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Recently, we reported on tyrosine phosphorylation of distinct cellular proteins in the course of enterovirus
infections (M. Huber, H.-C. Selinka, and R. Kandolf, J. Virol. 71:595-600, 1997). These phosphorylation events
were mediated by Src-like kinases and were shown to be necessary for effective virus replication. That study is
now extended by examination of the interaction of the adapter protein Samé68, a cellular target of Src-like
kinases which has been shown to interact with the poliovirus 3D polypeptide, with cellular signaling proteins
as well as the function of the latter during infection. Here, we report that the RNA-binding and protein-binding
protein Sam68 associates with the p21™** GTPase-activating protein RasGAP. Remarkably, RasGAP is cleaved
during infections with different strains of coxsackievirus B3 as well as with echovirus 11 and echovirus 12,
yielding a 104-kDa protein fragment. This cleavage event, which cannot be prevented by the general caspase
inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone, may promote the activation of the Ras pathway,
as shown by the activating dual phosphorylation of the mitogen-activated protein kinases Erk-1 and Erk-2 in
the late phase of infection. Moreover, downstream targets of the mitogen-activated protein kinases, i.e., the
p21™* exchange factor Sos-1 and cytoplasmic phospholipase A,, are phosphorylated with parallel time courses
during infection. Activation or inhibition of cellular signaling pathways may play a general role in regulating
effective enterovirus replication and pathogenesis, and the results of this study begin to unravel the molecular

cross talk between enterovirus infection and key cellular signaling networks.

Coxsackieviruses (CV) are important human pathogens,
causing a remarkable variety of diseases, from minor common
colds to fatal myocarditis, neurological disorders, and possibly
acute-onset diabetes (21, 35, 37, 45). CV group A (CVA) and
CV group B (CVB), together with echoviruses and poliovi-
ruses, are enteroviruses of the family Picornaviridae. The ge-
netic material of CVB is encoded in a single-stranded RNA
molecule of positive polarity and about 7,500 nucleotides in
length (36, 38). Infection of permissive host cells is initiated by
the attachment of the virus to the specific cell surface receptor
molecule CAR (3, 63). Following entry into the cell, genomic
viral plus-strand RNA serves as a template for transcription by
the virus-encoded RNA-dependent RNA polymerase 3DP°! to
yield minus-strand RNA, an intermediate in the life cycle of
enteroviruses which is subsequently transcribed by 3DP°! into
large amounts of genomic plus-strand RNA (52). Translation
of genomic viral RNA occurs by a Cap-independent mecha-
nism, yielding the viral precursor polyprotein of 243 kDa. The
virus-encoded proteinases 2AP™, 3CP™, and 3CDP™ cleave the
polyprotein co- and posttranslationally into mature proteins
which exhibit multiple functions (39). Due to their presence in
RNA replication complexes and their biochemical properties,
enterovirus nonstructural polypeptides 2B, 2C, 3A, and 3B as
well as their precursor proteins 2BC, 3AB, and 3CDP™ also
appear to be involved in viral RNA replication (70).
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In order to study the influence of virus replication on cellular
signal transduction systems and vice versa, we have recently
examined the effects of enterovirus infections on cellular ty-
rosine phosphorylation events. Distinct proteins were found to
be tyrosine phosphorylated upon infection of cells with CVB or
echoviruses (29, 55). Inhibition of virus-induced phosphoryla-
tion by herbimycin A, an inhibitor of Src-like tyrosine kinases,
resulted in a significant reduction of progeny virions, suggest-
ing that cellular phosphorylation events triggered in the course
of enterovirus infections may enhance virus replication (29).

Interestingly, McBride et al. (44) have reported on the spe-
cific interaction of poliovirus 3D with the C terminus of the
cellular adapter protein Sam68, a target for Src-like tyrosine
kinases during mitosis (22, 61). Sam68 is found on poliovirus-
induced membranes and relocalizes during the course of in-
fection (44). Furthermore, Sam68 is capable of both binding to
RNA and interacting with signaling proteins containing Src
homology 3 (SH3) and SH2 domains via its SH3 domain-
binding motifs and multiple tyrosine phosphorylation sites,
respectively (49, 72). Meanwhile, Sam68 has been reported to
interact with various Src family tyrosine kinases; the adapter
proteins Grb2, Grap, Cbl, and Nck; phospholipase C vy-1; the
regulatory p85 subunit of phosphatidylinositol 3-kinase; the
tyrosine kinases Jak3 and Itk; p47°"°%; and the tyrosine phos-
phatase SHP-1 (8, 20, 23, 32, 40, 49, 65).

Concerning its RNA-binding capability, Sam68 contains a K
homology domain, a small protein module that consists of 70
to 100 amino acids and that is thought to enable direct protein-
RNA contacts (57). Interestingly, this K homology domain has
been shown to mediate the self-association of Sam68, which
requires the presence of RNA (10). Moreover, binding of the
Src kinase SH3 domain to Sam68 inhibits its association with
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RNA (61, 62), indicating mutual dependence of the RNA-bind-
ing and protein-binding domains of Sam68. Since enterovirus
replication takes place within protein-RNA complexes, the
cellular protein Sam68, due to its protein- and RNA-binding
properties, may be an adapter protein that directs multiple
cellular signaling proteins to the viral replication complex both
to support and to regulate viral replication. These interesting
facts prompted us to investigate the possible role of Sam68 in
the course of CVB3 replication.

Here, we present evidence for the association of Sam68 with
the p21" GTPase-activating protein RasGAP. Furthermore,
we demonstrate the proteolytic cleavage of RasGAP in the
course of CVB and echovirus infections as well as the dual
phosphorylation of the mitogen-activated protein kinases
(MAPK) Erk-1 and Erk-2, resulting in the phosphorylation
of MAPK target proteins.

MATERIALS AND METHODS

Cell lines and viruses. HeLa cells (human cervix carcinoma cells; CCL 2) and
Vero cells (African green monkey kidney cells; CCL 81) were obtained from the
American Type Culture Collection. MO7e cells (human megakaryocytic leuke-
mia cells) were a gift from G. Krystal, Terry Fox Laboratory, Vancouver, British
Columbia, Canada. Cells were cultivated as monolayers in Dulbecco’s modified
Eagle’s minimal medium (DMEM)-10% fetal bovine serum (FBS). The CVB3
strain (Nancy strain) used in this study was generated by transfection of HeLa
cells with infectious recombinant CVB3 ¢cDNA (36, 38), propagated in HeLa
cells, and maintained in DMEM supplemented with 10% FBS. Unless stated
otherwise, CVB3 (Nancy strain) was used throughout this study. CVB3 (Gauntt
strain) was a gift from Charles Gauntt and was adapted for growth in HeLa cells
by five passages. Echovirus 11 (EV11) (Gregory strain; VR-41) and EV12 (Travis
strain; VR-42) were obtained from the American Type Culture Collection and
adapted for growth in Vero cells by six and nine consecutive passages, respec-
tively. Cell cultures were infected with a multiplicity of infection of 10 throughout
the study.

Antibodies and chemicals. Monoclonal antibody B4F8, detecting the N-ter-
minal noncatalytic region of RasGAP, and a polyclonal antibody with specificity
for the p21" exchange factor Sos-1 were purchased from Upstate Biotechnol-
ogy. Monoclonal antibodies recognizing Sam68 were obtained from Transduc-
tion Laboratories (P20120) and Santa Cruz Biotechnology (sc333). These anti-
bodies were described as recognizing RasGAP-associated protein hump62, but
Sam68 was recently identified as the true antigen (42). Antibodies P20120 and
sc333 were used for immunoprecipitations and Western blotting, respectively.
Polyclonal antibodies recognizing MAPK and phosphorylated MAPK were pur-
chased from Upstate Biotechnology and New England BioLabs, respectively.
Polyclonal rabbit anti-cytoplasmic phospholipase A, (cPLA,) antibody and
monoclonal anti-caspase-3 antibody were obtained from Santa Cruz Biotechnol-
ogy and Transduction Laboratories, respectively. Protein A-Sepharose was dis-
solved 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). The general
caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (ZVAD
.fmk) was obtained from Bachem. A stock solution (100 mM in dimethyl sulfox-
ide) of ZVAD.fmk was diluted in DMEM to a final concentration of 100 uM,
and HeLa cells were incubated with the inhibitor for 30 min prior to infection.
After CVB3 infection, the cells were washed with phosphate-buffered saline
(PBS) and placed in DMEM containing 10% FBS and fresh ZVAD.fmk.

Virus purification. Confluent monolayer cells in 10-cm culture dishes were
infected for 45 min at 37°C with an input multiplicity of 1 to 5 PFU per cell. Cells
were washed twice with PBS and incubated in DMEM supplemented with 5%
FBS for 18 h. To release intracellular virus particles, cells were subjected to three
cycles of freezing and thawing. After centrifugation at 700 X g for 15 min to
remove cell debris, the virus was pelleted at 190,000 X g for 90 min at 4°C. For
further purification, the pellet was resuspended in 4 ml of PBS, loaded onto a
30% sucrose cushion, and centrifuged at 190,000 X g for 3.5 h at 4°C. The virus
pellet was resuspended in PBS with 10 mM MgCl,, and aliquots were stored at
—80°C.

Solubilization of cells, electrophoresis, and Western blotting. To stop virus
replication, medium was removed and cells were resuspended in 400 wl of lysis
buffer (0.5% Nonidet P-40, 137 mM sodium chloride, 4 mM EDTA, 10% glyc-
erol, 10 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 10 pM
leupeptin, 0.15 trypsin-inhibiting units of aprotinin/ml, 5 mM Na,P,0,, 5 mM
sodium orthovanadate in 20 mM Tris [pH 8.0]). After lysis at 4°C, nuclei were
pelleted at 1,000 X g, and nucleus-free supernatants were normalized for equal
protein content (as measured with Bradford protein assay kits; Bio-Rad). Sam-
ples were electrophoresed by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) with 7.5 or 10% polyacrylamide under reducing condi-
tions. Subsequently, proteins were transferred to polyvinylidene difluoride
(PVDF) transfer membranes (Dupont, NEN Research Products). Membranes
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were rinsed twice with PBS for 5 min each time at room temperature (RT),
incubated for 1 h at 4°C in blocking buffer containing 5% bovine serum albumin
(BSA) in PBS, and washed twice with PBS for 5 min each time. Blots were
incubated for 90 min at RT with the primary antibody in PBS containing 0.1%
BSA. Subsequently, the blots were rinsed six times for 5 min each time with PBS
containing 0.2% Tween 20 and incubated for 1 h at 4°C with horseradish per-
oxidase-conjugated secondary antibodies (Dakopatts) 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 with an enhanced chemiluminescence
reagent kit in accordance with the manufacturer’s recommendations (Amer-
sham), and exposed to BIOMAX MR films (Kodak).

Immunoprecipitations. Postnuclear supernatants from 10° cells were pre-
cleared overnight at 4°C with 20 ul of 20% protein A-Sepharose or 30 pl of anti-
mouse immunoglobulin G (IgG) antibodies coupled to agarose (Sigma). After
centrifugation at 10,000 X g, supernatants were incubated for 3 h at 4°C with
precipitating antibodies. Fifteen microliters of 20% protein A-Sepharose (or, in
the case of anti-Sam68 antibody [P20120], 30 pl of anti-mouse IgG antibodies
coupled to agarose) was added for 1 h at 4°C, followed by centrifugation. Pellets
were washed six times with 200 pl of lysis buffer and incubated for 5 min at 98°C
in 30 pl of 1X SDS loading buffer. Samples were subjected to SDS-PAGE, and
proteins were transferred to PVDF membranes and immunoblotted. Following
incubation with secondary antibodies (horseradish peroxidase-conjugated anti-
bodies), blots were developed with an enhanced chemiluminescence reagent Kit.

Silver staining of SDS-polyacrylamide gels. A modification of the protocol of
Ohsawa and Ebata (47) was used for gel staining. All steps were carried out at
RT. Briefly, gels were fixed in 25% methanol-10% acetic acid for 30 min, placed
directly in 10% glutaraldehyde solution in H,O for 30 min, and rinsed six times
with approximately 500 ml of H,O. A diamine solution (0.2% NaOH, 2% con-
centrated NH,OH, 0.2% AgNO3) was added for 15 min, and the gels were rinsed
two times with H,O and placed in a solution containing 0.005% citric acid and
0.0185% formaldehyde. After protein spots developed, the gels were washed twice
with H,O and once with 10% acetic acid before being dried on Whatman paper.

RESULTS

RasGAP is a Sam68-associated protein. The adapter protein
Sam68, exerting various protein- and RNA-binding capabili-
ties, may represent an important link between the enterovirus
replication complex and proteins involved in cellular signal
transduction. Therefore, we wanted to detect any new Sam68-
associated proteins and their possible role in regulating virus
replication. Silver staining of proteins which coimmunoprecipi-
tated with Sam68 showed a characteristic triplet in the range of
120 kDa in HeLa cells as well as in cells of hemopoietic origin
(MO7e) (Fig. 1A). These proteins were not precipitated by
anti-mouse IgG coupled to agarose alone (Fig. 1A). A test of
various antibodies detecting proteins with molecular masses
of approximately 120 kDa ultimately revealed that the p21"*
GTPase-activating protein RasGAP was capable of associating
with Sam68. As shown in Fig. 1B, Sam68 was coimmunopre-
cipitated with RasGAP-specific antibodies in both CVB3-in-
fected and mock-infected HeLa cells. To verify the association
between RasGAP and Sam68, postnuclear supernatants of
mock-infected and CVB3-infected HeLa cells were immuno-
precipitated with Sam68-specific antibodies 5 h postinfection
(p-i.) and subsequently probed with RasGAP-specific antibod-
ies. As shown in Fig. 1C, RasGAP was coprecipitated with
Sam68 in both mock-infected and CVB3-infected HeLa cells.
However, in contrast to the results for mock-infected HelLa
cells, the 120-kDa RasGAP band appeared very faint in CVB3-
infected HeLa cells. Interestingly, a major protein of approx-
imately 104 kDa and cross-reacting with RasGAP-specific
antibodies was detected in the anti-Sam68 antibody immuno-
precipitates, suggesting the presence of a proteolytic cleavage
product of RasGAP (Fig. 1C). To further prove the specificity
of the coimmunoprecipitation reactions, Fig. 1D shows that
neither Sam68 nor RasGAP was precipitated by the precipi-
tating reagent itself.

RasGAP expression in CVB3-infected HeLa cells. Since a
second protein cross-reacting with the anti-RasGAP antibod-
ies was coimmunoprecipitated with Sam68 in CVB3-infected
cells, it was of interest to determine whether it was a virus-in-
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FIG. 1. Association of Sam68 and RasGAP in HeLa cells. (A) Multiple prot

eins associate with Sam68 in cells of human origin. Postnuclear supernatants of HeLa

and MO7e cells were precleared and subsequently immunoprecipitated with anti-Sam68 antibodies (+). The precipitating agent (anti-mouse IgG antibodies coupled
to agarose) served as a control (—). The precipitates were separated by SDS-PAGE and subjected to a silver staining procedure. Coprecipitated proteins in the range
of 120 kDa are indicated. (B) Coimmunoprecipitation of Sam68 with antibodies specific for RasGAP. CVB3-infected (CVB3) or mock-infected (—) HeLa cells were
lysed 5 h p.i., and postnuclear supernatants were immunoprecipitated (IP) with RasGAP-specific antibodies. The immunoprecipitates were analyzed on Western blots
(WB) with Sam68-specific antibodies. Protein Sam68 is indicated. (C) RasGAP is coprecipitated with Sam68-specific antibodies. Postnuclear supernatants were
immunoprecipitated with Sam68-specific antibodies and examined by Western blotting with RasGAP-specific antibodies. RasGAP and the 104-kDa cleavage product
are indicated. (D) HeLa cell lysates were subjected to immunoprecipitation with anti-Sam68 antibodies or precipitating reagent (con) and with anti-RasGAP antibodies
or precipitating reagent (con) and probed for RasGAP and Sam68, respectively. Sam68 and RasGAP are indicated.

duced cleavage product of RasGAP. Therefore, a time course
experiment was performed with HeLa cells for the period from
1 hto 7 h p.i. CVB3-infected HeLa cells were lysed at 60-min
intervals, and postnuclear supernatants were subjected to West-
ern blot analysis with RasGAP-specific antibodies. As shown in
Fig. 2A, the 120-kDa RasGAP protein was detected in mock-
infected cells as well as in CVB3-infected cells. At 5 to 7 h p.i.,
an additional protein of 104 kDa was recognized by RasGAP-
specific antibodies in CVB3-infected cells. The decrease in the
amount of immunoprecipitated RasGAP protein between 5 h
and 7 h p.i. correlated with the increase in the expression of
the 104-kDa protein, suggesting the proteolytic conversion
of RasGAP to a 104-kDa protein during the course of CVB3
replication. Furthermore, a time course experiment with the
Gauntt strain of CVB3 showed evidence that RasGAP cleav-
age was not a quality limited to infection with the Nancy strain
of CVB3 (Fig. 2B).

Cleavage of RasGAP in echovirus-infected Vero cells. We
examined whether the appearance of the 104-kDa RasGAP
cleavage product is restricted to CVB3-infected cells or is gen-
erally observed in cells infected with different enteroviruses.
Vero cells were therefore infected with EV11 or EV12 and
analyzed for RasGAP expression as described above. The 104-
kDa RasGAP cleavage product was also detected in EV11-
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FIG. 2. Expression of RasGAP during the course of CVB3 infection. (A)
RasGAP cleavage during the course of infection with CVB3 (Nancy strain).
HeLa cells were infected with CVB3 (Nancy strain) or mock infected and lysed
at 60-min intervals from 1 h to 7 h p.i. Protein preparations were subjected to
Western blotting with RasGAP-specific antibodies. (B) RasGAP cleavage during
the course of infection with CVB3 (Gauntt strain). HeLa cells were infected with
CVB3 or mock infected and lysed from 3 h to 9 h p.i. Postnuclear supernatants
were subjected to Western blotting with RasGAP-specific antibodies. RasGAP
(120 kDa) and the 104-kDa protein are indicated.
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FIG. 3. RasGAP expression in EV11- and EV12-infected Vero cells. (A) Time course of expression of RasGAP in EV1l-infected Vero cells. Vero cells were
infected with EV11 and lysed at 60-min intervals from 1 h to 10 h p.i. Postnuclear supernatants were analyzed for RasGAP expression by Western blotting with
RasGAP-specific antibodies. RasGAP, the 104-kDa protein, and the additional Vero cell-specific 98-kDa protein are indicated. (B) Time course of expression of
RasGAP in EV12-infected Vero cells. Protein preparations of EV12- and mock-infected Vero cells were subjected to Western blotting with RasGAP-specific
antibodies. RasGAP and RasGAP-related proteins of 104 and 98 kDa are indicated. (C) Comparison of RasGAP expression in noninfected HeLa and Vero cells.
Lysates from HeLa and Vero cells (20, 40, and 80 ng) were separated by SDS-10% PAGE and probed with RasGAP-specific antibodies. RasGAP and the Vero

cell-specific, RasGAP-related 98-kDa protein are indicated.

infected (Fig. 3A) and EV12-infected (Fig. 3B) Vero cells.
Starting at 5 h p.i., increased expression of the 104-kDa cleav-
age product was observed during the course of infection with
both viruses. In Vero cells, however, the intensity of the 120-
kDa RasGAP protein did not decrease significantly during in-
fection, due to the very high level of RasGAP expression in Vero
cells compared to HeLa cells (Fig. 3C). In these Vero cells, an
additional, 98-kDa protein was observed to cross-react with
RasGAP-specific antibodies. This 98-kDa protein was not af-
fected significantly by enterovirus replication (Fig. 3A and B).

RasGAP cleavage is not due to caspase activation. Recently,
we have reported on the activation of caspases and the cleav-
age of specific caspase substrates during the course of CVB3
infection (9). Furthermore, Widmann et al. (68), using differ-
ent apoptotic stimuli, have shown that RasGAP can serve as
a caspase substrate, yielding an 85-kDa processing product.
Therefore, we were interested in determining whether the
RasGAP cleavage observed in our CVB3-infected HeLa cells
was also due to caspase activation. For that purpose, HeLa
cells were pretreated with 100 uM ZVAD.fmk (a general cas-
pase inhibitor) and infected with CVB3 (Gauntt strain) for 3,
6, and 9 h. As shown in Fig. 4A, RasGAP was still cleaved at
9 h p.i. in the presence of the inhibitory peptide. However, the
caspase inhibitor ZVAD.fmk was capable of preventing the
apoptosis-mediating autoprocessing of caspase-3 and its con-
sequent 12-kDa cleavage product (Fig. 4B) (9). This result
suggests that the observed RasGAP cleavage event was not a
result of caspase activation during CVB3 infection of HeLa
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FIG. 4. CVB3-induced RasGAP cleavage in the presence of the general
caspase inhibitor ZVAD.fmk. (A) Effect of the caspase inhibitor ZVAD.fmk on
RasGAP cleavage. HeLa cells were mock infected (leftmost lane) or infected
with CVB3 for 3, 6, and 9 h in the presence (+) or absence (—) of 100 uM
ZVAD.fmk. The cells were lysed, and postnuclear lysates were separated by
SDS-PAGE. After transfer to a PVDF membrane, RasGAP was detected by
Western blotting. RasGAP and the 104-kDa cleavage product are indicated. (B)
Caspase-3 processing is prevented by ZVAD.fmk. The postnuclear lysates de-
scribed for panel A were examined for caspase-3 expression by Western blotting.
Caspase-3 is indicated.
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FIG. 5. Activation of MAPK during CVB3 infection. (A) MAPK are dually
phosphorylated in CVB3-infected cells. HeLa cells were CVB3 (Gauntt strain)
infected or mock infected (leftmost lane) and lysed at various times p.i. Post-
nuclear supernatants were separated by SDS-PAGE and subjected to Western
blot (WB) analysis with antibodies specific for the dually phosphorylated MAPK
Erk-1 and Erk-2. Phosphorylated Erk-1 and phosphorylated Erk-2 (P-Erk-1 and
P-Erk-2, respectively) are indicated. (B) MAPK expression during CVB3 repli-
cation. The postnuclear lysates described for panel A were subjected to anti-
MAPK Western blot analysis to confirm the presence of equal amounts of
MAPK in these preparations. Erk-2 is indicated.

cells but rather was the effect of the presence of active viral
proteinases.

Activation of MAPK during CVB3 infection. RasGAP is a
multidomain signaling protein (15) and, depending on the site
of cleavage, its function could be impaired in several ways.
Since RasGAP was not processed by infection-induced cas-
pases (Fig. 4), the RasGAP protein sequence was searched for
putative cleavage sites of enterovirus proteinases. A potential
cleavage site (GIn938/Asn939) for the 3CDP*® proteinases of
CV and echoviruses was found in the C-terminal, catalytic
region of RasGAP, and cleavage at this dipeptide would result
in a protein of 104 kDa, coinciding with the RasGAP fragment
detected in enterovirus-infected cells (Fig. 2 and 3). Cleavage
of RasGAP within the catalytic region might result in an im-
balance between p21™ activators and inhibitors. Thus, the
virus-induced proteolysis of RasGAP might favor the activa-
tion of p21™. To test this hypothesis, the phosphorylation state
of the MAPK Erk-1 and Erk-2 was examined during the course
of CVB3 (Gauntt strain) infection of HeLa cells as a direct
measure of the induction of p21"™ activity (34, 43). Dually
phosphorylated MAPK (phospho-Thr202-phospho-Tyr204)
were detected by Western blotting with a phosphorylation-spe-
cific antibody directed against dually phosphorylated MAPK.
As shown in Fig. 5A, weak basal MAPK activity was detected
in mock-infected HeLa cells; this activity increased strongly
between 6 and 9 h p.i. Equal loading was assessed by probing
with an anti-MAPK antibody which detects MAPK indepen-
dent of their phosphorylation state (Fig. 5B). The data indicate
activation of the Ras pathway during CVB3 infection of host
cells and suggest a role for RasGAP cleavage in that activation.

Downstream targets of MAPK are phosphorylated in CVB3-
infected cells. MAPK are located in the cytosol of mammalian
cells but have the capability of translocating to the nucleus in
response to their activation. For this reason, their substrates
include various cytosolic proteins as well as transcription fac-
tors (16). To verify the dual phosphorylation and activation of
MAPK during CVB3 infection and to gain further insight into
the regulation of enterovirus infection, the phosphorylation
states of two known MAPK targets, the p21™* exchange factor
Sos-1 and cPLA,, were examined (41, 60). Since both targets
are known to respond to MAPK phosphorylation with a char-
acteristic band shift upon SDS-PAGE separation (11, 41, 67),
the electrophoretic mobilities of these proteins were analyzed
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during the course of CVB3 infection (Gauntt strain). As de-
picted in Fig. 6A, infection of HeLa cells with CVB3 caused a
shift in the electrophoretic migration of Sos-1 proteins starting
at 6 h p.i.,, coinciding with the dual phosphorylation of MAPK
(Fig. 5A). Furthermore, from 7 to 9 h p.i., the entire pool of
cPLA, proteins was represented by the more slowly migrating
form, indicating phosphorylation and activation of cPLA, dur-
ing CVB3 replication (Fig. 6B). These results verify the dual
phosphorylation and activation of MAPK and suggest the spe-
cific regulation of the signaling proteins Sos-1 and cPLA, in
CVB3-infected cells.

DISCUSSION

Recently, we have shown that distinct cellular proteins be-
come tyrosine phosphorylated during infections with the en-
teroviruses CVB3, EV11, and EV12 (29). The specific inhibi-
tion of these phosphorylation events by an inhibitor of Src
family kinases resulted in the reduced production of progeny
virions, indicating the importance of intracellular signaling
events for effective enterovirus infection (29). In this study, we
extended our findings by showing that the cellular adapter
protein and target for Src-like kinases, Sam68, which is known
to interact with poliovirus polypeptide 3D (44), associates with
the p21"** GTPase-activating protein RasGAP. RasGAP itself
is cleaved during enterovirus infection, potentially promoting
the activation of a Ras-activated kinase cascade (Ras pathway)
as well as the phosphorylation of specific MAPK target pro-
teins.

Originally, the cellular protein Sam68 was detected as a
target of Src kinase by association with Src through its SH2 and
SH3 domains (22, 61). Sam68 is also capable of binding single-
and double-stranded RNAs. Binding of the Src kinase SH3
domain to Sam68 inhibits the association with poly(U) (61, 62),
indicating a mutual dependence of the RNA- and protein-bind-
ing domains of Sam68. Furthermore, Sam68 is thought to
represent a multifunctional adapter protein for cellular signal-
ing proteins because it contains SH3 domain-binding motifs
and multiple tyrosine phosphorylation sites for binding to pro-
teins with SH2 domains (49, 72). With regard to these prop-
erties, Sam68 has been reported to interact with the following
signaling proteins: the tyrosine kinases Jak3 and Itk; various
Src family members; phospholipase C y-1; p85°"*¥; SHP-1; the
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FIG. 6. CVB3 replication induces the phosphorylation of MAPK substrates.
(A) Hyperphosphorylation of Sos-1 during CVB3 infection. CVB3 (Gauntt strain)-
infected and mock-infected (leftmost lane) HeLa cells were lysed at various times
p.i., and postnuclear lysates were separated by SDS-8% PAGE and subjected to
anti-Sos-1 Western blotting (WB). Sos-1 and phosphorylated Sos-1 (P-Sos-1) are
indicated. Note the increasing distance between the Sos-1 protein and a cross-
reacting protein (asterisk), which does not show a change in its electrophoretic
mobility. (B) Mobility shift of cPLA, during the course of CVB3 replication. The
lysates described for panel A were analyzed by Western blotting with antibodies
specific for cPLA,. cPLA, and phosphorylated cPLA, (P-cPLA,) are indicated.
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adapter proteins Grb2, Grap, Nck, and c-Cbl; and the 47-kDa
subunit of the NADPH oxidase system, p47°"°* (8, 20, 23, 32,
40, 49, 65).

Enterovirus replication takes place within protein-RNA
complexes on virus-induced membrane vesicles originating
from the rough endoplasmic reticulum. In addition to the poly-
merase 3DP°" and the proteinase 3CDP™, which is also essen-
tial for the initiation of viral RNA replication (1, 73), the viral
polypeptides 2B, 2C, 2BC, and 3AB are located within these
complexes (4). Interestingly, McBride et al. (44) have observed
a specific interaction of Sam68 with poliovirus polymerase
3DP! by using the yeast two-hybrid system. Based on this re-
port and what is further known about the properties of Sam68§,
we were interested in assessing what other signaling proteins
Sam68 binds to and their potential role in the course of en-
terovirus replication. The association of Sam68 with viral poly-
peptides may reflect the presence of Sam68 within the viral
replication complex (44). Moreover, immunoprecipitation of
the polypyrimidine tract-binding protein, a cellular constituent
within the viral replication complex (27), revealed Sam68 as
one of the coprecipitating proteins (data not shown; 25). There-
fore, due to its protein- and RNA-binding properties, Sam68
may direct multiple cellular signaling proteins to the replica-
tion complex (22, 23, 49, 61). This putative complex, consisting
of cellular signaling molecules and viral polypeptides, could
function as a large replication unit, promoting and controlling
enterovirus replication.

For this reason, we were interested in new Sam68-associated
proteins and their potential role during CVB3 infection. Using
a silver staining and Western blotting approach, we identified
RasGAP in association with Sam68 in mock- as well as virus-
infected cells (Fig. 1). Interestingly, Sam68 was first cloned as
hump62, a RasGAP-associated protein, but has been shown
not to coimmunoprecipitate with RasGAP in NIH 3T3 cells
(42). Later, Guitard et al. (26) reported that the interaction
between Sam68 and RasGAP in NIH 3T3 cells was specific for
the G,-M transition and suggested that the interaction be-
tween these proteins is cell cycle dependent. However, very re-
cently, Jabado et al. (31) observed the association of RasGAP
and Sam68 in nonsynchronized human mature T cells and in a
T-cell line, HUT78CD4". The strong association of the two
proteins was even noted in nonactivated cells, a finding com-
parable to that of our study in which the RasGAP-Sam68
association was even detectable in uninfected HeLa cells. In-
triguingly, RasGAP was cleaved during infections with differ-
ent strains of CVB3, resulting in the appearance of a 104-kDa
cleavage product (Fig. 2). When the study was extended to
different enteroviruses, EV11 and EV12 infection of host cells
also resulted in the cleavage of RasGAP, yielding the 104-kDa
fragment (Fig. 3) and indicating that proteolytic cleavage of
RasGAP is an event common to enterovirus infections.

So far, only a few cellular proteins have been described to be
cleaved during picornavirus infections. The human TATA-bind-
ing protein, a transcription factor required for the transcription
of RNA polymerase I, II, and III genes, has been shown to
be directly cleaved by poliovirus proteinase 3CP™. Cleavage
results in the inhibition of RNA polymerase-mediated tran-
scription in poliovirus-infected cells (13, 17). A further direct
substrate of proteinase 3CP"™ is the cyclic AMP-responsive
element-binding protein, CREB (74). Furthermore, transcrip-
tion by RNA polymerase III during poliovirus infection is
affected by 3CP™-mediated proteolysis of the transcription fac-
tor TFIIIC (14). Besides the impairment of components of the
cellular transcription system, cleavage of microtubule-associ-
ated protein 4 as well as an as-yet-unidentified host protein has
been reported (33, 51). Moreover, specific 2AP™-induced pro-
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teolysis of elF-4vy, an initiation factor for protein synthesis,
occurs during infection of host cells with enteroviruses, rhino-
viruses, and aphthoviruses, leading to the inability of ribo-
somes to bind cellular capped mRNAs and promoting host cell
protein shutoff (18, 58, 59). Furthermore, poliovirus induces
the specific degradation of P68/PKR, the interferon-induced
double-stranded RNA-activated protein kinase, to avoid a de-
crease in the rate of protein synthesis during infection (5, 6).

Although we do not provide direct proof for the involvement
of a viral proteinase in RasGAP cleavage, there are several
indications that the viral proteinase 3CDP" may be responsible
for the observed cleavage event. First, through interactions of
Sam68 with both 3CDP™ (data not shown) and RasGAP, the
spatial proximity is provided for cleavage to occur. Second, a
potential cleavage site (GIn938/Asn939) for the coxsackievirus
and echovirus proteinases 3CDP"™ was found in the C-terminal
catalytic region of RasGAP. Third, the use of this potential
cleavage site would result in a RasGAP fragment of 104 kDa,
as was observed in this study. Further proof of C-terminal
RasGAP cleavage is provided by the use of the monoclonal
anti-RasGAP antibody B4F8 throughout this study; this anti-
body was raised to recognize the N-terminal noncatalytic re-
gion of RasGAP but still is capable of detecting the 104-kDa
RasGAP cleavage product. Based on the three-dimensional
model of the RasGAP catalytic domain recently published by
Scheffzek et al. (54), it can be concluded that 3CDP*°-mediated
proteolysis may lead to the impairment of RasGAP catalytic
activity during enterovirus replication. Interestingly, it has been
reported previously that RasGAP can serve as a substrate for
apoptosis-mediating caspases, yielding protein fragments of
approximately 40 and 80 kDa (68). Since in our system a highly
abundant cleavage product of 104 kDa was observed and this
processing of RasGAP could not be prevented by the general
caspase inhibitor ZVAD.fmk (Fig. 4), the possibility that
RasGAP is cleaved by a viral proteinase during enterovirus
infection is reinforced.

The p21™* GTPase-activating protein RasGAP is an impor-
tant cellular signaling protein catalyzing the inactivation of
p21%, which itself plays a substantial role in the signal trans-
duction of normal and transformed cells (2, 7). In association
with GDP, p21™ is inactive, and the exchange of GDP with
GTP results in the activation of p21™ (64). The binding of
nucleotides to p21™ is controlled by certain cytosolic proteins.
Whereas nucleotide exchange factors such as Sos-1 promote
activation, RasGAP catalyzes the inactivation of p21" by stim-
ulating its weak GTPase activity (24, 64, 71). Enterovirus in-
fection-induced cleavage of RasGAP may therefore lead to its
inactivation as well as to disturbed regulation of the Ras path-
way in response to infection-relevant stimuli, such as interfer-
ons and cytokines (19), thereby influencing the progression of
enterovirus infection.

In corroboration of the foregoing concept, we found dual
phosphorylation of the MAPK Erk-1 and Erk-2 during CVB3
infection of host cells (Fig. 5). Moreover, downstream of p21"**
and upstream of MAPK, the protein kinases Raf-1 and Mek-1
were activated, as assessed by band shift assays and inhibitory
studies (data not shown); these findings verified the activation
of the Ras pathway during CVB3 replication. Although MAPK
dual phosphorylation resulted in the hyperphosphorylation of
the p21"* exchange factor Sos-1 (Fig. 6A), which is known to
uncouple the Ras pathway from upstream activators (11, 67),
MAPK dual phosphorylation remained present during the en-
tire late phase of infection (Fig. 5). This permanent MAPK
activation may be due to the observed RasGAP cleavage dur-
ing replication, potentially leading to an imbalance between
p21"* activation and inactivation and promoting prolonged
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MAPK phosphorylation. Interestingly, Muszynski et al. (46)
have reported recently that both polycythemia- and anemia-
inducing strains of Friend spleen focus-forming virus induce
constitutive activation of the Raf-1/MAPK signal transduction
pathway. Furthermore, it has been shown previously that Erk-1
and Erk-2 are activated in a sustained manner during human
cytomegalovirus infection (50), suggesting a more general
mechanism of cellular activation during virus infections.

Besides Sos-1, MAPK are known to phosphorylate other
cytosolic proteins and nuclear transcription factors. cPLA, is
one of these MAPK substrates. cPLA, releases fatty acid from
the sn-2 position of phospholipids. This hydrolysis is of partic-
ular significance when arachidonic acid is liberated, since this
fatty acid represents the rate-limiting precursor for the synthe-
sis of prostaglandins, leukotrienes, and thromboxanes, three
classes of potent inflammatory mediators (53). cPLA, is acti-
vated by increased cytosolic Ca** concentrations, which cause
the translocation of cPLA, from the cytosol to membranes,
where its phospholipid substrate is localized (12). Further-
more, phosphorylation of cPLA, by MAPK has been reported
to be important for full activation of cPLA, (41). During CVB3
infection, cytosolic Ca>* concentrations gradually increase,
due to the release of Ca*" from the endoplasmic reticulum as
well as the influx of extracellular Ca** (66). Moreover, CVB3
has been shown to induce the production and secretion of
prostaglandin E, during infection of freshly isolated human
monocytes (28). In this study, we report the first evidence for
the dual phosphorylation of the MAPK Erk-1 and Erk-2 dur-
ing the course of CVB3 infection, providing an important link
between CVB3-induced Ca?* flux and CVB3-stimulated pros-
taglandin E, release. Furthermore, Huttunen et al. (30) report-
ed on the induction of the immediate-early genes c-jun, junB,
and c-fos during echovirus replication, a process in which ac-
tivated MAPK are known to be capable of playing a key role
(16). Since the upregulation of c-jun, c-fos, and junB has been
related to apoptosis (48) and since we have recently shown that
CVB3 replication induces apoptotic pathways (9), activated
MAPK might be an important mediator for CVB3-induced
apoptosis and cytopathic effects.

According to the observed time courses of RasGAP cleavage
(Fig. 2) and MAPK activation (Fig. 5), RasGAP cleavage and
inactivation might be involved in the prolongation of MAPK
dual phosphorylation rather than in the dual phosphorylation
itself, an idea which leads to the question of the initial p21™*-
activating event. In the cellular system used throughout this
study, the activation of Src-like kinases during the replication
of CVB3 may be an important inducer of the Ras pathway (29,
69). In a target organ infection, CVB3-infected cells are in
contact with a wide variety of cellular stimuli, such as growth
factors, cytokines, and hormones. These factors could initiate
the activation of p21™. In this respect, we found that epider-
mal growth factor is still capable of inducing cellular tyrosine
phosphorylation events until the very late phase of CVB3 in-
fection (data not shown).

Virus-infected cells still receive signals from and are capable
of sending signals to surrounding cells. Therefore, it seems
important to determine the possible interactions between virus
replication and cellular signaling mechanisms as a means of
establishing host-specific determinants of effective virus repli-
cation.
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