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NUTRIENT SENSING

SAMTOR is an S-adenosylmethionine
sensor for the mTORCI pathway
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mTOR complex 1 (mTORC1) regulates cell growth and metabolism in response to
multiple environmental cues. Nutrients signal via the Rag guanosine triphosphatases
(GTPases) to promote the localization of mTORC1 to the lysosomal surface, its site

of activation. We identified SAMTOR, a previously uncharacterized protein, which
inhibits mTORCI1 signaling by interacting with GATOR1, the GTPase activating protein
(GAP) for RagA/B. We found that the methyl donor S-adenosylmethionine (SAM)
disrupts the SAMTOR-GATOR1 complex by binding directly to SAMTOR with a
dissociation constant of approximately 7 uM. In cells, methionine starvation reduces
SAM levels below this dissociation constant and promotes the association of SAMTOR
with GATORY], thereby inhibiting mTORC1 signaling in a SAMTOR-dependent fashion.
Methionine-induced activation of mTORC1 requires the SAM binding capacity of SAMTOR.
Thus, SAMTOR is a SAM sensor that links methionine and one-carbon metabolism to

mTORCI1 signaling.

he mechanistic target of rapamycin com-

plex 1 (mTORCI) protein kinase is the cen-

tral component of a pathway that regulates

anabolic and catabolic processes in response

to environmental signals, including growth
factors and nutrients (7-3). Amino acids promote
the translocation of mTORCI to the lysosomal
surface, where its activator Rheb resides. This
localization depends on the heterodimeric Rag
GTPases, which consist of RagA or RagB bound
to RagC or RagD (4, 5).

The amino acid sensing pathway upstream
of mTORC1 is complicated, with several multi-
component complexes regulating the Rag hetero-
dimer, each likely conveying a distinct amino acid
input. GATOR1 and FLCN-FNIP are GAPs for
RagA/B and RagC/D, respectively (6, 7), whereas
Ragulator tethers the Rags to the lysosomal sur-
face and also has nucleotide exchange activity
(8, 9). The KICSTOR complex binds GATOR1 and
recruits it to the lysosome, and, like GATOR], is
necessary for amino acid starvation to inhibit
mTORCI signaling (7, 10, 11). The molecular func-
tion of GATOR2 is unknown, but it is required
for pathway activity and might act upstream of
GATORI1 (7).

Leucine and arginine are well-established
activators of mMTORCI signaling, and recent work
has shed light on the molecular mechanisms in-
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volved. The lysosomal transmembrane protein
SLC38A9 interacts with Ragulator (712-14) and is
alysosomal arginine sensor (75), whereas Sestrin2
and CASTORI are cytosolic leucine and arginine
sensors, respectively, that bind to and inhibit
the function of GATOR2 in the absence of their
cognate amino acids (16-19). Whether, and how,
other amino acids affect mTORC1 signaling is
unclear.

To search for proteins that bind to GATOR1 or
KICSTOR, we mined the BioPlex protein-protein
interaction database generated by immuno-
precipitation followed by mass spectrometry
of more than 5000 proteins stably expressed in
human embryonic kidney (HEK)-293T cells (20).
This analysis revealed C7orf60, a previously un-
studied protein, as a putative interaction partner of
all known components of GATOR1 (Depdc5, Nprl3,
Nprl2) and KICSTOR (Kaptin, ITFG2, C120rf66,
SZT?2). For reasons described below, we renamed
C7orf60 as SAMTOR (S-adenosylmethionine sen-
sor upstream of mTORCI).

Using an antibody against SAMTOR to probe
anti-FLAG immunoprecipitates prepared from
cells having endogenously Flag-tagged compo-
nents of GATOR1 (Depdc5) or GATOR2 (WDR59)
or stably expressing a KICSTOR component (Flag-
Kaptin), we verified that SAMTOR coimmuno-
precipitated with GATOR1 and KICSTOR, but not
GATOR2 (Fig. 1A). Moreover, transiently ex-
pressed SAMTOR coimmunoprecipitated with
endogenous GATOR1 and KICSTOR, as detected
by the presence of their Nprl3 and SZT2 compo-
nents, respectively. Loss of a component of GATOR1
or KICSTOR, but not of GATOR2, severely reduced
the interaction of SAMTOR with KICSTOR or
GATOR], respectively (Fig. 1B). Furthermore, overex-
pressed GATOR1 coimmunoprecipitated SAMTOR
only when KICSTOR was coexpressed (fig. S1A).
Thus, SAMTOR binds to the supercomplex of
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GATORI1 and KICSTOR, and both complexes are
required for the interaction to occur (Fig. 1C).

Orthologs of SAMTOR are encoded in the ge-
nomes of vertebrates and some invertebrates, such
as Drosophila melanogaster. We could not iden-
tify SAMTOR orthologs in Caenorhabditis elegans
or Saccharomyces cerevisiae (Fig. 1D).

To determine whether SAMTOR regulates
mTORCI signaling, we overexpressed SAMTOR
in HEK-293T cells and monitored the phospho-
rylation at Thr®®° of S6 kinase 1 (S6K1), a canonical
mTORCI substrate. SAMTOR expression suppressed
mTORCI signaling in a dose-dependent fashion
(Fig. 2A), establishing SAMTOR as a negative
regulator of the pathway. Amino acids activate
mTORCI by promoting its localization to the ly-
sosomal surface (4, 8). Consistent with SAMTOR
inhibiting the amino acid sensing pathway up-
stream of mTORCI, overexpression of green
fluorescent protein (GFP)-tagged SAMTOR dis-
placed mTOR from lysosomes to an extent sim-
ilar to that seen with GFP-Sestrin2, an inhibitor
of GATOR2 (21, 22) (Fig. 2B).

To position the SAMTOR function within the
mTORCI pathway, we performed epistasis ex-
periments with established mTORCI1 regulators.
Overexpression of SAMTOR inhibited mTORC1
signaling when coexpressed with the wild-type
RagA and RagC heterodimer, but not with the
constitutively active mutant heterodimer (RagA
Q66L and RagC S75N) that bypasses the require-
ment for amino acids for maintaining mTORC1
activity (Fig. 2C) (4, 5). In addition, SAMTOR did
not inhibit mTORCI signaling in cells lacking
either a GATORI or KICSTOR component. Thus,
SAMTOR acts upstream of the Rag GTPases
and requires GATORI and KICSTOR to inhibit
mTORCI signaling (Fig. 2D). In combination
with the interaction data, these results are con-
sistent with SAMTOR promoting the function
of GATOR1 and/or KICSTOR, which are both
negative regulators of mTORCI signaling.

Sequence analyses predict that SAMTOR con-
tains a class I Rossmann fold methyltransferase
domain (Fig. 3A and fig. S2) (23). These domains
are known to bind S-adenosylmethionine (SAM)
and exist in methyltransferases in bacteria, ar-
chaea, and eukaryotes (24). To determine whether
SAMTOR binds SAM, we developed an equilib-
rium binding assay based on one we used to
detect the binding of leucine to Sestrin2 (16) and
determined that SAMTOR binds SAM with a dis-
sociation constant of approximately 7 uM (Fig. 3B).
A competition binding assay revealed that, as
with other SAM-binding proteins, SAMTOR can
also bind S-adenosylhomocysteine (SAH), the
demethylated form of SAM (Fig. 3B).

Given these findings, we asked whether SAM
and SAH regulate the interaction of SAMTOR
and GATORI1-KICSTOR. Indeed, SAM and SAH,
but not methionine, homocysteine, adenosine,
5-methylthioadenosine, leucine, or isoleucine, dis-
rupted the interaction when added directly to
the immunopurified complex kept at 4°C (Fig. 3,
C and D). Thus, SAM disrupts the interaction
between SAMTOR and GATOR1-KICSTOR anal-
ogously to how leucine and arginine induce the
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Fig. 1. SAMTOR interacts with GATOR1 and KICSTOR. (A) GATOR1 and KICSTOR, but not GATOR2,
coimmunoprecipitate SAMTOR. FLAG immunoprecipitates (IP) were prepared from HEK-293T cell lines
that stably expressed FLAG-tagged metap2 or Kaptin, or had endogenously FLAG-tagged Depdc5 or
WDR59. FLAG immunoprecipitates and lysates were analyzed by immunoblotting for the indicated proteins.
FLAG-metap2 served as a negative control. Depdc5 and Nprl3, WDR59 and WDR24, and Kaptin and

SZT2 were used as representative components of the GATOR1, GATOR2, and KICSTOR complexes,
respectively; Raptor was used as a loading control. Short or long exposure indicates relative blot exposure
times. (B) SAMTOR coimmunoprecipitates GATOR1 and KICSTOR, and the interaction requires both GATOR1
and KICSTOR but not GATOR2. FLAG immunoprecipitates were prepared from wild-type, Nprl3-deficient, SZT2-

deficient, or WDR24-deficient HEK-293T cells transiently expressing the indicated cDNAs. FLAG immunoprecipitates
and lysates were analyzed as in (A). (C) Model showing how SAMTOR interacts with GATOR1 and KICSTOR.
(D) Presence or absence of gene orthologs of SAMTOR in several model organisms.

release of Sestrin2 and CASTORI1 from GATOR2,
respectively (16, 19). Given that SAH has the
same effect, it is unlikely that a methylation
event is required for SAM to dissociate SAMTOR
from GATORI1-KICSTOR.

Mutagenesis of highly conserved residues in
human SAMTOR yielded two mutants, Gly'”> —
Ala (G172A) and Asp™®® — Ala (D190A), that no
longer bound SAM (Fig. 3E and fig. S2, A and B).
These mutants coimmunoprecipitated greater
amounts of endogenous GATOR1 and KICSTOR
than did wild-type SAMTOR, and the purified
complexes were insensitive to SAM in vitro (Fig.
3F). Moreover, these mutants inhibited mTORC1
signaling comparably to wild-type SAMTOR,
despite their lower expression (Fig. 3G). Thus,
SAMTOR must be able to bind SAM for SAM to
disrupt the interaction of SAMTOR with GATORI-
KICSTOR. In contrast, SAMTOR does not have
to bind SAM to inhibit mTORC1 signaling, in-
dicating that this function of SAMTOR does not
require a methylation event.

Because SAM and SAH disrupt the interaction
of SAMTOR with GATORI-KICSTOR in vitro, we
sought to determine whether this is also true in
cells. The enzyme methionine adenosyltrans-
ferase (MAT) synthesizes SAM from adenosine
triphosphate and methionine, an essential amino
acid, so that starvation for methionine should
lower SAM levels, as has been observed in other
systems (25, 26). Indeed, SAM concentrations
in HEK-293T cells decreased upon methionine
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starvation, falling from above the dissociation
constant of SAMTOR for SAM to below it (Fig.
4A). In contrast, in both methionine-replete and
starved cells, SAH concentrations were lower than
the K; of SAMTOR for SAH (Fig. 4A), making it
unlikely that SAH is a physiologically relevant
modulator of the binding of SAMTOR to GATORI1-
KICSTOR. Consistent with the effects of SAM on
the interaction between SAMTOR and GATORI-
KICSTOR in vitro, methionine starvation strongly
increased this interaction in cells. The addition to
methionine-starved cells of either methionine
or SAM, which can enter cells when used at high
concentrations, reduced the interaction to base-
line levels (Fig. 4B).

Methionine starvation weakened the interac-
tion between GATOR1 and GATOR2 in a SAMTOR-
dependent fashion, whereas methionine addition
restored the interaction to normal levels (fig.
S3, A and B). Additionally, in a dose-dependent
manner, SAMTOR overexpression was sufficient
to disrupt the interaction between GATORI and
GATOR2 (fig. S3, C and D).

Given that SAMTOR is an inhibitor of mMTORC1
signaling and methionine starvation promotes
the interaction between SAMTOR and GATORI-
KICSTOR, we hypothesized that methionine star-
vation would also inhibit mTORC1 signaling.
Indeed, in multiple cell types, methionine starvation
inhibited mTORCI1 signaling in a SAMTOR-
dependent fashion, as measured by the phos-
phorylation of the mTORC1 substrates S6K1 at
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Thr®®® and 4E-BP1 at Ser®® (Fig. 4C and fig. S4,
A to C). In contrast, loss of SAMTOR did not pre-
vent the inhibition of mTORC1 signaling caused
by withdrawal of leucine, arginine (Fig. 4D), or
growth factors (fig. S4D).

Consistent with the effects of SAMTOR over-
expression (Fig. 2B), methionine starvation also
reduced the colocalization of mTOR with lyso-
somes in wild-type but not SAMTOR-null cells
(Fig. 4E). Furthermore, reexpression of wild-type
SAMTOR, but not a SAM binding-deficient mu-
tant, restored the capacity of the mTORCI pathway
to sense methionine in the SAMTOR-null HEK-
293T cells (Fig. 4F). Methionine starvation partially
reduced SAMTOR levels in a proteasome-dependent
manner (Fig. 4, B, C, and F, and fig. S4D), but this
degradation was not required for mTORCI1 to
respond to methionine starvation (fig. S4E).

As in mammalian cells, dTOR signaling in
Drosophila S2R+ cells also responds to environ-
mental methionine and leucine levels, as detected
by the phosphorylation of dS6K at residue Thr**®
(Fig. 4G). Using double-stranded RNA (dsRNA)-
induced RNA interference, we found that knock-
down of dSamtor (encoded by the gene CG3570),
but not of dSesn, prevented inhibition of dTOR
signaling by methionine starvation (Fig. 4G and
fig. S4F). However, the dsRNA targeting dSesn
did prevent inhibition of dTOR by leucine star-
vation. Thus, the fly orthologs of SAMTOR and
Sestrin2 have conserved roles in methionine and
leucine sensing, respectively.
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Fig. 2. SAMTOR is a negative regulator of mTORCI signaling that acts
upstream of the Rag GTPases, GATOR1, and KICSTOR. (A) Transient
overexpression of SAMTOR inhibits mTORC1 signaling. FLAG immuno-
precipitates were prepared from HEK-293T cells transfected with 2 ng
of FLAG-S6K1 cDNA along with either hemagglutinin (HA)-tagged
metap2 cDNA or increasing amounts of HA-SAMTOR cDNA. FLAG
immunoprecipitates and cell lysates were analyzed by immunoblotting
for the phosphorylation states and levels of the indicated proteins.

(B) Overexpression of GFP-SAMTOR displaces mTOR from lysosomes,
similar to the effect of GFP-Sestrin2. Wild-type HEK-293T cells transiently
expressing GFP-metap2, GFP-SAMTOR, or GFP-Sestrin2 were processed

Transfected FLAG-S6K1 &
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for immunofluorescence detection of mTOR and the lysosomal marker
LAMP2. In all images, insets represent selected fields magnified 5.12x

as well as their overlays. Scale bar, 10 um. (C) SAMTOR functions upstream
of the Rag GTPases to regulate the mTORC1 pathway. HEK-293T cells
expressing the indicated cDNAs were starved of amino acids for

50 min or starved and restimulated with amino acids for 10 min. FLAG
immunoprecipitates and cell lysates were analyzed as in (A). (D) SAMTOR
functions upstream of GATOR1 and KICSTOR. FLAG immunoprecipitates
and cell lysates prepared from wild-type, Nprl3-deficient, or SZT2-
deficient HEK-293T cell lines expressing the indicated cDNAs were
analyzed as in (A).

Our results show that SAMTOR is required
for the mTORCI pathway to detect changes in
methionine levels and that this function requires
its capacity to bind SAM. Moreover, the addition
of SAM to methionine-starved cells reactivated
mTORCI signaling (Fig. 4H), indicating that it
is the drop in SAM levels that mediates the in-
hibitory effects of methionine restriction on
mTORCI. Given these findings, we predicted
that the loss of methionine adenosyltransferase
(MAT2A) would prevent mTORCI1 from sensing
methionine by blocking its conversion to SAM.
Because MAT2A is essential in human cells (27, 28),
we generated a doxycycline-repressible system in
order to acutely suppress MAT2A expression (29).
Consistent with SAMTOR sensing SAM rather
than methionine directly, the loss of MAT2A
greatly attenuated the capacity of mTORCI1 to
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sense methionine while leaving its activation
by SAM largely intact (Fig. 4H).

Several properties of SAMTOR suggest that it
functions as a SAM sensor that signals methionine
sufficiency to mTORCI (Fig. 41): (i) SAMTOR binds
SAM with an affinity that is compatible with the
drop in intracellular SAM concentrations caused
by methionine starvation, (ii) SAMTOR is required
for methionine starvation to inhibit mTORC1
signaling, and (iii) SAMTOR mutants that do
not bind SAM cannot signal methionine suf-
ficiency to mTORCI. Because SAM levels can be
affected by the availability of folate, betaine, and
vitamin B;,, SAMTOR may also link mTORC1 sig-
naling to the availability of these metabolites (30).

The Rag GTPase pathway senses and integrates
the presence of multiple amino acids upstream
of mTORCI (4, 8). Sestrinl and Sestrin2 detect
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leucine, whereas CASTOR1 and SLC38A9 sense cy-
tosolic and lysosomal arginine, respectively (16, 19).
In contrast to the Sestrins and CASTOR1, which
bind to GATOR2, SAMTOR interacts with GATOR1-
KICSTOR. Our genetic data suggest that SAMTOR
potentiates GATORI1 function through an un-
known mechanism that may involve disruption
of the binding of GATOR1 to GATOR2. The in-
teraction between SAMTOR and GATORI re-
quires KICSTOR, which may reflect either a
composite binding site or the requirement for
KICSTOR to localize GATORTI to the lysosomal
surface. In addition, structural information will
be needed if we are to understand how the
binding of SAM to SAMTOR disrupts its inter-
action with GATOR1 and KICSTOR.

Unlike leucine and arginine, which directly
bind sensors upstream of mTORCI, methionine
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Fig. 3. S-adenosylmethionine binds SAMTOR to disrupt its interaction
with GATORI1 and KICSTOR. (A) Schematic of the human SAMTOR

protein indicating the class | Rossmann fold methyltransferase domain.
Shown is an alignment of partial sequences of this domain from SAMTOR in
indicated species. Amino acid positions are colored from white to blue in order
of increasing sequence similarity. Orange dots denote the Gly*’? and Asp**°
residues of human SAMTOR. (B) SAMTOR binds SAM and SAH. Purified
FLAG-SAMTOR protein was analyzed by SDS-polyacrylamide gel electro-
phoresis followed by Coomassie blue staining. Binding assays were performed
with purified FLAG-SAMTOR incubated with the indicated concentrations of
[PH]SAM, unlabeled SAM, or SAH. Values for each point are means * SD of
three technical replicates from one representative experiment. The experiment
was performed twice. (C) SAM and SAH disrupt the interaction of SAMTOR
with GATORL in vitro. FLAG immunoprecipitates were prepared from
endogenously FLAG-tagged Depdc5 HEK-293T cells. SAM and SAH were
added directly to the immunoprecipitates at the indicated concentrations.
FLAG immunoprecipitates and cell lysates were analyzed by immunoblotting
for the levels of the indicated proteins. (D) The interaction between SAMTOR
and GATOR1 is disrupted by 100 uM SAM or SAH, but not by 1 mM methionine,
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homocysteine, adenosine, 5-methylthioadenosine, leucine, or isoleucine.

The experiment was performed and analyzed as in (C). (E) Wild-type
HA-SAMTOR, but not HA-SAMTOR G172A or D190A, binds SAM. HA-tagged
wild-type and mutant SAMTOR proteins were prepared from HEK-293T cells
expressing the indicated cDNAs, and binding assays were performed as in
(B). A representative experiment is shown; values are means * SD of three
technical replicates. Two-tailed t tests were used for comparisons between two
groups. *P < 0.001; ns, not significant. The experiment was repeated three
times. (F) HA-SAMTOR G172A and D190A coimmunoprecipitate more
endogenous GATOR1 and KICSTOR than does wild-type SAMTOR, and the
interactions are insensitive to SAM added in vitro. HA immunoprecipitates
and cell lysates were prepared from HEK-293T cells transiently expressing
wild-type HA-SAMTOR or its mutants G172A or D190A. SAM was added

to the immunoprecipitates where indicated. HA immunoprecipitates and cell
lysates were analyzed as in (C). (G) HA-SAMTOR G172A and D190A inhibit
mTORC1 activity to similar extents as wild-type SAMTOR. FLAG immuno-
precipitates were prepared from HEK-293T cells transfected with the indicated
cDNAs. FLAG immunoprecipitates and cell lysates were analyzed by immuno-
blotting for the phosphorylation states and levels of the indicated proteins.
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Fig. 4. SAMTOR senses SAM to signal methionine sufficiency to mTORC1.
(A) HEK-293T cells were incubated with or without methionine for 2 hours before
sample preparation for liquid chromatography/mass spectrometry (LC/MS)—
based measurements of the absolute amounts of the indicated metabolites. The
dissociation constant K4 of SAMTOR for SAM is indicated. (B) Methionine
starvation increases the interaction between SAMTOR and GATORL. HEK-293T
cells transiently expressing HA-tagged metap2 or SAMTOR were kept in growth
medium (RPMI) or starved of methionine for 2 hours (-Met) and then
restimulated for 20 min with 100 uM methionine (+Met) or 1 mM SAM

(+SAM). HA immunoprecipitates and cell lysates were analyzed by immuno-
blotting for the levels of the indicated proteins. (C) In SAMTOR-depleted cells, the
mTORC1 pathway is resistant to methionine starvation. HEK-293T cells stably
coexpressing Cas9 and the indicated guides were incubated in media with or
without methionine for 2 hours. Cell lysates were analyzed by immunoblotting for
the phosphorylation states and the levels of the indicated proteins. (D) The loss of
SAMTOR does not affect the sensitivity of the mTORC1 pathway to leucine or
arginine starvation. SAMTOR-deficient HEK-293T cells with or without
FLAG-SAMTOR expression were starved of the indicated amino acid for

2 hours. Cell lysates were analyzed as in (C). (E) In cells without SAMTOR,
mTOR colocalizes with lysosomes even upon methionine starvation. SAMTOR-
deficient or control HEK-293T cells were treated as indicated for 2 hours before
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raptor NS Ses s SN aen e B -

long
exposure

lysosomal
membrane

SLC38A9

processing for immunofluorescence detection of MTOR and the lysosomal
marker LAMPZ2. In all images, insets represent selected fields magnified

3.07x as well as their overlays. Scale bar, 10 um. (F) Reexpression in
SAMTOR-null cells of wild-type SAMTOR, but not the SAM-binding G172A
mutant of SAMTOR, restored the capacity of the mTORCI1 pathway to sense
methionine sufficiency. SAMTOR-null cells were transfected with the indicated
cDNAs and the cells were treated as in (C) before preparing lysates and FLAG
immunoprecipitates. FLAG immunoprecipitates and cell lysates were
analyzed as in (C). (G) In Drosophila S2R+ cells depleted of dSamtor or
dSesn, the dTOR pathway is resistant to methionine or leucine starvation,
respectively. S2R+ cells were transfected with dsRNAs targeting the indicated
mRNAs and starved of the indicated amino acids for 1 hour. Cell lysates were
analyzed as in (C). (H) Acute loss of MAT2A using a doxycycline-suppressible
(dox-off) system attenuates the capacity of mTORCL to sense methionine but
leaves SAM signaling largely intact. MAT2A dox-off HEK-293T cells were treated
with doxycycline (30 ng/ml) for 50 hours before starving them as in (C). Cell
lysates were analyzed as in (C). (I) Model depicting how SAM sensing by
SAMTOR signals methionine levels to mTORCL. Substrates receiving a methyl
group from SAM include DNA, RNA, proteins, and phospholipids. N>-me-THF, N°-
methyl-tetrahydrofolate; DMG, dimethylglycine; Pi, inorganic phosphate;

PPi, pyrophosphate.
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is sensed indirectly through SAM. SAM is a
central metabolite required for most methylation
reactions, including that of DNA (31), histones
(25, 30), and phospholipids (32), and our work
highlights its additional role as a signaling mol-
ecule. Whereas S. cerevisiae does not have a
SAMTOR homolog, the yeast TOR pathway does
sense methionine through the regulated methyl-
ation of the PP2A family of phosphatases (33).

In metazoans, the mTORCI1 pathway senses
multiple amino acids, which suggests that these
nutrients were, at times, scarce during their evo-
lution. Two inferences can be drawn from the
existence of SAMTOR: (i) SAM can become lim-
iting in certain nutritional states, and (ii) mod-
ulation of mTORCI under these conditions is
beneficial for maintaining organismal homeosta-
sis. Indeed, diets low in methionine reduce tissue
SAM levels, improve insulin sensitivity, and ex-
tend lifespan in mice and rats (34-38). It is in-
triguing to speculate that these benefits might
be mediated in part via the SAMTOR-dependent
inhibition of mTORC]I, which is well appreciated
for its impact on glucose metabolism and the
aging process (7). Given that SAMTOR has a SAM-
binding pocket, it may be possible to modulate
SAMTOR function pharmacologically.
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