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ABSTRACT: Phosphorylation of serine 51 residue on theR-subunit of eukaryotic initiation factor 2 (eIF2R)
inhibits the guanine nucleotide exchange (GNE) activity of eIF2B, presumably, by forming a tight complex
with eIF2B. Inhibition of the GNE activity of eIF2B leads to impairment in eIF2 recycling and protein
synthesis. We have partially purified the wild-type (wt) and mutants of eIF2R in which the serine 51
residue was replaced with alanine (51A mutant) or aspartic acid (51D mutant) in the baculovirus system.
Analysis of these mutants has provided novel insight into the role of 51 serine in the interaction between
eIF2 and eIF2B. Neither mutant was phosphorylated in vitro. Both mutants decreased eIF2R phosphorylation
occurring in hemin and poly(IC)-treated reticulocyte lysates due to the activation of double-stranded RNA-
dependent protein kinase (PKR). However, addition of 51D, but not 51A mutant eIF2R protein promoted
inhibition of the GNE activity of eIF2B in hemin-supplemented rabbit reticulocyte lysates in which relatively
little or no endogenous eIF2R phosphorylation occurred. The 51D mutant enhanced the inhibition in GNE
activity of eIF2B that occurred in hemin and poly(IC)-treated reticulocyte lysates where PKR is active.
Our results show that the increased interaction between eIF2 and eIF2B protein, occurring in reticulocyte
lysates due to increased eIF2R phosphorylation, is decreased significantly by the addition of mutant 51A
protein but not 51D. Consistent with the idea that mutant 51D protein behaves like a phosphorylated
eIF2R, addition of this partially purified recombinant subunit, but not 51A or wt eIF2R, increases the
interaction between eIF2 and 2B proteins in actively translating hemin-supplemented lysates. These findings
support the idea that phosphorylation of the serine 51 residue in eIF2R promotes complex formation
between eIF2R(P) and eIF2B and thereby inhibits the GNE activity of eIF2B.

Eukaryotic initiation factor 2 (eIF2)1 is a three-subunit
protein composed ofR-, â-, andγ-subunits with different
molecular masses and is required in the first step of initiation
of protein synthesis (reviewed in refs1-4). eIF2 promotes
the joining of initiator tRNA, Met-tRNAi, to 40S ribosomal
subunit to form the 43S preinitiation complex. Upon joining

to the 60S ribosomal subunit, GTP is hydrolyzed and eIF2
is released as eIF2‚GDP. Prior to joining Met-tRNAi for
another round of initiation, the GDP in eIF2 must be
exchanged for GTP. This guanine nuucleotide exchange
(GNE) reaction is catalyzed by eIF2B, an important rate-
limiting heteropentameric protein involved in polypeptide
chain initiation (reviewed in refs5 and6).

Phosphorylation of theR-subunit in eIF2 occurs in cells
or in cell-free translational systems in response to various
stimuli. These are heme-deficiency (7-10), viral infection,
or low levels of double-stranded RNA (9, 11), amino acid
and nutrient starvation (12-15), purine limitation (16), serum
and growth factor deprivation (17-19), transient transfection
of certain plasmids (20), cerebral ischemia (21), exercise (22),
heat shock (23, 24), heavy metals (25-27), and release of
calcium from the endoplasmic reticulum (ER) or ER-stress
(28-32). In addition, oxidizing agents such as oxidized
glutathione (33, 34), pyrroloquinoline quinone (35), sodium
arsenite (32), denatured proteins (36), nitric oxide (37) etc.,
also are found to stimulate eIF2R phosphorylation. Phos-
phorylation is correlated with a global inhibition of protein
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synthesis in cell-free translational systems obtained from
reticulocyte lysates, or, selective stimulation of certain
mRNAs over the others as in the case of yeast subjected to
amino acid starvation (reviewed in refs38-40). Recent
studies suggest that eIF2R phosphorylation plays an impor-
tant role in growth and development and in apoptosis (41-
45). Phosphorylation of eIF2R is now clearly recognized as
a major mechanism in the regulation of initiation step of
eukaryotic protein synthesis.

Several specific eIF2R kinases have been identified and
cloned to date (reviewed in refs46-48). These include heme-
regulated kinase (HRI) (reviewed in ref49), double-stranded
RNA-induced protein kinase (PKR) (reviewed in ref50),
GCN2 kinase from yeast (reviewed in ref51), Drosophila
and mouse (52, 53), PfPK4 from malarial parasite (54),
pancreatic eIF2R kinase, and PEK (55, 56) also called PERK,
an ER-resident kinase (57). All eIF2R kinases share sequence
and structural similarities distinguishable from those of other
serine-threonine kinases, phosphorylate serine 51 residue in
eIF2R and are regulated by different stress signals.

Phosphorylation of eIF2R inhibits the GNE activity eIF2B
in vitro (58) and in translating extracts (59-61). Phospho-
rylation of a small portion (20-30%) of total eIF2R can
efficiently sequester the less abundant eIF2B and form a 15S
complex, eIF2R(P)‚eIF2B in which eIF2B becomes non-
functional (62). This event leads to an impairment in the
recycling of eIF2 (62, 63) and is the cause for inhibition of
protein synthesis. Expression of mutants of eIF2R, in which
the putative phosphorylation sites, serine residues at 48 and
51, were changed to alanine, mitigates the inhibition of
protein synthesis (64, 65) and the reduction in GNE activity
of eIF2B (66) caused by eIF2R phosphorylation in cultured
mammalian cells. While 51A mutant was not phosphorylated,
48A mutant was used as a substrate. In contrast, expression
of a serine 51 to aspartic acid mutant (51D) inhibited protein
synthesis. The mutants of eIF2R were useful in resolving
the phosphorylation sites in mammalian eIF2R (67, 64), in
elucidating the protein synthesis defects caused due to eIF2R
phosphorylation in such cases as heat shock and calcium
sequestration (65, 68), in determining the importance of
eIF2R phosphorylation in growth and development and in
apoptosis (41, 44) and also in expressing eIF2R kinases that
are inhibitory for protein synthesis (69).

In a recent study, we have shown that the serine 48 residue,
which is not phosphorylated, is however required for the
formation of a complex between eIF2R(P) and eIF2B when
the serine residue in 51 is phosphorylated (70). To further
understand the importance of serine 51 phosphorylation in
the formation of eIF2R(P)‚eIF2B complex and intersubunit
protein interactions, we studied the phosphorylation of eIF2R,
GNE activity of eIF2B, and formation of eIF2R(P)‚eIF2B
complex in hemin or hemin and poly(IC)-treated reticulocyte
lysates in the presence of partially purified recombinant
human eIF2R wt, mutants of 48A, 51A, and 51D proteins.
Our findings support the hypothesis that phosphorylation of
serine 51 in wt or native eIF2R promotes complex formation
between eIF2 and eIF2B, and thereby impairs the GNE
activity of eIF2B.

MATERIALS AND METHODS

Materials. The pETFVA- vector harboring wild-type or
mutants of human eIF2R was described previously (71).

Baculovirus transfer vector pBakPAK8 and pBakPAK6 (Bsu
36I digest), the transfecting agent lipofectin were obtained
from Clonetech. Random primer labeling kit, hybond N+

membrane, [R-32P]dCTP, were purchased from Amersham.
Poly(IC), a synthetic double-stranded RNA, was obtained
from Calbiochem. Restriction enzymes, anti-mouse IgG
raised as a rabbit-alkaline phosphatase conjugate, and
Western developing agents NBT and BCIP were obtained
from Promega Corp. A polyclonal phosphospecific anti-
eIF2R antibody was purchased from Research Genetics.
Monoclonal antibodies for eIF2R, eIF2Bε, and HRI proteins
produced respectively in Drs. E. C. Henshaw, C. Proud, and
I. M. London’s laboratories were kindly provided by Dr.
J.-J. Chen (Massachusetts Institute of Technology, Cam-
bridge, MA). GDP, CPK, DTT, and protease solutions were
purchased from Boehringer and Mannheim, GmbH. Fetal calf
serum and antibiotics were from GIBCO BRL. Insect cell
culture medium (TNM-FH) and various other chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO). [8-3H]-
GDP (2 mM, 9 Ci/mmol) was obtained from Dupont, NEN,
while [γ-32P]ATP (3000 Ci/mmol) was obtained from BRIT
(Mumbai, India).

Preparation and Identification of the Recombinant Bacu-
loVirus Transfer Vector.Amplification of parent vector
harboring wt or 51A or 51D in DH5R cells, isolation of 1.6
kb eIF2R insert from the vector DNA, cloning of the same
into pBacPAK8 transfer vector, and amplification of transfer
vector carrying the insert in the right orientation were carried
out as described earlier (70). The Spodoptera frugiperda
(Sf9) cell line was maintained in complete TNM-FH medium
containing 10% fetal calf serum and anti-mycotic and
antibiotic solutions as described previously (69, 72). Re-
combinant baculoviruses were generated in vitro by trans-
fectingBsu36I-digested AcNPV virus DNA (Clonetech) into
Sf9 cells as described previously (73).

Plaque assays were carried out to obtain recombinant
viruses from a single clone, and the positive plaques were
identified by dot blot hybridization using [R-32P]dCTP-
labeled cDNA. Amplification of recombinant viruses were
carried out to increase the titer of the recombinant virus in
a stepwise manner.

Determination of eIF2R Expression.Expression of re-
combinant eIF2R in the Sf9 cell extracts transfected with
the recombinant viruses was checked using a monoclonal
anti-eIF2R antibody as described earlier (70). The secondary
antibody used here was alkaline phosphatase conjugated anti-
mouse IgG.

Preparation of Reticulocyte Lysates, eIF2 Purification, and
GNE ActiVity of eIF2B.Heme-deficient reticulocyte lysates
which respond to added hemin were prepared from anemic
male New Zealand rabbits, and the lysates were used as a
source for measuring the GNE activity of eIF2B and also
for the purification of rabbit reticulocyte eIF2 as described
(61, 66).The GNE activity of eIF2B in hemin or heme and
poly(IC)-treated reticulocyte lysates in the presence and
absence of Sf9 cell extracts expressing the wt or mutants of
eIF2R was measured by monitoring the dissociation of the
preformed labeled reticulocyte eIF2-[3H]GDP binary com-
plex, as described earlier (61, 66, 70). Further the recombi-
nant eIF2R expressed in Sf9 cell extracts was partially
purified using S-300 (Pharmacia) gel filtration column and
DEAE-ion exchange chromatography. In the DEAE chro-
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matography, the recombinant protein is eluted out using 0.25
M KCl.

Phosphorylation of Recombinant eIF2R in Vitro, in Poly-
(IC)-Treated Reticulocyte Lysates and Insect Cell Extracts.
Phosphorylation of partially purified recombinant eIF2R wt,
48A, 51A, 51D mutants was carried out by purified heme-
regulated kinase (HRI) and [γ-32P]ATP in the presence and
absence of purified rabbit trimeric eIF2 as described earlier
(35, 70). Phosphorylated extracts were then resolved by 10%
SDS-PAGE and analyzed by autoradiography. Phosphory-
lation of baculovirus-expressed recombinant eIF2R in heme
and poly(IC)-treated reticulocyte lysates and also uninfected
and virus-infected Sf9 cellular eIF2R in the presence and
absence of heme-regulated eIF2R kinase was carried out as
described earlier (61, 70) but with out the addition of labeled
ATP. Phosphorylation of eIF2R in the reaction mixtures were
analyzed by Western immunoblot analysis using a polyclonal
eIF2R antibody that recognizes the phosphorylated form of
the protein. The levels of eIF2R and HRI kinase proteins
present in the reaction mixtures were analyzed by immuno-
blot analysis with the help of their respective monoclonal
antibodies using alkaline phosphatase conjugated secondary
anti-mouse IgG as decribed previously (69, 74).

Analysis of eIF2R(P)‚eIF2B Complex Formation in Trans-
lating Reticulocyte Lysates.Protein synthesis reactions (100
µL) were carried out at 30°C for 15 min in 20µM heme or
heme and poly(IC)-treated (20µM and 300 ng/mL) reticu-
locyte lysates in the presence of partially purified recombi-
nant baculovirus-expressed eIF2R wt, 48A, 51A, and 51D
proteins (∼6 µg). At the end of the protein synthesis reaction,
the lysates were diluted with equal volume of chilled TKM
buffer consisting of 20 mM Tris-HCl, pH 7.6, 100 mM KCl,
and 2 mM Mg(OAc)2 to terminate the reaction. Samples were
layered on 4.5 mL exponential sucrose gradients (10 to 30%)
which were prepared with the above dilution buffer. Samples
were run at 40 000 rpm for 6 h at 4°C in a SW 50.1 rotor
to separate free eIF2 from [eIF2R(P)‚eIF2B] complex as
described previously (22). Fractions (400µL) were collected
by upward displacement of the gradients with the help of an
ISCO gradient fractionator. Fractions were concentrated by
pH 5.0 precipitation in the presence of 50 mM NaF and 5

mM EDTA to prevent the dephosphorylation of eIF2R.
Samples were suspended in sample buffer, briefly boiled,
and separated by 10% SDS-PAGE. Proteins were trans-
ferred to nitrocellulose membranes. and eIF2R and eIF2B
of the various gradient fractions were detected by using an
anti-eIF2R and eIF2Bε monoclonal antibodies as described
earlier (70, 75).

RESULTS

Expression, ImmunoreactiVity, and Partial Purification of
Recombinant 51A and 51D Mutants of eIF2R. Extracts of
Sf9 cells transfected with recombinant AcNPV harboring
51A and 51D mutants of human eIF2R were prepared at
different time points postinfection (24, 36, 48, 60, and 72 h)
and were analyzed by 10% SDS-polyacrylamide gel (Figure
1A) to monitor the expression of eIF2R. A single protein
with a molecular mass of 38 kDa was detected that increased
with time up to 72 h. Uninfected or AcNPV-infected cells
do not produce a protein of similar molecular mass in large
amounts where expression is increased with time postinfec-
tion. Expressed recombinant protein crossreacts with a
monoclonal anti-eIF2R antibody in the Western immunoblot
analysis, and the intensity of the eIF2R signal is related to
the level of protein expression which increases with time
postinfection (Figure 1B). Although moderate levels of 51D
protein is produced in Sf9 cells, it is noted, however, that
51D expression is slightly lower than 51A protein (Figure
1). The expression level is dramatically increased over
previous methods (20, 44). The recombinant eIF2R wt, 48A,
51A, and 51D proteins expressed by Sf9 cells were partially
purified using a gel filtration and DEAE 52 ion-exchange
columns (Figure 2). The protein was eluted in the 0.2-0.25
M KCl fraction of DEAE cellulose column.

Phosphorylation of BaculoVirus-Expressed Recombinant
eIF2R Protein.Earlier studies demonstrated that recombinant
wt and 48A mutant eIF2R proteins expressed in Sf9 cells
using baculovirus (70) and in mammalian cells (64, 66) can
serve as substrates for eIF2R kinases such as HRI and PKR,
whereas, the mutants of 51A and 51D expressed in mam-
malian cells are not phosphorylated. We have expressed, for

FIGURE 1: Expression and immuno reactivity of recombinant human eIF2R 51A and 51D in Sf9 insect cells using baculovirus. Kinetics of
eIF2R 51A and 51D protein expression at different time points, 24-72 h post infection (PI), can be seen in lanes 2-6, and 7-11 in panel
A, respectively. Uninfected control Sf9 cell extracts were prepared and loaded in lane 1 (C). Each lane contains approximately 30µg of
extract protein and the figure is a coomassie stained 10% SDS-Polyacrylamide gel. (B) Western immunoblot analysis of recombinant
eIF2R 51A and 51D. The recombinant proteins expressed in Sf9 insect cells were separated by 10% SDS-PAGE as shown in panel A and
transferred to a nitrocellulose membrane. Membrane was then probed with an eIF2R monoclonal antibody. The immunoreactivity of the
recombinant eIF2R was detected with the help of rabbit anti-mouse alkaline phosphatase conjugated secondary antibody (Promega). Lanes
1-11 represent as in panel A.
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the first time, 51A and 51D mutants of eIF2R in Sf9 cells
using baculovirus. The phosphorylation of partially purified
51A and 51D mutants of recombinant eIF2R was studied
by addition of purified reticulocyte heme-regulated eIF2R
kinase (HRI) and labeled ATP (Figure. 3A). The 51D and
51A mutants (Figure 3A, lanes 1 and 2) of eIF2R were not
phosphorylated, whereas the wt and 48A mutants (lanes 3
and 4) were. The phosphorylation of trimeric purified eIF2
by HRI occurred more efficiently (Figure 3, lane 9) than
the free eIF2R mutant 51A and 51D subunits (lanes 1 and
2). The phosphorylation of trimeric eIF2 was reduced in the
presence of the recombinant 51D, 51A, wt, or 48A mutant
eIF2R (lanes 5, 6, 7, and 8, respectively) as previously
described for the 48A mutant and wild-type subunits (70).
The differences observed in the phosphorylation could not
be explained by the levels of HRI and eIF2 present in the
reactions as analyzed by their respective monoclonal anti-
bodies (Figure 3B). In addition, the phosphorylation of HRI
kinase that occurred in the presence of trimeric eIF2 (lane
9, Figure 3A) was decreased in the presence of partially
purified recombinant eIF2R protein (lanes 1-8) and was not
proportional to the actual levels of HRI present as analyzed
by western blot analysis in the reactions (lanes 1-8, Figure
3B).

The phosphorylation of reticulocyte eIF2R in heme-
deficient, hemin, or hemin and poly(IC)-treated reticulocyte
lysates was also evaluated in the presence and absence of
partially purified recombinant eIF2R by immunoblot analysis
using a phosphopeptide-specific anti-eIF2R antibody [Figure
4, eIF2R(P)] and the levels of eIF2R and HRI in the reactions
were analyzed by their respective monoclonal antibodies
(data not shown). Results demonstrate that eIF2R phospho-
rylation [eIF2R(P)] decreased substantially in the presence
of hemin as compared with the absence of hemin or heme-
deficiency (Figure 4, compare lane 2 vs lane 1). In the
absence of hemin, HRI kinase is activated and phosphorylates
eIF2R. Similarly, addition of poly(IC) to hemin-supplement-
ed lysates activates yet another eIF2R kinase called PKR

and increased eIF2R phosphorylation (lane 3). Addition of
recombinant eIF2R wt and 48A to hemin and poly(IC)-
treated lysates decreased the phosphorylation of lysate eIF2R
to some extent (lanes 4 and 5 vs lane 3), but addition of
recombinant mutant proteins of eIF2R 51A and 51D de-
creased the phosphorylation of reticulocyte lysate eIF2R
much more significantly (lanes 6 and 7 vs lane, 3). The
results on the kinetics of lysate eIF2R phosphorylation in
heme and poly(IC)-treated lysates in the presence and
absence of partially purified wt, and mutants of eIF2R
proteins are shown in Figure 4B. In this batch of lysates, a
higher basal level of eIF2R phosphorylation is observed in
the presence of hemin (lane 1, Figure 4B) compared to earlier
Figure 4A. Addition of poly(IC) increases the phosphory-
lation of lysate eIF2R with time (lanes 2, 3, and 4) as
expected. Addition of the recombinant subunit of eIF2R wt
or mutants to poly(IC)-treated lysates, however, decreases
significantly the phosphorylation of lysate eIF2R (lanes 5-16
vs lanes 2-4). In reactions where the nonphosphorylatable
eIF2R 51A or 51D is supplemented, a time-dependent
increase in phosphorylation of lysate eIF2R is also evident.
This is possible if the exchange of recombinant human eIF2R
51A or 51D into the trimeric endogenous lysate eIF2 is not
complete as has been shown earlier (64). Further, the
phosphorylation of lysate eIF2R is not different in the
presence of partially purified recombinant wt and 48A mutant
eIF2R (Figure 4B, lanes 5-7, and 8-10, respectively).
Similarly, the phosphorylation of reticulocyte lysate eIF2R
in the presence of 51A and 51D mutants appears to be similar
(lanes 11-13 and 14-16, respectively). These differences
in phosphorylation cannot be explained by the levels of HRI
and eIF2R present in the reaction mixtures by two methods
of analysis (see Discussion).

Phosphorylation of Sf9 Cell eIF2R and Purified Trimeric
Reticulocyte eIF2R by Mock and Wild-Type AcNPV-Infected
Extracts.Earlier observations suggested that AcNPV-infec-
tion leads to the synthesis of PK2 protein, a truncated protein
which is homologous to eIF2R kinases and blocks PKR
kinase autophosphorylation and thereby eIF2R phosphory-
lation (76). It was suggested that the presence of PK2-like
protein enables the virus to withstand activated eIF2R kinase-
(s) like GCN2 probably present in insect cells (52). Since it
is observed here that purified reticulocyte eIF2R phospho-
rylation decreased in the presence of partially purified
recombinant eIF2R preparations, we have analyzed eIF2R
phosphorylation in the mock and AcNPV-infected Sf9 cell
extracts and the ability of these extracts to phosphorylate
purified reticulocyte eIF2R (Figure 5). The phosphorylation
status of both the cellular and added eIF2R were assessed
by a phosphopeptide-specific anti-eIF2R antibody as above.
Results indicate that the phosphospecific polyclonal anti-
eIF2R antibody recognized the phosphorylated eIF2R of the
reticulocytes and Sf9 cells (Figure 5A) whereas the eIF2R
monoclonal antibody used here recognizes only mammalian
eIF2R (Figure 5B). The phosphorylation of insect cell eIF2R
was significantly reduced upon AcNPV infection (Figure 5A,
lane 1 vs lane 2). Further, added purified reticulocyte eIF2R
was efficiently phosphorylated (lanes 3 and 4) in insect cell
extracts which were not infected with the virus and in the
absence of any added kinase. In contrast, AcNPV-infected
cell extracts were unable to efficiently phosphorylate added
purified reticulocyte eIF2R (lanes 5 and 6). Purified eIF2R

FIGURE 2: Partial purification of recombinant eIF2R. Extracts of
Sf9 cells expressing wt, 48A, 51A, and 51D eIF2R mutant proteins
were prepared and passed through Sephacryl S-300 (Pharmacia)
and DEAE Cellulose-52 columns as described in Materials and
Methods. The figure is a coomassie stained 10% SDS-Polyacry-
lamide gel. Lane 1 contains purified reticulocyte eIF2[eIF2(R)].
Lanes 2-6 contain extracts of Sf9 cells as indicated. Lanes 7-10
contain proteins of S-300 fractions of the cell extracts expressing
51A, 51D, 48A, and wt eIF2R, respectively. Lanes 11-14 contain
proteins of S-300 fraction that was eluted from DEAE-52 with 0.25
M KCl.
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is not recognized by the phoshospecific anti-eIF2R antibody
(lane 7), suggesting that this purified preparation of trimeric
reticulocyte eIF2 is not phosphorylated without the addition
of eIF2R kinase and ATP. These results are thus consistent
with the idea that the uninfected insect cells contain an active

eIF2R kinase that can phosphorylate added eIF2 and produce
an eIF2R kinase inhibitor (76) upon baculovirus infection.

Since the eIF2R kinase activity of uninfected insect cells
was decreased upon viral infection, we also studied the
phosphorylation of purified reticulocyte eIF2R in vitro by

FIGURE 3: Phosphorylation of recombinant and reticulocyte eIF2R in vitro. Phosphorylation of (a) purified reticulocyte eIF2 (lane 9, panel
A, ReIF2), (b) recombinant eIF2R 51D, 51A, wt, and 48A (lanes 1-4, panel A), and (c) purified reticulocyte eIF2 in the presence of
recombinant eIF2R 51D, 51A, wt, and 48A (lanes 5-8, panel A) was performed in the presence of HRI and [γ-32P]ATP at 30°C for 10
min as described in Materials and Methods. The reaction mixtures were separated by 10% SDS-PAGE. Lane 10 contains HRI alone. Panel
A is an autoradiogram showing the phosphorylation of eIF2R and HRI. Panel B is an immunoblot of panel A indicating eIF2R and HRI
protein levels used in the reaction mixtures as judged by their respective monoclonal antibodies.

FIGURE 4: Phosphorylation of recombinant eIF2R in hemin and poly(IC)-treated reticulocyte lysates. Partially purified recombinant eIF2R
wt, 48A, 51A, and 51D proteins (∼6 µg) were added to hemin and poly(IC)-treated reticulocyte lysates and incubated at 30°C for 10 min.
A total of 10µL of the respective lysate reaction mixtures was precipitated at pH 5.0 and separated by 10% SDS-PAGE. Phosphorylated
eIF2R, eIF2R(P), was analyzed by western immunoblotting using a phophospecific eIF2R antibody. The various lanes in panel are as
follows: lane 1, with out hemin; lane 2, with hemin; lane 3, heme and poly(IC); lane 4, heme, poly(IC) and wt eIF2R; lane 5, heme,
poly(IC) and 48A eIF2R; lane 6, heme, poly(IC) and 51A eIF2R; lane 7, heme, poly(IC) and 51D eIF2R. Panel B represents kinetics of
reticulocyte eIF2R phosphorylation in hemin and poly(IC)-treated lysates in the presence and absence of partially purified recombinant wt,
48A, 51A, and 51D eIF2R. Reaction mixtures were processed and eIF2R phosphorylation of the reactions were analyzed as stated in panel
A. Various lanes are as follows: lane 1, heme; lanes 2, 3, and 4, heme and poly(IC)-treated lysates for 15, 20, and 25 min, respectively;
lanes 5-16 represent heme and poly(IC)-treated lysates for 15, 20, and 25 min with wt or mutants of 48A, 51A, and 51D eIF2R, respectively.

FIGURE 5: Phosphorylation of Sf9 and reticulocyte eIF2 in uninfected and virus-infected extracts without added kinase. (1) Uninfected (C)
and AcNPV-virus infected (V) Sf9 cell extracts were prepared as described in Materials and Methods and the proteins were separated by
10% SDS-PAGE to determine the eIF2R phosphorylation of the cell extracts by western analysis (lanes 1 and 2; panel A). The above
extracts were also used to phosphorylate purified reticulocyte eIF2 in reaction mixtures containing 20 mM Tris-HCl, 1 mM Mg2+, 1 mM
DTT, 80 mM KCl and 100µM unlabeled ATP at 30°C for 10 min. The reaction mixtures were then separated by 10% SDS-PAGE and
transferred to nitrocellulose membrane to determine phosphorylation of reticulocyte eIF2 [eIF2RP (R)] by western analysis. Lanes 3 and
4 represent duplicate set of reticulocyte eIF2R phosphorylation in uninfected cell extracts and lanes 5 and 6 represent the same in the
presence of virus-infected extracts. Lane 7 contains purified reticulocyte eIF2 alone. Panel A represents western analysis of phosphorylated
Sf9 [eIF2RP(Sf9)] and added reticulocyte eIF2R [eIF2R P(R)] using a phosphospecific antibody. Panel B represents western analysis of
reticulocyte eIF2R [eIF2(R)] levels used in the reaction mixtures as assessed by an eIF2R monoclonal antibody.
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added HRI kinase or in the presence of increasing concentra-
tions of mock and AcNPV-infected cell extracts (Figure 6).
Phosphorylation of reticulocyte and insect cell eIF2R was
assessed by using a phosphopeptide-specific anti-eIF2R
antibody (Figure 6, lower panel). Our results show that the
phosphorylation of reticulocyte and insect cell eIF2R was
decreased in the presence of increasing concentrations of
AcNPV-infected extracts significantly greater than in the
presence of uninfected extracts (Figure 6, compare lanes 5-8
vs 1-4). These observations are consistent with our earlier
findings (70) that virus-infected extracts decrease eIF2R
phosphorylation by blocking the autophosphorylation of HRI
as measured by32P labeling.

eIF2‚[ 3H]GDP Dissociation in Hemin or Hemin and Poly-
(IC)-Treated Reticulocyte Lysates in the Presence of Re-
combinant eIF2R. Previous studies established that the GNE
activity of eIF2B in translating lysates can be measured by
the dissociation or exchange of labeled GDP for unlabeled
GDP in the preformed eIF2‚[3H]GDP binary complex and
is decreased under conditions that promote eIF2R phospho-
rylation (59, 61, 78). Using the lysate eIF2B activity, it was
shown that the inhibition of eIF2B activity that occurred due
to eIF2R phosphorylation could be partially reduced by
addition of the 48A and 51A mutant eIF2R compared to that
with wild-type eIF2R (66, 70). Previously, it has not been
possible to study eIF2B activity in the presence of 51D
mutant protein because the expression of this protein leads
to cell death in mammalian cells (44). Although the expres-
sion of 51D in insect cells is lower than the 51A protein
(Figure 1), sufficient accumulation of 51D could be detected
(see also Discussion). Hence, we studied the effects of these
partially purified baculovirus-expressed recombinant human
eIF2R wt and its mutants on eIF2B activity in reticulocyte
lysates treated with hemin alone or hemin and poly(IC)
(Figure 7). The dissociation of preformed reticulocyte labeled
eIF2‚GDP binary complex is high in the presence of hemin-

supplemented lysates and is low in hemin and poly(IC)-
treated lysates (Figure 7) and is therefore related to the extent
of lysate eIF2R phosphorylation (Figure 4). Addition of
partially purified 51D protein which reduces lysate eIF2R
phosphorylation (Figure 4), however, inhibited eIF2B activity
of control hemin-supplemented lysates (Figure 7A) severely
like the addition of poly(IC) and is consistent with the idea
that it behaves like phosphorylated eIF2R (64). In contrast,
addition of nonphosphorylatable 51A or phosphorylatable
wt eIF2R to hemin-supplemented control lysates (Figure 7A)
did not inhibit eIF2B activity as significantly observed by
the addition of poly(IC) (Figure 7B) or partially purified 51D
mutant protein (Figure 7).

The decrease in the GNE activity of eIF2B caused by
addition of poly(IC) to hemin-supplemented lysates was
mitigated partially in the presence of 48A and 51A proteins
compared to wt eIF2R (Figure 7B). Although 48A is
phosphorylated on its 51 serine residue like the wt eIF2R, it
reduced partially the inhibition in the GNE activity of eIF2B
that occurred due to eIF2R phosphorylation, consistent with
our earlier studies (66, 70). These studies support that the
48 serine residue is required for high affinity interaction
between eIF2R(P) and 2B. Addition of 51D protein, however,
enhanced further the inhibition of eIF2B activity in poly-
(IC)-treated lysates (Figure 7B).

eIF2R(P)‚eIF2B Complex Formation.eIF2R(P) can form
a complex with eIF2B that can be separated on a sucrose
gradient (62, 75, 70) or using the purified poly-histidine
tagged phosphorylated and unphosphorylated eIF2 that binds
to Ni-NTA-agarose affinity resin (78). The latter study
demonstrated that eIF2 can form a stable complex with the
overexpressed yeast eIF2B subunits that can be captured

FIGURE 6: Phosphorylation of reticulocyte eIF2R by HRI kinase
in the presence of increasing concentrations of uninfected and virus-
infected Sf9 extracts. Increasing concentration of uninfected (-Ac-
NPV) and virus-infected (+AcNPV) Sf9 extracts (15-30µg) were
added to the phosphorylation reaction mixtures containing purified
reticulocyte eIF2 and HRI kinase. Phosphorylation was carried out
with the addition of 20 mM Tris-HCl, pH 7.8, 1 mM Mg2+, DTT
at 1 mM, 80 mM KCl, and 100µM unlabeled ATP at 30°C for 10
min and the mixtures were separated by 10% SDS-PAGE. Gels
were analyzed by western immunoblot analysis. Reticulocyte eIF2R
(ReIF2R) levels present in the reaction mixtures were analyzed by
western immunoblotting using an eIF2R monoclonal antibody.
Phosphorylation of eIF2R of unifected, AcNPV-infected Sf9 cell
extracts [eIF2RP(Sf9)] and of the trimeric reticulocyte eIF2
(ReIF2RP) were assessed by using a phosphospecific eIF2R
antibody. The various lanes are as follows: lanes 1-4 of the bottom
panel represent phosphorylation of reticulocyte and insect cell eIF2R
by purified HRI in the presence of increasing concentration (15,
20, 25, and 30µg protein respectively) of uninfected Sf9 extract
and lanes 5-8 represent the same in the presence of AcNPV-
infected extracts. Lane 9 represents the phosphorylation of reticu-
locyte eIF2R alone by purified HRI kinase.

FIGURE 7: Kinetics of eIF2‚[3H]GDP dissociation. Dissociation of
preformed labeled eIF2‚GDP binary complex was studied in hemin
(+h) or hemin and poly(IC)-treated reticulocyte lysates in the
presence of partially purified recombinant wt and or mutants of
eIF2R as indicated in panels A and B, respectively. The experiment
was carried out as described earlier (70) but in the presence of 6
µg of partially purified recombinant eIF2R protein. A total of 70
µL of preformed eIF2‚[3H]GDP binary complex was added to 70
µL translating lysates. The amount of labeled binary complex
present in the three independent experiments was 30.8, 29.75, and
28.87 pmols (panel A) and was 28.35, 30.1, and 27.3 pmol (panel
B), respectively. At every time point, 40µL aliquots were taken
out and the percent eIF2‚[3H]GDP dissociated was measured as
described in Materials and Methods. Data are presented as a
percentage mean of three independent experiments and standard
errors are shown against each value.
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using the affinity matrix. It was shown that the binding of
all five subunits of eIF2B to eIF2R(P) was about 2-fold
higher than to unphosphorylated eIF2. Here, we have
analyzed the eIF2R(P)‚eIF2B complex formation in hemin
or hemin and poly(IC)-treated reticulocyte lysates in the
presence and absence of recombinant eIF2R wt, 48A, 51A,
and 51D mutants on 10 to 30% gradients (Figure 8) as
previously described (70). The eIF2 signal in the gradient
fractions is detected by using a monoclonal anti-eIF2R
antibody that cross-reacts with theR-subunit of eIF2 (Figure
8, part I of panels A and B). Lysate eIF2 migrated mostly in
the top of the gradient fractions (Figure 8A, part I,+h), if
it was not phosphorylated, as in hemin-supplemented lysates
(Figure 4). This is because free eIF2 has a lower molecular
mass than eIF2R(P)‚eIF2B complex. In addition to analyzing
the presence of eIF2, we have also analyzed the gradient
fractions for the presence of eIF2B using a monoclonal
antibody against eIF2Bε subunit (Figure 8, part II of panels
A and B). Our observations suggest that eIF2 (I) and eIF2B
(II) are present mainly as a single peak spreading about the
top two to six fractions in control hemin-supplemented
lysates (panel A,+h). These lysates are translationally active
(data not shown), show high eIF2B activity (Figure 7), and
display little eIF2R phosphorylation (Figure 4A, lane, 2). In
contrast, eIF2 and 2B presence was detected at either the
top and or the bottom of the gradient fractions of hemin-

supplemented lysates which were treated with poly(IC)
[Figure 8A,+h + poly(IC)]. Typically, two peaks of eIF2R
are observed in the gradient fractions of lysates that are
treated with hemin and poly(IC). The first peak comes
between fractions 2 and 6 and the second peak is seen at the
bottom between fractions 8 and 11. These lysates showed
enhanced eIF2R phosphorylation (Figure 4) and low levels
of eIF2B activity (Figure 7).

Addition of 48A or 51A recombinant proteins to hemin
and poly(IC)-treated lysates decreased the amount of eIF2R
(I) and 2Bε (II) protein present at the bottom of the gradient
fractions, the second peak of fractions in the gradient (Figure
8A). Addition of recombinant wt eIF2R, however, to hemin
and poly(IC)-treated lysates resolved the bottom and top
peaks of eIF2R and 2Bε, thereby, suggesting that complex
formation between eIF2R(P) and 2B occurred in the presence
of wt eIF2R. The signal intensity of eIF2 and 2B in these
fractions was reduced significantly in the presence of 48A
and 51A mutants of eIF2R (Figure 8A). The findings suggest
that the complex formation between eIF2 and 2B requires
the phosphorylation of serine 51 residue and also the presence
of adjacent unphosphorylated serine 48 residue. This was
further substantiated by using 51D mutant protein, which
does not get phosphorylated but mimcs the phosphorylated
form with the 48 serine residue being conserved. Addition
of this mutant protein to hemin and poly(IC)-treated lysates,

FIGURE 8: eIF2R(P)-eIF2B complex formation in reticulocyte lysates. Complex formation between eIF2 and eIF2B was studied by western
analysis of eIF2R and eIF2Bε subunits in the 10-30% sucrose gradient fractions of translating reticulocyte lysates. Protein synthesis reactions
of reticulocyte lysates were performed in 100µL for 15 min at 30°C in the presence of hemin (20µM) or hemin and poly(IC) (300 ng/mL)
with and with out the addition of recombinant eIF2R wt, 48A, 51A, and 51D proteins (∼6 µg) as indicated. The complex, eIF2-eIF2B,
was fractionated and fractions were collected using a ISCO-gradient fractionator as described in Materials and Methods. Proteins were
separated by 10% SDS-PAGE and analyzed by Western analysis. Panel A represents western analysis of eIF2R (I) and eIF2Bε (II) subunits
in the fractions of 10-30% gradients containing reaction mixtures of hemin and poly(IC)-treated reticulocyte lysates in the presence of
partially purified recombinant eIF2R wt, 48A, 51A, or 51D proteins as shown in the figure. Panel B represents western analysis of eIF2R
(I) and eIF2Bε (II) subunits in the fractions of 10 to 30% gradients containing reaction mixtures of hemin-supplemented reticulocyte lysates
treated with the recombinant eIF2R wt, 48A, 51A, or 51D proteins. Purified eIF2 or eIF2B was loaded in lane C, wherever indicated.
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enhanced the eIF2R and eIF2Bε signal in the bottom fractions
of the gradients such as wt eIF2R [Figure 8A,+h + poly-
(IC) + 51D/or wt].

Complex formation was also analyzed in control hemin-
supplemented lysates treated with the recombinants of eIF2R.
Addition of wt eIF2R, 48A, and 51A produced a different
effect compared to 51D mutant protein in the control hemin-
supplemented lysates which were not treated with poly(IC)
(Figure 8B). In control hemin-supplemented lysates, eIF2R
and 2Bε sedimented in the gradient as a single peak in the
presence of either recombinant wt 48A or 51A eIF2R . While
eIF2R was detected in both the top and the bottom of the
gradient fractions without significant separation, eIF2Bε was
found mostly in the top fractions. This may have resulted
from the absence of eIF2R phosphorylation in hemin-
supplemented lysates that reduces the interaction between
eIF2 and 2B (78) and/or from the presence of high
concentrations of added overexpressed variant subunits of
eIF2R in the reactions. In contrast, addition of 51D mutant
protein to control hemin-supplemented lysates produced two
separate peaks detected by increased intensity of the eIF2R
and 2Bε signal in the bottom gradient fractions (Figure 8B).

DISCUSSION

Regulation of translation mediated by eIF2R phosphory-
lation is one of the best characterized control mechanisms
operating at the initiation step of protein synthesis (reviewed
in refs 2, 6, 38, 39, and79). Several studies suggested that
phosphorylation of a small portion of eIF2R can inhibit
protein synthesis by inhibiting the GNE activity of limiting
amounts of eIF2B (reviewed in refs5 and39). Active eIF2B
is required to convert inactive eIF2‚GDP binary complex to
active eIF2‚GTP complex that can interact with Met-tRNAi
and 40S ribosomal subunits and to facilitate the recycling
of eIF2 (62, 63, 81). Further, earlier studies suggested that
phosphorylated eIF2R sequesters eIF2B into a complex in
which eIF2B is nonfunctional (62). By use of enzyme kinetic
methods, it was demonstrated that eIF2R(P) is not a substrate
for eIF2B and that eIF2B has a higher affinity for the
inhibitor eIF2R(P) than for the substrate, eIF2 (80, 82). Using
an affinity matrix assay, it has been shown recently that
binding of all five subunits of yeast eIF2B to yeast poly-
histidine-tagged eIF2R(P) is about 2-fold higher than to
unphosphorylated eIF2 (78). Using mutants of human eIF2R,
earlier studies (66) hypothesized that phosphorylation of
serine 51 promotes the complex formation between eIF2 and
2B.

This hypothesis was tested here by studying complex
formation between eIF2R(P) and eIF2B that occurs in
inhibited hemin and poly(IC)-treated reticulocyte lysates in
the presence of recombinant human eIF2R wt and 48A, 51A,
and 51D mutants of eIF2R. The results presented here
suggest that eIF2R subunit in the purified trimeric reticulo-
cyte eIF2 complex is phosphorylated more efficiently than
the baculovirus-expressed single subunit wt or variant eIF2R
forms (Figure 3A). This is probably because the single
subunit of eIF2R is a poor substrate for eIF2R kinases as
has been suggested previously (64). However, addition of
partially purified recombinant subunits of wt and or mutants
of eIF2R is found to inhibit HRI autokinase activity in vitro
and thereby inhibits reticulocyte eIF2R phosphorylation

(Figure 3A). The diminution in the autokinase activity of
HRI in the presence of baculovirus-expressed wt and mutant
forms of eIF2R suggests that these partially purified recom-
binant preparations carry a contaminant inhibitor of eIF2R
kinases. This idea is consistent with the results presented
here in Figures 3-6. It is observed here that eIF2R
phosphorylation is significantly higher in uninfected Sf9 cells
than in virus-infected cells (Figure 5). This is due to a potent
eIF2R kinase activity in uninfected Sf9 cells which can also
phosphorylate reticulocyte eIF2R in vitro (Figure 5). Virus
infection reduces cellular eIF2R phosphorylation (Figure 5),
and the virus-infected cell extracts also reduce the phospho-
rylation of reticulocyte eIF2R that is mediated by HRI kinase
in vitro (Figure 6). All these results are consistent with the
idea that baculovirus infection produces a truncated eIF2R
kinase homologue that inhibits eIF2R kinase activity of Sf9
cells (76). Apparently the inhibitor is comigrating with the
partially purified baculovirus expressed wt and mutants of
eIF2R. This is evident because the eIF2R phosphorylation
that occurs in hemin and poly(IC)-treated reticulocyte lysates
due to the activation of PKR is reduced in the presence of
baculovirus expressed eIF2R wt and or mutants (Figure 4B).

However, reticulocyte eIF2R phosphorylation in these
above lysates is found similar in the presence of wt and 48A
mutant eIF2R and is significantly higher than in the presence
of nonphosphorylatable 51A and 51D mutants of eIF2R. The
decrease in reticulocyte eIF2 phosphorylation in the presence
of 51A and 51D eIF2R subunit is due to formation of a
mutant reticulocyte eIF2 complex, which is generated by an
exchange mechanism that replaces the reticulocyte eIF2R
subunit with the recombinant variant form as has been
suggested previously (64). With increasing time, however,
a significant increase in lysate eIF2 phosphorylation is
evident even in the presence of 51A and 51D mutants of
eIF2R (Figure 4B). This is very likely due to the incomplete
exchange of recombinant variant form of eIF2 into the
reticulocyte endogenous eIF2 complex.

Further, the results presented here suggest that phospho-
rylation of the 48A mutant eIF2R is comparable to the wt
form but the former reduces significantly the inhibition in
the GNE activity of eIF2B (Figure 7B) and the complex
formation between eIF2R(P) and eIF2B that occurs in hemin
and poly(IC)-treated reticulocyte lysates (Figure 8A). These
findings suggest that the serine 48 residue is required for
high affinity interaction between eIF2R(P)‚eIF2B. In contrast,
the nonphosphorylatable 51D mutant but not 51A and wt,
inhibited the GNE activity of eIF2B (Figure 7A) and
enhanced significantly the complex formation between eIF2
and eIF2B in uninhibited or hemin-supplemented control
reticulocyte lysates (Figure 8B). While 51A mutant reduced
significantly the complex formation between eIF2R(P) and
2B in hemin and poly(IC)-treated reticulocyte lysates, 51D
mutant and wt eIF2R proteins were unable to cause a similar
effect (Figure 8A), thereby suggesting that the aspartic acid
in the place of 51 serine residue mimcs the charge of a
phosphorylated serine. Previously (66), and also here, it is
observed that 48A mutant is somewhat better and offers more
protection to the GNE activity of eIF2B in poly(IC)-treated
lysates than the nonphosphorylatable 51A mutant of eIF2R.
It is not known if this is due to the presence of trimeric
mutant 48A in reticulocyte lysates that results from the
exchange of free 48A subunits into endogenous trimeric eIF2

12936 Biochemistry, Vol. 39, No. 42, 2000 Sudhakar et al.



(64). This chimeric eIF2 may be able to perform the GDP/
GTP exchange independent of eIF2B.

Surprisingly, despite significant levels of eIF2R phospho-
rylation, the uninfected cells were able to survive. As has
been suggested by Dever et al. (76), this may be due to
species differences. eIF2B activity of Sf9 cells is less
sensitive to regulation by phosphorylated eIF2 than the eIF2B
from mammalian systems where small changes (10-20%)
in eIF2R phosphorylation can drastically inhibit the GNE
activity of eIF2B. This is also consistent with species specific
reactivity of the eIF2 monoclonal antibody. This species
specificity may also explain the better ability of Sf9 cells to
tolerate moderate expression of 51D mutant of eIF2R than
mammalian systems.
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