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Abstract

The tumor suppressor Folliculin (FLCN) enables nutrient-dependent activation of the mechanistic
target of rapamycin complex 1 (mTORC1) protein kinase via its guanosine triphosphatase
(GTPase) Activating Protein (GAP) activity toward the GTPase RagC. Concomitant with
mTORCL inactivation by starvation, FLCN relocalizes from the cytosol to lysosomes. To
determine the lysosomal function of FLCN, we reconstituted the lysosomal FLCN complex (LFC)
containing FLCN, its partner FLCN-interacting protein 2 (FNIP2), the RagACPP:RagCCTP
GTPases as they exist in the starved state with their lysosomal anchor Ragulator complex, and
determined its cryo-EM structure to 3.6A. The RagC-GAP activity of FLCN was inhibited within
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LFC, due to displacement of a catalytically required Arginine in FLCN from the RagC nucleotide.
Disassembly of the LFC and release of the RagC-GAP activity of FLCN enabled mTORC1-
dependent regulation of the master regulator of lysosomal biogenesis, transcription factor E3,
implicating the LFC as a checkpoint in mTORCL signaling.

One Sentence Summary:

The inactive Rag GTPase dimer is sandwiched between Ragulator and FLCN:FNIP in the cryo-
EM structure of a lysosomal complex that controls Rag GTPase activation and modulates
mTORC1 signaling output.

The mechanistic Target of Rapamycin Complex 1 (mTORCL1) kinase is at the center of a
complex biochemical network that relays information about the availability of nutrients,
growth factors, oxygen, and energy to downstream signaling programs. When cells are
adequately nourished, these signaling programs drive growth and metabolism, and inhibit
catabolic pathways such as autophagy (1, 2). Nutrients including amino acids, glucose, and
cholesterol activate mTORCL1 by triggering its translocation from the cytosol to the
lysosomal membrane (3—-6). This process is regulated by the heterodimeric Rag guanosine
triphosphatases (GTPases)(3, 4, 7), which localize to the lysosomal membrane via binding to
the pentameric Ragulator complex (4, 8, 9). Rag heterodimers consist of two functionally
equivalent pairs, RagA or RagB in complex with RagC or RagD. Nutrients trigger the
transition from the “inactive’ combination of guanosine diphosphate (GDP)-bound Rag A
and guanosine triphosphate (GTP)-bound Rag C (RagA®PP:RagCCTP) to the “active’
RagACTP:RagCCPP state. The ‘active’ Rag heterodimer binds directly to mTORC1 and
recruits it to the lysosome, enabling its subsequent activation (3, 4, 7, 10, 11).

Two GTPase-activating protein (GAP) complexes mediate, in part, the conversion between
‘active’ and ‘inactive’ Rag GTPase states. When amino acid concentrations are low,
GATOR1 promotes GTP hydrolysis by RagA or B in response to a well-characterized
upstream nutrient-sensing pathway (12-14). Conversely, nucleotide hydrolysis on RagC or
D is stimulated by Folliculin (FLCN), the tumor suppressor responsible for Birt-Hogg-Dubé
syndrome (BHD) (15), in complex with FLCN-interacting protein 1 or 2 (FNIP1 or 2) (16—
18). Consistent with its role in Rag GTPase activation, acute depletion of FLCN in cell
culture impairs activation of mMTORC1 signaling by amino acids (18, 19). Yet in cellular and
mouse models of BHD, the effects of FLCN loss on mTORC1 signaling range from neutral
to activating, leading to a controversial and context-dependent interpretation of FLCN
function (16, 20, 21). A further conundrum concerns the subcellular localization of
FLCN:FNIP. FLCN has been reported to localize to the lysosomal membrane in low nutrient
conditions, and to relocalize to the cytosol as nutrient levels increase (18, 19, 22). How these
changes in FLCN localization relate to regulation of its GAP activity is not understood.
Finally, structural details of FLCN interactions with its partner FNIP, how FLCN:FNIP
physically interacts with Rag GTPases, and the key residues for the GAP activity of
FLCN:FNIP are unknown.

Science. Author manuscript; available in PMC 2020 May 22.
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Assembly of a stable lysosomal FLCN complex lacking GAP activity

Consistent with previous reports (18, 19, 22), FLCN clustered on LAMP2-positive
lysosomes in amino acid-depleted conditions and became dispersed in the cytosol upon
refeeding (Fig. S1, A and B). FLCN relocalization was controlled by the nucleotide state of
the Rag GTPases: expressing Rag mutants locked in the ‘inactive’ nucleotide binding state
caused FLCN to be constitutively bound to lysosomes irrespective of amino acid conditions;
conversely, the ‘active’ Rag GTPase mutants caused FLCN to become cytosolic under all
conditions (Fig. S1, A and B).

To determine the function of lysosomal FLCN in starvation, we monitored the FLCN:FNIP2
GAP reaction in /in vitro RagC GTPase assays. To selectively generate Rag heterodimers
containing one diphosphate and one triphosphate nucleotide, we used the mutant
RagCP18IN which specifically binds xanthine nucleotides (8, 18) (henceforward referred to
simply as RagC). RagACTP:RagCXTP was incubated with a catalytic amount of the
appropriate GAP complex (FLCN:FNIP2 or GATOR1) to generate GTP:XDP or GDP:XTP
bound heterodimers that were confirmed by high pressure liquid chromatography (HPLC)
(Fig. 1A). An intrinsic tryptophan fluorescence GTPase assay (23) was used to monitor in
real time the FLCN:FNIP2-catalyzed RagC-GTPase activity (Fig. S2, A and B).
FLCN:FNIP2 was added to Rag heterodimers containing a GDP or GTP-bound RagA, with
or without the addition of stoichiometric amounts of Ragulator. We observed similar
FLCN:FNIP2 GAP activity for all tested substrate permutations, except that the
RagACPP:RagCXTP-Ragulator combination greatly reduced the GAP activity of
FLCN:FNIP2 (Fig. 1B). An HPLC-based GAP assay confirmed reduction of FLCN:FNIP2
GAP activity in the presence of GDP-bound RagA and Ragulator (Fig. 1C).

Rag heterodimers containing GDP-bound RagA form a tight complex with Ragulator at the
lysosomal membrane (24). To determine whether RagA®PP:RagC*TP and Ragulator form a
larger complex that includes FLCN:FNIP2, we combined all three subcomplexes (Fig. S3, A
to C) and subjected the mixture to size exclusion chromatography (SEC). We observed an
early eluting peak when all components were combined, and confirmed that FLCN:FNIP2,
RagA:RagC, and Ragulator co-eluted in this fraction (Fig. 1, D and E). Thus, FLCN:FNIP2
forms a stable complex with RagACGPP:RagCCTP-Ragulator, explaining the localization of
FLCN on the lysosomal membrane and suggesting that the FLCN GAP activity is inhibited
during starvation. Because this complex corresponds to all the properties expected of the
lysosomal form of FLCN, we designate it the “Lysosomal FLCN Complex” (LFC).

Structure and nucleotide state dependence of the LFC

We determined the structure of the LFC at a resolution of 3.6 A by cryo-EM (Fig. 2, A to C,
Figs. S4 to S5 and Table S1). The complex adopts an elongated shape of 240 A in the
longest dimension. The reconstructed cryo-EM density was of sufficient quality to build an
atomic coordinate model (Fig. 2C, Figs. S6 and S7 and Table S2) comprising about 60 % of
the mass of the complex. The remainder of the molecular mass consists of flexible loops
(Fig. 2A) with no corresponding cryo-EM density visible.

Science. Author manuscript; available in PMC 2020 May 22.
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FLCN and FNIP1/2 are both DENN module proteins composed of an N-terminal longin and
a C-terminal DENN (differentially expressed in normal and neoplastic cells) domain (16-18,
25). The known crystal structures (26, 27) of the Ragulator sub-complex and the FLCN
DENN domain are positioned at opposite tips of the complex. The Rag GTPases were built
on the basis of crystal and cryo-EM structures (14, 28, 29), and their location was consistent
with the crystallographically resolved interaction of their C-terminal roadblock domains
with Ragulator (29). The remaining structural elements from FLCN and FNIP2 were built on
the basis of newly generated homology models (Supplementary Text, Fig. 2, D to F and
Figs. S8 to S10).

The two longin domains of FLCN:FNIP2 form a heterodimer similar to the NPRL2:NPRL3
longin domains of GATOR1 (Fig. 2F and Fig. S8C) (14). This longin-longin heterodimer is
the only FLCN:FNIP2 element to directly interact with the Rag GTPases via their G
domains. To understand how the Rag nucleotide state controls LFC formation, we tested
whether FLCN:FNIP2 could form a stable complex with Ragulator and Rag GTPases in
their active nucleotide binding state (RagAGTP:RagC*PP). Consistent with the cytoplasmic
localization of FLCN under nutrient-rich conditions (18, 19, 22), FLCN:FNIP2 did not form
a stable complex with active Rag-Ragulator as judged by SEC (Fig. 3A). To gain structural
insight into how the Rag GTPase nucleotide states control LFC assembly, we determined an
~8-9 A cryo-EM structure of the 150-kD Ragulator-RagACSTP:RagC*PP complex (Fig. 3B
and Table S1). We did not detect any differences in the RagA and RagC G domain
orientations between our active Rag-Ragulator structure and the previously reported
GATOR1-RagA:RagC structure in a pseudo-active binding state (RagACTP:RagCeMPY) (14)
(Fig. 3B). Alignment of RagA:RagC in the active with their counterparts in the inactive
nucleotide state within the LFC showed that both G domains reorient relative to the
roadblock domains (Figs. 3C, S11A-B and Movie S1). Similar reorientation has been
observed for the RagA and RagC orthologs Gtrl and Gtr2 from S. cerevisiae (28, 30). As a
consequence of this reorientation, the cleft between the RagA and RagC G domains is nearly
twice as wide in the inactive (RagACPP:RagCCTP) state as it is in the active
(RagACTP:RagCCDP) state (Fig. 3D). Without this cleft opening, the FLCN:FNIP2 longin
heterodimer would be sterically unable to bind RagA:RagC as observed in the LFC (Fig.
S11C). This explains structurally why the LFC does not form when nutrient concentrations
are high and the Rag GTPases are in the active nucleotide binding state (Fig. 3E).

Regulation of Rag nucleotide state by the LFC

Investigation of the interfaces between FLCN:FNIP2 and Rag G domains revealed that
FLCN:FNIP2 interacts more extensively with RagA than with RagC. This is exemplified by
its direct interaction with the clearly visible GDP and XTPyS nucleotides, respectively (150
vs. 20 AZ buried surface area) (Figs. 4A, 5A, S7C-D and Fig. S12). A FLCN:FNIP2
complex containing a FLCNF118D mutation located at the FLCN-RagA interface (Fig. 4A,
Fig. S3D and Fig. S13A), did not assemble into a stable LFC as judged by SEC (Fig. 4B).
Consistent with a disrupted LFC, GFP-FLCNF18D fajled to localize to the lysosomal
membrane upon amino acid-starvation, establishing the LFC as the structural basis for
FLCN localization under low nutrient conditions (Fig. 4, C and D). Also consistent with its
inability to form the LFC, FLCNF118D:ENIP2 had uninhibited GAP activity even in the

Science. Author manuscript; available in PMC 2020 May 22.
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presence of Ragulator, as judged by both tryptophan fluorescence- and HPLC-based GAP
assays (Fig. 4E and Fig. S13B).

Compared to other GTPases bound to GDP, e.g. the ER-associated small GTPase Sarl (31),
the RagACGPP switch regions are largely disordered in the LFC and do not contribute
stabilizing interactions to the bound GDP (Fig. 4A and Fig. S6C). This prompted us to
investigate whether FLCN:FNIP2 binding to the RagA G domain influenced its nucleotide
state within the LFC. We monitored RagA nucleotide exchange using both HPLC and a
fluorescence-based assay in which the RagA:RagC dimer was first bound to (2°/3”)- O-(/N-
Methylanthraniloyl) (mant)GTP and non-hydrolyzable XppNHp, then incubated with
GATORL1 to generate RagAMaMGDP:RagCXPPNHP gybstrate. Nucleotide exchange was
monitored as mantGDP fluorescence decrease upon release from RagA in the presence of
excess unlabeled GTP. Rapid and complete replacement of mantGDP with GTP occurred in
the absence of other proteins and was confirmed by HPLC (Fig. 4, F and G). In contrast,
Sarl showed negligible mantGDP release under identical conditions (Fig. S13C) (32). The
addition of either Ragulator or FLCN:FNIP2 slowed the kinetics of mantGDP release (Fig
4F). Strikingly, when the entire LFC was assembled, RagA nucleotide exchange was barely
detectable (Fig. 4F and G). Consistent with its inability to form the LFC, mutant
FLCNF118D:ENIP2 did not inhibit mantGDP exchange on RagA either by itself or in the
presence of Ragulator (Fig. 4F). These data show that RagA in the context of the isolated
Rag dimer, unlike most other small GTPases, is competent to spontaneously exchange GDP
for GTP, and that the exchange process is blocked in the LFC.

The switch 1 and switch 2 regions of RagC are well defined (Fig. 5A). They adopt a
conformation analogous to GTP-bound RagA, Gtrl and other small GTPases (14, 28, 30,
33). In this conformation, RagC Thr96 and Gly119 stabilize the y-phosphate of the bound
XTPvyS nucleotide (Fig. 5A). In line with the finding that FLCN:FNIP2 does not exert GAP
activity in the LFC (Fig. 1B), the interface between FLCN:FNIP2 and RagC*XTP¥S |acks any
Arg residue poised to function as the catalytic ‘arginine finger’ characteristic for most GAPs
(34) (Fig. 5A). The catalytic arginine of GATOR1 is Arg78 located in loop p4-p5 of the
NPRL2 longin domain (35). The longin domains of FLCN and FNIP2 each contain an
arginine residue in loop p4-g5 as well, but only Arg164 of FLCN is highly conserved from
yeast to human (Fig. 5B and Figs. S9 to S10). In the LFC, FLCN Arg164 is located more
than 20 A away from either nucleotide between the two G domains, with no intersubunit
contacts (Fig. 5C). We found that mutant FLCNR164A assembles into an LFC that migrates
normally on SEC (Fig. 5D and Fig. S3E), yet GAP activity is abolished (Fig. 5, E and F).
Moreover, the RagC-GAP-incompetent FLCNRI64A:ENIP2 complex is capable of blocking
RagA nucleotide exchange (Fig. S13D), and localizes to the lysosomal membrane upon
amino acid-starvation (Fig. S13E). These data establish FLCNR164 as a catalytically required
arginine for canonical FLCN RagC-GAP activity and explain structurally why FLCN does
not function as an active GAP in the LFC.

Regulation of MiT/TFE factors by FLCN and LFC

FLCN has emerged as a central controller of the master regulators of lysosomal biogenesis
and autophagy, the MiT/TFE family transcription factors TFE3 and TFEB (19, 21, 36-39).

Science. Author manuscript; available in PMC 2020 May 22.
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TFE3 and TFEB are phosphorylated by mTORCL1 to prevent their nuclear translocation and
to promote retention in the cytoplasm in nutrient replete conditions. Upon nutrient starvation
and mTORCL1 inactivation, the MiT/TFE factors relocalize to the nucleus and activate their
gene expression programs (40-43). In agreement with a key role for FLCN in MiT/TFE
regulation, its knockdown using both shRNA and dCas9-mediated silencing led to nuclear
localization of TFE3 under full nutrients (Fig. S14, A-D). In contrast, FLCN depletion was
largely dispensable for phosphorylation of canonical MTORC1 substrates, S6K1 and 4E-
BP1 (Fig. S14, E and F) implicating the LFC as specific mechanisms for mTORC1-
dependent control of the MiT/TFE factors.

In amino acid-deprived cells in which FLCN was depleted, or depleted and reconstituted
with wild-type FLCN, endogenous TFE3 was largely nuclear-localized. Relative to wild-
type, reconstituting FLCN-depleted cells with LFC-defective FLCNF118D which has
uninhibited RagC-GAP activity, caused TFE3 to become less nuclear (Fig. 6, A and B). In
FLCN-depleted cells that were restimulated with amino acids, TFE3 failed to relocalize
from the nucleus to the cytoplasm (Fig. 6, C and D). Cytoplasmic distribution of TFE3 was
fully rescued by re-expressing wild-type FLCN. In contrast, expressing GAP-defective
FLCNR164A failed to restore cytoplasmic translocation of TFE3, which therefore remained
nuclear despite high nutrient concentrations (Fig. 6, C and D).

Together, these data strongly suggest that the RagC-GAP activity of FLCN enables proper
regulation of MiT/TFE nuclear translocation by nutrient inputs (Fig. 6E). Under low
nutrients, the LFC suppresses the RagC-GAP activity of FLCN, maximizing nuclear
translocation of the MiT/TFE factors. Conversely, in high nutrients, disassembly of the LFC
liberates the RagC-GAP function of FLCN, which is key for mTORC1-dependent
phosphorylation and cytoplasmic retention of the MiT/TFE factors.

Discussion

Our structure of the LFC reveals for the first time how FLCN and FNIP2 assemble into one
complex via an intricate domain arrangement, and how they interact with the G domains of
the Rag GTPases in their ‘inactive’ state. It serves as the structural basis for FLCN:FNIP2
localization at the lysosomal membrane under low amino acid concentrations, and explains
our findings from biochemical reconstitution and /n vitro GAP and nucleotide exchange
assays. First, we identified Arg164 of FLCN as a catalytically required arginine residue for
GAP activity. Second, we find that Arg164 is located far from the RagC nucleotide pocket
within the LFC, and thus the LFC is incompatible with FLCN GAP activity. Third, LFC
formation strongly depends on RagA in its GDP-bound conformation, explaining the
requirement of GATOR1 for lysosomal FLCN localization (22). Fourth, FLCN:FNIP2
interacts with RagACGPP and, together with Ragulator, blocks exchange of GDP with GTP in
RagA, possibly stabilizing the LFC. Fifth, by controlling the RagC-GAP activity of FLCN,
the LFC regulates a subset of mMTORC1 substrates, the MiT/TFE transcription factors.

Mutations in the FLCNtumor suppressor gene are responsible for BHD, which predisposes
patients to kidney tumors (44). However, several missense mutations map to the surface of
the DENN domain and, based on our structure seem unlikely to disrupt Rag GTPase

Science. Author manuscript; available in PMC 2020 May 22.
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interaction or LFC stability (Fig. S15). Interestingly, the MiT/TFE factors, TFEB and TFES3,
are independently translocated and upregulated in renal cell carcinoma (44-46), providing a
plausible mechanism for carcinogenesis downstream of FLCN loss.

The ability of FLCN:FNIP2 to contact its client RagC in two states, the inactive, stable LFC
and an active, GAP-compatible but transient interaction, is rare among known GAPS. The
other notable exception is GATOR1. The cryo-EM structure of GATORL in complex with a
Rag dimer revealed a stable, GAP-inhibited state in which the non-catalytic subunit of
GATOR1 makes direct contact with the G domain of RagA (14). FLCN:FNIP2 is the mirror
image of the GATORL1 complex in the sense that both contain a dual longin domain-based
GAP and both complexes have positive and negative regulatory functions. The multiple
configurations of this complex with respect to the Rag GTPases are substantially more
elaborate than the single reaction carried out by conventional GAP complexes, and suggest
that the ability of cells to respond to changing nutrient concentrations may be so important
that uniquely stringent mechanisms are called for.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Absence of FLCN GAP activity in the Lysosomal Folliculin Complex (LFC).
(A) Nucleotide elution profiles from High Performance Liquid Chromatography (HPLC)

analysis of Rag nucleotide binding states. Rag heterodimers were loaded with GTP and XTP
to generate RagACTP:RagC*X TP, hoiled to release bound nucleotides, and the HPLC elution
profile is shown (grey). RagAGTP:RagCX TP were incubated with FLCN:FNIP2 (orange) or
Gatorl (cyan) then analyzed by HPLC. A nucleotide standard consisting of 50 uM GDP,
GTP, XDP, and XTP is shown (black). (B) FLCN:FNIP2 RagC-GAP activity visualized by
tryptophan fluorescence signal decay. Rags bound to the specified combinations of
nucleotides and Ragulator (black: RagASPP:RagCXTP-Ragulator, grey: RagACPP:RagCX TP,
cyan: RagACTP:RagCXTP blue: RagACTP:RagCXTP-Ragulator) were incubated with
FLCN:FNIP2. Plotted are mean +/— SEM. N=3. (C) HPLC-based GTPase assay comparing
FLCN:FNIP2 RagC-GAP activity on the indicated Rag GTPase or Rag GTPase-Ragulator
substrates. “No GAP” control was performed on a RagACTP:RagC* TP substrate. Plotted are
mean +/— SD. N=3. “U.” indicates that remaining XTP signal was undetectable by HPLC.
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(D) SEC profile of RagACPP:RagCXTPYS-Ragulator (cyan), FLCN:FNIP2 (orange), or the
full LFC containing RagACPP:RagCXTPYS-Ragulator-FLCN:FNIP2 (green). (E) Coomassie
stain of eluted SEC fraction containing assembled LFC.
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Fig. 2. Cryo-EM structure of the LFC.
(A) Domain organization of the LFC proteins. Horizontal dashed lines indicate disordered

regions. Extended loops in FLCN and FNIP2 are indicated by skewed lines. (B) Cryo-EM
density map of the LFC with model-based amplitude scaling employed (LocScale map, used
for all LFC density depictions, contour 0.15). (C) Refined and assembled coordinate model
of the LFC represented as pipes (a-helices) and planks (B-sheets). Color scheme as in (A).
(D to F) Ribbon representation of FLCN:FNIP2 domain architecture. DENN-DENN
interaction (D), FNIP2 DENN module arrangement (E) and longin-longin domain (F, top).
The NPRL2:NPRL3 longin-longin domain from GATORL is displayed for comparison (F,
bottom; pdb 6CES).
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Fig. 3. A nuclectide-driven confor mational change of the Rag GTPases controls L FC assembly.
(A) SEC profile of FLCN:FNIP2 mixed with Rag-Ragulator in the inactive (blue) and active

(red) nucleotide binding state. (B) Side (left) and top (right) view of the cryo-EM structure
of Ragulator-RagACGTP:RagCXPP (grey, transparent, contour 0.32). Rigid-body fitted atomic
models for Ragulator (dark grey, pdb 6B9X) and RagACTP:RagCe™PY (light red, red, pdb
6CES) are represented as pipes (a-helices) and planks (B-sheets). (C) Top view of the active
Rag-Ragulator structure as in (B) with the atomic model of RagASPP:RagCXTPYS from the
LFC overlaid (cyan, blue). Model alignment was based on the constant roadblock domains
of RagA:RagC. Extend of the G domain rotations are indicated. (D) Nucleotide-nucleotide
distance in active (top) and inactive (bottom) RagA:RagC. As RagC in the active
RagA:RagC structure is nucleotide-free, the respective nucleotide-nucleotide distance is
based on a hypothetical model build by aligning the RagA and RagC G domains of the
inactive LFC structure to the G domains of the pseudo-active RagA®TP:RagCe™PY model.
(E) Structure-based model for the nucleotide dependent formation of the LFC.
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Fig. 4. The LFC stabilizes GDP-bound RagA and is necessary for lysosomal FLCN localization
during amino acid starvation.

(A) Nucleotide binding pocket and interaction with FLCN:FNIP2 (orange, green) of the
RagA G domain (cyan) in the LFC. GDP is highlighted by the according cryo-EM density
and stick representation. FLCN:FNIP2 residues in the interface are labeled and side chains
are shown as sticks. Disordered switch 1 and switch 2 of RagA absent from the coordinate
model are indicated by dashed lines. (B) SEC elution profile of Ragulator-
RagACDP:RagCXPPNHP_FL CN:FNIP2 containing FLCNWT (black) or FLCNF118D (cyan).
Peak shift indicates the FLCNF118D_containing complex failed to assemble into a stable
LFC. (C) Fluorescence images of HEK293A cells expressing the indicated FLCN:GFP
construct along with HA:FNIP2 and the lysosomal marker Lamp2:RFP. Cells were starved
for one hour for amino acids (-AA) or starved for 50 min then restimulated with amino acids
for 10 min (+AA). Scale bar 10 um. (D) Quantitation of FLCN Lysosomal Enrichment Score
for immunofluorescence images in (C) (mean +/- SD, N=10 cells for all conditions). (E)
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Tryptophan fluorescence XTPase assay with FLCNF118D:ENIP2. RagACPP:RagCXTP was
incubated with FLCNWT:ENIP2 (black, grey) or FLCNF118D:ENIP2 (blue, cyan) in the
presence (black, blue) or absence (grey, cyan) of Ragulator as indicated. Plotted are mean +/
- SEM. N=3 (F) Mant fluorescence nucleotide exchange assay: intrinsic mant fluorescence
intensity decreases by ~50% when released from the GTPase. Mant RagA nucleotide
exchange in response to addition of unlabeled GTP visualized by mant fluorescence for
RagAMantGDP:RagCXPPNHD glone (black), in complex with Ragulator (grey), in complex
with FLCNWT:FNIP2 (dark green), Ragulator and FLCNWT:FNIP2 (light green),
FLCNF118D:ENIP2 (cyan), or Ragulator and FLCN18D:ENIP2 (blue). Plotted are mean +/-
SEM. N=3. (G) HPLC-based nucleotide exchange assay for RagA. GDP replacement by
GppCp (non-hydrolyzable GTP analog) for RagACPP:RagCXTPYS alone (black), in complex
with Ragulator (grey), or in the full LFC (light green) is monitored by the GppCp peak in
the HPLC elution profile. “U.” indicates that GppCp signal was undetectable. Plotted are
individual data points and mean +/- SD. N=3.
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Fig. 5. FLCN Argl64 mediates GAP activity and isin a GAP-incompetent position in the LFC.
(A) Nucleotide-binding pockets and interaction with FLCN:FNIP2 (orange, green) of the

RagC G domain (blue) in the LFC. XTP+yS is highlighted by the according cryo-EM density
and stick representation. FLCN:FNIP2 residues in the interface are labeled and side chains
are shown as sticks. The y-phosphate of XTP+yS locking the switch 1 and switch 2 region of
RagC is indicated. (B) Overlay of the FLCN (orange) and NPRL2 (rose) longin domains. a-
helices a.3 and a4 are omitted for clarity. NPRL2 arginine finger (R78) and FLCN R164 in
loop B4-B5 are represented as sticks. (C) Position of FLCN R164 in the LFC. Distances to
the B-phosphate of GDP (RagA) and XTPyS (RagC) are indicated. (D) SEC elution profile
of the LFC (Ragulator-RagACPP:RagCXTPYS-FLCN:FNIP2) containing FLCNWT (black) or
mutant FLCNR164A (cyan). (E) HPLC-based GTPase assay assessing GAP activity of
FLCNWT:ENIP2 or FLCNRI64A:ENIP2 (orange) on a RagACTP:RagCX TP substrate by
integrating the remaining XTP nucleotide signal. Plotted are mean +/- SD. N=3. “U.”
indicates that remaining XTP signal was undetectable by HPLC. (F) Tryptophan
fluorescence XTPase assay with FLCN:FNIP2 mutants. RagACTP:RagC* TP is incubated
with FLCNWT:ENIP2 (black) or FLCNR164:ENIP2 (orange). Plotted are mean +/— SEM.

N=3.
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Fig 6. FLCN GAP activity isnecessary for nutrient-induced cytoplasmic TFE3 localization.
(A) Immunofluorescence images of HEK293T cells expressing the indicated ShRNA and

FLCN rescue constructs. Cells were starved for one hour for amino acids (-AA). Scale bar
10 pm. (B) Quantitation of Cytoplasmic:Nuclear TFE3 Ratio for immunofluorescence
images in (A) (mean +/= SD, N=30 cells for all). (C) Immunofluorescence images of
HEK?293T cells expressing the indicated ShRNA and FLCN rescue constructs. Cells were
starved for one hour and restimulated with amino acids for two hours (+AA). Scale bar 10
pum. (D) Quantitation of Cytoplasmic:Nuclear TFE3 Ratio for immunofluorescence images
in (C) (mean +/- SD, N=10 cells for all). (E) Model for regulation of Rag GTPases
activation by the LFC. In low nutrient conditions, binding of FLCN:FNIP2 to a stable
RagACPPR:RagCCTP-Ragulator platform leads to LFC formation. Upon nutrient
restimulation, RagA nucleotide exchange and LFC disassembly liberate the RagC-GAP
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activity of FLCN:FNIP2. The resulting active Rag GTPase complex is competent to activate
mTORC1 and promote TFEB/TFE3 cytoplasmic retention.
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