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The immunosuppressant rapamycin interferes with G,-phase progression in lymphoid
and other cell types by inhibiting the function of the mammalian target of rapamycin
(mTOR). mTOR was determined to be a terminal kinase in a signaling pathway that
couples mitogenic stimulation to the phosphorylation of the eukaryotic initiation factor
(elF)-4E-binding protein, PHAS-I. The rapamycin-sensitive protein kinase activity of
mTOR was required for phosphorylation of PHAS-I in insulin-stimulated human embry-
onic kidney cells. mTOR phosphorylated PHAS-I on serine and threonine residues in
vitro, and these modifications inhibited the binding of PHAS-I to elF-4E. These studies
define a role for mTOR in translational control and offer further insights into the mech-

anism whereby rapamycin inhibits G,-phase progression in mammalian cells.

Stimulation of quiescent cells with growth
factors leads to a dramatic increase in the
translation of a subset of mRNAs whose
protein products are required for progres-
sion through the G, phase of the cell cycle
(I, 2). Translational control usually occurs
at the level of initiation, an event influ-
enced by regulatory elements located in the
5'-untranslated regions (UTRs) of many
eukaryotic mRNAs. Efficient initiation of
translation on mRNAs bearing a long,
highly structured 5'-UTR is dependent on
elF-4F, a multisubunit complex containing
a N’-methylguanosine cap—binding sub-
unit, e[F-4E; an RNA helicase, e]F-4A; and
a multifunctional scaffolding protein, elF-
4G (3). The RNA helicase activity of the
elF-4F complex is believed to melt sec-
ondary structure in the 5-UTR of capped
mRNAs, thereby facilitating ribosome
binding to the AUG initiation codon (4).

The association of elF-4E with elF-4G
is inhibited by the elF-4E-binding pro-
teins PHAS-I and PHAS-II (5, 6). In
quiescent cells, PHAS-I is relatively un-
derphosphorylated and binds tightly to
elF-4E. Stimulation of cells with growth
factors markedly increases the phosphoryl-
ation of PHAS-I, which promotes the dis-
. sociation of the PHAS-IeIF-4E complex.
Hence, the pathway leading to PHAS-I
phosphorylation couples growth factor re-
ceptor occupancy to the stimulation of
elF-4E-dependent protein synthesis. A
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link between elF-4E function and cell-
cycle progression is strongly suggested by
the mitogenic and transforming effects of
elF-4E overexpression in fibroblasts (7).
PHAS-I is phosphorylated in vitro by
the mitogen-activated protein (MAP) ki-
nase (6, 8). However, pharmacologic data
indicate that MAP kinase is not responsi-
ble for growth factor—induced phosphoryl-
ation of PHAS-I in intact cells (9, 10).
The sensitivity of this event to rapamycin
implicates a MAP kinase—-independent
pathway involving the rapamycin target
protein mTOR (11) [also called FRAP or
RAFT1 (12)]. mTOR and its budding
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Fig. 1. Role of mTOR in PHAS-| phosphorylation
invivo. (A) Rapamycin-resistant PHAS-I phospho-
rylation. HEK 293 cells were transfected with
PHAS-I plasmid together with empty vector (—) or
with plasmids encoding AU1 epitope-tagged ver-
sions of either wild-type mTOR-wt (wt) or the ra-
pamycin-resistant mTOR-rr mutant () (21, 22).
The transfected cells were deprived of serum for 6
hours, then stimulated for 6 hours with 100 nM
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yeast homologs Torlp and Torlp are
members of the family of phosphoinositide
3-kinase-related kinases (13). Whether
the TOR proteins function as lipid kinases
or protein kinases remains uncertain. Here
we show that mTOR functions as a pro-
tein kinase in the pathway leading to
PHAS-I phosphorylation.

Human embryonic kidney (HEK) 293
cells were transfected with expression vec-
tors encoding rat PHAS-I and either wild-
type mTOR (mTOR-wt) or a rapamycin-
resistant mTOR (mTOR-rr) mutant. This
mutant contains a single amino acid sub-
stitution (Ser?°*>—Ile) that generates a
catalytically active kinase that has a lower
binding affinity for the inhibitory FK506-
binding protein-12 (FKBP12):rapamy-
cin complex (I14). Both mTOR-wt and
mTOR-rr contained an NH,-terminal
epitope tag recognized by the monoclonal
antibody (mAb) AUI. Alterations in the
phosphorylation state of PHAS-I were de-
tected by immunoblot analysis with anti-
body to PHAS-I (anti-PHAS-I). Phospho-
rylation of PHAS-I decreases its electro-
phoretic mobility during SDS—polyacryl-
amide gel electrophoresis (PAGE) (6).
Rapamycin inhibited the insulin-stimulat-
ed phosphorylation of PHAS-I in mock-
transfected or mTOR-wt—transfected 293
cells, as indicated by the decrease in the
intensity of the uppermost band (y) and by
the increase in the higher mobility band (o)
that corresponds to a less phosphorylated
form of PHAS-1 (Fig. 1A). In contrast,
PHAS-I phosphorylation in mTOR-rr—ex-
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insulin. Rapamycin (5 nM) was added 1 hour before cell harvest. Detergent-soluble proteins were
resolved by SDS-PAGE and were immunoblotted with mAb AU1 or anti-PHAS-I. The labels «, B, v, and
d are arbitrary designations for immunoreactive bands that represent different phosphorylated forms of
PHAS-I. (B) Effect of wortmannin on PHAS-I phosphorylation. HEK 293 cells were transfected with the
PHAS-| plasmid together with either mTOR-wt or mTOR-rr. The cells were stimulated with insulin as
described in (A), and were treated for 30 min with 1 wM wortmannin before preparation of cellular
extracts. (C) Role of mTOR protein kinase activity in PHAS-I phosphorylation in vivo. HEK 293 cells were
transfected with expression vectors encoding mTOR-rr or a catalytically inactive mTOR-rr-kd mutant
(24). The transfected cells were stimulated with insulin, and 1 nM rapamycin was added 1 hour before
the preparation of cellular extracts.
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pressing 293 cells was only slightly attenu-
ated by rapamycin. These results suggest
that mTOR is the rapamycin-sensitive com-
ponent of the signaling pathway leading to
PHAS-I phosphorylation.

Wortmannin irreversibly inhibits the
autophosphorylation of mTOR in vitro,
with half-maximal and maximal inhibitions
of this activity observed at drug con-
centrations of 0.2 and 1 pM, respectively
(10). Because wortmannin targets the aden-
osine triphosphate (ATP)-binding site of
mTOR, this drug should inactivate the ki-
nase domains of both mTOR-wt and
mTOR-rr. Treatment of mTOR-wt- or
mTOR-rr—expressing 293 cells with 1 uM
wortmannin resulted in a decrease in
PHAS-I phosphorylation (Fig. 1B). Al-
though mTOR may not be the only wort-
mannin-sensitive target in the PHAS-I
phosphorylation pathway (15), these results
suggested that the phosphotransferase ac-
tivity of mTOR was important for signaling
through this pathway.

The role of the kinase activity of
mTOR in insulin-dependent PHAS-I
phosphorylation was examined by express-
ing a catalytically inactive version of
mTOR-rr {mTOR-rr-kd) in 293 cells (Fig.
1C). The mTOR-rr-kd double mutant
contains an additional Asp?**8— Ala sub-
stitution that abrogates phosphotransfer-
ase activity (10) (Fig. 2B). The transfected
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Fig. 2. Phosphorylation of PHAS-I by immunopurified mTOR. (A) Rat brain
extracts were immunoprecipitated with anti-mTOR (+) or with nonimmune
rabbit immunoglobulin G (—). Immune complex kinase reactions were done
"with recombinant PHAS-| as the substrate (23). The kinase reaction products
were separated by SDS-PAGE, and 3?P-labeled PHAS-| was detected by
autoradiography. In the right panel, rat brain extracts were immunoprecipitated
(IP) with rabbit immunoglobulin G (Co) or with anti-mTOR, and immune com-

AU1 blot

5

[

cells were treated with rapamycin to in-
hibit endogenous mTOR, thereby allow-
ing a direct comparison of the abilities of
drug-resistant mTOR-rr and mTOR-rr-kd
mutants to support this response in vivo.
Whereas the highly phosphorylated vy
form of PHAS-I predominated in mTOR-
rr—expressing cells, accumulation of the
underphosphorylated o and B forms of
PHAS-1 was clearly evident in the
mTOR-rr-kd-expressing cells. The inabil-
ity of the catalytically inactive mTOR-rr-
kd mutant to drive the phosphorylation of
PHAS-I in rapamycin-treated cells indi-
cates that this response is dependent on
the kinase activity of mTOR.

To determine whether mTOR itself
functions as a PHAS-I kinase, we im-
munoprecipitated mTOR from rat brain
extracts and incubated the immunopre-
cipitates in kinase buffer containing re-
combinant PHAS-1 as the substrate. The
anti-mTOR immunoprecipitates catalyzed
the formation of at least three phospho-
rylated forms of PHAS-I that were distin-
guished on the basis of their electro-
phoretic mobilities (Fig. 2A). This
PHAS-I kinase activity was inhibited by
FKBP12-rapamycin but not by FKBP12-
FK506. The PHAS-I kinase activity found
in mTOR immunoprecipitates was inhib-
ited by FKBP12-rapamycin, but not by
FKBP12-FK506, which does not target
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plex kinase reactions were done as described above. The numbers below the

sample lanes represent [*?P]phosphate incorporated into PHAS-I, as a percentage of that in the
non-wortmannin (Wm)-treated control. (B) AU1-tagged mTOR-wt and mTOR-kd (left panel) or FLAG-
tagged p38 (right panel) were immunoprecipitated from transfected K562 cells (25). Control transfec-
tions (Co) were performed with pcDNA3 only. The immunoprecipitates were treated with GST-FKBP12
plus rapamycin (F-R) or FK506 (F-FK), or 5 uM SB203508 (SB), and immune complex kinase assays
were performed with PHAS-| as the substrate. *?P-labeled PHAS-| (bottom panels) was detected by
autoradiography. The immunoprecipitated mTOR and p38 were visualized by immunoblotting with mAb
AU1 and anti-p38, respectively (top panels). (C) Phosphoamino acid analysis of PHAS-| phosphorylated
in vitro by recombinant mTOR. Two-dimensional separation of phosphoserine (S), phosphothreonine
(T), and phosphotyrosine (Y) was done as described (26) .
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mTOR in vivo (16). Furthermore, wort-
mannin inhibited the in vitro phosphoryl-
ation of PHAS-I at drug concentrations
(0.1 to 1 uM) identical to those required
for inhibition of mTOR autophosphoryl-
ation (10). These pharmacologic charac-
teristics suggested that the PHAS-I kinase
activity present in mTOR immunoprecipi-
tates is due to mTOR itself.

We investigated this possibility further
by testing the ability of recombinant mTOR
to phosphorylate PHAS-I in immune com-
plex kinase assays. AUl-tagged mTOR-wt
and a catalytically inactive mTOR-kd mu-
tant (Asp?>*®*—Ala) were expressed in

- K562 erythroleukemia cells. The mAb AU1

immunoprecipitates from mTOR-wt—ex-
pressing cells phosphorylated PHAS-I on
both serine and threonine residues (Fig. 2,
B and C). The PHAS-I kinase activity of
recombinant mTOR-wt was sensitive to
FKBP12-rapamycin or wortmannin, but not
to FKBP12-FK506. In contrast, only back-
ground levels of PHAS-I kinase activity
were present in mAb AU1 immunoprecipi-
tates from mTOR-kd-expressing cells.
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Fig. 3. The elF-4E-binding activity of phospho-
rylated PHAS-I. Nonimmune rabbit immuno-
globulin G (—) or anti-mTOR (+) immunoprecipi-
tates from rat brain were incubated with the in-
dicated agents, and immune complex kinase as-
says were done with recombinant PHAS-| and
nonradioactive ATP (23). The concentrations of
wortmannin are given in micromolar. (Top) Re-
action products were separated by SDS-PAGE,
and phosphorylated forms of PHAS-| were de-
tected by immunoblotting. (Bottom) The elF-
4E-binding activity of PHAS-I was determined
by Far-Western analysis with ®2P-labeled FLAG—
elF-4E as a probe (6). Radioactivity bound to
PHAS-| was quantitated and normalized to the
mock-phosphorylated control.
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As a control for drug specificity, we
examined the effect of rapamycin on the
protein kinase activity of p38, which, like
the related MAP kinases ERK1 and ERK2
(6, 8), phosphorylates PHAS-I in vitro.
The phosphorylation of PHAS-I by re-
combinant p38 was not inhibited by
FKBP12-rapamycin at concentrations that
blocked the kinase activity of mTOR.
Conversely, the p38 inhibitor SB203508
(17) blocked the phosphorylation of
PHAS-I by p38 but not by mTOR-wt. The
inhibitory effect of FKBP12-rapamycin on
PHAS-I phosphorylation in vitro there-
fore appears specific for the kinase activity
found in anti-mTOR immunoprecipitates.

The effect of phosphorylation by
mTOR on the elF-4E-binding activity of
PHAS-I was assessed by Far-Western anal-
ysis. Recombinant PHAS-I was phospho-
rylated in vitro by rat brain—derived
mTOR and was then subjected to SDS-
PAGE and protein blotting. The binding
activity of PHAS-1 was determined by
probing the membrane with 3?P-labeled
elF-4E  (Fig. 3). Phosphorylation of
PHAS-I by mTOR markedly reduced the
ability of PHAS-I to interact with e[F-4E.
Both the phosphorylation of PHAS-I and
the loss of elF-4E binding were blocked by
FKBP12-rapamycin or wortmannin, but
not by FKBP12-FK506. Indeed, a molar
excess of FK506 antagonized the inhibito-
ry effects of FKBP12rapamycin by com-
peting with rapamycin for the available
FKBP12 (16).

The results of this study support the con-
clusion that mTOR functions as a PHAS-I
kinase both in vitro and in vivo. Further-
more, mTOR phosphorylated PHAS-I in
vitro at serine and threonine residues
identical to those phosphorylated in insu-
lin-stimulated adipocytes (18). These in-
sulin-stimulated phosphorylation events
are inhibited by rapamycin (18), which
presumably explains the suppressive effect
of this drug on elF-4E—dependent transla-
tion. A homologous situation may exist in
budding yeast, in which the rapamycin-
sensitive functions of the TOR proteins
that promote progression through G, have
been linked to the stimulation of cap-
dependent protein synthesis (19).

Accumulating evidence suggests that
the rate of progression of mammalian cells
through the G, phase is governed in part
by the ratio of the translational stimulator
elF-4E to the repressor protein PHAS-I
(7, 20). Thus, the phosphorylation of
PHAS-1 by mTOR may represent a critical
step in the pathway that couples growth
factor receptor occupancy to an increase
in elF-4E—dependent translation initia-
tion. Inhibition of the PHAS-I kinase ac-
tivity of mTOR may be the mechanism
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whereby rapamycin interferes with G,
transit and S-phase commitment in both
antigen-activated lymphocytes and trans-
formed cells.
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