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Abstract

TORC1 (Target of rapamycin complex 1) has a critical role in the regulation of cell growth and
cell size. A wide range of signals, including amino acids, is known to activate TORC1. Here, we
report the identification of Rag GTPases as novel activators of TORCL1 in response to amino acid
signals. Knockdown of Rag gene expression suppressed the stimulatory effect of amino acids on
TORCL in Drosophila S2 cells. Expression of constitutively active (GTP-bound) Rag in
mammalian cells enhances TORCL1 in the absence of amino acids while expression of dominant
negative Rag blocks the stimulatory effects of amino acids on TORC1. Drosophila genetic studies
also show that the Rag GTPases regulate cell growth, autophagy, and animal viability under
starvation. Together, our studies establish a novel function of Rag GTPases in TORC1 activation
in response to amino acid signals.

Introduction

A wide range of signals regulates the activity of Target of rapamycin (TOR) to control cell
growth. TOR exists in two distinct complexesl, 2, TORC1 and TORC2, which share mTOR
and mLST8 and have each their unique subunits. TORC1 is directly inhibited by
rapamycin3, while TORC2 is not4—6. TORCL positively regulates cell growth and cell size
by promoting anabolic processes such as protein synthesis1, 7 and inhibiting catabolic
processes such as autophagy8-10. The S6-kinase and translation factor 4EBP1 are
phosphorylated upon TORC1 activation to mediate TOR-induced translational regulation11,
12 and their phosphorylations have been used to assess TOR activation in vivo
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TORCL is regulated by mitogenic growth factors, cellular energy levels, and amino acidsl,
2. The mechanisms of TORCL regulation by growth factors and energy levels have been
characterized. For example, growth factors activate TORC1 partly through PI13K, Akt,
TSC1/TSC2, and Rheb13-15, a small GTPase of the Ras family that directly binds to and
stimulates TORC1 activityl6-18. Amino acids are potent activators of TORC119 however,
the mechanism of TORC1 activation by amino acids is largely unknown. Although studies
have implicated the VPS34 P13 kinase in nutrient response20, 21, its precise function in
TORC1 activation remains to be established.

Gtrl and Gtr2 are unique members of the Ras GTPase family in yeast22 that have a long C-
terminal extension which is required for Gtrl/Gtr2 heterodimer formation23, 24. In yeast,
Gtrl/Gtr2 act in a multifunctional protein complex involved in nuclear transport regulation,
intracellular protein trafficking, microautophagy, and exit from rapamycin-induced growth
arrest22, 24-26. RagA and RagB are mammalian homologues of Gtrl while RagC and
RagD are corresponding homologues of Gtr227, 28. Although the physiological functions of
Rag family GTPases are largely unknown, RagA and RagB can form heterodimers with
RagC and RagD28 and Rag complexes may functionally interact with Ran to modulate
nuclear transport22, 29. Here, we identify Rag GTPases as novel regulators of TORC1 in
cultured mammalian cells and Drosophila. Our data indicate that Rag promotes cell growth
and inhibits autophagy by activating TORCL1 in response to amino acid signals.

dRagA and dRagC are positive regulators of S6K phosphorylation in Drosophila S2 cells

The GTPase family proteins are involved in almost every aspects of cellular signaling. We
hypothesized that amino acid signaling to TORC1 may involve a GTPase(s). We performed
a RNA interference (RNAI) screen of 132 annotated Drosophila GTPases using Drosophila
S2 cells and looking for the GTPases whose silencing prevents amino acid-induced
phosphorylation and mobility shift of dS6K in S2 cells (Fig. 1a). CG11968 and CG8707
were identified as important for dS6K phosphorylation in response to amino acids (Fig. 1a).
Sequence comparison analyses show that CG11968 is most closely homologous to the yeast
Gtrl and mammalian RagA and RagB, while CG8707 is homologous to the yeast Gtr2 and
mammalian RagC and RagD and therefore named them dRagA and dRagC, respectively
(Fig. 1a). Consistent with results in yeast and mammalian cells, these proteins were
previously found to interact in large scale two hybrid screens30. Knockdown of many other
GTPases, such as the Rho family members, had no effect on dS6K phosphorylation (Fig.
1a).

Rheb was also isolated in our screen. It is worth noting that Rheb knockdown reproducibly
caused a stronger inhibition of S6K phosphorylation than dRagA and dRagC (Fig. 1a),
consistent with the notion that Rheb is a direct activator of TORC117, 18. Knockdown of
several other GTPases, such as Rab5 and Ran, also decreased dS6K phosphorylation.
However, knockdown of Rab5 and Ran significantly decreased cell numbers as well (data
not shown), indicating a general effect of these GTPases on cell proliferation/apoptosis.
Therefore, we focused our efforts on the Rag GTPases.
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Amino acids are known to stimulate TORC1 but not TORC22. In fact, amino acid starvation
indirectly elevates TORC?2 activity because inactivation of S6K by amino acid starvation
relieves the feedback inhibition on TORC231, 32 (Fig. 1b). We tested the effect of dRag on
dAkt phosphorylation, a TORC2 substrate. Knockdown of dRagA or dRagC caused a
significant increase of dAkt phosphorylation (Fig. 1b). These data are consistent with the
notion that dRagA and dRagC play a positive role in TORC1 activation but not TORC2
activation.

To determine the functional relationship between dRag and the components of TOR
signaling pathway, we performed knockdown of dTSC2 and dPTEN, two negative
regulators of dTOR, in combination with dRag. As expected, dTSC2 knockdown increased
dS6K phosphorylation (Fig. 1c). Knockdown of either dRagA or dRagC compromised the
effect of TSC2 knockdown on dS6K phosphorylation (Fig. 1c). Of note is that knockdown
of dRagA or dRagC did not decrease dS6K phosphorylation below the basal level when
dTSC2 was also knocked down. In contrast, dRheb knockdown eliminated dS6K
phosphorylation even when dTSC2 was knocked down (data not shown). Similar results
between dRag and dPTEN were observed (Fig. 1c). These data suggest that RagA and RagC
may function in parallel to PTEN and TSC2 to activate TORCL.

Rag GTPases regulate mammalian TORC1

We next examined the function of Rag GTPases in regulation of mammalian TORCL1 in
cultured cells. Human RagA shares over 90% sequence identity with RagB but only 25%
sequence identity with RagC and RagD while RagC shares 87% sequence identity with
RagD28. Wild type as well as constitutively active and dominant negative mutants of human
RagA, B, C, and D were constructed. In vivo labeling of RagA showed that both wild type
and RagA Q66L contained high levels of GTP while RagA T21N bound little nucleotide
(Supplementary Fig. S1). We found that expression of Rag, especially the constitutively
active RagA Q66L and RagB Q99L, increased phosphorylation of co-transfected HA-S6K
(Fig. 2a). In contrast, expression of dominant negative RagA T21N and RagB T54N
decreased S6K phosphorylation. The effect of dominant negative RagA and RagB
expression on S6K was also evident as shown by an increase in S6K mobility (Fig. 2a). On
the other hand, expression of constitutively active and dominant negative RagC or RagD had
only a minor effect on S6K phosphorylation (Fig. 2a). Surprisingly, the dominant negative
mutants RagC S75N and RagD S76N decreased S6K mobility (Fig. 2a), indicating a
possible increase of phosphorylation (see results later).

We confirmed the physical interaction between RagA and RagC (data not shown). The
relationship between RagA and RagC in S6K phosphorylation was further investigated. As
shown in Fig. 2b, RagA T21N dominantly inhibited S6K phosphorylation regardless of the
nucleotide binding status of the co-expressed RagC. Moreover, RagA Q66L dominantly
activated S6K phosphorylation regardless of the nucleotide binding status of the co-
transfected RagC. Notably, RagA T21N and RagC S75N were poorly expressed when they
were transfected alone. However, when they were co-transfected with either wild type or
mutant versions of RagC or RagA, the expression levels were markedly increased (Fig. 2b),
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suggesting dimer formation stabilizes the dominant negative mutants of RagA and RagC,
which are unstable.

To further examine the role of Rag GTPases in mTORC1 regulation, we determined the
phosphorylation status of the S6K site T421/S424, which is not directly phosphorylated by
mTORC1, and 4EBP1, another direct substrate of mMTORC1. RagA T21N did not decrease
S6K T421/S424 phosphorylation as much as T389. In contrast, RagAT21N completely
blocked 4EBP1 phosphorylation (S65) and also caused a dramatic mobility shift of the co-
transfected 4EBP1 (Fig. 2c). On the other hand, Rag had little effect on AKT (S473)
phosphorylation, a TORC2 substrate 33. These results support the notion that Rag GTPases
specifically activate mTORC1 but not mTORC2.

Rag GTPases regulate amino acid response

The stimulatory effect of constitutively active RagA on S6K phosphorylation was not
dramatic in normal culture medium (Fig. 2). Previously, we had also observed that
stimulation of S6K phosphorylation by Rheb was not dramatic in rich medium but was
greatly enhanced under nutrient poor conditions34. Therefore, we tested S6K
phosphorylation under amino acid deprivation. Co-expression of constitutively active RagA
Q66L increased S6K phosphorylation while wild type RagA or dominant negative RagA
T21N did not (Fig. 3a). Moreover, expression of RagA T21N and RagC Q120L completely
blocked S6K phosphorylation in response to amino acid stimulation (Fig. 3b). Surprisingly,
expression of dominant negative RagC S75N but not constitutively active RagC Q120L
reproducibly increased S6K phosphorylation (Fig. 3a). Although the effect was less
dramatic, given the low expression of RagC S75N, the S6K activation caused by RagC
S75N was in fact rather significant. Transfection with as little as 20ng of RagA Q66L DNA
strongly increased S6K phosphorylation in the absence of amino acids and this effect lasted
over 12hrs (Fig. S2a, data not shown). Expression of RagA T21N strongly blocked amino
acid stimulation even though the expression level was low (Fig. S2a).

We tested whether RagA Q66L can overcome inhibition by osmotic stress. As shown in Fig.
S2b, osmotic stress still inhibited RagA Q66L-induced S6K phosphorylation. We found that
neither RagA Q66L nor RagA T21N affected AMPK phosphorylation (data not shown),
excluding an involvement of AMPK.

In the absence of amino acids, the ability of insulin to stimulate S6K was significantly
compromised (Fig. S3)8, 19. We therefore examined the effect of Rag on insulin signaling.
Co-expression of RagA T21N and RagC Q120L potently diminished the ability of insulin to
stimulate S6K phosphorylation (Fig. 3c), similar to the results obtained under amino acid
starvation conditions (Fig. S3). In contrast, the insulin-induced AKT phosphorylation was
not affected by Rag (Fig. 3c). These data further support the notion that the Rag GTPases
may be specifically involved in amino acid signaling.

Rag GTPases regulate cell size in Drosophila

TOR signaling has been well established in the regulation of cell and organ size in
Drosophila35, 36. This led us to examine the contribution of dRagA and dRagC to cell
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growth in vivo. dRagA wild type, constitutively active mutant dRagA Q61L, and dominant
negative mutant dRagA T16N were each expressed in posterior wing compartments using
the posterior driver en-GAL4. We found that expression of the constitutively active dRagA
Q61L but not the wild type dRagA significantly increased posterior compartment size
relative to that of the control anterior compartment (Fig. 4a). In contrast, expression of the
dominant negative dRagA T16N decreased posterior wing compartment size. Consistent
with these results, expression of dRagA Q61L increased individual cell size of the wing,
while expression of dRagA T16N reduced cell size (Fig. 4b). We also expressed dRagA in
the dorsal wing surface of the wing using the dorsal specific ap-GAL4. As predicted,
expression of dRagA Q61L or dRagA T16N caused wing curvature downward or upward,
respectively (Fig. S4a, b). These results support that high activity of dRagA promotes cell
growth and low activity of dRagA inhibits cell growth.

The Drosophila larval fat body is involved in TOR-dependent nutrient sensing as well as in
relaying a nutritional response during development37. We thus examined the role of dRagA
in cell size regulation in this tissue on regular food or after 48-hour amino acid starvation.
Under starvation conditions, clonal overexpression of wild type dRagA resulted in a modest
increase in individual cell size, whereas expression of constitutively active dRagA Q61L
resulted in a dramatic 3-fold increase in cell size compared to neighboring cells under
starvation conditions (Fig. 4c, d). Interestingly, however, expression of wild type and dRagA
Q61L had little effect on cell size under normal fed conditions (Fig. 4c), consistent with a
specific effect of dRagA in nutrient response. Furthermore, expression of dRagA T16N
potently decreased cell size, and this effect was visible only under nutrient sufficiency but
not under nutrient starvation (Fig. 4c, d). Together, these data are consistent with the effect
of RagA on S6K phosphorylation observed in mammalian cells (active RagA increases S6K
in amino acid free medium and dominant negative RagA inhibits S6K in rich medium) and
strongly support a role of dRagA specifically involved in nutrient response.

To investigate the function of endogenous dRag, we identified a P element insertion in the 5
untranslated region of the dRagC gene. Animals homozygous for this insertion were found
to arrest growth at the early third instar larval stage, similar to the growth arrest observed in
Tor loss of function mutants36, and could be restored to viability upon mobilization of the P
element (data not shown). In the larval fat body, clones of cells homozygous for this dRagC
mutation showed a statistically significant reduction in cell size under fed but not starved
conditions (Fig. 4c, d), highlighting a requirement for endogenous dRagC in cell growth
regulation and nutrient response.

Rag and TSC1/2 function independently and in parallel to promote TORCL1 signaling

We next examined the relationship between Rag and TORC1 pathway components in
further detail. In mammalian cells, rapamycin treatment completely blocked RagA Q66L/
RagC S75N induced S6K phosphorylation (Fig. 5a). Consistent with this, co-expression of
an mMTOR kinase dead mutant (mTOR-KD) also effectively inhibited RagA Q66L/RagC
S75N induced S6K phosphorylation. These results show that Rag functions upstream of
mTOR. On the other hand, expression of TSC1/TSC2 partially inhibited the stimulatory
effect of RagA Q66L/RagC S75N (Fig. 5b). Conversely, expression of RagA Q66L/RagC
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S75N partially reversed the inhibitory effect of TSC1/TSC2. To further investigate the
relationship between Rag and TSC, we examined the endogenous proteins. Both RagA and
RagB genes are expressed in Hela cells (data not shown). Knockdown of both RagA and
RagB decreased S6K phosphorylation and also compromised the increase of S6K
phosphorylation caused by TSC2 knockdown (Fig. 5¢). These results indicate that Rag and
TSC1/2 may function in parallel pathways to independently regulate mTORCL activity.

We then tested the effect of RagA T21N on Rheb induced S6K phosphorylation. Expression
of RagA T21N and RagC Q120L potently blocked basal S6K phosphorylation but did not
inhibit Rheb-induced S6K phosphorylation (Fig. 5d). Amino acid starvation also failed to
block the stimulatory effect of Rheb on S6K phosphorylation (data not shown). These data
exclude a model that Rag functions downstream of Rheb but are consistent with Rag acting
either parallel or upstream of Rheb.

We also investigated the functional relationship between Rag and Rheb in vivo through
genetic studies in Drosophila. To test whether dRagC is required for Rheb to stimulate cell
growth, the effect of Rheb overexpression on fat body cell size was examined in dRagC-/-
cells. Mutation of dRagC did not block the growth stimulatory effect of Rheb
overexpression (Fig. 6a, b). In fact, Rheb overexpression induced a greater relative cell size
increase in a dRagC—/- genetic background. Similarly, Rheb overexpression has been
shown to have a stronger effect on cell size under starvation conditions38, further suggesting
that nutrient signaling is impaired in dRagC mutants. We also examined the effect of Rheb
loss of function under conditions of dRagA Q61L activation, and found that Rheb mutant
cells were smaller than neighboring wild type cells both in control animals and in animals
ubiquitously expressing dRagA Q61L throughout the fat body (Fig 6c, d). These data
indicate that dRagA and dRagC are not required for Rheb to stimulate cell growth. We also
found that the increase in cell size in response to dRagA Q61L expression was partially or
completely suppressed in two different Rheb hypomorphic mutant backgrounds (data not
shown), indicating that Rheb activity may be required for the growth effects of dRagA.
Together, these data suggest that Rag acts parallel or upstream of Rheb to stimulate cell
growth.

Tscl mutant animals die at an early larval stage due to hyperactive TOR signaling, and this
lethality can be rescued by heterozygous mutation of TOR or dS6K 39, 40. Similarly, we
observed that heterozygous disruption of dRagC partially suppressed the early larval
lethality caused by Tscl mutation (Fig. S4c, d). This incomplete rescue suggests that dRagC
may be somewhat responsive to Tsc1/Tsc2 signaling.

Rag proteins regulate starvation responses in Drosophila

Autophagy is strongly induced in the Drosophila fat body in response to starvation, and this
is dependent upon downregulation of TOR signaling. Autophagy can be readily imaged in
vivo using markers such as GFP-Atg8 and Lysotracker 41. We found that overexpression of
dRagA Q61L strongly inhibited starvation-induced punctate Lysotracker and GFP-Atg8a
staining (Fig. 7a—d) in response to starvation in Drosophila. This observation indicates that
active dRagA suppresses the nutrient starvation response, suggesting that high dRagA
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activity may generate false signals mimicking nutrient sufficiency, thereby suppressing
autophagy.

LC3, the mammalian Atg8 homolog, undergoes a set of modifications resulting in
conversion from LC3I to LC3II during autophagy 42. To further test the function of Rag in
autophagy, we examined the LC3 modification in HEK293 cells. Expression of RagA QL
and RagC SN inhibited LC3 conversion in response to amino acid starvation (Fig. 7e).
Furthermore, expression of RagA TN and RagC QL enhanced LC3 conversion even in the
presence of amino acids. These results are consistent with the data observed in Drosophila
and further demonstrate a role of the Rag GTPases in autophagy regulation in response to
nutrient signals.

Since proper response to nutrient limitation is also important for organisms to survive under
unfavorable conditions 43, 44, we investigated the effect of dRagA activity on adult animal
viability in response to starvation. Targeted expression of constitutively active dRagA Q61L
to the fat body had no significant effect on survival in animals given a normal diet, but
resulted in a significantly accelerated rate of death under starvation conditions (Fig. 8a, b).
In contrast, animals expressing the dominant negative dRagA T16N were more resistant to
death induced by starvation. Similar effects on starvation survival were observed with
ubiquitous expression of dRagA transgenes (data not shown). Taken together these data
suggest that the activity of dRagA is important for signaling in response to nutrient
starvation and also is critical for animal survival.

Discussion

Amino acids are critical activators of TORC1 however the mechanism of amino acid
signaling is largely unresolved. Although VVPS34 was proposed to mediate nutrient signals to
TOR20, 21, we recently found that Drosophila with Vps34 null mutations have normal TOR
activity45. VVps34 knockdown had no effect on dS6K phosphorylation (data not shown). In
this report, we have identified Rag GTPases as important novel activators of TORC1
pathway in response to amino acids both in Drosophila and in mammals. Knockdown of
dRagA or dRagC dramatically decreased dS6K phosphorylation in response to amino acid
stimulation. Overexpression of constitutively active dRagA Q61L increased cell size in fat
body and wings, especially in starved Drosophila. Expression of dominant negative dRagA
T16N decreased cell size and this effect was stronger when nutrients were sufficient.
Furthermore, dRagA Q61L expression and dRagC mutation suppressed starvation-induced
autophagy and the lethality of Tscl mutant animals, respectively. In mammalian cells,
overexpression of constitutively active RagA activated TORC1 even in the absence of
amino acids, and expression of dominant negative RagA blocked TORC1 activation in
response to amino acid stimulation. The relationship between Rag and amino acids is rather
specific because constituvely active RagA could not overcome osmotic stress.

Rag physiological role in nutrient response is further supported by the fact that flies
expressing dRagA Q61L die earlier than the controls during starvation, presumably due to a
failure to attenuate their metabolic activity and growth owing to a false sense of nutrient
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sufficiency. Additionally, animals expressing dRagA T16N are more resistant to starvation
and survive longer in the absence of nutrients.

Our data indicate that dimer formation between RagA/B and RagC/D is important for
TORC1 activation. Within the dimer, the function of RagA/B is dominant. In other words,
RagA Q66L dominantly activates and RagA T21N dominantly inhibits TORC1 regardless of
the nucleotide binding status of the RagC/D in the complex. Nevertheless, RagC/D is likely
to be critical for the dimer function, given the effects of dRagC knockdown in S2 cells and
the phenotypes of dRagC mutant animals. Interestingly, the yeast Gtrl and Gtr2 need to be
in GTP-bound and GDP-bound status, respectively, to function26. Our results suggest that
the relationship between RagA and RagC is similar to that between Gtrl and Gtr2. In
addition, RagC may have a GTPase-independent role in stabilizing RagA and may regulate
RagA localization or activity, or aid in TORCL activation.

Studies in yeast have shown that Gtr1/Gtr2 could control intracellular protein trafficking,
thereby regulating the localization of the general amino acid permease Gap126. This
observation suggests a possible mechanism whereby Gtrl/2 activate TORC1 by promoting
amino acid import and thus regulating nutrient availability. However, our data from
mammalian cells are not consistent with this model: complete and extended amino acids
depletion fails to inhibit TORCL1 activity in cells overexpressing RagA Q66L. Second, we
found that the amino acid import was not significantly affected by RagA expression (Fig.
S5). Therefore, it is unlikely that Rag regulates TORC1 by promoting the availability of
nutrients. Instead, we favor a model in which Rag acts between amino acids and TORC1 in
a pathway parallel to the TSC-Rheb axis (Fig. 8c). An interesting possibility is that Rag
regulates localization of TORC1 pathway components.

This study identifies Rag GTPases as novel positive regulators of TORCL1 in amino acid
signaling, a conclusion supported by biochemical studies in mammalian cells and genetic
studies in Drosophila. Future study to elucidate the molecular mechanism of Rag in amino
acid sensing and TORC1 activation will shed new insight into this important pathway.

Antibodies, Plasmids, and Reagents

Anti-Drosophila S6 kinase antibody was generously provided by Dr. Mary Stewart
(University of North Dakota State University, Fargo, ND). Anti-phospho Drosophila S6K,
anti-S6K, anti-phospho S6K, anti-Akt, anti-phospho Akt, and antiphospho 4EBP1 antibodies
were from Cell Signaling Inc (Beverly, MA). Anti-mTOR and anti-Myc antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-HA and anti-Flag antibodies from
Covance (Philadelphia, PA) and Sigma (St. Louis, MO), respectively. The cDNAs encoding
human RagA and RagC were obtained from American Tissue Culture Collection (Manassas,
VA) and PCR amplified. RagA was subcloned into BamHI/Xhol restriction enzyme site of
pcDNA3-HA and pcDNA3-FLAG and RagC was subcloned into BamHI/EcoRl restriction
enzyme site of pcDNA3-HA and Myc-pRK5 vectors. The cDNAs encoding RagB and RagD
were PCR amplified from human brain cDNA library and cDNA library generated from
HEK293 cells, respectively. RagB and RagD were subcloned into EcoRV/Xhol and BamHI/
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EcoRl site of pcDNA3-FLAG and pRK5-Myc vectors, respectively. All mutant constructs
of RagA, B, C, and D were created by PCR mutagenesis and were verified by DNA
sequencing. Primers used for Rag constructs cloning are listed in Supplementary
Information, Table S1. All other DNA constructs, including HA-S6K, Myc-4EBP1, GST-
AKT, Flag-mTOR KD, HA-TSC1, HA-TSC2, Myc-Rheb, were laboratory stock. Insulin
and rapamycin were obtained from Sigma and Cell Signaling, respectively. sSiRNAs
targeting human TSC2, RagA, and RagB were obtained from Dharmacon, Inc. (Lafayette,
CO)

Drosophila S2 cells (Invitrogen, Carlsbad, CA) were cultured in Drosophila SFM
(Invitrogen) supplemented with L-glutamine (45ml of 200mM L-Glutamine/500ml media)
in 27°C incubator. HEK293 cells and HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, Cat. No. 12430) supplemented with 10% fetal bovine
serum (FBS) in 37°C humidified incubator under 5% CO».

Amino acid (AA) containing (SDMK)- or AA free (SDMK-AA)-media used for Drosophila
S2 cells were made based on Schneider’s Drosophila Medium (Invitrogen) formulation.
Stocks for AA (2X), inorganic salts (2.5X), and other components (5X) were made
individually and mixed together to final concentration of 1X SDMK or 1X SDMK-AA. For
SDMK-AA, ddH20 was added instead of AA. Final pH and osmolality was adjusted to 6.6—
6.8 and 345-365 mOsm/kg, respectively. SDMK and SDMK-AA were used for AA
stimulation and AA starvation, respectively for Drosophila S2 cells.

Amino acid (AA) containing (DMEMK)- or AA free (DMEMK-AA)-media used for
HEK?293 and HeLa cells were made based on DMEM medium (Invitrogen, Cat. No. 12430)
formulation. Stocks for AA (10X), inorganic salts and other components (2X) were made
individually. For vitamins, MEM vitamin solution (Invitrogen, 100X) was used in 1:25
dilution (final concentration=4X). Stocks were mixed together to final concentration of 1X
DMEMK or 1X DMEMK-AA. For DMEMK-AA, ddH,0 was added instead of AA. Final
pH and osmolality was adjusted to 7.0-7.4 and 295-340 mOsm/kg, respectively. DMEMK
and DMEMK-AA were used for AA stimulation and AA starvation, respectively for
HEK293 and HelLa cells.

RNA Interference

Drosophila RNA interference (RNAI) experiments were performed as described with minor
modifications46. Briefly, primers flanked with T7 RNA polymerase binding site
(GAATTAATACGACTCACTATAGGGAGA) at the 5’ end followed by gene specific
sequences (Table S2) were designed to amplify approximately 600 bp of the coding region
of the gene of interest. Each individual DNA fragment was amplified with this primer by
PCR from Drosophila genomic DNA and resulted PCR products were purified by using the
High pure PCR purification kit (Roche, Indianapolis, IN). Using the purified PCR products
as templates, In vitro transcription was performed to produce dsRNA by using a
MEGAscript T7 transcription kit (Ambion, Austin, TX). The transcribed RNAs were
annealed in vitro by incubation at 65°C for 30 min followed by slow cooling down to room
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temperature. dsSRNA were analyzed by 1% agarose gel electrophoresis for the integrity as
well as length and quantified. Drosophila S2 cells were cultured in 12-well plates for 4 days
with a starting density of 2 x 10° cells per well. On days 1 and 3, 4 ug of dsRNA targeting
the gene of interest was added directly to the culture wells. Cells were lysed at the end of
day 4, with 150 pl per well of the mild lysis buffer (10 mM Tris-HCI [pH 7.5], 100 mM
NaCl, 1% NP-40, 50 mM NaF, 2 mM EDTA [pH 8.0], 1 mM DTT, 1 mM PMSF, 10 ug/ml
leupeptin, and 10 ug/ml aprotinin). Cell lysates were subjected to SDS-PAGE.

For RNAI experiments in HeLa cells, cells were diluted and plated into 6-well plates at
about 30% confluency. 24 hrs later, 20 uM of siRNA (final concentration) were transfected
using Lipofectamine (Invitrogen) following manufacturer’s protocol.

Transfection and Western Blot Analysis

Transfection was performed in serum-free conditions using Lipofectamine™ reagent
(Invitrogen) as described by the manufacturer. Cells were lysed in mild lysis buffer (10 mM
Tris-HCI [pH 7.5], 100 mM NaCl, 1% NP-40, 50 mM NaF, 2 mM EDTA [pH 8.0], 1 mM
DTT, 1 mM PMSF, 10 pug/ml leupeptin, and 10 pg/ml aprotinin). Samples were resolved by
SDS-PAGE, transferred to polyvinylidene difluoride membrane, and then blotted with the
desired antibodies.

Drosophila Stocks and Genetic Manipulations

ESTs GH04846 and GH16429 encoding dRagA/CG11968 and dRagC/CG8707,
respectively, were purchased from the Drosophila Genomics Resource Center
(Bloomington, IN). Wild type and PCR-generated mutant versions of these cDNAs were
subcloned into pUAST and injected into w1118 embryos by standard procedures (Model
System Genomics, Duke University). P[EPgy2]EY11726 is a lethal insertion in the 5-UTR
of dRagC/CG8707. Transposase-mediated excision of this line resulted in complete
restoration of viability. To generate homozyogous dRagC clones, the EY11726 element was
recombined with FRT42D. Clones of cells for dRagCEY11726 or Rheb?P1 mutant or
expressing dRag transgenes were generated as described47. Flies were cultured on standard
cornmeal/molasses/agar medium at 25 °C.

Histology and Size Quantification

Culture and starvation of larvae, fat body dissection, Texas Red-phalloidin treatment and
Lysotracker staining were performed as described48. GFP-Atg8a was expressed in
spontaneous larval fat body clones as described45. Images were captured using ACT1
software to run a DXM 1200 Nikon digital camera attached to a Zeiss Axioscope 2
epifluorescence microscope with Plan-Neoflar 5x and 40X objective lens. Average area of
mutant and surrounding control fat body cells was determined using the histogram function
of Adobe Photoshop 7.0. To quantify transgene effects on adult wing cell and compartment
size, the average area and number of cells within a representative anterior region (area
between wing margin and L1) and a representative posterior region (area between L3 and
L4) was determined using Photoshop 7.0. Statistical analyses were performed on a minimum
of six samples per genotype, and significance was determined using Student’s 2-tailed
unpaired t-test.
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Viability Assays
Fifty female adult flies expressing the indicated UAS-dRag transgenes using the fat body
specific cg-GAL4 driver were fed on regular food for 24-48 hours post eclosion, and then
transferred to vials containing either plain agar (starved) or standard fly media (fed). Viable
flies were counted and transferred to fresh vials every 24 hours. These experiments were
carried out in triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. dRagA and dRagC are novel activators of TORCL in Drosophila S2 cells

(a) Knockdown of dRagA and dRagC decreased dS6K phosphorylation (T398).
Drosophila S2 cells treated with or without each indicated RNAi were amino acids (AA)
starved for 1 h followed by AA stimulation for 30 min. Phosphorylation and protein levels
of dS6K were determined by immunoblotting with indicated antibodies.

(b) dRagA and dRagC are not required for dAkt phosphorylation. Drosophila S2 cells
treated with or without each indicated RNAI were AA starved for 1 h and stimulated with
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AA for 30 min. Phosphorylation and protein levels of dAkt were determined by
immunoblotting with appropriate antibodies as indicated. NC: negative control RNA..

(c) dRagA and dRagC function parallel to TSC2 and PTEN. dRagA or/and dRagC RNAI
was added to S2 cells in combination with dTSC2 or dPTEN RNA.i as indicated. dTSC2 or
dPTEN RNAI treatment increased pdS6K (T398) and this increase was compromised by
dRagA or/and dRagC RNA.I.
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Figure 2. Mammalian Rag GTPases regulate TORC1 activity

(a) Constitutively active RagA and RagB stimulate S6K phosphorylation. 200 ng of
each mammalian RagA, RagB, RagC, or RagD construct was co-transfected with HA-S6K
(20 ng) into HEK?293 cells. Their corresponding dominant negative mutants (RagA T21N,
RagB T54N, RagC S75N, RagD S76N), and constitutively active mutants (RagA Q66L,
RagB Q99L, RagC Q120L, RagD Q121L), were also tested. Phosphorylation and protein
levels were determined by immunoblotting with appropriate antibodies, as indicated.
Molecular weights of markers are indicated on the right.
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(b) RagA has a dominant role over RagC in regulating S6K phosphorylation. 200 ng of
each indicated Rag constructs were co-transfected with 20 ng of HA-S6K. The different Rag
mutants used in the transfection are indicated on the top of each lane.

(c) Rag regulates TORC1 but not TORC2 activity. 200 ng of each indicated Rag
constructs were co-transfected with 20 ng of HA-S6K, 20 ng of Myc-4EBP1, or 100 ng of
GST-AKT. Phosphorylation and protein levels were determined by immunaoblotting with
appropriate antibodies, as indicated.
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Figure 3. Rag GTPases are involved in amino acid response
(a) RagA Q66L and RagC S75N activate TORC1 in the absence of AA. 200 ng of each

indicated Rag constructs was co-transfected with HA-S6K (20 ng) into HEK293 cells. Cells
were AA starved for 1 h before harvest. Phosphorylation and protein levels were determined
by immunoblotting with appropriate antibodies, as indicated. Molecular weights of markers
are indicated on the right.

(b) RagA T21N and RagC Q120L block S6K phosphorylation in response to AA
stimulation. 200 ng of pcDNA3 or each indicated Rag construct was co-transfected with
HA-S6K into HEK293 cells. Cells were AA starved for 1 h (~AA) and either remained in
AA starvation media or stimulated with AA containing media for 30 min (+AA) before
harvest. Phosphorylation and protein levels were determined by immunoblotting with
appropriate antibodies, as indicated.

(c) RagA T21N and RagC Q120L suppress the insulin stimulation on S6K
phosphorylation. 200 ng of pcDNA3 or each indicated Rag construct was co-transfected
with HA-S6K (20 ng) or GST-AKT (100 ng) into HeLa cells. Cells were serum starved
overnight and stimulated with insulin (400 nM) for 30 min. Phosphorylation and protein
levels were determined by immunoblotting with appropriate antibodies, as indicated.
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Figure 4. dRagA and dRagC promote cell and organ growth in Drosophila.
(a) dRagA positively regulates wing compartment size. Wild type or mutant dRagA

transgenes were expressed in posterior compartments with the en-GAL4 driver. The ratios of
representative posterior to anterior compartment areas are shown. Posterior compartment
area is significantly increased in response to dRagA Q61L expression and decreased in
response to dRagA T16N expression. P values: *7.32e-04 (n=7), **6.18e-04 (n=12);
Student’s 2-tailed t-test, where n represents number of adult wings analyzed.

(b) dRagA positively regulates wing cell size. Average area of posterior compartment cells
from en-GAL4 UAS-dRagA adult wings is shown. dRagA Q61L expressing cells are
significantly larger and dRagA T16N expressing cells are smaller than controls. P values:
*1.15e-03 (n=7), **0.025 (n=12); Student’s 2-tailed t-test, where n represents number of
adult wings analyzed.

(c, d) dRag GTPases positively regulate larval fat body cell size, (c) Cell area of clonally-
induced dRagA expressing cells or dRagC homozygous mutant cells relative to neighboring
wild type control cells is shown. Cell area was determined from phalloidin-stained fixed fat
body samples from fed or 48 hr starved larvae. Expression of dRagA WT or dRagA Q61L
significantly increases relative cell area under starvation but not fed conditions. dRagA
T16N expressing cells and dRagC loss-of-function cells are significantly smaller than
control cells only under nutrient replete conditions. Results are graphed as mean + standard
deviation in n samples. P values: *2.04e0-3 (n=5), **2.94e-06 (n=14), ***3.79e-07 (n=14),
**x*1.36e-0 (n=30)5; Student’s 2-tailed t-test. (d) Representative examples of fat body cells
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with altered dRagA activity. dRagA transgene expressing cells are marked by expression of
GFP in the two left panels, and dRagC homozygous mutant cells are marked by absence of
GFP in the right panel. Scale bar represents 50 pm.
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Figure 5. Relationship between Rag and components of the TOR pathway
(a) Rag acts through TORC1 to regulate S6K phosphorylation. transfected with

constructs as indicated. Co-expression of 600 ng of MTOR kinase dead (MTOR KD)
construct or rapamycin treatment (20 nM, 30 min) abolished the effect of RagA Q66L and
RagC S75N on S6K phosphorylation. Protein level of mMTOR KD was determined by
immunoblotting with anti-mTOR antibody. Molecular weights of markers are indicated on
the right.
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(b) RagA/RagC and TSC1/TSC2 independently regulate S6K phosphorylation.
HEK?293 cells were transfected with 200 ng of each Rag and/or TSC constructs as indicated.
Amino acid starvation for 1 hour (-AA) is indicated. Phosphorylation and protein levels of
the transfected proteins were determined by immunoblotting with appropriate antibodies, as
indicated.

(c) TSC2 and RagA/B independently affect S6K phosphorylation. 20 ng of HA-S6K was
transfected into HeLa cells with or without RNAI against human TSC2, RagA and RagB as
indicated.

(d) RagA T21N and RagC Q120L do not block the Rheb-induced S6K
phosphorylation. RagA T21N and RagC Q120L (200 ng each) were transfected into
HEK?293 cells with or without Rheb construct (20 ng). S6K was included in the co-
transfection. Phosphorylation and protein levels of the transfected proteins were determined
by immunoblotting with appropriate antibodies, as indicated.
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Figure 6. Rag GTPases act in parallel to Rheb to promote fat body cell growth
(a, b) dRagC is not required for Rheb-induced cell growth. (a) Area of Rheb-

overexpressing cells in control or dRagC mutant (dRagC—/-) backgrounds under fed
conditions, relative to that of neighboring control cells which were assigned a value of 1.
Overexpression of Rheb leads to a significant increase in cell area in both control and
dRagC mutant backgrounds. *P=3.4e-02 (n=5), **P=6.1e-03 (n=5); Student’s 2-tailed t-test,
where n represents number of experimental samples.. (b) A representative example of Rheb
overexpressing cells in dRagC mutant background. Rheb transgene expressing cells are
marked by co-expression of GFP. Cell boundaries are labeled by phalloidin staining in red;
nuclei are labeled by DAPI in blue. Scale bar represents 50 um.

(c, d) Expression of dRagA Q61L fails to rescue the growth impairment of Rheb
mutant cells. (c) Relative area of clonally-induced Rnheb?6-2 homozygous mutant cells in a
control background and in animals expressing dRagA Q61L throughout the fat body.
Clonally induced Rheb?%-2 homozygous mutant cells are significantly smaller than
neighboring control cells both in wild type and in dRagA Q61L expressing backgrounds.
*P=2.91e-04 (n=7), **P=2.59¢-08 (n=5); Student’s 2-tailed t-test; fed conditions where n
represents number of experimental samples. (d) A representative example of Rheb
homozygous mutant cells (marked by lack of GFP, arrows) in fat body ubiquitously
expressing UAS-dRagA Q61L. GFP-positive control cells in this experiment are a mixture
of Rheb*/~ and Rheb™/*. Scale bar represents 50 um.
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Figure 7. Regulation of autophagy by Rag

(a—d) dRagA Q61L suppresses autophagy. (a) Drosophila fat body cells clonally
expressing dRagA Q61L (marked in green by GFP expression) fail to accumulate
autolysosomes (evident in surrounding control cells by punctate Lysotracker Red staining)
in response to 4-hr starvation. Nuclei are marked in blue by DAPI. (b—d) Induction of
autophagosomes in response to 4-hr starvation is evident by the punctate pattern of GFP-
Atg8a expression in control fat body cells (b), but not in cells expressing dRagA Q61L (c).
Average number of GFP-Atg8a-marked autophagosomes per cell in control and dRagA
Q61L-expressing clones is shown in (d) (*P=2.91E-06, Students two-tailed t-test for 33 fat
body samples imaged per genotype). Scale bars represent 25 um in each panel.

(e) RagA regulates LC3 conversion in mammalian cells. Myc-LC3 was co-transfected
with RagA QL and RagC SN or RagA SN and RagC QL into HEK293 cells as indicated.
One day after transfection, cells were cultured in amino acid sufficiency medium (+AA) or
amino acid depleted medium (—AA) for 4 hours before harvesting. Western blotting for
Myc-LC3 and HA-Rag were performed. Autophagic conversion of LC3I into the lipidated
LC3II form is blocked by active RagA and stimulated by dominant negative RagA.
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Figure 8. High dRagA activity sensitizes Drosophila to starvation
(a, b) dRagA activation increases sensitivity to starvation. Expression of dRagA Q61L

using the fat body-specific Cg-GAL4 driver significantly decreases survival of adult female
flies under starvation (a) conditions but not fed (b) conditions, relative to controls (Cg-
GALA4 alone). Asterisks indicate time points with significant difference compared to controls
(*P<0.05; Students two-tailed t-test; n = 150 flies/genotype/treatment).

(c) A proposed model of Rag GTPase in regulation of TORC1 activity. Rag GTPases act
independently of and in parallel to TSC-Rheb to activate TOR signaling, possibly by
transducing a nutrient-dependent signal. The mechanism of TOR regulation by Rag
GTPases is indirect, and likely involves additional unidentified factors.
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