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Previous studies have shown that herpes simplex virus type 1 (HSV-1) infection alters the phosphorylation
of the carboxyl-terminal domain (CTD) of RNA polymerase II (RNAP II), creating a new form of the enzyme
known as RNAP III. However, the specific phosphorylation changes induced by HSV-1 have not been charac-
terized. In this study, we used phospho-specific anti-CTD antibodies to probe the structure of the postinfection
RNAP II. We find that RNAP III is phosphorylated on serine-5 (Ser-5) of the CTD consensus repeat but
generally lacks phosphorylation on serine-2 (Ser-2). Since Ser-2 phosphorylation is normally associated with
efficient transcriptional elongation and the recruitment of pre-mRNA processing factors, our results suggest
that RNAP III may have altered elongation properties and decreased interactions with the mRNA processing
machinery. The viral factors responsible for the reduction in Ser-2 CTD phosphorylation were studied. We
found that viral immediate-early (IE) gene expression is required and sufficient, in the context of infection, for
loss of Ser-2 phosphorylation. However, studies with viral mutants failed to implicate a single IE protein
(among ICP0, ICP4, ICP22, and ICP27) in this process. Although most Ser-2-phosphorylated RNAP II is lost
after infection, our immunofluorescence analyses identified a small subfraction that escapes loss and relocal-
izes to splicing antigen-rich nuclear speckles. A similar phenomenon is seen in uninfected cells after various
treatments that inhibit RNAP II transcription. We hypothesize that the HSV-1-induced relocalization of
residual Ser-2-phosphorylated RNAP II to nuclear speckles reflects a host response to the inhibition of cellular
gene transcription.

Herpes simplex virus type 1 (HSV-1) is a common human
pathogen that is associated with mild to severe disease. Its
robust growth in cell culture has made it a valuable model for
understanding how alphaherpesviruses replicate in their host
cells. During productive infection, HSV-1 utilizes the host
RNA polymerase II (RNAP II) and associated machinery to
transcribe its approximately 80 genes in a coordinately regu-
lated cascade that consists of three phases: immediate-early
(IE), delayed-early (DE), and late (L) (reviewed in references
69 and 70). The five IE genes are expressed first. The promot-
ers of these genes resemble cellular promoters, containing
TATA boxes and upstream binding sites for cellular transcrip-
tion factors such as Sp1. Although these promoters can be
utilized to some extent by RNAP II when they are experimen-
tally introduced into uninfected cells, their high-level transcrip-
tion during infection is dependent upon a virus-encoded virion
protein, VP16, which binds in a complex with host cell proteins
to TAATGARAT motifs in the upstream regions of IE pro-
moters. DE and L promoters are simpler than IE promoters.
DE promoters resemble IE promoters but lack TAATGARAT
motifs. L gene promoters are the least complex, consisting only
of TATA boxes and downstream elements. In general, DE and
L promoters are weak or inactive when introduced into unin-
fected cells. During infection, their utilization requires the

action of IE proteins, in particular ICP4. ICP4 is a DNA-
binding protein that interacts with RNAP II general transcrip-
tion factors (for recent discussion of ICP4, see reference 72).
Through these interactions, ICP4 promotes the formation of
RNAP II preinitiation complexes on DE and L gene promot-
ers. The IE proteins ICP0, ICP22, and ICP27 also have been
implicated in the transcription of DE and L genes (19, 21, 53),
but their mechanisms of action are less well characterized. At
the same time that HSV-1 efficiently recruits RNAP II to viral
promoters, it strongly inhibits RNAP II transcription on most
host cell genes (22, 33, 45, 62–64). The mechanisms by which
viral infection results in a global shift of RNAP II from host to
viral genes are poorly understood.

RNAP II is a multiprotein complex composed of 12 subunits
(reviewed in reference 14). The C-terminal domain (CTD) of
RNAP II is a component of the largest subunit (known as the
large subunit or LS) and contains multiple repeats (52 in mam-
malian cells) of the heptapeptide consensus sequence
YSPTSPS. A minimum of 28 heptapeptide repeats is required
for mammalian cell survival. The CTD is extensively phosphor-
ylated, and this alteration regulates transcription, in part by
helping to recruit pre-mRNA processing factors to nascent
transcripts (5, 24, 40, 46, 47, 75). In normal cells, RNAP II
exists in two predominant forms: a hypophosphorylated form,
RNAP IIA, and a hyperphosphorylated form, RNAP IIO. The
corresponding LS species present in these forms are referred
to as IIa and IIo, respectively.

The phosphorylation status of the CTD correlates with the
stage of transcription (24, 40). RNAP IIA is responsible for
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promoter-binding, whereas RNAP IIO is involved in promoter
clearance and elongation. A number of cellular kinases and
phosphatases have been implicated in mediating the phosphor-
ylation and dephosphorylation of the CTD during normal cell
growth. The CTD kinases predominantly target serine-2
(Ser-2) or serine-5 (Ser-5) of the CTD consensus repeat. Two
of the most physiologically important CTD kinases are the
cyclin-dependent kinase 7 (cdk7) subunit of the general tran-
scription factor TFIIH, and the cdk9 subunit of positive tran-
scription elongation factor b (P-TEFb). cdk7 preferentially
phosphorylates Ser-5 (50, 57, 67), causing the release of the
initiation complex and promoter clearance (reviewed in refer-
ence 11) and promoting the efficient recruitment of mRNA
capping factors (17). In contrast, cdk9 preferentially phosphor-
ylates Ser-2 during elongation, allowing RNAP II to overcome
transcriptional blocks imposed by negative elongation factors
and increasing the efficiency of 3�-end processing by recruiting
polyadenylation factors (1, 52, 68). Consistent with this model,
it has been found that RNAP II at the promoter/5� end of a
gene has high levels of phosphorylated Ser-5 (Ser-5P), whereas
RNAP II in coding regions is enriched for phosphorylated
Ser-2 (Ser-2P) (25).

We have previously shown that HSV-1 infection dramati-
cally alters both the nuclear localization and phosphorylation
of RNAP II (56). By 4 to 6 h after infection, the majority of
RNAP II is recruited into virus-induced globular regions
known as replication compartments. These structures form
early in infection (48), exclude cellular chromatin (36, 51), and
are sites of viral DNA synthesis and accumulation (9, 44). They
also appear to be sites of viral genome transcription at late
times (23, 44, 51). HSV-1 also alters the phosphorylation of the
CTD, causing the loss of RNAP IIO and the appearance of a
novel hyperphosphorylated form known as RNAP III (56).
RNAP III contains LS species (collectively designated IIi),
which migrate on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) in between the positions of IIo
and IIa, probably because they have intermediate levels of
phosphorylation. The HSV-1-induced changes to RNAP II
phosphorylation appear to be mediated by two distinct path-
ways (30, 53). One pathway is dependent on as-yet-unidentified
IE proteins and results in the loss of RNAP IIO. A second
pathway is dependent on ICP22 and the virion protein kinase
UL13 and is responsible for inducing RNAP III. The loss of
RNAP IIO correlates with host cell genome transcriptional
shutoff (63), whereas the induction of RNAP III correlates with
efficient viral L gene transcription in certain cell lines (30, 53).

As discussed above, Ser-2 and Ser-5 CTD phosphorylation
are mediated by different cellular CTD kinases and have dis-
tinct roles in transcription. In the present study, we used phos-
pho-specific CTD antibodies to determine whether the HSV-
1-induced changes to RNAP II involve specific effects on Ser-2
or Ser-5 phosphorylation. We find that Ser-2 CTD phosphor-
ylation is rapidly lost from RNAP II after infection, whereas
Ser-5 phosphorylation is maintained. Heretofore, the absence
of Ser-2 CTD phosphorylation in cells has been associated with
transcriptionally inactive RNAP II (3, 32, 39, 66). However,
our results suggest that the transcription of HSV-1 genes can
proceed quite efficiently without this modification. This in turn
suggests that the RNAP II transcription cycle in HSV-1-in-

fected cells is significantly different from that in uninfected
cells.

MATERIALS AND METHODS

Cells, viruses, and infections. Vero cells (African green monkey kidney cells)
and HEL (human embryonic lung) cells were obtained from the American Type
Culture Collection. Vero cells were grown in Dulbecco modified Eagle medium
supplemented to contain 5% heat-inactivated fetal bovine serum, 50 U of pen-
icillin/ml, and 50 �g of streptomycin/ml. The medium for HEL cells was the same
as for Vero cells except that it contained 10% heat-inactivated fetal bovine
serum. All tissue culture reagents except bovine serum were purchased from Life
Technologies/Invitrogen (Carlsbad, CA). Bovine serum was purchased from
HyClone (Logan, UT).

Strain KOS1.1 (18) was the HSV-1 wild-type (WT) strain used in these studies.
Virus mutants in the ICP0 (n212) (6), ICP4 (d120) (10), ICP22 (d22lacZ) (30),
ICP27 (d27-1), (54), and UL13 (d13lacZ) (30) genes have all been previously
described. The derivation of the HSV-1 ICP22-UL13 double mutant (d22/13) is
described below. All infections were carried out in phosphate-buffered saline
(PBS) containing 0.1% glucose and 0.1% heat-inactivated newborn calf serum.
Viral adsorption was for 1 h at 37°C, after which time the viral inoculum was
replaced with 199 medium containing 2% heat-inactivated newborn calf serum,
50 U of penicillin/ml, and 50 �g of streptomycin/ml. Infections were incubated at
37°C.

The ICP22/UL13 double-mutant d22/13 was constructed by using a marker
transfer protocol (54), as follows. First, an ICP22 deletion virus, designated d22,
was constructed. This mutant contains the same ICP22 gene deletion as d22lacZ
(30) but lacks its E. coli lacZ gene marker. To generate d22, infectious d22lacZ
DNA was cotransfected into Vero cells with plasmid DNA from pUCNS�, an
HSV-1 BamN-derived plasmid carrying a deleted version of the ICP22 gene (30).
The cultures were harvested after 6 days, and viral stocks were made. Recom-
binants that did not express �-galactosidase were identified by plaque assay in
Vero cells in the presence of 300 �g of 5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside (X-Gal)/ml. The resulting isolates were plaque purified three times in
Vero cells and characterized by diagnostic Southern blotting. An isolate which
had the expected genomic structure was designated d22. To construct d22/13,
viral DNA from d22 was cotransfected with plasmid DNA from pBglOZ, which
contains a lacZ gene-disrupted UL13 gene (30). The transfected cultures were
harvested after several days, and �-galactosidase-expressing recombinants were
identified by X-Gal plaque assay. Two independent isolates (obtained from
different transfections) were plaque purified three times and designated d22/13
and d22/13b. Their genomic structures were confirmed by Southern blotting.
Both isolates were found to replicate efficiently in Vero cells but to be compro-
mised for growth in HEL cells, similar to the phenotype of ICP22 mutants (data
not shown).

Analysis of viral mutants. Analysis of protein expression by immunoblotting
was carried out as previously described (30, 42). Briefly, mock- or virus-infected
cells were scraped in PBS containing protease (50 �g of TLCK [N�-p-tosyl-L-
lysine chloromethyl ketone2] per ml and 25 �g of phenylmethylsulfonyl fluoride
per ml) and phosphatase inhibitors (1 mM sodium orthovanadate, 25 mM so-
dium fluoride, 50 mM tetrasodium phosphate, 50 mM sodium pyrophosphate).
The cells were pelleted by low-speed centrifugation and lysed immediately in
SDS-polyacrylamide gel sample buffer. Proteins were separated by SDS-6%
PAGE, electrophoretically transferred to TransBlot nitrocellulose membranes
(Bio-Rad; Hercules, CA), and probed with anti-RNAP II LS specific antibodies.
The antibodies used were ARNA3 (26), purchased from Research Diagnostics
(Flanders, NJ), and H5 and H14 (4), purchased from Covance (Denver, PA). All
antibodies were diluted 1:500 in PBS. As a loading control, the levels of the
cellular endosomal antigen EEA1 (37) were also determined. An antibody spe-
cific for EEA1 was purchased from BD Biosciences (San Jose, CA) and used at
a 1:2,500 dilution. The secondary antibody used for immunoblot detection was
horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G, pur-
chased from Jackson Immunoresearch (West Grove, PA) and diluted 1:7,500. It
was detected by using enhanced chemiluminescence (ECL) Western blotting
detection reagents (catalog no. RPN2106; Amersham; Piscataway, NJ). For the
quantitative immunoblot analysis shown in Fig. 3, immunoblot detection was
carried out with ECL-Plus reagents (catalog no. RPN2132; Amersham). Direct
chemifluorescence detection of the immunoblot signals was done by using a
Molecular Dynamics Storm 840 Imager. Signal intensities for LS and EEA1 were
quantitated by using ImageQuant image analysis software (Amersham). The LS
signal in each sample was normalized to the corresponding EEA1 signal for that
sample.
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Indirect immunofluorescence and confocal microscopy. Vero cells, grown to
�80% confluence on coverslips, were mock infected or infected with HSV-1. In
most experiments (including those shown in Fig. 6 and 7), samples were pro-
cessed for immunofluorescence as described by Zeng et al. (73). Briefly, the cells
were permeabilized for 2 min with 0.5% Triton X-100 in CSK buffer (10 mM
PIPES [pH 7], 1 mM EGTA, 3 mM MgCl2, 20% sucrose) and then fixed in 3.7%
formaldehyde in the same buffer for 20 min. In other experiments (not shown),
the cells were processed for immunofluorescence by immediate fixation in 3.7%
formaldehyde, followed by acetone permeabilization (48). For fluorescence
staining, coverslips were incubated at 37°C for 1 h with ARNA3 (diluted 1:100),
8WG16 (diluted 1:200), H5 (diluted 1:100), or H14 (diluted 1:300). 8WG16 was
a gift from Nancy Thompson. In some experiments, cells were costained with
rabbit antisera specific for ICP8 (a gift from David Knipe; diluted 1:800) or an
antibody specific for SC35 (Sigma; diluted 1:1,000). After primary antibody
incubation, cells underwent secondary staining with a 1:2,000 dilution of Cy3-
conjugated goat anti-mouse immunoglobulin G. For double-labeling experi-
ments analyzing ICP8, 1:1,000 Cy2-conjugated goat anti-rabbit immunoglobulin
G was also included. In experiments in which RNAP II and SC35 were analyzed,
staining was done with a 1:1,000 dilution of Cy3-conjugated goat anti-mouse
immunoglobulin M � chain antibody, and a 1:200 dilution of Cy2-conjugated
anti-mouse immunoglobulin G Fc fragment antibody. All secondary antibodies
were purchased from Jackson Immunoresearch. In all double-labeling studies,
control experiments were performed to ensure that staining was dependent on
the relevant primary and secondary antibodies. Dual immunofluorescence de-
tection was performed with a MRC-1024 confocal microscope (Bio-Rad, Her-
cules, CA) equipped with a krypton-argon laser. Series of 0.5-�m optical sections
were acquired by using LaserSharp (version 2.1) acquisition software and ana-
lyzed with Confocal Assistant software (T. C. Belije, University of Minnesota).
Images were then pseudocolored and merged by using Adobe Photoshop soft-
ware (Adobe Systems, Inc., Mountain View, CA).

RESULTS

Loss of CTD Ser-2 phosphorylation after HSV-1 infection.
Our past results indicate that HSV-1 infection alters RNAP II

phosphorylation, causing a loss of the normal RNAP IIO form
and the induction of a novel form, RNAP III (55). Although
RNAP IIO is primarily phosphorylated on Ser-2 and Ser-5 of
the CTD heptapeptide consensus repeat (YSPTSPS), the sta-
tus of the infected cell RNAP III in regard to Ser-2 and Ser-5
phosphorylation is unknown. We decided to address this ques-
tion through the use of phospho-specific anti-CTD monoclonal
antibodies (MAbs) (reviewed in reference 40). Our previous
studies on the effects of HSV-1 on RNAP II utilized either
ARNA3, a MAb specific for the body of the LS, or 8WG16, an
anti-CTD MAb that reacts strongly to the HSV-1-induced IIi
form of LS. Although the reactivity of 8WG16 is influenced by
phosphorylation, the epitope recognized is not well defined
(40). More helpful in determining the phosphorylation status
of RNAP II are MAbs H5 and H14 (4), which are specific for
the Ser-2- and Ser-5-phosphorylated CTD, respectively. There-
fore, we used these two antibodies to characterize the postin-
fection RNAP II.

To carry out the analysis, Vero or HEL cells were mock-
infected or infected with WT HSV-1 (strain KOS1.1) at a
multiplicity of infection of 10. Total protein extracts were pre-
pared every 1.5 h for 9 h and subjected to immunoblotting with
either H5 or H14. In both Vero and HEL cells, HSV-1 infec-
tion caused a dramatic decline in CTD phosphorylation on
Ser-2, as judged by the decrease in H5 reactivity of the LS (Fig.
1A and C, respectively, lanes 2 to 7). This was evident by 4.5 h
postinfection (hpi) in Vero cells and by 6 hpi in HEL cells. In
other experiments, loss of Ser-2 phosphorylation in Vero cells
was observed as early as 3 hpi (data not shown). In both cell

FIG. 1. Loss of RNAP II Ser-2 phosphorylation during HSV-1 infection. Vero (A and B) or HEL (C and D) cells were mock infected or
infected with WT HSV-1 (strain KOS1.1) at a multiplicity of infection of 10, and total cell proteins were harvested at the times indicated. Equal
fractions of each protein extract were analyzed by immunoblotting with H5 (A and C) or H14 (B and D), which recognize Ser-2- and
Ser-5-phosphorylated RNAP II LS, respectively. As a loading control, a separate portion of each filter was probed for the cellular endosomal
protein EEA1, the abundance of which does not change significantly during HSV-1 infection.
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lines, phosphorylation on Ser-2 had dramatically declined by 9
hpi. In contrast, analysis with the Ser-5P-specific MAb H14
suggested that RNAP II remains phosphorylated on Ser-5 after
HSV-1 infection (Fig. 1B and D, respectively, lanes 2 to 7).
However, it was noted that the electrophoretic mobility of the
LS species containing Ser-5P increases as infection proceeds;
subsequent experiments demonstrated that this faster-migrat-
ing species is the HSV-1-induced IIi form of the LS (see be-
low). In this and other experiments, we found that the RNAP
II modifications induced by HSV-1 were qualitatively similar in
Vero and HEL cells. However, the kinetics of RNAP II mod-
ification were consistently more rapid in Vero than in HEL
cells.

To confirm the identity of the H5- and H14-reactive LS
forms seen in infected cells, we compared their electrophoretic
mobilities to those of known LS forms. To do this, we probed
replicate immunoblots of mock- and HSV-1-infected samples
with H5 (or H14) and the anti-LS MAb ARNA3. Since
ARNA3 recognizes the body of the LS, its binding is indepen-
dent of phosphorylation. The H5/ARNA3 analysis (Fig. 2A)
revealed that the Ser-2P-containing species seen in mock-in-
fected cells (lane 1) corresponds to IIo (lane 3). This species
was dramatically reduced in abundance after HSV-1 infection
(lane 2), as observed in the previous experiment. Notably, little
if any of the Ser-2P-containing material comigrated with IIi
(lane 4), indicating that RNAP III generally lacks Ser-2 phos-
phorylation. Analysis of the protein samples using H14 and
ARNA3 (Fig. 2B) indicated that the Ser-5P-containing species
seen in mock-infected cells (lane 1) also corresponds to IIo
(lane 3). In addition, the H14/ARNA3 analysis showed that the
Ser-5P-containing species comigrates with IIi (compare lanes 2
and 4). This indicates that RNAP III is phosphorylated on
Ser-5.

These results suggest that HSV-1 infection causes a dramatic
and specific reduction in the level of Ser-2-phosphorylated
RNAP II. To verify this and to measure the degree of the
effect, we carried out a quantitative immunoblotting analysis.
Triplicate cultures of Vero cells were mock infected or infected
with HSV-1, and protein extracts were prepared at 8 hpi. The
proteins were subjected to immunoblotting with ARNA3 to

detect total LS and with H5 and H14 to detect Ser-2- and
Ser-5-phosphorylated LS, respectively. To avoid quantitation
problems associated with X-ray film exposures, signal intensi-
ties were obtained directly from the immunoblots by chemi-
fluorescence imaging. To correct for variations in protein load-
ing, each LS signal was normalized to the corresponding EEA1
signal for that sample. The results of this analysis, shown in Fig.
3, indicate that by 8 hpi, HSV-1 infection causes a more than

FIG. 2. Identification of phospho-specific RNAP II forms seen in HSV-1-infected cells. Proteins were harvested from mock- or KOS1.1-
infected Vero cells at 6 hpi. (A) Duplicate immunoblots were prepared from the same gel were probed with H5 (left) to detect Ser-2-
phosphorylated LS forms and ARNA3 (right) to detect all forms. (B) Analysis was as in panel A, except that the H14 antibody was used to identify
Ser-5-phosphorylated LS forms. As a loading control, EEA1 levels were also determined.

FIG. 3. Quantitative immunoblot analysis of RNAP II LS forms
after HSV-1 infection. Triplicate cultures of Vero cells were either
mock infected (M) or infected with WT HSV-1 (I), and protein ex-
tracts were prepared at 8 hpi. Equal fractions of each extract were
analyzed by immunoblotting with MAb ARNA3 to detect all forms of
LS or MAbs H5 or H14 to detect Ser-2- or Ser-5-phosphorylated LS,
respectively. As a loading control, cellular EEA1 was also analyzed.
Signal intensities were determined by direct chemifluorescence imag-
ing of the immunoblots using a Molecular Dynamics Storm 840 Im-
ager. (A) Representative digital images of the data show the approx-
imate areas of the blots that were quantitated. (B) Quantification of LS
forms after HSV-1 infection. The chemifluorescence imaging data
were quantitated by using ImageQuant analysis software. The RNAP
II LS signal for each sample was normalized to the corresponding
EEA1 signal to correct for protein loading variations. The mean values
for mock-infected cells were defined as 100%, and the error bars
represent standard deviations.
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40-fold reduction in Ser-2 phosphorylated LS (2.1% of the
mock-infected level). In contrast, both total LS levels and Ser-
5-phosphorylated LS levels are only slightly affected by HSV-1
infection (89.6 and 86.9%, respectively, of mock-infected val-
ues).

Together, the experiments described above indicate that
HSV-1 infection causes a specific loss of Ser-2 phosphorylation
on RNAP II, such that the major hyperphosphorylated form in
infected cells, RNAP III, bears Ser-5 but not Ser-2 CTD phos-
phorylation. This conclusion is consistent with our past analy-
ses of RNAP II in infected cells using the 8WG16 MAb (56),
which has been reported to not recognize the CTD when Ser-2
is phosphorylated (8, 41). We found that 8WG16 fails to rec-
ognize the IIo form of LS from uninfected Vero cells, a finding
consistent with that form bearing Ser-2P. In contrast, 8WG16
binds strongly to IIi, a finding consistent with that phosphor-
ylated form lacking modification on Ser-2.

Viral IE protein expression induces loss of CTD Ser-2 phos-
phorylation. We next sought to determine whether viral gene
expression is required for the loss of Ser-2-phosphorylated
RNAP II. Vero cells were mock infected or infected with WT
HSV-1 or d120, an ICP4 deletion mutant that is unable to
express DE or L genes (10). Some of the infections were
carried out in the presence of cycloheximide (CH) to prevent
protein synthesis, and in some cases the CH was washed out at
8 hpi. Total protein extracts were prepared at 10 hpi and
analyzed by immunoblotting with H5 (Fig. 4A). As expected,

Ser-2P was lost in the WT (lane 4) but not the mock infections
(lanes 1 to 3). Viral protein synthesis is required for loss of
Ser-2P, since near-normal levels were maintained when WT
infections were treated continuously with CH (lane 5). Con-
sistent with this conclusion, CTD Ser-2 phosphorylation was
lost within 2 h when cycloheximide was washed out, allowing
translation of accumulated mRNAs (lane 6). Interestingly,
Ser-2 CTD phosphorylation was lost in cells infected with d120
(lane 7). This result indicates that infection need not progress
past the IE stage to induce the loss of Ser-2P and that ICP4 is
not required. An identical experiment was carried out in HEL
cells, with very similar results (Fig. 4B). Together, the results
from the cycloheximide reversal and d120 infections indicate
that IE proteins are required and sufficient in infected cells to
induce the loss of Ser-2 phosphorylation from the RNAP II
CTD.

To see whether a specific IE protein is required, we utilized
various HSV-1 IE gene mutants: d120, d22lacZ (an ICP22
mutant), d27-1 (an ICP27 mutant), and n212 (an ICP0 mu-
tant). We also analyzed the role of UL13, since this virion-
localized protein kinase is present at IE times and has been
implicated in altering RNAP II (30). To study UL13, we used
the UL13 mutant d13lacZ (30), as well as d22/13, a recently
isolated ICP22/UL13 double mutant (described in Materials
and Methods). Vero cells were mock infected or infected with
KOS1.1 or the various mutants. Total proteins were collected
at 9 hpi and immunoblotted with H5 (Fig. 5A). As expected,
WT HSV-1 infection led to a striking reduction in Ser-2-phos-
phorylated LS (lane 2) compared to the mock infection (lane
1). All mutant infections had the same effect (lanes 3 to 8).
This experiment was repeated in HEL cells, with very similar
results (Fig. 5B). We conclude that ICP4, ICP22, ICP27, ICP0,

FIG. 4. Loss of phosphorylation on Ser-2 of the RNAP II CTD is
dependent on expression of HSV-1 IE proteins. Vero (A) or HEL
(B) cells were mock infected (lanes 1 to 3), infected with KOS1.1
(lanes 4 to 6), or infected with the ICP4 mutant d120 (lane 7). Some
infections (lanes 2, 3, 5, and 6) were carried out in the presence of 50
�g of cycloheximide (CH)/ml to inhibit protein synthesis. In some
cases (lanes 3 and 6), the cycloheximide was washed out at 8 hpi (WO).
At 10 hpi, all protein samples were harvested. Immunoblotting was
carried out with H5 to detect Ser-2-phosphorylated LS forms. As a
control, EEA1 levels were also determined.

FIG. 5. Role of specific IE proteins and UL13 in causing the loss of
Ser-2 phosphorylation on the CTD. Vero (A) or HEL (B) cells were
mock infected (lanes 1), infected with WT HSV-1 (lane 2), or infected
with the virus mutants indicated (lanes 3 to 8). Protein extracts were
prepared at 9 hpi and analyzed by immunoblotting with MAb H5 to
detect Ser-2-phosphorylated LS. Cellular protein EEA1 was also an-
alyzed.
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and UL13 are not individually required for the loss of CTD
Ser-2 phosphorylation after HSV-1 infection. In addition, the
combined absence of ICP22 and UL13 does not prevent the
loss of Ser-2-phosphorylated RNAP II.

Relocalization of residual Ser-2-phosphorylated RNAP II to
nuclear speckles. The immunoblotting experiments indicate
that the levels of Ser-2-phosphorylated RNAP II decline dra-
matically after HSV-1 infection. To confirm this, we carried
out an immunofluorescence analysis of infected cells. Vero
cells were mock infected or infected with HSV-1 and then
processed for immunofluorescence at 6 and 9 hpi. Cells were
stained with H5 to assess Ser-2-phosphorylated RNAP II or
with other LS-specific MAbs (ARNA3, 8WG16, or H14) for
comparison. All samples were costained for the viral ICP8
single-stranded DNA-binding protein, which serves as a
marker for HSV-1 replication compartments (49). The result
of the H5 staining (Fig. 6Aa to e) confirmed that the overall
level of Ser-2-phosphorylated RNAP II declines significantly
after infection. However, we noted that there was residual
staining of this form of RNAP II in small nuclear foci which
appeared to localize outside of replication compartments
(Fig.6Ae). In contrast, and consistent with previously pub-
lished results (56), both ARNA3 and 8WG16 staining showed
recruitment of much of RNAP II into viral replication com-
partments after infection (Fig. 6Af to j and k to o, respec-
tively). The H14 staining (Fig. 6Ap to t), specific for Ser-5-
phosphorylated RNAP AII, gave a somewhat different pattern
in infected cells than did ARNA3 or 8WG16. Staining was
distributed throughout most of the nucleus, including but not
limited to viral replication compartments (Fig.6At). Several
conclusions can be made from this experiment and several
repeat analyses. First, consistent with the immunoblotting ex-
periments, the abundance of the Ser-2-phosphorylated form of
RNAP II declines significantly after HSV-1 infection. Second,
a subfraction of this form of RNAP II escapes loss and local-
izes to small nuclear foci. Third, Ser-5-phosphorylated RNAP
II is present in viral replication compartments, as one might
expect if RNAP III mediates viral genome transcription. How-
ever, Ser-5 phosphorylated RNAP II is also found in the other
areas of the nucleus.

We used confocal microscopy to further analyze the spatial
relationship between the nuclear foci containing Ser-2-phos-
phorylated RNAP II and viral replication compartments. Op-
tical sectioning of multiple infected cells indicated that nearly
all of the foci localized outside of replication compartments
but in close apposition to them. This is shown for one field in
Fig. 6Ba to g.

The Ser-2-phosphorylated RNAP II-bearing foci seen in
HSV-1-infected cells are reminiscent of similar foci that have
been described in uninfected cells after treatments that inhibit
RNAP II transcription (4, 73). Specifically, when host tran-
scription is blocked by various means, including heat shock or
the addition of metabolic inhibitors, Ser-2P-bearing RNAP II
moves from a mostly diffuse nuclear localization into cellular
structures known as nuclear speckles. Nuclear speckles are
thought to be storage, assembly, and/or modification sites for
pre-mRNA splicing factors and some other proteins involved
in RNAP II-directed gene expression (reviewed in reference
27). We carried out an experiment to see if the H5 antigen-
positive nuclear foci observed in HSV-1-infected cells are sim-

ilar in shape, size, and distribution to those induced in unin-
fected cells upon RNAP II transcriptional inhibition. To do
this, Vero cells were mock infected or infected with WT HSV-1
for 6 h. Replicate uninfected cultures were incubated with
5,6-dichloro-1-�-D-ribobenzimidazole (DRB), a chemical in-
hibitor of transcription, or subjected to heat shock for 1 h at
45°C. All cells were fixed in parallel and stained for Ser-2P-
bearing RNAP II using H5 (Fig. 7A). As expected, Ser-2P-
containing RNAP II in uninfected/untreated Vero cells had a
diffuse nuclear, non-nucleolar localization (Fig.7Aa), whereas
HSV-1 infection caused a diminished signal that was concen-
trated in nuclear foci (Fig.7Ab). Treatment of uninfected cells
with either DRB or heat shock had very similar effects on Ser-2
CTD phosphorylated RNAP II, i.e., a diminished signal and
relocalization of the antigen into nuclear foci (Fig. 7Ac and d,
respectively). These foci closely resembled those formed in
HSV-1-infected cells.

To see whether the H5-positive foci seen in HSV-1-infected
cells correspond to splicing antigen-rich nuclear speckles,
mock- or HSV-infected Vero cells were costained with H5 and
an antibody specific for splicing factor SC35, a marker for
nuclear speckles (27) (Fig. 7B). As expected, nuclear speckles
were seen in uninfected cells, but these did not obviously co-
localize with Ser-2 phosphorylated RNAP II (Fig. 7Ba to c).
However, after HSV-1 infection, the H5 and SC35 signals
substantially overlapped (Fig. 7Bd to f). Because fixation con-
ditions can influence the degree to which H5 stains nuclear
speckles (13), we tested whether the HSV-1-induced relocal-
ization of the H5 antigen to speckles was fixation dependent.
The results were independent of fixation, in that similar H5-
positive speckles were observed in infected cells when the cells
were immediately fixed in formaldehyde, as well as when they
were first permeabilized with Triton X-100 prior to fixation,
the latter being conditions that give optimal H5 staining of
speckles (4) (data not shown). We conclude from these exper-
iments that HSV-1 infection causes a subfraction of Ser-2P-
bearing RNAP II to migrate into splicing antigen-rich nuclear
speckles, which is similar to what happens in uninfected cells
when transcription is inhibited.

DISCUSSION

RNAP II in HSV-1-infected cells lacks Ser-2 phosphoryla-
tion. Our studies demonstrate that the major hyperphospho-
rylated form of RNAP II in HSV-1-infected cells, RNAP III,
lacks Ser-2 phosphorylation on its CTD. This contrasts with the
usual situation in uninfected cells, wherein active RNAP II
acquires Ser-2 phosphorylation as part of the normal transcrip-
tion cycle. Although rare, global deficiencies in CTD Ser-2
phosphorylation are not unique to HSV-1-infected cells. This
RNAP II modification has been reported to be missing during
early stages of embryogenesis in Xenopus laevis (39) and Dro-
sophila melanogaster (32), in mammalian cells after ERK-type
mitogen-activated protein kinase signaling (3), and in bunyam-
eravirus-infected cells (66). In all of these cases, however, the
lack of Ser-2 phosphorylation was associated with a transcrip-
tionally inactive RNAP II. In contrast, photoaffinity cross-link-
ing experiments demonstrate that RNAP III can be cross-
linked to nascent mRNA and therefore is transcriptionally
active (63). Thus, our results reveal a novel situation in which
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FIG. 6. Ser-2-phosphorylated LS levels decline in infected cells but residual species relocalize to nuclear foci. (A) Localization of various RNAP
II forms after viral infection. Vero cells were mock infected or infected with HSV-1. At 6 or 9 hpi, cells were fixed and processed for
immunofluorescence with anti-RNAP II LS antibodies H5 (a to e), ARNA3 (f to j), 8WG16 (k to o), or H14 (p to t). Cells were costained for ICP8,
a marker for viral replication compartments. (B) Residual Ser-2-phosphorylated RNAP II is associated with replication compartments. Cells were
infected with WT HSV-1 and processed for immunofluorescence at 6 hpi with H5 (red signal) and a rabbit antiserum specific for ICP8 (green
signal), a marker for HSV-1 replication compartments. Confocal microscopy was used to capture a series of seven continuous 0.5-�m optical
sections.
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RNAP II transcription occurs efficiently in the absence of Ser-2
CTD phosphorylation. This suggests that the transcription cy-
cle in HSV-1-infected cells is significantly different from that in
uninfected cells.

The HSV-1-induced loss of Ser-2 CTD phosphorylation
happens under IE conditions prior to the global shift in tran-
scription from host to viral genes. We therefore suspect that
this phenomenon reflects an active viral strategy to modify
RNAP II. We previously proposed a model (30, 53) in which
HSV-1 infection modifies RNAP II via two distinct pathways:
(i) an IE protein-dependent pathway that results in RNAP IIO

loss and (ii) an ICP22/UL13-dependent pathway that induces
RNAP III. Our present results can be placed in the context of
this model by proposing that the HSV-1-induced loss of Ser-2
CTD phosphorylation is involved in the pathway leading to loss
of RNAP IIO. The evidence for this is based on our finding that
IE genes are required and sufficient, in the context of infection,
for loss of Ser-2 phosphorylation (Fig. 4). In addition, we find
that ICP0, ICP4, ICP22, and ICP27 are not singly responsible

for the effect (Fig. 5). The very same findings apply to the
physical loss of RNAP IIO. That is, IE protein expression is
required and sufficient for loss of RNAP IIO, but ICP0, ICP4,
ICP22, and ICP27 are not individually required (53). Based on
this correlation, we suggest that the loss of Ser-2P from the
CTD and the physical loss of RNAP IIO are mechanistically
related events.

It is important to emphasize that HSV-1-mediated loss of
Ser-2 CTD phosphorylation on RNAP II is insufficient to ex-
plain the induction of RNAP III. Indeed, in the case of ICP22
or UL13 mutants, Ser-2 phosphorylation is efficiently lost (Fig.
5), but little Ser-5 phosphorylated intermediately migrating LS
is produced, as determined by H14 immunoblotting (K. Fraser
and S. Rice, unpublished data). Thus, ICP22 and UL13 are
required for enhanced levels of Ser-5-phosphorylated RNAP
II. The mechanisms and CTD kinases involved in this process
are as yet unknown.

Possible mechanisms and viral factors involved in loss of
Ser-2-phosphorylated RNAP II. There are several possible

FIG. 7. Both HSV-1 infection and RNAP II transcription inhibitors cause Ser-2-phosphorylated RNAP II to relocalize to splicing antigen-rich
nuclear speckles. (A) Localization of Ser-2-phosphorylated RNAP II after HSV-1 infection or treatments which lead to transcriptional inhibition.
Vero cells were mock-infected (a) or infected with HSV-1 KOS1.1 (b) for 6 h. Replicate uninfected cultures were treated with 100 �M DRB for
2 h (c) or subjected to heat shock for 1 h at 45° (d). All samples were processed for immunofluorescence and stained with MAb H5. (B) Foci
containing Ser-2-phosphorylated RNAP II after HSV-1 infection correspond to splicing antigen-rich nuclear speckles. Vero cells were mock
infected (a to c) or infected for with HSV-1 KOS1.1 for 6 h (d to f). Cells were processed for immunofluorescence with H5 and an antibody specific
for splicing factor SC35.
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mechanisms by which HSV-1 infection could cause a decrease
in the levels of Ser-2-phosphorylated RNAP II. First, infection
could inhibit the activity or levels of P-TEFb, the major Ser-2
CTD kinase in mammalian cells. The inhibition of cdk9 sub-
unit of P-TEFb by various pharmacological inhibitors has been
shown to lead to the loss of the IIo LS form (28), similar to
what happens in infected cells. Second, HSV-1 could activate a
CTD phosphatase that removes Ser-2P from the CTD. Third,
HSV-1 could induce the proteolysis of Ser-2-bearing RNAP II.
In such a scenario, the loss of Ser-2P would be due to the
targeted degradation of RNAP II, rather than to an effect on
its phosphorylation. Consistent with this, preliminary evidence
indicates that proteasome inhibitors prevent the loss of Ser-2P
from the CTD following infection (Fraser and Rice, unpub-
lished). It should be noted that a proteolysis mechanism is not
mutually exclusive with other mechanisms, such as inhibition of
a CTD kinase. There is evidence that the proteasome tracks
with RNAP II during transcription, and it has been proposed
that the proteasome functions generally to remove RNAP II
complexes that have become arrested during transcription (12,
65). Thus, if HSV-1 IE proteins cause transcribing RNAP II to
stall (e.g., by inhibiting P-TEFb), this could lead to proteolysis
of the arrested transcription complexes.

Although we have implicated IE proteins in the loss of
Ser-2-phosphorylated RNAP II, it is not clear which IE protein
(or proteins) carries out this function. Our mutant data show
that the IE proteins ICP0, ICP4, ICP22, and ICP27 are not
singly responsible. It is possible that the fifth known IE protein,
ICP47, is the relevant factor. However, this protein is not
known to affect gene expression but rather works in the cyto-
plasm to prevent the transport of class I major histocompati-
bility complex antigens to the cell surface (16, 71). Another
possibility is that the IE gene regulatory proteins are redun-
dant in their ability to cause Ser-2P loss, thus explaining why
mutants singly disrupted for ICP0, ICP4, ICP22, or ICP27 are
still able to induce the loss of Ser-2-phosphorylated RNAP II.

Relocalization of residual Ser-2P-containing RNAP II to
nuclear speckles. Although most Ser-2-phosphorylated RNAP
II disappears after infection, we identified a subfraction that
relocalizes to splicing antigen-rich nuclear speckles. These
structures are storage, assembly, and/or modification sites for
splicing proteins and some other factors involved in mRNA
production, including certain transcription and polyadenyla-
tion factors (27). These are not believed to be active sites of

transcription or splicing. A possible clue to the biological sig-
nificance of our observations comes from studies in uninfected
cells which show that Ser-2-phosphorylated RNAP II migrates
into nuclear speckles when RNAP II activity is inhibited (4,
73). Although RNAP II is not globally inhibited in infected
cells, it is redirected from cellular to viral chromatin. Thus, the
HSV-1-induced relocalization of Ser-2-phosphorylated could
reflect a normal cellular response to the inhibition of RNAP II
activity on cellular chromatin.

We found that nuclear speckles in HSV-1-infected cells are
distinct from replication compartments. This is partially con-
sistent with the results of Phelan et al. (44), who found that
most (70 to 80%) of the sites of HSV-1 DNA synthesis, as
defined by in situ incorporation of biotinylated-dUTP, are dis-
tinct from the localization of the B� component of the U2
snRNP localization (44). These investigators, however, identi-
fied a minority of replication foci (20 to 30%) that were coin-
cident with snRNP staining. In our experiments, we did not
observe any overlap between replication compartments and
speckles. The reason for this difference is unknown but could
reflect the different techniques and antibodies used in the two
studies.

Although RNAP II-containing nuclear speckles are local-
ized outside of viral replication compartments, we found that
they are usually closely apposed to them. Previous studies have
shown that nuclear speckles increase in size and move to the
nuclear periphery in HSV-1-infected cells in an ICP27-depen-
dent fashion (31, 43, 58). To our knowledge, their proximity to
viral replication compartments has not been previously re-
ported. Although the significance of this localization is un-
known, it has been hypothesized that in uninfected cells the
speckles supply splicing factors to active sites of transcription
(27). With this in mind, it is conceivable that the infected cell
speckles supply replication compartments with needed mRNA
processing and transcription factors, possibly including RNAP
II itself.

Model for the nuclear relocalization of RNAP II forms after
HSV-1 infection. In Fig. 8 we present a model for how HSV-1
infection alters the localization of various forms of RNAP II.
In uninfected cells, active transcription of genes resident on
cellular chromatin involves a cycling between RNAP IIA and
RNAP IIO and involves phosphorylation on both Ser-2 and
Ser-5 of the CTD (Fig. 8, left). After HSV-1 infection (Fig. 8,
right), however, the bulk of RNAP II moves into viral replica-

FIG. 8. Model for localization of various forms of RNAP II in HSV-1-infected cells. See the text for details.
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tion compartments. This is demonstrated by our present (Fig.
6) and past (55) immunofluorescence analyses using ARNA3
MAb, which detects all forms of RNAP II. We hypothesize
that the phosphorylation of RNAP II is altered in replication
compartments, such that the hyperphosphorylated form,
RNAP III, acquires Ser-5 but not Ser-2 phosphorylation. Our
immunofluorescence studies indicate that there are at least two
distinct forms of RNAP II outside of replication compart-
ments. First, there is a subfraction of Ser-2-phosphorylated
RNAP that relocalizes to transcriptionally inactive nuclear
speckles. Second, analysis with the H14 antibody showed that
there is a significant amount of Ser-5-phosphorylated RNAP II
that localizes outside of replication compartments, possibly
associated with cellular chromatin. This finding was somewhat
unexpected, given that both ARNA3 and 8WG16 predomi-
nantly stain replication compartments. However, these latter
antibodies differ significantly from H14 in that they also rec-
ognize the hypophosphorylated RNAP IIA form, which may be
very abundant in replication compartments. The significance of
the localization of Ser-5-phosphorylated RNAP II outside of
replication compartments is unknown. Since many if not most
cellular genes are transcriptionally inhibited after HSV-1 in-
fection, we suspect that this form is not transcriptionally active.
However, it is possible that there is some residual transcription
of cellular genes in virus-infected cells and that this is mediated
by Ser-5-phosphorylated RNAP II.

Implications for the switch from host to viral transcription.
We speculate that the HSV-1-induced loss of Ser-2P from the
CTD represents a specific viral mechanism that helps promote
the global switch from host to viral gene transcription. This
phenomenon could be involved in this switch in two ways. First,
it could help induce shutoff of host cell gene transcription. In
fact, there is some evidence linking loss of Ser-2P to host
transcription shutoff, since both phenomena (along with loss of
RNAP IIO) require IE protein expression but still occur in the
individual absences of ICP0, ICP4, ICP22, or ICP27 (Fig. 5)
(63). The loss of Ser-2-phosphorylated RNAP II in HSV-1-
infected cells suggests that P-TEFb is inhibited or that its
effects are rapidly reversed. Since P-TEFb activity is essential
for most RNAP II transcription in eukaryotic cells (7, 60), our
work provides a possible mechanism by which host transcrip-
tion might be inhibited. However, it is also possible that loss of
Ser-2 phosphorylation is an effect, rather than a cause, of the
inhibition of host cell mRNA synthesis. Determining the mech-
anism by which Ser-2P loss occurs should help elucidate the
connection between this event and the shutoff of host tran-
scription.

Second, loss of Ser-2 phosphorylation could favor viral tran-
scription if RNAP II transcription of the viral genome does not
require this modification, as our results imply. In uninfected
cells, Ser-2 CTD phosphorylation by P-TEFb promotes tran-
scriptional elongation by relieving the pausing caused by in-
herent signals in the gene and/or the action of negative tran-
scription elongation factors (61). It is possible that HSV-1
genes, which are short and not configured in standard nucleo-
somes (29, 38), may not be subject to transcriptional pausing
and thus may not need P-TEFb. Consistent with this idea,
nuclear run-on transcription studies show that HSV-1 tran-
scription is relatively resistant to DRB, an inhibitor of P-TEFb
(C. Spencer, unpublished data). Another role of CTD Ser-2

phosphorylation is to recruit polyadenylation and possibly
splicing factors to elongating transcription complexes (1, 2).
How could HSV-1 transcription proceed in the absence of this
recruitment? Since nearly all HSV-1 DE and L genes are
intronless, viral transcription could conceivably dispense with
the recruitment of splicing factors. However, viral genes have
canonical polyadenylation sites and therefore need to access
the polyadenylation machinery (34). In this regard, it is intrigu-
ing that some (34, 35, 59) but not all (15) studies suggest that
ICP27 increases the efficiency of polyadenylation. Given that
ICP27 also physically interacts with RNAP II complexes (20,
74), it is conceivable that ICP27 compensates for the loss of
Ser-2P by itself recruiting polyadenylation factors to transcrib-
ing RNAP II.

In summary, our results show that HSV-1 infection leads to
a striking loss of Ser-2 phosphorylation on the RNAP II CTD.
We speculate that this helps to create a form of RNAP II that
is able to transcribe viral but not host genes. In addition, we
show that a fraction of Ser-2-phosphorylated RNAP II escapes
loss and moves into nuclear speckle structures. This latter
effect may represent a host response to the viral inhibition of
host cell genome transcription.
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