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Herpes simplex virus DNA replication proteins localize in characteristic patterns corresponding to viral
DNA replication structures in the infected cell nucleus. The intranuclear spatial organization of the HSV DNA
replication structures and the factors regulating their nuclear location remain to be defined. We have used the
HSV ICP8 DNA-binding protein and bromodeoxyuridine labeling as markers for sites of herpesviral DNA
synthesis to examine the spatial organization of these structures within the cell nucleus. Confocal microscopy
and three-dimensional computer graphics reconstruction of optical series through infected cells indicated that
viral DNA replication structures extend through the interior of the cell nucleus and appear to be spatially
separate from the nuclear lamina. Examination of viral DNA replication structures in infected, binucleate cells
showed similar or virtually identical patterns of DNA replication structures oriented along a twofold axis of
symmetry between many of the sister nuclei. These results demonstrate that HSV DNA replication structures
are organized in the interior of the nucleus and that their location is defined by preexisting host cell nuclear
architecture, probably the internal nuclear matrix.

Viral replication occurs within defined areas of the host cell
called factories or inclusions. These may be located in either
the host cell nucleus or the cytoplasm, depending on the site of
replication of the virus. Viral DNA replication and encapsida-
tion have been shown to occur within inclusion bodies in the
nucleus of cells infected with herpesviruses (17, 30), adenovi-
ruses (33), or parvoviruses (25). Although there is evidence
that cell DNA replication occurs at specific sites throughout
the interior of the cell nucleus (15), the spatial organization of
viral DNA replication structures in the cell nucleus remains
undefined. Some evidence supports the idea that viral DNA
replication occurs at the periphery of the nucleus (25, 29),
while other reports support the idea that replication occurs
within the interior of the nucleus (31).

Herpes simplex virus (HSV) encodes seven viral gene prod-
ucts that are required for viral DNA replication (5, 17, 34) and
which are sufficient for amplification of DNA containing an
HSV origin of replication in transfected cells (4, 36). These
viral DNA replication proteins localize to intranuclear struc-
tures named replication compartments in infected cells (8, 13,
26-28). These structures colocalize with the major sites of
DNA synthesis in infected cells (8, 28); thus, viral DNA
synthesis is thought to occur in these structures. In infected
cells in which viral DNA synthesis is blocked, several of the
viral DNA replication proteins show a punctate distribution in
the cell nucleus at sites named prereplicative sites (8, 13, 27).
The host cell DNA replication apparatus (8) and specific host
cell replication proteins (35) have been shown to colocalize
with these structures. Therefore, these patterns seem to reflect
the assembly of viral and cellular components required for viral
DNA synthesis. These replication structures are dynamic in
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that the replication proteins rearrange reversibly to give one or
the other pattern, depending on the status of viral DNA
replication (9, 27). The formation of prereplicative sites and
the localization of the HSV DNA polymerase to the prerepli-
cative sites require the HSV ICP8 DNA-binding protein (1, 8).
Although one early study indicated that ICP8 may assume a
distribution similar to that of prereplicative sites independently
of other viral proteins (27), other recent studies have shown
that ICP8 shows a diffuse nuclear distribution in the absence of
other viral proteins (11). The other viral proteins required for
prereplicative site formation have not been defined.
The formation of prereplicative sites and replication com-

partments in HSV-infected cells provides a useful model
system with which to study the mechanisms controlling assem-
bly of functional protein complexes within the cell nucleus and
to investigate the possible involvement of the nuclear envelope
and/or internal nuclear matrix in the organization of a specific
nuclear process. We have compared the three-dimensional
spatial organization of HSV DNA replication structures and
the nuclear lamina in cultured cells using confocal immunoflu-
orescence microscopy. In addition, we have examined the
spatial patterns of replication compartments in the paired
nuclei of infected, binucleate cells. We show that the HSV
DNA replication structures extend throughout the nuclear
interior in a highly ordered arrangement which appears to be
independent of the nuclear lamina. Furthermore, we provide
evidence that the HSV DNA replication compartments are
assembled within a preexisting spatial framework within the
cell nucleus.

MATERIALS AND METHODS

Cells and virus strains. African green monkey kidney
(CV-1; American Type Culture Collection) cells were used for
immunofluorescence studies. Cells were grown in Dulbecco's
modified Eagle's medium (Irvine Scientific) containing 10%
heat-inactivated fetal calf serum (Gibco), L-glutamine (2 mM;
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FIG. 1. Optical series comparing the distributions of nuclear lamin and ICP8 in the nuclei of cells infected in the presence of an inhibitor of
HSV DNA replication. CV-1 cell monolayers were infected with wild-type HSV-1 in the presence of PAA. Cells were fixed in 2% formaldehyde
for 10 min at 5.5 hpi and permeabilized with 0.2% Triton X-100 for 10 min. Cells were stained with a monoclonal antibody specific for lamin
proteins and a polyclonal antiserum recognizing ICP8 and then stained with FITC-conjugated goat anti-mouse and biotin-conjugated goat
anti-rabbit secondary antibodies. Cells were then stained with Texas red-conjugated avidin. Dual-channel optical sections (focal depth,
approximately 0.5 to 0.6 ,um) were collected at increments of 0.4 p.m. Panels show sequential sections traversing the nucleus from bottom to top.
The left half of each panel shows lamin staining, and the right half shows ICP8 staining. Bar, 5 ,um.
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Flow Laboratories), streptomycin sulfate (Sigma), and penicil-
lin G potassium (Squibb).
The HSV type 1 strains KOS1.1 (16) and macroplaque (MP)

(14) were grown and titers were determined as previously
described (20). Virus was diluted in cold phosphate-buffered
saline (PBS) containing 0.1% glucose and 1.0% heat-inacti-
vated newborn calf serum (Gibco) and adsorbed to CV-1 cell
monolayers for 1 h at 37°C. The inoculum was then removed,
and medium 199 containing 1% newborn calf serum was
added. Infections were carried out at a multiplicity of infection
of 20 for all experiments.

Reagents and antibodies. Texas red-conjugated avidin (Or-
ganon/Teknika), cytochalasin B (Calbiochem), glycerol-gelatin
(Sigma), and p-phenyldiamine (Sigma) were obtained from the
indicated suppliers. The 3-83 rabbit antiserum against ICP8
was described previously (19). The E3 monoclonal antibody
recognizing lamin B2 (21) was a gift from Brian Burke.
Biotin-conjugated goat anti-rabbit and fluorescein isothiocya-
nate (FITC)-conjugated goat anti-mouse immunoglobulins
were obtained from Cappel.

Indirect immunofluorescence microscopy. Cells were grown
on coverslips and infected with virus in the presence or absence
of 400 jig of sodium phosphonoacetate (PAA) per ml. Cells
were fixed for 10 min with 2% formaldehyde in PBS, pH 7.6.
The coverslips were rinsed with PBS and then with glass-
distilled water, and the cells were permeabilized with acetone
for 2 min at -20°C or with 0.2% Triton X-100 at room
temperature for 10 min and then rinsed with glass-distilled
water. In experiments using bromodeoxyuridine (BrdU) label-
ing, cells were treated for 10 min with 4 N HCl to expose the
incorporated BrdU residues. The cells were washed twice for 5
min with PBS to neutralize the acid. For dual and single
antibody staining, 10 [L of PBS containing appropriate dilu-
tions of the primary antibodies was spread on each coverslip.
The coverslips were incubated for 30 min at 37°C in a humid
chamber. They were then washed three times for 5 min with
PBS. Ten microliters of PBS containing diluted goat secondary
antibodies was then added to each double-stained coverslip.
The coverslips were again incubated at 37°C for 30 min in a
humid chamber. Coverslips were washed three times for 5 min
with PBS, rinsed with glass-distilled water, and mounted in
glycerol-gelatin containing 1.3 mg of p-phenyldiamine per ml
to retard bleaching. Fluorescent beads (diameter, 1 ,um; emis-
sion optimum, 540 nm) (Polysciences) were added to the
mounting medium for some experiments to assess the apparent
size of the fluorescent images from structures of a defined size.

Confocal microscopy and image analysis. Standard immu-
nofluorescence and phase-contrast microscopy were per-
formed by using a Zeiss standard microscope with a Plan
Neofluar 63 X objective lens as described previously (19).
Confocal immunofluorescence microscopy (for a review and
references, see reference 32) was done with the Bio-Rad
MRC-600 confocal imaging system mounted on a Zeiss Axio-
phot microscope equipped with a 63X Plan Apochromat
objective lens. Optical series of infected cells were collected by
using the single- and dual-channel functions at stage motor
increments of 0.4 or 0.5 pLm. Scans were collected with the

channel apertures maximally closed. This setting gives an
estimated focal depth of approximately 0.5 to 0.6 ,um (manu-
facturer's estimate) when used in combination with a high
numerical aperture objective. Series beginning several sections
above the nucleus and continuing several sections past the
nucleus were collected. All sections showing significant stain-
ing were included in the final series.

Texas red and FITC were used as fluorochromes in these
studies to optimize dual-channel signal separation. The laser
band emission on this system excites the FITC fluorochrome
more efficiently than the Texas red fluorochrome. Therefore,
Texas red signals were amplified by first staining the cells with
goat secondary antibodies conjugated to biotin and then
reacting them with Texas red-conjugated avidin. Sixteen-bit
images were collected and scaled by a factor of 5 to 10 before
being stored as 8-bit images with pixel intensities ranging from
0 to 255 to retain low-intensity information. All images within
a series were scaled by the same factor to preserve the relative
fluorescence between bright and dim sections. Scale factors
were selected such that the brightest intensities were less than
255.
Computer graphics three-dimensional imaging. A computer

software routine based on the published marching cubes
algorithm (23) was used to generate a three-dimensional
polygonal data set from the optical series data. The polygons
were displayed by using standard computer graphics rendering
techniques which employ shadowing and highlighting to pro-
duce three-dimensional monochromatic images (10). Ren-
dering was carried out with a Hewlett-Packard/Apollo DN
10000VS graphics workstation by using the GMR3D rendering
library.

RESULTS

We wished to define the intranuclear location of the viral
DNA replication structures in cells infected with HSV and, in
particular, to ask whether they are localized at the nuclear
periphery, possibly in association with the nuclear lamina, or in
the nuclear interior. We used confocal immunofluorescence
microscopy to obtain a series of optical sections through the
nuclei of HSV-infected CV-1 cell monolayers stained with
antibodies against ICP8, the viral single-stranded DNA-bind-
ing protein, and a cellular nuclear lamin protein. ICP8 has
previously been shown to localize to large replication compart-
ments when viral DNA replication is permitted and to more
numerous punctate, prereplicative sites when viral DNA rep-
lication is blocked during infection with viral DNA polymerase
mutants or by the drug PAA (8, 27), which specifically inhibits
the HSV DNA polymerase (24). Thus, ICP8 provides a marker
for these viral DNA replication structures. The three-dimen-
sional data sets were modeled by using computer graphics
reconstructions to generate rendered images, allowing the
visualization of replication compartments and prereplicative
sites in three dimensions.

Replication compartment and prereplicative site structures
are located in the nuclear interior. To allow the formation of
prereplicative sites or replication compartments, CV-1 cells

FIG. 2. Optical series comparing the images of prereplicative sites and 1-jLm-diameter fluorescent beads. Cells were infected, fixed, and
permeabilized as described in the legend to Fig. 1 and stained with a polyclonal antiserum recognizing ICP8 followed by FITC-conjugated goat
anti-rabbit antibody. Coverslips were mounted in glycerol-gelatin containing fluorescent polystyrene beads with a diameter of 1 ,um. Optical
sections (approximately 0.5 ,um thick) were collected at 0.5-,um increments with the fluorescein channel of the dual-channel filter set used for the
experiment shown in Fig. 1. Panels show consecutive sections through a representative cell. Arrows indicate positions of fluorescent beads. Bar,
10 Fm.
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were infected with wild-type HSV in the presence or absence
of PAA, respectively. Cells were fixed with formaldehyde at 5.5
h postinfection (hpi), permeabilized with Triton X-100, and
dual stained for indirect immunofluorescence with a rabbit
polyclonal antiserum specific for ICP8 and a mouse monoclo-
nal antibody recognizing a nuclear lamin protein. Data sets
consisting of serial optical sections through infected nuclei
were obtained by using a confocal microscope. Sections were
collected at 0.4-pum increments with an estimated focal depth
of approximately 0.5 to 0.6 jxm. Double-channel images were
collected, allowing the simultaneous recording of lamin and
ICP8 staining at each focal position. The simultaneous collec-
tion of the two images eliminated alignment errors possible if
series of lamin and ICP8 staining in the same nucleus had been
collected separately.
A representative series of optical sections through the

nucleus of a cell infected in the presence ofPAA to inhibit viral
DNA replication showed a pattern of prereplicative sites which
extended through all sections (Fig. 1, right half of each panel).
In contrast, lamin staining (Fig. 1, left half of each panel) was
observed as rim staining in the middle sections of the series
(panels C through E), staining the entire face of the nucleus
only at the outermost sections (panels A and H). This pattern
was consistent with the established location of lamin proteins
adjacent to the nuclear envelope. Some cells also showed
staining of internal structures, possibly nucleoli, with the
antilamin antibody. The origin of this staining is not known.
The presence of ICP8 staining in the interior sections (Fig. 1,
panels B through F) indicates that prereplicative sites extended
through the interior of the nucleus and were not restricted to
the vicinity of the lamina at the nuclear periphery. The same
ICP8 pattern was observed when fluorescein-conjugated sec-
ondary antibody was used to detect ICP8 antibody (9). Con-
focal microscopy studies of infected Vero cells also demon-
strated prereplicative sites throughout the nucleus (9).
Although we cannot completely exclude the possibility of
lateral connections between prereplicative sites, we have never
observed significant staining indicative of such connections in
standard immunofluorescence micrographs of whole cells or
cryosections or in confocal microscopy images.
The nuclei of CV-1 cells have been estimated to be 3 to 4 ,um

thick on the basis of measurements from electron micrographs
(6). Consistent with this, confocal series collected through
nuclei at 0.4-,um increments routinely contained 8 to 10
sections (Fig. 1 and 2). The thickness of the optical sections
was estimated to be 0.5 to 0.6 ,um on the basis of manufacturer
estimates of the focal depth obtained with the narrowest
possible aperture. One-micrometer-diameter fluorescent beads
included in the mounting medium were visible in only two to
three sections (Fig. 2, arrows), indicating that this estimate was
reasonable and that potential point source distortion in the z
axis (12) was not likely to be a significant problem in examining
large (::1-,um) structures. In addition, optical sections through
nuclei stained with antibodies against a lamin protein showed
different staining patterns in adjacent sections (Fig. 1, compare
panels A and B), with different diameters delineated by the
lamin rim staining in each section. This would not have been
observed if the sections had been thicker. For example, if

sections were 0.8 ,um thick, adjacent sections would be ex-
pected to have shown overlapping signal, and lamin antibody
staining of the face of the nucleus would be expected for both
panels A and B in Fig. 1.

Serial optical sections through the nucleus of a cell infected
in the absence of PAA, conditions allowing viral DNA repli-
cation, revealed that replication compartments were also
present in consecutive sections spanning the interior of the
nucleus (Fig. 3, right half of each panel). This was markedly
different from the lamin staining in these cells (Fig. 3, left half
of each panel) and demonstrated that replication compart-
ments, like prereplicative sites, extend through the nuclear
interior. Although measurements of actual distances would not
be accurate, the separation between the replication compart-
ments and the lamin staining appeared to be considerable,
making direct contact between the replication compartments
and the nuclear lamina at the nuclear edges unlikely. For
example, ICP8 staining was absent in the first couple of
sections at the top and bottom of the nucleus, where lamin
staining across the nucleus is evident (Fig. 3A, B, I, and J). In
addition, when the lamin and ICP8 images from sections in the
middle of the series were superimposed (Fig. 4), the replica-
tion compartments appeared to be separated from the lamina.
While we cannot rule out connections between these structures
not visible at this level of resolution, these observations make
extensive direct contact between replication compartments and
the nuclear lamina unlikely.

Prereplicative sites represent large viral structures within
the nucleus. The size of individual prereplicative sites is not
known. Two-dimensional immunofluorescence images are con-
sistent with x and y dimensions on the order of 1 to 2 im but
give no information regarding the size of these structures in
three dimensions. With the optical sections through prerepli-
cative sites, individual sites appeared to be located in approx-
imately the same position in several consecutive sections (Fig.
1), suggesting that the sites may be quite large. In experiments
in which fluorescent beads (diameter, 1 ,um) were included in
the mounting medium, optical series collected at 0.5-,um
increments revealed the beads in two to three adjacent sections
(Fig. 2), as expected for a particle of this size. In contrast,
prereplicative sites were apparent in five to six sections in the
same series, with individual sites appearing in most or all
sections. This suggested that individual or clusters of prerep-
licative sites are quite large, extending as much as 2 ,um in the
z dimension.

Although individual prereplicative sites appear to extend
through several optical sections, it was difficult to evaluate
their precise position by eye. To confirm that individual sites
were superimposable in consecutive sections, we modeled the
optical series data sets using three-dimensional computer
graphics imaging. A computer program based on the marching
cubes algorithm (23) was used to generate a three-dimensional
polygonal data set. These polygons were then rendered by
using standard computer graphics techniques, thereby facilitat-
ing the visualization of prereplicative sites in three dimensions.
By this approach, continuous smooth structures would be
expected if individual prereplicative sites extended through

FIG. 3. Optical series comparing the distribution of ICP8 in replication compartments with that of nuclear lamin. CV-1 cells were infected with
wild-type HSV in the absence of PAA to allow viral DNA replication and replication compartment formation. At 5.5 hpi, cells were fixed and
stained with antisera recognizing ICP8 and an antibody specific for lamin proteins, as described in the legend to Fig. 1. Dual-channel optical
sections (focal depth, approximately 0.5 to 0.6 jim) were collected at increments of 0.4 ,im. Panels show sequential sections traversing the nucleus
from bottom to top. The left half of each panel shows lamin staining, and the right half shows ICP8 staining. Bar, 5 ,um.
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FIG. 4. Merged images of lamin staining and replication compartments from optical sections. Cells were infected with HSV and prepared for
immunofluorescence staining with an antibody specific for a lamin protein and antisera specific for ICP8, as described in the legend to Fig. 3.
Optical series through the nuclei were collected with a confocal microscope, and images from the middle of the series of optical sections were
merged to give a composite image of lamin and ICP8 staining.

consecutive sections, while irregular shapes would be obtained
if separate, partially overlapping sites were superimposed.
The data sets were modeled at two angles of rotation by

using contouring at a pixel intensity which defined the bound-
aries of the individual sites. Thus, no pixel information was lost
from the prereplicative sites (Fig. 5). In these images, differ-
ences in color intensity were used to render the images three
dimensional and do not represent relative staining intensities
at different positions. The modeled images revealed continu-
ous smooth structures extending approximately 2 ,um in the z
axis, as expected if the prereplicative sites were large struc-
tures. The observation that individual prereplicative sites oc-
cupy twice as many optical sections as 1-jm-diameter fluores-
cent beads (see above) argues that the apparent 2-jim
dimension in the z axis is not merely the result of potential
point source distortion but that the prereplicative sites are, in
fact, large structures. Although the structures appear elon-
gated in the modeled images, this shape may reflect distortion
in the model resulting from higher resolution in the x and y
axes than in the z axis rather than the actual shape of the
structures.

Because the optical sections constituting the data sets over-
lapped slightly (focal depth, 0.5 jLm; increments, 0.4 jim), there
is potential for the modeling to represent individual structures
that are separated by small distances in the z axis (0.1 Rm) as
a single continuous structure. Therefore, we cannot rule out
the possibility of breaks in the structure. However, we feel that
the simplest explanation for the types of images obtained is
that individual prereplicative sites or multisite clusters extend
for as much as 2 jim through the interior of the nucleus. The
large size and regular appearance of the prereplicative sites
argue for a high level of spatial organization in the nuclear
interior.

The data sets of series through replication compartments
were also modeled with two different pixel intensity levels. In
one case, all pixel intensities falling within the general area of
the replication compartments in each section were used to
generate three-dimensional images of the entire compartments
at two angles of rotation (Fig. 6). In the second case, the pixel
intensities defining the bright foci observed within the replica-
tion compartments (Fig. 3) were modeled at two angles of
rotation to highlight the greatest concentrations of ICP8 within
the compartments (Fig. 7).
The images of the replication compartments (Fig. 6) showed

large structures that extended continuously through the nu-
cleus. The images modeling the brightest ICP8 staining (Fig. 7)
revealed foci of staining within the compartments reminiscent
of the three-dimensional prereplicative site pattern (Fig. 5).
Previous studies (8) of the formation of prereplicative sites and
replication compartments showed that both the prereplicative
site and replication compartment patterns begin with a few foci
of staining at early times after infection and diverge as more
foci form (in the case of prereplicative sites) or the foci become
larger (as with replication compartments). Together with the
finding that these patterns are reversible (27), these observa-
tions argued for a relationship between the two patterns. These
findings raise the intriguing possibility that the replication
compartments represent prereplicative sites regrouped into
large viral replication compartments when viral DNA replica-
tion is ongoing.

ICP8-containing structures within replication compart-
ments represent the actual sites of DNA replication in infected
cells. The optical series and three-dimensional reconstructions
of ICP8 staining clearly show that a protein present in the
replication compartments and required for viral DNA synthe-
sis is localized in highly ordered structures in the interior of the
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cell nucleus. Using BrdU staining and standard two-dimen-
sional immunofluorescence microscopy, we have shown previ-
ously that the replication compartments are the sites of viral
DNA synthesis (8). In addition to its role in HSV DNA
replication, ICP8 plays a role in other aspects of viral infection.
To determine if the three-dimensional distribution of ICP8 in
replication compartments corresponded to the location of
DNA replication, we collected dual-channel optical series
through infected cells pulse-labeled with BrdU and double
stained with antibodies against ICP8 and BrdU. The use of
dual channels to collect the ICP8 and BrdU images simulta-
neously eliminates the need to align the images, therefore
avoiding alignment artifacts. BrdU staining was localized at
discrete foci which coincided with the ICP8 foci within the
replication compartments (Fig. 8). Thus, the structures ob-
served within the replication compartments are the sites of
DNA replication throughout the nucleus of the infected cell.

Intranuclear location of HSV replication compartments
depends upon preexisting spatial architecture in the nucleus.
The results described above indicated that HSV DNA replica-
tion structures are large structures located in the interior of the
infected cell nuclei. We wished to determine if the location of
these structures was random or if the structures were assem-
bled at specific locations in the cell nucleus. We reasoned that
if they were assembled at specific sites, the patterns might be
similar in paired nuclei of binucleate cells on the basis of
reports that nuclei of newly divided cells show symmetrical
distributions of nucleoli and chromosomes (reviewed in refer-
ence 22).
To test this possibility, we examined the distribution of HSV

replication compartments in binucleate cells following infec-
tion with wild-type virus. Binucleate CV-1 cells arose sponta-
neously in our cell cultures at a frequency of approximately
5%, and HSV infection did not affect this frequency (9).
HSV-infected cells were stained with a polyclonal ICP8 anti-
serum, and the replication compartments in random binucleate
cells were examined. Similar or virtually identical numbers and
shapes of replication compartments were observed in the
paired nuclei of binucleate cells (Fig. 9A through D and F
through I). These patterns often appeared to be mirror images
of one another, oriented along a twofold axis of symmetry
running between the nuclei.
To increase the proportion of binucleate cells, we treated

cells overnight with 0.5 ,ug of cytochalasin B per ml to disrupt
cytokinesis. When this was done, it was possible to observe
several binucleate cells showing similar patterns of replication
compartments in any given field (Fig. 9E and J). The propor-
tion of binucleate cells which showed similar patterns was
somewhat variable, with as many as one-half to two-thirds
being similar in randomly selected fields for several separate
experiments. The criteria for scoring paired nuclei as similar
were the number, shape, and position of the replication
compartments.

FIG. 5. Three-dimensional computer graphics reconstruction of
prereplicative sites. A computer graphics algorithm was used to
calculate polygon values from data sets of optical series collected at
0.4-,um increments through cells infected in the presence of PAA and
stained with antisera against ICP8. The polygons were modeled with
an Apollo/Hewlett-Packard DN10000 workstation by using standard
computer graphics rendering techniques and the Apollo/Hewlett-
Packard GMR3D rendering library. Panel A shows an image of a
nucleus viewed from the side, and panel B shows the image viewed
from the top at an oblique angle. Panel C shows the image viewed from
the top.

VOL. 68, 1994



3520 DE BRUYN KOPS AND KNIPE

The large number of similar or identical patterns in the
paired nuclei was particularly remarkable considering that the
likely divergence of spatial patterns over time (22) and rotation
of daughter nuclei with respect to one another would be
expected to result in dissimilar patterns in some cells. In
general, the greatest similarity between viral patterns was
observed in nuclei which remained adjacent to one another
and retained similar size and overall shape.
The similarity of replication compartments observed in

binucleate cells was much greater than that in unrelated nuclei
selected at random. For two reasons, this similarity was
probably not the result of cells becoming binucleate during
infection. First, infection with wild-type HSV did not increase
the number of binucleate cells in the population, as described
above. Second, infection with a syncytial HSV mutant which
causes fusion of cells yielded multinucleated cells with dissim-
ilar patterns of replication compartments (Fig. 10). On this
basis, we believe that cells showing paired nuclei with similar
replication compartments were binucleate prior to infection.
Therefore, the duplication of replication compartment pat-
terns in the daughter nuclei reflected preexisting nuclear
spatial arrangements conserved during nuclear division. From
these experiments, we conclude that HSV DNA replication
proteins are localized to specific regions in the infected nu-
cleus. This may represent targeting of the HSV proteins to
specific cell structures; alternatively, viral proteins may localize
to areas where formation of replication compartments is not
impeded by existing host structures.

DISCUSSION

There is increasing evidence that nuclear components are
localized to specific locations in the cell nucleus (recently
reviewed in references 2 and 3). However, in few cases is it
known where the structures are located, in particular, whether
the structures are at the periphery or in the interior of the
nucleus. In addition, whether the structures are located ran-
domly or located at specific sites is not known. In this work, we
have shown that HSV DNA replication structures are located
in the interior of the nucleus, with little apparent contact with
the nuclear envelope. Furthermore, the location of the viral
DNA replication structures appears to be defined by some
aspect of the preexisting organization of the host cell nucleus.
HSV DNA replication structures extend through the interior

of the nucleus. In this work, using dual-channel serial optical
sections collected with a confocal immunofluorescence micro-
scope, we observed that both replication compartment and
prereplicative structures are apparent through several optical
sections from the interior of the nucleus. Comparison of these
images with those of fluorescent beads of 1-,um diameter
indicated that the prereplicative sites were apparent through a
depth of approximately 2 ,um in the nuclear interior. This is in
sharp contrast to the nuclear rim staining observed with lamin
antibody staining. Although the borders of the structures
cannot be defined accurately from immunofluorescence im-

FIG. 6. Three-dimensional computer graphics reconstructions of
replication compartments. Optical series data sets from cells infected
in the absence of PAA were collected and modeled by using computer
graphics as described in the legend to Fig. 5. Images were contoured at
a pixel intensity level such that all staining falling within replication
compartments was modeled. Panel A shows an image viewed from the
side, and panel B shows an image viewed from the top at an oblique
angle. Panel C shows the image viewed from the top.
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ages, a clear separation between replication compartments and
the nuclear lamina is visible in the lateral dimensions of
individual sections. This makes extensive physical connection
between the viral structures and the nuclear lamina unlikely. In
the case of replication compartments, a separation in the
vertical dimension is also indicated by the fact that lamin
surface staining is visible in sections where no ICP8 staining is
evident. At present, we cannot rule out finer connections
between the lamina and these structures not visible at the
present level of resolution or the possibility that these struc-
tures are linked indirectly to the lamina by way of connections
with other nuclear components. However, it appears that the
viral replication compartments and prereplicative structures
are organized in the nuclear interior and are not localized to a
peripheral subnuclear compartment. This is consistent with
electron microscopic data (7, 31) and light microscopic evi-
dence (28) showing that the host cell chromatin is displaced to
the periphery of the host cell nucleus or "marginated" in cells
infected with HSV (18). The localization of viral DNA repli-
cation compartments in an internal rather than a peripheral
nuclear compartment is similar to that reported recently for
RNA metabolism (3) and consistent with an emerging view of
the nuclear interior as highly organized.
Computer modeling of confocal optical data sets facilitated

visualization of HSV DNA replication structures in three
dimensions. Prereplicative sites appeared as large structures
organized in the nuclear interior. The individual sites appear to
be as much as 2 ,um deep in the z axis, indicating that they
extend through much of the depth of the nucleus (estimated to
be 3 to 4 ,um). The large size and regular arrangement of
prereplicative sites in the nuclear interior argue for a high level
of internal nuclear organization. Previous studies indicated
that ICP8 localized to prereplicative sites fractionating with the
nuclear matrix (27). In addition, it was demonstrated that
formation of prereplicative sites requires functional ICP8 (8).
Taken together with these findings, the ordered arrangement
of prereplicative sites in the nuclear interior is consistent with
the possibility that ICP8 plays a role in organizing these
structures by interacting with a cellular, structural nuclear
framework and with viral DNA replication proteins and/or
with multiple viral DNA replication proteins.

Three-dimensional image reconstructions indicate that rep-
lication compartments are also large structures organized in
the nuclear interior. In addition, the images generated from
pixel intensity ranges defining the bright foci within the
compartments revealed structures resembling prereplicative
sites. These foci corresponded to DNA replication sites labeled
with BrdU, indicating that there are discrete locations within
the replication compartments where DNA replication is con-
centrated. The distributions of certain HSV transcriptional
regulatory proteins, as well as that of the major capsid protein,
have been shown to overlap with ICP8 staining in replication
compartments (9, 19). Thus, replication compartments may
represent general viral replication domains, and the grouping
together of components required for different viral processes,

FIG. 7. Three-dimensional computer graphics reconstructions of
ICP8 foci within replication compartments. Optical data sets through
replication compartments were collected and modeled as described for
Fig. 6, except that images were contoured at an intensity level defining
the bright foci within replication compartments. Panel A shows an

image viewed from the side, and panel B shows an image viewed from
the top at an oblique angle. Panel C shows the image viewed from the
top.
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FIG. 8. Optical series comparing the three-dimensional distributions of ICP8 and BrdU labeling in infected cells. CV-1 cells grown on coverslips
were infected with HSV and pulse-labeled with 10 F.M BrdU starting at 5.25 hpi. The cells were fixed in 2% formaldehyde for 10 min at 5.5 hpi,
permeabilized with 0.2% Triton X-100 for 10 min, and then treated with 4 N HCI for 10 min. They were then stained with the 3-83 polyclonal
antisera specific for ICP8 and a monoclonal antibody specific for BrdU. The cells were then stained with FITC-conjugated goat anti-rabbit and
biotin-conjugated goat anti-mouse secondary antibodies followed by Texas red-conjugated avidin. Series of dual-channel optical sections (focal
depth, approximately 0.5 to 0.6 ,um) were collected at increments of 0.4 pum by using the confocal microscopy system. Panels show a continuous
optical series traversing the nucleus from bottom to top. The left image in each panel shows BrdU staining, and the right image shows ICP8
staining. Images were mapped by a pseudocolor routine resulting in the assignment of black, grey, and white in order of increasing intensity to
ranges of pixel intensities. Bar, 5 p.m.

FIG. 9. Replication compartments in paired nuclei of binucleate cells. CV-1 cell monolayers were infected with wild-type HSV in the absence
of PAA. Cells were fixed with 2% formaldehyde for 10 min at 6 hpi and permeabilized for 10 min with 0.2% Triton X-100. Cells were stained with
the 3-83 polyclonal antisera recognizing ICP8 followed by an FITC-conjugated goat anti-rabbit secondary antibody. Panels A through D and F
through I show phase contrast (left image) and immunofluorescence (right image) micrographs of individual binucleate cells. Panels E and J show
cells treated overnight with cytochalasin B (0.5 p.g/ml) to increase the frequency of binucleate cells. Arrows indicate a twofold axis of symmetry.
The bar in panel A (for panels A through D and F through I) equals 10 p.m, and the bar in panel E (for panels E and J) equals 20 p.m.
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FIG. 10. Replication compartments in cells infected with a syncytial HSV strain. CV-1 cells were infected with the syncytium-forming
macroplaque (MP) strain of HSV. Cells were fixed at 6 hpi and permeabilized as described in the legend to Fig. 1. Cells were stained with the 3-83
polyclonal antisera recognizing ICP8 followed by an FITC-conjugated goat anti-rabbit second antibody. Shown are phase-contrast (panels A, C,
and E) and immunofluorescence (panels C, D, and F) micrographs of multinucleated cells. Bar, 10 ,um.
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e.g., DNA replication, late transcription, and encapsidation,
could be important in production of progeny virus. Previous
work has suggested a relationship between replication com-
partments and prereplicative sites (8, 27). It is possible that the
substructures observed within replication compartments are
equivalent to prereplicative sites; these sites could be dispersed
when viral DNA replication is inhibited and grouped into
functional viral replication domains when DNA replication is
permitted. If this were the case, it would argue that spatial
distribution of these structures is relevant to their function.
HSV replication structures form within the context of

preexisting nuclear architecture. We examined the distribu-
tion of HSV DNA replication structures in binucleate cells to
determine whether HSV DNA replication structures are as-
sembled at random or specific sites in the cell nucleus. The
examination of ICP8 staining patterns in binucleate cells
revealed mirror image symmetry of replication compartments
around a twofold axis running between sister nuclei. These
symmetrical patterns most likely resulted from the infection of
preexisting binucleate cells, as HSV infection did not increase
the number of binucleate cells in the cultures. In addition,
multinucleated cells that arose during infection with a syncytial
HSV strain did not show symmetry among the nuclei. These
results argue that preexisting structural elements in the paired
nuclei of the binucleate cells determine the location and shape
of the viral DNA replication compartments. Thus, the sites of
a nuclear metabolic process, i.e., DNA replication, are defined
by a nuclear structure that can be passed to daughter nuclei.
Together with evidence for nonrandom chromosome arrange-
ments in newly divided cells (22), these results indicate that a
nuclear architecture, which can be transmitted to daughter
cells, defines the location of both chromosomes and nuclear
metabolic processes.
The formation of HSV DNA replication compartments

within the context of preexisting nuclear spatial architecture
implies that HSV DNA replication proteins are localized to
specific regions in the infected cell nucleus. This may reflect
targeting of the viral proteins to specific cell structures or
molecules; alternatively, viral proteins may localize to areas
where formation of replication compartments is not impeded
by existing host structures. An example of a situation where
viral proteins might localize to a site not impeded by host
structures would be the formation of replication compartments
at nuclear sites where there is no host chromatin. Nevertheless,
as the replication compartments grow, they appear to be able
to displace cellular chromatin to the periphery of the nucleus,
causing the cytopathic effect called margination of host chro-
matin (17, 28). If viral proteins are targeted to specific domains
in the nucleus on the basis of the presence of host nuclear
structures, viral structures could be organized as a result of the
association of ICP8 and/or other viral proteins with nuclear
structural systems such as the nuclear matrix. Our findings that
prereplicative sites and replication compartments are orga-
nized in the nuclear interior lead us to consider an internal
matrix more likely than peripheral envelope structures to play
such a role. If the nuclear matrix governs the formation of
replication compartments in particular regions of the nucleus,
this would imply regional differences in the nuclear matrix or
associated proteins. Such regions could reflect microenviron-
ments within the nucleus rich in cellular components necessary
for specific processes such as DNA replication.
The observation that the host cell nuclear structure defines

the site of assembly of viral replication structures raises the
additional questions of the identity of the cellular nuclear
receptor(s) for ICP8 and/or the other HSV DNA replication
proteins and the order of their assembly into prereplicative

sites. Analysis of mutant viruses defective for each of the HSV
DNA replication proteins is being conducted to define their
requirement for assembly of prereplicative sites and their
order of incorporation into these structures.
An alternative model for the nonrandom distribution of

replication compartments is that viral proteins may be local-
ized to areas where the formation of viral compartments is not
impeded by existing cellular structures. In this model, viral
proteins would be localized by default to certain regions of the
cell nucleus. As with the first scenario, this would argue that
the structural architecture of the nucleus dictates the location
of the viral structures. Regardless of which process occurs, our
results argue strongly that an internal nuclear architecture
duplicated in the daughter nuclei of binucleate cells defines the
location at which viral DNA replication structures are assem-
bled.

This study implies the existence of higher-level, heritable
order in the nucleus. Examination of the distribution of
antigens involved in a particular metabolic process in intact
cells provides an alternative to use of extracted cells, where
biochemical artifacts pose significant potential problems. The
use of paired nuclei from binucleate cells, as exploited in this
work, may provide a general test to determine whether nuclear
components are localized to random structures or specific sites
within the cell nucleus.
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