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Abstract

Mammalian target of rapamycin complex | (mTORC1) is an atypical
Ser/Thr kinase that regulates cellular and organismal growth. Accordingly,
mTORC1 has substantial roles in regulating insulin sensitivity and lifespan, and
when deregulated, it is implicated in the pathogenesis of common cancers.
mMTORC1 responds to a diverse set of stimuli, including growth factors, oxygen
availability, energy and amino acid levels in order to control essential anabolic
and catabolic processes. Amino acids promote mTORC1 shuttling to the
lysosomal surface, its site of activation. This translocation is mediated by a family
of heterodimeric GTPases known as the Rags that reside on the lysosomal
surface. Unique among the small GTPases, the Rags are obligate heterodimers:
the highly related RagA and RagB are functionally redundant and bind to RagC
or RagD, which are also very similar to each other. Amino acids regulate the
binding of nucleotides to RagB, such that amino acid stimulation increases its
GTP loading, leading to the recruitment and binding of MTORCA1. In the work
described here, we identify two Rag interacting complexes termed ‘Ragulator’
and ‘GATOR’ that form a lysosome based signaling platform that controls the
activity of the Rags. We find that Ragulator is a pentameric complex that is both
necessary and sufficient to determine the intracellular localization of Rags.
Moreover, we find that Ragulator functions as a guanine nucleotide exchange
factor (GEF) for RagA and RagB stimulating GTP-loading, a key event in the
amino-acid dependent activation of mTORC1. Additionally, we describe the
function of GATOR, an octomeric complex that is defined by two distinct
subcomplexes termed GATOR1 and GATOR2. We find that GATOR2 functions
as a positive regulator of mTORC1 whereas GATOR1 negatively controls this
pathway. Epistasis analysis reveals GATOR2 functions upstream of GATOR1,
which inhibits the Rags through its GTPase activating protein (GAP) activity
towards RagA and RagB. GATOR1 components are mutated in gliolbastoma and
ovarian tumors and GATOR1 deficient cancer cells are hypersensitive to the
mTORCH1 inhibitor rapamycin. Thus, we define the molecular mechanisms
regulating the function of Rags and propose a model for the activation of the
mTORC1 pathway by amino acids.
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Chapter 1
Introduction

Cell growth is a fundamental biological process and at its simplest form
entails the accumulation of biomass— an increase in carbohydrates, lipids,
proteins and nucleic acids. Not surprisingly, the pathways regulating growth
control are conserved across the vast swath of eukaryotic life. A master regulator
of cell growth can be though of as a rheostat, gauging environmental and
intracellular conditions and in turn modulating pathways responsible for growth.
When conditions are favorable for cellular growth (adequate supplies of nutrients
and low stress levels) anabolic programs such as translation, transcription and
metabolism are activated leading to an increase in cell size. However, when
growth-promoting conditions are reversed, a cell must rapidly shut down these
anabolic programs and instead promote restorative catabolic programs in order

to survive.

Today we know this master growth regulator to be the evolutionarily
conserved target of rapamycin (TOR) pathway. In the twenty years since its
discovery, the study of this pathway has transformed the field of growth
regulation; not only providing a deeper molecular understanding of growth control
but making important advances in the treatment of numerous human diseases. In
this introductory chapter, | will provide a signaling centric description of the TOR

pathway, with an emphasis on areas relevant to the presented work.

The Discovery of TOR

Our understanding of the TOR pathway began with the discovery of
rapamycin, a polyketide macrolide produced by a soil bacteria on Rapa Nui, a
small sunny island in the middle of the south Pacific (3). Rapamycin was initially
characterized as a powerful fungicide inducing a striking G arrest in

Saccharomyces cerevisiae (4). lts antiproliferative properties also extend to
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some human cancer cell lines. This spurred initial interest in its application as a
chemotherapeutic—- an idea that would only be realized decades later in the
treatment of advanced renal cell carcinoma (5, 6). Notably, rapamycin treatment
of a variety of cell types resulted in a dramatic reduction in cell size, implicating
its role in growth control (3). Rapamycin was also appreciated as a potent
immunosuppressant (7), efficiently blocking IL-2 mediated lymphocyte
proliferation at low nanogram doses (8), while maintaining immune surveillance
(8) and thus avoiding additional complications associated with other
immunosuppressants. Today, rapamycin (also known as serolimus) is a mainstay
in organ transplantation (9) and rapamycin-coated stents are used during
angioplasties to inhibit restenosis of arteries (70). These therapeutic properties of
rapamycin fueled great interest in understanding the molecular mechanisms

underlying its function.

Initial insights into the cellular targets of rapamycin came from
Saccharomyces cerevisiae. Elegant genetic screens in this organism uncovered
that mutations in three genes completely blocked the antiproliferative effects of
rapamycin (11, 12). The first gene identified was FRP1, which encodes the
evolutionarily conserved prolyl-hydroxylase FKBP12 that forms a stable complex
with rapamycin in cells (77). While knockout of FRP1 mediates complete
resistance to rapamycin-induced G arrest, loss of FKBP12 did not have an overt
growth phenotype. This suggests that while FRP1 is necessary for the function of

rapamycin it was not the relevant cellular target (712).

The two remaining genes contained dominant active mutations resulting in
corresponding protein products that cannot interact with the FKBP12-rapamycin
complex. The two genes are over 7000 base pairs in size and were renamed
target of rapamycin 1 and target of rapamycin 2 (TOR1 and TOR2, respectively)
(12). Deletion of TOR1 results in smaller cells and is synthetic lethal with
rapamycin treatment, yet proves dispensable for yeast viability. In contrast
deletion of TOR2 is lethal (713). These results indicated that although TOR1 and
TORZ2 share substantial homology they also have non-overlapping functions.
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While genetic approaches in yeast identified the genes that replicate the cellular
effects of rapamycin, it would be biochemical approaches in mammalian cell lines

that would uncover this compound’s physical target.

In parallel efforts to uncover the function of rapamycin in mammalian cells,
multiple research groups undertook protein purification campaigns to identify
FKBP12-rapamycin interacting proteins. This yielded the discovery of a massive
protein (289 kDa) of unknown function that was named the apropos mammalian
TOR or mTOR (74-16). Unlike budding yeast, higher eukaryotes as well as

Saccharomyces pombe only contain one ortholog of TOR.

mTOR is a founding member of the phosphatidylinositol-3 kinase related
kinase (PIKK) family which also includes ATM, ATR, DNA-PK and SGM-1L (77).
The PIKKs are characterized by their large size and a C-terminal Ser/Thr kinase
domain which resemble the catalytic domain of the lipid kinase PI3K (78). A sixth
member of the PIKK family, TRRAP, lost its kinase activity. The mTOR
consensus phosphorylation motif is poorly defined, compared to other members
of the PIKK family, making bioinformatic identification of mTOR substrates
difficult. Two recent phospho-proteomic studies revealed that the mTOR
phosphorylation site is enriched at the +1 position for proline, aliphatic (Leu, Val)
and hydrophobic (Phe, Tyr, Trp, His) residues (19, 20). The PIKK family
members also share additional domains including a FRAP, ATM and TRRAP
(FAT) domain and a C-terminal FAT domain that together flank the kinase
domain of MTOR and are both required for its activity (77, 27). At the N-terminus
of mTOR are two Huntington, elongation factor 3, the A subunit of phosphatase
2A and TOR (HEAT) domains necessary for protein-protein interactions (22).
Finally, sandwiched between the TOR kinase domain and FAT domain is the
FKBP12-rapamycin binding (FRB) domain (23, 24), which covers the catalytic
cleft and functions as a gate keeper for substrate entry (25) (Figure 1, A and B).

The two faces of TOR
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In cells, mTOR does not function on its own but rather in two distinct
multicomponent complexes commonly referred to as mTOR complex 1 and
MTOR complex 2 (MTORC1 and mTORC2, respectively) (6). These complexes
are conserved to yeast, where TORC1 is nucleated by either TOR1 or TOR2 and
TORC2 only by TOR2 (26). The identification of these two complexes explains
the original observations that TOR1 and TOR2 have non-overlapping functions.

mTORCA1

mTORC1 is a pentameric complex (Figure 1C), which homodimerizes to
form a 2 MDa rhomboid. This massive complex contains a central cavity that is
presumed to be important for substrate phosphorylation (27). Affinity purifications
of mTOR (the mainstay for finding mTORC1 complex members) identified
regulatory associated protein of mTOR (raptor) as an mTOR binding protein (28,
29). Raptor is the defining member of mMTORC1 and contains multiple WD40
interaction domains and HEAT motifs making it a highly effective protein scaffold.
Raptor not only serves as a docking site for many mTORC1 substrates through
its interaction with their TOR signaling (TOS) motifs (30, 37) but is also essential
for the intracellular localization of mMTORC1 (32, 33). mTORCH1 is known as the
rapamycin sensitive complex and is rapidly inactivated by acute rapamycin
treatments. The rapamycin-FKPB12 complex is thought to block mTORC1
function by disrupting the mTOR-raptor interaction (27) in addition to preventing
substrate entry into its catalytic cleft (25). Intuitively, mTOR is essential for life
and mice null for this protein die during implantation (34). Similarly, mouse

embryos lacking raptor expire shortly after €6.5 (35).

The second MTORC1 member identified was mLST8 (36), whose budding
yeast ortholog (LST8) was originally characterized as a gene that was synthetic
lethal with the COPII and nucleopore member Sec13 (37). Like raptor and many
GATOR proteins (see chapter 4), mLST8 also contains a WD40 domain and in
cultured mammalian cells is required for proper mTORC1 function (36). Deletion
of mMLST8 is lethal at embryonic day e10.5 (35), however loss of this protein does
not alter mTORC1 activity in cells obtained from knockout animals, further
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complicating our understanding of its function (35). Proline rich Akt substrate of
40 kDa (PRAS40) is one of two endogenous mTORC1 inhibitors and interacts
directly with raptor to inhibit mMTORC1 kinase activity both in vitro and in vivo (38,
39). As its name suggests, PRAS40 is phosphorylated by Akt (40), which
promotes its dissociation from raptor and relieves its inhibitory activity towards
mTORC1 (38). DEPTOR rounds out the remaining members of mTORC1. Like
PRAS40, DEPTOR also inhibits mTORC1 kinase activity (47).

In yeast, TORC1 contains two othrologs of its mammalian counterpart.
KOG1 the ortholog of raptor and LST8 (26). Additionally, TORC1 also contains
the yeast specific TCO89, whose function appears important for cell wall
maintenance (42). Curiously, unlike other TORC1 components (with the
exception of TOR2), deletion of KOG1 is lethal illustrating its non-redundant
functions in yeast (26). As described below, mMTORC1 serves as a master

regulator of cell and organismal growth.
mTORC2

Unlike mMTORC1, the cellular functions of mMTORC2 remain poorly
understood. Like mTORC1, mTORC?2 is also a zaftig of a complex, however it is
currently unknown whether it adopts a higher order structure. Rapamycin-
insensitive companion of mTOR (rictor) is an essential component of mMTORC2
(43, 44), and serves as a scaffold that is required for the phosphorylation and
activation of the mTORC2 substrates: Akt, PKCa and SGK1 (35, 45, 46). The
rictor-mTOR interaction is not perturbed by short-term rapamycin treatments,
thus defining mTORC2 as the rapamycin insensitive complex (43). However, in
certain cancer cell lines, prolonged treatment with rapamycin disrupts mTORC?2
stability leading to a decrease in Akt phosphorylation (47). In other cell lines Akt
phosphorylation is increased upon rapamycin treatment due to inhibition of the
S6K-IRS1 feedback loop discussed below. Like raptor, rictor is necessary for
murine viability, however mice lacking rictor die at €10.5 compared to the much
earlier death for raptor-null mice (35). In addition to rictor, a troika of additional

mTORC?2 specific components exist: protein associated with rictor 1 or 2
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(PROTOR1, PROTOR2) (48) and mammalian stress-activated protein kinase
interacting protein 1 (mSIN1) (49, 50). Binding of PROTOR1 or PROTOR?2 to
rictor is mutually exclusive and the function of their remains elusive. mSIN1 is
required for mTORC2 stability and Akt phosphorylation (49). mLST8 and
DEPTOR are shared with mTORCZ2 and maintain their functions in this complex
as well (41, 43).

Yeast TORC2 contains three orthologs of mMTORC2: AVO1 (mSIN1) (57),
AVO3 (Rictor) and LST8 (26). Additionally, AVO2 is also a TORC2 component,
but its function is poorly understood (26). While mTORC1 promotes cell growth,
mTORC?2 is responsible for cell proliferation and survival, making this pathway an

enticing therapeutic target.
Pharmacological Inhibitors of mTOR

While rapamycin serves as both a useful discovery tool and
pharmacological agent, it has long been appreciated that this allosteric inhibitor
only partially blocks mTOR kinase activity. Recent pharmacological screens
resulted in several ATP-competitive inhibitors (Torin, PP242 and PP30) that
specifically target the mTOR kinase domain (52-54). With median inhibitory
concentrations (ICsp) in the low nanomolar range toward mTORC1 in vitro and in
cells, these catalytic inhibitors have begun to reveal many novel functions for
mTORC1 (19, 55, 56). Importantly, this new class of mTOR inhibitors also
disrupts the function of mMTORCZ2, notably the phosphorylation of Akt (52). Thus,
these catalytic inhibitors may be more clinically beneficial than rapamycin in
treatment of certain cancers. Indeed, recent pre-clinical studies revealed a
striking decrease in PI3K driven tumors after treatment with catalytic site
inhibitors when compared to rapamycin treatment (57),(58). However, the full
therapeutic benefits of these mTOR catalytic inhibitors will only be realized upon
identification of biomarkers that can predict which tumors are addicted to
deregulation of the mTORC1 and mTORC2 pathways.
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The research presented in this thesis pertains to mTORC1 and the
remainder of the introduction will describe signaling pathways upstream and
downstream of this complex as well as the deregulation of this pathway in human

disease.

Making a cell grow: Downstream pathways regulated by mTORCA1.

As a master regulator of growth, mMTORC1 increases cell biomass by
promoting anabolic programs including translation, transcription, mitochondrial
biogenesis, and lipid and nucleic acid biosynthesis, while inhibiting catabolic

pathways such as autophagy (Figure 2).
Protein synthesis

Proteins account for roughly 50% of the dry weight of a cell, making
regulation of protein synthesis by mTORC1 critical to cell growth (59),(60).
mTORC1-mediated translational control is best understood at the level of its
effectors S6 Kinase1 (S6K1) and elF-4E binding proteins (4EBPs) and by
promoting ribosome biogenesis and translation of transcripts containing a &’

terminal oligopyrimidine (TOP) sequence.
S6K

Early investigations with rapamycin revealed that phosphorylation of the
ubiquitous S6 ribosomal protein was sensitive to this drug (67-63). S6 forms part
of the 408 ribosomal subunit and is phosphorylated on multiple residues by the
protein kinase A, G, C (AGC) family member S6K1 (64, 65), a direct mTORCH1
substrate (66, 67). In mammalian cells S6K1 exists as a two isoforms: cytosolic
p70 and nuclear p85. A second S6K, S6K2, was discovered inadvertently by the
generation of the S6K1™7 mouse (68). Although it is a substrate of mMTORC1 and
partially overlaps with S6K1 function, the cellular role of S6K2 is unclear (68).
mTORC1 regulates S6K1 activity by phosphorylating its C-terminal loop (66).
This forms a docking site for another AGC kinase, PDK1, which subsequently
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phosphorylates and activates S6K1 (69). How the phosphorylation of S6 by S6K
regulates translation remains controversial. Cells taken from transgenic mice in
which all five phosphorylation sites on S6 have been mutated to Ala are smaller
and insensitive to further reductions in cell size in response to rapamycin
treatment (70). This demonstrates that mTORC1-dependent cell size regulation
is directly dependent on S6 phosphorylation. Paradoxically these mutant cells
show an increase in protein synthesis caused by an increase in translation

initiation (70), underscoring a poorly defined feedback loop.

In addition to S6 phosphorylation, S6K1 exerts its effects on translation by
phosphorylation of elF4B (71), which promotes its association with the pre-
initiation complex and stimulates the translation initiation helicase elF4A. S6K1
further supports translation initiation, by relieving the PDCD4-mediated inhibition
of elF4A. S6K1 directly phosphorylates PDCD4 (72), which is then ubiquitinated
and undergoes proteasomal degradation. S6K1 also impinges on elongation
through its phosphorylation and inhibition of eEF2K (73). Although not directly
part of protein synthesis, S6K1 increases nascent transcript splicing by activating
the exon junction protein SKAR, which in combination with S6K1 enhances

splicing efficiency (74).
4EBPs

The rate-limiting step in protein synthesis is translation initiation. Hence,
multiple layers of regulation exist for this step, many of which, including cap-
dependent translation, are controlled by mTORC1,. Covalent modification of a
majority of nascent transcripts with a 7-methyl guanosine cap on the 5" end
ensures message stability. The initiation factor elF4E binds to the capped mRNA
and recruits elF4G1 facilitating translation initiation. 4EBPs sequester elF4E
preventing its interaction with the initiation scaffold elF4G1 and formation of the
initiation complex (59). Phosphorylation of 4EBPs by mTORC1 prevents 4EBPs
from binding to elF4E thus allowing the initiation complex to be assembled (75,
76). In mammals, three 4EBP proteins exist: 4EBP1 and 4EBP2 appear to have

redundant functions as a single deletion of either does not increase total protein
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synthesis (77), while the function of 4EBP3 is cryptic. MEFs collected from
double 4EBP1 and 4EBP2 knockout mice are completely resistant to mTORC1-
dependent translational regulation (55) implying that 4EBP1 and 2 are the major

translational effectors for this pathway.
Translation of TOP mRNAs

mTORC1 also impacts protein synthesis by modulating the translation of a
subset of MRNAs containing a TOP motif (569). TOP motifs consist of pyrimidine
rich tracts, located in the 5" UTR of a transcript and are enriched in mRNAs
encoding protein synthesis factors (569). How mTORC1 selectively regulated the
translation of TOP mRNAs remained largely unknown until two groups (including
our own) applied high-throughput ribosome profiling techniques to this question
(55, 78). These studies revealed that elF4E binds selectively to TOP mRNAs and
mTORC1 promotes translation of these messages by inhibiting the function of
4EBP1 and 4EBP2 (55). Both studies also provided an unparalleled view of the
translational landscape regulated by mTORC1 and identified new regulatory
elements including TOP-like (565) and pyrimidine rich translational element
(PRTE) (78) motifs important for translation control.

Ribosome biogenesis

At the most basic level, translational output can be influenced by the total
number of ribosomes. Early studies with rapamycin showed a dramatic decrease
in the transcription of ribosomal RNA, ribosomal proteins and tRNAs (79).
Subsequent studies clarified this relationship by identifying the TIF-1A as a
downstream effector of mMTORC1. mTORC1 promotes the nuclear localization of
TIF-1A (80), which functions as a co-factor for RNA polymerase | that is critical
for rRNA biosynthesis. Additionally, mMTORC1 phosphorylates and inhibits MAF1
(81, 82), an inhibitor of RNA polyemerase lll, which is required for 5S rRNA and
tRNA transcription.

Metabolism
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In addition to regulating protein synthesis, mTORC1 plays a critical role in
the synthesis of other macromolecules such as lipids (83) and nucleic acids (84).
mTORCH1 also exerts its control over glycolytic metabolism and energy

production by modulating key metabolic transcription factors such as HIF1a.
Lipid Biosynthesis

A growing cell demands an ever-increasing supply of lipids to maintain
continued expansion of the plasma membrane and organogenesis. Sterol
response element binding protein 1 (SREBP1) functions as a master
transcriptional regulator of lipid and cholesterol biosynthesis (85). SREBP1 lies
dormant in the ER membranes until a decrease in sterol levels or activation of
the insulin pathway stimulates its proteolytic processing and ensuing release
from the ER. Activated SREBP1 translocates to the nucleus and promotes
expression of key genes required for lipid biosynthesis, cholesterol biosynthesis
and the oxidative arm of the pentose phosphate pathway (85). mTORC1
regulates SREBP1 nuclear translocation through its effector S6K1, which is
required for efficient SREBP1-dependent gene expression (86-88). Additionally,
mTORC1 activates SREBP1 by inhibiting Lipin-1, a lipid phosphatase and
suppressor of SREBP1 signaling (56). By directly phosphorylating Lipin-1,
mTORC1 prevents its nuclear shuttling, where Lipin-1 promotes redistribution of
SREBP1 to the nuclear lamina resulting in a decrease in SREBP1 activity (56).
Interestingly, depletion of SREBP1 results in smaller cells (89), suggesting that
one mechanism by which mTORC1 regulates cell size is through lipid/sterol

synthesis.

When mammals undergo starvation, ketone bodies are used as an
alternative energy currency for the brain. In a recent study from our lab (90),
mTORC1 was found to inactivate hepatic ketogenesis by inhibiting the function of
PPARa, a nuclear receptor that controls the expression of genes required for
fatty acid and ketone body synthesis (97). mTORCH1, via S6K2 activation (92),
promotes the nuclear accumulation of the histone deacetylase (HDAC) nCoR1

(90), which blocks the transcriptional activity of PPARc.
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Mitochondrial biogenesis and Glycolysis

The anabolic programs driven by mTORC1 are tremendously energy
consuming (i.e. the synthesis of one peptide bond requires hydrolysis of four
phosphoanhydride bonds). It is therefore not surprising that mTORCA
accommodates these energy demands by promoting mitochondrial function and
biogenesis through a concerted increase in mitochondrial DNA content and in
expression of oxidative phosphorylation genes (93). mTORC1 is thought to
promote the interaction of PGC-1«, a master regulator of mitochondrial
biogenesis, with the transcription factor YinYang1 (94). However this model must
be reconciled with the fact that mTORC1 does not reside in the nucleus (32, 33).
Thus, additional mTORC1-dependent mechanisms likely exist to increase

mitochondrial biogenesis.

HIF 1« is a transcription factor induced under hypoxic conditions to help a
cell cope with reduced oxidative phosphorylation (95, 96). By increasing the
expression of key glycolytic genes and glucose transporters and driving pyruvate
flux towards lactate, HiIF 1o guarantees a steady supply of ATP under low oxygen
conditions (97). mTORC1 promotes ATP production and glycolytic flux by

positively regulating the transcription and translation of HIF1a (98-707).
Pyrimidine biosynthesis

Two recent studies uncovered a critical role for mMTORC1 in the regulation
of pyrimidine biosynthesis, a key component of nucleic acids. By utilizing
metabolic profiling, Manning and colleagues discovered that mTORC1
upregulates synthesis of N-carbomyl-aspartate, a critical substrate required for
pyrimidine biosynthesis (7102). Through a phosphoproteomics approach, Hall and
colleagues converged on S6K1 as the key intermediary between pyrimidine
biosynthesis and mTORC1 (703). The Manning and Hall labs went on to
demonstrate that S6K1 phosphorylates and activates CAD, the rate-limiting

enzyme in pyrimidine biosynthesis, responsible for N-carbomyl-aspartate
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production, potentially linking mTORC1 activation to progression through S-
phase.

Autophagy

While enabling anabolic programs to increase cellular growth, mTORC1
shuts down catabolic programs such as autophagy to prevent a futile cycle of
synthesis and degradation. Autophagy is best characterized as a cellular
recycling program. It encompasses the sequestration and break down of
cytosolic proteins (microautophagy) and organelles (macroautophagy) to
replenish the cell with key macromolecules under nutrient starvation (704). Upon
mTORC1 inhibition, double membrane vesicles originating from the ER engulf
cytosolic proteins and organelles and fuse with lysosomes where degradative
enzymes rapidly digest these cellular products into simpler molecules (105).
mTORC1 primarily regulates autophagy by inhibiting key regulators of this
process. Specifically, mMTORC1 phosphorylates and inhibits the kinase complex
of ULK1-ATG13-FIP200 (106-108), required for autophagasome formation.
Recently, mTORC1 was also shown to activate DAP1 a negative regulator of
autophagy (709).

Lysosome biogenesis

As discussed below, the lysosomal surface is the site of mMTORCA1
activation. It is therefore not surprising that mTORC1 has a critical role in
lysosome biogenesis through its regulation of transcription factor EB (TFEB).
mTORCH1 directly phosphorylates TFEB1 promoting 14-3-3 protein binding and
its sequestration in the cytoplasm (770-772). When mTORCH1 is inactivated,
TFEB is rapidly dephosphorylated, sheds its 14-3-3 proteins and shuttles to the
nucleus. There, TFEB controls the expression of lysosome maintenance (113)
and autophagasome formation genes (7174), resulting in an increase in lysosome

number, size and function.

Regulating the Regulator: Signaling pathways upstream of mTORC1
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As a master regulator of cell growth mTORC1 must be keenly aware of
the nutrient conditions inside the cell as well as those in the extracellular milieu.,
The pathway has therefore evolved to sense a wide variety of inputs including
energy, amino acid and oxygen levels, genotoxic stress, and metazoan specific
signals such as growth factors and hormones (Figure 2). All upstream inputs that
funnel onto mMTORC1 can be divided into two branches: those that modulate the
activity of its main activator ras homolog enriched in brain (Rheb) and those

required for its movement to the lysosomal surface, where it is activated.
Rheb

The small GTPase Rheb was initially identified as a protein upregulated in
rat brains during seizures (115). Its connection to the TORC1 pathway was first
discovered in flies, where gain of function screens in the fly eye placed dRheb
upstream of dTORC1 and established its role as a positive regulator of this
pathway (116, 117). Subsequent biochemical studies in mammalian cells
indicated that GTP-bound Rheb functions as a potent stimulator of mMTORC1
kinase activity (38). In vivo, the localization of Rheb is just as important as its
nucleotide state in activating this pathway. Like other small GTPases, Rheb
relies on a lipid modification (farnesylation) (718) for its proper localization to late
endosomes/lysosomes (779). Mutation of the cysteine required for C-terminal
Rheb farnesylation, reduces mTORC1 activity (179), whereas flooding the
cytoplasm by overexpressing Rheb, uncouples mTORC1 activation from its
lysosomal localization (33, 120). Curiously, while Rheb is absolutely required for
mTORC1 activation in all metazoans and the yeast S. pombe (121), it is not
required for pathway activation in S. cerevisiae (122). This difference likely stems
from the need to integrate new signaling inputs such as growth factors (see

below) in metazoans but not in cerevisiae.
Tuberous sclerosis complex

Mutation in the genes encoding tuberous sclerosis complex 1 and 2

(TSC1 and TSC2, TSC1/2) were originally identified as the causative agents in
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the hamaratomatous syndrome of the same name (723, 124). Pioneering
studies in flies and mammalian cells defined TSC1/2 as a negative upstream
regulator of TORC1 (725, 126). The discovery of Rheb and its function
downstream to TSC1/2, heralded biochemical investigations which revealed that
TSC2 harbors GTPase activating protein (GAP) activity toward Rheb (727-129).
TSC2 utilizes an asparagine thumb to accelerate Rheb GTP hydrolysis, however
key residues utilized by other small GTPases for hydrolysis are not conserved in
Rheb, suggesting a novel mechanism by which GTP is hydrolyzed (130).
Recently, TBC1D7 was identified as a third member of TSC, required for
maintaining the TSC1-TSC2 interaction. Like TSC1 and TSC2, depletion of
TBC1D7 increases mTORC1 activity, however this member has yet to be found
mutated in patients (737). To inactivate Rheb, TSC1/2 localizes to the lysosomal
surface, a process thought to be dependent on TSC2 (132).

The identification of the Rheb-TSC1/2 axis greatly clarified the regulation
of mMTORC1 and revealed that TSC1/2 functions as a central hub for a multitude
of different inputs that converge onto this pathway (133).

Growth factor and Cytokine signaling

Binding of growth factors such as insulin or EGF to their cognate receptor
tyrosine kinases triggers complex signal transduction pathways ultimately leading
to the activation of Ras and PI3K. GTP bound Ras activates a kinase cascade
turning on the RSK and ERK kinases, which phosphorylate and inactivate TSC2
(134, 135). Active PI3K generates 3,4,5-phosphoinositol (PIP3) recruiting Akt to
the plasma membrane where it is activated by PDK1. Akt both directly and
indirectly activates mTORC1 by phosphorylating and inhibiting TSC2 (7126, 136-
138) and PRAS40 (38). To temper the activating signals generated by Ras and
PI3K, cell rely on the tumor suppressors NF1 (739) and PTEN (740) whose
function as a Ras GAP and a PIP3 phosphatase, respectively, inhibit
downstream pathway signaling. Notably, cancers driven by mutations in these
tumor suppressors are marked by hyperactivation of mMTORC1. The mTORC1

pathway has also evolved its own safety valve in the form of two negative
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feedback loops with insulin receptor signaling. Active S6K1 phosphorylates IRS1,
a key component of the insulin receptor, leading to its degradation and
attenuation of PIP3 signaling (741, 142). In the second feedback loop, mMTORC1
activates GRB10 a negative regulator of the insulin receptor (19, 20). These two
negative feedback loops have important ramifications for diabetes and cancer

(see below).

The WNT and NFkB pathways are the remaining extracellular signaling
pathways that funnel onto TSC1/2. Binding of the WNT ligand to its cognate
GPCR results in the inhibition of GSK3, which activates TSC2 (143). Conversely,
the death ligand TNFa activates the IKKf kinase, which phosphorylates TSC1
leading to the inactivation of the complex (744). It has become apparent that
phosphorylation of TSC1 or TSC2 serves as the preeminent form of TSC1/2
regulation. Phosphorylation either activates or inactivates this complex (743, 145),
with the latter being modulated by complex destabilization or 14-3-3 binding to
TSC2 which prevents its localization with Rheb (726, 132, 138).

Energy sensing

Unlike growth factor signaling which activates mTORCH1, a drop in energy
levels as detected by a decrease in the ratio of ATP:AMP negatively regulates
this pathway. AMP kinase (AMPK) functions as a master sensor of cellular
energy levels (146). AMP competes with ATP for a binding pocket in
the regulatory y subunit of the obligate heterotrimer. Upon AMP binding the y
subunit undergoes a conformational change that activates the catalytic a subunit
(747). When active, AMPK phosphorylates TSC2 (745) as well as raptor (7148)
and both events down regulate mTORC1 activity. Because mitochondria produce
the majority of ATP in the cell, the regulation of AMPK is intimately connected to
the function of this organelle. Reducing ATP levels by treating cells with the anti-
diabetic drugs metformin or phenformin (complex | inhibitors) (749-152), the anti-
aging polyphenol resveratrol (F1F; mitochondrial ATPase inhibitor) (752) or by
reducing oxygen and glucose levels all increase AMPK activity. The tumor
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suppressor LKB1 also stimulates AMPK through direct phosphorylation of its 3
regulatory subunit of AMPK (153, 154). Finally, genotoxic stress (DNA damage)
regulates AMPK through p53-mediated up regulation of sestrins, which in turn
activate AMPK (7155).

Oxygen sensing

A short-term drop in oxygen levels is sufficient to inhibit mMTORC1 (756), a
process that is independent of AMPK function. Genetic screens in flies identified
the orthologs of regulated in development and DNA damage response 1
(REDD1) as a protein induced under short term hypoxic conditions that functions
downstream of PI3K signaling but upstream of TSC (757, 158). REDD1 is
thought to activate TSC, by binding 14-3-3 proteins that otherwise are destined to
sequester TSC2 away from Rheb (758, 159). How REDD1 senses oxygen is

currently is unknown.
Amino acid sensing

Early investigations revealed that amino acids were required to stimulate
protein synthesis in rat skeletal muscles (760). Later studies confirmed that a
mixture of all 20 amino acids directly activated the mTORC1 pathway and along
with growth factor signaling was absolutely required for the phosphorylation of
S6K1 and the 4EBPs (76, 167). Whether all amino acids, one particular amino
acid or an amino acid byproduct is being sensed by the mTORC1 pathway
remains to be elucidated. Seminal studies established that leucine as well as
arginine were necessary for mTORC1 activation but were not sufficient to
activate mTORC1 in cells deprived of all amino acids (76). Dissecting the amino
acid signal is further complicated by the fact that some plasma membrane amino
acid transporters require additional amino acids to pump their cargo into the
cytoplasm (7162); thus blurring the singular importance of any one amino acid.
The development of cell-free assays used to measure amino acid activation of

mTORC1 promises to help answer this outstanding question (763).
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Amino acid stimulation of the TORC1 pathway is evolutionarily conserved
to yeast where it is reduced to the more primitive form of nitrogen sensing (7164-
166). Depending on the yeast strain, growth on nitrogen poor substrates
inactivates TORC1. This leads to a transcriptional up regulation of key metabolic
enzymes required for production of glutamine as well as a shuttling of amino acid
permeases to the plasma membrane to help the cell scavenge for nitrogen rich
sources (764). In flies, mutation of amino acid transporter genes pathetic,
minidiscs and slimfast decrease animal size (167-169), indicating the necessity

of amino acid signaling during development.

Although it was clear for over a decade that amino acids were required for
mTORC1 activation, precisely how they functioned remained a mystery. Recently,
our lab along with others have identified that amino acids regulate the
intracellular localization of mMTORC1 (32, 33). When cells 'are starved of amino
acids, mTORC1 is found in a poorly defined cytoplasmic compartment. Upon
amino acid stimulation mTORC1 rapidly shuttles to the lysosomal surface where
it is presumed to interact with Rheb (32). The raptor component of mTORC1 is
critical to its lysosomal targeting (32, 33) and curiously it also contains a domain
shared by many vesicle coat proteins (170). Targeting mTORC1 constitutively to
the lysosmal surface eliminates the need for the amino acid signal to activate the
pathway as does localizing this complex along with Rheb to the plasma
membrane (7170). Thus, the purpose of the amino acid signal is to bring mTORCA1
and Rheb together. In yeast, TORC1 is localized to the vacuole and does not
shuttle in response to amino acids (7717). The lack of a functional Rheb homolog
in budding yeast likely makes TORC1 movement unnecessary.

Where amino acid sensing occurs is still a matter of debate. While
extracellular amino acids must enter the cell to activate mTORC1 during amino
acid starvation (762), the use of the translation inhibitor cyclohexamide to
generate intracellular pools of amino acids reveals that sensing occurs inside the
cell and not at the plasma membrane (32). Clarifying the site of sensing, Zoncu

et al. used cell free reconstitution assays to establish that amino acid sensing
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initiates from within the lysosomal lumen (763). Disruption of the lysosomal
membrane with detergents or ionophores also inhibits amino acid sensing,
however changes in luminal pH appear dispensable for this process. Luminal
amino acid sensing was further corroborated in cells by over-expression of the
PAT1 transporter, a lysosomal amino acid exporter which drains the lysosomal
lumen of amino acids and efficiently turns off mMTORC1 signaling even in the
presence of extracellular amino acids (763). Collectively these studies
demonstrate that lysosomal accumulation of amino acids is critical for the

sensing mechanism.

While it was long believed that the amino acid signal funneled through the
TSC1/2-Rheb axis, the development of TSC2™ mice proved otherwise. mMTORC1
remained sensitive to amino acid regulation in MEFs obtained from these
animals (772, 173), implicating an alternative pathway. The identification of the
Rag GTPases as mTORC1 interacting proteins (32, 174) completely changed
our understanding of how this pathway senses amino acids.

The Rag GTPases

Rags are unique among all small GTPases as they function as obligate
heterodimers (32, 174-177). Mammalian cells contain four Rag GTPases: RagA
and RagB are functionally redundant and bind to the highly similar RagC and
RagD (775-177). While RagA, RagC and RagD are ubiquitously expressed,
RagB expression is restricted to the brain, suggesting a specialized function for
this protein (177). It is currently unknown if a preferred Rag heterodimer exists,
however the existence of only two Rags (RagA and RagC) in all other eukaryotes
(with the exception of plants that do not encode these genes) suggests a
functional redundancy for the other Rags. This hypothesis will be tested with the
generation Rag knockout mice. The yeast ortholog of RagA/B is GTR1 whereas
GTR2 is the ortholog of RagC/D (171, 178, 179). The GTRs were first connected
to the TORC1 pathway in a screen that identified negative regulators of
macroautophagy (778). While the GTRs are not essential genes, their deletion is
synthetic lethal in the presence of rapamycin (777), a phenotype that extends to
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other TORC1 components. The crystal structures of the GTR1-GTR2 reveals that
the two G proteins are tied together by their C-terminal roadblock domains (780,
181); a domain that is curiously found in four other components of the amino acid
sensing pathway (Chapter 3) (182). In the GTP loaded state, the G domain of the
GTRs face away from each other, however when GTR2 is bound to GDP its G
domain undergoes a dramatic rearrangement and leans into the G domain of
GTR1 (7180, 181). The functional significance of this rearrangement remains to be
determined (Chapter 5), nevertheless, the nucleotide bound state of the Rags is
key to their function (discussed below).

Loss of function studies in mammalian, fly and yeast cells established that
the Rags GTPases were critical in mediating the amino acid signal to mTORC1
(32, 171, 174). In cells depleted of Rags, mTORC1 cannot translocate to the
lysosomal surface (33). Rags interact with raptor in an amino acid dependent
manner, and their localization to the lysosomal surface defines their role as a
docking site for mTORC1 on this organelle (32). Unlike other small GTPases, the
Rags do contain lipid modifications that are commonly used to indicate a
protein’s intracellular home. As will be discussed in Chapters 2 and 3, the Rags
rely on the pentameric Ragulator complex for their localization (33, 782) whose
function is conserved to the EGO complex in yeast (171, 179).

Metabolic labeling studies have demonstrated that during amino acid
starvation RagB is bound to GDP and upon amino acid stimulation GDP is
exchanged for GTP (32). Rag mutants thought to mimic different nucleotide
bound states demonstrate that a GTP-locked RagA heterodimer strongly
interacts with raptor whereas the Rag complex with the opposite nucleotide
bound state does not (32). In mice or cells expressing RagA or RagB GTP
mutants, mTORCH1 is constitutively localized to the lysosomal surface and the
pathway is insensitive to regulation by amino acids (32, 183). Rags do not
directly sense amino acids and the identification of a RagA/B guanine nucleotide
exchange factor (GEF) (Chapter 3) (782) and GAP (Chapter 4) illustrates that a
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complex signal transduction pathway lies between the amino acid signal and
these GTPases.

mTORC1 and disease

Given the ubiquity of the cellular processes under the control of mMTORC1
and the multitude of signaling pathways that regulate its activity, it is not
surprising that this pathway is often deregulated in numerous human diseases
(6). The most prominent examples of mTORC1 deregulation in disease are
discussed below.

Cancer

The genetic hamaratomatous syndrome TSC, characterized by large
benign tubers was the first and is the best described cancer prone syndrome
driven by aberrant mTORC1 signaling (784). Deletion or loss-of-function
mutations in either TSC1 or TSC2 underlie a majority of these cases. Although
this syndrome is rare (1:6000 live births) the location of tumors in the lungs, brain,
kidney and heart can disrupt normal physiological operations leading to severe
complications (784). Treatment of TSC induced subependymal giant cell
astrocytomas with the rapamycin analog everolimus leads to a near complete
remission of this tumor. A related cancer caused by TSC1/2 loss and exclusively
affecting women is lymphangiomyomatosis (LAM) characterized by lung cysts
that destroy the lung parenchyma. The disease is fatal because even after lung
transplantation the cysts return (785). Recent clinical trials with rapamycin,
although preliminary, appear to be promising in the treatment of LAM (786).

In addition to TSC, other hamaratomatous cancers are defined by loss of
tumor suppressors that lie upstream of MTORC1 and include: Peut-Jeghers
(LKB1) (786), Neurofibromatosis (NF1) (187), Cowden syndrome (PTEN) (186)
and Birt-Hoog-Dube syndrome caused by mutations in Folliculin a tumor
suppressor proposed to be part of the mTORC1 pathway (788). Finally,
expression of DEPTOR is also found to be unregulated in multiple myelomas
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(41). By inhibiting mTORC1 activity, DEPTOR relieves the negative feedback
loop between S6K1 and IRS1 allowing for continued activation of Akt (47).

Functioning downstream of many classical oncogenic pathways such as
the PI3K/Pten/Akt and the Ras/Raf pathways, aberrant mMTORC1 activation is a
staple in many cancers (6, 41, 189). Although mTORC1 promotes cell growth
through a variety of mechanisms, regulation of translation represents an
especially important oncogenic avenue for this signaling pathway. Depletion of
the protein synthesis inhibitors 4E-BPs is pro-proliferative (790) and is important
for tumorigenicity (797), whereas over-expression of 4EBP-1 in Akt driven
lymphoma reduces tumor volume (58). Moreover, elF4E has emerged as an
important oncogene by promoting the translation of factors important for cell
survival and proliferation such as cyclin D and ¢c-Myc (190, 192). Finally, the up
regulation and stabilization of HIF 1o by mTORC1 (98-107) promotes
angiogenesis by increasing VEGF expression and adapting tumors to a hypoxic

environment (107).
Diabetes

Targeting core components of the mTORC1 pathway in transgenic mice
has revealed a prominent role for mTORC1 in diabetes (6). Mice with a
conditional knockout of raptor in adipose tissue have increased blood glucose
tolerance, insulin sensitivity and resistance to diet induced obesity (793). Given
the requirement of mTORC1 for adipogenesis (83), these mice are leaner owing
to a decrease in adipose tissue. These results are mirrored in whole body S6K1
knockout mice as well (194). Conversely, TSC2 deficient cells are extraordinarily
insulin and IGF1 resistant (747) and these results are explained by the S6K-IRS1
and GRB10 negative feedback loops.

Aging

For over a century, caloric restriction has been demonstrated to extend
lifespan in numerous model organisms including mice and rhesus monkeys (795,

196). Studies in yeast and in worms have indicated that caloric restriction funnels
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through mTORC1 although the molecular mechanisms underlying this pathway
have yet to be established. Furthermore, depletion of key mTORC1 components
in yeast, worms, flies and mice all show an increase in lifespan (196, 197). In
worms, TORC1 appears to regulate longevity through its control of the Pha4 and
Skn1 transcription factors (798, 199). Excitingly, treatment of middle-aged mice
with rapamycin significantly increased their lifespan (~16% in females and 8% in
males) (200).

Immune disorders

The discovery of rapamycin as a potent immunosuppressant highlighted
the importance of the mTORC1 pathway in the immune system (3). While
rapamycin is known to be a potent inhibitor of many immune cells, only recently
was a primary immunodeficiency linked to this pathway. Mutation in the 3'UTR of
the transcript encoding a Ragulator protein (p14) results in decreased protein
expression and causes a severe reduction in neutrophil counts (207).
Interestingly, patients diagnosed with this disorder were below the first percentile
in height compared to their age-matched peers (207) and cells isolated from
these patients display a marked reduction in mTORC1 activity (33). This
syndrome represents the first in what promises to be a large class of immune

disorders with aberrant mTORC1 signaling underlying their etiology.
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Introduction to the work presented in the thesis

Initial studies first described the stimulation of mMTORC1 by amino acids
over fifteen years ago, but for much of this time how amino acids regulate this
pathway has remained enigmatic. The discovery that the Rag GTPases mediate
the amino acid signal to mTORC1 represents a significant step forward not only
" in our grasp of mTORC1 signaling but also its role in normal and diseased states.
For my doctoral thesis | studied how amino acids control the function of the Rags

by addressing the following questions:
1. How do the Rags localize to the lysosomal surface?

Because the Rags do not contain lipid modifications to direct their
intracellular localization, we hypothesized that additional proteins must directly
interact and tether them to the lysosomal surface. By purifying the Rags under
several conditions, we identified five proteins (p14, MP1, p18, HBXIP and
C70rf59) that form a novel complex, which we named ‘Ragulator’. Ragulator is
found at the lysosomal surface and specifically interacts with the Rags on this
organelle. Loss of function and mislocalization studies revealed that Ragulator is
both necessary and sufficient for Rag localization. In cells null for or highly
depleted of Ragulator proteins mTORCH1 is no longer found at the lysosomes and

remains inactive.
2. What factors are required to activate Rags upon amino acid stimulation?

Several key experiments revealed that the Rag-Ragulator interaction is
regulated by amino acids suggesting that Ragulator may also control the
nucleotide loading of the Rag GTPases. The Rags pose a unique experimental
chalienge for identifying factors that regulate the nucleotide state of a single Rag
given that they exist as obligate heterodimers. To circumvent this problem, we
developed several methods that allowed us to analyze the nucleotide binding
state of one Rag at a time. This led to the discovery of Ragulator as a GEF for
RagA and RagB. GEFs lead to the activation of their cognate GTPase by
increasing GTP binding through displacement of GDP from the GTPase.
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Interestingly, the GEF activity of Ragulator is not localized to one Ragulator
subunit, but requires the complete pentameric complex, indicating that Ragulator

belongs to a new family of multi-protein GEFs.

3. What factors are required to inactivate Rags upon amino acid

withdrawal?

To identify negative regulators of the Rags, we purified them in the
presence of a chemical crosslinker that preserves transiently interacting proteins.
This approach led to the identification of a complex of eight Rag-interacting
proteins that we refer to as ‘GATOR’ (GAP Activity TOwards Rags). GATOR is
defined by two distinct subcomplexes, GATOR1 and GATOR2, where GATOR1
negatively regulates mTORC1 while GATOR?2 positively regulates this pathway
by inhibiting GATOR1. GATOR1 directly interacts with the Rag GTPases and
inhibits their function through its GAP activity towards RagA and RagB. Upstream
negative regulators of mMTORC1 are commonly mutated in cancer and, indeed, in
a subset of glioblastoma and ovarian tumors, we find inactivating mutations in
GATOR1 genes. Moreover, in cancer cell lines missing GATOR1 components
the mTORC1 pathway is insensitive to amino acid starvation and hypersensitive
to treatment with the mTORC1 inhibitor rapamycin.
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Summary

The mTORC1 kinase promotes growth in response to growth factors,
energy levels, and amino acids and its activity is often deregulated in disease.
The Rag GTPases interact with mTORC1 and are proposed to activate it in
response to amino acids by promoting the translocation of mMTORC1 to a
membrane-bound compartment that contains the mTORC1 activator Rheb. We
show that amino acids induce the movement of mMTORC1 to lysosomal
membranes, where the Rag proteins reside in an amino acid-independent
fashion. The Ragulator, a complex encoded by the MAPKSP1, ROBLD3, and
c110orf59 genes, interacts with the Rag GTPases, localizes them to lysosomes,
and is essential for mTORC1 activation. Constitutive targeting of mTORC1 to the
lysosomal surface is sufficient to render the mTORC1 pathway resistant to amino
acid deprivation and independent of Rag and Ragulator, but not Rheb, function.
Thus, Rag-Ragulator mediated translocation of mMTORC1 to lysosomal
membranes is the key event governing amino acid signaling to mTORC1.
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Introduction

The multi-component kinase mTORC1 (mammalian target of rapamycin
complex 1) regulates cell growth by coordinating upstream signals from growth
factors, intracellular energy levels, and amino acid availability, and is deregulated
in diseases such as cancer and diabetes (reviewed in (Guertin and Sabatini
2007)). The TSC1 and TSC2 proteins form a tumor suppressor complex that
transmits growth factor and energy signals to mTORC1 by regulating the GTP-
loading state of Rheb, a Ras-related GTP-binding protein. When bound to GTP,
Rheb interacts with and activates mTORC1(Inoki et al., 2003; Long et al., 2005;
Sancak et al., 2007; Saucedo et al., 2003; Stocker et al., 2003; Tee et al., 2003)
and appears to be necessary for the activation of mMTORC1 by all signals,
including amino acid availability (Avruch et al., 2006; Nobukuni et al., 2005;
Sancak et al., 2008; Saucedo et al., 2003; Tee et al., 2005; Tee et al., 2003;
Zhang et al., 2003). In contrast, TSC1-TSC2 is dispensable for the regulation of
mTORC1 by amino acids and, in cells lacking TSC2, the mTORC1 pathway is
sensitive to amino acid starvation but resistant to growth factor withdrawal
(Roccio et al., 2006; Smith et al., 2005.).

Recently, the Rag GTPases, which are also members of the Ras-family of
GTP-binding proteins, were shown to be amino acid-specific regulators of the
mTORC1 pathway (Kim et al., 2008; Sancak et al., 2008). Mammals express four
Rag proteins—RagA, RagB, RagC, and RagD—that form heterodimers
consisting of RagA or RagB with RagC or RagD. RagA and RagB, like RagC and
RagD, are highly similar to each other and are functionally redundant (Hirose et
al., 1998; Sancak et al., 2008; Schurmann et al., 1995; Sekiguchi et al., 2001).
Rag heterodimers containing GTP-bound RagB interact with mTORC1, and
amino acids induce the mTORC1-Rag interaction by promoting the loading of
RagB with GTP, which enables it to directly interact with the raptor component of
mTORC1 (Sancak et al., 2008). The activation of the mTORC1 pathway by
amino acids correlates with the movement of mMTORC1 from an undefined

location to a compartment containing Rab7 (Sancak et al., 2008), a marker of
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both late endosomes and lysosomes (Chavrier et al., 1990; Luzio et al., 2007).
How the Rag proteins regulate mTORC1 is unknown, but, in cells expressing a
RagB mutant that is constitutively bound to GTP (RagB®™"), the mTORC1
pathway is insensitive to amino acid starvation and mTORC1 resides in the
Rab7-positive compartment even in the absence of amino acids (Sancak et al.,
2008). We previously proposed that amino acids promote the translocation of
MmTORC1—in a Rag-dependent fashion—to the surface of an endomembrane
compartment where mTORC1 can find its well-known activator Rheb. Here, we
show that the lysosomal surface is the compartment where the Rag proteins
reside and to which mTORC1 moves in response to amino acids. We identify the
trimeric Ragulator protein complex as a new component of the mTORC1
pathway that interacts with the Rag GTPases, is essential for localizing them and
mTORC1 to the lysosomal surface, and is necessary for the activation of the
mTORC1 pathway by amino acids. In addition, by expressing in cells a modified
raptor protein that targets mTORC1 to the lysosomal surface, we provide
evidence that supports our model of mMTORC1 pathway activation by amino

acids.
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Results

Amino acids cause the translocation of mTORC1 to lysosomal membranes,
where the Rag GTPases are already present

To better define the compartment to which mTORC1 moves upon amino
acid stimulation, we co-stained human cells with antibodies to endogenous
mTOR, raptor, or RagC as well as to various endomembrane markers (data not
shown). This revealed that in the presence, but not the absence, of amino acids
mTOR and raptor co-localized with LAMP2 (Figures 1A and 1B), a well-
characterized lysosomal marker (reviewed in (Eskelinen, 2006)). Amino acid
stimulation also resulted in an appreciable increase in the average size of
lysosomes, which, as determined by live cell imaging, was most likely caused by
lysosome-lysosome fusion (R.Z., unpublished results). The amino acid-induced
movement of MTOR to the LAMP2-positive compartment depends on the Rag
GTPases as it was eliminated by the RNAi mediated co-knockdown of RagA and
RagB (Figure S1A and S1B). Endogenous RagC also co-localized extensively
with LAMP2, but, unlike mTORCH1, this co-localization was unaffected by amino
acid availability (Figure 1C). Consistent with amino acids not regulating the
interaction between RagC and RagA or RagB (Figure 1D), an antibody that
recognizes RagA and RagB stained lysosomes in both amino acid-starved and
replete cells (Figure 1E). Lastly, GFP-tagged wild-type and GTP-bound mutants
of RagB (RagB®™") and RagD (RagD®™") behaved identically to their endogenous
counterparts (Figures 1F and 1G). Thus, amino acids stimulate the translocation
of mMTORC1 to the lysosomal surface, where the Rag GTPases reside
irrespective of their GTP-loaded states or amino acid availability. Given that
mTORC1 interacts with the Rag heterodimers in an amino acid-dependent
fashion (Sancak et al., 2008), the mTORC1 and Rag localization data are
consistent with the Rag GTPases serving as an amino acid-regulated docking

site for mMTORC1 on lysosomes.
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Figure. 1. mTORCH1 localizes to lysosomal membranes in an amino acid-
dependent fashion while the Rag GTPases are constitutively localized to the

same compartment.

(A) Images of HEK-293T cells co-immunostained for lysosomal protein LAMP2
(green) and mTOR (red). Cells were starved of and restimulated with amino
acids for the indicated times before processing and imaging.

(B) Images of HEK-293T cells co-immunostained for LAMP2 (green) and raptor
(red). Cells were treated and processed as in (A).

(C) Images of HEK-293T cells co-immunostained for LAMP2 (green) and RagC
(red). Cells were treated and processed as in (A).

(D) RagC interacts with RagA and RagB independently of amino acid availability.
RagC-immunoprecipitates were prepared from HEK-293T cells starved or
stimulated with amino acids as in (A), and immunoprecipitates and lysates were
analyzed by immunobilotting for the indicated proteins.

(E) Images of HEK-293T cells co-immunostained for RagA/B (green) and LAMP2
(red). Cells were treated, processed, and imaged as in (A).

(F) GFP-RagB and GFP-RagB®™" co-localize with co-expressed LAMP1-mRFP
independently of amino acid availability. HEK-293T cells transfected with the
indicated cDNAs were treated and processed as in (A).

(G) GFP-RagD and GFP-RagD®'™ co-localize with co-expressed LAMP1-mRFP
independently of amino acid availability. HEK-293T cells transfected with the
indicated cDNAs were treated and processed as in (A). In all images, insets
show selected fields that were magnified five times and their overlays. Scale bar

is 10 um.
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The translocation of mMTORC1 to lysosomes does not depend on growth
factors, Rheb, or mTORC1 activity

The movement of mMTORC1 to lysosomes is a specific response to amino
acids. In wild-type mouse embryonic fibroblasts (MEFs), amino acids promoted
the translocation of mMTORC1 to lysosomes even when cells were cultured in the
absence of serum (Figure S2A), a condition in which mTORC1 signaling, as
detected by phosphorylated S6K1, is not active (Figure S2B). Conversely, in the
absence of amino acids, neither serum stimulation nor constitutive activation of
Rheb caused by the loss of TSC2, led to the lysosomal translocation of mTORC1
(Figure S2A). In both wild-type and TSC2-null MEFs, RNAi-mediated
suppression of Rheb1 expression inhibited mTORC1 activation by amino acids
(Figure S2C), but did not interfere with the amino acid-induced movement of
MTOR to lysosomes (Figure S2D). Thus, the amino acid-induced translocation of
mTORC1 to the lysosomal surface occurs independently of mTORC1 activity and

does not require TSC2, Rheb, or growth factors.

The trimeric Ragulator complex interacts with the Rag GTPases and co-
localizes with them on lysosomal membranes

Inspection of the amino acid sequence of the Rag GTPases did not reveal
any obvious lipid modification signals that might mediate Rag recruitment to
lysosomal membranes. Thus, we pursued the possibility that unknown Rag-
interacting proteins are needed to localize the Rag GTPases to lysosomes and
play a role in mTORC1 signaling. To identify such proteins we used protein
purification approaches that have led to the discovery of other mTOR pathway
components (see supp. methods). Mass spectrometric analysis of anti-FLAG
immunoprecipitates prepared from human HEK-293T celis stably expressing
FLAG-RagB or FLAG-RagD, but not FLAG-Rap2a, consistently revealed the
presence of proteins encoded by the MAPKSP1, ROBLD3, and c110rf59 genes
(Figure 2A). Furthermore, the same proteins were also detected in

immunoprecipitates of endogenous RagC but not control proteins like p53 or
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Supplementary Figure 1, related to Figure 1. Movement of mTORC1 to
lysosomal membranes in response to amino acids depends on the Rag GTPases.

(A) Immunoblot analysis of RagB and raptor protein levels in HEK-293T cells with an
RNAi-mediated knockdown of a control protein or RagA and RagB.

(B) Images of cells with knockdowns of RagA and RagB and co-immunostained for
mTOR (green) and LAMP?2 (red) after starvation and restimulation with amino acids
for the indicated times. HEK-293T cells expressing the indicated shRNAs were
starved and restimulated with amino acids as indicated and processed in the
immunofluorescence assay. In all images, insets show selected fields that were

magnified five times and their overlay. Scale bar is 10 ym.
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Figure S2
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Supplementary Figure 2, related to Figure 1. TSC1/2, Rheb and growth factors do
not regulate the lysosomal localization of mMTORC1.

(A) mTOR co-localizes with LAMP2 only in the presence of amino acids and
independently of serum stimulation. Images show co-immunostaining of mTOR (green)
and LAMP2 (red) in TSC2** and TSC2" MEFs after indicated treatments. Cells were
starved for serum and amino acids, and stimulated with dialyzed serum, amino acids, or

both before processing in the immunofluorescence assay.

(B) Lysates from TSC2"* and TSC2"" MEFs starved and stimulated as in (A) were
analyzed by immunobloting for the activity of the mTORC1 pathway.

(C) Loss of Rheb expression inhibits mTORC1 signaling in TSC2** and TSC2" MEFs.
Cells expressing the indicated shRNAs were starved for amino acids or starved and
restimulated with amino acids and lysates analyzed by immunobloting for mTORCA

pathway activity and Rheb1 levels.

(D) mTOR co-localizes with LAMP2 only in the presence of amino acids and
independently of Rheb or TSC2. Images show co-immunostaining of mTOR (green) and
LAMP2 (red) in TSC2"* and TSC2™ MEFs treated as in (C). In all images, insets show

selected fields that were magnified five times and their overlays. Scale bar is 10 pm.
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Figure 2
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Figure 2. The trimeric Ragulator complex interacts and co-localizes with the Rag
GTPases

(A) Schematic amino acid sequence alignment of human MP1, p14, and p18 and
their corresponding Drosophila orthologs.

(B) Recombinant epitope-tagged Ragulator co-immunoprecipitates recombinant
RagB and RagD. Anti-FLAG immunoprecipitates were prepared from HEK-293T
cells co-transfected with the indicated cDNAs in expression vectors and cell
lysates and immunoprecipitates analyzed by immunoblotting for levels of
indicated proteins. The * indicates the band corresponding to the metap2 protein
as it has the same apparent molecular weight as HA-GST-RagB.

(C) Recombinant Ragulator co-immunoprecipitates mTORC1 when it is co-
expressed with the GTP-bound mutant of RagB. HEK-293T cells were co-
transfected with the indicated cDNAs in expression vectors and analyzed as in
(B). The * indicates the bands corresponding to metap2 as it has the same
apparent molecular weight as HA-GST-RagB.

(D) Recombinant Ragulator co-immunoprecipitates endogenous RagA, RagB,
and RagC. HEK-293T cells were co-transfected with indicated cDNAs in
expression vectors and anti-FLAG immunoprecipitates analyzed as in (B).

(E) Recombinant RagB-RagD heterodimers co-immunoprecipitate endogenous
p14, MP1, and p18. HEK-293T cells were co-transfected with indicated cDNAs in
expression vectors and anti-FLAG immunoprecipitates analyzed as in (B).

(F) Endogenous RagC co-immunoprecipitates endogenous p14 and MP1. Anti-
RagC immunoprecipitates were prepared from HEK-293T cells and analyzed for
the levels of the indicated proteins.

(G) Amino acids do not regulate the amounts of endogenous MP1, p14, RagA, or
RagB that co-immunoprecipitate with recombinant p18. p18-null cells (p187) or
p18-null cells stably expressing FLAG-p18 (p18™") were starved for amino acids
for 50 min or starved and restimulated with amino acids for 10 min. After in-cell
cross-linking, anti-FLAG immunoprecipitates were prepared from cell lysates and

analyzed for the levels of the indicated proteins by immunoblotting.
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(H) Amino acids do not affect the amounts of endogenous p14 and p18 that co-
immunoprecipitate with endogenous RagA/B. HEK-293T cells were treated as in
(G) and anti-RagA/B immunoprecipitates analyzed by immunoblotting for the
indicated proteins.

(1) Endogenous Ragulator co-immunoprecipitates with FLAG-RagB
independently of amino acid availability and GTP-loading of RagB. HEK-293T

B®™" were starved and

cells stably expressing FLAG-RagB or FLAG-Rag
restimulated with amino acids as in (G) and anti-FLAG immunoprecipitates
analyzed for the levels of indicated proteins.

(J) The Rag GTPases co-localize with GFP-tagged p18. HEK-293T cells were
transfected with a cDNA encoding p18-GFP, processed for immunostaining for
endogenous RagA/B or RagC, and imaged for the RagA/B (red) or RagC (red)
signal as well as for p18-GFP fluorescence (green). Note: not all cells express
p18-GFP. In all images, insets show selected fields that were magnified five

times and their overlays. Scale bar is 10 ym.
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tubulin. Previous work indicates that these three small proteins interact with each
other, localize to endosomes and lysosomes, and play positive roles in the MAPK
pathway (Lunin et al., 2004; Nada et al., 2009; Schaeffer et al., 1998; Teis et al.,
2006; Teis et al., 2002; Wunderlich et al., 2001). The proteins encoded by
MAPKSP1, ROBLD3, and c110rf59 have been called MP1, p14, and p18,
respectively, and we use these names throughout this study. For convenience
and because MP1, p14, and p18 are Rag and mTORC1 regulators (see below)
we refer to the trimeric complex as the ‘Ragulator’.

Orthologues of MP1, p14, and p18 are readily detectable in vertebrates as
well as in Drosophila (Figure 2A), but extensive database searches did not reveal
any potential orthologues in budding or fission yeast. The amino acid sequences
of MP1, p14, and p18 reveal little about their function and other than p14, which
has a roadblock domain of unknown function (Koonin and Aravind, 2000), the
proteins do not share sequence homology amongst themselves or with any other
proteins in the databases besides their direct orthologues. In particular, they do
not share any sequence similarity with the Ego1p or Ego3p, proteins, which
interact with Gtr1p and Gtr2p (Dubouloz et al., 2005; Gao and Kaiser, 2006), the
orthologues of the Rag proteins in budding yeast (Gao and Kaiser, 2006;
Schurmann et al., 1995). The lysosomal localization of p18 requires its lipidation
through N-terminal myristoylation and palmitoylation sites and p18 likely serves
as a platform for keeping MP1 and p14 on the lysosomal surface (Nada et al.,
2009).

In humans a mutation that leads to a partial reduction in the expression of
p14 causes a pronounced growth defect so that individuals carrying the mutation
are below the third percentile in age-adjusted height (Bohn et al., 2006).
Furthermore, mice engineered to lack either p14 or p18 die around embryonic
day 7-8 and exhibit severe growth retardation (Nada et al., 2009; Teis et al.,
2006). Given the major role of the mTORC1 pathway in growth control, these
loss of function phenotypes were of interest to us.

As an initial step in verifying our mass spectrometric identification of MP1,

p14, and p18 as Rag-interacting proteins, we co-expressed them along with
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RagB and RagD in HEK-293T cells and found that the Ragulator, but not the
control Rap2A protein, co-immunoprecipitated both Rag GTPases but not the
metap2 protein that has the same molecular weight as tagged RagB (Figure 2B).
Furthermore, when co-expressed with a RagB mutant (RagB®™") that binds
constitutively to GTP, the Ragulator co-immunoprecipitated the mTORC1
components raptor and mTOR (Figure 2C), consistent with the GTP-loading of
RagB promoting the interaction of the Rag heterodimers with mTORC1 (Sancak
et al., 2008). Furthermore, endogenous RagA, RagB, and RagC co-purified with
recombinant Ragulator (Figure 2D) and endogenous Ragulator components co-
purified with the recombinant RagB-RagD heterodimer (Figure 2E). Lastly,
endogenous p14 and MP1 were present in immunoprecipitates prepared with an
antibody directed against endogenous RagC that readily co-immunoprecipitates
RagA (Figure 2F).

Amino acids did not appreciably regulate the interaction of recombinant
p18 with endogenous p14, MP1 or the Rag GTPases (Figure 2G). Similarly,
amino acids did not affect the interaction of endogenous Ragulator with
endogenous Rag A/B (Figure 2H). The amounts of p14, p18, and MP1 that co-
immunoprecipitated with the GTP-bound RagB mutant (RagB®™") were slightly
less than with wild-type RagB (Figure 21). Because mTORC1 pathway activity is
high in cells expressing RagB®'™" (Sancak et al., 2008) the reduced Ragulator-
Rag interaction in these cells may reflect a compensatory mechanism to reduce
mTORC1 activity. To test if the Rag GTPases interact with one or more
Ragulator components directly, we performed in vitro binding assays between
purified RagB-RagD heterodimers and individual Ragulator proteins. p18
interacted with RagB-RagD in vitro, but not with the Rap2a control protein (Figure
S3A). In contrast, we did not detect a direct interaction between either p14 or
MP1 and the Rag GTPases (data not shown), suggesting that p18 is the principal
Rag-binding subunit of the Ragulator. Lastly, within HEK-293T cells, GFP-tagged
p18 co-localized with endogenous RagA/B and RagC (Figure 2J). Collectively,
these results show that the Ragulator interacts with the Rag GTPases and that a
super-complex consisting of Ragulator, a Rag heterodimer, and mTORC1 can
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Supplementary Figure 3, related to Figure 2. The expression of Ragulator
proteins is co-regulated and purified FLAG-p18 interacts with purified HA-GST-
RagB/HA-GST-RagD dimer in vitro.

(A) In vitro binding assay using purified soluble FLAG-p18 and HA-GST-
RagB/HA-GST-RagD heterodimer bound to glutathione beads was performed as

described in the methods.

(B) p14 protein levels are lower in p18-null cells than in p18-null cells expressing
FLAG-p18 (p18™Y). Similarly, in cells that lack p14 (p147), p18 expression is
reduced compared to control cells (p14'™). Cells were grown to confluency,
lysates were prepared, and the levels of the indicated proteins analyzed by

immunoblotting.
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exist within cells.

Ragulator localizes the Rag proteins to the lysosomal surface and is
necessary for the amino acid-dependent recruitment of mTORC1 to the
same compartment

Because the Rag GTPases interact with Ragulator and given the function
of p18 in localizing MP1 and p14 to lysosomes (Nada et al., 2009), it seemed
possible that the Ragulator is necessary for localizing the Rag proteins to the
lysosomal surface. Indeed, in cells lacking p14 or p18 (Nada et al., 2009; Teis et
al., 2006), endogenous RagC was localized in small puncta throughout the
cytoplasm of the cells rather than to lysosomes (Figure 3A), the morphology of
which was not obviously affected by the loss of either protein. In contrast, in
p14™"* cells or p18-null cells reconstituted with wild-type p18 (p18""), RagC
constitutively co-localized with the LAMP2 lysosomal marker (Figure 3A).
Analogous results were obtained in HEK-293T cells with an RNAi-mediated
reduction in MP1 expression (Figure S4A). Consistent with the essential role of
the Rag proteins in the translocation of mMTORC1 to the lysosomal surface
(Figure S1), in cells lacking p14 or p18 or in HEK-293T cells with p14, p18, or
MP1 knockdowns, amino acids failed to induce lysosomal recruitment of mTOR,
which was found throughout the cytoplasm in both amino acid starved and
stimulated cells (Figures 3B, S4B, and S4D). Thus, all Ragulator subunits are
required for lysosomal targeting of the Rag GTPases and mTORCH1.

To determine if Ragulator is sufficient to control the intracellular
localization of the Rag proteins, it was necessary to target Ragulator to a location
that is distinct from the lysosomal surface. As p18 binds both p14 and MP1 and
is necessary for targeting them to the lysosomal surface (Nada et al., 2009), we
chose to manipulate the intracellular localization of p18. To accomplish this we
generated a variant of p18, called p18™"*, which lacks its N-terminal lipidation
sites but is fused at its C-terminus to the transmembrane region of OMP25,
which is sufficient to target heterologous proteins to the mitochondrial surface
(Nemoto and De Camilli, 1999). When expressed in p18-null cells, p18™* was
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Figure 3. The Ragulator is necessary to localize the Rag GTPases and

mTORC1 to lysosomal membranes

(A) Images of p14-null or p18-null cells or their respective controls co-
immunostained for RagC (red) and LAMP2 (green). Cells were starved of and
restimulated with amino acids for the indicated times before processing for the
immunofluorescence assay and imaging.

(B) Images of p14-null or p18-null cells or their respective controls co-
immunostained for mTOR (red) and LAMP2 (green). Cells were treated and
processed as in (A).

(C) Co-localization of mMRFP-RagB (red) with GFP-Mito (green) in cells
expressing mitochondrially-localized p18. p18-null cells (p18™), or p18-null cells
expressing wild type p18 (p18™") or mitochondrially-localized p18 (p18™"), were
transiently transfected with the indicated cDNAs in expression plasmids and
imaged. In all images, insets show selected fields that were magnified five times

and their overlays. Scale bar is 10 um.
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Figure S4
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Supplementary Figure 4, related to Figure 3. The Ragulator is required for
RagC localization to lysosomal membranes and, in response to amino acids,

association of mTOR with lysosomes and mTORC1 activation.

(A) An MP1 knockdown displaces RagC from the lysosomal surface. Images of cells
with shRNA-mediated knockdowns of a control protein or MP1 and co-immunostained
for RagC (red) and LAMP2 (green). HEK-293T cells expressing the indicated shRNAs
were starved of and restimulated with amino acids for the stated times and then

processed in the immunofluorescence assay.

(B) An MP1 knockdown impairs the recruitment of mTOR to the lysosomal surface in
response to amino acid stimulation. Images of cells with shRNA-mediated
knockdowns of a control protein or MP1 and co-immunostained for mTOR (red) and
LAMP2 (green). HEK-293T cells expressing the indicated shRNAs were starved of
and restimulated with amino acids for the stated times and then processed in the

immunofluorescence assay.

(C) Knockdown of p18 or p14 in HEK-293T cells impair amino acid-induced mTORC1
activation. HEK-293T cells with RNAi-mediated knockdown of p14 or p18, or control
cells, were starved for amino acids for 50 min or starved and restimulated with amino
acid for 10 min. Cell lysates were prepared and analyzed by immunoblotting for the

phosphorylation states and levels of indicated proteins.

(D) Knockdown of p18 or p14 in HEK-293T cells impairs amino acid-induced
lysosomal recruitment of mTOR. Control cells and cells with p14 or p18 knockdown
were treated as in (C) and immunostained for mTOR (green) and LAMP2 (red). In all
images, insets show selected fields that were magnified five times and their overlays.

Scale baris 10 pym.
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associated with mitochondria as verified by co-localization with the established
mitochondrial protein Cytochrome ¢ (Figure S5A). Remarkably, in the p18-null
cells expressing p18™* RFP-tagged RagB co-localized with the mitochondrial
marker GFP-mito (Figure 3C). In contrast, RFP-RagB did not co-localize with
GFP-mito in p18-null cells (p18™) or p18"™" cells, and instead was present in a
cytoplasmic or lysosomal pattern, respectively (Figure 3C). In cell expressing
p18™*° mTORCH1 activity remained very low and mTOR was not recruited to the
mitochondria (Figure S5A and S5B), likely because the mitochondrial surface
does not contain the machinery necessary to load the Rag GTPases with the
appropriate nucleotides. These results indicate that the location of p18 is
sufficient to define that of the Rag proteins and are consistent with Ragulator
serving as a constitutive docking site on lysosomes for the Rag heterodimers,

which, in amino acid-replete cells, have an analogous function for mTORCH1.

Ragulator is necessary for TORC1 activation by amino acids in mammalian
and Drosophila cells

We employed the cells lacking p14 or p18 to determine if Ragulator is
necessary for mTORC1 activation by amino acids. Strikingly, in both p14- and
p18-null cells, but not in control cells, amino acids were incapable of activating
the mTORC1 pathway as detected by the phosphorylation of S6K1 (Figures 4A
and 4B) and 4E-BP1 (Figure S6A). Similarly, cells derived from patients with a
homozygous mutation in the p14 gene that causes a reduction in p14 expression
(Bohn et al., 2006) showed a defect in amino acid-induced mTORC1 activation
compared to cells derived from a healthy donor (Figure 4E). In addition,
autophagy, a process normally inhibited by mTORC1, was activated in p14-null
cells, as detected by an increase compared to in control cells in the size and
number of GFP-LC3-Il puncta (Figure S6B). mTORC1 activity was also
suppressed in HEK-293T cells with RNAi-induced reductions in p14, p18, or MP1
levels (Figures 4C and S4C). Consistent with the known requirement of amino
acids and Rag function for growth factors to activate mTORC1 (Sancak et al.,
2008), serum was also incapable of activating the mTORC1 pathway in cells null
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Figure S5
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Supplementary Figure 5, related to Figure 3. In p18-null cells mitochondrially-
targeted p18 (p18™*) localizes to mitochondria, but does not recruit mTOR to
mitochondria or restore mTORC1 signaling.

8mitO

(A) Images of p18™ cells stably expressing FLAG-p1 and co-immunostained for

FLAG-p18™® or mTOR (red) and Cytochrome ¢ (Cyt c) (green).

(B) The mTORC1 pathway can be activated by amino acids in p18-null cells
expressing wild-type p18 (p18™"), but not mitochondrially-targeted p18 (p18™*). Cells
were starved for amino acids in the presence of dialyzed serum for 50 min, or starved
and restimulated with amino acids for 10 min. Lysates were prepared and
phosphorylation states and levels of indicated proteins were analyzed by

immunoblotting.
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Figure 4
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Figure 4. Ragulator-null and -depleted cells are highly deficient in the activation
of MTORC1 signaling by amino acids.

(A) p14 is necessary for the activation of the mTORC1 pathway by amino acids
and serum. p14-null or control cells were starved of amino acids or serum for 50
minutes, or starved and re-stimulated with amino acids or serum for 10 minutes.
Immunoblot analyses were used to measure the levels of the indicated proteins
and phosphorylation states.

(B) p18 is necessary for the activation of the mTORC1 pathway by amino acids
and serum. p18-null or control cells were treated and analyzed as in (A).

(C) Partial knockdown of MP1 blunts mTORC1 pathway activation by amino
acids. HEK-293T cells expressing a control shRNA or two distinct shRNAs
targeting MP1 were starved for amino acids for 50 minutes, or starved and
stimulated with amino acids for 10 minutes and analyzed as in (A).

(D) p14 and p18 are not necessary for mTORC2 pathway activity. p14-null or
control cells were starved for serum, or starved and then re-stimulated with
serum as in (A). p18-null or control cells were grown in complete media. Cell
lysates were prepared and analyzed by immunobloting for the levels of Akt1 and
Akt phosphorylation at the S473 site phosphorylated by mTORC2.

(E) Decreased p14 expression impairs amino acid-induced mTORC1 activation
in human cells. Cells derived from patients with lower p14 expression or healthy
individuals were treated and analyzed as in (A).

(F) Cells lacking Ragulator are smaller than control cells. Cell size distributions of
p14-null or p18-null cells are overlaid with those from corresponding control cells.
(G) Ragulator function is conserved in Drosophila cells. Drosophila S2 cells were
transfected with a control dsRNA, or dsRNAs targeting dRagC, dMP1, dp14, or
dp18, starved of amino acids for 90 minutes, or starved and restimulated with
amino acids for 30 minutes. Levels of indicated proteins and phosphorylation

states were analyzed by immunobloting.
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Figure S6
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Supplementary Figure 6, related to Figure 4. 4E-BP1 phosphorylation is inhibited and
autophagy is induced in cells lacking Ragulator components.

(A) Amino acids fail to stimulate 4E-BP1 phosphoryation in cells lacking p14 or p18. Cells
were starved for amino acids in the presence of dialyzed serum for 50 min, or starved and
restimulated with amino acids for 10 min. Lysates were prepared and 4E-BP1

phosphorylation and levels analyzed by immunoblotting.

(B) Autophagy is induced in p14-null cells. Images of cells transiently expressing GFP-LC3
and starved for amino acids and serum for 3 hours or growing in complete media.
Accumulation of GFP-LC3 in large puncta in starved control cells and in the non-starved

p14-null cells indicates increased levels of autophagy in these cells.
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for p14 or p18 (Figures 4A and 4B). In contrast, no defect was observed in the
level of S473 phosphorylation of Akt (Figure 4D). In fact, Akt phosphoylation was
slightly higher in the p14-null and p18-null cells than in controls cells, which likely
results from the lack of the well-appreciated inhibitory input from mTORC1 to the
PI3K pathway in these cells (reviewed in (Manning, 2004)). As mTORC2 is the
growth factor-regulated S473 kinase of Akt (Sarbassov et al., 2005), these
results also indicate that the Ragulator does not play a detectable positive role in
mTORC2 signaling. Interestingly, in the p18-null cells the expressioh of RagA
and RagC was higher than in control cells (Figure 4B), suggesting that feedback
signals in these cells may be trying to overcome the defect in mTORC1 activity
by boosting Rag expression or that Ragulator also negatively controls Rag
GTPase levels. Consistent with p18, p14, and MP1 forming a complex, the
expression or stability of the Ragulator proteins seems to be co-regulated
because in cells that lack p14, p18 protein levels are also reduced, and, similarly,
in cells that lack p18, p14 protein levels are also low (Figure S3B). A well-known
function of the mTORC1 pathway is the positive regulation of cell growth, so that
inhibition of the pathway leads to a reduction in cell size (Fingar et al., 2002; Kim
et al., 2002). Consistent with Ragulator being a positive component of the
mTORC1 pathway, the p14- and p18-null cells were smaller in size than their
respective controls (Figure 4F).

Many components of the TORC1 pathway, such as the Rag proteins, have
conserved roles in mammalian and Drosophila cells (Kim et al., 2008; Sancak et
al., 2008). RNAi-inducing dsRNAs that target the Drosophila orthologues of MP1
(CG5110), p14 (CG5189), and p18 (CG14184) were as effective at blocking
amino acid-stimulated activation of dTORC1 in Drosophila S2 cells as dsRNAs
targeting dRagC (Figure 4G). Our loss of function experiments indicate that
Ragulator is a component of the TORC1 pathway that, like the Rag GTPases, is
essential for amino acids to activate TORC1 signaling in mammalian and

Drosophila cells.

Forced targeting of mTORC1 to the lysosomal surface eliminates the amino
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acid sensitivity of the mTORC1 pathway

The findings we have presented so far are consistent with the amino acid-
induced movement of mTORC1 to the lysosomal surface being necessary for the
activation of mTORC1 by amino acids. To test if the placement of mMTORC1 on
lysosomal membranes is sufficient to mimic the amino acid input to mTORC1, it
was necessary to force mMTORC1 onto these membranes in the absence of
amino acids. To accomplish this we expressed in HEK-293T cells modified raptor
proteins that consist of epitope-tagged raptor fused to the intracellular targeting
signals of Rheb1 or Rap1b, small GTPases that localize, in part, to the lysosomal
surface (Pizon et al., 1994; Saito et al., 2005; Sancak et al., 2008). Because the
targeting signals of these proteins are in their C-terminal tails, we added the last
15 or 17 amino acids of Rheb1 or Rap1b, respectively, to the C-terminus of
raptor (Figure 5A). For simplicity, we refer to these fusion proteins as raptor-
Rheb15 and raptor-Rap1b17. As a control we generated a raptor fusion protein
that lacks the CAAX box of the Rheb1 targeting signal (raptor-Rheb15ACAAX)
and so cannot associate with membranes (Buerger et al., 2006; Clark et al.,
1997; Takahashi et al., 2005).

When expressed in cells together with myc-mTOR, raptor-Rheb15 and
raptor-Rap1b17 localized to lysosomes in the presence or absence of amino
acids, as judged by co-staining with LAMP2 (Figure 5B). In contrast, raptor-
Rheb15ACAAX behaved like wild-type raptor and localized to lysosomes only
upon amino acid stimulation (Figure 5B). In all cases the localization of the co-
expressed myc-mTOR mirrored that of the wild-type or altered forms of raptor,
indicating that C-terminal modifications of raptor do not perturb its interaction with
mTOR (Figure 5C), which was confirmed in co-immunoprecipitation experiments
(Figure STA).

Remarkably, transient expression of raptor-Rheb15 or raptor-Rap1b17 in
HEK-293T cells was sufficient to render the mTORC1 pathway, as judged by the
phosphorylation of S6K1, resistant to amino acid starvation (Figure 6A). In
contrast, the expression of wild-type raptor or raptor-Rheb15ACAAX did not
affect the amino acid sensitivity of the pathway (Figure 6A). In HEK-293E cells,

80



Figure 5
A raptor

raptor-Rheb15

raptor-Rheb15
ACAAX

raptor-Rap1b17

raptor-HRas25

B cells [ myc-mTOR &

expressing HA-ra
-raptor HA-raptor-Rheb15 HA-raptor-Rheb15ACAAX HA-raptor-Rap1b17
L Ha LAMP2 |

antibody: | HA LAMP2 I HA LAMP2 || HaA LAMP2

-a.a. for
50 min

-a.a. for
50 min

!

+a.a. for
10 min

C cells |: myc-mTOR &

i
AapeanY HA-raptor HA-raptor-Rheb15 HA-raptor-Rheb15ACAAX HA-raptor-Rap1b17

Myc LAMP2 | Myc LAMP2 Myc

antibody: |

-a.a. for
50 min

+a.a. for
10 min



Figure 5. In cells expressing raptor variants fused to the targeting signals of
Rheb1 or Rap1b, mTORCH1 localizes to lysosomal membranes in an amino acid-

independent fashion.

(A) Schematic of raptor fusion proteins that target mTORC1 to lysosomal
membranes (raptor-Rheb15; raptor-Rap1b17) or to the plasma membrane
(Raptor-HRas25) as well as proteins used as controls (wild-type raptor; raptor-
Rheb15ACAAX).

(B) Images of amino acid starved or replete cells expressing lysosomally-
targeted or control HA-tagged raptor proteins and co-immunostained for the HA
epitope (red) and endogenous LAMP2 (green). HEK-293T cells were transfected
with the indicated cDNAs, starved of and restimulated with amino acids for the
indicated times, and processed in the immunofluorescence assay.

(C) Images of amino acid starved or replete cells co-expressing myc-mTOR and
the indicated raptor fusion proteins and co-immunostained for the myc epitope
(green) and endogenous LAMP2 (red). HEK-293T cells were co-transfected with
the indicated cDNAs and treated and processed as in (B). In all images, insets
show selected fields that were magnified five times and their overlays. Scale bar

is 10 ym.
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Figure S7
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Supplementary Figure 7, related to Figure 7. Addition of Rheb1 and Rap1b targeting
signals to raptor does not interfere with its binding to mTOR and raptor-HRas25 and
Rheb-HRas25 localize to the plasma membrane.

(A) HEK-293T cells were co-transfected with plasmids encoding myc-mTOR and the
indicated HA-raptor variants. Anti-myc immunoprecipitates as well as lysates were

analyzed by immunobloting for the indicated proteins.

(B) Raptor fused at its C-terminus with the localization signal of HRas localizes to the
plasma membrane. Images of cells expressing FLAG-raptor-HRas25 and starved of and
restimulated with amino acid for the indicated times and co-immunostained with
antibodies to the FLAG epitope (red) and endogenous LAMP2 (green).

(C) Rheb1 localizes to the plasma membrane when its localization signal is swapped

for that of HRas. Schematic shows composition of the HA-Rheb1-HRas25 variant.
Images of cells expressing HA-Rheb1 or HA-Rheb1-HRas25 (green).
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Figure 6
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Figure 6. Constitutive association of raptor with lysosomal membranes, but not
the plasma membrane, is sufficient to make the mTORC1 pathway insensitive to

amino acid starvation.

(A) The mTORC1 pathway is not sensitive to amino acid starvation in cells that
express lysosomally-targeted but not control raptor proteins. HEK-293T cells
were co-transfected with the indicated cDNA expression plasmids and starved of
amino acids for 50 minutes or starved and restimulated with amino acids for 10
minutes. Cell lysates and anti-FLAG-S6K1 immunoprecipitates were analyzed by
immunobloting for the levels of the indicated proteins and phosphorylation states.
(B) The mTORC1 pathway is sensitive to serum starvation and insulin stimulation
in cells that express lysosomally-targeted as well as control raptor proteins. HEK-
293E cells were co-transfected with the indicated cDNA expression plasmids,
starved of amino acids for 50 minutes or starved and restimulated with amino
acids for 10 minutes. Duplicate cultures were starved of serum for 50 minutes or
starved and stimulated with insulin for 10 minutes. Cell lysates and anti-FLAG-
S6K1 immunoprecipitates were analyzed by immunobloting for the levels of the
indicated proteins and phosphorylation states.

(C) Images of cells stably expressing FLAG-raptor, FLAG-raptor-Rheb15, or
FLAG-raptor-HRas25 and co-immunostained for endogenous mTOR (green) and
endogenous LAMP2 (red). HEK-293T cells stably expressing the indicated
proteins were starved of and restimulated with amino acids for the indicated
times before processing in the immunofluorescence assay. In all images, insets
show selected fields that were magnified five times and their overlays. Scale bar
is 10 ym.

(D) Targeting of mTORC1 to the lysosomal but not the plasma membrane makes
the mTORC1 pathway insensitive to amino acid starvation. HEK-293T cells
stably expressing FLAG-raptor, FLAG-raptor-Rheb15, or FLAG-raptor-HRas25
were starved of and restimulated with amino acids as in (C) and analyzed by
immunoblotting for the levels of the indicated proteins and phosphorylation

states.
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(E) Targeting of mMTORC1 to the lysosomal membrane increases cell size and
pathway activity in cells under normal growth conditions. Cell size distributions of
cells that stably express FLAG-raptor or FLAG-raptor-rheb15 as well as
immunoblot analyses of the mTORC1 pathway in the same cells.
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the expression of raptor-Rheb15 made S6K1 phosphorylation insensitive to
amino acid starvation, but did not affect its regulation by insulin (Figure 6B).
Thus, lysosomal targeting of mMTORC1 can substitute for the amino acid, but not
growth factor, input to mTORC1. This is consistent with previous work showing
that growth factors signal to mTORC1 in large part through the TSC1-TSC2-
Rheb axis (Dan et al., 2002; Gao and Pan, 2001; Garami et al., 2003; Inoki et al.,
2002; Ma et al., 2005; Manning et al., 2002; Potter et al., 2001; Potter et al,,
2002), and not through the Rag GTPases (Sancak et al., 2008).

To verify the effects of lysosomally-targeted mTORC1 in a more
physiological setting than that achieved by transient cDNA expression, we
generated HEK-293T cell lines stably expressing FLAG-tagged raptor-Rheb15 or
wild-type raptor. In cells expressing the lysosomally-targeted but not wild-type
raptor, mTOR was always associated with lysosomes, irrespective of amino
acids (Figure 6C). As with the transient expression of raptor-Rheb15, its stable
expression rendered the mTORC1 pathway fully resistant to amino acid
starvation (Figure 6D). Furthermore, under normal growth conditions these cells
had an increase in mTORC1 activity and were larger than controls (Figure 6E).

We next examined if the targeting of mMTORC1 to membranes other than
lysosomal membranes could also eliminate the amino acid sensitivity of the
mTORC1 pathway. This was not the case because although the stable
expression of a raptor variant consisting of raptor fused to the last 25 amino
acids of H-Ras (raptor-HRas25) (Figures 5A and S7B) was sufficient to target a
fraction of cellular mTOR to the plasma membrane (Figure 6C), it did not render

the mTORC1 pathway resistant to amino acid starvation (Figure 6D).

Forced targeting of mTORC1 to the lysosomal surface eliminates the
requirement in mTORC1 signaling for Rag and Ragulator, but not Rheb,
function

The ability to constitutively localize mTORC1 to lysosomal membranes
enabled us to probe in more detail the role of the Rag and Rheb GTPases, as
well as Ragulator, in the activation of mTORC1 by amino acids. We hypothesized
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that if the major role of the Rag GTPases is to allow mTORC1 to localize to
lysosomes, then in cells that express raptor-Rheb15, mTORC1 activity should be
independent of Rag function. Indeed, while in control cells the RNAi-mediated
knockdown of both RagA and RagB strongly blunted the activation of mTORC1
by amino acids, it did not reduce the amino acid-insensitive mTORC1 activity
observed in raptor-Rheb15 expressing cells (Figure 7A). As an additional
approach to inhibit Rag function, we exploited the fact that co-expression of a
GDP-bound RagB mutant (RagB®"") and a GTP-bound RagD mutant (RagD®™)
eliminates mTORC1 pathway activity within cells (Kim et al., 2008; Sancak et al.,
2008). Expression of RagB®”"-RagD®™" completely prevented mTORC1
activation by amino acids in control cells, but had no effect on the amino acid-
insensitive mTORC1 activity of cells expressing raptor-Rheb15 (Figure 7B).

If the main function of Ragulator in the mTORC1 pathway is to localize the
Rag GTPases to the lysosomes then it should be possible to reactivate the
mTORC1 pathway in Ragulator-null cells by expressing raptor-Rheb15.
Remarkably, the stable expression of raptor-Rheb15, but not wild-type raptor, in
p14- or p18-nuli cells reactivated mTORC1 signaling and made it insensitive to
amino acid deprivation (Figure 7C and 7D). Furthermore, expression of raptor-
Rheb15 in the p18-null cells was sufficient to increase their size (Figure 7E). In
contrast to the results observed with the Rag GTPases and Ragulator, RNAi-
mediated suppression of Rheb1 blocked amino acid-induced mTORC1 activation
in cells expressing raptor-Rheb15 to the same extent as it did in control cells
(Figure 7F).

To test whether the presence of mTORC1 and Rheb on the same
membrane compartment is sufficient to render the mTORC1 pathway insensitive
to amino acid levels, we generated cells in which mTORC1 and Rheb are both
present on the plasma membrane. To accomplish this we prepared a Rheb1
variant, called Rheb1-HRas25, that localizes to the plasma-membrane (Figure
S7C) because it contains the C-terminal 25 amino acids of H-Ras instead of the
normal Rheb1 localization signal. When Rheb1-HRas25 was stably co-expressed

with raptor-HRas25, but not wild-type raptor, the mTORC1 pathway became
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insensitive to amino acid starvation (Figure 7G). Importantly, mTORC1 signaling
remained amino acid-sensitive in cells in which either Rheb or mTORC1, but not

both, was targeted to the plasma membrane (Figure 7G).
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Figure 7
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Figure 7. Targeting of mMTORC1 to the lysosomal surface makes the activity of
the mTORC1 pathway independent of Rag and Ragulator, but not, Rheb

function.

(A) In cells that express FLAG-raptor-Rheb15, mTORC1 pathway activity is
independent of Rag GTPase function. Lysates of HEK-293T cells expressing
FLAG-raptor or FLAG-raptor-Rheb15 were analyzed by immunobloting for the
indicated proteins and phosphorylation states after disruption of Rag function by
RNAi-mediated co-knockdown of RagA and RagB. Cells were starved of amino
acids for 50 minutes or starved and restimulated with amino acids for 10 minutes
before lysis.

(B) In cells that express FLAG-raptor-Rheb15, mTORC1 pathway activity is
independent of Rag GTPase function. Lysates of HEK-293T cells expressing
FLAG-raptor or FLAG-raptor-Rheb15 were analyzed as in (A) after disruption of
Rag function by expression of the dominant negative RagB®""-RagD®™"
heterodimer. Cells were treated and processed as in (A).

(C) Stable expression of FLAG-raptor-Rheb15 but not FLAG-raptor in p14-nuli
cells is sufficient to reactivate the mTORC1 pathway and make it insensitive to
amino acid starvation. Cells stably expressing the indicated proteins were treated
and analyzed as in (A).

(D) Stable expression of FLAG-raptor-Rheb15 but not FLAG-raptor in p18-null
cells is sufficient to reactivate the mTORC1 pathway and make it insensitive to
amino acid starvation. Cells stably expressing the indicated proteins were treated
and analyzed as in (A).

(E) In p18-null cells expression of raptor-Rheb15, but not wild-type raptor,
increases cell size. Cell size distributions of p18-null cells that stably express
FLAG-raptor or FLAG-raptor-Rheb15.

(F) In cells that express FLAG-raptor-Rheb15, the activity of the mTORC1
pathway is still Rheb-dependent. Lysates of HEK-293T cells that stably express
FLAG-raptor or FLAG-raptor-Rheb15 were analyzed by immunobloting for the
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indicated proteins and phosphorylation states after disruption of Rheb function by
an RNAi-mediated knockdown of Rheb1. Cells were treated as in (A).

(G) Co-expression of plasma membrane-targeted raptor and plasma membrane-
targeted Rheb1 renders the mTORC1 pathway insensitive to amino acid
starvation. HEK-293T cells stably expressing the indicated proteins were treated
and analyzed as in (A).

(H) Model for amino-acid induced mTORC1 activation. In the absence of amino
acids, mTORC1 cannot associate with the endomembrane system, and has no
access to its activator Rheb. In the presence of amino acids, the Rag GTPases,
which are tethered to the lysosomal surface by the Ragulator, serve as a docking
site for mMTORC1, allowing mTORC1 to associate with endomembranes and thus

encounter and become activated by Rheb.
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Discussion

Our findings, together with previous work showing that Rheb is required
for amino acids to activate the mTORC1 pathway (Avruch et al., 2006; Nobukuni
et al., 2005; Sancak et al., 2008; Saucedo et al., 2003; Tee et al., 2005; Tee et
al., 2003) and can localize to late endosomes/lysosomes (Saito et al., 2005;
Sancak et al., 2008), is consistent with a model in which amino acids induce
mTORC1 to associate with the endomembrane system of the cell and thus allow
it to encounter its activator Rheb. In this model the essential role of the
Ragulator-Rag complex is to serve as an amino acid-regulated docking site for
mTORC1 on lysosomal membranes (see schematic in Figure 7H). The proposed
link between the Rag and Rheb GTPases in the regulation of the mTORC1
pathway provides an explanation for why activation of mMTORC1 occurs only
when activators of both Rheb (e.g., growth factors and energy) and the Rags
(i.e., amino acids) are available. For technical reasons (Buerger et al., 2006;
Sancak et al., 2008), it has not been possible to determine the intracellular
localization of endogenous Rheb and work using overexpressed GFP-tagged
Rheb1 has placed it on various endomembrane compartments, including
endosomes and lysosomes (Buerger et al., 2006; Saito et al., 2005; Sancak et
al., 2008: Takahashi et al., 2005). Our results suggests that at some point in its
life cycle Rheb must traverse the lysosomal surface in order to encounter
mTORC1 and so in our model we have chosen to place Rheb on this
compartment (Figure 7H). However, at any given time only a small fraction of
cellular Rheb may actually be on the lysosomal surface or, alternatively, some of
the mTORC1 within the cell may move to a non-lysosomal endomembrane
compartment that also contains Rheb. These issues will only be answered once
a definitive location for endogenous Rheb can be determined.

The trimeric p14, p18, and MP1 protein complex, which we call Ragulator,
is a Rag-interacting complex that is essential for amino acid signaling to
mTORC1 and represents an additional critical component of the TORC1

signaling pathway in mammals and flies. p18 directly interacts with the Rag
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GTPases (Figure S3A) as well as with p14 and MP1 (Nada et al., 2009) and so
may serve as a scaffold to bring the Rag GTPases and MP1-p14 next to each
other. In vitro we have not detected a direct interaction between the Rag
GTPases and either MP1 or p14, but both proteins are, like p18, necessary for
localizing the Rag GTPases to the lysosomal surface. p14 is required to maintain
normal p18 expression levels (Figure S3B), suggesting that within cells p14 and
MP1 form a crucial part of the Ragulator structure. Given the non-specific nature
of the p14 and p18 names, in the future it may be best to rename these proteins,
perhaps to names that reflect their essential roles in the mTORC1 pathway.

The location of the Rag GTPases, the Raguiator, and mTORC1 on the
lysosomal surface implicates this organelle as the site of a yet to be discovered
sensing system that signals amino acid availability to the Ragulator-Rag
complex. The lysosomal location of the amino acid sensing branch of the
mTORC1 pathway is consistent with increasing evidence that lysosomes, and
their yeast counterparts, vacuoles, are at the nexus of amino acid metabolism
within cells. Lysosomes are a major site of protein degradation and amino acid
recycling and vacuoles store amino acids at high concentrations (reviewed in (Li
and Kane, 2009)). Thus, mTORC1 and its regulators may reside on the
lysosomal surface so as to sense a currently unknown aspect of lysosomal
function that reflects the intracellular pools of amino acids.

It is interesting to consider the differences and similarities between the
still poorly understood amino acid signaling mechanisms employed by the
mTORC1 and yeast TORC1 pathways. Consistent with previous work in
mammalian cells (Sancak et al., 2008), the Gtr1p-Gtr2p heterodimer that is
orthologous to RagA/B-RagC/D, interacts with yeast TORC1 when Gtr1p is GTP-
loaded (Binda et al., 2009). TORC1 and the Gtr proteins are located on the
surface of the vacuole (Berchtold and Walther, 2009; Binda et al., 2009), the
yeast equivalent of lysosomes, but, unlike in mammals, yeast TORC1 does not
leave the vacuolar surface upon amino acid deprivation although amino acids do
control the interaction of TORC1 with Gtr1p-Gtr2p (Binda et al., 2009). This
finding suggests that there must exist a distinct mechanism for retaining TORC1
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at the vacuolar surface and that in yeast the interaction between TORC1 and
Gtr1p-Gtr2p serves other purposes besides controlling the intracellular location of
TORCH1. In contrast, our current work argues that in mammals the main role of
the Rag GTPase and the associated Ragulator complex is to control the
association of mMTORC1 with the cellular endomembrane system, in particular,
lysosomes. Rheb, which is essential for the activation of mMTORC1 by all
upstream signals (Avruch et al., 2006; Nobukuni et al., 2005; Sancak et al., 2008;
Saucedo et al., 2003; Tee et al., 2005; Tee et al., 2003), does not appear to be
part of the TORC1 pathway in yeast (reviewed in (Berchtold and Walther, 2009)).
As we suggest that the Rag-dependent and amino acid-regulated translocation of
mTORC1 to the lysosomal surface may ultimately be a mechanism for controlling
the access of mMTORC1 to Rheb, the absence of Rheb in the yeast TORC1
pathway may make regulation of TORC1 localization unnecessary. That known
Rag- and Gtr-interacting proteins share no sequence homology also suggests
that the mechanisms through which the Rag and Gtr GTPases regulate mTORCA1
and yeast TORCH1, respectively, have diverged. Although it is clear that the
Ragulator and EGO complexes both control the intracellular localization of the
Rag (this paper) and Gtr (Gao and Kaiser, 2006) GTPases, respectively, whether
these complexes have additional functions remains to be determined.

Previous studies suggest that MP1-p14-p18 complex plays an adaptor
role in the MAP Kinase (MAPK) pathway (reviewed in (Dard and Matthias, 2006))
and our current findings do not contradict these results. However, considering the
very strong inhibition of the mTORC1 pathway that occurs in cells lacking p14 or
p18, it seems possible that some of the impairment in MAPK signaling observed
in those cells reflects an altered feedback signaling from Akt to the MAPK
pathway. For example, in Ragulator-null cells, Akt is slightly activated, almost
certainly because the well-known inhibitory signal from mTORC1 to PI3K is
absent. As Akt suppresses MAPK signaling by phosphorylating and inhibiting Raf
(Zimmermann and Moelling, 1999), it is conceivable that the activation of Akt that
occurs in Ragulator-null cells could account, at least in part, for the inhibition of

MAPK signaling that has been observed in these cells.
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Mice lacking either p14 or p18 die around embryonic day 7.5-8 and have
obvious growth defects (Nada et al., 2009; Teis et al., 2006). We would not be
surprised if, when generated, mice lacking the Rag proteins die at around the
same age and present similar defects. On the other hand, mice lacking the core
mTORC1 component raptor die earlier (before embryonic day 6.5) than p14- and
p18-null mice (Guertin et al., 2006). This may be expected because although loss
of p14 or p18 completely blocks mTORC1 activation by amino acids, cells lacking
the Ragulator proteins are likely to retain a low residual level of mMTORC1 activity
that may be sufficient to support development further than in embryos completely
lacking mTORCH1 function. Lastly, our results suggest that the strong growth
retardation observed in humans with a mutation that reduces p14 expression
(Bohn et al., 2006), is a result of partial suppression of the mTORC1 pathway. If
this turns out to be the case, it would represent the first human example of a loss

of function mutation in a positive component of the mTORC1 pathway.
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Materials and Methods

Cell Lines and Tissue Culture

HEK-293E cells; HEK-293T cells; TSC2*"*, TSC2”, p14™, and p14™
MEFs were cultured in DMEM with 10% IFS. p18™, p18™°, and p18™ cells were
cultured in DMEM with 10% FBS. HEK-293E and HEK-293T cells express E1a
and SV40 large T antigen, respectively. In HEK-293E, but not HEK-293T, cells
the mTORC1 pathway is strongly regulated by serum and insulin (Sancak et al.,
2007). TSC2™, p53” and TSC2*"*, p53™ MEFs were kindly provided by Dr. David
Kwiatkowski (Harvard Medical School). The HEK-293E cell line was kindly
provided by Dr. John Blenis (Harvard Medical School). p14™ and control MEFs
were kindly provided by Dr. Lukas A. Huber (Innsbruck Medical University) and
described in (Teis et al., 2006). p18™ cells are epithelial in nature and p18™" cells
are p18” cells in which wild-type p18 has been re-expressed (Nada et al., 2009).
Patient-derived cells with a homozygous mutation in the p14 gene and control
healthy donor-derived cells were kindly provided by Dr. Christoph Klein
(Universitdt Minchen) and have been described in (Bohn et al., 2006)

Amino Acid and Serum Starvation and Stimulation of Cells

Serum and/or amino acid starvation of HEK-293T cells, HEK-293E cells,
p14-null and control cells, p18-null and control cells, MEFs, patient-derived and
healthy donor-derived cells were performed essentially as described (Sancak et
al., 2008). Serum was dialyzed against PBS in dialysis cassettes (Thermo

Scientific) having a 3,500 molecular weight cut off.

Preparation of Cell Lysates and Immunoprecipitations

Cell lysate preparation, cell lysis and immunoprecipitations were done as
described (Sancak et al., 2008).

For co-transfection experiments, 2 million HEK-293T or HEK-293E cells
were plated in 10 cm culture dishes. 24 hours later, cells were transfected with

the indicated plasmids as follows: 50 ng or 1500 ng myc-mTOR in pRKS; 20 ng
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or 500 ng HA-, myc- or FLAG-Raptor in pRK5 or pLJM1 with or without the
targeting signals; 100 ng HA-GST-Rap2a in pRK5; 100 ng HA-GST-Rheb1 in
pRKS5; 100 ng HA-GST-RagB in pRK5, 100 ng HA-GST-RagD in pRK5; 1 ng
FLAG-S6K1 in pRK7; 50 ng or 600 ng HA- or FLAG-p14 in pRKS5; 75 ng or 600
ng HA-MP1 in pRKS5; 50 ng or 800 ng HA-p18 in pRK5. The total amount of
plasmid DNA in each transfection was normalized to 2 ug using empty pRKS5.

Cell Size Determinations

To measure cell size, 2 million HEK-293T cells or 200,000 of other cell
types were plated into 10 cm culture dishes. 24 hours later the cells were
harvested by trypsinization in a 4 ml volume and diluted 1:20 with counting
solution (Isoton Il Diluent, Beckman Coulter). Cell diameters were determined
using a particle size counter (Coulter Z2, Beckman Coulter) running Coulter Z2
AccuComp software.

Mammalian Lentiviral shRNAs and cDNAs

Lentiviral shRNAs targeting human Rheb1, RagB, and RagC have been
described (Sancak et al., 2008). Lentiviral sShRNAs targeting mouse Rheb1 and
human p14 were obtained from Sigma-Aldrich. Lentiviral sShRNAs targeting the
MRNA for human MP1 and human p18 were cloned into pLKO.1 vector as
described (Sarbassov et al., 2005). The target sequences are as follows:

MP1_1: GAGATGGAGTACCTGTTATTA
MP1_2: ATATCAATCCAGCAATCTTTA
p18: AGACAGCCAGCAACATCATTG

Virus generation and infection was done as previously described (Sancak
et al., 2008).

Raptor was cloned into the Agel and BamHI sites of a modified pLKO.1
vector (pLJM1) (Sancak et al., 2008) with or without the Rheb1, Rap1b and HRas
targeting signals or cloned into the pRK5 vector with or without the same
localization signals. After sequence verification, pLJM1 based plasmids were

used in transient cDNA transfections or to produce lentivirus needed to generate

99



cell lines stably expressing these proteins. pRK5 based plasmids were also used
for transient transfection experiments. The p18"‘"° expression plasmid was
generated by cloning a mutant p18 with amino acids 2-5 changed to alanines into
a modified version of the pLKO.1 vector that added, to the C-terminus of p18, the
mitochondrial localization signal of OMP25 protein. This plasmid was used in
transient cDNA transfections or to produce lentivirus needed to generate stable
cell lines. HA-Rheb1 and HA-Rheb1-HRas25 were cloned into pLJMS, a
derivative of pLJM1 carrying a hygromycin instead of puromycin resistance gene.

The vectors were used as above for lentivirus production.

Immunofluorescence Assays

50,000 HEK-293T celis or 20,000 of other celi types were plated on
fibronectin coated glass coverslips in 12-well tissue culture plates. 24 hours later,
the slides were rinsed with PBS once and fixed for 15 minutes with 4%
paraformaldehyde in PBS warmed to 37°C. The slides were rinsed twice with
PBS and cells were permealized with 0.05% Triton X-100 in PBS for 30 seconds.
After rinsing twice with PBS, the slides were incubated with primary antibody in
5% Normal Donkey Serum for 2 hours at room temperature, rinsed four times
with PBS and incubated with sécondary antibodies produced in donkey (diluted
1:1000 in 5% Normal Donkey Serum) for one hour at room temperature in the
dark, washed four times with PBS. Slides were mounted on glass coverslips

using Vectashield (Vector Laboratories) and imaged.

Materials

Reagents were obtained from the following sources: antibodies to
phospho-T389 S6K1, S6K1, mTOR, raptor, RagA/B, RagC, p14, p18, MP1, the
myc epitope, the HA epitope, the FLAG epitope (unconjugated and alexa fluor
conjugated), TSC2, phospho-T398 dS6K, phospho-S473 Akt, Akt1, phospho-T70
4E-BP1, 4E-BP1, and Rheb from Cell Signaling Technology; antibodies to
LAMP2 from Abcam (ab25631 and ab13524); antibody to raptor (for

immunostaining) from Millipore; antibody to Cytochrome ¢ from BD Biosciences;
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HRP-labeled anti-mouse, anti-goat, and anti-rabbit secondary antibodies from
Santa Cruz Biotechnology; FLAG M2 affinity gel, FLAG M2 antibody, human
recombinant insulin, from Sigma Aldrich; protein G-sepharose and dialysis
cassettes from Thermo Scientific; DMEM from SAFC Biosciences; FUGENE 6
and Complete Protease Cocktail from Roche; alexa fluor conjugated secondary
antibodies from Invitrogen; 16% paraformaldehyde solution from Electron
Microscopy Sciences; fibronectin from Jackson Immunoresearch Laboratories;
35 mm glass bottom dishes from Mattek Corporation; glass coverslips from Ted
Pella, Inc; amino acid and glucose-free RPMI from United States Biological;
Schneider's medium, Drosophila-SFM, and Inactivated Fetal Calf Serum (IFS)
from Invitrogen. The dS6K antibody was a generous gift from Mary Stewart
(North Dakota State University).

Identification of Ragulator Components as Rag-associated Proteins

Ragulator components (MP1, p14, and p18) were detected in anti-FLAG
immunoprecipitates prepared from HEK-293T cells stably expressing FLAG-
RagB or FLAG-RagD as well as in immunoprecipitates of endogenous RagC
prepared from HEK-293T cells. Immunoprecipitates were prepared as described
(Sancak et al., 2008). Proteins were eluted with the FLAG peptide from the anti-
FLAG affinity matrix or recovered from the protein G-sepharose by boiling with
sample buffer, resolved by SDS-PAGE, and stained with simply blue stain
(Invitrogen). Each gel lane was sliced into 10-12 pieces and the proteins in each
gel slice digested overnight with trypsin. The resulting digests were analyzed by
mass spectrometry as described (Sancak et al., 2008). 2-3 peptides
corresponding to each Ragulator component were identified in the FLAG-RagB
and endogenous RagC immunoprecipitates, while no peptides corresponding to
any of the proteins were ever found in the FLAG-RapZ2a, p53, or a-tubulin

immunoprecipitates that served as controls.

Amino Acid Starvation and Stimulation and dsRNA-mediated Knockdowns

in Drosophila Cells
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Amino acid starvation and stimulation of Drosophila S2 cells was
performed as described(Sancak et al., 2008). The design and synthesis of
dsRNAs has also been described (Sancak et al., 2008).

Primer sequences used to amplify DNA templates for dsRNA synthesis for
dp14, dp18, and dMP1, including underlined 5’ and 3’ T7 promoter sequences,
are as follows:

dp14 (CG5189) dsRNA forward primer:
GAATTAATACGACTCACTATAGGGAGACTCTATTGGCCTACTCCGGTTAT

dp14 (CG5189) dsRNA reverse primer:
GAATTAATACGACTCACTATAGGGAGATATGAGGCCGAGATCTGCTTA

dp18 (CG14184) dsRNA forward primer:
GAATTAATACGACTCACTATAGGGAGAGCAGAATACTGCGATAAACATGATA

dp18 (CG14184) dsRNA reverse primer:
GAATTAATACGACTCACTATAGGGAGATGGATAGGTTGGCTTAGACAGATAG

dMP1 (CG5110) dsRNA forward primer:
GAATTAATACGACTCACTATAGGGAGAGTCGGACGACATCAAGAAGTATTTA

dMP1 (CG5110) dsRNA reverse primer:
GAATTAATACGACTCACTATAGGGAGAAGTACATGGAGATGATGGTCTTGTT

In vitro Binding Assay

2 million HEK-293T cells were transfected with 2 uyg FLAG-p18 (lipidation
mutant G2A), 2 pg HA-GST-Rap2a, or 2 ug HA-GST-RagB together with 2 ug of
HA-GST-RagC. 2 days after transfection, the cells were lysed in lysis buffer
containing 1% Triton X-100 as described (Sancak et al., 2007) and cleared
lysates were incubated with glutathione- or FLAG-beads for 3 hours at 4°C with
rotation. The beads were washed 3 times with lysis buffer and two times with
lysis buffer containing 0.3% CHAPS. FLAG-p18 was eluted from FLAG beads
with the FLAG peptide and 1/8 of the eluate was incubated with 1/4 of the Rag-
containing glutathione beads in lysis buffer with 0.3% CHAPS for 45 min at 4°C.
- The glutathione beads were washed three times with lysis buffer containing 0.3%
CHAPS and 150 mM NaCl. Proteins were denatured by the addition of 20 ul of
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sample buffer and boiling for 5 minutes and analyzed by SDS-PAGE and

immunoblotting.

Transient Transfections for Imnmunofluorescence Assays

For myc-mTOR and HA-raptor co-transfection experiments, HEK-293T
cells were seeded in 60 mm culture plates. 24 hours later, cells were transfected
with 500 ng myc-mTOR and 50 ng HA-Raptor. 24 hours after transfections, cells
were split and plated on fibronectin coated glass coverslip in 12-well culture
plates and processed as above.

For GFP-RagB, GFP-RagD, p18-GFP, GFP-Mito, RFP-RagB, and
LAMP1-mRFP co-transfection experiments, HEK-293T cells (250,000 cells/dish)
or p18™, p18™ or p18™* cells (50,000 cells/dish) were plated on 35 mm, glass-
bottom Mattek dishes. The next day, each dish was transfected with 100 ng of
GFP-RagB or GFP-RagD, p18-GFP, GFP-mito, RFP-RagB or LAMP1-mRFP
using fugene. At 18-24 hours post transfections, cells were fixed and imaged.
GFP-Mito has been described (Nemoto and De Camilli, 1999).

For GFP-LC3 localization experiments, 2 million cells were transfected by
electroporation with 1 ug of GFP-LC3 plasmid, and plated on 35 mm glass-
bottom Mattek dishes. The next day the cells were starved for 3 hours in serum-
and amino acid-free RPMI to induce autophagy and processed for imaging as
above.

All images were acquired with a spinning disk confocal microscope (Perkin
Elmer) equipped with a Hamamatsu 1k X 1k EM-CCD camera. For each image,

8-10 optical slices were acquired and displayed as maximum projections.
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Summary

The mTOR Complex 1 (mTORC1) pathway regulates cell growth in response to
numerous cues, including amino acids, which promote mTORCH1 translocation to the
lysosomal surface, its site of activation. The heterodimeric RagA/B-RagC/D GTPases,
the Ragulator complex that tethers the Rags to the lysosome, and the v-ATPase form a
signaling system that is necessary for amino acid sensing by mTORC1. Amino acids
stimulate the binding of GTP to RagA and RagB but the factors that regulate Rag
nucleotide loading are unknown. Here, we identify HBXIP and C70rf59 as novel
Ragulator components that are required for mTORC1 activation by amino acids. The
expanded Ragulator has nucleotide exchange activity towards RagA and RagB and
interacts with the Rag heterodimers in an amino acid- and v-ATPase-dependent fashion.
Thus, we provide mechanistic insight into how mTORC1 senses amino acids by
identifying Ragulator as a guanine nucleotide exchange factor (GEF) for the Rag
GTPases.
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Introduction

Mechanistic target of rapamycin complex | (nTORC1) is a master growth
regulator that couples nutrient availability to the control of cell growth and proliferation.
When active, mTORC1 stimulates anabolic processes, such as translation, transcription,
lipid biosynthesis, and ribosome biogenesis, and inhibits catabolic processes, such as
autophagy (reviewed in (Howell and Manning, 2011; Ma and Blenis, 2009; Zoncu et al.,
2011b)). Consistent with its growth-promoting function, many of the oncogenes and
tumor suppressors that underlie familial tumor syndromes and sporadic cancers are
upstream of mMTORC1. mTORC1 responds to a variety of stimuli, including growth
factors, oxygen availability, and energy levels, all of which impinge on mTORC1 through
the tuberous sclerosis heterodimer (TSC1-TSC2). TSC1-TSC2 negatively regulates the
mTORC1 pathway by acting as a GTPase activating protein (GAP) for Rheb1, a small
GTPase that when bound to GTP is an essential activator of mTORC1 kinase activity.

One mTORCH1 stimulus that does not funnel through the TSC1-TSC2-Rheb axis is
amino acid sufficiency (Roccio et al., 2006; Smith et al., 2005). Recent findings indicate
that amino acid signaling initiates within the lysosomal lumen (Zoncu et al., 2011a) and
induces the translocation of mMTORC1 to the lysosomal surface, where it comes in
contact with Rheb and becomes activated. How mTORC1 moves to the lysosomal
membrane is poorly understood, but another family of GTPases, known as the Rag
GTPases, play an integral role (Kim et al., 2008; Sancak et al., 2008). Unique among the
small GTPases, the Rags are obligate heterodimers: the highly related RagA and RagB
are functionally redundant and bind to RagC or RagD, which are also very similar to
each other (Hirose et al., 1998; Schurmann et al., 1995; Sekiguchi et al., 2001). The
Rags localize to lysosomal membranes and bind to the raptor component of mTORC1, a
process that depends on the binding of GTP to RagA or RagB. Amino acids regulate the
binding of nucleotides to RagB, such that amino acid stimulation increases its GTP
loading (Sancak et al., 2008). In cells expressing a RagA or RagB mutant that is
constitutively bound to GTP, mTORCH1 interacts with the Rags and localizes to the
lysosome irrespective of amino acid levels, making the mTORC1 pathway immune to

amino acid starvation (Kim et al., 2008; Sancak et al., 2008). Thus, a key event in the
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amino acid-dependent activation of mTORCH1 is the conversion of RagA or RagB from a
GDP- to GTP-bound state, yet the putative guanine nucleotide exchange factors (GEFs)
that mediate this transition have yet to be identified.

Unlike the many GTPases that rely on a lipid moiety for their subcellular
localization, the Rags use the recently identified Ragulator complex as their tether to the
lysosomal surface. Three proteins that localize to lysosomal membranes make up
Ragulator: p18, p14, and MP1, which are encoded by the LAMTORT, LAMTORZ2, and
LAMTOR3 genes, respectively. In cells depleted of these proteins, the Rags and
mTORC1 no longer reside at the lysosome, and, consequently, the mTORC1 pathway is
inactive (Sancak et al., 2010). '

The lysosomal v-ATPase is a newly characterized Ragulator-interacting complex
and required for amino acid activation of mTORC1 (Zoncu et al. 2011). The mechanisms
through which the v-ATPase activates the mTORC1 pathway and whether or not
Ragulator has additional regulatory functions remain unknown. Here, we identify two
novel components of Ragulator, the proteins encoded by the HBXIP and C70rf59 genes.
These proteins interact with the Rag GTPases and together with p18, p14, and MP1
form a pentameric Ragulator complex. HBXIP and C7orf59 are necessary for both Rag
and mTOR lysosomal localization and mTORCH1 activation. Surprisingly, the pentameric
Ragulator, but not individual subunits or the trimeric Ragulator, has GEF activity towards
RagA and RagB. Furthermore, modulation of the Ragulator-Rag interaction by amino
acids requires the v-ATPase, suggesting that v-ATPase activity is upstream of the GEF
activity of Ragulator.
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Results
HBXIP and C70rf59 encode components of an expanded Ragulator complex

We previously identified p14, MP1, and p18, collectively named Ragulator, as
proteins that interact with the Rag GTPases within cells (Sancak et al., 2010). However,
in cell-free assays, Rag heterodimers interact relatively weakly with purified,
recombinantly-produced Ragulator (Sancak et al., 2010), suggesting that proteins
responsible for stabilizing the interaction within cells are missing from our in vitro
preparations. To identify such proteins, we used a purification strategy involving
immunoprecipitation followed by mass spectrometry that previously led to the discovery
of other mTORC1 pathway components (see Methods). Immunoprecipitates prepared
from HEK-293T cells stably expressing FLAG-tagged p18, p14, or RagB, but not the
Metap2 control, consistently contained HBXIP and the protein product of the C70rf59
gene, hereafter called C70orf59. Several studies implicate HBXIP in the regulation of cell
cycle progression, proliferation, apoptosis, and Hepatitis B virus replication (Fuijii et al.,
2006; Marusawa et al., 2003; Melegari et al., 1998; Wang et al., 2007; Wen et al., 2008),
while C70rf59 has no described functions.

Orthologs of HBXIP and C70rf59 exist in mammals besides humans and in
Drosophila (Figure S1A). Like other Ragulator components, HBXIP and C70rf59 lack
protein sequence homology with any fission or budding yeast proteins, including Ego1p
and Ego3p, which tether the yeast orthologs of the Rag GTPases to the vacuole (Binda
et al., 2009; Dubouloz et al., 2005; Gao and Kaiser, 2006). High-resolution crystal
structures of MP1 and p14 reveal the presence of a roadblock domain in each
(Kurzbauer et al., 2004; Lunin et al., 2004), and secondary structure predictions suggest
that the C-terminal regions of RagB and RagC also contain this domain (Gong et al.,
2011) (Figure S1B). While the function of the domain is unknown, it is interesting to note
that HBXIP also contains a roadblock domain (Garcia-Saez et al., 2011), and our
secondary structure analyses predict the same for C7orf59 (Figure S1B). Thus, the Rag-

Ragulator complex is likely to contain six roadblock domains.
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Figure S1
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Supplemental Figure 1: Secondary structure predictions of Rag and Ragulator

proteins indicate the presence of the roadblock domain and Rags preferentially

interact with a pentameric Ragulator complex, related to Figure 1

A)

B)

C)

D)

Schematic amino acid alignment of human HBXIP and C7orf59 with their

corresponding Drosophila orthologs.

The presence of roadblock domains in Ragulator and Rag proteins.
Secondary structure predictions of the indicated proteins using Jpred 3
secondary structure prediction server (Cole et al., 2008). The dashed box

outlines the canonical roadblock domain predicted in each protein.

Rags preferentially interact with a pentameric Ragulator complex. In vitro
binding assay in which recombinant HA-GST-tagged-RagB-RagC, were
incubated with the indicated purified FLAG-tagged Ragulator complexes.
HA-GST precipitates were analyzed by immunoblotting for levels of the

indicated proteins.

RagA and RagB are highly similar. Amino acid sequence alignment of
RagA and RagB indicates that the two proteins are 98% identical. RagB
contains an N-terminal extension that increases its molecular weight

compared to RagA.
RagA is much more abundant than RagB in HEK-293T cells. HEK-293T

cell lysate was analyzed by immunoblotting for RagA and RagB with an
antibody from CST that recognizes the same epitope in both proteins.
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Experiments in cells and in cell-free systems indicate that that HBXIP and C70rf59
are new Ragulator components. When expressed in HEK-293T cells, FLAG-tagged
HBXIP or C7orf59, but not Rap2a, co-immunoprecipitated endogenous RagA, which is
highly similar but far more abundant than RagB (Figure S1D, S1E), RagC, p18, and MP1
at similar levels as FLAG-p14 (Figures 1A B). Gratifyingly, endogenous HBXIP and
C70rf59 co-immunoprecipitated with an antibody to endogenous p18, but not a control
protein (Figure 1C). When co-expressed along with Ragulator proteins in HEK-293T
cells, HBXIP and C70orf59 co-localized with p18 (Figure 1D), consistent with the
lysosomal localization of other Ragulator components (Nada et al., 2009; Sancak et al.,
2010; Wunderlich et al., 2001). In an in vitro binding assay, HBXIP bound to C70rf59 in
the absence of other proteins, and the HBXIP-C70rf59 heterodimer, but neither protein
alone, bound the established Ragulator components (MP1, p14 and p18) (Figure 1E).
These results indicate that Ragulator is a pentameric complex in which HBXIP and
C70rf59 form a heterodimer that interacts, through p18, with the MP1-p14 heterodimer
(Figure 1F). ‘

Consistent with our initial hypothesis that the original Ragulator lacked
components required to bind strongly to the Rag GTPases, in HEK-293T cells the
pentameric Ragulator interacted to a much greater degree with the Rags than the
trimeric one (Figure 1G, S1C). Likewise, in an in vitro binding assay, Rags interacted
with an intact pentameric Ragulator, but not one lacking p18 (Figure 1H). It is likely that
in previous work, the two new Ragulator components were present in binding
experiments in sub-stoichiometric amounts, explaining the weaker interactions we had
observed (Sancak et al., 2010). Collectively, our results show that HBXIP and C70rf59
are part of an expanded Ragulator that requires all its subunits to bind strongly to the
Rag GTPases.

HBXIP and C70rf59 are necessary for TORC1 activation by amino acids in
mammalian and Drosophila cells
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Figure 1: HBXIP and C70rf59 are components of an expanded Ragulator

complex

A) Recombinant epitope-tagged HBXIP co-immunoprecipitates endogenous
MP1, p18, RagA, and RagC. Anti-FLAG immunoprecipitates were
prepared from HEK-293T cells transfected with the indicated cDNAs in
expression vectors. Cell lysates and immunoprecipitates were analyzed by

immunoblotting for levels of indicated proteins.

B) Recombinant C70rf59 co-immunoprecipitates endogenous MP1, p18,
RagA, and RagC. HEK-293T cells were transfected with the indicated

cDNAs in expression vectors and analyzed as in (A).

C) Endogenous p18 co-immunoprecipitates endogenous p14, MP1, RagA,
RagC, HBXIP, and C7orf59. Anti-p18 immunoprecipitates were prepared
from HEK-293T cells and analyzed for the levels of the indicated proteins.

D) Images of HEK-293T cells co-immunostained for p18 (green) and FLAG-
HBXIP (red) or FLAG-C70rf59 (red). Cells were co-transfected with
cDNAs encoding MP1, p14, and p18 and either FLAG-HBXIP or FLAG-
C70rf59 and processed for immunostaining and imaging. In all images,
insets show selected fields that were magnified five times and their

overlays. Scale bar represents 10 um.

E) Ragulator is a pentameric complex. In vitro binding assay in which
recombinant HA-GST-tagged-p14-MP1, -C70rf59 or -HBXIP were
incubated with the indicated purified FLAG-tagged Ragulator proteins. HA-
GST precipitates were analyzed for levels of the indicated proteins.

F) Schematic summarizing intra-Ragulator interactions: p18 bridges MP1-
p14 with HBXIP-C70rf59.
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G) The pentameric Ragulator complex co-immunoprecipitates recombinant
RagB and RagC. HEK-293T cells were co-transfected with the indicated

cDNAs in expression vectors and analyzed as in (A).

H) Requirement for a pentameric Ragulator complex to interact with Rags. In
vitro binding assay in which recombinant HA-GST Ragulator with or
without p18 was incubated with purified FLAG-RagB-RagC and analyzed

as in (E). See also Figure S1.
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We next examined the functions of the novel Ragulator components in mTORC1
signaling. In HEK-293T cells, RNAi-mediated reductions in HBXIP or C70rf59 expression
blunted mTORC1 activation by amino acids, as detected by S6K1 phosphorylation, to
similar extents as knockdowns of the established Ragulator proteins p18 and p14 (Figure
2A). As expected for positive regulators of the growth-promoting mTORC1 pathway
(Fingar et al., 2002; Kim et al., 2008; Sancak et al., 2010; Sancak et al., 2008; Stocker et
al., 2003), reductions in HBXIP and C7orf59 levels also decreased the size of HEK-293T
cells (Figure 2B). As the components of obligate heterodimers often behave (Cortez et
al., 2001; Sancak et al., 2008), loss of either HBXIP or C70rf59 reduced the expression
of its partner, but not of p14 (Figure 2A). Finally, consistent with the conserved functions
of the Rag and Ragulator proteins in Drosophila (Kim et al., 2008; Sancak et al., 2010;
Sancak et al., 2008), treatment of S2 cells with dsRNAs targeting the HBXIP (CG14812)
or C70rf59 (CG14977) fly orthologs strongly inhibited dTORC1 activation by amino acids
(Figure 2C). These results establish that HBXIP and C70rf59 are positive components in
mammalian and Drosophila cells of the amino acid sensing branch of the TORCA1

pathway.

Localization of the Rag GTPases and mTOR to the lysosomal surface requires
HBXIP and C70orf59

Upon amino acid stimulation, the Rag GTPases recruit mMTORC1 to the lysosomal
surface (Sancak et al., 2010). In the absence of Ragulator, the Rags detach from the
lysosome and cannot target mTORCH1 to this organelle. The inability of amino acids to
activate mTORC1 in cells depleted of HBXIP and C70rf59 suggested that HBXIP and
C70rf59, like p14, MP1, and p18, might also localize the Rags, and thus mTORC1, to the
lysosome. Indeed, in HEK-293T cells treated with siRNAs targeting C70rf59 and HBXIP,
RagA and RagC localized in a diffuse pattern throughout the cytoplasm and did not co-
localize with the lysosomal marker LAMP2 (Figure 2D, S2A). The lysosomal localization
of p18 was unaffected by depletion of HBXIP or C70rf59 (Figure S2B), consistent with its
function as a lysosomal tether for the Ragulator complex that does not require other
Ragulator components for its own lysosomal localization (Sancak et al., 2010, Nada et

al., 2009). As expected from the mis-localization of the Rags, in cells depleted of HBXIP
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Figure 2: HBXIP and C70rf59 are necessary for TORC1 activation by amino

acids and localization of the Rag GTPases and mTOR to the lysosomal surface

A)

B)

C70rf59 and HBXIP are necessary for the activation of the mTORC1
pathway by amino acids. HEK-293T cells, treated with siRNAs targeting
the mRNAs for the indicated proteins, were starved of amino acids for 50
min, or starved and stimulated with amino acids for 10 min. Immunoblot
analyses were used to measure the levels of the indicated proteins and

phosphorylation states.

Cells depleted of C70rf59 and HBXIP are smaller than controls. Cell size
distributions are shown for HEK-293T cells treated with siRNAs targeting
C70rf59, HBXIP, or a scrambled non-targeting control.

C) Drosophila orthologs of HBXIP and C7orf59 are required for the activation

of the TORC1 pathway. Drosophila S2 cells were transfected with a
control dsRNA or dsRNAs targeting dRagC, dC70rf59, or dHBXIP, starved
for amino acids for 90 min or starved and stimulated with amino acids for

30 min and analyzed as in (A).

Images of HEK-293T cells, treated with a non-targeting siRNA or siRNAs
targeting HBXIP or C70rf59, co-immunostained for RagA (red) and
LAMP2 (green). Cells were starved for amino acids or starved and
stimulated for the indicated times before processing for the

immunofluorescence assay and imaging.

Images of HEK-293T cells, treated with a non-targeting siRNA or siRNAs
targeting HBXIP or C70rf59, co-immunostained for mTOR (red) and
LAMP2 (green). Cells were treated and processed as in (A). In all images,
insets show selected fields that were magnified five times and their
overlays. Scale bars represent 10 um. See also Figure S2.
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Figure S2
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Supplemental Figure 2: HBXIP and C70rf59 are required for the localization of
RagC but not p18 to the lysosomal surface, related to Figure 2

A) Images of HEK-293T cells, treated with a non-targeting siRNA or siRNAs
targeting HBXIP or C70rf59, co-immunostained for RagC (red) and
LAMP2 (green) and processed for imaging.

B) Images of HEK-293T cells, treated with a non-targeting siRNA or siRNAs
targeting HBXIP or C70rf59, co-immunostained for p18 (red) and LAMP2
(green). Cells were treated and processed as in (A). In all images, insets
show selected fields that were magnified five times and their overlays.

Scale bars represent 10 ym. See also Figure S2.

124



and C70rf59, mTOR also did not co-localize with lysosomes, irrespective of whether or
not they had been stimulated with amino acids (Figure 2E). These results indicate that
both HBXIP and C70r59 have similar functions to p14, MP1, and p18 and confirm that
the pentameric Ragulator complex acts as a scaffold for the Rag GTPases and mTORC1
at the lysosomal membrane (Sancak et al., 2010). Thus, throughout the remainder of this

paper, we use the name ‘Ragulator’ to refer to the pentameric complex.
Amino acids regulate the Rag-Ragulator interaction

Multimeric signaling complexes often engage in regulated interactions as a
mechanism to control downstream signaling events (Good et al., 2011). Because the
Rag GTPases interact with mTORC1 in an amino-acid dependent manner, we wondered
if the binding of Ragulator to the Rags might also be amino acid sensitive. In order to
detect the endogenous Rag-Ragulator interaction using the antibodies available in the
past, we had found it necessary to use cross-linked conditions that would have
prevented detection of a regulated interaction (Sancak et al., 2010). Using optimized cell
lysis conditions and improved antibodies, we find that amino acid starvation strengthens
the interaction between endogenous Rags and the Ragulator isolated through p14, p18,
HBXIP, or C70rf59 (Figures 3A, 3B, S3D, S3E). Similarly, amino acid stimulation
decreased the amounts of endogenous Ragulator that co-immunoprecipitated with RagB
(Figure 3C, S3F). Leucine is necessary for mTORC1 activation (Hara et al., 1998) and
the Rag-Ragulator as well as the Ragulator-v-ATPase interactions, were both
strengthened in cells deprived of leucine (Figure 3D), consistent with a mixture of all 20
amino acids regulating Ragulator-v-ATPase binding (Zoncu et al., 2011a). Amino acids
only slightly regulated the interaction between p18 and other endogenous Ragulator
proteins (Figure S3C), whereas the amount of MTORC1 that co-immunoprecipitated with
Ragulator substantially increased upon amino acid stimulation (Figures S3A, S3B).
Because amino acids also modulate the nucleotide loading of RagB (Sancak et al.,
2008), the regulated interaction between Ragulator and the Rag heterodimers suggested
that Ragulator might have additional functions towards the Rags besides simply being

their lysosomal scaffold.

Ragulator preferentially interacts with nucleotide-free Rag GTPases
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Figure 3
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Figure 3: Amino acids regulate the Rag-Ragulator interaction

A)

B)

Amino acids regulate the amounts of endogenous RagA and RagC that
co-immunoprecipitate with recombinant p14 and p18. HEK-293T cells,
transfected with the indicated cDNAs in expression vectors, were starved
for amino acids for 2 hours or starved and stimulated with amino acids for
15 min. Anti-FLAG immunoprecipitates were prepared from cell lysates

and analyzed by immunoblotting for levels of indicated proteins.

Amino acid starvation strengthens the interaction between endogenous
Rags and recombinant C7orf59 and HBXIP. HEK-293T cells stably
expressing FLAG-C7orf59 or FLAG-HBXIP were starved and re-
stimulated with amino acids. Anti-FLAG immunoprecipitates were

analyzed as in (A).

FLAG-RagB co-immunoprecipitation of endogenous Ragulator is
dependent on amino acids. HEK-293T cells stably expressing FLAG-RagB
were starved and re-stimulated with amino acids as in (A). Anti-FLAG

immunoprecipitates were analyzed for the levels of the indicated proteins.

Leucine starvation strengthens the binding of Ragulator to endogenous
Rags and the V1 domain of the v-ATPase. HEK-293T cells stably
expressing FLAG-p18 were starved and re-stimulated with total amino
acids as in (A) or starved for leucine for 2 hours or starved and stimulated
with leucine for 20 min. Anti-FLAG immunoprecipitates were analyzed for

the levels of the indicated proteins. See also Figure S3.

127



Figure S3
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Supplemental Figure 3: Amino acids regulate the Ragulator-mTORCA1

interaction, related to Figure 3

A)

B)

Amino acid stimulation increases the amount of endogenous mTORC1
that co-immunoprecipitates with recombinant p14 and p18. HEK-293T
cells stably expressing FLAG-p14 or FLAG-p18 were starved for amino
acids for 2 hours or starved and stimulated with amino acids for 15 min.
After in-cell crosslinking, anti-FLAG immunoprecipitates were prepared
from cell lysates and analyzed by immunoblotting for levels of indicated

proteins.

Amino acids regulate the amount of endogenous mTORC1 that co-
immunoprecipitates with recombinant C7orf59 and HBXIP. HEK-293T
cells stably expressing FLAG-C70rf59 or FLAG-HBXIP were treated as in
(A) and anti-FLAG immunoprecipitates were analyzed for the levels of the
indicated proteins.

Inter-Ragulator interactions are moderately regulated by amino acids.
HEK-293T cells, transfected with the indicated cDNAs in expression
vectors, were starved for amino acids for 2 hours or starved and
stimulated for 15 min and anti-FLAG immunoprecipitates were analyzed

for the levels of the indicated proteins.

D) Quantification of endogenous RagA and RagC binding to recombinant p14

E)

and p18 upon amino acid starvation and re-stimulation. Each value

represents the normalized mean +SE for n=2.
Quantification of endogenous RagA and RagC binding to recombinant

C7orf59 and HBXIP upon amino acid starvation and re-stimulation. Each

value represents the normalized mean +SE for n=2.
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F) Quantification of endogenous Ragulator proteins binding to recombinant
RagB upon amino acid starvation and re-stimulation. Each value
represents the normalized mean +SE for n=2.
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Regulation of the Rag nucleotide-binding state is not understood, but is key for
amino acid signaling to mTORC1. The amino acid-sensitive interaction between Rags
and Ragulator prompted us to examine whether Ragulator might also regulate nucleotide
binding to the Rags. Intriguingly, many proteins that regulate nucleoside triphosphatase
(NTPases) have roadblock domains (Bowman et al., 1999; Koonin and Aravind, 2000;
Miertzschke et al., 2011; Wanschers et al., 2008) which four of the five Ragulator
components are likely to contain. Preliminary experiments indicated that Ragulator does
not have GTPase activating protein (GAP) activity towards the Rag GTPases, and so we
examined whether it might have the activity of a guanine nucleotide exchange factor
(GEF). A characteristic of GEFs is their strong preference for binding nucleotide-free
over nucleotide-loaded GTPases (Bos et al., 2007; Feig, 1999). Incubation with buffers
containing EDTA, which chelates the magnesium ion necessary for nucleotide binding, is
a common way to generate largely nucleotide-free GTPases (Wang et al., 2000).
Interestingly, the presence of EDTA in the cell lysis buffer significantly increased the
interaction of recombinant RagB and endogenous Ragulator proteins (Figure 4A, S4A)
as well as the binding of recombinant p18 to endogenous RagA and RagC (Figure 4B).
In vitro binding assays proved useful in dissecting the effects of nucleotides on the Rag-
Ragulator interaction. Ragulator readily bound to the Rags in vitro, likely by displacing
their nucleotides (see below), but the addition of GTP significantly weakened the
interaction (Figure S4B). In a complementary experiment, highly purified Ragulator had a
clear preference for interacting with a recombinant Rag heterodimer stripped of its
nucleotides rather than nucleotide-bound, indicating that both in cells and in vitro
Ragulator prefers binding to nucleotide-free Rags (Figure 4C). It is important to note that
even when nucleotide-loaded, the Rag GTPases interact to a significant extent with
Ragulator, consistent with its role as a scaffold and suggesting that the Rag-Ragulator

complex can exist in interaction states of differing strengths.

To study a potential regulatory function for Ragulator, it was necessary to first
determine if the nucleotide binding state of RagB or RagC is the dominant determinant of
the interaction between Rag heterodimers and Ragulator. To address this issue, we
generated two different classes of Rag nucleotide binding mutants (Figure 4D). In the
first, a critical Thr/Ser that is necessary for stabilizing magnesium was changed to Asn,
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Figure 4
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Figure 4: Ragulator preferentially interacts with nucleotide-free RagB

A)

D)

E)

F)

EDTA increases the interaction between endogenous Ragulator and
FLAG-RagB. HEK-293T cells stably expressing Flag-RagB were lysed in
the absence or presence of EDTA and cell lysates and anti-FLAG
immunoprecipitates analyzed by immunoblotting for the levels of the

indicated proteins.

FLAG-p18 co-immunoprecipitates more endogenous Rags in the
presence of EDTA. HEK-293T cells stably expressing FLAG-p18 were

treated and analyzed as in (A).

Ragulator preferentially interacts with nucleotide-free Rags. In vitro
binding assay in which immobilized HA-GST-Ragulator was incubated
with nucleotide-free FLAG-RagB-RagC or Rag heterodimers loaded with
GTP. HA-GST precipitates were analyzed for the levels of the indicated

proteins.
Table summarizing Rag mutants used in this study.

The RagB™*" mutant preferentially interacts with endogenous Ragulator.
Anti-FLAG immunoprecipitates were prepared from HEK-293T cells
transfected with the indicated cDNAs in expression vectors and analyzed
as in (A).

Quantification of endogenous MP1 and p18 binding to RagB™*N-RagC

and RagB-RagC®"*N. Each value represents the normalized mean +SD for
n=3. See also Figure S4.
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Supplemental Figure 4: GTP destabilizes the Rag-Ragulator complex both in

vitro and in vivo, related to Figure 4

A) Quantification of endogenous Ragulator proteins binding to recombinant
RagB in the absence and presence of EDTA.

B) Excess GTP destabilizes the Rag-Ragulator interaction. In vitro binding
assay in which FLAG-RagB-RagC was pre-bound to HA-GST-Ragulator
and then further incubated in the absence or presence of GTPyS. HA-GST
precipitates were analyzed by immunoblotting for the levels of the

indicated proteins.

C) Quantification of the binding of GDP to RagB™*N or RagCS™N. Proteins
were loaded with [°H JGDP and the amount of GDP bound was determined
by filter-binding assays. Each value represents the normalized mean +SD

of four independent samples.

D) Quantification of binding to GDP to RagB®'®*N (RagB*) or RagCP'®™
(RagC”). Proteins were loaded with [°H JGDP and the amount of GDP
bound was determined by filter-binding assays. Each value represents the

normalized mean +£SD of four independent samples.

E) The nucleotide binding state of RagB governs the Rag-Ragulator
interaction. Anti-FLAG immunoprecipitates were prepared from HEK-293T
cells transfected with the indicated cDNAs in expression vectors and cell
lysates and immunoprecipitates were analyzed by immunoblotting for

levels of indicated proteins.
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resulting in mutants (RagB™*N and RagC®*") that bind negligible amounts of

SNy also binds

nucleotides (Figure S4C). The corresponding H-Ras mutant (H-Ras
nucleotides poorly, but, interestingly, interacts with GEFs to a greater extent than the
wild type protein (Feig, 1999; Feig and Cooper, 1988; John et al., 1993). Mutants in the

Q1L and are constitutively bound to GTP because

second class are homologous to H-Ras
they lack GTPase activity (RagB®*°" and RagC®"?%") (Frech et al., 1994; Krengel et al.,
1990). Within cells the heterodimer of nucleotide-free RagB and wild-type RagC
(RagB™*N-RagC) interacted with Ragulator at levels 4-6 fold greater than the
heterodimer of wild-type RagB and nucleotide-free RagC (RagB-RagC®"*") (Figures 4E,
4F), suggesting that the presence or absence of nucleotide on RagB largely controls the
Rag-Ragulator interaction. Consistent with this interpretation, a heterodimer of GTP-
bound RagB and nucleotide-free RagC (RagB®**"-RagC®"*") interacted with Ragulator
much more weakly than a heterodimer with the opposite properties (RagB™*"-
RagC®'?™Yy (Figure S4E). Thus, the nucleotide binding state of RagB is the major

determinant of the strength of the interaction between Rag heterodimers and Ragulator.

Ragulator is a GEF for RagA and RagB

The binding properties of Ragulator are highly consistent with it having GEF
activity towards RagB. To test this possibility, it was necessary to develop a way to
measure GDP dissociation from one Rag and not the other. To this end, we mutated the

BP1e3N CP'8'N). This mutation

conserved Asp to Asn in the Rag ‘NKxD motif’ (Rag and Rag
changes the base specificity of a GTPase from guanine to xanthosine nucleotides
(Hoffenberg et al., 1995; Schmidt et al., 1996), and we denote these mutants as RagB*
or RagC* both of which bind less than 2% of the guanine nucleotides than their wild type
counterparts (Figure S4D). Therefore, when we load RagB*-RagC or RagB-RagC* with
GDP or GTP in vitro, we know which of the Rag GTPases in the heterodimer is bound to

the guanine nucleotide.

In vitro many GEFs displace GDP and GTP at similar rates from their cognate
GTPases (Klebe et al., 1995; Lenzen et al., 1998; Zhang et al., 2005). Thus, we loaded
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RagB*-RagC or RagB-RagC* heterodimers with labeled GDP or GTP and tested the
effects of Ragulator on their dissociation. Ragulator did not affect GDP or GTP
dissociation from the Rap2a control GTPase (Figure 5A). When tested on RagC within
the RagB*-RagC heterodimer, Ragulator modestly increased the release of GDP but not
that of GTP (Figure 5B). In contrast, Ragulator greatly accelerated both GDP and GTP
dissociation from RagB in the RagB-RagC* heterodimer (Figure 5C, S5A) and did so in a
dose-dependent manner (Figure S5C). As expected from the very high level of homology
between RagA and RagB (Figure S1D), Ragulator also greatly increased guanine
nucleotide dissociation from RagA in the RagA-RagC* heterodimer (Figure 5D).
Consistent with its function as a GEF, in a GTP binding assay in which we pre-bound
RagB-RagC” or RagA-RagC* with unlabeled GDP and then incubated it with labeled
GTP, Ragulator significantly increased GTP binding to RagB and RagA (Figure 5E, 5F,
S5B).

Because the Rags function as a heterodimer, we wondered whether the
nucleotide binding state of RagC might alter the function of Ragulator towards RagB.
When the RagB-RagC* heterodimer was co-loaded with either XDP or XTP in addition to
GDP or GTP (Figure S5D, S5E), there was no difference in Ragulator-mediated GDP or
GTP dissociation from RagB, suggesting that the nucleotide binding state of RagC does
not alter Ragulator GEF activity towards RagB.

To determine if the exchange activity of Ragulator depends on a particular
subunit, we tested p14-MP1, HBXIP-C70rf59, and p18 separately in the GDP exchange
assay. Unlike the pentameric complex, none of these subassemblies increased GDP
dissociation from RagB (Figure 5G). Likewise, trimeric Ragulators composed of either
p14-MP1-p18 or HBXIP-C70rf59-p18 were no more effective at accelerating GTP
dissociation from RagB than a control protein (Figure 5H). These results indicate that
Ragulator is a GEF for RagA and RagB and that a pentameric Ragulator is required for
this activity.

Recently, Vam6 was shown to act as a GEF for Gtr1p, the yeast ortholog of RagA
and RagB, and to be necessary for the activation of the TORC1 pathway in yeast (Binda
et al., 2009). However, we found that VPS39, the mammalian ortholog of VAMS6, not only
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Figure 5: Ragulator is a GEF for RagA and RagB

A)

Ragulator does not stimulate GDP or GTPyS dissociation from Rap2a.
Nucleotide dissociation assay, in which Rap2a was loaded with either
[*H]GDP or [*®*S]JGTPyS, and incubated with Ragulator. Dissociation was
monitored by a filter-binding assay. Each value represents the normalized

mean +SD for n=4.

Ragulator moderately stimulates GDP, but not GTPyS dissociation from
RagC. RagB"'®*".RagC was loaded, incubated with Ragulator or a control
and analyzed as in (A). Each value represents the normalized mean +SD

for n=4.

Ragulator greatly accelerates GDP and GTPyS dissociation from RagB.
RagB-RagCP”"®"N was loaded, incubated with Ragulator or a control and
analyzed as in (A). Each value represents the normalized mean +SD for
n=4.

Ragulator substantially increases GDP and GTPyS dissociation from
RagA. RagA-RagCP'®'N was loaded with nucleotide, incubated with
Ragulator or a control and analyzed as in (A). Each value represents the

normalized mean +SD for n=4.

Ragulator accelerates GTPyS binding to RagB. RagB-RagCP'"®'™™ was
loaded with GDP and incubated with Ragulator or a control and
[**SIGTPyS. [**S]GTPyS binding was determined as in (A). Each value

represents the normalized mean +SD for n=4.
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Figure S5

>

RagB-RagC*

GDP bound per mg
RagB-RagC” (pmol)
R

38883

-
=]

o 2 4 8 8
Time (min)

RagA-RagC*

GTPyS bound per mg
RagA-RagC* (pmol)
PR oW woa s
o llﬂ (ID wm O

o = =
oo o o

o
=3

[/} 2 4 6 8
Time (min)

O

RagB-RagC*

1001
9204
2
5 701
8 &0
o 501
[=}
G o
& 2
10
0 1
0 2 4 [ 8 10
Time (min)
1004
2 90
3
3 8o
D 70
B
5 80
32 504
40
0 2 4 6 8 10
Time (min)

~a=Control
~=- Ragulator

= Control
-=-Ragulator

«@= Control

<8 40nM Ragulator
—& 200nM Ragulator
<%~ 400nM Ragulator
~4~ 2400nM Ragulator

-8~ Control

& 40nM Ragulator
~& 200nM Ragulator
% 400nM Ragulator

O

RagB-RagC*

== Control
1001 —=- Ragulator
903
o 8
S 7o,
2 &0
& sof
O 40
3 30]
204
bt 2 4 H B 10
Time (min)
X
RagB-RagC
g V%P o
- ~=-Ragulator
90
o 80
5 70
8 &
& 5o
O 40
& 50
204
10- T T T T
0 2 4 6 8 10
Time (min)
RagB-R A
ag angTPYS
.
! —=-Ragulator
°
5
8
o
o
(0]
B

0 z 4 & 8 10
Time (min)
AAG-VPS39: — — +
FLAag-Ragualtor: — + —
FLacMetap2: + — —
RagC @8
RagA L=
IP:
=t FLAG-VPS39 —

FLAG-Metap2 —we

FLAG-P14

RagC

RagA

lysate | FLaG-VPS39

FLAG-Metap2 e

rep140

m

g 8

% GTPyS bound
3 3

RagB-RagC*
-=- Ragulator

504
404
2 4 6 8 10
Time (min)
= X
RagB RagCXDP ~-Control
] ~=- Ragulator
100%
o %
3 o]
|gm-
55 801
32 501
404
2 4 1 8 10
Time (min)
A X
_ RagB RagCXTF,YS
== Control

-=- Ragulator

A

(=]
N

=3

4 6 8 1
Time (min)

RagB-RagC*

iF =e= Control
1 == VPS39
sof‘\ = Ragulator
© 804
5
8 6o
o
& sl
@ 40
EE
20
10 . . . ,
0 2 4 6 8 10
Time (min)
== Control
= VPS39
1 ==~ Ragulator
E 3
'g 90
2
B 80
%]
704
&
@
&% 501
404
0 2 4 6 8 10
Time (min)



Supplemental Figure 5: The nucleotide state of RagC does not alter Ragulator
activity towards RagB and VPS39 does not function as a GEF for RagB, related
to Figure 5

A) Ragulator stimulates GDP dissociation from RagB. Nucleotide dissociation
assay in which RagB-RagC""®™ was loaded with [?H]GDP and incubated
with Ragulator or a control. Dissociation was monitored by a filter-binding
assay and is reported as pmols of [°*H]JGDP per mg of RagB-RagC®'®'".

Each value represents the normalized mean £SD for n=4.

B) Ragulator increases GTPyS binding to RagA. RagA-RagCP'®™N loaded
with GDP was incubated with Ragulator or a control and [**S]GTPyS.
[**S]GTPyS binding was determined as in (A) and is reported as pmols of
[**S]GTPyS per mg of RagA-RagCP'®™N. Each value represents the

normalized mean +SD for n=4.

C) Ragulator stimulates GDP and GTPyS dissociation in a dose dependent
manner. Dissociation assay in which RagB-RagC®'®*'N was loaded with
either [°H]GDP or [**S]GTPyS, and incubated with the indicated amounts
of Ragulator and analyzed as in (A). Each value represents the

normalized mean of two independent samples.

D) The nucleotide-binding state of RagC does not alter Ragulator-mediated
GDP dissociation from RagB. Dissociation assay in which RagB-
RagCP'®'N was loaded with either XDP or XTPyS and [°H]GDP and
incubated with Ragulator or a control and analyzed as in (A). Each value

represents the normalized mean £SD for n=4.
E) Ragulator-mediated GTP dissociation from RagB is not affected by RagC

nucleotide binding. Dissociation assay in which RagB-RagC®'®'N was
loaded with either XDP or XTPyS and [**S]GTPyS and incubated with
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Ragulator or a control and analyzed as in (A). Each value represents the

normalized mean +£SD for n=4.

F) VPS39 does not interact with endogenous Rags. Anti-FLAG
immunoprecipitates were prepared from HEK-293T cells transfected with
the indicated cDNAs in expression vectors. Cell lysates and
immunoprecipitates were analyzed by immunoblotting for levels of

indicated proteins.

G) VPS39 does not stimulate GDP or GTP dissociation from RagB.
Dissociation assay in which RagB-RagC°'®'™ was loaded with either
[*H]GDP or [**S]GTPyS, and incubated with either VPS39, Ragulator or a
control and analyzed as in (A). Each value represents the normalized

mean +SD for n=4.
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failed to interact with endogenous RagA (Figure S5F) but also did not stimulate GDP or
GTP dissociation from RagB (Figure S5G). These findings suggest that VPS39 is not a
GEF for RagA or RagB and that the amino acid sensing mechanisms of yeast and higher

eukaryotes have diverged.
The v-ATPase controls Raguliator function in cells

The v-ATPase is a positive regulator of the mTORC1 signaling pathway that acts
downstream of amino acids and upstream of the Rags (Zoncu et al., 2011a). The v-
ATPase consists of VO and V1 domains, two multi-subunit complexes (Forgac, 2007),
both of which interact with Ragulator (Zoncu et al., 2011a). Interestingly, amino acid
starvation and re-stimulation strengthens and weakens the V1-Ragulator interaction,
respectively, while v-ATPase inhibition prevents regulation of the interaction by locking it
in the amino acid-free state. Because the v-ATPase, unlike Ragulator, is not required to
maintain the Rag GTPases on the lysosomal surface (Zoncu et al., 2011a), it must have
an important function distinct from the control of Rag localization. Given its regulated
interaction with Ragulator, it seemed likely that the v-ATPase might regulate the GEF
activity of Ragulator. To test this possibility, we used the amino acid-sensitive interaction
between the Rag heterodimers and Ragulator as a marker of Ragulator GEF activity in
cells. Consistent with the nucleotide loaded state of RagB determining the Rag-

BQ99L

Ragulator interaction, in cells stably expressing the GTP-bound Rag mutant, the

B was no longer regulated by amino acids

interaction between Ragulator and Rag
and resembled the weak Rag-Ragulator interaction observed in amino acid stimulated
cells (Figure 6A). Interestingly, pre-treatment of cells with the v-ATPase inhibitors
Salicylihalamide A (SalA) (Xie et al., 2004) or Concanamycin A (ConA) (Bowman et al.,
2004), prevented amino acid stimulation from weakening the Rag-Ragulator interaction,
which remained at the strong level observed in the absence of amino acids (Figures 6A,
6B, S6A). Importantly, v-ATPase inhibition did not affect the already weak interaction
between the RagB“**" mutant and Ragulator (Figure 6A). Thus, regulation of the Rag-
Ragulator interaction depends on the v-ATPase, which is necessary to transmit the

amino acid signal to the GEF activity of Ragulator.

143



Figure 6
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Figure 6: The v-ATPase controls the function of Ragulator

A)

B)

The v-ATPase functions upstream of the regulated binding between Rags
and Ragulator. HEK-293T cells stably expressing FLAG-RagB or FLAG-

B9% were starved for 2 hours or starved and stimulated with amino

Rag
acids for 15 min in the absence or presence of the v-ATPase inhibitor
SalA. Cell lysates and anti-FLAG immunoprecipitates were analyzed by

immunoblotting for the levels of the indicated proteins.

Inactivation of the v-ATPase blocks the amino acid dependent Rag-
Ragulator interaction. HEK-293T cells stably expressing FLAG-p18 were
treated as in (B). Anti-FLAG immunoprecipitates were analyzed for the

levels of the indicated proteins.

Model for amino-acid induced mTORCH1 activation. In the absence of
amino acids the v-ATPase, Ragulator, and Rags exist in a tightly bound
super complex and mTORC1 cannot associate with the lysosomal surface
and remains inactive. Amino acid accumulation in the lysosomal lumen
generates an activating signal that is transmitted in a v-ATPase-
dependent fashion to activate the GEF activity of Ragulator towards RagA.
Upon RagA-GTP loading, the Rag-Ragulator interaction weakens and
mTORCH1 is recruited to the lysosomal surface where it interacts with
Rheb and becomes activated. Rheb is not shown.
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Figure S6
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Supplemental Figure 6: v-ATPase inhibition decreases the regulated interaction
between Rags and Ragulator
A) Inactivation of the v-ATPase inhibits the amino acid dependent regulated

interaction between Ragulator and Rags. HEK-293T celis stably
expressing FLAG-p18 were starved for amino acids for 2 hours or starved
and stimulated with amino acids for 15 min in the absence or presence of
the v-ATPase inhibitor ConA. Cell lysates and anti-FLAG
immunoprecipitates were analyzed by immunoblotting for the levels of the

indicated proteins.
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Discussion

In this study we identify HBXIP and C70rf59 as two novel components of the
mTORC1 pathway. In association with known Ragulator proteins (p18, p14 and MP1),
HBXIP and C70rf59 form a pentameric complex that is essential for localizing the Rag
GTPases to the lysosomal surface and activating mTORC1 in response to amino acids.
In addition to being a scaffold, Ragulator promotes nucleotide exchange of RagB and of
the highly related RagA. Thus, we identify a key link in the signaling cascade that
converts a signal emanating from amino acids into the nucleotide loading of the Rags
and ultimately the recruitment of mMTORC1 to the lysosomal surface. We suggest that
C70rf59 and HBXIP be renamed LAMTOR4 and LAMTORS, respectively, to reflect their
critical roles in regulating the mTORC1 pathway and to be consistent with the naming

convention of other Ragulator components.

Our in vitro binding resﬁlts and secondary structure predictions, combined with
available structural data, support the following molecular architecture for pentameric
Ragulator: p18 is a lysosome-associated scaffold protein that binds two roadblock-
containing heterodimers, p14-MP1 and HBXIP-C70rf59, and thereby tethers them to the
lysosome. In vitro and in vivo data suggest that all five members of Ragulator must be
present to efficiently interact with the Rag heterodimers, although the stoichiometry
between the two complexes is unknown. The recently reported crystal structure of a
Gtr1p-Gtr2p heterodimer, the yeast orthologs of mammalian Rags, reveals the presence
of roadblock domains in the C-terminal portion of both GTPases, a structural feature that
the C-terminal domains of the Rags are also predicted to have (Gong et al., 2011). Thus,
the roadblock domain may represent the basic architectural element of the Ragulator-
Rag complex.

Several proteins that interact with NTPases have a roadblock domain, suggesting
that it may have regulatory functions as well as structural ones (Koonin and Aravind,
2000). The recently solved crystal structure of the bacterial GAP, MgIB, shows that it
contains a roadblock domain and may promote GTP hydrolysis through stabilization of
the catalytic machinery of its cognate GTPase (Miertzschke et al., 2011). Consistent with

a possible regulatory role for proteins with this domain, Ragulator prefers to bind to
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nucleotide-free rather than nucleotide-bound RagB. These binding properties are
characteristic of other GEF-GTPase interactions and suggested that Ragulator might be
a GEF for RagA and RagB. To test this hypothesis, it was necessary to develop a
system for monitoring the nucleotide bound to an individual Rag in a heterodimer
containing two of them. To this end, we made use of Rag complexes containing a wild
type Rag that binds guanine nucleotides and a Rag”* mutant that cannot. We suggest
that the Rag® mutants may be useful reagents for the identification of other factors that
control the nucleotide-loading state of the Rags. Ragulator greatly increases both GDP
and GTP dissociation from RagB and RagA but not RagC. The preferential GEF activity
of Ragulator for RagB and RagA likely stems from differences between the RagA/B and
the RagC switch /Il regions, which are known to serve as a critical recognition motif on a
GTPase for its cognate GEF (Fiegen et al., 2006; Jonathan, 1998). In addition, the
intrinsic rapid GDP dissociation capacity of RagC suggests that a GEF might not be
necessary for it. Rather, other regulators, namely guanine dissociation inhibitors, which
block GDP dissociation (Garcia-Mata et al., 2011; Jennings and Pavitt, 2010), might
have a more prominent role in the regulation of GTP binding by RagC.

Protein scaffolds encompass one of the most diverse sets of signaling molecules
in cells. Recent studies have suggested that in addition to bringing multiple proteins
together, some scaffolds also have catalytic functions. E. coli uses the catalytic scaffold
EspG to inhibit host intracellular trafficking by bringing together the Arf1 GTPase and
Pak2 kinase as well as blocking Arf1-GAP assisted-GTP hydrolysis and activating Pak2
kinase activity (Selyunin et al., 2011). Similarly, by binding to both Rags and the v-
ATPase, Ragulator not only physically connects two major regulators of mTORC1 but
also transmits the amino acid signal from the v-ATPase to the Rags through its GEF

activity.

Our inability to detect GEF activity in partial assemblies of Ragulator implies that
multiple surfaces, which exist only on the pentameric Ragulator are required to endow it
with exchange activity. Recently, TRAPPI, a multi-protein tethering complex was
identified as a GEF for YPT1 (Jones et al., 2000; Wang et al., 2000). Like Ragulator, the
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GEF activity of the TRAPPI complex is not contained in one subunit, but requires the
presence of multiple components (Cai et al., 2008).

The likely presence of roadblock domains in the C-terminal regions of all four
Rags raises the tantalizing possibility that one Rag may directly regulate the nucleotide
cycle of the other. The solution of a Rag-Ragulator structure will greatly enhance our
understanding of the function of the roadblock domain in this system and the precise
mechanism by which Ragulator activates RagA and RagB. While Ragulator is the first
factor identified that directly regulates Rag nucleotide binding, we anticipate the
identification of other Rag regulatory proteins such as GAPs that will help explain how
amino acid starvation inactivates the Rags and by extension the mTORC1 pathway.

The regulated interaction between Rags and Ragulator depends on amino acids
and the nucleotide binding state of RagA and RagB and provides an in-cell output for the
activity of Ragulator and the pathway downstream of it. Using this assay, we find that
inhibition of the v-ATPase inactivates Ragulator. The fact that the v-ATPase is required
for mTORC1 activation, functions downstream of amino acids but upstream of RagA/B
nucleotide loading, and interacts with Ragulator, suggests a model in which the v-
ATPase links an amino acid-generated signal to the activation of the Ragulator GEF
activity (Figure 6C).

There are many possible functions for the regulated interaction between the Rags
and Ragulator. In one model, the Rag-Ragulator complex exists in two conformations
that are determined by amino acid availability: a tightly bound state, which cannot
interact with mTORC1, and an open one that favors mTORC1 recruitment to the
lysosomal surface. Upon amino acid stimulation, Ragulator promotes GTP loading of
RagA/B, leading to a weakening of Ragulator-Rag binding and a conformation that may
expose an mTORC1-binding surface on the Rag GTPases. A precedent for such a
nutrient-dependent conformational change exists within mTORC1. Conditions that inhibit
the mTORC1 pathway result in a stronger association between mTOR and raptor with a
concomitant decrease in in vitro kinase activity, and conditions that activate result in a

weaker interaction and greater in vitro activity (Kim et al., 2002).
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Alternatively, or in addition to the first model, the regulated interaction might be
necessary for the Rags to reversibly leave the lysosomal surface. During starvation
conditions, Ragulator would hold Rags at the lysosome. Upon amino acid stimulation,
Rags may dissociate from Ragulator when RagA/B binds GTP, capture mTORC1 in the
cytoplasm, and then shuttle it back to the lysosome by re-associating with Ragulator.
Many GTPases are known to cycle on and off membranes in a nucleotide dependent
manner (Hutagalung and Novick, 2011), and Rag cycling may provide a physical means
to ferry mTORCH1 to the lysosome. Future work combining structural studies and dynamic
live cell imaging will clarify the mechanistic aspects of the regulation of Rag-mTORC1
binding, and how mTORCH1 is ferried to the lysosome.
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Materials and Methods
Cell lysis and immunoprecipitation

Cells were rinsed once with ice-cold PBS and lysed with Chaps lysis buffer (0.3%
Chaps, 10 mM B-glycerol phosphate, 10 mM pyrophosphate, 40 mM Hepes pH 7.4, 2.5
mM MgCl; and 1 tablet of EDTA-free protease inhibitor [Roche] per 25 ml). Where
specified in the figures, Chaps lysis buffer was supplemented with 12.5 mM EDTA.
When only cell lysates were required (i.e., no immunoprecipitation was to be performed),
1% Triton X-100 was substituted for Chaps. When the interaction between Ragulator and
mTORC1 was interrogated, in cell cross-linking with DSP was preformed as described in
(Sancak et al., 2008) prior to cell lysis. The soluble fractions of cell lysates were isolated
by centrifugation at 13,000 rpm in a microcentrifuge for 10 minutes. For
immunoprecipitations, primary antibodies were added to the cleared lysates and
incubated with rotation for 1.5 hours at 4°C. 60 ul of a 50% slurry of protein G-sepharose
was then added and the incubation continued for an additional 1 hour.
Immunoprecipitates were washed three times with lysis buffer containing 150 mM NacCl.
Immunoprecipitated proteins were denatured by the addition of 20 ul of sample buffer
and boiling for 5 minutes, resolved by 8%—16% SDS-PAGE, and analyzed by
immunoblotting as described (Kim et al., 2002). For anti-FLAG-immunoprecipitations, the
FLAG-M2 affinity gel was washed with lysis buffer 3 times. 20 ul of a 50% slurry of the
affinity gel was then added to cleared cell lysates and incubated with rotation for 2 hours
at 4°C. The beads were washed 3 times with lysis buffer containing 150 mM NaCl.
Immunoprecipitated proteins were denatured by the addition of 50 ul of sample buffer
and boiling for 5 minutes.

For co-transfection experiments, 2,000,000 HEK293T cells were plated in 10 cm culture
dishes. Twenty-four hours later, cells were transfected with the pRK5-based cDNA
expression plasmids indicated in the figures in the following amounts: 100 ng or 1000 ng
FLAG- or HA-HBXIP; 100 ng or 1000 ng FLAG- or HA-HBXIP; 100 ng or 1000 ng FLAG-
p14; 100 ng HA-MP1; 100 ng or 1000 ng FLAG- or HA-p18; 100 ng or 1000 ng FLAG-
Rap2a; 300 ng Flag-Metap2; 300 ng Flag-VPS39; 100 ng Flag- or HA-RagB and 100 ng
HA- or HA-GST-RagC. The total amount of plasmid DNA in each transfection was
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normalized to 2 pg with empty pRK5. Thirty-six hours after transfection, cells were lysed

as described above.
Identification of HBXIP and C7orf59

Immunoprecipitates from HEK-293T cells stably expressing FLAG-p18, FLAG-
p14, FLAG-RagB or FLAG-Metap2 were prepared using Chaps lysis buffer as described
above. Proteins were eluted with the FLAG peptide (sequence DYKDDDDK) from the
FLAG-M2 affinity gel, resolved on 4-12% NuPage gels (Invitrogen), and stained with
simply blue stain (Invitrogen). Each gel lane was sliced into 10-12 pieces and the
proteins in each gel slice digested overnight with trypsin. The resulting digests were
analyzed by mass spectrometry as described (Sancak et al., 2008). Peptides
corresponding to HBXIP and C70rf59 were identified in the FLAG-p14, FLAG-p18 and
FLAG-RagB immunoprecipitates, while no peptides were detected in negative control

immunoprecipitates of FLAG-Metap2.

Total amino acid starvation and stimulation, leucine starvation and stimulation,

Salicylihalamide A and Concanamycin A treatment

HEK-293T cells in culture dishes or coated glass cover slips were rinsed with and
incubated in amino acid-free RPMI or leucine-free RPMI for either 50 minutes or 2 hours,
and stimulated with a 10X mixture of total amino acids or 10X leucine for 10-20 minutes,
respectively. After stimulation, the final concentration of amino acids in the media was
the same as in RPMI. The 10X mixture of total amino acids was prepared from individual
powders of amino acids. Where drug treatment was performed, cells were incubated with
2.5 um of Salicylihalamide A or 2.5 pm of Concanamycin A during the 2 hour starvation

period and the 15 min stimulation period.

RNAi in mammalian cells
On day one, 200,000 HEK-293T cells were plated in a 6 well plate. Twenty-fours
hours later, the cells were transfected with 250 nM of a pool of siRNAs [Dharmacon]

targeting HBXIP or C70rf59, a non-targeting pool, or 125 nM of siRNAs targeting p14 or
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p18. On day four, the cells were transfected again but this time with double the amount
of siRNAs. On day five, the cells were either split onto coated glass cover slips or rinsed
with ice-cold PBS, lysed and subjected to immunobloting as described above.

In vitro binding assays

For the binding reactions, 20 ul of a 50% slurry containing immobilized HA-GST-
tagged proteins were incubated in binding buffer (1% Triton X-100, 2.5mM MgCl,, 40
mM Hepes pH 7.4, 2 mM DTT and 1mg/ml BSA) with 2 ug of FLAG-tagged proteins in a
total volume of 50 pl for 1 hour and 30 minutes at 4°C. In binding assays where HA-
GST-Ragulator was used, HA-GST-p14-MP1 was pre-bound to FLAG-HBXIP-HA-
C70rf59 and FLAG-p18 for 5 minutes at 4°C prior to the addition of other FLAG-tagged
proteins. In experiments where the Flag-RagB-HA-RagC heterodimer was loaded with
nucleotide, 2 ug of FLAG-RagB-HA-RagC was incubated at 25°C for 10 minutes in Rag
loading buffer (0.3% Chaps, 40 mM Hepes pH 7.4, 5 mM EDTA, 2 mM DTT and 1 mg/ml
BSA) supplemented with 1 mM GTPyS in a total volume of 10 ul. The Rag-nucleotide
complex was stabilized by the addition of 20 mM MgCl; and incubated for an additional 5
minutes at 25°C. In assays with nucleotide free Rags, 2 ug of FLAG-RagB-HA-RagC
was added to the binding assay with 3 pl of Calf-alkaline phosphatase (NEB). Binding
assays in which Ragulator was incubated with nucleotide-loaded or -free Rags were
conducted at 4°C for 45 minutes. For the nucleotide competition assay, 2 ug FLAG-
RagB-HA-RagC was pre-bound to Ragulator proteins for 30 minutes followed by the
addition of 1 mM GTPyS and further incubated for 1 hour and 30 minutes at 4°C. To
terminate all binding assays, samples were washed 3 times with 1 ml of ice-cold binding
buffer supplemented with 150 mM NaCl followed by the addition of 50 pl of sample
buffer.

Nucleotide exchange (GEF) assays

40 pmols of FLAG-RagBP"'**N-HA-RagC, FLAG-RagCP'8"N-HA-RagB or FLAG-
Rap2a were loaded with either 2 uM of [°HJGDP (25-50 Ci/mmol), 10 uCi of [**S]GTPyS
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(1250 Ci/mmol), 2 mM GDP (for GTP binding assays), or co-loaded with guanine
nucleotides and either 50 nM of XTPyS or 50 nM XDP (Ragulator GEF activity was
maintained between a range of 5-500 nM xanthine nucleotide) in a total volume of 100 pl
of Rag loading buffer as described above. The GTPase-[*H]GDP-XDP/ XTPyS or
GTPase-[**S|GTPyS-XDP/ XTPyS and GTPase-GDP complexes were stabilized by
addition of 20 mM MgClI, followed by a further incubation at 4°C for 12 hours or 25°C for
9 minutes, respectively. To initiate the GEF assay, 40 pmols of pentameric Ragulator,
the indicated Ragulator subcomplexes or a control (FLAG-Metap2, FLAG-VPS39, or
FLAG-HBXIP-HA-C70rf59) were added along with 200 yM GTPyS or 5 pCi of
[**SIGTPyS (for GTP binding assays) and incubated at 25°C. Samples were taken every
2 minutes and spotted on nitrocellulose filters, which were washed with 2 ml of wash
buffer (40 mM Hepes pH 7.4, 150 mM NaCl and 5 mM MgCl,). Filter-associated

radioactivity was measured using a TriCarb scintillation counter (Perkin Elmer).

Materials

Reagents were obtained from the following sources: antibodies to ATP6V1B2 and
LAMP2 from Abcam; antibodies to phospho-T389 S6K1, S6K1, RagA, RagC, p14, p18,
MP1, C70rf59, HBXIP mTOR, phospho-T398 dS6K, and the FLAG epitope from Cell
Signaling Technology; HRP-labeled anti-mouse, and anti-rabbit secondary antibodies
from Santa Cruz Biotechnology; antibody to the HA tag from Bethyl laboratories; RPMI,
FLAG M2 affinity gel, GTPyS, GDP, Chaps, Triton, and amino acids from Sigma Aldrich;
[’HIGDP and [**S]GTPyS from Perkin Elmer; protein G-sepharose and immobilized
glutathione beads from Pierce; FUGENE 6 and Complete Protease Cocktail from Roche:
Alexa 488 and 568-conjugated secondary antibodies, Schneider’s media, Express Five
Drosophila-SFM, and Inactivated Fetal Calf Serum (IFS) from Invitrogen; amino acid-free
RPMI, and amino acid free Schneider's media from US Biological; siRNAs targeting
indicated genes and siRNA transfection reagent from Dharmacon; human cDNA
encoding HBXIP from Open Biosystems; Concanamycin A from A. G. Scientific;
nitrocellulose membrane filters from Advantec; calf-alkaline phosphatase from NEB. The
dS6K antibody was a generous gift from Mary Stewart (North Dakota State University).
Salicylihalamide A (SalA) was a generous gift from Jeff DeBrabander (UT
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Southwestern).

RNAI in Drosophila S2 cells

dsRNAs against Drosophila HBXIP and C70rf59 genes were designed as
described in (Sancak et al., 2008). Primer sequences used to amplify DNA templates for
dsRNA synthesis for dHBXIP and, dC70rf59 including underlined 5’ and 3’ T7 promoter

sequences, are as follows:

dHBXIP (CG14812)

Forward primer:
GAATTAATACGACTCACTATAGGGAGAGGAGAAAGTCCTAGCGGAAATC
Reverse primer:
GAATTAATACGACTCACTATAGGGAGAGCTTGAAGATAACGCCTGTGAT

dC70rf59 (CG14977)

Forward primer:
GAATTAATACGACTCACTATAGGGAGACTGATACTAAAGGAAGATGGAGCAG
Reverse primer:
GAATTAATACGACTCACTATAGGGAGAGTATATTCTACGGTTGGACATGCAG

dsRNAs targeting GFP and dRagC were used as positive and negative controls,
respectively. On day one, 4,000,000 S2 cells were plated in 6-cm culture dishes in 5 ml
of Express Five SFM media. Cells were transfected with 1 ug of dsRNA per million cells
using Fugene (Roche). Two days later, a second round of dsRNA transfection was
performed. On day five, cells were rinsed once with amino acid-free Schneider’s
medium, and starved for amino acids by replacing the media with amino acid-free
Schneider's medium for 1.5 hours. To stimulate with amino acids, the amino acid-free
medium was replaced with complete Schneider's medium for 30 minutes. Cells were
then washed with ice cold PBS, lysed, and subjected to immunoblotting for phospho-
T398 dS6K and total dS6K.

Immunofluorescence assays
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Immunofluorescence assays were performed as described in (Sancak et al.,
2010). Briefly, 200,000 HEK-293T cells were plated on fibronectin-coated glass
coverslips in 12-well tissue culture plates. Twenty-four hours later, the slides were rinsed
with PBS once and fixed for 15 min with 4% paraformaldehyde in PBS at room
temperature. The slides were rinsed twice with PBS and cells were permeabilized with
0.05% Triton X-100 in PBS for 5 min. After rinsing twice with PBS, the slides were
incubated with primary antibody in 5% normal donkey serum for 1 hr at room
temperature, rinsed four times with PBS, and incubated with secondary antibodies
produced in donkey (diluted 1:1000 in 5% normal donkey serum) for 45 min at room
temperature in the dark and washed four times with PBS. Slides were mounted on glass
coverslips using Vectashield (Vector Laboratories) and imaged on a spinning disk

confocal system (Perkin Elmer) or a Zeiss Laser Scanning Microscope (LSM) 710.

In immunofluorescence assays where HBXIP or C70rf59 were co-localized with
p18, HEK-293T cells were seeded and processed as described above with the following
exceptions. Immediately after seeding, cells were transfected with the following
constructs (all cDNAs were expressed from pRK5 expression plasmid): 50 ng Flag-
HBXIP, 50 ng HA-p14, 50 ng HA-MP1, 50 ng HA-C70orf59 and 50 ng HA-p18; or 50 ng
Flag-C70rf59, 50 ng HA-p14, 50 ng HA-MP1, 50 ng HA-HBXIP and 50 ng HA-p18. The

cells were processed the following day.

Cell size determinations

For measurements of cell size, HEK-293T cells treated with siRNAs as described
above were harvested by trypsinization in a 4 ml volume and diluted 1:20 with counting
solution (Isoton 1l Diluent, Beckman Coulter). Cell diameters were determined with a
particle size counter (Coulter Z2, Beckman Coulter) running Coulter Z2 AccuComp
software.

Protein purification of recombinant Rag heterodimers and Ragulator

To produce protein complexes used for GEF or in vitro binding assays, 4,000,000
HEK-293T cells were plated in 15 cm culture dishes. Forty-eight hours later, cells were

transfected separately with the following constructs (all cDNAs were expressed from
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pRKS expression plasmid). For pentameric Ragulator: 4 ug Flag-p14, 8 ug HA-MP1, 8
Hg HA-p18°% (a lipidation defective mutant), 8 ug HA-HBXIP, and 8 pug HA-C70rf59. For
trimeric Ragulator complexes: 8 ug FLAG-p14, 16 ug HA-MP1 and 16 ug HA-p18°%; or
8 ug FLAG-HBXIP, 16 ug HA-C70rf59 and 16 ug HA-p18°?A. For dimeric complexes: 8
Mg FLAG-p14 and 16 pg HA-MP1; 8 pg FLAG-HBXIP and 16 ug HA-C70rf59; 8 ug of
HA-GST-p14 and 16 ug of MP1; 8 ug FLAG-RagB®'**N and 16 ug HA-RagC; 8 pg FLAG-
RagC®"®™ and 16 ug HA-RagB; or 8 ug FLAG-RagB and 16 ug HA-RagC. For individual
proteins: 10 pg Flag-p18%°*; 10 pg Flag-Metap2; 15 ug Flag-VPS39; 10 pug HA-GST-
HBXIP, 10 uyg HA-GST-C70rf59; or 10 ug HAGST-Rap2a

Thirty-six hours post transfection cell lysates were prepared as described above
and either 200 pl of a 50% slurry of glutathione affinity beads or 200 ul of a 50% slurry of
FLAG-M2 affinity gel were added to lysates from cells expressing HA-GST-tagged or
FLAG-tagged proteins, respectively. Recombinant proteins were immunoprecipitated for
3 hours at 4°C. Each sample was washed once with Triton lysis buffer, followed by 3
washes with Triton lysis buffer supplemented with 500 mM NaCl. Samples containing
FLAG-tagged proteins were eluted from the FLAG-M2 affinity gel with a competing FLAG

peptide as described above.
Monomeric Rag GDP loading

40 pmols of FLAG-RagB, FLAG-RagB®**", FLAG-RagBP'®N, FLAG-RagC, FLAG-
RagC™"*" or FLAG-RagC""®"™ were loaded with 2 uM of [°H]GDP as described for Rag
heterodimers, but MgCl, stabilization lasted for 5 min at 25°C. The amount of [P(H]JGDP
bound to monomeric Rags was determined with a filter binding assay and was

normalized to [’H]GDP binding by wild type RagB or RagC.
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Summary

The mTOR Complex 1 (mTORC1) pathway promotes cell growth in
response to many cues, including amino acids, which act through the Rag
GTPases to promote mTORC1 translocation to the lysosomal surface, its site of
activation. Although progress has been made in identifying positive regulators of
the Rags, it is unknown if negative factors also exist. Here, we identify GATOR
as a complex that interacts with the Rags and is composed of two subcomplexes
we call GATOR1 and 2. Inhibition of GATOR1 subunits (DEPDC5, Nprl2, and
Npri3) makes mTORCH1 signaling resistant to amino acid deprivation. In contrast,
inhibition of GATOR2 subunits (Mios, WDR24, WDR59, Seh1l, Sec13)
suppresses mTORC1 signaling and epistasis analysis shows that GATOR2
negatively regulates DEPDC5. GATOR1 has GTPase activating protein (GAP)
activity for RagA and RagB and its components are mutated in human cancer. In
cancer cells with inactivating mutations in GATOR1, mTORC1 is hyperactive and
insensitive to amino acid starvation and such cells are hypersensitive to
rapamycin, an mTORC1 inhibitor. Thus, we identify a key negative regulator of
the Rag GTPases and reveal that, like other mTORC1 regulators, Rag function

can be deregulated in cancer.
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Introduction

The mTOR complex 1 (mTORCH1) kinase is a master regulator of growth
and its deregulation is common in human disease, including cancer and diabetes
(7). In response to a diverse set of environmental inputs, including amino acid
levels, mTORC1 regulates many anabolic and catabolic processes, such as
protein synthesis and autophagy (7, 2). The sensing of amino acids by mTORC1
initiates from within the lysosomal lumen (3) and requires a signaling machine
associated with the lysosomal membrane that consists of the Rag GTPases (4,
5), the Ragulator complex (6, 7), and the vacuolar ATPase (v-ATPase) (3). The
Rag GTPases exist as obligate heterodimers of RagA or RagB, which are highly
homologous, with either RagC or RagD, which are also very similar to each other
(4, 5, 8). Through a poorly understood mechanism requiring the v-ATPase,
luminal amino acids activate the guanine nucleotide exchange factor (GEF)
activity of Ragulator towards RagA/B that, when GTP-loaded, recruits mTORC1
to the lysosomal surface (7). There, mTORCH1 interacts with its activator Rheb,
which is regulated by many upstream signals, including growth factors (7). Upon
amino acid withdrawal RagA/B become GDP-bound (4) and mTORC1 leaves the
lysosomal surface, leading to its inhibition. The negative regulators that inactivate

the Rag GTPases are unknown.
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Results and Discussion

We suspected that important regulators of the Rags might have escaped
prior identification because their interactions with the Rags are too weak to
persist under standard purification conditions. Thus, to preserve unstable protein
complexes (9), we treated human embryonic kidney (HEK)-293T cells expressing
FLAG-tagged RagB with a chemical cross-linker, and identified via mass
spectrometry proteins that co-immunoprecipitate with FLAG-RagB. This analysis
revealed the presence in the immunoprecipitates of known Rag interacting
proteins as well as Mios, a 100 kDa WD40-repeat protein not previously studied
(Fig. S1A). Consistent with this finding, endogenous RagA and RagC co-
immunoprecipitated with recombinant Mios expressed in HEK-293T cells and
isolated under similar purification conditions (Fig. 1A). Suppression of Mios, by
RNA interference (RNAI) in human cells, strongly inhibited the amino acid-
induced activation of MTORC1, as detected by the phosphorylation state of its
substrate S6K1 (Fig. 1B, S2B). Moreover, in Drosophila S2 cells, dsRNAs
targeting Mio (10), the fly ortholog of Mios, ablated dTORC1 signaling and also
reduced cell size (Fig. 1, C, and D). Thus, in human and fly cells, Mios is
necessary for amino acid signaling to TORC1.

In vitro we failed to detect a strong interaction between purified Mios and
the Rag heterodimers, suggesting that within cells other components exist that
are needed for complex formation. Indeed, in FLAG-Mios immunoprecipitates
prepared from HEK-293T cells, we detected 7 additional proteins (WDR24,
WDR59, Sehil, Sec13, DEPDCS5, Nprl2, and Nprl3) by mass spectrometry. The
proteins varied in abundance, however, with much greater amounts of WDR24,
WDR59, Seh1L, and Sec13 co-immunoprecipitating with Mios than DEPDCS,
Npri2, and Npri3 (Fig. S1B). In contrast, in FLAG-DEPDCS5 immunoprecipitates,
Nprl2 and Nprl3 were more abundant than Mios, WDR24, WDR59, Seh1L, and
Sec13 and experiments with FLAG-Nprl2 gave analogous results (Fig. S1B).
These findings suggest that two subcomplexes exist, one consisting of Mios,
WDR24, WDR59, Seh1l, and Sec13, and the other of DEPDCS5, Npri2, and
Nprl3. To test this notion, we co-expressed FLAG-WDR?24 or FLAG-Npri2
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Figure. 1. GATOR is a Rag-interacting complex, whose Mios component is
necessary for the activation of mTORC1 by amino acids. (A) Mios interacts with
endogenous RagA and RagC. HEK-293T cells were transfected with the
indicated cDNAs in expression vectors. Cells were treated with a cell permeable
chemical cross-linker, lysates were prepared and subjected to Flag
immunoprecipitation (IP) followed by immunoblotting for the indicated proteins. '
(B) Mios is necessary for the activation of the mTORC1 pathway by amino acids.
HEK-293T cells expressing shRNAs targeting GFP or Mios were starved of
amino acids for 50 min or starved and then re-stimulated with amino acids for 10
min. Cell lysates were analyzed for the phosphorylation state of S6K1. (C) S2
cells treated with dsRNAs targeting Mio or GFP were starved of amino acids for
90 min or starved and re-stimulated with amino acids for 30 min. The indicated
proteins were detected by immunoblotting. (D) Cell size histogram of S2 cells
after dsRNA-mediated depletion of Mio. (E)-(F) GATOR is an octomeric complex
defined by two distinct subcomplexes and interacts with the Rag GTPases. HEK-
293T cells were transfected and processed as in (A) with the exclusion of the
cross-linking reagent, and cell lysates and FLAG-immunoprecipitates were
subjected to immunoblotting. (G) HEK-293T cells stably expressing FLAG-
tagged DEPDCS5 or WDR24 were lysed and cell lysates and FLAG
immunoprecipitates were analyzed by immunoblotting for endogenous RagA,
RagC, Mios and Nprl3. (H) Schematic summarizing GATOR-Rag interactions.
GATOR2 (Mios, Seh1L, WDR24, WDR59 and Sec13) interacts with GATOR1
(DEPDCS5, Npri2 and Nprl3), which likely then binds the Rags.
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Figure S1. The octomeric GATOR complex is composed of two distinct
subcomplexes. (A) Table summarizing peptide counts of proteins that co-
immunoprecipitate with FLAG-RagB. HEK-293T cells stably expressing FLAG-
RagB were treated with a chemical cross-linker and cell lysates were subject to
FLAG-immunoprecipitation followed by mass spectrometry analysis of co-
immunoprecipitated proteins. (B) Cartoon summarizing peptide counts from
mass spectrometric analyses of anti-FLAG immunoprecipitates from HEK-293T
cells expressing FLAG-Mios (left), FLAG-DEPDCS5 (center) and FLAG-Nprl2
(right). GATOR subunits are color-coded according to their peptide counts. (C)
The GATOR-Rag interaction is primarily mediated by the GATOR1 subcomplex.
HEK-293T cells were transfected with the indicated cDNAs in expression vectors.
Cell lysates were prepared and subjected to FLAG immunoprecipitation (IP)
followed by immunoblotting for indicated proteins. (D) Table of peptide counts for
the RagA and RagC proteins that co-immunoprecipitate with FLAG-DEPDCS5 or
FLAG-WDR24. HEK-293T cells stably expressing FLAG-tagged proteins were
processed as described in (A). (E) DEPDCS localizes to the lysosomal surface.
Images of HEK-293T cells stably expressing DEPDC5-EGFP (green) and
immunostained for Lamp2 (red). In all images, insets show selected fields that
were magnified five times and their overlays. Scale bar represents 10 uM. (F)
The GATOR1-Rag interaction is regulated by amino acids. HEK-293T cells stably
expressing FLAG-tagged DEPDCS5 were starved of amino acids for 2 hours or
starved and restimulated for 10 minutes. Cell lysates were prepared and

subjected to an anti-FLAG immunoprecipitation, which was analyzed as in (C).
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together with HA-tagged versions of the other seven proteins. As expected,
DEPDCS5 and Nprl3 co-immunoprecipitated with Nprl2 much more strongly than
with WDR24, while the opposite was true for Mios, WDR59, Seh1L, and Sec13
(Fig. 1E). For reasons described later, we call the 8-protein complex GATOR for
GAP Activity Towards Rags and the two subcomplexes GATOR1 (DEPDCS5,
Npri2, and Nprl3) and GATOR2 (Mios, WDR24, WDR59, Seh1L, and Sec13)
(Fig. 1H).

When the eight proteins were co-expressed with RagB and RagC,
GATOR interacted strongly with the Rag heterodimer (Fig. 1F) and, like the Rags
and Ragulator (6, 7), its DEPDC5 component localized to the lysosomal surface
(Fig. S1E). Experiments in which single GATOR proteins were omitted revealed
complex relationships between the components, but suggested that GATOR1
mediates the GATOR-Rag interaction (Fig. S1C). Consistent with this conclusion,
when stably expressed in HEK-293T cells, FLAG-DEPDCS5 co-
immunoprecipitated much more endogenous RagA and RagC than FLAG-
WDR?24, as detected by immunoblotting (Fig. 1G) and mass spectrometric
analysis (Fig. S1D). Amino acid starvation increased the amount of RagA and
RagC that co-immunoprecipitated with DEPDCS5, suggesting a regulatory role for
GATOR1 (Fig. S1F).

The finding that GATOR components interact with the Rag GTPases was
intriguing because their likely budding yeast orthologs (IML1, NPR2, NPR3)
positively regulate autophagasome formation, a TORC1-dependent process (117),
and, at least in certain yeast strains, also inhibit TORC1 signaling upon nitrogen
starvation (72-74). Recently the likely yeast orthologs of GATOR2 (Sea2, Sea3,
Sea4, Seh1L, and Sec13) were shown to interact with IML1, NPR2, and NPR3 to
form a complex that has been called SEA (75). However, unlike GATOR, the
SEA complex does not appear to consist of two distinct subcomplexes as its
components are found in stoichiometric amounts.

We used RNAI in HEK-293T and Drosophila S2 cells to examine the
function of each GATOR component in amino acid sensing by mTORC1 and
dTORCA1, respectively. We excluded Sec13 from further analysis as it functions
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in several protein complexes (76) and so its inhibition might have effects that are
difficult to interpret. Consistent with Mios being required for amino acids to
activate mTORC1 (Fig. 1B), depletion of other GATOR2 components or their
Drosophila orthologs strongly blunted amino acid-induced activation of mTORC1
and dTORCH1, respectively (Fig. 2, A, C, and D; S2, A, B, C, and D). In contrast,
loss of GATOR1 proteins had the opposite effect and prevented the inactivation
of mMTORC1 and dTORC1 normally caused by amino acid deprivation (Fig. 2, B
and E; S2, A, and D). Consistent with the opposite roles of GATOR1 and
GATORZ2 on dTORC1 signaling, dsRNAs targeting dSeh1L or dDEPDC5
decreased and increased, respectively, S2 cell size (Fig. 2F). To clarify the
relationship between GATOR1 and GATOR2, we used RNAI to inhibit dDEPDC5
at the same time as Mio or dSeh1L in S2 cells. Interestingly, in the background of
GATOR1 inhibition, loss of GATOR2 had no effect on dTORC1 activity, indicating
that GATOR?2 functions upstream of GATOR1 (Fig. 2, G and H). Thus, GATOR2
is an inhibitor of an inhibitor (GATOR1) of the amino acid sensing branch of the
TORC1 pathway.

A Key step in the amino acid-induced activation of mMTORC1 is its
recruitment to the lysosomal surface, an event that requires known positive
components of the amino acid sensing pathway, like Ragulator (7) and the v-
ATPase (3). Consistent with a positive role for GATOR2, in HEK-293T cells
expressing shRNAs targeting Mios (Fig. 1B) or Seh1L (Fig. 2A) mTOR did not
translocate to LAMP2-positive lysosomal membranes upon amino acid
stimulation (Fig. 3A). In contrast, in cells expressing an shRNA targeting
DEPDCS (Fig. S2A), mTOR localized constitutively to the lysosomal surface
regardless of amino acid availability (Fig. 3B). Moreover, just overexpression of
DEPDCS5 was sufficient to block the amino acid-induced translocation of mTOR
to the lysosomal surface (Fig. 3C). Unlike Ragulator, which tethers the Rags to
the lysosomal surface (6-7), GATOR2 is not needed for the proper Rag
localization (Fig. S3A). Thus, GATOR1 and GATOR2 have opposite effects on

the activity and subcellular localization of mTORCH1.
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Figure 2. The GATOR complex is required for the regulation of the TORC1
pathway by amino acids. (A) shRNA-mediated depletion of the GATOR2
components Seh1L, WDR24, or WDR59 in HEK-293T cells inhibits amino acid-
induced S6K1 phosphorylation. (B) In HEK-293Ts expressing shRNAs targeting
the GATOR1 components DEPDC5, Nprl2, and Npri3, S6K1 phosphorylation is
insensitive to amino acid withdrawal. In (A) and (B) cells were starved of amino
acids for 50 min or starved and restimulated with amino acids for 10 min. Cell
lysates were immunoblotted for the phosphorylation state of S6K1. dsRNA-
mediated depletion in S2 cells of (C) dSeh1L; (D) dWDR59 and dWDR24, and
(E) dDEPDCS5, dNpri2, and dNprl3. S2 cells were treated with the indicated
dsRNAs and were starved of amino acids for 90 min or starved and restimulated
with amino acids for 30 min. Immunoblotting was used to detect the
phosphorylation state of dS6K. (F) S2 cell sizes after dsRNA-mediated depletion
of dSeh1L and dDEPDCS5. (G) GATOR?2 functions upstream of GATOR1. S2
cells were treated with the indicated combinations of dsRNAs and starved and
restimulated with amino acids and analyzed as in (C)-(E). (H) Schematic
depicting the relationship between GATOR1 and GATOR?2 in their regulation of
mTORCA1.
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Figure S2. Depletion of GATOR components regulates multiple mTORC1-
dependent outputs. (A) Validation of shRNAs targeting GATOR components.
HEK-293T cells were transfected with indicated cDNAs and corresponding
shRNAs in expression vectors. Cell lysates were analyzed by immunoblotting to
determine the extent of recombinant protein depletion by the indicated shRNAs.
(B-C) siRNA mediated depletion of GATOR2 components indicates that these
proteins are necessary for amino-acid induced activation of mTORC1. HEK-293T
cells treated with the indicated siRNAs were starved of amino acids for 50 min or
starved and restimulated with amino acids for 10 min. Cell lysates were prepared
followed by immunoblotting to detect the levels of the indicated proteins. (D) The
GATOR complex regulates autophagy. Images of HEK-293T cells, expressing
the indicated shRNAs targeting Seh1L or DEPDCS5, starved for amino acids for 2
hours or starved and restimulated for 30 minutes, were analyzed for LC3 puncta

formation. Scale bar represents 10 yM.
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Figure 3. GATOR regulates mTORC1 localization to the lysosomal surface and
functions upstream of the Rag GTPases. (A) RNAi-mediated depletion of the
GATOR2 components Mios and Seh1L prevents amino acid-induced mTOR
lysosomal translocation. HEK-293T cells expressing the indicated shRNAs were
starved or starved and restimulated with amino acids for the specified times prior
to co-immunostaining for mTOR (red) and Lamp2 (green). (B) Reduced
expression of DEPDC5 in HEK-293T cells results in constitutive mTOR
localization to the lysosomal surface. HEK-293T cells treated with the indicated
lentiviral shRNAs were processed as described in (A). (C) Images of HEK-293T
cells stably expressing FLAG-DEPDCS starved for or starved and restimulated
with amino acids. Cells were processed as described in (A). In all images, insets
show selected fields that were magnified five times and their overlays. Scale bar
equals 10 uM. (D) GATOR1 functions upstream of the nucleotide binding state of
the Rags. HEK-293T cells transfected with the indicated cDNAs in expression
vectors were starved of amino acids for 50 min or starved and restimulated with

amino acids for 10 min. The indicated proteins were detected by immunoblotting.
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Figure 83. GATOR?2 is not required for the localization of the Rag GTPases to
the lysosomal surface. (A) Images of HEK-293T cells, expressing the indicated
shRNAs targeting Mios or Seh1L, were co-immunostained for RagA or RagC
(red) and Lamp2 (green). In all images, insets show selected fields that were
magnified five times and their overlays. Scale bar represents 10 uM.
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Consistent with GATOR1 being an inhibitor of the mTORC1 pathway,
concomitant overexpression of its three components blocked the amino acid-
induced activation of mMTORC1 (Fig. 3D) to a similar extent as RagB™*N-
RagC?'?", a Rag heterodimer that is dominant negative because the RagB™*"
mutant cannot bind GTP (7). In contrast, expression of the dominant active
RagB®*°"-RagC5"®" heterodimer blocked not only amino acid deprivation but also
GATOR1 overexpression from inhibiting mTORC1 signaling. Because RagB®***
is constitutively bound to GTP (717) and RagC®"*" cannot bind GTP (7), this result
suggests that GATOR1 functions upstream of the regulation of the nucleotide
binding state of the Rags.

To test the possibility that GATOR1 is a guanine nucleotide exchange
factor (GEF) or a GTPase activating protein (GAP) for the Rags we prepared
Rag heterodimers consisting of a wild-type Rag and a Rag® mutant (see
methods) (7). The Rag® mutants are selective for xanthosine rather than guanine
nucleotides, allowing us to prepare heterodimers in vitro in which the wild-type
Rag is loaded with radiolabeled GTP or GDP while the Rag” partner is bound to
XDP or XTP (7). In vitro, purified GATOR1 (Fig. S4E) did not stimulate the
dissociation of GDP from RagB or RagC when each was bound to its appropriate
Ragx partner (Fig. S4, A, and B), ruling out its function as a GEF. In contrast,
GATORH1 strongly increased, in a time and dose-dependent manner, GTP
hydrolysis by RagA or RagB within RagC*-containing heterodimers, irrespective
of which nucleotide RagC”* was loaded with (Fig. 4, A, B and E; S4, C and D).
GATOR1 also slightly boosted GTP hydrolysis by RagC within a RagB*-RagC
heterodimer (Fig. 4C), but had no effect on the GTPase activity of Rap2a (Fig.
4D). LRS, a putative GAP for RagD (178), did not alter the basal GTP hydrolysis
by RagA, RagB or RagC (Fig 4, A, B and C). Consistent with the binding
preference of many GAPs for the GTP-loaded state of target GTPases, in vitro
GATOR1 preferentially interacted with the RagB“**"-containing heterodimer (Fig.
4F). Thus, the GATOR1 complex has GAP activity for RagA/B, providing a
mechanism for its inhibitory role in mTORC1 signaling.
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Figure 4. GATOR1 is a GTPase activating protein complex for RagA and RagB.
(A)-(D) GATOR1 stimulates GTP hydrolysis by RagA and RagB. RagA-RagC*,
RagB-RagC*, RagC-RagB” or the control GTPase Rap2a were loaded with [a-
32P] GTP and incubated with GATOR1 (20 pmols) or the control Leucyl tRNA
synthetase (LRS) (20 pmols). GTP hydrolysis was determined by thin layer
chromatography (see methods). Each value represents the normalized mean +
SD (n = 3). (E) GATOR1 increases GTP hydrolysis by RagB in a time dependent
manner. RagB-RagC” was loaded with [y-**P]GTP, incubated with GATOR1 or a
control and hydrolysis was determined by phosphate capture (see methods)
Each value represents the normalized mean + SD (n = 3). (F) GATOR1
preferentially interacts with the dominant active Rag heterodimer. In vitro binding
assay in which FLAG-GATOR1 was incubated with immobilized HA-GST-tagged
RagB™*N-RagC®'?° (dominant negative), RagB®**-RagC*®"*N (dominant active)
or Rap2a. HA-GST precipitates were analyzed by immunoblotting for the levels
of FLAG-GATOR(1.

186



RagB*-RagC
1004 -=-Control
90 -=- GATOR1
- 804 -+ Ragulator
s
= E
3 70
% 60
© 50
£ 404
304
20+
10 - T T : -
0 2 4 6 8 10
Time (min)
RagB-RagC*
100+ ==~ Control
90 -=-GATOR1
o 80- -« Ragulator
g 70
o 807
G 50
R® 404
30
204
10 T T : T 4
0 2 4 6 8 10
Time (min)
&
E ®
MW by Q\!‘P
(kDA) & &
250 FLAG-DEPDCS
R
150 - FLAG-LRS
100
- HSP70
e ' il HA-Npri3
50 . W HA-Npri2
35 e
25
20 e

Coomassie

condition:

time (min):

GDP

GTP

RagB-RagC*; XDP

RagB-RagC*; XTP

buffer LRS GATOR1 buffer

LAS GATOR1
i Wz 1

0 30 30 30 ]

2.5 64 374

30 30 30

LRIy

% GDP:

5.7 9.2

~m- +GATOR1
—a— +LRS

T T T T
2 4 -] 8

Molar ratio of protein: RagB-RagC*

187

10

Figure S4



Figure S4. GATOR1 does not promote nucleotide dissociation from RagB or
RagC. (A) GATOR1 does not alter GDP dissociation by RagC. GDP dissociation
assay, in which RagC-RagB* was loaded with [’H]GDP and incubated with
GATOR1, Ragulator, or a control. Dissociation was monitored by a filter-binding
assay. Each value represents the normalized mean for n=2. (B) GATOR1 does
not alter GDP dissociation by RagB. RagB-RagC* was loaded with [*H]GDP,
incubated with GATOR1, Ragulator, or a control protein and analyzed as in (A).
Each value represents the normalized mean for n=2. (C) The nucleotide-bound
state of RagC does not alter GATOR1-GAP activity for RagB. RagB-RagC” was
loaded with [a-**P] GTP and XDP or XTP and incubated with GATOR1 or a
control protein. GTP hydrolysis was determined by thin layer chromatography.
(D) GATOR1 stimulates GTP hydrolysis of RagB in a dose dependent manner.
RagB-RagC* was loaded with [a-**P]GTP and incubated with the indicated molar
amount of GATOR1 or a control protein. GTP hydrolysis was determined as
described in (C). (E) Coomassie blue stained SDS-PAGE of purified LRS and
GATOR1. Identity of indicated proteins was validated by immunoblotting. HSP70,
which co-purifies with GATOR1, does not stimulate RagB-mediated GTP
hydrolysis.
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Because the pathways that convey upstream signals to mTORC1 are
frequently deregulated by mutations in cancer (reviewed in (79)), we thought it
possible that GATOR1 components might be mutated in human tumors. Indeed
previous studies identified in lung and breast cancers deletions of a 630 kb
region of 3p21.3 that includes NPRL2 (20, 21), and one study reported two cases
of glioblastoma with deletions in a three-gene region of 22q12.2 that contains
DEPDC5 (22). Moreover, in cancer cells with 3p21.3 deletions, expression of
Npri2 inhibited their capacity to grow as tumor xenografts, identifying it as a
tumor suppressor (21, 23). Our analyses of publically available data from the
cancer genome atlas (TCGA) identified a subset of glioblastomas and ovarian
cancers with nonsense or frameshift mutations or truncating deletions in
DEPDCS or NPRLZ2. In most of these tumors, DEPDCS5 or NPRL2 also
underwent an LOH event, indicating that the tumors were unlikely to retain a
functional copy of the gene products (Fig. 5, A, B and C; S5A). In addition, in
both tumor types, focal homozygous or hemizygous deletions, as well as
missense mutations accompanied by LOH, were also detected in DEPDCS5 and
NPRLZ2 (Fig. 5A). NPRL3 is located too proximal to the 16p telomere to
adequately access copy number alterations in it using high-density microarray
analysis. In aggregate, inactivating mutations in GATOR1 components are
present in low single digit percentages of glioblastomas and ovarian cancers,
frequencies that may change upon better assessment of NPRL3.

In order to study the effects of GATOR1 loss on cancer cells, we used the
Cosmic and CCLE resources (see methods) to identify human cancer cell lines
with homozygous deletions in DEPDCS5, NPRL2, or NPRL3, which we confirmed
via immunoblotting or PCR of genomic DNA (Fig. S5, B, C, and F). In seven such
lines, but not in Jurkat or HelLa cells, mMTORC1 signaling was hyperactive and
completely insensitive to amino acid deprivation and V-ATPase inhibition,
irrespective of which GATOR1 component was lacking (Fig. 5D; S5, D, E, and |).
Furthermore, in GATOR1-null cells mTOR localized to the lysosomal surface
even in the absence of amino acids (Fig. 5E). When DEPDC5 and Nprl2 were
re-introduced into cancer cell lines lacking them, the mTORC1 pathway regained
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sensitivity to amino acid regulation (Fig. 5F; S5, G, and H), indicating that it is
indeed the loss of GATOR1 proteins that is driving aberrant mTORC1 signaling
in these cells.

The proliferation of the GATOR1-null cancer cells was very sensitive to
the mTORCH1 inhibitor rapamycin, with 1Csgs in the 0.1-0.4 nM range (Fig. 5G).
These values are many orders of magnitude less than for cell lines that are not
considered rapamycin sensitive, like HeLa and HT29 cells, and at the low end of
cancer cell lines, like PC3 and Jurkat cells, which have lost PTEN function (24-
26), an established negative regulator of the mTORC1 pathway. In addition, the
forced expression of DEPDC5 in the MRKNU1 (DEPDC5™) cell line led to a
marked reduction in its proliferation (Fig. S5J).

In conclusion, we identify the octomeric GATOR complex as a critical
regulator of the pathway that signals amino acid sufficiency to mTORC1 (Fig.
5G). The GATOR1 subcomplex has GAP activity for RagA and RagB and its loss
makes mTORC1 signaling insensitive to amino acid deprivation. Inactivating
mutations in GATOR1 are present in cancer and may help identify tumors likely

to respond to clinically-approved pharmacological inhibitors of mMTORC1.
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Figure. 5. GATOR1 components are mutated in cancer and GATOR1-null
cancer cells are hypersensitive to the mTORC1 inhibitor rapamycin. (A) Table
summarizing genomic alterations in DEPDC5 and NPRL2 and their frequencies
in glioblastoma and ovarian cancer. The ratios of nonsense and frameshift
mutations to missense mutations in DEPDCS5 (p-value = 0.00015) and NPRL2 (p-
value = 0.00342) in glioblastoma differ significantly from the ratio of all nonsense
and frameshift mutations to missense mutations in glioblastoma genomes as
determined by a fisher exact test. (B)-(C) Mutations and deletions identified in
DEPDCS5 in glioblastomas and ovarian cancers. (D) In GATOR1-null cancer cells
the mTORC1 pathway is resistant to amino acid starvation. Cells were starved of
amino acids for 50 min and starved and restimulated with amino acids for 10 min.
Cell lysates were analyzed by immunoblotting for levels of the indicated proteins.
(E) Cancer cells were starved or starved and restimulated with amino acids for
the specified times prior to co-immunostaining for mTOR (red) and Lamp?2
(green). In all images, insets show selected fields that were magnified five times
and their overlays. Scale bar equals 10 uM. (F) Re-introduction of Nprl2 into the
SW780 cell line (NPRL2") restores amino acid-dependent regulation of
mTORCH1. Cells stably expressing a control protein or Npri2 were treated and
analyzed as in (D). (G) GATOR1-null cancer cells are hypersensitive to
Rapamycin. Rapamycin ICso values for indicated cancer cell lines. Values are
presented as mean = SD (n = 3). (H) Model for the role of the GATOR complex in
the amino acid sensing branch of the mTORC1 pathway. GATOR?2 is a negative
regulator of GATOR1, which inhibits the mTORC1 pathway by functioning as a
GAP for RagA.
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Figure S5. GATOR1 re-expression in GATOR1-null celis restores amino acid-
dependent regulation of mMTORC1. (A) Mutation found in NPRL2 in a
glioblastoma tumor. (B) Immunobilot for the levels of Nprl3 in indicated cancer
cell lines. (C) Genomic PCR for indicated DEPDC5 and NPRL2 regions from
various cancer cell lines. Primers were designed to amplify the indicated intronic
or exonic regions of the specified genes and PCR products were resolved by gel
electrophoresis. Runx2 is a positive control. (D-E) mTORC1-dependent
translation control and autophagy are insensitive to amino acid deprivation in
GATOR1-null cells. The indicated cancer cell lines were starved of amino acids
for 2 hours or starved and restimulated with amino acids for 15 min. Cell lysates
were prepared and immunoblotting used to detect levels of the indicated
proteins. (F) Cells missing a GATOR1 component have reduced expression of
remaining GATOR1 proteins. Immunoblot shows levels of Nprl3 and DEPDCS5 in
the indicated cell lines. (G) Re-introduction of Nprl2 into SW780 (NPRL2™) cells
restores the amino acid-dependent localization of mMTORC1. Images of SW780
cells stably expressing FLAG-Npri2 or a control protein were starved of or
starved of and restimulated with amino acids for the indicated times. Cells were
co-immunostained for mTOR (red) and Lamp2 (green). In all images, insets show
selected fields that were magnified five times and their overlays. Scale bar
represents 10 uM. (H) Re-expression of DEPDC5 in MRKNU1 (DEPDC5™) cells
restores amino acid-dependent regulation of mMTORC1. MRKNU1 cells stably
expressing DEPDCS5 or a control protein were treated and analyzed as in (D). (1)
v-ATPase inhibition does not inhibit mMTORC1 activity in GATOR1-null cells. The
indicated cancer cell lines were deprived of amino acids for 4 hours in the
presence or absence of 2.5 yM Concanamycin A (ConA) and then stimulated
with amino acids for 15 minutes. Cell lysates were prepared and analyzed as
described in (D). (J) Re-introduction of DEPDC5 into MRKNU1 (DEPDC5™) cells
inhibits their proliferation. Number of MRKNU1 cells expressing DEPDC5 or a
control protein was determined on indicated days. Values are presented as mean
+ SD (n = 3-9).
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Materials and Methods
Materials

Reagents were obtained from the following sources: antibody to Nprl3
from Atlas Antibodies; HRP-labeled anti-mouse and anti-rabbit secondary
antibodies from Santa Cruz Biotechnology; antibodies to phospho-T389 S6K1,
S6K1, RagA and RagC, phospho-T398 dS6K, mTOR, LC3, and FLAG epitope
from Cell Signaling Technology; the antibody to Mios and DEPDC5 was
produced in collaboration with Cell Signaling Technology; antibodies to the HA
epitope from Bethyl laboratories. RPMI, FLAG M2 affinity gel, ATP, GDP, and
amino acids from Sigma Aldrich; DMEM from SAFC Biosciences; Xtremegene 9,
Fugene 6 and Complete Protease Cocktail from Roche; Alexa 488 and 568-
conjugated secondary antibodies; Schneider’'s media, Express Five-SFM, and
Inactivated Fetal Calf Serum (IFS) from Invitrogen; amino acid-free RPMI, and
amino acid free Schneider’s media from US Biological; Cellulose PEI TLC plates
from Sorbent Technologies; [°H]GDP, [a-*?P]GTP, and [y->?P]GTP from Perkin
Elmer; GTP, XTP and XDP from Jena Biosciences; siRNAs targeting indicated
genes and siRNA transfection reagent from Dharmacon; nitrocellulose
membrane filters from Advantec; DSP from Pierce. The dS6K antibody was a

generous gift from Mary Stewart (North Dakota State University).

Cell lines and tissue culture

HEK-293T, HelLa, and HT-29 cells were cultured in DMEM 10% IFS;
Jurkat, HCC1500, NCI-H740 and Li7 cells were cultured in RPMI supplemented
with 10% FBS; MRKNU1 cells were cultured in DMEM supplemented with 10%
FBS and 2 mM glutamine; SW780 and HA7RCC cells were cultured in IMDM
supplemented with 10% FBS; MKN45 were cultured in RPMI supplemented with
20% FBS; S2 cells were cultured in Express-Five SFM. All cell lines were
maintained at 37°C, 5% CO2, with the exception of S2 cells which were grown at
25°C. HCC1500, NCI-H740 and SW780 cells were obtained from the American
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Type Culture Collection (ATCC), Li7 cells from the Riken Bio Resource Center,
MRKNU1 from the Health Science Research Resources Bank (HSRRB), MKN45
cells from Deutsche Sammlung von Mikroogranismen and Zellkulturen (DSMZ)
and HA7RCC cells were a generous gift from Benoit Vandeneynde (de Duve
Institute and Université catholique de Louvain and Ludwig Institute for Cancer
Research).

Cell lysis and immunoprecipitation

HEK-293T cells transiently transfected with cONA expression vectors (see
below) were rinsed once with ice-cold PBS and lysed with Triton lysis buffer (1%
Triton X-100, 10 mM B-glycerol phosphate, 10 mM pyrophosphate, 40 mM
HEPES pH 7.4, 2.5 mM MgCl; and 1 tablet of EDTA-free protease inhibitor
[Roche] (per 25 ml buffer)). Lysis of HEK-293T cells stably expressing FLAG-
tagged DEPDC5, WDR24 or Metap2, was identical to the procedure described in
(7). The soluble fractions of cell lysates were isolated by centrifugation at 13,000
rpm in a microcentrifuge for 10 minutes. For anti-FLAG-immunoprecipitations, the
FLAG-M2 affinity gel was washed with lysis buffer 3 times. 20 ul of a 50% slurry
of the affinity gel was then added to cleared cell lysates and incubated with
rotation for 2 hours at 4°C. The beads were washed 3 times with lysis buffer
containing 150 mM NaCl. Immunoprecipitated proteins were denatured by the
addition of 50 ul of sample buffer and boiling for 5 minutes as described (27),
resolved by 8%—16% SDS-PAGE, and analyzed by immunoblotting.

For co-transfection experiments, 2,000,000 HEK-293T cells were plated in
10 cm culture dishes. Twenty-four hours later, cells were transfected using
Xtremegene 9 transection reagent with the pRK5-based cDNA expression
plasmids indicated in the Figures in the following amounts: 100 ng HA-RagB; 100
ng HA- or HA-GST-RagC: 300 ng HA-GST-RagB®®**" or 300 ng HA-GST-
RagB™*"; 300 ng HA-GST-RagCS"*N or 300 ng HA-GST-RagC®'?*"; 500 ng HA-
or 100-1000 ng Flag-Metap2; 2000 ng Flag- or 100 ng HA-Mios; 300 ng Flag- or
100 ng HA-WDR24; 200 ng Flag- or 100-300 ng HA-Npri2; 100 ng HA-WDRS59;
100-300 ng HA-Npri3; 100 ng HA-Seh1L; 100 ng HA-Sec13, 3 ng Flag-S6K. The
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total amount of plasmid DNA in each transfection was normalized to 2 pg with
empty pRK5. Thirty-six hours after transfection, cells were lysed as described

above.

Mass spectrometric analyses

HEK-293T cells stably expressing FLAG-tagged Metap2, RagB, Mios,
DEPDCS5, WDR24, or Nprl2 were chemically crosslinked with DSP prior to cell
lysis with Triton lysis buffer as described in (6). Cell lysates and FLAG-
immunoprecipitations were prepared as described above. Proteins were eluted
with the FLAG peptide (sequence DYKDDDDK) from the FLAG-M2 affinity gel,
resolved on 4-12% NuPage gels (Invitrogen), and stained with simply blue stain
(Invitrogen). Each gel lane was sliced into 10-12 pieces and the proteins in each
gel slice digested overnight with trypsin. The resulting digests were analyzed by
mass spectrometry as described (4). Peptides corresponding to GATOR
members, Ragulator, v-ATPase or Rags were detected in the FLAG-RagB,
FLAG-Mios, FLAG-DEPDCS5, FLAG-Npri2 and FLAG-WDR24
immunoprecipitates, while no peptides were detected in negative control

immunoprecipitates of FLAG-Metap?2.

Amino acid starvation and stimulation and concanamycin A treatment of
cell lines

HEK-293T cells in culture dishes or coated glass cover slips were rinsed
with and
incubated in amino acid-free RPMI for either 50 minutes or 2 hours and
stimulated with a 10X mixture of amino acids for 10-30 minutes. After stimulation,
the final concentration of amino acids in the media was the same as in RPMI.
The 10X mixture was prepared from individual powders of amino acids. Amino
acid starvation for other cancer cell lines cells was identical to the procedure
described above, with the addition of 10% dialyzed IFS to amino acid-free RPMI.
When concanamycin A (ConA) was used, cells were incubated with 2.5 yM of

ConA during the 4 hr amino acid starvation and 15 min amino acid stimulation
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periods.

RNAI in Drosophila S2 cells

dsRNAs against Drosophila GATOR genes were designed as described in
(4). Primer sequences used to amplify DNA templates for dsRNA synthesis for
Mio, dSeh1L, dWDR24, dWDR59, dDEPDC5, dNprl2, and dNprl3 including
underlined 5’ and 3’ T7 promoter sequences, are as follows:
Mio (CG7074)
Forward primer CG7074_1F:
GAATTAATACGACTCACTATAGGGAGATGCCTTATATATCCGTGAACTACCT
Reverse primer CG7047_1R:
GAATTAATACGACTCACTATAGGGAGACTCAATGTCCCAGATGGTGAT
Forward primer CG7074 2F:
GAATTAATACGACTCACTATAGGGAGAAGATGATAAAGCTGTTCGATCTGAG
Reverse primer CG7047 2R:
GAATTAATACGACTCACTATAGGGAGACAATTAACAAACGAAAACTTTCCAC
Forward primer CG7074_3F:
GAATTAATACGACTCACTATAGGGAGAATCGCTTTATAGACCAGTTGTATGC
Reverse primer CG7047_3R:
GAATTAATACGACTCACTATAGGGAGAAGCTTGGTCTCCGATAGATATTTG
dSeh1l (CG8722)
Forward primer CG8722_1F:
GAATTAATACGACTCACTATAGGGAGAGAAAGTGCGTTAAAATCGATACTGT
Reverse primer CG8722_1R:
GAATTAATACGACTCACTATAGGGAGACAATTGTGCTCGCTAAACTTAATG
dWDR59 (CG4705)
Forward primer CG4705_1F:
GAATTAATACGACTCACTATAGGGAGAAGGCAGAGCAACAAATACTATGAAC
Reverse primer CG4705_1R:
GAATTAATACGACTCACTATAGGGAGAAGTCCCAAATATGAGAAAATGTGTC
Forward primer CG4705_2F:
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GAATTAATACGACTCACTATAGGGAGACATTATGGAGAAGACAGTTCGACTT
Reverse primer CG4705_2R:
GAATTAATACGACTCACTATAGGGAGAATTGATCAAACAGTGGCATCTTAGT
dWDR24 (CG7609)

Forward primer CG7609_1F:
GAATTAATACGACTCACTATAGGGAGATGTACAAATTCATGGTAAACGACAC
Reverse primer CG7609_1R:
GAATTAATACGACTCACTATAGGGAGAGTGAGTTCATTGGATTCTTTTGATT
Forward primer CG7609_ 2F:
GAATTAATACGACTCACTATAGGGAGAAATCAAAAGAATCCAATGAACTCAC
Reverse primer CG7609_2R:
GAATTAATACGACTCACTATAGGGAGAAAGAGCTCAAAGTTGTCAAAGGTAA
dDEPDCS (CG12090)

Forward primer CG12090_1F:
GAATTAATACGACTCACTATAGGGAGAGGACTTGGTGATGAATCTAAAGGAT
Reverse primer CG12090_1R:
GAATTAATACGACTCACTATAGGGAGATGAAGGTAATCTCTATCGAGTCCAG
Forward primer CG12090 2F:
GAATTAATACGACTCACTATAGGGAGATCGAAAAGCATTACTTGGATAGAAC
Reverse primer CG12090_2R:
GAATTAATACGACTCACTATAGGGAGAATCAAAGAGCGAGTTGTGCTTATAC
dNprl2 (CG9104)

Forward primer CG9104_1F:
GAATTAATACGACTCACTATAGGGAGAATGTGTTCGATGCTATCAATGTTTA
Reverse primer CG9104_1R:
GAATTAATACGACTCACTATAGGGAGATATATAAGGCAGGATCTGTTGTGTG
Forward primer CG9104_2F:
GAATTAATACGACTCACTATAGGGAGATGCATACAGAATCTGGTCTACTACG
Reverse primer CG9104_2R:
GAATTAATACGACTCACTATAGGGAGACACTTCCAGATCACAGTCACATTC
dNpri3 (CG8783)
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Forward primer CG8783_1F:
GAATTAATACGACTCACTATAGGGAGACTGTACAGGTATCCGTACCAGACTC
Reverse primer CG8783_1R:
GAATTAATACGACTCACTATAGGGAGAATAGCTGTGGTTTAACAGCAAACAG
Forward primer CG8783_2F:
GAATTAATACGACTCACTATAGGGAGAATCTTCCATGATCTATGCACCAC
Reverse primer CG8783 2R:
GAATTAATACGACTCACTATAGGGAGAACGAGCTTATAAACATGCTCGATAC

dsRNAs targeting GFP and dRagC were used as negative and positive
controls, respectively. On day one, 4,000,000 S2 celis were plated in 6 cm
culture dishes in 5 ml of Express Five SFM media. Cells were transfected with 1
ug of dsRNA per million cells using Fugene 6 (Roche). Two days later, a second
round of dsRNA transfection was performed. On day five, cells were rinsed once
with amino acid-free Schneider's medium, and starved for amino acids by
replacing the media with amino acid-free Schneider’'s medium for 1.5 hours. To
stimulate with amino acids, the amino acid-free medium was replaced with
complete Schneider's medium for 30 minutes. Cells were then washed with ice
cold PBS, lysed, and subjected to immunoblotting for phospho-T398 dS6K and
total dS6K.

Mammalian RNAI

On day one, 200,000 HEK-293T cells were plated in a 6 well plate.
Twenty-fours hours later, the cells were transfected with 250 nM of a pool of
siRNAs [Dharmacon] targeting Mios, WDR24, WDRS59 or Seh1L or a non-
targeting pool. On day four, the cells were transfected again but this time with
double the amount of siRNAs. On day five, the cells were either split onto coated
glass cover slips or rinsed with ice-cold PBS, lysed and subjected to
immunobloting as described above.

Lentiviral shRNAs targeting Mios, WDR24, WDR59, Seh1L, DEPDCS,
Nprl2, Nprl3 and GFP were obtained from the TRC. The TRC number for each
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shRNA is as follows:

Human Mios shRNA_1: TRCN0000303645
Human Mios shRNA_2: TRCN0000370186
Human WDR24 shRNA_1: TRCN0000130142
Human WDR24 shRNA_2: TRCN0000416122
Human WDR24 shRNA_3: TRCN0000445462
Human WDR59 shRNA_1: TRCN0000156940
Human WDR59 shRNA_2: TRCN0000156869
Human Seh1L shRNA_1: TRCN0O000330510
Human Seh1L shRNA_2: TRCN0000330507
Human Nprl2 shRNA_1: TRCN0000234677
Human Nprl2 shRNA_2: TRCN0000234673
Human Nprl3 shRNA_2: TRCNO000135594
Human DEPDC5 shRNA_1: TRCN0000137523

The following shRNAs targeting Nprl3 and DEPDC5 were made in the lab
and cloned into pLKO.1 vector as described (28).

The target sequence for the Npri3 shRNA:
Human Npri3 shRNA_1: GATGTTATTCTGGCAACAATT

The target sequence for the DEPDC5 shRNA:
Human DEPDCS5 shRNA_2: CAGGTATTTGAAGAGTTTATT

shRNA-encoding plasmids were co-transfected with the Delta VPR
envelope and CMV VSV-G packaging plasmids into actively growing HEK-293T
cells using Xtremegene 9 transfection reagent as previously described (28).
Virus-containing supernatants were collected 48 hours after transfection, filtered
to eliminate cells and target cells were infected in the presence of 8 ug/ml
polybrene. 24 hours later, cells were selected with

puromycin and analyzed on the 2™ or 3 day after infection.
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Immunofluorescence assays

Immunofluorescence assays were performed as described in (6). Briefly,
200,000 HEK-293T (infected with lentiviral shRNAs) cells or 75,000 cells for
other cell lines used (HeLa, SW780, HCC1500) were plated on fibronectin-
coated glass coverslips in 12-well tissue culture plates. Twenty-four hours later,
the slides were rinsed with PBS once and fixed for 15 min with 4%
paraformaldehyde in PBS at room temperature. The slides were rinsed twice with
PBS and cells were permeabilized with 0.05% Triton X-100 in PBS for 5 min. In
assays requiring the LC3 primary antibody, cells were fixed and permeabilized in
ice-cold MeOH for 10 min. After rinsing twice with PBS, the slides were incubated
with primary antibody in 5% normal donkey serum for 1 hr at room temperature,
rinsed four times with PBS, and incubated with secondary antibodies produced in
donkey (diluted 1:1000 in 5% normal donkey serum) for 45 min at room
temperature in the dark and washed four times with PBS. Slides were mounted
on glass coverslips using Vectashield (Vector Laboratories) and imaged on a
spinning disk confocal system (Perkin Elmer) or a Zeiss Laser Scanning
Microscope (LSM) 710.

S2 cell size determinations

For measurements of cell size, S2 cells treated with dsRNAs as described
above, were harvested in a 4 ml volume and diluted 1:20 with counting solution
(Isoton Il Diluent, Beckman Coulter). Cell diameters were determined with a
particle size counter (Coulter Z2, Beckman Coulter) running Coulter Z2

AccuComp software.

Purification of recombinant Rag heterodimers, GATOR1, and Ragulator for
GAP/GEF/In-vitro binding assays

To produce protein complexes used for GAP or GEF assays, 4,000,000
HEK-293T cells were plated in 15 cm culture dishes. Forty-eight hours later, cells
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were transfected with the following combination of constructs (all cDNAs were
expressed from pRKS5 expression plasmid). For FLAG-GATOR1: 4 ug FLAG-
DEPDCS5, 8 pg HA-Nprl2 and 8 ug HA-Nprl3. For FLAG-Ragulator: 4 ug Flag-
p14, 8 ug HA-MP1, 8 ug HA-p18%** (a lipidation defective mutant), 8 ug HA-
HBXIP, and 8 ug HA-C70rf59. For RagA/B-RagC™: 16 pug HA-RagB or HA-RagA
and 8 ug Flag-RagCP'®'N; for RagB*-RagC: 8 ug FLAG-RagB”'®* and 16 ug
HA-RagB. For Rags used in in-vitro binding assays: 8 ug HA-GST-RagB™*N and
16 ug HA-RagC®'®*; 4 ug HA-GST-RagB“**" and 8 ug HA-RagCS™N. For
individual proteins: 10 ug Flag- or HA-GST-Rap2a, 15 pg of FLAG-Leucyl tRNA
synthetase (LRS), or 10 pg Flag-Metap2.

Thirty-six hours post transfection cell lysates were prepared as described
above, with the exception that for all FLAG-GATOR1 and FLAG-LRS
purifications, 1 mM ATP was added to the lysis buffer. 200 pl of a 50% slurry of
FLAG-M2 affinity gel or immobilized glutathione beads were added to lysates
from cells expressing FLAG-tagged proteins or HA-GST tagged proteins,
respectively. Recombinant proteins were immunoprecipitated for 3 hours at 4°C.
Each sample was washed once with Triton lysis buffer, followed by 3 washes
with Triton lysis buffer supplemented with 500 mM NaCl. For FLAG-LRS and
FLAG-GATOR1 an additional wash was preformed and samples were incubated
in Triton lysis buffer supplemented with 500mM NaCl for 30 min. Finally samples
were washed 4 times with CHAPS buffer (40 mM Hepes pH 7.4, 0.3% CHAPS)
supplemented with 2.5 mM MgCl, for GTPase purifications. FLAG-tagged
proteins were eluted from the FLAG-M2 affinity gel with a competing FLAG
peptide for 1 hour as described above. Proteins were subsequently purified on a
HiLoad 16/60 Superdex 200 FPLC column (GE) pre-equilibrated with CHAPS
buffer supplemented with 150 mM NaCl. The peak corresponding to the desired
complex was concentrated with 10,000 MW CO columns (Amicon), snap frozen
in CHAPS buffer supplemented with 10% glycerol and stored at -80°C. In some
Rag GAP assays, FLAG-GATOR1 and FLAG-LRS were not further purified by
FPLC and instead stored in CHAPS buffer supplemented with 10% glycerol
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immediately following elution with FLAG peptide. The FPLC-purified and -non-
purified GATOR1 had very similar levels of GAP activity towards RagB.

In Vitro Binding Assays

For the binding reactions, 20 pl of a 50% slurry containing immobilized
HA-GST-tagged proteins were incubated in binding buffer (1% Triton X-100, 2.5
mM MgCi2, 40 mM HEPES [pH 7.4}, 2 mM DTT, and 1 mg/ml BSA) with 2 ug of
FLAG-GATORH1 in a total volume of 50 ul for 1 hr and 30 min at 4°C. To
terminate binding assays, samples were washed three times with 1 ml of ice-cold
binding buffer supplemented with 300 mM NaCl followed by the addition of 50 pl

of sample buffer.

Rag GTP hydrolysis assays

14 ug of the indicated Rag heterodimers or Rap2a were incubated for 2
hours at 4°C with 20 yl of FLAG-M2 affinity gel prewashed in CHAPS loading
buffer (4 mM HEPES pH 7.4, 30 mM NaCl, 0.3% CHAPS). The resin was then
washed 3 times with CHAPS loading buffer to remove unbound protein. The
GTPases were loaded in 100 pl CHAPS loading buffer containing 0.1 uM XDP or
0.1 uM XTP, 70 pmols of the specified radioactive GTP species ([a->?P]GTP for
TLC assays or [y->?P]GTP for phosphate capture assays), 2 mM DTT, 0.01 pg/l
BSA, and 5 mM EDTA at 25°C for 10 minutes. Following nucleotide loading,
MgCl, was added to a final concentration of 20 mM and the GTPases were
incubated overnight at 4°C. The GTPases were washed 6 times with GTPase
wash buffer (4 mM HEPES pH 7.4, 5 mM MgCl,, 20 mM NaCl, 0.3% CHAPS, 2
mM DTT, 0.01 pg/ul BSA) to remove unbound nucleotide. 30 pl of competing
FLAG-peptide was then added and the GTPases were eluted from the affinity gel
for 2 hours. Protein concentrations were determined prior to use.

For the TLC-based GTP hydrolysis assay, 5 pmols of the indicated Rag
heterodimer or Rap2a loaded with xanthosine nucleotides and [o-**P]GTP were
added to 20 pmols Flag-LRS or Flag-GATOR1 in 45 ul of GTPase wash buffer.

The reaction was incubated at 25°C for the indicated time. The assay was
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terminated upon addition of 5 pl of 6X Elution Buffer (6.7 mM GTP, 6.7 mM GDP,
100 mM EDTA, 2% SDS) followed by further incubation for 5 minutes at 65°C at
1,400 rpm. Chloroform was added to separate the nucleotides from denatured
proteins and the sample was spun at 13,200 rpm in a microcentrifuge for 1 min to
separate the aqueous and organic phases. 30 pl of the aqueous layer was
removed. Samples were spotted on a PEI Cellulose TLC plates and developed
for 2.5 hours in 0.5 M KH,PO, pH 3.4. Plates were exposed to film and spot
densities were quantified with Multi Gauge V2.2 (Fujifilm).

For the phosphate capture GTP hydrolysis assay, Flag-RagCP'®'N-HA-
RagB was loaded with [y-*?P)JGTP and XDP as described above. A total of 48
pmols of loaded Flag-RagCP'®"N-HA-RagB was added to GTPase wash buffer
containing Flag-LRS or FLAG-GATOR1 in a total volume of 140 pl and incubated
at 25°C. At the indicated time points three aliquots of 10 ul were taken and
quenched by addition of 500 pl of activated charcoal mixture (5% activated
charcoal, Norit® (Sigma) in 50 mM NaH,PO4). This mixture was then vortexed
and spun at 13200 rpm in a microcentrifuge for 10 minutes at 4°C. 375 pl of the
supernatant was added to 3.5 ml of Optifluor scintillation fluid and free **P; was

measured using a TriCarb scintillation counter (Perkin Elmer).

Nucleotide Exchange Assays

These assays were essentially performed as described in (7). Briefly, 40
pmols of FLAG-RagB*-HA-RagC or FLAG-RagC*-HA-RagB were loaded with 2
UM of [PH]GDP (25-50 Ci/mmol). The GTPase-[°’H]GDP were stabilized by
addition of 20 mM MgCl; followed by a further incubation at 4°C for 12 hours. To
initiate the GEF assay, 40 pmols of the indicated proteins were added along with
200 yM GTPyS and incubated at 25°C. Samples were taken every 2 minutes and
spotted on nitrocellulose filters, which were washed with 2 ml of wash buffer (40
mM HEPES pH 7.4, 150 mM NaCl and 5 mM MgCl,). Filter-associated
radioactivity was measured using a TriCarb scintillation counter (Perkin Elmer).

Identification of DEPDC5 and NPRL 2 genomic alterations in glioblastoma
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and ovarian tumors

Mutations and chromosome alterations in the TCGA dataset of
Glioblastoma and Serous Ovarian tumors are available at cancergenome.nih.gov
(29, 30). DEDPC5 and NPRL2 mutation identification came from analysis of
exome sequencing data and copy number alternations were based on Affiymatrix
SNP 6.0 microarray data. Tumors chosen for analysis had point mutations or
focal deletions encompassing all or a portion of either DEPDCS5 or NPRL2. Loss
of heterozygosity, biallelic inactivation, hemizygous and homozygous deletions in

these tumors were determined using the ABSOLUTE algorithm (37).

Identification of GATOR1-null cancer cell lines

To identify cancer cell lines null for GATOR1 components we searched
the following publically available databases: Cancer Cell Line Encyclopedia
(CCLE) (http://www.broadinstitute.org/ccle/home) and Cancer Genome Project

(CPG) (http://www.sanger.ac.uk/cgi-bin/genetics/CGP/conan/search.cgi).

GATOR1 null cell lines were identified in CCLE based on a value <-4 when
sorted by deletion of the indicated GATOR1 genes. GATOR1-null cells were
identified at CGP based on copy humber analysis using CONAN. NPRL3-null
cells were verified by immunoblotting for the Nprl3 protein. DEPDC5- and
NPRL2-null cells were verified by genomic PCR as follows. Genomic DNA from
cancer cells was extracted using the QiAmp DNA Mini kit Blood and Tissue
(Qiagen) and used in PCR reactions with the gene-specific primers listed below.
Runx?2 is a positive control.

Runx2_exon6_fwd: CGCATTCCTCATCCCAGTATG

Runx2_exon6_rev: AAAGGACTTGGTGCAGAGTTCAG

DEPDCS5_intron7_fwd: CCAAGCAACTAAAGCACAACCCAA
DEPDCS5_intron7_rev: CAGGCTTCCTGACCCTGGATAC
DEPDCS_intron12_fwd: TGGGCCATCTGCTGTACTGAC
DEPDCS5_intron12_rev: CAGAAGAGCTCTCATGGTTCCTGG
DEPDCS5_intron24_fwd: AGTGACTTTCCTTTCAAGCCATCCT
DEPDCS_intron24_rev: CCTTAGCACAGTGCCTAGAGTTCA
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DEPDCS_intron29_fwd: TGAAGCTCAGGGATGACGTGC
DEPDCS5_intron29_rev: AATCAGGCGTCACAAAGCTACCA
NRPL2_intron1_fwd: GCTCCCAATGTGGCAGGGAA
NRPL2_intron1_rev: TCACCTTCTGTGGGACCTGGA
NRPL2_exon8_fwd: CTGATCCCTGGCACCCACAG
NRPL2_exon8_rev: CCAATGAGGTCTCGCACGGT
NRPL2_intron11_fwd: GAGCTGGATGAGCGGCTTGA
NRPL2_intron11_rev: AGGAGGGACTACCCACAGCA

Rapamycin sensitivity assays

The indicated cancer cell lines were seeded in 96 well plates (Corning).
Rapamycin, (0.4 pM — 4 uM), was added 24 hours post-seeding, and DMSO was
used as the control. Cell viability was measured 4 days after drug addition with
CellTiter Glo luminescent viability assay (Promega). Readings were normalized
to the untreated cells and |Cs; values calculated with Prism 5 (Graphpad). All

assays were performed in triplicate.

Cell proliferation assays

On day minus 1 of the assay, 1,000,000 MRKNU1 cells were
electroporated using a Lonza Nucleofector Il following the manufacturers
recommendation (Buffer L, program L029) with pRK5-based cDNA expression
plasmids in the following amounts: 2.5 pg of FLAG-Metap2 and 2.5 ug of Empty
pRKS5; 5 ug FLAG-DEPDCS. On day 0, 40,000 electroporated cells were seeded
in a 12-well in 2 mL of the appropriate media. Cell numbers were counted on

subsequent days. At each time point, assays were repeated 3-9 times.
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Chapter 5

Future Directions and Discussion

Amino acids not only function as substrates for metabolic processes but
are key signaling molecules required for activation of the mTORC1 pathway.
Despite their essential roles, surprisingly little is known about how they are
sensed and stimulate mTORC1. The discovery that mTORC1 shuttles to the
lysosomal surface in response to amino acid-mediated activation of the Rag
GTPases represented a breakthrough in our understanding of mTORC1
regulation. It makes intuitive sense for mMTORC1 signaling to occur at the
lysosome since this organelle is the end point of many catabolic pathways, thus

allowing mTORC1 to assess the metabolic state of the cell.

The findings presented in this thesis make significant contributions to our
mechanistic understanding of how amino acids are sensed by this pathway. The
discovery of Ragulator, GATOR2 and GATOR1 not only represent the first
positive and negative regulators of the Rag GTPases, but also shed light on how
deregulation of amino acid sensing can underlie human disease. The
ineffectiveness of rapamycin as a broad cancer therapeutic has been partially
attributed to a lack of appropriate biomarkers for mTORC1-driven cancers. Our
discovery that GATOR1 deficient cancer cells are hypersensitive to rapamycin
portends its use as a biomarker to identify patients whose tumors may be
sensitive to rapamycin treatment. In the following section we discuss several

questions motivated by this work.
Why do the Rags function as heterodimers?

This is one of the most puzzling questions in the amino acid sensing field.
We can speculate that heterodimerization may afford this pathway a greater
degree of signal modulation. Canonical signal transduction pathways (growth
factor signaling, vesicular transport) rely on GTPases that exist in either an on
(GTP-bound) or off (GDP-bound) state, thus providing a switch-like mechanism
in response to an input. Joining two Rag GTPases together yields four different
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nucleotide-bound states, potentially extending their signaling dynamics from a
simple (i.e. on, off) system to a more nuanced one (i.e. partially on). While there
is overwhelming evidence that the nucleotide states of RagA and RagB take
precedence in regulating their interaction with mTORC1, the nucleotide states of
RagC and RagD must also be critical in regulating mTORC1 in order for the
above hypothesis to work. Studies in yeast reveal that the GTP-locked mutant of
GTR2 (RagC) inactivates the pathway regardiess of the nucleotide loaded state
of GTR1 (RagA) (7). The importance of RagC has also been observed in
mammalian cells, where the GTP mutant of RagB activates the pathway to the
greatest degree when expressed concomitantly with the RagC-GDP mutant (2).
At the mechanistic level we find that raptor strongly binds to GDP-loaded RagC
(in a Rag heterodimer) but not when RagC is bound to GTP (LBP, unpublished
data). Thus the strongest interaction between mTORC1 and Rags occurs when
RagA is GTP-bound and RagC is GDP-loaded. The other nucleotide states of the
Rags may interact with mTORC1 at different affinities, allowing the heterodimer

to function as a dimmer in its control of mTORCH1, rather than a switch.

These results imply that upstream regulatory factors that mediate the
amino acid signal such as GEFs and GAPs must also exist for RagC and RagD.
While there is little doubt that this will be the case, one potential form of
regulation that has been largely overiooked may come from within the Rag
heterodimer. Precedence for heterodimeric G proteins regulating the nucleotide
bound state of their partners comes from the signal recognition particle (SRP)-
SRP receptor (SR) system. SRP and SR function as GAPs for each other when
both are loaded with GTP, ensuring proper translocon docking (3). The recently
solved crystal structure of GTR1-GTR2 demonstrates that the G domain of GTR2
undergoes significant structural re-arrangements in its transition from the GTP to
GDP bound state. This resuits in the GTR2 G domain contacting the G domain of
GTR1 and hints at a possible regulation of one GTR (Rag) by the other (4, 5).
Solution of the crystal structure of GTR1 bound to GDP within the GTR1-GTR2
heterodimer and use of Rag” mutants that allow for Rag specific nucleotide
loading (6) will help test this hypothesis.
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How does the v-ATPase regulate the activity of Ragulator?

The identification of v-ATPase as a direct positive regulator of mTORC1
came as a surprise, as its role in lysosomal acidification is independent of its
function in amino acid sensing (7). The amino acid-dependent conformational
changes between Ragulator and the V1 domain of the v-ATPase offers some
insight into how this complex relays the amino acid signal. When cells are
starved of amino acids the V1 and Ragulator subunits strongly interact with each
other (7). This result can be mimicked with pharmacological inhibitors of the v-
ATPase that jam V1-VO0 rotation (8) and block mTORC1 signaling (7). Upon
amino acid stimulation, the V1-Ragulator interactions weaken, presumably
activating Ragulator GEF activity. How the tight interaction between Ragulator
and V1 inhibits the GEF activity is not clear, but it suggests that the physical
manipulation of Ragulator by V1 modulates Ragulator activity. Interestingly,
negative regulation of GEFs appears to be mediated through proteins that
stabilize autoinhibitory domains common to many GEFs (9-77), which may also
be found in Ragulator.

While stabilization of V1-Ragulator interactions imply an inhibitory role for
the v-ATPase, depletion of VO subunits inactivates the mTORC1 pathway,
proposing a bimodal function for this complex. Given the constitutively strong
binding between V0 and Ragulator, it is likely the VO domain will also be required
for activation of Ragulator. This model suggests that V1, in addition to being a
direct inhibitor of Ragulator, negatively regulates VO activation of Ragulator when
cells are starved for amino acids. Careful in vitro Ragulator GEF assays
incorporating highly purified v-ATPase complexes will delineate the precise

mechanisms the v-ATPase uses to control Ragulator.

Recent studies suggest that the hydrolytic activity of the v-ATPase,
responsible for VO-V1 rotation should be altered by the amino acid signal (7).
However v-ATPase activity in aggregate, as measured by lysosomal acidification,
does not change upon amino acid starvation or stimulation. While lysosome

acidification is a good proxy for ATP hydrolysis it by no means defines it.
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Moreover, a large fraction of v-ATPase complexes do not interact with Ragulator,
making the above results difficult to interpret in the context of amino acid
signaling. Ongoing studies directly measuring ATP hydrolysis by the Ragulator-
bound fraction of v-ATPase will likely shed light on this important question.

Is there a broader significance to the regulated interaction between Rags

and Ragulator?

We find that amino acid starvation strengthens the Rag-Ragulator
interaction, whereas stimulation weakens it, paralleling the change in the
nucleotide bound state of RagA/B from GDP to GTP. We interpret this change in
affinity as an outcome of the GEF activity of Ragulator towards RagA/B, which is
consistent with the poor interactions observed between GEFs and nucleotide-
bound versions of their cognate GTPases. The weakening of the Rag-Ragulator
interaction could expose an mTORC1-binding site on the Rags. Temptingly, it
could also reflect the reversible departure of the Rags from the lysosomal surface,
a cycle dependent on the nucleotide state of RagA and RagB. Why might the
Rags leave the lysosome? Perhaps the simplest explanation would be to retrieve
mTORC1 from the cytoplasm and return it back to its site of activation. How
mTORC1 transits to the lysosome remains unknown. Live-cell microscopy
suggests that mTORC1 does not shuttle to the lysosome along actin or tubulin
tracks. Furthermore, treatment of cells with the microtubule depolymerizing drug
nocodazole, does not perturb mTORC1 activation by amino acids (LBP and RZ,
unpublished results). While mTORC1 could associate with lysosomal
membranes through Brownian motion, the speed with which mTORCA1
translocates to the lysosome argues for a directed process rather than random
diffusion. Studies involving dynamic live cell imaging will be essential in
elucidating whether the Rags leave the lysosomal surface to capture mTORCA1

upon amino acid stimulation.

How does GATORZ2 regulate GATOR1?
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Genetic interaction mapping reveals that GATORZ2 is an upstream inhibitor
of GATOR1. The weakening of the interaction between Rags and GATOR1 after
amino acid stimulation, is consistent with many potential mechanisms for its
inhibition by GATOR2. One possibility is that GATOR2 simply prevents the
interaction between GATOR1 and the Rags, protecting them from GTP
hydrolysis. Another possibility is that GATOR2 directly inhibits GATOR1 GAP
activity by mimicking other inhibitors of GAPs. Fortunately, both of these
scenarios are easy to test. Spatial regulation might also be employed by
GATOR2 to ferry GATOR1 away from lysosomes. This idea is consistent with the
spatial regulation of TSC2 by growth factors (72) and is plausible given that the
COPII coat protein Sec13 is a member of GATOR2.

Is there cross-talk between the v-ATPase-Ragulator and GATOR branches?

A major question stemming from this work is how Rag activating and
inactivating pathways are coordinated. Preliminary experiments using
pharmacological inhibitors of the v-ATPase in GATOR1-deficient cells revealed
that mMTORC1 was still insensitive to amino acid regulation, the same result
obtained in cells expressing the GTP-mutant of RagA. This finding suggests that
GATOR1 and the v-ATPase-Ragulator branch either function in parallel
pathways to regulate the Rags or that GATOR1 lies downstream of v-ATPase-
Ragulator. We favor the former possibility, as these parallel mechanisms of
regulation are often encountered in other GTPase networks such as those of Ras
and Arf (714). The persistent mTORC1 activity upon v-ATPase inhibition is the
consequence of the slow rate of GTP hydrolysis of RagA/B in cells lacking
GATORH1, dispensing the need for activation by Ragulator. Whether the amino
acid signal is split between the GATOR and v-ATPase-Ragulator or whether both
pathways are controlled by the same hierarchical amino acid sensor is the

subject of intense scrutiny.

Conclusions

215



At present, we have only begun to scratch the surface of the vast
mTORC1-signaling network. From a molecular perspective, the work described
here sheds light on one of the oldest eukaryotic signaling pathways. The onus
will now be to identify the amino acid sensor(s) that controls the lysosome based
signaling platform required for mTORC1 shuttling. By following a bottom up

approach it is likely that this question will be addressed in the years to come.

From a physiological perspective, mTOR catalytic inhibitors and the
generation of pathway spebiﬁc knockout mice promise to unravel both the cellular
and organismal programs under the control of mMTORC1. The genomic revolution
also ensures that many orphan diseases once lacking a defined molecular basis
will undoubtedly be linked back to this pathway. One can only anticipate what

new biology studying the mTORC1 pathway will reveal.
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