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Phosphatidylinositol 3,5-bisphosphate plays a 
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ABSTRACT  The kinase complex mechanistic target of rapamycin 1 (mTORC1) plays an impor-
tant role in controlling growth and metabolism. We report here that the stepwise formation 
of phosphatidylinositol 3-phosphate (PI(3)P) and phosphatidylinositol 3,5-bisphosphate (PI(3,5)
P2) regulates the cell type–specific activation and localization of mTORC1. PI(3)P formation 
depends on the class II phosphatidylinositol 3-kinase (PI3K) PI3K-C2α, as well as the class III 
PI3K Vps34, while PI(3,5)P2 requires the phosphatidylinositol-3-phosphate-5-kinase PIKFYVE. 
In this paper, we show that PIKFYVE and PI3K-C2α are necessary for activation of mTORC1 
and its translocation to the plasma membrane in 3T3-L1 adipocytes. Furthermore, the mTORC1 
component Raptor directly interacts with PI(3,5)P2. Together these results suggest that PI(3,5)
P2 is an essential mTORC1 regulator that defines the localization of the complex.

INTRODUCTION
The mechanistic target of rapamycin (mTOR) protein kinase com-
plexes control cell growth and metabolism in response to growth 
factors, nutrients, and energy levels. mTORC1 is activated by 
the growth factor–sensitive phosphatidylinositol 3,4,5-triphosphate 
(PI(3,4,5)P3)/Akt pathway, which leads to phosphorylation and inacti-
vation of TSC1/2, a GTPase-activating protein (GAP) complex that 
inactivates the GTPase Rheb (Inoki and Guan, 2009). GAP inactiva-
tion increases the activity of Rheb, which in turn can activate 
mTORC1. Amino acids can increase mTORC1 activity through the 
Rag family of GTPases (Kim et al., 2008; Sancak et al., 2008, 2010).

Insulin regulates the synthesis of polyphosphoinositides, causing 
an increase in PI(3,4,5)P3, and a plasma membrane–specific pool of 
PI(3)P (Maffucci et al., 2003; Kong et al., 2006; Falasca et al., 2007; 
Lodhi et al., 2008). This latter process requires the Rab5 guanine 
nucleotide exchange factor (GEF) Gapex-5 (also known as GAPVD1; 
Lodhi et  al., 2008) and the class II phosphatidylinositol 3-kinase 
PI3K-C2α (also known as PIK3CA; Falasca et al., 2007). The poly-
phosphoinositide, PI(3,5)P2, is formed from the phosphorylation of 
PI(3)P by the phosphatidylinositol 5-kinase (PI5K) PIKFYVE (also 
known as FAB1 or PIP5K3; Ho et al., 2011). PIKFYVE exists in a mul-
timeric complex with the adaptor proteins VAC14, VAC7, ATG18, 
and FIG4. We report here that PI(3,5)P2 is required for the full activa-
tion and localization of mTORC1 by insulin and amino acids, due to 
the direct interaction of the lipid with the Raptor subunit, which per-
mits efficient activation by GTPases.

RESULTS AND DISCUSSION
Amino acids and insulin increase PI(3)P and PI(3,5)P2
We examined the effect of insulin on PI(3,5)P2 by labeling 3T3-L1 
adipocytes with tritiated inositol and examining them with high-
performance liquid chromatography. Insulin caused a small but 
significant increase in the abundance of both PI(3)P and PI(3,5)P2 in 
a wortmannin-sensitive manner (Figure 1A). This was associated 
with an increase in the appearance of the PI(3)P-sensing reporter 
green fluorescent protein (GFP)2xFYVE at the periphery of the 
cells (Figure 1B, quantified in Figure 1C). Small interfering RNA 
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FIGURE 1:  Insulin and amino acids induce PI(3)P and PI(3,5)P2 formation. (A) 3T3-L1 adipocytes were labeled with [3H]
inositol for 48 h, serum-starved for 3 h prior to stimulation, and then, where indicated, incubated with 100 nM 
wortmannin for 1 h, which was followed by 100 nM insulin for 15 min. Lipids were extracted and analyzed as described 
in Materials and Methods. (B) 3T3-L1 adipocytes were electroporated with GFP-2xFYVE. After 16 h, cells were serum-
starved (Basal and Insulin) for 3 h or amino acid–deprived (Amino Acids) for 45 min, which was followed by stimulation 
with 100 nM insulin or amino acids for 15 min. Scale bars: 5 μm. There were no detectable differences between serum- 
starved and amino acid–deprived cells with respect to GFP-2xFYVE staining. Three representative cells are shown. 
(C) 3T3-L1 adipocytes were electroporated with siRNA targeting PI3K-C2α or a control siRNA along with GFP-2xFYVE 
for 72 h. Cells were stimulated with insulin as described in (B), fixed, and then counted. Cells were quantified by counting 
the percentage of cells with plasma membrane GFP staining. (D) 3T3-L1 cells were [3H]inositol labeled, amino acid–
deprived, and then stimulated with amino acids for 5 or 15 min as described in the figure. Asterisks indicate comparisons 
with untreated cells. (E) HEK-293T cells were labeled at ∼30% confluence and stimulated with amino acids for 15 min. 
Lipids were extracted as described in Materials and Methods. (F) 3T3-L1 cells were electroporated with GFP-2xFYVE and 
either control or PI3K-C2α–specific siRNA for 72 h and treated as described in (A). Cells were quantified by counting the 
percentage of cells with plasma membrane GFP staining. The data in (C) and (D) represent three independent 
experiments in which >200 cells were quantified. Asterisks indicate a statistically significant difference (p < 0.05).
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(siRNA)-mediated knockdown of the class II PI kinase PI3K-C2α re-
duced the insulin-dependent increase in PI(3)P at or near the 
plasma membrane (Figure 1C). Treatment of cells with amino acids 
also caused increases in PI(3)P and PI(3,5)P2 (Figure 1, D and E). 
Likewise, amino acid treatment produced redistribution of the PI(3)
P reporter construct to the plasma membrane in 3T3-L1 adipocytes 
(Figure 1F). In both cases, the distribution of the reporter protein 
along the surface of the plasma membrane was discontinuous. 
Likewise, knockdown of PI3K-C2α ablated amino acid–stimulated 
plasma membrane localization of this reporter construct (Figure 1, 
C and F). A similar increase in phosphoinositide levels was seen in 
HEK-293T cells (Figure 1E), although we did not observe the redis-
tribution of GFP-2xFYVE in these cells, suggesting that insulin-
stimulated or amino acid–stimulated plasma membrane–specific 
synthesis of PI(3)P may be restricted to adipocytes and myocytes. 
We also observed amino acid–induced changes in PI(4)P and PI(4,5)
P2 in all cell types tested (Figure 1, D and E). The mechanism un-
derlying these changes, as well as their significance with respect to 
amino acid signaling, remains unclear.

PI3K-C2α regulates mTOR function and translocation
Because both amino acids and insulin are known activators of 
mTORC1, we tested the role of PI3K-C2α in mTORC1 function. 
Knockdown of PI3K-C2α reduced mTORC1 activity, as measured by 
the phosphorylation of its substrate S6K (Figure 2A). There was no 
effect on phosphorylation of Akt, confirming that the class II PI3K 
does not influence the Akt–TSC–mTOR axis.

We examined the cellular localization of mTORC1 in 3T3-L1 adi-
pocytes. Immunostaining of 3T3-L1 adipocytes showed endoge-
nous mTOR in punctate structures in the interior of the cell under 
basal conditions, whereas insulin shifted mTOR to the plasma mem-
brane (Figure 2B, quantified in Figure 2C), where it formed discon-
tinuous punctate staining similar to that observed with GFP-2xFYVE 
(Figure 1B). To confirm the specificity of this effect on the GFP-
2xFYVE reporter, we pretreated cells with wortmannin for 1 h at the 
doses indicated, and then stimulated the cells with either insulin or 
amino acids. As shown in Supplemental Figure S1, A and B, pre-
treatment of 3T3-L1 adipocytes with either 10 or 100 nM wortman-
nin blocked GFP-2xFYVE redistribution to the plasma membrane. 
To test the role of PI3K-C2α, we knocked down this kinase with 
siRNA, and found that the translocation of mTOR in response to ei-
ther amino acids or insulin was reduced in these cells, consistent 
with the effect of this knockdown on the activation of mTORC1 
(knockdown efficiency in these experiments is shown in Figure S1C). 
We note that while less mTOR is detected on the plasma membrane 
after knockdown relative to the control siRNA, a small insulin effect 
remains. This may indicate another pathway for mTOR transloca-
tion, or a reflection of incomplete inhibition of the kinase by siRNA 

FIGURE 2:  PI3K-C2α is required for mTORC1 activation and 
translocation. (A) siRNA directed against PI3K-C2α was 
electroporated into 3T3-L1 adipocytes for 96 h. Cells were serum-
deprived for 3 h, stimulated with 100 nM insulin for 10 min, and 
blotted as indicated. (B) 3T3-L1 adipocytes were electroporated with 
control or PI3K-C2α siRNA for 96 h. Cells were stimulated as 
described, fixed, and then stained with anti-mTOR antibodies. Scale 
bars: 10 μm. (C) Cells were quantified by counting the percentage of 
cells in which plasma membrane staining of mTOR was visible. These 
data represent three independent experiments in which >150 cells 
were counted. Asterisks indicate a statistically significant difference 
(p < 0.05).
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knockdown. It has been noted that lower 
doses of wortmannin do not inhibit PI3K-
C2α in vitro. Because we observed inhibi-
tion of both amino acid–dependent and in-
sulin-dependent plasma membrane PI(3)P 
formation, even under low (10-nM) doses of 
wortmannin, it is possible that either 1) the in 
vivo efficiency of wortmannin is lower than 
its in vitro efficiency or 2) there is a second 
PI3K activity that is inhibited by low doses of 
wortmannin, in addition to the effects which 
we have attributed to PI3K-C2α.

To test further the translocation of mTOR 
by PI(3)P-dependent mechanisms, we pre-
treated 3T3-L1 adipocytes with 100 nM 
wortmannin and followed this with stimula-
tion with insulin. As described in Figure S1, 
F and G, wortmannin treatment reduced 
peripheral mTOR staining produced by in-
sulin. These data support the hypothesis 
that a PI3K-dependent mechanism regu-
lates mTOR redistribution to the plasma 
membrane in these cells.

PIKFYVE is required for mTORC1 
function
PI(3)P might directly modulate the activity of 
a protein required for mTORC1 activation, 
serve as a substrate for the production of 
another phospholipid involved in this pro-
cess, or both. We considered a role for the 
PI5K PIKFYVE, which catalyzes the conver-
sion of PI(3)P to PI(3,5)P2 (Cooke et al., 1998; 
Gary et al., 1998; Sbrissa et al., 1999; Sbrissa 
and Shisheva, 2005; Dove et  al., 2004; 
Ikonomov et al., 2011). PIKFYVE resides in a 
multimeric complex containing the scaffold 
protein VAC14 and the lipid phosphatase 
FIG4. Knockdown of any member of the 
heterotrimeric PIKFYVE complex prevented 
insulin-stimulated S6K phosphorylation, but 
did not attenuate insulin-stimulated Akt 
phosphorylation (Figure 3, A and B, quanti-
fied in Figure S1H). PIKFYVE knockdown 
produced a 36% reduction in PI(3,5)P2 and a 

FIGURE 3:  PIKFYVE is required for mTORC1 activation and translocation. (A) 3T3-L1 adipocytes 
were electroporated with the indicated siRNAs for 96 h. Cells were serum-starved and 
stimulated with insulin for 15 min. Lysates were generated and probed with the indicated 
antibodies. (B) Control (unstimulated) lysates from (A) were blotted with the indicated 
antibodies. (C) In an experiment parallel to (A) and (B), 3T3-L1 adipocytes were labeled with [3H]

inositol and lipids were extracted and 
analyzed with no serum starvation. Asterisks 
indicate significant differences from control 
knockdowns (p < 0.05). (D) HEK-293A cells 
were transfected with siRNA against PIKFYVE 
for 96 h, after which lysates were made and 
blotted as described in the figure. (E) 3T3-L1 
adipocytes were electroporated with control 
of PIKFYVE siRNA for 96 h, and treated as 
described in Figure 2D. Scale bars: 5 μm. 
(F) Cells were quantified by counting the 
percentage of cells in which plasma 
membrane staining of mTOR was visible. 
These data represent three independent 
experiments in which >150 cells were 
counted. Asterisks indicate a statistically 
significant difference (p < 0.05).
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quantified in Figure 4C). Addition of PI(3)P also caused the translo-
cation of the GFP-2xFYVE reporter construct to the plasma mem-
brane, indicating not only transfection efficiency, but that the ma-
jority of the added PI(3)P concentrates at the plasma membrane of 
3T3-L1 adipocytes (Figure S1, D and E). We were unable to rescue 
the effects of PIKFYVE or PI3K-C2α knockdown with lipid transfec-
tion experiments. Although this may be a technical limitation of 
these lipid transfection studies, it is also possible that these pro-
teins function in a phospholipid-independent manner to regulate 
mTORC1 function.

Whether the activity of the PIKFYVE complex is regulated by in-
sulin remains uncertain. The PI5K complex may be constitutively ac-
tive, such that PI(3,5)P2 production arises from increased flux via 
PI(3)P. Alternatively, insulin or amino acids might activate this com-
plex, either through receptor-based signaling pathways, or through 
PI(3)P itself, which can bind directly to PIKFYVE through its FYVE 
domain.

Raptor directly interacts with PI(3,5)P2
It is tempting to speculate that PI(3,5)P2 may serve as a coregulator 
of mTORC1 along with the Rheb and Rag GTPases, similar to the 
interaction of EEA1 with the GTPase Rab5 and PI(3)P (Di Paolo and 
de Camilli, 2006). We therefore tested whether PI(3,5)P2 directly in-
teracts with mTORC1 complex components. The best-established 
PI(3,5)P2 binding protein in yeast is the WD40 domain-containing 
protein Atg18 (Dove et al., 2004; Narayan and Lemmon, 2006). We 
thus hypothesized that the WD40 domain of Raptor might directly 
bind to PI(3,5)P2.

We generated and purified glutathione S-transferase (GST) fu-
sion constructs of the Raptor WD40 domain (Figure S2A) to evalu-
ate binding. Dot blot experiments indicated an interaction of GST-
WD40 with PI(3,5)P2 and a weaker interaction with PI(3)P and PI(5)P 
(Figure 5A). Because dot blots can overrepresent interactions with 
monophosphorylated phosphatidylinositols (Narayan and Lem-
mon, 2006), we also used liposome precipitation (Figure 5B). While 
the fusion protein weakly interacted with PI(3)P, there was a strong 

13% increase in PI(3)P (Figure 3C). Similarly, VAC14 knockdown re-
sulted in a 28% decrease in PI(3,5)P2 levels and a 5% increase in PI(3)
P levels. Decreases in steady-state PI(3,5)P2 levels are often associ-
ated with an increase in PI(3)P, potentially due to decreased flux 
from the substrate to the product (Duex et al., 2006; Chow et al., 
2007; Zhang et al., 2007; Jin et al., 2008).

Knockdown of PI3K-C2α reduced the phosphorylation of S6K in 
response to insulin, whereas knockdown of the class III PI3K Vps34 
(also known as PI3KC3) was without effect. Interestingly, although 
knockdown of Vps34 had a stronger effect on total PI(3)P and PI(3,5)
P2 abundance compared with PI3K-C2α or FIG4 (Figure 3C), loss of 
the former protein produced less inhibition of mTORC1 activation 
(Figure 3A), suggesting that distinct pools of PI(3)P and PI(3,5)P2 in 
different cellular locations might differentially regulate mTORC1 
function. The inhibitory effects of PIKFYVE or PI3K-C2α knockdown 
on mTORC1 activation were independent of changes in Akt phos-
phorylation, indicating that the PIKFYVE complex is required for 
mTORC1, but not mTORC2, activity. We have not detected robust 
effects of PI3K-C2α knockdown on amino acid–dependent mTORC1 
activation.

Similar to what was observed with insulin, knockdown of PIKFYVE 
also decreased the activation of the mTORC1 complex in response 
to amino acids (Figure 3D, quantified in Figure S1I). Knockdown of 
PIKFYVE reduced both the basal and stimulated plasma membrane 
localization of endogenous mTOR in response to insulin and amino 
acids (Figure 3, E and F). These data suggest that both PI(3)P (through 
PI3K-C2α) and PI(3,5)P2 (through PIKFYVE) are required for the local-
ization of mTOR to the plasma membrane in 3T3-L1 adipocytes and 
that PI(3)P may act through the generation of PI(3,5)P2.

To test directly the role of PI(3,5)P2 in mTORC1 activation, we 
transfected PI(3)P and PI(3,5)P2 directly into 3T3-L1 adipocytes. 
Addition of PI(3,5)P2, but not PI(3)P, modestly increased phospho-
rylation of S6K, although to a lesser extent than did insulin (Figure 
4A, quantified in Figure S1J). PI(3,5)P2 transfection also caused a 
modest redistribution of mTOR to the periphery of 3T3-L1 adipo-
cytes, again with a punctate, discontinuous distribution (Figure 4B, 

FIGURE 4:  PI(3,5)P2 transfection can activate mTORC1 and cause its translocation to the plasma membrane of 3T3-L1 
adipocytes. (A) 3T3-L1 adipocytes were serum-starved and treated with 1 μM carrier alone, insulin, or 1 μM PI(3)P:carrier 
or PI(3,5)P2:carrier complexes for 30 min. Lysates were generated and blotted as described in the figure. (B) 3T3-L1 
adipocytes were transfected with 1 μM carrier alone or carrier:PI(3,5)P2 for 30 min. Three representative cells are shown. 
Scale bars: 5 μm. Cells were quantified by counting the percentage of cells in which plasma membrane staining of 
mTOR was visible. (C) Quantification of the experiment described in (B). Carrier 2 was used for all experiments 
described in Figure 4. These data represent three independent experiments in which >100 cells were counted. Asterisks 
indicate a statistically significant difference (p < 0.05).



2960  |  D. Bridges et al.	 Molecular Biology of the Cell

interaction with PI(3,5)P2 (Figure 5, B and C). 
Full-length Raptor also interacted with PI(3,5)P2 
liposomes compared with control liposomes 
(Figure 5D). As a positive control for this assay, 
GST-Atg18 was precipitated with PI(3,5)P2-con-
taining liposomes (Figure S2B).

For the third lipid-binding assay, we per-
formed surface plasmon resonance measure-
ments to quantitate the interaction (Figures 5E 
and S2D), demonstrating that the Raptor WD40 
domain interacts with PI(3,5)P2 with an approxi-
mate Kd of 600 ± 400 nM, although in some 
preparations no binding was detected. Positive 
control interactions were also monitored using 
GST-Hrs 2xFYVE for PI(3)P, GST-PLCδ1 for PI(4,5)
P2, and GST-Atg18 for PI(3,5)P2 interactions 
(Figure S2C, protein purification shown in Figure 
S2A). Taken together, these data implicate the 
WD40 domain of Raptor as a novel PI(3,5)P2 
binding module, providing a mechanism whereby 
PI(3,5)P2 may regulate mTORC1.

To test the cellular localization of the PI(3,5)
P2, we generated a GFP-WD40 domain fusion 
construct. In HEK-293A cells, the GFP-WD40 fu-
sion protein colocalized in large intracellular 
structures with both Lamp2 and mTOR (Figure 
5F). HEK-293A cells were used for this experi-
ment because the Lamp2 staining in these cells is 
more discrete than in 3T3-L1 adipocytes. These 
structures were not present in untransfected 
cells. We also tested the localization of this con-
struct in 3T3-L1 adipocytes stimulated with insu-
lin or amino acids. While normally present in 
large intracellular structures, insulin or amino acid 
stimulation caused a shift in GFP-WD40 to re-
gions at or near the plasma membrane (Figure 
5G, quantified in Figure 5H). Pretreatment of 
3T3-L1 adipocytes for 1 h with 100 nM wortman-
nin abolished the insulin- or amino acid–stimu-
lated translocation of the GFP-WD40 construct 
to the plasma membrane (Figure 5H). These data 
support the hypothesis that this reporter reflects 
PI3K-dependent changes at the plasma mem-
brane of these cells. While further experiments 
using cells completely depleted of PI(3,5)P2 will 
be required to establish the fidelity of this fusion 
construct as a bona fide PI(3,5)P2 sensor in cells, 
these data support the idea that the lipid is pro-
duced in compartments coincident with mTOR 
in multiple cell types.

Previous studies indicate that the PI5K PIK-
FYVE regulates several vacuolar and late endo-
somal processes (Bonangelino et  al., 1997, 
2002; Gary et  al., 1998; Rudge et  al., 2004; 
Nicot et  al., 2006), suggesting that PI(3,5)P2 
may localize to vacuolar or late endosomal sur-
faces. The use of the Raptor WD40 domain as a 
potential PI(3,5)P2 sensor confirms the predicted 
localization of the lipid and is consistent with 
the reported localization of mTORC1 to late en-
dosomal structures in many mammalian cells 
(Sancak et  al., 2008, 2010; Flinn et  al., 2010; 

FIGURE 5:  The WD40 domain of Raptor interacts directly with PI(3,5)P2. (A) Purified GST-
Raptor WD40 domain was incubated with nitrocellulose containing the indicated lipids. 
GST-Raptor WD40 was detected using anti-GST antibodies. (B) GST-Raptor WD40 was 
incubated with decreasing concentrations of brominated PC or brominated PC with PI(3,5)P2 
or PI(3)P, and precipitated by centrifugation. Pellets were resuspended and blotted using 
anti-GST antibodies. Load represents the amount of protein present if binding were 100%. 
(C) Liposomes containing 1 μM of the indicated phospholipid were incubated with GST-Raptor 
WD40 and precipitated by centrifugation. Pellets were resuspended and blotted using 
anti-GST antibodies. (D) Full-length HA-Raptor was generated as described in Materials and 
Methods. Eluted protein was incubated with brominated PC or brominated PC with PI(3,5)P2, 
and precipitated by centrifugation. Pellets were resuspended and blotted using anti-myc 
antibodies. (E) GST-Raptor WD40 (0.96, 1.45, and 2.6 μM) was passed over surfaces containing 
PC or PC + 3% PI(3,5)P2. Background signals were subtracted; sensorgrams of increasing 
concentrations of protein are shown. (F) 293A cells were transfected with a GFP-WD40 fusion 
and immunostained for mTOR or Lamp2. Scale bars: 10 μm. (G) 3T3-L1 adipocytes were 
transfected with GFP-WD40 and treated with insulin or amino acids as described in Figure 1B. 
There were no obvious detectable differences between serum-starved and amino acid–
deprived cells with respect to GFP-WD40 staining. Three representative cells are shown. Scale 
bars: 5 μm. (H) Quantification of the data presented in (G) and also cells that were pretreated 
with 100 nM Wortmannin for 1 h. Asterisks indicate statistical significance (p < 0.05).
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coverslips were incubated with Alexa Fluor 488 or Alexa Fluor 594 
goat anti–mouse or anti–rabbit immunoglobulin G (Invitrogen) at 
2 μg/ml. Coverslips were mounted with Vectashield mounting me-
dia (Vector Laboratories, Burlingame, CA). Images were captured at 
room temperature by using an Olympus FV300 laser-scanning con-
focal microscope and acquired using Fluoview software. Cells were 
denoted as plasma membrane–positive by a nearly complete ring of 
staining around the periphery after examination of several confocal 
planes.

Cloning and recombinant protein production
GST-Raptor WD40 and GFP-Raptor WD40 were generated by am-
plifying amino acids 1013–1335 of human Raptor (NM_020761.2) 
from a flag-Raptor template, adding BamHI and XhoI restriction 
sites, and subcloning into the same sites of pGEX-4T1 (GE Health-
care, Waukesha, WI) or the BglI and SalI sites of pEGFP-C1. GST-
Raptor WD40 and other positive controls were transformed and in-
duced in Rosetta-gami2 DE3 (pLysS) bacterial cells (Novagen) and 
purified on glutathione-Sepharose (GE Healthcare) according to the 
manufacturer’s instructions.

Analysis of phosphoinositides
Phosphatidylinositol phosphates were determined as described in 
Lodhi et al. (2008) with two minor changes. Cells were labeled in 
inositol-free media with [3H]inositol for 48 h, and phospholipids 
were extracted and deacylated with a solution of 26% methylamine, 
45% methanol, and 11% butanol in water for 45 min. All phosphati-
dylinositol measurements are presented as a percentage of total 
phosphatidylinositols (phosphatidylinositol + phosphatidylinositol 
phosphates). The total phosphatidylinositol levels within experi-
ments ranged from 94 to 96% of total PI, depending on the cell type 
and treatment. Neither this percentage nor the total amount of la-
beled phosphatidylinositol changed.

Lipid-binding assays
Liposome binding assays and surface plasmon resonance analysis of 
protein interactions were performed and analyzed as described in 
Narayan and Lemmon (2006). Dot blots were obtained from Eche-
lon Biosciences. Interaction surfaces were verified by interactions of 
GST-Hrs, GST-PLCδ1, and GST-Atg18 with PI(3)P, PI(4,5)P2, and 
PI(3,5)P2, respectively. Between 5,000 and 10,000 RU of lipid was 
loaded onto each of four chip surfaces. Binding constants were de-
termined by fitting equilibrium binding values to a single-site, li-
gand-binding curve. Dissociation constants from four experiments 
were combined to determine the average dissociation constant.

Statistical analysis
All error bars are depicted as SE of the mean. Statistical significance 
was determined via Student’s t test calculated using the R statistical 
package. Significance (p value of < 0.05) is denoted on figures with 
an asterisk. All data presented are representative of three or more 
independent experiments.

Korolchuk et al., 2011) and their functional equivalent (vacuoles) in 
yeast (Cardenas and Heitman, 1995; Zurita-Martinez et  al., 2007; 
Berchtold and Walther, 2009; Binda et al., 2009). Interestingly, unlike 
what we observed in other cell types, stimulation of 3T3-L1 adipo-
cytes with insulin or amino acids produced plasma membrane local-
ization of mTORC1, coincident with the generation of PI(3)P and 
PI(3,5)P2 in this region. Taken together, these data suggest a model 
(Figure S3) in which the PI3K-C2α–dependent and PIKFYVE-depen-
dent sequential generation of PI(3)P and PI(3,5)P2 provides a local-
ization signal for the activation of mTORC1 by both amino acids and 
insulin. Indeed, while these two stimuli use different activating path-
ways (Rheb for insulin and Rags for amino acids), both increase 
PI(3,5)P2 in order to localize Raptor to a discrete cellular location; the 
pathway may vary depending on cell type. Thus, while the role of 
PI(3,5)P2 in the regulation of the catalytic activity of mTOR remains 
uncertain, the phosphoinositide plays a key role in defining subcel-
lular localization of the complex that ultimately may ensure the fidel-
ity and specificity of its activation, perhaps explaining the substrate 
specificity and different roles of the kinase in different cells.

MATERIALS AND METHODS
All reagents were obtained from Sigma-Aldrich (St. Louis, MO), In-
vitrogen (Carlsbad, CA), Fisher, or EMD Biomedicals, unless other-
wise noted. Antibodies against PI3K-C2α were from BD Biosciences 
(Franklin Lakes, NJ). Antibodies against phospho-S6K1 (Thr-389), 
S6K, mTOR (for Western blotting and immunofluorescence), phos-
pho-Akt (Ser-473), phospho-S6 (Ser-235/236), S6, RagC, and Akt 
were from Cell Signaling (Danvers, MA). Antibodies against Rheb 
and mTOR (for immunoprecipitation) were from Santa Cruz Biotech-
nology (Santa Cruz, CA). Antibodies against caveolin 1/2 and PI3K-
C2α were from BD Biosciences. Antibodies against PIKFYVE and 
FIG4 were from Pietro De Camilli (Yale University). Antibodies 
against VAC14 were described in Zhang et al. (2007). GFP-2xFYVE 
was described in Lodhi et al. (2008).

Cell culture and transfection
3T3-L1 adipocytes were differentiated as described in Chiang et al. 
(2006). HEK-293A cells were transfected using Lipofectamine 2000 
(Invitrogen; for siRNA experiments) according to the manufacturer’s 
instructions. 3T3-L1 adipocytes were transfected via electroporation 
as described in Chiang et al. (2006). For siRNA knockdown experi-
ments, two oligonucleotides were combined (see Supplemental 
Table S1 for oligonucleotide sequences). For all knockdown experi-
ments, the control oligonucleotide was the Stealth siRNA Negative 
Control mid-GC (Invitrogen). For amino acid deprivation, media was 
replaced with PBS plus magnesium, calcium, and 4.5 g/l glucose. For 
amino acid stimulation, the media was replaced with DMEM lacking 
serum but containing penicillin, streptomycin, and glutamine. Lysates 
were generated in RIPA buffer, with the exception of Figure S2D, in 
which lysates were generated in a buffer containing 40 mM HEPES, 
120 mM NaCl, 2 mM EDTA, 0.3% CHAPS, 10 mM sodium pyrophos-
phate, 10 mM sodium β-glycerophosphate, 50 mM sodium fluoride, 
and protease inhibitors. Lipid transfection experiments were per-
formed using the Intracellular Lipid Delivery System from Echelon 
Biosciences (Salt Lake City, UT), according to the manufacturer’s pro-
tocol. The lipids transfected were di-C16 side chain lipids. Carrier 3 
was used for transfection of PI(3)P, and carrier 2 was used for the 
transfection of PI(3,5)P2, as per the manufacturer’s instructions.

Immunofluorescence microscopy
Mammalian cells were fixed in 4% Formalin and visualized directly or 
stained with antibodies. After incubation with primary antibodies, 
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