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Employing specific inhibitors and docking-site mutants of growth factor receptors, recent studies have indi-
cated that the insulin-induced increase in 40S ribosomal protein S6 and initiation factor 4E binding protein
1 (4E-BP1) phosphorylation is mediated by the mTOR/FRAP-p70°°* signal transduction pathway. However, it
has not been resolved whether the phosphorylation of both proteins is mediated by p70°°* or whether they
reside on parallel pathways which bifurcate upstream of p70°°*. Here we have used either rapamycin-resistant,
kinase-dead, or wild-type p70°°* variants to distinguish between these possibilities. The rapamycin-resistant
p70°°%, which has high constitutive activity, was able to signal to S6 in the absence of insulin and to prevent
the rapamycin-induced block of S6 phosphorylation. This same construct did not increase the basal state of
4E-BP1 phosphorylation or protect it from the rapamycin-induced block in phosphorylation. Unexpectedly, the
rapamycin-resistant p70°®* inhibited insulin-induced 4E-BP1 phosphorylation in a dose-dependent manner.
This effect was mimicked by the kinase-dead and wild-type p70°°* constructs, which also blocked insulin-
induced dissociation of 4E-BP1 from initiation factor 4E. Both the kinase-dead and wild-type constructs also
blocked reporter p70°°* activation, although only the kinase-dead p70°°* had a dominant-interfering effect on
S6 phosphorylation. Analysis of phosphopeptides from reporter 4E-BP1 and p70°°* revealed that the kinase-
dead p70°%* affected the same subset of sites as rapamycin in both proteins. The results demonstrate, for the
first time, that activated p70°°* mediates increased S6 phosphorylation in vivo. Furthermore, they show that
increased 4E-BP1 phosphorylation is controlled by a parallel signalling pathway that bifurcates immediately

upstream of p70°%*, with the two pathways sharing a common rapamycin-sensitive activator.

In insulin-responsive cells, hormonal stimulation provokes
the coordinate activation of a complex network of signalling
pathways which are involved in the regulation of specific met-
abolic processes (71). Critical among these affected metabolic
processes is the activation and maintenance of high rates of
protein synthesis, leading to both global and selective changes
in the pattern of translation (14, 23, 56). Recent studies have
suggested that in insulin-sensitive tissues, such as liver, heart,
skeletal muscle, and adipose tissue, the increase in protein
synthesis is triggered by ligand-induced activation of the recep-
tor and propagated intracellularly through the phosphorylation
of the insulin receptor substrate IRS-1 (66). IRS-1 is thought
to mediate the insulin signal by inducing the activation of
distinct kinases which then target specific components of the
translational apparatus (45). In several cases, there is consid-
erable knowledge concerning the functional roles of specific
translational components in protein synthesis and of the effect
of phosphorylation on their individual activities (48, 65). Much
less is known regarding the identities of the kinases responsible
for modulating the phosphorylation states of specific transla-
tional components or of the signalling pathways which regulate
their activities. A number of recent studies have suggested that
p70°° may be intimately involved in mediating the effect of
hormones on global as well as selective patterns of translation
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(2, 27, 45), through the multiple phosphorylation of the 40S
ribosomal protein S6 (20) and possibly the recently identified
initiation factor 4E (eIF4E) binding protein, 4E-BP1 (53) or
PHAS-I (40).

Mitogen-induced phosphorylation and activation of p70°°*
appear to play an important role during the G, phase of the
cell cycle (10, 35, 37, 55, 58), consistent with the putative
function of p70°°* in regulating increased S6 and 4E-BP1 phos-
phorylation (2, 45, 68). In parallel it has been demonstrated
that the immunosuppressant rapamycin, a bacterial macrolide,
negates mitogen-induced activation of p70°°* by preventing the
acute phosphorylation of a specific subset of sites, including
T0, T30, Saous and S, (54). These sites were found to be
flanked by large aromatic residues, with the exception of S, 4,
which exhibits an S/TP motif, as do the remaining three unaf-
fected phosphorylation sites (18, 54). Of the rapamycin-sensi-
tive sites, the principal site of rapamycin-induced dephosphor-
ylation leading to p70°°* inactivation was identified as Tsgo,
which resides in the linker region, coupling the catalytic and
autoinhibitory domains (54). Conversion of this site to an
acidic amino acid confers high basal activity and rapamycin
resistance on the kinase (54). The mechanism by which rapa-
mycin brings about p70°®* inactivation is not direct. The mac-
rolide, in a gain-of-function inhibitory complex with the immu-
nophilin FKBP12, binds to a high-molecular-weight protein
termed mTOR or FRAP (6, 60). Based on structural similar-
ities, mMTOR/FRAP is thought to function as either a lipid or
protein kinase (26). A mutant form which is unable to bind the
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FKBP12-rapamycin inhibitory complex has been shown to pro-
tect p70°°* from inactivation by the macrolide, indicating that
mTOR/FRAP is an upstream component of the p70°®* signal-
ling pathway (7). Interestingly, the rapamycin-FKBP12 gain-
of-function inhibitory complex does not appear to interfere
with any of the kinases which modulate p70°°* function but
instead appears to act through an unidentified effector mole-
cule operating through the amino terminus of the kinase (13,
69). Although rapamycin treatment in some cell types is known
to inhibit the activation of specific cyclin-dependent kinases at
the G,/S boundary (31, 50), it potently and selectively blocks
p70°°¢ activation throughout the G, phase of the cell cycle in
all cell types examined (8).

Rapamycin-induced p70°** dephosphorylation and inactiva-
tion have been shown to be paralleled by dephosphorylation of
S6 (10, 28) and 4E-BP1 (4, 68). S6 is an integral 40S ribosomal
protein which resides near or at the mRNA binding site, on
that surface of the subunit which interacts directly with the
larger 60S ribosomal subunit (51). Mitogen stimulation of cells
to proliferate leads to multiple, ordered phosphorylation of S6
at five serines which are located at the carboxy terminus of the
protein (3, 33). In vitro, p70°°* is capable of phosphorylating all
of the same sites as observed in vivo (17), although corrobo-
rative in vivo data are lacking. The increase in S6 phosphory-
lation is hypothesized to be involved in the rapid and selective
translational upregulation of a family of mRNAs which contain
an oligopyrimidine tract at their 5’ transcriptional start sites
(27, 28, 28a). As with S6, it has recently been shown that
4E-BP1 is also phosphorylated when cells are stimulated to
proliferate (53), although, with the exception of S¢, (25), little
is known concerning the sites of phosphorylation. Increased
phosphorylation of 4E-BP1 leads to its release from eIF4E,
allowing the initiation factor to then interact with the eIlF4G
subunit of the mRNA cap-binding protein complex (42). The
rapamycin-induced block in 4E-BP1 phosphorylation is fol-
lowed more slowly by a partial suppression of cap-dependent
mRNA translation (4). Consistent with this finding, employ-
ment of pharmacological agents which indirectly lead to the
selective inhibition of p70°°* activation, as well as docking-site
mutants of IRS-1 (45, 68) and the platelet-derived growth
factor receptor (68), has revealed that increased 4E-BP1 phos-
phorylation is mediated by the same signalling pathway as that
which modulates p70°°* and S6 phosphorylation. These find-
ings and others have led to the hypothesis that 4E-BP1 phos-
phorylation may be mediated by p70°°* (2, 45). The possibility
that 4E-BP1 is a direct target seems unlikely, because 4E-BP1
neither serves as an in vitro substrate for p70°°* (25) nor
contains any p70°°* recognition motifs (21) or phosphorylation
sites similar to those described for S6 (34). However, these
observations do not distinguish between the possibilities of
p70° (i) acting as an upstream modulator of a 4E-BP1 kinase
or (ii) instead bifurcating at some point downstream of mTOR/
FRAP on a signalling pathway that is parallel but does not lead
to increased 4E-BP1 phosphorylation.

In establishing the relative importance of S6 and 4E-BP1
phosphorylation in mediating the effects of insulin-induced
p70°°* activation on protein synthesis, it is necessary to resolve
whether both proteins are downstream targets of the kinase.
To address this question, advantage was taken of a number of
p70°°* variants, including the wild-type enzyme as well as two
mutants which display either a rapamycin-resistant or a dom-
inant-interfering phenotype. These constructs, in combination
with activity assays and phosphopeptide analysis, were used to
define the role of p70°°* in mediating S6 and 4E-BP1 phos-
phorylation as well as the point in the mTOR/FRAP-p70°°*
signalling pathway at which these two events diverge from one
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another. The impact of these findings is discussed in relation to
the role of S6 and 4E-BP1 phosphorylation in global and gen-
eral translation.

MATERIALS AND METHODS

Cell culture, transfection, and extract preparation. Human embryonic kidney
293 cells (ATCC CRL 1573) were maintained as previously described (19). For
transient expression of cDNA, 10° cells per 10-cm-diameter dish were seeded in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum
24 h prior to transfection, which was performed by a modified calcium phosphate
precipitation procedure (52). After 12 h, cells were washed twice with DMEM
and then incubated for an additional 24 h in DMEM prior to stimulation with 1
wM insulin (Sigma) in the absence or presence of 20 nM rapamycin. Cell extracts
for Western blot analysis, affinity binding to 7-methyl-GTP-Sepharose (m’GTP-
Sepharose), and kinase assays were prepared as described earlier (68).

Metabolic labelling. Transiently transfected 293 cells were washed in DMEM
lacking phosphate and were starved for 24 h. After incubation for 1 h in the
presence of 0.2 mCi of 3*P; (Amersham) per ml, cells were or were not treated
with 20 nM rapamycin for 15 min prior to treatment with 1 wM insulin for 30
min. For preparation of ribosomal proteins, cells were washed twice with 5 ml of
ice-cold phosphate-buffered saline, drained, and scraped into 1 ml of hypotonic
buffer containing 1% Triton X-100 and 1% deoxycholate (64). Nuclei were
removed by low-speed centrifugation for 5 min at 6,000 rpm in an Eppendorf
tabletop centrifuge. The supernatant was first underlaid with 0.6 ml of 0.5 M
sucrose-containing buffer A followed by 0.6 ml of 1.5 M sucrose-containing buffer
B (64). Total ribosomes were pelleted by centrifugation at 2°C for 17 h at 75,000
rpm in a TLA 100.3 rotor (Beckman). Ribosomal proteins were prepared as
described earlier (64), except that after acetone precipitation, the protein pellet
was dissolved in 50 ul of 1X sodium dodecyl sulfate (SDS) sample buffer and
boiled for 10 min (24). Equal amounts of each sample were resolved by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and blotted on Immobilon-P
membranes (Millipore). Equal loading of ribosomal proteins was determined by
employing an antibody specific for 60S ribosomal protein L7a (72), and 2P,
incorporation into S6 was detected with a PhosphorImager (Molecular Dynam-
ics) and analyzed with ImageQuant software (Molecular Dynamics).

Immunoprecipitation, kinase assay, and Western blotting. For in vitro kinase
assays of myc-p70°°*—glutathione S-transferase (GST), cell extracts (25 pg of
total protein) were precipitated with glutathione-Sepharose (Sigma) for 30 min
at 4°C. The beads were washed and assayed as previously described for kinase
activity (38). For myc-p70°°* assays, extracts were incubated with the anti-myc
9E10 monoclonal antibody (32), and kinase assays were performed as previously
described (39). HA-p44™aPk assays were performed by incubating 20 g of total
protein with the antihemagglutinin (anti-HA) 12CAS5 monoclonal antibody (32),
with kinase activity measured against myelin basic protein (15). Western blot
analysis of 4E-BP1 was carried out as previously described (68), except that the
12CAS5 antibody was used for detection and the bisacrylamide content of the gel
was lowered to 0.25%. For quantification of expressed protein from transfected
cDNAs, 25 pg of total cell protein was analyzed by SDS-PAGE, the proteins
were electrophoretically transferred to Immobilon-P membranes, and Western
blot analysis was performed with either the anti-myc 9E10 or the anti-HA 12CA5
as the primary antibody. A tertiary fluorescein isothiocyanate-coupled antibody
(DAKO) was used for visualization of Western blots with a scanning fluorimeter
(Molecular Dynamics) and analysis with ImageQuant software. Relative units
obtained with the PhosphorImager for kinase activity were normalized for ex-
pressed transfected kinase as quantified by fluorimetry with ImageQuant soft-
ware.

Two-dimensional phosphopeptide mapping and stoichi try ements.
Transiently transfected 293 cells were labelled with 32P; (0.2 mCi/ml) 6 h prior to
extraction. myc-p70°°*-GST was precipitated from labelled extracts with gluta-
thione-Sepharose (Sigma), whereas the HA-4E-BP1 construct was immunopre-
cipitated with the 12CAS5 antibody and protein G-Sepharose (Pharmacia). The
precipitated proteins were further purified by SDS-PAGE and electroeluted
from the gel. Trichloroacetic acid precipitation, performic acid oxidation, and
trypsin-chymotrypsin digestion were carried out as described previously (13)
except that the HA-4E-BP1 protein was precipitated with 25% trichloroacetic
acid following electroelution. Two-dimensional phosphopeptide mapping was
performed as described previously (13), and labelled phosphopeptides were
visualized with a PhosphorImager. Relative stoichiometry measurements of HA-
4E-BP1 involved resolution of the electroeluted 3*P-labelled material by SDS-
PAGE followed by Western blotting. HA-4E-BP1 levels were determined by
using a 12CAS5 primary antibody and a fluorescein isothiocyanate-conjugated
tertiary antibody. The stained proteins were visualized by scanning fluorimetry,
whereas relative *?P incorporation was measured with the PhosphorImager.
Stoichiometry values were determined as the ratio of 3P incorporation to the
respective levels of HA-4E-BP1.

m’GTP-Sepharose affinity assay. Cell extracts from transfected 293 cells cor-
responding to 150 ug of total protein were incubated with 30 pl of m’GTP-
Sepharose 4B (Pharmacia) in a total volume of 250 pl of LCB buffer (20 mM Tris
HCI [pH 7.4], 0.2 mM EDTA, 100 mM KCIl, 1 mM phenylmethylsulfonyl fluo-
ride, and 7 mM B-mercaptoethanol). After 1 h of incubation at 4°C, unbound
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proteins were removed by three 1-ml washes with LCB. Bound proteins were
released by boiling in 20 wl of 1X SDS sample buffer (24) and analyzed by
Western blotting with the anti-4E-BP1 antibody 11208 (22) or the anti-eIF4E
antibody 10C6 (22) and a swine anti-rabbit horseradish peroxidase-coupled sec-
ondary antibody (DAKO). The horseradish peroxidase signal was detected with
Super Signal TM Substrate (Pierce) and visualized with Biomax film (Kodak).
Due to the multiple HA tags, the ectopically expressed HA-4E-BP1 migrates at
a much higher molecular weight than endogenous 4E-BP1, which under the gel
conditions employed migrates near the dye front of the gel.

Recombinant ¢DNA. Generation of the myc-p70°°*D;E-Eg, mutant (54),
myc-p705°k (47), and HA-p44™2Pk (44) has been described elsewhere. For HA-
4E-BP1 the coding sequence of human 4E-BP1 was inserted in frame in the
vector pACTAG-2 (a kind gift from M. Tremblay and A. Charest, McGill
University), which puts three HA tags at the N terminus of 4E-BP1. By using the
pAlter mutagenesis system (Promega), the 3’ stop codon of the full-length
N-terminally myc-tagged p70°°* cDNA clone was replaced with a sequence which
inserted a consensus for a thrombin cleavage site and 3’ PstI and NorI sites. GST
was amplified from pGEX-2T (Pharmacia) by PCR with Pfu polymerase (Strat-
agene) and oligonucleotides which introduced a 5" PstI site (GACTGCAGT
CCCCTATACTAGGTTAT) and a 3’ NotI site (ATGCGGCCGCTCAATCCG
ATTTTGG). The GST PCR product was digested with PstI and NotI and sub-
cloned into cognate sites in a cytomegalovirus (CMV)-driven plasmid. p70°°¢ was
cloned into Xbal/Pstl sites in frame with the GST to generate the final myc-
p70%°%-GST construct.

RESULTS

A rapamycin-resistant p70°®* mutant protects S6 from de-
phosphorylation. To assess whether an insulin-induced rapa-
mycin-sensitive phosphorylation event, such as the phosphor-
ylation of 4E-BP1, is mediated by p70°°%, it is essential to have
a mutant which is resistant to the macrolide but unimpaired in
its ability to signal downstream. In the p70°°*D,E-E., mutant,
Tsg, the principal target of rapamycin-induced p70°°* inacti-
vation (13, 54), has been replaced by a glutamic acid, and the
four S/TP phosphorylation sites in the autoinhibitory domain
have been changed to either aspartic or glutamic acid (13).
Compared with the wild-type p70°°%, in transient-transfection
assays, the p70°°*D,E-E,., mutant exhibits high basal kinase
activity (Fig. 1A, upper and middle panels, compare lanes 1
and 4), which is stimulated by the addition of insulin (Fig. 1A,
upper and middle panels, compare lanes 2 and 5). More im-
portantly, compared with the wild-type p70°°¥, the p70°°*D,E-
E,g, mutant is largely resistant to rapamycin treatment (Fig.
1A, upper and middle panels, compare lanes 3 and 6). Under
these conditions, the wild-type and mutant p70°°* proteins are
expressed at comparable levels (Fig. 1A, lower panel). To
ascertain whether p70°°*D,E-E,q, was capable of signalling
downstream and whether it could confer rapamycin resistance
on a putative target substrate, its effect on in vivo S6 phos-
phorylation was examined. However, there are two possible
problems that could arise in considering an S6 reporter con-
struct. First, such a construct would have to compete with
endogenous S6 for assembly into ribosomes, and second, it
would require an epitope tag, which could interfere with ribo-
some assembly and/or function. Earlier studies have shown
that treatment of cells with rapamycin totally abolishes multi-
ple S6 phosphorylation (10, 27). Therefore, it was reasoned
that if the p70°**D;E-E5g, construct protected S6 from rapa-
mycin-induced dephosphorylation in a transient-transfection
assay, a signal above the nontransfected background signal
should be easily detected. Consequently, quiescent human 293
cells, transiently expressing the vector alone or the p70°°*D,E-
E,go mutant, were stimulated with insulin in the presence of
32P, with or without rapamycin. The level of S6 phosphoryla-
tion in total ribosomal proteins was monitored by autoradiog-
raphy and quantified with a PhosphorImager following sepa-
ration of the protein by SDS-PAGE and blotting onto a
polyvinylidene difluoride membrane. In quiescent cells ex-
pressing the empty vector, no **P incorporation into S6 was
detected, whereas insulin treatment led to a marked increase
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FIG. 1. The p70°°**D5E-E,4, mutant protects insulin-induced S6 phosphory-
lation from the effects of rapamycin. (A) Quiescent 293 cells transfected with
either 10 pg of the myc-p70°°% construct (lanes 1 to 3) or the same amount of the
rapamycin-resistant myc-p70°°*D;E-E5, construct (lanes 4 to 6) were extracted
directly (lanes 1 and 4) or first incubated for 15 min with the vehicle alone (lanes
2 and 5) or the vehicle plus 20 nM rapamycin (lanes 3 and 6) prior to stimulation
with 1 uM insulin for 30 min. In vitro kinase assays were performed following
immunoprecipitation with the anti-myc 9E10 antibody (upper panel). Kinase
activity toward S6 (upper panel) was quantitated with a PhosphorImager after
correction for expressed protein (lower panel) to yield specific activities, ex-
pressed in arbitrary units (middle panel). wt, wild type. (B) Quiescent 293 cells
transfected with either 10 pg of the empty vector (lanes 1 to 3) or 10 ug of
myc-p70°°*D5E-E;g, (lanes 4 to 6) were incubated for 1 h in the presence of 32P;
and harvested directly (lanes 1 and 4) or after incubation for 30 min in the
absence (lanes 2 and 5) or presence (lanes 3 and 6) of 20 nM rapamycin prior to
stimulation with 1 wM insulin for 1 h. Total ribosomal proteins were resolved by
SDS-PAGE, and *?P-labelled S6 and the amount of 60S ribosomal protein L7a
were analyzed as described in Materials and Methods. The data presented are
representative of at least three independent experiments.

in the phosphorylation of the protein (Fig. 1B, upper panels,
compare lanes 1 and 2). This effect was totally abolished by
rapamycin pretreatment (Fig. 1B, upper panels, lane 3), con-
sistent with the effect of the macrolide on either endogenous or
ectopically expressed p70°°* activity (10, 19, 35, 55). In contrast
to the endogenous kinase, the p70°°**D;E-E g, mutant induced
a high level of S6 phosphorylation in the absence of mitogens,
which was further increased by insulin and largely resistant to
rapamycin treatment (Fig. 1B, upper panel, lanes 4 to 6, re-
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FIG. 2. The p70°°D5E-E;g mutant inhibits HA-4E-BP1 phosphorylation.
Quiescent 293 cells were cotransfected with 2 pg of HA-4E-BP1 and 5 pg of the
empty vector (A) or either 1 or 5 pg of the myc-p70°°*D;E-E5q, vector (B) (lanes
1 to 3 and 4 to 6, respectively). Quiescent cells were extracted directly (lanes 1
and 4) or first stimulated for 30 min with 1 wM insulin in the absence (lanes 2 and
5) or presence (lanes 3 and 6) of 20 nM rapamycin. Rapamycin was added 15 min
prior to insulin. Detection of the HA-4E-BP1 was carried out by Western blot
analysis with the anti-HA antibody 12CAS5 after resolution of proteins by SDS-
PAGE. The data presented are representative of three independent experiments.

spectively). The relative amount of ribosomal protein loaded
on each lane (Fig. 1B, lower panels) was judged equivalent
following quantification by fluorimetry with a polyclonal anti-
body against 60S ribosomal protein L7a (72). The insulin-
induced increase in S6 phosphorylation, which is blocked by
rapamycin, is most likely attributable to the endogenous kinase
in nontransfected cells. The results demonstrate that the
p70°°*D,E-E,, rapamycin-resistant mutant is capable of sig-
nalling downstream in the presence of the macrolide and of
conferring rapamycin resistance on S6, establishing the first
direct link between S6 phosphorylation and p70°°~.

The rapamycin-resistant p70°* mutant does not protect
4E-BP1 from dephosphorylation. To determine whether 4E-
BP1 phosphorylation is mediated by p70°°* or whether instead
this event bifurcates at a point more proximal to the insulin
receptor, an influenza virus HA epitope-tagged 4E-BP1 re-
porter construct, HA-4E-BP1, was transfected alone or with
increasing amounts of the rapamycin-resistant p70°**D;E-E,
mutant. Insulin treatment of mitogen-deprived cells, tran-
siently expressing only the HA-4E-BP1 construct, leads to in-
creased phosphorylation of the protein, as judged by its de-
creased mobility, or band shift, on Western blots of cell
extracts separated by SDS-PAGE (Fig. 2A, compare lanes 1
and 2). The insulin-induced band shift of HA-4E-BP1 is totally
abolished in the presence of rapamycin (Fig. 2A, lane 3). In
contrast to the ability of the rapamycin-resistant p70°°*D,E-
E5go mutant to induce S6 phosphorylation in the absence of
insulin (Fig. 1B, lane 4), transient cotransfection of 293 cells
with the same variant p70°°* did not increase the basal phos-
phorylation level of cotransfected HA-4E-BP1 (compare Fig.
2B and A, lanes 1). On the contrary, the p70°°**D,E-E5g, mu-
tant appeared to partially suppress the insulin-induced HA-
4E-BP1 band shift (compare Fig. 2A and B, lanes 2) and, in
addition, afforded no protection against rapamycin treatment
(Fig. 2B, lane 3). The negative effect of the p70°°*D;E-E;q
mutant on insulin-induced 4E-BP1 phosghorylation was more
pronounced when the amount of p70°°* transfected was in-
creased from 1 to 5 pg of cDNA (Fig. 2B, lanes 2 and 5). Not
only did the p70°**D;E-E 4, mutant block insulin-induced 4E-
BP1 phosphorylation to the same extent as rapamycin (Fig. 2B,
compare lanes 5 and 6), but it also lowered basal 4E-BP1
phosphorylation (Fig. 2B, compare lanes 1 and 4). Collectively,
these results demonstrate that although the p70%°*D,E-E,q,
mutant can protect S6 phosphorylation from the rapamycin-
induced block, it does not protect 4E-BP1 phosphorylation
from such treatment. Furthermore, the results show that over-
expression of the rapamycin-resistant p70°°* variant interferes
with both basal and insulin-induced 4E-BP1 phosphorylation.
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Overexpression of p70°°* sequesters an upstream activator.
The inhibitory effect of the p70°°*D;E-E,, construct on insu-
lin-induced 4E-BP1 phosphorylation was unexpected. It may
be that overexpression of the mutant leads to the sequestering
of an immediate upstream activator of 4E-BP1 and p70°°* or
that the effect of p70°**D;E-E,4, on 4E-BP1 phosphorylation
may be indirect, possibly owing to its high constitutive activity
(Fig. 1A). To distinguish between these two alternatives, two
differentially tagged wild-type p70°°® constructs were utilized.
Both constructs contained a myc epitope tag at their amino
termini, and the second construct also had a GST tag at its
carboxy terminus. The different molecular weights of the two
constructs allowed their simultaneous detection on Western
blots, whereas the GST tag enables the use of the second
construct as a reporter for kinase activity. Thus, if an upstream
activator is limiting, increasing the expression of the singly
tagged wild-type kinase might be expected to block reporter
myc-p70°®*-GST activity by its ability to sequester the putative
upstream activator. If, instead, the interfering effect is due to a
unique feature of the p70°°*D;E-E,q, mutant, the wild-type
p70°°* should have no effect on reporter myc-p705**-GST ac-
tivation. However, as overexpression of the wild-type construct
could raise total kinase activity, a myc-tagged kinase-dead
p70°°* was also examined. This variant, p70°°*Q,,, was pro-
duced by mutating the essential lysine in the ATP binding
pocket, as has been reported for other kinases (61). Cotrans-
fection of either the wild-type or kinase-dead p70°°* with the
myc-p70°°*-GST reporter blocked insulin-induced activation of
the latter construct in a dose-dependent manner (Fig. 3A,
upper and middle panels) without affecting reporter expression
levels (Fig. 3A, lower panel). Identical results were obtained
with the p70°°*D,E-E;g, mutant (data not shown). This inter-
fering effect of both constructs was specific for p70°°* because
their overexpression had no effect on epidermal growth factor
(EGF)-induced activation of a cotransfected HA-p44™*P* re-
porter construct in an immune complex assay employing my-
elin basic protein as a substrate (Fig. 3B). EGF was employed
as the mitogen in these studies because insulin fails to activate
the mitogen-activated protein kinase pathway in 293 cells (47,
68). To examine the effect of wild-type and kinase-dead p70°°*
proteins on downstream signalling, the ability of each construct
to mediate endogenous S6 phosphorylation in transiently
transfected 293 cells was monitored by *?P incorporation into
S6 as described above (Fig. 1B). Insulin-stimulated S6 phos-
phorylation was clearly repressed in quiescent cells transiently
expressing kinase-dead p70°*°* (Fig. 3C, middle panels, lane 2),
whereas the wild-type kinase continued to signal to S6 (Fig. 3C,
middle panels, lane 5) at levels roughly equivalent to those of
the endogenous kinase (Fig. 1B, lane 2). Indeed, in parallel
transfection studies, we have found that expression of the wild-
type construct, versus that of the empty vector, consistently
raises basal S6 phosphorylation as well as insulin-stimulated S6
phosphorylation (data not shown). In contrast to that of the
rapamycin-resistant mutant, overexpression of the wild-type
construct did not protect S6 from the rapamycin-induced block
in phosphorylation (compare Fig. 3C, middle panels, lane 6,
and Fig. 1B, lane 6). Under these conditions, the kinase-dead
and wild-type p70°°* proteins were expressed equally (Fig. 3C,
upper panels), and the loading of total ribosomal proteins was
judged equivalent by fluorimetric analysis employing the poly-
clonal antibody against 60S ribosomal protein L7a (Fig. 3C,
lower panels). Thus the kinase-dead construct performs as a
legitimate dominant-interfering mutant, inhibiting both endog-
enous kinase activation and S6 phosphorylation. Although en-
dogenous kinase activation, as measured by the myc-p705°*-
GST reporter, is blocked by overexpression of the wild-type
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FIG. 3. Effect of wild-type and kinase-dead p70°°* proteins on reporter ki-
nase activity and S6 phosphorylation. (A) Quiescent 293 cells were cotransfected
with 1 pg of reporter myc-p70°°*-GST and either the empty vector (lanes 1 and
2) or 0.1 ng (lanes 3 and 6), 1 pg (lanes 4 and 7), or 5 ng (lanes 5 and 8) of the
kinase-dead myc-p70°°kQ, , (lanes 3 to 5) or the wild-type (wt) myc-p70°°* (lanes
6 to 8). Cells were extracted immediately (lane 1) or stimulated with 1 pM insulin
for 30 min (lanes 2 to 8). The reporter myc-p70°°*-GST activity was assayed for
in vitro kinase activity (upper panel), and values were expressed as arbritary units
(middle panel) following correction for expression levels of reporter myc-p705°-
GST (lower panel) as described in Materials and Methods. The myc-p70°°Q
and wild-type myc-p70°°k were visualized after Western blot analysis (see Mate-
rials and Methods). (B) Quiescent 293 cells, cotransfected with 2 pg of the
reporter HA-p44™aPk construct and 5 pg of either the empty vector, the kinase-
dead myc-p70°°Q, o, or the wild-type myc-p70°°K, were treated with 5 nM EGF
for 10 min as previously described (47). HA-p44™aPk activities were corrected as
described above for reporter myc-p70°°*-GST. — and +, no addition and addi-
tion of EGF, respectively. (C) Quiescent 293 cells transfected with either 10 pg
of myc-p70°°%Q, o, (lanes 1 to 3) or 10 pg of wild-type myc-p70°¢* (lanes 4 to 6)
were incubated for 1 h in the presence of 3?P; and harvested directly (lanes 1 and
4) or after incubation for 30 min in the presence of the vehicle (lanes 2 and 5)
or the vehicle plus 20 nM rapamycin (lanes 3 and 6) prior to stimulation with
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kinase, this does not impair downstream signalling to S6, as
total kinase activity is raised under these conditions (see Dis-
cussion). Taken together, the results suggest that overexpres-
sion of any of the three p70°°* variants leads to the sequester-
ing of a limiting upstream activator required for p70°°k
activation and possibly 4E-BP1 phosphorylation.

Overexpression of p70°* blocks 4E-BP1 phosphorylation
and its release from eIF4E. The results described above indi-
cate that the block observed in insulin-induced 4E-BP1 phos-
phorylation in the presence of the p70°°*D,E-E,q, mutant
(Fig. 2B) was through the sequestering of a limiting upstream
activator required for signalling to both proteins. To examine
this possibility further, increasing amounts of the kinase-dead
and wild-type p70°°* proteins were coexpressed with a constant
amount of the HA-4E-BP1 reporter. The results show that as
the amount of the ectopically expressed kinase-dead p70°°* is
increased from 0.1 to 5 pg, the basal level of HA-4E-BP1
phosphorylation is reduced (Fig. 4A, lanes 1, 3, and 5). Like-
wise, the ability of insulin to induce HA-4E-BP1 phosphoryla-
tion is almost totally abrogated as the concentration of the
kinase-dead p70°°* is increased over the same range (Fig. 4A,
lanes 2, 4, and 6). Qualitatively similar results were obtained by
employing equivalent concentrations of the wild-type p70°°*
(Fig. 4B). In addition, analysis of endogenous 4E-BP1 phos-
phorylation by employing a specific 4E-BP1 antibody (22) re-
vealed equivalent results (data not shown). Phosphorylation of
4E-BP1 disrupts its binding to eIF4E (53), allowing eIF4E to
assemble in a productive mRNA cap-binding protein complex.
If the 4E-BP1 phosphorylation sites blocked by both p70°°*
constructs are critical for function, they should prevent the
release of 4E-BP1 from eIF4E. To test this possibility, extracts
from cells expressing increasing amounts of the wild-type or
kinase-dead p70°°* were incubated with an aliquot of m’GTP-
coupled Sepharose, which specifically binds eIF4E. After ex-
tensive washing of the resin, bound proteins were eluted and
resolved by SDS-PAGE. The amounts of bound eIF4E and
HA-4E-BP1 present in each fraction were determined by
Western blot analysis with specific antibodies for each protein.
In extracts from quiescent cells transfected with the HA-4E-
BP1 reporter alone, eIF4E and 4E-BP1 are clearly bound to
the m’GTP-coupled Sepharose (Fig. 4C, lane 1). In contrast,
eluates from insulin-treated cell extracts contained an equiva-
lent amount of eIF4E but no detectable HA-4E-BP1 (Fig. 4C,
lane 2), consistent with earlier findings for endogenous 4E-BP1
(53) and increased phosphorylation of HA-4E-BP1 in response
to insulin treatment (Fig. 2A). The presence of the cotrans-
fected kinase-dead or wild-type p70°°* did not alter 4E-BP1
binding to eIF4E in the absence of insulin (Fig. 4C, compare
lanes 3 and 5 with lane 1). However, in the presence of either
p70°°% construct, insulin-induced release of eIF4E from the
HA-4E-BP1 reporter is almost completely blocked (Fig. 4C,
compare lanes 4 and 6 with lane 2). Thus, both the kinase-dead
and wild-type p70°°* proteins block 4E-BP1 phosphorylation
and its release from elF4E. The results suggest that each ki-
nase construct is sequestering a common, limiting upstream
activator of 4E-BP1 phosphorylation and that the signal trans-
duction pathways leading to p70°®* and 4E-BP1 phosphoryla-
tion appear to bifurcate immediately upstream of p70°°,

1 uM insulin for 1 h. Analysis of 3P incorporated into S6 and the amount of L7a
present in each fraction was as described for Fig. 1. myc-p70°°*Q;,, and wild-type
myc-p70%°k were visualized as described above. The data presented are repre-
sentative of three independent experiments, with the exception of the data in
panel A, which are representative of two independent experiments.
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FIG. 4. Effect of wild-type and kinase-dead p70°°* proteins on 4E-BP1 phos-
phorylation and its association with eIF4E. Quiescent 293 cells were cotrans-
fected with 2 ug of HA-4E-BP1 and either 0.1 pg (lanes 1 and 2), 1 pg (lanes 3
and 4), or 5 pg (lanes 5 and 6) of the kinase-dead myc-p70°°%Q,, (A) or the
wild-type (wt) myc-p70°°* (B). Western blot analysis of HA-4E-BP1 was con-
ducted as described for Fig. 2 following no treatment (lanes 1, 3, and 5) or
stimulation with 1 pM insulin for 30 min (lanes 2, 4, and 6). (C) Extracts from
quiescent (lanes 1, 3, and 5) or insulin-stimulated (lanes 2, 4, and 6) 293 cells,
transfected with 5 pg of either the empty vector (lanes 1 and 2), myc-p70°°*Q; o
(lanes 3 and 4), or wild-type myc-p70°°* (lanes 5 and 6), were incubated with
m’GTP-Sepharose as described in Materials and Methods. eIF4E or HA-4E-
BP1 bound to the initiation factor was detected by Western blot analysis with the
appropriate antibodies (see Materials and Methods). The data presented are
representative of three independent experiments.
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Rapamycin and dominant-interfering p70°* block the same
set of phosphorylation sites in p70°** and 4E-BP1. Rapamycin
blocks p70°°* activation as well as increased S6 and 4E-BP1
phosphorylation. In the case of p70°°%, this effect is exerted
principally through the dephosphorylation of Tsg,, consistent
with substitution of an acidic residue at this position conferring
rapamycin resistance on p70°°* activity and S6 phosphorylation
(Fig. 1A and B, respectively). Since the kinase-dead p70°°* also
interferes with reporter p70°°* activation (Fig. 3A), as well as
S6 (Fig. 3C) and 4E-BP1 (Fig. 4A) phosphorylation, this raises
the possibility that the kinase-dead p70°°* blocks the same
signalling event that is obstructed by rapamycin. To test this
possibility, two-dimensional tryptic-chymotryptic phosphopep-
tide maps of either myc-p70°°*-GST or HA-4E-BP1 were an-
alyzed. In agreement with earlier observations with endoge-
nous and overexpressed p70°°% (13, 24, 54), addition of
rapamycin selectively blocked insulin-induced phosphorylation
of T5,9, T3g9, and S, and suppressed phosphorylation of S,
(compare Fig. 5A and B). Coexpression with the kinase-dead
construct, myc-p70°°*Q, ,, preferentially blocked the same set
of phosphorylation sites as rapamycin with the myc-p70°°*-
GST reporter construct (compare Fig. 5C and B), supporting
the possibility that these inhibitory effects may be exerted
through a common target. Identical results were obtained
when the wild-type kinase or the p70°°*D;E-E,4, mutant was
overexpressed with the myc-p70°°*-GST reporter (data not
shown). In the case of 4E-BP1, one principal site of phosphor-
ylation has been identified, Sq,, whose phosphorylation has
been implicated in disrupting 4E-BP1 binding with eIF4E (40).
In agreement with the band shift displayed by HA-4E-BP1 in
response to insulin treatment (Fig. 2A), in parallel insulin
induces a three- to fourfold increase in the amount of phos-
phate incorporated into the protein (Fig. 6, compare bars 1 and
2). Pretreatment with rapamycin or coexpression of kinase-
dead p70°°* significantly lowers the amount of phosphate in-
corporated into HA-4E-BP1 (Fig. 6, bars 3 and 4, respectively).
Analysis of **P-labelled HA-4E-BP1 from insulin-treated cells
revealed a large number of phosphopeptides, which have been

C

FIG. 5. Effect of kinase-dead p70°°* and rapamycin on reporter p70°°* phosphorylation sites. Quiescent 293 cells transfected with 1 pg of reporter myc-p70%°-GST
were stimulated with 1 pM insulin for 30 min in the absence (A) or presence (B) of 20 nM rapamycin added 15 min prior to the addition of insulin. (C) Quiescent
293 cells cotransfected with 1 pg of reporter myc-p70°°*-GST and 5 pg of myc-p70°°%Q, o, were stimulated with 1 pM insulin for 30 min. Two-dimensional
phosphopeptide mapping of myc-p70°®8-GST was carried out as described in Materials and Methods. Arrowheads and arrows indicate the origin of sample application
and the locations of the peptides containing the affected phosphorylation sites. The data are representative of two independent experiments.
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FIG. 6. Relative stoichiometries of HA-4E-BP1 phosphorylation. 293 cells were
transiently transfected with 2 pg of HA-4E-BP1, serum starved, and labelled with
32P, as described in Materials and Methods. The cells were then extracted di-
rectly (bar 1), after treatment with 1 pM insulin for 30 min (bar 2), after pre-
treatment with 20 nM rapamycin for 15 min followed by treatment with 1 uM
insulin for 30 min (bar 3), or after treatment with 5 p.g of cotransfected myc-p70°°
Qg0 and 1 uM insulin treatment for 30 min (bar 4). The HA-4E-BP1 constructs
were immunoprecipitated and processed as described in Materials and Methods.
Relative stoichiometries are expressed in arbitrary units as the ratio of phosphate
incorporated into HA-4E-BP1. Error bars indicate standard deviations.

tentatively designated a through h (Fig. 7A). Pretreatment with
rapamycin strongly suppresses the phosphorylation of peptides
a, b, e, and f but has little effect on peptides c, d, g, and h (Fig.
7B). As with reporter p70°°* (Fig. 5C), the kinase-dead con-
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struct suppresses the same set of phosphorylation sites in HA-
4E-BP1 as rapamycin, leaving the remaining sites unaffected
(Fig. 7C). Similar results were obtained with insulin and rapa-
mycin when endogenous 4E-BP1 was analyzed (unpublished
data). As many of the phosphopeptides derived from 4E-BP1
include phosphothreonine, either alone or together with phos-
phoserine (data not shown), and insulin induction leads to the
appearance of multiple band shifts (Fig. 2 and 4), the results
imply that regulation of 4E-BP1 may be more complicated and
not limited to just the phosphorylation of Sy,. The patterns of
inhibition exerted by the kinase-dead construct and rapamycin
are equivalent, supporting the hypothesis that the point of
bifurcation between p70°°* and 4E-BP1 is immediately up-
stream of p70°°* and that the proposed limiting upstream ac-
tivator sequestered by the p70°°* constructs is rapamycin sen-
sitive.

DISCUSSION

Here we have employed three different p70°°* variants to
establish the role of the kinase in signalling to S6 and to
demonstrate that neither 4E-BP1 nor a 4E-BP1 kinase is a
downstream target of p70°°*. As depicted in the model in Fig.
8, all three p70°°* constructs share the ability to block signal-
ling to 4E-BP1, apparently by sequestering a common up-
stream activator, suggesting that the 4E-BP1 pathway bifur-
cates at a point immediately upstream of p70°°~,

The role of p70°°* as the upstream mediator of in vivo S6
phosphorylation was initially deduced from its ability to phos-
phorylate the same sites on S6 in vitro (17) as were observed in
vivo (3, 34) with better kinetics than that measured for the
other mitogen-activated S6 kinase, p90™* (36, 67). This hy-
pothesis was further supported by the observation that rapa-
mycin blocked p70°°* activation and S6 phosphorylation with-
out affecting p90™* activation (10, 35, 55). The data presented
here establish p70°°* as the in vivo S6 kinase. First, a rapamy-
cin-resistant form of p70°* rescues the inhibitory effects of
rapamycin on S6 phosphorylation (Fig. 1B), and its high basal
kinase activity is sufficient to increase S6 phosphorylation in
the absence of insulin (Fig. 1B). In agreement with this obser-
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FIG. 7. Effect of kinase-dead p70°° and rapamycin on reporter 4E-BP1 phosphorylation sites. Quiescent 293 cells transfected with 2 wg of reporter HA-4E-BP1
were stimulated with 1 pM insulin for 30 min in the absence (A) or presence (B) of 20 nM rapamycin added 15 min prior to the addition of insulin. (C) Quiescent
293 cells cotransfected with 2 g of reporter HA-4E-BP1 and 5 ug of myc-p70°°*Q, o, were stimulated with 1 wM insulin for 30 min. Two-dimensional phosphopeptide
mapping of HA-4E-BP1 was carried out as described in Materials and Methods. Arrowheads indicate the origin of sample application, and the major phosphopeptides

are labelled a to h. The data are representative of two independent experiments.
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FIG. 8. Schematic representations of the FRAP-p70°°* pathways for untransfected insulin (ins)-stimulated cells (A) and for cells stimulated with insulin and
transfected with myc-tagged p70°°% (myc-p70°°K) (B) are shown. The putative upstream activator (box A), shared by p70°®¢ and the hypothetical 4E-BP1 kinase (BP
kinase), as well as the phosphorylation states of endogenous p70°°%, S6, and 4E-BP1 (BP) are indicated. The overexpressed myc-p70°°¥ is depicted in boldface outline.
The inhibitory effect of rapamycin (rapa) on mTOR/FRAP (mTOR) is shown. (C) Summary of the effects of cotransfected p70°°* constructs (control, cells transfected
with the empty vector; wt, wild-type p70°°%; D;E-E;g,, rapamycin-resistant mutant; Q,q, kinase-dead p70°°) on the phosphorylation/activation state of S6 and
HA-4E-BP1. —, hypophosphorylation in the case of 4E-BP1 and no phosphorylation for S6; +, hyperphosphorylation of 4E-BP1 and S6.

vation, the kinase-dead p70°°* construct suppresses S6 phos-
phorylation in response to insulin treatment (Fig. 3C), consis-
tent with its ability to inhibit the activation of the reporter
myc-p70°°*-GST (Fig. 3A) by blocking phosphorylation of Tsg,
(Fig. 5C). Finally, ectopic expression of the wild-type kinase
leads to slightly elevated S6 kinase activity in the absence of
insulin, as reflected in the higher basal level of S6 phosphory-
lation (Fig. 3C). This construct also maintains its sensitivity to
rapamycin and its ability to signal to S6 (Fig. 3C), despite
inhibiting activation of the reporter myc-p70°**-GST (Fig. 3A).
This is most likely due to the fact that even though the specific
activities of both the reporter myc-p70°°*-GST and the cotrans-
fected wild-type myc-p70°°* are decreasing as a function of
increasing amounts of cotransfected myc-p70°®* (Fig. 3A), to-
tal p70°°* activity is actually higher at the concentrations of the
construct which were transfected. Indeed, as a function of
increased expression of the wild-type p70°®%, there is an initial
augmentation in total p70°°* activity, which is diminished at
higher levels of expression but still significantly greater than
that in nontransfected cells (data not shown). Thus, it is pos-

sible to titrate the upstream activator without preventing
downstream signalling through p70°°* (Fig. 8B). Taken to-
gether, the data establish S6 as a downstream target of p70°°k
and underscore the importance of the p70°°* constructs as
tools for determining the validity of other potential substrates.

The ability of all three p70°°* constructs to block signalling
to p70°°* (Fig. 8B) as well as 4E-BP1 (Fig. 8C) indicates that
the limiting upstream activator is common to both pathways
and functions as a bifurcation point (Fig. 8A). From the phos-
phopeptide maps of p70°®* and 4E-BP1, derived from cells
either treated with rapamycin or coexpressing the kinase-dead
p70°°* construct (Fig. 5 and 7), it appears that the common
upstream activator is also rapamycin sensitive (Fig. 8). An
obvious candidate would be mTOR/FRAP, the inhibitory tar-
get of the rapamycin-FKBP12 complex (6, 60). nTOR/FRAP
has the capacity to autophosphorylate (6, 9). This observation
and the finding that a rapamycin-resistant mMTOR/FRAP mu-
tant protects a reporter p70°°* construct from inactivation by
the macrolide has led to the suggestion that mM”TOR/FRAP may
be an upstream p70°°* kinase (7). However, attempts to copre-
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cipitate p70°°* and mTOR/FRAP, or to show that mTOR/
FRAP phosphorylates p70°°%, have been unsuccessful (refer-
ence 7 and data not shown). Indeed, a p70°®* variant which lacks
the first 54 and last 104 amino acids, termed p70°°*ANs,AC, .,
has recently been described (13). This variant displays low
basal activity, is activated by mitogenic treatment, and is com-
pletely resistant to rapamycin. Consistent with its resistance to
rapamycin, there is no effect of the macrolide on the phosphor-
ylation of the rapamycin-sensitive p70°°* sites, T,,o and Tsgq.
These findings, combined with additional observations, led to
the hypothesis that rapamycin does not inhibit a T,,4 or Tsg
kinase but appears to act on an effector molecule which regu-
lates p70°°* activity through the amino terminus (13). At this
point, it is not possible to determine whether this effector
molecule has a negative or positive effect on p70°°* activation
or whether its activity is regulated by mitogens.

Initially, it was reported that 4E-BP1 was a direct down-
stream target of the insulin-induced mitogen-activated protein
kinase (40). The subsequent observation that 4E-BP1 phos-
phorylation, like p70°°* activation, is rapamycin sensitive indi-
cated that instead 4E-BP1 phosphorylation resides on the
same signal transduction pathway as p70°°* (4, 68). Here, two-
dimensional phosphopeptide mapping of 4E-BP1 revealed two
sets of phosphorylation sites. One set is highly phosphorylated
in the absence of mitogens and does not result in a band shift
(unpublished data), as reflected by the high stoichiometry of
4E-BP1 phosphorylation in the basal state (Fig. 6). The second
set is characterized by an acute increase in phosphorylation in
response to insulin, which is partially blocked in the presence
of rapamycin. Thus, none of the sites observed, including the
second set of sites, are completely blocked by treatment with
rapamycin. However, rapamycin treatment abolishes mTOR/
FRAP autophosphorylation (7, 9) and, therefore, would pre-
sumably abolish the ability of mTOR/FRAP to phosphorylate
any downstream substrate. This observation suggests either
that mMTOR/FRAP is not a 4E-BP1 kinase or that other kinases
are also capable of phosphorylating the same set of sites in
4E-BP1. In addition, despite the fact that coexpression with
p70°°* blocks the same set of 4E-BP1 phosphorylation sites as
rapamycin (Fig. 7), the 4E-BP1 kinase which modifies the
mitogen-upregulated sites does not appear to be equivalent to
the Tsgo and Ty, p70°°* kinase(s). This is because the motifs
flanking possible 4E-BP1 phosphorylation sites (53) are dis-
tinct from the rapamycin-sensitive p70°°* sites, with the possi-
ble exception of S,;; (54). Furthermore, the sites affected in
the two proteins display strikingly different sensitivities to rapa-
mycin (Fig. 5 and 7). Nevertheless, the 4E-BP1 kinase appears
to be subject to regulation by the same putative rapamycin-
sensitive effector molecule mentioned above. Such a model
would also be consistent with the preliminary observation that
overexpression of 4E-BP1 does not affect p70°®* activation
(unpublished data), as overexpression of 4E-BP1 might be
capable of sequestering the 4E-BP1 kinase but not the com-
mon upstream activator (Fig. 8A). It will be important to
identify the in vivo 4E-BP1 phosphorylation sites in order to
obtain some insight with regard to possible kinases involved in
basal and insulin-stimulated phosphorylation.

In addition to inhibiting p70°°F activation, as well as S6 and
4E-BP1 phosphorylation, rapamycin also suppresses the selec-
tive translational upregulation of an essential family of
mRNAs bearing an oligopyrimidine tract at their transcrip-
tional start, collectively termed 5'TOP mRNAs. These tran-
scripts can represent up to 20% of the total mRNA in the cell
and code for many components of the translational apparatus,
most notably ribosomal proteins (46). In cultured quiescent
cells, these transcripts are distributed between monosomes,
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disomes, and messenger RNP particles, from which they selec-
tively redistribute to large polysomes upon mitogen stimula-
tion (28). Disruption of the 5'TOP, by substitution of purines
for pyrimidines, is sufficient to induce these transcripts to re-
distribute to polysomes in the absence of the mitogen (1).
Thus, this motif appears to act as a translational suppressor. It
has been suggested that upregulation of these transcripts may
be under the control of 4E-BP1 (41); however, in cells overex-
pressing eIF4E, upregulation of 5'TOP mRNAs still requires
mitogen stimulation (62). Indeed, eIF4E, though implicated in
the general upregulation of translation (65), appears to be
especially important in the translation of a small subset of
mRNAs which contain highly structured 5’ untranslated re-
gions, such as ornithine decarboxylase (43, 63), ornithine amino-
transferase (16), cyclin D1 (59), Q23 or p23 (5), and myc (12).
Consistent with this observation and the data presented here,
we have recently demonstrated that a dominant-interfering
p70°°* and a rapamycin-resistant p70°°® either suppressed
5'TOP translation or prevented rapamycin-induced runoff of
these transcripts from polysomes, respectively (28a). Given the
specificity of p70°°* for S6 and the location of the ribosomal
protein at or near the 40S ribosomal mRNA binding site (51),
the prediction would be that the effects of p70°°* are mediated
through S6 phosphorylation, a model presently under exami-
nation.

The impact of rapamycin on the translational machinery has
led to the suggestion that this pathway may be dedicated to the
control of protein synthesis (68). Besides S6 and 4E-BP1, in-
sulin-induced phosphorylation of eIF4E (45) and dephosphor-
ylation of eEF2 (57) have been recently implicated as potential
downstream targets of this pathway. The phosphorylation of
elF4E is thought to be mediated by protein kinase C (29, 70).
When bound to 4E-BP1, eIF4E does not serve as a substrate
for protein kinase C (70). In contrast to that of eIF4E, eEF2
phosphorylation is known to be regulated by the Ca**-calmod-
ulin-dependent protein kinase III (49); however, the mecha-
nism by which rapamycin blocks this response is unknown (57).
Despite the apparent importance of 4E-BP1 and eIF4E phos-
phorylation, as well as eEF2 dephosphorylation, to general
protein synthesis, it should be noted that in many cell types
rapamycin has only a partial effect on the rate of global trans-
lation (11, 27, 30, 45). In establishing the relative importance of
these phosphorylation events, it will be important to under-
stand the signalling pathways operating in each cell type as well
as the possible involvement of other translational components.
Although inhibitors, such as rapamycin, have been valuable in
pointing to potential targets, future studies will demand more
precise tools. The p70°°* variants described here have been
useful in resolving the point of bifurcation of 4E-BP1 and
p70°°% phosphorylation as well as the functional importance of
p70°%* activation in 5"TOP mRNA expression (28a). These
tools undoubtedly will be effective in resolving the role of
p70°°¢ in signalling to other rapamycin-sensitive targets, such
as eEF2. Given that the p70°®* constructs are capable of titrat-
ing an upstream activator which controls p70°°* activation and
4E-BP1 phosphorylation, they should also prove to be power-
ful reagents for identifying such an upstream signalling com-
ponent. The identification of this molecule will increase our
understanding of the mechanisms by which insulin and other
extracellular stimuli regulate translation.
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