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In most instances, translation is regulated at the initiation phase, when a ribosome is recruited to the 5’ end
of an mRNA. The eIF4E-binding proteins (4E-BPs) interdict translation initiation by binding to the translation
factor eIFAE, and preventing recruitment of the translation machinery to mRNA. The 4E-BPs inhibit
translation in a reversible manner. Hypophosphorylated 4E-BPs interact avidly with eIF4E, whereas 4E-BP
hyperphosphorylation, elicited by stimulation of cells with hormones, cytokines, or growth factors, results in
an abrogation of eIF4E-binding activity. We reported previously that phosphorylation of 4E-BP1 on Thr 37 and
Thr 46 is relatively insensitive to serum deprivation and rapamycin treatment, and that phosphorylation of
these residues is required for the subsequent phosphorylation of a set of unidentified serum-responsive sites.
Here, using mass spectrometry, we identify the serum-responsive, rapamycin-sensitive sites as Ser 65 and Thr
70. Utilizing a novel combination of two-dimensional isoelectric focusing/SDS-PAGE and Western blotting
with phosphospecific antibodies, we also establish the order of 4E-BP1 phosphorylation in vivo;
phosphorylation of Thr 37/Thr 46 is followed by Thr 70 phosphorylation, and Ser 65 is phosphorylated last.
Finally, we show that phosphorylation of Ser 65 and Thr 70 alone is insufficient to block binding to eIF4E,
indicating that a combination of phosphorylation events is necessary to dissociate 4E-BP1 from eIF4E.
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The eukaryotic translation initiation factor 4E (eIF4E)
recognizes the cap structure, m’GpppX (in which m is a
methyl group and X is any nucleotide), present at the 5’
end of nuclear transcribed mRNAs (for reviews, see Her-
shey and Merrick 2000; Raught et al. 2000b). eIF4E di-
rects the translation machinery to the 5’ end of mRNA
via an interaction with the scaffolding protein eIF4G (for
review, see Hershey and Merrick 2000). The eIF4E-bind-
ing proteins (4E-BPs) are a family of three small peptides
that inhibit cap-dependent translation by binding to
elF4E and obstructing its interaction with eIF4G (Lin et
al. 1994; Pause et al. 1994; Gingras et al. 1999b; Raught
et al. 2000Db). The 4E-BPs act as molecular mimics of the
elF4E-binding site in elF4G, and thus effectively com-
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pete with eIF4G for eIF4E binding (Haghighat et al. 1995;
Mader et al. 1995; Marcotrigiano et al. 1999).

Binding of the 4E-BPs to elF4E is reversible. Whereas
hypophosphorylated 4E-BPs bind avidly to eIF4E, 4E-BP
hyperphosphorylation abrogates this interaction. Nu-
merous types of extracellular stimuli, including serum,
hormones, growth factors, mitogens, cytokines, and G-
protein-coupled receptor agonists elicit 4E-BP1 hyper-
phosphorylation, and a concomitant loss of eIF4E-bind-
ing activity. Conversely, nutrient deprivation, environ-
mental stress, or infection with certain picornaviruses
induce 4E-BP1 dephosphorylation, accompanied by a
dramatic increase in elF4E-binding activity and an inhi-
bition of translation (for reviews, see Gingras et al.
1999b; Raught et al. 2000b). Activation of phosphoinosi-
tide 3’-kinase (PI3K) or a downstream PI3K-effector ki-
nase, Akt/PKB (protein kinase B), leads to 4E-BP1 hyper-
phosphorylation (e.g., von Manteuffel et al. 1996; Gin-
gras et al. 1998; Kohn et al. 1998; Wu et al. 1998; Takata
et al. 1999), and expression of an activated PI3K catalytic
subunit or an activated Akt/PKB protein elicits 4E-BP1
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phosphorylation on the same residues that are phos-
phorylated in response to serum stimulation (Gingras et
al. 1998; Kohn et al. 1998; Dufner et al. 1999; Takata et
al. 1999). Hyperphosphorylation of 4E-BP1 induced by
extracellular stimuli is inhibited by the PI3K inhibitors
wortmannin and LY294002. Hyperphosphorylation is
also abrogated by rapamycin treatment (Lin et al. 1995;
Beretta et al. 1996; von Manteuffel et al. 1996). Rapamy-
cin inhibits downstream signaling from the kinase
FRAP/mTOR (FKBP and rapamycin associated protein/
mammalian target of rapamycin), and a rapamycin-resis-
tant FRAP/mTOR protein confers rapamycin resistance
to 4E-BP1 phosphorylation (e.g., Brunn et al. 1997a,b;
Burnett et al. 1998; Gingras et al. 1998). Thus, a wealth
of evidence indicates that PI3K and FRAP/mTOR signal-
ing are required to effect the release of 4E-BP1 from eIF4E
(for a recent review, see Gingras et al. 2001a).

Six phosphorylation sites have been identified in 4E-
BP1: Thr 37, Thr 46, Ser 65, Thr 70, Ser 83, and Ser 112
(numbering according to human 4E-BP1; Fadden et al.
1997; Heesom et al. 1998). We showed previously that in
HEK 293 cells, Thr 37 and Thr 46 are phosphorylated to
a significant extent even in the absence of serum, and
that serum stimulation only moderately increases the
phosphorylation state of these residues (Gingras et al.
1999a). We also reported that phosphorylation of Thr 37/
Thr 46 is required for the phosphorylation of additional,
unknown serum-sensitive sites. Mutation of Thr 37 and/
or Thr 46 to alanine residues prevents phosphorylation
of the serum-sensitive sites, but substitution of Thr 37
and Thr 46 by glutamic acid residues partially restores
the phosphorylation of the serum-sensitive sites (Gin-
gras et al. 1999a). These data suggest that phosphoryla-
tion of Thr 37 and Thr 46 serves as a priming event,
allowing for the succeeding serum-induced phosphoryla-
tion of the remaining 4E-BP1 sites. Phosphorylation of
Ser 65 was also subsequently reported by other investi-
gators to be dependent on prior phosphorylation of Thr
37, Thr 46, and Thr 70 (Mothe-Satney et al. 2000a,b).
However, at variance with our data, these studies sug-
gested that phosphorylation of Thr 70 does not depend
on prior phosphorylation of Thr 37 and Thr 46 (Mothe-
Satney et al. 2000a,b).

The number and identity of the phosphorylation sites
required to effect the release of 4E-BP1 from eIF4E also
remains in question. Thr 37 and Thr 46 phosphorylation
was reported both to have little or no effect on elF4E
binding (Gingras et al. 1999a; Heesom and Denton 1999;
Karim et al. 2001), or (at least for Thr 46) to effect a
significant reduction in eIF4E-binding affinity (Burnett
et al. 1998; Yang et al. 1999; Mothe-Satney et al. 2000b).
Significant discrepancies also exist regarding the effect of
Ser 65 phosphorylation on eIF4E binding (Lin et al. 1994;
Fadden et al. 1997; Yang et al. 1999; Mothe-Satney et al.
2000b; Karim et al. 2001).

Whereas previous studies have relied on the use of
transfected, overexpressed mutant proteins (which may
not faithfully mimic the behavior of the endogenous pro-
tein), we have directly analyzed the order of phosphate
addition on the endogenous 4E-BP1 protein. Here, using
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phosphopeptide mapping and mass spectrometry, we
identify Ser 65 and Thr 70 as the principle serum-respon-
sive, rapamycin-sensitive 4E-BP1 phosphorylation sites
in HEK 293 cells. Further, using a novel combination of
two-dimensional isoelectric-focusing/SDS-PAGE, fol-
lowed by Western blotting with phosphospecific anti-
bodies, we unambiguously delimit the order of phos-
phate addition to endogenous 4E-BP1. Phosphate groups
are first added to Thr 37 and Thr 46. This priming step is
followed by phosphorylation of Thr 70 and, finally, of Ser
65. We also show that phosphorylation of Ser 65 alone, or
phosphorylation of both Ser 65 and Thr 70, does not dis-
rupt 4E-BP1 binding to eIF4E. Thus, multiple phosphory-
lation events (most likely via different kinases) are re-
quired to release 4E-BP1 from elF4E.

Results

Two sets of 4E-BP1 phosphopeptides with different
sensitivities to kinase inhibitors

Using two-dimensional phosphopeptide mapping com-
bined with mass spectrometry, we previously identified
two 4E-BP1 phosphorylation sites, Thr 37 and Thr 46
(Gingras et al. 1999a). These residues are phosphorylated
to a high stoichiometry in the absence of serum, and the
phosphorylation state of Thr 37 and Thr 46 is only mod-
erately increased following serum stimulation of HEK
293 cells (Fig. 1; Gingras et al. 1999a). A second group of
phosphopeptides (designated 1-4 in Fig. 1A) are detected
only at very low levels in the absence of serum (Fig. 1B),
but are present at high levels after serum addition (Fig.
1A). To study the signaling pathway(s) mediating these
phosphorylation events, the sensitivity of the two groups
of phosphopeptides to treatment with various kinase in-
hibitors (the PI3K inhibitors LY294002 and wortmannin,
the FRAP/mTOR inhibitor rapamycin, and the MEK in-
hibitor PD098059) was investigated. The response of
phosphopeptides 1-4 to serum addition is drastically
blunted when PI3K or FRAP/mTOR signaling are inhib-
ited by LY294002, wortmannin, or rapamycin (Fig. 1
C-E). [In the experiment presented here, rapamycin did
not completely prevent phosphorylation of phosphopep-
tide 3. There is some variability in the extent of inhibi-
tion elicited by the kinase inhibitors from experiment to
experiment. Presumably, this is due to instability of the
compounds, differences in activity from batch to batch,
or to slight variations in cell culture conditions (e.g., cell
passage number, level of confluence, batch of serum,
etc.). Although we have made every attempt to reduce
this variability, minor differences are still observed be-
tween different experiments. We have performed phos-
phopeptide mapping of 4E-BP1 from cells treated with
rapamycin many (>10) times, and the conclusion that
rapamycin strongly affects phosphorylation of Ser 65 and
Thr 70 stems from the sum of these experiments (the
extent of inhibition on these phosphopeptides by rapa-
mycin ranges from 4- to 10-fold, whereas the inhibition
of phosphorylation at Thr 37 and Thr 46 is (1.5-fold; see
also von Manteuffel et al. 1997; Gingras et al. 1998,
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Figure 1. Sensitivity of 4E-BP1 phosphopeptides to serum dep-
rivation and kinase inhibitor treatment. HEK 293 cells were
starved of serum for 30 h. ®>P-labeling was performed for 3.5 h.
Kinase inhibitors were then added (for 30 min), followed by
stimulation for 30 min with 10% dialyzed FBS. Phosphopeptide
maps were prepared (see Materials and Methods). Previously
identified phosphopeptides containing Thr 37 and/or Thr 46 are
indicated. Phosphopeptides exhibiting sensitivity to serum-dep-
rivation or kinase inhibitors are labeled 1-5. The various treat-
ments are indicated in the top, right corner as follows: serum-
stimulation (A, +serum), no stimulation (B, -serum)|, pre-treat-
ment with LY294002 (C, +LY), wortmannin (D, +wort),
rapamycin (E, +rapa), or PD098059 (F, +PD). A and B, which
served here as controls, were published previously (Gingras et
al. 1999a).

1999a)]. The ERK inhibitor PD098059 did not signifi-
cantly affect the phosphorylation of any of the peptides
(Fig. 1F). Thus, PI3K and FRAP/mTOR signaling are re-
quired for the phosphorylation of peptides 1-4 in re-
sponse to serum stimulation. The phosphorylation state
of phosphopeptide 5 is not consistent from experiment
to experiment. In some cases, this phosphopeptide can-
not be detected even in the presence of serum (e.g., see
Fig. 2D), and it is not reproducibly responsive to serum
treatment or sensitive to kinase inhibitor treatment
(Gingras et al. 1998, 1999a; see below).

Identification of the PI3K- and FRAP/mTOR-
dependent phosphorylation sites

We next used a combination of phosphopeptide mapping
and mass spectrometry to identify phosphopeptides 1-5.
Several hundred 150-mm plates of HEK 293 cells (at 90%
confluence) were deprived of serum for 30 h. Ten dishes
of serum-starved cells were metabolically labeled with
[**PJorthophosphate. All of the cells were then stimu-
lated with 10% serum for 30 min, and lysed. 4E-BP1 was
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immunoprecipitated from both the unlabeled and radio-
labeled lysates. The radiolabeled and unlabeled immu-
noprecipitated materials were mixed and subjected to
SDS-15% PAGE. After transfer to a nitrocellulose mem-
brane and autoradiography, the membrane fragment har-
boring 4E-BP1 was excised and incubated with a mixture
of trypsin:chymotrypsin (200:1). Digested peptides were
washed extensively and subjected to two-dimensional
phosphopeptide mapping. Phosphopeptides 1-5 (Figs.
1A, 2B) were isolated from the maps and identified by
capillary liquid chromatography-electrospray ionization
tandem mass spectrometry (LC-MS/MS). The sequence
of the phosphopeptides and identities of the phosphory-
lated residues are indicated in Figure 2A. Phosphopep-
tides 1-4 contain phosphorylated Ser 65 and/or Thr 70.
These two residues are located immediately downstream
of the eIF4E-binding site (Fig. 2C). Phosphopeptide 5 con-
tains phosphorylated Ser 83. Phosphoaminoacid analysis
(PAA) of each of the phosphopeptides was conducted in
parallel. The phosphoserine (S) and/or phosphothreonine
(T) content of each peptide is indicated (Fig. 2A). The
identity of the phosphopeptides containing phosphory-
lated Ser 65 and Thr 70 was further confirmed by two-
dimensional phosphopeptide mapping of epitope-tagged
wild-type 4E-BP1 (Fig. 2D), and Ser 65-Ala (Fig. 2E) or Thr
70-Ala (Fig. 2F) mutant proteins expressed in HEK 293T
cells. Substitution of Ser 65 with an alanine residue re-
sulted in a loss of phosphopeptides 3 and 4, whereas the
Thr 70 to alanine mutation resulted in a loss of phos-
phopeptides 1, 2, and 4.

Phosphospecific antibodies directed against Ser 65
and Thr 70

To further investigate the regulation of Ser 65 and Thr 70
phosphorylation, phosphospecific antibodies directed
against these sites were produced. To confirm the speci-
ficity of these reagents, HA-tagged wild-type 4E-BP1 pro-
tein, or 4E-BP1 proteins harboring alanine substitutions
at Ser 65 or Thr 70 were expressed in HEK 293T cells,
and immunoblotting was performed using an antiserum
directed against the entire 4E-BP1 protein (Fig. 3A,B,
top), an antibody directed against phospho-Ser 65 (Fig.
3A, bottom), or an antibody directed against phospho-
Thr 70 (Fig. 3B, bottom). The HA-4E-BP1 wild-type and
mutant proteins were expressed to similar levels (Fig.
3A,B, lanes 1,2). However, the antibody directed against
phospho-Ser 65 did not detect the HA-4E-BP1 Ser 65-Ala
protein (Fig. 3A, lane 2, bottom). Similarly, the antibody
directed against phospho-Thr 70 did not react with the
HA-4E-BP1 Thr 70-Ala mutant protein (Fig. 3B, lane 2.).
Extracts from 293 cells deprived of serum for 30 h (Fig.
3A,B, lanes 3), or deprived of serum for 30 h, then replen-
ished with serum for 30 min (Fig. 3A,B, lanes 4), were
also subjected to immunoblotting with these antisera. In
both cases, only a very weak signal was detected in the
serum-starved cell extracts (lanes 3), whereas strong sig-
nals were observed after serum-stimulation (lanes 4).
Thus, our phosphospecific antibodies were shown to be



peptide # Sequence location PAA site
1 (K)TPPR 70-73 Thr Thr-70
2 (R)NSPVTKTPPR 64-73 Thr Thr-70
3 (R)NSPVTK 64-69 Ser Ser-65
4 (R)NSPVTKTPPR 64-73 Ser/Thr Ser-65/Thr-70
5 (R)DLPTIPGVTSPSSDEPM*EASQSHLR 74-98 Ser Ser-83
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Figure 2. Identification of Ser 65 and Thr
70 as the serum-responsive, kinase inhibi-
tor-sensitive phosphorylation sites. 4E-
BP1 was immunoprecipitated from 2 x 10%
serum-stimulated cells (1/20 labeled in
vivo with [*?PJorthophosphate), and sub-
jected to phosphopeptide mapping. Pep-
tides 1-5 (see Fig. 1A) were isolated from
the plates and identified by LC-MS/MS.
(A) Determination of the sequence of
phosphopeptides 1-5, and of the identity
of the phosphorylated residues by mass
spectrometry. The phosphorylated residue
is underlined; (*) oxidized methionine.
Trypsin cleavage sites are indicated in pa-
rentheses. Phosphoaminoacid analysis
(PAA) was performed in parallel. (Identifi-
cation of phosphopeptides 2 and 4 was re-
ported previously in Gygi et al. 1999a). (B)
Schema of the phosphopeptides identified
by two-dimensional phosphopeptide map-
ping. (C) Positions of Ser 65 and Thr 70 in
4E-BP1, relative to the eIF4E-binding site.
(D-F) Confirmation of the identity of the
phosphopeptides containing Ser 65 and
Thr 70. HEK 293T cells expressing HA-
tagged 4E-BP1 proteins were subjected to
metabolic 3?P labeling, and two-dimen-
sional phosphopeptide mapping of the
HA-4E-BP1 proteins was performed. Dot-
ted circles indicate the absence of phos-
phopeptides, as compared with the wild-
type protein

also utilized to confirm the heightened sensitivity of
phosphorylation at Ser 65 and Thr 70 to kinase inhibitors

(data not shown).
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Figure 3. Phosphospecific antibodies di-
rected against Ser 65 and Thr 70 confirm
the serum sensitivity of the phosphoryla-
tion at these sites. (A) Western blotting us-
ing an antibody to total 4E-BP1 (top), or a
phosphospecific antibody directed against
Ser 65 (bottom) was performed on extracts
from HEK 293T cells transfected with
HA-4E-BP1 wt (lane 1) or HA-4E-BP1 Ser
65-Ala (lane 2), or extracts from HEK 293
cells that were serum starved (lane 3), or
serum starved, and then serum stimulated
for 30 min (lane 4). (B) Western blotting
was performed as in A, but using an HA-
4E-BP1 Thr 70-Ala protein in lane 2, and a
phosphospecific antibody directed against
Thr 70 (bottom). The positions of the en-
dogenous 4E-BP1, and the transfected pro-
teins are indicated.
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Order of phosphate addition on the endogenous
4E-BP1 protein

The endogenous 4E-BP1 protein was next analyzed by
use of a combination of two-dimensional isoelectric fo-
cusing (IEF)/SDS-PAGE and Western blotting. 4E-BP1
from serum-stimulated HEK 293 cells migrates as six
isoforms in this system (Fig. 4B). (In some experiments, a
seventh, more acidic, isoform is also detected). In cells
deprived of serum, only two predominant isoforms are
detected (a and ¢), which migrate toward the basic region
of the gel (Fig. 4A). Similarly, only isoforms a and c are
detected in cells pretreated with rapamycin or LY294002
prior to serum stimulation (data not shown). Isoform a is
unphosphorylated, because it does not incorporate 32P
(data not shown). Isoforms b—f incorporate **P (and are
thus predicted to be phosphorylated on one to five resi-
dues, respectively).

Our previous phosphopeptide mapping experiments
(Gingras et al. 1998, 1999a; Fig. 1) suggested that isoform
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Figure 4. Phosphorylation of endogenous 4E-BP1 in vivo is an
ordered process, culminating in the phosphorylation of Ser 65.
Two-dimensional IEF/SDS-PAGE (see Materials and Methods)
was performed on lysates from serum-starved (A), or serum-
stimulated (B-E) HEK 293 cells. Western blotting was then per-
formed using antisera directed against the entire 4E-BP1 protein
(A,B), or a series of phosphospecific antibodies raised against
4E-BP1 Thr 37/Thr 46 (C), Thr 70 (D), or Ser 65 (E). Western
blots C-E were subsequently reprobed with the antisera raised
against the entire 4E-BP1 protein to confirm the identity of the
isoforms.
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c (predicted to be the diphosphorylated species), which is
present in serum-starved cells, contains both phosphory-
lated Thr 37 and Thr 46. Interestingly, isoform b (pre-
sumably the monophosphorylated protein) is a minor
species, both in serum-stimulated cells and in serum-
starved or rapamycin-treated cells. This is likely because
Thr 37 and Thr 46 are regulated coordinately by FRAP/
mTOR, and is consistent with our phosphopeptide map-
ping data (Gingras et al. 1998, 1999a; Fig. 1), in which
equimolar amounts of phospho-Thr 37 and phospho-Thr
46 are detected. Also, when Thr 46 is mutated to alanine,
phosphorylation of Thr 37 is dramatically decreased
(Gingras et al. 1999a), suggesting that the phosphoryla-
tion state of these two sites is intimately linked.

To identify the phosphorylated residues in each of the
isoelectric variants, the IEF/SDS-PAGE technique was
combined with the use of phosphospecific antibodies. To
ensure proper identification of the isoforms, each blot
incubated with phosphospecific antibodies was subse-
quently reprobed with antisera raised against the entire
4E-BP1 protein (data not shown). An antibody directed
against phospho-Thr 37 and phospho-Thr 46 recognizes
isoforms b-f (all of the phosphorylated isoforms, but not
the unphosphorylated a isoform; Fig. 4C). An antibody
directed against phospho-Thr 70 reacts avidly with iso-
forms d—f (but only poorly with isoforms b and ¢; Fig. 4D.
It should be noted that because these blots represent a
population of endogenous 4E-BP1 molecules, it is reason-
able to assume that even in serum-stimulated cells,
some isoforms may be in the process of being dephos-
phorylated. Thus, the very weak reactivity of isoforms b
and c to the phospho-Thr 70 antibody could indicate an
ongoing low level of dephosphorylation). The antibody
specific to phosphorylated Ser 65 weakly recognizes iso-
form e, but reacts strongly with isoform f (Fig. 4E). These
data thus indicate that (1) Thr 37 and Thr 46 are phos-
phorylated in the absence of prior phosphorylation, (2)
Thr 70 is phosphorylated predominantly only in iso-
forms already phosphorylated on Thr 37 and Thr 46, and
(3) Ser 65 is phosphorylated only in molecules already
phosphorylated on Thr 37, Thr 46, and Thr 70. Thus,
analysis with phosphospecific antibodies indicates that
the order of phosphate addition on endogenous 4E-BP1 in
vivo is as follows: Thr 37/ Thr 46, Thr 70, and Ser 65. The
nature of the fifth phosphorylated isoform detected in
our IEF/SDS-PAGE technique remains elusive, but could
be Ser 83, or possibly Ser 112 (a site reported to be phos-
phorylated in adipocytes; Heesom et al. 1998).

Mutational analysis of 4E-BP1 confirms the order
of phosphate addition

To further substantiate the conclusions of the IEF/SDS-
PAGE experiments, we applied this technique to a series
of HA-tagged 4E-BP1 proteins expressed in HEK 293T
cells. As expected, the HA-tagged wild-type 4E-BP1 pro-
tein resolves into six major isoforms (Fig. 5A). Consis-
tent with previous data (Gingras et al. 1999a), mutation
of Thr 37 and Thr 46 to alanine residues results in a
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Figure 5. Effects of mutating individual phosphorylation sites
on 4E-BP1 phosphorylation. HA-tagged 4E-BP1 proteins were
expressed in HEK 293T cells. At 48 h after transfection, lysates
were prepared and analysed by two-dimensional IEF/SDS-
PAGE, as above. Western blots were prepared using an antibody
directed against the HA tag.

striking accumulation of the unphosphorylated isoform
a (Fig. 5B). No phosphorylation of Ser 65 or Thr 70 is
detected in this mutant, as determined by Western blot-
ting with phosphospecific antibodies (data not shown).
Mutation of Thr 70 to alanine results in an almost com-
plete disappearance of isoforms e and f (Fig. 5C). The
phosphorylation state of Ser 65, as determined with
phosphospecific antibodies, is reduced in the HA-4E-BP1
Thr 70-Ala mutant (although the extent of this reduction
varies from experiment to experiment; data not shown).
Mutation of Ser 65 to alanine resulted in the disappear-
ance only of isoform f (Fig. 5D), confirming that Ser 65
phosphorylation is not required for phosphorylation of
the other sites. Phosphorylated Thr 37/Thr 46 and Thr
70 are detected to similar levels in the wild-type and Ser
65-Ala mutant protein (data not shown). In summary,
analysis of a panel of phosphorylation-site mutant pro-
teins confirms our phosphospecific antibody results re-
garding the order of phosphate addition to the endog-
enous 4E-BP1 protein. These data also further show that
phosphorylation of Thr 37 and Thr 46 is necessary for
phosphorylation of the remaining sites. Phosphorylation
of Thr 70 is not required for Thr 37 and Thr 46 phos-
phorylation, but does modulate the phosphorylation of
Ser 65. Consistent with it being added last, the presence
or absence of a phosphate group on Ser 65 does not in-
fluence the phosphorylation of the other sites. Also con-
sistent with these data is the fact that the tryptic peptide
encompassing amino acids 64-73 (Figs. 1A, 2A,B) was
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found by mass spectrometry to contain either phos-
phorylated Thr 70 alone, or phosphorylated Thr 70 and
Ser 65, but not phosphorylated Ser 65 alone.

Phosphorylation of Ser 65 alone is insufficient
to mediate release of 4E-BP1 from elF4E

Our data show that the phosphorylation of 4E-BP1 is an
ordered process culminating in the phosphorylation of
Ser 65. However, the role of the various phosphorylation
events in the regulation of binding to eIlF4E remained
unclear. Two models may be envisioned, as follows: (1)
phosphorylation of Thr 37, Thr 46, and Thr 70 is required
only to permit phosphorylation of Ser 65, which would
act as a molecular on/off switch, or (2) phosphorylation
of these sites, in addition to inducing phosphorylation on
Ser 65, also participates in the decrease in affinity for
elF4E, which is observed following phosphorylation of
4E-BP1. 4E-BP1 phosphorylated on Thr 37 and Thr 46
retains the ability to interact with eIF4E (Gingras et al.
1999a). Therefore, it was pertinent to determine whether
phosphorylation of Ser 65 alone (or a combination of Ser
65 and Thr 70) is sufficient to elicit eIF4E release. The
cocrystal structure of elF4E complexed with a peptide
derived from 4E-BP1 (amino acids 51-67; Marcotrigiano
et al. 1999) suggests that Ser 65 phosphorylation could
engender an electrostatic repulsion with acidic amino
acids (such as Glu 70) on the dorsal surface of eIF4E
(Marcotrigiano et al. 1999). Further, 4E-BP1 phosphory-
lated on Ser 65 is not bound to eIF4E in vivo (data not
shown). However, this cannot be taken as proof that iso-
forms phosphorylated only on this site are unable to bind
to elF4E, as we have shown that 4E-BP1 molecules that
are phosphorylated on Ser 65 are also always phosphory-
lated on several other residues.

To determine whether Ser 65 phosphorylation alone
prevents binding to eIF4E, wild-type and mutant (A4E,
Thr 37-Ala/Thr 46-Ala, Ser 65-Ala, and Thr 70-Ala) re-
combinant 4E-BP1 proteins were incubated with recom-
binant ERK2 in the presence of [y-*>P]JATP. Except for
the Ser 65-Ala mutant (which was phosphorylated to
<10% of the wild-type protein), the other proteins were
phosphorylated to similar extents (data not shown).
Thus, the principal phosphorylation site by ERK2 under
these conditions is Ser 65 (also see below). Phosphory-
lated proteins were incubated with an equimolar amount
of eIF4E, recovered on an m’GDP-Sepharose (cap-affin-
ity) column (which retains eIlF4E and associated pro-
teins), and analyzed by SDS-PAGE followed by autora-
dioagraphy (Fig. 6A, top, cap-column bound). The un-
bound fraction was analyzed in parallel (Fig. 6A, bottom,
unbound). The phosphorylated 4E-BP1 A4FE mutant,
which is unable to interact with eIF4E, was found exclu-
sively in the unbound fraction (Fig. 6A, lane 2; cf. top and
bottom). Similarly, phosphorylated wild-type 4E-BP1
was not coprecipitated with an eIF4E mutant protein
(Trp 73-Ala) deficient for 4E-BP1 binding (Fig. 6A, lane 6).
4E-BP1 (whether phosphorylated or not) was also not re-
tained on the cap-affinity column in the absence of e[F4E
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Figure 6. Phosphorylation of Ser 65 alone is insuffi-
cient to effect release from eIF4E. Bacterially expressed
wild-type and mutant GST-4E-BP1 proteins were phos-
phorylated for 15 min with recombinant ERK2 in the
presence of [y-3’P]JATP. Labeled 4E-BP1 proteins were
incubated for 1 h with equimolar concentrations of re-
combinant GST-eIF4E proteins. (A) Complexes were re-
covered on an m’GDP-sepharose column (cap-column
bound), and analyzed by SDS-PAGE and autoradiogra-
phy. Fractions not retained on the cap column (un-
bound) were analyzed similarly. A4E is a 4E-BP1 mutant
deleted in the binding site for eIF4E, and TTAA is the B

double point mutant Thr 37-Ala/Thr 46-Ala. Trp 73-Ala
is an eIF4E mutant unable to bind to 4E-BP1. (B-D)
Phosphopeptide mapping of ERK2-phosphorylated 4E-
BP1. (B) Phosphopeptide map of 4E-BP1 phosphorylated
in vitro by ERK2. (C) Phosphopeptide map of 4E-BP1
phosphorylated in vitro by ERK2, and recovered on a
cap column. (D) Phosphopeptide map of the Ser 65-Ala

mutant phosphorylated in vitro. +
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(data not shown). Therefore, nonspecific interactions
with the Sepharose matrix were effectively ruled out.
ERK2-phosphorylated wild-type 4E-BP1 interacted effi-
ciently with wild-type eIF4E (Fig. 6A, lane 1). 4E-BP1
proteins harboring mutations at Thr 37 and Thr 46
(TTAA) or at Thr 70 (Thr 70-Ala) were also efficiently
phosphorylated by ERK2, and interacted efficiently with
wild-type eIF4E (Fig. 6A, lanes 3 and 5). (With the excep-
tion of the negative control mutated in the e[F4E-binding
site, all of the unphosphorylated proteins, including the
Ser 65-Ala mutant, can also interact efficiently with
elF4E. GST fusion proteins were used in this experiment;
untagged proteins yielded identical results; data not
shown.)

To determine whether Ser 65 is phosphorylated in the
isoforms bound to eIF4E, wild-type 4E-BP1 labeled in
vitro (Fig. 6B), and the same protein isolated after binding
to elF4E, were subjected to phosphopeptide mapping
(Fig. 6C; protein from A, lane 1, top). Mapping was also
performed on the 4E-BP1 Ser 65-Ala mutant protein (Fig.
6D). The identity of the in vitro-radiolabeled phospho-
peptides was determined by mixing these samples with
in vivo-labeled endogenous 4E-BP1 (data not shown).
These data confirm that Ser 65 is the major site phos-
phorylated in vitro by ERK2 (Fig. 6B), and, more impor-
tantly, show that phosphorylated Ser 65 is clearly found
in the fraction of 4E-BP1 bound to eIF4E (Fig. 6C). Thus,
phosphorylation of Ser 65 alone is insufficient to abro-
gate elF4E binding.
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Phosphorylation of both Ser 65 and Thr 70 is not
sufficient to effect eIF4E release

Because serum stimulation increases the phosphoryla-
tion state of Ser 65 and Thr 70, it remained possible that
phosphorylation of both of these residues could be suffi-
cient to mediate eIF4E release. The study of the effects of
Thr 70 phosphorylation has been hampered by the ab-
sence of a kinase that can specifically phosphorylate this
site to a high stoichiometry in vitro. In addition, with
the exception of one report (Karim et al. 2001; see Dis-
cussion), no attempt had been made at quantifying the
changes in affinity induced by the phosphorylation of
4E-BP1. We determined previously, using isothermic
calorimetry, that peptides derived from the elF4E-bind-
ing site (amino acids 51-67) bind to eIF4E with an affin-
ity constant similar to that of the full-length 4E-BP1 pro-
tein (with K4s of 50 and 15 nM, respectively; Marcotri-
giano et al. 1999). We thus reasoned that synthetic
phosphopeptides encompassing the eIF4E-binding site
would be a valid model to quantify the effects of phos-
phorylation at Ser 65 alone, or at Ser 65 and Thr 70. We
therefore synthesized peptides encompassing the eIF4E-
binding site (Mader et al. 1995; Marcotrigiano et al.
1999), which were unphosphorylated (amino acids 51—
67, see Materials and Methods), monophosphorylated at
Ser 65 (amino acids 51-67), or diphosphorylated at Ser 65
and Thr 70 (amino acids 51-75). The strength of the in-
teraction between the 4E-BP1 peptides and eIlF4E was
then determined by fluorescence quenching (Fig. 7).
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Binding of the 4E-BP1 peptides to the convex dorsal sur-
face of eIF4E leads to quenching of the intrinsic eI[F4E
fluorescence, mainly due to the interaction between
elF4E Trp 73 (one of the sources of emitted light) and
three amino acid side chains in the peptides (Marcotri-
giano et al. 1999). The unphosphorylated peptide exhib-
its a K, of 105.6 + 4.4 nM for elF4E. This value is com-
parable with that obtained previously for the same pep-
tide (50 nM) by isothermic calorimetry (Marcotrigiano et
al. 1999). Consistent with the results presented in Figure
6, phosphorylation of Ser 65 does not disrupt eIF4E bind-
ing, but reduces the eIF4E-binding affinity by twofold
(Fig. 7; K4 =210+ 18 nM). Finally, phosphorylation of
both Ser 65 and Thr 70 was also not sufficient to abolish
elF4E binding, and did not alter the affinity of the 4E-BP1
peptide for eIF4E, as compared with the monophosphory-
lated peptide (K4 =175+ 11 nM). Thus, at least in the
context of these phosphopeptides, phosphorylation of
both Ser 65 and Thr 70 is insufficient to abrogate eIF4E
binding. Although it is possible that these peptides may
not mimic the behavior of the full length protein pre-
cisely, these data suggest that phosphorylation of addi-
tional sites, most likely the priming sites Thr 37 and Thr
46, is required to effect eIF4E release.

Discussion

Using phosphopeptide mapping, mass spectrometry, and
a novel combination of two-dimensional isoelectric fo-
cusing/SDS-PAGE combined with Western blotting with
phosphospecific antibodies directed against various 4E-
BP1 phosphorylation sites, we have determined the order
of phosphate addition to 4E-BP1 in vivo; Thr 37 and Thr
46 phosphorylation is followed by phosphorylation of
Thr 70 and, finally, of Ser 65. We also demonstrated that
a combination of phosphorylation events is necessary to
abrogate 4E-BP1 binding to el F4E. The results presented
here are in agreement with some previously published
data, in which phosphorylation of Ser 65 was shown to
be affected by mutation of Thr 37, Thr 46, or Thr 70
(Gingras et al. 1999a; Mothe-Satney et al. 2000a,b). How-
ever, our results are at variance with other data pre-

4E-BP1-P-Ser-65
4E-BP1-P-Ser-65/P-Thr-70

Hierarchical phosphorylation of 4E-BP1

Figure 7. 4E-BP1 peptides phosphorylated on
Ser 65 and Thr 70 interact with eIF4E. Increasing
concentrations of an unphosphorylated 4E-BP1
peptide (residues 51-67; m), a monophosphory-
lated peptide (Ser 65; @), or a diphosphorylated
peptide (Ser 65 and Thr 70; A) were incubated
with eIF4E, and the binding affinity measured us-
ing fluorescence quenching of eIF4E. The elF4E
concentration in the experiment shown was 0.1
BM. The peptide concentration range at which
the saturation stage is achieved determines the
binding constant. It is similar for each of the
three peptides, indicating that the binding affini-
ties are nearly equal, with Kd values of (1100-200
nM. The twofold difference is not significant at
the nanomolar level of the binding constant.

sented in the same studies. For example, Mothe-Satney
et al. (2000a,b) report that phosphorylation of Thr 70 is
independent of prior phosphorylation of Thr 37 and Thr
46. It is important to note that the latter studies relied
mainly on the analysis of transfected, overexpressed mu-
tant proteins, which may not faithfully reproduce the
behavior of the endogenous protein. Because eIF4E is
limiting for translation, overexpression of 4E-BP1 dis-
rupts the delicate balance between eIF4E and its binding
partners (including the 4E-BPs and the elF4G proteins).
Overexpression can also lead to mislocalization, or an
alteration in upstream signaling events. Furthermore, as
4E-BP1 is an unstructured protein (Fletcher and Wagner
1998; Fletcher et al. 1998; Marcotrigiano et al. 1999),
aberrant phosphorylation (i.e., phosphorylation of resi-
dues not normally phosphorylated in the endogenous
protein) may occur upon expression of large quantities of
the protein. In this regard, we have observed phosphory-
lation of Ser 65 in some experiments involving transfec-
tion of a Thr 70-Ala mutant protein (e.g., Fig. 2F),
whereas our results with the endogenous protein clearly
show that Ser 65 is phosphorylated predominantly only
in molecules already phosphorylated on Thr 70. In addi-
tion, most previous studies have analyzed the phos-
phorylation of 4E-BP1 via mobility shift in the one-di-
mensional SDS-PAGE system; this method does not al-
low for the analysis of individual phosphorylation sites,
because phosphorylation of some of the residues elicits
little (if any) shift in electrophoretic mobility. In the cur-
rent study, we have demonstrated directly that phos-
phorylation of the endogenous 4E-BP1 occurs in an or-
dered fashion.

Our data also clearly indicate that phosphorylation of
both Thr 70 and Ser 65 is not sufficient to disengage a
4E-BP1 peptide from eIF4E. These results are at variance
with reports that have characterized the 4E-BP1/elF4E
interaction utilizing recombinant 4E-BP1 proteins phos-
phorylated in vitro with ERK, and harboring alanine sub-
stitutions at Thr 37, Thr 46, Thr 70, and Ser 83 (Yang et
al. 1999; Mothe-Satney et al. 2000b; Karim et al. 2001).
By use of the Far-Western technique (a qualitative
method used to detect interactions between a nitrocel-
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lulose membrane-bound protein and a radiolabeled pro-
tein in solution), phosphorylation of either Thr 46 or Ser
65 was reported to result in a decrease in eIF4E binding
(Yang et al. 1999; Mothe-Satney et al. 2000b). Also, while
this manuscript was in preparation, Karim et al. (2001)
reported that phosphorylation of Ser 65 alone leads to a
100-fold decrease in the affinity of 4E-BP1 for ¢IF4E, as
measured using surface plasmon resonance. These au-
thors also report that phosphorylation of Ser 65 reduces
elF4E-binding activity in a pull-down assay (Karim et al.
2001). This is at variance with our data, which were ob-
tained using both full-length proteins and synthetic
phosphopeptides. When we performed coprecipitation
experiments with the wild-type 4E-BP1 protein phos-
phorylated by ERK2, we detected only a single major
phosphopeptide in the 4E-BP1 fraction bound to eIF4E,
which was shown to be phosphorylated on Ser 65. Thus,
Ser 65 phosphorylation alone clearly does not lead to a
dissociation of 4E-BP1 from eIF4E, under conditions in
which the in vivo phosphorylated 4E-BP1 is unable to
bind to eIF4E (e.g., Gingras et al. 1998). This conclusion
was further substantiated by using peptides monophos-
phorylated at Ser 65 or diphosphorylated at Ser 65 and
Thr 70.

It should be noted that the use of phosphopeptides in
this type of study has several advantages over the use of
recombinant proteins phosphorylated in vitro by various
kinases, as follows: (1) much improved reproducibility
from experiment to experiment, (2) phosphorylation
only of the desired residue, (3) 100% stoichiometry of
phosphorylation, and (4) the possibility of generating
large quantities of the phosphopeptide for quantitative
measurements. The use of synthetic peptides has also
allowed for better control of disulfide bond formation
caused by a cysteine residue (Cys 62) located in the vi-
cinity of the eIF4E-binding site. Under nonreducing con-
ditions, oxidation of Cys 62 induces dimer formation
(both in the context of the peptides and in the full-length
protein). This is especially problematic for the unphos-
phorylated peptide, which forms dimers more readily
than the phosphorylated peptides, presumably because
the phosphate groups exert some degree of repulsion to
partially prevent dimerization. Remarkably, peptide
dimerization was observed to enhance the apparent
elF4E-binding affinity by up to two to three orders of
magnitude (for the unphosphorylated peptide; A.
Niedzwiecka, unpubl.). Thus, performing affinity mea-
surements without protection against Cys 62 oxidation
can give rise to spurious results. It remains possible that
peptides do not precisely mimic the behavior of the full-
length protein. Ideally, these biochemical measurements
should be repeated when synthetic phosphorylated full-
length protein becomes available.

The identity of the kinase(s) responsible for phos-
phorylating 4E-BP1 in vivo is not known. FRAP/mTOR
immunoprecipitates can phosphorylate 4E-BP1 in vitro,
on Thr 37 and Thr 46 (Burnett et al. 1998; Gingras et al.
1999a). However, a FRAP/mTOR activating antibody
was reported to stimulate the phosphorylation of Ser 65
and Thr 70 in vitro, suggesting that FRAP/mTOR could

2860 GENES & DEVELOPMENT

be responsible for phosphorylating all of the 4E-BP1
phosphorylation sites (Brunn et al. 1997a,b; Mothe-Sat-
ney et al. 2000a). It was also reported that a kinase ac-
tivity specific to Ser 65 and Thr 70 could be liberated
from a FRAP/mTOR immunoprecipitate, suggesting
that a second kinase is present in FRAP/mTOR immu-
noprecipitates (Heesom and Denton 1999). Thus,
whether FRAP/mTOR phosphorylates 4E-BP1 on all or
some of these sites remains to be determined.

Whereas FRAP/mTOR immunoprecipitates phos-
phorylate Thr 37 and Thr 46 in vitro, these two sites
exhibit weak rapamycin sensitivity in vivo, at least in
the presence of serum (between 1.3- and 1.7-fold; Gingras
et al. 1999a). These data correlate well with the mild
inhibition of FRAP/mTOR kinase activity following
rapamycin treatment (on the order of 1.5-fold; e.g., Scott
et al. 1998; Gingras et al. 2001b). Interestingly, in vivo
phosphorylation at Thr 37 and Thr 46 is strongly de-
creased by rapamycin only in cells deprived of serum
(Gingras et al. 1999a). How serum protects Thr 37 and
Thr 46 from dephosphorylation induced by rapamycin is
unknown: Possibly rapamycin activates a phosphatase
activity directed against Thr 37 and Thr 46 (see below),
but this phosphatase is inactivated by serum. Another
possibility is that serum activates a second kinase that is
rapamycin insensitive, and which is responsible for the
phosphorylation of Thr 37 and Thr 46 in the absence of
serum. Further work will be necessary to distinguish be-
tween these possibilities.

Despite the fact that FRAP/mTOR does not signifi-
cantly phosphorylate 4E-BP1 at Ser 65 and Thr 70 in
vitro (unless FRAP/mTOR is immunoprecipitated with
an activating antibody; Brunn et al. 1997a,b; Mothe-Sat-
ney et al. 2000a), FRAP/mTOR signaling clearly plays a
critical regulatory role in the phosphorylation of Ser 65
and Thr 70, because these residues display a higher de-
gree of rapamycin sensitivity than Thr 37 and Thr 46
(Gingras et al. 1998). Treatment of cells with the phos-
phatase inhibitor calyculin prevents 4E-BP1 dephos-
phorylation in response to rapamycin treatment (Peter-
son et al. 1999). Thus, it is a distinct possibility that a
PP2A-type phosphatase directed against Ser 65 and Thr
70 is activated following rapamycin treatment, and
FRAP/mTOR activity is required for repression of this
phosphatase. In this respect, genetic screening in Sac-
cacharomyces cerevisiae has suggested that TOR signal-
ing is effected through the repression of PP2A-type phos-
phatases, which is mediated through regulation of the
activity of a conserved phosphatase-binding protein
(Tap42p).

Consistent with an important role for the phosphory-
lation at Thr 37, Thr 46, and Thr 70, mutation of these
residues dramatically affects the release of 4E-BP1 from
elF4E following serum stimulation. Mutation of Thr 37/
Thr 46 to alanines completely prevents dissociation of
the eIF4E/4E-BP1 complex in 293 cells following serum
stimulation (Burnett et al. 1998; Gingras et al., unpubl.).
Mutation of Thr 70 alone to alanine also largely prevents
dissociation (A.-C. Gingras and B. Raught, unpubl.).
However, mutation of Ser 65 to alanine does not signifi-



cantly alter the release (as compared with the wild-type
protein) from eIF4E following serum stimulation (A.-C.
Gingras and B. Raught, unpubl.). These data agree with
the in vivo results presented by Mothe-Satney et al.
(2000b), who found that Thr 37-Ala or Thr 46-Ala mu-
tants displayed a higher degree of eIF4E-binding activity
than the wild-type protein, whereas the Thr 70-Ala mu-
tant was bound to eIF4E at an intermediate level be-
tween the Thr 37-Ala or Thr 46-Ala mutants and the
wild-type protein. Mutating Ser 65 to alanine had no
detectable effect in the experiments of Mothe-Satney et
al. (2000b), in agreement with our studies.

The phosphorylation of several different proteins has
been shown to occur in an ordered fashion, but the order
of addition on the various phosphorylated residues on
the endogenous proteins has only been determined for a
few (e.g., the ribosomal S6 protein and the ribosomal
protein S6 kinase 1; for review, see Fumagalli and Thom-
as 2000). The combination of techniques used here (two-
dimensional IEF/SDS-PAGE, followed by Western blot-
ting with phosphospecific antibodies) has enabled us to
define an order of addition of the phosphate groups onto
endogenous 4E-BP1 following serum stimulation of HEK
293 cells. Thus, combined with mass spectrometry, IEF/
SDS-PAGE and phosphospecific antibodies can be a use-
ful technique to characterize complex, multi-step phos-
phorylation events on any protein of interest.

Materials and methods

Construction and expression of 4E-BP1 mutant proteins

The human 4E-BP1 ¢cDNA was used as a template for PCR mu-
tagenesis to mutate Ser 65, Thr 70, and Ser 83 to Ala, Glu, or
Asp. Mutated sequences were inserted in-frame into both the
cytomegalovirus-based vector pACTAG-2 (which contains an
N-terminal 3HA-tag fusion, for expression in mammalian cells),
and pGEX-6p1 (which contains an N-terminal GST tag, for bac-
terial expression; Pharmacia). The murine wild-type eIF4E-cod-
ing sequence and a mutant Trp 73-Ala were also inserted in-
frame into pGEX-6pl. Inserts were sequenced in their entirety.
Other constructs were published previously (Gingras et al.
1999a). Transient transfection of pACTAG-2-4E-BP1 into HEK
293 (ATCC CRL 1573) or HEK 293T cells (ATCC CRL 11268)
was performed using Lipofectamine (Life Technologies), accord-
ing to the manufacturer’s instructions. GST fusion proteins
were expressed in BL21 bacteria, purified as described (Gingras
et al. 1999a), and quantified by Bradford assay and Coomassie
staining after SDS-PAGE.

elF4E purification

For fluorescence measurements, murine elF4E (residues 28-217
and residues 33-217) was expressed in Escherichia coli (Mar-
cotrigiano et al. 1999), purified from inclusion bodies, folded in
a one-step dialysis from 6 M guanidinum hydrochloride, and
subjected to anion exchange chromatography on a MonoS§ col-
umn. Protein solutions were buffer exchanged with Ultrafree-15
mlL filters with a Biomax 5-kD NMWL membrane (Millipore).
Immediately before the spectroscopic measurements, the pro-
tein sample was filtered through an Ultrafree-0.5 mL Biomax
100-kD NMWL (Millipore).

Hierarchical phosphorylation of 4E-BP1

Isoelectric focusing/SDS-PAGE

HEK 293 or HEK 293T cells were rinsed twice with cold PBS,
scraped, and pelleted. After removal of the PBS, cells were re-
suspended in 200 pL (per 100-mm plate) of freshly prepared
extraction buffer (20 mM Hepes-KOH at pH 7.5, 100 mM KCl,
20 mM B-glycerolphosphate, 1 mM DTT, 0.25 mM Na;VO,, 10
mM NaF, 1 mM EDTA, 1 mM EGTA, 10 nM okadaic acid, and
1 mM PMSEF, supplemented with a protease inhibitor cocktail
from Boehringer Mannheim). Cells were lysed by three freeze-
thaw cycles, debris were pelleted by centrifugation, and the pro-
tein concentration in the supernatant was measured by Bradford
assay (Bio-Rad). This lysate was diluted directly into Laemmli
sample buffer for SDS-PAGE and Western blotting. For two-
dimensional isoelectric focusing (IEF)/SDS-PAGE, the lysate (20
pL containing (200 pg protein) was mixed with 27 mg of urea
and 7 pL of IEF sample buffer (17% v/v pharmalytes at pH 3-10,
4% v/v pharmalytes at pH 2-5.5, 14% v/v B-mercaptoethanol,
35% w/v CHAPS, 1.8% w/v SDS), and incubated at room tem-
perature until the urea was dissolved.

Two-dimensional isoelectric focusing/SDS-PAGE was per-
formed using the Protean II system (Bio-Rad). Briefly, the first-
dimension gel (55% w/v urea, 4.257% w/v acrylamide, 0.243%
w/v bis-acrylamide, 1.5% w/v CHAPS, 0.5% v/v NP-40, 4% v/v
Pharmalytes pH 3-10, 1% v/v Pharmalytes pH 2.5-5) was poly-
merized in 18 cm x 1.5 mm (inside diameter) glass tubes to 3 cm
from the top. After rinsing the surface of the gel, the sample was
applied and overlaid with upper chamber buffer (20 mM NaOH).
The lower (10 mM H;PO,) and upper chambers were filled with
buffer, and the IEF dimension was run at 200 V for 2 h, 500 V for
2 h, and 800 V for 16 h at room temperature. Gels were extruded
from the capillary tubes, equilibrated in Laemmli sample buffer
for 1 h, and subjected to SDS-15% PAGE (16-cm configuration,
1.5-mm thickness) for the second dimension. Proteins were
electrotransferred to nitrocellulose membranes, and analyzed
by Western blotting.

Western blotting was performed as described (Gingras et al.
1999a). The phosphospecific antibodies to Ser 65 and Thr 70
were generated at Cell Signaling Technology. The other primary
antibodies used for Western blotting in this study were as fol-
lows: the anti-HA mouse monoclonal antibody HA.11
(BAbCO), the rabbit polyclonal antisera 11208 directed against
4E-BP1 (Gingras et al. 1996), and the phosphospecific antibody
directed against Thr 37 and Thr 46 (Gingras et al. 1999a).

Phosphopeptide mapping of 4E-BP1 and identification
of the phosphorylated residues

The procedure utilized for phosphopeptide mapping was essen-
tially as described (Gingras et al. 1998, 1999a; Raught et al.
2000a). Briefly, HEK 293 or HEK 293T cells were labeled in vivo
with [*?Plorthophosphate, and 4E-BP1 was immunoprecipitated
with the anti-4E-BP1 11209 antisera, or with an anti-HA anti-
body. Immunoprecipitated 4E-BP1 was subjected to SDS-
15%PAGE, and transferred to 0.2-um pore size nitrocellulose
membranes (Schleicher & Schuell). Membranes were subjected
to autoradiography, and the membrane region harboring 4E-BP1
was excised and subjected to tryptic:chymotryptic (200:1) diges-
tion. Digested products were applied to plastic-backed cellu-
lose-coated thin layer chromatography plates (for Fig. 1; Kodak),
or to glass-backed cellulose-coated plates (Figs. 2, 5; Merck).
Following electrophoresis and liquid chromatography, plates
were dried and subjected to autoradiography. Phosphopeptides
were eluted from the plates and analyzed by LC-MS/MS, as
described (Watts et al. 1994; Gingras et al. 1999a, Gygi et al.
1999b). Phosphoaminoacid analysis was also performed on
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phosphopeptides eluted from the plates, as described (van der
Geer and Hunter 1994; Gingras et al. 1999a).

Kinase assays and chromatography on m’GDP-agarose

Phosphorylation of 4E-BP1 with recombinant ERK2 (New En-
gland Biolabs) was performed for 15 min at 30°C, in the presence
of [y-*’P]ATP, according to the manufacturer’s instructions.
Chromatography on m’GDP-agarose was performed as de-
scribed (Gingras et al. 1999a). Proteins retained on m’GDP-aga-
rose were washed three times with 20 volumes of buffer (20 mM
Hepes-KOH and 75 mM KCl), and analyzed by SDS-PAGE
and autoradiography.

Phosphopeptide synthesis and purification

A peptide corresponding to residues 51-67 of mammalian 4E-
BP1, RIYDRKFLMECRNSPV (Pause et al. 1994), was synthe-
sized by Boc protocols for solid-phase peptide synthesis, and
cleaved by use of a standard HF procedure (Schnolzer et al.
1992). The phosphopeptide synthesis was performed manually
on a Wang resin (Novabiochem) using Fmoc protocols for solid-
phase peptide synthesis. Phosphoserine and phosphothreonine
were incorporated directly during the synthesis as the corre-
sponding preformed mono-protected N-a-Fmoc-O-benzyl phos-
phoaminoacid derivatives, purchased from Novabiochem
(Wakamiya et al. 1994). The phosphopeptides were cleaved by
use of a trifluoroacetic acid:triisopropylsilane:water mixture
(TFA:TIS:H,O, 95:2.5:2.5). After cleavage, crude peptides were
purified to homogeneity by semipreparative HPLC, and charac-
terized by amino acid analysis (see below) and MALDI-TOF or
ESI spectrometry (51-67 4E-BP1 peptide, predicted mass 2141.8,
measured mass 2141; P-Ser 65 phosphopeptide, predicted mass
2220.1, measured mass 2221.0; P-Ser 65/P-Thr 70 diphospho-
peptide, predicted mass 3180.55, measured mass 3181.0). Pep-
tide concentrations were determined by amino acid analysis
after acid gas-phase hydrolysis. Analyses were performed three
times for each peptide via conversion of the amino acids to
phenylothiocarbamyl derivatives using HPLC (Waters, Milli-
pore), and a PicoTag 3.9 x 150-mm column (Waters, Millipore).
All peptides lacked secondary structure in solution, as evi-
denced by the presence of minima at (200 nm recorded on a CD
spectropolarimeter (AVIV model 202).

Affinity measurements by fluorescence quenching

Measurements of the affinity of the 4E-BP1 peptides for eIF4E
were determined by fluorescence quenching, essentially as de-
scribed (Blachut-Okrasinska et al. 2000). Before the experiment,
elF4E was saturated with a 50-fold excess of m”GTP. Titration
experiments were performed in 50 mM Hepes-KOH (pH 7.20),
100 mM KCI, 1 mM dithiothreitol (DTT), and 0.5 mM disodium
ethylenediaminetetraacetate (Na,EDTA). The pH was mea-
sured within =0.01 unit on a Beckman ®300 pH meter. One-
microliter aliquots of increasing concentrations (1 pM to 5 mM)
of each peptide were added to 1400 uL of eIF4E solution. Solu-
tions of 4E-BP1 peptides were controlled strictly by use of HPLC
and MS for lack of disulfide dimer formation, which can influ-
ence the binding affinities (data not shown). The concentration
of eIF4E was determined from absorption. Absorption and fluo-
rescence spectra were recorded on Lambda 20 UV/VIS and LS-
50B instruments (Perkin-Elmer). The sample was thermostated
within +0.2°C, and the temperature was controlled inside the
cuvette with a thermocouple. An excitation wavelength of 290
nm (slit 2.5-nm, auto cut-off filter) and an emission wavelength
of 350 nm (slit 2.5 to 4 nm, 290-nm cut-off filter) were used,
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with a correction for the photomultiplier sensitivity. These con-
ditions ensured the observation of only the tryptophan emis-
sion, such that the emission of Tyr 54 in 4E-BP1 was elimi-
nated. Measurements were also run with eIF4E at several con-
centrations, from 0.05 to 1.0 uM. Fluorescence intensity was
monitored by time-synchronized measurements at a single
wavelength, with an integration time of 30 sec and a gap of 30
sec for adding the peptide, with magnetic stirring. During the
time required for addition of the peptide, the UV xenon flash
lamp was switched off, to avoid photobleaching of the sample.
A curve for the fluorescence intensity as a function of the total
ligand concentration was fitted to the experimental data points
by means of a nonlinear, least-squares method, using the pro-
gram ORIGIN 6.0 (Microcal Software; Blachut-Okrasinska et al.
2000). The dissociation constants were calculated as a weighted
average of at least three independent series.
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