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SUMMARY While flagella have been studied extensively as motility organelles, with
a focus on internal structures such as the axoneme, more recent research has illumi-
nated the roles of the flagellar surface in a variety of biological processes. Parasitic
protists of the order Kinetoplastida, which include trypanosomes and Leishmania
species, provide a paradigm for probing the role of flagella in host-microbe interac-
tions and illustrate that this interface between the flagellar surface and the host is of
paramount importance. An increasing body of knowledge indicates that the flagellar
membrane serves a multitude of functions at this interface: attachment of parasites
to tissues within insect vectors, close interactions with intracellular organelles of ver-
tebrate cells, transactions between flagella from different parasites, junctions be-
tween the flagella and the parasite cell body, emergence of nanotubes and exo-
somes from the parasite directed to either host or microbial targets, immune
evasion, and sensing of the extracellular milieu. Recent whole-organelle or genome-
wide studies have begun to identify protein components of the flagellar surface that
must mediate these diverse host-parasite interactions. The increasing corpus of
knowledge on kinetoplastid flagella will likely prove illuminating for other flagellated
or ciliated pathogens as well.

KEYWORDS flagellar surface, kinetoplastid parasites, microbe-host interactions,
sensing, secretion, immune evasion

INTRODUCTION
Ithough flagella and cilia have traditionally been considered motility organelles, it
is now recognized that they serve multiple other functions, both in single cell
eukaryotes and in metazoa. Notable among these alternate activities is their role in
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sensing of the external environment (1-4), for which they have been likened to
“antennae” that relay information about the extracellular milieu to the interior of the
cell, and their activities as secretory organelles (5). Many pathogenic microbes are
flagellated (6), with these organelles serving vital functions in microbial activities and in
colonization of hosts. Hemoflagellates of the order Kinetoplastida, which include the
African and South American trypanosomes Trypanosoma brucei and T. cruzi, as well as
many species of Leishmania, are parasitic unicellular eukaryotes that colonize both an
insect vector and vertebrate hosts. Flagella are prominent features of parasite mor-
phology in various life cycle stages, and the roles of these organelles in parasite biology
have been investigated for decades. Indeed, such parasites, especially T. brucei, have
emerged as model organisms for the study of flagellar structure and function (6, 7), with
increasingly sophisticated molecular-genetic and cell biological approaches facilitating
the dissection of flagellar action, and these flagellated protists can complement more
classical systems like Chlamydomonas reinhardtii (8). However, one novel feature of
kinetoplastid parasites is the ability to address the function of flagella in host-microbe
interactions and disease. Much of the research to date on kinetoplastid flagella has
focused upon their motile properties and the structural and biochemical features of
internal organellar structures, such as the axoneme, in promoting parasite motility
(reviewed in references 6, 7, 9, and 10). In addition, the flagellum plays central roles in
defining cell shape, morphogenesis, and polarity (11, 12), and many studies related to
this function have also focused upon flagellar internal components. However, equally
consequential to the diverse activities of flagella, especially among microbial patho-
gens, is the organellar surface that is referred to as the flagellar membrane or sheath.
This flagellar surface provides a key interface between the parasite and host cells and
tissues. The purpose of this review is to highlight recent advances among the kineto-
plastid parasites illuminating the role of the flagellar surface in host-microbe interac-
tions.

FLAGELLA IN KINETOPLASTID PARASITES

Kinetoplastid parasites are all flagellated (see Fig. 1 for a schematic diagram of
the flagellum of the African trypanosome), but the size and morphology of the
flagellum varies depending upon the species and life cycle stage (Fig. 2). Thus,
Trypanosoma brucei elaborate a flagellum that is attached to the cell body along
most of its length, with only the anterior tip unattached (Fig. 2A). Insect epimas-
tigote forms of Trypanosoma cruzi have an extensive flagellar-cell body attachment
but also a long section of free flagellum (Fig. 2B). In contrast, the flagella of
Leishmania insect-form promastigotes are largely free of the cell body (Fig. 2C, large
image), emerging untethered from the flagellar pocket (13), the invagination of the
plasma membrane from which all kinetoplastid flagella extend. Intracellular amas-
tigotes of either Leishmania species (Fig. 2C, small image in inset) or T. cruzi have
short flagella that barely emerge from the flagellar pocket. These structural differ-
ences in flagella can dictate functional specializations for this organelle between
species and life cycle stages. Thus, at least under the conditions tested, the cell
shape and attached flagellum of T. brucei insect-stage procyclic forms allow these
parasites to swim directionally for extended distances, whereas L. mexicana pro-
mastigotes make frequent changes in direction and engage in tumbling activity
(14). Nonetheless, two studies (15, 16) on bloodstream forms (BF) rather than
procyclic forms (PF) of trypanosomes have demonstrated that swimming behavior
can differ depending on the physical composition of the medium, and this life cycle
form can also switch or reverse direction and tumble frequently. Cell forms with
extended flagella are highly motile, a property that can be critical to colonization
of insect (17) or vertebrate (16, 18) hosts. Furthermore, the beating of trypanosome
flagella promotes migration through constricted interstitial spaces in host tissues,
not simply by allowing directional motility but also by deforming the shape of the
parasite cell body, so that it can penetrate though apertures that are smaller than
the maximum diameter of the parasite cell body (19).

June 2020 Volume 84 Issue 2 e00079-19

Microbiology and Molecular Biology Reviews

mmbr.asm.org 2


https://mmbr.asm.org

Flagellar Membrane in Kinetoplastid Parasites Microbiology and Molecular Biology Reviews

Basal plate

N\ ) Flagellum ,—Flagellar
O — : membrane
Y 7 " i \] Axoneme

N : U PFR

T — JFAZ

Cell membrane

FAZ-associated

Tripartite — b
attachment )/\ ;
complex

W Fl(;agkte;ltar Flagellar FAZ filament ~ flagellar
P pocket collar membrane
1 ——FAZ-associated
Kinetoplast Y Flagellar sellbody
Transition pocket membrane membrane

zone

Transition fibres

Flagellum

Flagellum tip

Posterior Anterior

FIG 1 Diagram of the flagellum and surrounding structures in BF T. brucei. The image on the bottom is a scanning electron
micrograph of a BF trypanosome. The section in the dashed box, representing the base of the flagellum and the surrounding
cellular components, has been expanded as a schematic diagram at the top of the figure. Subcellular structures associated with
the flagellum are indicated by labeling. PFR indicates the paraflagellar rod and FAZ the flagellum attachment zone. (Adapted
from reference 6 with permission of Springer.)

The roles of flagella in Leishmania infections of sand flies and vertebrate hosts have
also been investigated. Overexpression of a constitutively active Q70L mutant of the
small G-protein LdARL-3A in L. amazonensis promastigotes resulted in parasites with
very short flagella (20). These “aflagellate” promastigotes were able to infect primary
bone marrow-derived murine macrophages with kinetics equivalent to wild-type par-
asites, suggesting that full-length flagella were not required for host cell invasion. While
initial colonization of Lutzomyia longipalpis sand flies was as robust as for wild-type
promastigotes, the aflagellar mutants were lost from the midguts following expulsion
of the blood meal, consistent with a role for flagellar adhesion and/or motility in
successful sand fly infection (21). A second study isolated a “dysflagellar” mutant of L.
braziliensis from a patient (22). Although the genetic nature of this mutant is unknown,
promastigotes were greatly impaired in motility, and in scanning electron micrographs
they exhibited a short protuberance of disorganized material in place of the flagellum.
This dysflagellar mutant was able to infect bone marrow-derived macrophages and
either BALB/c or C57BL/6 mice as effectively as a reference strain of L. braziliensis,
indicating that normal flagella are not required for mammalian infectivity or virulence.
This mutant also colonized L. longipalpis sand flies up to 96 h, as well as the reference
strain, implying that the flagellum is not required for colonization of the sand fly. The
latter result conflicts with the above studies using the LdARL-3A mutant that did not
successfully colonize sand flies. Why these two flagellum defective mutants give such
different phenotypes in sand fly infections is not clear, although it must be recognized
that the genetic lesions and the species of parasite are both distinct. In contrast to
promastigotes, amastigotes are not motile, consistent with their intracellular mode of
life, but amastigote flagella could nonetheless play potentially central roles in parasite
interactions with the infected host cells (see below). Overall, the prominent roles of
flagella in the biology of these parasites has ensured that they have been a major focus
of research.
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FIG 2 Images of kinetoplastid parasites and their flagella. (A) Scanning electron micrograph of blood-
stream form Trypanosoma brucei. The parasite has begun cell division, and the flagellum has duplicated
at the posterior end of the cell (lower right). The anterior tip of the flagellum that is unattached to the
cell body can be seen in the upper left. (Reproduced from the Wellcome Collection [https://wellcome-
collection.org/works/t3za8n35]; Gull Laboratory, courtesy of Sue Vaughan.) (B) Electron micrographs of
epimastigote forms of Trypanosoma cruzi. (a [top]) Scanning electron microscopy image with an arrow
pointing to the flagellar pocket and two arrowheads pointing to the region of the flagellum that is free
from the cell body; (b [lower left]) TEM image with a thick arrow pointing to the flagellar pocket and a
thin arrow pointing to the flagellum attachment zone (FAZ); (c [lower right]) TEM image transverse to the
flagellum, with the arrow pointing to the FAZ (connecting the flagellar and cell body membranes) and
the flagellar membrane visible as a dark contour surrounding that organelle. (Reproduced from reference
131.) (C) Scanning electron microscopy images of an L. mexicana promastigote (a) and amastigote (b,
inset). The arrowhead in subpanel b points to the short amastigote flagellum. (Reproduced from
reference 132 with permission of Elsevier.)

FLAGELLAR ATTACHMENT TO HOST CELLS AND TISSUES

One of the earliest roles to be identified for the flagellar surface in Kinetoplastida
was attachment of parasites to epithelia in insect vectors. Electron microscopy of
Lutzomyia longipalis sand flies infected with Leishmania amazonensis promastigotes
revealed two different flagellum-epithelium interactions (23). Four to five days after
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infection, the microvilli of the posterior midgut lengthened, and nectomonad-form
parasites attached to these altered microvilli by their flagella, but no visible junctional
complexes were formed between the parasite and insect organelles (Fig. 3A). None-
theless, this attachment appears to prevent excretion of the parasites during defecation
of the blood meal residue. Later in infection, when parasites migrated to the mouth-
parts, the haptomonad forms attached to the oesophageal or stomodeal valve (24) with
the flagellar tips forming electron-dense, foot-like hemidesmosomes with the chitin
lining of the valve (Fig. 3B). Adherence and blockage of the stomodeal valve has
important consequences for transmission of the parasite from the fly to the vertebrate
host (25). In addition to forming a viscous gel-like plug generated by secretion of
proteoglycan from the promastigote flagellar pocket, the attached parasites damage
the chitin lining of the valve, and together these alterations cause the infected sand fly
to engage in repeated pump pulsation that results in regurgitation of nonattached
infectious metacyclic parasites into vertebrate tissue. Given the multiple sites of flagel-
lar attachment in the sand fly, it is puzzling that the L. braziliensis dysflagellar mutant
was able to colonize sand flies, at least up to 96 h postinfection (22), thus potentially
challenging the requirement for such flagellum-vector interactions.

Similarly, the flagellar surface is critical for the adherence of dividing epimastigote
forms of T. brucei to the salivary gland of the tsetse fly (26). The epimastigote flagellum
exhibits branched protrusions that intercalate into host cell microvilli and form
hemidesmosome-like attachment plaques to the surfaces of the microvilli (Fig. 3C). Late
in tsetse fly infection, attached epimastigotes undergo an asymmetric division, with
one daughter cell being released from the epithelium and differentiating into nondi-
viding infectious metacyclic forms in the saliva (27). Hence, both sequential develop-
ment and transmission of insect-stage Leishmania and T. brucei are critically dependent
upon the modification and interaction of the flagellar surface with vector tissues. What
these flagellar modifications are and the precise nature of the adhesive interactions
remain to be determined and will likely be challenging to define, given the limited
number of adhered parasites available. However, a recent study employing the model
kinetoplastid protist Crithidia fasciculata, a parasite of mosquitos, has identified genes
that may be involved in adherence of these organisms to both mosquito gut and to
plastic surfaces in vitro (28). Most of these genes are conserved in other kinetoplastids,
suggesting that they could be involved in shared mechanisms of adherence.

Intracellular amastigotes of Leishmania and T. cruzi have short flagella (~1.5 um)
that barely emerge from the flagellar pocket (Fig. 2C, inset, white arrowhead). While
such “residual” flagella were considered by many workers to be primarily generative
structures to allow outgrowth of bona fide flagella when the parasites developed into
flagellated insect forms, this view of the organelle has been transformed dramatically
in recent years with the recognition that this shorter flagellum doubtless plays critical
roles in amastigote biology. A detailed electron microscopic study of L. mexicana
amastigotes inside J774 macrophages resulted in two significant discoveries (29).

First, the axoneme of the amastigote flagellum was structurally similar to that of
the mammalian primary cilium, an organelle with demonstrated sensory function (30).
Instead of the 9 + 2 arrangement of microtubules characteristic of motile cilia and
flagella, both the amastigote flagellum and the primary cilium have an atypical 9v
(variable) axoneme in which one or more of the microtubule doublets progressively
occupy a central position, thus breaking the 9-fold symmetry. Second, a large percent-
age of amastigotes exhibited flagella that were in intimate contact with the host cell
parasitophorous membrane that surrounds the intracellular parasites (Fig. 3D). The
authors of that study hypothesized that the amastigote flagellum is a sensory organelle
that may bind ligands in the vacuolar membrane and may thus play a key role in
host-parasite interaction during infection. This hypothesis is intriguing but remains to
be definitively tested. In addition, they suggest that the flagellum could also serve as
a portal for delivery of parasite proteins (effectors?) into the cytosol of the host
macrophage. This suggestion would be consistent with observations of secretory
functions for flagella in other microorganisms, including trypanosomes (see below).
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FIG 3 Images of flagella from kinetoplastid parasites interacting with tissues of insect vectors (A to C) or
with internal organelles of host cells (D). (A) Transverse view of two flagella from nectomonads of L.
amazonensis interacting with the midgut microvilli of a sand fly. (Reproduced from reference 23 with
permission of the Royal Society of London.) (B) Flagellum of a haptomonad of L. amazonensis forming a
foot-like adhesion (extreme right of image) with the stomodeal valve of a sand fly. Labels represent the
flagellar axoneme (ax), the kinetoplast (k), and the nucleus (nu). (Reproduced from reference 23 with
permission of the Royal Society of London.) (C) Flagellum (f) of a T. brucei epimastigote attached to
salivary gland microvilli (mv) of a tsetse fly. Labels represent flagellar outgrowth (fo), attachment plaque
(ap), and trypanosome mitochondrion (m). (Reproduced from reference 26 with permission of the
Company of Biologists.) (D) Attachment of the tip of an amastigote flagellum to the parasitophorous
vacuole membrane of a host macrophage. (Reproduced from reference 29 with permission of the
Federation of American Societies for Experimental Biology.)
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Nonetheless, both studies on aflagellate or dysflagellar Leishmania mutants cited above
found that these mutants were able to infect macrophages and/or mice as well as
wild-type parasites, thus challenging whether the amastigote-host cell interactions are
critical for infectivity and virulence. This issue is especially relevant for the L. braziliensis
mutant, where electron microscopy has confirmed that the short amastigote flagellum
is indeed morphologically aberrant and terminated by a large amorphous body (22) in
this isolate, so that the flagellar defects are not confined to promastigotes.

Another fascinating recent discovery is the physical interaction detected between
amastigote flagella and host cell mitochondria in T. cruzi (31). Unlike Leishmania
amastigotes, these trypanosomes live unenclosed within the cytosol of many differen-
tiated mammalian cells, and they thus have direct access to host cell cytosolic com-
ponents and organelles. Human dermal fibroblasts were infected with T. cruzi amasti-
gotes and fluorescently labeled with antibodies or fluorescent proteins directed against
the host cell mitochondria and against the T. cruzi flagellar calcium-binding protein,
FCaBP. Fluorescence microscopy showed close contact between the amastigote flagella
and the host mitochondria, and this proximity was confirmed by transmission electron
microscopy (TEM). The authors suggested that host cell mitochondria may play a
functional role in the infection process and that the amastigote flagellum may be an
active participant in pathogenesis. As for the hypothesized functions of amastigote
flagella in Leishmania, the latter inference remains to be tested.

INTERACTIONS OF THE FLAGELLAR AND CELL BODY MEMBRANES

Most eukaryotic flagella extend out from a cell into the surrounding medium.
However, the flagellum of T. brucei exits the flagellar pocket and is attached along the
long axis of the cell body by the flagellum attachment zone or FAZ (Fig. 1 and 4A),
which is an extended structure that connects the flagellar cytoskeleton and membrane
to the cell body cytoskeleton and membrane (32-34). An extensive body of literature
has shown that the T. brucei FAZ is a key cytoskeletal/membrane structure orchestrating
cell length and organelle position, including positioning of the cleavage furrow during
cell division, and is therefore crucial for cell division and viability.

Studies on adhesion of the flagellar membrane to the cell body began with the
identification of glycoprotein 72 (GP72) in T. cruzi, an immunodominant protein local-
ized to the junction between cell body and flagellum (35, 36). Deletion of both copies
of the GP72 gene generated viable epimastigotes with flagella that were detached from
the cell bodies (35). Subsequently, knockdown of the T. brucei ortholog of GP72, FLA1,
demonstrated that it is required for flagellum attachment to the cell body in African
trypanosomes (37, 38). Moreover, knockdown of FLAT, together with the related FLA2
RNA in BF trypanosomes (see below), caused flagellar detachment and blocked cyto-
kinesis but did not inhibit mitosis (37), leading to multinucleate cells that were not
viable and indicating a link between flagellar-cell body attachment and cytokinesis.
Subsequently, the He laboratory demonstrated that FLA1 is a component of the cell
body membrane FAZ and that it interacts with the FLA1 binding protein (FLA1BP),
located in the flagellar membrane FAZ, thus creating a tight zipper-like junction
between both membranes (39). Additional studies (see Table 1 in reference 32)
identified several more structurally related membrane-associated adhesins, FLA2 (37)
and two additional different proteins (39, 40), one a FLA1 and the other a FLATBP
homolog, that were unfortunately both given the name FLA3. All of these FLA1- and
FLA1BP-related proteins are glycoproteins, have NHL (NCL-1, HT2A, LIN-41) repeats
(Pfam number PF01436), and are thought to act as adhesins that tether together the
flagellar and cell body membranes in the FAZ. FLAT and FLA1BP are preferentially
expressed in PF trypanosomes, whereas the FLA1-related FLA2 and FLA3 are preferen-
tially expressed in BF trypanosomes, so different adhesins appear to play similar roles
in both life cycle stages.

Two other non-FLA-related proteins, FAZ5 (41) and a putative Ca2™ channel desig-
nated either FS179 (42) or TbCaCh (43), are located either in the cell body membrane
(FAZ5) or in the flagellar membrane (FS179) component of the FAZ. Both proteins have
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FIG 4 Interactions of the T. brucei flagellum with other components of the parasite. (A) Schematic
diagram of a BF parasite showing the flagellum attachment zone (brown line) attaching the flagellum to
the cell body. (Reproduced from reference 32 with permission of Elsevier.) (B) Scanning electron
micrograph of a replicating PF trypanosome showing the shorter new flagellum attached at its growing
end to the longer old flagellum. The inset at the right shows an expanded view of the boxed region
containing the two attached flagella. (Reproduced from reference 52.) (C) Transmission electron micro-
graph of the flagellum connector attaching the growing tip of the new flagellum (top) to the lateral
membrane of the old flagellum (bottom). (Reproduced from reference 52.) (D) Transmission electron
micrograph of the flagellar groove of a replicating BF trypanosome. NF indicates the tip of the new
flagellum embedded in a groove within the cell body membrane. Arrowheads indicate electron dense
material lining the cytosolic side of the groove membrane. (Reproduced from reference 55 with
permission of the Company of Biologists.)

multiple transmembrane segments, and knocking down their respective RNAs leads to
flagellar detachment. While flagellar detachment for RNAi directed against the FLA1- or
FLA1BP-like adhesins is in line with their roles in mediating membrane-membrane
attachment, the reason for organellar detachment for knockdown of FAZ5 or FS179/
TbCaCh is less clear. Do these latter proteins also have direct adhesive functions, or are
other functional properties, such as Ca2™ influx through the channel, required for
attachment of the flagellum to the cell body? Notably, in citrated blood, where Ca2* is
probably chelated by citrate, the daughter flagellum of dividing BF trypanosomes is
released free of the FAZ (44). This observation would be consistent with a possible role
for Ca2™ import through the channel in flagellar adhesion. In addition, knockdown of
different FAZ membrane proteins can have different phenotypes regarding cell viabil-
ity. Thus, knockdown of FLAT or FS179/TbCaCh is lethal, generating parasites that
cannot undergo cytokinesis, whereas knockdown of FLA1BP produces cells with de-
tached flagella and epimastigote morphology that still divide. It is notable that knock-
down of many cytoskeletal components of the FAZ, such as cell body-associated FAZ1
and flagellar FLAM3 (45), also disrupt the FAZ and cause flagellar detachment, indicat-
ing that many constituents of this complex structure are critical for attachment of the
flagellar membrane to the cell body.

While the FAZ was first identified and studied in T. brucei, most of the FAZ proteins
are conserved in Leishmania and T. cruzi (46), and the FAZ has been identified at both
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morphological (47, 48) and molecular (47) levels in L. mexicana. L. mexicana FAZ protein
orthologs FAZ5, FLA1-BP, and CIpGM6 (49) are localized in a discrete and limited region
connecting the flagellar membrane and the flagellar pocket membrane, as demon-
strated by fluorescence and electronic microscopy. Thus, the Leishmania FAZ is much
less extended than that of trypanosomes. Deletion of the FAZ5 gene results in a more
bulbous morphology for the flagellar pocket, but culture form promastigotes are not
impaired in growth. In contrast, Afaz5 knockout L. mexicana are unable to develop
late-stage infections in sand flies, and they exhibit >97% reduction in the parasite
burden following infection of BALB/c mice, establishing a critical role for this discrete
adhesive junction in vivo.

CONNECTIONS BETWEEN FLAGELLAR MEMBRANES IN DIVIDING
TRYPANOSOMES

In African trypanosomes, duplication and growth of a new flagellum occurs early
during cell replication. In PF trypanosomes, the new flagellum emerges from the
flagellar pocket but remains attached to the side of the old flagellum as it grows
(50) (Fig. 4B), and this attachment is maintained until the new flagellum has
attained full length. The resulting strict positioning of the new flagellum and FAZ,
following the left-hand helical pattern of the old flagellum around the replicating
cell, establishes the helical arrangement of the cytoskeleton, the axis and polarity
for cell division, and the position of subcellular organelles in the new cell. How the
new flagellum is constrained to follow this geometric pattern emerged from
examination of negatively stained detergent-extracted cytoskeletons from dividing
PFs (50). A distinctive PF-specific structure was identified, designated the “flagellum
connector” (FC), that attached the distal tip of the new flagellum to the side of the
old flagellum (Fig. 4C). This mobile junction between the two flagellar membranes
was further examined by transmission electron microscopy of negatively stained
cytoskeletons, which revealed a trilaminar structure consisting of plate like electron
densities in the two flagellar membranes and discontinuous electron densities in
the intermembrane space (51). Further ultrastructural analysis by three-dimensional
electron tomography of fixed, stained sections and subsequently cryo-electron
tomography of high-pressure frozen preparations (52) revealed a similar, albeit
more compact, tripartite structure for the FC, containing interstitial material be-
tween the two membranes that had a clear periodicity and fibrous structures that
appear to attach the membrane components of the FC to the two flagellar axon-
emes.

Two recent studies have identified molecular components of the FC. FC1 (53), is a
putative protein kinase that is a probable substrate for the polo-like kinase of T. brucei
that associates transiently with the FC. Varga et al. (54) employed a structure-immu-
noprecipitation/mass spectrometry approach to identify seven constituent proteins
that occupy different domains of the FC. FCP1 contains predicted transmembrane
domains and is thus likely a constituent of the interstitial zone where the two mem-
branes will be in close proximity. FCP4 is a member of the kinesin-15 family of plus
end-directed microtubule motors that associates with the dynamic end of the new
flagellum axoneme, and FCP2 is a different kinesin that likely attaches the FC to the
axoneme of the old flagellum. These two kinesins are postulated to be connected and
operating across a membrane junction. Interestingly, both of the above studies find
that RNA interference (RNAi) knockdown of FC components often results in disconnec-
tion of the tip of the new from the old flagellum, but, remarkably, the positioning of the
new flagellum on the cell body is not affected by this structural disruption. This result
may imply (54) that the FAZ, rather than the FC, plays the dominant role in positioning
of the new flagellum.

Notably, the FC does not occur in BF trypanosomes, Leishmania, or T. cruzi (51).
Nonetheless, the new flagellum of dividing BFs does track close to the old flagellum
despite the absence of an attachment between the surfaces of the two flagella. In
contrast, a different mode of attachment has been identified between the tip of the
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new flagellum and the cell body membrane in BFs, at a position close to the old
flagellum, and this juncture has been designated the cell body groove (55). The authors
of that study used a combination of TEM, serial block-face scanning electron micros-
copy, and electron tomography to show that the tip of the new flagellum is embedded
in an invagination of the cell body membrane (Fig. 4D). The microtubule corset in the
cell body is disrupted at this moving groove but reforms as the groove progresses
toward the anterior end of the cell. The tip of the new flagellum is always in close
contact with the cell body plasma membrane, and there is electron dense material that
accumulates on the cytosolic side of the groove (Fig. 4D), suggesting that there is a
specific mode of attachment of the flagellar membrane tip to the cell body. This groove
is located near the microtubule quartet (an array of 4 parallel microtubules, located
close to the FAZ, with polarity opposite that of the other cell body microtubules) and
the adjacent FAZ filament, consistent with the tracking of the new flagellum along the
route of the old flagellum and its attachment to the cell body. Thus, the surface of the
replicating flagellum interacts with either the flagellar or cell body membrane using
different structures in PF and BF trypanosomes, but both interactions promote traffick-
ing of the new flagellum along the path of the old flagellum.

FLAGELLUM-MEDIATED PHYSICAL INTERACTIONS BETWEEN PARASITES

Flagella can also mediate interactions between parasites by a number of distinct
modalities. One notable example is genetic exchange between T. brucei parasites that
occurs by sexual recombination within the tsetse fly salivary gland (56-58). The process
of parasite mating was shrouded in secrecy for many years, but Peacock et al. (59)
found that haploid parasites with short, wide bodies and very long flagella could be
isolated from salivary glands, and when mixed in vitro these haploid forms intertwine
their flagella and exchange cytoplasmic contents (Fig. 5A). This flagellar interaction is
reminiscent of the flagellar adhesion that occurs during mating by Chlamydomonas,
which is mediated by glycoproteins on the flagellar surface (60). Genetic evidence
indicates that Leishmania spp. also undergo genetic exchange within the sand fly
vector, but mating parasites have not been observed directly (61, 62), so the role of
flagella in the formation of Leishmania genetic hybrids is currently unknown.

In addition to this observed interaction between haploid cells, trypanosome flagella
are also involved in nonsexual protein exchange. When procyclic parasites expressing
diffuse red or green fluorescent proteins were mixed, parasites containing both fluo-
rescent proteins were observed at low frequency, comprising approximately 1% of the
population (63). Video microscopy showed that this protein transfer occurred (Fig. 5B)
when two parasites, each expressing a different fluorescent protein, interact via their
flagella (Fig. 5C) in a process dependent on extracellular calcium but not dependent on
GPl-anchored surface procyclins, the major coat proteins of PF trypanosomes. The
protein exchange is not part of sexual reproduction, since genetic material is not
exchanged, and the parasites uncouple and resume growth as individual cells, while
the transferred protein is eventually lost via protein turnover (Fig. 5B, 8:40 min). The
molecular mechanism of this flagellar interaction is unknown, but electron microscopy
and high-resolution fluorescence microscopy (Fig. 5C) show flagellar fusion. The bio-
logical function of flagellar fusion and cytosolic exchange is also unclear.

SECRETION OF PROTEINS FROM TRYPANOSOME FLAGELLA

Parasitic unicellular eukaryotes use extracellular vesicles (EVs) as vehicles for inter-
cellular communication and host manipulation (64, 65). EVs can help pathogenic
protists establish infective niches, modulate the immune system of the host, and cause
disease. Historically, multiple groups have observed thread-like or filamentous append-
ages, fibrils, secretory filaments, and similar processes emerging from various points
along the trypanosome cell body or flagella, and sometimes fragmenting into vesicles,
and have suggested that they might represent routes for exporting material from the
parasite (66-71). More recently, a study reported BF T. brucei produce long membrane
nanotubes, confirmed by transmission electron microscopy to arise through budding
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FIG 5 Flagellar interactions in T. brucei. (A) Gametes of insect-derived trypanosomes labeled with either
red or green fluorescent proteins interact via their flagella (two parasites indicated by white arrows) and
exchange their cytosolic contents, resulting in dually red and green labeled parasites. (Reproduced from
reference 59.) (B) Time-lapse fluorescence microscopy of mixed red and green fluorescently labeled PF
trypanosomes (top panel, 1:00 min) shows that some parasites interact via their flagella and exchange
cytosolic contents, producing dually labeled (orange) parasites (middle panel, 1:20 min). (Reproduced
from reference 63.) (C) Structured illumination fluorescence microscopy shows two PF parasites labeled
in the cytosol with DsRed (red) and on the flagellar membrane with calflagin44-GFP (green). The two
flagella have fused to form a single wider flagellar structure (bottom of the image). (Reproduced from
reference 63.) (D) Video microscopy of differential interference images of BF T. brucei show the
emergence of nanotubes (arrows) from the flagellar membrane (0 to 6 s), followed by fragmentation into
extracellular vesicles (asterisks, 6 and 8 s). (Reproduced from reference 73 with permission from Elsevier.)

and extension of the flagellar membrane (72, 73), and these nanotubes subsequently
fragment into vesicles and produce free EVs ~80 nm in diameter that are enriched in
flagellar proteins (Fig. 5D). This process exhibits some parallels to the release of EVs
from the tips of flagella that was discovered in Chlamydomonas reinhardtii (5, 74), an
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observation that first established that flagella can act as secretory organelles (75).
Notably, Szempruch and collaborators demonstrated that trypanosome EVs transfer the
serum resistance-associated protein (SRA) from the human-pathogenic T. brucei rhod-
esiense to the non-human-pathogenic T. brucei brucei, enabling the latter parasite to
infect and persist in a primate host where it would not otherwise be viable. Moreover,
nanotube-derived EVs fuse with host erythrocyte membranes, and such remodeling
changes the physical properties of the erythrocyte membrane, causing clearance of
infected red blood cells by macrophages in the liver and spleen, thus generating
anemia and often death of the murine experimental host. Notably, proteomic analysis
of purified EVs showed the presence of abundant nonflagellar components, such as
ribosomal proteins and some glycosomal enzymes, in addition to the flagellar proteins
that were strongly enriched. As discussed by Szempruch and coworkers (72, 73), these
results suggest that EVs may arise by different mechanisms from various sites in the
parasite, not just from the flagellum. This conclusion would be consistent with the
earlier studies cited above in which filaments were observed potentially originating
from different sites on the cell surface. Leishmania species also produce EVs that can
affect virulence (64, 65). L. major and L. infantum have been shown to produce
extracellular vesicles while in the lumen of the sand fly, but, unlike the flagellum-
derived extracellular vesicles from T. brucei, these bud from the flagellar pocket or from
multivesicular bodies on the membrane of the cell body (76).

FLAGELLA AND SOCIAL MOTILITY

Trypanosomes also communicate information about neighboring parasites via fla-
gellar membrane proteins. Social motility (SoMo) in trypanosomatids was initially
observed when early procyclic forms of T. brucei plated on semisolid agar migrated
away from a site of inoculation in radial projections (77), and these projections also
diverged in direction as they encountered each other, suggesting that populations of
parasites sense each other’s presence and avoid close contact. This process was
dependent on flagellar motility and regulated by cyclic AMP (cAMP). The T. brucei
genome encodes a large number of membrane-bound adenylate cyclases (referred to
as either ACs or ACPs), enzymes that catalyze the conversion of ATP to cAMP, and
several members of this family of transmembrane proteins are localized to the flagella
(78) (Fig. 6A). RNAI directed either against both AC1 and AC2 or against AC6, all of
which are flagellar membrane proteins (79), induced hyperactive social motility, indi-
cating a role for these flagellar surface proteins in SoMo. Furthermore, the cAMP-
specific phosphodiesterase PDEB1 is also required for SoMo (79) and is localized to the
flagella as well (80). Although growth on a semisolid agar plate might appear to be
distant from the natural environment of trypanosomes, light sheet fluorescence mi-
croscopy of trypanosomes in tsetse flies (81) has shown that they encounter multiple
surfaces and can exhibit collective motility involving swarms of parasites in confined
areas; hence, SoMo is likely to reflect activities undertaken by trypanosomes in nature.
Furthermore, recent work (17) has shown that SoMo-deficient PDEBT mutants cannot
complete colonization of the insect host, failing to migrate across the peritrophic
membrane that surrounds the blood meal into the ectoperitrophic space. Hence, an
enzyme that is required for in vitro SoMo is essential for the completion of the parasite
life cycle in the insect vector. Thus, signaling that occurs at the flagellar membrane may
induce changes in motility that drive parasite migration across the peritrophic matrix
within the tsetse fly. Indeed, a plausible interpretation of the results is that the PDEB1
mutant disrupts a sensory arm of the SoMo pathway, resulting in failure of the mutant
parasites to respond to a chemotactic signal and migrate out of the peritrophic
membrane.

SENSORY ACTIVITY OF FLAGELLA

Primary cilia of multicellular organisms are sensory organelles, displaying receptors
on the ciliary membrane that mediate transduction of extracellular signals to the
interior of the cell (30). Motile flagella, of the type found in kinetoplastid parasites,
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FIG 6 Flagellar localization of several membrane proteins. (A) Flagellar localization of 4 hemagglutinin
(HA)-tagged adenylate cyclase proteins (ACPs) in PF T. brucei. Green fluorescence indicates localization of the
relevant HA-fusion proteins, and blue is DAPI (4',6'-diamidino-2-phenylindole) fluorescence from nuclear and
kinetoplast DNA. The top panels are superpositions of phase-contrast and immunofluorescence images, and
the bottom panels are immunofluorescence images. The panels marked 2913 represent a parasite not
expressing any HA fusion protein. (Reproduced from reference 78 with permission.) (B) The location of
calflagin Tb44 in PF T. brucei was monitored using antibody against the myc epitope tag (green) and antibody
against an endogenous paraflagellar rod protein (ROD-1, red). Wild-type (WT) Tb44 colocalized with ROD-1 to
the flagellum, whereas the Tb44 mutants G2A (nonacylated) and C3A (nonpalmitoylated) did not localize to
the flagellum. (Reproduced from reference 133 with permission from the Company of Biologists.) (C) Flagellar
localization of GT1-GFP (green, yellow arrowhead) was observed in wild-type L. mexicana promastigotes (left
panel), but the fusion protein arrested in the flagellar pocket (yellow arrowhead, right panel) in the Akharon
mutant, showing dependency of flagellar trafficking upon the LmxKHARON protein. Red fluorescence
represents staining with anti-a-tubulin, which stains the subpellicular microtubules and flagellar axoneme
(white arrowhead). (Reproduced from reference 111 with permission of the American Society for Biochemistry
and Molecular Biology.)

are related to primary cilia in structure and are also capable of sensing the
environment (2). One example is the flagellum of C. reinhardtii, where flagellar
adhesins on gametes of one mating type engage cognate receptors on the flagella
of gametes of the other mating type to initiate a developmental program that leads
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to the induction of cAMP, the expression of genes involved in mating, gamete
fusion, and zygote formation (60).

The life cycle of kinetoplastid parasites is characterized by growth in a wide variety
of conditions, as the parasites pass through different anatomical compartments in the
insect vector and the mammalian host. Parasites are scavengers and are auxotrophic for
many common metabolic building blocks, so they need to modify nutrient uptake and
metabolic pathways in response to nutrient availability. Indeed, these parasites can
regulate expression of mMRNAs and proteins in response to changes in environmental
conditions, such as alterations in levels of glucose, purines, iron, and amino acids
(82-85). In most cases it is unknown how the parasite senses the change in nutrients,
but a few recent examples suggest that transporters localized to the flagella could be
acting as sensors to monitor the extracellular levels of their cargo. A sensory role for
transporters has been established in some other eukaryotes, and such dual function
transporter-receptors have been designated “transceptors” (86-88).

L. mexicana parasites are exposed to various levels of sugars as they move through
the sand fly (89). One glucose transporter, GT1, is localized selectively on the flagellar
membrane (90, 91), and the expression of GT1 is upregulated in response to reduced
extracellular glucose (85). A potential role for GT1 in glucose sensing is supported by
the observation that promastigotes of the Agt7 null mutant fail to transition from
logarithmic to stationary phase when glucose is exhausted from the growth medium,
as observed for wild-type promastigotes, but the mutant instead undergoes a cata-
strophic loss in viability. This failure of the null mutant to respond to glucose depletion
at high cell density by transitioning to stationary phase suggests that the GT1 permease
could be acting as a glucose sensor whose activity is required to promote this phase
transition.

Arginine is an essential amino acid in Leishmania parasites, and in L. donovani it is
taken up by AAP3, a high-affinity arginine transporter that is located in both the
flagellar and glycosomal membranes (92). When L. donovani promastigotes are starved
for arginine, AAP3 protein abundance increases (93), as does the abundance of mRNAs
encoding several other transporters, and this response requires the mitogen-activated
protein (MAP) kinase MAPK2 (82). The parasites also display changes in the phosphor-
ylation of AAP3 and approximately 100 other proteins in response to arginine depri-
vation, indicating a coordinated cellular response to amino acid starvation mediated, at
least in part, by phosphorylation. The parasites also upregulate AAP3 when they enter
macrophages and transform from promastigotes to amastigotes, possibly to compete
with the mammalian host for arginine. Further work has indicated that some inhibitors
of arginine transport induce this arginine deprivation response, while others do not,
indicating that arginine transport per se is not the primary signal for the arginine
sensing pathway (94), and the permease likely has separate transport and sensory
functions. Thus, this flagellar-membrane-localized transporter may act as a sensor for
extracellular levels of arginine.

Another example of flagellar protein involvement in response to the environment is
osmotic regulation through the transport of small neutral substrates and trivalent
metalloids mediated by the aquaglyceroporin channel AQP1 (95). In L. major, overex-
pression of AQP1 confers sensitivity to Sb(lll) and As(lll) and rapid uptake of these
metalloids. AQP1 is permeable to water, glycerol, methyl glyoxal, and other nonionic
solutes (96). Interestingly, AQP1 localizes to the flagellar membrane in promastigotes
and to the flagellar pocket, likely to the shortened amastigote flagellum located within
the flagellar pocket, in amastigotes. Leishmania promastigotes migrate up an osmotic
gradient, and taxis may be important during their development in the insect vector
(97). The osmotaxis of L. donovani promastigotes toward higher glucose was more
rapid in parasites overexpressing AQP1, but not in parasites that expressed mutated
nonfunctional channels, suggesting a role for AQP1 in sensing and responding to
osmotic gradients. At present it is unclear whether the localization of AQP1 to the
flagellar membrane is required for its function in osmotaxis.

For each of these flagellar transmembrane proteins in Leishmania parasites, the
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protein functions as a transporter or pore but is also involved, directly or indirectly, in
sensing the environment. Another example of flagellar membrane proteins that are
likely involved in signaling involves the adenylate cyclases (ACs) of T. brucei that affect
social motility, as discussed above. Although it is not clear how these ACs are activated,
their large extracellular domains suggest they may bind some extracellular ligand that
induces AC activity in the flagellum. In summary, the flagellar surface serves as a
specialized sensory organelle mediating communication between the external envi-
ronment and the interior of the parasite. This conclusion is in line with the observation
that motile cilia, as well as smaller sensory cilia such as the primary cilium of mamma-
lian cells, can display sensory functions (2).

IMMUNE EVASION

T. brucei flagellar receptor type ACs (98) play an unanticipated role in evasion of host
innate immunity (99). Expression of a dominant-negative (DN) mutant of one such AC,
ESAG4, reduced parasitemia and increased the host survival time following infection of
mice, suggesting that functional ACs were important for successful colonization of the
host. The increased survival of mice infected with the DN-expressing parasites was
associated with host phagocytic liver myeloid cells, which produced increased amounts
of tumor necrosis factor alpha (TNF-a) when infected with the ESAG4-DN-expressing
compared to wild-type trypanosomes. A body of experimental results supported a
model whereby African trypanosomes are ingested by liver myeloid cells early in
infection and these immune cells internalize trypanosome ACs from the dying parasites.
The resulting parasite-induced increase in cAMP within these phagocytes stimulates
protein kinase A, which inhibits synthesis of TNF-«, a cytokine that would otherwise
stimulate further phagocytosis of trypanosomes leading to control of the infection.
Hence, one function of parasite ACs is to blunt the host innate immune response by
increasing cAMP in myeloid cells and impairing synthesis of TNF-«. Thus, components
of the parasite flagellar membrane have a dedicated role in immune evasion, under-
scoring another route whereby this organelle mediates host-parasite interactions.

A second example of flagellar membrane proteins that protect trypanosomes
against the immune response involves the calflagins (100), three Ca2*-binding proteins
of T. brucei that are related to the flagellar Ca2*-binding protein from T. cruzi, FCaBP
(101). These proteins are bound to the inner surface of the flagellar membrane by a
dual acylation near their N terminus, and they undergo a conformational change upon
binding Ca2* that allows the acyl groups to insert into the flagellar membrane (102,
103). To address the biological function of the calflagins in BF T. brucei, expression of
all three proteins was knocked down using an RNAi target sequence that was shared
by all three open reading frames. Strikingly, induction of RNAi against the calflagins
during a mouse infection resulted in an abrupt drop in parasitemia at day 7 postin-
fection. Wild-type parasites increased in number and killed all of the infected mice by
day 10, but mice infected with the RNAi-induced parasites survived much longer, with
about one-third of them living until the end of the 21-day experiment. Remarkably,
induction of RNAi against the calflagins did not impair growth of BF parasites in vitro,
nor did it affect their motility or morphology. The mechanism whereby the calflagins
protect parasites and promote virulence in vivo is not clear.

MECHANISMS OF FLAGELLAR TARGETING

The unique functional properties of the flagellar surface are likely conferred by
proteins that are selectively targeted to the flagellar membrane and ensure that it is
differentiated from the rest of the cell surface. What mechanisms are responsible for
targeting such proteins selectively to the flagellar membrane? One example that has
been investigated in some detail includes the flagellar Ca2™ binding proteins, the
24-kDa FCaBP (Fig. 6B) of T. cruzi and the three homologous calflagins of T. brucei
mentioned above under the section on immune evasion. These proteins are dually
acylated, with a myristate covalently attached to G2, the N-terminal residue of the
mature protein, and a palmitate attached to the sulfhydryl moiety of C4 (103). These
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FCaBP proteins are tethered to the intracellular surface of the flagellar membrane and
so are not directly exposed to the flagellar surface, but they are nonetheless function-
ally important components of the flagellar membrane. It was subsequently demon-
strated that the myristate is sufficient to confer membrane localization upon these
proteins but that the palmitate is essential for partitioning from the cell body into the
flagellum (104). Furthermore, Ca2* binding to the EF hand sites was required for
association of TcFCaBP with the membrane (103). Hence, the FCaBPs are considered to
be calcium switch proteins in which flagellar localization depends upon Ca?* binding,
and a drop in intraflagellar Ca2* results in removal of the protein from the membrane.
The authors suggested that, similar to recoverin in mammalian retinal rod cells, the
FCaBPs may modulate the activity of other flagellar membrane proteins in a Ca2*-
dependent manner.

How does the dual acylation mediate flagellar targeting of this and presumably
other dually acylated flagellar proteins? In initial studies (105), Engman and coworkers
showed that the T. brucei flagellar membrane has increased concentrations of sterols,
glycolipids, and sphingolipids, indicating a high level of lipid rafts. Furthermore, the
calflagin Tb34 was found in detergent-resistant membranes that floated to the top
of a sucrose gradient, which is characteristic for raft-associated proteins. When
B-cyclodextrin was employed to deplete BF parasite membranes of cholesterol, the
flagellar localization of Th34 was lost. These results underscore the interaction of the
acyl groups with rafts in trafficking of the FCaBPs to the flagellum. Nonetheless, dual
acylation alone is not sufficient to induce trafficking to the flagellar membrane, since
not all dually acylated proteins traffic to the flagellum (106). The CAP5.5 protein of T.
brucei, the HASPB protein of L. major, and a phosphoinositide-specific phospholipase C
of T. cruzi are all myristoylated and palmitoylated, but they do not localize to the
flagellum. To address what else might be required for flagellar targeting, Engman and
coworkers fused the first 12 and the first 24 amino acids of TcFCaBP to green
fluorescent protein (GFP) and discovered that while residues 1 to 12 could mediate dual
acylation and membrane binding, residues 13 to 24 were required for flagellar traffick-
ing (106). Furthermore, mutagenesis of several conserved K residues in the latter region
indicated that these amino acids were essential for flagellar targeting. Overall, these
data indicate that dually acylated proteins do not simply diffuse into the raft-rich
flagellar membrane by thermodynamic partitioning but that they likely require inter-
actions with other currently unknown proteins to ensure localization to this organelle.
Whether such interactions operate by actively trafficking the acylated proteins into the
flagellum or by anchoring them there once they have arrived is an open question, as
discussed previously (107).

Other examples of dually acylated flagellar proteins include the Small Myristolyated
Protein 1 (SMP-1), which is a member of a family of related proteins discovered initially
in L. major (108) but also present in T. brucei and T. cruzi. SMP-1 is present in
detergent-resistant membranes and is discretely localized in the flagellar membrane.
Nonetheless, treatment of L. major promastigotes with a combination of ketoconazole
and myriocin, inhibitors of sterol and sphingolipid biosynthesis, respectively, did not
cause mislocalization of SMP-1 away from the flagellum despite resulting in massive
distension of the flagellar membrane and major disruption of the flagellar axoneme and
paraflagellar rod structures. These results suggest that SMP-1 targets to the flagellar
membrane independently of the axoneme or intraflagellar transport, the motility
process that traffics many flagellar components along the axonemal microtubules (109),
because flagellar trafficking still occurs when the microtubule-based structure for
intraflagellar transport has been massively disrupted.

Other flagellar membrane components that are integral membrane proteins, rather
than lipid anchored moieties, include receptor adenylate cyclases (98), transporters for
glucose (90, 110) and arginine (82), an aquaglyceroporin from L. major (96), several
proteins from T. brucei, including a putative Ca2* channel (42), and others that are
listed in Table 1. As discussed above, it is possible that many of these proteins serve
sensory functions, as ciliary and flagellar membrane proteins often monitor the levels
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TABLE 1 List of known or probable flagellar membrane proteins in T. brucei, Leishmania species, and T. cruzi

Gene ID Name(s) Reference(s) Comments
(A) Flagellar membrane proteins
identified by fluorescence
microscopy
Tb927.8.4050/4100 FLA1BP 39 PF, 1 TM, FAZ attachment
Tb927.5.4570/4580 FLA1BP 40 BF, 1 TM, FAZ attachment
Tb927.11.17040, 10.16190, ACP1, ACP2, ACP4, ACP5, respectively 78 PF, 1 TM, adenylate cyclases
10.13040, 11.13740, respectively
Tb927.4.3750 ESAG4 98 BF, 1 TM, adenylate cyclase
Tb927.2880 FS179, TbCaCh 42,43 BF, 24 TM, putative Ca2" channel
Tb927.8.6010 TbHrg 128 PF and BF, 4 TM, heme transporter
Tb927.6.1520 TbAQP1 129 PF and BF, 6 TM, aquaporin
Tb927.7.4270 Hypothetical protein 120 PF and BF, 1 T™M
Tb927.11.1830 Hypothetical protein 120 PF and BF, 6 TM
Tb927.1.2120 TbCALP1.3 130 PF and BF, dual acylation,
calpain-like protein
Tb927.1.2160 TbSKCRP1.5 130 PF and BF, dual acylation,
calpain-like protein
Tb927.9.6170 Arginine kinase 122 PF and BF, dual acylation
TcCLB.509391.20 FCaBP 101 All life cycle stages, dual acylation,
flagellar Ca2* binding protein
LmxM.36.6300 GT1 110 Glucose transporter, potential glucose sensor
LmjF.20.1310 SMP-1 108 Myristolyated protein that stabilizes the
flagellar membrane
LinJ.31.0910 AAP3 82 Arginine transporter, potential arginine sensor
LmjF.31.0020 AQP1 96 Involved in drug sensitivity, osmotic response
(B) Flagellar membrane proteins
in L. mexicana promastigotes
identified by proteomics
LmxM.23.0840 Hypothetical protein 121 1™
LmxM.04.0630 Hypothetical protein 121 1™
LmxM.08_29.2440 Cyclic nucleotide phosphodiesterase 121 1™
LmxM.27.0970 ABC transporter, putative 121 14 TM
LmxM.07.0830 Hypothetical protein 121 3T™M
LmxM.12.0891 Surface antigen protein 2 121 1™
LmxM.29.0850 Surface protein amastin, putative 121 4TM
LmxM.36.3180 Receptor-type adenylate cyclase 121 1™
A-like protein
LmxM.04.0190 Surface antigen-like protein 121 1™
LmxM.33.0910 Hypothetical protein 121 1T™M
LmxM.36.2590 Membrane-bound acid phosphatase 2, 121 2T™M
putative
LmxM.25.2090 Hypothetical protein 121 1™
LmxM.10.0390 GP63, leishmanolysin 121 1TT™
LmxM.05.1030 Hypothetical protein 121 1T™M
LmxM.36.2710 Mitochondrial ATP-dependent zinc 121 1T™M
metallopeptidase
LmxM.32.0900 Dnal chaperone-like protein 121 8 T™M
LmxM.30.0350 AATP11, putative amino acid transporter 121 11 T™
LmxM.30.2310 3’-Nucleotidase/nuclease 121 2T™M

aMany of the proteins in Part A were localized by fluorescence microscopy in the referenced publications, and a few of the T. brucei flagellar membrane proteins were
identified by TrypTag (120) as flagellar proteins with predicted TM domains. Part B lists proteins from the flagellar proteome of L. mexicana (121). This list includes all
proteins that met the following criteria: =1 predicted transmembrane domain; log, solubility in detergent soluble fraction >0; and enriched in the flagellar versus
cell body fraction by log, = 1. PF and BF refer to expression detected in procyclic forms or bloodstream forms, and TM indicates the number of predicted

transmembrane domains.

of solutes in the vicinity of the cell (2-4). Among these integral membrane proteins, the
one that has been dissected most extensively with regard to flagellar trafficking is the
L. mexicana glucose transporter GT1 (Fig. 6C). Deletion and site-directed mutagenesis
of GT1 identified three sequential amino acids within the N-terminal lumenal hydro-
philic domain, N95-P96-M97, that were critical for flagellar targeting and which strongly
impaired trafficking to the flagellum when mutated to A residues (91). However, to
target another normally nonflagellar glucose transporter, GT2, to the flagellar mem-
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brane, it was necessary to fuse to its N terminus a larger segment of LmxGT1 that
encompassed amino acids 81 to 113.

To detect proteins that may interact with this flagellar targeting domain, both wild
type and the nonflagellar A84-100 internal deletion mutant of GT1 were tandem affinity
tagged, and candidate proteins that associated with the wild-type but not mutant
permease were identified by mass spectrometry (111). A novel kinetoplastid protein
designated KHARON was identified, and deletion of the corresponding gene prevented
trafficking of the GT1-GFP fusion protein to the flagellum. Instead, GT1 arrested in the
flagellar pocket (Fig. 6C), the invagination of the plasma membrane at the base of
the flagellum where all secreted and integral membrane proteins arrive at the cell
surface during biosynthesis (Fig. 1). Hence, KHARON is essential for trafficking of GT1
from the flagellar pocket membrane into the flagellar membrane and thus may mediate
passage across a “ciliary gate” or “perciliary barrier” (112-115) at the base of the
flagellum that prevents free mixing of the cell body and flagellar membrane compo-
nents (116). The observation that KHARON is located, in part, at the base of the
flagellum places this protein at a position where it could mediate transport across such
a barrier. The precise distribution of KHARON along the flagellar axoneme has not been
defined at high resolution, but immunoelectron microscopy suggests that it may be
located from the basal body into the proximal domains of the axoneme (111). A
proteomic study of the T. brucei transition zone did not detect KHARON as a component
of that structure (117).

The failure to traffic GT1 into the flagellum was the only defect identified in the
Akharon mutant promastigotes. Strikingly, Akharon mutant amastigotes failed to un-
dergo cytokinesis and died within several days after entry of the parasites into mam-
malian macrophages. KHARON is a cytoskeletal protein that is localized in three
compartments, the base of the flagellum, the subpellicular microtubules that are
attached to the cytosolic side of the plasma membrane, and the mitotic spindle. Several
critical questions remain to be answered regarding the role of KHARON and flagellar
trafficking. How does this protein, and other partners with which it may interact,
mediate passage of GT1 from the flagellar pocket to the flagellar membrane? Are there
other flagellar membrane proteins that are targeted to the flagellar membrane by this
same machinery? Is flagellar trafficking of some other membrane components critical
for amastigote viability, given that GT1 is not expressed in amastigotes (85) and the
failure of GT1 to traffic to the flagellum thus cannot explain lethality of the Akharon
mutant in amastigotes? Or, alternatively, is the critical function of KHARON unrelated to
flagellar trafficking and mediated by another activity associated with the subpellicular
microtubules and/or mitotic spindle?

The KHARON protein appears to be unique to the kinetoplastid parasites and is not
identifiable outside this order, but KHARON orthologs are present in all of the se-
quenced kinetoplastid genomes. Furthermore, bioinformatic analysis has so far failed to
identify conserved domains that might suggest structural or functional elements of this
unique protein. Molecular genetic studies on the KHARON ortholog from T. brucei (43)
demonstrated that it is required for flagellar trafficking of a putative Ca2* channel,
designated FS179 (42) or TbCaCh (43). Furthermore, knockdown of KHARON mRNA was
lethal for both BF and PF trypanosomes. In both cases, the flagellum detached from the
cell body, as it does for RNAi knockdowns of TbCaCh (42), and parasites failed to
undergo cytokinesis, generating multiflagellated, multinucleate cells that subsequently
died. It is likely that one reason for the lethal consequences of KHARON knockdown is
the failure to traffic TbCaCh to the flagellar membrane, followed by flagellar detach-
ment and failure of cytokinesis, a common but not universal phenotype of mutants that
produce flagellar dissociation from the cell body (37). Overall, these studies confirmed
that flagellar membrane trafficking by KHARON orthologs is shared among multiple
kinetoplastid parasites and different flagellar membrane proteins and that KHARON is
an essential protein in these microbes.

Some intriguing explorations relevant to flagellar trafficking have also been under-
taken for the receptor adenylate cyclases (78). Four ACs that are expressed in PF
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trypanosomes were localized using either epitope tags or selectively reactive antibod-
ies (Fig. 6A). ACP1 and ACP4 were located at the anterior tip of the flagellum, ACP5 was
concentrated at the tip but also present along the length of the flagellum, and ACP2
was distributed more or less uniformly along the length. Despite their difference in
flagellar distribution, ACP1 and ACP2 were almost identical in sequence except for their
C-terminal 45 or 46 amino acids, suggesting that this region was critical for organellar
targeting. Only five of these C-terminal residues were conserved between the two
tip-specific ACs, ACP1 and ACP4, and these amino acids are thus likely to confer
localization to the flagellar tip. The distinct localizations of multiple ACs suggests that
flagellar subdomains exist, both with regard to membrane protein composition and the
likely signaling function (79, 118) of these integral membrane proteins. Whether
differential flagellar distribution represents tethering or active targeting remains to be
determined.

APPROACHING A COMPREHENSIVE LIST OF FLAGELLAR MEMBRANE PROTEINS
Many flagellar functions depend upon the activities of proteins that are selectively
localized to the flagellar membrane. Several examples discussed above include: the GT1
glucose transporter, the AQP1 aquaporin, the TbCaCh calcium channel, various ACs in
trypanosomes, the CaBPs of T. brucei and T. cruzi, the AAP3 arginine permease of L.
donovani, and the small acetylated protein SMP-1 in L. mexicana (108, 119). These and
other established flagellar membrane proteins are tabulated in Table 1, part A. A
comprehensive proteome-wide localization of proteins in PF trypanosomes was under-
taken recently by the TrypTag consortium (120), and the results made accessible at
http://tryptag.org. This global undertaking has identified several other proteins that are
preferentially localized to the flagellar membrane of these insect stage parasites, and
these are also listed in Table 1, part A. Most recently, a proteomic analysis of flagella
isolated from L. mexicana promastigotes (121) has implicated another group of proteins
as likely components of the flagellar membrane, listed in Table 1, part B. These and
earlier (42, 122) global approaches have been especially welcome, since the piecemeal
identification of flagellar membrane proteins has been relatively slow and arduous, and
these “genome scale” undertakings offer the prospect of cataloging a comprehensive
“parts list” of the flagellar membrane. Notable among the newer arrivals in this
company are additional putative transporters, but there are also many proteins of
unknown function that will present both challenges and opportunities to define novel
functions of the flagellar surface. What is required now are functional studies to dissect
the activities of individual candidates. The ability to rapidly generate gene knockouts or
RNAi-based knockdowns, especially with CRISPR-Cas technology (123), facilitates such
investigations. However, application of a range of sometimes imaginative phenotypic
tests will likely be necessary to maximize the yield in terms of biological insights.

SUMMARY AND FUTURE DIRECTIONS

The flagellar surface carries out a multiplicity of functions that are critical for the
ability of kinetoplastid parasites to successfully colonize their insect vectors and ver-
tebrate hosts. Functions for flagella and their surfaces identified to date include the
following: motility, attachment to host tissues, secretion of parasite material into hosts,
establishing cell morphology and initiation of cytokinesis, sensing the extracellular
environment, and altering the host immune response. Some of these flagellar mediated
microbe-host interactions have been appreciated for decades, but many of them have
emerged recently. Much remains to be learned about how these processes work,
especially at the molecular level.

Similarly, sensory functions have been suggested for parasite flagella, consistent
with the demonstrated sensory activities of cilia and flagella in other eukaryotes.
However, it is not clear precisely what pathways engage in flagellar sensing or what the
components are that constitute the sensory pathways. Perhaps the best characterized
sensory response to date is that for the arginine deprivation in L. donovani, where a
flagellar arginine transporter and a MAP kinase have been implicated (82), but there are
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certainly other components that must constitute this pathway. A major mystery con-
tinues to surround the presumed function of flagellar ACs in sensing. The structure of
these proteins suggests that the large extracellular domains are likely to be involved in
binding ligands that stimulate AC activity, but no such ligands have been identified and
the mechanisms for regulating AC activity are obscure.

Our understanding of trafficking of flagellar membrane proteins to that organelle is

rudimentary, with one pathway for dually acylated proteins engaging lipids rafts and
probably some unknown flagellar proteins and another pathway dependent upon the
cytoskeletal protein KHARON. It is not yet clear how many flagellar membrane proteins
may access each of these pathways, nor is it known mechanistically how proteins like
KHARON address membrane proteins to the flagellum. How many distinct mechanisms
there may be for flagellar membrane trafficking is also currently unknown.

It is likely that secretion from the flagellar membrane is more widely active than the

limited number of currently known examples might suggest. Do intracellular parasites
export proteins to their host cells via flagellar pathways, and if so, what molecular
components are exported and to what purpose?

Finally, cilia and flagella are organelles present in various other types of eukaryotic

pathogen. Notable examples include protists such as Giardia (124) and Trichomonas
(125) and male gametes of Plasmodium (126). Metazoan pathogens, including nema-
todes and flatworms, have differentiated cells that are ciliated (127), such as neurons.
Hence, it is likely that flagella and their surfaces will prove to be broadly important for
microbe-host interactions across a wide range of eukaryotic pathogens. To date, these
organelles have been best studied in the kinetoplastid parasites, but the lessons being
learned in these hemoflagellates may prove to be instructive for other pathogens.

It has not been possible in this review to reference every article of relevance to the

topic. We apologize to any authors whose work may have been overlooked inadver-
tently or not cited due to the necessity to be selective.
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