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Protein kinase activity in general is stimulated at least 5- to 10-fold in ribosomal salt wash preparations from
poliovirus-infected HeLa cells compared with those from mock-infected cells. The stimulation of kinase activity
is manifested by increased phosphorylation of ribosome-associated polypeptides having approximate molecular
weights of 135,000, 120,000, 85,000, 68,000, 65,000, 40,000, 28,000, 25,000, and 21,000. The M, 68,000
phosphoprotein is structurally identical to the interferon-induced, double-stranded RNA-activated protein
kinase (P1) which phosphorylates the & subunit of eucaryotic initiation factor-2 (eIF-2). A similar protein of M,
68,000 is more phosphorylated in poliovirus-infected cells than in mock-infected cells. Increased phosphory-
lation of P1 protein in poliovirus-infected cells, however, does not result in an increased phosphorylation of the
« subunit of endogenous or exogenously added eIF-2, both in vitro and in vivo. These results suggest that a
mechanism must exist in poliovirus-infected HeLa cells which prevents further phosphorylation of eIF-2 by the

activated kinase.

Infection of animal cells with picornaviruses leads to
several changes in cellular metabolism (9, 14, 15). The early
metabolic changes after virus infection may conceivably
favor efficient expression of the viral genome compared with
that of cellular genes. These cellular changes may be trig-
gered by a viral component synthesized early in infected
cells or could simply be due to infection of cells with the
virus. One of the most well-understood reversible changes
that leads to regulation of several cellular enzymatic activi-
ties is the phosphorylation-dephosphorylation of proteins
(3). Earlier studies from this laboratory have shown that an
M, 67,000 to 68,000 cellular protein (host factor) needed for
in vitro replication of poliovirus (6) is a phosphoprotein with
a possible protein kinase activity (16). Previous results also
suggested that protein phosphorylation plays an important
role in viral RNA replication (16). In many respects, the
67-kilodalton (kDa) host factor isolated from uninfected
HeLa cell ribosomes appeared similar to a previously de-
scribed 67- to 72-kDa ribosomal protein involved in a protein
kinase system (16). This protein kinase activity dependent
on double-stranded (ds) RNA is enhanced in mouse and
human cells after treatment with interferon (IFN) (1). The
kinase activity is manifested by phosphorylation of an
endogeneous 68,000- to 72,000-M, protein (called P1) in
human cells and an endogenous or exogenous 38,000-M,
protein which is the a subunit of eucaryotic initiation factor-
2 (eIF-2). The role of this protein kinase is considered to be
phosphorylation of the a subunit of eIF-2, thus mediating
inhibition of initiation of protein synthesis in cell-free sys-
tems (7, 8, 29). Phosphorylation of P1 protein has been
previously shown in IFN-treated cells during virus infection,
but the significance of this observation and its correlation
with phosphorylation of eIF-2a remain to be understood (10,
17, 21).

Because our previous studies have suggested that a pro-
tein involved in the IFN-induced, dsRNA-activated protein
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kinase system is similar to one (host factor) involved in in
vitro replication of poliovirus RNA, we studied phosphory-
lation of P1 protein in poliovirus-infected cells. We show
here that protein kinase activity in general is greatly stimu-
lated in the ribosomal salt wash (RSW) fraction from
poliovirus-infected cells. One of the proteins whose phos-
phorylation is stimulated in poliovirus-infected cells appears
to be similar to IFN-induced, dsRNA-activated P1 protein.
In vivo 3?P-labeling experiments indicated that a similar
68-kDa protein is more phosphorylated in infected cells than
in mock-infected cells. Phosphorylation of the a subunit of
elF-2, however, was not stimulated in infected cells com-
pared with that in mock-infected cells both in vivo and in
vitro. We suggest that a mechanism must exist in poliovirus-
infected cells which prevents further phosphorylation of the
o subunit of eIF2 by the activated kinase compared with its
basal level of phosphorylation observed in mock-infected
cells.

MATERIALS AND METHODS

All chemicals, unless specifically stated, were purchased
from Sigma Chemical Co. (St. Louis, Mo.). All radioisotopes
were purchased from New England Nuclear Corp. (Boston,
Mass.). B-IFN was obtained from Lee Biomolecular Re-
search Laboratories (San Diego, Calif.).

Cells and virus. HeLa cells were grown in Spinner cultures
with Jokliks modified essential medium supplemented with
6% newborn calf serum and infected with poliovirus type 1
(Mahoney strain) as previously described (5). Treatment of
cells with B-IFN at a concentration of 200 reference units per
ml was done for 17 h as described previously (17).

Labeling cells in vivo with 32P;. HeLa cells (4 x 10%) were
pelleted by centrifugation, and the cell pellet was washed
three times with medium minus phosphate. After a 30-min
virus adsorption, cells were suspended in medium (minus
phosphate) containing 5% dialyzed fetal calf serum at a
concentration of 4 X 10° cells per ml. After incubation at
37°C for 15 min, cells were supplemented with 100 pnCi of
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FIG. 1. Stimulation of protein kinase activity in poliovirus-
infected HeLa cells. RSW and S100 fractions were prepared from
mock- or poliovirus-infected HeLa cells (4 x 10%) at 3 h postinfec-
tion (or mock infection). Proteins in RSW and S100 fractions were
then phosphorylated in vitro as described in Materials and Methods.
Phosphorylated proteins were analyzed by SDS-PAGE. Migration
of protein markers of defined molecular weights (x10%) are shown on
the left. (A) Lanes: 1, 2.5 ng of mock RSW; 2, 2.5 pg of infected
RSW. (B) Lanes: 1, S ug of mock RSW; 2, 5 ug of infected RSW; 3,
5 pg of mock S100; 4, 5 ug of infected S100. k, X103,

carrier-free 32P; per ml. Infection was allowed to proceed for
a total of 3 h at which time cells were harvested by
centrifugation, and pellets were washed with phosphate-
buffered saline and stored at —70°C until preparation of the
RSW. Mock-infected 32P-labeled cells were obtained by the
same protocol, except that these cells received the same
volume of medium instead of virus.

Preparation of RSW. Approximately 4 x 10® HeLa cells
were infected (or mock infected) with poliovirus at a multi-
plicity of infection of 20 as described previously (5). Cells
were harvested at 3 h postinfection by centrifugation and
washed in phosphate-buffered saline. Cells were disrupted
by Dounce homogenization, and cytoplasmic extracts (S100)
and RSW were prepared as described previously (16).

In vitro kinase assay. The standard reaction mixture for
kinase assays contained (in 25 pl): 50 mM HEPES (N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic¢ acid) (pH 8.0),
5 mM magnesium acetate, 4 mM dithiothreitol, 1 pCi of
[y-?P]ATP (specific activity, 1,000 to 3,000 Ci/mmol; New
England Nuclear Corp.), and proteins from RSW. Some
reactions also contained 1 pg of purified reticulocyte elF-2
(kindly provided by N. K. Gupta, University of Nebraska,
Lincoln) or various amounts of poly(I - C) as indicated, or
both. Incubation was for 15 min at 30°C. Reactions were
stopped by adding 2Xx sodium dodecyl sulfate (SDS)-gel
sample buffer, and proteins were analyzed by SDS-
polyacrylamide gel electrophoresis (PAGE) as previously
described (4).

Two-dimensional gel electrophoresis. Two-dimensional gel
analysis of 3?P-labeled proteins was performed as described
by O’Farrell (18). The first dimension was an isoelectric-
focusing gel in the pH range of 4 to 8. The second dimension
was a 15% SDS-polyacrylamide gel. After separation of
proteins in the two dimensions, the gel was dried and
autoradiographed.

Phosphopeptide mapping. Phosphopeptide mapping by
limited proteolytic digestion was done by the method of
Cleveland et al. (2) as previously described with 0.5 ug of
Staphylococcus aureus V8 protease.
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Phosphatase assay. To assay for protein phosphatase ac-
tivity, we incubated 3?P-labeled eIF-2 with increasing con-
centrations of either mock- or poliovirus-infected RSW
fractions for 6 min at 30°C as described previously (11).
Labeled proteins were analyzed by SDS-PAGE followed by
autoradiography.

RESULTS

Stimulation of protein kinase activity in RSW from
poliovirus-infected cells. To determine whether protein
kinase activity is modified in poliovirus-infected HeLa cells,
we prepared RSW fractions from mock- and poliovirus-
infected cells. Samples of RSW were phosphorylated with
[y->*P]ATP, and phosphorylated proteins were analyzed by
SDS-PAGE. Phosphorylation of several polypeptides was
stimulated in infected RSW (Fig. 1A, lane 2; Fig. 1B, lane 2)
compared with that in mock-infected RSW (Fig. 1A, lane 1;
Fig. 1B, lane 1). These polypeptides had approximate mo-
lecular weights of 135,000, 120,000, 85,000, 68,000, 65,000,
40,000, 28,000, 25,000, and 21,000. Phosphorylation of all
these polypeptides, with the exception of the M, 85,000
polypeptide, was limited to the RSW. Phosphorylation of the
M, 85,000 polypeptide and an M, 100,000 polypeptide was
observed in S100 fractions from both mock- and virus-
infected cells (Fig. 1B, lane 3). The appearance of the 65-kDa
phosphoprotein varied in different preparations of RSW
(compare lane 2 between Fig. 1A and B). The results
presented in Fig. 1 clearly demonstrate that most of the
stimulated protein kinase activity in poliovirus-infected cells
is ribosome associated and that this activity can be washed
off of ribosomes by extraction with 0.5 M salt. It is also clear
that almost all these polypeptides are of cellular origin since
they can be detected in mock-infected cells.

Similarity of M, 68,000 phosphoprotein to IFN-induced,
dsRNA-activated protein P1. To determine whether the M,
68,000 phosphoprotein detected in mock- and poliovirus-
infected RSW fractions (Fig. 1A, lanes 1 and 2) is similar to
the IFN-induced, dsRNA-activated protein P1 (12, 13, 22,
25), we treated uninfected HeLa cells with B-IFN, and an
RSW was prepared from these cells. Portions of RSW were
phosphorylated in the absence (Fig. 2A, lane 1) and presence
(Fig. 2A, lanes 2 to 7) of increasing concentrations of
poly(I - C), a synthetic dSSRNA. Phosphorylation of a 68-kDa
protein was stimulated at lower concentrations of dsRNA,
whereas higher concentrations of dsSRNA inhibited its phos-
phorylation (Fig. 2A). This was consistent with previously
published results from a number of laboratories that phos-
phorylation of a 68-kDa protein from IFN-treated cells was
stimulated at lower concentrations of dSRNA but was inhib-
ited at higher dsRNA concentrations (5, 12, 13, 17, 22, 25).
Among other polypeptides whose phosphorylations were
stimulated by added dsRNA, one of the polypeptides migrat-
ing at 38,000 daltons was found to be the o subunit of eIF-2.
The M, 68,000 phosphoprotein found in mock- and
poliovirus-infected RSW fractions (Fig. 2A, lanes 8 to 11)
comigrated with the dsSRNA-activated P1 protein from IFN-
treated cells. We were unable to detect phosphorylated o
subunit of endogenous eIF-2 in mock- or poliovirus-infected
RSW fractions (Fig. 2A, lanes 8, 9, 10, and 11). Instead, a
phosphoprotein (indicated as a 40-kDa protein in lanes 8 and
10) mistaken to be the a subunit of eIF-2 during the initial
course of this investigation, actually migrated slower than
elF-2a (compare lanes 8 and 10 with lane 7). This result was
surprising because increased phosphorylation of the 68-kDa
(P1) protein is usually accompanied by an increase in eIF-2a
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phosphorylation (1, 7, 8, 12, 13, 17, 22, 29). It should be
pointed out that stimulation of phosphorylation by dsSRNA of
polypeptides in RSW from IFN-treated cells was not limited
to the 68-kDa protein (Fig. 2A). The reason for this is not
apparent and could be due to use of RSW rather than intact
ribosomes from HeLa cells in the in vitro reaction. To
ascertain that the 68-kDa phosphoprotein found in mock-
and poliovirus-infected RSW was similar to the IFN-
induced, dsRNA-activated P1 protein, appropriate 32P-
labeled bands were excised from the gel (Fig. 2A, lanes 2, 10,
and 11) and digested with V8 protease. The resulting
phosphopeptides were analyzed by SDS-PAGE. The phos-
phopeptide profile of IFN-induced, dsRNA-activated P1
protein was identical to those of 68-kDa protein isolated
from mock- and poliovirus-infected RSW fractions (Fig. 2B,
lanes 1 to 3).

To further characterize the M, 68,000 polypeptide, we
compared phosphorylated 68-kDa protein from mock- and
poliovirus-infected RSW fractions with the dsRNA-
activated P1 protein from IFN-treated cells by two-
dimensional gel electrophoresis. The phosphorylated form of
the 68,000-M, polypeptide from both mock-infected and
infected RSW migrated between pl values of 7.2 and 7.8.
Again, a stimulation of phosphorylation of this protein was
observed in poliovirus-infected RSW fraction (compare Fig.
3A and B). Two barely visible tiny spots migrating at an
approximate pl value of 6.2 to 6.4 were observed only in
poliovirus-infected RSW. The majority of phosphorylated
68-kDa protein from IFN-treated HeLa cells migrated be-
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FIG. 2. Comparison of the 68-kDa phosphoprotein with the
dSRNA-activated P1 protein from IFN-treated HeLa cells. (A)
RSW was prepared from mock- and poliovirus-infected or B-IFN-
treated HeLa cells (4 x 10%). Samples of RSW from B-IFN-treated
cells were phosphorylated in the absence or presence of various
concentrations of poly(I - C) with [y-32P]JATP. Phosphorylation of
RSW from mock- and poliovirus-infected cells was as described in
the legend to Fig. 1. Lane 1, 5 pg of RSW from IFN-treated cells
minus dsRNA; lanes 2 to 7, 5 pg of RSW from IFN-treated cells plus
indicated concentrations of dsRNA, respectively; lane 8, 2.5 pg of
infected RSW; lane 9, 2.5 pg of mock-infected RSW; lane 10, 5 pg
of infected RSW; lane 11, 5 pg of mock-infected RSW. Migration of
dsRNA-activated P1 protein and of the a subunit of eIF-2 are shown
on the left. (B) The M, 68,000 phosphoprotein bands (panel A) were
excised from lanes 2 (IFN), 10 (poliovirus infected), and 11 (mock
infected) and were digested with 0.5 pg of V8 protease. The
resulting phosphopeptides were analyzed on a 15% SDS-
polyacrylamide gel. Lane 1, 68-kDa band from panel A, lane 2; lane
2, 68-kDa band from panel A, lane 11; lane 3, 68-kDa band from
panel A, lane 10. K, Kilodaltons.

ACTIVATION OF CELLULAR PROTEIN KINASE BY POLIOVIRUS 1783

IEF :
/+4<———__ (_/
‘i MOCK
o | == - . -68K
<
a.
b
;|
w
B 4 POLIO
M -68K
5 1
G IFN +dsRNA
T “ -68K
\ I
pH 6.2 7.8

FIG. 3. Two-dimensional gel electrophoresis of 68-kDa phospho-
protein from mock- and poliovirus-infected RSW and of P1 protein
from IFN-treated cells. Samples of RSW containing 5 pg of protein
from mock-infected, poliovirus-infected, and IFN-treated cells were
phosphorylated in vitro with [y-PJATP. The reaction mixture
containing RSW from IFN-treated cells contained 107> ug of
dsRNA per ml. Phosphorylated proteins were then subjected to
two-dimensional gel electrophoresis as described in Materials and
Methods. (A) RSW from mock-infected cells; (B) RSW from
poliovirus-infected cells; (C) RSW from IFN-treated cells. K,
Kilodaltons; IEF, isoelectric focusing.

tween pl values of 7.2 and 7.8; however, a faint streak of
radioactivity stretching up to pl 6.4 was observed. The two
32p_labeled spots at pl 6.2 to 6.4 previously detected in
poliovirus-infected RSW were also observed in the IFN-
treated RSW fraction.

Phosphorylation of o subunit of elF-2 is not stimulated in
RSW from infected cells. We were unable to detect
phosphorylated « subunit of endogenous eIF-2 in mock- or
poliovirus-infected RSW fractions under the conditions used
for one-dimensional gel electrophoresis (Fig. 1 and 2A).
However, we were able to detect phosphorylated eIF-2a by
two-dimensional gel electrophoresis (Fig. 4). This was
achieved by loading the two-dimensional gels with two to
three times the amount of phosphorylated proteins normally
used for loading one-dimensional gels. Under similar condi-
tions, autoradiograms of one-dimensional gels are difficult to
interpret because of high backgrounds. A comparison be-
tween mock (Fig. 4A)- and poliovirus (Fig. 4B)-infected
RSW showed that there was no increase in phosphorylation
of the a subunit of eIF-2 in infected RSW compared with that
in mock-infected RSW. In fact, phosphorylation of eIF-2a in
infected RSW was approximately 40% less than that in mock
RSW. The radioactive spots indicated by the upward-
pointing arrowheads (Fig. 4) were indeed eIF-2a-P since
purified reticulocyte eIF-2a-P comigrated with these spots
on two-dimensional gels (data not shown). Phosphorylation
of other polypeptides, however, was significantly stimulated
in infected RSW. Two-dimensional gel electrophoresis of
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FIG. 4. Analysis of relatively acidic phosphoproteins of RSW
from mock- and poliovirus-infected and IFN-treated cells. Reac-
tions similar to those described in the legend to Fig. 3 were
performed, and **P-labeled phosphoproteins were analyzed by two-
dimensional gel electrophoresis. (A) RSW from mock-infected cells;
(B) RSW from poliovirus-infected cells; (C) RSW from IFN-treated
cells minus dsRNA; (D) RSW from IFN-treated cells plus 107> wg of
dsRNA per ml. Experiments shown in panels A, B, C, and D were
performed with the same batch of HeLa cells. (E) RSW (20 pg) from
mock-infected cells. (F) RSW (20 ng) from poliovirus-infected cells.
Experiments shown in panels E and F were done with another batch
of cells. The upward-pointing arrowhead indicates the position of
the a subunit of eIF-2. The downward-pointing arrowheads indicate
two spots migrating at pH 6.2 to 6.4 and slightly slower than the
68-kDa protein.

RSW prepared from IFN-treated cells showed a significantly
higher level of phosphorylation of eIF-2a in the presence of
added dsRNA (Fig. 4D). In the absence of dsRNA, very
little phosphorylation of eIF-2a was detected (Fig. 4C). Low
levels of phosphorylation of polypeptides other than the a
subunit of eIF-2 were detected in RSW from IFN-treated
cells in the presence of dSRNA (Fig. 4D). Among these were
the two spots migrating slightly slower than the 68-kDa
protein with pI values of 6.2 to 6.4 as previously detected
(Fig. 3C). Similar spots can be clearly observed in
poliovirus-infected RSW fraction (Fig. 4B). The experiments
presented in Fig. 4A, B, C, and D were performed with the
same batch of HeLa cells so that results could be compared
in a quantitative manner. To determine whether the ob-
served difference in the level of phosphorylation of eIF-2
between mock- and virus-infected RSW fractions (Fig. 4A
and B) was reproducible, RSW fractions were prepared from
a different batch of mock- and poliovirus-infected cells, and
phosphorylated proteins were analyzed by two-dimensional
gel electrophoresis. As is evident from the results presented
in Fig. 4E and F, phosphorylation of the a subunit of eIF-2
in RSW from mock-infected cells was approximately three-
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fold greater than that in RSW from poliovirus-infected cells.
As observed earlier, phosphorylation of other polypeptides
was significantly stimulated in infected RSW compared with
that in mock-infected RSW. A number of experiments per-
formed in our laboratory indicate that the degree of phos-
phorylation of eIF-2« in infected RSW varies from 25 to 75%
of that of mock-infected RSW, depending on different
batches of HeLa cells used in these experiments. Neverthe-
less, it was clear from results presented in Fig. 2, 3, and 4
that although phosphorylation of a polypeptide structurally
identical to IFN-induced, dsRNA-activated P1 protein was
stimulated in poliovirus-infected RSW, there was no in-
crease in phosphorylation of the a subunit of endogenous
eIF-2 in infected cells.

Stimulation of kinase activity in poliovirus-infected cells is
an early response. To determine whether phosphorylation of
the 68-kDa protein occurs early during infection of cells with
poliovirus, portions of infected (or mock-infected) cells were
removed after different times of infection (or mock infec-
tion); RSW were prepared and phosphorylations were per-
formed as described above. The pattern of phosphorylation
of 68-kDa protein as well as those of 40-, 28-, 25-, and 21-kDa
polypeptides did not change significantly during mock infec-
tion of cells of up to 4 h (Fig. 5A, lanes 1, 3, 5, and 7).
Stimulation of phosphorylation of the 68-kDa protein was
detected as early as 1 h postinfection (Fig. 5A, lane 2), after
which the degree of phosphorylation of the 68-kDa protein
was increased, reaching a maximum at 3 h postinfection
(Fig. 5A, lane 6). At 4 h postinfection the amount of
phosphorylated 68-kDa protein in infected RSW was even
less than that in mock-infected cells (compare lanes 7 and 8).
Stimulation of phosphorylation of 85-, 28-, 25-, and 21-kDa
polypeptides paralleled that of 68-kDa protein in infected
RSW, whereas phosphorylation of the 40-kDa polypeptide
was maximum at 4 h postinfection. It is not known at present
whether the level of phosphorylation of the 40-kDa protein
decreases (or increases) late during infection.

When assayed with exogenously added reticulocyte eIF-2,
the basal level of phosphorylation of eIF-2 was observed up
to 4 h in both mock- and virus-infected RSW fractions (Fig.
5B, lanes 1 to 8). There was no significant difference in the
degree of phosphorylation of eIF-2 between mock- and
virus-infected RSW (compare lanes 3 and S with lanes 4 and
6, respectively). The pattern of phosphorylated proteins in
the absence or presence of exogenously added eIF-2 was the
same except that the phosphorylation of the 40-kDa protein
in both mock- and virus-infected RSW was inhibited signif-
icantly in the presence of added eIF-2 (compare the 40-kDa
band in lanes 5, 6, 7, and 8 between Fig. SA and B).
Reactions similar to those shown in Fig. 5B, lanes 5 and 6,
were repeated without exogenously added eIF-2, and the
results are shown in lanes 1 and 2 of Fig. 5C.

The appearance of the 65-kDa phosphoprotein (in Fig. SB)
which could not be detected in Fig. SA was not due to the
addition of eIF-2. The appearance of the 65-kDa protein
varied from one reaction to the other even when the same
preparation of RSW was used (compare Fig. 1A, lane 2, with
Fig. 2A, lane 10).

Phosphorylation of eIF-2 is not stimulated in poliovirus-
infected cells. To determine whether a stimulation of phos-
phorylation of the 68-kDa protein could be detected in vivo,
we labeled HeLa cells with 32P; during infection with
poliovirus. RSW was prepared, and 3?P-labeled proteins
were analyzed by SDS-PAGE. A phosphoprotein with an
apparent molecular weight of 68,000 was detected in
poliovirus-infected cells (Fig. 6A, lane 4). This polypeptide,
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which comigrated with the in vitro-phosphorylated 68-kDa
protein (Fig. 6A, lanes 1 and 2), was not detected in
mock-infected cells (Fig. 6A, lane 3). A labeled polypeptide
at 38,000 molecular weight was also detected in both mock-
and poliovirus-infected cells (Fig. 6A, lanes 3 and 4). This
polypeptide comigrated with the a subunit of eIF-2 (data not
shown). Two-dimensional gel electrophoresis showed that
the polypeptide of M, 38,000 was indeed the a subunit of
elF-2 (Fig. 6B and C). Quantitation of radioactivity in these
spots showed that the level of phosphorylated a subunit of
elF-2 in infected cells was approximately twofold less than
that in mock-infected cells. We were unable to detect in
vivo-labeled phosphorylated 68-kDa protein on two-
dimensional gels because of low amounts of radioactivity
incorporated in the 68-kDa molecule.
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FIG. 5. Time course of activation of 68-kDa protein during mock
and virus infection of HeLa cells. RSW were prepared from 4 x 10°
cells infected (or mock infected) with poliovirus for 1, 2, 3, and 4 h.
Protein (5 pg) was phosphorylated in vitro with [y->?P]ATP in the
absence (panels A and C) or presence (panel B) of added reticulo-
cyte elF-2 (1 ug). Phosphorylated proteins were analyzed by SDS-
PAGE. (A) Lanes 1, 3, 5, and 7, Mock-infected RSW prepared at 1,
2, 3, and 4 h after mock infection, respectively; lanes 2, 4, 6, and 8,
poliovirus-infected RSW prepared at 1, 2, 3, and 4 h after infection,
respectively. (B) Same as in panel A except that phosphorylations
were done in the presence of 1 pg of purified eIF-2. (C) Lane 1,
Same as in lane 5 of panel B minus elF-2; lane 2, same as in lane 6
of panel B minus eIF-2; lane 3, 1 pg of purified eIF-2 was
phosphorylated with 0.5 png of purified reticulocyte dsRNA-
activated kinase. Mock- and poliovirus-infected RSW fractions are
denoted by the letters m and p, respectively. The numbers at the
bottom indicate hours of infection or mock infection. K,
Kilodaltons.
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FIG. 6. Comparison between in vitro and in vivo *?P-labeled
proteins from mock- and poliovirus-infected cells. (A) RSW were
prepared from unlabeled or 3?Pi-labeled mock- and poliovirus-
infected cells. Portions of unlabeled RSW were phosphorylated with
[y-**P]JATP, and in vitro-phosphorylated proteins were compared
with in vivo-labeled proteins by SDS-PAGE. (A) lane 1, In vitro
32p.labeled mock-infected RSW; lane 2, in vitro 3?P-labeled
poliovirus-infected RSW; lane 3, in vivo 3?P-labeled mock-infected
RSW; lane 4, in vivo 32P-labeled poliovirus-infected RSW; (B and C)
Two-dimensional gel electrophoresis of the a subunit of eIF-2 from
in vivo 3P-labeled, mock- and poliovirus-infected cells, respec-
tively. K, Kilodaltons.

Lack of increased phosphorylation of eIF-2 in RSW from
infected cells is not due to a specific phosphatase. To deter-
mine whether a specific protein phosphatase is induced in
poliovirus-infected cells which dephosphorylates the phos-
phorylated a subunit of eIF-2, we incubated prephosphory-
lated reticulocyte eIF-2 with increasing concentrations of
mock- or poliovirus-infected RSW fractions. No specific
dephosphorylation of eIF-2a-P could be detected in infected
RSW compared with that in mock-infected RSW (Fig. 7).
Under similar conditions, however, alkaline phosphatase

1.2 3. 454

RETIC.
~ KINASE

—elF2«

FIG. 7. Assay for phosphatase activity in RSW from mock- and
poliovirus-infected cells. Reticulocyte eIF-2 (1 pg) was phosphoryl-
ated with the reticulocyte kinase. Prephosphorylated eIF-2 was used
as the substrate for a specific phosphatase in mock- or poliovirus-
infected RSW. Lane 1, Control; lanes 2 and 4, same as in lane 1 plus
4 and 8 pg of mock-infected RSW, respectively; lanes 3 and 5, same
as in lane 1 plus 4 and 8 pg of poliovirus-infected RSW, respectively;
lane 6, same as in lane 1 plus 5 U of alkaline phosphatase. Numbers
on left are in kilodaltons.
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could completely remove phosphates from both the 68-kDa
protein and elF-2a-P (Fig. 7, lane 6).

DISCUSSION

We showed that protein kinase activity in general is
stimulated at least 5- to 10-fold in RSW prepared from
poliovirus-infected HeLa cells compared with that from
mock-infected cells. This is in agreement with a previously
published report by Tershak (27) that protein kinase activity
is stimulated in HeLa cells during infection with poliovirus.
This protein kinase activity (or activities) associated with the
cellular ribosomes can be washed off of these structures by
0.5 M salt (27; this report). The kinase activity is stimulated
as early as 1 h after infection of cells with poliovirus and is
manifested by increased phosphorylation of polypeptides
having approximate molecular weights of 135,000, 120,000,
85,000, 68,000, 65,000, 40,000, 28,000, 25,000, and 21,000.
All these polypeptides appear to be of cellular origin since
the basal level of phosphorylation of these polypeptides can
be detected in mock-infected cells.

Three lines of evidence suggest that the M, 68,000 poly-
peptide is very similar, if not identical, to the IFN-induced,
dsRNA-activated protein P1 which is believed to phosphor-
ylate the a subunit of protein synthesis IF-2 (1). First,
phosphorylated 68-kDa protein from poliovirus-infected
RSW fraction comigrated with the IFN-induced, phosphor-
ylated P1 protein on an SDS-polyacrylamide gel (Fig. 2).
Second, phosphorylated 68-kDa protein from poliovirus-
infected RSW had the same isoelectric pH as that of protein
P1; and finally, the phosphopeptides generated from the
68-kDa protein by digestion with V8 protease were identical
to those generated from P1 protein (Fig. 2). The pl value of
the P1 protein from HeLa cells is in good agreement with the
previously reported pl value of this IFN-induced protein
from another human cell line (13).

The stimulation of phosphorylation of the 68-kDA protein
in the RSW fraction from cells infected with poliovirus does
not result in an increased phosphorylation of the a subunit of
endogenous HeLa elF-2. This is clearly not due to the
presence of limiting concentrations of eIF-2 in HeLa cells
because the level of phosphorylation of eIF-2 in the presence
of dsRNA in RSW prepared from IFN-treated cells is much
greater than that in RSW from the same number of cells
infected with poliovirus (Fig. 4B and D). It is logical to
assume, therefore, that the majority of eIF-2 in RSW from
poliovirus-infected HeLa cells remains unphosphorylated.
The level of phosphorylation of 68-kDa protein in poliovirus-
infected RSW, however, is comparable to that in IFN-
treated cells (Fig. 3B and C). The fact that RSW fractions
from poliovirus-infected cells do not phosphorylate
exogenously added eIF-2 to a greater extent than that
observed with RSW from mock-infected cells (Fig. 5) also
argues against this possibility. The possibility that the lack of
increased phosphorylation of eIF-2 in poliovirus-infected
cells is due to an increased level of a specific elF-2a
phosphatase is unlikely (Fig. 7).

The observation that exogenously added eIF-2 inhibits
phosphorylation of a 40-kDa protein in infected-RSW in
vitro (Fig. 5) could explain why eIF-2 is not further
phosphorylated in infected RSW. Although the phosphopep-
tide profiles of the 40-kDa protein and elF-2a are quite
different (data not shown), it is still conceivable that this
protein somehow competes with eIF-2 for the kinase that
phosphorylates both. The 40-kDa protein could simply be a
better substrate than eIF-2 in vitro. Further careful studies
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must be performed before any valid conclusions can be
drawn. It must be pointed out that this protein is not as much
phosphorylated in vivo as in vitro (Fig. 6).

It is not clear what causes stimulation of kinase activity
and consequently phosphorylation of several cellular pro-
teins during infection of HeLa cells with poliovirus. The
possibility that viral stocks used for infection may contain
IFN which stimulates this kinase activity is not likely
because purified poliovirus prepared by density gradient
centrifugation is still able to elicit this cellular response. It is
also unlikely that viral dsRNA in infected cells is responsible
for stimulation of Kinase activity through production of IFN
since this appears to be a very early response at which time
no dsRNA is detectable in infected cells. Also, in the
presence of guanidine, which selectively blocks viral RNA
replication, stimulation of kinase activity could still be
detected (27). However, it is possible that interaction of
virus with the cell somehow triggers induction of IFN early
during infection. It must be pointed out in this context that
some, but not all, of the polypeptides phosphorylated in
infected cells have the same molecular weights and pI values
as those observed in IFN-treated cells (Fig. 4). It is also
worth mentioning that at lower concentrations, dsRNA did
not stimulate in vitro phosphorylation of the 68-kDa protein
in RSW from infected cells; at higher concentrations, how-
ever, dsRNA inhibited significantly the phosphorylation of
the 68-kDa protein (data not shown).

Activation of IFN-induced P1 protein by phosphorylation
has previously been reported in IFN-treated, reovirus-
infected and encephalomyocarditis virus-infected cells (10,
17, 21). But the significance of this observation as well as its
correlation with phosphorylation of eIF-2 remains to be
clarified. In cells not treated with IFN, it has been shown
recently that virus-associated RNA; encoded by the adeno-
virus genome, inhibits activation of P1 protein in HeLa cells
infected with wild-type adenovirus (type 5) (19, 23, 24, 26).
Infection of cells with a mutant virus, which produces no
virus-associated RNA,, results in activation of P1 protein.
Similarly, influenza virus appears to encode a function which
selectively suppresses the activation of the kinase that
phosphorylates the a subunit of eIF-2 (11). A product of the
vaccinia virus genome also appears to inhibit activation of
protein P1 (20, 28). We present evidence here which suggests
that a cellular polypeptide very similar to IFN-induced,
dsRNA-activated protein Pl is activated in poliovirus-
infected cells without prior treatment of these cells with
IFN. Activation of this protein via phosphorylation, how-
ever, does not result in an increased phosphorylation of the
« subunit of either endogenous or exogenously added eIF-2.
It is our speculation that rather than inhibiting the activation
of P1 protein, the phosphorylation of which may be neces-
sary for initiation of viral RNA replication (16), the virus
encodes (or induces) a factor which interferes with phos-
phorylation of elF-2 by the activated kinase. Our prelimi-
nary results indicate that indeed an inhibitor is present in
RSW from infected cells which inhibits phosphorylation of
exogenously added eIF-2 by the reticulocyte dsRNA-
dependent kinase without inhibiting phosphorylation of the
kinase itself. In the future, this assay system would enable us
to purify the putative inhibitory factor from infected cells
and to study the mechanism of inhibition of phosphorylation
of elF-2.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant AI-18272
from the National Institute of Allergy and Infectious Diseases to



VoL. 61, 1987 ACTIVATION OF CELLULAR PROTEIN KINASE BY POLIOVIRUS 1787

A.D. A.D. is a member of the Molecular Biology Institute at the
University of California, Los Angeles, and is supported by an
American Cancer Society Faculty Research Award.

We thank John Lubinski and Lee Fradkin for constructive criti-
cisms and N. K. Gupta (University of Nebraska, Lincoln) for
providing us with purified eIF-2 and reticulocyte dsRNA-activated
kinase.

LITERATURE CITED

1. Baglioni, C. 1979. Interferon-induced enzymatic activities and
their role in the antiviral state. Cell 17:255-264.

2. Cleveland, D. W., S. G. Fischer, M. W. Kirshnner, and U.
Laemmli. 1977. Peptide mapping by limited proteolysis in so-
dium dodecyl sulfate and analysis by gel electrophoresis. J.
Biol. Chem. 252:1102-1106.

3. Cohen, P. (ed.). 1980. Recently discovered systems of enzyme
regulation by reversible phosphorylation. Series of molecular
aspects of cellular regulation, vol. 1, p. 1-8. Elsevier Science
Publishing, Inc., New York.

4. Dasgupta, A. 1983. Purification of host factor required for in
vitro transcription of poliovirus RNA. Virology 127:245-251.

5. Dasgupta, A., M. H. Baron, and D. Baltimore. 1979. Poliovirus
replicase: a soluble enzyme able to initiate copying of poliovirus
RNA, Proc. Natl. Acad. Sci. USA 76:2679-2683.

6. Dasgupta, A., P. Zabel, and D. Baltimore. 1980. Dependence of
the activity of poliovirus replicase on a host cell protein. Cell
19:423-429.

7. DeBenedetti, A., and C. Baglioni. 1984. Inhibition of mRNA
binding to ribosomes by localized activation of double-stranded
RNA-dependent protein kinase. Nature (London) 311:79-81.

8. Farrel, P. J., K. Balkow, T. Hunt, R. Jackson, and H. Traschsel.
1977. Phosphorylation of initiation factor eIF-2 and the control
of reticulocyte protein synthesis. Cell 11:187-200.

9. Franklin, R. M., and D. Baltimore. 1962. Patterns of macromo-
lecular synthesis in normal and virus-infected mammalian cells.
Cold Spring Harbor Symp. Quant. Biol. 27:175-194.

10. Gupta, S. L., S. L. Holmes, and L. L. Mehra. 1982. Interferon
action against reovirus: activation of interferon-induced protein
kinase in mouse L-929 cells upon reovirus infection. Virology
120:495-499.

11. Katze, M. G., B. M. Detjen, B. Safer, and R. M. Krug. 1986.
Translation control by influenza virus: suppression of the kinase
that phosphorylates the alpha subunit of initiation factor eIF-2
and selective translation of influenza viral mRNAs. Mol. Cell.
Biol. 6:1741-1750.

12. Kimchi, A., A. Zilberstein, A. Schmidt, L. Schulman, and M.
Revel. 1979. The interferon-induced protein kinase PKi from
mouse L cells. J. Biol. Chem. 254:9846-9853.

13. Laurent, A. G., B. Krust, J. Galabru, J. Svab, and A. G.
Hovanessian. 1985. Monoclonal antibodies to an interferon-
induced M, 68,000 protein and their use for the detection of
double-stranded RN A-dependent protein kinase in human cells.
Proc. Natl. Acad. Sci. USA 82:4341-4345.

14. Lucas-Lenard, J. M. 1979. Inhibition of cellular protein synthe-
sis after virus infection, p. 73-99. In R. Perez-Bercoff (ed.), The
molecular biology of picornaviruses. Plenum Publishing Corp.,

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

New York.

McCormick, W., and S. Penman. 1967. Inhibition of RNA
synthesis in HeLa and L cells by mengovirus. Virology
31:135-141.

Morrow, C. D., G. F. Gibbons, and A. Dasgupta. 1985. The host
protein required for in vitro replication of poliovirus is a protein
kinase that phosphorylates eukaryotic initiation factor-2. Cell
40:913-921.

Nilsen, T. W., P. A. Maroney, and C. Baglioni. 1982. Inhibition
of protein synthesis in reovirus-infected HeLa cells with ele-
vated levels of interferon-induced protein kinase activity. J.
Biol. Chem. 257:14593-14596.

O’Farrell, P. H. 1975. High resolution two-dimensional electro-
phoresis of proteins. J. Biol. Chem. 250:4007-4021.

Reichel, P. A., W. C. Merrick, J. Siekierka, and M. B. Mathews.
1985. Regulation of a protein synthesis initiation factor by
adenovirus-associated RNA1. Nature (London) 313:196-200.
Rice, A., and I. Kerr. 1984. Interferon-mediated, double-
stranded RNA-dependent protein kinase is inhibited in extracts
from vaccinia virus-infected cells. J.Virol. 50:229-236.

Rice, A. P., R. Duncan, J. W. B. Hershey, and I. M. Kerr. 1985.
Double-stranded RNA-dependent protein kinase and 2-5A sys-
tem are both activated in interferon-treated, encephalomyocar-
ditis virus-infected HeLa cells. J. Virol. 54:894-898.

Samuel, C. E., R. Duncan, G. S. Knutson, and J. W. B. Hershey.
1984. Mechanism of interferon action. Increased phosphoryla-
tion of protein synthesis initiation factor eIF-2 in interferon-
treated, reovirus-infected Lo,y fibroblasts in vitro and in vivo. J.
Biol. Chem. 259:13451-13457.

Schneider, R., C. Weinberger, and T. Shenk. 1984. Adenovirus
VAI RNA facilitates the initiation of translation in virus-
infected cells. Cell 37:291-298.

Schneider, R. J., B. Safer, S. Munemitsu, C. Samuel, and T.
Shenk. 1985. Adenovirus VAI RNA prevents phosphorylation
of eukaryotic initiation factor 2 a-subunit subsequent to infec-
tion. Proc. Natl. Acad. Sci. USA 82:4321-4325.

Sen, G. C., H. Taira, and P. Lengyel. 1978. Interferon double-
stranded RNA and protein phosphorylation: characteristics of a
double-stranded RN A-activated protein kinase system partially
purified from interferon-treated Ehrlich ascites tumor cells. J.
Biol. Chem. 253:5915-5921.

Siekierka, J., T. M. Mariano, P. A. Reichel, and M. B. Mathews.
1985. Translational control by adenovirus: lack of virus-
associated RNA,; during adenovirus-infection results in phos-
phorylation of initiation factor eIF-2 and inhibition of protein
synthesis. Proc. Natl. Acad. Sci. USA 82:1959-1963.

Tershak, D. R. 1978. Protein kinase activity of polysome-
ribosome preparations from poliovirus-infected cells. Biochem.
Biophys. Res. Commun. 80:283-289.

Whitaker-Dowling, P., and J. Younger. 1984. Characterization
of a specific kinase inhibitory factor produced by vaccinia virus
which inhibits the interferon-induced protein kinase. Virology
137:171-181.

Zilberstein, A., A. Kimchi, A. Schmidt, and M. Revel. 1978.
Isolation of two interferon-induced translational inhibitors: a
protein kinase and an oligoisoademylate synthetase. Proc. Natl.
Acad. Sci. USA 75:4734-4738.



