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ABSTRACT Phosphorylation of eukaryotic translation
initiation factor 2« (elF2«) is a common cellular mechanism
to limit protein synthesis in stress conditions. Baculovirus
PK2, which resembles the C-terminal half of a protein kinase
domain, was found to inhibit both human and yeast elF2«
kinases. Insect cells infected with wild-type, but not pk2-
deleted, baculovirus exhibited reduced eIF2« phosphorylation
and increased translational activity. The negative regulatory
effect of human protein kinase RNA-regulated (PKR), an
elF2« kinase, on virus production was counteracted by PK2,
indicating that baculoviruses have evolved a unique strategy
for disrupting a host stress response. PK2 was found in
complex with PKR and blocked kinase autophosphorylation ir
vivo, suggesting a mechanism of kinase inhibition mediated by
interaction between truncated and intact kinase domains.

In response to stress conditions, cells alter the level and pattern
of gene expression. A common mechanism used to regulate
gene expression involves activation of protein kinases. A large
superfamily of structurally related serine/threonine and ty-
rosine protein kinases has been identified in eukaryotic or-
ganisms, and the catalytic core of these kinases is composed of
12 subdomains containing conserved residues and sequence
motifs (1, 2). Three protein kinases, mammalian protein kinase
RNA-regulated (PKR) and heme-regulated inhibitor (HRI)
and yeast GCN2, regulate cellular protein synthesis by specif-
ically phosphorylating Ser-51 on the « subunit of the eukary-
otic translation initiation factor 2 (eIF2) (3, 4). Composed of
three nonidentical subunits, eIF2 facilitates binding of the
initiator Met-tRNAM®! to the 40S ribosomal subunit during
translation initiation. eIF2 is a GTP-binding protein and
phosphorylation of elF2a on Ser-51 converts elF2 into a
competitive inhibitor of its guanine nucleotide exchange factor
elF2B; this results in the inhibition of general cellular protein
synthesis. Phosphorylation of elF2« can also stimulate gene-
specific translation, as observed for the GCN4 mRNA in yeast.
The yeast kinase GCN2 is activated by amino acid starvation
and phosphorylates elF2a, facilitating GCN4 expression by
enabling ribosomes to bypass inhibitory ORFs in the leader of
the GCN4 mRNA (5, 6).

In mammalian cells, the interferon-induced eIF2« kinase
PKR is activated upon binding double-stranded RNA
(dsRNA) and functions in the cellular antiviral defense mech-
anism (3, 4, 7). Viruses have developed a number of strategies
to down-regulate PKR (for review, see refs. 4 and 7-10).
Whereas HIV is thought to limit PKR expression, poliovirus
infection of cells causes the degradation of PKR. Specific
inhibitors of PKR are expressed by a number of viruses,
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including adenovirus, which expresses a small RNA, VAT, that
binds to PKR and prevents activation of the kinase by dsRNA,
and vaccinia virus, which expresses the E3L protein that is
thought to sequester the dsRNA activators of PKR. The
hepatitis C virus NS5A protein binds to PKR and inhibits the
kinase (11), and influenza virus activates a latent cellular
protein inhibitor of PKR termed P58'PX that similarly binds to
and inhibits PKR kinase activity. Finally, the vaccinia virus
K3L protein resembles elF2« and acts as a pseudosubstrate
inhibitor of PKR. The fact that many, if not all, viruses have
developed means to inhibit PKR suggests that phosphorylation
of eIF2«a is an important cellular mechanism to limit viral
growth and replication. In addition, expression of dominant
negative alleles of PKR causes transformation of mammalian
cells, suggesting that PKR plays an important role in cellular
growth control (12).

The DNA sequence of the baculovirus Autographa californica
multiply-embedded nuclear polyhedrosis virus (AcMNPV) re-
vealed an ORF (ORF123) encoding a truncated protein kinase
termed PK2 (13, 14). This 25-kDa protein, which could be
detected in extracts of AcMNPV-infected cells (15), resembled
the C-terminal half of a protein kinase domain, lacking subdo-
mains I-IV (Fig. 14). Crystallographic analyses have revealed
that protein kinase domains fold into a two-lobe structure (2, 16),
and PK2 corresponds to the larger C-terminal lobe of the kinase
domain. This truncated structure with the lack of an apparent
ATP-binding site and the alteration of several key residues that
are usually conserved in the kinase motifs present in the trun-
cated protein suggested that PK2 would not be a functional
protein kinase. PK2 shows greatest amino acid sequence homol-
ogy to the elF2a kinase family (15); the level of sequence
similarity between PK2 and each of the three elF2« kinases is
comparable to that observed in pairwise comparisons among the
three elF2« kinases themselves. Deletion of pk2, the gene en-
coding PK2, had no detectable effect on AcCMNPV replication in
cell cultures of the common host Spodoptera frugiperda (15).

From the common identification of eIF2« kinase inhibitors
in viruses that infect mammalian cells, we suspected that PK2
may function as an elF2a kinase inhibitor. However, elF2a
phosphorylation has not been reported in S. frugiperda. A
GCN2 homolog was recently identified in Drosophila melano-
gaster (17), suggesting that eIF2a phosphorylation does occur
in insects. We present evidence that PK2 inhibits elF2a
phosphorylation in insect cells and that PK2 can bind to PKR
and inhibit kinase activity. Our results suggest a mechanism for
kinase inhibition mediated by direct interaction between the
truncated kinase homolog PK2 and intact eIF2«a kinases.

Abbreviations: elF2, eukaryotic translation initiation factor 2; PKR,

protein kinase RNA-regulated; dsRNA, double-stranded RNA; Ac-
MNPV, Autographa californica multiply-embedded nuclear polyhe-
drosis virus; IEF, isoelectric focusing.
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FiG. 1. Reduced elF2«a phosphorylation in insect cells infected
with wild-type but not pk2-deleted baculovirus. (4) Comparison of the
PK2, PKR, and GCN2 proteins. Kinase subdomains (1, 2) are indi-
cated, and the ATP-binding site is indicated as a box. The regulatory
domains of PKR [dsRNA-binding domain (dsRNA-BD)] and GCN2
[histidyl-tRNA synthetase-like domain (HisRS)] are indicated as
lightly shaded boxes. GCN2-TK, a truncated version of GCN2, cor-
responds in size to PK2 and contains only kinase subdomains V-XI
(amino acids 779-996) of GCN2; the corresponding region of PKR
extends from amino acid residue 357 to 551. (B) Analysis of elF2«
phosphorylation in insect cells. Twenty (lanes 1-3) or 50 (lanes 4-6)
pg of crude protein extracts from SF-9 cells infected with wild-type
(L1) or pk2-deleted (vKINdel) baculovirus or mock-infected (unin-
fected) were analyzed by IEF gel electrophoresis followed by immu-
noblotting with eIF2« monoclonal antibodies. The migration positions
of phosphorylated and unphosphorylated eIF2« are indicated, and the
percentage of eIF2a that is phosphorylated was determined by quan-
titative densitometry and is indicated below lanes 1-3.

MATERIALS AND METHODS

Plasmid Construction. The pk2 coding region was amplified
by PCR using linearized baculovirus DNA (PharMingen) as a
template. The primers for PCR were designed so that the pk2
coding region could be inserted between the Sacl and Xbal
sites of the yeast expression vector pEMBLyex4 (18). In the
resulting plasmid pC201, pk2 is expressed from a hybrid
GAL-CYCI promotor. Similarly, by using the plasmid pPstI-L
(15) as a template, the pk2 coding region was amplified by PCR
using primers designed to add a c-myc epitope tag (-EQKLI-
SEEDLL) to the C terminus of PK2. The resulting pk2-tag
coding region was inserted between the BamHI and HindIII
sites of pPEMBLyex4 creating pC450, and then the GAL-CYC1-
pk2-tag construct was transferred to the yeast LEU2 integrat-
ing vector pRS305 (19), creating pC451. To transform yeast
cells, the plasmid pC451 was linearized by digestion with Clal
to direct the plasmid to integrate at the LEU2 locus. Finally,
the region of GCN2 encoding amino acids Lys-779 to Ser-996
(of the full-length 1,659-residue protein) was amplified by
using PCR, and the product was cloned between the Sacl and
Xbal sites in pPEMBLyex4, generating the GAL-CYC1-gcn2-tk
plasmid pC203. The plasmid p1548 carries a GAL-CYC1-PKR-
K296R construct in the high-copy-number TRPI vector
pRS424 (20) and was a gift of P. Romano (National Institutes
of Health, Bethesda, MD).

To express PKR in insect cells, the PKR coding region was
isolated as a HindIII (converted to blunt-ended with mung
bean nuclease)-NotI fragment and then inserted into the
vector pHSP70PLVI+CAT (21) that had been digested with
BglII (converted to blunt-ended with mung bean nuclease) and
Notl. Similarly, the pk2 coding region from the plasmid pC201
was isolated on a Sacl (made blunt with mung bean nuclease)—
Pst]1 fragment and ligated with pHSP70PLVI+CAT that had
been digested with Bg/II (converted to blunt-ended with mung
bean nuclease) and PstI. In the resulting plasmids pC452 (pk2)

Proc. Natl. Acad. Sci. USA 95 (1998) 4165

and pC453 (PKR), the genes are expressed under the control
of the Drosophila hsp70 promotor.

Analysis of eIF2a Phosphorylation. Crude protein extracts
from uninfected or baculovirus-infected SF-9 cells were sub-
jected to isoelectric focusing (IEF) using the same reagents
and protocols established for analyzing yeast eIF2a (22), and
then S. frugiperda elF2a was detected by immunoblotting with
elF2a monoclonal antibodies (23).

Vector (pEMBLyex4) and pk2 expression plasmid (pC201)
transformants of yeast strain H2544 (Mata ura3-52 trpI-63
leu2-3,-112 (GAL-CYCI-PKR, LEU2)) or transformants of the
GCN2 (H1402), gen2A (H1895) (24), and GCN2¢ (H1613)
strains were grown overnight in synthetic medium containing
10% galactose and 2% raffinose. Cells were harvested, and
crude protein extracts were subjected to IEF and then immu-
noblot analysis with antiserum specific for yeast elF2q, as
described (22).

Assay of eIF2B Activity. Infected or uninfected SF-9 cells
were harvested, suspended in lysis buffer [45 mM Hepes, pH
7.4/0.375 mM magnesium acetate/0.075 mM EDTA/95 mM
potassium acetate/10% (vol/vol) glycerol/digitonin (2.5 mg/
ml)], and lysed by two 10-s pulses of vigorous mixing using a
vortex mixer. The lysate was cleared by centrifugation, and the
supernatant was assayed for the exchange of [PHJGDP bound
to eIF2 for nonradiolabeled GDP as described (25). Briefly, a
binary complex of rat liver eIF2 (26) and [*H]GDP
(eIF2-[*H]GDP) was combined with the SF-9 cell supernatants
and a 200-fold molar excess of nonradiolabeled GDP. The
exchange of [PH]JGDP bound to elF2 for free GDP was
measured as a decrease in the amount of elF2-[*H]GDP
retained on nitrocellulose filters at various times. The results
presented are the averages from four experiments.

Viral Infection Assay. On day 1 of the assays, SF-21 cells
(1.0 X 106 cells per plate) were transfected with the PKR
plasmid (Plasmid 1, 2.5 ng) by using Lipofectin reagent
(GIBCO/BRL), 3 h after transfection TC-100 complete me-
dium was added, and cells were incubated at 27°C. After a 2-h
incubation, cells were heat-shocked at 42%°C for 30 min and
then incubated at 27°C overnight. On day 2, cells were
transfected with the pk2 plasmid (Plasmid 2, 2.5 pg), and 3 h
after transfection complete medium was added. After a 1-h
incubation at 27°C, cells were infected (10 plaque-forming
units per cell) with either wild-type (L1) (27) or pk2-deleted
(VKINdel) (15) virus, incubated at 27°C for 1 h, and then
heat-shocked at 42°C for 30 min. Cells were then incubated at
27°C and screened for occluded virus 48 h after infection.

Coimmunoprecipitation Assay and Immunoblot Analysis of
PKR Expression. Polyclonal PKR antibodies were prebound to
protein A-Sepharose beads (1 h at room temperature), then
washed, and incubated with 300 ug of crude extracts from the
yeast strain H2557 (Mato uro3-52 leu2-3,-112 trp1-A63 gen2A
GAL2") containing either the pk2-myc construct pC451 or
vector pRS305 integrated at the LEU2 locus. In addition, the
strains contained the PKR-K296R expression plasmid p1548
or vector pRS424. After a 1-h incubation at 4°C, immunocom-
plexes were isolated by centrifugation and then washed in cell
lysis buffer [20 mM TrissHCl, pH 7.5/50 mM NaCl/0.2%
Triton X-100/0.5 mM EDTA/1 mM phenylmethylsulfonyl
fluoride/pepstatin A (7 pg/ml)]. One-sixth of the starting
material or the supernatant fractions from the immunopre-
cipitations, and the entire pellet fraction were dissolved in
SDS/PAGE sample buffer, boiled, and then subjected to
SDS/PAGE on 12% gels. The samples were immunoblotted
with anti-PKR (28) and anti-myc (Oncogene Research Prod-
ucts, Cambridge, MA) monoclonal antibodies.

For the analysis of PKR autophosphorylation, crude protein
extracts were prepared from yeast strain J82 (Mata ura3-52
leu2-3,-112 trpl-63 gen2A sui2A p[SUI2-S51A4, LEU2]) co-
transformed with the PKR expression vector p1545 and either
vector pEMBLyex4 or pk2 expression vector pC201 or pre-
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pared from yeast strain H1816 transformed with the PKR-
K296R expression vector pl421 (29) after growth under
inducing conditions in medium containing 10% galactose and
2% raffinose. Crude extract (100 pg) was subjected to SDS/
PAGE on 7.5% gels and immunoblotted with anti-PKR mono-
clonal antibodies.

RESULTS AND DISCUSSION

PK2 Inhibits elF2a Phosphorylation and Stimulates AcMNPV
Replication in Insect Cells. To determine whether PK2 alters
elF2a phosphorylation during virus infection of insect cells,
phosphorylation of S. frugiperda eIF2o: was monitored by IEF gels
and immunoblot analysis. As shown in Fig. 1B, SF-9 cells infected
with wild-type AcCMNPV (L1 strain) showed significantly reduced
levels of eIF2« phosphorylation compared with uninfected cells.
Strikingly, this reduction in eIF2« phosphorylation was depen-
dent on PK2 as cells infected with the vKINdel virus lacking pk2
showed higher levels of eIF2a phosphorylation than uninfected
cells. This result is consistent with the model that PK2 functions
as an elF2« kinase inhibitor in virus-infected cells.

The phosphorylated form of eIF2 is a competitive inhibitor
of the elF2 guanine nucleotide exchange factor eIF2B. From
the marked difference in eIF2« phosphorylation levels be-
tween wild-type virus-infected cells and uninfected cells or
cells infected with the mutant virus lacking pk2, we suspected
that eIF2B activities would be similarly altered. When the
elF2B-catalyzed displacement of GDP from eIF2 was assayed
in crude extracts from SF-9 cells, it was found that uninfected
cells and cells infected with the pk2-deleted virus had similar
activities (2.39 = 0.23 and 2.74 = 0.20 %GDP exchanged per
min, respectively). However, the eIF2B activity in extracts
from cells infected with wild-type AcMNPV was approxi-
mately 2-fold higher (5.31 = 0.50), consistent with the lower
levels of eIF2a phosphorylation observed in these cells. The
50% reduction in eIF2B activity accompanying the 13-fold
increase in eIF2a phosphorylation observed in these experi-
ments suggests that S. frugiperda elF2B is less sensitive to
regulation by phosphorylated eIF2 than the eIF2B from
mammalian systems, where modest changes in elF2«a phos-
phorylation significantly impact eIF2B activity (3).

From the obvious differences in eIF2a phosphorylation and
elF2B activities in SF-9 cells infected with the pk2-deleted versus
wild-type AcMNPV, we suspected that the presence of pk2 would
better enable the virus to withstand activated eIF2« kinases. To
examine this possibility, we expressed a cDNA clone of human
PKR in SF-21 cells (the parent cell line of SF-9 cells) and then
challenged these cells by infecting with wild-type ACMNPV or the
pk2-deleted ACMNPYV mutant (vKINdel). In the absence of PKR,
more than 97% of the cells infected with the wild-type (L1) or
vKINdel virus produced occluded virus (Table 1), confirming the
previous results that showed that PK2 was not essential for virus
replication in S. frugiperda cells or larvae (15). Expression of
human PKR in SF-21 cells reduced the percent of wild-type
virus-infected cells producing occluded virus by 60% (Table 1),
indicating that PKR expression has an adverse effect on AcM-
NPV-occluded virus production. Consistent with the idea that
PK2 can help the virus by limiting eIF2« kinase activity, occluded
virus production by vKINdel, the baculovirus mutant lacking pk2,
was limited to only 16% of the cells that were transfected with the
PKR expression plasmid (Table 1). Thus, vKINdel was signifi-
cantly more sensitive than wild-type virus to the expression of
PKR. This impairment in occluded virus production by the
pk2-deleted virus could be complemented by expressing pk2 in
trans in SF-21 cells (Table 1). These results further support the
model that PK2 functions as an eIF2« kinase inhibitor in AcM-
NPV-infected insect cells. Baculovirus infection of S. frugiperda
cells does not appear to activate e[F2« kinases as in mammalian
cells; otherwise, the wild-type virus would replicate better than
vKINdel. Thus, elF2a phosphorylation is probably not an anti-
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Table 1. Reduced occluded virus production in SF-21 cells
expressing human PKR and infected with a baculovirus mutant
lacking pk2

Cells with
Plasmid 1 Plasmid 2 Virus occluded virus, %

— — L1 97.0 = 1.0

— — vKINdel 98.0 = 0.5
PKR — L1 399 +0.3
PKR pk2 L1 423 +0.7
PKR — vKINdel 15.6 = 1.2
PKR pk2 vKINdel 373+ 1.1

SF-21 cells were serially transfected with plasmids 1 and 2 expressing
PKR and pk2, respectively, and then infected with either wild-type
AcMNPV (L1 strain) or pk2-deleted (vKINdel) virus. At 48 h after
infection, photographs were taken of two or three fields on the plate.
For each field, the total number of cells and the number of cells
containing occluded virus were counted. Results are expressed as the
percentage of cells expressing occluded virus (mean = SEM).

viral defense mechanism in insect cells. However, it is anticipated
that in their natural environments, S. frugiperda larvae will be
subjected to a number of stress conditions that activate cellular
elF2a kinases, perhaps like the GCN2 kinase identified in
Drosophila. Under these conditions, the expression of pk2 would
be expected to increase the yield of progeny occluded virus.

PK2 Inhibits elF2a Phosphorylation by the Human PKR
and Yeast GCN2 Protein Kinases. Our results from AcMNPV-
infected insect cells are consistent with the idea that PK2
functions as an elF2« kinase inhibitor. Previously, it has been
shown that the vaccinia virus K3L protein (24) and the NS5A
protein from hepatitis C virus (11) can suppress the toxicity
caused by high-level expression of human PKR in the yeast
Saccharomyces cerevisiae. To further examine the ability of
PK2 to function as an eIF2« kinase inhibitor, we used the yeast
model system to test the ability of PK2 to inhibit human PKR
and yeast GCN2. Human PKR was expressed under the
control of the galactose-inducible GALI-CYCI promoter in
yeast cells lacking GCN2. High level expression of PKR on
medium containing galactose is lethal in yeast due to extensive
phosphorylation of eIF2« on Ser-51 and inhibition of protein
synthesis (29, 30). When pk2 and PKR were coexpressed in
yeast cells by using the same galactose-inducible promoter,
PK2 was able to suppress PKR lethality (Fig. 24). These results
support the idea that PK2 is an elF2« kinase inhibitor. To
address the specificity of PK2, we tested whether PK2 could
also inhibit the yeast e[F2« kinase GCN2. Hyperactive GCN2¢
alleles cause slow-growth phenotypes in yeast due to elF2a
phosphorylation and inhibition of cellular protein synthesis
(31). As shown in Fig. 2B, induction of pk2 expression on
galactose medium partially suppressed the slow growth phe-
notype of a yeast strain expressing the GCN2°¢ kinase, suggest-
ing that PK2 can also inhibit GCN2 kinase activity.

To further address PK2 specificity, we tested the ability of
PK2 to inhibit the authentic GCN2 kinase by monitoring the
GCN2-dependent regulation of GCN4 expression. In wild-type
yeast strains, the expression from a GCN4-lacZ reporter is low
under amino acid-sufficient or repressing conditions and in-
creases approximately 11-fold under amino acid starvation or
derepressing conditions (Table 2; for review, see ref. 5). This
high-level expression of GCN4 under starvation conditions is
dependent on the GCN2 kinase (Table 2) and, consistent with
the idea that PK2 is an eIF2« kinase inhibitor, expression of
pk2 significantly impaired derepression of GCN4-lacZ expres-
sion in the strain expressing wild-type GCN2 (Table 2). The
ability of PK2 to inhibit both mammalian PKR and yeast
GCN2 is consistent with our finding that PK2 can also inhibit
an insect elF2a kinase.

Because PK2 structurally resembles a truncated elF2« ki-
nase domain and functions as an inhibitor of eIF2« kinases, we
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F1G.2. Expression of baculovirus pk2 alleviates the toxic effects of
human PKR and yeast GCN2 kinases on yeast cell growth. (4) PK2
inhibition of PKR. A plasmid expressing pk2 under the control
of a yeast GAL-CYC1 hybrid promotor (pC201, pk2) or the vector
pEMBLyex4 alone (vector) were introduced into strain H2544 (Mata
ura3-52 leu2-3,-112 trpl-63 (GAL-CYCI-PKR/LEU2)) (24) and
transformants were replica-plated to glucose (SD) medium, where
PKR and pk2 expression is repressed, or galactose (SGal) medium,
where PKR and pk2 expression is induced. Plates were incubated at
30°C for 2 (SD) or 3 (SGal) days. (B) Suppression of a hyperactive
GCNZ2¢ allele. Plasmids expressing pk2 (pC201, pk2) or gen2-tk (pC203,
gen2-tk) under the control of the GAL-CYCI hybrid promotor or the
vector pPEMBLyex4 alone (vector) were introduced into the isogenic
Matoura3-52 leu2-3,-112 inol HIS4-lacZ strains expressing wild-type
GCN2 (H1402) (40) or hyperactive GCN2¢-E532K-E1522K (H1613)
(31). Transformants were streaked on glucose (SD) or galactose
(SGal) medium and the plates were incubated at 30°C for 2 (SD) or
4 (SGal) days.

also asked whether the similar region of an authentic elF2«
kinase could act as an inhibitor. A truncated version of GCN2,
composed of only subdomains V-XI (gcn2-tk, see Fig. 1.4), was
expressed under the control of the galactose-inducible GAL1-
CYCI promoter in yeast strains expressing a hyperactive

Table 2. Inhibition of GCN4 expression in yeast cells
overexpressing pk2 or a truncated GCN2 kinase domain

GCNH4-lacZ expression, units

Overexpressed GEN2 gen24
protein R DR R DR
None (vector) 10 110 6 6
PK2 10 34 6 7
GCN2-TK 9 40 6 6
PK2-tag 9 34 ND ND

Plasmids expressing pk2, gcn2-tk, or a c-myc epitope tagged version
of pk2 were introduced into isogenic Mata ura3-52 leu2-3,-112 trpl-A63
(GCN4-lacZ, TRPI) strains containing wild-type GCN2 (H1642) or
lacking GCN2 (gcn2A, H1895). For repressing (R) conditions, trans-
formants were grown for approximately 9.5 h in synthetic minimal
medium containing 10% galactose and 2% raffinose. For derepressing
(DR) conditions, cultures were first grown for 2 h under repressing
conditions and then 3-aminotriazole, an inhibitor of histidine biosyn-
thesis, was added to 10 mM and the cultures were incubated for
another 7.5 h. Cell harvesting and pB-galactosidase assays were per-
formed as described (41, 42), and B-galactosidase activities are ex-
pressed as nanomoles of o-nitrophenyl B-D-galactopyranoside hydro-
lyzed per min per mg of protein. Results are the average of two or three
transformants, and the individual measurements deviated from the
average values shown here by 29% or less. ND, not determined.
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GCNZ2°¢ kinase. As observed in Fig. 2B, expression of gcn2-tk
fully suppressed the slow-growth phenotype associated with
the GCN2¢ kinase. In addition, the truncated GCN2 protein
(GCN2-TK) impaired the derepression of GCN4-lacZ expres-
sion observed in wild-type GCN2 strains under amino acid
starvation conditions (Table 2). GCN2-TK was at least as
effective as PK2 for inhibition of GCN2 and GCN2¢ kinases;
however, GCN2-TK was unable to suppress the toxicity asso-
ciated with high-level expression of PKR in yeast (data not
shown). In addition, we were unable to detect inhibitory
activities with similarly truncated forms of PKR and the
heme-regulated inhibitor (HRI) (data not shown). The fact
that PK2 shows broad specificity inhibiting both mammalian
and yeast elF2« kinases makes it likely that it can also inhibit
insect elF2a kinases, as indicated by our results showing
reduced elF2a phosphorylation in insect cells infected with
wild-type but not pk2-deleted baculovirus (Fig. 1B).

To define how expression of pk2 or gcn2-tk suppressed the
toxicity associated with expression of PKR and GCN2¢ kinases
in yeast, we monitored eIF2a phosphorylation by using IEF
gels. As we have shown, eIF2« resolves into two species on IEF
gels and the upper form detected in strains expressing GCN2
or human PKR is phosphorylated on Ser-51 (22, 29). Consis-
tent with the severe inhibition of translation and lethal phe-
notype, practically all of the eIF2« was phosphorylated in yeast
cells expressing PKR (Fig. 34, lane 1). Coexpression of pk2 in
this yeast strain expressing PKR resulted in a significant
decrease in the percentage of eIF2a phosphorylated on Ser-51
(Fig. 34, lane 2). Similarly, expression of pk2 or gen2-tk
lowered the percentage of the phosphorylated form of elF2«
in strains expressing the GCN2¢ kinase (Fig. 34, lanes 4-6).
The greater inhibition of the GCN2¢ kinase by PK2 versus
GCN2-TK observed in the IEF gel results contrasts with the
results of the growth-rate tests in Fig. 2B, where GCN2-TK
appeared more potent than PK2. However, high-level expres-
sion of pk2 caused a slow-growth phenotype in yeast (see Fig.
2B, pk2 expressed in GCN2 strain) that partially masked the
ability of PK2 to suppress the toxicity due to the GCN2¢ kinase.
Immunoblot analysis revealed that expression of pk2 or gen2-tk
did not impair expression of PKR or GCN2¢ in yeast cells. PKR
levels were significantly elevated in cells coexpressing pk2 (Fig.
3B, compare lanes 2 to 1). This inverse relationship between
PKR toxicity and protein levels has been noted previously
when studying the expression of wild-type and catalytically
impaired mutants of PKR in both yeast and mammalian cells
(24, 29, 32, 33), and it has been attributed to negative trans-
lational autoregulation of PKR expression resulting from
localized activation of the PKR kinase in the vicinity of the
PKR mRNA.

PK2 Stably Interacts with PKR. Two of the simplest models
for inhibition of kinase activity by expression of a truncated
kinase domain are sequestration of the substrate or formation
of inactive kinase heterodimers. Two observations support the
former model. (i) The substrate binding site of the cAMP-
dependent protein kinase has been localized to the C-terminal
half of the protein kinase domain (34). The fact that PK2
resembles the C-terminal half of a protein kinase supports the
model that PK2 inhibits eIF2«a phosphorylation by sequester-
ing the substrate. (ii) The C-terminal half of a protein kinase
domain has not been reported to function in kinase dimeriza-
tion. However, in favor of the dimerization model, we found
that high-level expression of pk2 in yeast cells caused a
slow-growth phenotype and that overexpression of catalyti-
cally inactive PKR-K296R, but not eIF2«, could alleviate this
slow-growth phenotype (data not shown). To explore further
the possibility of direct interaction between PK2 and PKR, we
tested whether PK2 and PKR could be coimmunoprecipitated
from crude yeast extracts. For these experiments a c-myc
epitope tag was added to the C terminus of PK2, and as shown
in Table 2, this tagged protein retained full activity. The tagged
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FiG. 3. Inhibition of eIlF2a phosphorylation in yeast cells by
expression of pk2 and coprecipitation of PK2 with PKR. (4) Analysis
of elF2a phosphorylation. Plasmids encoding pk2 or gcn2-tk or an
empty vector (v) were introduced into yeast strains expressing PKR,
wild-type GCN2, hyperactive GCN2¢-E532K-E1522K (GCNZ2¢), or no
elF2a kinase (gcn2), as indicated. Crude protein extracts were pre-
pared and analyzed by IEF gel electrophoresis on a polyacrylamide
slab gel followed by immunoblotting with yeast elF2a-specific anti-
serum. The eIF2a phosphorylated on Ser-51 focuses above the protein
lacking the Ser-51 phosphorylation, as indicated. The percentage of
elF2a that is phosphorylated on Ser-51 was determined by quantita-
tive densitometry and is indicated below each lane. (B) Analysis of
PKR expression. (Lanes 1 and 2) PKR expression in the strains shown
in A, lanes 1 and 2, was analyzed by immunoblotting 50 ug of whole
cell extracts and probing with antiserum specific for yeast eIF2a or
with human PKR monoclonal antibodies, as indicated. (Lanes 3-5)
Crude protein extracts from an elF2a-S51A yeast strain expressing
PKR, PK2, or PKR-K296R, as indicated, were subjected to SDS/
PAGE on 7.5% gels and then immunoblotted with human PKR
monoclonal antibodies. The phosphorylated form of PKR (PKR*)
migrates slower than the unphosphorylated form (PKR), as indicated.
The slower mobility of wild-type PKR, compared with inactive PKR-
K296R, in SDS/PAGE is due to extensive autophosphorylation of the
wild-type protein. Treatment of wild-type PKR with phosphatase
increases its mobility and causes wild-type PKR to comigrate with
nonphosphorylated PKR-K296R (ref. 35; P. Romano and A. Hinne-
busch, personal communication). (C) Coprecipitation of PKR and
PK2. Crude protein extracts from yeast strains expressing PKR-K296R
(PKR) and c-myc epitope-tagged pk2 (PK2-myc), as indicated, were
incubated with anti-PKR polyclonal antiserum bound to protein
A-agarose beads; after precipitation, fractions of the starting materials
(D), pellets (P), and supernatants (S) were subjected to SDS/PAGE
followed by immunoblotting with human PKR or c-myc monoclonal
antibodies, as indicated.

PK2 was coproduced in yeast cells along with the catalytically
inactive PKR-K296R. Anti-PKR polyclonal antiserum was
used to immunoprecipitate PKR, and the pellet and superna-
tant fractions were subjected to SDS/PAGE and then immu-
noblotted using monoclonal antibodies specific for PKR and
c-myc. PK2 was coprecipitated along with PKR by using the
PKR antibodies (Fig. 3C, lane 2), and this was dependent on
both inclusion of PKR antibodies (lane 8) in the precipitation
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reaction and the presence of PKR in the extract (lane 11).
These results demonstrate that PKR and PK2 can be found in
a complex in vivo and suggest that PK2 inhibits PKR activity
through heterodimer formation. Yeast two-hybrid assays pro-
vided further evidence of an interaction between PKR and
PK2. By using this assay, the PK2 protein was found to interact
with both full-length PKR and a portion of the PKR kinase
domain containing subdomains I-V (data not shown). These
genetic and biochemical data support the model that PK2
inhibits PKR (and GCN2) kinase function through formation
of inactive heterodimers mediated by contacts in the kinase
domains.

Upon binding dsRNA activators, PKR undergoes autophos-
phorylation in an intermolecular reaction (33, 35, 36), and it
is the autophosphorylated form of PKR that is competent to
phosphorylate eIF2«a. When expressed in yeast cells, wild-type
PKR, but not the inactive PKR-K296R mutant, is phosphor-
ylated (P. Romano and A. Hinnebusch, personal communica-
tion), indicating that PKR undergoes autophosphorylation
when expressed in yeast cells. The active phosphorylated forms
of PKR are known to migrate slower in SDS/PAGE (33, 35).
In our experiments, the PKR from cells expressing pk2 had a
slightly faster mobility in SDS/PAGE than the PKR present in
vector-transformed cells (Fig. 3B, compare lanes 2 to 1). By
using an SDS/PAGE system with better resolving abilities and
an e]F2a-S51A yeast strain to block the autoregulation of PKR
expression, we found that the PKR in extracts from cells
expressing pk2 comigrated with the inactive and nonphospho-
rylated PKR-K296R (Fig. 3B, lanes 3-5). These results dem-
onstrate that expression of pk2 blocks PKR autophosphory-
lation in vivo. In addition, these results support the idea that
dimerization of the elF2a kinases, mediated by protein—
protein contacts between kinase domains, may be an obliga-
tory step in kinase activation.

Our results demonstrate that PK2 is an elF2a kinase
inhibitor, and thus the paradigm that viruses express elF2«a
kinase inhibitors can be extended to insect viruses. The wide
variety of strategies for inhibiting eIlF2a kinases found in
different viruses underscores the importance of these mech-
anisms in virus replication, whereas the mode of kinase
inhibition used by PK2 suggests that this strategy arose inde-
pendently in baculoviruses. Previously, it has been demon-
strated that fragments of trans-membrane protein kinases
containing the activation or ligand-binding domains can func-
tion in a dominant negative manner by forming heterodimers
with the corresponding intact protein kinase (37, 38). Our
identification of a truncated protein kinase domain that can
inhibit kinase activity reveals a different mechanism of inhi-
bition mediated by contacts between homologous kinase cat-
alytic domains. The C-terminal half of many protein kinase
domains contain key autophosphorylation sites, especially
within a loop between kinase subdomains VII and VIII known
as the activation lip (39). Although PK2 shares sequence
similarity with the eIF2« kinases in subdomains VII and VIII,
it lacks the phosphorylation loop and potential autophosphor-
ylation sites. Our results demonstrate that PK2 interacts with
PKR and blocks kinase autophosphorylation. We propose that
PK2 prevents the intermolecular interactions required for
kinase autophosphorylation, perhaps by functioning as an
autophosphorylation pseudosubstrate inhibitor and competing
with the activation lip for binding in the active site of the
kinase. Consistent with this idea, PK2 does not appear to be
phosphorylated during viral infections (15). Alternatively, PK2
may inhibit PKR function by blocking PKR dimerization.
Finally, our discovery that eIF2« phosphorylation in insects
interferes with viral propagation provides an additional system
in which to study cellular translational regulation and antiviral
defense mechanisms.
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