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During infection, the seven essential herpes simplex virus type 1 (HSV-1) replication proteins are found in
globular nuclear structures called replication compartments. Replication compartments form adjacent to
ND10, nuclear matrix-bound domains which are present in most cell types but whose function is unknown
(G. G. Maul, 1. M. Ishov, and R. D. Everett, Virology 217:67-75, 1996). We now demonstrate that replication
compartments can be formed by cotransfecting Vero cells with constructs expressing the seven essential viral
replication proteins and a plasmid containing an HSV-1 origin of DNA replication. Like replication compart-
ments in infected cells, replication compartments formed by cotransfection contain all of the essential viral
replication proteins, are sites of DNA synthesis, and are found adjacent to ND10. However, neither the viral
origin-binding protein nor a plasmid containing an HSV-1 origin of DNA replication is individually required
for the formation of transfection replication compartments, although the presence of each increases the
efficiency of replication compartment formation. Further, we provide evidence that UL29 independently
localizes adjacent to ND10 and so may play a role in directing replication compartments to these preexisting

nuclear structures.

Herpes simplex virus type 1 (HSV-1) possesses a large, dou-
ble-stranded DNA genome and replicates in the nuclei of in-
fected cells. Genetic analysis has resulted in the identification
of replication-defective mutants of genes representing seven
complementation groups (reviewed in reference 55). Analysis
of the proteins encoded by the seven genes has resulted in the
assignment of functions to each; UL5, ULS, and UL52 code for
a heterotrimeric helicase-primase complex, UL30 and UL42
code for a dimeric DNA polymerase holoenzyme, UL9 codes
for an origin-binding protein, and UL29 codes for a single-
stranded DNA-binding protein (reviewed in references 45, 55,
and 56).

HSV-1 replication occurs in nuclear domains termed repli-
cation compartments, initially identified on the basis of UL29
staining patterns in an immunofluorescence (IF) assay (48).
Each of the seven essential viral replication proteins localizes
to replication compartments (18, 32, 33, 37, 47). Cellular fac-
tors, including DNA polymerase «, proliferating cell nuclear
antigen, Rb, p53, and topoisomerase II, also localize to repli-
cation compartments (13, 59). Three lines of evidence support
the idea that replication compartments form at a limited, pre-
determined number of nuclear sites in infected cells. (i) The
number of replication compartments per nucleus is dependent
on the multiplicity of infection (MOI); at an MOI of 0.01
PFU/cell, a maximum of two replication compartments per
nucleus are seen (49). However, the number of replication
compartments in infected cells does not increase appreciably
beyond a dozen even at high MOls, suggesting that the number
of potential replication sites is finite and predetermined (24,
39). (ii) Infected binucleate cells, arising either spontaneously
or after treatment with cytochalasin B, contain replication
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compartments which are symmetrically arranged in daughter
nuclei (8). (iii) Input viral DNA is deposited close to preexist-
ing nuclear structures known as ND10, which are also present
in symmetrical patterns in daughter nuclei (39). Viral replica-
tion compartments remain associated with the periphery of
ND10 during infection (24, 39).

ND10 are 0.3- to 0.5-pm structures that are present in most
cells with an average frequency of 10. A number of proteins,
including Sp100 (1), NDP52 (31), and PML (12, 30, 54), are
components of ND10. Of these, only PML has been function-
ally characterized. PML was initially identified as a fusion
partner with the retinoic acid receptor « that is expressed in
the lymphocytes of individuals with promyelocytic leukemia
(10, 16, 25, 26). The PML-retinoic acid receptor a fusion dis-
organizes ND10 into hundreds of smaller structures. Retinoic
acid treatment results in the restoration of normal ND10 dis-
tribution and correlates therapeutically with leukemia regres-
sion (12, 30, 54). This finding suggests that ND10 status may be
related to basic cellular processes such as proliferation, a hy-
pothesis supported by the finding that PML can act as a tumor
suppressor (29, 43).

HSV-1 is not alone in its predilection for replicating at the
periphery of ND10. Two other DNA viruses, adenovirus type 5
(Ad5) and simian virus 40 (SV40), replicate their genomes
adjacent to ND10 (24). Replication adjacent to ND10 may thus
be a common feature of DNA viruses. Additionally, SV40 and
Ad5 encode proteins that localize adjacent to or colocalize
with ND10. In the case of SV40, the multifunctional large
tumor antigen (TAg) is found juxtaposed to ND10 in cells
transiently transfected with a TAg expression vector (5). The
Ad E1A protein colocalizes with ND10 in transiently trans-
fected cells (5). Although the HSV-1-encoded transactivator
ICPO localizes to ND10 early in infection, it subsequently dis-
rupts them (14, 38). The only herpesvirus-encoded protein
known to stably localize to ND10 is Epstein-Barr virus nuclear
antigen 5 (52a), a protein whose function is poorly understood.

Although the seven essential HSV-1 replication proteins are
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sufficient to catalyze replication of a plasmid containing an
HSV-1 origin of DNA replication in a cotransfection assay (6,
61), the question of whether this replication occurs in replica-
tion compartments has never been addressed. In this report,
we show that replication compartments can be formed by co-
transfection and that these structures form at the periphery of
ND10. Additionally, we provide evidence that UL29 indepen-
dently localizes adjacent to ND10 and so may play a role in
directing replication compartments to these nuclear matrix-
bound structures.

(This work constitutes part of the Ph.D. thesis of C.J.L. to be
submitted to The University of Connecticut in partial fulfill-
ment of the requirements for the degree.)

MATERIALS AND METHODS

Cells and reagents. African green monkey kidney fibroblasts (Vero cells;
American Type Culture Collection) were propagated and maintained as de-
scribed previously (57). Glycerol gelatin, 1,4-diazobicyclo-[2.2.2]octane
(DABCO), phosphonoacetic acid (PAA), and 5-bromo-2'-deoxyuridine (BrdU)
were obtained from Sigma (St. Louis, Mo.).

Plasmids. Constructs which constitutively express ULS, ULS, UL9, UL29,
UL30, and UL42 from the cytomegalovirus (CMV) immediate-early (IE) pro-
moter (pCM-UL5b, pCM-ULS, pCM-UL9, pCM-DBP, pCM-pol, and pCM-
ULA2, respectively) were described previously (23). Plasmid pCMV-UL52, which
contains the UL52 gene under control of the CMV IE promoter, was constructed
by inserting the UL52-containing BamHI fragment of p6UL52118a (33) into
BamHI-digested pCDNA-1 Amp (Invitrogen). Plasmids capable of expressing
the helicase-primase genes fused to short defined peptide epitopes from the
ICP6 promoter, pbAUIULS, p6EEULS, and p6UL52KT3, were described pre-
viously (33). Epitope-tagged ULS5, ULS, and UL52 genes were removed from
these plasmids on BamHI fragments and inserted into BamHI-digested
pCDNA-1 Amp to generate pCMV-AUIULS, pCMV-EEULS, and pCMV-
ULS52KTS3, respectively, for constitutive expression from the CMV IE promoter.
Plasmid p100-1, which we refer to as porig, contains orig on a 100-bp Mspl
fragment inserted into the Smal site of pUC119 (46).

Antibodies. A monoclonal antibody recognizing BrdU incorporated into DNA
was obtained from Becton Dickinson Immunocytometry Systems (San Jose,
Calif.). The polyclonal antiserum 3-83, which recognizes UL29, was a generous
gift of David Knipe (Harvard Medical School, Boston, Mass.) (28). The mono-
clonal antibody 39-S recognizes UL29 (51). The monoclonal antibody 17B rec-
ognizes UL9 (37). The polyclonal antibody Pol recognizes UL30 (11) and was a
generous gift of David Dorsky (University of Connecticut Health Center, Farm-
ington). The monoclonal antibody 65K recognizes UL42 (44) and was generously
provided by David Dorsky. The monoclonal antibody AU1, which recognizes a
peptide epitope of bovine papillomavirus L1 protein, was obtained from the
Berkeley Antibody Company (Richmond, Calif.) (17). The monoclonal antibody
EE, which recognizes a peptide epitope of polyomavirus medium T antigen (20),
was generated from mouse ascites fluid by utilizing hybridoma cells generously
provided by Gernot Walter. The monoclonal antibody KT3, which recognizes a
peptide epitope of SV40 TAg (35), was obtained from mouse ascites fluid by
utilizing hybridoma cells generously provided by Gernot Walter. The monoclonal
antibody MAb138 recognizes a 55-kDa ND10 protein in HEp-2 cells and was
kindly provided by Gerd Maul (Wistar Institute, Philadelphia, Pa.). The second-
ary antibodies used for IF studies, fluorescein isothiocyanate-conjugated goat
anti-mouse and anti-rabbit and Texas red-conjugated goat anti-mouse and anti-
rabbit, were obtained from Cappel, Organon Teknika Corporation (Durham,
N.C).

Transfection protocol. For IF studies, 10° Vero cells were transfected with a
total of 8 pg of DNA in 440 ml of HEPES-buffered saline (HBS)—CaCl, solution
described below. Unless noted otherwise, 1.0 pg of each expression construct was
used and the remainder was composed of sheared salmon sperm DNA. DNA was
precipitated at room temperature with 400 pl of HBS (pH 7.04) and 40 pl of 1.25
M CaCl, for 15 to 30 min, and the entire volume was used to resuspend Vero
cells that had been trypsinized and pelleted at 1,500 rpm for 2 to 3 min in 15-ml
Falcon tubes. The cell-DNA mixture was incubated for 30 min at 37°C in a
rotating platform shaker at 50 rpm. Tubes were flicked after 15 min to resuspend
cell clumps. Cells were resuspended in 5 ml of Dulbecco modified Eagle medium
containing 5% fetal calf serum, put in 60-mm-diameter plates with glass cover-
slips, and incubated at 37°C for 3.5 h, at which point the medium was aspirated
and replaced with 2 ml of 15% glycerol in phosphate-buffered saline (PBS) for 2
min. The glycerol solution was aspirated, and the cells were washed twice with
Tris-buffered saline, covered with fresh Dulbecco modified Eagle medium con-
taining 5% fetal calf serum, and incubated for 16 to 24 h at 37°C.

The procedure for transfecting cells for Southern blot analysis was the same
except that 12 pg of DNA (1.5 ug of each construct with the remainder com-
posed of sheared salmon sperm DNA) was precipitated with 600 ul of HBS and
60 .l of 1.25 M CaCl, and used to resuspend 1.5 X 10° Vero cells.
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Preparation and analysis of cellular DNA. Total cellular DNA from trans-
fected cells was isolated essentially as described previously (58). When required,
cells were grown in the presence of PAA (400 pg/ml). At 18 to 24 h posttrans-
fection, cells were scraped from the plate, pelleted at 1,500 rpm for 2 to 3 min in
15-ml Falcon tubes, resuspended in Tris-buffered saline, pelleted and washed,
and pelleted a second time. The pellet was resuspended in 400 pl of Tris-EDTA
and 200 wl of 3X lysis buffer (1.8% sodium dodecyl sulfate, 30 mM EDTA, 30
mM Tris-HCI) containing 300 pg of proteinase K per ml. After incubation at
55°C for 2 or more h, the proteinase K was inactivated by incubation at 70°C for
10 min, RNase A was added to a final concentration of 100 wg/ml, and the
mixture was incubated for 30 min at 37°C. The sample was deproteinized by
extraction with phenol-chloroform-isoamyl alcohol (25:24:1), the phenol was
removed with chloroform-isoamyl alcohol (25:1), and the DNA in the superna-
tant was precipitated with ethanol. Approximately 2 pg of DNA was digested
with EcoRI or EcoRI in combination with Dpnl, subjected to 0.8% agarose gel
electrophoresis, and blotted onto GeneScreen Plus membranes as instructed by
the manufacturer (New England Nuclear Corp., Boston, Mass.). Blots were
probed with gel-purified, linearized pUC118 prepared by using a Random
Primed DNA labeling kit (Boehringer Mannheim) and [a-3?P]dCTP as sug-
gested by the manufacturer.

IF. Vero cells were grown on coverslips for 16 to 24 h posttransfection. When
indicated, cells were labeled with 1 mM BrdU for 15 min prior to fixation. Cells
were fixed in 37% buffered formaldehyde (Sigma) diluted 1:10 in PBS (pH
approximately 7.4) for 30 min and permeabilized with 1.0% Triton X-100 for 10
min. Cells to be stained with 39-S were permeabilized with acetone for 2 min at
—20°C instead of with Triton X-100. If cells had been labeled with BrdU, they
were treated with 4 M HCI for 10 min. Cells were reacted with primary anti-
bodies in 3% normal goat serum in PBS for 30 min at dilutions as follows;
anti-BrdU at 1:50, 3-83 at 1:500, 39-S at 1:100, AU1 at 1:500, EE at 1:250, KT3
at 1:250, 17B at 1:100, Pol at 1:200, and 65K at 1:200. MAb138 was added directly
to coverslips and incubated for 1 h, at which point other antibodies were added
for an additional 30 min. Cells were reacted with secondary antibodies in 3%
normal goat serum in PBS at a 1:200 dilution for 30 min. Coverslips were
mounted in glycerol gelatin containing 2.5% DABCO to retard bleaching.

Imaging. Cells stained for IF were imaged on a Zeiss Axiovert 135 laser
scanning microscope (confocal) equipped with a Zeiss 63X Plan Neofluar ob-
jective. Collected images were arranged and labeled by using a Silicon Graphics
workstation equipped with Adobe Photoshop 3.0. Transfection efficiencies were
established by determining the percentage of cells which stained with the 3-83
polyclonal antibody and ranged between 5 and 20%. At least 100 3-83-positive
cells were counted to arrive at percentages of transfected cells which contain
specific structures.

RESULTS

Characterization of structures in cells cotransfected with
constructs expressing the seven essential HSV-1 replication
proteins and an orig-containing plasmid. The seven essential
viral proteins are necessary and sufficient for the amplification
of plasmids containing an HSV-1 origin of replication in a
transient cotransfection assay (6, 61). However, replication
compartments have been observed only in infected cells, rais-
ing the possibility that other viral proteins are required for
their formation. In this study, Vero cells were cotransfected
with CMV promoter-driven constructs expressing ULS, ULS,
ULS52, UL9, UL29, UL30, UL42, and porig. Subsequently, the
localization of UL29 was monitored by IF. In about 56% of
cells exhibiting UL29 staining, UL29 localized in a globular
nuclear pattern reminiscent of the UL29 in replication com-
partments seen in HSV-1-infected cells (compare Fig. 1A and
C). As shown in Fig. 1A and B, replication compartments in
infected cells colabel with BrdU, indicating that they are sites
of active DNA synthesis. Likewise, as shown in Fig. 1C and D,
BrdU labeling colocalizes with UL29 in cotransfection struc-
tures. It is not possible to distinguish between plasmid and
cellular DNA synthesis in this experiment; however, Southern
blot hybridization analysis of DNA harvested from cotrans-
fected cells was used to confirm that porig was replicated
(shown below).

Another characteristic of replication compartments in in-
fected cells is that they contain all seven essential HSV-1 rep-
lication proteins (18, 32, 33, 37, 47). To determine if replication
compartments formed by cotransfection share this property,
the localization of each replication protein was compared with
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FIG. 1. Comparison of replication compartments in infected and cotransfected Vero cells. The cell depicted in panels A and B was infected with KOS. The cell
depicted in panels C and D was cotransfected with constructs expressing the seven essential replication proteins and porig. Cells were double stained with 3-83
(anti-UL29) and anti-BrdU. The panels on the left represents 3-83 staining; those on the right represent BrdU staining. Marker bar = 15 wm.

that of UL29 in cells cotransfected as described above. As
shown in Fig. 2A to F, epitope-tagged versions of the helicase-
primase complex (AU1-ULS, EE-ULS, and UL52-KT3 [33])
colocalize with UL29 in cotransfection structures. Figures 2G
and H show that UL9 also colocalizes with UL29 in cotrans-
fection structures. As shown in Fig. 2I to L, UL30 and UL42
colocalize with UL29 in cotransfection structures.
Requirements for replication compartment formation by
transfection. Replication of an origin-containing plasmid in a
transient transfection assay occurs only in the presence of all
seven essential replication proteins (61). To determine if rep-
lication compartment formation depends on the presence of
the same factors, we performed transfections in which one of
the eight components used in complete transfections was omit-
ted. Omission of ULS resulted in the loss of replication com-
partment formation; as shown in Fig. 3B, the UL29 staining
pattern was diffuse. Diffuse staining for UL29 was also ob-
served when UL52 or ULS was omitted (data not shown). In
some cells which exhibited a diffuse staining for UL29, we
detected small punctate structures, which are described in
more detail below. The omission of UL42 resulted in a loss of
replication compartment formation; the majority of cells con-
tained diffuse staining for UL29, as shown in Fig. 3A. However,
approximately one-third of transfected cells contained numer-
ous (50 or more) UL29 sites that were not organized into
replication compartments (data not shown) which appeared
similar to those sites observed by Liptak et al. in cells cotrans-
fected with constructs expressing ULS, ULS, UL52, and UL29
(32). Omission of UL30 also resulted in the localization of
UL29 to similar numerous punctate sites (data not shown).
The UL29 staining pattern observed when ULS, ULS, ULS52,
and UL29 are coexpressed is described below. In contrast,
omission of UL9 or porig still resulted in replication compart-
ment formation, as shown in Fig. 3C and D. However, in cells
transfected in the absence of ULY, replication compartments
were seen in only 10% of the cells which exhibit UL29 staining
(as opposed to 56% of transfected cells when all seven expres-
sion plasmids plus orig were included). In cells transfected in
the absence of porig, replication compartments were observed

in 21% of the transfected cells. These sites colabeled with
BrdU, indicating that DNA synthesis was taking place in them
(data not shown).

To verify that plasmid DNA replication occurs in transfected
cells containing replication compartments, Southern blot anal-
ysis was performed. This transient transfection assay assesses
replication of input plasmids by virtue of their sensitivity to the
restriction endonuclease Dpnl, which cleaves only DNA that
has been methylated in Escherichia coli. Plasmid DNA repli-
cated in a mammalian cell is resistant to Dpnl cleavage. Total
cellular DNA was harvested from transfected cells and di-
gested with EcoRI alone or in combination with Dpnl as de-
scribed in Materials and Methods. EcoRI cleaves porig once,
generating a fragment of 3.1 kb that is detectable with a ra-
diolabeled pUC119 probe (Fig. 4, lanes 1). DNA from cells
cotransfected with constructs expressing the seven essential
replication proteins and porig contains a strongly hybridizing
3.1-kbp band after EcoRI digestion (lane 4), a portion of which
is resistant to double digestion with EcoRI and Dpnl (lane 5).
Additionally, since all of the expression vectors were made in
pUC-based vectors, these constructs are also detected with the
pUC119 probe. For instance, in lane 4 (EcoRI only), the ex-
pression constructs appear as several bands migrating above
the band representing porig. In lane 5, some portion of each of
the expression plasmids is also partially Dpnl resistant, indi-
cating that some DNA replication has occurred; however, they
appear to have been replicated to a much lower level than
porig. This is particularly evident in Fig. 4B (lane 5), an over-
exposed version of the autoradiogram in Fig. 4A. All plasmid
replication essentially disappears when PAA is added to co-
transfected cells; porig and expression construct DNA is lin-
earized by EcoRI but is sensitive to EcoRI/Dpnl double diges-
tion (lanes 2 and 3). Likewise, omission of ULS5 also prevents
replication of porig and the expression constructs, as shown in
lanes 8 and 9 of Fig. 4A and B. On the other hand, the
omission of UL9 or porig results in a low level of replication of
all constructs, as shown in Fig. 4B, lanes 7 and 11. The Dpnl-
resistant bands are not likely the result of partial digestion, as
the same results were obtained in a number of independent
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UL29

FIG. 2. Replication compartments in cotransfected cells contain all seven of
the essential HSV-1 replication proteins. Cells were cotransfected as described
for Fig. 1 and double labeled with antibodies to detect the localization of UL29
(left panels) with respect to the other viral replication proteins (right panels).
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experiments. Further, the fact that this replication is not seen
when the polymerase is inhibited with PAA or when ULS is
absent from the transfection provides evidence that the low-
level Dpnl resistance seen in lanes 7 and 11 represents low-
level plasmid replication. Our results suggest that porig or UL9
is not required for the replication of expression construct
DNA. Although the replication of non-origin-containing plas-
mids was not previously detected in similar transfection assays
(61), those experiments used endogenous promoters to express
the replication proteins; in our experiments, the six replication
fork proteins are overexpressed compared to the levels ex-
pected from endogenous promoters in either infected or trans-
fected cells (see Discussion). We demonstrated above that
replication compartments form in cotransfected cells even in
the absence of porig or UL9. It is possible that the replication
compartments observed in the absence of UL9 and porig rep-
resent sites of expression construct replication. It should be
reiterated, however, that the formation of replication compart-
ments in the absence of ULY and orig is inefficient, as is the
replication of expression constructs under these conditions.

Transfection replication compartments form adjacent to
ND10. In infected cells, viral replication compartments form at
the periphery of preexisting nuclear matrix sites known as
ND10 (39). MAb138 recognizes a 55-kDa NDI10 antigen in
HEp-2 cells (63). In Vero cells, the number of ND10 per cell
ranged from 2 to over 25 but averaged around a dozen. We
designate the mostly brightly staining foci as ND10, although a
fine granular or diffuse nuclear background staining is also
sometimes observed within nuclei. To determine if replication
compartments formed by transfection localize to ND10, Vero
cells cotransfected with constructs expressing the seven viral
replication proteins and porig were double labeled with 3-83
and MAb138.

Cotransfected cells contained replication structures adjacent
to ND10, as shown in Fig. 5A to F. The cell shown in Fig. SA
to C has many replication compartments of various sizes which
appear to be associated with ND10. This association is shown
more clearly in Fig. 5D to F in a cell which contains only three
replication compartments. In the cell shown in Fig. 5D to F,
two replication compartments are clearly associated with
ND10; however, it is possible that the third replication com-
partment is associated with an ND10 structure which is not in
the plane of focus shown in Fig. SE. Because replication com-
partments are large, it has not been possible to carry out a
statistical analysis to prove that they are associated with ND10.
However, the observation that some of the protein recognized
by MAb138 is recruited into replication structures in the cells
shown in Fig. 5B and E supports the notion that there is an
association between replication compartments and ND10. The
recruitment of ND10 antigens has not been observed for any
other ND10 protein during HSV-1 infection (39). It may be a
pattern seen only with MAb138. Alternatively, overexpression
of the replication proteins in our assay in comparison with
infection may result in an amplified redistribution that may not
be readily detectable during infection. Omission of porig and
UL9 from the transfection did not affect the ability of replica-
tion compartments to localize to ND10, as shown in Fig. 5G to

Panels A, C, E, G, and K show the staining pattern of 3-83. Panel I shows the
staining pattern of 39-S. Panels B, D, and F show staining for AU1 ascites fluid
(detecting AU1-tagged ULS5), EE ascites fluid (detecting EE-tagged ULS), and
KT3 ascites fluid (detecting KT3-tagged UL52), respectively. Panels H and L
show the staining for 17B, a monoclonal antibody recognizing UL9, and a
monoclonal antibody recognizing UL42, respectively. Panel J shows the staining
for a polyclonal antibody that recognizes UL30. Marker bar = 15 pm.
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FIG. 3. Formation of replication compartments by cotransfection requires UL8 and ULA42 but not UL9 or porig. Vero cells were cotransfected as for Fig. 1 except
that one of the eight constructs was omitted. The staining represents UL29 as detected by 3-83. In panel A, pCM-ULA2 was omitted; in panel B, pCM-ULS was omitted;
in panel C, pCM-UL9 was omitted; in panel D, porig was omitted. Marker bar = 15 pm.

I and J to L, respectively. In summary, the apparent relation-
ship of replication compartments with ND10 in a large number
of transfected cells, only some of which are shown in Fig. 5,
supports the concept that the replication compartments
formed by transfection are associated with ND10 as was pre-
viously observed for viral replication compartments formed in
infected cells (39).

UL29 alone localizes adjacent to ND10 in transfected Vero
cells. Based on the observation that replication compartments
formed by transfection localize adjacent to ND10, we set out to
determine which replication proteins are necessary and suffi-
cient for dictating this pattern. It has been reported that the
nuclei of cells cotransfected with constructs expressing ULS,
ULS, ULS52, and UL29 contain UL29 in numerous, punctate
sites (approximately 50 to several hundred) (32). These au-
thors proposed that such UL29 structures are precursors to
replication compartments. To determine if these numerous
UL29 structures localized adjacent to ND10, Vero cells were
cotransfected with constructs expressing ULS5, ULS, UL52, and
UL29 and processed for double IF labeling with 3-83 and
MADb138. Three populations of cells were identified; 37% of
transfected cells contained numerous UL29 structures (Fig. 6A
to C), 38% contained fewer (2 to 20) UL29 structures within a
diffusely staining background (Fig. 6D to F), and 25% had a
homogeneous, diffuse nuclear staining pattern for UL29 (data
not shown) as has previously been reported for cells trans-
fected with UL29 alone (15).

In cells exhibiting the first pattern of UL29 localization,
which is similar to those reported by Liptak et al. (32), UL29
structures are so numerous that it was not possible to deter-
mine whether they associate specifically with ND10; as shown
in Fig. 6A to C, the three visible ND10 may in fact colocalize
with UL29 structures. On the other hand, in the 38% of the
cells containing fewer UL29 structures in a diffuse background,
the majority of brightly staining UL29 foci localized adjacent to
ND10, as shown in Fig. 6D to F. The requirements for forma-
tion of the numerous punctate structures were assessed by
performing cotransfections in which either ULS, ULS, or ULS52

1

FIG. 4. Southern blot hybridization of DNA from cotransfected cells. (A)
Lane 1 represents porig linearized with EcoRI. In lanes 2 to 11, total DNA of
cotransfected Vero cells was digested with EcoRI (even-numbered lanes) or
EcoRI and Dpnl (odd-numbered lanes), Southern blotted, and probed with
radiolabeled pUC119. The DNA in lanes 2 to 5 is from cells cotransfected with
constructs expressing the seven essential replication proteins and porig (com-
plete); cells represented in lanes 2 and 3 were treated with PAA. The DNA in
lanes 6 to 11 is from cells cotransfected with one of the eight plasmids omitted
from the complete transfection. Those in lanes 6 and 7 lacked pCM-ULDY, those
in lanes 8 and 9 lacked pCM-ULS5b, and those in lanes 10 and 11 lacked porig.
(B) Overexposed version of the autoradiogram shown in panel A.
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FIG. 5. Replication compartments formed by cotransfection are associated with the periphery of ND10. The cells in panels A to F were cotransfected with constructs
expressing the seven essential replication proteins and porig. The cells in panels G to I were cotransfected like those in panels A to F except that pCM-UL9 was omitted.
The cells in panels J to L were cotransfected like those in panels A to F except that porig was omitted. The left column represents staining for 3-83, and the middle
column represents staining for MAb138. Shown in the right column are the merged images of MAb138 and 3-83 staining. Marker bar = 15 pm.

was omitted. When any of the three members of the helicase-
primase complex was omitted, the numerous structures were
no longer observed, consistent with previous reports (32). In-
stead, two patterns of UL29 staining were observed; some

UL29-positive cells contained UL29 in a completely diffuse
staining pattern, while others contained UL29 in a diffuse
pattern upon which was superimposed a limited number of
more brightly staining foci. This result suggested that UL29 on
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FIG. 6. Localization of UL29 in cells transfected with UL29 in the presence or absence of the helicase-primase complex. Cells in panels A to F were cotransfected
with constructs expressing the helicase-primase complex subunits in addition to UL29. Cells in panels G to L were transfected with a construct expressing UL29. The
images in panels J to L represent more highly magnified portions of another cell transfected with a construct expressing UL29. Green represents staining for MAb138
(aND10), and red represents staining for 3-83 («UL29). Also shown are the merged images of MAb138 and 3-83 staining. Marker bars = 15 um in panels A to I and
3 wm in panels J to L.




VoL. 71, 1997

its own may be able to localize adjacent to ND10 and that the
structures seen in Fig. 6D to F may represent cells which did
not take up all four replication proteins. To test this hypothe-
sis, cells were transfected with UL29 alone and processed for
double IF labeling with 3-83 and MAb138. Again two types of
UL29 staining patterns were observed; approximately 67% of
transfected cells exhibited a diffuse staining pattern, but the
remainder contained a limited number of UL29 structures in a
diffusely staining background (Fig. 6G). These foci of UL29
mainly localize adjacent to ND10, as shown in Fig. 6G to I. An
example of this effect is shown at higher magnification, with
contrast enhancement, in Fig. 6J to L. Our impression is that in
cells which contain UL29 structures, most of the structures are
juxtaposed to or partially overlap ND10 and do not colocalize
with them; however, we cannot rule out the possibility that
some colocalization occurs. The significance of overlapping
versus colocalizing patterns is presently unclear. These results
indicate that UL29 on its own can localize adjacent to ND10.

DISCUSSION

In this report, we demonstrate that cells cotransfected with
a plasmid containing an HSV-1 origin of DNA replication and
constructs expressing the seven essential HSV-1 replication
proteins, ULS, ULS, UL9, UL29, UL30, UL42, and ULS52,
contain nuclear structures which are morphologically identical
to the replication compartments seen in infected cells. These
structures share the following properties with the replication
compartments seen in infected cells: they are globular nuclear
structures containing punctate substructures, they contain the
essential replication proteins, they are sites of DNA synthesis,
and they are found in close relationship to ND10.

The requirements for replication compartment formation in
infected cells differ from those in transfected cells; transfection
replication compartments can form in the absence of UL9 or
an HSV-1 origin of DNA replication. During viral infection,
ULS9 is absolutely required for viral replication (36) and also
for replication compartment formation (32, 33). It should be
pointed out that the efficiency of formation of replication com-
partments in the absence of UL9 and orig is dramatically re-
duced; thus, even in transfected cells, UL9 and orig play a role
in the efficient formation of replication compartments. It is
possible that DNA replication and replication compartments
form in cells transfected with the six replication proteins in the
absence of UL9 because the replication fork proteins are
grossly overexpressed in comparison to the levels encountered
during an infection. In fact, the six HSV-1 replication proteins
required for replication compartment formation by transfec-
tion (ULS, ULS, ULS52, UL29, UL30, and UL42) represent the
minimal complex which can carry out DNA synthesis at a
preformed replication fork (18a, 27). Moreover, extracts of
insect cells infected with recombinant baculoviruses that over-
express the six proteins catalyze the replication of pUC18 in
vitro, although the reaction is inefficient, with only 1 to 2% of
pUCIS templates being replicated (52). Although the DNA
synthesis which occurs within transfection structures in the
absence of UL9 or an origin has not been characterized in
detail, our observation that expression constructs can be rep-
licated at a low level suggests that the template for replication
may be the expression plasmids themselves.

The previous reports that HSV-1 IE proteins such as ICP4
and ICP27 localize at least transiently to replication compart-
ments during viral infection and the observation that ICP27
was required for efficient replication compartment formation
in infected cells raised the possibility that one or more HSV-1
proteins in addition to the replication proteins are required for
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1084 QIE--DWLALLEDEYL-SEEMME 1103 UL29
116 VPEVID-LTCHEAGFPPSDDEDE 137 Ela

16 QPETTD-LYCYEQLNDSSEEEDE 37 E7
101 EN-LFCSEEM-PSSDDEAT 117 TAg
LXCXE

FIG. 7. Alignment of the UL29 amino acid sequence with those of the CR2
regions of adenovirus E1A, SV40 TAg, and papillomavirus E7. The region of
UL29 between residues 1084 and 1103 is aligned to show a region of similarity
with E1A, TAg, and E7 (41, 42). Positions which contain identical or similar
amino acids in two of the four proteins are shaded. The consensus LxCxE region
is shown on the bottom line.

their formation (7, 28, 62). However, this possibility has been
ruled out by our finding that replication compartments can be
formed with only replication proteins. We propose that viral
transcription factors may be recruited to replication compart-
ments due to the presence of viral DNA in these structures.
The viral transcription factors may in turn recruit cellular tran-
scription machinery, such as RNA polymerase II, which local-
izes to replication compartments in infected cells (50). It is
possible that other host factors that localize to replication
compartments, such as DNA polymerase o and topoisomerase
II (13, 59), play a role in replication compartment formation,
but they too may be merely recruited to sites containing viral
DNA.

We have found that in a large fraction of cells transfected
with UL29 alone, UL29 is found in close association with
ND10. Interestingly, Maul et al. have shown that HSV-1 DNA
localizes adjacent to ND10 in the absence of viral transcription
and translation (39). We propose that viral DNA and UL29
localize independently to ND10. If UL29 localizes adjacent to
ND10 during infection as it does in transfections, it may serve
to recruit other factors such as UL9, which is believed to be the
initiator of viral replication. In fact, UL29 has been shown to
interact with UL9 in vitro and in vivo (3, 4). UL29 may thus
catalyze the assembly of a viral replication apparatus in close
proximity to ND10, the area from which replication compart-
ments develop (39). Like UL29, two small DNA tumor virus
oncoproteins, adenovirus E1A and SV40 TAg, accumulate
within or adjacent to ND10 (5). These three proteins, as well as
the E7 oncoprotein of human papillomavirus, exhibit amino
acid sequence similarities. Although the localization of the E7
oncoprotein in relation to ND10 has not been examined, it is
attached to the nuclear matrix in a punctate pattern (19). E1A,
SV40 TAg, and papillomavirus E7 are all members of a family
of proteins which bind the retinoblastoma gene product and
other related proteins and contain a conserved region (CR2),
designated the pocket binding region, believed to be respon-
sible for protein-protein interactions (reviewed in reference
42). Figure 7 shows the CR2 region aligned with HSV-1 UL29;
although UL29 lacks a consensus LxCxE sequence found in
most pocket-binding proteins, it contains a related LXLxE se-
quence and several other similarities over this 20-amino-acid
region beginning at residue 1084. Based on these sequence
similarities, it is attractive to speculate that these residues may
be responsible for their similar patterns of subnuclear local-
ization. It will be of considerable interest to determine pre-
cisely which sequences in these proteins are necessary for
ND10 localization. Viral proteins that localize to ND10 may be
excellent tools for probing the natural function of these as yet
poorly understood structures.

In this report, we confirm the previous observation by Liptak
et al. that cotransfection of cells with UL5, UL8, UL52, and
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UL29 (helicase-primase-UL29) results in the formation of nu-
merous punctate sites in the nucleus which stain with UL29
antisera and resemble prereplicative sites (32). These UL29
structures were further characterized in a separate experiment
in which cells were cotransfected with constructs expressing
UL29 and a functional, epitope-tagged version of ULS, ULS,
or UL52 (33). Each of the helicase-primase subunits colocal-
izes with UL29 (34), suggesting that the four proteins may
form a complex. Moreover, Uprichard and Knipe found that a
protein comigrating with UL29 coimmunoprecipitates with
ULS8 (53). These helicase-primase-UL29 sites are far more
numerous than ND10, and at least the majority do not appear
to localize specifically adjacent to ND10. The staining pattern
of helicase-primase-UL29 is surprising in light of our observa-
tion that transfection with UL29 alone results in localization to
the periphery of ND10. One explanation of these results is that
the overexpression of ULS, ULS, and ULS2 in these transfec-
tion experiments may alter the properties of UL29 such that it
no longer associates with ND10. If these sites do represent an
obligate intermediate in replication compartment formation,
at some point they must reorganize at ND10 since the addition
of UL30 and UL42 leads to localization of all of these proteins
to replication compartments at the periphery of ND10.

Several hypotheses, which are not mutually exclusive, have
been considered by Maul and colleagues to explain the obser-
vation that viral DNA replication in three unrelated DNA
viruses localizes at the periphery of ND10 (reviewed by Ishov
and Maul [24]). First, the three viruses may all require some
factor(s) found at the periphery of ND10 for replication (39).
These may be proteins that anchor the viral genome, directly
or indirectly, to the nuclear matrix. Such anchoring is thought
to be vital for replication of cellular DNA and the genomes of
viruses, such as SV40 (reviewed in references 2 and 9). A
second model posits that the deposition of viral DNA at ND10
may be a host-regulated process which represents a cellular
defense mechanism designed to disable incoming viruses (39).
In support of this model, some ND10 proteins are upregulated
when cells are treated with interferons, potent antiviral agents
(21, 30, 31, 40). HSV-1 and Ad5 encode proteins that affect
ND10 distribution (5, 38), which may indicate that these vi-
ruses have developed defenses to thwart ND10 action. Viruses
may have evolved to capitalize on this localization by concen-
trating viral factors essential for their replication, such as
UL29, in the same areas. The third, and in many ways most
attractive, hypothesis is that viral genomes are transcribed at
the periphery of ND10 and that viral genomes are initially
deposited at these sites by either selective binding or targeting
for the purpose of gene expression (39). UL29 may indepen-
dently localize to the periphery of ND10 in order to serve as a
nucleation site for assembly of the remainder of the replication
apparatus. It is striking that all three HSV-1 origins of viral
DNA replication are located between divergently transcribed
genes and that the transcriptional regulatory elements flanking
origins can greatly stimulate origin function (22, 60). It has
been known for some time that the processes of replication
and transcription are intimately linked for many DNA viruses,
and it is possible that localization of viral DNA to ND10 is
necessary for transcription and then also for the coupling of
transcription and replication initiation. Transfection may be a
valuable tool for probing these and other aspects of replication
compartment formation and organization.
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