Several properties of SLC38A9.1 are consistent with its
functioning as an amino acid sensor for the mTORC1 path-
way. Purified SLC38A9.1 transports and therefore directly
interacts with amino acids. Overexpression of SLC38A9.1 or
just its Ragulator-binding domain activates mTORC1 signal-
ing even in the absence of amino acids. The activation of
mTORCI1 by amino acids, particularly arginine, is defective
in cells lacking SLC38A9. Given these results and that argi-
nine is highly enriched in lysosomes from at least one
mammalian tissue (29), we propose that SLC38A9.1 is a
strong candidate for being a lysosome-based arginine sensor
for the mTORCI pathway. To substantiate this possibility, it
will be necessary to determine the actual concentrations of
arginine and other amino acids in the lysosomal lumen and
cytosol and compare them to the affinity of SLC38A9.1 for
amino acids. If high arginine levels are a general feature of
mammalian lysosomes, it could explain why SLC38A9.1 ap-
pears to have a relatively broad amino acid specificity; per-
haps no other amino acid besides arginine is in the
lysosomal lumen at levels that approach its K.

The notion that proteins with sequence similarity to
transporters function as both transporters and receptors
(transceptors) is not unprecedented (31, 32). The transmem-
brane region of SLC38A9.1 might undergo a conformational
change upon amino acid binding that is then transmitted to
Ragulator through its N-terminal domain. What this domain
does is unknown, but it could regulate Ragulator nucleotide
exchange activity or access to the Rag GTPases by other
components of the pathway. To support a role as a sensor, it
will be necessary to show that amino acid binding regulates
the biochemical function of SLC38A9.1.

Even if SLC38A9.1 is an amino acid sensor, additional
sensors, even for arginine, are almost certain to exist, as we
already know that amino acid-sensitive events exist up-
stream of Folliculin (5, 33) and GATORI1 (34), which, like
Ragulator, also regulate the Rag GTPases. An attractive
model is that distinct amino acid inputs to mTORC1 con-
verge at the level of the Rag GTPases, with some initiating
at the lysosome through proteins like SLC38A9.1 and others
from cytosolic sensors that remain to be defined (Fig. 5G).
Indeed, such a model would explain why the loss of
SLC38A9.1 specifically affects arginine sensing but its over-
expression makes mTORCI1 signaling resistant to arginine or
leucine starvation: Hyperactivation of the Rag GTPases
through the deregulation of a single upstream regulator is
likely sufficient to overcome the lack of other positive in-
puts. A similar situation may occur upon loss of GATORI,
which, like SLC38A9.1 overexpression, causes mTORC1 sig-
naling to be resistant to total amino acid starvation (74).

Modulators of mTORC1 have clinical utility in disease
states associated with or caused by mTORCI1 deregulation.
The allosteric mTOR inhibitor rapamycin is used in cancer
treatment (35) and transplantation medicine (36). However,
to date, there have been few reports on small molecules that
activate mTORCI1 by engaging known components of the

pathway. The identification of SLC38A9.1—a protein that is
a positive regulator of the mTORC1 pathway and has an
amino acid binding site—provides an opportunity to develop
small-molecule agonists of mTORC1 signaling. Such mole-
cules should promote mTORCI-mediated protein synthesis
and could have utility in combatting muscle atrophy sec-
ondary to disuse or injury. Lastly, a selective mTORCI1
pathway inhibitor may have better clinical benefits than
rapamycin, which in long-term use inhibits both mTORC1
and mTORC2 (37). SLC38A9.1 may be an appropriate target
to achieve this.
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Fig. 4. Modulation of the interaction
between SLC38A9 and Ragulator and the
Rag GTPases by amino acids. (A) Effects
of amino acids on interaction between the
Ragulator complex and endogenous
SLC38A0. HEK-293T cells stably
expressing the indicated FLAG-tagged
Ragulator components were deprived of
total amino acids (AA), leucine (L), or
arginine (R) for 1 hour and, where indicated,

restimulated with amino acids, leucine, or arginine for 15 min.After lysis, samples were subject to
FLAG immunoprecipitation and immunoblotting for the indicated proteins. Quantification of
SLC38A9 levels in the stimulated state relative to starved state, p14 IP: 0.75 (+AA), 0.79 (+L), 0.74
(+R); p18 IP: 0.56 (+AA), 0.57 (+L), 0.49 (+R). (B) Effects of amino acids on the interaction between
full-length or truncated SLC38A9.1 and endogenous Ragulator and the Rag GTPases. Experiment was
performed as in (A) except that cells stably expressed the indicated SLC38A9 isoforms or its N-
terminal domain (SLC38A9.1 1-119). Quantification of indicated protein levels in the stimulated state
relative to starved state, SLC38A9.1 IP: 0.43 (p18), 0.51 (p14), 0.61 (RagC), 0.58 (RagA); SLC38A9.1
1-119 1P: 0.99 (p18), 1.05 (pl4), 1.04 (RagC), 1.09 (RagA). (C) Effects of nucleotide-binding mutations
in the Rag GTPases on association with endogenous SLC38A9. HEK-293T cells were transfected with
the indicated cDNAs in expression vectors, and lysates were prepared and subjected to FLAG
immunoprecipitation followed by immunoblotting for the indicated proteins. Two different antibodies
were used to detect endogenous SLC38A9.
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across the lysosomal membrane, the lumen of the proteoliposomes
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Steady-state kinetic analysis of SLC38A9.1 uptake activity reveals a
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Data were fitted to the Michaelis-Menten equation. Experiment was repeated more than four times with
similar results, and a representative one is shown. (C) Time-dependent efflux of SLC38A9.1
proteoliposomes after 1.5 hours loading with 0.5 pM [*H]arginine. (D) Competition of 0.5 pM [*H]arginine
transport by SLC38A9.1 using 100 mM of indicated unlabeled amino acids. In (A) to (D), error bars
represent standard deviation derived from at least three measurements. (E) HEK-293T cells null for
SLC38A9 were generated by CRISPR-Cas9 genome editing with two different guide sequences and isolated
by single-cell cloning. The AAVSI locus was targeted as a negative control. (F) Impairment of arginine-
induced activation of the mTORCI1 pathway in SLC38A9-null HEK-293T cells. Cells were starved of the
indicated amino acid for 50 min and stimulated for 10 min with the indicated amino acid concentrations.
The leucine and arginine concentrations in RPMI are, respectively, 381 pM and 1.14 mM. (G) Model for
distinct amino acid inputs to the Rag GTPases in signaling amino acid sufficiency to mTORCI.
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