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Herpes simplex virus 1 (HSV-1) ICP27 has been shown to interact with RNA polymerase II (RNAP II)
holoenzyme. Here, we show that ICP27 interacts with the C-terminal domain (CTD) of RNAP II and that ICP27
mutants that cannot interact fail to relocalize RNAP II to viral transcription sites, suggesting a role for ICP27
in RNAP II recruitment. Using monoclonal antibodies specific for different phosphorylated forms of the RNAP
II CTD, we found that the serine-2 phosphorylated form, which is found predominantly in elongating com-
plexes, was not recruited to viral transcription sites. Further, there was an overall reduction in phospho-
serine-2 staining. Western blot analysis revealed that there was a pronounced decrease in the phosphoserine-2
form and in overall RNAP II levels in lysates from cells infected with wild-type HSV-1. There was no
appreciable difference in cdk9 levels, suggesting that protein degradation rather than dephosphorylation was
occurring. Treatment of infected cells with proteasome inhibitors MG-132 and lactacystin prevented the
decrease in the phosphoserine-2 form and in overall RNAP II levels; however, there was a concomitant decrease
in the levels of several HSV-1 late proteins and in virus yield. Proteasomal degradation has been shown to
resolve stalled RNAP II complexes at sites of DNA damage to allow 3� processing of transcripts. Thus, we
propose that at later times of infection when robust transcription and DNA replication are occurring, elon-
gating complexes may collide and proteasomal degradation may be required for resolution.

ICP27 is a multifunctional regulatory protein that is required
for herpes simplex virus 1 (HSV-1) productive infection. This
63-kDa phosphoprotein is expressed with immediate-early ki-
netics, and it is required for appropriate expression of viral
early and late gene products; in addition, it contributes to the
shutoff of host protein synthesis (for review, see reference 54).
ICP27 has been demonstrated to function posttranscriptionally
at the level of RNA processing and export (4, 35, 49–51), and
recently evidence for a role in translation initiation has been
presented (15, 16). Further, ICP27 also appears to contribute
to the transcriptional regulation of HSV-1 early and late genes
(23, 61). Thus, ICP27 appears to function in all stages of viral
gene expression from transcription through translation. The
mechanisms of some of its effects on gene expression have
been elucidated. At early times after infection, ICP27 interacts
with several splicing factors (4, 51), including members of a
family of essential splicing factors termed SR proteins, and
affects their phosphorylation. This results in the blockage of
prespliceosomal assembly, which in turn contributes to the
shutoff of host protein synthesis because cellular pre-mRNAs
cannot be properly processed (51). At later times, beginning at
about 6 h after infection, ICP27 begins to shuttle between the
nucleus and cytoplasm (6, 38, 42, 49, 56). ICP27 binds to viral
mRNAs (37, 49, 55) and facilitates their export to the cyto-
plasm by interacting with the cellular RNA export adaptor

protein Aly/REF and the cellular export receptor TAP/NXF
(5, 6, 27). ICP27 has also been proposed to have a role in 3�
processing of some viral late RNAs by affecting polyadenyla-
tion site selection and recruiting a factor involved in cleavage
(34, 35).

ICP27 has also been shown to stimulate expression of some
early genes and transcription of some late viral genes (23, 61).
Furthermore, ICP27 has been shown to associate with cellular
RNA polymerase II (RNAP II) holoenzyme, and this interac-
tion was found to be independent of DNA and RNA (66). A
number of cellular proteins that are involved in RNA process-
ing, including 5� capping, splicing, and 3� cleavage and poly-
adenylation, have been found to bind to the C-terminal domain
(CTD) of RNAP II, which acts as a platform to bring these
factors to sites on the nascent transcript where their action is
needed (for review, see references 3 and 21). Therefore, in this
study we first asked if ICP27 interacted directly with the RNAP
II CTD, in accord with its posttranscriptional activities.

Some cellular RNA processing factors that associate with
the RNAP II CTD interact predominantly with a specific phos-
phorylated form of the CTD, whereas others do not show a
marked preference when binding (2, 7, 24, 28). The RNAP II
CTD in all eukaryotes is highly conserved and consists of
tandem repeats of a heptapeptide, YSPTSPS, which is re-
peated 52 times in humans. The CTD is reversibly phosphory-
lated on serine-2 and serine-5 in the heptapeptide repeat (9).
Unphosphorylated RNAP II is recruited to the promoter,
where a preinitiation complex forms. At initiation of transcrip-
tion, serine-5 is phosphorylated primarily by cdk7, which is
associated with general transcription factor TFIIH (9, 28).
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Thus, RNAP II found at the promoters of genes is mostly phos-
phorylated on serine-5 (for review, see reference 26). This
form is also referred to as hypophosphorylated or RNAP IIA.
During elongation, another kinase, P-TEFb, which consists of
the cyclin-dependent kinase cdk9 and one of several cyclin T
isoforms, phosphorylates serine-2 (for review, see reference
43). The elongating form of RNAP II is hyperphosphorylated
and is called the RNAP IIO form, which has a slower migration
(63). In HSV-1-infected cells, an intermediately phosphory-
lated form has been found beginning around 5 h after infection
(48). HSV-1 protein ICP22 and kinase UL13 have been shown
to mediate the phosphorylation of RNAP II, resulting in the
RNAP IIi form (31, 47). Further, it has been shown that ICP22
interacts with cdk9 in a complex and that the HSV-1 kinase
Us3 may also be involved in the intermediate phosphorylation
of RNAP II (14). The exact nature of the modifications and the
role of the RNAP IIi form during viral transcription have not
been elucidated.

It was reported recently that in addition to the modification
of RNAP II to the IIi form, HSV-1 infection leads to a loss of
serine-2 phosphorylation (17). In this study, a small subfraction
remained and was found to colocalize with splicing speckles,
leading the authors to postulate that reduced serine-2 phos-
phorylation and its relocation to nuclear speckles may be de-
monstrative of the inhibition of cellular gene transcription,
which was previously shown to occur on several cellular genes
during HSV-1 infection (58). To determine with which phos-
phorylated forms of the CTD ICP27 associates, we used mono-
clonal antibodies that are specific for the serine-5 and serine-2
forms. Surprisingly, we found decreased levels of the serine-2
form as well as an overall decrease in RNAP II holoenzyme,
which suggested protein degradation rather than reduced
phosphorylation. In accord with this postulate, proteasome
inhibitors prevented the loss of the phosphoserine-2 form as
well as the decrease in overall RNAP II levels, as did treatment
with actinomycin D during infection to halt early and late viral
transcription. Studies in yeasts have shown that the 26S pro-
teasome associates with the 3� ends of genes in a transcription-
dependent fashion and correlates with the accumulation of
transcripts and the buildup of transcription complexes in the
same region (19, 57). The results that we present here lead us
to postulate that during robust transcription of HSV-1 early
and late genes from both strands of the genome, RNAP II
complexes may collide and stall and proteasomal degradation
may be required to resolve these complexes.

MATERIALS AND METHODS

Cells, viruses, and recombinant plasmids. HeLa cells and rabbit skin fibro-
blasts (RSFs) were grown on minimal essential medium containing 10% fetal calf
serum. HSV-1 wild-type (WT) strain KOS and ICP27 null mutant 27-LacZ were
described previously (53). ICP27 viral mutants dLeu, d1-2, d4-5, m15, m16, n406,
and n504 were generously provided by Steve Rice (30, 44, 45). ICP27 mutant
plasmids p�N, p�NLS, pD2�S5, pR1, pH 17, p�C, pS2, and pS18 have been
described previously (5, 6, 20, 51). Plasmids p�26-100 and p�63-100 were con-
structed from pSG130B/S (52) containing the WT ICP27 gene by deleting the
fragment from AgeI to DraIII and the fragment from DraIII to RsrII, respec-
tively, and inserting oligonucleotides to restore the reading frame and replace
flanking amino acids. pEt21-GST-CTD expressing full-length WT murine gluta-
thione transferase (GST)-CTD with 52 repeats was generously provided by
David Bentley (33).

Virus infection and immunoprecipitation procedures. HeLa R19 cells were
infected with the viruses indicated in each figure at a multiplicity of infection of

10. Nuclear extracts and whole-cell extracts were prepared as described previ-
ously (6, 51). For all immunoprecipitation experiments, extracts were treated
with 10 �g/ml DNase I (Sigma) and a 1:100 dilution of RNase cocktail (Ambion)
at 30°C for 30 min in the presence of protease inhibitors, 4 mM Pefabloc, and
leupeptin at 0.1 �g/�l. Immunoprecipitations, gel electrophoresis, and immuno-
blotting procedures were performed as described previously (6, 51, 65).

In vitro binding assays. GST-binding assays were performed at room temper-
ature by combining 20 �l of glutathione-Sepharose-bound GST proteins with 10
�l of 35S-labeled proteins (or as indicated in the figures) from in vitro translation
reactions as described previously (6, 51). DNase and RNase were added as
described above. Beads were washed five times, and bound proteins were frac-
tionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

In vitro phosphorylation. Twenty microliters of GST and GST-CTD bound to
glutathione-Sepharose beads was incubated with 50 �Ci of [�-32P]ATP and 5
units of cdc-2 kinase (New England Biolabs) under the conditions specified by
the manufacturer. Apyrase (Sigma), which is an ATPase, was included in some
reactions as a negative control for phosphorylation.

Immunofluorescence microscopy. RSFs were grown on coverslips and infected
as described in the figure legends. At various times, cells were fixed in 3.7% form-
aldehyde, and immunofluorescence staining was performed as described previously
(6, 51) with anti-ICP27 antibodies H1119 and H1113 (Goodwin Institute); anti-ICP4
antibody H1101 (Goodwin Institute); anti-RNAP II antibodies 8WG16, H5, and
H14 (Covance Research Products); ARNA3 (Research Diagnostics); and anti-SC35
hybridoma supernatant (51). The specificity of the RNAP II antibodies is shown in
Table 1. Procedures for the serial treatment of cells with different monoclonal
antibodies were as described previously (51). Cells were viewed by fluorescence
microscopy at a magnification of �100 with a Zeiss Axiovert S100 microscope.
Images were pseudocolored and merged using Adobe Photoshop.

RESULTS

ICP27 interacts with the CTD of RNAP II. To determine if,
like many cellular RNA processing factors, ICP27 binds to the
CTD of RNAP II, in vitro binding studies were performed.
GST-CTD was found to bind to ICP27 translated in vitro in
reticulocyte lysates (Fig. 1A). Further, the translation reactions
were treated with DNase and RNase before and during the
binding assay, indicating that ICP27 interacted with GST-CTD
through protein-protein interactions and that binding was not
mediated by nucleic acids. Zhou and Knipe also found that the
interaction of ICP27 with RNAP II holoenzyme occurred in
the absence of nucleic acids (66). Because bacterially expressed
GST-CTD is not phosphorylated and ICP27 was found to bind,
this indicates that ICP27 may not have a preference for a
specific phosphorylated form of RNAP II, as has been found
with the cellular cleavage and polyadenylation specificity fac-
tor, which interacts with both unphosphorylated and phospho-
rylated forms (10). To determine if phosphorylation of the
CTD had any effect on the binding by ICP27, GST-CTD was
phosphorylated in vitro with cdc-2 kinase (Fig. 1B), which
phosphorylates both serine-2 and serine-5 (62). Binding of
ICP27 to cdc-2-phosphorylated GST-CTD was found to be
equivalent to that seen with unphosphorylated GST-CTD (Fig.
1C). Similarly, ICP27 in virus-infected cells was found to co-
immunoprecipitate with both unphosphorylated and phospho-
rylated forms of RNAP II (Fig. 1D). Specifically, immunopre-
cipitations were performed with monoclonal antibody 8WG16,
which recognizes unphosphorylated RNAP II and the hypo-
phosphorylated IIA form, and with monoclonal antibodies
H14 and H5, which recognize the phosphoserine-5 and phos-
phoserine-2 forms, respectively (41). Western blot analysis of
the immunoprecipitated complexes using monoclonal antibody
specific for ICP27 demonstrated that ICP27 was coimmuno-
precipitated with both unphosphorylated and phosphorylated
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forms (Fig. 1D) and, further, that both unphosphorylated and
phosphorylated forms of RNAP II were coimmunoprecipi-
tated with ICP27 (Fig. 1E). As with the in vitro binding assays,
the coimmunoprecipitations were performed in the presence
of DNase and RNase, indicating that nucleic acids were not
required to bridge these interactions.

Both the N terminus and C terminus of ICP27 must be
intact for efficient interaction with RNAP II CTD. To map the
regions of ICP27 that are involved in its interaction with
RNAP II CTD, in vitro binding studies were performed with
GST-CTD and a series of ICP27 mutant proteins that harbor
deletions or insertions. The positions of the mutations within
the ICP27 coding sequence are shown in Fig. 2A. Binding to

unphosphorylated GST-CTD was seen to be greatly reduced
for ICP27 mutants �N, in which N-terminal residues 3 to 28
are deleted (65); �C, in which C-terminal residues 450 to 512
are deleted (51); and S2, which has an insertion of four amino
acids between residues 465 and 466 (20). C-terminal mutant
S18, with an insertion of four amino acids between residues
504 and 505 (20), bound as efficiently as WT ICP27 (Fig. 2B).
Thus, as with ICP27’s self-interaction (65) and its interaction
with several other proteins, including splicing SR proteins (51)
and export receptor TAP/NXF1 (5), both the N terminus and
C terminus, at least until amino acid 504, must be intact for
efficient binding to unphosphorylated GST-CTD (Fig. 2B). It
was similarly found that the N terminus and C terminus must
be intact for binding of ICP27 to phosphorylated GST-CTD
(Fig. 2C); however, mutant S2 bound efficiently to phosphory-
lated GST-CTD, but binding to unphosphorylated GST-CTD
was barely detectable (Fig. 2B). The insertion and deletion
mutations undoubtedly cause conformation changes in ICP27,
and it is possible that binding to the more extended structure
of the phosphorylated CTD (63) is more tolerant of these
alterations. It should also be noted that the in vitro binding
assays were repeated five times, and the results were similar to
the representative results shown in Fig. 2 in all cases.

Both the N terminus and C terminus of ICP27 are required
to be intact for the interaction with RNAP II in virus-infected
cells. To confirm the in vitro mapping studies in vivo, coim-
munoprecipitation studies were performed on nuclear extracts
from cells infected with WT HSV-1 KOS and ICP27 viral

FIG. 1. ICP27 binds to both unphosphorylated and phosphorylated RNAP II CTD in vitro and in vivo. (A) GST binding assays were performed
with GST-CTD and in vitro translated ICP27. Two or twenty microliters of the translation reaction was added to the binding assays as indicated.
The binding assays were performed in the presence of DNase and RNase to eliminate the possibility of nucleic acid bridging. Luciferase was
included as a negative control. (B) GST-CTD was phosphorylated in vitro with cdc2 kinase. GST was included as a negative control. (C) Un-
phosphorylated or cdc2-phosphorylated GST-CTD was added to binding assays with in vitro translated ICP27 as indicated. The binding reactions
were also performed with GST-CTD that was treated with cdc-2 in the presence of the ATPase apyrase as a control. All binding assays were
performed in the presence of DNase and RNase. (D) RNAP II was immunoprecipitated with antibody 8WG16 or a combination of H14 and H5
from nuclear extracts (NE) of cells that were infected with HSV-1 KOS for 6 h. ICP27 in the immunoprecipitated complexes was detected by
Western blot analysis with antibody H1119, which is specific for ICP27. The intense band beneath the ICP27 band is heavy chain immunoglobulin
G from the immunoprecipitation. (E) Immunoprecipitations were performed with ICP27 antibody H1119 on nuclear extracts from cells that were
mock-infected (UN) or were infected with 27-LacZ or HSV-1 KOS. Western blot analysis was performed to detect RNAP II and ICP27 with the
indicated antibodies. NE, nuclear extracts; Luc, luciferase; IP, immunoprecipitation.

TABLE 1. Specificity of monoclonal antibodies against RNAP II

Monoclonal
antibody Epitope RNAP II form Refer-

ence

8WG16 Unphosphorylated and
Ser-5-phosphorylated
CTD

Unphosphorylated and
RNAP IIA

41

H14 Ser-5-phosphorylated
CTD

RNAP IIA-initiating
complex

41

H5 Ser-2-phosphorylated
CTD

RNAP IIO-elongating
complex

41

ARNA3 N-terminal epitope
in large subunit
of RNAP II
holoenzyme

All forms,
unphosphorylated,
RNAP IIA,
and RNAP IIO

28
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mutants. The positions of the mutations are shown in Fig. 3A,
and the residues affected are listed in Fig. 3B. Immunoprecipi-
tation with monoclonal antibody to ICP27 resulted in the co-
precipitation of RNAP II, recognized by antibody 8WG16 (41),
in extracts from WT-infected cells and from cells infected with
mutant virus d1-2, which has a deletion of residues 12 to 63,
and mutant virus n504, which yields a protein that is truncated
at residue 504 (30, 46) (Fig. 3D). These data are in agreement
with the in vitro mapping data shown in Fig. 2, further nar-
rowing the N-terminal region required to residues 3 to 12 and
confirming that residues 505 to 512 are not required. Zhou and

Knipe (66) also reported that RNAP II was coprecipitated with
mutant n504. There was a barely detectable interaction seen
with mutant n406, which lacks the C-terminal 112 amino acids
(Fig. 3D and E), and binding was also greatly reduced with
mutant dLeu, which has a deletion of N-terminal residues 6 to
19 (30). This includes the epitope for ICP27 monoclonal anti-
body H1119 (36), and therefore ICP27 monoclonal antibody
H1113 was used for coimmunoprecipitation with dLeu extracts
(Fig. 3D and E). Interestingly, two different ICP27 substitution
mutants, m15 and m16, behaved differently. Mutant m15 has
substitutions for residues 465 and 466, and m16 contains a
substitution for residue 488 (45), both within the C-terminal
region of ICP27. RNAP II was efficiently coimmunoprecipi-
tated with mutant m16 but not with mutant m15. That is, while
about one-third as much m15 mutant form of ICP27 was im-
munoprecipitated compared to the amount of the m16 form,
only 14% of the level of RNAP II was precipitated with m15
compared to WT, whereas m16 coprecipitated 2.3 times as
much as WT ICP27 (Fig. 3D). Thus, the conformational
change in the m15 protein reduced its ability to bind to RNAP
II. We conclude that both the N terminus and the C terminus
up to residue 504 must be largely intact for efficient interaction
with RNAP II.

ICP27 colocalizes with RNAP II, which is relocalized to viral
transcription sites, and these sites are poorly formed in infec-
tions with ICP27 mutants that do not associate with RNAP II.
Immunofluorescence analysis was performed to determine if
ICP27 colocalized with RNAP II in HSV-1-infected cells, as
further evidence of a physical interaction. In Fig. 4 and in all
subsequent immunofluorescence images, representative cells
instead of a field of cells are shown at higher magnification to
better illustrate the fluorescence patterns found. In all cases,
the cells that are shown represent the pattern observed in
the majority (greater than 80%) of the cells in at least 10
fields. At 6 h after infection, ICP27 was seen to colocalize in
part with RNAP II stained by antibody 8WG16, which rec-
ognizes unphosphorylated and phosphoserine-5-hypophos-
phorylated RNAP IIA (41) (Fig. 4A). This colocalization was
also seen in staining with antibody ARNA3, which recognizes
an epitope from amino acids 794 to 822 in the N terminus of
the large subunit of RNAP II (29); thus, all forms, phospho-
rylated and unphosphorylated, are recognized (Fig. 4C). Mu-
tant d4-5, which interacts with RNAP II, also colocalized as did
mutant d1-2 (Fig. 4A). In contrast, colocalization was not seen
with the N-terminal mutant dLeu and C-terminal mutants m15
and n406 (Fig. 4A and C), in accord with the immunoprecipi-
tation data (Fig. 3).

It has been shown that RNAP II is redistributed in HSV-1-
infected cells to sites of viral transcription and, further, that
ICP27 is one of the immediate-early gene products that is
required for this to occur (48). Therefore, we looked at the
distribution of RNAP II in WT and ICP27 mutant virus-in-
fected cells in replication compartments that contain the
HSV-1 major transcriptional activator ICP4. In accord with the
results of Rice et al. (48), in WT-infected cells, RNAP II
recognized by 8WG16 and ARNA3 was redistributed into
ICP4-containing viral transcription-replication compartments
by 6 h after infection (Fig. 4B and D). Redistribution was also
seen in d4-5- and d1-2-infected cells (Fig. 4B), although in the
latter case, replication compartment formation was delayed

FIG. 2. Both the N terminus and the C terminus of ICP27 must be
intact for binding to RNAP II CTD in vitro. In vitro binding assays
were performed with GST-CTD and WT or mutant forms of ICP27
that were translated in vitro. (A) A schematic representation of the
ICP27 coding sequence showing the sites of the mutations. The
leucine-rich region (LRR), the nuclear localization signal (NLS), the
RGG-box motif (RGG), the arginine-rich region 2 (R2), three pre-
dicted KH domains (KH1, KH2, KH3), and a zinc finger-like domain
(CCHC) are depicted. (B) In vitro binding assays were performed with
unphosphorylated (unphos) GST-CTD and WT or mutant forms of
ICP27 as indicated. Luciferase was included as a negative control.
Input 35S-labeled proteins are shown in the lower panel. (C) GST-CTD
was phosphorylated (phos) in vitro with [�-32P]ATP by cdc2 kinase,
and binding assays were performed with WT and mutant forms of
ICP27. Input 35S-labeled proteins are shown in the lower panel. DNase
and RNase were added to all binding reactions. Luc, luciferase.
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relative to WT. By 10 h after infection, there was a concor-
dance of RNAP II and ICP4 in d1-2-infected cells (data not
shown). In contrast, in cells infected with dLeu, m15, and n406,
RNAP II remained diffusely distributed throughout the nu-
cleus, and, further, ICP4-containing transcription-replication
compartments were poorly formed (Fig. 4B and D). These data
suggest that ICP27 is required for the efficient recruitment of
RNAP II to viral transcription sites and, further, that forma-
tion of transcription-replication compartments requires RNAP
II redistribution.

Next, we looked at the distribution of the phosphoserine-5
form of RNAP II, which is recognized by antibody H14 (41)
and which is found predominantly at promoters in initiation
complexes (26). H14 staining was not seen to be largely redis-
tributed in WT-infected cells even at 8 h after infection (Fig.
4E). While there was a movement of some of the H14 staining
to viral transcription compartments seen at 8 h compared to
3 h, staining was distributed throughout the nucleus. These
results are in agreement with those of Fraser and Rice (17),
who also found little redistribution with H14 in WT-infected
cells. This observation suggests that cellular transcription ini-
tiation continues during viral infection even at late times. In-
terestingly, the H14 staining pattern seen in ICP27 null mutant
27-LacZ-infected cells and in m15-infected cells more closely
resembles what is seen in mock-infected cells (Fig. 4E). There

was also little evidence of transcription compartment forma-
tion in 27-LacZ- and m15-infected cells. These results suggest
that viral transcription is greatly reduced even at 8 h after
infection with these mutants. In fact, microarray analysis of
total RNA extracted 8 h after infection with 27-LacZ and m15
showed that the abundance of viral early and late transcripts
was reduced to 10% of WT KOS levels for 27-LacZ and to
15% of KOS levels for m15 (A. Sun, E. K. Wagner, and R. M.
Sandri-Goldin, unpublished results). Further, dLeu and n406
also showed greatly decreased levels of late transcripts in micro-
array analysis, and little redistribution of RNAP II and poor
formation of ICP4-transcription compartments were also ob-
served (Fig. 4B, D, and E). We conclude that the interaction of
ICP27 with RNAP II is required for efficient redistribution of
RNAP II to viral transcription sites and that these sites are
poorly formed in infections with ICP27 mutants that do not
interact with RNAP II. Further, viral transcription appears to
be reduced in ICP27 N-terminal and C-terminal mutants that
fail to interact with RNAP II. Thus, ICP27’s role in the stim-
ulation of viral transcription may hinge upon its ability to
interact with and recruit RNAP II.

ICP27 colocalizes with the phosphoserine-2 form of RNAP
II at early times after infection but not at later times. We were
particularly interested in determining if ICP27 colocalized with
the phosphoserine-2 form of RNAP II, which is found pre-

FIG. 3. The N terminus and the C terminus of ICP27 must be intact for efficient interaction with RNAP II in virus-infected cells. (A) A
schematic diagram of the ICP27 coding sequence showing the positions of the lesions in the ICP27 viral mutants. The domains shown are as
described in the legend to Fig. 2. (B) The residues affected in each mutant are indicated. (C) HeLa cells were infected for 6 h with WT HSV-1
KOS and the indicated mutant viruses. A portion of each nuclear extract was analyzed by Western blotting with anti-RNAP II antibody 8WG16
to monitor RNAP II expression. (D) Immunoprecipitations (IP) were performed with antibody H1119 to ICP27, and RNAP II was detected by
Western blot analysis with antibody 8WG16. ICP27 mutant dLeu has a deletion in the epitope recognized by H1119 (dLeu-9), and therefore
immunoprecipitation was performed in parallel with ICP27 antibody H113, which recognizes a different epitope (dLeu-3). RNAP II was detected
with antibody 8WG16, and ICP27 was detected with H1119. Asterisks denote the positions of WT and mutant forms of ICP27. The plus (�) signs
indicate heavy chain immunoglobulin G that was present from the immunoprecipitations. The numbers under the lanes indicate the amount of
immunoprecipitated protein relative to the WT, which was arbitrarily set to equal 1.0. Protein amounts were quantified using SigmaScan software.
UN, untreated.
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dominantly in elongating transcription complexes, and with
which factors required for splicing and 3� end formation have
been found to associate (1, 2, 24). Antibody H5 has been
reported to specifically recognize serine-2 phosphorylation in
the CTD (41). At 4 h after infection with WT KOS, H5 staining
was seen to be redistributed compared to mock- and 27-Lac
Z-infected cells and to colocalize with ICP27 (Fig. 5A.) This
was confirmed by Z-stack analysis. The deconvoluted maxi-
mum view of H5 (green) and ICP27 (red) staining is shown to
the right of WT panels at 4 h in Fig. 5A. However, by 8 h
postinfection, ICP27 was actively shuttling between the nu-
cleus and cytoplasm, and H5 staining was seen to move to
structures that resembled splicing speckles (Fig. 5A). Z-stack
deconvolution analysis demonstrated that ICP27 and H5 stain-
ing were distinct and did not overlap (Fig. 5A, right column).
In m15- and n406-infected cells, the speckled staining pattern
seen with H5 was not observed, and a pattern more similar to

what was seen in mock- and 27-LacZ-infected cells was seen.
Further, ICP27, which is confined to the nucleus even at late
times in these mutants because they are defective in export (5),
did not colocalize with H5 staining (Fig. 5A). The phospho-
serine-2 form of RNAP II recognized by H5 was recently
reported to be found in splicing speckles rather than in HSV-1
replication compartments marked by ICP8 staining in WT
HSV-1-infected cells (17). We sought to determine whether
any H5 staining colocalized with ICP4. In WT-infected cells,
H5 staining was again observed in structures resembling splic-
ing speckles, and colocalization with ICP4 compartments was
not observed (Fig. 5B). In cells infected with ICP27 mutants
27-LacZ, m15, and n406, a diffuse distribution of H5 staining
was observed similar to what was seen in mock-infected cells,
and, again, there was little formation of ICP4 compartments
evident (Fig. 5B). To further determine the nature of the H5
speckled staining pattern in WT-infected cells at late times

FIG. 4. ICP27 mutants that failed to interact with RNAP II also fail to colocalize and recruit RNAP II to viral transcription sites. RSFs were
infected for 6 h with WT HSV-1 KOS and the indicated ICP27 mutants. In panel E, WT-infected cells were fixed at 3 and 8 h after infection, and
mutant-infected cells were fixed at 8 h after infection. Cells were stained with anti-ICP27, anti-ICP4, and the RNAP II antibodies 8WG16, ARNA3,
and H14 as indicated.
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after infection, we did a colocalization analysis with a mono-
clonal antibody to splicing factor SC35, which has been shown
to be a component of splicing speckles (18). In mock- and
n406-infected cells, H5 staining was diffusely distributed
throughout the nucleus and was distinct from SC35 speckles
(Fig. 5C). In WT KOS-infected cells, H5 staining colocalized
with SC35 staining (Fig. 5C). There was also a striking reduc-
tion in the overall level of H5 staining compared to what was
seen in mock- and n406-infected cells. Antibody H5 has been
reported to cross-react with splicing SR proteins, including
SC35, when levels of SR proteins are more abundant than
levels of the phosphoserine-2 form of RNAP II (13). Because
overall H5 staining was greatly reduced, we reasoned that H5
may actually be cross-reacting with SC35 and other SR pro-
teins, which are enriched in splicing speckles. Z-stack analysis
supported this supposition because there was a perfect coinci-
dence in the staining patterns (Fig. 5C). This result leads us to
conclude that the phosphoserine-2 form of RNAP II becomes
depleted at late times after WT HSV-1 infection and that the
H5 antibody preferentially reacts with SR splicing proteins
whose serine phospho-epitopes can be recognized by H5.

The elongating phosphoserine-2 form along with RNAP II
levels in general decrease during WT HSV-1 infection. To
further examine the apparent decrease in the phosphoserine-2
form of RNAP II noted in staining with antibody H5, Western
blot analysis was performed because RNAP II has a predicted
molecular mass of 220 to 240 kDa, whereas SC35 has an ap-
parent molecular mass of 35 kDa; consequently, cross-reactiv-
ity would not be a problem as it was in the immunofluores-
cence studies. Nuclear extracts were prepared from cells that
were mock-infected or were infected with WT HSV-1 KOS or
27-LacZ at different times after infection as indicated in Fig. 6.
Probing with antibody ARNA3, which recognizes all forms of
RNAP II, demonstrated a decrease in total RNAP II levels in
WT KOS-infected cells beginning about 5 h after infection
(Fig. 6). A slight decrease was also seen in 27-LacZ-infected
cells but not until 7 h after infection, and a more significant
decrease was evident at 9 h after infection, as can be seen in the
protein quantification (Fig. 6B, top panel). RNAP II levels
remained constant in mock-infected cells. The decrease in the
phosphoserine-2 form recognized by H5 antibody was evident
in WT KOS-infected cells beginning at 3 h after infection, and

FIG. 5. H5 staining decreases and colocalizes with splicing speckles at late times in WT HSV-1 infection. RSFs were either mock infected or
were infected with WT HSV-1 KOS or the ICP27 mutants 27-LacZ, m15, and n406. Cells were fixed at 4 and 8 h after infection where indicated
and at 8 h if not indicated. Cells were stained with anti-phosphoserine-2 antibody H5 and antibodies to ICP27, ICP4, and SC35 as indicated. Z-stack
deconvolution analysis was performed where indicated, and the maximum view is shown in each case.
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a dramatic reduction was seen by 9 h (Fig. 6A and B). Again,
the decrease in phosphoserine-2 levels was delayed in 27-LacZ
infection but became detectable by 5 h after infection (Fig. 6A
and B, bottom panel). Levels of the phosphoserine-5 form
detected by H14 antibody remained relatively stable in mock-
and HSV-1-infected cells although there were differences in
migration indicating differences in the level of serine-5 phos-
phorylation (Fig. 6A and B, middle panel). There were no
significant alterations in the levels of cdk7, which phosphoryl-
ates serine-5, or cdk9, which phosphorylates serine-2. This find-
ing, coupled with the decreases seen in both phosphorylated
and faster-migrating unphosphorylated species detected by
ARNA3, led us to postulate that protein degradation rather
than dephosphorylation or reduced phosphorylation on
serine-2 was occurring. That is, the phosphoserine-2 form ap-
peared to be degraded during the course of infection, and this
occurred earlier and to a greater extent in WT infection, where
viral transcription is robust, compared to 27-LacZ infection,
where viral transcription is greatly reduced compared to WT
(49, 59).

Dephosphorylation of RNAP II in vitro did not show a net
loss of protein, whereas the addition of proteasome inhibitors
in vivo prevented loss of phosphoserine-2 RNAP II. To confirm
that protein degradation and not dephosphorylation was the
cause of the loss of the serine-2 form, RNAP II was treated
with alkaline phosphatase in vitro. Antibody ARNA3 was used
to immunoprecipitate RNAP II from HSV-1-infected cells at
5 h after infection, and immunopurified complexes were
treated with alkaline phosphatase (Fig. 7A). ICP27 was simi-
larly immunoprecipitated and treated in parallel because we
showed previously that dephosphorylation of ICP27 in vitro
does not result in loss of protein (64). While 32P radioactivity
was reduced for both RNAP II and the ICP27 control when
each was treated with alkaline phosphatase, Western blot anal-
ysis demonstrated that protein levels did not decrease (Fig.
7A). There was a shift toward faster migrating hypophosphor-
ylated forms for RNAP II (Fig. 7A) but no apparent reduction
in the amount of protein. We conclude that loss of the phos-
phoserine-2 form is not the result of dephosphorylation or
hypophosphorylation of RNAP II.

FIG. 6. Phosphoserine-2 levels, as well as RNAP II levels, in general decrease during the course of WT HSV-1 infection. (A) HeLa cells were
mock infected (M) or were infected with ICP27 null mutant 27-LacZ or WT HSV-1 KOS, and nuclear extracts were prepared at the times
indicated. Western blot analysis was performed with the following anti-RNAP II antibodies: ARNA3, which detects all forms of RNAP II both
phosphorylated and unphosphorylated; H14, which is specific for phosphoserine-5; and H5, which is specific for phosphoserine-2. The blots were
also probed with antibodies to ICP27, the nuclear transcription factor YY1, and kinases cdk7 and cdk9. (B) Protein quantification is shown for total
RNAP II (top panel), phosphoserine-5 (P-Ser5) RNAP II (middle panel), and phosphoserine-2 (P-Ser-2) RNAP II forms (bottom panel).
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In Saccharomyces cerevisiae, the 26S proteasome has been
shown to be physically and functionally associated with RNAP
II at transcriptional pause sites (19). Because it is the phos-
phoserine-2 form that was specifically depleted during WT
HSV-1 infection (Fig. 6) and because this is the form found in
elongating transcription complexes, we reasoned that protea-
somal degradation might be occurring during active and robust
viral transcription. That is, elongating complexes might collide
and pause or stall. To determine if proteasomal degradation
was indeed occurring, mock- and WT HSV-1-infected cells
were treated with increasing amounts of the proteasome in-
hibitors MG132 and lactacystin, which were added beginning
1 h after infection. Nuclear extracts were prepared at 8 h after
infection, and RNAP II levels were determined by Western
blot analysis. Neither total RNAP II levels nor phospho-
serine-2 levels were appreciably affected by MG132 or lacta-
cystin in mock-infected cells; however, in WT HSV-1-infected
cells, the addition of these drugs prevented the decreases seen
in the absence of proteasome inhibitors (Fig. 7B and C). We
conclude that loss of phosphoserine-2 RNAP II results from
proteasomal degradation.

Ubiquitination of RNAP II can be detected in HSV-1-in-
fected cells in the presence of MG132, which also prevents
decreased H5 staining and its relocalization to splicing speck-
les. To determine if ubiquitinated forms of RNAP II could be
detected, Western blot analysis was performed on samples

from mock- and HSV-1 WT KOS-infected cells that were or
were not treated with MG132. The blots were probed with H5,
specific for serine-2 phosphorylation, and H14, specific for
serine-5 phosphorylation. The blots were overexposed to allow
detection of the labile ubiquitinated forms (Fig. 8A). Slower-
migrating species indicative of ubiquitinated forms were de-
tected in WT HSV-1 samples that were treated with MG132
but not in the absence of the inhibitor. In fact, reduced levels
of the phosphoserine-2 form were again seen in the absence of
MG132 in KOS-infected cells (Fig. 8A). To directly demon-
strate ubiquitination, WT HSV-1-infected cells were treated
with MG132 as described above. Infected cell lysates were
immunoprecipitated with anti-ubiquitin antibody (12), and
Western blot analysis was performed with anti-RNAP II anti-
bodies 8WG16 and ARNA3 to detect all forms of RNAP II
(Fig. 8B). Slower-migrating forms of RNAP II that coprecipi-
tated with anti-ubiquitin antibody were readily detected in the
longer exposure seen in the middle panel of Fig. 8B (marked
by arrows). Ubiquitinated forms were more apparent in the
MG132-treated sample, as would be expected with a protea-
some inhibitor. To verify that RNAP II was coprecipitated with
anti-ubiquitin antibody, in a parallel experiment proteins
bound to the antibody-protein A Sepharose beads were eluted,
and the eluate was immunoprecipitated with anti-RNAP II
antibodies 8WG16 and ARNA3 (right panel). Western blot
analysis confirmed that RNAP II was precipitated with anti-

FIG. 7. Loss of phosphoserine-2 (P-Ser2) and RNAP II can be prevented by the proteasomal inhibitors MG123 and lactacystin. (A) RNAP II
was immunoprecipitated from WT HSV-1 KOS-infected cells at 5 h after infection, and dephosphorylation with alkaline phosphatase was
performed as described previously (64). ICP27 was immunoprecipitated and treated with alkaline phosphatase in parallel as a control. UN,
untreated; Buf, treated with buffer alone; AP, treated with alkaline phosphatase. Upper panels show autoradiographs, and the lower panels show
Western blots of the same gels probed with antibody for ICP27 or RNAP II. (B) Cells were mock infected or infected WT KOS. Increasing amounts
of the proteasome inhibitor MG132 from 0 to 50 �M were added as indicated at 1 h after infection, and nuclear extracts were prepared at 6 h.
Western blots were probed with anti-RNAP II antibody ARNA3, which detects all forms, and H5, which detects phosphoserine-2. Blots were also
probed with antibody to nuclear transcription factor YY1 and to ICP27. (C) Lactacystin was added in increasing amounts from 0 to 60 �M to mock-
and WT KOS-infected cells at 1 h after infection, and nuclear extracts were prepared 5 h later. Blots were probed with antibodies as indicated in
panel B.

VOL. 80, 2006 ICP27 RECRUITS RNAP II TO HSV-1 TRANSCRIPTION SITES 3575



ubiquitin antibody. Further, addition of MG132 to KOS-in-
fected cells at 4 h after infection prevented the decrease in H5
staining seen at 8 h after infection when no MG132 was added
(Fig. 8C). Additionally, H5 staining was not relocalized to
splicing speckles in the presence of MG132 but, instead, re-
mained diffusely nuclear. These findings lend further support
to our conclusion that H5 staining of splicing speckles resulted
from cross-reactivity of the H5 antibody with SR proteins,
rather than from a redistribution of the phosphoserine-2 form
to these sites.

Inhibition of transcription prevents loss of RNAP II phos-
phoserine-2. Proteasomal degradation of RNAP II has been
found to occur on stalled elongation complexes (19, 57), and
therefore we reasoned that inhibiting transcription elongation by
adding actinomycin D might prevent degradation of RNAP II just
as proteasomal inhibitors prevented degradation. Mock- and WT
HSV-1 KOS-infected cells were either treated with actinomycin
D at 4 h after infection or left untreated, and samples were
analyzed at 8 h. In HSV-1-infected cells treated with the actino-
mycin D, H5 staining remained diffuse throughout the nucleus

FIG. 8. MG132 prevents the decrease in H5 staining and its relocalization to splicing speckles. (A) Mock- and HSV-1 WT KOS-infected
cells were left untreated (�) or were treated with 50 �M MG132 added 1 h after infection, and nuclear extracts were prepared at 6 h.
Samples of the nuclear extracts were fractionated by SDS-PAGE, and Western blot analysis was performed with H5 antibody, specific for
phosphoserine-2, and H14 antibody, specific for phosphoserine-5 (P-Ser2). The blots were overexposed to detect the faint, slower-migrating
species that are marked by arrows. (B) WT KOS-infected cells were either left untreated (�) or were treated with MG132 added 1 h after
infection as indicated. At 6 h after infection, samples of nuclear extracts (NE) were either fractionated directly by SDS-PAGE or were
immunoprecipitated (IP) with anti-ubiquitin antibody (left and middle panels) (12). The blot was probed with anti-RNAP II antibodies
8WG16 and ARNA3 to detect all species of RNAP II. The panel in the middle is a darker exposure of the panel on the left. Arrows indicate
the position of slower-migrating ubiquitinated forms of RNAP II. In a parallel experiment, after immunoprecipitation with anti-ubiquitin
antibody, precipitated proteins bound to the antibody-protein A Sepharose beads were eluted in 1% SDS in phosphate-buffered saline at
60°C for 15 min as previously described (12). The eluate was diluted with 20 volumes of phosphate-buffered saline containing 100 mM NaCl
and1% Triton X-100. Samples were then immunoprecipitated with anti-RNAP II antibodies 8WG16 and ARNA3 and were fractioned by
SDS-PAGE. Western blot analysis was performed with 8WG16 and ARNA3. (C) WT HSV-1 KOS-infected cells were either left untreated
(left panels) or were treated with 50 �M MG132 at 4 h after infection (right panels). Cells were fixed at 8 h and stained with phosphoserine-2
antibody H5, antibody to ICP4, and antibody to SR splicing factor SC35.
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and resembled the pattern seen in mock-infected cells treated
with actinomycin D (Fig. 9A). Further, relocalization to SC35
speckles was not observed (Fig. 9A). The addition of actinomycin
D did disrupt the formation of ICP4 transcription compartments
(Fig. 9B), but H5 staining did not decrease and remained diffuse
throughout the nucleus; further, RNAP II stained by 8WG16
remained diffuse and was not redistributed to ICP4 sites, as was
seen in the absence of actinomycin D (Fig. 9B). This indicates
that viral transcription was halted by actinomycin D.

To look at protein levels directly, Western blot analysis was
performed. Actinomycin D added at 4 h to WT KOS-infected
cells partly rescued the degradation of RNAP II levels as well as
phosphoserine-2 levels (Fig. 9C). In contrast, there was little effect
on RNAP II levels in mock-infected cells, suggesting that it is
active viral transcription that creates stalled transcription com-
plexes. That viral transcription was effectively inhibited by this
treatment was verified by probing for HSV-1 proteins. Expression
of the immediate-early proteins ICP4, ICP0, and ICP27 was only
slightly reduced when actinomycin D was added at 4 h; however,

expression of the late protein gC was undetectable (Fig. 9C).
Additional evidence that phosphoserine-2 degradation occurs as
a result of active HSV-1 transcription is shown in Fig. 9D. West-
ern blot analysis of a time course of infection was performed on
mock-, mutant n406-, mutant m15-, and WT HSV-1-infected
cells. In n406- and m15-infected cells, late transcript levels were
found to be reduced to less than 10% of WT levels by microarray
analysis (A. Sun et al. unpublished results), and levels of late gene
products were shown previously to be severely reduced in these
mutants (44, 45). Similar to what was seen for the ICP27 null
mutant 27-LacZ (Fig. 6), decreased levels of RNAP II detected
by ARNA3 and of phosphoserine-2 detected by H5 were seen but
at later times after infection compared to WT, and the decreases
were not as profound (Fig. 9D). We interpret these results to
mean that robust viral transcription must be occurring for the
degradation of phosphoserine-2. Decreased viral transcription
due to treatment with actinomycin D or in cells infected with
ICP27 viral mutants that fail to interact with RNAP II results in
decreased RNAP II degradation.

FIG. 9. Inhibition of viral transcription prevents the loss of phosphoserine-2, as well as its relocalization to splicing speckles. (A and B) Mock-
and WT HSV-1 KOS-infected cells were either untreated or were treated with actinomycin D (10 �g/ml) at 4 h after infection, and cells were fixed
at 8 h. Cells were stained with antibody H5 and with antibodies to SC35 (A) and ICP4 (B) as indicated. (C) Mock (M)- and WT HSV-1
KOS-infected cells were either untreated or were treated with actinomycin D (10 �g/ml) at 4 h after infection; total cell extracts were prepared
at 8 h, and samples were fractioned by SDS-PAGE. Western blots were probed with antibodies to RNAP II (ARNA3 and H5); HSV-1 IE proteins
ICP4, ICP0 and ICP27; and viral late protein gC. Antibody to YY1 was also used as a loading control. (D) Cells were mock (M)-infected or were
infected with WT HSV-1 KOS or ICP27 mutants n406 and m15. Nuclear extracts were prepared at the times indicated; samples were fractionated
by SDS-PAGE, and Western blot analysis was performed with antibodies to RNAP II large subunit (ARNA3), phosphoserine-5 (H14), and
phosphoserine-2 (H5). YY1 was also probed as a loading control. P-Ser, phosphoserine.
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MG132 rescues phosphoserine-2 degradation but results in
reductions in viral late proteins and in virus yields. We pos-
tulated that the elongating transcription complex containing
the phosphoserine-2 form became arrested or stalled during
active HSV-1 transcription and DNA replication. This could
result from colliding elongation complexes, because HSV-1
transcripts are transcribed from both strands in some regions
of the genome, from simultaneous transcription and DNA
replication on the same template, from DNA damage due to
HSV-1 recombination events, or from a combination of these
possible events. If ubiquitination and proteasomal degradation
of RNAP II were occurring to resolve stalled complexes and
allow appropriate 3� end processing, inhibition of this process
by proteasome inhibitors could result in diminished levels of
late viral products. To determine whether that was the case,
WT HSV-1-infected cells were either treated with MG132 at
1 h after infection or left untreated, and total RNA (Fig. 10A)
and proteins were extracted at 4 and 8 h (Fig. 10B). Viral RNA
was analyzed by microarray analysis as described previously

(60). Although there were some differences seen in the accu-
mulation of early (green) and late (blue) transcripts in infected
cells treated with MG132 compared to untreated cells (Fig.
10A), these increases or decreases were in the range of less
than twofold for each viral transcript. This indicates that
MG132 did not inhibit transcript accumulation. In contrast to
the modest increases or reductions seen in the levels of viral
early and late transcripts, MG132 treatment had a greater
effect on late protein levels. Levels of gB and gD were signif-
icantly reduced, and gC was undetectable in MG132-treated
cells (Fig. 10B). Further, virus yields were reduced 25- to
60-fold when MG132 or lactacystin was added (Fig. 10C).
These data suggest that proteasomal degradation of RNAP II
is beneficial for HSV-1 gene expression and replication.

DISCUSSION

HSV-1 ICP27 is a multifunctional regulatory protein with
demonstrated posttranscriptional activities, including host cell

FIG. 10. Proteasomal inhibitors rescued phosphoserine-2 (P-Ser 2), but reduced levels of viral late proteins and virus yields result. (A) WT
HSV-1 KOS-infected cells were either left untreated or treated with MG132 as indicated beginning 1 h after infection. Total RNA was isolated
at 8 h after infection, and microarray analysis was performed against an array of HSV-1 transcript-specific probes as described previously (60).
Immediate-early genes are shown in red, early genes are shown in green, and late genes are shown in blue. The experiment was performed twice,
and the hybridizations were performed in triplicate in each experiment. Error bars represent the standard deviations. (B) WT HSV-1 KOS-infected
cells were treated with increasing amounts of MG132 as indicated, beginning at 1 h after infection. Total cell lysates were prepared at 4 and 8 h
after infection, and samples were fractionated by SDS-PAGE. Western blot analysis was performed with H5 antibody and antibodies to HSV-1
late proteins gB, gD, and gC and to immediate-early protein ICP4. (C) WT KOS-infected cells were either untreated or were treated with MG132
(20 �M) or lactacystin (20 �M), which was added at 1 h after infection. Cells were harvested at 24 h, and virus titers were determined.
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splicing inhibition, stimulation of cleavage and polyadenylation
of some viral poly(A) sites, viral RNA export, and translation
initiation (6, 15, 16, 27, 34, 35, 51). In addition, ICP27 has been
shown to stimulate the transcription of some late transcripts
(23), and the accumulation of early and late gene products is
severely reduced in ICP27 viral mutant infections (23, 30, 44–
46). The mechanism by which ICP27 stimulates transcription
has not been elucidated. We present evidence here that the
interaction of ICP27 with RNAP II (66), and specifically with
the CTD of RNAP II (Fig. 1), is important for the recruitment
of RNAP II to sites of HSV-1 transcription marked by ICP4
staining. It was shown previously that RNAP II is redistributed
to viral replication compartments during HSV-1 infection and
that there was redundancy among HSV-1 immediate-early
gene products in effecting this relocalization (48). We have
mapped the regions of ICP27 that bind to the CTD in vitro and
that are required for coimmunoprecipitation and colocaliza-
tion with RNAP II in virus-infected cells. Both the N terminus
and the C terminus are required to be largely intact for the
association of ICP27 with RNAP II (Fig. 2 to 4). Furthermore,
RNAP II is not redistributed to viral replication compartments
in infections with ICP27 N-terminal and C-terminal mutants,
and these compartments are poorly formed (Fig. 4). Levels of
viral transcripts are reduced to 10 to 15% of WT KOS levels in
infections with ICP27 mutants that cannot interact with RNAP
II, and this may be because mutant ICP27 cannot recruit
RNAP II to viral transcription sites. In the absence of the
recruitment of abundant amounts of RNAP II, viral transcrip-
tion-replication compartments do not fully form but resemble
prereplication compartments (8, 11, 32). Thus, ICP27’s role in
transcription may be linked to its role in posttranscriptional
regulation. That is, like many cellular RNA processing factors,
ICP27 binds to the CTD of RNAP II, which acts as a platform
for RNA processing and export factors (3). ICP27 has also
been shown to interact with ICP8, which is required for HSV-1
DNA replication and which also associates with RNAP II (39,
66), and evidence has also been presented that ICP27 binds to
ICP4 (40). Thus, ICP27 bound to the RNAP II CTD may
direct RNAP II to sites containing ICP8 as well as ICP4. The
failure of ICP27 mutants to bind to the CTD might therefore
result in a reduced recruitment of RNAP II to viral replication
sites, such that viral transcription is diminished and replication
compartment formation is impaired.

Interestingly, recruitment of RNAP II was observed with
antibodies 8WG16 and ARNA3, which recognize both unphos-
phorylated and different phosphorylated forms of RNAP II,
but not with H14, which recognizes phosphoserine-5, or with
H5, which recognizes phosphoserine-2. H14 staining was seen
to remain diffusely localized throughout the nucleus even at
late times after infection (Fig. 4), and only a fraction of the
staining was seen to overlap with ICP4-containing compart-
ments. Serine-5 phosphorylation occurs during transcription
initiation at the promoters of genes (7, 21, 33), and the finding
that serine-5 phosphorylation can be found throughout the
nucleus during HSV-1 infection implies that cellular transcrip-
tion is an ongoing process. In contrast to the pattern seen with
H14, H5 staining was reduced and relocalized to splicing
speckles marked by SC35 staining. H5 is specific for phospho-
serine-2, which is found in elongating RNAP II (41). A similar
result has been reported by Fraser and Rice (17). These au-

thors interpreted this result to mean that the partial depletion
of serine-2 phosphorylation along with relocalization of the
remaining H5 staining material to splicing speckles occurred as
a result of the inhibition of cellular transcription. It has been
reported previously that HSV-1 infection causes repression of
transcription for some cellular genes (58). These authors also
speculated that serine-2 phosphorylation was not required for
HSV-1 transcription because of the disappearance of the H5
staining and its relocalization to splicing speckles and that
HSV-1-induced phosphorylation of the CTD through the ac-
tion of ICP22 and UL13 could substitute for serine-2 phospho-
rylation. Although the sites of CTD phosphorylation mediated
by ICP22 and UL13 have not been elucidated, Durand et al.
(14) have shown recently that ICP22 associates with cdk9 in a
complex that can phosphorylate the CTD in vitro. Because
cdk9 phosphorylates serine-2 on the CTD, it seems unlikely
that the HSV-1-induced changes would not involve serine-2
phosphorylation. Furthermore, 3� end formation and tran-
scription have been shown to be coupled through the binding
of factors required for cleavage and polyadenylation to the
serine-2-phosphorylated CTD (2). Therefore, we sought to
determine if the loss of H5 staining was due to degradation of
phosphoserine-2 RNAP II.

It has been reported that antibody H5 cross-reacts with SR
splicing proteins, including SC35 when these factors are more
abundant than phosphoserine-2 of RNAP II (13). Z-stack anal-
ysis demonstrated that H5 and SC35 staining were strikingly
coincident (Fig. 5), leading us to speculate that we were ob-
serving H5 cross-reacting with SC35 and other SR proteins.
Western blot analysis confirmed that the phosphoserine-2 form
of RNAP II was significantly reduced in WT HSV-1-infected
cells and, furthermore, that there was also a reduction in
RNAP II levels overall (Fig. 6). This suggested that protein
degradation rather than dephosphorylation was occurring.
Treatment with proteasome inhibitors MG132 and lactacystin
prevented the loss of RNAP II and the serine-2 phosphory-
lated form, and relocalization to splicing speckles also was not
observed (Fig. 7 and 8). Because the degradation occurred
faster and more dramatically in WT HSV-1-infected cells com-
pared to infections with ICP27 null mutant 27-LacZ, whose
viral transcriptional program is greatly reduced, we considered
the possibility that active viral transcription was responsible. It
has been shown in yeasts that stalled transcription complexes
at sites of DNA damage or due to accumulating transcription
complexes undergo proteasomal degradation of RNAP II to
resolve stalled complexes and to rescue 3� end formation (2,
19). Therefore, at times of active viral transcription, elongating
RNAP II might stall because of accumulating complexes dur-
ing robust transcription and possibly simultaneous DNA rep-
lication. Rescue of these RNAs through proteasomal degrada-
tion might be a necessary aspect of viral replication. If that is
the case, then, first, inhibiting transcriptional elongation by
actinomycin D should also rescue phosphoserine-2, and we
observed this result (Fig. 9). Second, blocking proteasomal
degradation with proteasome inhibitors should interfere with
viral replication, at least to some extent because transcripts in
stalled complexes would not undergo correct processing and 3�
end formation. While we did not look directly at 3� ends of
viral transcripts, we did find that while early and late tran-
scripts were altered in abundance by less than twofold, viral
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late proteins were reduced more significantly, and virus yields
were reduced 25- to 60-fold (Fig. 10). These findings indicate
that proteasome inhibitors do not inhibit transcription per se
but prevent the degradation of stalled RNAP II complexes,
which could result in improper 3� ends. These inappropriately
processed transcripts may make poor substrates for export
and/or translation, such that viral protein levels are reduced, in
turn leading to reductions in virus yields.

Thus, our model for the results that we have described is as
follows. During viral infection, ICP27 interacts with the CTD
of RNAP II, which acts as a platform for RNA processing
factors. ICP27 also interacts with ICP8 and ICP4, which are
part of HSV-1 replication compartments, and ICP27 recruits
mostly unphosphorylated RNAP II to these sites. ICP27 mu-
tants that cannot interact with RNAP II show reductions in
viral transcription, and this may result from the inability of
these mutants to recruit sufficient amounts of RNAP II to viral
transcription-replication sites, which in turn do not assemble
into full-fledged compartments. In WT HSV-1-infected cells,
transcription is robust following immediate-early gene expres-
sion and the commencement of DNA replication. Further-
more, transcription occurs on both strands of the viral genome
in some regions, and there is not a tight clustering of genes of
different kinetic classes. Instead, immediate-early, early, and
late genes can be found juxtaposed to each other, with rela-
tively short intergenic regions between genes. It is also possible
that DNA replication and transcription could be occurring on
the same template simultaneously. Finally, DNA breaks may
occur as a result of recombination events. Thus, it is likely that
elongating transcription complexes could pause or become
stalled. It has been demonstrated in yeast and in mammalian
cells that resolution of these complexes requires proteasomal
degradation (2, 19, 22, 25). Therefore, we propose that pro-
teasomal degradation of stalled RNAP II complexes occurs as
part of the HSV-1 robust transcriptional program and, further-
more, that viral gene expression and replication are enhanced
by this process.
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