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Abstract The mTORC1 kinase complex regulates cell growth, proliferation, and survival.
Because mis-regulation of DEPTOR, an endogenous mTORCL1 inhibitor, is associated with some
cancers, we reconstituted mMTORC1 with DEPTOR to understand its function. We find that DEPTOR
is a unique partial mTORCL inhibitor that may have evolved to preserve feedback inhibition of
PI3K. Counterintuitively, mTORCL1 activated by RHEB or oncogenic mutation is much more potently
inhibited by DEPTOR. Although DEPTOR partially inhibits mTORC1, mTORCL1 prevents this
inhibition by phosphorylating DEPTOR, a mutual antagonism that requires no exogenous factors.
Structural analyses of the mTORC1/DEPTOR complex showed DEPTOR's PDZ domain interacting
with the mTOR FAT region, and the unstructured linker preceding the PDZ binding to the mTOR
FRB domain. The linker and PDZ form the minimal inhibitory unit, but the N-terminal tandem DEP
domains also significantly contribute to inhibition.

Introduction

The mammalian/mechanistic target of rapamycin complex 1 (mMTORC1) is a large (~1 MDa) multipro-
tein complex consisting of two copies of three subunits: the evolutionary conserved Serine/Threo-
nine protein kinase mTOR (a member of the phosphoinositide-3-kinase-related kinases superfamily
of protein kinases, PIKKs), RAPTOR and mLST8Krown et al., 1994 ; Hara et al., 2002 ; Kim et al.,
2003; Sabatini et al., 1994 ; Sabers et al., 1995 ). mTORCL1 senses and integrates inputs originating
from nutrients, growth factor signaling pathways, oxidative stress, and cellular energy levels
(Jewell et al., 2013 ; Laplante and Sabatini, 2012 ). The net response of mMTORCL1 to such stimuli is
to promote cell growth, by activating protein translation, ribosome biogenesis, lipid and nucleic acid
biosynthesis and inhibiting autophagy ( Dunlop and Tee, 2014 ; Laplante and Sabatini, 2012 ;
Loewith and Hall, 2011 ; Valvezan and Manning, 2019 ). The effect of mMTORCL1 on protein synthesis
is primarily due to its phosphorylation of S6 kinase 1 (S6K1) and elF-4E binding protein 1 (4EBP1)
(Gingras et al., 1999 ; Holz et al., 2005 ; Holz and Blenis, 2005 ; Kang et al., 2013 ). Both substrates
interact with the mTORC1 complex through their general TOR signaling (TOS) motif that binds the
RAPTOR subunit Schalm and Blenis, 2002 ; Schalm et al., 2003 ; Schalm et al., 2005 ), as well as by
forming a second interaction with the FRB helical insertion within the N-lobe of the mTOR kinase
domain (Yang et al., 2017 ). A more elaborate mode of mMTORC1 substrate interaction has been sug-
gested for the transcription factor TFEB, which lacks a TOS motif, but instead binds an active Rag
heterodimer that can form a complex with RAPTOR (Martina and Puertollano, 2013 ;

Heimhalt, Berndt, et al. eLife 2021;10:e68799. DOI: https://doi.org/10.7554/eLife.68799 1 of 38


https://doi.org/10.1101/2021.04.28.441853
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.68799
https://creativecommons.org/
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

eLife

Biochemistry and Chemical Biology | Structural Biology and Molecular Biophysics

Napolitano et al., 2020 ). It has been proposed that the substrates' multipartite mode of recognition
is crucial for substrate specificity for mTORC1 versus mTORC2 BareticAand Williams, 2014 ).

In addition to its three core components, mMTORC1 associates with various subunits that regulate
MTORC1 activity or direct its cellular localization: nutrients such as amino acids promote the associa-
tion of RAPTOR with heterodimeric Rag GTPases, which, along with the Ragulator complex, recruit
MTORC1 to lysosomal surfaces. There, the small GTPase RHEB (Ras homolog enriched in brain) in its
GTP-bound state activates mTORC1 via direct interaction with the mTOR catalytic subunit
(Anandapadamanaban et al., 2019 ; Rogala et al., 2019 ; Yang et al., 2017 ). Two endogenous neg-
ative regulators of mMTORCL1 activity have been identified to date: DEPTOR (DEP-domain containing
MTOR-interacting protein), which also inhibits mMTORC2 ( Peterson et al., 2009 ), and PRAS40 (pro-
line-rich Akt substrate of 40 kDa) (Sancak et al., 2007 ; Haar et al., 2007 ; Wang et al., 2007 ).
PRASA40 interacts with RAPTOR via a TOS-binding motif in a similar fashion as the substrates 4EBP1
and S6K1, resulting in a specificity for mTORC1 (Yang et al., 2017 ). PRAS40 inhibition is lost upon
its insulin-stimulated Akt/PKB-mediated phosphorylation, which decreases its affinity for mTORC1
(Sancak et al., 2007 ; Thedieck et al., 2007 ; Haar et al., 2007 ).

Interactions of DEPTOR with the mTOR complexes are less clear. DEPTOR is a 46 kDa protein
that consists of three distinct and highly conserved regions (from N- to C-terminus): two tandem
DEP domains (a DEPt), an unstructured linker of ~100 residues (residues 228+323, which we have
named long-linker) and a C-terminal PDZ domain. The long-linker contains multiple serine phosphor-
ylation sites as well as a consensusbTrCP1-binding site, SSGYFS (referred to as the DEPTOR phos-
phodegron). Previously, it was suggested that DEPTOR inhibits mTOR function in vivo via an
interaction of its PDZ domain with mTOR FAT domain ( Peterson et al., 2009 ). However, the nature
of this interaction remained elusive.

Under starvation conditions, DEPTOR binds to mTOR and inhibits its kinase activity, whereas
under nutrient replete conditions mTOR-dependent phosphorylation at its degron site marks DEP-
TOR for degradation (Duan et al., 2011 ; Gao et al., 2011 ; Wang et al., 2012b ; Zhao et al., 2018 ).
Two models of DEPTOR-specific mMTORC1 regulation were proposed: one suggesting that mTORC1
activation is due to DEPTOR displacement by the phospholipase D1 (PLD1) product phosphatidic
acid (PA) (Yoon et al., 2015 ) and another linking mTORC1 inhibition to deubiquitylation of DEPTOR
(Zhao et al., 2018 ). Recent reports describe DEPTOR as a negative regulator of mTOR function
rather than an inhibitor, as residual mTOR activity is observed in the presence of DEPTOR, in vivo,
dampening but not eliminating S6K1 and 4EBP1 phosphorylation ( Caron et al., 2016 ; Dong et al.,
2017; Hu et al., 2017 ; Laplante et al., 2012 ; Li et al., 2014 ). As the mTOR pathway is constitutively
activated in cancer, levels of DEPTOR are low in most tumours. Exceptions are a subset of multiple
myeloma (MM), thyroid carcinoma, and lung cancers (Wang et al., 2012a ), where overexpression of
DEPTOR eliminates feedback inhibition downstream of mTORC1, resulting in hyperactivation of
PIBK/MTORC2/Akt signaling and thereby stimulating cell survival ( Peterson et al., 2009 ). RNAI-
silencing of overexpressed DEPTOR in a set of MM cells resulted in stalling cell growth and trigger-
ing apoptosis, suggesting DEPTOR regulation could be a viable therapeutic strategy
(Peterson et al., 2009 ). Indeed, small molecule inhibitors that were recently reported to prevent the
formation of an mMTOR/DEPTOR complex showed selective cytotoxicity against MM cells ( Lee et al.,
2017; Shi et al., 2016 ; Vega et al., 2019 ). To assist future inhibitor design, we determined the
structural and kinetic basis for DEPTOR regulation of mTORC1. The cryo-EM reconstruction of
mTORC1 in complex with DEPTOR at 4.3 Aresolution reveals a bipartite binding mechanism of DEP-
TOR to mTORCL1. Specifically, DEPTOR's long-linker and PDZ domain interact with the FRB and FAT
domains of mTOR, respectively, and these interactions were validated with NMR and HDX-MS.
Kinetic analysis narrowed down DEPTOR's minimal inhibitory unit to the long-linker-PDZ region,
revealing that, in contrast to previous cellular studies, the PDZ domain alone is not sufficient for
MTORC1 inhibition, and showed that DEPTOR is a unique partial inhibitor. Remarkably, the DEP-
TOR/mTORC1 complex possesses kinase activity, so that maximal mTORCL1 inhibition by DEPTOR
leaves the complex with about ~50% residual activity.
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Results

DEPTOR is a partial inhibitor of mMTORC1 in vitro, independent of

substrate identity

To characterize the mechanism of mMTORCL inhibition by DEPTOR, we carried out reconstituted inhi-
bition assays with purified recombinant mMTORC1, DEPTOR and two major mTORC1 substrates,
4EBP1 (wild-type) and S6K1 (GST-tagged S6K£7*%* polypeptide). Using immunoblotting with anti-
bodies specific for the phosphorylated substrates, we found that DEPTOR inhibited mTORC1 with
half maximal inhibitory concentration (IC so) of 14 mM for wild-type 4EBP1, and 51 nM for S6K1367-404
(Figure 1A). Interestingly, inhibition of mMTORC1 by DEPTOR for both substrates appeared to be
partial, with mTORC1 having about 50% residual activity at even the highest concentrations of DEP-
TOR that could be achieved. This residual activity could also be detected using Phos-tag gels, that
efficiently separate phosphorylated from non-phosphorylated proteins ( Figure 1Bfigure supple-
ment 1A .B). In contrast, the mTORC1 specific inhibitor PRAS40 showed full inhibition under identical
conditions (Figure 1B).

Partial enzyme inhibitors bind to the enzyme and decrease its activity, but still allow substrate
turnover, even with the inhibitor bound ( Grant, 2018 ). Consequently, a partial inhibitor cannot bind
in a manner that completely occludes substrate binding. To test whether DEPTOR influences sub-
strate binding, we measured the Ky, for 4EBP1 in the presence and absence of DEPTOR Figure 1C).
Previously, two distinct Ky 4egp1 have been detected, which represent independent binding at the
TOS motif binding site on the RAPTOR subunit (Ky: = 1.8 nM) and at the FRB-binding site on the
MTOR subunit (Ky2 = 585 nM) (Figure 1A ; Yang et al., 2017 ). Increasing concentrations of DEPTOR
had no apparent effect on the Ky 4egp1 Of the TOS motif binding site ( Kui), suggesting that DEPTOR
is not able to compete with 4EBP1 at this site ( Figure 1C). The affinities for the FRB binding were
too low to get a reliable kinetic result. Nevertheless, our structural analyses (described below) imply
a very similar binding site at the FRB domain for the DEPTOR long-linker and for the 4EBP1/S6K1
substrates, suggesting a partially competitive binding mechanism for this site. The mTORC1 inhibitor
PRAS40, which shares the TOS-binding site with 4EBP1, shows full inhibition of 4EBP1 phosphoryla-
tion under our assay conditions (Figure 1B ). DEPTOR's inability to compete at the TOS-motif bind-
ing site suggested that inhibition of 4EBP1 phosphorylation may be partial because of unhindered
binding of 4EBP1 at the high affinity TOS site located on RAPTOR. To examine this proposition, we
employed a TOS-less 4EBP1 mutant as a substrate. DEPTOR seemed to compete more effectively
with this mutant, since the IC 5o was twofold lower with this modified substrate, however, the residual
activity remained at about 50% at the maximum DEPTOR concentration ( Figure 1A ). As 4EBP1 bind-
ing has been reported to involve additional sites, like the RAIP motif ( Beugnet et al.,, 2003 ;
Eguchi et al., 2006 ), we next used a simpler substrate, consisting of a short S6K1 peptide that is
expected to exclusively bind to the FRB site ( Yang et al., 2013 ). Residual activity in the presence of
DEPTOR was also observed with this substrate (Figure 1A ). Based on these observations, we con-
cluded that partial inhibition by DEPTOR is an intrinsic property of DEPTOR, which takes place inde-
pendently of substrate identity and substrate binding mode.

To test the possibility that the residual activity is caused by half-site reactivity in mTORCL1 via allo-
steric communication across the dimer interface, we tested DEPTOR inhibition of a monomeric form
of mTOR (the mTOR™™-mLST8 complex, which lacks the N-terminal 1375 residues of mTOR and the
RAPTOR subunit). The 1Gg for the monomeric mTOR PN-mLST8 was 0.4nM, and the residual activity
33% (Figure 1D ). Since DEPTOR could still not fully inhibit this monomeric mTOR, we conclude that
DEPTOR's residual activity was not caused by effects related to the dimeric nature of MTORCL1.

The minimal inhibitory unit of DEPTOR is the long-linker-PDZ

To determine DEPTOR's mechanism of inhibition of mTORC1 in more detail, DEPTOR deletion var-
iants as well as a 13 S/T A mutant with most of the phosphorylation sites in DEPTOR removed
(Peterson et al., 2009 ) were designed to identify the regions that are crucial for inhibition and the
role of DEPTOR phosphorylation in the mechanism (Figure 2A ). It was reported that DEPTOR's PDZ
domain alone (residues 324+409) was sufficient to inhibit mTOR when transiently overexpressed in
cells (Peterson et al., 2009 ). However, our in vitro assay showed no measurable inhibition by the
PDZ domain alone (Figure 2B and C). Furthermore, there was no inhibition by constructs of PDZ
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Figure 1. DEPTOR is a partial inhibitor of mMTORC1, independent of substrate identity. (A) Inhibition of the mTORC1 kinase activity by DEPTOR.
mTORC1 schematic illustrating the two known substrate-binding sites, the TOS-binding site on RAPTOR and the FRB-binding site on mTOR, for 4EBP1
and S6K1 (left panel). Phosphorylation of substrates was analyzed by western blots using anti p-4EBP1 (Thr37/46) or anti p-S6K1 (Thr389) primary

antibodies (right panel). Images of western blots with long (L)
Figure 1 continued on next page

and short exposures (S) are shown. The S6K3%7-4%4 peptide encompasses only the FRB-
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Figure 1 continued

binding site of S6K1. The bottom panels show the quantification of the phosphorylation levels of the substrates based on the western blots from three
independent experiments (mean * SD). Band intensities were normalized to the control (0 "M DEPTOR) and data were plotted and fit by non-linear
regression to determine IC 5o and yn,in (the residual activity at high [DEPTOR]) as described in Materials and methods. SeeFigure 1Bfigure
supplement 1A,B  for complementary experiment using Phos-tag SDS PAGE detection. (B) Inhibition of mMTORC1 by PRAS40. Inhibition of 4EBP1
phosphorylation is complete under identical reaction conditions as carried out for DEPTOR. ( C) DEPTOR has no effect on the apparent Ky 4egp: The
phosphorylation of 4EBP1 in the absence and presence of DEPTOR (251M or 50 nmM), normalized to the 5 nM 4EBPL1 is plotted (mean+ SD, n  3) and
Kw values were fit as described in Materials and methods. (D) Inhibition of monomeric mTOR "™™-mLST8 (left panel) by DEPTOR (mear SD, n  3).
Similar to the wild-type mTORC1 complex, partial inhibition is observed (right panel).

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Uncropped blots.

Source data 2. Data values for Figure 1.

Figure supplement 1. DEPTOR is a partial inhibitor of mTORC1, analyzed by Phos-tag SDS PAGE and western blot.

Figure supplement 1bsource data 1.  Uncropped blot and stained gel.

Figure supplement 1Bsource data 2.  Data values.

preceded by a short section of the linker (short-linker, described below, Figure 2bfigure supple-
ment 1A ). Unexpectedly, we even observe a slight, but reproducible activation of mTORC1 by these
PDZ constructs. In contrast, a DEPTOR construct that includes the entire long-linker region preced-
ing the PDZ in addition to the PDZ domain comprises the minimal inhibitory unit. However, the
increased ICsq for the linker-PDZ construct compared with full-length DEPTOR suggests that the
N-terminal tandem DEP domain region (DEPt) contributes to inhibition ( Figure 2C, D). A mechanism
for the inhibitory role of DEPt is suggested by the structural work reported by ~ Waichli et al., 2021 .
Overexpression of the DEPTOR PDZ domain alone may have an indirect effect on mTOR signaling in
cells. Recently, an interaction of DEPTOR PDZ with the C-terminal portion of pREX2, a PTEN inhibit-
ing protein that includes domains structurally related to DEPTOR, has been identified ( Fine et al.,
2009; Yen et al.,, 2012 ). Considering the intertwined nature of the PISBK/mTOR pathways with
numerous feedback loops and crosstalk modes, it is difficult to unambiguously identify the origin of
MTOR inhibition by the PDZ domain of DEPTOR in cell-based experiments. The tandem DEP
domains alone (residues 1+221) or in combination with the long-linker (residues 1+323) showed no
inhibition (Figure 2B and C).

DEPTOR is phosphorylated in an mTOR-dependent manner in cells, and phosphorylation sites
have been identified in the long-linker region ( Duan et al., 2011 ; Gao et al., 2011 ; Peterson et al.,
2009; Wang et al., 2012b ; Zhao et al., 2018 ). To check the possibility that the inhibition of 4EBP1
and S6K1 phosphorylation by DEPTOR is due solely to DEPTOR acting as an alternative substrate
for mTORC1, we tested inhibition of mMTORCL1 by a previously described DEPTOR mutant in which
13 S/T residues in the long-linker region were mutated to alanine (13A mutant) ( Peterson et al.,
2009). The IG5 of this DEPTOR mutant was comparable to the wild-type DEPTOR for both the wild-
type mTORC1 (Figure 2D ) and mTORC1 with an activating cancer-associated mMTOR mutation
(A1459P, Figure 2bfigure supplement 1C ), so interaction between these S/T residues and
MTORC1 is not important for inhibition by DEPTOR. The 13A mutant is a partial inhibitor, like wild-
type DEPTOR, meaning that they bind to mTORC1 without preventing substrate binding and
turnover.

We next assayed phosphorylation of full-length DEPTOR and its deletion variants via Phos-tag
SDS PAGE. To increase the signal of phosphorylated DEPTOR for reliable detection, we used the
hyperactive mTORC1 A1459P. The isolated PDZ as well as tandem DEP domains were not phosphor-
ylated at any detectable rate in an mTOR dependent manner ( Figure 2bfigure supplement 1D ),
while the DEPDEP-long-linker was phosphorylated at a reduced rate compared to wild-type DEP-
TOR at equimolar concentrations (Figure 2bfigure supplement 1E ). This is an additional indication
that the PDZ domain assists the DEPTOR long-linker interaction with mTORC1.

Cryo-EM structure of mMTORC1/DEPTOR reveals a bipartite binding

mode of DEPTOR to mTOR

We determined the structure of mMTORC1 bound to full length DEPTOR by electron cryo-microscopy
(cryo-EM). Using cross-linked mTORC1/DEPTOR, we generated a 4.3 Kresolution reconstruction of
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Figure 2. The minimal inhibitory unit of DEPTOR is long-linker-PDZ. (A) DEPTOR deletion variants tested as inhibitors and substrates for nMTORC1. B)
Immunoblots showing the residual phosphorylation of 4EBP1 in the presence of various DEPTOR deletion variants. Images of western blots with long (L)
and short exposures (S) are shown. €) and (D) quantification of western blots of phosphorylated 4EBP1 plotted as a fraction of the control (0 M
inhibitor) vs. inhibited (mean + SD, n  3) and fit to a non-linear regression for all deletion variants to determine IC 5o. While all experiments were
performed at 30EC, inhibition of mMTORC1 by the PDZ domain was tested at 20EC for 20 min as the domain stability was low. N-terminally extended PDZ
constructs that showed increased temperature stability showed no inhibition of mMTORCL1 ( Figure 2Bfigure supplement 1A ). To demonstrate that the
temperature difference had no effect on the inhibition, DEPTOR (WT) was tested at 20EC for mTORCT1 inhibition Figure 2Bfigure supplement 1B ).
The data shown for DEPTOR (WT) is also part of~igure 1A . DEPTOR 13A inhibition of the mMTORC1 A1459P mutant is shown inFigure 2Bfigure
supplement 1C .

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Uncropped blots.

Source data 2. Data values for Figure 2 .

Figure supplement 1. DEPTOR is a partial inhibitor of mTORC1, analyzed by Phos-tag SDS PAGE and western blot.

Figure supplement 1Bsource data 1.  Uncropped stained gels.

Figure supplement 1Dsource data 2.  Data values.

MTORC1 in a complex with DEPTOR (Figure 3A ). The overall architecture of the mTORC1 complex
bound to DEPTOR resembles the conformation of mTORCL1 in the absence of RHEB (PDB 6BCX).
However, an additional density can be observed in a crevice between the FAT domain and the
N-heat of mTOR, centred at residues 1527+1571 in the FAT domain. The shape and size of this extra
density is consistent with the structure of a PDZ domain ( Figure 3C).
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Figure 3. Cryo-EM structure of mMTORC1/DEPTOR reveals bipartite binding mode of DEPTOR linker-PDZ to mTOR. A) Domain organization of mTOR
and DEPTOR is shown on the left. The region of interaction between the mTOR FAT domain residues 1527+1571 and the DEPTOR PDZ domain, as well
as the mTOR FRB domain and the DEPTOR linker are highlighted with arrows. Surface representation of the model for the mMTORC1/DEPTOR complex
is shown on the right, color-coded by domains. Only the linker and PDZ domain, not the tandem DEP domain of DEPTOR are visible in the cryo-EM
density. See Figure 3bfigure supplement 2 and Table 1 for cryo-EM data details. (B) The 10 lowest energy homology models of DEPTOR PDZ
produced using CS-Rosetta guided by NMR data, including 14 NOE distance restraints. DEPTOR PDZ construct (324-409) was used. SeEigure 50
figure supplement 2A  for the assigned *H-'>N BEST-TROSY spectrum of the PDZ domain. ) A close-up of DEPTOR binding to the mTOR subunit
shows DEPTOR PDZ domain in a crevice between the FAT domain and the N-heat of MTOR. DEPTOR long-linker (red) forms interactions at the FRB
domain. The dashed line spans the distance of DEPTOR long-linker between the two binding sites. Cryo-EM density for DEPTOR and its binding sites is

Figure 3 continued on next page
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Figure 3 continued

shown next to the model. The density for mTOR, PDZ, and long-linker are colored in gray, blue, and red, respectively. (D) Three mTOR helices (816,
fal7, fal8) at the junction of two solenoids (TRD2 and TRD3) in the FAT domain are splayed and form a non-canonical interface with the DEPTOR PDZ
domain.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. DEPTOR interaction with mTORC1.
Figure supplement 2. Cryo-EM data of the mTORC1/DEPTOR complex.

The density for the DEPTOR PDZ domain was poorly resolved. As crystallization of the 324+409
construct remained unsuccessful, the structure of the DEPTOR PDZ domain was determined using
NMR spectroscopy (Figure 3B). Here, instead of calculating a formal solution structure of the PDZ
domain, NMR restraint-based models were created using the ROSETTA software suite. The assigned
backbone chemical shifts, which are uniquely sensitive to the secondary structure in which each resi-
due resides, were employed to more accurately select fragments of homologous proteins using the
POMONA webserver. These fragments then were used to calculate the PDZ model using CS-Roset-
taCM that combines both chemical shifts (CS) and comparative modeling (CM) ( Shen and Bax,
2015). An ensemble of structures was then further refined using a limited set of NOE distance
restraints, resulting in a homology model that also satisfies solution state parameters that we
observed. This process is advantageous as it creates data driven models significantly faster than tra-
ditional NMR structure calculation techniques. Figure 3B represents an ensemble of the 10 lowest
energy structures calculated using this methodology, with the lowest energy model used in the final
cryo-EM structure refinement. The PDZ domain binds to three consecutive helices (f al6, fal7, fal8,
residues 1525+1580), in the middle of the C-shaped FAT domain at a corkscrew junction between
two helical solenoids (previously referred to as TRD2 and TRD3 Yang et al., 2013 ; Figure 3C and
D). The key interactions in this surface are formed by E1530, E1531, C1534, M1535, R1538, and
Q1562 on the MTORC1 FAT domain, and residues 336+342 and 354+362 on the DEPTOR PDZ
domain.

We identified a second density adjacent to the mTOR FRB domain, covering the lipophilic patch
formed by the FRB domain residues Y2038, F2038, Y2105, and F2108 {igure 3C and D ). We mod-
eled the density as three turns of an a-helix, but the local resolution is insufficient to assign a
sequence. It is plausible that this density represents part of the DEPTOR long-linker preceding the
PDZ domain, since our kinetic results identified the long-linker-PDZ as the minimal region of DEP-
TOR required for mTORC1 inhibition. However, we also see density at the TOS and RAIP-binding
sites on RAPTOR, raising the possibility that an unidentified substrate might be associated with the
mMTORC1, although no substrate was included in the sample preparation. To verify the interaction of
DEPTOR with the FRB, we carried out a series of experiments described below. Neither the long-
linker nor the PDZ interactions alone are sufficient for the inhibition by DEPTOR ( Figure 2C). Our
structure suggests a bipartite DEPTOR binding mode, with one interaction involving the FRB, similar
to the mTORC1 substrates S6K1 and 4EBP1, while the other interaction involves the DEPTOR PDZ
domain binding to mMTORC1's FAT domain and is unique to DEPTOR. The PDZ binding site is
remote from the active site and serves as an anchor moiety (Figure 3C), similarly to the TOS motif of
the substrates such as 4EBP1 that anchor to the TOS-binding site on the RAPTOR subunit. We can-
not discern any density spanning the two DEPTOR binding sites, and HDX-MS suggests that the
long-linker is unstructured (Figure 3Dbfigure supplement 1A |, Supplementary file 1 ). Furthermore,
an NMR-based secondary structure analysis of the isolated DEPTOR long-linker chemical shifts
revealed no regions of secondary structure (Figure 3bfigure supplement 1B ). Consequently, it is
impossible to say whether DEPTOR spans the two mTOR binding sites on one molecule, on different
MTOR subunits in the dimer or a combination of both of these modes ( Figure 3bfigure supple-
ment 1C).

When the structures of free mTORC1 (PDB 6BCX), RHEB-bound mTORC1 (PDB 6BCU) and
MTORC1 bound to DEPTOR are aligned locally on the C-lobe of the kinase domain, it is clear that
the ATP-binding sites of the free mMTORC1 and DEPTOR-bound mTORC1 are very similar and both
are distinct from the RHEB-bound conformation ( Figure 3Bfigure supplement 1D ). Free mTORC1
is present in a continuum of conformations, ranging from an open conformation to a closed
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conformation that are both very different than the RHEB-bound, activated conformation
(Yang et al., 2017 ). It may be that the predominant conformation captured by cryo-EM for free
MTORC1 corresponds to an inhibited conformation that is only capable of slowly turning over sub-
strate and this same conformation is the one predominately bound to DEPTOR.

DEPTOR PDZ domain binds to mTORCL1 in a non-canonical manner
Typically, PDZ domains bind their targets via the C-terminal tail of the target protein binding in the
PDZ aB/bB bhinding groove (Ernst et al., 2014 ). The cryo-EM density for the DEPTOR PDZ domain
bound to mMTOR suggests that binding occurs in a non-canonical fashion. The PDZ domain binds to
helices in the mTOR FAT domain (Figure 3D ). This unique type of interaction was further examined
by an NMR-binding experiment using the non-labeled 1 MDa mTORC1 as a binding partner for the
isolated ?H,**C,"®>N DEPTOR PDZ domain. Large protein complexes like mTORC1 would generally
severely impair NMR studies due to increased linewidth caused by slower tumbling. The same would
apply for any labeled interactor that binds tightly to the complex and shows a slow dissociation rate.
Nonetheless, in case of a Ky in the range of 0.1 mM to 1 mM and an excess of the interactor in the
NMR experiment, the effects of binding can be imprinted onto the dissociated small interactor
(Maurer et al., 2004 ). In this case, binding effects on the small interactor can be observed in the
bulk unbound and labeled protein. The DEPTOR PDZ/mTORCL1 interaction showed ideal properties
for this experiment and DEPTOR PDZ binding to mTORCL1 could be successfully detected from the
pool of free PDZ domain. Based on the line broadening, DEPTOR PDZ residues 338+342 and 358+
362 form the interface with mTORC1 ( Figure 4A , Figure 4Bfigure supplement 1 ). While the region
3381342 involves the canonical binding residues, the region 358+362 is part of the PDZ bC/aA struc-
tural element and therefore outside the canonical aB/bB binding groove. The binding interface on
DEPTOR PDZ is surprisingly similar to the binding mode of the third PDZ domain of the scaffold pro-
tein inactivation-no-afterpotential D (INAD) to the TRP channel in Drosophila photoreceptors
(Figure 4B), indicating that although this is a rare mode of interaction, it is not unprecedented
(Ye etal., 2016 ).

A set of linker regions bind to mTOR's FRB domain

Because our cryo-EM structure showed a bipartite binding that included the FRB domain, and
because the PDZ domain alone is insufficient for mTORC1 inhibition, we attempted to define the
region of DEPTOR interacting with mTOR's FRB. A small stretch of extra cryo-EM density in mTOR's
FRB domain suggested an interaction of DEPTOR with this mTOR domain (Figure 3C). As it has
been previously reported that DEPTOR's long-linker is phosphorylated in an mTOR-dependent man-
ner (Peterson et al., 2009 ), we proposed that a region in the DEPTOR long-linker binds to the FRB.
To verify this interaction, binding of the long-linker-PDZ (residues 228+409) to the isolated FRB
domain was characterized by NMR. The chemical shift perturbation in the *H-'N BEST-TROSY NMR
experiments comparing the bound FRB vs. free FRB confirmed that the long-linker interacts with the
FRB domain (Figure 5A , Figure 5bfigure supplement 1A+C ). The two most prominent patches
affected by this interaction are located at the FRB residues 2035+2042 in kfal and 2103+2109 in
kfa4, which is consistent with the cryo-EM density (Figure 5A ). This suggests a similar binding loca-
tion of the DEPTOR linker at the FRB as the substrates S6K1 or 4EBP1 {ang et al., 2017 ). Similar to
the substrates, binding affinity of the DEPTOR long-linker to the FRB is weak, with a Ky estimated by
NMR to be ~500 V.

To map the regions in DEPTOR interacting with the FRB domain, we carried out NMR experi-
ments with the isolated DEPTOR long-linker and HDX-MS experiments with the full-length DEPTOR.
The chemical shift perturbation of the DEPTOR long-linker (residues 228+323) bound to FRB vs.
DEPTOR long-linker alone in *H-'>*N BEST-TROSY NMR experiments revealed four patches, each of
five residues in the long-linker that were altered by FRB binding, residues 228+232, 244+249, 261+
264, and 280+285 (Figure 5B). Indeed, the regions of increased protection observed in full-length
DEPTOR in the presence of the FRB in an HDX-MS experiment were in good agreement with the
NMR result, as DEPTOR peptides 230+248, 270+288 and 276+296 were protected from solvent
exchange in the presence of the FRB (Figure 5C, Supplementary file 2 ). Notably, both experiments
suggested that there was not one unique FRB-binding motif in the long-linker, but multiple regions
capable of interacting. This is not surprising, as it has previously been shown for the mTORC1
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