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The multisubunit eukaryotic translation initiation factor (eIF) 4F recruits 40S ribosomal subunits to the 5* end
of mRNA. The eIF4F subunit eIF4E interacts directly with the mRNA 5* cap structure. Assembly of the eIF4F
complex is inhibited by a family of repressor polypeptides, the eIF4E-binding proteins (4E-BPs). Binding of the
4E-BPs to eIF4E is regulated by phosphorylation: Hypophosphorylated 4E-BP isoforms interact strongly with
eIF4E, whereas hyperphosphorylated isoforms do not. 4E-BP1 is hypophosphorylated in quiescent cells, but is
hyperphosphorylated on multiple sites following exposure to a variety of extracellular stimuli. The
PI3-kinase/Akt pathway and the kinase FRAP/mTOR signal to 4E-BP1. FRAP/mTOR has been reported to
phosphorylate 4E-BP1 directly in vitro. However, it is not known if FRAP/mTOR is responsible for the
phosphorylation of all 4E-BP1 sites, nor which sites must be phosphorylated to release 4E-BP1 from eIF4E. To
address these questions, a recombinant FRAP/mTOR protein and a FRAP/mTOR immunoprecipitate were
utilized in in vitro kinase assays to phosphorylate 4E-BP1. Phosphopeptide mapping of the in vitro-labeled
protein yielded two 4E-BP1 phosphopeptides that comigrated with phosphopeptides produced in vivo. Mass
spectrometry analysis indicated that these peptides contain phosphorylated Thr-37 and Thr-46. Thr-37 and
Thr-46 are efficiently phosphorylated in vitro by FRAP/mTOR when 4E-BP1 is bound to eIF4E. However,
phosphorylation at these sites was not associated with a loss of eIF4E binding. Phosphorylated Thr-37 and
Thr-46 are detected in all phosphorylated in vivo 4E-BP1 isoforms, including those that interact with eIF4E.
Finally, mutational analysis demonstrated that phosphorylation of Thr-37/Thr-46 is required for subsequent
phosphorylation of several carboxy-terminal serum-sensitive sites. Taken together, our results suggest that
4E-BP1 phosphorylation by FRAP/mTOR on Thr-37 and Thr-46 is a priming event for subsequent
phosphorylation of the carboxy-terminal serum-sensitive sites.
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Regulation of translation plays an important role in con-
trolling cell growth and proliferation (Conlon and Raff
1999). An increase in translation rates is necessary for
entry into and transit through the G1 phase of the cell
cycle (Brooks 1977). Deregulation of translation is asso-
ciated with aberrant growth, tumorigenicity, and apop-
tosis (Sonenberg 1993; Polunovsky et al. 1996). In eu-
karyotes, the predominant step of translational regula-
tion is the recruitment of the small ribosomal subunit to
mRNA. This occurs through the binding of eIF4E to the
mRNA 58 cap structure (m7GpppX, where X is any
nucleotide). eIF4E is a component of the tripartite eIF4F
(eukaryotic translation initiation factor 4F) complex,
along with two other subunits, eIF4G and eIF4A. eIF4A

is an RNA helicase posited to unwind mRNA secondary
structure. eIF4G serves as a modular scaffolding protein
that binds eIF4E, eIF4A, eIF3, and the poly(A)-binding
protein, and that bridges the 40S ribosome and the
mRNA (for review, see Merrick and Hershey 1996;
Hentze 1997).

Cap-dependent translation is regulated in part by the
eIF4E-binding proteins (4E-BPs; also known as PHAS, for
phosphorylated heat- and acid-stable), a family of three
small (10–12 kD) acidic proteins that compete with
eIF4G for binding to a common binding site on eIF4E.
Both the 4E-BPs and eIF4G interact with eIF4E through
an eIF4E-binding motif (YXXXXLf, where X is any
amino acid and f is a hydrophobic residue). Consistent
with this observation, overexpression of 4E-BPs in mam-
malian cells, or addition of 4E-BPs to translation ex-
tracts, results in the inhibition of cap-dependent, but not
cap-independent, translation (Pause et al. 1994).

Binding of the 4E-BPs to eIF4E is reversible and is de-
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pendent on the phosphorylation status of 4E-BP. Hypo-
phosphorylated 4E-BP1 interacts strongly with eIF4E,
whereas hyperphosphorylation of 4E-BP1 drastically de-
creases its binding to eIF4E. Exposure of cells to various
extracellular stimuli (such as hormones, mitogens,
growth factors, cytokines, and G-protein-coupled recep-
tor agonists) induces an increase in 4E-BP1 phosphoryla-
tion that coincides (in most cases) with an increase in
translation rates. Conversely, nutrient or growth factor
deprivation results in 4E-BP1 dephosphorylation, an in-
crease in eIF4E binding, and a concomitant decrease in
cap-dependent translation (for review, see Kleijn et al.
1998; Sonenberg and Gingras 1998; Raught and Gingras
1999). Infection with certain viruses, such as encephalo-
myocarditis virus (EMCV), also causes a decrease in 4E-
BP1 phosphorylation that coincides with the shut-off of
host protein synthesis (Gingras et al. 1996).

The pathway leading to 4E-BP1 phosphorylation in-
volves the phosphoinositide-3 (PI3) kinase and its down-
stream effector, the serine–threonine kinase Akt (for
review, see Sonenberg and Gingras 1998; Raught and
Gingras 1999). The role of PI3 kinase in 4E-BP1 phos-
phorylation was demonstrated in several ways; for ex-
ample, treatment of cells with LY294002 and wortman-
nin, two potent PI3-kinase inhibitors, prevents 4E-BP1
hyperphosphorylation following hormone or growth fac-
tor stimulation. Conversely, expression of an activated
form of the catalytic subunit of PI3 kinase increases 4E-
BP1 phosphorylation (von Manteuffel et al. 1996; Gin-
gras et al. 1998). Akt (also known as protein kinase B),
which prevents cell death in many cell systems (for re-
view, see Franke et al. 1997; Downward 1998) was also
shown to affect 4E-BP1 phosphorylation. Overexpression
of a constitutively active, membrane-targeted form of
Akt induces 4E-BP1 phosphorylation on the same sites
that are phosphorylated in vivo after serum stimulation
(Gingras et al. 1998; Kohn et al. 1998). Conversely, over-
expression of a kinase-dead Akt acts in a dominant-nega-
tive fashion to prevent insulin-induced 4E-BP1 phos-
phorylation (Gingras et al. 1998). Expression of the acti-
vated Akt mutant confers wortmannin but not
rapamycin resistance to 4E-BP1 phosphorylation (Gin-
gras et al. 1998), indicating that the rapamycin-sensitive
signaling pathway component lies downstream of Akt.

The rapamycin-sensitive component in the 4E-BP1
phosphorylation pathway is FRAP/mTOR (FKBP12-
rapamycin associated protein/mammalian target of rapa-
mycin), also known as RAFT1 (rapamycin and 12-kD
FK506 binding protein target 1), a member of the PIK
(phosphoinositide kinase-related) family of kinases. The
PIK family also includes kinases such as DNA-PK and
ATM (for review, see Hoekstra 1997). FRAP/mTOR is
the target of the immunosuppressive drug rapamycin
that, in a complex with the immunophilin FKBP-12,
binds to FRAP/mTOR to inhibit its function. FRAP/
mTOR is the mammalian homolog of the yeast TOR
proteins, which regulate G1 progression, and which
modulate translation in response to nutrient availability
(for review, see Thomas and Hall 1997). Recent results
indicate that regulation of translation by FRAP/mTOR

in response to nutrient availability also operates in
mammals: Amino acid deprivation decreases the phos-
phorylation of 4E-BP1, likely through modulation of
FRAP/mTOR activity (Fox et al. 1998; Hara et al. 1998;
Wang et al. 1998; Xu et al. 1998). Overexpression of a
rapamycin-resistant form of FRAP/mTOR confers rapa-
mycin resistance to 4E-BP1 phosphorylation. Immuno-
precipitates of FRAP/mTOR from rat brain, or from cells
transfected with a tagged form of mTOR, contain a ki-
nase activity capable of phosphorylating 4E-BP1. Immu-
noprecipitates of a catalytically inactive FRAP/mTOR
mutant from mammalian cells fail to phosphorylate 4E-
BP1, indicating that FRAP kinase activity is required for
4E-BP1 phosphorylation. Similarly, addition of a com-
plex of FKBP12–rapamycin to the kinase reaction abro-
gates phosphorylation of 4E-BP1, indicating that the ki-
nase activity present in the FRAP immunoprecipitates is
sensitive to rapamycin (Brunn et al. 1997a,b; Burnett et
al. 1998). There is disagreement, however, as to the num-
ber and identity of the sites phosphorylated by FRAP/
mTOR. Brunn et al. (1997a) reported the phosphoryla-
tion of five 4E-BP1 Ser/Thr–Pro sites by a FRAP/mTOR
immunoprecipitate in vitro, and concluded that FRAP/
mTOR was responsible for the phosphorylation of all in
vivo 4E-BP1 phosphorylation sites (Fadden et al. 1997).
However, Burnett et al. (1998) subsequently reported
that only two 4E-BP1 sites, threonines 37 and 46 (the
numbering throughout this paper is according to the hu-
man 4E-BP1 protein), were phosphorylated by FRAP/
mTOR. When threonines 37 and 46 were mutated to
alanines, binding to eIF4E was reported to be constitu-
tive (Burnett et al. 1998). These authors concluded that
phosphorylation of Thr-37 and Thr-46 leads to the dis-
sociation of 4E-BP1 from eIF4E. Another report demon-
strated however that 4E-BP1 phosphorylated on Thr-37
is associated with eIF4E (Fadden et al. 1997).

4E-BP1 is phosphorylated in vivo on multiple residues
(Fadden et al. 1997; Heesom et al. 1998). However, the
order of phosphate addition and the functional signifi-
cance of each phosphorylation event regarding the inter-
action of 4E-BP1 with eIF4E is unknown. The relative
sensitivity of each site to different stimuli and pharma-
cological inhibitors also remains unknown. For example,
one report indicates that all of the phosphorylation sites
are sensitive to serum and rapamycin (Fadden et al.
1997), whereas other groups have observed a differential
sensitivity for different subsets of sites (von Manteuffel
et al. 1997; Gingras et al. 1998).

Here, we show that the phosphorylation of 4E-BP1 by
both a FRAP/mTOR immunoprecipitate and a baculovi-
rus-expressed FRAP/mTOR protein occurs on two sites
only, Thr-37 and Thr-46. FRAP/mTOR is demonstrated
to phosphorylate 4E-BP1 in an eIF4E/4E-BP1 complex.
Thr-37 and Thr-46 are phosphorylated to a high degree in
serum-starved cells, in which most of the 4E-BP1 is com-
plexed to eIF4E. Although phosphorylation of Thr-37 and
Thr-46 by FRAP is not sufficient to abolish the eIF4E/
4E-BP1 interaction, mutational analysis indicates that it
serves as a priming event for subsequent phosphoryla-
tion of other Ser/Thr–Pro sites in 4E-BP1.

Two-step mechanism for 4E-BP1 phosphorylation
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Results

Both recombinant FRAP/mTOR and a FRAP/mTOR
immune complex phosphorylate 4E-BP1

Phosphopeptide mapping has proven to be a powerful
method in the study of the sensitivity of specific phos-
phorylation sites to various stimuli (see, e.g., Fleurent et
al. 1997; von Manteuffel et al. 1997; Burnett et al. 1998;
Gingras et al. 1998). This technique is also applied to the
identification of putative kinases by comparing the pat-
tern of the phosphopeptides generated in vitro with
those phosphorylated in vivo. Here it was used to better
define the role of FRAP/mTOR in 4E-BP1 phosphoryla-
tion. A rat brain FRAP/mTOR immunoprecipitate and a
purified baculovirus-expressed Flag-tagged FRAP/mTOR
fusion protein were used in an in vitro kinase assay with
recombinant human 4E-BP1 as a substrate. 32P-Labeled
4E-BP1 was separated via SDS-PAGE, then transferred to
nitrocellulose membranes, which were subjected to au-
toradiography. 4E-BP1 was readily phosphorylated by
both preparations of FRAP/mTOR (data not shown). The
membrane piece bearing the labeled 4E-BP1 protein was
excised and incubated in a trypsin/chymotrypsin mix-
ture, and two-dimensional phosphopeptide mapping was
performed on the liberated peptides. The map prepared
from 4E-BP1 phosphorylated by the rat brain FRAP/
mTOR immunoprecipitate yielded two major phospho-
peptides (indicated as 1 and 2; Fig. 1A). In parallel, se-
rum-stimulated 293 cells were labeled in vivo with
[32P]orthophosphate, and endogenous 4E-BP1 was sub-
jected to tryptic/chymotryptic mapping (Fig. 1B). Mixing
of the in vitro- and the in vivo-labeled products demon-
strated that the two phosphopeptides generated by
FRAP/mTOR labeling comigrate with the two most
prominent in vivo phosphopeptides (Fig. 1C). The same
major phosphopeptides were observed in 4E-BP1 phos-
phorylated by a recombinant baculovirus-expressed
FRAP/mTOR (Fig. 1D), consistent with the notion that
4E-BP1 phosphorylation on these sites is catalyzed by
FRAP/mTOR itself, and not by a contaminating kinase
in the immunoprecipitate.

It should be noted that it remains possible that an
endogenous kinase from the insect cells coprecipitates
with FRAP/mTOR during the purification procedure;
this possibility would be excluded by the use of bacteri-
ally-expressed FRAP/mTOR. However, attempts to ex-
press FRAP/mTOR in bacteria have been unsuccessful
in our laboratory and others. The peptide of lower inten-
sity observed in Figure 1A next to peptide 1 was obtained
in several experiments and appears to comigrate with an
in vivo peptide. However, unlike peptides 1 and 2, its
intensity decreases drastically if the FRAP/mTOR im-
munoprecipitate is washed at higher stringency, or if re-
combinant 4E-BP1 is incubated for shorter times with
the FRAP/mTOR immunoprecipitate. Also, phosphory-
lation of this peptide was extremely weak in the 4E-BP1
sample phosphorylated with baculovirus-expressed
FRAP/mTOR. Thus, phosphorylation at this residue
may arise as a consequence of a contaminating kinase
activity in our preparations of FRAP/mTOR. Other pep-

tides are visible in some experiments, but also appear to
be due to a contaminating kinase activity. Because the
immunoprecipitated material is more readily available,
FRAP/mTOR immunoprecipitates were used in all sub-
sequent experiments.

Identification of in vivo 4E-BP1 phosphorylation sites

To identify in vivo 4E-BP1 phosphorylation sites, 293
cells were grown to confluence, then starved of serum. A
portion of the cells was then incubated with [32P]ortho-
phosphate, stimulated with serum, and lysed. The re-
mainder of the cells was treated in the same manner,
without the labeling step. 4E-BP1 was then immunopre-
cipitated and the labeled and unlabeled immunoprecipi-
tates were mixed, separated by SDS-PAGE, and trans-

Figure 1. FRAP/mTOR phosphorylates 4E-BP1 in vitro on two
sites that are also phosphorylated in vivo. (A) FRAP/mTOR
immunoprecipitated from rat brain was utilized in an in vitro
kinase assay with human 4E-BP1 (expressed as a GST fusion
protein, which was then cleaved and HPLC purified) as a sub-
strate. Phosphopeptide mapping was performed on phosphory-
lated 4E-BP1. The two most intense phosphopeptides are num-
bered 1 and 2. (+) The origin of migration. (B) Tryptic/chymo-
tryptic map of 4E-BP1 phosphorylated in 293 cells. The
positions of phosphopeptides that comigrate with the FRAP/
mTOR phosphorylated peptides 1 and 2 are indicated. (C) An
equal number of cpm from the in vitro- and the in vivo-phos-
phorylated 4E-BP1 were combined and phosphopeptide map-
ping was performed. (D) Tryptic/chymotryptic map of 4E-BP1
phosphorylated in vitro with purified FRAP/mTOR produced
using the baculovirus system.
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ferred onto a nitrocellulose membrane. After autoradiog-
raphy, the protein was subjected to two-dimensional
phosphopeptide mapping (a representative map is shown
in Fig. 2A). Peptides 1 and 2, which comigrated with the
in vitro FRAP/mTOR phosphorylated 4E-BP1 peptides,
as well as peptides 3–5, which migrated in the same area
as peptide 2, were scraped from the two-dimensional
phosphopeptide map and eluted. Phosphopeptides were
identified by capillary liquid chromatography–electro-
spray ionization tandem mass spectrometry (LC-MS/
MS). The tandem mass spectrum for phosphopeptide 1
corresponds to 44-STTPGGTR-51, with the phosphory-
lation site being Thr-46 (Fig. 2B). Peptide 2 was identified
as 21-VVLGDGVQLPPGDYSTTPGGTLF-43, with the
phosphorylation site being Thr-37 (data not shown). Pep-
tides 3–5, whose intensities varied from experiment to
experiment, contain both phospho-Thr-37 and phospho-
Thr-46 and are derived from partially digested products
(data not shown). The sequence of each identified phos-
phopeptide and the position of the phosphorylated
amino acids are shown in Figure 2C. In agreement with
these findings, all of these peptides contained only phos-
phothreonine, as detected by phosphoaminoacid analysis
(data not shown). Threonines 37 and 46 are located in the
middle of 4E-BP1, immediately amino-terminal to the
eIF4E-binding site (Fig. 2D).

FRAP/mTOR phosphorylates Thr-37 and Thr-46

To confirm that the in vivo phosphorylation sites were

the same as those phosphorylated in vitro by FRAP/
mTOR, histidine-tagged mutants of 4E-BP1 containing
either a Thr-37–Ala or a Thr-46–Ala mutation were
phosphorylated by a FRAP/mTOR immunoprecipitate.
Quantitatively, both mutant proteins were phosphory-
lated to approximately half the extent of wild-type 4E-
BP1 (data not shown). Tryptic/chymotryptic mapping of
the mutants was also performed. Whereas the map of the
wild-type protein shows the presence of the two phos-
phopeptides containing Thr-37 and Thr-46, the map of
the Thr-37–Ala mutant contains only phosphorylated
Thr-46 (cf. Fig. 3, B and A). Similarly, the map from the
Thr-46–Ala mutant confirms Thr-46 as a target for
FRAP/mTOR (Fig. 3C). When both sites are mutated to
alanines, or when the region containing both threonines
(amino acids 34–52 in human 4E-BP1) is deleted, the
phosphorylation of 4E-BP1 by FRAP/mTOR is almost
abolished (these mutants are labeled to <5% of the levels
observed for the wild-type protein; data not shown).
Thus, Thr-37 and Thr-46 are the two primary amino ac-
ids phosphorylated by FRAP/mTOR.

FRAP/mTOR phosphorylates a 4E-BP1/eIF4E complex

Hypophosphorylated 4E-BPs interact strongly with
eIF4E, and one or more kinases are posited to induce the
disruption of the eIF4E/4E-BP complex by phosphoryla-
tion of the 4E-BPs. Thus, the in vivo substrate for a 4E-BP
kinase should be a 4E-BP/eIF4E complex, and a physi-
ological 4E-BP kinase(s) should be able to phosphorylate

Figure 2. Thr-37 and Thr-46 are phosphorylated in vivo on phosphopeptides that comigrate with FRAP/mTOR phosphorylated
peptides. 4E-BP1 immunoprecipitated from 2 × 108 cells (1/20 labeled with [32P]orthophosphate) was separated by SDS-15% PAGE,
electroblotted onto a nitrocellulose membrane, and proteolytically cleaved with trypsin/chymotrypsin as described in Materials and
Methods. (A) Tryptic/chymotryptic two-dimensional phosphopeptide map of 4E-BP1. Phosphopeptides (labeled 1–5) were isolated
from the plates and identified by mass spectrometry. (B) Tandem mass spectrum of m/z 428.9 revealing the sequence and phosphory-
lation site of the phosphopeptide contained in spot 1 of the map shown in A. The position of the phosphorylated threonine residue
(Thr-46) is shown. (C) Identification of the phosphorylated peptides in spots 1–5 from the phosphopeptide map shown in A. Phos-
phorylated amino acids are in boldface type; the amino acid amino terminal to the cleavage site for trypsin or chymotrypsin is
indicated in parentheses. (D) The positions of Thr-37 and Thr-46 in 4E-BP1, relative to the eIF4E-binding site.

Two-step mechanism for 4E-BP1 phosphorylation
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4E-BP when bound to eIF4E. To determine whether the
FRAP/mTOR immunoprecipitate can phosphorylate a
4E-BP1/eIF4E complex in vitro, an equimolar quantity
(Fig. 4A, lane 2) or a twofold molar excess of eIF4E (lane
3) was preincubated with 4E-BP1, then a kinase assay
was performed. As a control for the specificity of the
kinase reaction, 4E-BP1 was also phosphorylated under
the same conditions with the MAP kinase ERK2. ERK2
was reported previously to phosphorylate 4E-BP1 prefer-
entially on Ser65 (Haystead et al. 1994), but is unable to
phosphorylate 4E-BP1 complexed with eIF4E (Lin et al.
1995). The presence of eIF4E did not reduce FRAP/
mTOR phosphorylation of 4E-BP1 (Fig. 4A, cf. lanes 2
and 3 to lane 1). In contrast, although ERK2 readily phos-
phorylated free 4E-BP1, it failed to phosphorylate 4E-BP1
in the presence of a twofold molar excess of eIF4E (cf.
lanes 6 and 4). eIF4E prevented phosphorylation of the
wild-type 4E-BP1 by ERK2, but not of a 4E-BP1 mutant
lacking the eIF4E binding site (Fig. 4A, lanes 7 and 8),
indicating that the inhibition by eIF4E is a direct conse-
quence of its interaction with 4E-BP1. eIF4E was not a
substrate for FRAP/mTOR, nor for ERK2 (Fig. 4A). 4E-
BP1 phosphorylated by FRAP/mTOR in the presence
(Fig. 4B) or absence (Fig. 4C) of eIF4E was analyzed by
two-dimensional phosphopeptide mapping. In both
cases, Thr-37 and Thr-46 were the primary phosphoryla-
tion sites. Phosphorylation of the 4E-BP1/eIF4E complex
by a FRAP/mTOR immunoprecipitate is consistent with
it (or an associated kinase) being a physiological 4E-BP1
kinase.

FRAP/mTOR phosphorylation of 4E-BP1
does not disrupt the 4E-BP1/eIF4E complex

After establishing that FRAP/mTOR can phosphorylate

4E-BP1 complexed with eIF4E, it was important to de-
termine whether phosphorylation of Thr-37/Thr-46 dis-
rupts the 4E-BP1/eIF4E complex. A 4E-BP1/eIF4E com-
plex was phosphorylated by FRAP/mTOR, then incu-
bated with a cap analog (m7GDP) coupled to agarose
beads, washed, and subjected to SDS-PAGE. As demon-
strated in Figure 4, the addition of eIF4E did not affect
the phosphorylation of 4E-BP1 by FRAP/mTOR (Fig. 5A,
bottom panel, cf. lanes 1 and 2). Importantly, most of the
32P-labeled 4E-BP1 (∼65%) was retained on the m7GDP
beads in the presence of eIF4E (Fig. 5A, cf. lane 2, top and
lane 2, bottom panel). A portion of 4E-BP1 (∼35%) was
found in the unbound fraction after the m7GDP-agarose
pull-down (cf. middle and bottom panels, lane 2). This
procedure does not quantitatively sequester eIF4E either,
however, as ∼20% of the eIF4E is also present in the
unbound fraction (data not shown). 4E-BP1 in the bound
and unbound fractions was analyzed by two-dimensional
phosphopeptide mapping. Similar levels of phospho-Thr-
37 and phospho-Thr-46 were observed in each case (Fig.
5B), demonstrating that the phosphorylation of 4E-BP1

Figure 4. FRAP/mTOR phosphorylates 4E-BP1 complexed
with eIF4E. (A) 4E-BP1 was pre-incubated without eIF4E, with
an equimolar quantity or with a twofold molar excess of eIF4E,
and subjected to a kinase assay using FRAP/mTOR immuno-
precipitated from rat brain (lanes 1–3) or recombinant ERK2
(lanes 4–8). Phosphorylated proteins were separated via SDS-
15%-PAGE, transferred to nitrocellulose membranes, and sub-
jected to autoradiography. The substrates used were as follows.
(Lanes 1–6) A thrombin-cleaved and HPLC-purified GST–4E-
BP1; (lane 7) an uncleaved GST–4E-BP1 wild-type protein; (lane
8) an uncleaved GST–4E-BP1 mutant lacking the eIF4E-binding
site. (B) Tryptic/chymotryptic map of 4E-BP1 alone (A, lane 1).
(C) Tryptic/chymotryptic map of 4E-BP1 complexed with a
twofold molar excess eIF4E (A, lane 3).

Figure 3. In vitro kinase assay of Thr-37–Ala and Thr-46–Ala
mutant proteins confirm that they are the primary FRAP/
mTOR phosphorylation sites. Histidine-tagged murine 4E-BP1
was phosphorylated in vitro in an immune-complex kinase as-
say with FRAP/mTOR, and tryptic/chymotryptic maps were
performed. (A) Wild type; (B) Thr-37–Ala; (C) Thr-46–Ala.
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on Thr-37 and Thr-46 does not disrupt the 4E-BP1/eIF4E
complex. It cannot be ruled out, however, that only
monophosphorylated 4E-BP1 molecules interact with
eIF4E and that the proteins phosphorylated on both resi-
dues do not bind. Nevertheless, more phosphorylated 4E-
BP1 remains bound to eIF4E than dissociates after incu-
bation with FRAP/mTOR. This indicates that the kinase
activity present in the FRAP/mTOR immunoprecipitate
is insufficient to disrupt the 4E-BP1:eIF4E complex. Con-
sistent with this result, a deletion of the region encom-
passing Thr-37 and Thr-46 (amino acids 34–50) binds to
eIF4E to the same extent as the wild-type protein, indi-
cating that these amino acids are not involved in medi-
ating eIF4E binding (data not shown). Furthermore, a
bacterially expressed double mutant of 4E-BP1 Thr-37–
Glu/Thr-46–Glu (designed to mimic phosphorylation at
these residues) was also without effect on eIF4E binding
(data not shown).

Thr-37 and Thr-46 are phosphorylated to a high
stoichiometry in serum-starved cells and are detected
in all phosphorylated isoforms in vivo

Multiple sites on 4E-BP1 are phosphorylated following
the addition of serum to serum-starved cells. However,
4E-BP1 is phosphorylated to a significant extent even in
293 cells deprived of serum. To map the phosphoamino-
acids present in serum-starved cells, starved or stimu-
lated 293 cells were labeled with [32P]orthophosphate in

vivo, and phosphopeptide maps were generated from im-
munoprecipitated 4E-BP1. Phosphopeptides containing
phospho-Thr-37 and -Thr-46 are present at relatively
high levels in serum-starved cells, and their total quan-
tity increased only marginally following serum-stimula-
tion relative to the quantity of protein present, in con-
trast to the serum-induced phosphopeptides a–d (Fig. 6,
cf. panels A and B; phosphopeptides a–d are very sensi-
tive to minor variations in serum treatment. Depending
on the confluency and passage number of the cells, the
time span of serum-starvation and stimulation and even
the batch of serum, the quantity of these phosphopep-
tides vary; see, e.g., Figs. 1B, 2A, and 6B).

An increase in 4E-BP1 phosphorylation is accompa-
nied by a decrease in its electrophoretic mobility. To
determine the order of phosphate addition, each of the
forms separated by SDS-PAGE was mapped. As previ-
ously observed (e.g., Beretta et al. 1996; Gingras et al.
1996; von Manteuffel et al. 1997; Gingras et al. 1998),
multiple isoforms of human 4E-BP1 incorporate 32P in
vivo (3–5 distinct bands, depending on the cell type and
resolution of the gel; in Fig. 7A, inset, three bands were
separated). Tryptic maps from the slowest (Fig. 7A) and
the fastest (Fig. 7B) migrating isoform are shown. Phos-
phopeptides containing Thr-37 and Thr-46 are present in
both 4E-BP1 isoforms (cf. panels B and A). This observa-
tion is not restricted to human cells, because phospho-
Thr-37 and phospho-Thr-46 are also observed in the fast-
est migrating phosphorylated 4E-BP1 isoforms from
Rat1a cells (data not shown). Thus, phosphorylation of
Thr-37 and Thr-46 appears to be an early event in a se-
quential process of 4E-BP1 phosphorylation. Phosphory-
lated Thr-37 and Thr-46 are detected in isoforms that

Figure 5. FRAP/mTOR phosphorylation of Thr-37 and Thr-46
does not disrupt the 4E-BP1/eIF4E complex. (A) 4E-BP1 alone,
or a 4E-BP1/eIF4E complex, was incubated with FRAP/mTOR,
as in Fig. 4. The kinase reaction was stopped and one-half of the
material was immediately subjected to SDS-PAGE (bottom).
The remaining material was incubated with m7GDP-agarose
beads to purify eIF4E and associated proteins. The bound (top)
and unbound (middle) fractions were analyzed by SDS-PAGE.
(B) Phosphorylated 4E-BP1 (A, lane 2; bound, unbound, and to-
tal) was analyzed by two-dimensional phosphopeptide mapping.

Figure 6. Phosphorylated Thr-37 and Thr-46 are present at a
high stoichiometry in serum-starved 293 cells. 293 cells were
grown to confluence and serum starved for 30 hr. 32P-Labeling
was performed for 4 hr and phosphopeptide maps were gener-
ated from starved cells (A) or cells stimulated for 30 min with
10% dialyzed FCS (B). Phosphopeptides containing phospho-
Thr-37 or -Thr-46 are identified. Serum-induced phosphopep-
tides are labeled a–d.
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bind eIF4E as well as in isoforms that do not bind eIF4E
(see, e.g., von Manteuffel et al. 1996). These data also
show that phosphorylation of Thr-37 and Thr-46 does
not cause a shift in electrophoretic mobility upon 4E-
BP1 hyperphosphorylation.

To confirm that phospho-Thr-37 and -Thr-46 are pres-
ent in all phosphorylated isoforms and that their phos-
phorylation status is only marginally affected by serum
addition, phosphospecific antibodies to Thr-37 and Thr-
46 were developed. The sequences surrounding Thr-37
and Thr-46 are almost identical (Fig. 2D), thus the phos-
phospecific antibody that was generated against a pep-
tide containing phosphorylated Thr-37 (anti-phospho-
Thr-37) does not discriminate between phosphorylated
Thr-37 and phosphorylated Thr-46 (data not shown). To
confirm the specificity of the phosphospecific antibody,
hemagglutinin-tagged wild-type 4E-BP1 and a 4E-BP1
mutant in which Thr-37 and Thr-46 were mutated to
alanines were transfected into 293T cells. The phos-
phospecific antibody detected the wild-type 4E-BP1 pro-
tein, but failed to detect the Thr-37–Ala/Thr-46–Ala mu-
tant, although both proteins were expressed to a similar
level (Fig. 8A, cf. lanes 1 and 2 with lanes 3 and 4). Also,
the phosphospecific antibody recognizes the phosphory-
lated peptide containing Thr-37, but not the unphos-
phorylated peptide (data not shown), indicating that the
phosphate group is an essential part of the antibody rec-
ognition motif.

Following serum stimulation of 293 cells, duplicate

blots were generated, and probed either with a polyclonal
anti-4E-BP1 antiserum or with the phosphospecific anti-
body. The electrophoretic mobility of a significant por-
tion of 4E-BP1 is retarded following serum stimulation
(Fig. 8B, bottom panel). The phosphospecific antibody to
Thr-37/Thr-46 recognizes all 4E-BP1 isoforms separated
by SDS-PAGE (Fig. 8B, top). Using a secondary antibody
coupled to 125I, the amount of Thr-37/Thr-46 in all iso-
forms was quantified. The intensity of the signal ob-
tained for phosphorylated Thr-37 and Thr-46 at the time
of peak phosphorylation (time = 30 min; normalized for
total expression) is ∼1.7-fold greater than the signal ob-
tained from lysates of serum-starved cells. In other ex-
periments, this increase was between 1.3- and 1.8-fold
(data not shown). Thus, as observed for the in vivo 32P-
labeling, phosphorylation of Thr-37 and Thr-46 is only
marginally responsive to serum stimulation. These data
are also consistent with reports demonstrating that
FRAP activity is only marginally enhanced in response
to insulin stimulation (Scott et al. 1998).

Thr-37 and Thr-46 phosphorylation is sensitive
to rapamycin and LY294002 under starvation conditions

The response of Thr-37 and Thr-46 phosphorylation to
inhibitors of PI3 kinase or FRAP/mTOR was also exam-
ined. Rapamycin, LY294002, or wortmannin treatment
of 293 cells prior to serum stimulation prevents the se-
rum-induced hyperphosphorylation of 4E-BP1 (von Man-

Figure 8. Phosphospecific antibodies confirm the relative lack
of serum sensitivity of Thr-37 and Thr-46. (A) 293 cells were
transfected with wild-type HA–4E-BP1 (wt), HA–4E-BP1 Thr-
37–Ala/Thr-46–Ala (mut), or vector alone (vec). Cell extracts
were prepared and analyzed by Western blotting with either the
phosphospecific antibody to Thr-37 and Thr-46 or with an anti-
HA antibody. (B) A time course of serum stimulation (after 30 hr
of starvation) of 293 cells was performed for the indicated times.
Extracts were prepared for Western blotting (see Materials and
Methods) and duplicate blots were performed. Phosphospecific
antibody to Thr-37 and Thr-46 (see Materials and Methods; top)
and an anti-4E-BP1 antibody raised against the entire protein
(bottom) were used to probe the membranes.

Figure 7. Phosphorylated Thr-37 and Thr-46 are present in the
fastest migrating phosphorylated 4E-BP1 isoform. 293 cells were
serum starved for 30 hr, incubated with [32P]orthophosphate,
stimulated with 10% dialyzed FCS, and extracts were subjected
to SDS-PAGE and autoradiography (A, inset). The slowest (A)
and fastest-migrating (B) 4E-BP1 isoforms were isolated and
phosphopeptide maps were performed.
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teuffel et al. 1996). On two-dimensional phosphopeptide
maps, treatment with rapamycin and wortmannin
causes the disappearance of a subset of phosphopeptides,
whereas others are relatively rapamycin and wortman-
nin resistant (von Manteuffel et al. 1997; Gingras et al.
1998). Interestingly, the most rapamycin-, LY294002-,
and wortmannin-resistant phosphopeptides are those
containing phosphorylated Thr-37 and Thr-46 (see von
Manteuffel et al. 1997; Gingras et al. 1998). This result is
puzzling, as FRAP/mTOR itself is rapamycin sensitive
and is also inhibited, at least in vitro, by wortmannin
and LY294002 (Brunn et al. 1996). To address this appar-
ent discrepancy, starved 293 cells were incubated with
rapamycin, and half of the cells were serum stimulated
in the presence of rapamycin, while the other half was
not serum-stimulated. Thr-37 and Thr-46 phosphoryla-
tion decreased drastically and rapidly following rapamy-
cin treatment in the absence of subsequent serum stimu-
lation (Fig. 9, top, cf. lane 1 with lanes 2–5). However,
when the cells were stimulated with serum subsequent
to rapamycin treatment, this effect was much less pro-
nounced (top panel, lanes 6–10). The expression level of
4E-BP1 protein was not affected by rapamycin treatment
(Fig. 9, bottom). Pretreatment with the PI3 kinase inhibi-
tor LY294002 produced the same effect as rapamycin
(data not shown). The extent of dephosphorylation was
calculated to be ∼sixfold in the absence of subsequent
stimulation and 1.5–2-fold in the presence of serum.
Thus, consistent with Thr-37 and Thr-46 being phos-
phorylated by FRAP/mTOR, their phosphorylation is
sensitive to rapamycin and LY294002. This sensitivity is
reduced, however, by ∼threefold in the presence of se-
rum. This difference will be addressed in the Discussion.

Thr-37 and Thr-46 phosphorylation is a priming
step required for subsequent phosphorylation
of the serum-sensitive sites

In view of the results described above, the biological sig-

nificance of Thr-37 and Thr-46 phosphorylation re-
mained elusive. To address this issue, constructs encod-
ing hemagglutinin (HA)-tagged wild-type or point mu-
tants of 4E-BP1 (Thr-37–Ala, Thr-46–Ala, Thr-37–Ala/
Thr-46–Ala, and Thr-37–Glu/Thr-46–Glu) were trans-
fected into 293T cells, and the pattern of phosphoryla-
tion was examined (Peptide maps prepared from 293T
cells are identical to those prepared from 293 cells; data
not shown). One set of transfected cells was used for
32P-labeling and another served for quantitation of pro-
tein by Western blotting. HA–4E-BP1 from 32P-labeled
samples was immunoprecipitated using a monoclonal
anti-HA antibody, and proteins were separated by SDS-
PAGE. Incorporation of 32P was monitored (a represen-
tative autoradiograph is shown in Fig. 10A) and normal-
ized to expression levels (a representative Western blot is
shown in Fig. 10B). All of the mutants are capable of
binding to eIF4E, as eIF4E was coimmunoprecipitated to
approximately the same extent in all lanes (Fig. 10A).
Coprecipitation of eIF4E with the HA-tagged proteins
was confirmed by Western blotting (not shown), consis-
tent with the results obtained with bacterially expressed
4E-BP1 mutants. Unexpectedly, mutation of either Thr-
37 or Thr-46 to alanine caused a 10- to 20-fold decrease
in 32P incorporation into HA–4E-BP1 (Fig. 10C, cf. lanes
2 and 3 with lane 1). Mutation of both Thr-37 and Thr-46
to alanine almost abolished 4E-BP1 phosphorylation (cf.
lane 4 and lane 1), whereas replacement of the two thre-
onines by glutamic acids had a slightly less severe effect
(lane 5). The dramatic effect observed for the mutants is
much greater than would be expected by abolishing Thr-
37 or Thr-46 phosphorylation alone, as these sites ac-
count for ∼30% each of the total phosphorylation on 4E-
BP1 (data not shown). The remaining phosphoamino ac-
ids represent ∼40% of the total 4E-BP1 phosphorylation.
Thus, mutation of the Thr-37 and/or Thr-46 appears to
prevent phosphorylation of the other sites.

To test the hypothesis that Thr-37 and Thr-46 muta-
tion prevents the phosphorylation of other sites, phos-
phopeptide maps were generated from the mutant and
wild-type proteins. Because the mutant proteins were
phosphorylated to a much lower extent than the wild-
type protein (Fig. 10), an equivalent quantity of radioac-
tivity was loaded on each plate. Thus, ∼10–20 times less
material was employed for the wild-type map than for
those of the various mutants (Fig. 11, upper left). The
characteristic pattern of 4E-BP1 phosphorylation was ob-
served for the wild-type HA-tagged protein (Fig. 11A).
The map generated from the Thr-37–Ala mutant shows a
similar pattern, with the exception of the disappearance
of peptides containing Thr-37 (Fig. 11B; the other pep-
tides migrating in this area result from partial chymo-
tryptic cleavage of the peptide containing Thr-37 and
Thr-46, and thus contain phospho-Thr-46). Mutation of
Thr-46 has a more pronounced effect on phosphorylation
of the other sites. With the exception of two phospho-
peptides whose intensity does not change, phosphoryla-
tion on all other sites is dramatically reduced as com-
pared to the wild-type protein. It is noteworthy that Thr-
37 phosphorylation is also reduced severalfold (Fig. 11C)

Figure 9. Sensitivity of Thr-37 and Thr-46 phosphorylation to
rapamycin. Serum-starved 293 cells were incubated with rapa-
mycin (20 ng/ml). One set of plates was lysed immediately
(lanes 1–5); the other was serum stimulated for 30 min prior to
lysis (lanes 6–10). Extracts were heat treated and analyzed by
Western blotting, as described in Materials and Methods. The
membranes were incubated with either an anti-phosphospecific
antibody (top) or with an anti-4E-BP1 antibody (bottom).
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in the Thr-46–Ala mutant. Thus, Thr-46 appears to play
a key role in modulating the phosphorylation of the
other sites, including Thr-37. The map generated from
the double mutant Thr-37–Ala/Thr-46–Ala showed, as
expected, the disappearance of the phosphopeptides con-
taining Thr-37 and Thr-46, but also an extensive de-
crease in phosphorylation of the remaining sites (Fig.
11D). Strikingly, however, replacement of the Thr-37
and Thr-46 residues by glutamic acids partially restored

phosphorylation on the remaining sites, although the
signals from Thr-37 and Thr-46 phosphorylation were
absent (Fig. 11E). We therefore conclude that mutating
threonines 37 and 46 to glutamic acid partially mimics
phosphorylated Thr-37 and Thr-46. It should be empha-
sized, however, that the phosphorylation of the serum-
sensitive sites is not restored to wild-type levels in the
Thr-37–Glu/Thr-46–Glu mutant (in Fig. 11, an equal
number of counts was loaded; thus, ∼10 times less ma-
terial from the wild-type sample was used). These results
demonstrate that phosphorylation on Thr-37 and Thr-46
is a prerequisite for the subsequent phosphorylation of
the serum-stimulated sites on 4E-BP1, as illustrated in
the model in Figure 11F.

Discussion

In this report we describe that Thr-37 and Thr-46 are

Figure 11. Effects of mutations of Thr-37 and/or Thr-46 on
other phosphorylation sites. (A–E) Phosphopeptide maps were
performed on HA-tagged 4E-BP1 proteins from Fig. 10. (F) Thr-
37 and Thr-46 affect 4E-BP1 phosphorylation. The arrows indi-
cate (1) a mutually positive effect of Thr-37 and Thr-46 phos-
phorylation, and (2) a positive effect of Thr-37 and Thr-46 phos-
phorylation on the phosphorylation of the serum-sensitive sites.
The fraction of samples from Fig. 10 loaded onto each map is
shown (upper left). An equivalent quantity in cpm was loaded
for each mutant.

Figure 10. Mutation of Thr-37 or Thr-46 drastically reduces
4E-BP1 phosphorylation in vivo. 4E-BP1 wild type (wt) and mu-
tants Thr-37–Ala (T37A), Thr-46–Ala (T46A), Thr-37–Ala/Thr-
46–Ala (TTAA), and Thr-37–Glu/Thr-46–Glu (TTEE) in a
pcDNA3-3HA vector were transfected into 293T cells (six
plates/construct). Three transfected plates were subjected to
32P-labeling, and HA-tagged 4E-BP1 was immunoprecipitated
using an anti-HA antibody (HA.11). Precipitated proteins were
subjected to SDS-PAGE, transferred to nitrocellulose mem-
branes, and autoradiographed. The intensity of the HA–4E-BP1
bands was quantified by PhosphorImager. The three other plates
were used to analyze the expression levels of the HA-tagged
proteins by Western blotting, using anti-HA as the primary an-
tibody and 125I-coupled anti-mouse IgG as the secondary anti-
body. Expression level was quantified by PhosphorImager. The
average of the 32P incorporation into the mutant proteins was
normalized to the expression level of each mutant. (A) A repre-
sentative autoradiograph is shown; arrows indicate 32P-labeled
HA–4E-BP1 and coprecipitated eIF4E. (B) A representative West-
ern blot showing the levels of the mutants; this Western blot
was developed by chemiluminescence, which produces a
brighter signal. (C) Incorporation of 32P into each mutant, nor-
malized to the expression level. The incorporation in the wild-
type protein is set to 100%.
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phosphorylated by FRAP/mTOR in a 4E-BP1/eIF4E
complex and that this phosphorylation does not result in
the disruption of the complex. Thr-37 and Thr-46 are
phosphorylated to a high stoichiometry under serum-
starvation conditions, and their phosphorylation state
does not significantly increase following serum stimula-
tion. 32P incorporation into 4E-BP1 in vivo is drastically
reduced when either Thr-37 or Thr-46 is mutated to ala-
nine. Phosphopeptide mapping revealed that mutation of
Thr-37 or Thr-46, which are located amino-terminal to
the eIF4E-binding site, affects phosphorylation of all 4E-
BP1 sites, including the serum-inducible residues. This
effect is relieved to some extent by the mutation of Thr-
37 and Thr-46 to glutamic acid, which partially mimics
the phosphorylated threonines (Fig. 11E). Taken to-
gether, these data indicate that phosphorylation of Thr-
37 and Thr-46 in vivo is a prerequisite for phosphoryla-
tion of serum sensitive 4E-BP1 sites. Several phosphory-
lation sites were previously reported to be serum
sensitive; these include Thr-37, Thr-46, Ser-65, Thr-70,
Ser-83 (all lying in the consensus S/T-P, Fadden et al.
1997), and Ser-112 (a site preceded by acidic residues,
Heesom et al. 1998). In 293 cells, as in Rat1a cells, how-
ever, we have observed that the most serum-sensitive
sites are Ser-65 and Thr-70 (A.-C. Gingras, B. Raught, and
S.P. Gygi, unpubl.). It remains possible that in different
cell types the sensitivity of the various phosphorylation
sites to extracellular stimuli differs.

Based on our results, we propose a two-step model for
4E-BP1 phosphorylation (Fig. 12). FRAP/mTOR (or a
tightly associated kinase) first phosphorylates Thr-37
and Thr-46 on 4E-BP1 complexed with eIF4E. This phos-
phorylation event appears to be relatively independent of
extracellular stimuli. The second step, which is acti-

vated by extracellular stimuli, is the phosphorylation of
the sites located carboxy-terminal to the eIF4E-binding
site, including Ser-65 and Thr-70 (A.-C. Gingras, B.
Raught, and S.P. Gygi, unpubl.). The second phosphory-
lation step results in release from eIF4E and stimulation
of translation.

Phosphorylation of proteins on multiple residues often
occurs in a sequential manner. In some instances, the
recognition site of a kinase contains a phosphorylated
residue. This is the case for glycogen synthase kinase-3
(GSK-3), which phosphorylates serines or threonines ly-
ing in the consensus SXXXPS, where PS is a phosphoser-
ine (Fiol et al. 1990). Other kinases, including casein ki-
nase I, also exhibit a preference for phosphorylated
amino acids in the vicinity of their target site (Flotow
and Roach 1991). Priming phosphorylation is, however,
not restricted to the kinase recognition site. For ex-
ample, phosphorylation may induce a conformational
change in the substrate to render a site more easily ac-
cessible to a kinase or create a docking site for another
protein, similar to the SH2/phosphotyrosine interaction.
In this regard, 14-3-3 proteins, which recognize phospho-
serines, serve as chaperones, inhibitors, or adaptors to
modulate the function of their binding partners (Muslin
et al. 1996; Yaffe et al. 1997).

Many kinases are able to phosphorylate 4E-BP1 in
vitro, including several different MAP kinases (ERK2,
JNK, p38), protein kinase C, and casein kinase II (for
review, see Lawrence et al. 1997; see also A.-C. Gingras,
unpubl.). Other PIK family members, such as ATM and
ATR, can also phosphorylate 4E-BP1 (Banin et al. 1998;
Sarkaria et al. 1998). 4E-BP1 is mostly unstructured in
solution (Fletcher and Wagner 1998; Fletcher et al. 1998).
Thus, it is not surprising that it is a good kinase sub-
strate. Upon binding to eIF4E, however, a localized struc-
ture is induced in the 4E-BP1/eIF4E contact region
(Fletcher and Wagner 1998; Marcotrigiano et al. 1999).
This induced fit appears to mask some phosphorylation
sites, as ERK2 is unable to phosphorylate 4E-BP1 in a
4E-BP1/eIF4E complex. As previously mentioned, a 4E-
BP1/eIF4E complex is most likely the true physiological
substrate. Therefore, using a complex of 4E-BP1/eIF4E in
in vitro kinase assays is more likely to identify an in vivo
kinase. Contrary to ERK2, FRAP/mTOR phosphorylates
4E-BP1 to the same extent, and on the same sites, regard-
less of whether 4E-BP1 is free in solution or bound to
eIF4E.

The cocrystal structure of eIF4E complexed with a 4E-
BP1 peptide (amino acids 51–67; amino acids 65–67 were
not visible in the density map) was recently determined
(Marcotrigiano et al. 1999). 4E-BP1 binds to a phylogeneti-
cally conserved region on the convex surface of eIF4E.
Similar results were obtained by nuclear magnetic reso-
nance (NMR), using both the full-length protein as well as
a fragment of 4E-BP1. Although chemical shifts induced
by the peptide and the full-length 4E-BP1 were largely
overlapping, the full-length 4E-BP1 induced shifts in ad-
ditional eIF4E residues (Matsuo et al. 1997). This effect
appears to be due to the amino-terminal extension of
full-length 4E-BP1, which may include the Thr-46 phos-

Figure 12. A two-step model for the phosphorylation of 4E-
BP1. FRAP/mTOR phosphorylates 4E-BP1 (in a 4E-BP1/eIF4E
complex) on Thr-37 and Thr-46. Phosphorylation of Thr-37 and
Thr-46 is a prerequisite for an unidentified serum-sensitive ki-
nase (acting downstream of Akt) to phosphorylate 4E-BP1 on the
serum-sensitive sites. The latter phosphorylation triggers the
release of 4E-BP1 from eIF4E. A direct link between Akt and
FRAP/mTOR remains to be proven.
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phorylation site. Acidic residues flank the region on
eIF4E in contact with the 4E-BP1 peptide [Glu-140 and
Asp-143 are predicted to be close to 4E-BP1 Thr-46 (J.
Marcotrigiano, pers. comm.); Glu-70 is predicted to be in
the vicinity of Ser-65; (J. Marcotrigiano, A.-C. Gingras,
N. Sonenberg, and S.K. Burley, in prep.)]. Thus, it is con-
ceivable that the mechanism leading to 4E-BP1 release
from eIF4E involves electrostatic repulsion between the
negatively charged phosphates on 4E-BP1 and the acidic
residues on eIF4E (Marcotrigiano et al. 1997). In this re-
gard, phosphorylation of 4E-BP1 at Thr-37 and Thr-46
could theoretically decrease the affinity of 4E-BP1 for
eIF4E, although this was not detected in the m7GDP–
agarose-binding experiments (which are only qualitative;
a better stoichiometry of 4E-BP1 phosphorylation by
FRAP/mTOR is required to perform quantitative mea-
surements of affinity). Alternatively, it is possible that
phosphorylation of Thr-37 and Thr-46 alters the confor-
mation of the 4E-BP1/eIF4E complex to allow access to
the other phosphorylation sites on 4E-BP1. A third pos-
sibility is that phosphorylation of 4E-BP1 by FRAP/
mTOR creates a docking site for a different kinase or for
an adaptor molecule that recruits a kinase.

The two sites phosphorylated by FRAP/mTOR in
vitro are the least rapamycin sensitive in vivo. Also, un-
der conditions of serum starvation, Thr-37 and Thr-46
are phosphorylated to a high stoichiometry, relative to
the other sites. Furthermore, in cells treated with rapa-
mycin and subsequently stimulated with serum, phos-
phorylation at these sites is only slightly affected (von
Manteuffel et al. 1997; Gingras et al. 1998, this paper).
Only when starved cells were treated with rapamycin
was a rapid reduction in the phosphorylation of Thr-37
and Thr-46 observed. Several hypotheses, which are not
mutually exclusive, could explain this observation: (1)
FRAP is inhibited by rapamycin, even in the presence
of serum, but another rapamycin-insensitive/serum-sen-
sitive kinase (for example a MAP kinase) is responsible
for phosphorylating 4E-BP1 under these conditions; (2)
Some residual FRAP kinase activity is retained in the
presence of rapamycin but is inhibited in the absence of
serum; (3) A phosphatase active in the absence of serum,
but inactive in the presence of serum, is responsible for
the effect. In the latter case, if the phosphatase is rapidly
inactivated following serum stimulation, then even a
low FRAP/mTOR kinase activity could be sufficient to
induce 4E-BP1 phosphorylation. However, when cells
are serum deprived, the phosphatase activity may pre-
dominate. In the absence of rapamycin, FRAP/mTOR is
active and this is sufficient to phosphorylate Thr-37 and
Thr-46. When rapamycin is added in the absence of se-
rum, however, the balance may change: The phosphatase
could remain active, and the activity of FRAP/mTOR is
inhibited, so a net decrease in the phosphorylation of
Thr-37 and Thr-46 is observed.

Thr-37 and Thr-46 phosphorylation is only moderately
increased (1.3- to 1.7-fold) following serum stimulation.
This modest serum sensitivity is comparable to that re-
ported for FRAP/mTOR activation by insulin (Scott and
Lawrence 1998; Scott et al. 1998). There is no evidence at

present that Thr-37 and Thr-46 phosphorylation occurs
downstream of Akt, as opposed to the phosphorylation of
the serum-sensitive sites (Gingras et al. 1998). The in-
duction of phosphorylation by serum on the sites car-
boxy-terminal to the eIF4E-binding motif is far more pro-
nounced (see Fig. 6), although an exact quantification
was not possible in this study. The most prominent se-
rum-induced sites have been mapped to Ser-65 and Thr-
70 (A.-C. Gingras, B. Raught, and S.P. Gygi, unpubl.).
Because the serum-responsive sites on 4E-BP1 are also
the most rapamycin sensitive, it is highly likely that
FRAP/mTOR is involved in their phosphorylation, al-
though probably not directly. It remains possible that the
rapamycin-induced dephosphorylation of Thr-37 and
Thr-46 prevents the subsequent phosphorylation of the
serum-sensitive sites following serum stimulation. This
is, however, unlikely because phosphorylation on Thr37
and Thr46 is restored with rapid kinetics to almost maxi-
mal levels following addition of serum, whereas the se-
rum-sensitive sites remain dephosphorylated. It is also
important to mention that the relatively high level of
phosphorylated Thr-37 and Thr-46 in the rapamycin-
treated, serum-stimulated cells (Fig. 9) is not sufficient
to induce phosphorylation on the serum-sensitive sites.
Thus, FRAP/mTOR likely impacts on the phosphoryla-
tion of the serum-sensitive sites either by stimulating
their phosphorylation following serum stimulation or by
inducing their dephosphorylation in the presence of
rapamycin. In this regard, an attractive hypothesis as to
the function of FRAP/mTOR is that it serves as a gate-
keeper, somewhat similar to the mechanisms control-
ling the cell cycle at the restriction point. FRAP/mTOR
could alter the phosphorylation of the serum-sensitive
sites of 4E-BP1 through the modulation of the activity of
a kinase or a phosphatase.

In Saccharomyces cerevisiae, a nutrient-induced, rapa-
mycin-sensitive association between the phosphatases
PP2A or Sit4 (the yeast homolog of protein phosphatase
6) and a protein named TAP42 was reported. This asso-
ciation was postulated to modulate the activity or sub-
strate specificity of the phosphatases, or to target them
to specific substrates. Because of the rapamycin-sensi-
tive nature of this interaction, it was postulated that the
phosphatases and TAP42 were downstream components
in the TOR signaling pathway. In mammals, a homolog
of TAP42, a4, associates with mammalian PP2A, as well
as with protein phosphatases 4 and 6 (Chen et al. 1998).
However, regulation of the association and activity of
these proteins by FRAP/mTOR remains controversial. A
recent report indicates that PP2A can partially dephos-
phorylate a FRAP/mTOR-phosphorylated 4E-BP1 sub-
strate in vitro and that the dephosphorylation can be
prevented by preincubation of TAP42 with PP2A (Nana-
hoshi et al. 1998). Thus, it is possible that phosphatases
play an active role in FRAP/mTOR signaling to 4E-BP1.

Our data are consistent with FRAP/mTOR being a
physiological 4E-BP1 kinase, as was suggested previously
(Brunn et al. 1997a,b; Burnett et al. 1998). However,
there are discrepancies between our results and the data
reported previously. Brunn et al. (1997a) found that
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FRAP/mTOR phosphorylates five sites (Thr-37, Thr-46,
Ser-65, Thr-70, and Ser-83) on 4E-BP1. Using the same
antibody used by Brunn et al. (as well as baculovirus-
expressed FRAP/mTOR), we obtained significant and re-
producible phosphorylation only on Thr-37 and Thr-46.
We also detected other phosphopeptides in some of our
kinase assays, but phosphorylation of these phosphopep-
tides was not reproducible. These phosphopeptides were
labeled only to a very low stoichiometry as compared to
Thr-37 and Thr-46, and, as mentioned previously, wash-
ing the FRAP/mTOR immunoprecipitate with a strin-
gent buffer decreased their phosphorylation even further.
We believe that the differences between our results and
those of Brunn et al. are probably due to the washing
conditions of the immunoprecipitate and times of incu-
bation (see Materials and Methods). It is possible that a
kinase that is tightly associated with FRAP/mTOR is
responsible for the phosphorylation reported for the
other residues on 4E-BP1. Our data are largely in agree-
ment with those of Burnett et al. (1998), which defined
Thr-37 and Thr-46 as the two sites phosphorylated by
FRAP/mTOR on 4E-BP1. However, Burnett et al. (1998)
reported that, in vitro, phosphorylation of 4E-BP1 at Thr-
37 and Thr-46 by FRAP/mTOR decreases binding to
eIF4E. We did not observe such a decrease, as we clearly
detected Thr-37 and Thr-46 in the fractions bound to
eIF4E. However, no quantitative measurement of the
eIF4E/4E-BP1 interaction was performed, so it remains
possible that the strength of this interaction is decreased
by phosphorylation on Thr-37 and Thr-46. Burnett et al.
(1998) also reported that mutants of Thr-37 and Thr-46
expressed in 293 cells bind constitutively to eIF4E. We
obtained the same result (A.-C. Gingras, unpubl.), but ex-
plain it by the fact that Thr-37 and Thr-46 are necessary for
the phosphorylation of the serum-inducible phosphoryla-
tion sites, which lead to 4E-BP1 dissociation from eIF4E.

It is of the utmost importance to determine which
kinases phosphorylate the serum-sensitive sites of 4E-
BP1. It is highly likely that Ser-65 and Thr-70, the most
serum-sensitive sites, are phosphorylated by a proline-
directed kinase. However, because of the lack of sensi-
tivity to the MEK inhibitor PD98059, it is unlikely that
ERKs are involved in mediating the phosphorylation on
the serum-sensitive sites. Other MAP kinase family
members (such as JNK and p38), which can phosphory-
late 4E-BP1 in vitro, are not activated by the same
stimuli that cause 4E-BP1 phosphorylation. Other pro-
line-directed kinases, such as the cyclin-dependent ki-
nases, are not likely to be involved in phosphorylating
4E-BP1 in vivo, because they are mostly nuclear,
whereas 4E-BP1 is present mainly in the cytoplasm. One
approach to identify these kinases, based on our results,
is to use a 4E-BP1/eIF4E complex prephosphorylated at
Thr-37 and Thr-46 as a substrate in a biochemical puri-
fication scheme.

Materials and methods

Plasmids and antibodies

The human 4E-BP1 coding sequence cloned into the cytomeg-

alovirus-based vector pACTAG-2 was used as a template for
PCR mutagenesis, which was used to mutate Thr-37 and Thr-46
to either Ala or Glu. To generate double mutants Thr-37–Ala/
Thr-46–Ala and Thr-37–Glu/Thr-46–Glu, either Thr-46–Ala or
Thr-46–Glu cloned into pACTAG-2 was used as template to
mutate Thr-37. Similarly, the deletion of amino acids 34–50 and
the deletion in the eIF4E-binding site (amino acids 54–63) were
generated by PCR mutagenesis. The products were inserted in-
frame into pACTAG-2 and sequenced in their entirety. Alter-
natively, the mutated sequences were inserted in-frame in the
vector pGEX-6p1 (Pharmacia) for protein expression in bacteria.
GST-2T–4E-BP1 wild-type was described previously (Pause et
al. 1994). It contains almost the entire coding region of human
4E-BP1 (lacking the first 6 amino acids) fused in-frame in the
vector pGEX-2T (Pharmacia; contains a thrombin cleavage site).
Murine 4E-BP1 wild type was cloned in-frame into pQE-30 vec-
tor (Qiagen), which contains an amino-terminal 6-histidine tag
(His). PCR mutagenesis was utilized to mutate Thr-36 (corre-
sponding to human Thr-37) or Thr-45 (corresponding to human
Thr-46) to alanines. The constructs were sequenced in their
entirety.

The rabbit polyclonal antisera 11208 and 11209 against hu-
man 4E-BP1 have been described previously (Gingras et al. 1996,
1998). Antiserum 11208 was used for Western blotting analysis
and 11209 for immunoprecipitation. The antibody to FRAP/
mTOR was described previously (Brunn et al. 1997b). The anti-
HA mouse monoclonal antibody HA.11 was purchased from
BAbCO. The phosphospecific antibodies directed against Thr-
37 and Thr-46 sites in 4E-BP1 were produced by immunizing
New Zealand white rabbits with the following synthetic
peptides coupled to keyhole limpet hemocyanin: Thr-37(P),
PGDYSTT*PGGTLFC, and Thr-46(P), GTLFSTT*PGGTRIIC.
Enzyme-linked immunosorbent assay (ELISA), using the phos-
phopeptide and corresponding nonphosphopeptide, was used to
identify the best-responding rabbits. IgG was purified using pro-
tein-A–Sepharose. Antibodies reactive with the nonphospho-
peptide were removed by adsorption to a nonphosphopeptide
affinity column. Antibodies that flowed through this column
were next passed over a column of immobilized phosphopep-
tide; after washing, antibodies were eluted at low pH and dia-
lyzed. The resulting antibodies were characterized by ELISA
against the phosphopeptide and nonphosphopeptide to deter-
mine the extent of phosphospecificity and by Western blots
against whole-cell extracts and purified 4E-BP1 proteins. The
antibody directed against phospho-Thr-37, however, cross-re-
acts with phospho-Thr-46, because of the high sequence iden-
tity surrounding the two sites. Similarly, the anti-phospho-Thr-
46 antibody cross-reacts with phosphorylated Thr-37.

Protein expression and purification

An amino-terminal deletant (ND27) of eIF4E, which behaves
essentially as the wild-type protein, was bacterially expressed
and purified by m7GDP chromatography (Marcotrigiano et al.
1997). Glutathione S-transferase (GST)-fused 4E-BP1 proteins
were expressed and purified from DH10b Escherichia coli es-
sentially according to the manufacturer’s (Pharmacia) instruc-
tions. Specifically, bacteria were grown to an OD of 0.8 and
induced for 2 hr at 37°C with 0.5 mM IPTG. Bacteria were pel-
leted, resuspended in PBS containing 1 mM PMSF, and lysed by
sonication. After centrifugation (Sorvall SS34 for 1 hr at 15,000
rpm), the cleared lysate was incubated for 15 min at 20°C with
glutathione–Sepharose beads (1 ml beads per liter of starting
culture). Beads were pelleted and rinsed three times with PBS
containing 1 mM PMSF and 1% Triton X-100. The elution was
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performed in 20 mM Tris-HCl (pH 8.5) containing 10 mM re-
duced glutathione. Proteins were dialyzed against 20 mM

HEPES–KOH (pH 7.4), 74 mM KCl, and 1 mM DTT, and quan-
tified by SDS-PAGE and Coomassie staining, as compared to a
BSA standard. Alternatively, the construct pGEX-2T–4E-BP1
wild type was expressed and bound to the glutathione beads as
above and digested with thrombin on the beads, according to the
manufacturer’s instructions. The cleaved 4E-BP1 protein was
then purified by reverse-phase HPLC on a C4 column, as de-
scribed (J. Marcotrigiano, A.-C. Gingras, N. Sonenberg, and S.K.
Burley, in prep.). Histidine-tagged 4E-BP1 proteins were ex-
pressed and purified from M15pREP4 cells according to the
manufacturer’s (Qiagen) instructions, eluted with imidazole,
and dialyzed against 20 mM HEPES–KOH (pH 7.4), 74 mM KCl,
and 1 mM DTT. Epitope-tagged FRAP was purified from two-
liter baculovirus infections using Sf9 host cells (Invitrogen)
grown in 10-liter fermentors for infection. Infection conditions
for large-scale cultures ranged from 24–48 hr. The baculovirus
construct, lysis conditions, and chromatography methods were
described previously (Brown et al. 1995).

Cell culture and transient transfections

Human embryonic kidney 293 cells (ATCC CRL 1573) and hu-
man embryonic kidney 293T cells (overexpressing the SV40
large T antigen; ATCC CRL 11268) were maintained in Dulbec-
co’s modified Eagle medium (DMEM) containing 10% FCS. For
transient transfection of 293T cells, 1 × 106 cells were plated
onto a 100-mm dish 24 hr prior to transfection of 15 µg of
pACTAG-2–4E-BP1 DNA, using a modified calcium phosphate
technique (Chen and Okayama 1988). Cells were either har-
vested or labeled 48 hr post-transfection.

Extract preparation and Western blotting

Cells were rinsed twice with cold buffer A (20 mM Tris-HCl at
pH 7.5, 100 mM KCl, 20 mM b-glycerolphosphate, 1 mM DTT,
0.25 mM Na3VO4, 10 mM NaF, 1 mM EDTA, 1 mM EGTA, 10 nM

okadaic acid, 1 mM PMSF) and scraped into a minimal volume
of the same buffer. Lysis was performed by three freeze–thaw
cycles. Cell debris was pelleted by centrifugation, and the pro-
tein concentration in the supernatant was measured using the
Bio-Rad assay. For analysis of endogenous 4E-BP1, 75 µg of total
cell extract was incubated at 100°C for 7 min to enrich for
4E-BP1, which is heat stable (Hu et al. 1994; Pause et al. 1994).
Samples were then incubated on ice for 5 min, and precipitated
material was removed by centrifugation (microcentrifuge,
13,000 rpm for 5 min). Laemmli sample buffer was added to the
supernatant, which was then subjected to SDS-15% PAGE. For
analysis of transfected HA–4E-BP1, cells were lysed by three
freeze–thaw cycles, and 50 µg of protein was analyzed by SDS-
15% PAGE. For qualitative analysis, Western blotting and che-
miluminescence detection were performed as described, using
either the anti-4E-BP1 11208 antiserum (1:1500) or the phos-
phospecific anti-Thr-37/Thr-46 antibody (1:1000). For quantita-
tive analysis of the endogenous proteins, membranes were first
incubated with the anti-4E-BP1 11208 antiserum (1:1500) or the
phosphospecific anti-Thr-37/Thr-46 antibody (1:1000), followed
by incubation with [125I]-coupled protein A. For the quantita-
tion of overexpressed HA-tagged 4E-BP1, the anti-HA (HA.11)
monoclonal antibody (0.5 µg/ml) was utilized.

Metabolic labeling and immunoprecipitation

32P-Labeling was performed essentially as described (Gingras et

al. 1998). In small scale experiments, 100- or 150-mm dishes of
293 cells or 293T cells were 32P-labeled and processed under the
same conditions described in Gingras et al. (1998), but using
nitrocellulose membranes instead of PVDF membranes for the
transfer. For large-scale experiments designed to identify the
phosphorylation sites, ten 150-mm plates of confluent 293 cells
(∼2 × 108 cells) were starved for 30 hr and incubated for 3.5 hr in
phosphate-free DMEM (GIBCO) containing 1 mCi/ml of [32P]or-
thophosphate (DuPont NEN; 3000 mCi/mmole; total volume
of 7.5 ml). Dialyzed FCS (15%; GIBCO) was then added for 40
min, and the cells were rinsed and lysed as described (Gingras et
al. 1998). In parallel, 200 × 150-mm plates of confluent 293 cells
(∼4 × 109 cells) were starved for 33 hr and stimulated for 40 min
with 15% FCS (GIBCO). Cells were rinsed and extracts were
prepared in the same manner as for the 32P-labeled extracts. The
extract (at this point, the cold and hot extracts were processed
separately) was precleared by incubation with protein A beads
(50 µl of packed beads per 108 cells) with end-over-end rotation
at 4°C for 2 hr. The supernatant was transferred to a fresh tube,
together with 25 µl of 11209 antisera bound to 25 µl of packed
protein A–Sepharose beads per 108 cells, and incubated end-
over-end for 4 hr at 4°C. Beads were spun and washed three
times (with 100 times the bead volume) in lysis buffer, two
times in RIPA buffer, and two times in LiCl solution (200 mM

LiCl, 1 mM DTT). Immunoprecipitates from the 32P-labeled and
cold samples were eluted in Laemmli sample buffer and the
elutions were combined. Immunoprecipitated material was
subjected to SDS–15% PAGE and transferred to 0.2-µm pore
size nitrocellulose (Schleicher & Schuell), which were dried and
autoradiographed. Radioactive bands corresponding to 4E-BP1
were excised and Cerenkov counted.

Phosphopeptide maps and phosphoaminoacid analysis

Tryptic/chymotryptic digestion of 4E-BP1 immobilized on the
nitrocellulose membranes was performed essentially as de-
scribed (van der Geer et al. 1994; Gingras et al. 1998). For the
large-scale experiment, the sample was divided into three tubes
for digestion and mapping. The digest was performed using a
200:1 mixture of N–tosyl–L–phenylalanine chloromethyl ke-
tone-treated trypsin and chymotrypsin (1 µg per sample, Wor-
thington) for 10 hr, followed by the addition of 0.5 µg of enzyme
mix three times for 1 hr each. The sample was then lyophilized
(Speed-vac, Savant), resuspended in 500 µl of water, lyophilized
again, resuspended in 250 µl of water, lyophilized a third time,
resuspended in 250 µl pH 1.9 buffer [2.5% (vol/vol) formic acid,
7.8% (vol/vol) glacial acetic acid], and lyophilized a fourth time.
For two-dimensional phosphopeptide mapping, the first dimen-
sion (electrophoresis) was performed in pH 1.9 buffer using an
HTLE 7000 apparatus (CBS Scientific); the second dimension
was performed in phosphochromatography buffer [37.5% (vol/
vol) n-butanol, 25% (vol/vol) pyridine, 7.5% (vol/vol) glacial
acetic acid]. Plastic-backed cellulose-coated TLC plates (Kodak;
20 × 20 cm) were employed. The plates were dried and subjected
to autoradiography.

To determine which phosphoamino acid is phosphorylated in
the spots of interest, the cellulose was scraped off. Peptides were
eluted from the cellulose with pH 1.9 buffer, using a spin filter
(Bio101). The material was lyophilized, resuspended in 100 µl
6N HCl and incubated at 110°C for 60 min in a screw-cap tube.
The sample was lyophilized and rinsed several times with water
(debris was removed by centrifugation before the last lyophili-
zation). Two-dimensional phosphoamino acid analysis mapping
was performed essentially as described (van der Geer et al.
1994).
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Mass spectrometry

Spots containing radioactivity were scraped from the cellulose
plates and prepared for analysis by LC-MS/MS as described
(Watts et al. 1994). The system used was adapted from previous
reports (Gygi et al. 1999). In brief, a capillary HPLC column (50
µm i.d., 12 cm long) packed in-house with C18 material was
coupled via a homemade µESI interface to a triple quadrupole
mass spectrometer (TSQ 7000; Finnigan Mat, San Jose, CA). A
pressurisable bomb was used to load 5 µl from a solution con-
taining the phosphopeptide onto the capillary column. The col-
umn was then reattached to the HPLC gradient delivery system
(Michrom, Auburn, CA). A gradient for column elution was
developed over 30 min, and a precolumn flow splitter reduced
the flow from 50 µl/min to ∼150 nl/min.

The eluted peptides were ionized by electrospray ionization,
detected, and the specific peptide ions were automatically se-
lected and fragmented by a triple quadrupole mass spectrometer
(Gygi et al. 1999). To achieve this, the mass spectrometer
switched between the MS mode (for peptide mass identification)
and the MS/MS mode (for peptide characterization and se-
quencing). The selected peptides were fragmented by a process
called collision-induced dissociation (CID) to generate a tandem
mass spectrum (MS/MS spectrum or CID mass spectrum),
which contained the sequence information for a single peptide.
Individual CID mass spectra were then searched with the com-
puter program Sequest (Eng et al. 1994) against the known se-
quence of 4E-BP1. The search was modified to allow for the
potential increase in mass to serine, threonine, and tyrosine by
phosphorylation (Yates et al. 1995). All phosphopeptides
matched by computer searching algorithms were manually veri-
fied.

Kinase assays

FRAP/mTOR immunoprecipitation from rat brain was carried
out essentially as described (Brunn et al. 1997a) with the fol-
lowing modification: The immunoprecipitated material was
washed three times with lysis buffer, three times with lysis
buffer containing 400 mM KCl, and twice with kinase buffer
(Brunn et al. 1997a). FRAP/mTOR kinase assays were per-
formed essentially as described (Brunn et al. 1997a) with either
FRAP/mTOR immunoprecipitated from rat brain (Brunn et al.
1997a) or with baculovirus-expressed, FLAG-tagged FRAP/
mTOR. FRAP/mTOR kinase reactions were incubated for 20–
40 min at 30°C, with gentle agitation. The ERK2 assay was
performed for 10 min using recombinant ERK2 (NEB), according
to the manufacturer’s instructions.

Chromatography on m7GDP–agarose

4E-BP1 and eIF4E proteins were incubated for 1 hr with m7GDP
coupled to agarose adipic resin in a total volume of 50 µl (5–30
µl of packed beads per reaction, beads were prepared according
to Edery et al. 1988). Beads were then spun in a microcentrifuge
(3000 rpm, 30 sec), washed 3 times with 20 volumes of buffer
containing 75 mM KCl, 20 mM HEPES–KOH (pH 7.4), and re-
suspended in Laemmli sample buffer. Samples were analyzed by
SDS-PAGE and subjected to autoradiography.
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