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Eukaryotic initiation factor 2B (eIF2B) plays a key role in controlling the initiation of mRNA translation.
eIF2B is heteropentamer whose catalytic (�) subunit promotes GDP/GTP exchange on eIF2. We show here that
depriving human cells of amino acids rapidly results in the inhibition of eIF2B, independently of changes in
eIF2 phosphorylation. Although amino acid deprivation also inhibits signaling through the mammalian target
of rapamycin complex 1 (mTORC1), the inhibition of eIF2B activity by amino acid starvation is independent
of mTORC1. Instead, amino acids repress the phosphorylation of a novel site in eIF2B�. We identify this site
as Ser525, located adjacent to the known phosphoregulatory region in eIF2B�. Mutation of Ser525 to Ala
abolishes the regulation of eIF2B and protein synthesis by amino acids. This indicates that phosphorylation
of this site is crucial for the control of eIF2B and protein synthesis by amino acids. These findings identify a
new way in which amino acids regulate a key step in translation initiation and indicate that this involves a novel
amino acid-sensitive signaling mechanism.

Amino acids positively regulate several components of the
eukaryotic translational machinery, presumably to link their
availability to their consumption by protein synthesis. Several
are controlled through mammalian target of rapamycin com-
plex 1 (mTORC1). These include the ribosomal protein S6
kinases (which also phosphorylate eukaryotic initiation factor
4B [eIF4B]) and eIF4E-binding protein 1 (4E-BP1). It is not
yet clear how amino acids activate mTORC1 signaling, al-
though amino acid starvation is reported to modulate the bind-
ing of mTORC1 to the small G protein, Rheb, which in its
GTP-bound form, activates the kinase function of mTOR (29).

A second mechanism involves the protein kinase GCN2 (for
general control of amino acid biosynthesis, nondepressing 2),
which is activated by uncharged tRNA during amino acid star-
vation in yeast, the system in which Gcn2 was first identified
(18). Gcn2 phosphorylates eIF2 at Ser51 in its �-subunit. Phos-
phorylated eIF2 competitively inhibits its guanine nucleotide
exchange factor, eIF2B, thereby leading indirectly to the im-
pairment of eIF2 function (9, 35) and, since eIF2 is required
for all cytoplasmic translation initiation events, to inhibition of
protein synthesis. Relatively little information is available on
the importance of Gcn2 for the control of translation by amino
acids in mammalian cells.

eIF2B plays a key role in translation initiation and in its
regulation. eIF2B promotes the exchange of GDP for GTP on
eIF2 to regenerate active eIF2.GTP, which binds the initiator
methionyl-tRNA (Met-tRNAi) and recruits it to the 40S ribo-

somal subunit (reviewed in reference 18). eIF2B is composed
of five different subunits, � to ε. The largest subunit, ε, contains
the catalytic domain (see references 12 and 13 and references
cited therein).

Many agents that stimulate protein synthesis activate eIF2B
(11, 26, 49). One mechanism by which they do this involves the
dephosphorylation of a conserved site in eIF2Bε (Ser540 in
human eIF2Bε). Phosphorylation at this site inhibits eIF2B
activity and is catalyzed by glycogen synthase kinase-3 (GSK3)
(48, 50). GSK3 is inhibited by agents such as insulin, leading to
the dephosphorylation and activation of eIF2B. However, de-
phosphorylation of the GSK3 site alone is insufficient to cause
activation of eIF2B, indicating that there additional regulatory
inputs into eIF2B activity (44). Further evidence for this is the
fact that, in Chinese hamster ovary (CHO) cells, the activation
of eIF2B by insulin requires that cells are supplied with amino
acids (6), indicating an input from amino acids into the regu-
lation of eIF2B.

Two possible mechanisms for the control of mammalian
eIF2B by amino acids involve Gcn2 and mTORC1. However,
in earlier work, eIF2� phosphorylation did not increase when
CHO cells were deprived of amino acids, apparently ruling out
this mechanism (6, 43). The rapamycin insensitivity of the
activation of eIF2B by insulin suggests that mTOR is not in-
volved. However, certain amino acid-regulated outputs from
mTORC1 are insensitive to rapamycin, e.g., the phosphoryla-
tion of the N-terminal sites in 4E-BP1 (42), so that an input
from mTORC1 cannot be ruled out on this basis.

In addition to the GSK3 site, several other phosphorylation
sites have been identified in eIF2Bε. A site located four resi-
dues C-terminal to the GSK3 site “primes” eIF2B for phos-
phorylation by GSK3 (45). Such priming sites are found in
several GSK3 substrates (8). Two other sites lie within the
extreme C-terminal region that is required for binding to the

* Corresponding author. Mailing address: Department of Biochem-
istry and Molecular Biology, University of British Columbia, Life Sci-
ences Centre, 2350 Health Sciences Mall, Vancouver, BC V6T 1Z3,
Canada. Phone: (604) 827-3923. Fax: (604) 822-5227. E-mail: cgpr
@interchange.ubc.ca.

� Published ahead of print on 26 December 2007.

1429



substrate, eIF2 (45). Mutation of these sites (Ser717/718 in
human eIF2Bε) to alanine prevents the interaction between
eIF2Bε and eIF2. N-terminal to the catalytic domain lie two
further sites of phosphorylation (Ser466/469), which are prob-
ably targets for casein kinase 1, but are of unknown signifi-
cance (45).

We show here that amino acids positively regulate the ac-
tivity of mammalian eIF2B, independently of changes in eIF2�
phosphorylation. Based on several lines of evidence, this effect
is also independent of signaling through mTOR. We demon-
strate that amino acids modulate (repress) the phosphorylation
of a novel site in eIF2Bε and identify it as Ser525, which lies
close to the known regulatory GSK3 site. We demonstrate that
Ser525 is required for the control of eIF2B activity and protein
synthesis by amino acids. We also show that there is no appar-
ent “cross talk” between the two known amino acid sensing
and signaling pathways in mammalian cells, i.e., between Gcn2
and mTORC1. It is likely that the amino acid-regulated phos-
phorylation of eIF2Bε involves further unidentified amino
acid-sensitive signaling events.

MATERIALS AND METHODS

Chemicals and biochemicals. These were obtained from BDH-Merck or
Sigma, unless indicated otherwise.

Plasmids. The vectors encoding myc-tagged subunits of human eIF2B have
been described previously (28). Additional mutants of eIF2Bε were created by
using the QuikChange system (Stratagene). The vector encoding Rheb described
earlier (42). The vector for the destabilized luciferase was a generous gift from
Mark Coldwell and Anne Willis (Nottingham, United Kingdom).

Cell culture, transfection, treatment, and lysis. Human embryonic kidney 293
(HEK293) cells were propagated and transfected as described earlier (14).
Where indicated, at 30 h after transfection, the medium was changed into
Dulbecco’s phosphate-buffered saline containing 10 mM glucose (D-PBS; Gibco)
containing or lacking amino acids for 2 h before lysis (unless otherwise indi-
cated). To measure eIF2B activity, cells were harvested into buffer composed of
25 mM HEPES (pH 7.6), 25 mM �-glycerophosphate, 50 mM KCl, 0.5% Triton,
14 mM �-mercaptoethanol, 0.5 mM sodium orthovanadate, and proteinase in-
hibitors (1 mM benzamidine, 1 �g of pepstatin/ml, 1 �g of leupeptin/ml, 1 �g of
antipain/ml, and 0.2 mM phenylmethylsulfonyl fluoride). For luciferase assays,
cells were lysed with the 1� lysis buffer provided by the manufacturer (Promega).
Otherwise, the cells were lysed in buffer containing: 25 mM HEPES (pH 7.6), 50
mM �-glycerophosphate, 50 mM KCl, 0.5 mM EGTA, 0.5 mM EDTA, 0.5%
Triton, 14 mM �-mercaptoethanol, 0.5 mM sodium orthovanadate, and protein-
ase inhibitors (as described above). Gel electrophoresis and Western blotting
were carried out as described previously (33). Jurkat and hepatoma G2 cells were
grown as described earlier (5, 17). Gcn2�/� and Gcn2�/� mouse embryonic
fibroblasts (MEFs) were a generous gift from Ronald Wek (Indianapolis, IN)
and were cultured as described earlier (20, 21). Affinity purification of eIF4E and
associated proteins on m7GTP-Sepharose was performed as described previously
(42).

Measurement of eIF2B activity. The guanine nucleotide exchange activity of
eIF2B was measured as described earlier by using purified human eIF2, com-
plexed with [3H]GDP, as a substrate (28). To purify ectopically expressed eIF2B
complexes from cell lysates prior to assay, we made use of the His6 tag on the
eIF2Bε polypeptide to purify them on Ni-nitrilotriacetic acid (NTA)-agarose
(Qiagen) (28). The data are shown as means � the standard error of the mean.

Luciferase assay. A total of 20 �l of 293 cell lysate (lysed with 1� manufac-
turer’s lysis buffer) was applied to a well of a 96-well plate. The luciferase activity
was assayed by using Firefly luciferase assay reagent (Promega), with a Lab-
systems Luminoskan Ascent luminometer. As a control for the contribution to
the total luciferase activity of enzyme made prior to amino acid starvation, we
also treated cells with the protein synthesis inhibitor cycloheximide for the same
period of time as the amino acid starvation and subtracted the activity of ob-
served from the other experimental values. The data are shown as means � the
standard error of the mean.

Radiolabeling of cells and peptide mapping. HEK293 cells (10-cm plates)
were transfected with the appropriate vector. After 30 h, the cells were washed
three times with phosphate-free Krebs-Ringer bicarbonate buffer (20 mM

HEPES, 107 mM NaCl, 5 mM KCl, 3 mM CaCl2, 1 mM MgSO4, 7 mM NaHCO3,
10 mM glucose) and then grown in this medium for 1 h before change to fresh
buffer containing 2 mCi of 32Pi with or without amino acids for a further 2.5 h.
Cells were lysed, and eIF2Bε was isolated by immunoprecipitation with anti-myc
antibody. Subsequently, samples were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and autoradiography. The band
corresponding to eIF2Bε was excised and digested with trypsin (and, in some
cases, Asp-N) or CNBr (100 mg/ml in 70% [vol/vol] HCOOH at 37°C overnight
in the dark), and the resulting peptides were resolved by two-dimensional map-
ping (45) or analyzed by 4 to 12% (wt/vol) acrylamide Novex gel electrophoresis,
followed by autoradiography.

RESULTS

Amino acids can regulate the activity of eIF2B without al-
tering the phosphorylation of eIF2�. To investigate the regu-
lation of eIF2B by amino acids, we used HEK293 cells since
they can readily be transfected and are very sensitive to amino
acid withdrawal, at least in terms of mTORC1 signaling (15,
42). This allows us to express tagged wild-type or mutant
eIF2B, thereby facilitating the determination of eIF2B activity,
which is otherwise hard to measure in HEK293 cell lysates.

Cells were transiently transfected with vectors encoding all
five subunits of human eIF2B (� to ε), each equipped with a
myc tag to facilitate detection (as shown in Fig. 1A) and iso-
lation, respectively. eIF2Bε also had a His6 tag. The tags were
N terminal, i.e., at the opposite end of eIF2Bε from the cata-
lytic domain and the region that binds the substrate, eIF2 (1,
12). The expression levels of eIF2B� and ε were similar, pre-
sumably because they are components of the binary catalytic
eIF2B subcomplex, but were not always identical to those of
the other three: in the experiment shown in Fig. 1A, eIF2B�,
-�, and -	 were expressed at slightly higher levels. These sub-
units form a distinct trimeric regulatory subcomplex (32).

The ectopically expressed eIF2B was isolated by using the
His6 tag, yielding purified complexes containing equimolar
amounts for the five subunits, as judged by the equal strengths
of the signals on anti-myc Western blots (Fig. 1B). The activity
of the complexes can readily be determined (Fig. 1C) (see also
reference 28). As a negative control, we also expressed a mu-
tant in which Glu577 in the catalytic domain of eIF2Bε has
been altered to alanine (E577A). This residue is predicted to
be required for eIF2B activity on the basis of the three-dimen-
sional structure of yeast eIF2Bε (4). Consistent with this, the
E577A mutant displayed very low activity in vitro (Fig. 1C).
Analysis of the amounts of eIF2� in His6 pull-downs of wild-
type and mutant eIF2B showed that very little eIF2 copurified
with the E577A mutant, the signal being similar to the “non-
specific” binding of eIF2 seen when lysates of cells transfected
with empty vector were studied (Fig. 1D). Levels of expression
of wild-type and mutant eIF2Bε were similar (Fig. 1D, lower
section). Glu577 therefore appears to be required for the sta-
ble binding of eIF2B to eIF2.

To test the effect of amino acid deprivation on the activity of
eIF2B, cells that had been transfected with vectors for wild
type eIF2B were transferred to D-PBS containing or lacking
amino acids for time-periods up to 3 h. After the period of
amino acid starvation, cells were lysed, eIF2B complexes were
purified by virtue of the His6 tag on the ε-subunit, and the
eIF2B activity was measured. Amino acid starvation caused a
reduction in the activity of eIF2B measured in this assay (Fig.
2A). The effect of amino acid deprivation was rapid, being
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evident by 30 min and maximal by 2 h. We have previously
noted in other cell types (3, 38) that (i) intracellular amino
acids are not completely depleted after amino acid starvation,
which may explain why the effects on eIF2B activity are partial,
and (ii) amino acid starvation causes only a transient reduction
in intracellular amino acid levels (they later increase, perhaps
reflecting activation of autophagy, which is negatively con-
trolled by mTOR) (27).

Starvation of HEK293 cells for amino acids did not affect the
phosphorylation state of eIF2� (Fig. 2B) but did cause a pro-
found drop in the phosphorylation of 4E-BP1, which is con-
trolled by the amino acid-regulated mTORC1 pathway and
serves as a “positive control” for the effects of amino acid
starvation (see, e.g., reference 42).

One could argue that there might be a small, undetectable,
change in eIF2� phosphorylation that nonetheless suffices to
inhibit eIF2B. When phosphorylated, eIF2 binds more tightly
to eIF2B (36). Amino acid starvation did not change the levels
of bound eIF2(�P) or total eIF2� bound to isolated eIF2B
complexes (Fig. 2C). It is thus very unlikely that the decreased
eIF2B activity is due to increased binding of eIF2B to its
competitive inhibitor, eIF2(�P).

Treatment of cells with arsenite or sorbitol markedly in-
creased eIF2� phosphorylation (Fig. 2D), slightly increased
the association of eIF2 with eIF2B complexes (data not

shown), and also inhibited eIF2B activity (Fig. 2E). However,
the change in eIF2B activity was considerably smaller than that
seen in response to amino acid starvation (Fig. 2A). If the
decrease in eIF2B activity caused by amino acid starvation
were due to an undetectably small increase in eIF2� phos-
phorylation, then its effect on eIF2B activity should be less
than that seen in response to arsenite or sorbitol, whereas the
converse is true. Taken together, these data argue strongly that
the decrease in eIF2B activity caused by amino acid starvation
is not due to increased eIF2� phosphorylation.

Amino acid starvation does not alter eIF2� phosphorylation
in certain other mammalian cell types. The observation that
amino acid starvation does not increase eIF2� phosphorylation
in HEK293 cells is similar to our earlier findings in CHO cells
(6). Potential explanations for this include (i) that Gcn2 is not
activated by amino acid starvation and (ii) that the effect of
amino acid starvation on eIF2� phosphorylation differs accord-
ing to the cell type. Starvation for amino acids did increase the
phosphorylation of eIF2� in control (Gcn2�/�) MEFs (Fig.
3A) but not in MEFs in which the Gcn2 gene has been dis-
rupted (Fig. 3B). If anything, a decrease was actually observed:
we do not understand the reasons for this, although it was a
quite consistent observation (see also Fig. 4C). Arsenite (a
“positive control”) did increase eIF2� phosphorylation in the
Gcn2�/� MEFs (Fig. 3B), ruling out the possibility that eIF2�

FIG. 1. Expression of wild-type and catalytically inactive eIF2B complexes in HEK293 cells. HEK293 cells were transfected with vectors for
myc-tagged human eIF2B (� to ε). The ε-subunit also has a His6 tag. In some cases, catalytically inactive eIF2Bε (E577A) was used. (A) Western
blot (anti-myc) of crude lysate from HEK293 cells expressing wild-type or mutant (E577A) eIF2B complexes. The positions of the subunits of
eIF2B are indicated. (B) eIF2B complexes were isolated by chromatography on nickel beads to isolate the His6-eIF2Bε and associated subunits.
“n/s” denotes a band that is not an eIF2B subunit but is detected by anti-myc. (C) The guanine nucleotide exchange activity of eIF2B complexes
isolated as in panel B was measured using eIF2.[3H]GDP as a substrate. The activity of wild-type eIF2B is set as unity (n 
 5). (D) eIF2B complexes
were isolated as in panel B but Western analysis was performed for eIF2Bε (lower section) or eIF2� (upper part). Vec, cells transfected with a
similar amount of the corresponding empty vectors. The data are representative of three independent experiments. WT, wild type.
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phosphorylation is already maximal in these cells. It is not
known how arsenite increases eIF2� phosphorylation: this is
evidently independent of Gcn2. Thus, in MEFs, amino acid
starvation does increase eIF2� phosphorylation, and this de-
pends on Gcn2.

When Gcn2�/� MEFs were starved for amino acids, 4E-BP1
underwent dephosphorylation and shifted to its less-phosphor-
ylated � and � forms (Fig. 3C). Indeed, the extent of dephos-
phorylation of 4E-BP1 was consistently somewhat greater in
the starved GCN2�/� cells than in the controls (e.g., the pro-

FIG. 2. Effects of amino acid starvation on eIF2B activity and eIF2� phosphorylation in HEK293 cells. (A) HEK293 cells were transfected with
vectors for all five subunits of human eIF2B (� to ε).(A) Cells were transferred to D-PBS containing (�AA) or lacking (�AA) for the times
indicated prior to lysis. eIF2B complexes were isolated and the guanine nucleotide exchange activity of eIF2B complexes was measured. *, P �
0.05 versus the control (n 
 3). (B) HEK293 cells were transferred to medium lacking or containing amino acids for the indicated times. Samples
of lysates were analyzed by SDS-PAGE and immunoblotting for eIF2 or phosphorylated eIF2 (eIF2[�P]) or for 4E-BP1 using antibodies that
recognize the amino acid sensitive sites Thr37/46 or total 4E-BP1. 4E-BP1 runs as two to three distinct species (which differ in their states of
phosphorylation), as indicated by the small arrows. (C) Same as panel A, but isolated eIF2B complexes were analyzed by Western blotting for total
or phosphorylated eIF2� (upper part) or for eIF2B subunits (anti-myc). “Vec” indicates cells were transfected with empty vectors. (D and E) Cells
were maintained in Dulbecco modified Eagle medium (DMEM) (� fetal calf serum [FCS]). Arsenite (0.5 mM) or sorbitol (0.4 M) was added for
25 min (or starved of amino acids as indicated). In panel D, samples of lysates were analyzed by SDS-PAGE and/or immunoblotting for eIF2 or
phosphorylated eIF2 (eIF2[�P]). In panel E, samples were processed for measurement of eIF2B activity as in panel A. The activity of eIF2B in
cells maintained in D-PBS plus amino acids is set as unity in panel A, while the activity in control cells is used as a reference in panel E. *, P �
0.05 versus the control (n 
 4).
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portion of the hypophosphorylated �-species was markedly
higher in the knockout cells; Fig. 3C). These data demonstrate
that Gcn2 is not required for the inactivation of mTORC1
signaling in response to amino acid starvation. The larger effect
of amino acid starvation in the knockout cells suggests that
Gcn2 may even offer some “protection” against the inactiva-
tion of mTORC1 signaling, perhaps because in the Gcn2�/�

cells the phosphorylation of eIF2� normally leads to inhibition
of protein synthesis, decreasing the utilization and consequent
depletion of amino acids.

In contrast to the findings for Gcn2�/� MEFs, when hepa-
toma G2 (Fig. 3D), Jurkat T (Fig. 3E), or HeLa (not shown)
cells were deprived of amino acids for periods up to 2 h, no
increase in the phosphorylation of eIF2� was observed. So-
dium arsenite or thapsigargin, positive controls, did increase
eIF2� phosphorylation (Fig. 3D and E), indicating that the
absence of a change in eIF2� phosphorylation after amino acid
starvation is not due to high basal phosphorylation. Amino acid
starvation did decrease the phosphorylation of 4E-BP1 (a tar-
get for mTORC1 signaling that serves as a positive control) in
hepatoma cells (46) (Fig. 3D). (Levels of 4E-BP1 were too low
in Jurkat cells to allow us to assess this.) Thus, the absence of
an effect of amino acid starvation on eIF2� phosphorylation is
not unique to HEK293 cells, since it is also seen in several
other cell lines (including also CHO cells) (6).

Control of eIF2B by amino acids appears not to be mediated
through mTORC1. What mechanisms might account for the
control of eIF2B activity independently of changes in eIF2�
phosphorylation? Initially, we focused on the possibility that

signaling through mTORC1 controls eIF2B, as mTORC1 sig-
naling is dependent upon amino acids and is important in the
control of other translation factors (23, 46). As expected from
earlier studies (see, for example, reference 42), starving
HEK293 cells for amino acids impaired signaling through
mTORC1, as indicated by the marked dephosphorylation of
4E-BP1. Starvation for leucine alone also impaired mTORC1
signaling (Fig. 4A). However, this did not affect eIF2B activity
in cells kept in D-PBS (Fig. 4B) or in F-12 medium (data not
shown). Starvation of cells for lysine or methionine (data not
shown) also did not affect eIF2B activity.

In budding yeast, TOR signaling can regulate eIF2� phos-
phorylation by modulating the activity of GCN2 (7). However,
treatment of HEK293 cells with rapamycin did not increase
eIF2� phosphorylation (Fig. 4A), suggesting the absence of
such a link in HEK293 cells. However, since amino acid star-
vation does not affect eIF2� phosphorylation in HEK293 cells,
it was important to test the effects of rapamycin on eIF2� in
cells where amino acid starvation does affect eIF2� phosphor-
ylation and Gcn2 is presumably activated, such as the Gcn2�/�

MEFs. As shown in Fig. 4C, rapamycin was also without effect
on eIF2� phosphorylation in these cells. This finding suggests
that there is indeed no link between mTORC1 and the control
of Gcn2 in mammalian cells. In this context, it is relevant to
note that the TOR-regulated phosphorylation site in yeast
GCN2 (Ser577) (7) is absent from its mammalian ortholog.

Treating amino acid-fed cells with rapamycin did not affect
eIF2B activity either (Fig. 4B), again indicating eIF2B is not
regulated by mTORC1 (which is consistent with our earlier

FIG. 3. Effects of amino acids on eIF2� phosphorylation in various cell types. (A to E) The indicated cells were transferred to D-PBS containing
or lacking amino acids (AA) for the indicated times (90 min in panel C). Cells were then placed in D-PBS with or without amino acids for 45 min
and, where indicated (�R), rapamycin at 100 nM was added, and the incubation was continued for a further 45 min. In some cases, cells were kept
in DMEM and treated with thapsigargin (panel D, Tg; 0.5 �M, 1 h) or sodium arsenite (panel E, Ars; 0.5 mM, 30 min). Samples were then analyzed
by SDS-PAGE and/or Western blotting for phosphorylated or total eIF2� (A, B, D, and E), for 4E-BP1 phosphorylated at Thr37/46 (C to E), or
“total” 4E-BP1 (C).
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studies) (51). However, some effects of mTORC1 are rather
insensitive to rapamycin (42) (as typified by Thr37/46 in 4E-
BP1, which corresponds to Thr36/45 in the mouse protein,
see Fig. 3C). We therefore also studied the effects of overex-
pressing Rheb, a small G-protein that specifically activates
mTORC1 signaling and increases the phosphorylation of the
rapamycin-insensitive sites in 4E-BP1 (Thr37/46) (42). Over-
expression of Rheb activated mTORC1 signaling in amino
acid-starved HEK293 cells, as illustrated by the increased
phosphorylation of 4E-BP1 and of S6 (Fig. 4A), in line with
earlier data (39, 40). However, Rheb did not reverse the fall in
eIF2B activity seen in amino acid-starved HEK293 cells (Fig.
4B), providing further evidence that eIF2B is not regulated by
mTORC1.

Phosphorylation of eIF2Bε by GSK3 inhibits eIF2B activ-
ity (48). Although amino acids have not been shown to
regulate GSK3, GSK3 can be phosphorylated and inhibited
by S6 kinase, which is linked to the mTOR pathway (52):
amino acid starvation might thus increase GSK3 activity and
phosphorylation of eIF2B. However, amino acid starvation
did not affect the phosphorylation of the GSK3 site in
eIF2Bε, as assessed by using a phospho-specific antibody
(Fig. 4D; the “6A” mutant, which lacks this site, serves as a
“negative control”).

Importantly, these findings indicate that the control of
eIF2B activity by amino acids must involve a novel mechanism
that is distinct from mTORC1 signaling and independent of
the phosphorylation of eIF2�.

Protein synthesis. In order to assess the importance of con-
trolling eIF2B activity for the overall control of mRNA trans-
lation, it was important to study the effect of amino acid star-
vation on protein synthesis. It is not appropriate to use the
standard radiolabeling methods to study the effects of amino
acid starvation on the rates of protein synthesis, since removing
amino acids (including the cold methionine) from the medium
greatly increases the specific radioactivity of the labeled amino
acid within the cell (since “cold” amino acids no longer com-
pete with the labeled one for import into the cells). As an
alternative, we therefore transfected the cells with a reporter
construct encoding a destabilized version of luciferase to allow
us to assess changes in its rate of synthesis over relatively short
time periods. Thirty hours later, we subjected the cells to
amino acid starvation. We then measured the luciferase activ-
ity. Amino acid starvation for 2 h decreased luciferase expres-
sion (Fig. 5A). However, the fall in luciferase levels was a little
smaller than that in eIF2B activity at 2 h (Fig. 2A; see also 4B),
likely because the changes in eIF2B activity are only maximal
by 2 h and are rather transient (Fig. 2A), whereas the levels of
even the destabilized luciferase reflect its synthesis over a pe-
riod of time. Treatment of cells with rapamycin for 2 h or even
24 h had no effect on luciferase levels (Fig. 5A). These data

FIG. 4. Investigation of the mechanism by which amino acids (AA)
control eIF2B. (A) HEK293 cells were transferred to F-12 medium
containing all amino acids (�L) or except leucine (�L), to D-PBS with
or without amino acids (�AA or �AA), or to D-PBS containing only
leucine (�AA/�L). Cells in D-PBS�AA were treated with rapamycin
(100 nM, 45 min; �AA/�R). Where indicated (�Rheb), cells were
transfected with a vector encoding Rheb and subsequently transferred
to PBS containing or lacking amino acids. Cells were then lysed, and
Western blots were performed for all 4E-BP1 or 4E-BP1 phosphory-
lated on Thr37/46, phosphorylated S6 (S235/236; long or short expo-
sures shown), Rheb (Flag tagged), and total or phosphorylated eIF2�,
as indicated. A total of four independent experiments was performed
in each case. (B) Cells were transfected with vectors for eIF2B(�-ε)
and 40 h later were transferred to D-PBS containing (�AA) or lacking
amino acids (�AA) or only leucine for 2 h. Where indicated (Rap)
cells were treated with rapamycin (100 nM, 45 min). In some cases,
cells were also transfected with Rheb. eIF2B complexes were isolated
and activity measured. The data are representative of six independent
experiments. (C) Gcn2�/� or Gcn2�/� cells were placed in D-PBS with
or without amino acids for 45 min and, where indicated (�R), rapa-
mycin (100 nM) was added, and the incubation was continued for a
further 45 min. Samples of cell lysate were analyzed by SDS-PAGE
and/or Western blotting for eIF2� or eIF2� phosphorylated on Ser51.
(D) HEK293 cells expressing all five eIF2B subunits, including either
wild-type or 6A mutant versions of eIF2Bε, were starved of amino

acids as in panel A, but samples of isolated eIF2B complexes were
analyzed by SDS-PAGE and/or immunoblotting using either a phos-
pho-specific antibody for the GSK3 site in eIF2Bε or anti-myc (loading
control). The 6A mutant of eIF2Bε lacks this site and five other
previously identified ones. The positions of the overexpressed (exog.)
and endogenous (endog.) eIF2Bε polypeptides are indicated.
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suggest that, although amino acid starvation does strongly im-
pair mTORC1 signaling, this impairment is not responsible
for the decrease in luciferase synthesis seen in amino acid
starved cells. This interpretation is supported by the fact
that overexpressing Rheb did not enhance luciferase activity
(data not shown), although it does promote mTORC1 sig-
naling (Fig. 4A).

To assess the extent to which eIF2B activity contributes to
the control of protein synthesis, we expressed the five-subunit
eIF2B complex in HEK293 cells and then measured the levels
of destabilized luciferase. A marked increase in luciferase ex-
pression was observed (Fig. 5B), suggesting that eIF2B activity
is limiting for protein synthesis in HEK293 cells. As a control
to establish that the effects really are due to eIF2B activity, we
expressed the inactive E577A mutant of eIF2Bε together with

wild-type eIF2B�-	. Expression of this mutant invariably in-
hibited luciferase synthesis, indicating that it has a dominant
interfering phenotype (Fig. 5B). As further controls, we also
tested the effects of ectopic expression of eIF2Bε alone or of
another single subunit of eIF2B. Expressing eIF2Bε alone did
stimulate luciferase production, a finding consistent with the
observation that the activity of eIF2Bε does exhibit some ac-
tivity (see, e.g., reference 10). In contrast, expressing other
individual eIF2B subunits actually inhibited luciferase expres-
sion, a finding consistent with the fact that only eIF2Bε pos-
sesses exchange activity: the inhibition may reflect interference
by the overexpressed single subunit with the proper formation
of functional eIF2B holocomplexes. We also coexpressed all
three eIF2 subunits with the luciferase reporter. Cells did not
tolerate overexpression of eIF2 very well, and luciferase ex-

FIG. 5. Regulation of protein synthesis by eIF2B or amino acids in HEK293 cells. (A) Cells were transfected with a vector encoding destabilized
luciferase (Luc). After transfer to D-PBS containing (�AA) or lacking (�AA) amino acids for 2 h, cells were then lysed, and the luciferase activity
was determined (n 
 4). In some cases, rapamycin (100 nM) was added to DMEM for 24 h prior to lysis. (B) Cells were cotransfected with the
luciferase vector and, where indicated, vectors for eIF2B�-	 and either wild-type (WT) or mutant (E577A) eIF2Bε. Cells were then lysed, and the
luciferase activity was measured (n 
 7). (C) Cells were transfected with a vector encoding myc-tagged versions of wild-type eIF2B or myc-eIF4E
and then transferred to D-PBS lacking amino acids (as indicated) for 2 h. Western blots were performed for myc eIF2B and myc eIF4E. (D) Cells
were transfected with a vector encoding eIF4E (or empty vector), and then transferred to D-PBS containing (�AA) or lacking (�AA) amino acids
for 2 h. eIF4E/4G complexes were isolated on m7GTP Sepharose. The bound material was analyzed by SDS-PAGE and Western blotting with
antibodies for eIF4G, eIF4E, and 4E-BP1. (E) Cells were cotransfected with the luciferase vector and either with wild-type eIF2B or eIF4E. Cells
were transferred to D-PBS (without amino acids) for 2 h prior to lysis. Luciferase activity was determined. *, P � 0.05.
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pression was actually inhibited. The reasons for this are un-
known but may reflect sequestration by eIF2 of other factors to
which it binds such as eIF5, ABC50, or maybe eIF2B. We have
not pursued this further.

The initiation factor eIF4E is a well-studied target for con-
trol by mTORC1 and amino acids, its availability being regu-
lated by the 4E-BPs (24, 44), and is widely considered to play
a pivotal role in the control of translation initiation (30, 41).
We therefore assessed the effects of overexpressing eIF4E on
formation of initiation complexes containing eIF4G (Fig. 5C
and D) and on luciferase expression (Fig. 5E). Since the eIF4E
and eIF2B constructs are both singly myc tagged, it is evident
from Fig. 5C that eIF4E expressed at a higher level than
eIF2B. Overexpressing eIF4E greatly increased levels of
eIF4G/eIF4E complexes (assessed after isolation of eIF4E by
affinity chromatography, followed by Western blot analysis;
Fig. 5D) under both amino acid-starved and amino acid-fed
conditions. Slightly more 4E-BP1 was also recovered in
m7GTP-pull downs from cells overexpressing eIF4E. (The ap-
parent differential increases in binding of eIF4G and 4E-BP1
to eIF4E likely reflects both their relative levels in HEK293
cells and their relative affinities for eIF4E: 4E-BP1 presumably
normally binds more tightly than eIF4G, since it outcompetes
eIF4G for binding to eIF4E.) However, high-level expression
of eIF4E had no detectable effect on luciferase levels in amino
acid-starved cells, in contrast to the marked effect of expressing
a lower level of eIF2B (Fig. 5E). As expected, overexpressing
eIF2B had no effect on eIF4G binding to eIF4E (data not
shown). These data indicate that eIF4E is less important than
eIF2B for the control of protein synthesis in amino acid-
starved HEK293 cells. Similar findings were made in amino
acid fed cells, where eIF2B markedly stimulated luciferase
levels, whereas eIF4E had very little effect (data not shown).

Amino acids regulate the phosphorylation of eIF2B� at a
novel site. Given that the inhibition of eIF2B activity induced
by amino acid starvation is apparently not due to eIF2� phos-
phorylation or mTORC1 signaling, we considered the possibil-
ity that eIF2B activity might be regulated by amino acid-sen-
sitive phosphorylation of eIF2B itself. We have previously
identified six phosphorylation sites in the ε-subunit of eIF2B
(45). To determine whether eIF2Bε underwent amino acid-
sensitive phosphorylation, we created a mutant in which these
six sites were mutated to alanines (eIF2Bε[6A]) and expressed
this, with the other four wild-type subunits, in HEK293 cells.
The cells were subjected to metabolic labeling with [32P]ortho-
phosphate. eIF2B complexes were then isolated and analyzed by
SDS-PAGE and autoradiography. There was no detectable
labeling of eIF2Bε[6A] in amino acid-fed cells (Fig. 6A) but,
strikingly, it underwent marked phosphorylation in amino acid-
starved cells. eIF2Bε therefore contains at least one additional
(novel) phosphorylation site that is controlled by the amino
acid status of the cells. The other subunits of eIF2B copurify
with the eIF2Bε[6A] polypeptide: no difference in their radio-
labeling was apparent when samples from amino acid-fed
and from amino acid-starved cells were compared (data not
shown).

To study this further, the experiment was repeated using
wild-type and 6A versions of eIF2Bε. The radiolabeled eIF2Bε
bands were excised from the gel and digested with trypsin
(followed in some cases by Asp-N). The resulting phosphopep-

tides were displayed by two-dimensional mapping, followed by
autoradiography. Peptide maps from wild-type eIF2Bε con-
tained about seven main phosphopeptides and some minor
species (which may be partial digestion products; Fig. 6B), a
finding consistent with the presence in eIF2Bε of at least six
sites of phosphorylation (45). These maps differ from our ear-
lier ones (45) because that study was performed using rat, not
human, eIF2Bε. Although the pattern of peptides from wild-
type eIF2Bε was almost identical for amino acid-starved (Fig.
6B, top) and amino acid-fed (Fig. 6B, bottom) cells, one strik-
ing difference was apparent: the position of one phosphopep-
tide shifted between the two conditions (spots arrowed in Fig.
6B). The peptide from eIF2B from amino acid-starved cells
migrated further toward the anode, indicating a gain in nega-
tive charge. The peptide thus likely contains two sites of phos-
phorylation, only one of which is labeled under amino acid-fed
conditions. The amino acid-regulated peptide scarcely mi-
grated in chromatography and tended to run as a streak in
electrophoresis, indicating a highly hydrophilic species (Fig.
6B).

Tryptic phosphopeptide maps from eIF2Bε(6A) isolated
from amino acid-fed cells contained none of the peptides seen
for the wild-type protein (Fig. 6C, top; cf. Fig. 6B). Thus, no
sites eIF2Bε(6A) are phosphorylated under amino acid-fed
conditions, implying that the second site in the peptide affected
by amino acid starvation is a known one. Analysis of the
eIF2Bε[6A] mutant from amino acid-starved cells yielded a
one major phosphopeptide with net positive charge. The fact
that this peptide was absent from maps derived from eIF2Bε
from amino acid-fed cells (Fig. 6B) likely explains why it was
not detected in our earlier experiments using amino acid-re-
plete cells (45). Further digestion of this peptide with Asp-N
yielded a single major peptide which migrated toward the an-
ode (Fig. 6C, lower section), indicating that it represents the
N-terminal part of the tryptic peptide discussed above (since
the C-terminal section of would contain a Lys or Arg and have
a net positive charge at this pH).

Careful inspection of the sequence of human eIF2Bε reveals
16 theoretical peptides defined by tryptic and Asp-N cleavage
sites that contain serine and/or threonine residues and would
have a net negative charge (if phosphorylated) at pH 1.9 (at
which the electrophoresis step is run). However, this is insuf-
ficient to define the amino acid-regulated phosphorylation
site(s) in eIF2Bε. To study this further, we used a third cleav-
age procedure, CNBr, which cleaves C-terminal to methio-
nines. Since methionines are relatively uncommon (15 in hu-
man eIF2Bε), a smaller set of generally larger peptides is
generated. Gel chips containing wild-type or 6A mutant
eIF2Bε from radiolabeled cells that had been starved of amino
acids were therefore digested with CNBr. As a control, the 6A
mutant was also labeled in amino acid-fed cells. The resulting
peptides were analyzed by 4 to 12% (wt/vol) acrylamide Novex
gel electrophoresis (Fig. 6D). Wild-type eIF2Bε yielded three
phosphopeptides with apparent Mrs of 20 kDa, 4 to 5 kDa, and
�1.5 kDa, respectively (Fig. 6D, arrows a to c). The two larger
species (arrows a and b in the figure) were absent from the 6A
mutant. Based on their observed sizes, “a” presumably contains
Ser466/469 identified earlier (predicted CNBr fragment 
 20
kDa) whereas “b” likely contains the extreme C-terminal sites
(Ser717/8). The GSK3 and priming sites are contained within
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a 14-residue fragment (likely species “c”). Consistent with this,
no peptide is seen in this position for the 6A mutant from
amino acid-fed cells. However, a fragment of this size is visible
in the 6A sample from starved cells: thus, the amino acid-

regulated site is located in a peptide similar in size to the one
containing the GSK3 site, i.e., around 14 residues.

Identification of the amino acid-sensitive phosphorylation
of eIF2B� as Ser525. Given these two sets of data (character-

FIG. 6. Identification of the amino acid-regulated phosphorylation site in eIF2Bε. (A) HEK293 cells were transfected with vectors for all five
subunits of eIF2B, including a mutant of eIF2Bε in which all six known sites of phosphorylation were converted to alanine (6A). After 30 h, cells
were labeled with [32P]orthophosphate for 2.5 h. After lysis, eIF2B complexes were isolated by myc immunoprecipitation. Samples were analyzed
by SDS-PAGE and autoradiography. (B) Same as in panel A, but using WT eIF2Bε. The eIF2Bε band was excised and digested with trypsin. The
resulting peptides were resolved by two-dimensional mapping, where the polarity (�/�) and the direction of chromatography (1) are shown. “X”
marks the origin where the samples were applied, the diamond marks the position of the marker (DNP-lysine), and the solid circle shows where
the marker was loaded. Diagonal arrows denote peptides discussed in the text. (C) Same as in panel A, and eIF2B complexes were isolated and
resolved by SDS-PAGE as in panel B. Phosphopeptides from eIF2Bε were generated and displayed as in panel B, except that in one case they were
further digested with Asp-N after the initial tryptic cleavage. (D) Same as in panel B, except that eIF2Bε was digested with CNBr, not trypsin, and
peptides were resolved by SDS-PAGE (using 4 to 12% [wt/vol] acrylamide gels). The positions of the molecular weight markers and the three
radiolabeled peptides a to c discussed in the text are indicated. (E) Same as in panel A, but cells were transfected with vectors for eIF2Bε[6A] in
which the indicated additional serine residues had been mutated to alanine and in all cases cells were deprived of amino acids. (F) Same as in panel
B, except that, in addition to the 6A mutant, the other indicated mutants were also analyzed. The dotted ellipse in the lower left panel shows where
the peptide that is absent from this map, but present in the others, would be expected to migrate.
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istics of tryptic and tryptic/Asp-N peptides; size of CNBr frag-
ments), only one region of eIF2Bε emerges as a possible loca-
tion for the novel phosphorylation site (Table 1). It contains
five serines (525, 527, 529, 532, 535, and 540). However, Ser540
(marked with an asterisk in Table 1) is known to be the phos-
phorylation site for GSK3 (48) and is an alanine in the 6A
mutant (so can be excluded). Ser527 is replaced by another
phosphorylatable residue (threonine) in rodents (Table 1).
Ser535 may be excluded because, after digestion with trypsin
and Asp-N, it will be found in a positively charged peptide,
whereas the peptide containing the amino acid-regulated site is
negatively charged (Fig. 6C, lower section). Ser535 is also not
conserved in other mammalian species (Table 1). Four resi-
dues thus remained as possible candidates. The tryptic peptide
from wild-type eIF2Bε that contains these residues also con-
tains Ser540, which, as already mentioned, is phosphorylated
by GSK3. This concurs with the above interpretation (from
data in Fig. 6B and from Fig. 6C, top part) that the tryptic
phosphopeptide containing the amino acid-regulated site also
contains a known site of phosphorylation.

One potential way to identify phosphorylation sites is by
tandem mass spectrometry. We collaborated with three differ-
ent laboratories that are expert in this technology, but none
could identify the phosphorylation site. This likely reflects the
fact that this peptide lacks net positive charge, while the in-
struments in these laboratories run in “positive-ion mode.”
Although the tryptic fragment does contain a C-terminal argi-
nine, the peptide is rich in acidic residues, and this negative
charge is augmented both by the probable phosphorylation site
and the propensity of methionine residues (two in this peptide)
to undergo oxidation and gain negative charge.

As an alternative, we created further mutants of eIF2Bε in
the “6A” background, replacing each of the serines 525, 527,
529, and 532 by alanine, to create four “7A” mutants. These
mutants were expressed individually as his/myc tagged fusions
in HEK293 cells (together with the other four eIF2B subunits
� to 	). Cells were transferred to amino acid-free medium and
labeled with [32P]orthophosphate. Samples were analyzed by
SDS-PAGE and autoradiography (Fig. 6E), and then peptide
maps were prepared from the labeled eIF2Bε as before (Fig.
6F). Labeling was observed for all of the mutants tested, but
the incorporation into the “6A�S525A” mutant was strikingly
lower than for the others (Fig. 6E and data not shown). The

low residual level of phosphorylation reflects incorporation
into the linker region (between the myc tag and the eIF2Bε
sequence), as determined by mass spectrometric analysis of
tryptic peptides (data not shown).

It is also clear that the peptide normally observed in maps
from the 6A mutant is absent from that derived from the
S525A mutant (indicated by dotted ellipse; Fig. 6F) but still
present in maps from the S529A and S532A mutants (Fig. 6F)
and in those from the mutant at the nonconserved serine
(S527A; data not shown). Taking all of these data together, we
deduce that Ser525 is the phosphorylation site in eIF2Bε that
is regulated by amino acid availability.

Mutating Ser525 renders eIF2B insensitive to amino acid
starvation. To test the role of Ser525 in regulating the activity
of eIF2B in response to amino acids, we created a mutant in
which this residue was replaced by a nonphosphorylatable one,
alanine (eIF2B[S525A]). This mutant was expressed, with the
other four wild-type eIF2B subunits, in HEK293 cells. Amino
acid starvation had no significant effect on the activity of the
S525A mutant, in contrast to the roughly twofold difference
seen for wild-type eIF2B (Fig. 7A). Indeed, under both con-
ditions the activity of the S525A mutant was at least as high as
that of WT eIF2B from amino acid-fed cells. These data are
consistent with the conclusion that the phosphorylation of
wild-type eIF2Bε at Ser525 in the absence of amino acids
serves to decrease its activity. The findings also indicate that
Ser525 alone suffices to confer sensitivity to amino acids. Thus,
no other regulatory mechanisms, intrinsic or extrinsic to eIF2B
(e.g., other phosphorylation sites in the eIF2B complex or
phosphorylation of eIF2�), are required for this effect.

In some cases, glutamates or aspartates can mimic the effect
of P-serine. Based on the above data, such mutations would be
expected to reduce eIF2B activity under amino acid-fed con-
ditions. However, when we expressed the relevant mutants of
eIF2Bε in HEK293 cells, no differences between the activity of
these eIF2B complexes and wild-type eIF2B complexes were
seen (data not shown). The structures of Glu and Asp differ
quite significantly from that of P-Ser, and it seems that in this
case they do not mimic phosphorylation at Ser525.

Finally, we sought to determine whether the phosphoryla-
tion of Ser525 was important for the control of protein syn-
thesis by amino acids by transfecting HEK293 cells with vectors
for the luciferase reporter and vectors for eIF2B subunits,
including either wild-type eIF2Bε or the S525A mutant. After
30 h, the cells were transferred to medium containing or lack-
ing amino acids, and 2 h later the cells were lysed and the
luciferase activity was measured. Under both conditions, ex-
pression of eIF2B again substantially enhanced luciferase lev-
els (Fig. 7B). In cells expressing wild-type eIF2B, luciferase
levels were significantly lower (P � 0.05) under amino acid-
deprived conditions than under amino acid-fed ones. This is
consistent with the ability of amino acids to promote the ac-
tivity of the ectopically expressed wild-type eIF2B. In contrast,
in cells expressing the S525A mutant, the luciferase levels were
not affected by amino acid starvation and were similar to those
seen in amino acid-fed cells expressing the wild-type protein.
These data indicate (i) that eIF2B plays a key role in the
control of protein production (synthesis) in response to amino
acids and (ii) that the phosphorylation site at Ser525 is re-
quired for this.

TABLE 1. Sequences of eIF2Bε from mammalian species showing
the region containing the amino acid-regulated sitea

Organism Sequence

2 2 � ¶2
Homo sapiens .................................KINMEEESESESEQSMDSEEPDSRGGSPQMDDI
Pan troglodytes................................KINMEEESESESEQSMDSEEPDSRGGSPQMDDI
Macaca mulatta..............................KINMEEESESESEQSMDSEEPDSRGGSPQMDDI
Canis lupus familiaris ....................TINMEEESETESEQSMDSEELDSRAGSPQMDDI
Oryctolagus cuniculus ....................TINEEEESETESERSMDSEELDSRAGSPQLDDI
Rattus norvegicus............................MINMEEESETESERSVDPEELDSRAGSPQLDDI
Mus musculus .................................MIKTEEESETESEGSVDPEELDSRAGSPQLDDI

a Conserved serine residues are in boldface (no threonines are conserved
between these seven sequences). These include the known regulatory sites phos-
phorylated by GSK3 (�) and the requisite priming kinase (¶). Acidic residues are
underlined, and tryptic cleavage sites in the human sequence are indicated by a
double underline. The numbering is based upon the sequence of human eIF2Bε
(used in the present study). Positions 525, 535, and 545 are indicated by the
arrows from left to right, respectively.
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mGcn2 is not required for the control of eIF2B by amino
acids. To test whether mGcn2 is needed for the control of
eIF2B by amino acids through the phosphorylation of Ser525,
we transfected wild-type MEFs and MEFs lacking mGcn2 with
vectors for the luciferase reporter and either all five wild-type
subunits of eIF2B or the eIF2Bε(S525A) mutant and wild-type
versions of eIF2B�-	. In some cases, cells were starved of
amino acids for 90 min (the time at which the effect of amino
acid starvation on intracellular amino acid concentrations ap-
pears to be maximal, although it still only causes partial deple-
tion at that time (3, 38). As shown in Fig. 7C, amino acid
starvation impaired luciferase expression in wild-type MEFs,
and this effect was essentially lost when the S525A mutant was
used (but not with wild-type eIF2B). This suggests that the
regulation of eIF2B via its phosphorylation at S525 in eIF2Bε
also operates in cells where amino acid starvation does in-
crease eIF2� phosphorylation. Given that eIF2(�P) acts as a
competitive inhibitor of eIF2B (36), the fact that eIF2B is
being overexpressed in these experiments may diminish the
effects of eIF2� phosphorylation.

Amino acids still affected luciferase expression in mGcn2�/�

MEFs. The effect was smaller than in the wild-type MEFs,
presumably because in the wild-type cells the increased phos-
phorylation of eIF2� that is induced by amino acid withdrawal
(Fig. 3A) also contributes to the impairment of luciferase ex-
pression. Expression of the S525A mutant again eliminated the
difference in luciferase expression between amino acid-fed and
amino acid-starved cells. Thus, it appears that mGcn2 is not
required for the control of wild-type eIF2B by amino acids,
implying that it is not the kinase that phosphorylates Ser525.
This is consistent with data from our in vitro experiments using
isolated recombinant mGcn2, where it was unable to phos-
phorylate purified eIF2B (data not shown).

DISCUSSION

Here, we report four main findings: (i) that amino acid
starvation impairs the activity of human eIF2B, independently
of changes in eIF2� phosphorylation; (ii) that the effect of
amino acids on eIF2B activity is also apparently independent
of mTOR, the major known amino acid regulated signaling
pathway in mammalian cells; (iii) that amino acids regulate the
phosphorylation of a novel conserved site in the catalytic sub-
unit of eIF2B (ε), Ser525, which is adjacent to the known
regulatory phosphorylation sites (Table 1); and (iv) that Ser525
is essential for the control of eIF2B activity by amino acids.
Our data also indicate that that there is no “cross talk” be-
tween the mTORC1 and Gcn2 amino acid signaling mecha-
nisms. An earlier report suggested that mTORC1 was inhib-
ited by the accumulation of uncharged tRNA (19) and that this
effect might be mediated through the activation of Gcn2. It is
possible that uncharged tRNA does regulate mTORC1 under

FIG. 7. Ser525 in eIF2Bε plays a key role in regulating eIF2B and
protein synthesis. (A) HEK293 cells were transfected with vectors for
all five subunits of eIF2B, including either wild-type eIF2Bε or the
S525A mutant. Cells were subsequently transferred to D-PBS with or
without amino acids (AA). Two hours later, cells were lysed, eIF2B
complexes were isolated and their activities were determined (n 
 6).
The panel above the graph shows an immunoblot for myc-eIF2Bε.
(B) As in in panel A, but cells were cotransfected with the vector for
destabilized luciferase. The luciferase activity was measured (n 
 4). A
blot for myc-tagged eIF2Bε is shown above panel A. Other eIF2B
subunits were also expressed at similar levels in all four samples (not
shown). (C) MEFs (mGcn�/� or mGcn2�/�, as indicated) were trans-
fected with eIF2B and luciferase vectors as in panel B, but using
GenePORTER (Genlantis, San Diego, CA). Cells were subsequently

transferred to D-PBS with or without amino acids (AA) for 90 min (the
time at which intracellular amino acid depletion is maximal) (3, 38).
The luciferase activity was measured (n 
 5 to 6). Again, immunoblot
analysis revealed that wild-type and S525A eIF2Bε were expressed at
similar levels (data not shown).
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some conditions. Since the accumulation of uncharged tRNAs
may prejudice the fidelity of translation, it may be advanta-
geous to mammalian cells to possess mechanisms that can shut
off translation independently of their build-up, such as the
control of mTORC1 and probably the new mechanism for
controlling eIF2B that we identify in this report.

In HEK293 cells, the control of eIF2B by amino acids is
independent of the two previously identified ways in which
translation factor activity can be controlled by amino acids.
One of these involves mTOR, which couples control of several
proteins involved in mRNA translation to amino acid avail-
ability (e.g., eIF4E [via the 4E-BPs]; S6 and eEF2 [46]). The
control of eIF2B may be distinguished from the effects medi-
ated by mTOR in several ways. First, it is not observed in
response to starvation of cells only for leucine, a maneuver that
causes profound inhibition of mTOR signaling in HEK293
cells (Fig. 4B) and, second, unlike the control of targets for
mTOR, expression of the mTOR regulator Rheb cannot “res-
cue” the activity of eIF2B (Fig. 4B). In addition, most amino
acid-dependent effects of mTOR are inhibited by rapamycin:
however, pretreatment of cells with rapamycin had no effect on
eIF2B activity (Fig. 4B) or its activation by insulin (51).

The second mechanism, best described from budding yeast,
involves the phosphorylation of eIF2 by the protein kinase
Gcn2p which leads to inhibition of eIF2B, since eIF2(�P) is a
competitive inhibitor of eIF2B. Our data show that starvation
of HEK293 cells for amino acids does not elicit increased
phosphorylation of eIF2� and that there is no increase in the
amount of eIF2(�P) bound to eIF2B in amino acid-starved
cells.

The fact that the effect of amino acid starvation on eIF2B
activity is partial may reflect one or more factors: e.g., amino
acid depletion is likely not complete, the phosphorylation of
Ser525 in eIF2Bε may also not be complete, and such phos-
phorylation may not totally inhibit eIF2B activity. Finally, it is
possible that the in vitro assay conditions for eIF2B may not
reveal the full extent of the change in eIF2B activity within the
cell.

The amino acid-regulated phosphorylation site (Ser525) lies
in a region adjacent to the other phosphorylation site that is
known to control the activity of eIF2B, i.e., the site for GSK3
(45, 48). This region, which lies immediately N-terminal to the
catalytic domain of eIF2Bε, thus appears to control eIF2B
activity in response to amino acids and hormones or growth
factors. The identity of the kinase and/or phosphatase that
modulate eIF2B phosphorylation in response to amino acids
remain to be established. Its identification is clearly an impor-
tant goal but lies beyond the scope of the present study. It is
unlikely to be Gcn2 firstly because amino acid starvation does
not increase eIF2� phosphorylation in HEK293 cells (suggest-
ing Gcn2 is not activated) and, secondly, because, when we
tested whether Gcn2 could phosphorylate eIF2B in vitro, no
phosphorylation of any subunit of eIF2B was observed (data
not shown). Third, amino acid starvation still decreases lucif-
erase expression in cells that lack mGcn2, and this effect is
eliminated by expression the eIF2Bε(S525A) mutant, showing
that mGcn2 is not required for the control of protein synthesis
through the phosphorylation of eIF2B at this site. The S6
kinases are regulated by amino acids but are inactive in amino
acid-starved cells (2) and can therefore be excluded as candi-

dates for catalyzing the amino acid-suppressed phosphoryla-
tion of Ser525 in eIF2Bε.

In HEK293 cells, eIF2B appears to be a more important
regulator of protein synthesis than proteins that are controlled
by mTOR in a rapamycin-dependent manner, such as eIF4E,
eIF4B, or S6. At least in these cells, the activity of eIF2B seems
to play a greater role than the availability of eIF4E in deter-
mining the overall rate of protein synthesis, whether in the
absence or in the presence of amino acids. This important role
for eIF2B in controlling translation initiation is consistent with
the presence in mammalian cells of no fewer than four distinct
protein kinases that control eIF2B activity through the phos-
phorylation of its substrate, eIF2 (47) and with the operation of
other regulatory mechanisms to modulate eIF2B activity (e.g.,
through GSK3 or mitogen-activated protein kinase signaling
(25, 34, 48). Evidence that eIF2B plays a major role in regu-
lating overall protein synthesis and cell growth come from
studies by Sadoshima and coworkers, who showed that over-
expression of eIF2Bε can drive the growth of neonatal car-
diomyocytes (16). Overexpression of eIF2Bε also activates
protein synthesis and promotes cell growth in adult rat cardio-
myocytes (Y. Wang, B. Huang, and C. G. Proud, unpublished
data). Our data are consistent with the finding that eIF2B,
rather than eIF4F, plays a major role in the control of protein
synthesis in response to amino acid starvation in L6 myoblasts
(22). eIF2B is also implicated in the control of protein synthe-
sis in response to amino acid imbalance (raised levels of
leucine, glutamine, and tyrosine) in the perfused liver (22, 37).

Our data indicate that overexpression of eIF2B is much
more effective than overexpression of eIF4E in increasing gen-
eral protein synthesis, even though the levels of eIF4G/eIF4E
complexes are greatly enhanced in the latter case. This is con-
sistent with the idea that eIF4E promotes the translation of
specific mRNAs (see, for example, reference 31), while eIF2B
is needed for all initiation events, on account of its role in
regenerating active eIF2.GTP.

In conclusion, these studies identify (i) a novel mechanism
by which amino acid availability can modulate translation ini-
tiation and (ii) a new regulatory phosphorylation site in eIF2B
which is controlled by amino acids. Furthermore, our findings
point to a novel regulatory mechanism by which amino acids
signal to the translational machinery, which is distinct from the
two main known mechanisms in mammalian cells, the control
of mTORC1 and of Gcn2. We also provide evidence that
mTORC1 signaling does not regulate Gcn2 in mammalian
cells (in contrast to the situation in yeast) (7) and that Gcn2 is
not required for regulation of mTORC1 by amino acid starva-
tion.
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