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The interferon-induced RNA-dependent protein kinase PKR is found in cells in a latent state. In response
to the binding of double-stranded RNA, the enzyme becomes activated and autophosphorylated on several
serine and threonine residues. Consequently, it has been postulated that autophosphorylation is a prerequisite
for activation of the kinase. We report the identification of PKR sites that are autophosphorylated in vitro
concomitantly with activation and examine their roles in the activation of PKR. Mutation of one site, threonine
258, results in a kinase that is less efficient in autophosphorylation and in phosphorylating its substrate, the
initiation factor eIF2, in vitro. The mutant kinase is also impaired in vivo, displaying reduced ability to inhibit
protein synthesis in yeast and mammalian cells and to induce a slow-growth phenotype in Saccharomyces
cerevisiae. Mutations at two neighboring sites, serine 242 and threonine 255, exacerbated the effect. Taken
together with earlier results (S. B. Lee, S. R. Green, M. B. Mathews, and M. Esteban, Proc. Natl. Acad. Sci. USA
91:10551–10555, 1994), these data suggest that the central part of the PKR molecule, lying between its
RNA-binding and catalytic domains, regulates kinase activity via autophosphorylation.

The RNA-dependent protein kinase PKR, also known as
DAI, is an interferon-induced protein that plays important
roles in several regulatory processes (for a review, see refer-
ence 10). First recognized as an inhibitor of translation (14)
and a mediator of the host antiviral response (reviewed in
reference 40), PKR is also implicated in cellular growth control
(9), tumor suppression (29, 45), cellular differentiation (51),
apoptosis (35), and signal transduction (48, 69). The enzyme is
found in most mammalian cells at a basal level and in an
inactive or latent state. Upon activation by double-stranded
RNA (dsRNA), it phosphorylates the translational initiation
factor eIF2 on serine 51 of its a subunit (14, 53, 54). Protein
synthesis is then halted at the stage of initiation because of the
entrapment of the guanosine nucleotide exchange factor
eIF2B (for a review, see reference 43). Several viruses have
evolved mechanisms that overcome the PKR-mediated antivi-
ral response (40). PKR can also phosphorylate other sub-
strates, including IkB (31, 49), histone H2A (17), an uniden-
tified 90-kDa protein (55), and human immunodeficiency virus
Tat (5, 42), but the consequences of these phosphorylation
events are less well established.
PKR belongs to a small family of eIF2 kinases which modify

the same site but are regulated differently. In mammals, the
heme-regulated inhibitor HRI is found in reticulocytes, where
protein synthesis is dependent on the availability of heme. HRI

is inactivated by the binding of heme; thus, when heme is
absent, the kinase is active and globin synthesis is inhibited (8).
GCN2 is a third eIF2 kinase, found in the yeast Saccharomyces
cerevisiae (12, 24). It is regulated by amino acid deprivation,
and its activator is uncharged tRNA (for a review, see refer-
ence 25). Limited phosphorylation of eIF2 by GCN2 induces
the synthesis of the transcriptional activator GCN4 through the
suppression of initiation at an upstream open reading frame in
the GCN4 mRNA. GCN4 stimulates transcription from mul-
tiple amino acid biosynthetic genes, thereby increasing the
biosynthetic capacity of the cell and reversing amino acid lim-
itation. Whereas a low level of eIF2 phosphorylation dere-
presses GCN4 synthesis, a high level of eIF2 phosphorylation
strongly inhibits overall protein synthesis and negatively affects
cell growth in S. cerevisiae (9, 11), as in other cells.
The catalytic domains of the three eIF2 kinases share exten-

sive homology (8), but the regulatory domains differ. The cat-
alytic domain of PKR, containing the 11 conserved kinase
subdomains, extends from amino acid 273 to the protein’s C
terminus at amino acid 551 (22, 44, 64). Located within this
domain is the ATP-binding region including the requisite ly-
sine residue at position 296 (44). PKR possesses an RNA-
binding domain, which spans the first 171 amino acids of its N
terminus and is composed of two distinct copies of an RNA-
binding motif (dsRBM) which are rich in basic amino acids and
are separated by a short spacer (7, 15, 20, 21, 27, 50, 63). Lying
between the RNA-binding and catalytic domains is the central
portion of the protein, which is very rich in serine and threo-
nine residues and contains a third basic region (amino acids
233 to 268). This central portion of the molecule does not seem
to participate in RNA binding (21), and its function is un-
known. Nevertheless, deletion of residues 234 to 272 resulted
in a kinase that was inactive when tested in higher cells with a
vaccinia virus-based assay (36) and a yeast growth assay (58).
PKR becomes autophosphorylated when bound to its acti-

vator, dsRNA, and it has been proposed that autophosphory-
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lation is required for activation. Supporting this view, the level
of phosphate incorporation into PKR in vitro has been corre-
lated with its substrate-phosphorylating activity (3, 18). More-
over, many inhibitors of PKR activation, including adenovirus
VA RNAI, vaccinia virus K3L, and the cellular protein P58,
also prevent its autophosphorylation (reviewed in references
26, 41, and 62). Similarly, both activation and autophosphory-
lation are suppressed at superoptimal dsRNA concentrations,
as well as by short RNA duplexes (38). Despite earlier reports
to the contrary (3, 19), recent data indicate that autophosphor-
ylation is an intermolecular reaction (30, 58, 65, 66), consistent
with a bimolecular model for PKR activation that accounts for
several aspects of the enzyme’s dependence on dsRNA (30).
It appears that several serine and threonine residues become

phosphorylated during PKR activation (18, 33), but neither the
sites of autophosphorylation nor their role in the enzyme’s
activation have been established. To address these issues, we
identified residues that become phosphorylated when PKR is
activated in vitro in the presence of dsRNA and then con-
structed mutant kinases in which the phosphorylation sites
were changed to alanine. The effects of the mutations were
examined to assess the importance of the sites and the rela-
tionship between autophosphorylation and activation. Two
clusters of phosphorylation sites were found. One cluster is
located in the spacer of the RNA-binding domain; these sites
do not appear to affect the PKR activation and will be dis-
cussed elsewhere (63a). The second cluster lies in the third
basic region; mutation of threonine 258 to alanine reduced
(but did not abrogate) PKR function, and the mutation of two
additional autophosphorylation sites, serine 242 and threonine
255, further attenuated its kinase activity. Thus, the third basic
region may define a second regulatory domain, that of an
autoregulatory region which changes the enzyme specificity
from an autophosphorylation mode to a substrate phosphory-
lation mode.

MATERIALS AND METHODS

Labeling of PKR. PKR, purified to the Mono S stage from alpha interferon-
treated 293 cells (30); was activated by incubation with reovirus dsRNA (pro-
vided by A. Shatkin) in the presence of [g-32P]ATP, under conditions optimized
for maximum labeling of the protein. Reactions were carried out in a 20-ml
volume containing 1 ml (10 ng) of kinase in 10 ml of diluent (20 mM N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic acid [HEPES]-K1 [pH 7.4], 0.1 mM
EDTA, 1 mM dithiothreitol) and 10 ml of 23 kinase mix (0.03 M HEPES-K1

[pH 7.4]; 6 mMMgCl2; 0.02 mg each of leupeptin, pepstatin, and aprotinin; 2 mM
dithiothreitol; 0.02 mM phenylmethylsulfonyl fluoride; 0.08 mg of dsRNA per ml;
20 mCi of [g-32P]ATP). Reactions were incubated for 30 min at 308C with 10-mCi
additions of [g-32P]ATP at 7, 10, and 20 min. Twenty reaction mixtures were
pooled, and PKR was immunoprecipitated with a rabbit polyclonal antibody (21)
by incubation in NET buffer (0.5% Nonidet P-40, 5 mM EDTA, 150 mM NaCl,
50 mM Tris-HCl [pH 7.4], 0.02% sodium azide, 0.5% deoxycholate, 0.1% sodium
dodecyl sulfate [SDS]) for 30 min on ice. Protein A-Sepharose (Pharmacia) was
added, and incubation was continued for an additional 30 min. Immunoprecipi-
tates were washed five times with 1 ml of NET buffer and once with 1 ml of water.
Generation of radiolabeled peptides. 32P-labeled PKR was eluted from the

protein A-Sepharose beads by incubation for 20 min at room temperature in
99% formic acid. The beads were washed twice with formic acid, and the com-
bined washes were lyophilized. The dried eluate was resuspended in 70% formic
acid and incubated with 40 mg of cyanogen bromide (Sigma) for 20 h at room
temperature in the dark. The solution was dried in a vacuum centrifuge (Savant)
with heat, 1 ml of deionized water was added, and the digest was dried again.
Finally, 0.5 ml of 100 mM ammonium bicarbonate (prepared just prior to use)
was added and the volume was reduced to approximately 50 ml. Soluble phos-
phopeptides were resolved in step gradient Tris-Tricine-SDS gels (61), fixed,
dried, and visualized by autoradiography.
Separation of PKR phosphopeptides. The CNBr digest was subjected to high-

performance liquid chromatography (HPLC) through an Aquapore RP 300 C8
column (7 mm, 2.1 by 220 mm; Perkin Elmer/Brownlee) with a Hewlett-Packard
1090M chromatograph. The sample was applied to the column at a flow rate of
0.5 ml/min, and nonadsorbed material was washed through for 30 min. The
column was developed with a 0 to 70% (vol/vol) gradient of acetonitrile in
0.085% (wt/vol) trifluoroacetic acid over 50 min. Absorbance of the effluent was

monitored at 220 and 280 nm. Fractions (0.5 ml) were collected and monitored
by measuring Cerenkov radiation in an LKB scintillation counter.
Radioactive sequence analysis. Radioactive peaks from the HPLC column

were pooled. Peptides were lyophilized, resuspended in 60% acetonitrile, and
coupled to arylamine-derivatized polyvinylidene difluoride membranes (Sequa-
lon AA; Millipore) with carbodiimide. Polyvinylidene difluoride-bound peptides
were subjected to repetitive Edman degradations on a protein sequencer (Ap-
plied Biosystems 473A). Amino acid derivatives were collected in scintillation
vials as described by Russo et al. (59), and 32P was determined as described
above. Peptides from primary digests were analyzed three to six times, and
secondary peptides were analyzed twice. Radioactive peaks that exceeded the
background by 100 cpm were considered significant unless they were present in
the trail from a larger peak.
Lys-C digestion. Secondary digestion of radiolabeled PKR peptides was per-

formed with the endoproteinase Lys-C (sequencing grade; Boehringer Mann-
heim). Lys-C was dissolved in 0.001 N HCl and stored at 2208C. The lyophilized
peptide was resuspended in 40 ml of 0.1% trifluoroacetic acid–30% acetonitrile,
and 40 ml of 0.1 M ammonium bicarbonate was added with 2.5 ml of enzyme (1
mg/ml). After incubation for 1 h at 378C, an additional 2.5 ml of protease was
added and the incubation was continued for another 20 h.
Phosphoamino acid analysis. Radiolabeled PKR or peptides were lyophilized,

resuspended in 6 N HCl, and hydrolyzed at 1108C for 1 h under vacuum.
Insoluble material was removed by centrifugation, and the supernatant was
lyophilized. Deionized water (50 ml) was added and lyophilized to dryness.
Radiolabeled phosphoamino acids were separated on glass-backed cellulose
thin-layer chromatography plates (EM 5716-7) at pH 3.5 (4). Standards (phos-
phoserine, phosphothreonine, and phosphotyrosine [Sigma]) were mixed with
samples and visualized by ninhydrin staining. Radiolabeled phosphoamino acids
were visualized by autoradiography.
Mutagenesis. Sites of PKR autophosphorylation were mutated by the oligo-

nucleotide-directed site-specific procedure (1, 70) to generate the following
changes: T255A, T258A, S242A, T255/258AA, and S242A/T255/258AA (Triple).
PKR expression in cultured cells. PKR activity was monitored in BSC-40

monkey cells as described previously (36, 37). Fragments harboring the muta-
tions were subcloned into pTL1, a plasmid containing the intact PKR cDNA
under the control of the vaccinia virus late promoter p4b and the E. coli lacI
operator-repressor elements. BSC-40 cells grown in 24-well Limbro plates were
infected with vaccinia virus at 2 PFU per cell. One hour later, the cells were
cotransfected with 1 mg of pTL1, or its mutant derivatives, and 1 mg of pPR15
(57), which contains the luciferase reporter gene under the control of the p4b
promoter. After 3 h, the medium was changed and PKR was induced by addition
of 1.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG) to two of each set of four
cultures. Cell extracts were prepared at 24 h postinfection for determination of
luciferase activity (6, 56).
PKR expression in S. cerevisiae. PKR mutations were inserted between the

HindIII and BamHI sites of a modified pEMBLyex4 vector carrying the PKR
cDNA (58). The plasmids were introduced into yeast strains H1816 and H1817
(12), which have the gcn2 deletion and wild-type or mutant eIF2, respectively.
Transformed cells were grown in glucose-containing synthetic minimal medium
(SD) at 308C for approximately 24 h. A 1:50 dilution of this culture was shifted
to inducing conditions with SGR synthetic minimal medium containing 10%
galactose and 2% raffinose (instead of glucose) and incubated for 15 h at 308C.
Protein extracts were made by disrupting the cells in 300 ml of lysis buffer (0.1 M
Tris [pH 8.0], 20% glycerol, 1 mM b-mercaptoethanol, 0.2 mM phenylmethyl-
sulfonyl fluoride, 1 mM EDTA, 1 mg each of leupeptin, aprotinin, and pepstatin
per ml) with glass beads. Protein concentrations were determined with a Coo-
massie blue dye-binding assay (Bio-Rad).
Western blot (immunoblot) analysis. Samples of total protein (15 mg) were

resolved in 10% polyacrylamide–SDS gels. Proteins were transferred to nitro-
cellulose, which was then blocked in 5% nonfat dry milk in TBS-T (20 mM Tris
[pH 8.0], 150 mM NaCl, 0.1% Tween 20). Blots were probed with a PKR-specific
monoclonal antibody (34) and visualized by chemiluminescence autoradiography
(ECL; Amersham).
Kinase assay. Yeast extracts (50 mg of protein) were immunoprecipitated as

described above, except that the procedure was conducted in buffer I (20 mM
Tris [pH 7.5], 50 mM KCl, 400 mM NaCl, 1% Triton-X-100, 1 mM EDTA, 0.2
mM phenylmethylsulfonyl fluoride, 20% glycerol, 0.17 mg each of leupeptin,
aprotinin, and pepstatin per ml. The immunoprecipitates were washed three
times in 1 ml of buffer I, three times in buffer II (15 mM HEPES-K1, 10 mM
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 0.1 M KCl, 0.17 mg each of
leupeptin, aprotinin, and pepstatin per ml), and once in buffer III (buffer II with
3 mM MgCl2 substituted for KCl). The beads were incubated for 20 min at 308C
with 30 ml of kinase buffer (buffer III supplemented with 40 ng of reovirus
dsRNA per ml and 500 mCi of [g-32P]ATP per ml). A 3-ml volume of eIF2 (39)
was then added to the beads, and the reaction was allowed to proceed for an
additional 20 min. An equal volume of 23 sample buffer (32) was added, and the
mixture was heated to 1008C for 5 min. The beads were centrifuged to the bottom
of the tube, and the supernatant was removed and analyzed in a 20% polyacryl-
amide–SDS gel. The gel was fixed, dried, and exposed to Kodak XAR-5 film for
autoradiography. Phosphorylation was quantified with a Fuji BioImage analyzer.
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RESULTS

PKR autophosphorylation accompanies activation of the ki-
nase. To determine the significance of autophosphorylation in
the activation of PKR, residues autophosphorylated during
activation in vitro were identified and then mutated; the func-
tion of the resultant PKR mutants was assessed in mammalian
cells, in S. cerevisiae, and in vitro.
Characteristics of PKR-derived peptides. PKR is unusually

rich in serine and threonine residues, which account for 87 of
the 551 amino acids. It is also rich in basic residues, which
precludes digestion with trypsin as the first step in phos-
phopeptide analysis. Consequently, we used cyanogen bromide
to cleave the protein at methionine. This reagent is predicted
to give rise to 10 peptides, F1 to F10, ranging in size from 1 to
101 amino acids: the predicted digestion products are dia-
grammed in Fig. 1A, and their molecular masses are listed in
Fig. 1B.
To examine the peptides that are phosphorylated upon ac-

tivation of PKR, the protein was labeled with [g-32P]ATP by
incubation in the presence of dsRNA, isolated by immunopre-
cipitation, and digested with cyanogen bromide. Four major
radiolabeled peptide bands were resolved in a Tris-Tricine gel
(Fig. 1C). The apparent molecular masses of these peptides
were 21, 15.5, 10.3, and 3.5 kDa, as determined by an average
of two separate experiments. For a number of reasons, the
phosphorylated peptides cannot be identified by electro-
phoretic mobility alone. First, several peptides are predicted to
cluster at similar molecular weights; second, phosphorylation
of PKR induces retardation in gel mobility (44, 60); third,
partial cleavage can occur (see below); and, finally, none of the
peptides corresponds exactly to any of the predicted molecular
weights. We therefore separated the labeled peptides by re-
verse-phase HPLC for further analysis. The column profile
(Fig. 1D) gave a small peak at about fraction 30 (fraction A),
another near fraction 40 (fraction B), and two large peaks at
approximately fractions 65 and 86 (fractions C and D).
Size and phosphoamino acid analysis of peptides. The ra-

dioactive peaks obtained by HPLC were pooled, and their
contents were examined by gel electrophoresis (Fig. 2) and for
phosphoamino acid content (Fig. 3). Some of the HPLC peaks
were divided into leading and trailing portions (fractions A1,
A2, etc.; Fig. 1D), which were pooled and analyzed separately.
Fractions A1 and A2 contained a band that resolved at 5.2 kDa
(Fig. 2, lanes 3 and 4). Fractions B1 and B2 contained a major
radiolabeled peptide band that resolved at an apparent molec-
ular mass of 3.5 kDa; fraction B2 also contained a minor band
at 5.2 kDa (lanes 5 and 6). Fraction C contained peptides of
10.3, 15.5, and 21 kDa (lane 7). Further digestion with cyano-
gen bromide proved that the two more slowly moving bands
were the result of partial digestion and contained only the
10.3-kDa peptide as the radiolabeled portion (data not shown).
Fractions D1 and D2 also contained a 10.3-kDa peptide to-
gether with partial digestion products in different ratios (lanes
8 and 9).
The phosphoamino acid content of the HPLC fractions was

analyzed by one-dimensional thin-layer electrophoresis after
acid hydrolysis. As expected, full-length PKR yielded phospho-
serine and phosphothreonine but no phosphotyrosine (Fig. 3,
PKR). All of the fractions except B2 contained both phospho-
serine and phosphothreonine; only phosphoserine was de-
tected in fraction B2 (Fig. 3). Taking this information together
with the gel results, we can tentatively conclude that the 3.5-
kDa peptide contains phosphoserine but no phosphothreo-
nine, while the 5.2- and 10.3-kDa peptides may be phosphor-
ylated on serine and threonine residues.

Phosphopeptide sequence determination. The peptides ob-
tained by HPLC were subjected to sequential Edman degra-
dation in an automated sequencer, and the radioactivity re-
leased at each cycle was monitored. The results for fractions A
and B are displayed in Fig. 4. Fraction A gave peaks at cycles
3 and 6 (Fig. 4A), which were reproducible despite the low
level of radioactivity in this fraction. The low yield at cycle 6 is
probably due to the poor efficiency of Edman degradation

FIG. 1. Cyanogen bromide digestion of autophosphorylated PKR. (A) Sites
of cleavage along the PKR molecule (amino acids 1 to 551). Cyanogen bromide
cleaves peptide bonds at the C-terminal side of methionine residues. The amino
acid numbers of these methionine residues are shown above the linear repre-
sentation of PKR. Fragments F1 to F10 are numbered in order of decreasing
length. (B) Calculated molecular weights (MW) of predicted fragments. (C)
PKR, radiolabeled in vitro by autophosphorylation, was digested with cyanogen
bromide, and the products were examined by electrophoresis in a Tris-Tricine
step gradient gel (10 and 16.5% polyacrylamide–SDS). Labeled peptides were
detected by autoradiography. kD, kilodaltons. (D) The digestion products were
also examined by reverse-phase HPLC. Fractions (0.5 ml) were collected and
assayed for radioactivity by Cerenkov counting.
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reactions after a phosphorylated residue (68). Peptide F8 is the
only peptide in cyanogen bromide-digested PKR that is pre-
dicted to contain serine and/or threonine residues at cycles 3
and 6, namely, threonines 255 and 258 (i.e., no other peptide is
predicted to have either a serine or a threonine residue at
either position 3 or 6). The predicted molecular mass of pep-
tide F8 (residues 253 to 264) is 1.6 kDa, so it is probably not
visualized in gels such as that of Fig. 2. Consistent with these
assignments, threonine was obtained upon phosphoamino acid
analysis of fractions A1 and A2 (Fig. 3), but serine was ob-
tained as well. The phosphoserine probably comes from a
partial digestion product consisting of the conjoined peptide
F7-F8 (Fig. 1A) which corresponds to the 5.2-kDa gel band

(Fig. 2, lanes 3 and 4). This band is also present in fraction B1
(Fig. 2, lane 5). Evidence that F7 contains phosphoserine is
summarized below.
Upon Edman degradation, fraction B gave a radioactive

peak at cycle 13 (Fig. 4B). Peptide F7 is the only predicted
peptide that contains a threonine or serine residue at position
13, namely, serine 242. Upon secondary digestion of fraction B
material with the enzyme Lys-C, which cleaves after lysine
residues, sequential Edman degradation gave radioactive
peaks at cycles 2 and 4 (Fig. 4C). This confirms the serine 242
assignment, assuming that Lys-C gave rise to partial cleavage
of F8 at lysines 238 and 240. Also consistent with this conclu-
sion, serine was obtained as the predominant or sole phos-
phoamino acid (Fig. 3, B1 and B2, respectively). Furthermore,

FIG. 2. Gel electrophoresis of HPLC fractions. Radiolabeled PKR was di-
gested with cyanogen bromide and resolved by HPLC. Fractions were pooled as
shown in Fig. 1D and analyzed by electrophoresis in a Tris-Tricine step gradient
gel as in Fig. 1C. The positions and sizes of high- and low-molecular-weight
markers (lanes M and M9) are indicated.

FIG. 3. Phosphoamino acid analysis of PKR and HPLC fractions. Autophos-
phorylated PKR and its peptides, derived by cyanogen bromide digestion and
HPLC (as in Fig. 1D), were hydrolyzed with HCl. Soluble amino acids were
resolved by electrophoresis on cellulose thin-layer chromatography plates and
visualized by autoradiography. Standards were stained with ninhydrin. The po-
sitions of phosphoserine, phosphothreonine, phosphotyrosine, and Pi are indi-
cated.

FIG. 4. Radioactive sequence analysis. Radioactive peaks, recovered from
HPLC, were pooled as in Fig. 1D and sequenced with an automated protein
sequencer. Amino acid derivatives were collected and assayed for radioactivity.
(A and B) Radioactivity released from HPLC fractions A and B, respectively, at
each Edman degradation cycle. The deduced amino acid sequence is displayed in
single-letter code. (C) HPLC fraction B was digested further with the endopro-
teinase Lys-C and examined as described above.
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fraction B contained a prominent peptide with an apparent
molecular mass of 3.5 kDa (Fig. 2, lanes 5 and 6), in reasonable
agreement with the predicted molecular mass of peptide F7
(2.7 kDa), especially if retardation attributable to phosphory-
lation is taken into account. The presence of phosphothreo-
nine in fraction B1, but not B2, correlates with the presence of
the 5.2-kDa fusion peptide discussed above; its mobility is
satisfactorily accounted for as the sum of 3.5 kDa for F7 and
the predicted 1.6 kDa for F8.
These data from analysis of fractions A and B identify three

closely spaced residues, serine 242, threonine 255, and threo-
nine 258, as sites that are autophosphorylated when PKR is
activated. The further analysis of fractions C and D will be
described elsewhere (63a).
Effects of autophosphorylation site mutations in transfected

mammalian cells. To assess the functional significance of the
autophosphorylation sites, we examined the effects of muta-
tions at these sites on PKR activity in monkey cells by using an
infection-transfection assay (37). PKR expression vectors were
constructed in which the autophosphorylation sites were sub-
stituted with residues that cannot accept a phosphate group.
Serine 242 was changed to alanine, giving S242A; threonines
255 and 258 were changed to alanine individually or in com-
bination, giving mutants T255A, T258A, and T255/258AA; and
all three sites were changed to alanine, giving the Triple mu-
tant, S242A/T255/258AA (Fig. 5A). The induction of PKR in
transfected BSC-40 cells leads to inhibition of protein synthe-
sized from a cotransfected luciferase reporter gene (36, 37). As
shown in Fig. 5B, wild-type PKR reduced luciferase activity by
about 75%, whereas the catalytically inactive mutant K296R
did not elicit any significant inhibition. Mutation of serine 242
or threonine 255 had no detectable effect on the PKR-medi-
ated inhibition of luciferase, but mutation of threonine 258
evinced sharply decreased activity. All of the mutants that

contain the T258A mutation (T258A, T255/258AA, and Tri-
ple) were less active than the wild type, giving 50, 43, and 33%
inhibition, respectively. Protein labeling experiments and im-
munoblots demonstrated that the mutant proteins were ex-
pressed at levels comparable to that of wild-type PKR (data
not shown), so we concluded that threonine 258 is important
for the activation of PKR in mammalian cells. The data of Fig.
5B, which are averaged from seven experiments, also suggest
that the mutation of serine 242 and threonine 255 may exac-
erbate the effect of the T258A mutation, although the former
mutations have no effect on their own.
Effects of mutant PKR on cell growth and protein synthesis

in S. cerevisiae. Interpretation of these findings might be com-
plicated by the presence of endogenous PKR in BSC-40 cells.
To circumvent this problem, we assayed the autophosphoryla-
tion site mutants in S. cerevisiae H1816, which lacks the en-
dogenous eIF2 kinase GCN2. The cDNA encoding wild-type
or mutant PKR was placed under the control of the galactose-
inducible GAL1-CYC1 promoter, and cell growth was mea-
sured on selective media, allowing the phenotypes of different
PKR mutants to be scored (58). As shown in Table 1, all cells
containing either mutant or wild-type kinase grew on glucose-
containing minimal medium SD. High-level expression of wild-
type PKR in galactose-containing medium SGAL results in a
high cellular level of phosphorylated eIF2 and severely de-
creases cell growth (9, 11, 58). The catalytically inactive mutant
K296R grows well on SGAL, as expected. When histidine
biosynthesis is blocked by 3-aminotriazole (3-AT), growth be-
comes dependent on a moderate degree of phosphorylation of
eIF2 that elicits increased synthesis of GCN4 and its target
genes in the histidine biosynthetic pathway; consequently, wild-
type PKR permits growth on SD–3-AT but the K296R mutant
enzyme does not. The excessive eIF2 phosphorylation that
occurs when PKR is induced by galactose also suppresses
growth, by blocking overall protein synthesis, so neither strains
transformed with wild-type PKR nor those transformed with
its K296R mutant grow in SGAL–3-AT medium (Table 1).
Like cells transformed with wild-type PKR, cells containing

either the S242A or the T255A mutant form did not grow on
SGAL medium but grew well on SD–3-AT medium, indicating
that these mutations do not detectably alter PKR activity. On
the other hand, cells containing the T258A mutation, either
singly or in combination with other mutations (in T255/258AA
and Triple), grew modestly on SD–3-AT medium and poorly
on SGAL medium. This behavior signifies a reduction in PKR
activity, confirming that threonine 258 is important for PKR
activity.
Another measure of PKR function depends on the observa-

tion that the wild-type kinase down-regulates its own synthesis

FIG. 5. Assay of PKR mutants in mammalian cells. (A) Diagram of PKR
showing the locations of point mutations. Also depicted are the dsRNA-binding
motifs dsRBM1 and dsRBM2 and the catalytic domain including the ATP-
binding region. (B) Substitution mutants, carrying changes in individual amino
acids or combinations, were expressed in monkey BSC-40 cells by using vaccinia
virus-based vectors. The inhibition of protein synthesis due to PKR expression
was measured by luciferase assay, and the results are presented in comparison
with wild-type (WT) PKR and the catalytically inactive mutant K296R.

TABLE 1. Yeast growth assay for kinase functiona

PKR
Growth on:

SD SGAL SGAL–3-AT SD–3-AT

Wild type 1 2 2 1
K296R 1 1 2 2
S242A 1 2 2 1
T255A 1 2 2 1
T258A 1 2 2 6
T255/258AA 1 2 2 6
Triple 1 2 2 6

a Yeast strain H1816 was transformed with wild-type or mutant PKR and
grown at 308C for 5 days in plates containing SD or SGAL medium with or
without 3-AT. 1, strong growth; 6, slow growth; 2, no growth.
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(2, 36, 58, 66). This can be monitored in extracts of PKR-
transformed H1816 yeast cells by immunoblot analysis (Fig.
6A). As shown previously by Romano et al. (58), wild-type
PKR was expressed at a low level (barely visible in Fig. 6A)
whereas the catalytically inactive K296R mutant was expressed
at a high level in this strain. Each of the mutant proteins was
expressed at a higher level than the wild-type protein but at a
lower level than the K296R protein. The T255A mutant PKR
accumulated to a lesser extent than mutants containing the
threonine 258 mutation (T258A and Triple). Since accumula-
tion is inversely related to kinase activity, these results imply
that the T258A mutation is more deleterious than the T255A
mutation to PKR function, but both threonine residues play
some role. The S242A mutation has no discernible effect on
PKR accumulation (data not shown). In strain H1817, which
carries a mutated form of the eIF2a subunit that cannot be
phosphorylated, the mutant and wild-type kinases all accumu-
lated to similar levels (Fig. 6B), demonstrating that the
changes in PKR accumulation seen in Fig. 6A are mediated by
phosphorylation of this initiation factor.
Effects of mutations on PKR activity in vitro. Mutant PKR

and wild-type PKR were expressed in the 1817 yeast strain,
which permits the kinase to accumulate to high levels, and
protein extracts were prepared. The enzyme was captured on
antibody-loaded beads, and kinase assays were used to mea-
sure directly the effects of the mutations on the ability of PKR
to autophosphorylate and to phosphorylate eIF2. Wild-type
PKR was efficiently autophosphorylated, both on its own (Fig.
6C, lanes 1 to 3) and in the presence of eIF2 (lanes 4 to 6),
when it also phosphorylated the a subunit of eIF2. The K296R
mutant was completely inactive, both for autophosphorylation
and for phosphorylation of eIF2a (lanes 7 to 9). The mutant
T255A was nearly as active as the wild-type kinase (lanes 10 to
12), while mutants containing the T258A mutation (T258A and
Triple, lanes 13 to 18) were substantially impaired for both
autophosphorylation and phosphorylation of eIF2a. With re-
spect to PKR autophosphorylation, similar results were ob-
tained in assays conducted in the absence of added eIF2.
Quantitation of the assays showed that the T258A and Triple
mutants were 1.6- and 2.5-fold less active than wild-type PKR
for autophosphorylation and 2- and 3.8-fold less active than the
wild-type enzyme for eIF2 phosphorylation. The lower activity
of the Triple mutant relative to the T258A mutant also sug-
gests that the removal of additional potential phosphorylation
sites at serine 242 and threonine 255 may exacerbate the
T258A mutation although the mutations at these sites may not
exert significant effects by themselves.

DISCUSSION

PKR is found in most mammalian cells at low levels and in
a latent state. Expression of the enzyme is induced by inter-
feron, and it is activated upon viral infection, most probably by
viral dsRNA (39). Activation is accompanied by autophosphor-
ylation on several serine and threonine residues (18, 33). Fol-
lowing activation, the enzyme is able to phosphorylate its sub-
strates, including eIF2 and IkB. In this study, we investigated
the sites on PKR that are autophosphorylated during activa-
tion by dsRNA in vitro and evaluated the roles played by these
sites in kinase activation. We found a major region of phos-
phorylation in the enzyme’s RNA-binding domain (63a) and
three sites of autophosphorylation in its third basic region. One
of these, threonine 258, was found to be important for kinase
activity in a vaccinia virus-based assay, a yeast growth assay,
and kinase assays conducted in vitro. Mutation of this threo-
nine to a nonphosphorylatable residue decreased the enzymes’
activity. Moreover, the presence of neighboring residues that
can be phosphorylated, namely, serine 242 and especially
threonine 255, appeared to increase the activity of the enzyme.
It is noteworthy that threonine 258 is conserved between
mouse PKR and human PKR, although much of the third basic
region, including its basic character, is not (15). Serine 242 and
threonine 255, present in the human enzyme, are not con-
served, but their ancillary roles may be taken by other phos-
phate-accepting residues in the corresponding region of the
murine kinase.
The binding of dsRNA to PKR is thought to lead to a

conformational change which permits PKR to autophosphory-
late, thereby switching its substrate specificity and committing
it to phosphorylate external substrates (30, 38, 53). Accord-
ingly, the RNA-binding domain is required for activation of
PKR (2, 15, 21, 58). However, the RNA-binding domain was
dispensable for activation of the enzyme when an endogenous
eIF2 kinase was present (36), presumably because the defec-
tive kinase is phosphorylated in trans. Such trans phosphoryla-
tion of a catalytically inactive PKR mutant by the wild-type

FIG. 6. Yeast assays of PKR function. (A) Expression of wild-type (wt) PKR
and mutant PKR in yeast strain H1816 (carrying a wild-type eIF2a gene). Protein
extracts were resolved in a polyacrylamide-SDS gel, blotted, and probed with a
anti-PKR antibody. Duplicate samples of protein extracts were loaded for cells
transformed with the Triple, T258A, and T255A mutants, and single samples
were loaded for K296R and the wild type. (B) Expression of wild-type and
mutant PKR in yeast strain H1817, which carries a mutant eIF2a gene. Extracts
were examined as described for panel A. (C) Autophosphorylation of wild-type
PKR and mutant PKR and phosphorylation of eIF2a in vitro. Kinase assays were
conducted with PKR isolated on antibody-coated beads in the presence (1) or
absence (2) of eIF2. For panels B and C, triplicate samples were loaded on the
gels. Detection was by excited chemiluminescence (A and B) and autoradiogra-
phy (C).
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enzyme has been demonstrated in vitro (66). In this circum-
stance, the third basic region was indispensable for kinase
function (36). Furthermore, a deletion mutant lacking residues
233 to 271 was poorly phosphorylated. In view of the data
presented here, we propose that activation of the kinase occurs
through intermolecular phosphorylation of sites in the third
basic region and that threonine 258 is a critical autophosphor-
ylation site. Reminiscent of some receptor tyrosine kinases
which contain redundant autophosphorylation sites (13, 47),
the observation that mutation of threonine 258 does not abol-
ish the activity and phosphorylation of PKR may imply the
existence of additional critical sites in PKR.
Many kinases are regulated, either positively or negatively,

by phosphorylation. Several are phosphorylated by other ki-
nases, and kinase cascades are becoming increasingly familiar.
Others are activated through autophosphorylation. Protein ki-
nase C is more active when autophosphorylated on serine and
threonine residues (16, 46), and autophosphorylation on ty-
rosine residues increases the activity of pp60c-src (28, 52), the
insulin receptor (13, 23), and p130gag-fps (67). Although the
sites vary, activation by phosphorylation in the catalytic domain
between subdomains VII and VIII is common. Our analysis
revealed no such sites in PKR, however. Instead, the threonine
258 site that has been shown to play a role in enzyme activation
is located between the catalytic domain and the RNA-binding
domain, in a region that may serve as a “hinge.” Its phosphor-
ylation would render the region more negatively charged and
might open or close the hinge, altering the interaction between
the regulatory and catalytic domains in a fashion similar to that
suggested previously for PKC (16). Although the precise ef-
fects of autophosphorylation will be appreciated only in light of
an understanding of the enzyme’s three-dimensional structure,
our results emphasize that the third basic region is important
for PKR activation and indicate that it defines an autoregula-
tory domain critical for converting the kinase to a fully active
mode.
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