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Phosphoinositides are important regulators of numerous
cellular functions. The yeast class III phosphatidylinositol
3-kinase Vps34p, and its human orthologue hVPS34, are
implicated in control of several key pathways, including
endosome to lysosome transport, retrograde endosome to
Golgi traffic, multivesicular body formation, and autophagy.
We have identified the Vps34p orthologue in the African
trypanosome, TbVps34. Knockdown of TbVps34 expression
by RNA interference induces a severe growth defect, with a
post-mitotic block to cytokinesis accompanied by a variety of
morphological abnormalities. GFP2xFYVE, a chimeric pro-
tein that specifically binds phosphatidylinositol 3-phosphate,
localizes to the trypanosome endosomal system and is delo-
calized under TbVps34 RNA interference (RNAi), confirming
that TbVps34 is an authentic phosphatidylinositol 3-kinase.
Expression of GFP2xFYVE enhances the TbVps34 RNAi-as-
sociated growth defect, suggesting a synthetic interaction via
competition for phosphatidylinositol 3-phosphate-binding
sites with endogenous FYVE domain proteins. Endocytosis of
a fluid phase marker is unaffected by TbVps34 RNAi, but
receptor-mediated endocytosis of transferrin and transport
of concanavalin A to the lysosome are both impaired, con-
firming a role in membranous endocytic trafficking for
TbVps34. TbVps34 knockdown inhibits export of variant sur-
face glycoprotein, indicating a function in exocytic transport.
Ultrastructural analysis revealed a highly extended Golgi
apparatus following TbVps34 RNAi, whereas expression of
the Golgi marker red fluorescent protein-GRASP (Grp1 (gen-
eral receptor for phosphoinositides-1)-associated scaffold
protein) demonstrated that trypanosomes are able to dupli-
cate the Golgi complex but failed to complete segregation
during mitosis, despite faithful replication and segregation of
basal bodies and the kinetoplast. These observations impli-
cate TbVps34 as having a role in coordinating segregation of
the Golgi complex at cell division.

Phosphatidylinositol (PI)3 is a relativelyminor component of
lipid membranes in most cells, making up �8% of total phos-
pholipid. Site-specific phosphorylation of the phosphatidylino-
sitol head group at distinct subcellular locations is an important
cellular mechanism for targeting cytosolic proteins to specific
membrane subdomains and is a crucial aspect ofmultiple signal
transduction and vesicular transport pathways (1). PI 3-kinases
are involved in the regulation of a broad range of processes
including mitosis, cytoskeletal organization, apoptosis, and
membrane trafficking (2, 3).
Metazoan cells possess three classes of PI 3-kinase. Class I

enzymes phosphorylate PI 4-phosphate and PI 4,5-bisphos-
phate and are signaling PI 3-kinases acting primarily at the
plasmamembrane and activated, for example, by tyrosine phos-
phorylation following mitogenic stimulation or by heterotri-
meric G-protein signaling (4, 5). Class II kinases are less well
studied but have similar substrate specificity to class I enzymes
and are also involved in signaling. Class II kinasesmay addition-
ally function in clathrin-mediated endocytosis (6, 7). Class III PI
3-kinases are all related to the yeast vacuolar sorting protein
Vps34p and, unlike the class I and II enzymes, appear to be
universal across eukaryotic evolution (2, 8).
Class III PI 3-kinases mediate phosphorylation of PI to pro-

duce PI (3)P and have an evolutionarily conserved role in late
endosomal transport. Yeast Vps34p regulates transport to the
vacuole, whereas the human class III PI 3-kinase, hVPS34, is
required for multivesicular body morphogenesis and for trans-
port of lysosomal proteins (9–11). Class III PI 3-kinases have
been implicated in a variety of processes, one of the best under-
stood being their role as downstream effectors of the small
GTPase, Rab5, in endosomal membrane fusion. The main site
of PI (3)P production is at the endosomal membrane in mam-
malian cells, but high levels are also found in the lumen of the
yeast vacuole (12). Yeast Vps34p exists in a complex with a
myristoylated, WD40 domain-containing protein kinase,
Vps15p (13). The mammalian homologue of Vps15p, adaptor
protein p150, binds to the active, GTP-bound form of Rab5,
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targeting both protein and PI 3-kinase to early endosomes and
leading to the Rab5-dependent generation of PI (3)P on endo-
somal membranes (14). Endosomal fusion in turn is promoted
by the recruitment of the tethering factor EEA1, which binds to
PI (3)P via a FYVE (FAB1-YOTB-Vac1-EEA1) domain (15, 16).
EEA1 also interacts with numerous factors on both donor and
acceptor membranes including Rab5 and syntaxins 6 and 13,
allowing formation of oligomeric complexes that drive mem-
brane fusion (17, 18). A similar process governs endosomal
fusion in yeast, with Vac1p and Ypt31p taking the places of
EEA1 and Rab5, respectively (19). Class III PI 3-kinases are not
only required for vacuolar transport in yeast andmultivesicular
body formation in mammals but have also been implicated in
the processes of retrograde endosome to trans-Golgi network
(TGN) trafficking, via direct binding to retromer, and in auto-
phagy (3, 20, 21). Additionally, in human cells hVPS34 interacts
with Rab7 on late endosomes and is regulated by that GTPase
(22).Overall, Vps34 has amultitude of functions and is a central
coordinating factor of the endomembrane system.
The flagellated protozoan parasite Trypanosoma brucei has

one of the better understood endomembrane systems among
the highly divergent eukaryotes (23, 24). Themammalian infec-
tive bloodstream form (BSF) possesses a very active endocytic
system responsible for maintenance of the protective variant
surface glycoprotein (VSG) coat, uptake of nutrients, and
removal of surface bound antibodies (24). The parasite is highly
polarized, with all uptake and secretion restricted to an invagi-
nation at the base of the flagellum termed the flagellar pocket.
Studies of VSG turnover have revealed an efficient recycling
system in which all of the surface protein, receptor-bound, and
fluid phase cargo are endocytosed via clathrin-coated vesicles
and then sorted in a tubular endosomewith the bulk of theVSG
returning rapidly to the surface (25, 26).T. brucei expresses two
Rab5 GTPases, TbRAB5A and TbRAB5B, which are associated
with distinct cargos (27). Although these two proteins appear to
have subtly distinct functions, both are essential for survival
and are required for maintenance of endocytic function (28).
No downstream effectors have been identified for either
TbRAB5A or TbRAB5B, and their mechanisms of action are
unknown. The presence of at least 12 FYVE domain proteins in
the T. brucei genome, all with orthologues in other kinetoplas-
tid genomes, suggests that PI (3)P production is important in
the regulation of cellular functions in trypanosomatids. Here
we describe the identification and functional analysis of
TbVps34, the trypanosome orthologue of Vsp34; in particular
we uncovered anunexpected role forTbVps34 in segregation of
the Golgi apparatus at cytokinesis.

MATERIALS AND METHODS

Bioinformatics—TbVps34 was identified by BLAST analysis
by screening human and yeast PI 3-kinase protein sequences
against the T. brucei data bases at GeneDB (www.genedb.org)
and the TIGR T. brucei genome project (www.tigr.org.tdb/
mdb/tdb/). Orthologywas confirmed by reverse BLAST. Align-
ments and phylogenetic analysis were performed between
TbVps34 and Vps34-related sequences from NCBI and
GeneDB using ClustalW.

Cell Lines and Culture—The tetracycline-inducible trypano-
some cell line BSF 90–13 was routinely cultured in HMI-9
medium supplemented with 10% tetracycline-free fetal bovine
serum (Autogen Bioclear). To maintain the tetracycline
responsive phenotype cells were grown in the continuous pres-
ence of 5 �g/ml hygromycin B and 2.5 �g/ml geneticin (both
from Sigma). The cells were maintained at concentrations
between 1� 104 and 2� 106ml�1. For growth curves, triplicate
cultures were initiated at 1 � 105 ml�1 with or without tetra-
cycline at a concentration of 1 �gml�1. Cell concentration was
determined using a Z2 Coulter counter (Beckman).
Plasmids and Transfection—A fragment of the TbVps34

sequence selected and verified by RNAit (29) was amplified by
PCR with the primers CGGGATCCGGTTGCTGTTCAAAG-
TGGGT and GGAAGCTTGTGCCTCCACCATTTCCTTA
and cloned into BamHI/HindIII-digested p2T72Ti (gift of
Doug LeCount). Tetracycline-responsive BSF 90–13 cells
were transfected with NotI-digested p2T72Ti�TbVps34 by
electroporation, incubated for 6 h, and then selected for 1
week with 2.5 �g ml�1 phleomycin. The cells were main-
tained thereafter in the presence of phleomycin. RNAi was
induced by incubation with 1 �g ml�1 tetracycline.
GFP2xFYVE excised from pEGFP2xFYVE (gift from Harald
Stenmark) was inserted into pHD1034 (gift of Christine
Clayton) via HindIII/BamHI sites. pHD1034�RFP-GRASP
was derived from pXS5�RFP-GRASP (originally a gift from
Graham Warren). pHD1034 constructs were digested with
NotI and transfected into p2T72TI�TbVps34 cells by electro-
poration. The cells were incubated for 6 h, then puromycin
(0.1 �g ml�1) was added, and the cells were selected for 1
week.
Immunofluorescence—For p67 immunofluorescence, the

cells were fixed in 4% paraformaldehyde, adhered to poly-L-
lysine slides (Sigma), and permeabilized with 0.1% Triton
X-100. The slides were blocked with 10% goat serum in PBS.
For staining of p67, the slides were incubated in monoclonal
antibody 280 (gift of Jay Bangs) diluted in blocking buffer con-
taining 0.02% sodium azide for 1 h at room temperature. For
basal body and paraflagellar rod staining, the cells were air dried
onto slides and fixed in methanol at �20 °C. The slides were
blocked with 3% BSA in PBS and then incubated for 1 h with
BBA4 or PFR-A monoclonal antibody in PBS/BSA (gift of
Keith Gull). After washing with PBS, the slides were incu-
bated with Oregon Green- or Texas Red-conjugated goat
anti-mouse IgG (Molecular Probes) for 1 h at room temper-
ature. The slides were washed and mounted with Vectashield
containing DAPI (Vector Laboratories). The cells were exam-
ined under a Nikon Eclipse E600 microscope, and images were
captured using a Photometrix Coolsnap FX camera and pre-
pared with Adobe Photoshop 7.0.
Fluid Phase Uptake—Fluid phase uptake was monitored

using Alexa Fluor 488 dextran 10000 (Molecular Probes) as
described (30). Briefly, RNAi was induced by incubation for
18 h with 1 �g ml�1 tetracycline, and the cells were harvested
and resuspended at a concentration of 1 � 108 cells ml�1 in 50
�l of freshmedium. Labeled dextran was added to a concentra-
tion of 5 mg ml�1, and the cells were incubated for various
times at 37 °C. Uptake was stopped by the addition of 1 ml of
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ice-cold HMI9medium, and the cells were washed once at 4 °C
before fixing for 1 h at 4 °C in 4% paraformaldehyde. The cells
were adhered to slides, mounted, and examined immediately.
The imageswere captured as described above. For quantitation,
the images were taken under nonsaturating conditions using
identical exposure times. Fluorescence intensity was deter-
mined using Metamorph Imaging software.
Transferrin Uptake—Uptake of FITC-transferrin (Molecular

Probes) was performed as described (28). RNAiwas induced for
18 h, and the cells were harvested and washed once in serum-
free HMI9 medium containing 1% BSA. The cells were resus-
pended in HMI9/BSA at a concentration of 1 � 107 ml�1 and
incubated at 37 °C for 20 min. FITC-transferrin (100 �g ml�1)
was added, and the cells were incubated at 37 °C for various
times. Uptake was stopped by the addition of 1 ml of ice-cold
HMI9 medium, and the cells were washed once at 4 °C before
fixing for 1 h at 4 °C in 4% paraformaldehyde. The cells were
adhered to slides, mounted, and examined immediately. The
images were captured and fluorescence intensity was quanti-
fied as described above.
Uptake of Concanavalin A—The cells were harvested and

washed once in serum-free HMI9 medium containing 1% BSA.
The cells were resuspended inHMI9/BSA at a concentration of
1� 107ml�1 and incubated at 4 °C or 37 °C for 20min. Biotin or
FITC-conjugated ConA (100 �g ml�1) (Vectalabs) was added,
and the cells were incubated for a further 30 min. Uptake was
stopped by placing the cells on ice. The labeled cells were
washed in HMI9/BSA at 4 °C, then fixed with 4% paraformal-
dehyde for 1 h, and adhered to slides as described above. For
p67 co-localization, the cells were permeabilized by incubation
with 0.1% Triton X-100. For GPF2xFYVE co-localization, the
cells were permeabilized with 0.05% saponin. The slides were
blocked as described, and biotinylated ConA was detected by
incubating for 1 h at room temperature with Texas Red-conju-
gated streptavidin (Vectalabs). The slides were either mounted
immediately or counterstained with antibody as described.
Wortmannin Treatment—Cells expressing the GFP2xFYVE

construct were incubated in liquid culture with wortmannin
at a range of concentrations and times of exposure (0.01–30
�M and 30–120 min), and the location of the GFP construct
was assessed after preparation for immunofluorescence as
described above. Wortmannin stock was freshly prepared by
dissolving the solid in dry Me2SO.
ElectronMicroscopy—For transmission electronmicroscopy,

the cells were fixed in suspension by adding chilled 5% glutar-
aldehyde (TAAB) and 8%paraformaldehyde (Sigma) in PBS in a
1:1 ratio to the growth medium containing trypanosomes. The
cells were fixed on ice for 10min and centrifuged at 10,000 rpm
for 5 min in 2-ml microcentrifuge tubes, and the supernatant
was carefully replaced with fresh fixative for a further 50 min
without disturbing the pellet, rinsed in 0.1M sodiumcacodylate,
and post-fixed in 1% osmium tetroxide (TAAB) in same buffer
at room temperature for 1 h. After rinsing in buffer, the cells
were then dehydrated in an ethanol series, adding 1% uranyl
acetate at the 30% stage, followed by propylene oxide, then
embedded in Epon/Araldite 502 (TAAB), and finally polymer-
ized at 60 °C for 48 h. Sections were cut on a Leica Ultracut T
ultramicrotome at 70 nm using a diamond knife, contrasted

with uranyl acetate and lead citrate, and examined on a Philips
CM100 transmission electron microscope.
VSG Exocytosis—Export was monitored as described (31).

Briefly, 5 � 107 mid-log phase BSF cells were washed once in
labeling medium (Met/Cys-free Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% dialyzed fetal calf
serum and Hepes, pH 7.4), resuspended in 1 ml of labeling
medium, and incubated at 37 °C for 15 min. The cells were
pulse labeled at 37 °C for 7 min with Promix at a concentration
of 200 �Ci ml�1, then diluted 1:10 with prewarmed complete
HMI9, and chased for up to 1 h at 37 °C. At intervals during the
chase, aliquots of cells were removed from the sample and
placed on ice. Following centrifugation in a microcentrifuge
(20,000 � g at 4 °C), cell pellets were washed once in 1 ml of
ice-cold PBS/1 mg ml�1 BSA and resuspended in 920 �l of
hypotonic lysis buffer. After 5min on ice, the lysates were incu-
bated at 37 °C for 10 min to enable GPI-specific phospholipase
C to convert susceptible membrane form VSG to soluble VSG.
The lysates were centrifuged for 10 min at 20,000 � g at 4 °C,
and 900 �l of supernatant was retained. The pellet fraction was
washed in ice-cold hypotonic lysis buffer, then resuspended in 1
ml of ice-cold sample lysis buffer, and incubated on ice for 25
min. 90 �l of 10� sample lysis buffer and 10 �l of Nonidet P-40
was added to the supernatant fraction to bring the buffers to
equivalence. The lysates were clarified by centrifugation for 15
min (20,000 � g, 4 °C). Labeled VSG was recovered from the
supernatants by incubation for 1 h at 4 °C with ConA-Sepha-
rose 4B in the presence of 1 mM CaCl2, 1 mM MnCl2. After
washing, the samples were resuspended in sample buffer and
loaded onto 10% SDS-PAGE gels at 1 � 105 cell equivalents/
lane. Fixed, stained gels were treated for 1 h with EnH3ance
(PerkinElmer Life Sciences) and autoradiographed. Image
intensity was quantified using imageJ software.
Semi-quantitative RT-PCR—The Cells were incubated for

24 h in the presence or absence of 1 �g ml�1 tetracycline then
5� 107 cells were harvested and washed once in PBS. RNAwas
extracted using TRIzol reagent (Invitrogen), precipitated with
isopropanol, ethanol-washed, resuspended in diethyl cyano-
phosphonate-treated water, and stored at a concentration of
0.5–1 mg ml�1 at �80 °C. Semi-quantitative RT-PCR was per-
formed using the Titan One-Tube RT-PCR system (Roche
Applied Science) (32). TbVps34 message was detected using
the primers AAACGAATGGAACTTGCCAC (forward) and
CATAGCCGCTGTGTATCCCT (reverse), designed to
amplify a segment of the TbVps34 gene distinct from the frag-
ment used for RNAi. As a control, primers specific for �-tubu-
lin, CAGAGAAGGCCTACCACGAG (forward) and CTCT-
TCCATACCCTGACCGA (reverse) were used. Assays for
TbVps34 contained 400 ng of RNA, and those for �-tubulin
contained 100ng of RNA. For the reverse transcription step, the
sampleswere incubated at 50 °C for 30min and then at 94 °C for
2 min. For amplification, the samples were incubated at 94 °C
for 30 s, 56 °C for 30 s, and 68 °C for 30 s for 30 cycles followed
by a 7-min extension at 68 °C. Cycling conditions were opti-
mized to ensure concentration dependence of amplification,
and the absence of contaminating genomic DNA was con-
firmed by omission of the reverse transcription step (not
shown). Similar resultswere obtained in duplicate experiments.
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Yeast Complementation—The full-lengthTbVPS34ORFwas
amplified by PCR with the following primers: forward TATT-
GAATTCATGGCCACGAACGAGGACand reverseTATAC-
TCGAGTGTGAGCCTTTAGGC, and inserted into EcoRI and
XhoI sites in the pYES2Ct expression vector polylinker (2�,
URA3; Invitrogen). The yeast Vps34 knockout strain, SEY6210
�vps34::TRP1 was transformed with empty vector pYES2Ct or
pYES2CtTbVPS34. Yeast Vps34 PI 3-kinase complementation
by TbVPS34 was confirmed by spotting serial dilutions of yeast
cells, initially calibrated by optical density, carrying empty
pYES2Ct vector or pYES2CtTbVPS34 on synthetic selective
media plates (DO-TRP/URA). The plates were incubated for 4
days at 37 °C.

RESULTS

TbVps34 Is a Class III PI 3-Kinase—The T. brucei genome
data base GeneDB contains 14 open reading frames (ORFs)
encoding proteins with predicted phosphatidylinositol kinase
domains (see supplemental Table S1). Of these, eight show
some level of homology to PI 3-kinases. However, the presence
of FRAP, ATM, TRAPP/FRAP, ATM, TRRAP, C-terminal
domain (FAT/FATC) accessory domains places six of these in
the category of the target of rapamycin (TOR)-related atypical
protein kinases, a family of protein kinaseswith lipid kinase-like
catalytic domains that lack demonstrable ability to phospho-
rylate lipid substrates. Membership of this distinct subgroup is
confirmed by phylogenetic analysis of the aligned proteins
(supplemental Fig. S1A). Of the remaining two ORFs with a PI
3-kinase-like domain, one (Tb11.01.6980, accession number
EAN80479) is an unusual kinase with a catalytic domain most
similar to a PI 3-kinase combined with a PI (3)P-binding FYVE
domain and a putative transmembrane sequence. However, the
degree of conservation is relatively weak, sharing only 18%
identity with mammalian PI 3-kinases in the kinase domain.
Alignment suggests a closer homology to the atypical protein
kinases than to genuine PI kinases (supplemental Fig. S1A).
Therefore, this protein cannot be assigned with confidence to
any particular PI kinase subfamily. Based on comparison of
sequences, it seems likely that T. brucei, like yeast, possesses
only one genuine PI 3-kinase, Tb927.8.6210 (accession number
AAX69336), present as a single copy on chromosome eight.
The Tb927.8.6210 gene encodes a 949-amino acid protein

with a very high level of homology to Vps34 by BLAST analysis
against the nonredundant data base (p � 1.5e�87) (Fig. 1 and
supplemental Fig. S1). Orthology was confirmed by reverse
BLAST against Homo sapiens and Saccharomyces cerevisiae
genome sequences. The TbVps34 protein sequence shares the
Class III PI 3-kinase domain structure, with an N-terminal C2
domain (residues 109–252), an accessory domain (residues
357–547), and a C-terminal kinase domain (residues 694–891)
(Fig. 1A). The catalytic domain shares 43% identity and 63%
similarity with the human Vps34 homologue, but only 32%
identity and 51% similarity with humanClass II PI 3-kinase and
29% identity and 49% similarity with the Class I PI 3-kinase
�-chain. In particular, the activation loop sequence between
residues 826 and 836 ofTbVps34,which confers substrate spec-
ificity, indicates a Class III enzyme (33). Further, a critical lysine
residue within the active site (Lys720 in Tb927.8.6210 in supple-

mental Fig. S1B) that is essential for kinase activity and is
covalentlymodified bywortmannin inmammalian PI 3-kinases
is also conserved. Likewise the accessory and C2 domains are
characteristic of Class III PI 3-kinases. The gene encoding the
next closest homologue in T. brucei, Tb927.4.1140, lacks any
obvious accessory domains, only shares a 30% identity with the
hVPS34 kinase domain, and is more similar to a PI 4-kinase
than a PI 3-kinase. Phylogenetic analysis shows that the T. bru-
cei PI 3-kinase forms part of a protist-specific clade of Vps34-
like genes from other kinetoplastid parasites (Fig. 1B) and indi-
cates that the Vps34 family is present throughout the
eukaryotes. Further, the major binding partner of Vps34p,
Vps15p (or p150 in metazoa), which is required for func-
tion, can also be recovered from the T. brucei genome
(Tb11.01.0930, accession number XM823891) and is ortholo-
gous to S. cerevisiaeVps15 by reverse BLAST (data not shown).
Based on the sequence data, Tb927.8.6210 is most likely to be a
lipid kinase that phosphorylates PI at position 3 to produce PI
(3)P and to function in vesicle trafficking rather than signal
transduction, andwe propose that the product of Tb927.8.6210
be called TbVps34p.
TbVps34 Is Required for Normal Growth of Bloodstream

T. brucei—The function of TbVps34 was addressed using RNA
interference. Tetracycline-inducible BSF cells were transfected
with the RNAi plasmid p2T7Ti (34) containing a fragment of
the TbVps34 gene. Induction of TbVps34 RNAi with tetracy-
cline led to a rapid and profound inhibition of growth (Fig. 2A).
Semi-quantitative RT-PCR showed an almost complete loss of

FIGURE 1. TbVps34 is a Class III PI 3-kinase. A, domain structure of the
T. brucei Vps34 phosphatidylinositol kinase orthologue (TbVps34) identified
by BLAST analysis of kinases against the Conserved Domain data base fol-
lowed by ClustalW alignment. The numbers indicate percentages of identity
and similarity to the human Class III PI 3-kinase orthologue for each domain as
defined by ClustalW alignment (C2 in green, accessory domain in blue, and
catalytic domain in red). B, phylogenetic tree of Class III PI 3-kinases based
on ClustalW alignments using the neighbor-joining method with 1000
bootstraps.
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TbVps34 expression by 24 h of induction, whereas tubulin lev-
els remained constant (Fig. 2B). Lightmicroscopic examination
showed a variety of morphological abnormalities (Fig. 2C) that
became more severe with increased time under RNAi. Exami-
nation of DAPI-stained slides revealed a progressive fall in the
proportion of cells in S phase and an increase in cells with two
nuclei and two kinetoplasts 24 h after induction (Fig. 2D). By
48 h abnormal cells with multiple nuclei or lacking either the
nucleus or kinetoplast are common. This suggests that cells are
able to progress through mitosis but are blocked in cytokinesis
and also have organelle segregation defects.
Ultrastructural analysis of induced cells showed that

enlargement of the flagellar pocket, a common feature of
cells defective in endocytosis, is present in �10% of induced
cells (Fig. 2E). However, the effect is neither as pronounced
nor as common as that in cells where endocytosis is specifi-
cally blocked (31). Amore remarkable feature is the presence
of vesicles and inclusions within the flagellar pocket, some of
which contain paracrystalline material, similar in appearance
to the paraflagellar rod (arrows). Staining of cells for the
paraflagellar rod protein PFR-A showed that although unin-
duced cells have a uniform distribution of PFR-A along the
length of the flagellum, there is an unusual accumulation of the
protein within the flagellar pocket (Fig. 2F) in many induced
cells. A similar pattern of staining was seen with anti-VSG anti-
bodies (supplemental Fig. S3), indicating an unusual accumu-
lation of both plasma membrane and flagellar proteins in the
flagellar pocket. This is reminiscent of the membrane blebbing
and microvesicle extrusion seen in kinetoplastids treated with
drugs such as the lysolipid drug edelfosine, which is a known
inhibitor of PI 3-kinase activity (35, 36). This distinctive pheno-
type was not inducible by RNAi of the other identified PI
kinases of T. brucei (data not shown) and suggests multiple
roles for TbVps34 in the maintenance of cell function.
TbVps34 Is an Authentic PI 3-Kinase—PI (3)P is present at

extremely low levels in most cells, making direct measurement
of PI 3-kinase activity in the trypanosome difficult, whereas
expression of Vps34 polypeptides in bacteria usually results
in insoluble and inactive protein. Therefore, we used several
alternative approaches. First, we used the trypanosome
Vps34 ORF to complement a S. cerevisiae Vps34 knockout
strain, SEY6210�vps34::TRP1, that is temperature-sensitive
for growth (68). Because Vps34p is the only PI 3-kinase pres-
ent in S. cerevisiae and the lipid kinase activity of Vps34p is

required for function, this assay represents a highly stringent
assessment of the ability of TbVps34p to act as a PI 3-kinase.
Expression of TbVps34 from the pYES2 plasmid restored the
ability of SEY6210�vps34::TRP1 cells to grow at 37 °C,
whereas transfection with the empty vector did not (Fig. 3),
indicating that the TbVps34 gene product indeed possesses
PI 3-kinase activity. Further, we directly addressed the effect
of TbVps34 RNAi on cellular PI (3)P levels. The fluorescent
probe GFP2xFYVE, containing GFP fused to a tandem repeat
of the FYVE domain from the H. sapiens HRS protein, has
been used to localize PI (3)P within the cell (12). This is a
highly specific probe that is used widely and is the method of
choice for monitoring PI (3)P production, especially in live
or fixed cells (37). GFP2xFYVE only recognizes PI (3)P and
does not interact with the inositol head group phosphoryla-
ted at positions 4 and 5 or with any of the multiply phospho-
rylated forms. In mammalian cells, the protein is targeted to
the early endosome. By electronmicroscopy, 2xFYVE probes
can be localized to the endosome and internal vesicles of
multivesicular bodies in fibroblasts and are found primarily
in the vacuole in yeast (12). When expressed in T. brucei,
GFP2xFYVE is associated with compartments between the
nucleus and flagellar pocket, consistent with an endosomal
location (24) and which duplicates at mitosis (Fig. 3A). Over-
lap with endocytosed concanavalin A, under conditions that
specifically label the flagellar pocket and lysosome (38), sug-
gests that the majority of the GFP signal is associated with a
late endosomal and/or lysosomal compartment (Fig. 3B).
We initially investigated PI (3)P production by inhibition

of PI-kinases with wortmannin. This irreversible inhibitor
covalently bonds to a critical conserved lysine residue within
the active site of PI kinases (39) that is conserved in
TbVps34. We required greater concentrations of wortman-
nin (3 �M) to perturb GFP2xFYVE location in trypanosomes
than in mammalian cells (IC50 � 4.2 nM for mammalian
cells) but were able to obtain essentially complete loss of the
GFP signal from permeabilized cells (Fig. 3). This suggests
that the parasite protein, although still sensitive to the inhib-
itor, has a reduced sensitivity similar to that reported for
yeast (IC50 � 3 �M) (40). Apart from the modified lysine, the
precise residues in the active site responsible for wortman-
nin binding and activity are not yet defined, making predic-
tion of sensitivity difficult (41). These data indicate that the

FIGURE 2. TbVps34 is required for normal growth and morphology. A, TbVps34 RNAi inhibits growth. BSF 90 –13 cells transfected with p2T72Ti�TbVps34
were incubated with (closed squares) or without (open squares) 1 �g ml�1 tetracycline (TET ) to induce RNAi, and growth of was monitored with a Coulter
counter. Each point represents the mean of triplicate values � S.D. This figure is typical of multiple experiments. B, loss of TbVps34 message in cells induced for
RNAi. RNA was extracted from cells incubated in the presence or absence of 1 �g ml�1 tetracycline for 24 h. TbVps34 and �-tubulin messages were amplified
by RT-PCR as described under “Materials and Methods.” Control experiments omitting the RT confirmed the absence of contaminating genomic DNA (data not
shown). Similar results were obtained in duplicate experiments. C, TbVps34 RNAi induces a variety of morphological abnormalities. p2T72Ti�TbVps34 cells were
incubated in the presence (�TET ) or absence (�TET ) of 1 �g ml�1 tetracycline for 24 h. The cells were harvested, fixed with 4% paraformaldehyde, and stained
with DAPI to show the location of the nucleus and kinetoplast. D, TbVps34 RNAi causes a block in cytokinesis. p2T72Ti�TbVps34 cells were induced for various
times with of 1 �g ml�1 tetracycline then fixed and stained with DAPI as described above. Kinetoplast/nucleus ratios were determined for at least 100 cells for
each time point analyzed. Similar results were obtained in duplicate assays. K, kinetoplast; N, nucleus. OTHER includes zoids (cytoplasts lacking a nucleus),
akinetoplast cells, cells with grossly distorted nuclei containing more than a diploid copy of the genome, and cells with three or more nuclei. E, disruption of the
flagellar pocket induced by TbVps34 RNAi. Electron micrographs of p2T7Ti�TbVps34 BSF induced with tetracycline for 24 h. Note the enlarged flagellar pocket
in the left panel and inclusions in the flagellar pocket in both panels (arrowheads). The inset shows a transverse section through the flagellar pocket and flagellar
axoneme of a control bloodstream stage cell for reference. F, flagellum; FP, flagellar pocket. F, accumulation of PFR-A in the flagellar pocket of cells induced for
TbVps34 RNAi. Immunofluorescence of cells incubated for 24 h with (�TET ) or without (�TET ) 1 �g ml�1 tetracycline before fixation with methanol at �20 °C.
The cells were stained with monoclonal antibody against PFR-A (green) as described under “Materials and Methods” and counterstained with DAPI (blue).
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FIGURE 3. Biosynthesis of PI (3)P by TbVps34. A, localization of GFP2xFYVE in uninduced cells. p2T72Ti�TbVps34 cells co-transfected with pHD1034
containing the PI (3)P probe GFP2xFYVE were fixed with 4% paraformaldehyde and stained with DAPI. The images were captured at various stages of the
cell cycle. B, GFP2xFYVE co-localizes with endocytosed ConA. Uninduced cells were allowed to accumulate biotinylated ConA for 30 min, permeabilized
with 0.05% saponin, stained with Texas Red-streptavidin, and counterstained with DAPI. C, GFP2xFYVE disperses after induction of TbVps34 RNAi. The
cells were incubated in the absence (�TET ) or presence (�TET ) of 1 �g ml�1 tetracycline for 24 h. The cells were either fixed (left panels) or fixed and
permeabilized with saponin (right panels). D, quantitative loss of GFP2xFYVE staining in permeabilized cells after induction of TbVps34 RNAi. Mean
cellular fluorescence for fixed (open bars) or permeabilized (closed bars) cells incubated with or without tetracycline for 24 h. Each bar represents the
mean value for at least 30 cells � S.E. Similar results were obtained in triplicate experiments. The loss of fluorescence in the permeabilized cells is
extremely significant ( p 	 0.0001, unpaired t test). E, expression of GFP2xFYVE enhances the growth inhibitory effect of TbVps34 RNAi. Growth curves
for parental p2T72Ti�TbVps34 cells (open squares) and cells also expressing GFP2XFYVE (closed squares) incubated in the presence (�TET ) or absence
(�TET ) of 1 �g ml�1 tetracycline. Each point represents the mean of triplicate counts � S.D. Similar results were obtained in duplicate experiments. F,
TbVps34 rescues the growth defect of a S. cerevisiae Vps34 knockout. The full-length TbVps34 ORF was amplified by PCR and inserted into EcoRI and XhoI
sites in pYES2Ct and verified by direct DNA sequencing. The S. cerevisiae Vps34 knockout, SEY6210 �vps34::TRP1 is temperature-sensitive for growth,
exhibiting a severe growth defect at 37 °C (68). The SEY6210�vps34::TRP1 yeast strain (kind gift of Dr. Y. Ohsumi, Okazaki, Japan) was transformed with
empty vector, pYES2Ct, or pYES2Ct:TbVps34. Serial dilutions of cells carrying empty vector or expressing TbVps34 were spotted onto selective plates
and grown for 96 h at 37 °C as indicated. The severe growth impairment observed in the SEY6210�vps34::TRP1 cells was rescued by expression of
full-length TbVps34, indicating that T. brucei Vps34 is able to complement S. cerevisiae Vps34 and confirming the gene product as possessing authentic
PI 3-kinase activity. G, inhibition of phosphatidylinositol phosphate synthesis in trypanosomes by wortmannin perturbs GFP2xFYVE localization.
Trypanosomes expressing GFP2xFYVE were cultured in the presence (left) or absence (right) of wortmannin (3 �M, 60 min, 37 °C) and then fixed,
permeabilized, and processed for microscopy. Essentially complete delocalization and loss of the GFP signal (green) is observed in the wortmannin-
treated cells, highly similar to the alterations observed with the TbVps34 knockdown (compare with Fig. 3C). The cells were counter-stained with DAPI
(blue) to mark the nucleus and kinetoplast, and images are shown overlaid with phase in the right panel of each pair. These data confirm the assignment
of function for TbVps34 as a PI kinase made on the basis of primary structure and also that the localization of GFP2xFYVE is dependent on ongoing
phosphoinositide synthesis in trypanosomes. Note that the concentration and time of exposure to wortmannin was systematically tested, and the
concentration used was the minimum dose that produced a clear effect on GFP2xFYVE localization.
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localization of GFP2xFYVE in trypanosomes requires ongo-
ing PI (3)P synthesis.
To further validate TbVps34 as a PI 3-kinase, p2T72Ti�

TbVps34 cells were co-transfected with the constitutive
expression plasmid pHD1034 containing GFP2xFYVE. On
induction of TbVps34 RNAi, the location of GFP2xFYVE
became more dispersed (Fig. 3C). Permeabilization and wash-
ing of uninduced cells has little effect on cellular GFP levels,
indicating stable association of the GFP with internal mem-
branes, but led to a significant fall in GFP fluorescence in
induced cells (p 	 0.01), indicating more efficient extraction of
the GFP in the induced line, suggesting a reduction in PI (3)P
caused by a loss of TbVps34 activity (Fig. 3D). Because PI (3)P is
a comparatively polar lipid, bearing two phosphates in the head
group, preferential extraction bymild detergent treatment is to
be expected. This pattern of loss of GFP2xFYVE detection in
saponin-treated cells is also seen in mammalian cells treated

with wortmannin (12). The failure to completely abolish
GFP2xFYVE localization in some cells suggests that some
residual PI (3)P is present and is probably a reflection of variable
efficiency of the RNAi.
Expression of the 2xFYVE constructs can lead to alterations

in endosomal structure, and high levels compete with EEA1 for
endosomal binding sites (12). To determine whether the probe
was having any effect on the T. brucei BSF, growth rates were
monitored. Uninduced p2T7Ti�TbVps34 cells expressing
GFP2xFYVE show similar growth patterns to the parental line,
suggesting that the effect of the probe isminimal in normal cells
(Fig. 3E). Significantly, when TbVps34 RNAi was induced with
tetracycline, the presence ofGFP2xFYVE increased the severity
of the RNAi growth defect. A higher level of abnormal and dead
cells was seen in affected cultures, reflected in the fall in cell
number after prolonged induction. This increased sensitivity to
RNAi suggests a synthetic interaction between GFP2xFYVE

FIGURE 4. TbVps34 RNAi reduces receptor-mediated uptake of transferrin but not fluid phase endocytosis. A, TbVps34 RNAi does not prevent formation
of clathrin-coated pits. Electron micrograph of a p2T72Ti�TbVps34 BSF cell after 24 h induction with tetracycline, showing a clathrin-coated pit budding from the
flagellar pocket membrane. Budding vesicles were apparent in many of the cells examined. B, fluid phase uptake is unaffected by TbVps34 RNAi. Endocytosis
of Alexa Fluor 488 dextran 10000 in p2T72Ti�TbVps34 cells incubated in the absence (open bars) and presence (closed bars) of tetracycline for 18 h was measured
by quantitative fluorescence microscopy as described under “Materials and Methods.” The values represent the mean fluorescence for at least 30 cells � S.E.
The result is representative of triplicate assays. C, inhibition of transferrin uptake by TbVps34 RNAi. Accumulation of FITC-transferrin in p2T72Ti�TbVps34 cells
incubated in the absence (open squares) and presence (closed squares) of tetracycline for 18 h, quantitated by microscopy as described under “Materials and
Methods.” Each point represents the mean fluorescence for at least 30 cells � S.E. Similar results were obtained in triplicate assays. D, transport of FITC-ConA
to the lysosome is impaired in TbVps34 RNAi. Cells incubated for 24 h in the presence (�TET ) or absence (�TET ) of 1 �g ml�1 were labeled with FITC-ConA
(green) for 30min at 37 °C and counterstained with monoclonal antibody 280 against the lysosomal protein p67 (red). Note the high degree of co-localization
in control cells compared with induced cells. E, quantitation of degree of overlap between p67 and ConA using Metamorph Imaging Software. Each bar
represents the mean co-localization for at least 10 cells � S.E. Similar results were obtained in multiple experiments.
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and TbVps34 that is probably the result of increased competi-
tion for binding sites between the probe and endogenous FYVE
domain proteins as PI (3)P levels become limited. Taken
together these observations confirm that TbVps34 is a class III
PI 3-kinase; moreover, the nearly complete loss of GFP2xFYVE
membrane localization is also consistent with TbVps34 as the
only major PI 3-kinase activity in the trypanosome.
TbVps34 RNAi Interferes with Receptor-mediated Transport

in BSF Trypanosomes—Although some cells induced for
TbVps34 RNAi exhibit enlargement of the flagellar pocket (Fig.
2E), clathrin-coated vesicles budding from the pocket are
clearly visible in the majority of cells examined by electron
microscopy (Fig. 4A), showing that the early stages of endocy-
tosis remain functional. To determinewhether loss of TbVps34
is involved in later stages of the endocytic pathway, fluid phase
uptake of dextran and receptor-mediated endocytosis of trans-
ferrin were examined by fluorescent microscopy. Uptake of the
fluid phase marker, Alexa Fluor 488 dextran 10000, is unaf-
fected by induction of TbVps34 RNAi (Fig. 4B), but accumula-
tion of transferrin was partially blocked (Fig. 4C). Fluid phase
andmembrane-bound cargo are taken up into the cell together
but are rapidly sorted into distinct compartments. Most trans-
ferrin entering the cell is rapidly recycled from the early endo-
some (42), but a proportion is transported to the late endo-
some/lysosome (43). To determine whether TbVps34 regulates
intracellular transport of surface-bound proteins to terminal
endocytic compartments, the cells were labeled with FITC-
Concanavalin A and co-stained for the lysosomal marker p67
(44) (Fig. 4D). In untreated cells, some concanavalin A can be
seen at the flagellar pocket, but most co-localizes with p67.
After induction of TbVps34 RNAi, co-localization with p67 is
significantly reduced (Fig. 4E). These results confirm a specific
role for TbVps34 in the later stages of receptor-mediated
endocytosis.
TbVps34 RNAi Blocks VSG Export—In S. cerevisiae, in addi-

tion to its role in vacuolar transport, Vps34p regulates retro-
grade traffic from the endosome to the TGN, and indeed a
proportion of Vps34p/Vps15p complex is located at the yeast
TGN. To determine whether TbVps34 has any function in the
trypanosome secretory pathway, the effect of TbVps34 RNAi
on the export of themajor surface protein VSGwasmonitored.

FIGURE 5. TbVps34 RNAi interferes with VSG export and Golgi segrega-
tion. A, p2T72Ti�TbVps34 cells were incubated for 24 h in the presence or absence
of 1 �g ml�1 tetracycline. VSG export in 35S pulse-labeled cells was monitored by
the appearance over time of soluble VSG in hypotonic lysates incubated at 37 °C
to allow GPI-phospholipase C-dependent cleavage of the GPI anchor (45). VSG
was isolated from solubilized pellet and supernatant fractions and separated on a
12% SDS-PAGE gel. The percentage of VSG label in supernatant and pellet frac-
tions was quantitated from autoradiographs using NIH Image at each time point.
The intensity of bands was measured using ImageJ software. B, electron micro-
graphs of p2T72Ti�TbVps34 BSF induced with tetracycline for 24 h. Note the
extended Golgi stacks in induced cells. G, Golgi. C, failure of Golgi segregation in
cells lacking TbVps34 expression. p2T72Ti�TbVps34 cells were transfected with
pHD1034�RFP-GRASP as a probe for the Golgi. The cells were incubated for 24 h
with (�TET ) or without (�TET ) 1 �g ml�1 tetracycline, methanol-fixed, and
stained with DAPI. The images were taken of cells at different stages of the cell
cycle. Note that two Golgi stacks are apparent in uninduced cells at later stages of
the cycle, but only one is detected in induced cells. D, TbVps34 RNAi does not
affect basal body duplication and segregation. The cells co-transfected with
p2T72Ti�TbVps34 and pHD1034�RFP-GRASP were induced for 24 h with 1 �g ml�1

tetracycline, methanol-fixed, and stained with the anti-basal body antibody
BBA4 (green). The cells were counterstained with DAPI.
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The cells were pulsed with 35S, and the acquisition of sensitivity
to endogenous GPI-specific phospholipase C was used as an
indicator of translocation to the surface (Ref. 45; see Ref. 31 for
a detailed validation of this method) (Fig. 5A). The data dem-
onstrate that in uninduced cells themajority of VSG is exported
to the plasma membrane with a half-time of approximately 10
min, but in cells induced for TbVps34 RNAi, a marked propor-
tion of labeled VSG fails to reach the surface during the time of
the experiment. Thus secretory export is impaired when
TbVps34 expression is modulated.
Uncoupling of Golgi and Basal Body Segregation in TbVps34

RNAi—The inhibition of VSG export suggests an important
role for TbVps34 and thus PI (3)P in the secretory pathway.
Electron microscopy revealed that many TbVps34-RNAi-in-
duced cells possess an unusually extended Golgi apparatus,
with an increase to both the number and length of the cisterna
within the stacks (Fig. 5B). To examine the effect of TbVps34
RNAi on the Golgi in more detail, the cells were transfected
with pHD1034 carrying RFP-GRASP, a fusion of RFP with the
full-length TbGRASP, the trypanosome homologue of the
mammalian Golgi matrix protein GRASP55 (46). As expected,
the RFP fusion protein can be clearly seen localized to a single
perinuclear site in uninduced S phase cells (Fig. 5C, first panel).
As previously reported, RFP-GRASP could also be found at the
basal body in some cells (47), but detection of non-Golgi-asso-
ciated GRASP was highly variable in our hands. The Golgi
duplicates in parallel with the kinetoplast prior to nuclear divi-
sion, and the new Golgi segregates with the daughter nucleus
after nuclear division (48). However, after induction of
TbVps34 RNAi, although the Golgi appears to duplicate nor-
mally, as demonstrated by an elongated Golgi spot with a cen-
tral constriction, complete segregation fails to take place, even
though kinetoplast and nuclear division appear to progress
unimpaired (Fig. 5C, lower panels). In untreated cells, 85% of
2K2N cells contained clearly segregatedGolgi (n� 52). By con-
trast, 71% of induced cells at this stage of the cycle possessed a
single, enlarged Golgi (n� 58). Similar results were obtained in
duplicate experiments. Further, a similar defect was also
observed in cells treatedwithwortmannin under the conditions
established for inhibition of PI (3)P synthesis; although 100% of
untreated cells with a 2K1N organelle content had two distinct
RFP-GRASP spots (n � 25), only 58% had separated the Golgi
complex following 1 h of exposure to the inhibitor (n� 50). The
lower frequency of the wortmannin block to Golgi segregation
comparedwith theRNAi is likely due to themuch shorter expo-
sure time for the former condition. In addition, this effect on
RFP-GRASP localization was not seen in knockdown of a
closely related PI 4-kinase-like protein (Fig. S3), suggesting that
the effect of bothTbVps34 andwortmannin treatmentwas spe-
cifically due to the loss of PI (3)P.
The position of the trypanosome Golgi complex is dictated

by the basal body, with the distance between theGolgi and basal
body maintained constant throughout the cell cycle (47). We
noticed that the position of the RFP-GRASP staining in cells
that had failed to segregate the Golgi complex was slightly
altered, and the Golgi appeared closer to the nucleus than in
normal cells, suggesting a potential perturbation of the Golgi-
basal body relationship (Fig. 5, C and D; compare positions of

the nucleus and kinetoplast with Fig. 3,A andG). To determine
whether the failure of cells lacking TbVps34 to segregate the
Golgi properly was due to an effect on the basal body, RFP-
GRASP-expressing cells were stained with the anti-basal body
monoclonal antibody BBA4 (Fig. 5D). Basal body location and
duplication both appear to be unaffected by TbVps34 RNAi.
Thus the processes of Golgi and basal body segregation are
uncoupled by interference with PI 3-kinase activity. These
observations suggest a novel function for phosphatidylinositol
kinases in the control of organelle positioning during cell divi-
sion and imply that the block in cytokinesis associated with
TbVps34 RNAi is the result of a failure of the Golgi to partition
correctly during mitosis.

DISCUSSION

Primary structural analysis places the TbVps34 gene product
as a Class III PI 3-kinase, and based on the effects following
knockdown by RNAi, TbVps34 clearly shares with its mamma-
lian and S. cerevisiae orthologues a central role in vesicular traf-
ficking and endocytosis. Furthermore, complementation of the
yeast Vps34 and specific ablation of membrane association of a
PI (3)P-specific probe, GFP2xFYVE, confirms TbVps34 as a PI
3-kinase and also indicates that it is the major, if not only,
enzyme responsible for PI (3)P generation in trypanosomes.
The lack of a potent effect of TbVps34 RNAi on the earliest
stages of endocytosis, combined with the lysosomal location of
PI (3)P in the trypanosome, indicate that TbVps34 activity is
likely most important for the later stages of endocytosis and
specifically in the transport of cargo taken up by receptor-me-
diated endocytosis to the lysosome, similar to yeast (49). The
observation that fluid phase endocytosis is apparently unaf-
fected byTbVps34RNAi is similar to the situation described for
mammalian cells, where bulk endocytic transport was not
blocked by inhibition of PI 3-kinase activity, but sorting of the
EGF receptor was impaired (50). The involvement of TbVps34
in trafficking to the lysosome thus mirrors the function of
Vps34p in both mammalian and yeast systems (9, 10).
TbVps34 is the only gene encoding a classic PI 3-kinase-like

protein in the T. brucei genome. Like S. cerevisiae, T. brucei
does not appear to possess any class I or class II PI 3-kinase
genes, and therefore it is unlikely that trypanosomes use PI
3-kinase-dependent signaling pathways. However, the genome
does include a number of protein kinases possessing the phos-
phoinositide-binding pleckstrin homology, phox, and FYVE
domains (51, 52).4 None of these kinases has a clearly defined
function at present, although one, ZFK, is involved in regula-
tion of differentiation (52). Several additional and novel FYVE
domain proteins are also encoded by the trypanosome genome,
including a small Ras-like GTPase (53). Thus it remains possi-
ble that TbVps34 contributes to signal transduction by regulat-
ing the localization of protein kinase activity or by a truly
trypanosome-specific mechanism.
The distinctive morphological effects of TbVps34 RNAi,

particularly the changes in the flagellar pocket, are not found
in cells blocked at different points of the endocytic and
secretory pathways by knockdown of Rab proteins or other

4 B. S. Hall and M. C. Field, unpublished observations.
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essential regulators of vesicular traffic (28, 30, 31, 54) and
thus suggest that the kinase may play a wider role in the
control of cell organization. The precise mechanism by
which PFR components become preferentially incorporated
into these flagellar pocket-located membrane-bounded
structures is not known, nor is it known whether there is
involvement of the flagellar pocket in the normal trafficking
of PFR components to the flagellum. However, the potential
that the inhibition of PI (3)P production perturbs normal
flagellar morphogenesis and that the vesicles represent an
abortive attempt to construct a new flagellum, cannot be
discounted. Under such a model, extrusion of a flagellar
membrane without the full complement of internal compo-
nents (i.e. axoneme and PFR) could then result in vesicula-
tion of the membrane, to generate the structures seen here.
Recapitulation of such a phenotype with edelfosine, a PI
3-kinase inhibitor, in Leishmania is also consistent with this
model and suggests a potential role for PI (3)P in flagellar
biogenesis, most likely intraflagellar transport (35, 36). This
would also be consistent with the effects on cytokinesis and
the accumulation of abnormal karyotypes in TbVps34 RNAi
cultures because the flagellum is required for the correct
completion of cell division. Present data cannot completely
rule out an alternative possibility, that a vesicle blebbing
pathway described in other kinetoplastids has become acti-
vated via the depletion of PI (3)P (35, 36). The inhibition of
VSG export suggests potentially an additional role for
TbVps34 in the secretory pathway, likely post-endoplasmic
reticulum transport. However, an alternate explanation, that
this is also a result of the defective flagellar targeting, is also
possible.
There is much evidence to support a role for Class III PI

3-kinases in Golgi function in other systems. S. cerevisiae
Vps34p and its mammalian orthologue regulate retrograde
transport from the endosome to the TGN (20, 55). The PI (3)P-
binding phox domain of sorting nexin 1 is implicated in this
process (56), and the presence of genes for similar proteins in
the T. brucei genome suggests this pathway may also function
within kinetoplastids.4 In addition, in higher eukaryotes PI (3)P
is detectable at Golgi membranes, and some FYVE proteins are
resident in the Golgi complex rather than associating with
endosomal membranes (57), whereas the Vps15/p150 adaptor
protein is also located at the TGN. Furthermore, a complex of
Vps34p andBeclin involved in autophagy is primarily located to
the Golgi (58). A number of studies using the inhibitor wort-
mannin also indicate a function for PI 3-kinases inmaintenance
of the Golgi complex, but interpretation is complicated by the
ability of this drug to block the activity of other PI kinases
involved in secretory transport (59, 60). In this study, using the
GFP2xFYVE probe, we demonstrate that themajority of PI (3)P
is located on endosomal membranes, but the presence of an
additional, but lower abundance, pool on the Golgi complex
cannot be eliminated.
The effect of TbVps34 RNAi on the Golgi complex during

cell division was more unexpected. In budding yeast, Vps34p
null mutants exhibit defective vacuolar segregation, and target-
ing of cargo from the Golgi to the vacuole is affected (9, 49), but
no direct influence on theGolgi has been reported. It is possible

that in mammalian cells there are similar defects to those
observed here; for example wortmannin perturbs interactions
between the Golgi complex and the actin cytoskeleton in Rat
RBL-2H3 cells (61) and also leads to hypertrophy of the Golgi
cisternae (62), but the architecture of the trypanosome Golgi
complexmakesmorphological alterationsmore easily observed
compared with the extended Golgi ribbon in mammalian cells
where such effects may not be apparent. In T. brucei the Golgi
duplicates early in the cell cycle, in parallel with endoplasmic
reticulum export sites, the material for the new Golgi being
derived partly from the endoplasmic reticulum export site and
partly from the old Golgi complex (47, 48). Duplication is
closely linked to the replication of the basal body, the trypano-
some equivalent of the centrosome, and a constant spatial rela-
tionship between Golgi complex and basal body is maintained
even in the presence of inhibitors of nuclear division (47, 48).
The mechanisms underlying these processes are unknown but
are assumed to involve microtubules. Significantly, when
TbVps34 expression is suppressed, the connection between
basal body and Golgi complex replication and positioning is
lost, whereas the Golgi complex also becomes localized rather
closer to the nucleus than in untreated cells. Significantly, both
ultrastructural and fluorescent microscopy data show that
Golgi duplication proceeds normally, whereas the temporal
association with basal body and kinetoplast division appears to
be maintained. Thus the requirement for TbVps34 activity is
most likely restricted to a specific post-replication point in the
cell cycle when the two post-mitotic Golgi complexes separate.
The role of TbVps34 in coordinating Golgi segregation may
involve PI (3)P-dependent targeting of proteins to the Golgi, to
the basal body or to the microtubular network, and a detailed
analysis of phosphoinositide binding proteins will be needed to
distinguish between these possibilities. TbVps34 may also act
by amore indirect route. Several lines of evidence point to a role
for Vps34-like enzymes in the nucleus, with suggested roles in
transcription and telomere length regulation (3, 63). Thus
TbVps34 may have other functions in addition to its role in
vesicular transport.
The observations of TbVps34 function in cytokinesis are

important for several reasons. First, the specific block in Golgi
segregation points to a novel role for PI 3-kinases in control of
organelle partitioning. Second, the data demonstrate that sep-
aration of the duplicated Golgi can be uncoupled from separa-
tion of the kinetoplast and basal body and also nuclear division.
Finally, although cell division can proceed in the absence of
nuclear separation, producing cytoplasts (64), correct parti-
tioning of the Golgi appears to be necessary for the completion
of cytokinesis. Segregation of organelles between daughter cells
is tightly controlled in T. brucei and is necessary for mainte-
nance of the protective VSG coat. The parasite may therefore
have evolved mechanisms to ensure that cells cannot divide if
the old and new Golgi complexes are not correctly separated,
and daughter cells lacking a Golgi complex were not observed
in either wortmannin or TbVps34-RNAi cultures. Interest-
ingly, suppression of VSG expression by RNAi also results in a
block to cell cycle progression (65); potentially a blockade to
VSG exocytosis may explain the growth cecession obtained
with the TbVps34 RNAi. However, as both experimental
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approaches likely result in significant perturbation to biosyn-
thetic trafficking through the endomembrane system, it is pos-
sible that VSG and TbVps34 RNAi activate the same or similar
signaling pathways. A further explanation, that suppression of
VSG expression in some manner affects Golgi (or other)
organelle segregation, also cannot be ruled out based on the
present data.
Ourwork and that of others has demonstrated that themain-

tenance of trafficking systems is vital to the survival ofT. brucei
BSF, but no obvious drug targets have been identified in the
endocytic and secretory pathways. The interaction between
Rab5 and both class I and class III PI3-kinases is well docu-
mented, as is the involvement of numerous FYVE domain con-
taining proteins (including EEA1, rabankyrin5, and rabeno-
syn5) in Rab5 function. Recently it was found that Rab5
interacts with specific phosphatases capable of generating PI
(3)P from higher order phosphatidylinositol polyphosphates,
indicating that Rab5 acts to coordinate a complex network of
activities for local generation of PI (3)P onmembranemicrodo-
mains (66). Further, inhibitors of PI 3-kinase activity are of
interest in the development of treatments against several con-
ditions including cancer (67). In trypanosomes a PI 3-kinase is
required for normal growth, indicating that this family of pro-
teinsmay also be a potential target for anti-trypanosomal drugs.
Similarities between TbVps34 RNAi and the actions of edelfos-
ine suggest that some anti-kinetoplastid agents already under
investigation may act at least in part through inhibition of PI
kinase activity (35). PI kinase family proteins thus represent a
promising direction for the identification of new trypanocides.
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