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mTOR signaling, especially how it regulates its downstream
effectors.
In addition to the S6Ks and 4E-BP1, both of which modulate
translation initiation, mTOR signaling also regulates the translation elongation process through the phosphorylation of eukaryotic elongation factor 2 (eEF2) (40). eEF2 is a GTPbinding protein that mediates the translocation step of
elongation (10). When phosphorylated at Thr56, eEF2 loses its
ability to bind to ribosomes and is thus inactivated (12). Insulin
and other stimuli induce the dephosphorylation of eEF2, and
this effect is blocked by rapamycin (19, 40, 47, 48, 50). Where
studied, this appears to involve decreases in the activity of the
kinase that acts on eEF2, a highly specific enzyme called eEF2
kinase (40, 48, 48, 50). The ability of insulin to decrease eEF2
kinase activity is also blocked by rapamycin, implying that this
effect is also mediated through mTOR.
eEF2 kinase is a highly unusual enzyme. The sequence of its
catalytic domain differs substantially from that of other protein
kinases, and it is not a member, e.g., of the main Ser-Thr-Tyr
kinase superfamily (41). The C-terminal half of the eEF2 kinase polypeptide contains several sites of phosphorylation and,
at the C-terminal tip, the binding site for the substrate eEF2
(16, 34). The activity of eEF2 kinase is normally completely
dependent upon Ca2⫹ ions and calmodulin (CaM). The CaMbinding site has been identified as lying in the N terminus of
the polypeptide, adjacent to the catalytic domain, in a region
containing both hydrophobic and basic residues, as found for
CaM-binding sites in other proteins (16, 34). We previously
identified Ser366, which lies in the C terminus of the catalytic
domain, as being phosphorylated by S6K and by p90RSK, which
lies downstream of the classical mitogen-activated protein kinase pathway (50). The phosphorylation of eEF2 kinase at
Ser359, which was first identified as a substrate for stressactivated protein kinase 4, is reported to be regulated in a

mRNA translation is a key control point for gene expression
and is regulated by diverse physiological stimuli. For example,
it is activated by insulin, and this activation involves stimulation
of a variety of components of the translational machinery,
several of which are regulated through signaling involving the
mammalian target of rapamycin, mTOR (21). mTOR is a large
multidomain protein whose function is inhibited specifically by
the immunosuppressant drug rapamycin. Translation components linked to mTOR include the translational repressor 4EBP1 (eukaryotic initiation factor 4E-binding protein 1) (21)
and the ribosomal protein (rp) S6 kinases (S6Ks) (4). mTOR
signaling can also regulate the cell cycle, autophagy, and other
processes (20, 39). The already high level of interest in mTOR
signaling has been further increased by recent data showing
that it plays important roles in the control of cell and organism
size (20, 44) and in cell transformation (3, 31), as well as in
certain benign tumors (30). There have recently been important advances in understanding how hormones such as insulin
stimulate mTOR signaling. Insulin stimulates protein kinase B
(PKB) via phosphatidylinositide (PI) 3-kinase, and PKB phosphorylates the product of the tuberous sclerosis complex TSC2
gene, also termed tuberin. TSC2 forms a heterodimer with
TSC1 which represses mTOR activity apparently by acting as
the GTPase-activator protein for the small G-protein Rheb
(for reviews, see references 28 and 30). Phosphorylation of
TSC2 by PKB alleviates this inhibitory restraint on mTOR
signaling, resulting in its activation. However, the mechanisms
that link mTOR to the control of these processes remain obscure. There is thus a pressing need to learn more about
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Eukaryotic elongation factor 2 (eEF2) kinase is an unusual calcium- and calmodulin-dependent protein
kinase that is regulated by insulin through the rapamycin-sensitive mTOR pathway. Here we show that insulin
decreases the ability of eEF2 kinase to bind calmodulin in a rapamycin-sensitive manner. We identify a novel
phosphorylation site in eEF2 kinase (Ser78) that is located immediately next to its calmodulin-binding motif.
Phosphorylation of this site is increased by insulin in a rapamycin-sensitive fashion. Regulation of the
phosphorylation of Ser78 also requires amino acids and the protein kinase phosphoinositide-dependent kinase
1. Mutation of this site to alanine strongly attenuates the effects of insulin and rapamycin both on the binding
of calmodulin to eEF2 kinase and on eEF2 kinase activity. Phosphorylation of Ser78 is thus likely to link
insulin and mTOR signaling to the control of eEF2 phosphorylation and chain elongation. This site is not a
target for known kinases in the mTOR pathway, e.g., the S6 kinases, implying that it is phosphorylated by a
novel mTOR-linked protein kinase that serves to couple hormones and amino acids to the control of translation elongation. eEF2 kinase is thus a target for mTOR signaling independently of previously known
downstream components of the pathway.
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MATERIALS AND METHODS
Materials. [␥-32P]ATP and materials for protein purification were obtained
from Amersham Pharmacia Biotech, United Kingdom. Unlabeled ATP was from
Roche Molecular Biochemicals (Lewes, United Kingdom); cell culture media
and human IGF1 were obtained from Gibco (Paisley, United Kingdom); microcystin-LR, wortmannin, rapamycin, PD98059, and U0126 were from Calbiochem
(Nottingham, United Kingdom); and Immobilon P membranes were from Millipore (Bedford, United Kingdom). Other chemicals were of the highest purity
available and were purchased from Merck (Poole, United Kingdom) or SigmaAldrich (Poole, United Kingdom). CaM was purified from bovine brain.
[␥-32P]ATP and enhanced chemiluminescence reagents were purchased from
Amersham Pharmacia Biotech; wortmannin and rapamycin were from Calbiochem. Bovine serum albumin (fatty acid-free) was from Roche Molecular Biochemicals. Cycloheximide (CHX) was from Sigma. Unless otherwise indicated,
all other reagents were obtained from Sigma or Merck.
Antibodies for p70 S6k phosphorylated at Thr389, PKB-phosphorylated
Thr308, phosphorylated ERK1/2, and PKB (total) were from Cell Signaling
Technology (Hitchin, Hertsfordshire, United Kingdom). Antibodies for eEF2
kinase phosphorylated at Ser366 have been described previously (25, 26) and
were provided by Jane Leitch, Division of Signal Transduction Therapy, University of Dundee. Antibodies against TSC2 were also provided by Leitch. Antibodies to the ␣1 and ␣2 subunits of AMP-activated protein kinase (AMPK) and
to acetyl-coenzyme A carboxylase phosphorylated at Ser79 were kindly provided
by D. G. Hardie, University of Dundee. Anti-FLAG antibody (M2) was from
Sigma. Antisera for 4E-BP1, S6K1, eEF2 phosphorylated at Thr56, total eEF2,
and phospho-Ser235 rpS6 were described previously (7). Rabbit anti-sheep immunoglobulin G and goat anti-rabbit immunoglobulin G antibodies, both conjugated to peroxidase, were obtained from Perbio Science Ltd. (Tattenhall,
United Kingdom).
Cells and cell culture. KB cells (human oral epidermoid carcinoma cells) were
cultivated in Dulbecco’s modified Eagle medium (DMEM) containing 10% (vol/
vol) fetal calf serum, 100 U of penicillin per ml, and 0.1 mg of streptomycin per
ml. Prior to hormone treatment, cells were grown to 90% confluence and were
then starved of serum overnight. Mouse embryo fibroblasts (TSC2⫹/⫹ or
TSC2⫺/⫺) (24, 52) were cultivated in DMEM containing 10% (vol/vol) fetal calf
serum, 100 U of penicillin per ml, and 0.1 mg of streptomycin per ml. Prior to
hormone treatment, cells were grown to 90% confluency and were then starved
of serum for 3 h. CHO.K1 cells and embryonic stem (ES) cells were cultivated
and treated as described previously (7, 50). Prior to hormone treatment, the ES
cells were starved of serum for 4 h. Where used, signaling inhibitors were added
30 min before the addition of 100 nM insulin for 30 min. For amino acid
starvation, CHO.K1 or KB cells were transferred to Dulbecco’s phosphatebuffered saline or Earle’s balanced salts solution, respectively. Both media contain D-glucose at a concentration of 1 g per liter.
Transfection of KB cells was carried out by using the GenePORTER 2 transfection system (Cambridge BioSciences) according to the manufacturer’s instructions, with 10 g of plasmid DNA per 10-cm cell culture dish
Preparation and analysis of cell extracts. Cells were extracted into buffer
containing 50 mM ␤-glycerophosphate (pH 7.5), 1 mM EGTA, 1 mM EDTA,

1% (vol/vol) Triton X-100, 1 mM Na3VO4, 100 nM microcystin-LR, 0.1% (vol/
vol) ␤-mercaptoethanol, and protease inhibitors (leupeptin, pepstatin, and antipain, each at a concentration of 1 g/ml, and 200 M phenylmethylsulfonyl
fluoride). Lysates were centrifuged at 13,000 rpm in an Eppendorf 5415D microcentrifuge to remove debris. Protein concentrations in the resulting supernatants were as previously described (8). Supernatants were removed to fresh tubes
and then rotated at 4°C in the presence of protein G-Sepharose prebound with
anti-FLAG or anti-total eEF2 kinase antibody, as appropriate. Immune complexes were washed four times with extraction buffer and resuspended in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer.
For CaM-eEF2 kinase coimmunoprecipitation experiments, the extraction and
immunoprecipitation procedures were carried out by using a modified calciumcontaining extraction buffer (50 mM HEPES, pH 7.5; 50 mM ␤-glycerophosphate; 50 mM NaCl; 1 mM CaCl2; 0.3%, wt/vol, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate [CHAPS]), 1 mM Na3VO4, 100 nM
microcystin-LR; 0.1% (vol/vol) ␤-mercaptoethanol, and protease inhibitors (leupeptin, pepstatin, and antipain, each at a concentration of 1 g/ml, and 200 M
phenylmethylsulfonyl fluoride) in order to maintain the eEF2 kinase-CaM interaction.
Gel electrophoresis and Western blotting of lysates and immunoprecipitates
were performed as described earlier (36) by using an Immobilon membrane,
except that for the analysis of 4E-BP1, running gels containing 13.5% (wt/vol)
acrylamide and 0.36% (wt/vol) methylene bis-acrylamide were employed. Blots
were developed by enhanced chemiluminescence.
Phosphospecific antibodies for eEF2 kinase. The antiserum for eEF2 kinase
phosphorylated at Ser78 was raised in rabbits by using the peptides GSPANSpFHFKEC, where Sp indicates phosphoserine. The peptide was synthesized by
Graham Bloomberg (University of Bristol, United Kingdom), coupled to keyhole
limpet hemocyanin, and injected into rabbits at Diagnostics Scotland (Edinburgh, United Kingdom). Antibodies were affinity purified on phosphopeptide
antigen-Sepharose columns and were used at a concentration of 0.5 g/ml in the
presence of the corresponding nonphosphorylated peptide (10 g/ml). Antibodies against total eEF2 kinase were raised against bacterially expressed glutathione transferase (GST)-eEF2 kinase in rabbits at Diagnostics Scotland and then
affinity purified on maltose binding protein-eEF2 kinase-Sepharose to eliminate
anti-GST antibodies.
Mutagenesis of eEF2 kinase. A modified cDNA encoding human eEF2 kinase
with an N-terminal FLAG tag cloned between the BamHI sites of the vector
pGEX-4T was kindly provided by Maria Deak of the Division of Signal Transduction Therapy, University of Dundee. Mutagenesis of Ser78 to alanine was
performed by PCR using QuikChange (Stratagene). The forward primer was
5⬘-CGGCAAACGCCTTCCACTTCAAGGAAGCC-3⬘, and the reverse primer
was 5⬘-GGCTTCCTTGAAGTGGAAGGCGTTTGCCG-3⬘. The template used
was the pGEX-4T-eEF2 kinase vector. For transfection of KB cells, wild-type or
mutant FLAG-tagged human eEF2 kinase was subcloned into the mammalian
expression vector pcDNA3.1 by using the BamH1 sites either side of the insert.
Assays for eEF2 kinase. eEF2 kinase was assayed as described earlier (40) with
the following modifications. The cells were harvested in Ca2⫹-containing extraction buffer. The eEF2 kinase was immunoprecipitated with antibodies raised
against either eEF2 kinase or the FLAG epitope, as appropriate, and the beads
were washed four times in Ca2⫹-containing extraction buffer. The immunoprecipitated eEF2 kinase was then assayed for activity for 10 min at 30°C in the
presence of 1 g of eEF2 (purified from HeLa cells) and Mg-[␥-32P]ATP in a
final volume of 30 l of the Ca2⫹-containing buffer. The reaction was stopped by
the addition of SDS-PAGE sample buffer, and the incorporation of 32P into
eEF2 was determined by SDS-PAGE followed by staining with Coomassie brilliant blue and autoradiography.
Reproducibility. All experiments were performed at least three times, with
similar outcomes. In the case of Western blots, data from a typical experiment
are shown.

RESULTS
Identification of a novel insulin-responsive phosphorylation
site in eEF2 kinase. Our laboratory has a long-standing interest in the mechanisms by which insulin and mTOR signaling
regulate eEF2 kinase and the activity of eEF2. It has also
previously been shown that conditions that deplete cellular
ATP levels and/or stimulate the AMPK lead to increased phosphorylation of eEF2 and activate eEF2 kinase (23, 29). Other
studies investigated whether eEF2 kinase was a substrate for
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rapamycin-sensitive manner in response to insulin-like growth
factor 1 (IGF1) (26).
Here we identify a novel phosphorylation site in eEF2 kinase
that is regulated markedly in response to insulin in an mTORdependent manner. This site (Ser78) is not phosphorylated by
any known protein kinase in the mTOR pathway. eEF2 kinase
is thus a target of signaling from mTOR independently of
other known targets of this pathway, which implies the existence of a novel (probably mTOR-controlled) protein kinase
that acts upon Ser78 in eEF2 kinase. Ser78 is located immediately adjacent to the CaM-binding site in eEF2 kinase. We
show that insulin decreases the binding of eEF2 to CaM in vivo
and that this effect is blocked by rapamycin. The mutually
antagonistic effects of insulin and rapamycin on CaM binding
are abolished by mutating Ser78 to a nonphosphorylatable
residue, Ala. These data provide a molecular explanation for
the mechanism by which insulin and mTOR control the activity
of eEF2 kinase and thereby regulate peptide chain elongation.

2987

2988

BROWNE AND PROUD

increase in the signal observed with the anti-phospho-Ser78
antiserum, indicating that phosphorylation of this site is increased by insulin. However, it was important to verify that the
anti-phospho-Ser78 antibody really detects only phosphorylation at this site in eEF2 kinase in vivo. To do this, we transfected KB cells with vectors encoding either wild-type eEF2
kinase or a mutant in which Ser78 has been altered to alanine.
As shown in Fig. 1E, whereas a clear insulin-stimulated signal
was observed for the wild-type eEF2 kinase by using the antiphospho-Ser78 antibody, no signal whatsoever was observed
for the Ser78Ala mutant. These data confirm that this reagent
is indeed specific for eEF2 kinase phosphorylated at Ser78. We
also show that mutation of Ser78 in eEF2 kinase to alanine
does not affect the phosphorylation status of the other known
phosphorylation sites in eEF2 kinase. This rules out Ser78 as a
priming phosphorylation site for the sequential phosphorylation of the other known insulin-responsive phosphorylation
sites in eEF2 kinase such as Ser359 and Ser366 (Fig. 1E).
The phosphorylation of Ser78 is regulated by insulin in an
mTOR-dependent manner. The above data show that Ser78 is
thus an insulin-sensitive phosphorylation site in eEF2 kinase.
To test whether the mTOR or extracellular signal-regulated
kinase (ERK) signaling pathway(s) mediates its phosphorylation, we studied whether the phosphorylation of Ser78 was
affected by agents that inhibit signaling through these pathways. As shown in Fig. 2A, insulin decreases the phosphorylation of eEF2 in KB cells, and this effect is blocked by rapamycin, indicating that it requires signaling through mTOR, as in
other cell types (40, 48, 50). Examination of the phosphorylation of a key mTOR-sensitive site in S6K1 (Thr389) and of the
S6K substrate rpS6 confirmed that rapamycin is completely
effective at the concentration used here (Fig. 2B). As mentioned above, a basal signal is seen for the phosphorylation of
Ser78 in serum-starved cells, and this signal is increased markedly in response to insulin. Rapamycin completely eliminated
both the basal and insulin-stimulated phosphorylation of
Ser78, demonstrating quite clearly that it is regulated via
mTOR signaling (Fig. 2C). Wortmannin largely blocked the
ability of insulin to bring about the dephosphorylation of eEF2
in KB cells (Fig. 2A), the phosphorylation of PKB, and the
increases in phosphorylation of S6K1 and rpS6 seen in response to insulin, consistent with earlier data showing that PI
3-kinase signaling regulates the mTOR pathway in response to
insulin (30) (Fig. 2B). This compound also prevented the increased phosphorylation of Ser78 that occurs in response to
insulin, although it did not affect its basal phosphorylation (Fig.
2C).
In contrast, the ability of insulin to induce the phosphorylation of Ser78 in eEF2 kinase was not affected by an inhibitor of
the MEK/ERK pathway, U0126 (Fig. 2C), even though this
compound completely blocked basal and stimulated Erk phosphorylation in these cells (Fig. 2B). Insulin thus elicits dephosphorylation of eEF2 through signaling events that require PI
3-kinase and mTOR but not Erk signaling. Exactly the same
pattern was seen for the insulin-induced phosphorylation of
Ser78 in eEF2 kinase, suggesting that its phosphorylation
might play an important role in the regulation of the activity of
eEF2 kinase. In contrast, the phosphorylation state of Ser366,
a target for S6K1 (50), does not correlate with the regulation of
eEF2 phosphorylation. In particular, its phosphorylation is not
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AMPK in vitro (9). Recombinant human eEF2 kinase made as
a GST fusion protein in Escherichia coli was incubated with a
highly purified preparation of AMPK and [␥-32P]ATP. As described elsewhere (9), this led to the identification of three
residues that can be phosphorylated by AMPK in vitro, Ser78,
Ser366, and Ser398.
Ser366 and Ser398 lie C-terminal to the catalytic domain of
the enzyme in a region that contains several sites of phosphorylation (Fig. 1A) (25, 26, 50). Ser398 has not previously been
identified as a phosphorylation site in eEF2 kinase, and its
phosphorylation is studied in detail elsewhere (9). It appears
likely to be a physiological target for AMPK and is not regulated by insulin. Ser78 is also a novel site: it lies N terminal to
the catalytic domain, immediately adjacent to the CaM-binding site (16, 34) (Fig. 1A). Given that the activity of eEF2
kinase is normally completely dependent upon Ca2⫹ or CaM,
this is a critical region of the protein, and phosphorylation here
could potentially affect its binding to CaM.
To study whether Ser78 is phosphorylated in vivo, we generated appropriate phosphospecific antisera, as described in
Materials and Methods. A clear signal was observed with the
anti-phospho-Ser78 antibody. However, this signal became
weaker rather than stronger under conditions where AMPK is
activated (i.e., when cells were treated with 2-deoxyglucose
[2-DOG]) (Fig. 1B). Phosphorylation of Ser78 was abolished at
the higher concentration of 2-DOG used here. Analysis with
an antibody that recognizes Ser79 in acetyl-coenzyme A carboxylase, a known substrate for AMPK, confirmed that 2-DOG
does indeed activate AMPK in KB cells (Fig. 1C). Thus, although Ser78 does appear to be phosphorylated in vivo, it
seems unlikely to be a target for AMPK, and its phosphorylation by AMPK may only be an in vitro phenomenon. It was
thus possible that the phosphorylation of this site might be
regulated under other conditions in vivo, and we study this in
the experiments described below.
Why should phosphorylation of Ser78 in eEF2 kinase be
decreased by 2-DOG? Previous studies (15) have indicated
that, in addition to activating AMPK, severe ATP depletion
may impair mTOR signaling. In KB cells, increasing 2-DOG
concentrations does indeed lead to a progressive decrease in
the phosphorylation states of two targets of the mTOR pathway, S6K1 and 4E-BP1, and of rpS6, a physiological substrate
of S6K1 (Fig. 1C). 2-DOG also caused a modest decrease in
the phosphorylation (activation state) of Erk but actually increased the phosphorylation of an activating site in PKB. The
fact that phosphorylation of Ser78 decreased under conditions
of ATP depletion raised the possibility that it might be mediated via signaling through mTOR or perhaps Erk. We have
previously shown that phosphorylation of Ser366 in eEF2 kinase can be mediated by signaling via mTOR and/or MEK; it
is phosphorylated by kinases that lie downstream of these signaling proteins, i.e., S6K1 and p90RSK, respectively (50). The
data in Fig. 1B show that Ser366 undergoes dephosphorylation
in response to 2-DOG treatment consistent with the inactivation of mTOR and Erk signaling, although it was less sensitive
to 2-DOG than the phosphorylation of Ser78.
Insulin activates mTOR signaling and thereby brings about
the dephosphorylation of eEF2 (40, 48, 50). We therefore
tested whether this hormone affected the state of phosphorylation of Ser78. As shown in Fig. 1D, insulin caused a marked
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FIG. 1. The treatment of cells with 2-DOG decreases the phosphorylation of several sites in eEF2 kinase. KB cells (70% confluent)
were incubated in DMEM (containing 1 g of D-glucose per liter) plus
fetal calf serum and treated with 5 or 25 mM 2-DOG for 30 min.
(A) Ser78 is located adjacent to the CaM-binding site in eEF2 kinase.
The CaM-binding, catalytic, and substrate-binding domains are indicated, as is the amino acid sequence (single-letter code) of the CaMbinding region. Also indicated are other relevant sites of phosphorylation within eEF2 kinase. (B) eEF2 kinase was immunoprecipitated
from 100 g of cell lysate protein and subjected to SDS-PAGE before
Western blotting for total eEF2 kinase or phosphorylated eEF2 kinase
by using the indicated phosphospecific antisera. (C) A total of 20 g of
cell lysate protein was subjected to SDS-PAGE and Western blotting
for phosphorylated and total proteins as indicated. The ␣ to ␥ species
of 4E-BP1 and the different species of S6K1 (which reflect differing
states of phosphorylation) are indicated. (D) KB cells (90% confluent)
were starved of serum for 16 h and then treated with insulin for 30 min
as indicated. eEF2 kinase was immunoprecipitated from 100 g of cell
lysate protein and subjected to SDS-PAGE before Western blotting
for total eEF2 kinase or eEF2 kinase phosphorylated at Ser78. (E) KB
cells were transfected with vectors encoding wild-type eEF2 kinase or
a mutant in which Ser78 had been converted to alanine, each with an
epitope (FLAG) tag. Cells were starved of serum and then in some
cases treated with insulin (30 min) prior to lysis. The exogenous eEF2
kinase was then immunoprecipitated from the lysates by using antiFLAG. Immunoprecipitates or cell lysates (as indicated) were then
analyzed by SDS-PAGE and Western blotting for total eEF2 kinase,
phosphorylated eEF2 kinase using the indicated phosphospecific antisera, or S6K1. eEF2k, eEF2 kinase; WB, Western blotting; WT, wild
type; IP, immunoprecipitation.
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FIG. 2. The phosphorylation of Ser78 in eEF2 kinase is regulated
by insulin in a rapamycin-sensitive manner. KB cells (90% confluent)
were starved of serum for 16 h, pretreated with signaling inhibitors for
30 min, and then treated with insulin for 30 min as indicated. (A) Cell
lysate protein (20 g) was subjected to SDS-PAGE followed by Western blotting for eEF2 phosphorylated at Thr56 or total eEF2. (B) Cell
lysate protein (20 g) was subjected to SDS-PAGE followed by Western blotting for phosphorylated or total proteins as indicated (see also
legend to Fig. 1B). (C) Endogenous eEF2 kinase was immunoprecipitated from 100 g of lysate protein and subjected to SDS-PAGE
followed by Western blotting for phosphorylated or total eEF2 kinase,
as indicated. eEF2k, eEF2 kinase; WB, Western blotting; DMSO,
dimethyl sulfoxide; IP, immunoprecipitation.

affected by rapamycin (Fig. 2C) even though this drug abolishes the effects of insulin on eEF2 phosphorylation. This lack
of effect of rapamycin on phosphorylation at Ser366 likely
reflects an input from Erk signaling (e.g., via p90RSK) (50)
which is not blocked by rapamycin (Fig. 2B).
An important point to note here is that whereas rapamycin
blocks both the dephosphorylation of eEF2 and the phosphorylation of Ser78, it does not block the phosphorylation of
Ser366. This may be because phosphorylation of Ser366 is
already high in KB cells, presumably due to basal activity of
S6K1 and p90RSK. These data suggest that Ser366 does not
play a major role in the regulation of eEF2 kinase activity by
insulin in these cells. In contrast, changes in the phosphorylation of Ser78 and of eEF2 do mirror one another.
The multisite phosphorylation of other targets of mTOR
signaling—S6 kinases and 4E-BP1—is highly hierarchical (4,

21), and this could also apply to eEF2 kinase. However, these
data show that phosphorylation of Ser78 is regulated independently of the phosphorylation of Ser366 and vice versa.
Ser78 is not a target for S6K1. The data above show that the
phosphorylation of Ser78 is regulated through mTOR signaling. The only protein kinases known to lie downstream of
mTOR are the S6 kinases. To test whether they play a role in
the phosphorylation of eEF2 kinase at Ser78, we made use of
the compound Ro31-8220, which inhibits S6 kinase in vitro (1).
As shown in Fig. 3, Ro31-8220 inhibits S6K1 within KB cells,
i.e., it completely blocks the phosphorylation of rpS6, but does
not affect the phosphorylation of S6K1 or 4E-BP1. This result
indicates that Ro31-8220 completely blocks S6 kinase activity
without affecting upstream mTOR signaling. Ro31-8220 had
no effect on the basal phosphorylation of Ser78 in eEF2 kinase
or on its regulation by insulin (Fig. 3). This result shows that
Ser78 is not a direct substrate for the S6 kinases and also
implies that the kinase that phosphorylates this site is not
activated by the S6 kinases. Ser78 is, thus, presumably the
target of an mTOR-regulated kinase other than the S6 kinases.
Phosphorylation of eEF2 kinase at Ser366 was not markedly
decreased either by rapamycin or U0126 when they were used
individually (Fig. 2C). However, when U0126 was used in combination with either rapamycin or Ro31-8220, phosphorylation
at this site was completely eliminated (Fig. 3). This finding is
consistent with the idea that two separate pathways (S6K and
p90RSK) provide input to the phosphorylation of Ser366.
The regulation of the phosphorylation of Ser78 depends on
the amino acid status of the cells. It is well established that in
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FIG. 3. The phosphorylation of Ser78 in eEF2 kinase is insensitive
to the broad specificity AGC kinase inhibitor Ro31-8220. Serumstarved (16 h) 90% confluent KB cells were pretreated with signaling
inhibitors for 30 min and then with insulin for 30 min as indicated.
eEF2 kinase was immunoprecipitated from 100 g of lysate (IP pellet),
or 20 g of cell lysate protein was analyzed directly. Samples were
subjected to SDS-PAGE followed by Western blotting (WB) for phosphorylated or total proteins, as indicated. eEF2k, eEF2 kinase.
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FIG. 4. Phosphorylation of Ser78 in eEF2 kinase is sensitive to
amino acid withdrawal. (A) CHO.K1 cells (90% confluent) were
starved of serum for 16 h, preincubated for 1 h in serum-free Ham’s
F12 medium, Dulbecco’s phosphate-buffered saline (D-PBS) containing 1 g of glucose per liter, or the latter containing 1 g of D-glucose per
liter plus amino acids (AA) prior to treatment with insulin for 30 min
as indicated. Where used, CHX was added 30 min prior to insulin
stimulation. eEF2 kinase was immunoprecipitated from 100 g of
lysate protein or 20 g of cell lysate protein and subjected to SDSPAGE followed by Western blotting for phosphorylated and total
proteins as indicated. (B) The method was the same as in panel A
except that KB cells were used and were starved of amino acids for 4 h
in Earle’s balanced salts solution (EBSS); no treatments with CHX
were included. Samples were analyzed as in panel A, except that
Western blotting was also performed for phosphorylated rpS6 (Ser235)
and for phosphorylation of Ser366 and Ser359 in eEF2 kinase. WB,
Western blotting; IP, immunoprecipitation; eEF2k, eEF2 kinase.

the phosphorylation of Ser78. To do this, we used mouse ES
cells that express PDK1 or in which this gene has been disrupted and which thus lack functional PDK1 (51). The absence
of PDK1 from these cells was confirmed by the lack of signal
for the phosphorylation of Thr308 in PKB in the PDK1⫺/⫺
cells in response to IGF1, whereas a signal is clearly seen in the
PDK1⫹/⫹ cells (Fig. 5A). The overall level of eEF2 kinase is
substantially higher in the PDK1⫺/⫺ cells than in the PDK1⫹/⫹
controls, resulting in a higher basal level of phosphorylated
eEF2 in the former (Fig. 5A).
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a range of cell types, amino acids positively regulate mTOR
signaling. Thus, when cells are deprived of external amino
acids, insulin fails to activate S6K1 or bring about the phosphorylation of 4E-BP1 (see, e.g., references 11, 22, and 49).
Since the phosphorylation of Ser78 in eEF2 kinase is regulated
in a rapamycin-sensitive manner, we anticipated that its phosphorylation would be influenced by the amino acid status of
the cells. Previous work has shown that in CHO cells, amino
acids are required for the basal phosphorylation of such targets
of mTOR as 4E-BP1 and S6K1 and for their efficient regulation by insulin (7, 11, 49). When CHO cells were deprived of
amino acids, we observed the expected dephosphorylation of
4E-BP1 and of S6K1 (a shift to more rapidly migrating forms),
whereas dephosphorylation did not occur if the cells were kept
in a medium containing amino acids (Fig. 4A). In amino aciddeprived cells, insulin fails to elicit the phosphorylation of
4E-BP1 or S6K1 (Fig. 4A) (7). Similarly, amino acid withdrawal caused the loss of the basal phosphorylation of Ser78 in
eEF2 kinase and of the ability of insulin to increase phosphorylation at this site (Fig. 4A). It has recently been shown that
treatment of amino acid-deprived CHO cells with protein synthesis inhibitors such as CHX restores basal and insulin-stimulated mTOR signaling (7). Consistent with this finding, treatment of amino acid-deprived CHO cells with CHX caused a
slight rise in the basal phosphorylation of Ser78 and, much
more strikingly, allowed insulin to elicit an increase in its phosphorylation to levels similar to those seen in cells kept in amino
acids (Fig. 4A). These data are fully consistent with the earlier
conclusion that phosphorylation of Ser78 is dependent upon
intact mTOR signaling. They also demonstrate that Ser78 in
eEF2 kinase is phosphorylated in CHO cells and indicate that,
as in KB cells, its phosphorylation is controlled through mTOR
signaling.
Similar data were obtained for the effects of amino acid
withdrawal in KB cells (Fig. 4B) except that amino acid deprivation does not completely prevent insulin-induced phosphorylation of S6K1. It nevertheless reduces basal phosphorylation
of S6K1 and prevents its full activation by insulin, as shown by
the failure of this hormone to increase the phosphorylation of
rpS6 in cells deprived of amino acids (indeed, rpS6 phosphorylation was undetectable in the absence of amino acids). Most
importantly, insulin had almost no effect on the phosphorylation of Ser78 in eEF2 kinase in amino acid-starved cells. In
contrast, insulin still induced phosphorylation of Ser366 in the
amino acid-deprived cells, likely because it still activates Erk
signaling under these conditions (Fig. 4B).
Regulated, but not basal, phosphorylation of Ser78 requires
PDK1. Phosphoinositide-dependent kinase 1 (PDK1) phosphorylates threonine residues in the T loop of a number of
members of the AGC family of protein kinases (51). This
modification is required for the activation of these protein
kinases, which include PKB (Thr308) and S6K1 (Thr229) (2,
14, 38, 46). It has previously been shown that the ability of
insulin to elicit dephosphorylation of eEF2 and inactivation of
eEF2 kinase is lost in cells lacking PDK1, although basal
mTOR signaling is still functional in these cells (50). If phosphorylation of eEF2 kinase at Ser78 plays a role in controlling
its activity, we would anticipate that regulation of Ser78 phosphorylation would be lost in PDK1⫺/⫺ cells. It was therefore
important to test whether loss of PDK1 affected regulation of
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To examine the control of Ser78 phosphorylation in these
two types of cells, some dishes were treated with IGF1 prior to
extraction, and samples of lysates from IGF1-treated or
control cells were subjected to immunoprecipitation with antieEF2 kinase antibody. Precipitates were analyzed by SDSPAGE and Western blotting by using the anti-phospho-Ser78specific antibody. Basal phosphorylation of Ser78 was observed
in both cases, and this was blocked by rapamycin. This result
shows that PDK1 is not required for the basal phosphorylation
of Ser78, confirming that basal mTOR signaling is functional in
PDK1⫺/⫺ cells, in line with previously published data (50).
While IGF1 treatment increases the phosphorylation of Ser78
in eEF2 kinase in PDK1⫹/⫹ cells, it fails to do so in PDK1⫺/⫺
cells. A very similar situation is seen for the phosphorylation of
S6K1 and 4E-BP1 (Fig. 5A). (The appearance of S6K as two
higher-mobility forms in PDK1⫺/⫺ cells probably reflects the
fact that PDK1 directly acts on this enzyme [46].) These findings provide further evidence that S6K1 is not involved in the
phosphorylation of Ser78 (since its phosphorylation would be
completely lost in the knockout cells) and suggest that the
activation of the phosphorylation of Ser78, but not its basal
phosphorylation, requires PDK1. It is therefore likely that
PDK1 is required for the activation of mTOR signaling by
IGF1 (50). The loss of regulation of phosphorylation of Ser78
seen in PDK1⫺/⫺ cells in response to IGF1 is consistent with
an important role for this site in regulating eEF2 kinase activity
as such regulation is also lost in these cells (50). Phosphorylation of Ser366 is completely absent in the PDK1⫺/⫺ cells,
consistent with the requirement of PDK1 for activation of both
S6 kinase and p90RSK (51; G. J. Browne, unpublished data).
The residual rapamycin sensitivity of eEF2 phosphorylation in
the PDK1⫺/⫺ cells, therefore, cannot be due to changes in the
phosphorylation of Ser366 and likely reflects the modulation of
the phosphorylation of eEF2 kinase at Ser78, which does remain sensitive to this drug in the knockout cells.
Ser78 in eEF2 kinase is constitutively phosphorylated in
TSC2ⴚ/ⴚ cells. To further confirm that Ser78 in eEF2 kinase is
regulated through mTOR signaling, we made use of the availability of cells deficient in an upstream repressor of mTOR
signaling, TSC2. We therefore expected mTOR signaling to be
constitutively active in such cells, e.g., even in the absence of
insulin (30, 52). To verify this assumption, we assessed the
phosphorylation state of rpS6, which was already high in
TSC2⫺/⫺ cells and was not further increased by insulin but was
low and enhanced by insulin in the corresponding TSC2⫹/⫹
cells (Fig. 5B). Activation of PKB by insulin was blunted in
TSC2⫺/⫺ cells, consistent with earlier data (52) and with the
data shown in Fig. 1C and 2B, which indicate the operation of
a feedback loop from activated mTOR signaling that represses
signaling to PKB from the insulin receptor. Thus, basal mTOR
signaling is indeed highly active in TSC2⫺/⫺ cells.
In TSC2⫹/⫹ cells, basal phosphorylation of Ser78 in eEF2
kinase was undetectable, and phosphorylation of eEF2 was
relatively high (Fig. 5B). In response to insulin, Ser78 became
phosphorylated and eEF2 itself underwent dephosphorylation,
as observed with other cell types elsewhere in this study. In
contrast, in the TSC2⫺/⫺ cells, the phosphorylation at Ser78
was already high in the absence of insulin and was not further
increased by the addition of this hormone (Fig. 5B). Conversely, phosphorylation of eEF2 was low (indeed, undetect-
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FIG. 5. Phosphorylation of Ser78 in eEF2 kinase is dysregulated in
cells lacking PDK1 or TSC2. (A) Ninety percent confluent ES cells
(PDK1⫹/⫹ or PDK1⫺/⫺ as indicated) were serum starved for 3 h and
then pretreated with rapamycin (or dimethyl sulfide [DMSO] as a
control) for 30 min prior to IGF1 treatment for 30 min. eEF2 kinase
immunoprecipitated from 500 g of cell lysate protein or 20 g of total
cell lysate protein was subjected to SDS-PAGE followed by Western
blotting for phosphorylated and total proteins as indicated. The positions of the differently phosphorylated forms of S6K1 and 4E-BP1 are
indicated by arrows. (B) Ninety percent confluent mouse embryo fibroblasts (TSC2⫹/⫹ or TSC2⫺/⫺ as indicated) were serum starved for
3 h and then, where indicated, treated with 100 nM insulin for 30 min.
eEF2 kinase that had been immunoprecipitated from 500 g of cell
lysate protein or 20 g of total cell lysate protein was subjected to
SDS-PAGE followed by Western blotting for phosphorylated and total
proteins as indicated. eEF2k, eEF2 kinase; WB, Western blotting; IP,
immunoprecipitation.
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Ser78, next to the CaM-binding domain, impairs the binding of
this essential activator to eEF2 kinase. To test this idea, we
made use of a mutant of eEF2 kinase in which Ser78 is altered
to alanine. Wild-type eEF2 kinase or the Ser78Ala mutant
were expressed in KB cells, which were subsequently serum
starved and then treated with insulin in the absence or presence of rapamycin. Lysates were prepared, and the exogenous
(FLAG-tagged) eEF2 kinase was immunoprecipitated from
them in the presence of Ca2⫹ ions to preserve binding to CaM.
As shown in Fig. 6D, rapamycin greatly increased the binding
of CaM to overexpressed wild-type eEF2 kinase in insulintreated cells. In contrast, the amount of CaM bound to overexpressed eEF2 kinase (S78A) was very similar for the cells
treated with insulin and those treated with insulin plus rapamycin (and also similar to the amount bound to the wild-type
enzyme after treatment of the cells with rapamycin). The graph
in Fig. 6E shows quantitative data for the effect of insulin or
insulin plus rapamycin on CaM binding to wild-type or
Ser78Ala eEF2 kinase from five independent experiments. As
indicated, there is only a statistically significant difference in
the amount of CaM bound to the wild-type eEF2 kinase under
these different treatments. These data provide strong support
for the idea that phosphorylation at Ser78 decreases CaM
binding and that phosphorylation of this site is sufficient to
elicit this effect. This phosphorylation is expected to decrease
eEF2 kinase activity, an effect which is indeed observed in
response to insulin (40, 48, 50).
As shown in Fig. 6C and F, the activity of wild-type eEF2
kinase was markedly increased by rapamycin treatment in cells
treated with insulin, while this drug had little effect on the
activity of the Ser78Ala mutant (Fig. 6F). These activity measurements closely parallel the effects reported above for CaM
binding. Taken together, the data strongly suggest that phosphorylation at Ser78 plays a major role in the control of eEF2
kinase activity by insulin or mTOR signaling and that this
regulation is linked to the role of this site in modulating the
binding of eEF2 kinase to its essential activator, CaM.
DISCUSSION
The regulation of mRNA translation plays a key role in
controlling gene expression, cell growth, and cell size in metazoan organisms, and the mTOR signaling pathway plays a
central role in this regulation (40). A variety of components of
the translational machinery are regulated by phosphorylation,
and in several cases this regulation is linked to mTOR signaling. Most previous studies have focused on the control of
translation initiation, and relatively little is known about the
control of elongation.
In this study, we report three main findings. First, we identify
a novel, physiological phosphorylation site in eEF2 kinase that
is controlled through the mTOR signaling pathway (Ser78).
Insulin increases its phosphorylation, and this effect is blocked
by rapamycin. Second, we show that Ser78 is not a substrate for
the S6 kinases, demonstrating that eEF2 kinase is regulated by
mTOR signaling independently of known effectors of the pathway. The evidence for this conclusion is summarized below.
eEF2 is thus the third well-characterized target for TOR signaling in mammalian cells (the others being the S6 kinases and
4E-BP1). Third, we provide evidence that phosphorylation at

Downloaded from http://mcb.asm.org/ on June 19, 2019 by guest

able) even without insulin treatment. These data provide further, independent evidence that the phosphorylation of Ser78
in eEF2 kinase is indeed regulated through mTOR signaling.
Interestingly, the level of eEF2 kinase expression appears to be
lower in the TSC2⫺/⫺ cells than in the TSC2⫹/⫹ cells (Fig. 5B).
These data agree with the previous finding that in PDK1⫺/⫺
cells, eEF2 kinase expression is increased relative to the level
of expression in wild-type cells (Fig. 5A). This fact suggests
that the level of expression of eEF2 kinase may be negatively
regulated by the mTOR pathway in addition to its activity.
Insulin reduces the ability of eEF2 kinase to bind CaM in an
mTOR-dependent manner, and this effect requires Ser78.
Ser78 lies very close to the CaM-binding motif in eEF2 kinase
(Fig. 1A), and phosphorylation could, therefore, affect the
binding of eEF2 kinase to CaM. To study whether insulin
actually affected the ability of eEF2 kinase to bind CaM, eEF2
kinase was immunoprecipitated from lysates of cells that had
been subjected to differing treatments. Immunoprecipitations
were performed in the presence of Ca2⫹ ions in order to
preserve the binding of eEF2 kinase to CaM. Insulin treatment
of serum-starved KB cells resulted in a sharp reduction in the
amount of CaM bound to the immunoprecipitated eEF2 kinase, and this reduction correlated with an increase in phosphorylation at Ser78 (Fig. 6A). The effect of insulin on both
CaM binding and Ser78 phosphorylation was blocked by pretreatment with rapamycin but not by pretreatment with a combination of Ro31-8220 and U0126 (Fig. 6A). The data shown in
Fig. 6B confirm that rapamycin fully blocks mTOR signaling
(as evidenced by the mobility of S6K1 or 4E-BP1), while Ro318220 plus U0126 does not affect this signaling. These experiments demonstrate for the first time that insulin treatment
causes a marked decrease in the binding of CaM to eEF2
kinase; this effect was blocked by rapamycin.
Phosphorylation at Ser366 has previously been reported to
decrease the sensitivity of eEF2 kinase to activation by Ca or
CaM (50), and we were concerned that the effect on CaM
binding might involve that site. However, Ro31-8220 plus
U0126, a combination which completely blocks the phosphorylation of eEF2 kinase at Ser366 without affecting Ser78 (Fig.
3 and 6A), had no effect on the ability of insulin to decrease the
binding of CaM to eEF2 kinase, thus ruling out a role for
phosphorylation at Ser366 in the observed modulation of the
binding of CaM to eEF2 kinase.
Given that the activity of eEF2 kinase is normally completely
dependent upon Ca or CaM, one might anticipate that a decrease in the binding of CaM to eEF2 kinase should diminish
its activity. To test this, we assayed the activity of eEF2 kinase
in immunoprecipitates with purified eEF2 used as a substrate.
No CaM was added to the assays, so that the activity measured
reflects the CaM already bound to eEF2 kinase in the lysates or
immunoprecipitates. As shown in Fig. 6C, treatment of KB
cells with insulin markedly decreased the activity of eEF2 kinase, and this effect was completely abolished by prior treatment of the cells with rapamycin. In contrast, the combination
of Ro31-8220 and U0126 had no effect on the activity of eEF2
kinase measured under this condition, ruling out roles for
S6K1, p90RSK, or other kinases, such as protein kinase C
(PKC), that are inhibited by this compound and therefore also
phosphorylation at Ser366.
The data are consistent with the idea that phosphorylation at
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FIG. 6. Ser78 is required for the regulation of the binding of CaM
to eEF2 kinase by insulin. (A to C) KB cells (90% confluent) were
serum starved for 16 h and then pretreated with the indicated signaling
inhibitors for 30 min prior to treatment with insulin for 30 min as
indicated. The cells were lysed, and immunoprecipitations and eEF2
kinase assays were carried out in a modified extraction buffer containing 1 mM CaCl2 as described in Materials and Methods. In panel A,
eEF2 kinase immunoprecipitated from 100 g of lysate protein was
subjected to SDS-PAGE followed by Western blotting for phosphorylated or total eEF2 kinase as indicated. In panel B, cell lysate protein
(20 g) was analyzed by SDS-PAGE and Western blotting using

antisera for S6K1 or 4E-BP1, as indicated. Positions of the differently
phosphorylated forms of these proteins are shown. In panel C, eEF2
kinase immunoprecipitated from 100 g of cell lysate protein was
incubated with 1 g of purified eEF2 in the presence of [␥-32P]ATP.
Samples were then subjected to SDS-PAGE. Gels were stained with
Coomassie and analyzed by autoradiography to assess incorporation of
radiolabel into eEF2 (i.e., eEF2 kinase activity, upper section). The
lower section shows a portion of the stained gel to confirm equal
loading of the substrate, eEF2. (D to F) KB cells were transfected with
vectors encoding FLAG-tagged versions of wild-type eEF2 kinase or
the Ser78Ala mutant. When cells had reached 90% confluence, they
were starved of serum for 16 h and then pretreated with rapamycin for
30 min prior to treatment with insulin as indicated. The FLAG-tagged
eEF2 kinase was immunoprecipitated from 100 g of lysate protein by
using immobilized FLAG antibody and subjected to SDS-PAGE followed by Western blotting for phosphorylated and total eEF2 kinase or
bound CaM as indicated in panel D. The graph in panel E shows the
binding of CaM to wild-type FLAG-eEF2 kinase or the Ser78Ala
mutant immunoprecipitated from cells treated with insulin or insulin
plus rapamycin. The amount of bound CaM, presented as a percentage
of the CaM bound to the FLAG-eEF2 kinase immunoprecipitated
from cells treated with insulin plus rapamycin, was determined by using
Image/J software (available at rsb.info.nih.gov/ij/). The results are presented as the means ⫾ standard errors of the means (n ⫽ 5). Alternatively, in panel F eEF2 kinase activity was determined by incubating
the immunoprecipitated eEF2 kinase with 1 g of purified eEF2 in the
presence of [␥-32P]ATP to assay eEF2 kinase activity (see Materials
and Methods) (40). Samples were then subjected to SDS-PAGE. Gels
were stained with Coomassie brilliant blue and then analyzed by autoradiography to assess incorporation of the label into eEF2 (upper
section). The lower section shows a portion of the stained gel to
confirm equal loading of eEF2, the substrate. eEF2k, eEF2 kinase;
WB, Western blotting; IP, immunoprecipitation; WT, wild type; *, P ⬍
0.005.
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Ser78 plays a crucial role in regulating the binding of CaM to
eEF2 kinase and thus in regulating its activity. Insulin decreases the binding of CaM to eEF2 kinase and also decreases
eEF2 kinase activity. Both effects correlate with increased
phosphorylation at Ser78, which lies immediately next to the
CaM-binding site in eEF2 kinase, and both are blocked by
rapamycin. The mutation of Ser78 to a residue which cannot be
phosphorylated (Ala) almost completely eliminates the opposing effects of insulin and rapamycin on CaM binding and eEF2
kinase activity. These data therefore imply that phosphorylation at other sites in eEF2 kinase play little role in regulating
its binding to CaM, at least in response to insulin.
In many cases, CaM-binding sites contain both positively
charged (basic) and hydrophobic residues, and this is also the
case in eEF2 kinase (Fig. 1A) (17, 34). It seems likely that by
introducing a negative charge close to the CaM binding site in
eEF2 kinase, phosphorylation at Ser78 weakens its affinity for
CaM. Evidence for this idea includes our observations (i) that
the effect of insulin on CaM binding is blocked by rapamycin,
which completely eliminates phosphorylation at Ser78, and (ii)
that the mutation of Ser78 to Ala almost completely abolishes
the effects of rapamycin or insulin on CaM binding and eEF2
kinase activity.
Although Ser78 can be phosphorylated by AMPK in vitro, its
phosphorylation in vivo changes in the opposite direction from
what would be expected if it were a substrate for this kinase in
vivo. Ser78 shows basal phosphorylation under conditions
where AMPK is not activated, and its phosphorylation actually
falls during ATP depletion. These observations and the facts
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that it does not appear to be a direct target for S6 kinases (50).
Thr389/412 in S6K1 (35) and the rapamycin-sensitive sites in
certain PKC isoforms are in highly conserved XX(T/S)
sequences (where  denotes a hydrophobic residue) (33). Although the residue that follows Ser78 is hydrophobic (Phe), the
residues N terminal to it do not conform to this pattern. Lastly,
several mTOR-regulated sites in 4E-BP1 and the S6Ks are
followed by prolines, which is not the case for Ser78. Both
Thr389/412 in S6K1 and some sites in 4E-BP1 can be phosphorylated by mTOR in vitro. The fact that the local sequence
around Ser78 does not resemble either of these motifs likely
explains why it cannot be phosphorylated by mTOR in vitro.
This inability may also reflect the fact that eEF2 kinase lacks
the TOR-signaling motif found in proteins that can be phosphorylated directly by mTOR, i.e., the S6 kinases and 4E-BP1
(42). Recent work has shown that phosphorylation of several
sites in 4E-BP1 and S6K1 is dependent upon this motif (13, 32,
32, 43) which acts to recruit mTOR to these substrates via its
associated scaffold protein raptor. In a range of experiments,
we have been unable to show that mTOR phosphorylates
Ser78 in eEF2 kinase in vitro under conditions where it readily
phosphorylates 4E-BP1 (E. Smith, unpublished data). Nonetheless, the effects of rapamycin on the phosphorylation of
Ser78 and the requirement of amino acids for its control by
insulin are entirely consistent with this residue being a target
for control by the mTOR signaling pathway. Furthermore, the
data from the TSC2⫺/⫺ cells, in which Ser78 is constitutively
highly phosphorylated, provide further strong evidence that
phosphorylation of this site is controlled by mTOR signaling.
The only well-understood kinases that lie downstream of
mTOR are the S6 kinases. However, as mentioned above,
several lines of evidence indicate that they are not the enzymes
that act at Ser78. First, as mentioned above, Ser78 does not lie
in the RXRXXS consensus typical of other substrates for S6Ks
(and other AGC family kinases). Second, S6K1 cannot phosphorylate Ser78 in vitro (reference 50 and data not shown).
Third, the ability of S6K1 to phosphorylate eEF2 kinase is lost
when Ser366 is mutated to Ala, indicating that Ser366 is the
only S6K1 site in eEF2 kinase (50). Fourth, basal phosphorylation of Ser78 is still observed in PDK1⫺/⫺ cells, which are
devoid of S6K activity (51). Fifth, phosphorylation of Ser78 is
not blocked by treatment of cells with Ro31-8220 at concentrations which completely inhibit S6K1. It has also been reported that certain PKC isoforms are regulated in an mTORdependent manner (33). However, these enzymes (PKC␦ and
PKCε) can be excluded as candidates for phosphorylating
Ser78 in eEF2 kinase because (i) their expression is abolished,
or almost abolished, in PDK1⫺/⫺ cells (5) where phosphorylation of Ser78 is still observed and (ii) because phosphorylation of Ser78 is not blocked by the broad specificity PKC
inhibitor Ro31-8220. Furthermore, it has also been demonstrated that the activity of PKC isoforms is dependent on
phosphorylation within the T loop for activity and that PDK1
may be responsible for this phosphorylation in vivo. PKC␦ and
PKCε would not, therefore, be expected to be catalytically
active in PDK1⫺/⫺ cells (18, 27).
Thus, our data point to eEF2 kinase being the third independent target of mTOR signaling in mammalian cells. Identification of the kinase that directly phosphorylates Ser78 is
now a high priority.
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that insulin increases the level of phosphorylation of this site
and that this effect is blocked by rapamycin make it most
unlikely that Ser78 is a true physiological target for AMPK.
Rapamycin and insulin either do not affect AMPK activity or
may do so in the opposite direction; for example, insulin has
been reported to antagonize AMPK activation (6). We also
show that the ability of insulin to bring about the phosphorylation of Ser78 is lost when cells are starved of amino acids.
This finding is consistent with a large body of earlier work
which showed that amino acids positively regulate mTOR signaling in mammalian cells (reviewed in reference 37) and
makes particularly good sense in terms of the control of elongation. Almost all the amino acids used by translation are
consumed during elongation. The loss of phosphorylation of
Ser78 in amino acid-deprived cells will tend to result in higher
activity of eEF2 kinase, leading to inhibition of eEF2, thereby
reducing the consumption of amino acids.
It has previously been shown that the ability of IGF1 to
induce the dephosphorylation of eEF2 and the inactivation of
eEF2 kinase is abolished in cells that lack functional PDK1
(50). We show that phosphorylation at Ser78 is important in
the regulation of eEF2 kinase activity, as the inability of IGF1
to induce the phosphorylation of Ser78 in PDK1⫺/⫺ cells was
associated with a failure of IGF1 to induce the dephosphorylation of eEF2. However, basal phosphorylation of Ser78 is still
observed, indicating that the activity of the kinase that directly
acts upon it is not dependent upon PDK1, whereas its activation by insulin probably is. Consistent with this model, we
observed that the PI 3-kinase wortmannin inhibitor blocks the
insulin-induced phosphorylation of Ser78 but not its basal
phosphorylation. These events likely reflect the role of PI 3-kinase and PKB in signaling from the insulin or IGF1 receptors
to the mTOR pathway, which involves the proteins TSC1 and
TSC2 (reviewed in reference 30). Treatment of cells with
2-DOG or rapamycin (both of which impair mTOR signaling)
led to an increase in the basal phosphorylation of Thr308 in
PKB. This result may reflect the operation of a feedback loop
from mTOR signaling which serves to impair the phosphorylation of PKB. Other evidence for such a loop has been reported (45).
In some cases, phosphorylation at a serine residue may be
mimicked by conversion of the serine residue to an acidic one
(Asp or Glu). We prepared such mutants of eEF2 kinase
(Ser78Asp and Ser78Glu); however, neither appeared to
mimic phosphorylation. In both bases, the degree of CaM
binding was high in rapamycin-treated cells and was not reduced by rapamycin. In this respect, these mutants resemble
the Ser78Ala mutant (Fig. 6). A substantial number of other
instances are known where Asp or Glu again fail to mimic
phosphoserine.
We do not know the identity of the mTOR- and insulinregulated kinase that phosphorylates Ser78 in vivo. The fact
that the phosphorylation of Ser78 is completely blocked by
rapamycin suggests that it is regulated by mTOR. However, the
amino acid sequence around Ser78 differs from the sequences
around mTOR-regulated sites in other proteins. Ser366 in
eEF2 kinase and the sites in S6 (which are targets for the S6
kinases) lie in RXRXX(S/T) sequences characteristic of substrates for certain other AGC family kinases. The fact that
Ser78 does not lie in such a motif likely accounts for the fact
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In summary, we have identified a novel, physiological phosphorylation site in eEF2 kinase that regulates its activity. This
site is a target for regulation by the mTOR pathway, a key
regulatory cascade which, despite its manifest importance for
cell regulation, remains poorly understood. The phosphorylation of Ser78 serves to impair the binding of CaM to eEF2
kinase, and thus eEF2 kinase activity, in response to hormones
such as insulin and to the availability of amino acids, key
precursors for protein synthesis.
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