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Abstract

African trypanosomes are devastating human and animal pathogens. 7rypanosoma brucei
rhodesienseand T. b. gambiense subspecies cause the fatal human disease known as African
sleeping sickness. It is estimated that several hundred thousand new infections occur annually and
the disease is fatal if untreated. 7. bruceris transmitted by the tsetse fly and alternates between
bloodstream-form and insect-form life cycle stages that are adapted to survive in the mammalian
host and the insect vector, respectively. The importance of the flagellum for parasite motility and
attachment to the tsetse fly salivary gland epithelium has been appreciated for many years. Recent
studies have revealed both conserved and novel features of 7. brucei flagellum structure and
composition, as well as surprising new functions that are outlined here. These discoveries are
important from the standpoint of understanding trypanosome biology and identifying novel drug
targets, as well as for advancing our understanding of fundamental aspects of eukaryotic flagellum
structure and function.
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INTRODUCTION

Trypanosoma brucei and related subspecies are protozoan parasites that cause African
trypanosomiasis in humans and animals, a deadly disease with devastating health and
economic consequences (72). The 7. brucei flagellum and flagellar motility are central to
disease pathogenesis in the mammalian host and parasite development in the tsetse fly
vector. Recent functional studies have revealed that the 7. brucei flagellum is an essential
and multifunctional organelle with critical roles in motility, cellular morphogenesis, cell
division, immune evasion, and potentially, sensory perception. Concurrently, genomic and
proteomic studies have significantly expanded the inventory of known trypanosome flagellar
proteins. Because the flagellum is an essential organelle, understanding unique aspects of
the 7. bruceiflagellum may uncover novel drug targets. In addition, 7. bruceiis emerging as
a powerful experimental system for studies of conserved aspects of flagellum/cilium biology
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(flagellum and cilium are interchangeable terms for the same organelle), with direct
relevance to other eukaryotes, including humans, in which flagellum/cilium defects underlie
many heritable, fatal, and debilitating diseases.

FLAGELLUM STRUCTURE AND COMPQOSITION

Basal Body

The T. brucei cell body has a vermiform shape with tapered ends. A single flagellum
emerges from the basal body near the posterior end of the cell (Figure 1). The flagellum is
surrounded by its own membrane and is attached along its length to the cell body, tracing a
left-handed helical path from posterior to anterior, with the distal end extending a short
distance beyond the cell body. A specialized membrane domain termed the flagellar pocket
forms from an invagination of the cell membrane where the proximal end of the flagellum
emerges from the basal body in the cytoplasm (Figure 2). Along the length of the cell, the
flagellum and cell body are held in close apposition by a network of cytoskeletal and
membranous connections that collectively make up the flagellum attachment zone (FAZ)
(65, 145, 146). Within the flagellum are a canonical 9 + 2 microtubule axoneme and a
lattice-like paraflagellar rod (PFR).

The basal body (Figure 2¢) is a barrel-shaped structure comprising nine triplet microtubules
analogous to the mammalian centriole. 7. brucei cells in G1 have one mature basal body that
nucleates the axoneme and one adjacent probasal body, positioned orthogonally to the
mature basal body. At the G1/S boundary the probasal body matures, repositions to dock
with the cell membrane, and extends to initiate assembly of a new flagellum while a new
probasal body forms next to each mature basal body (129, 141). Basal body duplication is
one of the earliest events in the cell cycle (129) and may function as a cell cycle checkpoint.
Triplet microtubules of the mature basal body extend to become doublets, forminga 9 + 0
transition zone between the basal body and the basal plate (Figure 24) that demarcates the
beginning of the 9 + 2 axoneme (Figure 2¢). In the transition zone, filaments connect
microtubule doublets to the flagellar membrane, forming a ciliary necklace, first described
by Gilula & Satir (45) in lamellibranch gill cilia and postulated to function as a filter to
selectively control protein entry into flagellum (28, 124, 132).

The molecular composition of the 7. bruceibasal body has not been defined, but proteins
identified in proteomic analyses of basal bodies from other organisms (62, 63) are encoded
inthe 7. brucei genome and are present in the 7. brucei extracted flagellar proteome, which
includes the basal bodies (17). Several proteins have been experimentally localized to the
basal body, including y-tubulin and centrin (29, 79, 126, 154), the polycystic kidney disease
protein seahorsel TOLRTP (84), and the NIMA-related kinase TONRKC (109). The last two
proteins function in basal body duplication, as RNA interference (RNAi) knockdown results
in supranumerary basal bodies.

The tubulin-cofactor C (TBCC) domain-containing protein TbRP2 colocalizes with
tyrosinated a-tubulin specifically at the mature basal body (132). Tyrosinated a-tubulin is
associated with transitional fibers that radiate outward from the distal end of the mature
basal body, delineating the boundary between the flagellum and cytoplasm and providing a
docking site for proteins entering the flagellum (28, 132). TBCC proteins function in tubulin
folding and assembly, leading to the idea that the basal bodies provide a quality-control
checkpoint for tubulin and other proteins entering the flagellum. Supporting this hypothesis,
knockdown of TbRP2 leads to shortened flagella and axonemal microtubule defects (132).

In mammalian cells the basal bodies/centrioles serve dual roles: They nucleate axonemal
microtubules and the mitotic spindle. 7. bruceiundergoes a closed mitosis and basal bodies
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are not utilized for spindle formation (95). The basal bodies do, however, provide the
unusual function of segregating the single-copy mitochondrial genome, the kinetoplast
(119). The kinetoplast comprises a massive network of catenated DNA circles, KDNA,
including protein coding genes whose mRNAs are posttranscriptionally edited, and guide
RNA genes that guide the editing process (76). Hence, the kinetoplast is a complex genome
that must be faithfully segregated during each round of cell division. A role for basal body
migration in KDNA segregation was first revealed in pharmacological studies, in which
inhibitors of basal body migration also blocked DNA segregation (119). Later work
demonstrated that this is due to a network of filaments that extend from the proximal side of
the basal body, through the mitochondrial inner and outer membranes, and connect to the
kDNA (96). This physical connection, termed the tripartite attachment complex (TAC), is
maintained through the cell division cycle, such that basal body segregation is directly
coupled to partitioning of the replicated KDNA network into each daughter cell (96). Three
proteins have been localized to the TAC, p166, alternatively edited protein 1 (AEP-1), and
an unidentified antigen recognized by mAb22 (13, 94, 159). p166 and AEP-1 function in
segregation and/or maintenance of the kinetoplast (94, 159). While p166 is nuclear encoded,
AEP-1 is encoded by the mitochondrion and is produced through alternative editing of the
COXIII mRNA (94). Hence, the TAC is a composite structure, containing proteins from
both the nuclear and mitochondrial genomes. The basal bodies are also the point of origin
for the four specialized subpellicular microtubules of the FAZ (Figure 24) (50). Therefore,
the basal bodies provide microtubule organizing centers for axonemal and subpellicular
microtubules while controlling the position and segregation of the mitochondrial genome.

As in most motile eukaryotic flagella, the trypanosome axoneme consists of nine outer
doublet microtubules (ODs) surrounding a central pair apparatus (CP) of singlet
microtubules. Radial spokes extend inward from each outer doublet toward the CP. ATP-
dependent dynein motor proteins attached to outer doublets generate the sliding forces that
underlie flagellar movement. Nexin links connect outer doublets to one another (22, 75, 150)
and may contribute to dynein regulation (74).

Outer doublets—Each outer doublet (Supplemental Figure 15,c; follow the Supplemental
Material link from the Annual Reviews home page at http://www.annualreviews.org)
consists of a complete A-tubule with 13 a/B-tubulin protofilaments and an incomplete B-
tubule with 10 protofilaments plus one additional filament that may or may not be a bona
fide protofilament (Supplemental Figure 1¢) (133). The B-tubule is transected by an
intratubule structure, first described in 1969 (145) and now called the ponticulus, which is
assembled only in the mature flagellum (Supplemental Figure 15) (143). Protofilament
ribbons are an integral component of outer doublets, and the protofilament ribbon proteins
Rib72 and Rib43 are present in the 7. bruceiaxoneme (10, 17). Mutations in the human
Rib72 homologue EFHC1 are linked to juvenile myoclonic epilepsy (59). The precise
function of protofilament ribbons is unclear, but their requirement for motility was first
demonstrated in 7. brucei, through RNAIi knockdown of Rib72, which impaired motility
(10). Another protein important for outer doublet assembly is the parkin coregulated gene
product PACRG. T. brucei contains two PACRG homologues, PACRG-A and PACRG-B
(26). Knockdown of either PACRG gene individually produced no observable effect, but
simultaneous knockdown led to defective motility and destabilization of outer doublet
microtubules (26).

Dyneins and dynein regulation—Outer arm and inner arm dyneins extend from each

outer doublet A-tubule (Figure 1) and provide the driving force for motility. Dynein motors
are composed of one to three catalytic heavy chains (HCs) and several associated light
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chains (LCs), intermediate chains (ICs), and light-intermediate chains (LICs) (64). Outer
arm dyneins are generally uniform in composition and may contain either two or three
distinct HCs, depending on the organism (64). The subunit composition of 7. brucei
axonemal dyneins has not been determined, but outer dyneins are predicted to be two-
headed because the genome encodes only two predicted outer dynein HCs (Supplemental
Table 1) (152). One of these is homologous to the Chlamydomonas reinhardtii gamma HC
and the other groups are homologous to the C. reinharatii alpha and beta HCs (Supplemental
Table 1) (152). Inner arm dyneins are more diverse and may have one or two HCs. Recent
phylogenetic analyses place inner arm dynein HCs into five groups and 7. brucei encodes
members of each group, indicating that the 7. brucei axoneme contains the two-headed 11
dynein, as well as six presumably single-headed dyneins (Supplemental Table 1) (87, 152).
Dynein-associated ICs, LCs, and LICs that were identified biochemically in C. reinhardtii
(64) are well represented in the 7. brucei genome (152), indicating a high degree of dynein
subunit complexity.

Despite the central importance of flagellar motility to 7. brucerbiology and pathogenesis,
little is known about individual dyneins and their contributions to axonemal motility. To
date, no HCs, and only four noncatalytic subunits have been functionally characterized in 7.
brucei. RNAIi knockdown of the outer arm dynein subunits 1C78 (15) and LC1 (9)
demonstrated a requirement for outer arm dyneins in controlling beat direction (9, 15). In
both cases, outer arm dyneins were lost from the axoneme, and the tip-to-base beat that is a
hallmark of trypanosome flagella was reversed to base-to-tip beating, causing cells to
translocate backward. Notably, this illustrates a difference relative to C. reinhardlii, in which
outer arm dyneins affect beat frequency and amplitude but not beat form. Depletion of a 7.
brucei TcTex2 homologue (15), or the p38/TAX1 inner arm dynein LIC (17), results in
defective forward motility in procyclic cells.

Propagation of the flagellar waveforms along the axoneme requires coordinate spatial and
temporal regulation of several thousand dynein motors. Regulation is partly mediated by the
dynein regulatory complex (DRC), which was identified genetically in C. reinhardtii through
isolation of extragenic suppressors of flagellar paralysis in CP and radial spoke mutants
(57). The DRC functions in a pathway that transmits mechanochemical signals from the CP
and radial spokes to axonemal dyneins and is conserved in 7. brucei (57, 105, 106, 114,
122). The DRC subunit trypanin/PF2 is required for normal flagellar motility in 7. brucer
and C. reinharatii (58, 114, 122) and is conserved among organisms with motile axonemes,
but is absent in organisms that lack motile axonemes or that only assemble nonmatile cilia
(10, 112). The DRC also functions in vertebrates, in which it is required for ciliary motility
and inner ear development (23). The central importance of the DRC is evident from the
observation that trypanin appears to be conserved in all extant organisms with motile
axonemes, including those that lack outer arm dyneins and those that lack the CP, radial
spokes, and inner arm dyneins (80, 112). Thus, the DRC appears to be a universal
component of motile axonemes and was likely present in the last common ancestor of
eukaryotes. Interestingly, 7. bruceiand other kinetoplastids possess two trypanin
paralogues, whereas all other examined organisms have only one (112, 114), suggesting
specialized functions for the DRC and dynein regulation in 7. brucei,

Central pair apparatus—The CP micro-tubules originate at the basal plate and extend to
the distal end of the flagellum (Figure 2e-/). Projections from each CP microtubule connect
them to one another and to the radial spoke heads (Supplemental Figure 14,¢), imparting
asymmetry to the CP apparatus, although unambiguous definition of a C1 or C2 micro-
tubule as described for C. reinharaltii (56, 82, 97) has not been done for 7. brucei. In some
organisms, including C. reinhardftii, the CP rotates within the axoneme (81). In 7. brucei,
however, CP orientation is fixed relative to the outer doublet microtubules and this
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orientation is actively maintained because it is disrupted upon RNAi knockdown of CP
proteins PF16, PF20, or hydin, but it is not disrupted in all motility mutants (10, 15, 27, 42,
112). The CP apparatus is required for motility in 7. brucei, as ablation of the entire CP by
RNAI knockdown of y-tubulin causes severe motility defects, and knockdown of PF16,
PF20, or hydin also inhibits flagellar motility (15, 27, 114).

Radial spokes—Extending inward from outer doublet microtubules are radial spokes
(Supplemental Figure 1d,¢), which are essential for normal motility of 9 + 2 axonemes (15,
114, 131). Radial spokes provide a platform for assembly of signaling proteins and are part
of a mechanochemical signal transduction system that regulates dyneins (131, 156). Radial
spoke proteins identified in other organisms are conserved in 7. brucei. To date, however,
only RSP3 has been investigated in 7. bruceiand it is required for radial spoke assembly and
flagellar motility (15, 114). Flagellar beating in 7. brucei exhibits many unique and striking
features. Given the important role for the radial spokes as modifiers of dynein activity and
flagellar beating, more direct and extensive studies of these structures in 7. brucei are
warranted.

Paraflagellar Rod

One of the most distinctive features of the trypanosome flagellum is the PFR, a large
paracrystalline filament extending alongside the axoneme from the flagellar pocket to the
flagellum tip (Supplemental Figure 14). The PFR was first described 45 years ago (144) and
is unique to kinetoplastids, euglenoids, and dinoflagellates (21). In cross-section the PFR has
a lattice-like appearance with three distinct regions, proximal, intermediate, and distal,
defined by their structural morphologies and positions relative to the axoneme (21). The
proximal domain is connected to axonemal doublets 4—7 by electron-dense filaments of
unknown composition.

The PFR consists of two major structural proteins, PFR1 and PFR2, along with several
minor components (46, 77, 92, 108, 110), and is required for normal motility (11), although
its precise function is unknown. Cells depleted of PFR2 retain only remnants of the proximal
PFR and PFR-axoneme connectors (11, 78, 123). The ultrastructure of PFR1 knockdown
mutants in 7. brucei (31) has not been described, but a PFR1 knockout in Le/shmania
mexicana retains only the PFR-axoneme connectors, phenocopying a PFR1/2 double mutant
(78). PFR2 knockdown mutants are immotile with reduced flagellar beat that is not
sufficient to drive cellular rotation or translocation (11, 15, 48, 114).

PFR1 and PFR2 have been studied for many years, but additional PFR subunits have only
recently been identified. Pullen and colleagues (110) identified two PFR-associated
adenylate kinases, ADK-A and ADK-B. A third ADK (ADK-E) localizes to the 7. brucei
flagellum, but not to the PFR (46). There is precedence for flagellar ADKs associated with
CP (157) and outer doublet (153) structures in C. reinhardtii. ADKSs interconvert ADP,
AMP, and ATP and might therefore function in energy homeostasis in the flagellum.
Additionally, two cAMP phos-phodiesterases, PDEB1 and PDEBZ2, are PFR associated (92).
PDEBL is specific to the PFR, while PDEB2 is mostly cytoplasmic (92). cAMP is a well-
known regulator of flagellar motility in many organisms, and flagellar cAMP phos-
phodiesterases might therefore be part of a regulatory system acting in concert with flagellar
adenylate cyclase to modulate flagellar motility. For a review of metabolic activities
associated with the trypanosome flagellum see Reference 91. At present, the specific
contribution of these proteins to flagellum function is unknown. Knockdown of flagellar
ADKSs or PDEBs did not impair growth of procyclic cells, but simultaneous ablation of
PDEBL1 and PDEB2 is lethal in bloodstream-form parasites (46, 92, 160). Simultaneous
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knockdown of ADK-A and ADK-B did not visibly affect motility in procyclic cells (46).
The motility phenotypes of PDEB knockdown mutants were not described.

Portman et al. (108) recently provided a major advance in defining PFR subunit composition
by employing quantitative mass spectrometry and two-dimensional differential in-gel
electrophoresis (2D-DIGE) to systematically compare flagellar protein profiles of wild-type
and PFR2 knockdown mutants. This analysis identified 20 novel proteins, denoted PFC1-
PFC20. Epitope tagging of seven PFC proteins showed PFR localization for all seven (108).
Domains associated with calcium signaling were prevalent in the PFC dataset, suggesting a
role for calcium-mediated regulation as part of PFR function, consistent with the previous
identification of calmodulin in the PFR (117). RNAI against PFC1 (containing an EF-hand)
and PFC15 (containing an 1Q motif) suggested potential interaction with PFR-associated
ADKSs but did not produce a detectable motility defect in procyclic trypanosomes (108).

Overall, these recent studies on PFR-associated proteins indicate that the PFR is more than a
passive structural support to the axoneme and serves as a scaffold for assembly of regulatory
and metabolic proteins that contribute to flagellum function. The importance of the
flagellum and flagellar motility to 7. bruceibiology and pathogenesis, combined with the
fact that the PFR is not found in the human host, makes the PFR an attractive target for
therapeutic intervention.

Flagellar Pocket

A specialized membrane domain called the flagellar pocket forms from an invagination of
the cell membrane where the proximal end of the flagellum emerges from the cytoplasm
(Figure 2). The plasma membrane, flagellar pocket membrane, and flagellar membrane
comprise three contiguous, but biochemically and functionally distinct, membrane domains
(8, 39). Although the flagellar pocket is not completely membrane enclosed, electron-dense
adhesion zones hold the flagellum in tight apposition to the cell membrane and demarcate
the boundary of the flagellar pocket membrane (Figure 24, causing a constriction termed the
flagellar pocket neck or collar (14, 51). Hence, the lumen of the flagellar pocket is
effectively an extracellular compartment that is secluded from hostile host environments.

The flagellar pocket makes up just 5% of the total cell surface, yet it is the sole site of
endocytosis and exocytosis (98). As such, the sorting demands on this organelle are intense.
The flagellar pocket must accommodate export of abundant variant surface glycoprotein
(VSG) or procyclin surface proteins and simultaneously mediate uptake of extracellular
macromolecules. By restricting receptors for host macromolecules, such as transferrin (85),
to the flagellar pocket, these relatively invariant surface proteins are protected from
exposure to the host immune system. Rates of endocytosis are developmentally regulated,
such that endocytosis in the slender bloodstream form is approximately 10 times higher than
in the procyclic form (85). This might reflect the need for removal of surface-bound
antibodies, because flagellar beating influences trafficking through the pocket and
contributes to the removal of VSG-Ig protein complexes from the cell surface (36) (see
below). As the sole site of surface protein turnover and nutrient uptake, the flagellar pocket
represents a key portal for host-parasite interaction, yet little is known about its protein and
lipid composition. For a more complete review of vesicular trafficking in 7. brucei see
Reference 85.

Flagellar pocket duplication and segregation is coordinated with the cell cycle and is
obligately linked with duplication and segregation of the flagellum. Until recently, the
molecular machinery that mediates flagellar pocket biogenesis was completely unknown.
The flagellar pocket forms independently of intraflagellar transport (IFT) (1, 25),
demonstrating that axoneme extension is not required. Bonhivers et al. (14) identified a
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novel cytoskeletal flagellar pocket protein, Bilbol. Bilbol is part of the ring-like flagellar
pocket collar and is essential for flagellar pocket biogenesis and viability in both procyclic-
and bloodstream-form cells (14). In the procyclic form, Bilbol mutants create new flagella
that are mispositioned and lack a flagellar pocket or a detectable FAZ. A different phenotype
is observed in bloodstream-form cells, where Bilbol mutants have spherical morphology
and defects in flagellum attachment are not observed (14). Flagellar pocket biogenesis
therefore affects the cytoskeleton and is required for positioning of the flagellum and
formation of the FAZ in the procyclic form, whereas it plays a different and less clear role in
bloodstream-form cells.

Flagellar Membrane and Matrix

Ciliary and flagellar membranes constitute specialized domains of the plasma membrane
with distinct composition and biophysical properties (39, 40, 102, 124, 134, 137). In
addition to their role in motility, eukaryotic flagella are sensory organelles that receive and
transduce signals from the external environment (32, 158). As such, the flagellar membrane
provides a scaffold for assembly of sensory proteins that transmit signals important for
regulating motility and other cellular functions (102, 124). Although a sensory function for
the 7. bruceiflagellum has not yet been directly demonstrated, the flagellar membrane
represents a critical interface between the parasite and its vertebrate and invertebrate hosts
(39, 151).

The T. brucei flagellar membrane is enriched in sterols, saturated fatty acids, and lipid rafts
(34, 39, 40, 137). VSG and procyclin surface proteins of bloodstream-form and procyclic
trypanosomes are present on the flagellar membrane, but our understanding of proteins
specifically targeted to the flagellar membrane in 7. bruceiis limited. Paindavoine et al. (99)
demonstrated that the adenylate cyclase encoded by the expression site associated gene 4
(ESAGA4) is localized to the flagellar membrane. We speculate that ESAG4 may function in
environmental sensing, since adenylate cylases are critical in cAMP-based signal
transduction and additional flagellar cAMP signaling pathway components were recently
discovered (91, 92). Currently, the function of ESAG4 and the mechanism of targeting to the
flagellar membrane are unknown.

Inside of the flagellar membrane, the flagellar calcium binding protein FCaBP of 7. cruziis
a dually acylated EF-hand calcium sensor that is localized to the flagellar membrane in a
calcium-dependent and palmitoylation-dependent manner (20, 35). 7. brucei possesses three
FCaBP homologues, called calflagins Th17, Th24, and Th44, that are also dually acylated
(34, 137, 155). Recently, Emmer et al. (34) demonstrated that calflagins Th24 and Tbh44 are
specifically localized to the flagellar membrane in 7. bruceiand that this localization
requires palmitoylation by a single palmitoyl transferase. Myristoylation is required for
palmitoylation and is sufficient to direct membrane association but not flagellar membrane
localization, since singly myristoylated calflagin Tb44 is mislocalized to plasma membrane
(34). Targeting of dually acylated calflagin to the flagellar membrane may be mediated by
sequestration in lipid rafts that are enriched on the flagellar membrane, since depletion of
lipid rafts results in redistribution of the calflagins to the plasma membrane (137). These
important findings provide the first molecular analysis of flagellar membrane composition
and protein targeting in 7. brucer.

Like the flagellar membrane, the soluble flagellar matrix in 7. brucei represents largely
uncharted territory. This compartment is expected to contain the IFT machinery (101), and
three IFT proteins examined biochemically, IFT20, IFT52, IFT172, exhibit a detergent-
soluble pool and a detergent-insoluble, basal body associated pool (2). To date, however, no
other soluble flagellar proteins have been identified. By comparison, proteomic analysis of
the C. reinhardfii flagellum identified 146 proteins in the membrane + matrix fraction (101).
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Thus, many proteins in the 7. brucei flagellar membrane and matrix remain to be identified,
and this untapped area of research is rich with opportunity for important discoveries.

Flagellum Attachment Zone

A unique feature of the 7. brucerflagellum is lateral attachment to the cell body along the
FAZ. Components of the 7. brucei FAZ are mostly unknown, although the ultrastructure of
the FAZ has been extensively characterized (Figure 3a—c) (50, 65, 129, 144, 145). On the
cytoplasmic side, the FAZ is defined by an electron-dense filament of mostly unknown
composition and by four microtubules of the subpellicular corset that are associated with a
membranous compartment (Figure 34). A network of regularly spaced filaments links the
FAZ filament in the cell body to both the axoneme and the PFR in the flagellum, abutting
the flagellar membrane and plasma membrane into macula adherens (Figure 3a—c) (145).
The region of contact between the two membrane systems extends beyond the filamentous
cross-links, indicating an additional membrane component to the attachment.

Only a handful of FAZ proteins in 7. bruceihave been identified. Flagellum adhesion
glycoprotein 1 (Flal), the 7. bruceihomolog of 7. cruzi GP72, localizes to the FAZ and is
required for flagellum attachment (Figure 34) (33, 69, 70, 90). Another FAZ component,
FAZ1, was recently identified by screening an expression library with the monoclonal
antibody L3B2 that recognizes the FAZ filament (142). FAZ1 is required for normal FAZ
assembly (Figure 3¢) and flagellum attachment and is conserved among kinetoplastids
(142). Notably, flagellum assembly continues in the absence of attachment via the FAZ to
the cell body (142). Given the role of the FAZ in cytokinesis (66), it is interesting thata 7.
brucei Polo-like kinase homologue, ThPLK, is localized to the FAZ (68), although a
separate study reported that ThPLK localizes to the cytoplasm (53).

Flagellum Biogenesis

Flagellum assembly is one of the earliest stages of the 7. brucei cell cycle (129) and is
critical for cell division (66). Cells in early G1 have a single flagellum with a mature basal
body and probasal body. At the G1/S boundary, the probasal body has docked to the
flagellar pocket membrane and extended to form a transition zone, which then elongates to
form the new axoneme (129). The new flagellum parallels the old flagellum as it grows,
until it reaches a stop-point approximately halfway along old flagellum, at which point
cytokinesis ensues, dividing the two cell bodies along a line between the new and old
flagella (25, 83, 129).

In most eukaryotes flagellum assembly occurs extracytoplasmically, by addition of new
subunits to the distal tip of the growing axoneme (121). This assembly is dependent upon
IFT, a bidirectional transport system that delivers cytoplasmically synthesized flagellum
subunits to the flagellum tip and returns the IFT machinery to the basal body (121). IFT
particles, powered by heterotrimeric kinesin, transport flagellum proteins along the outside
of ODs to the tip of the flagellum (67) and are then returned to the flagellum base by
DHC1b dynein (103, 107). IFT has been studied most extensively in C. reinhardtii, where
IFT particles can be separated biochemically into two sub-complexes, A and B, containing
an estimated total of 17 proteins (24). Complex B and A proteins have been linked to
anterograde and retrograde transport, respectively, although both complexes assemble
together to form IFT particles in the flagellum (24). Sequences for 15 of 17 biochemically
defined IFT proteins are published and four additional IFT genes have been identified
through genetic studies in Caenorhabditis elegans (12).

The IFT pathway is conserved in organisms that build a flagellum extracytoplasmically and
all 19 IFT genes are conserved in 7. brucei (Supplemental Tables 2 and 3) (2, 25, 66).
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Functional analyses demonstrated that flagellar biogenesis in 7. bruceirequires IFT (2, 25,
66). This was first demonstrated by RNAi knockdown of the retrograde motor HC and
IFT88 (66). In each case, knockdown led to the formation of cells with progressively shorter
flagella, and ultimately nonflagellated cells (Supplemental Figure 2a,6) (66). Recently,
Absalon et al. (2) used RNA. to ablate expression of 13 IFT genes and in all cases observed
defects in flagellum biogenesis. Knockdown of complex A or B proteins supports the idea
that these complexes have separable functions in 7. brucei (2). T. bruceiand other
kinetoplastids uniquely possess two distinct homologues of the retrograde IFT motor heavy
chain, DHC1b (4). Knockout studies in L. mexicana indicate different requirements for these
two dynein HCs (4), although their distinct contributions to flagellum biogenesis in 7. brucei
have not been reported.

During the 7. brucei cell cycle, cells have one mature flagellum and one nascent flagellum
that grows alongside the old one (Figure 4). IFT proteins are localized to the detergent-
soluble flagellum matrices and basal bodies of both the new and old flagellum (2),
suggesting that IFT operates in both flagella. Consistent with this, IFT-like particles are
visible by TEM in both old and new flagella (2). These particles are found almost
exclusively adjacent to axonemal doublets 3/4 and 7/8 (Supplemental Figure 2¢) (2), a
preference that has not been reported in other organisms. By using an IFT52:GFP fusion
protein, anterograde and retrograde intraflagellar movement were visualized in the old
flagellum and new flagellum of live 7. brucei cells (2). Knockdown of IFT genes blocked
new flagellum growth, but the old flagellum was not visibly affected and retained IFT
proteins (2, 25, 66). Therefore, IFT operates in the growing daughter flagellum and in the
mature flagellum, but IFT proteins in the mature flagellum are not readily exchangeable
with newly synthesized IFT proteins. IFT is required for growth of the new flagellum and
presumably for maintenance of the mature flagellum, although the latter role has yet to be
demonstrated experimentally. In 7. brucei, compartmentalization of IFT proteins into
distinct pools that are accessible only to the new or old flagellum may provide a means for
independently controlling the length of the old flagellum while assembling the new
flagellum.

As the new flagellum extends, it traces a helical path alongside the existing flagellum. In
procyclic cells this path of flagellum growth is directed by the flagellar connector (FC), a
mobile, cytoskeletal structure that connects the tip of the new flagellum to outer doublets 7—
9 of the old flagellum (Figure 4a—-d) (16, 83). The FC forms within the flagellar pocket and
moves with the tip of the new flagellum as it extends distally, maintaining attachment to the
old flagellum until it reaches a point approximately halfway along the old flagellum (16,
83). Although the FC has been visualized by electron microscopy (Figure 4¢,d) (2, 25, 66)
and immunogold labeling (16, 25), the protein components are unknown. The mechanism
for FC movement is also unclear but appears to involve a motor activity outside the new
flagellum (25). The FC still forms in IFT mutants, connects an axoneme-less sleeve of
flagellar membrane to the old flagellum, and moves distally along the old flagellum, moving
the flagellar sleeve with it (Figure 4¢) (2, 25). Therefore, the FC is apparently mobile in the
absence of IFT in the new flagellum. The possibility that IFT in the old flagellum
contributes to FC movement warrants further attention. The FC appears to be specific to the
insect life cycle stage of 7. brucei, since it is not detected in the bloodstream form or in
other trypanosomatids (Figure 4/ (16).

FLAGELLUM FUNCTION

The contribution of the flagellum to parasite motility and host cell attachment has been
appreciated for many years. Functional analyses of flagellar proteins have now revealed
surprising new roles for the flagellum in cell morphogenesis, cell division, and immune
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evasion. We will outline the importance for motility and host cell attachment, and then
review new studies leading to an appreciation of the multifunctional nature of the flagellum.
Details of these new studies have been reviewed recently (47, 113), so the main findings are
summarized and the reader is referred to earlier reviews for details.

The prominent role of motility in trypanosome biology is evidenced by the genus name
Trypanosoma, derived from the Greek frypanon “auger” and soma “body,” which describes
the auger-like movement of trypanosomes first noted by Gruby over 160 years ago (49).
This auger-like motion is due to the tip-to-base spiral waveform of the flagellum, which
wraps around the cell body (Figure 1). Until recently, we knew little about the molecular
mechanisms of flagellar beat in 7. brucei and this knowledge was based almost exclusively
on analogy to other organisms. While such analogies are helpful, unique features of 7.
brucei motility require direct investigation and this is an area needing further effort. In
addition to the structural peculiarities discussed above, the 7. brucei flagellum moves
rapidly in three dimensions with a spiral waveform and highly variable beat parameters. The
dynamic, complex, and rapid movement of these parasites has defied traditional efforts at
quantitative analysis of flagellar beating, and our current understanding is therefore mostly
qualitative. By contrast, detailed quantitative descriptions of flagellar beating in related
kinetoplastids have been completed (18, 41).

African trypanosomes are highly motile, moving at speeds of up to 20 um s™1 (58). Wild-
type cells exhibit alternating periods of translational cell movement and tumbling, which
causes reorientation (Figure 5) (58), reminiscent of the run-and-tumble behavior of bacteria.
The dominant waveform in 7. brucei and other trypanosomatids is a tractile beat that
initiates at the tip of the flagellum and propagates toward the base (148, 149), which is
opposite of that observed in most organisms. This tractile beat is interrupted intermittently
with a base-to-tip beat that appears to be associated with parasite reorientation (9, 15). As
discussed above, the loss of outer arm dyneins results in the loss of the dominant tractile
beat and the appearance of a steady base-to-tip beat that drives cell movement in reverse.
These findings illustrate an interesting contrast with C. reinhardtii, in which outer arm
dyneins modify beat parameters, but not beat form (60). RNAI knockdown of several other
axonemal proteins, including components of the CP, radial spokes, DRC, outer doublets,
dynein motors, and PFR, demonstrated a requirement for each of these structures in normal
motility (Figure 55). However, the lack of a quantitative description of flagellar beating has
limited our ability to define proteins that are responsible for more 7. brucei~specific
features. We also have not yet taken full advantage of facile systems for inducible ectopic
gene expression to dissect the structure and function of specific flagellar proteins.

Motility in Disease Pathogenesis and Parasite Transmission

African trypanosomes are transmitted to the bloodstream of a mammalian host through the
bite of an infected tsetse fly. In both hosts, parasites are extracellular and depend upon their
own motility for migration through tissues. In the mammalian host, 7. brucei initially
circulates in the bloodstream but ultimately penetrates the blood vessel endothelium,
spreading into connective tissues and the central nervous system (CNS). Clinical
manifestations of sleeping sickness are divided into an early stage, with parasites circulating
in the blood and lymph, and a late stage, when parasites have invaded the CNS (104). These
stages are characterized by distinct clinical manifestations and respond differently to
antiparasitic drugs. If untreated, sleeping sickness is always fatal and this fatal outcome is
directly linked to parasite migration into the CNS. The CNS is a privileged environment and
migration of parasites into this compartment may additionally provide a population that is
resistant to chemotherapy and a source of relapse infection. Thus, pathogenic features of
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sleeping sickness are directly linked to migration of the parasite to specific host tissues and
parasite traversal of the blood brain barrier is a critical and defining step of disease
progression.

In the insect vector, trypanosomes taken up during a blood meal initially reside in the
midgut, where they develop into procyclic forms adapted for survival within the fly. Pro-
cyclic trypanosomes are not infectious to mammals and must undergo a complex series of
developmental transformations and directional migrations to complete their development
into mammalian infectious forms. Procyclic parasites migrate through the peritrophic
membrane into the ectoperitropic space and differentiate into mesocyclic trypomastigotes,
which migrate through the proventriculus into the foregut and differentiate into
postmesocyclic epimastigotes (138). These epimastigotes complete the journey through the
proboscis and hypopharynx to reach the lumen of the salivary glands, where the final stage
of development occurs and where the parasites are in the opportune location for transmission
to a new host. Attachment to the salivary gland epithelium via the flagellum stimulates the
final stage of development into mammalian infectious forms (135, 145). Specific fly tissues
are heavily infected, whereas adjacent tissues are devoid of parasites, indicating that parasite
migration is not random (43, 44). Hence, in both tsetse and mammalian hosts trypanosome
migration to specific host tissues is central to parasite development and disease
pathogenesis.

Host Cell Attachment

The final step in maturation to infectious bloodstream forms, including acquisition of the
VSG coat, occurs following parasite attachment to the tsetse fly salivary gland. This
attachment is mediated by the parasite flagellum, which forms elaborate outgrowths of
membrane and cytoskeletal material that penetrate into the spaces between microvilli of the
salivary gland epithelium (Figure 6) (135, 145). Flagellar and host cell membranes are held
in close apposition by hemidesmosome-like attachment plaques (Figure 6a—c) (135, 145).
Attached epimastigotes then cease division and lose the extensive flagellar outgrowths but
retain the attachment plaques. It is at this point that the parasites acquire the VSG coat and
undergo additional morphogenetic changes (Figure 64). Ultimately, VSG-coated meta-cyclic
parasites are released into the lumen of the salivary gland for transmission to a new
mammalian host. The molecular machinery that underlies modification of the flagellum into
an attachment organelle and the signaling pathways that drive these critical developmental
changes are unknown. Of interest is a recent report that trypanosomes completely lacking
pro-cyclin exhibit dramatically reduced interaction with the salivary gland epithelium (139).

Endocytosis and Immune Evasion

The flagellar pocket is the sole site of endocytosis and secretion (151), and access to the
pocket lumen is restricted by close contacts between the flagellar and flagellar pocket
membranes. As such, it has long been speculated that flagellum beating influences entry into
the flagellar pocket, although experimental evidence was lacking. In an elegant set of
experiments designed to track fluorescent protein trafficking on the surface of live cells,
Engstler et al. (36) have now directly demonstrated a requirement for normal flagellar
beating in endocytosis of VSG complexed with immunoglobulin (1g) in bloodstream-form
T. brucei (Supplemental Figure 3). Clearance of VSG-Ig protein complexes from the
parasite surface is part of an integrated strategy for avoiding destruction by the host immune
system and is disrupted in flagellar motility mutants. Therefore, flagellar motility is
expected to contribute to immune evasion and persistent infection.
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Sensory Perception

To be successful, trypanosomes must integrate host-derived and parasite-derived signals to
direct parasite movements and developmental transformations within specific host
compartments. While most evident in the tsetse (138), signaling also operates in the
mammalian host, where autocrine signaling stimulates transformation of proliferating long-
slender to nonproliferating short-stumpy forms (30, 116, 140). Penetration of the
microvascular endothelium of the blood brain barrier involves paracrine signaling between
parasite and host (88, 89). Recent studies have localized cyclic nucleotide and calcium
signaling pathways to the flagellum (91, 92, 99, 108), suggesting that the flagellum provides
a signaling platform for environmental sensing. Flagella are well known for their sensory
roles in other organisms. In mammalian sperm, flagellar cyclic nucleotide and calcium
signaling are crucial for chemotaxis and maturation (32, 38, 61). During C. reinhardtii
mating, interaction of flagellar surface molecules stimulates flagellar cAMP signaling,
leading to fusion and zygote formation (158). Analysis of 7. brucei flagellar signaling
pathways, including ligands and downstream effectors, is an important area of research that
demands further attention and will surely yield important insights into parasite biology and
pathogenesis.

Cell Morphogenesis

Cell Division

The T. brucei cell is highly polarized with single-copy organelles whose positions must be
maintained, and then duplicated and segregated during cell division. The flagellum is
connected to several subcellular organelles and structures, e.g., FAZ, flagellar pocket,
kinetoplast, and mitochondrion, and dictates their arrangement. Through the flagellar
connector, the old flagellum directs the path of new flagellum growth (Figure 44,5),
translating positional information to flagellum-associated organelles and thereby organizing
them for segregation during cytokinesis (83). This arrangement provides a dramatic example
of cytotaxis, whereby positional information is inherited from existing cellular structures.
Recent RNAI studies of individual flagellum proteins have illustrated the importance of this
concept and the flagellum in 7. brucei morphogenesis and division.

Flagellum mutants display defects in cell morphology and polarity (2, 14, 17, 112).
Commonly, the new kinetoplast fails to migrate posteriorly prior to cell division (3, 15, 26,
114). This is due to the connection between the kinetoplast and the basal body (119), though
the mechanism by which the flagellum drives posterior basal body/kinetoplast movement is
unclear. The defect is not strictly correlated with motility, since PFR mutants segregate the
kinetoplast (3). It has been proposed that the FC reaches a stop point on the old flagellum,
causing a reaction force to be transmitted posteriorly, moving the basal body (3, 25).
Currently, it remains unknown what transmits the reaction force or how it overcomes
resistance by FAZ connections along the cell body. Alternatively, the connector stop point
might signal initiation of basal body migration independent of a reaction force.

The T. brucei cleavage furrow initiates between the tips of the new and old flagella/FAZ and
progresses posteriorly (Figure 7c¢), suggesting an important role for the flagellum/FAZ in
directing cleavage furrow formation (120). Supporting this hypothesis, knockdown of IFT88
or the retrograde IFT motor halts new flagellum/FAZ growth, and cytokinesis initiates at a
point that correlates with the position of the truncated FAZ (Supplemental Figure 4a—c) (66).
This yields short and ultimately nonviable aflagellate cells with severely abnormal
morphology and polarity. The potential to control cell size based on flagellum/FAZ
positioning is directly relevant in vivo, where transformation from trypomastigotes to
epimastigotes is associated with an asymmetric cell division that yields one long cell and
one short cell (Supplemental Figure 44) (138). Reduced cell size accompanying this
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differentiation is correlated with the position of a short new flagellum (127). Thus, the
flagellum/FAZ are critical determinants of cleavage furrow formation, but many interesting
questions remain, particularly regarding the signals that control flagellum/FAZ length and
the cues for the initiation of cytokinesis and asymmetric division in vivo.

Motility and Cytokinesis

Perhaps more surprising than a structural requirement for the flagellum in cell division was
the discovery that flagellar motility mutants with full-length flagella have cytokinesis
defects (9, 10, 15, 17, 112, 114, 115). The effect is observed in procyclic and bloodstream
forms, though the terminal phenotype differs and is more pronounced in bloodstream forms
(Figure 7) (17, 112). In procyclic cells, motility mutants fail in the final stage of cell
separation, yielding clusters of cells connected at their posterior (Figure 74) (15, 114, 115).
This phenotype has been observed in 33 independent mutants and the defect is rescued by
mechanical agitation (9, 10, 15, 114, 115). Some mutants are reported not to exhibit the
defect (17) and the reason for this discrepancy is not yet known. Nonetheless, the combined
data indicate that pulling and rotational forces supplied by flagellar beating contribute to
normal cytokinesis in procyclic cells. A similar phenomenon, termed rotokinesis, operates in
Tetrahymena (19).

In bloodstream-form trypanosomes, all motility mutants so far examined are nonviable,
indicating an exquisite sensitivity to perturbing the flagellum (15, 17, 112). There are
distinct phenotypic differences between procyclic and bloodstream flagellum mutants
(Figure 7) (112, 113). While procyclic mutants fail during progression and/or completion of
cell cleavage (Figure 74), bloodstream mutants ultimately fail to initiate cytokinesis (Figure
7b) (112). Furthermore, many knockdowns that are lethal bloodstream cells are viable in the
procyclic form (26, 58). These results demonstrate life cycle stage-specific flagellum
functions and emphasize the emerging concept (52, 136) of a dichotomy in the control of
cell division in bloodstream and procyclic forms.

While the above studies show that flagellar proteins are essential in the bloodstream life
cycle stage, they do not demonstrate that motility itself is essential. For example, lethality
might result from structural defects rather than motility defects. Notably, all mutants
examined thus far have known or suspected structural defects in the flagellum, as directly
shown in 7. bruceior in analogous C. reinhardtii mutants (113). Because the flagellum is
critically linked to cell division, alterations to the flagellum or associated structures might
preclude cell division. Consistent with this idea, mechanical agitation in vitro does not
rescue the cell division defect of bloodstream motility mutants (K. Hill, unpublished results),
nor do physical forces associated with bloodstream circulation (48). The situation is
therefore different than that for pro-cyclic motility mutants. Furthermore, lethality in
bloodstream-form mutants does not strictly correlate with the severity of motility defects in
the corresponding procyclic mutants (113).

Flagellum assembly/disassembly is linked to cell cycle control in other organisms (100, 111,
118), and it is therefore possible that perturbing flagellum fidelity triggers a bona fide
cytokinesis checkpoint in bloodstream-form trypanosomes. All mutants generated so far are
RNAI knockdowns, and it will be informative to employ site-directed mutants that disrupt
motility without disrupting flagellum assembly/structure to further address this issue.
Regardless of the precise reason for lethality in bloodstream-form flagellum mutants, these
studies raise the exciting possibility that the flagellum, and its estimated 700+ protein
components, might be exploited as a novel target for therapeutic intervention in African
sleeping sickness.
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Recent genomic and proteomic approaches have identified novel flagellar proteins in several
organisms (6, 10, 17, 54, 73, 80, 101). In 7. bruceiBaron et al. (10) identified 50
components of motile flagella, or CMF genes, that are conserved in eukaryotes with motile
flagella but are absent in organisms that contain only non-motile flagella or lack flagella
entirely. RNAI knockdown of 41 CMF genes, 30 of which were novel, demonstrated a
motility function for the majority (10). Biochemical studies on select CMF proteins
demonstrated specific and stable association with the flagellum (10). Broadhead et al. (17)
and Hart et al. (54) used proteomic analysis of salt-extracted flagella to identify 499 proteins
that constitute a 7. brucei extracted flagellum proteome, here referred to as TbEFP,
including the axoneme, basal body, and FAZ. RNAi knockdown demonstrated flagellum
function for eight novel TOEFP proteins (17). Two hundred eight TbEFP proteins are
kinetoplastid specific and 238 were annotated as hypothetical, emphasizing the unexplored
nature of the trypanosome flagellum.

In summary, these studies identified novel flagellum- and kinetoplastid-specific proteins (6,
10, 17, 54, 73, 80, 101), identified candidate subunits of the elusive nexin links (10), added
to the inventory of human ciliary disease genes (6, 10, 17, 73, 101), and provided some of
the first demonstrations that these genes have bona fide flagellum functions. These studies
further revealed flagellar proteins that are encoded by expanded gene families in 7. brucei,
including components of the DRC, protofilament ribbons, dynein LCs, the retrograde IFT
motor (4), and three novel protein families (10). Trypanosome-specific expansion of
flagellar genes might reflect unique aspects of flagellar beat or constraints imposed by the
unusual architecture of the trypanosome flagellum.

T. BRUCEI AS A MODEL SYSTEM FOR FLAGELLUM BIOLOGY

Cilia and flagella drive movement of human pathogens such as 7. brucei, Trichomonas
vaginalis, Giardia lambliaand microgametes of Plasmodium spp. (37, 47, 130, 147).
Cilia and flagella are also essential for normal human development and physiology, and
ciliary defects cause a variety of heritable diseases (7). The flagellar axoneme is
conserved among flagellated eukaryotes, and tools available in 7. brucei make it an
excellent system for dissecting flagellum biology. 7. brucei offers facile systems for
reverse genetics, including inducible RNA\I, targeted gene knockouts, and inducible
expression of recombinant proteins, as well as systems for forward genetics (71, 86).
Epitope and tandem affinity purification tags are readily integrated into any endogenous
locus using single-step PCR (93, 125, 128). Recent studies in 7. brucei identified novel
flagellar genes and demonstrated function of putative flagellar components. For some
human ciliary disease genes, studies in 7. brucei provided the first connection to human
disease and, in some cases, the first demonstration that these genes have bona fide
flagellum functions (10, 17). 7. brucei is therefore emerging as a powerful experimental
system for investigating eukaryotic flagellum structure and function, and it will become
even more valuable as the era of gene discovery comes to a close and the focus turns to
functional analysis.

We compiled an extensive inventory of flagellar and putative flagellar proteins in 7. brucei
(Supplemental Table 4; Supplemental Figure 5) using the CMF and TbEFP datasets (10, 17,
54), and the 7. bruceihomologues of C. reinharatii flagellar proteome and motility cut
proteins (80, 101). Details of these datasets are provided in the corresponding references.
Our flagellar protein inventory includes 749 putative flagellar proteins. Interestingly, 43% of
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these proteins are specific to kinetoplastids (Supplemental Figure 5) and the vast majority
(75%) have not been investigated individually, underscoring the need for additional
functional studies.

SUMMARY AND FUTURE CONSIDERATIONS

The flagellum of African trypanosomes is now established as an essential and
multifunctional organelle, moving well beyond its canonical role in parasite motility.
Continued investigation is needed to determine the role of flagellar motility in vivo and to
examine the exciting possibility that the flagellum may function in sensory perception and
chemotaxis. Analysis of the membrane compartment is likely to be rewarding in this regard.
There is also a need for more detailed examination of the flagellum in the bloodstream life
cycle stage and more detailed ultrastructural analysis of the flagellum in both procyclic and
bloodstream stages. Additional surprises surely await continued investigation of flagellar
pocket, flagellar membrane and matrix composition, as well as flagellar biogenesis. In a
broader context, expanded utilization of 7. bruceias an experimental system to investigate
flagellum biology will provide further insights into flagellum structure and function in
humans and other organisms (Figure 8) (see sidebar, 7. bruceias a Model System for
Flagellum Biology). Although numerous flagellar proteins have been identified in genomic
and proteomic studies, functional analysis is needed to determine how these proteins
contribute individually and collectively to flagellum function. The hundreds of recently
identified flagellar proteins represent novel targets for therapeutic intervention in African
sleeping sickness, as well as other infectious and heritable diseases. Much work is needed to
capitalize on this possibility and continued studies of the trypanosome flagellum provide an
opportunity to move in this direction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

Flagellum/cilium a hair-like projection extending from the cell surface that provides
motility, sensory and transport functions

Basal body a microtubule organizing center that nucleates the microtubules of
the flagellar axoneme

Flagellar pocket a specialized invagination of the trypanosome plasma membrane
formed at the site where the flagellum emerges from the
cytoplasm

Axoneme an evolutionarily-conserved microtubule-based structure that

provides the scaffold for all eukaryotic flagella
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FAZ flagellum attachment zone

Par aflagellar rod a large paracrystaline filament that is attached to the axoneme of

(PFR) kinetoplastids and provides a scaffold for assembly of regulators
of axonemal motility

RNAI RNA interference

TAC tripartite attachment complex

oD outer doublet microtubule

CP central pair apparatus

Dynein a AAA-type, microtubule-based molecular motor composed of
one or more catalytic heavy chains and several associated
noncatalytic subunits, that power flagellar motility and function as
the motor for retrograde IFT

Dynein regulatory a central regulator of dynein activity likely found in all extant

complex (DRC) organisms with motile axonemes

I ntraflagellar a bidirectional, microtubule-dependent transport system that

transport (IFT) transports flagellum components into the flagellum and returns
transport machinery to the flagellum base, powered by kinesin and
dynein

Flagellar connector a 7. brucer-specific mobile cytoskeletal structure that connects the

(FC) tip of the new flagellum to the side of the old flagellum
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SUMMARY POINTS

Flagellar motility plays a central role in parasite development and disease
pathogenesis.

The 7. brucei flagellum is an essential and multifunctional organelle with
critical roles beyond motility, including host-parasite interaction, cell
morphogenesis, cell division and immune evasion.

Flagellar mutants have defective cell division in both the bloodstream form and
procyclic form, but there are fundamental differences in the phenotypes
observed, indicating life cycle stage-specific flagellum functions. This point
speaks to the broader concept of stage-specific control of the cell division cycle
and understanding the underlying mechanisms represents a major unresolved
question.

All motility mutants so far examined in the bloodstream life cycle stage are
inviable. However, it remains to be determined whether this lethal phenotype is
due to loss of motility per se, or to another aspect of flagellum function.

Structure of the 7. brucei flagellum exhibits conserved and unique features
compared to other eukaryotes and further ultrastructural work is needed to
precisely define these. Unique features may be exploited as drug targets, while
conserved features are broadly relevant to understanding flagellum/cilium
structure and function.

The motility behavior of 7. brucei and the presence of sensory/signaling
pathways in the flagellum indicate that the flagellum provides a platform for the
assembly of environmental signaling systems.

Trypanosomes provide an excellent model system for investigating fundamental
aspects of eukaryotic flagellar biology. Already this has led to novel insights
into flagellum function, as well as discovery and functional analysis of several
human disease genes.
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Figure 1.

The trypanosome flagellum. (&) Scanning electron micrograph (EM) of a procyclic
trypanosome. The arrow indicates the single flagellum. (6) Transmission EM showing a
cross-section of the flagellum and its attachment to the cell body as viewed looking from
posterior toward anterior. (¢) Schematic representation of the micrograph in panel 6. Major
flagellar substructures are indicated and outer doublet microtubules are numbered according
to convention. Flagellar substructures that are broadly conserved among eukaryotes are in
blue, and structures that are unique to trypanosomes and closely related organisms are in
green. Abbreviations: DRC, dynein regulatory complex; FAZ, flagellum attachment zone;
IFT, intraflagellar transport; MT, microtubule; PFR, paraflagellar rod. Adapted from
Reference 113, with permission.
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Figure 2.

Ultrastructure of the trypanosome flagellum. (8) Schematic cut-out view of the flagellar
pocket area. Note that because the mitochondrion is not shown, only a partial TAC,
consisting of the exclusion zone filaments extending from the basal body toward the
mitochondrion, is represented in this schematic. (6—/) Electron micrographs of longitudinal
(b) and transverse (¢} sections of procyclic cells, from posterior (¢) to anterior (4). (b)
Longitudinal section showing the flagellar apparatus (b/ue arrow) and FP (orange arrow).
The positions of the transverse sections in panels ¢—/ are indicated with dashed lines, with
panel A farther anterior than panel g. (¢) The basal body apparatus. (@) The 9 + 0 transition
zone within the FP; note the filaments of the ciliary necklace radiating from the doublet
microtubules. (€) The 9 + 2 flagellar axoneme within the FP. (/) The flagellum exiting the
FP through the FPC. (g) The flagellum outside of the FP but not yet having a PFR. (#) The
flagellum outside of the FP, containing both an axoneme and a PFR (asterisk). Note that
FAZ connections to the axoneme initiate proximal to the initiation of the PFR (hot shown).
Panel ais adapted from Reference 55, with permission. Abbreviations: AX, 9 + 2 axoneme;
BB, basal body; FAZ, flagellum attachment zone; FAZ PMT, the four specialized
subpellicular microtubules of the flagellum attachment zone; FP, flagellar pocket; FPC,
flagellar pocket collar; PFR, paraflagellar rod; TAC, tripartite attachment complex; TZ,
transition zone.
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Figure 3.

The flagellum attachment zone (FAZ). (&) Transverse electron micrograph (EM) section of
the Trypanosoma brucei rhodesiense bloodstream form, showing the flagellum (Flag) and
cell body (Body). The electron-dense filament (Fil), macula adherens (small arrowheads)
and membranous compartment (MC) of the FAZ are indicated. Large arrowheads point out
the gap between the flagellar and cell body membranes. Also indicated are the subpellicular
microtubules (PMT), the paraflagellar rod (PFR), and the granular endoplasmic reticulum
(GR). (b) Longitudinal section of 7. vivax, showing a series of macula adherens (MA) with
their anchoring strands passing to longitudinally oriented filaments. (¢) Whole mount of an
intact, detergent-extracted 7. brucei cytoskeleton, with the MA indicated with arrows. (a)
RNAI knockdown of Flal in bloodstream-form 7. brucei cells (Flal-) leads to flagellar
detachment (arrow). (6) RNAI knockdown of FAZ1 in procyclic 7. brucei cells (FAZ1-)
leads to abnormalities in FAZ ultrastructure, including unusually wide FAZ filaments
(brackel). Arrows point to the four specialized PMTs of the FAZ. Panels aand b are adapted
from Reference 145, panel ¢ from Reference 58, panel dfrom Reference 69, and panel e
from Reference 142, with permission.
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Figure 4.

Trypanosome flagellum biogenesis. (&,4) Scanning electron micrographs of procyclic-form
cells show that the distal tip of the new flagellum (arrow) remains associated with the old
flagellum during cell division. The distal tip of the new flagellum is indicated (arrow), the
flagellar pockets are marked (asterisks), and the cell posterior is indicated (P). (¢,d) Low (¢)
and high (d) magnification transmission electron micrographs of a detergent-extracted
procyclic cytoskeleton showing the flagellar connector (arrow) that is present at the tip of
the new flagellum (NF) and contacts the old flagellum (OF). (€) Scanning electron
micrograph of a procyclic-form IFT80 RNAI knockdown mutant. A flagellar membrane
sleeve (FS) of the new flagellum (NF) extends toward the lateral aspect of the old flagellum
(OF). (# Scanning electron micrograph of a bloodstream-form (BSF) cell during cell
division, demonstrating that the tip of the new flagellum (NF) does not appear to connect to
the old flagellum (OF) during elongation. Panels a—d are adapted from Reference 83, panel e
from Reference 25, and panel 7from Reference 16, with permission.
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Figure5.

Trypanosoma brucei cell motility. (&) Motility traces of wild-type procyclic cells. The
positions of individual cells are plotted at 1-s intervals (indicated by dots). Starting positions
are marked with open circles; ending positions are marked with arrowheads, and the time in
seconds that each cell was within the field of view is indicated. (6) Schematic
representations of motility phenotypes in procyclic motility mutants. Wild-type (WT) cell
movement is helical with the flagellum tip leading. Dizzy mutants, such as trypanin
knockdown mutants (58), retain a vigorously beating flagellum but are unable to move
directionally. Reverse mutants, such as DNAI1 (15) or LC1 (9) knockdown mutants, exhibit
a reverse, base-to-tip beat, and move backward, with the flagellum tip trailing. Paralyzed
mutants, such as central pair and radial spoke mutants (15, 114), are incapable of movement
at the cellular level. Lethal defects arise in mutants with severe flagellar paralysis (10). (¢)
Time series (0.66-s intervals) of a WT procyclic cell moving in liquid medium. The
movements of the posterior tip of the cell body are traced with a red dashed line. Note that
periods of running (0-4.66 and 8-9.33 s) alternate with periods of tumbling (5.33-7.33 s).
Panel ais adapted from Reference 58, and panel & from Reference 113, with permission.
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The flagellum mediates attachment to the tsetse fly salivary gland. (&) Transverse electron
micrograph section of a Trypanosoma brucei epimastigote showing the flagellum (F) with
flagellar outgrowths (FO) intercalating with the microvilli (MV) of the tsetse fly salivary
gland epithelium. Note the attachment plaques (APs) that form junctions with MV. The
mitochondrion (M) is indicated. () Electron micrograph section showing three 7. brucei
flagella (F1, F», and F3), each with extensive flagellar outgrowths. For emphasis, the
outgrowths of Fq are outlined in red. (¢) Detail of the attachment between the flagellum and
the host cell (HC). Note that APs are found on the flagellar membrane only where the
membrane is indented by the MV, leading to a much smaller gap between host and parasite
membranes in this region (small arrowheads) than in the spaces that lack APs (/arge
arrowheads). (@) Diagram of the developmental changes that occur while the parasite is
attached to the salivary gland epithelium. Cells from left to right are epimastigote,
premetacyclic, nascent metacyclic, and metacyclic forms. VSG, variant surface
glycoprotein. Adapted from Reference 135, with permission.
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Figure7.

There is a dichotomy in the requirement of the flagellum in procyclic versus bloodstream-
form cells. Panels aand & show phenotypes commonly observed in procyclic (PCF) and
bloodstream-form (BSF) cells when flagellum proteins are knocked down. (&) Differential
interference contrast (DIC) images of uninduced (-Tet) and tetracycline-induced (+Tet)
procyclic pfr2 knockdown mutants (PCF Mot -). Induced cells fail in the completion of
cytokinesis and accumulate as clusters of distinct cell bodies that remain physically attached
at their posterior ends (arrowhead). (b) Phase-contrast images of —Tet and +Tet
bloodstream-form trypanin knockdown mutants (BSF Mot —). Induced cells fail in the
initiation of cytokinesis and accumulate as amorphous masses with multiple flagella. (¢)
Schematic representation of the cell cycle and the differing cell cycle blocks in procyclic
versus bloodstream flagellum mutants. The cell cycle begins with replication of the basal
body and initiation of new flagellum biogenesis. The new flagellum extends along a path
defined by the old flagellum, while the basal bodies and associated kinetoplasts (small gray
circles) migrate away from each other. In a closed mitotic cycle, the nucleus (/arge gray
circle) is replicated and the new nucleus assumes a position between the new and old
kinetoplast/basal body apparatus. Cytokinesis initiates at the tip of the new flagellum (black
arrowhead), and cleavage furrow ingression proceeds to the cell posterior, separating the
two daughter cells between the new and old flagella. Ultimately, daughter cells are oriented
in opposite directions, with their flagella exerting rotational and pulling forces that facilitate
final cell separation. Panel ais adapted from Reference 114, panel 6 from Reference 112,
and panel ¢ from Reference 113, with permission.
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Figure8.

Trypanosoma brucei as a model system for flagellum structure and function studies. Artistic
representation of the trypanosome, emphasizing the evolutionarily conserved character of
the 9 + 2 flagellar axoneme, with various ciliated organisms representing the radial spokes.
(Clockwise from top: Ciona intestinalis, Danio rerio, Drosophila melanogaster, Gallus
gallus, Chlamydomonas reinharatii, Homo sapiens, Caenorhabditis elegans, Mus musculus,
and Asterias forbesi) The paraflagellar rod, unique to trypanosomes, is not shown.
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