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Herpes simplex virus 1 (HSV-1) protein ICP27 is a multifunctional regulatory protein that is posttransla-
tionally modified by phosphorylation during viral infection. ICP27 has been shown to be phosphorylated on
three serine residues, specifically serine residues 16 and 18, which are within casein kinase 2 (CK2) sites, and
serine residue 114, which is within a protein kinase A (PKA) site. Phosphorylation is an important regulatory
mechanism that is reversible and controls many signaling pathways, protein-protein interactions, and protein
subcellular localization. To determine the role of phosphorylation in modulating the activities of ICP27, we
constructed phosphorylation site mutations at each of the three serine residues. Single, double, and triple viral
mutants were created in which alanine or glutamic acid was substituted for serines 16, 18, and 114. ICP27
phosphorylation site mutants were defective in viral replication and viral gene expression. Notably, ICP4-
containing replication compartment formation was severely compromised, with the appearance of small
ring-like structures that persisted even at late times after infection. Neither the colocalization of ICP27 with
RNA polymerase II nor the formation of Hsc70 nuclear foci was observed during infection with the phosphor-
ylation site mutants, both of which occur during wild-type HSV-1 infection. These data indicate that several key
events in which ICP27 plays a role are curtailed during infection with ICP27 phosphorylation site mutants.

Herpes simplex virus 1 (HSV-1) ICP27 is a multifunctional
regulatory protein that interacts with a number of proteins and
that binds RNA (32). The different activities of ICP27 are
regulated in a temporal manner during infection. At early
times, ICP27 is localized to the nucleus, whereas beginning
about 5 to 6 h after infection, ICP27 continuously shuttles
between the nucleus and cytoplasm. ICP27 mediates its nu-
clear activities through a series of protein-protein interactions.
At very early times during infection, ICP27 recruits the pre-
dominantly cytoplasmic splicing factor kinase SRPK1 into the
nucleus (34). This results in the aberrant phosphorylation of a
family of essential splicing factors termed SR proteins, which
are specifically phosphorylated by SRPK1. The inappropriate
phosphorylation of SR proteins prevents their participation in
spliceosome assembly, which causes splicing complex forma-
tion to stall, and host cell pre-mRNA splicing is impaired (15,
34). This contributes to the shutoff of host protein synthesis
(14). Also at early times after infection, ICP27 interacts with
the C-terminal domain (CTD) of RNA polymerase II (RNAP
II) and causes RNAP II relocalization to sites of HSV-1 tran-
scription/replication. This recruitment of RNAP II is necessary
for highly active and efficient viral transcription (5). Beginning
about 5 h after infection, ICP27 disassociates from splicing
speckles, taking the cellular mRNA export factor Aly/REF
with it to viral transcription/replication compartments (3, 4).
ICP27 then binds viral transcripts (31) and facilitates their
export to the cytoplasm through the TAP/NXF1 cellular
mRNA export receptor, with which it interacts directly, as well
as through its interaction with Aly/REF (3, 4, 18, 19). Once in

the cytoplasm, ICP27 facilitates the translation of some viral
transcripts through an interaction with translation initiation
factors (7–9)

An important question to be addressed is how the various
activities, subcellular localization, and protein interactions of
ICP27 are regulated throughout infection. Posttranslational
modifications such as phosphorylation and methylation have
been shown to play important roles in regulating the intracel-
lular distribution of proteins and in modulating protein-protein
interactions. ICP27 is posttranslationally modified by phosphor-
ylation (44) and arginine methylation (27, 38, 39). We showed
recently that the methylation of ICP27 on three arginine res-
idues within an RGG box motif is critical for regulating the
export of ICP27 to the cytoplasm and for ICP27’s functional
interactions with SRPK1 and Aly/REF, which interact with
ICP27 through a region that includes the RGG box (38, 39).
Under conditions of hypomethylation in infections with argi-
nine-to-lysine substitution mutants or in wild-type-infected
cells in the presence of a methylation inhibitor, ICP27 was
more rapidly exported to the cytoplasm at earlier times after
infection, preventing ICP27 from performing its full array of
nuclear functions and thus decreasing viral replication (38).
Also, the interaction of SRPK1 and Aly/REF with ICP27 was
impaired if ICP27 was hypomethylated, and these proteins
were not recruited to the nucleus and to viral replication com-
partments, respectively (39). Thus, arginine methylation is an
important regulator of ICP27 export and interaction with
SRPK1 and Aly/REF.

Protein phosphorylation is an important posttranslational
modification that regulates many cellular processes. Phosphor-
ylation is a rapid and reversible process in which the negatively
charged phosphate group modulates how the protein interacts
with other molecules, both proteins and nucleic acids (10, 12,
16, 17, 20, 29). ICP27 is posttranslationally modified by phos-
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phorylation (43, 44) on serine residues (44). We previously
determined ICP27 sites that are phosphorylated during HSV-1
infection by phosphopeptide mapping studies (44). Casein ki-
nase 2 (CK2) sites at serine residues 16 and 18, which are in the
N-terminal leucine-rich region required for the export of
ICP27, and serine residue 114, within a protein kinase A
(PKA) site in the nuclear localization signal of ICP27, are
extensively phosphorylated during infection (44). To deter-
mine the role of phosphorylation in regulating the various
functions of ICP27, substitution mutations were introduced
into ICP27 such that serine was replaced with alanine to re-
semble the unphosphorylated state or with glutamic acid to
mimic the negative charge of a phosphate group. Viral mutants
were constructed.

We characterized the growth properties of the ICP27 phos-
phorylation mutants and found that virus yields were reduced
by 2 logs or more, and DNA replication and gene expression
also were significantly reduced. Characteristic ICP4-containing
replication compartments were not formed in mutant-infected
cells, but instead small ring-like structures were observed.
ICP27 did not colocalize with RNAP II in mutant-infected
cells and the ICP27-mediated recruitment of Hsc70 to form
nuclear foci did not occur, which together indicate that viral
transcription was significantly reduced during infection with
ICP27 phosphorylation site mutants.

MATERIALS AND METHODS

Cells and viruses. Vero cells were grown in minimal essential medium (MEM)
with 8% fetal bovine serum and 4% donor calf serum at 37°C. Vero 2-2 cells were
grown in MEM with 750 �g/ml G418 (36). HeLa cells were grown in MEM with
10% newborn calf serum. HSV-1 KOS and 27-LacZ were described previously
(22, 36). ICP27 mutants dLeu and d1-5 (22) were provided by Steve Rice
(University of Minnesota). ICP27 null mutant virus 27-GFP was described pre-
viously (41), as was N-YFP-ICP27 virus (18).

Recombinant plasmids. Plasmids pS16A, pS18A, and pS114A were described
previously (44). ICP27 point mutations were created in plasmid pSG130B/S (35),
which contains the full-length ICP27 sequence, using the QuikChange site-
directed mutagenesis kit from Stratagene. Serine-to-alanine or serine-to-glu-
tamic acid substitutions were made at residues 16, 18, and 114 with the primers
S16,18A (5�CGGCCTGGACCTCGCCGACGCCGATCTG3�), S114A (5�GCC
CGGCGACCGGCTTGCTCCCCCGAG3�), S16E (5�CCTCGGCCTGGACCT
CGAAGACAGCGATCTG3�), S18E (5�GGACCTCTCCGACGAAGATCTG
GACGAG3�), S114E (5�GCCCGGCGACCGGAATGCTCCCCCGAG3�), and
S16,18E (5�CGGCCTGGACCTCGAAGACGAAGATCTG); S16,18,114E used
primers for S16,18E and S114E. The altered nucleotides are underlined. Muta-
tions were verified by DNA sequencing.

Construction of phosphorylation site mutants and rescued viruses. Phosphor-
ylation site viral recombinants were constructed through homologous recombi-
nation as described previously (36). ICP27 phosphorylation site mutant plasmid
DNA was digested with BamHI and SstI and cotransfected with 27-GFP viral
DNA in 2-2 cells. Clear plaques were picked and purified for several rounds until
green fluorescent plaques were absent. Viral mutant DNA was amplified by
PCR, and the ICP27 gene was sequenced in each viral recombinant to verify the
mutation. For rescued viruses, N-YFP-ICP27 plasmid DNA (18) was cotrans-
fected with viral DNA isolated from phosphorylation site mutants into 2-2 cells.
Yellow plaques were plaque purified five times and viral DNA was amplified by
PCR, and the ICP27 gene was sequenced for each rescued virus.

Viral growth curves. Vero cells were infected with HSV-1 KOS, 27-GFP,
N-YFP-ICP27, S16A, S18A, S114A, S16,18A, S16,18,114A, S16E, S18E, S114E,
S16,18E, S16,18,114E, and rescued viruses S16AR, S114AR, and S16,18,114ER
at a multiplicity of infection (MOI) of 1. At 0, 4, 8, 16, and 24 h after infection,
infected cells were frozen at �80°C. Plaque assays were performed to determine
the virus yield at each time point. Each experiment was performed two or three
times. Growth curves for S16A, S114A, S16,18,114A, S16,18,114E, N-YFP-
ICP27, and KOS also were performed in Vero cells and 2-2 cells as shown in Fig.
3. Cells were infected with each virus at an MOI of 1.0, and samples were frozen

at 4, 8, 16, and 24 h after infection. Growth curves performed on Vero cells were
assayed on Vero cells, and growth curves performed on 2-2 cells were assayed on
2-2 cells. Each experiment was performed twice.

Quantitative real-time PCR. HeLa cells were infected with HSV-1 KOS,
27-LacZ, S16A, S16E, S114A, S114E, S16,18,114A, and S16,18,114E at an MOI
of 5. At 1 and 12 h after infection, cells were harvested and DNA was isolated by
phenol-chloroform extraction. DNA was amplified with primers to the glyco-
protein C (gC) gene using iQ Sybr green Supermix (Bio-Rad Laboratories) as
previously described (19). For RNA isolation, infected cells were harvested at 4
and 8 h after infection and RNA was isolated using a Bio-Rad Laboratories total
RNA kit (19). cDNA was synthesized using an iScript cDNA synthesis kit (Bio-
Rad Laboratories) and amplified using primers for gC (19) and ICP8 (F5�-GA
CGGCAACCACCATCAAG-3� and R5�-GACAGTAACGCCAGAAGC-3�) as
described previously (19).

Western blot analysis. HeLa cells were infected with HSV-1 KOS, 27-LacZ,
S18A, S18E, S114A, S114E, S16,18,114A, and S16,18,114E at an MOI of 5 for 4,
8, and 12 h. Cells were washed in phosphate-buffered saline (PBS) and scraped
into 2� ESS as described previously (38, 39). Samples were fractionated by
SDS-PAGE and transferred to nitrocellulose as described previously (33). West-
ern blots were probed with the following primary antibodies: anti-ICP27 at a
dilution of 1:5,000 (P1119; Virusys), anti-ICP4 at 1:5,000 (P1101; Virusys), and
anti-�-actin at 1:10,000 (Sigma-Aldrich). The secondary antibody was horserad-
ish peroxidase-conjugated sheep anti-mouse antibody. Enhanced chemilumines-
cence was performed (4).

In vivo phosphorylation and immunoprecipitation procedures. HeLa cells
were infected with HSV-1 KOS, 27-LacZ, S16,18,114A, S16,18,114E, dLeu, and
d1-5 at an MOI of 5. Cells were radiolabeled with 50 �Ci/ml [32P]orthophos-
phate (Perkin Elmer) in phosphate-free MEM (44) beginning 45 min after
infection for a period of 8 h. Cells were harvested and lysed in high-salt lysis
buffer as described previously (31). Immunoprecipitation was performed as de-
scribed previously (5, 44) using anti-ICP27 antibodies (P1113 and P1119; Viru-
sys). Samples were fractionated on SDS-polyacrylamide gels and were trans-
ferred to nitrocellulose. Blots first were exposed to film. After the decay of the
radiolabel, blots were probed with ICP27 antibody as previously described (44).

ICP27 protein stability assay. HeLa cells were infected at an MOI of 5 with
HSV-1 KOS, d1-5, dLeu, S16,18,114A, or S16,18,114E. Whole-cell extracts were
collected at 5, 6, 7, and 8 h postinfection either in the absence or the presence of
100 �g/ml cycloheximide added at 5 h. Samples were fractionated on SDS–10%
polyacrylamide gels and transferred to nitrocellulose. Western blot analysis was
performed using monoclonal antibodies to ICP27 (P1113 and P1119; Virusys) at
a dilution of 1:5,000 and a monoclonal antibody to �-actin (Sigma) at a dilution
of 1:10,000.

Immunofluorescence microscopy. HeLa cells were seeded on coverslips in
24-well dishes and were infected with KOS, 27-LacZ, S16A, S18A, S114A,
S16,18A, S16,18,114A, S16E, S18E, S114E, S16,18E, and S16,18,114E at an MOI
of 5. Cells were fixed with 3.7% formaldehyde at different times after infection
as indicated in the legends to Fig. 5 to 8. Immunofluorescent staining was
performed as described previously (5, 23) with the following primary antibodies:
ICP27 (P1119; Virusys), ICP4 (P1101; Virusys), ARNA3 (Research Diagnos-
tics), H5 (GeneTex Inc.), and Hsc70 (StressGen Biotechnologies). The second-
ary antibody was fluorescein isothiocyanate (FITC)-conjugated AffiniPure goat
anti-mouse immunoglobulin M (IgM) (Jackson ImmunoResearch) or Texas Red
dye-conjugated AffiniPure goat anti-mouse IgG. Cells were viewed with a Zeiss
Axiovert S100 microscope or a Zeiss LSM 510 confocal microscope as indicated
in the legends to Fig. 5 to 8. Images were analyzed with the following programs:
Adobe Photoshop, LSM 510 image browser, and AxioVision 4.7.

RESULTS

ICP27 phosphorylation site mutants are defective in viral
growth. To examine what role phosphorylation may have in
regulating the activities of ICP27, we mutated three serine
residues that previously were found to be extensively phosphor-
ylated during viral infection by phosphopeptide analysis (44).
Serine 16 and serine 18, within a consensus CK2 site in the
leucine-rich region in the N terminus, and serine 114, within a
PKA site in the nuclear localization signal, were mutated to
alanine to mimic the unphosphorylated state and to glutamic
acid to mimic the negative charge of a phosphate group (Fig.
1). Viral recombinants were constructed bearing single, dou-
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ble, and triple mutations (Fig. 1). One-step growth curves
demonstrated that all of the mutants were impaired in viral
replication, and virus yields were reduced 2 to 2.5 logs com-
pared to those of wild-type HSV-1 KOS (Fig. 2A and B).
Surprisingly, there were no significant differences in the defects
in virus growth between the single and triple mutants or be-
tween alanine substitution mutants and glutamic acid substitu-
tion mutants. To ascertain that the substitution mutations were
the cause of the phenotypes observed, the mutant viruses were
rescued using plasmid DNA from N-YFP-ICP27, which has a
yellow fluorescent protein (YFP) tag at the N terminus of
ICP27 (18) for the recombination to allow the easier screening
of rescued virus. One-step growth curves were performed (Fig.
3A to C). Rescued viruses S16AR, S114AR, and S16,18,114ER
shown in Fig. 3A behaved similarly to N-YFP-ICP27 virus and
to wild-type KOS. To further demonstrate that the substitution
mutations caused the observed phenotypes, one-step growth
curves were performed with mutants S16A, S114A, S16,18,114A,
and S16,18,114E and compared to growth curves for N-YFP-
ICP27 and KOS in Vero cells and in the complementing cell line
2-2. Growth curves performed with Vero cells were assayed on
Vero cells, and growth curves performed with 2-2 cells were
assayed on 2-2 cells (Fig. 3B and C). Yields of the phosphoryla-
tion site mutants on Vero cells were at least 2 logs lower than
those of KOS and N-YFP-ICP27, which had equivalent yields
(Fig. 3B), whereas the phosphorylation site mutants achieved
yields equivalent to those of KOS and N-YFP-ICP27 on 2-2 cells
(Fig. 3C). These results indicate that the substitution mutations,

Residue 114, S to ANLSS114A

Residue 114, S to ENLSS114E

Residues 16, 18 and 114, S to ALRR, NLSS16,18,114A

Residue 16, S to ELRRS16E
Residue 18, S to ELRRS18E

Residues 16 and 18, S to ELRRS16,18E
Residues 16, 18 and 114, S to ELRR, NLSS16,18,114E

Amino acid alteration(s)Affected domain(s)Mutant virus

Residues 16 and 18, S to ALRRS16,18A

Residue 18, S to ALRRS18A
Residue 16, S to ALRRS16A

CK2CK2 PKAPKA

Residue 114, S to ANLSS114A

Residue 114, S to ENLSS114E

Residues 16, 18 and 114, S to ALRR, NLSS16,18,114A

Residue 16, S to ELRRS16E
Residue 18, S to ELRRS18E

Residues 16 and 18, S to ELRRS16,18E
Residues 16, 18 and 114, S to ELRR, NLSS16,18,114E

Amino acid alteration(s)Affected domain(s)Mutant virus

Residues 16 and 18, S to ALRRS16,18A

Residue 18, S to ALRRS18A
Residue 16, S to ALRRS16A

LRR NLS RGG KH1 KH2 KH3/CCHC

CK2CK2 PKAPKA

FIG. 1. Positions of the phosphorylation site mutations. Shown is a
schematic representation of the ICP27 coding sequence illustrating the
leucine-rich region (LRR) at the N terminus with CK2 sites denoted;
the nuclear localization signal (NLS) with the PKA site denoted; the
RGG box RNA binding domain; three predicted KH domains; and a
zinc-finger-like region (CCHC). The mutant viruses are listed along
with the affected domain and the amino acid substitution.

FIG. 2. Virus replication is reduced in ICP27 phosphorylation site mutant infection. (A) Vero cells were infected at an MOI of 1 with wild-type
KOS, the null mutant 27-GFP, and the indicated alanine substitution mutants. Samples were harvested at 0, 4, 8, 16, and 24 h after infection. Virus
titers were determined by plaque assays. (B) Vero cells were infected as described for panel A with wild-type KOS, 27-GFP, and the glutamic acid
substitution mutants as indicated. Samples were harvested and assayed at 0, 4, 8, 16, and 24 h after infection as described for panel A. The
experiments were performed three times, and error bars showing the standard deviations are shown.
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and not second-site mutations, were responsible for the observed
defects in viral replication.

Phosphorylation of mutants S16,18.114A and S16,18,114E is
significantly decreased during infection. We showed previ-

ously that the major phosphorylation sites of ICP27 appeared
to cluster in the N-terminal half of the protein (44). To deter-
mine if phosphorylation site mutants could be phosphorylated
during infection, in vivo phosphorylation was monitored by

FIG. 3. Rescued phosphorylation site mutant viruses grow as well as wild-type KOS. (A) Vero cells were infected with KOS, N-YFP-ICP27,
and the rescued viruses S16AR, S114AR, and S16,18,114ER at an MOI of 1. Samples were harvested at 0, 4, 8, 16, and 24 h after infection. Virus
titers were determined by plaque assays on Vero cells. The experiment was repeated twice, and averages are shown. (B) Vero cells were infected
with KOS, N-YFP-ICP27, and mutants S16A, S114A, S16,18,114A, and S16,18,114E at an MOI of 1, and samples were harvested at 4, 8, 16, and
24 h after infection. Virus titers were determined by assay on Vero cells. The experiments were performed twice, and the averages are shown.
(C) Vero 2-2 cells were infected with KOS, N-YFP-ICP27, S16A, S114A, S16,18,114A, and S16,18,114E at an MOI of 1, and samples were
harvested at 4, 8, 16, and 24 h after infection. Virus yields were determined by plaque assays on 2-2 cells. The experiments were performed twice,
and the averages are shown.
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adding [32P]orthophosphate to cells infected with HSV-1 KOS,
27-LacZ, S16,18,114A, S16,18,114E, dLeu, or d1-5. The phos-
phorylation site triple mutants S16,18,114E and S16,18,114A
were phosphorylated to a much lesser extent than wild-type
ICP27 (Fig. 4A and B). The comparison of the amount of
ICP27 that was immunoprecipitated to the amount of phos-
phorylation seen for S16,18,114E and S16,18,114A showed
about a 10-fold decrease in phosphorylation for these mutants,
whereas the amount of wild-type ICP27 phosphorylation was
equivalent to the amount of immunoprecipitated protein (Fig.
4A and B). We also found that the phosphorylation of mutant
dLeu protein appeared to be equivalent to the amount of
immunoprecipitated protein, although dLeu has an in-frame
deletion from amino acids 6 to 19 (22), removing the serines at
16 and 18 (Fig. 4C). These results indicate that there are other
phosphorylation sites that are being used. We reported that
ICP27 interacts with a splicing protein kinase, SRPK1, and that
ICP27 can be phosphorylated in vitro by SRPK1 (34). Two
predicted SRPK1 sites based upon the consensus recognition
sequence for this kinase (28) map to ICP27 amino acids 28 to
33 and 70 to 76. ICP27 mutant d1-5 has an in-frame deletion of
amino acids 12 to 153 (22), which removes the predicted
SRPK1 phosphorylation sites, as well as the serine residues at
positions 16, 18, and 114. In the in vivo phosphorylation ex-
periment, phosphorylation was not detected for mutant d1-5
(Fig. 4A and C), confirming the phosphopeptide-mapping
studies that indicated that ICP27 phosphorylation sites are
clustered in the amino-terminal portion of the protein up to

amino acid 163 (44). This experiment further demonstrates
that serine residues 16, 18, and 114 are major phosphorylation
sites for ICP27.

HSV-1 gene expression and DNA replication are reduced
during infection with phosphorylation site mutants. To mon-
itor the expression of two immediate-early proteins, ICP4 and
ICP27 itself, a time course was performed, and Western blot
analysis was used to assess protein levels in wild-type- and
ICP27 mutant-infected cells (Fig. 5A). ICP4 protein levels
were reduced about 3- to 4-fold compared to levels seen with
KOS, and again no real differences were seen among the phos-
phorylation site mutants (Fig. 5A). ICP27 levels in the mutant
infections were similar to those seen in KOS except for
S16,18,114E and S114E, in which ICP27 levels were somewhat
lower at 4 h compared to those of the other mutants but were
comparable by 8 h (Fig. 5A). DNA replication in infections with
S114A, S16A, S16,18,114A, S16E, S114E, and S16,18,114E, as
measured by the real-time quantitative PCR of the gC locus,
was greatly reduced compared to that of KOS at 12 h after
infection (Fig. 5B). Further, both ICP8 and gC mRNA levels in
the mutant infections were very low compared to those of KOS
at 4 and 8 h after infection. Thus, although ICP4 levels were
only moderately reduced compared to those of KOS, and
ICP27 protein levels were only slightly reduced, there was a
dramatic reduction in DNA replication and the expression of
an early mRNA and a late mRNA in phosphorylation site
mutant-infected cells.

FIG. 4. In vivo phosphorylation of wild-type HSV-1 KOS and phosphorylation site mutants. (A) HeLa cells were infected with KOS, 27-LacZ,
S16,18,114E, and d1-5 at an MOI of 5. Cells were labeled with [32P]orthophosphate added 45 min after infection, and cells were harvested at 8 h
after infection. Whole-cell lysates were immunoprecipitated with anti-ICP27 antibodies. Samples were fractionated by SDS-PAGE and transferred
to nitrocellulose. The autoradiograph of the blot is shown in the left panel. After the decay of the radiolabel, the same blot was probed with
antibody to ICP27 and is shown in the right panel. The asterisk marks the position of d1-5 protein. The bands denoted by the plus sign represent
heavy-chain IgG from the immunoprecipitation. (B) HeLa cells were mock infected or were infected with KOS or S16,18,114A at an MOI of 5.
In vivo labeling and Western blot analysis was performed as described for panel A. (C) HeLa cells were mock infected or were infected with HSV-1
KOS, dLeu, or d1-5 at an MOI of 5. Labeling and Western blot analysis were performed as described for panel A. The asterisks mark the position
of wild-type and mutant ICP27. The bands denoted by the plus sign represent heavy-chain IgG from the immunoprecipitation.

2204 ROJAS ET AL. J. VIROL.



ICP27 protein stability is not decreased in infections with
the phosphorylation site mutants. We showed that the hypo-
methylation of ICP27, either by the mutation of arginine res-
idues that are sites for arginine methylation or by the addition
of the methylation inhibitor AdOx, reduced the stability of
ICP27 (37). To determine if the serine-to-alanine or serine-to-
glutamic acid mutations altered the stability of ICP27, protein
stability was measured during infection with the phosphoryla-
tion site mutants. Cycloheximide was added to cells infected
with HSV-1 KOS, S16,18,114A, S16,18,114E, dLeu, or d1-5 at
5 h after infection, and samples were analyzed by Western blot
analysis 1, 2, and 3 h after the addition of the translation
inhibitor (Fig. 6). No differences in the stability of ICP27 were
seen with the phosphorylation site mutants compared to the
stability of KOS (Fig. 6A and B), and ICP27 levels did not

decrease during the cycloheximide block. We also determined
the stability of the ICP27 mutant proteins dLeu and d1-5,
because both have deletions that likely alter their structure and
that could render these mutant proteins less stable. We did not
observe a decrease in protein levels during the cycloheximide
block with these mutants (Fig. 6C and D). Therefore, unlike
the arginine methylation mutants, which were less stable than
wild-type ICP27, the phosphorylation site mutants are not less
stable.

ICP4-containing replication compartments form ring-like
structures in phosphorylation site mutant-infected cells. To
begin to determine where the blocks to HSV-1 replication
occur during infection with ICP27 phosphorylation site mu-
tants, replication compartment formation was monitored
throughout infection by immunofluorescent staining for ICP4

FIG. 5. DNA replication and gene expression are decreased in infections with ICP27 phosphorylation site mutants. (A) HeLa cells were
infected with HSV-1 KOS, 27-LacZ, S16,18,114A, S16,18,114E, S18A, S18E, S114A, and S114E virus at an MOI of 5. Cells were harvested at 4,
8, and 12 h, and samples were fractionated by SDS-PAGE and transferred to nitrocellulose. Western blot analysis was performed by probing with
anti-ICP4 and anti-ICP27 antibodies and with anti-� actin antibody as a loading control. (B) HeLa cells were infected with KOS, 27-LacZ, S16A,
S18E, S114A, S114E, S16,18,114A, and S16,18,114E at an MOI of 5. At 1 and 12 h after infection, cells were harvested and viral DNA was isolated.
Quantitative real-time PCR was used with probes to the gC locus to quantify viral DNA. DNA isolated at 1 h was set as the input, and the ratio
of the 12-h samples to input samples was calculated. (C) HeLa cells were infected with the indicated viruses at an MOI of 5. RNA was isolated
at 4 and 8 h after infection. ICP8 RNA was quantified by quantitative real-time RT-PCR using primers for ICP8. The experiment was performed
three times, and error bars are shown. (D) Quantitative real-time RT-PCR was performed as described for panel C with primers for gC RNA. The
experiment was performed three times, and error bars are shown.
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(Fig. 7). Replication compartments were seen in KOS-infected
cells by 8 h after infection, whereas small prereplication sites
were observed in 27-LacZ-infected cells even up to 16 h after
infection (Fig. 7A). In the single mutants S16A, S18A, and
S114A and the double mutant S16,18A, small ring-like struc-
tures were seen to form beginning at 8 h after infection, which
persisted through the 16 h time point above a background of
diffuse nuclear staining (Fig. 7A). Similar results were seen
with the mutants with glutamic acid substitutions (data not
shown). These ring-like structures can be seen more clearly in
the zoomed images for mutants S16,18,114A (Fig. 7B) and
S16,18,114E (Fig. 7C). These ring-like structures clearly differ
from prereplication sites reported by others (2, 26, 42) and
from what we have observed with 27-LacZ (Fig. 7A) and with
ICP27 mutants that are unable to interact with RNAP II (5).
Importantly, true ICP4-containing replication compartments,
as seen in KOS-infected cells, were not formed even at 16 h
after infection with the phosphorylation site mutants.

ICP27 phosphorylation site mutants do not colocalize with
RNA polymerase II. ICP27 interacts with RNAP II (5, 45)
through the C-terminal domain (CTD), and ICP27 colocalizes
with RNAP II (5). Therefore, we analyzed the localization of
ICP27 and RNAP II in wild-type KOS and ICP27 mutant-
infected cells by immunofluorescent staining. To stain RNAP
II, antibody ARNA3 (5), which recognizes an N-terminal
epitope of RNAP II, was used so that all forms of RNAP II,
both phosphorylated and unphosphorylated, could be visual-
ized. ICP27 and RNAP II were seen to colocalize in KOS-
infected cells at 4 h after infection, and there still were areas of
colocalization at 8 h when RNAP II was redistributed to rep-
lication compartments and ICP27 was shuttling between the
nucleus and cytoplasm (Fig. 8). In contrast, while we observed
some instances of ICP27 staining and RNAP II staining adja-
cent to each other, colocalization between ICP27 and RNAP II
was not observed in cells infected with the phosphorylation site
mutant S16E or S16,18,114E at 4 or 8 h after infection (Fig. 8).
This can be seen more clearly in the zoomed images (Fig. 8).

The same results were found for the alanine substitution mu-
tants (data not shown). Therefore, ICP27 phosphorylation site
mutant proteins appear to be unable to interact with RNAP II.

RNA polymerase II does not undergo degradation during
infection with ICP27 phosphorylation site mutants, and Hsc70
nuclear foci do not form. During HSV-1 infection, RNAP II
becomes redistributed from the diffuse nuclear fluorescence
seen in mock-infected cells to viral replication compartments
(5, 30). Although this result was found with KOS-infected cells
(Fig. 9A), RNAP II remained diffusely distributed throughout
the nuclei of S16E- and S16,18,114E-infected cells, with two or
three small ring-like structures that colocalized with ICP4 rings
(Fig. 9A). This result was found with the other phosphorylation
site mutants as well (data not shown). Thus, during infection
with phosphorylation site mutants, it appears that there is
some redistribution of RNAP II to ICP4 ring-like structures,
which may represent aberrant or poorly formed replication
compartments, but most of the observed RNAP II appeared to
be diffusely distributed throughout the nucleus.

We previously reported that during very active viral tran-
scription in wild-type HSV-1-infected cells, RNAP II under-
goes proteasomal degradation (5). It is the serine 2-phosphor-
ylated form of the RNAP II CTD that is found in the
elongating transcription complex that is degraded (5, 11), and
this may result from the stalling of elongating complexes due to
collisions or pile-ups during robust transcription in highly tran-
scribed areas of the genome, as has been reported for Saccha-
romyces cerevisiae and mammalian cells (13, 21, 37). We and
Fraser and Rice (11) have reported that in immunofluores-
cence studies of KOS-infected cells using monoclonal antibody
H5, which is specific for the phosphoserine 2 CTD (6), there
was a disappearance of the diffuse staining seen in mock-
infected cells, and instead H5 staining colocalized with splicing
speckles (5, 11). The colocalization with splicing speckles oc-
curred because antibody H5 has been shown to cross-react with
a phosphoepitope in SR splicing proteins under conditions in
which the serine 2-phosphorylated form of RNAP II CTD is

FIG. 6. ICP27 is not less stable in infections with the phosphorylation site mutants. HeLa cells were infected at an MOI of 5 with HSV-1 KOS,
d1-5, dLeu, S16,18,114A, or S16,18,114E. Whole-cell extracts were collected at 5, 6, 7, and 8 h after infection either in the absence or the presence
of 100 �g/ml cycloheximide added at 5 h after infection. Samples were fractionated on SDS–10% polyacrylamide gels and transferred to
nitrocellulose. Western blot analysis was performed using monoclonal antibodies to ICP27. The positions of molecular size markers (in kDa) are
shown to the left of the gels in panels A, C, and D.
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decreased and is less abundant than SR proteins, which are
very abundant splicing proteins (6). Therefore, as we showed
previously (5, 23), staining with antibody H5 can be used as an
assay to assess the degradation of the serine 2 form of the
RNAP II CTD. Under conditions in which the phosphoserine
2 form of the CTD is being degraded, antibody H5 will cross-
react with SR proteins and stain splicing speckles. Accordingly,
mock-infected cells and cells infected with wild-type KOS and
mutant S16,18,114E were stained with antibody H5 at 8 h after
infection, a time when the significant degradation of the serine
2-phosphorylated form has occurred in wild-type KOS-infected
cells (5, 23). As seen in Fig. 9B, a speckled staining pattern was
found in KOS-infected cells, indicating that the phosphoserine
2 form of the CTD was being degraded, and antibody H5
cross-reacted with SR proteins in splicing speckles (Fig. 9B). In
contrast, the H5 staining pattern was diffuse throughout the
nucleus in S16,18,114E-infected cells, similarly to what is seen
in mock-infected cells (Fig. 9B). The lack of the degradation of
the serine 2-phosphorylated RNAP II CTD indicates that viral
transcription during S16,18,114E infection was greatly re-
duced, so that collisions or pile-ups causing stalled RNAP II
complexes did not occur. We have demonstrated that this is the

case for ICP27 mutants that cannot interact with RNAP II and
that have very low levels of viral transcription (5). The data
shown in Fig. 4 for ICP8 and gC mRNA also indicate that viral
transcription is reduced in phosphorylation site mutant infec-
tions.

During HSV-1 infection, the chaperone protein Hsc70 is
sequestered in nuclear foci that lie at the periphery of viral
replication compartments (1, 23). These foci, which also have
been termed VICE domains (for virus-induced-chaperone-en-
riched), also contain other heat shock proteins as well as com-
ponents of the proteasomal and ubiquitination machineries
(1). These foci may serve as reservoirs so that these factors can
be easily accessible to mediate the ubiquitination and protea-
somal degradation of misfolded viral proteins (1, 24) and
stalled RNAP II complexes (23). We reported that ICP27 is
required for the recruitment of Hsc70 into nuclear foci (23),
and further that Hsc70 focus formation did not occur if RNAP
II degradation was blocked by proteasomal inhibitors or by the
expression of a dominant-negative form of Hsc70 (23). To
determine if Hsc70 was recruited into nuclear foci or VICE
domains during infection with ICP27 phosphorylation site mu-
tants, immunofluorescent staining was performed. In KOS-

FIG. 7. ICP4-containing replication compartment formation is reduced in ICP27 phosphorylation site mutant infections. (A) HeLa cells were
infected with wild-type KOS, 27-LacZ, S16A, S18A, S114A, and S16,18A at an MOI of 5. Cells were fixed and stained with anti-ICP4 antibody at
4, 8, 12, and 16 h after infection. Yellow arrows point to ICP4-containing globular transcription/replication compartments in wild-type KOS-
infected cells at 8 and 16 h after infection. White arrows point to ICP4 ring-like structures seen in the phosphorylation mutant infections. (B) HeLa
cells were infected as described for panel A with S16,18,114A, and cells were fixed and stained at the times indicated in the figure. The image at
16 h after infection has been zoomed to view the ICP4 ring-like structures denoted by the white arrow. (C) Cells were infected with S16,18,114E
as described for panel A. The image at 12 h has been zoomed to better demonstrate the ICP4 ring-like structures. The white arrow points to a
ring-like structure.
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infected cells, Hsc70 foci were seen at the periphery of ICP4-
containing replication compartments at 8 h after infection (Fig.
10). In contrast, Hsc70 was seen to be diffusely distributed
throughout the nucleus and cytoplasm of mock-infected cells
and in 27-LacZ-infected cells. Similarly, in cells infected with
S16E, S18E, S114E, and S16,18,114E, Hsc70 was diffusely dis-
tributed throughout the nucleus and cytoplasm and nuclear
foci were not apparent (Fig. 10, right). This result is another
indication that viral transcription is reduced in infection with
phosphorylation site mutants, because one role for these nu-
clear foci or VICE domains is to direct stalled RNAP II com-
plexes to proteasomal degradation (23).

DISCUSSION

Phosphorylation is an important posttranslational modifica-
tion that can regulate the activities and interactions of pro-
teins. HSV-1 ICP27 is a multifunctional protein that has many
different roles during viral infection, all of which involve ICP27
binding to proteins or RNA (32). To probe how ICP27
switches from one interaction to another, we mutated three
major phosphorylation sites and analyzed the consequences on
viral replication. Virus growth, DNA replication, and the tran-

scription of an early and late mRNA were greatly reduced in
all of the phosphorylation site mutant infections. We had ex-
pected that there would be differences among the mutants,
with a less severe phenotype found with the single mutants
compared to that of the triple mutants. This was in fact what
we found when we investigated the posttranslational arginine
methylation of the ICP27 RGG box (38). Single mutants were
somewhat more replication competent than double and triple
mutants. It also was predicted that there would be a phenotypic
difference between the alanine substitution mutants and the
glutamic acid substitution mutants. The alanine mutants would
be more similar to unphosphorylated serine, whereas the neg-
atively charged glutamic acid would be more similar to phos-
phorylated serine. Thus, unphosphorylated ICP27 would be
expected to undergo one set of interactions, whereas phosphor-
ylated ICP27 might undergo another set. For example, the
yeast shuttling protein Npl3p, which is involved in mRNA
export (12), is phosphorylated at a single serine residue at the
C terminus, which is important for its nuclear import. In the
nucleus, Npl3p is dephosphorylated, which is essential for its
recruitment of the yeast nuclear export receptor Mex67p to the
Npl3p/mRNP complex for export to the cytoplasm (12, 25).

In the processes that were monitored here, the ICP27 phos-

FIG. 8. ICP27 does not colocalize with RNAP II in cells infected with phosphorylation site mutants. HeLa cells were infected with wild-type
KOS, S16E, and S16,18,114E at an MOI of 5 for 4 and 8 h as indicated. Cells were fixed, and immunofluorescent staining was performed with
anti-RNAP II antibody ARNA3 and anti-ICP27 antibody. Images were visualized with a Zeiss Axiovert S100 microscope at a magnification
of �100. Arrows point to the areas of colocalization in wild-type KOS at 4 h after infection and to areas where colocalization was not seen in the
zoomed images for S16E at 4 h and S16,18,114E at 8 h.
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phorylation mutants did not display differences. Replication
compartment formation was aberrant, in that the large globu-
lar structures that contain ICP4, which are found in wild-type
HSV-1-infected cells (2, 26, 30, 40, 42), were not seen. Instead,
small ring-like structures were seen in infections with the phos-
phorylation site mutants. Even as late as 16 h after infection,
these were the only discernible structures above a background
of diffuse ICP4 staining. ICP27 phosphorylation mutant pro-
teins also did not colocalize with RNAP II, and RNAP II was
not redistributed to viral replication compartments, as occurs
in KOS-infected cells (5, 30), but instead was found in a diffuse
nuclear pattern with a few structures that colocalized with
ICP4 ring-like structures. We showed previously using mi-
croarray analysis that viral transcript levels are reduced to
about 10% of wild-type KOS levels during infection with
ICP27 mutants that cannot recruit RNAP II to viral transcrip-
tion/replication sites (5). In phosphorylation site mutant infec-
tions, low levels of ICP8 and gC transcripts were found in
accord with the aberrant replication compartment formation
and the lack of the redistribution of RNAP II that was ob-
served. Another indication that viral transcription was reduced
in ICP27 phosphorylation site mutants was the finding that the
serine 2 form of the RNAP II CTD was not degraded, as
occurs during robust transcription in wild-type HSV-1 infec-
tion (5). This also was manifested in the absence of Hsc70

nuclear foci in infections with the phosphorylation site mu-
tants. Hsc70 was diffusely distributed throughout the nucleus
and cytoplasm of ICP27 mutant-infected cells, as it is in mock-
infected cells.

The results reported here demonstrate that viral infection is
curtailed at an early stage during infection with ICP27 phos-
phorylation site mutants. The levels of ICP4 were only mod-
estly decreased, but ICP4 remained diffusely localized through-
out the nucleus, with only a few ring-like structures that
formed and that may represent aberrant or poorly developed
replication compartments. Further, the ICP27 recruitment of
RNAP II to viral transcription-replication sites is required for
efficient viral transcription (5). Again, this did not occur in
infections with ICP27 phosphorylation site mutants. The inter-
action of ICP27 with RNAP II and Hsc70 require that the N
terminus be intact (5, 23), and serine 16 and serine 18 are
within the region that interacts with these proteins, although
serine 114 is not. The alanine and glutamic acid substitution
mutants behaved similarly, leading us to postulate that confor-
mational changes that occur at these sites by the addition and
subsequent removal of a phosphate group may regulate
ICP27’s protein-protein interactions. Both the alanine and glu-
tamic acid substitution mutants may be held in a conformation
that affects the entire N-terminal region and that does not
allow flexibility in ICP27’s interactions. Results from nuclear

FIG. 9. RNAP II was partly localized to ring-like structures and did not undergo degradation in phosphorylation site mutant infections.
(A) HeLa cells were mock infected or were infected with KOS, S16E, and S16,18,114E at an MOI of 5 for 8 h, at which time cells were fixed and
immunofluorescent staining was performed with antibody ARNA3 and anti-ICP4 antibody. Images were visualized with a Zeiss Axiovert S100
microscope at a magnification of �100. The arrow points to a ring-like structure in the zoomed image. (B) HeLa cells were mock infected or were
infected with KOS or S16,18,114 at an MOI of 5 for 8 h. Immunofluorescent staining was performed with antibody H5 and anti-ICP4 antibody.
Images were visualized with a Zeiss LSM 510 confocal microscope at a magnification of �63. The arrow points to an ICP4 ring-like structure in
the zoomed image.
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magnetic resonance analysis of an ICP27 peptide from amino
acid 1 through 152 that will be reported elsewhere suggest that
this is the case (K. Corbin-Lickfett, S. Rojas, M. Cocco, and
R. M. Sandri-Goldin, unpublished results).
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