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Rapamycin inhibits trypanosome cell growth
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Target of rapamycin (TOR) kinases control cell growth through two
functionally distinct multiprotein complexes. TOR complex 1
(TORC1) controls temporal cell growth and is sensitive to rapamy-
cin, whereas TOR complex 2 (TORC2) is rapamycin resistant and
regulates spatial cell growth. Here, we identified two TOR ortho-
logues, TbTOR1 and TbTOR2, in the protozoan parasite Trypano-
soma brucei, as well as orthologues of the well-known TORC1 and
TORC2 partners, KOG1/raptor and AVO3/rictor. TbTOR proteins
differ in their functions, subcellular localization, and rapamycin
sensitivity. TOTOR1 controls cell growth by regulating cell cycle,
nucleolus structure, and protein synthesis, whereas TbTOR2 coor-
dinates cell polarization and cytokinesis. Rapamycin treatment of
bloodstream trypanosomes resulted in a pronounced reduction of
cell proliferation, with an ECso of 152 nM. Unique for a eukaryote,
we observed that rapamycin acted exclusively by preventing
TORC2 formation, with no effect on TORC1. Our findings on TOR
signaling in this protozoan, which is located in a distal position in
the eukaryotic cell lineage, highlight the clinical possibilities of
rapamycin derivates and provide valuable insights into under-
standing rapamycin-mediated inhibition of TORC2.
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he protozoan parasite Trypanosoma brucei is the etiological

agent of African trypanosomiasis, which causes sleeping sick-
ness in humans, affecting up to half a million people. This disease
is fatal without medical treatment and development of an effective
vaccine is hampered by antigenic variation of the surface coat of this
extracellular parasite. Current drugs used to treat African trypano-
somiasis either show high toxicity or are not effective at the late
neurological stage of the disease.

T. brucei is among the most ancient and evolutionarily divergent
eukaryotes, and provides a unique distant reference point from
which to investigate crucial biological processes (1). Indeed, try-
panosomes possess many unique biological features: marked po-
larization of the endocytic/exocytic system, metabolic compartmen-
talization, a single mitochondrion, RNA editing, transsplicing, and
transcription of protein-coding genes by RNA polymerase I (2).

We wished to investigate the function of the target of rapamycin
(TOR) protein in trypanosomes because of its role as a major
regulator of cell growth and proliferation. TOR is a serine/
threonine kinase of the phosphatidylinositol kinase-related kinase
(PIKK) family that controls cell growth in eukaryotes in response
to nutrients, energy conditions, and growth factors (for reviews, see
refs. 3 and 4). TOR controls two distinct aspects of cell growth via
two different TOR-containing complexes: TOR complex 1
(TORC) controls temporal aspects of cell growth through pro-
cesses such as ribosome biogenesis, transcription, and translation,
whereas TORC2 controls spatial aspects of cell growth by actin
cytoskeleton remodeling. Rapamycin, a highly specific inhibitor of
TOR, is a macrolide with a potent immunosuppressant and anti-
tumoral activity. Rapamycin selectively inhibits TORC1 signaling,
whereas TORC2 is resistant to the action of this drug (5, 6).
Recently, TORC2 was reported to be inhibited in certain human
cell lines upon prolonged rapamycin treatment (7).
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Fig. 1. Rapamycin inhibits T. brucei cell proliferation, producing defects in
cytokinesis. (A) Rapamycin has potent antiproliferative effects on BSF T.
brucei. T. brucei BSF (Molteno Institute Trypanozoon antigenic type 1.2, MITat
1.2, clone 221a) was cultured in HMI-9 medium with the indicated concentra-
tions of rapamycin for 72 h. Culture density was measured as described in
Experimental Procedures. The results are expressed as the mean * standard
deviation of three determinations. (B) Rapamycin produces defects in FP
structure, cell polarization, and cytokinesis. The effects of rapamycin on the
cellular morphology of BSF cells grown in the presence or absence of 1 uM
rapamycin for 24 h were monitored by using Nomarski optics and transmission
electron microscopy (TEM). (C) Rapamycin treatment does not inhibit protein
synthesis in T. brucei. Total protein synthesis was estimated in cells incubated
with the indicated concentrations of rapamycin for 24 h.

We have identified two TOR orthologues, named TbTORI1 and
TbTOR2, and two other proteins with significant homology to yeast
or mammalian TORs, named TbTOR-like 1 and TbTOR-like 2.
We demonstrate that control of cell growth in 7. brucei is achieved
by two functionally distinct TOR kinases through signaling by two
distinct TOR complexes. Tb'TOR1, regulates temporal aspects of
cell growth by binding to TORCI. In contrast, TbTOR2 binds
exclusively to TORC?2 and regulates cell polarization. In contrast to
other eukaryotes, rapamycin potently inhibited 7. brucei cell pro-
liferation by exclusive inhibition of TORC?2 signaling.

Results

Rapamycin Inhibits T. brucei Cell Proliferation. We first wished to
investigate whether the antifungal drug rapamycin can function as
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Identification of two distinct TOR complexes in T. brucei. (A) TbOTOR1 coimmunoprecipitates with TbRaptor and TbAVO3. Immunoblotting for TOoTOR1

and myc-tagged proteins was performed on TbTOR1 immunoprecipitates prepared from 10° 221 BSF trypanosomes expressing TbRaptor-myc, TbAVO3-myc, or
TbRaptor-like-myc (see Fig. S4). Anti-myc immunoprecipitates were analyzed in parallel by immunoblotting with the antibodies mentioned above. The arrow
indicates the weak association of TbTOR1 with TbAVO3. (B) TbTOR2 specifically interacts with TbAVO3. Lysates expressing TbRaptor-myc, TbAVO3-myc, or
TbRaptor-like-myc were subjected to IP with anti-TbTOR2. Inmunoprecipitates were analyzed by immunoblotting using anti-myc or anti-TbTOR2. (C) ToTOR-like
1 does not interact with TbRaptor or TbAVO3. (D) Modification of TOR complex stability confirms ToTOR1 interaction with TbAVO3 and the detergent-sensitive
association of TbTOR proteins with TOR-interacting proteins. Immunoprecipitates prepared from cells lysed in buffer containing either 0.3% CHAPS or 1% Triton
X-100 were analyzed by immunoblotting to detect TOTOR1, TbTOR2, and myc-tagged proteins. Cells were treated as indicated with the cross-linker DSP before
(DSP) or after (TX100+DSP) cell lysis with buffer containing 1% Triton X-100. The arrow indicates the weak association of TbTOR1 with TbAVO3.

a trypanocidal drug. After 72 h of treatment in culture medium,
rapamycin showed a potent inhibition effect on bloodstream try-
panosomes growth in vitro, with an ECsy of 152 nM (Fig. 14). In
eukaryotes, rapamycin action is mediated by the FKBP12 prolyl
isomerase, which binds to and inhibits TOR, blocking protein
synthesis and cell cycle progression (8-10). However, protein
synthesis was not affected in rapamycin-treated trypanosomes (Fig.
1C), but instead exhibited defects in cytokinesis leading to nonvi-
able multinucleated cells with a prominent enlarged flagellar
pocket (FP) (Fig. 1B). Interestingly, treatment of bloodstream
trypanosomes with rapamycin did not arrest cell cycle in G1/S
phase, which is characteristic of TORCI1 inhibition. Thus, we
investigated the molecular mechanism of rapamycin in 7. brucei, by
characterizing the proteins involved.

Four TOR orthologues containing characteristic domains of the
PIKK superfamily were identified in the 7. brucei genome database.
Two of these proteins displayed features not found in other TORs
described to date [supporting information (SI) Fig. S1]. These
structural features suggested a division between TOR proteins and
TOR-like proteins: two sensu stricto TOR orthologues, TBOTOR1
and TbTOR?2, and two related proteins, TbTOR-like 1 and Tb-
TOR-like 2. The FRB domain was significantly conserved in
TbTOR1, TbTOR2, and TbTOR-like 1, but not in TbTOR-like 2.
This feature of TOR-like 2 led us to focus on the TbTORI,
TbTOR2, and TbTOR-like 1 kinases. We developed affinity-
purified antisera raised against the carboxyl-terminal region of
TbTOR1, TbTOR2, and TbTOR-like 1 that specifically recognized
proteins of 250-270 kDa in both the bloodstream and procyclic
developmental forms (Fig. S2).

ThTOR1 and ThTOR2 Act Through Two Distinct Multiprotein Complexes
in T. brucei. Yeast KOG1 and AVO3, raptor and rictor in mammals,
define two distinct TOR-containing complexes, TORC1 and
TORC?2, which participate in different signaling cascades. KOG1/
raptor and AVO3/rictor homologues can be identified in the T.
brucei genome (Fig. S3). We expressed myc-tagged TbRaptor and
TbAVO3 in bloodstream trypanosomes to investigate whether the
TbTOR proteins interacted with any of the two conserved partners
necessary for TOR complex function. To analyze specific interac-
tions within TBTOR complexes, we performed coimmunoprecipi-
tation (co-IP) assays by using anti-myc monoclonal antibody and
affinity-purified antisera against TbTOR1, TbTOR2, or TbTOR-
like 1 using conditions that preserve TOR complex integrity (see
Materials and Methods).
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Co-IP experiments revealed that TB'TOR1 predominantly inter-
acts with TbRaptor, although a weak but reproducible interaction
with TbAVO3 was detected (Fig. 24). We performed the reciprocal
experiment by using anti-myc antibody, which confirmed a robust
TbTOR1-TbRaptor interaction, but did not reveal a TbTORI-
TbAVO3 interaction. These results suggested that TbTOR1 pri-
marily localizes to TORC1, although there may be a weak associ-
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Fig. 3. Distinct subcellular localization of TbTOR proteins in T. brucei. (A)
TbTOR1 localizes to the nucleus of T. brucei. The subcellular localization of
TbTOR1 was detected by indirect immunofluorescence in bloodstream try-
panosomes by using TbTOR1 affinity-purified antiserum. Cells were counter-
stained with DAPI to locate the nuclear (N) and kinetoplast mitochondrial (K)
DNA. (B) TbTOR2 localizes to the cytosol in a punctate pattern and is excluded
from the nucleus. (C) TbTOR2 associates with ER membranes and mitochon-
dria as revealed by colocalization with BiP and the mitotracker stain.
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Fig.4. TbTOR1 and TbTOR2 independently control two distinct aspects of cell growth. (A, B, D, and E) RNAi knockdown of TbTOR1, TbTOR2, TbRaptor, and
TbAVO3 affects cell proliferation. Growth curves of bloodstream trypanosome cell lines containing inducible RNAi constructs (as indicated) were obtained after
RNAI induction with doxycycline or uninduced as a control. Both induced and uninduced cultures were diluted daily to 2.5 x 10* cells per ml to maintain cell
density between 2.5 X 104 and 106 cells per ml. (C) Western blot analysis of ToTOR1 and TbTOR2 in total cell extracts (5 X 108 cells per lane) upon RNAi induction
and during the following 4 days. Tubulin was used as a loading control. (F) Analysis of the cellular morphology in bloodstream trypanosome living cells after
knockdown of TbTOR1, TbRaptor, TbTOR2, and TbAVO3. TbTOR1 and TbRaptor (TORC1)-depleted cells do not show major changes in morphology. TbTOR2 and
TbAVO3 (TORC2) depleted trypanosomes display cytokinesis defects leading to the formation of large abnormal cells. Cells were examined by using Nomarski
optics after 2 days of RNAI induction as indicated. (Scale bar: 2 um.) (G) TORC1 and TORC2 disruption by RNAi have opposite effects on cell size. FACS analysis
showing forward scatter (FSC) of RNAI cell lines targeting components of both TOR-containing complexes 2 days after RNAi induction. Kolmogorov-Smirnov
statistical analysis of the FSC data showing that changes in cell volume upon protein depletion are statistically significant (P < 0.001) is labeled by asterisks. (H)
TbTOR1 regulates nucleolar structure and RNA pol | localization to the nucleolus. Exponentially growing RNA cell lines were analyzed 2 days after RNAi
induction. Nucleolar structure was visualized by DAPI stain as a spherical dark region in the DAPI-stained nucleus, and RNA pol | localization was analyzed by
IF using anti-TbRPA1 antibody. Note the presence of multiple nuclei and kinetoplasts in TbTOR2 KD cells without major changes in nucleolus structure. (/)
TbTORC1 (TbTOR1 and TbRaptor) positively regulates protein synthesis in T. brucei. Total protein synthesis was estimated in ToTOR1, TbTOR2, TbAVO3, and
TbRaptor RNAi KD cell lines after 24 and 48 h of RNAi induction as described in S/ Materials and Methods. A significant reduction in protein synthesis was detected

upon TbTOR1 and TbRaptor depletion, but not upon TbTOR2 and TbAVO3 depletion experiments. Plots of the means = SD of four assays are shown.

ation with TORC2. Conversely, co-IP experiments using TbTOR2
anti-serum demonstrated that TbAVO3, but not TbRaptor, copre-
cipitates with TbTOR2 (Fig. 2B), indicating that TbTOR2 is a
TORC2-specific protein. No interaction between TbTOR-like 1
and TbRaptor or TbAVO3 was detected (Fig. 2C), suggesting that
TbTOR-like 1 is not involved in either of the two previously
described TOR signaling cascades.

To further investigate the specificity of these interactions, we
used more stringent lysis conditions (1% Triton X-100) to disrupt
protein interactions (11), or a protein-cross-linker to stabilize them
[reversible cross-linker dithiobis(succinimidyl)propionate (DSP)].
As expected, TbTOR1-TbRaptor and TbTOR2-Tb AVO3 inter-
actions were disrupted in the presence of 1% Triton X-100 (Fig.
2D). Conversely, DSP increased the amount of coprecipitated
proteins, confirming the weak TOTOR1-TbAVO3 interaction (see
Fig. 2D).

ThTOR1 and ThTOR2 Have Differential Subcellular Localizations. Lo-
calization of signaling molecules plays a critical role in regulating
their function and specificity. TOR proteins have been predomi-
nantly localized to endoplasmic reticulum (ER) and Golgi mem-
branes, consistent with roles in translational machinery (TORC1)
and actin cytoskeleton organization (TORC2). In recent years,
localization to mitochondria has revealed that TOR plays a role in
sensing osmotic stress and ATP levels (12). TOR has also been
localized to the nucleus in mammals and yeasts (13-15). Using
three-dimensional (3D) microscopy, we found that TbTORI1
(TORC1) was predominantly nuclear (Fig. 34). Unlike TbTOR1,
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TbTOR2 (TORC2) was distributed within the cell cytoplasm, but
was excluded from the nucleus (Fig. 3B). Double indirect immu-
nofluorescence (IF) using anti-TbTOR2 plus anti-BiP (an ER
marker) or mitotracker for mitochondrial staining showed that
TbTOR?2 was associated with the ER and mitochondria (Fig. 3C).

TbTOR1 and ThTOR2 Control Distinct Aspects of Cell Growth in T.
brucei. In eukaryotes, TOR kinases regulate temporal and spatial
cell growth by their association with distinct protein complexes. To
determine the role of T'TOR1 and TbTOR?2 in 7. brucei growth
regulation, we investigated the phenotypic effects of protein de-
pletion by using a tetracycline-inducible RNA interference (RNA)
system (16).

Depletion of each of the RNAi-targeted TbTOR pathway com-
ponents has a considerable effect on cell proliferation. TboTOR1
protein knockdown (KD), in a tetracycline-inducible manner, re-
sulted in a significant reduction of cell proliferation compared to
noninduced cells (Fig. 44). Similarly, incomplete TbTOR2 deple-
tion upon RNAI induction showed a reduction in cell proliferation
(Fig. 4 B and C). This result suggests TBOTOR1 does not comple-
ment the loss of TBTOR2 in TORC2, as might be inferred from the
weak interaction detected between TbTOR1 and TbAVO3 (see
Fig. 2A4). These data strongly suggest that only TbOTOR2, and not
TbTORY1, is involved in TORC?2 signaling in T.brucei.

Observation of live cells by wide field microscopy revealed that
TbAVO3 and TbTOR?2 depletion both resulted in abnormal cells,
whereas TbRaptor or TbTOR1 KD reduced cell growth without
altering cell morphology (Fig. 4F). As expected, reduction in the
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Fig. 5. Ultrastructural analysis of cells after depletion of TbTOR1 and
TbTOR2. (A) TbTOR1 loss-of-function induces autophagic-like vacuoles. TEM
of the TbTOR1 RNAI cells reveals the appearance of electrodense vacuoles
(white arrowheads) and double-membraned vacuoles (black arrowheads)
containing cytoplasmic material. ALV, autophagic-like vacuoles. (B) FP en-
largement upon TbTOR2 RNAi induction. Note the size of the lumen of the FP
in ToTOR2 RNAI cells compared with that in control cells. Multiple flagella (F)
are visible in the TbTOR2 RNA.i cells.

proliferation of TbTOR1- and TbRaptor-depleted cells was be-
cause of halted cell cycle progression in G1 phase, revealed by
nuclear staining analyzed by FACS analysis (see Fig. S4). In
contrast, reduction of cell proliferation by T'TOR2 and TbAVO3
RNAui yield to multinucleated and multiflagellated cells (see Fig. 4F
and Fig. S4). These results suggest that cytokinesis is dramatically
affected by TbTOR2 and TbAVO3 depletion. Taken together,
loss-of-function studies revealed that ToTOR1 and TbTOR?2 are
functionally independent and control two separate pathways for
regulation of cell growth.

ThTOR1 (TORC1) Regulates Protein Synthesis and Cell Size. Cell size,
determined by forward light scatter using flow cytometry, was
reduced upon TbTOR1/TbRaptor depletion compared with unin-
duced cells (Fig. 4G). Thus, Tb'TOR1 controls cell size in trypano-
somes, confirming its positive role in TORCI signaling. The rate of
cell growth correlates with ribosome number and translation ini-
tiation efficiency. Because RNA pol I plays a key role in ribosome
biogenesis, we analyzed RNA pol I localization to the nucleolus, the
region where rRNA transcription and ribosome biogenesis occurs.
IF analysis by 3D microscopy revealed clear modification of nuclear
DAPI staining and delocalization of TbDRPA1 from the nucle-
olus in TbTOR1-depleted cells (Fig. 4H). To further investigate
TbTORT1 function, protein synthesis was assayed upon knockdowns
(Fig. 4I). The incorporation of 33S-labeled amino acids into proteins
was decreased in TBTOR1- and TbRaptor-depleted cells, indicating
that TbTOR1, but not TbTOR2, positively regulates protein syn-
thesis in trypanosomes through TORCI signaling.

14582 | www.pnas.org/cgi/doi/10.1073/pnas.0802668105

Autophagy is not well studied in 7. brucei and no molecular
markers have been described so far, although it was suggested to be
involved in differentiation processes including glycosomes turnover
(17). However, TORC1-mediated regulation of autophagy in other
eukaryotes is well known. Analysis of TbTOR1-depleted cells by
electron microscopy revealed an increase in the number of elec-
trodense vacuoles and double-membraned vacuoles containing
cytoplasmic material reminiscent of autophagosomes (Fig. 54).

ThTOR2 (TORC2) Is Essential for Polarized Cell Growth. Initial visual-
ization of TbTOR2- and TbAVO3-depleted cells showed profound
morphological alterations including large multinucleated cells, in
contrast to depletion of TbTOR1 or TbRaptor. Flow cytometry
analysis confirmed a dramatic increase in cell size upon TbTOR2
and TbAVO3 depletion (see Fig. 4G). Ultrastructural analysis of
TbTOR2-depleted bloodstream trypanosomes showed profound
alterations, including a prominent enlarged FP and multinucleated
cells (Fig. 5B). In trypanosomes, cell growth is highly polarized
toward the FP, the only region where endo- and exocytosis pro-
cesses take place. Actin is highly polarized toward this region and
its depletion in bloodstream trypanosomes results in endocytic
defects, producing cells with an enlarged FP (18). Upon TbTOR2
depletion, actin localization by IF in the proximity of the FP was
altered resulting in a punctuated pattern throughout the cell (Fig.
S54), suggesting TOTORC?2 functions in regulating actin polariza-
tion in T. brucei, as proposed for other eukaryotes (6, 19). Fur-
thermore, a reduction of endocytosis upon TbTOR2 depletion was
detected by fluorescence-labeled Con A (Fig. S5 B and C).

Importantly, T'TOR2/TbAVO3 RNAi phenotype was similar to
that obtained in cells treated with rapamycin (see Fig. 1). These
data suggest that rapamycin inhibition of trypanosome growth
occurs via inhibition of TBTOR2 (TORC?2) signaling, not TbTOR1
(TORC1) signaling.

ThFKPB12-Rapamycin Prevents ThTORC2 Formation. Rapamycin ac-
tion is mediated by the FKBP12 prolyl-isomerase through the
formation of the FKBP12-rapamycin complex, which binds to and
inhibits TOR function. We identified a trypanosome FKBP12
homolog in the T. brucei GeneDB (Fig. S6). To determine whether
TbFKBP12 is involved in the formation of the FKBP12-rapamycin-
TOR complex, we performed a S. cerevisiae complementation
assay. TODFKBP12 complemented yeast FKBP12 function and re-
stored rapamycin sensitivity (Fig. 64), demonstrating that
TbFKBP12 inhibits yeast TOR proteins by binding to rapamycin.
To precisely determine the binding specificity of the TOTORs, we
investigated whether the TOFKBP12-rapamycin complex was able
to bind to each TbTOR protein in vitro. We performed GST
pull-down assays by using recombinant FRB domains from the
TbTOR1, TbTOR2, and TbTOR-like 1 proteins and incubated
with soluble extracts of bloodstream trypanosomes in the presence
of rapamycin or drug carrier. Interestingly, only the FRB domain of
TbTOR? interacted with TbFKBP12 in the presence of rapamycin
(Fig. 6B). As a control, the TbFKBP12-rapamycin complex binds
efficiently to the more conserved FRB domain of Chlamydomonas
TOR (see Fig. 6B).

To investigate the inhibition mechanism of TbTORC2 by rapa-
mycin, we analyzed the association of the TbFKBP12-rapamycin
complex to TBTOR2 by in vitro co-IP assays by using conditions that
either maintain (CHAPS) or destabilize (Triton X-100) the com-
plexes, as shown in Fig. 2D. No interaction between TbFKBP12 and
TbTORI1 was observed in the presence of rapamycin (Fig. 6C), in
agreement with the recombinant FRB domains binding studies (see
Fig. 6B). Interestingly, in vitro co-IP experiments revealed binding
of TbFKBP12-rapamycin to TbTOR2 only under conditions that
compromised TORC2 integrity, as binding was not observed to
intact TORC2 (see Fig. 6C). These results indicate that TbTOR2
in TORC2 is not readily accessible to TbFKBP12-rapamycin,
suggesting that other proteins in the complex may block access of
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were incubated at 30°C for 3 days. (B) Only the FRB domain of TbTOR2 interacts with ToFKBP12 in the presence of rapamycin. Five micrograms of purified GST-fusion
protein containing the FRB domain of ToTOR1, TbTOR2, and TbTOR-like 1 were incubated with 2.5 mg of BSF T. brucei cell extract in the presence of 4 uM rapamycin
(+rap) or the same volume of drug vehicle (—rap). The conserved FRB domain of C. reinhardtii was used as a positive control. GST-fusion proteins and TbFKBP12 were
detected by Coomassie staining and immunoblotting with the anti-TbFKBP12 antibody, respectively. (C) TbFKBP12-rapamycin complex interacts with free ToTOR2
exclusively. Total BSF cell extract was lysed in CHAPS- or TX-100-containing buffers that preserved or disrupt TORC stability, respectively. ToTOR2 immunoprecipitates
were analyzed by immunoblotting for the presence of ToFKBP12. Immunoprecipitates and cell lysates were analyzed by immunoblotting for the levels of TbTOR1,
TbTOR2, and TbFKBP12. (D) TbFKBP12-rapamycin complex binds to TbTOR2 in vivo. Trypanosome cells grown in the presence of 1 uM rapamycin were lysed in
CHAPS-containing buffers and subjected to TbTOR2 IP. Inmunoprecipitates and cell lysates were analyzed by immunoblotting for the levels of ToTOR2 and TbFKBP12.
(E) Rapamycin affects the TbAVO3-TbTOR2 interaction (TORC2) progressively, but not ToTOR1-TbRaptor interaction (TORC1). BSF cells expressing TbRaptor or TbAVO3
myc-tagged proteins were treated with rapamycin for 2 or 16 h, resuspended in lysis buffer, and subjected to co-IP using anti-myc antibodies. Myc-tagged

immunoprecipitates and cell lysates were analyzed by immunoblotting for the levels of TOTOR1, TbTOR2, or TbRaptor/TbAVO3.

TbFKBP12-rapamycin to the FRB domain of TbTOR2. Next, we
examined the in vivo binding of TOFKBP12-rapamycin to Tb'TOR2
by co-IP assays in rapamycin-treated cells. Under these conditions
a TbFKBP12-rapamycin-TbTOR?2 ternary complex indeed occurs
in cells treated with rapamycin for 2 h (Fig. 6D). Together, our in
vitro and in vivo co-IP data suggest that TbDFKBP12-rapamycin binds
exclusively to ThTOR2.

In yeast and humans, the interaction of TOR proteins with raptor
or AVO3 is necessary for TORC1 or TORC2 signaling, respectively
(11, 19-21). We next asked whether rapamycin affects the stability
of trypanosome TOR complexes. Trypanosomes were grown in the
presence of rapamycin for either 2 or 16 h, and the amount of
TbRaptor and TbAVO3 bound to TbTOR1 and TbTOR2 was
monitored (Fig. 6E). The TbTOR1-TbRaptor interaction was not
disrupted, consistent with the inability of TbTORI1 to bind to
FKBP12-rapamycin (see Fig. 6 B and C). However, rapamycin
treatment progressively reduced the TbTOR2-TbAVO3 interac-
tion, which was nearly undetectable after 16 h of rapamycin
treatment (see Fig. 6F). In sum, these results demonstrate that
rapamycin inhibition in trypanosomes is mediated through the
binding of TbFKBP12-rapamycin to TbTOR?2, which prevents the
formation of TORC2 complexes and signaling.

Discussion

TOR is an essential and conserved protein that governs the spatial
and temporal regulation of cell growth in eukaryotes. This study
provides a detailed characterization of TOR proteins and rapamy-
cin action in protozoa, and several new findings have emerged. T.
brucei represents the earliest eukaryotic branch in which the role of
TOR proteins in growth regulation has been reported.

Our data show that TBTORT1 positively controls cell growth in
trypanosomes through TORCI signaling. We demonstrated that
TORCI basic functions are conserved in T brucei. Cells with
reduced levels of TOTOR1 showed disperse nucleolar localization
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of RNA pol I, protein synthesis inhibition, and reduced cell size, as
previously shown for other eukaryotes (22-24).

TbTOR2 seems to act exclusively through TORC?2 signaling.
TbTOR2-depleted cells are not able to correctly segregate their
organelles during cytokinesis, and therefore degenerate into large
rounded cells containing nuclear aggregates, as well as multiple
kinetoplasts and flagella (see Fig. 4). To exclude a possible off-
targeting effect, we generated an additional TBOTOR2 RNA:I cell
line, confirming this phenotype (Fig. S7). In trypanosomes, exocytic
and endocytic systems are highly polarized toward a discrete growth
site, the FP, and determine the spatial growth pattern of trypano-
some cells. Interestingly, actin plays an essential role in endocytosis
in trypanosome as actin depletion produces an enlarged FP (18)
similar to TbTOR2/TbAVO3 RNAi phenotype (see Fig. 5B).
Typical actin filaments in 7. brucei have not yet been described,
however, the enriched area of actin in the proximity of the FP was
delocalized and endocytosis was affected upon TOTOR2 depletion
(see Fig. S5). Thus, similar to TORC2 function in yeast and
mammalian cells (6, 19, 21), our findings strongly suggest that
TbTOR?2 controls actin cytoskeleton organization and endocytosis
through TORC?2 signaling.

Most eukaryotes coordinate cell growth via a single TOR, but
other organisms, such as yeast and trypanosomes, possess addi-
tional TOR genes. A common feature of these organisms is the
presence of specialized TOR proteins controlling two distinct
aspects of cell growth (25, 26). S. cerevisiae TOR2 is found almost
exclusively bound to TORC2, although it is able to bind to TORC1
and to functionally substitute for TOR1 in a forl mutant strain (25,
27). Similarly, two functionally distinct TOR proteins control
different aspects of T. brucei cell growth (see Fig. 4). Moreover, in
organisms with two TOR proteins, polarization is a key aspect of
cell growth and viability that is controlled by actin cytoskeleton
remodeling through TORC?2 signaling. Our results demonstrated
that partial decreases in TORC2 signaling produce abnormal
growth, leading to nonviable trypanosomes and illustrating the
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importance of tightly controlled regulation of cell growth polariza-
tion for maintaining cell viability.

The functional independence of TbTOR1 and TbTOR?2 in
trypanosome allowed us to study the subcellular localization of
TbTORC1 and TbTORC2. Studies in mTOR localization are
controversial, with significant differences depending on the cell line
tested or the tissue analyzed (12, 14, 15, 28, 29), and S. cerevisiae
TORI is the subject of discussion (30). TBTOR proteins localize to
distinct subcellular compartments. TBTOR1 (TORC1) is localized
to the nucleus (see Fig. 34 and B). In contrast, TBTOR2 (TORC2)
staining shows a cytosolic pattern associated with cytoplasmic
organelles, such as the mitochondria and, to a lesser extent, ER (see
Fig. 3C). Therefore, localization of TO'TOR2 may be essential for
interactions with downstream effectors involved in vesicular traffic
regulation through actin cytoskeleton organization.

Our results show that trypanosomes are sensitive to rapamycin.
Surprisingly, treatment of bloodstream form (BSF) trypanosomes
with rapamycin resulted in nonviable multinucleated cells with an
enlarged FP (see Fig. 1B), similar to T'TORC2-depleted cells, but
did not resemble cells with reduced TbTORCI function. Contrary
to the classical rapamycin action in eukarya, co-IP assays demon-
strated that TbFKBP12-rapamycin binds exclusively to TbTOR2,
although it is not capable of binding to TbTORI1 (see Fig. 6).
TORC?2 inhibition by rapamycin has been reported recently in
mammalian cells and in fission yeast (7, 31). However, TORC1
signaling is potently inhibited during long-term treatments, and
potentially, TORC2 disruption might be an indirect effect because
of TORC1 inhibition. In contrast, the rapamycin insensitiveness of
TbTORI1 (TORC1) in trypanosomes, together with the functional
independence of TbTOR proteins, establishes that TORC?2 inhi-
bition by rapamycin occurs in cells with normal TORC1 signaling.

It has been previously reported that FKBP12-rapamycin cannot
bind to mTORC2 (19, 21). We demonstrate that FKBP12-
rapamycin complex does not bind to ToTOR2 when complexed
with other proteins in TORC2, but does bind to free TBTOR2,
suggesting that insensitivity of TORC2 toward rapamycin may be
because of steric effects caused by TOR binding proteins. Because
trypanosome TORCI1 is not inhibited by rapamycin, protein syn-
thesis is not affected. In this context, newly synthesized TbTOR2
may be able to bind to TbFKBPI12-rapamycin, preventing its
association with TORC2 proteins, and thus affecting TORC2
signaling (see Fig. 6). T. brucei is a unique example of an organism
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in which rapamycin molecular mechanism of action is prevention of
functional TORC2 formation exclusively.

These observed differences in the molecular mechanism of
rapamycin action, together with the essential role of TORC2 in
trypanosomes, make TOR suitable as a drug target. The noncon-
served FRB of TbTOR proteins is particularly interesting because
multiple residues involved in FKBP12-rapamycin binding differ
from human FRB. These differences may be the basis for devel-
oping rapamycin analogs with decreased immunosuppressive ac-
tivity that selectively inhibit TOR proteins in 7. brucei.

Materials and Methods

Bioinformatics, Plasmids Constructs, Cell Lines, Antibodies, Recombinant Pro-
teins, Metabolic Labeling, Electron Microscopy, and IF. Details are provided in S/
Materials and Methods.

IP and Cross-linking Assays. These assays were performed as previously described
(11). Anti-myc monoclonal antibody or polyclonal antibodies against different TOR
homologs were used to immunoprecipitate TOR complexes in cell lines expressing
recombinant myc-tagged TbRaptor or TbAVO3. Cleared extract (5 mg) was used for
each IP. To assess the specificity of the co-IP, purification of a raptor-like protein and
mock purification of the control cell line extract were also carried out.

Pull-Down Assays. TbTOR1, TbTOR2, TbTOR-like 1, and crTOR FRB domains (residues
1871-1966, 1893-1987, 2012-2096, and 1961-2055, respectively) were expressed in
bacteria as GST-fusion proteins (see above). Purified GST-fusion proteins were im-
mobilized on glutathione Sepharose 4B beads and incubated with 2 mg of T. brucei
BSF protein extracts (soluble fraction) and 4 M rapamycin (LC Labs) or with an equal
volume of drug vehicle for 4 h in lysis buffer at 4°C on a rotary incubator. Beads were
washed three times with the same buffer, once without CHAPS, resuspended in 30 ul
of 2X Laemmli buffer, and resolved by 15% SDS/PAGE.

Yeast Complementation Studies. Growth of yeast cells on media containing the
indicated concentration of rapamycin was assayed by spotting 2.5 ul of 10-fold
dilutions of normalized cultures of exponentially growing cells. Plates were
incubated at 30°C for 3 days.
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