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Abstract

The mTORC1 (mechanistic target of rapamycin complex 1) protein kinase regulates growth in 

response to nutrients and growth factors. Nutrients promote its translocation to the lysosomal 

surface, where its Raptor subunit interacts with the Rag guanosine triphosphatase (GTPase)–

Ragulator complex. Nutrients switch the heterodimeric Rag GTPases among four different 

nucleotide-binding states, only one of which (RagA/B•GTP–RagC/D•GDP) permits mTORC1 

association. We used cryo–electron microscopy to determine the structure of the supercomplex of 

Raptor with Rag-Ragulator at a resolution of 3.2 angstroms. Our findings indicate that the Raptor 

α-solenoid directly detects the nucleotide state of RagA while the Raptor “claw” threads between 

the GTPase domains to detect that of RagC. Mutations that disrupted Rag-Raptor binding inhibited 
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mTORC1 lysosomal localization and signaling. By comparison with a structure of mTORC1 

bound to its activator Rheb, we developed a model of active mTORC1 docked on the lysosome.

INTRODUCTION

The mTORC1 protein kinase controls growth in response to diverse environmental cues, 

such as nutrients and growth factors. Deregulated mTORC1 signaling is associated with 

many diseases, including some cancers and neurological disorders (1–5). Amino acids 

promote the translocation of mTORC1 to the surface of the lysosome, where it can interact 

with and be activated by the Rheb GTPase (6–10). mTORC1, composed of the core mTOR, 

Raptor, and mLST8 subunits, docks on the lysosome through the direct interaction of Raptor 

with the lysosome-associated Rag GTPase–Ragulator complex (11, 12). Through their C-

terminal roadblock domains (CRDs), the Rag GTPases form heterodimers consisting of 

RagA or RagB bound to RagC or RagD (13, 14). The obligate heterodimeric nature of the 

Rags allows cross-talk between their GTPase domains, which is necessary for mTORC1 

signaling to respond quickly to changes in nutrient levels (15). Ragulator consists of five 

subunits and is necessary for targeting the Rag GTPases to the lysosomal surface (11).

As in other GTPases, the GTPase domains of the Rags consist of a network of secondary 

structural elements, known as switches, that undergo conformational changes upon the 

exchange or hydrolysis of bound guanosine di- or triphosphate (GDP or GTP), respectively 

(16). Under the control of several nutrient-regulated GTPase-activating proteins (GAPs) and 

guanine nucleotide exchange factors (GEFs), such as GATOR1 (17, 18), FLCN-FNIP (19, 

20), and SLC38A9 (21), the Rag heterodimer can oscillate among four nucleotide 

configurations, only one of which (RagA/B•GTP–RagC/D•GDP) represents nutrient 

sufficiency and interacts with mTORC1 (8, 19). To understand how mTORC1 discriminates 

between the Rag nucleotide states, we used cryo–electron microscopy (cryo-EM) to 

determine the structure of the Raptor subunit of mTORC1 bound to the Rag-Ragulator 

complex. This structure not only sheds light on the conformations of the Rag GTPases that 

underlie nutrient sensing by mTORC1, but also allows us to develop a structural model of 

mTORC1 docked on the lysosome.

RESULTS

Reconstitution of the Raptor-Rag-Ragulator supercomplex

Because the interactions that promote the association of mTORC1 with the lysosomal 

surface underlie signaling events and are thus transient, we built the Raptor-Rag-Ragulator 

complex using a bottom-up approach instead of trying to isolate an intact complex from 

human cells. We generated the RagA-RagC heterodimer and the pentameric Ragulator 

complex in bacteria, and produced Raptor in a human embryonic kidney (HEK)–293 cell 

expression system (see supplementary materials). To stabilize the interaction of Raptor with 

the Rag GTPases, we introduced two point mutations into RagC (S75N, T90N) that are 

found in patients with follicular lymphoma (22). Each of these mutations independently 

stabilizes the GDP-bound state of RagC and promotes the interaction of the heterodimer 

with Raptor (22), and we found that in combination they have additive effects. We used the 
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wild-type version of RagA because we assumed that its slow GTPase rate (15) would keep it 

bound to GTP. Indeed, analysis of the RagA-RagC (S75N, T90N) heterodimer confirmed 

that it contained close to stoichiometric amounts of GTP and GDP (fig. S1A). By mixing 

together the Rag GTPase heterodimer, Ragulator, and Raptor, we produced a fairly 

homogeneous supercomplex that was suitable for structural studies (Fig. 1A).

Cryo-EM structure of the Raptor-Rag-Ragulator supercomplex

In initial applications of the supercomplex to holey carbon microscopy grids, the particles 

strongly adsorbed to carbon, but after extensive optimization of blotting and freezing 

conditions, we obtained grids with a gradient of particle distributions. The edges of holes 

attracted many overlapping particles, whereas the centers had well-distributed individual 

complexes. The uneven particle distribution proved to be a major obstacle to many particle-

picking algorithms, and only the Topaz and crYOLO pickers (23, 24) discriminated well 

enough between particles on carbon and in holes to provide a uniform range of orientations 

and yield good two-dimensional classes (Fig. 1B).

After a series of refinements and particle sorting, we selected 112,037 particles to 

reconstruct the cryo-EM structure of the Raptor-Rag-Ragulator complex at 3.18 Å resolution 

(Fig. 1C and movie S1). The structure reveals the binding mode between Raptor and the 

Rag-Ragulator complex. The central region of Raptor (amino acids 376 to 844), which 

constitutes an α-solenoid (Fig. 1D), engages the Rag GTPases, whereas its N-terminal RNC 

(Raptor N-terminal conserved) domain and C-terminal WD40 domain do not. Although 

Ragulator makes extensive contacts with the CRDs of the Rags (fig. S1B), it does not 

directly interact with Raptor. Overall, Raptor and Rag-Ragulator form two elongated halves 

of the structure, positioned off-parallel to one another. The local resolution of the core of the 

supercomplex, formed by Rag-Raptor(α-solenoid), extends to ~2.3 Å resolution; the 

periphery of the structure was resolved to ~4.2 Å (fig. S9). Variability analysis revealed that 

such nonuniform resolution stems from the dynamics of the two halves of the complex, 

which swing with respect to one another. The highest amplitudes are observed at the tip of 

Ragulator and in the RNC and WD40 domains of Raptor (movie S2). The interface between 

Rag GTPase and CRD domains serves as a hinge region for the swinging movement of the 

Rag(CRD)-Ragulator substructure, which explains why capturing the full-length Rag-

Ragulator with x-ray crystallography was likely an impossible task (25, 26).

As in the structure of the Rag GTPases bound to GATOR1 (27), the relative positions of the 

GTPase domains in our current structure are altered with respect to those in previously 

reported structures of the Rag homologs in budding yeast, the Gtr proteins [PDB IDs 3R7W 

and 4ARZ (28, 29)], (fig. S1C). In fact, the Gtr1•GTP-Gtr2•GDP active state would clash 

with Kog1 (the yeast homolog of Raptor) in a binding mode modeled on human Raptor-Rag. 

This suggests either that the structure of Kog1 adapts to accommodate the different Gtr 

structure or that the Gtr GTPases shift their conformation upon Kog1 binding. A structure of 

the yeast Gtr1-Gtr2-Kog1 complex will be needed to resolve the true situation among these 

possibilities.

Rogala et al. Page 3

Science. Author manuscript; available in PMC 2020 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The interaction of Raptor with RagA

Raptor and RagA interact extensively with each other within the Raptor-Rag-Ragulator 

supercomplex. Three helices (α24, α26, α29) within a ~100–amino acid region (amino 

acids 546 to 650) of the Raptor α-solenoid (amino acids 376 to 844) directly engage the 

switch I–containing face of RagA and form a network of hydrogen bonds and salt bridges 

(Fig. 2A). The E564 and N557 residues of helix α24 of Raptor contact the RagA interswitch 

residues H49 and H47. R597 of helix α26 forms extensive interactions by tightly fitting the 

pocket formed by E46, R24, and Y31 of RagA. These interactions are supported by 

hydrogen bonds between the backbone of H49 of RagA and D598 and K603 of Raptor. The 

third helix α29 of Raptor engages helix α2 of RagA, with a number of salt bridges between 

T634, D635, and H636 of Raptor and R38, R34, and D35 of RagA (Fig. 2A).

To test the importance of these contacts in mediating the Raptor-Rag interaction, we mutated 

interface residues on either Raptor or RagA. In Raptor, we disrupted either all three 

interacting helices involved in the interaction with one mutation per helix, or each of the 

three helices individually by introducing three mutations in each helix (Fig. 2B). All three 

helices, α24, α26, and α29, appear necessary for the binding of Raptor to the Rag 

heterodimer, with either mutations in all helices or mutations in helix α26 showing the 

strongest effect; this finding suggests that helix α26 plays a primary role in complex 

formation (Fig. 2C). None of the mutations affected the binding of Raptor to mTOR (fig. 

S2A).

Because the Raptor-RagA interface involves the critical switch I and interswitch regions of 

RagA, we only targeted, singly or in combination, residues on RagA that point away from 

the core of the protein (Fig. 2D) and validated that these mutations do not affect its capacity 

to bind GTP (fig. S2B). Consistent with the structural data, when expressed in RagA-RagB 

double-knockout (DKO) HEK-293T cells lacking RagA and its redundant homolog RagB 

(fig. S2C), none of the RagA mutants interacted with Raptor, whereas all still 

heterodimerized with RagC and bound to Ragulator, as assessed by coimmunoprecipitation 

of its p18/LAMTOR1 subunit (Fig. 2E).

On the basis of precedence with many small GTPases to which RagA is related (29, 30), we 

predict that in the GDP-bound state, both switch I and strand β2 of the interswitch of RagA 

would rearrange and disrupt the binding sites for the three key Raptor helices (α24, α26, 

and α29), explaining why Raptor only interacts with the Rag heterodimer when RagA (or 

RagB) is GTP-bound (8).

The Raptor claw

The heterodimeric Rag GTPases exhibit rotational two-fold symmetry, such that their switch 

machineries are on opposite ends of the heterodimer and their nucleotide-binding pockets 

face the dimeric center (Fig. 3, A and B). Thus, if Raptor directly engages the switch I–

containing face of RagA, how does it also detect the nucleotide state of RagC when its 

switch region is on the other side of the heterodimer?

Surprisingly, the refined map of the Raptor-Rag-Ragulator complex revealed a large stretch 

of electron density in the space between the two GTPase domains of the Rags. This density 
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is acutely angled; it enters the space between the Rags from the Raptor side, loops back, and 

exits near the bound GDP on RagC. At first, it was not clear which protein contributed the 

density: RagA, RagC, Raptor, or a Ragulator component. By mining our particle images for 

rare Rag-Ragulator and Raptor-Rag subcomplexes and determining their structures to low 

resolution (see supplementary materials), we used a process of elimination to determine that 

the electron density belonged to Raptor (fig. S3A). We traced an amino acid backbone 

through the density, and the distinct positions of prolines assigned the side chains to amino 

acids 916 to 937 of Raptor (Fig. 3C). The electron density of this region is unaccounted for 

in the previous structure of Raptor (31), and considering its triangular shape, we named it 

the “Raptor claw.” The primary sequence of the claw appears to be conserved in vertebrates 

and their closest invertebrate kin (fig. S3B).

The N-terminal end of the claw contains a very short helical fragment α33a (amino acids 

919 to 922) that anchors it in a groove between the GTPase (D185, D186, K188) and CRD 

(M279) domains of RagC (fig. S3C). It enters the inter-GTPase domain space with a coil 

(R925, R927, M929) that first extends towards the CRD (Q237) and switch I (A33, R34, 

D35) of RagA, and then loops back 130° and exits (P934, E935) near the nucleotide-binding 

site of RagC (Y221) (Fig. 3C and fig. S3C). Interestingly, E935 of the claw is positioned 

close enough to the RagC-bound GDP to form hydrogen bonds with N2 and N3 of the 

guanine base (Fig. 3D). The switch machinery of RagC in the GDP-bound form in our cryo-

EM structure is largely disordered, allowing us to model only parts of switch II and the 

interswitch. The remaining modules of the switch machinery appear dynamic.

Detection by Raptor of the RagC nucleotide state

Because the Raptor claw can reach through the inter-Rag space to contact the switch 

machinery of RagC, we reasoned that it could serve as a nucleotide-state detector and 

explain why Raptor interacts with the Rag heterodimer when RagC (or RagD) is GDP-

bound (19). To examine this possibility, we first superimposed a publicly available structure 

of the GTP-bound GTPase domain of RagC (PDB ID 3LLU) onto that of GDP-bound RagC 

from our cryo-EM structure. This analysis revealed that by causing switch I to rigidify, the 

loading of RagC with GTP would lead residues S86 and N88 of switch I to clash with the tip 

of the claw (residues: K932 and G933; see Fig. 4A).

Moreover, upon the GDP-to-GTP transition, the interswitch strand β3 of RagC shifts its 
register by two residues (Cα shift of 5.8 Å) in a manner similar to what has been observed in 
Arf GTPases (32) (Fig. 4B and movie S3). In GDP-bound RagC, S108 and F109 from the 

β2-β3 loop (107–110) of the interswitch rest on the side of a CRD pocket formed by four 

strands of the antiparallel β sheet and two bottom-face α helices (Fig. 4C). The two-residue 

register shift caused by GTP binding makes the interswitch stick outward, such that its β2-

β3 loop would clash with the CRD pocket. To avoid such a clash, the interswitch loop would 

have to shift its position and engage with a larger area of the CRD pocket, leading the entire 

GTPase domain to reposition itself closer to the central axis of the Rag heterodimer (Fig. 

4D). We modeled such domain repositionings in RagA and RagC in the context of the intact 

heterodimer because we observed no major domain rearrangements in the Rags upon Raptor 

binding, as evidenced by fitting the Rag heterodimer from the supercomplex into an 8.9 Å 
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resolution map of the Rag-Ragulator subcomplex (fig. S3, A and D). This analysis showed 

that depending on the nature of the nucleotide, the space between the two GTPase domains 

becomes closed (RagA•GTP-RagC•GTP state), shifted toward the RagA (GDP-GTP) or 

RagC (GTP-GDP) side, or widened (GDP-GDP) (Fig. 4D).

This altered accessibility of the inter-Rag space likely is the basis of the ability of the claw to 

detect the nucleotide state of RagC. In the RagA•GTP-RagC•GDP state we captured, the α-

solenoid of Raptor engages switch I of RagA, and the claw penetrates the inter-Rag space 

because switch I of RagC is disordered (movie S4). In the RagA•GTP-RagC•GTP 

configuration, not only would switch I of RagC rigidify and push the claw away from the 

bound nucleotide, but also the entire GTPase-domain of RagC would shift to close the 

intersubunit space. The opposite state, RagA•GDP-RagC•GTP, appears completely 

incompatible with interacting with Raptor because RagA•GDP cannot support α-solenoid 

binding and RagC•GTP expels the claw. The primary sequences of the RagA and RagC 

switches matter. The α-solenoid of Raptor is able to associate with the switch machinery of 

RagA•GTP, but it would clash with the equivalent nucleotide state of RagC (fig. S3E). 

Technically, the open RagA•GDP-RagC•GDP state should allow the claw to make 

interactions within the inter-Rag space. However, threading of the claw involves not only 

RagC residues but also those from RagA. In the GDP-loaded state, the switch I residues of 

RagA, R34, and D35 that contact the middle part of the claw (Fig. 3C) would become 

disordered. Ultimately, the entire RagA GTPase domain would shift away from the claw, 

leaving very little surface for any potential interactions. Beyond affecting the intersubunit 

space, the shifts in the GTPase domains we have modeled here are also likely involved in the 

cross-talk phenomenon that we previously observed in kinetic studies (15).

Given the extensive binding surface between RagA•GTP and the α-solenoid of Raptor, we 

considered that the claw might simply be a nucleotide detection mechanism for ensuring that 

RagC is GDP-bound and perhaps does not contribute to the strength of the Raptor-Rag 

interaction. Surprisingly, however, Raptor variants lacking the claw or with mutations in 

three critical regions—the entrant helix, the bend, and the part proximal to GDP (Fig. 4E)—

could not bind the Rags (Fig. 4F) but still interacted with mTOR (fig. S3F).

In addition to the claw, the Raptor-Rag-Ragulator structure revealed a contact between the 

CRD of RagC and a loop (amino acids 795 to 806) extending from the α-solenoid of Raptor 

(fig. S4, A and B). This interface is largely driven by side chain–backbone hydrogen 

bonding (e.g. RagC R342 and Raptor L799) and some backbone-to-backbone interactions 

(Raptor G801 and RagC S281; fig. S4, C and D). Like the claw, this loop is also disordered 

in the previously reported structure of Raptor (31), and presumably its proximity to RagC 

rigidified it into a defined shape in our complexes. By mutating interfacing residues on 

Raptor, we found that deletion of residues 799 to 805 or a combination of three mutations 

(L799A, G801Y, F804D) weakened, but did not eliminate, the interaction of Raptor with the 

Rag GTPases without impacting that with mTOR (fig. S4E).

Collectively, our analyses of the role of interfacing residues between Raptor and the Rag 

heterodimer suggest a model in which Raptor first transiently binds to GTP-loaded RagA, 

forming interactions with its switch I region, and also weakly touches the CRD of RagC. 
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Threading of the Raptor claw in between the GTPase domains of the Rags then generates a 

more stable interaction. The claw can fully engage only when RagC is loaded with GDP and 

its switch I is disordered. This would explain why RagC must be GDP-bound for the Rag 

heterodimer to interact with Raptor (19).

Model of mTORC1 docked on the lysosomal membrane

Translocation to the lysosomal surface is critical for the activation of mTORC1 because 

there it can interact with its kinase activator, the Rheb GTPase. A recent cryo-EM structure 

of mTORC1 bound to Rheb [PDB ID 6BCU (31)] provided a likely orientation of mTORC1 

toward the lysosomal membrane because, like most small GTPases, Rheb associates with 

membranes through a C-terminal farnesyl group (33). Because both the Rheb-bound 

mTORC1 and Raptor-Rag-Ragulator structures contain Raptor, we superimposed them to 

generate a structural model of the Rheb-activated mTORC1 dimer tethered to the lysosome 

via Rag-Ragulator (Fig. 5A and movie S5).

In our original cartoons of mTORC1 on the lysosomal surface, we envisioned Rag-Ragulator 

as a pillar protruding from the lysosome with mTORC1 sitting atop it (11). This appears not 

to be the case. Instead, the Rag-Ragulator complex binds to the top and side of mTORC1, 

serving as a clamp that pushes mTORC1 down onto the lysosome (Fig. 5A). The p18/

LAMTOR1 subunit of Ragulator has a 45–amino acid N-terminal tail with myristoyl and 

palmitoyl modifications on its end that is necessary for localizing Ragulator to the lysosome 

(34). Although we cannot resolve this tail in our structure, we predict that if extended, its 

length of ~14 nm would provide enough room to properly orient the assembled 

supercomplex of mTORC1-Rag-Ragulator on the lysosomal surface, as depicted in Fig. 5A. 

In fact, given the broad diameter range of lysosomes (0.1 to 1 μm) (35), the p18 tail should 

allow mTORC1 to make expansive searches of the lysosomal surface for the activated Rheb 

GTPase (fig. S5, A and B). Once two Raptor subunits of mTORC1 are clamped down by the 

Rag-Ragulator complexes, the search radius will be restricted. However, the resulting avidity 

effect of such dimeric binding will further improve the overall strength of the interaction 

with the lysosome and will facilitate the lasting activation of the mTOR kinase.

To study the consequences of eliminating the Raptor-Rag interaction on mTORC1 signaling, 

we took advantage of the HEK-293T RagA-RagB DKO cells lacking RagA and RagB (fig. 

S2C). These cells do not activate mTORC1 upon amino acid stimulation, as judged by the 

phosphorylation of S6K1, a canonical mTORC1 substrate. Although stable expression of 

wild-type RagA readily restored mTORC1 activity in amino acid–stimulated cells, that of 

the RagA mutants that cannot bind Raptor did not (Fig. 2, D and E, and Fig. 5B). Consistent 

with this finding, in the cells expressing RagA mutants deficient in Raptor binding, mTOR 

no longer localized with lysosomes upon stimulation with amino acids (Fig. 5C and fig. 

S6A).

It is not trivial to study the effects of Raptor mutations on mTORC1 signaling because 

Raptor is a cell-essential gene, and therefore it is not possible to generate cells lacking it. 

However, using CRISPR-Cas9, we were able to generate a HEK-293T cell line that has 

defective mTORC1 signaling because its Raptor alleles have partial loss-of-function 

mutations that also reduce their expression (fig. S6B) (see supplementary materials). 
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Transient expression of wild-type Raptor in these cells activated mTORC1 signaling, 

whereas that of the Raptor mutants affecting the RagA binding site did not (Fig. 5D). The 

claw- and CRD-binding mutants were slightly less defective, as they provided a small 

fraction of the signal that wild-type Raptor did.

Intriguingly, a fairly abundant isoform of Raptor (isoform 3) that lacks the Rag-interacting 

α-solenoid (Δ504–661 compared to the canonical isoform 1) has been described (36), 

raising the possibility that dimeric mTORC1 complexes may exist containing two different 

Raptor isoforms, only one of which can bind to the Rag GTPases. Such mTORC1 

heterodimers would likely associate more weakly with lysosomes, which may be useful in 

certain signaling contexts. mTORC1 dimers may also exist having only the non–Rag-

binding Raptor isoform, which might play roles in cells (e.g., erythrocytes) that lack 

lysosomes. We attempted experiments with this isoform of Raptor but found that it expresses 

poorly in HEK-293T cells.

Our cryo-EM structure of Raptor, the defining subunit of mTORC1, in complex with Rag-

Ragulator, allows us to model how mTORC1 would dock on the lysosomal surface, which is 

a key step in its activation. We have described the regulated interface between Raptor and 

Rag GTPases, the details of which are critical for understanding nutrient sensing at the 

molecular level and also for designing small molecules that are more specific to mTORC1 

signaling than existing drugs such as rapamycin. These drugs also target the related protein 

complex mTORC2, which has other roles in the cell.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Purification, assembly, and structure determination of the Raptor-Rag-Ragulator 
supercomplex.
(A) Gel filtration profile and corresponding SDS–polyacrylamide gel electrophoresis of the 

reconstituted Raptor-Rag-Ragulator supercomplex as visualized with Coomassie Blue 

staining. The fully assembled complex (peak 1) partially overlaps with two subcomplexes: 

Rag-Ragulator (peak 1 tail) and Ragulator (peak 2). (B) Representative two-dimensional 

class averages of the Raptor-Rag-Ragulator supercomplex. (C) Cryo-EM structure of the 

supercomplex, determined to 3.2 Å resolution. Two orthogonal views of the experimental 

electron density (left) are shown next to corresponding views of the molecular model (right). 

(D) Domain organization of all components that make up the supercomplex.
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Figure 2. Raptor-RagA interaction.
(A) Three helices (α24, α26, α29) in the HEAT-repeat domain of Raptor directly engage the 

switch-I face of GTP-loaded RagA. (B) Description of mutations introduced in the RagA-

binding helices of Raptor. (C) Mutations in these helices render Raptor expressed via cDNA 

transient transfection unable to co-immunoprecipitate the endogenous RagA-RagC 

heterodimer. (D) Description of mutations introduced in the Raptor-binding region of RagA. 

(E) In RagA-RagB DKO HEK-293T cells, the transiently expressed RagA mutants in (D) 

cannot bind endogenous Raptor but have an intact capacity to bind to RagC and Ragulator, 

as assessed by its p18 subunit. Flag-metap2 was used as a control protein.
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Figure 3. Raptor-RagC interaction.
(A) The binding interface between the Raptor α-solenoid and Rag GTPases. (B) The 

GTPase switch machineries of Rags are positioned at the opposite ends of the heterodimer. 

Note that in our structure, the switch machinery of RagC is largely disordered, and the 

circled region marks the space it would have occupied if it was fully resolved. (C) The 

Raptor claw is a 22–amino acid loop that enters the inter-Rag space depending on the 

nucleotide state of RagC. The claw forms interactions with both RagA and RagC, and its 

residue E935 engages RagC-loaded GDP directly. (D) The E935-GDP interaction is driven 

by hydrogen bonding between the E935 side chain and N2 and N3 of the guanine of GDP.
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Figure 4. The dynamics of the Rag-Raptor interaction.
(A) Loading of GTP by RagC would trigger its switch I to rigidify and clash with the Raptor 

claw. The structure of the GTP-loaded GTPase domain of RagC (PDB ID 3LLU) was 

superimposed with our cryo-EM structure of RagC•GDP. (B) The organization of the 

switches in RagC (top) and Arf6 (bottom) [PDB ID: 1E0S, 2J5X (37, 38)]. Note that 

although the switches change their positions in GTP- versus GDP-loaded states, the core of 

the structure does not move. Even though a large proportion of the switches in our GDP-

loaded RagC structure are disordered, we observed that the interswitch changes its register 

by two residues, in a manner similar to Arf GTPases. (C) The movement of the interswitch 

during the GDP-to-GTP transition would cause its loop to clash with the CRD pocket 

(circled area). Instead, the interswitch repositions itself such that it engages with the more 

central part of the CRD. The disordered interswitch strand β2 of RagC•GDP is drawn with a 

dashed line. The surface of the CRD is colored according to electrostatic potential (see the 
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color key). (D) The shifting of the GTPase domains in the Rag heterodimer during GTP-

GDP binding exchanges. GTPase domains loaded with GDP are positioned away from the 

central axis of the Rag heterodimer, and their interswitches are retracted. Loading of GTP 

causes the interswitch to extend and press the CRD pocket such that the entire GTPase 

domain becomes repositioned closer to the Rag central axis. The models were created by 

superimposing RagA•GTP with RagC•GDP through their CRDs (specifically by matching 

their β7 and α9). (E) Description of the Raptor claw mutants used in (F). (F) Elimination of 

the Raptor claw or mutations in its critical Rag-interacting regions prevent Raptor from 

coimmunoprecipitating the RagA-RagC heterodimer. Longer exposures of the RagA and 

RagC immunoblots did not reveal any signal for Raptor. Flag-metap2 was used as a negative 

control protein.
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Figure 5. mTORC1 on the lysosomal surface.
(A) Model of a Rheb-activated mTORC1 dimer bound to two lysosomal-targeting Rag-

Ragulator complexes. The Rag-Ragulator complex clamps mTORC1 to the surface of the 

lysosome. Note that both Ragulator and Rheb carry lipid-modified terminal residues that 

tether the supercomplex to the membrane. Our cryo-EM structure of the Raptor-Rag-

Ragulator complex was superimposed with that of Rheb-bound mTORC1 [PDB ID 6BCU 

(31)]. (B) Stable expression in RagA-RagB DKO HEK-293T cells of RagA mutants that 

cannot bind Raptor (Fig. 2, D and E) does not restore mTORC1 activity, as assayed by the 

phosphorylation of S6K1 in amino acid–replete cells. Note that although the levels of the 

stably expressed wild-type and mutant Flag-RagA are relatively even as assessed with the 

anti-Flag antibody, the recognition of the RA2 and RA3 RagA mutants by the RagA 

antibody (monoclonal; CST D8B5) is reduced, which suggests that the mutated residues 

affect the epitope recognized by this antibody, which has not been disclosed. (C) Unlike 

expression of wild-type RagA, expression in RagA-RagB DKO HEK-293T cells of the 

Y31A RagA (RA1) mutant that cannot bind Raptor does not rescue the amino acid–induced 
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colocalization of mTOR with lysosomes, as marked by the lysosomal protein LAMP2. (D) 

In cells hypomorphic for Raptor, transient expression of wild-type Raptor promotes S6K1 

phosphorylation, whereas that of Raptor mutants defective in the RagA-Raptor interaction 

(αx3 and α26) does not. Mutants that cannot bind the CRD of RagC (CRD1) or lacking the 

claw (Clw1) activate S6K1 phosphorylation to a small degree. See supplementary materials 

and fig. S6B for a description of the Raptor hypomorph cell line.
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