
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 4438–4442, April 1999
Cell Biology

Protein phosphatase 2A interacts with the 70-kDa S6 kinase and
is activated by inhibition of FKBP12–rapamycin-
associated protein

RANDALL T. PETERSON*†, BIMAL N. DESAI‡§, JAMES S. HARDWICK‡, AND STUART L. SCHREIBER*†‡¶

*Howard Hughes Medical Institute, Departments of †Molecular and Cellular Biology and ‡Chemistry and Chemical Biology, and §Program in Immunology,
Harvard University, 12 Oxford Street, Cambridge, MA 02138

Contributed by Stuart L. Schreiber, February 16, 1999

ABSTRACT The FKBP12–rapamycin-associated protein
(FRAP; also called RAFT1/mTOR) regulates translation ini-
tiation and entry into the cell cycle. Depriving cells of amino
acids or treating them with the small molecule rapamycin
inhibits FRAP and results in rapid dephosphorylation and
inactivation of the translational regulators 4E-
BP1(eukaryotic initiation factor 4E-binding protein 1) and
p70s6k (the 70-kDa S6 kinase). Data published recently have
led to the view that FRAP acts as a traditional mitogen-
activated kinase, directly phosphorylating 4E-BP1 and p70s6k

in response to mitogenic stimuli. We present evidence that
FRAP controls 4E-BP1 and p70s6k phosphorylation indirectly
by restraining a phosphatase. A calyculin A-sensitive phos-
phatase is required for the rapamycin- or amino acid depri-
vation-induced dephosphorylation of p70s6k, and treatment of
Jurkat I cells with rapamycin increases the activity of the
protein phosphatase 2A (PP2A) toward 4E-BP1. PP2A is
shown to associate with p70s6k but not with a mutated p70s6k

that is resistant to rapamycin- and amino acid deprivation-
mediated dephosphorylation. FRAP also is shown to phos-
phorylate PP2A in vitro, consistent with a model in which
phosphorylation of PP2A by FRAP prevents the dephosphor-
ylation of 4E-BP1 and p70s6k, whereas amino acid deprivation
or rapamycin treatment inhibits FRAP’s ability to restrain the
phosphatase.

FKBP12–rapamycin-associated protein (FRAP; also called
RAFT1/mTOR) regulates translation initiation by altering the
phosphorylation state of the translational regulators 4E-
BP1(eukaryotic initiation factor 4E-binding protein 1) and
p70s6k (the 70-kDa S6 kinase) (1). Multiple phosphorylation
sites in a variety of sequence contexts in 4E-BP1 and p70s6k are
rapidly dephosphorylated in many mammalian cell lines after
FRAP inhibition by amino acid deprivation (2) or rapamycin
treatment (3, 4). Although it is possible that these growth-
arresting treatments act by inhibiting the various kinases that
phosphorylate 4E-BP1 and p70s6k, it also is possible that
rapamycin treatment (resulting in formation of the FKBP12–
rapamycin complex) and amino acid deprivation activate a
serineythreonine protein phosphatase that dephosphorylates
these regulatory sites. Such a mechanism would be analogous
to the ability of FKBP12–FK506 to activate the phosphatase
activity of PP2B toward para-nitrophenylphosphate (5). It
seems unlikely that the p70s6k kinases are directly inhibited by
FKBP12–rapamycin because a p70s6k mutant truncated at the
N and C termini is readily phosphorylated in vivo in response
to mitogens, even in the presence of rapamycin (6–8). Fur-
thermore, PDK1, a serineythreonine kinase that phosphory-
lates p70s6k at the rapamycin-sensitive site Thr-229, has been

shown to be insensitive to rapamycin (9). Many attempts have
been made to detect direct phosphorylation of 4E-BP1 and
p70s6k by FRAP in vitro. In the case of 4E-BP1, inefficient
phosphorylation has been observed (10), but the possibility of
contamination from other kinases has not been excluded.
Phosphorylation of p70s6k by FRAP has also been reported
(11), but only when using an inactive, misfolded fragment of
p70s6k that is unresponsive to FRAP regulation in vivo (7, 8).
The in vivo relevance of these inefficient in vitro phosphory-
lations remains uncertain. Here, we examine the possibility
that FRAP regulates 4E-BP1 and p70s6k phosphorylation via
the serineythreonine protein phosphatase (PP2A).

MATERIALS AND METHODS

Kinase Assays. Jurkat cells expressing the simian virus 40
large tumor antigen (TAg) (7 3 106) were pelleted and
resuspended in cell culture media containing amino acids
(RPMI medium 1640 supplemented with 10% FBS, GIBCOy
BRL) or lacking amino acids (Dulbecco’s PBS supplemented
with 10% dialyzed FBS, GIBCOyBRL). Resuspended cells
were treated with 20 nM calyculin A (Alexis Biochemicals, San
Diego) or 25 nM rapamycin for 45 min before lysis in 500 ml
buffer A (20 mM NaH2PO4 pH 7.2y1 mM Na3VO4y5 mM
NaF, 25 mM 2-glycerophosphatey2 mM EGTAy2 mM EDTAy
0.5% Triton X-100y1 mM DTTy1 mgyml leupeptiny1 mgyml
pepstatiny0.2 mM PMSF). Cell lysates were incubated with
a-p70s6k polyclonal antibody (Santa Cruz Biotechnology) fol-
lowed by precipitation with protein AyG PLUS-agarose (Santa
Cruz Biotechnology). Kinase reactions were then performed
as described (3).

32P Labeling of Glutathione S-Transferase (GST)–4E-BP1.
GST–4E-BP1 was expressed in Escherichia coli from the
plasmid pGEX-2T (a gift from Nahum Sonenberg, McGill
University, Toronto) and purified by glutathione Sepharose
chromatography (Amersham Pharmacia) following proce-
dures recommended by the manufacturer. Purified GST–4E-
BP1 was eluted with free glutathione and dialyzed against PBS
containing protease inhibitors and DTT as above. Dialyzed
GST–4E-BP1 was incubated with 10 units mitogen-activated
protein kinase (New England Biolabs) in the presence of 0.1
mM ATP with 0.1 mCi (1 Ci 5 37 GBq) [g-32P]ATP for 15 min
at 37°C. The 32P-labeled GST–4E-BP1 was then repurified on
glutathione Sepharose and eluted with free glutathione.

Phosphatase Assays. For assaying cell lysates, 2 3 107 TAg
Jurkat cells were treated with or without 25 nM rapamycin for
25 min before lysis with buffer B (50 mM TriszHCl, pH 8.0y0.5
M NaCly1% Nonidet P-40yprotease inhibitors as above).
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Lysates were clarified by centrifugation. A 120-ml volume of
lysate was mixed with 80 ml of 32P-labeled GST–4E-BP1
substrate and incubated at 25°C with shaking. Aliquots of 20
ml were removed at the times indicated and were boiled in SDS
loading buffer before separation by using SDSyPAGE. The
amount of 32P-labeled GST–4E-BP1 remaining at each time
point was quantitated by bioimaging analysis (Fujix Bas 1000).
For assaying PP2A immune complexes, 5 3 107 cells were
treated for 25 min and lysed as above. Clarified cell lysates
were incubated with an a-PP2A polyclonal antibody (Upstate
Biotechnology, Lake Placid, NY) followed by precipitation
with 15 ml of protein AyG PLUS-agarose (Santa Cruz Bio-
technology). Immune complexes were washed three times with
buffer B and resuspended in 120 ml of buffer C (50 mM
TriszHCl, pH 7.0y10% glyceroly2 mgyml BSAy2 mM
MnCl2y14 mM 2-mercaptoethanolyprotease inhibitors as
above). Resuspended beads were mixed with 80 ml of 32P-
labeled GST–4E-BP1 substrate and incubated at 33°C with
shaking. Aliquots were removed and quantitated as above.

Western Blotting. For the anti-PP2A blot, 3 3 107 TAg
Jurkat cells were treated with or without rapamycin for 25 min
as above and lysed in 0.5 ml of buffer A with 150 mM NaCl
followed by p70s6k immunoprecipitation as above. Lysates and
immune complexes were separated by using SDSyPAGE and
transferred to Immobilon-P (Millipore). PP2A was visualized
with an anti-PP2A mAb (Upstate Biotechnology, Lake Placid,
NY) and a horseradish peroxidase-conjugated anti-mouse
secondary antibody followed by enhanced chemiluminescence
(Amersham Pharmacia). For the anti-hemagglutinin (HA)
blot, 2 3 107 TAg Jurkat cells were transfected with 20 mg of
the plasmid pKH3 containing HA-tagged, full-length p70s6k or
p70s6k truncated at the N and C termini as described (8) (gift
from John Blenis, Harvard University Medical School). Trans-
fected cells were grown for 24 h before lysis in buffer A with
150 mM NaCl. Clarified lysates were incubated with an
anti-PP2A mAb (Upstate Biotechnology, Lake Placid, NY,)
and PP2A was precipitated with protein A agarose (GIBCOy
BRL). Immune complexes were washed three times with
buffer A plus 150 mM NaCl. Cell lysates and immune com-
plexes were separated by using SDSyPAGE and then were
transferred to Immobilon-P (Millipore). HA-tagged proteins
were visualized as described above by using 12CA5 ascites as
the primary antibody. For the 4E-BP1 blot, NIH 3T3 cells were
serum starved for 36 h before treatment with 30 nM rapamycin
or 30 nM calyculin A for 60 min or 30 nM rapamycin for 30 min
followed by addition of 30 nM calyculin A for a further 30 min.
Heat-stable proteins were extracted and separated by using
SDSyPAGE before detection with an anti-4E-BP1 polyclonal
antibody.

PP2A Phosphorylation. Sf9 cells (1.5 3 108) were infected
for 50 h with baculoviruses for expression of full-length,
FLAG-tagged, wild-type or kinase-dead (D2338A) FRAP.
Cells were lysed in 8 ml of buffer A and immunoprecipitated
with M2 resin (Eastman Kodak). Immune complexes were
washed four times with buffer A and once with buffer D (25
mM Hepes, pH 7.7y50 mM KCly10 mM MgCl2y20% glyceroly
0.1% Nonidet P-40y1 mM DTT). Immune complexes were
split into three aliquots and mixed with 25 ml of buffer D plus
250 nM calyculin A, 0.1 mM cold dATP, 15 mCi [g-32P]ATP,
and GST–4E-BP1 or PP2A as substrates. GST–4E-BP1 was
purified as described above. PP2A was obtained from Upstate
Biotechnology (Lake Placid, NY). Approximately 0.1 mg of
total protein was added in each case. Kinase reactions were
carried out for 15 min at 30°C before quenching with SDS
loading buffer and separation of proteins with SDSyPAGE.
Proteins were transferred to Immobilon-P (Millipore) and
visualized by autoradiography.

RESULTS AND DISCUSSION

We used calyculin A, a molecule known to inhibit potently the
serineythreonine protein phosphatases 1 and 2A (PP1 and
PP2A), to test whether these phosphatase activities are re-
quired for rapamycin-induced, FRAP-mediated (3) dephos-
phorylation of 4E-BP1 and p70s6k. As shown in Fig. 1A,
calyculin A treatment prevents the inactivation of p70s6k in Tag
Jurkat cells after amino acid deprivation and reduces the
extent of p70s6k inactivation after treatment with rapamycin.
Rapamycin treatment also induces dephosphorylation of 4E-
BP1 less effectively in the presence of calyculin A (Fig. 1B).
Furthermore, like the p70s6k kinases (6), the 4E-BP1 kinase(s)
appear to retain some activity in quiescent NIH 3T3 cells in the
presence of rapamycin because calyculin A treatment causes
phosphorylation of dephosphorylated 4E-BP1 in the presence
of rapamycin (Fig. 1B, lane 4). These data suggest the involve-
ment of a calyculin A-sensitive phosphatase in the rapamycin-
induced dephosphorylation of p70s6k and 4E-BP1. The data do
not exclude the possibility that a calyculin A-insensitive phos-
phatase or a rapamycin-sensitive p70s6k kinase may also be
involved in p70s6k regulation. Indeed, although calyculin A
prevents complete rapamycin-induced deactivation of p70s6k,
some p70s6k dephosphorylation occurs in the presence of
calyculin A as is consistent with results from different cell lines
published previously (12, 13).

To determine whether FRAP regulates serineythreonine
phosphatase activity, we tested the ability of cell lysates from
rapamycin-treated and untreated cells to dephosphorylate
4E-BP1. Bacterially expressed GST–4E-BP1 fusion protein
was purified and phosphorylated in vitro by incubation with

FIG. 1. Phosphatase inhibition interferes with FRAP-mediated
dephosphorylation of 4E-BP1 and p70s6k. (A) The activity of endog-
enous p70s6k immunoprecipitated from TAg Jurkat cells after treat-
ment for 45 min with or without amino acids, calyculin A, and
rapamycin. Kinase activity is shown as a percentage of activity from
cells grown in the presence of amino acids without calyculin A or
rapamycin. Three experiments were performed for each condition;
means and SD are shown. (B) a-4E-BP1 Western blot showing the
relative quantities of hyper- (Upper) and hypophosphorylated (Lower)
4E-BP1 after various rapamycin and calyculin A treatments. Quiescent
NIH 3T3 cells were either untreated, treated with 30 nM rapamycin or
calyculin A for 60 min, or treated with 30 nM rapamycin for 30 min
followed by addition of 30 nM calyculin A for an additional 30 min. Cell
lysates were boiled and centrifuged to remove heat-unstable proteins
before separation of heat-stable proteins by SDS/PAGE.
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[g-32P]ATP and the mitogen-activated protein kinase Erk2,
which phosphorylates 4E-BP1 at sites known to be phosphor-
ylated in vivo (14). After labeling, excess Erk2 and free ATP
were removed by thorough washing. TAg Jurkat cells were
then treated with rapamycin or a control before detergent lysis.
Clarified cell extracts were incubated with the labeled 4E-BP1
substrate, and 4E-BP1 dephosphorylation was measured over
time. As shown in Fig. 2A, rapamycin-treated cells produce
lysates with an increased level of serineythreonine phospha-
tase activity. The majority of this phosphatase activity was
inhibited by addition of calyculin A or okadaic acid (data not
shown). Although prevention of insulin-induced PP2A inacti-
vation by rapamycin has been reported (15), a biochemical
demonstration that phosphatase activity is induced on rapa-
mycin treatment has not been shown previously. Seriney

threonine protein phosphatases perform numerous functions
in vivo, and their specificity is determined by such factors as
subcellular localization and association with other proteins
(16). It seems plausible that these factors contribute to local-
ized phosphatase activation in vivo that is more robust than the
modest effect observed in vitro with whole-cell lysates.

Genetic and biochemical evidence suggest that seriney
threonine phosphatases are affected by rapamycin in yeast.
Rapamycin treatment or nutrient deprivation of Saccharomy-
ces cerevisiae causes the PP2A homologs Pph21p and Pph22p,
as well as a third phosphatase, Sit4p to dissociate from an
essential protein Tap42p (17). Rapamycin-induced dissocia-
tion of mammalian PP2A from a4, the mammalian Tap42p
homolog, has been reported (18, 19), although this effect was
not observed in another study (20). To test whether PP2A is
the calyculin A- and okadaic acid-sensitive phosphatase that is
activated by rapamycin treatment, we measured the phospha-
tase activity of the PP2A catalytic subunit (PP2Ac) immuno-
precipitated from rapamycin-treated and untreated TAg Jur-
kat cells. PP2Ac immunoprecipitated from rapamycin-treated
cells exhibited increased phosphatase activity toward 32P-
labeled 4E-BP1 (Fig. 2B), suggesting that PP2A is indeed
regulated by FRAP. PP2Ac is associated with several distinct
regulatory complexes in vivo (16). The identity of the specific
PP2Ac-containing complex regulated by FRAP is unknown.
Here, we have measured the activity of total cellular PP2A by
immunoprecipitating the catalytic subunit. The modest effect
of rapamycin treatment on total PP2A activity may reflect
much stronger activation of a subpopulation of PP2A.

The involvement of a rapamycin-activated phosphatase in
the actions of FRAP may explain the behavior of a rapamycin-
resistant p70s6k mutant. Removal of the N and C termini of
p70s6k (but not removal of the C terminus alone) yields a kinase
that is readily phosphorylated and activated on serum stimu-
lation but cannot be dephosphorylated and inactivated by
rapamycin treatment in vivo (7, 8). This result suggests that the
kinases that activate p70s6k remain active in the presence of
rapamycin, or, less likely, that truncation permits phosphory-
lation by a promiscuous, mitogen-activated kinase. Further-
more, it suggests that the factor responsible for rapamycin-
induced, FRAP-mediated (3) dephosphorylation of p70s6k

interacts with the N terminus of p70s6k. This model is sup-
ported by the recent finding that PP2A associates with full-
length p70s6k (ref. 21; Fig. 3A). As shown in Fig. 3B, PP2A
exhibits a reduced ability to interact with the rapamycin-
resistant, truncated p70s6k mutant. The reduced ability of the
mutant p70s6k to interact with PP2A may be responsible for its
resistance to rapamycin-induced, FRAP-mediated dephos-
phorylation.

The interaction between p70s6k and PP2A may be analogous
to the recently reported interaction of PP2A with Ca21-cal-
modulin-dependent protein kinase IV (22). In both cases, only
a small fraction of the cellular PP2A is complexed to the
kinase, and the activity of neither the kinase nor the phos-
phatase is required for the interaction (Fig. 3A). Questions
remain about the mechanism by which the association of
FKBP12–rapamycin with FRAP leads to phosphatase activa-
tion. Because association of FRAP with the FKBP12–
rapamycin complex causes inhibition of FRAP’s kinase activity
(3, 23, 24), PP2A regulation may involve direct phosphoryla-
tion by FRAP. We tested the ability of FRAP to directly
phosphorylate PP2A in vitro. Wild-type FRAP immunopre-
cipitated from baculovirus-infected insect cells phosphorylates
purified PP2A more readily than kinase inactive FRAP (Fig.
4A). Parallel and competitive kinase reactions suggest that in
vitro phosphorylation of PP2A is more efficient than in vitro
phosphorylation of GST–4E-BP1, a purported direct FRAP
substrate (10). At least 10 times more phosphate is incorpo-
rated into PP2A than into GST–4E-BP1, despite the greater
molar abundance of GST–4E-BP1 in the reaction mixtures

FIG. 2. Rapamycin increases serine-threonine phosphatase activ-
ity. Removal of 32P from exogenously phosphorylated and purified
GST–4E-BP1 was measured. Cell lysates (A) or PP2A immune
complexes (B) from untreated (open symbols) and rapamycin-treated
(filled symbols) TAg Jurkat cells were incubated with 32P-labeled
GST–4E-BP1. Aliquots of the reaction mix were removed at the times
indicated, and the amount of 32P label remaining on the GST–4E-BP1
was determined by SDSyPAGE followed by phosphoimager quanti-
fication. Each point represents the percent decrease in GST–4E-BP1-
bound 32P relative to 32P present at t 5 0. Three experiments were
performed; error bars reflect the SEM for each point.
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(Fig. 4A Lower). Whereas phosphorylation of PP2A by FRAP
is more efficient in vitro than phosphorylation of 4E-BP1, total
FRAP kinase activity remains low, as is characteristic for
phosphatidylinositol kinase (PIK)-related kinases. Little is
known about the effect of phosphorylation on PP2A activity,
and further study is required to determine whether FRAP-
mediated PP2A phosphorylation occurs in vivo and affects
PP2A activity or localization.

Recent reports have led to the view that FRAP is a
mitogen-activated p70s6k and 4E-BP1 kinase. Our data support
a view of FRAP as a sensor of amino acid levels that is able
to unleash a p70s6k and 4E-BP1 phosphatase after amino acid
deprivation or rapamycin treatment (Fig. 4B). Phosphatase
regulation offers distinct advantages over kinase regulation
when there is a need for rapid dephosphorylation at multiple,
disparate sites that are under the control of multiple kinases.
In the case of translation initiation, several distinct kinases
appear to be responsible for the phosphorylation of more than
a dozen sites on 4E-BP1 and p70s6k (4). Activation of a
phosphatase may allow rapid dephosphorylation of these
disparate sites without necessitating inhibition of all of the
kinases responsible for their phosphorylations.

The view of FRAP as an intracellular sensor that can
intervene in critical regulatory pathways is consistent with the
roles of other members of the PIK-related kinase family,
including ATM, ATR, and DNA-PK. These proteins sense
intracellular abnormalities and transmit signals that halt the
cell cycle machinery. In this light, we note that ionizing
radiation results in the dephosphorylation of p53 in an ATM-

dependent manner (25). It will be interesting to see whether
other PIK-related kinases use phosphatases while carrying out
their roles as checkpoint proteins.
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FIG. 3. PP2A interacts with full-length p70s6k but not with a
rapamycin-resistant p70s6k mutant. (A) Western blot of PP2A in cell
lysates and p70s6k immune complexes. TAg Jurkat cells were treated
with or without 25 nM rapamycin before lysis in buffer containing
phosphatase inhibitors. They were then incubated with an a-p70s6k

polyclonal antibody or a control polyclonal antibody. The immuno-
precipitated proteins were separated by using SDSyPAGE, and PP2A
was visualized by Western blotting. (B) Western blot of HA-tagged
p70s6k in PP2A immune complexes. TAg Jurkat cells were mock-
transfected or transfected with plasmids that express HA-tagged
p70s6k or a rapamycin-resistant, HA-tagged p70s6k mutant that has
been truncated at the N and C termini (NTyCT). PP2A was immu-
noprecipitated from the lysed cells, and proteins were separated by
using SDSyPAGE. HA-tagged proteins were visualized by Western
blotting.

FIG. 4. Possible mechanisms of PP2A regulation by FRAP. (A)
FRAP phosphorylates PP2A in vitro. Kinase-active (WT) and kinase-
dead (DA) FRAP expressed in insect cells by baculovirus infection
were immunoprecipitated and incubated with GST–4E-BP1 and/or
PP2A as substrates in the presence of [g-32P]ATP. The products of the
kinase reactions were separated by using SDS/PAGE before autora-
diography (Upper). Relative quantities of kinase substrates were
determined by silver staining (Lower). (B) A model of FRAP inter-
vention in the p70s6k signaling pathway. Mitogenic stimuli promote
phosphorylation of p70s6k which in turn promotes translation of a
subset of cellular mRNAs. Inhibition of FRAP by amino acid depri-
vation or by rapamycin treatment interferes with p70s6k function by
activating PP2A. PP2A dephosphorylates and inactivates p70s6k

through its interaction with the N terminus of p70s6k.
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