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Mammalian target of rapamycin (mTOR) forms two complexes, mTORC1 and mTORC2, that play central roles in cell
growth and functions. Only mTORC1 is directly inhibited by the immunosuppressive drug rapamycin. Despite recent
progress in identifying new components and functions of the mTOR pathway, relatively little is known about the spatial
arrangement of mTOR signaling and the underlying mechanisms. In a previous study, we showed that a large proportion
of mTOR is localized to the endoplasmic reticulum (ER) and Golgi in many common cell lines. Here, we report the
identification of an internal mTOR sequence that contains two HEAT (HT) repeats, HT18 and HT19, and two intervening
interunit spacers (IUSs), IUS17 and IUS18, which is sufficient to target enhanced green fluorescent protein to the Golgi.
Surprisingly, deletion of IUS17 from this Golgi localization sequence (GLS) converts it to an ER localization sequence
(ELS). Deletion of HT19, a common element of both GLS and ELS from the full-length mTOR, causes delocalization of
mTOR and inhibits the ability of mTOR to promote S6 phosphorylation. Moreover, overexpression of GLS and ELS
inhibits both mTOR complexes. Together, our results reveal unusual ER- and Golgi-targeting sequences and suggest that
anchoring to these organelles is important for the functions of mTOR complexes.

INTRODUCTION

Rapamycin and analogs are promising anticancer agents
currently under clinical trials (Huang and Houghton, 2003).
When complexed with FKBP12, rapamycin binds to and
inhibits the target of rapamycin (TOR) protein, a 289-kDa
phosphatidylinositide 3-kinase–related kinase (PIKK). TOR
proteins are well conserved in all eukaryotes, with �45%
amino acid sequence identity and 70% similarity between
yeast and human TOR proteins. The C-terminal PIKK kinase
domain has protein serine and threonine kinase activity
(Hunter, 1995; Keith and Schreiber, 1995) essential for TOR
functions (Brown et al., 1995; Zheng et al., 1995). PIKK and
two other C-terminal domains, FAT and FATC, form the
signature for the PIKK family that also includes ATM, ATR,
and DNA-PK (Bossini et al., 2000). FKBP12-rapamycin bind-
ing (FRB) domain is a conserved 11-kDa region necessary
and sufficient for FKBP12–rapamycin binding (Chen et al.,
1995; Zheng et al., 1995). A conserved serine residue in FRB
domain, Ser2035 in mTOR and Ser1972 in yeast Tor1, is
crucial for the binding of FKBP12-rapamycin. When mu-
tated to a bulkier residue such as threonine, it disrupts the
binding of FKBP12-rapamycin and confers dominant rapa-
mycin resistance (Stan et al., 1994; Brown et al., 1995; Lorenz
and Heitman, 1995; Zheng et al., 1995). The N-terminal half

of TOR contains 20 tandem repeats of 37–43 amino acids
termed HEAT (HT) repeats (Andrade and Bork, 1995). A
single HEAT repeat contains a pair of interacting antiparallel
helices linked by a flexible intraunit loop. HEAT repeats
occur in tandem clusters, linked by flexible interunit spacers
(IUSs). Crystal structures of HEAT repeat proteins such as
the A subunit of phosphatase 2A show that each HEAT
repeat unit folds independently into helix-loop-helix. The
tandem HEAT repeats form an extended thread-like struc-
ture with little interaction among different HEAT repeat
units (Groves et al., 1999; Perry and Kleckner, 2003). HEAT
repeats are thought to engage in interaction with other pro-
teins. Indeed, the HEAT repeats of TOR proteins have been
shown to mediate interaction with proteins such as Gln3
(Bertram et al., 2000) and Kog1/Raptor (Kim et al., 2002).

TOR forms two distinct protein complexes, TOR com-
plexes 1 and -2 (TORC1 and TORC2, respectively). The
major components of mammalian TORC1 (mTORC1) are
mTOR, Raptor/mKog1, and G�L/mLst8 (Hara et al., 2002;
Kim et al., 2002, 2003; Loewith et al., 2002), and those of
mTORC2 include mTOR, mSin1/mAvo1, Rictor/mAvo3,
and G�L/mLst8 (Jacinto et al., 2004, 2006; Sarbassov et al.,
2004, 2006; Shiota et al., 2006; Yang et al., 2006). Although
TORC1 is sensitive to rapamycin, TORC2 is not (Loewith et
al., 2002), which is in agreement with two previously defined
functions for TOR2 in yeast (Zheng et al., 1995). mTORC1
integrates signals from growth factors and nutrients, and it
regulates diverse growth-related processes, including trans-
lational initiation, ribosome biogenesis, and autophagy.
Translational initiation is the best understood TORC1-de-
pendent process. mTORC1 phosphorylates several transla-
tional regulators, including ribosomal S6 kinases (S6Ks) and
eIF4E-binding protein 1 (4E-BP1, also called PHAS-I) (Dennis et
al., 1999; Kuruvilla and Schreiber, 1999; Schmelzle and Hall,
2000; Raught et al., 2001; Rohde et al., 2001; McDaniel et al.,
2002). mTORC2 is required for actin organization (Jacinto et al.,
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2004; Sarbassov et al., 2004). More recently, mTORC2 has been
shown to phosphorylate AKT/PKB at Ser473 (Sarbassov et al.,
2005).

The endoplasmic reticulum (ER) and the Golgi apparatus
are part of the secretory pathway engaging in synthesis,
modification, and transport of secreted and plasma mem-
brane proteins (Baumann and Walz, 2001). The ER and Golgi
also participate in intracellular signaling and other aspects
of cell regulation, including the unfolded protein response
and the ER overload response (Pahl, 1999). More recently,
several studies demonstrate that the ER is involved in signal
transduction pathways traditionally thought to emanate
from the plasma membrane. For example, the small GTPase
Ras restricted to the Golgi apparatus can actively engage
signal transduction to mitogen-activated protein kinases
(Chiu et al., 2002). How the ER and Golgi anchor intracellu-
lar signaling is elegantly illustrated by the sterol-sensing and
-signaling pathway involving sterol regulatory element-
binding proteins (SREBPs) (Rawson, 2003). When choles-
terol level is high, SCAP binds to cholesterol in the ER
membrane and assumes a conformation that promotes bind-
ing to the ER-resident protein INSIG (Brown et al., 2002;
Yang et al., 2002). This retains the SREBP–SCAP complex in
the ER by preventing interaction of SCAP with COPII vesicle
formation proteins Sar1, Sec23, and Sec24. When cholesterol
level is low, SREBP-SCAP is dissociated from INSIG and
transported by COPII-coated vesicles to the Golgi, where
SREBP is sequentially cleaved by two proteases, S1P and
S2P, leading to the release of the N-terminal transcriptional
activation domain from the Golgi membrane to the nucleus,
where it activates the target genes (Wang et al., 1994; Sakai et
al., 1996).

Differential signaling output is fundamentally dependent
on the spatial organization of the signaling molecules, their
regulators, and effectors within the cell. How signaling mol-
ecules are targeted to different subcellular compartments is
an important but still poorly understood question for signal
transduction research. Despite the central role of mTOR in
cell growth and functions, relatively little is known about its
precise subcellular distribution, and to an even lesser degree
the underlying mechanisms and functional significance. Pre-
vious studies indicate that mTOR is present in both the
cytoplasm (Desai et al., 2002; Drenan et al., 2004) and nucleus
(Kim and Chen, 2000; Zhang et al., 2002; Drenan et al., 2004).
A large proportion of mTOR is localized to the ER and Golgi
in several common cell lines (Drenan et al., 2004). In this
study, we identified an internal region spanning HT18 and
-19 that is sufficient to target the heterologous protein en-
hanced green fluorescent protein (EGFP) to the ER or Golgi.
Interestingly, this region does not contain any known ER- or
Golgi-targeting signal sequence. We find that mutation of this
region causes mTOR delocalization and blocks normal mTOR
signaling. Moreover, overexpression of ER and Golgi localiza-
tion sequences inhibits the functions of both mTORC1 and
mTORC2. These results demonstrate that the HT18-19 re-
gion form novel ER and Golgi localization signals and sug-
gest that anchoring to the ER/Golgi is important for mTOR
signal transduction.

MATERIALS AND METHODS

Cell Lines, Plasmids, Antibodies, and Other Reagents
Mammalian cell lines used in this study were purchased from American Type
Culture Collection (Manassas, VA) and maintained as recommended by the
supplier. To construct plasmids expressing EGFP– or FLAG–HA–mTOR fu-
sion proteins, different mTOR regions were generated by polymerase chain
reaction (PCR) and cloned into pEGFPN1 (Clontech, Mountain View, CA) and

pFH-IRESneo (Teichmann et al., 2000). Further deletional analysis of different
regions of Golgi localization sequence (GLS)-EGFP was carried out by the
inverted PCR approach by using primers flanking the deleted sequence.
FLAG-mTOR(S2035T, �HT19) was created by deletion of HEAT19 from
FLAG-mTOR(S2035T)(Brown et al., 1995) by the inverted PCR approach. The
N-terminal mTOR/FRAP antibody was described and characterized previ-
ously (Drenan et al., 2004). Other antibodies include FLAG antibodies (Sigma-
Aldrich, St. Louis, MO); calnexin antibodies (BD Transduction Laboratories,
Lexington, KY); green fluorescent protein (GFP) antibody (Affinity BioRe-
agents, Golden, CO); Golgin-97 antibody and goat anti-mouse or rabbit sec-
ondary antibodies conjugated to Alexa Fluor 594 or 488 (Invitrogen, Carlsbad,
CA); hemagglutinin (HA) monoclonal antibodies (Harlan Laboratories, Has-
lett, MI); AKT, P-AKT(Ser473), S6, P-S6(Ser235/236), and P-S6K1(Thr389)
antibodies (Cell Signaling Technology, Beverly, MA); and horseradish perox-

Figure 1. aa931-1039 of mTOR is sufficient to target EGFP to the
Golgi apparatus. (A) Schematic presentation of mTOR and subcel-
lular localization of two mTOR N-terminal fragments in HeLa cells.
(B) aa931-1039-EGFP is predominantly localized to the Golgi in
HeLa cells. EGFP or aa931-1039-EGFP is transiently expressed in
HeLa cells (green). The Golgi is visualized by IF staining with a
Golgin-97–specific antibody (red). The nuclei are stained with 4�,6-
diamidino-2-phenylindole (DAPI) (blue). (C) aa931-1039-EGFP is
localized to the Golgi in several common mammalian cell lines.
aa931-1039-EGFP is transiently expressed in HEK293T, RH30, and
MRC-5 cells (green). The Golgi is visualized by IF with a Golgin-
97–specific antibody (red). The nuclei are stained with DAPI (blue).
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idase (HRP)-conjugated goat anti-mouse or anti-rabbit antibodies (Pierce
Chemical, Rockford, IL). Proteinase K and phalloidin-tetramethylrhodamine
B isothiocyanate (TRITC) were purchased from Sigma-Aldrich.

Immunofluorescence (IF), Western Blot,
Immunoprecipitation, and In Vitro Kinase Assay
For immunofluorescence, cells were fixed in 3% paraformaldehyde, 2% su-
crose in H2O for 10 min at 37°C; permeabilized with ice-cold HEPES–Triton
X-100 buffer (0.5% Triton X-100 in 20 mM HEPES, pH 7.4, 50 mM NaCl, 3 mM
MgCl2, and 300 mM sucrose) for 5 min on ice; blocked with 0.1% bovine
serum albumin in phosphate-buffered saline for 10 min on ice; and incubated
with primary antibodies for 20 min (N-terminal mTOR antibody at 1:500,
mouse anti-calnexin at 1:50, mouse anti-Golgin-97 at 1:100, and rabbit anti-
FLAG at 1:1000) at 37°C in a moisture chamber. Unbound antibodies were
removed by washing 10 times with Tris-buffered saline plus 0.1% Tween 20
(TBST). Fluorescence-labeled secondary antibodies (Invitrogen) were incu-
bated for 15 min at room temperature and washed as with the primary
antibodies. Glass cover slips carrying treated cells were mounted with Cy-
toseal mounting medium onto glass slides and analyzed using an Olympus
BX51 fluorescence microscope equipped with a Qimaging Retiga EXi digital
camera. Phalloidin-TRITC staining was carried according to the manufacturer’s

instruction (Sigma-Aldrich). Cell lysates for Western blot were prepared
using ice-cold lysis buffer containing 50 mM HEPES-KOH, pH 7.4, 40 mM
NaCl, 1 mM EDTA, 0.1% Triton X-100, 5% glycerol, 10 mM sodium pyro-
phosphate, 10 mM �-glycerophosphate, 1.5 mM Na3VO4, 50 mM NaF, and 1�
protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Protein
samples were separated on SDS-polyacrylamide gels and transferred onto
Immobilon-P membrane (Millipore, Billerica, MA). After blocking with 5%
dry milk in TBST, the membrane was incubated with primary antibodies for
1 h to overnight, followed by incubation with HRP-conjugated secondary
antibodies (1:10,000) for 30 min and with enhanced chemiluminescence (GE
Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). For kinase
assays, lysates of human embryonic kidney (HEK)293T cells transiently trans-
fected with FLAG-mTOR(S2035T), FLAG-mTOR (S2035T, �HT19), or FLAG-
mTOR(S2035T, D2357E) were immunoprecipitated with the FLAG M2 antibody
and protein A-Sepharose beads. After extensive wash, the immunoprecipitated
materials were assayed for mTOR kinase activity as described previously
(Drenan et al., 2004).

Subcellular Fractionation and Related Biochemistry
HEK293T cells were washed with ice-cold HME buffer (10 mM HEPES, 250
mM mannitol, and 0.5 mM EDTA, pH 7.4), resuspended in 5 volumes of

Figure 2. The aa931-1039 region contains a Golgi and an ER localization sequence. (A) Summary of the deletions of aa931-1039-EGFP and
their subcellular localization. (B) Localization of D1-4 deletions. aa931-1039-EGFP (D0) and D1-4 deletions were transiently expressed in HeLa
cells (green), and are analyzed for their localization to the Golgi. (C) Localization of D5-7 deletions. D5-7 deletions were transiently expressed
in HeLa cells (green). The ER is visualized by IF with a calnexin-specific antibody (red). (D) ER/Golgi localization is not a general feature
for tandem HEAT repeat pairs. EGFP-fusions with three randomly selected, tandem pairs of HEAT repeats and an N-terminal IUS (HT4-5,
12-13, and 15-16) were transiently expressed in HeLa cells and examined for their localization.
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ice-cold HME buffer containing 0.1 mM phenylmethylsulfonyl fluoride, and
Dounce-homogenized by 10 gentle strokes. Nuclei and unbroken cells were
removed at 1500 � g. The supernatants were centrifuged at 10,000 � g (10 min
at 4°C). The pellets (P10) were resuspended in HME buffer. The S10 super-
natant (after saving an aliquot) was overlaid on a 20% sucrose cushion and
further centrifuged at 100,000 � g (60 min at 4°C). The pellets (P100) were
resuspended in HME buffer. The S100 was also saved for Western blot
analysis. For protease protection assays, the P100 pellets were resuspended in
HME plus 10 mM CaCl2 without or with 1% TritonX-100 and then incubated
with different concentrations of trypsin-chymotrypsin (0, 5, and 50 �g/ml) for
40 min at 4°C. Reactions were stopped by addition of aprotinin and boiling in
SDS protein sample buffer.

RESULTS

Identification of ER and Golgi Localization Sequences of
mTOR
We have previously shown that both endogenous mTOR
and transiently expressed full-length FLAG-tagged mTOR
(FLAG-mTOR) are predominantly localized to the ER and
Golgi in several common mammalian cell lines, including
HeLa cells (Drenan et al., 2004). In the same study, we also
found that the amino acids (aa)1-1039 region of FLAG-
mTOR is exclusively localized to the Golgi, whereas the
slightly shorter fragment (aa1-930) is diffusely distributed
throughout the cytoplasm and nucleus. These observations
suggest that aa931-1039 contains a Golgi localization se-
quence for mTOR. To verify this, we fused aa931-1039 to the
N terminus of EGFP (aa931-1039-EGFP) (Figure 1A) and
transiently expressed it in HeLa cells. We found that aa931-
1039-EGFP is distributed in a unique pattern in the perinu-
clear area, reminiscent of the Golgi structure (Figure 1B).
aa931-1039-EGFP is indeed colocalized with Golgi-97 as
judged by indirect IF, confirming that aa931-1039-EGFP is
localized to the Golgi (Figure 1B). Like in HeLa cells, aa931-
1039-EGFP is exclusively localized in the Golgi of HEK293T,
RH30, and MRC5 cells (Figure 1C), in which mTOR is local-
ized to the ER and Golgi (Drenan et al., 2004). This result
shows that Golgi localization is a common distribution pat-
tern for aa931-1039.

The aa931-1039 region contains HT18 and HT19, and part
of HT20, as well as three IUSs—17, 18, and 19 (Figure 1A).
To determine the minimal Golgi-localization sequence, we
made systematic deletions from both the N and C termini of
aa931-1039 of aa931-1039-EGFP. Each EGFP fusion was tran-
siently expressed in HeLa cells and costained with Golgin-97
or the ER marker calnexin. The result is summarized in
Figure 2A. Deletion of IUS19 and HT20 has no effect on
Golgi localization (Figure 2B, D1). However, further dele-
tions that remove HT19 lead to a punctate pattern that is
distinct from that of Golgin-97 (Figure 2B, D2-4). Surpris-
ingly, removal of IUS17 leads to an ER distribution pattern
(Figure 2C, D5). Additional deletion of IUS19 and HT20 does
not affect the ER distribution pattern of the EGFP fusion
(D6). However, further deletion of HT18 causes the EGFP
fusion to diffusely distribute throughout the cytoplasm and
nucleus (D7), a pattern that is similar to that of EGFP alone.
These results indicate that HT18, -19 and IUS17, -18 consti-
tute a GLS (D1) and that HT18, -19 and IUS18 form an ELS
(D6). As controls, we made EGFP-fusions with three ran-
domly selected, tandem pairs of HEAT repeats together with
an N-terminal IUS (HEAT4-5, 12-13, and 15-16). When ex-
pressed in HeLa cells, all three EGFP-fusions are diffusely
distributed throughout the cytoplasm and nucleus, the same
pattern as EGFP (Figure 2D), suggesting that the ER and
Golgi localization property is intrinsic to the HT18-19 re-
gion.

mTOR is tightly associated with the cytosolic side of ER
and Golgi membranes (Drenan et al., 2004). We reasoned

that if ELS and GLS mediate mTOR localization, their EGFP
fusions should share the same topological characteristics. To
test this, we transiently expressed ELS-EGFP and GLS-EGFP
in HEK293T cells and then carried out subcellular fraction-
ation by differential centrifugation. Like the full-length mTOR,
GLS-EGFP and ELS-EGFP are copurified in fractions that are
enriched with the Golgi and the ER (Figure 3, A and B, P10
and P100). We next performed proteinase K protection assay
to determine the topology of the EGFP fusion proteins.
Golgin-97 is associated with the cytosolic surface of the Golgi
membrane. As expected, treatment with proteinase K caused
complete degradation of Golgin-97 (Figure 3C). Calnexin is
an integral ER membrane protein; proteinase K led to deg-
radation of its cytosolic domain but not the ER lumen do-
main (Figure 3D). In the presence of the detergent Triton
X-100, the ER lumen domain of calnexin was also digested
by proteinase K (Figure 3D). These results show the quality
of the ER/Golgi preparation and the specificity of the pro-
teinase K assay. As shown previously (Drenan et al., 2004),
mTOR is associated with the cytosolic face of the ER/Golgi,
and proteinase K treatment of the purified ER and Golgi
causes complete mTOR degradation (Figure 3, C and D).
Under the same condition, proteinase K treatment also re-
sulted in proteolysis of both GLS-EGFP and ELS-EGFP (Fig-

Figure 3. GLS and ELS share the same topology of ER/Golgi
localization as mTOR. (A and B) Subcellular fractionation of GLS-
EGFP and ELS-EGFP. GLS-EGFP and ELS-EGFP were transiently
expressed in HEK293T cells. Lysates of these cells were fraction-
ated by differential centrifugation. T, total cell lysates; P10, 10,000g
pellet; S10, 10,000 � g supernatant; P100, 100,000 � g pellet; S100,
100,000 � g supernatant. (C and D) GLS-EGFP and ELS-EGFP are
localized on the cytoplasmic face of Golgi and ER membranes. The
P100 pellets from A and B were treated with different concentrations
of proteinase K (0, 5, and 50 �g/ml) in the presence or absence of the
detergent Triton X-100 and analyzed by Western blot with antibod-
ies specific for GFP.
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ure 3, C and D). Thus, like the full-length mTOR, ELS-EGFP
and GLS-EGFP are localized on the cytosolic surface of the
ER and Golgi.

HT19 Is Required for Normal Subcellular Distribution and
Function of mTOR
HT19 is a common element for GLS and ELS. To investigate
whether GLS and ELS are important for mTOR localization,
we deleted HT19 from FLAG-mTOR(S2035T). S2035 is a
conserved residue located in FRB domain and is crucial for
the binding of FKBP12-rapamycin (Chen et al., 1995; Zheng
et al., 1995). The S20353T mutation disrupts the binding of
FKBP12-rapamycin and confers dominant rapamycin-resis-
tant signaling for mTOR (Brown et al., 1995; Chen et al.,

1995). Deletion of HT19 in this rapamycin-resistant mTOR
allele is also useful to study the importance of ER and Golgi
localizations for mTOR functions (Figure 4A; see below).
Like endogenous mTOR and FLAG-mTOR (Drenan et al.,
2004), transiently expressed FLAG-mTOR(S2035T) is localized
to the ER and Golgi, as judged by the colocalization of FLAG-
mTOR(S2035T) with calnexin and Golgin-97 by IF and subcel-
lular fractionation (Figure 4, B, C and D). In contrast, IF shows
that FLAG-mTOR(S2035T, HT19�) exhibits a highly aggre-
gated pattern that is distinct from that of calnexin and Gol-
gin-97 (Figure 4, B and C). Moreover, a significant proportion
of FLAG-mTOR(S2035T, HT19�) is found in the cytosol (S100)
(Figure 4D). Together, the above-mentioned results show that
HT19 is important for proper mTOR localization.

Figure 4. Deletion of HT19 causes delocalization of
FLAG-mTOR from the ER and Golgi. (A) The strategy
for analyzing the importance of HT19 in mTOR local-
ization and function. FLAG-mTOR(S2035T) or FLAG-
mTOR(S2035T, �HT19) is expressed in HeLa cells. IF
and subcellular fractionation experiments are used to
determine whether FLAG-mTOR(S2035T, �HT19) is lo-
calized to the ER/Golgi. The functional significance of
mTOR localization is determined as follows. In the ab-
sence of rapamycin, both FLAG-mTOR(S2035T) and en-
dogenous mTOR are localized to the ER and Golgi, and
they are capable of promoting S6 phosphorylation. In
the presence of rapamycin, FKBP12-rapamycin binds to
and inhibits the endogenous mTOR but not FLAG-
mTOR(S2035T) or FLAG-mTOR(S2035T, �HT19). This
allows specific examination of the function of FLAG-
mTOR(S2035T, �HT19) through S6 phosphorylation. (B)
Deletion of HT19 inhibits mTOR localization to the ER.
FLAG-mTOR(S2035T) and FLAG-mTOR(S2035T, �HT19)
are transiently expressed in HeLa cells. Their localiza-
tion was determined by IF staining. (C) Deletion of
HT19 inhibits mTOR localization to the Golgi. The same
as Figure 3B except Golgin-97 antibody was used in-
stead. (D) Deletion of HT19 inhibits the ability of mTOR
to associate with ER and Golgi membranes. FLAG-
mTOR(S2035T) and FLAG-mTOR(S2035T, �HT19) were
transiently expressed in HEK293T cells. The lysates of
these cells were fractionated by differential centrifuga-
tion and analyzed by Western blot.
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The strategy for studying the functional significance of
mTOR localization is illustrated in Figure 4A. In FLAG-
mTOR(S2035T)–expressing cells in the absence of rapamy-
cin, both endogenous mTOR and FLAG-mTOR(S2035T) are
localized to the ER and Golgi, and they are capable of
normal signaling to downstream effectors such as S6, a ri-
bosomal protein, and an mTOR downstream effector. Phos-
phorylation of S6, which is mTOR dependent, occurs at five
residues at the C terminus (Ser235, Ser236, Ser240, Ser244,
and Ser247) (Krieg et al., 1988). Rapamycin treatment results
in a loss of S6 phosphorylation (Jefferies et al., 1994). In the
presence of rapamycin, endogenous mTOR is inhibited, but
FLAG-mTOR(S2035T) is not. FLAG-mTOR(S2035T) is still
capable of normal signaling to S6 phosphorylation under
this condition. This assay is useful for determining the sig-
naling ability of FLAG-mTOR(S2035T, �HT19) to mTOR
downstream effectors.

We transiently transfected HeLa cells with plasmids
expressing FLAG-mTOR(S2035T) or FLAG-mTOR(S2035T,
HT19�). We then treated these cells without or with rapa-
mycin and performed IF staining with a FLAG-specific
mouse monoclonal antibody to identify the cells expressing
the FLAG-mTOR variant and with a rabbit polyclonal anti-
body specific for P-S6(Ser235/236) to observe S6 phosphor-
ylation. As expected, rapamycin blocks S6 phosphorylation
in nontransfected cells but not in cells expressing FLAG-
mTOR(S2035T) (Figure 5A). In contrast, rapamycin potently
inhibits S6 phosphorylation in FLAG-mTOR(S2035T, HT19�)–
expressing cells (Figure 5A). In the absence of rapamycin,
S6 and P-S6 levels are normal in cells expressing FLAG-
mTOR(S2035T, HT19�), indicating that FLAG-mTOR(S2035T,
HT19�) expression itself does not affect S6 phosphorylation
or S6 protein level (Figure 5, A and B). Although HEAT
repeats are known to fold independently (Groves et al., 1999;
Perry and Kleckner, 2003), it is still possible that HT19
deletion somehow disturbs an important mTOR structure
such as the kinase domain and affects mTOR signaling in-
directly. To investigate this possibility, we assayed for the
kinase activity of different mTOR variants. We found that
the HT19� mutant, but not the D2357E kinase-dead mutant,
retains the ability to phosphorylate Thr389 of S6K1 in vitro
(Figure 5C). A functional mTOR kinase toward Thr389 re-
quires assembly of a functional mTORC1 complex that in-
cludes Raptor bound to the N terminus and G�L associated
with the C terminus (Hara et al., 2002; Kim et al., 2002). Our
results indicate that mTOR maintains a relatively normal
overall structure and enzymatic activity in the absence of
HT19. Together, these observations suggest that ER and
Golgi localization is crucial for normal mTOR signaling
function.

Overexpression of ELS and GLS Inhibits Both mTORC1
and mTORC2
One possible mechanism for ELS and GLS localization is that
they interact with an ER and Golgi resident protein(s), as in
the case of SREBP1 (Rawson, 2003). Conceptually, ELS and
GLS overexpression may dominant negatively affect endog-
enous mTOR functions by interfering with one or both

Figure 5. Deletion of HT19 inhibits the ability of mTOR to promote
S6 phosphorylation. (A) FLAG-mTOR(S2035T) and FLAG-mTOR
(S2035T, �HT19) were transiently expressed in HeLa cells. These cells
were then treated with the drug carrier (�Rap) or with rapamycin
(�Rap) for 2 h and analyzed for the expression of FLAG-mTOR vari-
ants and S6 phosphorylation by IF staining with a FLAG antibody and
a P-S6 antibody, respectively. The nuclei were stained with DAPI. The
arrowheads indicate FLAG-mTOR(S2035T)– and FLAG-mTOR(S2035T,
�HT19)–expressing cells. (B) Expression of FLAG-mTOR proteins
does not affect S6 expression. This experiment is performed the
same way as Figure 5A except a S6-specific antibody instead of the
P-S6 antibody was used. (C) Deletion of HT19 does not affect mTOR

kinase activity. FLAG-mTOR(S2035T), FLAG-mTOR(S2035T, �HT19)
or FLAG-mTOR(S2035T, D2357E)(kinase-dead) were transiently ex-
pressed in HEK293T cells. After immunoprecipitation, they were as-
sayed for mTOR kinase activity toward GST-p70S6K1(aa333-412).
Thr389 phosphorylation was detected by Western blot with a P-Thr389
antibody.
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mTOR complexes. We therefore examined S6 phosphoryla-
tion in HeLa cells transiently expressing GLS-EGFP or ELS-
EGFP. By IF with the P-S6–specific antibody, we found that
S6 phosphorylation is strongly inhibited in cells overex-
pressing GLS-EGFP or ELS-EGFP but not in the untrans-
fected cells or EGFP-expressing cells (Figure 6, A and B). The
degree of inhibition of S6 phosphorylation is correlative
with GLS and ELS expression levels: the lowest S6 phos-
phorylation is found in strong (S) GLS- and ELS-expressing
cells; partial inhibition of S6 phosphorylation is seen in
moderate (M) and weak (W) GLS- and ELS-expressing cells;
and no inhibition of S6 phosphorylation is seen in the non-
transfected cells (Figure 6B). Additionally, EGFP shows no
discernible inhibition of S6 phosphorylation (Figure 6B).
Essentially the same results were obtained with HEK293T
cells (Figure 6C). To further demonstrate mTORC1 inhibi-
tion, we transiently expressed HA-p70S6K1 in HEK293T
cells with ELS-EGFP, GLS-EGFP, or EGFP. We then assayed
for HA-p70S6K1 phosphorylation by Western blot with a
P-Thr389 antibody. Thr389 phosphorylation is indeed strongly
inhibited by ELS-EGFP or GLS-EGFP but not EGFP alone
(Figure 6D). Another established role of mTORC1 is cell size
regulation. We found that ELS-EGFP– and GLS-EGFP–ex-
pressing cells are 10–20% smaller than EGFP cells (Figure 6E),
which is consistent with the effect of rapamycin (Kim et al.,
2002). Together, these observations show that overexpression
of GLS and ELS strongly inhibits mTORC1 signaling.

One established role of mTORC2 in cultured cells is re-
lated to cell spreading and organization of actin stress fibers
(Jacinto et al., 2004; Sarbassov et al., 2004). When stained with
TRITC-conjugated phalloidin, EGFP control cells and non-
transfected cells are found to spread nicely, and their actin
stress fibers are well organized (Figure 7A). In contrast,
GLS-EGFP– and ELS-EGFP–expressing cells spread much
less and show highly aggregated actin stress fibers (Figure 7,
A and B). The morphology of ELS-EGFP– and GLS-EGFP–
overexpressing cells is similar to that of mTOR and mAVO3/
Rictor small interfering RNA knockdown cells (Jacinto et al.,
2004; Sarbassov et al., 2004), suggesting that mTORC2 is
inhibited. Surprisingly, ELS-EGFP and GLS-EGFP do not
seem to block AKT Ser473 phosphorylation in both HEK293
and HEK293T cells (Figure 7, C and D). Two recent studies
show that deletion of Rictor in mice inhibits AKT/PKB
phosphorylation but that it does not disturb actin organiza-
tion (Guertin et al., 2006; Shiota et al., 2006). These observa-
tions suggest that mTORC2 is likely to control AKT/PKB
phosphorylation and actin organization separately. One
possible scenario is that different functions of mTORC2 re-
quire distinct subcellular localization and that only regula-
tion of actin organization involves ER and Golgi localization.

DISCUSSION

Recent studies have shown that TOR proteins are associated
with light intracellular membranes in mammals and yeast
(Hara et al., 2002; Kim et al., 2002, 2003; Wedaman et al.,
2003), likely to include the ER and Golgi. TCS2 and Rheb,
two key upstream regulators of mTOR, have been found to
be localized to the ER and Golgi (Wienecke et al., 1996; Jones
et al., 2004; Buerger et al., 2006). Importantly, the small
GTPase Rheb directly interacts with mTOR (Long et al.,
2005a, b), and Golgi localization of Rheb is critical for its
ability to stimulate mTOR activity (Buerger et al., 2006). These
observations suggest that the ER and Golgi are common an-
chors for mTOR functions. Our data presented in this article
show that these organelles are indeed crucial for signaling by
both mTOR complexes. The ER and Golgi have been shown to

anchor signaling by SREBPs into the nucleus (Brown et al.,
2002; Yang et al., 2002; Rawson, 2003). In light of the findings
that TOR proteins shuttle between the cytoplasm and the nu-
cleus (Kim and Chen, 2000; Li et al., 2006), it is tempting to
speculate that there is a similar mechanism for TOR proteins.

Figure 6. Overexpression of GLS-EGFP and ELS-EGFP inhibits
mTORC1. (A) Overexpression of GLS-EGFP and ELS-EGFP inhibits
S6 phosphorylation in HeLa cells. EGFP, ELS-EGFP, and GLS-EGFP
were transiently expressed in HeLa cells. S6 phosphorylation was
determined by IF using a P-S6–specific antibody. The arrowheads
indicate transfected cells. (B) Quantification of cells with P-S6 signal
from the experiment in B. The expression level of EGFP fusion
proteins in individual cells was categorized into S, M, W, and no (N)
signal according to the GFP signals. Virtually all the cells express-
ing EGFP alone show strong GFP signal. (C) Overexpression of
GLS-EGFP and ELS-EGFP inhibits S6 phosphorylation in HEK293T
cells. EGFP, ELS-EGFP, and GLS-EGFP were transiently expressed
in HEK293T cells. P-S6 signal was quantified and the level of GFP
signal in individual cells was categorized as in Figure 6B. (D)
Overexpression of GLS-EGFP and ELS-EGFP inhibits Thr389 phos-
phorylation of p70S6K1 in HEK293T cells. HA-p70S6K1 was tran-
siently expressed in HEK293T cells together with ELS-EGFP, GLS-
EGFP, or EGFP. HA-p70S6K1 phosphorylation was assayed by
Western blot using a P-Thr389–specific antibody. (E) ELS-EGFP,
GLS-EGFP, or EGFP was transiently expressed in HEK293T cells.
The size of EGFP-positive cells was measured by fluorescence-
activated cell sorting.
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The ER and Golgi are part of the secretory pathway that
actively engages transport of proteins to the plasma mem-
brane through the vesicular trafficking. Each organelle also
has to maintain a unique stable set of resident proteins that
define its structural and functional properties. The ER resi-
dency is typically achieved by preventing resident proteins
from entering the transport vesicles, or by retrieval of those
being transported to the Golgi. The first mechanism is ex-
emplified by SREBP, whose interaction with the COPII ves-
icle formation proteins Sar1, Sec23, and Sec24 is inhibited by

high cholesterol concentration (Rawson, 2003). The second
mechanism is directed by discrete retrieval motifs: soluble
luminal proteins with the H/KDEL sequence at the carboxy
terminus, or membrane proteins have a dibasic motif (KK or
RR) located close to the cytosolic domain (Teasdale and
Jackson, 1996). Recent work has identified the diphenylala-
nine (FF) in an Acidic Tract (FFAT) motif responsible for
localizing cytosolic proteins to the cytoplasmic face of the ER
(Loewen et al., 2003). The FFAT motif has the consensus
amino acid sequence EFFDAxE. FFAT motifs bind to the

Figure 7. Overexpression of GLS-EGFP and
ELS-EGFP inhibits mTORC2. (A) Overexpres-
sion of GLS-EGFP and ELS-EGFP disrupts
normal actin organization and inhibits normal
cell spreading. EGFP, GLS-EGFP, and ELS-
EGFP were transiently expressed in HeLa
cells. Actin cytoskeleton organization was de-
termined by phalloidin-TRITC staining. The
arrowheads indicate transfected cells. (B)
Overexpression of GLS-EGFP and ELS-EGFP
inhibits cell spreading. The level of GFP signal
in individual cells was categorized as in Fig-
ure 6B. (C) ELS and GLS do not inhibit AKT/
PKB phosphorylation in HEK293 cells. ELS-
EGFP, GLS-EGFP, or EGFP was transiently
expressed with GST-AKT in HEK293 cells.
The cells were starved from fetal bovine se-
rum for 4 h before incubated with insulin for
15 min. Phosphorylation of GST-AKT and en-
dogenous AKT was analyzed by Western blot
with a P-Ser473 antibody. (D) ELS and GLS do
not inhibit AKT/PKB phosphorylation in
HEK293T cells. ELS-EGFP, GLS-EGFP, or EGFP
was transiently expressed with GST-AKT in
HEK293T cells. Phosphorylation of GST-AKT
and endogenous AKT was analyzed by Western
blot with a P-Ser473 antibody.
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highly conserved VAP proteins that are anchored to the
cytoplasmic face of the ER (Loewen et al., 2003). Studies of
several Golgi-resident proteins have revealed several mech-
anisms for Golgi targeting. For example, Imh1 is recruited to
the Golgi membrane through the interaction of two GRIP
domains with the Arf-like small GTPase Arl1. Arl1 is re-
cruited to the Golgi by another member of the Arl family,
Arl3, which requires an amino-terminal acetylated methio-
nine residue to bind to a Golgi-localized, integral membrane
protein called Sys1 (Graham, 2004). ArfGAP1 interaction
with the Golgi is mediated by interaction of a hydrophobic
motif with curved membrane lipid bilayer (Bigay et al., 2003;
Parnis et al., 2006).

ELS and GLS do not bear any apparent sequence similar-
ity to the known ER- or Golgi-targeting signals. Moreover,
extensive homology search fails to reveal any significant
similarity between ELS/GLS and known ER/Golgi surface
proteins. How do ELS and GLS direct mTOR localization?
Like SREBPs, their localization may be mediated by interac-
tion with ER- and Golgi-resident proteins. This view is sup-
ported by the general role of HEAT repeats in mediating
protein–protein interactions (Andrade and Bork, 1995). For
example, the elongated HEAT repeats of importin � are
involved in binding to various protein cargos for nuclear
transport (Chook and Blobel, 1999; Vetter et al., 1999). Be-
cause ELS and GLS are overlapping with each other, it is
possible that HT18,19 and IUS18 share a common receptor(s)
on the ER and Golgi membranes, which allows its dynamic
distribution on both the ER and Golgi. IUS17 may interact
with a separate Golgi-resident protein, which allows its
retention to the Golgi. Alternative, IUS17 could introduce a
conformational constraint that blocks the interaction with an
ER-resident receptor(s).
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