
In Vivo Regulation of the dsRNA-Dependent Protein Kinase PKR by the Cellular
Glycoprotein P67†

Jesu´s Gil,‡ Mariano Esteban,‡ and Don Roth*,‡,§

Department of Molecular and Cellular Biology, Centro Nacional de Biotecnologı´a, Consejo Superior de InVestigaciones
Cientı́ficas, Campus UniVersidad Auto´noma, 28049 Madrid, Spain, and Department of Molecular Biology, UniVersity of

Wyoming, Laramie, Wyoming 82071

ReceiVed July 27, 2000; ReVised Manuscript ReceiVed October 5, 2000

ABSTRACT: Regulation of eIF2R phosphorylation is critical to the maintenance of cellular homeostasis,
and eIF2R kinases are subject to complex and multidimensional controls. A cellular 67 kDa glycoprotein
(p67) has been proposed to have an important role in regulating the activity of eIF2R kinases including
the interferon-induced, dsRNA-stimulated protein kinase PKR. To dissect p67-PKR interactions and
evaluate their significance in vivo, we have used a vaccinia virus (VV) expression system that successfully
mimics PKR control pathways. Recombinant VV were constructed that constitutively express p67 and
inducibly express PKR in BSC-40 cells. Stable expression of p67 reduced the PKR-mediated antiviral
response and apoptosis. These effects correlated with decreased eIF2R phosphorylation, with rescue of
PKR-mediated inhibition of protein synthesis, and with partial inhibition of PKR-triggered activation of
NF-κB. The direct interaction between PKR and p67 was suggested by in vivo and in vitro analyses.
These data demonstrate that in vivo p67 is an important modulator of PKR-mediated signal transduction
pathways and may provide a useful tool to dissect the relative contributions of PKR to cell growth and
stress response.

Phosphorylation of theR subunit of eukaryotic initiation
factor 2 (eIF2R)1 is an important mechanism to regulate
protein synthesis and maintain cellular homeostasis (reviewed
in 1-3). Formation of the preinitiation ternary complex of
eIF2-GTP-tRNAi

met is inhibited as a direct result of specific
eIF2R phosphorylation on serine 51 (3-5). In yeast, de-
creased ternary complex activity results in the specific
translational upregulation of GCN4, a transcriptional activator
of amino acid biosynthesis genes, although overexpression
of eIF2R kinases can lead to global decreases in protein
synthesis (6-8). In mammalian cells, eIF2R phosphorylation
generally causes a global reduction in mRNA translation;
however, there is evidence suggesting specific effects on
mRNA (9-12). This contributes, in part, to the cellular
antiviral and abiotic stress responses and the control of

apoptosis and proliferation (1, 13-21). The kinases that
specifically phosphorylate eIF2R on serine 51 include the
double-stranded RNA-stimulated kinase (PKR), the heme-
dependent inhibitor (HRI), the plant-encoded homologue of
PKR (pPKR), the endoplasmic reticulum resident kinase
(PERK, also called PEK), and the GCN2 gene product (2,
7, 22-26).

PKR is a major mediator of dsRNA and interferon-
associated effects in cells (2, 26, 27). Binding to dsRNA
promotes PKR dimerization, induces autophosphorylation,
and activates exogenous substrate phosphotransferase activ-
ity. Additionally, PKR dimerization occurs following binding
to the protein activator PACT/RAX (28, 29). The best
characterized PKR substrate is eIF2R (2, 3, 26); however, it
is now recognized that PKR regulates the action of several
transcription factors (30-34). Thus, the relative contribution
of translational and transcriptional activity to PKR-mediated
control of biotic and abiotic stress, cell cycling, differentia-
tion, proliferation, and apoptosis remains a major issue (16-
19, 35-40). Clearly the inappropriate regulation of PKR
activity has dramatic and severe consequences on cell
homeostasis. Overexpression of wild-type PKR in mam-
malian, insect, and yeast cells drastically inhibits cell growth
and induces apoptosis (8, 18, 26, 38-40), whereas expression
of a dominant negative mutant causes malignant transforma-
tion in NIH 3T3 cells (17).

The importance of PKR is also supported by the presence
of numerous cellular and viral modulators of its activity (2,
41). Among these is aMr 67 000 glycoprotein (p67) first
identified as a copurifying component in eIF2 fractions (42).
P67 contains multiple O-linkedN-acetyl-â-D-glucosamine
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(GlcNAc) residues that are critical for inhibition of eIF2R
phosphorylation (43). In vitro decreased protein synthesis
levels and increased eIF2R phosphorylation are correlated
with decreased p67 levels or deglycosylation (43, 44).
Similarly in vivo, correlative evidence has been presented
that p67 has a role in control of protein synthesis, although
interaction with PKR has not been clearly established (45-
48). Wu et al. (48) found that transient expression of p67 in
COS cells reduced eIF2R phosphorylation and increased
expression of plasmid-derived reporter mRNA relative to
control cells transfected with empty vector.

To understand the contribution of p67 to the regulation
of cellular homeostasis, it is critical to directly evaluate the
functional consequences of p67-PKR interactions in vivo.
To address this issue, we have taken advantage of a unique
vaccinia virus (VV)-cell system that allows the constitutive
expression of p67 and the inducible expression of PKR.
Expression of p67 rescues BSC-40 cells from the antiviral
effects of PKR induction following VV infection, and PKR-
mediated decreases in protein synthesis are specifically
abrogated by p67. These effects are directly correlated with
p67 protection of eIF2R phosphorylation and, in part, by
inhibition of PKR-mediated activation of NF-κB. The
association between p67 and PKR is supported by in vitro
and in vivo binding assays. Taken together these results
support the concept that p67 is an in vivo modifier of PKR
activity.

EXPERIMENTAL PROCEDURES

Materials. Chemicals were from Sigma (St. Louis, MO)
unless otherwise specified. Monoclonal antiserum to glyco-
sylated p67 was a gift from N. Gupta (49, University of
Nebraska, Lincoln). A peptide spanning amino acids 464-
478 of the human p67 was synthesized at the CNB to produce
antibodies against p67. Polyclonal rabbit antibody specific
for p67 was obtained after repeated immunizations with the
purified peptide coupled to keyhole limpet hemocyanin.
Polyclonal antisera specific for PKR and VV proteins have
been previously described (18, 50). Monoclonal antiserum
recognizing eIF2R was a gift from Cesar de Haro. Antiserum
specific for the phosphorylated form of eIF2R was purchased
from Research Genetics (Huntsville, AL). Secondary anti-
bodies were from Cappel (Durham, NC). Plasmid pGEMp67
containing the 1.9 kb cDNA encoding p67 was obtained from
N. Gupta (51). The p67 cDNA was excised withPstI/EcoRV,
purified, and subcloned into thePstI-SmaI site of the
hemagglutinin insertional VV vector pHLZ (50).

Cells and Viruses.African green monkey kidney cells
BSC-40 (ATCC CCL-26) were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated newborn calf serum (NCS). After mock-
inoculation or viral adsorption, cells were maintained with
DMEM supplemented with 2% NCS. VV recombinant
expressing PKR (K296R) mutant has been previously
described (52). The recombinant VV expressing IPTG
inducible PKR from the HA site (termed VV PKR) was
generated as described below by recombination of empty
plasmid pHLZ with the western reserve (WR) strain of VV
expressing PKR (WR 68K) (13). VV-p67 was generated
by homologous recombination of the pHLZ-p67 with wild-
type VV in BSC-40 cells, as previously described (53), and

selected by blue plaque formation in response to addition of
X-gal. VV PKR-p67 was generated by recombination of
pHLZ-p67 with the WR 68K virus, following standard
procedures (54). Viruses were subjected to 5 rounds of plaque
purification to generate homogeneous population of recom-
binants. A scheme representing vectors introduced into the
different viruses is presented in Figure 1A.

Measurement ofâ-Galactosidase ActiVity. Confluent BSC-
40 cells seeded in 24 well plates were infected with 5 pfu
per cell of the indicated viruses. After 1 h ofviral adsorption,
5 mM IPTG was added to induce PKR expression. Cells
were collected at the indicated times, resuspended in 100
µL of 0.25 M Tris, pH 7.8, and lysed by three freeze-thaw
cycles. After lysis, extracts were diluted to 1 mL with water
and centrifuged, and 10µL of supernatant was used for
â-galactosidase determination, performed in duplicate. Su-
pernatants from cell lysates (10µL) were mixed with 150
µL of chlorophenol red-â-D-galactopyranoside (CPRG)
solution [1 mM MgCl2, 45 mM â-mercaptoethanol, 0.1 M
sodium phosphate (pH 7.5), 5 mM CPRG] in a 96 well plate
and incubated at 37°C for 1 h, and the absorbance at 540
nm was determined. Experiments were repeated at least
twice.

Measurement of Apoptosis.The Cell Death Detection
Enzyme-linked immunosorbent assay (ELISA) kit (Roche)
was used according to the manufacturer’s instructions. This
assay is based on the quantitative sandwich-enzyme-immu-
noassay-principle and uses mouse monoclonal antibodies
directed against DNA and histones to estimate the amount
of cytoplasmic histone-associated DNA.

For measurement of caspase-3 activity, 3× 106 BSC-40
cells were collected, lysed in lysis buffer (150 mM KCl, 10%
glycerol, 1 mM dithiothreitol, 5 mM magnesium acetate,
0.5% Nonidet P-40), and clarified by centrifugation. Equal
amounts of supernatant and 2× reaction buffer (100 mM
HEPES, pH 75, 20% glycerol, 5 mM dithiothreitol, 0.5 mM
EDTA) were mixed and assayed for caspase-3 activity using
200 µM DEVD-pNA (Calbiochem) as substrate. Free pNA
produced by caspase activity was determined by measuring
the absorbance at 405 nm. All apoptosis analyses were
repeated at least twice.

Metabolic Labeling of Proteins.BSC-40 cells cultured in
12 well plates were infected with the viruses indicated and
rinsed 3 times with Met-Cys-free DMEM 30 min prior to
labeling. Following incubation for an additional 30 min at
37 °C with Met-Cys-free DMEM, medium was removed and
50 µCi/mL [35S]Met-Cys promix (Amersham) in Met-Cys-
free DMEM was added for an additional hour. After 3
washes with PBS, cells were harvested in lysis buffer
followed by SDS-PAGE and autoradiography. Protein
concentrations were determined by the bicinchoninic acid
assay (Pierce) with bovine serum albumin (BSA) as a
standard. An aliquot of the cell lysate was diluted in 0.1 mg/
mL BSA solution, and proteins were precipitated with 5%
trichloroacetic acid (TCA) and collected on glass fiber filters
with a vacuum manifold instrument (Millipore). Filters were
dried, and radioactivity was counted in a scintillation counter
with liquid scintillation cocktail. Experiments were repeated
at least twice.

Immunoblotting. For immunoblot analysis, total cell
extracts were boiled in Laemmli sample buffer, and proteins
were fractionated by SDS-PAGE. After electrophoresis,
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proteins were transferred to nitrocellulose paper with a
semidry blotting apparatus (Gelman Sciences). Filters were
mixed with antiserum in PBS containing 5% nonfat dry milk
(BLOTTO), incubated overnight at 4°C, washed 3 times
with PBS, and further incubated with secondary antibody
coupled to horseradish peroxidase in Blotto. After being
washed with PBS, the immunocomplexes were detected with
ECL Western blotting reagents (Amersham). Exposure of
filters to Kodak X-OMAT films was performed for times
varying from 3 s to 5min, as needed. Experiments were
repeated at least 3 times.

Plaque Assays. Confluent monolayers of BSC-40 cells
grown in a 6 well plate were infected with 200 pfu/well of
the indicated viruses. After 1 h of viral adsorption, the
inoculum was removed, cells were washed, and medium was
replaced by a mixture consisting of DMEM, 2% NCS, and
0.9% agar, in the presence or absence of 5 mM IPTG as
indicated. At 72 hpi, medium was removed, and the
monolayers were stained with 1% crystal violet in 2%
ethanol. Experiments were repeated at least 3 times.

One-Step Virus Growth CurVes. Confluent monolayers of
BSC-40 cells were infected with 5 pfu/cell of the indicated
viruses. After 1 h, the inoculum was removed, cells were
washed twice with DMEM and DMEM+ 2% NCS, and
where indicated 5 mM IPTG was added to cells. At selected
times, cells were harvested and subjected to 3 freeze-thaw
cycles, and supernatants were titrated by plaque assays using
BSC-40 cells. Experiments were repeated at least 3 times.

Gel Retardation Assays. HeLa cells were infected with
the indicated viruses (at a total MOI of 10 pfu/cell) or mock-
inoculated, and nuclear extracts were prepared as described
previously, (55). These were then incubated with a [R-32P]-
dCTP-labeled double-stranded synthetic wild-type HIV

enhancer oligonucleotide (13) that contains twoκB consensus
motifs. The binding buffer consisted of 25 mM HEPES, 1
mM EDTA, 3.5 mM spermidine, 6 mM MgCl2, 100 mM
NaCl, 0.15% Nonidet P-40, 10% glycerol, 5 mM DTT, 0.5
mg of BSA/mL, and 25µg/mL poly(dI-dC). Complexes were
then resolved by electrophoresis on a 6% native gel.

PKR-P67 Interaction Analyses.For in vivo co-immuno-
precipitations, confluent PKR0/0 cells were grown in 60 mm
plates and infected for 20 h with the VV PKR or VV PKR-
p67. Cells were scraped, and the clarified supernatant was
mixed with 150 µL of protein A Sepharose, previously
incubated with specific antibodies directed against p67, and
further incubated overnight. Immunocomplexes were re-
solved by SDS-PAGE followed by immunoblot analysis
with anti-PKR and anti-p67 specific antibodies.

For in vitro association studies, confluent PKR0/0 cells
infected for 20 h with VV p67 or with VV were subject to
immunoprecipitation as outlined above with anti-p67 serum.
Washed immunocomplexes were then incubated for 1 h at
25 °C with equal amounts of35S-labeled protein obtained
from in vitro transcription-translations of plasmids carrying
either PKR or MC159L fromMolluscum contagiosumvirus
(MCV) (negative control) under the transcriptional control
of a T7 promoter using the TNT T7 Quickcoupled system
(Promega). After incubation, resins were extensively washed
and bound proteins analyzed by SDS-PAGE followed by
autoradiography.

RESULTS

Expression of P67 from a VV Recombinant.We have
previously described an inducible system based on VV
recombinants capable of expressing PKR and other proteins
under regulation of the LacI operator/repressor system and

FIGURE 1: Generation of VV recombinants that express the human 67 kDa inhibitor of eIF2R phosphorylation together with PKR. (A)
Scheme showing insertional vectors used for generating the different VV double-recombinants. All viruses contain an IPTG-inducible copy
of PKR under the control of a hybrid operator-vaccinia late promoter inserted in the thymidine kinase (tk) locus. In the hemagglutinin
(HA) locus, different pHLZ-derived insertional plasmids are inserted in each virus. The control VV PKR strain harbors an empty pHLZ
vector. VV PKR-p67 harbors a copy of the rat 67 kDa inhibitor of eIF2R phosphorylation, under the control of a constitutive strong
early/late VV promoter. (B) Immunoblot analysis showing PKR and p67 produced following infection by recombinant VV PKR-p67 or
VV PKR. BSC-40 cells were infected with the indicated viruses (5 pfu/cell), and following viral adsorption for 1 h, inoculum was removed
and PKR expression induced by adding (+) or not adding (-) 5 mM IPTG. At selected times, cells were harvested and subjected to western
blot analyses using p67 or PKR antisera.
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have shown that expression of PKR in an activated form
triggers apoptosis, induces antiviral activity against VV and
VSV, blocks translation, and activates NF-κB through the
IκB kinase complex (13, 18, 32, 52, 56-58). Results obtained
using this inducible virus-cell system have been confirmed
by others with transfected cells or with cells derived from
PKR gene knock-out mice (19, 40). The VV inducible system
was also used to identify apoptotic viral genes (59) and
cellular and viral inhibitors of apoptosis (58, 60). Because
of the biological relevance of the VV system, in this
investigation we have analyzed the in vivo role of the cellular
protein p67 on PKR action. To this end, p67 was subcloned
into the vaccinia virus vector pHLZ and shuttled into vaccinia
virus according to the procedures of (54). Recombinant VV’s
were generated to allow the constitutive expression of p67
from the HA locus under the control of a VV early-late
synthetic promoter. In these recombinants, PKR was inserted
into the tk (thymidine kinase) locus of the virus genome
under the control of anEscherichia coli lacIoperator-
repressor system-VV hybrid promoter, allowing inducible
expression (Figure 1A). This arrangement permits differential
PKR expression based upon concentration and timing of
IPTG treatment in order to manipulate relative molar ratios
of PKR and p67. We reasoned that this strategy might be
particularly useful because the inhibitory activity of p67 in
vitro appears to be dependent upon the relative kinase:p67
ratios (44). As shown in Figure 1B, p67 is constitutively

expressed from the VV early-late promoter in cells infected
with VV PKR-p67 in the presence or absence of IPTG at
approximately 8 h, and expression levels increased with time
of infection. A low level of endogenous p67 also was
detectable in immunoblots of extracts from VV infected cells.
Monoclonal antiserum (49) that detects the glycosylated,
active p67 form yielded the same results (data not shown).
A slight decrease in steady-state p67 levels following PKR
induction with IPTG was observed particularly at 16-24 hpi
and is likely due to PKR-mediated inhibition of protein
synthesis and induction of apoptosis (18). In addition,
immunofluorescence staining of cells (61) overexpressing
p67 distinctly showed that p67 was expressed solely in the
cytoplasm but not in the nucleus (data not shown).

At 8 hpi, PKR was detected in cells infected with VV
PKR-p67 or VV PKR and treated with IPTG (Figure 1B).
PKR levels remained constant through 24 hpi. A low level
of PKR also was detectable in cells in the absence of IPTG
treatment probably as a result of some leakiness of the system
as noted previously (18).

Expression of P67 ReVerses PKR-Mediated AntiViral
Effects. Lee and Esteban (52) found that the inducible
expression of PKR from VV recombinants inhibits viral
pathogenesis. This and other studies (13, 50, 53) demonstrate
that the VV recombinant system is an effective mimic of
the PKR regulatory pathway. To determine if expression of
p67 can rescue VV pathogenesis from the effects of PKR

FIGURE 2: Expression of p67 overrides the antiviral effects exerted by PKR expression from VV recombinants. BSC-40 cells were infected
(5 pfu/cell) with (A) VV PKR or (B) VV PKR-p67, and one-step virus growth curves were determined in the presence or absence of 5
mM IPTG. (C) Plaque formation by VV PKR or VV PKR-p67 in the presence of absence of IPTG. Confluent BSC-40 cells were infected
with ca. 200 pfu/well of the indicated viruses. After virus adsorption, cells were overlaid with media containing 0.9% agar, in the presence
or absence of 5 mM IPTG. Three days later the overlay was removed, and cells were stained with 1% crystal violet in 2% ethanol. (D)
Quantitation of p67-mediated inhibition of the PKR-induced antiviral effect from (C).
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expression, BSC-40 cells were infected with VV PKR or
VV PKR-p67 in the presence or absence of IPTG, and viral
growth rates were determined at various times post-infection.
As expected, VV pathogenesis was severely inhibited by
expression of PKR from VV PKR recombinants (Figure
2A,C). At 24 hpi, viral growth was decreased approximately
90% by PKR expression (Figure 2D). However, expression
of p67 significantly abrogated the antiviral effect of PKR
(Figure 2B,C). In a virus plaque formation assay, coexpres-
sion of p67 with PKR resulted in an approximate 4-5-fold
increase in virus plaques relative to cells infected with VV
PKR in the presence of IPTG (Figure 2D). Varying the time
of PKR expression between 1 and 6 hpi via the addition of
IPTG had not discernible effect. This p67-associated barrier
to the PKR-mediated antivirus reaction was consistent in
three independent experiments although variation was noted
in absolute plaque numbers.

Modulation of PKR-Mediated Apoptosis by P67. The
induction of apoptosis is a major consequence of PKR
activity and is involved in the antiviral response (13, 18,
32, 50, 62). To assess the effect of different relative p67:
PKR ratios on apoptosis, single VV recombinants expressing
either p67 or PKR were generated according to (18). BSC-
40 cells were infected with VV, VV PKR, or VV p67 singly
or in co-infections at different virus multiplicities. The level
of apoptosis was determined by the caspase-3 activity assay
and an ELISA designed to measure the amount of cytoplas-
mic histone-associated DNA. Results from both assays were
consistent and, in support of (13), demonstrate that infection
of cells with VV PKR induces cellular apoptosis (Figure
3A,B). In this system, wild-type VV infection of BSC-40
cells does not induce apoptosis (13). Further, coexpression
of p67 from VV-p67 significantly decreased the level of
apoptosis by both assays, in agreement with the abrogation

of the PKR-mediated antiviral effect. The inhibition of
apoptosis was dependent upon relative VV p67/VV PKR
multiplicities of infection, suggesting that p67 levels, at least
in part, are important in the interaction with PKR. When
cells were co-infected with VV PKR (3 pfu/cell) and VV
p67 (6 pfu/cell), respectively, there was an approximate
2-fold decrease in measurable apoptosis compared to VV
PKR infected cells.

P67 Expression Abrogates PKR-Mediated Inhibition of
Protein Synthesis. The p67-associated abrogation of the PKR-
mediated antiviral response and apoptosis could be due to
translational and/or transcriptional mechanisms (32). Trans-
lational activity was measured by three assays: reporter gene
expression, western blotting of VV proteins, and metabolic
labeling to measure total protein synthesis levels in infected
cells. The design of the VV recombinant system permits
analysis ofâ-galactosidase expression driven from a VV 7.5
promoter as a quantitative and very sensitive measurement
of levels of protein synthesis. Figure 4A shows that PKR
expression from VV PKR caused a significant decrease (ca.
80%) in â-galactosidase activity relative to uninduced
controls. These data are consistent with results from one-
step viral growth assays and previous reports (13, 18) and
indicate a severe block of protein synthesis by PKR.
However, in cells infected with VV PKR-p67 where PKR
expression was induced by IPTG,â-galactosidase activity
increased to approximately 80% of uninduced controls,
supporting the concept that p67 can prevent the PKR-
mediated inhibition of protein synthesis (Figure 4B).

Steady-state VV protein levels were determined by im-
munoblotting using antiserum specific for VV proteins. In
accordance with previous reports (18, 52), induction of PKR
in cells infected with VV PKR leads to a marked decrease
in synthesis of vaccinia virus-encoded proteins (Figure 4C,

FIGURE 3: Inhibition of PKR-induced apoptosis by coexpression of p67. (A) Caspase-3 activity. BSC-40 cells were infected with the
indicated viruses, and at 24 hpi, cells were collected in lysis buffer. Cellular extracts were used to determine caspase-3 activity as described
under Experimental Procedures. Each point represents duplicate samples. Cells in all treatments were infected at a total moi of 9 pfu/cell,
completed when needed with VV. Cells in lanes 1-3 were infected with 3 pfu/cell of VV PKR. Cells in lanes 2 and 3 were co-infected
with 3 or 6 pfu/cell, respectively, of VV p67. Cells in lane 4 were infected with 9 pfu/cell of VV. (B) Cell-Death ELISA. BSC-40 cells
were infected with the same viruses as in (A), and at 24 hpi, cells were collected in lysis buffer. Cytoplasmic extracts were prepared and
used to determine the extent of apoptosis as described under Experimental Procedures. Each point represents triplicate samples.
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left panel); however, in cells infected with VV PKR-p67
and treated with IPTG, viral protein synthesis was partially
rescued (right panel). In vivo metabolic labeling assays
showed that at 16 hpi, total protein synthesis in cells infected
with VV PKR in the presence of IPTG was inhibited by 93%
(Figure 4D). In comparison, the PKR-mediated block of
protein synthesis due to coexpression of p67 from VV PKR-
p67-infected cells resulted in a 44% increase in protein
synthesis (as quantitated by acid precipitation and scintillation
counting). The 1 h pulse-labeling used in these experiments
yields a view of translation within a small window of time
whereas theâ-galactosidase measurements reflect the total
impact or cumulative effect. Taken together, these data
indicate that p67 extends the cell’s ability to engage in protein
synthesis in the presence of PKR expression.

P67 Inhibition of PKR-Mediated Translational Regulation
Is Due to Inhibition of eIF2R Phosphorylation.To evaluate
if the inhibition of PKR translational control by p67 is
directly linked to eIF2R phosphorylation levels, cells infected
with 5 pfu/cell of VV PKR or VV PKR-p67 were exposed
to varying IPTG concentrations to differentially induce PKR.
Cells were collected at 10 hpi, and extracts were subjected
to immunoblotting using antisera against PKR, p67, eIF2R-
(PO4), or eIF2R. Steady-state eIF2R(PO4):eIF2R(total) ratios
were normalized to levels from untreated cells. PKR was
efficiently expressed in VV PKR and VV PKR p67-infected

cells in an IPTG-dependent manner (Figure 5A). Levels of
eIF2R protein were uniform over the time course in cells
infected by the recombinant viruses, whereas eIF2R phos-
phorylation increased approximately 3-fold in cells infected
with VV PKR and treated with 1 mM IPTG as compared to
untreated cells (Figure 5A,B). In addition to the endogenous
p67 detectable in all treatments, infection of cells with VV
PKR-p67 resulted in a significant increase in steady-state
p67 levels. Expression of p67 resulted in an approximate
50% decrease in eIF2R phosphorylation in the presence of
PKR regardless of PKR expression level (Figure 5B). The
background level of eIF2R phosphorylation observed in VV
PKR infected cells without IPTG treatment corresponds to
both endogenous eIF2R kinase activity and leaky expression
of PKR, as noted previously. Interestingly, p67 overexpres-
sion was also able to inhibit the background levels of eIF2R
phosphorylation. These data indicate that the relative ability
of p67 to interfere with PKR-mediated eIF2R phosphoryla-
tion is dependent upon relative PKR concentrations.

P67 Affects PKR-Mediated NF-κB Binding ActiVity. PKR
is a multifunctional regulator of cellular activity with effects
on transcriptional activation via NF-κB activity and on
translational control. Gil et al. (13) showed that induction
of PKR from VV PKR infected cells markedly increased
NF-κB activity, as measured by gel shift assays. Activation
of NF-κB binding activity correlated with increased NF-κB-

FIGURE 4: P67-mediated regulation ofâ-galactosidase activity, vaccinia virus specific and total protein synthesis. Monolayers of BSC-40
cells were infected with VV PKR or VV PKR-p67 viruses (5 pfu/cell), and after 1 h of virus adsorption, inoculum was removed and new
medium( 5 mM IPTG was added. At selected times, cells were harvested and extracts (A, B) were prepared forâ-galactosidase activity
measurement or (C) were subjected to immunoblot analyses using polyclonal antibodies against VV (1:1000 dilution).â-Glactosidase data
are presented as a percentage of the maximum measured activity. (D) Cells were infected with VV PKR or VV PKR-p67, labeled at the
indicated times with [35S]methionine-cysteine for 1 h, and collected in lysis buffer, and protein synthesis was analyzed by SDS-PAGE,
followed by autoradiography.
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dependent transcription of reporter genes (13, 63). Whereas
previous in vitro studies show that p67 protects eIF2R from
PKR-mediated phosphorylation, it is unclear if p67 influences
other PKR-mediated activities. To address this issue, cells
were infected with VV PKR alone or together with VV p67
and NF-κB induction as determined by gel shift assays. As
previously shown (13), NF-κB binding activity was not
detectable in cells infected with VV whereas induction of
PKR in cells infected with VV PKR increased NF-κB activity
(Figure 6A, lanes 4, 5). This effect was particularly evident
at 20 hpi. As a control, coexpression of a dominant negative
mutant of IKK1, a subunit of the kinase complex involved
in transmitting the NF-κB activation signal triggered by PKR
(63), significantly inhibited NF-κB activation induced by
PKR as would be expected (lanes 6, 7). Coexpression of
p67 resulted in an intermediate effect (lanes 8, 9) whereby
there was a detectable but not dramatic decrease in PKR-
mediated NF-κB activation. Quantitation of NF-κB binding
from four independent experiments indicates that at 16 hpi,
there was an approximate 20-25% decrease in activity
associated with p67 coexpression compared with cells

expressing PKR only (Figure 6B).
Association of P67 with PKR.Purified p67 is able to inhibit

PKR autophosphorylation in the absence of eIF2 (64), it co-
purifies with PKR on dsRNA agarose despite the failure of
purified p67 to bind dsRNA agarose directly (data not
shown), and it does not contain the conserved dsRNA
binding domain (65). These results suggest a direct interac-
tion between PKR and p67. To further characterize the
association between p67 and PKR, in vivo co-immunopre-
cipitation assays and in vitro binding assays were performed.
The catalytically inactive K296R mutant was used in the co-
immunoprecipitation assays in order to reduce self-regulation
and maximize expression of PKR. Extracts from cells
infected with VV p67 and/or VV PKR (K296R) were subject
to immunoprecipitation using anti-p67 serum/protein A
Sepharose, and immunocomplexes were resolved by SDS-
PAGE and immunoblotted with anti-PKR or anti-p67 sera
(Figure 7). Detectable concentrations of p67 were found in
cells infected or co-infected with VV-p67 (Figure 7A, right
panel, lanes 3-5). Western blotting of total extracts also
showed that PKR was present in cells infected with VV PKR
(K296R) or coinfected with VV PKR (K296R) and VV p67
in the presence of IPTG (Figure 7A, left panel, lanes 2, 5)
but not from cells infected with VV or VV p67 (lanes 1, 3).
The western blot analysis of anti-p67 immunocomplexes
showed that PKR co-immunoprecipitates with p67 in a
specific manner (Figure 7B, lane 5). The PKR band observed
in immunoprecipitates from lane 2 is likely due to its

FIGURE 5: P67 protects eIF2R from PKR-mediated phosphorylation
in HeLa cells. (A) HeLa cells were infected with the indicated
viruses (5 pfu/cell), and PKR expression was induced or not induced
by adding the indicated concentrations of IPTG after viral adsorption
for 1 h. Cells were collected at 10 hpi and subjected to immunoblot
analysis using anti-eIF2R-specific monoclonal antibodies, a poly-
clonal antiserum that specifically recognizes the phosphorylated
form of eIF2R, or polyclonal antisera to PKR or p67. (B)
Phosphorylation of eIF2R was measured by densitometric analysis
and is presented as a ratio of phosphorylated eIF2R to total eIF2R,
normalized to the value obtained from mock-infected cells.

FIGURE 6: P67 interference of PKR activation of NF-κB. HeLa
cells were infected with the combinations of VV recombinants
indicated (at a total moi of 10 pfu/cell), and nuclear extracts were
prepared at 16 or 20 hpi and (A) analyzed by a gel shift assay with
a probe specific for NF-κB. VV IKKI DN, VV expressing a
dominant negative mutant of IKK1. The effect of p67 over PKR-
induced activation of NF-κB was quantified by densitometric
analyses of autoradiograms from four independent experiments and
expressed as a percentage of maximum NF-κB binding. The
quantitation is shown in panel B.
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association with endogenous p67, since PKR does not bind
to protein A Sepharose alone or protein A Sepharose bound
to a control serum (data not shown).

In vitro binding assays further support the interaction
between PKR and p67. In these studies, PKR0/0 cells were
infected with VV p67 or VV for 20 h followed by incubation
of cell extracts with anti-p67 serum-protein A Sepharose.
The immunocomplexes were then incubated with [35S]-
methionine-cysteine-labeled, in vitro transcribed and trans-
lated PKR or, as a negative control, MC159L protein (from
Molluscum contagiosumvirus). Following thorough washing,
SDS-PAGE, and autoradiography, PKR was detectable in

p67 immunocomplexes from VV p67 and VV infected cells
(Figure 8), in a manner dependent on p67 levels. Specificity
of association is demonstrated by the inability of MC159L
to bind to p67 immunocomplexes and by previously men-
tioned controls that exclude the nonspecific association of
PKR to protein A Sepharose resin. The above findings
suggest that a physical interaction between p67 and PKR
can explain inhibitory effects exerted by this glycoprotein.

DISCUSSION

PKR is a multidimensional regulator of cell activity, and
the diversity of cellular and viral modulators of PKR testifies

FIGURE 7: Co-immunoprecipitation of PKR and p67. (A) PKR0/0 cells were infected with VV (lane 1), VV-PKR (K296R) (lane 2),
VV-p67 (lane 3), or VV-PKR (K296R) plus VV-p67 (lanes 4, 5) in the presence (lanes 2, 5) or absence (lanes 1, 3, 4) of IPTG, followed
by immunoblot analysis with anti-PKR or anti-p67 antiserum. (B) Extracts prepared as in (A) were immunoprecipitated using anti-p67
serum and thoroughly washed and immunocomplexes analyzed by SDS-PAGE and subjected to immunoblotting with antiserum to PKR
or p67. IP, immunoprecipitation; WB, western blot.

FIGURE 8: In vitro interaction between PKR and p67. (A) PKR0/0 cells were infected with VV or VV p67, and extracts were subjected to
immunoblotting with anti-p67 serum or to immunoprecipitation with p67 antiserum followed by immunoblotting. Asterisks (*) mark nonspecific
proteins appearing in immunoblots of immunoprecipitations. (B) PKR and a control protein (MC159L) were in vitro transcribed/translated,
labeled with [35S]Met-Cys (inputs), and incubated with p67 immunoprecipitates from cells infected with the indicated viruses. Aliquots of
the inputs and proteins bound to p67-containing immunocomplexes following incubation and washing were analyzed by SDS-PAGE
followed by autoradiography. WB, western blotting; 159, MCV protein MC159L; IP, immunoprecipitation.
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to its physiological importance. Using a VV recombinant
system that effectively mimics PKR-mediated pathways in
vivo, we demonstrate that in the presence of PKR, p67
specifically reduced eIF2R phosphorylation and rescued
protein synthesis. As a result, both PKR-mediated apoptosis
and antiviral responses were down-regulated. In vitro studies
previously suggested that the host-encoded glycoprotein p67
inhibited PKR-mediated eIF2R phosphorylation (42-44).
However, in these studies the activation state of PKR was
unclear, and exogenous dsRNA was not added, complicating
interpretation. Other studies provided evidence that p67 levels
and glycosylation state were correlated with in vivo protein
synthesis levels (46, 47). Wu et al. (48) found that transient
overexpression of p67 in COS cells increased p67 expression
4-5-fold and resulted in an approximate 40% inhibition of
eIF2R phosphorylation. However, only a 1.5-2-fold increase
was observed in expression of a reporter mRNA. In our
system, p67 overexpression had a substantially greater impact
on the rescue of protein synthesis. This may be due to the
concomitant induction of PKR expression from VV recom-
binants. Although p67 expression prolongs the cell’s trans-
lational ability in the presence of PKR, it does not impose
an absolute constraint on PKR translational inhibition. More
likely, expression and activation of p67 guides rather than
dominates PKR-mediated translational control, and effects
may be dependent upon timing and/or localization of the
interaction. However, this may be significant because in
reticulocyte lysates an increase of 5-10% in eIF2R phos-
phorylation is sufficient to dramatically increase the level
of translational inhibition (66).

In addition, stably expressed p67 also had a slight but
detectable effect on activation of the NF-κB pathway as
observed by gel shift analyses. This extends the range
previously reported for p67-mediated effects. The relative
level of p67-mediated influence on PKR activities may
indicate that eIF2R phosphorylation is more sensitive than
NF-κB activation to regulation of PKR activity. p58IPK,
another PKR inhibitor that is able to inhibit PKR activation
by blocking its dimerization, has been shown to also inhibit
NF-κB activation triggered by PKR (67).

The mechanism of p67-mediated inhibition of PKR action
is not understood. A significant degree of amino acid identity
(66%) exists between p67 and methionine aminopeptidases,
suggesting multifunctional activity (68, 69). In fact, Bazan
et al. (70) proposed that p67 attacks eIF2R kinases as a
metalloproteinase. An alternative model (44, 71) proposes
that p67 binds to theγ subunit of eIF2 and shelters the eIF2R
phosphorylation site. They suggest that PKR does not directly
interact with p67 and that p67 has no effect on PKR
autophosphorylation but functions against activated PKR by
inhibiting phosphoryl transfer between phosphorylated PKR
and eIF2R. In contrast, data presented herein together with
the finding that purified p67 inhibits dsRNA-dependent PKR
autophosphorylation in the absence of eIF2 (64, Chang et
al., unpublished results) support a more direct interaction
between p67 and PKR. This is also consistent with the p67
impact on PKR-mediated NF-κB activity. However, at this
time we cannot exclude the possibility that p67 also may
interact directly with eIF2.

Multiple eIF2R kinases are present in mammalian cells,
including HRI, PKR, GCN2, and PERK/PEK. The redun-
dancy of their activities is suggested by studies with PKR0/0

mice and PERK0/0 cells (72, 73). Datta et al. (43) have
previously shown that p67 inhibits not only PKR-mediated
but also HRI-mediated eIF2R phosphorylation. Although
multiple cellular and viral inhibitors of eIF2R kinase activity
have been identified, only p67 and the VV-encoded K3L
protein (74) are known to have the ability to regulate eIF2R
phosphorylation by multiple kinases. Unlike p67, the VV-
encoded K3L protein contains a domain homologous to
eIF2R that acts as a pseudosubstrate to limit phosphorylation
(75). Interestingly, K3L has been shown to interact with PKR
through the PKR catalytic domain (76, 77), and this seems
to confer the ability to interact and inhibit not only PKR but
also other eIF2R kinases. It will be of interest to know if,
similar to K3L, p67 interacts with eIF2R kinases via the
kinase domain. This interaction would likely contribute to
inhibition of PKR-mediated NF-κB activation. The broad-
spectrum anti-eIF2R kinase activity of p67 also may be
exploited in dissecting the regulatory role of eIF2R phos-
phorylation in response to diverse abiotic and biotic stresses.

In conclusion, in this investigation we have demonstrated
with a virus-cell system that the cellular glycoprotein p67
reverses the antiviral and proapoptotic effects of PKR. This
reversal correlates with a p67-mediated decrease of PKR-
induced eIF2R phosphorylation and, in part, NF-κB binding
activity. By in vitro and in vivo approaches, we documented
interaction between p67 and PKR. Whether there is direct
or indirect p67 interaction and what domains are involved
remain to be determined. Our findings highlight the impor-
tance of p67 as a regulator of PKR functions.

ACKNOWLEDGMENT

We thank Naba Gupta for p67 cDNA and monoclonal
antiserum, Ce´sar de Haro for monoclonal antiserum to eIF2R,
Isabel Vázquez for generating the pHLZ vector, and Victoria
Jimenez for skillful technical assistance. We are indebted to
Juan Pablo Albar (CNB-DIO) for identification and synthesis
of p67 peptide and generation of antibodies in rabbits. We
recognize C. Weissman (University of Zurich, Switzerland)
for the generous gift of the 3T3-like PKR0/0 and PKR+/+ cells.
We thank Jose Alcamı´ for help with the NF-κB assays.

REFERENCES

1. Pain, V. M. (1996)Eur. J. Biochem. 236, 747-771.
2. Clemens, M. (1996) inTranslational Control(Hershey, J. W.

B., Mathews, M. B., and Sonenberg, N., Eds.) pp 139-172,
Cold Spring Harbor Press, Cold Spring Harbor, NY.

3. Merrick, W. C., and Hershey, J. W. B. (1996) inTranslational
Control (Hershey, J. W. B., Mathews, M. B., and Sonenberg,
N., Eds.) pp 31-71, Cold Spring Harbor Press, Cold Spring
Harbor, NY.

4. Levin, D., and London, I. M. (1978)Proc. Natl. Acad. Sci.
U.S.A. 75, 1121-1125.

5. Colthurst, D. R., Campbell, D. G., and Proud, C. G. (1987)
Eur. J. Biochem. 166, 357-363.

6. Dever, T. E., Feng, L., Wek, R. C., Cigan, A. M., Donahue,
T. F., and Hinnebusch, A. G. (1992)Cell 68, 585-596.

7. Hinnebusch, A. (1995) inTranslational Control(Hershey, J.
W. B., Mathews, M. B., and Sonenberg, N., Eds.) pp 199-
245, Cold Spring Harbor Press, Cold Spring Harbor, NY.

8. Chong, K. L., Feng, L., Schappert, K., Meurs, E., Donahue,
T. F., Friesen, J. D., Hovanessian, A. G., and Williams, B. R.
G. (1992)EMBO J. 11, 1553-1562.

9. Kaufmann, R. J., Davies, M. V., Pathak, V. K., and Hershey,
J. W. B. (1989)Mol. Cell. Biol. 9, 946-958.

16024 Biochemistry, Vol. 39, No. 51, 2000 Gil et al.



10. Balachandran, S., Kim, C. N., Yeh, W., Mak, T. W., Bhalla,
K., and Barber, G. N. (1998)EMBO J. 17, 6888-6902.

11. Shang, Y., Baumrucker, C. R., and Green, M. H. (1998)J.
Biol. Chem. 273, 30608-30613.

12. Jaramillo, M. L., Abraham, N., and Bell, J. C. (1995)Cancer
InVest. 13, 327-338.

13. Gil, J., Alcami, J., and Esteban, M. (1999)Mol. Cell. Biol.
19, 4653-4663.

14. Duncan, R., and Hershey, J. W. B. (1985)J. Biol. Chem. 260,
5493-5497.

15. Dubois, M. F., Galabru, J., Lebon, P., Safer, B., and Hovan-
essian, A. G. (1989)J. Biol. Chem. 264, 12165-12171.

16. Donze, O., Jagus, R., Koromilas, A. E., Hershey, J. W., and
Sonenberg, N. (1995)EMBO J. 14, 3828-3834.

17. Koromilas, A. E., Roy, S., Barber, G. N., Katze, M. G., and
Sonenberg, N. (1992)Science 257, 1685-1689.

18. Lee, S. B., and Esteban, M. (1994)Virology 199, 491-496.
19. Srivastava, S. P., Kumar, K. U., and Kaufman, R. J. (1998)J.

Biol. Chem. 273, 2416-2423.
20. Scorsone, K. A., Panniers, R., Rowlands, A. G., and Henshaw,

E. C. (1987)J. Biol. Chem. 262, 14538-14543.
21. Barber, G. N., Wambach, M., Thompson, S., Jagus, R., and

Katze, M. G. (1995)Mol. Cell. Biol. 15, 3138-3146.
22. Harding, H. P., Zhang, Y., and Ron, D. (1999)Nature 397,

271-274.
23. Shi, Y., Vattem, K. M., Sood, R., An, J., Liang, J., Stramm,

L., and Wek, R. C. (1998)Mol. Cell. Biol. 18, 7499-7509.
24. Langland, J. O., Song, J., Jacobs, B., and Roth, D. A. (1995)

Plant Physiol. 108, 1259-1267.
25. Langland, J. O., Langland, L. A., Browning, K. S., and Roth,

D. A. (1996)J. Biol. Chem. 271, 4539-45449.
26. Samuel, C. E. (1993)J. Biol. Chem. 268, 7603-7606.
27. Jacobs, B. L., and Langland, J. O. (1996)Virology 219, 339-

349.
28. Patel, R. C., and Sen, G. C. (1998)EMBO J. 17, 4379-4390.
29. Ito, T., Yang, M., and May, S. (1999)J. Biol. Chem. 274,

15427-15432.
30. Kumar, A., Yang, Y, Flati, V., Der, S., Kadereit, S., Deb, A.,

Haque, J., Reis, L., Weissmann, C., and Williams, B. R. G.
(1997)EMBO J. 16, 406-416.

31. Cuddihy, A. R., Wong, A. H., Tam, T. W. N., Li, S., and
Koromilas, A. E. (1999)Oncogene 18, 2690-2702.

32. Gil, J., and Esteban, M. (2000)Apoptosis 5,107-114.
33. Langland, J. O., Kao, P. N., and Jacobs, B. L. (1999)

Biochemistry 38, 6361-6368.
34. Wong, A. H., Tam, N. W., Yang, Y. L., Cuddihy, A. R., Li,

S., Kirchhoff, S., Hauser, H., Decker, T., and Koromilas, A.
E. (1997)EMBO J. 16, 1291-1304.

35. Petryshyn, R., Chen, J. J., and London, I. M. (1984)J. Biol.
Chem. 259, 14736-14742.

36. Zamanian-Daryoush, M., Der, S. D., and Williams, B. R.
(1999)Oncogene 18, 315-326.

37. Clemens, M. (1992)Nature 360, 210-211.
38. Clemens, M. J., and Elia, A. (1997)J. Interferon Cytokine

Res. 17, 503-524.
39. Samuel, C. E., Kuhen, K. L., Georg, C. X., Ortega, L. G.,

Rende-Fournier, R., and Tanaka, H. (1997)Int. J. Hematol.
65, 227-237.

40. Der, S. D., Yang, Y. L., Weissman, C., and Williams, B. R.
(1997)Proc. Natl. Acad. Sci. U.S.A. 94, 3279-3283.

41. Katze, M. G. (1995)Trends Microbiol. 3, 75-78.
42. Datta, B., Chakrabarti, D., Roy, A., and Gupta, N. K. (1988)

Proc. Natl. Acad. Sci. U.S.A. 85, 3324-3328.
43. Datta, B., Ray, M. K., Chakrabarti, D., Wylie, D. E., and

Gupta, N. K. (1989)J. Biol. Chem. 264, 20620-20624.
44. Ray, M. K., Chakraborty, A., Datta, B., Chattopadhyay, A.,

Saha, D., Bose, A., Kinzy, T. G., Wu, S., Hileman, R. E.,
Merrick, W. C., and Gupta, N. K. (1993)Biochemistry 32,
5151-5149.

45. Gupta, S., Bose, A., Chatterjee, N., Saha, D., Wu, S., and
Gupta, N. K. (1997)J. Biol. Chem. 272, 12699-12704.

46. Chatterjee, M., Chatterjee, N., Datta, R., Datta, B., and Gupta,
N. K. (1998) Biochem. Biophys. Res. Commun. 249, 113-
117.

47. Gupta, S., Wu, S., Chatterjee, N., Ilan, J., Ilan, J., Osterman,
J. C., and Gupta, N. K. (1995)Gene Expression 5, 113-122.

48. Wu, S., Rehemtulla, A., Gupta, N. K., and Kaufman, R. J.
(1996)Biochemistry 35, 8275-8280.

49. Ray, M. K., Datta, B., Chakraborty, A., Chattopadhyay, A.,
Meza-Keuthen, S., and Gupta, N. K. (1992)Proc. Natl. Acad.
Sci. U.S.A. 89, 539-543.

50. Lee, S. B., Rodriguez, D., Rodriguez, J. R., and Esteban, M.
(1994)Virology 231, 81-88.

51. Wu, S., Gupta, S., Chatterjee, N., Hileman, R. E., Kinzy, T.
G., Denslow, N. D., Merrick, W. C., Chakrabarti, D., Oster-
man, J. C., and Gupta, N. K. (1993)J. Biol. Chem. 268,
10796-10801.

52. Lee, S. B., and Esteban M. (1993)Virology 193, 1037-1041.
53. Vazquez, M. I., Rivas, G., Cregut, D., Serrano, L., and Esteban,

M. (1998)J. Virol. 72, 10126-10137.
54. Mackett, M., Smith, G. L., and Moss, B. (1984)J. Virol. 49,

857-864.
55. Arenzana-Seisdedos, F., Fernandez, B., Dominguez, J., Jaque,

M., Thompson, D., Diaz-Meco, M. T., Moscat, J., and
Virelizier, J. L. (1993)J. Virol. 67, 6596-6604.

56. Lee, S. B., Bablanian, R., and Esteban, M. (1996)J. Interferon
Cytokine Res. 16,1073-1078.

57. Lee, S. B, Rodriguez, D., Rodriguez, J. R., and Esteban, M.
(1997)Virology 231,81-88.

58. Lee, S. B., Melkova, Z., Yan, W., Williams, B. R. G.,
Hovanessian, A. G., and Esteban, M. (1993)Virology 192,
380-385.

59. Suarez, P., Dı´az-Guerra, M., Prieto, C., Esteban, M., Castro,
J. M., Nieto, A., and Ortı´n, J. (1996)J. Virol. 70,2876-2882.

60. Brun, A., Rivas, C., Esteban, M., Escribano, J. M., and Alonso,
C. (1996)Virology 225,227-230.

61. Alconada, A., Bauer, U., and Hoflack, B. (1996)EMBO J.
15, 6096-6110.

62. Yeung, M. C., Liu, A. J., and Lau, A. S. (1996)Proc. Natl.
Acad. Sci. U.S.A. 93, 12451-12455.

63. Gil, J., Alcamı´, J., and Esteban, M. (2000)Oncogene 19,
1369-1378.

64. Langland, J. O., Langland, L., Zeman, C., Saha, D., and Roth,
D. A. (1997)Plant J. 12, 393-400.

65. St. Johnston, D., Brown, N. H., Gall, J. G., and Jantsch, M.
(1992)Proc. Natl. Acad. Sci. U.S.A. 89, 10979-10983.

66. Pain, V. (1986)Biochem. J. 235, 625-637.
67. Tang, N. M., Korth, M. J., Gale, M., Jr., Wambach, M., Der,

S. D., Bandyopadhyay, S. K., Williams, B. R. G., and Katze,
M. G. (1999)Mol. Cell. Biol. 19, 4757-4765.

68. Li, X., and Chang, Y.-H. (1995)Biochim. Biophys. Acta 1260,
333-336.

69. Arfin, S. M., Kendall, R. L., Hall, L., Weaver, L. H., Stewart,
A. E., Mathews, B. W., and Bradshaw, R. A. (1995)Proc.
Natl. Acad. Sci. U.S.A. 92, 7714-7718.

70. Bazan, J. F., Weaver, L. H., Roderick, S. L., Huber, R., and
Matthews, B. W. (1994)Proc. Natl. Acad. Sci. U.S.A. 91,
2473-2477.

71. Chakraborty, A., Saha, D., Bose, A., Hileman, R. E., Chat-
terjee, M., and Gupta, N. K. (1994)Indian J. Biochem.
Biophys. 31, 236-242.

72. Abraham, N., Stojdl, D. F., Duncan, P. I., Methot, N., Ishii,
T., Dube, M., Vanderhyden, B. C., Atkins, H. L., Gray, D.
A., McBurney, M. W., Koromilas, A. E., Brown, E. G.,
Sonenberg, N., and Bell, J. C. (1999)J. Biol. Chem. 274,
5953-5962.

73. Harding, H. P., Zhang, Y., Bertolotti, A., Zeng, H., and Ron,
D. (2000)Mol. Cell 5, 897-904.

74. Sood, R., Porter, A. C., Ma, K., Quilliam, L. A., and Wek, R.
C. (2000)Biochem. J. 346, 281-293.

75. Carroll, K., Elroy-Stein, O., Moss, B., and Jagus, R. (1993)J.
Biol. Chem. 268, 12837-12842.

76. Gale, M. J., Tan, S. L., Wambach, M., and Katze, M. G. (1996)
Mol. Cell. Biol. 16, 4172-4181.

77. Craig, A. W., Cosentino, G. P., Donze, O., and Sonenberg,
N. (1996)J. Biol. Chem. 271, 24526-24537.

BI001754T

Control of PKR Activity by P67 Biochemistry, Vol. 39, No. 51, 200016025


