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The herpes simplex virus 1 infected cell protein 22 (ICP22), the product of the a22 gene, is a nucleotidyl-
ylated and phosphorylated nuclear protein with properties of a transcriptional factor required for the expres-
sion of a subset of viral genes. Here, we report the following. (i) ICP22 interacts with a previously unknown
cellular factor designated p78 in the yeast two-hybrid system. The p78 cDNA encodes a polypeptide with a
distribution of leucines reminiscent of a leucine zipper. (ii) In uninfected and infected cells, antibody to p78
reacts with two major bands with an apparent Mr of 78,000 and two minor bands with apparent Mrs of 62,000
and 55,000. (ii) p78 also interacts with ICP22 in vitro. (iii) In uninfected cells, p78 was dispersed largely in the
nucleoplasm in HeLa cells and in the nucleoplasm and cytoplasm in HEp-2 cells. After infection, p78 formed
large dense bodies which did not colocalize with the viral regulatory protein ICP0. (iv) Accumulation of p78 was
cell cycle dependent, being highest very early in S phase. (v) The accumulation of ICP22 in synchronized cells
was highest in early S phase, in contrast to the accumulation of another protein, ICP27, which was relatively
independent of the cell cycle. (vi) In the course of the cell cycle, ICP22 was transiently modified in an aberrant
fashion, and this modification coincided with expression of p78. The results suggest that ICP22 interacts with
and may be stabilized by cell cycle-dependent proteins.

The herpes simplex virus 1 (HSV-1) genome encodes at least
84 different proteins whose synthesis is coordinately regulated
and sequentially ordered in a cascade fashion (15, 16). The first
group of genes to be expressed are the a genes. The expression
of a genes does not require de novo protein synthesis, whereas
the expression of b and g genes expressed later in infection
requires functional a proteins. With one exception, that of the
a47 gene, the a proteins regulate viral gene expression (for
reviews, see references 34 and 35). The product of the a47
gene has been reported to interfere with the presentation of
antigenic peptides (40). The focus of this report is on the a22
gene. The domain of the a22 gene encodes two transcripts.
The transcript traversing the entire open reading frame (ORF)
encodes a 420-amino-acid protein designated infected cell pro-
tein 22 (ICP22) (14–16). A smaller transcript originating in the
domain of the gene, designated US1.5, directs the synthesis of
a protein containing the carboxyl-terminal 273 amino acids of
ICP22 (8). Although in this report we shall trace the expression
of ICP22, we are not able to separate the function of ICP22
from that of the US1.5 protein.

The a22 gene is dispensable for viral replication in some
cells but not others. In primary human cells and in continuous
cell lines of rodent derivation, a recombinant virus (R325)
lacking the carboxyl-terminal amino acids replicates poorly and
is relatively avirulent in experimental animal systems (24, 29,
38). Subsequent studies from this laboratory have suggested
that ICP22 may be a transcriptional factor. Thus, Purves et al.
have shown that in cells requiring the a22 gene for efficient
viral replication, there was a decrease in steady-state levels of
mRNA of the a0 gene and of a subset of late genes (e.g., US11)

and, concurrently, a decrease in the accumulation of proteins
encoded by these genes (31). In still more recent studies,
ICP22 was shown to be required for the utilization of one of
the four splice acceptor sites of intron 1 of the a0 gene (9). The
role of ICP22 in late gene expression became apparent from
studies showing that concurrent with the onset of viral DNA
synthesis, ICP22 and ICP4, the major regulatory protein, ag-
gregate in nuclear structures with nascent viral DNA, RNA
polymerase II, and other proteins and that this aggregation is
essential for late gene expression (22). ICP22 has also been
reported to be responsible for the aberrant phosphorylation of
the large-subunit carboxyl-terminal domain of RNA polymer-
ase II upon HSV-1 infection (32, 33).

ICP22 undergoes extensive posttranslational modifications.
These include phosphorylation by viral protein kinases en-
coded by US3 and UL13, and nucleotidylylation by casein ki-
nase II (5, 25, 26, 30, 31). A virus deleted in the UL13 gene is
phenotypically similar to R325, suggesting that phosphoryla-
tion is necessary for at least some functions of ICP22 (31).
Indeed, in cells infected with mutants from which UL13 had
been deleted, ICP22 fails to aggregate in the nuclear structures
containing nascent DNA, ICP4, RNA polymerase II, and other
factors (22).

In this report, we show that (i) ICP22 interacts with a hith-
erto unidentified cellular protein designated p78, (ii) p78 syn-
thesis is cell cycle dependent, since the protein is detected only
early in the S phase, (iii) the accumulation of ICP22, but not of
ICP27, in cells infected with wild-type virus strongly depends
on the phase of the cell cycle at the time of infection, with the
highest expression of ICP22 occurring during S phase, and (iv)
ICP22 made in early S phase is transiently modified in a fash-
ion different from that of the corresponding protein accumu-
lating later in the cell cycle or in asynchronized cells.

These results suggest that p78 may be a regulator of ICP22
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expression and that ICP22 is capable of interacting with cell
cycle-regulated proteins.

MATERIALS AND METHODS

Cell lines and viruses. HeLa and HEp-2 cell lines were obtained from the
American Type Culture Collection. The human 143TK2 cell line was obtained
from Carlo Croce. A strain of human foreskin fibroblasts (HFF) was the gift of
George Kemble (Aviron Inc., Mountainview Calif.). HSV-1(F) is the prototype
HSV-1 strain used in this laboratory (11). Recombinant virus R7353 is deleted
for the UL13 and US3 genes and has been described previously (31).

Plasmids. pRB4965 was constructed by ligating the 1.5-kb HeLa cDNA en-
coding the carboxyl-terminal 370 amino acids of p78 as an EcoRI/XhoI fragment
in frame with the glutathione S-transferase (GST) gene in pGEX4T-3 (Pharma-
cia). The GST-ORF P recombinant pRB4966 has been described elsewhere (7).
pRB5113 contains the entire coding sequence of the 22/US1.5 a genes fused in
frame with the DNA-binding domain of GAL4 in pGBT9 (Clontech).

Yeast two-hybrid system and isolation of cDNA clones. pRB5113 was trans-
formed into yeast strain HF7c (Clontech). Transformants were grown to large
scale and transformed with a HeLa cDNA library cloned in pGADGH (Clon-
tech) or a cDNA library derived from an Epstein-Barr virus-immortalized human
peripheral blood B-lymphocyte cell line (Clontech). Positive clones encoding
interacting polypeptides were selected and isolated as described previously (7).
cDNA clones relevant to these studies were isolated by hybridization of a HeLa
S3 cDNA library cloned into lgt11 (human HeLa S3 59-STRETCH PLUS cDNA
library; Clontech) with the 1.5-kb HeLa cDNA isolated from the two-hybrid
screen as a probe. Seven positive clones were isolated and shown to contain in-
serts ranging from 0.5 to 2.6 kbp. The largest insert was subcloned into pGEM3Zf
(2) (Promega, Madison, Wis.) and sequenced on both strands.

Preparation of cell extracts. HeLa cell extract for GST affinity precipitation
was prepared as follows. Subconfluent HeLa cells grown in a 150-cm2 flask were
infected with 10 PFU of HSV-1(F) per cell. After incubation for 18 h at 37°C, the
infected cells were scraped into phosphate-buffered saline (PBS), washed once

with PBS, and resuspended in 600 ml of PBS* (1% deoxycholate–1% Nonidet
P-40–10 M tolylsulfonyl phenylalanyl chloromethyl ketone–10 M a-tosyl-L-lysine
chloromethyl ketone in PBS). Binding reactions were done with 150 to 200 ml of
cell extract. For electrophoretic separation of proteins in denaturing gels, cells
from 25 and 150-cm2 flasks were scraped into PBS, rinsed with PBS, and resus-
pended in 200 and 500 ml, respectively, of 23 disruption buffer (100 mM Tris-
HCl [pH 6.8], 200 mM dithiothreitol, 4% sodium dodecyl sulfate, 0.2% brom-
phenol blue, 20% glycerol).

Antibodies. Monoclonal antibodies to ICP0 and ICP27, purchased from the
Goodwin Institute, Plantation, Fla., and the polyclonal antiserum R77 to ICP22
have been described elsewhere (1, 2). Monoclonal antibody to coilin protein was
obtained from Maria Carmo-Fonseca, University of Lisbon, Lisbon, Portugal.
The polyclonal serum to p78 was generated as follows. Escherichia coli BL21 was
transformed with pRB4965, and the fusion protein encoded by the plasmid was
purified from a large-scale culture as recommended by the manufacturer (Phar-
macia). Two rabbits were injected at Josman Laboratories (Napa, Calif.) subcu-
taneously with 0.3 to 0.5 mg of fusion protein each time at 14-day intervals. The
serum used in the studies reported here was collected 1 week after the fourth
immunization.

Immunoblots. Cell extracts were separated in sodium dodecyl sulfate–7%
denaturing polyacrylamide gels as described by Sambrook et al. (36). Proteins
were then electrically transferred to nitrocellulose sheets (Bio-Rad), blocked for
1 h in 5% milk (in PBS) at room temperature, and then reacted for 2 h at room
temperature with the primary antibody diluted in 1% bovine serum albumin
(BSA) (in PBS). Monoclonal antibodies to ICP27 and polyclonal antibody to
ICP22 were diluted 1:500, whereas the p78 antiserum was diluted 1:1,500. The
immunoblots were rinsed four times with 5% milk, reacted for 1 h at room
temperature with goat anti-rabbit or goat anti-mouse antibody conjugated to
alkaline phosphatase diluted 1:3,000 in 5% milk, and rinsed once with 5% milk
and four times with PBS. Colorimetric reactions were done as recommended by
the manufacturer (Bio-Rad).

Immunofluorescence. Cells grown in wells on 1- by 3-in. slides were infected
with 106 PFU of HSV-1(F). After incubation at 37°C, the cells were fixed in
methanol for 20 min at 220°C, reacted for 30 to 60 min in PBS containing 20%
normal human serum and 1% BSA at room temperature, rinsed once with PBS,
and then reacted for 18 to 24 h at 4°C with the primary antibodies diluted in PBS
containing 10% normal human serum and 1% BSA. Dilutions were 1:300 for the
p78 antiserum and 1:200 for the ICP0 antibody. The cells were then washed three
times with PBS, reacted for 1 h at room temperature with goat anti-rabbit

FIG. 1. Nucleotide and amino acid sequences of p78. The amino acid se-
quence is shown below the DNA sequence. The underlined sequence refers to
the putative leucine zipper region. Hydrophobic residues occurring every seven
amino acids are circled. The boxed amino acid sequences are potential nuclear
localization signals. Numbers on the right refer to the DNA sequence.
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immunoglobulin G (IgG) conjugated to fluorescein isothiocyanate (FITC;
Sigma) and goat anti-mouse IgG conjugated to Texas red (Molecular Probes),
rinsed again three times with PBS, and mounted in PBS containing 90% glycerol
and 1 mg of p-phenylenediamine per ml. The slides were examined with a Zeiss
confocal fluorescence microscope, and digitized images were acquired with soft-
ware provided with the microscope and printed by a Tektronix 440 phaser
printer. Single-color images were acquired by excitation using an argon-krypton
laser at 488 nm (FITC) or 568 nm (Texas red). Double-stained images were
acquired by a split image of both fluorochromes filtered by a 515- to 540-nm band
pass (FITC) and 590 nm long-pass (Texas red) filters and subsequent overlay of
the two-color images.

Synchronization of HeLa cells. HeLa cells were blocked in early S phase as
described by Johnson et al. (18). HeLa cells (106 cells per 25-cm2 flask) were
incubated in medium supplemented with 2 mM thymidine for 24 to 25 h at 37°C,
washed twice in regular medium, and incubated for 12 to 14 h in regular medium.
Cells were then incubated again in medium containing 2 mM thymidine for
another 24 h and released from the block by rinsing the cells twice in regular
medium.

RESULTS
ICP22 interacts with a previously unidentified cellular fac-

tor. In this series of experiments, we screened a HeLa cDNA
library cloned in the two-hybrid system vector pGADGH for
cellular gene products interacting with ICP22, using the entire
a22 gene as bait. Approximately 2 3 106 yeast colonies were
screened, and three clones were shown to specifically interact
with ICP22 in the yeast two-hybrid systems when assayed in a
b-galactosidase assay. The three clones contained the same
1.5-kb insert, as shown by restriction enzyme digestion and
partial DNA sequencing (data not shown). A clone containing
the same sequence was found in a screen using a cDNA library
derived from an Epstein-Barr virus-immortalized human pe-
ripheral blood B-lymphocyte cell line (Clontech). One insert
was sequenced completely on both strands of the DNA and
found to contain a 370-codon ORF. A HeLa cDNA library was
screened with the original 1.5-kb insert as a probe, and several
clones were isolated. The largest clone contained an insert of
approximately 2.6 kb. Sequencing of this clone revealed an

ORF of 534 codons preceded by a 500-bp 59 untranslated
sequence (Fig. 1). The ORF in the 1.5-kb insert corresponds to
the 39 domain of the 534 codon ORF in the 2.6-kb cDNA. We
conclude that ICP22 interacts with the carboxyl-terminal 370
amino acids of the protein encoded by the 2.6-kb DNA.

No significant homologies to any known DNA or amino acid
sequence were detected by either the FastA or BLAST com-
puter program (3, 27). The protein was designated p78 since an
antiserum raised against a bacterial fusion protein containing
the original 370 amino acids reacted with two major polypep-
tide bands with an apparent Mr of 78,000 in an immunoblot
(see Materials and Methods and below). The predicted amino
acid sequence of p78 (Fig. 1) contained a stretch of hydropho-
bic residues (leucines and methionines) between amino acid
residues 152 and 201, reminiscent of a leucine zipper (4, 17).

GST-p78 chimeric protein binds ICP22 from infected cell
lysates. To verify the results of the two-hybrid-system assays,
we constructed a fusion protein consisting of GST fused in
frame with the 370 codons contained in the original 1.5-kbp
cDNA insert and shown to react with ICP22 in the two-hybrid
system. The chimeric protein GST-p78 was induced and puri-
fied from bacterial cultures and then reacted with HSV-in-
fected HeLa cell extract as described in Materials and Meth-
ods. As shown in Fig. 2, the GST-p78 chimeric protein bound
native ICP22, whereas GST alone or an irrelevant GST fusion
protein did not. The GST-p78 chimeric protein did not bind
any of the other a proteins, ICP0, ICP4, and ICP27 (data not
shown). Interestingly, of the four ICP22 bands prominent in
infected HeLa cell extract, the second-fastest-migrating band
was the most intense in the GST pull-down experiment even
though it was not the most abundant ICP22 isoform in the
infected cell extract (compare lanes 2 and 4 in Fig. 2). These
results suggest that p78 has a higher affinity for this isoform of
ICP22 than for the other ones. This band most likely repre-
sents an ICP22 posttranslationally modified differently from
the ICP22 isoforms forming the other bands (2, 30).

FIG. 2. Photographic image of cell proteins bound to GST fusion proteins,
electrophoretically separated in denaturing gels and reacted with a serum to
ICP22. Recombinant pGEX vectors were grown in E. coli BL21, and fusion
proteins were isolated as recommended by the manufacturer (Pharmacia). Fu-
sion protein (2 to 5 mg) was mixed with HSV-1(F)-infected HeLa extract and
incubated at 4°C for 2 to 4 h. Beads were collected by centrifugation, washed
three times with PBS* (see Materials and Methods), and resuspended in 60 ml of
23 disruption buffer. Proteins were separated in 7% denaturing polyacrylamide
gel, transferred to nitrocellulose, blocked, reacted with R77 and then with a goat
anti-rabbit antibody conjugated to alkaline phosphatase, and processed as de-
scribed by the manufacturer (Bio-Rad). Lanes 1 to 3, HeLa cell extract bound to
GST, GST-p78, and GST-ORF P, respectively; lane 4, cell extract from infected
HeLa cells.

FIG. 3. Photographic image of HeLa cell proteins, electrophoretically sepa-
rated in denaturing gels and reacted with a preimmune serum (lane 1) or with a
serum to p78 (lane 2). Uninfected HeLa cell extract was separated in a 10%
denaturing polyacrylamide gel, blocked, reacted with a rabbit preimmune serum
or serum to p78 (see Materials and Methods) and then with a goat anti-rabbit
antibody conjugated to alkaline phosphatase, and processed as described by the
manufacturer (Bio-Rad). The major p78 band resolves as a doublet in lower-
percentage polyacrylamide gels.
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Accumulation of the p78-related protein is cell cycle depen-
dent. To determine the properties of the native eukaryotic cell
protein, a polyclonal rabbit antiserum was raised against the
GST-p78 chimeric protein as described in Materials and Meth-
ods. In the first series of experiments, uninfected HeLa cell
extract was assayed for the presence of p78 by immunoblotting.
The p78 antiserum reacted with four protein bands, whereas
the preimmune serum did not react at all (Fig. 3). The doublet
containing most of the protein had an apparent Mr of approx-
imately 78,000, whereas the two other bands had apparent Mrs
of 62,000 and 55,000. At present it is not clear whether the two
minor bands represent the native protein, the degradation
products of the high-molecular-weight form, or, for example,
products of alternatively spliced mRNAs. Intriguingly, an in
vitro transcription-translation reaction of the 2.6-kb cDNA
described above yielded a polypeptide with an apparent Mr of
approximately 55,000 (data not shown), well within the ex-
pected range for an ORF encoding a protein of 534 amino
acids. These results suggest that p78 represented a highly mod-
ified polypeptide. It should be stressed that this pattern was
very reproducible from one experiment to another and was
also characteristic of lysates of infected HEp-2 cells, 143TK2

cells, or HFF (see below and data not shown).
The purpose of the second series of experiments was to

localize by immunofluorescence the cellular compartment in
which the native p78 protein accumulated in infected and un-
infected cells. The results were as follows (Fig. 4). (i) Only a
small fraction of total cells reacted with the anti-p78 antibody
(Fig. 4). (ii) The localization varied depending on the cell line.
The protein localized primarily in the nuclei of HeLa cells and
in both the nuclei and cytoplasm of HEp-2 cells (Fig. 4). (iii) In
infected HEp-2 cells, p78 was localized in a few dense bodies
in the nucleus or at the nuclear membrane. However, these
structures did not colocalize with the regulatory protein ICP0

at early or late times after infection (Fig. 4) or with the coilin
protein (data not shown).

The observation that only a fraction of the cells contained
detectable amounts of p78 related, native protein raised the
possibility that the expression of the p78 protein was cell cycle
dependent. To test this hypothesis, two sets of experiments
were done. In the first, HFF were harvested at a cell confluency

FIG. 4. Photomicrographs of uninfected (A and B) and HSV-1(F)-infected (C to E and F to H) HeLa cells (B) and Hep-2 cells (A, C to E, and F to H) reacted
with an antibodies to p78 and ICP0 (see Materials and Methods). Infected cells were fixed at 3 h after infection (C to E) or at 18 h after infection (F to H).
Immunofluorescence was done as described in Materials and Methods. (A, B, C, and F) FITC-labeled anti-rabbit IgG antibody to p78 antiserum; (D and G) Texas
red-labeled anti-mouse IgG to the ICP0 antibody; (E and H) overlays of panels C and D and panels F and G, respectively.

FIG. 5. Photographic images of uninfected HFF and HeLa cell extracts,
electrophoretically separated in denaturing gels and reacted with a serum to p78.
(A) HFF extracts were prepared at 50% cell confluency (lane 1) and at 100% cell
confluency (lane 2), separated in 7% denaturing gels, transferred to nitrocellu-
lose, blocked, and reacted with a serum to p78 and then with a goat anti-rabbit
antibody conjugated to alkaline phosphatase. Gel loading was monitored by
staining for actin (not shown). (B) HeLa cell extracts were prepared from
unsynchronized cells (leftmost lane) and from synchronized cells at 0, 0.5, 1, 3,
and 7 h after release from block (see Materials and Methods) and processed as
described above.
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of approximately 50%, or after they were fully confluent and
contact inhibited, and the presence of p78 was then assayed
by immunoblotting. As shown in Fig. 5A, p78 was present in
dividing HFF cells (lane 1), but could not be detected in non-
dividing cells (lane 2).

In a second set of experiments, HeLa cells were blocked at
the G1/S interphase as described in Materials and Methods,
harvested at different time intervals after release from the
block, solubilized, subjected to electrophoresis in denaturing
polyacrylamide gels, transferred to a nitrocellulose sheet, and
probed with the anti-p78 antibody. As shown in Fig. 5B, p78
accumulation was highest at 0.5 h after release from the block.
Thus, p78 levels were highest very early in S phase but unde-
tectable in G2, i.e., at 7 h after release from the block.

ICP22 accumulates preferentially in cells infected during
early S phase. The results described above suggested that the
functions of ICP22 may be cell cycle dependent. To determine
whether expression of ICP22 was affected by the phase of the
cell cycle in which viral gene expression was initiated, HeLa
cells were blocked at the G1/S boundary as described above
and infected with wild-type HSV-1 at 0, 0.5, 1, 4, or 8 h after
release from the block. Cells were harvested 24 h after infec-
tion, solubilized, subjected to electrophoresis in denaturing
gels, and reacted with antibody to ICP22 and ICP27. The
results were as follows. ICP22 levels were highest in cells in-
fected at 0.5 or 1 h after release from the block, but the protein
was almost undetectable in cells infected at 7 h (Fig. 6). In
contrast, accumulation of ICP27 was not at all or only slightly
affected by the phase of the cell cycle at the time of infection.
Inasmuch as the patterns of expression of ICP22 and p78
almost overlap (compare Fig. 5 and 6), these results suggest
that the accumulation of ICP22 and of p78 may be determined
by similar cell cycle-regulated factors.

ICP22 made early in S phase is posttranslationally modified
differently from that made in asynchronously dividing HeLa
cells. The results described above indicate that the accumula-
tion of ICP22 depended on the phase of the cell cycle at the
time of infection and that the highest accumulation occurred in
cells infected very early in the S phase. To further investigate
this observation, HeLa cells were synchronized as described
above and infected with HSV-1(F) 0.5 h after release from the
block. The cells were harvested at 2-h intervals after infection,
and extracts were prepared and processed for immunoblotting
as described in Materials and Methods. As shown in Fig. 7,
lane 1, infected synchronized HeLa cells yielded at 2 h after

infection novel, hitherto undetected forms of ICP22 in addi-
tion to posttranslationally processed forms common to produc-
tive infection (lanes 2 to 5) and described earlier (30, 31). This
novel modification of ICP22 coincided with expression of p78
(lane 1). This modification was not dependent on the expres-
sion of the viral protein kinases encoded by UL13 and US3,
respectively, inasmuch as infection of synchronized HeLa cells
with the recombinant virus R7353 lacking both UL13 and US3
yielded identical novel forms of ICP22, although at later times
after infection than in cells infected with wild-type virus (lanes
6 to 10). As in the case of cells infected with the wild-type virus
HSV-1(F), however, the accumulation of this novel form of
ICP22 coincided with expression of p78 (lanes 8 and 9).

DISCUSSION

The salient features of this report are as follows. (i) We have
identified p78, a previously unknown cellular protein that in-
teracts with ICP22 in the yeast two-hybrid system and in in
vitro assays. Although p78 does not have significant homology
to other known proteins or nucleotide sequences, it contains a
leucine zipper-like region. The protein sequence of p78 also
contains several stretches of basic residues which could act as
nuclear localization signals (Fig. 1; see reference 10 for a
review). These features of p78 are characteristic of regulatory
proteins (17). The hypothesis that p78 is a regulatory protein
which interacts with ICP22 is tantalizing inasmuch as ICP22
has obvious regulatory functions but lacks features character-
istic of regulatory proteins such as DNA-binding domains,
Zn-binding domains, or ability to transactivate gene expres-
sion. This situation is reminiscent of the one described for TIF
(VP16) and for the Epstein-Barr virus transactivator EBNA-2
(23). In the latter case, it has been shown that EBNA-2 is
targeted to the DNA by a cellular enhancer-binding protein

FIG. 6. Photographic image of wild-type virus-infected HeLa cell extracts,
separated in denaturing gels and reacted with sera to viral a proteins. Unsyn-
chronized HeLa cells (leftmost lane) and synchronized HeLa cells were infected
with HSV-1(F) at the time points shown after release from block (see Materials
and Methods) for 24 h. Cell extracts were separated in 7% denaturing polyacryl-
amide gels, transferred to nitrocellulose sheets, blocked, reacted with sera to
ICP22 and ICP27 and then with a goat anti-mouse (ICP27) or a goat anti-rabbit
(for ICP22) antibody conjugated to alkaline phosphatase, and processed as
recommended by the manufacturer.

FIG. 7. Photographic image of cell extracts infected with wild-type virus or
with recombinant R7353, separated in denaturing gels and reacted with sera to
ICP22 and p78. Synchronized HeLa cells were infected at 0.5 h after release from
block with either HSV-1(F) (lanes 1 to 5) or recombinant R7353 (lanes 6 to 10),
and extracts were prepared at the times indicated after infection. Cell extracts
were separated in duplicate 7% denaturing polyacrylamide gels, transferred to
nitrocellulose sheets, and reacted with sera to ICP22 (upper panel) and p78
(lower panel).
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(23). Interestingly, HSV-1 ICP22 and homologs of other al-
phaherpeviruses share conserved amino acid sequences in
their carboxyl-terminal domains that are rich in acidic residues
(39). This region could potentially act as a transactivating do-
main.

(ii) Both p78 and ICP22 are regulated in cell cycle-depen-
dent manner. Evidence in support of this conclusion stems
from three observations. First, ICP22 accumulates optimally in
cells during the first several hours after release from the G1/S
interphase. Surprisingly, ICP27 but not ICP22 was detected in
cells infected 7 h after the release and harvested 24 h later.
Inasmuch as most asynchronous cells infected at appropriate
multiplicity contain ICP22 as detected by immunofluorescence,
we hypothesize that ICP22 was made and degraded faster in
cells infected in G2 than in cells infected during G1 or S phase.
This was the most surprising and unexpected observation made
in this study, and it suggests that ICP22 is stabilized by a factor
available during G1 or S phase but not later.

Second, ICP22 made during the first few hours after release
from block, and infection with wild-type virus was posttransla-
tionally processed differently from that made in the majority of
infected cells dividing asynchronously and infected at stages
other than at the G1/S interphase. This form disappears later in
infection and is therefore either reprocessed or degraded.

Third, p78 accumulated and was detectable only in lysates of
cells in early S phase. The interdependence of p78 and ICP22
on the cell cycle phase was particularly apparent in the exper-
iment with DUL13/DUS3 recombinant virus. In that experi-
ment, the accumulation of both ICP22 and of p78 was delayed
by several hours. Both the modified form of ICP22 and p78
accumulated at the same time after release from block and
infection. Although the observation that in cells infected with
this recombinant both proteins appeared after several hours of
delay was reproducible, it may not be significant since we have
observed a delay in the maximal accumulation of both proteins
in one experiment involving infection of cells released from
block with the wild-type, parental virus. Except for the delay in
accumulation of ICP22 and of p78, the results do not support
a role for the viral protein kinases UL13 and US3 in the novel
processing of ICP22 observed in this study.

A central question is the role of the interaction of ICP22 and
p78. The evidence presented in Fig. 2 is that p78 binds all forms
of ICP22 but appears to prefer one form, and therefore the two
proteins could be expected to interact in the infected cells. The
function of the interaction is not known. It should be noted,
however, that there is increasing evidence that herpesvirus pro-
teins interact with cellular proteins to either block cellular pro-
teins or stabilize their function. For example, among a proteins, it
has been reported that a47 binds to TAP1/TAP2 to block the
transport of antigenic peptides to the surface of the infected cell
(40), ICP22 has been reported to modify the phosphorylation of
RNA polymerase in some infected cells (32, 33), and ICP27 binds
and sequesters components of spliceosomes (28, 37), whereas
ICP0 binds a ubiquitin-specific protease, binds to and stabilizes
cyclin D3, and binds the translation elongation factor 1 (12, 19,
20). Among proteins made later in infection, UL13 protein kinase
hyperphosphorylates elongation factor 1, g134.5 protein binds to
protein phosphatase 1a to dephosphorylate the a subunit of eu-
karyotic translation initiation factor 2, and the US9 protein is
ubiquitinated and is bound to proteosomes but appears to be
stable (6, 13, 21). The involvement of herpesviruses with cell cycle
progression is evident not only from the stabilization of cyclin D3
by ICP0 but also by the observation that some herpesviruses
encode a cyclin D3 homolog. It is conceivable that other viral
proteins including ICP22 have evolved interactions with cellular
proteins to control specific aspects of the cell cycle progression.

Nucleotide sequence accession number. The accession num-
ber for p78 is AF068007.
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