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The structure of mMTOR complexes at a glance
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Abstract: Mechanistic target of rapamycin (mTOR) is a Ser/Thr kinase and is structurally and functionally

conserved from yeast to mammals. mTOR exists in two distinct protein complexes: mTORC1 (mTOR
complex 1) and mTORC2 (mTOR complex 2). The mTORCI and mTORC2 are master regulators for

important cellular processes, including cell growth and proliferation. The dysregulation of the two complexes

involves human diseases, such as tumorigenesis, diabetes and neurological disorders. The structural

information of mMTOR complexes has been limited by technical difficulties for two decades. However, the

breakthrough of cryo-electron microscopy (cryo-EM) has made it possible to visualize the assembly and

regulation of the ~1 megadalton dynamic complexes. Here we summarize the recent advances in structural

studies of mTOR complexes. The structures will provide a framework to understand the past and future

biochemical and functional studies, and be valuable for structure-guided drug design.
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Rapamyecin initially isolated from Rapa Nui island soil
sample, has anti-fungal, immunosuppressive and antitumor
properties (1,2). A rapamycin targeting protein, target of
rapamycin (TOR), was first identified in yeast in 1991 (3).
Later, the mechanistic (formerly “mammalian”) TOR
(mTOR) in mammals was identified by biochemical studies
(4,5). Rapamycin, in complex with the endogenous protein
FKBP12, inhibits mMTOR complex 1 (mTORCI) kinase
activity through binding the FKBP-rapamycin binding
domain (FRB) of mTOR (4). After two decades, studies
from many groups have revealed that mTOR is a serine/
threonine protein kinase belonging to phosphatidylinositol
3-kinase (PI3K)-related kinase (PIKK) family and is the
central regulator of cell growth and metabolism (6).
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In mammals, mT'OR exists in two complexes: rapamycin-
sensitive mMTOR complex 1 (mTORCI) and rapamycin-
insensitive mTOR complex 2 (mTORC2). The two
complexes share mMTOR, mLST8 (mammalian homolog
of protein Lethal with Secl3 protein 8) core subunits and
an additional non-core subunit Deptor (DEP-domain-
containing mTOR-interacting protein), and differ in
Raptor (regulatory-associated protein of mTOR) and Rictor
(rapamycin-insensitive companion of mTOR) (7,8). Besides,
mTORCI complex contains an inhibitory regulator protein
PRAS40 (proline-rich AKT substrate of 40 KD). mTORC2
complex contains an additional core subunit: mSinl, which
is indispensable for the complex integrity and a non-core
subunit Protor-1 (protein observed with Rictor-1) (9).
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Figure 1 The time of discovery and breakthrough of structural studies of TOR/mTOR complexes in chronological order. Yeast Tor protein
and mTOR were identified in 1991 and 1994, respectively (3,4). The individual subunits of mMTORCI1/2 complexes were identified from
2002 to 2004 (7,8,11). The first cryo-EM structure of mTORCI at 26 A resolution was determined in 2010 (15), which showed the basic
dimeric assembly, while mLST8 subunit was incorrectly identified. The crystal structure of mTOR C-terminal fragment containing the
FAT and kinase domain in complex with mLSTS at 3.2 A resolution was solved in 2013, suggesting the role of rapamycin as a competitive
inhibitor and showing how ATP binds to the active site (16). Negative stain EM structure of yTORC2 at 26 A resolution was reported in
2015, showing that Avo3 (Rictor analogue in yeast) masks the FRB in TORC2 complex (17). Cryo-EM structure of mTORCI at 5.9 A
resolution was reported in 2015, firstly showing a near-atomic resolution structure of mTORCI. The structure of KmTOR/LSTS at 6 A
resolution determined the topology of the TOR and showed that Raptor has a role in stabilizing the dimer. The mTORCI structure at 4.4 A
resolution was reported in 2016, which confirmed the topology of mTOR (18-20). The highest resolution cryo-EM structure of mTORCI
at 3.2 A was reported in 2017, which clarified the residue assignment in the Raptor and showed the molecular mechanism for RHEB-
mediated activation and PRAS40-mediated inhibition (21). Cryo-EM structures of mTORC2 at 4.9 A and 7.9 A resolution reported in 2018

showed the overall complex assembly and proved the indispensable role of mSinl in the complex integrity (22,23).

There are two TOR genes in yeast, TORI and TOR2. Both
TORI and TOR?2 can form the catalytic core of TORCI.
However, only TOR2 can form the catalytic core of
TORC2 (10,11).

In response to environmental nutrients and energy
signals, mTORCI1 inhibits cell growth through
phosphorylation of downstream targets, primarily the 70S
ribosomal protein S6 kinase (S6K1) and the eukaryotic
initiation factor 4E binding protein (4E-BP1) (12,13).
Dysregulation of mTORCI is often associated with
the development of cancer, diabetes and neurological
disease (10). In contrast to mTORC1, mTORC2 controls
cell proliferation, survival and cytoskeletal remodeling
through phosphorylation of AGC and PKC kinase family
members, such as AKT (8).

The functions of mMTOR complexes have been
extensively studied in the past two decades. However,
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the structural information of mMTORCI or mTORC2
was limited to low resolution because of technical
challenges. It’s very difficult to obtain highly purified and
homogeneous protein samples given the fact that mTORCI
and mTORC2 form complexes with molecular weight
over 1 MD (1,000,000 Dalton) (14). Consistent with their
high molecular weights, both complexes are not ideal for
structural studies using X-ray crystallography. We and
other groups took advantage of the recent breakthrough
in both sample preparation using mammalian and insect
cell expression and cryo-electron microscopy (cryo-EM)
technology to make progress in improving the resolution of
mTORCI and mTORC?2 structures (Figure I).

The first cryo-EM structure of mTORCI1 was
determined at ~26 A resolution, presenting limited structural
information (15). In 2013, Pavletich lab reported the crystal
structure of mMTOR C-terminal fragment containing the
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Figure 2 Colored coded domain architecture of the core components of human mTORCI and mTORC2. Raptor contains a Caspase-like
domain, a HEAT (Huntington, EF3A, ATM, TOR) repeats, a WD40 repeats and a C-terminal helix. mTOR consists of an N-terminal
HEAT repeats (N-HEAT), a middle HEAT (M-HEAT), an FAT (Frap, ATM, TRRAP), an FRB (FKBP12-Rapamycin binding domain) and
a C-terminal KD (kinase domain). mLST8 is composed of WD40 repeats. mSin1 contains an N-terminal region, a CRIM (conserved region
in the middle), an RBD (Ras binding domain) and a PH (pleckstrin homology domain). Rictor has three continuous ARM/HEAT helical
repeat (HR) clusters (HR1 to HR3) and a C-terminal large unstructured region (20,22).

FAT and kinase domain in complex with mLST8 (16). In
three recent studies, the resolution of cryo-EM structures
of human mTORCI complex were improved to 5.9 A,
4.4 A, and 3.2 A, respectively (18,20,21). The yeast Tor-
Lst8 structure was determined at 6 A resolution. By
inserting Red Fluorescent Proteins (RFP) (19), they
experimentally determined the topology of mTOR, which
is consistent with the mTORCI structure at 4.4 A (20),
but distinct from the previously reported mTORCI1
structure at 5.9 A (18). Finally, Pavletich lab presented an
elaborate work of the mTORCI structure as well as the
activation and inhibition mechanism of mTORCI activity
by Rheb (Ras homolog enriched in brain) and PRAS40
respectively (21).

As shown in Figure 2, mTOR consists of an N-terminal
HEAT (Huntington, EF3A, ATM, TOR) repeat
(N-HEAT), a middle HEAT (M-HEAT), an FAT (Frap,
ATM, TRRAP), an FRB (FKBP12-Rapamycin binding
domain) and a C-terminal kinase domain. Raptor is
responsible for substrate recruitment and contains an
N-terminal caspase-like domain, HEAT repeats and
C-terminal WD40 repeats. mLST8 is primarily composed
of WD40 repeats and is an indispensable subunit for
mTORC1/2 complexes (20). Rictor has three continuous
ARM/HEAT helical repeat (HR) clusters (HR1 to HR3),
followed by a large unstructured region. mSinl is composed
of an N-terminal region, a CRIM (conserved region in the
middle), an RBD (Ras binding domain), and a PH (pleckstrin
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homology domain) (22) (Figure 2).

The mTORCI adopts a hollow rhombohedral shape
and forms a symmetric dimer of heterotrimer (mTOR-
Raptor-mLST8) mediated by two mTOR monomers and
is stabilized by the Raptor subunit that binds across both
monomers. The N-HEAT of mTOR adopts a spiral (~1.3-
turn) right-hand superhelix comprising 16 HEAT repeats.
The M-HEAT bridges the N-HEAT and the FAT/kinase
module. The C-terminal region of mTOR forms a compact
core domain, in which the a-solenoid (FAT domain) as a
“C”-shape wraps around the kinase domain from which
the FRB domain protrudes out. Although Raptor has a
conserved N-terminal caspase-like domain, it shows no
detectable caspase activity. The pseudo catalytic pocket of
the caspase-like domain faces toward the catalytic cavity
of the kinase domain of mTOR, supporting its function in
mediating substrate recruitment for phosphorylation (20).
The mTOR kinase domain shows the characteristic
two-lobe structure of PI3K kinase, which consists of an
N-terminal lobe (N lobe), a larger C-terminal lobe (C lobe)
and a cleft between the two lobes that binds to ATP (24).
Comparing to the PI3K kinase domain, mTOR kinase
domain contains an FRB domain inserted within the N lobe
and a 40-residue-insertion in the C lobe that contributes to
the association of mLST8. mLST8 is located on the distal
convex along the short axis and binds the C lobe to stabilize
the kinase active pocket (16) (Figure 3).

RHESB is a small GTPase protein and plays an important
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Figure 3 Overall structure of mMTORCI, each domain and subunits are indicated in different colors. The mTORCI forms a symmetric
dimer of heterotrimer (mTOR-Raptor-mLST8). Figure was modified by using model from PDB: 5H64 (20).

role in activating mTORCI activity in vivo (25). The
activation mechanism is beautifully revealed by the cryo-
EM structure of RHEB-mTORCI complex (21). As shown
in Figure 4, RHEB binds to the N-HEAT, M-HEAT,
and FAT domains of mTOR. Upon RHEB binding, the
N-HEAT solenoid rotates and moves toward the M-HEAT,
which facilitates interactions between the N-terminal
portions of the N-HEAT and the FAT domain. Thus, the
middle portion of FAT domain gets twisted and dragged by
the N-HEAT solenoid. This conformational change leads
to a less compact interaction between the FAT and N-lobe
of the kinase domain and a narrower catalytic cleft between
the N- and C-lobes. Therefore, RHEB is likely to activate
mTORCI by allosterically realigning the active site residues
for catalysis. Interestingly, cancer-associated mTOR
mutants located at the major intra-FAT hinge, the FAT-N
lobe packing transition, and the N-lobe anchor in a pocket
between the C-lobe and FAT can hyperactive mTOR
activity. These mutants may mimic RHEB activation on
mTOR activity (Figure 4).

The crystal structure of S6K1-FRB suggests a second
substrate binding site on the surface of FRB except Raptor-
TOS (Tor signaling sequence) interface for the binding
between mTORCI1 and the substrates (21). PRAS40 functions
as an inhibitor of mMTORCI activity (26,27). The co-crystal
structure of PRAS40 (residues 173-256) with mTOR"™-

© Precision Cancer Medicine. All rights reserved.

pcm.amegroups.com

mLST8 shows that PRAS40 binds mTORCI through
an amphipathic o-helix (residues 212-232) bound to FRB
domain and a B-strand (residues 188-196) bound to mLST8
WD40 domain (Figure 5). S6K1 binds to the same site on the
FRB with a binding affinity lower than that of PRAS40. The
mutations of FRB-interacting residues of PRAS40 reduce
the inhibition of mMTORCI kinase activity against 4E-BP1.
Thus, PRAS40 leads to the inhibition through competitively
blocking the substrates recruitment (21).

Negative stain EM (~26 A) and cryo-EM (7.9 A) structures
of S. cerevisine TORC2 (scTORC2) revealed an overall fold
and subunit architecture of the complex (17,28). Recently, the
cryo-EM structures of human mTORC2 were determined at
4.9 A and 7.4 A resolution, respectively (22,23).

The mTORC2 forms a symmetric dimer of
heterotetramer (mTOR-Rictor-mLST8-mSin1) and adopts
a hollow rhombohedral fold with an mTOR-dimer served as
a central scaffold. The inner hole of mMTORC2 is as narrow
as 11 A, whereas that of mTORCI is about 23 A, showing
a more compact fold than mTORCI1. The structural
model was built based on a combination of biochemistry,
XL-MS and the cryo-EM map (22). As in mTORCI,
mLST8 stably binds to the kinase domain of mTOR. The
N-terminal helical repeat cluster of Rictor binds to mTOR
through multiple contacts. The N-terminus of mSinl is
located close to the FRB domain and the catalytic cavity of

Precis Cancer Med 2018;1:7
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Figure 4 Mechanism for RHEB-induced conformational changes and activation of mTORCI. Comparison of RHEB-mTOR and mTOR
structures are shown in two different views. RHEB-mTOR structures are colored as indicated and mTOR in mTORCI is colored in grey.

One copy of the complex structure was used for clarity. Figure was modified by using model from PDB: 6BCU (21).

Figure 5 Mechanism for PRAS40-mediated inhibition of mTORCI. Ribbon representation of one copy of PRAS40-mTORC*N-mLST8
complex structure is shown in two different views. Two isolated fragments of PRAS40 (blue) bind to FRB (pink) and mLST8 (yellow),

respectively. Figure was modified by using model from PDB: SWBU (21).

mTOR, in agreement with its essential role in mediating
the complex integrity (Figure 6). Structural comparison of
mTORC2 and FRB-rapamycin-FKBP12 (PDB: 1FAP) (29)
clearly shows that the a-helices of mSinl N-terminus
generates steric hindrance and would inhibit interaction
between FKBP12-rapamycin and mTOR. The structural
and biochemical analyses nicely explain the mechanism for
rapamycin-insensitivity of mTORC2 (22).

Although the recent progresses were achieved on the
structure of mTOR complexes, there are still some key
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questions need to be addressed. Such as the activation of
mTORC?2 signaling by PI3K. PtdIns(3,4,5)P3 is generated
upon insulin or growth stimulation by activated PI3K. It
was reported that mSin1-PH domain interacts with the
mTOR kinase domain to suppress mTORC2 activity, and
PtdIns(3,4,5)P3 binds the mSin1-PH domain to release
its inhibition on the mTOR kinase domain, leading to
mTORC2 activation (30). While an in vitro kinase assay
using purified mTORC2 complexes containing various
C-terminal truncations of mSinl shows no significant

Precis Cancer Med 2018;1:7
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Figure 6 Overall structure of mTORC2. Ribbon representation of mMTORC2 structure is shown with domains indicated in different colors.

Figure was modified by using model from PDB: 5ZCS (22).

difference in catalytic activity for the complex formed
by full-length mSinl or truncated mSinl lacking PH
domain. One possible explanation is that mTORC2 protein
complex was obtained from 293F suspension cells cultured
in serum-free medium. Under such condition, mTORC?2
protein might adopt an active conformation in which the
PH-mediated autoinhibition does not exist for unknown
reason (22). So structural study of mTORC2 complex
with further high-resolution and full-length mSinl in an
inhibitory conformation is needed to illustrate this question.

In the past decades, many inhibitors have been
discovered or developed targeting mTOR complexes for
research and/or clinical applications. The representative
inhibitors include the allosteric inhibitors (Rapamycin and
its derivatives) and ATP-competitive inhibitors (Torin,
AZD8055 and CC-223, etc.) (31).

As shown above, rapamycin specifically inhibits
mTORCI enzymatic activity. Rapamycin can’t completely
impair the activity of mMTORCI1 compared with ATP-
competitive inhibitors (15). Rapamycin derivatives can be
designed based on the structure of mTOR. Everolimus
(RAD-001, Novartis), a rapamycin derivative, showed
unsatisfactory efficacy in the global phase III randomized
EVOLVE-1 (EVerOlimus for LiVer cancer Evaluation-1)
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trial, suggesting a potential mechanism for drug resistance
against mMTORCI inhibitors in HCC (hepatocellular
carcinoma). One reason for rapamycin derivatives failure in
clinical trial is that they are substrate-selective mTORCI1
inhibitors. They can inhibit S6K1 phosphorylation, but
only show partially block on 4E-BP1 phosphorylation and
cap-dependent translation (32). The crystal structure of
FRB-S6K1 peptide shows that FRB, as the second binding
site for S6K1, counts largely on the activity of mTORCI
phosphorylating S6K1. There is no direct structural evidence
for FRB-4E-BP1, but the mutation of FRB-interacting
residues of inhibitory protein PRAS40 reduced inhibition
of mTORCI1 phosphorylating 4E-BP1 by a factor of
approximately 50 (21). The result shows that FRB might also
interact with 4E-BP1. Therefore, testing 4E-BP1 binding
with FRB or an FRB-4E-BP1 structure may provide the
molecular insights into how mTORCI and 4E-BP1 interact.
Phosphorylation of S6K1 by mTORCI not only results
in protein translation but also creates a negative feedback
loop whereby the phosphorylated S6K1 decreases PI3K
signaling and leads to mTORCI inhibition (33). Thus,
mTORCI inhibition by rapamycin and its derivatives
disrupt S6K1-mediated feedback inhibition of PI3K signaling
and lead to increased PKB/AKT phosphorylation (27). Since

Precis Cancer Med 2018;1:7
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mTORC2 is an upstream activator of the AGC kinase Akt
and functions downstream of PI3K signaling. Therefore,
dual mTORCI1 and mTORC2 inhibition may be an
attractive pharmacologic target with therapeutic potential in
advanced HCC treatment. It is reported that dual targeting
of mMTORC1/C2 complexes enhances histone deacetylase
inhibitor-mediated anti-tumor efficacy in primary HCC
cancer i vitro and in vivo (34).

The development of ATP-competitive small molecule
inhibitors targeting mTOR kinase, which inhibit both
mTORCI and mTORC?2 are being developed as candidate
anticancer agents, such as Torin (35). AZD8055 is the first
drug that inhibits both types of mTOR complexes and is
expected to be more effective than prior mTOR inhibitors,
which is used for phase I in malignant gliomas (36). Another
candidate, CC-223, was modified by structure-activity
relationship and used for phase I expansion trial in advanced
solid tumors (37,38).

An mTORC?2 specific inhibitor could be useful to inhibit
AKT activation and possesses potential clinical value (39).
To avoid inhibition of mMTORCI, such inhibitors should
not be designed to target the mTOR kinase domain, a
shared module within mTORC1 and mTORC2. According
to the mTORC2 structure, the mTORC2 specific inhibitor
could be designed to disrupt protein-protein interactions
essential for mTORC?2 integrity or the substrate-enzyme
binding interface. Thus, the higher-resolution structure of
mTORC2 and mTORC2-AKT complex are needed for
structure-guided drug design.

Given the important function of mTOR complexes in
regulating cell proliferation, there are many drugs targeting
mTOR complexes were developed in the past two decades.
The use of single mTOR inhibitor may cause negative
feedback loops of PI3K. Thus, the combinational uses of
mTOR kinase inhibitors and PI3K inhibitors for cancers
are proved to be more potent in clinical trials.
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