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The mechanistic target of rapamycin complex 1 (mTORC1)
is a central regulator of mammalian cell growth that is dysre-
gulated in a number of human diseases, including metabolic
syndromes, aging, and cancer. Structural, biochemical, and
pharmacological studies that have increased our understanding
of how mTORC1 executes growth control often relied upon
purified mTORC1 protein. However, current immunoaffinity-
based purification methods are expensive, inefficient, and do
not necessarily isolate endogenous mTORC1, hampering their
overall utility in research. Here we present a simple tool to
isolate endogenous mTORC1 from various cellular sources. By
recombinantly expressing and isolating mTORC1-binding Rag
GTPases from Escherichia coli and using them as affinity
probes, we demonstrate that mTORC1 can be isolated from
mouse, bovine, and human sources. Our results indicate that
mTORC1 isolated by this relatively inexpensive method is
catalytically active and amenable to scaling. Collectively, this
tool may be utilized to isolate mTORC1 from various cellular
sources, organs, and disease contexts, aiding mTORC1-related
research.

The mechanistic target of rapamycin complex 1 (mTORC1)
integrates a multitude of environmental cues to direct
mammalian cell growth (1, 2). When cells are exposed to nu-
trients and growth factors,mTORC1 is activated at lysosomes by
the Rheb GTPase, leading to the stimulation of anabolic pro-
cesses including protein and lipid synthesis, and the concomi-
tant suppression ofmacroautophagy (3–5).Given its central role
in the regulation of anabolic metabolism, dysregulated
mTORC1 is implicated in a growing number of human patho-
logical conditions, including cancer, autoimmune diseases, and
aging, and is the focus of several therapeutic programs (6).

mTORC1 consists of three core components: the �250 kDa
serine/threonine mTOR kinase, a 35 kDa mammalian lethal
with SEC13 protein 8 (LST8, also known as GβL), and the
150 kDa scaffold protein regulatory-associated protein of
mTOR (Raptor) (7). Additional splice isoforms of mTOR have
been identified, including an �80 kDa mTORβ splice isoform
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which is abundant in the liver and other tissues (8). Raptor is
essential for the translocation of mTORC1 to the lysosomal
surface, which is mediated by binding to lysosomal-bound Rag
GTPases during conditions of amino acid sufficiency (9, 10).
Rag GTPases form obligate heterodimers of RagA or RagB
bound to RagC or RagD (11). In their active state, RagA/B is
bound to GTP and RagC/D is bound to GDP and strongly bind
Raptor, thereby translocating mTORC1 to the lysosomal sur-
face (9, 10, 12). In addition to mTORC1, mTOR is also the
catalytic subunit of mTOR complex 2 (mTORC2), defined by
its components Rictor and Sin1, and its unique downstream
substrates including Akt (6, 13).

Despite our increased understanding of the mTORC1
pathway over the last few decades, how mTORC1 coordinates
the multitude of anabolic processes in various organs or disease
tissues remains poorly understood. Importantly, many of the
studies that have significantly advanced our knowledge
regarding how mTORC1 executes cell growth control relied
upon purified protein for enzyme:function studies (14–17).
However, current methods for isolating mTORC1 depend
entirely on ectopic expression of tagged mTORC1 components
(18–21). Tag-based purification strategies frequently lead to
protein misfolding, incomplete expression, or cellular toxicity
and are also relatively expensive given the cost of antibody-
bound resins. More importantly, products of tagged recombi-
nant proteins can introduce various confounding variables, for
example, by altering the endogenous state of the protein,
interfering with binding partner interactions or creating
new unintended ones, or remaining unbound in its apo form
(22–24). For example, N-terminal–tagged Sin1, a key compo-
nent of mTORC2, cannot enter the complex (25). Also
immunocomplex-based isolation methods of mTORC1 are
problematic, as the immunocomplex cannot be eluted without
also disrupting the mTORC1 complex, restricting downstream
utility for most types of assays. Moreover, these approaches do
not scalewell as the source of theirmTORC1 is fromcell culture.
Taken together, methods to isolate endogenous mTORC1 are
arguably needed and would enable investigation of mTORC1 in
its physiological form, at its natural equilibrium, where intra-
protein interactions and activation states are conserved.

Here, we present a novel tool to isolate endogenous
mTORC1, which is based on the high and specific binding
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An affinity tool to isolate endogenous active mTORC1
affinity between the RagA/C GTPase heterodimer and the
mTORC1 core-component Raptor. By using recombinant Rag
GTPases expressed in Escherichia coli that are set to the cor-
rect GTP/GDP state, we show that endogenous and catalyti-
cally active mTORC1 can be eluted from various cellular
origins, and even animal tissues. Hopefully, this tool will aid
research that advances the knowledge of the mTORC1
pathway and support the development of novel therapeutics.
Results

Mammalian RagA and RagC bind the mTORC1 component
Raptor with high affinity when RagA is bound to GTP and
RagC to GDP (9, 10, 12). Based on this, we set out to build a
cost-effective tool that isolates endogenous mTORC1. The
basis of this strategy is to express GST-tagged recombinant
human RagA and RagC in E. coli (Fig. 1A), set these GTPases
into their high-mTORC1-affinity nucleotide state: GST-RagA-
GTP and GST-RagC-GDP (Fig. 1B), and utilize the GTPase
heterodimer as an affinity probe to isolate mTORC1 from
various cellular sources by GST affinity purification using
A B
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Figure 1. Schematic diagram of method to isolate endogenous mTORC1 u
expressed and purified from E. coli. B, GST-Rag GTPases are individually set in
GST-RagA-GTPγS and GST-RagC-GDP are combined at a 1:1 ratio to form a hig
lysate containing mTORC1. E, GST-Rag GTPases are isolated using glutathione b
and separated from other lysate proteins. F, mTORC1 is eluted by switching th
GTPγS, GTPgammaS; mTORC1, mechanistic target of rapamycin complex 1.
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glutathione beads (Fig. 1, C–F). By replacing GTP with the
slow/nonhydrolysable GTPgammaS (GTPγS), the potential
hydrolysis of GST-RagA-GTP by intrinsic GTPase activity or
GTPase-activating proteins present in lysates is suppressed
(Fig. 1B). At the end, mTORC1 can be eluted by changing the
GST-Rag GTPase nucleotide state by simple chelation of
magnesium which disrupts the nucleotide binding within the
Rags (26) (Fig. 1F). Atomic-scale in silicomodeling of the Rag–
Raptor binding interface across the animal and plant kingdoms
indicated that this strategy potentially can isolate mTORC1
from various animal cells, but not plant cells, since they lack
Rag homologs (27) and the Raptor-binding interface is not
conserved between humans and plants (Fig. 2).

To explore whether it is possible to isolate mTORC1 using
this strategy, GST-tagged human RagA and human RagC were
independently expressed and purified from BL21 E. coli using
glutathione beads. Coomassie staining of the purified samples
demonstrated that the primary bands in isolated GST-RagA
and GST-RagC corresponded to the expressed proteins, a
55- and 70-kDa protein, respectively (Fig. 3, A and B). Addi-
tional bands suggested that partial proteolysis/degradation of
C

F

sing recombinant Rag GTPase proteins. A, GST-tagged RagA and RagC are
to the high-mTORC1-affinity states: GST-RagA-GTPγS and GST-RagC-GDP. C,
h-mTORC1-affinity dimer. D, GST-Rag GTPase dimers are incubated with cell
eads, which bind the GST tag. In this way, mTORC1 is captured on the beads
e nucleotide state of the GST-Rag GTPases to a low-mTORC1-affinity state.



Figure 2. Conserved interacting regions of Raptor and Rag GTPases highlight the utility of the affinity assay in all mTOR homolog-expressing
species except plants. A, the crystal structure of human Raptor with the dimer of human RagA-GTP with RagC-GDP at 3.18 Ångström with the inter-
acting regions between the supercomplex highlighted in yellow. The structure was obtained from PDB file 6U62 (7). A conserved protein sequence analysis
comparing human versus all homolog-containing species for RagA and RagC (B) or Raptor (C–E) is superimposed onto PDB 6U62 using ConSurf software.
Conserved protein sequences for human Raptor versus Raptor homologs from all species (C), all animals (D), and plants (E) are shown. F, Raptor-conserved
protein sequences for Arabidopsis thaliana (plant) versus homologs from all other plants superimposed onto Arabidopsis thaliana Raptor PDB 5WBI (14).
Computed conservation scores are assigned color grades 1 to 9, going from variable to conserved, as indicated. Unreliable regions are colored in light
yellow. For more info, see Experimental procedures and references therein. mTOR, mechanistic target of rapamycin.

An affinity tool to isolate endogenous active mTORC1
the Rags occurred in the bacterial lysates, which was minimal,
indicating that human RagA and RagC can be readily produced
in vitro. The GST-RagA isolate also contained a larger un-
known protein (�65 kDa). Next, we exchanged these recom-
binant proteins with GDP or GTPγS, setting their high-affinity
mTORC1-binding state in vitro, whereafter they were com-
bined at a 1:1 ratio and added to lysates of mouse embryonic
fibroblasts (MEFs). After GST pull-down, we assessed whether
mTORC1 components could be detected in the eluate. Indeed,
Coomassie staining revealed a band at 250 kDa, which corre-
sponded to mTOR, as assessed by immunoblotting (Fig. 3C).
Furthermore, the Rag-affinity pull-down elute was enriched in
mTOR, Raptor, and LST8, in contrast to the mTORC2’s Ric-
tor, as judged by immunoblotting analysis (Fig. 3D), indicating
J. Biol. Chem. (2023) 299(5) 104644 3



Figure 3. Expression of GST-RagA and GST-RagC and isolation of mouse mTORC1. Coomassie stain (A) and SDS-page Western immunoblotting (B) of
8% acrylamide gel of recombinant human GST-RagA and GST-RagC expressed in Escherichia coli and purified on glutathione beads, as indicated. C,
Coomassie stain (upper panel) and immunoblotting (lower panel) of Rag-isolated mTORC1 from MEF lysates. D–F, Rag-isolated mTORC1 from MEFs (D and E)
or HEK293A (E and F) were immunoblotted against the indicated proteins. Experiments were repeated at least three times. In C–F, mTORC1 was isolated by
Rag GST pull-down, lysed, and boiled. Lysates were prepared from six confluent 15-cm plates (C, D, and F) and six confluent 15-cm plates (�14 mg of
protein) (E). MEFs, mouse embryonic fibroblasts; mTORC1, mechanistic target of rapamycin complex 1.

An affinity tool to isolate endogenous active mTORC1
that Rag GTPases can be utilized as affinity probes to isolate
endogenous mTORC1. We next isolated mTORC1 from hu-
man HEK293A cell lysates and compared the pull-down to
MEFs. By immunoblotting, we detected more mTORC1
components being isolated from HEK293A cells than MEFs
(Fig. 3E) and only minor levels of mTORC2’s components
Rictor and Sin1 (Fig. 3F), altogether suggesting that mTORC1
can be isolated from human HEK293A cells.

We next tested whether the assay could be scaled-up to
isolate and elute mTORC1 by recombinant high affinity-state
4 J. Biol. Chem. (2023) 299(5) 104644
Rag binding and release (Fig. 1). To this end, we focused on
HEK293A where we had found mTORC1 components to be
abundant (Fig. 3E). Affinity pull-down and elution readily
isolated mTORC1-sized component proteins, which were
confirmed to be Raptor, mTOR, and LST8 by immunoblotting
(Fig. 4, A and B). Moreover, the affinity pull-down “wash”
condition lacked mTORC1, suggesting specificity to the
chelation-mediated elution step (Fig. 4B). To test whether
isolated mTORC1 was catalytically active, we performed an
in vitro kinase assay with the mTORC1 substrate 4E-BP1 and
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Figure 4. Rag isolation of human mTORC1 is catalytically active. A and B, Coomassie stain (A) and SDS-page Western immunoblot (B) of 6% acrylamide
gel of Rag-purified mTORC1 from HEK293A cells. In (A), symbol * denotes residual GST-RagC and other interacting proteins. Symbol # denotes areas in the
gel quantified to the right, including gel areas corresponding to mTORC1 components validated by immunoblotting in (B): mTOR (250 kDa), Raptor
(150 kDa), and LST (40 kDa). Gel areas corresponding to the mTORC2 complex components were extrapolated based on known molecular weights: Rictor
(200 kDa) and Sin1 (75 kDa). As further described in Experimental procedures, in (B), the wash condition was collected, and mTORC1 was eluted from
glutathione beads with high NaCl+EDTA. Beads were washed with Hepes buffer and GST-bound proteins were eluted with glutathione. mTORC1 com-
ponents mTOR, Raptor, and mLST8 were detected in first eluate; GST-tagged RagA and RagC were detected in the second eluate. C, isolated mTORC1 was
incubated with Rheb-GDP or Rheb-GTP, followed by incubation with ATP and 4E-BP1. The ability of eluted human mTORC1 to phosphorylate its down-
stream target 4E-BP1 at T37/46 was measured by dot blot analysis, with signal intensity quantified on the right. All experiments were repeated at least three
times. In (A and B), lysates were prepared from 40 confluent 15-cm plates of cells. mTORC1, mechanistic target of rapamycin complex 1.

An affinity tool to isolate endogenous active mTORC1
its activator Rheb. In the experiment, purified Rheb had either
been loaded with GDP or GTPγS since GTP-bound Rheb is
known to activate mTORC1 (28). A significant increase in the
phosphorylation of 4E-BP1 T37/46 was observed when Rheb-
GTPγS was added to the reaction mixtures containing
increasing amounts of isolated mTORC1, compared to the
addition of Rheb-GDP (Fig. 4C). 4E-BP1 was phosphorylated
by both conditions at the highest mTORC1 amount, suggest-
ing that the eluted kinase is constitutively active, as observed
previously (14, 21, 29). Taken together, these data suggest that
mTORC1 could be eluted from the Rag GTPases ex vivo and
that eluted mTORC1 was catalytically functional, thus
J. Biol. Chem. (2023) 299(5) 104644 5
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retaining the structural features necessary for its further acti-
vation by Rheb.

It was still unclear whether our assay could be scaled beyond
cultured cells and applied to animal tissues, an abundant
source of mTORC1. To test this, we applied our assay on the
lysates of bovine liver. In the murine and human liver, two
isoforms of mTOR exist: the full-length form designated as
mTORα and a splice-isoform known as mTORβ (8). Tagged-
protein overexpression studies using HEK293 cells have
demonstrated that both mTORα and mTORβ can form
mTORC1 in cells (8); however, this has never been demon-
strated in vivo nor has mTORC1-β’s presence been demon-
strated physiologically. By immunoblotting for mTORC1
components in the purified mTORC1 from bovine liver, we
confirmed that the affinity pull-down isolated Raptor at
150 kDa, LST8 at 35 kDa, mTORα at �280 kDa, as well as a
�80 kDa mTOR-sized protein (Fig. 5A), which was strongly
immunoreactive to anti-mTOR antibody and arguably corre-
sponds to the mTORβ isoform (8). Interestingly, an in vitro
kinase assay of the isolate indicated that bovine mTORC1 was
catalytically active as it phosphorylated 4E-BP1 at T37/46
(Fig. 5B). Collectively, these data suggest that the Rag affinity
assay can be used to scale up mTORC1 isolation and that
mTORα and mTORβ may form distinct mTOR complexes
that coexist in the same tissue.
Discussion

Our study describes a unique approach to isolate large
quantities of endogenous mTORC1 without the use of
immunoaffinity reagents. We have demonstrated that the Rag
GTPases, in agreement with their established role as Raptor-
binding proteins (10, 12), can be used as affinity probes to
isolate and elute mTORC1. Furthermore, our data suggest
that purified mTORC1 is isolated in its native confirmation as
it is catalytically active (Fig. 4). Importantly, our method can
A

Figure 5. Rag isolation of mTORC1 from bovine liver tissue. A and B, lys
against the endogenous indicated proteins (A) or incubated with ATP and 4E
phosphorylate its downstream target 4E-BP1 at T37/46 was measured by dot b
detected with polyclonal mTOR antibody ab2732, Abcam, and mTORβ with rab
down samples were eluted from the glutathione beads as described in Experi
sample buffer. In (A), lysates were prepared from 1.5 g of tissue. Experiments we
of rapamycin complex 1.
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be scaled up and applied to a variety of cellular sources,
opening up the possibility to isolate mTORC1 from abundant
sources like animal tissues. Although this strategy may also
isolate additional Rag-interacting proteins, as is likely the case
even from bacterial lysates (Fig. 3A, RagA band �65 kDa), the
predominant chelation-eluted proteins purified through this
method correspond to known mTORC1 components
(Figs. 3D and 4A), suggesting that this strategy on the whole is
rather selective for mTORC1. Moreover, our results indicate
that both mTORα and mTORβ isoforms form complexes
with Raptor and LST8 and that both can be readily isolated
from tissue samples (Fig. 5). Secondary purification steps
could be applied to achieve further purity of mTORC1, such
as size-exclusion chromatography and ion-exchange
methods.

Given that Rag GTPase binding to Raptor is nucleotide
dependent, the elution of mTORC1 from recombinant Rags is
readily achieved by nucleotide switching. Thus far, we ach-
ieved this by simple chelation of the Mg2+ divalent ion that is
required for the stabilization of both the RagA-GTP and
RagC-GDP nucleotide binding and their interaction with
Raptor, mediated by its switch-I domain (26, 30–32). An
alternative elution approach could potentially be to add re-
combinant GATOR1, a known GTPase activating protein for
RagA/B (33), but this would come at the cost of introducing
more proteins to the elution that subsequently must be
separated.

While mTOR was discovered nearly 30 years ago, to this
day, discoveries into its mechanisms and function continue to
be made. Recent studies indicate that numerous unknown
mTORC1 substrates may exist (34) and these substrates
require further validation with purified mTORC1. Addition-
ally, mTORC1 is the subject of many therapeutic development
programs, including the identification of inhibitors and acti-
vators, which also require large amounts of purified mTORC1.
As shown in Figure 5A, our tool may not only be used for large
B

ates of affinity-isolated mTORC1 were either subjected to immunoblotting
-BP1 in an in vitro kinase assay (B). The ability of eluted human mTORC1 to
lot analysis (B). As further described in Experimental procedures, mTORα was
bit monoclonal antibody 2983, Cell Signaling Technologies. In (B), GST pull-
mental procedures. In (A), GST pull-down samples were lysed and boiled in
re carried out on three individual liver samples. mTORC1, mechanistic target
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prep isolation but also for the isolation of varied isoforms of
mTORC1 from animal tissues, opening up the possibility of
studying variations of mTORC1 and its binding partners.

In sum, we have developed a novel strategy to isolate
mTORC1 from various cellular sources. We hope that this tool
will aid research investigating the physiological role of the
mTORC1 pathway in different organs, cell types, or disease
contexts, thus supporting the development of mTORC1-
directed therapeutics.

Experimental procedures

Cloning

Full-length human RagA, RagC, Rheb, and 4E-BP1 were
cloned in-frame with N-terminally–tagged GST in pGEX4t.1
vector system, where translation is controlled by the Lac
operon.

Bacterial protein expression and purification

pGEX plasmids were transformed in BL21 DE3 competent
E. coli cells, and positive clones were grown under ampicillin
selection. BL21 competent pGEX-RagA, pGEX-RagC, pGEX-
Rheb, and pGEX-4E-BP1 were grown in 250 l LB media
each at 37 �C degrees overnight. Cultures were then inoculated
into 0.5-1L LB for protein expression. Upon reaching 0.6
absorbance, IPTG was added to the cultures for a final con-
centration of 400 μM and incubated at 37 �C for 4 to 5 h prior
to bacteria pelleting by centrifugation. Cell pellets were
resuspended in Hepes buffer (40 mM Hepes, 150 mM NaCl,
5 mM MgCl2 and cOmplete protease inhibitor cocktail from
Roche) and sonicated with a probe sonicator. Protein lysates
were incubated with glutathione beads (Pierce Glutathione
Agarose, Thermo Fisher Scientific) at 4 �C for 1 to 2 h, fol-
lowed by bead isolation by centrifugation and ten times wash
with Hepes buffer.

Nucleotide loading of RagA and RagC

To set RagA and RagC in their mTORC1 high-affinity states,
two different methods were utilized. In Figure 4, cleared bac-
terial lysate was incubated with glutathione-conjugated
agarose beads and washed ten times with Hepes buffer.
GST-RagA and GST-RagC were isolated from glutathione-
conjugated beads with 10 mM reduced glutathione. Rag
proteins were processed independently unless otherwise indi-
cated. To release the nucleotides from the Rag proteins, pu-
rified RagA or RagC was placed in 10 kDa dialysis tubing and
incubated with 10 mM EDTA for 1 h at room temperature.
RagA or RagC dialysis tubing was placed in Hepes dialysis
buffer without MgCl2 for 24 h at 4 �C, renewing buffer 2 to 3
times. While still in the dialysis tubing, purified RagA was
incubated with 1 mM GTPγS and mixed, whereas purified
RagC was incubated with 1 mM GDP and mixed. Purified
RagA or RagC was incubated with 10 mMMgCl2 for 30 min at
room temperature. Dialysis tubing was then placed in dialysis
buffer Hepes with MgCl2 for 24 to 48 h at 4 �C, renewing
dialysis buffer 2 to 3 times. Purified RagA or RagC was
concentrated using a 10 kDa Centricon filter, and protein
concentration was quantified by nano-drop 280 nm wave-
length measurement. Equal molar concentrations of purified,
nucleotide-switched RagA and RagC were combined to make
RagA-GTPγS/RagC-GDP dimers.

In Figures 3 and 5, glutathione beads containing GST-RagA,
GST-RagC, and GST-Rheb were switched to a no-MgCl2 wash
buffer (40 mM Hepes, 150 mM NaCl) and incubated at room
temperature with 10 mM EDTA for 1 h on rotation to remove
magnesium from the catalytic core of the GTPases and thereby
dissociate bound nucleotides. EDTA was then removed by
washing the samples ten times with MgCl2 wash buffer
(40 mM Hepes, 150 mM NaCl, 5 mM MgCl2), whereafter
samples were incubated with the specified nucleotides for 1 h
at room temperature, on rotation, and washed 5 to 10 times
with MgCl2 wash buffer.

Preparation of lysates

HEK293A cells were purchased from Thermo Fisher Sci-
entific. MEFs were a kind gift from Dr John Blenis (Weill
Cornell Medicine). Both cell lines were grown in 2D culture
with DMEM high glucose (Thermo Fisher Scientific) and 10%
fetal bovine serum (Thermo Fisher Scientific). Fresh bovine
livers were kindly provided by Lövsta Kött. 0.5 to 2 g of each
liver was homogenized by mincing the tissue with razor
blades in the appropriate amount of ice-cold lysis buffer
(40 mM Hepes, 150 mM NaCl, 5 mM MgCl2, 0.2% CHAPS
with cOmplete protease inhibitor cocktail from Roche).
Mammalian cells were lysed in appropriate amount of ice-
cold lysis buffer and passed through a 23G needle ten
times. Samples were then centrifuged at the maximum speed
for >30 min, 4 �C. Lysates were either directly incubated with
nucleotide-switched GST-Rag GTPases, as described below,
or processed by a dialysis step for 24 h, using a 100 kDa
dialysis tubing (Spectrum Labs) and changing lysis buffer 3 to
5 times.

mTORC1 affinity isolation and elution

Glutathione beads containing nucleotide-switched GST-Rag
GTPases were combined at a 1:1 ratio and incubated with
lysates for 2 to 4 h on rotation at 4 �C. Samples were then
washed ten times with lysis buffer without protease inhibitors,
whereafter protein was either recovered by boiling the samples
5 to 10 min in Laemmli buffer with 5% 2-mercaptoethanol, or
eluted, as specified in the figure legends. For elusion, protein
was washed 5× with target-no-MgCl2 wash buffer (40 mM
Hepes, 150 mM NaCl, 0.2% CHAPS), then incubated with
target-no-MgCl2-EDTA wash buffer (40 mM Hepes, 500 mM
NaCl, 0.2% CHAPS, 5 mM EDTA) for 3 h at room tempera-
ture. The supernatant/eluate was collected, and 10 mM MgCl2
was added and incubated at 4 �C for 1 h. High NaCl-
containing eluate was diluted with target-No-NaCl wash
buffer (40 mM Hepes, 0.2% CHAPS, 5 mM MgCl2) to reach a
final NaCl concentration of 150 mM. The target-No-MgCl2
wash buffer and target-No-MgCl2-EDTA wash buffer eluates
were each concentrated using a 100 kDa cutoff Amicon
concentrator.
J. Biol. Chem. (2023) 299(5) 104644 7
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GST-Rags, GST-Rheb, and GST-4E-BP1 elution

Glutathione beads containing GST-Rag GTPases, GST-4E-
BP1, or GST-Rheb were incubated with 10 mM reduced
glutathione (Thermo Fisher Scientific) in MgCl2 wash buffer
(40 mM Hepes, 150 mM NaCl, 5 mM MgCl2). Eluate was
concentrated using a 10 kDa cutoff Amicon concentrator.
mTORC1 kinase assay

Increasing concentrations of HEK293A-isolated mTORC1
was incubated with a set amount of GST-4E-BP1 in 40 mM
Hepes buffer with 5 mM MgCl2 and GST-Rheb in either the
GTP-bound or GDP-bound nucleotide state for 30 min at
room temperature. One millimolar ATP was added to each
mixture and incubated for 1 h at 37 �C. Similarly, bovine
isolate mTORC1 was incubated with a set amount of GST-4E-
BP1 in 40 mM Hepes buffer with 5 mM MgCl2. Control
samples were incubated with water, and treated samples were
incubated with 1 mM ATP and incubated for 1 h at 37 �C.
Samples were dotted onto nitrocellulose membranes and
immunoblotting techniques were applied.
Coomassie imaging, dot blot, and Western immunoblot

Samples were boiled for 5 to 10 min in Laemmli sample
buffer with 5 to 10% 2-mercaptoethanol. Five to fifty micro-
grams of lysate were resolved by SDS-PAGE and transferred to
0.2 μm nitrocellulose membranes (Bio-Rad Laboratories), after
which membranes were blocked with EveryBlot blocking
buffer (Bio-Rad Laboratories) for 1 h. For dot blots, 2.5 μl of
kinase reaction assays were dotted onto nitrocellulose mem-
branes (Bio-Rad Laboratories), dried, and then blocked with
2.5% nonfat milk. Primary antibodies were diluted in blocking
buffer and incubated overnight at 4 �C. Secondary antibody
(horseradish peroxidase conjugated from GE healthcare) in-
cubations were performed in blocking buffer at room tem-
perature for 1 h. Membranes were captured with an
Amersham Imager 680 (GE HealthCare), using SuperSignal
West Pico PLUS Chemiluminescent Substrate or SuperSignal
West Femto Maximum Sensitivity Substrate from Thermo
Fisher Scientific.

The following primary antibodies were purchased from Cell
Signaling Technology: mTOR (#2983), Raptor (#2280), Rictor
(#2114), GbetaL/LST8 (#3274), phospho-4E-BP1 Thr37/46
(#2855), RagA (#4357), RagC (#9480). Anti-GST was pur-
chased from Santa Cruz Biotechnology (#sc-138) and anti-Sin1
from Sigma-Aldrich (#07-2276-I). In bovine liver samples,
rabbit monoclonal mTOR Cell Signaling Technology #2983
strongly detected mTORβ and for the detection of full-length
mTORα in these samples, a polyclonal antibody against mTOR
(ab2732, Abcam) was utilized in line with a previous study
(35). In several of the experiments, proteins of similar sizes
(such as Rictor and Raptor or Raptor and mTOR) had to be
analyzed on separate gels due to the interference of secondary
antibodies.

For Coomassie blue stainings, gels were incubated with
Coomassie brilliant blue G-250 (Bio-Rad) for 1 to 12 h and
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rinsed/washed in deionized water until protein band resolution
was attained.

In Figure 3C, the SDS-page gel that had been stained with
Coomassie blue was transferred to a nitrocellulose membrane
so that the Coomassie stain was detectible on the membrane.
After immunoblotting against mTOR as described above, both
the anti-mTOR horseradish peroxidase signal and the Coo-
massie staining could be detected simultaneously on the
Amersham Imager 680 (GE HealthCare).

Consurf structure assessment

Consurf analysis on 6U62.pdb (7) and 5WBI.pdb (14) was
performed as per website instructions (https://consurf.tau.ac.
il/) (36–40).

Data availability

All data supporting the findings of this study are available
from the corresponding authors upon request.
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