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We used a herpes simplex virus type 2 (HSV-2) mutant with a deletion in the RR1 (ICP10) PK domain
(ICP10APK) and an MEK inhibitor (PD98059) to examine the role of ICP10 PK in virus growth. In HSV-2-
infected cells, ICP10 PK binds and phosphorylates the GTPase activating protein Ras-GAP. In vitro binding
and peptide competition assays indicated that Ras-GAP N-SH2 and PH domains, respectively, bind ICP10 at
phosphothreonines 117 and 141 and a WD40-like motif at positions 160 to 173. Binding and phosphorylation
did not occur in cells infected with ICP10APK. GTPase activity was significantly lower in HSV-2- than in
ICP10APK-infected cells. Conversely, the levels of activated Ras and mitogen-activated protein kinase (MAPK),
and the expression and stabilization of the transcription factor c-Fos were significantly increased in cells in-
fected with HSV-2 or a revertant virus [HSV-2(R)] but not with ICP10APK. PD98059 inhibited MAPK acti-
vation and induction-stabilization of c-Fos. Expression from the ICP10 promoter was increased in cells infected
with HSV-2 but not with ICP10APK, and increased expression was ablated by PD98059. ICP10 DNA formed
a complex with nuclear extracts from HSV-2-infected cells which was supershifted by c-Fos antibody and was
not seen with extracts from ICP10APK-infected cells. Complex formation was abrogated by PD98059. Onset of
HSV-2 replication was significantly delayed by PD98059 (14 h versus 2 h in untreated cells), a delay similar to
that seen for ICP10APK. The data indicate that Ras-GAP phosphorylation by ICP10 PK is involved in the
activation of the Rass/MEK/MAPK mitogenic pathway and c-Fos induction and stabilization. This results in

increased ICP10 expression and the timely onset of HSV-2 growth.

Signaling pathways, the ultimate targets of which are nuclear
transcription factors, determine the cell’s ability to respond to
external stimuli. Transduced signals can be interpreted as mi-
togenic-proliferative, differentiating, or apoptotic, depending
on the cell type and the nature and duration of the stimulus.
The mitogenic RassMEK/MAPK pathway is initiated by growth
factor mediated activation of cognate receptors on the cell
surface causing the membrane bound G protein Ras to adopt
an active, GTP-bound state. Ras coordinates the activation
of a cascade of serine (Ser)-threonine (Thr) kinases that
begins with Raf and is followed by MAP kinase kinase 1 and
2 (MEK1/2) and mitogen-activated protein kinase (MAPK1/2)
and culminates in the expression of the transcription factor
c-Fos (41, 46, 48, 67) which is important for promoting cell
cycle progression into S phase (14, 39, 44). The GTPase-acti-
vating protein Ras-GAP, a major negative regulator of Ras
activity, acts to enhance the weak intrinsic Ras GTPase activity
by accelerating the hydrolysis rate of bound GTP to GDP (7,
27, 31, 48, 57). Ras-GAP inactivation, for example by phos-
phorylation on Ser-Thr residues, has been implicated in Ras
activation (11, 24, 66, 89). The specificity of the signal trans-
duction is determined by protein domains such as SH2, SH3,
and PH that bind unique motifs in target proteins for recruit-
ment into signaling complexes (55, 63).
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Viruses depend on cells for their replication. They take ad-
vantage of preexisting signaling pathways or activate them
through various strategies, including activation of the RAS/
MEK/MAPK pathway by Ras-GAP inactivation (32). Vaccinia
virus (42), simian virus 40 (SV40) (77), human immunodefi-
ciency virus (HIV) type 1 (35), herpesvirus saimiri (38), and
coxsackievirus B3 (32) depend upon the activated RAS/MEK/
MAPK pathway for growth. Herpes simplex virus type 1
(HSV-1) increases the levels of transcription factors c-Jun (37)
and NF-kB (22, 23), and its replication is enhanced by activa-
tion of the c-Jun N-terminal kinase (JNK) and p38 of the
stress-activated signal pathway (58, 88). By contrast, HSV-2
increases c-Fos transcription (26), suggesting that the two HSV
serotypes use different strategies to take advantage of signaling
pathways. However, the mechanism responsible for c-Fos in-
duction in HSV-2-infected cells, the contribution of the Ras/
MEK/MAPK pathway, and their relationship to virus replica-
tion are still unknown.

The large subunits of HSV-1 and HSV-2 ribonucleotide
reductase (RR1) differ from their counterparts in eukaryotic
and prokaryotic cells and in other viruses in that they have an
intrinsic PK activity (2, 5, 12, 15, 17, 49, 50, 60, 65). The RR1
promoter has an octamer-TAATGARAT sequence that re-
sponds to the VP16-Octl complex (18, 78, 86, 87). RR1 is ex-
pressed with apparently biphasic kinetics that consist of imme-
diate-early (IE; also known as «) and early components (3, 30,
84, 86, 87, 90). Expression is independent of the regulatory IE
protein ICP4 (18, 78, 86, 87). AP-1 cognate sites in the HSV-2
RR1 (also known as ICP10) promoter are required for basal
expression (86, 87, 90). ICP10 PK is required HSV-2 growth. A
temperature-sensitive HSV-2 mutant that is negative for
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TABLE 1. ICP10 mutants used in binding assays”

Protein ICP10 position PK activity
ICP10 Wild type + (Ser-Thr)
p139™ A86-105 -

pl4o®s Lys'’® and Lys>’ -

p140111 Glu209 _

pl4opre Pro-rich!30 and 395 + (Ser-Thr)
p136"H A106-178 + (Ser-Thr)
pp29'at 1-283 +(Thr)

“ The construction and properties of the ICP10 and mutant eukaryotic expres-
sion vectors and the establishment of constitutively expressing cell lines were
described earlier (49, 50, 60). p139™ is deleted in the transmembrane domain
(50). p140* is mutated in Lys'”® and Lys*°, p140"" is mutated in Glu®"?, and
p140P™ is mutated in SH3 binding sites at positions 150 and 395 (60). p136""" is
deleted in amino acids 106 to 178 (50). pp29'2! is expressed by the bacterial
vector pJL11 (49).

ICP10 PK activity at the nonpermissive temperature failed to
grow under these conditions (69). A mutant deleted in the
ICP10 PK domain (ICP10APK) had two apparently distinct
replication defects, including a significant delay in growth on-
set in dividing (10% serum) and nondividing (1% serum)
cells, and impaired growth in nondividing cells (73). How-
ever, the mechanism(s) whereby ICP10 PK contributes to
HSV-2 growth is still unclear. The studies described in this
report were designed to address this question.

MATERIALS AND METHODS

Viruses and plasmids. HSV-2 (G strain), the PK-deleted mutant ICP10APK,
and the revertant virus HSV-2(R) were as described earlier (73). ICP10 and
mutant proteins used in binding assays are listed in Table 1. The construction of
eukaryotic expression vectors for these proteins and the establishment of con-
stitutively expressing cell lines were described (12, 50, 60). They include kinase
negative mutants p139™ (deleted in the transmembrane domain), p140™* (mu-
tated in both ATP-binding sites) and p140™ (mutated in the ion-binding site),
and kinase-positive mutants p140P™ (mutated in both SH3-binding sites) and
p136"" (deleted in amino acids 106 to 178). pJL11 is a bacterial expression
vector for the ICP10 mutant pp29'2! that consists of amino acids 1 to 283 and has
threonine (Thr)-specific kinase activity (49). Constructions in which the ICP10
promoter or a promoter mutated in both AP-1 sites were inserted 5’ to the chlor-
amphenicol acetyltransferase (CAT) gene were as described previously (86, 90).

Cells and virus infection. African green monkey (Vero) cells were grown in
Eagle minimal essential medium (EMEM) with 10% fetal calf serum (FCS).
They were infected with HSV-2 or HSV-2(R) in medium containing 1% FCS and
with ICP10APK in medium containing 10% FCS (73). The multiplicity of infec-
tion was 5 PFU/cell. In experiments with the MEK inhibitor PD98059 (1, 56),
cells were pretreated (1 h, 37°C) with 25 or 50 uM PD98059 and infected in
medium containing the same drug concentration. Cell lines that constitutively
express ICP10 or its mutants were used in in vitro binding assays. They were
grown in EMEM with 1% vL-glutamine, 1% sodium pyruvate, 1% nonessential
amino acids, and 10% FCS (50, 60).

Antibodies. ICP10 antibody was raised in rabbits against a synthetic peptide
consisting of ICP10 residues 13 to 26 (4). The following antibodies were pur-
chased. Polyclonal antibodies to c-Fos (H-125) (Santa Cruz Biotechnology, Santa
Cruz, Calif.), MAPK (recognizes MAPK1/2) (Oncogene Research Products,
Cambridge, Mass.), active MAPK (recognizes the dually phosphorylated active
form of MAPK1/2) (Promega Corp., Madison, Wis.), and monoclonal antibodies
(MADs) to Ras-GAP (B4F8) and Ras (F132-62 and Y13-259) (Oncogene Sci-
ence, Manhasett, N.Y.).

Peptides. ICP10 phosphopeptides pT117 (''*VALGGpTSGPSA'??), pT130
(***SVGTQpTSGEFL'®), and pT141 (‘**HGNPRpTPEPQG'*°) were synthe-
sized by Research Genetics, Huntsville, Ala. They are phosphorylated on Thr
residues 117 (pThr''?), 130 (pThr'3), and 141 (pThr'#'), respectively. ICP10
peptides Prol (“*?AVPPPPPPPFPWGH'®?), WD40 ('“WGHECCARRDAR
GG'7), and 27 (CAESRRDDLESDSS) that corresponds to a sequence in the
HSV-2 protein ICP27 were synthesized by the UMAB Biopolymer Facility.
Phosphopeptides were dephosphorylated by treatment (2 h, 37°C) with 15 U of
calf intestine alkaline phosphatase (CIAP; Boehringer-Mannheim, Indianapolis,
Ind.) in a buffer supplied by the manufacturer; CIAP was removed by ultrafil-
tration through Centriprep-20 filters (Amicon, Beverly, Mass.). Heat-denatured
CIAP (95°C, 1 h) served as a control.

Immunocomplex PK-immunoblotting assays. Cell extracts in PK lysis buffer
(20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% NP-40, 1 mM phenylmethylsul-
fonyl fluoride [PMSF], and 100 kallikrein U/ml of aprotinin) were immunopre-
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cipitated with ICP10 antibody and protein A-Sepharose beads. The beads were
washed with wash buffer (150 mM NaCl, 20 mM Tris-HCI [pH 7.5]) and incu-
bated (15 min, 30°C) in PK buffer (20 mM Tris-HCI [pH 7.5], 5 mM MgCl,, 2
mM MnCl,) with 10 nCi of [y->2PJATP (0.1 .M, 3,000 Ci/mmol) (New England
Nuclear, Boston, Mass.). After an extensive washing in wash buffer, the protein-
bead complexes were denatured by boiling, resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 7% polyacrylamide gels,
and visualized by autoradiography (12, 50, 60, 69-74). For immunoblotting,
proteins were transferred to nitrocellulose membranes. They were blocked for
1 h at room temperature with 5% nonfat milk in TNT buffer (Tris-buffered
saline, 0.1% Tween 20 [pH 7.4]) for ICP10 and c-Fos antibodies and for 1 h at
37°C with 1% bovine serum albumin (BSA) in TNT buffer for MAPK antibodies.
Immunoblotting was done at room temperature with primary antibodies (1 h for
ICP10 and c-Fos antibodies; 2 h for MAPK antibodies), followed by 1 h with
protein A-peroxidase (Sigma). Detection was with enhanced chemiluminescence
reagents (NEN) according to the manufacturer’s instructions.

Ras-GAP binding and peptide competition assays. Ras-GAP protein interac-
tion domains subcloned into pGEX-2T vector (8, 29) were obtained from T.
Smithgall (University of Nebraska, Omaha) (see Fig. 2A). Following induction
with IPTG (0.1 mM, 4 h), bacteria were resuspended in NETN buffer (20 mM
Tris-HCI [pH 8.0], 0.5% NP-40, 100 mM NaCl, 1 mM EDTA), lysed by sonica-
tion, and clarified of cell debris by centrifugation at 14,000 X g for 30 min. They
were immobilized on glutathione-Sepharose beads (Pharmacia, Piscataway, N.J.)
by incubation for 2 h at 4°C, and the beads were extensively washed with
phosphate-buffered saline (PBS) (pH 7.5) containing 1 mM PMSF and 5 mM
benzamidine. Extracts of pJL11-containing bacteria induced (at 42°C) to express
pp29'2! (49) were prepared in a lysis buffer containing 50 mM Tris-HCI (pH 7.5),
10 mM EDTA, 1 mM PMSF, 5 pM pepstatin A, 10 mM benzamidine, 100
kallikrein U/ml of aprotinin, 2 mg of lysozyme per ml, and n-octyl-B-p-glucopy-
ranoside. The extracts were then mixed with 5 M NaCl (0.2 volume), sonicated,
and clarified by centrifugation (22,000 X g, 1 h). Extracts of eukaryotic cells that
express ICP10 or its mutants were prepared in a lysis buffer consisting of 50 mM
HEPES (pH 7.5), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 100 mM
sodium fluoride, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1
mM PMSF, and 100 kallikrein U/ml of aprotinin. They were clarified of cell
debris by centrifugation (20,000 X g, 30 min). For binding assays, beads coated
with Ras-GAP fusion proteins (20 wg) were incubated (2 h, 4°C) with lysates of
cells that express ICP10 or its mutants (500 pg), and the beads were washed
three times in buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, and
1% NP-40 and then resuspended and denatured in 100 pl of denaturing buffer at
95°C for 5 min. Proteins were resolved by SDS-PAGE on 7% polyacrylamide
gels, transferred to nitrocellulose membranes, and immunoblotted with ICP10
antibody (12, 50, 60, 69-74). For peptide competition, extracts of ICP10-express-
ing cells (375 wg) were incubated (1 h, 4°C) with increasing concentrations of
peptides prior to the addition of beads coated with Ras-GAP fusion proteins.

Kinetics of GTP hydrolysis. GTP hydrolysis was assayed as described else-
where (70). Extracts of cells (107) in lysis buffer (50 mM Tris-HCI [pH 7.5], 1%
NP-40, 150 mM NaCl, 1 mM PMSF) were kept on ice for 15 min and clarified by
centrifugation (30 min, 16,000 X g). Supernatants were incubated (1 h, 4°C) with
MADb F132-62 (1 pg) that recognizes a Ras epitope distant from the Ras-GAP
binding site, followed (30 min, 4°C) by protein A-Sepharose CL4B (100 pl).
Beads were washed in lysis buffer and incubated (30 min, 4°C) in 100 pl of
radioimmunoprecipitation assay (RIPA) buffer containing 0.1 pM [a-**P]GTP
(specific activity, 3,000 Ci/mmol; NEN). Unbound nucleotide was removed by
extensive washing in RIPA buffer, and the amount of bound [a->’P]GTP was
determined. The samples were resuspended in 50 wl of GTPase buffer (20 mM
Tris-HCI [pH 7.4], 5 mM MgCl,) and incubated at 37°C for 0 to 60 min. At
10-min intervals, the protein A-Sepharose immunocomplex pellet was gently
resuspended, and 2 l of the reaction mixture was spotted onto a polyethylene-
immine (PEI) plate (E. Merck, Darmstadt, Germany) and chromatographed in
0.75 M KH,PO, (pH 3.4). Plates were visualized by autoradiography, and the
locations of GTP and GDP were determined by assessing the migration of
32P-labeled standards. Quantitation was done by aligning the autoradiograms
with the PEI plates and scraping the GDP and GTP spots directly into scintil-
lation vials. Results are expressed as the percent GTP hydrolysis, where percent
hydrolysis = [cpmgpp/(cpmgrp + cpmgpp)] X 100.

Analysis of GDP and GTP bound to Ras. Analysis of GDP and GTP bound to
Ras was done as described elsewhere (68, 70). Cells (5 X 10°) were labeled with
[3?PJorthophosphate (500 wCi/ml; NEN) in phosphate-free EMEM with 0.1 mM
nonessential amino acids—1 mM sodium pyruvate—dialyzed FCS for 18 h at 37°C
and infected with HSV-2, ICP10APK, or HSV-2(R). At 0, 2, 4, 8, and 12 h
postinfection (p.i.), cells were lysed in a buffer consisting of 50 mM Tris-HCI (pH
7.5), 20 mM MgCl,, 150 mM NaCl, 0.5% NP-40, 1 mM PMSF, and 100 kallikrein
U/ml of aprotinin and then incubated on ice for 15 min; extracts were clarified by
centrifugation at 16,000 X g for 30 min. To reduce free nucleotides, 0.1 ml of a
10% charcoal solution (previously treated with 10 mg of BSA per ml) was added
to the supernatant, mixed vigorously, and clarified by centrifugation at 8,000 X
g for 10 min. Supernatants (3 X 107 to 1 X 10® cpm) were immunoprecipitated
(1 h, 4°C) with 1 pg (10 pl) of MAb Y13-259, followed by treatment with 100 pl
of protein A-Sepharose CL4B beads (50% [vol/vol], 30 min, 4°C) which had been
previously coated with rabbit anti-rat immunoglobulin G. Beads were washed
three times with RIPA buffer and twice with PBS (pH 7.1) containing 20 mM
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FIG. 1. Ras-GAP coprecipitates with ICP10 but not p95 from virus-infected
cells. (A) Vero cells infected with HSV-2 (lanes 1 to 3), ICP10APK (lanes 4 to
6), or HSV-2(R) (lanes 7 to 9) were labeled with [**S]methionine at 0 to 8 h p.i.
Cell extracts obtained at this time were precipitated with antibody to ICP10
(lanes 1, 4, and 7) or RAS-GAP (lanes 2, 5, and 8) or with preimmune serum
(lanes 3, 6, and 9). (B) Immunoblotting of precipitates shown in panel A with
antibody to ICP10 (recognizes ICP10 and p95). (C) Immunoblotting of precip-
itates shown in panel A with antibody to Ras-GAP.

MgCl, and then resuspended in 20 pl of 20 mM Tris-HCI (pH 7.5), 20 mM
EDTA, 2% SDS, 0.5 mM GTP, and 0.5 mM GDP. They were heated (5 min,
65°C) and centrifuged (5 min, 8,000 X g). The supernatants were spotted onto
PEI plates and chromatographed in 0.75 M KH,PO, (pH 3.4). The radioactivity
was quantitated by densitometric scanning using a Bio-Rad GS700 densitometer.
Results are expressed as the percent bound GTP = [GTP/(GTP + GDP)] X 100.

DNA transfection and CAT assays. Cells (10°/well) were plated 24 h prior to
transfection into six-well cluster dishes (6 by 35 mm; Costar, Corning, N.Y.).
DNA transfection was done by the calcium phosphate precipitation method and
employed a glycerol boost. Transfection mixtures contained 1 pg of target plas-
mid DNA. Infection with HSV-2, ICP10APK, or HSV-2(R) (5 PFU/cell) was
done 24 h after transfection, and CAT assays were performed 40 to 48 h post-
transfection. Routine assay conditions employed ['*C]chloramphenicol (0.2 p.Ci)
substrate and a 60-min incubation (22, 86, 87, 90). For quantitative estimates of
CAT activity, the appropriate sections were cut from thin-layer chromatography
plates and placed in toluene 2,5-diphenyloxazole-12,4-bis(5-phenyloxazole) ben-
zene scintillation fluid and the radioactivity was counted in a Beckman LS6800
liquid scintillation counter. Quantitative comparisons were made by measuring
the amounts of chloramphenicol-acetate product with enzyme levels on the
linear part of the curve for product formation versus the extract concentration
and time. pSV,CAT was used as a control for transfection efficiency, and the
parent pCATB’ was used as a negative control (22, 86, 87, 90).

Gel retardation assay. The 61-bp DNA fragments that contain the ICP10
promoter (AP-wt) or its mutant in both AP-1 cis response elements (AP-mu) and
nuclear extracts of Vero cells mock infected (with PBS) or infected with HSV-2
or ICP10APK were used as previously described (22, 86, 87, 90). DNA fragments
were end labeled with [a-*P]dCTP and separated by 8% PAGE. Double-
stranded oligonucleotides AP (5'-GATCCAAGCTATGACTCATCCGGTCTA
GAA-3") and AAP (5'-GATCCAAGCTATGAACCATCCGGTCTAGAA-3")
were used in competition assays. Retardation mixtures were incubated with 2 pg
of nuclear protein and 4 fmol of radiolabeled DNA fragment for 40 min on ice.
Electrophoresis was done at 10 V/cm and at 4°C through a 4% native polyacryl-
amide gel (29:1 bisacrylamide) in 0.25X TBE that had been prerun for 2 h. For
supershift assays, c-Fos antibody (Oncogene Science, 1:25 dilution) was included
in the incubation mixture.

Single-step growth assays. Vero cells were pretreated (1 h, 37°C) with 50 nM
MEK inhibitor PD98059 (Calbiochem, LaJolla, Calif.) or were mock treated with
reconstitution solution free of PD98059 and then infected with HSV-2 in the
presence or absence of PD98059. Adsorption was done for 1 h (0 h in the growth
curve). Cells and supernatants were harvested 2 to 48 h after adsorption and then
frozen, thawed, and assayed for the virus titers by plaque assay (73).

Ras-GAP BINDING AND PHOSPHORYLATION BY ICP10 PK
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RESULTS

Ras-GAP coprecipitates with ICP10 PK from HSV-2-in-
fected cells. We have previously shown that Ras-GAP copre-
cipitates with ICP10 from constitutively expressing cells (70).
To determine whether this also happens during virus infection,
Vero cells were infected with HSV-2, ICP10APK, or HSV-2
(R) labeled with [>*S]methionine at 0 to 8 h p.i., and the ex-
tracts were used in immunoprecipitation-immunoblotting with
antibodies to ICP10 or Ras-GAP. These time points were
chosen because we had previously shown that ICP10 is opti-
mally expressed at 4 to 8 h p.. (12) and a relatively long
labeling interval is required for the detection of the methi-
onine-poor Ras-GAP (data not shown). Two proteins (140 and
120 kDa, respectively) were coprecipitated from HSV-2-in-
fected cells by the ICP10 (Fig. 1A, lane 1) and Ras-GAP (Fig.
1A, lane 2) antibodies. They were also coprecipitated from
HSV-2(R)-infected cells (Fig. 1A, lanes 7 and 8). Coprecipi-
tation was not seen in ICP10APK-infected cells. Here, p95 was
precipitated by the ICP10 antibody (Fig. 1A, lane 4) and the
120-kDa protein by the Ras-GAP antibody (Fig. 1A, lane 5).
The 140-kDa protein in precipitates from HSV-2 (Fig. 1B,
lanes 1 and 2)- and HSV-2(R) (Fig. 1B, lanes 7 and 8)-infected
cells and the p95 protein in precipitates from ICP10APK-in-
fected cells (Fig. 1B, lane 4) were recognized by the ICP10
antibody in immunoblotting. Ras-GAP antibody recognized
the 120-kDa protein in the ICP10 immunocomplexes (Fig. 1C,
lanes 1, 2, 5, 7, and 8). Preimmune serum was negative (Fig.
1A, B, and C, lanes 3, 6, and 9). The data indicate that Ras-
GAP interacts with ICP10 in HSV-2-infected cells and that the
interaction occurs at sequences within the ICP10 PK domain.

ICP10 binds to the Ras-GAP N-terminal SH2 (N-SH2) and
PH domains. To confirm that Ras-GAP forms a complex with
ICP10 and to identify the domains involved in complexation,
we used in vitro binding assays with the panel of GST fusion
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FIG. 2. ICP10 binds Ras-GAP N-SH2 and PH fusion proteins in vitro. (A)
Schematic representation of GST fusion proteins of Ras-GAP protein-protein
binding domains. (B) GST beads coated with Ras-GAP fusion proteins N-term
(lane 2), SH2-SH3-SH2 (lane 3), N-SH2 (lane 4), SH3 (lane 5), SH3+C-SH2
(lane 6), PH (lane 7), GAP (lane 8), or uncoated (lane 9) (20 pg) were mixed (2
h, 4°C) with extracts of cells that constitutively express the autophosphorylated
ICP10 (input; lanes 1 and 10). Bound proteins were resolved by SDS-PAGE and
immunoblotted with ICP10 antibody.
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FIG. 3. Ras-GAP N-SH2 binds ICP10 pThr residues at positions 106 to 178. (A) In vitro binding assays with GST beads (lane 1) or beads coated with Ras-GAP
fusion proteins SH2-SH3-SH2 (lanes 2 to 6) or N-SH2 (lanes 7 to 10) and untreated extracts of cells that express the autophosphorylated ICP10 (lanes 1, 2, and 7) or
extracts of the same cells treated for 2 h at 37°C with 15 U of CIAP (lanes 4 and 9) or 15 U of CIAP that had been denatured by heating (1 h, 95°C) (lanes 3 and 8).
Extracts of cells that express the PK negative ICP10 mutants p140™ (lane 5) or p140™* (lanes 6 and 10) were studied in parallel. (B) In vitro binding assays with
Ras-GAP fusion proteins SH2-SH3-SH2 (lanes 1 and 2) or N-SH2 (lanes 3 and 4) and extracts of bacteria induced to express the ICP10 mutant pp29'! which has
pThr-specific PK activity (lanes 1 and 3) or uninfected bacteria (lanes 2 and 4). (C) In vitro binding assays with Ras-GAP fusion proteins SH2-SH3-SH2 (lanes 1 to
3) or N-SH2 (lanes 5 to 7) or uncoated beads (lanes 4 and 8) and extracts of cells that constitutively express autophosphorylated ICP10 (lanes 1 and 5) or the PK positive

ICP10 mutants p140P™ (lanes 2 and 6) or p136""" (lanes 3 and 7).

proteins shown in Fig. 2A. Beads coated with the Ras-GAP
fusion proteins (or GST control) were mixed with extracts of
cells that constitutively express ICP10, and the proteins in the
complexes were resolved by SDS-PAGE and immunoblotted
with ICP10 antibody. ICP10 was seen in complexes obtained
with Ras-GAP fusion proteins SH2-SH3-SH2 (Fig. 2B, lane 3)
N-SH2 (Fig. 2B, lane 4), and PH (Fig. 2B, lane 7). It was not
seen in complexes obtained with the Ras-GAP fusion proteins
N-term (Fig. 2B, lane 2), SH3 (Fig. 2B, lane 5), SH3+C-SH2
(Fig. 2B, lane 6), or GAP (Fig. 2B, lane 8), nor with GST alone
(Fig. 2B, lane 9). ICP10 did not bind to beads coated with
extracts of uninduced bacteria (data not shown). Densitomet-
ric scanning analysis indicated that 34 and 33% of the input
ICP10, respectively, bound the PH and SH2-SH3-SH2 do-
mains (densitometric units = 2,110 and 2,007 for PH and
SH2-SH3-SH2, respectively). Consistent with previous reports
(13), the levels of ICP10 bound by the N-SH2 fusion protein
were lower (14% of input) (densitometric units = 850 and
6,071 for N-SH2 and input, respectively), presumably reflecting
a lower binding affinity and/or stability due to the suboptimal
conformation of the fusion protein. However, because ICP10
did not bind fusion proteins SH3 and SH3+C-SH2, we con-
clude that binding involves the N-SH2 module.

ICP10 residues pThr''” and pThr'*" bind the Ras-GAP N-
SH2 domain. ICP10 binding of the Ras-GAP N-SH2 domain is
consistent with recent findings which extend the range of po-
tential SH2-protein interactions to include pSer and/or pThr
residues (13, 51, 52, 59, 64). To examine whether the ICP10/
N-SH2 interaction is phosphorylation dependent, binding as-
says were done with extracts of cells that constitutively express
the autophosphorylated ICP10 untreated or treated (1 h, 37°C)
with CIAP or heat-denatured CIAP and with extracts of cells

that constitutively express PK negative ICP10 mutants p140"*
and p140™" (Table 1). The SH2-SH3-SH2 (Fig. 3A, lane 2) and
N-SH2 (Fig. 3A, lane 7) fusion proteins bound the autophos-
phorylated ICP10 in untreated cells and in cells treated with
the heat-denatured phosphatase (Fig. 3A, lanes 3 and 8). They
did not bind the dephosphorylated ICP10 in extracts of phos-
phatase-treated cells (Fig. 3A, lanes 4 and 9) nor the kinase-
negative mutants (Fig. 3A, lanes 5, 6, and 10), suggesting that
binding is phosphorylation dependent. Binding occurs at pThr
residues, as evidenced by the observation that SH2-SH3-SH2
(Fig. 3B, lane 1) and N-SH2 (Fig. 3B, lane 3) bound the ICP10
mutant pp29'*!, the PK activity of which is Thr specific (49).
Because the fusion proteins did not bind the ICP10 mutant
p136"™ (Fig. 3C, lanes 3 and 7), which is deleted in amino acids
106 to 178 but retains PK activity (Table 1), the data suggest
that binding involves ICP10 pThr residues at positions 106 to
178. Binding to Ras-GAP fusion proteins was also seen with
p140P, which is mutated in SH3-binding sites (60) (Fig. 3C,
lanes 2 and 6). Binding was not seen with uninduced bacteria
(Fig. 3B, lanes 2 and 4) or GST alone (Fig. 3A, lane 1, and C,
lanes 4 and 8).

Computer-assisted analysis identified two motifs at ICP10
positions 106 to 178 which are similar to the site in the PDGF
receptor ("7°YMAP’7?) that binds the Ras-GAP N-SH2 do-
main (20, 40). As with the platelet-derived growth factor B
receptor, both ICP10 motifs contain a Thr residue (Thr''” and
Thr'#!) that is followed at the +3 position by Pro. A third Thr
residue (Thr'*°) is followed at the +3 position by Glu. To
examine whether these sequences are involved in ICP10 bind-
ing of the Ras-GAP N-SH2 domain, we used competition
assays as described in Materials and Methods. Dose-depen-
dent inhibition of ICP10 binding was seen with phosphopep-
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FIG. 4. SH2 binds ICP10 pThr'!” and pThr'#!. (A) Extracts of cells that
constitutively express the autophosphorylated ICP10 (lane 1) were incubated (1
h, 37°C) with peptide pT117 (lanes 2 to 4 h) or T117 (lanes 5 to 7) at 10 pM
(lanes 2 and 5), 50 uM (lanes 3 and 6), or 100 uM (lanes 4 and 7) and exposed
(2 h, 4°C) to GST beads coated with Ras-GAP fusion protein SH2-SH3-SH2
(lanes 2 to 7) or left uncoated (lane 8). Bound proteins were resolved by
SDS-PAGE and immunoblotted with ICP10 antibody. (B) Competition experi-
ments were done as in panel A but with peptides pT141 (lanes 2 to 4) or T141
(lanes 5 to 7). Uncoated beads are shown in lane 8. (C) Competition experiments
were done as in panel A but with peptides pT130 (lanes 3 to 5), T130 (lanes 6 to
8), 27 (100 uM; lane 9), or Pro’ (100 pM; lane 10). Uncoated beads are shown
in lane 1, and input ICP10 is shown in lane 2.

tide pT117. Densitometric scanning analyses indicated that the
levels of ICP10 were 85, 33, and 1% of the input (Fig. 4A, lane
1) at 10, 50, and 100 uM, respectively (Fig. 4A, lanes 2 to 4)
(densitometric units = 1,990, 1,695, 657, and 20 for input, 10,
50, and 100 uM, respectively). ICP10 binding was also com-
peted for by phosphopeptide pT141 to a largely similar extent.
In densitometric analyses, the levels of ICP10 were 87, 67,
and 8% of the input (Fig. 4B, lane 1) at 10, 50, and 100 pM,
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respectively (Fig. 4B, lanes 2 to 4) (densitometric units
2,075, 1,805, 1,390, and 181 for input, 10, 50, and 100 uM,
respectively). ICP10 binding was not significantly reduced by
phosphopeptide pT130, as evidenced by the finding of 90 to
99% of the ICP10 input (Fig. 4C, lane 2) at 10, 50, and 100 uM
(Fig. 4C, lanes 3 to 5). Binding was also not reduced by de-
phosphorylated peptides T117 (Fig. 4A, lanes 5 to 7) and T141
(Fig. 4B, lanes 5 to 7) nor by peptides T130 (Fig. 4C, lanes 6 to
8), Prol (Fig. 4C, lane 10), and 27 (Fig. 4C, lane 9). We inter-
pret the data to indicate that the Ras-GAP N-SH2 domain
binds ICP10 at residues pThr''” and pThr'*! singly or in tan-
dem.

The Ras-GAP PH domain binds a WD40-like motif in ICP10
PK. In vitro binding and peptide competition assays were also
used to examine the ICP10 interaction with the Ras-GAP PH
domain. The PH fusion protein bound the autophosphorylated
(Fig. 5A, lane 1) and dephosphorylated (Fig. 5A, lane 2) ICP10
and the kinase negative mutants p140"* (Fig. 5A, lane 4) and
p139™ (Fig. 5A, lane 5). It did not bind p136" that is deleted
at positions 106 to 178 (Fig. 5A, lane 3) and GST was negative
(Fig. 5A, lane 6). The data suggest that binding is phosphory-
lation independent and involves ICP10 residues at positions
106 to 178. Computer-assisted analysis identified an ICP10
sequence at positions 160 to 173 that is consistent with the core
of WD40 motifs known to bind PH domains (28, 63). A peptide
(WD40) that represents this sequence caused dose-dependent
inhibition of ICP10 binding to the PH fusion protein (Fig. 5B,
lanes 2 to 4). Densitometric scanning analyses indicated that
the levels of bound ICP10 relative to input (Fig. 5B, lane 1)
were 65, <1, and <1% for 10, 50, and 100 wM concentrations
of the peptide, respectively (densitometric units = 720, 470, 7,
and 5 for input, 10, 50, and 100 pM, respectively). Inhibition
was specific. It was not seen with peptide Prol (Fig. 5B, lane 5),
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FIG. 5. Ras-GAP PH binds a WD-40 like site in ICP10 PK. (A) In vitro binding assays with Ras-GAP fusion protein PH (lanes 1 to 5) or uncoated beads (lane
6) and extracts of cells that constitutively express the autophosphorylated ICP10 untreated (lanes 1 and 6) or treated (2 h, 37°C) with 15 U of CIAP (lane 2) or extracts
of cells that constitutively express ICP10 mutants p136""" (lane 3), p140™* (lane 4), or p139™ (lane 5). Uncoated beads are shown in lane 6. (B) Peptide competition
assays using beads coated with Ras-GAP fusion protein PH (lanes 1 to 5) or SH2-SH3-SH2 (lane 6), extracts of cells that constitutively express ICP10 (lane 1), and
peptide WD40 at 10 uM (lane 2), 50 pM (lane 3), or 100 uM (lanes 4 and 6) or peptide Pro’ (100 uM; lane 5). (C) Schematic model of known sites in ICP10 PK includes
signal peptide (SP; residues 1 to 13), extracellular domain (EC), transmembrane domain (TM; residues 85 to 105), binding sites for RAS-GAP N-SH2 (residues pThr!!”
and pThr'*), and PH (residues 160 to 173) domains, Grb2 SH3 binding site (residues 149 to 159 and 396 to 405), and catalytic core (ATP-binding Lys'’® and Lys®>°

and ion-binding Glu?*).
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FIG. 6. Ras-GAP complexed to ICP10 in HSV-2-infected cells is phosphor-
ylated. (A) Immunocomplex PK assays of extracts from cells mock infected (lane
1) or infected with HSV-2 at 2 h (lane 2), 4 h (lane 3), 8 h (lane 4), or 12 h (lane
5) p.i; ICP10APK at 2 h (lane 6), 4 h (lane 7), 8 h (lane 8), or 12 h (lane 9) p.i.;
or HSV-2(R) at 4 h (lane 10) p.i. (B) Immunoblotting of gel in panel A with
antibody to ICP10. (C) Immunoblotting of gel in panel A with antibody to
Ras-GAP.

and WD40 peptide did not inhibit ICP10 binding to SH2-SH3-
SH2 (Fig. 5B, lane 6). Based on these and previous (60) find-
ings, we conclude that the N-SH2, PH, and SH3 binding sites
in ICP10 PK are located in close proximity to the core catalytic
domain, which includes an ion-binding site and two ATP-bind-
ing sites (Fig. 5C).

Ras-GAP complexed to ICP10 PK is phosphorylated. Hav-
ing shown that Ras-GAP binds to ICP10 PK, we wanted to
know whether it is phosphorylated. Vero cells were infected
with HSV-2, ICP10APK or HSV-2(R), and extracts obtained at
2,4, 8, and 12 h p.i. were used in immunocomplex PK assays
with ICP10 antibody. The phosphorylated proteins in the im-
munoprecipitates were electrophoretically separated by SDS-
PAGE and immunoblotted with ICP10 and Ras-GAP antibod-
ies. Phosphorylated proteins were not seen in mock-infected
cells (Fig. 6A, lane 1). In contrast, two phosphorylated proteins
consistent with ICP10 and Ras-GAP (140 and 120 kDa, re-
spectively) were seen in immunocomplex PK assays of extracts
from HSV-2-infected cells at 2 h (Fig. 6A, lane 2), 4 h (Fig. 6A,
lane 3), 8 h (Fig. 6A, lane 4), and 12 h (Fig. 6A, lane 5) p.i.
Densitometric scanning indicated that the levels of both phos-
phoproteins increased between 2 and 8 h p.i. and decreased
thereafter (densitometric units = 1,875, 5,610, 4,766, and 682
for ICP10 and 301, 942, 815, and 110 for Ras-GAP at 2, 4, §,
and 12 h p.i., respectively). Similar results were obtained for
HSV-2(R)-infected cells as shown for 4-h-infected cells in
Fig. 6A, lane 10. By contrast, phosphorylated proteins were
not seen in immunocomplex PK assays of extracts from
ICP10APK-infected cells (Fig. 6A, lanes 6 to 9). Immunoblot-
ting confirmed the presence of ICP10 (Fig. 6B, lanes 2 to 5 and
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10) and Ras-GAP (Fig. 6C, lanes 2 to 5 and 10) in the precip-
itates from HSV-2- and HSV-2(R)-infected cells. It also iden-
tified the nonphosphorylated p95 in precipitates from cells
infected with ICP10APK for 4 h (Fig. 6B, lane 7), 8 h (Fig. 6B,
lane 8), and 12 h (Fig. 6B, lane 9), but the precipitates did not
contain Ras-GAP (Fig. 6C, lanes 7 to 9). Consistent with pre-
vious findings for p95 expression (73), neither p95 nor Ras-
GAP were precipitated from cells infected with ICP10APK for
2 h (Fig. 6B, and C, lanes 6). The data indicate that Ras-GAP
in the ICP10 complex is phosphorylated. Phosphoamino acid
analysis, done as previously described (12, 71), indicated that
phosphorylation is on Ser-Thr residues (data not shown).

GTPase activity is lower in HSV-2- than in ICP10APK-
infected cells. Because the GTPase activity of Ras-GAP phos-
phorylated on Ser-Thr residues is reduced (11, 24), we next
asked whether GTPase activity is lower in cells infected with
HSV-2 than in cells infected with ICP10APK. Extracts from
cells infected with HSV-2, ICP10APK, or HSV-2(R) or that
were mock infected (with PBS) in medium containing 1 or 10%
FCS for 4 h were immunoprecipitated with MAb F132-62, and
the immunoprecipitates were assayed for GTP hydrolysis as
described in Materials and Methods. This time point was cho-
sen because Ras-GAP binding and phosphorylation is maximal
at this time (Fig. 6). As shown in Fig. 7 for three independent
experiments, the proportion of RAS.GDP in ICP10APK- and
mock-infected Vero cells increased as a function of time,
reaching maximal levels (36 to 39%) at 60 min. On the other
hand, the rates of GTP hydrolysis (which reflects GTPase ac-
tivity) were significantly lower (4 to 6%) in HSV-2- and HSV-
2(R)-infected cells throughout the incubation period.

Ras is activated in HSV-2-infected cells but not ICP10APK-
infected cells. Having shown that GTPase activity is lower
in HSV-2-infected cells than in ICP10APK-infected cells, the
question arose as to whether this translates into Ras activation.
Vero cells were labeled with [**PJorthophosphate (18 h, 37°C)
and either infected with HSV-2, ICP10APK, or HSV-2(R) or
mock infected with PBS (in medium containing 1 or 10%
FCS). The cells were analyzed for Ras activation as described
in Materials and Methods. The results of three independent
experiments are summarized in Table 2. Low levels of Ras-
.GTP were seen in mock-infected cells (at both serum concen-
trations) and in HSV-2-, HSV-2(R)-, or ICP10APK-infected
cells at 0 h p.i. These levels increased significantly at 2 to 8 h
p.i. with HSV-2 or HSV-2(R) and decreased thereafter, reach-
ing background levels at 12 h p.i. Ras.GTP levels did not
increase in cells infected with ICP10APK. The kinetics of Ras
activation mimic those seen for Ras-GAP binding and phos-
phorylation (Fig. 6) and are consistent with the increased levels
of GTPase activity in HSV-2- and HSV-2(R)-infected cells but
not in ICP10APK-infected cells at this time.

MAPK is activated in HSV-2-infected cells but not in
ICP10APK-infected cells. Having shown that Ras is activat-
ed in cells infected with HSV-2 but not cells infected with
ICP10APK, we wanted to determine whether this leads to ac-
tivation of MEK and MAPK. Cells were infected with HSV-2,
ICP10APK, or HSV-2(R), and extracts obtained at 2, 4, 10, and
16 h p.i. were analyzed for MAPK activation by immunoblot-
ting with phosphorylation state-specific antibody. Mock-infect-
ed cells (in 1 or 10% FCS) and cells infected with HSV-2 for
4 h in the presence of a 50 pM concentration of the MEK-
specific inhibitor PD98059 (1, 56) were studied in parallel.
Phosphorylated MAPK (P-MAPK) was not seen in mock-in-
fected cells (Fig. 8, lanes 1 and 2). It was also not seen in cells
infected with ICP10APK (Fig. 8, lanes 8 to 11), but it was seen
in cells infected with HSV-2 at 2 h (Fig. 8, lane 3), 4 h (Fig. 8,
lane 4), and 10 h (Fig. 8, lane 5). It was no longer seen at 16 h
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FIG. 7. GTPase activity is lower in HSV-2-infected cells than in ICP10APK-
infected cells. Extracts of cells infected with HSV-2 (O), HSV-2(R) (A), or
ICP10APK (@) or mock infected with PBS in 1% FCS (A) for 4 h were immu-
noprecipitated with anti RAS antibody (F123-62). GTPase reactions were per-
formed on the immunoprecipitates with [a->*P]GTP and chromatographed on
PEI plates. Data represent the percent GTP hydrolyzed at each time point = the
standard error of the mean. Similar results were obtained in ICP10APK- and
mock-infected cells in 10% FCS.

p.i. (Fig. 8, lane 6). PD98059 caused a significant (90%) de-
crease in P-MAPK levels in HSV-2-infected cells (Fig. 8, lane
7) (densitometric units = 1,750 and 201 for untreated and
treated cells, respectively). Similar results were obtained with
HSV-2(R) (data not shown). The levels of P-MAPK reflect
different activation states, because similar quantities of protein
were seen with a MAPK antibody (Fig. 8, bottom bands). The
data indicate that MEK and MAPK are activated in HSV-2-
infected cells but not in ICP10APK-infected cells at the same
time as Ras-GAP phosphorylation and Ras activation.

TABLE 2. Ras-GTP levels in virus infected cells”

Mean Ras-GTP level = SEM at time (h) p.i.:

Infection
0 2 4 8 12
HSV-2 30+0.1 12102 19.1+04 150+0.6 33 %05
ICP10APK 41+05 35+04 35+03 31+05 39+02
HSV-2(R) 2.8 +0.2 ND 184 0.6 132+04 3.0=0.1
Mock (10% FCS) 39+0.7 34+04 39*03 3506 32x04
Mock (1% FCS) 3.6*06 31x03 40x01 31x02 35x03

“ Vero cells were labeled with [*?PJorthophosphate for 18 h in medium con-
taining 1 or 10% FCS and infected with HSV-2 or HSV-2(R) (in 1% FCS), or
ICP10APK (in 10% FCS) (73) or mock infected with PBS (in 1 or 10% FCS).
Extracts obtained at various times p.i. were precipitated with Ras antibody and
the levels of Ras.GTP and Ras.GDP in the precipitates were determined after
separation on PEI cellulose thin-layer plates.
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FIG. 8. MAPK is activated in HSV-2-infected cells but not ICP10APK-in-
fected cells. Vero cells were mock infected with PBS in 1% (lane 1) or 10% (lane
2) FCS or were infected with HSV-2 for 2 h (lane 3), 4 h (lane 4), 10 h (lane 5),
or 16 h (lane 6); HSV-2 in the presence of 50 wM PD98059 for 4 h (lane 7); or
ICP10APK for 2 h (lane 8), 4 h (lane 9), 10 h (lane 10), or 16 h (lane 11). Extracts
obtained at these times were immunoblotted with antibody to the phosphory-
lated MAPK (P-MAPK; top panel), stripped, and reblotted with antibody to
MAPK1/2 (bottom panel).
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Ras/MEK/MAPK activation in HSV-2-infected cells but not
in ICP10APK-infected cells causes c-Fos induction and stabi-
lization. Having shown that the RassMEK/MAPK pathway is
activated in HSV-2-infected cells, we wanted to know whether
this is related to c-Fos induction (26). In a first series of ex-
periments, we examined the temporal relationship between
expression of c-Fos and ICP10. Vero cells were infected with
HSV-2 or were mock infected with PBS (in 1 or 10% FCS).
They were pulse-labeled with 150 wCi of [*>S]methionine per
ml for 30 min at 0, 2, 4, 10, and 16 h p.i., and cell extracts
obtained at these times were immunoprecipitated with ICP10
antibody or immunoprecipitated and/or immunoblotted with
c-Fos antibody. Consistent with previous findings (12), ICP10
was first seen at 2 h p.i. (Fig. 9A, lane 4). Its levels increased
somewhat at 4 h p.i. (Fig. 9A, lane 5) and decreased thereafter,
but synthesis still occurred at 10 h (Fig. 9A, lane 6) and 16 h
(Fig. 9A, lane 7) p.i. (densitometric units = 9,160, 10,460,
6,250, and 1,970 for 2, 4, 10, and 16 h, respectively). Mock-
infected cells were negative (Fig. 9A, lanes 1 and 2).

The intrinsically unstable c-Fos protein was undetectable in
mock-infected cells, as determined by immunoprecipitation of
[**S]methionine-labeled cells which identified multiple (56 to
72 kDa) species (45) (Fig. 9B, lanes 1 and 2). Their identity was
confirmed by immunoblotting of the precipitates with c-Fos
antibody (Fig. 9C, lanes 1 and 2). c-Fos levels were still low at
30 min p.i. (Fig. 9B and C, lane 3), but expression was signif-
icantly increased at 2 h (Fig. 9B, and C, lane 4) and at 4 h (Fig.
9B and C, lane 5) p.i. The levels of c-Fos precipitated from
[*>S]methionine-labeled cells decreased at 10 h (Fig. 9B, lane
6) and at 16 h (Fig. 9B, lane 7) p.i., suggesting that c-Fos
synthesis is maximal at 2 to 10 h p.i. (densitometric units = 201,
640, 910, 162, and 131 for 0, 2, 4, 10, and 16 h p.i., respectively).
In contrast, the levels of c-Fos were not significantly decreased
in immunoblots of the precipitates from cells infected for 10 h
(Fig. 9C, lane 6) or for 16 h (Fig. 9C, lane 7) (densitometric
units = 2,085, 3,498, 4,500, 2,751, and 2,406 for 30 min and 2,
4,10, and 16 h, respectively). We interpret the data to indicate
that c-Fos expression, as well as its metabolic stability, is in-
creased in HSV-2-infected cells, a finding consistent with pre-
vious reports that c-Fos is metabolically stabilized by phos-
phorylation on C-terminal Ser-Thr residues (34, 62).

In a second series of experiments, we asked whether c-Fos
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FIG. 9. c¢-Fos is induced and stabilized in HSV-2-infected cells. (A) Vero
cells were mock infected with PBS in 1% FCS (lane 1) or 10% FCS (lane 2) or
were infected with HSV-2 for 30 min (lane 3), 2 h (lane 4), 4 h (lane 5), 10 h (lane
6), or 16 h (lane 7). At these times they were pulse-labeled with [**S]methionine
for 30 min, and the extracts were immunoprecipitated with ICP10 antibody. (B)
Duplicate samples of the cell extracts in panel A were immunoprecipitated with
c-Fos antibody. (C) Immunoprecipitates in panel B were immunoblotted with
c-Fos antibody.

induction and stabilization is related to RassMEK/MAPK ac-
tivation. Vero cells were infected with HSV-2 (with or without
PD98059), ICP10APK, or HSV-2(R). Cells mock infected with
PBS (in 1 or 10% FCS) served as a control. Extracts obtained
at 18 h p.i. were immunoprecipitated or immunoblotted with
the c-Fos antibody. c-Fos was seen in cells infected with HSV-2
(Fig. 10A and B, lanes 2) or HSV-2(R) (Fig. 10A and B, lanes
3) but not in cells infected with ICP10APK (Fig. 10A and B,
lanes 4) or in mock-infected cells (Fig. 10A and B, lanes 1).
The levels of c-Fos were significantly reduced by a 25 uM
concentration of PD98059 (Fig. 10C, lane 2), and c-Fos was
barely detectable in cells treated with 50 pM PD98059 (Fig.
10C, lane 3) (densitometric units = 6,000, 1,900, and 350 for
untreated cells and 25 and 50 nM treated cells, respectively).
We interpret the data to indicate that c-Fos induction and
stabilization likely result from Ras/MEK/MAPK activation by
ICP10 PK.

ICP10 expression is regulated by a positive feedback loop
that involves c-Fos. Having shown that c-Fos is induced and/or
stabilized in HSV-2-infected cells, we wanted to know whether
this affects ICP10 expression. The question arises because
basal expression from the ICP10 promoter is AP-1 dependent
(90). In a first series of experiments, Vero cells were trans-
fected with chimeric constructions consisting of the ICP10 or
the double AP-1 mutant promoters driving the CAT gene (86,
87, 90). They were infected with HSV-2, ICP10APK, or HSV-
2(R) or were mock infected (with PBS in 1% FCS) 24 h later
and then assayed for CAT activity after 40 to 48 h. Basal
expression from the ICP10 promoter was low in mock-infected
cells (3.3% conversion). It was significantly increased by infec-
tion with HSV-2 (72% conversion) or HSV-2(R) (65% con-
version), but not by ICP10APK infection (3.9% conversion) or

J. VIROL.

HSV-2 infection in the presence of 50 pM PD98059 (3.5%
conversion). Conversion in mock-infected cells and in cells
infected with ICP10APK or in the presence of PD98059 pre-
sumably reflects the low levels of c-Fos in these cells (Fig. 9),
since the AP-1 mutant promoter was negative (0.4 to 1% con-
version). The data suggest that ICP10 expression is increased
by c-Fos induced and/or stabilized as a result of Ras/MEK/
MAPK activation.

To test the validity of this interpretation, we used electro-
phoretic mobility shift assays with wild-type (AP-wt) and AP-1
mutant (AP-mu) DNA fragments and nuclear extracts from
infected cells. Three complexes designated M1 through M3 in
order of increasing electrophoretic mobility were formed by
AP-wt DNA with all of the nuclear extracts (Fig. 11, lanes 1, 3,
5, and 7). The M2 complex was not formed by AP-mu DNA
(Fig. 11, lanes 2, 4, and 6), and it was competed for by the AP
(Fig. 11, lane 8) but not by the AAP (Fig. 11, lane 9) oligonu-
cleotide, suggesting that it is AP-1 specific. However, c-Fos is
not involved in its formation, since M2 was not supershifted by
c-Fos antibody (Fig. 11, lane 10). A lower mobility complex
(V1) was formed by AP-wt DNA (Fig. 11, lane 5) but not by
AP-mu DNA (Fig. 11, lane 6) with extracts from HSV-2-in-
fected cells. V1 was not formed with extracts of ICP10APK-
infected cells (Fig. 11, lane 3) or when MEK/MAPK activa-
tion was inhibited by PD98059 (Fig. 11, lane 7). Its formation
was competed for by the AP (Fig. 11, lane 8) but not by the
AAP (Fig. 11, lane 9) oligonucleotide, and its migration was
retarded by c-Fos antibody (Fig. 11, lane 10), indicating that
c-Fos is involved in its formation. Taken in toto, the data
suggest that ICP10 expression in HSV-2-infected cells is reg-
ulated by a positive feedback loop which involves c-Fos induc-
tion or stabilization.

Ras/MEK/MAPK activation is required for timely onset of
HSV-2 growth. Having documented that ICP10 PK is involved
in the activation of the RAS/MEK/MAPK mitogenic pathway,
we wanted to know whether this activation is important for
virus replication. To address this question, single-step growth
curves were done in cells infected with HSV-2 in the absence
or presence of PD98059 (50 wM) and compared to those of
ICP10APK. HSV-2 replication in untreated cells began at 2 h
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FIG. 10. ICP10 PK and activation of the Rass/MEK/MAPK pathway are re-
quired for c-Fos induction and stabilization. (A) Immunoprecipitation-immuno-
blotting assay with c-Fos antibody of extracts from cells mock infected (lane 1) or
infected (18 h) with HSV-2 (lane 2), HSV-2(R) (lane 3), or ICP10APK (lane 4)
in medium containing 1% serum. (B) Immunoprecipitation-immunoblotting as-
say was done as in panel A but with extracts from cells infected in medium
containing 10% serum. (C) Immunoprecipitation-immunoblotting assay was
done as in panel A but with extracts from cells infected with HSV-2 (18 h) in
medium containing 1% FCS without (lane 1) or with 25 pM (lane 2) or 50 uM
(lane 3) PD98059. Blots shown represent long (15-min) exposure times.
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FIG. 11. c-Fos in HSV-2-infected cells but not in ICP10APK-infected cells
complexes with the ICP10 promoter. The 61-bp AfII1I/Pvul DNA fragments from
the wild-type ICP10 promoter (AP-wt, lanes 1, 3, 5, and 7 to 10) or the double
AP-1 mutant promoter (AP-mu, lanes 2, 4 and 6) were incubated with nuclear
extracts from Vero cells mock infected (lanes 1 and 2) or infected for 20 h with
ICP10APK (lanes 3 and 4), HSV-2 (lanes 5, 6, and 8 to 10), or HSV-2 with 50 pM
PD98059 (lane 7). In some experiments, 50-fold excess cold synthetic oligonu-
cleotide competitors AP-1 (oligo-AP, lane 8) or mutant AP-1 (oligo-AAP, lane 9)
or c-Fos antibody (lane 10) were added.

w e B w g . G e

p.i. Maximal titers (400 PFU/cell) were reached at 24 h p.i. and
remained relatively stable until 48 h p.i. In contrast, in the
presence of PD98059, HSV-2 growth began at 14 h p.i., and
titers did not reach levels similar to those in untreated cells
until 36 h p.i. The ICP10APK growth pattern was similar to
that of HSV-2 in the presence of PD98059 (Fig. 12). We
interpret the data to indicate that the Ras/MEK/MAPK mito-
genic pathway must be activated for timely onset of HSV-2
growth and that activation is mediated by ICP10 PK.

DISCUSSION

The salient feature of the data presented here is the finding
that the timely onset of HSV-2 replication depends on the
activation of the Rass/MEK/MAPK mitogenic pathway by a
strategy which involves Ras-GAP inactivation by ICP10 PK.
The following comments seem pertinent with respect to these
findings.

Starting with the observation that in cells labeled with
[**S]methionine at 0 to 8 h p.i., Ras-GAP coprecipitates with
ICP10 but not is PK-deleted mutant (p95), we used in vitro
binding and peptide competition assays to demonstrate that
ICP10 binds the Ras-GAP N-SH2 and PH modules. SH2 mod-
ules bind phosphotyrosine (pTyr) residues contained within a
specific sequence context (43, 53, 75, 76), the most relevant
determinant of which is the +3 residue relative to pTyr (19, 82,
83). Their interaction was recently extended to include pSer
and pThr (13, 51, 52, 59, 64), and this is consistent with our
findings for ICP10 PK. Thus, the Ras-GAP N-SH2 fusion pro-
tein bound the autophosphorylated ICP10 in constitutively
expressing cells and in cells treated with heat-inactivated
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phosphatase, but binding was not seen for extracts of phospha-
tase-treated cells or cells that express the PK negative mutants
pl140™ or p140™s. We conclude that binding was specific be-
cause (i) cell lines that express ICP10 or its PK negative mu-
tants were established in the same 293 cells (50, 60), (ii) p140™
and p140™* have different site mutations (60) and are therefore
unlikely to have lost a specific binding site for N-SH2, (iii) the
antibody is specific for ICP10 (4, 12, 33, 50, 60, 69-73), and (iv)
both dephosphorylated ICP10 and the PK negative mutants
bound the Ras-GAP PH fusion protein. ICP10 binding of
the N-SH2 fusion protein was competed by phosphopeptides
pT117 and pT141, but not by the dephosphorylated peptides
T117 and T141 or unrelated peptides, suggesting that binding
occurs at these sites. Competition was not due to the genera-
tion of nonspecific localized interactive clusters by pThr resi-
dues (13, 51, 52, 64) since it was not seen with phosphopeptide
pT130 that lacks the +3 Pro residue (relative to pThr) which
imparts binding specificity (20, 40, 82, 83).

Consistent with previous reports about protein interactions
involving PH domains (63, 81), ICP10 binding to the PH fusion
protein was phosphorylation independent (seen with dephos-
phorylated ICP10 and the PK negative mutants) and it was
competed for by a peptide that represents a WD40-like se-
quence at ICP10 positions 106 to 173. Densitometric analyses
indicated that the same proportions (33 and 34%) of the input
ICP10 is bound by the Ras-GAP PH and SH2-SH3-SH2 fusion
proteins. However, it is still unclear whether either or both
Ras-GAP domains are bound in HSV-2-infected cells and by
the same or different ICP10 PK molecules. We conclude that
the PH domain is necessary and sufficient for binding, because
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FIG. 12. Onset of HSV-2 growth is delayed by PD98059. Vero cells were
pretreated (1 h, 37°C) with 50 pM PD98059 (O) or PD98059 reconstitution
medium (@) and infected with HSV-2. They were reincubated in medium con-
taining 1% FCS with or without PD98059, respectively. Adsorption was for 1 h
at 37°C (0 h of growth curve). Virus titers were determined at 2 to 48 h after
adsorption, and the results are expressed as the burst size (PFU/cell + the
standard error of the mean). Cells infected with ICP10APK in medium contain-
ing 10% FCS (A) were studied in parallel.
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Ras-GAP binds the PK negative mutant p139™ in constitu-
tively expressing cells (70). However, binding of both Ras-GAP
sites may stabilize the interaction and/or improve Ras-GAP
presentation to the adjacent ICP10 PK catalytic core (Fig. 5C).
Indeed, immunocomplex PK-immunoblotting assays with Ras-
GAP and ICP10 antibodies indicated that Ras-GAP is com-
plexed to ICP10 as early as 2 h p.i. and that it is phosphory-
lated. Maximal levels of phosphorylated Ras-GAP were seen
at the time of maximal ICP10 synthesis (4 and 8 h p.i.). Ras-
GAP was neither bound nor phosphorylated by p95 expressed
in ICP10APK-infected cells.

Viruses use various strategies to activate the mitogenic Ras/
MEK/MAPK pathway. Vaccinia virus encodes a protein that
mimics epidermal growth factor (EGF) in terms of its ability to
stimulate cognate receptors (42). MAPK is incorporated into
HIV virions and is required for the translocation of the reverse
transcriptase complex to the nucleus (35). SV40 small T anti-
gen binds protein phosphatase 2A, thereby preventing it from
dephosphorylating MEK and MAPK2 and prolonging their
activated state (77). A herpesvirus saimiri protein (STP-C488)
associates with Ras and activates it (38) and a coxsackievirus
protein (Sam68) binds Ras-GAP and inactivates it, thereby
activating Ras (32). Our findings suggest that HSV-2 uses a
strategy similar to that of coxsackievirus in order to activate
Ras/MEK/MAPK. Thus, it is generally believed that Ras-GAP
is a negative regulator of Ras (27, 31, 48, 57) and that its
inactivation, for example by phosphorylation on Ser-Thr resi-
dues (11, 24, 66, 89), promotes Ras activation. Consistent with
this interpretation, we found significantly reduced GTPase ac-
tivity in HSV-2-infected cells, in which Ras-GAP was bound
and phosphorylated by ICP10 PK, compared to ICP10APK-
infected cells in which Ras-GAP was not similarly altered.
Conversely, the levels of activated Ras were significantly in-
creased in HSV-2-infected cells at the time of maximal (2 to
8 h p.i.) ICP10 synthesis and Ras-GAP phosphorylation. Al-
though serum stimulates the RassMEK/MAPK pathway in pre-
viously starved cells, the HSV-2-induced stimulation was un-
related to serum concentration, since cells were grown in 10%
FCS and infected in medium containing 1 or 10% FCS [HSV-
2/HSV-2(R) and ICP10APK, respectively]. The levels of acti-
vated Ras were equally low in cells mock infected (with PBS)
in the presence of 1 or 10% FCS. They were not increased
in cells infected with ICP10APK, although its growth is
optimal in 10% FCS (73). HSV-2(R) behaved like HSV-2,
indicating that ICP10 PK is required for Ras activation.

Immunoblotting with antibody specific to the phosphory-
lated state indicated that MAPK is also activated in cells in-
fected with HSV-2 ([and HSV-2(R)] but no in ICP10APK-
infected cells. The kinetics of MAPK activation were similar to
those of Ras-GAP phosphorylation and Ras activation, with
maximal levels of P-MAPK seen at 2 to 10 h p.i. We noticed
that only one band was resolved with this antibody, although it
recognizes P-MAPK1/2 and both species were seen with anti-
body to MAPKI1/2. This may reflect poor resolution or the
activation of only one MAPK species, the identity of which is
still unclear. However, P-MAPK was virtually undetectable in
cells infected with HSV-2 in the presence of the specific MEK
inhibitor PD98059 (1, 56), indicating that activation is related
to Ras/MEK. We conclude that Ras-GAP binding and/or phos-
phorylation by ICP10 PK is involved, since MAPK was not
activated in cells infected with ICP10APK. In this context it is
important to point out that growth factor receptors activated
by ligand binding, recruit a complex consisting of a nucleotide
releasing factor and an adaptor protein (viz. Sosl-Grb2) in
order to activate Ras (9, 10, 47). ICP10 has a functional trans-
membrane domain, and it is located on the cell surface (5, 12,
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33, 50, 70). In constitutively expressing cells, ICP10 PK recruits
Sos1-Grb2 (binds SH3 modules in Grb2) and phosphorylates
Ras-GAP (5, 33, 60, 70). EGF uses a similar strategy to activate
the Rass/MEK/MAPK pathway in cells transfected with a chi-
mera consisting of the EGF ligand-binding domain and ICP10
PK (71). Because both Ras-GAP and the Sos1-Grb2 complex
bind the ICP10 PK domain which is deleted in ICP10APK,
their respective contribution toward Ras activation in HSV-2-
infected cells remains unclear. Studies of a HSV-2 mutant that
expresses p136”™" which does not bind Ras-GAP but retains
the ability to recruit Sos1 are needed in order to address this
question.

We considered the possibility that activation of the Ras/
MEK/MAPK pathway is a nonspecific response to the mechan-
ics of infection or due to growth factors or cytokines present in
the inoculum. This is particularly relevant because an HSV
receptor is a member of the tumor necrosis factor receptor
family which, upon ligand binding, can generate a signal that
regulates NF-kB and AP-1 activation (54). However, we con-
clude that this is unlikely, because the pathway was not acti-
vated by ICP10APK, the adsorption and/or penetration prop-
erties of which are identical to those of the wild-type virus (73).
The following observations indicate that HSV-2 must enter the
cell and express ICP10 PK in order to activate the Ras/MEK/
MAPK pathway: (i) activation was not seen at 30 min after
infection; (ii) activation was concomitant with de novo ICP10
synthesis; and (iii) Ras was not activated in cells treated with
antibody neutralized HSV-2, which can bind but does not pen-
etrate the cells (data not shown). It is unclear whether the
ICP10 protein in the virion tegument (72) contributes to path-
way activation.

Activation of the RassMEK/MAPK pathway is involved in
increased transcription of the c-fos gene (14, 39) and metabolic
stabilization of the c-Fos protein by phosphorylation on C-
terminal Ser-Thr residues (34, 62). Immunoprecipitation stud-
ies using cells pulse-labeled with [**S]methionine indicated
that c-Fos expression is increased at 2 to 10 h p.i. with HSV-2
[or HSV-2(R)] and is maximal at 4 h p.i., concomitant with
Ras-GAP phosphorylation and Ras/MAPK activation. How-
ever, immunoblotting experiments indicated that the levels of
c-Fos are still elevated at 16 to 18 h p.i., suggesting that protein
stability was also increased. Increased expression and stabil-
ity is due to Ras/MEK/MAPK activation by ICP10 PK, be-
cause c-Fos levels were not increased in cells infected with
ICP10APK or in cells infected with HSV-2 in the presence of
PD98059. Significantly, our data suggest that c-Fos functions in
a positive feedback loop to regulate ICP10 expression. Thus,
expression from the ICP10 promoter (but not its AP-1 mutant)
was increased by infection with HSV-2 [or HSV-2(R)] but not
ICP10APK. The increase was ablated by PD98059. In gel re-
tardation assays ICP10, but not AP-1 mutated DNA formed a
complex (V1) with nuclear extracts of HSV-2-infected cells
that was supershifted by c-Fos antibody and was not formed
with extracts from cells infected in the presence of PD98059 or
with ICP10APK. These findings may explain the biphasic ki-
netics of ICP10 expression (18, 30, 84, 86, 87).

In the presence of PD98059, HSV-2 growth began at 14 h
p.i. compared to 2 h p.i. in untreated cells, a delayed onset
similar to that seen for ICP10APK. These data suggest that
Ras/MEK/MAPK activation is required for the timely onset of
virus growth. Ongoing studies with activated MEK (MEKF)
and dominant-negative Ras mutants are designed to further
examine the role of Rass/MEK/MAPK pathway in HSV-2
growth. However, unlike ICP10APK, which is growth impaired
in 1% FCS (73), HSV-2 grew well under these conditions once
replication was initiated, indicating that pathway activation is
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unrelated to the failure of ICP10APK to grow in 1% FCS.
Because the onset of IE protein synthesis, most notably ICP4
and ICP27, is also delayed in ICP10APK-infected cells (73),
activation of Ras/MEK/MAPK may also be required for the
timely expression of HSV-2 IE genes. However, a function
which is not inhibited by PD98059 (MEK independent) is
ultimately induced, and it provides the cellular environment
conducive to virus growth. The identity of this compensatory
function and the mechanism responsible for its induction are
presently unknown. Potential candidates are cellular genes
functionally similar to ICP10 PK (74) and other Ras effector
pathways (41, 46, 67). In this context it may be important to
point out that HSV-1 does not induce c-Fos (26, 58), but it
activates JNK by a Ras-independent pathway (58, 88). The role
of Ras activation and the HSV-1 protein(s) responsible for
pathway activation are unknown. However, the HSV-1 RR1
PK is only 38% identical to ICP10 PK (61), it is not located on
the cell surface (16), and it may lack frans-phosphorylating
activity (15).

What is the relationship of Rass/MEK/MAPK activation to
disease pathogenesis? Because AP-1 transcription factors are
induced by stimuli which cause reactivation of latent virus (21,
36, 37, 80) and ICP10 is the only known viral gene that re-
sponds to AP-1 (86, 87, 90), the expression of ICP10 is likely to
be induced by reactivation-inducing stimuli. The resulting ac-
tivation of the RassMEK/MAPK mitogenic pathway indicated
by our findings provides a positive feedback amplification loop
for ICP10 expression. This results in the timely expression of
viral IE genes (73) and RR activity which is required for DNA
synthesis in nonreplicating (neuronal) cells (25). The outcome
is initiation of the lytic cascade and the production of infec-
tious virus. Because activated Ras has antiapoptotic activity in
neurons (56), its activation by ICP10 PK may also be required
for latency establishment. Consistent with these interpreta-
tions, LAT is an inefficient and weak determinant of HSV-2
reactivation (85), RR1 is detected before IE transcripts during
reactivation (79), and ICP10APK is impaired in latency re-
activation and/or establishment (6). Ongoing studies are de-
signed to examine the validity of these interpretations.
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