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Many of the events required for productive herpes simplex virus type 1 (HSV-1) infection occur within
globular nuclear domains called replication compartments, whose formation appears to depend on interactions
with cellular nuclear domains 10 (ND10). We have previously demonstrated that the formation of HSV-1
replication compartments involves progression through several stages, including the disruption of intact ND10
(stage I to stage II) and the formation of PML-associated prereplicative sites (stage III) and replication
compartments (stage IV) (J. Burkham, D. M. Coen, and S. K. Weller, J. Virol. 72:10100–10107, 1998). In this
paper, we show that some, but not all, PML isoforms are recruited to stage III foci and replication compart-
ments. Genetic experiments showed that the recruitment of PML isoforms to stage III prereplicative sites and
replication compartments requires the localization of the HSV-1 polymerase protein (UL30) to these foci but
does not require polymerase catalytic activity. We also examined the stages of viral infection under conditions
affecting ND10 integrity. Treatment with factors that increase the stability of ND10, arsenic trioxide and the
proteasome inhibitor MG132, inhibited viral disruption of ND10, formation of replication compartments, and
production of progeny virus. These results strengthen the previously described correlation between ND10
disruption and productive viral infection.

Herpes simplex virus type 1 (HSV-1) carries out gene ex-
pression, DNA replication, and DNA encapsidation in globu-
lar nuclear domains designated replication compartments (53,
55). These domains contain the essential viral DNA replication
proteins (the origin-binding protein, the single-stranded-DNA-
binding protein, the helicase-primase subunits, and the poly-
merase subunits [34, 36, 55]) and are usually visualized by
antibodies either against ICP8, the single-stranded-DNA-bind-
ing protein, or UL42, the polymerase processivity subunit. The
formation of replication compartments is mediated in part by
interactions with nuclear structures called ND10 (nuclear do-
mains 10), promyelocytic leukemia bodies, or PODs (17). The
function of ND10 has not yet been defined for cellular or viral
growth. Proteins found in ND10 have been associated with the
control of cellular growth, cell cycle regulation, transcription,
and apoptosis (11, 12, 24, 27, 46, 71). In the case of the her-
pesviruses, viral DNA is deposited at ND10 and immediate-
early transcripts can be detected at sites adjacent to ND10
(42). Furthermore, replication compartments formed after
transfection with the seven essential HSV-1 replication pro-
teins localize adjacent to ND10 (36, 74).

ND10 are dynamic structures which are disrupted during
mitosis and respond to environmental stimuli including inter-
feron treatment, heat shock, treatment with heavy metals, and
viral infection (44, 64, 65). The most extensively studied ND10
protein, PML, is expressed as a fusion with retinoic acid re-
ceptor a in individuals with acute promyelocytic leukemia (31,
56). In this disease, disruption of ND10 correlates with loss of

growth control (24) and reformation of ND10 correlates with
recovery of growth control. This may indicate that PML and
ND10 play a role in the control of cell division.

During the course of HSV-1 infection, ND10 become dis-
rupted, presumably through the action of the viral immediate-
early regulatory protein ICP0 (21, 40). ICP0 alone is able to
induce the disruption of ND10 (21, 41), and during infection,
it appears to be required for the proteasome-dependent dis-
appearance of high-molecular-weight forms of two ND10 pro-
teins, PML and Sp100 (20). Some of these high-molecular-
weight forms of PML and Sp100 have been shown to be
covalently modified by the ubiquitin-like modifier SUMO-1
(32, 49, 62). The disruption of ND10 and the apparent degra-
dation of modified forms of ND10 proteins may be one of
several complex strategies herpesviruses have evolved to inter-
vene in host cell regulatory processes.

In this study, we explored many aspects of the formation of
replication compartments and their relationship to ND10. We
have previously demonstrated that the formation of HSV-1
replication compartments involves progression through several
stages, including the disruption of intact ND10 (stage I to stage
II) and the formation of PML-associated prereplicative sites
(stage III) and replication compartments (stage IV) (7). We
and others have shown that PML is recruited to stage III (7)
and stage IV replication compartments (7, 53). In cells trans-
fected with the seven replication proteins, an ND10 protein
was also observed in replication compartments (36). Since
HSV-1 infection has been shown to cause the degradation of
some forms of PML (20), we set out to examine the identity of
the isoforms that are recruited to replication compartments
during infection. We demonstrate here that only some iso-
forms of PML are recruited to HSV-1 replication compart-
ments. We took a genetic approach to show that recruitment of
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a PML isoform(s) to stage III prereplicative sites and replica-
tion compartments requires the localization of the HSV-1
polymerase protein (UL30) at viral foci but does not require
the polymerase to be catalytically active. We have also ex-
plored the effect of various environmental stimuli known to
affect ND10 on the establishment of replication compartments
and the production of viral progeny. Our results strengthen the
established correlation between ND10 disruption and produc-
tive viral infection. Models for the relationships among PML,
ND10, and viral infection are discussed.

MATERIALS AND METHODS

Cells. African green monkey kidney fibroblasts (Vero; American Type Culture
Collection), several Vero derivative cell lines, human esophageal carcinoma cells
(HEp-2; American Type Culture Collection), and human osteosarcoma cells
(U2OS; American Type Culture Collection) were propagated in Dulbecco’s
modified Eagle’s (DME) medium supplemented with 10% fetal bovine serum
(Atlanta Biologicals) and penicillin-streptomycin solution (Sigma) (69). G418-
resistant B3 cells containing the HSV-1 UL30 gene were described previously
(29). Cell lines expressing various PML isoforms from cDNA (described below)
were propagated in DME medium containing 1 mg of G418 (Geneticin; GIBCO
Laboratories, Grand Island, N.Y.) per ml.

Viruses. Strain KOS was used as the wild-type HSV-1. Numerous KOS-de-
rived mutants were used in this study. Several mutants with changes in the
catalytic subunit of the polymerase were used. Viable mutants include V462A,
AraAr9, 615.8, F891C, PAAr5, Y7, and YD12 (13, 14, 26, 29, 37, 57). Mutants
that do not make a polymerase protein that is detectable by Western blot analysis
(data not shown) include the null virus HP66 and DX17, DX14, DS1.1, and 7E4A
(38). Mutants that make protein but are still nonviable include 6C4, E460D,
G464V, and both tsC4 and tsC7 at 39.5°C (13, 26, 38).

Reagents and antibodies. (i) Antibodies recognizing PML. PG-M3 is a mono-
clonal antibody that recognizes the human PML protein (25) (Santa Cruz Bio-
technology, Santa Cruz, Calif.). 5E10, a monoclonal antibody that recognizes
PML (65), was kindly provided by L. de Jong (E. C. Slater Instituut, University
of Amsterdam, Amsterdam, The Netherlands). Rat anti-PML R-n and R-m, two
polyclonal antibodies that recognize PML, were kindly provided by T. Sternsdorf
and H. Will (Heinrich-Pette-Institut fur Experimentelle Virologie und Immu-
nologie, Universität Hamburg, Hamburg, Germany).

(ii) Antibodies recognizing HSV-1 polymerase. Polyclonal antibodies M1 and
aPol recognize the catalytic subunit of the HSV-1 polymerase, UL30. M1 was
prepared by K. Weisshart against a fusion protein containing a segment from the
middle of HSV-1 Pol; aPol was a kind gift from D. Dorsky (University of
Connecticut Health Center) (15).

(iii) Antibodies recognizing the major viral DNA-binding protein ICP8
(UL29). 39S, a monoclonal antibody that recognizes ICP8 (60), was provided by
M. Zweig (National Cancer Institute), and aICP8, a rabbit polyclonal antibody
that recognizes ICP8 (59), was a generous gift of W. Ruyechan (State University
of New York at Buffalo).

(iv) Secondary antibodies. Goat antibodies conjugated with either fluorescein
isothiocyanate or Texas Red and directed against rabbit, mouse, or rat immu-
noglobin were obtained from Cappel, Organon Teknika Corporation (Durham,
N.C.).

(v) Other reagents used for immunofluorescence assay (IF). Glycerol gelatin
and 1,4-diazobicyclo-[2.2.2]octane were obtained from Sigma.

Transfection of mammalian cells. Vero cells were transfected with various
plasmids using Lipofectamine-plus (Gibco BRL). Cells were plated in 60-mm-
diameter tissue culture dishes at a density of 106 cells/plate approximately 24 h
prior to transfection. Cells were transfected by following the manufacturer’s
instructions.

Isolation of cell lines stably expressing PML splice variants. Four PML cDNA
clones on a simian virus 40 promoter expression plasmid were generously pro-
vided by M. Fagioli (Perugia, Italy). Clones PML1-[3,4,5,6,7], PML1-[3,4,7], and
PML3-[3,4,6,7] were previously described (26), whereas clone PML3-[3,7] was
not previously reported (Fagioli et al., unpublished data). Vero cells were stably
cotransfected with a plasmid bearing the G418 resistance gene and a 10-fold
excess of one of the PML cDNA clones. Cells were allowed to recover for 24 h
posttransfection before the addition of 1 mg of G418 per ml to the medium.
Individual colonies were twice cloned by single-colony isolation and screened for
PML expression by indirect IF.

Indirect IF. Cells were grown on glass coverslips prior to infection. Cells on
coverslips were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS)
for 30 min, washed in PBS, and permeabilized in 1.0% Triton X-100 in PBS for
10 min. The coverslips were again washed in PBS and pretreated with 3% normal
goat serum in PBS for several minutes. The antibodies PG-M3, aICP8, and aPol
and the secondary antibodies were used at a dilution of 1:200 in 3% normal goat
serum in PBS. The rat anti-PML antibodies and the M1 antibody were used at a
dilution of 1:100; the 5E10 antibody, a hybridoma supernatant, was used undi-
luted. Cells were stained with the primary antibodies for 30 min. Coverslips were
washed six times with PBS between primary and secondary antibody treatments.
Cells were then stained with secondary antibodies for 30 min. Coverslips were
then washed extensively in PBS and mounted in glycerol gelatin containing 2.5%
1,4-diazabicyclo-[2.2.2]octane to retard bleaching.

Imaging. Imaging was performed on a Zeiss Axiovert 135 laser scanning
confocal microscope equipped with an argon-krypton laser. Texas Red was
excited at 568 nm; fluorescein isothiocyanate was excited at 488 nm. Emissions
were collected separately, and the channels were overlaid by computer for the
dual images. Images were collected with either a 633 Neofluar lens or a 1003
Zeiss apochromat lens and arranged and labeled using Adobe Photoshop 5.0.

Western blotting. Protein expression was examined by Western blot analysis.
Detection of Pol protein was carried out by infecting HEp-2 cells with various
viruses bearing UL30 mutations at a multiplicity of infection (MOI) of 10 and
collecting infected cells at 8 h postinfection. Cells were lysed in sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) loading buffer, soni-
cated, boiled for 5 min, and loaded onto an SDS–8% polyacrylamide gel. The
proteins were transferred to a nitrocellulose membrane, and Pol was detected as
described below. For detection of PML, cells were grown on 60-mm tissue
culture plates, transiently transfected with one of the PML cDNA plasmids 18 h
prior to collection, and infected with 100 PFU of KOS per cell 6 h prior to
collection. Cells were washed once with Tris-buffered saline and scraped into 1
ml of TBS supplemented with leupeptin, pepstatin, and EDTA. Cells were then
pelleted and resuspended in 50 to 100 ml of 53 SDS-PAGE loading buffer
supplemented with protease inhibitors. PML samples to be examined with the
PG-M3 antibody were resuspended in buffer lacking b-mercaptoethanol (BME),
as its presence interferes with the antibody’s ability to recognize the protein (data
not shown). Each sample was sonicated to decrease the viscosity of the solution.
Samples were then boiled for 5 min and promptly loaded onto SDS–10% poly-
acrylamide gels. When the dye front had run off the gel, the proteins were
transferred to a nitrocellulose membrane at 350 mA for 2 h. The membrane was
blocked with 5% nonfat dry milk in TBST (10 mM Tris [pH 8.0], 150 mM NaCl,
0.05% Tween 80) for 2 h and incubated in the primary antibodies overnight. The
aPol antibody was used at 1:10,000, 5E10 was used at 1:500, and PG-M3 was used
at 1:5,000. Membranes were then incubated in secondary antibodies at a 1:10,000
dilution for 1 to 2 h, washed, and developed with alkaline phosphatase color
detection (Promega).

RESULTS

Only some isoforms of PML are recruited to replication
compartments. We and others have previously observed that
PML and the ND10 antigen recognized by Mab138 can be
recruited to stage III prereplicative sites (7) and into replica-
tion compartments (7, 35, 53). Since several forms of PML
have been shown to be degraded after HSV-1 infection (20),
we set out to determine which isoforms of PML are recruited
to replication compartments by examining HSV-1-infected
cells with several different PML antisera. The PML antisera
used include the PG-M3 monoclonal antibody (25), monoclo-
nal antibody 5E10 (65), and two polyclonal antibodies of rat
origin, R-m and R-n. Each antibody was tested by indirect IF
for the ability to stain ND10 in uninfected HEp-2 cells and for
the ability to stain replication compartments in infected cells.
We found that all of the antibodies stained uninfected HEp-2
cells in a pattern identical to that previously described for
ND10 (data not shown). In cells infected with HSV-1, the
polyclonal rat antibody R-n and the monoclonal antibody
PG-M3 showed PML staining in replication compartments; the
polyclonal rat antibody R-m also showed faint PML staining in
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replication compartments; the monoclonal antibody 5E10,
however, did not show PML staining in replication compart-
ments (Fig. 1). This result suggests that only some isoforms of
PML are recruited to replication compartments. Boulware and
Weber (6a) recently published a report suggesting that PG-M3
cross-reacts with a viral protein if used undiluted. To control
for possible cross-reaction with viral proteins found in replica-
tion compartments, HSV-1-infected Vero cells were stained
with PG-M3, which does not recognize monkey PML. In in-
fected Vero cells, PML staining was not seen in replication
compartments using the PG-M3 antibody at the dilution used
in this study (reference 6a and data presented below). Thus, we
concluded that the PG-M3 staining observed in replication
compartments in HEp-2 cells reflects the presence of PML at
these sites. The observation that 5E10 staining was not seen in
replication compartments whereas PG-M3 and rat polyclonal
antibody staining was observed supports our proposal that only
some isoforms of PML are recruited to replication compart-
ments (7).

PG-M3 and 5E10 react differently with PML encoded by
four cDNA clones. Although PML is encoded by a single-copy
gene in human cells, multiple forms of PML are observed due
to splice site variation and posttranslational modification (23,
47, 49, 62). The PML gene consists of nine exons in three
domains: (i) a relatively invariant N-terminal portion consist-
ing of exons 1 and 2, (ii) a variably spliced middle region

consisting of exons 3 through 7, and (iii) four distinct C-ter-
minal exons named PML1, PML2, PML3, and PML4 (23)
(shown in Fig. 2). Thus, PML can exist in 16 different forms for
each of the four C termini (23). Furthermore, the protein is
known to be phosphorylated and covalently modified by the
small, ubiquitin-like protein SUMO-1 (49, 62). The SUMO
modification can occur at three sites in the protein: two of the
sites are found in the invariant N terminus, and the third site
is found in the variably spliced region (and therefore is not
present in all clones) (16, 32). We set out to examine whether
the heterogeneity of PML isoforms is responsible for the dif-
ferential staining of replication compartments by the antibod-
ies PG-M3 and 5E10.

We obtained four human cDNA clones of PML from Marta
Fagioli. Each clone expresses a different version of the variably
spliced domain (exons 3 through 7) (shown in Fig. 2). Two
express the C-terminal exon PML1, and two express the C-
terminal exon PML3. To test whether the 5E10 and PG-M3
PML antibodies react specifically with these PML clones, Vero
cells were transiently transfected with the cDNA plasmids and
assayed for PML by Western blotting as described in Materials
and Methods. The PML endogenous to Vero cells is not de-
tected by either antiserum and therefore does not interfere
with this assay. Omission of BME from the loading buffer is
necessary for the PG-M3 antibody to react with PML (data not
shown): presumably, disulfide bonds within the protein are
required for antibody recognition. Replica Western blots of
lysates of cells transfected with the four PML cDNA clones
performed with PG-M3 and 5E10 are shown in Fig. 3. The
PG-M3 antibody reacts with cells transfected with each of the
four PML cDNA clones (Fig. 3). Each of the PML splice
variants migrated slightly slower on SDS-PAGE than expected
for the predicted size, which may be due to differences in

FIG. 1. Indirect IF examination of HSV-1-infected cells using four
anti-PML antibodies. At 6 h postinfection with KOS, HEp-2 cells were
stained with a polyclonal antibody against the major HSV-1 DNA-
binding protein ICP8 (shown in red) and one of the following anti-
bodies against PML: monoclonal antibody PG-M3 or 5E10 or rat
polyclonal antibody R-n or R-m (shown in green).

FIG. 2. Genomic PML and the PML splice variants used in this
study. PML is diagrammed showing three major domains: the invariant
N-terminal portion consisting of exons 1 and 2, the variably spliced
middle region consisting of exons 3 through 7, and four distinct C
termini called PML1 (continuous with exon 7), PML2, PML3, and
PML4. The four representative cDNA clones used in this study are
shown: PML1-[3,4,5,6,7], which contains the PML1 C terminus and all
of variably spliced exons 3 through 7 (predicted to encode a protein of
approximately 67 kDa); PML1-[3,4,7], which contains the PML1 C
terminus and exons 3, 4, and 7 (predicted to encode a protein of
approximately 48 kDa; this isoform contains a premature stop codon
which generates a smaller C-terminal (C-term) end than the PML1-
[3,4,5,6,7] isoform described above); PML3-[3,4,6,7], which contains
the PML3 C terminus and exons 3, 4, 6, and 7 (predicted to encode a
protein of approximately 65 kDa); and PML3-[3,7], which contains the
PML3 C terminus and exons 3 and 7 (predicted to encode a protein of
approximately 54 kDa.
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migration conditions with the omission of BME. Each lane in
Fig. 3 contains high-molecular-weight proteins that likely rep-
resent multimers of PML. The PG-M3 antibody was raised
against exons 1 and 2 (25) and presumably recognizes this
portion of the protein in each clone. In contrast, the 5E10
monoclonal antibody reacts only with the PML1-[3-7] clone
(Fig. 3). PML1-[3-7] contains all of the variably spliced exons,
3, 4, 5, 6, and 7, and is the only clone that contains exon 5 (Fig.
2 and 3). Thus, it seems that the presence of exon 5 allows the
protein to be recognized by 5E10. In summary, the Western
blots in Fig. 3 demonstrate that two PML antibodies, PG-M3
and 5E10, react differently against the four isoforms of PML.
This difference may be due to the recognition of a particular
exon or to a conformational difference in the protein due to the
presence of that exon.

Since Everett et al. reported that HSV-1 infection causes the
proteasome-dependent loss of higher-molecular-weight forms
of PML (20), we examined the isoforms encoded by the PML
clones in cells infected with 100 PFU of wild-type HSV-1 per
cell 24 h after transient transfection with the PML expression
vectors. We did not observe a reliable difference between the
levels of PML in infected and uninfected cells by either anti-
body (Fig. 3). Although these results appear to contradict
those obtained by Everett et al. (20), it is possible that the
overexpression of PML in this experiment hampered either
demodification of PML or viral infection in general.

Only one of the four tested PML cDNA clones localizes to
replication compartments. We concluded from the results pre-
sented in Fig. 1 and 3 that only some isoforms of PML are
recruited to replication compartments. We set out to identify
the isoform(s) of PML recruited to viral replication compart-
ments by testing the four representative PML cDNA clones for
recruitment to viral replication compartments. We constructed
cell lines by stably transfecting Vero cells with each of the PML
clones. Stable cell lines would express the PML isoforms in
nearly 100% of the cells. Furthermore, the use of stable cell
lines would circumvent possible problems or difficulties caused

by transient transfections. Cells transfected with the PML3-
[3,7] clone stopped expressing PML early during selection.
Failure to establish a stably expressing line may indicate that
overexpression of this isoform of PML is toxic to cells. Indeed,
overexpression of at least one isoform of PML is known to
retard cell growth and even cause apoptosis (46, 54). To es-
tablish the behavior of this isoform during HSV infection, cells
were transiently transfected and then superinfected at 24 h to
examine recruitment of PML to replication compartments (see
below).

Cell lines containing PML1-[3-7], PML1-[3,4,7], and PML3-
[3,4,6,7] and cells transiently transfected with PML3-[3,7] were
infected with KOS and examined for PML recruitment to
replication compartments. Only cells expressing PML3-[3,4,6,7]
showed PML staining in replication compartments (Fig. 4). As
can be seen in Fig. 4, the cell lines containing PML1-[3-7] and
PML1-[3,4,7] did not exhibit PML staining in replication com-
partments although they did show PML staining in ND10 prior
to infection (data not shown). PML3-[3,7] protein also failed to
be recruited to replication compartments (Fig. 4); this PML
isoform was primarily cytoplasmic prior to infection (data not
shown). These experiments indicate that the PML3-[3,4,6,7]
splice variant of PML can be recruited to replication compart-
ments but PML1-[3-7], PML1-[3,4,7], and PML3-[3,7] cannot.
This experiment demonstrates that only one of the differen-
tially spliced isoforms of PML tested can be recruited effi-
ciently into replication compartments in the PML-expressing
cell lines. However, at this time we cannot conclude which
endogenously expressed PML isoforms are actually recruited
into replication compartments during infection. It is possible
that in our experiment, overexpression of PML altered the
modification state which, in turn, resulted in degradation or
recruitment. Further experiments with more sensitive reagents
are required to determine which endogenous PML isoforms
are recruited to replication compartments during infection;
however, we have clearly demonstrated that various PML iso-
forms behave differently from one another during infection.

HSV-1 Pol requirement for PML recruitment to replication
compartments. PML is recruited to viral replication compart-
ments and also to a subset of prereplicative sites that we have
named PML-associated prereplicative sites (35). PML-associ-
ated prereplicative sites, also called stage III foci, do not co-
localize with sites of cellular DNA synthesis as do other pre-
replicative sites (35, 68). We showed, however, that in cells
infected with a Pol (UL30) null virus, sites similar to stage III
foci containing ICP8 form but they do not recruit PML (7).
Thus, we concluded that the recruitment of PML to PML-
associated prereplicative sites requires the presence of the
HSV-1 DNA polymerase (7). PML could be recruited to stage
III foci in the presence of polymerase inhibitors, indicating that
polymerase activity per se is not required for PML recruitment
(35). In this study, we took a genetic approach to this problem
in order to determine whether the recruitment of PML to
replication compartments depends on a particular protein do-
main on the Pol protein, on a biochemical activity of Pol not
affected by pharmacological polymerase inhibitors, or merely
on the presence of the intact Pol protein. In order to test which
feature of the polymerase protein is required for PML recruit-
ment, we examined several HSV-1 Pol mutants which we have
divided into three classes.

FIG. 3. Western blots of Vero cells transfected with four PML
cDNA clones and reacted with antibodies PG-M3 or 5E10. Vero cells
were transfected with PML cDNA clones PML3-[3,4,6,7], PML3-[3,7],
PML1-[3,4,7], and PML1-[3–7] (referred to as PML1-[3,4,5,6,7] in the
legend to Fig. 2) 18 h prior to collection. Cells (1) were infected with
100 PFU of KOS virus per cell 6 h prior to collection. At collection,
cells were subjected to SDS-PAGE in the absence of BME and ana-
lyzed by Western blotting as described in Materials and Methods. MW,
molecular weight (103).
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FIG. 4. Localization of various isoforms of PML following infection. Vero cells; Vero cells stably transfected with PML cDNA clones
PML1-[3–7], PML1-[3,4,7], and PML3-[3,4,6,7]; and Vero cells transiently transfected with PML3-[3,7] were infected with KOS at an MOI of 10
PFU/cell for 6 h. All infected cells were prepared for indirect IF with a polyclonal antibody against the HSV-1 major DNA-binding protein ICP8
and monoclonal antibody PG-M3 against the cellular ND10 protein PML. Bar, 25 mm.
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Viable Pol mutants. The first class of polymerase mutants
included the viable Pol protein mutants that exhibited altered
substrate specificity (AraAr9, 615.8, F891C, and PAAr5), se-
verely impaired exonuclease activity (Y7 and YD12), or no
apparent phenotype (V426A) (13, 14, 26, 29, 37, 57). All of the
viable Pol mutants replicate on nonpermissive cells, such as
Vero cells. Each of these mutants forms replication compart-
ments on Vero cells (Table 1). In each case, the mutant Pol
protein localized to replication compartments in infected cells
(Table 1). Furthermore, we found that in HEp-2 cells infected
with each of these mutants, PML was recruited to the replica-
tion compartments (Table 1). Figure 5 shows the staining pat-
tern of Y7, which is typical for each of these mutants: HEp-2
cells infected with Y7 were stained for either PML or Pol and
simultaneously stained for ICP8 to indicate the location of the
replication compartments in the cell. In this case, both PML
and Pol localized to replication compartments. These data
suggest that PML recruitment is not sensitive to mutations in
the active site of Pol which affect drug triphosphate binding or
incorporation (AraAr9, 615.8, F891C, and PAAr5). These data
also show that exonuclease activity can be severely impaired
without affecting PML recruitment to replication compart-
ments (Y7 and YD12). In both cases, PML and Pol localize to
replication compartments. Interestingly, the mutant YD12
showed increased Pol protein staining in the replication com-
partments but did not show increased PML recruitment (Fig.
5). The increased amount of the Pol protein may be due to a
high particle-to-PFU ratio for YD12 since the exonuclease
defect leads to increased mutation rates within the viral stocks
that could result in particles that can produce protein but are
defective for plaque formation.

Nonviable Pol mutants that did not make Pol as determined
by Western blot analysis. The second class of mutants we
examined consisted of nonviable Pol mutants which did not

make Pol protein that was detectable by the aPol (15) antibody
by Western blot analysis (data not shown): HP66, DX17, DX14,
DS1.1, and 7E4A (38). Although ICP8-containing foci could be
observed in HEp-2 cells infected with each of these null mu-
tants, these cells did not show Pol staining in viral foci by
indirect IF or exhibit PML recruitment to viral foci (Table 1).
One example of this class, HEp-2 cells infected with 7E4A, is
shown in Fig. 5. In this case, foci of ICP8 staining were ob-
served; however, neither Pol nor PML was present at these
foci.

Nonviable Pol mutants that make Pol protein that is detect-
able by Western blot assay. The third class of polymerase
mutants examined made full-length protein that was detectable
by Western blot analysis (data not shown) but were nonviable
on nonpermissive HEp-2 or Vero cells (6C4, E460D, and
G464V) or on HEp-2 or Vero cells at the nonpermissive tem-
perature (tsC4, and tsC7) (13, 26, 38). At 34°C, the tempera-
ture-sensitive (ts) mutants behaved in all respects like wild-type
HSV-1 (KOS) (data not shown). Under nonpermissive condi-
tions, cells infected with each of these mutants exhibited ICP8-
containing foci. HEp-2 cells infected with E460D at 37°C
showed no Pol or PML recruitment into prereplicative sites
(Fig. 5); thus, these mutants make Pol but it does not localize
to viral foci. Cells infected with tsC7 at 39.5°C showed both Pol
and PML recruitment to prereplicative sites (Fig. 5). We be-
lieve that the weak recruitment of Pol to replication compart-
ments seen in Fig. 5 is real because of results obtained with
another polyclonal antibody, aPol (shown in Fig. 6). When
cells infected with tsC7 at 39.5°C and with the viable mutant
PAAr5 were stained with the aPol antibody, Pol recruitment to
areas of ICP8 staining was clearly observed; however, in cells
infected with 7E4A or G464V at 37°C or tsC4 at 39.5°C, no Pol
recruitment could be detected (Fig. 6). Thus, none of the
nonviable mutants except tsC7 were able to recruit Pol or PML
to stage III foci or replication compartments (Table 1).

At 39.5°C, tsC7-infected cells recruit PML to stage III foci
despite the fact that the polymerase protein is not catalytically
active. This resembles the phenotype of cells infected with
wild-type viruses and treated with phosphonoacetic acid
(PAA) (7). In both situations, the Pol protein is inactive but
properly localized to viral foci, and in both situations, the foci
recruit PML. To rule out the possibility that tsC7 recruits Pol
and PML to stage III foci at 39.5°C only because of a leaky ts
phenotype, we examined tsC7 infections at 39.5°C for bro-
modeoxyuridine incorporation and for production of infectious
virus. No DNA replication was detectable by bromodeoxyuri-
dine staining at 6 or 24 h postinfection (data not shown).
Furthermore, fewer than 50 PFU/ml were produced at 39.5°C
24 h postinfection, compared to 4 3 107 PFU/ml at 34°C,
indicating that this mutant polymerase is operationally inactive
at the nonpermissive temperature. In summary, both Pol and
PML are located in prereplicative sites in tsC7-infected cells;
PAA-treated, KOS-infected cells; and all viable-mutant-in-
fected cells. Yet neither is present in prereplicative sites
formed in cells infected with other nonviable Pol mutants.
Thus, under conditions in which Pol fails to localize to viral
prereplicative sites, PML also fails to be recruited.

Do factors that affect the localization of PML or the struc-
ture of ND10 affect the replication of the virus? If ND10
and/or ND10 proteins like PML play a significant role in the

TABLE 1. Summary of behavior of polymerase mutant viruses

Virus Growtha Pol proteinb Pol at focic PML at focid

KOS 111 111 111 111
V462A 111 111 111 111
Arar9 111 111 111 111
615.8 111 111 111 111
F891C 111 111 111 111
PAAr5 111 111 111 111
Y7 111 111 111 111
YD12 111 111 11111 111
HP66 — — — —
DX17 — — — —
DX14 — — — —
DS1.1 — — — —
7E4A — — — —
6C4 — 11 — —
E460D — 111 — —
G464V — 111 — —
tsC4 — 111 — —
tsC7 — 111 1 11

a Indicates ability of mutant virus to form plaques on noncomplementing cell
lines. 11111, higher than wild-type levels; 111, wild-type levels; 11, slightly
lower than wild-type levels; 1, significantly lower than wild-type levels; —,
undetectable.

b Indicates ability of mutant virus to synthesize Pol protein detectable by
Western blot analysis.

c Indicates whether Pol protein is detectable at viral prereplicative sites.
d Indicates whether PML protein is detectable at viral prereplicative sites.
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FIG. 5. Localization of ICP8, PML, and Pol in cells infected with various Pol mutant viruses. Cells were infected with wild-type or mutant
HSV-1 for 6 h and double stained with antibodies against the major viral DNA-binding protein ICP8 and either the cellular ND10 protein PML
(PG-M3) or the viral polymerase protein (M1). The first two columns depict the same cell labeled with antibodies recognizing ICP8 (red) or PML
(green); the second two columns depict a different cell colabeled with antibodies to ICP8 (green) and Pol (red). Y7 and YD12 represent the
mutants that are viable on Vero cells. 7E4A represents the mutants that made no Pol that was detectable by Western blotting. E406D represents
the mutants that made Pol that was detectable by Western blotting but did not show Pol localization to prereplicative sites. At the nonpermissive
temperature of 39.5°C, tsC7 made Pol that was detectable by Western blotting and showed weak localization of Pol to accumulations of ICP8
(arrows); this phenotype is seen in PAA-treated KOS-infected cells (not shown). The cytoplasmic staining observed in these experiments may be
due to secondary antibody binding of the viral Fc receptors in the endoplasmic reticulum and Golgi apparatus of infected cells. Bar, 10 mm.
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FIG. 6. Localization of ICP8 and Pol in cells infected with various Pol mutant viruses. Cells were infected as described in the legend to Fig.
5 but stained with the Pol antibody aPol. Paar5 represents the viable mutants that showed Pol in replication compartments. 7E4A represents the
Pol-null viruses with no Pol staining of ICP8 foci. G464V and tsC4 at 39.5°C represent nonviable mutants that did not show Pol at foci of ICP8.
The ts mutant tsC7 is the only nonviable mutant that showed Pol at foci of ICP8. All of these microphotographs were taken on the same day at
the same brightness and contrast.
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life cycle of the virus, then one might expect factors affecting
the structure of ND10 or the modification of ND10 proteins
would also affect viral replication. We addressed this hypoth-
esis by examining the stages of infection under two conditions
known to modulate ND10: cells infected in the presence of
arsenic trioxide and cells infected in the presence of the pro-
teasome inhibitor MG132.

Arsenic trioxide. Reports from China describing arsenic tri-
oxide as the active ingredient in an ancient treatment for acute
promyelocytic leukemia (11, 12) led to the discovery that
As2O3 acts on ND10 and ND10 proteins (49, 63). Arsenic
trioxide causes increased SUMO-1 modification and ND10
partitioning of PML and Sp100 (43, 49, 50, 54, 63, 75). Arsenic
trioxide was subsequently shown to increase ND10 size in all
cells, not only those containing the PML-retinoic acid receptor
a fusion protein (2, 49, 50, 63). Following the increase in PML
partitioning to ND10, some isoforms of PML are degraded
(75). Because of these effects on ND10 and ND10 proteins, we
decided to examine the effect of arsenic on HSV-1 infection.
We hypothesized that increased ND10 protein partitioning
might make ND10 more resistant to viral disruption and may
therefore affect the progression of the virus from stage I to
stage II of viral infection.

When HEp-2 cells were treated with As2O3 at a concentra-
tion of 1026 M, ND10 increased in size but not in number (Fig.
7). A single-cell IF was performed at 6 h postinfection on cells
treated with the same concentration (1026 M) of As2O3. Fig-
ure 8 shows that cells pretreated with As2O3 were less likely to
contain replication compartments and more likely to show
intact ND10. In these cells, ICP8 often formed aggregates that
did not colocalize with PML and did not resemble the well-

organized, speckled appearance of HSV-1 replication compart-
ments (Fig. 8). In contrast, untreated cells exhibited replication
compartments in nearly every cell. At the concentration used
in this assay (1026 M), cells were still dividing at 24 h albeit
with slightly longer doubling times. Virus production was mea-
sured in cells pretreated with As2O3 concentrations ranging
from 1 3 1027 to 5 3 1026 M (Fig. 9). Cells were treated for
30 min prior to infection with HSV-1 strain KOS at an MOI of
either 0.1 PFU/cell (low MOI) or 10 PFU/cell (high MOI).
Virus was harvested at 24 h postinfection. Figure 9 shows that
at concentrations of 5 3 1027 and higher, virus production was
decreased significantly, with the most severe decreases seen in
the low-MOI infections. In these and other experiments (data
not shown), we have observed that ND10 stabilization corre-
lates with decreased viral yields. Although we cannot rule out
some toxic effects of As2O3 treatment, it appears to inhibit the
assembly of stage III foci and prevent the disruption of ND10.
These data indicate that arsenic treatment can prevent the
earliest stages of HSV-1 infection.

MG-132. High-molecular-weight forms of PML, modified by
SUMO, have been reported to disappear soon after infection
(9, 20, 48). Studies utilizing the proteasome inhibitor MG-132
at a concentration of 0.05 mM show that treatment with MG-
132 prevents the loss of higher-molecular-weight forms of
PML and inhibits viral infection at an immediate-early stage
(20). Furthermore, it appears that the inhibition of viral growth
correlated with the retention of ND10 in infected cells (9). In
uninfected cells, MG-132 causes an increase in the size and
number of ND10, so we decided to examine the effects of this
proteasome inhibitor on both the structure of ND10 and the
recruitment of PML to viral replication compartments.

FIG. 7. Changes in ND10 morphology following treatment with arsenic or a proteasome inhibitor. Two magnifications of HEp-2 cells stained
for the cellular ND10 protein PML are shown, either with no treatment or after treatment with 0.05 mM MG-132 or 1026 M As2O3.
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HEp-2 cells were treated with MG-132 at a concentration of
0.05 mM, and ND10 increased in both number and size (Fig.
7). When MG-132 (0.05 mM)-treated cells were examined by
IF the inhibitory effect of the proteasome inhibitor on viral
infection was striking. As reported previously (9), these ND10
were resistant to disruption by HSV-1 infection. Compared to
the robust replication compartments seen in untreated cells,
MG-132-treated cells showed either disorganized ICP8 stain-
ing (.90%) or staining in a pattern that resembled stage III
foci (,10%) (Fig. 8) but no cells contained replication com-
partments. Cells infected at an MOI of 0.1 exhibit intact ND10
and little ICP8 staining (data not shown). Thus, at a low MOI,
MG-132 inhibits progression to stage II; at a high MOI, MG-
132 inhibits disruption of ND10 in many cells and abolishes the
formation of replication compartments. As shown in Fig. 9,
cells were pretreated prior to infection with concentrations of
MG-132 ranging from 0.005 to 0.1 mM and assayed for virus
production as described above. Infected cells showed a signif-
icant decrease in virus production at all of the drug concen-

trations tested. Again, the most severe decreases were ob-
served in cells infected at a low MOI (Fig. 9). At the drug
concentration used for the single-cell assay (0.05 mM), cell
toxicity was not evident at 6 h postinfection but was clearly
evident by 24 h. Toxicity was minimal at the lowest concentra-
tion used in the virus production assay (0.005 mM) and was
quite evident at the highest concentration (0.1 mM) (data not
shown). Thus, although MG-132 displays toxicity at 0.05 M, the
concentration used here and by others (9, 19), our experiments
confirm previous reports that stabilization of ND10 correlates
with inhibition of progression of viral infection (9, 19).

DISCUSSION

In this study, the complex interactions between viral and
host proteins were monitored using a single-cell assay and our
results suggest that the complex interactions that occur be-
tween HSV and ND10 are important for the ability of the virus
to establish a productive infection. In these studies, we have

FIG. 8. Localization of ICP8 and PML in cells treated with arsenic or MG-132. HEp-2 cells were infected with KOS at an MOI of 10 for 6 h
in the presence or absence of 1026 M As2O3 or 0.05 mM MG-132. Cells were pretreated with drug for 30 min prior to infection. After fixation,
cells were stained for ICP8 (shown in red) and PML (shown in green). Bar, 25 mm.
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investigated the interaction of HSV-1 with ND10 and ND10
proteins. The following observations have been made. (i)
Some, but not all, isoforms of PML are recruited to viral
replication compartments. (ii) PML is recruited to viral foci
only when the catalytic subunit of the HSV-1 polymerase pro-
tein is located in viral foci. (iii) Treatment of infected cells with
compounds that increase the stability of ND10 inhibits the
formation of replication compartments and viral replication.

ND10 disruption is important for the progression of viral
infection. The single-cell assay and time course experiments
result presented in this paper support the notion that ND10
disruption is critical for productive infection: during the first
6 h of infection, replication compartments did not readily form
in the presence of ND10-stabilizing arsenic or MG-132 (9, 20).
Others have found that interferon treatment, which is also

known to increase the size and numbers of ND10, has a dra-
matic effect on the ability of the virus to disrupt ND10 and
establish a productive infection (67). In addition, overexpres-
sion of the ND10 protein PML also appears to inhibit HSV-1
infection (10; H. Yamada and S. K. Weller, unpublished re-
sults). These results are all consistent with the notion that
disruption of ND10 is required for the formation of stage III
foci and replication compartments.

We have previously reported, however, that in cells trans-
fected with the seven essential HSV replication genes, repli-
cation compartments form adjacent to presumably intact
ND10 (36). Furthermore, Maul et al. reported (42) that in cells
infected with an HSV-1 mutant lacking ICP0, viral replication
compartments formed at sites adjacent to ND10. These results
conflict with the observation that during infection, ND10 dis-
ruption is required for replication compartment formation. We
propose three scenarios to explain these apparent discrepan-
cies. (i) ND10 disruption is not required for replication com-
partment formation. (ii) Replication compartment formation
during transfection or during infection with an ICP0 mutant
may be fundamentally different from replication compartment
formation during wild-type infection. In the transfection ex-
periments, the HSV replication genes were expressed from the
major immediate-early human cytomegalovirus promoter (36).
It is possible that demodification of ND10 proteins and dis-
ruption of ND10 are required for optimal gene expression
during wild-type infection but would not be required for ex-
pression from the cytomegalovirus promoter. (iii) Whether or
not ND10 are actually disrupted may depend on the antisera
used to detect them. We have shown, for instance, that various
PML isoforms behave differently during infection. It is possible
that some ND10 proteins are dispersed under certain condi-
tions while others remain associated in ND10. Modification
states of ND10 proteins may also play an important role. It will
be important in the future to use several different reagents to
monitor the status of ND10s during infection and under other
experimental conditions, since various isoforms may undergo
different fates, including degradation, disruption from ND10,
or recruitment to ND10. The observations made in this study
suggest that at least some isoforms of PML are dispersed from
ND10 prior to formation of stage III foci and replication com-
partments in infected cells.

PML is recruited to viral foci only when the catalytic sub-
unit of the HSV-1 polymerase protein is located in viral foci. In
this paper, we also show that PML is not recruited to viral foci
when the catalytic subunit of the HSV-1 polymerase protein
(UL30) is not located in viral foci. Seventeen HSV-1 polymer-
ase mutants were tested for the ability to recruit PML to
replication compartments. All of the mutants that showed lo-
calization of the catalytic subunit of polymerase to viral foci
showed recruitment of PML to viral foci, whereas mutants
whose polymerase protein failed to localize to these sites also
failed to recruit PML to viral foci. This may indicate that Pol
interacts directly with PML to promote recruitment, but the IF
staining patterns of the two proteins are located in slightly
different patterns of speckles within replication compartments.
The PML microspeckles do not appear to colocalize perfectly
with the ICP8 microspeckles described by Liptak et al. (34).
These data suggest that if an interaction between Pol and PML
occurs, it may be indirect. Another possible explanation for

FIG. 9. Viral yields after infection in the presence or absence of
As2O3 or MG-132. (A) HEp-2 cells were pretreated for 30 min with
normal medium (0) or concentrations of As2O3 ranging from 1027 to
5 3 1026 M. After drug treatment, the cells were infected with KOS at
an MOI of 0.1 or 10 PFU/cell. Viral stocks were collected at 24 h
postinfection, and titers were determined on Vero cells. This experi-
ment was repeated several times, and the data from one representative
experiment are shown. (B) HEp-2 cells were pretreated for 30 min
with normal medium (0) or concentrations of MG-132 ranging from
0.005 to 0.1 mM and infected as described for panel A. Viral stocks
were collected, and titers were determined as described above. This
experiment was repeated several times, and the data from one repre-
sentative experiment are shown.
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these results is that PML may be recruited only to a fully
formed viral DNA replication complex like a replisome, a
small factory of replication proteins (4, 74). The assembly of
such a complex would require the viral DNA polymerase but
not necessarily polymerase activity. This model is based on the
observation that both tsC7-infected cells and PAA-treated,
KOS-infected cells show PML recruitment to prereplicative
sites but do not exhibit polymerase activity (data not shown).
Thus, we hypothesize that when Pol binds to the viral replica-
tion complex at the onset of DNA replication, it causes a
conformational change at the replication fork that then allows
recruitment of PML to the viral foci. Taken together, these
results indicate that the HSV-1 polymerase, a heterodimer of
UL30 and UL42, plays two roles in the development of HSV-1
replication compartments. The first is its ability to organize
viral foci, which allows the recruitment of PML, and the second
is its catalytic activity, which results in the replication of viral
DNA. The assembly of an active HSV-1 replisome, which
would contain the essential viral DNA replication proteins,
may also be part of the early-late shift in viral gene expression
that occurs at the onset of DNA replication, since viral DNA
replication has been implicated in the early-late shift. When
recruited to viral foci, PML may have a role in the transcrip-
tional program of the virus, since it is known to affect cellular
transcription patterns (27) and cell growth (46). We conclude
from these studies that the recruitment of PML depends on the
presence of the HSV-1 polymerase protein in replication com-
plexes or replisomes that form within prereplicative sites.

Some, but not all, isoforms of PML are recruited to viral
replication compartments. In this study, we confirmed and
extended our initial observation that at least one isoform of
PML is recruited to stage III foci and replication compart-
ments in infected cells (7). Antibodies expected to recognize
most isoforms of PML show PML recruitment to replication
compartments (PG-M3 and two polyclonal antibodies), whereas a
monoclonal antibody (5E10) that recognizes only a subset of
isoforms does not show recruitment. We have shown that dif-

ferent splice variants of PML are recruited differently to viral
replication compartments. It will be of considerable interest to
pursue the relationship between the recruitment and the post-
translational modification state of PML vis-à-vis phosphoryla-
tion and modification by SUMO-1. SUMO-1 conjugation and
deconjugation have been implicated in the regulation of a
number of processes in yeast and higher eukaryotes, including
cytokinesis and chromosome segregation (18, 66). Several re-
cent observations indicate that HSV-1 proteins, specifically
ICP0, interact with host cell proteins involved in the normal
progression of the cell cycle and mitosis. For instance, it ap-
pears that ND10 proteins can be detected both at ND10 and at
centromeres, suggesting a dynamic association between these
two nuclear substructures (18, 19). ICP0 can localize to cen-
tromeres, cause the degradation of the centromeric protein
CENP-C, and induce a specific G2/M block in the cell cycle
(19). These observations provide one example of how HSV-1
has evolved complex strategies of intervention in host cell
processes.

Events during early HSV-1 infection. A diagram indicating
the sequence of events during early HSV-1 infection is de-
picted in Fig. 10. Disruption of ND10 (progression from stage
I to stage II) is sensitive to the MOI. At a low MOI, which
likely represents in vivo infection conditions more closely than
high-MOI infections, the progression from stage I to stage II is
inhibited by treatment with arsenic, a proteasome inhibitor, or
interferon (67). At higher MOIs, the infection can progress
from stage I to stage II even in the presence of drugs. Thus,
during natural infections, ND10 disruption may be required for
the progression of HSV-1 infection. It remains a formal pos-
sibility, however, that ND10 disruption is a consequence of the
progression of lytic HSV-1 infection rather than its catalyst.

Progression from stage II to stage III involves the formation
of PML-associated prereplicative sites containing ICP8 and at
least one isoform of PML. We and others have previously
shown that formation of foci of viral DNA replication proteins
requires the presence of ICP8, UL9, and the three subunits of

FIG. 10. Progression of HSV-1 infection occurs in four distinct stages. A sequence of events during the formation of replication compartments
is shown along with the conditions which block progression of infection. See Discussion for a description of the diagram.
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the helicase-primase (UL5, UL8, and UL52) during infection
(7, 68). In this study, we have confirmed and extended our
previous observation that HSV DNA polymerase (UL30) is
required for the recruitment of PML into stage III foci. It is
well established that the presence of polymerase inhibitors
inhibits the formation of replication compartments (progres-
sion from stage III to stage IV) (55).

This work confirms that the correlation between ND10 dis-
ruption and productive infection is strong. ND10 stabilization
may thus represent a new approach for inhibiting the viral life
cycle. Several nonexclusive models can be considered for the
role of ND10 in viral infection. (i) ND10 may represent nuclear
defense centers that evolved to protect cells from viral infec-
tion. The observation that interferon, which protects the cell
against viral infection, can increase the size and number of
ND10 and can result in inhibition of viral infection supports
this model (5, 28, 44, 45, 51, 67). This theory is also supported
by the observation that ICP0-null mutants, which are defective
for disruption of ND10 at nonpermissive MOIs, are exquisitely
sensitive to interferon treatment in all cells except naturally
permissive U2OS cells (45). The observation that many ND10
proteins function as transcriptional repressors (61) may also
support this model, as it may be necessary to disperse tran-
scriptional repressors in order to establish the lytic transcrip-
tion program. (ii) ND10 may be sites of sequestered transcrip-
tion factors and growth regulatory proteins that must be
released to generate an environment conducive to efficient
viral gene expression. (iii) ND10 may be centers from which
cellular protein modification cascades originate. The ubiquitin-
like peptide SUMO-1 that affects the localization of ND10
proteins may be such a signal. The infection-induced global
loss of modified proteins like PML, Sp100, CENP-C, and
DNA-PK (9, 18, 20, 22, 48, 52) and the reorganization of
factors like p53 and pRb near ND10 (1, 8, 70) are consistent
with a model in which HSV-1 can initiate a cellular signaling
pathway that affects the growth and transcription status of the
cell. The disruption of ND10 and changes in ND10 protein
modification may thus be a novel pathway by which HSV-1
affects the cell cycle, cell division, and apoptosis. If the modi-
fication status of ND10 proteins signals a cascade of events
leading to changes in the cell cycle status of the cell (18, 19, 58,
66), this signal may be usurped by the virus to create an envi-
ronment conducive to productive infection. (iv) ND10 may be
sites of deposition of nuclear proteins (39). This model is
supported by the observation that many nuclear proteins lo-
calize to ND10 when overexpressed. (v) ND10 may mark sites
in the cell, such as a nuclear matrix attachment site, necessary
for the establishment of a productive infection (39). Mamma-
lian DNA replication occurs in small, factory-like enzymatic
centers called replisomes on the nuclear matrix (reviewed in
reference 3); it is possible that HSV-1 also requires such an
attachment for its DNA replication and that attachment occurs
at or near the nuclear matrix-bound ND10. ND10 may need to
be disrupted to allow efficient access to this site. (vi) ND10 may
be the sites at which HSV-1 DNA circularization occurs. Un-
der some circumstances, ND10 may facilitate recombination of
telomeric DNA via the alternative lengthening of telomere
pathway (73). A nuclear domain able to facilitate recombina-
tion may promote HSV DNA replication, since it has been
proposed that only those genomes that circularize via homol-

ogous recombination, and not end joining, are capable of pro-
ductive replication (72). Further experiments are necessary to
distinguish between aspects of these models.
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