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Lysosomes have crucial roles in regulating eukaryotic metabolism and cell growth

by acting as signalling platforms to sense and respond to changes in nutrient and
energy availability’. LYCHOS (GPR155) is a lysosomal transmembrane protein that
functions as a cholesterol sensor, facilitating the cholesterol-dependent activation
of the master protein kinase mechanistic target of rapamycin complex 1 (mTORCI1)>.
However, the structural basis of LYCHOS assembly and activity remains unclear. Here
we determine several high-resolution cryo-electron microscopy structures of human
LYCHOS, revealing a homodimeric transmembrane assembly of a transporter-like
domain fused to a G-protein-coupled receptor (GPCR) domain. The class B2-like
GPCR domainis captured in the apo state and packs against the surface of the
transporter-like domain, providing an unusual example of a GPCR asadomainin
alarger transmembrane assembly. Cholesterol sensing is mediated by a conserved
cholesterol-binding motif, positioned between the GPCR and transporter domains.
Wereveal that the LYCHOS transporter-like domainis an orthologue of the plant
PIN-FORMED (PIN) auxin transporter family, and has greater structural similarity to
plant auxin transporters than to known human transporters. Activity assays support

amodelinwhich the LYCHOS transporter and GPCR domains coordinate to sense
cholesterol and regulate mTORCl activation.

Thelysosomal membrane has emerged as a dynamic signalling platform
that senses and responds to changes in the availability of nutrients,
growth factors and other essential cellular components, including
cholesterol’. A crucial element of cellular membranes, cholesterol
defines membrane structure and fluidity and has a central role in many
cellular processes, including signalling and membrane trafficking®.
Cholesterol levels are regulated at [lysosomes, which can degrade or
recycleintracellular cholesterol as part of abroader homeostatic cycle
that incorporates cholesterol synthesis, endocytosis and transport®.
Thelysosomal transmembrane protein LYCHOS is a key component of
cholesterolsignalling, functioning as acholesterol sensor to enable the
cholesterol-dependent activation of mTORC1-dependent cell growth
pathways?.

The proteinkinase mechanistic target of rapamycin (mTOR) orches-
trates eukaryotic cell growth in response to nutrient availability and
growthsignals, including amino acids, insulin and glucose®. Lysosomes
providea platform for mTORCl activity, with cellgrowth cues triggering
the allosteric activation of mTORCI after it binds to the small GTPase
Rheb at the lysosomal membrane’. Activated mTORC1 phosphorylates
downstream effectors, including ribosomal S6 kinase and eukaryotic
initiation factor 4E binding protein 1 (4EBP1), which are crucial regu-
lators of protein synthesis and cell growth®. Conversely, amino acid
deficiency inhibits mTORCI1-dependent cell growth throughthe activity

ofthe GATOR1 complex’. GATOR1 is a GTPase-activating protein for the
RagA GTPase, promoting conversion from the active GTP-bound state
to theinactive GDP-bound state®®. The RagA®™-RagC°"" heterodimer
recruitsmTORC1to the lysosomal surface, and the GATOR1-catalysed
conversion of RagA to the GDP-bound state restricts mTORC1lysosomal
recruitment and cell growth signalling™'2. When cholesterol levels
are sufficient to support cell growth, LYCHOS binds cholesterol at its
N terminus andis thought to interact with GATOR1 by means of anelon-
gated cytoplasmic-facing loop® By sequestering GATORI (refs. 2,13),
LYCHOS promotes the recruitment of mTORC1 to the lysosome to
drive cellgrowth?. Therefore, LYCHOS enables lysosomes to integrate
lysosomal cholesterol levels withmTORC1 signalling to coordinate cell
metabolism and growth.

The cryo-EM structure of LYCHOS

LYCHOS was at first classified as a GPCR (GPR155) but remains an
orphan receptor with unknown GPCR-like activity™. To gain a deeper
understanding of LYCHOS structure and function, we determined the
2.65 A resolution cryo-electron microscopy (cryo-EM) structure of
LYCHOS (Fig. 1a-c, Supplementary Video 1, Extended Data Figs. 1a-f,
2a,b and 3a-f and Extended Data Table 1). The structure revealed an
N-terminal transporter-like domain fused to a central GPCR domain,
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Fig.1|Cryo-EMstructure of the LYCHOS homodimer. a, Schematic of
LYCHOS domain layout. b, The 2.65 A resolution cryo-EM density map of the
LYCHOS homodimer inthe membrane plane oriented with the cytoplasm
atthetop andthelysosomallumenatthe bottom. Orientation as previously
determined?. Asecond LYCHOS cryo-EM reconstruction in thinner ice was
determined to a more uniform 2.75 A resolution across the transmembrane
domains, but density for the DEP domains was missing from the map

with a Dishevelled, EGL-10 and Pleckstrin (DEP) domain located at the
C terminus (Fig. 1a-d). The transporter-like domain forms a homodi-
meric assembly of ten transmembrane helices in a twofold repeating
topology, withafurther seventransmembrane helices contributed by
the GPCR domain (Fig.1b-d). The GPCR domainis homologousto the
transmembrane region of the class B2 family of adhesion GPCRs, and
isin the apo state, with no ligand or G protein bound (Extended Data
Fig.4a-gand Supplementary Discussion1). The GPCR domain resides
proximal to the dimer core with a relatively small interface (992 A>bur-
ied surface area) formed between the GPCR and the transporter-like
domain (Fig. 1e,f). The dimerization interface is extensive (1,410 A2
buried surface area) with conserved interactions mediated by the
transporter-like domain (Fig. 1e,f and Extended Data Fig. 5a,b).
In addition, the DEP domains dimerize on the cytosolic surface of the
transporter-like domain, forming a second, less extensive dimer inter-
face mediated by the symmetrical arrangement of DEP helices a18 and
a19 (Extended DataFig. 5c,d). Notably, both the scaffold and DEP inter-
faces are highly conserved, highlighting astrong selection pressure on
the formation of dimeric LYCHOS (Extended Data Fig. 5a-d). These data
suggest thatthe dimer hasacrucialrolein function. However, whether
the DEP domains have abiological function beyond supporting dimer
formationis at present unclear.

The GPCRthird intracellularloop (ICL3) correspondstoalargeintrin-
sically disordered loop (residues 551-641) that is not observed in the
structure and extends from helices a15and a16 (Fig. 1b,d and Extended
DataFig.4c). The GPCRICL3 was previously referred to asthe LYCHOS
effector domain (LED)2. TheICL3 (LED) is oriented into the cytoplasm
andisthought to mediate interactions with the GATOR1 complex at the

Scaffold

(Extended DataFigs.2and 3 and Extended Data Table1). ¢, Model of the
LYCHOS homodimer oriented asinb, with the transporter scaffold regionin
blue, the transporter regionin purple, the GPCR domainin orange and the DEP
domainingreen.d, Topology diagram of LYCHOS oriented asin b, with key
domains andsecondary structural elements highlighted. e,f, LYCHOS model
(e) and cryo-EM density map (f) viewed from the lysosomal lumen.

lysosomal membrane®. Consequently, this orientation of LYCHOS posi-
tions the GPCR orthosteric ligand-binding pocket into the [ysosomal
lumen with the G-protein-binding site facing the cytoplasm (Fig.1b and
Extended Data Fig. 4c). Comparison of the LYCHOS orthosteric bind-
ing pocket with the structures of active adhesion GPCRs reveals that
LYCHOS a11 (GPCR domain transmembrane helix1, TM1) and a16 (GPCR
TM6) are positioned to occlude the pocket (Extended Data Fig.4d and
Supplementary Discussion1).Inaddition, the LYCHOS lysosomalloop 2,
correspondingto GPCR extracellular loop 2 (ECL2), buriesitself within
the orthosteric binding pocket, which s likely to further block ligand
entry (Extended Data Fig. 4d). At the G-protein-binding site, align-
ments between LYCHOS and G-protein-coupled ADGR4 reveal that the
LYCHOS a15 (GPCRTM5) and a16 (GPCR TM6) transmembrane helices,
along with the DEP domains, would sterically preclude acanonical mode
of G-protein coupling (Extended Data Fig. 4e). Furthermore, LYCHOS
16 (GPCR TM6) adopts an extended linear conformation, rather than
the kinked conformation that opens the G-protein-binding pocket®
(Extended Data Fig. 4f and Supplementary Discussion 1). Together,
these findings suggest thatin the observed conformation, the LYCHOS
GPCR domain does not engage with G proteins. However, consider-
ing the wide variation in the interaction angles between arrestins,
G proteinsand GPCRs, we cannot completely exclude the possibility of
such couplings. Whether LYCHOS has the potential to signal through
canonical GPCR pathways will require future verification through
acomprehensive assessment of canonical GPCR effectors and signal-
ling mechanisms. Overall, the LYCHOS domain arrangement provides
a highly unusual structural example of a GPCR domain fused to addi-
tional domains within a larger transmembrane assembly.
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Fig.2| The LYCHOS transporter domainisa human orthologue of plant
PIN auxin transporters. a, Phylogenetic analysis of the LYCHOS transporter
domain. Models of selected transporters (stars) are shown for structural
comparison. For detailed analyses, see Extended Data Fig. 6 and Extended
DataTable 2. b, Structural alignment of the LYCHOS transporter domain with
plant PIN1 (root mean square deviation (RMSD) 2.86 A), PIN3 (RMSD 3.35 A)
and PIN8 (RMSD 3.57 A) structures®?. ¢,d, The LYCHOS transporter domain
crossover motif (c), aligned to the three plant PIN transporters (d). The
conserved asparagine and proline residues are numbered as per LYCHOS.

e, Surface plasmon resonance of IAAbinding to LYCHOS wild type (WT) (n=8)
or after N145A (n=5), A148W (n=8) or L177W (n=7) mutation (Extended Data
Fig.7a,h-j). Steady-state affinity fit assumes one-to-one binding. Symbols
show nindependent experimental replicates; bold line shows the mean.

The LYCHOS transporter-like domain

Tofurtherinvestigate the structure of the transporter-like domain, we
undertook an extensive structural similarity search across the entire
AlphaFold*and Protein Data Bank (PDB)" databases using FoldSeek'®.
Of note, the highest structural similarity for the LYCHOS transporter
domainwasto plant PIN auxintransporters (TMscore = 0.84; Extended
Data Table 2). Sequence analysis further showed that the LYCHOS
transporter-like domain was more closely related to the plant PIN
transporters than to any human transporter family (Fig. 2a, Extended
DataFig. 6a-fand Extended Data Table 2).

Structural alignment of the LYCHOS transporter-like domain to the
experimentally determined structures of plant PIN1(ref.19), PIN3 (ref.20)
and PINS (ref. 21) revealed a marked similarity between the tertiary
folds (Fig.2b and Extended Data Fig. 6a-f). Specifically, PIN transport-
ers have a conserved crossover motif that enables a conformational
change referred to as an elevator-type passive transport mechanism® 2
(Fig. 2c,d and Extended Data Fig. 6c,e,f). Alignment of the crossover
motifbetween LYCHOS and the plant PIN transporters revealed highly
similar structures (Fig. 2d and Extended Data Fig. 6e), sequences
(Extended DataFig. 6f) and transmembrane topology (Extended Data
Fig. 6¢). The conserved Asn145 and Pro324 residues are located at the
centre of the motif (Fig. 2d and Extended Data Fig. 6f), with asparagine
mediating contacts with auxin in the transport channel of plant PIN
transporters'®?, Although human solute carrier transporters contain
crossover motifs??, we observe notable distinctions in their primary
sequence, which places the conserved proline and asparagine residues
in a different order (Extended Data Fig. 6f). Compared with LYCHOS,
humanSLCtransporters show greater sequence divergence (Extended
DataFig. 6f), exhibit clear differences intransmembrane topology and
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IAA-bound LYCHOS homodimer.IAA (cryo-EM density indicated in green)
bindstoLYCHOS inaninward-open state, reminiscent of the plant PIN efflux
carriersboundtolAA orto NPA. g, Boxed regioninf, highlighting conserved
residues that coordinate IAAbinding to the LYCHOS transporter channel.

h, Time course of IAA effluxin HEK293 cells co-transfected with AuxSen,

and empty vector, LYCHOS or PIN8.IAA efflux in PIN8-transfected cells was
measured without or with25 uMNPA.Mean +s.e.m.of n=3independent
biologicalreplicates.i, Rate of efflux determined from h. Symbols show values
fromn=3independentbiological replicates; the bold line shows the mean;
error bars shows.e.m.; NS, not significant; Pvalues determined using one-way
ANOVA with Sidak’s multiple comparisons test (comparisons to empty vector)
orunpaired two-sided t-test (comparison to +NPA).

are poorly conserved relative to LYCHOS (Extended Data Fig. 6a—c,f).
Conversely, there is clear sequence and topological conservation
betweenthe bacterial ASBT homologue (Neisseria meningitidis) and the
SLC10 family (Homo sapiens), providing further evidence of the distinc-
tiveness of LYCHOS from the SLC families (Extended Data Fig. 6a—c,f).

LYCHOS retains IAA binding

Auxins are akey class of planthormones that regulate various aspects
of plantgrowth, including stem elongation, root development and trop-
isms?. Indole-3-acetic acid (IAA), the main auxin produced by plants,
is not classically known to have a central role in humans. However,
studies have detected IAA in humans, produced by the microbiome?*
and as aby-product of tryptophan metabolism?, and have suggested
thatIAAhasaroleinhuman physiology and disease, including altering
the efficacy of chemotherapy®. Toinvestigate whether LYCHOS retains
the capacity to bind small-molecule indole derivatives, we used IAA
asasurrogate molecule for further binding and structural analyses.
Surface plasmon resonance analysis determined that LYCHOS
retained IAA binding, consistent with the similarity to plant PIN auxin
transporters. However, the 1.6 mM binding affinity of IAA to LYCHOS
was lower than the reported affinity of IAA for plant PIN auxin trans-
porters, which ranges between 0.2 and 0.4 mM (refs. 19-21) (Fig. 2e
and Extended Data Fig. 7a). Next, we conducted solid supported mem-
brane (SSM)-based electrophysiology measurements of LYCHOS, which
revealed that an order-of-magnitude-higher concentration of IAAwas
requiredtoelicitelectrogenic currents equivalent to those initiated by
PINS (ref. 21) (Extended Data Fig. 7b,c). We suggest that this finding
alignswithanionbinding, but not transport. To elucidate the structural
basis of IAA binding, we determined the 2.40 A resolution cryo-EM



structure of IAA-bound LYCHOS in an inward-open conformation
(Fig.2f,g, Extended Data Figs.2a and 7d-g and Extended Data Table 1).
Here, additional cryo-EM density consistent with IAA was observed
within the recessed cavity defined by the transporter domain and the
crossover motif (Fig. 2g and Extended Data Fig. 7d-g). TheIAA binding
pose is consistent with the plant PIN transporters®? and is mediated
by the same conserved Asn145and Pro324 residues at the centre of the
motif (Extended Data Fig. 6f). The binding pocket is predominantly
hydrophobic, mediating interactions with the indole group of IAA,
with Pro327 directly contributing m-CH contacts. The carboxylate of
IAA forms hydrogen bonds with Asn145, as well as amine groups of the
crossover motif backbone (Fig. 2g and Extended Data Fig. 7f). Overall,
the LYCHOS binding pocket shares several biochemical and structural
features with the plant PINs. To validate the observed binding site, we
produced three variants within the cavity of the LYCHOS transporter
domain. Mutation of Asn145 to alanine or Alal48 or Leul77 to trypto-
phansignificantly reduced IAA binding affinity, as measured by surface
plasmon resonance (Fig. 2e and Extended Data Fig. 7a,h-j).

To confirm SSM electrophysiology measurements suggesting that
LYCHOS does not readily transportIAA, we used agenetically encoded
auxin biosensor (AuxSen?) to measure cellular IAA efflux. The Aux-
Senbiosensor was transfected into HEK293 cells along with wild-type
LYCHOS, or the plant IAA transporter PINS, and the rate of IAA efflux
wasmonitored (Fig. 2h,iand Extended DataFig. 7k). Transfection with
PIN8 resulted in a clear increase in the rate of IAA efflux, which could
be reversed with the addition of the auxin PIN transporter inhibitor
N-1-naphthylphthalamic acid (NPA) (Fig. 2h,i). By contrast, we observed
no significant change in the rate of IAA efflux in cells transfected with
LYCHOS compared with those transfected with empty vector (Fig. 2h,i).
These data, combined with SSM measurements, indicate that under
conditions equivalent to those used for the plant PIN8 transporter,
LYCHOS does not exhibit the capacity to transport IAA.

Finally, the structural similarities between LYCHOS and plant PIN
transporters suggest that LYCHOS senses or transports alternative
auxin-like metabolites that, unlike IAA, are commonly produced in
humans at high concentrations, such as tryptophan. Indeed, both
LYCHOS structures were observed in an inward-open conformation,
configured tobind a cytosolic ligand. However, surface plasmon reso-
nance analysis of tryptophanbinding revealed only linear association
at high tryptophan concentrations typical of non-specific binding
(Extended Data Fig. 7). Furthermore, cryo-EM analysis of LYCHOS in
the presence of excess tryptophan (10 mM) showed no evidence of the
smallmoleculeinthe transport channel or other regions across LYCHOS
(Extended Data Fig. 7d,e). Therefore, we suggest that tryptophan is
likely to be too large, or has an incorrect charge distribution to enter
the binding pocket efficiently.

In summary, phylogenetic and structural analyses reveal that the
LYCHOS transporter domainis apreviously unidentified human ortho-
logue of the plant PIN transporter family. Although LYCHOS retains
the ability to bind to IAA, its affinity is reduced, and no clear transport
activity was observed in direct comparison with plant PIN transporters.
Given the considerable diversity of indole-like and related small mol-
ecules in the human metabolome, extensive lysosomal metabolomic
studies across arange of target cells and models, in combination with
transport studies, are needed to identify endogenous substrates of
LYCHOS and confirm its transport activity.

Structural basis of cholesterol binding

We next sought to gaininsightinto the structural basis of LYCHOS cho-
lesterol sensing. Previous mass spectrometry studies identified that
LYCHOS alresidues Glu48 and Cys55 are photolabelled by cholesterol
analogues®. Our structural analysis located these residues on LYCHOS
«l, positioned at the interface of the transporter and GPCR domains
(Extended Data Fig. 8a-f). In addition, we identified a cholesterol

recognition amino acid consensus (CRAC?) motif on a1, which forms
a highly conserved pocket on the LYCHOS surface (Extended Data
Fig.8d-f). Theidentified CRAC-motif pocket is consistent with previ-
ous studies that showed that mutations of Phe43 and Pro44 at the base
of'the pocket, or of the conserved Tyr57 residue at the top, resulted in
aloss of LYCHOS cholesterol binding and activity*

However, despite the addition of cholesterol hemisuccinate (CHS)
during purification, we did not observe CHS moleculesin the conserved
CRAC-motif pocket in any of the wild-type LYCHOS reconstructions.
Inspection of the CRAC-motif pocket in both wild-type structures
revealed a closed conformation, in which the packing of helices a10
and a17 forms atight junction (Fig.3a). Here intimate m-stacking inter-
actions betweenthe conserved residues Phe352 («10) and Phe705 (a17)
form a conformational clamp that physically occludes access to the
CRAC-motif and thereby blocks cholesterol entry (Fig.3a). Comparison
across three additional structures, each incubated with IAA for vary-
ing durations, revealed two distinct conformations of the CRAC-motif
pocket (Fig.3a,b, Extended DataFigs. 2aand 8g-1, Extended Data Table1
and Supplementary Discussion 2). These included a closed conforma-
tion that matched the apo wild-type LYCHOS (Fig.3a and Extended Data
Fig.8h), as well as a partially open conformation (Fig. 3b and Extended
Data Fig. 8i). Partial opening of the CRAC-motif pocket is marked by
the movementofhelices a10 and a17, whichis enabled by rotation and
translation of the GPCR domain relative to the transporter domain
(Fig. 3b and Extended Data Fig. 9a,b). This movement uncouples the
Phe352-Phe705 clamp, promotes alternate rotamers and increases
accessibility to the CRAC-motifpocket.Indeed, Phe352 adopts alternate
rotamers across these structures without affecting GPCR movement.
However, additional conformational relaxation of helices 10 and
al7 was only observed in samples treated with IAA (Extended Data
Figs. 8h,iand 9a,b). Despite these changes in conformation around
the CRAC-motif pocket and CHS being in excess, we were still unable
to observe any CHS molecules within the CRAC-motif pocket in the
wild-type orinthe IAA-bound LYCHOS reconstructions. We conclude,
therefore, that CHS entry and binding to the CRAC-motif requires fur-
ther opening of the GPCR domain relative to the transporter domain.

To promote cholesterol binding, we produced a LYCHOS double
mutant (F352A/W678R) designed to induce the opening movement
of the GPCR domain relative to the transporter domain. In addition
to bypassing the F352 gate (F352A), W678R was introduced to form
asalt bridge with Glu296 and promote an open state. Notably, the
2.68 A resolution cryo-EM map of LYCHOS(F352A/W678R) revealed
clear density for two CHS molecules (Fig. 3c, Extended Data Figs. 2a
and 8a-fand Extended Data Table 1). The first CHS molecule is bound
at the al CRAC-motif at the PIN and GPCR domain interface (Fig. 3c).
Inspection of the CRAC-motif pocket revealed a considerable degree
of conservation, withvirtually every residue defining the groove being
conserved (Extended Data Fig. 8d). The groove forms extensive con-
tacts with the CRAC-motif CHS molecule (431 A>buried surface area),
is defined by numerous hydrophobic residues of the CRAC-motifand
hasalocation thatis entirely consistent with previous photolabelling?,
mutagenesis?, binding®**and activity assays” (Extended Data Fig. 8d-f).
The second CHS molecule packs against the CRAC-motif-bound CHS,
residing within the open gateregion and forming fewer protein contacts
with LYCHOS overall (Fig. 3c). After CHS binding, we observed amore
substantial translation and rotation of the GPCR domain, reminiscent
of the switch from the closed to the partially open state observed for
incubation with IAA (Fig. 3b—d and Extended Data Fig. 9a-f).

Insummary, across the seven wild-type and IAALYCHOS reconstruc-
tions, we observe both a closed and a partially open conformation
of the CRAC-motif pocket (Fig. 3e,f and Extended Data Figs. 8h,i and
9a,b). In these reconstructions, no CHS was bound at the CRAC-motif
pocket. Furthermore, rigid-body docking of the closed and partially
openmodelstothe LYCHOS(F352A/W678R) structure revealed steric
clashes with CHS, which would preclude CHS binding to the CRAC-motif
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pocket (Extended Data Fig. 9c—f). Consistent with this, in two recon-
structions (one wild-type, and the short IAA incubation) we observe
partial and poorly coordinated density for a third CHS molecule posi-
tioned outside the conserved cholesterol CRAC-motif pocket (Fig. 3e
and Extended Data Fig. 9g). The partial CHS density seemed to be in
a queuing position restricted from entry by the gating Phe352 and
Phe705 residues (Fig. 3e). Only after mutation of the gating Phe352
residue (F352A) do we observe the entry of CHS into the conserved
CRAC-motif pocket (Fig. 3g). Together, these datasuggest thatentry of
cholesterolinto the conserved CRAC-motif pocket requires structural
rearrangement of both the GPCR domain and the Phe352 gating residue
ofthe transporter domain beyond the movements observed between
the closed and partially open structures.

Coordination of mTORCl1 regulation

To understand how LYCHOS regulates mTORC1 activity, we used a
genetically encoded mTORC1 FRET biosensor targeted to the lysoso-
malmembrane (LysoTORCAR?, a4EBP1-based biosensor). Consistent
with previous reports?, adding cholesterol caused a steady increase
in the activity of mTORC1 in HEK293 cells transfected with LYCHOS,
whereas depletion of cholesterol led to adecreasein mTORCl activity
(Fig.4a,b, Extended Data Fig.10a-cand Supplementary Discussion 3).
This decreaseinthe activity of mMTORC1 was reversed after cholesterol
repletion (Fig. 4a,b, Extended DataFig.10a-c and Supplementary Dis-
cussion 3). Furthermore, mutation of the conserved Tyr57 (Y57A) of
the CRAC-motifabolished mTORC1 activity in response to cholesterol®
(Extended DataFig.10a,d,e).

We then examined the role of the Phe352 gate in the regulation of
LYCHOS activity. Mutation of Phe352 to alanine (LYCHOS(F352A) or
LYCHOS(F352A/W678R)) resulted in a rapid and sustained increase
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whole GPCR domainis associated with CHS binding. Helices a16 and a17 must
move toaccommodate CHS entry. Three conformational states outlinea
possible mechanism of cholesterol binding toLYCHOS. e, Inthe closed state,
Phe352and Phe705 formaclosed gate that occludes cholesterol entry into the
binding groove. ACHS molecule canbe seen queuing at the gate, unable to enter.
f,IAAbinding was associated with the partial opening of a10 and «17, whereby
the gating phenylalanine residues rearrange but do not fully open. Rigid docking
of CHSindicates that the pocket remains sterically occluded (Extended Data
Fig.9c-f).g, Mutagenesis of Phe352 completely bypasses the phenylalanine
gate, thereby allowing CHS entry. This isaccompanied by an opening of the
GPCRdomainrelative to the transporter domain. A high degree of CHS
occupancy was observedin the conserved CRAC-motif pocket.

in mTORCl activity in response to cholesterol addition that was sig-
nificantly greater than that seen for wild-type LYCHOS (Fig. 4c-e and
Extended Data Fig. 10a,f-h). In contrast to wild-type LYCHOS, in cells
transfected with LYCHOS(F352A) or LYCHOS(F352A/W678R), there was
no longer any change in mTORC1 activity in response to cholesterol
depletion, although cholesterol repletionstill rapidly increased mTORC1
activity (Fig.4c-e and Extended Data Fig.10f,g). These findings suggest
that Phe352 functions as a cholesterol gate toregulate LYCHOS activity.
Removing this gating mechanismallows cholesterol unrestricted access
tothebinding pocket, facilitating LYCHOS and mTORCl activity. Inthe
absence of cholesterol, LYCHOS(F352A) or LYCHOS(F352A/W678R) can
nolongerbelockedinaninactive state, which explains the lack of effect
of cholesterol depletion on mTORC1 activity.

Theatypical combination of atransporter domainand a GPCR within
asingle transmembrane assembly, along with the positioning of the
cholesterol-binding site wedged between these domains, suggests
that transport and cholesterol sensing are functionally linked. To test
this hypothesis, we measured the activity of mTORC1 in HEK293 cells
transfected with LYCHOS in which the conserved asparagine of the
transporter-domain crossover motif was mutated to alanine (N145A).
We observed a complete loss of responsiveness of mTORC1 activity in
response to either cholesterol addition or cholesterol depletion fol-
lowed by repletion (Fig. 4f,g and Extended DataFig.10a,h). This suggests
that transportisrequired to open the Phe352 gateto allow the entry of
cholesterol and therefore the regulation of mTORC1 activity. If this is
the case, removal of the Phe352 gate in the absence of transport should
rescue mTORCI activity in response to cholesterol addition. Indeed,
in HEK293 cells transfected with LYCHOS(F352A/W678R/N145A), we
observed arecovery of mMTORCI activity in response to cholesterol
addition, to alevel comparable with that seen for wild-type LYCHOS
(Fig.4h-jand Extended Data Fig.10a,h). These data suggest that either
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Fig.4|TheLYCHOS transporter domain coordinates a potential gating
mechanism for cholesterol. a,c,f h, nTORClactivity inresponse to cholesterol
additionor depletion (dotted line) followed by repletion (arrow) in HEK293 cells
co-transfected with LysoTORCAR and LYCHOS (a; n = 3), LYCHOS(F352A/W678R)
(c;n=3),f,LYCHOS(N145A) (f; n=3) or LYCHOS(F352A/W678R/N145A) (h; n=3).
Mean ts.e.m.of nindependentbiological replicates.b,d,g,i, Fold changein
mTORCl activity inresponse to cholesterol addition, depletion (average F/F,
at-5-0 minversus 35-40 min), or repletion (average f/F,at35-40 min versus
Sminaverage at peak after repletion) in HEK293 cells co-transfected with LYCHOS
(b), LYCHOS(F352A/W678R) (d), LYCHOS(N145A) (g) or LYCHOS(F352A/W678R/
N145A) (i). Symbols show n =3 independent biological replicates; bold line
shows the mean; error bars shows.e.m.; Pvalues calculated by one-way ANOVA
with Sidak’s multiple comparisons test (versus control) or two-sided paired
t-test (depletion versus repletion).e,j, Control-subtracted areaunder the curve
(AUC; 0-40 min). Symbolsshown =3 independentbiological replicates; bold

the LYCHOS transport pocket, or transport itself, regulates the ability
of LYCHOS to sense and respond to changes in cholesterol levels.

To further test this hypothesis, we used a quantitative biolumines-
cence resonance energy transfer (BRET) assay to measure LYCHOS
and GATORI1 association. We transfected cells with a constant level of
LYCHOS fused at the C terminus with nano luciferase (NLuc; donor)
and increasing amounts of the GATOR1 component NPRL2 fused at
the N terminus with cpmCitrine (acceptor) (Extended Data Fig. 10i).
For wild-type LYCHOS, we observed a characteristic hyperbolic curve
indicating that the two proteins specifically associate (BRET value at

line shows the mean; error bars shows.e.m.; Pvalues calculated by two-way
ANOVA with Siddk’s multiple comparisons test. k, LYCHOS is oriented with the
GPCR orthostericbinding pocket facing the lysosomal lumen,and DEP and ICL3
(LED) facing the cytoplasm. 1, Silhouette of LYCHOS (side view) highlighting

the two potential conformational positions of the PIN crossover motifduring
elevator transport. Inset, focused illustration of the conformational change
associated with atransportcycleinitiated by transportligandinteractions (PDB
7Y9V (ref.19), 7XXB (ref. 20) and 7QPA (ref. 21)). Vertical elevator movement of
thetransporter domaindisplaces F352, uncoupling the conformational clamp
and opening the Phe352 gate (Supplementary Discussion4). m, Freely diffusing
cholesterolin the lysosomal bilayer can enter the CRAC-motif pocketand

bind tothe openstate of LYCHOS between the transporter and GPCR domains,
signallingto mTORC1 through the GATOR1 complex. The highly dynamic
conformational landscape of ICL3 might modulate this?. CHL, cholesterol.

50% of the maximal signal (BRETj,) value of 0.04 + 0.01) (Extended
Data Fig. 10i-k). By contrast, LYCHOS(N145A) showed a right-shifted
hyperbolic curve (BRET, = 0.23 + 0.06) (Extended Data Fig.10j,k). The
right-shifted acceptor/donor ratio indicates that there is a decrease
in affinity between LYCHOS and NPRL2 after mutation of the LYCHOS
transporter domain. To investigate further, we tested whether the
right-shifted LYCHOS(N145A) mutant could be rescued by removing
the Phe352 cholesterol-gating residue. Consistent with the mTORC1
activity assays, the LYCHOS(F352A/W678R/N145A) mutant exhibited
aleft-shifted hyperbolic curve (BRET, = 0.03 + 0.01), compared with
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LYCHOS(N145A), that was similar to wild-type LYCHOS (Extended Data
Fig.10j,k). Combined with mTORC1 activity assays, these data suggest
that the conserved LYCHOS transporter domain works in concert with
cholesterol binding to regulate mTORCI1 activity.

Discussion

LYCHOS provides an unusual example of a GPCR functioning as a
domainwithinalarger transmembrane assembly. This discovery broad-
ens our understanding of the GPCR superfamily to include GPCR-
transporter hybrids. Furthermore, LYCHOS extends examples of the PIN
transporter family to humans, with its transporter domains showing
greater similarity to plant PIN transporters than to humantransporters.

The GPCR and transporter domains seem to jointly coordinate
cholesterol sensing. The superposition of LYCHOS across the steps
of the vertical elevator motion observed in plant PIN transporters'
reveals apossible model linking the transporter domainto cholesterol
sensing (Fig. 4k-m). At rest, cholesterol is blocked from entering the
cholesterol-binding site by the positioning of residues Phe352 and
Phe705 (Fig. 4k). During the elevator motion of the PIN-like transporter
domain, atranslation of one complete helical turnwould occur in the
LYCHOS crossover motif (Fig. 41). This translation would reposition
the Phe352 gating residue by roughly 7 A, allowing free cholesterol to
enter the open cholesterol-binding site between the transporter and
GPCR domains (Fig. 4m). As such, the elevator transport mechanism
of the LYCHOS transporter domain, combined with the movement of
the GPCR domain, opens the aromatic gate to fully accommodate the
entry of cholesterol. Consequently, we hypothesize that metabolite
and cholesterol binding combine to forma two-step relay mechanism
(Supplementary Discussion 4).

Despite the high level of conservation in the LYCHOS transporter
domain, itremains to be determined whether LYCHOS functionsasan
activetransporter and whether the protein has endogenous substrates.
Endogenousindole-like candidate substrates are common throughout
the human metabolome, suggesting that detailed metabolomic stud-
iesacross arange of cell lines will be required to characterize LYCHOS
transportactivity and confirmits links to cholesterol sensing. In addi-
tion, capturing structural snapshots of wild-type LYCHOS throughout
the transport cycle willbeimportant to characterize the structural basis
oftransport. These structural insights will also be crucial to delineate
the precise molecular mechanisms that coordinate the opening of the
Phe352 gate in wild-type LYCHOS to regulate cholesterol entry.

In addition, the mechanism by which cholesterol binding allows
LYCHOS to sequester GATOR1 at the lysosomal membrane remains
unclear. Itis proposed that ICL3 (or LED) of the LYCHOS GPCR domain
bindstoand sequesters GATOR1 at the lysosomal membrane, enabling
mTORCI activation®. ICL3 is typically the largest intracellular loop in
GPCRs, with a highly dynamic conformational landscape that modu-
lates G-protein binding and selectivity*’. We were unable to observe
ICL3 in the open or closed LYCHOS conformations. Consequently, it
isunclear whether parallels can be drawn between typical GPCRICL3
activity and the proposed direct binding and sequestration of GATOR1
by the LYCHOS ICL3 (LED). Future structural and functional studies will
berequired to dissect the mechanism of LYCHOS-GATOR1 association
and how it is regulated by cholesterol.

Insummary, these molecular findings provide astructural framework
fordelineating the crucial role of LYCHOS asamTORCI cholesterol sen-
sor. More broadly, GPCRs and transporters are among the most thera-
peutically targeted protein families. These discoveries offer new avenues
to modulate mTORCI-dependent signalling for disease treatment.
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Methods

Protein expression and purification

The gene encoding LYCHOS (GPR155) (Uniprot Q7Z3F1), was synthe-
sized and subcloned into pTwist CMV BG WPRE Neo (Twist Bioscience)
with a C-terminal Flag tag for mammalian expression. For insect cell
expression, LYCHOS (Uniprot Q7Z3F1) was synthesized and cloned
(Genscript) into pFastBacl (Thermo Fisher Scientific) witha C-terminal
Flag tag. All mutants were generated by site-directed mutagenesis
(GenScript or in-house) and sequences verified by whole-plasmid
sequencing. Throughout our investigation, we routinely compared
mammalian-derived and insect-derived recombinant LYCHOS in an
attempt to capture different protein conformations using cryo-EM.
However, our assessments with cryo-EM, surface plasmon resonance,
mass photometry and size-exclusion chromatography revealed no
significant differencesin LYCHOS behaviour between the two expres-
sion systems. SLC10A1 was synthesized and cloned (GenScript) into
pFASTBacl (Thermo Fisher Scientific) with a C-terminal Twin-Strep-tag
forinsect cell expression.

For mammalian expression, LYCHOS was expressed in Expi293F
cells (Thermo Fisher Scientific) and passaged in Expi293 Expression
Medium (Thermo Fisher Scientific). Cells were transfected with poly-
ethylenimine (PEI) Max (Polysciences) at a PEI:DNA ratio of 5:1,and a
final DNA amount of 1.25 pg ml™. Recombinant proteins were expressed
for 72 hat 37 °C, and cells were supplemented with 5% CO,. Cells were
collected by centrifugation and frozen at -80 °C before purification.
Forinsect cell expression, LYCHOS or indicated mutants were expressed
in Sf9 cells for three days after infection of each 1-1 culture with 4 ml
of baculovirus, produced by following the manufacturer’s protocol
(Bac-to-Bac, Invitrogen). Cells were collected by centrifugation, washed
in phosphate-buffered saline (PBS) and stored at -80 °C until use.

Cellswereresuspended in buffer containing20 mM HEPES (pH 7.4),
150 mM Nacl, 1% (w/v) lauryl maltose neopentyl glycol (LMNG), 0.1%
(w/v) CHS and one EDTA-free protease inhibitor cocktail tablet (Roche)
per litre of cell culture. The cells were incubated at 4 °C for 3 h with
stirring to solubilize the membranes. Subsequently, the solubilized
material was centrifuged at 20,000 rpm for 1 h, followed by filtration
of the supernatant through a 0.8 um filter. Anti-Flag G1 affinity resin
(GenScript) was added and incubated for 30 min at4 °Conahorizontal
roller. Flag resin was collected by centrifugation, washed and trans-
ferred toagravity flow column (BioRad). The resin was washed with 20
column volumes (CVs) of 0.1% (w/v) LMNG and 0.01% (w/v) CHS buffer,
followed by 20 CVs of 0.05% (w/v) LMNG and 0.005% (w/v) CHS buffer.
Proteinwas eluted with 0.1 mg mI™ Flag peptide (Genscript) in 0.002%
(w/v) LMNG and 0.0002% (w/v) CHS buffer. Fractions containing pro-
teinwere concentrated and further purified by size-exclusion chroma-
tography using aSuperose 610/300 column (Cytiva) equilibrated with
20 mM HEPES (pH 7.4),150 mM NaCl, 2 mM DTT, 0.002% (w/v) LMNG
and 0.0002% (w/v) CHS. Peak fractions were concentrated by a factor
of 40-50 to approximately 20 pM using a centrifugal concentrator with
a100-kDa molecular weight cut-off and snap-frozen before storage
at —80 °C. SLC10A1-STREP was expressed in Sf9 cells and purified as
described for LYCHOS except that the Flag-affinity step was substituted
for Strep-tag purification using al-mlStrepTrap XT prepacked column
(Cytiva) and the protein was eluted with 50 mM biotin.

Surface plasmon resonance

Surface plasmon resonance experiments were performed using Sf9
cell expressed recombinant LYCHOS on a Biacore T200 (GE Health-
care) in running buffer containing 10 mM HEPES (pH 7.4), 300 mM
Nacl, 0.005% (w/v) LMNG, 0.0005% CHS (w/v), 0.005% NP-40 (v/v)
and 2% (v/v) dimethyl sulfoxide (DMSO) at 25 °C with a flow rate of
30 pl min™. To measure the binding of IAA (175.18 g mol™) and tryp-
tophan (204.23 g mol™) to LYCHOS, we generated high-density
LYCHOS immobilized on a CM7 sensor chip (GE Healthcare).

In brief, 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) standard amine coupling was per-
formed by passing LYCHOS at 200 pg ml™ (1uM, 193.8 kDa) in sodium
acetate buffer (100 mM, pH 4.5) at 10 pl min™. Immobilization levels
0f25,000-30,000 response units (RU) were reached to measure the
small-molecule ligands (theoretical R, = 36-54, respectively, assum-
ing two binding sites). Here, SLC10A1, a known sodium/taurocholate
co-transporter with a similar protein fold was chosen as the reference
toimprove subtraction of baseline and non-specific effects. Immobi-
lized LYCHOS was allowed to stabilize for two to four hoursin running
buffer at 30 pl minbefore measurements to ensure a stable baseline.
To minimize buffer mismatch effects, stock solutions of tryptophan
andIAAwere made to 500 mM. The pHwas adjusted to 7.4 and twofold
serial dilutions of each ligand were made into running buffer. Serial
dilutions of IAA and tryptophan (20 mM to 156.3 uM) were injected
in ascending order for 60 s and dissociation was monitored for 180 s.
Carry-over controlinjections and needle pre-dipping were performed
to prevent sample cross-contamination. Each injection was measured
at10 kHz with a50% (v/v) DMSO wash after each cycle. Reference and
blank subtractions were performed to account for drift, bulk and sol-
vent effects. Affinity, measured from steady-state curves, is expressed
as the mean of four to seven experimental replicates. Ry, values of
19.8+1.3,52.4 £3.0,42.8 £ 2.5and 36.4 + 2.0 were obtained forimmobi-
lized WT (19,544 RU), L177W (30,981 RU), N145A (26,191 RU) and A148W
(28,808 RU) variants of LYCHOS, respectively. These values arein line
withthe expected theoretical R,,, suggesting that the vast majority of
immobilized LYCHOS remains in an active state. At least two separate
protein preparations were used to conduct affinity measurements, and
between five and eight experimental replicates were conducted for
each LYCHOS variant. Each experimental replicate consisted of aninde-
pendent concentration series, which was modelled with a one-to-one
binding curve (as defined previously®). Affinity measurements were
in excellent agreement between independent protein preparations,
sensor chips and IAA solutions.

Cryo-EM sample preparation and data collection
Quantifoil R1.2/1.3 200 mesh copper grids were glow discharged at
30 mA for 30 s using a Pelco easiGlow instrument. Freshly purified
LYCHOS (3.5 plat 10 pM) wasimmediately applied to grids and rapidly
vitrified inliquid ethane. To analyse IAA and tryptophaninteractions,
solutions of each ligand were made at 100 mM and diluted into the
sampletoafinal concentration of 10 mM. In comparison, anlAA concen-
tration of 15 mM was used to determine the IAA-bound PIN8 structure®.
IAA and tryptophan were left to incubate with LYCHOS for 60 s before
freezing. In one instance, LYCHOS-IAA was left to incubate for 2 hon
ice. The vitrification process was performed with a Vitrobot Mark IV
(Thermo Fisher Scientific) after hand blotting with Fisherman Grade 1
filter paper. The temperature was maintained at 4 °C with 100% rela-
tive humidity. Data were collected on a Titan Krios G1 (Thermo Fisher
Scientific) electron microscope operating at 300 kV with a 50 pm C2
aperture. Micrographs were obtained using a Gatan K3 direct elec-
tron detector in counting mode at anominal EF-TEM magnification of
105,000%, corresponding toa calibrated physical pixel size of 0.8234 A.
A Gatan GIF Quantum energy filter was used with a slit width of 10 eV.
The electron dose rate was set to 10.7 electrons pixel™s™, with a total
exposure time of 3.77 s and a cumulative dose of 60 electrons A2 dis-
tributed across 60 frames. Automated collection was performed using
EPU (v.2.12.1.2782) withbeam shift, capturing 21images per stage move-
ment. The nominal defocus range was set between -0.5 and —2.0 pm.
Multiple wild-type LYCHOS samples were prepared from either
Expi293F or Sf9 tissue cultures for electron microscopy. Overall,
these samples were indiscernible. We note that during these com-
parisons, grid variation and ice thickness (for example, when look-
ing at the same preparation of LYCHOS) affected the stability of the
DEP domains, which were prone to denaturing. We performed direct
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side-by-side comparisons of Sf9 wild-type LYCHOS with (PDB 8U5N)
and without (PDB 8U54) IAA, both originating from the same protein
preparation. Likewise, direct comparisons were performed between
Expi293F-produced wild-type LYCHOS (same batch) with tryptophan
(PDB 8U58), with IAA (PDB 8U5Q, 8U5V and 8U5X) or without ligand
(PDB8US56). Here, we report two reconstructions of wild-type LYCHOS,
whichyielded the highest resolution (PDB 8U56; Expi293F) and the most
complete sequence coverage (PDB 8U54; Sf9). We collected an addi-
tional two datasets after briefincubations with IAA (PDB 8U5Q, 8U5V
and 8U5X; Expi293F) and tryptophan (PDB 8US58; Expi293F). Finally, we
investigated the W678R/F352A LYCHOS mutation (PDB 8U5C; Sf9) and
LYCHOS-IAA after prolonged incubation (PDB 8U5N; Sf9).

Cryo-EM data processing

Atotal of six datasets were collected with movies ranging from 4,000
t016,000. Dose-fractionated movies were corrected for beam-induced
motion and compensated for radiation damage within MotionCor2
(v.1.1.0)*. Aligned, dose-weighted averages were subsequently
imported into cryoSPARC? for all further processing. The contrast
transfer function (CTF) parameters were estimated with CTFFIND
(v.4.1.8)* or by patch-based CTF estimation. Micrographs lacking
Thonrings at 5 A or better were discarded. In the first instance, multi-
ple rounds of autopicking and blob picking in cryoSPARC? were per-
formed, followed by particle duplicate removal and two-dimensional
(2D) classification. Clean classes were used to train a Topaz* model. This
model was used subsequently for all datasets. In the case of monomeric
LYCHOS (longincubation withIAA), an extra round of blob picking was
performed to ensure no particles were omitted.

All particles were at first extracted in a 400 x 400-pixel box and
downsampled by Fourier cropping to 64 corresponding to a pixel size
of around 5 A pixel™. These were subjected to multiple rounds of 2D
classificationin both RELION (v.3.1,4.0b)** and cryoSPARC®, yielding
particles of sufficient quality and homogeneity for three-dimensional
(3D) classification. Typically, this was performed once only to remove
clear false positives and contamination. These were re-extracted, cen-
tred and downsampled to 128 x 128, for a pixel size of around 2.5 A
pixel™. This set was subjected to two rounds of ab initio classification,
using four classes (maximum and minimum resolution set to 5 A and
12 A, respectively; Fourier radius step, 0.08; initial and final minibatch,
1,500) to filter particles. Typically, a single volume was selected for
further refinement. Particles were re-extracted at around 1.1 A pixel™
and subjected to non-uniform refinement with C2 symmetry, yielding
3.3 Amaps on average.

Particle polishing was performed in RELION*, re-extracting particles
for afinal pixel size of 1.108 A pixel™, and the particles were re-refined.
Here, an additional round of ab initio particle classification was per-
formed. Inthe case of LYCHOS-IAA (shortincubation), two populations
were evident in which the GPCR domain seemed to sample from two
distinct conformations. Symmetry expansion and focused classifica-
tion were performed, followed by reconstruction without an additional
angular search. Conversions between software were performed with
EMAN (v.2.2)¥, with code written in-house, or by pyem. The Fourier
shell correlation (FSC) was used to estimate resolution at the 0.143
threshold. Local resolution was estimated by the windowed blocres FSC
method (0.5 threshold) asimplemented in cryoSPARC*. Map sharpen-
ing in cryoSPARC* and EMReady?® was performed to assist in residue
assignment and model building.

Model building

Inthe firstinstance, acomputed model of LYCHOS with C2 symmetry
was generated by AlphaFold™ usingan A6000 GPU with 48 Gb of VRAM.
Domains and appropriate interfaces from this model were split and
rigid-body fitted into the EMReady*® sharpened map. Several regions
were manually rebuilt and adjusted using a combination of Coot®,
ISOLDE*® and ChimeraX*. Finally, real space refinement was conducted

in PHENIX (v.1.20.1)* using harmonic potential restraints. All figures,
analysis, video renders and visualizations were produced in ChimeraX*
or with Python and Matplotlib.

SSM-based electrophysiology

SSM electrophysiology was performed on a SURFE2R N1 (Nanion Tech-
nologies). Electrode sensors (3 mm) were purchased (Nanion Tech-
nologies) and prepared according to established protocols®*, First, to
confirmsensor fidelity, capacitance and conductance measurements
were performed in non-activating buffer 20 mMHEPES, pH8.5,150 mM
NaCland1 mM MgCl,). Ideal sensors have capacitance between 60 nF
and 80 nF and conductivity between 10 nS and 50 nS. Next, sensors
wererinsed with ultrapure water, dried under agentle N, (g) stream and
treated with 50 pl of 0.5 mM 1-octadecanethiol (Sigma) for 30 min at
25°Corovernightat4 °C. To prevent evaporation, aninverted Petridish
withasmallvolume of distilled water was used to form an airtight seal.
Thiol solutionwas removed by inverting the sensor and gently tapping
the sensor tofilter paper, followed by generous rinsing with100% (v/v)
isopropanol and ultrapure water. The sensor was again dried under a
gentleN, (g) stream. To prepare the SSM, a2.0 pl dropletofa7.5 mg ml™
solution of 1,2-diphytanoylphosphatidylcholine (Avanti) dissolved in
n-decane was applied directly to the clean and dry gold surface using
a Hamilton pipette, ensuring a uniform coverage of the 3 mm sensor
surface.Immediately, 50 pl of non-activating buffer was applied and the
SSMwas left to assemble at 25 °Cfor1 hinanairtight chamber. Sensors
were again validated for capacitance and conductance.

To prepare LYCHOS embedded vesicles, 10 mg of soy phospholipid
mixture (38% w/v phosphatidylcholine, 30% w/v phosphatidyl ethan-
olamine, 18% w/v phosphatidylinositol, 7% w/v phosphatidic acid and
7% w/v other soy lipids; Avanti) was dispended into glass vials and dried
under argon (g). Lipid films were then resuspended in activating buffer
to3 mg ml™and extruded through a polycarbonatefilter (» 200 nm) to
formunilamellar vesicles. Proteoliposomes containing LYCHOS were
assembled by the LAiR method**. Here, 5 pg wild-type LYCHOS (Sf9;
3.6 mgml™, 17 pM) was diluted into 10 pl liposomes and allowed to
incubate for 15 min, before further dilution with 40 pl non-activating
buffer. Next, 50 pl proteoliposomes was applied to prepared SSMs
and sensors were centrifuged at 4,000g for 30 min at 25°Cin a cus-
tom 3D-printed apparatus. Sensors were subsequently washed with
non-activating buffer.

Typical single solution exchange experiments were conducted.
In brief, a single measurement at a given concentration consisted of
al-s pulse of non-activating buffer at 200 pl s™ to establish a base-
line, immediate (<30 ms) injection of a 1-s pulse of activating buffer
to induce transient currents, and a 1-s pulse of non-activating buffer
to exchange the system back to aresting state (total of 3 s). After each
measurement, a 2-s pulse with non-activating buffer was performed
to equilibrate the sensor. Current transients were recorded for a full
concentrationseries of IAA (0-30 mM). For each concentration series,
a corresponding blank sensor measurement series was performed.
Measurements were performed on at least two individual sensors. Each
concentration series was conducted independently for a total of four
experimental replicates (as described previously?). Finally, to describe
the peak currents in response to IAA, we fitted a Michaelis—-Menten
curve tothe peak currents, after blank subtraction and normalization
(I/ s to account for different quantities of LYCHOS across sensors).

Mass photometry

To assess the stoichiometry and mass distribution of LYCHOS sam-
ples, standard mass photometry landing assays were conducted at
20 °Cusing the TwoMP instrument (Refeyn) on an active anti-vibration
platform. Silicone gaskets and glass coverslips were purchased from
Refeyn. Glass coverslips were cleaned by washing in sonication baths
0of100% (v/v) isopropanol, ultrapure water and, finally, by plasma glow
discharge. To avoid noise originating from LMNG micelles, each sample
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was maintained in 20 mM HEPES, 150 mM NacCl, 0.002% (w/v) LMNG
and 0.0002% (w/v) CHS until measurement. Samples were then diluted
20-fold into detergent-free buffer before immediately measuring a
60-120 s image series. The final protein concentration at the time of
measurement was 20 nM. Standards of bovine serum albumin (Merck)
and apoferritin (Merck) were measured on the same day to calibrate
extracted particle contrast to mass. Image series were acquired with an
8 msexposure (128 Hz) at 488 nm, with a set field of view 0of 12 x 17 pm.
Frame and pixel binning were applied, withafactor of 3and 6, respec-
tively, for an effective pixel size of 72 nm. Analysis and acquisition
were performed using the Refeyn AquireMP and DiscoverMP packages
(v.2.5). Toinvestigate the effect of prolonged incubation of LYCHOS
withIAA, samples (Sf9 or Expi293F-derived) were incubated with or
withoutIAAfor2 hatroomtemperature. Here, we observed no differ-
ence between Sf9 or Expi293F-derived protein after incubation with
IAA. Time-zero samples were obtained by measuring each reaction
immediately before the addition of 10 mMIAA.

Cell culture and cDNAs for transfection

HEK293 cells (ATCC; negative for mycoplasma contamination, not
authenticated) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% (v/v) fetal bovine serum (FBS).
The sequence for the IAA FRET biosensor, AuxSen, was a gift from
M.Kolb¥ and the biosensor was commercially synthesized (Genscript)
into pcDNA3.1(Thermo Fisher Scientific). The pcDNA3-LysoTORCAR
construct was a gift fromJ. Zhang (Addgene plasmid 64929; http://
n2t.net/addgene:64929; RRID: Addgene_64929). For LysoTORCAR
assays, LYCHOS or LYCHOS mutants were cloned into pcDNA 3.1
(Thermo Fisher Scientific) with a C-terminal Flag tag. For AuxSen
efflux assays, LYCHOS was synthesized and cloned into pTwist CMV
BG WPRE Neo (Twist Bioscience) with a C-terminal Flag tag. As a
positive control for AuxSen assays, the gene encoding PIN8 (Uniprot
QILFP6), was synthesized and subcloned into pTwist CMV BG WPRE
Neo (Twist Bioscience) with an N-terminal Flag tag. LYCHOS-Flag-NLuc
and HA-cpmCitrine-NPRL2 constructs were generated in-house and
clonedinto pcDNA 3.1 (Thermo Fisher Scientific) by Gibson assembly.
The genes for cpmCitrine and NLuc were subcloned from the cAMP
BRET biosensor, CAMYEN®, a gift from B. Hoare. LYCHOS genes were
obtained from pFASTBacl expression vectors (see ‘Protein expression
and purification’) and NPRL2 was subcloned from pRK5 HA-NPRL2, a
gift from D. Sabatini and K. Shen (Addgene plasmid 99709; http://n2t.
net/addgene:99709; RRID :Addgene_99709). AllLYCHOS-NLuc variants
were generated in-house using overlap extension PCR, Gibson assembly
or QuickChange mutagenesis. The construct for 8,-adrenoceptor-NLuc
was a gift from C. W. White and S. J. Hill.

AuxSen efflux assay

HEK293 cells were transfected and seeded in suspension in six-well
plates using 25 kDa linear PEl at a ratio of 1:6 DNA:PEI. The cells were
co-transfected with a FRET biosensor for IAA, AuxSen® (200 ng per
well) and empty vector control, LYCHOS-Flag (WT) or Flag-PINS8 at
1pgperwell, to mislocalize LYCHOS and PIN8 to the plasmamembrane
(Extended DataFig. 7k; as described previously'?). After 24 h, cellswere
reseeded into a poly-D-lysine-coated black, optically clear 96-well plate
(Perkin Elmer ViewPlate), and left to adhere for 24 h. On the day of the
experiment, medium was removed and cells were equilibrated in Hank’s
balancedsalt solution (HBSS; Invitrogen) at room temperature. Fluores-
cenceimaging was performed using a high-content Perkin EImer Oper-
ettawithan Olympus LUCPlanFLN 20x NA 0.45 objective and Harmony
software (v.4.8) as previously described*®, with some modifications.
For emission ratio analysis, cells were excited sequentially (410-430
nm excitation filter) with emission measured using 520-560 nm
and 460-500 nm emission filters. Cells were imaged every 1 min. Before
imaging, 25 uM NPA was added to PIN8-transfected cells, as stated.
Baseline emission ratio images were captured for 5 min before the

addition of 10 pM1AA, and influx emission ratio images were captured
for 15 min (to allow IAA influx to reach a stable plateau). IAA was then
removed, and cells were placed into HBSS without or with 25 uM NPA
(as stated), before efflux ratio images were captured for 25 min. Data
were analysed as described previously*® using in-house automated
macros within the Fiji distribution of Image]J (v.2.14.0/1.54f)*. Cells
with a greater than10% change in F/F, (FRET ratio relative to baseline
foreachcell) after IAAinflux were selected for analysis using Microsoft
Excel (v.16.45). Dataare expressed as the average emission ratio relative
tothe total IAAinflux (15 min after IAA addition) and efflux (25 min after
buffer exchange) for each cell (F/F,q.,), and averaged over each biologi-
calreplicate. To determine the rate of efflux (K), data were fitted using
aplateau followed by one-phase decay non-linear regression modelin
GraphPad Prism (v.10.0.3), with X, constrained to O, Y, constrained to1
and plateau constrained to 0. Data shown were obtained from three
independent biological replicates.

LysoTORCAR mTORC1 activity assay

HEK293 cells were co-transfected in six-well plates with alysosomally
localized FRET biosensor for mTORC1, LysoTORCAR® (500 ng per well),
and empty vector control, LYCHOS-Flag (WT), LYCHOS-Flag (Y57A),
LYCHOS-Flag (F352A), LYCHOS-Flag (F352A/W678R), LYCHOS-Flag
(N145A) or LYCHOS-Flag (F362A/W678R/N145A) (500 ng per well),
using X-tremeGENE at a 1:3 DNA:reagent ratio. After 24 h, cells were
replated into ablack, optically clear 96-well plate (Perkin ElImer View-
Plate), pre-coated with poly-D-lysine. After six hours, cellswere serum
starved overnightin DMEM (no FBS). Onthe day of the experiment, cells
were amino acid starved for 1 hin HBSS at 37 °C before fluorescence
imaging using a high-content Perkin ElImer Operetta with an Olympus
LUCPIanFLN 20x NA 0.45 objective and Harmony software (v.4.8). Cells
were excited sequentially (410-430 nm excitation filter) with emission
measured using 520-560 nm and 460-500 nm emission filters. Cells
were imaged every one minute. Baseline emission ratio images were
captured for 5 min before complete buffer exchange to phenol red-free
DMEM alone (control), or containing 1.3% (w/v) methyl-B-cyclodextrin
(MBCD) (cholesterol depletion) or 0.1% (w/v) MBCD/50 uM cholesterol
complexes (cholesterol addition)>*%, Emission ratio images were cap-
tured for 40 min, before complete buffer exchange for MBCD-treated
cells only, to 0.1% (w/v) MBCD/50 puM cholesterol complexes (choles-
terol repletion). Emission ratio images were captured for an additional
30 min. Datawere analysed as for the AuxSen FRET biosensor using Fiji
(v.2.14.0/1.54f) and in-house automated macros. Addition of phenol
red-free DMEM caused a change in auto-fluorescence which was cor-
rected using Microsoft Excel (v.16.45). Data are expressed as the aver-
age change in FRET ratio relative to baseline for each cell (F/F,), and
averaged over each biological replicate. The AUC and the fold change
induced by a stimulus (average of five time points at peak response
relative tobaseline, or relative to the last five time points of MBCD treat-
ment for repletion) were calculated using GraphPad Prism (v.10.0.3).
Datashownwere obtained from three or four independent biological
replicates.

LYCHOS-GATOR1 saturation BRET assay

HEK293 cells were transfected in six-well plates using 25-kDa linear
PEI at a ratio of 1:6 DNA:PEI Cells were co-transfected with 25 ng
per well LYCHOS-NLuc WT, N145A, F352A/W678R or F352A/W678R/
N145A, or 25 ng per well 3,-adrenoceptor-NLuc (negative control),
and increasing amounts of cpmCitrine-NPRL2 (O ng, 135 ng, 270 ng,
405 ng, 810 ng or 1,200 ng). The total amount of DNA was made up to
1,225 ng per well using empty vector. After 24 h, cells were reseeded in
quadruplicateinto a poly-D-lysine-coated white opaque 96-well plate
(Perkin Elmer CulturePlate) at 5 x 10* cells per well. After another 24 h,
cellswere washed and equilibrated with assay buffer (10 mMHEPES in
HBSS, pH 7.4 at 37 °C) for 25 min. Cells were then incubated for 5 min
at 37 °C with the NanoGlo substrate (1:1,000; Promega N1120). BRET
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measurements were obtained with the LUMIstar microplate reader
(BMG Labtech; Omega control software v.6.20), which enabled simul-
taneous measurement of luminescence (NLuc; 445-505 nm) and
cpmCitrine emission (505-565 nm) in individual wells. At the end of
the experiment, total cpmCitrine fluorescence was measured with
an excitation of 482-512 nm, dichroic filter set at 517.2 nm and emis-
sion at 520-560 nm using the CLARIOstar microplate reader (BMG
Labtech, SMART Control software v.4.20) to determine the relative
amount of cpmCitrine-NPRL2 expressed in cells. BRET ratios were
calculated as follows: cpmCitrine emission (505-565 nm)/NLuc emis-
sion (445-505 nm). Data are expressed as the net BRET ratiorelative to
theratio of cpmCitrine/NLuc emission for each transfection condition
(relative expression of each proteinin the cells), and were fitted using
anon-linear regression one-site-specific binding model in GraphPad
Prism (v.10.0.3) to obtain BRETj, (K;) and BRET,,,, (B...,) values. For
comparisons between LYCHOS mutants, data are expressed as the net
BRET relative to the BRET,,,, for each condition, determined from the
non-linear regression one-site-specific binding model. Data are from
three to five independent biological replicates.

Western blot expression analysis

To confirm equivalent expression of LYCHOS-Flag WT or mutants for
the LysoTORCAR experiments, HEK293 cells were transfected with the
same amount of DNA in six-well plates (500 ng per well LYCHOS-Flag
WT, Y57A, F352A or N145A) using X-tremeGENE (as described above).
After 48 h, cells were collected inice-cold PBS, and pellets were resus-
pendedinice-cold RIPA buffer (50 mM Tris-HCI pH 8.0,150 mM NacCl,
1% v/v Triton X-100, 0.5% w/v sodium deoxycholate, 0.1% w/v SDS,
protease inhibitor cocktail, phosphatase inhibitor cocktail, 1 mM
benzamidine and 1 mM PMSF). Cells were incubated onice with agita-
tion for 20 min, then lysates were centrifuged at 14,000g for 10 min at
4°C, and supernatants were recovered. Total protein concentration
was quantified using a Pierce BCA Protein Assay Kit, and 35 pg was
run on 4-15% Mini-PROTEAN pre-cast gels (BioRad). Proteins were
transferred to nitrocellulose membranes by electroblotting using the
Trans-Blot Turbo Transfer System (BioRad) and the STANDARD SD trans-
fer protocol. The membranes were blocked with 5% (w/v) BSA, 0.02%
(w/v) sodium azide in Tris-HCI-buffered saline (TBS) with 0.1% (v/v)
Tween-20 (TBS-T) for 1 h. The blots were incubated overnight at 4 °C
with mouse anti-Flag (Merck, F3165;1:5,000), or rabbit anti-B-tubulin
(CellSignaling Technology 2146;1:1,000) in 5% (w/v) BSA, 0.02% (w/v)
sodiumazide in TBS-T. Blots were washed three times with TBS-T before
incubation with IRDye 680RD goat anti-mouse and IRDye 800CW goat
anti-rabbit fluorescent secondary antibodies (LICOR 926-68070 and
926-32211) at a1:15,000 dilution in 5% (w/v) BSA, 0.02% (w/v) sodium
azidein TBS-T for1h.Blots were then washed three times in TBS-T and
oncein TBS, and bands were visualized with an Amersham Typhoon 5
(control software v.3.0.0.2). Densitometry of bands was determined
with Fiji (v.2.14.0/1.54f). Data are expressed relative to the loading con-
trol (B-tubulin) and are from three independent biological replicates.

Confocal imaging for plasma-membrane localization of Flag-
tagged LYCHOS and PIN8S

To confirm that some LYCHOS-Flag and Flag-PIN8 were mislocalized
to the plasma membrane for the AuxSen experiments (and not under
normal transfection conditions), HEK293 cells were transfected and
seeded in six-well plates with LYCHOS-Flag (WT) or Flag-PIN8 (both
500 ng per well or 1 pg per well) in suspension using 25-kDa linear PEI
ataratio of 1:6 DNA:PEI. After 24 h, cells were reseeded into a black
optically clear 96-well plate (Perkin EImer PhenoPlate). After 24 h, cells
were washed three times in ice-cold PBS, before fixation in 4% (v/v)
paraformaldehyde for 15 minat room temperature. After three washes
with PBS (5 mineach), cells were blocked using blocking buffer (5% v/v
normal goat serum in PBS with 0.3% v/v Triton X-100) for one hour at
room temperature, before incubation at room temperature for one

hour with mouse anti-Flag antibody (Merck, F3165;1:1,000) in anti-
body dilution buffer (1% w/v BSA, 0.3% v/v Triton X-100 in PBS). Cells
were washed three times with PBS (5 min each), thenincubated for one
hour at room temperature with goat anti-mouse Alexa488 secondary
antibody (Abcam, ab150113;1:1,000) in antibody dilution buffer. After
three final washesin PBS, cells remained in PBS untilimaging. Imaging
was performed using a Leica TCS SP8 confocal microscope equipped
with awaterimmersion40x HC PLAPO CS21.10 NA objective. An OPSL
488 laser (498-622 nm emission) was used to image the anti-mouse
AlexaFluor 488 secondary antibody bound to the anti-FlagM2 primary
antibody. All transfection conditions were performed in duplicate and
three fields of view were captured per well. Representative single-cell
images are shown.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The three-dimensional cryo-EM density maps have been deposited
in the Electron Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/
emdb/) under accession numbers EMD-41913, EMD-41912, EMD-41916,
EMD-41929, EMD-41930, EMD-41934, EMD-41935 and EMD-41914, The
coordinates are deposited in the PDB (https://www.rcsb.org) with acces-
sionnumbers 8U56, 8U54, 8USC, 8U5N, 8U5Q, 8U5V, 8U5X and 8U58. All
other datasupportingthe findings of this study are available within the
paper andits Extended Data. Source data are provided with this paper.
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Extended DataFig.1|LYCHOS purificationand characterization. (coloured according to Fig.1b) with some larger peptides being undetected.
a, Size-exclusion chromatography (Superose 610/300; Cytiva) of recombinant  d, Mass photometry frequency distribution of wild-type LYCHOS. e, The 2.75 A
LYCHOS. Elution volume is approximately 14.3 ml. The peak fraction is resolution reconstruction of wild-type LYCHOS. A single subunit is coloured
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Sequence coverage (-75%) of experimentally detected peptidesis highlighted
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Extended DataFig.4|The LYCHOS GPCRdomainis mostclosely related to
class B2 adhesion GPCRs. a, Multiple sequence alignment of the LYCHOS GPCR
domainanditsrelated homologues. Residues with highidentity are shaded
magenta. Here, for clarity, the loop sequences are omitted. b, Structural
comparison of class B2 adhesion GPCRs and the LYCHOS GPCR domain
(oriented by normal GPCR convention). Three related GPCR paralogues were
identified by performing pBLAST* against human GPCR sequences (GPCRdb*°),
namely ADGRG4 (E-value 3.1x107), ADGRG6 (E-value 4.3 x107%),and ADGRC1
(E-value 9.1x107%). No other significant matches were identified. ¢, Pipes and
planksrepresentation of the LYCHOS GPCR domain labelled with the overall
structural helical numbering. The standard GPCR transmembrane numbering
conventionisincludedin parentheses. The LYCHOS GPCR domain hasbeen
resolvedintheapostateinanapparentlyinactive conformation.d, View from
the lysosomal lumen perpendicular to the membrane plane of the LYCHOS
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GPCRorthostericligand-binding site showing a superimposed cartoon of
LYCHOS (orange) and ADGRG4 (white) (PDB: 7WUJ*;; RMSD 4.6 A).ADGRG4 isin
theactive state, the tethered agonist binding footprint is shownin dark shading.
Seealso Supplementary Discussion 1. e, Alignment of the cytoplasmic-facing
LYCHOS G protein-binding pocket with the ADGRG1/2/4 active states reveals
likely steric clashes between Gf3 and the DEP domains and between Gaand
LYCHOS a15/a16 (GPCR TM5/6). LYCHOS 15 (GPCR TMS5) and a16 (GPCR TM6)
are comparatively larger than TM5/6 of the adhesion GPCRs and extend beyond
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Discussionl.
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Extended DataFig.5|LYCHOS scaffold and DEP domaininterfaces.a,Surface  interfaces (Gly72, Gly247,Gly254). ¢,d, Surface representation (c) of the DEP
domaininterface, and cartoon representation (d). BSA of 469 A2 Key residues

representation of the interface between LYCHOS scaffold domains coloured

by per-residue conservation (ConSurf*®). Buried surface area (BSA) of 1410 A2 arelabelled that defineaconserved hydrophobic core. Surfaceresidues
indicated by the dotted line. b, Cartoonrepresentation of a, key interface Tyr805, His758, Leu761, Trp789, Gly794 are conserved and define the DEP
residues arelabelled. Theinterfaceis predominantly hydrophobic with key
conserved glycine residues that symmetrically arrange to form tight contact

interface.




a LYCHOS

=
(<)
=
®©
[$)
(2]

N. meningitidis
“ASBT”

d
10
K
3
S
c
2
o -
o
o) L
1
=) ~_ Wb
3 LYCHOS LYCHOS
o 10 Cytosol face Lysosomal face
1a 1b
e f LYCHOS 130 - -RFSKAG- -LFPTFATQSNDFALGYPIVEALY- -
H o A N B L 2
PIN1 97 --SLDWTI--TLFSLSTLPNTLVMGTPLLKGMYG-
A i PIN2 97 ---LEWMI--TLFSLSTLPNTLVMGIPLLRAMY - -
PIN3 97 --SLEWST--TIFSLSTLPNTLVMGIPLLIAMY- -
1a Asn pro PIN4 97 ---LEWMI--TIFSLSTLPNTLVMGIPLLIAMY- -
PINS 97 ---YCWSI--TSFSLCTLTNSLVVGVPLAKAMY - -
PING 97 ---LDWLI--TLFSTATLPNTLVMGIPLLQAMY- -
/ 1 pPIN7 97 ---LEWST--TIFSLSTLPNTLVMGIPLLIAMY- -
LYCHOS PINS 103 -GKLGWVI - -TGLSISVLPNTLILGMPILSAIYG-
PIN1
PIN3 ASBT (NM) 250 ---PYDAQ-KTLTIEVGMQNSGLAAALAAAHFA- -
PINS SLC10A1 247 ----- GRCRRTVSMETGCQNVQLCSTILNVA--- -
SLC10A2 247 AGLPWYRC-RTVAFETGMQNTQLCSTIVQLSFT--
SLC10A3 411 ----VAQR-RTVSIEVGVQNSLLALAMLQLS--- -
SLC10A4 326 -----PNCKRTVCLETGSQNVQLCTATLKLA----
SLC10A5 362 LPVC-KTVATESGMLNSFLALAVIQL-----
SLC10A6 252 ----WQRC-RTISLETGAQNIQMCITMLQLS--- -
Asn Pro SLC10A7 265 ---PADTVATIFCSTHKSLTLGIPMLKIV----
SLC9AL 446 ---PKDQFITAYGG-LRGATAFSLGYL--------
\ SLC9A2 426 ---FKDQFITAYGG-LRGAICFALVF---------
SLC9B1 427 ---FKEKTFTALAWMPKATVQAVLGPLALETARVS
SLC9B2 447 ---LKEKTFISFAWLPKATVQAATGSVALDTARSH
sLcoct 361 ---WRWIFIMVCSE-MKGMPNINMALLLAY-----
Crossover motif sLcoc2 369 ---WRWGVVITWSG-TKGVFNLLWAPDVYN-----

C Scaffold

Transporter Scaffold

6071S

SOHOAT

NIid

0LO1s

.LESV,
sipmBuiuow ‘N

2a 2b
307 VVNHTSLSNYAFLYGVFPVAPGVAIFATQF-------
R AR S H 2
566 ----GVLLHVAIIQAALPQGIVPFVFAKEYN------
591 ----GDLLHIAIVQAALPQGIVPFVFAKE--
584 ----GDLLRVAIVQAALPQGIVPFVFAKEY-
560 ----GDLLRIAIVQAALPQGIVPFVFAKE- -
292 ----GDVLRVAIIQAALPQSITSFIFAKE--
514 - ---GSRLHAAIVQAALPQGIVPFVFARE--
563 ----GDLLRVAIVQAALPQGIVPFVFAKE- -
311 ----STLFKVAILQAALPQGVVPFVFAKEYN------

e 1 =5 1 ]
94 - -LPAEIAVGVILVGCCPGGTASNVMTYLAR------

86 ----NIEALAILVCGCSPGGNLSNVFSLA--- -~~~
94 - - - -PLQAVVVLIIGCCPGGTASNILAYW- - - -~~~
247 FMLPKALALGLIITCSSPGGGGSYLFSLLLGGD- -~ -
165 - - - -EVAAVAVLLCGCCPGGNLSNLMSLL - - -
203 - - - -EAQAFGVVMTCTCPGGGGGYLFALL - -
94 - - - -PVQATAVLIMGCCPGGTISNIFTFW- - ------
102 - - - -EWLLKGLQTVGCMPPPVSSAVILTKAV -~ - - - -

224 --LLDNLLFGSIISAVDPVAVLAVFEEI---------
204 --LLQNLLFGSLISAVDPVAVLAVFENI-
211 - -WQWAFLLGFVLGAVSPAVVVPYMMVLQ
231 - -WQWGFILGFVLGAVSPAVVVPSMLLLQ---~----~
136 - -PTQWLLFSATILVSSDPMLTAAAIRDL---------
149 --LQSCLLFSITLGIIDPLRSVNSLKTI---------

Extended DataFig. 6| The LYCHOS scaffold and transporter domains are
PIN orthologues. a, Comparison of LYCHOS and superpositions of the
Arabidopsisthaliana PIN transporters (PINs), H. sapiens SLC9 and SLC10
homologues and N. meningitdis ASBT homologue. The scaffold domainis
divergentbetween LYCHOS and the SLC9 and SLC10 families with poor overall
structural superposition. In contrast, the scaffold domain of PINs and LYCHOS
isconserved.b, The transporter unitisstructurally conserved betweenall
families, each witha canonical crossover motif. Greatest similarity of LYCHOS is
tothe PIN transporter family. ¢, Simplified helical topology schematic for
LYCHOS compared to the PIN, SLC9 and SLC10 families, and N. meningitidis
ASBT.Theoveralltopological arrangement and sequence of helices is conserved
between LYCHOS and the PINs, while the SLC families achieve the same overall
fold witha differentarrangement.d, The overall Coulomb surface of LYCHOS
and PIN8is conserved. Surface representation coloured by electrostatic

potential charge (-10to10 kT/e). e, Structural superposition of the conserved
crossover motifbetween LYCHOS and PIN1, PIN3, and PINS (PDB 7Y9V*, 7XXB*,
and 7QPA?'). The experimentally determined binding pose of IAAin the four
structuresisshown. The overall position of IAA is consistent and mediated by
akey conserved asparagine (LYCHOS Asn145). f, Multiple sequence alignment
of the crossover motif between LYCHOS, PINs, SLC9, and SLC10 families, and

N. meningitidis ASBT. The conserved motifin LYCHOS is most closely related to
the PINs. While the conserved motifis also present in the SLC families (including
N. meningitidis ASBT), the conserved asparagine and proline are contributed

by different helices owingto distinct topological arrangements (as shownin c).
InLYCHOS and the PIN family, the conserved asparagine and proline are
contributed by the firstand second helices of the crossover motif (asparagine
first, then proline). While the SLC9 and 10 families possesses the same
conservedresidues, thesequenceorderisinverted.
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Extended DataFig.7|LYCHOS binds IAAbut not tryptophan. a, Surface
plasmonresonance of IAAbinding to wild-type LYCHOS (apparent K;1.62 mM,
pK;0.19 £0.04, n = 8), showing raw sensorgrams and concentration-response
curves. Steady-state affinity fit assumes one-to-one binding. b, Superimposed
sequence of electrogenic transient peak currents induced by wild-type LYCHOS
embedded proteoliposomesuponinjection of increasing concentrations of
1AA (0to30 mM).c, Normalized peak current versus concentration of IAA,
correspondingto (b). LYCHOS has aMichaelis-Menten constant of13.7 + 3.4 mM
(95% CI; n=4independent experimental replicates), consistent with anion
binding but likely not transport across the bilayer. d, Sliced top-down
(cytoplasmic side) view of two reconstructions of LYCHOS that were incubated
with10 mMIAA or tryptophan, respectively. e, Focused view of the recessed
cavity inthe LYCHOS transporter domain showing additional density
corresponding tolIAA. No density was observed for tryptophan. f, Side-chain
level contactsbetweenlAA and LYCHOS are predominantly hydrophobic
vander Waals interactions. The key asparagine forms hydrogen bonds with

the carboxylate of IAA. Additional hydrogen bonds are observed betweenIAA
and the main-chainamine groups. g, Cartoonrepresentation of the LYCHOS
transporter domain coloured by per-residue conservation (ConSurf*?)
highlighting the IAAbinding pocket. Inset: Focused surface representation

view of (f), showing that the IAA binding pocket is highly conserved. h-j,Site-
directed mutagenesis of the conserved IAA binding pocket reduces the affinity
of IAAfor LYCHOS, withanincreasein the apparent K, for N145A (h; apparent K,
5.49 mM, pK;30.74£0.02,n=5,p=0.0003 vs wild-type), L177W (i; apparent K,
3.93mM, pK;0.59+0.02,n=8,p=0.000001versus wild-type) and A148W

(j; apparentK;3.38 mM, pK;0.52+0.03,n =8, p = 0.0023 vs wild-type).RU,
response units (n =5-8 independent experimental replicates). One-way ANOVA
with Tukey’s multiple comparisons test; pK,reported as mean+SEM. All Ry,
values are within the expected theoretical limit assuming two binding sites per
LYCHOS molecule. k, Representative images of HEK293 cells transfected with
LYCHOS-Flagor Flag-PIN8 at either 500 ng/well or 1 ug/well. Scale bar shows
10 pm. Transfection with 500 ng/well (as for LysoTORCAR assays, Fig. 4a-jand
Extended DataFig.10b-g) leads to patterning consistent with alimited
localization tointracellular membranes, whereas over-transfection with 1 pg/
well (as for AuxSen efflux assays, Fig. 2h,i) caused a mislocalization of LYCHOS
and PIN8 to additional cellular membranes, allowing us to measure transport
of IAAby PIN8 across the plasmamembrane. 1, Tryptophan was unable to
specifically bind LYCHOS wild-type or mutant variants as determined using
surface plasmonresonance (n =4 independent experimental replicates).
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Extended DataFig. 8| Cholesterol recognitionis mediated by a CRAC-motif
inahighly conserved pocket. a, Sliced top-down (cytosolic face) view of two
LYCHOS reconstructions with CHS (red) bound (F352A/W678R) and without CHS
(wild-type). Two CHS molecules populate theinterface between the GPCR and
transporter domains. b, Focused view of the cryo-EM density of the cholesterol-
bindingregion of LYCHOS (F352A/W678R) positioned at theinterface of the
GPCRand transporter domains. c, Wild-type LYCHOS isina closed conformation
withthe GPCR domain clamped shut, occluding the LYCHOS cholesterol sensing
pocket. Relaxation of the GPCR domain from the closed state to the openstateis
necessary toaccommodate cholesterol entry.d, Surfacerepresentation of the
LYCHOS cholesterol sensing pocket coloured by per-residue conservation
(ConSurf®). Aregion of high surface conservationis apparent, with virtually all
conserved residues defining a deep groove thataccommodates cholesterol
(innermost CHS molecule; white) e, Cartoon representation of d with the single
innermost CHS moiety shown. Neighbouring key residues are labelled with
coloursaccordingto conservation (asin d). The CRAC-motif (L/V-X,5-Y-X.s-K/R)
isdefined by three residues (Val53, Tyr57, Arg61) on LYCHOS al. Key residues
Cys55and Glu48identified by photolabelling?are indicated (yellow stars).
ResiduesPhe43, Tyr57 and Pro44, previously identified through mutagenesis

studies?areindicated. f, A two-dimensional ligand interaction diagram showing a
projected view of the key residues that define interactionsin the cholesterol-
binding pocketine.Hereacholesterolmoleculeis modelled.g, Afterlong
incubationwithIAA (2 h) astrictly monomeric LYCHOS population was observed
by cryo-EM (see Supplementary Discussion 2). The 3.0 Aresolution cryo-EM
reconstruction of the LYCHOS monomerincomplexwithIAAis shown.LYCHOS
iscoloured according to Fig.1a and the micelle is shown as awhite overlay.

h,i, Shortincubation (1 min) withIAA resulted inamixed distribution of aclosed
(h) and partially open (i) conformational states by cryo-EM. In the closed state,
asingle CHS molecule with partial denisty is observedina queued position,
where due toPhe352, itis blocked from entering the LYCHOS cholesterol
sensing pocket. j, Inthe monomericstate, a2 of the scaffold domainundergoes
asubtle conformational rearrangementresulting insteric clashes at the dimer
interfaceincompatible with dimer formation. k, Focused cartoon of a2 of the
scaffold domain (monomer is coloured) superimposed with the same region

of dimericwild-type LYCHOS (white). 1, No change was observed in the mass
photometry histogram, indicating thatIAA did not clearly promote the
monomeric conformation of LYCHOS seen under cryo-EM. See Supplementary
Discussion 2.
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Extended DataFig. 9 | Conformational changes of the GPCR-transporter
interfaceand Phe352gate.a,IAA-bound LYCHOS undergoes a conformational
relaxation ofthe GPCR domain, characterized by rotation and partial opening.
The transition between the closed and partially openstateis only observed for
wild-type LYCHOS uponincubation of IAA. b, Lateral movement of the whole
GPCR domain (rigid-body transformation) is associated with the relaxation
transition. ¢, Superposition of the middle and CRAC-motif CHS molecules from
the LYCHOS (F352A/W678R) structure into the closed conformation (wild-type
LYCHOS). Clear steric clashes (pink) are present due to the closed Phe352 gate.
Asingle queuing CHS moleculeisblocked fromentry.d, Asinc,showing the
middleand CRAC-motif CHS moleculesin the partially open conformation.
Visible clashes suggest that alternate rotamer positions alone are not sufficient

® @ @
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toallow cholesterol entry. e, The LYCHOS (F352A/W678R) structure showing
that both CHS molecules (middle and CRAC-motif) areaccommodated by
bypassingthe Phe352 gate and alateral movement of a17. f, Focused illustration
of F705and F352 residues that contribute the most significant steric clashesin
theclosed (c) and partially open (d) conformations. These clashes are resolved
inthe fully openand Phe352 bypassed (F352A/W678R) structure (e). g, All three
observed CHS molecules are shown with the wild-type and F352A/W678R
LYCHOS structures superimposed. Cryo-EM density is shown for each CHS
molecule. More complete density, potentially due to more extensive contacts,
isvisible for the CRAC-motif CHS molecule. By contrast, the queuing CHS is
only partially resolved.
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Extended DataFig.10| The LYCHOS transporter domain coordinatesa
potential gating mechanism for cholesterol. a, Relative expression of
LYCHOS-Flag WT, Y57A,F352A and N145A compared to empty vector control,
and of LYCHOS-Flag WT compared to F352A/W678R or F352A/W678R/N145A in
HEK293 cells after transfection with 500 ng/well as for the LysoTORCAR assay
(this figure and Fig. 4a-j). Upper panel shows quantified densitometry of the
LYCHOS-Flagband relative to 3-tubulin loading control. Symbols show values
fromindependentbiological replicates (n =3), the bold line shows the mean
and error bars show SEM. Lower panel shows arepresentative westernblot. For
westernblotsource data, see Supplementary Figs.1and2.b,d,f, mTORC1
activityinresponse to cholesteroladdition or depletion (at 0 min, dotted line)
followed by repletion (at 40 min, arrow) in HEK293 cells co-transfected with
LysoTORCAR and empty vector control (b; n=4), LYCHOS(Y57A) (d; n=3), or
LYCHOS(F352A) (f; n =4).Symbols show the mean and error bars show SEM
fromindependentbiological replicates. c,e,g, Fold changein mTORClactivity
inresponseto cholesteroladdition, depletion (average F/F,at-5-O minvs
35-40 minfor red and blue curves, respectively), or repletion (average F/F, at
35-40 minvs 5 minaverage at the peak after repletion) calculated fromb,d,f.
h, Control-subtracted area under the curve (AUC) in response to cholesterol
addition, calculated from 0-40 min from fand Fig. 4a,c,f,h. For bar graphs,

symbols show values fromindependentbiological replicates, the bold line
shows the meanand error bars show SEM; p-values were calculated by one-way
ANOVA with Sidak’s multiple comparisons test (for h,and comparisons to
controlinc,e,f) or two-sided paired t-test (for comparisons between depletion
andrepletioninc,e,f).See also Supplementary Discussion 3. Saturation BRET
inHEK293 cells transfected with increasing amounts of cpmCitrine-NPRL2
(BRET acceptor) and alow, constantamount of the BRET donors i, LYCHOS-
NLuc (n=3) or B,-adrenoceptor-NLuc (,AR-NLuc; a G protein-coupled receptor
that we used as anegative control;n=3),orj, LYCHOS-NLuc WT (n =5), N145A
(n=3),F352A/W678R (n=3),0r F352A/W678R/N145A (n = 3). Symbols show
values fromnindependent biological replicates. k, BRET, values calculated
fromthe curves shownin (j). Symbols show values fromindependent
experiments, thebold line shows the meanand error bars show SEM; p-value
was calculated by one-way ANOVA with Sidak’s multiple comparisons test. The
large and saturatingincrease in BRET between LYCHOS and NPRL2 (i) is
consistent with specificinteractions between LYCHOS and GATOR1under
growth conditions (normal cell culture medium). In contrast, there is minimal
BRET observed between NPRL2 and the 3,-adrenoceptor which, when not
activated by ligand, predominantly resides at the plasmamembrane.



Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

Name LYCHOS LYCHOS LYCHOS/CHL  LYCHOS +IAA LYCHOS +IAA  LYCHOS +IAA  LYCHOS +IAA LYCHOS
(DEPS) (W678R/F352A) (Monomer) (Dimer) (Closed) (Open) +TRP
EMDB 41913 41912 41916 41929 41930 41934 41935 41914
PDB 8U56 8U54 8U5C 8U5N 8U5Q 8U5V 8U5X 8U58
Data collection and
processing
Magnification 105,000 105,000 105,000 105,000 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300 300 300 300 300
Electron exposure (e-/A2)
Defocus range (um) 0.5-20 05-2.0 05-20 0.5-20 05-20 0.5-20 05-2.0 0.5-20
Pixel size (A) 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82
Symmetry imposed Cc2 C2 Cc2 C1 Cc2 C1 C1 Cc2
Initial particle images (no.) 32,281,742 2,892,753 2,497,441 14,778,509 1,655,679 378,624 378,624 2,293,740
Final particle images (no.) 184,574 85,794 144,608 416,702 189,312 39,304 37,521 186,146
Map resolution (A) 2.75 2.65 2.68 2.99 2.40 2.77 2.79 245
0.143 FSC threshold
Refinement
Initial model used (PDB De novo De novo De novo De novo De novo De novo De novo De novo
code)
Model resolution (A) 3.60 3.87 3.56 4.15 3.07 3.31 3.40 3.08
0.5 FSC threshold
Map sharpening B factor (A2) -97.7 -70.8 -78.3 -117.6 -57.0 -64.0 -62.0 -103.4
Model composition
Non-hydrogen atoms 8588 10745 9032 4535 7920 4397 4453 8884
Protein residues 1082 1359 1150 577 1006 556 569 1130
Ligands 4 2 4 1 2 2 1 2
B factors (A?)
Protein 61.73 84.38 56.92 74.71 59.21 69.64 78.56 60.88
Ligand 73.25 83.24 56.71 91.48 69.17 83.54 98.90 94.86
R.m.s. deviations
Bond lengths (A) 0.012 0.007 0.063 0.007 0.006 0.013 0.008 0.007
Bond angles (°) 1.279 1.122 1.717 1.149 1.157 1.346 1.139 1.322
Validation
MolProbity score 1.14 1.38 1.03 1.1 1.28 1.11 1.41 1.00
Clashscore 3.48 3.48 1.30 1.83 3.54 2.55 4.07 2.26
Poor rotamers (%) 0.00 0.17 0.62 0.80 0.23 1.24 0.61 0.00
Ramachandran plot
Favored (%) 98.49 96.35 97.02 97.03 97.26 97.99 96.64 98.02
Allowed (%) 1.51 3.65 2.98 297 2.74 2.01 3.36 1.98
Disallowed (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Extended Data Table 2 | Summary statistics for structural
and sequence comparisons between the transporter and
scaffold units of LYCHOS and orthologues

Orthologue Identity (%) RMSD (A) TMscore
PIN1 18.39 2.86 0.839
PIN2 19.09 3.04 0.835
PIN3 18.91 3.35 0.789
PIN4 19.23 2.87 0.837
PIN5 18.30 2.94 0.842
PIN6 21.34 2.78 0.838
PIN7 19.37 2.90 0.836
PIN8 20.65 3.57 0.792
SLC10A1 15.34 4.21 0.617
SLC10A2 8.89 4.21 0.634
SLC10A3 14.20 3.86 0.647
SLC10A4 15.76 4.13 0.632
SLC10A5 17.09 3.99 0.629
SLC10A6 12.88 3.97 0.638
SLC10A7 15.64 4.71 0.630
SLC9A1 13.10 4.04 0.735
SLC9A2 15.22 4.06 0.731
SLC9B1 14.67 3.57 0.725
SLC9B2 13.56 3.87 0.721
SLCcIC1 11.65 437 0.717

SLCI9C2 11.98 4.45 0.692
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq

|Z Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
[] clinical data

|:| Dual use research of concern

[] Plants
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Antibodies

Antibodies used All the following details for antibodies are included in the materials and methods:
mouse anti-FLAG M2 monoclonal antibody, Merck F3165, 1:5,000 dilution for westerns and 1:1,000 dilution for immunostaining
rabbit anti-beta-tubulin, Cell Signaling Technology 2146, 1:1,000 dilution
IRDye 680RD goat anti-mouse secondary antibody, LICOR 926-68070, 1:15,000 dilution
IRDye 800CW goat anti-rabbit secondary antibody, LICOR 926-32211, 1:15,000 dilution
goat anti-mouse Alexa Fluor 488 secondary antibody, Abcam ab150113, 1:1,000 dilution

Validation 1. mouse anti-FLAG M2 monoclonal antibody. Specificity information from product data sheet: Monoclonal ANTI-FLAG® M2 detects a
single band of protein on a Western blot from an E. coli crude cell lysate. Species reactivity: all. Techniques: includes western blot,
immunocytochemistry.

2. rabbit anti-beta-tubulin. Specificity information from supplier website: The B-Tubulin Antibody detects endogenous levels of total
B-tubulin protein, and does not cross-react with recombinant a-tubulin. Species Reactivity: Human, Mouse, Rat, Monkey, Zebrafish,
Bovine. Uses: includes western blotting.

3. IRDye 680RD goat anti-mouse secondary antibody. Specificity information from product insert: Based on ELISA and flow cytometry,
this antibody reacts with the heavy and light chains of mouse 1gG1, 1gG2a, IgG2b and 1gG3, and with the light chains of mouse IgM
and IgA. This antibody was tested by Dot Blot and/or solid-phase adsorbed for minimal cross-reactivity with human, rabbit, goat, rat,
and horse serum proteins, but may cross-react with immunoglobulins from other species. The conjugate has been specifically tested
and qualified for Western blot and In-Cell Western Assay applications.

4. IRDye 800CW goat anti-rabbit secondary antibody. Specificity information from product insert: Based on ELISA and flow cytometry,
this antibody reacts with the heavy and light chains of rabbit 1gG, and with the light chains of rabbit IgM and IgA. This antibody was
tested by Dot Blot and/or solid-phase adsorbed for minimal cross-reactivity with human, mouse, rat, sheep, and chicken serum
proteins, but may cross-react with immuno-globulins from other species. The conjugate has been specifically tested and qualified for
Western blot and In-Cell Western Assay applications.

5. goat anti-mouse Alexa Fluor 488 secondary antibody. From supplier website: Suitable for ELISA, IHC-Fr, IHC-P, Flow Cyt, ICC/IF.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Spodoptera frugiperda 9 cells (Thermo Fisher, 11496-015), Expi293F cells (Thermo Fisher, A14527), HEK293 cells (ATCC,
CRL-1573)

Authentication Not authenticated

Mycoplasma contamination Not tested: Sf9 and Expi293F. HEK293 cells were routinely tested for mycoplasma contamination and found negative.

Commonly misidentified lines  no commonly misidentified cell lines were used in this study
(See ICLAC register)
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