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Background: mTORC1 recruits its substrate 4E-BP1 via Raptor/4E-BP1 interaction. Chemical cross-linking/mass spec-
trometry permits characterization of protein-protein interactions.
Results: Cross-linked peptides between Raptor and 4E-BP1 were identified. Raptor intramolecular cross-links were also
identified.
Conclusion: Raptor N-terminal region containing RNC1 is implicated in the interaction with the central region of 4E-BP1.
Significance: Our study provides novel insight into how mTORC1 recognizes 4E-BP1.

mTORC1 plays critical roles in the regulation of protein syn-
thesis, growth, and proliferation in response to nutrients,
growth factors, and energy conditions. One of the substrates of
mTORC1 is 4E-BP1, whose phosphorylation by mTORC1
reverses its inhibitory action on eIF4E, resulting in the promo-
tion of protein synthesis. Raptor in mTOR complex 1 is believed
to recruit 4E-BP1, facilitating phosphorylation of 4E-BP1 by the
kinase mTOR. We applied chemical cross-linking coupled with
mass spectrometry analysis to gain insight into interactions
between mTORC1 and 4E-BP1. Using the cross-linking reagent
bis[sulfosuccinimidyl] suberate, we showed that Raptor can be
cross-linked with 4E-BP1. Mass spectrometric analysis of cross-
linked Raptor-4E-BP1 led to the identification of several cross-
linked peptide pairs. Compilation of these peptides revealed
that the most N-terminal Raptor N-terminal conserved domain
(in particular residues from 89 to 180) of Raptor is the major site
of interaction with 4E-BP1. On 4E-BP1, we found that cross-
links with Raptor were clustered in the central region (amino
acid residues 56 –72) we call RCR (Raptor cross-linking region).
Intramolecular cross-links of Raptor suggest the presence of two
structured regions of Raptor: one in the N-terminal region and
the other in the C-terminal region. In support of the idea that the
Raptor N-terminal conserved domain and the 4E-BP1 central
region are closely located, we found that peptides that encom-
pass the RCR of 4E-BP1 inhibit cross-linking and interaction of

4E-BP1 with Raptor. Furthermore, mutations of residues in the
RCR decrease the ability of 4E-BP1 to serve as a substrate for
mTORC1 in vitro and in vivo.

The mammalian target of rapamycin (mTOR)3 signaling
pathway has attracted attention because of its involvement in a
variety of cellular processes in response to stimuli such as
growth factors, nutrients, and energy conditions (1– 4). Up-reg-
ulation of this signaling pathway is frequently found in a variety
of human cancers (5–7). Single amino acid changes can confer
constitutive activation of mTOR, and we have identified acti-
vating mutations R2505P and S2215Y by mining the human
cancer genome database (8). mTOR is a protein kinase belong-
ing to the PI3K-related kinase family that includes PI3K-,
ATM-, ATR-(ATM- and Rad3-related), and DNA-dependent
protein kinase (9). Protein kinases in this group share similar
structural features including the presence of the HEAT repeat,
FAT, FATC, and the kinase domains. mTOR forms two differ-
ent multiprotein complexes, mTORC1 and mTORC2 (10, 11);
mTORC1 consists mainly of mTOR, Raptor, and mLST8 (G�L),
whereas mTORC2 consists of mTOR, Rictor, mLST8, and Sin1.
Substrates of mTORC1 include 4E-BP1 and S6K, whose phos-
phorylation causes promotion of protein synthesis. In the case
of 4E-BP1, its phosphorylation results in relieving inhibitory
action of this protein on eIF4E, a cap-binding protein (1– 4, 12).
S6K stimulates protein synthesis by phosphorylating ribosomal
protein S6. In cancer cells, it is believed that 4E-BP1 has an
important role in growth and proliferation (13, 14).

Phosphorylation of 4E-BP1 by mTOR is assisted by Raptor,
which functions as a scaffold protein. Raptor recruits substrate
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proteins to mTORC1 so that they can be phosphorylated by
mTOR (15, 16). Raptor is a protein of 150 kDa that contains the
Raptor N-terminal conserved (RNC) motif, the HEAT repeat,
and the WD40 motif (15, 16). Mutations in the RNC motif
decrease interaction with 4E-BP1 (15, 16). We wanted to fur-
ther investigate how mTORC1 interacts with 4E-BP1. Specifi-
cally, we sought to gain insight into the region of proximity
between Raptor and 4E-BP1.

The recognition of substrate proteins by Raptor is believed to
involve a five-amino acid sequence called the TOR signaling
(TOS) motif, because mutations of this motif result in
decreased interaction with Raptor (17–19). Another motif
called “RAIP” is also proposed to be involved (17–19). Although
these motifs are important, other regions of 4E-BP1 are also
implicated in the interaction with Raptor (19).

Chemical cross-linking coupled with mass spectrometry
analysis (CXMS) has emerged as a powerful method to charac-
terize protein-protein interactions (20 –26). A basic principle of
the method is to use chemical cross-linkers to link reactive
amino acid residues that are closely located. After protease
digestion, cross-linked peptide pairs are separated by liquid
chromatography and can be identified using mass spectrome-
try. Because only the residues located in close proximity can be
cross-linked, intramolecular cross-links can provide insights
into the folding of a protein, and intermolecular cross-links can
reveal the site(s) of interaction between two proteins. As such,
CXMS has been applied to gain information about subunit
interactions within multiprotein complexes, which is particu-
larly advantageous for protein complexes that are difficult to
purify and crystallize. One of the challenges concerning CXMS
is to develop a software tool for identification of cross-linked
peptides from their fragmentation spectra (21, 25). The pLink
software (21) has been optimized using a large data set and
shown to be effective on a variety of samples including protein
complexes.

In this paper, we report analysis of Raptor-4E-BP1 interac-
tion using CXMS. We show that Raptor cross-links with
4E-BP1 and that several cross-linked peptides can be identified.
Our results show that the cross-links mainly involve the RNC1
domain of Raptor and the central region of 4E-BP1, suggesting
their close proximity. Identification of intramolecular cross-
links raises the possibility that Raptor contains two structured
domains. Finally, we have been able to block the formation of
Raptor-4E-BP1 cross-links by synthetic peptides correspond-
ing to the sequence within the RCR of 4E-BP1. We also show
that mutations of 4E-BP1 residues within the RCR decrease the
ability of 4E-BP1 to serve as a substrate of mTORC1 in vitro and
in vivo.

EXPERIMENTAL PROCEDURES

Reagents—Cross-linkers, bis[sulfosuccinimidyl] suberate
(BS3) and disuccinimidyl suberate were obtained from Pierce.
Anti-FLAG M2 affinity gel and 3� FLAG peptide were
obtained from Sigma. Full-length recombinant 4E-BP1 protein
was obtained from Santa Cruz Biotechnology (Dallas, TX).
Phosphorylated 4E-BP1 purified from Sf9 cells was obtained
from CalBiochem (EMD Millipore, Billerica, MA). Anti-mTOR,
anti-mLST8, and anti-4E-BP1 antibodies were obtained from Cell

Signaling (Danvers, MA). Anti-Raptor antibody was obtained
from BETHYL Lab (Montgomery, TX). Peptides were synthesized
by Peptibody Inc. (Charlotte, NC).

Purification of mTORC1 and Raptor—Cells stably expressing
FLAG-Raptor protein were established using the pLJM1
FLAG-Raptor plasmid (Addgene no. 26633). The lentivirus
containing this plasmid was generated by the UCLA Vector
Core Facility. HEK293T cells were infected with the lentivirus,
and cells stably expressing FLAG-Raptor were obtained by
puromycin selection. The resulting cell line, FLAG-Raptor 2,
was cultured using Dulbecco’s modified Eagle’s medium
enriched with 10% fetal bovine serum and 1� penicillin/strep-
tomycin at 37 °C and 5% CO2. Cells expressing FLAG-Raptor
were grown, washed with PBS, and stored at �80 °C for subse-
quent experiments. Cells (3.3 � 107) were lysed in 1 ml of 50 mM

HEPES, pH 7.4, 150 mM NaCl, 0.4% CHAPS, 1� Complete,
EDTA-free protease inhibitor mixture (Roche Applied Sci-
ence), and 1 mM Na3VO4. In experiments where Raptor was
isolated without the other components of mTORC1, 1% Triton
X-100 was substituted for 0.4% CHAPS in the lysis buffer. The
cell suspension was cleared of insoluble debris by centrifuga-
tion at 16,000 � g for 10 min before being mixed with anti-
FLAG M2 affinity gel (Sigma) for affinity purification. The
affinity gel was collected, washed twice with wash buffer includ-
ing ATP (50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM DTT, 2
mM ATP, 0.1% CHAPS), and washed three times with wash
buffer without ATP (50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM

DTT, 0.1% CHAPS). Bound proteins were eluted using 62
�g/ml 3� FLAG peptide (Sigma) in 50 mM HEPES, pH 7.4, 150
mM NaCl, 0.4% CHAPS. Eluted proteins were concentrated
using Amicon Ultra 0.5-ml centrifugal filters NMWL 100K
(EMD Millipore, Billerica, MA). If necessary, we subjected the
preparation to another round of affinity purification using anti
AU1 beads. In this case, we transfected HEK293T cells stably
expressing FLAG-Raptor with AU1-mTOR DNA (8) before
collecting cells. The presence of mTOR, Raptor, and mLST8 in
the final preparation was evaluated by staining and Western
blotting.

mTORC1 Kinase Assay—Protein kinase activity of mTORC1
was examined by carrying out kinase reaction using unphos-
phorylated 4E-BP1 (Santa Cruz Biotechnology, Dallas, TX) as
described previously (27). Briefly, mTORC1 purified above was
incubated with 0.25 �g of 4E-BP1 protein in kinase buffer (20
mM Tris-HCl, pH 7.5, 10 mM MgCl2, 0.2 mM ATP) for 20 min at
37 °C. The product was analyzed by Western blot using anti-
bodies against phospho-4E-BP1 (Thr37/46), phospho-4E-BP1
(Ser65), or total 4E-BP1.

4E-BP1 Binding Assay—Binding of 4E-BP1 to mTORC1 was
examined by the pulldown of 4E-BP1 with mTORC1 bound to
beads. mTORC1 was purified from HEK293T cells expressing
FLAG-Raptor using anti-FLAG beads. The beads were mixed
with 4E-BP1 in a buffer containing 20 mM Tris-HCl, pH 7.5, 10
mM MgCl2, 100 mM NaCl. After the incubation, the beads were
collected, washed, and then suspended in Laemmli buffer. The
sample was run on a SDS-polyacrylamide gel and probed with
an antibody against 4E-BP1 as described (27).

Cross-linking Procedure—Purified proteins were combined
with 4E-BP1 (Santa Cruz Biotechnology, Dallas, TX) and cross-
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linked using BS3 or disuccinimidyl suberate. The reaction con-
dition was the same as that used for the kinase reaction (27),
except that ATP and MgCl2 were omitted and Tris was replaced
with HEPES. The water-soluble characteristics of BS3 made this
cross-linker more compatible with the experimental work flow
than its water-insoluble counterpart disuccinimidyl suberate.
The cross-linking reagent was reacted with the proteins at
room temperature for 20 min. Then the solution was adjusted
to 20 mM NH4HCO3 and kept at room temperature for 20 min
to inactivate the remaining free cross-linker reagent. The cross-
linked proteins were stored at �80 °C in Laemmli buffer. Cross-
linked proteins were separated by SDS-PAGE and stained with
GelCode Blue (Pierce) according to the manufacturer’s instruc-
tions. Protein bands corresponding to areas of interest identi-
fied by Western blot were excised and subjected to mass
spectrometry analyses. For peptide inhibition experiments,
peptides with the amount indicated in the legend to Fig. 6 were
added to cross-linking reactions.

Mass Spectrometry Analysis and Database Search—In-gel
digestions were carried out as described before (28) with slight
modifications. Briefly, gel slices of cross-linked protein bands
were destained and reduced with 200 �l of 10 mM DTT at 56 °C
for 40 min. After the removal of the DTT solution, the gel slices
were incubated with 200 �l of 55 mM iodoacetimide in the dark
for 1 h. Washed and dehydrated gel pieces were rehydrated
with trypsin alone or with trypsin and ASP-N solution (10 ng/�l
for each protease).

Extracted peptides were loaded onto a precolumn (75-�m
inner diameter, 6 cm long, packed with 10 �m of C18 resin)
before it was connected with an analytic column (75-�m inner
diameter, 10 cm long, packed with 1.8 �m of C18 resin). The
HPLC gradient was generated by Easy-nLC 1000 (Thermo
Fisher Scientific): 300 nl/min flow rate, a 45-min linear gradient
from 100% buffer A (0.1% formic acid in water) to 30% buffer B
(100% acetonitrile, 0.1% formic acid), followed by a 5-min gra-
dient from 30% to 100% buffer B, then from 100% buffer B to 0%
buffer B over 5 min, and lastly a 10-min wash with buffer A.
Mass spectrometry data were collected on Q-Exactive (Thermo
Fisher Scientific) as follows: full scans in the orbitrap (r �
70,000) followed by 10 higher energy collisional dissociation
scans at r � 17,500 and normalized collisional energy � 27;
precursors of charge state �1, �2, or unassigned were excluded
from MS2 scans; monoisotopic screening was enabled; and
dynamic exclusion was set to repeat count, 1; exclusion list size,
200; and exclusion duration, 60 s.

Using the pLink search engine (21), we searched the mass
spectrometry data against a protein sequence database contain-
ing human Raptor, human mTOR, and rat 4E-BP1. The follow-
ing pLink parameters were used: precursor mass tolerance, 50
ppm; fragment mass tolerance, 20 ppm; cross-linker BS3 (cross-
linking sites K and protein N terminus; xlink mass shift,
138.0680796; monolink mass shift, 156.0786442); fixed modifi-
cation C, 57.02146; peptide length minimum, 4 amino acids per
chain; peptide length maximum, 100 amino acids per chain;
peptide mass minimum, 400 Da per chain; and peptide mass
maximum, 10,000 Da per chain). No restriction on peptide ter-
minal residues was applied in pLink search (i.e., treat the pep-
tides as protein digestion products using a nonspecific prote-

ase). The search results were filtered with a false discovery rate
of less than 5% and E values of less than 0.01.

Structure Modeling—The tertiary structures for Raptor
RNC1 domain and 4E-BP1 fragment were modeled using the
I-TASSER server (29). The online program implements a hom-
olog threading protocol followed by fragment assembly and
refinement. Five three-dimensional models for each protein
were generated based on C-score, a quality measurement for
I-TASSER prediction, and the one with the highest C-score was
used for subsequent modeling. The structure of the RNC1�4E-
BP1 complex was modeled with XPLOR-NIH (30), by refining
against knowledge-based torsional angle potential (31) and dis-
tance restraints derived from both intra- and intermolecular
cross-linking. For each cross-linking, the distances between
lysine C� atoms were constrained �22 Å, and the distances
between NZ atoms were constrained �10 Å. The secondary
structures, mainly helices, from I-TASSER prediction were
kept fixed, and the complex was heated up to 3000 K before
gradual cooling to 25 K in a simulated annealing protocol (32).
A set of structure models was generated, all of which satisfy
experimental data. The most compact structure that appears
most energetically reasonable was selected using program
ZRANK (33), which utilizes a scoring function consisting of van
der Waals, electrostatics, and desolvation. The structure model
was illustrated with the program PyMOL (34).

Construction of Mutant 4E-BP1 Plasmid—pET14b PHAS-I
plasmid (Addgene 15679) was used as template for construc-
tion of mutant 4E-BP1. A QuikChange Lightning multisite-di-
rected mutagenesis kit (Agilent Technologies, Santa Clara, CA)
was used to construct double-site mutations in the region of
4E-BP1 that cross-links with Raptor. PCR primers were
designed as 5�-gtcctttgggggtgttaaggccacaggcgagttc-3� and 5�-ccg-
acactccatcaggaataaccggtcatagatgattctg-3� (obtained from Invitro-
gen) to double mutate lysine 56 and lysine 68 to leucine. Original
plasmids were digested with DpnI restriction enzyme. Mutations
were confirmed by sequencing analysis (GENEWIZ, Inc.) (sup-
plemental Fig. S2). Mutant plasmids were transformed into
BL21 Star DE3 One Shot� chemically competent cells (Invitro-
gen) for protein expression.

Expression and Purification of Mutant 4E-BP1—Cultures
were grown to an A600 of 0.5, induced with 1 mM isopropyl
�-D-thiogalactopyranoside, harvested by centrifugation, and
frozen at �20 °C overnight. The pellet was then thawed on ice
and resuspended in lysis buffer (4 ml/g). 1 mg/ml lysozyme was
added, and the suspension was incubated on ice for 30 min
followed by three periods of sonication. Soluble and insoluble
fractions were separated by centrifugation at 100,000 � g for 30
min. The supernatant was retained for purification of soluble
proteins. Soluble proteins were purified with nickel-nitrilotri-
acetic acid-agarose slurry according to the manufacturer’s pro-
tocol (Qiagen). Purity was confirmed by SDS-PAGE followed
by GelCode Blue staining.

Raptor/4E-BP1 Far Western Blot—Far Western blot (over-
lay) was carried out following published protocol (19). Briefly,
0.2–2 �g of bacterially expressed His-tagged 4E-BP1 was sepa-
rated on a 15% SDS-PAGE gel and transferred onto a PVDF
membrane by electroblotting. The membrane was blocked for
1 h with 5% (w/v) fat-free milk in PBS and 0.02% (v/v) Tween 20.
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The membrane was then incubated overnight at 4 °C with
FLAG-Raptor lysate diluted in blocking buffer (1:10). The
FLAG-Raptor lysate was obtained by lysing FLAG-Raptor
expressing HEK293T cells in a 15-cm dish with 1 ml of lysis
buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% CHAPS) and
centrifuged for 30 min to remove insoluble fraction. The PVDF
membrane was washed in blocking buffer and probed with anti-
Raptor antibody (1:500) for 1 h, washed again, probed with sec-
ondary HRP-conjugated anti-rabbit antibody (1:10,000) (GE
Healthcare) for 1 h, incubated with enhanced chemilumines-
cence solution (ECL) (Pierce) for 60s, and exposed to autora-
diography film.

Construction of FLAG Epitope-tagged 4E-BP1 Wild Type and
Mutant Plasmids—N-terminal FLAG epitope-tagged forms of
4E-BP1 were created by PCR with the following primers: 5�-gag-
aggtaccatgggcagcagcgattacaaggatgacgacgataagagcagcggcctggt-
gccgcgcg-3� (forward) and 5�-tggctgggcccttaaatgtccatctc-3�
(reverse) with the above mentioned pET14b PHAS-I wild type
and mutant plasmids as templates. The PCR product was
digested with KpnI and ApaI, purified, and ligated into the cor-
responding restriction sites in pcDNA3 so that the 4E-BP1 pro-
duced contained an N-terminal FLAG tag. FLAG and 4E-BP1
insert (wild type and mutant) were confirmed by sequencing
analysis (GENEWIZ, Inc.). These plasmids were transformed
into maximum efficiency DH5� competent cells, and plasmids
were purified with Purelink HiPure plasmid maxi prep kit (Life
Technologies).

Transfection and Immunoprecipitation—FLAG-4E-BP1 (wild
type and mutant) was transfected with Lipofectamine 2000 into
HEK293T cells (4 �g of plasmid DNA/6-cm plate). 24 h after
transfection, cells were harvested in ice-cold PBS and lysed in
lysis buffer (40 mM HEPES, pH 7.4, 150 mM NaCl, 0.4%
CHAPS), supplemented with complete protease inhibitors
(Roche Applied Science) without EDTA, 1 mM Na3VO4. The
lysate were then sonicated and centrifuged. The supernatants
were incubated with anti-FLAG M2 affinity gel (Sigma-
Aldrich) for 2 h at 4 °C. The beads were extensively washed and
then boiled in SDS sample buffer (50 mM Tris, pH 6.8, 10% SDS,
10% glycerol, 0.1% bromphenol blue) for 5 min to elute binding
proteins. The eluted proteins were analyzed by Western blot.

RESULTS

Cross-linking of Raptor with 4E-BP1 and Identification of
Cross-linked Peptides by Mass Spectrometry—mTORC1 con-
sists of three major proteins: mTOR, Raptor, and mLST8(G�L).
This multiprotein complex functions to phosphorylate sub-
strate proteins including 4E-BP1. This occurs when Raptor rec-
ognizes 4E-BP1, which results in the recruitment of 4E-BP1 to
the mTOR kinase. To investigate the interaction between
mTORC1 and 4E-BP1, we first purified mTORC1 from
HEK293T cells stably expressing FLAG-tagged Raptor (estab-
lished by infecting cells with lentivirus carrying FLAG-Raptor).
Cells were lysed in a buffer containing 0.4% CHAPS, and
mTORC1 was affinity-purified by using anti-FLAG beads and
eluted by using FLAG peptides as described under “Experimen-
tal Procedures.” The preparation contained mTOR, Raptor,
and mLST8, as detected by staining and Western analysis (Fig.
1, A and B). The purified mTORC1 was active in phosphor-
ylating 4E-BP1, as evidenced by the appearance of phospho-4E-
BP1 after incubating mTORC1 with unphosphorylated 4E-BP1
(Fig. 1C). The kinase activity was robust in the presence of
Mg2� as well as in the presence of Mn2�.

To examine the interaction of 4E-BP1 with mTORC1, we
mixed mTORC1 with 4E-BP1 in the presence of increasing
concentration of a cross-linker BS3 that can covalently connect
two closely spaced lysine residues (C�-C� distance, �24 Å).
Western blotting was carried out to identify 4E-BP1 bands on a
SDS-polyacrylamide gel. As can be seen in Fig. 2A, incubation
with BS3 led to the appearance of new bands that had molecular
weights much higher than that of 4E-BP1. A prominent band
was detected just above the molecular weight of Raptor. West-
ern analyses using anti-Raptor antibody confirmed the appear-
ance of BS3-dependent Raptor bands that coincide with the
bands detected by the anti-4E-BP1 Western (data not shown).

To evaluate whether free Raptor can be cross-linked to
4E-BP1, we prepared Raptor protein separated from the com-
plex. Because Triton X-100 is known to disrupt mTORC1 com-
plex (36), we lysed HEK293T cells stably expressing FLAG-Rap-
tor in a buffer containing 1% Triton X-100 and purified Raptor
by the use of anti-FLAG beads and then eluted Raptor using
FLAG peptides. Analysis of this preparation by SDS-polyacryl-

FIGURE 1. mTORC1 purification and characterization. A, silver staining of purified mTORC1 reveals the presence of mTOR and Raptor bands. B, Western blot
of mTORC1 probed with mTOR antibody, Raptor antibody, and mLST8 antibody. C, kinase activity of mTORC1 as examined by the phosphorylation of 4E-BP1.
Lanes 2 and 3, two different amounts of mTORC1 preparation were mixed with unphosphorylated 4E-BP1 in the presence of ATP, and the reaction mixture was
analyzed on a SDS/PAGE using antibody specific for phosphorylated 4E-BP1 (Thr37/46) as described (27). Lane 1, no mTORC1. Lane 4, the kinase reaction was
carried out using the same reaction condition as that in lane 3 except that Mn2� was added. Lane 5, phosphorylated 4E-BP1 purified from Sf9 cells is loaded as
a phosphorylated 4E-BP1 control. Note that this protein is fully phosphorylated.
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amide gel electrophoresis showed only a single band corre-
sponding to the size of Raptor (data not shown). Raptor was
then incubated with 4E-BP1 in the presence of BS3. As shown in
Fig. 2B, a pattern of cross-linked bands obtained was similar to
that seen when mTORC1 was used, indicating that it is Raptor
that cross-links with 4E-BP1.

The major cross-linked band was cut out, digested with pro-
teases, and subjected to mass spectrometry. Database search
was carried out using the pLink program (21). Fig. 3 shows four
representative, high resolution fragmentation spectra of cross-
linked peptides between Raptor and 4E-BP1. For example, the
cross-linked peptide spectrum shown in Fig. 3A depicts a cross-
link between Raptor (KLCTSLR) and 4E-BP1 (NSPVAKTPPK).
Other spectra are shown in supplemental Fig. S1.

The Raptor/4E-BP1 Cross-links Involve the N-terminal Con-
served Region 1 of Raptor and a Central Region of 4E-BP1—Ta-
ble 1 summarizes all the cross-linked peptides between Raptor
and 4E-BP1 that we have identified. A total of seven intermo-
lecular cross-links were identified, and six of the spectra show
excellent spectral quality. The table also shows how many times
these peptide pairs were identified (spectral counts) and the
best E values associated with their detection. Fig. 4A shows
these cross-links. It is striking that six of the seven cross-links
are clustered in a small region on each protein, namely, the
RNC1 and the central region of 4E-BP1.

Raptor, a protein of 1335 amino acids, has 52 lysine residues
that are located throughout the protein. Only six of these were
cross-linked to 4E-BP1. The protein has multiple structural fea-
tures, the RNC regions 1–3, the HEAT repeats in the middle,
and the WD40 repeats that are located in the C terminus. The
sites of cross-linking with 4E-BP1 are all located in the RNC1
region except for one that is located in the RNC2 region. For
4E-BP1, we find that all the cross-links with Raptor took place
at the central region of this protein. 4E-BP1 is a small protein of
117 amino acid residues, including four lysine residues that are
located at the N-terminal and the C-terminal regions as well as
two that are located in the internal regions. One of them, Lys68,
was the major cross-linking residue, whereas another, Lys56,
also cross-linked to Raptor. These results suggest that the cen-
tral region of 4E-BP1 defined as the RCR is located closely to
Raptor.

In Fig. 4B, we present a model of Raptor/4E-BP1 interaction
based on the above cross-linking study as well as by using struc-
ture prediction described under “Experimental Procedures.”
RNC1 was predicted to have two helices, encompassing resi-
dues 95–112 and 127–140, arranged in a parallel fashion. For
the 4E-BP1 fragment, residues 57– 62 likely form a short helix,
followed by a loop structure. When interacting with RNC1, the
short helix of 4E-BP1 mainly interacts with the second helix of
RNC1 with a large angle between the two helices, whereas the
helix C terminus and the following loop swing toward the first
helix of RNC1. The structure of a slightly shorter fragment of
4E-BP1 in complex with eukaryotic translation initiation factor
4E has been previously determined using x-ray crystallography
in several independent studies (37– 42). The structural model
of Raptor�4E-BP1 complex bears high similarity to these high
resolution structures, which further corroborates our findings.

Raptor Intramolecular Cross-links Define Two Regions of
Structured Domains in Raptor—In addition to the cross-linked
peptides between Raptor and 4E-BP1, our analyses revealed the
presence of Raptor-Raptor cross-links. A total of 17 different
cross-links were identified, and they are listed in Table 2.
Because we cut out the bands that were located just above the
Raptor band of 150 kDa but well below 250 kDa, these cross-
links most likely represent those that are formed within the
same polypeptide, not from a Raptor dimer. Some of the cross-
links were repeatedly identified. For example, the cross-link
between Lys207 and Lys335 was observed 132 times. Most cross-
links were formed between lysine residues that are both in the
N-terminal half of the protein or the C-terminal half except for
the cross-link between Lys120 and Lys894. Fig. 5 depicts these
intramolecular cross-links within a Raptor molecule, based on
the idea that two lysine residues will cross-link only if they are
located nearby. Fig. 5A depicts an extended Raptor structure to
indicate the N-terminal and C-terminal regions. Two struc-
tured domains, one located in the N-terminal region and the
other located in the C-terminal region, are seen. The central
region of Raptor (residues 336 – 689) that includes the HEAT
domain had no cross-linked residues, although this area con-
tains six lysines. Interestingly, the sites where the interaction
with 4E-BP1 takes place (Lys120, Lys131, and Lys169) appear to be
clustered in one area within the N-terminal portion. Because
we have identified a cross-link between residues 120 and 894, it
is possible that the N-terminal and C-terminal regions are
located near each other. This is depicted in Fig. 5B, and we
mention its possible significance under “Discussion.”

Peptides Harboring the RCR of 4E-BP1 Inhibit Raptor-4EBP1
Cross-link—To gain further insight into the site of interaction
between Raptor and 4E-BP1, we decided to use synthetic pep-
tides and ask whether they inhibit cross-linking between the
two proteins. To do this, we first synthesized a peptide corre-
sponding to 4E-BP1 (amino acids 56 –72), which has the
sequence KFLMECRNSPVAKTPPK (peptide 1), and a scram-
bled version of this sequence as a control (control 1). Two dif-
ferent concentrations of these peptides were added separately
to the cross-linking reactions, and the amount of cross-linked
Raptor-4E-BP1 was examined on a SDS-polyacrylamide gel. As
can be seen in Fig. 6A, 48 �M of peptide 1 indeed inhibited the
cross-link between Raptor and 4E-BP1. On the other hand, the

FIGURE 2. Identification of Raptor�4E-BP1 cross-linked bands. A, cross-
linking of mTORC1 and 4E-BP1. Purified mTORC1 was mixed with 4E-BP1 in
the presence of 0 (lane 1), 0.25 (lane 2), 0.5 (lane 3), and 1 mM (lane 4) BS3, and
the reaction mixture was analyzed by Western blot. Anti-4E-BP1 antibody
identified high molecular weight bands when BS3 was added. B, isolated Rap-
tor cross-links with 4E-BP1. Purified Raptor was mixed with 0 (lane 1), 0.05
(lane 2), and 0.25 mM (lane 3) BS3, and reaction mixtures were analyzed by
Western blot as described in A.
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FIGURE 3. Representative high resolution fragmentation spectra of cross-linked peptides between Raptor and 4E-BP1. A, 4E-BP1[NSPVAKTPPK(6)]-
Raptor[KLCTSLR(1)]. B, 4E-BP1[KFLMECR(1)]-Raptor[NAKEER(3)]. C, 4E-BP1[NSPVAKTPPK(6)]-Raptor[NAKEER(3). D, 4E-BP1[NSPVAKTPPK(6)]-Raptor[YQKSL(3)].
The numbers in parentheses indicate the positions of the cross-linked lysine residues in the peptide sequences. Observed C-terminal fragments (y ions, typically
the dominant species) resulting from a peptide bond cleavage of the � peptide (the one with a higher mass) are colored purple, and those of the � peptide are
dark yellow. The corresponding N-terminal fragments are called b ions, from which a further loss of carbonyl results in a ions. The b ions are colored green if the
cleavage occurs on the � peptide or light blue if the cleavage occurs on the � peptide. The a ions are highlighted dark purple if generated from the breakage of
the � peptide or dark blue if from the � peptide.

TABLE 1
Cross-linked peptide pairs between Raptor and 4E-BP1
Filtering cutoff: FDR � 0.05; E value � 0.01; spectral count � 2. Manual validation criteria: High, for each peptide, more than three continuous fragment peaks can be
assigned to it; none or few of the high intensity peaks in the spectrum are left unassigned; and matched fragment peaks are significantly higher than noise peaks. Middle, one
peptide has more than three whereas the other has only three continuous fragment peaks; several high intensity peaks in the spectrum cannot be assigned. Low, one or both
peptides have less than three continuous fragment ions.

Raptor 4EBP1

Sequence
Cross-linked

lysine Sequence
Cross-linked

lysine
Spectral
counts Best E value

Spectral quality
(manual evaluation)

KLCTSLR 132 NSPVAKTPPK 68 4 7.09 10�11 High (Fig. 3A)
NAKEER 142 KFLMECR 56 4 1 �10�8 High (Fig. 3B)
DPLSMGPQKAL 97 NSPVAKTPPK 68 4 2.36 �10�7 High (Fig. S1A)
NAKEER 142 NSPVAKTPPK 68 5 5.56 �10�6 High (Fig. 3C)
DLIEKIPGR 297 NSPVAKTPPK 68 2 3.23 �10�5 High (Fig. S1B)
YKQSL 120 NSPVAKTPPK 68 6 3.75 �10�4 High (Fig. 3D)
PTVNGEVWVFNKNYTQYIPLSIY 169 KTPPK 68 2 2.37 �10�4 Low (Fig. S1C)
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same concentration of the control peptide (control 1) did not
inhibit the cross-link. We then synthesized another peptide
that is located slightly closer to the N terminus. This peptide
“GTRIILDRKFLMECRNS” (peptide 2) corresponds to the
4E-BP1 sequence between residues 48 and 64. A scrambled ver-
sion of this peptide (control 2) was also synthesized. As shown
in Fig. 6B, this peptide exhibited strong inhibition of the Rap-
tor-4E-BP1 cross-link. Almost complete inhibition was seen in
these experiments. In contrast, little inhibition was observed
with the scrambled control peptide (control 2). To obtain IC50
values of the inhibition, we varied the concentration of pep-
tides. As shown in Fig. 6C, peptide 2 inhibited the formation of
Raptor-4E-BP1 cross-link at an IC50 value of 15 �M. To examine
whether peptide 2 inhibits binding of 4E-BP1 to mTORC1, we

purified mTORC1 from HEK293T cells expressing FLAG-Rap-
tor by using anti-FLAG beads. After mixing 4E-BP1 with the
beads in the presence of peptide 2 or control peptide, the
amount of 4E-BP1 pulled down was examined by Western anal-
ysis. As shown in Fig. 6D, the amount of 4E-BP1 bound to
mTORC1 was significantly decreased by peptide 2, whereas this
effect was less with the control peptide. These results support
the results obtained from the CXMS analyses.

Mutations of Residues within the RCR of 4E-BP1 Decrease Its
Ability to Serve as a Substrate for mTORC1 in Vitro—We
mutated the residues within the RCR of 4E-BP1 to assess the
significance of this region for its interaction with Raptor.
4E-BP1 is a small protein that functions without folded struc-
ture (43). By PCR-mediated in vitro mutagenesis, we changed

 DPLSMGPQKALETIGANLQKQYENWQPRARYKQSLDPTVDEVKKLCTSLRRNAKEERVLFHYNGHGVRRPTVNGEVWVFNKNYITQYIPLSIY

KFLMECRNSPVAKTPPK

1
1335RNC1 RNC2 RNC3 HEAT WD40

89 180

1 117

RAIP TOS

56 73

Raptor

4E-BP1

A

B

FIGURE 4. A, an overview of Raptor-4E-BP1 cross-linked peptides detected in this study. Displayed are the cross-linked peptides between Raptor and 4E-BP1
that we have identified from the cross-linking reactions containing 4E-BP1 and mTORC1 or isolated Raptor. Continuous underlines represent the sequence and
location of the cross-linked peptides in the protein primary sequence. Cross-linked lysine pairs are connected with dotted lines. Lys297 of Raptor (shown by a
star) is the only site outside RNC1 that cross-links to 4E-BP1 (15). RNC1 is between residues 48 and 205. RNC2 is between residues 239 and 390. RNC3 is between
residues 408 and 511. B, structural model representing the interaction between Raptor RNC1 and 4E-BP1 fragment. RNC1 is colored in cyan, 4E-BP1 is in purple;
lysine side chains are shown as sticks. The distances between lysine C� atoms in the model are marked.
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two lysine residues within the RCR of 4E-BP1. The mutant pro-
tein was purified with His6 nickel-nitrilotriacetic acid matrix
(supplemental Fig. S2). Both the wild type and mutant 4E-BP1
were used for kinase assay to detect phosphorylation of 4E-BP1.
As shown in Fig. 7A, although the wild type 4E-BP1 showed
strong phosphorylation of 4E-BP1 as detected by the use of
anti-phospho (Thr37/46) antibody as well as by anti-phospho
(Ser65) antibody, the phosphorylation was dramatically
reduced with the mutant 4E-BP1 protein. We also examined
the binding of the 4E-BP1 mutant to mTORC1. The results
shown in Fig. 7B demonstrate that the mutant protein binds
much less efficiently than the wild type protein. Furthermore,
Far Western blot study shows that the mutant 4E-BP1 interacts
with FLAG-Raptor significantly less than the wild type (Fig.

7C). The Western blot in the upper panel shows the amount of
total 4E-BP1 protein loaded onto the gel, whereas the lower
panel shows the amount of FLAG-Raptor binding to the wild
type or the mutant 4E-BP1.

Mutations of Residues within the RCR of 4E-BP1 Decrease Its
Ability to Serve as a Substrate for mTORC1 in Vivo—Next, we
expressed the mutant 4E-BP1 in HEK293T cells. For this pur-
pose, we inserted FLAG epitope-tagged 4E-BP1 (wild type and
mutant) into pcDNA3 plasmid by PCR as described under
“Experimental Procedures.” FLAG-4E-BP1 plasmids (wild type
and mutant) were then transfected with Lipofectamine 2000
into HEK293T cells. 24 h after transfection, cells were collected
and lysed, and FLAG-4E-BP1 was immunoprecipitated with
anti-FLAG M2 affinity gel. The eluted proteins were analyzed

TABLE 2
Intramolecular lysine-lysine cross-links identified in the Raptor protein
Filtering cutoff: FDR � 0.05; E value � 0.01; spectral count � 2. Manual validation criteria: High, for each peptide, more than three continuous fragment peaks can be
assigned to it; none or few of the high intensity peaks in the spectrum are left unassigned; and matched fragment peaks are significantly higher than noise peaks. Middle, one
peptide has more than three while the other has only three continuous fragment peaks; several high intensity peaks in the spectrum cannot be assigned. Low, one or both
peptides have less than three continuous fragment ions.

Position of
one lysine

Position of the
other lysine Spectral counts Best E value

Spectral quality
(manual evaluation)

207 335 132 5.4 � 10�14 High
1332 1008 43 9.3 � 10�17 High
272 297 36 3.3 � 10�18 High
132 120 26 3.2 � 10�6 Low
1291 1254 12 1.5 � 10�5 High
131 120 11 9.69 � 10�5 Middle
1008 1291 7 2.4 � 10�6 High
238 335 7 9.75 � 10�6 Middle
272 108 5 5.5 � 10�7 High
108 97 4 9.65 � 10�7 High
282 297 3 1.62 � 10�5 Low
894 932 3 4.59 � 10�6 Low
132 169 2 3.34 � 10�6 High
335 204 2 2.9 � 10�4 Middle
894 120 2 8.7 � 10�5 High
238 207 2 2.3 � 10�4 Low
840 932 2 4.5 � 10�7 Low

FIGURE 5. Two views of Raptor based on the identification of Raptor-Raptor cross-linked peptides. Because the residues that are cross-linked suggest that
they are in close proximity, it is possible to place cross-lined residues closeby. A, a scheme showing a stretched out structure to demonstrate two structured
domains. To emphasize the presence of two structured domains, the cross-link between residues 120 and 894 is not shown on this figure. B, a scheme showing
a folded structure based on the proximity of residues 120 and 894. Gray circles show the lysine residues that are identified to be cross-linked with 4E-BP1. Black
squares show the lysine residues in Raptor that cross-linked with mTOR.

Raptor and 4E-BP1 Cross-linking

4730 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 8 • FEBRUARY 21, 2014



by Western blot for phosphorylation of 4E-BP1 as well as for
interaction with Raptor. As shown in Fig. 8A, phosphorylation
of 4E-BP1 was dramatically reduced with the mutant 4E-BP1
protein compared with the wild type. We also examined their
co-immunoprecipitation with Raptor. Significant reduction of
Raptor co-immunoprecipitation with the mutant 4E-BP1 com-
pared with the wild type was observed (Fig. 8B).

DISCUSSION

In this paper, we characterized the interaction of mTORC1
and its substrate 4E-BP1 using the CXMS technology. First, we
found that 4E-BP1 could be cross-linked with Raptor using
purified mTORC1 as well as free Raptor. We then characterized
the cross-linked band by mass spectrometry and identified
cross-linked peptides that contain both Raptor and 4E-BP1
sequences. Multiple cross-linked peptides were identified that
were clustered primarily to a single region for each protein.
These results represent the first observation of Raptor and
4E-BP1 cross-links, and the study revealed that the RNC of
Raptor and the RCR of 4E-BP1 are in close proximity. Compu-
tational structural prediction (Fig. 4B) can be made regarding
the residues in the two proteins.

Our cross-link results were further substantiated by first car-
rying out peptide inhibition studies. Two peptides that encom-

pass the Raptor interaction site of 4E-BP1 inhibited Raptor-4E-
BP1 cross-links, whereas the control peptides each having a
scrambled sequence did not. Peptide 2 gave strong inhibition at
15 �M concentration. Second, we have mutated residues within
the 4E-BP1 region we defined by our cross-linking study and
showed that that the mutations dramatically decrease binding
of 4E-BP1 to mTORC1 and reduce phosphorylation by
mTORC1. In cells, phosphorylation of the mutant 4E-BP1 was
significantly decreased compared with that of the wild type pro-
tein. In addition, Raptor binding was significantly decreased
with the mutant 4E-BP1.

Our results on 4E-BP1 suggest that a region encompassing
residues 56 and 72 is in close proximity with Raptor. This region
is highly conserved among 4E-BP family members (44). The
sequence KFLMECRNSPVAKTPP in 4E-BP1 corresponds
to the sequence KFLLDRRNSPMAQTPP in 4E-BP2 and
KFLLECKNSPIARTPP in 4E-BP3. Two mTORC1-mediated
phosphorylation sites (45) are present in this region. A
sequence that is known to interact with eIF4E, as defined by the
co-crystallization of eIF4E and a 4E-BP1 peptide (46), is located
on the N-terminal side of the region. The TOS and RAIP motifs
have been proposed to play important roles for the interaction
between Raptor and mTORC1 substrates. However, the loca-

FIGURE 6. Inhibition of cross-linking between Raptor and 4E-BP1 using peptides. A, inhibition of Raptor-4E-BP1 cross-linking by peptide 1. Raptor and
4E-BP1 were incubated in the absence (lane 1) and in the presence of BS3 (lanes 2– 6). 24 �M (lane 3) and 48 �M (lane 4) of peptide 1 was added, whereas the same
amount of control scrambled peptide (control 1) was added to lanes 5 and 6). No peptide was added to lane 1. After the incubation, cross-linked band was
detected by Western blot probed with anti-4E-BP1. B, experiments similar to those described in A were carried out using peptide 2 and its scrambled version
(control 2). The concentrations used are 15 and 30 �M. C, varying concentrations of peptide 2 and its scrambled version were added to the cross-linking
reaction, and the Raptor-4E-BP1 cross-link band was quantitated by the analysis with ImageJ. Cross-linking Raptor and 4E-BP1 without peptide was set as 100%,
whereas a reaction without BS3 was set as 0%. D, binding of 4E-BP1 to mTORC1 was examined by using mTORC1 attached to the beads. The beads were
collected and washed, and the amount of 4E-BP1 bound to the beads was examined by Western against 4E-BP1. The amount of bound 4E-BP1 is compared
when mTORC1 and 4E-BP1 were incubated in the presence of 30 �M of peptide 2 (lane 2) or control peptide (lane 3). No peptides were added in lane 1. This result
is representative of two independent experiments.
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tion of the TOS motif in 4E-BP1 is distant from the Raptor
cross-linking site that we have identified. It should be noted
that our cross-linking method provides information on close
proximity of residues, and our results do not exclude the possi-
bility that the TOS and RAIP motifs are playing important roles
in the interaction with Raptor. In fact, in earlier studies with
4E-BP1, it has been suggested that regions other than the TOS
and RAIP are also involved in Raptor interaction (19). It may be
the case that multiple sites of 4E-BP1 are involved in the inter-
action with Raptor. Further analysis is needed to fully under-
stand how Raptor interacts with 4E-BP1.

On the Raptor side, our results point to the importance of the
RNC region. We found that the 4E-BP1 cross-links are clus-
tered within the first RNC domain (RNC1) of Raptor close to
the N terminus. The significance of the RNC1 region for inter-
action with substrate proteins was further supported by our
recent preliminary experiments that sought to identify cross-
links between Raptor and S6K. In this experiment, unphosphor-
ylated S6K was purified from HEK293T cells transfected with
FLAG-S6K and treated with mTOR inhibitor pp242. Incuba-
tion of this protein with mTORC1 in the presence of a cross-
linker BS3 identified cross-linked peptides that were between

Lys120 of Raptor and Lys450 of S6K. Therefore, the same RNC1
of Raptor was involved in the interaction with S6K and 4E-BP1.
This site on S6K that interacts with Raptor is distant from the
TOS motif that is located close to the N terminus.

Our study also revealed intramolecular cross-links that occur
within the Raptor protein. The locations of these intramolecu-
lar cross-links suggest that the Raptor protein has two separate
structured domains: one in the N-terminal half and the other in
the C-terminal half of the protein. The N-terminal structured
domain encompasses RNC1 and RNC2 domains. Interestingly,
the lysine residues found to be cross-linked with 4E-BP1 are all
located in a small region within this structured domain (Fig. 5).
On the other hand, our recent preliminary results raise the pos-
sibility that the interaction with mTOR takes place mainly at
the C-terminal region. We have recently identified Raptor-
mTOR cross-linked peptides. Three cross-linked peptides were
identified, and all cross-linked lysines in Raptor were located
within the C-terminal structured domain (Lys1332 and Lys1008).
Two cross-linked peptides had Raptor cross-linked to the
mTOR residue 2507, a residue located within the kinase
domain of mTOR. These results suggest that 4E-BP1 and
mTOR interact with different regions of Raptor: 4E-BP1 at the
N-terminal structured region and mTOR at the C-terminal
structured region. Based on our identification of Raptor120-
Raptor894 cross-links, Raptor is likely to be folded as depicted in
Fig. 5B. If this were the case, the N-terminal region and the
C-terminal region of Raptor are located in close proximity, and
this will result in bringing the mTOR kinase domain and
4E-BP1 together.

4E-BP1 in its nonphosphorylated form functions to inhibit
protein synthesis by binding to eIF4E, a cap-binding protein
that facilitates initiation of protein synthesis. eIF4E is also an
oncogene as demonstrated by its ability to confer transformed
phenotypes and tumor formation in mice (47), and overexpres-

FIGURE 7. Mutations of 4E-BP1 residues within the RCR (Raptor cross-
linking region) decrease the ability of 4E-BP1 to serve as a substrate of
mTORC1. A, mutant 4E-BP1 (Mut) and wild type 4E-BP1 (WT) were used as a
substrate for kinase assay using mTORC1 purified as described under “Exper-
imental Procedures.” Phosphorylation of the wild type (lanes 1–3) and the
mutant 4E-BP1 (lanes 4 – 6) was examined using anti-phospho (Thr37/46) as
well as anti-phospho (Ser65) antibody as described on the right hand side of
the figure. Because these antibodies were raised against the human protein,
Rattus 4E-BP1 residue numbering should be shifted by one residue (�1 resi-
due). The amount of mTORC1 used was 0 �l (lanes 1 and 4), 2 �l (lanes 2 and 5),
and 4 �l (lanes 3 and 6) of purified protein. Anti-4E-BP1 antibody was used to
estimate the amount of total 4E-BP1. B, binding of the mutant and the wild
type 4E-BP1 with mTORC1. The ability of 4E-BP1 to bind mTORC1 was exam-
ined by using mTORC1 attached on beads as described under “Experimental
Procedures.” The same amount of the mutant and the wild type protein was
used for this assay. C, binding of the mutant and wild type 4E-BP1 protein with
Raptor. The wild type and mutant 4E-BP1 were run on a 15% SDS-PAGE gel
and probed for total 4E-BP1 with anti-4E-BP1 antibody (upper panel). Protein
was loaded in incrementally increasing concentrations. The lower panel
shows the result of Far Western blot (overlay) in which the mutant and the
wild type 4E-BP1 were run on a 15% SDS-PAGE gel, incubated with the lysate
of FLAG-Raptor expressing HEK293T cells, and probed with anti-Raptor anti-
body to detect binding interactions taking place between Raptor and 4E-BP1.

FIGURE 8. In vivo effects of mutating 4E-BP1 residues within the RCR. A,
FLAG-tagged mutant and wild type 4E-BP1 were expressed in HEK293T cells,
and the FLAG-tagged proteins were immunoprecipitated with anti-FLAG M2
affinity gel. Phosphorylation of 4E-BP1 was examined using anti-phospho
(Thr37/46) antibody (WT, wild type; Mut, mutant) as described on the right hand
side of the figure. Because the antibody was raised against the human protein,
Rattus 4E-BP1 residue numbering should be shifted by one residue (�1 resi-
due). B, in vivo interaction of Raptor with 4E-BP1 was examined. FLAG tag
immunoprecipitated proteins were analyzed with anti-Raptor antibody to
detect binding of Raptor with 4E-BP1.
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sion of eIF4E is observed in a variety of cancer cells, most nota-
bly in acute myelogenous leukemia (48). Ectopic expression of
nonphosphorylated form of 4E-BP1 partially reverses trans-
formed phenotypes (49). Thus, blocking the interaction
between Raptor and 4E-BP1 is expected to increase the con-
centration of nonphosphorylated 4E-BP1, which in turn
would inhibit eIF4E and tumor growth when the tumor is
driven by the overexpression of eIF4E. Small molecule inhib-
itors have been identified to inhibit the action of eIF4E (35,
50). Further understanding of how Raptor interacts with
4E-BP1 may open up a novel approach to inhibit eIF4E-me-
diated tumor formation.
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