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The Ras-like GTPase Rab11 is implicated in multiple aspects of intracellular transport, including mainte-
nance of plasma membrane composition and cytokinesis. In metazoans, these functions are mediated in part
via coiled-coil Rab11-interacting proteins (FIPs) acting as Rab11 effectors. Additional interaction between
Rab11 and the exocyst subunit Sec15 connects Rab11 with exocytosis. We find that FIPs are metazoan specific,
suggesting that other factors mediate Rab11 functions in nonmetazoans. We examined Rab11 interactions in
Trypanosoma brucei, where endocytosis is well studied and the role of Rab11 in recycling well documented.
TbSec15 and TbRab11 interact, demonstrating evolutionary conservation. By yeast two-hybrid screening, we
identified additional Rab11 interaction partners. Tb927.5.1640 (designated RBP74) interacted with both Rab11
and Rab5. RBP74 shares a coiled-coil architecture with metazoan FIPs but is unrelated by sequence and
appears to play a role in coordinating endocytosis and recycling. A second coiled-coil protein, Tb09.211.4830
(TbAZI1), orthologous to AZI1 in Homo sapiens, interacts exclusively with Rab11. AZI1 is restricted to taxa
with motile cilia/flagella. These data suggest that Rab11 functions are mediated by evolutionarily conserved
(i.e., AZI1 and Sec15) and potentially lineage-specific (RBP74) interactions essential for the integration of the
endomembrane system.

Trafficking of molecules to and from the cell surface is a
critical cellular function (52). Multiple endocytic recycling
pathways are present in metazoans and fungi (16). Endocytic
cargo is targeted to multiple destinations, and two distinct
routes for return of proteins to the plasma membrane via
recycling pathways are known: a Rab4-dependent constitutive
route for rapid recycling (8, 53, 75) and a separate Rab11-
dependent pericentriolar pathway with slower kinetics (81).
Trafficking through the Rab11 pathway is important for sorting
biosynthetic and endocytosed material (43, 79, 84), but Rab11
is also a key mediator of additional transport pathways. In
particular, the importance of Rab11 to maintaining cell polar-
ity has been demonstrated in several studies. For example, in
mammalian cells Rab11 isoforms regulate transcytosis of IgA
in epithelia (17), delivery of material to the cleavage furrow
during cytokinesis (30, 72), cell migration by promoting integ-
rin transport to specialized domains within the plasma mem-
brane (45), and ciliogenesis as part of the ciliary targeting
complex (59). This high degree of functional complexity is
achieved by mutually exclusive recruitment of a range of
Rab11 effector proteins (62, 69). It remains unclear how these
additional roles are related to the central role the GTPase
plays in endocytic recycling (78).

With the exceptions of myosin Vb and Sec15, a component
of the exocyst complex, known Rab11 effectors in mammalian
cells belong to a family of FIPs, defined by the presence of a
conserved C-terminal Rab11-binding box and extensive coiled-

coil segments mediating formation of helical dimers. FIPs pro-
vide a platform for recruitment of additional endocytic factors
(35, 80). This macromolecular assemblage facilitates interac-
tions of Rab11 with multiple aspects of trafficking (reviewed in
references 46 and 70). In particular, several studies suggest
that the two class I FIPs, Rip11/FIP5 and FIP2, are involved in
selective sorting and targeting of a subpopulation of plasma
membrane receptors through pericentriolar recycling endo-
somes (9, 17, 18, 56, 68). Both may act via regulating vesicle
binding to the correct molecular motor, coordinating traffic of
cargo along microtubule and actin cytoskeletal elements (36,
51, 74). The class II effectors, FIP3 and FIP4, or Arfophilins,
act cooperatively with Arf and Rab11 GTPases to coordinate
actin remodeling and the delivery of new material to the cleav-
age furrow during cytokinesis (40, 41, 85).

Although Rab4 and Rab11 are present across representative
organisms of all eukaryotic supergroups and hence were pres-
ent in the LECA, Rab4 is prone to secondary loss and many
effectors of small GTPases are poorly conserved (22). It is
possible that Rab effector diversity forms the basis for func-
tional specialization among Rab11 pathways in different organ-
isms and could provide considerable differentiation in recy-
cling mechanisms between taxa, despite the near-universal
retention of Rab11. Alternatively, poor sequence conservation
between orthologues may confound identification of rela-
tionships by in silico approaches, especially for divergent
taxa. Here, we used the protozoan Trypanosoma brucei, a
member of the eukaryotic Excavata supergroup, to gain further
insight into Rab11 function in divergent organisms and to
assess the levels of divergence and similarity across eukaryotes.

T. brucei is an extracellular parasite infecting many mamma-
lian hosts, and maintenance of the plasma membrane compo-
sition is essential for survival (2, 35, 39). Changes to the cell
surface accompany adaptation to environmental challenges,
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including alternating hosts. The molecular mechanisms under-
lying this adaptation involve life-cycle-dependent differentia-
tion of the endocytic system (33, 49, 64). Unusually, endocy-
tosis is AP-2 independent and exclusively clathrin and Rab5
dependent (2, 22, 35, 38). All recycling in the bloodstream-
form trypanosome is Rab11 dependent and, unlike what is
seen for metazoans, does not involve Rab4 to a major degree (33,
35, 39). While trypanosome Rab11 is essential (39), it is unclear
how Rab11 integrates with the endocytic system or if it partici-
pates in the full range of processes described in higher eukaryotes.

One possible approach to understanding the molecular
mechanisms behind Rab11 function is to characterize the fac-
tors with which it interacts. We used a combination of in silico
and yeast two-hybrid screening strategies to identify trypano-
some Rab11 effectors and demonstrated both evolutionarily
conserved and novel interactions.

MATERIALS AND METHODS

Abbreviations. AP-2, adaptor complex-2; AZI1, 5-azacytidine-induced 1; BSA,
bovine serum albumin; BSF, bloodstream form; CCD, charge-coupled device;
ConA, concanavalin A; DAPI, 4�,6-diamidino-2-phenylindole; ER, endoplasmic
reticulum; FACS, fluorescence-activated cell sorting; FIP, Rab11-family inter-
acting protein; FITC, fluorescein isothiocyanate; GFP, green fluorescent protein;
HA, hemagglutinin; LECA, last eukaryotic common ancestor; PBS, phosphate-
buffered saline; PCF, procyclic form; PFA, paraformaldehyde; PFR, paraflagel-
lar rod; RBD, Rab11-binding domain; RBP74, Rab11-binding protein of 74 kDa;
RNAi, RNA interference; RT-PCR, reverse transcriptase-PCR; SD, synthetic
defined; SMB, single-marker bloodstream form; TGN, trans-Golgi network;
vPBS, Voorheis’s modified PBS; VSG, variant surface glycoprotein; YFP, yellow
fluorescent protein.

Sequence homology searches. For the present study, we selected representa-
tive taxa of five of the six major eukaryotic supergroups. We restricted our
BLAST analyses to completed genomes, and when possible we included organ-
isms with and without flagella/cilia. Homo sapiens data were obtained from NCBI
(www.ncbi.nlm.nih.gov). Drosophila melanogaster data were from FlyBase (www
.flybase.org), Caenorhabditis elegans data were obtained from WormBase (www
.wormbase.org). Nematostella vectensis, Monosiga brevicollis, Chlamydomonas re-
inhardtii, Ostreococcus tauri, Thalassiosira pseudonana, Phytophthora ramorum,
and Naegleria gruberi data were obtained from the Joint Genome Initiative
(genome.jgi-psf.org). Arabidopsis thaliana, Cryptococcus neoformans, Theileria
parva, Tetrahymena thermophila, and Trichomonas vaginalis data were from
TIGR (www.tigr.org). Dictyostelium discoideum, Entamoeba histolytica, Plasmo-
dium falciparum, Eimeria tenella, Trypanosoma brucei, Trypanosoma cruzi, and
Leishmania major data were obtained from geneDB (www.genedb.org). Toxo-
plasma gondii data were from ToxoDB (www.toxodb.org), Cryptosporidium par-
vum data were from CryptoDB (www.cryptodb.org), and Cyanidioschyzon
merolae data were retrieved from the C. merolae genome BLAST server (mer-
olae.biol.s.u-tokyo.ac.jp). Paramecium tetraurelia data were from the Paramecium
database (paramecium.cgm.cnrs-gif.fr/). Saccharomyces cerevisiae data were
from the Saccharomyces Genome Database (www.yeastgenome.org/), and
Batrachochytrium dendrobatidis data were from the Broad Institute (www
.broadinstitute.org/annotation/genome/batrachochytrium_dendrobatidis).

Cells and routine culture. T. brucei BSF and PCF cells were routinely cultured
in HMI9 and SDM79 media, respectively, supplemented with 10% fetal bovine
serum and antibiotics as described previously (19).

Yeast two-hybrid screening of a T. brucei genomic library. As a bait for the
screen, the dominant-active GTP-locked mutant form of Rab11, Rab11Q66L,
was amplified from a pXS5 construct containing Rab11QL using the primers
R11F1 (AGTCGAATTCATGGAAGACATGAACCTTACG) and R11R1 (CG
TAGGATCCTTAACAGCACCCGCCACTCGCCTTTCC) (67) and subcloned
into the pGBKT7 plasmid of the Matchmaker system (Clontech). The pGBKT7-
Rab11QL construct was used to transform AH109 Saccharomyces cerevisiae. The
transcriptional activity of the bait was tested by growth in SD �Trp/�His me-
dium, and no transcriptional activity was detected in these conditions. A T. brucei
genomic library (kind gift of Ralph Schwarz, Marburg, Germany) was cloned into
pGADT7 and screened by transformation of AH109 yeast expressing pGBKT7-
Rab11QL. Transformants were plated on SD �Trp/�Leu/�His medium. After
incubation for a period of 72 to 96 h at 30°C, colonies were recovered and DNA

from each positive clone was extracted and sequenced. In order to eliminate false
positives, isolated library prey plasmids were transformed into Y187 yeast and
crossed with AH109 yeast, carrying either the empty plasmid or the bait plasmid.
Activation of the reporter gene was assessed according to growth in SD �Trp/
�Leu/�His or SD �Trp/�Leu/�His/�Ade medium.

Yeast two-hybrid mating assays. QL mutant isoforms of members of the
trypanosome Rab family were cloned into the bait plasmid pGBKT7. The fol-
lowing full-length and truncated versions chosen for convenient restriction sites
were prepared for the positive library clones: RBP74 was amplified using the
primers RBP74F1 (ATATGAATTCATGCGCCCCAAC) and RBP74R1 (ATC
GGGATCCTCAGTAGGTTGTG) and cloned into pGADT7 and pGBKT7;
RBP74 (residues 234 to 532), N-terminal RBP74 (residues 1 to 453), and the
C-terminal fragment (residues 532 to 663) were subcloned from pGBKT7-
RBP74 into pGADT7; TbAZI1 was amplified using the primers TbAZI1F1
(GCTAGAATTCTTTGGCATGGATG) and TbAZI1R1 (GTAAGGATCCGT
GTCGCAACATCC) and cloned into pGADT7 and pGBKT7; and a C-terminal
TbAZI1 fragment (residues 328 to 660) was subcloned from pGBKT7-TbAZI1
into pGADT7. A C-terminal fragment of TbSec15 (residues 205 to 1003) was
amplified using the following primers: Sec15F1 (ATTTGAATTCGACGGGGA
ACAGAGTAGC) and Sec15R1 (TTCCCTCGAGCTATAAAGTTCGCTTT
AGC) and cloned into pGADT7. AH109 yeast transformed with bait constructs
were crossed with Y187 yeast expressing the prey constructs. Diploids were
grown on double-dropout medium and transferred to SD �Trp/�Leu/�His
medium. Plates displaying colony growth were scanned, and images were pre-
pared with Adobe Photoshop.

In vitro coimmunoprecipitation. For immunoprecipitation assays, we used the
full-length RBP74 and TbAZI1 cloned into the pGADT7 plasmid (as described
above) in frame and C terminal to an HA tag, downstream of the T7 promoter.
Full-length QL mutants TbRab1AQL, TbRab5AQL, and TbRab11QL cloned
into the pGBKT7 plasmid in frame and C terminally to a myc tag, downstream
of the T7 promoter, were prepared as described above. 35S-methionine-labeled
and HA-tagged RBP74 and TbAZI1, and 35S-methionine-labeled myc-tagged
TbRab proteins were in vitro synthesized using the TNT-coupled transcription/
translation kit (Promega). The in vitro-translated proteins were used for coim-
munoprecipitation assays to demonstrate direct interactions. Equivalent volumes
of HA-tagged TbRab11 and TbAZI1 effectors were mixed with myc-tagged
TbRab1AQL, TbRab5AQL, or TbRab11QL and incubated with monoclonal
anti-HA antibody for 1 h at ambient temperature. Protein A agarose beads were
added to the mixture and incubation continued for another 1 h. The beads were
washed three times with 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA,
0.1% Triton X-100 supplemented with complete protease inhibitor cocktail
(Roche). Bound material was eluted by boiling in Laemmli loading buffer for
SDS-PAGE analysis, and detection was by autoradiography.

Plasmids and transfections. Full-length RBP74, TbAZI1, and TbSec15 were
amplified by PCR using the following primers: RBP74F2 (CTTTAAGCTTC
GCGCCCCAACTCG), RBP74R2 (CATAGGATCCCCTCGCATTGAA
GG), TbAZI1F2 (ATCGAAGCTTAAGTTTGGCATGG), TbAZI1R2 (CTT
AGGATCCCAATGTATCTATCGG), Sec15F2 (CATTAAGCTTTGGGGC
GGATAGAGG), and Sec15R2 (TTCCCTCGAGCTATAAAGTTCGCTTTA
GC). TbAZI1 N-terminal (residues 1 to 328) and C-terminal (residues 328 to
660) fragments were generated by subcloning from pGBKT7-TbAZI1. Frag-
ments were inserted downstream of a YFP tag or two HA tags in the plasmids
pHD1034 and pXS519. An Amaxa nucleofector was used to transfect BSF cells
with NotI-digested pHD1034-RBP74 and pHD1034-TbAZI1 constructs and
XhoI-digested pXS519-TbSec15p following the manufacturer’s procedure (49).
Cells expressing the YFP-tagged or HA-tagged recombinant proteins were se-
lected in the presence of either 0.2 �g ml�1 puromycin or 2.5 �g ml�1 Geneticin
for pHD1034 constructs or pXS519 constructs, respectively.

RNA interference. A 414-bp fragment of Tb927.5.1640 (RBP74) and a 502-bp
fragment of Tb09.211.4830 (TbAZI1) were selected and verified using RNAit
software to knock down Tb09.211.4830 and Tb927.4.1640 gene products by using
RNAi (71). These fragments were PCR amplified from T. brucei genomic DNA
using the following primers: RBP74RNAiF (CGTACTCGAGCTCAAAGAAG
GC), RBP74R (CATTGGATCCCACGTCATTGAGC), TbAZI1RNAiF (CTT
ACTCGAGGCTTCATGTCTTACG), and TbAZI1R (CGTAGGATCCGCTC
TAACGACTGG). The PCR products were inserted into the p2T7TABlue

plasmid and p2T7177 plasmid. Tetracycline-responsive SMB cells were trans-
fected with NotI-digested p2T7TA-RBP74 and p2T7TA-TbAZI1 constructs by
using an Amaxa nucleofector (24). PTT procyclic cells were transfected with
NotI-digested p2T7177-TbAZI1 (24). Single clones were selected in the presence
of 5 �g ml�1 hygromycin and 2.5 �g ml�1 Geneticin in bloodstream forms or in
the presence of 25 �g ml�1 hygromycin, 25 �g ml�1 Geneticin, and 5 �g ml�1

phleomycin for procyclic forms. For growth curves, cultures were carried out in
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triplicate in the presence or absence of tetracycline at 1 �g ml�1. Cell density was
measured using a Z2 Coulter Counter (Beckman). All PCR clones and fusions
used in this study were confirmed by DNA sequencing.

Quantitative real-time RT-PCR. We employed real-time RT-PCR to quantify
a change in expression levels of RBP74 and TbAZI1 mRNA and to validate the
RNAi cell lines. RNA of bloodstream- and procyclic-form Lister 427 cells or the
RBP74 and TbAZI1 RNAi cell lines were prepared using the RNeasy kit
(Qiagen). To measure transcript levels of RBP74 and TbAZI1, quantitative
RT-PCR was carried out as described elsewhere (49) using the following
primers; RBP74QRTF (GACGCTGCAAAACAACTTGA), RBP74QRTR
(CCTTTCGTAACGATGCAAGC), TbAZI1QRTF (GGATGCATGTGCTA
GATTCG), and TbAZI1QRTR (AGCCTGGAGCTCTATGGTGA).

Western blotting. For protein electrophoresis, lysates of 106 to 107 cells grown
to log phase were used. SDS-PAGE and Western analysis were performed as
described previously. Primary antibody working dilutions were 1:10,000 for
mouse anti-HA (Santa Cruz Biotechnology), 1:2,000 for rabbit anti-TbRab11
antibodies, and 1:10,000 for rabbit anti-BiP antibody (kindly provided by James
D. Bangs). Detection was carried out following standard procedures.

Subcellular fractionation. Cells expressing HA-TbAZI1 were grown to log
phase, washed twice in PBS, and resuspended in cold hypotonic lysis buffer (10
mM Tris-HCl [pH 7.5] plus protease inhibitors). Cell lysates were obtained by
incubating cells on ice for 5 min and later centrifuged at 14,000 rpm at 4°C for
10 min to separate membrane-associated from soluble material. The pellet was
further washed with cold hypotonic lysis buffer and resuspended in sample buffer.
Supernatant and pellet fractions were equally loaded on an SDS-PAGE gel and
analyzed by Western blotting as described above.

Immunofluorescence. Log-phase cells were fixed in 3% PFA in vPBS, adhered
to poly-L-lysine slides (Sigma), and permeabilized with 0.1% Triton X-100. Cells
were blocked in PBS with 20% fetal bovine serum, and slides were incubated
with relevant antibodies and mounted with Vectashield solution as described
elsewhere. The dilutions used for primary antibodies were as follows: 1:1,000 for
mouse anti-HA, 1:250 for TbRab5A (20) and TbRab11A (44), and 1:50 for
mouse anti-BBA4, mouse anti-L8C4, and mouse L3B2 (kindly provided by Keith
Gull, University of Oxford). Cells were analyzed with either a standard wide-field
Nikon Eclipse with a Hamamatsu CCD camera or a Leica TCS-NT confocal
microscope with a 100�/1.4 numerical aperture objective, both with optically
matched blocks. Immunofluorescence staining images were acquired with Meta-
morph software (Molecular Devices, V.6) or Leica confocal software (Leica
Microsystems) and processed in Photoshop (Adobe).

Concanavalin A staining of the flagellar pocket. Cells expressing HA-TbAZI1
were grown to log phase and washed once with serum-free HMI-9 medium. Cells
were then resuspended to a density of 107 cells ml�1 and incubated at 4°C for 20
min in serum-depleted medium supplemented with 1% BSA. To label the flagellar
pocket, FITC-conjugated ConA was added to a final concentration of 0.1 mg ml�1

(Vectalabs), and cells were incubated for a further 20 min at 4°C. Samples were
further processed for immunofluorescence analysis as described above.

Concanavalin A and transferrin endocytosis. Cells transfected with the p2T7-
TbAZI1 RNAi plasmid were grown to logarithmic phase and induced for 48 h;
as a control, we used uninduced cultures. Cells were then analyzed for conca-
navalin A and transferrin uptake by FACS as described elsewhere (27).

RESULTS

Sec15-Rab11 interaction and subcellular localization are
conserved. We attempted to identify evolutionarily conserved
Rab11-interacting proteins by comparative genomics. How-
ever, BLAST analyses of complete genomes (see Materials and
Methods) representing species from all major eukaryotic su-
pergroups retrieved orthologues only of members of the FIP
family of Rab11-interacting proteins in Metazoa (data not
shown). Proteins comprising this family are structurally diverse
and share only a Rab11 RBD (pfam: PF09311) at the C ter-
minus. We next asked if the FIP RBD occurred independently
in additional endocytic factors by running hmmsearch (hmmer
.janelia.org) with pfam RBD domain against predicted pro-
teomes encompassing all major eukaryotic supergroups with
fully sequenced genomes. This approach detected only the
RBD in previously identified Rab11 effectors, and again these
were restricted to the Metazoa (see Table S1 in the supple-

mental material). Thus, the FIP family of Rab11-interacting
proteins is probably metazoan specific. Likewise, class V my-
osins are restricted to Metazoa and fungi (25, 66). These data
indicate that some Rab11 effectors are not conserved, suggest-
ing evolutionary plasticity within the Rab11 system (12).

In contrast to the restricted occurrence of FIP factors, com-
parative genomics has identified an ancestral endocytic factor
core system (10, 11, 54) including Sec15, a component of the
exocyst complex. Sec15 interacts directly with Rab11 in mam-
malian cells and Drosophila melanogaster (50, 90) and was
likely present in the LECA (48). To determine if an interaction
between Sec15 and Rab11 was conserved, we analyzed Sec15-
Rab11 binding in T. brucei by using the yeast two-hybrid sys-
tem. A fragment (residues 205 to 1003) of Tb11.02.4970, the
trypanosome Sec15 orthologue, was cloned downstream of the
GAL4 activation domain in the pGADT7 vector and intro-
duced into Y187 yeast cells (Fig. 1A). Diploid cells expressing

FIG. 1. Sec15 and Rab11 homologues interact in T. brucei. (A) A
799-amino-acid fragment encompassing an N-terminal deletion of
TbSec15 was expressed downstream of the activation domain (AD) in
a yeast two-hybrid system. A mating yeast assay of TbSec15 against
Rab11QL or Rab11SN (GTP and GDP locked configurations), fused
to the binding domain (BD) in the yeast two-hybrid system, indicates
a specific interaction of TbSec15 with the QL dominant-active GTP
form of Rab11. (B) Procyclic-form parasites expressing GFP-tagged
TbSec15 were fixed and prepared for immunofluorescence analysis
using anti-GFP antibody. Left, merge of TbSec15-GFP (green) and
DAPI fluorescence (blue); right, fluorescence channels merged with
the transmitted light image. TbSec15-GFP distributes next to the fla-
gellar pocket, the only site for exocytosis in T. brucei. Note the pres-
ence of a “C”-shaped profile for TbSec15, which is observed in the
majority of stained cells. Bar, 2 �m. (C) Location of YFP-TbSec15 in
bloodstream-form parasites compared to the locations of endosomes
by immunostaining for Rab11 and Rab5. YFP-TbSec15 is visualized in
green (white arrows), and rabbit polyclonal antibodies against Rab11
(left) and Rab5 (right) are in red. DNA was visualized with DAPI
(blue, right panels, merge). Bar, 2 �m.
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combinations of bait and prey proteins were produced by
crossing Y187 cells expressing Sec15 with AH109 yeast cells
containing either the Rab11QL or Rab11SN isoform fused to
the DNA-binding domain. To control for transcriptional activ-
ity, we used the DNA-binding and activation domains alone.
Similar to its mammalian counterpart, Sec15 in T. brucei was
found to interact with Rab11, and this interaction was specific
to the QL form of the GTPase, i.e., the GTP-bound confor-
mation, as no growth in selective media was detected in cells
expressing the GDP-bound form Rab11SN (Fig. 1A).

We next addressed the subcellular location of Sec15. We
expressed an N-terminal YFP-Sec15 chimera in bloodstream-
form cells where endocytosis is most active (49, 64). YFP-
Sec15 intimately associated with the flagellar pocket, the only
site for endocytosis and exocytosis in this organism (Fig. 1C).
This distribution is consistent with that of the exocyst in
mammalian cells and yeast, to sites of active exocytosis at
the plasma membrane, and also encompasses the region of
the trypanosome cell containing most Rab11 (reviewed in ref-
erence 42). Juxtaposition of Rab11 and Sec15 location was
confirmed by immunofluorescence (Fig. 1C). The degree of
overlap was somewhat variable (Fig. 1C), but 78% (n � 100) of
cells exhibited contact between the immunofluorescence pat-
terns of the two proteins. Significantly, there was no contact or
overlap with Rab5, suggesting a presence of Sec15 at sites
where recycling endosomes, but not early endosomes, are lo-
cated (Fig. 1C). Further, a YFP C-terminal genomically tagged
version of Sec15 in procyclic cells, which were expressed at
endogenous levels, revealed a clear crescent-shaped localiza-
tion, suggesting that it may be localized to substantial portions
of the cytoplasmic face of the trypanosome flagellar pocket
(Fig. 1B). We would not anticipate a high degree of colocal-
ization for Rab11 and Sec15, as both proteins are known to
play major roles in additional functions, i.e., Sec15 in exocyto-
sis and Rab11 in both recycling and sorting pathways, while
Rab interactions in many systems are known to be transient.
Likely, these two proteins collaborate only briefly, potentially
at the point where Rab11 endosomes dock and fuse with the
flagellar pocket membrane, intersecting with the exocytic
pathway.

Analysis of YFP-Sec15 location at different points in the cell
cycle shows that during the course of cell division a subpopu-
lation of Sec15 is also found at the new flagellar pocket, sug-
gesting either that exocytosis is active in the newly formed
flagellar pocket or that TbSec15 functions in flagellum bio-
genesis, as recently suggested for mammalian cells (59) (Fig.
1B). Overall, these data indicate that the Rab11-Sec15 in-
teraction and localization is conserved between trypano-
somes and Metazoa.

Identification of additional Rab11-interacting proteins,
RBP74 and TbAZI1. To identify additional trypanosome
Rab11 effectors, we performed a yeast two-hybrid screen using
a T. brucei genomic library. We previously demonstrated that
the Q66L mutation within the G3 (82) motif of the GTP
binding site of Rab11 acts as a dominant-active mutant in
recycling of surface immune complexes and transferrin in vivo
(67). We therefore used the Rab11Q66L mutant as bait to
isolate proteins that specifically interacted with the GTP-
bound form of Rab11. We verified expression of trypanosome
Rab11 in yeast cells by Western blotting (see Fig. S1 in the

supplemental material). The empty vector displayed no Rab11
expression, as expected (data not shown). In screening �2 �
106 transformants, we obtained five positive clones. One of
these clones comprised a 1,683-nucleotide fragment corre-
sponding to the Tb927.5.1640 open reading frame and span-
ning amino acids 103 to 664. Two further clones carried iden-
tical 964-nucleotide fragments from the Tb09.211.4830 open
reading frame, spanning amino acids 219 to 540. The final two
clones incorporated the same 1,023-nucleotide fragment en-
coding a highly repetitive sequence from open reading frame
Tb11.01.2880, which we have previously identified in a pro-
teomics analysis of the nuclear envelope (13). We chose to not
pursue this last protein any further. We named Tb927.5.1640
RBP74 for Rab11-binding protein, molecular mass of 74 kDa,
and Tb09.211.4830 as TbAZI1 for its homology to AZI1 in
Homo sapiens (see Fig. S2B in the supplemental material).

Analysis of the RBP74 and TbAZI1 sequences by using hmmp-
fam (hmmer.janelia.org) did not reveal any domains with a
highly significant score. A relevant Pfam motif with a low score,
E-value 0.72, was a Rab5-binding domain in RBP74 spanning
residues 248 to 413. This motif is present in members of
the Rabaptin family of Rab5-interacting proteins (91), and the
significance of this is increased by the observation that the
motif is contained within the region mediating interaction with
Rab5A (see below).

BLAST searches against representative genomes for all ma-
jor eukaryotic supergroups only identified a RBP74 homo-
logue in T. cruzi (see Fig. S2A in the supplemental material).
The failure to detect homologues in other taxa implies a
trypanosomatid-specific function, and also limited representa-
tion within kinetoplastida, as it was not detected in Leishmania
major. By contrast, TbAZI1 orthologues were confirmed in L.
major and T. cruzi and broader searches of genome databases
identified AZI1 orthologues in most taxa that retain a flagellar
apparatus. We were unable to identify AZI1 orthologues in
any plant genomes except the flagellate Chlamydomonas rein-
hardtii, or in the majority of the fungal group, the exception
being Batrachochytrium dendrobatidis, in agreement with the
loss of the flagellar apparatus in the early stages of fungal
evolution (58). Indeed, AZI1 was identified in several compar-
ative genomic analyses of the C. reinhardtii genome as an
uncharacterized gene likely associated with ciliary function and
probably related to motility due to its absence from C. elegans,
an organism with only sensory cilia (55, 61, 77). Not surpris-
ingly, we also found AZI1 to be missing in species that present
extreme variations in the molecular structures found in most
flagella (Fig. 2), for example the stramenopile Thalassiosira
pseudonana and the malarial parasite Plasmodium falciparum
(4). The distribution of AZI1 is similar to the distribution
observed for cytoplasmic dynein 2, a motor protein associated
with intraflagellar transport (83) and a family of centriolar
proteins, Pix, required for assembly only of cilia or flagella that
undulate (86).

We then attempted to verify the direct interaction of both
proteins with Rab11 by in vitro immunoprecipitation, using
the GTPase-deficient GTP-bound form, Rab11QL. 35S-
methionine-radiolabeled HA-tagged RBP74 and TbAZI1
and myc-tagged Rab11QL were prepared by in vitro tran-
scription/translation. As control binding partners, we also
made in vitro-synthesized myc-Rab1AQL and myc-
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Rab5AQL. Coimmunoprecipitation with anti-HA antibodies
confirmed a specific interaction between RBP74 and
Rab11AQL (Fig. 3A). Interestingly RBP74 also binds
Rab5AQL (Fig. 3A), an early endosomal Rab GTPase whose
location is intimately associated with that of Rab11 (44). Fur-
ther, Rab5A functions upstream of Rab11 within the endo-
somal/recycling pathways in T. brucei (67). Despite repeated
attempts to coimmunoprecipitate TbAZI1 and Rab11QL, we
failed to detect an interaction using this approach. Interaction
between TbAZI1 and Rab11 was validated functionally later
(see below).

The finding that Rab5AQL coimmunoprecipitated with RBP74
raised the possibility that RBP74 and TbAZI1 may bind addi-
tional trypanosome Rab proteins, a possibility that is clearly of
interest for understanding the coordination between Rab func-
tions in trypanosomes. To directly address this possibility, we
used a yeast two-hybrid mating assay for both RBP74 and
TbAZI1 against the complete complement of 16 T. brucei Rab
and Rab-like GTPases (1). We found that whereas TbAZI1
was specific for Rab11QL, RBP74 also bound Rab5AQL (Fig.
3B), confirming the results obtained in the in vitro coimmuno-
precipitation. In addition, RBP74 bound the GTP forms of two
ER-Golgi-associated Rab proteins: Rab2QL, which localizes

to the cis face of the Golgi complex (15), and RabX2QL, which
localizes to the trans-Golgi network (21, 65) (Fig. 3B). Inter-
estingly, Rab2 and Rab11 are part of the same Rab subfamily,
which may explain the cross-recognition with RBP74 (1). How-
ever, sequence relatedness cannot account for all specificity, as
Rab5 and RabX2 are phylogenetically quite distinct from
Rab11 and Rab2. The ability of Rab effectors to interact with
more than one Rab GTPase within connecting pathways is not
unprecedented (26, 57), and the lack of detectable interactions
between RBP74 or TbAZI1 and additional Rabs indicates that
both proteins are able to discriminate among different mem-
bers of the Rab family.

Mapping the Rab-binding domain of RBP74 and TbAZI1.
We next sought to map the Rab-binding domain within the
amino acid sequences of both effectors. Truncated versions of
both proteins were analyzed for their abilities to bind to the
panel of Rab GTPases that interacted with the full-length
proteins. Yeast two-hybrid interactions showed that the N-ter-
minal deletion mutant of RBP74 (containing residues 532 to
663) failed to interact with any of the tested GTPases. Con-
versely, RBP74 constructs encompassing residues 1 to 453 or
residues 234 to 532 displayed specificity for the dominant-
active forms of the Rab proteins with which RBP74 interacts.

FIG. 2. Distribution of TbAZI1 across selected representatives of the Eukaryota. Left, names of organisms used in the analysis, including
representatives of each supergroup and, where possible, examples of organisms with a ciliary/flagellar apparatus. See Materials and Methods for
sources of these data.
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FIG. 3. Identification of two novel Rab11-interacting proteins and mapping of the Rab11 interaction domain. (A) Autoradiography of
HA-tagged RBP74 alone (lane 1) and myc-tagged Rab1A, Rab5, and Rab11 (lanes 2 to 4), in vitro expressed and labeled with 35S-methionine. Rab5
and Rab11 coimmunoprecipitate (IP) with HA-RBP74 with a mouse anti-HA antibody (lanes 6 and 7, respectively). Rab1A showed no evidence
of interaction with HA-TbRBP74 (negative control, lane 5 in autoradiograph). Lanes 8 to 10 are negative controls for nonspecific bead binding
of the Rab proteins; myc-Rab1, myc-Rab5, and myc-Rab11, respectively, all immunoprecipitated with anti-HA antibody. Note that these lanes are
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Some binding to wild-type RabX2 was also observed (Fig. 3C,
upper panels). Likewise, while full-length TbAZI1 and the
library fragment spanning residues 219 to 540 showed specificity
for the active form of Rab11, deletion of the N-terminal region
abolished this interaction (Fig. 3C, lower panels). Significantly,
the association is GTP dependent for both RBP74 and TbAZI1,
as neither was able to bind the GDP forms of its respective
GTPase partners (Fig. 3C). There is no evidence for homology
within the Rab-binding regions of TbAZI1 and RBP74, which
suggests that they interact via distinct mechanisms.

RBP74 and TbAZI1 contain long coiled-coil segments and
are able to self-associate. A feature common among Rab ef-
fectors is the presence of extensive coiled-coil domains that
frequently mediate the formation of homo- and heterodimers.
In FIPs, these segments also encompass the Rab-binding do-
main at the carboxyl terminus (80). We used the COILS pro-
gram to predict regions likely to adopt a coiled-coil conforma-
tion in both RBP74 and TbAZI1. Several coiled-coil segments
were found distributed throughout the predicted RBP74 and
TbAZI1 polypeptides (Fig. 3C). Given the extensive coiled-coil
structure of RBP74 and TbAZI1, and the propensity of
GTPase-interacting factors to dimerize, we assessed the self-
interaction potential of RBP74 and TbAZI1. Yeast two-hybrid
analysis indicate that RBP74 and TbAZI1 are indeed able to
homodimerize (Fig. 3C, lower panels). However, no direct
interaction between RBP74 and TbAZI1 could be detected
(data not shown).

RBP74 is upregulated in bloodstream forms and distributes
to endosomes. Increased Rab11 expression in T. brucei corre-
lates with upregulation of endocytic activity seen in blood-
stream forms, where Rab11 compartments are found in close
juxtaposition to Rab5A early endosomes (44). To assess
whether RBP74 is also developmentally regulated, we quanti-
fied the expression of RBP74 at the transcript level by quan-
titative RT-PCR. We found that RBP74 mRNA abundance in
bloodstream form was at least 3-fold higher than levels found
in the insect form (Fig. 4A), suggesting a stage-specific require-
ment for RBP74.

In order to investigate the intracellular distribution of
RBP74 in bloodstream forms, we expressed an N-terminally
HA-tagged form of the protein. RBP74 was distributed in the
posterior end of the parasite between the nucleus and the
kinetoplast, where the majority of endomembrane organelles
reside in this organism (Fig. 4B). Colocalization studies with
anti-Rab11 and anti-Rab5 antibodies also showed some juxta-
position between the HA-tagged variant of RBP74 and Rab5
and Rab11 but clearly not colocalization (Fig. 4B). This loca-
tion is consistent with Rab11 and Rab5 distribution in the

bloodstream-form trypanosome where Rab11 is found on en-
dosomal structures that are intimately associated with Rab5
and, similarly to Sec15, is consistent with a transient interac-
tion between Rab11/Rab5 and RBP74 (44).

RBP74 knockdown does not affect endocytosis of ConA or
transferrin turnover. The interaction of RBP74 with both
Rab5A and Rab11 suggested a role at the intersection of the
endosomal/recycling pathways. We examined the effect in
bloodstream-form cells of RBP74 knockdown on endocytic
trafficking. Although the ablation of RBP74 expression caused

from the same autoradiogram but are rearranged for display purposes. (B) Yeast two-hybrid mating assay of RBP74 and TbAZI1 against members
of the Rab subfamily from T. brucei. Activation of the reporter gene, HIS, was evaluated by growth of cross-mated yeast under medium-stringency
conditions (SD �histidine, �leucine, �tryptophan plates). (C) Interaction mating assay of yeast expressing fragments of RBP74 (upper panels)
and TbAZI1 (lower panels) against selected trypanosome Rabs. Cross-mated diploid yeast cells were grown under the same conditions as in panel
A. Growth in triple-dropout medium (�histidine, �leucine, �tryptophan) indicates a positive interaction. Stripes in the schematic represent
coiled-coil segments. Bottom panels, Analysis of RBP74 and TbAZI1 homodimerization by yeast two-hybrid mating assay. Yeast expressing RBP74
and TbAZI1 downstream of the DNA-binding domain or the activation domain in the bait and prey vectors were crossed to form diploid cells
expressing both bait and prey proteins. Growth under medium-stringency conditions for RBP74 (SD �histidine, �leucine, �tryptophan) (left
panels) or high-stringency conditions for TbAZI1 (SD �adenine, �histidine, �leucine, �tryptophan) (right panels) indicates a positive interac-
tion.

FIG. 4. RBP74 transcript levels and endocytic location. (A) Abun-
dance of RBP74 mRNA in bloodstream (filled bars) and insect (open
bars) forms was assayed by quantitative RT-PCR using tubulin as an
internal standard. RBP74 is significantly upregulated in the blood-
stream form (*, P � 0.05). Error bars are standard errors from exper-
iments performed in triplicate. (B) Location of HA epitope-tagged
RBP74 in bloodstream cells compared to the location of early and
recycling endosomes by immunostaining of Rab5A or Rab11. Left
panels, RBP74 stained with mouse anti-HA antibody (red); center
panels, rabbit polyclonal anti-Rab5 (upper panel) or anti-Rab11
(lower panel) (green). DNA was visualized with DAPI (blue, right
panels, merge). Bar, 2 �m.
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a rapid cell proliferation defect detectable within 24 h (see Fig.
S3A in the supplemental material), we did not observe any
effect on ConA or transferrin uptake (see Fig. S3C). Neither
could we detect an effect on transferrin turnover (see Fig.
S3D). These observations could be explained by incomplete
knockdown of the protein (see Fig. S3B), by some redundancy
in the role of RBP74, or by assay insensitivity. Although
BLAST analysis against the T. brucei-predicted proteome
failed to identify any proteins with significant similarity to
RBP74, we cannot rule out some redundancy in recycling path-
ways. However, it does not appear that RBP74 is an essential
player in maintaining endocytosis or recycling pathways in try-
panosomes, at least for ConA and transferrin.

TbAZI1 is equally expressed in bloodstream and procyclic
forms and locates at the base of the flagellum. In contrast to
what is seen for RBP74, TbAZI1 mRNA is expressed at similar
levels in bloodstream and insect stage cells (Fig. 5A), suggest-
ing a function required by both parasite forms. As the flagel-
lum/flagellar pocket is also expressed in both stages, this is in
agreement with TbAZI1 location, via HA- and YFP-tagged
TbAZI1, close to the Rab11-positive structures present in both
bloodstream and procyclic forms (Fig. 5 and data not shown).
Indeed, when TbAZI1 location in bloodstream forms was stud-
ied, TbAZI1 distributed to a discrete region juxtaposed to
Rab11 characteristic of both bloodstream and insect stages and
distinct from RBP74, and it closely associated to the basal body

and juxtaposed to the flagellar pocket (Fig. 5B). Contact be-
tween Rab11- and TbAZI1-positive structures is very common
but likely is due to both having multiple interactions and func-
tions, and collaboration takes place only in a minority of these
contacts. When staining cells expressing YFP-TbAZI1 with
BBA4 antibody specific for the basal body (87), we found
TbAZI1 directly adjacent to the basal body (Fig. 5C). We then
sought to determine the orientation of HA-TbAZI1 with re-
spect to the flagellar pocket and kinetoplast. We used conca-
navalin A at 4°C to specifically stain the lumen of the flagellar
pocket in cells expressing HA-TbAZI1 and counterstained
with L8C4 antibody against the PFR2 component of the PFR
(47). TbAZI1 was observed as a small spot close to the base of
the PFR and adjacent to the flagellar pocket in all cells ana-
lyzed (n � 25) (Fig. 5D).

TbAZI1 levels are Rab11 dependent. HA-TbAZI1 was
found in the cytosolic fraction under hypotonic lysis (Fig. 6A),
showing that the protein is not robustly docked with mem-
branes, despite localization near the flagellar pocket. To fur-
ther demonstrate a functional connection between Rab11 and
TbAZI1, we next determined whether TbAZI1 targeting re-
quired Rab11 and also if location is conditional on the pres-
ence of the Rab-binding domain.

Suppression of Rab11 expression produced a concomitant
decrease in levels of epitope-tagged TbAZI1 by both Western
blotting and immunofluorescence (Fig. 6B). Conversely,

FIG. 5. TbAZI1 transcript levels and endocytic location. (A) Abundance of TbAZI1 mRNA in bloodstream (filled bars) and insect (open bars)
forms was assayed by quantitative RT-PCR using tubulin as an internal standard, as previously. TbAZI1 is equally expressed in both insect and
mammalian stages. Error bars are standard error from experiments performed in triplicate. (B) Location of HA epitope-tagged TbAZI1 by
immunostaining with mouse anti-HA antibody (green, white arrows). Cells were counterstained with rabbit polyclonal anti-Rab11 (center panels,
red), DNA was visualized with DAPI (blue, right panels, merge). (C) Wild-type (WT) bloodstream-form cells or cells expressing YFP-TbAZI1
(green, white arrows) were fixed and prepared for immunofluorescence. Cells were then stained with mouse BBA4 antibody that labels the basal
body (red, arrowheads). DNA was visualized with DAPI (blue, right panels, merge). (D) Wild-type cells or cells expressing HA-TbAZI1 were
incubated with concanavalin A (green) at 4°C for 20 min to stain the lumen of the flagellar pocket. Cells were then processed for immunofluo-
rescence analysis and counterstained with mouse antibody L8C4 specific for the paraflagellar rod (red) and anti-HA antibody for HA-TbAZI1 (red
dot in lower panels, arrow). Note the essentially identical locations of HA-TbAZI1 (B and D) and YFP-TbAZI1 (C), eliminating the possibility
of mistargeting based on the presence of the epitope tag. Bars, 2 �m.
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TbAZI1 knockdown did not produce any discernible effects on
Rab5A and Rab11 levels from Western blot analysis (see Fig.
S4, bottom panels, in the supplemental material). Immunoflu-
orescence microscopy and Western blots of cells expressing
HA-tagged N-terminal or C-terminal fragments of TbAZI1,
which disrupt contiguous expression of the central Rab11-
binding region, showed that these truncated proteins were
expressed at higher levels and had lost the localization ob-
served for the full-length protein (Fig. 6C; also see Fig. S5 in
the supplemental material). Therefore, these data suggest that
TbAZI1 and Rab11 functionally interact, confirming the yeast
two-hybrid analysis, and specifically, that TbAZI1 targeting

and possibly copy number regulation are Rab11 dependent
and require the presence of the Rab-interacting domain.

TbAZI1 is required for the later steps of cytokinesis. Knock-
down of Rab11 in T. brucei results in severe proliferative
defects, and by 18 h a high proportion of cells present a
phenotype similar to the BigEye phenotype observed upon
knockdown of the clathrin heavy chain (2). This morphology
follows the loss of cell polarity and likely results from a
block in endocytic pathways, but with ongoing exocytosis
(Fig. 6B) (39). The rapid development of this imbalance in
trafficking of material to and from the plasma membrane
hampers the evaluation of any additional roles for Rab11.

FIG. 6. TbAZI1 is a downstream effector of Rab11. (A) Hypotonic lysis of bloodstream cells expressing HA-tagged TbAZI1. Log-phase BSF
cells expressing HA-TbAZI1 were lysed in a hypotonic buffer as described in Materials and Methods. Equivalent amounts of the supernatant and
pellet fractions were fractionated by SDS-PAGE and analyzed by Western blotting. TbAZI1 was exclusively found in the cytosolic fraction (SN).
To control for excessive lysis or fragmentation of membranes, we analyzed distribution of BiP, an ER lumenal protein. BiP was recovered in the
pellet fraction, with only minor quantities in the wash or cytosolic fractions, indicating minimal release of microsomal lumenal contents.
(B) Interaction between Rab11 and TbAZI1 at the protein level. Cells expressing YFP-TbAZI1 were treated with 1 �g ml�1 tetracycline for 24 h
for induction of RNAi against Rab11. Cell lysates were then analyzed by Western blotting following SDS-PAGE. There is a clear decrease in Rab11
levels upon RNAi induction as expected (middle of left panel), but also in levels of TbAZI1 (top of left panel). No effect was seen on BiP, used
as the loading control (bottom of left panel). The histogram represents quantitation of Western blot data by using ImageJ (National Institutes of
Health); filled bars represent uninduced samples and open bars represent levels in induced cells. Rab11-dependent localization and abundance of
TbAZI1 were confirmed by immunofluorescence analysis of uninduced and induced Rab11 RNAi cells, showing that the loss of Rab11 expression
upon the induction of Rab11 RNAi causes a decrease in TbAZI1 protein levels (right panels). All images were accumulated under identical exposure
conditions. (C) Bloodstream-form cells expressing HA-tagged full-length TbAZI1 (upper panels), an amino terminal (Nt) TbAZI1 fragment (residues
1 to 328) (middle panels), or a carboxyl terminal (Ct) TbAZI1 fragment (residues 328 to 660) (lower panels) were incubated with anti-HA antibody (red)
and further processed for immunofluorescence analysis. Truncation of the region known to contain the Rab11-binding site results in loss of the location
observed for the full-length TbAZI1. Images were accumulated under identical exposure conditions. aa, amino acids. Bars, 2 �m.
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Thus, study of TbAZI1 as a Rab11 downstream effector is of
interest.

Comparative genomics suggests that TbAZI1 is a protein
involved in flagellar motility (see above and references 55 and
61). The loss of Rab11 expression produces a lethal phenotype
in both procyclic and bloodstream stages, likely the result of
the broad effect that Rab11 exerts on several pathways (39).
RNAi of components of the flagellum reveals more restricted
morphological defects in the segregation of basal bodies and
cell division, ultimately affecting the viability of bloodstream
parasites but not of the insect-stage procyclic forms (5). Hence,
as a first step to dissect the role of TbAZI1, whether in traf-
ficking through recycling pathways or in connecting Rab11 to a
flagellum-related function, we produced a knockdown of
TbAZI1 in the bloodstream and procyclic forms. Ablation of
TbAZI1 expression in procyclic forms did not produce any
significant effects on cell viability or cytokinesis (Fig. 7A). In
contrast, a decrease in mRNA levels of TbAZI1 in BSF cells
correlated with a proliferation defect that manifested at early

times after RNAi induction and was prominent by 48 h (Fig.
7B). Analyses of ConA and transferrin uptake by FACS, as
measures of receptor-mediated endocytosis, indicated the in-
duction of TbAZI1 RNAi produced a 25% decrease in endo-
cytosis of these ligands in bloodstream forms (see Fig. S6,
upper panels, in the supplemental material). The recycling of
fluorescent transferrin was unaffected, but as this probe is
extensively degraded, the recycling may not be wholly depen-
dent on vesicle-mediated mechanisms (see Fig. S6, lower pan-
els). Examination of TbAZI1 RNAi-induced cells by light mi-
croscopy revealed an elevated number of cells that had
initiated, but not completed, cytokinesis. We did not observe a
loss in cell polarity or enlargement of the flagellar pocket, both
characteristics of the loss of Rab11 expression (Fig. 6B and
7D). Staining of nuclei and kinetoplasts with DAPI indicated
that while cytokinesis is blocked, mitosis proceeds normally
(Fig. 7D). Moreover, we observed similar numbers of cells at
each cytokinesis stage (initiation, furrow ingression, and ab-
scission), denoting a general effect in progression through cy-

FIG. 7. TbAZI1 knockdown produces a block in cytokinesis. (A) Growth curves of p2T7-177-TbAZI1 PTT cells. Cell cultures were grown in
triplicate in the presence (open squares) or absence (filled squares) of tetracycline (1 �g ml�1) and maintained under mid-logarithmic growth
conditions by periodic dilution (indicated by breaks in the growth curves). Cell density was assessed by using a Coulter Counter. Data points are
mean values 	 standard error. TbAZI1 knockdown by RNAi was confirmed by real-time RT-PCR. The histogram shows the loss of TbAZI1
transcript 24 h after induction. (B) Growth curves of p2T7TA-TbAZI1 SMB cells. Cell cultures were grown in triplicate in the presence (open
squares) or absence (filled squares) of tetracycline (1 �g ml�1). Cell density was assessed by using a Coulter Counter. Data points are mean
values 	 standard error. TbAZI1 knockdown by RNAi was confirmed by real-time RT-PCR. The histogram shows the loss of TbAZI1 transcript
24 h after induction. (C) Histogram representing cell cycle analysis of TbAZI1 RNAi cells and the accumulation of abnormal cellular forms.
Uninduced and induced cells were fixed and mounted with Vectashield containing DAPI to stain for DNA. Numbers of nuclei and kinetoplasts
per cell were counted at 24, 48, and 72 h; at least 200 cells were counted for each time point. (D) TbAZI1 knockdown cells manifest a delay in
cytokinesis. RNAi cells were induced for 24 h, and then uninduced and induced cells were fixed and DAPI stained. Mitotic cells at different stages
of cytokinesis were assessed by light microscopy. Numbers represent cells that have replicated their DNA but not initiated cytokinesis (upper
panels), cells that have started ingression of the cleavage furrow (middle panels), and cells that have not yet undergone abscission (bottom panels).
Two hundred cells were counted. (E) Distance between kinetoplasts was measured in at least 30 2K2N cells by using Metamorph (P � 0.05). Filled
bars represent uninduced cultures, and open bars represent induced cell cultures. Bars, 2 �m.
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tokinesis (Fig. 7D). The migration of the kinetoplasts was also
affected as measured in 2K2N cells (Fig. 7E). These data sup-
port the hypothesis that TbAZI1 plays a role in a flagellum-
related function despite having no effect on the overall struc-
ture of the flagellum, as observed by staining of the flagellum
attachment zone and the paraflagellar rod in induced cells with
a cytokinesis block (see Fig. S7 in the supplemental material).
This is not without precedent; the knockdown of proteins that
selectively affect motility while the structural integrity of the
flagellum is maintained also creates a compromise in cytoki-
nesis and viability in BSF cells (5).

DISCUSSION

Rab proteins represent a core component of the vesicle
transport specificity machine and integrate multiple activities
encompassing cytoskeletal interactions, SNARE-mediated ves-
icle fusion, and signal transduction (6, 32, 76). However, de-
spite huge diversity across the eukaryotes and the manner in
which many organisms deploy their endomembrane systems, a
comparatively small, conserved core of Rab proteins appears
to be sufficient for life. Remarkably, core Rabs perform similar
functions in diverse taxa (22). In general, the functional spe-
cialization of small GTPases is mediated by alterations to pro-
tein interactomes (23); for example, metazoan Rho proteins
interact with �70 distinct guanine exchange factors (29, 60,
73), while Rab5 has �40 probable partners (14, 34, 89). This
high level of functional elaboration may be restricted to ani-
mals and fungi, suggesting lineage-specific mechanisms (23).
We selected trypanosome Rab11 to investigate evolutionary
novelty associated with small GTPase function and also to
increase understanding of how Rab11 functions in trypano-
somes (24, 39, 44). In mammalian cells, Rab11 has a rich
interaction network, including the exocyst (Sec15), cytoskeletal
motors (myosin V), which are FIPs, which are homodimeric
coiled-coil proteins (35, 46, 70, 88, 90). We asked which ele-
ments of the Rab11 interactome are conserved, and which may
be specific to trypanosomes. We found evidence for conserva-
tion of Rab11 interactions but also potential examples of meta-
zoan and trypanosomatid-specific aspects.

Sec15 was identified as a conserved Rab11 interaction part-
ner, confirmed by both yeast two-hybrid screening and juxta-
position between Sec15 and Rab11 locations. While colocal-
ization in trypanosomes is less impressive than that in
mammalian cells (28), Rab11 in trypanosomes associates with
the flagellar pocket membrane only during final delivery of
recycling endosomes to the cell surface, while other portions of
the pocket membrane are engaged in exocytic transport (33),
making this unsurprising. Also, we examined endogenous an-
tigen expression rather than virus-mediated overexpression as
done for mammalian cells, which may have increased the over-
lap between these antigens (28). Significantly, the presence of
Sec15 across much of the flagellar pocket membrane, as sug-
gested by the crescent-shaped staining pattern, indicates that a
substantial portion of the flagellar pocket is capable of exocytic
activity and argues against polarization within this organelle,
consistent with earlier analysis suggesting nonpolarity of endo-
cytosis (28). We were unable to localize Sec15 at the ultra-
structural level despite repeated attempts. Therefore, the
Rab11-Sec15 interaction is likely ancient and probably present

in the LECA, while the FIP family are restricted to the Meta-
zoa. Significantly, class V myosins (36) demonstrate a taxo-
nomic distribution similar to that of FIPs, while ARF GTPases,
which also interact with FIPs, must also interact with noncon-
served factors, in agreement with the lineage-specific evolution
of ARF families (3).

We identified two candidate effectors, RBP74 and TbAZI1,
by using a yeast two-hybrid assay. Both share Rab effector
architecture, i.e., long coiled-coil regions, and an ability to
homodimerize. Evidence that TbAZI1 interacts with Rab11
comes from two-hybrid screening, including the specific inter-
action with the GTP form of Rab11 and interaction with a
central Rab-binding domain, a “kissing” juxtaposition between
both antigens, comparative genomics evidence for flagellar as-
sociation, cosuppression under RNAi, and dependence of tar-
geting of TbAZI1 on Rab11 expression and retention of the
Rab-binding domain. The phylogenetic distribution of AZI1,
including species where the ciliary/flagellar apparatus has been
lost or modified during evolution, indicate that TbAZI1 is
limited to organisms with canonical motile cilia/flagella, con-
sistent with LECA possessing a cilium/flagellum (7, 55, 61) and
with expansive loss of cilium/flagellum-related genes from non-
flagellates (83, 86). Significantly, TbAZI1 binds Rab11 exclu-
sively among the trypanosome Rab complement and locates to
a domain close to the base of the PFR, adjacent to the basal
body and the anterior face of the flagellar pocket, suggesting
some role in flagellum biogenesis and maintenance, implicat-
ing Rab11 in this process in trypanosomes for the first time
(33). The dependence of TbAZI1 targeting on Rab11 expres-
sion and retention of the intact Rab-binding domain provides
functional confirmation of interaction and evidence that
TbAZI1 functions downstream of Rab11. In trypanosomes,
Rab11 knockdown is lethal in both insect and bloodstream
stages, leading to a loss of cell polarity from, at least in part,
imbalance in polarized membrane trafficking (39). Of rele-
vance is that while the flagellum is required for cytokinesis in
bloodstream cells, insect forms can complete new rounds of
cell division even when components required for flagellar in-
tegrity are suppressed (5). In agreement with a role associated
with flagellar maintenance, TbAZI1 expression is required for
bloodstream cell proliferation but not procyclic forms, while
the impact of TbAZI1 knockdown on endocytosis and recy-
cling was comparatively minor and less prominent than for
Rab11. Moreover, while TbAZI1 does not appear necessary
for the generation or maintenance of the flagellum per se,
knockdown in bloodstream parasites does retard prolifera-
tion, cytokinesis, and basal body/kinetoplast segregation.
Conversely, this phenotype was not observed in the insect
stage. In higher eukaryotes, compartmentalization of cilia/fla-
gella relies on traffic of material from a subpopulation of Golgi-
derived vesicles into this compartment via the ciliary pore com-
plex, in a process likely to involve Rab8 and Rab11; critically,
Rab8 is absent from trypanosomatids (59, 63). Despite growing
evidence for several pathways regulating the selective targeting
of material to the ciliary pore complex, little is known about
the final steps, i.e., the direct recruitment of molecules to the
ciliary/flagellar membrane. It does not appear that TbAZI1 is
essential for this process.

Significantly, RBP74 is potentially restricted to trypanoso-
matids. Yeast two-hybrid screening uncovers interactions of

1092 GABERNET-CASTELLO ET AL. EUKARYOT. CELL



RBP74 with GTP-bound Rab5 and Rab11, but not Rab4, con-
sistent with the configuration of endocytic and recycling path-
ways in T. brucei and implicating RBP74 in coordination of
endocytosis and recycling (37, 39, 67). RBP74 interaction with
Rab11 is further supported by specific interaction with the
GTP form of Rab11 and the requirement for a central rab-
binding domain, similar expression profiles for TbAZI1 and
Rab11, i.e., increased in BSF versus PCF cells, and in vitro
pulldowns. An extensive localization for RBP74, probably due
to interaction with at least Rab5 and potentially additional
factors, makes this less informative than for TbAZI1, albeit the
protein is restricted to the endosomal region of the cell. In-
duction of RBP74 RNAi in bloodstream cells, where transcript
levels are upregulated, showed the RBP74 is required for pro-
liferation, but we found no evidence for a specific cell cycle
block. Knockdown of RBP74 did not lead to the BigEye phe-
notype associated with both Rab5 and Rab11 knockdowns, nor
was endocytosis of transferrin and ConA significantly affected.
Hence, the precise role of RBP74 was not uncovered despite
the evidence for participation in Rab11 activity. Given that
RNAi did result in the loss of 80% of the RBP74 mRNA, we
consider inefficient RNAi an unlikely explanation. Rather, we
suspect redundancy, that RBP74 is involved in uptake of spe-
cific cargo, or that RBP74 acts in some other Rab11 pathway
that was undetected in the assays used here. As there are no
obvious paralogues of RBP74 in T. brucei, distinct proteins
would have to support Rab5 and Rab11 if RBP74 is redundant.
While RBP74 demonstrates no clear homology to FIPs, the
conservation of coiled-coil and discrete RBD architecture be-
tween these proteins is provocative and does raise the issue of
divergent or convergent evolution. Divergent evolution is po-
tentially supported by the very weak domain similarity to
Rabaptin5 and our demonstration that proteins can share clear
functional relationships despite absence of significant se-
quence similarity among over 20 trypanosome nucleoporins
(13); in the present case, this is more challenging to demon-
strate, as there are multiple FIPs, with diverse functions, so a
discriminating localization or functional assay is not possible.
Clearly, this is a very important issue, but the development of
more sophisticated informatics tools is needed before this can
be resolved satisfactorily.

The emerging view of how eukaryotic trafficking pathways
arose predicts a complex LECA, where essentially all major
pathways were already established (10). Subsequent evolution
led to innovation of unique factors in various taxa. For Rab
proteins, function is critically associated with interactions be-
tween the GTPase and its effectors. Interestingly, conservation
of Sec15 and AZI1 suggests a considerable selective pressure
to retain elements of Rab11 function associated with the fla-
gellum together with the canonical role in recycling and exo-
cytic pathways.
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