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In my PNAS Inaugural Article, I describe the development of the
mTOR field, starting with efforts to understand the mechanism of
action of the drug rapamycin, which ∼25 y ago led to the discovery
of the mTOR protein kinase. I focus on insights that we have con-
tributed and on work that has been particularly influential to me,
as well as provide some personal reflections and stories. We now
appreciate that, as part of two distinct complexes, mTORC1 and
mTORC2, mTOR is the major regulator of growth (mass accumula-
tion) in animals and is the key link between the availability of
nutrients in the environment and the control of most anabolic
and catabolic processes. Nutrients signal to mTORC1 through the
lysosome-associated Rag GTPases and their many regulators and
associated cytosolic and lysosomal nutrient sensors. mTOR signal-
ing is deregulated in common diseases, like cancer and epilepsy,
and mTORC1 is a well-validated modulator of aging in multiple
model organisms. There is significant excitement around using
mTORC1 inhibitors to treat cancer and neurological disease and,
potentially, to improve healthspan and lifespan.
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It is hard to believe that it has been almost 25 y since I developed
the silver-stained gel showing I had purified mTOR. At the time,

I was an MD-PhD student in Solomon H. Snyder’s laboratory at
the Johns Hopkins Medical School, and I had no idea that mTOR
would become a quasi-obsession for me and that I would still be
working on it to this day. Nor would I have believed that the
mTOR pathway would receive the recognition it has and even-
tually even be derided for “doing everything.” In fact, when I
started my laboratory at the Whitehead Institute andMassachusetts
Institute of Technology (MIT), I was advised to stop working on
mTOR—advice that I seriously considered, but ultimately ig-
nored because I did not know how to do anything else.
We now appreciate that the mTOR protein kinase is the key to

answering one of the central questions in biology: How do organ-
isms regulate their growth (mass accumulation) and coordinate it
with the availability of nutrients? mTOR, as the catalytic subunit of
two distinct protein complexes, mTORC1 and mTORC2, is the
major regulator of growth in animals and controls most anabolic
and catabolic processes in response to nutrients and nutrient-
induced signals, like insulin (Fig. 1). As such, it plays critical roles
in physiology, metabolism, and aging, and is deregulated in common
diseases, including cancer and epilepsy (reviewed in ref. 1). Phar-
macological and genetic data show that inhibition of mTORC1
increases lifespan in multiple model organisms, making it the best-
validated aging regulator, and raising the tantalizing possibility that
suppressing it might promote healthspan and longevity in humans.
mTOR inhibitors are already used as immunosuppressive and an-
ticancer agents in the clinic and are in development for many more
indications, including the rejuvenation of tissues such as the im-
mune system (2).
I decided to use my PNAS Inaugural Article to write about the

development of the mTOR field and to provide some personal

recollections that highlight work that has been particularly in-
fluential to me. I suppose one writes such pieces when one has
been around for a while. This appears to be the case, even
though I am still surprised when someone refers to me as senior
or I am asked by young scientists to talk about my career.
In the fall of 1992, I went to see Sol Snyder about a thesis

project. I remember the meeting well, as I would meet with Sol
one-on-one very few times during my time in his laboratory. Sol sat
in a comfy office chair in the balled-up way that those of us in his
laboratory found impossible to mimic, and he was quiet, knowing
the power of silence (we assumed it was a trick he learned during
his psychiatry training). I was nervous and blurted out that I
wanted to talk about potential projects. After a bit, he said, “Well,
David, we work on the brain.” That seemed like a great start, as I
wanted to do neuroscience, but then more silence followed, and, as
I was to learn, that meant the conversation was over. I left un-
settled because the brain was obviously a big topic, meaning I was
project-less. That conversation though was likely the most impor-
tant scientific interaction of my career, as Sol was giving me the
freedom to do whatever I wanted, which allowed me to develop my
own research direction at a relatively young age. I never did end up
working on the brain, but I do take some comfort in having orig-
inally purified mTOR from brains.
At that time, others in the laboratory were studying the effects

of the immunosuppressant FK506 on neurons and using a
structurally related molecule, rapamycin, as a negative control.
We were fortunate to have rapamycin because, back then, it was
not commercially available, and Sol had obtained it from Suren
N. Sehgal at Wyeth-Ayerst (Fig. 2A). Sehgal—widely considered
the father of rapamycin and its unrelenting champion until his
death in 2003—had purified the compound in 1975 from bacteria
found in soil collected on Easter Island (3). Sehgal had very kindly
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sent us a large amount, but just as importantly, he had also sent a
book titled “Rapamycin Bibliography” with a little note wishing
us luck. That book became my inspiration. It consisted mostly
of abstracts describing the remarkable antifungal, immunosup-
pressive, and anticancer effects of rapamycin. It was clear that
rapamycin inhibited the proliferation of a wide variety of cells
ranging from lymphocytes and cancer cells to various species of
yeast and preferentially delayed the G1 phase of the cell cycle
(3–5). I had just finished the first 2 y of medical school and had
learned how the immunosuppressant cyclosporin A was revolu-
tionizing organ transplantation. At that point, I still thought I was
going to be a practicing physician, so the medical applications of
rapamycin were exciting to me and inspired me to determine how
rapamycin works.
Early insights into the mechanism of action of rapamycin came

from the finding that FK506 and rapamycin inhibit different as-
pects of immune cell function and antagonize each other when
given at the same time, suggesting that, despite their structural

similarity, they have distinct targets (6–8). Stuart L. Schreiber made a
major advance when he discovered that FK506 and rapamycin bind
to the same site on FKBP12 (8), the founding member of the FKBP
family of immunophillins (proteins that bind immunosuppressants).
He proposed that both molecules act through a gain-of-function
mechanism in which FKBP12–FK506 and FKBP12–rapamycin bind
to distinct protein targets. Soon thereafter, he found that FKBP12–
FK506 inhibits the phosphatase Calcineurin, which dephosphorylates
and hence activates the T-cell transcription factor NFATc, and thus
explained the cell biological and signaling effects of FK506 (9).
We had a saying in the Snyder laboratory that you could not

purify what you did not know existed, which meant I needed an
assay to detect the target of FKBP–rapamycin during its purifi-
cation. Sol had pioneered the use of radiolabeled ligands to
characterize neurotransmitter receptors, and a senior student,
David S. Bredt, had recently purified nitric oxide synthase using
an assay containing labeled arginine to track its activity (10, 11).
Radioactivity-based assays being on my mind, I made versions of
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Fig. 1. (A and B) Established components of mTORC1 (A) and mTORC2 (B). (C) Schematic showing the signals sensed by mTORC1 and mTORC2 and the
processes they regulate to control growth.

Fig. 2. (A) Photograph of Suren Sehgal, the father of rapamycin. (B) Photographs of the discoverers of mTOR and TOR1/2. (B, Upper) Robert T. Abraham
(Left), David M. Sabatini (Center), and Stuart L. Schreiber (Right). (B, Lower) Michael N. Hall (Left) and George P. Livi (Right). Ajai Sehgal kindly provided the
photograph of Suren Sehgal.
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FKBP12 and FKBP25 (which because of its high affinity for
rapamycin was also considered a potential mediator of its ef-
fects) that I could label with radioactive phosphate. I mixed the
labeled proteins with tissue extracts, added a chemical cross-
linker, and analyzed the samples by SDS/PAGE and autoradi-
ography, the hope being that the small FKBP proteins would
migrate at higher molecular weights when they became cross-
linked to a protein target(s) in the presence of rapamycin. At
first, I found nothing, but after I diluted and fractionated brain
extracts, I was able to cross-link, in a rapamycin-dependent
fashion, FKBP12, but not FKBP25, to two proteins that clearly
cofractionated with each other: a large one I named RAFT1
(rapamycin and FKBP12 target 1) and a smaller one I called
RAFT2. I never obtained sufficient amounts of RAFT2 to
identify it, but I did manage to purify enough RAFT1 for our
collaborator Paul Tempst to sequence—a nontrivial task in those
days—several peptides derived from it, which enabled me to
eventually clone its ∼9-kb cDNA (12). Around the same time,
Stuart Schreiber identified the same protein, and named it
FRAP (FKBP–rapamycin associated protein) (13), as we both
wanted to emphasize that it bound rapamycin only in the pres-
ence of FKBP12. A few months later, Robert T. Abraham also
reported the same protein, and called it mTOR (14), the name
that, after some haggling and back and forth with the HUGO
Gene Nomenclature Committee, most of us now use.
Abraham coined the mTOR name because sequence analysis

showed that RAFT1/FRAP/MTOR shares homology, particu-
larly in its kinase domain, to the proteins encoded by the TOR1/
DRR1 and TOR2/DRR2 genes of budding yeast discovered about
a year earlier by Michael N. Hall and George P. Livi, working
independently. While Schreiber, Abraham, and I had taken a
biochemical approach to identify the physical target of rapamy-
cin, Hall and Livi had used genetics to identify genes that impact
the rapamycin sensitivity of yeast. Consistent with Schreiber’s
gain-of-function model, they found in genetic screens that loss of
the yeast homolog of FKBP12 made cells resistant to rapamycin
(15, 16). In the same paper, Hall also reported two additional
rapamycin-resistant mutants that he called TOR1 and TOR2
(target of rapamycin 1 and 2) (16), and he went on to isolate and
sequence the TOR2 gene (17), the first TOR gene identified in any
system, followed soon thereafter by his characterization of TOR1
(18). Livi also discovered the same genes, but called them DRR1
and DRR2 (dominant rapamycin resistance 1 and 2) (19). That
biochemical and genetic studies in distinct systems converged on
clearly homologous gene products gave great confidence that
mTOR/TOR was the pharmacologically relevant target of rapa-
mycin and laid the foundation for much of the work that followed.
Fig. 2B contains photographs of those who discovered mTOR
and TOR1/2.
It is unfortunate that Livi is rarely recognized for his early

contributions to the TOR field, perhaps because his names for
TOR1 and TOR2 did not become popular. I recently had the
pleasure of speaking with him—the first time we have interacted—
and enjoyed hearing about his early efforts at SmithKline Beecham
to understand the mechanism of action of rapamycin. Hall con-
tinues to be a pioneer of the field, and I am happy to consider him
a friend and gracious colleague. In 2001, we co-organized in the
south of France the first meeting focused on mTOR/TOR and
repeated it every few years for >10 y. These meetings led to many
collaborations and memorable adventures, including one where
Hall and I became lost in a forest and a search party was dis-
patched, but not before I had an unfortunate encounter with an
electric fence.
During my early work on mTOR, I was clueless about scien-

tific competition and politics, and I am not sure I would have
pursued the purification of mTOR had I known Schreiber was
doing so as well. Anyone even a bit sophisticated would have
known that his laboratory was seeking the rapamycin target, but

it did not even cross my mind, and in retrospect, I was fortunate
that our respective papers on mTOR were published at the same
time. In fact, I did not even realize anyone else had also dis-
covered mTOR until a journalist who was writing a story about
our in-press paper faxed us a copy of Schreiber’s embargoed
paper. I immediately sent Schreiber our paper, and we eventually
spoke by phone, and he invited me to visit his laboratory at
Harvard, memorably saying that if he was in town he was in the
laboratory. When I asked where to meet, he said that if I walked
around the Harvard Sciences area, I would find a Porsche and
that I should knock on the nearby door. That July 4th, I was in
Cambridge visiting my brother Bernardo, who is a neuroscientist,
and we found the Porsche and the door and spent several fas-
cinating hours with Schreiber hearing about his work. We left in
awe and I remember thinking it was crazy to compete against
Schreiber. Over the years, we have kept in touch, and I have
served on the thesis committees of several of his students, and we
now see each other frequently, as our laboratories are across the
walkway that separates the Whitehead and Broad Institutes.
Over the years, I have also gotten to know very well Abraham,

who went on to study how mTOR signals to downstream effec-
tors and played a key role in translating the basic science of
mTOR to the clinic. Other than once trying to exhaust me to
death by cajoling me into my first and thankfully last cross-
country skiing experience, he is among the kindest scientists I
know, and has given me generous advice and support literally
from the time I was in graduate school until now.
In parallel with efforts to identify the target of rapamycin, many

laboratories were trying to understand its function by studying how
rapamycin inhibits cell proliferation. Very early studies into the
mechanism of rapamycin toxicity in the pathogenic yeast Candida
albicans showed that rapamycin suppresses various metabolic
processes, including protein synthesis (20). Subsequent work in
human cells by John Blenis, George Thomas, Erwin W. Gelfand,
and others showed that rapamycin inhibits the phosphorylation of
the ribosomal protein S6 and the initiation of mRNA translation,
establishing mTOR as a central regulator of anabolic metabolism
and mass accumulation at the cellular level (21–25). These studies,
particularly the one from Gelfand in 1995 (25), showed that
rapamycin inhibits proliferation as a secondary consequence of
reducing protein synthesis and growth, thereby demonstrating that
mTOR controls cell size independently of the cell cycle, in contrast
to what many had previously thought. Soon after, Hall reported
that rapamycin also inhibits mRNA translation and growth in
Saccharomyces cerevisiae (26), although for reasons that are still not
clear, in yeast it does not cause the reduction in cell size that is a
hallmark of its effects on mammalian cells. Importantly, using a
temperature-sensitive allele, Hall found that TOR1 inactivation
mimicked the effects of rapamycin on yeast growth, which directly
implicated the TOR1 gene product as a key growth regulator. In
animals, evidence connecting the target of rapamycin pathway to
growth came first from genetic studies in the fruit fly Drosophila
melanogaster. These showed that flies with reduced dTOR are
smaller, specifically because of reduced cell size rather than cell
number (27). Subsequent work in mice by my laboratory, partic-
ularly a collaborative study with Andrew S. Peterson describing the
first loss-of-function allele of mTOR (28), and other laboratories
established mTOR as a central regulator of cell, organ, and or-
ganismal size in mammals (reviewed in ref. 1).
From my work with RAFT2, I knew that mTOR was in a

protein complex (12), and so after I arrived at the Whitehead
Institute, I focused on identifying mTOR-interacting proteins. At
this time, it was already clear that mTOR is a protein kinase
because Schreiber had shown it can autophosphorylate (29) and
Abraham had identified its first substrate, the translational reg-
ulator 4E-BP1 (30). I was certain that the binding partners of
mTOR would be key to understanding its regulation and how it
signals downstream. Two postdocs, Do-Hyung Kim and Dos D.
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Sarbassov, took on this project, but initially we were unsuccessful
because of an unlucky choice of detergent. Dos eventually fig-
ured out that Triton X-100, a detergent routinely used to lyse
mammalian cells and that is usually harmless to protein–protein
interactions, unexpectedly disrupts the binding of mTOR to its
partners. He identified a detergent (CHAPS) that does not do
this, and soon after Do-Hyung discovered, as did Joseph Avruch,
the first mTOR-interacting protein, which Do-Hyung named
Raptor (regulatory associated protein of mTOR) (31, 32).
Raptor is the defining component of what we now call mTOR
complex 1 (mTORC1) (Fig. 1A).
We went on to identify the other components of mTORC1:

DEPTOR, PRAS40, and GβL/mLST8, which turned out to be the
RAFT2 protein I had chased unsuccessfully as a graduate student
(33–35) (Fig. 1A). Importantly, in his initial report on Raptor (32),
Do-Hyung showed that it regulates cell size and S6 Kinase, which
we had discovered a number of years before is an mTOR substrate
(36), and that FKBP12–rapamycin directly inhibits the kinase ac-
tivity of mTORC1. These results established mTORC1 as the
growth regulator targeted by rapamycin, and subsequent work by
many laboratories connected it to most major anabolic and cata-
bolic processes, like protein synthesis and autophagy, and the
regulation of lifespan (reviewed in ref. 1). Over the years, diverse
aspects of mTORC1 biology have been of interest to us. Post-
doctoral fellow Tony Kang solved the first structure of mTORC1
in collaboration with Thomas Walz (37), and Peggy Hsu, an MD-
PhD student, identified many new substrates for it, and in the
process revealed cellular processes previously not connected to
mTORC1 (38). David A. Guertin, a yeast geneticist who had
bravely joined my biochemistry laboratory to do mouse genetics,
generated mice lacking raptor, which he, and subsequently Shomit
Sengupta, an MIT student from Texas, used to establish that
mTORC1 is a growth regulator in animals (39, 40). David gener-
ously deposited the mice he generated carrying a floxed allele of
raptor in a public repository, allowing dozens of laboratories to
study mTORC1 function in vivo independently of us.
Soon after our discovery of Raptor, Hall reported the identifi-

cation of budding yeast TORC1 and its Raptor homolog, which he
called Kog1 (41). Perhaps reflecting a different time in science, I
had contacted him to discuss our ongoing work on mTOR-
interacting proteins and had sent Hall the unpublished Raptor
cDNA so his laboratory could work with the human complex. In-
terestingly, in his initial report on TORC1, Hall also discovered that
the yeast protein encoded by TOR2, but not TOR1, exists in a
distinct complex he named TORC2 (41). Unlike fungi, other or-
ganisms have only one mTOR gene, so it was unknown whether a
TORC2-like complex existed in animals, until Dos Sarbassov, still
working in my laboratory, identified Rictor (Raptor-independent
companion of mTOR) (42), which turned out to be the defining
component of mTORC2 (Fig. 1B). Dos went on to identify its first
substrate, the kinase Akt/PKB, a key effector of insulin signaling
that immediately linked mTORC2 to glucose homeostasis and
diabetes, adipogenesis, and cancer (43), and David Guertin
revealed that mTORC2 is necessary for the development of tumors
with activated PI3K signaling (44). When we identified mTORC2 as
the long-sought kinase for Akt/PKB, I received a kind congratulatory
note from Dario R. Alessi and Philip Cohen, which was very
meaningful to me because they pioneered the study of how insulin
activates Akt/PKB and identified the serine-473 phosphorylation
site on Akt/PKB that mTORC2 turns out to phosphorylate (45).
Interestingly, while in yeast, rapamycin inhibits TORC1 but not

TORC2, we found that in mammals, chronic rapamycin treatment—
as happens in patients—blocks the assembly of mTORC2, so that
over time, it inhibits both mTORC1 and mTORC2 signaling in
many tissues (43). Based on genetic and pharmacological experi-
ments in mice, Dudley W. Lamming, a postdoc with a long-standing
interest in aging, proposed that the unexpected inhibition of
mTORC2 by chronic rapamycin treatment explains some of the

adverse effects of the drug (46). His findings have prompted an
ongoing search for truly specific mTORC1 inhibitors that could
be given chronically, as drugs for slowing the aging process would
have to be.
It soon became clear that there are even more peculiarities to

rapamycin. It not only suppresses mTORC2 when given chron-
ically, but it also turns out to differentially inhibit the phos-
phorylation of established mTORC1 substrates, with some, like
S6 Kinase, being dramatically affected, and others, like ULK1,
barely so. This insight came largely from the use of the first
specific ATP-competitive inhibitors of the mTOR kinase do-
main: Torin1, which Carson C. Thoreen, an MIT graduate stu-
dent, developed in collaboration with Nathanael S. Gray (47),
and PP242, which Kevan M. Shokat generated (48). In contrast
to rapamycin, which we now recognize as an allosteric partial
inhibitor of the mTORC1 kinase, Torin1 and PP242 profoundly
inhibit the phosphorylation of all mTORC1 substrates and are
now widely used to study mTORC1 signaling (47–49). In yeast,
rapamycin strongly inhibits all TORC1-dependent processes that
have been examined, suggesting that it may not have the partial
inhibitory effects it does in mammalian systems.
Although perhaps seeming to be just a small technical ad-

vance, Dos’ identification of a detergent that preserves the sta-
bility of the mTOR complexes was an inflection point in our
study of mTOR. His cell lysis buffer became the standard one in
the field of mTOR biochemistry and enabled us to identify
mTORC1 and mTORC2 and eventually most of the other core
components of the mTOR pathway, including the Rag GTPases
that transmit nutrient signals to mTORC1.
Ultimately, growth control is the process of linking the avail-

ability of nutrients in the environment to biomass production, so
for me, the most fascinating aspect of mTORC1 has always been
that it is regulated by nutrients. In an often-overlooked paper
from 1995 (my laboratory is as guilty as any other), Alfred J.
Meijer discovered that in cultured hepatocytes, amino acids ac-
tivate S6 Kinase in a rapamycin-sensitive fashion (50), the first
demonstration I am aware of in any system that what would
eventually become known as mTORC1/TORC1 senses nutrients.
Joseph Avruch generalized these results to other cell types and
also identified leucine and arginine as key activators of
mTORC1 signaling (51). In yeast, Hall found that TOR1 inac-
tivation and rapamycin treatment mimic several of the effects of
starvation, and Kim T. Arndt showed that a TOR1-controlled
phosphatase responds to quality of the carbon source in the
culture media (26, 52).
These studies were tantalizing, but how mTORC1 or TORC1

senses nutrients was a complete black box until the thesis work of
Yasemin Sancak, an MIT student from Turkey. Ultimately, work
she initiated would not only lead to an understanding of how nu-
trients are sensed, but also of how the mTORC1 pathway is orga-
nized so that it can respond to many other inputs besides nutrients,
including growth factors and various forms of stress. She identified
the heterodimeric Rag GTPases as mTORC1-interacting proteins
that bind to it when cells are stimulated with nutrients, particularly
amino acids (53). Using nucleotide-loading mutants of the Rag
GTPases, she determined, as did Kun-Liang Guan, that they are
necessary and sufficient for mTORC1 to sense nutrients (53, 54).
When Alejo Efeyan, a postdoctoral fellow from Spain, joined the
laboratory, he generated knockin mice with a constitutively active
allele of RagA that prevents mTORC1 from becoming inhibited by
nutrient starvation. These animals develop normally, but once born
and separated from the maternal supply of nutrients, they do not
survive periods of fasting because they cannot switch from an an-
abolic to a catabolic state (55). These results were the first evidence
that nutrient sensing by mTORC1 is necessary for maintaining or-
ganismal homeostasis when food is scarce, likely the environmental
condition under which humans evolved and most animals spend
most of their lives.

Sabatini PNAS | November 7, 2017 | vol. 114 | no. 45 | 11821

CE
LL

BI
O
LO

G
Y

IN
A
U
G
U
RA

L
A
RT

IC
LE

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

O
ct

ob
er

 2
5,

 2
02

0 



We had no doubt that the Rag GTPases were important, but
exactly how they regulate mTORC1 was frustratingly mysterious,
because in vitro they do not stimulate its kinase activity. We
eventually answered this question, but we would have done so
much sooner if 10 y earlier I had followed the advice of my father,
a prominent cell biologist (David D. Sabatini). Soon after I dis-
covered mTOR, he suggested that I determine its subcellular lo-
calization. I was quite dismissive of this suggestion, but I did
develop an antibody to mTOR and showed via immunofluores-
cence that in human cells it stained cytoplasmic puncta that looked
like small vesicles. I never bothered to understand what the puncta
were, and I eventually lost the antibody and moved on. In the
following years, mTOR went through a “Where’s Waldo?” period,
with papers claiming it was at many different locations, including
the nucleus and mitochondria. Tim R. Peterson, an MD-PhD
student, decided to nail down its localization and screened every
available mTOR antibody to identify the only one whose staining
pattern by immunofluorescence disappeared when he suppressed
mTOR expression. This antibody revealed mTOR to be at sub-
cellular structures very similar to those I had failed to define earlier.
More excitingly, he and others in the laboratory found that within
minutes of starving cells for amino acids or glucose, mTOR left the
punctate structures and became diffuse throughout the cytoplasm
(53, 55). We eventually concluded that the puncta are lysosomes
and that nutrients signal through the Rag GTPases to promote the
movement of mTORC1 to the lysosomal surface (53, 56).
But how does this translocation impact the activity of

mTORC1? To answer this key question, it was necessary to
consider the Rheb GTPase, a Ras-related GTPase that is es-
sential for mTORC1 activation in all model organisms except,
oddly, budding yeast (57). Work in mammalian cells and flies
showed that the TSC protein complex inhibits Rheb by serving as
its GTPase activating protein (GAP) and that multiple stimuli,
including insulin and energy stress, signal to mTORC1 through
TSC and Rheb (58–70). In humans, loss-of-function mutations in
TSC components cause the overgrowth syndrome tuberous
sclerosis (reviewed in ref. 71) and, in flies, increases in cell size
that depend on dTOR activity (72).
Everything began to fall into place when we found that GTP-

loaded Rheb directly stimulates the kinase activity of mTORC1
and that Rheb also localizes, at least in part, to lysosomes (34, 53).
We proposed that the Rag and Rheb GTPases are two arms of
a coincidence detector mechanism that ensures that mTORC1

becomes activated only when nutrient and growth factor conditions
are both appropriate (53). In this model, the function of the Rag
GTPases is to localize mTORC1 to lysosomes when nutrients are
present so that Rheb can stimulate its kinase activity if insulin (and
energy) is also available (Fig. 3A). In one of my favorite experi-
ments, we obtained strong support for such a pathway architecture
by forcing mTORC1 onto the lysosomal surface and finding that,
while mTORC1 became insensitive to nutrient starvation, it
retained its capacity to sense the presence and absence of insulin
(56). Satisfyingly, our model has readily incorporated new data
from other laboratories. For example, Brendan D. Manning found
that upon insulin withdrawal, the TSC complex translocates to the
lysosomal surface to inhibit Rheb, providing for the first time a
mechanistic understanding of how insulin regulates TSC and Rheb,
and thus mTORC1 (73).
The connection of mTORC1 to lysosomes has had a profound

impact on how we think about these organelles. Through the
efforts of Yasemin Sancak, Tim Peterson, and Roberto Zoncu,
who has been the only card-carrying cell biologist in my labo-
ratory, we showed that lysosomes are a scaffolding platform on
which mTORC1 becomes activated and also an active partici-
pant in the amino acid sensing process, as mTORC1 can sense
amino acids in the lysosomal lumen (53, 56, 74). These discov-
eries gave rise to the field of lysosomal signaling, which has been
greatly boosted by the work of Andrea Ballabio on the control of
lysosomal biogenesis by the TFEB transcription factor (75),
which he found in a collaborative study with us is controlled by
mTORC1 at the lysosomal surface (76). In his own laboratory,
Roberto recently discovered that mTORC1 senses cholesterol
through a pathway that also controls its translocation to lyso-
somes (77), extending the range of nutrients these organelles
sense beyond the amino acids and glucose we have focused on. I
remember that when I first presented a seminar on mTORC1
and lysosomes, I was told that it did not make any sense because
the “lysosome is just a garbage can,” something that few would
say today.
Once we figured out the function of the Rag GTPases, we

turned to understanding how nutrients, particularly amino acids,
regulate them. This has turned out to be a fascinating story and
much more complicated than I ever imagined, particularly as it
became clear that the Rag GTPases respond not only to lysosomal
amino acids but also to cytosolic ones. Over a period of 12 years, a
remarkable group of graduate students—Yasemin Sancak, Liron
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Bar-Peled, Shuyu Wang, Zhi Y. Tsun, Lynne Chantranupong,
Rachel L. Wolfson, Robert A. Saxton, and Greg A. Wyant—dis-
covered and characterized many multiprotein complexes that, in
response to nutrients, regulate the nucleotide state of the Rag
GTPases, including Ragulator, GATOR1, GATOR2, FLCN-FNIP,
and KICSTOR (56, 78–88). So far, we have identified 26 proteins,
most of them previously molecularly uncharacterized, that comprise
the nutrient-sensing arm of the pathway, telling us that cells devote
a significant amount of protein space to regulating mTORC1 via
nutrients (Fig. 3B). We now appreciate that in cancer and neuro-
logical diseases like epilepsy, many of these proteins are mutated to
cause mTORC1 hyperactivation, opening the door to their rational
treatment (reviewed in ref. 1).
Most excitingly, we have finally identified what has been the holy

grail of the pathway for us—the proteins that bind nutrients and
sense their presence (Fig. 3B). We now know that SLC38A9 is a
sensor of lysosomal arginine, and Sestrin2 and CASTOR1 of cy-
tosolic leucine and arginine, respectively (83, 84, 87, 88). It was
moving for me to see the amino acid binding pockets in the
Sestrin2 and CASTOR1 structures that Robert Saxton solved in
collaboration with Thomas U. Schwartz (82, 85) (Fig. 4). After so
many years of chasing these sensors, we could finally see in atomic
detail exactly how nature had connected mTORC1 to nutrients.
Interestingly, while the Rag GTPase and GATOR components of
the nutrient-sensing pathway are relatively well conserved (89),
most other components are not, including the amino acid sensors,
suggesting that different organisms evolved to detect distinct nu-
trients that are perhaps limiting in their environmental niche or of
special importance to them. A test of this idea will have to await the
discovery of nutrient sensors upstream of TORC1 in other organ-
isms besides animals. We have also become quite interested in the
evolution of nutrient sensors, and one theme that is emerging is that
the sensors we have so far identified appear to have their origins in
prokaryotic enzymes.

Our interest in nutrient sensing and the increasing appreciation
that the mTORC1 pathway directly regulates many metabolic
pathways—an insight that is almost entirely the result of Brendan
Manning’s work in mammalian cells (reviewed in ref. 90)—has led
us to study small-molecule metabolism. A significant part of the
laboratory now studies metabolic pathways important for cell
growth and proliferation, and having students and postdocs with
these interests has led to the cross-fertilization of ideas and tech-
niques between laboratory members working on mTOR and me-
tabolism and to a richer and more stimulating atmosphere within
the laboratory. My friends in the field laugh at me when every few
years I claim I am done with mTOR, saying it is too competitive or
that there is nothing left to discover. I have yet to follow through on
this, and about half my laboratory continues to work on the mTOR
pathway. Whenever I feel like calling it quits, the laboratory con-
veniently makes a great discovery that piques our interest in a new
facet of the pathway. In the last 10 years, these discoveries have been
mostly around nutrient sensing and the connection of mTORC1 to
lysosomes. More recently, they have concerned SAMTOR (Fig. 3B),
a S-adenosylmethionine sensor for the pathway (91), which links
mTORC1 to methionine levels and potentially to the beneficial
effects of methionine restriction on health and lifespan (92). We
have yet to figure out how mTORC1 detects glucose, why the
pathway evolved to sense both lysosomal and cytosolic amino acids,
or how, as a megadalton complex, mTORC1 quickly moves to ly-
sosomes to dock on the Rag GTPases. So, while mTOR may not
regulate everything, there are enough mysteries in how it senses
everything to keep us occupied for the foreseeable future.
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