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The a-subunit of eukaryotic initiation factor eIF2 is
preferred substrate for the double-stranded RNA-

ctivated protein kinase, PKR. Phosphorylation of
IF2a converts the factor from a substrate into a com-
etitive inhibitor of the guanine nucleotide exchange
actor, eIF2B, leading to a decline in mRNA transla-
ion. Early studies provided evidence implicating PKR
s the kinase that phosphorylates eIF2a under condi-
ions of cell stress such as the accumulation of mis-
olded proteins in the lumen of the endoplasmic retic-
lum, i.e., the unfolded protein response (UPR).
owever, the recent identification of a trans-
icrosomal membrane eIF2a kinase, termed PEK or
ERK, suggests that this kinase, and not PKR, might
e the kinase that is activated by misfolded protein
ccumulation. Similarly, genetic studies in yeast pro-
ide compelling evidence that a kinase termed GCN2
hosphorylates eIF2a in response to amino acid depri-
ation. However, no direct evidence showing activa-
ion of the mammalian homologue of GCN2 by amino
cid deprivation has been reported. In the present
tudy, we find that in fibroblasts treated with agents
hat promote the UPR, protein synthesis is inhibited
s a result of a decrease in eIF2B activity. Further-
ore, the reduction in eIF2B activity is associated
ith enhanced phosphorylation of eIF2a. Importantly,

he magnitude of the change in each parameter is
dentical in wildtype cells and in fibroblasts contain-
ng a chromosomal deletion in the PKR gene (PKR-KO
ells). In a similar manner, we find that during amino
cid deprivation the inhibition of protein synthesis
nd extent of increase in eIF2a phosphorylation are
dentical in wildtype and PKR-KO cells. Overall, the
esults show that PKR is not required for increased
293
is under conditions promoting the UPR or in re-
ponse to amino acid deprivation. © 2001 Academic Press

Key Words: translation initiation; eukaryotic initia-
ion factor; eIF2; eIF2B; PKR.

The endoplasmic reticulum is the focal point for the
olding and processing of newly synthesized proteins
estined for secretion, incorporation into the plasma
embrane, or localization into other intracellular com-

artments such as the lysosome (1). Conditions that
oster misfolding of proteins in the lumen of the endo-
lasmic reticulum, such as treatment of cells with re-
ucing agents such as DTT or mobilization of calcium
rom the ER, result in an inhibition of cytosolic protein
ynthesis. The reduction in protein synthesis protects
he cells from further accumulation of misfolded pro-
eins in the secretory pathway and may enhance pref-
rential expression of certain genes required to remedy
he ER stress. The inhibition of protein synthesis that
ccurs under these conditions is the result of phosphor-
lation of the a-subunit of eukaryotic initiation factor
IF2 (reviewed in 2). eIF2, as a ternary complex with
TP and initiator methionyl-tRNAi, mediates the first

tep in translation initiation, the binding of Met-tRNAi

o the 40S ribosomal subunit. At a later step in initia-
ion, the GTP bound to eIF2 is hydrolyzed and eIF2 is
eleased from the ribosome as an eIF2 z GDP binary
omplex. Prior to binding Met-tRNAi and participating
n another cycle of initiation, the GDP bound to eIF2

ust be exchanged for GTP. A second initiation factor,
IF2B, catalyzes the guanine nucleotide exchange re-
0006-291X/01 $35.00
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action on eIF2. A predominant mechanism for regula-
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ion of eIF2B involves phosphorylation of eIF2 on its
-subunit, where phosphorylation converts it from a
ubstrate into an inhibitor of eIF2B. Thus, phosphor-
lation of eIF2a causes a decline in protein synthesis
ue to an inhibition of eIF2B activity.
The protein kinase that phosphorylates eIF2a in re-

ponse to accumulation of misfolded proteins was ini-
ially reported to be the double-stranded RNA-
ependent protein kinase, PKR (3–5). However,
everal more recent studies have identified a novel
IF2a kinase that is resident in the membrane of the
ndoplasmic reticulum (6–8). This kinase (termed
EK or PERK) has, in addition to a cytosolic kinase
omain with homology to other eIF2a kinases, an in-
raluminal domain that exhibits homology to the yeast
rotein IRE1p (6, 8). IRE1p is a trans-ER membrane
rotein kinase that is activated by the unfolded protein
esponse and is thought to be the sensor that detects
he presence of unfolded proteins and initiates the
nfolded protein response. The studies cited above sug-
est that PEK/PERK may be activated during the un-
olded protein response and might therefore mediate
hosphorylation of eIF2a under these conditions.
oreover, the identification of PEK/PERK brings into

uestion the involvement of PKR in the unfolded pro-
ein response in mammalian cells.

Phosphorylation of eIF2a is also observed in eukary-
tic cells deprived of essential amino acids (reviewed in
). The kinase that phosphorylates eIF2a in amino
cid-deprived mammalian cells has not been identified.
n Saccharomyces cerevisiae, amino acid deprivation
ctivates the eIF2a kinase, GCN2 (10, 11). The recent
dentification of a mammalian homologue of GCN2,

GCN2 (12, 13), suggests that this kinase may also be
nvolved in regulating eIF2a phosphorylation in higher
ukaryotes in response to amino acid starvation. How-
ver, although mGCN2 is reportedly activated by se-
um starvation (12), its regulation by amino acids is
till undefined.
In the present study, we have utilized fibroblasts

ontaining a chromosomal deletion in the PKR gene
PKR-KO cells) to examine the role of this kinase in
ediating eIF2a phosphorylation under conditions

hat deplete calcium from the ER or conditions of
mino acid deprivation. We find that protein synthesis,
IF2a phosphorylation, and eIF2B activity are affected
qually in wildtype and PKR-KO cells under these
onditions. The results suggest that PKR is not re-
uired for the manifestation of the unfolded protein
esponse or the inhibition of translation following de-
rivation of essential amino acids.

ATERIALS AND METHODS

Materials. ECL Detection Reagents and horseradish peroxidase-
onjugated, sheep anti-mouse Ig and donkey anti-rabbit Ig were
294
btained from BioRad. [35S]Easytag Express Protein Labeling Mix
as from NEN Research Products. Antibodies against eIF2a and an
nti-phosphopeptide antibody that specifically recognizes eIF2a
hosphorylated at Ser51 were kindly provided by Dr. Richard Pan-
iers, National Institutes of Health and Drs. Gary S. Krause and
onald J. DeGracia, Wayne State University School of Medicine,

espectively. The antibody to PKR was purchased from Santa Cruz
iotechnology, Inc. (#sc-6282) and was raised against the full length
ouse protein.

Culture of mouse embryo fibroblasts. Wildtype mouse embryo
broblasts and fibroblasts containing a chromosomal deletion of ex-
ns 2 and 3 of the mouse PKR gene were a generous gift of Dr.
harles Weissmann (University of Zurich). Cells were maintained in
MEM containing 20% fetal calf serum. For the calcium mobiliza-

ion experiments, cells at approximately 80% confluence were de-
rived of serum for 15 min prior to addition of 2,5-di-(tert-butyl)-
ydroquinone (tBuHQ) and EGTA as described in the legend to Fig.
. For the amino acid deprivation studies, cells were incubated in the
resence of 10% dialysed fetal calf serum in complete medium or
edium lacking leucine, glutamine, or both amino acids for 45 min

rior to labeling.

Measurement of protein synthesis. Protein synthesis in mouse
mbryo fibroblasts was monitored by measuring the incorporation of
35S]methionine and [35S]cysteine into protein as described previ-
usly (14).

Protein immunoblot analysis. Blots were developed as described
reviously using an ECL Western Blotting Kit (15) or by diamino-
enzidine (DAB)/peroxide staining (16). Films were scanned using a
icrotek ScanMaker V scanner equipped with a transparent media

dapter connected to a Macintosh PowerMac 9600 computer. Images
ere obtained using the ScanWizard Plugin (Microtek) for Adobe
hotoshop and quantitated using NIH Image software. Densitome-
ry of DAB-stained blots was performed as described in (17).

Measurement of eIF2B activity. Cells (approximately 2 3 106)
ere washed with ice-cold PBS and then lysed in 400 ml of ice-cold
uffer B (45 mM Hepes, pH 7.4, 0.375 mM magnesium acetate, 0.075
M EDTA, 95 mM potassium acetate, 2.5 mg/ml digitonin, and 10%

lycerol). The homogenates were centrifuged at 10,000g for 10 min at
°C and the supernatants were assayed for the exchange of [3H]GDP
ound to eIF2 for unlabeled GDP as previously described (18).

Determination of eIF2a phosphorylation state. Cells were main-
ained in culture as described above with the exception that they
ere harvested by scraping in SDS sample buffer at 90°C as de-

cribed previously (19). The relative amount of eIF2a in the phos-
horylated form was quantitated by protein immunoblot analysis
sing an affinity-purified antibody that specifically recognizes eIF2a
hosphorylated at Ser51 [eIF2(aP)] (20). For this analysis, samples
ere resolved by electrophoresis using a 12.5% SDS-polyacrylamide
el and the proteins in the gel were electrophoretically transferred to
PVDF membrane as described previously (15). The membranes
ere incubated with the rabbit polyclonal antibody that recognizes

pecifically eIF2(aP) and blots were developed as described above.
he horseradish peroxidase coupled to the anti-rabbit secondary
ntibody was then inactivated by incubating the blot in 15% H2O2 for
0 min at room temperature. The total amount of eIF2a in the
amples was determined by reprobing the blot with a monoclonal
ntibody that recognizes equally the phosphorylated and unphos-
horylated forms of eIF2a (21) followed by an anti-mouse secondary
ntibody. Values obtained using the anti-eIF2(aP) antibody were
ormalized for the total amount of eIF2a present in the sample.

Examination of 4E-BP1 phosphorylation in extracts of mouse em-
ryo fibroblasts. Aliquots of cell homogenates were immunoprecipi-
ated using a monoclonal anti-4E-BP1 antibody using a previously
escribed method (22). The immunoprecipitates were solubilized
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ith SDS sample buffer and then subjected to protein immunoblot
nalysis using a rabbit anti-rat 4E-BP1 antibody (22).

ESULTS

In the present study, cells containing a chromosomal
eletion in the gene encoding PKR were used to exam-
ne the requirement for the kinase in mediating eIF2a
hosphorylation under conditions that cause mobiliza-
ion of calcium from the lumen of the endoplasmic
eticulum or during amino acid deprivation. The ge-
ome of these cells lacks exons 2 and 3 of the PKR gene
hich encodes 15 nucleotides of the 59-untranslated

egion of the mRNA as well as amino acids 1–80 of the
oding region. If the truncated gene is transcribed, the
ost upstream methionine codon in the correct reading

rame could potentially encode a truncated variant of
KR which would have a calculated molecular mass of
3 kDa. To confirm the lack of PKR, the amount of the
inase present in PKR-KO cells was compared to that
resent in wildtype cells by protein immunoblot anal-
sis. As shown in Fig. 1, PKR was readily detected in
omogenates of wildtype cells as a doublet, but was
ndetectable in homogenates of PKR-KO cells. Fur-
hermore, no proteins with a molecular mass of approx-
mately 43 kDa were detected in either wildtype or
KR-KO cells, suggesting that the truncated PKR gene

s either not transcribed or not translated in PKR-KO
ells.

Protein synthesis is dramatically reduced in a vari-
ty of conditions that cause mobilization of calcium
rom the endoplasmic reticulum. We reported previ-
usly that inhibition of the microsomal ATP-dependent
alcium pump by a combination of tBuHQ and EGTA
esults in an inhibition of protein synthesis in perfused
at liver (23, 24). In the present study, protein synthe-
is was reduced to the same extent in both wildtype
ells and PKR-KO cells following treatment with
BuHQ/EGTA (Fig. 2). Thus, the inhibition of protein

FIG. 1. Quantitation of PKR in wildtype and PKR-KO fibro-
lasts. Either PKR-KO (lanes 1–5) or wildtype (lanes 6–10) fibro-
lasts were harvested and homogenized as described under Materi-
ls and Methods. Equal amounts of protein from each dish of cells
ere resolved by electrophoresis on an SDS-polyacrylamide gel and

he proteins in the gel were transferred to a PVDF membrane. The
embrane was then probed with an antibody to full-length mouse
KR as described under Materials and Methods. The results are
epresentative of three experiments.
295
bsence of PKR.
Earlier studies have shown that the inhibition of

rotein synthesis by calcium mobilization is the result
f increased phosphorylation of eIF2a (14, 23, 25, 26).
o determine whether calcium depletion can cause
IF2a phosphorylation in the absence of PKR, wildtype
nd PKR-KO cells were incubated in the presence or
bsence of tBuHQ/EGTA and the relative phosphory-
ation state of eIF2a was quantitated by protein immu-
oblot analysis. For these analyses, blots were probed
ith a polyclonal antibody that only recognizes eIF2a
hen it is phosphorylated at Ser51 (20). The blots were

hen reprobed with a monoclonal antibody that recog-
izes equally both phosphorylated and unphosphory-

ated forms of the protein (21). As shown in Fig. 3 (top)
nd quantitated in Fig. 3 (bottom), treatment with
BuHQ/EGTA stimulated eIF2a phosphorylation ap-
roximately 3-fold in either wildtype or PKR-KO cells.
urthermore, the total amount of eIF2a was the same

n both cell types and was not affected by tBuHQ/
GTA treatment. The results indicate that PKR is not
equired for eIF2a phosphorylation caused by calcium
obilization from the endoplasmic reticulum.
Phosphorylated eIF2 inhibits protein synthesis by

cting as a competitive inhibitor of eIF2B (reviewed in
7). As shown in Fig. 4, the guanine nucleotide ex-
hange activity of eIF2B was reduced by tBuHQ/EGTA

FIG. 2. Effect of calcium depletion on protein synthesis in wild-
ype and PKR-KO fibroblasts. Wildtype and PKR-KO cells were
ncubated for 15 min in the presence or absence of 20 mM tBuHQ and
mM EGTA. All dishes received 5 ml of [35S]Easytag Express Protein
abeling Mix (11 mCi/ml). Thirty minutes later cells were harvested
nd the incorporation of [35S]methionine and [35S]cysteine into pro-
ein was determined as described under Materials and Methods. The
esults represent the mean 6 SEM of 9 dishes of cells per condition.
alues not sharing the same superscript are significantly different

P , 0.001) by the Tukey–Kramer Multiple Comparisons Test.
atched bars, wildtype fibroblasts; solid grey bars, PKR-KO fibro-
lasts.
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n both wildtype and PKR-KO cells. Furthermore, the
agnitude of the change was similar in both cell types.
herefore, changes in eIF2B activity were inversely
roportional to alterations in eIF2a phosphorylation
nd did not require PKR.
Because the studies described above suggested that

KR is not required for phosphorylation of eIF2a by
BuHQ/EGTA, we attempted to measure PEK/PERK
ctivity in PKR-KO cells using our previously de-
cribed assay (8). In this assay, PEK/PERK is immu-
oprecipitated using a polyclonal anti-rat PEK/PERK
ntibody and eIF2a kinase activity present in the im-
unoprecipitate is measured. However, we were un-

FIG. 3. Effect of calcium depletion on eIF2a phosphorylation in
ildtype and PKR-KO fibroblasts. Wildtype and PKR-KO cells were

ncubated in the presence or absence of tBuHQ and EGTA as de-
cribed in the legend to Fig. 2. Cells were harvested in SDS-sample
uffer at 90°C and homogenates were resolved by SDS-
olyacrylamide gel electrophoresis as described under Materials and
ethods. eIF2a was quantitated by protein immunoblot analysis as

escribed under Materials and Methods. The results from represen-
ative blots are shown in the top panel. eIF2a(P), blot probed with an
ntibody that specifically recognizes eIF2a phosphorylated at Ser51;
IF2a, blot probed with a monoclonal antibody that recognizes
qually the phosphorylated and unphosphorylated forms of eIF2a.
he results shown in the bottom panel represent the mean 6 SEM of
–9 dishes of cells per condition. Values not sharing the same su-
erscript are significantly different (P , 0.001) by the Tukey–
ramer Multiple Comparisons Test. Hatched bars, wildtype fibro-
lasts; solid gray bars, PKR-KO fibroblasts.
296
lso were unable to detect PEK/PERK by Western blot
nalysis, suggesting that the amount of the kinase in
hese cells is very low.

Under conditions that generate the unfolded protein
esponse, the synthesis of a number of resident endo-
lasmic reticulum proteins is preferentially increased,
ven though total protein synthesis is decreased to
0–15% of the control value (3, 5). One mechanism for
referentially increasing the translation of a subset of
RNAs is by increasing the amount of eIF4E present

n the active complex with eIF4G (28). The amount of
IF4E available to form the eIF4G-eIF4E complex is
egulated by the association of eIF4E with the trans-
ational repressor, 4E-BP1. Binding of eIF4E to 4E-
P1 prevents its association with eIF4G. The binding
f eIF4E to 4E-BP1 is regulated by phosphorylation of
E-BP1 where hypophosphorylated 4E-BP1 (i.e., the a
nd b forms) binds to eIF4E but the hyperphosphory-
ated form (i.e., the g form) does not. However, as
hown in Fig. 5, tBuHQ/EGTA had no significant effect
n the amount of 4E-BP1 in the g-form in either wild-
ype or PKR-KO cells, suggesting that mobilization of
alcium from the endoplasmic reticulum has no effect
n eIF4E availability.
eIF2a is also phosphorylated when cells are deprived

f essential amino acids. Because the kinase that is
ctivated in mammalian cells under such conditions
as not been positively identified, we examined the
ffect of glutamine and/or leucine deprivation on pro-

FIG. 4. Effect of calcium depletion on eIF2B activity in wildtype
nd PKR-KO fibroblasts. Wildtype and PKR-KO cells were incubated
n the presence or absence of tBuHQ and EGTA as described in the
egend to Fig. 2. The guanine nucleotide exchange activity of eIF2B
as measured in cell extracts as described under Materials and
ethods. The results represent the mean 6 SEM of 6 dishes of cells

er condition. Values not sharing the same superscript are signifi-
antly different (P , 0.001) by the Tukey–Kramer Multiple Com-
arisons Test. Hatched bars, wildtype fibroblasts; solid gray bars,
KR-KO fibroblasts.
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ein synthesis in wildtype and PKR-KO cells. As shown
n Fig. 6A, protein synthesis is reduced in wildtype
ells deprived of either leucine or glutamine. Deprivation
f both amino acids had no additional effect beyond that
aused by removal of glutamine alone. Protein synthesis
as also depressed in PKR-KO cells deprived of leucine
nd/or glutamine, and the magnitude of the effect was
imilar to that observed in wildtype cells. The inhibition
f protein synthesis caused by glutamine deprivation was
ssociated with increased phosphorylation of eIF2a (Fig.
B). This effect was observed equally well in both wild-
ype and PKR-KO cells, suggesting that PKR is not re-
uired for eIF2a phosphorylation under conditions of
mino acid deprivation.

ISCUSSION

Several previous studies have identified PKR as the
inase that phosphorylates eIF2a under a variety of

FIG. 5. Effect of calcium depletion on 4E-BP1 phosphorylation in
ildtype and PKR-KO fibroblasts. Wildtype and PKR-KO cells were

ncubated in the presence or absence of tBuHQ and EGTA as de-
cribed in the legend to Fig. 2. Cell extracts were immunoprecipi-
ated with a monoclonal antibody to 4E-BP1 and the phosphorylation
tate of 4E-BP1 was examined by protein immunoblot analysis as
escribed under Materials and Methods. The results of a typical blot
re shown in the top panel. The proportion of 4E-BP1 in the most
ighly phosphorylated form was assessed by densitometric analysis
f the blots. The results represent the mean 6 SEM of 8–9 dishes of
ells per condition. Hatched bars, wildtype fibroblasts; solid gray
ars, PKR-KO fibroblasts.
297
ccumulation of misfolded proteins in the lumen of the
ndoplasmic reticulum (3–5). The conclusion drawn
rom these studies was supported by the following ob-
ervations. First, the stimulation of eIF2a phosphory-
ation caused by the calcium ionophore, A23187, or an
nhibitor of the microsomal ATP-dependent calcium
ump, thapsigargin, is magnified when cells are
reated with interferon to induce PKR synthesis (4).
econd, in extracts of cells treated with either A23187

4) or arsenite (3), eIF2a kinase activity is increased in

FIG. 6. Effect of depletion of leucine or glutamine on protein
ynthesis and eIF2a phosphorylation in wildtype and PKR-KO fibro-
lasts. Wildtype and PKR-KO cells were incubated in the presence or
bsence of leucine or glutamine or both amino acids as described
nder Materials and Methods. Protein synthesis (A) and eIF2a phos-
horylation (B) were measured as described under Materials and
ethods. The results represent the average of 3–4 replicates per

ondition. Hatched bars, wildtype fibroblasts; solid gray bars,
KR-KO fibroblasts. Blots of the total and phosphorylated forms of
IF2a are shown as an inset in B.
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KR. Third, in NIH-3T3 cells expressing a dominant
nterfering variant of PKR, phosphorylation of eIF2a
n response to A23187, ionomycin, dithiothreitol, or
rsenite is repressed compared to non-transfected cells
3, 5). Finally, overexpression of wildtype PKR in L929
ells increases the sensitivity of protein synthesis to
nhibition by A23187 (5). Overall, the results of these
tudies provide strong support for a role for PKR in
ediating the inhibition of protein synthesis during

hysiological stress and the unfolded protein response.
In contrast to the above reports, in the present

tudy we found that the magnitude of the changes in
rotein synthesis, eIF2B activity, and eIF2a phos-
horylation caused by calcium depletion was the
ame in cells lacking PKR as in wildtype cells, sug-
esting that PKR is not required for manifestation of
he unfolded protein response. A possible explana-
ion for this apparent anomaly is that either PKR or
EK/PERK might be able to mediate eIF2a phos-
horylation during the unfolded protein response. If
his assumption is true, then under most circum-
tances PEK/PERK would likely be the predominant
inase that is activated during the unfolded protein
esponse, because in uninduced cells the amount of
KR is normally low (reviewed in 29, 30). Thus, little
KR autophosphorylation is observed in extracts of
23187- or thapsigargin-treated HeLa or NIH-3T3
ells unless the cells are pretreated with interferon
nd double-stranded RNA is added to the extracts,
ven though eIF2a phosphorylation is dramatically
ncreased (4). Furthermore, even though PKR ex-
ression is increased five-fold in interferon-treated
eLa cells, eIF2a phosphorylation caused by either
23187 or thapsigargin is the same in interferon-

reated as in non-treated cells (4), suggesting that
KR is not the primary kinase involved in the un-

olded protein response.
The finding that expression of a dominant interfer-

ng variant of PKR partially prevents the stimulation
f eIF2a phosphorylation under conditions that favor
isfolding of proteins in the endoplasmic reticulum (3,

) would seem to provide compelling evidence for a role
or the kinase in the unfolded protein response. How-
ver, during activation of PKR, the kinase dimerizes
nd autophosphorylates (reviewed in 29, 30). The dom-
nant interfering variant of PKR [PKR(K296P)] used in
he studies of Brostrom et al. (3) and Srivastava et al.
5) contains a mutation that changes Lys296 to Pro,
hich abrogates the activity of the kinase. Such inac-

ive variants of PKR are thought to prevent activation
f the endogenous kinase through the binding of the
nactive variant to the wildtype kinase, resulting in
ormation of disfunctional dimers (31). The ability to
imerize seems to be a common feature in the regula-
ion of eIF2a kinases since, in addition to PKR, both
he nutrient-regulated eIF2a kinase, GCN2 (32), and
298
imers. Whether or not the various eIF2a kinases are
ble to form heterodimers is unknown. However, if
ominant interfering variants of PKR are able to form
nactive complexes with PEK/PERK, then the results
rom earlier studies implicating PKR in the unfolded
rotein response (3, 5) might have been misinter-
reted. Thus, one possible explanation for these results
s that, in addition to binding to wildtype PKR, PKR
K296P) binds to PEK/PERK and forms inactive het-
rodimers, and through this interaction is able to min-
mize the phosphorylation of eIF2a under conditions
romoting the accumulation of misfolded proteins in
he lumen of the ER. A second, perhaps more likely,
ossibility is that the overexpressed PKR variant binds
o a positive regulatory protein that also activates
EK/PERK. Such an explanation might help account

or the observation that overexpression of dominant
egative PKR results in oncogenic transformation
hereas disruption of the PKR gene has no impact on

ell growth.
The results from studies in which PKR expression is

ncreased, either by treating cells with interferon (4) or
y transfection with an expression plasmid containing
he PKR cDNA (5), suggest that PKR can augment the
nfolded protein response. This result is not surprising
onsidering that previous studies have shown that ei-
her mammalian PKR or HRI can functionally substi-
ute for GCN2 in the general control response in yeast.
n yeast deprived of amino acids, the eIF2a kinase
CN2 is thought to be activated as a result of the
ccumulation of uncharged tRNA (reviewed in 34). Ac-
ivation of GCN2, and the subsequent phosphorylation
f eIF2a, initiates a cascade of events that lead to
ncreased translation of the mRNA encoding GCN4, a
ranscription factor that activates transcription of
enes encoding enzymes that synthesize amino acids.
he overall response allows yeast to grow in the ab-
ence of an exogenous supply of amino acids. In yeast
ontaining a chromosomal deletion of GCN2, eIF2a is
ot phosphorylated during amino acid starvation, en-
anced translation of GCN4 does not occur, and the
mino acid biosynthetic genes are not induced, leading
o a drastic reduction in cell growth and proliferation
35). Expression of PKR or HRI restores the general
ontrol response, resulting in increased GCN4 expres-
ion and maintenance of cell growth during amino acid
tarvation (36). Since either PKR or HRI can function-
lly substitute for GCN2, it is possible that all the
IF2a kinases are to some extent interchangeable and
hat PKR might also be able to function similarly to
EK/PERK to augment the unfolded protein response

n cells overexpressing PKR.
In addition to calcium mobilization from the endo-

lasmic reticulum, deprivation of essential amino acids
lso results in increased phosphorylation of eIF2a in
ammalian cells (reviewed in 9). As discussed above,
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CN2, is responsible for the enhanced phosphorylation
f eIF2a (reviewed in 37). A variety of evidence has led
o the proposal that an accumulation of uncharged
RNA during amino acid deprivation is the stimulus for
CN2 activation. Based on these observations, and the

ecent identification of mGCN2 in mammalian cells, it
ight be expected that the latter enzyme is responsible

or increased phosphorylation of eIF2a in amino acid-
eprived cells. However, although genetic evidence
trongly supports a mechanism involving activation of
CN2 in amino acid-regulation of eIF2a phosphoryla-

ion in yeast, the activity of the kinase has not been
hown to be elevated in extracts of amino acid-deprived
ells or by addition of uncharged tRNA to purified
CN2. Furthermore, although serum-deprivation has
een shown to activate mGCN2 (12), amino acid depri-
ation so far has not. Thus, in the present study, we
xamined the possibility that PKR might be required
or stimulation of eIF2a phosphorylation in amino
cid-deprived mouse fibroblasts. It was found that
IF2a phosphorylation was increased to the same ex-
ent in wildtype and PKR-KO cells, indicating that a
inase other than PKR is responsible for enhanced
IF2a phosphorylation under these conditions.
In summary, we have shown that depletion of endo-

lasmic reticulum calcium stores results in a reduction
n protein synthesis through inhibition of eIF2B activ-
ty which in turn is caused by phosphorylation of eIF2a
n Ser51. Likewise, deprivation of essential amino acids
nhibits protein synthesis though increased phosphor-
lation of eIF2a. The magnitude of each of the changes
s the same in cells containing a chromosomal deletion
f the PKR gene as in wildtype cells, suggesting that
KR is not required for the unfolded protein response

n mammalian cells or for the inhibition of protein
ynthesis caused by amino acid deprivation.
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