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ABSTRACT OF THE DISSERTATION

Role of Flagellar Motility in Trypanosoma brucei Pathogenesis

By

Neville Kielau Kisalu
Doctor of Philosophy in Microbiology, Immunology, and Molecular Genetics

University of California, Los Angeles, 2013

Professor Kent L. Hill, Chair

The flagellum of Trypanosoma brucei is an essential and multifunctional organelle that
drives parasite motility and is receiving increased attention as a potential drug target. Parasite
motility is suspected to contribute to infection and disease pathogenesis in the mammalian host.
However, it has not been possible to test this hypothesis owing to lack of motility mutants that
are viable in the bloodstream life cycle stage that infects the mammalian host. In the first part of
my dissertation we identified a viable bloodstream-form motility mutant in 427-derived 7. brucei
and by adapting published approaches we set up mouse infection models of African
trypanosomiasis. To assess the impact of trypanosome motility on infection in mice we these

mutants in a mouse infection model and showed that disrupting parasite motility has no
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discernible effect on 7. brucei bloodstream infection. This presents the first ever investigation of
the influence of parasite motility on infection of the mammalian host. Mutant cells used were
derived from the laboratory-adapted strain 427-BSSM that causes an acute infection that
progress rapidly in mice. This quick disease progression limits any reliable assessment of the
CNS penetration, which commonly takes more than 14 days. To allow direct investigation of the
requirement of parasite motility in the central nervous system (CNS) invasion, we have
generated motility mutants in 7. brucei strains that cause chronic infection in mice.

Identification of motility mutants in pleomorphic BSF T. brucei that causes chronic infection will

now make it possible for the first time to test if parasite motility is required for CNS penetration.

Traditionally, assessment of 7. brucei infection is based upon examining parasitemia in
blood and limited use of histochemistry to determine parasite presence in chemically-treated
tissues. We have developed an advanced live-cell imaging approach using fluorescent 7. brucei
that will facilitate detailed dynamic studies of infection. This system enabled visualization of 7.
brucei ex vivo in mouse tissues as well as in vivo in whole live zebrafish embryos. Further
validation of mCherry parasites at a microscale level revealed trypanosomes at single-cell
resolution in ex vivo mouse tissues and in blood vessels of live fish. Hence, these systems have
the potential for uncovering novel features of host-parasite interactions that could lead to drug,
vaccine and diagnostics development, all of which is expected to ameliorate patient management

in sleeping sickness.

A major roadblock to the study of the flagellum is a lack of facile methods for systematic
mutational analysis of flagellar genes. We recently established systems for structure-function

analysis of proteins in 7. brucei, which has emerged as an excellent model to study the
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eukaryotic flagellum. Several flagellar proteins have been identified but there is scant
information on molecular mechanisms underlying these proteins functions, individually or
collectively. For instance, key amino acids and domains required for these proteins are for the
most part unknown. To exploit the flagellum as a drug target it is crucial that we deepen
understanding of molecular mechanisms of flagellum protein function. To start bridging this
gap, we applied our structure-function system to define amino acids required for IFT88 and
trypanin protein function in flagellum assembly and motility. Our studies tested amino acids that
correspond to IFT88 mutations observed in human patients with defective cilia and showed
which of these mutations are loss of function mutations versus polymorphisms. We have also
uncovered key domains essential for the assembly and function of the dynein regulatory protein

trypanin.

Altogether, these investigations broadly contribute to understanding 7. brucei
pathogenesis mechanisms and expand our knowledge of flagellum motility functions in
trypanosomes, which are directly applicable to other flagellated protozoan parasites. In humans,
the flagellum, also called a cilium, is required for normal development and physiology and
genetic changes in flagellar genes cause many human heritable diseases. Thus, our studies are

also relevant to eukaryotic cell biology in connection to human health and disease.
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Chapter 1

Introduction



African sleeping sickness

Epidemiology, risk factors, prevention and control

African trypanosomes including Trypanosoma brucei and related species, are
kinetoplastid protozoan parasites responsible for the neglected disease African sleeping sickness,
also known as human African trypanosomiasis (HAT) and related diseases in domestic and wild
animals. These parasites cause important human mortality and hinder economic development in
sub-Saharan Africa (Figure 1). About 60 million people are at risk of HAT across sub-Saharan
Africa and approximately 10,000 cases are reported annually, although this number is likely a
significant underestimate of the total cases [Simarro et al., 2008]. Two subspecies of 7. brucei,
found in different geographic regions of Africa, cause sleeping sickness. 7. b. gambiense, the
causal agent of West African sleeping sickness, is mainly found in central Africa and in some
zones of West Africa and is the source of the majority of sleeping sickness cases in Africa. T. b.
rhodesiense causes East African sleeping sickness. This parasite is found in focal locations of
eastern and southeastern Africa. Which specific subspecies is involved influences clinical
manifestations of the disease, although both are fatal if untreated. 7. b. gambiense causes a
chronic disease, lasting months to a year or more, while 7. b. rhodesiense causes a more acute
form of the disease that progresses rapidly, generally within several weeks, to lethal outcome
[Jelinek et al., 2002; Blum et al., 2006]. For T. b. rhodesiense, domestic and wild animals
constitute the principal infection reservoir and are a major factor in the transmission cycle, while
T. b. gambiense is spread almost exclusively through human-tsetse-human transmission. On

average one sleeping sickness case per year is diagnosed in the US, mostly in travelers who were



on safari in East Africa [Moore et al., 2002; Urech et al., 2011]. Trypanosome infection is
transmitted by the bite of the tsetse fly (Glossina species), but other modes of transmission
including blood transfusion, congenital and sexual [Rocha et al., 2004] are theoretically possible.
With no vaccine, control of sleeping sickness rests soley on diagnosis and treatment of infected

patients as well as on vector control and reservoir management.

Disease

Trypanosome infection of a mammalian host proceeds in several steps. Following
transmission via the bite of an infected tsetse fly, the parasites reside and replicate extracellularly
in the bloodstream and tissue fluids of their mammalian host despite being regularly exposed to
the host immune system. 7. brucei has evolved several sophiscated strategies it uses to escape
the host immune system and cause disease. For instance, antigenic variation of the cell surface
coat and active removal of host immunoglobulin attached to the parasite surface allows the
trypanosome population to escape immune killing and remain in the bloodstream limitlessly
[Barry and McCulloch 2001; Borst 2002; Pays 2005].

Bloodstream infection constitutes the first stage of sleeping sickness and is clinically
characterized by as flu-like symptoms with intermittent waves of fever and emergence of
lymphadenopathy [Stich et al., 2002; Rodgers 2010]. After several weeks 7. brucei traverses the
blood vessel endothelium and penetrates the central nervous system (CNS) [Stich et al., 2002;
Rodgers 2010], introducing the second stage the disease. During this stage, patients have

chronic meningoencephalitis accompanied by headaches and neurological disruptions that



unyieldingly perturb sleep. Leaving the disease untreated leads to coma and death [Stich et al.,
2002; Rodgers 2010]. Although African sleeping sickness has been recognized for centuries

several features of disease pathogenesis, such as the cause of death, are not understood.

Laboratory diagnosis

Sleeping sickness diagnosis and stage determination are difficult and should not be
interpreted based on clinical signs [Lejon and Buscher 2005]. Since clinical manifestations of
trypanosome infection are insufficiently specific, the diagnosis relies mainly on microscopy
examination of body fluid or tissue in order to identify the parasite. Trypanosomes can be found
in blood, lymph node aspirate, or biopsy of a chancre. Accurate diagnosis is based on
microscopic observation of the parasite (Figure 2). Although highly specific, microscopic
examination has low sensitivity. Serological tests such as the card agglutination test for
trypanosomiasis (CATT) [Magnus et al., 1978; Vervoort et al., 1978; Lejon et al., 2002; Buscher
et al., 2013] exist but these tests are mostly used for screening purposes and are prone to false
positive results [Truc et al., 2002]. To compensate the limitations of microscopic examination
and serological methods, molecular tests such as PCR have been introduced but these methods
have their own drawbacks including lack of reproducibility due to the genome sequence used as
probe, uncertain specificity, limited sensitivity, expensive, and require extensive training
[Chappuis et al., 2005; Koffi et al., 2006; Deborggraeve and Buscher 2010; Jamonneau et al.,
2010]. As such, the diagnosis is frequently missed initially leading hospitalization of some
patients in psychiatric clinics. Moreover, diagnosis outside endemic regions is repeatedly missed

or delayed in Africans resulting in cases with advanced stages of the disease. Because the choice



of drugs for treatment is critically dependent on correct disease staging, it is recommended that
all patients diagnosed with sleeping sickness undergo a cerebrospinal fluid (CSF) examination to
determine whether parasites have invaded the central nervous system. A white blood cell count
of more than 5 per microliter and an increased protein concentration in CSF suggests central
nervous system (CNS) involvement according to WHO recommendations. Given the limited
means for diagnosis and in particular, for staging, improved diagnostic approaches and

paradigms are sorely needed for human trypanosomiasis management.

Treatment

The choice of drugs used to treat sleeping sickness depends on the stage [Mumba Ngoyi
et al., 2013] of disease and type of infection. Pentamidine (introduced in 1939) is the pillar drug
recommended for first stage of disease (bloodstream infection) by 7. b. gambiense, whereas
Suramin (introduced in 1916) is used for 7. b rhodesiense disease [Brun et al., 2010]. Early
diagnosis, which is often missed because of non- specificity of the initial symptoms, is critical
for the success of treatment in stage 1 of the disease. Stages 2 of the disease is difficult to
manage since existing drugs lack ease of administration and are associated with serious adverse
events such as permanent neurologic damage and death [Chappuis 2007]. Drugs used to treat
stage 2 of sleeping sickness must be able cross the blood brain barrier. The two frontline drugs
for stage two are melarsoprol (an arsenic derivative, introduced in 1946), and eflornithine
(introduced in 1977) and each has severe limitations [Nok 2003; Bisser et al., 2007; Lejon et al.,

2013]. In 2009, combined therapy with eflornithine and nifurtimox was also introduced,



although, as is the case for eflornithine alone, the treatment is only effective against 7. b.
gambiense. Nifurtimox is also used for Chagas disease or American trypanosomiasis treatment.
Melarsoprol is the drug most frequently used drug for CNS infection. However this drug is
highly toxic, killing up to 10% of patients [Kennedy 2004], and therapeutic failures have been
reported in my home country, the Democratic Republic of Congo [Legros et al., 2002]. Drug-
resistant trypanosomes have emerged in several regions of Africa. In order to mitigate treatment
failures due to resistance as well as reduce dosages and adverse reactions, Nifurtimox and
eflornithine combination therapy (NECT) was recently evaluated and introduced [Legros et al.,
2002]. Other combinations such as nifurtimox with melarsoprol or melarsoprol with nifurtimox
have also been assessed [Bouteille et al., 2003]. The difficulty to administer and high toxicity of
these drugs, together with the emergence of drug-resistant trypanosomes makes it imperative to
develop safer, more effective, and easy to administer drugs, in order to facilitate clinical

management of sleeping sickness cases.

T. brucei life cycle

The whole life cycle of T. brucei is defined by extracellular stages within the tsetse fly
and mammalian hosts. An infected tsetse fly injects infectious metacyclic trypomastigotes into
the mammalian host during a blood meal. Parasites develop into bloodstream trypomastigotes
within the mammalian host and enter the bloodstream where they divide by binary division as
long slender trypomastigotes (Figure 3A). The doubling time is estimated to be 6 hours [[Seed

1978]]. Antigenic variation of the parasite surface coat and active clearance of host antibody



bound to the parasite surface allows trypanosomes to evade immune destruction and persist in
the bloodstream indefinitely [Barry and McCulloch 2001; Borst 2002; Pays 2005]]. T. brucei
exhibits waves of parasitemia in the bloodstream, corresponding to recurring cycles of growth,
clearance by the immune response and then recrudescence owing to emergence of new surface
antigen variants. Over time, long slender forms differentiate into non-dividing short, stumpy
(Figure 3A) form trypomastigotes. Ultimately, the stumpy forms constitute the majority of the
parasite population in the bloodstream [MacGregor et al., 2011] and these are the only forms that
are able to continue the life cycle in the tse tse fly [MacGregor et al., 2012].

The tsetse fly (Figure 3B) is infected with bloodstream trypanosomes during a blood
meal on an infected mammalian host. Within the tsetse, parasites travel through specific host
tissues and undergo extensive morphological and metabolic differentiation, culminating in
production of human-infectious forms in the salivary gland (Figure 3A) [Vickerman 1985; van
den Abbeele et al., 1995; Sharma et al., 2009]. Stumpy trypanosomes differentiate into procyclic
trypanosomes in the posterior part of the fly’s midgut (Figure 3C) and enter the ectoperitrophic
space by penetrating the preitrophic membrane, which separates the blood meal from the midgut
epithelium. Parasites in the ectoperitrophic space are more elongated than their predecessors in
the midgut. Trypanosomes become even more elongated as they move to the
proventriculus,(Figure 3C) where they undergo asymmetric division to produce one long and
one short epimastigote [ Vickerman 1985; van den Abbeele et al., 1995; Sharma et al., 2009].
Proventricular trypanosomes (Fifure 3A) migrate to the salivary glands where they attach to the
gland epithelium and then complete their differentiation into mature metacyclic trypanosomes
that are uniquely adapted for life within the mammalian host. These are the forms that will be

injected into the mammalian host during a tse tse fly blood meal [Vickerman 1985]. The entire



cycle in the tse tse fly takes about 3 weeks.

The T. brucei flagellum

T. brucei flagellum is an essential [Kohl et al., 2003] and defining feature of the
trypanosome cell and plays crucial roles in cell motility, cell morphogenesis, cell division, host
parasite interaction, and presumably sensing [Ralston et al., 2009]. It represents the sole means

of locomotion and contributes directly to the development and pathogenic capacity of 7. brucei.

Flagellum structure

The T. brucei flagellum emerges from the basal body near the cell posterior end and is
laterally connected to the rest of the cell body (Figure 4A). This flagellum possesses a canonical
“9 + 2” axoneme, as well as an extra-axonemal filament, called the paraflagellar rod that runs
alongside the axoneme. (Figure 4B-C) [Ralston et al., 2009]. In the cytoplasm the axoneme is
anchored via the basal body at the parasite posterior’s end. The basal body is a barrel-like
structure including 9 outer triplet microtubules with no central pair. As triplet microtubules of
the basal body extend outward, they become microtubule doublets in order to form a “9 + 0”
axoneme transition zone that then becomes the “9 + 2” axoneme.

The flagellum emerges from the cytoplasm through the flagellar pocket, a unique

invagination of the plasma membrane. The flagellar pocket is the sole site for endocytosis and



exocytosis, making it a critical feature for host-parasite interactions [Gull 2003; Field and
Carrington 2009]. The flagellar membrane, the flagellar pocket and plasma membranes have
lipid and protein composition that differ from each other [Balber 1990; Fridberg et al., 2007;
Maric et al., 2010]. How the trypanosome sorts proteins differentially to these different domains
is not known and is a topic of much interest. The 7. brucei flagellum runs alongside of the cell

body and is connected to the cell body flagellum attachment zone or FAZ (Figure 4C).

Flagellum composition

The Axoneme

The “9+2” axoneme encompasses 9 peripheral microtubule doublets symmetrically
distributed around a central pair of microtubule singlets and is the fundamental unit of flagellum
motility (Figure 4B-C) [Satir 1995]. Each outer doublet microtubule is composed of an A-tubule
and a B-tubule. Dynein motors attached to outer doublets drive flagellum beating. Radial spokes
point inward from individual outer doublets toward the central pair apparatus (Figure 4C). The
nexin-dynein regulatory complex (NDRC) connects neighboring microtubule doublets and
restrict microtubule sliding in order to promote bending of the axoneme [ Summers and Gibbons
1971; Satir 2007]. While dyneins provide power for motility, radial spokes, the central pair and
the NDRC function in dynein regulation [Lindemann 2004]. Individual structures on the outer
doublets are arranged together in a repeating unit with a periodicity of 96 nm [Nicastro et al.,
2006; Hughes et al., 2012] [Nicastro et al., ; Hughes et al., ]. Although the fundamental structure

of this repeating unit is conserved across eukaryotes that assemble motile cilia, some differences



exist and in 7. brucei the axonemal repeating unit consist of the NDRC, three radial spokes, four
outer arm dyneins, and inner arm dyneins [Nicastro et al., 2006; Hughes et al., 2012].
Additionally, compared to Chlamydomonas reinhardtii, the prototype eukaryotic organism for
axoneme structure, the central pair microtubules are in a fixed orientation in relation to outer

doublet microtubules [Ralston et al., 2009].

Dyneins and Nexin-dynein regulation complex (NDRC)

Dyneins are ATP-driven, microtubule-based molecular motors that furnish the driving
force for flagellar motility. Outer arm and inner arm dyneins protrude from outer doublet A-
tubules toward the adjacent doublet (Figure 4C). Dynein motors consist of several affiliated
light, intermediate and light-intermediate chains, and 1-3 heavy chains [King 2003]. The dynein
heavy chains possess ATPase catalytic activity and constitute the motor domains. Despite the
eminent role of flagellar motility to 7. brucei biology, the identity of 7. brucei axonemal dynein
subunits has not been determined and very little is known about specific dyneins and their
contributions to axonemal motility in these parasites. Nonetheless, genomic studies have shown
that the 7. brucei genome encodes two predicted outer dynein heavy chains and seven inner
dynein heavy chains [Wickstead and Gull 2007]. Outer dynein subunits IC78 [Baron et al.,
2007] and LCI1 [Baron et al., 2007] are required for outer arm dyneins assembly and for
controlling beat directionality in 7. brucei. Depletion of either protein by RNAi reverses the tip-
to-base beat, a prominent feature of 7. brucei flagellum, to base-to-tip beating. LCI1 is essential
in bloodstream form 7. brucei [Ralston et al., 2011]. Mechanisms underlying flagellar protein

functions are almost unknown. Identification of domains and residues required for flagellar
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protein functions is the topic of Chapters 6 and 7.

For a proper spread of flagellar waveforms along the axoneme, thousands of dyneins
must be coordinately regulated spatially and temporally [Baron et al., 2007]. Molecular
mechanisms underlying dynein regulation are poorly understood. It has been proposed that
dynein regulation involves mechanical and chemical signals [Lindemann and Kanous 1997;
Porter and Sale 2000; Smith and Yang 2004; Lindemann and Lesich 2010]. NDRC (also known
as DRC) is as a key regulator of axonemal dyneins in several organisms including 7. brucei
[Piperno et al., 1992; Gardner et al., 1994; Howard et al., 1994; Ralston et al., 2006; Colantonio
et al., 2009; Heuser et al., 2009]. This complex was originally identified through mutant screens
that identified extragenic suppressors of flagellar paralysis in radial spoke and central pair
mutants in the flagellated green algae Chlamydomonas reinhardtii [Huang et al., 1982]. NDRC
acts as a reversible inhibitor of axonemal dyneins. The current model suggests that NDRC
transmits mechanochemical signals from the central pair apparatus and radial spokes, releasing
inhibition of dyneins at precisely the right time and place along the axoneme [Huang et al., 1982;
Piperno et al., 1992; Gardner et al., 1994; Omoto et al., 1999; Porter and Sale 2000; Hutchings et
al., 2002; Rupp and Porter 2003; Ralston et al., 2006].

The NDRC is a megadalton complex of several polypeptides. A few NDRC subunits are
known in 7. brucei including trypanin, trypanin related protein (TRP) and component of motile
flagella (CMF) 70 [Ralston et al., 2006; Kabututu et al., 2010]; K.L.H. (in preparation)], and the
DRC candidate CMF22 [Bower et al., 2013; Nguyen 2013]. Additional studies in
Chlamydomonas have expanded the inventory of the DRC subunits to include an estimated 11
proteins, with 6 of these being genes (trypanin, CMF22, CMF44, CMF46, CMF70, Tb927.5.550

and Tb927.7.130) that are conserved in 7. brucei [Baron et al., 2007; Lin et al., 2011; Bower et
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al., 2013]. The NDRC subunit trypanin, homologous to the C. reinhardtii PF2 protein, is
necessary for normal motility in 7. brucei [Hutchings et al., 2002; Ralston et al., 2006] and is
broadly conserved among organisms that assemble motile flagella but is absent in organisms that
do not assemble motile flagella [Ralston et al., 2006; Baron et al., 2007]. The NDRC has been
demonstrated to be required for ciliary motility and inner ear development in vertebrates
[Colantonio et al., 2009] and defects in drc genes cause primary ciliary dyskinesia, a human
disease that causes infertility, respiratory malfunction and left-right axis defects [Wirschell et al.,
2013]. Unfortunately, despite these advances additional NDRC members, member interactions
and molecular mechanisms such as domains or residues required for the DRC function remain to
be determined. Identification of trypanin domains required for function and targeting will be the

topic of Chapter 7.

Paraflagellar Rod (PFR)

The PFR is a unique flagellum feature limited to kinetoplastids and a few related
organisms. The PFR is a large lattice-like filament connected to microtubule doublets 4-7 and
expands alongside the axoneme (Figure 4C). In cross section the PFR displays three defined
structural regions that include the proximal, intermediate and distal determined by their positions
relative to the axoneme [Cosson et al., 1988]. Although the precise structure and function of the
PFR is unclear, it is believed to play structural and regulatory roles. PFR is required for normal
motility in both 7. brucei [Bastin et al., 1998] and is essential in the bloodstream life cycle stage
[Branche et al., 2006; Broadhead et al., 2006]. Three-dimensional observations of the 7. brucei

PFR by Hughes and colleagues suggests that the PFR causes structural constraints on flagellar
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beating and operates as a biomechanical spring to receive and transmit energy generated by
flagellum twisting and beating [Hughes et al., 2012]. Although many PFR proteins have been
identified [Santrich et al., 1997; Bastin et al., 1998; Ridgley et al., 2000; Portman et al., 2009]

the functions these proteins are unknown. Additional studies are needed to identify domains and
residues essential for function of PFR proteins. The role played by the flagellum and flagellar
motility in 7. brucei biology makes the PFR an ideal target for therapeutic intervention,

especially since this complex is not found in the human host.

In summary, the flagellum is estimated to contain more than 600 [Ralston et al., 2009].
Recent genomics and proteomics investigations have immensely extended the inventory of
proteins that compose the flagellum [Avidor-Reiss et al., 2004; Li et al., 2004; Pazour et al.,
2005; Broadhead et al., 2006; Baron et al., 2007; Oberholzer et al., 2011]] . However, our
understanding of how these proteins contribute to flagellar function individually or collectively is
very limited. For example, specific domains or amino acids of important flagellar proteins are for
the most unknown. To bridge this important gap, we have developed, in the course of my
dissertation, facile systems for mutational analysis of flagellar proteins in 7. brucei (Appendix 2)
(Ralston et al. 2011) and chapter 4. These approaches allow quick discovery of domains or
amino acids required for flagellar protein functions in 7. brucei (Appendix 2). Application of
our structure-function approach to the study of LC1 led to rapid idenification of LC1 residues
required for motility in 7. brucei (Appendix 2) [Ralston et al., 2011]. Since the flagellum is
essential in 7. brucei, residues or domains restricted to these pathogens represent potential drug
targets, whereas conserved aspects of flagellar proteins should increase our understanding of

human biology and disease.
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Flagellum assembly

The majority of eukaryotic organisms assemble their flagella by addition of new building
blocks to the tip of the growing flagellum. This is mediate by intraflagellar transport (IFT), a
bidirectional movement system that delivers proteins from the cytoplasm to the flagellum and
return proteins from the flagellum to the cytoplasm [Rosenbaum and Witman 2002]. This
transport system is dependent on kinesin and cytoplasmic dynein motor proteins. The IFT
machinery is conserved and functions in 7. brucei [Kohl et al., 2003; Davidge et al., 2006;
Absalon et al., 2008]. In chapter 6 we exploit the tools we’ve developed in 7. brucei to conduct
structure-function analysis of the IFT protein IFT8S.

Flagellum biogenesis is essential for cell division and is one of the earliest stages of cell
cycle in 7. brucei. The new flagellum emerges from the probasal body in G1 and extend parallel
to the old flagellum until it reaches about halfway along the old flagellum at which point it
pauses growing. The flagellar connector (FC) is a cytoskeletal structure of unknown
composition that links the tip of the new flagellum the old flagellum and mediates the new
flagellum’s tracking of the old flagellum’s path [Moreira-Leite et al., 2001; Briggs et al., 2004].
The flagellum connector is not detected in bloodstream form 7. brucei or in other
trypanosomatids, suggesting the FC is specific to the procyclic form. The reason for this apparent
specificity is unknown. Cytokinesis that splits the two cell bodies proceeds along a helical path

between the nascent and old flagella [Sherwin and Gull 1989; Moreira-Leite et al., 2001].
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Flagellum functions

Role in motility

The dominant role of the flagellum on trypanosome biology is demonstrated even in
initial descriptions of these organisms, which centered on their particular, helical cell movement
as observed in blood samples from infected frogs [Gruby 1843]. In those studies the parasite’s
auger-like locomotion, twisting and rotating around its long axis as it moved forward, led to the
genus name “Trypanosoma”, which combines the Greek words trypanon (auger) and soma
(body). Seminal work by Walker [Walker 1961] demonstrated that motility in 7. brucei is driven
by a flexible flagellar beat that initiates at the tip of the flagellum and propagates to the flagellum
base, differing from what is seen in most other eukaryotic flagella.

T. brucei rapidly navigates at velocities of 3 -20 um s~ in three dimension and displays
bacterial run-and-tumble actions [Hutchings et al., 2002; Hill] allowing the parasite to reorient
[Branche et al., 2006]. The complex, rapid, and energetic locomotion of 7. brucei has limited
quantitative measurement of flagellar beating, although recent studies have begun to overcome
this limitations [Rodriguez et al., 2009; Uppaluri et al., 2011; Heddergott et al., 2012; Weisse et
al., 2012]. Axoneme RNAI1 has demonstrated a requirement for the PFR, central pair apparatus,
radial spokes, outer doublets, NDRC, and dynein motors in normal motility. Unfortunately, as
discussed above, molecular mechanisms underlying the structure and function most of flagellar
proteins are unkon. Additionally, proteins that mediate trypanosome-specific features have not

been defined, in part due to the lack of quantitative description of flagellar beating.
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Role of flagellum motility in disease transmission and pathogenesis

T. brucei is extracellular at all stages of infection and depends on its own flagellum for
navigation within the host. Within the tsetse, the parasite must undergo a series of directional
movementss in precise tissues from the midgut through the salivary glands to complete
differention into mammalian infectious forms. While migrating within the tse tse fly, the parasite
encounters several tissue obstacles to invade such as the peritrophic matrix and proventriculus,
presaging a requirement for active motility. The flagellum mediates attachment to the salivary
gland epithelium (Figure 5A), which induces the terminal stage of development into mature
mammalian infectious metacyclic forms [Vickerman 1969; Borst et al., 1985]. As such,
transmission depends on parasite motility. However, a requirement for trypanosome motility in

tse tse transmission is still to be demonstrated.

The contribution of parasite motility to infection and pathogenesis is a long-standing
problem. Parasite motility is generally considered to be important for infection and pathogenesis
in the mammalian host and motility roles of 7. brucei flagellum are receiving a particular
attention as potential drug targets [Broadhead et al., 2006; Ralston and Hill 2006; Ginger et al.,
2008; Ralston et al., 2009]. Precise requirements for motility in the mammalian host are unclear,
but motility is believed to participate in parasite immune evasion and for penetration of
extravascular tissues including the blood brain barrier . For example, parasite forward
locomotion has been suggested to drive displacement of surface-bound immunoglobulin to the
posterior end of the cell, where it is internalized, thereby allowing the parasite to resist

opsonization and immune destruction [Engstler et al., 2007]. As an extracellular pathogen, 7.
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brucei probably depends on its own motility for traversal of the blood vessels and entry into the
CNS. Recent studies have even evoked that 7. brucei motility is adapted specifically to the
bloodstream environment [Heddergott et al., 2012]. Unfortunately, direct examintion of a
requirement for flagellar motility in any facet of host infection has not been achieved, because of
the lack of viable motility mutants in the 7. brucei mammalian infectious life stages [Ginger et

al., 2008; Ralston and Hill 2008].

Studies of the flagellum and motility in the bloodstream-form of 7. brucei are limited by
two major factors. First: no-one has been able to generate a viable bloodstream-form motility
mutant, so it has not been possible to test the role of motility in vivo. Second: it is not known
how flagellar proteins actually work, because all studies to date have used RNAi, which can
determine if a protein is required for motility, but does not give information about mechanisms.
The trypanosome flagellum has emerged as a potential drug target in sleeping sickness, but
without knowledge of molecular mechanisms, or motility mutant models to test in vivo, there is a
major gap in our understanding of this critical feature of trypanosome biology and pathogenesis.
Most T. brucei motility mutants have been generated by RNAi knockdown of specific flagellar
proteins and these knockdowns were lethal in bloodstream form cells, leading to the suggestion
that disrupting motility is lethal [Branche et al., 2006; Broadhead et al., 2006; Ralston and Hill
2006; Ralston and Hill 2008]. However, most if not all, 7. brucei flagellar protein knockdowns
have known or suspected structural defects, including some that are far more substantial than just
loss of the targeted protein [Ralston and Hill 2008]. Thus, it is not possible with RNAi alone to
distinguish between phenotypes arising from defective motility versus pleotropic consequences

of ablating target gene expression. To bridge this gap, we established an approach for systematic
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structure-function analysis of flagellar proteins in 7. brucei. This system allowed us to overcome
both barriers described above. First: it allows us to replace any endogenous gene with a mutant
copy, carrying any mutation(s) we choose. The mutated protein still assembles, but does not
function, allowing us to separate phenotypes caused by loss of function versus gross structural
defects. Second, this strategy allowed discovery of amino acids in the LC1 subunit of outer arm
dynein that are required for motility (Appendix 2) [Ralston et al., 2011]. Third, and most
importantly: using this system, we identified two independent motility mutants that are viable in
the bloodstream-form life cycle stage (Appendix 2) [Ralston et al., 2011]. We have now
capitalized on these advances to test the impact of motility on trypanosome infection. These

studies are the focus of Chapter 3.

In addition to its role in driving parasite motility, the 7. brucei flagellum has important
roles in directing cell division and cell morphogenesis and has emerged as an important host-
pathogen interface that functions in parasite virulence [Borst et al., 1985]. Furthermore, cilia or
flagella are essential for human development [Ralston and Hill 2008; Vincensini et al., 2011]
since flagellum defects underlie several genetic diseases in humans [Fliegauf et al., 2007]. The
availability in this parasite of a battery of molecular genetic tools including a robust RNA1
system and a fully annotated and completed genome [Oberholzer et al., 2009] make 7. brucei as
a superior system to study the eukaryotic cilium or flagellum. Therefore, studies of the 7. brucei
flagellum are broadly applicable to other flagellated protozoa and are suitable for understanding

the roles of the eukaryotic flagellum in human biology and disease (Figure 6).
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The main goal of my dissertation has been to examine a requirement for flagellar motility
for infection and pathogenesis of in African trypanosomiasis. The trypanosome flagellum has
emerged as a potential drug target in sleeping sickness and 7. brucei is an excellent system to
study the eukaryotic flagellum. However, without knowledge of molecular mechanisms or
motility mutant models to test in vivo, there is a major gap in our understanding of this critical
feature of trypanosome biology and pathogenesis.

In the first part of my dissertation studies, we developed facile methods for systematic
mutation analysis of flagellar proteins in 7. brucei. Application of these approaches allowed
identification of amino acids required for the function of the axonemal dynein regulatory LC1
protein and more importantly led to the generation of the first-ever viable motility mutants in
mammalian infectious, bloodstream form (“BSF”) trypanosomes (Appendix 2) [Ralston et al.,
2011]. We do not know if disrupting motility blocks infection and testing this with our BSF
motility mutants is the topic of chapters 2 - 4.

By adapting published approaches, I have set up a mouse infection model of 7. brucei in
our laboratory (Chapter 2). In collaboration of Dr. Jianwei Miao’s laboratory from the Physics
Department here at UCLA, we have already used this infection model to describe a new model
for trypanosome forward motility and new theoretical considerations for movement of microbial
pathogens. My work shows that this new model of parasite locomotion also operates in blood
from infected mice (Appendix 1) [Rodriguez et al., 2009]. The availability of bloodstream form
motility mutants combined to the mouse infection system I have set up allowed me to directly
determine the role of motility in 7. brucei infection and pathogenesis. This topic is the subject of
Chapter 3. We surprisingly found that parasite motility is dispensable for bloodstream infection

(Kisalu et al., submitted) (Chapter 3). To assess the contribution of parasite motility for the
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CNS penetration, I have been collaborating with Dr. Keith Matthews (Edinburgh University),
generating motility mutants in 7. brucei strains that cause chronic infection and are able to
invade the CNS and this is the topic of chapter 4. In order to better characterize infection
dynamics and host-parasite interations during infection, I have developed imaging modalities
using fluorescent parasites in mouse and fish infection systems in collaboration with Dr. Shimon
Weiss laboratory at UCLA. This subject id the topic of Chapter 5 (Kisalu et al. manuscript in
preparation).

In addition to investigating the contribution of flagellar motility to infection and
pathogenesis, | have also capitalized on our systems for structure-function analysis to define
amino acids required for function and or trafficking of proteins required for flagellum assembly
(IFT88, chapter 6) and motility (trypanin, chapter 7). My studies in Chapter 6 tested amino acids
that correspond to IFT88 mutations observed in human patients with defective cilia identified by
our collaborator, Dr. Heymut Omran in Germany, and showed which of these mutations are loss
of function mutations versus polymorphisms (Kisalu et al. manuscript in preparation).

Identification of trypanin domains required for function is the topic of Chapter 7.

Overall, these studies represent an important contribution to understanding 7. brucei
pathogenesis mechanisms and should help efforts to develop effective therapies for sleeping
sickness. Imaging studies and further developments also have potential broad application for
therapeutics and diagnostics development, as well as patient management in sleeping sickness.
Finally, studies of flagellum protein structure/function have broad relevance for understanding
biology of the eukaryotic flagellum, which is of central importance to several human pathogens

and required for normal human development and physiology. As such, my investigations
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contribute to deepen our knowledge of flagellum motility functions in trypanosomes, with direct
relevance to other flagellated protozoa, as well as toward fundamental aspects of eukaryotic cell

biology as it relates to human health and disease.
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Figure 1. Recent atlas of African sleeping sickness. Map represents geographic distribution

of the disease and for each country the number of cases reported is indicated for the period 2000-

2009. From [Simarro et al., 2010].
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Figure 2. Observation of trypanosome in blood by microscopic examination. Giemsa stain
showing a trypanosome (7. b. brucei strain 667) in blood taken from an infected mouse at five
days post-infection. Arrows point to trypanosome (red arrow), young (black arrow) or old (white

arrow) erythrocytes. Scale bar is 12.5 wm.

23



A IN TSETSE SALIVARY GLANDS
PremetaCyclic*
attached 1o 7 \‘,‘ ‘I

host microvilli

Nascent Metacyclic

Epimasiigote*

Hagaitsr pockat

-
INJECTION
INTD MAMMAL

MIGRATION 70
TSETSE SALIVARY GLANGS

mitnchandr sl Fegrasson

miOChondria

L
L

M| Established
Procyclic

INGESTION
8Y TSETSE

Procyclic®

variable sntigen coat
last, mitochondral
branching

endocylans

tubwlar
crinlae

Posteronuclear
Stumpy

IN TSETSE

MIDGUT

IN MAMMAL

salivary glands

proventriculus peritrophic matrix

crop

Figure 3. T. brucei life cycle. (A) The diagram depicts various transformations African

trypanosomes undergo throughout their life cycle both in the tse tse fly and mammalian host.
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Changes shown include relative size of different stages, cell surface, mitochondrion, glycosomes
and receptor-mediated endocytosis. Bloodstream stages are placed to the right while insect
stages to the left and top. An example of a stumpy form with a posterior nucleus (bottom right)
is shown. An asterix (') indicates cell division occurs in these stages. (B) A tse tse fly vector
during blood meal on a human host. (C) Sketch of tse tse fly viscera. Trypanosomes taken up
by the tse tse fly are fist found in the endoperitrophic space of the midgut before they penetrate
the peritrophic space. Following anterograte movements toward the proventriculus, parasites
continue to differentiate into epimatigote forms before their maturation into mammalian-
infectious metacyclics in the salivary glands. Panel A is from [Vickerman 1985], panel B is

from [Sharma et al., 2009], all reproduced with permission.
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Figure 4. Structure of 7. brucei flagellum. (A) Scanning electron micrograph of the insect
stage trypanosome. The arrow points to the unique flagellum. (B) Transmission electron
micrograph displaying a cross-section of the flagellum attached to the cell body as observed
when viewing from posterior toward anterior. (C) Cartoon of the micrograph presented in panel
B. Important structures of the flagellum are indicated. Doublet microtubules are conventionally
numbered. Conserved structures of the eukaryotic flagellum are in blue, whereas shown in green
are structures restricted to trypanosomes and closely related organisms. PFR, paraflagellar rod;

MT, microtubule; IFT, intraflagellar transport; FAZ, flagellum attachment zone; DRC, dynein
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regulatory complex. Adapted from [Ralston et al., 2009], with permission.
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Figure 5. The flagellum regulates attachment to the tsetse fly salivary gland and influences
cell morphogenesis. (A) Schematic representation of the developmental transformations the
parasite endergoes while attached to the salivary gland epithelium. Cells are displayed from left
to right as epimastigote, premetacyclic, nascent metacyclic, and metacyclic forms. VSG stands
for variant surface glycoprotein. Adapted from [Ralston et al., 2009], with permission. (B)
Morphotypes found in a tsetse fly, and a comparison with replicating bloodstream form parasites
of the mammalian host. Distinct morphotypes throughout the life cycle undergo an ordered

series of changes that encompass reorganization of internal substructures as well as
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transformation of cell shape. Solid lines indicate well characterized transitions whereas dashed
lines are for uncharacterized or alternative steps. Question mark represents unfairly described
morphologies. Among several transitions that occur in the tse tse vector, differentiation of
bloodstream to procyclics and the asymmetric division that gives rise to epimastigotes have been
studied extensively. Procyclics in the midgut, salivary glad attached epimastigotes, and
mammalian bloodstream forms undergo multiple rounds of cell division to sustain these
populations. In contrast, although they can divide proventricular epimastigotes undergo a single
asymmetric division and are not self-sustaining populations. Cellular arrangement of the
kinetoplast and nucleus is shown for IK1N and 2K2N cells before cytokinesis. Adapted from

[Sharma et al., 2009], with permission.
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Figure 6. Using 7. brucei as a model organism to study the eukaryotic flagellum. This
drawing represents the trypanosome axoneme. In order to exemplify the evolutionarily
conserved nature of the 9 + 2 flagellar axoneme, various ciliated organisms are displayed as the
radial spokes. (Clockwise from top: Ciona intestinalis, Danio rerio, Drosophila melanogaster,
Gallus gallus, Chlamydomonas reinhardtii, Homo sapiens, Caenorhabditis elegans, Mus
musculus, and Asterias forbesi.) The paraflagellar rod is not shown because this substructure is

restricted to trypanosomes. Adapted from [Ralston et al., 2009], with permission.
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Abstract

Mice are a powerful tool to dissect critical pathogenesis mechansims for infectious
diseases including for African trypanosomiasis. For many pathogens, mice present an artificial
model, but African trypanosomes infect mice naturally and indeed, have proven to be valuable
for understanding many features of African trypanosomiasis, as well as characterization of
staging biomarkers and evaluation of novel drug therapies have been achieved in murine models
of trypanosomiasis. Despite these advances, several aspects of trypanosomiasis infection and
pathogenesis remain to be unraveled. For example, a role of trypanosome flagellum-mediated
motility has been suggested in infection and pathogenesis of African sleeping sickness, but this
hypothesis has never been tested. We recently generated motility mutants that are viable in the
bloodstream form life cycle stage, which is the life cycle stage that infects mammals [Ralston et
al., 2011]. In order to capitalize on that advance, we have set up mouse infection models using
monomorphic and pleomorphic Trypanosoma brucei. These parasites cause acute and chronic
infections, respectively. We specifically have established multiplicity of infection necessary for
reproducible infection, determined parasitemia dynamics, time to lethal outcome and
effectiveness of chemotherapy using standard therapeutics to assess brain invasion by 7. brucei.
This mouse infection system has been used to examine trypanosome motility ex vivo in blood
from infected mice, leading to a new model in which bihelical waves of alternate handedness
drive parasite forward movement (Appendix 2) [Rodriguez et al., 2009]. These mouse infection
systems also enable studies of pathogenesis mechanisms including direct analysis of the impact

of parasite motility on infection and pathogenesis, which is a topic of Chapters 3-5.
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Introduction

African trypanosomes, i.e. Trypanosoma brucei and related sub-species, are protozoan
parasites that cause sleeping sickness in humans and related diseases in animals. The disease is
always lethal if left untreated [Ralston et al., 2009]. There is no vaccine against trypanosomes
and existing drugs are toxic and associated with drug resistance. These parasites cause
devastating health and economic consequences and endanger more than 60 million people in 36
countries in Sub-Saharan Africa [WHO 2010]. The disease advances through two mains stages.
During the first stage of the disease, parasites actively multiply in the bloodstream and the
lymphatics following transmission by the bite of an infected tse tse fly. Clinical manifestations
of stage one of the disease are benign and non-specific, resembling to flu-like symptoms
accompanied by fever and lymphoadenopathy. In contrast, the second stage of the disease, also
known as the meningoencephalitic phase, manifests several weeks after infection when parasites
invade connective tissues including the central nervous system. This stage involves a chronic
meninoencephalitis associated with headaches and sleep disorder. Stage two culminates in death
if the disease is left untreated [Stich et al., 2002; Rodgers 2010]. Two subspecies of 7. brucei are
incriminated for trypanosomiasis pathologies in humans. 7. b. gambiense is responsible for a
mild and chronic disease that remains several months to years, whereas the disease caused by 7.
b. rhodesiense is more acute and advances the host to death quickly within several weeks

[Jelinek et al., 2002; Blum et al., 2006].

African sleeping sickness has been known for hundreds of years [Gruby 1843]. However,
clinical management of African sleeping sickness patients is still challenging in part because

there is a lack of reliable biomarkers to unequivocally determine progression from stage one to
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stage 2 of the disease. Additionally, treatment of African sleeping sickness is dangerous since
current drugs, are toxic and old. Once 7. brucei invades the CNS the number of drugs available
for treatment is reduced because the parasites are no longer accessible to drugs that do not
penetrate the blood brain barrier. Invasion of the CNS is therefore a crucial step in the
pathogenesis of sleeping sickness. Because of ethical issues and the difficulty to manage human
patients, several aspects of trypanosomiasis pathogenesis cannot be tested in humans. Thus,

much of our understanding for this disease comes from animal models of infection.

Animals including mice, rats, cattle, rabbits, dogs, and non-human primates such as
monkeys have been used in experimental African trypanosomiasis [Gray 1960; Schindler and
Sachs 1970; Schindler et al., 1970]; [Kennedy 2007]. It is increasingly recognized that mice
evolved as an important tool to dissect critical pathogenesis processes in trypanosomiasis [Foote
et al., 2005; Antoine-Moussiaux et al., 2008; Morrison and MacLeod 2011]. Notably, known
clinical features of human African trypanosomiasis including the meningo-encephalitic stage of
the disease have been accomplished in rodent models [Gray 1960; Bentivoglio et al., 1994;
Antoine-Moussiaux et al., 2008; Masocha et al., 2008]. Moreover, murine models of
trypanosomiasis have been used to test not only novel therapies but also to test combination
chemotherapy of known or new drugs for potential human applications [Jennings et al., 2002;
Kennedy 2007; Antoine-Moussiaux et al., 2008]. Several pathogenesis aspects of
trypanosomiasis including the roles of anti-parasite immunoglobulins, the roles of inflammatory
and anti-inflammatory mediators, as well as genetic determinants of susceptibility for
trypanosomes have been characterized in mice [Gray 1960; Bentivoglio et al., 1994; Antoine-

Moussiaux et al., 2008; Masocha et al., 2008]Antoine-Moussiaux, 2008 #3;Inverso, 1988
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#41;Morrison, 2011 #53].

Several strains of 7. brucei are used to study hot-parasite interactions in trypanosomiasis.
Pleomorphic strains are defined by their ability to differentiate, over time during infection, from
replicating long-slender forms into non-replicating short-stumpy forms in the bloodstream of
mammalian host, thus leading to chronic infections that last >30 days with waves of parasitemias
[Breidbach et al., 2002; MacGregor et al., 2011]. Stumpy forms constitute the majority of the
parasite population in the bloodstream [MacGregor et al., 2011] during chronic infection.
Pleomorphics are therefore transmission competent since stumpies are the only transmission
stages that are able to perpetuate the life cycle whithin the tse tse flies [MacGregor et al., 2011;
MacGregor et al., 2012]. In contrast, monomorphic trypanosomes such as 427-derived “BSSM”
parasites [Wirtz et al., 1999] are laboratory-adapted parasites unable to undergo differentiation
from slenders into stumpies in the mammalian host. In addition to failing completion of
development inside the tse tse fly, monomorphic parasites rapidly proliferate in the bloodstream

leading to death of the mouse host within 7 days [Emmer et al., 2010].

In order to test the role of motility in infection and pathogenesis, a first goal was to set up
mouse infection. Although this has been done in other laboratories, it was not previously done at
UCLA. Furthermore, although mouse infection with monomorphic trypanosomes that give acute
infection is being done by several laboratories, infection and pathogenesis models with
pleomorphic forms that give a chronic infection are much less utilized and less established. A
chronic infection model is particularly important for our studies, because this is ultimately

required to fully assess the role of motility in the full spectrum of disease features. I therefore
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collaborated with Professor John Mansfield at the University of Wisconsin, Madison to adapt
mouse infection systems for the cell lines that we use for our studies. Here we establish how
many parasites are needed to reproducibly establish infection and determine the course of
infection for the 7. brucei strains that will be subsequently used in construction of motility
mutants. These include monomorphic strains that give acute infection as well as pleomorphic
strains that give chronic infection. We find that all three pleomorphic parasite lines show
multiple waves of parasitemia that mimic parasitemia waves seen in human African
trypanosomiasis. We also show that chemotherapy using the drug berenil is effective at clearing
bloodstream infection, providing a means to assess CNS invasion [Jennings et al., 1979; Poltera
et al., 1980], which is a goal of future studies. These mouse infection models will make it
possible to dissect pathogenesis mechanisms such as the requirement for parasite motility in

infection and pathogenesis.
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Results

Course of infection by BSSM parasites

By adapting published approaches [Inverso et al., 1988; Dubois et al., 2005], we have
established a mouse infection model of 7. brucei using the monomorphic, 427-derived “BSSM”
parasites [Wirtz et al., 1999]. In contrast to the pleomorphic trypanosomes, which are fully able
to differentiate, monomorphic trypanosomes are laboratory-adapted strains, which fail to
differentiate to stumpy forms in the bloodstream and generally do not complete development
within the tsetse fly [McCulloch et al., 2004]. BSSM parasites divide unchecked in the
bloodstream and cause an acute infection in mice [Emmer et al., 2010]. To titrate the mouse
system and determine how many parasites are needed to establish and maintain an infection, we
tested different multiplicity of infections (MOI), from 1000 through 50 for the BSSM parasites.
Following mouse infection by intraperitoneal route, which is classically used for trypanosome
mouse infection [Herbert and Lumsden 1968; Greenblatt and Rosenstreich 1984; Jennings et al.,
2002; Salmon et al., 2012]], each MOI tested resulted in infection (Figure 1A-D). We chose to
use an MOI of 100 parasites for the BSSM-cell line because this MOI gave reproducible and

predictable parasitemias in mice.

Next, using WT (control) parasites, we established the course of infection for BSSM
parasites. We found that WT parasites show one to two waves of parasitemia within two weeks
before the mice must be sacrificed. The first wave of parasitemia peaks at 3-5 days post infection

(dpi), whereas the second wave, although rare (< 10%) for BSSM infections, appears 8-12 dpi
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respectively (Figure 2A-B). Waves of parasitemia are also seen in human African

trypanosomiasis, although the time frame differs.

Most of our trypanosome mutants generated so far have been generated using a
tetracycline-inducible system (Appendix 2) [Ralston et al., 2011]. In order to induce the mutant
protein during infection, doxycycline (tetracycline) is added to the mouse drinking water 5-7
days prior to and throughout infection. In order to assess the effect of doxycycline on both the
mouse and parasite, we compared mice infected with WT parasites and treated or not with
doxycycline. As expected WT BSSM parasites established infection even in doxycycline-treated
mice (Figure 3). Differences in survival rates for plus or minus doxycycline infections were not
significantly different (p = 0.2116). Therefore, doxycycline treatment did not cause any

discernable effects on mice and WT parasites.

Course of infection by pleomorphic parasites TREU-667, TREU-927 and AnTatl.1

Trypanosomes invade host extravascular tissues including the central nervous system
(CNS) and motility is suspected to be required for this. BSSM T. brucei continues to divide in
the bloodstream and causes an acute infection in mice that progresses rapidly (7-14 days). This
timeframe is too short and precludes assessment of the central nervous system (CNS) invasion,
which generally takes 2 to 3 weeks [Jennings et al., 1979; Poltera et al., 1980; Gray et al., 1982].
BSSM is thus well-suited for testing bloodstream infection, owing to its superior genetic

tractability, but constitutes a limitation for examining CNS invasion. In contrast, pleomorphic 7.
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brucei strains are distinguished by their capability to to cause chronic infections lasting several
days to months [Breidbach et al., 2002; MacGregor et al., 2011]. In order to reliably investigate
the role of trypanosome cell motility in CNS penetration, we therefore also established chronic
infection models using three independent pleomorphic strains, TREU-667 [Jennings et al., 1979],
TREU-927 [Goedbloed et al., 1973] and AnTatl.1 [MacGregor et al., 2011]. Importantly,
TREU-667 and AnTatl.1 cause chronic (>30 days) infection and are established as CNS mouse
infection models [Jennings et al., 1979; Poltera et al., 1980; MacGregor et al., 2011]. Upon
injection, TREU667, TREU-927 and AnTatl.1 parasites established infections in mice that
mirror the human infection, showing several waves of parasitemia and chronic infections lasting

more than 50 days (Figure 4A-C).

Strategies for assessing CNS penetration by 7. brucei

CNS invasion is of central importance to disease pathogenesis and consequences for
therapeutic intervention but investigating CNS invasion by trypanosomes is challenging. We
have established two independent yet complementary strategies to dependably assess CNS
penetration by 7. brucei. First, we used chemotherapy (Jennings, Whitelaw et al. 1979) to
investigate invasion of the CNS. The trypanocidal drug diminazene aceturate (Berenil) clears
bloodstream African trypanosome infection but does not cross the blood brain barrier (Jennings,
Whitelaw et al. 1979). Therefore, if trypanosomes enter the CNS, they escape berenil
chemotherapy and relapse after treatment (Jennings, Whitelaw et al. 1979). A relapse of

bloodstream infection following clearance by berenil treatement therefore provides a bioassay
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for CNS infection. To investigate the response of infections to chemotherapy and to assess
whether CNS invasion occurred, we treated infected mice at 5-12 dpi (BSSM infections) or at 10
and 60 dpi (AnTatl.1 infections). Berenil-treatment resulted in clearance of parasites in the
mouse bloodstream within twenty-four hours (BSSM) or forty-height hours (AnTAtl.1) after
treatment. BSSM infections were kept for more than 120 days following treatment and no
relapse was detected in two attempts, confirming that BSSM parasites do not penetrate the CNS
(Figure 5A). However, AnTatl.1 infections that were treated with berenil at 60 dpi resulted in
relapse infection following treatment (Figure 5B). Relapse after clearance of bloodstream
infection indicates the parasites have indeed penetrated the CNS (Jennings, Whitelaw et al. 1979;
Poltera, Hochmann et al. 1980). Therefore, berenil treatment is a suitable approach that will be

used to examine CNS invasion by pleomorphic 7. brucei.

In a second approach, after euthanasia and prior to tissue collection, mice receive an
intracardiac perfusion of saline [Brooks et al., 2005] to remove the blood along with
trypanosomes in blood. After perfusion mouse tissues are collected and histochemistry or
imaging (Chapter 5) is performed on dissected tissues. Presence of parasites in tissues from
which blood is removed indicates penetration from blood vessels into tissue spaces. Perfusions
studies are underway. To test this approach, we used BSSM parasites expressing the mCherry
fluorescent parasites (Chapters 4 and 5) to infect mice. Mouse tissues collected after perfusion 7
or 10 days following infection were subjected to imaging (Chapter 5). Preliminary data (not
shown) were inconclusive as fluorescent signal was detected in tissues from control non-perfused
as well as in perfused mice. This result indicates some parasites remain despite perfusion, or

there may be some damage to blood vessel by perfusion, allowing escape from bloodstream.
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Nonetheless, although challenging and our efforts to use it with BSSM parasites are so far
inconclusive, this is an alternate approach for assessment of the CNS penetration. Perfusion
experiments will be repeated using fluorescent pleomorphic parasites. The mouse infection
models we have set up are relevant for discovering virulence factors that could be used as drug
targets. For instance, we will use these systems to test if blocking parasite motility blocks
infection or pathogenesis in mice (Chapters 3 and 4). Additionally, visualizing host-parasite
interactions, which is the focus of Chapter 5, using imaging approaches will be achieved through
these infection models. Therefore, our mouse infection models offer unique opportunities to

investigate several aspects of trypanosome infection in the mammalian host.
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Discussion

We have developed mouse infection models of African trypanosomiasis. This animal
infection system provides us with an opportunity to address unresolved questions of pathogenesis
in sleeping sickness. We used several ways to validate these murine infection systems. Firstly,
we used BSSM parasites to calibrate the mouse infection system using monomorphic 7. brucei
parasites. Each multiplicity of infection (MOI) tested resulted in infection in BALB/c mice.
Although all BSSM MOIs tested yielded acute infection as it was shown previously [Emmer et
al., 2010], we found that 100 parasites is the lowest MOI that gave reproducible and predictable
parasitemias. Second, we determined that the course of infection varies between one and two
weeks for BSSM parasites, with a single [Emmer et al., 2010] or rarely two waves of
parasitemias. Third, in the context of using tetracycline-inducible BSF motility mutants to test
for pathogenesis mechanisms, we found that tetracycline has no discernable influence on both
the mouse and WT BSSM control parasites as it was shown for another monomorphic 7. brucei
line [Griffiths et al., 2007]. This system can therefore be reliably used to study several features
of trypanosomiasis infection including the importance of 7. brucei cell motility in the
bloodstream infection using conditional or non-conditional BSSM motility mutants (Appendix 2

and Chapters 3-4).

We have also established a 7. brucei chronic infection model using pleomorphic cell
lines. TREU-667, TREU-927 and AnTaT established infections in mice that mimic human
infection with several waves of parasitemias and a chronic infection that lasted >50 days,

corroborating previous investigations using pleomorphic lines [Jennings et al., 1979; Poltera et
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al., 1980; Gray et al., 1982; MacGregor et al., 2011]. To provide a rigorous assessment for CNS
penetration by 7. brucei we validated a bioassay strategy to test for infection relapse after
clearance of parasites from the blood with berenil treatment. While efforts to set up an
independent, yet complimentary direct visualization approach are underway, we have already
used berenil treatment to demonstrate CNS invasion by WT AnTat 1.1 parasites. Using related
TREU-667 pleomorphic parasites, Jennings and colleagues have shown that berenil treatment by
14 dpi always results in no relapse, while treatment at 14-21 dpi does give relapse in some cases
but not in others (Jennings, Whitelaw et al. 1979). In contrast, berenil treat ment after 21 dpi
always results in relapse (Jennings, Whitelaw et al. 1979). We found that AnTatl.1 infections
did relapse if treatment was given at 60 dpi, which is in line with observations by Jennings and
colleagues (Jennings, Whitelaw et al. 1979), who used the TREU667 pleomorphic line.
Treatment prior to 14 dpi for Antatl.1 and TREU667 infections does not give relapse constitutes
are underway and will constitute a relevant control for this CNS invasion assay. Hence our
system represents a powerful strategy for pathogenesis studies to investigate the role of 7. brucei

cell motility in the CNS invasion and this will be a focus of future work.

Although important advances have been recently made in addressing immunopathology
questions, many unknowns remain in our understanding of pathogenesis mechanisms in African
trypanosomiasis. For example, cellular and molecular mechanisms underlying CNS penetration
by this parasite deserve a particular attention for investigation as CNS invasion is a defining step
in pathogenesis of trypanosomiasis since it marks beginning of the lethal stage of the disease
[Kennedy 2007]. Host factors such as lymphocytes and interferon-y [Masocha et al., 2007;

Masocha et al., 2008] as well as parasite factors such as the brucipain cysteine proteases
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[Abdulla et al., 2008] have been shown to be important in regulating trypanosome penetration
into the brain. Cell motility in 7. brucei is believed to be essential for infection and
pathogenesis. Unfortunately, it has not been possible to test this hypothesis because no one has
been able to generate a viable bloodstream-form motility mutant. We recently generated
bloodstream form 7. brucei motility mutants that are viable and are mammalian infectious in an
acute infection model (Appendix 2) [Ralston et al., 2011]. The availability of these motility
mutants combined to the mouse infection system we have established will now allow studies
investigating the impact of parasite motility in pathogenesis. Moreover, we will build on these
advances to generate motility mutants for chronic infection models in order to test the
requirement for parasite motility for CNS invasion.

Our mouse infection system is relevant for studying host-parasite interactions as well as
for evaluating or devising new treatment strategies for African trypanosomiasis. As an example,
we took advantage of the mouse infection system reported here to assess motility of 7. brucei
directly in blood from infected mice (Appendix 1) [Rodriguez et al., 2009] and those studies
provided insights into mechanisms of trypanosome cell propulsion. Our systems represent a
significant contribution in understanding pathogenesis mechanisms and should open ways to

develop novel therapies for African sleeping sickness.
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Experimental Procedures:

Ethics Statement.
All animal experiments scrupulously complied with the Institutional Animal Care and Use
Committee of University of California, Los Angeles (Approved protocol permit: ARC # 2001-

065).

Trypanosome culture.
Cultivation of BSSM trypanosomes [Wirtz et al., 1999] in culture was done as described
previously [Ralston et al., 2006]. Briefly, cells were grown in HMI-9 medium supplemented

with 15% heat-inactivated fetal calf serum (HIFCS) and maintained at 37 °C and 5% CO,.

Mouse infections.

Mouse infections were done essentially as described [Dubois et al., 2005]]. BALB/c
female mice (The Jackson Laboratory, Bar Harbor, ME), 6 to 10 weeks old, were injected
intraperitoneally with 50, 100, 500, and 100 BSSM parasites or 10,000-50,000 TREU667,
TREU927, or AnTatl.1 trypanosomes in 0.2 ml cold phosphate buffered saline (PBS) (pH 7.4)
supplemented with 1% glucose or HMI-9 medium. To maintain cell viability in PBS, parasites
were kept on ice prior to injection into mice. For BSSM + Tet infections, parasites were induced
with 1 ug/ml tetracycline in culture 3 days prior to injection into mice and mice received 1
mg/ml doxycycline in their drinking water 5 to 7 days prior to infection and throughout the
course of infection. Parasitemia was monitored daily beginning 2-3 days post infection using an

improved Neubaeur hemocytometer [Herbert and Lumsden 1976].
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Chemotherapy

For berenil treatment, mice received 40 mg/kg berenil [Jennings et al., 1979]
intraperitoneally in a volume of 0.100 ml at day post infection 60 only when animals showed
waves of parasitemia. Parasitemia post-berenil treatment was monitored as described above.
After clearance of bloodstream infection following berenil treatment detection of parasitemia

was considered as a relapse of infection.
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Figure 1. BSSM infections at different multiplicity of infection (MOI). Parasitemias of mice
infected with 1000 (A), 500 (B), 100 (C), or 50 (D) BSSM parasites. Mice were infected at day
0 with the indicated MOI and parasitemia was determined beginning two days post infection

(dpi). Representative data are shown for three mice for each MOI tested from a total of 8 (MOI

100-1000) and 5 (MOI 50) infections. Experiment was terminated when the first parasitemia
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was detected. Two mice in the MOI 1000 group did not show detectable parasitemia. MOI is

indicated on each panel.
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Figure 2. Course and dynamics of BSSM infections. (A) Parasitemias of BSSM parasites.

Mice were infected at day 0 with 100 parasites and parasitemia was determined beginning three

days post infection (dpi). Normally, mice showed a single wave of parasitemia (black and blue

lines) but one mouse exhibited two waves (red line). (B) Survival curves for mice shown in

panel A (n=3).
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Figure 3. Tetracycline has no discernable effect on mice and wild type BSSM T. brucei. (A)
Parasitemias of BSSM parasites. Mice were maintained without tetracycline (black lines, - Tet)
or with tetracycline (blue lines, + Tet) in the drinking water. Mice were infected at day 0 with
100 parasites and parasitemia was determined beginning three days post infection.

Representative data are shown for three infections. (B) Survival curves for BSSM-infected mice,
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maintained without tetracycline (-Tet, solid lines, n = 7) or with tetracycline (+Tet, dashed line, n

= 7) in the drinking water. Any differences were not significant (p is indicated).
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Figure 4. Infection of pleomorphic trypanosomes TREU667, TREU927, and AnTatl.1.
Parasitemias of mice infected with TREU667 (A), TREU927 (B), and AnTAtl1.1 (C) parasites.
Mice were infected at day 0 with the indicated parasite line and parasitemia was determined
beginning two days post infection (dpi). Data are shown for two infections for each parasite line.
Mice showed several waves of parasitemia and infection lasted more than fifty days for

TREU667 and AnTatl.1 infections. For TREU927 infections, mouse #1 exhibited one wave of
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parasitemia and died at dpi 10, whereas mouse #2 physically looked unhealthy and was

sacrificed at dpi 22.
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Figure 5. Berenil treatment of mice infected with BSSM or AnTatl.1 parasites.
Parasitemias of mice infected with BSSM (A) or AnTatl.1 (B) parasites. Mice were infected
with BSSM or AnTatl.1 parasites at day 0 and then treated intraperitoneally with berenil (dotted
arrow) after detection of parasitemia at day post infection (dpi) 6 or 7 (BSSM) or at dpi 60
(AnTatl.1). While BSSM-infected mice cleared bloodstream infection within 24h, bloodstream

infection clearance was within 48h for AnTatl.1-infected mice. BSSM infections (A) never

63



relapsed although infections were kept for more than 120 days post berenil treatment. For
AnTatl.1 infections (B), mouse #1 (blue line) was found dead with body lesions twenty days
after berenil treatment (or dpi 81), probably resulting from fighting. Mouse #2 (black line) and
#3 (red line) each showed relapse of infection, fourteen days after berenil treatment. The

experiment was terminated thirty five days after berenil treatment, or at dpi 95.
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Abstract

The flagellum of Trypanosoma brucei is an essential and multifunctional organelle that drives
parasite motility and is receiving increased attention as a potential drug target. In the
mammalian host, parasite motility is suspected to contribute to infection and disease
pathogenesis. However, it has not been possible to test this hypothesis owing to lack of motility
mutants that are viable in the bloodstream life cycle stage that infects the mammalian host. We
recently identified a bloodstream-form motility mutant in 427-derived 7. brucei in which point
mutations in the LC1 dynein subunit disrupt propulsive motility but do not affect viability. Here
we demonstrate that the LC1 point mutant fails to show enhanced cell motility upon increasing
viscosity of the surrounding medium, which is a hallmark of wild type 7. brucei, thus indicating
that motility of the mutant is fundamentally altered compared to wild type cells. We next used
the LC1 point mutant to assess the influence of trypanosome motility on infection in mice. We
surprisingly found that disrupting parasite motility has no discernible effect on 7. brucei
bloodstream infection. Infection time-course, maximum parasitemia, number of waves of
parasitemia, clinical features and disease outcome are indistinguishable between motility mutant
and control parasites. Our studies provide an important step toward understanding the
contribution of parasite motility to infection and a foundation for future investigations of 7.

brucei interaction with the mammalian host.
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Summary

Trypanosoma brucei is a deadly human pathogen that causes significant human mortality and
limits economic development in some of the most impoverished regions of the world.
Trypanosome motility is considered to be important for infection and pathogenesis. However,
until the present work, it was not possible to test this hypothesis because all motility mutants
generated previously were not viable. We recently overcame this barrier by identifying a viable
motility mutant and in the present study, we have used this mutant to provide the first analysis of
the impact of trypanosome motility on infection and pathogenesis. We found that normal motility
is dispensable for trypanosome bloodstream infection and pathogenesis in mice. These studies
represent an important contribution to understanding pathogenesis mechanisms and host-parasite

interactions, and inform efforts to exploit the flagellum as a drug target.
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Introduction

African trypanosomes, i.e. Trypanosoma brucei and related species, are protozoan
parasites that cause sleeping sickness in humans and related diseases in wild and domestic
animals. These parasites cause significant human mortality and limit economic development
over vast regions of sub-Saharan Africa. Trypanosome infection of a mammalian host is a
multistep process. Following transmission via the bite of an infected tsetse fly, the parasites must
first establish and then maintain an infection in the bloodstream despite being extracellular and
constantly exposed to the host immune system. Antigenic variation of the parasite surface coat
and active clearance of host immunoglobulin bound to the parasite surface enable the
trypanosome population to evade immune destruction and persist in the bloodstream indefinitely
(Barry and McCulloch 2001; Borst 2002; Pays 2005). Bloodstream infection represents stage
one of the disease and manifests clinically as flu-like symptoms with recurrent waves of fever
and development of lymphadenopathy (Stich et al., 2002; Rodgers 2010). After a period of
weeks to months, parasites penetrate the blood vessel endothelium and invade the central
nervous system (CNS) (Stich et al., 2002; Rodgers 2010) bringing on stage two of the disease.
During this stage, patients develop chronic meningoencephalitis with headaches and neurological
changes that severely disturb sleep. Coma and death follow if the disease is left untreated (Stich

et al., 2002; Rodgers 2010).

Trypanosomes are highly motile and the contribution of parasite motility to infection and
pathogenesis is a long-standing question. Cell motility in 7. brucei is driven by a single

flagellum that runs alongside the cell and is laterally connected to the cell body (Ralston et al.,
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2009). The T. brucei flagellum possesses a canonical “9 + 2” axoneme as the platform for
assembly of dynein motors that drive flagellum beating (Supplemental Figure STIA-D) (Ralston
et al., 2009). The prominent influence of the flagellum on trypanosome biology is apparent even
in original descriptions of these organisms, which centered on their distinctive, helical cell
locomotion as observed in blood samples from infected amphibians (Gruby 1843). In those
studies the parasite’s auger-like movement, twisting and rotating around its long axis as it moved
forward, led to the genus name “7Trypanosoma”, which combines the Greek words trypanon
(auger) and soma (body). Since then, parasite motility has captured the attention of many
scientists and an “undulating membrane” (now known to correspond to the flagellum) is a
prominent feature in most descriptions of these organisms. Early work by Walker (Walker 1961)
demonstrated that motility is driven by a tractile flagellar beat that initiates at the tip of the
flagellum and travels to the flagellum base, the opposite of what is seen in most other eukaryotic
flagella. More recent analyses of Trypanosoma brucei motility using high-speed, high-resolution
video microscopy provided adjustments to the original “auger-like” description and further
emphasized that parasite motility is a prominent feature of these pathogens in the blood

(Rodriguez et al., 2009; Uppaluri et al., 2011; Heddergott et al., 2012; Weisse et al., 2012).

Parasite motility is widely considered to be important for infection and pathogenesis in
the mammalian host and motility functions of the trypanosome flagellum are receiving
increasing attention as potential targets for therapeutic intervention (Broadhead et al., 2006;
Ralston and Hill 2006; Ginger et al., 2008; Ralston et al., 2009). Specific requirements for
motility in the mammalian host are not clear, but motility has been hypothesized to participate in

parasite immune evasion and for penetration of the blood brain barrier and other extravascular
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tissues. For example, parasite forward movement has been suggested to drive movement of
surface-bound immunoglobulin to the posterior end of the cell, where it is internalized, thereby
allowing the parasite to resist opsonization and immune destruction (Engstler et al., 2007). As an
extracellular pathogen, 7. brucei presumably depends on its own motility for penetration of the
vascular endothelium and entry into the CNS. Recent studies have even suggested that 7. brucei
motility is adapted specifically to the bloodstream environment (Heddergott et al., 2012).
Unfortunately, direct investigation of a requirement for parasite motility in any aspect of host
infection or pathogenesis has not been possible, because of the lack of viable motility mutants in
the bloodstream life cycle stage that infects the mammalian host (Ginger et al., 2008; Ralston

and Hill 2008).

Parasite “motility” refers to propulsive translocation of the cell, rather than simple
writhing of the cell body, which may be caused by uncontrolled flagellum beating. Indeed, all 7.
brucei motility mutants so far described retain a beating flagellum despite defects in sustained
propulsive translocation of the cell (Hutchings et al., 2002; Branche et al., 2006; Broadhead et
al., 2006; Ralston and Hill 2006; Ralston and Hill 2008). Most 7. brucei motility mutants have
been generated by RNAi knockdown of specific flagellar proteins and these knockdowns were
lethal in bloodstream form cells, leading to the suggestion that disrupting motility is lethal
(Branche et al., 2006; Broadhead et al., 2006; Ralston and Hill 2006; Ralston and Hill 2008).
However, most if not all, 7. brucei flagellar protein knockdowns have known or suspected
structural defects, including some that are far more substantial than just loss of the targeted
protein (Ralston and Hill 2008). Thus, it is not possible with RNAi alone to distinguish between

phenotypes arising from defective motility versus pleotropic consequences of ablating target
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gene expression.

We recently developed a system to study flagellum protein function that employs loss of
function point mutants to replace an endogenous protein, rather than simply depleting proteins
via RNA1 (Ralston et al., 2011). As such, the system enables one to perturb protein function,
while avoiding pleotropic structural defects that might arise when depleting building blocks of
axonemal protein complexes. Using this system, we identified a point mutation, K;p3A/Rz10A, in
the LC1 subunit of outer arm dynein (Supplemental Figure S1A-D) that disrupts cell motility,
but does not disrupt the structure of outer arm dynein (Ralston et al., 2011). Bloodstream form
LC1 K»03A/R;10A mutants, henceforth referred to as “K/R” mutants, were generated by
introducing a Tet-inducible copy of the mutant LC1 gene into a Tet-inducible LC1 knockdown
line. Tet-induction in the parental LC1 knockdown is lethal, while tet-induction of the K/R
mutant yields motility mutants that are viable, thereby offering a unique opportunity to examine

the influence of motility on trypanosome infection (Ralston et al., 2011).

In the current work, we analyze parasite motility in multiple environments and
demonstrate that motility in the K/R mutant is fundamentally altered compared to wild type cells.
The motility defect of the LC1 K/R point mutant is at least as severe as that caused by LC1
knockdown, supporting the idea that lethality in the knockdown is not simply due to defective
motility. We also exploit the availability of a viable 7. brucei bloodstream-form motility mutant
to directly test the requirement for parasite motility in mouse infection and pathogenesis. We
find that, contrary to the prevailing notion, establishment and maintenance of infection in the

bloodstream, as well as gross pathology and lethal outcome are indistinguishable between wild
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type and motility mutant parasites.
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Results

K/R mutant parasites exhibit similar extent of motility defect as knockdown parasites.

The contribution of parasite motility to 7. brucei infection and pathogenesis in the
mammalian host has not been studied. To address this question, we used the 7. brucei K/R
motility mutant, a conditional mutant that has normal motility in the absence of tetracycline, but
defective motility in the presence of tetracycline (Ralston et al., 2011). As part of the current
study, we performed an in-depth analysis of cell motility in the K/R mutant compared to parental
LC1 knockdowns to assess the extent of the motility defect. We previously analyzed motility in
K/R point mutants versus LC1 knockdowns at 24 hours post induction (hpi), but at this time
point lethal cell division failure was already evident in the parental line and interfered with
motility analysis (Ralston et al., 2011). We therefore examined motility at 12 hpi because at this
time point a clear motility defect was evident in the parental line and cell division defects were
not yet apparent (Figure 1). As shown in Figure 1 and Supplemental Videos 1, 2, and 4, motility
K/R mutants and LC1 knockdown parasites at 12 hpi both have erratic flagellum beating that
does not drive cell propulsion. Knockdown parasites are inviable owing to cell division failure
that is evident within 26 hpi (Figure 1A, D and Supplemental Video 3), while K/R mutants
remain viable. By 72 hpi, the motility defect is even more pronounced in K/R mutants (Figure
1J and supplemental video 5). In all cases, the flagellum beats rapidly, but the cells lack cell
propulsion (Supplemental Video 5). We also examined flagellar beating using high speed, 1000
frames per second (fps), video microscopy (Supplemental Video 6). This analysis revealed

slower flagellar beating and flagellum tip movements that did not propagate along the cell in
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knockdown and K/R mutant cells compared to wild type. However, we could not discern a

specific beat feature that distinguished LC1 knockdown versus point mutant cells.

The K/R mutant motility defect manifests in the bloodstream environment.

The environment encountered by parasites in an animal host differs from that of culture
medium and these differences can influence parasite motility. For example, the viscosity of
blood is significantly higher than that of culture medium and a hallmark of 7. brucei motility is
that cell velocity and propulsive motility increase with increasing viscosity of the medium
(Heddergott et al., 2012). The ability of the parasite to increase motility when viscosity is raised
is a consequence of the distinctive auger-like motility of the organism and is also observed for
other microbes, such as spirochetes, that move via spiral cell motility (Berg and Turner 1979).
As a context for mouse infection experiments, we therefore considered the possibility that
increased viscosity might rescue the motility defect of K/R mutants. To test this, we examined
parasite motility in normal medium versus medium in which viscosity was increased by adding
0.4 % methyl cellulose to approximate the viscosity of blood (Heddergott et al., 2012). In the
presence of methyl cellulose, induced K/R cells exhibited a pronounced motility defect relative
to uninduced controls (Figure 2 and Supplemental Figure S1E). This defect was evident when
assessed by motility traces and total distance traveled (Figure 2A-B), but is most clearly evident
when assessed by mean squared displacement, which measures propulsive motility (Figure 2C).
Moreover, while addition of methylcellulose increased motility of uninduced cells, it did not

significantly increase motility of induced cells. Therefore, rather than being rescued, the motility
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defect of induced K/R mutants relative to control cells was more pronounced in the presence of

methylcellulose.

Another difference in blood versus culture medium is that blood presents a heterogeneous
environment, owing to the presence of red blood cells and other cell types. These external
obstacles influence microbial cell motility (Berg and Turner 1979; Heddergott et al., 2012). We
therefore examined motility of induced and uninduced K/R parasites in whole blood. The
density of red blood cells made it impossible to reliably trace individual trypanosomes using dark
field illumination as was done for parasites in culture medium. To overcome this, we generated
a K/R mutant cell line that constitutively expresses mCherry fluorescent protein, thereby
allowing us to track trypanosome cell movements using fluorescent microscopy. We then
examined motility of parasites in whole blood. Both uninduced and induced cells showed
increased motility in blood than was observed for parasites in culture medium. Nonetheless,
induced K/R cells exhibited a clear motility defect relative to uninduced controls even in whole

blood (Figure 3 and Supplemental Videos 7).

To compare the extent to which cell motility is disrupted in different environments, we
determined the mean squared displacement slope for induced relative to uninduced cells in each
condition, culture medium with or without methylcellulose, and whole blood (Figure 3D). The
combined data show that the LC1 K/R mutant exhibits a motility defect that is at least as
pronounced as that of the parental LC1 knockdown and further, that this defect is manifest in
culture medium with or without methyl cellulose, as well as in whole blood (Figure 3D). Given

that this motility defect is penetrant even in whole blood, the K/R mutant presents a unique
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opportunity for assessing the impact of parasite motility on mouse infection.

Motility mutants establish bloodstream infection and cause trypanosomiasis pathology in

mice.

K/R mutants that were uninduced or induced for 72 hours with tetracycline were used to
infect mice as described in Methods. Following infection, mice were examined and parasitemia
was determined daily. For - Tet controls, parasitemia was first detected by four days post
infection and mice usually developed a single wave of unremitting parasitemia with terminal
outcome by 7 — 8 days post-infection (Figure 4A-B). One mouse in each group exhibited two
waves of parasitemia, but in no case did infected mice clear the second wave or survive longer
than 14 days. These infection parameters mimic what we observed with the parental blood
stream single marker (BSSM) trypanosome cell line (not shown) and are consistent with
previous studies using BSSM T. brucei (Emmer et al., 2010). In + Tet mice the infection time-
course, maximum parasitemia, number of waves of parasitemia and mouse survival times were
indistinguishable from — Tet controls (Figure 4A-B). In the single case where two waves of
parasitemia were observed, the VSG expressed by the infecting population was lost in the second

wave (Figure 4C), indicating that VSG switching remains active in the K/R mutant.

Splenomegaly and anemia are hallmark clinical features of trypanosomiasis in many
hosts including humans (Amole et al., 1982) and we therefore examined infected mice for these

pathologies. Mice infected with K/R mutants and treated with tetracycline exhibited weight loss,
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anemia and splenomegaly that were indistinguishable from that observed in control (- Tet)
infections (Figure 4D-F). We did not observe any discernible difference in mouse behavior
between - Tet and + Tet infections. Hepatomegaly was not observed in either group of mice
(not shown). Therefore, + Tet mice infected with K/R mutants established bloodstream infection
and showed clinical features of trypanosomiasis that parallel that observed with — Tet control

infections.

Infection of mice by + Tet K/R motility mutants was a surprising result. We considered
the possibility that the mouse environment might select for revertants with wild type motility and
these wild type parasites are responsible for the infection. We also considered the possibility that
Tet was somehow not effective under the conditions used. If either of these situations occurred,
parasites from infected +Tet mice would no longer exhibit a motility defect. We therefore
examined motility and protein expression in parasites taken directly from infected mice. As
shown in figure 5, K/R mutants taken directly from + Tet mice retained the motility defect
(Figure 5A-B and Supplemental Videos 8-9) and expression of mutant LC1 protein (Figure 5C)
that were observed in culture. As an independent test, we asked whether Tet treatment was able
to clear infection by the parental LC1 knockdown line as well as Tet-inducbile trypanin
knockdown parasites, both of which are non-viable under +Tet conditions (Ralston et al., 2011).
In both cases, Tet treatment cleared the infection within 24 hr of treatment and no revertant cells
emerged (Figure 5D and Supplemental Figure S1F). Therefore, using multiple independent tests,
Tet was effective under the conditions used and mouse infection did not simply select for

revertants.
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DISCUSSION

African trypanosomes are deadly pathogens and infection of the mammalian host
proceeds via multiple steps. Following a tsetse bite, parasites must first establish infection in the
bloodstream and then defend against a potent immune response in order to maintain the
infection. Subsequently, parasites invade extravascular tissues, including the CNS, leading to
host tissue damage, neurologic dysfunction and an ultimately lethal outcome (Stich et al., 2002;
Rodgers 2010). Here we used trypanosome motility mutants in a mouse infection model to
examine impact of parasite motility on the first of these steps, namely establishment and
maintenance of a bloodstream infection. We also examined pathogenic features and progression
to terminal outcome. Surprisingly, infection dynamics, including time-course, maximum
parasitemia, and number of waves of parasitemia, as well as pathological features and mouse

survival rates were indistinguishable between control and motility mutant parasites.

Parasite motility is generally considered to be important for infection and motility
functions of the trypanosome flagellum are considered candidate targets for therapeutic
intervention (Broadhead et al., 2006; Ralston and Hill 2006; Ginger et al., 2008). Our studies
present the first direct tests of the role for parasite motility in mouse infection and were made
possible by availability of viable bloodstream-form motility mutants (Ralston et al., 2011).
Previously, T. brucei motility mutants were generated using RNA1 to simply deplete endogenous
flagellar proteins and this is lethal in cultured bloodstream form cells, thereby limiting their
utility for mouse infection studies. The K/R mutant differs in that the endogenous LC1 protein is

replaced with a non-functional mutant and this mutant is viable (Ralston et al., 2011).
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The induced K/R mutant retains some residual motility and we cannot rule out the
possibility that this is enough to support any motility needs for bloodstream infection. However,
induced K/R mutant parasites exhibit a pronounced motility defect relative to control cells under
all conditions examined, i.e. culture medium alone, culture medium containing methyl cellulose
to increase viscosity, whole blood and in diluted blood taken directly from infected mice. The
defect is at least as severe as that seen in the parental LC1 knockdown line, which is non-viable.
Moreover, induced K/R mutants do not show significant increase in velocity or propulsive
motility when the viscosity of culture medium is raised. In contrast, cell velocity and propulsive
motility of control trypanosomes increase when viscosity of the culture medium is raised (Figure
2) owing to specific features of the parasite’s cell propulsion mechanism (Berg and Turner 1979;
Heddergott et al., 2012). Thus, in addition to the decrease in cell motility the mechanism of cell

movement in induced K/R mutants is fundamentally altered compared to control cells.

We considered the possibility that infection is caused by revertants, which might arise for
example if cells become insensitive to tetracycline, become resistant to RNA1, or develop
mechanisms to overcome LC1 functional defects. This was not the case, because K/R mutants
taken directly from infected mice retain their motility defect. Likewise, revertants did not
develop during infection with two independent tet-inducible RNA1 lines. Moreover, mice
infected with K/R mutants do not show any delay in time course of infection that would be
expected if revertants had to emerge. Our findings therefore demonstrate that 7. brucei can
accommodate severe disruptions in motility mechanism and overall capacity for cell movement

without affecting bloodstream infection.
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While not essential for survival in the bloodstream during acute infection, we favor the
idea that parasite motility is required for subsequent steps of infection, such as persistence in the
bloodstream during a chronic infection (MacGregor et al., 2011) or penetration of the CNS
(Jennings et al., 1979). For example, trypanosome forward motility facilitates removal of host
immunoglobulin from the cell surface in culture (Engstler et al., 2007) and this activity likely
enables parasite persistence in the bloodstream over extended periods in the face of potent
immune responses by the host. Persistent infection also enables CNS invasion (Jennings et al.,
1982) . It is generally thought that 7. brucei requires more than two weeks to gain access to
brain tissue (Jennings et al., 1979; Poltera et al., 1980; Gray et al., 1982), although this has been
debated recently (Frevert et al., 2012). Rapid progression of infection with 427-derived parasites
used in our studies, with maximum mouse survival <14 days, precludes reliable assessment CNS
penetration, and additional work with motility mutants in chronic infection models (Jennings et
al., 1979; Gray et al., 1982; MacGregor et al., 2011) will be required. 7. brucei isolates that give
chronic infection have historically been recalcitrant to molecular genetic manipulation, although
advances in this direction have been made recently (Macgregor et al., 2013). 427-derived
parasites were selected for our studies because of their experimental tractability and because they
allowed the first-ever direct analysis of motility in any aspect of 7. brucei infection. The
demonstration here that induced K/R mutants are viable and mammalian-infectious will now

enable studies of parasite motility in chronic infection models.

The role of parasite motility in infection and pathogenesis of trypanosomiasis is a

longstanding question that has not previously been amenable to experimental investigation. As
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such, development of a motility mutant infection model describe here provides an important

foundation for future studies of flagellum biology in the context of host infection.
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Experimental procedures:

Ethics Statement. All animal experiments strictly complied with the Institutional Animal
Care and Use Committee of University of California, Los Angeles (Approved protocol permit:
ARC #2001-065).

Trypanosome culture. Cultivation, transfection and RNAi induction of trypanosomes in
culture were done as described previously (Ralston et al., 2006). The 7. brucei bloodstream
trypanin knockdown, LC1 knockdown, LC1-K203A/R210A (K/R) motility mutant and
bloodstream single marker (BSSM), cells were described previously (Wirtz et al., 1999; Ralston
etal., 2011). K/R-mCherry cells were generated by stable transfection of K/R cells with the
pNKmCherry plasmid (described below). To generate pNKmCherry, the mCherry gene
(accession number AY678264) was PCR amplified from pmCherry plasmid (Hajagos et al.,
2012) and cloned into the expression vector pHD496-H (Hutchings et al., 2002) using the
Hind/II and Bam£H]I cloning sites. pHD496-H contains a ribosomal RNA promoter to drive
constitutive expression of the mCherry gene and a hygromycin-resistance cassette to enable
selection (Biebinger and Clayton 1996; Hutchings et al., 2002). Primers used to PCR amplify
mCherry are as follow: 5> ATGGTGAGCAAGGGCGAGG 3’ (forward primer), 5’
TTACTTGTACAGCTCGTCCATGC 3’ (reverse primer). All DNA sequences were verified by
direct sequencing.

Mouse infections. Mouse infections were done essentially as described (Dubois et al.,
2005). BALB/c female mice (The Jackson Laboratory, Bar Harbor, ME), 6 to 10 weeks old,
were injected intraperitoneally with 100 parasites in 0.2 ml cold phosphate buffered saline (PBS)
(pH 7.4) supplemented with 1% glucose. To maintain cell viability in PBS, parasites were kept

on ice prior to injection into mice. For + Tet infections, parasites were induced with 1 ug/ml
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tetracycline in culture three days prior to injection into mice and mice received 1 mg/ml
doxycycline in their drinking water 5 to 7 days prior to infection and throughout the course of
infection. Parasitemia was monitored daily beginning 3 days post infection using an improved
Neubaeur hemocytometer (Herbert and Lumsden 1976). After euthanasia, mice were weighed
and tissues were collected for weighing. For trypanin knockdown and LC1 knockdown
infections, parasites were maintained in culture without tetracycline and mice received 1 mg/ml

doxycycline in drinking water only when animals showed the first wave of parasitemia.

Parasite motility assays. Knockdown, K/R and K/R-mCherry parasites were grown without or
with tetracycline to a density of 1.5-2.0 x 10° cells/ml and cell motility analysis was done at the
hours post induction (hpi) described in each figure. For methyl cellulose experiments, cells were
maintained with or without addition of 0.4% (v/v) to approximate the viscosity of blood
(Heddergott et al., 2012). For mCherry K/R parasites, cells (50 microliters) were added to
freshly drawn, undiluted mouse blood (500 microliters). All samples were analyzed in a pre-
warmed motility chambers within 5 minutes after collection. Motility traces were done as
described (Ralston et al., 2011). Briefly, parasites were examined in motility chambers using
dark field optics on a Zeiss Axioskop II compound microscope with a 10x objective (Figures 1
and 2) or using fluorescence optics on a Zeiss Axiovert 200 M inverted microscope with a 20x
objective (Figure 3). Videos were captured using a COHU analog video camera. Analog format
movies were converted to digital format with an ADVC-300 digital video converter (Canopus,
Co., Ltd.). Movies were recorded at 30 frames per second (fps) and converted to AVI format and
then to stacks of TIFF images using Adobe Premiere Elements software (Adobe Systems). TIFF

image stacks were analyzed using Metamorph software (Molecular Devices) to trace parasite
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movement over the indicated time period. Trace data were used to calculate the total distance
travelled, as well as the mean squared displacement (MSD) of individual cells in the x and y
dimensions. MSD was calculated according to the formula MSD = <rj(t)*> = <(pi(t) — pi(0))>>,
where r1; is the distance travelled by the parasite over time interval t and p; is the position of the
parasite at any given time. For figures 1 and 2, the timescale of t ranged from 1 to 25 seconds in
increments of 1 second. For figures 3 and 5, the timescale of t ranged from 1 to 8 seconds in
increments of 0.3 second. MSD is calculated for each instance i of a given time interval.
Several cell MSDs were then averaged to obtain an ensemble average.

For motility experiments on parasites from mouse infections (Figure 5), blood samples
were collected from infected mice 7-13 days post infection (dpi). Samples were kept at 37°C
and analyzed in a pre-warmed motility chamber within 5 to 10 minutes after collection. To
record motility traces, blood samples were diluted 1:100 in warm HMI-9 culture medium to
enable tracing of individual parasites among red blood cells and videos were recorded and
processed as described above, using differential interference contrast (DIC) optics on a Zeiss
Axiovert 200 M inverted microscope with a 100x oil-immersion objective. For high-resolution
videos of individual cells (Supplemental Videos 1-9), videos were captured in motility chambers
using DIC optics (Supplemental Videos 1-6, 8-9) or using fluorescence optics (Supplemental
Videos 7) on a Zeiss Axiovert 200 M inverted microscope with a 100x oil-immersion
(Supplemental Videos 1-6, 8-9) or 20x (Supplemental Videos 7) objective.

Hi-speed videos: The experimental setup used to record high-speed trypanosome
motility consists of an inverted DMI6000 B microscope (Leica Microsystems, Wetzlar,
Germany) equipped with a 100X objective (Leica HCX PL APO 100x/1.40-0.70 oil) and

Differential interference Contrast (DiC) optics, a halogen-based white trans-illumination system
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and a PC-controlled Photron FocusScope SV200-i high-speed CMOS camera (Photron USA
Inc.) mounted in the trinocular port. The images provided by the high-speed camera are directly
observed in the PC monitor. System control is achieved through the Photron FASTCAM Viewer
software (PFV Version 3). Images were captured at 1,000 frames per sec (fps) with 512 x 512

pixel image resolution.

Western blot analysis of parasites from mice. Western blots were done as described
previously (Ralston et al., 2011). To obtain parasites from mice, mice were euthanized and
blood was collected in heparinized tubes 7-13 days post infection. Parasites were separated from
whole blood using DE 52 anion exchange columns, as described (Lanham and Godfrey 1970).
Purified parasites were examined with a microscope to assess purity and parasite yield was
determined by counting in a hemocytometer. Purified parasites were washed three times in PBS
and then boiled in Laemmli sample buffer for Western blot analysis. Blots were probed with
anti-HA monoclonal antibody (Covance) at 1:5000 diliution, anti- 3-tubulin monoclonal
antibody (Developmental Studies Hybridoma Bank, University of lowa) at 1:5000 diliution, or

anti-variable surface glycoprotein VSG 221 (McDowell et al., 1998) at 1:100,000 dilution

Statistical analysis. Statistical analysis and graphical output was done with GraphPad Prism 5.
The significance of survival was determined by Log-rank (Mantel-Cox) Test. We used the
Student unpaired two-tailed t test to determine significant differences in motility. The
significance of total body weight, spleen weight, liver weight, and number of red blood cells was
calculated by one-way ANOV A with Bonferroni’s post-test for multiple comparisons.

Significance (p value) is reported in each figure.
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Kisalu et al. Figure 1
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Figure 1. LC1 knockdown and LC1 K/R point mutant parasites show similar motility
defects but the knockdown is lethal, while the point mutant is viable. (A) Growth rates of
LC1-knockdown cells (black lines) and K/R point mutants (gray lines). At time zero cultures
were incubated with (open symbols) or without (closed symbols) tetracycline and diluted back to

the starting density at 24 h and 48 h. (B, E and G) Motility traces of LC1 knockdown and LC1

91



K/R point mutant parasites grown with Tet for the indicated hours post-induction (hpi). Each
line traces the path of a single cell for 30 seconds. (C, D, F, and H) DIC images of cultures
grown with tetracycline for the indicated hpi. Arrows in panel D show cells accumulating as
amorphous masses, indicating cell division failure by 26hpi for the LC1 knockdown. Scale bar
is 95 um (panels B, E and G) or 25 um (panels C, D, F and H). (I and J) Quantification of
distance traveled in 30 seconds by individual LC1 knockdown (I) and K/R point mutant (J) cells
grown in the absence (-) or presence (+) of Tet for the indicated times. For the LC1 knockdown,
n=126 for —Tet and 159 for +Tet. For the K/R point mutant, n=180 for —Tet, 167 for
+Tet(12hpi) and 190 for +Tet(72hpi). Horizontal lines indicate the mean of each data set, with
bars showing the 95% confidence interval. (K and L) Mean squared displacement plotted as a
function of time interval for LC1 knockdown (K) and K/R point mutant (L) trypanosomes grown
without (closed circles) or with (open circles) Tet for the indicated time. n=52 for all samples

and error bars show standard error of the mean.
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Kisalu et al. Figure 2:
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Figure 2. Increasing viscosity improves motility of control (-Tet) but not of K/R mutant
parasites in culture. (A) Motility traces of K/R parasites grown with or without tetracycline for
72 hours as indicated and with or without methyl cellulose (0.4%, w/v) as indicated. Each line
traces the path of a single cell for 30 seconds. Scale bar is 100um. (B) Quantification of

distance traveled in 30 seconds by uninduced (-) and Tet-induced (+) K/R mutants measured in
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the absence (-MC) or presence (+MC) of methyl cellulose. For samples in the absence of MC,
n=112 for —Tet and 96 for +Tet. For samples with MC, n=102 for —Tet and 126 for +Tet). (C)
Mean squared displacement plotted as a function of time interval for K/R point mutants
maintained in the absence (solid lines) or presence (dashed lines) of Tet and measured without
(black lines) or with (red lines) methyl cellulose (MC). n = 52 cells for each culture. For clarity,

error bars are not shown, but are provided in supplemental figure S1E.
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Kisalu et al. Figure 3:
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Figure 3. K/R mutant parasites exhibit defective motility in whole blood. (A) Motility traces
of K/R point mutants expressing mCherry and maintained in the absence (-Tet) or presence
(+Tet) of tetracycline for 72 hours. Motility traces were done in undiluted whole blood. Each

line traces the path of single cell for 11 seconds. Scale bar, 50 um. (B) Quantification of
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distance traveled in 11 seconds by uninduced (-) and or Tet-induced (+, 72hpi) mCherry K/R
mutants measured in whole blood. n = 66 for —Tet and n=50 for +Tet. (C) Mean squared
displacement is plotted as a function of time interval for uninduced (-Tet, closed symbols) and
Tet-induced (+Tet 72hpi, open symbols) mCherry K/R point mutants measured in blood. n =52
cells for each culture. n=52 for —Tet and 50 for +Tet and error bars show standard error of the
mean, p <0.0001. (D) Comparison of the mean squared displacement analyses for LC1
knockdown (KD) and K/R point mutants (K/R) grown in the absence (-) or presence (+) of tet for
the indicated hours post induction (hpi). MSD analyses are from figures 1K-L, 2C and 3C, done
in culture medium with (+MC) or without (-MC) methyl cellulose, or in whole blood (blood) as
indicated. The culture medium —MC slope data are the average from figure 1L and 2C msd
analyses. For each condition, the slope of the best fit line through the msd data is plotted as a
percentage of the slope of the —Tet sample for that condition. A decrease in slope indicates

decreased propulsive motility.
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Kisalu et al. Figure 4:
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Figure 4. Motility is dispensable for infection and pathogenesis. (A) Parasitemias of mice
infected with K/R point mutants. Mice were maintained without tetracycline (solid lines, - Tet)
or with tetracycline (dashed lines, + Tet) in the drinking water. Mice were infected at day 0 and
parasitemia was determined beginning three days post infection (dpi). Representative data are
shown for two — Tet and + Tet mice from a total of 18 —Tet and 20 +Tet infections. Typically,
mice exhibited a single wave of parasitemia (triangles) but one mouse in each group showed two
waves (circles). (B) Survival curves for all K/R-infected mice, maintained without tetracycline
(-Tet, solid lines, n = 18) or with tetracycline (+Tet, dashed line, n = 20) in the drinking water.
Any differences were not significant (p = 0.0750). One mouse in each group did not show
detectable parasitemia. (C) Western blot of total protein prepared from K/R point mutants grown

in culture (culture) or purified from infected mice (mice) maintained with (+) or without (-) Tet.
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Parasites from mice were taken at parasitemia peak 1 or peak 2 as indicated. Blots were probed
with antibody against VSG221 or 3-tubulin as a loading control. (D-F) Uninfected mice (uninf)
or mice infected with K/R point mutants maintained without (- Tet) or with (+ Tet) tetracycline,
were examined for total body weight (D) anemia (E) and spleen weight (F). Body weight and
spleen weight were determined seven dpi. (Uninfected mice n = 3; mice infected with K/R
mutants - Tetn=4; + Tet n = 6.). Anemia was assessed seven dpi. (Uninfected mice n =4; - Tet

infections n = 5; + Tet infections n = 7.) Error bars show standard deviation.
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Kisalu et al. Figure 5:
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Figure 5. Defective motility in K/R point mutants from infected mice. (A) Motility traces of
K/R parasites taken from infected mice that were maintained without (- Tet) or with (+Tet)
tetracycline in the drinking water. Each line traces the path of single cell over 8.1 seconds.
Upper panels show traces overlaid on phase contrast images. Representative trypanosomes
(arrows) and red blood cells (arrowheads) are indicated. Lower panels show traces. Each line

color represents a different cell. (B) Mean squared displacement is plotted as a function of time
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interval for K/R parasites from infected mice, maintained with (+Tet, open circles, n = 39
parasites) or without (-Tet, closed symbols, n = 17) tetracycline in the drinking water. Error bars
show standard error of the mean, p <0.0001. (C) Western blot of total protein from K/R parasites
purified from infected mice or maintained in culture. Tetracycline was provided in the mouse
drinking water or culture medium as indicated. Blots were probed with antibody against the HA
epitope to detect HA-LCI1, or B-tubulin as a loading control. (D) Parasitemias of two mice
infected with LC1 knockdown parasites (LC1-KD). Mice were infected with LC1-KD parasites
at day 0 and then treated with tetracycline in drinking water upon detection of parasites in blood
(+Tet arrows). Mice cleared infection within 24 h of tetracycline treatment, demonstrating the

efficacy of tetracycline treatment.
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Supplemental Figure S1
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Supplemental Figure S1.

(A) Cartoon of a T. brucei cell. (B) A schematic diagram of an axoneme cross section as would
be observed looking posterior to anterior near the boxed region in (A). (C) Simplified diagram
of outer arm dynein, showing the two heavy chains (o and 3) and the location of LC1. (D) LC1
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schematic showing residues mutated in the K/R mutant used in this study. Panel A adapted from
(Hill et al., 2000) with permission. (E) Mean squared displacement of K/R parasites in media
without or with methyl cellulose. Same graph as shown in Figure 2C, but including error bars
that show standard error of the mean (SEM). See figure 2C legend for details. (F) Tetracycline
treatment clears infection by trypanin knockdown parasites. Parasitemias of two mice infected
with trypanin knockdown parasites (TPN-KD). Mice were infected with TPN-KD parasites at
day 0 and then treated with tetracycline in drinking water upon detection of parasites in blood
(+Tet arrows). Mice cleared infection within 24 h of tetracycline treatment, demonstrating the

efficacy of tetracycline treatment.
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Supplemental Videos

Video 1. Wild type motility of LC1 knockdown trypanosomes in —Tet cultures.
Representative live video shows propulsive motility of LC1 knockdown parasites taken from —
Tet cultures. Parasites move rapidly and translocate with tip of flagellum leading. Frame rate

for capture and playback is 30 frames/sec.

Video 2. Defective motility of LC1 knockdown trypanosomes from +Tet cultures (12 hpi)
Representative live video shows defective motility of LC1 knockdown parasites grown in +Tet
cultures for 12 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted.

Frame rate for capture and playback is 30 frames/sec.

Video 3. Defective motility by LC1 knockdown trypanosomes from +Tet cultures (26 hpi)
Representative live video shows cell division failure of LC1 knockdown parasites grown in +Tet
cultures for 26 hours. Cells accumulate as an amorphous mass, but the flagella continue to beat

vigorously. Frame rate for capture and playback is 30 frames/sec.

Video 4. Defective motility by by K/R trypanosomes from +Tet cultures (12 hpi).
Representative live video shows defective motility of K/R parasites grown in +Tet cultures for
12 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted. Frame rate

for capture and playback is 30 frames/sec.

Video S. Defective motility by K/R trypanosomes from +Tet cultures (72 hpi).

Representative live video shows defective motility of K/R parasites grown in +Tet cultures for
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72 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted. Frame rate

for capture and playback is 30 frames/sec.

Video 6. Combined high-speed videos of flagellar beating in minus Tet (control)
trypanosomes, LC1 Knockdown and K/R trypanosomes from +Tet cultures. The first clip
(from 0 to 8 seconds) shows representative flagellar beating in control cells (LC1 grown in the
absence of Tet). Tip-to-base flagellar beats are evident. The second clip (from 10 to 18 seconds)
shows representative flagellar beating in LC1 knockdown parasites grown in +Tet cultures for 12
hours. The third clip (from 20 to 28 seconds) shows representative flagellar beating in K/R
parasites grown in +Tet cultures for 12 hours. The fouth clip (from 31 to 39 seconds) shows
representative flagellar beating in K/R parasites grown in +Tet cultures for 72 hours. For all

videos, frame rate for capture is 1000 frames/sec and playback is 60 frames/sec.

Video 7. Combined videos show wild type motility of mCherry K/R trypanosomes from -
Tet cultures and defective motility of mCherry K/R trypanosomes from +Tet cultures (72
hpi) in whole blood. The first clip (from 0 to 5 seconds) shows representative motility of
mCherry K/R trypanosomes from -Tet cultures, added to mouse blood. Parasites move rapidly
and translocate with tip of flagellum leading. Frame rate for capture and playback is 30
frames/sec. The second clip (from 7 to 12 seconds) shows representative motility of mCherry
K/R trypanosomes from +Tet cultures, added to mouse blood. Flagellum beating is evident, but
parasite propulsive motility is disrupted. Frame rate for capture and playback is 30 frames/sec.

For both videos, cultured trypanosomes were added directly to whole blood.
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Video 8. Wild type motility of K/R trypanosomes from —Tet mouse infections.
Representative live video shows propulsive motility of parasites taken from mice infected with
K/R trypanosomes and maintained without tetracycline. Parasites move rapidly and translocate
with tip of flagellum leading. Samples were taken seven days post-infection. Red blood cells
are readily distinguishable from parasites as biconcave disks. Frame rate for capture and

playback is 30 frames/sec.

Video 9. Defective motility of K/R trypanosomes from +Tet mouse infections.
Representative live video shows defective motility of parasites taken from mice infected with
K/R trypanosomes and maintained with tetracycline in the drinking water. Flagellum beating is
evident, but parasite propulsive motility is blocked. Samples were taken seven days post-
infection. Red blood cells are readily distinguishable from parasites as biconcave disks. Frame

rate for capture and playback is 30 frames/sec.
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Chapter 4

Generating viable bloodstream form motility mutants in pleomorphic Trypanosoma brucei
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Abstract

Entry of Trypanosoma brucei in the host system nervous central (CNS) is a defining step
in pathogenesis of trypanosomiasis as it indicates establishment of the final and fatal stage of the
disease. Parasite flagellar motility is suspected to play a role in CNS invasion by 7. brucei but
this hypothesis remains untested. We previously identified the first-ever viable bloodstream
motility mutant or K/R (Appendix 2) that allowed to directly examine the requirement of parasite
motility in pathogenesis in the mammalian host. Using the K/R we have demonstrated that
disrupting parasite motility is dispensable for establishment of infection in the mouse
bloodstream (Chapter 3). K/R mutant cells derived from the laboratory-adapted strain 427-
BSSM that causes an acute infection that progress rapidly in mice. This accelerated disease
progression precludes any reliable assessment of the CNS penetration, which generally takes
more than 14 days. Additionally the K/R mutant is an RNAi-based cell line. The RNAi
approach requires several genetic manipulations in 7. brucei. In order to determine a
requirement of flagellar motility in the CNS invasion, we elected to employ a gene “knock-in”
strategy to generate motility mutants in chronic infection or pleomorphic 7. brucei strains that
can invade the brain. This approach bypasses the need for RNAi. Application of the “gene
knock-in” strategy allowed replacement of endogenous WT LC1 allele with an HA epitope-
tagged copy harboring the K/R mutation in both BSSM and AnTatl.1 pleomorphic. Importantly,
upon integration of the mutant at a single allele in BSSM and AnTatl.1 yielded mutants with
defective motility. The 7. brucei flagellum has emerged as an attractive drug target candidate.
Construction of motility mutants in pleomorphic 7. brucei parasites that cause chronic infection
will now enable, for the first time, to test if blocking parasite motility blocks invasion of the

CNS.
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Introduction

African trypanosomes, Trypanosoma brucei, are protozoan parasites that cause African
sleeping sickness, a disease with devastating health and economic consequences. The disease is
always fatal unless treated and existing drugs are toxic and associated with drug resistance
[Ralston and Hill 2008]. Trypanosomes are transmitted between human hosts by a tsetse fly
insect vector and entry into specific tissues mediates parasite development in the insect and
pathogenesis in the mammalian hosts [Hill]. Trypanosomes are extracellular during all stages of
infection and rely on their own flagellum-dependent motility to penetrate host tissues. Recent
investigations of the flagellum identified conserved and novel proteins [Broadhead et al., 2006;
Ralston and Hill 2006; Baron et al., 2007; Oberholzer et al., 2011]. They also discovered novel
functions for the flagellum in cell morphogenesis, cell division, immune evasion, and sensing
[Kohl et al., 2003; Broadhead et al., 2006; Ralston and Hill 2006; Ralston and Hill 2008;
Oberholzer et al., 2011]. Thus, the flagellum and flagellar motility are extremely important for
parasite biology and disease pathogenesis. These findings also showed the flagellum is essential
and led to the idea that the flagellum and its many proteins represent novel drug targets [Kohl et
al., 2003; Broadhead et al., 2006; Ralston and Hill 2006; Griffiths et al., 2007]. Unfortunately,
capitalizing on these discoveries has been hampered because no-one has been able to generate
motility mutants that are viable in the BSF life cycle stage, i.e. the stage that infects mammals.
More broadly, it has been very challenging to determine specific mechanisms of flagellum
protein function, because systems for routine structure-function analysis of flagellar proteins are

lacking.
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RNA1 knockdown of flagellar proteins is usually lethal in bloodstream form (BSF) T.
brucei cells in culture [Branche et al., 2006; Broadhead et al., 2006; Ralston and Hill 2006],
causing speculation that normal motility is essential [Broadhead et al., 2006; Ralston and Hill
2006]. However, loss of flagellar proteins also causes structural defects [Bastin et al., 1996;
Ralston and Hill 2006; Baron et al., 2007; Ralston and Hill 2008] and it is not clear if lethality is
caused by defects in motility, or is a pleotropic effect of flagellum protein knockdown, for
example occurring as a result of structural defects. Distinguishing between these explanations is
important for investigating a fundamental aspect of trypanosome biology and exploiting the
flagellum as a drug target. To address this question, we established in 7. brucei a system that
allows replacement of an endogenous protein with a mutated version [Ralston et al., 2011]
(Appendix 1). The mutant protein lacks function, but still assembles in the flagellum, allowing
us to separate phenotypes caused by loss of function versus structural defects. With this strategy
we identified amino acids in the axonemal dynein light chain 1, “LC1”, that are required for
motility (Appendix 2) [Ralston et al., 2011]. Notably, while LC1 knockdown causes loss of the
entire outer arm dynein motor, expression of the LC1-K203A/R210A point mutant (aka K/R)
supports dynein assembly, but does not support normal motility. In BSF cells LC1 knockdown
is lethal, while the LC1 K/R mutant disrupted motility defects but did not affect viability
(Appendix 2) [Ralston et al., 2011]. These results demonstrate that disrupting motility in BSF
cells is not lethal, and indicate that pleotropic effects of knockdown, such as structural defects,

are the cause of lethality in flagellum protein knockdowns.

The K/R BSF motility mutant provided the first-ever opportunity to directly study the

role of motility in pathogenesis in the mammalian host, which is a topic of Chapter 3. Using the
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K/R mutant for mouse infections, we showed that parasite motility is dispensable for 7. brucei
infection in the bloodstream (Chapter 3). We were next interested in whether parasite motility is
required for invasion of the CNS. However, The K/R motility mutant was generated using 427-
derived BSSM T. brucei [Wirtz et al., 1999], which causes an acute infection in mice, with lethal
outcome generally seen in seven days. This poses a problem for CNS invasion studies, because
penetration of the blood brain barrier takes >14 days [Jennings et al., 1979; Poltera et al., 1980].
Therefore, although the K/R mutant is good for analysis of bloodstream infection, rapid
progression of infection (Chapter 3) unfortunately prevented assessment of the CNS invasion.
To allow assessment of the requirement of parasite motility in the CNS invasion we therefore
developed an alternate approach for generating motility mutants that does not require RNA1 and

can be readily applied to pleomorphic trypanosome strains capable of infecting the host CNS.

Here we apply a targeted gene “knock-in approach to generate motility mutants without
needing to employ RNA1 and the genetic manipulations that Tet-inducible RNA1 entails in 7.
brucei. We replaced one endogenous WT LCI1 allele with an HA epitope-tagged copy harboring
the K/R mutation. We did this both in BSSM trypanosomes and in AnTatl.1 pleomorphic
trypanosomes. HA-LCI-K/R is expressed from the endogenous promoter and correctly localizes
to the flagellum. Interestingly, both the BSSM and AnTatl.1 LC1 mutants are defective in
motility upon integration of the mutant at a single allele, demonstrating that the K/R mutation is
dominant negative, as observed for the analogous mutation in Chlamydomonas [Patel-King and
King 2009]. Availability of motility mutants in a pleomorphic 7. brucei line that causes chronic
infection, will enable direct investigation of the role motility plays in blood-brain barrier

traversal by African trypanosomes.
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Results

Construction of targeting plasmids for gene replacement in 7. brucei

Mammalian-infectious form trypanosomes are profoundly sensitive to disruption of
flagellar proteins [Broadhead et al., 2006; Ralston and Hill 2006; Ralston and Hill 2008], as
knockdown almost invariably is lethal. On the other hand expression of point mutants that block
function is tolerated when structural integrity is maintained (Appendix 2) [Ralston et al., 2011].
In prior studies we used tet-inducible RNA1 together with tet-inducible protein expression to
express an outer dynein LC1 point mutant in a background where endogenous LC1 expression
was ablated in BSF T brucei (Appendix 2) [Ralston et al., 2011]. The approach was successful
at generating viable motility mutants in BSF 7. brucei. However, the approach required a
specialized BSF cell line genetically engineered to enable tet-inducible RNA1 and tet-inducible
gene expression [Wirtz et al., 1999] and was thus not generally applicable to pleomorphic cell
lines. Since the time we initiated our original studies, it has been demonstrated that the the
analogous LC1 K/R point mutation in C. reinhardtii is dominant negative [Patel-King and King
2009]. We therefore reasoned that if the K/R mutation was likewise dominant in 7. brucei,
motility mutants could be constructed simply by replacing one wild type LC1 allele with the K/R
mutant, thereby simplifying genetic manipulation to a single stable transfection, which is readily
achieved in pleomorphic 7. brucei.

We generated constructs for knockin of LC1 K/R mutants (Figure 1A). The constructs
contain a full LC1 open reading frame, with an N-terminal HA tag and harbouring the K/R

mutation, followed by intergenic region and a selectable drug resistance marker. The entire
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cassette is flanked by LC1 5’UTR and 3’UTR sequences from upstream and downstream of the
LC1 gene to allow replacement of the endogenous gene by homologous recombination.
Homologous recombination for gene deletion is a well-established approach in T brucei

[Oberholzer et al., 2009]..

Generating K/R knock-in mutants in monomorphic (BSSM) trypanosomes

The K/R knockin was first introduced into BSSM parasites because of its experimental
tractability and because we knew that the mutant could be supported in this line even without the
endogenous protein, thereby providing a suitable line for testing the knockin strategy. Motility
of the BSSM line is also extremely well-characterized, facilitating analysis of any motility
defects in culture [Hill 2003; Kohl et al., 2003; Branche et al., 2006; Ralston and Hill 2006;
Griffiths et al., 2007; Rodriguez et al., 2009; Emmer et al., 2010; Ralston et al., 2011; Heddergott
et al., 2012; Hughes et al., 2012]. BSSM cells were initially transfected with the K/R cassette,
which includes the K/R mutant LC1 gene (Methods) and phleomycin resistant clones were
selected. PCR analysis demonstrated successful insertion of the knock-in construct at the LC1
locus, resulting in replacement of one WT LCI allele (Figure 1B). Next we assessed whether the
K/R mutant gene is expressed in the transfected cells. Western blot experiments using anti-HA
antibodies established that K/R mutant protein is produced in these cells (Figure 2A). The
growth rates of K/R knock in parasites were indistinguishable from those of the parental BSSM

cells (Figure 2B).

In the flagellated protist Chlamydomonas reinhardtii, mutations analogous LC1-K/R
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have been shown to be dominant negative, with mutants showing motility defects [Patel-King
and King 2009]. To determine if the K/R mutation exerts a dominant negative effect on motility
in T. brucei, we conducted a functional analysis for motility in K/R knock-in BSSM
trypanosomes. Motility analysis demonstrated these cells are defective in propulsive motility
(Figure 3A-B), as observed previously for the mutant expressed in absence of wild type protein

(Appendix 2) [Ralston et al., 2011]. .

Generating K/R knockin motility mutants in pleomorphic trypanosomes

We next introduced LC1-K/R motility mutants into Antatl.1 (Figure 1A-B) parasites to

allow direct investigation of the requirement of parasite motility in CNS penetration. As for the

BSSM cells, preliminary data show that AnTatl.1 parasites exhibit defective motility upon

integration of the mutant at a single allele.
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Discussion

To allow determination of the role of parasite motility in the blood-brain barrier traversal,
we have applied a targeted gene replacement strategy to generate motility mutants in
pleomorphic AnTAt 1.1 parasites that are established as a mouse CNS infection model. Our
targeted gene knock out strategy provides a more suitable alternative to knockdowns that require
more elaborate genetic manipulation [Ralston et al., 2011]. We have demonstrated by PCR
analysis that the K/R mutant integrated correctly into the LC1 locus in both the BSSM and
AnTatl.1 cells. Additionally, western blot analysis revealed that the HA-tagged LC1-K/R protein
is expressed well in BSSM cells. Although assessment and quantification of the motility defect
in AnTatl.1 is currently underway, we have already shown in bloodstream form BSSM that K/R
is a dominant-negative mutation, since expression of this mutation at a single allele disrupts
motility, but these mutant parasites are viable in culture. Initial examination of the Antatl.1 K/R
mutant indicates it too has defective motility. Construction in motility mutants in TREU667
[Jennings et al., 1979], another pleomorphic cell line suitable for chronic infection model is

underway.

CNS invasion is a critical step in the pathogenesis of trypanosomiasis as it signals
establishment of the lethal phase of the disease. CNS penetration also limits the number of drugs
available for treatment because after 7. brucei invades the CNS, drugs that do not cross the blood
brain barrier are ineffective against this pathogen. Furthermore, parasites within the CNS may
persist after drug treatment and CNS infection is known to be a source of infection relapse

[Jennings et al., 1979; Gray et al., 1982; Rodgers 2010]. Unfortunately, despite the crucial role of
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CNS invasion to disease pathogenesis and potential for therapeutic intervention, the mechanisms

and route by which trypanosomes traverse the blood brain barrier are unclear.

Much of our knowledge on how trypanosomes gain access to the CNS comes from
animal infection models because of the inability to directly visualize parasites in the brain tissues
of human patients. A few routes for CNS penetration have been suggested [Mulenga et al.,
2001; Frevert et al., 2005; Wolburg et al., 2012]. In the first model [Mulenga et al., 2001; Frevert
et al., 2005] trypanosomes enter endothelial tight junctions of the blood-brain barrier within
brain microvessels to directly penetrate the brain parenchyma. Another model proposes that
trypanosomes first penetrate epithelial tight junctions of blood-CSF-barrier in the choroid plexus
to invade the CSF from where parasites enter the brain parenchyma [Wolburg et al., 2012].
Parasite motility is believed to be essential for CNS invasion in both models. With the
identification here of motility mutants in pleomorphic BSF 7. brucei that causes chronic
infection, it will now make it possible for the first time to test this hypothesis and that is the

focus of ongoing work.
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Experimental Procedures:

Trypanosome culture and transfection.

Cultivation and transfection of trypanosomes in culture were done as described
previously [LaCount et al., 2002; MacGregor et al., 2011; Ralston et al., 2011]. The T. brucei
bloodstream single marker (BSSM) [Wirtz et al., 1999] or pleomorphic AnTatl.1 [Macgregor et
al., 2013] cells were described previously. BSSM-K/R and AnTatl.1-K/R cells were generated
by stable transfection with the K/R cassette excised from pMOTAg53M-K/R. The K/R cassette
contains the 3xHA-LCI1-K/R mutant gene flanked at the 5’ end by 900 bp of the 5” intergenic
region to LC1 and at the 3’ end by the o or § intergenic region of tubulin, the phleomycin
resistance marker, and by 887 bp of the 3’ intergenic region to LC1. To generate pMOTAg53M-
K/R, the HA-LC1-K/R mutant gene was PCR-amplified from the pKR10-LC1-K/R plasmid
[Ralston et al., 2011], whereas the 5° and 3’ intergenic regions to LC1 were PCR-amplified from
BSSM genomic DNA prior to serial cloning into pMOTag53M [Oberholzer et al., 2006]. The 5’
and 3’ intergenic regions to LC1 are used to allow homologous recombination for gene
replacement. Primers used to PCR amplify the constructs are as follows:
5> ATGGGCCCACC A TGCCGTACCCGTACGA 3’ (forward primer) and 5’
ATGTCGACTTAGGCGCCGCGCTCCGC 3’ (reverse primer), HA-LC1-K/R; 5°
ATGGTACCGAGCCCAACTCTTGAAGAAGGGT 3’ (forward primer) and 5’
ATGGGCCCTACTATAAACCTCTATAGTCGTG 3’ (reverse primer), 5’intergenic region to
LC1; 5> AT GGATCCGAGTGCATGAACGAACACATTC 3’ (forward primer) and 5> ATG

CGGCCGCTGGTGCGCACTCACTTTCTTG 3’ (reverse primer), 3’ intergenic region to LC1.

120



All DNA sequences were verified by direct sequencing. Clones were obtained by limiting
dilution after drug selection. To check the genomic integration of the K/R cassette the following
primers were used: 5° CTGCCGTCAGCAACGAGTG 3’ (forward primer) and 5’
CGTCTAAAATCTTACCAGCAATC 3’ (reverse primer). The forward and reverse primers sit

within the open reading frame of the upstream and downstream genes to LC1.

Protein preparation and western blot analysis

Western blots were done as described previously [Ralston et al., 2011]. Parasites grown
in culture were washed three times in PBS and then boiled in Laemmli sample buffer for
Western blot analysis. Blots were probed with anti-HA monoclonal antibody (Covance) at
1:5000 dilution, anti- B-tubulin monoclonal antibody (Developmental Studies Hybridoma Bank,

University of lowa) at 1:5000 dilution.

Parasite motility assays

All samples were analyzed in a pre-warmed motility chamber within 5 minutes after
collection. Motility traces were done as described [Ralston et al., 2011]. Briefly, parasites were
examined in motility chambers using dark field optics on a Zeiss Axiovert 200 M inverted
microscope with a 100x objective. Videos were captured using a COHU analog video camera.
Analog format movies were converted to digital format with an ADVC-300 digital video
converter (Canopus, Co., Ltd.). Movies were recorded at 30 frames per second (fps) and

converted to AVI format and then to stacks of TIFF images using Adobe Premiere Elements
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software (Adobe Systems). TIFF image stacks were analyzed using Metamorph software
(Molecular Devices) to trace parasite movement over the indicated time period. Trace data were
used to calculate the total distance travelled, as well as the mean squared displacement (MSD) of
individual cells in the x and y dimensions. MSD was calculated according to the formula MSD =
<ri(t)*> = <(pi(t) — pi(0))*>>, where r; is the distance travelled by the parasite over time interval t
and p; is the position of the parasite at any given time. The timescale of t ranged from 1 to 25
seconds in increments of 1 second. MSD is calculated for each instance i of a given time

interval. Several cell MSDs were then averaged to obtain an ensemble average.

Statistical analysis

Statistical analysis and graphical output was done with GraphPad Prism 5. We used the
Student unpaired two-tailed t test to determine significant differences in motility. Significance (p

value) is reported on figure 3B.
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Figure 1. Figure 1. LC1-K/R motility mutants in BSSM and pleomorphic (AnTatl1.1)
trypanosomes. (A) Introducing the N-terminal HA tagged LC1-K/R mutant into BSSM and
AnTatl.1. Red arrows indicate position of primers used for B, and size of expected product
indicated. (B) PCR yields the expected products from the endogenous (arrow) and mutant
(arrowhead) genes. AnTatl.1 parent (1); four PhleoR clones (2-5). BSSM cells as control (6) and

BSSM harboring the mutant (7).
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Figure 2. (A) Western blot of total protein from BSSM-K/R parasites maintained in
culture. Blots of four clones are shown. Blots were probed with an antibody against the HA
epitope to detect HA-LC1-K/R, or B-tubulin as a loading control. (B) Growth rates of BSSM
cells (solid lines, filled circles) and BSSM-K/R point mutants (dotted lines, open circles).

Cultures were diluted back to the starting density at 24 h and 48 h.
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Figure 3. Motility phenotypes of control BSSM and BSSM-K/R mutant parasites. (A)

Motility traces of control BSSM and K/R mutant parasites grown in culture. Each line traces the
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path of a single cell for 8.1 seconds. Upper panels show traces overlaid on phase contrast
images. Lower panels show traces. (B) Quantification of distance traveled in 8.1 seconds by
BSSM and K/R mutants. Horizontal lines indicate the mean of each data set, with bars showing
the 95% confidence interval, p <0.0234. For BSSM, n= 54; for K/R, n=58. (C) Mean squared
displacement (msd) plotted as a function of time interval for BSSM (closed circles) and K/R
point mutants (open circles); n = 24 (BSSM) and n = 35 (K/R) cells. Error bars show standard

error of the mean, .

126



CHAPTER 4 REFERENCES

Baron, D. M., Ralston, K. S., Kabututu, Z. P. and Hill, K. L. (2007). "Functional genomics in
Trypanosoma brucei identifies evolutionarily conserved components of motile flagella." J
Cell Sci 120(Pt 3): 478-491.

Bastin, P., Matthews, K. R. and Gull, K. (1996). "The paraflagellar rod of kinetoplastida: solved
and unsolved questions." Parasitol Today 12(8): 302-307.

Branche, C., Kohl, L., Toutirais, G., Buisson, J., Cosson, J. and Bastin, P. (2006). "Conserved
and specific functions of axoneme components in trypanosome motility." J Cell Sci
119(Pt 16): 3443-3455.

Broadhead, R., Dawe, H. R., Farr, H., Griffiths, S., Hart, S. R., Portman, N. et al. (2006).
"Flagellar motility is required for the viability of the bloodstream trypanosome." Nature
440(7081): 224-227.

Emmer, B. T., Daniels, M. D., Taylor, J. M., Epting, C. L. and Engman, D. M. (2010). "Calflagin
inhibition prolongs host survival and suppresses parasitemia in Trypanosoma brucei
infection." Eukaryot Cell 9(6): 934-942.

Frevert, U., Engelmann, S., Zougbede, S., Stange, J., Ng, B., Matuschewski, K. et al. (2005).
"Intravital observation of Plasmodium berghei sporozoite infection of the liver." PLoS
Biol 3(6): €192.

Gray, G. D., Jennings, F. W. and Hajduk, S. L. (1982). "Relapse of monomorphic and
pleomorphic Trypanosoma brucei infections in the mouse after chemotherapy." Z
Parasitenkd 67(2): 137-145.

Griffiths, S., Portman, N., Taylor, P. R., Gordon, S., Ginger, M. L. and Gull, K. (2007). "RNA
interference mutant induction in vivo demonstrates the essential nature of trypanosome
flagellar function during mammalian infection." Eukaryot Cell 6(7): 1248-1250.

Heddergott, N., Kruger, T., Babu, S. B., Wei, A., Stellamanns, E., Uppaluri, S. et al. (2012).
"Trypanosome motion represents an adaptation to the crowded environment of the
vertebrate bloodstream." PLoS Pathog 8(11): €1003023.

Hill, K. L. (2003). "Biology and mechanism of trypanosome cell motility." Eukaryot Cell 2(2):
200-208.

Hughes, L. C., Ralston, K. S., Hill, K. L. and Zhou, Z. H. (2012). "Three-dimensional structure

of the Trypanosome flagellum suggests that the paraflagellar rod functions as a
biomechanical spring." PLoS One 7(1): €25700.

127



Jennings, F. W., Whitelaw, D. D., Holmes, P. H., Chizyuka, H. G. and Urquhart, G. M. (1979).
"The brain as a source of relapsing Trypanosoma brucei infection in mice after
chemotherapy." Int J Parasitol 9(4): 381-384.

Kohl, L., Robinson, D. and Bastin, P. (2003). "Novel roles for the flagellum in cell
morphogenesis and cytokinesis of trypanosomes." EMBO J 22(20): 5336-5346.

LaCount, D. J., Barrett, B. and Donelson, J. E. (2002). "Trypanosoma brucei FLA1 is required
for flagellum attachment and cytokinesis." J Biol Chem 277(20): 17580-17588.

Macgregor, P., Rojas, F., Dean, S. and Matthews, K. R. (2013). "Stable transformation of
pleomorphic bloodstream form Trypanosoma brucei." Mol Biochem Parasitol 190(2): 60-
62.

MacGregor, P., Savill, N. J., Hall, D. and Matthews, K. R. (2011). "Transmission stages
dominate trypanosome within-host dynamics during chronic infections." Cell Host
Microbe 9(4): 310-318.

Mulenga, C., Mhlanga, J. D., Kristensson, K. and Robertson, B. (2001). "Trypanosoma brucei
brucei crosses the blood-brain barrier while tight junction proteins are preserved in a rat
chronic disease model." Neuropathol Appl Neurobiol 27(1): 77-85.

Oberholzer, M., Langousis, G., Nguyen, H. T., Saada, E. A., Shimogawa, M. M., Jonsson, Z. O.
et al. (2011). "Independent analysis of the flagellum surface and matrix proteomes
provides insight into flagellum signaling in mammalian-infectious Trypanosoma brucei."
Mol Cell Proteomics 10(10): M111 010538.

Oberholzer, M., Lopez, M. A., Ralston, K. S. and Hill, K. L. (2009). "Approaches for functional
analysis of flagellar proteins in African trypanosomes." Methods Cell Biol 93: 21-57.

Oberholzer, M., Morand, S., Kunz, S. and Seebeck, T. (2006). "A vector series for rapid PCR-
mediated C-terminal in situ tagging of Trypanosoma brucei genes." Mol Biochem
Parasitol 145(1): 117-120.

Patel-King, R. S. and King, S. M. (2009). "An outer arm dynein light chain acts in a
conformational switch for flagellar motility." J Cell Biol 186(2): 283-295.

Poltera, A. A., Hochmann, A., Rudin, W. and Lambert, P. H. (1980). "Trypanosoma brucei
brucei: a model for cerebral trypanosomiasis in mice--an immunological, histological and
electronmicroscopic study." Clin Exp Immunol 40(3): 496-507.

Ralston, K. S. and Hill, K. L. (2006). "Trypanin, a component of the flagellar Dynein regulatory

complex, is essential in bloodstream form African trypanosomes." PLoS Pathog 2(9):
el0l.

128



Ralston, K. S. and Hill, K. L. (2008). "The flagellum of Trypanosoma brucei: new tricks from an
old dog." Int J Parasitol 38(8-9): 869-884.

Ralston, K. S., Kisalu, N. K. and Hill, K. L. (2011). "Structure-function analysis of dynein light
chain 1 identifies viable motility mutants in bloodstream-form Trypanosoma brucei."
Eukaryot Cell 10(7): 884-894.

Rodgers, J. (2010). "Trypanosomiasis and the brain." Parasitology 137(14): 1995-2006.

Rodriguez, J. A., Lopez, M. A., Thayer, M. C., Zhao, Y., Oberholzer, M., Chang, D. D. et al.
(2009). "Propulsion of African trypanosomes is driven by bihelical waves with
alternating chirality separated by kinks." Proc Natl Acad Sci U S A 106(46): 19322-
19327.

Wirtz, E., Leal, S., Ochatt, C. and Cross, G. A. (1999). "A tightly regulated inducible expression
system for conditional gene knock-outs and dominant-negative genetics in Trypanosoma

brucei." Mol Biochem Parasitol 99(1): 89-101.

Wolburg, H., Mogk, S., Acker, S., Frey, C., Meinert, M., Schonfeld, C. et al. (2012). "Late stage
infection in sleeping sickness." PLoS One 7(3): €34304.

129



Chapter 5

Live-cell imaging of Trypanosoma brucei in ex vivo mouse tissues and in live zebrafish
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Abstract

The protozoan parasite Trypanosoma brucei causes lethal African sleeping sickness in
humans. There is no vaccine and existing drugs are toxic and increasingly ineffective. Entry of
trypanosomes into tissue mediates pathogenesis of this parasite. Historically, assessment of 7.
brucei infection has relied upon determining parasitemia in blood, as well as limited use of
histochemistry to assess parasite presence in chemically fixed tissues. Here, we report the
development of an advanced live-cell imaging approach using 7. brucei expressing the
fluorescent protein mCherry. This system enabled visualization of 7. brucei at macroscale level
ex vivo in mouse tissues as well as in vivo in intact zebrafish embryos. We further validated the
use of mCherry parasites at a microscale level by visualizing trypanosomes at single-cell
resolution in ex vivo mouse tissues and in blood vessels of live fish. Parasites in mouse brain
tissue and in fish were largely confined within blood vessels. These systems have the potential
for enabling detailed dynamic studies of infection, uncovering novel features of host-parasite
interactions, and facilitating diagnostics, vaccine and drug development, all of which should

improve patient management in sleeping sickness.
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Introduction

African trypanosomes, Trypanosoma brucei, are protozoan parasites that cause sleeping
sickness, a fatal disease with devastating health and economic consequences in Sub-Saharan
Africa. The disease is inevitably fatal unless treated. There is no vaccine and existing drugs
are toxic and associated with drug resistance [Barry and McCulloch 2001]. Trypanosomes are
transmitted between human hosts by a tsetse fly insect vector and entry into specific host
tissues is a critical step in the pathogenesis of sleeping sickness [Borst 2002]. Following
infection through the bite of a tsetse fly trypanosomes actively divide in the mammalian host
but finally leave the bloodstream and penetrate the central nervous system (CNS) [Stich et al.,
2002; Rodgers 2010]. CNS invasion marks the lethal stage of sleeping sickness. Very little is
known about the fundamentals of 7. brucei motility in the bloodstream, the interaction of this
parasite with host cells, and the mechanisms used by trypanosomes to invade extravascular

tissues.

Traditionally, monitoring of 7. brucei infection has relied upon microscopic examination
to determine parasitemia in blood, as well as limited use of histochemistry to assess parasite
presence in chemically fixed tissues [Poltera et al., 1980]. Although such approaches
immensely contributed to our understanding on host—parasite interactions, these techniques
have substantial disadvantages. For instance, microscopic examination is laborious, time-
consuming and microscopy counts can be subjective. Histochemistry does not mirror the

dynamics of the infection process.
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Advanced biological imaging approaches, e.g. bioluminescence and live-cell
fluorescence, have been recently utilized to study host-pathogen interactions in protozoan
parasites [Frevert et al., 2005; Hitziger et al., 2005; Lang et al., 2005; Heussler and Doerig
2006; Coombes and Robey 2010; Bustamante and Tarleton 2011; Frevert et al., 2012]. Such
approaches have provided a number of powerful utilities that enable detailed dynamic studies
of parasite dissemination in host tissues, facilitate vaccine development and drug discovery,
and uncover novel features of parasite interaction with host cells. Surprisingly, advanced live-
cell fluorescence and bioluminescence imaging has been relatively underutilized in studies of
T. brucei, although a few recent studies demonstrate the potential for these approaches to
provide insight into infection and host-parasite interaction [Claes et al., 2009; Giroud et al.,

2009; Frevert et al., 2012; Salmon et al., 2012; Maclean et al., 2013].

Luciferase bioluminescence systems have been used for in vivo analysis of T. brucei
infection [Claes et al., 2009] and to monitor parasite dissemination in live mice and ex-vivo
tissues using different field isolates of 7. brucei [Giroud et al., 2009]. As illustrated in these
works, bioluminescence has advantages for non-invasive imaging at multiple time points in
live animals, but is limited by restricted distribution of substrate within host tissues and
relatively low spatial and temporal resolution. As such, route of substrate administration
impacts detection in specific tissues and single cells are not resolved [Claes et al., 2009;
Giroud et al., 2009]. Thus, while useful for some host-pathogen interaction studies,

bioluminescence has limitations and fluorescence imaging can fill some of these gaps.

Live-cell fluorescence imaging generally offers complementary strengths and
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weaknesses relative to bioluminescence [Heussler and Doerig 2006]. For example,
fluorescence-based methods offer the ability to image single cells in a short time scale and do
not require provision of substrate [Heussler and Doerig 2006]. To complement the above
studies we report development of a live-cell imaging approach using fluorescent mCherry 7.
brucei. This system allowed us visualization of individual live parasites in real time within
the context of the mouse tissue environment. The system also allowed imaging of
trypanosomes at single-cell resolution in vivo in whole live fish. To our knowledge this is the

first report of imaging 7. brucei in fish.

134



Results

Visualization of trypanosomes at macroscale level in mouse tissues and in whole zebrafish.

Measuring parasitemia in peripheral blood samples taken from infected mice provides a
reasonable proxy for trypanosome infection. However, we wanted to examine the presence of
trypanosomes in visceral organs as a more rigorous assessment of infection. Our ultimate goal
was to directly visualize live, individual parasites and we therefore elected to use fluorescent
trypanosomes. The mCherry red fluorescent protein was chosen because its spectral properties
offer better penetrating power in deep tissues compared to other fluorescent markers such as

green fluorescent protein [Shaner et al., 2004].

We first set out to establish whether BSSM trypanosomes expressing mCherry were
viable and suitable for use in mouse infections. We engineered trypanosomes to constitutively
express mCherry by stably transfecting BSSM cells with the plasmid pNKmC, which encodes
mCherry driven by a constitutive promoter (Methods). Fluorescent imaging showed that the
mCherry protein is distributed throughout the cell (Figure 1A). When cultivated in vitro,
mCherry parasites did not show any significant difference in growth rate compared to parental
BSSM parasites (Figure 1B) and mCherry expression was stable through at least five weeks of
continuous culture (Figure 1C). Mice infected with mCherry parasites showed the same
infection dynamics as BSSM parasites, giving typically one and at most two waves of

parasitemia leading to a terminal outcome in one to two weeks (Figure 1E-D).
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Analysis of whole blood taken from infected mice allowed direct visualization of
individual parasites (Figure 1F). To assess parasitemia in visceral organs, we used the
Maestro® 2 in vivo spectral imaging system. The Maestro system enables in vivo fluorescence
imaging of small animals and tissues in the visible-infrared spectral range with exquisite
sensitivity. This system uses a liquid crystal tunable filter that allows precise spectral unmixing
of the emission spectra to remove auto-fluorescence. We assessed the sensitivity of the system
using in vitro cultivated mCherry parasites and found a detection limit of 10,000 - 25,000
parasites (Figure 1G). While these in vifro numbers do not necessarily extrapolate directly to
detection limits in vivo, they provide a reasonable estimate of the minimum number of parasite
necessary for visualization with the Maestro system and demonstrate linearity of the response

(Figure 1H).

We next examined tissues taken from infected mice. Parasite-dependent fluorescence
was readily detected in spleens and livers (Figure 2A-B) of mice infected with mCherry
parasites, while tissues from uninfected mice, or mice infected with unlabeled parasites showed
only background fluorescence. Whole brains from uninfected mice gave high background
fluorescence and this limited reliable fluorescence imaging of parasites in this organ using the
Maestro system (not shown). To determine if fluorescence in tissues was stable for extended
periods, we cryopreserved tissue samples for examination at a later date. Parasite fluorescence
was readily detected in tissue samples eight months after sample preparation with two freeze-

thaw cycles (Figure 2C).

Mouse thickness and opaque skin limit fluorescent imaging below 100 um. Additionally
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high-resolution, non-invasive imaging of microbes or immune cells is hard to accomplish in
mice. Our ultimate goal was to do high-resolution, deep tissue imaging in whole live animals
and in particular to examine at a timescale that would allow analysis of parasite motility.
Having established mCherry parasites as suitable for observing 7. brucei with fluorescent
imaging in mouse tissues we asked whether we could image trypanosomes in zebrafish embryos
after infection with 7. brucei. The advantages of using a larval zebrafish model include
transparency and the possibility to microscopically image the whole live fish with minimal
manipulation, offering opportunities to non-invasively visualize the dynamics of infection using
fluorescent imaging at high-resolution at several different time points during infection [Tobin et
al., 2012]. Wild type fish embryos were infected with mCherry 7. brucei as described in
Methods. Direct examination of whole fish showed clear imaging of parasites as well as of blood
cells in live fish (Figure 2D-F and Video 1). All parasites observed move in the direction of the
blood flow (Video 1). Visualization of the whole live fish, demonstrates this system’s potential

for investigating tissue-to-tissue dissemination of trypanosomes in vivo at high resolution.

Direct visualization of trypanosomes at single-cell resolution in mouse tissues and in

zebrafish blood vessels.

An advantage of fluorescence as an imaging modality for infection studies is that it offers
the potential for directly imaging individual cells within the complex milieu of the host
environment. We therefore asked whether we could resolve individual parasites in brain, spleen,

or liver tissue from mice infected with mCherry trypanosomes using epifluorescence
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microscopy. Individual red fluorescent parasites were readily detected in thick sections of all
these organs from BSSM- mCherry infected mice (Figure 3A-). Within brain tissue, parasites
were primarily found to align single file along structures that appear to blood vessels (Figure
4A-C), indicating that these trypanosomes are confined within blood vessels. Spleen and liver
tissue samples were less organized, no clear vessels were apparent and parasites were randomly
distributed through the sample (Figure 3D-E).

Imaging of mCherry 7. brucei in zebrafish indicated that the parasites were withing blood
vessels (Figure 3 amd Video 1). To test this directly, we next utilized transgenic zebrafish that
express green fluorescent protein in vascular endothelia cells (Methods), so that we could
directly visualize blood vessels. This showed that individual trypanosomes are within blood
vessels (Figure 4 and Video 2). Therefore, mCherry trypanosomes allow for direct imaging of
parasites at the single-cell level in whole blood, ex vivo in tissues from infected mice, as well as

within blood vessels in live fish.
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Discussion

In the present analysis, we developed systems to directly image live 7. brucei in
mouse tissues and in intact fish, which should aid in filling an important gap in our
understanding of trypanosome infection and host-parasite interaction. We engineered
bloodstream trypanosomes that constitutively express mCherry fluorescent protein,
enabling fluorescence imaging of parasites within mouse tissues and whole fish via
multiple modalities, e.g. fluorescence imaging of whole tissues and epifluorescence
microscopy for live- cell imaging of parasites at the single-cell level. Expression of
mCherry was found to be extremely stable with no significant impact on parasite viability
in culture or infection dynamics in a mouse model. Fluorescence intensity and percent of
mCherry-positive parasites in the population (>99%) remained unchanged through five
weeks of analysis in culture, suggesting that the strategy will be suitable for chronic
infection models [Matthews 2005], where infection lasts several weeks. Likewise, stability
of parasite detection in cryopreserved tissues for more than eight months should facilitate
clinical analyses in cases where clinical examination is removed from the site of
experimental analysis. Also noteworthy, is the fact that direct, single-cell imaging is
readily obtained using standard epifluorescence microscopy and is thus achievable in most
research laboratories, without the need for sophisticated equipment or procedures.

Successful visualization of trypanosomes within the entire live fish offers unique
opportunities to non-invasively image trypanosome infection dynamics at multiple time
points in live animals at high spatial and temporal resolution. Notably, some species of

trypanosomes infect fish as a natural host [Haag et al., 1998; Overath et al., 1998; Lischke
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et al., 2000; Burreson 2007] and there is some work done on fish immune response to
infection [Katzenback et al., 2013]. Hence, the system reported here should be broadly
applicable for direct analysis of host-parasite interactions during 7. brucei infection in

many contexts, as well as analysis of fish-trypanosome interactions in natural infections.

The mCherry system reported here will complement recently developed
bioluminescence and fluorescence systems for imaging 7. brucei during infection. Claes and
co-workers developed luciferase bioluminescence systems for in vivo analysis of 7. brucei
infection [Claes et al., 2009]. Giroud and colleagues utilized this bioluminescence system to
demonstrate differences in parasite dissemination in live animals and ex-vivo tissues in a
murine model of infection using different 7. brucei clinical isolates [Giroud et al., 2009]. As
discussed above, despite its benefit for allowing repeated imaging of host-parasite interactions
on the same live animal over time, bioluminescence cannot resolve cells at single resolution
level and depends on substrate repartition within the animal [Claes et al., 2009; Giroud et al.,
2009]. To compensate some of these limitations, fluorescence imaging modalities used alone

or in combination with bioluminescence can be used.

A few studies have used fluorescent 7. brucei in mouse infection models. Balmer and
colleagues reported use of FACS analysis to distinguish between green and red fluorescent
parasites in blood samples from mice harboring mixed parasite infections [Balmer and
Tostado 2006]. Frevert and colleagues [Frevert et al., 2012] recently reported using intravital
microscopy to observe 427- derived 7. brucei in mouse CNS tissue within 2 days of infection,

which is earlier than indicated by previous studies [Gray et al., 1982]. Differences might stem
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from different infective doses used (102 [Gray et al., 1982] versus 10°-10° [Frevert et al.,
2012]) or means of parasite detection (bioassay [Gray et al., 1982] versus direct visualization
[Frevert et al., 2012]). Salmon and colleagues recently used fluorescent 7. brucei and
Imagestream® analysis of blood samples to reveal changes in host cell gene expression
depending upon whether or not the host cells are in direct contact with parasites [Salmon et
al., 2012]. Our studies complement those important studies by combining analysis of
infection by genetically modified parasite lines with direct imaging of parasites in mouse
tissues. The availability of multiple imaging modalities for studying 7. brucei infection
should advance efforts to understand how these parasites interact directly with host tissues and

cells.

We used zebrafish for non-invasive imaging of trypanosomes at single cell resolution in
vivo in live fish. Application of the zebrafish model to infectious diseases has led to milestone
discoveries for understanding infection dynamics [Meijer and Spaink 2011]. For example, the
role of macrophages in promoting pathogen dissemination [Davis and Ramakrishnan 2009] was
described by using fish infection systems. In the case of mycobacteria, disease mechanisms such
as virulence and host susceptibility observed during zebrafish infection are conserved in human
infection with M. tuberculosis. Even though Zebrafish have proved to be valuable model
infection systems for viruses, bacteria and fungi [Phennicie et al., 2010; Brothers et al., 2011;
Ludwig et al., 2011], the application of this system to parasitic infections is very limited although
a few investigations have used the zebrafish model to study establishment of infection with
Giardia [Yang et al., 2010];[ Tysnes et al., 2012]. Interestingly fish are natural hosts for certain
trypanosome species, such as 7. carassii [Haag et al., 1998; Overath et al., 1998; Lischke et al.,
2000]. Ongoing studies in our lab are focused on establishing genetically modified 7. carassii to
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enable host-parasite interactions in a natural host. Transparent mutant adult zebrafish exist
[White et al., 2008]. The demonstration that we can successfully image trypanosomes in the
entire fish offers the potential for visualization of infection dynamics in the entire host including

tissue-to-tissue dissemination of trypanosomes at high-resolution in real time.

In summary, the availability of multiple imaging modalities for studying
trypanosome infection should advance efforts to evaluate trypanosome immunology,
pathology, physiology and other features of pathogenesis and host-parasite interaction.
Patient management is challenging in sleeping sickness. Our systems have therefore
potential broad application for studying host-pathogen interaction. Such understanding
constitutes a benchmark for therapeutics and diagnostics development, which should improve

patient management in African sleeping sickness.
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Materials and Methods

Ethics Statement. All animal experiments complied with the Institutional Animal Care
and Use Committee of University of California, Los Angeles (Approved protocol permit: ARC

#2001-065).

Trypanosome culture. Cultivation, transfection and RNA1 induction of trypanosomes
in culture were done as described previously [Ralston et al., 2006]. The 7. brucei bloodstream
LCI1-K203A/R210A (K/R) motility mutant and bloodstream single marker (BSSM), cells were
described previously [Wirtz et al., 1999; Ralston et al., 2011]. BSSM-mCherry cells and K/R-
mCherry cells were generated by stable transfection of BSSM and K/R cells, respectively with
the pPNKmCherry plasmid (described below). To generate pNKmCherry, the mCherry gene
(accession number AY678264) was PCR amplified from pmCherry plasmid (kindly provided
by Josh Beck) and cloned into the expression vector pHD496-H [Hutchings et al., 2002] using
the Hind/// and BamH] cloning sites. pHD496-H contains a ribosomal RNA promoter to drive
constitutive expression of the mCherry gene and a hygromycin-resistance cassette to enable
selection [Biebinger and Clayton 1996]. Primers used to PCR amplify mCherry are as follow:
5" ATGGTGAGCAAGGGCGAGG 3’ (forward primer), 5’
TTACTTGTACAGCTCGTCCATGC 3’ (reverse primer). All DNA sequences were verified

by direct sequencing.

Mouse infections. BALB/c female mice (The Jackson Laboratory, Bar Harbor, ME), 6

to 10 weeks old, were injected intraperitoneally with 100 parasites diluted in 0.2 ml of HMI-9
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medium. Parasites were kept on ice prior to injection into mice. For + Tet infections, parasites
were induced with 1 mg/ml tetracycline in culture three days prior to injection into mice and
mice received 1 mg/ml doxycycline in their drinking water 5 to 7 days prior to infection and
throughout the course of infection. Parasitemia was monitored daily beginning 3 days post
infection using an improved Neubaeur hemocytometer [Herbert and Lumsden 1976]. After

euthanasia, mice were weighed and tissues were collected for weighing and imaging.

Flow cytometry analysis. For flow cytometry analysis, 1.5 — 2.0 x 10° cells were washed
twice in PBS-1% glucose (PBS-G), and resuspended in 0.5mL of PBS-G prior to data acquisition
on a BD LSRII analyzer (BD Biosciences). The photomultiplier tube voltages for the forward
scatter, side scatter, and the detector for mCherry were set based on the control, BSSM sample.
For consistency, and because laser power can drift with time, the fluorescence intensity
measurement was standardized as follows. After the initial flow acquisition experiments, a
sample of chicken red blood cells (CRBC) was run and their fluorescence intensity in the
mCherry channel was recorded. A sample of CRBC with the same lot number as the one used for
the first experiment was run at each of the subsequent flow acquisitions and compared to the
intensity value from the original run. If needed, minor voltage adjustments were made to match
the mean CRBC fluorescence intensity from the initial experiment. Control non-fluorescent and
mCherry samples were then acquired with identical instrument settings. FACSDIVA software

was used for data acquisition and data analysis was performed using Cellquest.

Ex vivo fluorescence imaging and epifluorescence microscopy of mouse tissues. For

fluorescence imaging of whole organs, tissues were collected 6-8 days post infection, kept on ice
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in PBS-1% glucose and imaged within one hour using Maestro® 2 in vivo spectral imaging
system (CRi/Caliper Life Sciences, Woburn, MA). Fluorescence from mCherry trypanosomes
was imaged using a band pass filter of 503 to 548 nm for excitation coupled with a 560 nm long
pass filter for emission. Fluorescence images were captured automatically by 10 nm increments
from 560 to 750 nm under constant light illumination. The resulting spectral imaging TIFF data
set was analyzed with the vendor's software. The fluorescence of uninfected control tissue was
acquired simultaneously and used to sample out background auto-fluorescence. For
epifluorescence imaging of individual parasites within tissues, the tissue samples were sectioned
and directly visualized using a Zeiss Axioskop II or Axio Imager 2 compound fluorescence

microscope, using 40x oil objective.

High-Speed Confocal Imaging: Anesthetized wild-type or flk:GFP* transgenic zebrafish
with fluorescent vascular endothelia were side- or back-mounted and injected in the heart as
previously described [Hove and Craig 2012] with red mCherry expressing trypanosomes (a few
nanoliters of a pellet containing about 20 x 10° parasites) and imaged on a Leica TCS SP5
inverted confocal system (Leica Microsystems, Wetzlar, Germany). Images were acquired with
a water immersion objective (HCX PL APO CS 20x/0.70NA) and analyzed with the Leica
software. GFP was excited with a 488 nm argon laser line and a 561 HeNe laser was used for the
excitation of mCherry expressing trypanosomes. Spectral windows for detection of GFP and
mCherry fluorescence were 495-540 nm and 590-650 nm respectively. Multicolor images were
acquired in a simultaneous scan. High-speed imaging was performed at a line frequency of 8000
Hz using the broadband resonant scanner of the Leica TCS SP5 which allows the recording of 27

full frames per second with an image format of 512 x 256 pixels. Pixel size was kept around 348
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nm x 348 nm by applying a 4X digital zoom.
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Figure 1 Bloodstream trypanosomes expressing mCherry fluorescent protein are suitable
for mouse infection. (A) Live BSSM-mCherry 7. brucei cells were imaged by fluorescence

microscopy. Phase contrast, fluorescence and merged images are shown. Scale bar is 7 um. (B)
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Growth curves for BSSM parental cells (solid lines) or BSSM-mCherry cells (dashed lines) in
culture. Cultures were diluted to 2 x 10° cells/ml when the cell density reached 10° cells/ml and
then counts continued. (C) Flow cytometry analysis of BSSM (black curves) and BSSM-
mCherry (red curves) parasites maintained for five weeks in culture. Percent of the population
scored as mCherry positive at each time point is shown in parentheses. (D) Parasitemias of mice
infected with BSSM (solid lines) or BSSM-mCherry (dashed lines) parasites. Mice were
infected at day 0 and parasitemia was determined daily beginning 3 days post infection.
Representative data are shown for two BSSM and two BSSM-mCherry infections to illustrate the
two basic outcomes of infection. Mice usually exhibited a single wave of parasitemia (triangles)
but occasionally showed two waves (circles). (E) Survival curves for mice infected with BSSM
(solid line, n = 4) or BSSM-mCherry (dashed line, n = 3 mice) parasites. No difference was
observed (p = 0.8509). (F) Blood from a mouse infected with BSSM-mCherry parasites was
examined by live cell fluorescence microscopy. Fluorescence (top) and merged (bottom) images
are shown. Trypanosomes (red) are readily detected among host red blood cells. Scale bar is
50pum. (G) The indicated number of BSSM-mCherry cells in triplicate were imaged using the
Maestro system. Fluorescent (top) and grayscale (bottom) images are shown. (H) Dose-response
curve of parasite fluorescence detection using the Maestro system. Fluorescence intensities of
serial dilutions of BSSM-mCherry parasites shown in Figure 1G were quantified using the
Maestro imaging system software. Data are averages from three replicates for each cell number.

Error bars show standard error of the mean.
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Figure 2. Bloodstream trypanosomes expressing mCherry fluorescent protein are
visualized in mouse tissues and in blood vessels of live fish. (A) Spleens from uninfected mice
(uninfected) and from mice infected with non-fluorescent control parasites (Ctrl) or BSSM-

mCherry parasites (mCherry) were imaged using the Maestro imaging system. (B) Livers from
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uninfected mice (uninfected) and from mice infected with mCherry parasites were imaged using
the Maestro imaging system. Grayscale (left) and fluorescent (right) images are shown. Scale
bar is Icm. (C) Livers from uninfected mice (uninfected) or from mice infected with mCherry
parasites (mCherry) were imaged after eight months of storage at -80 degrees, with two
freeze/thaw cycles. These same livers were originally imaged on the day of preparation, shown
in figure 2B. Thus, parasite fluorescence in tissues is stable for at least eight months. Grayscale
(left) and fluorescence (right) images are shown. Scale bar is Icm. (D-F) Red mCherry 7.
brucei were injected into the zebrafish blood circulation by cardiac injection. Live zebrafish
were immobilized and imaged by video fluorescence microscopy. One frame of the video is
shown (D), as well as close up time-lapsed images (E, F). Top and bottom images in panels E
and F are taken 1.5 seconds apart. Single parasites can be seen moving in the blood vessels of
live fish. For reference, a single trypanosome is indicated with a dashed arrow at t = 0 seconds
(top panels) and the same trypanosome is indicated 1.5 seconds later (bottom panels).
Fluorescent (E) and combined fluorescent/phase contrast (D & F) channels are shown. Scale bar

50 wm, panel A; scale bar 25 um, panels B and C.
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Figure 3. Direct fluorescence imaging of individual parasites in brain, spleen and liver

tissues from infected mice. (A — C) Wet preparations of brain tissue from a mouse infected
with BSSM-mCherry parasites were thick-sectioned and imaged by fluorescence microscopy at

seven days post infection. Parasites (red) are readily seen aligned along blood vessels (arrows).
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DIC (A), fluorescence (B) and merged (C) images are shown. Each panel is a composite image
generated from two overlapping fields of view. Scale bar is 40 um. (D — E) Fluorescence
microscopy of spleen (D) or liver (E) tissues from uninfected mice (uninf) or mice infected with
mCherry parasistes (mCherry). Wet preparations of tissues were thick-sectioned and examined
by fluorescence microscopy. Individual parasites (red) are readily distinguished from host cells
in each tissue type. Phase contrast (left), fluorescence (center) and merged (right) images are

shown for all samples. Scale bar is 25 um.
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Figure 4. Individual red fluorescent trypanosomes are readily imaged within blood vessels
of live fish. Red mCherry T. brucei were injected by cardiovascular injection in a transgenic
zebrafish having green fluorescent vascular endothelia. Live zebrafish were immobilized and
imaged by video microscopy in fluorescent (A) and (B), phase contrast (C), or combined

fluorescent/phase contrast (D) channels. Single red fluorescent parasites (B) can be seen in the
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lumen of a green blood vessel (A). Arrows represent blood vessels (A) or individual parasites

(B), Scale bar is 25 um.
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Supporting Information

Supporting Videos

Video 1. T. brucei mCherry parasites are resolved at single-cell resolution in zebrafish.
Representative live video shows individual parasites in blood vessels of a live wild type fish.
Videos were taken immediately after cardiac injection of parasites. Frame rate is 15 frames/sec
for capture and playback. Fish tissues and blood cells (gray) are readily distinguishable from

parasites (red).

Video 2. Individual 7. brucei mCherry parasites are visualized in fluorescently labeled
blood vessels of zebrafish. Representative live video shows a single parasite in a blood vessel
of a live transgenic fish with fluorescent green blood vessels. The fish blood vessel (green) and
is readily distinguishable from the parasite (red). Frame rate is 15 frames/sec for capture and

playback. .
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Abstract

Cilia and flagella' have emerged to occupy a central position in human physiology.
Ciliary dysfunction results in several disorders and diseases termed ciliopathies. Many
ciliopathy genes and disease gene candidates have been identified [Fliegauf et al., 2007], but
there is limited information about specific functions and molecular mechanisms of flagellum
proteins underlying most ciliopathies. Situ inversus is a genetic disorder in which major visceral
organs are reversed from their normal body position. IFT88 is required for assembly of the
flagellum and mutations in the IFT88 gene have been linked to situs inversus and respiratory
malfunction in humans. Genetic studies in humans done by our collaborators identified several
changes in the IFT88 gene between normal and diseased individuals. However, it was not
possible to distinguish between disease causing mutations and benign polymorphisms in part
because of the lack of facile methods for systematic mutational analysis of ciliary genes. IFT88
is conserved between humans and trypanosomes. We recently established systems for structure-
function analysis of proteins in the protozoan parasite Trypanosoma brucei, which has emerged
as an excellent model to study eukaryotic flagella. In these systems a mutant protein is
expressed in a background where the endogenous, wild type protein is depleted or absent,
allowing discovery of protein domains or amino acids required for function. In the present study
we have exploited this system to test the function of IFT88 mutations synonymous with those
observed in humans with situs inversus. Expression in 7. brucei of the above mutations allowed
identification of a single amino acid essential for IFT88 function. IFT88R597H mutation
disrupted flagellum function while IFT88R260Q did not, thus distinguishing between loss of
function mutations and benign polymorphisms. To our knowledge this is the first time a single

residue has ever been identified to be essential for the function of IFT88. The IFT88R597H

1. Cilia and flagella can be used interchangeably.
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mutation described here provides a unique opportunity to decipher cilia functions in adult

mammals by introducing the corresponding mutation in a vertebrate system.
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Introduction

Cilia are microtubule-based organelles projecting from the surface of virtually every cell
type in mammals. Cilia are evolutionary conserved and are required for many cellular functions
including motility, signaling, sensory reception, and sexual reproduction [Badano et al., 2006].
These organelles are essential for human physiology. For example, cilia-driven motility is
essential to clear mucus out of respiratory tracts, move eggs in oviducts, and generate the flow
essential for determining left—right asymmetry of the viscera in the embryo [Badano et al., 2006;
Bisgrove and Yost 2006; Willaredt et al., 2008]. As such, cilia defects cause many diseases

generally known as ciliopathies, including polycystic kidney disease.

Intraflagellar transport (IFT) is implicated in eukaryotic cilia assembly but also
participates in non-ciliary functions such as membrane trafficking in non-ciliated cells [Finetti et
al., 2009]. IFT is the bidirectional movement of multimeric complexes along cilia. Microtubule-
based motor proteins Kinesin-2 and cytoplasmic dynein 2 move IFT proteins and their cargos
along the axoneme of cilia [Rosenbaum and Witman 2002; Pedersen and Rosenbaum 2008].
Most IFT proteins contain domains known to mediate protein—protein interaction. The I[FT
system in Chlamydomonas reinhardtii has 20 proteins organized in two biochemically different
complexes. Complex A returns IFT trains from the flagellum tip to the cell body for turnover,
whereas complex B is important for the anterograde movement required for cilia formation and
maintenance [Piperno and Mead 1997; Cole et al., 1998; Cole 2003]. Many subunits of the IFT
machinery have been discovered, however very little is known about how the IFT proteins carry
out their function individually or together. For example, it is unclear how IFT proteins interact

with the cargoes they transport [Bhogaraju et al., 2013; Bhogaraju et al., 2013].
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The IFT Complex B protein IFT88 is homologous to the polycystic kidney disease gene
Tg737 in mice. The Chlamydomonas reinhardtii IFT88 has 9-10 tetratricopeptide repeats (TPR)
(Fig. 2A), which are degenerate 34—amino acid repeats [Lamb et al., 1995] predicted to form
amphipathic helices and to mediate protein-protein interactions [Pazour et al., 2000]. This
protein is highly conserved among ciliated organisms including trypanosomes, fish, and humans.
IFT88 localizes to cilia [Taulman et al., 2001; Kohl et al., 2003] and is required for cilium
assembly in many ciliated organisms [Perkins et al., 1986; Pazour et al., 2000; Haycraft et al.,

2001; Kohl et al., 2003; Tsujikawa and Malicki 2004].

Disruption of IFT88 has been shown to cause defects in a variety of organisms.
Disruption of IFT88 in Chlamydomonas abrogates flagella formation and affects signaling
[Pazour et al., 2000; Satir 2007]. Mice with hypomorphic mutations in the [IFT88 homolog
Tg737 assemble shorter cilia in their kidneys and have severe polycystic kidney disease with
phenotypes similar to human autosomal recessive polycystic kidney disease (ARPKD) [Moyer et
al., 1994; Yoder et al., 1996; Pazour et al., 2000; Haycraft et al., 2001; Huangfu et al., 2003].
Null alleles of Tg737 have a more severe phenotype because these mutant mice lack cilia on the
embryonic node, have defects in Hedgehog signaling, manifest left-right asymmetry impairment,
and die in utero [Murcia et al., 2000]. IFT88 disruption in zebrafish causes defects in sensory
neurons [Tsujikawa and Malicki 2004; Sukumaran and Perkins 2009]. Roles for IFT88 in cell
division [Robert et al., 2007; Delaval et al., 2011] as well as bone and cartilage formation have
also been demonstrated [Ochiai et al., 2009], exemplifying critical functions of this protein. Our
collaborator Dr. Heymut Omran in Germany had identified mutations in IFT88 that are

associated with sifus inversus, a congenital condition in which left to right asymmetry is
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disrupted and the major abdominal organs are reversed from their normal positions. However, it
isn’t known if these substitutions are disease-causing mutations or simply polymorphisms that

don’t affect function.

African trypanosomes Trypanosoma brucei and related subspecies are protozoan
parasites that cause African sleeping sickness, a fatal disease with devastating health and
economic consequences in sub-Saharan Africa. These parasites are highly motile and rely on
their own flagellum-dependent motility to move into different tissues to cause disease. Other
roles of the flagellum in 7. brucei include cell division and morphogenesis, sensing, and
pathogenesis [Ralston and Hill 2008]. 7. brucei has emerged as an execellent model system to
study the eukaryotic cilium or flagellum [Ralston and Hill 2008; Vincensini et al., 2011].
Conserved and specific flagellar proteins have been identified in 7. brucei [Li et al., 2004;
Branche et al., 2006; Broadhead et al., 2006; Baron et al., 2007]. However, there is scant
information on how flagellar proteins actually work, because all studies to date have used RNAI,
which can determine if a protein is required for flagellum function, but does not give information
about mechanisms. We established a facile system for structure function studies in 7. brucei
(Appendix 2) [Ralston et al., 2011]. This strategy is based on the expression of a mutant protein
in a background where the endogenous, wild type copy is depleted. This system allows
identification of key protein domains and residues that are essential for flagellum function. In
the present study we applied this system to discover residues required for IFT88 function.
Expression in 7. brucei of the corresponding IFT88 mutations found in patients with situs
inversus led to identification of the IFT88R597H point mutation that disrupted flagellum

function, indicating this residue is essential for IFT88 function in this parasite. Given the
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conserved nature of this residue in IFT88 in both trypanosomes and humans, our data suggest a

similar effect of the corresponding mutation in situs inversus in humans.
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Results

Generation of 3° UTR RNAIi (knockdown) IFTS88 cell line.

A major obstacle to investigations of flagellum protein structure-function is an absence of
systems for detailed mutational assessment of a given gene. To bridge this gap we recently
developed a two-plasmid system for RNAi-based structure-function studies in 7. brucei
(Appendix 2) [Ralston et al., 2011]. The two-plasmid system relies on robust systems for
inducible RNAi and protein expression in 7. brucei to guide tetracycline-inducible RNAi against
a target mRNA 3’UTR, with simultaneous inducible expression of an epitope-tagged version of
the targeted gene that is immune to RNAi. In this system the p2T7TiB RNA1 [LaCount et al.,
2002] plasmid is used to drive tetracycline-inducible expression of target dSRNA, whereas the
pKR10 [Ralston et al., 2011] vector drives tetracycline-inducible expression of an RNAi-
resistant wild-type or mutant version of the target gene’s open reading frame (ORF) bearing an
epitope tag. This system allows replacement in 7. brucei of an endogenous protein with a
mutated copy in a background where the endogenous protein is absent or has been depleted. The
mutated protein still assembles, but may not function, enabling identification of recessive as well
as dominant mutations. With this strategy we previously identified amino acids in the dynein

light chain 1, “LC17”, that are required for motility (Appendix 2) [Ralston et al., 2011].

To generate the IFT88 3 UTR RNAI cell line, 29-13 cells harboring the machinery for
tetracycline-inducible gene expression (Wirtz et al., 1999) were stably transfected with p2T7-Ti-

B constructs to guide RNAi against the first 502 bp of the 3’ UTR of IFT88. Upon tetracycline-
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induction, quantitative real time PCR (qRT PCR) analysis demonstrated that IFT88 was
successfully knocked down (Figure 1A). Transcription in 7. brucei is polycistronic [Vanhamme
and Pays 1995]. Thus, qRT PCR analysis was done to show that IFT88 was depleted without
affecting the mRNA of the downstream gene (Figure 1A). IFT88 ablation caused lethality
(Figure 3E) characterized by accumulation of large amorphous masses that failed to divide
(Figure 1D). Defective motility was also observed upon IFT88 knockdown as demonstrated by
the sedimentation assay (Figure 1B), as well as motility traces (Figure 4B-C) and high resolution
video microscopy (Videos 1-2) of individual parasites. Some induced cells have very short
flagella while others lack flagella completely (Figure 1D and Video 2). These results mirror the

phenotypes of the IFT88 ORF RNAi mutants described previously [Kohl et al., 2003]

To see whether wild type (WT) IFT88 rescues the phenotype of IFT88 knockdowns in
our system, we cloned the IFT88 ORF in-frame with an HA epitope tag into the expression
vector pKR 10 [Ralston et al., 2011]. The resulting plasmid was subsequently introduced into the
IFT88 3° UTR knockdown cell line. Following tetracycline-induction, wild type (WT) HA-
IFT88 protein was produced in induced cells as demonstrated by western blot analysis (Figure
1C). In addition, HA-IFT88 correctly localized to the flagellum (Figure 4A) as was previously
shown for the endogeous IFT88 [Kohl et al., 2003]. Importantly, WT HA-IFT88 rescued the
IFT88 RNA1 knockdown lethality phenotype, restored flagella assembly and motility in induced
cells as demonstrated by the sedimentation assay (Figure 1B), DIC images (Figure 1D), growth
rates (Figure 3E), motility traces (Figure 4B-C), and high-resolution video microscopy (Video

3). These data therefore demonstrate that we specifically targeted IFT88 in 7. brucei.
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IFT 88 amino acids to target for mutagenesis in 7. brucei

Dr. Heymut Omran, our collaborator at the University Hospital Muenster at Munich,
Germany, identified genetic changes in the IFT88 coding sequence from patients with situs
inversus (Figure 2A). These mutations include R266Q, E331X, S356N, R607H and are
summarized in Table 1. To determine if the above mutations are conserved in 7. brucei, we
performed sequence alignment. Alignment of human and trypanosome IFT88 sequences
demonstrates strong sequence conservation between the proteins (Figure 2B). Overall, TbIFT88
1s 40% identical to HSIFT88. Sequence alignment revealed that amino acids R266, E331 and
R607 are conserved in 7. brucei, whereas S356 is not conserved (Figure 2B). Their
corresponding residues in 7. brucei are R260, E325, R597, and S350 respectively (Figure 2B).
E331X introduces a premature stop codon in the IFT88 polypeptide. Introduction of a premature
stop codon in IFT88 has been shown to disrupt IFT88 function in mice and zebra fish [Moyer et
al., 1994; Pazour et al., 2000; Huangfu et al., 2003; Tsujikawa and Malicki 2004; Willaredt et al.,
2008]. Serine 356 is not conserved in 7. brucei. For these reasons, we decided to focus on the
R266Q and R607H mutations. Notably both R266Q and R607H mutations appear to locate
within regions of high conservation (Figure 2C) and within the IFT88 TPR motifs. To test
whether these mutations disrupt IFT88 function, we mutagenized and introduced the
corresponding R260Q and R597H mutations in 7. brucei (Fig. 3A-B). IFT88 point mutant genes
were cloned in-frame with an HA epitope tag into the expression vector pKR10 [Ralston et al.,
2011]. The resulting plasmids were subsequently used to transfect the IFT88 3 UTR knockdown

T. brucei.
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Phenotypes of IFT88 point mutants

Upon tetracycline induction, both mutant proteins HA-IFT88R260Q and HA-
IFT88R597H, hereafter referred to as R260Q and R597H, were well expressed in induced cells
(Figure 3C). Both mutant proteins correctly localize to the flagellum (Fig. 4A) as reported
previously for the endogenous IFT88 [Kohl et al., 2003]. Expression of the point mutants
rescued the lethality phenotype of IFT88 knockdown. Moreover, the point mutants assemble
flagella with normal length and have normal growth rates, although R597H cells grow slowly
compared to uninduced cells (Figure 3D-E). R260Q mutant cells (not shown) exhibited no
discernable defects, indicating this amino acid is not required for IFT88 function in 7. brucei. By
contrast, R597H mutants have defective motility, as demonstrated by motility traces (Figure 4B-
C), and video microscopy (Videos 4-6). A proportion of R597H mutants spin (Video 5) like the
previously described dynein regulatory trypanin mutants [Hill et al., 2000], whereas some cells
move backward (Video 6) as seen in the LC1 knockdown mutants [Baron et al., 2007]. Taken
together these data indicate that RS97H is a hypomorphic mutation that causes a partial loss of
IFT88 function in 7. brucei and strongly suggest the implication of the corresponding mutation

in situs inversus observed in humans harboring this mutation.
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Discussion

We have successfully knocked down the IFT88 transcript by directing RNAIi against its
3> UTR . IFT88 3° UTR RNAI reproduced the IFT88 ORF RNAi phenotype [Kohl et al., 2003]
and caused lethality in 7. brucei. Expression of a HA-tagged WT-IFT88 rescues the lethality
phenotype associated with depletion of the endogenous IFT88. Sequence alignment showed
three out of four IFT88 residues mutated in humans with situs inversus are conserved in 7.
brucei. These amino acids are located within regions of high conservation and within the TPR
motifs of the IFT88 polypeptide. We have reconstructed the corresponding R260Q and R597H
mutations in 7. brucei using our recently established RNAi system for structure function analysis
of flagellar proteins (Appendix 2) [Ralston et al., 2011]. Expression in 7. brucei of R260Q and
R597H mutations rescued the lethality phenotype of IFT88 knockdown as well as restored
normal flagella length. Although expression of R260Q did not cause any discernable defects in
the induced cells, R597H in contrast is a partial loss of function mutation that disrupted motility

in this parasite. Hence the amino acid R597 is required for IFT88 function in 7. brucei.

Previous investigations have shown that IFT88 knockdown in 7. brucei blocks flagellum
assembly, impairs cell size, shape, polarity, cell division, as well as causes lethality [Kohl et al.,
2003; Absalon et al., 2008]. However, the phenotypes of IFT88 point mutants differ significantly
from the phenotypes resulting from complete ablation of IFT88 in this parasite. R260Q mutant
trypanosomes do not exhibit any discernable abnormal phenotype. This might signify either the
synonymous mutation is a benign polymorphism that does not affect function or species-specific
differences for the requirement of this amino acid. It is also possible that R260Q causes subtle

changes in the flagellum function that we were unable to track. It has previously been shown
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that replacement of glutamine by arginine in IFT172, another intraflagellar transport protein
necessary for the retrograde movement in flagella, is predicted to be a structurally conservative
amino acid substitution in the C. elegans and C. reinhardtii orthologs of IFT172 [Karlin and
Ghandour 1985; Tran et al., 2008]. It is therefore possible that IFT88-R260Q is a structurally
conservative residue substitution in 7. brucei. R266Q), the corresponding IFT88R260Q mutation
in humans, is heterozygous. However, using our structure-function analysis system we
expressed this mutation as a homozygous mutation in 7. brucei. Previous investigations have
shown that some heterozygous mutations, when expressed as homozygous mutations, restore
function [Liu et al., ; Crosby et al., 1992; Liu et al., 2011], which could explain why we did not

discern any abnormal phenotypes in the R260Q mutants in trypanosomes.

R597H parasites assemble flagella but are defective in motility. It is unclear how R597H
disrupts flagellum function in 7. brucei. Structurally, R597 is located within one of the seven
TPR motifs that are found without spacing between residues 441-676 of IFT88 in C. reinhardtii
[Pazour et al., 2000]. Several investigations evoke interactions between the TPR-polypeptide
IFT88 and ciliary cargos [Bhowmick et al., 2009; Trivedi et al., 2012; Bhogaraju et al., 2013].
Since TPR motifs mediate protein-protein interactions [Lamb et al., 1995; Cole 2003; Jekely and
Arendt 2006; Taschner et al., 2012; van Dam et al., 2013] it is therefore possible that RS97H
disrupts the interaction between IFT88 and its cargoes or interacting partners, thereby
compromising flagellum function in 7. brucei. Furthermore, IFT associations with its cargos are
believed to be transient since such interactions, with fast off-rates, may be useful as they would
facilitate cargo unloading when the IFT trains reach the flagellum tip [Lechtreck et al., 2009]. It

is possible that the RS97H substitution disrupts this mechanism.
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The eukaryotic flagellum or cilium has emerged as a major signaling center for virtually
all organisms where it has been examined. Indeed, flagella are essential for sensing and mating
in Chlamydomonas [Badano et al., 2006] and many proteins that are important for signal
transduction have been localized to the flagellum of several organisms [Perkins et al., 1986;
Huangfu et al., 2003; Haycraft et al., 2005; Huangfu and Anderson 2005; Badano et al., 2006;
Caspary et al., 2007; Fliegauf et al., 2007] including 7. brucei [Perkins et al., 1986; Huangfu et
al., 2003; Haycraft et al., 2005; Huangfu and Anderson 2005; Badano et al., 2006; Caspary et al.,
2007; Fliegauf et al., 2007; Oberholzer et al., 2011]. Hence it is possible that RS97H disrupts the
sensing mechanism of the flagellum in 7. brucei. Testing such a hypothesis is beyond the scope
of the present study and further investigations are needed to address this idea. Nevertheless, our
data clearly indicate that RS97H is a hypomorphic mutation that partially disrupts flagellum

function in 7. brucei.

IFT88 is essential for ciliary and non-ciliary functions such as trafficking and cell
division [Robert et al., 2007; Delaval et al., 2011], exemplifying the role of this protein in many
biological processes. Consequently, loss of IFT88 homologs in vertebrates including humans is
associated with a broad range of pathologies. Indeed, ablation of polaris, the IFT88 homolog in
mice, causes motile and sensory cilia impairment with randomized left-right asymmetry, absence
of cilia in the node, abnormal brain morphology, severe polycystic kidney disease accompanied
by retinal defects, and early embryonic lethality [Murcia et al., 2000; Pazour et al., 2000;
Huangfu et al., 2003; Tsujikawa and Malicki 2004; Badano et al., 2006]. Total disruption of the
IFT mechanism is incompatible with life [Badano et al., 2006] because it blocks cilia and flagella

biogenesis as was demonstrated for null IFT88 mutants in small animals. Ciliary motility is
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required for left-right flow in the node, which is essential for the establishment of left-right
asymmetry of the body during the development. This could explain why, up to date, no null
IFT88 human patients have been found.

A number of hypomorphic IFT88 mutations have been generated [Moyer et al., 1994;
Pazour et al., 2000; Huangfu et al., 2003; Tsujikawa and Malicki 2004]; despite their
hypomorphic nature, all the above mutants are nonetheless lethal in small animals early after
birth, precluding any ciliary function studies in adult tissues. The fact that the R597H mutation
does not cause any observable lethality in trypanosomes may be consistent with the observation
that patients harboring the corresponding R607H mutation can attain adulthood. It also suggests
that this mutation only impedes discrete cilia and flagella functions in humans. Data obtained in
T. brucei therefore strongly suggest that the R607H mutation is involved in situs inversus
humans. Additional studies in small animals are needed to confirm whether this mutation causes
Situs inversus.

How might R607H cause situs inversus? Firstly, it is possible that R607H disrupts
motility functions of cilia or flagella, which leads to decreased generation of the left-right flow in
the node during early embryonic development in vertebrates. Decreased or absent motility of
nodal cilia has been shown to disrupt the left-right body symmetry in mice [Huangfu et al.,
2003]. Second, the mouse IFT88 homolog polaris has been shown to be required for the Sonic
Hedgehog signaling pathway in animals [Murcia et al., 2000; Haycraft et al., 2005; Caspary et
al., 2007; Veland et al., 2009]. It is tempting to speculate that R607H disrupts cilia sensory
function in mammals as has been reported for several [FT mutants including IFT88 mutants

[Pazour et al., 2002; Yoder et al., 2002; Huangfu et al., 2003; Haycraft et al., 2005; Huangfu and
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Anderson 2005; Liu et al., 2005; May et al., 2005; Nauli et al., 2008; Tran et al., 2008]. Finally,

R607H could also impede both motility and sensory functions of cilia in humans.

Our understanding of morphological defects and the role of cilia and flagella over time is
hindered by the lethality of IFT mutants and severe systemic pathology leading to early mortality
in hypomorphic and null mutants [Takeda et al., 1999; Murcia et al., 2000; Davenport et al.,
2007]. Conditional null alleles of 7g737, the mouse IFT88 homolog, have been utilized to
overcome such barriers [Davenport and Yoder 2005]. Identification of another IFT88
hypomorphic mutation described here should complement the above studies and provides a

unique opportunity to study the role of cilia and flagella in adult animals.
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Experimental procedures

Sequence Alignment

Human IFT88 protein sequence was downloaded from the GeneDB website. Homo
sapiens and T. brucei IFT88 sequence alignments were performed with the Clustal W algorithm
[Thompson et al., 1994] using Vector NTI software (Vector NTI Advance Suite 8, InforMax

Inc., Bethesda, MD)

DNA plasmids and sequencing

The RNAI plasmid was constructed in p2T7"'B, which comprises two opposing
tetracycline-inducible T7 promoters aimed to generate an intermolecular double stranded RNA
upon tetracycline-induced transcription [LaCount et al., 2002]. In order to generate
p2T7"B/IFT88-UTR, a 502-bp fragment that corresponds to nucleotides 1 — 502 of the IFT88
(Tb11.55.0006) 3" UTR was amplified by PCR from 29-13 genomic DNA and cloned into
p2T7"'B at the TOPO recognition sites flanked by the opposed T7 promoters. Full-length IFT88
(Tb11.55.0006) was PCR-amplified from 29-13 genomic DNA. Mutant IFT88 genes were
generated by site-directed mutagenesis with the QuickChange 11 kit (Stratagene). The pKR10
expression vector described in [Ralston et al., ; Ralston et al., 2011] was used to express the full-

length open reading frames of the IFT88 wild type (WT) or mutant genes in parasites. Briefly,
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full-length IFT88 WT and point mutant genes were first separately subcloned into pCR-Blunt-II-
TOPO (Invitrogen) before cloning them downstream of the HA tag into the X%o I and Mfe I sites
in pKR10. All DNA constructs were verified by direct sequencing and linearized at the unique
pKR10 Norl site prior to parasite transfection. Sequencing was performed at UCLA Genotyping
and Sequencing Core Facility or at Genewiz. Primers used to PCR-amplify WT IFT88 gene are
as follow: 5 ATG GAC TTA CAA CAG GGT GAC 3’ and 5° TAT TCC CGG GAG GTC AAT
TTC 3°. Primers used to generate points mutants are as follow: IFT88R260Q 5> GCC ATT AAA
ATG TAC CAA ATG ACG TTG GAC GAG 3’ and 5’ CTC GTC CAA CGT CAT TTG GTA
CAT TTT AAT GGC 3’; IFT88R598H 5° CCC TCT ACG CTC ACG AAG GGG ACG AC 3’
and 5 GTC GTC CCC TTC GTG AGC GTA GAG GG 3’. Nucleotide substitutions are
underlined on the primer sequences. Primers used to sequence the full-length IFT88 WT and
point mutant genes are as follows: 5> ATG GAC TTA CAA CAG GGT GAC 3’; 5> CTC TGC
AAG CAG CGT GAG A 3°; 5 GGT GCG GAA GGG GAA GAC G 3’; 5 TAT GAA AAG

GCA CGA ACT TACTAC3’; 5> CGT AAG TAC CCG GAG AACCT 3.

Cell culture and transfection

For all experiments we used procyclic form 29-13 cells [Wirtz et al., 1999] engineered to
express T7 polymerase and tet repressor. Cells were grown at 28 °C in Cunningham’s SM
supplemented with 10% heat-inactivated fetal calf serum (HIFCS) as described in [Ralston et al.,
2006]. Transfections were carried out as described [Ralston et al., 2011]. Briefly, cells were

washed and resuspended to 5x10’ cells/ml in electroporation medium (EM) simultaneously with
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linearized plasmid DNA (10 ng). Electroporation was carried out using a Bio-Rad Gene Pulser.
After transfection, cells were shifted to fresh medium and incubated overnight in order to recover
before initiation of drug selection within 24 hours post-transfection. Cells were cloned by
limiting dilution following transfection. To assess cell growth, parasites were split into two
flasks and cultured with or without tetracycline (1 pug/ml) before parasites were counted in a

Coulter counter and the means of two independent counts are reported for growth curves.

RNA preparation and quantitative real-time (RT)-PCR

RNA preparation and quantitative RT-PCR were performed as in [Ralston et al., ; Ralston
etal., 2011]. Briefly, cells were split with or without tetracycline (1 pg/ml) and grown for 72
hours. Total RNAs were extracted using an RNeasy kit (Qiagen). Real-time PCR was
performed using SYBR master mix (Bio-Rad) and gene-specific primers after reverse
transcription using oligo dT primers (Invitrogen) and the SS RT II kit (Invitrogen) on DNase I
(Invitrogen)-treated RNA samples (2 pg). Housekeeping genes RPS23
(Tb10.70.7020/Tb10.70.7030) and GAPDH (Tb927.6.4280/Tb927.6.4300) were used as
normalization controls and the relative gene expression was done by the 22T method as
described previously [Livak and Schmittgen 2001]. Data presented are averages from two
independent runs of -Tet and +Tet cultures. Error bars indicate the standard deviations.
Quantitative RT-PCR primers used were as follows: RPS23 5" AGA TTG GCG TTG GAG CGA
AA 3"and 5" GAC CGA AAC CAG AGA CCA GCA 3'; GAPDH, 5 GGC TGA TGT CTC

TGT GGT GGA 3" and 5' GGC TGT CGC TGA TGA AGT CG 3"; IFT88 5 ACA GTT GGG
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CTG GGC GAT AA 3’ and 5° CTG CTT TGC ACC GCC TTT TT 3’; Tb11.55.0007 (gene
downstream of IFT88) 5" AAG AGC GAG CCA GCC CAA AT 3" and 5' GCC ACG CGA CGA

AGT ATT CC.

Waestern blot

Total cell lysate preparations were made from parasites cultured for 72 hours with or
without tetracycline (1 ug/ml). These total lysates were used for western blot experiments
performed as previously described [Hill et al., 2000]. An anti-HA monoclonal antibody
(Covance) was use to probe the HA-IFT88 proteins, while an anti-B-tubulin monoclonal
antibody (Developmental Studies Hybridoma Bank, University of lowa) was used as a control

for protein loading.

Immunofluorescence assays

Immunofluorescence analysis was performed as previously described [Oberholzer et al.,
2011]. Cells were washed three times in PBS and air-dried onto coverslips. Cells were
incubated for 10 min in methanol and 10 min in acetone at -20°C. Following a rehydration step
in PBS, the slides were blocked in blocking solution (PBS + 5% BSA + 5% Normal donkey
serum (Gibco)) for 1.5 h. Cells were subsequently incubated for 1.5 h with the primary anti-HA

antibody (Covance) diluted 1:1,000 in blocking solution. After 5 washes of 10 min each in PBS
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+ 0.05% Tween-20, samples were stained for 1.5 h with the secondary antibody (donkey anti-
mouse Alexa Fluor 488) diluted in blocking solution. After washing five times in PBS + 0.05%
Tween-20 and once in PBS, cells were mounted with Vectashield containing DAPI (Vector
Laboratories). Images were acquired with a 63x objective on a Zeiss Axioskop II compound
microscope and processed using Axiovision (Zeiss, Inc.) and Adobe Photoshop (Adobe Systems,

Inc.).

Motility assays

All motility assays including sedimentation assays, motility traces, and high-resolution
video microscopy were carried out as previously described [Ralston et al., ; Ralston et al., 2011].
Briefly, cells were grown for 72 hours with or without tetracycline. For sedimentation assays
[Bastin et al., 1999], parasites were reconstituted to 5x10° cells/ml and incubated in fresh culture
medium under normal growth conditions. Measurements of the optical density at 600 nm
(OD600) for resuspended and undisturbed samples were taken every two hours for a period of
ten hours. The AOD600 expresses the difference obtained by subtracting the OD600 of the
resuspended from the undisturbed sample. Data presented are averages from two independent
experiments of -Tet and +Tet cultures. Error bars indicate the standard deviations.

To record motility traces, cells were grown with or without tetracycline and cell motility
analysis was done at 72 hours post induction (hpi). Motility traces were done as described
[Ralston et al., 2011]. Briefly, parasites were examined in polyglutamate-coated slide chambers
[Gadelha et al., 2005] using dark field optics on a Zeiss Axioskop II compound microscope with

a 10x objective. Videos were captured using a COHU analog video camera. Analog format
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movies were converted to digital format with an ADVC-300 digital video converter (Canopus,
Co., Ltd.). Movies were recorded at 30 frames per second (fps) and converted to AVI format and
then to stacks of TIFF images using Adobe Premiere Elements software (Adobe Systems). TIFF
image stacks were analyzed using Metamorph software (Molecular Devices) to trace parasite
movement over the indicated time period. Trace data were used to calculate the total distance
travelled. The statistical analysis for significance was calculated by comparing datasets to RNAi
—Tet using the student’s unpaired two-tailed T test.

For high-resolution videos of individual cells, videos were captured in motility chambers
using DIC optics on a Zeiss Axiovert 200 M inverted microscope with a 100x oil-immersion

objective.
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Figure 1. WT IFT88 rescues the lethality phenotype of IFT88 3° UTR knockdown. (A)
Quantitative RT-PCR assay of IFT88 expression in [FT88 3’UTR RNAI cells (RNA1). Data are
averages from two independent sets of minus and plus tetracycline cultures. Error bars indicate
the standard deviations. Both the targeted gene (IFT88) and the gene immediately downstream
(Tb11.02.0007) were analyzed. (B) Sedimentation assay of IFT88 RNAi (RNAi) or IFT88 3’
UTR RNAI rescued with HA-IFT88 (RNAi + WT) parasites from —Tet and +Tet cultures.

Sedimentation curves are the averages of two independent experiments, while error bars

183



represent standard deviations. (C) Western blot of total protein from IFT88 3 UTR knockdown
parasites rescued with wild type HA-IFT88 grown in the presence or absence of tetracycline for
72 h. Blots were probed with antibody against the HA epitope to detect HA-IFT88, or 3-tubulin
as a loading control. (D) DIC images of live RNA1 and RNAi + WT-IFT88 parasites from -Tet
or +Tet cultures. Representative RNAI parasites from +Tet culture are inviable and accumulate
as amorphous masses with short or no flagella, whereas RNAi + WT-IFT88 are viable and have

normal morphology and flagella length. For all panels cells were induced for 72 h.
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Figure 2. H. sapiens IFT88 homolog is highly similar to 7. brucei IFT88. (A) Schematic
representation of IFT88 protein with domain structure. Gray boxes indicate tetratricopeptide
(TPR) motifs. Numbers show sequence positions, whereas stars represent positions of amino
acids mutated in humans with situs inversus. (B) IFT88 Sequence Alignment between H.
sapiens and T. brucei (accession numbers are listed in Experimental Procedures). Both proteins
are 45% identical. Yellow represents strictly conserved amino acids, whereas conservative
substitutions are highlighted in green. Amino acids targeted for mutational analysis are boxed.
Black boxes, conserved; blue box, not conserved. (C) Amino acid sequence similarity plot
(Vector NTI, Invitrogen) of IFT88 homologues from 7. brucei (Tb) and H. sapiens (Hs). A value
of +1 corresponds to a stretch of identical amino acids. Representative regions of low similarity
(residues 72—101) and high similarity (residues 592—610) are shown below the chart. Strictly

conserved positions are highlighted in yellow and conservative substitutions are green.
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Figure 3. IFT88 point mutants rescue lethality of IFT88 RNAi. (A and B) Panel A, R260Q
(IFT88R260Q); Panel B, R597H (IFT88R597H). Nucleotide sequence alignment of WT IFT88
and contig assemblies of R260Q (A) and R597H (B) mutants. Only short regions of the
alignment with mutations are shown. The guanine nucleotide targeted for mutational analysis is
shown in red on the top (WT) line of the sequence alignments for both R260Q and R597H. The
adenine nucleotide introduced to replace guanine is shown with a + sign in the boxed codon on
the bottom line under the chromatograms. Boxed nucleotides indicate the changed coding
sequences that resulted from the mutations. The arrow points to the change in amino acid
highlighted in gray on the polypeptide sequence alignments. (C) Western blot of total protein
from R260Q and R597H cells from —Tet and +Tet cultures. Blots were probed with antibody
against the HA epitope to detect HA-IFT8S, or B-tubulin as a loading control. (D) DIC images
of live R260Q and R597H cells from -Tet or +Tet cultures. Representative cells from +Tet
culture show that point mutants rescue the lethality phenotype of IFT88 knockdown. For panels
A through D cells were induced for 72 h. (E) Growth rates of IFT88 RNAI (red lines), RNAi +
WT, or R597H cells. Cultures were grown with (open symbols) or without (closed symbols)

tetracycline added at time zero. Cells were diluted back to the starting density each day.
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Figure 4. IFT88RS597H disrupts motility in 7. brucei. (A) Immunofluorescence analysis of
IFT88 cells from —Tet and +Tet cultures. Cells were stained for the HA epitope (shown in
green). DAPI staining shows the DNA in blue. WT-IFT88, R260Q, and R597H mutant proteins
localize along the flagellum. (B) Motility traces of RNAi, RNAi + WT-IFT88, R260Q or R597H
cells from —Tet and +Tet cultures. Lines trace the movement of individual cells, and numbers in
each panel represent individual cells and are randomly generated by the software. (C)
Quantification of total distance traveled by individual cells in motility traces (n = 100 cells for
each culture). Horizontal lines are the mean of each data set. Bars indicate the 95% confidence
interval. Results for the data sets were compared to those for RNAi1 minus Tet. *** significant

difference (P <0.005). For all panels cells were induced for 72h.
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Nucleotide position | Nucleotide change Exon | Residue change | Mutation type
797 G>A 11 R266Q Heterozygous
991 G>T 12 E331X Heterozygous
1067 G>A 12 S356N Homozygous
1820 G>A 19 R607H Homozygous

Table 1. Features of IFT88 mutations from humans with situs inversus. Nucleotide position
on IFT88, nucleotide substitution, exon number where each mutation is located, the resulting

amino acid change, and the nature of mutation are indicated.
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Supplemental Videos

Video 1. Wild type motility of IFT88 knockdown trypanosomes in —Tet cultures.
Representative live video shows propulsive motility of IFT88 knockdown parasites taken from —
Tet cultures. Parasites move rapidly and translocate with tip of flagellum leading. Frame rate

for capture and playback is 30 frames/sec.

Video 2. Defective motility by LC1 knockdown trypanosomes from +Tet cultures.
Representative live video shows cell division failure of IFT88 knockdown parasites grown in
+Tet cultures for 72 hours. Cells accumulate as an amorphous mass having shortened or no

flagella. Frame rate for capture and playback is 30 frames/sec.

Video 3. Expression of wild type, HA-IFT88 rescues the phenotype of IFT88 knockdown.
Representative live video, taken from +Tet cultures (72hpi), shows restoration of viability and
propulsive motility in IFT88 knockdown parasites complemented with WT-IFT88. Parasites
assemble normal flagella, complete cell division, move and translocate with tip of flagellum

leading. Frame rate for capture and playback is 30 frames/sec.

Video 4. Defective motility by R597H trypanosomes.
Representative live video shows defective motility of R597H parasites grown in +Tet cultures
for 72 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted. Frame

rate for capture and playback is 30 frames/sec.
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Video 5. Defective motility by RS97H trypanosomes.
Representative live video shows defective motility of R5S97H parasites grown in +Tet cultures
for 72 hours. Flagellum beating is evident, but cell translocation is blocked and parasite spins.

Frame rate for capture and playback is 30 frames/sec.

Video 6. Defective motility by R597H trypanosomes.
Representative live video shows defective motility of R597H parasites grown in +Tet cultures
for 72 hours. Flagellum beating is evident, but parasite moves backward. Frame rate for capture

and playback is 30 frames/sec.
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Abstract

The nexin-dynein regulatory complex (NDRC) has emerged as a critical regulator of
axonemal dynein. Flagellar beating results from the precise coordinated action of dynein motors
arranged in the flagellar axoneme. Both chemical and mechanical signals are involved in
regulating cilia motility. While some NDRC components have been identified, our
understanding of the composition, assembly and mechanism of this complex remain limited.
Trypanin, a subunit of the NDRC, is a reversible inhibitor of dynein and is essential for normal
motility in Trypanosoma brucei. Recent investigations showed that the requirement of trypanin
for cilium motility extends to vertebrates, where it is required for inner ear development and
human cilium function. However, domains and residues necessary for trypanin assembly and
function remain to be determined. We recently developed structure-function approaches for
systematic mutational analysis of flagellar proteins in 7. brucei that permit quick identification of
important protein domains and residues. We have generated a systematic deletion series of
trypanin and have expressed the mutants in 7. brucei using the above structure-function system.
These studies allowed identification of domains that are essential for microtubule binding and
flagellum targeting. The flagellum is essential in 7. brucei and flagellar defects cause a wide
variety of human inherited diseases. Improving our knowledge of the molecular mechanism
underlying assembly of the NDRC will thus increase our understanding of human genetic

diseases and advance efforts to develop new therapies for trypanosomiasis.
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Introduction

Motile cilia (flagella) are highly conserved organelles that are required for human
development and physiology. Flagellar defects have been implicated in a wide variety of human
genetic diseases [Fliegauf et al., 2007]. Functional flagella also drive locomotion of several
human pathogens that affect many people worldwide [Ginger et al., 2008; Ralston and Hill
2008]Increasing our understanding of the molecular mechanism of flagellar motility will be
crucial in developing a deeper knowledge of human inherited diseases caused by defects in

motile cilia and devising new treatments for infectious diseases.

The flagellum of the protozoan parasite Trypanosoma brucei, the causal agent of sleeping
sickness, displays a unique waveform that is characteristic of the genus and drives cell motility in
the mammalian host and tsetse fly vector [Gruby 1843; Walker 1961; Rodriguez et al., 2009;
Heddergott et al., 2012]. The T. brucei flagellum possesses the canonical “9 + 2” configuration
of motile axonemes, which is the platform for assembly of dynein motors [Ralston et al., 2009].
Dyneins are ATP-driven, microtubule-based molecular motors that drive the flagellar movement.
Nexin links connect contiguous microtubule doublets and restrict microtubule sliding in order to
promote bending of the axoneme [Summers and Gibbons 1971; Satir 2007]. For proper
flagellum beating, thousands of dyneins must be coordinately regulated spatially and temporally
[Baron et al., 2007]. Molecular mechanisms underlying the dynein regulation are poorly
understood although it has been proposed that dynein regulation involves mechanical and
chemical signals [Lindemann and Kanous 1997; Porter and Sale 2000; Smith and Yang 2004;

Lindemann and Lesich 2010].

203



The dynein regulatory complex (DRC) is a key regulator of axonemal dyneins [Howard
et al., 1994; Ralston et al., 2006; Colantonio et al., 2009; Heuser et al., 2009]. This complex was
originally identified through suppressor mutant screens for extragenic suppressors of flagellar
paralysis in radial spoke and central pair mutants in the flagellated green algae Chlamydomonas
reinhardtii [Huang et al., 1982]. These genetic investigations identified five genetic loci (PF?2,
PF3, SUP-PF-3, SUP-PF-4 and SUP-PF-5) that are required for assembly of the DRC [Huang et
al., 1982; Mastronarde et al., 1992; Piperno et al., 1992; Gardner et al., 1994; Porter et al., 1994;
Porter and Sale 2000]. The current model is that the DRC constitutively inhibits the dyneins in
the absence of central pair and radial spoke signals, leading to paralysis of central pair and radial
spoke mutants. The central pair apparatus disseminates signals through the radial spokes to the
DRC in order to release dynein inhibition [Omoto et al., 1999; Porter and Sale 2000]. For dynein
regulation within the axoneme, the DRC therefore acts as a reversible inhibitor of dyneins in
response to signals from the central pair apparatus and radial spokes [Huang et al., 1982; Piperno
et al., 1992; Gardner et al., 1994; Hutchings et al., 2002; Rupp and Porter 2003; Ralston et al.,

2006].

The DRC is a megadalton complex of several polypeptides that are firmly associated with
axonemal microtubules and are resistant to treatments that detach other axonemal proteins such
as the outer and inner dynein arms [Piperno et al., 1994]. The identities of some DRC
components are known. These include trypanin, trypanin related protein (TRP) and component
of motile flagella (CMF) 70 in T. brucei [Ralston et al., 2006; Kabututu et al., 2010]; K. L. (in

preparation)], as well as the DRC candidate CMF22 [Bower et al., 2013; Nguyen 2013].
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Additional studies in Chlamydomonas have expanded the inventory of DRC subunits [Lin et al.,
2011; Bower et al., 2013]. Despite these advances, additional DRC members, member

interactions and molecular mechanisms remain to be determined.

Trypanin is the homolog of Paralyzed Flagella 2 (PF2) in Chlamydomonas [Rupp and
Porter 2003]. Trypanin and its orthologs are members of the ‘‘Trypanin family’’. These proteins
are essential for microtubule-based flagellar motility [Hill et al., 2000; Hutchings et al., 2002;
Ralston et al., 2006; Ralston et al., 2011]. Trypanin localizes along the flagellar axoneme and is
intimately connected to the detergent- and salt- insoluble flagellar cytoskeleton [Hill et al., 2000;
Hutchings et al., 2002; Ralston et al., 2011], and remains associated with the axoneme after
treatment with 1M NacCl [Ralston et al., 2011]. Unfortunately, how the DRC attaches to
microtubules is not well understood. Trypanin has been suggested to be a molecular linker of the
DRC to microtubules [Bekker et al., 2007] and association with the axoneme is believed to be
crucial for DRC function. Genetic studies have demonstrated a requirement for trypanin in
regulating the flagellum beat in 7. brucei [Ralston et al., 2006] similar to the DRC role in
Chlamydomonas [Huang et al., 1982; Piperno et al., 1992; Piperno et al., 1994; Hutchings et al.,
2002; Rupp and Porter 2003]. Although it causes defective flagellum beating, depletion of
trypanin in 7. brucei suppresses flagellar paralysis in central-pair mutants [Ralston et al., 2006]
as shown previously in C. reinhardtii [Huang et al., 1982; Brokaw and Kamiya 1987; Hutchings
et al., 2002; Rupp and Porter 2003]. Trypanin RNAi knockdown in procyclic 7. brucei
reproduces the phenotype of Chlamydomonas pf2 mutants, which fail to coordinate flagellar
beat, lack propulsive cell motility, and exclusively spin and tumble in place [Hutchings et al.,

2002; Ralston et al., 2006]. In contrast, trypanin is essential in the bloodstream stage of 7. brucei
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[Ralston et al., 2006]. The DRC is therefore a good starting point for exploring the flagellum as

a drug target for sleeping sickness.

The requirement for the DRC in cilium motility and development in vertebrates
[Colantonio et al., 2009], including a connection to human genetic disease [Merveille et al.,
2011] has been demonstrated. Indeed, the trypanin homolog GASS8 (also known as GAS11) in
vertebrates has been shown to be essential for inner ear development in zebrafish [Colantonio et
al., 2009]. However, despite its critical role in human biology and in disease, the molecular
mechanisms by which trypanin or the DRC accomplishes its function are completely unknown.
Although microtubule association domains in the mammalian trypanin homolog GAS11 were
recently identified [Bekker et al., 2007], critical functional domains of trypanin are unknown.
We recently developed structure-function methods for systematic mutational analysis of flagellar
proteins in 7. brucei (Appendix 2) [Ralston et al., 2011]. We previously conducted mutational
analysis of conserved amino acids and residues predicted to be phophorylated within the trypanin
protein, which did not reveal any discernable impact on motility [Ralston et al., 2011]. In the
current study we have generated a systematic deletion series of trypanin and have expressed the
mutants in 7. brucei using the aforementioned structure-function system. These studies allowed

identification of domains for microtubule binding and flagellum targeting.
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Results

Deletion analysis

Phosphorylation is known to influence flagellar beating in several organisms [Porter and
Sale 2000], and it has been proposed that several conserved residues of trypanin are
phosphorylated in vivo (D. Baron and K. Hill, unpublished). Mutational analysis of conserved
trypanin residues and amino acids believed to be phosphorylated did not reveal any discernable
impact on motility. In order to identify domains required for trypanin function we conducted a
domain deletion analysis. A schematic representation of the experimental design is shown in
Figure 1. In order to investigate the domains within trypanin that are essential for targeting and
function, we have generated a systematic deletion series (Figure 2) of trypanin mutants for
expression in 7. brucei using our structure-function system [Ralston et al., 2011]. The deletion
series includes the inhibitory microtubule association domain or IMAD (AA 1-113) alone, the
GASI11 microtubule association domain or GMAD (AA 114-257) alone, a combination of IMAD
and GMAD (AA 1-257), AIMAD (AA 114-453), AGMAD (AA 1-113, 258-453), and AIMAD-

AGMAD (AA 258-453) (Figure 2).

We recently generated a Trypanin 3> UTR RNAI [Ralston et al., 2011] cell line that
allows simultaneous downregulation of the endogenous trypanin and expression of a mutant
version of this gene upon tetracycline induction [Ralston et al., 2011]. All the above trypanin
deletion fragments are therefore expressed within the Trypanin 3> UTR RNAI background where
the endogenous trypanin has been ablated . As a control, we used a Trypanin 3° UTR RNAI cell

line rescued with full-length, wild type HA epitope-tagged trypanin [Ralston et al., 2011]. Full-
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length (FL) trypanin is tightly associated with the detergent- and salt- insoluble cytoskeleton (P1)
[Hill et al., 2000; Hutchings et al., 2002; Bekker et al., 2007; Ralston et al., | [Ralston et al.,
2011] as well as to the axoneme (P2) after salt treatment and localizes along the flagellar
axoneme. As expected, following tetracycline induction of the aforementioned control cells, FL
trypanin partitions in P1 and P2 as demonstrated by the fractionation assay (Figure 3A) and

localizes along the axoneme (Figure 3B-C).

The N-terminus or inhibitory microtubule association domain (IMAD) (AA 1-113)
(Figure 2) has been shown to attenuate microtubule binding of the trypanin homolog Gasl1 in
mammalians [Bekker et al., 2007]. This domain was also suggested to allow correct localization
of Gasl1 where this protein is needed within the cell, for instance the Golgi or at the basal body
of the primary cilium, or sites of dynein regulation [Colantonio et al., 2006]. Upon tetracycline
induction, western blot analysis showed that IMAD was produced in induced cells at levels
similar to full-length trypanin (Figure 3B). Two attempts to fractionate this mutant protein
failed.

GAS11 microtubule association domain or GMAD (AA 114-257) is adjacent to IMAD.
GMAD, a conserved and predicted coiled-coil region [Hill et al., 1999; Hill et al., 2000], is a
microtubule-binding domain that was, like IMAD, recently identified in the trypanin mammalian
homolog Gasl1 [Bekker et al., 2007]. A GFP fusion protein encompassing GMAD has been
shown to co-localize with microtubules when exogenously expressed in COS7 cells [Hill et al.,
1999; Hill et al., 2000]. Conservation of GMAD in trypanin strongly suggests that this fragment
binds microtubule and therefore could decorate microtubules throughout induced cells. Upon

tetracycline induction GMAD was expressed at comparable levels to the full-length (FL)
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trypanin but GMAD unexpectedly partitioned to the detergent-soluble protein fraction (S1) as
well as to P1 and P2 fractions (Figure 4A). We performed an indirect fluorescence assay to
determine the localization of GMAD on fraction P1. As shown in Figure 4B, GMAD is
localized throughout the cell including in the flagellum, possibly binding microtubules
everywhere. We reasoned that GMAD could localize to the flagellum in lysed cells but fail to
reach the flagellum in intact, whole cells. To test this possibility we performed the IFA on whole
cells. IFA performed on induced whole cells strikingly revealed that GMAD is localized to the
cytoplasm but not to the flagellum (Figure 4C). Additionally, induced GMAD mutants are
defective in motility as demonstrated by sedimentation assay (Figure 4D) and video microscopy

(Videos 1 and 2). Hence, GMAD is mislocalized and causes a motility defect in 7. brucei.

To determine the functional requirement of the GMAD domain, we deleted this domain
(AGMAD) as shown in Figure 1B. Western blot analysis and preliminary fractionation show
that AGMAD is expressed and partitions similar to FL trypanin (Figure 5SA). AGMAD
localization and phenotype determination of AGMAD cells is underway. Expression of IMAD
along with GMAD (Figure 1B) restores the flagellum localization similar to FL trypanin as
demonstrated by western blot analysis and fractionation (Figure 5B) and whole cell IFA (Figure
5C). These data suggest IMAD mediates trypanin targeting to the flagellum. Additionally
IMAD-GMAD cells have normal motility. The C-terminus domain or AIMAD-AGMAD is a
domain of unknown function. Although AIMAD-AGMAD localization by IFA and phenotype
characterization are underway, this mutant is produced in induced cells and partitions like FL

trypanin as demonstrated by western blot analysis and fractionation (Figure 4E).
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Discussion

Domains mediating trypanin’s function or targeting have not been studied. In the current
study we have targeted all sections of trypanin including unique and conserved regions that
define proteins of the Trypanin family. We employed our recently established structure-function
system as well as IFA analysis and fractionation to identify domains required for trypanin
function and targeting. The structure-function system allows expression of mutants in 7. brucei
depleted of the endogenous protein, while whole-cell IFA is a powerful approach to localize
proteins within cells. Using a series of trypanin fragment deletions, we have identified the
IMAD region as required for trypanin targeting to the flagellum. The GMAD fragment
expressed alone is mislocalized and causes a motility defect in 7. brucei. We surprisingly found

that expressing GMAD along with IMAD correctly localizes GMAD to the flagellum.

The observation that GMAD decorates trypanosome cytoskeletons suggests this domain
stably and indiscriminately binds microtubules, and is consistent with previous studies
demonstrating that this domain in the mammalian homolog Gas11 binds microtubules [Bekker et
al., 2007]. Partitioning of GMAD in S1 could signify saturation of microtubule binding sites. It
has been suggested that Gas11 is the DRC member that mediates DRC attachment to
microtubules through the GMAD domain [Bekker et al., 2007]. However, we surprisingly found
that AGMAD or the C-terminus (AIMAD-AGMAD) domain that lacks IMAD and the GMAD
domain partition in P1 (cytoskeletons) and P2 (flagellar skeletons), indicating interaction with
microtubules. This result suggests trypanin has an additional microtubule-binding domain within

the C-terminus fragment. It also suggests that the C-terminus microtubule interaction is indirect
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through another DRC partner. Further studies are needed to address such hypotheses. GMAD
expression causes a motility defect in T. brucei. The precise reason for the defective motility
phenotype is unknown. We speculate that GMAD competes with other proteins for microtubule
binding. It is also possible that GMAD mislocalization interferes with other protein functions.

Studies to characterize GMAD function in AGMAD mutants are underway.

Previous investigations suggested IMAD allows correct localization of Gasl1, the
trypanin homolog in mammalians [Bekker et al., 2007], where this protein is needed within the
cell at the sites of dynein regulation such as the basal body or Golgi [Bekker et al., 2007].
Indeed, expression of IMAD along with GMAD alone redirects GMAD alone to the flagellum in
T. brucei, corroborating Bekker and colleagues’ findings. Further studies are needed to define
how IMAD mediates correct localization of trypanin to the flagellum. IMAD localization and
phenotypic assessment of IMAD mutant cells is underway. The C-terminus (AIMAD-AGMAD)
domain, which lacks IMAD and GMAD, correctly partitions to P1 and P2 as mentioned above.
The C-terminus domain of trypanin could therefore be another microtubule binding domain in 7.
brucei. This domain could also be a platform assembly for other DRC partners that may have
the potential to regulate trypanin binding to microtubule or dock the dynein regulatory complex

to microtubules.

In summary, many DRC subunits have been identified but molecular mechanisms
fundamental to the function of the DRC remain to be determined. Identification of key trypanin
domains required for motility and targeting described herein represents a unique opportunity for

more detailed description of molecular mechanisms underlying trypanin’s function in regulating
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flagellum motility in 7. brucei. Flagellum motility has a major role in human biology and
disease. Our studies should therefore provide a structural foundation that will ultimately enable
description of flagellum motility mechanisms at the molecular level. Furthermore, identification
of domains that are unique to 7. brucei may represent candidate drug targets for sleeping
sickness. Future studies will assess function to define dynein regulation domains as well as
discovering key residues that are essential for function within the identified domains of trypanin.
These studies therefore will generate insight into mechanisms of flagellum dynein regulation and

potentially aid efforts to use the flagellum as a drug target.
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Experimental Procedures

DNA Constructs, cell cultures and transfection

Wild type (WT), Full-length trypanin ORF was generated previously [Ralston et al.,
2011]. Trypanin deletion mutants were PCR-amplified and cloned downstream of the HA tag
into the Xho I and Mfe I IMAD and IMAD-GMAD) or Mfe I and Mfe I (GMAD and AIMAD)
sites in pKR 10 [Ralston et al., ; Ralston et al., 2011]. All DNA constructs were verified by direct
sequencing and linearized at the unique pKR 10 NotI site prior to cell transfection. Sequencing
was performed at UCLA Genotyping and Sequencing Core Facility or at Genewiz. Primers used
to PCR-amplify trypanin domain deletions are as follows: IMAD 5’
ATGCCACCACGGACCGCTG 3’ and 5° CTTGCACGCCTGCGCCTTC 3’; GMAD 5’
GATGAAAGTGACCGTCTGCTTC 3’ and 5° CTGCTTCATCTGCGCTATTTC 3’; IMAD-
GMAD 5" ATGCCACCACGGACCGCTG 3’ and 5 CTGCTTCATCTGCGCTATTTC 3’;
AIMAD 5> GATGAAAGTGACCGTCTGCTTC 3’ and 5 CTCAAAGTTGCTACGTGGCAG

3.

For all experiments we used procyclic form Trypanin 3> UTR RNAI [Ralston et al.,
2011] engineered to allow simultaneous depletion of the endogenous trypanin and expression of
a mutant copy of this protein upon tetracycline induction. As a control for the fractionation
assay and indirect immunofluorescence analysis, we used a Trypanin 3> UTR RNAI cell line that
expresses a full-length, wild type HA epitope-tagged trypanin upon tetracycline induction

[Ralston et al., 2011]. Cells were grown at 28 °C in Cunningham’s SM supplemented with 10%
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heat-inactivated fetal calf serum (HIFCS) as described in [Ralston et al., 2006]. Transfections
were carried out as described [Ralston et al., 2011]. Briefly, Trypanin 3> UTR RNAI cells were
washed and resuspended to 5x10” cells/ml in electroporation medium (EM) simultaneously with
linearized plasmid DNA (10 ng). Electroporation was carried out using a Bio-Rad Gene Pulser.
After transfection, cells were shifted to fresh medium and incubated overnight in order to recover
before initiation of drug selection within 24 hours post-transfection. Cells were cloned by
limiting dilution following transfection. To assess cell growth, parasites were split into two
flasks and cultured with or without tetracycline (1 pug/ml) before parasites were counted in a

Coulter counter and the means of two independent counts are reported for growth curves.

Waestern blot

Total cell lysate preparations were made from parasites cultured for 72 hours with or
without tetracycline (1 ug/ml). Flagellum skeleton protein extracts were prepared exactly as
described by Ralston and colleagues [Ralston et al., 2011]. Total cell lysates and flagellum
skeleton protein extracts were used for western blot experiments performed as previously
described [Hill et al., 2000]. An anti-HA monoclonal antibody (Covance) was use to probe the
HA-trypanin proteins, while an anti-f-tubulin monoclonal antibody (Developmental Studies

Hybridoma Bank, University of lowa) was used as a control for protein loading.

Immunofluorescence assay
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Immunofluorescence analysis was performed as previously described [Oberholzer et al.,
2011]. Cells or cytoskeletons (P1 fraction) were washed three times in PBS and air-dried onto
coverslips. Cells were incubated for 10 min in methanol and 10 min in acetone at -20°C.
Following a rehydration step in PBS, the slides were blocked in blocking solution (PBS + 5%
BSA + 5% Normal donkey serum (Gibco)) for 1.5 h. Cells were subsequently incubated for 1.5
h with the primary anti-HA antibody (Covance) diluted 1:1,000 in blocking solution. After 5
washes of 10 min each in PBS + 0.05% Tween-20, samples were stained for 1.5 h with the
secondary antibody (donkey anti-mouse Alexa Fluor 488) diluted in blocking solution. After
washing five times in PBS + 0.05% Tween-20 and once in PBS, cells were mounted with
Vectashield containing DAPI (Vector Laboratories). Images were acquired with a 63x objective
on a Zeiss Axioskop Il compound microscope and processed using Axiovision (Zeiss, Inc.) and

Adobe Photoshop (Adobe Systems, Inc.).

Motility assays

All motility assays including sedimentation assays, motility traces, and high-resolution
video microscopy were carried out as previously described [Ralston et al., 2011]. Briefly, cells
were grown for 72 hours with or without tetracycline. For sedimentation assays [Bastin et al.,
1999], parasites were reconstituted to 5x10° cells/ml and incubated in fresh culture medium at
growth conditions. Measurements of the optical density at 600 nm (OD600) for resuspended and
undisturbed samples were taken every two hours for a period of ten hours. The sample AOD600

expresses the difference in OD600 obtained by subtracting the OD600 of the resuspended from
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the undisturbed sample. Data presented are averages from two independent experiments of -Tet

and +Tet cultures. Error bars indicate the standard deviations.

To record motility traces, cells were grown with or without tetracycline and cell motility
analysis was done at 72 hours post induction as described [Ralston et al., 2011]. Briefly,
parasites were examined in polyglutamate-coated slide motility,chambers [Gadelha et al., 2005]
using dark field optics on a Zeiss Axioskop Il compound microscope with a 10x objective.
Videos were captured using a COHU analog video camera. Analog format movies were
converted to digital format with an ADVC-300 digital video converter (Canopus, Co., Ltd.).
Movies were recorded at 30 frames per second (fps) and converted to AVI format and then to
stacks of TIFF images using Adobe Premiere Elements software (Adobe Systems). TIFF image
stacks were analyzed using Metamorph software (Molecular Devices) to trace parasite
movement over the indicated time period. Trace data were used to calculate the total distance
travelled. The statistical analysis for significance was calculated by comparing datasets to RNAi
—Tet using the student’s unpaired two-tailed T test.

For high-resolution videos of individual cells, videos were captured in motility chambers
using DIC optics on a Zeiss Axiovert 200 M inverted microscope with a 100x oil-immersion

objective.
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Figure 1. Study experimental procedure. A schematic representation of the study
experimental procedure. Following generation of trypanin domain deletion mutants by PCR (1),
the mutant contructcs are cloned into the expression vector pKR10 (2) prior to transfection into
procyclic trypanin-3’UTR RNAI1 trypanosomes (3). Expression and localization of mutant
proteins as well as phenotype assessment of mutant cells are determined using various

modalities.
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Figure 2. Schematic representation of Trypanin deletion mutants employed in this study

and potential outcome for mutant proteins. Full-length (FL) trypanin, AGMAD, IMAD-

GMAD, GMAD, and AIMAD fragments are shown. Corresponding amino acids are indicated:

AGMAD (residues 1-113 and 258-453), IMAD-GMAD (residues 1-257), GMAD (residues 114-

257), and AIMAD (residues 114-453).
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Figure 3. Both FL. and IMAD trypanin are expressed at similar levels in 7. brucei. (A)

Western blot analysis and flagellum fractionation of cell extracts from wild type cells from —Tet
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and +Tet cultures. Blots were probed with an antibody against the HA epitope to detect HA-
tagged full-length (FL) trypanin, or B-tubulin as a loading control. L, total cell lysate; S1,
detergent soluble fraction; P1, detergent-insoluble flagellar cytoskeleton; S2, NaCl-soluble
fraction; P2, NaCl-insoluble flagellar skeleton (axoneme). Immunofluorescence analysis of
cytoskeletons from fraction P1 (B) or whole cells (C) from +Tet cultures. Cytoskeletons or cells
were stained for the HA epitope (shown in green). DAPI staining shows the DNA in blue. FL-
trypanin localizes along the flagellum. (D) Western blot analysis of cell extracts from IMAD
cells grown in the absence or presence of tetracycline. Blots were probed with an antibody
against the HA epitope to detect HA-IMAD, or (-tubulin as a loading control. Four different

clones of the IMAD cell line are shown. Scale bar 25um.
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Figure 4. GMAD is misslocalized and causes a motility defect in 7. brucei. (A) Western blot
analysis and flagellum fractionation of cell extracts from GMAD cells grown with or without

tetracycline. Blots were probed with an antibody against the HA epitope to detect HA-GMAD,
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or B-tubulin as a loading control. Immunofluorescence analysis of cytoskeletons (B) from P1
fraction or whole cells (C) from +Tet cultures. Cytoskeletons or cells were stained for the HA
epitope (shown in green). DAPI staining shows the DNA in blue. GMAD decorates entire
cytoskeletons but fails to localize to the flagellum in whole cells. (D) Sedimentation assay of
GMAD cells from —Tet and +Tet cultures. Sedimentation curves are the averages of two

independent experiments, while error bars represent standard deviations. Scale bar 25um.
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Figure 5. IMAD restores correct localization of GMAD in T. brucei. Western blot analysis

and Flagellum fractionation of cell extracts of AGMAD (A) or IMAD-GMAD (B) from —Tet and
+Tet cultures. Blots were probed with an antibody against the HA epitope to detect HA-GMAD,
or B-tubulin as a loading control. (C) Immunofluorescence analysis of IMAD-GMAD cells from

+Tet cultures. Cells were stained for the HA epitope (shown in green). DAPI staining shows the
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DNA in blue. GMAD decorates cytoskeletons but fails to localize to the flagellum in whole cells.

(D) Sedimentation assay of GMAD mutant cells from —Tet and +Tet cultures. Scale bar 25um.
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Supplemental Videos

Video 6-1. Wild type motility of GMAD trypanosomes in —Tet cultures.
Representative live video shows propulsive motility of GMAD parasites taken from —Tet
cultures. Parasites move rapidly and translocate with tip of flagellum leading. Frame rate for

capture and playback is 30 frames/sec.

Video 6-2. Defective motility by GMAD trypanosomes in +Tet cultures.
Representative live video shows defective motility of GMAD parasites grown in +Tet cultures
for 72 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted. Frame

rate for capture and playback is 30 frames/sec.
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Chapter 8

Conclusion

231



The T. brucei flagellum is an essential and multifunctional organelle that drives parasite
motility. Motility functions of the trypanosome flagellum are receiving growing attention as
potential targets for therapeutic intervention. Examining a requirement for parasite motility for
infection and pathogenesis in African trypanosomiasis has been the focus of this dissertation.
The role of trypanosome motility in infection and pathogenesis of trypanosomiasis is a
longstanding question that has not previously been investigated, because of the lack of viable
motility mutants in the mammalian infectious life cycle stage. The trypanosome flagellum has
emerged as a potential drug target in sleeping sickness and a widely accepted system to study the
eukaryotic flagellum. However, without knowledge of molecular mechanisms or motility mutant
models to test in vivo, there is an important gap in our understanding of this major component of

trypanosome biology and pathogenesis.

To bridge this gap, we developed facile systems for detailed mutation analysis of flagellar
proteins in 7. brucei. Application of these strategies led to identification of residues required for
LCI function and more importantly allowed generation of the first-ever viable motility mutants
in mammalian infectious, bloodstream form 7. brucei. Using an acute infection model, we have
demonstrated that, contrary to the predominant notion, parasite propulsive motility is dispensable
for bloodstream infection. These studies represent the foremost direct analysis of parasite
motility in any aspect of 7. brucei infection. While not essential for survival in the bloodstream
during an acute infection, it is possible that parasite motility is required for subsequent steps of
infection, such as penetration of the central nervous system. Further work with motility mutants
in chronic infection models to test this hypothesis will be required and is the focus of ongoing

investigations. As such, development of a motility mutant infection model described here
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provides an important foundation for future investigations of flagellum biology in the context of

mammalian host infection and development in the tsetse fly.

Conventionally, assessment of 7. brucei infection has been dependent on determining
parasitemia in blood, as well as restricted use of histochemistry to examine parasite presence in
fixed tissues. To better characterize infection dynamics and host-parasite interactions during
infection, we developed an advanced live-cell imaging approach using 7. brucei expressing the
fluorescent protein mCherry. This system enabled observation of 7. brucei ex vivo in mouse
tissues as well as in vivo in blood vessels of whole zebrafish at single-cell resolution. Important
areas of focus include examining parasite interaction with cells of the host immune system,
investigating parasite penetration of the vascular endothelium and entry into the CNS, as well as
determining infection progression in African trypanosomiasis. Zebrafish could be exploited as
an appropriate alternative animal infection model of trypanosomiasis to address such questions.
The availability of Trypanosoma carassii that naturally infects fish coupled to the advantages
that the fish model offers such as transparency, which allows non-invasive imaging of infection
dynamics in whole live fish, should facilitate these investigations. Application of the zebrafish
model to infectious diseases has led to landmark discoveries for understanding infection

dynamics.

T. brucei has emerged as an excellent system to study the eukaryotic flagellum. Cilia
play a critical role in human development and physiology. Defects in cilia or flagella cause a wide
range of diseases and developmental defects. The identities and functions of several flagellar

proteins have been determined but there is sparse information on molecular mechanisms that
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underlie these proteins functions. In addition to investigating the contribution of flagellar
motility to infection and pathogenesis, we exploited our structure-function strategies to define
residues required for the function of IFT8S, a protein required for flagellum assembly. We tested
residues that correspond to IFT88 mutations observed in human patients with defective cilia and
demonstrated which of these mutations are loss-of-function mutations versus polymorphisms.
We have also identified domains required for trafficking of trypanin, a protein required for
normal motility. While identification of essential proteins or domains that are specific to 7.
brucei may constitute potential drug targets, conserved components should have broad
application to the biology of the eukaryotic flagellum. Flagellum motility drives propulsion of
many pathogenic parasites, altogether responsible for mortality and morbidity in approximately
0.5 billion people worldwide. As such, in addition to being a good model system, the flagellum
of T. brucei and its many proteins are potential drug targets not only in African trypanosomiasis,

but also in other parasitic diseases such as Chagas disease or Leishmaniasis.

Collectively these studies contribute to understanding 7. brucei pathogenesis mechanisms
and should advance efforts for therapeutics and diagnostics development, all of which is
expected to alleviate case management in sleeping sickness. The flagellum is essential to many
human pathogens and plays a critical role in human development. Studies of molecular
mechanisms of flagellar proteins have general application for understanding biology of the
eukaryotic flagellum. Hence our studies expand our understanding of flagellum motility
functions in 7. brucei, with direct application to other flagellated protozoan pathogens. These
investigations also contribute to uncover basic facets of eukaryotic cell biology as it applies to

human health and disease.
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Appendix 1

Propulsion of African trypanosomes is driven by bihelical waves with alternating chirality

separated by kinks
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the usative agant of African sloaping sickness. Propulsion of T.
brucel was long belioved to be by a drill-like, helical motion. Using
millisecond differential intarferencecontrast

stroam-form parasites, as wall as bloodstroam-form wills In In-
focted mouse blood, we find that, Instoad, motility of T. brucel Is
by the propagation of kinks, saparating keft-handed and right-
handad helical waves. Kink-driven motility, encoun-
torad In prokaryotes, parmits T. brucel a helical propagation mach-
anism while avolding the large viscous drag associated with a net
rotation of the broad end of Its tapering body. Our study demon-
stratas that millisocond differential Intarfarence-contrast micros-
copy an be a useful tool for uncovering Important short-time
foatures of micoorganism locomotion.

milisacond differential interforonce-contrast microscopy |
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Tbc parasite Ti brucei is the causative
ﬂngmo(Afnmnslwpugmkna&aﬁhldmnﬂgc-
nous to subSaharan Africa whore 60 million people arc at risk of
infection (1, 2). T. bruced is transmitted between human hosts by a
tsctse fly vector, and parasite moltility is important in both hosts. In
the tsetse fly, procyclic-form (PCF) parasites coloaize the midgut
and then migrate through the alimeatary canal o the salivary
glands, where maturation into human infectioes forms occurs (3, 4).
From the salivary gland, mature parasiles can be imjocted into the
blood of 2 mammalian host that has been bitten by the fly. In the
mammalian host, migration of bloodstrecam-form (BSF) parasites
through the blood-brain barricr initiates oaset of the fatal course of
the discasc (5, 6). 7. brucei is extracellular 2t all stages of infection
and depends oa its own flagellum-mediated motility for dissemi-
mation. Flagellar motility of 7. bauced in various cavironments is
belioved to be contral not only o host-parasite interaction, but ako
to ccll division, is, and development (3, 6-15).

The T. bruca ccll body is roughly 20-pm long, with a relatively
large postorior section tapering off into a long, narrow antorior
scction. It has a single fhgellum, with the classic “9 + 2™ micro-
tubule axoneme architecture that is attached to the cell body along
its kength. Based on micrascopy studics, it is belicved that propul-
sion of T. bruced procoeds by left-hand (LH) helical waves propa-
gating along the fhgellum, from tip Lo base, driving the ocll forward
in a drill-like motioa (sce Fig 14) (15-17). The genus mame of the
parasitc actually derives from this distinctive motility (from the
Greck trypanaon or auger, and soma or body), first described in 1843
(18). Here, we use millisccond resolution differential interference-
coatrast (DIC) microscopy, combined with other mi moth-
ods, to provide a quantitative analbysis of 7. brucar ccll propulsion.
Our rosults reveal that T, brucer forward motility is characterized by
the propagation of kinks scparating helical waves of allermate
chirality.
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Fig.2. MBlisocond DIC microscopy Imaging of PCF and ESF coll motiity. (&)
(Top) Image soquance of 3 PCF call showing 3 RH (red rrow) hallcal wave at
the tip and 3 LH (biue rrow) halical wave near the base of the fagalium,
separated by 3 plus kink (biack aTow). (Bottom) Image sequanca of the same
cail showing 3 LH halkal wave 3t the tip and 3 RH hallical wave naar the base

by 3 minus Kink. The numarkal valees are In milissconds. (Scake
bars, 5 um ) (8 Image sequenca of 3 BSF coll showing bihalical waves that are

separatod by 2 minus kink (Top) Immediataly followad by 3 plus kink (Bottom).

DIC microscopy with a2 millisccond timescale [supporting
information (SI) Fig. S1] (sce ST Text for details]. The millisccond
frame-by-frame analysis revealed that acll propulsion of 7. bruced is
characicrized by repeated revensals in the rotation direction of the
fhgellum tip, which helical waves of all ing chirality
propagating tip to basc (Figs. 15 and Fig. 82, Movies S1 and 82).
The image scquence in Fig. 24 (Top) shows such a bihclical wave
ina PCF cell RH chi at the tip and LH chirality near
the base of the flagellum (sce Movic S1). At a lator time, this same
cell initiated a beat with oppasite (sec Fig. 24 Bottam):
that is, exhibiting I.H chirality at the tip and RH chirality near the
base of the flagellum. We quantificd the frequency of LH and RH
helical waves by tabulating how many times the flagelium tip flipped
to initiate a wave in cither direction. The average frequency,
calcubated from five colls, was 19 = 3 flips per second, with cach flip
2 rotation of ~I80°. This was split approximatcly
between LH (9.7 = 1.3 flipsis) and RH waves (9.0 = 20
flipss), as illustrated by the reprosontative shown in Fig,
4. Typically, no more than three successive waves with the same
chirality arc gencrated at the flagellar tip. Thus, there appears to be
no systematic bias for LH or RH chirality in the motility
Next, we examined BSF 7. bruca cclls 1o determine whether
helical waves with allermating chirality arc a shared feature of both
lifecyde stages. The millisccond DIC images chearly demonstrate
bihclical waves in the fhgellum of BSF cclls (Movies 83 and $4).
The image sequence in Fig. 28 shows 2 BSF cell moaitored over a
Tl-ms time period. The top pancls show a bihclical wave with LH
chirality at the tip and RH chirality ncar the basc of the flagellum.
As this wave propagates toward the fhgellum base, 2 new RH
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Fig 3. Analyssof coll proputsion In PCF and BSF 7. druced. (A) Reprasantative
the distridution of the LH and RH halkalwaves at the antarior

end of 3 PCF call within 3 time Intarval of about 200 ms. The numbar of waves
was datermined by how many times the flagellum Mipped to
Initiate 3 RH or LHwave, 35 Indicated with biue and red vertical bars, respec-
tivaly. Each 1lip ropresants 3 rotation of = 150°. No more than thros succesive
fligs In the Sme direction are ganerated at the anterior end. Note that the
rotation In this & somewhat higher tham the average

of 19 = 3 Mips par sacond. (5) Cell velocities were calculated from
50 PCF (5 + 2 pamv®) and 50 BSF (3 + 2 umi) calls diractional
motion. The kink velocitias ware obtained from 27 kinks in five PCF colls (85 =+
3 i) 3 24 KInks In ight BSF colls (135 + 7 umi), . Tharatio of
the kink velodty to the call valocly Is about 36 for PCF and 18 for BSF calls.

helical turn & initiated at the flagellum tip, producing a wave with
RH, LH, RH chirality from tip 1o basc (Bottam).

Kinks. A scgment of a filament connecting two helical segments of
oppasite chirality is known as a “kink.” We define a “plus™ kink as
one scparating an anterior RH helical wave from 2 posterior LH
helical wave, while a “minus” kink scparates an anterior LH helical
wave from a postorior RH helical wawve. A kink scparating two
traveling helical waves, as in Fig. 24, will itsclf travel along the
filament. Traveling kinks have beea eacountered carlier in motility
studics of prokaryotes, such as Eschenichia coli (19, 20), where they
appear to be associated with changes in course. In Spiroplasma,

which do not have flagells (21), pairs of kinks traveling along the
helical ccll body cuse the ol o swim in a zigzag path. A

Ihoouﬁalmﬂydmmolity (22) propased that recod
against the motion of fluid carricd lnckvmhbymliqkhh
is the mechanism of

Well-defined kinks could be obscrved in the nilhood DIC
images of both PCF and BSF T. bruced cclls (sce the gray arow in
Fig 18, Fig. 2, and Movies $1-84). The kinks propagated down the
flagellum along the ccll body from tip to base (sec Fig. 2, and
Movics S1-54), oppasite to the directioa of ccll propulsion. Typical
kink propagation velocitics in 7. brucal were 85 + 18 pms in PCF
cells and 136 = 7 pmfs in BSF cells, more than an order of
magnitde higher than the conter-of-mass of the cclks (Fig.
3B and details in the S/ Text). The obscrvation that a 16-fold
increase of kink velocity in BSF cclls versus PCF cells corrclates
with a | 6-fold increase in the centor-of-mass velocity of BSF versus
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or 3 minus (Aight) kink. () SEM Images of BSF calls with bihalical waves
separatod by a plus (Leff) or 3 mines (RIGHD kink. The 200m-In viows Ilustrate
torsion of the call body Inducod by the bihalkal waves and kinks. (5Gle bars,

SEM and confocal mkroscopy Imaging of rapid-fixed PCF and BSF

1 m.) {0) Contocal miroscopy Images of 3 GFP-tabaied flagaiium In 3 dngle
PCF call (500 Movia S5). Tha call 1s rotatod along theviertical Kk with = 45" par
Imaga. The fageilum (groen) around the sarface of tha coll body
(roch extibits RH chirality naar the base and LH chirality near the tip, foeming
2 minus Knk (whito arrows). (Scale bar, 3 xm.)

PCF cclls (sce Fig. 38) suggests that kink motion i intrinsic to the
propagation mechanism.

To further confirm the exisience of helical waves and kinks in 72
brucet, we used scanning clectron micrascopy (SEM) combined
with a rapé joa technique that was optimized to
fhgellar waveforms (23). SEM images of rapid-fixed cells indocd
revealed bibelical waves and kinks in both PCF and BSF cells (Fig.
4 A and B). Intcrestingly, SEM images indicate that the ccll body is

Rodrigues et ol.

subject 1o torsional strain, possibly geacrated by the flagelium. At
the flagellar pocket where the flagellum emerges from the cyto-
plasm, there i a peeforred 1LH chirality for the flagellum, consistent
with carficr studics (24). As an indcpendent test, we labeled the
flagelium of PCF cclls with a PFR2-GFP fusica protein and imaged
these cells by three-dimensional (31) coafocal microscopy. In 2
representative 3D image (Fig. 4C and Movic S5), the fhgellum
(green) wraps around the surface of the acll body (red) and exhibits
RH chirality ncar the basc and LH chirality ncar the tip, forming
2 minus kink (white arrows).

Cell Body: Configurational Changes, Viscous Drag, and Torsiomal
Stress. Arrival of kinks at the posterior end of the ccll appears 1o
corrclate with transitions of the main body of the cell between two
domimant configurations (scc Figs. 1B and 2, Movics S1-84). The
configurational changes take place through alicrnating clockwisc
and counterclockwise rotations of the posterior end. In otherwords,
the posterior end rocks back and forth about its own axis rather than
complcting full 36 rotations. The awerage frequency of the
rocking motioa of the posterior cod was 5 + 3 flips por sccond
(calculated from five cells and 34 individual flips), compared 1
19 = 3{lips per sccond at the anterior cad. The fct that the rotation
frequency decreases significantly along the body of 70 baca s
intcresting. Different sections of a filament that supported 2 helical
wave with a frequency gradicnt would, over time, be rotated with
respect to cach other over arbitrarily large angles, which for T.
brucei would not be consistent with the mechanical integrity of the
cell body. The reversals in rotation obsorved in T bruced arc thus
necossary to maintain the frequency gradicat
Thcobua'vnmthnlhcmlkrmmaﬂdlhcbody
performs high-frequency complete rotations, while the larger pos-
terior end only performs a low-frequoncy rocking n, suggests
arumulcvhythsmybcmdﬁamlmodcolmwnfora
microorganism with the asymmetric coll structure of . bruced, given
that at low Reynolds number viscous foroes dominaie (25). Note
that a purcly reciprocal motion (i.c., onc that is symmetric under
time reversal) cannot provide a net propuksive force to 2 microor-
ganism, 5o the reciprocal rocking moetica of the posterior end of T.
brucei could not contribute a net force. On the other
halltlhcwqucn:cdhnhmhqulhcmmrwlh:
pod.cnorcnd-- jons with itc chirality and
oppasite rotation dircction cbviously is mmpmal, and could
therefore coatribule a net propulsive force. Next, it follows from
clomeatary hydrodynamics that a tapering cylindrical body rolating
around its axis in a fluid is subject o 2 retarding viscows torgue-
per-unit length (7 ) exorted by the surrounding medium that resists

the rotation. This torque-per-unit longth at a given point aloag the
body is proportional to the local cross-section:

™= —4FI’R~. "'

where ¥ is the viscosity of the surrounding medium, Ry the radius
of the cross section of the ccll body at that point, and sy, the rotation
rate of the body. IE, for example, we model the main body of T.
brucei as a cylinder with 2 leagth L of ~20 gm and a (coastant)
radius of » 1 pm, then the power dissipated by viscous loss in water
at the 20-Hz rotation rate of the tip would be substantialk about 10*
times the ATP hydrolysis encrgy por second. Reducing this rotation
froquency by a factor of four—the typical frequency reduction
factor between posterior and anterior onds of 7. brucei—reduces
the power dissipation by more than an order of magnitude because
power is proportional to the square of the rotation froquency. For
2 casc in which the radius of the cell body ncar the anterior cad is
about five times kess than that ncar the posterior end, 2 reasonable
estimate for 7. brucei, the viscows torque-per-unit leagth near the
anterior end is about 25 times loss than that near the pasterior end,
thus roughly compensating for the frequency increase of the
anterior end. If the fhgdlum produced helical waves of uniform
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chirality, then the posterior and anterior ends of the cell would
nocessarily rotate at the same “global™ rate, which would be slowed
greatly by the viscous torque on the cell body near its larger
pasterior end. The frequency gradient thes allows for high rotation
rates at the smaller anierior ond, which provides the traction force
that pulls the cell body aloag, combined with reduced rotation rates
toward the larger posicrior cnd, which reduces viscous dmg
Additiomally, becusse the flagellum is attached hicrally along the
length of the cell body, a helical wave of the Flagellum neocssarily
applics a torsional stress (o the ocll body, as also suggested by SEM
images (sce Fig. 4 A and B). Depending on the degree of viscoclas-
ticity of the ccll body, the cell body may well be able to store a
significant amount of torsional clastic cocrgy in reversible defor-
jon of the microtubule Kk This clastic encrgy could
Mkﬂuxduﬁalhfhgdhnnndbmukmu
opposite dircction, much like the rubber motor of 2 toy plane.

Rapid Swings of the Flogellar Tip of BSF Calls. Dospitc overall
nmihuy there is an intoresting differcace between the motilitios
of BSF and PCF cells. The anterior end of BSF cells exhibits more
frequent and more prosounced movements than that of PCF cells
under similar conditions (Fig. 5 4 and B). Rapid swings of BSF
flagellar tips were obscrved following large angle beads of this
portion of the flagellum (Fig. 5C), a feature absent from PCF cells.
To quantitatively analyze the rapid swings of the fhgellar tip, we
extracted 12 image sequonces from two BSF cclls undergoing fast
forward locomotion. Each of the 12 trajectorices (Fig. SD) repr
the distance traveled by the fl tip in cach image sequence
ploticd as a function of the time clapsed (2 lincar fit of the average
trajectorics is shown as a dashed [oie). The slope of cach trajectory
corresponds 10 the velocity. The highest recorded welocity of the
flagellar tip & 673 pms, while the average velocity (ic., the slope
of the dashed ling) is 510 pmjs (scc the ST Texr for dotaiks). Note
that these obscrvations could not have been made with coaven-
tiomal video frame ratcs, suggesting that millisoccond DIC micros-
copy could be 2 uscful tool for exploring flagellar and ciliary
muotility in other organisms (26-29).

BSF Motility i Infocted Mouse Blood. Our studics of T bruce’ motility
so far were carried owt in standard culture medium wsed for most
studics of trypancsome maotility, which has a measured viscosity
closc to that of water (0.95¢St). In contrast, the macrascopic
viscosity of human blood is about 35 times higher than that of water.
What is perhaps maost relovant is that in blood, the dease distribu-
tioa of crythrocytes prosents to 7. bruca 2 highly inhomogencous,
although deformable, labyrinth that it must negotiate. Typical sizcs
of the free spaces of this hbyrinth can be small compared to the
length of a single BSF cell. To examine T. bruca motility in a more
mative medium, we investigated BSF cells in whole blood obtained
from infected mice, 3 10 5 days after infection. Millisccoad DIC
images of actively swimming BSF 7. bruce in infected mouse blood
revealed the same motility motifs observed with cultured parasites
(Fig. 6 A and B, Maovic S6). Rapid swings of the flagellar tip were
particularly striking, 2 thoy can be obscrved initiating coatact with
Bbast blood cells and deforming them significantly (Fig. 6C). Com-
parison with the measured force-deformation curves of ¢

cytes (30) indicates that the flagellum is capable of exerting forces
in the 300 pN range (sce the S/ Text and Table S1).

Discussion
Using millisccond DIC micrascopy, supplemeated by SEM and 3D
coafocal , we have found that forward 77 brucel moltility

is characterized by (i) tip-to-basc propagation of kinks scparating
LHand RH helical waves, (i) very high motility of the flagelium tip
in BSF cclls, and (7)) 2 pronounced rotation-frequency gradicat
along the ccll body, with the anterior end performing rapid full
rotations while the jor end rocks back and forth more slowly.
This specialined form of motility appears to reduce viscous dissi-
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Fig.5. Quantification of tha motility of T. brucel cells. {4) Trajectory of the
antarior (Right) and posterior (LefD) and of 3 PCF call & 2 function of time,
where each color ropeesonts 2 differant time period. {B) Trajectory of the
motion of the antarior (Agh and postarior (LoM) and of 3 BSF call a5 3
function of time. (O) Rapld motion of the BSF with 3 spead of 673
amé. White amows show motion of the fiagallar tip and the biack arows
point to the initial tip position. The numerical nembers are In milisecond.

(Scala bar, 5 um) (D) Twelve trajoctories of rapld avings of the flagaliar tip
from two ESF calls of which the sopes reprasent thavalocitios of the fagaliar

tip swings. The avaragavalocity (.., the S0pe of tha dshed ing) 510 xmés.

pation by minimizing rotary motion of the larnge posterior end of the
cell, while allowing 7. buce 1o negotiate complex viscous environ-
meats, such as mammalian blood.

As noted carlicr, the closest resemblance between the motility of
T. brucei and that of other mi isms is the prokaryole
Spiroplagma (21, 31, 32). A comparison between these two widcly
divergent organisms i instructive. Both move in a zig-zag pattern,
as kinks betwoen waves of opposite chirlity travel from the anicrior
1o the posterior end. Onc can apply the theoretical analysis of kink
motion in Spéroplasma (22) 1o T. bruced 1o angeo that, abo for T,
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bruce, the propulsive mechanism should be recoil against the
motion of fluid carried backwards by the traveling kinks. However,
Sprroplasma

whercas in there is a preferred timing differeace
between kinks, which is consistent with the theoretical analysis, we
cacountered a broad distribution of timing differcaces, ranging
between 150 and 300 ms. In addition, typical kink velodities of T
bu:u(wcl-‘l 35) arc about an order of magnitude larger than that
of Spéroplasma (about 10 pms), which may be because of the fact
that 7. bucel can recruit the cfforts of large numbers of dyncin
molccular motors distributed along the axooome (scc below),
whercas Spimplasns presumably can rely on only a fow motors.
Interestingly, despite the higher kink velocity in 7. bruced, the ceater
of mass velocitios of the two organisms is similar (in the range of 10
pms). This presumably reflects the larger viscous dissipative losses
and also the larger mass of 7. bruce, which by momentum coaser-
vation reduces the forward recoil velocity against the backward
mn:mofﬂmdnmodbylh:hnhAh:yﬂfmbnm
T. bruce and Spmplasma morphology is that 7. bruca has a
pmmmudgndamlmmbodyphn.wﬁklhcbody;hnol
is 50 well described by 2 uniform helix (in the abseace

of kinks) that it i difficult to distinguish the anterior and pastorior
cads. In torms of moltility, this transhites into a uniform rotation

frequency for Spiraplasma but a prosounced frequency gradient for
T. brucei.

The cukaryolic axoncme is oac of the most coascrved structures
in bickogy and was likcly prescat in the last commoa ancestor of all
extant cukaryotes (33). Axoncme motility i mediated by thousands
of dyncin molors that drive sliding and, ultimatcly, beading of
microtubule doublets in the axoneme (34, 35). The switch point
Bypothesis is 2 gencrally accepted for wave propagation
along the axoacme (36, 37). At its most basic, this hypothesis posits
that axoncmal dyncins arc divided into two oppasing groups, on
cither side of the axonome, and that these groups arc altornately
activated or inactivated 1o cause axoneme bending in one dircction
or the other, thoreby producing a planc wave. It has beea demon-
strated theoretically that armys of coupled motor proteins subject
to an external load can indeed switkch collectively botween two
alternate directions of motion ( 38). Similarly, helical waves could be
geacrated by assuming that the dyncin motors also apply 2 rotary
twist oa cach pair of microtubules of cithor chirality, thercby
imposing 2 net twist oa the cylindrical array of 2ll nine outer doublet
microtzbules that would turn the planc wave into 2 helical wave, as
has been proposed for waves in cilia (39). In such 2 model, the
frequency of rotation would not be fixed but detormined by the
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Fig.6. Milsscond DIC microscopy Imaging and anak-
yits of BSF call motiity In Infacted mousa blood. (4)

Image sequenca of 2 BSF call axhibiting bihalical waves
soparated by 3 plus Kink, whare the postarior and
rotates dockatse, 2sindicatad by thavisibie flagailum.
The armows pointing 10 the cantar of tha kKink show the
kink propagation from the flagallar tip to base. The
rumerical vaiues are In millsaconds. (5l bars, 5 um.)
(5) Image sequenca of the same BSF call showing 3
minus KNk where the postarior and rotates count-
dodowtse. (O Rapid swing of the fiagallum tip of the
BSF call was observed Inftiating comtactwith 3 host rad
biood coll ovar 3 tima pariod of 20 ms.

local, external load oa the flagellum, detcrmined in turn by the local
radius of the flagellum. Because cither helicity would be possible,
there would now be dynamic instead of structural stability. Collec-
tive swilching botween these two belicity states, similar 1o the
swilch-point hypothesis, could then produce an armay of moving
kinks.

In summary, through quantitative and theorctical analysis of T.
brucei molility, our results offer insights for considering propulsive

mechanisms of microorganisms and provide new detail on an
important, yet poorly undersiood, feature of trypancsome biology.
Materials and Methods

MiBlsccond DX . A Bght mroscope with DIC optics was asembiod 25
follows. A Nikon Edlipsa TE 2000-U iverted microsope wis with 3
Nikon FAlan Apochromat 100x oll DIC objactive, whikh has 2
numenical apartre of 1.40 and 3 working distance of 013 mm. An open air
motikty chambar was placed on the mKroscopa consisting of 3 glass Side, sops-
ratad from 3 Cover glass by am ~=200-um spacar {40), placed onto the
immarsion of. Calls were placed Into the chamber In 2 volume of ~ 100 x! In log
phasa. Bumination of thecalls was achiavad by Lsing a Nikon Y0OW mercury lamp
powared by an 13V 10 40V source ((hiu Technical Instruments). Images wore
acquirod using 3 Iatest ganaration COMOS-based Photron SA L 1 camera (Photron
USA, Inc) with 5.Gb onboard memory and 2 millsecond timescale.

Cell Maintenance and Motility Assays. PCF 29-13 and BSF-SM calls
(41) wore usod theso axpariments and maintained =
aescribed (9, 42). 2 71 Coulter Particke Counter (Backman Couttar) to monitor colf
doutiing. For motiity mays, colls wore taken from mid-logartthmic phaso cu-
tures and placed In polyL-ghtamate)-trasted glas motiity chambars, descried
above, than imaged by using the millsecond DIC microscope. PCF calls ware
amayod 3t 25 "C, whike BSF colls were 2zayed at 37 °C Collswara not amayed for
mora than 15 min, and anahyseswiara restrictod o forvard migrating calls. Image
SOQUENCR Scquisition, analyss, and quaNtfiction were parformed 25 describad
In the & Toxt.

Generation of GFP-PFR2 Call Unes. Tha ORF of PFRZ (GenDE 1D ThI27 24070 was
PR amgpiifiad from genomic DNA using Platinum Ptx {rvitrogen)
according 1o the manufacturer’s instructions. The forward and roverse primars
wsad were 25 follows: PFR2-1 5™ TLTAGAATGAGOGGAAAGGAAGTTGAA 3", for-
ward. PR 5" QCATCCCTACTGAGTGATOTGOGEE 3, reversa (undarined are
tha5’ Xbal and Bamil o). The PR productwis ligatad Into 2 Zero Blunt TOPO
PCR Ooning Kit vactor isvitrogen). The Intarmal Not! site of the FFRZ gana was
cestroyed by sto-directed mutagenests (changing C1773 Into G) wking 2
QuikChanga Sto-diracted Kit (Strataganc). The SoQUONCE Wt Ve -
Ifiod by saquancing at the University of California at Los,

The gena encoding the PFR2 protiin was subconod sing Xl and Bamd stes
Into piGH10 (40, 41, 43). The construct was Inaarizod usng Notl, athanal pracip-
Itated and transfectod Into PCF 29-13 call Ine, 25 proviously described (10, 42
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Transtoctants wers soiactad with 2.5 g\ Phisomycing (Cyta) and donal linas
were ottainod ty limitod diktion. IndVidsal donas wara analyzad for the
expremion of tha GFP-PFR2 fusion protain 48 h aftor Indaction with 1 ugiml
tatracydine.

FAuvorescent Laboling and Confocal Miroscopy imaging of GFP-PFR2 Colls. For 30
confocal microscopy, calls axpresing GFP-PFRZ (describad abovi) ware Induced
for 43 hwith 1 xgmi tetracyciing, then washed once In prowarmed PES and
Iaboiod with 0.5 .M CallTracker rod, OMTPX (Molecular Prodes, Invitrogen), In
PES for 15 min 3t 27 °C Labaled colls ware washed throe times In prawarmed
culture modia. Colls wera recovered for 5 min In culture modia and fxed by
2ading paraformaidehyde (n PES) 0 final concontration of 4% for 15 min
diroctly In the labalod cutture 23). Fieed calls ware achered t0 polytLysine
coated dides for 20 min. Shdas wore washed once with PES, blocked In PES
comtaining 0. 1-mM ghycine for Y0 min, and mountad with Vactashiald mounting
madiam (Vactor Laboratories). Sildesware then Imagod using 3 Leka TCS-SP2-
ADES Multiphoton-FLIM confocal mkroscope wing 3 63x off Immersion objec-
tve. Images ware scquired wing the Laka confocal software suppiled with the
mik pe. For 30 of fixad coils, 3 sories of Images was acquired
for the red {805 nim) and green {535 nm) amission ot in0

for 3 distanca of 12.2 um. Processing and 30 g of Imagaswarac ut
using the National Institutes of Haalth Imagel software.

Milisocond DIC imaging of 85F 7. bawcal In Infocted Mowse Blood. Bloodstraam
form single markor colls ware maintained In vitro = proviously described (9).
BALEX mice (Jackson Laboratories were inoculated with 100 mid-log phase calls
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Inwaem storfie PES pH 7.35 (GIbco) containing 1% ghucosa (44
colloctad In haparinizod

SEM Imaging of Rapid-Rxed PCF and 8SF Calls. Wo adopted 3 rapis-fucation
tachnique optimized to presarve flageilar waveforms (23). Calls were harvestod
by cantrifugation, resuspandad in frash medium, racoverad for 30 min, and than
fixad by 303ing paraformaldehydagiutaraidat yde to final concantration of 3%
directly In the cutture madiam, flxad for Smin, dikutad 10 1% foctive with 02M
sodium cacodylate butter (pH 7.4), and Jlowod to sattie onto cover ips for 1 h.
Fhative was remaved and samples were dehydratad In athanol. Sampies waore
then dried ovamight, sputter-costed with gold and Imaged wsing 2 JEOL ISM-
6700F FESEM.

Furthaor detalls about Image acquisition and mazsuremants of call and
Kink velodty, and datermination of flagallum tip motion are provided In the S
Taxt.
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Appendix 2

Structure-Function Analysis of Dynein Light Chain 1 Identifies Viable Motility Mutants in

Bloodstream-Form Trypanosoma brucei
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Structure-Function Analysis of Dynein Light Chain 1 Identifies Viable

Motility Mutants in Bloodstream-Form Trypanosoma brucei’t
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The flagellum of Trypanasoma brucei is an essential and multifunctional organclle that is recefving increasing
attention as a potential drug target and as a system for studying flagellum biology. RNA interference (RNAI)
knockdown is widely used to test the requirement for a protein in flagellar motility and has suggested that
normal flagellar motility is essential for viability in bloodstream-form trypanesomes. However, RNAi knock-
Mlbnpmﬂuhﬂwmm&emlsoﬁnhdlm
lex. We therefore & ducible system that allows functional analysis of point mutations in
hglhrpuk-s-l’Mmmsmnwﬁdmlm-&mmlﬁlchl
1 (LCI) that allow stable assembly of outer dynein motors but do not support propulsive motility. In
the phenotype of LCI mutants with point mutations differs from the motility and

o

procyclic-form
I defects of LC1 knockd which lack the outer-arm dynein motor. Thus, our results distinguish
LC l-specific functions from broader functions of outer-arm dynein. In bloodstream-form trypanosomes, LC1

kmockdown blocks cell division and is lethal. In coatrast, LC1 point mutations cause severe motility defects
without affecting viability, indicating that the lethal phenotype of LC1 RNAI knockdown is not due to defective
motility. Our resalts demonstrate for the first time that sormal motility is not essential in bloodstream-form

Mtwhmnﬂpm-mtm-quht&mwnﬂhwh-u

a therapeutic target in African sleeping sickmess.

Alfrican Lry arc prof
significant human mortality and limit cconomic development
in sub-Saharan Africa. Various subspecics of Tryp
brucel cause African sleoping sickness in humans and related

that cause  sis and as an experi | sy for studies of fagellem
biclogy.
Recent work has revealed a fundamental role for the O
brucei flagellum in ccll division and hogenesis in both

trypanasomiascs in wild and domestic animals. These parasites
arc itted b lian hosts through the bite of
a tsotse fly vector. Parasite motility & thought to be i
in both hosts (17); however, thcmlcofmlﬂnyhnnolbom
directly examined #1 vivo since it has not been passible to
cblain a viable motility mutant in the life cycle stage that
infects mammals. Trypanosome motility is driven by a single
ﬂmlhm. which is hicrally connected to the cell body and
a jcal 9 + 2" a that & the scaffold for
bly of molecul hincry that drives Aagellar motility
(35). Some features of the 7. brucei flagellum are wellcon-
scrved among diverse taxa, while others are unique o trypano-
somes. As such, the trypanosome flagellum bas gamcred in-
creasing atication in receal years owing to its poteatial both as
a target for therapeutic intervention in African trypanasomia-

"+ Carresponding 2ethor. Mading addr Depanment of Microbi
wgmw&nn:Udeﬂxm:
laAng:hwaCh'lsl-. CA 90095,
Phose: (310) 2670546, Fax: (310) t

S#hncnulmrﬂhﬂuumknqb:buﬂdlhﬂx
asm.ocg.
§ Present address: Division of Inf: Discases and Internasosal

llalxb. University of Virginia, Charloussville, VA 22008.
¥ Published abead of prse ca 4 March 2011,

procyclic (insect midgut-form) and bloodstream-form (BSF)
life cycke stages. African trypanosomes divide through bimary
fission, with a cleavage furrow betweea the new and old fagella
that advances from anterior to posterior, producing two daugh-
ter cells that are oricnted with their Aagella facing in opposite
directioas just before final cell scparation. In procyclic cells,
RNA interference (RNAI) knockdown of xunﬂng:llu trams-
(IFI) proteins blocks fAageli I to
k2 and misp nnnmgol'mcclavqgcfum
such lhtwlldrmionguuriz loumqulllysuzd daughter
cells (25). Knockdown of axoncmal proteins in procydic cells
causcs a range of motility defects, and knockdowns with sovere
motility phenotypes exhibit defects in the final stages of cell
scparation, giving risc to multiccllular clusters (8, 36). While
the cell division defect was not observed in all knockdowns, it
= gm:nly oom:hl:d with severity of the motility defect and
s d by physical agitation of the culture, suggesting that
twisting and wlﬂg fomudcrivod from fagellum motility con-
tribute to ccll scparation (4, 9, 36). A rchted pheaomenon,
termed rotokinesis, has been reported to drive cell scparation
in the protist Tetrafymena (10).

The rok of the flagellum in the morphogenesis and divisé
af blood: form tryp: is less clear. In the biood-
stream life cyde stage, RNAI knockdown of flagellum proteins
induces a rapid and severe cytokinesis failure (8, 9, 33). There
arc significant diffc by this phenotype and the phe-
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motype of procyclic knockdowns (33). For example, the termi-
mal pheaotype & difforent, since bloodstream-form cells fail o
imitiate cytokinesis, while procyclic cclls fail at the ead of cy-
tokinesis. Additionally, a lothal phenotype is obscrved in most
bloodstream-form flagellum protein knockdowns, whils in pro-
cyclic cells the phenotype is corrclated with soverity of the
motility defect (4, 36). Bloodstream cells arc also more sensi-
tive to perturbation of the flagellum, as knockdowns that pro-
duce littk or no observable motility defect in procyclic oclls are
nunnbclu:k&hlmu:bloodmunnm(&9 11,33) In the
one casc where protei ly examined, as
little as 4-fold ndmtioohpmtdnl:vchmlcmllin blood-
strecam forms (33), while nearly complete ablation did not
affect viability of procyclic-form cells (21). The reasoa for these
life qcle stage-specific clects is not known.

The ok joa that lethal blood: form fagellum pro-
tein knockd have in a d motility defect
hulcdloﬂwhypolbul:lhtﬂapﬂunnmi!ynzlmghtbc
essential (9, 15, 33). While attractive, this bypothesis has not
been formally tested and there are significant reasons to con-
sider a!ln'ulivc aphulims (34). The guestion is more than
an curiosity, as it imf offorts 1o undenstand the
role of motility in discasc pathogencsis and cforts to exploit
flagellar motility as a drug target. Notably, all knockdowns
described rolain some flagellar motility, and a direct correla-
tion between lethality and 2 flagellar motility defect has not
been established (34), suggesting that something other than
defective motility underlics the lethal phenotype in the blood-
stream form. So far, all Aagellar mutants have been geacrated
wsing RNAI to block larget protein expression, mather than
cmploying mutants with loss-of-function point mutations. Fla-
gellar proteins arc imvariably part of large, multisubenit com-
plexes, which are in turn coanccted to other complexes (30). It
is thercfore expected that loss of one proicin within a complex
may have pleiotropic comsequences owing to loss of the whole
complex. Numerous studics in Chlamydomonas rainharndti
have bome this idea out for a large number of flagellar pro-
teims (1, 19, 20, 22, 24, 46). Most of the characterized T. bruced
fagellar knockdowns have known or suspected structural de-
fects that represent loss of more than just the targeted protein
(34). As such, it is not possble to distinguish between pheno-
types arising from defective motility and structural conse-
wmdﬁmmgmm

In an cfort to distinguish b | and |
mmufwﬂwﬁnminT&u we have
dapted app genctics in T. beucei (2, 29, 39)
to develop 2 lor ducibly perturbing flagell

STRUCTURE-FUNCTION ANALYSIS OF FIAGELLAR PROTEINS 885

functi Jysis. The approach cmploys stably inte-
grated, inducible comstructs and does not require heterologous
coding scquences or synthetic genes harboring silont muta-
tions. The system offers advanlages over traditional ap-
proaches that require geac deleti icularly in a diploid
ctpnismmhnfhmmdm&l:ibimyllommyﬂsof
eossontial protcins. We have applicd this system 1o identify
amino acids that are required for function of dyncin light chain
1 (LCI1), 2 regulstory componeat of the outcr-arm dyncin
motor (6). In procyclic-form cells, the pheaotype of LCI mu-
tants with point mutations diffcrs from that of LCI knock-
dumt and dlsliqp-h:s LCl-cpmﬁc functioas from outer-
arm dy ions. In blood: form cells, LC1 mutants
with poinl mutations have defective motility, yet are viable, in
contrast o cells with LC1 knockdown, which is lethal. These
results domonstrate that, counter 1o the provailing notion
based on RNAI studics alone, normal motility is not essential
for viability in the bloodstream stage. As such, these findings
open the door for investigations of the role of motility in
discasc pathogenesis. The facile nature of the systom that we
have developed also makes it broadly applicable to mechanistic
studics of Aagellar protein function.

MATERIALS AND METHODS
2913 il (45), M-ﬂyq—'n the Lt sep wete

—dhdlq--n.h:,:i:-b-dud-d-ﬂ-dpw—y
(13) in Cningbam's systhetic modium sppl i with 10 Beat-imacs-
v-u-nlull‘-r-[mlu).l b fotm celb wese caltivated 2t IC

-auoq-mwuanwmmun@n

& wete p dapeation of the method dewribed
previosdy (26) R’pzyku,p-—-—l‘l‘-ﬂ-ﬂﬁ * o el
i) wete wahed cace in clectfoporation medius (EM), 2 31 mistase of otomix

(120 =M KCL, (15 =M O, 10mM K;HPO,, 25 =M HEPES, 2 mM EDTA,
24 5 =M Mg(Y, brought 5o pH 7.6 with KOH) and phospbate bufeted mcoe
(7 =M K HPOKHLPO,, pH 74, 277 M sxctome, and 1 mM Ma(l, beought
0 pi 74 with KHPO,) Washed coll were femaperded tn $ % 307 iyl in
muwu—uuu.wmw-mujwm
111 mid of Encatined pluerid DNA (5 1o 10 pg). was performed
wing 3 Bio-Slad Gene Pobet set 3t 1,500 V xed 25 uF; celb wete mubjected 1o
mph-iﬂ-h—nphsm-unﬁ--—hﬁlui-lcfk-ﬁ
modzm md incab Drzg waa imitieed ot 18w M b
"T"d’“‘ form tryp wao the xame
=t perocychc typasoame, exxpt mid-log phee acls (1 X 10 acly'md) were
“ﬁdhlxlf*ﬂ.ﬁ“iﬁdgmwdm—d
=d celb wete mbjected o cnly cne pelee. Following diectsoporation, blood-
sttean-foem colls wete Stamferied to0 10 mi of Sol medium and aliguoted into
2 Mowell cultare plate (15 miwell). The coeceatration used fof deuy scloctios
-n-hamugu(p-q&)-u..um—h-;
Sygromycn, S0 pginl (procydic): phb 25 pyginl (procydic) o S il
(Hlood form); aad paromyca, 1 pinl (procycic) of (L1 peil (bood-

e e
function whilc retaining nmdunl integrity. Our stnlcgy was
to replace an endogenous protein with a mutant protein with a
loss-of-function point mutation that assembles like the wild-
type protein. Simultancous gene knockdown and complemen-

stfean foem
limiting dilution. For witacyclne induction, ccls were wplit Bato two Bals,
uhmd-ihu-ibunn.hnqu-( Tetxd an.nq-:u-dy).nl

tation with wild-type genes has been fully cmployed in
T. bruced, cither through tramsicnt RNAI directed against an
endogenous untranslated region (UTR) combined with consti-
Mwapmmndnmwlmnmgmwimnuu
mte UTR (39) or by RNAI di d

coding sequence andcnmpkmuﬁmwnha hmmhpm
coding sequence (39) or a synthetic gene carrying silent muta-
tions throughout the coding scq (2. Inthep work,
wo built on these approaches to develop a facile systom for

&bd- | gowtk. For growtk aswes, ccll
A wete —q-hhm,dnq-d—a-hps
dest cosatx wfe feported
DNA Al INAI plamids wete d is p2T7T™H, whick
i - .v ’.- oAl T,r aach Gt ,,.
" - ool deubl ded TONA

(M)m Te&:_qu—’hm--lNAlmlh
by (7) wete wed to schoct sequence bogimming
—ﬁ-lyb--dhthdhm'nq-mlqh-
(ORF) and exding = of ¢ P uy siex. To cheate
T Blrypanin-UTR, s 122-bp i lootides 110322
of e trypasie (7. brace 10 TLOM0 [Tea0 TLOASI)) 3' um—.rcl-pni-d
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h-nﬂ:ﬂ’—zmﬂ“‘m'l’ea_

LCLUTR, 2 M6bp fi iden 1 80 246 of the LOY

mnm.lm)rurn—rcu-qu-ih-an-u,wwu
R,

cloned ino

To coeate pKR 10, the petcemycie (pafo) foddanc: cxsctic from pHID1342 (C
Caytoe, ZMBH, Heidabery, was sbciosed into pKHI2 (abo kaowa
= plowt00-HX-GFF) (4). Bricfly, The poto sodtxnce cxsctic ORF, togsthe
with 5" 22d 3' UTR sequences, wan POR amplifiod, with the 5° primet dedgred
0 inciude 3 T7 peomoter 2ad an upstteas Kpel xite xed the 37 peimet dedigrod
u.&-ﬂ-ummm—ﬂd—dww-;ﬂhl

Eumanvor. G

min is Balf-asergih Kassomky's soltsios (1% parsformalehyde, 1% gutarad-
debyde, 0.1 M sodium cacodylate, pH 7.2) containieg 1% (wifwl) taenic acd.
R-dshm-*dmhmnh_-d-l.un—dnl
pontioed with 1% camizm de plea 1.5% ¢ g Dby
&-—-w.-nm-,ﬂ-—pﬁu-d.hhdbyﬂrm-l
embedment is Epoaate 12 (Ted Pls, Co). Sectioex were cut oo 3 Reichent
Ulteacat E ulstamicrotome, podstained with sraryl scctaie and lkead citraie, aad
'—pdqumzuu.m-.znnq.mmu_‘-i-m

mictosnpe.
Bloodtraam-form odls wete giown in the prownos of abeence of 1 pglnl
_:#huh.-dﬂ’hhb-m-dnﬂqn-hmi

placiag the pak u-thmlhhHAqﬂ
kckni o N-and C raal mp—-‘ igred o
ﬂ‘clxlﬂqqmmlﬁlﬁi 10 add HindlL,

ASIIL, 3nd x start codos (ATG) xad the 3 primet designed o 33d Xbal, Micl,
» stop codoe (TOA), and HamHl. Following PFCR with Shese primess, nexod

i e pufo-tedant vetdon of pKHIZ, o gerctate e firal plamid pKiu0L

Full-length wild-type trypania (Th10.T00880) aed LOY (Th11023390) wese
cach ssbhdoeed it p@.&.—ll-m (lewittogen). Site-difected mutagene-
= wax petformed witg x QuikChasge 11 kit (Sitatagene). The fll-eagth open
m‘qb—-dh-ﬁ-w”u'--ﬁ.pu—un-uﬁ-
mbdoaed into pKR1( Trypania mad trypuein mutantx wete cloeed ino
the snique Micl st in pKRI(, while LC2 and LC1 point mutans wese closed
isto XholMicl. All DNA comdsucts 3ad poist mutstion were vetified by ditect
wquescitg, Plomid wese lincarioed 2t the snique Notl of BcoRY xite for
tramafoctioe.

RNA preparation sad resl-time RT-POR. Collx wete incubated with of without
teteacyclise (1 pglml) for 24 b, and totd ANA senplos wete propared wisg =
RNewy kit ((Ragen) sccording to the massfactare's imtractione. INA amplex
(1 pug) wese trested with DN 1 (Invitrogea), and sevene tramcription (RT)
—p-fn-d—gd,(d‘np_na.inp)-d-w-m

wllii POR was performed weng SYBR
-lm*dh 1= KI, ducts. All priser n&t—l
Flwmﬂrh sc DNA. The b k

1d e vk b ‘n,-

(GAPDH; mnuzlu
mm-am(mnmwnlm)md-—-in
tica controbe Relatve gene cxprooion wax detetmined sing the 27447 (whete
C,-hwcph)uhﬂm&-éd&.mnd@hln

e dute (37) o betier pr foggefumn ult We
mum&—;m-ﬂéw&w&
mM icad of 1 M Na(), additi

DNse. g phwe-cell caltsses wete collected by -i.,-u a
2000 % g zad wabed thtee Smex with 1% PBS. Cells wete sexnpended o0 2 %
IF-W-PINH-(!%NPQID-HW -NalLPO,, pH 74, 150
M NaC), 1 =M MCL, 25 gl apeotinin, 25 i & and e
inbibitce cocktadl). Protease-froe DNme | (Worthingion) was added a1 125
myglnl Samplex wete incubated at foom lemperatase for 10 min mad thee o i
fior 30 mis o databilize the micombuba, and fagelbe skeletom
wete collecied by ceptifagason at 16,000 X g for 10 min Flggelet skeltce
pelien wete mubsoquendy stamferfod (o x freab tohe 3ad walied twice with PMN
beficr. Sarmphn wete then fned and stained 1 doribed sbove fo procydic el

Matility moays. Sedmeatation sy wete petformed =

(5)- Beichy, cels wese incubated with of withot testacyciine fot 72 & and thes
soenperded 1o 5 % 10* cellymi in fresh medium. Hack caltete was sliquoted into
foet cuvettex (1 =l pot cavetic) and incsbuied sndet standard groweh conditioes.
The opsical desaity at 60 nm (0D),,,)) was mewsred every 2 b. Al cach time

point, two cuveties from cach culture wese keft undidurbed 1o mositot xedi

m-ﬁhhd&rmmn-wﬁdh—m'ﬂm

chage is the 0Dy (A0D\) for cach sample d by b g the

(n.d:——u-*k_hddn-bd—#

For moslity ttacen, all procyciic and blood chd =d ms-

_-ﬂmmn--ﬂ—dmu-&ulqu-hnk
b form knock wete iscubated fof 24 B Lo minini the

cmtribstion of cell divisice dofiocs 0 Bie zasy readost Celb wete chetved
wing 2 %10 chjective ot 3 Zeba Asicakop 11 compound microscpe in polyls-
Senatecoated slide chumben (14). Celb wete viewed uadet durk-Seld ifumiza-
nhﬁ-hpq:&dhum:h" & Joem celle M k

d —dhnﬂdn-—li.l'-.

of ~Tet and +Tet cdere wete usd for RNA 5 and
RT-PCIL Data proemed is g, 1C aad Fig, SIA is the mpplomental matetial
feproxnt sverages from the two indeposdest scts of ~Tet xed +Tet caltuten,
with standerd deviations indicsied by ertor b Primess used wete o follows:
GAPDEL §' GGCTCGA TGT CTC TAT GGT GGA 3 and 5" GGCTAT COC
TCATCGA AGT OG 3°; RPSZ3, 5" AGA TTG GOG TTG GAG OGA AA 37 and
5 GAC OGA AAC CAG AGA OCA GCA 3'; uypanin, §' OCA ATG AGG
TTCTOC AGC AAA Y and 5 OO0 ATG AGT TOC AGC GTC TT 3 LOY,
5 GGA QGG AGA TTG ACA OGT TOG 3 aad 5 TTC TGA TGG GGG
GTTATT GTG A3 TR0 UMM, 5* OGC GAG TGA AGCGTG GTTACA
3 and §' GOC COG AGA ACT GTG OCT AA; xed Thi 023400, 5" CTCTCT
CAG O0G OOC CAT T 3" and 5 AAC OOG ATA OCA COCGCT TT 3%
Protein preparation sad Woson blotting. Celb wete grown is the prowace of
hndl-diumﬂ.hﬂhh,h-hﬁupm-mm
o by (37). Bricfly, el wete cxtractod
ﬂmt‘:tmlﬁmpl“m-ﬂm_&n‘
b Z-cfhancmloric acd), pH £9, 2 M BGTA, 11 =M EDTA 1 mM Mg50,,
5 pgfml aprotinie, 25 pg'ml kupeptie] for S min 2 foom temperatare. Imoluble
cytonbeletoms wese secimented 2t 2000 X g and then washed in PMN bufer (1%
NFJQID-MN-,IN-N-H,K)..#!'M uo-un.n:-uu,a,a

in, 25 pglml kupoptis ). W: weoe
mh‘.mmuﬂ&ﬂ[ﬂmm)ﬂwwﬂ
foe DNax: [ (Woethingion) and i d on ice for 30 min. Imeluble

bhhm-ﬂdm—-hmhﬁnﬂ&-n—_—
;u-u—s—pmmw—..m-w,.-—y
(15). Topania wa d d by difectod against 3

wyathetic poptide blhhtu-uu—bdu'--(n)
mo—ammumw-ﬁ(&—.;h
wate probed with e anti-fi-tzbelis d
—wuumdh)-.mdhmhﬁ.
Hlectron microacepy. Procyclic cclls wete grown ia Sie poesnce of sbwence of

nﬁmm_—uﬂwhﬁﬂhp‘d-ﬁ-‘
dhat moved cat of the focal plare, wete 2ot used for aeaiye. For
of total datasce ttaveled by individual coli, dats from at koot 100 cellx (N 2
100) wete wuod The meas of cach dats sct wan cakulated, aed for sstiticd
=uahpdx, the souls for the dutx wix were compared o Gome for RNA ~Tat
-.g:hsu.-nq-.d»ﬁu—.
for T2 b with of withost cuxpt bic foem k
d;bm-nuhukqd&-d—-ﬁunmm
ﬂn--?—mmnnmﬁmﬂaxﬂm
biective. Cells wete visalized in poiyyl coted dide
chambeny (14). Slides werc & d aed incd dhrosgh the lip. Vidoox
cmwerted to dgital formmt weth x ADWVC-300 digiad video coavertes (Canopes,
Co,, 1ad.). Digitad clips wete aptated xt 30 framex pet » and cooverted 1o AVI
moviex weth Adobe Premicre Flemeats software (Adobe Spderu).

RESULTS

Two-plasmid system for RNAi-based structure-fumction
studies and sclection of target gene. We sct out to develop a
system in which an cndogenous protein is replaced with a
mutant protcin with a loss-of-function point mutation that
assombles like the wild-type protein. To achicve this, we took
advantage of robust systems for inducible RNAI and protein
expression in T. brucei to direct tetmacycline-inducible RNAI
against a target mRNA 3' UTR, with concurreat inducible

1 pgiml sttacyckine for 72 b wabed twice with FES, and thea d foe

clection mictourpy m dexctibed previcady (21). Bricfly, celb wese faxd for 8

xpression of an cpitop _gpdequoflhcurgd:dpe.m
desired jon may be introduced into the cpitope-tagged
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NaQl-soluble fracuon; P2, NaClinsoluble flagellar

copy, coabling sy e functi lyses in a back-
ground where the endogenous protein has been r i and
allowing identification of recessive as well as dominant muta-
tions. Integrative pl ds used for simul knockd
and replacement of larget geac cxpression arc shown in Fig.
lAlndB.Thcle'I“BRNAiW(M)MaIcuxydiw
n(hd:l: cxpression of target &sRNA, while pKRI0 drives
inducbl of 2 wild-type or mutageained
nopyol'lh: hr!clgmcsoRFﬁxdlomqmnpc tag For

knockdown, RNAI is dirccted against the 3" UTR, rather than
the ORF, 1o allow expression of the tagged copy with a differ-
ent 3' UTR.

To test the system, we wanted to target a flagellar protein for
which data were available to inform sclection of amino acids to
alter. Surprisingly, despite the fact that soveral hundred flagel-
bar proteins arc known, I.Ixunvcry littke information about
which amino acids in these p arc ired for fi
Anc:wqmoulslhcoulu-amdync:nhshch:nl(LCl).
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which binds the motor domain of the outer dyncin y bhoavy
chain (6). At the time that we initiated our study, no LCI1
mutants with point mutations were available, but a solution
structure and extensive biochemical data on the LCI protei

STRUCTURE-FUNCTION ANALYSIS OF FLAGELLAR PROTEINS 889

pression of an epitope-tagged copy of the target gene in pro-
cyclic and bloods form try
Wznmubd wbuhaapmol’mld—qpc llA-ugpd

from C. reinhardtii provided clear indications for amino acids
expected to be important for function (48). Since that time,
amino acid substitutions at these positions in the C ranhandti
protein have been domonstrated to exert dominant nega

d the phenotype of
dimwdlplmlbcl.Clopcnmdl:ghmmuluof
outcr-arm dyncins, reversal of flagellum beat direction, and

reverse cell propulsion (3). RNAI against the LC1 3' UTR

cfects on flagellum beating and cell motility in C. ranhandti
(32). We proviowsly showed that RNAI knockdown of LC1 in
procyclic-form parasites caused loss of outer-arm dyncins, re-
versal of flagellum beat direction, and backward cell propul-
sion (3). Therefore, with information on critical amino acids
and a spectrum of assays o assess function, LC1 was sclected
as the target for mutational analysis.

3" UTR RNAi knockdown and rescue with epitope-tagged
wild-type protein. For RNAI 2 DNA fragment corresponding
to the first 246 bp of the LC1 3" UTR was cloned into p2T7™'B,
mdlhcrmlliqplnaﬁdmsublymmfmdiunm
and blood: linc-inducible knock-
dawndlmacdlpiuuhcl'm“lthycﬂ'eaivc and the
downstream gene was not affected (Fig. 1C). As an indepen-
dent test, a 322-bp fragment of the 3" UTR from the trypanin
geas (21) gave polull and spu:i& hn:h‘kmn of trypanin
cxpression in pr and bloods from trypanosomes
(scc Fig SIA in lhcqulcmmul material). Therefore, RNAI
directed against the 3' UTR provides potent and specific
knockdown of target gene exprossion.

For expression of wild type HA-lagged prolein, the open
reading frame was cloned in frame with the HA cpitope tag in
pKR 10, which was then stably transfected into the correspond-
ing 3" UTR-knockdown ccll line. Tetracycline-inducible ex-
pression was tightly coatrolled for both HA-LCI and HA-
trypanin in procyclic and bloodstream-form trypanosomes
(Fig.leG).AnMulolibn.ziLClwnm.nihblc

ph picd the outer-arm deficicncy and motility defect of
the open g frame knockd (Fig- 2; sco Videos S1 to
S3 in the supplemental material). Expression of wild-type HA-
LC1 rescued the outer-arm deficiency (Fig. 2A) and the mo-
tility defect, as shown by sedimentation assay (Fig. 28), motil-
ity trace analysis (Fig. 2C and D), and high-resolution video
analysis of individual cells (Fig. 2E; sce Video S$4 in the sup-
plemental material). Trypanin UTR knockdown likewise phe-
nocopicd the motility defect of trypanin ORF knockdowns,
and the defect was rescucd by wild-type HA-trypanin (scc Fig
SID in the supplomeatal material).

LCI mutants with peint mutations show defective motility
without disrupting outer-arm dynein. 1L.Cl amino acids tar-
goted for mulational analysis were sclected oa the basis of the
solution structure of C. remhardni LC1 (47, 48) and cross-
linking studics (6). These studics predicted that 2 C-terminal
alpha helix, a9, regulates motor activity of the outer dynein y
heavy chain and that two C-terminal residues, R189 and R196,
contact the ATP-hydrolyzing P1 AAA+ domain of the dyncin
motor (Fig. 3A and B) (48). Ncarby residucs, M182 and D189,
were predicted to coatrol positioning of the C-torminal a9
helix (48). Strong support for this model came from receat
work using mutant forms of the C. ramhardtii LC1 protein,
showing that amino acid substitutions at RI89, R196, MI82,
and D185 exert dominant negative cffects on flagellar motility
(32). Therefore, the homologous residucs, K203, R210, V196,
and D199, in the 7. brucei LC1 protein (Fig. 3A and B; scc Fig.
S2A in the supplemental material) weore chosen for mutational

for direct n with eadogenous protein, but fi
lﬂnnofllA-LCl(F%.annd!:)mlb:nncthlum-
fusly for green f proteia (GFP)-tagged
LClldvsmvilhlhnapcckdonlbcbukol
amalogy with C resshardrii 1LC1 (3, 12). HA-trypanin was cx-
pressed at approximately the same Jovel as the eadogenous
protein and fractionated cxactly as scea for the eadogenous
protein (Fig. IF and G) (18, 33). nccdou. Ih:syslanpm-
vides simultancouws, tightly induabl
hockhwofncdopnmumgmcmmﬂlca-

lysis. Amino acids were changed individually or in pairs, as
indicated in Table S1 in the supplemental material.

Progyclic ccll lines harboring tetracycline-inducible con-
structs for cach mutant with a point mutation in combimation
with tetracycline-inducible RNAI against the endogenous LCI
3" UTR were induced with tetracycline. A.ll mutant proteins
exhibited the same expression and fracti scen
for wild-type protein (sce Fig. S2B and C in the mn:lcncnul
matcrial; data not shown), indicating that the mutant proteins

were targeted to the flagellum and assembled normally. None

FIG. 2 HA-agged LC1 rescuss the LC1 RNAG A) Transmasion ecleciron m-lymdll,h
ultrastrucuure in uninduced coatrol cells (comerol), m%’ et), and LC1 UTR RNAi cells rescusd with

(RNAI + WT + Tex).
mn!_u(cclhwnh CIJ'UTRRNNIH::&(RNN)MIC!

d’llA-L(] mhdmnuw:ﬂm ) caused by LC1 knockdown. Bars, 100 nm. (B)

RNAi plus HA-LC1 (RNAI + WT) with or without Teg, =
and error bars & the sandard deviasions.

carves
Moulity trace asalysis
lemdru.amdawd.lmummemd

hnhRNN'MTct-n.w&lm(F-cﬂ
of L

[

of cells with LC1 3° UTR RNAi alons (RNAI otlL‘lJ'Ul’l!RNAn;blM—lﬂ (RNAHWT)mm
cells, 20d sumbers in cach pasel are
MwMﬂc&(D)deﬂleﬁ individual cells in
Ihbmﬂﬁuﬂum&mdud&uunhhnﬁm%r coafidence inerval

) (E) Time-

preseace
Penera the saftware
wraces (N = 150 I’mead: culvare).
for the data sets were ©
lapse images wken from Videos S3 and 54 in the

(RNAI) and the wild-type forwand translocation of cells resceed with

macrial demosstrate the b
HALCY (RNAI + Wl‘j.D.Mhsmhmhqumnﬁﬁemdduﬂeldmw(m“)mnﬂnm
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ans with lossof fenction point mutasioss in peocychic cells. (A) LC1 schemaric showing residues selecied for
3, and R210). (B) Space-filing moded of C. reainfierdai 1.C1 (48) compared with prediced 7. bracei 1.C1 (3)

FIG. 3. Mdemification of LCY
mutational asalysis (V196, D199, K
C. reithord 1.C1 residues that are predicied w0 bind 1o the outer dynsin  heavy-chain (green) and basic residucs in the C wermines (blue, amrows)
are coaserved in the 7. brucei protein. Red, a helices: yellow, B sheess; gray, residues with so funcuional predicuions. Reprinted from reference 3,
with permasion. (C) Maility traces of LC1 metases with KABAR2WA 2ad V196GI1%G poimt mutations i procydiic cells, demoastrating
mouliy defecus in both mutanis. Cells were incubased in the presence or absence of wewracycline, 20d modliny traces were carmied out as described
in the legend w Fag. 2C. (D) Quamification of wal distance traveled by individual cells in motility traces was carmied ow 2s described in the legead
w Fig. ZD. Horoaea! lines indicate the mean of cach daa set, with bars indicating the 95% cafidence interval Ressls for the dat sews were
compared %0 thase for RNAI withom Ter e, ificant diffierence (P < 0.0001). (E) Time-hpse images akea from Videos S5 aad S6 in the
supplemental material demonstrase that the KXIZAR210A aad V196(31199G mutants do not move backward. Dashed Eines indicase the staning
position of the posterior ead of the cedl, and tme samps (in seconds) are indicaed. (1) Transmission decuon microscopy asalysis of flagefiem
ultrastrucwre @ procyclic 1Ol metases with point munsoss (KXGAR210A 2ad V196GID199G) shows tha outer dynsin arms are present
(arrows). [mages are aniented with the PFR at the bouom of the frame. Barx, 30 am
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of the single nuunls nhiblwd significant motility defects (sce
Table Sl in the rial; data not shown), indi-
cating that these indivldml amino acids arc not mcmn.l for
LCI function and supporting the conclusion that the protcins
were bled lly. Both double mutants (K203A/
R210A and VI196G/D1%9G) exhibited severcly defective mo-
tility, as demonstrated by motility trace amalysis (Fig. 3C and
D) and high-resolution video microscopy (Fig. 3E: sce Videos
S5 and S6 in the supplomental material).

The K203A/R2I0A and VI196G/D199G mutants with point
mutations moved more slowly than wild-type Lrypancsomes,
but when they tramslocated, they did so in the forward direction
(Fig. 3E; sco Videos SS and S6 in the supplemental material).
This differs from LC1 knockdown cells, which exhibi

STRUCTURE-FUNCTION ANALYSIS OF FIAGELLAR PROTEINS 3N

defects (Fig. 4C and ID; see Videos S9 and S10 in the supple-
meatal material). Therefore, normal motility is not essential
for viability of bloods form tryp

DISCUSSION

We have developed an inducible system for structure-func-
tion analysis of Aagellar proteins in 7. bascer, which builds on
and extends carlicr important work showing complementation
af RNAI knockdowns in 7. brucei (2, 39). Using this systcm, we
ideatificd point mutations in the 7. brucer axoncmal dyncin
subunit LCI that disrupt function while lcaving the dynci
mou:r nua. therefore discriminating bctvm:n structural and

fagellum beating and trans) backward (sce Video S3 in
the supplemeatal material) (3). Reverse flagellum beating was
also obscrved wpon knockdown of the outer-arm dyncin sub-
unit DNAIL (8). BothCl nnd DNAII knockdowns lu:k the
outcr-arm dy Jicating that fla

balmglsamdbybsofm-amdynchuﬂ l).Amm:nc
ultrastructure was therefore cxamined in the mutants with
point mutations by transmission clectron microscopy. In con-

| requircments for LCI in Aagellar motility. More-
aver, we ideatified two independeat LC1 mutants with point
mutations with defective motility that are viable in the blood-
stream life cycle stage. These point mutants arc the fint such
mutants to ever be isolated. Our results demonstrate that nor-
mal motility is not essential in the bloodstream life cycle stage
in culture and make it possible for the first time to dircctly
investigate the influcace of motility on discase pathogenesis.

LCI amino acid pains K203/R210 and V196199 arc re-

trast to LC1 knockdowns (Fig. 2A) (3), the LC1 with
K23AR2IOA and VISGMDI%G point mulations retained
outcr-arm dyncins (Fig. 3F). Therefore, the phenotype of these
mutants specifically reflects loss of LCI function rather than
simply being the consequence of losing outer-arm dyncins.
Motility mutants arc viable in the bloodstream life cycle
stage. Bloodstream-form 7. bruced cclls are exquisitcly sensitive
to porturbation of the flagellum, as RNAI knockdown of sov-
cral dificreat individual flagellar proteins produces a rapid and
dramatic block in ccll division that is lethal (8, 9, 33). These
mhmuummwmmﬂnwﬁtyiuclnhhl
be | in bloods form T. bruca (9, 15, 33) Ila'.

A

ever, while such experi an

.

quired for I Aagellar motility in 7. bruce. Expression of
LC1 harboring mutatioas at the bomologous amino acids in C
reinhardiii causes dominant negative cffects oa flagellar beating
and swimming welocity (32). Thus, our results support and
extend the conclusions of Patcl-King and King (32) that LC1 is
essential for normal function of the outer dyncin motor. No-
tably, the pheaotype of LCl mutants with point mutations in
pchthbmnuoclhdilcnqnlﬁundyfmlhephmmypc
d by LCI knockd
Mintbcknoch‘bms(l)butno(lnﬂnmum'ilh
point mutations. Backward flagellum beating is also obscrved
in DNAII knockdowns, which, like the LCI knockdowns, lack
outcr-arm dyn:ins (8) The phenotype of LCI or DNAIL
knockd a i for the outcr-arm

ncmfotlbcprm:minqlndm.thcydoml
essential requirement for motility. Fotmuqt.nisnotpu-
sible 1o distinguish between functiomal and structural conse-
quences, and all knockdowns examined have known or sus-
pected structural dofects (34). The LCI mutants with K203A/
R210A and VI196G/D199G point mutations offer 2 unigue
opportunity to address this issuc, because they exhibit defec-
tive motility, but the targeted protein and iated

dyn:nmowt.whkhnnn-mmnlhmﬂﬁcm
chain motor domains and several light and intermediate chains
(40), rather than individual contributioas of LC1 or DNAII to
flageliar motility. In coatrast, the LCI mutants with K203A/
RZ10A and V196G/1D199G point mutations retain outer-arm
dyncins, and therefore, the motility phenotype of these me-
tants refiects Joss of LC1 function. As such, our results dis-

remain intact (Fig. 3F).

RNAi knockdown of LCI in bloodstream-form cells was
Icthal (Fig. 4A and B). Th:phmotypcmqunlinmdylhc
same as that reported for other blood

criminate between a requirement for LCI in outer-arm dyncin
assombly and a functional requirement for LC1 in fagellar

knockdowns (8, 9, B)wlhoclls:munlﬂaﬂqullmlm
phous masses that failed to divide (Fig. 4A). The pheactype
was apparcal within approximately 20 to 24 h postinduction
and became progressively worse over time (data mot shown).
Motility was also defective (Fig. 4C and 1); see Videos S7 and
S5 in the supplemental material), although quantitation of
nndﬁtymmbcmndcndwilhlhcmthtodl
divisi the reduced ccll } mea-
sured in the assay. The rapid and sovere cell division pheno-
type of bloodstream-form LCI knockdowns offcred a sonsitive
test for rescuc with mutant peoteins. Each of the LCI double
mutants, KXBA/R210A and VI96GMD199G, rescued the ocll
division pheaotype (Fig. 4A and B) yet showed severe motility

motility.

QOur studics highlight a goncral caveat that is oftca over-
looked in RNAI and knockout studics, by I.llll ph
hsof: in of & nuhv: I as well as

P L

by complicating phenotypic in-
lupn:huan (23) This concern is particulary relevant for a
biological na:hln:mduslh:bpllum.mvhkhlhnunn&ol’
i i pk must of in

Fouadni

and di _,,_,,ooc lly has del-

mclmonotbupumuflh:m(ﬂ) In such
it is not passible to distinguish contributions of in-

dividual subunit nnr-lt ibl lom«ilydlnngu-hbc-

mmpimrymdphotmpic ypes, and phenotyp

must be interpeeted in this context.

The fagellum is required for cell division in both procydic
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FIG. 4. Boodsiream-form modlity mutants are vable. (A) DIC images of live BSF celis grown with or without Tet for 45 h, as indicated
Tesinduced LC1 3' UTR RNAi celfs (RNAJ) are inviable 2nd accumulate as amorphous masses with mukiple fagella, indicating cywokinesis
filure. LC1 mutanes with point meusions (RNAI + KXGAR210A 2ad RNAI + VI96DIDN9G) are viable 2ad have sormal morphology. Bar,
5 um. (B) Growth curves of bloodsiream-form L.C1 3' UTR RNAI knockdowns (RNAG, red Enes) or LCl mutants with poise muations (blue lines,
KABARII0A; green Bnes, V196D 99G), demosserating that L.C1 mutants with point mutations rescee the lethal pheaotype cawsed by LC1
knockdown. Caltures were incubated with (opea symbols) or withom (closed symbols) tetracycline added a1 time zero, and cells were diluted back
to the staning dessity m 25 h. (C) Modlity traces of control cells (RNAS Ter), LY UTK knockdowns (RNAi + Tet), and LC1 mutanis with
point mutations (RNAi + K23A/RZ10A and RNAI + V196GD199G) were carnied omt as described i the legend 10 Fig. 2C (the mouility of
mutants with poist mutations in the absence of Tet was like that of the wild oype and & aoc shown). (D) Quanuficasion of vl distaace traveled
by individual cells in moaility races from paned C (N == 100 for each culture) was carmied out as described in the legend 10 Fig. 21). Horizoaeal lines
indicate the mean of cach duta seq, with bars indicating the 95% confidence interval. Results for the data sets were compared w thase for RNAI
without Tex. eee, significass differeace (P «< 0.0002)

and bloodstream-form 7. brucar (3, 4, 8, 9, 33, 36). This re- the introduction (34, 35), and we thercfore tested the hypoth-
quircment is particularly acute in the bloodstream life gycle csis using mutants with loss-of-function LC1 K23A/R210A
stage, where RNAI knockdown of fagellar proteins causes a and VI96G/MD 199G point mutations. Both mutants exhibit de-
rapid and dramatic cytokinesis failure (8, 9, 33). The pheno- fective motility and arc viable in the bloodstream life cycle
type is obscrved following independent knockdown of several siage, demonstrating uncquivocally that normal motility is not
diffcrent proteins that have a known or suspected role in fla- essontial in bloodstream-form trypanosomes.

gellum motility, leading to the hypothesis that flagellar motility If normal motility is not essential, further comsideration
is required for viability of bloodstream-form cells (9, 15, 33). must be given to understand why flagellum protein knockdown
However, there are caveats to this interpretation, as detailed in is ofteca lethal (B, 9, 13) in bleodstream-form Lrypanasomes.
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“This question & of broad importance because it impacts cforts
to understand the role of trypanosome motility in discase
pathogencsis, as well as offorts to exploit the flagellum as a
drug target. The I:thalph:mlypcisnoldxlooonpklzl:-
clﬂ-phrmu‘liy‘ LCl-knockd have a

STRUCTURE-FUNCTION ANALYSIS OF FLAGELLAR PROTEINS 803

Treekd PR

2 ocll division block. In any case, our
discovery of motility mutants that arc viable in the bloodstream
life cycke stage will now make it possible 1o test these ideas and
facilitate 2 more complete understanding of the connection
between the fagellum and ocll division in these pathogens.

deed, to our knowledge, no blood:

Sormhockdaml.hleoqﬂmly lack flagellar motility have
ever been described. Notice that even in the large amorphous
cell masses that result from LC1 knockdown, the fagella con-
tinuc to beat vigorously (sce Video S8a in the supplemental
material). Likewisc, the lothal ovent is not loss of ccll propul-
sion, because LC1 mutants with point mutatioas bk ocll pro-
pulsion and arc viable. We coasidored the possibility that the
bthlmmisahgdhunbaldcfodlhl-mommmm

kd than in with point mutations. To directly
ddress this, high-resolution video analysis of individual cclls
was used to compare LCI mutants with point mutations and
knockdowns (sce Videos S8a to 10 in the supplemental mate-
rial). In these analyses, the motility defects of knockdowns and
mutants with point mutations were indistinguishable. Future
in-depth high-speed video microscopy analysis (38) of these
mutants will be of great interest. We did nol obscrve reverse

1 i [ — A hl_l_ 4

cell ar

S | human discascs arc caused by defects in fagellar
motility, and numcrous discasc genes and discase gene candi-
dates have been identificd (13). However, knowledge of spe-
cific functions for these proteins remains limited, and scant
information is available on molecular mechanisms or specific
amino acids required for function. Onc barrier to studics of

function is a lack of facile systems
fummukmmmnllmlyskoflwngcu.hmd
above, oull mutants and RNAI knockdowns are valuable but
provide Emited information about molecular mechanisms. Re-
cent clegant studics on innor-arm and outcr-arm dyncin sub-
units in have made important steps toward
xﬂnningll-—lc(m 32, 41, 44), but investigating specific
and hanisms of flagellum proteins re-

mains a major challenge. The inducible sy that we have
developed in 7. bucei offers an opportunity for systcmatic
mutational analysis of virtually any fagellar protein in a back-

fotmknnchbvmwmmmh.wdidw:dncmlo-ofom-
arm dyncins (scc Fig. S3 in the supplomeatal material). This
diffors from what is obscrved in procyclic-form LC1 knock-
downs and might reflect stage-specific diforences or might
simply refiect the rapid omsct of the lethal phenotype in blood-
stream oclls, which prevents lation of flagellum ultra-
mdcfwullhlalincpomu‘bcndcfemm.ldbc-
come ap Therefore, direct amalysis of viable motility
-mnms(l.Cl -mnmswilhponmnuulbu)md inviable mo-
tility mutants (LCI knockdowns) did not reveal a correlation
between severity of the flagellum beat defect and lethality.

It is possible that the lethal event in bloodstream-form fla-
gellum protein knockdowns is a subtlc change in flagellum
motility that is sharcd amoag all knockdowns but not LC1
mutants with point mutations and was not picked up in our
amalysis. We cannot formally rule out this possibility but con-
sider it unlikely, since lethal knockdowns target 2 wide range of
flagellum subcomplexes, ¢.g., outer dyncins, inncr dyncins, the
dyncin regulatory complex, and the parafiagellar rod (PFR) (8,
9, 33), cach of which has a scparate role in fagellum motility.
Flagellum protein knockd hibit a range of flagellum
beat defects. For example, some appear 1o have more severe
beat defects, ¢.g., PFR knockdowns that disrupt the PFR struc-
ture, while others have subtic or imp blc beat defi

B “bculhccdogmwmuuchwdorm
This minimizes p jal deleteriows cffects of altering
stoichiometry, lllmmlyzko‘mlnlpmlalt.mdcnblu
ideatification of i Therefore, the ap h
= ) isting sy (Zﬂ)uﬂcl’mum
admupthalhoddbcbmndlyapplnbkiwcbuqm
important gap in our understanding of Aagellum biclogy.
Summary. We have developed a system for structure-func-
tion analysis of Aagellar proteins in 7. baucei and identified
amino acids required for f of the dyncin light chain
LCL Our results represcat the first time that viable motility
mutants have been identified in the mammalian-infectious life
cycle stage of these deadly pathogens. These findings will now
make it possible to directly investigate the role of trypanosome
motility in discasc pathogenesis. Finally, the system that we
have developed should find broad wtility in studics of trypano-
some biclogy, as well as flagellum protein dysfunctioas that
underlic ciliopathics in bumans.
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