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Herpes simplex virus 1 (HSV-1) infection causes the shutoff of host gene transcription and the induction of
a transcriptional program of viral gene expression. Cellular RNA polymerase II is responsible for transcription
of all the viral genes, but several viral proteins stimulate viral gene transcription. ICP4 is required for all
delayed-early and late gene transcription, ICP0 stimulates transcription of viral genes, and ICP27 stimulates
expression of some early genes and transcription of at least some late viral genes. The early DNA-binding
protein, ICP8, also stimulates late gene transcription. We therefore investigated which HSV proteins interact
with RNA polymerase II. Using immunoprecipitation and Western blotting methods, we observed the copre-
cipitation of ICP27 and ICP8 with RNA polymerase II holoenzyme. The association of ICP27 with RNA
polymerase II was detectable as early as 3 h postinfection, while ICP8 association became evident by 5 h
postinfection, and the association of both was independent of viral DNA synthesis. Infections with ICP27 gene
mutant viruses revealed that ICP27 is required for the association of ICP8 with RNA polymerase II, while
studies with ICP8 gene deletion mutants showed no apparent role for ICP8 in the association of ICP27 with
RNA polymerase II. The association of ICP27 and ICP8 with RNA polymerase II holoenzyme appeared to be
independent of nucleic acids. We hypothesize that the interaction of ICP27 with RNA polymerase II holoen-
zyme reflects its role in stimulating early and late gene expression and/or its role in inhibiting host transcrip-
tion and that the interaction of ICP8 with RNA polymerase II holoenzyme reflects its role in stimulating late

gene transcription.

Herpes simplex virus type 1 (HSV-1) infection causes a
drastic reduction in host cell gene expression while directing a
dramatic burst of expression of viral gene products (reviewed
in reference 71). During productive infection the approxi-
mately 80 viral genes of the 152-kbp double-stranded viral
DNA genome are transcribed in the nucleus in a well-regu-
lated, temporal manner. The cascade of viral gene expression
is divided into three broad phases: a or immediate-early (IE)
genes, B or early (E) genes, and vy or late (L) genes. The «
genes are transcribed soon after the release of the viral ge-
nome into the nucleus, do not require de novo protein synthe-
sis for expression, and are stimulated by the VP16 virion pro-
tein. The expression of B genes is dependent on newly
synthesized a gene products, in particular, the ICP4 and ICP27
proteins. Many of the B proteins are involved in viral DNA
replication. Viral DNA synthesis, in concert with ICP4, ICP27,
and ICPS, triggers the expression of y gene products, most of
which are viral structural proteins that are involved in virion
assembly and maturation.

HSV genes are transcribed by the host RNA polymerase 11
(Pol II) (3, 20), although several viral proteins are involved in
the regulation of viral gene expression and modification of host
transcription machinery. The virion tegument protein, VP16,
binds to several host proteins including the host transcription
factor, Oct-1, to form a complex that binds to o gene promot-
ers and stimulates their transcription (37). The « protein ICP4
is required for transcriptional activation of most, if not all, B
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and <y genes (reviewed in reference 71) but represses a gene
expression (24, 94). ICP4 is able to form complexes with the
general transcription factors TFIIB, TATA-binding protein
(TBP), and TBP-associated factor TAF250 (12, 31, 82). A
second a protein, ICP0, stimulates expression of all three tem-
poral classes of HSV genes during lytic infection (11, 73, 88). A
third « protein, ICP22, is required for productive infection in
some cell types but not in others (62, 63, 80) and for viral
modification of host Pol II during productive infection (48, 68,
69). Deletions in the ICP22 gene affect the expression of ICP0O
and a subset of y genes (66). A fourth a protein, ICP27, is also
essential for productive virus infection and is the only regula-
tory protein conserved in all herpesviruses of mammalian and
avian origin. ICP27 is required for the accumulation of a subset
of viral early and late mRNAs and for the switch from early to
late virus gene expression (50, 70, 72). By stimulating early
gene expression, ICP27 facilitates viral DNA synthesis (51, 74,
91). The regulatory effects of ICP27 on viral gene expression
may be exerted at both the transcriptional and posttranscrip-
tional levels. ICP27 promotes transcription of at least some
late genes, e.g., the gC and U, 47 genes, in infected Vero cells
(39). Evidence for posttranscriptional effects of ICP27 include
the observations that ICP27 binds RNA via its RGG motif (7,
38, 53, 76), regulates pre-mRNA 3’ processing (33, 51, 52),
stabilizes labile 3" ends of mRNA (7), interacts with cellular
protein p32 (8) and spliceosome-associated protein 145 (9),
inhibits the splicing of both viral and cellular transcripts (34),
induces retention of intron-containing transcripts in the nu-
cleus (61) but shuttles viral intronless transcripts from the
nucleus to the cytoplasm (60, 76, 83), and regulates distribution
of host small nuclear ribonucleoproteins (snRNPs) (59, 78). In
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addition, ICP27 has been found to interact with ICP0 and ICP4
(54, 57), to colocalize with ICP4 within HSV replication com-
partments in infected cells (23) and transfected cells (102), and
to affect the posttranslational modification and DNA-binding
ability of ICP4 (57, 97, 98). An additional protein needed for
late gene transcription is the single-stranded-DNA-binding
protein, ICPS8, one of the seven viral B proteins necessary and
sufficient for viral DNA replication in transfected cells (13, 96).
ICP8 negatively affects transcription from the parental viral
genomes (28-30) but stimulates late gene transcription from
progeny DNA templates (15, 27).

The shutoff of host gene expression involves inhibition of
transcription of host genes, inhibition of RNA splicing, and
destabilization of host mRNAs (71). While it is well docu-
mented that HSV infection leads to an overall decrease in host
cell RNA synthesis (35, 93) and that the transcription by all
three RNA polymerases drops to less than 50% of the tran-
scription levels of uninfected cells within 4 h postinfection
(p-i.) (64), the molecular mechanism(s) of the inhibition of
host transcription has not been defined. ICP27 and ICP4 play
major roles in the inhibition of host gene transcription (85).

Although different purification strategies lead to some vari-
ation in its protein components, the cellular Pol II holoenzyme
is a large, multisubunit complex composed of the core Pol II,
general transcription factors such as TFIIB, TFIIE, TFIIF, and
TFIIH but not TBP and its associated proteins, the core SRB
(for suppressors of RNA polymerase B mutations)-mediator
complex, the SRB10 cyclin-dependent kinase complex, and the
Swi-Snf complex (36, 55). The RNA polymerase core is a
complex of more than 10 protein subunits, ranging in size from
10 to 240 kDa, which include the large subunit and other
auxiliary transcription factors (17, 99, 100). The large subunit
of the core enzyme—that of human origin has a predicted
molecular mass of 217 kDa—contains sites for DNA binding,
RNA binding, and catalysis and is expressed in the nuclei of all
eukaryotic cells (95). The conserved carboxyl-terminal domain
(CTD) of the mammalian Pol II large subunit consists of 52
tandem repeats of heptapeptide consensus sequence Tyr-Ser-
Pro-Thr-Ser-Pro-Ser, which is required for cell viability (18, 25,
95). Alternative states of phosphorylation of the serine, thre-
onine, and tyrosine residues within the tandem repeats are
associated with different steps in the transcription cycle (21,
22). The hypophosphorylated form, Pol IIa, is recruited to the
preinitiation complex (49, 58), while the hyperphosphorylated
form, Pol 1o, is involved in RNA elongation (10, 49, 58). The
transition from Pol Ila to Pol Ilo is necessary for the progres-
sion of RNA synthesis (58). After the completion of one round
of transcription, the Pol ITo form must be dephosphorylated to
the Pol IIa form in order to reinitiate another round of tran-
scription (16). By recruiting pre-mRNA processing factors to
nascent transcripts, the CTD of the Pol II large subunit may
also have a role in pre-mRNA processing (reviewed in refer-
ences 19, 32, and 87). HSV-1 infection has been reported to
induce aberrant phosphorylation of the Pol II large subunit,
presumably on the CTD, resulting in the depletion of Pol Ila
and Pol ITo and the appearance of a new species, called Pol IIi
(69). The subcomplex of the mediator of activation, which
contains mainly SRB proteins and other general transcription
factors, may exist as separate identities or may tightly associate
with the CTD of Pol II large subunit in the core enzyme to
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form the Pol II holoenzyme (36, 84). The SRB proteins are
considered a hallmark of the Pol II holoenzyme (14, 36). The
mediator subcomplex can be dissociated from the Pol II ho-
loenzyme by interaction with monoclonal anti-CTD antibodies

(41).

The mechanism by which the viral « and B proteins regulate
the temporal expression of viral genes and shutoff of cellular
gene expression remains to be understood. Because all the
viral genes are transcribed by host cell Pol II, we hypothesized
that these viral proteins may interact, directly or indirectly,
with host Pol II to modify or redirect its function in favor of the
expression of viral genes. To address the possible association of
the viral transcription regulators with Pol II holoenzyme, we
conducted a series of immunoprecipitation experiments with
appropriate antibodies. Our results indicated that HSV-1
ICP27 and ICPS proteins physically associate with the Pol II
holoenzyme after viral infection of human HEp-2 cells. At the
time of submission of this paper, Jenkins and Spencer (40)
reported that ICP27 and ICP22 copurified biochemically with
complexes of Pol II that were smaller than the full-size Pol II
holoenzyme.

MATERIALS AND METHODS

Cells and viruses. Human epidermoid HEp-2 cells were obtained from the
American Type Culture Collection (Manassas, Va.) and were grown as mono-
layer cultures in Dulbecco’s modified Eagle’s medium (Media Tech, Herndon,
Va.) supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 pg/ml) in a humidified 5% CO, atmosphere at
37°C. The HSV-1 wild type (wt) KOS and KOS1.1 virus strains were propagated
and titrated as described previously (43, 46). HSV-1 ICP27 gene mutants d27-1,
n59,n263, n406, and n504 (originally called n59R, n263R, n406R, and n504R, but
we have dropped the R because this usually refers to a rescued virus) were
derived from KOS1.1 and were characterized previously (67). The construction,
isolation, and characterization of /CP8 gene mutants HD-2, 4101, and d301 are
described elsewhere (26).

Antibodies. The rabbit polyclonal anti-human SRB7 (hSRB7) antibody (36)
and mouse monoclonal antibody SWG16 (90, 95) were kindly provided by Jeffrey
Parvin, Brigham and Women’s Hospital and Harvard Medical School. Rabbit
polyclonal anti-Pol II antibody C21 was purchased from Santa Cruz Biotechnol-
ogy Inc. (Santa Cruz, Calif.). Rabbit anti-ICP8 antiserum 3-83 was described
previously (42). Anti-ICP4 monoclonal antibody 58S (81) was a gift from Neal
DeLuca, University of Pittsburgh. Rabbit polyclonal anti-ICP22 antiserum R77
(2) was generously provided by Bernard Roizman, University of Chicago. Mono-
clonal antibody H1112, specific for ICPO (1), and monoclonal antibodies H1113
and H1119, specific for ICP27 (1), were purchased from the Goodwin Institute
for Cancer Research Inc. (Plantation, Fla.). Rabbit polyclonal anti-RNA helicase
A antibody 104 was kindly provided by Jeffrey Parvin. Rabbit polyclonal antibody
367, specific for ICP8, was generously provided by William Ruyechan, State
University of New York at Buffalo. The following antibodies were purchased
from Santa Cruz Biotechnology: rabbit polyclonal antibodies to protein phos-
phatase 1 (FL-18) and mitogen-activated protein kinase phosphatase (C-19);
goat polyclonal antibodies to SmB (N-18), SC35 (Y-16), hnRNP F (N-15), SMN
(N-19), the 70-kDa U1l snRNP protein (C-18), and actin (I-19); and mouse
monoclonal antibodies to SH-PTP1 (D-11), SR proteins (1H4), poly(ADP-ri-
bose) polymerase (PARP) (F-2), and actin (C-2).

Viral infections and immunoprecipitations. HEp-2 cells were plated into
100-mm tissue culture dishes 24 h prior to virus infection in order to get 90%
confluence at the time of infection. Cells were infected with either HSV-1 wt
strains (KOS or KOS1.1) or various HSV-1 mutants at a multiplicity of infection
of 20 PFU per cell in cold phosphate-buffered saline (PBS) containing 0.1%
glucose and 1% heat-inactivated newborn calf serum in the presence or absence
of sodium phosphonoacetate (PAA; 400 pwg/ml). After 1 h of adsorption at 37°C,
cells were switched into Dulbecco’s modified Eagle’s medium containing 1%
heat-inactivated bovine calf serum. PAA was added at the time of infection. In
experiments where PAA was used, 20 mM HEPES buffer (pH 7.6) was included
in all media to maintain the pH of all cultures (15). Caspase inhibitor z-VAD-
fmk was purchased from Calbiochem (La Jolla, Calif.) and was added to the
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FIG. 1. Coprecipitation of HSV-1 proteins with Pol II holoenzyme. HEp-2 cells were infected with wt HSV-1 KOS or mock infected. When
indicated, PAA (400 pg/ml) was added to infected cultures at the beginning of infection. Cells were harvested at 8 h p.i. Immunoprecipitation (IP)
was performed on cell lysates using a rabbit polyclonal anti-hSRB7 antibody. Proteins in the cell lysates and immunoprecipitates were resolved by
SDS-PAGE, and specific proteins were detected with monoclonal anti-Pol II antibody 8WG16 (1:1,000 dilution), rabbit anti-ICP8 antiserum 3-83
(1:1,000 dilution), monoclonal anti-ICP27 antibody H1113 (1:200 dilution), monoclonal anti-ICP0 antibody H1112 (1:200 dilution), anti-ICP4
monoclonal antibody 58S (1:200 dilution), and rabbit polyclonal anti-ICP22 antiserum R77 (1:500 dilution). (A) Coprecipitation of ICP27 and
ICP8 with Pol II. (B) Lack of coprecipitation of ICP0, ICP4, and ICP22 with Pol II. The amount of cell lysate loaded on the gel relative to the

amount of lysate used for immunoprecipitation was 1:20.

media of infected or mock-infected cultures after the adsorption period at a
concentration of 100 wM/ml.

Cells were harvested at 8 h p.i. by scraping them into the media. After two
washes in cold PBS, cells from each dish were incubated on ice for 30 min in 450
wl of lysis buffer (79) containing 0.5 M potassium acetate—0.25% Nonidet P-40-50
mM Tris-acetate, pH 7.9-10 mM EDTA-10 mM B-glycerophosphate—5 mM
sodium fluoride-1 mM phenylmethylsulfonyl fluoride-2 mM Na-p-tosyl-L-lysine
chloromethyl ketone (TLCK; Sigma, St. Louis, Mo.)-1 tablet of Complete pro-
tease inhibitor cocktail (Roche Molecular Biochemicals) per 10 ml. The cell
lysate was clarified by centrifugation at 10,000 X g at 4°C for 5 min. Immuno-
precipitation was carried out on 400 pl of cell lysate with appropriate antibodies
and protein A-agarose beads in buffer H (20 mM Tris-acetate [pH 7.9], 1 mM
EDTA, 5% glycerol, 1 mM dithiothreitol, 0.12 M potassium acetate, 0.1% Non-
idet P-40, 0.2 mg of bovine serum albumin [BSA] per ml, 1 mM phenylmethyl-
sulfonyl fluoride, 2 mM TLCK, Complete protease inhibitor cocktail) at 4°C
overnight essentially as described elsewhere (79). After four washes in washing
buffer (79) (20 mM Tris-acetate [pH 7.9], 0.12 M potassium acetate, 6 mM
magnesium acetate, 0.1% Nonidet P-40, 0.1 mM dithiothreitol, 0.2 mg of BSA
per ml, 1 mM phenylmethylsulfonyl fluoride, 2 mM TLCK) the precipitates were
dissolved in gel sample buffer (43) for separation by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

SDS-PAGE and Western blotting. Proteins in the immunoprecipitates were
resolved by SDS-PAGE in diallyltartardiamide cross-linked 9.25% polyacryl-
amide gels at 14 mA overnight essentially as described previously (43) and then
transferred onto a nitrocellulose membrane by electroblotting (75) at 40 V for 2
days. The membranes were blocked in 5% milk in Tris-buffered saline (TBS),
probed with appropriate antibodies in TBS containing 0.1% Tween 20, and
stained with ECL Western blotting detection reagents (Amersham Pharmacia
Biotech Inc., Piscataway, N.J.) in accordance with the manufacturer’s procedure.

Nuclease treatment. All nuclease incubations were performed with cell lysates
at 30°C for 30 min, and then the treated cell lysates were directly subjected to
immunoprecipitation. When nuclease treatments were performed, EDTA was
not included in the lysis buffer. The RNase cocktail (Ambion, Austin, Tex.) used
included 25 U of RNase A/ml and 1,000 U of RNase T,/ml as recommended by
the manufacturer or 75 U of RNase A/ml and 3,000 U of RNase T,/ml. DNase
I (Worthington Diagnostics Corp.) was used at 10 pg/ml in the presence of 10
mM magnesium acetate.

RESULTS

Coprecipitation of HSV proteins with an anti-SRB7 anti-
body. In the first series of experiments, we attempted to de-
termine if any HSV proteins associated with the cellular Pol II
holoenzyme in infected cells by immunoprecipitating the ho-
loenzyme and assaying for viral proteins by Western blotting.
The conditions for the preparation of the lysate and immuno-

precipitation were those used by Scully et al. (79) to show that
BRCALI is a component of the Pol II holoenzyme. We mock
infected HEp-2 cells or infected them with wt HSV-1 either
with viral DNA synthesis inhibitor PAA to allow only IE and E
gene expression or without PAA to allow full viral replication
and gene expression. Cells were harvested at 8 h p.i., whole-cell
lysates were prepared, and immunoprecipitation was per-
formed with a rabbit polyclonal antibody that recognizes the
SRB7 protein, which is a component of the Pol II holoenzyme
complex (36). The immunoprecipitated proteins were sepa-
rated by SDS-PAGE and detected with antibodies against Pol
IT or HSV-1 proteins.

The anti-SRB7 antibody immunoprecipitated the large sub-
unit of Pol II as a component of the holoenzyme complex from
mock-infected cells (Fig. 1A, lane 4) and from virus-infected
cells (Fig. 1A, lanes 5 and 6). Thus, the association of SRB7
with Pol II was not affected by HSV-1 infection. Less Pol 1II
large subunit was pulled down by the anti-SRB7 antibody in
PAA-treated cultures (Fig. 1A, lane 5), but this was consistent
with the decreased level of the large subunit in the PAA-
treated cell lysate (lane 2). IE protein ICP27 coprecipitated
with SRB7 and Pol IT under both infection conditions (Fig. 1A,
lanes 5 and 6). In this but not all experiments more ICP27 was
coprecipitated at late times of infection. The B protein ICP§
also coprecipitated with SRB7 and Pol II. Approximately equal
amounts of ICP8 coprecipitated with Pol II in the absence or
presence of viral DNA replication (Fig. 1A, lanes 5 and 6).

Because ICP4, ICP0, and ICP22 stimulate viral gene expres-
sion in various ways (see the introduction), we expected that
these viral proteins might also interact with Pol IT holoenzyme.
However, we did not detect these three proteins in the SRB7-
Pol II immunoprecipitates under our experimental conditions
(Fig. 1B, lanes 4 and 5), indicating that they were not stably
associated with the Pol II holoenzyme under these conditions.
To show that it was possible to immunoprecipitate ICPO and
ICP4 from the lysates, we performed the same assay with
anti-ICPO and anti-ICP4 antibodies. These antibodies immu-
noprecipitated ICP4 and ICPO (results not shown), showing
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FIG. 2. Coprecipitation of ICP8, ICP27, and Pol II holoenzyme
with different Pol II antibodies. HEp-2 cells were infected with wt
HSV-1 KOS or mock infected and harvested 8 h p.i. Inmunoprecipi-
tations were carried out on the cell lysate with a rabbit anti-hSRB7
antibody and the C21 rabbit anti-Pol II antibody. Proteins in cell
lysates and immunoprecipitates were separated by SDS-PAGE and
detected by Western blotting with anti-Pol I antibody SWG16 (1:1,000
dilution), anti-ICP8 antibody 3-83 (1:1,000 dilution), and monoclonal
anti-ICP27 antibody H1113 (1:200 dilution). The ratio of cell lysate
loaded on the gel to the amount of lysate used in immunoprecipitation
was 1:20. Lanes 1 and 2, cell lysates; lanes 3 and 4, anti-hSRB7 immu-
noprecipitates; lanes 5 and 6, C21 immunoprecipitates.

that these immunoprecipitation conditions could bring down
these proteins with other antibodies.

To confirm the interactions of ICP27 and ICPS8 with the Pol
II holoenzyme, we repeated the immunoprecipitation using
other antibodies that directly recognize Pol II. The C21 rabbit
polyclonal antibody recognizes epitopes on the tandem repeats
within the CTD of the Pol II large subunit. Mouse monoclonal
antibody 8WG16 recognizes the highly conserved heptapeptide
repeat within the CTD of the Pol II large subunit (90, 95) and
reacts with both the hypophosphorylated Ila form and the
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aberrantly phosphorylated IIi form but not the hyperphospho-
rylated Ilo form of the Pol II CTD (69). When we tested the
three antibodies, the anti-hSRB7 antibody (Fig. 2, lane 4), the
C21 antibody (lane 6), and the SWG16 antibody (results not
shown), all precipitated ICP27 and ICP8 with the Pol II ho-
loenzyme.

We wished to determine if the coprecipitation of ICP27 and
ICPS8 with Pol II was specific, so we utilized several antibodies
and antisera recognizing other cellular proteins for immuno-
precipitation (Fig. 3). As in previous experiments, the C21
antibody coprecipitated ICP27 and ICPS8 with the Pol II large
subunit (Fig. 3, lane 4). The antibody specific for RNA helicase
A coprecipitated Pol II (Fig. 3, lane 5), as observed before
(56), confirming its presence in the Pol II holoenzyme com-
plex. In addition, the RHA antibody coprecipitated ICP27 and
ICPS8 (lane 5). Small amounts of Pol II were precipitated by
antibodies specific for MKP, SR, and hnRNP F proteins (lanes
7,9, and 12). ICP8 was coprecipitated with the RHA antibody
(lane 5), and very small amounts of ICP8 were detected in
immunoprecipitates with MKP1 and PP1 antibodies (longer
exposures are not shown). ICP27 was also coprecipitated with
the RHA antibody (lane 5) and the hnRNP F antibody (lane
12), but little or no ICP27 was detected in immunoprecipitates
with the other antibodies, except for the SR antibody, which is
discussed below. It is notable that little ICP27 was detected in
the SmB immunoprecipitate because human autoimmune se-
rum recognizing SmB proteins has been reported to coprecipi-
tate ICP27 (77). The SR protein antibody coprecipitated a
small amount of ICP27, which migrated slightly slower than a
major mouse immunoglobulin G (IgG) band (lane 9 and re-
sults not shown). No ICP27 or ICP8 was precipitated in the
absence of the antibody (lane 15) or was detected if protein
A-agarose beads were boiled in sample buffer (lane 16). In
summary, these control immunoprecipitations demonstrated
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FIG. 3. Comparison of immunoprecipitation of ICP27 and ICP8 with Pol II antibody and antibodies specific for other cellular proteins. HEp-2
cells were either mock infected or infected with HSV-1 KOS virus and harvested at 8 h p.i. Lysates were prepared in buffer H in this experiment.
Immunoprecipitation (IP) was performed on the mock-infected cell lysate or aliquots of infected-cell lysate with 2 ng of each of the indicated
antibodies (Ab). Proteins in the immunoprecipitates were resolved by SDS-PAGE and analyzed by Western blotting with monoclonal antibodies
to the Pol II large subunit (§WG16, 1:1,000 dilution) and ICP27 (H1119, 1:300 dilution) and rabbit anti-ICP8 antibody 367 (1:1,500 dilution). The
ratio of loaded cell lysate to the input cell lysate for immunoprecipitation was 1:14. Lane 15, wt virus-infected-cell lysate was incubated with the
protein A-agarose beads in the absence of an antibody; lane 16, protein A-agarose beads alone. M, mock infection; H, wt HSV-1 virus infection.
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FIG. 4. Time course of ICP27 and ICPS association w1th Pol II in 1nfected cells. HEp-2 cells were infected with wt HSV-1 KOS virus or mock
infected and harvested at different times postinfection as indicated. Proteins in the lysates were immunoprecipitated (IP) with C21 anti-Pol II
antibody and analyzed by SDS-PAGE and Western blotting with a monoclonal antibody to Pol II (§WG16), polyclonal antiserum to ICPS8 (3-83),
and monoclonal anti-ICP27 antibody H1113. The ratio of cell lysate loaded on the gel to the amount of lysate used in immunoprecipitation was
1:30. M, mock-infected cells. The bottom two panels are different exposures of the ICP27 antibody blot.

that the association of ICP27 and ICP8 with Pol II is highly
specific.

We monitored the kinetics of association of ICP27 and ICP§
with Pol II by performing C21 antibody immunoprecipitation
of Pol II from infected-cell lysates harvested at various times
after infection. ICP27 was detected in small amounts in the Pol
II immunoprecipitate as early as 3 h p.i. (Fig. 4, long exposure
in bottom row) and accumulated as viral infection progressed
(Fig. 4, third row), while ICP8 was detected in the immuno-
precipitates by 5 h p.i. and its association peaked at 9 h p.i. and
declined slightly thereafter (Fig. 4, second row). Therefore,
ICP27 and ICP8 were associated with Pol IT holoenzyme com-
plexes at early and late times p.i.

To further verify the association of ICP27 and ICP8 with Pol
II, we performed the reverse immunoprecipitation with a
monoclonal antibody specific for ICP27 on the HEp-2 cell
lysate from cells infected with HSV-1 KOS1.1 wt virus (Fig. 5).
We observed that both the Pol II large subunit and ICPS8
coprecipitated with ICP27 under normal infection conditions
(Fig. 5, lane 6) or in the presence of PAA to inhibit viral DNA
synthesis (results not shown). No precipitation of Pol II or
ICP8 was observed in the absence of an antibody or in lysates
from cells infected with ICP27 null mutant d27-1 (lanes 7 and
5, respectively). Thus, the coprecipitation appeared to involve
specific immunoprecipitation of ICP27 and associated pro-
teins.

Apparent lack of a role for ICP8 in association of ICP27
with Pol II. We further investigated if the interactions of ICP27
and ICP8 with Pol II were independent by studying cells in-
fected with mutant viruses defective for ICP8 or ICP27. We
performed Pol II immunoprecipitation on lysates from HEp-2
cells infected with /CP8 gene mutants. The HD-2 mutant virus
encodes a fusion protein that contains the amino-terminal 281
amino acid residues of ICP8 and the B-galactosidase protein
and that is expressed under the control of the ICPS gene
promoter, while d101 and d301 contain /CP8 genes with dele-
tion mutations near the 5’ end and in the middle, respectively

(26). Under our experimental conditions, the wt ICP8 and the
mutant d101 and HD-2 ICP8 molecules coprecipitated with
Pol II (Fig. 6, lanes 7 to 9). The d301 ICP8 comigrated with the
rabbit IgG heavy chain (Fig. 6, lane 5 versus 6 to 10), so we
were unable to tell whether or not the d301 mutant coprecipi-
tated with Pol II. Comparable amounts of ICP27 coprecipi-
tated with Pol IT in both wt- and ICP8 mutant-infected cultures
(Fig. 6, lane 7 versus 8 to 10), indicating that the association of
ICP27 did not require these portions of ICPS.

The earlier kinetic association of ICP27 with Pol II (Fig. 4)
also suggested that the ICP27 association was independent of
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FIG. 5. Coprecipitation of Pol II and ICP8 with ICP27. HEp-2 cells
were infected with either wt HSV-1 KOSI1.1 or the ICP27 null mutant
d27-1 virus or were mock infected. Cells were harvested at 8 h p.i.
Immunoprecipitation (IP) was performed on the cell lysates with
monoclonal anti-ICP27 antibody H1113. Proteins in the immunopre-
cipitates were resolved by SDS-PAGE and analyzed by Western blot-
ting with monoclonal anti-Pol II antibody 8SWG16 (1:1,000), monoclo-
nal anti-ICP27 antibody H1119 (1:300), and rabbit anti-ICP8 antibody
367 (1:1,500). The ratio of loaded cell lysate to the input cell lysate for
immunoprecipitation was 1:14. No Ab, wt virus-infected-cell lysate was
incubated with the protein A-agarose beads in the absence of an
antibody; beads, protein A-agarose beads were boiled in sample buffer.
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FIG. 6. Association of ICP27 and mutant ICP8 with Pol II. HEp-2 cells were infected with the wt HSV-1 KOS1.1 strain or with ICP8 mutant
virus HD-2, d101, or d301 or were mock infected. Cells were harvested at 8 h p.i., and the lysates were subjected to immunoprecipitation (IP) with
anti-Pol II antibody C21. The proteins in cell lysates and precipitates were separated by SDS-PAGE and detected with anti-Pol II antibody C21,
anti-ICP8 antibody 3-83, and anti-ICP27 antibody H1113. The ratio of cell lysate loaded on the gel to the amount of lysate used in immunopre-

cipitation was 1:20.

ICPS. Because all the ICP8 mutants we used were unable to
synthesize viral DNA (26), these results confirmed that viral
DNA synthesis was not required for the association of ICP27
and ICPS8 with Pol II.

Requirement of ICP27 for association of ICP8 with Pol II.
We next investigated if functional ICP27 was required for the
interaction between ICP8 and Pol II holoenzyme. We infected
HEp-2 cells with ICP27 gene mutant viruses and then carried
out immunoprecipitation of Pol II from the cell lysate with an
anti-hSRB7 antibody. The d27-1 virus is a null mutant, and

Cell lysate

n59, n263, n406 and n504 are nonsense mutants that express
truncated ICP27 proteins (67). The d27-1, n59, n263, and n406
mutants are partially defective in viral DNA amplification,
while n504 manifests a wt phenotype for viral DNA replication
(67). From cells infected with these viral strains, only the wt
and n504 ICP27 proteins were coprecipitated with Pol II (Fig.
7), indicating that ICP27 residues 407 to 504 and possibly other
parts of ICP27 were required for the association of ICP27 with
Pol II. Although nearly wt levels of ICP8 were expressed by the
ICP27 mutant viruses (Fig. 7, lanes 3 to 7), little ICP8 copre-
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FIG. 7. Association of ICP8 and mutant ICP27 proteins with Pol II. HEp-2 cells were infected with wt HSV-1 KOS1.1 strain or with ICP27
mutant virus d27-1, n59, n263, n406, or n504 or were mock infected. The cultures were harvested at 8 h p.i. Immunoprecipitations (IP) were
performed with a rabbit anti-hSRB7 antibody. Proteins in cell lysates and immunoprecipitates were analyzed by SDS-PAGE and Western blotting
with anti-ICP8 antibody 3-83 and anti-ICP27 antibody H1113. The ratio of cell lysate loaded on the gel to the amount of lysate used for

immunoprecipitation was 1:20.
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FIG. 8. Association of ICP8 and mutant ICP27 proteins with Pol II in the presence of an apoptosis inhibitor. HEp-2 cells were infected with
wt HSV-1 KOS1.1 strain or with ICP27 mutant virus d27-1, n59, n263, or n504 or were mock infected. Caspase inhibitor I (z-VAD-fmk) was added
to 100 wM after the adsorption period. The cultures were harvested at 8 h p.i. (A) Immunoprecipitation (IP) was carried out on the cell lysates
with the rabbit anti-SRB7 antibody. Proteins in the cell lysates and immunoprecipitates were analyzed by SDS-PAGE and Western blotting with
antibodies specific for Pol II large subunit (§WG16), ICP8 (367), or ICP27 (H1113). The ratio of loaded cell lysate to the amount used in
immunoprecipitation was 1:20. Beads, protein A-Sepharose beads alone. (B) Proteins in equal volumes of the cell lysates were separated by
SDS-PAGE and analyzed by Western blotting with antibodies to PARP (F-2) and actin (C-2).

cipitated with Pol II from lysates of cells infected with the
d27-1, n59, n263, or n406 virus (Fig. 7, lanes 10 to 13 versus 9).
A small amount of ICPS8 coprecipitated with Pol II from lysates
of cells infected with n504 virus (lane 14).

Because ICP27 mutant viruses induce apoptosis in human
cells (4), the lack of coprecipitation of ICP8 with Pol II could
be due to the induction of apoptosis in these infected cells. We
were unable to precipitate Pol II from monkey cell lysates
using these antibodies, so we utilized caspase inhibitor z-VAD-
fmk to block apoptosis in ICP27 mutant-infected HEp-2 cells
(5) and eliminate this as a possible explanation of the results.
In the presence of the caspase inhibitor, ICP8 coprecipitated
with the SRB7 antibody only in lysates from wt-infected cells
(Fig. 8A, lane 8) and n504 mutant-infected cells (lane 12), not
in lysates from d27, n59, or n263 mutant virus-infected cells
(lanes 9 to 11). Thus, it appeared that ICP27 was needed for
association of ICP8 with Pol II, even when apoptosis was
blocked. To control for the activity of the drug, we examined
PARP, a marker of apoptosis, in these cells (Fig. 8B). Addition

of z-VAD-fmk eliminated the appearance of the lower band,
indicating that it had blocked caspase activity (Fig. 8B, lanes 1
to 6 versus 7 to 10). Therefore, we concluded that we had
inhibited caspase activity and that a functional ICP27 or at
least the N-terminal 504 residues of ICP27 were required for
efficient association of ICP8 with Pol II.

Does RNA or DNA play a role in the association of ICP27
and ICP8 with Pol II? ICPS, the major DNA-binding protein
encoded by HSV, interacts with DNA both in vitro and in vivo
(46). Likewise, ICP27 is known to interact with RNA in vitro
(7, 38, 53, 76). The RNA-binding properties of ICP27 and the
DNA-binding property of ICPS8 raised the possibility that their
associations with Pol II might be mediated by RNA or DNA.
To investigate this hypothesis, we treated lysates of wt HSV-1
KOS strain-infected HEp-2 cells with a cocktail of RNase A
and RNase T, or with DNase I prior to anti-Pol immunopre-
cipitation. In several repetitions of this experiment, we consis-
tently observed that equal or possibly increased amounts of
ICP27 and ICPS8 coprecipitated with Pol II after RNase or
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FIG. 9. Role of nucleic acids in association of HSV proteins with the Pol II holoenzyme. HEp-2 cells were infected with wt HSV-1 or
mock-infected and harvested at 8 h p.i. (A) Cell lysates were untreated or treated with an various amounts of RNases or with DNase I and then
were subjected to immunoprecipitation (IP) with rabbit anti-Pol II antibody C21. Proteins in cell lysates and the Pol II immunoprecipitates were
resolved by SDS-PAGE and detected by Western blotting with anti-Pol II antibody 8WG16 (1:1,000 dilution), anti-ICP8 antiserum 3-83 (1:1,000
dilution), and anti-ICP27 antibody H1113 (1:200 dilution). The ratio of cell lysate loaded on the gel to the amount of lysate used in immuno-
precipitation was 1:13 for lanes 6, 8, 10, 12, and 14 and 1:26 for lanes 7, 9, 11, 13, and 15. 1x, cell lysate was treated with 25 U of RNase A/ml and
1,000 U of RNase T,/ml at 30°C for 30 min; 3x, cell lysate was treated with 75 U of RNase A/ml and 3,000 U of RNase T,/ml at 30°C for 30 min;
DNase, cell lysate was treated with 10 pg of DNase I/ml. No, no nuclease during incubation. (B) Cell lysates were untreated or treated with 25
U of RNase A/ml and 1,000 U of RNase T,/ml at 30°C for 30 min. Immunoprecipitations were performed with monoclonal anti-ICP27 antibody
H1113 on RNase-treated and untreated cell lysates in the absence or presence of ethidium bromide. Proteins in cell lysates and immunoprecipitates
were resolved by SDS-PAGE and detected with anti-Pol II antibody 8WG16 (1:1,000 dilution), anti-ICP8 antiserum 3-83 (1:1,000 dilution), and
anti-ICP27 antibody H1113 (1:200 dilution). The ratio of cell lysate loaded on the gel to the amount of lysate used in immunoprecipitation was
1:40. EtBr, immunoprecipitation was done on untreated HSV-infected cell lysate in the presence of 50 pg of ethidium bromide/ml.

DNase I treatment (Fig. 9A, lanes 10 to 13 versus 8 and 9 or 14
and 15 versus 8 and 9). From these results, it appeared that
nucleic acids did not play a role in the association of these two
proteins with Pol II. In contrast, immunoprecipitation of
ICP27 from RNase-treated lysates showed reduced levels of
Pol II being coprecipitated (Fig. 9B, lane 6), compared to
levels precipitated from control lysates (lane 5). The coprecipi-
tation of ICP8 with ICP27 may be partially dependent on
double-stranded DNA (dsDNA) because ethidium bromide
treatment, which dissociates proteins from dsDNA (86), re-
duced the amount of ICPS8 coprecipitating with ICP27 in some
experiments (Fig. 9B, lane 7).

We are uncertain as to why the reciprocal immunoprecipi-
tations gave somewhat different results, but it is possible that,

under the nuclease and immunoprecipitation conditions, some
of the large Pol II subunit protein was degraded, making it
appear that it was lost under the ICP27 immunoprecipitation
conditions. Because, at least under certain conditions for co-
precipitation, the association of ICP27 and ICPS8 with Pol II
was resistant to nuclease treatment, we conclude that at least a
portion of the interactions do not involve a nucleic acid and
may be due to direct protein-protein interactions.

DISCUSSION

HSV infection leads to the shutoff of host transcription and
the selective activation of viral gene transcription by cellular
Pol II. Because several viral proteins have been observed to
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play crucial roles in the repression of host expression and the
regulation of viral gene expression, we hypothesized that at
least some of those viral proteins might physically interact,
either directly or indirectly, with host Pol IT holoenzyme. Using
immunoprecipitation conditions similar to those used to dem-
onstrate that the BRCALI protein was a component of the Pol
II holoenzyme (79), we demonstrated that the HSV o ICP27
protein and B ICP8 protein coimmunoprecipitated with Pol II.
Despite the reports that ICP4 can interact with general tran-
scription factors TFIIB, TBP, and TAF250 (12, 31, 82), that
ICP22 is required for the aberrant modification of Pol II (48,
68, 69), and that ICP4 and ICP22 colocalize with Pol II in
discrete nuclear structures after the onset of viral DNA repli-
cation (47), we were unable to detect these proteins in immu-
noprecipitates with Pol II in the anti-hSRB7 immunoprecipi-
tates under our experiment conditions. The lack of evidence
for the coprecipitation of these proteins with Pol IT under these
conditions does not exclude their presence in the Pol II ho-
loenzyme complex; it could mean that they are not present in
the complex, but it could also mean that they do not interact in
a way that allows their recovery in the immunoprecipitate.
Using biochemical purification of Pol II, Spencer and Jenkins
have also observed ICP27 associating with Pol II, although in
complexes smaller than the full-size holoenzyme (40). They
observed ICP22 copurifying with Pol II complexes, so different
approaches may identify different types of complexes.

Interaction of ICP27 with Pol II. The nature of the associ-
ation of ICP27 with Pol II remains to be defined in molecular
detail. The reciprocal coprecipitation of Pol II by an antibody
directed against ICP27 further argued for the existence of a
bona fide complex. Studies of nonsense mutants showed that
ICP27 residues 407 to 504 and possibly other regions of ICP27
are required for its association with Pol II. The question of a
role for RNA in the association of ICP27 with Pol II has not
been fully resolved. RNase digestion of the lysates prior to
immunoprecipitation with a Pol II antibody did not affect the
amount of ICP27 coprecipitated, indicating that the bulk of the
interaction was due to protein-protein interactions. However,
immunoprecipitation with the ICP27 antibody showed reduced
coprecipitation of Pol II following RNase treatment. Thus,
part of the association may involve RNA. We believe that the
reduction in Pol II in ICP27 antibody immunoprecipitations
after RNase treatment may be due to degradation of the large
Pol II subunit. Therefore, because under some immunopre-
cipitation conditions the association appears to be resistant to
RNase digestion, we conclude that at least a portion of the
interaction is due to direct protein-protein interactions. RNA-
binding ability is not likely to be sufficient for ICP27 to asso-
ciate with Pol II because n406 ICP27 does not bind to Pol II
even though a mutant ICP27 comprising residues 1 to 405 can
bind to RNA (53). As other RNA-binding and -processing
proteins such as mRNA-processing factors (65, 87), guanyl
transferase and methylase for mRNA capping, SR-like CTD-
associated factor (SCAF) for intronic splicing, cleavage poly-
adenylation specificity factor (CPSF), and cleavage stimulation
factor (CstF) for 3’ cleavage and polyadenylation (6, 65, 87)
bind to the CTD on the large Pol II subunit, it will be of
considerable interest to determine if ICP27 can bind directly to
the CTD.

The specificity of the coprecipitation of ICP27 with Pol II
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could be questioned because ICP27 has been reported previ-
ously to interact with HSV ICP4 (57), and cellular proteins p32
(8), casein kinase 2 (92), hnRNP (92), Sm small ribonucleo-
protein (77), spliceosome-associated protein 145 (9), and RNA
and export factor binding proteins (REFs) (44). We therefore
compared the abilities of a number of control antibodies to
coimmunoprecipitate ICP27. Many of the antibodies brought
down little to no ICP27, and only a small amount of ICP27 was
brought down by an anti-Sm antibody, while much larger
amounts of ICP27 were brought down by an anti-Pol II anti-
body. While no quantitative comparisons can be made from
these data, the relatively efficient coprecipitation of ICP27 with
the anti-Pol II antibody is consistent with this being a real
interaction.

Interaction of ICP8 with Pol II. Similarly, the molecular
basis for the interaction of ICP8 with RNA Pol II remains to be
defined. While we were able to coprecipitate ICP8 when Pol 11
antibodies were used, we were not able to perform a clean
reciprocal coprecipitation because anti-ICP8 antibodies ap-
peared to cross-react with some component of the Pol IT com-
plex in mock-infected cells (results not shown). Our genetic
studies demonstrated that ICP27 is needed for the association
of ICP8 with Pol II, but this could be due to direct interactions
of ICP8 with ICP27 and/or associated proteins or due to an
alteration of Pol II by ICP27 that allows ICPS8 to bind. Some
additional studies suggest that ICP8 and ICP27 may interact
directly (E. McNamee and D. Knipe, unpublished results).
Although ICPS8 binds single-stranded DNA and dsDNA tightly
(46), DNase treatment of the lysates did not affect the copre-
cipitation of ICP8 with Pol II. Thus, ICP8 seems to interact
with Pol II by protein-protein interactions.

Implications for viral transcriptional regulation. ICP27 has
been shown to stimulate transcription of true late genes such as
gC and U, 47 (39) and the expression of certain 8 genes (51, 74,
91), although it has not been determined if the latter effect is
transcriptional or posttranscriptional. In addition, ICP27 has
been proposed to play posttranscriptional roles such as pro-
moting the use of either weak polyadenylation sites (51, 52) or
downstream polyadenylation sites (33) or shuttling mRNA to
the cytoplasm (60, 76, 83). The interaction of ICP27 with the
Pol II enzyme could promote its initiation or elongation on
viral late gene promoters. Late promoters have only a TATA
box, an initiator element, and a downstream activating se-
quence (reviewed in reference 71). The HSV ICP4 protein has
been shown to bind to general transcription factors and asso-
ciated factors (12, 31, 82), and evidence for interactions be-
tween ICP4 and ICP27 has been reported (57). Thus, it is
conceivable that ICP4 associates with general transcription
factors and viral DNA while ICP27 associates with the Pol II
complex and that the interaction between ICP4 and ICP27
brings Pol II to the viral genome for efficient transcription of
late viral promoters. In this way, the interaction of ICP27 with
Pol II could serve to promote transcription of the viral ge-
nome.

ICPS plays a role in stimulating transcription of late genes,
which is independent of viral DNA replication (15, 27). Its
interaction with Pol II is likely a reflection of that function. As
ICP8 does not activate transcription directly, it is possible that
on binding to the Pol II complex it interacts with another
protein that stimulates transcription. Alternatively, ICPS8
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bound to viral DNA could recruit the Pol II complexes con-
taining ICP27 onto viral DNA and thereby promote the tran-
scription of viral genes.

Potential role for ICP27 in linking viral transcription and
RNA transport. In addition to promoting transcription of the
viral genome, ICP27 may promote the binding of the RNA
transport apparatus to the transcription complex by binding to
a component of the Pol II complex and to a component of the
RNA transport apparatus, such as hnRNP K (92), REF (44),
and other proteins. Combining all of these potential interac-
tions, ICP27 could thereby serve to couple transcription and
RNA transport. This is likely to be a critical role in HSV-
infected cells where RNA splicing is inhibited.

Functional homology between ICP27 and RNA helicase A.
Many of the properties associated with ICP27 parallel those of
cellular protein RNA helicase A. RNA helicase A has both
RNA and DNA helicase activities (45, 101), is associated with
the Pol II holoenzyme, and plays a role in bridging the CREB
protein (CBP or P300) to Pol II (56). Furthermore, RHA
shuttles between the nucleus and cytoplasm and serves as a
cofactor for the constitutive transport element of the type D
retrovirus (89). Thus, it has been proposed that RHA plays
roles in both transcriptional and posttranscriptional processes.
Although ICP27 has not been shown to have any enzymatic
activities, it promotes transcription of HSV late genes, associ-
ates with Pol II, binds to RNA, shuttles between the nucleus
and cytoplasm, and may play a role in transporting viral RNA
to the cytoplasm. It will be of considerable interest to deter-
mine how ICP27 coordinates its activities with those of the
functionally similar cellular RHA protein.

This study raises many potential areas for further investiga-
tion. First, how do the associations of ICP27 and ICP8 with Pol
II affect the transcription of viral and host genes? Second, how
do these associations affect the multitude of cellular proteins
that associate with the Pol I holoenzyme? Is Pol II tethered to
the viral late genes by a new set of protein-protein interac-
tions? Is the splicing apparatus displaced from the complex? Is
a new RNA transport apparatus assembled at sites of viral
transcription? Answers to these questions will tell us much
about how HSV takes control of the host cell nucleus.
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