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Summary

mTORC1 controls anabolic and catabolic processes in response to nutrients through the Rag
GTPase heterodimer, which is regulated by multiple upstream protein complexes. One such
regulator, FLCN-FNIP2, is a GTPase activating protein (GAP) for RagC/D, but despite its
important role, how it activates the Rag GTPase heterodimer remains unknown. We used cryo-EM
to determine the structure of FLCN-FNIP2 in a complex with the Rag GTPases and Ragulator.
FLCN-FNIP2 adopts an extended conformation with two pairs of heterodimerized domains. The
Longin domains heterodimerize and contact both nucleotide binding domains of the Rag
heterodimer, while the DENN domains interact at the distal end of the structure. Biochemical
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analyses reveal a conserved arginine on FLCN as the catalytic arginine finger, and lead us to
interpret our structure as an on-pathway intermediate. These data reveal features of a GAP-GTPase
interaction and the structure of a critical component of the nutrient-sensing mTORC1 pathway.

Graphical Abstract
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Seeing how the FLCN-FNIP2 GTPase activating proteins engage with Rag GTPases to modulate
mMTORC1 signaling suggests new ways to regulate GTPase function.

Introduction

The mechanistic Target of Rapamycin Complex 1 (mTORC1) is a central regulator of cell
growth that integrates nutrient and growth factor signals (Gonzalez and Hall, 2017; Kim and
Guan, 2019; Saxton and Sabatini, 2017; Valvezan and Manning, 2019). Nutrient-rich
conditions activate mTORCL1 to trigger downstream anabolic reactions and inhibit catabolic
ones, such as autophagy, while in the absence of nutrients mMTORCL1 is turned off. Amino
acids signal through upstream sensors and regulators to modulate the nucleotide loading
states of the Rag GTPases, which form heterodimers consisting of RagA or RagB bound to
RagC or RagD (Nakashima et al., 1996; Nakashima et al., 1999; Schurmann et al., 1995).
When RagA/B binds GTP and RagC/D binds GDP, the GTPase heterodimer directly
contacts and recruits mTORCL to the lysosomal surface (Kim et al., 2008; Sancak et al.,
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2008; Tsun et al., 2013), where another Ras-family GTPase, Rheb, triggers internal
conformational changes within mTORCL to turn on its kinase activity (Inoki et al., 2003; Li
et al., 2004; Menon et al., 2014; Saucedo et al., 2003). The heterodimer in which RagA/B is
bound to GDP and RagC/D to GTP binds weakly to mTORCYL, leading to loss of its
lysosomal localization and inactivation (Kim et al., 2008; Sancak et al., 2008).

The intrinsic rates of conversion between the active and inactive states of the Rag GTPase
are extremely slow (Shen et al., 2017), and several multi-protein complexes act on them to
ensure that mTORCL responds appropriately to changes in nutrient levels. Of these
regulators, Ragulator is a pentameric protein complex that serves as a lysosomal membrane
anchor for the Rag GTPases and also has non-canonical guanine exchange factor (GEF)
activity towards RagC (Bar-Peled et al., 2012; Sancak et al., 2010; Shen and Sabatini, 2018).
The GATOR1 and FLCN-FNIP2 complexes are GTPase activating proteins (GAPs) that
stimulate GTP hydrolysis by RagA/B and RagC/D, respectively (Bar-Peled et al., 2013;
Panchaud et al., 2013; Peli-Gulli et al., 2015; Petit et al., 2013; Tsun et al., 2013). With the
assistance of these two GAPSs, the half-lives of the nucleotide loading states of the Rag
GTPases decrease to a level that matches the temporal requirements for amino acid sensing
(Shenetal., 2017).

Folliculin (FLCN) was first discovered as the gene mutated in patients with Birt-Hogg-Dube
(BHD) syndrome, a disease characterized by susceptibility to kidney cancer and benign hair
follicle tumors (Birt et al., 1977; Scalvenzi et al., 1998; Schmidt and Linehan, 2018).
Together with its partners, FNIP1 or FNIP2 (Folliculin interacting protein 1 or 2) (Baba et
al., 2006; Hasumi et al., 2008; Takagi et al., 2008), FLCN can bind to AMPK to regulate the
TFEB transcription factor (Hasumi et al., 2015; Mathieu et al., 2019; Young et al., 2016), as
well as directly contact the Rag GTPases to stimulate GTP hydrolysis by RagC/D and thus
promote the conversion to the GDP-bound state (Panchaud et al., 2013; Peli-Gulli et al.,
2015; Tsun et al., 2013). Previous computational studies identified two Longin and two
DENN domains within the FLCN-FNIP2 complex (Pacitto et al., 2015), and the DENN
domain of FLCN was crystallized, revealing structural homology to the DENN1B protein
(Nookala et al., 2012). However, there is currently neither structural information about the
intact FLCN-FNIP2 complex, nor any molecular insight into the GAP mechanism.

To tackle these questions, we took advantage of cryo-electron microscopy (cryo-EM), which
has been used resolve structures for other mTOR pathway components, including mTORC1
(Anandapadamanaban et al., 2019; Aylett et al., 2016; Baretic et al., 2016; Rogala et al.,
2019; Yang et al., 2017; Yang et al., 2016; Yip et al., 2010), mTORC2 (Chen et al., 2018;
Stuttfeld et al., 2018), and GATORL (Shen et al., 2018). We assembled the FLCN-FNIP2
complex with the Rag GTPases and Ragulator into a nonameric supercomplex, and used
cryo-EM to determine its structure. Our work reveals the architecture of FLCN-FNIP2 as
well as how it binds the Rag GTPases. Furthermore, we identified the catalytic residue
necessary for the GAP activity, which leads us to interpret our structure as an on-pathway
intermediate. These results provide a first depiction of the intact FLCN-FNIP2 complex and
a roadmap for further mechanistic studies on its role in Birt-Hogg-Dube syndrome.
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Structural determination of the FLCN-FNIP2-Rag-Ragulator nonamer

To determine the structure of the FLCN-FNIP2 complex, we first co-expressed FLCN and
FNIP2 in HEK-293 FreeStyle cells and purified the heterodimer using affinity
chromatography followed by gel-filtration (Fig. 1A, blue line). The two subunits co-eluted
as a heterodimer (Fig. 1B, blue lane). We then assembled the FLCN-FNIP2 complex with its
substrate, the Rag GTPase heterodimer, and the Ragulator complex, the scaffolding complex
and GEF for the Rag GTPases on the lysosomal membrane. To secure a stable interaction
between FLCN-FNIP2 and the Rag GTPases, we used a point mutant of RagA, T21N, that
locks it in the GDP-bound state (Shen et al., 2017). When we loaded FLCN-FNIP2 with the
RagA(T21N)-RagC mutant in the presence of GDP and GppNHp (a non-hydrolyzable GTP
analog), a heterotetramer formed that survived gel-filtration, suggesting a stable FLCN-
FNIP2-CPPRagA(T21N)-RagCCPPNHP complex was generated (Fig. 1A and 1B, orange
line). This complex was further assembled with the Ragulator pentamer, which is known to
bind to the Rag GTPase heterodimer through its C-terminal roadblock domains (CRDs, Fig.
1A and 1B, red line) (de Araujo et al., 2017; Yonehara et al., 2017). Coomassie blue stained
gel analyses confirmed that all nine subunits are present in the final complex (~320 kD) and
suitable for cryo-EM structural determination (Fig. 1B).

We carried out single particle cryo-EM structural determination for the FLCN-FNIP2-Rag-
Ragulator complex (Fig. S1A, S1B, Table 1) and resolved the cryo-EM density map at the
resolution of 3.31 A (gold-standard criteria) (Fig. 1C, 1D, and Fig. S1C). Local resolution
ranges from 3.0 A to 5.0 A (Fig. S1C — S1E) with the side chains at the core region clearly
resolved (Fig. S2A — S2C). We manually built ~35% of the complex de novo after docking
of the existing structures for the Rag GTPases (Gong et al., 2011; Jeong et al., 2012; Shen et
al., 2018), Ragulator (de Araujo et al., 2017; Mu et al., 2017; Su et al., 2017; Yonehara et al.,
2017; Zhang et al., 2017), and the DENN domain of FLCN (Nookala et al., 2012) into our
map. The resulting structural model offers a detailed visualization of the FLCN-FNIP2
complex engaging Rag-Ragulator.

Architecture of the FLCN-FNIP2-Rag-Ragulator complex

The FLCN-FNIP2-Rag-Ragulator complex adopts an elongated conformation, with a size of
220Ax100Ax60A. The Rag GTPase heterodimer localizes at the center (Fig. 2A). Their
CRDs interact with Ragulator, similar to what was observed in previously resolved
structures (Fig. 2A and 2B) (de Araujo et al., 2017; Yonehara et al., 2017). FLCN-FNIP2
binds to the Rag GTPases through their nucleotide binding domains (NBDs) (Fig. 2A and
2B). Interestingly, although FLCN-FNIP2 is a specific GAP for RagC, it enters the space in
between the Rag subunits and directly contacts the NBDs of both RagA and RagC,
suggesting it functions through a unique molecular mechanism.

Based on established computational analyses (Nookala et al., 2012; Pacitto et al., 2015) and
our EM density map, we readily resolved two distinct domains within both FLCN and
FNIP2 (Fig. 2B and Fig. S2D, S2E). They each contain a Longin domain at the N-terminus
and a DENN domain at the C-terminus. In particular, both the Longin and the DENN
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domains on FNIP2 are assembled by discontinued stretches of its primary sequence, and
they both contain long loops that lack EM density, which could partially explain the
difficulty in direct crystallization. We observed tight intramolecular interactions within
FNIP2 between its Longin domain and the DENN domain (Fig. S2E), while the two
domains of FLCN are physically separated and only connected through a linker (Fig. 2A and
Fig. S2C, S2D).

The structural model offers insight into the heterodimerization mechanism between FLCN
and FNIP2. We identified two contact surfaces between FLCN and FNIP2, each formed by
heterodimerization of their corresponding domains (Fig. 2C and 2D). First, FLCN and
FNIP2 each contribute a Longin domain to form a heterodimer (Fig. 2B and 2C), which
directly enters the space in between the NBDs of RagA and RagC (Fig. 2A). This
heterodimerization is mediated by a continuous ten-stranded p-sheet as a middle platform,
sandwiched by six ahelices (Fig. 2C). Interestingly, we observed a very similar architecture
of the two Longin domains of the Nprl2 and Nprl3 subunits in the GATOR1 complex that
serves as a GAP for RagA (Shen et al., 2018). Second, the C-terminal DENN domains of
FLCN and FNIP2 form a heterodimer at the distal end of the complex (Fig. 2B and 2D),
localized away from the Rag GTPases and Ragulator (Fig. 2A). Despite sharing a similar
topology with the Longin domain, the DENN domains heterodimerize via a different
mechanism: the interface forms with two long a-helices at the C-terminus of the primary
sequence (aD6 and aD7 of FLCN, and aD7 and aD8 of FNIP2, Fig. 2D). Such bidentate
contacts between the Longin domains and the DENN domains ensures a strong intersubunit
interaction.

Because FLCN-FNIP2 is a GAP for RagC and RagD (Tsun et al., 2013), we then focused on
the interactions between FLCN-FNIP2 and the Rag GTPases. In our structural model, the
Longin domain heterodimer of FLCN and FNIP2 inserts in between the nucleotide binding
pockets of RagA and RagC, as a wedge (Fig. 3A). We first identified residues on FLCN-
FNIP2 that mediate the interaction. The a L1 helix of the FLCN Longin domain directly
contacts RagA-NBD, while that of FNIP2 interacts with RagC-NBD (Fig. 3B). The two a L1
helices position close to the guanine base, and extend many side chains to form an intricate
network of interactions with the corresponding Rag subunit (Fig. 3C for FLCN-RagA and
3D for FNIP2-RagC). These interactions stably dock the Longin domain heterodimer
between the Rag GTPases, and have two major effects: (1) forcing the Rag GTPases into a
wide open conformation (see the next section), and (2) generating a physical block that
interrupts the previously reported (Shen et al., 2017) intersubunit communication between
RagA and RagC.

The Rag GTPase heterodimer is in a wide-open conformation

The Rag GTPase heterodimer in our structure shows a similar architecture as in previously
resolved structures (Anandapadamanaban et al., 2019; Gong et al., 2011; Jeong et al., 2012;
Rogala et al., 2019; Shen et al., 2018): their CRDs tightly heterodimerize, while the NBDs
adopt a pseudo two-fold rotational symmetry. The nucleotide binding pockets face away
from each other, and the bound nucleotides form a head-to-head configuration with the two
guanine bases pointing towards one another (Fig. 3E). Specifically, RagA resides in the
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GDP-bound state, and the EM density of the Switch I region vanishes, suggesting a flexible
conformation (Fig. S3A). In accordance with this, its nucleotide binding pocket is very open
with the bound GDP molecule fully exposed. In sharp contrast, RagC resides in the
GppNHp-bound state with a fully closed nucleotide binding pocket (Fig. S3B). Switch | of
RagC is swung to the top of the nucleotide binding pocket and forms a lid. A similar
conformation of Switch | has been previously observed on RagA within the GATOR1- and
Raptor-bound Rag GTPases, although the nucleotide loading state in those structures is the
opposite, GPPNHPRagA-RagCCPP (Anandapadamanaban et al., 2019; Rogala et al., 2019;
Shen et al., 2018).

The Rag GTPase heterodimer is characterized by its unique architecture and communication
between the subunits (Shen et al., 2017). We were surprised to find that the Rag GTPases
adopt a wide-open conformation, which is drastically different from what has been observed
before, with the two NBDs located much farther away from one another. To quantify this
intersubunit conformation and compare it with previously resolved structures, we employed
two parameters, ¢, the distance between the N-terminal tips of the a G5 helices on Rag
subunits, and 8, the angle formed between the a G5 helix of RagA with the N-terminal tip of
the a G5 helix of RagC (Fig. 3E). The distance d'represents the relative distance between the
Rag subunits, while the angle q independently reflects the relative rotation.

Across the five available structural models for the Rag GTPases and their yeast homologs,
Gtrlp-Gtr2p, their CRDs display similar heterodimerized architectures, so we decided to use
them for structural alignment (Fig. 3F). Interestingly, when yeast Gtrlp and Gtr2p are

loaded with opposite nucleotides (Jeong et al., 2012) instead of both with GppNHp (Gong et
al., 2011), a rotational movement brings the two subunits close to one another, as both dand
q are reduced (Fig. 3F, rows 1 vs 2). This movement converts the Gtr heterodimer from the
open conformation to the closed conformation, where the two subunits communicate. In case
of human Rag GTPases carrying point mutation(s) on RagC (Rogala et al., 2019; Shen et al.,
2018), the global conformation is similar to that of the Gtr protein in its open conformation
(Fig. 3F, rows 3 & 4 vs 1). However, the structure of RagA(T21N)-RagC bound to FLCN-
FNIP2 displays a dramatically different conformation: the distance d'is 1.3 nm longer (Fig.
3F, rows 5 vs 3), while the angle g remains similar (Fig. 3F, rows 5 vs 2 and rows 5 vs 3).
These data suggest that the Longin domain heterodimer inserts between the NBDs by simply
pushing away RagA without inducing any intersubunit rotational movement.

Arginine 164 of FLCN is the catalytic residue for its GAP activity

As we captured a snapshot of FLCN-FNIP2 bound to the Rag GTPases at their nucleotide
binding pockets, we wondered whether this structural model might give insights into the
mechanism for how FLCN-FNIP2 stimulates GTP hydrolysis by RagC. To this end, we first
identified the GppNHp molecule bound to RagC, and observed clear EM densities
corresponding to its p- and y-phosphates (Fig. S3B). However, we could not identify any
EM density extending from either FLCN or FNIP2 into the nucleotide binding pocket of
RagC. In fact, the EM densities between FLCN-FNIP2 and the Rag GTPases have clearly-
defined boundaries, and no side-chains crosses them (Fig. 4A), suggesting that our structure
does not represent the transition state of the GAP reaction. Instead, it likely illustrates an on-
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pathway intermediate during GTPase activation, as also seen in other GAP-GTPase
structures (see below) (Seewald et al., 2002).

To identify the molecular basis for the stimulatory effect of FLCN-FNIP2 and probe its
biological relevance, we sought surface exposed, conserved arginine residues on the Longin
domain heterodimer of FLCN-FNIP2. Interestingly, only one arginine, Arg164 of FLCN, is
conserved from human to yeast (Fig. 4B). Moreover, when we superimposed the structure of
the FLCN-FNIP2 heterodimer with that of Nprl2-Nprl3, this arginine residue localizes at
exactly the same position as Arg78 of Nprl2, which is the catalytic residue for activating
GTP hydrolysis by RagA/B (Fig. 4C) (Shen et al., 2018; Shen et al., 2019). Mutating
Arg164 to alanine maintains the integrity of the FLCN-FNIP2 complex, as well as its
interaction with the Rag GTPases (Fig. 4D). Therefore, we selected it as a candidate for the
catalytic arginine finger.

To directly test the catalytic function of Arg164 of FLCN, we designed a GTPase assay
based on radioactively labeled GTP in the context of wild-type Rag GTPases (Fig. 4F). We
first loaded wild-type Rag GTPases with a trace amount of radioactively labeled GTP.
Because the on-rates for GTP of RagA and RagC are similar (Shen et al., 2017), we
expected a mixture of singly GTP-loaded Rag GTPase heterodimers (Fig. 4F). These
configurations resemble the opposite nucleotide loaded states of the Rag GTPases, as one of
the nucleotide binding pockets is empty. Subsequently, FLCN-FNIP2 was added to this
mixture to stimulate GTP hydrolysis. If we allowed the reaction to reach its end point, only
~50% of the radiolabeled GTP was hydrolyzed, suggesting that FLCN-FNIP2 catalyzes
hydrolysis from only one subunit (Fig. S4A) (Shen et al., 2017; Tsun et al., 2013). This
result also confirms the equal loading of radiolabelled GTP to RagA and RagC. To
determine the specificity of our assay, we carried out similar assays using RagA(Q66L) or
RagC(Q120L) mutants, which have been shown to suppress the stimulatory effect of
GATOR1 or FLCN-FNIP2, respectively (Bar-Peled et al., 2013; Tsun et al., 2013). Indeed,
RagC(Q120L), but not RagA(Q66L), completely abolishes FLCN-FNIP2-dependent
stimulation of GTP hydrolysis, consistent with FLCN-FNIP2 being a specific GAP for RagC
(Fig. S4B) (Tsun et al., 2013). We further tested the effect of Ragulator (Fig. S4C), and
found that it only mildly impacts the stimulatory capacity of FLCN-FNIP2 on GTP
hydrolysis by RagC under single turnover conditions (Fig. S4D).

Using the assay developed above, we purified the FLCN-FNIP2 complex carrying the
FLCN(R164A) mutation (Fig. 4E), and tested its ability to promote GTP hydrolysis by
RagC in a single turnover condition (Fig. 4F). While wild-type FLCN-FNIP2 robustly
stimulates GTP hydrolysis by RagC in a dose-dependent manner (Fig. 4G), FLCN(R164A)-
FNIP2 showed a >100-fold decrease in stimulation (Fig. 4H, note the differences in time-
scales on the x-axis). This result suggests that the conserved Arg164 residue on FLCN is the
catalytic arginine finger that simulates GTP hydrolysis by RagC (Fig. 41).

To further probe the effect of nucleotide loading states of the Rag GTPases on the
stimulatory effect of FLCN-FNIP2, we designed a multiple turnover assay (Fig. 4J). Because
the Rag GTPase heterodimer prefers to stay in opposite nucleotide loaded states and the
simultaneous GTP loading on both subunits is much more difficult (Shen et al., 2017), we
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incubated a high concentration of GTP (100 uM) with it in order to force both nucleotide
binding pockets to load with GTP (Fig. 4J). Under this condition, FLCN-FNIP2 was then
added to the reaction mixture, and we can test if the arginine residue we identified above is
still critical. Satisfactorily, while wild-type FLCN-FNIP2 accelerates GTP hydrolysis by the
Rag GTPases in the multiple turnover assay (Fig. 4K and 4M), the mutant carrying R164A
fails to do so (Fig. 4L and 4M). This result suggests that Arg164 functions as a catalytic
arginine finger towards RagC regardless of the nucleotide loading state of RagA.

Combining the results above, we went on to interpret our structural model. The distance
between Arg164 of FLCN and the phosphates of the nucleotide bound to RagC is 14.7 A,
which is in proximity but beyond the reach of the catalytic residue (Fig. 5A). Furthermore,
the relative orientation of the nucleotide binding pocket of RagC is clearly mis-positioned to
allow for the insertion of Arg164 (Fig. 5A). Therefore, we interpret our structure as an on-
pathway intermediate that primes the transition state of the GAP-stimulated reaction.
Subsequent conformational changes are likely essential for the catalytic step, which requires
further structural and biochemical investigation.

Discussion

As a positive regulator of the Rag GTPase heterodimer, FLCN-FNIP2 occupies a key
position in activating mTORC1. We present the cryo-EM structure of FLCN-FNIP2 in
complex with the Rag GTPases and Ragulator. FLCN and FNIP2 heterodimerize through
two distinct pairs of domains, Longin and DENN. The Longin domain heterodimer enters
the space between the Rag GTPases, and forms extensive contacts with the NBDs. We
further show that Arg164 of FLCN is necessary to stimulate GTP hydrolysis by RagC. These
results suggest a non-canonical interaction between a GAP and GTPase, as well as the
molecular basis for how FLCN-FNIP2 activates the Rag GTPases. FLCN also binds to
AMPK and TFEB (Hasumi et al., 2015; Mathieu et al., 2019; Young et al., 2016), and our
model provides a foundation for the future structural illumination and comparison of FLCN-
containing super complexes.

Canonical GAPs stimulate GTP hydrolysis by their substrates using an arginine finger or an
asparagine thumb, in order to disperse the accumulated charge on the phosphate during GTP
hydrolysis (Daumke et al., 2004; Pan et al., 2006; Scheffzek et al., 1997). In accordance with
this, previously resolved GAP structures usually capture them bound to the nucleotide
binding pocket of the GTPase. Two general paradigms are commonly seen (Mishra and
Lambright, 2016). First, the catalytic residue may extend towards the - and y-phosphates of
the bound nucleotide in an optimal conformation to disperse the charge, thus representing
the ground or transition state of the hydrolysis reaction. Second, the catalytic residue may
point away from the nucleotide and form interactions with other residues of the GTPase,
mostly notably seen in RanGAP (Seewald et al., 2002). Our structural model resembles the
second scenario: the catalytic arginine of FLCN is in proximity to the Rag GTPases near
their nucleotide binding pockets, but is pointing away from the NBD (Fig. 5A). The NBD of
RagC is mis-oriented and the physical block from Switch | prevents Arg164 from accessing
the B- and y-phosphates of the bound GppNHp (Fig. 5A). In a previous structural study on
the RanGAP-Ran complex, the authors hypothesized that the critical arginine residue of
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RanGAP may stabilize the nucleotide binding pocket of Ran, and that this stabilization is
sufficient to stimulate GTP hydrolysis (Seewald et al., 2002). Although such a mechanism
could be the case for FLCN-FNIP2, we favor another possibility: A subsequent local
conformational change following the initial binding state as we captured here, will insert the
arginine finger into the nucleotide binding pocket to execute its function. Accordingly, we
tentatively interpret our structure as an on-pathway intermediate towards GTP hydrolysis
(Fig. 5B).

Two GAPs, GATOR1 and FLCN-FNIP2, regulate the nucleotide loading states of the Rag
GTPases. Because of the unique architecture of the Rag GTPases, these GAPs function
through molecular mechanisms that have not been reported before. Our previous studies
suggested non-canonical interactions between GATOR1 and the Rag GTPases (Shen et al.,
2018; Shen et al., 2019). We showed that GATOR1 can bind to the Rag GTPases through
two modes: (1) an inhibitory mode mediated by the critical strip on the Depdc5 subunit of
GATOR1 that holds the Rag GTPases in place, and (2) a GAP mode mediated by the Arg78
residue on Nprl2 that carries out the GAP activity (Fig. 5C). This arginine finger,
coincidentally, localizes within the Longin domain heterodimer of Nprl2 and Nprl3 — similar
to what we resolved here in the FLCN-FNIP2-Rag-Ragulator complex. A key difference
between GATOR1 and FLCN-FNIP2 is that in the case of the GATOR1-Rag interaction, the
two binding modes are physically separated, as the molecular features localize on opposite
sides of the GATOR1 complex. Therefore, in order for the arginine finger to function, a
global conformational change is likely required, and could be regulated by external inputs.

The Rag GTPase heterodimer is a key mediator of mTORCL signaling. It functions through
a unique locking mechanism that coordinates the nucleotide loading states of the two
GTPase domains (Shen et al., 2017). Upon GTP binding to a subunit, local conformational
changes take place in the switch machinery of the GTPase domain. Particularly, a two amino
acid register shift within the interswitch region results in a global repositioning of the entire
GTPase domain with respect to its CRD (Anandapadamanaban et al., 2019; Rogala et al.,
2019). Here, we captured a rather unique global conformation of the ©°PRagA-RagCCTP
nucleotide state, where both NBDs are significantly pushed away from the central axis. We
speculate that such an unusual conformation is a result of two factors. First, the T21N
mutation on RagA has been shown to disrupt intersubunit communication (Shen et al.,
2017), and may contribute to the loosened interaction between the subunits. Second, the
insertion of a large Longin domain heterodimer of FLCN-FNIP2 places a solid block that
physically separates the two GTPase domains, and almost certainly impedes intersubunit
communication. Intriguingly, two recent structures of the Rag GTPase heterodimer bound to
mTORC1 also suggest the importance of regulating intersubunit communication
(Anandapadamanaban et al., 2019; Rogala et al., 2019). In the Raptor-Rag-Ragulator
structure (Rogala et al., 2019), a portion of the Raptor subunit (residues 916-937, termed the
“Raptor claw™) inserts in between the Rag subunits and contacts RagC-NBD in its GDP-
bound state, which likely blocks intersubunit communication. Together with the results
presented here, we suspect that interruption of intersubunit communication within the Rag
heterodimer may be necessary for it to commit to a specific functional state. In general,
these observations suggest a complex and yet-to-be explored conformational space within
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the Rag GTPase heterodimer, which is likely important for understanding how it transmits
amino acid signals from upstream regulators to mTORC1.

STAR Methods
LEAD CONTACT AND MATERIALS AVAILABILITY

The reagents generated in this study are available with no restriction. Further information
and requests for resources and reagents should be directed to the Lead Contact, David M.
Sabatini (sabatini@wi.mit.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK-293T cells were obtained from American Type Culture Collection (ATCC) and were
maintained in an incubator setting at 37°C and 5% CO». They were cultured in Dulbecco’s
Modified Eagle Medium (DMEM), supplemented with 10% IFS, 2 mM glutamine, 100
IU/ml penicillin, and 100 pg/ml streptomycin.

HEK-293 FreeStyle cells were obtained from Thermal Fisher Scientific and were maintained
in a Multitron shaker set at 37°C, 125 r pm, 8% CO,, and 80% humidity. They were cultured
in FreeStyle 293 Expression Medium, supplemented with 100 IU/ml penicillin and 100
pg/ml streptomycin.

BL21(DE3) £. Colistrain was grown at 37°C in a Multitron shaker in LB media. To induce
protein expression, BL21(DE3) £. Colistrain was transformed by the corresponding
plasmids (see below), propagated at 37°C, and induc ed with IPTG at 18°C.

METHOD DETAILS

Protein Preparation—The Rag GTPase heterodimer was purified as previously described
(Shen et al., 2017). In brief, co-expression of C-terminally His-tagged RagA(T21N) and
tagless RagC was induced by 0.5 mM IPTG in BL21(DES3) cells. The heterodimer was
sequentially purified through Q Sepharose, Ni-NTA, MonoQ, and Superdex 200 columns.

Ragulator was purified as previously described (Shen and Sabatini, 2018). In brief, the five
subunits of Ragulator were co-transformed and expressed in BL21(DE3) strain. The
pentameric complex was sequentially purified through GST, Ni-NTA, MonoQ, and Superdex
200 columns.

Human FLCN-FNIP2 was expressed and purified as previously described (Shen et al., 2017;
Tsun et al., 2013). In brief, HA-tagged FLCN were co-expressed with Flag-tagged FNIP2 in
FreeStyle 293 cells. The complex was isolated using Flag-M2 beads and further purified by
a Superdex 200 gel-filtration column.

The FLCN-FNIP2-Rag-Ragulator complex was assembled as follows. 1 mg of purified
FLCN-FNIP2 was incubated with 1 mg of RagA(T21N)-RagC and 2 mg of Ragulator in a
total volume of 1 ml for ten hours at 4°C. The assembly solution contains 50 mM NaHEPES
(pH 7.4), 100 mM NaCl, 2 mM MgCl,, 2 mM DTT, 0.1% CHAPS, 100 uM GppNHp, and
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100 pM GDP. The nanomeric complex was separate from excess Rag GTPases and
Ragulator on a Superdex 200 column.

The FLCN-FNIP2-Rag-Ragulator complex was concentrated to 8 pg/ul in a 100kDa
molecular weight cut-off concentrator and ultracentrifuged at 100,000 g for 30 minutes
immediately prior to freezing grids.

Cryo grids preparation—Cryo grids were prepared immediately after protein
purification. 400-mesh Quantifoil 1.2/1.3 Cu grid (Quantifoil, GroBlbichau Germany) was
made hydrophilic by glow discharging for 60 seconds with a current of 15 mA in a Pelico
EasiGlow system. Cryo grids were prepared using an FEI Mark 1V Vitrobot (FEI, part of
Thermo Fisher Scientific, Hillsboro, OR). The chamber of the Vitrobot was kept at 4°C and
100% relative humidity. The blotting time was 3 seconds with an equipment-specific
blotting force set at 3. 3 pl of sample was applied to the glow-discharged grid and then
rapidly plunge-frozen into a liquid ethane bath.

Image collection and processing—Two data sets were collected on two different 300
kV FEI Titan Krios cryo electron microscopes (FEI) at HHMI Janelia Research Campus.
The first data set was collected on Janelia Krios2 with spherical aberration Cs of 2.7 mm and
equipped with a Gatan K2 Summit camera. The final exposure was collected in dose
fractionation mode on the K2 camera at a calibrated magnification of 38,168, corresponding
to 1.31 A per physical pixel in the image (0.655 A per super-resolution pixel). The dose rate
on the specimen was set to be 5.83 electron per A2 per second and total exposure time was
10, resulting in a total dose of 58.3 electrons per A2, With dose fractionation set at 0.25 s
per frame, each movie series contained 40 frames and each frame received a dose of 1.46
electrons per A2, Fully automated data collection was carried out using SerialEM with a
nominal defocus range set from —1.5 to —3 m. A total of 4535 dose fractionation movies
were collected in this session.

One round of data processing was done on this dataset. Beam-induced motion were
measured, corrected, and dose-weighted at 1.46 electron/A2 per frame with data binned by 2
using cisTEM (Grant et al., 2018). CTF determination for each movie series was calculated
by amplitude averaging of every 3 frames using cisTEM. Automated particle picking using
ab inito mode was carried out in ciSTEM on all the micrographs and 927042 particles were
extracted. Two rounds of reference-free 2D classification with CTF correction was
performed in cisSTEM to throw away bad particles. 321015 particles were kept for further
processing. Ab initio 3D initial model was generated using CryoSparc (Punjani et al., 2017).
Subsequent 3D refinement was performed in ciSTEM to generate a 3D reconstruction
density map. Fourier Shell Correlation at a criteria of 0.143 reported resolution of 6.34 A for
this map.

To improve the resolution of the reconstruction, a larger data set was collected at higher
magnification on Janelia Krios1. This Krios microscope is equipped with a spherical
aberration corrector (Cs=0.01 mm), an energy filter (Gatan GIF Quantum) and a post-GIF
Gatan K2 Summit direct electron detector. The final exposure was collected in dose
fractionation mode on the K2 camera at a calibrated magnification of 48,077, corresponding
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to 1.04 A per physical pixel (0.52 A per super-resolution pixel). The dose rate on the
specimen was set to be 9.25 electron per A2 per second and total exposure time was 6.4 s,
resulting in a total dose of 59.2 electrons per A2, With dose fractionation set at 0.16 s per
frame, each movie series contained 40 frames and each frame received a dose of 1.48
electrons per A2, Fully automated data collection was carried out using SerialEM
(Mastronarde, 2005) with a nominal defocus range set from —1.5 to -3 um. A total of
13,549 dose fractionation movies were collected in this session.

The recorded movies were corrected for drift using Relion’s MotionCor2 implementation
(Zheng et al., 2017; Zivanov et al., 2019), and contrast transfer function (CTF) parameters
were determined using GCTF (Zhang, 2016). From our previous reconstitution attempts we
learned that the Rag-Ragulator-FLCN-FNIP2 structure is rather elongated, and therefore
considered the possibility that our previous picking efforts were missing the small
orthogonal views of the protein complex. To address this, we created two sets of manually-
picked particles (1,000 each) that contained either the elongated or the small orthogonal
views of the protein. These two hand-selected particle sets were then used to train a deep-
learning particle picker, crYOLO (Wagner et al., 2019), which produced two large particle
sets of two different box sizes. The larger box size of 360 pixels, corresponding to 374 A,
yielded 1,340,028 particles, and a smaller box size of 172 pixels, corresponding to 179 A,
produced 724,249 particles. After extraction and downscaling, the resulting two particle sets
were processed separately in Relion (Zivanov et al., 2018). Three rounds of reference-free
2D classifications were used to remove incorrectly selected particles and those of incomplete
complexes. The remaining particles (sets of 864,167 and 519,928) were combined, and a
strict distance cut-off of 250 A was used to discard duplicates. The resulting clean set of
1,384,095 particles was re-extracted at full size, and used in 3D classifications. Our earlier
6.34 A map served as a starting model, and in the first round of 3D classifications produced
two (out of four) classes of high quality. These classes were combined together, and
subsequently used in iterative cycles of per-particle CTF refinement and per-particle motion
correction in Relion (Zivanov et al., 2018). After convergence, and another round of 3D
classifications, we identified two (out of four) classes that showed the highest level of
structural detail. These 3D classes were combined and the resulting 615,470 particles were
used in further 3D refinement. The final map obtained from these particles was sharpened
with a B-factor of —22 A2 and estimated at 3.31 A resolution, according to ‘gold standard’
Fourier shell correlation (FSC) of 0.143 (Fig. S1). Local resolution was estimated using
Relion to extend from 3.0 to 5.0 A resolution (Fig. S1).

Model Building and Refinement—Atomic models were prepared with Coot (Emsley et
al., 2010). We first fit in the available structures into our cryo-EM density map, including
RagC-NBD in its GppNHp bound form (PDB: 3LLU), Ragulator-Rag(CRD) (PDB: 6EHR),
FLCN-DENN (PDB: 3V42). Other parts of the model were built de novo by tracing the
backbone, following domain topology, and registering the bulky residues based on the
secondary structure predictions by I-TASSER (Roy et al., 2010; Yang et al., 2015; Zhang,
2008) and Jpred (Drozdetskiy et al., 2015).

Real-space refinements of FLCN-FNIP2-Rag-Ragulator were performed using PHENIX
(Adams et al., 2010; Liebschner et al., 2019) with secondary structure restraints. MolProbity
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(Chen et al., 2010) was used to evaluate the geometries of the structural model. Corrected
Fourier shell correlation curves were calculated between refined atomic model and the cryo-
EM density map.

Preparation of Cell Lysates and Immunoprecipitates—Cell lysates and
immunoprecipitates were prepared as previously established (Shen et al., 2017). In brief, two
million HEK-293T cells were first plated onto a 10 cm dish. Twenty-four hours later, the
cells were transfected with the plasmids indicated in the figure panels. Thirty-six hours later,
cells were rinsed once with PBS and lysed in Triton Lysis Buffer (40 mM NaHEPES, pH
7.4; 5 mM MgCly; 10 mM NayP,07; 10 mM sodium B-glycerol phosphate; 1% Triton
X-100; and one tablet of EDTA-free protease inhibitor (Roche) per 25 ml of buffer). The
lysates were cleared and immunoprecipitated with FLAG-M2 affinity gel. Following
immunoprecipitation, the gel was washed once with Triton Lysis Buffer and three times with
Triton Lysis Buffer supplemented with 500 mM sodium chloride. Immunoprecipitated
proteins were denatured by SDS buffer, resolved by SDS-PAGE gels, and analyzed by
immunoblotting.

Kinetic Measurements—To determine the stimulatory effect of FLCN-FNIP2 on the
hydrolysis rate of the Rag GTPases under single turnover conditions, increasing amounts of
FLCN-FNIP2 was incubated with 50 nM Rag GTPase heterodimer that is preloaded with ~
0.1 nM of y-32P-GTP. Small aliquots of the reaction were withdrawn at different time points
and quenched by 0.75 M KH,PO,4 (pH 3.3). The time points were then expanded by thin
layer chromatography (TLC) plates, and imaged and quantified with phosphorimaging
screens. Linear regression was used to fit the fraction of phosphate against time, to generate
the observed rate constants (Agpsq). The AppsgS Were then fit to a single binding equation.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the kinetic assays were measured at least three times, and the results were reported with
Mean + SEM.

DATA AND CODE AVAILABILITY

Atomic coordinates and structure factors have been deposited in the Protein Data Bank
(PDB) under the accession number 6ULG. Electron density maps have been deposited in
EM Data Bank under the accession number EMD-20814.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Cryo-EM structure of the FLCN-FNIP2-Rag-Ragulator complex at 3.3A
resolution

FLCN-FNIP2 adopts a “dimer of dimer” configuration
Argl164 of FLCN is the catalytic residue for the GAP activity towards RagC

FLCN-FNIP2 binds to the Rag GTPases in an on-pathway intermediate
conformation
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Figure 1. Structural determination of the FLCN-FNIP2-Rag-Ragulator nonamer
A. Gel filtration profiles for the assembled FLCN-FNIP2-Rag-Ragulator supercomplex on a

Hiload 16/60 Superdex 200 column. Cyan, FLCN-FNIP2 heterodimer only. Orange, FLCN-
FNIP2 in complex with the Rag GTPases. Red, FLCN-FNIP2 in complex with the Rag
GTPases and Ragulator.

B. Coomassie blue stained gel analyses to identify the protein subunits within the peaks of
the gel filtration profiles in A. Lanes are labeled based on the coloring pattern in A.

C & D. Cryo-EM density map (C) and segmented map (D) for the FLCN-FNIP2-Rag-
Ragulator nonamer. Subunits within the FLCN-FNIP2-Rag-Ragulator nonamer are
differentiated by color as indicated: FLCN, purple; FNIP2, orange; RagA, pink; RagC, cyan;
Ragulator, light brown.
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Figure 2. General architecture of the FLCN-FNIP2-Rag-Ragulator supercomplex
A. Atomic model, cartoon model, and domain assignment for the FLCN-FNIP2-Rag-

Ragulator nonamer. Subunits of the FLCN-FNIP2-Rag-Ragulator complex are colored as
following: FLCN, purple; FNIP2, orange; RagA, pink; RagC, cyan; Ragulator, brown.

B. Domain arrangement for the FLCN-FNIP2-Rag-Ragulator supercomplex. Inter- and
intra-subunit interactions are shown by gray bars between domains. The DENN domain
within FNIP2 is split in two, denoted as DENNn (DENN domain N-terminal fragment) and
DENNCc (DENN domain C-terminal fragment).

C. Structural model for the Longin domain heterodimer within the FLCN-FNIP2 complex.
D. Structural model for the DENN domain heterodimer within the FLCN-FNIP2 complex.
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Figure 3. Structure of the Rag GTPase heterodimer within the FLCN-FNIP2-Rag-Ragulator

supercomplex

A. FLCN-FNIP2 contacts the Rag GTPases through its Longin domains. A Longin domain
heterodimer inserts inbetween the NBDs of RagA and RagC like a wedge.
B. The aL1 helices of the FLCN- and FNIP2-Longin domain mediate interactions with the

NBDs of RagA and RagC.

C. Residues on the a L1 helix of the FLCN-Longin domain contact the NBD of RagA near

the guanine base of the bound GDP.

D. Residues on the aL1 helix of the FNIP2-Longin domain contact the NBD of RagC near

the guanine base of the bound GppNHp.

E. Cartoon model for the two parameters used to characterize the conformation of the Rag
GTPase heterodimer. Distance & measures the distance between the N-terminal tips of the
a G5 helices on Rag subunits. Angle 6 measures the angel formed between the orientation of
the aG5 helix of RagA with the N-terminal tip of the a G5 helix of RagC.
F. Conformations of the Rag GTPase heterodimer and its yeast homolog, Gtrlp-Gtr2p. The
available structures are aligned based on their CRDs but only the NBDs are shown. A
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variety of conformations can be observed when the subunits bind different nucleotides, or
carry different mutations.
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Figure 4. Arg164 of FLCN is necessary for the GAP activity
A. Cryo-EM density map (colored surface) and atomic model (colored ribbon) around the

nucleotide binding pocket of RagC. Clear boundaries between RagC and FLCN-FNIP2 are
observed with no EM density extending into the nucleotide binding pocket of RagC.

B. Sequence conservation of Arg164 of FLCN. Arg164 is conserved to yeast (Lst7) and
localizes between the two B-strands of the Longin domain of FLCN.

C. Structural comparison between Arg164 of FLCN and Arg78 of Nprl2. Arg78 of Nprl2 is
the catalytic residue for GATOR1’s GAP function on RagA. These two arginines localize at
similar positions on FLCN and Nprl2, respectively.

D. Co-immunoprecipitation experiment to probe the interaction between FLCN-FNIP2 and
the Rag GTPases. FLCN-FNIP2 carrying the R164A mutation binds to the Rag GTPases to
a similar extent as wild-type FLCN-FNIP2. This experiment was repeated twice, and a
representative data set is shown here.

E. Coomassie blue stained gel of wild-type FLCN-FNIP2 and the mutant carrying the
FLCN(R164A) mutation.

F. Single turnover GTP hydrolysis assay to determine the effect of FLCN-FNIP2. The Rag
GTPase heterodimer was first loaded with radiolabeled GTP. FLCN-FNIP2 was then added
to stimulate the hydrolysis. Time points were taken to track the reaction process and were
fitted to extract the observed reaction constants.
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G & H. Time courses of GTP hydrolysis by the Rag GTPases under single turnover
conditions, stimulated by wild-type FLCN-FNIP2 (G) or the mutant carrying the
FLCN(R164A) mutation (H).

I. Concentration dependence of stimulated GTP hydrolysis by FLCN-FNIP2 under single
turnover conditions. A 100-fold decrease was observed with the FLCN(R164A)-FNIP2
mutant under single turnover conditions. Gray numbers in parenthesis denote the SDs of the
reported values calculated from at least three independent experiments.

J. Multiple turnover GTP hydrolysis assay to determine the effect of FLCN-FNIP2. The Rag
GTPase heterodimer was doubly-loaded with GTP. FLCN-FNIP2 was then added to
stimulate hydrolysis. Time points were taken to track the reaction process and were fitted to
extract the observed reaction constants.

K & L. Time courses of GTP hydrolysis by the Rag GTPases under multiple turnover
conditions, stimulated by wild-type FLCN-FNIP2 (K) or the mutant carrying the
FLCN(R164A) mutation (L).

M. Concentration dependence of stimulated GTP hydrolysis by FLCN-FNIP2 under
multiple turnover conditions. A 7-fold decrease was observed with the FLCN(R164A)-
FNIP2 mutant under these conditions. Gray numbers in parenthesis denote the SDs of the
reported values calculated from at least three independent experiments.
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Figure 5. The resolved FLCN-FNIP2-Rag-Ragulator complex represents an on-pathway
intermediate during GTP hydrolysis.

A. Relative positioning of the catalytic arginine and the nucleotide binding pocket of RagC.
The distance between Arg164 and the phosphate of the GppNHp molecule bound to RagC is
14.7 A. Nucleotide binding pocket of RagC is mis-oriented to allow for insertion of Arg164.
B. Model for stimulated GTP hydrolysis of the Rag GTPases by FLCN-FNIP2. We interpret
our structure as an on-pathway intermediate. Subsequent local conformational changes are
required to insert the catalytic residue into RagC-NBD.

C. Model for stimulated GTP hydrolysis of the Rag GTPases by GATOR1. We interpret our
previous structure as an off-pathway intermediate during GTP hydrolysis. Global
conformational change is required to access the catalytic arginine on Nprl2.
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Summary of cryo-EM data collection, 3D reconstruction, and model refinement

Table 1.

FLCN-FNIP2-Rag-Ragulator

Imaging parameters and 3D reconstruction
Cryo-EM grids

Calibrated magnification

Acceleration voltage [kV]

Pixel size [A]

Total dose [e7/A?]

Exposure time [s]

Defocus range [um]

Particles in final 3D reconstruction
Resolution (‘Gold-standard’ at FSC 0.143) [A]
Model refinement

Resolution in phenix.real_space_refine [A]
No. atoms: protein

Ligands / ions

r.m.s. deviations: bond lengths [A]

r.m.s. deviations: bond angles [°]
MolProbity score

EMRinger score

Rotamer outliers [%]

Ramachandran angles: favored [%]
Ramachandran angles: allowed [%]
Ramachandran angles: outliers [%]

PDB

EMDB

Quantfoil R 1.2/1.3 Cu 400
48,077

300

1.04

59.2

6.4

-1.0t0o-3.5

126,984

331

3.6

16353
GppNHp, GDP, Mg?*
0.006

0.908

1.78

2.02

0.61

915

8.40

0.10

6ULG
EMD-20814
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