C-terminal truncation
mutants and chimeric proteins with the AC1 and 2 C-terminal domains swapped.
Schematics on the left depict the HA-tagged AC constructs, with AC1 sequence in
yellow and AC2 sequence in blue. Panels show localization of the indicated AC

constructs (green) relative to PFR (red) and DAPI-stained DNA (blue).
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Figure 2. Residues within the C-terminal domain are sufficient to redirect AC2

from the flagellum to the flagellum tip.
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A) Localization of a chimeric AC2 protein containing the last 45 amino acids of AC1.

Schematic depicts the HA-tagged construct, with AC1 sequence in yellow and AC2

sequence in blue. Immunofluorescence shows localization of the AC construct (green)

relative to PFR (red) and DAPI-stained DNA (blue). B) Amino acid alignhment of C-

terminal domains from AC1 and 2 relative to other previously identified procyclic-

specific ACs {Saada}. Localization of each protein to the flagellum or flagellum

subdomains is indicated. Conserved amino acids are highlighted in grey. C-E)

Immunofluorescence microscopy of HA-tagged AC2 point mutants. Schematics show

the residues (red) that have been mutated. Panels show localization of the indicated

AC constructs (green) relative to PFR (red) and DAPI-stained DNA (blue).
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Figure 3. Redirection of AC2 to the flagellum tip rescues the social motility defect

caused by AC1 knockdown.
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A-B) AC1 RNAi cell lines expressing the indicated RNAi-immune AC constructs were
tested for their ability to perform social motility (SoMo). All cell lines were
inoculated on plates containing 1 pg/ml tetracycline to induce AC1 knockdown.
Control is a wild-type strain. The schematics indicate the localization of AC1
(yellow) or AC2 (blue) in each cell line. Images show a representative example of
colony morphology approximately 3.5 days after inoculation. Graphs show the
number of radial projections quantified from each plate, with the median number
of colonies indicated by a line. Statistically significant p-values are indicated

relative to control.
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Supplemental Figure 1. AC1 knockdown enhances tip localization of an AC1

chimera containing the C-terminal domain of AC2.

AC1AC + 2C
in the AC1-UTR-RNA:I line

-tet +tet

Immunofluorescence microscopy depicting localization of the chimeric protein
(green) relative to PFR (red) and DAPI-stained DNA (blue). Left panels show
uninduced (-Tet) conditions. Right panels show localization 48 hours after

induction of AC1 RNAI (+Tet).
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Supplemental Figure 2. AC1 sequences are not sufficient to drive synthetic or

heterologous reporters to the flagellum.
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A-B) Schematic and localization of synthetically designed reporter constructs. C)

PSSA2-HA

PSSA2+AC1 C

Immunofluorescence microscopy of control PSSA2 compared to the PSSA2-
chimeric protein expressing the AC1 C-terminal sequence. D) Immunofluorescence
microscopy of FS179-chimeric protein expressing the AC1 C-terminal sequence.
All panels show localization of the indicated AC constructs (green) relative to PFR

(red) and DAPI-stained DNA (blue).
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Supplemental Figure 3. AC3-HA localizes to the flagellum tip. Immunofluorescence

microscopy of HA-tagged AC3.

Panels show AC3-HA localization (green) relative to PFR (red) and DAPI-stained DNA

(blue).
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Supplemental Figure 4. AC2 chimeric and point mutants are expressed at

comparable levels.
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A-B) Western blots of whole cell lysates from cell lines expressing the HA-tagged AC2
constructs from Figure 2. Control is an untagged line. As indicated, blots were probed

with anti-HA or anti-tubulin antibody (as loading control).
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Supplemental Figure 5. Characterization of the cell lines used for the social

motility assays in Figure 3.
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A) Northern blot probed with an AC1-specific probe. RNA was prepared from the

indicated cell lines. The position of the endogenous AC1 mRNA (open arrowhead) and
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transgene mRNA (closed arrowhead) are indicated. Total RNA was visualized by UC
shadowing of the membrane (bottom). B) Whole cell lysates prepared from the
indicated cell lines were separated by Blue Native gel electrophoresis, and
transferred to a PVDF membrane and probed with anti-HA antibodies. C) The
indicated cell lines were surface biotinylated then fractionated and subjected to
affinity purification. Lysates were subjected to Western Blot analysis using antibodies
against HA or BiP, as indicated. D) Northern blot probed with an AC1-specific probe.
RNA was prepared from the indicated cell lines. Total RNA was visualized by UC
shadowing of the membrane (bottom). E) Whole cell lysates prepared from the
indicated cell lines were separated by Blue Native gel electrophoresis, and

transferred to a PVDF membrane and probed with anti-HA antibodies.
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Supplemental Table 1

Plasmids used derived from
pMOTag2H, in situ epitope tagging
pKR10, inducible expression
Modifications onto previously generated constructs

Primers used, with restriction sites underlined

Plasmid sequencing and verification of genomic integration

AC_catalytic_F acacgtgcaacatacctttcg
Puromycin_R aggccttecatctgttgetg

IGR_R gtgcctectacacaaagggtgag
M13_F tgtaaaacgacggccagt

M13_R caggaaacagctatgac
pKR10seq_F cgtccegggetgeacgegectteg
pKR10seq_R cccttectaaccaacctgcaggegeaccte

Northern Blot (AC1-specific probe)
AC1_NorthernProbe_F agtttatccagageggtacga
AC1_NorthernProbe_R accgeegeacctece

Site-Directed Mutagenesis

AC2_mutl_F gcaataccgttgagecctecgtggacacatcaageageteatecctageattettacett
AC2_mutl_R aaggtaagaatgctagggatgagctgcettgatgtgtccacggagggctcaacggtattge
AC2_mut2_F tggacacatcaagcagctcatccgtcatattcattectttgcaaggtctgtggectgg
AC2_mut2_R ccaggccacagaccttgcaaaggaatgaatatgacggatgagetgettgatgtgteca
AC2_mut_ala_F ccgttgageectecgtggacacageggeagegtcatcecgeageattegeacctttgeaaggtetg
AC2_mut_ala_R cagaccttgcaaaggtgegaatgetgeggatgacgetgeegetgtgtccacggagggetcaacgg
AC1_mut2_F cgaggcgacggtcegtecctageattcttatccgacgeegeegtggg

AC1_mut2_R cccacggeggegteggataagaatgetagggacgaccegtegecteg

AC1 Related

AC1_AC_Gibson_F actaaagggaacaaaagctgggtaccgtgtggtctatggeccgtg

AC1_AC_Gibson_R cgaggcgctcgageagtgcagegaaggaccg

AC1_145_F atatctcgaggcacatatgegectegacagggaggte

AC1_145 R tatctcgaggcacttaaggttttectectttggggttgag

AC1_45aa_F atggtacccatatggacttcacggcttacaacatcgetgag

ACl1_45aa_R tatctcgaggcacttaaggttttcctectttgggettgag

AC2 Related

AC2_AC_F atggtaccccgtcaatgagcettcagagaccctagegaaggaaaacte

AC2_AC_R atctcgagcatatgcagtgeagegaaggaccgaccgaccacage

AC2_Cterm_Gibson_F cttcgetgeactgetcgagegectcgacggggaag
AC2_Cterm_Gibson_R gtaatcaggcacatcgtaagggtactcgagttctegttegetgettgtggg

Synthetic and Heterologous Reporter Testing

PSSA2-HA_F atataagcttatgtgcatcgaacagcteg
PSSA2-HA_R atatcttaaggcacatatgcactgtaggatttggttggge
AC2_N_100aa_F atataagcttgaattcatgaatatgcttcacttggacgac
AC2_N_100aa_R atatgggcccgacagtcecagtttegtgactct
ISG65D_TMregion_F atatgggceccgaattcaccgaggctgeagaagtaaa
1ISG65D_TMregion_R atatgaattc tccagtgtccacatectggg
PSSA2_TMregion_F atatgggcccgaattcgagegtgaaacgatggge
PSSA2_TMregion_R atatgaattcaggtgtatcaggatcactcgtat
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Initial synthetic reporter
construct generated by
Genewiz, Inc.

ggtaccgaattcatgaatatgcitcacttggacgaccgeaatgectcaccegeacceg
agtggcggggaacaticecttcogacgggaggagotgtgtgtegtgtegecatggac
acagggcccggaaaactetecggggegicgetggtggpegteateateggtgetac
ctttgctitgtitctiatggtggetetgggegtggtitccatactitgicctgegeageace
cgtgataacaacagegegecacatatgelegagececteacaacgicaageagelc
gteegteatatteatttcegacgecgeegtgcttaagtacecettacgatgtgectgatt
acgegtacccatacgacgtgecagactacgeataccegtacgatgigeecgatiac
gcatagcaattggtegac
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PREFACE

The following chapter, at time of dissertation submission, is a manuscript draft in
preparation. We were invited by the journal PLOS Pathogens to contribute to their
Pearls series and discuss recent works and applications of trypanosomal social
motility. These mini-reviews are meant to be shaped as short, educational articles
tailored for graduate students and post-doctoral researchers. The following

manuscript is authored by Edwin A. Saada, Stephanie DeMarco, and Kent Hill.
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Microbial social behavior: “The whole is greater than the sum of the parts”

In their natural environments, microbes are not found in isolation, but live in
groups, where the ability to communicate and cooperate with friends, while
thwarting activities of enemies is of paramount importance (1). The capacity for
interaction among cells in a group makes possible social behaviors that present as
emergent properties of the group and are not evident in individuals. Examples of
microbial social behaviors include quorum sensing (QS) as a means to assess
population density, allowing coordinated gene expression across a community and
limiting premature expenditure of resources. Other social behaviors include those
occurring in the context of surfaces, such as biofilm formation and various forms of
swarming motility across surfaces as seen in bacteria and slime molds. Microbial social
activities provide a number of advantages for free-living and pathogenic species and
recognizing social behavior as a ubiquitous property of bacteria has transformed our
view of microbiology and microbial pathogenesis (1, 2).

However, this paradigm has not been applied to protozoan parasites, which are
responsible for tremendous human suffering worldwide and are also capable of social
interactions, although they are not generally considered in this context. This is
exemplified by the discovery that the malaria causing parasites, Plasmodium spp,
adjust their gamete sex-ratio in response to the diversity of the parasite population
(3), and the long known QS-dependent differentiation of long slender to short stumpy
bloodstream forms of Trypanosoma brucei (4). More recently, the discovery of social
motility (SoMo) in T. brucei revealed a previously unrecognized aspect of trypanosome

biology and highlights the capacity of these organisms for group-level behavior (5).
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Several recent studies of SoMo emphasize the potential for social behavior concepts

to provide insight into parasite biology, which is the focus of this review.

Social motility in Trypanosoma brucei

African trypanosomes are protozoan parasites that cause sleeping sickness in
humans and nagana in livestock. These parasites, e.g. T. brucei and related species,
constitute a substantial medical and economic burden across a 9-million km? region of
sub-Saharan Africa, where 60 million people live at risk of infection (6). They are
transmitted between mammalian hosts by blood-feeding tsetse flies. Most T. brucei
studies consider the parasites as individual cells in suspension cultures, yet in both
the mammalian host and insect vector, the organism lives on tissue surfaces. This is
most evident in the tsetse fly, where the parasite undergoes extensive movement
across fly tissue surfaces, culminating in the colonization of the salivary gland
epithelium (7).

In bacteria, surface cultivation influences microbe physiology and
pathogenesis. To understand influence of surfaces on trypanosome biology,
Oberholzer and colleagues cultivated procyclic form (insect midgut stage) T. brucei
on semisolid agarose plates. This led to the surprising observation that individual
parasites collected into groups, forming a densely-packed colony. Ultimately,
parasites collectively form projections migrating radially outward from the center,
synchronously moving across the agar surface. Although individual parasites can move

laterally the group only moves at the leading edge and can alter their direction to
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avoid other groups of parasites, indicating that the parasites sense and respond to
diffusible signals. This process was termed “social motility” because of analogies to

social motility in bacteria (5).

....but why would a parasite need to be social? What does social motility do?

In bacteria social behaviors are ubiquitous, and provide numerous advantages,
including increased protection from host defenses, greater accessibility to nutrients,
opportunities for genetic exchange, and an enhanced ability to penetrate and move
across surfaces (1, 8-10). Although the in vivo ramifications of T. brucei social
motility are not yet known, it’s likely that the parasite benefits from the same
advantages as other microbes.

In the insect vector, T. brucei is faced with immense challenges. In order for
parasites to complete their life cycle and ensure transmission, they must reach and
colonize the fly’s salivary gland epithelium, where they differentiate into
mammalian-infective forms (7). This journey begins within the midgut and is fraught
with hazards as they cross through and across several tissues. They must overcome
the fly immune system consisting of antimicrobial peptides and lectins, harsh alkaline
conditions in the midgut, and competition for resources (7, 11). Therefore, the ability
of the parasites to sense, communicate, and cooperate in collective group behaviors
in vitro is thought to reflect distinct parasite features required to overcome obstacles

and establish in vivo infections.

303



Recent work from the Roditi group supports these hypotheses. They propose
that procyclic-form parasites are divided into two classes: early-procyclics,
representing initial fly-infection stages, and late-procyclics, representing later fly-
infection stages. They see that only early-procyclics are SoMo competent, suggesting
that social motility is a characteristic of this specific procyclic lifecycle stage (12).
Additionally, an Rftl-mutant line, which fails to generate N-linked glycans, was found
to be SoMo incompetent and significantly defective in establishing an in vivo fly
infection (13). This work provides the first correlation between in vitro social motility
defects to impaired in vivo colonization of the tsetse fly. Future work will be needed
to test Rftl directly for its role in SoMo. In addition, social motility mutants isolated

in vitro will need to be studied for their role in vivo in fly infection.

How does it work? What are the known signaling pathways that impact SoMo?

A universal requirement of microbial social behaviors is the ability to sense
respond to environmental signals. Unfortunately, signal transduction pathways in T.
brucei are virtually uncharacterized (14). In other systems, the eukaryotic flagellum
has been characterized as a multifunctional, signaling organelle, and much work the
last few years has focused on the trypanosome flagellum as a signaling platform (15-
17). It’s long been known that the trypanosome flagellum plays a critical role in
insect-stage parasites, as it integrates into the tsetse’s salivary gland epithelium as

part of the differentiation process.
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In other systems, the eukaryotic flagellum is known to be a multifunctional,
signaling organelle. In 2014, Saada et al identified a subset of procyclic-specific,
receptor-type adenylate cylases (18). Adenylate cyclases (ACs) catalyze cyclic-AMP,
while phosphodiesterases (PDEs) degrade it. Cyclic-nucleotide signaling systems have
been well characterized in other flagellated organisms, and are involved in photo-
transduction, olfactory sensation, and many other signaling pathways (19). ACs
comprise one of the largest gene families in T. brucei, and although components of
CcAMP signaling have long been known to be in the parasite flagellum, they have not
been well characterized (20). Notably, Saada et al localized some ACs along the
flagellar length, while others specifically localized to the flagellum tip, indicating a
specialization of flagellum subdomains. Trypanosomal ACs are novel in structure, with
a single catalytic domain and large, extracellular ligand binding domain, prompting
the hypothesis that some must perform procyclic-specific functionalities.

A procyclic-specific functionality was a stark contrast to the prevailing model.
ESAG4 is a bloodstream-specific AC, and has been linked to viability and virulence
defects (21, 22). It’d long been thought that the other ACs were constitutively
expressed and redundant in function. Social motility therefore offered the first
opportunity to assess the putative sensory roles of these proteins in procyclic
parasites. Lopez et al utilized gene-specific RNAi against these procyclic-ACs, finding
no significant difference in cell viability, morphology, or motility in suspension culture
(23). However, when subjected to SoMo assays a new phenotype was discovered: the
trypanosomes regularly formed far more projections, in what was dubbed hyper-SoMo.

Utilization of specific point mutations within the catalytic domain implicated cAMP-
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specific functionality, rather than just loss of the protein. This study was the first to
identify genes regulating an aspect of trypanosomal social behavior, as well as the
first procyclic-specific functionality of cAMP signaling.

In complementary studies, Oberholzer et al interrogated the role of
phosphodiesterases, which degrade cAMP (24). Using genetic and pharmaceutical
inhibition of PDEB1, progression of social motility progression was blocked, such that
the parasites never formed radial projections. Generation of a cAMP-specific FRET
sensor allowed for in vivo imaging of cCAMP levels, noting a massive increase in
intracellular cAMP during PDEB inhibition, suggesting that increases in CAMP block
social motility. To test this, they utilized membrane-permeable compounds, showing
that non-hydrolysable and hydrolysable cAMP analogues have strong SoMo inhibitory
effects, whereas downstream metabolic products such as AMP and adenosine show
little response. Oberholzer et al conducted trans-complementation assays, utilizing
strains of control and mutant parasites that constitutively express either GFP or RFP.
Motility mutants, which are incapable of SoMo, are restricted to growth by clonal
expansion. When co-inoculated with control cells, the motility mutants are found
restricted to the center of the colony, and are never found in the radial projections.
In contrast, PDEB1 mutants are capable of moving freely within the community. Both
PDEB1 mutants and control cells are found at equal ratios at the center of the colony,
at the base of the radial projections, and even at the distal tip. This indicates that
the PDEB1 mutants are socially-defective, and need a helping hand. The mechanisms

or signaling factors have not yet been identified.
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What do these works tell us about signaling in T. brucei?

These studies have uncovered new cAMP-signaling pathways in T. brucei that
are life-stage specific. In bloodstream-stage parasites, cCAMP and metabolic
byproducts are potent anti-proliferatives, and PDE inhibition is lethal. In contrast,
procyclic-stage parasites show virtually no ill effect in similar assays. However, cAMP
levels critically impact the ability of the procyclic-stage parasites to perform social
motility. These complementary works suggest a CAMP-gradient model for regulation of
social motility. When cAMP is decreased (by AC inhibition or inactivation), social
motility is enhanced. When cAMP is increased (by inhibition of PDEB, or usage of
permeable cAMP analogues), social motility is blocked.

This model is analogous to what’s been described in Pseudomonas spp. (25,
26). With context to the environmental conditions, pseudomonads can decide to
create a biofilm, or to engage in swarming motility. However, loss of the c-di-GMP
specific phosphodiesterase results in them only generating biofilms when grown on a
surface. Conversely, loss of a c-di-GMP producing cyclase results in a constitutive,
hyper-swarming state, indicating that Pseudomonas also uses cyclic-nucleotide
signaling to control its social behavior.

Research into quorum sensing and social behaviors of microbes have unveiled a
vast array of diverse signaling systems (1). Pseudomonas, for example, additionally
uses rhamnolipids. Paenibacillus dendritiformis utilizes a specific protease (substilin)
to inhibit rival communities during swarming motility (27). Other microbes use

production of extracellular polysaccharides, peptides or hormones such as homoserine
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lactones, or even cell-cell contact depending signaling to regulate their behaviors (1,
28, 29). These findings expand what is known about biological mechanisms,
demonstrating that there are multiple ways to achieve a common goal, and are often

targets for species-specific clinical intervention.

How might studies on social behaviors impact the average person?

The interplay between different microbes has long been a field of interest,
particularly when it comes to reaping the benefits. In order to gain a competitive
advantage some competing microbes, in what’s known as microbial warfare, can
produce inhibitory or lethal compounds, many of which have been developed into
modern antibiotics for clinical usage, or products for industrial and biomedical
applications, as discussed earlier. Modern humanity has massively benefited from co-
opting microbial systems.

There are often quite unexpected uses as well. Physarum polycephalum is a
slime mold that is being used as a ‘living computer’ to help generate more efficient,
adaptable networks (30). When given irregularly spaced food sources, this mold is
able to generate the shortest path between multiple points, can solve labyrinth
mazes, and when the food is spaced to represent metropolitan cities, can generate a
network map similar considered superior to existing railroad infrastructure (31).
Social behaviors therefore offer a surprising amount of innovative capability. Next
time you’re stuck in traffic, ask yourself whether a slime mold could have done a

better job designing the freeway on and off ramps.
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What’s the future of social motility in trypanosomes?

SoMo has proven to be a great sensory assay for procyclic-stage parasites.
Previously, the only available assays were physical assessments of parasites (growth,
morphology, standard motility), or comparing in vivo infection rates in tsetse fly
studies. The corroboration that a SoMo incompetent mutant line is ineffective at
establishing normal fly infections makes SoMo a very promising in vitro performance
assay. For example, in conjunction with existing RNAI libraries, one could rapidly
screen through hundreds of mutant lines in a controlled, experimental setting. Such
studies are impractical or very challenging to do within an in vivo model, allowing
SoMo to be used in conjunctions with modern systems biology approaches. It’s known
that SoMo requires propulsive motility, and thus SoMo is an effective way of finding
motility mutants (33). Through the studies described earlier, we know that cAMP
signaling systems are involved in regulation of SoMo.

Analyses of trypanosome cell and flagellar surface proteomes find a wide array
of putative signaling pathways, with ligand-binding proteins, kinases, calcium
channels, ATPases, etc. (16, 32). Functional analyses using SoMo as a proxy assay may
uncover new roles for signaling and sensation. Additionally, SoMo can be used in
conjunction with modern systems biology approaches, such as RNA-seq, proteomics,
and metabolomics, which will offer massive resolving power and the technical

capability to ask critical and intriguing scientific questions.
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PREFACE

The previous chapters in this dissertation offer extensive discussion and analyses of
experimental results. The focus of this chapter is therefore on broader perspectives
gleaned from a meta-analysis of these works. This includes unpublished data, ongoing

studies, and future research directions.
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The trypanosome surface is a diverse host-parasite interface

As discussed in great detail in Chapters Il and 11, the function and composition
of the trypanosome surface constitutes a major focal point for trypanosomal
researchers. The surface and flagellar proteomes offer great insights into host-
parasite interactions, signaling and sensory systems, as well as identifying proteins
that are essential for viability and/or pathogenesis. Notably, the extracellular
biotinylation approach indicates that identified proteins are presumably accessible to
small molecule therapeutics, providing candidates for pharmacological intervention of
trypanosomiasis. One major advantage to the purification process developed in
Chapter Il, that was not discussed, is the potential for further direct studies and
analysis. The affinity purified proteome is largely devoid of VSG, and therefore, can
be further exploited.

For example, the surface proteome may be used to assess the potential for a
protective vaccine (1-3). One could immunize mice using a complex mixture of the
affinity-purified surface proteome, in advance of trypanosomal challenge. Using
bloodstream parasites of a different VSG expression site, one could assess whether
mice that received the surface proteome immunization are better able to inhibit or
repress trypanosomal infection. VSG is highly immunogenic, and is thought to be one
of the primary immune responses in an active infection (4, 5). Pre-exposure to native
surface proteins, without an active infection, may allow for priming of the immune
system generation of capable, protective antibodies, which would be a major advance

with great promise.
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A similar approach would utilize immunized mice for generation of hybridomas,
allowing for a high-throughput screen of monoclonal antibodies resulting in a surface-
staining (6, 7). Such a screen would provide numerous benefits to the trypanosomal
research community. New antibodies would be available to serve as markers of the
parasite surface, for which there are currently very few. Availability of a monoclonal
antibody would assist in characterization efforts of trypanosomal surface proteins.
This would allow for immediate localization, immunoprecipitation, and similar studies
on the endogenous protein, without the need for time consuming epitope-
modification approaches.

Through these combined efforts, surface-protein antibodies that are also
specific to T. brucei could provide a promising lead for therapeutic intervention. Our
surface proteomes identified many proteins already implicated in viability and
virulence, and we anticipate discovering more as characterization efforts advance.
Hypothetical antibodies against these candidates may show an inability to access the
parasite surface in living bloodstream form parasites, but would still have potential
for massive impact. In fact, the existence of one such antibody is not a “dead-end,”
but instead could result in collaborative efforts with research groups experienced in
antibody engineering. Modern artificially engineered forms, such as minibodies,
diabodies, or even scFV fragments, are only a fraction of their original size and may
have improved access to the parasite surface (8, 9). As such, our studies on the
surface proteomes hold promise for therapeutic and/or vaccination development

efforts beyond the discussions included in Chapter II.
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Trypanosomal adenylate cyclases

Trypanosomal adenylate cyclases (ACs) are a major focal point of this
dissertation, and extensive experimental analyses and discussion of cAMP signaling
pathways are covered in Chapters lll, 1V, VI, VIII, and Appendix I.

Although ACs have been directly implicated in signaling and sensory functions,
the trigger for catalytic activation or inactivation remains unidentified. One of the
major questions left unanswered is: “what are the ligands?” We’re very interested in
identifying ligands for the ACs, but identification of the ligand for an orphan receptor
is extremely challenging. Several bioinformatics analyses, using Phyre2 (10, 11)and
similar algorithm-based bioinformatics programs have mapped portions of the AC
extracellular domains against existing crystal-structures identified in databases (data
not shown). The crystal structure of the catalytic domain of two ACs has been
established, and has suggested mechanistic insight into catalytic functionalities (12,
13). Interestingly, the extracellular portion of ACs have fragments of structural
homology to several different ligand-binding crystal structures, including ones from
bacterial and eukaryotic organisms (data not shown). Although in vitro screens against
recombinant protein may identify regulatory ligands, such screens often have false
positives, and are prohibitively expensive. Instead, our group is collaborating with the
Andersen Laboratory, at Aarhus University in Denmark (pers. comm). The Andersen
lab specializes in recombinant protein expression, as well as the generalization of

crystal structures and corresponding analyses (14, 15). A bona fide crystal-structure of
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trypanosomal AC ligand-binding domains may be incredibly informative, as it may be
used to predict putative ligands, the mechanism of regulatory action, and even
highlight critical residues. Such residues can then be the focus of targeted
mutagenesis studies, allowing for modification of cAMP regulatory output without
disruption of the cyclase domain ultrastructure or interfering with native localization,
as done in Chapters IV and VI.

It’s quite possible, and perhaps likely, that ACs have interactions with other
proteins beyond their cyclase-driven homo-dimerization. Although the CARP effector
proteins have not yet been characterized, they may exert regulatory effect on the
CAMP producing proteins (16). Similarly, the localization studies featured in Chapter
VI suggest the potential for interaction partners influencing localization. Preliminary
work have optimized AC immunopurification protocols, which were used for the co-
immunoprecipitation assays in Chapter IV, but not yet scaled to a volume suitable for
mass-spectrometry analysis (data not shown). A caveat of such analyses is that
interaction with other proteins may be transient, and as such would not be captured
by immunoprecipitation.

An alternative, indirect method may offer the capability to identify transient
interactions, as well as shed more light on the composition of the flagellum
subdomains. Over the last two years, there’s been great interest in the application of
BiolD, a method to screen for proximate and interacting proteins in living organisms
(17). This approach utilizes fusion of a promiscuous biotin-ligase to the N or C
terminal of a gene of interest. In the presence of biotin and ATP this protein will

indiscriminately biotinylate everything in range. Utilizing streptavidin affinity-
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purification and mass-spectrometry, one could then identify interacting proteins and
other proteins “in the same neighborhood.” The adenylate cyclases are therefore a
prime target for such a technique, as they localize to different regions of the
flagellum. Comparative analyses, coupled with quantitative proteomics, may allow for
numerous flagellum membrane and matrix proteins to be identified. Proteins of key
interest include cAMP effector proteins, which may be in the matrix. Of note,
comparative analyses may implicate confidence in flagellar subdomain localization, as
AC1 is at the flagellar tip and AC2 is along the flagellum length. Currently, studies
within the laboratory group are generating BiolD-tagged cell lines on several flagellar
proteins (data not shown). Such studies are anticipated to identify new proteins, and
provide insight into signaling, functional, or structural roles.

Despite our intense focus on cAMP signaling systems in procyclic-parasites, and
the long-known lethal side effects of cAMP in bloodstream parasites, mechanisms of
action remain unknown (Chapters 1V, V, VI, Appendix I). In mammalian systems, cAMP
has many numerous roles that are not conserved in T. brucei. For example, there are
no known cyclic-nucleotide gated ion channels, or EPAC (exchange proteins activated
by cAMP) domains in T. brucei (18, 19). Similarly, GPCR-mediated cAMP signaling in
mammalian systems often acts through protein kinase A (PKA), which phosphorylates
a number of targets, including transcription factors (20). Oddly, the trypanosomal PKA
homolog is not affected by PKA, and may even be inhibited. In an effort to understand
potential signaling output, future laboratory studies may prefer to opt for unbiased,

systems level analyses.
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As technology progresses, advanced techniques such as RNA-seq lower in price,
becoming a feasible option for more routine, transcriptomic analyses. Our laboratory
group has initiated transcriptomic studies to look for gene differences between cells
grown in suspension culture, versus doing social motility on a surface (data not
shown). Initiating RNA-seq analyses of AC or PDE mutants may unveil specific changes
in MRNA expression correlating to differences in social behaviors. Other signaling
outputs may include phosphorylation, as there are a number of kinases in the T.
brucei genome, several of which we localized to the parasite flagellum (Chapter IlI).
Along the same vein, phosphoproteomic analyses may be more fruitful in analysis of
CAMP signaling systems and social behavior. Such studies may offer mechanistic

insight into the regulation and control of coordinated social behaviors of T. brucei.

Adenylate cyclases as a tool to dissecting flagellar protein trafficking systems

In earlier chapters, the usage of protein truncations, chimeras, and point
mutations allowed for identifying regions and specific residues involved in flagellar
and subflagellar localization. Adenylate cyclases, however, serve as excellent
flagellar reporter proteins, and can be used to analyze known flagellar trafficking
systems.

In unpublished works, the role of two such systems, intraflagellar transport
(IFT) and the BBSome-complex, were examined (Figure 8-01). As described in earlier

chapters, protein trafficking into the flagellum is thought to rely on either active or
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passive transport processes through a diffusion barrier. IFT has been well-defined in
its roles for the active transport and assembly of the flagellum cytoskeleton.
Inhibition of IFT88 results in cell-lethality, as trypanosomes are unable to build a new
flagellum (21, 22). Interestingly, in the absence of IFT systems in dividing cells, the
new flagellum forms a hollow membrane sleeve (23). Attempts to determine whether
ACs could localize to the membrane sleeves in the absence of IFT systems were
initiated by time-course based microscopy. Preliminary analyses were unsuccessful,
and the membrane sleeve itself is difficult to identify without greater resolving
capability.

The other trafficking system mentioned above involves the BBSome, a protein
complex named for its role in the human ciliopathy, Bardet-Biedl Syndrome (24-27).
The BBSome is thought to regulate protein traffic into and out of the flagellum, and
direct interactions with flagellar proteins have been identified in a few examples (28,
29). Although the laboratory group now studies the BBSome’s role in pathogenesis of
bloodstream parasites, the initial focus and studies were with regards to AC protein
trafficking. RNAI inhibition of BBS4 showed no effect on the flagellar localization of
either AC1 or AC2 (Figure 8-01, data not shown). Later, quantitative proteomic
analysis of bloodstream BBSome-knockout lines indicated aberrances in normal
surface protein homeostasis (manuscript in preparation). Interestingly, preliminary
functional analyses of BBS4-double knockout procyclic cells indicated abnormal social
motility in comparison to control lines, which may reflect aberrant surface protein

homeostasis in both life stages (data not shown).
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The BBSome and IFT system are likely not the only way in and out of the
flagellum. There’s been a lot of focus on the diffusion barrier at the base of the
flagellum, and several proteins are implicated in gate-keeping functionalities, though
trypanosomal homologs have not yet been characterized (30-32). On unusual protein
recently uncovered appears to be kinetoplastid specific. KHARON1 was first identified
in Leishmania mexicana, and is involved in involved in flagellar trafficking of a
glucose transporter (33). RNAi of KHARONL is lethal, with gross cellular defects. In
collaboration with the Landfear laboratory, several of the flagellar proteins from
Chapter Il were screened for interactions with the T. brucei homolog of KHARONL.
Most of them, including an adenylate cyclase, had no interaction or trafficking
defects (pers. communication). It remains to be seen whether there are other,
kinetoplastid-specific proteins that mediate flagellar targeting.

Additionally, the flagellum-tip localization of several ACs is an interesting
phenomenon, and being localized to distinct foci within the flagellum allows for some
technical challenges to be overcome. In the previous chapters, ACs were
immunolocalized, requiring cell fixation, permeabilization, and usage of antibodies. If
one were to generate GFP, or similar fluorescent reporter lines, then one could
attempt to do in vivo imaging. In other systems, cells can be immobilized and imaged,
allowing the tracking of IFT trains for example (34, 35). As some ACs localize
specifically to the flagellum tip, technical barriers to microscopy are reduced, as
there is lesser confounding signal along the flagellum length. By immobilizing a
trypanosome in soft agar, one can record high-resolution video microscopy tracking

the fluorescent reporters up or down through the flagellum. Such studies have been
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used in other systems to measure the speed of transport, thereby distinguishing
between passive diffusion along membranes versus active trafficking up microtubules
(34, 35). The studies discussed in this section demonstrate the multidisciplinary goals

that adenylate cyclases in Trypanosoma brucei can be adapted to study.

Social motility: a versatile toolbox

One of the most strongest and interesting tools T. brucei offers is one of the
newest and least understood. Social motility was first characterized using motility
mutants, and has since been used to assess the capability of several mutant cell lines,
as discussed in Appendix Il. Although the regulation of social behaviors by cAMP
signaling systems is the focus of several chapters, much remains unknown, and the
field is ripe for exploration. The in vitro assay offers many benefits, some of which
are reviewed in Chapter VII.

A major question in the field is how social motility manifests in an in vivo
system. One would anticipate that phosphodiesterase mutants likely fail to colonize
the tsetse fly, but it would be interesting to see whether, and how, an AC mutant
would manifest. Would one expect enhanced virulence? Is a fly model capable of
showing such nuances? Or do they perhaps lose their navigational capacity, and
instead go into different tissue regions? It remains to be seen.

Social motility was a fortuitous discovery within the Hill laboratory group, and

explorative works during my doctoral research made several more chance discoveries.
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One such discovery involves altering the environmental conditions of the assay. T.
brucei is standardly cultured in 5% CO, at approximately 28°C. When SoMo plates are
transferred to an incubator at atmospheric CO, conditions, a shocking phenotypic
change is seen (Figure 8-02). SoMo is enhanced to a similar degree as what we termed
hyper-SoMo. It occurs far more often with more projections, but additionally has a
shift in the progression timeframe. It occurs much earlier, and this “CO, shift” assay
was of major interest, as it implied a signaling pathway.

This was explored by utilizing motility mutants, as well as the PDEB1-RNAi line,
both of which are SoMo incompetent. Upon a CO, shift assay though, the PDEB1-RNAi
line was able to perform SoMo while the motility mutant could not (data not shown).
This dramatic result was quite exciting. First, it ruled out the notion that a growth or
motility phenotype were behind the failure of PDEB1-RNAi to perform social motility.
Second, it either introduces a new signaling pathway in regulation of SoMo, or offers a
new aspect into the existing cAMP regulation model. In fungal pathogens, CO, sensing
has been shown to affect morphology and pathogenesis (36). CO, has been linked to
regulation of cyclic-nucleotide signaling in mammalian systems, typically in the form
of bicarbonate-mediated regulation (37-41). CO, concentrations in the fly midgut are
likely highest within the concentrated bloodmeal where procyclic-forms develop, as
bicarbonate in the bloodmeal is the major source of mammalian CO,. Trypanosomes
quickly migrate through the ectoperitrophic space in a midgut infection, to a region
which presumably has lower CO, concentrations and is devoid of bicarbonate-buffered

blood.
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The trypanosome genome encodes a single carbonic anhydrase, an enzyme that
interconverts CO, to bicarbonate (18). Interestingly, this protein was identified in our
flagellar matrix proteome (42). We therefore focused studies on carbonic anhydrase,
utilizing RNAI lines to assess whether the CO, shift phenotype could be replicated
under standard assay conditions, wherein carbonic anhydrase is unable to convert CO,
to bicarbonate. In our model, bicarbonate directly regulates AC activity, resulting in
alternation of normal social motility (Figure 8-02). Preliminary studies were
promising, and a carbonic anhydrase double-knockout strain was generated, though
its functionality has yet to be characterized (data not shown).

An alternate function of bicarbonate is to act as a weak buffer in a solution. T.
brucei is grown in SM media, which lacks native buffering capability. When subjected
to a CO,-rich environment, such as a cell-culture incubator, the media will undergo
acidification (43). Therefore, an alternate explanation of the CO, shift assay is that
the change in local pH occurs at a different rate, and that the SoMo response is pH
mediated. Interestingly, the tsetse-fly gut and tissues are alkaline, meaning insect-
stage parasites must be able to tolerate a more basic pH environment than their
mammalian-stage counterparts. To explore the notion that pH may influence social
motility, SoMo assays were done modified acidic or basic SM media. Preliminary assays
were inconclusive, as cell viability was heavily impacted at non-optimal media pH
(data not shown).

To directly address the question, we instead focused on modifying the
buffering capacity of the media. As bicarbonate may or may not affect AC activity, we

opted to use multiple assay conditions to assess whether it is pH or bicarbonate levels
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that result in the phenotype. Medias were modified to either include bicarbonate or
HEPES as a buffer, with unbuffered media as a control. Preliminary results indicated a
change in the morphology and pattern of the social motility, such that the radial
projections are wider and more dispersed, though a clear answer was not determined
in the limited sample size (data not shown). Additional studies are needed to better
understand these phenotypes and ascertain the role of pH and CO; in regulation of
social motility.

A completely different phenomenon was also discovered using social motility.
Keen observation noted that an experimental first thought to have gone awry due to
contamination displayed a remarkable behavior. SoMo appeared to be responsive to
the presence of bacterial colonies! In their native environments, procyclic-form
trypanosomes interact in a variety of tsetse-tissues. It’s important to note that they
are not alone. The tsetse fly has several bacterial symbionts, and it’s long been
known that their presence influences not only tsetse biology, but trypanosomal
transmission (44-46). Although the details of bacterial symbiont influence are unclear,
the ability of the bacteria to affect trypanosome infection points to the importance of
inter-kingdom signaling, where trypanosomes and bacteria interact and cross-talk.
These interactions are considered ancient, as trypanosomes have even been gifted
bacterial genes via horizontal gene transfer (47).

After initial observation of trypanosomal avoidance and interaction, we
intentionally began co-culturing parasites with bacteria. We observe that
trypanosomes are strongly attracted to stationary-phase bacterial colonies (Figure 8-

03). This behavior contrasts that for trypanosome-trypanosome interactions, and
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represents the first known example of a putative chemoattractant. It also clearly
demonstrates that trypanosomes do sense and interact within their environment, as
they can choose to either avoid or converge on other microbial communities. Very
little is known about T. brucei chemotaxis and navigation studies, and utilization of
social motility therefore provides an excellent toolkit to further study these
qguestions.

Finally, cAMP is not the only signaling pathway known in trypanosomes. In many
organisms, flagellar calcium signaling is also a major signaling pathway. Our
proteomics uncovered numerous ion channels, ligand-binding proteins, receptor
kinases, ATPases, calcium and ion-binding proteins, and other interesting, putative
signaling proteins. Social motility offers a convenient, high-throughput assay for
functional analysis of signaling of these varied protein families. Additionally, as
discussed earlier, T. brucei is highly amenable to modern molecular biology
techniques, and these studies can further incorporate RNA-seq, quantitative

proteomics, or even the use of FRET reporters for deeper, mechanistic insights.

Concluding remarks

The works in this dissertation identify and characterize novel cAMP signaling
systems within the flagellum of the sleeping sickness parasite, Trypanosoma brucei.
Our proteomic analyses of the trypanosome cell surface indicate that the surface is a
dynamic, host-parasite interface. Stage-specific remodeling allows for fine-tuning of

parasite sensory needs for specific host environments. Similarly, the trypanosome
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flagellum surface and matrix serve as a complicated scaffold for a wide array of
signaling proteins, though most remain uncharacterized. In a similar analysis in
procyclics, we identified several new adenylate cylases (ACs). | characterized them,
finding them to be catalytically-active, surface-exposed proteins that localize to
novel subdomains of the trypanosome flagellum. Functional analyses revealed that
flagellar ACs cooperate with cAMP-specific phosphodiesterase to regulate
trypanosomal social behaviors, supporting the hypothesis that ACs transduce
extracellular signals. These results are the first direct link to flagellum signaling in T.
brucei, and suggest that differential localization of ACs is a significant feature.
Utilizing truncation, chimeric, and point mutants, | defined flagellar and subflagellar
targeting signals of ACs, finding that the cAMP regulation of social motility is
subdomain dependent. In these works, we have identified that the first known
regulators of social motility are novel flagellum-signaling pathways. We discovered
the existence of flagellar subdomains and revealed their functional importance, and
provided new insights into flagellar and trypanosomal biology, as well as trypanosomal

sociobiology.

329



FIGURES

Figure 8-01. Flagellar proteins require dedicated trafficking machinery
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(Center) The eukaryotic flagellum has a diffusion barrier at the base. All flagellar
proteins must be actively transported into the flagellum. Intraflagellar transport (IFT)

and the BBSome are two traffic control systems.

(Left) Knockdown of IFT88 is lethal in T. brucei. Attempts to determine whether ACs

could localize to a partially formed flagellum were uninterpretable.
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Figure 8-02. Social motility is aberrant during a CO,-shift assay

—

0,

co,

Carbonic
Anhydrase

(CA)

? Adenylyl

HC03—> cyclase

AEEEEEEEEEEEEEN

(AC)

=
[=}

Atmospheric CO,, 28° C

NOR O

Numober of Plates

i o?’ RIS A it

O § AV
5% CO,, 28° C

o’

=
oN-bU!OJOT)?

O P O A > P DA ©
SN P f\,.@,\,&"@

WA AV
Time After ﬁaﬁné’o’(l-l‘gurs)

Number of Plates

Phospho-
diesterase
(PDE)

ATP ==—==p cAMP =—p> AMP

IIIIIIIIIIIIIIl-: SOMO

(Top left) Representative plate demonstrating the rapid emergence of radial

projections when plates are shifted to atmospheric CO, concentrations.

(Top right) A time course quantification of when SoMo initiated radial projections.

There is a clear shift in the time course when plates were shifted to atmospheric CO,

concentrations.

331



(Bottom) A model for how carbonic anhydrase might regulate SoMo in a CO,
dependent manner. In this model, bicarbonate may through adenylate cyclases and

the known cAMP pathway.
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Figure 8-03 Trypanosomes coordinate to sense and respond to external stimuli

Repulsion Attraction

bacteria

bacteria

Trypanosoma brucei is capable of different response behaviors in social motility. On
the left, trypanosomes actively avoid each other. Sibling colonies never interact.
Conversely, trypanosomes show a clear attraction when cultured with bacteria (right).
Projections actively alter their course to intentionally migrate towards stationary
phase bacteria, demonstrated by the red arrow. This differential response indicates

that trypanosomes have different sensory and response capabilities.
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PREFACE

This appendix includes a work reprinted in entirety with the publisher’s permission.
“Cyclic AMP regulates social behavior in African trypanosomes” by Oberholzer, Saada,
and Hill. 1t was originally published in mBio, 2015, 6(3):e01954-14.

doi:10.1128/mBi0.01954-14.

This work is presented as a complement to the original finding that cAMP activity of
adenylate cyclases regulate trypanosomal social behaviors (Chapter V). As second
author of this work (as well as the Lopez et al work) | contributed to the original
experimental concepts, plans, and discussions. In this article, we focused on
inhibition of phosphodiesterase B1 through both genetic and pharmacological
methods, finding that social motility is completely blocked, which corresponds to an
increase in intracellular cAMP as measured by a FRET-sensor. In particular, |
performed the social motility assays using membrane-permeable cAMP analogues and
downstream metabolic products, demonstrating that this inhibition is cAMP-specific. |

additionally assisted and edited the manuscripts at early and late stages.
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Cyclic AMP Regulates Social Behavior in African Trypanosomes

Michael Oberholzer,@ Edwin A. Saada,® Kent L. Hillab

Department of Microbiology, Immunology and Molecular Genetics? and Molecular Biology Institute,” University of California, Los Angeles, Los Angeles, California, USA

ABSTRACT The protozoan parasite Trypanosoma brucei engages in surface-induced social behavior, termed social motility,
characterized by single cells assembling into multicellular groups that coordinate their movements in response to extracellular
signals. Social motility requires sensing and responding to extracellular signals, but the underlying mechanisms are unknown.
Here we report that T. brucei social motility depends on cyclic AMP (cAMP) signaling systems in the parasite’s flagellum (synon-
ymous with cilium). Pharmacological inhibition of cAMP-specific phosphodiesterase (PDE) completely blocks social motility
without impacting the viability or motility of individual cells. Using a fluorescence resonance energy transfer (FRET)-based sen-
sor to monitor cAMP dynamics in live cells, we demonstrate that this block in social motility correlates with an increase in intra-
cellular cAMP levels. RNA interference (RNAi) knockdown of the flagellar PDEB1 phenocopies pharmacological PDE inhibition,
demonstrating that PDEBI is required for social motility. Using parasites expressing distinct fluorescent proteins to monitor
individuals in a genetically heterogeneous community, we found that the social motility defect of PDEB1 knockdowns is comple-
mented by wild-type parasites in trans. Therefore, PDEB1 knockdown cells are competent for social motility but appear to lack a
necessary factor that can be provided by wild-type cells. The combined data demonstrate that the role of cyclic nucleotides in
regulating microbial social behavior extends to African trypanosomes and provide an example of transcomplementation in para-
sitic protozoa.

IMPORTANCE In bacteria, studies of cell-cell communication and social behavior have profoundly influenced our understanding
of microbial physiology, signaling, and pathogenesis. In contrast, mechanisms underlying social behavior in protozoan parasites
are mostly unknown. Here we show that social behavior in the protozoan parasite Trypanosoma brucei is governed by cyclic-
AMP signaling systems in the flagellum, with intriguing parallels to signaling systems that control bacterial social behavior. We

also generated a T. brucei social behavior mutant and found that the mutant phenotype is complemented by wild-type cells
grown in the same culture. Our findings open new avenues for dissecting social behavior and signaling in protozoan parasites
and illustrate the capacity of these organisms to influence each other’s behavior in mixed communities.
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ecognition of social behavior and cell-cell communication as

ubiquitous among bacteria transformed our view of microbi-
ology (1, 2). Examples of microbial social behavior are widespread
and include assembly of biofilms and fruiting bodies, quorum
sensing, and various forms of group motility across surfaces (1-6).
Social behaviors enable bacteria to function as multicellular enti-
ties exhibiting emergent properties not evident in individual cells
(1). Pathogenic bacteria and fungi exploit social behaviors to resist
host immune defenses and antibiotics, to promote tissue coloni-
zation, and to exclude competing microbes from infection sites
(7-9). As such, microbial cell-cell communication and social be-
havior are important for development and virulence, while the
underlying mechanisms are potential targets for therapeutic inter-
vention (10, 11).

Parasitic protozoa present a significant threat to global public
health and agriculture and pose an economic burden in some of
the world’s most impoverished regions (12—16). The paradigm of
social behavior can inform questions regarding parasite biology,
transmission, and pathogenesis (17-20), but little is known about
social behaviors and cell-cell interactions in these organisms. The

protozoan parasite Trypanosoma brucei is transmitted by blood-
sucking tsetse flies, causing sleeping sickness in humans and re-
lated diseases in wild and domestic animals throughout sub-
Saharan Africa (21). Trypanosomes are typically considered
individual cells but are capable of parasite-parasite communica-
tion and social behavior, In the mammalian host’s bloodstream,
for example, quorum sensing directs T. brucei development into
“short stumpy” forms that are uniquely adapted for transmission
through the tsetse fly (22, 23). Here, parasite-derived “stumpy
induction factor” (SIF) accumulates in a cell density-dependent
fashion and triggers cellular differentiation (22, 23). Procyclic (in-
sect midgut stage) trypanosomes are also capable of social behav-
ior. In this case, surface cultivation causes individual parasites to
assemble into multicellular communities that engage in collective
motility across the surface and modify their movements in re-
sponse to signals from nearby parasites (24). This group behavior
is termed social motility (SoMo) based on features shared with
social motility and swarming motility in bacteria (4, 24).

In bacteria, social motility facilitates rapid surface colonization
and promotes survival of bacterial populations in harsh environ-
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ments (4, 5, 7). Specific features of transmission or pathogenesis
that are reflected in T. brucei social motility are not yet known.
However, recent work has shown that social motility is a property
of a specific life cycle stage that occurs early during colonization of
the fly midgut, consistent with the idea that social motility reflects
parasite features relevant within the fly transmission stage (25).
Moreover, the parasites are in constant contact with tissue sur-
faces in their natural environment, particularly in the tsetse fly and
extravascular spaces in the mammalian host, and would benefit
from functions provided by social motility in bacteria. More
broadly, social motility presents a complex, group-level behavior
that highlights the capacity of trypanosomes for cell-cell commu-
nication.

Social behaviors in microbes depend upon cell-cell communi-
cation and specific signaling systems in individuals within the
population (1, 2, 4, 5). Quorum sensing and cyclic nucleotide
signaling via the 2nd messenger cyclic-dimeric-GMP (c-di-GMP)
have emerged as important regulators of surface-induced swarm-
ing motility in bacteria (26, 27). Quorum sensing and c-di-GMP
also regulate biofilm formation, which is another surface-
associated group behavior (27, 28). In eukaryotes, cyclic nucleo-
tide signaling via cyclic AMP (cAMP) is critical for the surface
motility of the social amoeba Dictyostelium discoideum (6).

T. brucei cAMP levels are controlled by receptor-type adenylate
cyclases and cAMP-specific phosphodiesterases (PDEs) (29).
T. brucei encodes five PDEs, PDEA, PDEBI1, PDEB2, PDEC, and
PDED (30, 31). PDEB1 and PDEB2 are essential for maintaining
physiological levels of cAMP in T. brucei cells (32). T. brucei
PDEBI1 (TbPDEB1) is localized to the flagellum, while TbPDEB2
is distributed throughout the cell (32). Flagellum localization is
of particular significance, because the eukaryotic flagellum is a
signaling center that controls communication with the extra-
cellular environment (33-35) and flagellar motility is required
for social motility (24). TbPDEBI1 and TbPDEB?2 are essential
in bloodstream trypanosomes in vitro and in an in vive mouse
infection model (32), making them targets for therapeutic in-
tervention, and drug discovery efforts have led to development
of potent and specific T. brucei PDE inhibitors (36-38). These
inhibitors validate PDEs as drug targets and novel open ave-
nues for dissecting cAMP signaling in trypanosomes with
chemical genetics (39).

Given the widespread use of cyclic nucleotides for regulating
surface-associated social behaviors in diverse microbes, we hy-
pothesized that cAMP controls social motility in T. brucei. To test
this hypothesis, we targeted TOPDEB1. We show that pharmaco-
logical or genetic inhibition of TbPDEBI blocks social motility
without affecting the viability or motility of individual cells. By
employing a fluorescence resonance energy transfer (FRET) sen-
sor for monitoring cAMP in live T. brucei cells, we showed that the
block in social motility is directly correlated with a rise in intra-
cellular cAMP levels. Finally, using fluorescent markers to moni-
tor genetically distinct individuals in a mixed population, we dem-
onstrated that the social motility defect of TOPDEB1 mutants can
be complemented by wild-type (WT) cells in trans. Our findings
reveal T. brucei social motility mechanisms, demonstrate that cy-
clic nucleotide regulation of microbial surface motility extends to
parasitic protozoa, and reveal a novel form of cell-cell interaction
in these parasites.

RESULTS

Intracellular cAMP levels regulate T. brucei social motility. To
test the importance of intracellular cAMP dynamics for social mo-
tility, we applied a T. brucei PDE inhibitor, cpdA, that inhibits
recombinant TbPDEB1 and TbPDEB2 in vitro and causes an in-
crease in cellular ¢cAMP concentrations when added to
bloodstream-form T. brucei in culture (37). We tested cpdA at a
range of concentrations, from 25nM to 1M, for its impact on
social motility in procyclic T. brucei. When control cells are culti-
vated on soft agar, parasites assemble at the perimeter of the inoc-
ulation site and then move outward as groups, forming projec-
tions that radiate away from the center (Fig. 1) (24). cpdA showed
dose-dependent inhibition of social motility, and the minimal
concentration giving complete inhibition was 100 nM (Fig. laand
¢). Social motility requires active parasite motility (24, 40,41). We
therefore asked if cpdA affects motility of individual cells. We
assessed motfility using live-video microscopy combined with au-
tomated tracking of individual parasites treated with or without
100 nM cpdA in suspension culture. No difference was observed
for cpdA-treated versus untreated cells (Fig. 1b). Treatment with
100 nM cpdA did not affect doubling time (Fig. 1d). Therefore,
cpdA inhibits social motility in a dose-dependent fashion, with no
impact on the proliferation or motility of individual cells.

The inhibitory effect of cpdA on T. brucei social motility is
anticipated to be due to a rise in intracellular cAMP concentra-
tions. CpdA has been demonstrated to increase intracellular
cAMP concentrations in bloodstream-form T. brucei (37), but its
impact on cAMP in procyclic parasites has not been assessed. We
therefore tested this by applying a well-characterized fluorescence
resonance energy transfer (FRET)-based sensor for cAMP, Epacl-
camps (epaclcamps), that has been used to monitor intracellular
cAMP dynamics in a variety of cell types, including trypanosomes
(38, 42, 43). When excited with a wavelength of 436 nm,
epaclcamps emits 2 distinct wavelengths, one in the cyan (488-
nm) spectrum and one in the yellow (535-nm) spectrum, the lat-
ter of which is FRET dependent (see Fig. S2a in the supplemental
material) (42). Binding of cAMP to the sensor causes a conforma-
tional change that reduces FRET, and the 488-nm/535-nm emis-
sion ratio therefore increases as a function of increasing intracel-
lular cAMP concentrations (see Fig. S2a) (42). The dynamic range
of epaclcamps is 0.2 to 10 uM cAMP (42), consistent with the
reported intracellular cAMP concentration for T. brucei (30).
epaclcamps was expressed using a tetracycline (tet)-inducible
vector in procyclic T. brucei. Fluorescence microscopy analysis of
live, immobilized epaclcamps-expressing parasites revealed that
epaclcamps is evenly distributed throughout the cell, including
the cytoplasm and flagellum (Fig. le, inset). epaclcamps reporter
parasites were then used in FRET assays (Fig. le and f; see also
Fig. §2). When excited at 436 nm, epaclcamps parasites showed
488-nm and 535-nm emission signals significantly higher than the
background observed for WT controls without the reporter (see
Fig. S2b and ¢). Addition of cpdA epaclcamps parasites produced
a dose-dependent increase in the 488-nm/535-nm emission ratio,
which rose rapidly and plateaued within ~400 to 600 s, indicating
a rapid and stable rise in cellular cAMP concentrations (Fig. le
and f). The 488-nm/535-nm ratio did not change in control
epaclcamps parasites that did not receive cpdA. Therefore, inhi-
bition of social motility by cpdA is directly correlated with a rise in
intracellular cAMP concentrations.
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FIG 1 Pharmacological inhibition of T. brucei PDE blocks social motility and elevates cellular cAMP levels. (a) Social motility of cells treated with or without
100 nM cpdA as indicated. (b) Motility of individual cells in suspension cultures treated with or without 100 nM cpdA. (¢) Chart showing the number of
projections produced upon treatment with the indicated concentrations of cpdA (0 nM [n = 33]; 25 nM [n# = 5]; 50 nm [ = 5]; 75 nm [n = 5]; 100 nM [n =
2713300 nm [n = 6];1 uM [1n = 9]). (d) Growth curve for cells treated with or without 100 nM cpdA. (e) Fluorescence ratio (488 nm/535 nm) of epaclcamps-
expressing cells as a function of time following addition of cpdA at the indicated concentrations. The inset shows that the cAMP FRET sensor epaclcamps is
expressed throughout the parasite cell, including the flagellum (arrow). (f) Endpoint analysis of 488-nm/535-nm fluorescence ratio of epaclcamps cells following
600 s of treatment with cpdA at the indicated concentration. Error bars show * standard errors. ***, P << 0.0001; ns = not significant.
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Previous studies suggested that cAMP mediates stumpy forma-
tion in BSF T. brucei because addition of cell-permeable cAMP
induced stumpy differentiation (23). Subsequent studies showed
that differentiation was not induced by hydrolysis-resistant
cAMP, even when used at concentrations 20-fold to 200-fold
higher than the hydrolyzable cAMP concentrations (44). More-
over, AMP and adenosine metabolic products were 100-fold to
1,000-fold more potent at inducing differentiation than was
cAMP, indicating that cAMP downstream products were respon-
sible for stumpy differentiation (44). We tested cAMP analogues
for an effect on social motility. In contrast to what was observed
for stumpy differentiation, hydrolysis-resistant cAMP inhibited
social motility as well as or better than hydrolyzable cAMP, and
the effect seen with either compound was equivalent to or more
potent than that seen with AMP or adenosine (see Fig. S1 in the
supplemental material). Notably, because cAMP added to T. bru-
cei cells is unstable (44), the effective cAMP concentration is even
lower than what is added. These results support the view that
cAMP mediates inhibition of social motility.

Genetic inhibition of TbPDEB1 phenocopies the effect of the
PDE inhibitor cpdA. Potent inhibition of ThPDEB1 and TbP-
DEB2 by cpdA has been demonstrated using recombinant pro-
teins (37). However, there are five PDEs in T. brucei and selectivity
of cpdA for any given PDE over the others has not been demon-
strated. Likewise, as with any pharmacological treatment, there is
potential for off-target effects that may produce a phenotype un-
related to inhibition of the drug’s expected target. Therefore, to
determine if the effect of cpdA on social motility is due to inhibi-
tion of a specific PDE, we used RNA interference (RNAI) to test
the requirement for PDEBI1 in social motility. We chose PDEB1
because of its flagellar localization (Fig. 2a) (45) and our goal of
interrogating the role of flagellar cAMP signaling in social motil-
ity. Upon tet induction, PDEB1 mRNA levels were reduced to
11% of control parasite levels, while the abundance of PDEB2
mRNA was unaffected (Fig. 2b). Therefore, knockdown was po-
tent and specific. PDEB1 knockdown did not affect the motility of
individual cells and had only a modest effect on growth (Fig. 2c
and d). When assayed for social motility, PDEB! knockdown
completely blocked social motility (Fig. 2e and f). Therefore, ge-
netic ablation of PDEB1 expression phenocopied cpdA treatment,
inhibiting social motility while not affecting the motility of indi-
vidual cells. Social motility is observed in early procyclic but not
late procyclic cells (25). Cells treated with cpdA or PDEBI RNAi
expressed the early procyclic marker GPEET procyclin (see Fig. S5
in the supplemental material), demonstrating that inhibition of
social motility is not due to differentiation into late procyclics
(25).

The social motility defect of ThbPDEB1 knockdown parasites
can be complemented by WT cells provided in trans. We ex-
plored potential mechanisms underlying the role of PDEB1 and
c¢AMP in social motility. We hypothesize at least two alternative
models. In model 1, genetic or pharmacological inhibition of
PDEBI leads to misregulation of cAMP signaling, which causes a
cell-autonomous inhibition of social motility. In other words,
PDEBI-deficient cells are incapable of social motility despite be-
ing motile as individuals. In model 2, misregulation of cAMP sig-
naling disrupts an intercellular process that is required for social
motility. For example, PDEBI-deficient cells may be competent
for social motility but fail to engage in social motility because they
lack something that could be provided by other cells. In bacteria,

for example, cells with swarming defects can be rescued by wild-
type cells in mixed communities, owing to cell-cell transfer of
outer membrane proteins important for social behavior (46). To
discriminate between these two models, we engineered cell lines
with different fluorescent markers to enable monitoring of indi-
vidual genotypes within a genetically mixed community. We gen-
erated WT cells, trypanin knockdowns (47), and PDEB1 knock-
downs, with each expressing red fluorescent protein (RFP) or
green fluorescent protein (GFP). We then examined these cells in
mixed communities. Expression of GFP or RFP did not affect
social motility, as WT-RFP and WT-GFP cells are evenly distrib-
uted in a mixed social motility community (see Fig. S3d in the
supplemental material). Trypanin is a subunit of the flagellar dy-
nein regulatory complex that controls flagellar motility (48). In-
dividual trypanin knockdown cells are incapable of propulsive
motility (47) and are consequently defective in social motility
(24). We found that the social motility defect of trypanin knock-
downs is cell autonomous, as trypanin knockdown-GFP cells were
unable to move into radial projections formed by wild-type-RFP
cells in a mixed population (Fig. 3ato cand g). The RFP/GFP ratio
of the mixed population rose rapidly as a function of the distance
from the center, increasing 30-fold within a few millimeters
(Fig. 3g). The inability of motility mutants to enter projections
formed by wild-type cells demonstrates that parasites are not sim-
ply carried into a projection by bulk flow of other cells in the
population. Mixing wild-type cells with PDEB1 knockdown cells
gave a very different result (Fig. 3d to fand h). In this case, PDEB1
knockdowns, which are incapable of forming projections on their
own (Fig. 2), moved into radial projections when cocultured with
wild-type cells in a mixed population. Quantitation of relative
levels of fluorescence intensity showed that the RFP/GFP ratio
remained constant as the population moved outward (Fig. 3h).
The result was independent of the status of the cell lines with
respect to which harbored GFP versus RFP (see Fig. 54). The abil-
ity of the PDEBI social motility defect to be complemented by
wild-type cells in trans favors model 2, indicating that wild-type
cells provide a critical factor that the PDEB1 mutants can respond
to but cannot generate on their own.

DISCUSSION

cAMP regulates T. brucei social behavior. The molecular mech-
anisms underlying trypanosome social motility are unknown.
Here we report that flagellar cAMP signaling systems function in
regulation of T. brucei social motility. Our studies here and in
recent work (49) provide the first dissection of the mechanisms
underlying social motility in trypanosomes and provide new op-
portunities for investigating cAMP signaling in these pathogens.

Pharmacological inhibition of T. brucei cAMP-specific PDE
with cpdA produces a dose-dependent increase in intracellular
cAMP concentrations in live trypanosomes that is directly corre-
lated with a dose-dependent block in social motility. These results
indicate that PDE activity is required for social motility, Gene-
specific knockdown of PDEB1 phenocopies the SoMo(—) defect
of cpdA, demonstrating that PDEBI is specifically required for
SoMo. This is in agreement with strong inhibition of recombinant
PDEBI by cpdA at low nanomolar concentrations (50% inhibi-
tory concentration [IC;,] = 3.98 nM) (37). T. brucei encodes five
PDEs, and it is possible that other PDEs may also participate in
regulation of social motility, but our data indicate they are notable
to substitute for PDEBI.
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) defect of PDEBI knockdowns is complemented by wild-type cells provided in trans. (a to ¢) Social motility assays of mixed communities

of wild-type-RFP and trypanin knockdown-GFP cells grown with tetracycline. (d to f) Social motility assays of mixed communities of wild-type—RFP and PDEB1
knockdown-GFP cells grown with tetracycline. Fluorescent images and merged images are shown at the right. The schematic illustrations on the left indicate
where the fluorescent images were taken. Insets show representative fluorescent images of individual cells used for the analyses. (g and h) Quantitation of the
relative levels of fluorescence of RFP and GFP at the indicated positions of projections formed by communities of wild-type-GFP parasites mixed with either
trypanin knockdown-RFP (g) or PDEB1 knockdown-RFP cells (h). Merged and individual fluorescent channels are shown. (i) Generalized model for cyclic
nucleotide regulation of social behavior. In T. brucei, receptor-type ACs (AC) in the flagellar membrane catalyze formation of cAMP (cNMP) and are responsive
to extracellular ligands. cAMP attenuates social motility and is removed by flagellar phosphodiesterase (PDE). Loss of PDE elevates cAMP levels, blocking social
motility, while loss of AC activity reduces cAMP levels, stimulating social motility. Dashed arrows indicate potential regulatory inputs. Similar systems operate

in bacteria, except that the cyclic nucleotide produced is cyclic-di-GMP (26).

By exploiting a FRET-based ¢cAMP sensor, we were able to
directly visualize changes in intracellular cAMP concentrations
following cpdA inhibition of PDE activity. Exact measurement of
absolute intracellular cAMP levels is challenging. However, the
cAMP concentration-dependent response of the epaclcamps sen-
sor has been titrated in vitro, allowing crude estimates of cAMP
levels in vivo (42, 43). Based on titration of the epaclcamps sensor
in vitro (42, 43), the FRET ratio of ~0.9 in control T. brucei cells
corresponds to a cAMP concentration below the 200 nM cAMP
detection limit of the sensor. Addition of 100 nM cpdA increases
cAMP levels to approximately 200 to 400 nM and completely
blocks social motility, while addition of 500 nM or 1 uM cpdA
increases cCAMP levels to above 2 uM. These values reflect total
cellular cAMP concentrations, and the changes within the flagel-
lum are likely smaller. The combined pharmacological, gene
knockdown, and FRET data indicate that flux through the cAMP

signaling pathway controls T. brucei social behavior. In addition,
our findings provide the first demonstration, to our knowledge, of
a specific function for an individual T. brucei phosphodiesterase,
an enzyme that is the focus of current drug development efforts
(36-38).

Several independent studies have implicated cAMP signaling
as critical for T. brucei biology, development, and pathogenesis
(22, 23, 32, 39, 50, 51), but the individual functions of adenylate
cyclases (ACs) and PDEs are mostly unknown. Recent work pro-
vided an important advance by demonstrating a requirement for
T. brucei bloodstream-specific ESAG4 adenylate cyclase function
in host-parasite interaction and virulence in mice (51), and ele-
gant genetic studies have identified candidate cAMP downstream
effectors (22, 39). Notably, these studies focused exclusively on
bloodstream parasites and even less is known regarding cAMP
functions in procyclic forms. Recent studies identified procyclic-
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specific adenylate cyclases, consistent with the suggestion that
cAMP functions in parasite differentiation in the fly (52, 53), and
at least two of these procyclic-specific ACs have been shown to
regulate social motility (49). A primary contributor to the limited
understanding of cAMP signaling in trypanosomes is the lack of
convenient assays for cAMP function in live cells. Studies of
surface-associated group behaviors have provided insights into
cyclic nucleotide signaling in other microbes (26, 27, 54, 55).
Thus, in addition to demonstrating a role for cAMP in social mo-
tility, our studies provide an important advance by establishing a
convenient biological assay for dissecting cAMP signaling in
T. brucei.

A microdomain model for flagellar cAMP signalingin T. bru-
cei. cAMP signaling in eukaryotes is restricted to subcellular mi-
crodomains 50 to 100 nm in diameter (56-58). Compartmental-
ization is important for successful signal transduction, as it limits
interference between pathways that use the same signal output,
increases sensitivity through higher local cAMP concentrations,
and enables transient activation and a rapid response to small
changes in cAMP levels (56-58). PDE activity is critical for main-
taining cAMP microdomains because it limits diffusion of cAMP
to the immediate vicinity of synthesis (56-58). As such, only the
proteins that sample these microdomains at the right time can
transmit the cAMP-dependent signal. A microdomain model for
cAMP operating within the trypanosome flagellum, as proposed
by Oberholzer et al. (45), provides a potential explanation for the
SoMo(—) phenotype observed upon PDEB1 knockdown or
chemical inhibition. PDEBI is localized throughout the flagellum
(32). In separate work, we reported that a specific T. brucei ade-
nylate cyclase, AC6, is localized to the tip of the flagellum and that
the loss of AC6 results in hyperactivated social motility, i.e., in an
effect opposite that of PDEB1 knockdown (49). The combined
data are consistent with a model postulating that social motility is
controlled by fluctuations of cAMP concentrations within a spe-
cific microdomain at the flagellum tip and that increased cAMP
within this microdomain blocks social motility. In this model,
PDEBI is required to insulate the flagellum tip microdomain from
cAMP originating elsewhere, for example, from other AC proteins
in the flagellum (59). The diffusion coefficient of cAMP in olfac-
tory ciliais estimated tobe 2.7 X 10~ ¢cm?s ! (60). Given alength
of approximately 20 pm for the T. brucei flagellum, cAMP origi-
nating at any location would diffuse throughout the flagellum in
less than 10 ms under unrestricted conditions. When PDEBI is
inhibited or knocked down, cAMP would be free to diffuse
throughout the flagellum, thereby disrupting cAMP homeostasis
and inhibiting social motility.

Conserved architecture of pathways that control social be-
havior in trypanosomes and bacteria. Cyclic nucleotide signaling
regulates social behaviors in divergent microbes (6, 27, 61). A
classic example is the social amoeba Dictyostelium sp., where
cAMP functions as an extracellular chemoattractant and an intra-
cellular signaling molecule that promotes development of multi-
cellular fruiting bodies (55). A more directly comparable system is
c-di-GMP regulation of bacterial swarming motility (26, 27, 62—
64). In bacteria, c-di-GMP levels are controlled through the coor-
dinate activity of diguanylate cyclases (dGCs) that synthesize the
molecule and c-di-GMP-specific PDEs that degrade the molecule
(54). Perturbation of either the PDE or dGC alters cellular c-di-
GMP homeostasis and perturbs swarming motility (26, 27, 62—
64). In Pseudomonas aeruginosa, knockout of the bifA gene, en-

coding a c-di-GMP-specific PDE, blocks swarming motility,
owing to elevated intracellular c-di-GMP concentrations (62).
Conversely, knockout of sadC or roeA, encoding dGCs, reduces
cellular c-di-GMP concentrations and generates hyperswarmers
(63, 64). The reciprocal effect of PDE and dGC mutants on bac-
terial swarming motility is analogous to what we observe for PDE
and AC (49) mutants in T. brucei social motility. As such, our
findings indicate a conserved architecture for the signaling path-
ways that control social behavior in trypanosomes and bacteria
(Fig. 31).

In Pseudomonas spp., it is postulated that c-di-GMP derived
from specific dGCs, rather than total cellular levels of the mole-
cule, controls swarming (64), and we suspect this may be analo-
gous to the finding that only specific ACs influence T. brucei social
motility (49). Trypanosomal ACs and PDEs contain known and
suspected regulatory input domains, such as the GAF-A domain
of PDEBI and PDEB2 (65) and the periplasmic binding protein
(PBP) domain of ACs (29, 65, 66). Thus, T. brucei PDE- and AC-
mediated control of social motility may be regulated by endoge-
nous molecules, as previously observed for PDEs and dGCs that
control swarming motility in bacteria (26, 54).

PDE knockdowns are social motility competent but deficient
in an intercellular process that promotes social motility. The
genetic tractability of T. brucei, combined with the ease with which
individual cells can be visualized, makes trypanosomes an excel-
lent system for monitoring the behavior of individuals within a
mixed population. Capitalizing on this, we found that the social
motility defect of PDEBI knockdowns can be complemented by
WT cells provided in trans. To our knowledge, this is the first
report of transcomplementation in parasitic protozoa, although
such processes are well known in bacteria (46). Notably, individ-
ual fluorescent parasites in mixed communities retain either red
or green fluorescence, indicating that complementation is not due
to exchange of cytoplasmic material. We propose that PDEB1
knockdowns are competent for social motility but fail to produce
something extracellularly that is necessary for social motility and
that WT cells can provide this factor, The parasite-derived com-
ponents responsible for transcomplementation of social motility
remain unknown. These components might be specific proteins
or small molecules, as seen, for example, in rescue of bacterial
swarming mutants by outer membrane proteins transferred from
wild-type cells in the same community (46, 67). Alternatively, they
might be something that alters the physical environment, in anal-
ogy to the biosurfactants that promote swarming in bacteria (68).
Trypanosomes are known to modify their environment by releas-
ing proteins and uncharacterized low-molecular-weight factors as
well as metabolic degradation products (69-71). Regardless of the
mechanism, our findings reveal a form of cell-cell communication
that was not previously recognized in these organisms.

MATERIALS AND METHODS

Cell culture. 2913 procyclic cells (72) were subjected to two rounds of
enrichment by growth on semisolid agarose plates, isolating parasites
from the tips of social motility projections (24), cloning by limiting dilu-
tion, and repeating. These cells, 291392, were used as controls (WT) for
all experiments and were used as the parental line for all transfections. Cell
culture, transfections, and isolation of clonal lines by limiting dilution
were done as previously described (48).

PDEBI1-GFP. The TbPDEBI (Tb09.160.3590) open reading frame
was PCR amplified from plasmid pCR-TbrPDEBI (gift of T. Seebeck,
Bern, Switzerland) using primers BIGAPRONEf and BIGAPRONEr
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(primer sequences are provided below). The PCR product was cloned
upstream of GFP in pG-eGFP-Blast (gift of Isabel Roditi, University of
Bern) (73). The construct was verified by sequencing, linearized with Spel,
and transfected into 2913M©2 cells. Expression of the PDEB1-GFP fusion
protein was determined by fluorescence microscopy using an Axioskop I1
microscope (Zeiss, Inc., Germany).

TbPDEB1 RNAi knockdown cells. A 279-bp fragment corresponding
to bp 150 to bp 428 of TbPDEB1 (Tb09.160.3590) was subcloned from an
RNAi knockdown construct previously published (32) into the p2T7-
Ti-B vector (74) using HindIIl and BamHI. The construct was verified by
sequencing, linearized with Notl, and transfected into 2913M©2 cells, and
clones were obtained by limiting dilution. Clone B1-1 was used for further
analysis. Quantitative reverse transcription-PCR (qRT-PCR) was per-
formed as previously described (75) using mRNA from cells at 72 h
postinduction with or without 1 pg/ml tetracycline. Each sample was
analyzed in duplicate using three independent RNA preparations. The
TbPDEB1-specific primers were QRTPDEBI-f and qRTPDEBI-r. The
TbPDEB2-specific primers were QRTPDEB2-f and qRTPDEB2-r (primer
sequences are provided below). Values were normalized to GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (Th927.6.4280) and RPS23
(Tb10.70.7030) as described previously (75).

FRET reporter and RFP and GFP reporter cells. The epaclcamps
sensor was PCR amplified from plasmid pcDNA3-YFP-epacl-CFP (42)
using primers EPACcamp-f and EPACcamp-rl (primer sequences are
provided below). The PCR product was cloned into pCRII Topo (Invit-
rogen), and the sequences were verified by sequencing. The epaclcamps
sequence was then subcloned into the HindIIT and Xbal sites of pLew100
(72). The construct was linearized with Notl and transfected into
2913MO2 cells, epaclcamps expression was detected following tet induc-
tion by fluorescence microscopy. RFP-expressing and GFP-expressing
cells were obtained by transfection with Spel-linearized pG-RFP-Blast
and pG-eGFP-Blast (gift of Isabel Roditi, University of Bern) (73), and
stable transfectants were selected using 10 pg/ml blasticidin and cloned by
limiting dilution.

Primer sequences. The primers for generating PDEB1-GFP were
BIGAPRONE( (5'-ATCTCGAGATGTTCATGAACAAGCCCTTTGG-
3') and BIGAPRONETr (5'-ATACCGGTAAACGAGTACTGCTGTTGTT
GCC-3"). The Xhol and Agel restriction sites are underlined.

The primers for gqRT-PCR analysis of PDEB1 RNAi knockdown cells
were as follows. The TbPDEB1-specific primers were qRTPDEBI1-f (5'-T
TCATGAACAAGCCCTTTGG-3") and qRTPDEBI1-r (5'-TGATAGCGA
GCGAGGATTG-3"). The TbPDEB2-specific primers were QqRTPDEB2-f
(5"-CGGTGGTCGTCATCTGCTTG-3") and qRTPDEB2-r (5'-GGAAT
CATAAGGGGCGACCA-3").

The primers for constructing FRET reporter cells were as follows: for
the epaclcamps sensor, EPACcamp-f (5'-TCACTATAGGGAGACCCAA
GCTT-3") and EPACcamp-rl (5'-TAACTAGTAGCGGGCGCTTACTT
GTAC-3"). The HindIlI and Spel sites are underlined. The reverse primer
deletes the internal Notl cloning site at the 3" end of the cyan fluorescent
protein (CFP) moiety.

FRET. epaclcamps expression was induced for 24 to 48 h using
1 pg/ml tetracycline. Cells were washed once in culture medium and
resuspended to 1.5 X 10® cells/ml in the same medium. A 100-ul volume
of cells was added to each well of a 96-well black polystyrene Microplate
(Greiner). An additional 100 ul of medium containing cpdA was added to
each well to give final concentrations of 100 nM, 500 nM, and 1 pM
cpdA. Several controls were performed for normalization of the reading.
(i) epaclcamps-expressing cells were treated with just dimethyl sulfoxide
(DMSO), which is the solvent for cpdA. (ii) 2913MO2 parental cells, i.e.,
without epaclcamps, were treated with cpdA. Immediately following ad-
dition of cpdA or DMSO, emission ratios were determined using a pho-
tospectrometer (FlexStation) and SoftMax Pro 4.8 software. Filter settings
were as follows: excitation, 436 nm; emission, 480 nm (cutoff, 475 nm) or
535 nm (cutoff, 530 nm). The experiments at each time point (41-s inter-

vals) were performed in triplicate, and the results are reported = standard
deviations.

Motility traces and social motility assays. Motility trace experiments
were done as previously described (76). Movies were exported at a reso-
lution of 1 fps and analyzed using automatic tracking in MetaMorph
software (Molecular Devices). For social motility assays, cells were diluted
for three consecutive days to 3 X 10° cells/ml in suspension culture. A 4%
(wt/vol) solution of SeaPlaque GTG agarose (Lonza) in MilliQ water was
sterilized for 20 min at 250°C, evaporated water was replaced with sterile
MilliQ water, and the stock solution was cooled to 70°C. Stock was diluted
to 0.4% with prewarmed culture medium and then maintained at 37°C
and supplemented with cpdA, DMSO, 1 pg/ml tetracycline, or methanol
as indicated. Medium (13 ml) was poured into 100-mm-by-15-mm petri
dishes (Fisherbrand), and plates were dried open for 1.5 h in a laminar
flow hood. A total of 5 X 107 cells at 1.2 X 107 to 1.6 X 107 cell/ml were
added to the agarose surface, and plates were sealed with Parafilm and
incubated at 27°C and 5% CO,.

For cAMP analogue experiments, social motility plates were supple-
mented with 8-Br-cAMP (Sigma) as cell-permeable ¢cAMP; Rp-8-Br-
cAMPS (Sigma) as cell-permeable, hydrolysis-resistant cAMP; 8-pCPT-
2'-0O-Me-Ado (BioLog, Germany) as cell-permeable adenosine; or
8-pCPT-2"-O-Me-5'-AMP (BioLog, Germany) as cell-permeable AMP;
and assays were performed as described above, with plates kept in the
dark. Concentrations to be used were determined by starting with 8-Br-
cAMP at 150 uM, the concentration that induces stumpy formation in
T. brucei (44), and titrating down to find the minimum concentration that
inhibited social motility, which was 1 to 10 wM. The other compounds
were then also tested at these concentrations. Inhibition of social motility
was not due to inhibition of cell proliferation (not shown). AMP and
adenosine gave inhibition when the concentration was raised to 20 uM
(not shown), though this was likely due to nonspecific effects, as it is
~200-fold higher than the concentration (84 nM to 125 nM) that blocks
proliferation and induces stumpy formation in bloodstream-form cells
(44). In contrast, the concentration of externally added cAMP required to
inhibit social motility is 10-fold to 100-fold lower than what is required to
induce stumpy formation (44). Moreover, because cAMP analogues
added to T. brucei cells are unstable (44), the effective cAMP concentra-
tion is actually much lower than what was added. It is recognized that
cAMP analogues have potential off-target effects and may act as agonists
or antagonists of cAMP effector proteins (44, 77), and we therefore con-
sider these experiments to be an adjunct to those with the more specific
pharmacological T. brucei PDE inhibitor cpdA (37) and gene-specific
PDEB1 RNAI.

Colony lifts to assess GPEET expression. GPEET expression in cells
on plates was assessed by colony lifts. Nitrocellulose membrane was incu-
bated on the surface of social motility plates (day 4 postplating) for 5 min.
The membrane was removed, air-dried, and stained with Ponceau S prior
to imaging to visualize total protein. The membrane was washed in MilliQ
water, blocked in phosphate-buffered saline (PBS) containing 5% pow-
dered milk, and stained with anti-GPEET antibody (1:10,000) overnight
at 4°C. The membrane was washed 3 times for 10 min in PBS-0.05%
Tween 20 and stained with secondary antibodies coupled to horseradish
peroxidase (HRP) (1:2,500) and washed as described above prior to de-
velopment using an enhanced chemiluminescence (ECL) kit and expo-
sure to film.

Social complementation assay. GFP-expressing cells and RFP-
expressing cells were mixed in a 1:1 ratio and plated as described above for
social motility assays. Fluorescence imaging of cells on plates was done 96
to 120 h postplating using an Axioskop II microscope (Zeiss, Inc., Jena,
Germany) with a 2.56LD Plan NeoFluor objective and a GFP bandpass
emission filter (41017; Chroma Technology) or an RFP bandpass emis-
sion filter (41007; Chroma Technology) on a Zeiss Axiovert microscope
using an AxioCam camera. Pictures were processed using Adobe Photo-
shop, fluorescence intensities were determined using ImageJ] (NIH), and
values were plotted using GraphPad PRISM.
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SUPPLEMENTAL MATERIAL LEGENDS

FIGURE S1

Effect of cAMP analogues on social motility. Data represent the social motility of untreated cells (control) or cells treated
with cell-permeable cAMP analogues as indicated. 1, hydrolyzable cAMP:8-Br-cAMP; 2, hydrolysis-resistant cAMP (Rp-
8-Br-cAMPS); 3, AMP (8-pCPT-2"-0O-Me-5"-AMP); 4, adenosine (8-pCPT-2-O-Me-Ado).The numbers of projections per
plate were counted at 72 h postplating. Samples showing statistically significant differences relative to the control are
indicated with asterisks. *, 2 < 0.0001; **, P < 0.01; *** P < 0.03 (two-tailed, unpaired 7 test). Download Figure S1,
PPT file, 0.2 MB.

FIGURE S2

FRET assay using epaclcamps sensor. (a) Schematic showing the FRET-based cAMP sensor, epaclcamps (42), and the
effect of adding cAMP. (b) Fluorescence emission at 488 and 535 nm for wild-type (WT) cells and cells expressing the
epaclcamps sensor (epac). (¢) Fluorescence ratio (488 nm/535 nm) for epaclcamps-expressing cells normalized to the
background fluorescence of wild-type cells without the sensor. Download Figure S2, PPT file, 0.3 MB.

FIGURE S3

Expression of GFP or RFP does not affect the social motility phenotype. (a to d) Social motility assays with the indicated
cell lines expressing RFP or GFP. (a to ¢) Images of the social motility phenotype. (d) Individual and merged fluorescent
channels for mixed communities of wild-type cells expressing RFP or GFP as indicated. Schematic at left shows the
region of the projection that was imaged for fluorescence. DownloadFigure S3, PPT file, 0.7 MB.

FIGURE S4

The PDEBI1 knockdown social motility defect is rescued by wild-type cells provided in trans. Fluorescent and merged
images of social motility assays using mixed populations of WT, trypanin knockdown, and PDEBI1 knockdown cells as
indicated are shown. See the Fig. 3 legend for details. Here, WT cells express GFP and the knockdown cells express RFP,
while in Fig. 3, WT cells express RFP and the knockdown cells express GFP. Download Figure S4, PPT file, 1.8 MB.

FIGURE S5

GPEET is expressed in PDEB1-RNAi and cpdA-treated cells. Colony lifts were performed on social motility colonies of
PDEBI1 RNAI cells grown in the absence or presence of tetracycline (tet) as indicated or on control cells grown with or
without 0.1 uM cpdA as indicated. Nitrocellulose filters were stained with Ponceau S (top) to visualize total protein and
then probed with anti-GPEET antibody to visualize GPEET procyclin (bottom). Download Figure S5, PPT file, 2.9 MB.
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Oberholzer, Supplemental Figure 3
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Appendix II:

Social motility analyses of two cytosolic
Trypanosoma brucei elF4E translation initiation factor-like proteins

that are associated with homologues of mRNA capping enzymes
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PREFACE

This appendix includes two works reprinted in entirety with their respective
publisher’s permission. The first is “Trypanosoma brucei translation initiation factor
homolog EIF4E6 forms a tripartite cytosolic complex with EIFAG5 and a capping
enzyme homolog” by Freire et al, and was originally published in Eukaryotic Cell,
2014, 13:896-908. The second is “elF4F-like complexes formed by cap-binding
homolog TbEIF4E5 with TbEIFAG1 or ThbEIFAG2 are implicated in post-transcriptional
regulation in Trypanosoma brucei” by Freire et al, and was originally published in

RNA, 2014, 20: 1272-1286.

The works characterize two elF4E translation initiation factor-like proteins. My
contribution to both works centered around the usage of social motility analyses. As
discussed in Chapters IV and IX, social motility is a powerful tool to analyze
trypanosome mutants of both sensory and motility defects. Knockdown or inhibition
of EIF4ES5 inhibits normal motility of the cells, leading them to sediment more quickly
in suspension culture, and fail to perform social motility. Knockdown of EIF4E6 leads
to a different phenotype, such that many cells possess a more weakly attached
flagellum, and have some motility impairments. Correspondingly, social motility
appears to be decreased, but not fully inhibited, in this cell line. Interestingly, when
the social motility assay is done in conjugation with CO2 shift experiments (Chapter
VIII), EIF4E6 depleted cells are capable of social motility at comparable level to

control cells (unpublished, data not shown). This indicates that the social motility
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defect can not be completely attributed to a flagellar-motility defect, as initially
surmised. This phenotypic difference may be examined in future studies, in
conjunction with RNAseq data (Freire, unpublished). This unanticipated finding
demonstrates the utility of the social motility assay, and experimental variations, as a

powerful tool to better understand and characterize mutants.
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Trypanosoma brucei Translation Initiation Factor Homolog EIF4E6
Forms a Tripartite Cytosolic Complex with EIF4G5 and a Capping
Enzyme Homolog

Eden R. Freire,® Amaranta M. Malvezzi, ¢ Ajay A. Vashisht,” Joanna Zuberek,® Edwin A. Saada,® Gerasimos Langousis,®

Janaina D. F. Nascimento, Danielle Moura,® Edward Darzynkiewicz,%® Kent Hill,? Osvaldo P. de Melo Neto,” James A. Wohlschlegel,”
Nancy R. Sturm,® David A. Campbell®

Department of Microbiology, Immunology & Molecular Genetics, David Geffen School of Medicine, University of California at Los Angeles, Los Angeles, California, USA?;
Department of Biological Chemistry, David Geffen School of Medicine, University of California at Los Angeles, Los Angeles, California, USA®; Division of Biophysics,
Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Peland®; Department of Microbiology, Centro de Pesquisas Aggeu Magalhdes,
Fundacao Oswaldo Cruz, Recife, PE, Brazil®; Centre of New Technologies, University of Warsaw, Warsaw, Poland®

Trypanosomes lack the transcriptional control characteristic of the majority of eukaryotes that is mediated by gene-specific pro-
moters in a one-gene—one-promoter arrangement. Rather, their genomes are transcribed in large polycistrons with no obvious
functional linkage. Posttranscriptional regulation of gene expression must thus play a larger role in these organisms. The eIF4E
homolog TbEIF4E6 binds mRNA cap analogs in vitro and is part of a complex in vivo that may fulfill such a role. Knockdown of
TbEIF4E6 tagged with protein A-tobacco etch virus protease cleavage site-protein C to approximately 15% of the normal expres-
sion level resulted in viable cells that displayed a set of phenotypes linked to detachment of the flagellum from the length of the
cell body, if not outright flagellum loss. While these cells appeared and behaved as normal under stationary liquid culture condi-
tions, standard centrifugation resulted in a marked increase in flagellar detachment. Furthermore, the ability of TbEIF4E6-de-
pleted cells to engage in social motility was reduced. The TbEIF4E6 protein forms a cytosolic complex containing a triad of pro-

teins, including the eIF4G homolog TbEIF4G5 and a hypothetical protein of 70.3 kDa, referred to as TbG5-IP. The TbG5-IP
analysis revealed two domains with predicted secondary structures conserved in mRNA capping enzymes: nucleoside triphos-
phate hydrolase and guanylyltransferase. These complex members have the potential for RNA interaction, either via the 5’ cap
structure for TObEIF4E6 and TbG5-IP or through RNA-binding domains in TbEIF4G5. The associated proteins provide a sign-
post for future studies to determine how this complex affects capped RNA molecules.

he operon arrangement used by prokaryotes is an elegant so-

lution to the question of regulated gene expression, with co-
ordinated transcription of genes encoding enzymes within a given
metabolic pathway under the control of a single promoter. In
contrast, the majority of eukaryotes evolved independent promot-
ers to control the expression of individual genes, and promoter
types fall into classes that are activated or repressed in synchrony
with functionally linked genes. Kinetoplastids employ an unusual
blend of these two strategies, the constitutive transcription of
polycistronic gene clusters that, apart from tandem gene arrays,
typically show no discernible biochemical linkage within arrays (1,
2). The result is the virtual absence of genetic control at the level of
gene transcription for mRNAs transcribed by RNA polymerase I1
(3, 4). Trypanosoma brucei has circumvented this limitation for
the expression of a set of virulence factors associated with the
variant surface glycoproteins. This family provides the coat on the
cell surface and cycles a single member over time to allow this
parasite to evade the host immune system. RNA polymerase I
promoters provide temporal control to this gene set (5, 6). This
unusual choice of polymerase is available to trypanosomes be-
cause of the mechanism that also provides a complex mRNA cap
structure to all nuclear transcripts, namely, trans splicing of the
spliced leader (SL) RNA (7).

The SL RNA is a small, independently transcribed molecule
that is the source of the hypermethylated cap 4 structure that
defines nucleus-derived mRNA in kinetoplastids (8). The cap 4
structure consists of cap 0 followed by 2'-O-methylation of the

first four transcribed nucleotides and an additional three methy-
lations on the first and fourth bases (9). The first 39 nucleotides
are transferred by trans splicing to each gene transcript in a poly-
cistronic array, which, coupled with 3" polyadenylation (10), re-
sults in a monocistronic mRNA population looking very much
like that from any other eukaryote with a few extra 5" methyla-
tions. Other eukaryotes widely separated from each other in evo-
lutionary terms use this combination of polycistronic transcrip-
tion and trans splicing of their own flavor of SL (11-13).

RNA cap formation requires a minimum of three enzymatic
activities, a triphosphatase to remove the gamma phosphate of the
primary transcript, a guanylyltransferase to attach an inverted
GTP cap via a triphosphate bridge, and a methyltransferase to
complete the m’G modification that defines cap 0 (14). This trio
of activities is found in various combinations in difterent systems,
including three separate proteins in yeast, a pairing of the first and
second activities in metazoa and plants or the second and third
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activities in kinetoplastids, and a single trifunctional enzyme in
several viruses (14). In kinetoplastids the proteins adding cap 0
cotranscriptionally to the SL RNA are identified as TbCET1, a
triphosphatase, and bifunctional TbCGM1, a guanylyltransferase
and methyltransferase (15-17). Subsequent methylation of down-
stream nucleotides, referred to as cap 1, cap 2, and cap 4, can
enhance translation levels (18).

The process of translation is more uniform in eukaryotes, re-
quiring the recognition of a 5" mRNA cap structure by an RNA
cap-binding protein, elF4E, a component of the elF4F translation
initiation complex. Entrance into the translation pathway could
represent a key control point for polycistronically transcribing
eukaryotes (19). In organisms with sophisticated mechanisms of
transcriptional control such as humans, Drosophila, and yeast, the
translation initiation machinery provides another level of control
(20). The first step of translation initiation involves recognition of
the mRNA cap by the eIF4F complex, which consists of elF4E and
the helicase e[F4A bound separately to a scaffold protein, elF4G.
Extended families of eIF4E and eIF4G proteins may result in an
array of combinatorial possibilities for the modulation of transla-
tion (21). A minimal repertoire is found in the two model yeasts;
Saccharomyces cerevisiae possesses one elF4E and two elF4Gs that
have a functional overlap (22); Schizosaccharomyces pombe has
two elF4Es and one eIF4G that are distinguished during the stress
response (23). Of the trans-splicing organisms, Caenorhabditis el-
egans has an extended family of five eIF4Es (24) and two eIF4G
isoforms derived from alternative splicing (25). Four eIF4E ho-
mologs and five eIF4G homologs have been reported in Leishma-
nia and T. brucei (26, 27), and the kinetoplastid-specific elF4G
binding partners have been identified for homologs eIF4E3 and
elF4E4 (28), with the elF4F4 and elF4G3 combination as the best
candidates for the general translation initiation complex (28, 29).
Ribosome profiling, the genome-wide analysis of mRNAs pro-
tected by the translation machinery, has demonstrated that trans-
lational regulation is an important component of regulated pro-
tein expression in T. brucei (30). The function of the other family
members is unknown.

We have identified two further eIF4E family members in kin-
etoplastids, TbEIF4E5 and TbEIF4E6, focusing here on the molec-
ular and cellular characterization of TbEIF4E6. Knockdown of
TbEIF4E6 by RNA interference (RNAIi) is linked with a pheno-
typic abnormality in flagellar attachment along the cell body of T.
brucei and a notable reduction in social motility (SoMo) behavior.
We have confirmed mRNA cap-binding activity for the protein,
determined its TbEIF4G binding partner, and identified an in-
triguing copurifying hypothetical protein with domains predicted
to function in mRNA cap 0 formation.

MATERIALS AND METHODS

Bioinformatics. The T. brucei elF4E homolog TbE6 was identified by
BLAST searches of the GeneDB database (31) by using the TbEIF4E5
sequence (Tb927.10.5020). Orthologs from Leishmania tarentolae and
Bodo saltans were retrieved by BLAST searches of the TriTrypDB (32) and
Wellcome Trust Sanger Institute (33) databases, respectively. Multiple-
sequence alignments were performed with Clustal Omega (http://www
.ebi.ac.uk/Tools/msa/clustalo/).

Plasmid construction. For the oligonucleotide primers used for am-
plification, see Table S1 in the supplemental material. Recombinant ThE6
was expressed from the p2171 plasmid. For interaction assays, the open
reading frames of all e[F4E and eIF4G homologs were amplified by PCR
and cloned into the yeast two-hybrid vectors pGAD and pGBK (Clontech

Laboratories, Inc.). For conditional knockdown by RNAI, the TbE6 gene-
internal fragments were amplified and cloned into the p2T7-177 vector
(34). The 3'-terminal TbE6 gene fragments for carboxy-terminal epitope
tagging of genes were PCR amplified, and the resulting fragments were
cloned into the pC-PTP-Neo plasmid (35).

In vitro cap-binding assay. Recombinant TbE6 protein tagged with
His, was expressed in Escherichia coli Rosetta 2(DE3) cells. Expression was
induced with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 3
hat 37°C. Cells were harvested, disrupted by sonication, and centrifuged.
The pellet was washed two times (20 mM HEPES-KOH [pH 7.2] 1 M
guanidine hydrochloride, 2 mM dithiothreitol [DTT], 10% glycerol), and
the inclusion bodies were dissolved in 50 mM HEPES-KOH (pH 7.2)-6
M guanidine hydrochloride-10% glycerol-2 mM DTT. Cell debris was
removed by centrifugation (43,000 X g for 30 min). The protein (diluted
to <<0.1 mg/ml) was refolded by one-step dialysis against 50 mM HEPES-
KOH (pH 7.2)-100 mM KCI-0.5 mM EDTA-2 mM DTT and purified by
ion-exchange chromatography through a HiTrap SP column.

Time-synchronized fluorescence titrations were carried out on a
PerkinElmer LS 55 Fluorescence Spectrometer at 20 = 0.3°C (36) in 50
mM HEPES-KOH (pH 7.2)-100 mM KCI-0.5 mM EDTA-2 mM DTT.
During the time course titration, 1-pl aliquots of cap analogue solutions
were added to 1,400 pl of protein solution (0.1, 0.2, or 0.3 pM protein
concentration). Changes in fluorescence intensity were measured at 325
or 340 nm with excitation at 280 nm and corrected for sample dilution
and for inner-filter effects. Equilibrium association constants (K,,) were
determined by fitting the theoretical curve of fluorescence intensity for the
total cap analogue concentration to the experimental data points (36).
The final K, was calculated as a weighted average of three to five indepen-
dent titrations. The fitting procedure used nonlinear least-squares regres-
sion analysis and was performed with Origin 6.0 (MicroCal Software).

T. brucei cell culture and RNAi. YTAT procyclic T. brucei was grown
at 27°C in SM medium (37) supplemented with 10% fetal bovine serum.
Procyclic forms of T. brucei Lister 427 strain 29-13 were used for RNAi.
Transfection was performed as described previously (38). Selection was
performed with G418 (15 pg/ml), puromycin (10 pg/ml), or phleomycin
(2.5 pg/ml), and clonal lines of selected cultures were obtained by limiting
dilution in 96-well plates. To induce RNAI, 1 pg/ml tetracycline (Tet) was
added to mid-log-phase cultures and growth was measured daily. Single-
knockout, protein A-tobacco etch virus protease cleavage site-protein C
(PTP)-tagged lines were constructed as described previously (35). To gen-
erate the ThE6 """ cell line, the 29-13 cell line was transfected with the
plasmid cPTP-puro-TbES6, selected with puromycin, checked for PTP-
tagged protein expression, transfected with the RNAi plasmid p2T7-177-
TbE6, and then selected with phleomycin, generating the TbEG™'*™"
RNAI cell line. PTP tagging of TbE6 to monitor knockdown in the 29-13
RNAi cell line affected one allele, leaving the second as the wild type (WT).
For the genetic structure and validation of the cell lines, see Fig. S1 in the
supplemental material.

Fluorescence microscopy. T. brucei cultures in mid-log phase (5 X
10° to 5 % 107 cells/ml) were used for immunofluorescence imaging as
described previously (39). Aliquots of 1 ml were washed twice in 1 ml of
phosphate-buffered saline (PBS), resuspended in 1 ml of PBS-0.01%
paraformaldehyde, and incubated on ice for 5 min. The cells were centri-
fuged and resuspended in 0.5 ml of PBS. Approximately 20 .l of the cell
suspension was spread on a microscope slide, dried at room temperature
(RT), and then fixed at —20°C in acetone for 5 min and at —20°C in
methanol for 5 min. The slides were dried at RT, and cells were rehydrated
with 1 ml of PBS for 15 min and then blocked for 1.5 h at RT with blocking
solution (PBS, 5% normal goat serum, 5% BSA). Blocked cells were incu-
bated for 1.5 h in a rabbit anti-protein A antibody (Sigma) at 1:3,000 in
blocking solution, washed 3 with PBS-T (PBS plus 0.05% Tween 20),
incubated in 1:3,000 anti-rabbit IgG Alexa 488 (Invitrogen), washed three
times with PBS-T and once with PBS, mounted on slides with Vectashield
(Vector Laboratories) containing 4',6-diamidino-2-phenylindole (DAPI),
and viewed by fluorescence microscopy.

364



Metabolic labeling assay. [**S]methionine incorporation was deter-
mined as described previously (27). RNAi-induced and uninduced
TbE6 """ RNAi mid-log-phase cultures were centrifuged at 3,000 rpm at
RT, washed once in methionine-free SM medium, and resuspended to a
concentration of 1 X 107 cells/ml in methionine-free SM medium supple-
mented with 50 pCi/ml L-[smethyl-**S]methionine. After 1 h of incuba-
tion at 28°C, 50-pl aliquots were lysed (5 pl of 10% SDS, 2.5 pl of 1 M
NaOH) and 10-jl volumes of these lysates were spotted in triplicate onto
Whatman filter papers and dried at RT. The filters were then incubated on
ice in 10% trichloroacetic acid (TCA) for 15 min and then boiled in 5%
TCA for 10 min. After one methanol wash and one acetone wash, the
filters were dried at RT. The radiolabel incorporated into proteins was
measured with a Beckman LS 6500 Scintillation Counter. Experiments
were performed three times in triplicate. The standard error was calcu-
lated and plotted in Microsoft Excel. Significance P values were calculated
by one-way analysis of variance (ANOVA) (GraphPad Prism 5).

Flagellar attachment physical stress assay. WT and ThE6 /"1 RNAi
cells with and without Tet were grown to mid-log phase. One-milliliter
aliquots of primary culture were transferred to a microcentrifuge tube and
subjected to 3,000 rpm in a desktop microcentrifuge (Eppendorf model
5415R) for 5 min at RT. The cell pellets were resuspended and washed
twice in 1 ml of PBS with two additional 5-min spins at 3,000 rpm and
then resuspended in 1 ml of PBS-10 pl of paraformaldehyde. An aliquot
was spread on poly-L-lysine-treated coverslips and allowed to air dry be-
fore being mounted with coverslips and Vectashield (Vector Laborato-
ries). Flagellar integrity was assessed by light microscopy at X100 magni-
fication. A total of 100 cells were scored for each of the three conditions,
and the results were plotted with standard errors. Significance P values
were calculated by one-way ANOVA (GraphPad Prism 5). A cell was
scored as “detached” if the flagellum was looped away from the cell body,
separated from part or all of the cell body, or absent altogether.

Sedimentation assay. Motility in a liquid environment was quantified
by spectrophotometry similar to what was described elsewhere (40). Cells
with integrated RNAi constructions were incubated with or without Tet
for 72 h and then resuspended at 5 X 10°/ml in fresh medium with or
without the drug. Six replicates (1 ml) were transferred to cuvettes and
incubated without shaking under standard conditions. The optical den-
sity at 600 nm (ODy,,,) was measured in triplicate every 8 h, with three
cuvettes left undisturbed to measure sedimentation and three cuvettes
mixed prior to measurement. The AOD,, of each sample was calculated
by dividing the ODy, of the resuspended samples by those of the undis-
turbed samples.

SoMo assays. SoMo assays on semisolid agarose plates were per-
formed as described previously (41). Plates contained either methanol
(diluent) or Tet (final concentration, 1 pg/ml) for the “minus-Tet” and
“plus-Tet” conditions, respectively. The plates were inoculated with 5.5 pl
of cells from suspension cultures at approximately 1.0 X 107 cells/ml. The
plus-Tet cells were induced for 72 h prior to plating. Following inocula-
tion, the plates were closed, left to sit for 20 min, sealed with Parafilm, and
then incubated at 27°C with 5% CO,. Plates were photographed at 120 h
with a white light box and a velvet cloth to provide background contrast.
Images were acquired with a Pentax Optio M30 camera and cropped in
Adobe Photoshop.

Yeast-two hybrid assays. Yeast strain PJ69-4A was cultivated over-
night at 30°C in YPD medium (42). Each transformation used 1 ml of a
cell suspension washed and resuspended in 100 pl of Tris-EDTA (TE)-
100 mM lithium acetate buffer and incubated at RT for 15 min. The cells
were centrifuged and resuspended in 360 pul of transformation buffer (1<
TE, 1 mM lithium acetate, 50% PEG 8000, 2 mg/ml boiled salmon sperm
DNA), simultaneously transformed with GBK (Tryp*) and GAD (Leu™)
plasmids expressing individual T. brucei 4E and 4G homologs, and incu-
bated for 30 min at RT. Subsequently, the cells were incubated at 42°C for
20 min and then centrifuged. The pellet was resuspended in 2 ml of drop-
out medium (minimal medium minus tryptophan and leucine) and in-
cubated overnight at 30°C. After dropout incubation, the ODy,, was

checked and all of the cultures were centrifuged, diluted to an OD,, 0f 0.5
in dropout medium (minimal medium minus tryptophan, leucine, and
histidine), plated on solid dropout medium containing 3-amino-1,2,4-
triazole (3AT) in serial dilutions, and incubated at 30°C for 5 days. The
positive-control plates used plasmids pGADT7-T and pGBKT7-53 (Clon-
tech Laboratories Inc.) for transformation.

Native gel electrophoresis. Blue native gel analysis was performed as
described previously (43). Samples were prepared as follows: Mid-log-
phase culture cells were washed twice in PBS, resuspended in 24 pl of
extraction buffer (25 mM HEPES, 150 mM sucrose, 20 mM potassium
glutamate, 3 mM MgCl,, 0.5% NP-40, 150 mM KCI, 0.5 mM DTT,
SigmaFAST EDTA-free protease inhibitor cocktail [Sigma-Aldrich]), in-
cubated on ice for 20 min, and centrifuged at full speed for 10 min at 4°C.
Eighteen microliters of the supernatant was added to 6.25 pl of 4 X native
PAGE buffer and 1 pl of G-250 Coomassie sample buffer. The samples
were electrophoresed through precast 4 to 16% native PAGE Novex Bis-
Tris gels in accordance with the manufacturer’s specifications (Life Tech-
nologies). The NativeMark unstained protein standard (Life Technolo-
gies) was used to estimate complex sizes. Proteins were transferred to
0.2-pm Immun-Blot polyvinylidene difluoride membranes (Bio-Rad).
Membranes were fixed in 8% acetic acid for 15 min, rinsed with water, and
incubated with a primary or secondary antibody. The size marker lane was
removed prior to antibody incubation, air dried, equilibrated with meth-
anol, and stained with Coomassie dye for visualization.

Tandem affinity purification. Purification was performed with 500
ml of culture (5 % 10° cell/ml). For tandem affinity purification, the PTP
tag was used and purification was performed as described previously (35).
The total elution from the protein C column was either (i) resolved by
SDS-PAGE and visualized by silver staining (Bio-Rad Silver Staining plus)
or (i) TCA precipitated and subjected to multidimensional protein iden-
tification technology (MudPIT) mass spectrometry.

MudPIT. The TCA-precipitated proteins were digested by trypsin and
subjected to mass spectrometry as described previously (44). The pro-
teomic data were analyzed by using the SEQUEST and DTASelect2 algo-
rithms against the T. brucei genome database (1), filtering by a peptide-
level false-positivity rate of 5%, and a minimum of two peptides per
protein (45).

RESULTS

Two new members of the kinetoplastid eIF4E homolog family.
The dearth of transcriptional control in trypanosomes means that
the organism must rely on downstream control mechanisms to
modulate Jevels of gene expression. Therefore, mRNA is an attrac-
tive target for regulation and we chose to search for cap-binding
proteins that could mediate recognition of transcripts in general
or perhaps of specific subgroups of messages. Reexamination of
the GeneDB database with eIFAE family members from baker’s
yeast revealed a new protein, Th927.10.5020, that we duly named
TbEIF4ES5 and refer to here as TbES5. A reciprocal BLAST search
with the TbE5 sequence revealed a further related protein,
Tb927.7.1670, that we designated TbEIF4E6 (TbE6). Here we
present the functional characterization of TbE6.

Both ThE5 and TbE6 carry the hallmarks of the IF4E superfam-
ily core domain, including motifs required for RNA cap binding
and for elF4G protein interaction (Fig. 1; see Table S2 in the sup-
plemental material). Atypically, both cap-binding pi-pi sandwich
residues showed a conservative replacement of tryptophan (W)
with phenylalanine (F). Replacement of W73 with a nonconser-
vative ring-containing histidine (H) was found in the eIF4G inter-
action domain. Both proteins have orthologs in all Leishmania
species, as exemplified here by L. tarentolae, and in the distantly
related parabodonid B. saltans (see Fig. S2A in the supplemental
material). An additional conserved block spanning 7 of 13 amino
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FIG 1 The key domains and motifs of the T. brucei and human eIF4E homologs are conserved. This comprehensive diagram aligns the IF4E superfamily domains
of the six proteins and highlights nucleotides and motifs critical for RNA cap binding. Highlights include the conservation of the family domain (gray) with P
values indicated, insertions (black), and the amino acids involved in cap binding (in squares) and elF4G binding (in elongated circles).

acids (aa) was observed in the short NH-terminal domain. The
conservation of ThE6 elF4E-like homologs suggests a common
role in kinetoplastid biology.

TbE6 binds cap analogs in vitro. To determine if TbE6 could
bind mRNA cap structures, we measured the efficiency of recom-
binant TbE6 binding to four cap analogs in vitro. The hyperm-
ethylated SL RNA cap equivalent was represented by cap 4, while
the standard cap 0 structure binding was tested with the m’GTP
and m’GpppA substrates. GTP served as a control not expected to
interact with a cap-binding protein. The fluorescence titrations
carried out for the four analogs revealed poor binding of TbE6
to the m’GpppA analog, with a K, similar to that observed for
LeishIFE-1, LeishIFE-2, and LeishIFe-3, and better binding to
m’GTP with a K,, of 0.16 = 0.1 uM ' and the cap 4 analog with a
K, 0f0.16 = 0.2 uM ' (Fig. 2). Relative to Leishmania (26), TbE6
bound m’GTP with an affinity identical to that of LeishIFE-1 and
bound cap 4 with an affinity between those of LeishIFE-3 and
LeishIFE-1.

The relatively low levels of cap recognition relative to the iso-
lated mouse protein may reflect a requirement for other structural
elements, such as el F4G or an RNA chain, to facilitate RNA bind-
ing (46-49).

TbES6 is cytosolic. The four kinetoplastid eIF4E protein family
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FIG 2 Cap-binding activity of recombinant TbE6. The fluorescence titration
curves with four cap analogs were determined by TbE6 fluorescence quench-
ing observed at 325 nm. Protein fluorescence was excited at 280 nm. The
trypanosome WT mRNA cap is hypermethylated Cap-4, and the typical eu-
karyotic cap structure is represented by both the m’GTP and m’GpppA cap 0
analogs. Nonmethylated GTP is a negative control for cap 0-specific binding.
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FIG 3 TbEG6 is cytosolic. The subcellular localization of TbE6 in T. brucei procyclic cells was determined by IFA analysis with an anti-protein A antibody that
recognized the TbE6-PTP fusion protein epitope tag (green). The positive control for cytosolic location was counterstaining with a rabbit antibody against the
THEIF4AI protein (red) (51). The outline of the cell is indicated in the phase-contrast image. The negative control was nontransfected control YTAT cells. Nuclear

and kinetoplast DNAs were visualized by DAPI staining.

members either localize to the cytosol or are present in both the
nucleus and the cytosol (27, 50). To assess function, the TbE6
protein was localized and assayed for its requirement in procyclic
cell viability under normal culture conditions. The absence of
strong antibodies to our target protein and the availability of ex-
cellent epitope-tagging systems prompted us to generate an
epitope (PTP)-tagged gene line lacking the endogenous WT gene,
TbhE6 """ (see Fig. S1A in the supplemental material).

Immunolocalization of the TbE6 """ protein with the PTP
tag revealed a diffuse cytosolic distribution and majority exclusion
from the nucleus (Fig. 3), similar to TbE3 and TbE4 (27, 50). As a
cytosolic localization control, the slide was counterstained with an
antibody recognizing TbEIF4AI (51). The kinetoplast and nuclear
DNAs were stained with DAPL.

To facilitate the monitoring of RNAi knockdown of the TbE6
protein, we used a ThE6 ™" RNA cell line (see Fig. S1B in the
supplemental material) for our assays. RNAi against the TbE6
transcript resulted in the reduction of epitope-tagged TbEG levels
to approximately 12.5% of the uninduced levels by day 3 (see Fig.
S3A). A minor difference in the growth rate compared to that of
the WT was detected in our lines (Fig. 4A). This result suggests
that TbE6 is not essential for WT cell division; however, the result
is contrary to those obtained in the high-throughput RNAi anal-
ysis conducted by Alsford et al., which indicates that TbE6 is es-
sential for normal growth (52). To provide ample time for the
RNAI effect to be seen, we extended the analysis for 15 days and
saw no relative change in culture growth despite continued knock-
down of TbE6 protein levels (see Fig. S3B). The relative efficiency
of the knockdown may explain the discrepancy, if an approxi-
mately 12.5% level of TbE6 is sufficient for viability.

To test TbE6 for a role in general translation, we quantitated
the effect of RNAi knockdown on protein synthesis. RNAi cells
at days 4 and 7 postinduction were metabolically labeled with
[**S]methionine (Fig. 4B). The isotope incorporation levels of
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FIG 4 The TbE6 protein does not have a primary role in translation. (A)
Growth curve for triplicate RNAi knockdowns of TbE6 in procyclic cells
marked with standard errors. Induced TbE6 /"™ RNAi cultures (+ Tet) are
compared to uninduced (— Tet) TbE6 """ RNA cells. (B) [**S]methionine
metabolic labeling of cultures induced for TbE5 RNAi knockdown at 4 and 7
days postinduction compared to that of noninduced cultures.
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FIG 5 Knockdown of TbES6 results in flagellar detachment upon manipulation. (A) Phase-contrast microscopy of cells left uninduced or induced for RNAi
against TbE6. DNA was visualized by counterstaining with DAPI. The cells were prepared for IFA analysis of TbE6-PTP. Flagella detached from the cell body are
shown below the minus-Tet control panel; absent or free flagella are shown to the right. (B) Histogram showing the integrity of flagellar attachment along the
length of the cell body as measured after benchtop centrifugation, including standard errors. WT (YTAT) and uninduced TbE6 */*" RNAI cells were compared
with induced ThE6 ™" "*T" RNAi cells.

both uninduced and induced cultures were comparable on day 4;
by day 7, the **Slevels in the induced cultures were 6% lower than
those in the uninduced lines. The nonsignificant reduction (P =
0.2375) of methionine incorporation in the presence of approxi-
mately 85% reduced TbE6 levels indicates that TbE6 does not have
a primary role in general translation initiation. We cannot defin-
itively rule out a scenario in which approximately 12.5% of the
WT TbES level is sufficient for a normal level of translation.

Because of the survivorship of the cultures, we attempted to
create a genetic TbE6 knockout line by eliminating both endoge-
nous alleles. Three failed attempts to remove the second TbE6
allele (data not shown) suggested that the protein is indeed essen-
tial for the survival of procyclic cells. The behavior of our RNAi
inductions relative to the study of Alsford et al. could be due to a
variety of factors, including the relative efficacy of knockdown, the
integration site, the vector choice, and/or the presence of the PTP
tag on the protein. Alternative approaches using knockout lines in
combination with inducible copies of the TbE6 gene (53, 54) or
RNAI targeting of the PTP tag (55) are being explored to resolve
the issue.

Knockdown of the TbE®6 protein affects motility and the sta-
bility of flagellar attachment. The survivorship of our RNAi line
provided an opportunity to examine the function of TbE6. While
pursuing our analysis of TbE6 under RNAi induction conditions,
we noted a difference in the morphology of induced cells.

On slides fixed for indirect immunofluorescence assay (IFA)
analysis, cells grown in the presence of Tet had a high proportion
of abnormal flagellar phenotypes. Specifically, their flagella were
detached from the length of the cell body or in many cases com-
pletely absent and visible in isolation on a slide (Fig. 5A). Flagellar
detachment was not evident in live cultures or cultures diluted for
counting in a Neubauer chamber and appeared to be dependent
on forces such as those experienced during centrifugation and
resuspension. To follow up on this observation, we devised a phys-
ical-stress assay. Induced ThE6 RNAI cells were centrifuged for 5
min at 3,000 rpm, the standard conditions used to pellet T. brucei
cells from culture. By counting a total of approximately 100 cells
by light microscopy, we assessed the percentage of detached fla-
gella. Over 30% of the induced cells showed various levels of fla-
gellar detachment or loss after this treatment (Fig. 5B). In unin-
duced and WT cells, flagella were largely intact under all of the

—Tet + Tet

conditions tested. Thus, a decrease (P = <0.001) in flagellar at-
tachment strength i1s manifest with the reduction of TbE6.

The potential for impaired motility due to this fragile condi-
tion was gauged via a sedimentation assay to assess the ability of
induced cells to remain in suspension in liquid media. Induced
and uninduced cultures were placed in pairs of spectrophotome-
ter cuvettes, and ODy,, was measured at various time points. A
control cuvette was shaken prior to measurement and compared
with its unshaken counterpart. Comparison of WT YTAT cells
with uninduced and induced TbE6 RNAI cultures revealed no
difference (P = 0.1612) in cell settling (Fig. 6A); thus, basic mo-
tility appeared normal. Next, the ability of TbE6-depleted cells to
participate in SoMo behavior was examined by assessing the for-
mation of projections along semisolid surfaces (41). This assay
revealed a significant difference (P = 0.0032). Uninduced cells
showed 100% SoMo (17/17) with a mean of 8.59 = 1.06 projec-
tions per plate, while RNAi-induced cells showed 44.4% SoMo
(8/18 plates) with a mean of 3 * 1 projections per plate (Fig. 6B
and C; see Fig. S4 in the supplemental material). While the RNAi-
induced cells produced significantly fewer projections, the cells
themselves were viable and continued to divide at the point of
inoculation.

TbE6 binds the TbG5 homolog. Translation initiation is me-
diated by a three-component complex in which eIF4G acts as a
scaffold for interactions with eIF4A and eIF4E (56). In trypano-
somes, the six eIF4E proteins have a selection of five known eIF4G
homologs to choose from and, in addition to Leish4E-IP (57),
likely a cohort of as-yet-unknown partners. To determine which,
if any, of the TbEIF4G homologs interact with TbE6, each poten-
tial pairing was tested individually in a heterologous system.

The yeast two-hybrid assay detects interactions between two
proteins, termed “bait” and “prey,” as indicated by the activation
of a promoter in the yeast cells that permits growth. In this assay,
yeast growth in the presence of 5.0 mM 3AT indicates a strong
interaction. By placing our proteins of interest in “bait” and
“prey” positions, we tested potential interactions for our five pos-
sible combinations (Fig. 7A). TbE6 paired exclusively with
TbEIF4G5 (TbG5; 84.6 kDa; Tb927.8.4500), an essential protein
in the procyclic stage, according to the Alsford RNAi study (52),
and showed no interaction with any of the other TbEIF4G family
members (see Fig. S5 in the supplemental material).
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FIG 6 TbE6 depletion does not affect motility in liquid culture but results in
reduced SoMo. (A) Turbidity assay measuring cell sedimentation in stationary
cuvettes, Standard error bars were derived from experiments performed in
triplicate for 0-, 8-, and 24-h samples. (B) SoMo assessment under TbE6 RNAi
knockdown conditions. Representative semisoft agarose plate SoMo assays of
uninduced or induced cells incubated for 5 days postinoculation are shown.
Cell mass projections were scored as a measurement of SoMo, with 10 and 2
projections scored on the minus-Tet and plus-Tet sample plates, respectively.
(C) Graphic summary of the ThbE6 SoMo assay indicating means and standard
errors for 17 control and 18 induction plates. Each point represents the num-
ber of radial projections from the site of inoculation. Pvalues were determined
by unpaired two-tailed 1 tests.

TbG5 carries three domains with potential nucleic acid inter-
action potential (Fig. 7B). Starting from the amino terminus,
PHYRE? examination revealed an ~20-aa stretch with general
similarity to DNA-binding a-helical structures (high-mobility
group [HMG] box; 36 to 52% confidence), followed by a central
midle-of-elF4G (MIF4G) domain (100% confidence) and ending
with an elF4GI-like domain (98.4% confidence). Both of the high-
confidence domains showed a match to human nuclear cap-bind-
ing complex subunit CBP80 (94.5% confidence) encompassing
the C-terminal HEAT2 and HEAT3 domains (a repeat found in
Huntingtin, elongation factor 3, protein phosphatase 2A, and

1.5 mM 3AT 2.5mM 5.0 mM 3AT

+ control
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FIG 7 Directinteraction of TbE6 with TbG5. (A) Yeast-two-hybrid assay used
to detect any interactions between TbE6 and the five Th4G homologs in the
presence of three concentrations of 3AT to vary the stringency of the interac-
tion. For the full panel tested, see Fig. S5 in the supplemental material. The
positive interaction is shown here with the controls. The positive control was a
combination of pGADT7-T and pGBKT?7-53; the negative control contained
the empty vectors. Interaction strength is inferred by colony size as follows: =2
mm, strong; 1 to 2 mm, moderate; =1 mm, weak. (B) Structural domains
protein identified by PHYRE? in the TbG5. In TbG5, the asterisk denotes a
low-confidence HMG box (70), a possible nucleic acid binding site. MIF4G/
DAPS5, middle of 4G/death-associated protein (61); elF4GI, human isoform |
(71).

29-290

TORI proteins) (58), an interesting hit since a CBP80 homolog
was not found in the T. brucei nuclear cap-binding complex (59).

The exclusivity of the interaction of TbE6 with TbG5 is an
indication that specific functions are associated with different
family members. The TbG5 protein contains several suggestive
domains, including a predicted HMG box for nucleic acid binding
in the amino-terminal domain and a MIF4G domain similar to
those found in the related proteins cwc22 and dap5, which are
involved in exon junction complex assembly and internal ribo-
some entry site-mediated translation (60, 61). Thus, TbG5 may
carry two regions with RNA selection potential. The incorpora-
tion of other proteins or RNAs into the equation may shed light on
the function of the TbE6 complex.

TbE6 isa member of a protein complex. Our yeast two-hybrid
interaction assays indicate that TbE6 associates with the TbG5
homolog, and validation of their binding in T. brucei with each
other and with other proteins was examined by monitoring the
sizes of complexes containing tagged proteins first by blue native
gel electrophoresis and then by MudPIT mass spectroscopy anal-
ysis of individual components in tandem affinity-purified com-
plexes.

To validate that TbE6 was in a high-molecular-mass complex
and to estimate the size(s) of the protein complex(es), extracts of
TbhE6 """ were visualized by blue native gel analysis and Western
blotting with anti-protein A antibody. The analysis of ~41-kDa
PTP-tagged TbE6 revealed a major band migrating between the
242- and 480-kDa markers at ~300 kDa and a minor band be-
tween the 66- and 146-kDa markers migrating at ~90 kDa (Fig.
8). A high-molecular-mass complex at ~300 kDa containing
~104-kDa TbG5-PTP was detected in a ThG5~'* line (see Fig.
S1in the supplemental material). The ~90-kDa TbE6-containing
band was not detected in the TbG5-PTP sample and may repre-
sent free TbE6-PTP or a subcomplex not containing TbG5.

The combined data from these experiments are consistent with
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FIG 8 TbE6 migration supports interaction with a high-molecular-mass
complex. Blue native gel electrophoresis of cell extracts from TbE6-PTP- and
TbG5-PTP-transfected T. brucei. Lysates were transferred to nitrocellulose
membranes and probed with an antibody directed against the protein A do-
main of the PTP tag of TbE6 and TbG5.

the formation of the predicted Tb4E/Tb4G complex in vivo and
suggest the presence of additional components in the complexes
formed by both proteins.

A protein with mRNA capping domains copurifies with
TbES6. To isolate the specific complexes and identify their constit-
uents, the TbE6™ """ line was used for tandem affinity complex
purification with subsequent protein identification by MudPIT.
Purifications were performed a minimum of three times with var-
ious levels of elution stringency, and the products were subjected
to tryptic digestion and analyzed by tandem mass spectrometry.

Two peptide hits are required for the validated identification of a
given protein, A limitation of this procedure is an inability to
identify peptides that carry modifications that alter their mass,
since the in silico values generated from GeneDB are based on pure
amino acid weights.

Two proteins similar in peptide coverage consistently associ-
ated with TbE6 (Table 1). In agreement with the TbE6-TbG5 yeast
two-hybrid result, TbG5 scored strongly in the TbE6-PTP purifi-
cations. The third hit was a protein of 70.3 kDa (Tb927.11.14590)
annotated as “hypothetical” that was scored as essential for pro-
cyclics and the other three life stages assayed by RNAi (52) and is
referred to here as TbG5-IP (TbG5-interacting protein). Both
TbG5 and TbG5-IP are well conserved in kinetoplastid protozoa
(see Fig. S2B and C in the supplemental material). Confirmation
of the interaction of this trio and elimination of the purification-
specific background were accomplished by performing PTP puri-
fications from tagged TbG5 and TbG5-IP cell lines (see Fig. S1C
and D). Consistent with the blue native gel migration, TbE6 co-
purified with TbG5-PTP; the TbG5-IP abundance score was
>85% of that of TbG5-PTP itself, compared to ~33% relative
abundance for TbE®6 in this purification (Table 2). Likewise, TbG5-
IP-PTP MudPIT analysis yielded itself, ThG5, and TbE6 in order of
decreasing abundance, with the fourth hit present at 25% of the level
of TbE6 (Table 3). Considering the top 20 proteins identified in each
of the three purifications (11 to 20 are not shown), 2 additional pro-
teins are common to all three analyses, a paraflagellar rod component
protein (Th927.10.11300) and a voltage-dependent anion-selective
channel protein (Tb927.2.2510). Taken together, these data are indic-
ative of a primary interaction between TbG5 and the TbG5-1P hypo-
thetical protein, with a strong association of that pair and the TbE6
protein. This is reminiscent of elF4G acting as a scaffold that brings
accessory proteins to elF4E once it has captured a capped RNA.

To determine the target of physical interaction of TbG5-IP
within the TbE6 complex, a yeast two-hybrid assay was used to test
the potential for direct binding with TbE6 or TbGS5. The TbG5
protein bound to the 70.3-kDa TbG5-1P protein in both the bait
and prey configurations, while both TbE6 trials were negative for
yeast growth (Fig. 9A), indicating that TbG5 is the scaffold for
both TbE6 and TbG5-1P. Localization of ThG5-IP-PTP was per-
formed with the protein C antibody to visualize the target. The
staining pattern indicated a cytosolic localization for this third
complex member (Fig. 9B), mirroring the distribution seen for

TABLE 1 Proteins copurifying with TbE6-PTP in three different purifications identified by MudPIT

Gene product GeneDB identifier” Molecular mass (kDa) AvUniPepts” % Coverage NSAF*
TbEIF4E6 Tb927.7.1670 20.90 19 54.30 45,527.06
TbEIF4GS Th927.8.4500 84.60 50 46.30 14,270.11
Hypothetical protein Th927.11.14590 70.30 20 29.60 2,606.34
Paraflagellar rod component Th927.10.11300 14.32 5 27.00 1,434.29
Hypothetical protein Th927.5.2260 12.40 3 23.90 1,204.16
Glycerol-3-phosphate dehydrogenase Th927.8.3530 37.80 8 23.20 911.62
Cytochrome oxidase V Tb927.9.3170 22.23 2 9.70 790.32
Hypothetical protein Th927.4.2740 16.32 4 30.00 774.52
EF1b Tb927.4.3590 24.30 4 22.60 544.04
Triosephosphate isomerase Th927.11.5520 26.81 5 25.20 516.34

“ GeneDB identifiers are from T. brucei 927, version 6.0 (www.genedb.org and www.tritrypdb.org). Temporary GeneDB identifiers retrieved from peptide analysis based on T. bru-
cei 927 version 2.2: Th927.11.14590, Tb11.01.6200; Th927.9.3170, Tb09.160.1820; Th927.11.5520, Tb11.02.3210.

 AvUniPepts, number of peptides identified.
“ NSAF, normalized spectral abundance factor,
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TABLE 2 MudPIT identification of proteins copurifying with TbG5-PTP

Gene product GeneDB identifier” Molecular mass (kDa) AvUniPepts" % Coverage NSAF¢
TbEIF4G5 Th927.8.4500 84.60 60 56.10 12,149.62
Hypothetical protein TbG5-1P Th927.11.14590 70.30 34 44.40 10,487.22
TbEIF4E6 Tb927.7.1670 20,90 8 22,00 3,979.55
Voltage-dependent anion channel Tb927.2.2510 29.19 12 49.60 3,507.47
Histone H3 Tb927.1.2470 14.80 4 32.30 2,373.47
Histone H2A Th927.7.2900 14.20 2 14.20 1,056.03
UMSBP Th927.10.6070 14.60 6 37.90 544.26
UMSBP Th927.10.6060 21.83 7 27.70 408.84
ALBA3 Th927.4.2040 20.80 5 33.20 343.75
Cyclophilin A Th927.11.880 18.71 3 14.10 307.49

“ GeneDB identifiers are from T. brucei 927, version 6.0 (www.genedb.org and www.tritrypdb.org). Temporary GeneDB identifiers retrieved from peptide analysis based on T. bru-

cei 927 version 2.2: Tb927.11.14590, Tb11.01.6200; Th927.11.880, Tb11.03.0250.
" AvUniPepts, number of peptides identified.
“ NSAF = normalized spectral abundance factor.

TbE6-PTP and the cytosolic control TbEIF4AI. Examination of
the migration of ThG5-IP-PTP in the blue native gel system re-
vealed abroad band whose front migrated faster than the 242-kDa
marker and the TbE6 and TbG5 complexes but tailed into an
overlap with the other bands (Fig. 9C).

Bioinformatic analysis of TbG5-1P by PHYRE? (62) revealed
two provocative domains associated with mRNA 5’ cap formation
(Fig. 10A). The amino half of TbG5-IP displayed similarity to
nucleoside triphosphate (NTP) hydrolase secondary structure
(99.19% confidence), a broad domain that includes the triphospha-
tase enzymes involved in the first step in cap 0 formation on pri-
mary transcripts. The carboxyl half of the protein consisted almost
entirely of a guanylyltransferase domain (99.8% confidence). Ad-
jacent to the gene for TbG5-IP (Tb927.11.14590) on chromosome
11 is a gene for a protein (Th927.11.14580) identified previously
on the basis of guanylyltransferase activity named capping enzyme
1 or TbCEI (63). TbCE1 has the same domains as TbG5-IP, each
with 100% confidence as ascribed by PHYRE?, and differs primar-
ily through the NH-terminal extension on TbG5-IP. The high
level of sequence similarity indicates that these genetic neighbors
arose through a duplication event in the genome. TbCE1 is not
thought to perform the cap 0 addition on the SL RNA, as that task
is ascribed to the triphosphatase TbCET1 (15) and the bifunc-
tional guanylyltransferase ThCGM1 (16, 17).

The TbE6 complex contains three consistent members, each of
which purifies the other two in PTP and MudPIT analyses, with

TbG5 serving as a scaffold between TbE6 and TbG5-1P (Fig. 10B).
The predicted size of this complex is 194.7 kDa when including a
PTP tag, somewhat smaller than the ~300 kDa indicated by blue
native gel analysis of TbE6 and TbG5 (Fig. 8) but more consistent
with the analysis of TbG5-IP (Fig. 9C). The complex may be dy-
namic with respect to protein composition, causing the apparent
anomalies in migration. Other variables that could affect migra-
tion through this nondenaturing gel system include proteins that
may remain in association with the PTP-tagged complex in the
blue native system but are lost upon affinity purification. In non-
denaturing gels, the size of the complex is unlikely to reflect the
additive molecular mass of its components because of the effects
of quaternary structure.

The functional domains carried by TbG5-IP indicate that this
complex has a role in the modulation of gene expression through
the modification of mMRNA 5" ends. Coupled with the observation
of compromised flagellar attachment upon TbE6 depletion and
the general cytosolic distribution of the three proteins identified,
this complex may represent a gateway for the expression of pro-
teins involved in flagellar attachment to the cell body either di-
rectly or secondarily.

DISCUSSION

Posttranscriptional mechanisms of control in organisms such as
trypanosomes that lack specific transcriptional modulation for
the vast majority of their genes must play a key role in gene ex-

TABLE 3 MudPIT identification of proteins copurifying with TbG5-1P-PTP

Gene product GeneDB identifier” Molecular mass (kDa) AvUn[Pepts" % Coverage NSAF*
Hypothetical protein ThG5-1P Th927.11.14590 70.30 33 51.70 1,627.54
TbEIF4G5 Th927.8.4500 84.60 52 51.70 7,113.24
TbEIF4E6 Th927.7.1670 20.90 9 41.40 2,163.60
UMSBP Th927.10.6070 14.60 6 37.90 49991
RBP16 Tb927.11.7900 15.11 7 42.60 496.37
Glyceraldehyde 3-phosphate dehydrogenase Th927.6.4280 39.04 9 33.70 487.38
ALBA3 Tb927.4.2040 20.80 8 38.40 460.45
UMSBP Th927.10.6060 21.83 8 33.80 451.80
Cyclophilin A Th927.11.880 18.71 3 19.20 395.41
Hypothetical protein Th927.9.4960 7.60 2 31.20 364.52

“ GeneDB identifiers are from T. brucei 927, version 6.0 (www.genedb.org and www.tritrypdb.org). Temporary GeneDB identifiers retrieved from peptide analysis based on T. bru-
cei 927 version 2.2: Tb927.11.14590, Tb11.01.6200; Tb927.11.7900, Tb11.02.5770; Th927.11.880, Tb11.03.0250; Th927.9.4960, Tb09.160.3530.

" AvUniPepts, number of peptides identified.
“ NSAF, normalized spectral abundance factor.
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FIG 9 TbG5-1P interacts with the TbE6 complex through direct binding to TbG5 and localizes to the cytosol. A yeast two-hybrid assay tested the interaction
potential between TbG5-1P and TbE6 or TbGS5 in reciprocal bait and prey orientations. The conditions and interpretation are as noted in the legend to Fig. 6. (B)
Localization of ThG5-IP with the ThG5-1P~**"¥ cell line and anti-protein A antibody for detection (green). The positive control for cytosolic location was
counterstaining with rabbit antibody against the TbEIF4AI protein (red) (51). The negative control is shown in Fig. 3. The outline of the cell is shown in the

phase-contrast image. (C) Blue native gel analysis of the TbG5-IP-kDa protein. The TbG5 lane shown for comparison is the same as that shown in Fig. 8.

pression. The T. brucei eIFAE family of RNA cap-binding proteins
now has two new members, one of which is characterized here and
brings the total number of homologs to six. TbE6 is a cytosolic
protein that binds RNA cap analogs in vitro, specifically, the cap 4
structure carried on the 5 end of every nucleus-encoded mRNA
and on the mature SL RNA frans-splicing substrate. The smallest
member of the family, TbE6, interacts exclusively with the TbG5
member of the TbEIF4G family, a protein that, in turn, medi-
ates the association of an interesting 70.3-kDa protein named
TbG5-IP that shows similarity to two domains associated with
RNA cap 0 formation. Knockdown of TbE6 revealed a phenotype
consistent with a weakening of the flagellar attachment along the
length of the cell body. These compromised cells remain in liquid
suspension and appear intact when cultures are not physically
manipulated. However, the disturbance associated with centrifu-
gation and pipetting resulted in a high proportion of flagella sep-
arating from along the cell body or release altogether, and the
ability of TbE6-depleted cells to participate in SoMo behavior on a
semisolid surface was reduced. Translation levels were not re-
duced catastrophically upon TbE6 depletion; thus, the implica-
tion of this study is that a subset of proteins associated with main-
taining the integrity of flagellar attachment are reduced or missing

TbG5-IP
629 aa

A (Tipass]]

because of direct or secondary consequences of TbE6 manipula-
tion, a model that we are exploring actively.

A genome-wide RNAI survey performed by Alsford et al. indi-
cated that each of the three members of the TbE6 complex is
essential for normal cell growth, with the behavior of TbG5 in
differentiating bloodstream forms being the only exception (52).
As the level of knockdown achieved in our TbE6 RNAi line al-
lowed cell division approximating that of WT culture, we were
afforded a chance to assess the effects of depletion of a key protein.
The observed detachment of the flagellum from the length of the
cell body resembles that reported following RNAi knockdown of
calmodulin (64) and may represent an underlying fault in mem-
brane integrity. Detachment could be elicited in induced cultures
in the absence of the fixation step (data not shown) and was de-
pendent on physical manipulation such as centrifugation or vig-
orous pipetting. The distinction between the maintenance of sus-
pension in liquid media and SoMo behavior may reveal the limit
of external stimuli that compromised TbE6-depleted cells can tol-
erate with respect to the normal integrity and function of their
flagellum. If SoMo-level force is required for cell survival in the
wild, loss of TbEG6 could, like defects in integral flagellum compo-
nents (65), result in a loss or decrease of parasite virulence.

GTase ] B

121-273 291-608
Teres ([TPase ) "oz, (Tnieese NG G®
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FIG 10 Composition of the TbE6 complex and domains predicted for the TbE6-associated proteins compared to related proteins. (A) Schematic locations of the
conserved structural domains in ThG5 and the ThE6-associated mRNA capping enzyme homolog TbG5-IP as predicted by PHYRE’. The TbCE1 gene lies
adjacent to the TbG5-IP gene; TBCET1 and TbCGMI1 carry the activities thought to be involved in cap 0 formation on the SL RNA. NTPase, NTP hydrolase;
GTase, guanylyltransferase; TPase, triphosphatase; MTase, methyltransferase. (B) The components that copurified with TbE6 are shown, not scaled for size. The
RNA (black line; the black circle represents 5'-end cap 4) is recognized by the cap-binding eIF4E component (gray circle). The scaffold protein TbG5 (light gray
rectangle) interacts directly with both TbE6 and TbG5-1P.
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Whether the defect directly affects a component involved in fla-
gellum attachment, indirectly affects a control step in flagellum
structure and maintenance, or represents a nonspecific event is
under investigation.

The regulation of subsets of genes at the posttranscriptional
level is known to occur in multiple systems but is not well under-
stood mechanistically. Variables such as RNA stability, cytosolic
partitioning, or sequestration can come into play, with the key
signals carried on the mRNA itself, often in the untranslated re-
gion flanking the gene. The mRNA-binding specificity of the TbE6
complex and the catalytic possibilities of TbG5-IP are being ex-
amined currently and will provide the best indication of the func-
tion of the TbE6 complex. Given the heavy hints provided by the
NTP hydrolase and guanylyltransferase domains, mRNA cap
modifications are a reasonable assumption if active catalysis by
TbG5-IP is involved. If acting on an intact cap 4 structure, re-
moval of cap 0 could serve to destabilize target mRNAs, while
previously decapped transcripts might begin their return path to
active transcription by passing through this complex. As a prece-
dent, a cytosolic capping activity has been identified in mamma-
lian cells (66). Alternatively, the complex may serve as a selector of
mRNAs, constituting a set of coordinated transcripts termed a
regulon (67-69), by recognizing specific nucleic acid sequence
motifs or structures, presumably through sequences other than
the universal SL exon, or perhaps via an RNA-binding protein
intermediary.

Our future studies will be directed at determining the enzy-
matic activity of TbG5-IP, focusing initially on in vitro activities
on various mRNA cap structures. Concurrently, the identities of
the mRNAs associated with the E6-PTP complex and the proteins
impacted by E6 knockdown are being explored. We seek to deter-
mine what subpopulation of genes is controlled by the TbE6 com-
plex, the molecular signal responsible for conferring specificity,
and the specific mechanism that may be repressing the translation
of a subset of genes involved in flagellar attachment and possibly
other pathways.
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elF4F-like complexes formed by cap-binding homolog
TbEIF4E5 with TbEIF4G1 or TbEIF4G2 are implicated
in post-transcriptional regulation in Trypanosoma brucei
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ABSTRACT

Members of the elF4E mRNA cap-binding family are involved in translation and the modulation of transcript availability in other
systems as part of a three-component complex including elF4G and elF4A. The kinetoplastids possess four described elF4E and five
elF4G homologs. We have identified two new elF4E family proteins in Trypanosoma brucei, and define distinct complexes
associated with the fifth member, ThEIF4E5. The cytosolic ThEIF4E5 protein binds cap 0 in vitro. ThEIF4E5 was found in
association with two of the five ThEIF4Gs. ThIF4EG1 bound ThEIF4E5, a 47.5-kDa protein with two RNA-binding domains, and
either the regulatory protein 14-3-3 Il or a 117.5-kDa protein with guanylyltransferase and methyltransferase domains in a
potentially dynamic interaction. The ThEIF4G2/ThEIF4E5 complex was associated with a 17.9-kDa hypothetical protein and
both 14-3-3 variants | and Il. Knockdown of ThEIF4E5 resulted in the loss of productive cell movement, as evidenced by the
inability of the cells to remain in suspension in liquid culture and the loss of social motility on semisolid plating medium, as
well as a minor reduction of translation. Cells appeared lethargic, as opposed to compromised in flagellar function per se. The
minimal use of transcriptional control in kinetoplastids requires these organisms to implement downstream mechanisms to
regulate gene expression, and the ThEIF4E5/TbEIF4G1/117.5-kDa complex in particular may be a key player in that process.
We suggest that a pathway involved in cell motility is affected, directly or indirectly, by one of the ThEIF4E5 complexes.

Keywords: 14-3-3 protein; kinetoplastid; mRNA cap; social motility; translation initiation factor

INTRODUCTION transcribed polycistronically (Alsford et al. 2012), Mature
mRNAs possessing 5" caps and 3" poly(A) tails are generated
by trans-splicing, which is linked mechanistically to polyade-
nylation (Liang et al. 2003; Preufler et al. 2012). Regulation of
transcription initiation by RNA polymerase II is minimal
(Martinez-Calvillo et al. 2010; Giinzl 2012). The control of
protein abundance and function during the parasite lifecycle
is mediated predominantly through post-transcriptional
mechanisms such as mRNA stability and availability, transla-
tional efficiency, post-translational modification, and protein
stability (Clayton and Shapira 2007; Fernandez-Moya and
Estevez 2010; Kramer 2012).

Trypanosoma brucei is a kinetoplastid protozoan belonging to
the Excavata, a group that contains free-living and parasitic
representatives (Adl et al. 2012). During the digenetic life-
cycle, T. brucei is commonly found in the intestinal tract
and salivary glands of tsetse flies and in the blood and cerebro-
spinal fluid of mammalian hosts, in which the parasite causes
the tropical diseases human African trypanosomiasis and na-
gana in cattle. Transmission of the parasite occurs through the
bite of the hematophagous tsetse fly vector, which harbors
distinct intestinal and salivary forms. The kinetoplastid proto-
zoa share unusual features of gene expression. Most protein-

coding genes are arranged in directional gene clusters that are ) S ) )
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A key step in post-transcriptional control is the regulation
of translation initiation by the tripartite. mRNA-binding
complex elF4F (Topisirovic et al, 2011). The core elF4F com-
plex consists of three proteins: elF4E, an mRNA m’G cap-
binding protein; elF4G, a large scaffold protein interacting
directly with both elF4E and the poly(A)-binding protein
PABP; and elF4A, a helicase linked to elF4G that unwinds
RNA secondary structure between the 5 cap and the initia-
tion codon (Gingras et al. 1999). Binding of elF4F to the
mRNA enables recruitment of multiple other translation ini-
tiation factors and the two ribosomal subunits to the ini-
tiation codon (Aitken and Lorsch 2012). elF4E function
represents a central control point in translational regulation
(Jackson et al. 2010). The ability to bind eIF4G can be negat-
ed by 4E-binding proteins (Raught and Gingras 1999; Richter
and Sonenberg 2005), and binding activity is implicated in
the selective translation of RNA subgroups designated “regu-
lons” (Culjkovic et al. 2007; Keene 2007). The existence of
coordinated mRNA regulons is supported in the kinetoplas-
tid protozoa (Ouellette and Papadopoulou 2009; Queiroz
et al. 2009; Das et al. 2012; De Gaudenzi et al. 2013), however
their mechanism of cap-mediated translation regulation re-
mains a mystery.

The complexity of elF4F components varies among organ-
isms, including the protists (Joshi et al. 2005; Jagus et al.
2012). The veast Saccharomyces cerevisiae possesses a single
elF4E and two elF4Gs with distinct functions (Prévét et al.
2003; Clarkson et al. 2010); humans have four elF4E iso-
forms and two elF4Gs (Prévot et al. 2003; Joshi et al. 2004).
The nematode Caenorhabditis elegans, in contrast, possesses
five elF4E variants (Keiper et al. 2000) that displays distinct
preferences for m’G and m**’G cap structures (Jankowska-
Anyszka et al. 1998), and a single eIF4G gene that gives rise
to two isoforms (Contreras et al. 2008). Variants of e[F4E
may show developmental regulation. Drosophila melanogaster
has eight isoforms that show distinct patterns of expression
during embryogenesis (Herndndez et al. 2005). Distinct
variant e[F4E—elF4G interactions are thus expected and ob-
served (Ptushkina et al. 2001). Not all homologs of elF4E
have a role in constitutive translation initiation (Rhoads
2009); they may function as competitive inhibitors of elF4G
recruitment and as scaffolds for interactions with other po-
tential regulatory proteins (Groppo and Richter 2009;
Blewett and Goldstrohm 2012; Gosselin et al. 2013). Some
elF4E-binding proteins like 4E-BP repress translation by in-
hibiting elF4F formation, whereas other e[F4E-binding pro-
teins, such as Cup and Maskin, use alternative 3" UTR-
protein interactions for selective repression of translation
(Groppo and Richter 2009). Further, selective translation of
mRNAs can occur via cap binding of an elF4E homologous
protein, 4E-HP (Cho et al. 2005) and discrete protein-3"
UTR interactions (Lasko et al. 2005).

The related pathogens T. brucei and Leishmania spp. have
four elF4E homologs (EIF4E) and five elF4G homologs
(EIF4G) (Dhalia et al. 2005; Freire et al. 2011; Zinoviev and

Shapira 2012). In some cases, the respective interacting part-
ners have been identified: EIF4E3 binds to EIF4G4, and
EIF4E4 binds to EIF4G3 (Yoffe et al. 2009; Freire et al.
2011; Zinoviev et al. 2012), whereas EIF4E] appears to lack
an EIF4G partner (Zinoviev et al. 2011). The kinetoplastid
mRNA cap, termed cap 4, is a complex 5-nt structure com-
prised of three base methylations and four ribose methyla-
tions (Bangs et al. 1992). The Leishmania EIF4E variants
display differing affinities for synthetic cap analogs in vitro
(Yoffe et al. 2006), suggesting differential roles in cap recog-
nition. EIF4E4 is the best candidate for the workhorse trans-
lation initiation factor (Yoffe et al. 2009; Zinoviev et al. 2012).

The functions of the extended family of EIF4E proteins in
kinetoplastids remain obscure. Here we extend the T. brucei
EIF4E family with the identification of the fifth and sixth
members, designated TbEIF4ES5 and TbEIF4E6, and charac-
terize the properties and macromolecular composition of
TbEIF4E5 (or TbE5). We demonstrate that TbE5 binds to
mRNA caps in vitro, is cytosolic, and associates with multi-
protein complexes including either the TbEIF4G1 or
TBEIF4G2 proteins (also called TbG1 or TbG2, respectively).
The TbE5:TbG1 complex contains one protein with two
RNA-binding domains and another with both guanylyltrans-
ferase and methyltransferase motifs, implicating the complex
in cap modification of specific transcripts. The TbE5:TbG2
complex is distinguished by the presence of both 14-3-3 iso-
forms (Inoue et al. 2005; Benz et al. 2010), hetero- and homo-
dimer forming proteins whose functions are determined by
interactions with phosphorylated serine or threonine residues
(Mackintosh 2004). The manifestation of a specific pheno-
type upon knockdown of the TbE5 protein is suggestive of a
role for post-transcriptional gene regulation of at least one cel-
lular pathway by a TbE5-containing complex.

RESULTS

Two new members of the kinetoplastid
elF4E-homolog family

In pursuit of our longstanding interest in SL RNA cap func-
tion in kinetoplastid gene expression, a search was conducted
for potential cap-binding proteins using known entities from
other model systems. The eIF4E protein that recognizes the
cap 0 structure as a first step in mRNA translation fits this de-
scription, and searches using the yeast elF4E sequence yielded
aset of five potential eIF4E family members that are present in
T. brucei (Tb4EIF4E), T. cruzi, and Leishmania spp. Of this set,
four have been identified and studied to varying degrees
by other groups (Yoffe et al. 2004, 2006, 2009; Dhalia et al.
2005; Freire etal. 2011). A sixth homolog was identified by re-
ciprocal BLAST with the uncharacterized TbEIF4E sequence.
Here we designate the additional two putative members as
TbEIF4E5 (Tb927.10.5020) and TbEIF4E6 (Tb927.7.1670)
and present the molecular characterization of TbEIF4ES5,
a.k.a. TbES.
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The TbE5 and TbEIF4E6 genes produce the two smallest
members of the Tb4EIF4E family at estimated molecular
weights of 21.9 and 20.8 kDa, respectively (Fig. 1A). Both
proteins carry features conserved generally in elF4Es, includ-
ing the elF4E “core” and amino acids suggestive of RNA cap 0
binding as indicated. Key tryptophan residues are conserved
in the trypanosome proteins. The tryptophan at position 73,
relative to the human elF4E-1 numbering, that is key for
elF4G interaction is found in TbE5 and shows a substitution
by histidine in TbEIF4E6. Tryptophans at positions 56 and
102 of the human protein act in cap binding through stacking
interactions with m’G of the cap structure. Position 56 is
conserved in TbE5, while TbEIF4E6 carries a conservative
substitution with phenylalanine. Both T. brucei homologs
show conservative substitutions to either tyrosine or phenyl-
alanine at position 102. Position 166, which in the human
protein is implicated in m’G recognition, shows absolute
conservation in the kinetoplastid proteins, as does the trypto-
phan at position 43. Phylogenetic and BLAST analyses sug-
gest that TbE5 and TbEIF4E6 are more closely related to

A HedE

each other than to other TbEIF4Es (data not shown) and
may thus represent a distinct category within this RNA
cap-binding protein family.

ThEIF4E5 binds cap analogs in vitro

The conservation of aromatic amino acids corresponding to
positions 56, 102, and 166 suggests that TbE5 should be capa-
ble of binding mRNA caps. Basic arginine residues at posi-
tions 112 and 162 could interact with the phosphate chain
of the cap via hydrogen bonds. Recombinant TbE5 protein
was tested in vitro for binding ability to various cap analogs
using fluorescence assays (Fig. 1B). TbE5 bound better to
the cap 4 analog corresponding to the structure found on
all kinetoplastid nuclear mRNAs (K, = 0.55 + 0.01 pM™")
and the m’GTP analog (K, =0.65£0.01 puM™") than to
m’GpppA (K, =0.12+£0.01 pM™") or GTP (K,, = ~0.037
uM ™). TbES5 bound the trypanosome-specific substrate 47-
fold less than the mouse elF4E (Yoffe et al. 2006). The asso-
ciation constant for TbE5 with cap 4 was within the range
observed for Leishmania major EIF4Es
(Yoffe et al. 2006), falling between
LeishIF4E-2 and LeishIF4E-4. Generally,
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mRNA 5" end showed decreased binding
relative to the m’GTP substrate. In all in-

fluorescence, arbitrary units
om
3

stances, including mouse, the cap 4 sub-
strate was bound better than the cap 0
analog, probably due to the stabilization
effect of the phosphate group in the
oligonucleotide.

Due to the virtual absence of transcrip-
tional control in kinetoplastids, down-
stream methods for the modulation of
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gene expression are of particular interest.
The divergent TbE5 protein represents a
potential player in the modulation of

FIGURE 1. TbEIF4E5 and TbEIF4EG6 are shorter than the elF4E homologs from yeastand human.
(A) Alignment of the sequences was performed using Clustal W. Identical amino acids are indicat-
ed by black shading. Amino acids defined as similar, by the BLOSUM 62 Matrix, in >60% of the
sequences are shaded gray. Dashes represent spaces that were inserted to allow better alignment.
Asterisks represent tryptophan residues conserved in the elF4E protein family. Arrowheads indi-
cate nontryptophan residues required for the interaction with the cap structure: E103 hydrogen
bonded with guanine; and, basic residues at positions 112, 157, and 162 with the phosphate bridge
(Marcotrigiano et al. 1997). Thin arrows indicate conserved nontryptophan residues shown to be
involved in elF4G binding (Marcotrigiano et al. 1999). GenBank Accession numbers: Hs (human)
elF4E-1, NP_001959; Sc (yeast) elF4E, NP_014502. (B) In vitro cap-binding ability of recombi-
nant TbES5. The fluorescence-titration curves with four cap analogs were determined by fluores-
cence-binding assays. The protein fluorescence was excited at 280 nm and observed at 340 nm.
The WT mRNA cap in trypanosomes was represented b ¥ hypermet )fhted cap 4, while the typical
eukaryotic cap structure was represented by both the m’GTP and m’GpppA cap 0 structures. The
nonmethylated GTP served as a negative control for cap 0-specific binding.
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post-transcriptional control events in the
parasite.

ThEIF4ES5 interacts directly with two
of the five ThEIF4Gs

A hallmark characteristic of the elF4E
proteins is their association with
elF4Gs. In T. brucei five EIF4G family
members have been described, thus the
potential for specific interactions among
the EIF4E and EIF4G homologs could



yield a range of combinatorial arrangements leading to an ar-
ray of biological consequences. To determine if any of these
interactions are favored by TbE5 we performed an exhaustive
interaction study between the prospective players.

The yeast two-hybrid assay detects interactions between
two proteins, termed “bait” and “prey,” as indicated by the ac-
tivation of a promoter in the yeast cells that permits growth
(Fig. 2). The reciprocal interactions were tested, with compat-
ible results (data not shown). The assays revealed either large
yeast colonies indicating that TbES5 associated strongly with
TbEIF4G2 (Tb09.160.3980; Tb(G2) or smaller colonies indi-
cating a weaker interaction with TbEIF4G1 (Tb927.5.1490;
TbG1). In the yeast two-hybrid assay, binding between
TbEIF4E and TbEIF4G proteins in the presence of 5.0 mM
3AT indicates a strong interaction, to the exclusion of other
weaker ThbEIF4E-TbEIF4G pairings.

The interaction of TbE5 with more than one ThbEIF4G may
be an indication of specific functions associated with either
TbG1 or TbG2 pairings. With the exception of the site of
EIF4E:EIF4G interaction in Leishmania (Yoffe et al. 2009),
no functionality can be predicted for any of the five
TbEIF4G sequences outside the core family-defining MIF4G
domain (Dhalia et al. 2005). TbG1 and TbG2 have not been
observed to interact with other trypanosomatid EIF4E homo-
logs to date. Theyare the two largest members of the TbEIF4G
family and may serve as a scaffold for binding of additional
proteins, as observed in humans and yeast (Pestova and
Hellen 2003; Jackson et al. 2010). These isolated interactions
serve as a guide for the behaviors of proteins in T. brucei, how-
ever the incorporation of other proteins or RNAs into the
equation may alter the actual complex components.

TbEIF4ES5 is present in high molecular weight complexes

The typical e[F4F complex contains three components: el F4E,
elF4G, and elF4A (Gingras et al. 1999). Our yeast two-hybrid
interaction assays indicate TbE5 associates with two specific
TbEIF4G homologs, TbG1 and TbG2. The interaction of
1.5 mM 3AT

2.5mM 3AT 5.0 mM 3AT

FIGURE 2. Direct interaction of TbEIF4E5 with two of the five T. brucei
EIF4G homologs. Interactions between TbE5 and the five TbEIF4G ho-
mologs were challenged using the yeast two-hybrid assay in the presence
of increasing amounts of 3AT, increasing the stringency of the assay.
Positive controls were pGADT7-T and pGBKT7-53; the negative con-
trols were the empty vectors. Interaction strength is inferred by colony
size: 22 mm = strong; 1-2 mm = moderate; <1 mm = weak.
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Tb117.5:TbES

TbE5:Tb117.5

Tb117.5:TbG1

FIGURE 3. TbEIF4ES5 is present in high molecular weight complexes.
(A) Blue Native gel electrophoresis of cell extracts from transfected T.
brucei containing PTP-tagged proteins. Lysates were run through Blue
Native gels, transferred to nitrocellulose membranes and probed with
antibody directed against the protein A domain of the PTP tag (TbE5,
TbG1, TbG2 = E5, G1, G2, respectively). The migration of size stan-
dards is indicated in kDa, (B) The components that co-purified with
TbEIF4E5 and TbEIF4G2. The RNA (black line; black circle represents
5" end cap 4) is recognized by the cap-binding e[F4E component TbES
(dark gray circle, E5). The elF4G-like scaffold protein TbG2 (light gray
rectangle, G2) interacts directly with TbES, as indicated by overlap of the
respective shapes. Other TbE5-associated proteins are shown as ovals.
Overlap of the ovals with other shapes is speculative and based on the
assumed scaffold function of TbG2, and shapes do not reflect protein
size. The placement of Tb17.9 on the RNA is speculative, as indicated
by the “?”. (C) The TbEIF4ES/TbEIF4G1 dynamic complex model.
The 117.5-kDa protein in association with the TbG1 scaffold may be
regulated by the presence of the 14-3-3 II homodimer, the binding of
which is dependent on TbG1 phosphorylation. The dotted arrows high-
light the either/or aspect of the complexes. (D) Yeast two-hybrid analysis
of Tb117.5 with TbE5 or TbG1 in both bait and prey orientations.
Controls and interpretations are shown in Figure 2.

TbES5 and the two TbEIF4G subunits observed in yeast was ex-
amined in T. brucei first by visualizing the size of complexes
containing PTP-tagged proteins by Blue Native gel electro-
phoresis, followed by MudPIT analysis of tandem-affinity pu-
rified complexes.

To validate that TbES was in a high molecular weight com-
plex(es), extracts of TbE5 """ were resolved by Blue Native
gel analysis and visualized by Western blotting using anti-
protein A antibody. Two bands of ~100 kDa (migrating be-
tween the 66 and 146 kDa markers) and ~900 kDa (migrating
between the 720 and 1048 kDa markers) were detected in the
TbES extracts (Fig. 3A), indicating complexes of substantially
greater size than predicted for free TbE5 (22 kDa + 19 kDa
for the PTP tag), which was either undetectable or not run-
ning true to predicted size. The proteins implicated by yeast
two-hybrid analysis, TbG1 and TbG2, were PTP-tagged as
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well to allow reciprocal comparisons. For both TbG1~/""

and TbG2™"""" lines multiple discrete and smeared higher
molecular weight bands were seen, suggestive of their in-
volvement in multiple distinct complexes, some of which
may contain TbE5. The predicted sizes of TbG1 and TbG2
are 122.1 kDa and 97.3 kDa, respectively; thus adding the
contribution of the PTP tags, the bottom bands in each
lane likely represent the migration of free proteins. The size
markers may not represent true complex sizes, as the shape
of the complex will play a major role in the migration of spe-
cies through this nondenaturing gel system. Both of the
TbEIF4G proteins show more complex patterns than TbES.

The combined data from these experiments are consistent
with the prediction that TbEIF4E/TbEIF4G form high MW
complexes in vivo, and indicate the presence of additional
components in the complexes formed by TbES5, TbG1, and
TbG2 proteins.

TbEIF4E5 associates with two distinct sub-complexes

To isolate the specific complexes and identify their constitu-
ents, the TbE5 "™ line was used for tandem-affinity com-
plex purification with subsequent protein identification by
MudPIT. The purification was performed four times under
different salt conditions. The comparative results revealed
11 proteins that co-purified with TbE5 in all four preparations
(Table 1). Based on low abundance, low numbers of peptides
detected, and in some cases the identity of the protein, the bot-
tom four proteins are considered to be contaminants.

In accordance with the yeast two-hybrid assay both TbG1
and TbG2 co-purified consistently with TbE5. Additional
proteins that co-purified with TbE5 complex include both

TABLE 1. Proteins that co-purify consistently with TbEIF4E5-PTP

isoforms of the ~30 kDa phosphoserine/phosphothreo-
nine-binding protein named Tb14-3-3 I and Tb14-3-3 II
(Inoue et al. 2005), and proteins of 17.9, 47.5, and 117.5
kDa all designated as “hypothetical” in GeneDB.

Based on the yeast two-hybrid and TbE5 """ MudPIT re-
sults, extracts from the ThG17""™ and TbG27F™" cell lines
were subjected to tandem-affinity chromatography and sub-
sequent MudPIT analysis. These purifications partitioned
the proteins co-purifying with TbES into two distinct subsets.
The TbG1-PTP purifications identified 14 proteins that co-
purified in two separate preparations (Table 2). Of these,
five were present in all TbE5-PTP purifications, supporting
the existence of a discrete complex comprised of five mem-
bers: TbE5, TbGl, Tb14-3-3 II, and the 47.5-kDa and
117.5-kDa proteins. Notably, the first six proteins identified
other than TbG1 itself were not present in the TbE5-PTP pu-
rification; thus although they may be legitimate associates of
TbG1, at this point there is no evidence to include them in the
TbE5/TbG1 complex. TbG1 may participate in multiple com-
plexes, not all of which include TbES, consistent with the wid-
er range of complexes visible for TbG1 in the Blue Native gel
analysis (see Fig. 3A). Three tandem-affinity preparations of
TbG2-PTP yielded a set of 13 proteins, of which five were pre-
sent in all TbES-PTP purifications (Table 3). The second
TbE5 complex was thus defined by the presence of TbG2
along with TbES5, Tb14-3-3 I, Tb14-3-3 II, and the 17.9-
kDa hypothetical protein (Fig. 3B), yielding a predicted com-
plex mass of 196.5 kDa. In the case of TbG2, the top five iden-
tifications in terms of NSAF score are found in the TbE5
purification, and several of the remaining proteins are com-
mon to the TbG1 purification, indicating that they may func-
tion in a chaperoning role or be contaminants of EIF4G

Gene GeneDB ID* GeneDB ID? NSAFe5¢ kDa # Peptides RNA¢
ThEIF4E5 Th927.10.5020 Th11.02.4700 22387.585 21.9 21 1-1-08-1
14-3-3 11 Th927.11.6870 12514.799 29.1 14 0-0-10
Hypothetical Th927.11.6010 Th11.02.3830 8724.748 17.9 9 0-0-0-0
Hypothetical Th927.11.6720 Th11.02.4550 6892.809 117.5 50 0-0-0-0
14-3-3 1 Th927.11.9530 Th11.01.1290 5795.657 30.3 11 0-0-0-0
ThEIF4G2 Th927.9.5460 Th09.160.3980 3824.758 97.3 30 1-0-1-0
ThEIFAG1 Th927.5.1490 3160.416 122.1 40 1-0-1-1
Hypothetical Th927.11.350 Th11.03.0790 1409.713 47.5 7 1-1-1-1
TEF1-a Th927.10.2090 1262.683 37.8 5 0-0-0-0
Dynein Iight chain LC8 Th927.11.18680 Th11.50.0007 1135.602 10.4 2 1-0-0-0
Mitochondrial carrier prot. Th927.9.10310 Th09.211.1750 138.176 34.3 2 1-0-1-1
Hypothetical Th927.8.4560 46.685 137.9 2 1-1-0-1

Four different preparations were analyzed by MudPIT. Peptide recovery shown represents extracts that were treated with 150 mM KCl for

20 min before affinity chromatography.

‘GeneDB identifier from T. brucei 927 version 6.0, www.genedb.org and www.tritrypdb.org.
"Temporary GeneDB identifier retrieved from peptide analysis based on T. brucei 927 version 2.2.

“NSAF, normalized spectral abundance factor.

9High-throughput RNAi data and abbreviations from Alsford et al. (2011). Reported as BF3-BF6-PC-diff: BF3, bloodstream form 3 d; BF6,
bloodstream form 6 d; PC, procyclic forms; diff, differentiating bloodstream forms; 1 = Normal; 0 = Abnormal, significant loss of fitness.

“TbE5 procyclic forms showed normal growth curves after RNAI (this manuscript).

'RNAi showed abnormal growth curves of procyclic forms after 6 d (Inoue et al. 2005).,
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TABLE 2. Proteins co-purifying with TbEIFAG1-PTP in multiple purifications

2010), the TbE5 situation is notable.
Furthermore, the associates of each com-

X . . # E5-~ plex are distinct, implying that the two

Gene GeneDB 1D GeneDB 1D NSAFe5° kDa  Peptides PTP complexes could perform unique regula-
ThEIF4G1 Th927.5.1490 Th09.160.3270 1264.422 122.1 49 yes tory functions.
ThEIF4A1 Th927.9.4680 1083.045  45.4 13
Hypothetical ~ Tb927.9.1520  Th09.160.0465  923.937  97.6 4
TEF-1 Th927.4.3590 730.755 243 8 Dynamic associations within the
TEF-1 B Th927.10.5840 669.805  21.9 5 TbEIF4E5/ThEIF4G1 complex implied
ALBA3 Th927.4.2040 472389 208 5
ALBA2 Th927.11.4450 Th11.02.2030  383.564 12.8 4 To get a better understanding of the
Hypothetical Th927.11.6720 Th11.02.4550 297198 1175 17 yes ‘TbES/TbGI complex’ we Pcrformed a

ot PTP purification using a third compo-
14-3-3 I Th927.11.6870 Th11.02.4700  267.125  29.1 4 yes o ape B ificati
TEF-1 o Th927.8.5880 260912 194 4 DN Agiysls L8 Mringent prtiiicalion
DHH1 Th927.10.3990 221.069  46.5 6 using the 117.5-kDa protein tagged with
ThEIF4ES Th927.10.5020 172.604 21.9 3 yes PTP revealed the presence of the 47.5-
elf2p Th927.5.3120 143.377 350 4 kDa protein, TbG1, and TbE5 (Table 4),
Hyﬂ;&;ﬁucai Th927.11.350  Tb11.03.0790  128.957 47.5 4 yes along with other proteins (data not

shown). The 14-3-3 II protein was absent

Two different preparations were analyzed by MudPIT. Peptide recovery shown is from ex-

tracts incubated in 150 mM KCI.

“GeneDB identifier, www.genedb.org and www.tritrypdb.org.
"Temporary GeneDB identifier retrieved from peptide analysis.
“NSAF, normalized spectral abundance factor.

dProtein present in MudPIT of PTP-tagged ThES5.

purifications. The TbEIF4A1 protein in particular is interest-
ing, since it is a known homolog of the standard elF4F trans-
lation initiation complex; however, the absence of this protein
from the TbES5 purification essentially eliminates it from both
the TbG1- and TbG2-containing complexes. Yeast two-hy-
brid analyses detected no interactions between Tb17.9 and
either TbE5 or TbG2 (data not shown), and if this result re-
flects the behavior of the protein in T.
brucei, at least two possibilities may re-
main: Tb17.9 (1) binds to the 14-3-3 I
protein, or (2) interacts with an RNA rec-

from the 117.5-kDa protein-based purifi-
cation, thus 117.5-kDa protein binding
may be modulated by 14-3-3 II interac-
tion with TbG1 (Fig. 3C). Switching be-
tween a bound 14-3-3 II dimer and the
117.5-kDa protein could reflect a key dy-
namic within the ThbE5-TbG1 complex.
Alternatively, the PTP tag on the 117.5-kDa protein may
impair 14-3-3 II binding to the complex. The aggregate
molecular weights of these two alternatives are 309 kDa
for the 117.5 kDa—protein complex and 249.7 kDa for the
14-3-3 complex, including the dimer form of 14-3-3 II
Examination of 14-3-3 II was considered; however, since the
protein is known to interact in numerous cellular pathways

TABLE 3. Proteins co-purifying with TbEIF4G2-PTP in multiple purifications

ognized by the complex. Alternatively, # E5-
this could be a case of the fusion proteins ~ Gene GeneDB ID* GeneDB ID”  NSAFe5° kDa Peptides PTP?
interfering with the assay. The presence 4, 35y Th927.11.6870  Th11.02.4700 6534474 29.1 24 ves
of the PTP tag may interfere with bind-  pypothetical ~ Th927.11.6010  Th11.02.3830  5268.922 179 15 yes
ing of a particular protein, but in this “17.9"
case the TbEIF4Al protein is predicted  TbEIF4G2 Th927.9.5460  Tb09.160.3980 4883.723 97.3 51 yes
to interact directly with the TbEIF4G  TDEIF4ES Th927.10.5020  Th10.70.2180 3762.424 21.9 24 yes
s 14-3:3 1 Th927.11.9530  Th11.01.1290 3609.246 30.3 4 yes
scgffol(;l; because the PTP construction ga'y Tb927.4.2040 420.048 208 6
exists in the absence of the wild-type  ThEFaAl Tb927.9.4680  Tb09.160.3270  322.848 454 8
(WT) allele, PTP tag interference should  Hypothetical ~ Th927.10.8940 277.681 454 6
have resulted in nonviable or impaired LAl L oeAtan0 THiLOLATA 160541 612 2
: othetica sl U1 5 .
cells;and these listes Dehaved 26 WT. Hzgothetical Th927.11.7780  Th11.02.5660  155.645 46.2 4
These results validate the unusual asso- Hypothetical TG 10 4GB0 Tae A 5

ciation of two distinct TbEIF4G proteins
with a single TbEIF4E cap-binding pro-
tein. While the reciprocal scenario of
multiple elF4E proteins binding a single

elF4G scaffold has been documented
(Prévot et al. 2003; Clarkson et al.

“NSAF, normalized spectral abundance factor.
dprotein present in MudPIT of PTP-tagged ThES5.
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Three different preparations were analyzed by MudPIT. Peptide recovery shown for extracts
treated with 150 mM KCl.
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"Temporary GeneDB identifier retrieved from peptide analysis.



TABLE 4. Proteins co-purifying with PTP-tagged 117.5-kDa
protein also present with ThEIF4E5-PTP and ThEIF4G1-PTP

Gene GeneDB ID*  NSAFe5”  kDa Pepfides
Hypothetical Th927.11.6720 2107.168 117.5 53
Hy;;tﬁ.;icﬂ Th927.11.350 963.474  47.5 13
Tbl::é?]l Th927.5.1490 728.330 1221 ilil
TbEIF4ES Th927.10.5020  368.449 219 3

One preparation was analyzed by MudPIT. The extract was
treated with 300 mM KCI.

“GeneDB identifier, www.genedb.org and www.tritrypdb.org.
PNSAF, normalized spectral abundance factor.

and would thus not guarantee a definitive result, we will pur-
sue other experimental avenues to validate this interaction
model. Yeast two-hybrid analysis was consistent with direct
interaction between TbG1 and the 117.5-kDa protein, with
one orientation substantially stronger than the other; results
were negative for TbE5-Tb117.5 interaction (Fig. 3D).

The dynamic interactions within the TbE5/TbG1 complex
led to the definition of three TbE5-containing complexes,
each of which may have different roles in post-transcriptional
gene regulation. Association of the phosphoprotein-binding
14-3-3 components may serve to inactivate the action of
the Tb117.5 proteins (see below).

TbEIF4E5 is a cytosolic protein resistant to gene
knockout

The four published kinetoplastid EIF4E protein family mem-
bers are either cytosolic or present in both the nucleus and cy-
tosol (Kramer et al. 2008; Freire et al. 2011). The family
member involved in the lion’s share of mRNA translation
should be critical for cell survival. To assess function, the
TbES protein was localized and assayed for its importance
in cell viability under normal procyclic culture conditions.
The absence of strong antibodies for our target proteins and
the availability of excellent epitope tagging systems prompted
us to generate a cell line designated TbE5™"""", with one WT
allele replaced by a PHLEO-resistance marker and the other
allele tagged in situ by insertion of PTP epitope sequences
(Schimanski et al. 2005). The robust behavior of the
TbE5 """ line indicated that the PTP tag was not interfering
with TbES protein function.

Immunolocalization of the TbE5 fusion protein in the
TbE5 "™ line via the PTP tag revealed a diffuse cytosolic
distribution with numerous foci of greater intensity, and ap-
parent exclusion from the nucleus (Fig. 4), similar to what
was seen for homologs TbEIF4E3 and TbEIF4E4 (Kramer
et al. 2008; Freire et al. 2011).

In our hands, inducible double-stranded RNA interference
(RNAI) directed against the TbES5 transcript in both ThE5**

and TbE5"""™" RNAI procyclic cells showed no catastrophic
effect on cell growth in standard growth medium (Fig. 5A).
The level of epitope-tagged TbE5 was reduced to <12.5%
of uninduced levels by day 2 (Fig. 5B). To provide the cells
with ample time to display any effects, we extended our
RNAI analysis to 15 d, well beyond our usual 7-d limit, at
which point RNAI cell lines are prone to escape the RNAI
constraints. The induced TbE5"'""" RNAI cell lines contin-
ued to divide under TbE5 knockdown, albeit at a slightly re-
duced rate relative to the uninduced culture (data not
shown). To quantitate the effect of protein knockdown on
general translation, RNAI cells at day 4 and day 7 post-induc-
tion were labeled metabolically with **S-methionine (Fig.
5C). The level of isotope incorporation was similar for both
uninduced and induced cultures on day 4. By day 7, isotope
incorporation in induced TbES5 cells was reduced by 16%.

As a general rule, when an RNAI line shows no significant
growth defect, the next experimental step is to create a knock-
out cell line so that the absence of the protein of interest can
be assessed in a clean background. No third allele was detect-
ed in the construction of the TbE5 ™7™ line, thus the diploid
nature of these genes was confirmed. Double allele knockout
of the TbE5 gene was attempted three times, and all attempts
failed in the elimination of the second targeted allele. In both
cases a WT allele persisted, despite integration of the second
selective marker (data not shown). We interpret this to sig-
nify that the TbE5 protein is essential, and the lowered pro-
tein levels achieved by our RNAi inductions allowed
evaluation at reduced levels of TbE5 function. Discordant re-
sults for individual genes and the Alsford study (Alsford et al.
2011) are not unknown (Badjatia et al. 2013). The inability to
obtain a knockout TbES5 line may be technical rather than
linked to the function of the gene, and alternative approaches
(Kim et al. 2013; Merritt and Stuart 2013; Park et al. 2014) are
in progress.

Knockdown of the ThEIF4E5 protein affects motility

During the course of the RNAi experiments, the culture phe-
notype of TbE5 RNAi-induced cells was altered. Initially, after
48 h of stationary incubation, we observed that cells accumu-
lated on the bottom of the culture flasks while noninduced

IFA

FIGURE 4. TbEIF4E5 is cytosolic in T. brucei procyclic cells.
Subcellular localization was determined by indirect immunofluores-
cence using antibody against the protein A component of the PTP tag
on the TbES fusion protein. Nontransfected control YTAT cells served
as the negative control. Nuclear and kinetoplast DNA was visualized
by counterstaining with DAPIL.
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FIGURE 5. TbEIF4E5 does not have a primary role in translation. (A)
Growth of TbE5 RNAi tetracycline (Tet) induced and uninduced cells
measured over 7 d. (B) Assessment of protein knockdown by RNAI us-
ing the ThES""""* background cell line. SDS-PAGE analysis of protein
levels at days 2, 3, and 4 post-induction. ThbE5-PTP was detected by
anti-Protein A antibody (a-ProtA). Serial twofold dilutions of unin-
duced samples at day 2 are shown for comparison. Levels of
TbEIF4A1 are included as protein loading controls. (C) Metabolic label-
ing of cultures induced for ThE5 RNAi knockdown as measured by *°S-
methionine incorporation at 4 and 7 d post-induction,

cells remained in suspension. This “settling” phenotype was
reproducible, and was measured by ODyg changes over 24 h.

For each tetracycline (Tet) treatment, six equivalent cul-
tures were established. At each time point, three cultures
were shaken to resuspend the cells, accommodating for the ef-
fect of cell growth during the experimental period. The ODgg
relative sedimentation measurements for each time period
were determined by dividing the experimental unshaken cu-
vette reading by the shaken cuvette reading for the same cul-
ture condition. The sedimentation assays showed a significant
reduction in ODg at 8§ h and 24 h for the TbE5 RNAi-in-
duced culture relative to the uninduced culture (Fig. 6A). At
the beginning of the experiment, all cultures showed a 1:1 ra-
tio of suspended cells. After 8 h, WT and the uninduced TbE5
RNAIi cultures were not different, but both showed signs of
cell settling in the 20%-25% range. In contrast, the induced
TbES5 RNAi line displayed a markedly higher level of settling,

with about half of the cells settled. This trend continued in the
24-h sample, with the induced sample at ~50% the level of
suspension relative to the WT and uninduced cultures. The
settling phenotype is slower than observed for mutants with
defects in proteins directly related to motility, e.g., flagellar
proteins (Ralston and Hill 2006; Ralston et al. 2006).

The settling phenotype of TbE5 RNAi-induced cells
prompted us to examine whether there was a comparable ef-
fect on Social Motility (SoMo) on semisolid agar plates
(Oberholzer et al. 2010). SoMo is visualized by the formation
of massed cell projections from a single inoculum point after
5 d. Under conditions of RNAi knockdown the TbE5 cell line
showed a significant defect in SoMo as measured by counting
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FIGURE 6. Reduction of TbEIF4E5 results in motility defects. (A)
Culture turbidity was measured to assess cell settling in nonshaken cul-
tures. Cells induced for RNAi against TbE5 (white column) were com-
pared with noninduced culture (gray column) and WT cells (black
column). Standard error was determined for experiments performed
in triplicate. (B) Representative soft agarose plate Social Motility assays
for ThE5 RNAi-uninduced (=Tet) or RNAi-induced cells (+Tet) 5 d
post-plating. The — plate was scored as showing 10 radial projections,
a typical manifestation of social motility in T. brucei. (C) Graphical sum-
mary of two sets of SoMo assays indicating means and standard errors.
Symbols represent the number of radial projections from the site of in-
oculation: Open squares represent uninduced (—Tet); the single filled
triangle represents all 14 induced samples (+Tet).
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Sturm et al. 2012). The further impact on distinct aspects of
cell motility following knockdown of the TbES5 suggests un-
identified roles for the complexes in the regulation of protein
expression and function in these parasites.

The Alsford genome-wide RNAi study indicates that ThE5
is an essential protein in the cultured insect stage; however,
THES is not required for viability in bloodstream forms and
differentiating bloodform cells (Alsford et al. 2011). In our
hands, procyclic RNAI lines targeting the TbES transcript
are viable, with protein levels reduced but detectable.
Several phenotypic oddities were noted in our ThbE5 RNAi
knockdowns. TbE5 cells did not remain in suspension in lig-
uid culture and showed “lethargic” activity, and social motil-
ity behavior was abolished. The role of an RNA-cap-binding
protein in eliciting downstream effects on motility could be
direct or indirect depending on whether mRNAs are recog-
nized with specificity or nonspecifically. The absence of a dra-
matic cell-death or growth-arrest phenotype in the TbE5
knockdown coupled with the lack of a catastrophic effect on
*38-methionine incorporation indicates that TbE5 is not the
primary EIF4E responsible for general translation in T. brucei.
The lack of effect on translation for TbES5 knockdown on day 4
contrasts the 64% and 72% reduction in translation observed
on day 4 RNAi knockdown of TbEIF4E3 and TbEIF4E4, re-
spectively (Freire et al. 2011), the best candidates for a main
role in translation initiation. The third component of the
elF4F complex, TbEIF4A, did not co-purify with PTP-tagged
TbES or the PTP-tagged 117.5-kDa protein, however it was
relatively abundant in the TbG1-PTP preparation and of
low abundance in the TbG2 preparation. RNAi knockdown
of flagellum components often are detrimental to the cell cy-
cle and cell division (Branche et al. 2006; Broadhead et al.
2006; Ralston et al. 2006); no such defects were observed dur-
ing TbE5 knockdown. The small decrease in translation hints
at a minor role in translation or an indirect role in regulation,
nevertheless an insufficient level of knockdown or secondary
effects cannot be discounted.

TbBES interacts with proteins associated with the TbEIF4F
complex, specifically members of the anticipated TbEIF4G
family. As with the TbEIF4E proteins, in kinetoplastids the
THEIF4AG family is expanded relative to other eukaryotes,
containing five identified members (Dhalia et al. 2006).
The direct interaction between the TbE5 and the TbG1 and
TbG2 homologs predicted by the initial yeast two-hybrid as-
say was confirmed in vivo. TbE5 was purified from 7. brucei
extracts in association with either TbG1 or TbG2 in distinct
complexes. In mouse, the eIF4G interaction domain of
elF4E is defined as a pocket that contains three conserved
acidic amino acids and four conserved nonpolar residues
(Marcotrigiano et al. 1997), thus given the conservation of
predicted tertiary structure for TbES the same region is ex-
pected to determine the specificity of a specific TbEIF4E
and specific TbEIF4Gs.

A'TbE5 complex containing TbG1 is associated with a pre-
dicted 117.5-kDa bifunctional capping enzyme, which

contains guanylyltransferase and N7-methyltransferase do-
mains, and is essential in multiple life stages of the parasite
(Alsford et al. 2011). The associated 47.5-kDa protein likely
possesses RNA-binding activity that may confer transcript se-
lection specificity to the protein aggregate. An alternative
complex that swaps the 117.5-kDa protein for a 14-3-3 II
protein suggests that association of the 117.5-kDa protein
may be modulated by phosphorylations recognized by a 14-
3-3 II homodimer, most likely of the scaffold provided by
TbG1. The third complex contains TbG2 along with three
other proteins that are all essential in the Alsford RNAIi
analysis (Alsford et al. 2011). The additional members of
the third TbE5 complex include a “hypothetical” protein
and two related phosphoserine/phosphothreonine-binding
proteins, Tb14-3-3 T and Tb14-3-3 II. Tb14-3-3 I/II likely
function as homo- or heterodimeric regulators of activity
(Mackintosh 2004) and may interact with one of the other
protein components to block or facilitate complex formation
or RNA binding.

The kinetoplastid 14-3-3 proteins can interact with mul-
tiple partners via different motifs (Inoue et al. 2010) so
pleiotropic effects are expected in RNAi experiments.
Indeed, defects in surface glycoprotein recycling (Benz
et al. 2010), motility, cell cycle, and cytokinesis (Inoue
et al. 2005) have been observed. The settling phenotype ob-
served for TbE5 in our motility assay is similar to that seen
for 14-3-3 knockdowns in procyclic cells (Inoue et al. 2005),
suggesting that the phenotype may be the result of a com-
mon defect in the protein complex described here.
Differential phosphorylation of TbE5 cannot be ruled out
as the determinant; TbES is predicted to contain four phos-
phorylation sites (Palmeri et al. 2011), however no phos-
phorylation was detected in vivo on TbE5 in either
procyclic or bloodstream stage (Urbaniak et al. 2013). In
TbG1 five phosphorylated serines and one tyrosine have
been detected (Urbaniak et al. 2013). TbG2, which has a hu-
man elF4G counterpart with a scaffold function (Prévot
et al. 2003), has three phosphorylated serines and two phos-
phorylated threonines (Urbaniak et al. 2013), making it the
best candidate for 14-3-3 binding.

The presence of a potential 5'-capping enzyme in a TbE5-
containing complex raises a paradox, as the TbE5 recognizes
m’G-capped RNA 5’ ends, yet the guanylyltransferase acts on
5" diphosphates, and the N7-methyltransferase requires an
unmodified inverted guanosine. What therefore is the sub-
strate for the capping enzyme? The TbES5 component is likely
to form a stable interaction with the RNA, while proteins
with cap-forming and cap-modifying activities may have a
transient association with their substrate. The interplay of
the two proteins, with their distinct activities and affinities,
will dictate which is the driving force for complex functions.
The potential roles of the TbES5 complexes in the manipula-
tion and remodeling of RNA 5 end structure could have ma-
jor repercussions for the captured transcripts in terms of
stability and translation, providing a vital junction of control
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for translation initiation in a genetic system believed to be
subject to constitutive transcription.

Our working model is that capped mRNAs are recognized
and bound by TbES5, which serves a role of recruiting mRNAs,
but does not perform any direct catalysis on the transcript.
TBES is bound by a distinct EIF4G, either TbG1 or TbG2,
which provides a scaffold for additional protein interactions.
Candidate interactors include the 117.5-kDa protein, which
has the potential to modify transcripts released from TbES5.
TbE5 complex formation, or action upon a bound RNA,
may be regulated by interaction of the Tb14-3-3 II proteins
with any of the other associated components, the most direct
possibility being the modulation of the 117.5-kDa protein ac-
tivity upon mRNAs bound to the complex. The presence of a
TbCGMI-like protein in an elF4F-like structure opens a
broad range of possibilities for the fate of mRNAs that we
can assess. For example, mammalian elF4E has been impli-
cated in targeting mRNAs to P-bodies (Andrei et al. 2005;
Ferraiuolo etal. 2005). The provocative possibility of cytosolic
mRNA capping activities highlights the elusive identity of the
kinetoplastid mRNA 5'-decapping enzyme (Clayton and
Shapira 2007; Banerjee et al. 2009), a lynchpin in the control
of translation initiation. Cytosolic 5" decapping of mRNA is
one of two major pathways for eukaryotic mRNA degradation
(Coller and Parker 2004), however it is not necessarily the end
of life for the mRNA (Topisirovic et al. 2011). Candidate ac-
tivities, such as a cytosolic complex isolated from human cells,
can add a cap structure onto RNA molecules with a 5 mono-
phosphate (Otsuka et al. 2009). A goal in future studies will be
to identify the mRNAs or other capped RNA species associat-
ed with each TbE5 complex, and to determine if they change
during the lifecycle or in response to select stresses. Other
members of the kinetoplastid EIF4E family, TbEIF4E]
through TbEIF4E4, respond to stress by forming cytosolic
granules (Kramer et al. 2008, 2012), and comparable behavior
has been noted for TbE5 (data not shown). In a group of or-
ganisms that predominantly lack regulation of gene/protein
expression at the level of transcription initiation (Martinez-
Calvillo et al. 2010; Alsford et al. 2012; Kramer 2012), the
presence of a putative cytosolic capping enzyme suggests
a specific role for RNA processing and/or regulation by
the TbE5 complexes. The link between cytosolic mRNA
metabolism and the motility-defect phenotypes could lie in
TbEIF4E-mediated control of RNA regulons associated with
motility.

MATERIALS AND METHODS

Bioinformatics

The two newest T. brucei EIF4E homologs were identified in BLAST
searches of the GeneDB database (Hertz-Fowler et al. 2004).
TbEIF4E5 was identified using the yeast eIlF4E (GenBank number
P07260) as a query. Multiple sequence alignment and phylogenetic
analysis was performed with Clustal W (http:/www.ebi.ac.uk/Tools/

msa/clustalw/). Secondary structure predictions were performed us-
ing Phyre® (Kelley and Sternberg 2009).

Plasmid construction

Recombinant TbES5 was expressed from the p2171 plasmid (Dhalia
et al. 2006). For interaction assays, the TbE5 and TbEIF4G homolog
ORFs were amplified by PCR, and cloned into the yeast two-hybrid
vectors pGAD and pGBK. For conditional knockdown by RNAI,
gene-internal fragments were PCR-amplified and cloned into the
p2T7-177 vector (Wickstead et al. 2002). Gene-specific allele knock-
out constructions were made by insertion of the respective 5" and 3’
flanking regions into the pKO vector (Lamb et al. 2001). The 3" ter-
minal gene fragments required for carboxy-terminal epitope tagging
were amplified and the resulting fragments cloned into the pC-PTP-
Neo plasmid (Schimanski et al. 2005).

In vitro cap-binding assay

Hisg-tagged recombinant TbE5 protein was expressed in Escherichia
coli Rosetta 2 (DE3) cells. Expression was induced with 0.5 mM
IPTG for 3 h at 37°C. Cells were harvested, disrupted by sonication,
and centrifuged. The pellet was washed two times in 20 mM HEPES/
KOH (pH 7.2) 1 M guanidine hydrochloride, 2 mM DTT, 10% glyc-
erol. Inclusion bodies were dissolved in 50 mM HEPES/KOH (pH
7.2), 6 M guanidine hydrochloride, 10% glycerol, 2 mM DTT.
Cell debris was removed by centrifugation (43,000g for 30 min).
The protein was diluted to <0.1 mg/mL and refolded by one-step
dialysis against 50 mM HEPES/KOH (pH 7.2), 100 mM KCl, 0,5
mM EDTA, 2 mM DTT, and purified by ion exchange chromatog-
raphy through a HiTrap SP column.

Time-synchronized fluorescence titrations were carried out on a
PerkinElmer LS 55 Fluorescence Spectrometer at 20+ 0.3°C
(Niedzwiecka et al. 2002) in 50 mM HEPES/KOH (pH 7.2), 100
mM KCI, 0.5 mM EDTA, 2 mM DTT. During the time-course titra-
tion, aliquots of 1 pL cap analog solution (Yoffe et al. 2006) were
added to 1400 pL protein solution (0.1 pM, 0.2 pM, or 0.3 uM pro-
tein concentration). Changes in fluorescence intensities were mea-
sured at 325 nm or 340 nm with excitation at 280 nm and
corrected for sample dilution and inner-filter effects. Equilibrium
association constants (K,,) were determined by fitting the theoreti-
cal curve of fluorescence intensity for total cap analog concentration
to the experimental data points (Niedzwiecka et al. 2002). The final
K, was calculated as a weighted average of three to five independent
titrations. The fitting procedure utilized nonlinear, least-squared re-
gression analysis and was performed using ORIGIN 6.0 (Microcal
Software). The Gibbs free energy of binding was calculated from
the K, value according to the standard equation AG° = —RTInK,..

T. brucei cell culture and RNAI

YTAT procyclic T. brucei was grown at 27°C in SM medium
(Cunningham 1977) supplemented with 10% fetal bovine serum,
and was used for PTP-targeted integrations for MudPIT analyses.
Procyclic forms of T. brucei Lister 427 strain 29-13 were used for
RNAI. Transfection was performed as described (Hill et al. 1999).
Selection was performed with G418 (15 pg/mL), puromycin (10
ug/mL), or phleomycin (2.5 pg/mL), and clonal lines of selected
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cultures were obtained by limiting dilution in 96-well plates. To in-
duce RNAI, 1 pg/mL tetracycline (Tet) was added to mid-log phase
cultures and the growth measured daily. Single knockout/PTP-
tagged lines in YTAT were constructed as described (Schimanski
et al. 2005). The 29-13 cell line was transfected with the plasmid
cPTP-puro-TbES5, selected with puromycin and checked for PTP-
tagged protein expression, then transfected with the RNAi plasmid
p2T7-177-TbE5 and selected with phleomycin, generating the
TbES*"*"PRNAI cell line. PTP tagging of TbE5 to monitor knock-
down in the 29-13 RNA. cell line affected one allele, leaving the sec-
ond as WT.

Fluorescence microscopy

T. brucei cultures in mid-log phase (5x 10°~107 cells/mL) were
used for immunofluorescence imaging as described (Oberholzer
et al. 2011). Aliquots of 1 mL were washed twice in 1 mL PBS, re-
suspended in 1 mL PBS/0.01% paraformaldehyde, and incubated
on ice for 5 min. The cells were centrifuged and resuspended in
0.5 mL PBS. Approximately 20 uL of the cell suspension was spread
on a microscope slide and dried at room temperature (RT), fol-
lowed by fixation at —20°C in acetone for 5 min and —20°C in
methanol for 5 min. The slides were dried at RT, the cells were re-
hydrated with 1 mL PBS for 15 min and blocked for 1.5 h at RT
with blocking solution (PBS/5% Normal Goat Serum/5% BSA).
Blocked cells were incubated for 1.5 h in a 1:3000 Anti-Protein A
antibody produced in rabbit (Sigma) in blocking solution, washed
three times with PBS-T (PBS/0.05% Tween 20), incubated in
1:3000 anti-rabbit 1gG Alexa 488 (Invitrogen), washed three times
with PBS-T, once with PBS and mounted on slides with Vectashield
(Vector Laboratories) containing DAPI, and viewed by fluorescence
microscopy.

Metabolic labeling assay

[*°S]-methionine incorporation was determined as described (Freire
etal. 2011). RNAi-induced and uninduced TbE5*""""RNAi mid-log
phase cultures were centrifuged at 3000 RPM at RT, washed once in
methionine-free SM medium, and resuspended to a concentration
of 1 x 107 cells/mL in the methionine-free M medium supplement-
ed with 50 uCi/mL [**S]-methionine. After 1-h incubation at 28°C,
50 pL aliquots were lysed (5 puL 10% SDS, 2.5 uL. 1 M NaOH), 10 pL
of these lysates were spotted in triplicate to Whatman filter papers,
and dried at RT. The filters were then incubated on ice in 10%
TCA for 15 min followed by boiling in 5% TCA for 10 min. After
one methanol wash and one acetone wash the filters were dried at
RT. The radiolabel incorporated into proteins was measured with
a Beckman LS 6500 Scintillation Counter. Experiments were per-
formed three times in triplicate. Standard error was calculated and
plotted in Microsoft Excel.

Sedimentation assay

Motility in a liquid environment was quantified by spectrophotom-
etry (Bastin et al. 1999). Cells with integrated RNAi constructions
were incubated +/-Tet for 72 h, then resuspended at 5 x 10° cells/
mL in fresh medium with or without drug. Six replicates (1 mL)
were transferred to cuvettes and incubated without shaking under

standard conditions. The optical density at 600 nm (ODgg) was
measured in triplicate every 8 h, with three cuvettes left undisturbed
to measure sedimentation and three cuvettes mixed prior to mea-
surement. The AODg, for each sample was calculated by dividing
the ODgq of the resuspended samples by those of the undisturbed
samples.

Motility assay

Social motility assays on semi-solid 0.4% agarose plates were per-
formed as described (Oberholzer et al. 2010). Plates contained either
methanol (diluent) or Tet (final 1 pg/mL) for “~Tet” and “+Tet”
conditions. The plates were inoculated using 5.5 pL cells from sus-
pension cultures at ~1.0 % 107 cells/mL. The +Tet cells were induced
for 72 h prior to plating. Following inoculation, the plates were
closed, left to sit for 20 min, then sealed with Parafilm and incubated
at 27°C with 5% CO,. Plates were photographed at 120 h using a
white light box and a velvet cloth to provide background contrast.
Images were acquired using a Pentax Optio M30 camera, and
cropped in Adobe Photoshop.

Yeast two-hybrid assays

Yeast strain PJ69-4A was cultivated overnight at 30°C in YPD medi-
um (Ammerman et al. 2012). Each transformation used 1 mL cell
suspension washed and resuspended in 100 uL TE/100 mM lithium
acetate buffer and incubated at RT for 15 min. The cells were centri-
fuged and resuspended in 360 pL transformation buffer (1 x TE/1
mM LiOAc; 50% PEG 8000 and 2 mg/mL boiled salmon sperm
DNA), simultaneously transformed with GBK (tryp+) and GAD
(leu+) plasmids expressing TbES and individual T. brucei 4G homo-
logs, and incubated for 30 min at RT. Subsequently, the cells were in-
cubated at 42°C for 20 min, and then spun down. The pellet was
resuspended in 2 mL dropout medium (minimal medium minus
tryptophan and leucine) and incubated overnight at 30°C. After
dropout incubation the ODgy, was checked and all cultures centri-
fuged, diluted to ODggp 0.5 in dropout medium (minimal medium
minus tryptophan, leucine, and histidine), applied on to 2% agar
dropout medium plates containing 3-amino-1,2,4-triazole (3AT)
in serial dilutions, and incubated at 30°C for 5 d. The positive control
plates used plasmids pGADT7-T and pGBKT7-53 (CLONTECH
Laboratories Inc.) for transformation.

Native gel electrophoresis for protein complex
detection and sizing

Blue Native gel analysis was performed according to manufacturer
instructions (Novex). Samples were prepared as follows: Mid-Log
phase culture cells were washed twice in PBS, resuspended in 24
uL extraction buffer (25 mM HEPES, 150 mM sucrose, 20 mM po-
tassium glutamate, 3 mM MgCl,, 0.5% NP40, 150 mM KCl, 0.5 mM
DTT, and SIGMAFAST Protease Inhibitor Cocktail, EDTA-free
[Sigma-Aldrich]), incubated on ice for 20 min, and centrifuged at
full speed for 10 min/4°C. Eighteen microliters of the supernatant
was added to 6.25 pL of 4x Native PAGE buffer and 1 pL of G-
250 Coomassie sample buffer. The samples were electrophoresed
through precast 4%-16% NativePAGE Novex Bis-Tris gels fol-
lowing the manufacturer specifications (Life Technologies). The
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NativeMark Unstained Protein standard (Life Technologies) was
used to estimate complex sizes. Proteins were transferred to
Immun-Blot PVDF 0.2 pm membranes (BioRad). Membranes
were fixed in 8% acetic acid for 15 min, rinsed with water, and in-
cubated with primary or secondary antibody. The size marker lane
was removed prior to antibody incubation, air-dried, equilibrated
with methanol, and stained with Coomassie dye for visualization.

Tandeme-affinity purification

Purification was performed from 500 mL of culture (5 x 10° cell/
mL). For tandem-affinity purification, the PTP tag was utilized
and purification performed as described (Schimanski et al. 2005).
Total elution from the protein C column was resolved either by
SDS-PAGE and visualized by silver staining (BioRad Silver
Staining plus), or TCA precipitation and subjected to tandem
mass spectrometry (MudPIT).

MudPIT

The TCA precipitated proteins were digested by trypsin and subject-
ed to mass spectrometry as described (Zamudio et al. 2009). The pro-
teomic data were analyzed using the SEQUEST and DTASelect2
algorithms against the T. brucei genome database (Berriman et al.
2005), filtering by a peptide-level false-positive rate of 5%, and a
minimum of two peptides per protein (Peng et al. 2002).
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