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Endocytosis is an essential process in nearly all eukaryotic cells, including the African trypanosome Trypanosoma brucei. Endocytosis
in these organisms is exclusively clathrin mediated, although several lineage-specific features indicate that precise mechanisms
are distinct from those of higher eukaryotes. T. brucei Rab21 is a member of an ancient, pan-eukaryotic, endocytic Rab clade
that is retained by trypanosomes. We show that T. brucei Rab21 (TbRab21) localizes to endosomes, partially colocalizing with
TbRab5A, TbRab28, and TbVps23, the latter two being present at late endosomes. TbRab21 expression is essential for cellular
proliferation, and its suppression results in a partial block in traffic to the lysosome. RNA interference (RNAi)-mediated knock-
down of TbRab21 had no effect on TbRab5A expression or location but did result in decreased in trans expression of ESCRT
(trypanosome endosomal sorting complex required for transport) components and TbRab28, while knockdown of ESCRT sub-
unit TbVps23 resulted in decreased TbRab21 expression. These data suggest that TbRab21 acts downstream of TbRab5A and
functions in intimate connection with the trypanosome ESCRT system.

Trypanosoma brucei is a highly divergent protozoan parasite and
the causative agent of human and animal trypanosomiasis in

sub-Saharan Africa. Despite a pressing need for new drugs and
essentially no prospect for a vaccine, trypanosomiasis and related
pathogens remain neglected by the pharmaceutical industry. T.
brucei has emerged as a model organism for multiple pathogenic
trypanosomes, including Leishmania and T. cruzi, the causative
agents of leishmaniasis (kala-azar) and Chagas’ disease, respec-
tively; new therapies are urgently required for all of these patho-
gens. T. brucei is also extremely valuable for comparative cell bi-
ology, due to the phylogenetic position within the Excavata
supergroup coupled with an advanced experimental toolbox. T.
brucei is presently the most experimentally accessible member of
the phylum Euglenozoa.

T. brucei evades the mammalian host acquired immune re-
sponse through a combination of mechanisms, which include an-
tigenic variation of the superabundant variant surface glycopro-
tein (VSG) and antibody clearance from the cell surface
(discussed in reference 1). Both of these processes involve traf-
ficking of the VSG protein through the flagellar pocket (FP),
the sole site of endo- and exocytosis in these organisms. Endo-
cytosis and recycling are extremely rapid processes and heavily
reliant upon clathrin (CLH)-mediated mechanisms (2). Evolu-
tionary modifications to the molecular machinery that subtend
endocytosis include loss of the AP-2 cargo adaptor complex (3)
and the presence of a cohort of lineage-specific clathrin-asso-
ciated proteins (CAPs) (4). These adaptations, together with a
very high endocytic flux, serve to maintain VSG surface density
and rapidly remove surface-bound immune effectors, includ-
ing anti-VSG antibodies (5). Further, endocytosis also contrib-
utes to mechanisms for evasion of the innate immune system
that eliminate many subspecies of T. brucei via uptake of trypa-
nolytic factor (TLF). Here, human or higher-primate infectivity
requires modifications to endocytic and receptor-mediated inter-
nalization mechanisms (6, 7). Most recently, it has emerged that
endocytosis is a major mechanism for uptake of some first-line
trypanocides and that this extreme rate of endocytosis offers a

potential mechanism to deliver therapeutics to the parasite in a
highly efficient manner (8, 9).

Understanding the endocytic apparatus of trypanosomes is of
direct therapeutic importance as well as providing insight into
evolution of trafficking systems and has led to detailed character-
ization of several Rab proteins from this organism. Rab proteins
constitute the largest family of the Ras GTPase superfamily and
are important spatiotemporal regulators of membrane transport
(10). Several endosomal compartments in T. brucei are regulated
by Rab proteins and have been described by us and others. T.
brucei Rab5A (TbRab5A)- and TbRab5B-containing endosomes
receive distinct cargo in bloodstream-form (BSF) cells and, simi-
larly to mammalian cells, are early compartments of the endocytic
system (11, 12, 13). TbRab4 and TbRab11 are involved in recy-
cling (11, 14, 15, 16, 17), and TbRab28 was recently shown to
coordinate retromer-dependent trafficking and late endosomal
pathways (18). TbRab7 mediates delivery from late endosomal
compartments to the lysosome (19).

A Rab21 orthologue is present in trypanosomes. Significantly,
Rab5, Rab20, Rab21, Rab22, Rab24, and Rab50 likely form an
ancient endocytic clade that is predicted to be present in the last
eukaryotic common ancestor (LECA), and thus TbRab5 and
TbRab21 are the only representatives of this clade conserved in
trypanosomes (20, 21). In mammalian cells, Rab21 localizes to
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early endosomal vesicles and has extensive colocalization with
early endosomal Rab4, Rab5, Rab17, and Rab22 but less with Rabs
located at late and recycling endosomes. Cells expressing GTPase-
inactive Rab21:T33N have defective transferrin and epidermal
growth factor endocytosis and fail to deliver the latter to lyso-
somes (22). Rab21 localization also depends on cell polarity;
Rab21 has an endoplasmic reticulum (ER)-like localization in
nonpolarized mammalian cells, whereas Rab21 is present at api-
cally located vesicles in polarized cells (23). In Dictyostelium dis-
coideum, Rab21 regulates phagocytosis through physical interac-
tions with two zinc finger LIM (Lin11, Isl-1, and Mec-3) domain
proteins, LimF and ChLim (24). Inhibition of phosphoinositide-
3-kinase with wortmannin induces microtubule-dependent for-
mation of Rab21-positive tubular endosomes, which arise from
Rab5 endosomes (25), while in macrophages Rab21 is transiently
associated with clathrin-independent macropinosomes, being re-
cruited downstream of Rab5 but upstream of Rab7 (26).

Rab21 is also implicated in the trafficking of integrins, meta-
zoan-specific receptors responsible for cell adhesion, migration,
maintenance of cell polarity, and cytokinesis (27, 28, 29). Rab
GTPases are important regulators of integrin traffic, as Rab5 and
Rab21 are important for uptake whereas Rab4 and Rab11 are in-
volved in recycling (30, 31). However, many of these studies
clearly report on lineage-specific functions, as integrins are meta-
zoan specific and are absent from the vast majority of lineages.
Beyond analysis in D. discoideum, essentially nothing is known of
Rab21 function in nonmetazoan cells, despite the protein being an
ancient representative and therefore expected to play a fundamen-
tal role in cell physiology. Here we have investigated trypanosome
Rab21, both to extend our understanding of Rab21 function in
nonmetazoan systems and to complete analysis of trypanosome
representatives of the LECA endocytic clade. We find that T. brucei
Rab21 localizes to endosomes and partially colocalizes with both
TbRab5A and multivesicular bodies (MVBs)/late endosomes.
TbRab21 expression is essential for cellular proliferation and re-
quired for traffic to the lysosome.

MATERIALS AND METHODS
Culturing of parasites. T. brucei bloodstream-form Lister 427 cells were
cultured in HMI-9 complete medium at 37°C with 5% CO2 in vented cap
culture flasks (32). For RNA interference (RNAi) experiments, single-
marker bloodstream (SMB) cells expressing T7 RNA polymerase (33)
were cultured under the same conditions in the continuous presence of 5
�g/ml neomycin; expression of double-stranded RNA was induced by the
addition of tetracycline at 1 �g/ml. Procycle-form (PCF) cells were cul-
tured in SDM-79 media with 10% fetal bovine serum (FBS), L-glutamine,
and hemin (34). Cells were cultured in nonvented flasks at 27°C.

Transfection of trypanosomes. T. brucei bloodstream-form cells were
transfected with 10 �g linearized plasmids using an Amaxa Nucleofector
device and an Amaxa human T cell Nucleofector kit. Individual clones of
transfected cells were selected by serial dilution, using appropriate antibi-
otics at the following concentrations (G418, 2.5 �g/ml; hygromycin, 2.5
�g/ml; puromycin, 0.2 �g/ml). Transgenic parasites were maintained un-
der conditions of continuous drug pressure (35). PCF cells were trans-
fected as described previously (13).

Plasmid constructs for overexpression and RNAi. An RNAi con-
struct against TbRab21 was made by cloning a 429-bp fragment of the T.
brucei Rab21 open reading frame (ORF) (Tb927.10.1520), with the se-
quence selected using RNAit (http://trypanofan.path.cam.ac.uk/software
/RNAit.html). The primers used for amplification were RNAi:Rab21:F
(TGACACACTCGAGAAGGTGC) and RNAi:Rab21:R (AGATTCGCCA
CCTCATCATC). The amplified fragment was cloned into Eam11051

(Fermentas)-linearized p2T7-TAblue vector. This tetracycline-inducible
T7 RNAi expression vector was a derivative of p2T7 (36) with blue-white
screening capability. For ectopic expression, pHD1034 plasmid (37), hav-
ing an rRNA promoter, was used to clone the TbRab21 gene in frame to an
N-terminal yellow fluorescent protein (YFP) or hemagglutinin (HA)
epitope tag to create pHD1034:Rab21. The primers used to amplify
TbRab21 from genomic DNA were Rab21F (TAAAGCTTCTCGGTCGT
CGGTGCCTAGT) and Rab21R (CGGATCCTCAGGAACAACAGCGG
TTC). pHD1034:Rab21 was used for overexpression in both BSF and PCF
cells.

qRT-PCR. Total RNA was extracted using an RNeasy Minikit (Qiagen
GmbH, Germany), following the manufacturer’s instructions. RNA con-
centrations were estimated using a NanoDrop spectrophotometer
(Thermo Fisher Scientific). cDNA was synthesized using SuperScript III
reverse transcriptase (Invitrogen). Real-time quantitative reverse tran-
scription-PCR (qRT-PCR) was performed using Bio-Rad’s iQ SYBR
green Supermix, with 0.4 �M forward and reverse primer and cDNA
equivalent to 50 to 100 ng total RNA. qRT primers were qRT:Rab21F
(CGTTCCATTGCTTAACAGTGAC) and qRT:Rab21R (CACATCGTA
GACGAGGATTGC). Reference genes were the genes encoding telome-
rase reverse transcriptase and paraflagellar rod protein 2, which were used
to normalize expression using previously described primers (38) Replicate
samples were assembled as a master mix with a single addition of the different
templates. qPCRs were performed on a MiniOpticon real-time PCR system
(Bio-Rad). The normalized expression (�� threshold cycle [CT]) of mRNA
was subsequently determined (based on one or multiple reference genes)
using Bio-Rad CFX manager software.

Protein electrophoresis and Western blotting. For lysate prepara-
tion, harvested cells were washed with phosphate-buffered saline (PBS)
and resuspended in SDS sample buffer before heating at 95°C for 10 min.
Typically, protein samples were electrophoresed at 5 � 106 cell equiva-
lents per lane on 10% SDS-PAGE gels and transferred to a polyvinylidene
difluoride (PVDF) membrane (Immobilon; Millipore) by wet blotting
using transfer buffer (192 mM glycine, 25 mM Tris, 20% [vol/vol] meth-
anol). Ponceau S (0.1% [wt/vol] Ponceau S–5% [vol/vol] acetic acid)
staining was used to monitor equivalence of transfer as well as to normal-
ize Western blot intensities.

Western blotting was performed using standard procedures. Primary
antibodies were used at the following dilutions: T. brucei clathrin
(TbCLH), 1:2,000; TbRab5A, 1:1,000; TbRab11, 1:2,000; invariant surface
glycoprotein 65 (ISG65) and ISG75, 1:10,000; TbBiP, 1:40,000; T. brucei
transferrin receptor (TfR), 1:10,000; HA, 1:2,000; GFP, 1:20,000; FLAG,
1:1,000. Secondary antibodies (peroxidase goat anti-rabbit conjugate or
peroxidase rabbit anti-mouse conjugate) were from Sigma and used at a
dilution of between 1:10,000 and 1:20,000. Bound antibodies were de-
tected by chemiluminescence using luminol and visualized by exposure to
Kodak chemiluminescence film or using a G:BOX chemiluminescence
imaging system from Syngene. For reprobing where needed, membranes
were stripped of bound antibodies using Restore Western blot stripping
buffer (Thermo Fisher Scientific). For densitometry, unsaturated images
were quantified using NIH ImageJ.

Immunofluorescence analysis (IFA). For immunofluorescence mi-
croscopy, BSF or PCF cells were pelleted by centrifugation at 800 � g for
10 min at 4°C. Cells were gently resuspended and washed once with ice-
cold Voorheis’s modified PBS (vPBS) (39). BSF cells were fixed for 10 min
and PCF cells for 60 min on ice using 3% paraformaldehyde and vPBS.
Excess fixative was washed away, and fixed cells were adhered to poly-
lysine-coated slides (Polysine VWR International). For permeabilization,
cells were incubated with 0.1% Triton X-100 –PBS for 10 min. Cells were
blocked for 1 h using 20% FBS–PBS and incubated with primary antibod-
ies diluted in 20% FBS at appropriate dilutions as follows: TbCLH (40)
(1:1,000); TbRab5A (41) (1:100); TbRab11, (11) (1:1,000); TbRabX2 (42)
(1:200); ISG65 and ISG75 (43) (1:1,000); TbBiP (44) (1:1,000); T. brucei
transferrin receptor (45) (1:2,000); p67 (46) (1:1,000); HA (Santa Cruz
Biotechnology, Inc.) (1:1,000); GFP (Abcam) (1:5,000); FLAG (Sigma-
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Aldrich) (1:1,000); tubulin KMX-1 (Millipore) (1:500). Secondary anti-
bodies (Oregon green 488 conjugate anti-mouse, Alexa Fluor 488 anti-
rabbit, Alexa Fluor 568 anti-mouse, and Alexa Fluor 568 anti-rabbit) were
from Invitrogen and used at 1:1,000 dilution. Cells were air dried and
coverslips mounted using Vectashield mounting medium with DAPI
(4=,6-diamidino-2-phenylindole; Vector Laboratories, Inc.). Cells were
observed under a Nikon Eclipse E600 epifluorescence microscope. Images
were analyzed using MetaMorph 6.0 software (Universal Imaging Corpo-
ration) and figures assembled using Adobe Photoshop (Adobe Systems).

Intracellular trafficking assays. Log-phase cells (5 � 107) were har-
vested by centrifugation and serum starved for 30 min in serum free
HMI-9 1% (wt/vol) bovine serum albumin (BSA). Fluorescein-conju-
gated concanavalin A (ConA) or Alexa Fluor 633-conjugated human
transferrin was added to reach a final concentration of 10 �g/ml or 125
�g/ml, respectively. Cells were incubated at 37°C for different periods of
time followed by the addition of ice-cold vPBS to stop uptake. Cells were
pelleted, fixed, and mounted as described for the single-cell analyses using
a fluorescence microscope or were processed for flow cytometry.

For transferrin recycling, cells were incubated with Alexa Fluor 633-
conjugated transferrin as described above. After 60 min of uptake, cells
were washed with ice-cold PBS and resuspended in serum-free HMI-9 for
different periods. Recycling of transferrin was stopped by chilling cells on
ice followed by fixation (20 min using 3% [vol/vol] formaldehyde). Excess
fixative was removed with vPBS, and cells were incubated in 3 �M
Hoechst 33342 (Invitrogen) solution for 20 min at 37°C. Cells resus-
pended at 1 � 106/ml were analyzed immediately on a Cyan ADP analyzer
(Beckman Coulter, Inc.). Single cells were gated away from clumped cells
and further gated according to their cell cycle state using Hoechst 33342
data. Cell-associated fluorescence of 1N1K cells was measured using a
530/40 emission filter for fluorescein and a 665/20 emission filter for Alexa
Fluor 633, while these fluorophores were excited using 488-nm- and 635-
nm-wavelength lasers, respectively. Hoechst 33342 was excited using a
351-nm-wavelength laser, and data from 50,000 cells of each sample were
collected and analyzed using Summit Software (Beckman Coulter).

Protein chemistry. For protein turnover analysis, cycloheximide
(Sigma) (100 �g/ml) was added to growing cultures of BSF cells and
incubated at 37°C for various periods of time before cell lysate prepara-
tion. To separate cytosolic and membrane fractions of total protein, 1 �
108 BSF cells were harvested, washed, and lysed for 5 min on ice using
hypotonic lysis buffer (10 mM Tris HCl [pH 7.5]). The lysate was centri-
fuged at 20,000 � g for 10 min at 4°C. The supernatant was removed and
mixed with SDS sample buffer. The pellet fraction was resuspended in

sample lysis buffer (50 mM Tris HCl [pH 7.5], 150 mM NaCl, and 1%
Nonidet P-40) and incubated on ice for 25 min following the addition of
SDS sample buffer and heating at 95°C for 10 min. Cell equivalents of
cytosolic and membrane fractions were analyzed by SDS-PAGE and
Western blotting using TbBiP as a control for the membrane fraction.

Transmission electron microscopy. BSF cells (1 � 108) were har-
vested by centrifugation and washed with saline (0.1 M HEPES, 0.98%
NaCl [pH 7.0]). For ultrastructure analysis, cells were fixed for 4 h on ice
using fixative (2% glutaraldehyde, 2 mM CaCl2, 0.1 M PIPES [piperazine-
N,N=-bis(2-ethanesulfonic acid] [pH 7.4]; 100 �l H2O2 was added to 10
ml fixative prior to use). After fixation, cells were washed thrice with 0.1 M
HEPES (pH 7.0) and the cell pellet was processed further by the University
of Cambridge Multi-Imaging Centre. Prepared ultrastructure sections
were viewed using a FEI Tecnai G2 transmission electron microscope.
Digital images were saved and assembled using Photoshop.

RESULTS
Endosomal Rab21 is expressed in both major life cycle forms of
T. brucei. To ensure that TbRab21 was expressed, the level of
TbRab21 mRNA was estimated by quantitative reverse transcrip-
tion-PCR (qRT-PCR) in BSF and procycle-form (PCF) cells; similar
mRNA levels were observed for the two life stages, and these levels are
comparable to those seen with other trypanosome Rab mRNAs, as
well as to previous transcriptome data (Fig. 1A) (47, 48).

TbRab21 is expressed in trypanosomes at very low levels,
which suggested that either genomic tagging or production of an-
tibodies was unlikely to be informative, in terms of localizing the
gene product or estimating protein expression levels. Hence, we
used ectopic overexpression of N-terminally tagged TbRab21 via
the pHD1034 vector to determine subcellular localization (37).
Ectopic TbRab21 was overexpressed at �10-fold as judged by
mRNA levels compared to endogenous expression, at a level that is
still extremely low (data not shown). A similar strategy had been
used by us previously for TbRab23 and TbRab28 which resulted in
no detectable mislocalization compared to that determined with
an antibody and is also in common use in studies of mammalian
cells for localization of small GTPases and of Rab21 in particular
(18, 22, 49). To minimize the possibility that the tag itself resulted

FIG 1 TbRab21 localizes to endocytic regions in trypanosomes. (A) Abundance of TbRab21 mRNA in BSF and PCF cells estimated by qRT-PCR. Data shown
represent averages of the results determined for two separate samples normalized to telomerase reverse transcriptase. (B) IFA images showing ectopic expression
of TbRab21 fused at its N terminus with yellow fluorescent protein (YFP) or hemagglutinin (HA) tags in BSF cells and YFP in PCF cells. Images were obtained
by capturing native YFP- and Alexa Fluor 568-conjugated secondary antibody fluorescence, while DNA was visualized using DAPI staining. (C) Production of
the tagged protein verified by Western blot analysis, along with negative (-ve) controls for antibody specificity.
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in mislocalization, both 2� HA and YFP-tagged TbRab21 were
produced.

Immunofluorescence analysis in BSF cells revealed that HA-
tagged TbRab21 was located between the nucleus and kinetoplast,
mainly as discrete puncta in interphase cells (Fig. 1B). A similar
localization is known for various endomembrane components of
T. brucei (11, 12, 50), indicating a possible endosomal role for
TbRab21. Postmitosis cells, i.e., cells containing two nuclei but
prior to cytokinesis, showed a dividing population of TbRab21-
positive structures that eventually distributed between the two
daughter cells. Analysis also revealed that TbRab21 remained as-
sociated with the endomembrane structures throughout the cell
cycle, suggesting that trafficking mediated by this protein likely is
active during cell division. BSF cells expressing YFP-TbRab21
were fixed and observed for protein localization, avoiding the se-
lective loss of cytosolic proteins in conventional immunofluores-
cence antibody staining. Additional to the endosomal punctate
staining, faint, diffused cytosolic YFP fluorescence, likely corre-
sponding to soluble GDP-bound TbRab21 in complex with Rab-
GDI, was observed (Fig. 1B). Thus, similar localization patterns
were observed for the YFP-tagged TbRab21 and the HA-tagged
TbRab21, which makes the possibility of mistargeting highly un-
likely, as this would require HA and YFP tags to mistarget with
identical locations, an extremely remote possibility.

PCF cells transfected with a pHD1034:YFP-TbRab21 construct
revealed a subcellular localization similar to that of BSF cells.
Some PCF cells exhibited TbRab21 puncta anterior to the nucleus,
in addition to the puncta located between the nucleus and kine-
toplast (Fig. 1B). These anteriorly located puncta of TbRab21 were
also very occasionally observed in BSF cells. Anterior staining has
also been reported for TbRab5A, but a specific biological role for
this Rab population, or what it may represent in terms of endo-
somal dynamics, has yet to be determined (41, 51). An anterior
YFP-TbRab21 punctum in some PCF cells was also found at the
anterior tip of the cell body but was apparently not related to any
particular phase of the cell cycle. Finally, Western blotting of BSF
and PCF lysates from cells expressing tagged TbRab21 confirmed
the in-frame production of correctly sized proteins (TbRab21, 28
kDa; YFP-TbRab21, 55 kDa), with no apparent degradation prod-
ucts observed (Fig. 1C).

Rab GTPases cycle between an inactive cytosolic pool and an
active membrane-associated pool. To assess the distribution of
overexpressing tagged TbRab21s in BSF cells, particulate and sol-
uble fractions were prepared by hypotonic lysis and Western blot-
ting was performed. TbBiP, an ER lumenal protein, was used as a
loading control and was found predominantly in the membrane
fraction as expected, while HA-tagged TbRab21 was �60% cyto-
solic and �40% membrane bound, consistent with the immuno-
fluorescence results determined for YFP-TbRab21 (Fig. 1B). The
efficiency of lysis was further confirmed by the total protein stain-
ing of supernatant and pellet fractions (see Fig. S1A in the supple-
mental material). These data also further support the hypothesis
of correct targeting, as the proportion of membrane-bound
TbRab21 is similar to that of endogenous Rab proteins (see, e.g.,
reference 52). Turnover of HA-tagged TbRab21 was also analyzed
in BSF cells where protein synthesis had been blocked with cyclo-
heximide, and the residual levels of HA-TbRab21 were quantified
by Western blotting. Based on these data, HA-tagged TbRab21 has
a half-life of �7 h (Fig. S1B). To ensure complete blocking of
protein synthesis after cycloheximide treatment, lysates from

treated cells were also assessed for the half-life of additional known
proteins; ISG65 and ISG75 had turnover kinetics similar to previ-
ously reported observations (data not shown) (50). Hence,
TbRab21 has a turnover time that is similar to that of the cell
cycle.

Subcellular localization of TbRab21. To determine the spatial
relationship of TbRab21 with other markers of the T. brucei endo-
membrane system, immunofluorescence experiments were per-
formed. Endocytosis in T. brucei is exclusively clathrin mediated,
and clathrin is known to be distributed throughout the endocytic
and trans-Golgi regions of the cell (2). IFA demonstrated that
HA-tagged TbRab21 partially overlapped with clathrin heavy-
chain staining (88%) and is consistent with the diverse endosome
and Golgi membrane localizations of clathrin (Fig. 2A; see also
Table S1 in the supplemental material).

HA-tagged TbRab21 also exhibited partial overlap with
TbRab5A (83%), a marker for early endosomes (Fig. 2A; see also
Table S1 in the supplemental material). Human Rab21 colocalizes
with Rab5A on early endosomes (22), but in T. brucei, the partial
overlap revealed even by less-discriminating wide-field micros-
copy suggests that TbRab21 function is not restricted to Rab5 early
endosomes. TbRab21 was also found juxtaposed to the recycling/
exocytic TbRab11 in BSF cells. As expected, TbRab11 was ob-
served closer to the flagellar pocket whereas HA-TbRab21 was
deeper toward the nucleus. TbRab21 was clearly distinct from
TbRab11-labeled recycling endosomes in some cells (56%), while
there was some (44%) overlap in others due to close proximity of
the early and recycling structures in T. brucei. TbRabX2 (formerly
TbRab31) was used as a marker for Golgi complex (53). IFA
showed that HA-TbRab21 was distinct from TbRabX2 and there-
fore had no obvious steady-state presence on the Golgi complex
(Fig. 2A). To elucidate the location of TbRab21 with reference
to late endosomes and the vacuole/lysosome, p67 was chosen as
a marker. p67, a LAMP-like trans-membrane lysosomal glyco-
protein (54), was found juxtaposed to tagged TbRab21, but
little (15%) overlap was observed. The partial overlap of
TbRab21 with early endosomes and juxtaposition to the lyso-
some suggested a possible localization to intermediate endo-
cytic structures. To explore this possibility, TbVps23 (an or-
thologue of mammalian TSG101) was used as a marker for the
intermediate or late endosome/multivesicular body (MVB).
TbVps23 is a member of ESCRT-I (endosomal sorting complex
required for transport-I) and is required for the recognition and
sorting of ubiquitinated cargo (50). Immunofluorescence of YFP-
TbRab21 and HA-TbVps23 revealed partial (70%) colocalization.

We have previously observed colocalization between TbVps23
and a second trypanosome Rab, TbRab28. As this protein appears to
coordinate retromer-dependent and ESCRT-mediated pathways
(18), we assessed whether there was an overlap in the TbRab21 and
TbRab28 localizations. Coexpression of HA-TbRab28 and YFP-
TbRab21 revealed a good degree (79%) of colocalization, although
not complete colocalization, suggesting that these two Rabs are tar-
geted to similar, but nonidentical, endosomal membrane microdo-
mains. Taking these data together, we conclude that TbRab21 in BSF
cells is present on both early and intermediate/late endosomes. In
PCF cells, where endocytic structures are less well developed, YFP-
tagged TbRab21 showed predominant (85%) colocalization with
TbRab5A (Fig. 2A; see also Table S1 in the supplemental material).

To confirm a functional role for TbRab21 on endosomes, co-
localization with cargo molecules was analyzed. Concanavalin A
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(ConA), a mannose-binding lectin which binds VSG, was incu-
bated with BSF cells expressing HA-tagged TbRab21. ConA taken
up by cells is transferred from early to late endosomes and ulti-
mately accumulates in the lysosome. When incubations are per-
formed at different temperatures, ConA labels various endocytic
structures. At 4°C, ConA was restricted to the flagellar pocket (FP)
and HA-TbRab21 was not colocalized, suggesting that TbRab21 is
unlikely to act at the FP membrane (Fig. 2B). At 4°C, a low level
(10.5% � 5.8% standard error) of TbRab21 colocalized with
ConA, which was most likely due to the technical difficulty of
maintaining ConA in the FP, as processing can allow cells to warm
above 4°C, resulting in some ConA progression to early endo-
somes. At 12°C, ConA was blocked at the early endosome and
TbRab21 and ConA showed significant colocalization (68.1% �
4.5%). At 37°C, when some of the ConA had reached the lysosome,
and due to the continuous uptake also labeling early and late endo-
somes, the level of TbRab21 colocalized with ConA was reduced to
46.5% � 5.9% (Fig. 2C). These data indicate that the TbRab21-pos-
itive compartment is capable of receiving endocytic cargo.

TbRab21 is essential for proliferation of bloodstream-form
cells. To assess the importance of TbRab21 for normal prolifera-
tion of BSF cells and to investigate possible functions, knockdown
of TbRab21 expression was achieved by RNA interference. Induc-
tion of double-stranded RNA (dsRNA) against TbRab21 resulted
in a severe growth defect (Fig. 3A). The impact on proliferation
was reproducibly observed in multiple transfections and RNAi
clones. The effect of RNAi on proliferative capacity was observed
very rapidly; cells underwent one cell cycle and proliferated slowly
afterwards, and a recognizable phenotype could be seen as early as
12 h postinduction, suggesting that this resulted directly from loss
of TbRab21 and was not due to secondary effects. Efficiency and
specificity of RNAi were assessed by qRT-PCR. Results obtained
from duplicate inductions showed a 50% reduction in TbRab21
mRNA levels after 24 h of induction (Fig. 3B). To determine the
effect of RNAi on protein levels, HA-tagged TbRab21 was ex-
pressed in TbRab21 RNAi cells. Western blotting showed specific
loss of tagged TbRab21 that was reduced to less than 5% after 24 h
of RNAi induction (Fig. 3C). These data therefore confirm the

FIG 2 TbRab21 defines a new endosomal subcompartment. (A) BSF and PCF cells stably expressing TbRab21 tagged with N-terminal HA or YFP were costained
with markers of the T. brucei endomembrane system. Cells were labeled with mouse monoclonal antibodies against the HA epitope tag in addition to antibodies
against T. brucei clathrin heavy chain (TbCLH), TbRab5A, TbRab11, p67, and TbRabX2. For costaining with TbVps23 and TbRab28, BSF cells expressing
YFP-TbRab21 were transfected with HA-TbVps23 and HA-TbRab28. Alexa Fluor-labeled secondary antibodies and YFP native fluorescence were used to
visualize subcellular markers, while nuclear and kinetoplast DNA was visualized using DAPI. Percent colocalization is shown at the bottom right of each set of
panels; see Table S1 in the supplemental material for complete data. (B) BSF cells expressing HA-tagged TbRab21 were subjected to a continuous pulse of
fluorescein-conjugated ConA at 4, 12, and 37°C. (C) HA-TbRab21 fluorescence intensity colocalization with ConA. A total of 25 randomly selected cells from
each sample were analyzed and the percentages of colocalization determined.
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specificity of the knockdown as well as demonstrate that the ki-
netics of protein and mRNA suppression and normal prolifera-
tion are consistent with each other, suggesting that these events
are directly connected.

To elucidate the precise nature of the defect, cells harboring the
TbRab21 knockdown construct were induced and analyzed for
the numbers of nuclei and kinetoplasts by DAPI staining (see Fig.

S2 in the supplemental material). A gradual accumulation of cells
with more than two nuclei and two kinetoplasts was observed,
which suggests a failure in cytokinesis, but with continued nuclear
and kinetoplast replication, while the proportion of cells with a
single nucleus and kinetoplast, i.e., G1 cells, was reduced accord-
ingly. Examples of “monster” cells, i.e., with multiple nuclei and
kinetoplasts, are shown in Fig. 3C. These may have arisen as a

FIG 3 TbRab21 is required for correct cell cycle progression but does not affect flagellar pocket morphology. (A) Growth curve of BSF TbRab21 knockdown cells. RNAi
cells were grown in the presence (broken lines) or absence (solid lines) of 1 �g/ml tetracycline (Tet) to induce transcription of dsRNA. Cell numbers were determined
every 48 h (error bars represent the standard errors of duplicate inductions). (B) Validation of TbRab21 RNAi by qRT-PCR and Western blotting. (Left) RNA was
extracted from uninduced and 24-h-induced cultures in duplicate, and qRT-PCR was performed in triplicate for each sample. (Right) Validation of knockdown by
Western blotting. Copy numbers of overexpressed HA-tagged TbRab21 decreased specifically after the induction of TbRab21 RNAi. TbBiP is shown as a loading control.
(C) Phase and DAPI images of cells at 18 and 24 h of induction. An uninduced (-Tet) cell is shown for comparison to the variation observed in induced cells (�Tet), with
clear signs of failed cytokinesis. All images were captured at the same magnification. Bar, 5 �m. (D) Ultrastructure of TbRab21 knockdown BSF cells. (Clockwise from
top left) Cells 12 h postinduction with normal flagellar pocket (FP) and nucleus (N); 18-h-induced cell showing normal morphology of Golgi complex (G) with cis- and
trans-faces, ER exit site, and normal morphology of endoplasmic reticulum (ER); and cell 12 h postinduction showing an enlarged flagellar pocket (BigEye phenotype);
a distinctive electron dense VSG layer (VSG) can be seen around the enlarged pocket. An inset of the FP membrane showing the electron-dense VSG coat is shown at
center. Images were captured at various magnifications; all scale bars denote 500 nm.
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consequence of secondary effects due to TbRab21 knockdown,
with proteins being mislocalized and thus resulting in a “traffic
jam” that ultimately affected the completion of cytokinesis. To
exclude the possibility of selective attachment of cells with poly-
lysine slides, induced and uninduced cells were also analyzed by
flow cytometry, and these data were consistent with DAPI analy-
sis, i.e., an increase in postmitotic cells with tetraploid (4n) DNA
content (data not shown). Enlargement of the flagellar pocket,
which frequently occurs after depletion of proteins involved in
early steps of endocytosis, including TbRab5A and clathrin (2,
13), was observed in only 5% of TbRab21-depleted cells; this
rather low frequency of the BigEye morphology suggests that the
phenotype is secondary in nature and therefore that TbRab21 is
not significantly involved in early endocytosis. Based on the sever-
ity of the proliferative defect and the possibility of the emergence
of secondary defects, the time 18 h postinduction was selected for
analysis of TbRab21 knockdown cells in subsequent experiments.

To further explore the nature of any morphological defects in
subcellular compartments resulting from TbRab21 knockdown,
thin sections of induced RNAi BSF cells were observed by trans-
mission electron microscopy. Cells from two different time
points, 12 and 18 h postinduction, were analyzed together with
uninduced cells. Results based on approximately 30 randomly se-
lected cells from each sample had a normal morphology of most
membrane trafficking compartments and other subcellular struc-
tures (Fig. 3D). Approximately 5% of the cells from both 12 and 18
h postinduction showed massively swollen flagellar pockets, and
the proportion of BigEye cells was therefore consistent with that
observed by light microscopy. The Golgi complex appeared nor-
mal even in 18-h-induced cells, distinct from a TbRab28 knock-
down where the Golgi complex disintegrates (18). Therefore,
these data indicate that TbRab21 has functions that are restricted
to the endocytic system and do not, at least as shown in this anal-
ysis, impact on additional cellular systems or have a profound

impact on the very earliest steps in endocytosis from the flagellar
pocket.

Analysis of subcellular markers in TbRab21-depleted cells.
Before analyzing the effects of TbRab21 knockdown on subcellu-
lar markers, depletion of TbRab21 was ensured in individual cells
by overexpressing YFP-tagged TbRab21 in TbRab21 knockdown
cells and inducing RNAi. Single-cell analysis of YFP native fluo-
rescence by microscopy revealed complete loss of TbRab21 from
all of the 18-h-induced cells, including the normal-morphology
1N1K cells (Fig. 4A). Induced and uninduced cultures were grown
to reach comparable cell densities as ectopic expression from ri-
bosomal promoters is density dependent in BSF cells (55). In the
subsequent analysis of TbRab21 knockdown, IFA included only
cells with normal morphology to avoid major artifacts due to dis-
ruption of structures resulting from secondary effects, whereas
Western blotting of total protein from whole-cell lysates repre-
sented the entire cell population.

Rab21 is evolutionarily related to Rab5 (21), and whereas the
knockdown of TbRab5A or TbRab5B results in a decrease of clath-
rin protein copy numbers (13), Western blotting indicated that
clathrin protein levels remained unchanged following induction
of RNAi against TbRab21 (Fig. 4B). Similar results were obtained
by immunofluorescence, where the fluorescence levels and loca-
tions of clathrin were similar in uninduced and 18-h-postinduc-
tion cells (Fig. 4A). These data suggest that TbRab21 does not
function at the early steps of endocytosis, consistent with the ab-
sence of BigEye cells in significant proportions upon induction.
Similarly, TbRab5A protein levels remained unchanged when
TbRab21 was depleted, and the endosomal localization of
TbRab5A was unperturbed. These data suggest that TbRab5A is
independent of TbRab21 in terms of membrane localization and
possibly acts upstream of TbRab21. A modest increase in the total
amount of TbRab5A was observed by Western blotting; this could
have been a compensation for loss of TbRab21, but the effect was

FIG 4 The morphology of most endomembrane compartments is not critically dependent on TbRab21 expression. (A) Immunofluorescence analysis of T. brucei
endosomal components performed on TbRab21-depleted BSF cells. (B) Total protein levels of TbRab5A, TbRab11, and TbClathrin were quantified by Western
blotting in TbRab21-depleted cells. The BSF RNAi TbRab21 cell line was induced and cell lysate prepared at different time intervals. TbBiP was used as the total
protein loading control.
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FIG 5 TbRab21 is required for maintaining expression of intermediate endosomal components. (A) Immunofluorescence analysis of HA-tagged TbRab28 and
TbVps23 in TbRab21 knockdown cells. �Tet (uninduced control) and �Tet (18 h induced) cells were fixed and stained for the HA epitope tag using mouse
anti-HA and Alexa Fluor 568 (red) antibodies, while DNA was counterstained using DAPI (blue). Images were captured under identical exposure conditions, and

The Role of Rab21 in Trypanosomes

February 2014 Volume 13 Number 2 ec.asm.org 311

http://ec.asm.org


quite minor. No effect was observed on the copy number or local-
ization of TbRab11 after TbRab21 silencing by IFA and Western
analysis (Fig. 4), suggesting that the recycling pathway is unper-
turbed.

The T. brucei transferrin receptor (ESAG6 and -7 [ESAG6/7])
is a glycosylphosphatidylinositol (GPI)-anchored molecule that
recycles between endosomes and the flagellar pocket and is re-
sponsible for the uptake of iron-laden transferrin (reviewed in
reference 56). The intracellular localization and total protein lev-
els of the transferrin receptor (TfR) were analyzed in TbRab21
knockdown BSF cells. As expected, immunofluorescence observa-
tions revealed no obvious difference in the localization pattern of
TfR following RNAi, a further indication that TbRab21 is not
directly involved in recycling or early steps of endocytosis in com-
parison to TbRab11 RNAi, which relocates TfR from the flagellar
pocket to intracellular regions of the cell, and clathrin RNAi,
which restricts TfR to the flagellar pocket (2, 58). Knockdown of
TbRab21 resulted in an approximately 40% increase in the total
amount of TfR as quantified by Western blotting (see Fig. S3 in the
supplemental material). BSF cells are known to upregulate TfR
expression to compensate for reduced availability of iron (58),
which may suggest a role for TbRab21 in iron uptake and suggest
an impact on iron uptake that is distinct from the trafficking of the
TfR and possibly in later events where transferrin is degraded and
iron realized in later endosomal compartments.

Lysosomal morphology appeared unaffected as no significant
alterations in the localization of p67 were observed by immuno-
fluorescence after induction of RNAi against TbRab21 (Fig. 4A).
Similarly, the morphology of the Golgi complex, as revealed by
TbRabX2 observations, was unperturbed in TbRab21-depleted
BSF cells, consistent with the ultrastructural data. The normal
Golgi morphology suggests that TbRab21 does not play a direct
role in regulation of retrograde transport from the endosome to
the Golgi pathway. These results distinguish TbRab21 from late
endosomal TbRab28, where evidence suggests a participation in
retrograde trafficking, due to the TbRab28 knockdown leading to
the gradual fragmentation of Golgi membranes (18).

TbRab21 knockdown results in loss of MVB/late endosomal
components. TbRab21 knockdown resulted in a reduction in the
steady-state levels of both TbRab28 and TbVps23 as analyzed by
immunofluorescence and Western blotting which was very repro-
ducible (Fig. 5). TbRab28 is a late endosomal protein that likely
functions upstream of the ESCRT-I component TbVps23 (18). In
the absence of antibodies, HA-tagged TbRab28 and TbVps23 were
independently expressed in TbRab21 RNAi BSF cells. The de-
crease in the TbRab28 copy number preceded TbVps23 loss and
was also greater in magnitude; this is consistent with previous
work where TbRab28 silencing led to a very significant decrease in
TbVps23 levels (18). In contrast, RNAi-mediated depletion of
TbRab28 had no obvious effect on TbRab21 steady-state levels

(Fig. 5E and F), suggesting that TbRab21 functions upstream of
TbRab28, while RNAi-mediated depletion of TbRab28 in turn
resulted in a decrease in TbVps23 levels.

Due to the cell density-dependent nature of ectopic expression,
analysis was performed to account for the reduced expression at
higher culture densities by normalizing induced culture results to
the level of expression in uninduced cultures at a similar cell den-
sity (55). This secondary effect on the TbRab28 protein level fur-
ther limits the possibility of studying defects caused by the loss of
TbRab21, as depletion of TbRab28 by RNAi knockdown causes a
multitude of endocytic defects, including perturbed lysosomal de-
livery of ubiquitinated cargo and retromer-dependent trafficking
(18).

The possibility that defects observed after TbRab21 depletion
result from a secondary loss of TbRab28 can be most likely ex-
cluded as the cell cycle defects observed after the knockdown of
TbRab21 appeared quickly and before significant reduction in
TbRab28 expression. Also, the phenotypes were highly distinct
from each other, with no cell cycle defect observed for TbRab28
RNAi (18) and no Golgi disintegration after TbRab21 depletion. A
similar argument can also be applied to TbVps23, where direct
suppression by RNAi did not cause a block to cell cycle progres-
sion (50). Therefore, these data suggest a synthetic interaction
between TbRab21, TbRab28, and TbVps23.

TbRab21 is required for the transport of cargo from endo-
somes to the lysosome. To elucidate the role of TbRab21 in reg-
ulating late endocytic events, particularly the transport of ubiq-
uitinated cargo, the fates of invariant surface glycoprotein 65
(ISG65) and ISG75 were analyzed in TbRab21-depleted BSF cells.
ISGs are high-abundance trans-membrane domain surface pro-
teins in trypanosomes that are internalized by a ubiquitin- and
ESCRT-dependent mechanism (53, 57).

The internal pools of ISG65 and ISG75 were analyzed after 18 h
of induction of RNAi against TbRab21 by staining for internal
antigen by immunofluorescence using polyclonal antibodies to
both proteins. Data from these single-cell analyses showed a sig-
nificant and reproducible increase in the fluorescence signals ob-
tained with antibody to ISG65 and ISG75 and associated with
endosomal structures, whereas, by contrast, the total level of these
proteins, as quantified by Western blotting and densitometry, re-
mained unchanged (Fig. 6). This increased level of internal ISG
suggests a block in the movement of cargo into the degradative
endosomal pathway and hence decreased turnover. The increase
in the amount in the internal pool with total ISG remaining un-
changed also suggested a corresponding decrease in the amount of
the surface fraction, but despite repeated attempts by IFA and flow
cytometry, no such reduction was observed (data not shown); this
is likely an access problem, with the superabundant VSG occlud-
ing many epitopes and hence compromising quantitative analysis,

a reduction in the intensity of HA-TbRab28 and HA-TbVps23 associated with endosomes was observed after induction of RNAi against TbRab21. (B)
Quantification of HA-TbRab28 and HA-TbVps23 fluorescence in cells from panel A. A total of 40 randomly selected cells from each sample were analyzed under
nonsaturating conditions using Metamorph software. Results for induced cultures were normalized to uninduced controls set to 100%. Error bars represent
standard errors of the means. (C and D) Following knockdown of TbRab21, total protein levels of HA-TbRab28 and HA-TbVps23 were quantified by Western
blotting. Proteins were quantified using ImageJ by normalizing individual lanes to Ponceau S total protein loading controls. The average numbers of multiple
inductions (n 	 3 to 5) were plotted normalized to uninduced cells normalized to 100%. Error bars show standard errors of the means. (E and F) RNAi-mediated
knockdown of TbRab28 was induced for 36 h followed by Western blotting to monitor levels of YFP TbRab21. Beta-tubulin was used as a loading control. Results
for induced cultures were normalized to uninduced controls (100%). Error bars represent standard errors of the means. For each panel, the relevant RNAi target
is shown above a bar.
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and has been observed by us for ISG surface quantitation on sev-
eral occasions (K.F.L. and M.C.F., unpublished observations).

A similar increase in the internal ISG pool has also been ob-
served following knockdown of late endocytic proteins, including
TbRab28 (18), while knockdown of proteins functioning in the
early steps of endocytosis, e.g., clathrin and TbEpsinR, leads to a
reduction in the internal pool of ISGs (72). To investigate the
effect of the apparent block of ISGs on their lysosomal degrada-
tion, TbRab21 knockdown and control cells were incubated with
cycloheximide and the level of residual ISG at various time points
was quantified by Western blotting. Densitometry demonstrated a
modest decrease in ISG turnover, and �10% more ISG65 and
ISG75 was detected in TbRab21 knockdown cells than in unin-
duced cells after 6 h of cycloheximide treatment (data not shown).
This may reflect the highly active trypanosome endocytic pathway
and incomplete suppression of TbRab21, although this was quite
efficient, as shown in Fig. 3. Alternatively, and more probably, this
may indicate the presence of distinct pathways unaffected by
TbRab21 and recalls the incomplete block to degradation ob-
tained by knockdown of TbVps23 (50, 59). Such a low level of
protection indicates that the vast majority of ISG65 and ISG75
degradation was unperturbed by TbRab21 knockdown.

The role of TbRab21 in uptake and recycling. To explore the
role of TbRab21 in endocytic ligand uptake and recycling, assays
were performed using fluorophore-labeled ConA and transferrin.
Uptake was assayed by incubating TbRab21-depleted and control
cells with fluorescein-conjugated ConA for various times and de-
termining the accumulated fluorescence by flow cytometry. No
difference in uptake between uninduced and induced TbRab21
RNAi cells was observed (Fig. 7A), whereas a control uptake assay
using TbRab5A RNAi BSF cells showed significantly reduced up-
take in induced cells compared to the uninduced population (data
not shown). These results indicated once more that TbRab21 is
not involved in the early steps of endocytosis. Only interphase
1N1K cells were included in the analysis, excluding the TbRab21-
depleted 2N2K or 
2N2K cells. This introduced an apparent bias

in the analysis by excluding highly defective cells, but the cytoki-
nesis defect resulted in multiple copies of the endocytic apparatus,
nonspecific binding, and likely other defects and hence apparent
greater ConA accumulation but could have been due to multiple
factors. Further, monster cells bind ConA nonspecifically at the
surface, presumably due to gross disruption of membrane struc-
ture. However, similar results were obtained when cells were an-
alyzed by microscopy and ConA fluorescence was manually quan-
tified using Metamorph software (data not shown).

As TbRab21-depleted cells are able to take up and accumulate
ConA in endocytic structures, their ability to transfer lectin to the
lysosome was analyzed by calculating colocalization of intracellu-
lar ConA with the p67 lysosomal marker. This analysis detected a
small but significant decrease in the amount of ConA reaching the
lysosome in TbRab21-depleted cells (Fig. 7B and C). This modest
block to lysosomal transport is consistent with the presence of
increased internal pools of ISGs. Taken together, these data sug-
gest that loss of TbRab21 causes a partial prelysosomal block in
endosomal traffic.

To assess receptor-mediated endocytosis and recycling in
TbRab21 RNAi cells, Alexa Fluor 633-labeled transferrin was
used. BSF cells take up transferrin from the serum of their host,
and a trypanosome-specific transferrin receptor delivers surface
transferrin to the endosomes. The transferrin receptor is recycled
to the pocket approximately 60 times before degradation, while
transferrin is degraded in the lysosome, from which location it is
exported as peptides via a recycling pathway (12, 60). Transferrin
uptake was followed by incubating uninduced and induced
TbRab21 RNAi cells with fluorophore-conjugated transferrin and
quantifying fluorescence by microscopy and flow cytometry. No
difference in kinetics or total uptake was observed between
TbRab21-depleted and control cells (see Fig. S3A in the supple-
mental material).

The recycling ability of TbRab21 RNAi cells was assessed by
incubating cells with fluorophore-labeled transferrin for 1 h, after
which cells were transferred to fresh medium and the quantity of

FIG 6 TbRab21 is involved in surface protein turnover. (A) IFA of ISG65 and ISG75 in TbRab21 RNAi cells. �Tet (uninduced control) and 18 h �Tet (induced)
cells were fixed and treated with 0.1% Triton X-100 to permeabilize cells and remove most of the surface ISGs. The internal, endosomal ISG pool was stained using
polyclonal anti-ISG65 and ISG75 antibodies that were visualized using Alexa Fluor 568-labeled secondary antibodies. Images were captured under identical
exposure conditions. Bar, 5 �m. (B) Total levels of ISG65 and ISG75 was quantified by Western blotting, following knockdown of TbRab21. (C) Levels of
endosomal ISG65 and ISG75 were quantified in TbRab21 RNAi cells by IFA. A total of 30 randomly selected induced (18 h) and uninduced cells were analyzed
under nonsaturating conditions using Metamorph software. Results showed significant increases in the endosomal pools of ISGs after TbRab21 depletion,
whereas total ISG levels remained unchanged.

The Role of Rab21 in Trypanosomes

February 2014 Volume 13 Number 2 ec.asm.org 313

http://ec.asm.org


remaining fluorescence was determined at various time points.
TbRab21-depleted cells were marginally slower in exporting
transferrin fragments through the recycling pathway, while the
kinetics of recycling were similar to those of control uninduced
cells (see Fig. S3B in the supplemental material). Further, the
transferrin receptor expression level appears to be sensitive to the
ability of the parasite to accumulate iron, and measurement of the
level of the ESAG6 and -7 proteins in induced cells detected only a
small increase in the protein copy number, suggesting that the
cells were not experiencing a major defect in iron accumulation
(see Fig. S3C in the supplemental material). Overall, these data
indicate only a very minor impact of TbRab21 suppression on the
uptake of transferrin.

Membrane recruitment of TbRab21 is independent of
TbRab5A but depends on TbVps23. Our data suggest that
TbRab21 functions at late endosomes, upstream of TbRab28,
while partially overlapping by location with early endosomal
TbRab5A. To elucidate the relationship between TbRab21 and
TbRab5A, immunofluorescence and Western analyses were per-
formed on BSF cells overexpressing HA-tagged TbRab21 in a
TbRab5A knockdown background. TbRab21 maintained mem-
brane localization after 36 h of TbRab5A suppression, even in
BigEye cells, and no apparent difference in the punctate staining of

TbRab21 was observed (Fig. 8A). The total protein level of
TbRab21 also remained unperturbed, despite TbRab5A becoming
barely detectable after 12 h of induction (Fig. 8B, upper panel).
These data suggest that TbRab5A knockdown does not affect
membrane recruitment or copy numbers of TbRab21.

Surprisingly, the loss of clathrin that occurs following TbRab5A
depletion (13) was not observed when such cells were also over-
expressing TbRab21 (Fig. 8B, lower panel). To explore the possi-
bility that TbRab21 overexpression synthetically suppressed the
effects of TbRab5A knockdown, proliferation of TbRab5A-de-
pleted and proliferation of TbRab5A-depleted/TbRab21-overex-
pressing cells were compared, but no difference was observed
(data not shown). To analyze the effects of TbRab5A knockdown
on the intracellular pool of ISG75, induced and uninduced cells
were permeabilized and stained for the internal pools of ISG75.
Roughly 4-fold-lower levels of internal ISG75 were seen in the
TbRab5A-depleted cells, consistent with knockdown of early en-
dosomal proteins causing a reduction of internalized ISG abun-
dance (Fig. 8C and D).

To confirm a relationship between ESCRT component
TbVps23 and TbRab21, a BSF RNAi cell line inducible for
TbVps23 knockdown was transfected with HA-tagged TbRab21.
Induced cells were analyzed by immunofluorescence and Western

FIG 7 TbRab21 is required for normal concanavalin A trafficking to the lysosome. (A) Endocytic ability of BSF TbRab21 RNAi cells was analyzed by
incubating induced (I) and uninduced (UI) cells with fluorescein-conjugated ConA at 37°C. The uptake of ConA was analyzed on a Cyan ADP
fluorescence-activated cell sorter (FACS) analyzer. Only 1N1K cells were included in the analysis (gating based on Hoechst staining). Approximately
50,000 cells were counted for each sample, and the median fluorescence of ConA was plotted against time of uptake, with error bars showing standard
errors of the medians. Results from a representative of multiple independent inductions are shown. (B) IFA images of BSF TbRab21 RNAi cells showing
localization of ConA and lysosomal marker p67. Uninduced (-Tet) and 18 h induced (�Tet) cells received a 15-min continuous pulse of fluorescein-
conjugated ConA (green) at 37°C. Cells were fixed and costained with mouse anti-p67. (C) The percentages of ConA fluorescence intensity colocalized
with p67 fluorescence were calculated using an ImageJ plug-in for colocalization analysis. A total of 30 randomly selected cells (excluding those
morphologically defective) from each sample of induced and uninduced cells were subjected to analysis, and percent colocalization was plotted, with error
bars representing standard errors of the means. The experiment was repeated on two independent inductions, and Student’s t test showed a statistically
significant difference between induced and uninduced cells for each induction.
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blotting. Unexpectedly, a significant reduction in the amount of
TbRab21 following 24 h of induction of TbVps23 RNAi was found
(Fig. 8E). These data therefore suggest that TbRab21 expression
levels are dependent on TbVps23 and indicate an intimate con-
nection between TbRab21, TbRab28, and TbVps23.

DISCUSSION

To extend understanding of the roles of Rab GTPases in T. brucei,
and to more fully characterize the levels of complexity within the
trypanosome endomembrane system and to determine the level of

conservation of function of Rab21 across eukaryotes, we investi-
gated the location and functions of trypanosome Rab21. We
elected to examine the roles of TbRab21 in turnover of surface
proteins as well as in trans effects on protein stability in compari-
sons between TbRab21 and additional components of the try-
panosome endomembrane system.

Little is known of Rab21 function in any organism, beyond its
being assigned to an early endocytic step and probably acting
slightly later than Rab5, together with its influence on the traffick-
ing of several lineage-specific endomembrane/surface proteins

FIG 8 Membrane recruitment of TbRab21 is independent of TbRab5A but depends on TbVps23. (A) BSF TbRab5A knockdown cells were transfected with
HA-TbRab21 and induced for 36 h to deplete TbRab5A. Cells were fixed and labeled with monoclonal anti-HA antibodies followed by anti-mouse Alexa Fluor
568-labeled antibodies. DNA was counterstained using DAPI. (B) Western blots showing HA-TbRab21 and TbClathrin, following knockdown of TbRab5A. (C)
IFA of the internal pool of ISG75 in TbRab5A RNAi cells. (D) Level of endosomal ISG75 quantified in TbRab5A RNAi cells by IFA. A total of 30 randomly selected
induced and uninduced cells were counted under nonsaturating conditions using Metamorph software. (E) TbVps23 knockdown cells expressing recombinant
HA-Rab21 and IFA of induced and uninduced cells. (Inset) Total amount of HA-tagged TbRab21 quantified by Western blotting, following knockdown of
TbVps23. (F) Quantification of endosomal TbRab21 by IFA and total TbRab21 by Western blotting after 24 h of TbVps23 RNAi treatment. IFA quantification
was done by randomly selecting 30 cells each from �Tet (white bars) and �Tet (gray bars) cells and determining HA-Rab21-related fluorescence using
Metamorph. �Tet data are expressed as percent �Tet, whereas the error bars denote standard errors of the means. The total quantity of HA-TbRab21 in �Tet
cells is plotted as percent �Tet. Student’s t test showed statistically significant differences in the levels of expression of HA-tagged TbRab21 after TbVps23
knockdown.
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(24, 27, 29). Comparative genomics revealed the presence of
Rab21 in members of all eukaryotic supergroups but with many
secondary losses, suggesting both an ancient origin and a probable
presence in the LECA (21, 61). The vast majority of metazoan
species retain Rab21, but it is not found in any of the sequenced
fungi or apicomplexans (21, 61). The absence of Rab21 from Api-
complexa is consistent with a general trend of minimization of
trafficking components in these parasites (50, 62). Similarly, fungi
are also known to encode a limited cohort of Rab proteins in spite
of their saprophytic lifestyle and occasional multicellularity (63).
Therefore, we suggest that Rab21 is unlikely to mediate a mainline
pathway but is more likely to participate in an elaboration or dif-
ferentiation of a trafficking route.

In trypanosomes, Rab21 was found on both early and late endo-
somes, partially colocalizing with TbRab5A and with the late endo-
somal/MVB components TbRab28 and TbVps23. TbRab21 was
clearly not present on recycling/exocytic endosomes, the Golgi com-
plex, or the lysosome. While these localization data were insufficient
to fully assign TbRab21 to a specific endosomal subpopulation or
domain, gene silencing revealed that TbRab21 was indispensable for
cell survival. Loss of TbRab21 resulted in a partial prelysosomal
blockade to trafficking, as indicated by altered localizations of endo-
cytic cargo molecules with the lysosomal marker p67 and intracellular
ISGs. These data are consistent with the Homo sapiens Rab21 ortho-
logue, where overexpression of the GTPase-inactive TN mutant
resulted in reduced movement of cargo to lysosomes. However,
transferrin and ConA uptake following TbRab21 knockdown re-
mained unperturbed, in contrast to overexpression of the H. sa-
piens Rab21 TN mutant, where uptake of transferrin and epider-
mal growth factor was reduced, suggesting action at earlier steps in
the endocytic pathway (22). The recycling of transferrin in
TbRab21-depleted BSF cells was also unperturbed, with the re-
sults in this case being similar to H. sapiens Rab21 TN data (22),
suggesting that Rab21 is not involved in recycling of the trypano-
some transferrin receptor. Knockdown of TbRab21 also had no
effect on TbRab5A but resulted in a decrease in the copy numbers
of TbRab28 and TbVps23, late endosomal/MVB components,
suggesting that TbRab21 acts downstream of TbRab5A. Note that
these in trans effects of suppression are not necessarily the result of
direct physical interactions with TbRab21 and may be mediated
by alterations in the endosomal membrane or effects on shared
effector molecules or combinations of these phenomena.

Taken together with earlier work in TbRab5A and -5B, our
data suggest that both members of the Rab5 subfamily are essen-
tial in T. brucei, indicating distinct functions (13). Although
TbRab21 is apparently not involved in bulk membrane endocyto-
sis, this GTPase likely provides an important link between the
early and late endosomes (Fig. 9). Unfortunately, the early onset of
a cytokinesis and proliferative defect following induction of RNAi
of TbRab21 limited functional analysis of the endocytic compo-
nents to an early postinduction time, in most cases earlier than 24
h. Moreover, the secondary effect of TbRab21 knockdown on
TbRab28 levels precluded analysis of the effect of TbRab21 deple-
tion on retrograde pathway, as a range of endosomal defects, in-
cluding retrograde transport, are known following knockdown of
TbRab28 (18). TbRab28 depletion disrupts Golgi morphology,
reminiscent of retromer component TbVps26 knockdown, but
this is not phenocopied in the TbRab21 knockdown (64). Further-
more, TbRab28 knockdown results in loss of the ESCRT-I
TbVps23 component, establishing a link between endosomal Rab

proteins and the ESCRT (18). The depletion of TbRab21 also re-
sulted in loss of TbVps23, but to a lesser extent than was seen with
TbRab28 RNAi, suggesting either an indirect effect via TbRab28
or a direct contribution to the stability of TbVps23. The loss of
TbVps23 following the knockdown of TbRab21 likely explains the
increase in the intracellular pool of ISGs. The idea of a role for
TbVps23 in ISG turnover has been challenged recently (59), but
both in this more recent study and in our own earlier work,
TbVps23 knockdown was insufficient to robustly protect ISGs
from degradation; knockdown of TbVps23 itself protects ISG65
from lysosomal degradation only modestly (50), while protection
for ISG75 was statistically insignificant (53), suggesting the possi-
bility of the presence of alternate pathways or of cryptic ubiquitin
recognition events within the T. brucei ESCRT system that could
substitute for Vps23. Moreover, trypanosomes encode a second
possible Vps23 orthologue, although in this case the level of con-
servation with higher eukaryotes is very poor, and the function of
this protein has not so far been investigated (50).

ESCRT components are highly conserved and are shared from
Archaea to Metazoa, catalyzing the biogenesis of multivesicular
bodies (MVBs) and cytokinesis. On late endosomes, ESCRT com-
ponents recognize ubiquitinated cargo and sort it into intralume-
nal vesicles (ILVs) giving the characteristic appearance to MVBs.
Compared to mammalian systems, a notable difference in T. bru-
cei is the absence of ESCRT-0. ESCRT-0 recruits ESCRT-I, and its
absence suggests the presence of an alternative mechanism(s) for
ESCRT recruitment (50). Although mechanisms regulating endo-
some maturation are well understood (65), the connections with
the ESCRT system remains elusive. SAND-1/Mon1 is an impor-
tant regulatory molecule for conversion of Rab5 to Rab7 and is
capable of timing this event by recognizing PI(3)P, as shown by
disruption of SAND-1/Mon1 endosomal binding in the presence
of the PI(3)K inhibitor wortmannin (66). This timing is impor-
tant, as Rab conversion should happen after the accumulation of
ubiquitinated cargo in ILVs of late endosomes. But this timing

FIG 9 A model linking endosomal Rabs and components of ESCRT and ret-
romer in trypanosomes. Relationships are predicted based on the in trans effect
on protein copy number following RNA interference. Data represent induc-
tion of RNAi against mRNA encoding protein A and assessment of copy num-
bers of protein B. Arrows indicate the interactions where analysis has been
performed, with the arrow pointing from protein A to protein B, and red
indicates that the RNAi resulted in decreased copy numbers. Data suggest a
complex interplay between TbRab21 and TbRab28 and between ESCRT and
retromer but suggest that the network does not extend to the early endocytic
TbRab5A. No direct interactions between the proteins mentioned above have
currently been demonstrated, and it is unknown how these genetic interac-
tions are mediated at the physical level.
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mechanism is not sufficient to regulate ILV formation, as the over-
expression of a GTP-locked Rab5 QL mutant does not affect cargo
sorting or ILV formation (67). Furthermore, Rab7-depleted cells
also form ILVs (68). Therefore, neither inactivation of Rab5 nor
the arrival of Rab7 is sufficient to coordinate MVB formation. T.
brucei Rab28 affects the ESCRT-I component TbVps23 (18), and
results presented here further elaborate this interaction, where
RNAi knockdown of TbRab21 resulted in the loss of both
TbRab28 and TbVps23, while knockdown of TbVps23 resulted in
decreased TbRab21 protein expression. Taken together, these data
suggest that Rab21 and Rab28 could possibly synchronize the
ESCRT assembly/MVB biogenesis and retrograde transport with
endosome maturation. This Rab-ESCRT relationship is presently
indirect, and no direct molecular link has been identified. It can be
speculated that an effector of TbRab21 or TbRab28 interacts with
ESCRT molecules. A similar role is known for Rab7 effector RILP,
which is required for ILV formation and also interacts with
ESCRT-II (69). The existence of such an effector of TbRab21 that
can interact with ESCRT could also explain the loss of TbRab21
following the depletion of TbVps23, as effectors also stabilize their
Rabs in the active form. Clearly, more work is needed in this area
to fully chart the role of ESCRT and Rab proteins in late endocy-
tosis in trypanosomes and to confirm whether the mechanisms at
play here are fully shared with mammalian cells.

The presence of TbRab21 at the late endosome adds to the
complexity of the degradative arm of the trypanosome endocytic
system, which is now known to require at least six Rab GTPases
(Rab4, Rab5A, Rab5B, Rab7, Rab21, and Rab28) for correct func-
tioning. Interactions with a growing number of non-Rab compo-
nents of the ESCRT and retromer systems are being identified, and
mapping the evolution of regulation of these GTPases will clearly
be an important goal for understanding how Rabs have contrib-
uted to the sculpting of the eukaryotic endomembrane system.
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