JOURNAL OF VIROLOGY, Nov. 2000, p. 10122-10131
0022-538X/00/$04.00+0

Vol. 74, No. 21

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

A Dominant-Negative Herpesvirus Protein Inhibits Intranuclear

Targeting of Viral Proteins: Effects on DNA Replication
and Late Gene Expression

ELIZABETH E. McNAMEE, TRAVIS J TAYLOR, anp DAVID M. KNIPE*

Committee on Virology and Department of Microbiology and Molecular Genetics,
Harvard Medical School, Boston, Massachusetts 02115

Received 11 April 2000/Accepted 14 August 2000

The d105 dominant-negative mutant form of the herpes simplex virus 1 (HSV-1) single-stranded DNA-
binding protein, ICP8 (4105 ICP8), inhibits wild-type viral replication, and it blocks both viral DNA replication
and late gene transcription, although to different degrees (M. Gao and D. M. Knipe, J. Virol. 65:2666-2675,
1991; Y. M. Chen and D. M. Knipe, Virology 221:281-290, 1996). We demonstrate here that this protein is also
capable of preventing the formation of intranuclear prereplicative sites and replication compartments during
HSYV infection. We defined three patterns of ICP8 localization using indirect immunofluorescence staining of
HSV-1-infected cells: large replication compartments, small compartments, and no specific intranuclear
localization of ICPS8. Cells that form large replication compartments replicate viral DNA and express late
genes. Cells that form small replication compartments replicate viral DNA but do not express late genes, while
cells without viral replication compartments are incapable of both DNA replication and late gene expression.
The d105 ICP8 protein blocks formation of prereplicative sites and large replication compartments in 80% of
infected cells and formation of large replication compartments in the remaining 20% of infected cells. The
phenotype of d105 suggests a correlation between formation of large replication compartments and late gene
expression and a role for intranuclear rearrangement of viral DNA and bound proteins in activation of late
gene transcription. Thus, these results provide evidence for specialized machinery for late gene expression

within replication compartments.

Herpes simplex virus 1 (HSV-1) is a double-stranded DNA
virus with a 150-kbp genome. During productive infection, it
replicates in the nucleus of the host cell. HSV gene expression
occurs in a temporally regulated cascade in which viral genes
are transcribed in a specific order, and their expression is
tightly controlled by other HSV gene products. The imme-
diate-early (IE) genes are transcribed first after viral DNA
is deposited in the nucleus and encode multiple activators of
viral gene expression. These proteins stimulate expression of
the early (E) genes, which include the viral DNA replication
proteins. Seven viral proteins are required for HSV DNA
replication: the helicase-primase complex (ULS, ULS, and
ULS2), the origin-binding protein (UL9), the single-strand-
ed DNA-binding protein (UL29 or ICP8), the DNA polymer-
ase (UL30), and the polymerase processivity factor (UL42). In
addition to these seven proteins, unknown host cell factors are
likely to be required, as it has not been possible to initiate
origin-dependent HSV DNA replication outside an intact cell
nucleus. Once viral DNA has been replicated, the late (L)
genes are expressed. DNA replication and late gene expression
have always been considered to be tightly linked, and it had
been difficult to separate the two processes genetically (36).

Viral DNA replication in HSV-infected cells occurs within
specific regions of the cell nucleus. When the locations of viral
replication proteins and viral DNA are visualized in infected
cells by indirect immunofluorescence or with a viral protein
fused to the green fluorescent protein (GFP), they are all ob-
served to congregate in compartments that start as small dots
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early in infection (termed prereplicative sites) and grow to
eventually fill the nucleus (8, 33; T. J Taylor, E. E. McNamee,
and D. M. Knipe, unpublished data). These globular structures
were named replication compartments (33). Viral DNA repli-
cation (8) and much of the late gene transcription occur within
the boundaries of these structures (21, 32, 34, 39). When viral
replication is blocked, the replication proteins are still targeted
to and remain in the small punctate prereplicative sites (33). A
study of binucleate cells demonstrated that the shape and
location of replication compartments within the nucleus are
determined by the host cell nuclear architecture (9). It has also
been demonstrated that some of the prereplicative sites ob-
served early in infection are localized adjacent to the nuclear
ND10 sites (26, 30, 40). ND10 sites are nuclear matrix-associ-
ated complexes containing PML, Sp100, and other proteins (1,
11, 22, 41). Their function in uninfected cells is not yet known,
but in HSV-infected cells they are disrupted by proteasomal
degradation in a pathway requiring the HSV immediate-early
gene product ICPO (12, 13, 28, 29). It is thought that ND10
proteins serve as markers of a specific site of viral DNA depo-
sition upon entry into the cell nucleus, as the genomes of other
DNA viruses are also known to be present next to ND10 (19).
ND10 sites serve as the initial site of HSV DNA deposition,
and immediate-early and early gene transcription occurs at
these sites (30). Once the immediate-early genes are ex-
pressed, ICPO leads to the disruption of the ND10 sites, but the
viral DNA and viral replication proteins remain, and prerep-
licative sites are formed adjacent to the original ND10 site
locations (2, 30, 40). Viral DNA replication is initiated here,
and replication compartments are formed (2, 30, 33, 40).
ICPS, the single-stranded DNA-binding protein, is an essen-
tial part of the DNA replication machinery (5, 7). ICP8 plays
several additional roles in the HSV lytic life cycle. Genetic
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studies have demonstrated that ICPS is required for the local-
ization of viral replication and cellular proteins to replication
compartments (3, 8). ICP8 is also implicated in the regulation
of gene expression by exerting a negative effect on transcrip-
tion from the parental genome (16-18) and a positive effect on
late gene expression from progeny genomes (15).

This report continues the description of the 4105 mutant of
ICP8 and this mutant’s ability to differentially affect DNA
replication and late gene expression. The d105 ICP8 mutant
contains a deletion near its C terminus (residues 1082 to 1169),
which leaves the nuclear localization signal intact. Previous
reports have demonstrated that d105 ICPS acts as a dominant-
negative repressor of wild-type ICP8 activity (6, 15). When
expressed in Vero cells, either by transient transfection or in a
stably transfected cell line, d105 ICP8 inhibits the replication
of wild-type virus by 50- to 100-fold. 4105 ICP8 can bind
single-stranded DNA with an affinity similar to that of wild-
type ICP8, and transfection of large amounts of the wild-type
ICPS8 gene can overcome its inhibitory effect, indicating that
d105 ICPS is most likely acting as a competitive inhibitor of
wild-type ICP8. d105 ICP8 manifests its repression of ICP8
function with effects on both DNA replication and late gene
expression. To study these effects, we isolated a cell line that
stably expresses the d105 ICP8 protein (V2.6 cell line) (15).
When V2.6 cells are infected with wild-type HSV-1, there is a
fivefold reduction in DNA replication and a 50- to 100-fold
reduction in late gene expression (15), which is manifested at
the transcriptional level (6). Previous experiments have dem-
onstrated that the 50- to 100-fold repression of late gene ex-
pression in V2.6 cells is far greater than what would occur in
normal infection with DNA replication levels reduced to 20%
of the wild-type level (6, 15). Here, we demonstrate that the
d105 ICPS protein fails to localize to replication compartments
and prevents wild-type ICP8 and the other replication proteins
and transcription factors from localizing to prereplicative sites
and replication compartments as well.

MATERIALS AND METHODS

Cells and viruses. Vero (American Type Culture Collection [ATCC]) and
CV-1 (ATCC) monkey kidney cells were grown and maintained as described
previously (20). The S2 and V2.6 cell lines expressing wild-type ICP8 and d105
ICPS, respectively, were derived from Vero cells (14, 15). The C8 and C105 cell
lines expressing ICP8 and d105 ICPS, respectively, were derived from CV-1 cells,
as described below. All transformed cell lines were grown in Dulbecco’s modi-
fication of Eagle’s medium (DMEM; Media Tech, Herndon, Va.)-10% fetal
bovine serum containing 500 pg of G418 (GIBCO) per ml. The HSV-1 wild-type
strain KOS was propagated and titered as described previously (20). The 8GFP
virus containing an ICP8-GFP fusion in the ICP8 locus of HSV-1 wild-type strain
KOS1.1 was propagated on S2 cells, and the titers of the virus were determined
on both Vero cells and S2 cells (Taylor et al., unpublished). The 1212 ICP0
mutant virus containing a nonsense mutation in the ICP0 gene of HSV-1 KOS
(4) was kindly provided by Priscilla Schaffer (University of Pennsylvania). The
titer of the n212 virus was determined by titration on a complementing cell line
(U20S cells). The n212 virus was used a multiplicity of infection (MOI) of 2,
which was shown to be sufficient for the formation of replication compartments
(data not shown).

Plasmids. The p8B-S (ICP8 gene in a BamHI-Sacl fragment), pSVneo (neo-
mycin gene driven by the simian virus 40 promoter) plasmids were described
previously (14). The pSVd105 (d105 ICP8 gene driven by the simian virus 40
promoter) plasmid was described previously (15).

Isolation of stably transfected cell lines. The C8 CV-1 cell line expressing
wild-type ICP8 and the C105 CV-1 cell line expressing d105 ICP8 were con-
structed by transfecting CV-1 cells with either p8B-S and pSVneo or pSVd105
and pSVneo plasmids, respectively. Cells were incubated in medium containing
G418 (500 pg/ml) until colonies of cells formed. Colonies of cells were picked,
expanded, and tested for either complementation of an ICP8 mutant virus (C8
cells) or repression of wild-type virus infection (C105 cells).

Infections. Infections were performed at an MOI of 2 PFU per cell. Virus was
diluted in cold phosphate-buffered saline (PBS) containing 0.1% glucose and 1%
heat-inactivated newborn calf serum and incubated with cells for 1 h at 37°C. The
overlay medium was then changed to medium 199 containing 1% heat-inacti-
vated calf serum. In infections containing n-butyrate to block the host cell cycle
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TABLE 1. Cell lines used in this study

Cell line Parental cell Contransfected viral gene”
S2 Vero Wild-type ICP8
C8 CV-1 Wild-type ICP8
V2.6 Vero d105 ICP8
C105 CV-1 d105 ICP8

“ Parental cell line was contransfected with pSVneo and the indicated viral
gene.

in the G, phase (37), the growth medium was replaced with medium 199 con-
taining 1% calf serum supplemented with 100 uM n-butyric acid and 20 mM
HEPES buffer (pH 7.6) 12 to 15 h prior to infection as described previously (40).
A 100X n-butyric acid-HEPES solution was made up fresh for each experiment.
For bromodeoxyuridine (BrdU) incorporation, a 100X (10 mM) stock was made
up in DMEM and frozen in aliquots. BrdU was added to the medium 30 min
prior to harvesting cells.

Indirect immunofluorescence and antibodies. Cells were grown on glass cov-
erslips in 24-well plates. At the times indicated, the coverslips were washed in
PBS, and the cells were fixed in 2% formaldehyde in PBS for 5 min and then
permeabilized in 100% acetone at —20°C for 2 min. When necessary, cells were
treated with 4 N HCI for 10 min to expose the BrdU epitopes. Cells were then
incubated with the indicated primary antibodies for 30 min at 37°C, washed three
times, and incubated with either fluorescein- or rhodamine-labeled secondary
antibodies for 30 min at 37°C. The coverslips were washed three times and
mounted on glass slides in glycerol gelatin (Sigma) containing 1.3 mg of p-
phenyldiamine (Sigma) per ml to reduce photobleaching. The 3-83 rabbit anti-
serum against ICP8 was described previously (21) and was used at a 1:300
dilution. The ICP8 monoclonal antibody (MAb) 39S (38) was prepared from
ascitic fluid samples from animals inoculated with 39S hybridoma cells originally
obtained from the ATCC and was used at a 1:30 dilution. The ICP4 MADb 58S a
gift from Neal DeLuca, University of Pittsburgh, was used at a 1:20 dilution. The
gC MAD C3 a gift from Joseph Glorioso, University of Pittsburgh, was used at a
1:100 dilution. The PML rabbit antiserum, a gift from Anne Dejean, Institut
Pasteur, was used at a 1:200 dilution. The BrdU MAb was purchased from Bec-
ton Dickinson and used at a 1:10 dilution. Rhodamine isothiocyanate (RITC)-
and fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit and RITC-
and FITC-conjugated goat anti-mouse secondary antibodies were all purchased
from ICN and used at a 1:100 dilution.

Microscopy. All microscopic images were obtained with a Zeiss Axioplan
2 microscope, captured with a Hamamatsu ORCA digital camera, colorized and
processed with Improvision Openlab software, and printed with Adobe Photo-
shop.

RESULTS

Construction of the transformed cell lines. All previous ex-
periments examining d105 ICPS repression of viral replication
had been performed in the Vero-derived S2 and V2.6 cells (6,
15). In this work, we used multiple cell lines (Table 1) express-
ing either wild-type ICP8 or d105 ICPS. It was necessary to
generate the CV-1-derived C8 and C105 cell lines for experi-
ments involving the use of a cell cycle inhibitor (n-butyrate) to
block cellular DNA replication so that specifically viral DNA
replication could be visualized, as Vero cells are not suscepti-
ble to n-butyrate (40; E. McNamee and D. M. Knipe, data not
shown). After constructing the C8 and C105 cell lines, we de-
termined that the amount of ICPS8 protein expressed by these
cells after infection was very similar to the amount expressed in
S2 and V2.6 cells (15; McNamee and Knipe, data not shown).

The d105 ICP8 block in viral replication is not overcome at
late times in infection. All previous experiments had been
performed at 10 hours postinfection (hpi). To ensure that 4105
ICP8 was blocking viral replication as opposed to simply de-
laying infection, we measured the amount of infectious virus
present in Vero, S2, V2.6, CV-1, C8, and C105 cells (Table 1)
at various times postinfection (Fig. 1). Cells were infected at an
MOI of 2, and progeny virus was harvested at 5-h intervals
until 30 hpi. The titer of virus produced by each cell line at
each time point on Vero cells was then determined. Virus
yields in V2.6 cells and C105 cells were 10- to 100-fold lower
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FIG. 1. Growth of HSV-1 in Vero, CV-1, S2, C8, V2.6, and C105 cells
infected with HSV-1 wild-type strain KOS. All cells were infected at an MOI of
2 and harvested at the indicated times. Viral yield was measured by plaque assay
titration of total intracellular plus extracellular virus on Vero cells.

than those in control cells through 30 hpi. In all experiments,
the CV-1-derived cell lines and the Vero-derived cell lines
always behaved similarly. This indicated that the effect of 4105
ICP8 was not to delay the replication of the virus due to slowed
rates of DNA replication and/or late gene expression; instead,
it was capable of maintaining a long-term inhibition of virus
production.

ICPS8 does not localize to prereplicative sites and replication
compartments in d105 ICP8-expressing cell lines. When d105
ICPS is expressed during HSV-1 infection, it blocks DNA
replication and late gene expression of wild-type virus, al-
though to different degrees (15). We hypothesized that the
d105 ICP8 mutant may be unable to form the same interac-
tions with the cell that wild-type ICP8 does and thus may not
be capable of localizing to the replication compartments con-
taining the seven essential viral replication proteins that form
in infected-cell nuclei. To examine the localization of ICP8 in
the presence of d105 ICPS, the wild-type ICP8-expressing S2
cells and the d105 ICP8-expressing V2.6 cells were infected
with wild-type HSV-1 at an MOI of 2, harvested at 10 hpi, and
stained for ICP8 by immunofluorescence. These infection con-
ditions were chosen because at higher MOIs, wild-type ICP8
from the virus is expressed at a level high enough to overcome
the competitive inhibition of viral replication by d105 ICP8
(15). At 10 hpi, ICP8 was localized to replication compart-
ments in S2 cells (Fig. 2A), as is normally seen during wild-type
viral infections. In the presence of d105 ICP8, ICPS8 staining
was distributed diffusely throughout the nucleus, with occa-
sional punctate sites in some nuclei (Fig. 2B). Thus, d105 ICP8
exhibited an effect on ICPS localization, in addition to blocking
DNA replication and late gene transcription.

In infected S2 and V2.6 cells, three general patterns of ICP8
staining were observed. These were defined as large replication
compartments (Fig. 3A and B), small replication compart-
ments (Fig. 3C and D), and diffuse staining (Fig. 3E and F).
When we quantified the type of intranuclear staining in in-
fected cells, we observed that under these conditions nearly
one half of the infected S2 cells contained large replication
compartments, while fewer cells contained small compart-
ments or diffuse ICP8 (Fig. 4). In contrast, in V2.6 cells, 85%
of the infected cells exhibited a diffuse ICPS8 distribution (Fig.
4), showing that the lack of replication compartment formation

J. VIROL.

in the d105 ICP8-expressing V2.6 cells was a general observa-
tion. The diffuse distribution for ICP8 in V2.6 cells was not
simply due to inhibition of viral DNA synthesis because inhi-
bition of viral DNA synthesis by inhibitors or genetic defects
causes ICP8 to accumulate in punctate prereplicative sites
(33). Thus, d105 ICP8 appeared to block the localization of
wild-type ICP8 to both prereplicative sites and replication
compartments.

d105 ICP8 prevents wild-type ICP8 and other replication
proteins from localizing to replication compartments. Figure 2
demonstrated that the ICP8 visualized in those experiments
was not localizing to replication compartments. However, the
anti-ICP8 antibody used was reactive with both wild-type and
d105 ICPS. Thus, it was conceivable that the d105 ICP8 was
obscuring the wild-type ICP8. To ensure that this was not the
case, we infected C8 and C105 cells with an HSV-1 recombi-
nant expressing an ICPS8-GFP fusion protein, known to localize
to replication compartments as efficiently as wild-type ICP8
(Taylor et al., unpublished). The infected cells were fixed, and
GFP was visualized. As observed previously by immunofluo-
rescence, the ICP8-GFP fusion protein localized to replication
compartments in S2 cells and was diffuse in V2.6 cell nuclei
(Fig. 5). This demonstrated that 4105 ICP8 was actually capa-
ble of blocking the localization of wild-type ICPS to replication
compartments. Similarly, infected C8 and C105 cells were also
stained by immunofluorescence for ICP4, the major viral trans-
activator (Fig. 6), and UL42, the polymerase accessory factor

V2.6

FIG. 2. Localization of ICPS8 in S2 and V2.6 cells. Cells were infected with
HSV-1 KOS strain at an MOI of 2 and harvested at 10 hpi. ICP8 was detected
with the anti-ICP8 rabbit antiserum 3-83.
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FIG. 3. Examples of different patterns of intranuclear localization of replication proteins in S2 and V2.6 cells infected with HSV-1 KOS strain. Cells were stained
with the ICP8 antiserum 3-83. S2 cells expressing wild-type ICP8 (left) and V2.6 cells expressing 4105 ICP8 (right) were used. Examples of large compartments (A and

B), small compartments (C and D), and diffuse staining (E and F) are depicted.

(data not shown), two proteins known to be localized to rep-
lication compartments. Staining for these proteins showed
them in replication compartments in both S2 and C8 cells but
diffusely distributed in V2.6 and C105 cells.

DNA replication occurs in large and small compartments.
Having shown that formation of large replication compart-
ments was blocked in d105 ICP8-expressing cells, we wished to
determine the location of the residual viral DNA synthesis
(20% of wild-type levels) observed in these cells. This was
accomplished using indirect immunofluorescence to visualize
the incorporation of the nucleoside analog BrdU into replicat-
ing DNA. To visualize viral DNA synthesis specifically, it was

necessary to block the host cell’s DNA replication. This can be
done with n-butyrate, which stops the cell cycle in the G, phase
but does not have any effect on HSV DNA replication (37).
Unfortunately, n-butyrate did not efficiently block the cell cycle
in Vero cells (results not shown), so we used CV-1 cells, which
have been shown to be susceptible to n-butyrate (40; data not
shown). We used the C8 and C105 cell lines expressing wild-
type ICP8 and d105 ICPS, respectively, to identify sites of viral
DNA replication. In both C8 and C105 cell lines, we observed
BrdU labeling only in those cells that contained defined rep-
lication compartments, as seen by ICP8 staining (Fig. 7). Both
small and large replication compartments supported DNA rep-
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FIG. 4. Percentages of infected cells in each class of intranuclear localization
of replication proteins. Cells were stained by immunofluorescence for ICP8 with
3-83 rabbit serum, and infected cells were counted and classified as containing
large compartments, small compartments, or diffuse staining. The percentage of
each in S2 and V2.6 cells are shown. More than 400 cells were counted for each
cell line in three separate experiments with at least two coverslips of infected
cells per sample per experiment. The error bars show standard deviations of the
results of three experiments.

lication. BrdU labeling was also seen in the few large compart-
ments in C105 cells (data not shown). In the numerous C105
cells that contained diffuse ICP8, BrdU incorporation was not
observed (Fig. 7G to I). C8 cells containing diffuse ICP8 also
did not contain replicating viral DNA (Fig. 7D to F). Thus, the
DNA replication observed in the C105 cells within small rep-
lication compartments and the few large replication compart-
ments may account for the 20% level of wild-type DNA rep-
lication previously observed by biochemical analyses (15; data
not shown).

Late gene expression in C105 cells correlated with the for-
mation of large replication compartments. Biochemical anal-

C8

C105

FIG. 5. Localization of the ICPS-GFP fusion protein after infection with the
8GFP virus in C8 and C105 cells. The 8GFP-infected cells were harvested and
fixed.

J. VIROL.

C8

C105

FIG. 6. Localization of ICP4. Localization of IE protein ICP4 in C8 and
C105 cells after HSV-1 KOS infection. The cells were stained for ICP4 with the
MAD 58S.

yses had demonstrated that d105 ICP8 reduced viral DNA
replication and late gene transcription to 20 and 2% of wild-
type levels, respectively (6, 15). Previously, it had been believed
that these two viral processes were completely linked, but these
data indicated that there is an additional factor beyond DNA
replication required for successful viral late gene expression.
We used immunofluorescence to examine the relationship be-
tween replication compartment formation and late gene ex-
pression in both C8 and C105 cells. Infected cells were fixed at
10 hpi and stained with antibodies specific for ICP8 and the
late glycoprotein, gC. In both the C8 and C105 cell popula-
tions, gC staining was observed only in those cells that formed
large replication compartments (Fig. 8). Thus, the viral DNA
replication in small compartments was not sufficient to stimu-
late late gene expression. Thus, the limited number of large
replication compartments in d105 ICP8-expressing cells ex-
plained the near-total lack of late gene expression.

ICPS8 localizes near ND10 sites in a minor population of
d105 ICP8-expressing cells. 4105 ICP8 blocked prereplicative
site and replication compartment formation in 80% of infected
cells, and as a result of the lack of formation of large replica-
tion compartments, DNA replication and late gene expression
were inhibited. To define the site of ICPS8 localization in the
remaining cells, we determined if ICP8 could localize to ND10
sites in the presence of d105 ICP8. To avoid the ICPO-induced
disruption of ND10 epitopes such as PML, we infected cells
with an ICP0O mutant virus, n212. After harvesting at 10 hpi, the
cells were processed for immunofluorescence and double la-
beled with antibodies specific for ICP8 and PML. In C105 cells
that showed specific sites of ICPS8 localization, these sites were
located adjacent to the punctate PML staining (Fig. 9A to C),
indicating that in these cells, d105 ICP8 did not block local-
ization of wild-type ICPS to sites near ND10. However, most of
the cells showed no specific intranuclear localization of ICP§
(Fig. 9A to C). Therefore, while most d105-expressing cells do
not contain ICP8 localized to any specific intranuclear sites,
including those near ND10, in the small population of cells that
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FIG. 7. Colocalization of ICP8 and sites of DNA synthesis in C8 (A to F) and C105 (G to I) cells. Examples of the three classes of intranuclear ICP8 localization
and visualization of DNA replication are shown. ICP8 is shown in green, and BrdU is shown in red. Rabbit antiserum 3-83 was used to visualize ICP8, and anti-BrdU
was used to visualize BrdU. The yellow staining in the merged images demonstrates the sites of overlap in the staining for ICP8 and BrdU.

do contain specific sites of ICP8 localization, these sites do
correlate with ND10 sites.

DISCUSSION

We conducted these experiments to explore the nature of
the defect in viral replication induced by the dominant-nega-
tive mutant d105 ICPS, but the results have also provided
information about the role of replication compartments in viral
growth. The d105 mutant ICP8 blocks localization of wild-type
ICP8 and other viral proteins to replication structures in most
infected cells, which explains at least in part, the ability of d105
ICPS to reduce viral DNA synthesis and late gene expression.
Late gene expression correlated with formation of large repli-
cation compartments, indicating that progeny viral DNA
seems to undergo a change in location or molecular contacts in
the large replication compartments that allow increased tran-
scription of late genes.

In the population of d105 ICP8-expressing cells where no
specific replication protein localization is observed, approxi-
mately 80% of the infected cells, d105 ICPS8 appears to prevent
the formation of prereplicative sites and replication compart-
ments. The primary effect of d105 in these cells is likely to be
on localization rather than inhibition of DNA synthesis be-
cause many prior studies have shown that inhibition of DNA
synthesis by antiviral drugs or genetic defects in other HSV
proteins causes ICPS to localize to prereplicative sites (3, 8, 25,

27, 33). The d105 ICP8 defect could be due to a defect in
localization per se or an interaction with a viral or cellular
protein involved in prereplicative site formation.

Approximately 20% of d105 ICP8-expressing cells do form
small compartments, indicating that there may be a second site
of d105 ICPS inhibition. This second block occurs after the
formation of prereplicative sites and the initiation of DNA
synthesis but before late gene expression. These blocks at dif-
ferent stages would have different effects on the status of DNA
replication in the cells. When d105 ICP8 blocks prior to the
assembly of replication proteins, the replication proteins re-
main diffusely distributed and there is no DNA replication.
This could account for the fivefold reduction in viral DNA
replication seen in the presence of d105 ICPS. In the popula-
tion of cells where the first block can be overcome, a limited
amount of DNA is replicated in the small replication compart-
ments that form in these cells. This may account for the 20%
level of DNA replication that remains in the presence of d105
ICPS.

The two d105 ICPS8-induced blocks in the viral life cycle
would have different effects on late gene expression than on
DNA replication. In this case, blocking either before prerep-
licative site formation or after the initiation of DNA synthesis
is sufficient to completely prevent late gene expression in those
cells. The only cells that can support late gene expression are
those in which there is no inhibition of large replication com-
partment formation. This subpopulation of cells may have lost
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FIG. 8. Examples of different classes of intranuclear localization of ICP8 and gC expression in these cells. Cells were infected with HSV-1 KOS and dual labeled
with antibodies to ICP8 (3-83) and gC (C3). gC is shown in green, and ICP8 is shown in red. (A and B) Two different fields of C8 cells, demonstrating the expression
of gC in cells that form large compartments but not in cells with small compartments (arrow). (C and D) Two fields of C105 cells showing expression of gC in one cell
with large compartments and the lack of gC expression in cells with small compartments or diffuse staining.

the ability to express the mutant 4105 ICP8. In those cells that
maintain DNA replication yet lack late gene expression, there
may be insufficient DNA replication to trigger the initiation of
late gene expression. Alternatively, there may be a joint signal
that acts to stimulate both the formation of large compart-
ments and late gene expression through separate pathways.
The level of late gene expression in d105 ICP8-expressing cells
is lower than that in cells infected with wild-type virus and
treated with phosphonoacetic acid to reduce DNA synthesis to
20% of control levels (6, 15). This supports the latter hypoth-
esis that there is a common signal that controls both large
replication compartment formation and late gene expression
and this signal is inhibited by d105 ICPS8. One possible mech-
anism may be a rearrangement of the structure of replicating
DNA which allows interactions with different proteins. This
could involve increased access to DNA by replication proteins
and transcription factors, therefore stimulating DNA replica-
tion and late gene transcription.

There are a number of ways in which 4105 ICP8 may exert
its dominant-negative activity. These include the following: (i)
binding other viral proteins and preventing their proper in-
tranuclear localization; (ii) binding viral DNA but not viral
proteins, therefore displacing wild-type ICPS; (iii) lack of the
ability to bind an unknown cellular factor required for proper
targeting of viral DNA replication proteins; or (iv) a combina-

tion of mechanisms ii and iii. We believe that d105 ICPS is
capable of binding to other viral proteins, because it is recog-
nized by the 39S antibody, which specifically recognizes ICP§
when it is in replication complexes with DNA and the other
replication proteins (S. L. Uprichard and D. M. Knipe, unpub-
lished data). In addition, 4105 ICP8 can bind DNA in vitro
with the same affinity as that of wild-type ICP8 (15). Therefore,
d105 ICP8 appears to be capable of forming normal interac-
tions with herpesvirus replication proteins and viral DNA. This
leaves the loss of ability to interact with a cellular protein. d105
ICP8 may be able to interact with viral proteins initially but
lacks the ability to maintain those interactions during a rear-
rangement of proteins required for the formation of either
prereplicative sites or replication compartments. Each of these
possibilities is feasible, and further studies into the relation-
ships between ICP8 and both host cell proteins and viral pro-
teins are under way.

Model for nuclear events in HSV-infected cells. These re-
sults and previous studies have led to a model of nuclear events
in HSV-infected cells (Fig. 10), and we can use this to identify
steps in the progression of infection where d105 ICP8 may be
exerting its inhibitory effect. Initially, the viral DNA is un-
coated from the capsid, transported into the nucleus, and lo-
calized adjacent to ND10 proteins (30). Immediate-early and
early gene transcription occurs here, and ICPO causes disrup-
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FIG. 9. Dual staining of ICP8 and PML in C105 cells infected with the ICPO null mutant virus n212. A representative cell that formed small replication
compartments dually stained with antibodies against ICP8 (39S) and PML. The yellow staining in the merged image indicates colocalization of the two proteins.

tion of ND10 structures (12, 13, 28, 29). Once the replication
proteins are synthesized, they assemble on the viral DNA to
form prereplicative sites and replication is initiated (40). This
leads to the formation of small replication compartments. A
limited amount of DNA replication occurs here, but this ac-

cumulation of primary replication machinery is not sufficient to
initiate late gene expression. An unknown stimulus allows the
formation of larger replication compartments, either by the
growth of smaller compartments or the coalescence of multiple
small compartments (Taylor et al., unpublished). Large com-
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FIG. 10. Model of intranuclear events in cells infected with HSV.
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partments contain new interactions between viral DNA and
cellular and/or viral proteins. ICP8 and specifically the region
deleted in the 105 mutation are required for this transforma-
tion. The formation of large compartments allows high levels
of DNA replication and initiation of late gene transcription.
After late genes are expressed and all viral DNA is replicated,
the progeny genomes are packaged into capsids and they exit
the nucleus.

The correlation between formation of large replication com-
partments and late gene expression provides further evidence
that specialized transcriptional machinery is assembled in rep-
lication compartments for late gene expression (32). Prior ev-
idence for late transcriptional machinery in HSV-1-infected
cells includes the localization of ICP4 (21, 24, 34), host RNA
polymerase II (24, 35), ICP27 (10), and ICP22 (24, 35) to
replication compartments. This work shows that ICPS8 plays a
role in promoting the formation of this new late transcriptional
machinery in the large compartments.

Potential implication for HSV infection of neuronal cells.
The late transcriptional machinery may also play a role in
expression of immediate-early and early genes under certain
conditions. We and others have shown that immediate-early
and early gene expression in neuronal cells is stimulated by
DNA replication (23, 31). The transcriptional sites near the
ND10 sites (Fig. 10) may be absent or unavailable in neurons,
making transcription of immediate-early and early genes very
inefficient. However, if sufficient viral gene products are ex-
pressed to allow viral DNA replication and formation of large
replication compartments, this may allow transcription of the
viral genome in these compartments and greatly increase ex-
pression of immediate-early and early mRNAs as well as late
mRNAs. Thus, the specialized transcriptional machinery may
play a role in late gene transcription in permissive cells and in
expression of all HSV genes in nonpermissive neuronal cells.
d105 ICPS provides us with a unique tool to probe the role of
ICPS interactions with both cell and viral proteins in the for-
mation of replication compartments, DNA replication, and
late gene expression.
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