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Structure of the lysosomal mTORC1–TFEB–
Rag–Ragulator megacomplex

Zhicheng Cui1,2, Gennaro Napolitano3,4, Mariana E. G. de Araujo5, Alessandra Esposito3,4, 
Jlenia Monfregola3,4, Lukas A. Huber5, Andrea Ballabio3,4,6,7,8 ✉ & James H. Hurley1,2,9 ✉

The transcription factor TFEB is a master regulator of lysosomal biogenesis and 
autophagy1. The phosphorylation of TFEB by the mechanistic target of rapamycin 
complex 1 (mTORC1)2–5 is unique in its mTORC1 substrate recruitment mechanism, 
which is strictly dependent on the amino acid-mediated activation of the RagC 
GTPase activating protein FLCN6,7. TFEB lacks the TOR signalling motif responsible for 
the recruitment of other mTORC1 substrates. We used cryogenic-electron microscopy 
to determine the structure of TFEB as presented to mTORC1 for phosphorylation, 
which we refer to as the ‘megacomplex’. Two full Rag–Ragulator complexes present 
each molecule of TFEB to the mTOR active site. One Rag–Ragulator complex is bound 
to Raptor in the canonical mode seen previously in the absence of TFEB. A second 
Rag–Ragulator complex (non-canonical) docks onto the first through a RagC 
GDP-dependent contact with the second Ragulator complex. The non-canonical  
Rag dimer binds the first helix of TFEB with a RagCGDP-dependent aspartate clamp  
in the cleft between the Rag G domains. In cellulo mutation of the clamp drives TFEB 
constitutively into the nucleus while having no effect on mTORC1 localization. The 
remainder of the 108-amino acid TFEB docking domain winds around Raptor and then 
back to RagA. The double use of RagC GDP contacts in both Rag dimers explains the 
strong dependence of TFEB phosphorylation on FLCN and the RagC GDP state.

TFEB is one of four members of the microphthalmia family of basic 
helix-loop-helix leucine zipper (bHLH-Zip) transcription factors8. Over-
expression of TFEB promotes degradation of long-lived proteins9, lipid 
droplets10 and damaged mitochondria11, and can induce lysosomal 
exocytosis12. Indeed, data from cellular and mouse models show that 
TFEB activation increases autophagic and lysosomal clearance capacity, 
and is therefore a potential therapeutic target for the treatment of lyso-
somal storage disorders13,14 and neurodegenerative diseases involving 
damaged organelles and accumulation of protein aggregates15–18. The 
last include Parkinson’s Disease and Alzheimer’s Disease. TFEB is regu-
lated by cellular nutrient status through the phosphorylation at several 
serine residues, including Ser122, Ser142 and Ser211, by the mechanistic 
target of rapamycin complex 1 (mTORC1) under nutrient-replete condi-
tions2–5. Phosphorylation of these sites allows TFEB cytosolic retention 
and inactivation3,4,19. mTORC1 is recruited to the lysosomal membrane 
for activation by the Rag GTPases, which are heterodimers composed of 
Rag A or B bound to Rag C or D20–22. The pentameric Ragulator–Lamtor 
complex, composed of Lamtor1–5 proteins, is a scaffold that anchors 
the Rag GTPases to the lysosomal membrane through myristoyl and 
palmitoyl posttranslational modifications of its Lamtor1 subunit23.

The cryogenic-electron microscopy (cryo-EM) structures of Rag 
dimers bound to mTORC1 (ref. 24) or its Raptor subunit25 showed that 
RagAGTP extensively contacts Raptor. Despite the importance of RagCGDP 

in mTORC1 physiology, these structures also showed RagCGDP interacts 
with Raptor to a lesser degree and without stringent dependence on 
the RagC nucleotide state. The tumour suppressor FLCN is the GTPase 
activating protein (GAP) for RagC26. FLCN activity is required for the 
phosphorylation of TFEB, but not for other mTORC1 substrates7. FLCN is 
maintained in the inactive lysosomal FLCN complex (LFC) during amino 
acid starvation6. FLCN is reactivated under amino acid replete condition 
when the LFC is destabilized by the amino acid transporter SLC38A9 
(ref. 27). TFEB phosphoregulation accounts for the tumour suppressor 
function of FLCN in Birt–Hogg–Dubé (BHD) syndrome7. TFEB lacks the 
TOR signalling (TOS) motif found in other mTORC1 substrates28, which 
enables presentation of substrates to the catalytic subunit by Raptor29. 
Instead, TFEB was shown to interact with the Rag GTPases30, which serve 
as a substrate recruitment mechanism that allows TFEB phosphoryla-
tion by mTORC1 (ref. 7). We therefore proposed that a unique structural 
platform directly involving RagCGDP might be responsible for selectively 
presenting TFEB as a substrate of mTORC1. We set out to test the hypoth-
esis by reconstituting and determining the structure of the complex.

Cryo-EM of Raptor–TFEB–Rag–Ragulator
A complex of TFEB–RagA–RagC was obtained by co-expression of full- 
length TFEB (R245-247A, S211A) and Rag GTPases (RagAQ66L, RagCS75N) 
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in human embryonic kidney (HEK)-293F GnTI− cells, and found to be 
stable under size-exclusion chromatography (Extended Data Fig. 1a,b). 
Mutations in the nuclear localization signal of TFEB (R245A, R246A, 
R247A) were introduced to prevent nuclear translocation30 during 
expression in HEK cells. We also introduced the S211A mutation in TFEB 
because it had been reported to stabilize TFEB association with the 
Rag GTPases in cells30. The mutations RagA (Q66L) and RagC (S75N) 
were incorporated to promote the active configuration of Rag GTPases 
(RagAGTP–RagCGDP). We reconstituted the TFEB–Rag complex with puri-
fied Ragulator complex and solved the cryo-EM structure (Extended 
Data Fig. 1a,c–e). However, no TFEB density was observed (Extended 
Data Fig. 1f,g), indicating that further interactions were required to 
stabilize TFEB for structural studies. Previous structures24,25 suggested 
that Raptor would be structurally proximal to the TFEB binding site. We 
then repeated the reconstitution in the presence of purified Raptor, 
assembled a Raptor–TFEB–Rag–Ragulator complex (Fig. 1a), and deter-
mined its cryo-EM structure to an overall 3.1-Å resolution (Extended 
Data Fig. 2d and Extended Data Table 1).

The structure of Raptor–TFEB–Rag–Ragulator showed a 2:1 stoi-
chiometry for Rag–Ragulator with respect to Raptor, as compared to 
1:1 observed in the structures of mTORC1/Raptor–Rag–Ragulator24,25 
(Fig. 1c). We refer to the Rag–Ragulator module that binds to Raptor 
as previously reported as the ‘canonical’ (c) Rag–Ragulator, and the 

second module as the ‘non-canonical’ (nc) Rag–Ragulator. Further local 
refinement of Raptor, canonical Rag–Ragulator and TFEB-nc–Rag–
Ragulator yielded 2.8, 2.9 and 2.9 Å cryo-EM maps, respectively, which 
allowed us to build accurate atomic models (Extended Data Fig. 2a,d). 
The cryo-EM density of TFEB was clearly visible and corresponds to 
residues 2–105 (Extended Data Fig. 3a). The N and C termini of this seg-
ment are helical and referred to as α1 and α2, and they are connected to 
a Pro-rich loop. The TFEB-nc–Rag–Ragulator spans the Raptor and the 
canonical Rag dimer, forming a closed triangle with extensive contacts 
at both ends (Extended Data Fig. 4a,b). Both Rag heterodimers are in 
active states, on the basis of the high-resolution cryo-EM density of the 
corresponding nucleotide (Extended Data Fig. 3b). The conformations 
of the c-Rag–Ragulator and nc-Rag–Ragulator complexes are virtually 
identical (Extended Data Fig. 4c).

Interactions between TFEB and Rags
The structure showed that TFEB residues 2–105 were ordered, sug-
gesting that these residues were both necessary and sufficient to form 
a stable complex with active Rag GTPases, and we confirmed that a 
slightly longer TFEB 1–109 construct was competent to form such a 
complex in vitro (Extended Data Fig. 5). The first 40 residues of TFEB 
form a long helix (α1) and occupy the cleft between the two G domains 
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Fig. 1 | Reconstitution and structure of the Raptor–TFEB–Rag–Ragulator 
complex. a, Size-exclusion chromatography and SDS–PAGE of assembled 
Raptor–TFEB–Rag–Ragulator complex. Peak-1 corresponds to the fully assembled 
complex, and peak-2 represents Ragulator alone. All the corresponding bands are 
labelled, the asterisk indicates HSP70 contamination. MW, molecular weight; 
A280, absorbance at 280 nm. b, Domain arrangement of all the subunits in the 

complex. Unresolved domains are indicated by dashed lines. c, A composite 
cryo-EM density map of the complex, assembled from three focused-refinement 
maps (Raptor, c-RagAGTP/RagCGDP–Ragulator and TFEB-nc–RagAGTP/RagCGDP–
Ragulator). Different contour levels were used for optimal visualization using 
UCSF ChimeraX46. c, canonical; nc, non-canonical.
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of the non-canonical dimer of RagAGTP and RagCGDP (Fig. 2a). Residues 
2–18 of TFEB α1 are embedded in the inter-Rag G domain cleft and 
form a roughly 570 Å interaction interface with the RagCGDP G domain 
(Fig. 2b and Extended Data Fig. 4b). The N terminus of TFEB α1 sits 
directly on top of the α8 of RagCGDP roadblock domain, which is, in 
turn, at the dimerization interface of Rag heterodimer. TFEB helix α1 
is thus clamped within the G domain cleft by hydrogen bonds between 
Asp294 of RagCGDP and the backbone of Arg4 and Ile5 of TFEB, and salt 
bridges between Asp290 of RagCGDP and Arg4, Arg8 of TFEB (Fig. 2c). The 
α1 of TFEB also contacts RagCGDP through hydrophobic interactions 
between Leu7, Leu11 of TFEB and Val80, Ile220 of RagCGDP and between 
the side chain of Gln15 of TFEB and Tyr221 of RagCGDP (Fig. 2b). A stacking 
interaction is also present between the carbon chain of Arg13 of TFEB 
and Trp165 of RagAGTP. There are fewer contacts between TFEB α1 and 
RagAGTP, primarily through hydrophobic interactions between Ile5, 
Met9 of TFEB and Ile234 of RagAGTP (Fig. 2b). These data show how the 
TFEB N terminus is clamped between the Rag G domains in a strictly 
RagCGDP-dependent manner.

To validate the functional role of the TFEB N terminus, TFEB mutants 
I5D, L7D/R8D and M9D were expressed in HeLa cells as green fluorescent 
protein (GFP) fusions. Cytosolic localization and Ser211 phosphoryla-
tion of wild-type TFEB was observed robustly in the absence of Torin1, 
as expected (Fig. 3a,b). Instead, all three of the mutants showed con-
stitutively nuclear localization and defective Ser211 phosphorylation, 
even in the absence of Torin1 (Fig. 3a,b). TFEB lysosomal localization 
and mTORC1 interaction, which are observed for wild-type TFEB in 
Torin1-treated cells, were essentially abolished for all the mutants 
(Fig. 3c,d), confirming the functional requirement for these extreme 
N-terminal residues of TFEB in the G domain clamp. Next, we used 
a HeLa RagC knockout (KO) cell line to validate the role of the RagC 
clamp. The interaction between TFEB and the transiently transfected 

Rag GTPases was significantly impaired in both RagCD290R and RagCD294R 
in comparison to wild-type RagC (Fig. 3e). Moreover, expression of 
RagCD294R in the RagC KO cells prevented TFEB phosphorylation in 
amino acid replete cells, even in the absence of Torin1 (Fig. 3f). However, 
the phosphorylation of S6K and 4E-BP1 was normal, indicating that 
these TOS motif substrates do not require the RagC clamp. RagCD294R 
expression supported mTOR–RagC colocalization in amino acid replete 
conditions (Fig. 3k), but not cytosolic localization and RagC colocali-
zation of TFEB in the absence and presence of Torin1, respectively 
(Fig. 3i,j). These data support that the RagC G domain clamp uniquely 
regulates TFEB phosphorylation.

Notably, a previously unknown interaction interface between resi-
dues 76–83 of TFEB and α4 of RagAGTP is also shown in our structure 
(Fig. 2d). Leu76 of TFEB inserts into a hydrophobic pocket formed by 
Leu110, Leu114, Pro154 and Leu155 of RagAGTP. A salt bridge between His84 of 
TFEB and Glu111 of RagAGTP is also observed. We then used a RagA KO cell 
line to validate whether the structural analysis faithfully reflects cell 
physiology. The interaction between TFEB and the transiently trans-
fected Rag GTPases was significantly impaired in the RagA triple mutant 
(H104D/Q107R/E111R) in comparison to wild-type RagA (Fig. 3g). The 
expression of RagAH104D/Q107R/E111R prevented TFEB phosphorylation in 
amino acid replete cells (Fig. 3h), but did not affect the phosphorylation 
of S6K and 4E-BP1. In addition, RagAH104D/Q107R/E111R expression supported 
mTOR–RagA colocalization in amino acid replete conditions (Fig. 3n), 
but not cytosolic localization and RagA colocalization of TFEB in the 
absence and presence of Torin1, respectively (Fig. 3l,m). Therefore, the 
unique RagA–TFEB interaction is necessary for TFEB phosphorylation.

TFEB interacts only with the active RagCGDP-containing Rag dimer. 
Alignment of the TFEB bound active Rag GTPases and inactive Rag 
GTPases (RagAGDP–RagCGTP)6,27,31,32 based on the α8 of RagC roadblock 
domains indicated that the switch I of RagCGTP sterically clashes with the 
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α1 of TFEB, therefore precluding TFEB binding (Extended Data Fig. 6a). 
In addition, the wide opening conformation of G domains in the inac-
tive Rag GTPases (RagAGDP–RagCGTP) effectively prevent the interaction 
between TFEB and the Rag heterodimer in the inactive state. Alignment 
of the TFEB bound active RagAGTP and inactive RagAGDP based on the 

α4 of RagA G domain showed apparently trivial structural differences 
in the TFEB binding region (Extended Data Fig. 6b), suggesting the 
nucleotide loading state of RagA does not impose selectivity towards 
TFEB binding at the unique RagA–TFEB interface. However, RagAGTP 
is required for mTORC1 recruitment to the lysosome and subsequent 
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phosphorylation of both TFEB and TOS motif-containing substrates. In 
summary, RagCGDP and the unique RagA–TFEB interaction are specifi-
cally important for TFEB phosphorylation.

Bridging Rag–Ragulator complexes
The TFEB-nc–Rag–Ragulator complex is stabilized by interactions 
at both ends. On one end, the Pro-loop and α2 of TFEB bridge the 
Raptor N-terminal conserved (RNC) domain and the ordered switch 
I of nc-RagAGTP (Fig. 2e,f). As the switch I of RagA is disordered in the 
GDP-bound state6,27, it emphasizes the importance of nc-Rag GTPases 
being in the active state (RagAGTP–RagCGDP). The contact between Raptor  
and nc-RagAGTP is maintained by hydrophobic interaction between 
Leu133, Leu137 of Raptor and Ile43 of nc-RagAGTP (Fig. 2g). The residues 
Thr50, Pro51, Ala52 and Ile53 of TFEB (TPAI) cover a patch on the RNC 
domain, formed by residues Pro73, Pro156, Glu163, Trp165, Tyr174, Ile175 and 
Pro176 (Fig. 2h). The mTORC1 substrate 4E-BP1 contains an N-terminal 
RAIP sequence that binds to the same site on the RNC domain33. TFEB 
Ala52 and Ile53 also interact with Raptor residues Tyr174 and Ile175 by  
β strand augmentation, as had been proposed for the 4E-BP1 RAIP–RNC 
interaction33. However, mutational disruption of the 50TPAI53 sequence 
had no effect on TFEB phosphorylation or subcellular localization 
(Extended Data Fig. 7d,e).

On the other side of the interface, the Lamtor1 subunit of the 
non-canonical Ragulator makes close contacts with the G domain of 
canonical RagCGDP (Fig. 4a). The α2 of Lamtor1 resides on top of the α4 
and α5 helices of RagC, stabilized by Met82 of Lamtor1 inserting into the 
hydrophobic pocket formed by Tyr150, Met151, Leu154 of RagCGDP (Fig. 4b). 
Salt bridges are formed between Asp83, Arg86 of Lamtor1 and Arg198, 
Asp202 of RagCGDP, respectively. These data indicate that the RagCGDP 
state in the canonical Rag dimer is important for nc-Lamtor1 interaction 
and stabilization of the nc-Rag–Ragulator binding, thus heightening 
the sensitivity of the entire assembly to the RagC nucleotide state and 
thus the dependency of TFEB phosphorylation on FLCN.

To validate the role of the c-RagC and nc-Ragulator bridging interac-
tion, RagC residues Tyr150, Met151 and Arg198 were mutated and expressed 
in RagC KO HeLa cells. The constructs RagCY150D, RagCY150D/R198D and 
RagCY150D/M151D/R198D all showed normal S6K and 4E-BP1 phosphorylation 
in amino acid replete conditions, but reduced or no TFEB phosphoryla-
tion under these same conditions (Fig. 4c). Consistently, only wild-type 
RagC restored TFEB cytosolic localization in RagC KO cells (Fig. 4e). 
Furthermore, in contrast to wild-type RagC, none of the RagC mutants 
were able to restore TFEB–RagC colocalization in Torin1-treated RagC 
KO cells (Fig. 4f). Wild-type and all three RagC mutants were all, how-
ever, able to restore mTOR lysosomal localization in RagC KO cells 
(Fig. 4g), consistent with a selective role for this interaction in regulat-
ing the phosphorylation of TFEB, but not other mTORC1 substrates. 
Transfected RagCY150D and RagCY150D/R198D had no defect in their inter-
actions with TFEB, Raptor or mTOR, but a modest defect was noted 
for RagCY150D/M151D/R198D (Fig. 4d). The co-immunoprecipitation results 
confirm that the megacomplex can still be formed in bulk, whereas 
the microscopy results indicate that significant recruitment of TFEB at 
any given time point is low because of decreased affinity for Ragulator, 
which in turn effectively prevents TFEB phosphorylation.

Cryo-EM structure of the megacomplex
To understand how TFEB is phosphorylated by mTORC1 as presented by 
the Raptor–Rag–Ragulator complex, we reconstituted mTORC1–TFEB–
Rag–Ragulator megacomplex and determined its structure by cryo-EM. 
Two main populations of the megacomplex were resolved, showing that 
either one or two copies of TFEB are present on mTORC1 (Extended 
Data Fig. 8a). The reconstruction in C2 symmetry for the mTORC1 with 
two copies of TFEB resulted in a 3.7-Å resolution cryo-EM map. Fur-
ther symmetry expansion and local refinement of the asymmetric unit 

improved the resolution to 3.2 Å (Extended Data Fig. 8e). A composite 
map was generated by superimposing the local reconstructions to the 
C2 symmetric reconstruction (Fig. 5a). We then built the atomic model 
for the entire complex, which contains mTOR, Raptor, mLST8, TFEB, 
active Rag GTPases, Ragulator with a stoichiometry of 2:2:2:2:4:4, con-
taining a total of 36 polypeptide chains (Fig. 5b, Extended Data Table 1 
and Supplementary Video 1).

The long axis of the megacomplex is about 370 Å, and shows a curved 
geometry, with the HEAT domain and FAT domain of mTOR facing the 
convex and concave side, respectively. The binding mode of TFEB to 
the Rag GTPases and Raptor is essentially unchanged in the presence 
of the entire mTORC1 complex. Residues 2–108 of TFEB were resolved 
in the cryo-EM structure, essentially as before, but with the rest of 
TFEB not visualized and an empty active site despite the presence of a 
non-hydrolysable ATP analogue and the presence of sequences con-
taining phosphorylation sites (Extended Data Fig. 9a,b). The inability 
to visualize these regions is probably due to inherent flexibility in the 
sequences containing phosphorylation sites. The Pro-loop and α2 of 
TFEB are positioned near the active site of mTOR, surrounded by the 
FKBP12-rapamycin-binding (FRB) domain, the kinase domain (KD)  
N lobe and C lobe (Fig. 5c). TFEB shows limited overlap with the PRAS40 
(ref. 29), but no overlap with the S6K, at the FRB binding site (Extended 
Data Fig. 9c,d). In addition, Tyr95 and Thr99 of TFEB are close to, but do 
not directly contact, a hinge loop (residues 2115–2118) at the end of 
mTOR FRB domain (Fig. 5d)

Whereas the last ordered residue of TFEB is roughly 34 Å from the 
catalytic residue Asp2338 of mTOR (Fig. 5d), this still places Ser122 and 
Ser142 of TFEB close enough for delivery to the active site. In principle, 
the predicted flexible sequence from 109–210 could be long enough 
to deliver Ser211 to the second (distal) active site in the mTOR dimer, 
which is roughly 116 Å (linear distance) from TFEB residue 108. TFEB 
phosphorylation by mTORC1 is independent of Rheb7. In the case of 
Rheb-dependent mTORC1 activation, a large-scale conformational 
change of mTORC1 was observed in the Rheb-bound state, which is 
thought to be essential for phosphorylation of TOS-containing sub-
strates29. Our results shed light on the alternative structural mechanism 
of Rheb-independent TFEB phosphorylation by mTORC1, with com-
patible anchoring geometry on the lysosomal membrane (Extended 
Data Fig. 10).

Discussion
The work described above provides structural evidence in support 
of the findings that TFEB phosphorylation by mTORC1 is uniquely 
regulated through an elaborate RagCGDP-dependent mechanism7. 
The RagCGDP state is required, in the first instance, to maintain favour-
able contacts with the TFEB N-terminal helix in the non-canonical Rag 
dimer. In the canonical Rag dimer, the RagCGDP state is also important, 
in this case, for recruitment of the non-canonical Ragulator to the 
rest of the complex. The elaborate complex involved in presenting 
TFEB for phosphorylation by mTORC1 thus depends on two mole-
cules of RagCGDP. This mechanism serves to increase the stringency 
of TFEB regulation by the RagC GAP, FLCN. In the past few years, it 
has emerged that FLCN controls the phosphorylation of TFEB and 
other microphthalmia-associated transcription factors, but not that 
of many other well-known mTORC1 substrates such as S6 kinase, ULK1 
and 4E-BP1 (refs. 6,7,34,35). As the tumour suppressor whose mutation is 
responsible for BHD syndrome36, FLCN is under exceptionally tight 
regulation. An elaborate set of structural gymnastics keep FLCN inactive 
by retaining it in the lysosomal LFC under starvation conditions6, and 
reactivating it through intercleft competition with nutrient-activated 
SLC38A9 on refeeding27. The intercleft binding site for TFEB in the 
nc-Rag dimer overlaps with the site occupied by FLCN-FNIP2 in the 
LFC6,31 and with SLC38A9 (ref. 27), highlighting the complex time-sharing 
of different regulatory factors in the cleft. To this picture of stringent 
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regulation of FLCN, we have now added an even more elaborate mode 
of regulation of TFEB phosphorylation downstream of FLCN.

The structures described here confirm several predictions in the 
literature while also showing many unexpected features. The interac-
tion of Raptor with the canonical Rag–Ragulator complex was just as 
expected24,25. The N-terminal 30 amino acids of TFEB were correctly 
predicted to be essential for its Rag binding, lysosomal localiza-
tion and mTORC1 phosphorylation30. The role of the subsequent 80 
TFEB residues, however, was unanticipated. The presence of direct 
TFEB–Raptor interactions was completely unexpected. An Ile- and 

Pro-containing TPAI motif of TFEB binds directly to a surface patch on 
the RNC domain of Raptor that was previously shown to bind the RAIP 
sequence of 4E-BP1 (ref. 33). The TOS-containing mTORC1 inhibitor 
PRAS40 also contains an RAIP-like motif that interacts with the same 
patch on the RNC domain24, although its functional role has not been 
assessed. We found that a quadruple TPAI mutant of TFEB has no effect 
on TFEB phosphorylation by mTORC1 and subcellular localization. This 
is consistent with the finding that TFEB is not stably bound to Raptor 
in RagA/B deficient cells7, in the presence of inactive Rag GTPases2,5, 
or when the Rag-binding N-terminal residues of TFEB are absent3,7,37. 
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for the interaction between nc-Lamtor1 and c-RagCGDP. c, Representative 
immunoblot of RagC KO HeLa cells transfected with empty vector or wild-type 
RagC or RagC mutants (Y150, Y150/R198D or Y150/M151/R198D). Cells were 
amino acid starved and refed in the presence or absence of 250 nM Torin1. 
Quantifications are shown with mean ± s.e. throughout; n = 2 experiments.  

d, Representative co-immunoprecipitation of HeLa RagC KO cells transfected 
with the indicated constructs; n = 3 experiments. e–g, Cells as in c were analysed 
using immunofluorescence and quantified to calculate the percentage of the 
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colocalization (g) (n ≥ 8 independent fields per condition; NS, not significant; 
one-way ANOVA, Dunnett’s multiple comparisons test). Scale bar, 10 μm.
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The 4E-BP1 RAIP motif is separated from the TOS motif by 100 residues, 
and the RAIP–Raptor interaction makes a secondary contribution to 
mTORC1 binding relative to the TOS motif. Despite the fact structures 
show that the Raptor–TFEB binding interface is a prominent feature, 
the TPAI mutational data and previously published evidence indicate 
that TFEB–Raptor interaction is secondary to the contacts with the Rags 
and may have an auxiliary role in complex stabilization. Our structure 
illuminates a direct interaction between a Rag G domain and Ragulator 

(canonical RagC with non-canonical Ragulator), which we found to be 
important for TFEB phosphorylation. The question of how the mega-
complex dissociates in cells following Ser211 phosphorylation remains 
open. Dissociation might be mediated by phosphorylation-triggered 
structural rearrangements within TFEB or other megacomplex com-
ponents, or binding to 14-3-3 proteins2–5 or other factors.

All of the TFEB-contacting residues of RagC are conserved in RagD, 
consistent with the finding that expression of either RagC or RagD can 
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rescue TFEB recruitment to lysosomes in RagC/D double KO cells7. 
However, a recent publication38 suggested that RagC plays only a minor 
role in the recruitment and phosphorylation of TFEB. By contrast with 
this conclusion, here we showed that TFEB forms a stable complex 
with a RagA–RagC dimer, and that TFEB phosphorylation and subcel-
lular localization are drastically affected in RagC KO cells, despite the 
presence of endogenous RagD. These results are in line with previ-
ous publications showing that RagC depletion promotes TFEB/TFE3 
dephosphorylation and nuclear translocation39,40 and that the expres-
sion of a constitutively active RagC mutant is sufficient to rescue TFEB/
TFE3 phosphorylation and subcellular localization in FLCN KO cells7,40. 
Together, these data clearly demonstrate that RagC plays a major role 
in TFEB phosphorylation.

Overall, this work provides structural evidence of a non-canonical 
mTORC1 signalling that allows selective control of TFEB activity under 
specific conditions7,39,41–44. The hypophosphorylation and consequent 
hyperactivation of TFEB in the absence of FLCN drives increased 
mTORC1 activity and tumorigenesis in BHD syndrome7. Thus, in BHD, 
there might be therapeutic benefits to enhancing TFEB phospho-
rylation by bypassing RagCGDP. The complexity and stringency of the 
structural mechanism for RagCGDP-dependent phosphorylation sug-
gests this will be challenging. On the other hand, enhanced activation 
of TFEB may be desirable in treating lysosomal storage disorders13,14, 
promoting clearance of toxic aggregates and debris in neurons15–18 and 
preventing non-alcoholic fatty liver disease through lipid clearance45. 
The structure presented here identifies several new interfaces that 
could be targeted to such an end.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-022-05652-7.

1. Sardiello, M. et al. A gene network regulating lysosomal biogenesis and function. Science 
325, 473–477 (2009).

2. Settembre, C. et al. A lysosome-to-nucleus signalling mechanism senses and regulates 
the lysosome via mTOR and TFEB. EMBO J. 31, 1095–1108 (2012).

3. Roczniak-Ferguson, A. et al. The transcription factor TFEB links mTORC1 signaling to 
transcriptional control of lysosome homeostasis. Sci. Signal 5, ra42 (2012).

4. Martina, J. A., Chen, Y., Gucek, M. & Puertollano, R. MTORC1 functions as a transcriptional 
regulator of autophagy by preventing nuclear transport of TFEB. Autophagy 8, 903–914 
(2012).

5. Vega-Rubin-de-Celis, S., Pena-Llopis, S., Konda, M. & Brugarolas, J. Multistep regulation of 
TFEB by MTORC1. Autophagy 13, 464–472 (2017).

6. Lawrence, R. E. et al. Structural mechanism of a Rag GTPase activation checkpoint by the 
lysosomal folliculin complex. Science 366, 971–977 (2019).

7. Napolitano, G. et al. A substrate-specific mTORC1 pathway underlies Birt-Hogg-Dubé 
syndrome. Nature 585, 597–602 (2020).

8. Napolitano, G. & Ballabio, A. TFEB at a glance. J. Cell Sci. 129, 2475–2481 (2016).
9. Settembre, C. et al. TFEB links autophagy to lysosomal biogenesis. Science 332,  

1429–1433 (2011).
10. Settembre, C. et al. TFEB controls cellular lipid metabolism through a starvation-induced 

autoregulatory loop. Nat. Cell Biol. 15, 647–658 (2013).
11. Nezich, C. L., Wang, C., Fogel, A. I. & Youle, R. J. MiT/TFE transcription factors are activated 

during mitophagy downstream of Parkin and Atg5. J. Cell Biol. 210, 435–450 (2015).
12. Medina, D. L. et al. Transcriptional activation of lysosomal exocytosis promotes cellular 

clearance. Dev. Cell 21, 421–430 (2011).
13. Rega, L. R. et al. Activation of the transcription factor EB rescues lysosomal abnormalities 

in cystinotic kidney cells. Kidney Int. 89, 862–873 (2016).
14. Spampanato, C. et al. Transcription factor EB (TFEB) is a new therapeutic target for Pompe 

disease. EMBO Mol. Med. 5, 691–706 (2013).
15. Decressac, M. et al. TFEB-mediated autophagy rescues midbrain dopamine neurons from 

α-synuclein toxicity. Proc. Natl Acad. Sci. USA 110, E1817–E1826 (2013).
16. Dehay, B. et al. Pathogenic lysosomal depletion in Parkinson’s disease. J. Neurosci. 30, 

12535–12544 (2010).

17. Polito, V. A. et al. Selective clearance of aberrant tau proteins and rescue of neurotoxicity 
by transcription factor EB. EMBO Mol. Med. 6, 1142–1160 (2014).

18. Xiao, Q. et al. Neuronal-targeted TFEB accelerates lysosomal degradation of APP, 
reducing Aβ generation and amyloid plaque pathogenesis. J. Neurosci. 35, 12137–12151 
(2015).

19. Napolitano, G. et al. mTOR-dependent phosphorylation controls TFEB nuclear export. 
Nat. Commun. 9, 3312 (2018).

20. Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T. P. & Guan, K. L. Regulation of TORC1 by Rag 
GTPases in nutrient response. Nat. Cell Biol. 10, 935–945 (2008).

21. Sancak, Y. et al. Ragulator-Rag complex targets mTORC1 to the lysosomal surface and is 
necessary for its activation by amino acids. Cell 141, 290–303 (2010).

22. Sancak, Y. et al. The Rag GTPases bind raptor and mediate amino acid signaling to 
mTORC1. Science 320, 1496–1501 (2008).

23. Nada, S. et al. The novel lipid raft adaptor p18 controls endosome dynamics by anchoring 
the MEK-ERK pathway to late endosomes. EMBO J. 28, 477–489 (2009).

24. Anandapadamanaban, M. et al. Architecture of human Rag GTPase heterodimers and 
their complex with mTORC1. Science 366, 203–210 (2019).

25. Rogala, K. B. et al. Structural basis for the docking of mTORC1 on the lysosomal surface. 
Science 366, 468–475 (2019).

26. Tsun, Z. Y. et al. The Folliculin tumor suppressor is a GAP for the RagC/D GTPases that 
signal amino acid levels to mTORC1. Mol. Cell 52, 495–505 (2013).

27. Fromm, S. A., Lawrence, R. E. & Hurley, J. H. Structural mechanism for amino acid- 
dependent Rag GTPase nucleotide state switching by SLC38A9. Nat. Struct. Mol. Biol. 27, 
1017–1023 (2020).

28. Schalm, S. S. & Blenis, J. Identification of a conserved motif required for mTOR signaling. 
Curr. Biol. 12, 632–639 (2002).

29. Yang, H. et al. Mechanisms of mTORC1 activation by RHEB and inhibition by PRAS40. 
Nature 552, 368–373 (2017).

30. Martina, J. A. & Puertollano, R. Rag GTPases mediate amino acid-dependent recruitment 
of TFEB and MITF to lysosomes. J. Cell Biol. 200, 475–491 (2013).

31. Shen, K. et al. Cryo-EM structure of the human FLCN-FNIP2-Rag-Ragulator complex. Cell 
179, 1319–1329.e8 (2019).

32. Gong, R. et al. Crystal structure of the Gtr1p-Gtr2p complex reveals new insights into the 
amino acid-induced TORC1 activation. Genes Dev. 25, 1668–1673 (2011).

33. Bohm, R. et al. The dynamic mechanism of 4E-BP1 recognition and phosphorylation by 
mTORC1. Mol. Cell 81, 2403–2416 e5 (2021).

34. Wada, S. et al. The tumor suppressor FLCN mediates an alternate mTOR pathway to 
regulate browning of adipose tissue. Genes Dev. 30, 2551–2564 (2016).

35. Li, J. et al. Myeloid Folliculin balances mTOR activation to maintain innate immunity 
homeostasis. JCI Insight 5, e126939 (2019).

36. Schmidt, L. S. & Linehan, W. M. FLCN: the causative gene for Birt-Hogg-Dube syndrome. 
Gene 640, 28–42 (2018).

37. Hsu, C. L. et al. MAP4K3 mediates amino acid-dependent regulation of autophagy via 
phosphorylation of TFEB. Nat. Commun. 9, 942 (2018).

38. Gollwitzer, P., Grutzmacher, N., Wilhelm, S., Kummel, D. & Demetriades, C. A Rag GTPase 
dimer code defines the regulation of mTORC1 by amino acids. Nat. Cell Biol. 24,  
1394–1406 (2022).

39. Alesi, N. et al. TSC2 regulates lysosome biogenesis via a non-canonical RAGC and 
TFEB-dependent mechanism. Nat. Commun. 12, 4245 (2021).

40. Li, K. et al. Folliculin promotes substrate-selective mTORC1 activity by activating RagC  
to recruit TFE3. PLoS Biol. 20, e3001594 (2022).

41. Napolitano, G., Di Malta, C. & Ballabio, A. Non-canonical mTORC1 signaling at the 
lysosome. Trends Cell Biol. 32, 920–931 (2022).

42. Goodwin, J. M. et al. GABARAP sequesters the FLCN-FNIP tumor suppressor complex to 
couple autophagy with lysosomal biogenesis. Sci. Adv. 7, eabj2485 (2021).

43. Nakamura, S. et al. LC3 lipidation is essential for TFEB activation during the lysosomal 
damage response to kidney injury. Nat. Cell Biol. 22, 1252–1263 (2020).

44. Kimura, T., Hayama, Y., Okuzaki, D., Nada, S. & Okada, M. The Ragulator complex serves as 
a substrate-specific mTORC1 scaffold in regulating the nuclear translocation of 
transcription factor EB. J. Biol. Chem. 298, 101744 (2022).

45. Gosis, B. S. et al. Inhibition of nonalcoholic fatty liver disease in mice by selective 
inhibition of mTORC1. Science 376, eabf8271 (2022).

46. Goddard, T. D. et al. UCSF ChimeraX: meeting modern challenges in visualization and 
analysis. Protein Sci. 27, 14–25 (2018).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

https://doi.org/10.1038/s41586-022-05652-7
http://creativecommons.org/licenses/by/4.0/


Article
Methods

Protein expression and purification
The full-length codon-optimized human TFEB with S211A and R245-
247A mutations, human RagC with S75N mutation and human RagA 
with Q66L mutation were synthesized (Twist Bioscience) and cloned 
into a pCAG vector individually. The TFEB (S211A, R245-247A) construct 
included a TEV-cleavable GFP-His10 tag at the C terminus. The RagC 
(S75N) construct included a tobacco etch virus (TEV)-cleavable GST 
tag at the N terminus, whereas the RagA (Q66L) was tagless. For the 
expression and purification of the TFEB–Rag GTPases complex, the 
HEK293F GnTI− cells were transfected with a total of 1 mg of plasmid DNA 
(333 μg TFEB, 400 μg RagA and 267 μg RagC) and 4 mg polyethylenimine 
(Sigma-Aldrich) per litre at a density of 1.5–1.8 × 106 cells per ml. Cells 
were collected after 48 h, and lysed by gentle nutating in wash buffer 
(50 mM HEPES, 150 mM NaCl, 2.5 mM MgCl2, 1 mM TCEP, pH 7.4) supple-
mented with 0.4% CHAPS and Protease Inhibitor (Roche) for 1 h. Lysate 
was cleared by centrifugation at 35,000g for 35 min. Supernatant was 
incubated with glutathione Sepharose 4B (GE Healthcare) resin for 2 h. 
The resin was then first washed in the modified wash buffer with 200 mM 
NaCl and 0.3% CHAPS, and then in the wash buffer. The complex was 
eluted from the resin by a wash buffer with 10 mM reduced glutathione, 
and then incubated with TEV protease overnight. Eluted complexes were 
concentrated and further purified by size-exclusion chromatography 
using a Superose 6 10/300 GL (GE Healthcare) column equilibrated in 
the wash buffer. All purification steps were performed at 4 °C. Proteins 
were flash frozen in liquid nitrogen and stored in −80 °C. Attempted 
co-expression and purification of wild-type TFEB-GFP with active 
Rag GTPases was carried out as described above, however, wild-type 
TFEB-GFP did not co-elute with the Rags (Supplementary Fig. 2).

The human Ragulator complex (GST-TEV–Lamtor1, His6-TEV–Lamtor2)  
was expressed in Spodoptera frugiperda (Sf9) cells through baculovirus 
infection and purified as previously described47. In brief, Sf9 cells were 
pelleted after 72 h of baculovirus infection and lysed in the wash buffer 
with 1% Triton X-100 and protease inhibitor. The cleared supernatant 
after centrifugation was applied to Ni-nitrilotriacetic acid gravity 
column (Thermo Scientific), washed with the wash buffer containing 
200 mM NaCl, and eluted with the wash buffer with 250 mM imidazole. 
The elution was then applied to glutathione Sepharose 4B (GE Health-
care) gravity column, washed with the wash buffer. The complex was 
then eluted by on-column TEV cleavage overnight without nutation. 
Further purification was done by size-exclusion chromatography with 
a Superdex 200 10/300 GL column (GE Healthcare) column.

Three subunits of the human mTORC1 complex (mTOR, Raptor, 
mLST8) were codon-optimized and synthesized (GenScript). The mTOR 
gene was cloned into a pCAG vector without a tag, the Raptor gene was 
cloned into a pCAG vector with an uncleavable tandem 2× Strep II-1× 
FLAG-tag at the N terminus, and the mLST8 gene was also cloned into 
a pCAG vector with an uncleavable tandem 2× Strep II-1× FLAG-tag at 
the N terminus. The mTORC1 complex was produced in a similar man-
ner to the TFEB–Rag GTPases complex, except that the total amount 
of DNA was increased to 1.35 mg (900 μg of mTOR, 250 μg of Raptor 
and 200 μg of mLST8) per litre of cells. The purification procedure 
of the mTORC1 complex is similar to that previously described24. On 
the other hand, Strep-Tactin resin (IBA Lifesciences) was used for the 
affinity purification and the complex was eluted with the wash buffer 
(50 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH 7.4) containing 10 mM 
d-desthiobiotin. The elution was diluted into equal volume of salt-free 
buffer (50 mM HEPES, 1 mM TCEP, pH 7.4) and applied to a 5 ml HiTrap 
Q column (GE Healthcare). The mTORC1 complex and free RAPTOR 
were separated by a 100 ml salt gradient with salt-free buffer and high 
salt buffer (50 mM HEPES, 1 M NaCl, 1 mM TCEP, pH 7.4). The fractions 
containing mTORC1 complex and free Raptor were concentrated to 
1.3 and 0.5 mg ml−1, respectively. Purified proteins were flash frozen 
in liquid nitrogen and stored at −80 °C.

Cryo-EM sample preparation and imaging
The Raptor–TFEB–Rag–Ragulator complex was prepared by incubat-
ing 0.48 μM Raptor, 0.59 μM TFEB–Rag GTPases, 1.42 μM Ragulator, 
9.5 μM GTP and 9.5 μM GDP in the wash buffer on ice for 5 h. Further 
purification of the complex was achieved by running a Superose 6 
10/300 GL column. Fractions containing the fully assembled Raptor–
TFEB–Rag–Ragulator complex were concentrated to 0.8 mg ml−1 for 
cryo-EM sample preparation.

The mTORC1–TFEB–Rag–Ragulator megacomplex was reconstituted 
in two steps. First, the TFEB–Rag–Ragulator complex was formed by 
incubating 2.5 μM TFEB–Rag GTPases, 7.4 μM Ragulator, 25 μM GTP and 
25 μM GDP in the wash buffer on ice for 1 h. It is further purified through 
a Superose 6 10/300 GL column and concentrated to 1.2 mg ml−1. And 
then, 0.36 μM mTORC1 complex, 1.8 μM TFEB–Rag–Ragulator com-
plex, 18 μM GTP, 18 μM GDP and 36 μM AMPPNP were incubated in 
100 μl of wash buffer containing 5 mM TCEP on ice for 5 h. Assembled 
mTORC1–TFEB–Rag–Ragulator megacomplex was further concen-
trated to roughly 1 mg ml−1 for cryo-EM sample preparation.

Cryo-EM specimens were prepared by applying 3 μl of freshly recon-
stituted complex to a glow-discharged (PELCO easiGlow, 45 s in air at 
15 mA and 0.37 mbar) holey carbon grid (C-flat, 2/1-3C-T) and vitrified 
using a FEI Vitrobot Mark IV (Thermo Fisher Scientific) after blotting 
for 3 s with blot force 18, two Whatman 595 papers on the sample side 
and one Whatman 595 paper on the back side at 6 °C with 100% rela-
tive humidity.

Cryo-EM images of the Raptor–TFEB–Rag–Ragulator complex and 
mTORC1–TFEB–Rag–Ragulator megacomplex were recorded under 
a Titan Krios G3 microscope (Thermo Fisher Scientific) equipped 
with a Gatan Quantum energy filter (slit width 20 eV) and operated at 
300 kV. Automated data acquisition was achieved using SerialEM48 on 
a K3 Summit direct detection camera (Gatan) in the super-resolution 
correlated-double sampling mode with a pixel size of 0.525 Å and a 
defocused range of −0.8 to −2.2 μm. Beam shift was enabled to encom-
pass four exposures per hole and nine holes per stage shift. The beam 
intensity was adjusted to a dose rate of roughly 1 e− per Å2 per frame 
for a 50-frame video stack with a total exposure time of 7.6 s. A total of 
10,080 and 17,028 video stacks were recorded for the Raptor–TFEB–
Rag–Ragulator complex and the mTORC1–TFEB–Rag–Ragulator mega-
complex, respectively.

Cryo-EM images of the TFEB–Rag–Ragulator complex were recorded 
under a Talos Arctica microscope (Thermo Fisher Scientific) operated 
at 200 kV. Automated data acquisition was achieved using SerialEM48 
on a K3 Summit direct detection camera (Gatan) in the super-resolution 
correlated-double sampling mode with a pixel size of 0.5575 Å and a 
defocused range of −0.8 to −2.2 μm. Beam shift was enabled to encom-
pass nine exposures per stage shift. The beam intensity was adjusted to 
a dose rate of roughly 1 e− per Å2 per frame for a 50-frames video stack 
with a total exposure time of 8.6 s. A total of 3,438 video stacks were 
recorded for the TFEB–Rag–Ragulator complex.

Cryo-EM data processing
Super-resolution video stacks were motion-corrected and binned 2× by 
Fourier cropping using MotionCor2 (ref. 49). Motion-corrected micro-
graphs were primarily processed following the workflow in cryoSPARC v.3  
(ref. 50).

The data processing scheme for the Raptor–TFEB–Rag–Ragulator 
complex and mTORC1–TFEB–Rag–Ragulator megacomplex is shown in 
Extended Data Figs. 2 and 8, respectively. Owing to the size of the data-
sets, micrographs were split and processed following the same protocol 
and then combined for homogeneous refinement. Contrast transfer 
function determination was done using patch CTF in cryoSPARC v.3. 
Blob picker and template picker were both used to maximize the num-
ber of initially picked particles. Two-dimensional (2D) classification 
was only used to remove obvious ‘junk’ particles (for example, ice and 



chaperonin contaminants). Heterogeneous refinement following the 
ab initio reconstruction was used to select good particles, preserving 
potential particles with rare views that could not be identified in 2D 
classification. After extensive cleaning using 2D classification and het-
erogeneous refinement, particles were merged and the duplicates were 
removed with a 100-Å cut-off distance. Homogeneous refinement was 
then performed for the full dataset. Further cleaning of the full dataset 
was accomplished either by three-dimensional (3D) classification with 
the ‘skip_align’ option using RELION3 (ref. 51) or 3D classification func-
tion in cryoSPARC v.3. The conversion of data files between cryoSPARC 
v.3 and RELION3 was done using University of California San Francisco 
(UCSF) pyem52. Local refinement was used to produce final cryo-EM 
maps for model building. For the mTORC1–TFEB–Rag–Ragulator mega-
complex, symmetry expansion followed by local refinement was used 
to generate the cryo-EM map of an asymmetric unit.

In summary, a 3.6 Å resolution map was obtained from 169,720 par-
ticles for the TFEB–Rag–Ragulator complex. Three local refinement 
maps were resolved for the Raptor–TFEB–Rag–Ragulator complex, 
including Raptor (377,569 particles), canonical Rag–Ragulator (377,569 
particles) and non-canonical Rag–Ragulator (273,453 particles) to the 
resolutions of 2.8, 2.9 and 2.9 Å, respectively. For the mTORC1–TFEB–
Rag–Ragulator megacomplex, two main populations containing either 
one (103,274 particles) or two copies (96,166 particles) of the TFEB and 
non-canonical Rag–Ragulator were both resolved with C1 symmetry 
to the resolution of 3.8 Å. Symmetry expansion and local refinement 
of the population with two copies of the TFEB and non-canonical Rag–
Ragulator yielded a 3.2 Å resolution map.

The overall resolution of all these reconstructed maps was assessed 
using the gold-standard criterion of Fourier shell correlation53 at 0.143 
cut-off54. Local resolution estimation55 and local filtering were done in 
cryoSPARC v.3.

Atomic model building and refinement
To build the atomic model for Raptor–TFEB–Rag–Ragulator complex, 
we first fit the previous Raptor–Rag–Ragulator (Protein Data Bank 
(PDB) 6U62) structure in our cryo-EM map as rigid body using UCSF 
ChimeraX46. The fragments of the TFEB model were initially obtained 
from AlfaFold2 prediction56, and manually docked into our cryo-EM 
map. A composite map combining the three focused-refinement 
maps was assembled using PHENIX57. Model refinement against the 
composite map was performed by real-space refinement in PHENIX58.  
Manual model building was done with COOT59 and ISOLDE60 to 
inspect and improve local fitting. The iterative process of refine-
ment and the manual building was conducted to achieve the best 
model. For the mTORC1–TFEB–Rag–Ragulator megacomplex, the 
refined Raptor–TFEB–Rag–Ragulator and previous mTORC1 (PDB 
6BCX) structures were docked in our cryo-EM map. A composite 
map of the symmetric complex using the focused-refinement asym-
metric unit was generated. The same model building procedure was 
performed as described above. All the figures and videos were made 
using UCSF ChimeraX.

Materials and plasmids for cellular assays
Reagents used in this study were obtained from the following sources: 
antibodies to mTOR (catalogue no. 2983, 1:100 immunofluorescence), 
Phospho-p70 S6 Kinase (Thr389) (1A5) (catalogue no. 9206, 1:1,000 
western blot), p70 S6 Kinase (catalogue no. 9202, 1:1,000 western blot), 
4E-BP1 (catalogue no. 9644, 1:1,000 western blot), Phospho-4E-BP1 
(Ser65) (catalogue no. 9456, 1:1,000 western blot), TFEB (catalogue 
no. 4240, 1:1,000 western blot) and Phospho-TFEB S211 (catalogue 
no. 37681, 1:1,000 western blot) were from Cell Signalling Technology; 
antibodies to GAPDH (6C5) (catalogue no. sc-32233, 1:15,000 western 
blot) and LAMP-1 (H4A3) (catalogue no. sc-20011, 1:500 immunofluo-
rescence) were from Santa Cruz; antibody to HA.11 Epitope Tag (cata-
logue no. 901513) was from Biolegend and HRP-conjugated secondary 

antibodies to mouse (catalogue no. 401215, 1:5,000 dilution) and rabbit 
(catalogue no. 401315, 1:5,000 dilution) IgGs were from Calbiochem.

Chemicals used were Torin1 (catalogue no. 4247) that came from 
Tocris, Protease Inhibitor Cocktail (catalogue no. P8340) and puro-
mycin (catalogue no. P9620) were from Sigma-Aldrich and PhosSTOP 
phosphatase inhibitor cocktail tablets (catalogue no. 04906837001) 
were from Roche.

Plasmids used were the plasmid encoding full-length TFEB-GFP, pre-
viously described in ref. 9. pRK5-HA-GST RagC wild-type (no. 19304) and 
pRK5-HA-GST-RagA wild-type (no. 19298) plasmids, which were a kind 
gift from D. Sabatini (Addgene plasmids). All the mutants used in these 
cellular assays were generated by using QuikChange II-E Site-Directed 
Mutagenesis Kit (no. 200555, Agilent Technologies).

Cell culture
HeLa cells were cultured in MEM (catalogue no. ECB2071L, Euroclone) 
supplemented with 10% inactivated fetal bovine serum (FBS) (catalogue 
no. ECS0180L, Euroclone), 2 mM glutamine (catalogue no. ECB3000D, 
Euroclone), penicillin (100 IU ml−1) and streptomycin (100 μg ml−1) 
(catalogue no. ECB3001D, Euroclone) and maintained at 37 °C and 
5% CO2. RagC KO HeLa cells and RagA KO HeLa cells were previously 
generated and described in ref. 7. Flp-In 293 T-REx cells (catalogue no. 
R78007 Thermo Fisher) were grown in DMEM (catalogue no. D6429 
Sigma-Aldrich), supplemented with 10% (vol/vol) FBS (catalogue no. 
10270 Thermo Fisher), 100 U ml−1 penicillin and 100 μg ml−1 streptomy-
cin (catalogue no. P0781 Sigma-Aldrich), 100 μg ml−1 Zeocin (catalogue 
no. ant-zn-5b InvivoGen, Toulouse, France) and 15 μg ml−1 Blasticidin 
(ant-bl-5b InvivoGen). Cell lines were validated by morphological analy-
sis and routinely tested for absence of mycoplasma.

Cell treatment
For experiments involving amino acid starvation, cells were rinsed 
twice with PBS and incubated for 60 min (unless stated otherwise) in 
amino acid-free Roswell Park Memorial Institute medium (catalogue 
no. R9010-01, USBiological) supplemented with 10% dialysed FBS. 
Serum was dialysed against 1× PBS through 3,500 molecular weight 
cut-off dialysis tubing to ensure absence of contaminating amino acids. 
For amino acid refeeding, cells were restimulated for 30 min with 1× 
water-solubilized mix of essential (catalogue no. 11130036, Thermo 
Fisher Scientific) and non-essential (catalogue no. 11140035, Thermo 
Fisher Scientific) amino acids resuspended in amino acid-free Roswell 
Park Memorial Institute medium supplemented with 10% dialysed FBS, 
plus glutamine. Where reported, cells were incubated with 250 nM 
Torin1 during amino acid restimulation.

Cell lysis and western blotting
Cells were rinsed once with PBS and lysed in ice-cold lysis buffer 
(250 mM NaCl, 1% Triton, 25mM HEPES pH 7.4) supplemented with 
protease and phosphatase inhibitors. Total lysates were passed ten 
times through a 25-gauge needle with syringe, kept at 4 °C for 10 min 
and then cleared by centrifugation in a microcentrifuge (14,000 rpm 
at 4 °C for 10 min). Protein concentration was measured by Bradford 
assay. Cell lysates were resolved by SDS–PAGE on 4–12% Bis-Tris gradient 
gels (catalogue no. NP0323PK2 NuPage, Thermo Fisher Scientific) and 
analysed by immunoblotting with the indicated primary antibodies.

Confocal microscopy
Cells were grown on eight-well Lab-Tek II Chamber Slides, treated as 
indicated and fixed with 4% paraformaldehyde for 10 min at room tem-
perature. Blocking was performed with 3% bovine serum albumin in 
PBS + 0.02% saponin for 1 h at room temperature. Immunostainings 
were performed on dilution of primary antibodies in blocking solu-
tion and overnight incubation at 4 °C, followed by three washes and 
secondary antibody incubation in blocking solution for 1 h at room 
temperature. After three more washes, coverslips were finally mounted 
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in VECTASHIELD mounting medium with 4,6-diamidino-2-phenylindole 
and analysed using LSM 800 or LSM 880+ Airyscan systems (Carl Zeiss), 
with a Plan-Apochromat ×63/1.4 NA M27 oil immersion objective using 
immersion oil (catalogue no. 518F, Carl Zeiss) at room temperature. The 
microscopes were operated on the ZEN 2013 software platform (Carl 
Zeiss). After calculation of processing for the airyscan, images were 
processed in the ImageJ v.1.47. Mander’s colocalization coefficient was 
calculated using JACoP ImageJ Plugin61.

Immunoprecipitation
Flp-In 293 T-REx cells were transfected with wild-type or mutant 
TFEB-GFP. HeLa RagC KO cells or RagA KO cells grown on 10 cm culture 
dishes were transiently transfected with the different HA-GST-RagC 
mutants and wild-type Flag-RagA or HA-GST-RagAH104D/D107R/E111R and 
Flag-RagC, respectively, using Fugene HD (catalogue no. E2311, Promega).  
As a control, cell lines were transfected with STREP-HA-GFP (control 
beads lane on immunoprecipitation blots). The following day, cells were 
treated with 330 nM Torin1 (catalogue no. 4247, Tocris) for 1 h. Subse-
quently, cells were washed twice with ice-cold PBS and incubated with 
1 mg ml−1 dithiobis(succinimidyl propionate) crosslinker (catalogue no. 
22586, Thermo Fisher Scientific) for 10 min at room temperature. The 
crosslinking reaction was quenched by adding Tris-HCl pH 8.5 to a final 
concentration of 100 mM, the cells rinsed again with ice-cold PBS and 
lysed in 25 mM HEPES pH 7.4, 250 mM NaCl, 1% Triton supplemented 
with protease and phosphatase inhibitors. For immunoprecipitations 
performed with TFEB as a bait, the lysis buffer also included 0.1% SDS 
and 2 mM EDTA. Lysates were passed five times through a 25-gauge 
needle with syringe and then cleared by centrifugation (14,000 rpm at 
4 °C for 10 min). Lysates were then incubated with GFP trap magnetic 
agarose beads (no, gtma-20, ProteinTech Group, Inc) or with haemag-
glutinin beads (catalogue no. A2095, Sigma) at 4 °C for 2 h, washed 
with 40× the beads volume of lysis buffer, and eluted from the beads. 
Aliquots of the lysates and eluates were resolved by SDS–PAGE on 8, 
10 or 15% SDS–PAGE gels and analysed by immunoblotting with the 
indicated primary antibodies. The emitter-coupled logic signal was 
detected and recorded with Fusion FX EDGE. Quantification of western 
blots was performed by calculating the intensity of the protein bands 
using the densitometry analysis function of ImageJ. Values were nor-
malized to the respective control in each experiment.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Structural coordinates were deposited in the PDB with accession 
codes 7UX2 (Raptor–TFEB–Rag–Ragulator), 7UXC (asymmetric 
unit of mTORC1–TFEB–Rag–Ragulator) and 7UXH (mTORC1–TFEB–
Rag–Ragulator). The cryo-EM density maps were deposited in the 
Electron Microscopy Data Bank with accession numbers EMD-26840 
(Raptor–TFEB–Rag–Ragulator complex with Raptor mask), EMD-
26842 (Raptor–TFEB–Rag–Ragulator complex with c-Rag–Ragulator  
mask), EMD-26843 (Raptor–TFEB–Rag–Ragulator complex with 
TFEB-nc-Rag–Ragulator mask), EMD-26844 (consensus refinement 
of the Raptor–TFEB–Rag–Ragulator complex), EMD-26846 (compos-
ite map of the Raptor–TFEB–Rag–Ragulator complex), EMD-26852 

(consensus refinement of mTORC1–TFEB–Rag–Ragulator complex 
with C2 symmetry), EMD-26857 (symmetry expansion of the mTORC1–
TFEB–Rag–Ragulator complex) and EMD-26861 (composite map of the 
mTORC1–TFEB–Rag–Ragulator complex).
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Extended Data Fig. 1 | Purification, reconstitution, and cryo-EM structure 
determination of the TFEB-Rag-Ragulator complex. a, Gel filtration 
chromatography of the TFEB-Rag and TFEB-Rag-Ragulator complexes, using  
a Superose 6 10/300 GL (GE Healthcare) column. Corresponding peaks are 
labelled and analyzed by Coomassie blue staining SDS-PAGE in b and c for 
TFEB-Rag and TFEB-Rag-Ragulator complexes, respectively. d-f, cryo-EM 
structure determination of TFEB-Rag-Ragulator complex. d, Resolution 
estimation based on the gold standard FSC. e, Orientation distribution of  

the reconstructed cryo-EM map. f, Side-by-side view of the cryo-EM density 
map and atomic model of the TFEB-Rag-Ragulator complex. Cryo-EM density 
for TFEB is not resolved. Asterisks in (b) and (c) indicate HSP70 contamination. 
g, Masked 3D classification of TFEB-Rag-Ragulator without alignment using 
the reconstruction in f. The TFEB mask is shown in grey density. The classification 
results are shown in blue. Rag-Ragulator is shown in light gray and shown as 
reference to identify TFEB. Only the least populated class (0.15%) shows density 
in the TFEB binding site.
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Extended Data Fig. 2 | Cryo-EM workflow of the Raptor–TFEB-Rag-Ragulator 
complex. a, Cryo-EM data processing diagram of the Raptor–TFEB-Rag-Ragulator 
complex. b, A representative micrograph of the dataset after motion correction. 
c, Selected 2D class average images showing different orientations of the 

complex. d, Resolution plots of the cryo-EM reconstructions with different 
masks. Orientation distribution of reconstructed cryo-EM maps with Raptor, 
c-Rag-Ragulator, and nc-Rag-Ragulator masks are shown in e, f, and g, respectively. 
Scale bars in b and c represent 20 nm.



Extended Data Fig. 3 | Representative cryo-EM density of the Raptor-TFEB-Rag-Ragulator complex. a, Cryo-EM density of TFEB (2–105) at contour level 6 
(left) and level 4 (right). b, Cryo-EM density of the nucleotides at contour level 8.9.
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Extended Data Fig. 4 | Interaction surface aera estimation of the Raptor- 
TFEB-Rag-Ragulator complex and structural comparison between 
nc-Rag-Ragulator and c-Rag-Ragulator. a, A cartoon representation of the 
complex, labelled with red circles indicating different interaction surface.  

b, A table showing the interaction surface aera labelled in a, estimated by PISA62. 
c, Structures are superimposed based on RagC. The TFEB-nc-Rag-Ragulator are 
colored as in Fig. 1. The c-Rag-Ragulator is colored in gray.



Extended Data Fig. 5 | Assembly of Raptor-TFEB1–109-Rag-Ragulator 
complex. a, SDS-PAGE analysis of the purified TFEB1–109-Rag complex before 
TEV cleavage and gel filtration. b, Gel filtration chromatography of the 

Raptor-Rag-Ragulator and Raptor-TFEB1–109-Rag-Ragulator complexes, using a 
Superose 6 10/300 GL (GE Healthcare) column. The peaks corresponding to the 
largest complex are analyzed by SDS-PAGE and stained by Coomassie blue.
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Extended Data Fig. 6 | Structural comparison between the active nc-Rag 
GTPases (RagAGTP-RagCGDP) and RagC in GTP-bound states, and between 
the nc-RagAGTP and RagA in GDP-bound states at the unique TFEB contact 
site. a, Structures are superimposed based on the α8 of RagC. Structures of 

RagC in GTP-bound states are colored as gray, while the switch I regions are 
colored as pink. Residues 41–105 of TFEB are omitted. b, Structures are 
superimposed based on the α4 of RagA. Structures of RagA at GDP-bound 
states are colored in gray. The TFEB and nc-Rag GTPases are colored as in Fig. 1.



Extended Data Fig. 7 | Quantification of the co-immunoprecipitation of 
mutants in the TFEB-nc-Rag GTPases interface and in cellulo assessment of 
the TFEB 50TPAI53 mutation. a-c, Quantifications of TFEB mutants in Fig. 3c, 
RagC mutants in Fig. 3e, and RagA mutants in Fig. 3g are calculated with mean ± 
s.e.m.; n = 3 experiments. d, Representative immunofluorescence analysis of 
cells expressing GFP tagged wild type or 50TPAI53 mutant TFEB, in the presence 

and absence of amino acids. Quantification on the right shows the percentage 
of cells with TFEB nuclear localization. Results are mean ± s.e.; n = 5 independent 
fields per condition. Scale bar, 10 μm. e, TFEB phosphorylation was analyzed by 
immunoblotting for wild type and 50TPAI53 mutant, in the presence and absence 
of Torin1.
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Extended Data Fig. 8 | Cryo-EM workflow of the mTORC1-TFEB-Rag- 
Ragulator megacomplex. a, Cryo-EM data processing diagram of the 
mTORC1-TFEB-Rag-Ragulator megacomplex. b, A representative micrograph 
of the dataset after motion correction. c, SDS-PAGE of the reconstituted 
megacomplex stained by Coomassie blue. Asterisk indicates HSP70 

contamination. d, Selected 2D class average images showing different 
orientations of the complex. e, Resolution plots of the asymmetric unit of 
mTORC1-TFEB-Rag-Ragulator megacomplex after symmetry expansion.  
f, Orientation distribution of local refinement after symmetry expansion of the 
mTORC1-TFEB-Rag-Ragulator complex. Scale bars in b and d represent 20 nm.



Extended Data Fig. 9 | Cryo-EM map of the active site of mTOR and 
overlapping between TFEB, S6K and PRAS40. a, Cryo-EM map in the active 
site of mTOR is shown as transparent surface. The density is zoned within 3Å  
of the model. b, The cryo-EM density outside the zone range is shown as solid 

surface colored in gray. c-d, Superimposed structure of S6K (PDB: 5WBH) and 
PRAS40 (PDB: 5WBU) with mTORC1-TFEB-Rag-Ragulator based on the FRB 
domain of mTOR.
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Extended Data Fig. 10 | Proposed membrane tethering of the mTORC1- 
TFEB-Rag-Ragulator megacomplex. The Red dots represent the position of 
residue 47 of Lamtor 1 subunit. The dashed curved lines indicate the disordered 

46 residues of Lamtor1. The long linker of Lamtor 1 at N-terminus could also 
permit the complex facing toward the lysosomal membrane in an opposite 
orientation as shown above.



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

Raptor-TFEB-Rag-Ragulator and mTORC1-TFEB-Rag-Ragulator models are refined using composite maps.
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