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Cilia (eukaryotic flagella) are present in diverse eukaryotic lineages
and have essential motility and sensory functions. The cilium'’s
capacity to sense and transduce extracellular signals depends
on dynamic trafficking of ciliary membrane proteins. This traf-
ficking is often mediated by the Bardet-Biedl Syndrome complex
(BBSome), a protein complex for which the precise subcellular
distribution and mechanisms of action are unclear. In humans,
BBSome defects perturb ciliary membrane protein distribution
and manifest clinically as Bardet-Biedl Syndrome. Cilia are also
important in several parasites that cause tremendous human suf-
fering worldwide, yet biology of the parasite BBSome remains
largely unexplored. We examined BBSome functions in Trypano-
soma brucei, a flagellated protozoan parasite that causes African
sleeping sickness in humans. We report that T. brucei BBS proteins
assemble into a BBSome that interacts with clathrin and is local-
ized to membranes of the flagellar pocket and adjacent cytoplas-
mic vesicles. Using BBS gene knockouts and a mouse infection
model, we show the T. brucei BBSome is dispensable for flagellar
assembly, motility, bulk endocytosis, and cell viability but required
for parasite virulence. Quantitative proteomics reveal alterations
in the parasite surface proteome of BBSome mutants, suggesting
that virulence defects are caused by failure to maintain fidelity of
the host-parasite interface. Interestingly, among proteins altered
are those with ubiquitination-dependent localization, and we find
that the BBSome interacts with ubiquitin. Collectively, our data
indicate that the BBSome facilitates endocytic sorting of select
membrane proteins at the base of the cilium, illuminating BBSome
roles at a critical host-pathogen interface and offering insights
into BBSome molecular mechanisms.
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Cilia, also called eukaryotic flagella, are emblematic organ-
elles for which functional and structural similarities across
diverse lineages indicate they have existed since the emergence
of eukaryotes (1, 2). Although historically considered as ma-
chines for cell locomotion and movement of fluids across epi-
thelia, cilia are now recognized as signaling platforms that
sense and transduce environmental stimuli to drive cellular
responses (3). As such, cilia constitute a critical cell-environment
interface that is paramount for development and physiology of
ciliated organisms. In vertebrates, cilium-dependent signaling
orchestrates important developmental pathways, such as limb
development and kidney morphogenesis, and is required for
vision, hearing, and smell (4). In free-living protists, cilium
signaling controls cell motility, mating, and response to extra-
cellular cues (5).

The cilium is anchored to the cell surface membrane and pro-
trudes into the extracellular milieu. At the core of the organelle is
a microtubule-based axoneme that originates at the basal body in
the cytoplasm. The axoneme is encased by a ciliary membrane that
is contiguous with the plasma membrane but constitutes a spe-
cialized domain with distinct protein and lipid composition (6).
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The base of the cilium is not entirely delimited by membrane, and
the ciliary matrix (soluble fraction within the cilium) is, thus, to-
pologically contiguous with the cytoplasm. Organellar identity is
maintained by a diffusion barrier that bona fide ciliary proteins
must traverse; traversal of this barrier in and out of the cilium is
critical for cilium function (7).

In keeping with their critical motility and sensory functions,
defective cilia cause a wide range of inherited human diseases,
termed ciliopathies, which exhibit diverse clinical manifestations
and molecular etiologies (8). Bardet-Biedl Syndrome (BBS) is a
ciliopathy that is mainly characterized by retinopathy, obesity,
polydactyly, cognitive impairment, renal abnormalities, and hypo-
gonadism; we currently know of 19 genes (bbsI-bbsi19) that, when
mutated, can cause BBS (9). Interestingly, eight bbs genes (bbsl,
bbs2, bbs4, bbs5, bbs7, bbsS, bbs9, and bbs18) encode proteins that
assemble into a complex termed the Bardet-Biedl Syndrome
complex (BBSome) (10, 11). While cilium assembly is generally
unaffected, BBSome mutants in vertebrates and protists exhibit
sensing defects resulting from abnormal localization of select
ciliary proteins (12-18). Although the BBSome is necessary
for dynamic trafficking of these membrane-associated proteins
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through the ciliary compartment, its precise location and exact
function remain enigmatic.

Ciliated pathogens cause tremendous human suffering world-
wide and limit economic development in some of the world’s
poorest regions (19). Despite broad awareness of the cilium’s role
in the pathology of inherited human diseases, the contribution of
cilia and ciliary modules, such as the BBSome, to infection by
eukaryotic parasites is mostly unknown (20). Parasite survival and
virulence depend on successful interaction with the host envi-
ronment, and this interaction is mediated, at least in part, by cilia
and ciliary proteins (21). This paradigm applies to the unicellular
parasite Trypanosoma brucei, which causes African sleeping
sickness in humans and Nagana in cattle. Sleeping sickness is
endemic to sub-Saharan Africa, is almost always fatal if un-
treated, and remains one of the world’s most neglected diseases
(22). T. brucei has a single flagellum, which emerges from the
cytoplasm through the flagellar pocket at the posterior end of
the cell (23). The flagellar pocket is a pronounced invagination
of the plasma membrane that marks the boundary between the
flagellar membrane and the rest of the plasma membrane. The
trypanosome flagellar pocket is a key host—parasite portal, be-
cause it is the sole site of endocytosis, mediates uptake of
growth factors, and is a necessary transit point for proteins en
route to or from the cell surface (24).

Given the role of the BBSome in controlling delivery of ciliary
proteins important for interaction with the external environ-
ment, we examined BBSome functions in mammalian-infectious,
bloodstream-stage T. brucei. We report that T. brucei BBS pro-
teins assemble into a BBSome [7. brucei Bardet-Biedl Syndrome
complex (TbBBSome)] that localizes to membranes of the
flagellar pocket and adjacent cytoplasmic vesicles. BBS gene
knockouts (KOs) show the TbBBSome is dispensable for fla-
gellum assembly and parasite viability but required for virulence
in a mouse infection model. Quantitative proteomics and bio-
chemical analysis suggest that the TbBBSome interacts with
clathrin and ubiquitin to facilitate endocytic trafficking of select
cell surface proteins and that defects in these processes underlie
the virulence defect of BBSome mutants. Our combined studies
offer insights into both parasite biology and the pathophysiology
of human ciliopathies.

Results and Discussion

T. brucei BBS Proteins Assemble into a BBSome. Similar to the ma-
jority of ciliated eukaryotes, T. brucei encodes all eight BBSome
proteins, but unlike vertebrates, it lacks the canonical BBS
chaperonins BBS6, BBS10, and BBS12, which mediate assembly
of the BBSome (11, 25, 26). Therefore, we sought to determine
whether T. brucei Bardet-Biedl Syndrome (TbBBS) proteins as-
semble into a complex in mammalian-infectious 7. brucei cells. To
this end, we tagged four BBSome proteins (TbBBS1, TbBBS4,
TbBBSS, and TbBBS7) with the triple-HA tag at the endogenous
loci and verified expression of fusion proteins in 7hbBBS-HA/—
background (Fig. 14). Blue native electrophoresis showed that all
four fusion proteins migrate as part of an ~700-kDa complex,
whereas TbBBS7-HA is also part of a 242- to 480-kDa sub-
complex (Fig. 1B). Furthermore, TbBBS4-HA and TbBBS5-HA
sediment within ~14.5S particles in glycerol gradient centrifuga-
tion (Fig. 1C). The size of the complex observed by blue native
electrophoresis is consistent with the size predicted from subunit
molecular masses (487 kDa) and the size reported in other or-
ganisms (10, 26). Moreover, the ~14.5S particle observed in glyc-
erol gradient sedimentation is in close agreement with the ~14S
value reported for the BBSome in mammals (10, 27). A smaller
particle (~12S) was reported for Chlamydomonas (18). Monomeric
TbBBS proteins were not detected, indicating that the vast majority
of the TbBBS protein pool is part of the BBSome.

We next affinity-purified the TbBBSome and determined its
composition by shotgun proteomics. To this end, we fused TbBBS4
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Fig. 1. TbBBS proteins assemble into the ToBBSome. (A) Western blot for 3x
HA epitope-tagged TbBBS proteins. Wild type (WT) was used as negative
control. Tubulin (Tub) blot served as loading control. (B) Western blot for
HA-tagged TbBBS proteins by blue native PAGE. (C) Western blot for
TbBBS4-HA and TbBBS5-HA in 10-30% (vol/vol) glycerol gradient centrifu-
gation. Numbers 1-16 indicate gradient fractions. Protein standards of
known S values are shown at the bottom. (D) Western blot for PTP epitope-
tagged TbBBS4. WT was used as negative control. Tub blot served as loading
control. (E) Western blot for ToBBS4-PTP by blue native PAGE. (F) Western
blot for tandem purification of TbBBS4-PTP probed with anti-Protein C. TEV
protease was used for elution before Protein C purification, hence the re-
duction in size. (G) SYPRO Ruby protein stain for tandem purification of
TbBBS4-PTP. Eluates were used for shotgun proteomics (S/ Appendix, Tables
S1 and S5).

to a dual tag consisting of Protein C and Protein A epitopes
[Protein C-tobacco etch virus (TEV) protease site-Protein A
(PTP) tag] and verified that TbBBS4-PTP is expressed in
TbBBS4-PTP/— background (Fig. 1D) and remains part of an
~700-kDa complex (Fig. 1E) as seen for ToBBS-HA proteins. We
performed tandem affinity purification (Fig. 1 F and G) and de-
tected all eight predicted BBSome subunits as the most abundant
hits in the TbBBS4-PTP eluate (SI Appendix, Table S1). These
proteins were not recovered in parallel purifications using control
cell extracts.

Collectively, our data show presence of the BBSome in a di-
vergent eukaryotic supergroup and make 7. brucei one of a few
systems in which an actual BBSome has been experimentally shown
(10, 17, 18, 26). Trypanosomes are members of the Excavates, which
are early branching unicellular organisms suggested to be a sister
group to all other eukaryotes (28). Presence of an intact BBSome in
this divergent lineage supports an early emergence in eukaryotic
evolution (10, 25). Formation of the TbBBSome, despite the lack of
canonical BBS chaperonins, suggests that BBSome assembly may
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occur intrinsically or rely on alternative chaperonins in 7. brucei and
other nonvertebrate organisms.

ThBBSome Associates with Membranes and Vesicles at the Flagellar
Pocket. Despite its importance to cilium biology, the precise
subcellular location of the BBSome is unclear (29). We assessed
subcellular localization of TbBBS-HA proteins by immunoflu-
orescence (IF) and detected all fusion proteins near the base of the
flagellum (Fig. 24 and SI Appendix, Fig. S4). To date, most studies
have relied on IF for determining BBSome localization. To de-
termine TbBBSome location at higher resolution, we performed
immuno-EM on three TbBBS-HA proteins. In agreement with IF
localizations (Fig. 24 and SI Appendix, Fig. S4) and ref. 30, we did
not detect any specific labeling within the flagellum proper. Instead,
we detected gold particles on the flagellar pocket membrane and
neighboring cytoplasmic vesicles for all three TOBBS-HA proteins
examined (Fig. 2B and SI Appendix, Table S2). For TbBBS1-HA,
we also detected a few gold particles at the basal body (Fig. 2B and
SI Appendix, Table S2). Such localizations were rarely observed in
control samples (SI Appendix, Table S2). Our results provide the
first demonstration, to our knowledge, of BBSome localization to
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Fig. 2. The TbBBSome localizes to the flagellar pocket membrane and in-
teracts with clathrin. (A) IF for TbBBS-HA proteins: TbBBS-HA (green), PFR2
(red), and DAPI (blue). (Scale bar: 5 um.) (B) Immunogold labeling for TbBBS-
HA proteins. Cross-sections and longitudinal sections of the flagellar pocket
are shown in Left and Right, respectively. Flagellar pocket membrane (FPM)
and flagellum (F) are indicated. (Scale bar: 100 nm.) Immunogold quantifi-
cation is provided in S/ Appendix, Table S2. (C) Western blot of ToBBS4-PTP
immunoprecipitation by Protein A probed with anti-Protein C and anti-CHC.
TEV protease was used to elute TbBBS4-PTP, hence the reduced size of
TbBBS4 in the eluate. Input (1x) and eluate (8x) in anti-Protein C blot; input
(1x) and eluate (100x) in anti-CHC blot. (D) Western blot for CHC in immu-
noprecipitation (IP) of Myc-tagged BBSome proteins from HEK293 cells.
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flagellar pocket and vesicle membranes in vivo. This finding extends
in vitro observations that the BBSome forms a coat on liposomes
and supports the paradigm that the BBSome regulates trafficking of
membrane proteins at the cilium base (14).

In vertebrates, nematodes, and algae, the major pool of BBSome
is near the cilium base, but it is also observed to travel with
intraflagellar transport particles along the axoneme (18, 31-34).
Absence of detectable TbBBSome in the flagellum itself might re-
flect technical limitations owing to low abundance of BBSome
proteins (32, 33). Alternatively, it might reflect 7. brucei-specific
adaptations given the extensive elaboration of the flagellar pocket
as the sole site of endocytosis in these organisms (24). In either
case, our data suggest a TbBBSome role in vesicle trafficking at the
flagellar pocket, a function in agreement with the phenotypes of
Leishmania, nematode, and vertebrate BBS mutants (20, 35-38).

Association of TbBBS proteins with vesicles at the flagellar
pocket points to a role in endocytosis and prompted us to ask
whether the TbBBSome interacts with clathrin. Clathrin-mediated
endocytosis at the flagellar pocket is considered the sole means of
endocytosis in 7. brucei (39) and depends on conserved and line-
age-specific proteins but not AP-2 adaptin (40). Interestingly, we
detected clathrin heavy chain (CHC) in TbBBS4-PTP purifications
but not in control eluates (Fig. 2C). To determine whether this is a
trypanosome-specific feature, we asked whether the mammalian
BBSome also interacts with clathrin. We found that human
BBSome proteins associated with CHC (Fig. 2D), leading us to
speculate that the BBSome may function in concert with clathrin
across all BBS-encoding lineages. Intriguingly, the BBSome
exhibits similarities to clathrin adaptor protein complexes, such
as common structural domains, membrane recruitment by small
GTPases, and the ability to bind lipids (10, 14). Moreover, clathrin-
mediated endocytosis is thought to operate at the base of the cil-
ium to control cilium-mediated signaling in multiple organisms
(36, 41). It is possible that endocytosis and vesicular transport were
ancestral functions of the BBSome (for example, participating in
phagocytosis in a protoeukaryote) and that these functions were
later repurposed into a dedicated ciliary trafficking machinery on
emergence of the cilium (1, 2, 25).

ThBBSome Is Required for Parasite Virulence. To gain insight into
TbBBSome functions, we generated gene KOs of TbBBSI,
TbBBS4, TbBBS5, TbBBS7, and TbBBSY. TbBBS KOs were gen-
erated in cells expressing HA-tagged BBS proteins to enable sys-
tematic analysis of the impact on BBS proteins and the BBSome.
TbBBS KOs were verified by Southern blotting (SI Appendix, Fig.
S1A). Expression levels of TbBBS proteins and assembly of the
TbBBSome were differentially compromised in individual KOs
(Fig. 3 A and B). Ablation of TbBBS4 or ThBBS5 had modest
effects on the rest of the complex, whereas loss of TbBBSI
resulted in a partial TbBBSome that contains at least TbBBS7
(Fig. 3 4 and B). In contrast, deletion of TbBBS7 or ThBBS9
seemed to disrupt TbBBSome altogether (Fig. 3 A and B). To-
gether, these results indicate that TbBBS7 and TbBBS9 are core
subunits, whereas TbBBS1, TbBBS4, and TbBBSS are in the pe-
riphery of the complex. Our results show that the hierarchy of
BBSome assembly in the evolutionarily divergent 7. brucei is
conserved with that observed in mammals (10, 42, 43).

The BBSome is not generally required for cilium morphogenesis
(12, 18). However, in certain cases, loss of BBSome proteins leads
to severe defects in cilium assembly (12, 17, 38, 44) or vesicle ac-
cumulation at the cilium base (20, 35), suggesting organism- and
cell-specific requirements for the complex. Depletion of the
TbBBSome had no discernible effect on parasite motility (S/
Appendix, Fig. S1B), had only a minor effect on in vitro growth
rate (SI Appendix, Fig. S1C), and did not cause conspicuous
defects in axoneme structure (SI Appendix, Fig. S1D). Given the
localization of the TbBBSome (Fig. 2 4 and B and SI Appendir,
Fig. S4), we also examined ultrastructure of the flagellar pocket
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Fig. 3. The TbBBSome is dispensable for viability but required for parasite vir-
ulence. (A) Western blot for TbBBS-HA proteins in TbBBS KO mutants or WT
background as a positive control. Lysates from WT cells (i.e., without an HA tag)
served as negative control. WT lanes are the same for BBS1-HA/BBS4-HA blots (*)
and BBS5-HA/BBS7-HA blots (1). VSG was used as loading control. (B) Western
blot for TbBBS-HA proteins in TbBBS KO mutants by blue native PAGE. WT ly-
sates served as negative control. The same lysates were run in parallel and
blotted for VSG on SDS/PAGE (A) to verify equal total protein. (C) Transmission
electron micrographs of WT and TbBBS mutants at the flagellar pocket region.
(D) Survival curve for mice infected with ThBBS mutants. Only mice in which
parasitemia was detected are shown. Inset shows the Western blot for ToBBS4-
HA by blue native PAGE. ns, Not significant. *P < 0.05 by Mantel-Cox test; ***P <
0.001 by Mantel-Cox test.

and did not detect any alterations in TbBBS KOs (Fig. 3C). The
TbBBSome is, thus, dispensable for parasite viability and motility
as well as flagellar and cellular morphogenesis.

Having established that the TbBBSome is dispensable for para-
site viability, we asked whether it is required for virulence in a
mouse infection model. We used mutants that exhibit substantial
loss of the complex, such as 7TbBBSI KO and 7bBBS9 KO. Control
parasites mount a lethal mouse infection within 5-14 days (Fig. 3D).
Strikingly, both 7TbBBS mutants exhibited decreased virulence as
judged by prolonged mouse survival, including some animals that
cleared detectable parasites from the bloodstream after an estab-
lished infection and survived to the end of the experimental
timeframe (Fig. 3D). Reintroduction of WT BBSI1 restored the
BBSome and suppressed the virulence defect of TbBBSI KOs
(Fig. 3D), showing that loss of the complex is responsible for
the virulence defect. Moreover, BBSI-HA/— virulence was in-
distinguishable from control parasites, indicating that the HA
tag does not affect TbBBS1 function (Fig. 3D).

TbBBSome Regulates Endocytic Trafficking of Select Membrane
Proteins. KO of the BBSI gene in the parasite Leishmania major
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reduced virulence in a mouse footpad model of infection (20), but
underlying mechanisms and presence of a BBSome were not ex-
amined. Given the localization of the TbBBSome, we hypothesized
that virulence defects in 7. brucei stem from failure to orchestrate
trafficking events at the flagellar pocket, a critical host—parasite
interface responsible for endocytosis of host antibodies and uptake
of host-derived growth factors (24). Host antibodies bind to parasite
Variant Surface Glycoproteins (VSGs) that cover the cell surface,
mask other epitopes, and switch stochastically (45). VSG switching
and rapid endocytic clearance of VSG-Ig complexes through the
flagellar pocket enable the parasite population to avoid destruction
by the host immune system (46). Therefore, we asked whether
TbBBS KOs have defects in clearance of VSG-Ig complexes from
the parasite surface, but mutants were similar to WT (Fig. 4A4).
Dextran uptake was also unaffected, indicating the TbBBSome is
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proteins. (A) Anti-VSG levels at 5-min clearance as percentages of levels at 0 min.
(B) Dextran uptake at 15 min as percentage of WT uptake. (C) Transferrin uptake
at 15 min as percentage of WT uptake. In A-C, data are represented as means +
SEMs. ns, Not significant. *P < 0.05 by one-way ANOVA with Dunnett's test;
**P < 0.01 by one-way ANOVA with Dunnett’s test; and ***P < 0.001 by one-
way ANOVA with Dunnett’s test. (D) Plot comparing cell surface protein abun-
dance between WT and BBS mutants by stable isotope labeling by amino acids in
cell culture (SILAC) proteomics. Only proteins detected in WT and all five BBS
mutants are shown. The average BBS mutant to WT Z score of log,(fold change)
is plotted against the SD across all five mutants. The size of each dot corresponds
to the number of identified peptides per protein. Dots labeled 1, 2, 3, and 12
correspond to proteins in S/ Appendix, Table S3 sorted by descending Z score
(VSG-related, MBAP1, ESAG2, and ISG75, respectively). (E) Western blot for
protein pulldowns. TbBBS1-HA and TbBBS4-PTP cell extracts were incubated with
control beads and ubiquitin beads. Samples were blotted with anti-HA and anti-
Protein A to detect tagged TbBBS proteins as well as anti-VSG as control for
nonspecific pulldown. Input (1x) and eluate (320x) in anti-HA and anti-Protein A
blots; Input (1x) and eluate (8,000%) in anti-VSG blots.
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not required for fluid-phase endocytosis (Fig. 4B). We then gauged
receptor-mediated endocytosis by assessing transferrin uptake. In
T. brucei, transferrin uptake is mediated by the parasite’s hetero-
dimeric transferrin receptor (TfR) that comprises the products of
expression site-associated gene 6 (ESAG6) and ESAG7 and localizes
to the flagellar pocket (47, 48). TfR binds transferrin at the flagellar
pocket and delivers it to acidic endosomes, where transferrin is
released and sorted to lysosomes for degradation; TfR then gets
recycled to the cell surface (49). Interestingly, we found that
transferrin uptake is impaired in all 7bBBS KOs, with TbBBS7 and
TbBBS9 mutants showing the most severe defects (Fig. 4C). Im-
paired uptake is not caused by lower total abundance of TfR or
CHC (SI Appendix, Fig. S24). Moreover, TfR itself is functional in
the TbBBS mutants, because in conditions that block endocytosis,
transferrin is bound at the cell surface at levels roughly equivalent to
those in WT cells (SI Appendix, Fig. S2B). Notably, TbBBS4-HA/—
and TbBBS4-PTP/— had no defects in transferrin uptake (SI Ap-
pendix, Fig. S2C), further showing that tagged TbBBS proteins are
functional (Fig. 3D).

Defects in transferrin uptake have been reported for a plethora of
T. brucei mutants and are typically accompanied by general defects in
endocytosis, flagellar pocket enlargement, and cell lethality (50, 51),
which are not observed in TbBBS mutants (Fig. 3C and SI Appendix,
Fig. S1C). Therefore, we postulate that, in TbBBS mutants, trans-
ferrin-bound TR is endocytosed but not properly sorted within the
endosomal system; defective sorting results in decreased transferrin
release within the cell and increased recycling of transferrin-
bound TfR to the cell surface. Taken together with the absence
of gross morphological or functional aberrations to the flagellar
pocket, our results indicate that the TbBBSome is dispensable
for general clathrin-mediated endocytosis (39) and that it con-
trols the postendocytic fate of TfR and possibly, other mem-
brane-associated surface proteins. This idea is consistent with the
notion that surface protein uptake in 7. brucei is nonselective and
that sorting takes place at postendocytic steps (24).

We suspected that a subset of surface proteins beyond TfR de-
pends on TbBBSome for trafficking and that these will be over- or
underrepresented on the cell surface of TbBBS mutants compared
with control cells. To test this hypothesis, we used an unbiased
quantitative proteomic analysis to identify changes in the cell sur-
face proteome of 7bBBS KOs. Stable isotope labeling by amino
acids in cell culture (SILAC) quantitative proteomics revealed that,
although most proteins were of similar abundance in 7bBBS KO
and control cells, a few were consistently dysregulated in all five
TbBBS KOs (Fig. 4D and SI Appendix, Tables S3 and S4 and Fig.
S3). Among the most overabundant proteins were 7. brucei mem-
brane-bound acidic phosphatase (TbMBAP), ESAG2, two VSG-
related proteins, and three members of the invariant surface
glycoprotein (ISG) family (Fig. 4D and SI Appendix, Table S3).
TbMBAP traffics between the flagellar pocket and endosomes
and normally, is barely detectable at the cell surface but accu-
mulates there on overexpression (52), indicating that saturable
sorting mechanisms control its surface distribution. ESAG2 and
ISG75 are also known surface proteins (53).

ISG75 is ubiquitinated, and mutation of the ISG75 ubiquitina-
tion motif results in overaccumulation at the cell surface, whereas
loss of an ubiquitin hydrolase reduces ISG75 abundance (54, 55).
The combined results indicate that ubiquitination promotes ISG75
endocytic trafficking and delivery to lysosomes for degradation (54,
55). Intriguingly, we noticed in our proteomics data that ubiquitin
was consistently found to copurify with TbBBS4-PTP (SI Appen-
dix, Table S5). To independently test whether the TbBBSome
interacts with ubiquitin, we incubated parasite cell extracts with
ubiquitin beads, and we, indeed, detected specific pulldown of

1. Jékely G, Arendt D (2006) Evolution of intraflagellar transport from coated
vesicles and autogenous origin of the eukaryotic cilium. BioEssays 28(2):
191-198.
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TbBBS1-HA and TbBBS4-PTP but not of an abundant control
protein (Fig. 4E). Thus, it is possible that TbBBSome interacts
with ubiquitinated proteins, such as ISG75, and regulates their
endocytic trafficking, although additional experiments are needed
to test this directly. Nonetheless, our results present the first dem-
onstration, to our knowledge, that BBSome proteins interact with
ubiquitin. Although BBSome proteins lack canonical ubiquitin-
binding domains, BBS5 contains PH-like domains (10); such do-
mains in other proteins have been shown to bind not only phos-
phoinositides but also, ubiquitin (56). Thus, it is conceivable that
BBS5 binds ubiquitin through its PH-like domains. In other or-
ganisms, the BBSome has been implicated in ubiquitin-mediated
pathways, and many BBS mutant phenotypes could be explained by
a BBSome-ubiquitin interaction. For instance, BBSome proteins
interact with the proteasome and are required for degradation of
signaling molecules (57). Moreover, the Notch receptor is normally
sorted to lysosomes on ubiquitination but accumulates in late
endosomes in BBSome mutants (37). Similarly, ubiquitination of
Patchedl and Smoothened is thought to promote trafficking out
of cilia (58, 59), and both proteins fail to exit cilia in the absence of
the BBSome (16). Interestingly, BBS11, a vertebrate-specific BBS
protein that is not part of the BBSome, is an E3 ubiquitin ligase that
acts on dysbindin, a regulator of endosomal-lysosomal trafficking
(60). Finally, a recent study provided evidence that the BBSome is
required for trafficking of ubiquitin-conjugated membrane proteins
out of cilia and subsequent lysosomal degradation (61). Thus, it
seems that recognizing an ubiquitin moiety is a conserved and in-
tegral element of BBSome-dependent protein trafficking.

In summary, we provide the first demonstration, to our knowl-
edge, of a BBSome in a member of the Excavate eukaryotic
supergroup. We show the TbBBSome is localized to the flagellar
pocket membrane and neighboring vesicles, suggesting a role in
endocytic trafficking that is further supported by interaction
with clathrin and ubiquitin. Loss of the TbBBSome has pleio-
tropic effects on the fidelity of the cell surface proteome, and
these effects likely underlie the attenuated virulence of TbBBSome
mutants. Together, our results expand the realm of BBSome-
dependent functions to novel host—parasite interactions and suggest
that defective endocytosis of ubiquitinated ciliary proteins might
contribute to the pathobiology of human ciliopathies.

Experimental Procedures

Detailed methods are provided in S/ Appendix, SI Experimental Procedures.
Bloodstream-form T. brucei cells were used, and cell culture, cell fraction-
ation, uptake assays, mouse infection, molecular biology, affinity purifica-
tion, stable isotope labeling by amino acids in cell culture proteomics, tandem
MS, immunostaining, and microscopy procedures were done according to
standard methods. All animal experiments strictly complied with the In-
stitutional Animal Care and Use Committee of University of California, Los
Angeles (approved protocol permit ARC 2001-065).
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