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It has been shown previously (S. Wadd, H. Bryant, O. Filhol, J. E. Scott, T.-T. Hsieh, R. D. Everett, and J. B.
Clements, J. Biol. Chem. 274:28991-28998, 2000) that ICP27, an essential and multifunctional herpes simplex
virus type 1 (HSV-1) protein, interacts with CK2 and with heterogeneous ribonucleoprotein K (hnRNP K).
CK2 is a pleiotropic and ubiquitous protein kinase, and the tetrameric holoenzyme consists of two catalytic �
or �� subunits and two regulatory � subunits. We show here that HSV-1 infection stimulates CK2 activity. CK2
stimulation occurs at early times after infection and correlates with redistribution of the holoenzyme from the
nucleus to the cytoplasm. Both CK2 stimulation and redistribution require expression and cytoplasmic
accumulation of ICP27. In HSV-1-infected cells, CK2 phosphorylates ICP27 and affects its cytoplasmic
accumulation while it also phosphorylates hnRNP K, which is not ordinarily phosphorylated by this kinase,
suggesting an alteration of hnRNP K activities. This is the first example of CK2 stimulation by a viral protein
in vivo, and we propose that it might facilitate the HSV-1 lytic cycle by, for example, regulating trafficking of
ICP27 protein and/or viral RNAs.

ICP27 is a herpes simplex virus type 1 (HSV-1) phospho-
protein of 63 kDa which is essential for viral replication and
expression of certain early and late viral genes (reviewed in
reference 35) and is the only HSV-1 immediate-early regula-
tory gene with homologues in every mammalian and avian
herpesvirus sequenced so far. Many studies have highlighted
the multifunctional nature of this protein. ICP27 influences
and associates with the cellular RNA polymerase II (17, 60)
and affects transcription of certain late genes (16). Acting
posttranscriptionally, ICP27 enhances pre-mRNA 3� process-
ing of early and late viral genes with inherently weak poly(A)
sites (20, 21), inhibits host cell splicing, causes redistribution of
splicing components (15, 37, 39, 45), uses an RGG motif for
RNA binding to bind intronless viral transcripts (23, 44), and
shuttles between the nucleus and the cytoplasm (22, 38, 44, 50).
More recently, Koffa et al. showed that ICP27 exports viral
intronless RNAs, which form the majority of HSV-1 tran-
scripts, by interacting with the REF proteins to recruit the
TAP/NXF1 factor involved in cellular mRNA export (19).

Using the yeast two-hybrid system, coimmunoprecipitation,
and in vitro binding assays, Wadd et al. have shown that ICP27
interacts with heterogeneous ribonucleoprotein K (hnRNP K)
and CK2 (53). Like ICP27, hnRNP K is a multifunctional
protein capable of shuttling from the nucleus to the cytoplasm,
with a possible role in the processing and transport of pre-
mRNA (32). HnRNP K has both RNA and DNA binding
properties, interacts with proteins of cellular and viral origin,
acts as a transcriptional regulator (26), and affects translation

(31). It also interacts with inducible kinases (47, 52) and, via
phosphorylation, regulates its interactions with protein and
RNA partners (34, 35).

Protein kinase CK2 (previously known as casein kinase II) is
a pleiotropic and ubiquitous protein kinase (27) with specificity
for serine/threonine residues. The tetrameric holoenzyme,
consisting of two catalytic subunits (� or ��) and two regulatory
� subunits, can be found as an �2�2, ����2, or ��2�2 combi-
nation. No specific role for the different � and �� subunits has
been shown (12), although there is a difference in autophos-
phorylation activity between the �2�2 and ��2�2 holoenzymes
(6). CK2 is known to phosphorylate more than 200 proteins
and is involved in processes such as signal transduction, tran-
scriptional control, apoptosis, cell cycle regulation, and cancer
growth (6, 12).

Moreover, CK2 has been implicated in cell cycle-dependent
phosphorylation of the carboxy-terminal domain of RNA poly-
merase II, which alters transcription efficiency (5). Interest-
ingly, changes in the phosphorylation of RNA polymerase II
correlate with enhanced transcription of the HSV-1 genome
(17). Many viral proteins have been described previously as
substrates for CK2 (18), including the HSV-1 structural pro-
teins VP22 and VP16, the latter being required for formation
of a complex with cellular components Oct-1 and HCF (30).
Although CK2 has been considered to be constitutively active,
stimulation of its activity by stress signaling agents (46) and
heat shock (10) can occur, while other agents inhibit its activity
(11, 13).

As ICP27 interacts with CK2 (53) and serine residues at
positions 16 and 18 are likely targets for the detected CK2
phosphorylation of ICP27 in infected cells (59), we examined
the role of this phosphorylation and whether it is regulated by
the virus. We found that in HSV-1-infected cells, CK2 activity
is stimulated at early times postinfection and the kinase relo-
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calizes from the nucleus to the cytoplasm. ICP27 viral protein
expression and cytoplasmic localization are required for both
CK2 activation and redistribution. In turn, phosphorylation by
CK2 is required for the cytoplasmic accumulation of ICP27.
We propose that HSV-1 infection induces CK2 activation by
controlling ICP27 protein and/or viral RNA trafficking to fa-
cilitate viral replication.

MATERIALS AND METHODS

Cells viruses and labeling. Baby hamster kidney (BHK) C13 cells were in-
fected with HSV-1 wild-type (wt) strain KOS or the following virus mutants as
described previously (53): the ICP27 insertion mutant 27LacZ (48), the ICP0
deletion mutant dl1403 (51), or the VP16 insertion mutant in1814 (1). The
following viral mutants from mutations in the HSV-1 ICP27 gene were a gift
from S. J. Silverstein (Columbia University): vBSLG4 (tsR480H), a temperature-
sensitive mutant at the KH3 homology domain (14, 50); vBS3-3, an intragenic
revertant of vBSLG4 (49); vBSD448A, with a point mutation in the Sm homology

domain; vBSL387N, with a point mutation in the KH2 homology domain; and
vBSR3A, which contains a triple mutation in the RGG box (49). The ICP27 viral
mutant M15, carrying two point mutations at amino acids 465 and 466, and
deletion mutants d1-2, d2-3, d3-4, d4-5, and d5-6 (2, 23, 24, 41, 42, 43) have been
described previously. Subconfluent BHK cell monolayers were infected with
either wt or mutant HSV-1 viruses at a multiplicity of 10 (except the monolayer
infection with in1814, which was at a multiplicity of 100), for the times indicated.
Infected cells were grown at 37°C in 5% CO2 before harvesting; in experiments
with the vBSLG4 virus, infected cells were grown at 39.2°C (nonpermissive
temperature) or at 32°C (permissive temperature). Following virus absorption
for 1 h, cells were changed into the appropriate medium and labeled with
[35S]methionine (40 �Ci/ml) or [32P]orthophosphate (150 �Ci/ml) for 6 h.

Immunoprecipitation and Western blot analysis. For immunoprecipitations,
infected or mock-infected BHK cells harvested from a 60-mm-diameter plate
were incubated for 30 min on ice in 250 �l of binding buffer (50 mM Tris [pH
7.5], 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.05% Nonidet P-40)
containing a protease inhibitor mixture (Roche Molecular Biochemicals) and
passed five times through a syringe with a 26-gauge needle. Cell debris was
removed by centrifugation at 13,000 � g. The cell lysate was mixed with the

FIG. 1. HSV-1 infection activates CK2 by 3 h postinfection. (A) Extracts of cells at different times postinfection with wt HSV-1 (KOS strain)
were applied to a polyacrylamide gel containing dephosphorylated casein and subjected to electrophoresis. The gel was denatured, renatured, and
then incubated with kinase reaction buffer in the presence of [�-32P]ATP and, after extensive washes, was dried and autoradiographed. (B) Western
blot analysis, using the polyclonal R�403 antibody against CK2 � and �� subunits (upper panel) and the polyclonal �-c antibody against the �
subunit (lower panel), of the CK2 subunits at different times postinfection with wt HSV-1. (C) Using extracts from mock- or wt-infected cells and
the polyclonal antibody �-c against the CK2 � subunit, immunoprecipitations were performed at 4 h postinfection. Western blot analysis was
performed using the R�405 polyclonal antibody against the CK2 � and �� subunits. The intense �50-kDa band corresponds to the heavy chain
of the antibody used for immunoprecipitation.
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primary antibodies for 2 h in binding buffer, and protein A/G Sepharose was
added for another 1 h. For Western blotting, equal amounts of protein from
infected or mock-infected BHK cell extracts (as determined by Bradford assays)
from a 30-mm-diameter plate were incubated for 30 min on ice in 30 �l of buffer
W (20 mM HEPES, [pH 7.6], 0.4 M KCl, 10 mM EGTA, 5 mM EDTA, 1 mM
dithiothreitol, 10% glycerol, 0.4% Triton X-100) and treated as described above.
Preimmune serum or the polyclonal antibody 54 was used for immunoprecipi-
tation of hnRNP K (52). Other antibodies used were the monoclonal antibodies
1113 and 1119 against ICP27 (Goodwin Institute, Plantation, Fla.), the poly-
clonal �-c antibody against the CK2 � subunit, and R�403 against the � and ��
subunits (9), obtained from O. Filhol-Cochet. The rabbit anti-hnRNP K antibody
54 was used at a 1:10,000 dilution, the mouse H1113 was used at a 1:3,000
dilution, the mouse anti-PKC	 was used at a 1:500 dilution, and the mouse
anti-phosphotyrosine was used at a 1:1,000 dilution. The �-c antibody against the
� subunit and the R�403 antibody against the � and �� subunits were used at a
1:1,000 dilution.

CK2 assays in situ. BHK cells from a 30-mm-diameter plate were incubated
on ice for 30 min in 30 �l of buffer W containing 1 mM NaVO3, 5 mM NaF, and
protease inhibitors, and cell lysates were prepared as outlined in the previous
section. Cell lysates were electrophoresed on SDS–12% polyacrylamide gels
containing dephosphorylated casein at a concentration of 0.5 mg/ml. Following
denaturation and renaturation, in situ kinase reactions were carried out as
described previously (18). Control reactions performed in the absence of casein
substrate in the gel showed no phosphorylation of the CK2 bands, ruling out
autophosphorylation of CK2.

Immunofluorescence staining. BHK cells were grown on glass coverslips for
16 h and then infected with wt HSV-1 or mutant viruses. DRB (the ATP
analogue 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole), a cell-permeative in-
hibitor of CK2 that acts in vitro and in vivo (4, 53, 58), was added at the time of
infection at a 5 �M concentration. Cells were fixed in 5% formaldehyde and 2%
sucrose in PBS for 10 min and then permeabilized in phosphate-buffered saline
containing 0.5% NP-40 and 10% sucrose. Primary antibodies used included the
monoclonal antibodies 1113 and 1119 against ICP27 at a dilution of 1:500, 9H10
against hnRNP A1 (kindly provided by G. Dreyfuss, University of Philadelphia)
at a dilution of 1:500, the polyclonal antibody �-c against the CK2 � subunit at
a dilution of 1:100, and the goat polyclonal antibody sc-6481 against the CK2 ��
subunit (Santa Cruz Biotechnology) at a dilution of 1:100.

RESULTS

HSV-1 infection up-regulates CK2 activity. Although CK2
has been considered to be constitutively active, enzyme activity
can be stimulated by the stress pathway (46). To examine
whether CK2 activity is regulated in infected cells, BHK cells
were infected with wt HSV-1 KOS and extracts made at vari-
ous times postinfection were tested, using a casein-containing
in situ gel kinase assay, for CK2 activity (Fig. 1A). Band quan-
tification of the CK2 �� subunit identified a 3-fold increase in
casein phosphorylation by 3 h postinfection (Fig. 1A; compare
lanes 1 and 5), reaching a maximum 3.5-fold increase by 6 h
(Fig. 1A; compare lanes 1 and 6), with a moderate increase in
� activity. No significant change in CK2 activity was detected at
later times postinfection, and similar results were obtained
using wt HSV-1 strain 17� (data not shown).

To see whether the stimulation was due to elevated CK2
protein levels, aliquots of the extracts used for the in situ gel
kinase assay were examined by Western blot analysis to deter-
mine the levels of the three CK2 subunits. Interestingly, the
levels of the � subunit showed a decline by 6 h postinfection
(Fig. 1B; compare lanes 1 and 5). The levels of the �� subunit
were slightly affected, and the band at this region formed a
doublet which was apparent at 6 h (Fig. 1B, lane 6). The levels
of the � subunit remained unchanged throughout the time
period (Fig. 1B). Since both catalytic subunits of CK2 undergo
appreciable autophosphorylation at tyrosine residues (7), the
doublet at the �� location might represent differentially phos-
phorylated forms of � or ��. Thus, we examined the tyrosine
phosphorylation of CK2 � and �� during HSV-1 infection;
anti-phosphotyrosine antibodies immunoprecipitated both

FIG. 2. ICP27 is required for CK2 activation. (A) Equal amounts of mock-infected cell extracts (lane 2) or cell extracts infected with different
mutant viruses were subjected to the casein-containing in situ kinase assay as follows: lane 1, wt KOS; lane 3, dl1403; lane 4, 27LacZ; lane 5, in1814;
and lane 6, tk
. (B) Equal amounts of cell extracts infected with the wt or with mutants with different mutations in the ICP27 gene and collected
at 6 h postinfection were subjected to the in situ gel kinase assay. Infection with tsR480H at the permissive temperature (32°C) activated CK2 (lane
3), but infection at the restrictive temperature (39.2°C; lane 4), at which ICP27 is deficient in nucleocytoplasmic shuttling, did not. Infection with
the M15 (lane 2) or the d1-2 (lane 6) deletion mutant, both of which also disrupt ICP27 shuttling, failed to activate the CK2 �� subunit. The ICP27
viral mutants vBS3.3 (lane 5), vBSL387N (lane 7), d2-3 (lane 8), and d5-6 (lane 9) activate CK2 to levels similar to that activated by the wt (lane
1).
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FIG. 3. CK2 redistribution to the cytoplasm correlates with ICP27 cytoplasmic accumulation. Immunofluorescence staining was performed 6 h
postinfection on mock-infected BHK cells or cells infected with the viruses indicated, and antibodies were used to detect ICP27 and the CK2 �
subunit. Infection with wt HSV, or with ICP27 viral mutants that do not significantly affect its cytoplasmic accumulation (VBSR3A and d2-3),
resulted in a dramatic redistribution of CK2 from the nucleus to the cytoplasm (A), whereas infection with ICP27 viral mutants that inhibit or
decrease ICP27 shuttling (tsR480H, M15, and d1-2) prevented the redistribution (B). Infection with HSV-1 gE
 was used to exclude the possibility
that redistribution of CK2 is due to cross-reaction between the rabbit polyclonal CK2 � subunit antibody and the HSV-1 glycoprotein E, which
can act as a low-affinity Fc receptor.
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FIG. 3—Continued.
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subunits from mock- and HSV-1-infected cells at similar levels
(data not shown), implying that the doublet results from an-
other modification, although we cannot exclude a limited pro-
teolysis.

HSV infection led to increased specific activity of both cat-
alytic subunits, but mainly of ��, beginning at early times
postinfection (3 h), although no increase in the protein level
was observed. In fact, a decline in the levels of the � catalytic
subunits was apparent at later times (6 to 9 h). To examine
whether the composition of the CK2 holoenzyme was altered
in infected cells, immunoprecipitations were performed using a
polyclonal antibody (�-c) against the � subunit. At 4 h postin-
fection (when stimulation of CK2 activity had occurred), both
the � and �� subunits were immunoprecipitated from infected
extracts at levels similar to those seen with the mock-infected
cells (Fig. 1C). Further, when in situ gel kinase assays were
performed using calmodulin (25) as a specific substrate for free
� or �� subunits (3), there was no difference in calmodulin
phosphorylation between mock-infected or infected cell ex-
tracts (data not shown), indicating that the stimulated � and ��
subunits in HSV-1-infected cells are part of the CK2 holoen-
zyme.

These data suggest that HSV-1 infection up-regulates the
CK2 kinase activity without changing the composition of the
holoenzyme.

Expression and nucleocytoplasmic shuttling of HSV-1
ICP27 are necessary for CK2 up-regulation. The CK2 stimu-
lation at 3 h postinfection coincided with the accumulation of
viral IE proteins, raising the question of whether they are
implicated in this effect. Cells were infected with a panel of
different mutant viruses which fail to express functional forms
of immediate-early, early, and late viral proteins, and in situ gel
kinase assays were performed using extracts from cells at 6 h
postinfection. Strikingly, infection with virus 27lacZ, which
lacks functional ICP27 (Fig. 2A, lane 4), did not up-regulate
CK2 activity, indicating that ICP27 expression was required for
stimulation, whereas, for example, infection of cells with the
immediate-early ICP0 null mutant dl1403 or infection with a
mutant that lacks the early gene thymidine kinase (tk
) stim-
ulated CK2 activity to a level similar to wt levels (Fig. 2A, lanes
3 and 6). Infection with the mutant in1814 at a high multiplicity
(i.e., at a level at which the virus replicates normally but con-
tains an inactive form of the virion transactivator VP16) (1)
stimulated CK2 activity to a level similar to that stimulated by
wt infection (Fig. 2A, lane 5).

To further investigate the regulatory influence of ICP27 on
CK2, cells were infected with viral mutants created by muta-
tions in different functional regions of this gene. Infection with
ICP27 point or deletion mutants that show deficiencies in
ICP27 shuttling and viral late gene expression, such as the M15
mutant (22), tsR480H (at the restrictive temperature of
39.2°C) (49), and d1-2 (22), failed to up-regulate CK2 activity
(Fig. 2B, lanes 2, 4, and 6, respectively). By contrast, infection
at the permissive temperature with the tsR480H virus stimu-
lated CK2 to levels of activity similar those stimulated by in-
fection with the wt (Fig. 2B, lane 3). ICP27 viral mutants that
affect other properties of the protein (49), such as vBSR3A
(triple mutation at the RGG box), vBSL387N (point mutation
at the KH2 homology domain), and vBSD448A (point muta-
tion at the Sm homology domain), stimulated CK2 activity to

levels of activity similar those stimulated by infection with the
wt. Moreover, the ICP27 deletion mutants d2-3, d3-4, d4-5, and
d5-6, which remove regions of the protein involved in nuclear
localization (24) and RNA binding (23), still activated CK2
(representative mutants are shown in Fig. 2B, lanes 8 and 9).

CK2 activation coincides with its redistribution from the
nucleus to the cytoplasm. To explore the CK2 stimulation, the
subcellular localization of CK2 �, ��, and � subunits was ex-
amined. Cells were infected with wt HSV-1 or with ICP27 viral
mutants, and immunofluorescence was performed at 6 h
postinfection. In mock-infected cells, the CK2 distribution was
almost exclusively nuclear (Fig. 3A). Strikingly, following in-
fection with wt virus there was a redistribution of the � subunit,
with most of the subunits now present throughout the cyto-
plasm in a speckled pattern (Fig. 3A), and a similar effect was
seen with the CK2 �� subunit (data not shown). The CK2
relocalization was evident from 3 h and was pronounced by 6 h
postinfection. Infection with tsR480H (at a nonpermissive tem-
perature), M15, and d1-2 (Fig. 3B), all mutants that exhibited
reduced ICP27 shuttling and failed to stimulate CK2 activity,
caused no redistribution of CK2 from the nucleus to the cyto-
plasm. In cells infected with these mutant viruses, there was
colocalization of CK2 and ICP27 within the nucleus; in some
cases, such as infection with tsR480H at a nonpermissive tem-
perature, the two proteins colocalized in speckles. In marked
contrast, ICP27 viral mutants that do not significantly affect its
cytoplasmic accumulation (such as d2-3 and vBSR3A [Fig. 3A],
as well as d3-4 and vBSD448A [data not shown]) showed re-
distribution of CK2 from the nucleus to the cytoplasm and no
colocalization with CK2. Thus, in HSV-infected cells there is a
correlation between ICP27 cytoplasmic accumulation, CK2 ki-
nase stimulation, and redistribution of CK2 from the nucleus
to the cytoplasm.

FIG. 4. DRB reduces phosphorylation of ICP27 by CK2. (A) Un-
infected or infected cells were labeled with either [35S]methionine
(lanes 1 to 3) or [32P]orthophosphate (lanes 4 to 9) for 6 h in the
presence or absence of DRB. Total extracts from uninfected cells (lane
1), cells infected with the ICP27 null mutant 27LacZ (lane 2), or
wt-infected cells (lanes 3 to 9), in the absence (lanes 1 to 5) or presence
of 5 �M (lanes 6 and 7) or 10 �M (lanes 8 and 9) of DRB, were used
for immunoprecipitation of ICP27. A mixture of the monoclonal an-
tibodies 1113 and 1119 against ICP27 was used, followed by SDS-
polyacrylamide gel electrophoresis and autoradiography. A band mi-
grating at 63 kDa, corresponding to full-length ICP27, is shown.
(B) Western blot analysis was performed subsequently on the same
membrane, using the ICP27 antibody H1113.
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The CK2 inhibitor DRB reduces ICP27 phosphorylation,
cytoplasmic accumulation, and interaction with hnRNP K.
Low, nontoxic doses of DRB, a cell-permeative inhibitor of
CK2, were applied to living cells to examine effects on ICP27
phosphorylation. Uninfected BHK cells or cells infected with
wt HSV-1 or 27lacZ virus were labeled with either [35S]methi-
onine or [32P]orthophosphate for 6 h in the presence or ab-
sence of DRB, and then immunoprecipitations using the
ICP27 specific monoclonal antibodies 1113 and 1119 were per-
formed on cell extracts. Phosphorylation of ICP27 (Fig. 4A)
was reduced (to 65%) in the presence of 5 �M DRB; the
inhibition was greater with 10 �M DRB (down to 30%) but
was not abolished, suggesting the activity of other kinases.
Western blot analysis of the same samples showed that the
protein accumulation of ICP27 was not affected by the pres-
ence of DRB (Fig. 4B), thus excluding the possibility that the
reduction of phosphorylation was due to DRB inhibition of
ICP27 transcription.

Immunofluorescence was performed on cells infected with
wt HSV-1 in the presence or absence of DRB, and as a control,
levels of the cellular protein hnRNP A1 were monitored.
ICP27 appeared in the cytoplasm of 50 to 80% of cells at 7 h
postinfection with the wt, whereas infected cells incubated with
5 �M DRB showed only nuclear localization (Fig. 5A), indi-
cating that shuttling of ICP27 was affected. In the presence of
this low concentration of DRB, hnRNP A1 remained nuclear
(Fig. 5A) and showed no accumulation in the cytoplasm, a
characteristic of transcriptional inhibition of rapidly shuttling
proteins (40). CK2 in mock-infected cells was also not affected
by DRB treatment and remained nuclear (Fig. 5A). Interest-
ingly, in wt-infected cells, the CK2 that was ordinarily redis-
tributed to the cytoplasm (Fig. 3) showed nuclear localization
in the presence of DRB (Fig. 5B). DRB treatment of cells
infected with viral mutants like d2-3, which redistributed CK2
to the cytoplasm and showed ICP27 shuttling, resulted in nu-
clear accumulation of both ICP27 and CK2 (Fig. 5B), and
ICP27 and CK2 showed partial colocalization within the nu-
cleus.

Finally, we examined the effect of the presence of DRB on
the interaction of ICP27 with its partner protein hnRNP K.
Extracts from cells infected with wt or 27LacZ virus were
immunoprecipitated with polyclonal antibody against hnRNP
K and were then subjected to SDS-polyacrylamide gel electro-
phoresis and Western blot analysis. In the presence of DRB,
the amount of ICP27 protein interacting with hnRNP K was
reduced reproducibly (this reduction was quantified as a two-
fold decrease [Fig. 6, upper panel; compare lanes 3 and 4])
while hnRNP K was immunoprecipitated in approximately
equal amounts from the extracts (Fig. 6, lower panel). This
suggests that CK2 phosphorylation regulates binding of ICP27
to hnRNP K in vivo.

DISCUSSION

We show here that wt HSV-1 infection up-regulates CK2
activity, and the essential viral ICP27 protein is required for
this stimulation. This is the first example of CK2 stimulation by
a virus in vivo, although recombinant HIV-1 Rev protein is
capable of stimulating CK2 activity in vitro (29). The CK2

stimulation occurs at early times and remains until late times
after infection and coincides with the onset of viral DNA
replication, expression of structural proteins, and cytoplasmic
accumulation of ICP27. Interestingly, viruses that show defects
in ICP27 nucleocytoplasmic shuttling and fail to activate CK2,
such as d1-2 and M15, are severely defective for growth and are
apoptotic in HEp-2 cells (2), and virus tsR480H has a lethal
phenotype at the restrictive temperature (50). In contrast, vi-
ruses (such as d2-3, d3-4, d4-5, and d5-6) that activate CK2 at
levels comparable to that activated by the wt virus show sig-
nificant DNA replication and are nonapoptotic (2), while
vBSD448A and vBSL387N show moderate growth defects
(49).

In addition, ICP27 is phosphorylated by CK2, and this phos-
phorylation seems to be important for the localization of the
protein as well as the interaction with its protein partners.
DRB, an inhibitor of CK2, reduces ICP27 phosphorylation and
induces nuclear accumulation of both ICP27 and CK2 at non-
toxic concentrations. Phosphorylation of ICP27 by CK2 also
regulates its binding to hnRNPK, and interestingly, ICP27
expression represses hnRNPK tyrosine phosphorylation in re-
sponse to stress treatment (our unpublished observations). Ty-
rosine phosphorylation of hnRNPK can activate translation of
silenced mRNAs in vivo (33); thus, the regulation of ICP27
binding to hnRNPK by CK2 might affect translation of cell
and/or viral mRNAs.

Phosphopeptide mapping indicated that serine residues at
positions 16 and 18 of ICP27 are likely targets for CK2 phos-
phorylation in vivo (59). However, no dramatic defect in ICP27
activity was observed by complementation assays using the
CK2 consensus site mutant �16-18aa (59). This might be due
either to the lack of sensitivity of the assay or to alternative
phosphorylation sites, since, based on findings of experiments
using the CK2 phosphorylation site motif S*XX(D/E) (36),
there are additional putative sites in ICP27 protein.

CK2 stimulation correlates with its redistribution from the
nucleus to the cytoplasm. Viral mutants that fail to activate
CK2 do not cause this redistribution of CK2 protein. The
subcellular location of CK2 appears to be a key to its function
(8). CK2 has been proposed to play a role during cell division
by shifting its location between the cytoplasm and nucleus, with
the CK2 �� subunit present in the nucleus during G1 phase and
in the cytoplasm during S phase (55). As CK2 is a multifunc-
tional protein kinase, changes in its subcellular location fol-
lowing HSV-1 infection might serve to facilitate the viral lytic
cycle.

CK2 activity is also induced by stress, mediated via a direct
interaction with the p38 mitogen-activated protein kinase (p38
MAPK) through what appears to be an allosteric mechanism
(46). HSV-1 infection also stimulates p38 MAPK via the virion
tegument protein VP16, enhancing transcription of specific
viral gene promoters and increasing viral yield (56, 57). How-
ever, since the 27LacZ virus that doesn’t express functional
ICP27 and fails to stimulate CK2 still activates p38 MAPK
(57), the connection between viral CK2 stimulation and/or
redistribution and p38 activation remains unclear.

The functional consequence of stimulating CK2 is not yet
clear, but it might regulate ICP27 protein trafficking and/or
export of viral RNAs. PHAX, the export adaptor of U snRNA
export, is phosphorylated in the nucleus and then exported
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FIG. 5. Cytoplasmic accumulation of ICP27 is inhibited by DRB. (A) BHK cells were mock infected or infected with wt HSV-1 and were fixed
7 h after infection. Cells remained untreated, or DRB (5 �M) was added with virus. Immunofluorescence staining was performed with the 1113
monoclonal antibody for ICP27, with a monoclonal antibody for the cellular protein hnRNPA1, and with the polyclonal �-c antibody for CK2.
(B) HSV-induced cytoplasmic redistribution of CK2 is inhibited by DRB. BHK cells were infected with wt HSV-1 or with different ICP27 viral
mutants. The example shown is that of the d2-3 virus, which redistributes CK2 to the cytoplasm in the absence of DRB.
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FIG. 5—Continued.
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with RNA to the cytoplasm, and its phosphorylation is essen-
tial for assembly of the export complex (28). ICP27 is produced
very early after infection but accumulates in the cytoplasm
later (by 4 to 5 h), when the activation and redistribution of
CK2 occurs. Thus, it is tempting to speculate that phosphory-
lation by activated CK2 is required either for RNA-indepen-
dent ICP27 protein transport or for transport of ICP27 with its
viral RNA cargo. Since treatment with a CK2 inhibitor reduces
cytoplasmic accumulation of ICP27, our results indicate a role
for CK2 in phosphorylation-dependent ICP27 protein export,
which is necessary for its ability to export viral RNAs.

Since RNA-dependent ICP27 protein export from the nu-
cleus requires binding of REF and TAP proteins in the area
adjacent to the nuclear localization signal of the protein (19),
the presence of CK2 in the cytoplasm (and subsequent phos-
phorylation) might affect the release of these factors and re-
import of ICP27; an effect of CK2 on importin � binding to
NLS and import rate has been reported for the simian virus 40
large T antigen (54). Thus, the compartmentalization of CK2
might contribute to the directionality of protein or RNA nu-
clear export. Further work with viral ICP27 point mutants in
potential CK2 phosphoacceptor sites is ongoing to examine
effects on cytoplasmic accumulation of ICP27 and CK2 and on
viral RNA export.
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