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In order to study cellular and viral determinants of pathogenicity, interactions between coxsackievirus B3
(CVB3) replication and cellular protein tyrosine phosphorylation were investigated. During CVB3 infection of
HeLa cells, distinct proteins become phosphorylated on tyrosine residues, as detected by the use of antiphos-
photyrosine Western blotting. Two proteins of 48 and 200 kDa showed enhanced tyrosine phosphorylation 4 to
5 h postinfection (p.i.), although virus-induced inhibition of cellular protein synthesis had already occurred 3
to 4 h p.i. Subcellular fractionation experiments revealed distinct localization of tyrosine-phosphorylated
proteins of 48 and 200 kDa in the cytosol and membrane fractions of infected cells, respectively. In addition,
in Vero cells infected with CVB3, echovirus (EV)11, or EV12, increased tyrosine phosphorylation of a 200-kDa
protein was detected 6 h p.i. Herbimycin A, a specific inhibitor of Src-like protein tyrosine kinases, was shown
to inhibit virus-induced tyrosine phosphorylations and to reduce the production of progeny virions. In contrast,
in cells treated with the inhibitors staurosporine and calphostin C, the synthesis of progeny virions was not
affected. Immunoprecipitation experiments suggested that the tyrosine-phosphorylated 200-kDa protein in
CVB3-infected cells is of cellular origin. In summary, these investigations have begun to unravel the effect of
CVB3 as well as EV11 and EV12 replication on cellular tyrosine phosphorylation and support the importance
of tyrosine phosphorylation events for effective virus replication. Such cellular phosphorylation events trig-

gered in the course of enterovirus infection may enhance virus replication.

Coxsackieviruses of group B (CVB) are enteroviruses of the
family Picornaviridae and causative agents of a variety of hu-
man diseases, from minor common colds to fatal myocarditis
and meningitis (20, 22, 34, 35). Distinct variants of CVB have
also been associated with insulin-dependent diabetes mellitus
(1, 10). Coxsackievirus B3 (CVB3), typically a cytolytic virus,
has been shown to be capable of evading immunological sur-
veillance in a host-dependent fashion, inducing persistent
heart muscle infection by restricted virus replication (24, 27).

CVB are small, nonenveloped, icosahedral enteroviruses
containing a positive-sense, single-stranded RNA genome of
about 7,400 nucleotides (28). Infection of a permissive host cell
is initiated by attachment of virus to a specific cell surface
receptor (37). Following entry into the cell, genomic RNA is
replicated by the virus-encoded RNA-dependent RNA poly-
merase to generate full-length, intermediate negative-strand
RNAs. New infectious positive-strand RNAs are subsequently
produced by replication of the negative-strand RNAs. Trans-
lation occurs by a Cap-independent mechanism, yielding the
viral polyprotein which is processed by virus-encoded protein-
ases. Interactions of viral and cellular components are critically
involved in processes necessary for a productive infectious
cycle (3, 29). With respect to correct formation of protein-
protein and protein-RNA complexes in the course of infection,
the question arises as to whether these processes might be
modulated by constituents of the cellular signal transduction
system itself.

Concerning effects on constitutive cellular tyrosine phos-
phorylation, different viruses have been described to induce
tyrosine phosphorylation of various cellular substrates (6, 9, 11,
31, 33). In astrocytes infected with Newcastle disease virus,
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increased tyrosine phosphorylation of phosphatidylinositol
phospholipase C-y 1 was demonstrated preceding the activa-
tion of protein kinase C (PKC) in tumor necrosis factor alpha
gene induction (9). In Epstein-Barr virus-infected human B
lymphocytes, the rapid Ca”*-dependent tyrosine phosphoryla-
tion of the cytosolic tyrosine kinase p56/* has been shown (5,
31).

This investigation analyzes cellular tyrosine phosphorylation
events in the course of CVB3 replication to address the ques-
tion of whether protein tyrosine kinases might play a role in the
regulation of productive virus infection. The following data
show time-dependent increases in tyrosine phosphorylation of
distinct cellular proteins in enterovirus-infected cells and dem-
onstrate the effect of the specific tyrosine kinase inhibitor her-
bimycin A on the production of progeny virions.

MATERIALS AND METHODS

Cell lines and viruses. HeLa cells (human cervix carcinoma, CCL 2) and Vero
cells (African green monkey kidney cells, CCL 81) were obtained from the
American Type Culture Collection. The cells were cultivated as monolayers in
Dulbecco’s modified Eagle’s minimal medium-10% fetal bovine serum. CVB3
(Nancy strain) used in this study was derived by transfection of HeLa cells with
infectious recombinant CVB3 cDNA (21, 28), propagated in HeLa cells and
maintained in Dulbecco’s modified Eagle’s minimal medium supplemented with
10% fetal bovine serum. CVB3 adapted to growth in Vero cells was derived by
four consecutive passages in this cell line. Echovirus (EV)11 (Gregory strain,
VR-41) and EV12 (Travis strain, VR-42) were obtained from the American Type
Culture Collection and adapted to growth in Vero cells by six and nine consec-
utive passages, respectively. CVB3, EV11, and EV12 were purified as described
previously (37). Cell cultures were infected with a multiplicity of infection of 10
unless otherwise indicated.

Antibodies and chemicals. Monoclonal antiphosphotyrosine antibody 4G10
(kindly provided by S. Werner, Max Planck Institute for Biochemistry, Martins-
ried, Germany) was dissolved in phosphate-buffered saline (PBS) at a concen-
tration of 1 pg/pl containing 0.2% bovine serum albumin (BSA). Antiserum
recognizing CVB3 polymerase (anti-Pol) was raised against a fusion protein
consisting of 99 amino acids of MS2 replicase and 350 amino acids of CVB3
polymerase (40). Protein kinase inhibitors herbimycin A, staurosporine, and
calphostin C (Calbiochem) were dissolved in dimethyl sulfoxide at a concentra-
tion of 1 mg/ml. Incubations with calphostin C were carried out at room tem-
perature (RT) under white fluorescent light for the first 30 min to activate the
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inhibitor (4). Protein A-Sepharose was dissolved to 20% in Emerson-Schubert
buffer containing 0.2% Triton X-100, 25 mM sodium chloride, and 10% glycine
in 10 mM Tris, pH 8.0.

Solubilization of cells, electrophoresis, and Western blotting. To stop CVB3
infection, culture medium was removed and cells were resuspended in 400 pul of
lysis buffer (1% Triton X-100, 137 mM sodium chloride, 4 mM EDTA, 10%
glycerol, 10 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 10 uM
leupeptin, 0.15 trypsin-inhibiting units of aprotinin/ml, 10 mM sodium or-
thovanadate in 20 mM Tris, pH 8.0). After lysis at 4°C, nuclei were pelleted at
1,000 X g and postnuclear supernatants were normalized for equal protein
content (as measured in a Bradford protein assay, Bio-Rad). Samples were
electrophoresed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(7.5 or 15% polyacrylamide) (SDS-PAGE) under reducing conditions, using a
Mini-Protean II system (Bio-Rad). Proteins were transferred to a polyvinylidene
difluoride (PVDF) transfer membrane. The membranes were rinsed twice with
PBS for 5 min at RT, incubated for 1 h at 4°C in blocking buffer containing 3%
BSA in PBS, and subsequently washed twice with PBS for 5 min at RT. The blots
were incubated overnight at 4°C with the first antibody (monoclonal antibody
4G10, 1 pg/ml) in PBS containing 0.1% BSA. The blots were rinsed six times with
PBS containing 0.2% Tween 20 for 5 min at RT and incubated for 1 h at 4°C with
horseradish peroxidase-conjugated immunoglobulins (anti-mouse immunoglob-
ulin), dissolved 1:6,000 in PBS containing 0.1% BSA. After incubation, the blots
were washed five times with PBS containing 0.2% Tween 20, visualized by
enhanced chemiluminescence according to the manufacturer’s recommendations
(Amersham), and exposed to Biomax MR films (Kodak).

Analysis of virus-induced host cell protein shutoff. HeLa cells infected with
CVB3 at a multiplicity of infection of 20 were washed twice with PBS and
incubated for 1 h with methionine-free medium supplemented with 15 wCi of
[**S]methionine (NEN) per ml. At the times indicated, the radiolabeled cell
monolayers were washed three times with PBS and treated with 100 pl of lysis
buffer, and the radioactivity of postnuclear supernatants was measured in a liquid
scintillation counter. Samples of 10° cpm were separated by SDS-13.5% PAGE,
and the gels were dried and subsequently exposed to X-ray films (NEN).

Plaque assay. HeLa cells were incubated in the presence or in the absence of
5 or 10 wM herbimycin A, 75 nM staurosporine, or 100 nM calphostin C. Cells
were infected with CVB3 as outlined above, and virus was recovered from the
cell suspensions at different times by three cycles of freezing and thawing. Virus
titers were determined by plaque assay on HeLa monolayer cells as previously
described (23).

Subcellular fractionation. After CVB3 infection, HeLa cells (10-cm-diameter
dishes) were washed with ice-cold buffer A (250 mM sucrose, 2.5 mM MgCl,, 10
mM NaF, 1 mM Naz;VO,, 25 ug of leupeptin/ml, 0.15 trypsin-inhibiting units of
aprotinin/ml, 1 mM phenylmethylsulfonyl fluoride in 25 mM Tris-HCI, pH 8.0)
and scraped from the plate into 700 .l of buffer A-5 mM EDTA. The cells were
disrupted by 30 strokes of a tight-fitting Dounce homogenizer, and homogenates
were depleted of cell debris at 10,000 X g for 10 min at 4°C. Supernatants were
centrifuged at 200,000 X g at 4°C for 30 min, and cytosol fractions (supernatants)
were used in Western blots. Membrane fractions were extracted with 300 pl of
buffer A-5 mM EDTA-1% Triton X-100-0.1% Nonidet P-40 at 4°C for 60 min
and recentrifuged. The detergent extracts of these membrane fractions were
used in Western blots.

Immunoprecipitation reactions. Postnuclear supernatants from 2 X 10° cells
were precleared with 20 pl of 20% protein A—Sepharose for 20 min at 4°C. After
centrifugation at 10,000 X g, the supernatants were incubated overnight at 4°C
with 5 pg of the antiphosphotyrosine antibody 4G10 or 5 ul of anti-Pol anti-
serum. Sixty microliters of 20% protein A-Sepharose was added for 1 h at 4°C,
followed by subsequent centrifugation. Pellets were washed seven times with 200
wl of lysis buffer and incubated for 5 min at 98°C in 30 .l of SDS loading buffer.
Samples were subjected to SDS-PAGE, and proteins were transferred onto a
PVDF membrane and immunoblotted. Following incubation with secondary
horseradish peroxidase-conjugated antibodies, the blots were developed by use
of an enhanced chemiluminescence reagent Kit.

RESULTS

CVB3 infection is associated with intracellular tyrosine
phosphorylation. To investigate whether CVB3 induces intra-
cellular tyrosine phosphorylation events in the course of infec-
tion, HeLa cells were either infected with CVB3 or mock
infected for time intervals from 1 to 7 h. After lysis, post-
nuclear supernatants were separated by SDS-PAGE and trans-
ferred onto PVDF membranes, and tyrosine-phosphorylated
proteins were detected in Western blots with antiphosphoty-
rosine antibodies as shown in Fig. 1. Interestingly, modulations
in tyrosine phosphorylation of various proteins (e.g., the 65-,
70-, and 100-kDa proteins) were observed in the first 3 h
postinfection (p.i.), in contrast to the constant level of tyrosine
phosphorylation of other proteins, like the 200-kDa protein.
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FIG. 1. Kinetics of constitutive tyrosine phosphorylation and host cell pro-
tein shutoff in CVB3-infected HeLa cells. (A) Postnuclear supernatants from
CVB3- and mock-infected HeLa cells were prepared 1 to 7 h p.i., and equal
amounts of protein were subjected to SDS-7.5% PAGE. Proteins were trans-
ferred onto PVDF membranes and subjected to antiphosphotyrosine immuno-
blotting as described in Materials and Methods. The positions of proteins with
molecular masses of 65, 70, and 200 kDa are indicated by arrows. (B) Identical
protein preparations were separated on SDS-15% polyacrylamide gels and sub-
jected to antiphosphotyrosine Western blotting. The position of the 48-kDa
protein is marked by an arrow. Exposure times were 30 s (A) and 3 min (B). (C)
To monitor the host cell protein shutoff, CVB3-infected HeLa cells were labeled
with 15 pCi of [*S]methionine per ml for 1 h at hourly intervals, and proteins
were analyzed by SDS-PAGE with subsequent autoradiography. The numbers at
the bottom represent time points when pulse-labeling was stopped; those on the
left are sizes, in kilodaltons. The positions of coxsackievirus polypeptides 3CD,
3D, and VP1 are indicated by arrows.

Although most tyrosine phosphorylations had disappeared by
4 h p.i., a 70-kDa protein remained in the tyrosine-phosphor-
ylated state until the late phase of infection. The protein with
a molecular mass of 200 kDa, however, showed increased ty-
rosine phosphorylation at 4 h p.i. To examine proteins with
molecular masses smaller than 60 kDa, identical protein prep-
arations were separated on SDS-polyacrylamide gels of higher
concentration. As shown in Fig. 1B, a tyrosine-phosphorylated
protein with a molecular mass of 48 kDa was induced at 4 to
5 hp.i. To correlate these data with the virus-induced host cell
protein shutoff, CVB3-infected HeLa cells were radioactively
pulse-labeled at different time intervals, and the resulting pro-
tein preparations were analyzed by SDS-PAGE with subse-
quent autoradiography. As depicted in Fig. 1C, synthesis of
viral proteins was detected starting at 3 h p.i. Since the marked
decrease in tyrosine phosphorylation was observed at 4 to 5 h
p-i. (Fig. 1A and B), production of viral proteins preceded this
effect (Fig. 1C). These results indicate that during CVB3 in-
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FIG. 2. Tyrosine phosphorylation events in CVB3-, EV11-, and EV12-in-
fected Vero cells. (A) CVB3 infection of Vero cells. Postnuclear supernatants
from CVB3- and mock-infected Vero cells were prepared at the indicated times
and subjected to antiphosphotyrosine immunoblotting. (B) Infection of Vero
cells with EV11. Vero cells were either infected with EV11 or mock infected.
Postnuclear supernatants were subjected to Western blotting with phosphoty-
rosine-specific antibodies. (C) EV12 replication in Vero cells. Protein prepara-
tions from EV12- and mock-infected Vero cells were analyzed for phosphoty-
rosine-containing proteins by immunoblotting. In each panel, the position of the
200-kDa protein is indicated by an arrow.

fection of HeLa cells, certain proteins become phosphorylated
on tyrosine residues in a time-dependent fashion, despite effi-
cient virus-induced shutoff of host protein synthesis.

Tyrosine phosphorylation events induced during CVB3,
EV11, or EV12 infection of Vero cells. It was further deter-
mined whether tyrosine phosphorylation of specific proteins
upon CVB3 infection of HeLa cells was cell specific or a rather
ubiquitous event in CVB3-susceptible cells. Therefore, in ad-
dition to HeLa cells, African green monkey kidney (Vero) cells
were infected with CVB3 and the effects on cellular tyrosine
phosphorylation patterns were examined. As shown in Fig. 2A,
replication of CVB3 in Vero cells resulted in a prominent
increase in tyrosine phosphorylation of a 200-kDa protein 6 h
p.i. To extend this study to other enteroviruses, tyrosine phos-
phorylations in Vero cells infected with two echoviruses, EV11
and EV12, were examined. As observed with CVB3-infected
Vero cells, a 200-kDa protein exhibiting enhanced tyrosine
phosphorylation was detected in EV11- and EV12-infected
Vero cells 6 h p.i. by Western blotting with phosphotyrosine-
specific antibodies (Fig. 2B and C). In contrast to the case for
HelLa cells, phosphorylation of the 48-, 65-, and 70-kDa pro-
teins was not observed with CVB3-, EV11-, or EV12-infected
Vero cells. These results suggest a role for tyrosine-phosphor-
ylated proteins, in particular, the 200-kDa protein, in the
course of enterovirus replication.

Effect of herbimycin A treatment on CVB3-induced tyrosine
phosphorylation. To analyze the nature of specific tyrosine
phosphorylation events induced upon CVB3 infection of HeLa
cells, inhibition assays were performed by use of herbimycin A.
This substance is a widely used tyrosine kinase inhibitor that is
considered to be a selective inhibitor of Src-like kinases by
irreversibly binding to sulthydryl groups in the vicinity of the
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kinase’s active center (12, 38). HeLa cells were incubated in
the presence or in the absence of 5 wM herbimycin A, followed
by CVB3 or mock infection. Four hours p.i., the cells were
lysed, and postnuclear supernatants were separated by SDS-
PAGE and subjected to Western blotting with phosphoty-
rosine-specific antibodies (Fig. 3). As shown in Fig. 3A, en-
hanced tyrosine phosphorylation of the 200-kDa protein was
detected 4 h p.i. in the absence of herbimycin A but was
reduced to normal levels in herbimycin A-treated HeLa cells.
Furthermore, induction of the 48-kDa phosphoprotein in
CVB3-infected HeLa cells was detected only in the absence of
herbimycin A. These observed decreases of tyrosine phosphor-
ylations in CVB3-infected cells after herbimycin A treatment
are not due to general protein degradation induced by herbi-
mycin A. As shown exemplarily, a tyrosine-phosphorylated
protein of 70 kDa did not show any decrease in the presence of
herbimycin A 4 h p.i. (Fig. 3A). Enhanced tyrosine phosphor-
ylation of the 200-kDa protein was also prevented in Vero cells
infected with EV11 in the presence of herbimycin A (Fig. 3B).
Intensities of other protein bands were not changed by herbi-
mycin A treatment, as shown exemplarily by the proteins in the
range of 130 kDa. These results indicate that Src-like protein
tyrosine kinases may be responsible for this increase in tyrosine
phosphorylations upon CVB3 and EV11 replication.

Effect of various phosphorylation inhibitors on the produc-
tion of progeny virions. With respect to the inhibitory effects
observed with herbimycin A, it was of interest to study the
influence of this inhibitor on CVB3 replication. If tyrosine
phosphorylation is important for CVB3 replication, the level of
progeny virus should be reduced in CVB3-infected cells
treated with herbimycin A. In order to investigate this hypoth-
esis, HeLa cells were incubated with 5 or 10 uM herbimycin A
and infected with CVB3, and virus was recovered by freeze-
thawing of cells at 3, 5, and 24 h p.i. Subsequently, virus titers
were determined by plaque assays on HeLa monolayer cells.
As shown in Fig. 4, infection in the presence of 5 or 10 pM
herbimycin A resulted in a significant reduction of produced
progeny virions at all time points. A similar reduction of pro-
duced virions in the presence of herbimycin A was obtained in
EVl1l-infected Vero cells (data not shown). In contrast, virus
production was not affected in the presence of 75 nM stauro-
sporine, a broad-range kinase inhibitor, and 100 nM calphostin
C, a PKC-specific kinase inhibitor (Fig. 4). These results sug-
gest that activated Src-like protein tyrosine kinases may con-
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FIG. 3. Effect of herbimycin A on tyrosine phosphorylation events. (A)
CVB3 infection of HeLa cells. Cells were incubated with 5 uM herbimycin A or
left untreated and subjected to CVB3 or mock infection. Four hours p.i., the cells
were lysed and the postnuclear supernatants were analyzed by antiphosphoty-
rosine Western blotting. (B) EV11 replication in Vero cells. Cells treated with 5
wM herbimycin A or left untreated were either CVB3 or mock infected. Six
hours p.i., the cells were lysed and the protein preparations were subjected to
antiphosphotyrosine immunoblotting.
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FIG. 4. Decrease in production of progeny virions in the presence of herbimycin A. HeLa cells were left untreated or treated with 5 or 10 uM herbimycin A, 75
nM staurosporine, or 100 nM calphostin C prior to infection with CVB3. At the indicated times, progeny virions were recovered from cell suspensions by freeze-thawing
and virus titers were determined by plaque assay on HeLa monolayer cells (data are means = standard deviations of three separate experiments).

tribute to the enhancement in the production of progeny viri-
ons.

Subcellular fractionation of CVB3-infected HeLa cells. We
further determined the localization of tyrosine-phosphorylated
proteins induced or enhanced during CVB3 replication in
HeLa cells. For that purpose, subcellular fractionation was
performed 4 h p.i., at a time when increased tyrosine phos-
phorylation of the 48- and 200-kDa proteins was detected.
Figure 5 shows the distribution of tyrosine-phosphorylated
proteins in the cytosol and membrane fractions of CVB3-in-
fected cells. The 48-kDa CVB3-induced phosphoprotein was
detected only in the cytosol of CVB3-infected cells, whereas
the tyrosine-phosphorylated protein with a molecular mass of
200 kDa was predominantly localized in the membrane frac-
tions of CVB3-infected HeLa cells. The 70-kDa tyrosine-phos-
phorylated protein, which was detected in the tyrosine-phos-
phorylated state until the late phase of infection, was mainly
localized in the cytosol of CVB3-infected as well as mock-
infected HeLa cells.
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FIG. 5. Subcellular fractionation of CVB3-infected HeLa cells. CVB3- and
mock-infected HeLa cells were separated into cytosol (cyt) and membrane
(mem) fractions 4 h p.i. Subsequently, the fractions were analyzed for the pres-
ence of tyrosine-phosphorylated proteins by antiphosphotyrosine Western blot-
ting. The positions of tyrosine-phosphorylated proteins with molecular masses of
48, 70, and 200 kDa are indicated by arrows.

Immunoprecipitation experiments. In order to analyze wheth-
er the 200-kDa protein which shows enhanced tyrosine phos-
phorylation in the course of CVB3 infection is of cellular or
viral origin, antiphosphotyrosine and anti-Pol immunoprecipi-
tations were performed with lysates of CVB3- and mock-in-
fected cells. HeLa cells were lysed 4 h p.i., and postnuclear
supernatants were subjected to immunoprecipitations with an-
tiphosphotyrosine antibodies and subsequent antiphosphoty-
rosine Western blotting. As shown in Fig. 6, CVB3 infection
resulted in enhanced tyrosine phosphorylation of the 200-kDa
protein. However, the 200-kDa protein was not detected when
lysates were immunoprecipitated with a virus-specific anti-
serum (anti-Pol) and subsequently subjected to antiphospho-
tyrosine immunoblotting, indicating that the 200-kDa protein
is of cellular origin (Fig. 6).

DISCUSSION

Tyrosine phosphorylation events play important roles in the
cellular processes of proliferation, differentiation, and malig-
nant transformation. Such phosphorylation events also appear
to be relevant for efficient and controlled virus infection (6, 8,
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FIG. 6. Immunoprecipitation (IP) analysis of the tyrosine-phosphorylated
200-kDa protein. CVB3- or mock-infected HeLa cells were lysed 4 h p.i., and
postnuclear supernatants were immunoprecipitated with antiphosphotyrosine
antibodies (a-P-Tyr) or CVB3 polymerase-specific antibodies (a-pol) followed
by antiphosphotyrosine immunoblotting. The position of the tyrosine-phosphor-
ylated 200-kDa protein is indicated by an arrow. WB, Western blotting.
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17). In this paper, the question of whether CVB3 interferes
with cellular tyrosine phosphorylation during infection of host
cells has been addressed. Analysis of CVB3 replication in
HeLa cells revealed time-dependent changes in the phosphor-
ylation pattern of distinct proteins, in particular, a cytosolic
48-kDa protein and a membrane-bound 200-kDa protein,
which showed increased tyrosine phosphorylation 4 to 5 h p.i.,
a time when virus-induced shutoff of host cell protein synthesis
had already occurred (Fig. 1). Extending the study to further
enteroviruses, EV11 and EV12 infection of a monkey cell line
(Vero cells) also revealed enhanced tyrosine phosphorylation
of a 200-kDa protein 6 h p.i. (Fig. 2), suggesting that this
protein may play a certain role in the course of infection with
these viruses.

When herbimycin A, a specific inhibitor of Src-like tyrosine
kinases, was used, inhibition of virus-induced tyrosine phos-
phorylations (Fig. 3) and reduction of production of progeny
virions was observed (Fig. 4). This inhibitor is relatively non-
toxic and does not interfere with protein synthesis or signaling
events via tyrosine kinase-independent pathways (13, 19, 32).
In contrast, calphostin C, a PKC-specific kinase inhibitor, and
staurosporine, a broad-range kinase inhibitor, had almost no
effect on virus replication compared to the results obtained
with herbimycin A (Fig. 4). Herbimycin A treatment did not
lead to a reduction in virus binding, demonstrating that this
inhibitor does not exert its activity on the level of virus-recep-
tor interactions by modulating the receptor protein (data not
shown). This indicates that Src-like kinases may be involved at
later stages of infections, e.g., in the process of enterovirus
replication. However, the participation of further protein ty-
rosine kinases during infection cannot be excluded.

The 200-kDa protein, which showed increased tyrosine
phosphorylation during infection, was demonstrated to be of
cellular origin (Fig. 6). This raised the question of whether this
protein may be identical to the cellular protein p220 (eIF-4v),
a eukaryotic initiation factor of protein synthesis known to be
cleaved in the early phase of picornavirus infection (30). Pro-
tein p220 is predominantly phosphorylated on serine residues,
whereas tyrosine phosphorylation of this protein has not been
observed (7). This is in agreement with our data, which show
that p220 was not present in immunoprecipitates obtained with
phosphotyrosine-specific antibodies (data not shown). Further-
more, the complete cleavage of p220 could be monitored in the
first 3 h of CVB infection (25). Since the 200-kDa protein
showed enhanced tyrosine phosphorylation as late as 4 to 5 h
p-i., this tyrosine-phosphorylated 200-kDa protein is not iden-
tical to p220.

A role for phosphorylation and dephosphorylation on serine
and threonine residues has been observed with poliovirus-
infected cells. With respect to dephosphorylation events, it has
been reported that poliovirus infection inhibits transcription of
a CAT construct from the adenovirus promoter E3 by dephos-
phorylation of transcription factor CREB/ATF on a serine
residue (26). Holsey et al. have reported that poliovirus infec-
tion of HeLa cells led to an increase in intracellular pH which
promoted viral replication (16). Protein phosphorylation inhib-
itors of PKC inhibited virus-specific alkalinization, suggesting
that PKC-mediated phosphorylation on serine and/or threo-
nine residues activates the mechanism responsible for the in-
crease in intracellular pH in poliovirus-infected cells (15). A
further signal transduction system has also been implicated to
be important during poliovirus infection of host cells. Guinea
et al. have investigated the role of cellular lipases during po-
liovirus replication (14). An increase in phospholipase C
(PLC) activity has been observed, starting 3 h p.i., with a
maximum at 5 h p.i., as measured by the intracellular level of
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inositol trisphosphate. This inositol trisphosphate releases cal-
cium ions from the endoplasmic reticulum which, in turn, ac-
tivates PLC and phospholipase D (2). In addition, it has been
shown by Irurzun et al. that a specific PLC acting on phos-
phatidylcholine is also activated in the late stages of poliovirus
infection (18). Interestingly, all of these effects of poliovirus
infection on host cell signaling occur after virus-induced shut-
off at late stages of infection. This is in good correlation with
our data for tyrosine phosphorylation events in CVB3-, EV11-,
and EV12-infected cells. The PLC-y isoform requires tyrosine
phosphorylation for activation, and different tyrosine phos-
phorylation events precede this activation (36, 39). Analysis of
a possible association between virus-induced tyrosine phos-
phorylation and PLC activation will be addressed in further
studies.

The study presented in this paper focused on tyrosine phos-
phorylation events during CVB3 infection of host cells and led
to the identification of proteins which showed enhanced ty-
rosine phosphorylation during infection of host cells, even af-
ter virus-induced shutoff of cellular protein synthesis. The anal-
ysis of tyrosine phosphorylation patterns in the course of
enterovirus infections should prove to be useful for further
characterization of yet-unknown cellular determinants in-
volved in virus replication. We hypothesize that subtle differ-
ences in regulation of kinase and phosphatase activities may
contribute to tissue-specific replication events, thereby modu-
lating viral pathogenicity.
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