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Summary
The mammalian Target of Rapamycin Complex 1 (mTORC1) regulates cell growth in response to
the nutrient and energy status of the cell, and its deregulation is common in human cancers. Little
is known about the overall architecture and subunit organization of this essential signaling
complex. We have determined the three-dimensional (3D) structure of the fully assembled human
mTORC1 by cryo-electron microscopy (cryo-EM). Our analyses reveal that mTORC1 is an
obligate dimer with an overall rhomboid shape and a central cavity. The dimeric interfaces are
formed by interlocking interactions between the mTOR and raptor subunits. Extended incubation
with FKBP12-rapamycin compromises the structural integrity of mTORC1 in a stepwise manner,
leading us to propose a model in which rapamycin inhibits mTORC1-mediated phosphorylation of
4E-BP1 and S6K1 through different mechanisms.
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Highlights

The cryo-EM structure of human mTORC1 was determined at a resolution of 26 Å.

Interlocking mTOR-raptor interactions maintain the dimeric architecture of mTORC1.

FKBP12-rapamycin profoundly disrupts the structural integrity of mTORC1.
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Introduction
The mTOR serine/threonine kinase is a member of the phosphoinositide 3-kinase (PI3K)-
related kinase (PIKK) family. This conserved protein integrates diverse upstream signals to
regulate growth-related processes, including mRNA translation, ribosome biogenesis,
autophagy, and metabolism (Sarbassov et al., 2005a). mTOR nucleates two large, physically
and functionally distinct signaling complexes: mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2) (Guertin and Sabatini, 2007). mTORC1 consists of mTOR, raptor
(regulatory associated protein of mTOR), PRAS40 (proline-rich AKT substrate 40 kDa), and
mLST8 (mammalian lethal with sec-13). mTORC2, on the other hand, is composed of
mTOR, mLST8, rictor (raptor independent companion of mTOR), mSIN1 (mammalian
stress-activated protein kinase interacting protein 1), and Protor-1 (protein observed with
rictor-1), and controls cell proliferation and survival by phosphorylating and activating the
Akt/PKB kinase (Sarbassov et al., 2005b). The key structural features that differentiate the
substrate specificity of mTORC1 and mTORC2 remain unclear.

Unlike mTORC2, mTORC1 appears to play critical roles in cell growth in response to
nutrients. The mTOR protein, which consists of multiple HEAT repeats at its N-terminal
half followed by the FKBP12-rapamycin binding (FRB) and serine–threonine protein kinase
domains near its C-terminal end, has no known enzymatic functions besides its kinase
activity. PRAS40 has been characterized as a negative regulator of mTORC1 (Sancak et al.,
2007; Vander Haar et al., 2007; Wang et al., 2007), but the functions of other mTOR-
interacting proteins in mTORC1 are ambiguous. Previous studies indicate that raptor may
have roles in mediating mTORC1 assembly, recruiting substrates, and regulating mTORC1
activity and subcellular localization (Hara et al., 2002; Kim et al., 2002; Sancak et al., 2008).
The strength of the interaction between mTOR and raptor can be modified by nutrients and
other signals that regulate the mTORC1 pathway, but how this translates into regulation of
the mTORC1 pathway remains elusive. The role of mLST8 in mTORC1 function is also
unclear, as the chronic loss of this protein does not affect mTORC1 activity in vivo (Guertin
et al., 2006). However, the loss of mLST8 can perturb the assembly of mTORC2 and its
function. The small GTP-binding protein Rheb (Ras homologue enriched in brain) binds
near the mTOR kinase domain (Long et al., 2005) and seems to have a key role in
stimulating the kinase activity of mTORC1 (Long et al., 2005; Sancak et al., 2007).

mTORC1 can be hyperactivated by oncogenic phosphoinositide 3-kinase signaling and
promotes cellular growth in cancer (Guertin and Sabatini, 2007; Shaw and Cantley, 2006).
mTORC1 drives growth through at least two downstream substrates S6 kinase 1 (S6K1) and
eIF-4E-binding protein 1 (4E-BP1) (Richter and Sonenberg, 2005; Ma and Blenis, 2009).
The regulation of the activity of mTORC1 towards these and yet unidentified substrates
appears to be complex and is likely to be dependent on the organization of the various
subunits in the mTORC1 complex. The study of mTORC1 phosphorylation of substrate sites
has been greatly aided by pharmacological inhibitors of mTORC1, in particular rapamycin.
Rapamycin, in complex with its intracellular receptor FKBP12 (FK506-binding protein of
12 kDa), acutely inhibits mTORC1 by binding to the FRB domain of mTOR (Sarbassov et
al., 2005a). Yet, the molecular mechanism of how this high affinity interaction perturbs
mTOR kinase activity and the fully assembled mTORC1 is currently unknown. Although
there have been attempts to model the N-terminal domain of mTOR based on the low-
resolution structure of human DNA-PK (Sibanda et al., 2010), these efforts have failed to
provide insights into the function and regulation of the mTOR kinase. Thus, a detailed
knowledge of mTORC1 structure, including the organization of its components, has the
potential to help understand the regulation of its kinase activity and in aiding the
development of more effective mTORC1 inhibitors. We report the three-dimensional (3D)
structure of human mTORC1 as determined by cryo-EM. This structure together with
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labeling and biochemical studies reveal the intricate organization of the components within
mTORC1 and provide structural insights into the mechanism of its inhibition by FKBP12-
rapamycin.

Results and Discussion
Purification of human mTORC1

The large size (~1 MDa) and instability of mTORC1 make it difficult to obtain the purified
complex for structural analysis. To address this issue, we devised a method to purify
microgram quantities of intact and active human mTORC1. Keys to the successful
purification of mTORC1 were the development of a human cell line stably expressing a
tagged raptor subunit that incorporates into endogenous mTORC1, the identification of
buffer conditions that minimize mTORC1 disintegration and/or aggregation during
purification, and the implementation of tandem gel filtration chromatography steps to
separate mTORC1 from other large contaminants (Figure 1A). Purified mTORC1 consists
of equimolar quantities of mTOR, raptor, and mLST8, and of PRAS40 at substoichiometric
level (Figure 1B and C). The kinase activity of purified mTORC1 towards S6K1 was
sensitive to FKBP12-rapamycin and Torin1, an ATP-competitive inhibitor of mTOR
(Thoreen et al., 2009) (Figure 1D). Negative stain EM analysis of the purified complex
revealed particles that were homogeneous in size and shape (Figure 1E). Projection averages
calculated from the classification of 10,080 particle images illustrated that mTORC1 has an
elongated, rhomboid shape with a central, stain-filled cavity and “feet-like” protrusions
emanating from both ends of the molecule (Figure 1E, inset, and Figure S1). The averages
displayed a two-fold symmetry. This observation, together with the mass estimated from gel
filtration, provides evidence for the obligate dimeric organization of mTORC1 that had been
previously suggested by genetic and co-immunoprecipitation studies (Zhang et al., 2006;
Takahara et al., 2006; Urano et al., 2007; Wang et al., 2006). Although PRAS40 was present
in substoichiometric amounts in our purified mTORC1 sample, the fact that all averages
show particles with identical overall shape suggests that PRAS40 contributes little to the
density of the complex and is not required for proper assembly and stability of mTORC1.
Our projection structure does not resemble the monomeric structure obtained from the recent
negative stain EM analysis of Saccharomyces cerevisiae TOR in complex with KOG1 (the
raptor homolog in yeast) (Adami et al., 2007). These striking differences may be due to the
differences in composition and stoichiometry of known components within the two TOR
complexes. The sample used in the EM study of the yeast complex may not reflect a fully
assembled TORC1 complex but rather a subassembly. For example, LST8, a bona fide yeast
TORC1 component, is missing in the analyzed sample of the yeast study. Additionally,
human mTOR and raptor are only conserved over limited regions compared to their yeast
orthologues, TOR1 and KOG1, respectively. Therefore, it is conceivable that human
mTORC1 and yeast TORC1 could adopt different quaternary structures.

Cryo-EM structure of mTORC1
To determine the 3D structure of mTORC1 by cryo-EM, we first produced a reliable initial
model by calculating a random conical tilt (RCT) reconstruction with 50°/0° tilt pair images
of cryo-negatively stained specimens (Figure S2). Collecting images of vitrified mTORC1
specimens proved difficult due to low protein concentration (attempts to concentrate
mTORC1 samples were unsuccessful) and a strong tendency of mTORC1 to dissociate upon
contact with the air-water interface. We overcame these difficulties by adsorbing mTORC1
to a thin carbon film prior to vitrification. Even so, only few particles were present (Figure
2A), requiring us to collect many images to obtain a sufficient number of particles for
structure determination. The carbon film also induced mTORC1 to adsorb to the grid in a
preferred orientation, making it necessary to collect images of tilted specimens to obtain the
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multiple views needed for 3D reconstruction. The final data set contained 28,325 particle
images, including 3,905 from 45° tilted specimens. A 3D reconstruction was calculated by
aligning these individual images of the vitrified complex to the initial model produced with
the cryo-negatively stained sample, followed by iterative refinement of their orientation
parameters. The estimated resolution of the final reconstruction is 26 Å according to the
Fourier shell correlation = 0.5 criterion (Figure S2). However, the resolution is clearly
anisotropic, with lower resolution in the direction perpendicular to the carbon film, a result
of the limited number of views other than the face-on view (Figure S2). mTORC1 has
overall dimensions of approximately 290 Å × 210 Å × 135 Å and an estimated volume of
1.4 × 106 Å3 at the contour level of the displayed map, which was chosen to be consistent
with the calculated molecular mass of dimeric mTORC1 (Figure 2B).

The cryo-EM structure reveals a central cavity that has an oval shape when viewed from one
face, but a rectangular shape from the opposite face, with two troughs located at the
extensions linking the central core to the “feet-like” structures. While the biological
relevance of this cavity remains elusive, its location between the two “monomeric”
complexes may enable substrates with multiple phosphorylation sites, such as 4E-BP1
(Gingras et al., 1999), to shuttle between the two mTOR active sites within the complex.
Another, albeit less likely, possibility is that the cavity may serve as a docking platform for
nucleic acids because its size (~40 Å × 28 Å) is large enough to accommodate double-
stranded DNA (dsDNA). While mTORC1 has not yet been shown to interact with dsDNA or
other macromolecules, several members of the PIKK family (Keith and Schreiber, 1995),
most notably DNA-PK, are known to mediate DNA repair by directly binding to DNA
(Gottlieb and Jackson, 1993; Spagnolo et al., 2006).

Subunit organization of mTORC1 and EM structure of raptor
While the cryo-EM structure revealed the overall shape of mTORC1, at the current
resolution it was not possible to define intermolecular and intersubunit boundaries.
Therefore, we performed antibody labeling experiments to localize individual subunits
within mTORC1, including raptor (detected through its FLAG tag), mLST8, and PRAS40.
The labeled particles were imaged by negative stain EM and analyzed by classification and
image averaging. We discovered that mLST8 localizes to the distal “foot-like” structures,
PRAS40 to the small tips in the mid-section of the central core, and the N-terminus of raptor
to the corner of the core (Figure 2C). The occasional observation of double-labeled particles
provided further assurance for the dimeric organization of mTORC1 (Figure S2).

Additionally, we determined the EM structure of raptor. FLAG-tagged raptor that did not
incorporate into mTORC1 eluted as a separate peak from gel filtration (Figures 1A and 3A).
Purified raptor was homogeneous in size and shape according to negative stain EM analysis
(Figures 3B and S3). The 3D reconstruction of raptor, determined by the RCT approach
using 60°/0° image pairs of negatively stained specimens (Figure S3), revealed that its
overall shape resembles a “comma” with the circular lobe likely representing the predicted
C-terminal WD40 domain (Kim et al., 2002) (Figure 3C). Utilizing the antibody labeling
data as a guide, the structure of mTORC1 provides an adequate framework in which the EM
reconstruction of raptor can be meaningfully fitted (gold surface in Figure 3D). Because
mLST8 is solely composed of a seven-bladed beta-propeller (Kim et al., 2003), we next
docked two beta-propeller models (PDB code 3EMH) into the “foot” substructures (Figure
3D). By subtracting two copies of raptor and mLST8, the densities occupied by two mTOR
subunits can be predicted, while accounting for minor contributions by the two small
PRAS40 subunits (Figure 3D). It has been shown that the C-terminal kinase domain of
mTOR associates with mLST8 (Kim et al., 2003), suggesting that this domain is likely
positioned adjacent to the “foot” (purple star in Figure 3E). From the position of the kinase
domain, we deduced that the N-terminus of mTOR interacts with the flat face of one raptor
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molecule (bottom left view in Figure 3C), forming interface I, whereas the C-terminus
interacts with the side of the second raptor molecule (top right view in Figure 3C), forming
interface II. The interlocking raptor-mTOR interactions within the central core provide an
understanding of the basis of dimerization and illustrate the crucial function of raptor in
mediating and maintaining the higher-order organization of mTORC1 (Figure 3E). In
contrast, each mLST8 contacts only one mTOR within the complex. Its localization to the
distal “foot” structures suggests that it could potentially assist substrate entry into the
catalytic site.

According to our data and composite model, PRAS40 localizes in close proximity to raptor
(asterisk in Figure 3D), which is in agreement with the known binding of PRAS40 to raptor
(Sancak et al., 2007; Wang et al., 2007). Interestingly, some class averages of purified raptor
showed an additional, small density, which may represent bound PRAS40 (indicated by red
arrow in Figures 3B and S3). This interpretation is supported by immunoblots that show
PRAS40 to be present in the analyzed raptor fraction (Figure 3A). Thus, our structural data
suggest that PRAS40 inhibition is not likely to be achieved through an interaction of
PRAS40 with the mTOR kinase domain. Instead, it favors the model that PRAS40 acts as a
competitive inhibitor for the binding of mTORC1 substrates to raptor (Wang et al., 2007).

FKBP12-rapamycin destabilizes mTORC1 in a stepwise manner
With a more detailed understanding of the subunit organization of mTORC1, we next
investigated how rapamycin affects its structure. As an allosteric inhibitor of mTORC1,
rapamycin requires the intracellular protein FKBP12 to form a gain-of-function complex,
which directly interacts with the FKBP12-rapamycin-binding (FRB) domain of mTOR
(Chen et al., 1995; Sabatini et al., 1994). The crystal structure of FKBP12-rapamycin in
complex with the FRB domain did not reveal how this interaction prevents phosphorylation
of direct mTORC1 substrates (Choi et al., 1996). Previous biochemical studies indicated that
binding of FKBP12-rapamycin to mTORC1 induces a conformational change that weakens
the mTOR-raptor interaction (Kim et al., 2002). To test this hypothesis, we incubated
mTORC1 with N-terminal GST-tagged FKBP12 in the presence of 50 nM rapamycin for 15
minutes, and then visualized the particles by negative stain EM (Figure S4). Although the
raw images did not reveal any obvious structural changes (Figure S4), image classification
showed that about 10% of the particles featured an additional density, likely constituting
FKBP12-rapamycin, tethered to the region we assigned to mTOR and directly opposite of
raptor (Figure 4A). Interestingly, we did not observe individual particles or averages of
mTORC1 showing two extra densities, suggesting that either mTORC1 cannot
accommodate two FKBP12-rapamycin complexes or that this intermediate is short lived.

While relatively short exposure to FKBP12-rapamycin did not affect the structural integrity
of mTORC1, extended incubations resulted in a drastic reduction in the total number of
intact mTORC1 particles. Many smaller fragments appeared in the background, suggesting
that FKBP12-rapamycin may cause disassembly of mTORC1 (Figure 4B). Once initiated,
this dissociation appears to be swift, as we were unable to detect intermediates with defined
structures during the course of the reaction (data not shown). After a one-hour incubation,
virtually no intact mTORC1 particles could be detected, and the sample contained only
smaller fragments, likely representing free mTOR or its subcomplexes, and undefined
aggregates (Figure 4B). In contrast, Torin1 did not affect mTORC1 stability even after
extended incubation (Figure 4C).

The disruption of mTORC1 by FKBP12-rapamycin may play a role in the inhibition by
rapamycin of mTORC1 kinase activity towards certain substrates. Consistent with the time-
dependent effects of FKBP12-rapamycin on the structural integrity of mTORC1, FKBP12-
rapamycin significantly inhibited the in vitro phosphorylation of 4E-BP1 by mTORC1 only
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after mTORC1 had been incubated with the drug for at least 60 minutes (Figure 4D). In
contrast, FKBP12-rapamycin rapidly blocked the phosphorylation of S6K1 by mTORC1,
and Torin1 quickly blocked the phosphorylation of both S6K1 and 4E-BP1. In close
agreement with in vitro kinase assays, in vivo experiments produced similar time-dependent
effects of rapamycin on endogenous 4E-BP1, but not S6K1 (Figure S4). To assess the
importance of mTORC1 integrity in the phosphorylation of S6K1 and 4E-BP1, we prepared
mTORC1 that lacked raptor (Kim et al., 2002). While raptor-free mTORC1, as predicted
(Hara et al., 2002), could not support 4E-BP1 phoshorylation, it was capable of
phosphorylating full-length S6K1 (Figure 4E). Furthermore, the phosphorylation of S6K1
by raptor-free mTORC1 was still inhibited by FKBP12-rapamycin. Thus, contrary to
previous assumptions, raptor is dispensable for mTORC1 to phosphorylate S6K1 in a
rapamycin-sensitive fashion in vitro. Our results suggest an important role for the mTORC1
dimer in 4E-BP1 phosphorylation. Perhaps, 4E-BP1 binds to the raptor in one monomer, but
is phosphorylated by the kinase of the adjacent monomer, such that in the absence of
dimerization, 4E-BP1 is not in a position to be phosphorylated.

Based on these observations and our knowledge of the molecular organization of mTORC1,
we propose the following model for rapamycin-mediated inhibition of mTORC1. The initial
binding of one FKBP12-rapamycin to mTORC1 causes a subtle conformational change in
mTOR that weakens the mTOR-raptor interaction, but does not suffice to disrupt the dimeric
architecture. Moreover, the bound FKBP12-rapamycin likely occludes the binding of or
blocks access to the active site for larger-sized substrates, such as S6K1. Over time, either
amplified structural strain caused by the first FKBP12-rapamycin or, perhaps, the binding of
a second rapamycin complex leads to a fast disintegration of the already “weakened”
mTORC1 and the complete abolishment of 4E-BP1 phosphorylation (Figure 4F). Therefore,
our work suggests that in vitro rapamycin is an mTORC1 inhibitor that may work through at
least two different modes. The fact that within cells rapamycin does not completely inhibit
4E-BP1 phosphorylation (Choo et al., 2008; Thoreen et al., 2009; Feldman et al., 2009) nor
mTORC1 stability (Kim et al., 2002) suggests that cells contain buffering mechanisms that
counter the effects of rapamycin on mTORC1 and that these are lost when mTORC1 is
purified.

Experimental Procedures
Protein expression and purification

mTORC1 was purified from a HEK-293T cell line that stably expresses N-terminally
FLAG-tagged raptor by FLAG-M2 monoclonal antibody-agarose and gel filtration. Details
of the expression method and purification conditions are described in Supplementary
Experimental Procedures.

In vitro kinase assay
Kinase assays were performed using immunoprecipitated mTORC1 and inactive 4E-BP1 or
S6K1 as a substrate. Reactions were analyzed by SDS-PAGE and immunoblotting. Details
of the assay conditions are described in Supplementary Experimental Procedures.

Electron microscopy
Negatively stained specimens were prepared as described (Ohi et al., 2004). Images were
collected with a Tecnai T12 electron microscope (FEI) equipped with a LaB6 filament and
operated at an acceleration voltage of 120 kV. Images were recorded on imaging plates at a
nominal magnification of 67,000 using a defocus value of –1.5 μm. Cryo-negatively stained
specimens were prepared as described (Ohi et al., 2004). Grids used to collect image pairs of
50°/0° tilted specimens, were loaded on an Oxford cryo-transfer holder. Images were taken
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under low-dose conditions at a nominal magnification of 50,000x and a defocus value of –
2.5 μm using a Tecnai F20 electron microscope (FEI) equipped with a field emission
electron source operated at an acceleration voltage of 200 kV. For vitrification, Quantifoil
R1.2/1.3 400 mesh grids were overlaid with a thin layer of carbon film and glow discharged.
3 μl of mTORC1 (~0.02 mg/ml) was adsorbed to a grid, and the grid was blotted and frozen
in liquid ethane using a Vitrobot (FEI). Specimens were examined using a Gatan 626 cryo-
holder on a Tecnai F20 electron microscope equipped with a field emission electron source
(FEI) operated at 200 kV. Additional details of specimen preparation and data collection are
described in Supplementary Experimental Procedures.

Image processing
Details are described in Supplementary Experimental Procedures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
mTORC1 purification. (A) mTORC1 and FLAG-raptor were purified by tandem gel
filtration chromatography. Their masses were estimated based on known molecular weight
standards as indicated (Thyroglobulin (669 kDa), Ferritin (440 kDa), Aldolase (158 kDa)
and Conalbumin (75 kDa)). (B) The gel filtration fraction corresponding to mTORC1 was
analyzed by SDS-PAGE followed by silver and Coomassie staining as well as
immunoblotting for indicated proteins. (C) Schematics of mTORC1 components illustrating
the various predicted domains. (D) In vitro kinase assay showing that purified mTORC1
phosphorylates S6K1 and is inhibited by both rapamycin-FKBP12 (rapa) and Torin1. (E)
EM of negatively stained mTORC1. A raw image of mTORC1 particles (circled) and a
representative class average from the classification of 10,080 particles (inset). The scale bar
represents 50 nm, and the side length of the panel showing the class average is 45 nm. “see
also Figure S1”
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Figure 2.
Cryo-EM reconstruction of mTORC1 and its molecular organization. (A) Image of a
vitrified specimen showing individual mTORC1 particles (circled). The scale bar represents
50 nm. (B) Different views of the 3D reconstruction of mTORC1 filtered to 26 Å, with the
main structural features denoted. The scale bar represents 5 nm. (C) Molecular organization
of mTORC1. Left panels: Representative class averages from antibody labeling experiments
of mTORC1 (top) and schematic representations showing mTORC1 in white and the
antibody in pale red (bottom). The side length of each panel is 45 nm. Right panel: Location
of raptor, mLST8, and PRAS40 in the cryo-EM density map of mTORC1. “see also Figure
S2”
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Figure 3.
3D reconstruction of raptor and molecular docking. (A) Silver-stained gel and immunoblot
of the gel filtration fraction containing free raptor detected the presence of PRAS40. (B) EM
image of negatively stained raptor (circled) and two representative class averages from the
classification of 12,216 particles (bottom right insets). Class II particles contain an
additional density (red arrow) compared to Class I particles, which likely represents
PRAS40. The scale bar represents 25 nm, and the side length of the panels showing the class
averages is 27 nm. (C) Different views of the raptor 3D reconstruction. The scale bar
represents 2.5 nm. (D) Two copies of the raptor 3D reconstruction (gold) and two models of
a representative WD40 domain (PDB code 3EMH, red) were placed into the cryo-EM
density map (gray). The green asterisk depicts the location of PRAS40 as determined by
antibody labeling. The blue dotted line represents the dimer interface. (E) The proposed
locations of the N- and C-terminal domains (marked “N” and “C”) and the kinase domain of
mTOR (purple star). The black lines labeled “I” and “II” delineate the two interaction
interfaces formed by each mTOR molecule with the two raptor subunits. “see also Figure
S3”
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Figure 4.
Effects of rapamycin-FKBP12 on mTORC1. (A) Representative class averages of untreated
mTORC1 (left) and mTORC1 treated with 50 nM of rapamycin and 0.02 μg/μl GST-
FKBP12 (middle), and a schematic representation showing the additional density in pale red
(right). The side length of each panel is 45 nm. To the right, the location of the FRB domain
with respect to the other components in the cryo-EM map of mTORC1 is shown. (B) and
(C) Purified mTORC1 was treated with 50 nM of rapamycin and 0.02 μg/μl GST-FKBP12
or 100 nM Torin1. EM images of negatively stained samples were taken at the indicated
time points. The inset in each image shows an enlarged view of the area marked by the
white square. The scale bars represent 100 nm. (D) and (E) mTOR immunoprecipitates,
prepared in lysis buffers containing 0.3% CHAPS or 1% Triton X-100, were subjected to in
vitro kinase assays using 4E-BP1 or S6K1 as a substrate in the presence of 100 nM
rapamycin and 0.02 μg/μl FKBP12 or 100 nM Torin1. Assays were then analyzed by
immunoblotting for the indicated proteins and phosphorylation states. (F) A model depicting
a potential mechanism of mTORC1 inhibition by FKBP12-rapamycin. “see also Figure S4”
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