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Herpes simplex virus 1 encodes two multifunctional regulatory proteins, infected-cell proteins 22 and 0
(ICP22 and ICP0). ICPO is a promiscuous transactivator, whereas ICP22 is required in vivo and for efficient
replication and expression of a subset of late ('y,) genes in rodent or rabbit cell lines and in primary human
cell strains (restrictive cells) but not in HEp-2 or Vero (permissive) cells. We report the identification in the
yeast two-hybrid system of a cellular protein designated p60 that interacts with ICP22. This protein (apparent
M, of 60,000) has not been previously described and has no known motifs. Analyses of p60 revealed the
following. (i) p60 bound fast-migrating, underprocessed wild-type ICP22 and ICP22 lacking the carboxyl-
terminal 24 amino acids but not ICP22 lacking the carboxyl-terminal 40 amino acids, whereas the previously
identified cellular protein p78 (R. Bruni and B. Roizman, J. Virol. 72:8525-8531, 1998) bound all forms of
ICP22. The interaction of p60 with only one isoform of ICP22 supports that hypothesis that each isoform of
herpes simplex virus proteins performs a specific function that may be different from that of other isoforms.
(ii) p60 also bound ICPO0; the binding of ICP0 was independent of that of ICP22. (iii) p60 localized in uninfected
rabbit skin cells in both nuclei and cytoplasm. In rabbit skin cells infected with wild-type virus, p60 was
posttranslationally processed to a higher apparent M, but was not redistributed. Posttranslational processing
required the presence of the genes encoding ICP22 and U, 13 protein kinase. (iv) In uninfected HEp-2 cells, p60
localized primarily in nuclei. Soon after infection with wild-type virus, the p60 localized in discrete small
nuclear structures with ICP0. Late in infection, both ICP0 and p60 tended to disperse but p60 did not change
in apparent M. The localization of p60 was independent of ICP22, but p60 tended to be more localized in small
nuclear structures and less dispersed in cells infected with mutants lacking the genes encoding the U, 13 or U3
protein kinases. The results suggest that posttranslational modification of p60 is mediated either by ICP0
(permissive cells) or by ICP22 and U, 13 protein kinase (restrictive rabbit skin cells) and that the restrictive
phenotype of rabbit skin cells may be related to the failure to process p60 by mutants lacking the genes

encoding U, 13 or ICP22.

The herpes simplex virus 1 (HSV-1) genome contains at
least 84 genes, whose expression is coordinately regulated and
sequentially ordered in a cascade fashion (16, 17, 36). The first
genes to be expressed are the o genes, whose products enable
the expression of the B and +y genes. With the exception of
infected-cell protein 47 (ICP47) (43), all products of the «
genes are regulatory proteins (36). ICP4, encoded by the a4
gene, is an essential viral regulatory protein, which binds DNA
at specific sites and can both transactivate and repress the
expression of viral genes (36). ICP27, the product of the a27
gene, mediates the processing and translocation of mRNA (14,
15, 39). The two remaining « proteins, ICP22 and ICPO, are
the subjects of the present study.

ICP22 is a 420-amino-acid protein encoded by the a22 gene.
A smaller transcript promoted from the amino-terminal do-
main of the 22 gene encodes a polypeptide colinear with the
carboxyl-terminal 60% of ICP22 and designated Ug1.5 (7). The
a22 gene is dispensable in Vero and HEp-2 (permissive) cell
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lines, but «22™ mutant viruses replicate poorly in rodent or
rabbit skin (restrictive) cell lines and in confluent primary
human fibroblasts (23, 31, 40). One of the viruses tested in
these studies, R325, lacked the carboxyl-terminal 220 codons
of the a22 gene (31). In the restrictive cells, the mutant virus
exhibited a reduction of a0 and of Ugll mRNA and proteins
(33). Early in infection, ICP22 localizes in punctuate nuclear
structures. At the time of onset of viral DNA synthesis, ICP22
colocalizes in infected nuclei with ICP4, viral DNA, RNA
polymerase II, and a small cellular protein (EAP) named on
the basis of its association with Epstein-Barr virus small nu-
clear RNAs. This aggregation requires the presence of a func-
tional protein kinase encoded by U, 13 and is necessary for
optimal late-gene expression (21, 33). ICP22 is extensively
modified in infected cells. These modifications include phos-
phorylation by the viral protein kinases Ug3 and U, 13 (31, 33)
and nucleotidylylation by casein kinase II (4, 24, 25). A recom-
binant virus carrying a deletion in the U; 13 gene was found to
be similar to R325 with respect to several properties. Studies of
the U; 137 virus in restricted cells led to the conclusion that the
phosphorylation of ICP22 is necessary for the functions de-
scribed above. At least one of the sequences required for
posttranslational modification of ICP22 maps in the carboxyl-
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terminal domain of ICP22. Thus, the ICP22 encoded by two
mutants used in this study, R7820 and R7810, lacking the
carboxyl-terminal 24 and 40 amino acids, respectively, is not
posttranslationally processed (27). These mutants have prop-
erties similar to those of R325 (27).

In other recent studies, it was shown that ICP22 is required
for the alternative splicing of the a0 gene and for the accumu-
lation of the viral host shutoff protein in infected cells (8, 26).
ICP22 has also been reported to be responsible for the aber-
rant phosphorylation of the carboxyl-terminal domain of the
large subunit of RNA polymerase II (34, 35). More recently,
this laboratory reported that ICP22 interacts with a previously
unknown cell cycle-regulated cellular protein, p78 (6). Inter-
estingly, ICP22 also accumulated in a cell cycle-specific fashion
and novel forms of ICP22 could be detected during the cell
cycle. These forms differ from the previously published iso-
forms with respect to their electrophoretic mobility. These
results suggest that ICP22 is able to interact with cell cycle-
regulated proteins (6).

ICPO, a protein of 775 amino acids, is encoded by the a0
gene and is best described as a promiscuous transactivator
inasmuch as it transactivates both viral and cellular genes (11).
HSV-1 strains lacking the a0 gene replicate less efficiently than
the wild-type parent (37, 41). Recent studies indicate that ICP0O
is a multifunctional protein inasmuch as it interacts with sev-
eral cellular proteins. For example, the protein has been shown
to bind and colocalize with the cell cycle regulator cyclin D3
(19). ICPO also colocalizes with a ubiquitin-specific protease in
nuclear dense bodies known as PML or ND10s (12, 22). Later
in infection, ICPO is translocated into the cytoplasm and inter-
acts with the elongation factor EF-18 (18). The possible role of
ICPO in the cytoplasm and especially its interactions with
EF-13 are reflected in the finding that EF-13 is phosphorylated
by the viral protein kinase U, 13 (20). ICPO is also phosphor-
ylated by the U, 13 protein kinase (29).

The interaction of viral regulatory proteins among them-
selves has been the subject of many studies. Thus, ICP4 inter-
acts with ICP0O (42) and, as noted above, ICP4 and ICP22
colocalize late in infection in structures containing viral DNA
and RNA polymerase (21). In this report, we describe the
identification of a hitherto unknown cellular protein, p60, that
binds independently both to ICPO and ICP22. In rabbit skin
cells infected with wild-type virus, the p60 protein was pro-
cessed to a form with a higher apparent molecular weight and
the processing required ICP22 and U, 13 protein. In HEp-2
cells, processing to a higher apparent M, did not take place, but
p60 was translocated to small nuclear structures containing
ICPO. In this instance the translocation was independent of
ICP22 and of the U, 13 or Ug3 protein kinases. Our data
suggest a correlation between the sequestering or posttransla-
tional modification of p60 and the permissivity of cells for
optimal HSV gene expression.

MATERIALS AND METHODS

Cell lines and viruses. HeLLa and HEp-2 cell lines were obtained from the
American Type Culture Collection. Rabbit skin cells were originally obtained
from J. McClaren. HSV-1(F) is the prototype HSV-1 strain used in this labora-
tory (10). R7810 and R7820 (Fig. 1) are recombinant viruses from which the
carboxyl-terminal 40 and 24 codons of a22, respectively, have been deleted (27).
Recombinant virus R325 has been described elsewhere (31). Recombinants
lacking the genes encoding the protein kinase Ug3 (R7041) or U; 13 (R7356)
were described elsewhere (32, 33).

Plasmids. pBH1025 contained a 1-kb cDNA insert encoding 300 amino acids
of p60 in the yeast two-hybrid system vector pACT (Clontech). pBH1026 was
constructed by ligating 550 bp of the 5’ end of the cDNA insert of pBH1025 in
frame with the glutathione S-transferase (GST) gene in pGEX4T-3 (Pharmacia).
pRB4965 contained the carboxyl-terminal 370 codons of p78 in pGEX4T-3 and
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FIG. 1. (A) Schematic representation of the DNA sequence arrangements of
the HSV-1 genome of new recombinant viruses used in this study. Top line,
linear representation of the HSV-1 genome. The open rectangles represent the
terminal repeats flanking the unique long (U} ) and unique short (Usg) sequences.
The location of the a22/Ugl.5 gene is shown. Line 1, representation of the
BamHI N fragment which contains the «22/Ug1.5 gene. The transcript is repre-
sented by the arrow, and the coding domain of the a22/Ugl.5 genes is repre-
sented by the open rectangle. Line 2, recombinant R7820, in which the C-
terminal 22 amino acids encoded by the a22 open reading frame have been
deleted. Line 3, recombinant R7810, in which the C-terminal 40 amino acids
encoded by the a22 open reading frame have been deleted. B, BamHI. (B)
Polypeptide sequence of the carboxyl terminus of ICP22. Line 1, the 43 amino
acids of the carboxyl-terminal domain of ICP22. Line 2, sequence of the 21
amino acids remaining within the carboxyl-terminal domain of R7820. Line 3, the
3 amino acids remaining within the carboxyl-terminal domain of R7810.

has been described elsewhere (6). pRB5113 contained the entire coding se-
quence of a22/Ugl.5 genes in pGBT9 (6).

Yeast two-hybrid system and isolation of cDNA clones. The yeast strain HF7¢
(Clontech) was transformed with pRB5113, grown on a large scale, and trans-
formed with a cDNA library derived from an Epstein-Barr virus-immortalized
human peripheral-blood B-lymphocyte cell line (Clontech) cloned in pACT.
Positive clones were selected and isolated as described elsewhere (5). cDNA
clones containing larger p60 inserts were also isolated as described elsewhere (5),
using the 1-kb insert of pBH1025 as a probe.

GST pull-down experiments. Subconfluent HeLa cells grown in a 150-cm?
flask were exposed to 10 PFU of HSV-1(F), R7810, or R7820 per cell. After 18 h
at 37°C, the infected cells were scraped into phosphate-buffered saline (PBS),
rinsed once with PBS, and resuspended in 1 ml of PBS* (PBS containing 1%
deoxycholate, 1% Nonidet P-40, 100 pg of phenylmethylsulfonyl fluoride per ml,
50 pg of a-tosyl-L-lysine chloromethyl ketone per ml, and 100 pg of tolyl-L-
phenylanalyl chloromethyl ketone per ml). Recombinant pGEX vectors were
grown in BL21, and fusion proteins were isolated as recommended by the
manufacturer (Pharmacia). Binding-reaction mixtures containing 300 pl of cell
extract mixed with 3 to 5 pg of fusion protein were incubated at 4°C for 4 to 5 h.
Beads were collected by centrifugation, rinsed three times with PBS* (1 ml), and
resuspended with 100 wl of 2X disruption buffer (100 mM Tris-Cl [pH 6.8], 200
mM dithiothreitol, 4% sodium dodecyl sulfate, 0.2% bromophenol blue, 20%
glycerol).

Electrophoretic separation of proteins. Subconfluent rabbit skin cells or
HEp-2 cells grown in 25cm>-flasks were infected with 10 PFU of virus per cell.
After 18 h at 37°C, the cells were scraped in PBS, rinsed once with PBS, and
resuspended with 130 pl of 2 disruption buffer (38). They were then sonicated
for 10 s, and 40 to 60 pl was subjected to electrophoretic separation.

Antibodies. Monoclonal antibody to ICPO0, purchased from the Goodwin In-
stitute (Plantation, Fla.), and polyclonal antiserum R77 to ICP22 are described
elsewhere (1, 2). The polyclonal antiserum to p60 was generated as follows.
pBH1026 was grown in BL21, and the fusion protein was purified from large-
scale culture as recommended by the manufacturer (Pharmacia). Two rabbits
were injected subcutaneously at Josman Laboratories (Napa, Calif.) with 1 mg of
fusion protein per injection at 14-day intervals. The serum used in this study was
collected 1 week after the fifth immunization.

Immunoblots. Cell extracts were separated in sodium dodecyl sulfate-7%
denaturing polyacrylamide gels as previously described (31). Proteins were elec-
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FIG. 2. Nucleotide and amino acid sequences of p60. The top line represents the nucleotide sequence, and the bottom line shows the amino acid sequence. Numbers

on the right refer to the nucleotide sequence. The underlined sequences indicate the domain containing leucine repeats.

trically transferred to nitrocellulose sheets, blocked for 1 h at room temperature
in 5% milk (in PBS), and then reacted for 2 to 4 h at room temperature with
the primary antibody diluted in 1% bovine serum albumin (BSA) in PBS. The
monoclonal antibody to ICPO and polyclonal antiserum to ICP22 were diluted
1:1,000, and the polyclonal antiserum to p60 was diluted 1:6,000. The nitrocel-
lulose sheets were rinsed four times in 5% milk (in PBS) and reacted for 1 h at
room temperature with the secondary antibody conjugated to either alkaline
phosphatase (Bio-Rad) or horseradish peroxidase (Amersham). The sheets were
then rinsed four times in PBS, and enzymatic reactions were done as recom-
mended by the manufacturer.

Immunofluorescence. HEp-2 or rabbit skin cells were grown in wells on 1 by
3-in. slides, exposed to 10 PFU of HSV-1(F) per cell, maintained for 18 h at 37°C,
and then fixed in methanol at —20°C for 20 min. The cells were blocked at room
temperature for 60 min in 1% BSA in PBS containing 20% normal human
serum, rinsed once with PBS, and then reacted for 18 to 24 h at 4°C with the
primary antibodies diluted in 1% BSA in PBS containing 10% normal human
serum. Dilutions were 1:2,000 for the polyclonal serum to p60 and 1:300 for the
monoclonal antibody to ICP0. The cells were rinsed three times with PBS and
then reacted for 1 h at room temperature with goat anti-rabbit immunoglobulin
G (IgG) conjugated to Texas red (Molecular Probes) and goat anti-mouse IgG
conjugated to fluorescein isothiocyanate (FITC; Sigma). The cells were rinsed
again with PBS and mounted in PBS containing 90% glycerol and 1 mg of
p-phenylenediamine per ml of solution. The slides were examined with a Zeiss
confocal fluorescence microscope, and digitized images were acquired with soft-
ware provided by the manufacturer and printed with a Tektronix 440 phaser
printer. Single-color images were acquired by excitation with an argon-krypton
laser at 488 nm (FITC) or 568 nm (Texas red). Double-stained images were
acquired by using a split image of both fluorochromes filtered by 515- to 540-nm
band-pass (FITC) and 590-nm long-pass (Texas red) filters. Overlays were ac-
quired with the software provided by the manufacturer. Each set of images was
acquired with the same settings and the images were not modified.

RESULTS

ICP22 and ICPO interact with a novel cellular protein. In
the first series of experiments, we screened an Epstein-Barr
virus-immortalized human peripheral blood B-lymphocyte cell
line cDNA cloned in the yeast two-hybrid system vector pACT
with the full-length a22 gene as a bait. Several positive clones
were identified and further analyzed for specificity (see Mate-
rials and Methods). One of the clones, designated 22.6, inter-
acted with full-length ICP22 and, in a subsequent experiment,
with ICPO amino acids 111 to 241 but not with a truncated
ICP22 protein extending from amino acids 1 to 267 or with an
irrelevant protein (e.g., ORF P or ICPO amino acids 543 to
775).

Clone 22.6 contained a cDNA insert of approximately 1 kb.
The sequence of this clone revealed an open reading frame
encoding 300 amino acids (data not shown). A larger 1.5-kb
cDNA clone was isolated from a HeLa cell library and on se-
quencing was found to contain an open reading frame encod-
ing 441 amino acids (Fig. 2). The protein encoded by this open
reading frame was designated p60 on the basis of its apparent
molecular weight, as described below. Analyses of data banks
with either BLAST or FastA software (3, 30) failed to reveal
known homologs. This clone does not contain an initiator
methionine residue. Although the sequence shows two leucine
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FIG. 3. Photographic image of cell proteins bound to GST fusion protein,
electrophoretically separated in a denaturing gel, and reacted with antiserum to
ICP22. Fusion proteins were grown in BL21 cells and purified as recommended
by the manufacturer (Pharmacia). GST and GST-p60 were mixed with HSV-
1(F)-infected HeLa extract, and beads were collected and washed as described in
Materials and Methods. Proteins were separated in 7% denaturing polyacryl-
amide gel, transferred to nitrocellulose, blocked, reacted with R77 and then with
a goat anti-rabbit antibody conjugated to horseradish peroxidase, and processed
as described by the manufacturer (Amersham). Lanes: 1, cell extract from HSV-
1(F)-infected HeLa cells; 2 and 3, infected HeLa cell extract bound to GST and
GST-p60, respectively.

residues at positions 15 and 17, which could potentially act as
initiator amino acids (Fig. 2), it is likely that the 1.5-kb clone
does not encode a full-length p60 and that a portion of the
amino terminus is missing.

p60 interacts in vitro with ICP22 and ICPO0. To characterize
the interactions between p60 and ICP22 or ICP0, a GST-p60
fusion protein was reacted with an HSV-1(F)-infected HeLa
cell extract. The proteins pulled down by the GST-p60 protein
were solubilized, electrophoretically separated on a denaturing
gel, transferred to a nitrocellulose sheet, and reacted with
antibody to ICP22 as described in Materials and Methods. In
a first experiment, GST-p60 was reacted with HSV-1(F)-in-

HSV-1(F) R7820 R7810
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FIG. 4. Photographic image of cell proteins bound to GST fusion proteins,
electrophoretically separated in denaturing gels and reacted with a serum to
ICP22 (top) or ICPO (bottom). GST, GST-p78 and GST-p60 were mixed with
HSV-1(F)-infected HeLa cell extract and processed as described in Materials
and Methods. Proteins were separated in 7% denaturing polyacrylamide gels,
transferred to nitrocellulose, blocked, reacted with R77 (top) or with a mono-
clonal antibody to ICP0O (bottom) and then with a goat anti-rabbit antibody
(ICP22) or a goat anti-mouse antibody (ICP0) conjugated to horseradish per-
oxidase, and processed as described by the manufacturer (Amersham). Lanes: 1
to 3; HSV-1(F)-infected HeLa cell extract bound to GST, GST-p78, and GST-
p60, respectively; 5 to 7, R7820-infected HeLa cell extract bound to GST,
GST-p78, and GST-p60, respectively; 9 to 11, R7810-infected HeLa cell extract
bound to GST, GST-p78, and GST-p60, respectively; 4, 8, and 12, cell extract
from HSV-1(F)-, R7820-, and R7810-infected HeLa cells, respectively. Note that
ICP22 made in cells infected with R7820 (lane 6) or R7810 (lane 10) is not
posttranslationally processed by Uy 13 and hence only the underprocessed forms
are pulled down by GST-p78 (27).
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FIG. 5. Photographic image of uninfected or infected rabbit skin cells and
HEp-2 cells electrophoretically separated in denaturing gels and reacted with a
serum to p60. HEp-2 cell extracts (left) and rabbit skin cell extracts (middle and
right) were separated on 10% denaturing polyacrylamide gels, transferred to
nitrocellulose, blocked, and reacted with a serum to p60 and then with a goat
anti-rabbit antibody conjugated to alkaline phosphatase. The immunoblots were
developed as described by the manufacturer (Bio-Rad). The identity of the upper
band reacting with the polyclonal anti-p60 rabbit antibody in rabbit skin cells is
unknown.

fected extract. As can be seen in Fig. 3, GST-p60 bound ICP22,
whereas GST alone did not (compare lanes 2 and 3). Interest-
ingly, only the fastest-migrating, underprocessed form of
ICP22 was able to bind to GST-p60 (compare lanes 1 and 3).
This is in contrast to another ICP22-binding cellular protein,
p78, which we found to bind all forms of ICP22 (6) (see below).

In the next series of experiments, we reacted several differ-
ent GST fusion proteins with extracts from HeLa cells infected
with HSV-1(F), with R7820 (a recombinant virus lacking the
carboxyl-terminal 24 amino acids of ICP22), or with 7810 (a
recombinant virus lacking the carboxyl-terminal 40 amino ac-
ids of ICP22) (Fig. 1). The proteins bound to the fusion pro-
teins were processed as above and reacted with antibodies to
ICP22 and ICPO. The results (Fig. 4) indicate the following. (i)
GST-p60 bound the full-length ICP22 and the ICP22 lacking
the carboxyl-terminal 24 amino acids but not the protein lack-
ing the terminal 40 amino acids (Fig. 4, top, lanes 3, 7, and 11).
(i) In contrast to GST-p60, GST-p78 bound all three forms of
the ICP22 protein (Fig. 4, top, lanes 2, 6, and 10). (iii) GST-p60
pulled down ICPO from all the three cell extracts, whereas
GST-p78 bound ICPO at best in trace amounts (Fig. 4, bottom,
lanes 2, 3, 6, 7, 10, and 11). These results indicate that we have
verified the physical interaction of p60 with ICP22 demon-
strated in the yeast two-hybrid system; p60 interacts specifically
with the fast-migrating, minimally processed forms of ICP22;
the binding site on ICP22 for p60 maps in the carboxyl-termi-
nal 40 amino acids, approximately between amino acids 24 and
40 from the carboxyl terminus of ICP22; and p60 interacts with
ICPO independently of ICP22.

p60 is modified in a cell-type-specific fashion upon infection,
and this modification is mediated by the products of the «22/
Ugl.5 and U 13 genes. To further investigate the relationship
between ICP22, ICP0, and p60, we raised a rabbit polyclonal
antiserum to GST-p60 as described in Materials and Methods.
This antiserum reproducibly detected a closely migrating dou-
blet bands with an apparent M, of 60,000 in electrophoretically
separated lysates of mock-infected HEp-2 cells (Fig. 5, left).
On one occasion (Fig. 5, middle), the antibody reacted with
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FIG. 6. Photomicrographs of uninfected (A and E) and HSV-1(F)-infected (B to D and F to H) HEp-2 cells (A to D) and rabbit skin cells (E to H) reacted with
antibodies to p60 and ICP0. Cells were fixed 18 h after infection and processed for immunofluorescence as described in Materials and Methods. (A, B, E, and F) Texas
red-labeled anti-rabbit IgG to p60 serum; (C and G) FITC-labeled anti-mouse IgG to the ICP0 antibody; (D and H) overlays of panels B and C and panels F and G,

respectively.

well-resolved doublet of bands in lysates of mock-infected rab-
bit skin cells. These bands migrated with a mobility similar to
that of bands from mock-infected HEp-2 cells. The pattern
shown in Fig. 5 (right) was more reproducible. In addition, the
antibody reacted with a higher-molecular-weight band in ly-
sates of rabbit skin cells. In preliminary experiments, we noted
that the electrophoretic mobility of p60 in lysates of rabbit skin
cells infected with the R325 («227/Ugl.57) mutant p60 was
processed to a higher apparent molecular weight. The experi-
ments in Fig. 5 were designed to investigate this observation
further. The results shown in Fig. 5 may be summarized as
follows. (i) The electrophoretic mobility of p60 from HEp-2
cells infected with wild-type virus could not be differentiated
from that of p60 from mock-infected cells or cells infected with
R325, R7041, or R7356. These findings were reproducible in
several experiments. (ii) Electrophoretically separated p60
from lysates of rabbit skin cells infected with wild-type virus
formed several additional bands (Fig. 5, middle and right).
These bands were also formed by p60 from lysates of cells
infected with the Ug3™ virus (R7041)-infected cells but were
not formed by the p60 present in lysates of mock-infected cells
or cells infected with U; 137 (R7356) or a227/Ugl.5™ (R325)
viruses.

The results shown in Fig. 5 indicate that in wild-type virus-
infected rabbit skin cells, p60 is posttranslationally modified to
a higher apparent molecular weight and that this posttransla-
tional modification requires the U, 13 protein kinase and
ICP22 and or Ugl.5 protein.

p60 is translocated to the nucleus and colocalizes with ICP0
in infected HEp-2 cells but not in infected rabbit skin cells. In
these experiments, uninfected or HSV-1(F)-infected HEp-2 or
rabbit skin cells were prepared for immunofluorescence assays
as described in Materials and Methods. The results (Fig. 6)
show the following. (i) In uninfected HEp-2 cells, p60 was
present predominantly in the nucleus (Fig. 6A). After infection

with HSV-1(F), p60 was detected diffused throughout the nu-
cleus along with diffused ICPO and in small dense nuclear
structures in the nucleus colocalized with ICPO (Fig. 6B to D).
Note that ICPO colocalized with p60 in some but not all dense
nuclear structures. At this time after infection, ICPO accumu-
lated in the cytoplasm in many cells (see Fig. 7). (ii) In unin-
fected rabbit skin cells, p60 was localized mainly in the cyto-
plasm, with some perinuclear presence (Fig. 6E). In infected
rabbit skin cells, p60 seemed to be redistributed throughout
the cell (Fig. 6F) but mainly in the cytoplasm (Fig. 6G). Unlike
the pattern observed in infected HEp-2 cells, p60 did not
colocalize with ICPO in rabbit skin cells (Fig. 6F to H). ICP0O
was localized mainly in the cytoplasm in these cells (Fig. 6G).

The colocalization of p60 with ICP0 in HEp-2 cells does not
require the a22 Ugl.5, Ug3, or U, 13 genes. The purpose of this
series of experiments was to determine the requirement for
change in the distribution of p60 in infected cells. In the ex-
periment in Fig. 7, HEp-2 cells grown as described in Materials
and Methods were exposed to 10 PFU of HSV-1(F), R7356
(U 137), R7041, or R325 per cell. The cultures were fixed and
reacted with antibody to p60 (FITC) or ICPO (Texas red). The
results (Fig. 7) were as follows. (i) In uninfected HEp-2 cells,
p60 was distributed mainly in the nucleus. (ii) In cells infected
with wild-type virus, p60 was distributed in some cells in small
nuclear bodies [Fig. 7, HSV-1(F), arrowheads] and in others
throughout the nucleus. p60 colocalized with ICP0 in the small
nuclear bodies but not in cells in which p60 was dispersed
throughout the nucleus. The distribution of p60 in cells in-
fected with the R325 (a227/Ug1.5") mutant was similar to that
observed in wild-type-infected cells. As shown in Fig. 7, ICP0O
also localized in the cytoplasm of infected cells. (iii) In cells
infected with the U137 mutant, p60 was localized almost
exclusively in the small nuclear bodies with ICPO (Fig. 7,
UL13", arrowheads). The infected cells exhibited additional
ICPO that was dispersed throughout the nucleus and in the
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Overlay

FIG. 7. Photographs of uninfected and infected cells fixed at 16 h after mock
infection or infection with HSV-1(F) parent virus, U; 137, Ug3™, or the recom-
binant R325 (ICP227/Ug1.57) and reacted with polyclonal antibody to p60 (left)
and monoclonal antibody to ICPO (center). The right column shows an overlay
of the FITC-conjugated anti rabbit IgG and the Texas red-conjugated anti-
mouse IgG. The images were acquired as described in Materials and Methods.
Note that in this figure, the colors are reversed with respect to those in Fig. 6
FITC (green) identifies p60, whereas Texas red (red) identifies ICP0. The ar-
rowheads point to representative small nuclear structures present in all photo-
graphs except those of mock-infected cells.

cytoplasm. (iv) The cells infected with the U3~ mutant exhib-
ited a pattern closer to that of wild-type virus. p60 was readily
found in the small nuclear bodies. In this instance, a small
fraction of the small nuclear dense bodies also contained ICP0
(Fig. 7, US3™, arrowheads). ICP0 was also diffused throughout
the nucleus and in the cytoplasm.

In other experiments (results not shown), we found that in
cells exposed to phosphonoacetate (300 wg/ml of medium) 1 h
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before, during, and for 16 h after infection, the pattern of
localization of p60 could not be differentiated from that of
wild-type infected cells.

We conclude that the redistribution of p60 from a diffuse
pattern into small nuclear structures is independent of ICP22,
Ugl.5, U, 13, or Ug3 proteins. Late in infection, p60 redistrib-
uted again in a diffuse pattern. This redistribution requires the
presence of U; 13 and, to a lesser extent, of Ug3 protein kinase.

DISCUSSION

We report the identification of a novel cellular protein, des-
ignated p60, that interacts with two HSV-1 regulatory proteins,
ICP22 and ICPO, in the yeast two-hybrid system and in in vitro
biochemical assays. The salient features of results, summarized
in part in Fig. 8, are as follows.

(i) p60 binds only one of the multiple electrophoretic iso-
forms of ICP22. Inasmuch as phosphorylation and concurrent
alteration in the electrophoretic mobility of ICP22 are neces-
sary for the up-regulation of selected HSV-1 genes (33), this
interaction suggests that each ICP22 isoform performs a spe-
cific function. The p60-ICP22 interaction is different from the
p78-ICP22 interaction in that in the latter case all isoforms of
ICP22 interact with p78. The significance of the results pre-
sented in this report stems from two considerations. First, HSV
proteins frequently accumulate in several isoforms differing in
electrophoretic mobility. To our knowledge, this is the first
evidence that an HSV protein isoform expresses a function
distinct from that of other isoforms of the same protein. Sec-

A. interactions of p60 with viral proteins.

%

ICP22

B. Distribution of p60 in HEp-2 and rabbit skin cells.
Uninfected Infected

HEp-2 cells

Wild-type virus in
the presence or
absence of PAA.

- U 13- virus
Ug3- virus

Rabbit skin cells

Wild-type virus

FIG. 8. Schematic representation of the interaction of p60 with ICPO and
ICP22 (A) and the distribution of p60 in HEP-2 and rabbit skin cells (B). (A)
Although p60 interacts with ICPO and ICP22, there is currently no evidence that
it can interact with both proteins simultaneously. (B) The schematic diagram
shows only the distribution of p60 and not those of ICP0 or ICP22. Note that at
16 h after infection, the small structures containing p60 decrease in number in
cells infected with wild-type or ICP227/Ug1.5™ virus but are present in increasing
numbers in cells infected with Uy 137~ or Ug3™ viruses. PAA, phosphonoacetic acid.



3816 BRUNI ET AL.

ond, all ICP22 isoforms are present in infected cells through-
out the viral replicative cycle. This observation raises the pos-
sibility that the processing is at least in part mutually exclusive
rather than cumulative and that the underprocessed or unproc-
essed isoforms are available to perform their functions through-
out infection rather than transiently at specified times during
the viral replicative cycle.

(ii) The p60-binding domain was mapped to a stretch of
approximately 16 amino acids located close to the carboxyl
terminus of ICP22. This domain is essential for the processing
of ICP22 (27, 28). It is conceivable that phosphorylation of
ICP22 could interfere with binding to p60.

(iif) p60 binds to ICPO, and the domain responsible for
binding has been mapped to the carboxyl-terminal 130 amino
acids encoded by exon 2 of ICP0. The observation that in the
course of infection p60 colocalizes with ICPO in infected HEp-
2 cells lends credence to and supports the conclusions based on
genetic and physical interactions of ICPO and p60. Although
the data indicate that p60 can bind to both proteins, as illus-
trated in Fig. 8A, we have not rigorously proven that p60 can
simultaneously bind to both proteins. However, similarities in
the functions of ICP22 and ICPO suggest that this is likely to
occur at specific stages of viral replicative cycle. Thus, ICP0O
and ICP22 are both multifunctional proteins, and recent stud-
ies indicate that both interact with cell cycle-dependent cellular
proteins. ICPO binds and stabilizes cyclin D3, whereas ICP22
interacts with p78, a protein detected only briefly early in the
S phase (19). The accumulation of ICP22 itself was also found
to be cell cycle dependent.

(iv) Both rabbit skin and HEp-2 cell lines are highly permis-
sive to wild-type virus. They differ in two respects. First, rabbit
skin cells restrict the replication of «22~ mutants whereas
HEp-2 cells are equally permissive to both wild-type and a22™
viruses. The evidence presented in this report shows that p60 is
similarly dispersed in uninfected rabbit skin and HEp-2 cells
but that the localization differs quite significantly after infec-
tion. In infected HEp-2 cells, p60 is translocated into dense
nuclear bodies containing ICP0. At late times after infection,
p60 is also found dispersed throughout the nucleus of infected
cells (Fig. 8B). Translocation of p60 to the dense nuclear
bodies does not require ICP22/Ug1.5 protein since p60 is trans-
located to these structures in cells infected with virus mutants
lacking the carboxyl-terminal domain of ICP22 (13). Dispersal
of the p60 throughout the nucleus requires the presence of
U, 13 protein kinase and, to a slightly lesser extent, of Ug3
protein kinase. In rabbit skin cells, p60 is processed to isoforms
of higher apparent molecular weight and is not translocated
into the dense nuclear structures. Moreover, the modification
of p60 to isoforms of higher apparent molecular weight re-
quires the participation of ICP22/Ug1.5 and of U, 13 protein
kinase. The simple sum of the data is that in the permissive
HEp-2 cells p60 most probably interacts with ICPO since it
colocalizes with it. The roles of a22/Ugl.5, U; 13, and U3
proteins are less clear, although we have observed that late in
infection p60 is dispersed in cells infected with wild-type virus
or with the a22™ U; 1.57 mutant but tend to remain aggre-
gated in cells infected with U; 137 or Ug3™ mutants. p60 is not
redistributed in rabbit skin cells infected with wild-type virus.
In this instance, p60 is processed to a higher apparent M, and
the posttranslational processing requires ICP22/Ug1.5 protein
and U, 13 protein kinase.

The exact role of p60 in the life cycle of the virus is not
known. Does p60 support or inhibit viral replication? It is
customary to look at virus-cell protein interactions as leading
to recruitment of cellular proteins necessary for viral replica-
tion. There are, however, lines of evidence that indicate that
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viral proteins also bind cellular proteins capable of blocking
viral replication. In this category are the studies showing that
ICP47 binds TAP1/TAP2 and blocks the presentation of anti-
genic peptides to the cell surface (43) and the evidence that
Ugl1 protein can bind protein kinase R to block phosphory-
lation of the « subunit of the translation initiation factor 2 (9).
For heuristic reasons, it seems useful to consider p60 a possible
antagonist rather than agonist of HSV replication. One scena-
rio is that HSV evolved functions embodied in two different
viral proteins, ICPO and ICP22/Ug1.5, to neutralize p60. In per-
missive cells (e.g., HEp-2), ICPO causes p60 to aggregate into
discrete, small nuclear structures. Deletion of either U; 13 or
ICP22/Ugl.5 protein has little effect, since p60 is effectively
neutralized, although p60 undergoes further relocation in the
nucleus in the presence of these proteins. In restrictive cells
(e.g., the rabbit skin cells) only one pathway dependent on
ICP22/Ug1.4 protein and Uy 13 protein kinase is operative in
neutralization of p60 by posttranslational processing enabling
wild-type virus to replicate. The problem arises in rabbit skin
cells infected with mutants lacking the genes encoding the
a22/Ugl.5 or U; 13 proteins; in these cells, viral gene expres-
sion could be affected by an unfettered p60. Further explora-
tion of this scenario requires a better understanding of the
normal functions of p60. These studies are in progress.
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