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IE62, the major transcriptional activator protein encoded by varicella-zoster virus (VZV), locates to the
nucleus when expressed in transfected cells. We show here that cytoplasmic forms of IE62 accumulate in
transfected and VZV-infected cells as the result of the protein kinase activity associated with VZV open reading
frame 66 (ORF66). Expression of the ORF66 protein kinase but not the VZV ORF47 protein kinase impaired
the ability of coexpressed IE62 to transactivate promoter-reporter constructs. IE62 that was coexpressed with
the ORF66 protein accumulated predominantly in the cytoplasm, whereas the normal nuclear localization of
other proteins was not affected by the ORF66 protein. In cells infected with VZV, IE62 accumulated in the
cytoplasm at late times of infection, whereas in cells infected with a VZV recombinant unable to express ORF66
protein (ROka66S), IE62 was completely nuclear. Point mutations introduced into the predicted serine/
threonine catalytic domain and ATP binding domain of ORF66 abrogated its ability to influence IE62 nuclear
localization, indicating that the protein kinase activity was required. The region of IE62 that was targeted by
ORF66 was mapped to amino acids 602 to 733. IE62 peptides containing this region were specifically phos-
phorylated in cells coexpressing the ORF66 protein kinase and in cells infected with wild-type VZV but were
not phosphorylated in cells infected with ROka66S. We conclude that the ORF66 protein kinase phosphory-
lates IE62 to induce its cytoplasmic accumulation, most likely by inhibiting IE62 nuclear import.

Varicella-zoster virus (VZV) is the ubiquitous human alpha-
herpesvirus that causes chickenpox following a primary infec-
tion and shingles upon reactivation from the latent state (re-
viewed in reference 1). VZV has remained a difficult virus to
study because its growth in tissue culture remains highly cell
associated and yields a low, unstable cell-free virus titer. How-
ever, its genomic organization is closely related to that of the
better-studied herpes simplex virus type 1 (HSV-1), and this
has enabled many VZV gene functions to be predicted (3, 7,
8). Evidence has also indicated that VZV gene expression is
highly regulated in a fashion similar to other herpesviruses
(57), where each viral gene can be categorized into one of
three groups (immediate early [IE], early, and late), depending
on the timing and requirements for its maximal rate of tran-
scription (19, 20). To date, at least five VZV gene products,
from open reading frame 4 (ORF4), ORF61, ORF62, ORF63,
and ORF10, have been shown to influence the transcriptional
events in VZV-infected cells (9, 21, 22, 43, 48).

The activation of the VZV transcriptional cascade is regu-
lated, in part, by the product of the 1,310-amino-acid ORF62,
also known as IE62. IE62 is expressed from an IE gene (14)
and is a powerful transcriptional activator (4, 21, 39, 44, 52,
53). IE62 has considerable structural and functional conserva-
tion to the major HSV-1 regulatory protein ICP4, sharing
many of the properties attributed to HSV-1 ICP4 and likely
acting through similar mechanisms (10, 13). In VZV-infected
cells, IE62 localizes to the nucleus, using a typical arginine/

lysine-rich nuclear localization signal that includes amino acids
676 to 685 (2, 14, 31). Following nuclear import, IE62 binds to
specific DNA sequences, although there is divergence from a
consensus sequence binding motif (61, 64). An unusual prop-
erty of IE62 is that high levels are found associated with the
tegument of purified virions (28, 29). It has been hypothesized
that virion-associated IE62 may play a role to stimulate imme-
diate early events upon infection (28, 44).

IE62 from VZV-infected cells is a major phosphoprotein
and migrates as several forms on sodium dodecyl sulfate
(SDS)-polyacrylamide gels between 170 and 180 kDa (14, 29,
49). However, the correlation between specific phosphorylated
forms of IE62 and its functions are largely unknown. IE62 is
phosphorylated by casein kinase II in vitro (49). Amino acids
350 to 370 of IE62 contain a serine-rich tract which is also
found in HSV-1 ICP4, and in ICP4 it is the predominant
domain of phosphorylation by cellular protein kinases, includ-
ing cyclic AMP-dependent protein kinase A and casein kinase
II (65, 66). Therefore, it is likely that these kinases may also
phosphorylate IE62 in the corresponding region. Phosphory-
lation in the alphaherpesvirus subgroup is also influenced by
two virus-encoded proteins (ORF47 and ORF66 in VZV [59])
which are predicted to encode serine/threonine protein kinases
(34, 58). The protein kinase from VZV ORF47 specifically
phosphorylates IE62 in in vitro phosphorylation studies (49). It
also drives the phosphorylation of the VZV ORF32 protein in
VZV-infected cells (49). The targets of the VZV ORF66 pro-
tein kinase are not known, but the homologous protein kinases
in alphaherpesviruses (sometimes referred to as the US3 pro-
tein kinases) seem to target multiple and varied proteins spe-
cific for each virus (5, 6, 38, 55, 62). Recent evidence has
indicated that HSV-1 US3 protein kinase also prevents apo-
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ptosis following infection and thus may target cellular proteins
(38).

The observation that the ORF47 protein kinase specifically
phosphorylated the IE62 protein (49) raised the novel and
intriguing possibility that VZV protein kinases might affect the
functions of IE62. This prompted a further investigation of the
interactions between the VZV-encoded kinases and the VZV
regulatory proteins. Surprisingly, we show here that it is the
ORF66 protein kinase that affects the function of the IE62
protein by promoting its accumulation in the cytoplasm of
infected cells.

MATERIALS AND METHODS

Cells and virus. VZV strain Scott (isolate 71004), a partially characterized
wild-type isolate (29), was used at less than 15 passages beyond its original
isolation. VZV recombinants ROka, ROka47S (deficient in expression of
ORF47), and ROka66S (deficient in the expression of ORF66) have previously
been described (16, 17) and were kindly provided by Jeffrey Cohen, National
Institute of Allergy and Infectious Diseases, Bethesda, Md. All viruses were
grown at 35°C on human foreskin fibroblasts (line 521) or on a human melanoma
cell line (MeWo cells) as described previously (28, 29). Cells were maintained at
37°C in Eagle’s minimal essential medium supplemented with 5% Serum Plus
(Hazleton Biologics Inc., Lenexa, Kans.), 5% fetal bovine serum, and an anti-
biotic mixture of penicillin (100 U/ml) and streptomycin (0.1 mg/ml). Cell-free
VZV was produced from VZV-infected cells by sonication, using SPGA buffer
(0.2 M sucrose, 0.01 M potassium phosphate [pH 6.6], 5 mM sodium glutamate,
1% bovine serum albumin) to stabilize infectivity. Cell sonicates were filtered
through 5-mm filters at 4°C prior to infection of human foreskin fibroblast
monolayers grown on glass slides. Cells were harvested at times indicated in the
text by fixation in acetone at 220°C for 15 min.

Antibodies. Antibodies that recognize the product of ORF61 have been de-
scribed previously (28). A novel polyclonal rabbit antibody to IE62 was gener-
ated that recognized multiple domains of the IE62 protein. The antigen used was
a mixture of purified maltose binding protein-IE62 fusion proteins representing
amino acids 1 to 161, 162 to 506, 506 to 1310, and 417 to 824. Protein purification
and rabbit immunizations were as previously described (28). Polyclonal antibod-
ies to HSV-1 ICP4 were a kind gift of N. DeLuca, University of Pittsburgh,
Pittsburgh, Pa., and monoclonal antibodies to the simian virus 40 (SV40) T
antigen were commercially purchased (Santa Cruz Biotechnology, Santa Cruz,
Calif.). A mouse monoclonal antibody to ORF62 (H6) was a kind gift of A.
Arvin, Stanford University, Stanford, Calif. Monoclonal antibodies which recog-
nize a linear epitope derived from the influenza virus hemagglutinin (HA)
protein (see below) were obtained from BAbCo Inc., Richmond, Calif.

DNAs and plasmid construction. To express genes in transfected cells, com-
plete or partial ORFs were cloned into the unique EcoRI and/or BamHI sites of
plasmid pG310 (a gift from E. Mocarski, Stanford University) so as to be under
the control of the complete human cytomegalovirus (CMV) IE promoter and
polyadenylation signal. Some proteins were expressed in a derivative of pG310,
named pGK2-HA, that contained a double-stranded oligonucleotide inserted
into the EcoRI site (coding strand 5 59AATTGCCATGGGTTATCCATATGA
CGTCCCGGATTACGCAGTGGAATTC). This vector contained a new EcoRI
site that was preceded by an initiating ATG (shown in bold) and 11 amino acids
(Met-Gly-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala-Val). The underlined se-
quence represents a linear epitope derived from the influenza virus HA that was
recognized by commercially available monoclonal antibodies. Inserts were made
in frame with this epitope using 8-, 10-, or 12-mer EcoRI linkers added to the
ends of DNA fragments. Plasmid pKCMV62 is a derivative of the previously
described pCMV62 (39, 52) but modified by deletion of the insert sequences
between TthiiiI and NdeI sites (bp 104169 to 105214 with respect to the VZV
sequence). This rendered a KpnI site and a BamHI site within the ORF62 coding
sequence unique. Further deletions of pKCMV62 were generated by collapse of
DNA sequences between rare-cutting restriction enzyme sites, followed by reli-
gation with single EcoRI linkers of either 8, 10, or 12 bases in length to maintain
the reading frame. Plasmid pKCMV62d29-602 was derived by the in-frame
deletion of sequences between two NotI sites present in pKCMV62 and does not
express amino acids from 29 to 602. Plasmid pKCMV62d161-505 was derived by
the in-frame deletion of sequences between two StuI sites and does not express
amino acids 161 to 505. Plasmid pKCMV62d730-T was derived by deletion of
coding sequences downstream of the unique BamHI site in ORF62 followed by
insertion of DNA linkers that contained stop codons in all three reading frames
(CTAGACTAGTCTAG; stop codons underlined). This plasmid expressed
amino acids 1 to 734 of IE62. Plasmid pKCMV62/61nl contained a deletion of
ORF62 coding sequences between the KpnI and BamHI sites (amino acids 570
to 733) followed by insertion of double-stranded complementary oligonucleotide
pair (coding strand 5 59-CGCAAGGGGTGCTAAGCGCCGGTGG-39) that
encoded the ORF61 nuclear localization signal (amino acids Ala-Arg-Gly-Ala-
Lys-Arg-Arg-Trp) in frame with the ORF62 coding sequence (60). Plasmid
pKCMV62d1-587 expressed a portion of IE62 initiating at methionine 588, using

a DNA fragment generated by PCR amplification. Primers contained additional
59 sequences that added the appropriate EcoRI restriction site and upstream
sequences from the IE62 first methionine to optimize the initiation of transla-
tion. Plasmid pGK2-HA19 contained an EcoR47III-BamHI fragment of ORF62
and expressed amino acids 7 to 734 as a fusion with the HA epitope. Plasmid
pGK2-HA17 contained an EcoRV-BstXI fragment and expressed amino acids
416 to 8239 of ORF62; plasmid pGK2HA5 contained an StuI-BamHI fragment
that resulted in expression of an IE62 peptide from amino acids 506 to 733 linked
in frame to the HA epitope. Plasmid pKCMV62BK-EGFP was derived from
pEGFP-C1 (Clontech Inc., Palo Alto, Calif.) and contained the BamHI-KpnI
fragment from ORF62 (amino acids 571 to 733) expressed as a C-terminal fusion
protein with the enhanced green fluorescent protein (EGFP).

Plasmid pKCMV61, which expressed complete ORF61 under the CMV IE
promoter in the vector pG310, was derived by cloning a blunt-ended partial
NcoI-AccI fragment of the complete ORF into pUC9 and using the flanking
EcoRI and BamHI sites of that construct to insert the gene into pG310. Plasmids
pKCMV47 and pKCMV66 were generated by PCR amplification of the com-
plete ORFs from VZV strain Scott, using primers that contained additional 59
sequences to add EcoRI and BamHI (for ORF47) or EcoRI and BglII (for
ORF66) sites to facilitate cloning into the EcoRI and BamHI sites of pG310. The
PCR-amplified DNAs were sequenced. pGK2-HA66 was similar to pKCMV66
except that the vector pGK2-HA was used. Plasmid P1-2 expressed HSV-1 ICP4
and was a kind gift of N. DeLuca. Plasmid pKCMV-SVTag contained the SV40
T antigen cDNA expressed in the vector pG310 and was derived by insertion of
a BamHI fragment containing the entire SV40 T antigen cDNA, obtained from
J. Pipas, University of Pittsburgh, Pittsburgh, Pa.

Mutations were introduced into ORF66 DNA sequences by using an estab-
lished method (32) with a Mutagene kit (Bio-Rad Inc, Hercules, Calif.). For
mutagenesis of ORF66, an EcoRI-to-BamHI fragment representing amino acids
1 to 336 from pKCMV66 was subcloned into the replicative forms of M13, and
single-stranded DNA was prepared from a recombinant phage grown on Esch-
erichia coli strain CJ236 dut ung. Mutagenesis was carried out according to the
recommendations of the manufacturer with commercially purchased synthetic
oligonucleotides. Following second-strand synthesis and transformation into E.
coli DH5a F9, DNA from transforming M13 plaques was sequenced. Positive
clones were used to prepare the double-stranded VZV DNA fragments contain-
ing the mutations, which were then purified and cloned to replace the wild-type
sequences in the pKCMV66 or pGK2-HA66 plasmid background.

Transfections. Transfections were carried out on MeWo cells using the Lipo-
fectamine reagent (Gibco/Life Technologies, Inc, Gaithesburg, Md.). Briefly,
trypsinized MeWo cells were seeded onto four-well chamber slides at 5 3
104/well, on 35-mm-diameter dishes seeded at 2 3 105/dish, or on 100-mm-
diameter dishes at 4 3 106/dish 24 h prior to transfection. Plasmid DNA for
transfection was purified by Qiagen columns (Qiagen Systems Inc., Santa Clarita,
Calif.). Cells were exposed to DNA-Lipofectamine mixture at 37°C for 16 h, and
then the medium was replaced with normal growth medium and further incu-
bated for 24 h before subsequent analyses. In later experiments, Lipofectamine
was used in conjunction with the Lipofectamine Plus reagent (Gibco/Life Tech-
nologies) to enhance transfection efficiency, and cells were exposed to DNA-lipid
for 3 to 5 h. In all comparative and parallel transfections, the level of the CMV
IE promoter was maintained constant by addition of pG310 vector.

Immunofluorescence. Antibodies for immunofluorescence were first preab-
sorbed with uninfected cell sonicates at 106 cell equivalents per 100 ml of anti-
body. Immunofluorescence was carried out as described previously (30). Briefly,
cells were fixed in acetone at 220°C for 15 min and rehydrated in phosphate-
buffered saline (PBS) at room temperature. All subsequent incubations were
performed in PBS containing 10% heat-inactivated goat serum at room temper-
ature. Primary antibody incubations at a dilution of 1/100 to 1/1,000 were incu-
bated with the cells for 1 h; following extensive washing, bound antibodies were
detected with a secondary antibody of goat anti-rabbit immunoglobulin G (IgG)
conjugated to either fluorescein or rhodamine or an anti-mouse IgG conjugated
to rhodamine. Images were taken digitally using Bio-Rad Lasersharp software
coupled with a Bio-Rad RadiancePLUS confocal microscope system.

Metabolic radiolabeling, immunoprecipitation, and immunodetection. Proce-
dures were modified from those described previously (49). Cells were metabol-
ically labeled in growth media containing 1/20 the normal phosphate and
[32P]orthophosphate at 500 mCi/ml. Following a 8- to 16-h labeling period,
proteins were solubilized in radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris HCl [pH 8.0], 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS) containing a mixture of protease inhibitors (Mini-EDTA
free; Boehringer Mannheim Biochemicals, Inc., Indianapolis, Ind.), 2 mM
NaVO4, and 25 mM NaF. Specific proteins were precipitated using 2 to 10 ml of
rabbit polyclonal antibodies to IE62 or 1 to 3 ml of HA-specific antibody in
ascites fluid. Immunoprecipitated proteins were collected using a mixture of
protein G-agarose and protein A-Sepharose, washed extensively in RIPA buffer,
and subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE). For
immunoblot analysis, procedures were similar to those described previously (28)
except that bound antibodies were detected using secondary antibodies coupled
to peroxidase followed by detection using SuperSignal West Dura luminescent
substrate (Pierce Biochemicals, Rockford, Ill.).

Promoter-reporter constructs and reporter assay. A construct containing the
ORF4 promoter driving the expression of chloramphenicol acetyltransferase
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(CAT) was used to test the transactivating properties of IE62. The construct
contained sequences from 136 to 2190 with respect to the ORF4 transcription
initiation site at 11 and was made using the vector pCATbasic (Promega Corp.,
Madison, Wis.). The DNA insert was prepared by PCR amplification using
primers that added PstI and HindIII sites to the amplified fragment to facilitate
cloning. In transfections, 1 mg of the promoter-CAT construct was transfected
with 1 mg of pCMV-gal (obtained from Stratagene, Inc.), expressing b-galacto-
sidase under the CMV IE promoter, 200 ng of pKCMV62, and a 1-mg mix of
pG310 and either pKCMV66 or pKCMV47. At 24 h posttransfection, cells were
washed in PBS and disrupted by repeated freeze-thaw cycles. Soluble cell extracts
were assayed for CAT activity, using a 1-h incubation at 37°C with chloramphen-
icol and [14C]acetyl coenzyme A as the substrate, and production of [14C]ace-
tylchloramphenicol was assayed following organic extraction with ethyl acetate
and counting in a liquid scintillation counter. b-Galactosidase activity was de-
termined using o-nitrophenylgalactopyranoside as substrate, followed by spec-
trophotometric assay.

RESULTS

Effect of the VZV protein kinases on IE62-mediated trans-
activation. The specific phosphorylation of IE62 in vitro by the
ORF47-associated protein kinase (49) raised the intriguing
possibility that IE62 functions were modulated by the VZV-
encoded protein kinases. To explore this possibility, we tested
for the ability of the protein kinases to influence IE62-medi-
ated transcriptional activation of an ORF4 promoter-CAT
construct. All VZV ORFs were expressed from the same vec-
tor, using the constitutive human CMV IE promoter. Com-
parative transfections were carefully adjusted to ensure equal
levels of CMV IE promoter, pCMVgal, pKCMV62, and pro-
moter-reporter constructs. A representative experiment of the
CAT activity expressed from this promoter, normalized to
b-galactosidase activity, is shown in Fig. 1. The activity from
transfections with pKCMV62 and without plasmids encoding
protein kinases represents a 36-fold (66.3 standard deviations)
activation over the basal level of the promoter obtained from
transfections without pKCMV62. From transfections contain-
ing increasing levels of pKCMV47, no significant alteration in
the CAT activity was detected. However, a dramatic fall in
CAT activity was observed when pKCMV66 was cotransfected
with the activator and reporter constructs. Levels of CAT ac-

tivity fell to 19% from transfections containing a 1:1 ratio of
pKCMV66 to PKCMV62 and dropped to less than 10% from
transfections containing a 2:1 ratio and higher. The effect of
cotransfected pKCMV66 was specific for IE62-mediated acti-
vation and did not alter the level of constitutively expressed
b-galactosidase activity expressed from the cotransfected pC-
MVgal. In the absence of IE62 transactivator, neither protein
kinase affected the low level of basal CAT activity from the
promoter (data not shown). These results indicated that the
product of ORF66, and not that of ORF47, was capable of
modulating functional activity of the VZV major regulatory
protein. Analysis with IE62-responsive gI promoter reporter
constructs yielded similar results (data not shown).

Cellular localization of IE62 is influenced by the ORF66
protein. To determine the mechanism underlying the ability of
the ORF66 protein to inhibit IE62-mediated transactivation,
we examined the cellular location of IE62 in transfected cells
following coexpression with or without the VZV protein ki-
nases (Fig. 2A to C). IE62 protein expressed without protein
kinases demonstrated an exclusively nuclear location in greater
than 94% of the IE62-positive cells (Fig. 2A). It showed a
diffuse staining pattern over the nucleus, with one to three
subnuclear areas in which it was excluded and small, focal
regions surrounding these areas where IE62 appeared more
concentrated (Fig. 2A, inset). Approximately 2 to 6% of IE62-
positive cells, depending on the transfection, demonstrated
some additional cytoplasmic staining of IE62. Similar results
were observed in transfected cells coexpressing IE62 with the
ORF47 protein, indicating that the ORF47 protein kinase had
little detectable influence on the cellular location of IE62 (Fig.
2B). In contrast, cells that coexpressed IE62 protein with the
ORF66 protein kinase demonstrated a predominantly cyto-
plasmic distribution of IE62 in the majority of positive cells
(Fig. 2C). Numerical estimations from three separate transfec-
tion experiments indicated that 71% of cells expressing IE62
demonstrated a predominantly cytoplasmic distribution of
IE62 following a transfection that contained a 1:1 ratio of
pKCMV66 to pKCMV62. Levels increased to 82% at a ratio of
3:1, respectively. These results explained the ability of ORF66
protein to inhibit IE62-mediated transactivation and implied
that the ORF66 protein prevented the nuclear import of IE62.

We subsequently examined the nuclear localization of three
other proteins in the presence of ORF66 protein to determine
if ORF66 protein kinase was specific or more global for the
nuclear import process (Fig. 2). VZV ORF61, a VZV tran-
scriptional activator with homology to HSV-1 ICP0 and pseu-
dorabies virus EPO (42, 48), was examined to determine if
other VZV nucleus-localizing proteins were affected. ORF61
possesses a strong nuclear localization signal mapping to the
carboxyl-terminal region of the protein (60). HSV-1 ICP4 was
examined to determine if the site of action of ORF66 was
conserved in the homologous protein of IE62 in a closely
related alphaherpesvirus. The SV40 T antigen was examined
because its nuclear import has been shown to be both posi-
tively and negatively regulated by cellular protein kinases (24).
In particular, the nuclear localization of SV40 T antigen had
potential relevance because threonine 680 within the heart of
the IE62 nuclear localization signal is a consensus site for the
cyclin-dependent kinase (CDK) p34cdc2. This kinase inhibits
the nuclear localization of SV40 T antigen (23), and the pos-
sibility existed that ORF66 acted on IE62 by stimulating this
cellular protein kinase. However, parallel cotransfection exper-
iments demonstrated that all three control proteins localized
exclusively to the nucleus when expressed alone or with the
ORF66 protein kinase. This result strongly implied that the

FIG. 1. Levels of CAT activity from the ORF4 promoter in the presence of
IE62 and in the presence or absence of the protein kinases from VZV ORF47
(147) or VZV ORF66 (166). Levels were derived from duplicate transfections
on 35-mm-diameter well dishes. Transfections contained 1 mg of the ORF4
promoter CAT construct, 1 mg of pCMV-gal, 200 ng of pKCMV62, and 1 mg
(total) of a mix of pG310 and either pKCMV66 or pKCMV47. The x axis
indicates the amount of plasmid pKCMV47 or pKCMV66 used in the cotrans-
fection. CAT activity at 0 mg represents a 36-fold increase over CAT activity
obtained from transfections lacking pKCMV62.
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ORF66 protein targeted the nuclear localization process of
IE62 specifically.

Distribution of ORF66 protein and IE62 in cotransfected
cells. In the cotransfection analyses just described, a minor but
persistent population of IE62-positive cells continued to dem-
onstrate exclusively nuclear forms of IE62, even following
transfections with ratios of pKCMV66 to pKCMV62 as high as
5:1. Possible explanations were that this population repre-
sented a group of cells in which IE62 was immune to the effects
of the ORF66 protein or, alternatively, that these cells did not
express ORF66 protein. To resolve this issue, we derived a
plasmid expressing ORF66 fused to an antigenic epitope at the
amino terminus of the protein (plasmid pGK2-HA66). This
allowed an indirect identification of the cellular location of the
ORF66 protein by immunofluorescence. Previously described
antibodies specific to the ORF66 protein that were provided to
us (17, 59) as well as a rabbit ORF66-specific antibody made by
our laboratory all failed to react efficiently with the ORF66
protein in immunofluorescence analyses. Figure 3 shows ex-
amples of cotransfected and dual-labeled cells. All cells that

showed a predominantly cytoplasmic distribution of IE62 fol-
lowing cotransfections were found to express the HA-tagged
ORF66 protein. The small fraction of IE62-positive cells re-
taining predominantly nuclear distribution were found not to
express detectable levels of ORF66 protein. Surprisingly, the
HA-tagged ORF66 protein was located mostly within the nu-
cleus, although cytoplasmic forms were consistently observed
in most cells. The cytoplasmic forms of ORF66 showed a
similar distribution pattern to the cytoplasmic forms of IE62.
The nuclear forms of ORF66 protein generally demonstrated
two staining patterns, with either a diffuse nuclear distribution
(Fig. 3B) or with concentrations of protein in three to eight
subnuclear points (Fig. 3D). At this stage, we do not know the
basis for the subnuclear concentration of the ORF66 protein,
but the distribution patterns were found not to be dependent
on the coexpression with IE62 (data not shown). These results
confirmed that the ORF66 protein is directly responsible for
the cytoplasmic accumulation of IE62 in transfected cells.

IE62 distribution in VZV-infected cells. We subsequently
aimed to determine if cytoplasmic forms of IE62 accumulated

FIG. 2. Effect of the ORF66 protein kinase on nuclear localization of IE62 and other proteins. MeWo cells were transfected with pKCMV62, expressing IE62 (A
through C), pKCMV61, expressing ORF61 (D and E), p1-2, expressing HSV-1 ICP4 (F and G), and pKCMV-SVTag, expressing SV40 T antigen (H and I). Panels
show the cellular location of the protein detected by immunofluorescence using specific antibodies following cotransfection with empty vector (A, D, F, and H),
threefold excess of pKCMV47 (B), or threefold excess of pKCMV66 (C, E, G, and I). The inset in panel A shows a higher magnification of a nucleus from a cell
expressing IE62 protein alone. Images were captured with a 403 objective with additional magnifications of either 23 (D, F, and G) or 43 (A, inset).
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in VZV-infected cells. Initially, we examined a time course of
infection; IE62 is encoded by an IE gene, whereas ORF66 is
presumed to be an early gene (based upon transcription of the
homologous HSV-1 US3 protein kinase). IE62 would be ex-
pected to show cytoplasmic forms at late times but not at very
early times postinfection (p.i.). In a time course of cell-free
virus-infected cells, IE62 appeared exclusively nuclear at 8 h
p.i. (Fig. 4A), but cytoplasmic forms were detected at 24 h p.i.
(Fig. 4B). At 24 h p.i., additional cells surrounding the primary
infected cell showed a weak but predominantly nuclear stain-
ing, indicative of a second round of infection from progeny
virus. These results indicated that cytoplasmic forms of IE62
accumulated during the later stages of infection.

Figure 4 also shows IE62 in cells infected by ROka,
ROka47S, and ROka66S, which are recombinant viruses gen-
erated from overlapping cosmids of the VZV genome.
ROka47S contains a stop codon inserted into the ORF47 pro-
tein kinase gene and does not encode any protein from ORF47
(16). Likewise, ROka66S contains a stop codon engineered
into the reading frame that prevents translation of any detect-
able protein from ORF66 (17). In ROka- and ROka47S-in-
fected cells, IE62 demonstrated strong nuclear distribution,
but it clearly showed additional cytoplasmic forms both in
single infected cells (Fig. 4C) and in cells in which extensive
fusion had occurred (Fig. 4E). In contrast, plaques and fused
syncytia generated by infection with ROka66S demonstrated
only nuclear distribution of the IE62 protein (Fig. 4D and F).
Nuclear distribution was extensively marginated like that seen

in ROka-infected cells. These results indicated that ORF66
mediated the cytoplasmic accumulation of IE62 in the context
of VZV infection.

The ORF66 protein kinase domains are required for activity
on IE62 nuclear localization. Our next approach was designed
to determine if the ORF66-mediated cytoplasmic accumula-
tion of IE62 required the protein kinase activity predicted for
the ORF66 protein. This prediction is based on the observa-
tion that most protein kinases are related and have conserved
structural domains (15). Consensus motifs have been derived
for both the catalytic and ATP binding domains (Fig. 5a). VZV
ORF66 contains a match for the consensus catalytic domain of
Ser/Thr protein kinases which is located from amino acids 203
to 213 (Fig. 5b). However, there is no full match in any her-
pesvirus protein kinase for the consensus for an ATP binding
domain. As the ATP binding invariably occurs in a region
amino terminal to the catalytic domain and relies on a critical
lysine residue which binds ATP, we examined for key lysines
with a local match to the consensus. For ORF66, lysine 122 has
been predicted to be the critical ATP binding residue (36, 37).
Of the seven lysines that lie N terminal to the catalytic domain,
lysines 122, 175, and 97 all show close local matches to the
consensus (Fig. 5c). For all three lysines, amino acids that lie
further from this region diverge from the early part of the
consensus sequence for an ATP binding domain (for clarity,
the divergent portion of the consensus is not shown in Fig. 5c).
Three ORF66 proteins were made that contained specific al-
terations within the predicted catalytic domain, including the

FIG. 3. Cellular distribution of ORF66 protein in cotransfected cells. The images show two cells coexpressing the IE62 protein. The IE62 proteins was detected with
polyclonal antibodies to IE62 and secondary anti-rabbit antibodies coupled to fluorescein (A and C), and the HA epitope-tagged ORF66 protein was detected with
monoclonal antibodies to HA and with anti-mouse antibodies coupled to rhodamine (B and D). Images were collected sequentially using the lasers of the confocal
microscope and a 603 objective.
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FIG. 4. IE62 in VZV-infected cells. Examples of the cellular distribution of IE62 are shown following infection with cell-free VZV strain Scott that was harvested
at 8 (A) or 24 (B) h p.i. or in cells infected with VZV ROka47S (C), ROka (E), or ROka66S (D and F). (C and D) Cells harvested at 2 days p.i.; (E and F) cells harvested
at 3 days p.i. Panels A and B were taken with a 603 objective with additional 23 magnification; panels C to F were recorded with 203 objective, with panels D, E,
and F recorded with 23 magnification.
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deletion of seven amino acids within the consensus catalytic
domain and the modification of the key aspartate and lysine
residues that are predicted to be critical for catalytic activity
(15). In addition, each of the putative lysines that matched the
local ATP binding consensus were altered to alanines. All
mutant proteins were then examined for the ability to induce
the cytoplasmic accumulation of IE62 in the cotransfection
assay (Fig. 5d). All three ORF66 proteins containing alter-
ations in the predicted catalytic domain were unable to induce
the cytoplasmic accumulation of IE62. Even constructs con-
taining the very conservative alteration of aspartate 206 to
glutamate and lysine 208 to arginine, which maintain the local
net charge in the catalytic domain, did not express proteins
capable of influencing IE62 cellular distribution. In contrast,
unaltered ORF66 protein expressed from parallel transfections
caused 79% of IE62-positive cells to show predominant cyto-
plasmic distribution of IE62. The results indicated that the
amino acids in the predicted catalytic domain were critical for
the ability of ORF66 to prevent IE62 nuclear localization.
Regarding the mutational analysis of the predicted ATP bind-
ing domain, only alteration of lysine 122 completely abrogated
influence on nuclear localization of IE62, and ORF66 proteins
with mutation of either lysine 97 or lysine 175 to alanine re-
tained the ability to cause cytoplasmic accumulation of IE62 in

transfected cells. Taken together, the results strongly indicated
that the protein kinase activity attributed to ORF66 was re-
quired for it to influence the cellular location of the IE62
protein.

The proteins expressed from selected mutant ORF66 genes
that failed to mediate the cytoplasmic accumulation of IE62
were analyzed. Each ORF66 gene was expressed in the vector
pGK2-HA so that the protein would be tagged with the HA
epitope. When expressed in transfected cells, all proteins
showed the same cellular distribution as seen for the wild-type
HA-tagged protein (data not shown). SDS-PAGE and immu-
noblot analyses with the HA-specific antibodies indicated that
the wild-type ORF66 gene expressed two close-mobility forms
in transfected cells of 46 and 47kDa (Fig. 5e). In contrast, the
proteins expressed from the mutant genes of ORF66ct2,
ORF66ct3, and ORF66122K-A, all of which were unable to
cause cytoplasmic accumulation of IE62, expressed only the
faster-migrating 46-kDa form (the lower level of protein ex-
pressed by ORF66ct2 in Fig. 5e in this experiment was a result
of inefficient transfection; the 47-kDa form was not detected
following longer exposures). We strongly suspect that the slow-
er-migrating 47-kDa form represented an autophosphorylated
form of ORF66 and that its absence in cells expressing the
mutant ORF66 proteins indicated that they were unable to

FIG. 5. The ORF66 protein kinase domains and effect of their alteration on IE62 nuclear accumulation. (a) Diagrammatic representation of ORF66 showing the
approximate positions of the three putative ATP binding domains (indicated by K97, K122, and K175, representing the key lysine residues) and single catalytic domain
(amino acids 203 to 213). (b) The full consensus for the catalytic domain of serine/threonine protein kinases is shown in single-letter amino acid code. Residues in
parentheses indicate alternative residues at a specific position; X indicates any amino acid. Below the consensus is shown the single-letter amino acid sequence of the
region from amino acids 203 to 213 of wild-type ORF66 that matches the consensus, with each ORF66 amino acid below its corresponding position in the consensus.
Also shown are the altered amino acid sequences of three mutated ORF66 constructs created as described in the text (ORF66cd, ORF66ct2, and ORF66ct3). (c) Part
of the consensus for ATP binding domain that was used to identify the putative ATP binding domains is shown, along with the local amino acid residues preceding
lysines 122, 97, and 175 in wild-type ORF66. The last lysine residue (K) in each consensus is the potential active site that binds ATP. Three mutant ORF66 proteins
were created in the vector pKCMV66 in which the potential active lysine residue was altered to alanine. (d) Effects of mutant ORF66 proteins on the cellular
distribution of IE62, shown as percentages of IE62-positive cells demonstrating cytoplasmic distribution following cotransfection experiments with plasmids expressing
wild-type or altered protein kinases. Numbers were determined from assessment of 300 IE62-positive cells from each of duplicate transfections, using digital images
of fields collected at low-magnification power on the confocal microscope. (e) Immunoblot analysis of SDS-PAGE-separated proteins expressed in transfected MeWo
cells from pGK2-HA-based constructs expressing the epitope-tagged forms of the wild-type ORF66 protein (lane 1), the ORF66ct2 protein (lane 2), the ORF66ct3
protein (lane 3), or the ORF66K122-A protein (lane 4). The proteins expressed were detected with commercial antibodies to the HA antigenic epitope. The lower levels
of ORF66ct2 protein in this blot were the consequence of an inefficient transfection of plasmid used in this experiment. The proteins arrowed are 46 and 47 kDa in size.
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autophosphorylate. This possibility has not yet been confirmed
because we have been unable to obtain the ORF66 protein in
a soluble form to enable it to be immunoprecipitated from
transfected and VZV-infected cells.

Partial mapping of the region of IE62 that is targeted by the
ORF66 protein. The mutational analysis of the ORF66 protein
kinase domains implied that ORF66 phosphorylates the IE62
protein. Previous studies based on the phosphorylation of IE62
from ROka- and ROka66S-infected cells did not indicate the
specific phosphorylation of IE62 by the ORF66 protein kinase
(17), and IE62 was found to be extensively phosphorylated in
both ROka- and ROka66S-infected cells. We suspected that
the phosphorylation of IE62 by ORF66 protein kinase was
probably a minor phosphorylation event which was masked by
the extensive phosphorylation of IE62 mediated by other pro-
tein kinases. Indeed, casein kinase II phosphorylates IE62 in
vitro (49), and IE62 is phosphorylated when expressed in vac-
cinia virus-infected cells (29). Strong consensus motifs are
present on IE62 which are putative targets for several cellular
protein kinases (unpublished data). Therefore, we derived sev-
eral IE62 constructs to map the region targeted by ORF66
protein kinase and demonstrate its specific phosphorylation of
IE62. We aimed to use IE62 peptides that lacked most or all
cellular kinase phosphorylation sites (Fig. 6), and this required
partial mapping of the IE62 region targeted by ORF66 protein.

Four constructs expressing IE62 peptides with intact nuclear
localization signals were expressed in transfected cells with and
without the ORF66 protein kinase (Fig. 7). All contained the
IE62 nuclear localization signal, which includes the arginine/
lysine-rich region between amino acids 676 and 685 (31). Pep-
tides from plasmid pKCMV62d730-T (Fig. 7A) and from
pKCMV62d161-505 (Fig. 7C) both retained a strong nuclear
distribution pattern similar to that observed for complete IE62
in the absence of ORF66 protein. Both peptides demonstrated
predominantly cytoplasmic distribution following coexpression
with ORF66 protein (in both Fig. 7B and D, a single cell
containing a nuclear localizing IE62 peptide can be seen). IE62

peptides expressed from pKCMV62d29-602 in the absence of
ORF66 protein also demonstrated predominantly nuclear
staining, although the nuclear pattern was unusual and showed
several subnuclear structures where IE62 peptide was excluded
(Fig. 7E). Furthermore, while this peptide accumulated in the
cytoplasm following expression with ORF66, the peptide ap-
peared to be excluded less efficiently from the nucleus (Fig.
7F). We considered it likely that the peptide was less efficiently
recognized by the ORF66 protein kinase. The fourth peptide
studied, expressed from pGK2-HA5, demonstrated an ineffi-
cient nuclear localization (Fig. 7G) and showed both speckled
nuclear and cytoplasmic staining in the absence of ORF66
protein. However, its coexpression with ORF66 protein re-
sulted in an almost complete exclusion of the peptide from the
nucleus (Fig. 7H). These results indicated that the nuclear
localization of all four peptides retained the ability to be sup-
pressed by the ORF66 protein. The amino acids common to all
peptides included amino acids between 602 and 730, and we
concluded that this domain contained the ORF66-responsive
element. Further delineation of the remaining region through
additional deletion analyses could not be obtained because
smaller IE62 peptides demonstrated inefficient nuclear local-
ization.

To confirm that the region targeted by ORF66 lay within the
boundary defined by amino acids 602 to 730, two constructs
expressing chimeric proteins were used. Plasmid pKCMV62/
61NL expresses an IE62 protein lacking amino acids 571 to 733
but containing seven amino acids derived from the ORF66-
nonresponsive nuclear localization signal of ORF61. As ex-
pected, this protein was found to be exclusively nuclear in
greater than 95% of transfected cells both in the absence and
in the presence of coexpressed ORF66 protein (Fig. 8A to C).
Transfections were carried out using the epitope-tagged form
of ORF66 to ensure that cells coexpressed both proteins (Fig.
8C). This confirmed that the predominant portion of IE62
(excluding amino acids 571 to 733) was not involved in recog-
nition by ORF66 protein. A second chimeric protein that con-
tained amino acids 571 to 733 of IE62 as a carboxyl-terminal
fusion with EGFP was found to demonstrate exclusively nu-
clear fluorescence in the absence of ORF66 protein (Fig. 8D)
but showed cytoplasmic distribution in addition to nuclear
distribution following coexpression with ORF66 (Fig. 8E). The
continued nuclear staining of the EGFP chimera in the pres-
ence of ORF66 protein was likely due to the presence of a
weak nuclear localization signal in EGFP, as EGFP expressed
alone from the vector showed both nuclear and cytoplasmic
distribution (Fig. 8F). Taken together with the deletion map-
ping analyses, these studies indicated that the region of IE62
targeted by the ORF66 protein was close to the nuclear local-
ization signal and within amino acids 602 to 733.

The ORF66 protein phosphorylates IE62 in vivo. The tar-
geting of the IE62 protein by the ORF47 protein kinase was
demonstrated using in vitro phosphorylation studies with co-
immunoprecipitated proteins. The in vitro demonstration of
the phosphorylation of the IE62 protein by the ORF66 protein
kinase has not been similarly achieved because we have not
been able to solubilize the ORF66 protein from VZV-infected
or from transfected cells. ORF66 was found not to be solubi-
lized by treatment with RIPA, 10 mM CHAPS {3-[(3-cholami-
dopropyl)-dimethylammonio]-1-propanesulfonate}, pH levels
from 6.5 to 8.5, high salt, and various combinations thereof
(data not shown). We therefore used an alternative approach,
in which we examined for specific in vivo phosphorylation of
IE62 peptides in cotransfected cells. Cells were transfected
with plasmids expressing IE62 peptides and with threefold
excess of plasmids expressing active or mutated ORF66 proteins.

FIG. 6. Diagrammatic representation of peptides and portions of IE62 that
were expressed in transfected cells to identify the domain targeted by ORF66
protein kinase. Each grey line represents the portion of IE62 expressed in the
corresponding plasmid designated at the right. At the top, the complete 1,310-
amino-acid IE62 protein is represented with the approximate positions of re-
striction enzymes sites used to derive specific plasmids as described in the text
(N, NotI; S, StuI; E, EcoRV; K, KpnI; B, BamHI; Bx, BstXI). 62NLS, the IE62
nuclear localization signal and its key amino acids; 61NLS, the nuclear localiza-
tion signal derived from ORF61; HA, the 11-amino-acid epitope tag engineered
to the amino-terminal portion of IE62 peptides; EGFP, coding sequence for
EGFP.
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Following incubation in medium containing [32P]orthophos-
phate, the IE62 peptides were immunoprecipitated using an-
tibodies to IE62 (Fig. 9). The IE62 peptides expressed from
pGK2-HA17 and pGK2-HA5, representing IE62 amino acids
from 412 to 823 and from 506 to 734, respectively, were found

to be radiolabeled following coexpression with ORF66 but
were not radiolabeled following coexpression with the ORF66
protein mutated in the catalytic domain and expressed from
plasmid pKCMV66ct2 (Fig. 9a). No radiolabeled proteins
were precipitated when the IE62 peptides were expressed fol-

FIG. 7. Immunofluorescent images showing nuclear localization of IE62 peptides and modulation by ORF66 protein kinase. The IE62 peptide shown in panels A
and B is expressed from pKCMV62d730-T, panels C and D represent protein expressed from pKCMV62d161-505, panels E and F are from pKCMV62d29-602, and
panels G and H represent the IE62 HA-tagged peptide from 506-734, expressed from plasmid pGK2HA5. Panels A, C, E, and G represent the protein expressed alone,
whereas panels B, D, F, and H represent the protein expressed following transfection with a threefold excess of pKCMV66.
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lowing transfections without any protein kinases (not shown).
In the presence of the HA epitope-tagged form of ORF66,
both IE62 peptides were also radiolabeled but appeared to be
phosphorylated less efficiently (lanes 2 and 5). Analysis of
whole-cell extracts from parallel and identical transfection in-
dicated efficient expression of the IE62 peptides (lanes 19 to
69). These results strongly suggested that the ORF66 protein
mediated phosphorylation of IE62 within the domain defined
by the deletion mapping studies. In a second approach, a con-
struct expressing IE62 sequences initiating at an internal me-
thionine (representing IE62 from amino acids 588 to 1310)
expressed three weakly phosphorylated peptides in the absence
of ORF66 protein (Fig. 9b, lane 1). When this construct was
cotransfected with the ORF66 protein, the three peptide spe-
cies appeared to be more extensively phosphorylated, and the
78- and 82-kDa forms demonstrated a mobility shift to slower-
migrating forms on SDS-PAGE (Fig. 9b, lane 2). While we do
not know the origins of the multiple species, the data sup-
ported the phosphorylation of IE62 in cells coexpressing the
ORF66 protein kinase. The data also suggested that a cellular
protein kinase targeted IE62 in the C-terminal domain down-
stream of residue 823. A likely candidate cellular kinase is
casein kinase II, because a very strong potential target for this
kinase lies in IE62 between residues 1290 and 1295.

Further confirmation of the specific targeting of IE62 by the
ORF66 protein was demonstrated by transfecting cells and
subsequently superinfecting them with either ROka or
ROka66S. Cells were transfected and then superinfected 24 h
later with the recombinant VZV at a ratio of 1 infected cell to
10 transfected cells and immediately incubated in medium
containing [32P]orthophosphate. At 48 h p.i., radiolabeled
IE62 peptides specifically expressed from the transfected plas-
mids were immunoprecipitated using antibodies to the HA
epitope tag. Immunoprecipitation of the complete IE62 pro-
tein using polyclonal antibodies to IE62 confirmed that IE62

protein was phosphorylated in both ROka- and ROka66S-
infected cells (Fig. 10, lanes 1 to 3). When the specific peptides
expressed from the transfected plasmids were immunoprecipi-
tated, only those peptides obtained from cells that were super-
infected with ROka were phosphorylated (lanes 6 and 9).
These results correlated with those from the cotransfection
assay and indicated that the ORF66 protein mediated a spe-
cific phosphorylation event of IE62.

DISCUSSION

The data presented here show that the ORF66 protein ki-
nase prevents the nuclear accumulation of the major VZV
regulatory protein, both in the context of transfected cells and
in the context of VZV infection. This ability strongly correlates
with an ORF66 protein kinase-dependent specific phosphory-
lation of IE62. We hypothesize that one of the functions of
ORF66 may be to redirect IE62 for roles in the cytoplasm at
the later stages of infection or, alternatively, to negatively reg-
ulate IE62-mediated transactivation of gene transcription at
later stages of the infectious cycle. The recent demonstration
that recombinant VZV lacking ORF66 is partly attenuated for
growth in T cells in in vivo animal models (40) suggests that
this interaction may contribute to the pathogenesis of VZV in
human disease.

We have previously shown that the nuclear import of IE62,
which is required for transactivation of viral transcription, re-
lies on a lysine/arginine-rich amino acid sequence within amino
acids 676 to 685 (31). This region is typical of the nuclear
localization signals of other nuclear localizing proteins, and
therefore IE62 most likely utilizes the cellular nuclear import
pathway. The multicomponent nuclear import process initiates
with the binding of a heterodimeric complex of two karyo-
pherins (a and b) to the arginine-lysine rich region of the
protein to be transported. The complex then docks to the

FIG. 8. Immunofluorescent images showing the nuclear localization of chimeric proteins and modulation by ORF66 protein. Protein was expressed from
pKCMV62/61NL (A and B) or pKCMV62-EGFP (D and E) in the absence (A and D) or presence (B and E) of a threefold excess of HA epitope-tagged ORF66
protein. (C) HA-tagged ORF66 protein in the cells shown in panel B; (F) cellular location of the EGFP expressed from the commercial vector pEGFP-C1.
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nuclear pore complex (11, 12, 46, 51). Transportation across
the nuclear pore occurs in an energy-dependent fashion after
the association of a protein complex containing the GTPase
protein Ran, the stimulating factor p10, and the hydrolysis of
GTP to GDP (41). The unusual feature of IE62 from our
studies was that IE62 nuclear accumulation was prevented by
the ORF66 protein kinase, most likely as a result of phosphor-
ylation. Nuclear localization regulated by phosphorylation has
not been described for any herpesvirus protein previously, and
the ability of a virus-encoded protein kinase to do this appears,
so far, unique. However, similar mechanisms are used to con-
trol the function of a small group of cellular nucleus-localizing
proteins involved in a variety of processes, including cell cycle
regulation and the control of transcriptional activators (24, 45,
50). Nuclear localization can be both positively and negatively
regulated by phosphorylation. For example, nuclear import of
SV40 large T antigen, whose nuclear localization is governed
by the sequence S111S112DDEATADS120QHST124PPKKKRKV,
is positively regulated by casein kinase II-mediated phosphor-
ylation of serines 111 and 112 (25, 68) or of serine 120 by the
double-stranded DNA-dependent protein kinase (68). In con-
trast, phosphorylation of threonine 124 by the cell CDK
p34cdc2 inhibits nuclear import (23). Our data indicate that
IE62 belongs to this group of proteins with regulated nuclear
localization signals.

The mechanism by which the ORF66 protein causes the
cytoplasmic accumulation of IE62 seems highly likely to in-
volve the phosphorylation of IE62 rather than the ORF66
protein acting through kinase-independent protein-protein in-

teraction. IE62 was additionally phosphorylated in cells coex-
pressing the ORF66 protein, and the kinase domains of
ORF66 were required for the influence on IE62 nuclear accu-
mulation. While Heineman et al. (17) concluded that VZV
ORF66 encoded a protein kinase activity based on differences
in phosphorylation patterns in cells infected with VZV ROka
and ROka66S, they did not detect differential phosphorylation
of IE62 in VZV-infected and ROka66S-infected cells. Our
data indicate that the ORF66-dependent phosphorylation of
IE62 was probably masked in their studies by its extensive
phosphorylation by cellular protein kinases. IE62 is phosphor-
ylated in both ROka- and ROka66S-infected cells (Fig. 10) and
is phosphorylated in vitro by casein kinase II. Efforts are under
way in our laboratory to identify the IE62 serine or threonine
residues within 602 to 730 that are targeted by ORF66. Inter-
estingly, no serine or threonine within the IE62 sequence ex-
actly matches the pseudorabies virus and HSV-1 US3 pro-
tein kinase consensus site RRR(R/X)(S/T)(R/Y) (35, 54). We
have also not yet determined if the phosphorylation of IE62 is
directly by the ORF66 protein kinase or whether there is a
cellular intermediate protein kinase which is somehow acti-
vated by ORF66 that then phosphorylates IE62. Our data
indicated that ORF66 did not act through enhancement of
p34cdc2-mediated phosphorylation of threonine 680 of IE62, a
potential site for this kinase. The question of the direct target-
ing of IE62 by the ORF66 protein kinase will require purifi-
cation of the ORF66 protein and in vitro kinase assays with
purified substrates. This may prove difficult, as our studies have
indicated that the ORF66 protein is tightly associated with cell
structures that make it very insoluble and difficult to obtain.

The precise mechanism by which phosphorylation causes the
inefficient nuclear accumulation of IE62 has not yet been de-
termined, but there are several possible models. The simplest
model is that phosphorylation near the nuclear localization
signal disrupts the charge environment and prevents binding of
the karyopherins to the arginine/lysine-rich region. A second

FIG. 9. Phosphorylation of IE62 peptides in transfected cells by the ORF66
protein kinase. (a) Phosphorylated peptides were immunoprecipitated from cells
transfected with plasmid pGK2-HA5 (lanes 1 to 3) or from pGK2-HA17 (lanes
4 to 6) following cotransfection with pKCMV66 (lanes 1 and 4), pGK2-HA66
(lanes 2 and 5), or pKCMV66ct2 (lanes 3 and 6). Proteins were immunoprecipi-
tated with a mixture of polyclonal and monoclonal antibodies to the IE62 pro-
tein. The approximate sizes of the main phosphorylated species in kilodaltons are
indicated at the left. The asterisk indicates a suspected breakdown product of the
55- to 62-kDa product. The 55- to 62-kDa species detected in lanes 4 to 6 migrate
as a smear due to the close proximity of the heavy chain of IgG in the immu-
noprecipitates. Lanes 19 to 69 represent the main species of proteins detected by
immunoblotting with anti-IE62 antibodies in whole-cell extracts from a parallel
transfection carried out without the presence of radiolabel. (b) Phosphorylated
peptides expressed from cells transfected with pKCMV62d1-587, either with
(lane 2) or without (lane 1) pKCMV66 at an equimolar amount. The approxi-
mate sizes of the species detected in cells transfected without the ORF66 protein
kinase are shown in kilodaltons.

FIG. 10. Phosphorylated IE62 peptides immunoprecipitated from trans-
fected and uninfected cells (lanes 1, 4, and 7) or from transfected cells superin-
fected with ROka66S (lanes 2, 5, and 8) or ROka (lanes 3, 6, and 9). Cells were
initially transfected with plasmid pGK2-HA17 (lanes 3 to 6) or pGK2-HA5
(lanes 1 to 3 and 7 to 9). Superinfections were carried out using a ratio of 1
infected cell to 10 uninfected cells and were incubated for 48 h. Proteins were
immunoprecipitated with either polyclonal antibodies to IE62 (lanes 1 to 3) or
monoclonal antibodies to the HA epitope (lanes 4 to 9). The approximate size of
the predominant radiolabeled species precipitated is indicated at the left. A
nonspecific 30-kDa phosphoprotein was immunoprecipitated in all extracts
transfected with pGK2HA5 (lanes 7 to 9).
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mechanism involves the phosphorylation-induced alteration of
protein conformation so that the nuclear localization signal
becomes masked through tertiary and/or conformational struc-
ture. For the yeast transcription SW15, phosphorylation out-
side the Arg/Lys-rich region of the nuclear localization signal
by CDK/CDC28 results in conformational masking of the nu-
clear import signal (26). A similar mechanism is thought to
occur for the suppression of nuclear localization of lamin B2 by
protein kinase C (18). A third mechanism is demonstrated by
the negative influence of the CDK p34cdc2 on SV40 T antigen,
which is thought to be through the increased affinity of T
antigen for a cytoplasmic retention factor. A fourth mechanism
is that the cytoplasmic accumulation of IE62 is a result of the
ORF66-induced activation of a nuclear export pathway for
IE62. This possibility is notable because the protein kinase
appeared to be distributed predominantly within the nucleus.
However, experimental approaches within our laboratory have
not yet indicated the movement of nuclear IE62 to the cyto-
plasm in the presence of ORF66 protein, in either transfected
or infected cells. Therefore, we consider the most likely sce-
nario to be that the nuclear import pathway is inhibited. Stud-
ies are in progress to examine these possibilities further.

This work establishes that both VZV protein kinases phos-
phorylate the major regulatory protein of VZV. This is highly
novel in the alphaherpesvirus subgroup, and similar observa-
tions for the corresponding proteins of other alphaherpesvi-
ruses have not been described. HSV-1 ICP4 has forms which
associate with the cytoplasm and cellular plasma membrane,
but they do so in the absence of any other viral proteins (67,
69). Specific forms of ICP4 have been found in HSV-infected
cells which are associated with different cellular compartments,
but the identity of the protein kinases involved remains un-
known (63). We have tested for the possible interaction of
ICP4 and HSV US3 protein kinase and have not found evi-
dence of similar interactions affecting nuclear localization.
Published evidence rather suggests that the US3 and ORF66
protein kinases target different proteins for each alphaherpes-
virus. HSV-1 US3 protein kinase affects the phosphorylation of
the product of UL34, an essential viral membrane protein (55,
56). It may also target cellular proteins, as the US3 protein
kinase is one factor which enables HSV-1 to overcome apo-
ptosis (38). In contrast, the HSV-2 US3 protein kinase influ-
ences the phosphorylation of a 14- to 22-kDa product of the
UL9 tegument protein, as well as the alkaline exonuclease
product of UL12 (5, 6). The pseudorabies virus US3 protein
kinase phosphorylates a major virion phosphoprotein of 112
kDa (70). It is, perhaps, surprising that no common target has
yet been identified for the kinases in the US3 family, particu-
larly in light of the conservation in the alphaherpesviruses. It
seems likely that the various targets so far identified may re-
flect multiple targets which have evolved for each alphaher-
pesvirus kinase, and others likely remain to be identified. Our
data clearly delineate an unusual functional role for the VZV
member of this kinase family. We suggest that VZV has
evolved this mechanism to either negatively regulate the tran-
scriptional regulatory activities of IE62 or redirect IE62 for
functional roles within the cytoplasm after the onset of early
protein synthesis.

VZV ORF66 is not required for virus growth in culture (17),
suggesting that the activity on IE62 nuclear localization is
likely not needed for growth in culture. However, evidence has
recently suggested that VZV ORF66 plays an important role in
vivo, since ROka66S is attenuated for growth in T cells in the
SCID-Hu mouse model (40). Thus, it seems likely that func-
tions are probably more critical for virus growth in certain cell
types. In this respect, ORF66 is similar to US3 kinases in other

alphaherpesviruses, as attenuated phenotypes are also ob-
served for HSV-2 and pseudorabies virus US3-negative viruses
(27, 33, 47). It is possible that the cytoplasmic accumulation of
IE62 may have an important functional significance in vivo or
in a specific cell type infected in the course of a human infec-
tion.
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