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Cholesterol, an essential building block for membrane 
biogenesis, is also a signaling molecule that regulates 
embryonic development and numerous physiological 
processes by acting either as a ligand or as a precursor for 
oxysterols and steroid hormones. Aberrant amounts and 
activity of cholesterol are associated with pathological 
conditions such as obesity, atherosclerosis, infertility, and 
cancer, making its accurate sensing essential (1, 2). For 
example, dedicated machinery on the endoplasmic reticulum 
senses local cholesterol concentrations and, in response, fine-
tunes the rate of cholesterol synthesis and uptake (3, 4). 

In actively proliferating cells, including cancer cells, the 
phosphatidylinositol 3-kinase (PI3K)-AKT-mechanistic Tar-
get of Rapamycin Complex 1 (mTORC1) pathway stimulates 
both de novo cholesterol synthesis and uptake to meet the 
increased demand for both cholesterol itself and its growth-
promoting biosynthetic intermediates (5–7). However, where 
in the cell and how cholesterol abundance is signaled to 
growth-regulating pathways is not well understood. 

The lysosome is a key nutrient-sensing center for the cell 
(6). At the lysosome, the master growth regulator protein ki-
nase, mTORC1, integrates many environmental signals, in-
cluding nutrients, growth factors, energy, oxygen and stress 
and, in response, triggers downstream anabolic programs 
that increase cell mass (8). When intracellular concentrations 
of nutrients, including cholesterol, are increased, mTORC1 lo-
calizes to the lysosomal membrane, where it contacts the 
small guanosine triphosphatase (GTPase) Rheb, which acti-
vates mTORC1 kinase function (8–10). Conversely, when nu-
trient abundance is low, mTORC1 relocalizes to the cytosol, 
where it remains inactive until nutrient concentrations are 
restored. 

Multiple proteins control the nutrient-dependent localiza-
tion of mTORC1 to the lysosome. The Rag GTPases are heter-
odimers composed of either RagA or RagB in complex with 
either RagC or RagD (11, 12). A key event when nutrients are 
plentiful is the loading of RagA or B with GTP, which enables 
it to physically bind to mTORC1 and anchor it to the 
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Lysosomes coordinate cellular metabolism and growth upon sensing of essential nutrients, including 
cholesterol. Through bioinformatic analysis of lysosomal proteomes, we identified LYsosomal CHOlesterol 
Signaling (LYCHOS, previously annotated as G-protein coupled receptor 155), a multidomain 
transmembrane protein that enables cholesterol-dependent activation of the master growth regulator, the 
protein kinase mechanistic Target of Rapamycin Complex 1 (mTORC1). Cholesterol bound to the N-terminal 
permease-like region of LYCHOS, and mutating this site impaired mTORC1 activation. At high cholesterol 
concentrations, LYCHOS bound to the GATOR1 complex, a GTPase-activating protein for the Rag guanosine 
triphosphatases, through a conserved cytoplasm-facing loop. By sequestering GATOR1, LYCHOS promotes 
cholesterol- and Rag-dependent recruitment of mTORC1 to lysosomes. Thus, LYCHOS functions in a 
lysosomal pathway for cholesterol sensing, and couples cholesterol concentrations to mTORC1-dependent 
anabolic signaling. 
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lysosomal membrane (8, 13, 14). In turn, the nucleotide state 
of RagA or B is controlled by other lysosome-associated pro-
teins. The GATOR1 complex is a dedicated GTPase activating 
protein (GAP) for RagA. When nutrient concentrations are 
low, GATOR1 triggers GTP hydrolysis on RagA, thereby pro-
moting the inactive state of the Rag GTPase complex that 
leads to cytoplasmic relocalization and inactivation of 
mTORC1 (15, 16). This negative regulatory activity of GATOR1 
is countered by the amino acids leucine, arginine, and methi-
onine, through dedicated sensors that inhibit the GAP activ-
ity of GATOR1 either directly or via a second complex known 
as GATOR2 (8). Whether cholesterol regulates the GAP activ-
ity of GATOR1 toward RagA is unknown but, consistent with 
this possibility, genetic inactivation of GATOR1 renders 
mTORC1 constitutively active even if cholesterol concentra-
tions are low (17). 

In cells and in vitro, cholesterol on the lysosomal limiting 
membrane directly participates in the recruitment and acti-
vation of mTORC1. This cholesterol pool is highly regulated: 
the sterol carrier, oxysterol binding protein (OSBP), localizes 
at ER-lysosome membrane contact sites, where it transfers 
cholesterol from the ER to the lysosome to enable mTORC1 
activation (1, 6, 17). Conversely, the cholesterol transporter 
Niemann-Pick C1 (NPC1) promotes export of cholesterol from 
the lysosomal surface, thereby inhibiting mTORC1 signaling 
(10, 17). 

How cholesterol interacts with the mTORC1-scaffolding 
machinery is not well understood. Various cholesterol pools 
co-exist at the lysosomal membrane, one derived from low-
density lipoprotein (LDL), another deposited across mem-
brane contact sites (17). Moreover, the concentration of cho-
lesterol likely varies across different regions of the lysosomal 
membrane and as a function of metabolic states (18). Thus, 
like sensing of amino acids, cholesterol sensing may rely on 
multiple cholesterol-sensing factors with distinct localiza-
tion, affinity for the sterol ligand and upstream regulatory 
mechanisms. One important player is the lysosomal trans-
membrane protein, SLC38A9 (19, 20), which participates in 
cholesterol-dependent activation of mTORC1 through con-
served sterol-interacting motifs within its transmembrane 
domains (10). However, SLC38A9 primarily relays arginine 
abundance to mTORC1, whereas a dedicated sensor for cho-
lesterol remains to be identified. 

More generally, it is likely that the lysosome has as yet 
undiscovered nutrient sensors that could regulate cellular 
metabolism through mTORC1-dependent or independent 
pathways. Identifying putative nutrient sensors can be chal-
lenging, because they generally have weak interactions with 
their cognate metabolites and have diverse domain composi-
tion and topologies (21). Building on recent advances in im-
munoisolation and proteomic profiling of lysosomes 
combined with a robust bioinformatic pipeline that identifies 

and prioritizes putative signaling proteins, we identified 
GPR155, which we rename Lysosomal Cholesterol Sensing 
(LYCHOS) protein, as a candidate lysosomal cholesterol sen-
sor that controls signaling functions of this organelle. 

 
LYCHOS is required for cholesterol-mediated mTORC1 
activation 
To identify candidate nutrient-sensing factors that reside at 
the lysosome, we devised a bioinformatic method to analyze 
a 611-protein ‘master list’ that combines published and un-
published lysosomal proteomic datasets (17, 22–24) (Fig. 1A 
and fig. S1A and table S1). Gene ontology (GO) analysis of this 
list showed the expected enrichment of biological processes 
associated with the lysosome (fig. S1B). 

From this we selected proteins that satisfied all the fol-
lowing criteria: i) transmembrane topology, commonly found 
in metabolite receptors and ‘transceptors’ (21) ii) presence of 
relatively large loops that could facilitate interaction with cy-
toplasmic effectors iii) presence of structural domains and ar-
chitecture associated with signal transduction iv) absence of 
reported localization to other membrane compartments, 
which may indicate pleiotropic roles (Fig. 1A). Consistent 
with the role of the lysosome in releasing the products of 
macromolecular breakdown to the cytosol, the 127 lysosome-
specific transmembrane proteins were highly enriched for 
metabolite transport and translocation compared to the 5208 
transmembrane proteins annotated in UniProt (Fig. 1B and 
fig. S1, C and D). 

Five transmembrane proteins satisfied all of the above cri-
teria: chloride voltage-gated channel (CLCN) 5, 6 and 7, phos-
pholipase D family member 3 (PLD3) and G-protein couple 
receptor 155 (GPR155) (Fig. 1C). Of these, GPR155 (also known 
as DEP domain containing 3) stood out due to its topological 
features, consisting of a 10 transmembrane (TM) domain N-
terminal portion with similarity to solute carriers (SLCs), a 7-
TM central portion with similarity to class B GPCRs (25), 
which contains a large (118 aa) insertion between TM helices 
15 and 16, and a C-terminal region containing a Dishevelled, 
Egl-10, and Pleckstrin (DEP) domain. Based on UniProt and 
Alphafold predictions, we predict a 17-TM topology for 
GPR155 (Fig. 1D and fig. S1E). 

We confirmed the lysosomal localization of GPR155 by im-
munoblotting of immunoprecipitated lysosomal samples 
with an antibody to the endogenous protein (fig. S2A). More-
over, double immunofluorescence of endogenous LAMP2 and 
FLAG-labeled GPR155, stably expressed in human embryonic 
kidney (HEK)-293T cells, showed that GPR155 specifically lo-
calized to lysosomes, with no detectable signal in vesicular 
structures that lack LAMP2, in the Golgi, or in the plasma 
membrane (Fig. 1E and fig. S2, B and C). Through im-
munostaining with antibodies directed against the TM15-16 
loop and the DEP domain under semi-permeabilized 
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conditions, we experimentally verified that both domains 
face the cytoplasm, not the lysosomal lumen (fig. S2, D and 
E). For reasons described below, we hereafter refer to GPR155 
as LYsosomal CHOlesterol Signaling protein (LYCHOS), and 
its TM15-16 loop as the LYCHOS Effector Domain (LED). 

Because the domain architecture of LYCHOS is consistent 
with a signaling function, we tested whether LYCHOS regu-
lated mTORC1 activation. Depletion of LYCHOS by CRISPR-
Cas9 or shRNA in HEK-293T cells decreased mTORC1 signal-
ing under full nutrient conditions, as shown by loss of phos-
phorylation of canonical substrates p70 S6-kinase 1 (S6K1) 
and 4E-Binding Protein 1 (4E-BP1) (11, 12) (fig. S3, A and B). 
Conversely, transient overexpression of LYCHOS boosted 
phosphorylation of mTORC1 substrates in a dose-dependent 
manner (fig. S3C). 

Consistent with decreased mTORC1 signaling, LYCHOS 
depletion resulted in significant suppression of cell prolifer-
ation, which was rescued by reconstituting LYCHOS-deleted 
cells with LYCHOS WT (fig. S3, D and E). Moreover, RNAseq 
analysis of LYCHOS-depleted cells showed a decreased ex-
pression of several genes involved in glycolysis, the pentose 
phosphate pathway, and lipid biosynthesis, a gene signature 
similar to that observed upon pharmacological mTORC1 in-
hibition (5) (fig. S3, F to H). These gene expression changes 
were completely reversed by re-expressing an shRNA-re-
sistant isoform of LYCHOS (fig. S3H). 

A bioinformatic query of the 611-gene lysosomal master 
list in the NIH GEO Profiles database identified LYCHOS as 
one of 8 lysosomal genes that have decreased expression 
upon fasting in liver, muscle and adipose tissue of mice (fig. 
S4, A and B, and table S2). We confirmed these in silico re-
sults by quantitative PCR (qPCR) from livers of mice sub-
jected to 6-hours and 24-hours fasting, which showed a time-
dependent decrease in Lychos expression (fig. S4C). Con-
versely Npc1, a negative regulator of cholesterol-dependent 
mTORC1 activation (10, 17), was one of 14 lysosomal genes 
with increased expression in fasting animals (fig. S4D). 

We tested whether LYCHOS enables mTORC1 activation 
by specific nutrient stimuli. In LYCHOS knockout (KO) cells, 
mTORC1 activation by acute starvation-refeeding with amino 
acids (fig. S5A) or glucose (fig. S5B) were unperturbed. In 
contrast, LYCHOS was required for mTORC1 stimulation by 
cholesterol, delivered to cells in complex with methyl-beta cy-
clodextrin (MCD), or in LDL particles, following its depletion 
with MCD plus the cholesterol synthesis inhibitor, mevas-
tatin (10, 17) (Fig. 1F and fig. S5, C and D). 

Like amino acids and glucose, cholesterol induces 
mTORC1 relocalization from the cytosol to the lysosomal 
membrane (8, 10, 17). In LYCHOS KO cells, mTORC1 failed to 
localize to lysosomes upon stimulation with either 
MCD:cholesterol or LDL (Fig. 1, G and H, and fig. S5, E and 
F). In contrast, LYCHOS deletion did not affect lysosomal 

localization of the Rag GTPases or their membrane anchor, 
the Ragulator complex. Thus, LYCHOS appears to be required 
for cholesterol-dependent activation of the mTORC1 lysoso-
mal scaffolding complex, not for its physical integrity (fig. S5, 
G to J). 

 
LYCHOS binds to cholesterol through its N-terminal 
domain 
The presence of both an N-terminal permease-like domain 
and two signaling modules (GPCR-like and DEP) indicates 
that LYCHOS may be either a cholesterol transporter or an 
effector. Lipidomic analysis of immuno-isolated lysosomes 
from control cells and cells lacking LYCHOS did not reveal a 
significant difference in total lysosomal cholesterol content 
following loss of LYCHOS (fig. S6, A and B). 

We also ablated LYCHOS in cells lacking NPC1, loss of 
which causes cholesterol to accumulate both within the lyso-
somal lumen and on the limiting membrane (17, 26, 27). The 
two pools were visualized, respectively, with filipin and with 
mCherry-D4H, a recombinant, fluorescently-tagged choles-
terol probe based on the fourth domain of Clostridium 
perfringens theta-toxin (17, 28, 29). Depleting LYCHOS in 
cells lacking NPC1 did not reveal significant changes in the 
filipin or mCherry-D4H signal, whereas inactivating OSBP, 
which transfers cholesterol from the ER to the lysosomal lim-
iting membrane, ablated mCherry-D4H but not filipin stain-
ing in cells lacking NPC1 (fig. S6, C to E). 

Loss of NPC1, and the resulting cholesterol accumulation 
on the lysosomal membrane renders mTORC1 constitutively 
and aberrantly active (10, 17, 30). Depleting LYCHOS from 
cells lacking NPC1 completely suppressed constitutive 
mTORC1 signaling (fig. S6F). Thus, LYCHOS does not control 
the concentrations of lysosomal cholesterol, but is required 
for lysosomal cholesterol to activate mTORC1. 

To determine whether LYCHOS directly binds to choles-
terol, we expressed LYCHOS recombinantly, verified its pu-
rity (fig. S7, A and B) and incubated it with increasing 
concentrations of [3H]-cholesterol under detergent condi-
tions that preserve protein stability (fig. S7C). LYCHOS exhib-
ited saturable binding to [3H]-cholesterol with an apparent 
Kd between 100 and 200 nM, which was competed by unla-
beled cholesterol but not by its 3-OH epimer, epicholesterol 
(Fig. 2, A and B, and table S3). Cholesterol appeared to bind 
to LYCHOS in a stereo-specific manner, because binding of 
[3H]-cholesterol was competed by 25- and 19-hydroxycholes-
terol but not by 4β-hydroxycholesterol, indicating that bind-
ing is sensitive to modifications in specific positions of the 
cholesterol structure (Fig. 2C and table S3). 

To map the site(s) of cholesterol binding, we labeled re-
combinantly expressed LYCHOS in vitro with photo-cross-
linkable cholesterol analogs that combine a UV-activated 
diazirine group to create a peptide-steroid adduct, and with 
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an alkyne group for identification of the labeled site via cop-
per-catalyzed cycloaddition and mass spectrometry (10, 31). 
Bulk photolabeling of LYCHOS was competed by excess cho-
lesterol or cholesterol hemisuccinate, indicative of a specific 
binding reaction (fig. S8, A and B). Mass spectrometry profil-
ing of peptide adducts with the analog LKM38, which bears 
the photoreactive diazirine group in ring 2, identified two 
sites of labeling, one corresponding to transmembrane helix 
1 (TM1) in the permease-like N-terminal region 
(42LFPALLECFGIVLCGYIAGR61), the second in the DEP do-
main (809 LVQGGVIQHITNEYEFRDEYLFYR832) (Fig. 2D, fig. 
S8C, and tables S4 and S5). Both labeling sites were competed 
by excess free cholesterol (Fig. 2E and fig. S8, D and E). More-
over, the TM1 site was independently labeled by a second cho-
lesterol analog, KK231, which bears the photoreactive 
diazirine group in the aliphatic tail (fig. S8F and table S6). 

To determine whether the TM1 or DEP represent a cho-
lesterol-binding regulatory site for mTORC1 activation, we re-
constituted LYCHOS-deleted cells with isoforms lacking the 
TM1-containing permease-like domain, the DEP domain, or 
the LED. All three modified proteins were expressed in 
amounts comparable to those of the the full-length protein 
and localized to the lysosome (fig. S9, A to C). However, 
whereas deleting the DEP had no effect on cholesterol-de-
pendent mTORC1 activation, removing the permease-like do-
main completely abolished it (fig. S9C). Removing the LED 
also ablated cholesterol-dependent mTORC1 activation; how-
ever, recombinantly expressed LED, held in a loop configura-
tion by a leucine zipper, did not show appreciable binding to 
[3H]-cholesterol (fig. S9D). Thus, we further pursued TM1 as 
a cholesterol-dependent regulatory site. 

Aromatic amino acids are often found in cholesterol-bind-
ing pockets (27, 32, 33). The TM1 domain has two conserved 
aromatic residues, Phe43 and Tyr57, located near the sites of 
adduct formation by LKM38 and KK231 (Glu48 and Cys55, re-
spectively) (Fig. 2D and fig. S8F). In LYCHOS-deleted cells re-
constituted with a Phe43>Ile mutant, cholesterol-dependent 
mTORC1 activation was blunted (Fig. 2F). Nearby Pro44 may 
help establish the conformation of the cholesterol-binding 
pocket. Consistent with this possibility, binding of [3H]-cho-
lesterol to the F43I-P44A double mutant LYCHOS was nearly 
abolished, and this double mutant had a stronger mTORC1 
activation defect than either the F31I or P44A single mutants 
(Fig. 2, F and G). In contrast, mutating Glu48 to Gln had no 
effect on mTORC1 signaling, indicating that this residue, 
which is labeled by the photoreactive diazirine of LKM38, is 
not involved in binding to native cholesterol (Fig. 2F). Finally, 
mutating the second aromatic residue, Tyr57 to Ala also 
blunted cholesterol-dependent mTORC1 activation (Fig. 2H). 
All of these mutants localized correctly to lysosomes and were 
expressed at near-identical amounts (Fig. 2F and H and fig. 
S9E). 

LYCHOS promotes mTORC1 signaling via cholesterol-
regulated interaction with GATOR1 
To delineate the mechanisms by which LYCHOS communi-
cates cholesterol abundance to mTORC1, we used proximity 
biotinylation coupled with proteomics (34). We C-terminally 
fused LYCHOS to the TurboID biotin ligase (LYCHOS-TiD, 
which correctly localized to lysosomes, fig. S10A), along with 
NPC1-TiD as a control. 

Although our lysosomal ‘master list’ includes several tri-
meric G-proteins known to transduce signals downstream of 
canonical GPCRs (table S1), none scored as LYCHOS interac-
tors in TiD experiments (table S7) or by co-immunoprecipita-
tion (fig. S10, B and C). Instead, LYCHOS-TiD specifically 
biotinylated the GATOR1 subunits NPRL2, NPRL3 and 
DEPDC5, and the SZT2 subunit of the GATOR1-associated 
KPTN, ITFG2, C12orf66, and SZT2-containing regulator of 
mTORC1 (KICSTOR) complex (35) (Fig. 3, A and B and table 
S7). Confirming the proximity biotinylation results, endoge-
nous LYCHOS, tagged with a triple FLAG epitope by CRISPR-
Cas9, bound to endogenous NPRL2 and NPRL3 in pull-down 
experiments, albeit to a smaller extent than DEPDC5 (also en-
dogenously tagged with FLAG) (fig. S10D). No binding of 
LYCHOS to the KICSTOR subunit KPTN was observed, indi-
cating that LYCHOS primarily interacts with GATOR1, not 
KICSTOR (fig. S10D). 

We tested whether cholesterol controls the LYCHOS-
GATOR1 interaction. In co-immunoprecipitation (co-IP) ex-
periments, LYCHOS-FLAG bound more GATOR1 subunits 
when isolated from cells treated with cholesterol, than from 
cholesterol-depleted cells (Fig. 3C). In contrast, cholesterol 
did not affect the interaction of DEPDC5 with its partner 
GATOR1 subunits (Fig. 3C). Also, amino acids had no effect 
on the LYCHOS-GATOR1 interaction (fig. S10E). 

Stimulation of LYCHOS-GATOR1 interaction by choles-
terol was dose-dependent, with an EC50 of 31.5uM that 
matched that of cholesterol-induced activation of mTORC1 
signaling (fig. S11, A and B). Based on measurements of lyso-
somal lipid content by lyso-IP and mass spectrometry, this 
value corresponded to a 33% molar ratio of cholesterol to 
phospholipids, although what fraction of this cholesterol is 
unbound by sphingomyelin and accessible by LYCHOS is un-
known (36) (fig. S11C). 

These data suggest that LYCHOS promotes mTORC1 sig-
naling by interacting with and inhibiting GATOR1. Con-
sistent with this hypothesis, deleting the essential GATOR1 
subunit NPRL3 resulted in constitutively active mTORC1 sig-
naling regardless of cholesterol abundance or LYCHOS dele-
tion (Fig. 3D). Further supporting LYCHOS action through 
the GATOR1-Rag GTPase axis, stable expression of the GTP-
locked RagBQ99L mutant, which is refractory to GATOR1-
mediated inhibition (15, 16), induced constitutive mTORC1 
signaling that bypassed loss of LYCHOS (fig. S11D). 
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SLC38A9 is also required for cholesterol-dependent acti-
vation of mTORC1 (10). However, SLC38A9-dependent and 
LYCHOS-dependent signaling are mechanistically distinct. 
SLC38A9 binds to the Rag GTPases and LAMTOR complex, 
but not to GATOR1, whereas LYCHOS binds to GATOR1 but 
not Rag GTPases or LAMTOR (fig. S12, A and B). Treatment 
of cells with cholesterol weakens SLC38A9 interaction with 
the Rag GTPases, likely because RagA becomes GTP-loaded 
in cells with high cholesterol concentrations (10, 19, 37). How-
ever, in LYCHOS-deleted cells the SLC38A9-Rag GTPase in-
teraction became unresponsive to cholesterol (Fig. 3E). On 
the contrary, cholesterol-dependent strengthening of the 
LYCHOS-GATOR1 interaction occurred irrespective of 
SLC38A9 status (Fig. 3F). Thus, through its interaction with 
GATOR1, LYCHOS functions at a step upstream of GTP load-
ing of RagA, whereas SLC38A9 functions downstream of it 
(Fig. 3G). Whereas deleting the GATOR1 subunit NPRL3 fully 
rescued loss of LYCHOS, depleting SLC38A9 in NPRL3-
deleted cells blunted cholesterol-dependent mTORC1 activa-
tion, further supporting the function of LYCHOS and 
SLC38A9 on distinct but converging pathways (fig. S12C). 

 
Cholesterol disrupts the GATOR1-KICSTOR interac-
tion through the LYCHOS LED 
Because of our previous results indicating that the LED does 
not bind to cholesterol but is nonetheless required for choles-
terol-dependent mTORC1 activation, we tested whether the 
LED might function in binding to GATOR1. Consistent with 
this possibility, deleting the LED abolished cholesterol-de-
pendent interaction between LYCHOS and the GATOR1 sub-
units NPRL2 and NPRL3 (fig. S13A). 

We sought to identify conserved amino acids within the 
LED that are essential for LYCHOS-GATOR1 interaction and 
mTORC1 activation. The LED contains a cluster of highly con-
served Cys residues (Fig. 4A). Cys-rich motifs participate in 
signal transduction by promoting protein-protein as well as 
protein-lipid interactions (38). Mutating 4 of the conserved 
cysteines to alanine (C595>A, C604>A, C629>A, C638>A, collec-
tively termed 4CA) abolished the ability of LYCHOS to sup-
port cholesterol-mediated mTORC1 activation, although the 
4CA mutant of LYCHOS was expressed in amounts compara-
ble to the wild-type protein and had normal lysosomal local-
ization (Fig. 4B and fig. S13B). We also tested Tyr551, which is 
conserved from human to zebrafish (Fig. 4A). Similar to the 
4-cysteine cluster, Tyr551 also appeared to be essential for 
LYCHOS signaling activity, because a LYCHOSY551A mutant 
failed to restore cholesterol-dependent mTORC1 activation in 
LYCHOS-deleted cells (Fig. 4B). 

In contrast to wild-type LYCHOS, and consistent with 
their inability to support cholesterol-dependent mTORC1 ac-
tivation, the Y551A and 4CA LED mutants showed barely de-
tectable interaction with GATOR1 subunits NPRL2 and 

NPRL3, which was not strengthened by treating cells with 
cholesterol (Fig. 4C). Consistent with the LED as the 
GATOR1-interacting domain in LYCHOS, recombinantly ex-
pressed wild-type LED, held in a loop configuration with a 
leucine zipper, was sufficient for binding to GATOR1, 
whereas the interaction was abolished by the Y551A and 4CA 
mutations (Fig. 4D). 

To gain mechanistic insight into how the cholesterol-reg-
ulated LYCHOS-GATOR1 interaction promotes mTORC1 sig-
naling, we tested whether the LED can inhibit the RagA-GAP 
activity of GATOR1. However, neither recombinantly ex-
pressed LED, nor full-length LYCHOS affected GATOR1-
dependent GTP-to-GDP conversion on RagA, when added in 
molar excess to GATOR1 in vitro (39) (fig. S13, C to E). Based 
on lack of direct inhibition of GATOR1 GAP activity, and 
given that LYCHOS displayed a weak interaction with the 
KICSTOR subunit SZT2 in proximity biotinylation experi-
ments, we considered the alternative possibility that LYCHOS 
may regulate the association between GATOR1 and the 
KICSTOR complex, which is essential for the GAP activity of 
GATOR1 toward RagA or B in cells (35). 

Under full nutrient conditions, the interaction between 
the GATOR1 subunit DEPDC5 and the KICSTOR subunit, 
KPTN, was strengthened in LYCHOS-depleted cells compared 
to that in LYCHOS WT cells, suggesting that LYCHOS inhibits 
GATOR1-KICSTOR binding (fig. S14, A and B). Cholesterol in-
hibited the GATOR1-KICSTOR interaction in a LYCHOS-
dependent manner. In LYCHOS WT cells depleted of choles-
terol, DEPDC5 interacted with the KICSTOR subunits, KPTN 
and ITFG2, whereas cholesterol refeeding inhibited this in-
teraction (Fig. 4E). In contrast, in cells lacking LYCHOS, 
DEPDC5 and KICSTOR interacted strongly both in the ab-
sence and presence of cholesterol (Fig. 4E). Re-expression of 
wild-type LYCHOS restored cholesterol-dependent inhibition 
of GATOR1-KICSTOR binding, whereas both the 4CA and 
Y551A LED mutants (expressed at comparable or higher 
amounts than wild type) failed to do so (Fig. 4E). Consistent 
with a key role for the LED in regulating GATOR1-KICSTOR 
binding, recombinantly expressed wild-type LED was suffi-
cient to disrupt a preformed GATOR1-KICSTOR complex in 
vitro in a dose-dependent manner. In contrast the Y551 and 
4CA mutants, added in equal amounts to the wild-type, were 
largely ineffective (fig. S14, C and D). Unlike cholesterol, nei-
ther amino acids nor glucose stimulation affected the 
strength of GATOR1-KICSTOR binding (fig. S14E), further 
supporting a specific role of LYCHOS-dependent GATOR1-
KICSTOR modulation for cholesterol sensing upstream of 
mTORC1. 

Collectively, these results support a model in which, upon 
binding of cholesterol to the permease-like region of 
LYCHOS, the LED engages GATOR1, antagonizes its interac-
tion with KICSTOR, and thus interferes with the ability of 
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GATOR1 to act as a GAP for RagA/B. Conversely, when cho-
lesterol concentrations are low LYCHOS is unable to perturb 
the KICSTOR-GATOR1 complex, favoring GATOR1-
dependent GTP hydrolysis on RagA/B and leading to inhibi-
tion of mTORC1 signaling (Fig. 4F). Consistent with this 
model, deleting the essential KICSTOR subunit KPTN com-
pletely bypassed loss of LYCHOS, as did GATOR1 inactivation 
(fig. S14F). 

 
Discussion 
We identified LYCHOS as a component of a lysosome-based 
pathway that transduces cholesterol levels into activation of 
mTORC1 signaling. Unlike SLC38A9, which also participates 
in regulation of mTORC1 by cholesterol (as well as arginine) 
(10, 19, 20), LYCHOS does not directly interact with the Rag 
GTPases but rather regulates their nucleotide state through 
cholesterol-dependent interaction with GATOR1 (Fig. 4F). 
Thus, LYCHOS functions in a manner analogous to amino 
acid sensors that modulate the GAP activity of GATOR1, ei-
ther directly (e.g., SAMTOR) or via the GATOR2 complex 
(e.g., Sestrin, CASTOR) (8). 

Despite its GPCR-like core, LYCHOS appears not to func-
tion like a classical GPCR. The specific localization of 
LYCHOS at the lysosomal membrane makes it unlikely that 
this protein senses extracellular ligands. Based on our map-
ping of a cholesterol-binding site to TM1 within the per-
mease-like domain, we propose that cholesterol within the 
lysosomal membrane is in fact the main ligand for LYCHOS. 

Cholesterol binding to TM1 may initiate a reorientation of 
specific helices within LYCHOS that enables the interaction 
of the LED with GATOR1. The LED is located in a position 
analogous to the intracellular loop 3 (ICL3) in canonical 
GPCRs, but is larger (~110 residues) compared to ICL3 in 
most GPCRs (25-50 residues) (40). Rather than binding to a 
trimeric G-protein as canonical ICL3s do, the LYCHOS LED 
appears to directly bind to GATOR1 and disrupt its interac-
tion with KICSTOR, thereby inhibiting the RagA-GAP func-
tion of GATOR1. 

The identification of a GPCR-like protein as a putative 
cholesterol sensor upstream of mTORC1 suggests intriguing 
parallels with the Hedgehog (Hh) pathway. In the Hh path-
way, the Smoothened GPCR protein binds to cholesterol (and 
hydroxysterols) and, in response, triggers a signaling cascade 
that culminates in activation of transcriptional programs for 
differentiation and morphogenesis (41–46). The Hh pathway 
also includes Patched, a NPC1-related protein that moves cho-
lesterol away from Smo to block its activation, a similar func-
tion to that of NPC1 in inhibiting cholesterol-dependent 
mTORC1 activation (10, 47–49). 

Regulation of LYCHOS expression by fasting or feeding 
points to how cholesterol-mTORC1 signaling may be inte-
grated with the metabolic state of the organism. Higher 

LYCHOS levels in fed states may promote cholesterol-de-
pendent mTORC1 signaling when metabolic building blocks 
are abundant, a possibility consistent with the LYCHOS-
dependent anabolic gene signature we identified (5, 6). Con-
versely, during starvation, simultaneous decreased expres-
sion of LYCHOS and increased expression of NPC1 may help 
shut down cholesterol-mTORC1 signaling, thus favoring con-
servation of cellular resources. 

REFERENCES AND NOTES 
1. J. Luo, H. Yang, B.-L. Song, Mechanisms and regulation of cholesterol homeostasis. 

Nat. Rev. Mol. Cell Biol. 21, 225–245 (2020). doi:10.1038/s41580-019-0190-7 
Medline 

2. R. Riscal, N. Skuli, M. C. Simon, Even Cancer Cells Watch Their Cholesterol! Mol. Cell 
76, 220–231 (2019). doi:10.1016/j.molcel.2019.09.008 Medline 

3. A. Radhakrishnan, J. L. Goldstein, J. G. McDonald, M. S. Brown, Switch-like control 
of SREBP-2 transport triggered by small changes in ER cholesterol: A delicate 
balance. Cell Metab. 8, 512–521 (2008). doi:10.1016/j.cmet.2008.10.008 Medline 

4. R. Yan, P. Cao, W. Song, H. Qian, X. Du, H. W. Coates, X. Zhao, Y. Li, S. Gao, X. Gong, 
X. Liu, J. Sui, J. Lei, H. Yang, A. J. Brown, Q. Zhou, C. Yan, N. Yan, A structure of 
human Scap bound to Insig-2 suggests how their interaction is regulated by 
sterols. Science 371, eabb2224 (2021). doi:10.1126/science.abb2224 Medline 

5. K. Düvel, J. L. Yecies, S. Menon, P. Raman, A. I. Lipovsky, A. L. Souza, E. 
Triantafellow, Q. Ma, R. Gorski, S. Cleaver, M. G. Vander Heiden, J. P. MacKeigan, 
P. M. Finan, C. B. Clish, L. O. Murphy, B. D. Manning, Activation of a metabolic gene 
regulatory network downstream of mTOR complex 1. Mol. Cell 39, 171–183 (2010). 
doi:10.1016/j.molcel.2010.06.022 Medline 

6. H. R. Shin, R. Zoncu, The Lysosome at the Intersection of Cellular Growth and 
Destruction. Dev. Cell 54, 226–238 (2020). doi:10.1016/j.devcel.2020.06.010 
Medline 

7. X.-Y. Lu, X.-J. Shi, A. Hu, J.-Q. Wang, Y. Ding, W. Jiang, M. Sun, X. Zhao, J. Luo, W. 
Qi, B.-L. Song, Feeding induces cholesterol biosynthesis via the mTORC1-USP20-
HMGCR axis. Nature 588, 479–484 (2020). doi:10.1038/s41586-020-2928-y 
Medline 

8. G. Y. Liu, D. M. Sabatini, mTOR at the nexus of nutrition, growth, ageing and disease. 
Nat. Rev. Mol. Cell Biol. 21, 183–203 (2020). doi:10.1038/s41580-019-0199-y 
Medline 

9. Y. Sancak, L. Bar-Peled, R. Zoncu, A. L. Markhard, S. Nada, D. M. Sabatini, 
Ragulator-Rag complex targets mTORC1 to the lysosomal surface and is 
necessary for its activation by amino acids. Cell 141, 290–303 (2010). 
doi:10.1016/j.cell.2010.02.024 Medline 

10. B. M. Castellano, A. M. Thelen, O. Moldavski, M. Feltes, R. E. N. van der Welle, L. 
Mydock-McGrane, X. Jiang, R. J. van Eijkeren, O. B. Davis, S. M. Louie, R. M. Perera, 
D. F. Covey, D. K. Nomura, D. S. Ory, R. Zoncu, Lysosomal cholesterol activates 
mTORC1 via an SLC38A9-Niemann-Pick C1 signaling complex. Science 355, 
1306–1311 (2017). doi:10.1126/science.aag1417 Medline 

11. Y. Sancak, T. R. Peterson, Y. D. Shaul, R. A. Lindquist, C. C. Thoreen, L. Bar-Peled, 
D. M. Sabatini, The Rag GTPases bind raptor and mediate amino acid signaling to 
mTORC1. Science 320, 1496–1501 (2008). doi:10.1126/science.1157535 Medline 

12. E. Kim, P. Goraksha-Hicks, L. Li, T. P. Neufeld, K.-L. Guan, Regulation of TORC1 by 
Rag GTPases in nutrient response. Nat. Cell Biol. 10, 935–945 (2008). 
doi:10.1038/ncb1753 Medline 

13. K. B. Rogala, X. Gu, J. F. Kedir, M. Abu-Remaileh, L. F. Bianchi, A. M. S. Bottino, R. 
Dueholm, A. Niehaus, D. Overwijn, A. P. Fils, S. X. Zhou, D. Leary, N. N. Laqtom, E. 
J. Brignole, D. M. Sabatini, Structural basis for the docking of mTORC1 on the 
lysosomal surface. Science 366, 468–475 (2019). doi:10.1126/science.aay0166 
Medline 

14. M. Anandapadamanaban, G. R. Masson, O. Perisic, A. Berndt, J. Kaufman, C. M. 
Johnson, B. Santhanam, K. B. Rogala, D. M. Sabatini, R. L. Williams, Architecture 
of human Rag GTPase heterodimers and their complex with mTORC1. Science 
366, 203–210 (2019). doi:10.1126/science.aax3939 Medline 

15. L. Bar-Peled, L. Chantranupong, A. D. Cherniack, W. W. Chen, K. A. Ottina, B. C. 
Grabiner, E. D. Spear, S. L. Carter, M. Meyerson, D. M. Sabatini, A Tumor 
suppressor complex with GAP activity for the Rag GTPases that signal amino acid 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia B
erkeley on A

ugust 25, 2022

https://www.science.org/
http://dx.doi.org/10.1038/s41580-019-0190-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31848472&dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2019.09.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31586545&dopt=Abstract
http://dx.doi.org/10.1016/j.cmet.2008.10.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19041766&dopt=Abstract
http://dx.doi.org/10.1126/science.abb2224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33446483&dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2010.06.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20670887&dopt=Abstract
http://dx.doi.org/10.1016/j.devcel.2020.06.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32610045&dopt=Abstract
http://dx.doi.org/10.1038/s41586-020-2928-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33177714&dopt=Abstract
http://dx.doi.org/10.1038/s41580-019-0199-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31937935&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2010.02.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20381137&dopt=Abstract
http://dx.doi.org/10.1126/science.aag1417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28336668&dopt=Abstract
http://dx.doi.org/10.1126/science.1157535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18497260&dopt=Abstract
http://dx.doi.org/10.1038/ncb1753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18604198&dopt=Abstract
http://dx.doi.org/10.1126/science.aay0166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31601708&dopt=Abstract
http://dx.doi.org/10.1126/science.aax3939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31601764&dopt=Abstract


First release: 25 August 2022  science.org  (Page numbers not final at time of first release) 7 
 

sufficiency to mTORC1. Science 340, 1100–1106 (2013). 
doi:10.1126/science.1232044 Medline 

16. N. Panchaud, M.-P. Péli-Gulli, C. De Virgilio, Amino acid deprivation inhibits TORC1 
through a GTPase-activating protein complex for the Rag family GTPase Gtr1. Sci. 
Signal. 6, ra42 (2013). doi:10.1126/scisignal.2004112 Medline 

17. C.-Y. Lim, O. B. Davis, H. R. Shin, J. Zhang, C. A. Berdan, X. Jiang, J. L. Counihan, D. 
S. Ory, D. K. Nomura, R. Zoncu, ER-lysosome contacts enable cholesterol sensing 
by mTORC1 and drive aberrant growth signalling in Niemann-Pick type C. Nat. Cell 
Biol. 21, 1206–1218 (2019). doi:10.1038/s41556-019-0391-5 Medline 

18. A. Toulmay, W. A. Prinz, Direct imaging reveals stable, micrometer-scale lipid 
domains that segregate proteins in live cells. J. Cell Biol. 202, 35–44 (2013). 
doi:10.1083/jcb.201301039 Medline 

19. S. Wang, Z.-Y. Tsun, R. L. Wolfson, K. Shen, G. A. Wyant, M. E. Plovanich, E. D. Yuan, 
T. D. Jones, L. Chantranupong, W. Comb, T. Wang, L. Bar-Peled, R. Zoncu, C. 
Straub, C. Kim, J. Park, B. L. Sabatini, D. M. Sabatini, Metabolism. Lysosomal 
amino acid transporter SLC38A9 signals arginine sufficiency to mTORC1. Science 
347, 188–194 (2015). doi:10.1126/science.1257132 Medline 

20. M. Rebsamen, L. Pochini, T. Stasyk, M. E. G. de Araújo, M. Galluccio, R. K. 
Kandasamy, B. Snijder, A. Fauster, E. L. Rudashevskaya, M. Bruckner, S. Scorzoni, 
P. A. Filipek, K. V. M. Huber, J. W. Bigenzahn, L. X. Heinz, C. Kraft, K. L. Bennett, C. 
Indiveri, L. A. Huber, G. Superti-Furga, SLC38A9 is a component of the lysosomal 
amino acid sensing machinery that controls mTORC1. Nature 519, 477–481 
(2015). doi:10.1038/nature14107 Medline 

21. L. Chantranupong, R. L. Wolfson, D. M. Sabatini, Nutrient-sensing mechanisms 
across evolution. Cell 161, 67–83 (2015). doi:10.1016/j.cell.2015.02.041 Medline 

22. G. A. Wyant, M. Abu-Remaileh, E. M. Frenkel, N. N. Laqtom, V. Dharamdasani, C. A. 
Lewis, S. H. Chan, I. Heinze, A. Ori, D. M. Sabatini, NUFIP1 is a ribosome receptor 
for starvation-induced ribophagy. Science 360, 751–758 (2018). 
doi:10.1126/science.aar2663 Medline 

23. B. Schröder, C. Wrocklage, C. Pan, R. Jäger, B. Kösters, H. Schäfer, H.-P. Elsässer, 
M. Mann, A. Hasilik, Integral and associated lysosomal membrane proteins. Traffic 
8, 1676–1686 (2007). doi:10.1111/j.1600-0854.2007.00643.x Medline 

24. A. Chapel, S. Kieffer-Jaquinod, C. Sagné, Q. Verdon, C. Ivaldi, M. Mellal, J. Thirion, 
M. Jadot, C. Bruley, J. Garin, B. Gasnier, A. Journet, An extended proteome map 
of the lysosomal membrane reveals novel potential transporters. Mol. Cell. 
Proteomics 12, 1572–1588 (2013). doi:10.1074/mcp.M112.021980 Medline 

25. D. K. Vassilatis, J. G. Hohmann, H. Zeng, F. Li, J. E. Ranchalis, M. T. Mortrud, A. 
Brown, S. S. Rodriguez, J. R. Weller, A. C. Wright, J. E. Bergmann, G. A. Gaitanaris, 
The G protein-coupled receptor repertoires of human and mouse. Proc. Natl. 
Acad. Sci. U.S.A. 100, 4903–4908 (2003). doi:10.1073/pnas.0230374100 
Medline 

26. P. Saha, J. L. Shumate, J. G. Caldwell, N. Elghobashi-Meinhardt, A. Lu, L. Zhang, N. 
E. Olsson, J. E. Elias, S. R. Pfeffer, Inter-domain dynamics drive cholesterol 
transport by NPC1 and NPC1L1 proteins. eLife 9, e57089 (2020). 
doi:10.7554/eLife.57089 Medline 

27. H. J. Kwon, L. Abi-Mosleh, M. L. Wang, J. Deisenhofer, J. L. Goldstein, M. S. Brown, 
R. E. Infante, Structure of N-terminal domain of NPC1 reveals distinct subdomains 
for binding and transfer of cholesterol. Cell 137, 1213–1224 (2009). 
doi:10.1016/j.cell.2009.03.049 Medline 

28. M. Maekawa, G. D. Fairn, Complementary probes reveal that phosphatidylserine is 
required for the proper transbilayer distribution of cholesterol. J. Cell Sci. 128, 
1422–1433 (2015). doi:10.1242/jcs.164715 Medline 

29. J. Li, P. L. Lee, S. R. Pfeffer, Quantitative Measurement of Cholesterol in Cell 
Populations Using Flow Cytometry and Fluorescent Perfringolysin O. Methods 
Mol. Biol. 1583, 85–95 (2017). doi:10.1007/978-1-4939-6875-6_8 Medline 

30. O. B. Davis, H. R. Shin, C.-Y. Lim, E. Y. Wu, M. Kukurugya, C. F. Maher, R. M. Perera, 
M. P. Ordonez, R. Zoncu, NPC1-mTORC1 Signaling Couples Cholesterol Sensing to 
Organelle Homeostasis and Is a Targetable Pathway in Niemann-Pick Type C. Dev. 
Cell 56, 260–276.e7 (2021). doi:10.1016/j.devcel.2020.11.016 Medline 

31. M. M. Budelier, W. W. L. Cheng, L. Bergdoll, Z.-W. Chen, J. W. Janetka, J. Abramson, 
K. Krishnan, L. Mydock-McGrane, D. F. Covey, J. P. Whitelegge, A. S. Evers, 
Photoaffinity labeling with cholesterol analogues precisely maps a cholesterol-
binding site in voltage-dependent anion channel-1. J. Biol. Chem. 292, 9294–9304 
(2017). doi:10.1074/jbc.M116.773069 Medline 

32. A. N. Bukiya, A. M. Dopico, Common structural features of cholesterol binding sites 

in crystallized soluble proteins. J. Lipid Res. 58, 1044–1054 (2017). 
doi:10.1194/jlr.R073452 Medline 

33. M. A. Hanson, V. Cherezov, M. T. Griffith, C. B. Roth, V.-P. Jaakola, E. Y. T. Chien, 
J. Velasquez, P. Kuhn, R. C. Stevens, A specific cholesterol binding site is 
established by the 2.8 A structure of the human β2-adrenergic receptor. Structure 
16, 897–905 (2008). doi:10.1016/j.str.2008.05.001 Medline 

34. K. F. Cho, T. C. Branon, N. D. Udeshi, S. A. Myers, S. A. Carr, A. Y. Ting, Proximity 
labeling in mammalian cells with TurboID and split-TurboID. Nat. Protoc. 15, 3971–
3999 (2020). doi:10.1038/s41596-020-0399-0 Medline 

35. R. L. Wolfson, L. Chantranupong, G. A. Wyant, X. Gu, J. M. Orozco, K. Shen, K. J. 
Condon, S. Petri, J. Kedir, S. M. Scaria, M. Abu-Remaileh, W. N. Frankel, D. M. 
Sabatini, KICSTOR recruits GATOR1 to the lysosome and is necessary for 
nutrients to regulate mTORC1. Nature 543, 438–442 (2017). 
doi:10.1038/nature21423 Medline 

36. A. Das, M. S. Brown, D. D. Anderson, J. L. Goldstein, A. Radhakrishnan, Three pools 
of plasma membrane cholesterol and their relation to cholesterol homeostasis. 
eLife 3, e02882 (2014). doi:10.7554/eLife.02882 Medline 

37. S. A. Fromm, R. E. Lawrence, J. H. Hurley, Structural mechanism for amino acid-
dependent Rag GTPase nucleotide state switching by SLC38A9. Nat. Struct. Mol. 
Biol. 27, 1017–1023 (2020). doi:10.1038/s41594-020-0490-9 Medline 

38. P. Huang, S. Zheng, B. M. Wierbowski, Y. Kim, D. Nedelcu, L. Aravena, J. Liu, A. C. 
Kruse, A. Salic, Structural Basis of Smoothened Activation in Hedgehog Signaling. 
Cell 174, 312–324.e16 (2018). doi:10.1016/j.cell.2018.04.029 Medline 

39. R. E. Lawrence, S. A. Fromm, Y. Fu, A. L. Yokom, D. J. Kim, A. M. Thelen, L. N. Young, 
C.-Y. Lim, A. J. Samelson, J. H. Hurley, R. Zoncu, Structural mechanism of a Rag 
GTPase activation checkpoint by the lysosomal folliculin complex. Science 366, 
971–977 (2019). doi:10.1126/science.aax0364 Medline 

40. B. K. Kobilka, T. S. Kobilka, K. Daniel, J. W. Regan, M. G. Caron, R. J. Lefkowitz, 
Chimeric α 2-,β 2-adrenergic receptors: Delineation of domains involved in 
effector coupling and ligand binding specificity. Science 240, 1310–1316 (1988). 
doi:10.1126/science.2836950 Medline 

41. M. K. Cooper, C. A. Wassif, P. A. Krakowiak, J. Taipale, R. Gong, R. I. Kelley, F. D. 
Porter, P. A. Beachy, A defective response to Hedgehog signaling in disorders of 
cholesterol biosynthesis. Nat. Genet. 33, 508–513 (2003). doi:10.1038/ng1134 
Medline 

42. P. Huang, D. Nedelcu, M. Watanabe, C. Jao, Y. Kim, J. Liu, A. Salic, Cellular 
Cholesterol Directly Activates Smoothened in Hedgehog Signaling. Cell 166, 
1176–1187.e14 (2016). doi:10.1016/j.cell.2016.08.003 Medline 

43. I. Deshpande, J. Liang, D. Hedeen, K. J. Roberts, Y. Zhang, B. Ha, N. R. Latorraca, 
B. Faust, R. O. Dror, P. A. Beachy, B. R. Myers, A. Manglik, Smoothened stimulation 
by membrane sterols drives Hedgehog pathway activity. Nature 571, 284–288 
(2019). doi:10.1038/s41586-019-1355-4 Medline 

44. X. Qi, H. Liu, B. Thompson, J. McDonald, C. Zhang, X. Li, Cryo-EM structure of 
oxysterol-bound human Smoothened coupled to a heterotrimeric Gi. Nature 571, 
279–283 (2019). doi:10.1038/s41586-019-1286-0 Medline 

45. X. Xiao, J.-J. Tang, C. Peng, Y. Wang, L. Fu, Z.-P. Qiu, Y. Xiong, L.-F. Yang, H.-W. 
Cui, X.-L. He, L. Yin, W. Qi, C. C. L. Wong, Y. Zhao, B.-L. Li, W.-W. Qiu, B.-L. Song, 
Cholesterol Modification of Smoothened Is Required for Hedgehog Signaling. Mol. 
Cell 66, 154–162.e10 (2017). doi:10.1016/j.molcel.2017.02.015 Medline 

46. X. Qi, L. Friedberg, R. De Bose-Boyd, T. Long, X. Li, Sterols in an intramolecular 
channel of Smoothened mediate Hedgehog signaling. Nat. Chem. Biol. 16, 1368–
1375 (2020). doi:10.1038/s41589-020-0646-2 Medline 

47. H. Qian, X. Wu, X. Du, X. Yao, X. Zhao, J. Lee, H. Yang, N. Yan, Structural Basis of 
Low-pH-Dependent Lysosomal Cholesterol Egress by NPC1 and NPC2. Cell 182, 
98–111.e18 (2020). doi:10.1016/j.cell.2020.05.020 Medline 

48. X. Qi, P. Schmiege, E. Coutavas, X. Li, Two Patched molecules engage distinct sites 
on Hedgehog yielding a signaling-competent complex. Science 362, eaas8843 
(2018). doi:10.1126/science.aas8843 Medline 

49. Y. Zhang, D. P. Bulkley, Y. Xin, K. J. Roberts, D. E. Asarnow, A. Sharma, B. R. Myers, 
W. Cho, Y. Cheng, P. A. Beachy, Structural Basis for Cholesterol Transport-like 
Activity of the Hedgehog Receptor Patched. Cell 175, 1352–1364.e14 (2018). 
doi:10.1016/j.cell.2018.10.026 Medline 

50. D. N. Itzhak, S. Tyanova, J. Cox, G. H. Borner, Global, quantitative and dynamic 
mapping of protein subcellular localization. eLife 5, e16950 (2016). 
doi:10.7554/eLife.16950 Medline 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia B
erkeley on A

ugust 25, 2022

https://www.science.org/
http://dx.doi.org/10.1126/science.1232044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23723238&dopt=Abstract
http://dx.doi.org/10.1126/scisignal.2004112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23716719&dopt=Abstract
http://dx.doi.org/10.1038/s41556-019-0391-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31548609&dopt=Abstract
http://dx.doi.org/10.1083/jcb.201301039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23836928&dopt=Abstract
http://dx.doi.org/10.1126/science.1257132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25567906&dopt=Abstract
http://dx.doi.org/10.1038/nature14107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25561175&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2015.02.041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25815986&dopt=Abstract
http://dx.doi.org/10.1126/science.aar2663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29700228&dopt=Abstract
http://dx.doi.org/10.1111/j.1600-0854.2007.00643.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17897319&dopt=Abstract
http://dx.doi.org/10.1074/mcp.M112.021980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23436907&dopt=Abstract
http://dx.doi.org/10.1073/pnas.0230374100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12679517&dopt=Abstract
http://dx.doi.org/10.7554/eLife.57089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32410728&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2009.03.049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19563754&dopt=Abstract
http://dx.doi.org/10.1242/jcs.164715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25663704&dopt=Abstract
http://dx.doi.org/10.1007/978-1-4939-6875-6_8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28205169&dopt=Abstract
http://dx.doi.org/10.1016/j.devcel.2020.11.016
https://pubmed.ncbi.nlm.nih.gov/33308480/
http://dx.doi.org/10.1074/jbc.M116.773069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28396346&dopt=Abstract
http://dx.doi.org/10.1194/jlr.R073452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28420706&dopt=Abstract
http://dx.doi.org/10.1016/j.str.2008.05.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18547522&dopt=Abstract
http://dx.doi.org/10.1038/s41596-020-0399-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33139955&dopt=Abstract
http://dx.doi.org/10.1038/nature21423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28199306&dopt=Abstract
http://dx.doi.org/10.7554/eLife.02882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24920391&dopt=Abstract
http://dx.doi.org/10.1038/s41594-020-0490-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32868926&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2018.04.029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29804838&dopt=Abstract
http://dx.doi.org/10.1126/science.aax0364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31672913&dopt=Abstract
http://dx.doi.org/10.1126/science.2836950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2836950&dopt=Abstract
http://dx.doi.org/10.1038/ng1134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12652302&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2016.08.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27545348&dopt=Abstract
http://dx.doi.org/10.1038/s41586-019-1355-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31263273&dopt=Abstract
http://dx.doi.org/10.1038/s41586-019-1286-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31168089&dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2017.02.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28344083&dopt=Abstract
http://dx.doi.org/10.1038/s41589-020-0646-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32929279&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2020.05.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32544384&dopt=Abstract
http://dx.doi.org/10.1126/science.aas8843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30139912&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2018.10.026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30415841&dopt=Abstract
http://dx.doi.org/10.7554/eLife.16950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27278775&dopt=Abstract


First release: 25 August 2022  science.org  (Page numbers not final at time of first release) 8 
 

51. J. Schultz, F. Milpetz, P. Bork, C. P. Ponting, SMART, a simple modular architecture 
research tool: Identification of signaling domains. Proc. Natl. Acad. Sci. U.S.A. 95, 
5857–5864 (1998). doi:10.1073/pnas.95.11.5857 Medline 

52. D. W. Huang, B. T. Sherman, R. A. Lempicki, Systematic and integrative analysis of 
large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–57 
(2008). doi:10.1038/nprot.2008.211 Medline 

53. Y. Zhou, B. Zhou, L. Pache, M. Chang, A. H. Khodabakhshi, O. Tanaseichuk, C. 
Benner, S. K. Chanda, Metascape provides a biologist-oriented resource for the 
analysis of systems-level datasets. Nat. Commun. 10, 1523 (2019). 
doi:10.1038/s41467-019-09234-6 Medline 

54. W. Walter, F. Sánchez-Cabo, M. Ricote, GOplot: An R package for visually 
combining expression data with functional analysis. Bioinformatics 31, 2912–2914 
(2015). doi:10.1093/bioinformatics/btv300 Medline 

55. P. Shannon, A. Markiel, O. Ozier, N. S. Baliga, J. T. Wang, D. Ramage, N. Amin, B. 
Schwikowski, T. Ideker, Cytoscape: A software environment for integrated models 
of biomolecular interaction networks. Genome Res. 13, 2498–2504 (2003). 
doi:10.1101/gr.1239303 Medline 

56. J. L. Goldstein, S. K. Basu, M. S. Brown, Receptor-mediated endocytosis of low-
density lipoprotein in cultured cells. Methods Enzymol. 98, 241–260 (1983). 
doi:10.1016/0076-6879(83)98152-1 Medline 

57. T. Wu, J. Yu, Z. Gale-Day, A. Woo, A. Suresh, M. Hornsby, J. E. Gestwicki, Three 
Essential Resources to Improve Differential Scanning Fluorimetry (DSF) 
Experiments. bioRxiv 2020.03.22.002543 (2020). 
https://doi.org/10.1101/2020.03.22.002543. 

58. K. Krishnan, M. Qian, M. Feltes, Z.-W. Chen, S. Gale, L. Wang, Y. Sugasawa, D. E. 
Reichert, J. E. Schaffer, D. S. Ory, A. S. Evers, D. F. Covey, Validation of 
Trifluoromethylphenyl Diazirine Cholesterol Analogues As Cholesterol Mimetics 
and Photolabeling Reagents. ACS Chem. Biol. 16, 1493–1507 (2021). 
doi:10.1021/acschembio.1c00364 Medline 

59. R. Darbandi-Tonkabon, W. R. Hastings, C.-M. Zeng, G. Akk, B. D. Manion, J. R. 
Bracamontes, J. H. Steinbach, S. J. Mennerick, D. F. Covey, A. S. Evers, 
Photoaffinity labeling with a neuroactive steroid analogue. 6-azi-pregnanolone 
labels voltage-dependent anion channel-1 in rat brain. J. Biol. Chem. 278, 13196–
13206 (2003). doi:10.1074/jbc.M213168200 Medline 

60. J. A. Katzenellenbogen, H. J. Johnson Jr., K. E. Carlson, H. N. Myers, 
Photoreactivity of some light-sensitive estrogen derivatives. Use of an exchange 
assay to determine their photointeraction with the rat uterine estrogen binding 
protein. Biochemistry 13, 2986–2994 (1974). doi:10.1021/bi00711a031 Medline 

61. Z.-W. Chen, J. R. Bracamontes, M. M. Budelier, A. L. Germann, D. J. Shin, K. 
Kathiresan, M.-X. Qian, B. Manion, W. W. L. Cheng, D. E. Reichert, G. Akk, D. F. 
Covey, A. S. Evers, Multiple functional neurosteroid binding sites on GABAA 
receptors. PLOS Biol. 17, e3000157 (2019). doi:10.1371/journal.pbio.3000157 
Medline 

62. D. I. Benjamin, A. Cozzo, X. Ji, L. S. Roberts, S. M. Louie, M. M. Mulvihill, K. Luo, D. 
K. Nomura, Ether lipid generating enzyme AGPS alters the balance of structural 
and signaling lipids to fuel cancer pathogenicity. Proc. Natl. Acad. Sci. U.S.A. 110, 
14912–14917 (2013). doi:10.1073/pnas.1310894110 Medline 

63. M.-Y. Su, K. L. Morris, D. J. Kim, Y. Fu, R. Lawrence, G. Stjepanovic, R. Zoncu, J. H. 
Hurley, Hybrid Structure of the RagA/C-Ragulator mTORC1 Activation Complex. 
Mol. Cell 68, 835–846.e3 (2017). doi:10.1016/j.molcel.2017.10.016 Medline 

ACKNOWLEDGMENTS 

We thank R. Irannejad, J. Thorner and all the members of the Zoncu lab for critical 
reading of the manuscript. We thank M. Rape for providing endogenously tagged 
3xFLAG KLH12 HEK293T cells, R. Irannejad for the Gi/Gs/Gq cDNA constructs, 
the Stroud lab for the anti-GFP nanobody Sepharose, and Taia Wu in the 
J.Gestwicki lab for assistance with the DSF experiment. Funding: This work was 
supported by NIH R01GM127763, a University of Notre Dame/APMRF grant and 
an Edward Mallinckrodt, Jr. Foundation Scholar Award to R.Z., a 2019 AACR-
Amgen Fellowship in Clinical/Translational Cancer Research (19-40-11-SHIN) 
and a 2021 AFTD-Holloway postdoctoral fellowship (2021-002) to H.R.S., NIH 
R01MH110550, NIH R01HL067773 to D.F.C., NIH R01GM108799 to A.S.E., and 
1P50MH122379 to D.F.C and A.S.E. Author contributions: H.R.S. and R.Z. 
conceptualized the study. H.R.S designed and performed experiments with the 
assistance from Y.R.C., R.S., C.S.G., A.J., C-Y.L., O.B.D., and D.C-C.. L.W. 

performed the photolabeling and site identification by mass spectrometry. L.T. 
and C.S.G. performed the bioinformatic analysis. L.T. and N.S. performed the 
mouse experiments. A.J. and D.K.N. performed the lipidomic mass-spectrometry 
experiments. H.R.S.. and R.Z.. wrote the manuscript, and all authors contributed 
corrections and comments Competing interests: R.Z. is a co-founder, 
stockholder, and scientific advisor for Frontier Medicines Corp., and a scientific 
advisor for Nine Square Therapeutics and Apertor Pharmaceuticals. D.K. N. is a 
co-founder, shareholder, and adviser for Frontier Medicines and Vicinitas 
Therapeutics. D.K.N. is also on the scientific advisory board of The Mark 
Foundation for Cancer Research, Photys Therapeutics, and Apertor 
Pharmaceuticals, and is a consultant for MPM Capital and Droia Ventures. The 
other authors declare that they have no competing interests. Data and 
materials availability: The RNA-sequencing data discussed in this manuscript 
and performed in this study are deposited in the NCBI Gene Expression Omnibus 
(NCBI-GEO) Accession number GSE46495 and GSE196384 respectively. All 
other data are available in the main text or the supplementary materials. License 
information: Copyright © 2022 the authors, some rights reserved; exclusive 
licensee American Association for the Advancement of Science. No claim to 
original US government works. https://www.science.org/about/science-
licenses-journal-article-reuse 

SUPPLEMENTARY MATERIALS 
science.org/doi/10.1126/science.abg6621 
Materials and Methods 
Figs. S1 to S14 
Tables S1 to S7 
References (50–63) 
MDAR Reproducibility Checklist 
 
Submitted 24 January 2021; resubmitted 12 February 2022 
Accepted 11 August 2022 
Published online 25 August 2022 
10.1126/science.abg6621 
 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia B
erkeley on A

ugust 25, 2022

https://www.science.org/
http://dx.doi.org/10.1073/pnas.95.11.5857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9600884&dopt=Abstract
http://dx.doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19131956&dopt=Abstract
http://dx.doi.org/10.1038/s41467-019-09234-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30944313&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btv300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25964631&dopt=Abstract
http://dx.doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14597658&dopt=Abstract
http://dx.doi.org/10.1016/0076-6879(83)98152-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6321901&dopt=Abstract
http://dx.doi.org/10.1021/acschembio.1c00364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34355883&dopt=Abstract
http://dx.doi.org/10.1074/jbc.M213168200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12560326&dopt=Abstract
http://dx.doi.org/10.1021/bi00711a031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4407785&dopt=Abstract
http://dx.doi.org/10.1371/journal.pbio.3000157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30845142&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1310894110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23980144&dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2017.10.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29107538&dopt=Abstract
https://www.science.org/content/page/science-licenses-journal-article-reuse
https://www.science.org/content/page/science-licenses-journal-article-reuse


First release: 25 August 2022  science.org  (Page numbers not final at time of first release) 9 
 

 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia B
erkeley on A

ugust 25, 2022

https://www.science.org/


First release: 25 August 2022  science.org  (Page numbers not final at time of first release) 10 
 

  

Fig. 1. Lysosomal transmembrane protein LYCHOS is required for cholesterol-mediated mTORC1 
activation. (A) Summary chart of the workflow for the identification of lysosomal transmembrane signaling 
proteins. (B) Volcano plots of ‘biological process’ GO terms enriched in lysosome-resident transmembrane 
proteins relative to all transmembrane proteins. (C) Network representation of lysosome-associated 
transmembrane proteins with large loops (blue). Gray nodes show annotated signaling domains. Predicted 
lysosome-resident transmembrane proteins are circled in red. (D) Schematic of the predicted GPR155/LYCHOS 
topology and domain organization. (E) LYCHOS is a lysosomal protein. HEK293T cells stably expressing 
LYCHOS-FLAG was fixed and stained with antibodies targeting FLAG and LAMP2. Scale bar, 10 μm. (F) LYCHOS 
is required for mTORC1 activation by cholesterol. Control HEK293T cells or LYCHOS-deleted cells (sgLYCHOS) 
were depleted of sterols using methyl-β-cyclodextrin (MCD, 0.75% w/v) for 2 hours, followed by re-feeding for 
2 hours with 50 μM cholesterol (chl) in complex with 0.1% MCD or with 50 μg/ml LDL. Cell lysates were blotted 
with the indicated antibodies. (G) LYCHOS is required for cholesterol-dependent mTORC1 recruitment to 
lysosomes. LYCHOS-deleted HEK293T cells were subject to cholesterol depletion and restimulation, followed 
by immunofluorescence of endogenous mTOR and LAMP2. Representative images are shown. Scale bars, 10 
μm. (H) Quantification of co-localization of mTOR with LAMP2-positive lysosomes in the indicated genotypes 
and conditions. Data are mean ±s.d. Statistical analysis was performed using ANOVA with Dunnett’s multiple 
comparison test; ***p<0.001 
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Fig. 2. Cholesterol binding at the N-terminal region of LYCHOS is essential for mTORC1 activation. (A) [3H]-
cholesterol binding to LYCHOS WT. 150ng of purified LYCHOS was incubated with indicated concentration of 
[3H]-cholesterol, in the presence or absence of 10μM cold cholesterol or epicholesterol. Bound [3H]-cholesterol 
was measured by scintillation counting. The assay was performed in duplicates and each data point is shown. 
(B,C) Competitive binding of unlabeled sterols to LYCHOS. 150ng LYCHOS was incubated with 500nM [3H]-
cholesterol along with increasing concentrations of the indicated unlabeled sterol. Bound [3H]-cholesterol was 
measured by scintillation counting. The assay was performed in duplicates and each data point is shown. (D) 
CID product ion spectrum of the TM1 tryptic peptide photolabeled with 3μM LKM38. TM1 peptide (m/z=934.53, 
z=3) is photolabeled by LKM38 at E48. Red and black indicate product ions that do or do not contain LKM38 
adduct, respectively. The C* indicates that the cysteine is alkylated by NEM. The inset schematic of GPR155 in 
the panel indicates the approximate location of the residues labeled by LKM38 (red star). The numerical data 
are included in table S3. NEM, N-ethylmaleimide; TM, transmembrane helix. (E) Photolabeling efficiency of 
recombinant LYCHOS by LKM38 in the absence or presence of excess unlabeled cholesterol. Data are mean of 
±s.d of n=5. Statistical analysis was performed using student t test; ***p<0.001 (F) LYCHOS TM1 is required for 
cholesterol-mediated mTORC1 activation. HEK293T/sgLYCHOS were transfected with FLAG-S6K1 along with 
HA-tagged METAP2 (neg. control), LYCHOS WT and TM1 mutants. Cells were cholesterol-starved, or starved 
and restimulated as indicated in the presence of 50μM mevalonate and mevastatin, followed by FLAG 
immunoprecipitation (IP) and immunoblotting for the phosphorylation state and levels of the indicated proteins 
(G) [3H]-cholesterol binding to LYCHOS WT and LYCHOS FP>IA mutant. 150ng of purified LYCHOS were 
incubated with indicated concentration of [3H]-cholesterol, and bound radioactive cholesterol was measured by 
scintillation counting. The assay was performed in duplicates and each data point is shown. (H) LYCHOS TM1 
mutants FP>IA and Y57A blunt cholesterol-mediated mTORC1 activation. HEK293T/ sgLYCHOS cells were 
transfected with FLAG-S6K1 along with HA-METAP2 (neg. control) or LYCHOS WT, Y57A or FP>IA-HA and 
analyzed as in (F). 
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Fig. 3. LYCHOS promotes mTORC1 signaling via cholesterol-regulated interaction with GATOR1. (A) 
TurboID-based proximity labeling combined with LC-MS/MS identified GATOR1 complex components 
(DEPDC5, NPRL2, and NPRL3) as interactors of LYCHOS. Volcano plot of the ratio of LYCHOS-FLAG-TurboID 
(LYCHOS) to NPC1-FLAG-TurboID (NPC1) is shown. Proteins with statistically significant (p value≥0.05, two-
tailed unpaired t test) with fold change LYCHOS/NPC1≥2 are displayed as red circles. (B) Cartoon summarizing 
the TurboID proteomic analysis in (A). GATOR1 and KICSTOR subunits are color-coded according to their 
peptide counts. (C) Cholesterol strengthens the LYCHOS-GATOR1 interaction. HEK293T cells bearing 
endogenously 3xFLAG-tagged KLH12, LYCHOS and DEPDC5 were depleted of sterols then re-fed with 50 μM 
cholesterol, followed by FLAG immunoprecipitation and immunoblotting for the indicated proteins. (D) LYCHOS 
regulates cholesterol-dependent mTORC1 signaling via GATOR1. HEK293T cells lacking GATOR1 (sgNPRL3), 
LYCHOS (sgLYCHOS) or both (sgNPRL3/sgLYCHOS) were cholesterol-starved, or starved and refed with 50 
μM cholesterol or 50 μg/ml LDL, followed by immunoblotting for the indicated proteins. (E) LYCHOS functions 
at upstream of RagA GTP loading. HEK293T cells stably expressing LAMP1-FLAG or FLAG-SLC38A9.1 were 
infected with shRNA targeting luciferase or LYCHOS for FLAG immunoprecipitation to assess SLC38A9.1-RAG 
A/C interaction. (F) SLC38A9.1 functions at downstream of RagA GTP loading. SLC38A9.1 was knockdown in 
HEK293T cells endogenously 3xFLAG-tagged KLH12 and LYCHOS cells, followed by FLAG immunoprecipitation 
and immunoblotting for the indicated proteins. (G)) LYCHOS and SLC38A9 mediate distinct cholesterol-sensing 
pathways, converging on mTORC1. D
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Fig. 4. Cholesterol disrupts the GATOR1-KICSTOR interaction via the LYCHOS LED. (A) Sequence alignment 
of LYCHOS LED domain. Highly conserved residues selected for mutagenesis are highlighted in red. (B) 
HEK293T/ sgLYCHOS cells were transfected with FLAG-S6K1 along with LAMP1-HA (neg. control) or LYCHOS 
WT, Y551A or 4CA-HA, followed by FLAG immunoprecipitation and immunoblotting for the phosphorylation 
state and levels of the indicated proteins. (C) LYCHOS LED mutations disrupt cholesterol-dependent LYCHOS 
interaction with GATOR1. HEK293T/sgLYCHOS cells were reconstituted with the indicated WT and LED-mutant 
LYCHOS constructs along with GATOR1. FLAG immunoprecipitates were analyzed by immunoblotting. (D) 
LYCHOS LED is sufficient for GATOR1 interaction: in vitro binding assay between purified GATOR1 and 
recombinant, wild-type or mutant LYCHOS LED fused to a leucine zipper (LZ). LZ alone was used as negative 
control. (E) In high cholesterol, LYCHOS disrupts the GATOR1-KICSTOR interaction via its LED. Control 
HEK293T cells, or HEK293T/sgLYCHOS cells reconstituted with the indicated WT and mutant FLAG-LYCHOS 
constructs, and co-expressing HA-METAP2 or HA-DEPDC5 as indicated, were cholesterol-starved, or starved 
and restimulated, followed by HA immunoprecipitation. Lysates were analyzed by immunoblotting (F) Molecular 
mechanisms of LYCHOS-dependent regulation of cholesterol-mTORC1 signaling. Under low cholesterol, stable 
GATOR1-KICSTOR complex promotes GATOR1-dependent GTP hydrolysis of RagA/B, which maintains 
mTORC1 inactive in the cytosol. In high cholesterol, a conformational change in the LED stimulates LYCHOS 
interaction with GATOR1 while displacing KICSTOR, thus favoring the GTP-loaded state of RagA/B that leads to 
lysosomal recruitment and activation of mTORC1. 
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