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ABSTRACT The complex of rapamycin with its intracellu-
lar receptor, FKBP12, interacts with RAFT1/FRAP/mTOR, the
in vivo rapamycin-sensitive target and a member of the ataxia
telangiectasia mutated (ATM)-related family of kinases that
share homology with the catalytic domain of phosphatidylinosi-
tol 3-kinase. The function of RAFT1 in the rapamycin-sensitive
pathway and its connection to downstream components of the
pathway, such as p70 S6 kinase and 4E-BP1, are poorly under-
stood. Here, we show that RAFT1 directly phosphorylates p705°%,
4E-BP1, and 4E-BP2 and that serum stimulates RAFT1 kinase
activity with Kkinetics similar to those of p705%¢ and 4E-BP1
phosphorylation. RAFT1 phosphorylates p705°% on Thr-389, a
residue whose phosphorylation is rapamycin-sensitive in vivo and
necessary for S6 kinase activity. RAFT1 phosphorylation of
4E-BP1 on Thr-36 and Thr-45 blocks its association with the
cap-binding protein, elF-4E, in vitro, and phosphorylation of
Thr-45 seems to be the major regulator of the 4E-BP1-elF-4E
interaction in vivo. RAFT1 phosphorylates p705°* much more
effectively than 4E-BP1, and the phosphorylation sites on the two
proteins show little homology. This raises the possibility that, in
vivo, an unidentified kinase analogous to p705%« is activated by
RAFT1 phosphorylation and acts at the rapamycin-sensitive
phosphorylation sites of 4E-BP1.

Increases in the translation of certain mRNAs are an impor-
tant response to mitogen stimulation (1-3), but little is known
about the signaling pathways that link growth stimuli to the
activation of the protein synthesis machinery. Studies with
rapamycin (4), a potent immunosuppressant, have uncovered
a signaling pathway that modulates protein synthesis in yeast
(5) and animal cells (6, 7). In vivo treatment with rapamycin
affects the phosphorylation of several regulators of translation,
including the ribosomal S6 protein and its specific kinase,
p705%k (8, 9); the eIF-4E binding proteins, 4E-BP1 (6, 7) and
4E-BP2 (10); and elongation factor 2 (11).

Ribosomal S6 and 4E-BP1 regulate the initiation of trans-
lation of distinct classes of mMRNAs. Phosphorylation by p70S°k
of the S6 protein of the small ribosomal subunit permits,
through unknown mechanisms, efficient translation of mR-
NAs containing oligopyrimidine tracts in their 5" untranslated
regions (12, 13). Phosphorylation of 4E-BP1 controls cap-
dependent translation of mRNAs with extensive secondary
structure (3). Initiation factor 4F complexes with these mR-
NAs through the interaction of its e[F-4G subunit with eIF-4E,
the cap-binding protein that recognizes the N7-methyl-GpppN
structure of the 5’ end of all nonorganellar mRNAs. In
quiescent cells, 4E-BP1 competes with eIF-4G for binding to
elF-4E and represses translation by displacing the initiation
factor 4F from the mRNA. Growth stimuli activate phosphor-
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ylation of 4E-BP1, which decreases its affinity for eIF-4E and
releases the block on cap-dependent translation (3). By pre-
venting the phosphorylation of specific residues on p705°% and
4E-BP1, rapamycin inhibits mitogen-stimulated activation of
p705%¢ and phosphorylation of S6 (8, 9), and disassociation of
4E-BP1 from eIF-4E (6, 7).

The FKBP12-rapamycin complex interacts with (14-17)
and perturbs a function of RAFT1 (18, 19), a member of the
ATM-related family (20). The precise role of RAFT1 in the
rapamycin-sensitive signaling pathway and its connection to
the downstream regulators p705°¢ and 4E-BP1 are not well
understood. In this paper, we show that RAFT1 directly
phosphorylates p705¢ on Thr-389, a residue whose phosphor-
ylation is rapamycin-sensitive in vivo and necessary for S6
kinase activity (21, 22). In vitro, RAFT1 phosphorylation of
4E-BP1 on Thr-36 and Thr-45 prevents its interaction with
elF-4E, and in vivo Thr-45 phosphorylation is a major regu-
lator of the 4E-BP1-elIF-4E association.

MATERIALS AND METHODS

Plasmids and Fusion Proteins. cDNAs for rat p705°% or
regions comprising residues 332-506, 332-415, 415-502, and
66-235 of p705°* were amplified from p855°% in Pmt2 using
PCR with appropriate primers. The amplified products were
cloned into the Sa/l and Notl sites of HA-prkS, myc-prkS,
pGEX-4T (Pharmacia), or Pet32c (Novagen). The human
4E-BP1, mouse 4E-BP2, and mouse elF-4E cDNAs were
amplified from I.M.A.G.E. clones 526490, 475519, and 539369,
respectively, using PCR with primers to the 5’ and 3’ ends of
the respective ORFs (23, 24). The amplified products were
cloned into the Sa/l and NotI sites of pGEX-4T, myc-pRKS, or
Pet 32c. All cDNAs prepared with PCR were verified by DNA
sequencing. Mutations were introduced into the RAFTI,
p705°%, and 4E-BP1 ¢cDNAs via PCR mutagenesis (25) and
confirmed by DNA sequencing. Glutathione S-transferase
(GST)-p705°c and GST-4EBP1/2 fusion proteins were purified
as described (15). The 6xHis-TRX fusion proteins of eIF-4E,
p70-S6-kinase, and residues 66-235 of p705°c were purified
under denaturing conditions according to the protocol pro-
vided by the manufacturer (Novagen). Fusion proteins of
p705°¢ or RAFT1 fused to GST at the N or C terminus in
HA-prk5 were expressed in HEK293 cells and purified as
described (26).

Transient Transfections and Cell Treatments. HEK293 cells
plated on 10-cm dishes were transfected with the calcium
phosphate precipitate method (27). When p705% or 4E-BP1
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were transfected alone, 100 ng of p705°% in HA-prk5 or 100 ng
of 4E-BP1 in myc-prk5 and 9.9 ug of empty vector were used.

To make cells quiescent after transfection, plates were
incubated overnight, rinsed once with PBS, and then placed in
media without fetal bovine serum for 30-48 h. Cells were
treated with 10 nM rapamycin (Calbiochem) or ethanol vehicle
for 30 min before stimulation with 10% fetal bovine serum for
1 h or the indicated times. After appropriate treatments, cells
on 10-cm dishes were rinsed once with PBS and lysed in 1 ml
of ice cold buffer A (50 mM Hepes-KOH, pH 7.4/40 mM
NaCl/1 mM EDTA/0.5% Triton X-100/1.5 mM Na3;VO,4/50
mM NaF/10 mM sodium pyrophosphate/10 mM sodium
B-glycerophosphate) with 1 mM phenylmethylsulfonyl fluo-
ride, 5 mg/ml aprotinin, 1 mg/ml antipain, 1 mg/ml leupeptin,
6 mg/ml chymostatin, and 0.7 mg/ml pepstatin A.

In vivo 3?P labeling of transfected cells was performed as
described (28).

In Vitro Kinase Assays. HEK293 cells were transfected with 10
png of RAFT1 ¢cDNA in myc-prkS. After a 20-h incubation, cells
were rinsed once with PBS and lysed in 1 ml of ice-cold buffer A.
After clearing, the supernatant was used to prepare mycRAFT1
immunoprecipitates with 5 ug of anti-myc antibody and 50 ul of
a 50% slurry of protein G agarose (Calbiochem). Immunopre-
cipitates were washed once with buffer W (50 mM Hepes-KOH,
pH 7.4/40 mM NaCl/1 mM EDTA) containing 1% Triton X-100
and 0.05% SDS, twice with buffer W containing 0.5% Triton
X-100 and 0.5 M LiCl, twice with buffer W containing 0.5 M LiCl,
and once with 50 mM Hepes 7.4/150 mM NaCl/1 mM DTT (29).
Kinase assays were performed in a volume of 22 ul at 30°C for
20 min and contained 1/5 the washed immunoprecipitates
from one 10-cm dish, 1.5 ug of GST-4E-BP1 or GST-4E-BP2
or 200 ng of p705°% fusion proteins, 2 wCi of [y->?P]ATP
(NEN), 25 mM Hepes-KOH, pH 7.4, 50 mM KCl, 20%
glycerol, 10 mM MgCl,, 4 mM MnCl,, 1 mM DTT, and 50 uM
unlabeled ATP. Reactions were stopped by the addition of 5
plof5 X gel sample buffer. After boiling the samples for 3 min,
proteins were resolved by 4-12% SDS-PAGE and transferred
to poly(vinylidene difluoride); phosphorylated proteins were
then visualized with autoradiography.

Mitogen-activated protein (MAP) kinase and S6 kinase
assays were performed as described (21).

Peptide Maps and Phosphoamino Acid Analysis. Phos-
phoamino acid analyses were as described (30). Peptide maps
were prepared using pH 1.9 electrophoresis buffer (30). To
identify the RAFT1 phosphorylation sites on 4E-BP1, we
compared tryptic peptide maps of RAFTI1-phosphorylated
4E-BP1 and 4E-BP2. We speculated that the 4E-BP2-derived
peptide (marked “a” in Fig. 44) is highly homologous to the
one from 4E-BP1 but also contains a cysteine whose several
oxidation states might give rise to peptides of similar but not
identical mobilities. The six threonines between residues 20
and 50 of 4E-BP1 were chosen as candidate RAFT1 phos-
phorylation sites because they fulfilled these criteria. Peptide
maps prepared from mutants with single or double alanine
substitutions at the potential phosphorylation sites are not
markedly different from those for wild-type 4E-BP1. However,
separation by ascending chromatography of chymotryptic di-
gests of peptide “a” purified from each TLC plate reveals that
RAFT1 phosphorylates two homologous sites, threonines
35/36 and 44/45, that lie in the same tryptic peptide.

Antibodies and Immunoblots. Anti-myc 9E-10 antibody (Cal-
biochem) was used to detect myc4E-BP1 and immunoprecipitate
myc-RAFT1, anti-hemagglutinin (HA) antibody (Babco, Rich-
mond, CA) was used to detect and immunoprecipitate HA-
p705°%, and anti-GST antibody (Santa Cruz) was used to detect
GST-4E-BP1. Gel samples were resolved by SDS-PAGE, trans-
ferred to poly(vinylidene difluoride) in CAPS-methanol, pH 11,
and probed with primary antibodies. Western blots were devel-
oped with anti-mouse or anti-rabbit antibodies (Amersham) and
enhanced chemiluminescence (NEN).
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7-Methyl-GTP and eIF-4E Affinity Chromatography. To
purify endogenous eIF-4E, 30 ul of a 50% slurry of 7-methyl-
GTP Sepharose (Pharmacia) were added to the cleared cel-
lular lysate and incubated for 30 min at room temperature.
After washing the resin twice with 50 mM Hepes, pH 7.4/40
mM NaCl/2 mM EDTA/0.1% Triton X-100, bound proteins
were eluted with 1.25X gel sample buffer and resolved with
SDS/17% PAGE, and 4E-BP1 was visualized with the anti-
myc antibody.

For in vitro binding reactions between 4E-BP1 and eIF-4E,
1 pg of TRX-elF-4E fusion protein was bound to 20 ul of
packed 7-methyl-GTP Sepharose for 30 min at room temper-
ature, washed twice with buffer B (25 mM Hepes, 7.4/100 mM
KCl/1 mM EDTA/1 mM DTT), and resuspended in 40 ul of
the same buffer. 20 ul of the reaction products of kinase assays
containing 100 ng of GST-4E-BP1 were added, incubated for
1 h on ice, and washed twice with buffer B; bound proteins
were then eluted with gel sample buffer. After Western
blotting, 4E-BP1 was detected with anti-GST antibody.

RESULTS

In Vitro RAFT1 Phosphorylates p70 S6 Kinase and 4E-BP1.
Because RAFT1 autophosphorylates (18, 31) and is a member
of the ATM-related protein kinase family, we asked whether
RAFT1 might directly phosphorylate p705° and 4E-BP1. In
vitro, wild-type, but not kinase-dead (D2357E), RAFT1 ex-
pressed in HEK293 cells and purified by immunoprecipitation
phosphorylates bacterially produced p705°¢ and 4E-BP1 (Fig.
14). RAFT1 strongly prefers p705%% as a substrate, as over
10-fold more 4E-BP1 (2,000 ng) than p705°% (150 ng) is
necessary to obtain about equal levels of phosphorylation by
RAFT1 (Fig. 14, lower panel). The major RAFT1 phosphor-
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FiG. 1. RAFTI phosphorylates 4E-BP1 and the C-terminal half of
p708%k jn vitro. (A) Wild-type and kinase-dead RAFT1 expressed in
HEK?293 cells were purified by immunoprecipitation and incubated in
a kinase assay with [y-32P]JATP and the indicated fusion proteins of
4E-BP1 or p705°%, The phosphorylated proteins are revealed by
autoradiography (Upper), and a Ponceau stain reveals the relative
amounts of each fusion protein in the assays (Lower). (B) FKBP12-
rapamycin partially blocks RAFT1 phosphorylation of 4E-BP1 and
p705%, Kinase assays using the indicated substrates were performed as
in A except that the immunoprecipitates were first incubated on ice for
1 h with 100 nM FKBP12 with or without 10 nM rapamycin. These
results are representative of five similar experiments.
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FIiG. 2. Serum stimulates RAFT1 kinase activity toward p705k and 4E-BP1. (4) Wild-type RAFT1 purified from quiescent HEK293 cells
stimulated with 10% serum for the indicated times and purified by immunoprecipitation was incubated in a kinase assay with indicated fusion
proteins and [y-32P]JATP. After SDS-PAGE, transfer to poly(vinylidene difluoride) and Ponceau staining, the bands corresponding to p70S°k
332-415 and 4E-BP1 were excised, and the amount of radioactivity incorporated into each was determined by scintillation counting. The increases
in 32P incorporation were similar for p705°k 332-415 and 4E-BP1, and the fold activation for p705% is shown below the autoradiograph. The results
shown are representative of three similar experiments. (B) Time course of p705¢k phosphorylation (Top) and activation (graph) and 4E-BP1
phosphorylation and release from elF-4E (Middle and Bottom). p705°¢ and 4E-BP1 were detected with immunoblotting. Kinetics of endogenous
MAP kinase activation is shown for comparison (graph).

ylation site(s) in p705¢ is C-terminal to the catalytic domain
within residues 332-415. This region contains Thr-389 and
Ser-404, whose phosphorylation is known to be inhibited by
rapamycin in vivo (21). In vitro, RAFT1 does not phosphory-

unexpected because RAFT1 complexed to a GST-FKBP12-
rapamycin affinity resin can still robustly autophosphorylate
(31). Moreover, rapamycin treatment does not completely
eliminate the putative kinase activity of the Tor2 protein, a

yeast homologue of RAFT1, as rapamycin treatment of yeast
does not reproduce all the effects observed when replacing the
wild-type Tor2 with a kinase-dead version of the protein (32).

Time Course of RAFT1 Activation and 4E-BP1 and p70 S6
Kinase Phosphorylation. As one might expect of an upstream
kinase, serum-induced RAFT1 activation precedes p705°¢ and
4E-BP1 phosphorylation but follows a similar pattern of

late the N-terminal half of p705°% (residues 66-235), which
contains Thr-229, the third in vivo rapamycin-sensitive phos-
phorylation site (21).

Preincubation of RAFT1 with FKBP12-rapamycin de-
creases phosphorylation of 4E-BP1 and p705° to about 50%
and 85%, respectively, of controls with FKBP12 alone (Fig.
1B). The incomplete inhibition by FKBP12-rapamycin is not
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FiG. 3. RAFTI1 phosphorylates p705°%¢ on Thr-389. (4) Chymotryptic peptide map of RAFT1-phosphorylated p705°k 332-415 and phos-
phoamino acid analysis of the purified peptides. Peptides “a” is an incomplete digest of peptide “b,” and tryptic peptide maps reveal only one spot
(data not shown). (B) Substitution of a T389A mutant for wild-type p705°k 332-415 eliminates the majority of RAFT1 phosphorylation. (C) T389A
p708%k expressed in HEK293 cells is not activated by serum stimulation (graph) and displays decreased laddering on SDS-PAGE. (D) Wild-type
(WT) but not kinase-dead (DE) RAFT1 phosphorylates HEK293-purified p705°k fused to GST at the N terminus (Left) but not at the C terminus
(Right). All the p705°k fusion proteins are capable of autophosphorylating (—). The amount of added p705°k is roughly equal except for those with
p708°k-GST from rapamycin-treated cells, which contain about one-third of the amount of the others (Lower).
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activation and deactivation. The RAFT1 activation phase is
fast and peaks at 15 min, but deactivation is slow and activity
remains elevated at 2 h after serum stimulation (Fig. 24).
RAFT1 activation is not inhibited by a 30-min treatment with
10 nM rapamycin before serum stimulation (data not shown).
Phosphorylation of p705°¢ and 4E-BP1, as reflected by in-
creases in their apparent molecular weights, begins within 5
min after serum addition, rises significantly by 15 min, peaks
at 1 h, and then decays slowly (Fig. 2B). Activation of the S6
kinase and disruption of the 4E-BP1-elF-4E complex follow
the same time course, which differs from the kinetics of MAP
kinase activation and deactivation in response to serum (Fig.
2B). Because RAFT1 has significant activity in quiescent cells
(Fig. 2A4) in which p705°¢ and 4E-BP1 are dephosphorylated,
the specific activity of RAFT1 cannot be the sole determinant
of the p705%% and 4E-BP1 phosphorylation states. Thus, in
addition to RAFT1 activity, other factors, such as the acces-
sibility of p705%¢ and 4E-BP1 to the RAFTI1 kinase domain
and/or the activity of phosphatases that target them, must also
play an important role in controlling the extent of their
phosphorylation.

RAFT1 Phosphorylates p70 S6 Kinase on Thr-389. We
determined the sites of RAFT1 phosphorylation on p705° and
4E-BP1 to see if their mutation to nonphosphorylatable amino
acids would mimic the effects of rapamycin. Residues 332-415
of p705°¢ contain the major site of RAFT1 phosphorylation
(Fig. 14). Chymotryptic digestion of the RAFT1-phosphory-
lated fusion protein yields hydrophobic peptides that contain
phosphothreonine (Fig. 34). Thr-389 is the major site of
RAFT1 phosphorylation in vitro (Fig. 3B), as an alanine
substitution of Thr-389 and not Ser-404 eliminates the majority
of RAFT1 phosphorylation. No other kinase has been re-
ported to phosphorylate Thr-389 and it is one of three residues
(Thr-229, Thr-389, and Ser-404) whose phosphorylation is
completely blocked by rapamycin treatment in vivo (21). Under
our in vitro experimental conditions, we do not find phosphor-
ylation of Thr-229 or Ser-404 of p705°k, although they have
significant homology to Thr-389 (21). Further work will be
required to determine if RAFT1 cannot phosphorylate these
sites because they are inaccessible in the fusion proteins tested
or if they do not conform to the preferred RAFT1 phosphor-
ylation motif. The importance of Thr-389 phosphorylation for
activation of p705° is well documented, and the phosphory-
lation status of this residue correlates with S6 kinase activity
(21, 22). We find that compared with wild-type, a T389A
mutant of p705°% has less than 1% of the S6 kinase activity,
does not respond to serum stimulation, and displays decreased
laddering on SDS-PAGE (Fig. 3C). Rapamycin has similar
effects on wild-type p705° (Fig. 3C).

Activation of p705°k in vivo requires phosphorylation at
multiple sites in addition to Thr-389, such as Ser-367 (33). It
is not surprising then, that bacterially produced 6xHis-Trx-
p708°k fusion protein is inactive toward S6 either before or
after RAFT1 phosphorylation (data not shown). We reasoned
that a p705% that is phosphorylated at all the necessary
residues except Thr-389 should have the potential to be
activated by RAFT1 phosphorylation in vitro. To obtain such
a protein, we purified recombinant p705%« fusion proteins from
HEK293 cells that had been treated with rapamycin for only
15 min, conditions that result in the selective dephosphoryla-
tion of Thr-389 (21). p705 fused to GST at its N terminus is
completely inactive toward S6 when purified from control or
rapamycin-treated cells (data not shown), indicating that the
GST moiety at the N terminus prevents an activating input that
is necessary for S6 kinase activity or disturbs the normal
folding of the protein. That input cannot be phosphorylation
of Thr-389, as in vitro phosphorylation by immunoprecipitated
RAFT1 (Fig. 3D) does not activate the protein (data not
shown). A p705% variant with GST attached to the C terminus
is stimulated by serum, in a rapamycin-sensitive fashion, to
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25% of wild-type levels (data not shown). Surprisingly, how-
ever, this protein, when purified from either control or rapa-
mycin-treated cells, is not a RAFT substrate in vitro (Fig. 3D).
Furthermore, a soluble RAFT1 fusion protein purified from
HEK?293 cells cannot phosphorylate mycp705°% immunopre-
cipitated from control or rapamycin-treated cells (data not
shown). The addition to the kinase reaction of a variety of
cellular extracts or lipids, including 3" and 4’ phosphorylated
phosphatidylinositols, does not restore the capacity of soluble
RAFT1 to phosphorylate immunoprecipitated mycp705°% or of
immunoprecipitated RAFT1 to phosphorylate soluble p705°k-
GST (data not shown). These experiments indicate that Thr-
389 is hidden from RAFT1 in potentially active versions of
p705°k and it is likely that access to this residue requires a
conformational change in the protein induced by cofactor(s)
present in vivo but not in vitro. The inactive p705°% variants,
such as bacterially made p705°¢ or HEK239-produced GST-
p705%%, have (perhaps because they are misfolded) accessible
Thr-389 but are likely missing other modifications necessary
for S6 kinase activity.

A in vitro
RAFT1: WI  D2357E
4EBP: 1 2 1 2

-50
GST-4E-BP12 -
o % | la
i
L |
b |
- * +i - '+
B
mycRAFT1
I mycRAFT1 wild-type ||02357E|
250~ e i o GO W " <@mycRAFT
98— 32p.
autoradiography
64—
50_

p70S6k T389: NOQVFLGFTYVAPSVLE
4E-BP1 T45: GGTLFSTTPGGTRIIY
4E-BP1 T36: PPGDYSTTPGGTLFST

F16.4. RAFT]1 phosphorylates 4E-BP1 on Thr-36 and Thr-45. (4)
Phosphoamino acid analysis reveals that RAFT1 phosphorylates
4E-BP1 on threonine (data not shown). Tryptic peptide maps (Lower)
of RAFT-phosphorylated 4E-BP1 and 4E-BP2 (Upper) share a major
peptide (marked “a” in Lower) that migrates as a single spot in the
4E-BP1 map but as three closely spaced spots in the 4E-BP2 map. The
asterisk indicates where the sample was applied. Spot “b” is seen in
maps of 4E-BP1 phosphorylated by both wild-type and kinase-dead
RAFT1 and represents the site of phosphorylation of a contaminating
kinase. Spots visible to the left and right of spot “a” in the 4E-BP1 map
are partial digestion products of the peptide in spot “a” (data not
shown). (B) Thr-36 and Thr-45 are the major sites of phosphorylation
by RAFT1 on 4E-BP1. The indicated GST-4E-BP1 mutants were
phosphorylated in vitro by RAFT1 as in Fig. 14. Phosphorylation of
mutants S64A and T69A are shown for comparison. (C) Comparison
of RAFT1 phosphorylation sites on p705° and 4E-BP1.
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F1G.5. Thr-36 and Thr-45 are phosphorylated in vivo, and mutations of these residues to alanine create a 4E-BP1 variant that binds constitutively
to elF-4E in vitro and in vivo. (A) 4E-BP1 phosphorylated in vitro by wild-type (WT) RAFT]I, but not by kinase-dead (DE) RAFT, cannot bind
to eIF-4E (Left, lanes 1 and 2). Even after an incubation with wild-type RAFT1 in a kinase assay, the T36/45A mutant still binds to eIF-4E (Left,
lane 3). Equal amounts of GST-4E-BP1 were offered for binding in each condition (Right). Kinase assays of 30-min duration were performed as
in Fig. 14 except that only 100 ng of fusion protein was used. The reaction products were then offered for binding to recombinant eIF-4E prebound
to 7-methyl-GTP Sepharose. Bound 4E-BP1 was detected by immunoblotting with an anti-GST antibody. (B) Tryptic peptide maps (Lower) of
4E-BP1 isolated form cells labeled in vivo with 32P (Upper) and treated with the indicated conditions. Peptide “a” is eliminated in maps prepared
with a T36/45A mutant (data not shown). (C) Serum stimulation increases phosphate content at Thr-45 2-fold, and rapamycin blocks 50% of the
increase. Peptide “a” was purified from the TLC plates of B and analyzed as described in Materials and Methods. The spots were quantitated with
densitometry. (D) Alanine mutations at Thr-36 and Thr-45 prevent serum-induced release of 4E-BP1 from elF-4E and mimic the effects of
rapamycin. HEK293 cells were transfected with plasmids encoding wild-type or the indicated mutant 4E-BP1s, treated with rapamycin and serum,
and the migration pattern of 4E-BP1 (Upper) or the amount of 4E-BP1 bound to eIF-4E (Lower) was determined by immunoblotting.

RAFT1 Phosphorylation of 4E-BP1 on Thr-36 and Thr-45
Blocks Its Ability to Interact with eIF-4E. Using comparative
tryptic peptide mapping of RAFT1-phosphorylated 4E-BP1
and 4E-BP2 to aid us, we identified Thr-36 and Thr-45 as the
RAFT1 phosphorylation sites on 4E-BP1 (Fig. 4 A and B; see
Materials and Methods for details). MAP kinase phosphory-
lation of 4E-BP1 occurs on Ser-64 (34) and, with longer kinase
reactions, also at Thr-36 and Thr-45 (35). Protein alignment of
Thr-36, Thr-45, and Thr-389 and their surrounding residues
reveals that the RAFT1 phosphorylation sites on 4E-BP1 and
p705°k share little amino acid homology; large hydrophobic
amino acids flank Thr-389 in p705°%, whereas Thr-36 and
Thr-45 of 4E-BP1 are in S/TP motifs (Fig. 4C). RAFT1
phosphorylation of 4E-BP1 in vitro decreases its capacity to
interact with eIF-4E, and substitution of wild-type 4E-BP1
with the T36A/45A double mutant or of wild-type RAFT1
with the kinase-dead variant eliminates the ability of RAFT1
to decrease the interaction (Fig. 54). Given the dissimilarity
between the RAFT1 phosphorylation sites on 4E-BP1 and
p705°%, the preference of RAFT1 for p705°¢ as a substrate, and
the finding that MAP kinase also phosphorylates 4E-BP1 and
affects its binding to eIF-4E (34), one must be careful in
accepting this in vitro result as enough evidence to declare
RAFT1 to be the in vivo 4E-BP1 kinase. We find that Thr-36
and Thr-45 are phosphorylated in 4E-BP1 isolated from
32P-labeled cells (Fig. 5B) and that rapamycin blocks about
50% of the serum-stimulated increase in phosphate at these
sites (Fig. 5C). A recent report (35) finds that rapamycin
partially blocks the insulin-stimulated phosphorylation of sev-
eral S/TP sites in 4E-BP1, including Thr-36 and Thr-45 but
also Ser-64, Thr-69, and Ser-82. To further evaluate the role of
Thr-36 and Thr-45 phosphorylation in vivo, we expressed in
quiescent HEK293 cells wild-type, T36A, T45A, or T36/45A
4E-BP1 and examined the effect of serum stimulation on their

function. Mutation of Thr-36 to alanine substantially increases
the amount of 4E-BP1 that remains bound to elF-4E after
serum stimulation, and the T45A and T36/45A mutations have
more pronounced effects (Fig. 5D). Even after serum stimu-
lation, T45A containing mutants bind to eIlF-4E to the same
degree as wild-type 4E-BP1 does in the absence of serum
stimulation or after serum stimulation in the presence of
rapamycin (Fig. 5D, compare lanes 1 and 4 to 7). These results
indicate that the threonines phosphorylated by RAFT1 in vitro,
particularly Thr-45, are important mediators of the interaction
between 4E-BP1 and elF-4E in vivo.

DISCUSSION

In this study, we provide links between three components of
the rapamycin-sensitive signaling pathway, an important me-
diator of growth factor-induced increases in protein synthesis.
We demonstrate that RAFT1 is the elusive hydrophobic-
directed Thr-389 kinase of p705°, The rapamycin sensitivity
and importance for S6 kinase activation of Thr-389 phosphor-
ylation in vivo is well established (21, 22). Furthermore,
RAFT1 phosphorylates 4E-BP1 on sites that regulate its
interaction with the cap-binding protein elF-4E in vitro and in
vivo. p705% and 4E-BP1 (19) are the first known exogenous
substrates for RAFT1, and their phosphorylation states are
key switches for regulating protein translation (3).

The finding that RAFT1 phosphorylates 4E-BP1 on residues
that control its function is provocative and makes the 4E-BP1
pathway dissimilar from that leading to S6 phosphorylation,
where an intermediate kinase, p705, transduces and amplifies
the initial signal. Although the work presented here supports
RAFT1 as a physiological 4E-BP1 kinase, we cannot exclude
the possibility that an unidentified 4E-BP1 kinase exists that
is analogous to p705%, recognizes all the rapamycin-sensitive
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S/TP sites of 4E-BP1, and contains a p705%-like RAFTI-
phosphorylation motif whose phosphorylation controls its
activity.

We find that phosphorylation of p705%% and 4E-BP1 is only
partially inhibited by FKBP12-rapamycin binding to RAFT]I.
This contrasts with a recent report on RAFT1 (mTOR)
phosphorylation of 4E-BP1 (PHAS-1) in which almost com-
plete inhibition of 4E-BP1 phosphorylation is observed (19). A
major difference between our studies is the concentration of
rapamycin employed. Whereas we use 10 nM rapamycin in our
in vitro kinase reaction, Brunn et al. (19) employed 10 uM
rapamycin, which is over 1000-fold the concentration needed
to inhibit 4E-BP1 phosphorylation in vivo. Exactly how the
drug-receptor complex affects RAFT1 in vivo remains un-
known, but it is likely that the end result of this interaction is
an inhibition of RAFT1 kinase activity only toward specific
protein substrates, such as p705°%. FKBP12-rapamycin could
do this through several potential mechanisms, such as sterically
blocking access to the RAFTI1 kinase domain, preventing
RAFT1 activation by secondary modifications or interacting
proteins, or altering its subcellular localization. On the other
hand, the decrease in its kinase activity toward target proteins
may be enough to prevent the phosphorylation of proteins that
are under the constant control of competing kinases and
phosphatases.
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