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During human cytomegalovirus (HCMYV) infection, the periphery of promyelocytic leukemia protein (PML)-
associated nuclear bodies (also known as PML oncogenic domains [PODs] or ND10) are sites for both input
viral genome deposition and immediate-early (IE) gene transcription. At very early times after infection, the
IE1 protein localizes to and subsequently disrupts PODs, whereas the IE2 protein localizes within or adjacent
to PODs. This process appears to be required for efficient viral gene expression and DNA replication. We have
investigated the initiation of viral DNA replication compartment formation by studying the localization of viral
IE proteins, DNA replication proteins, and the PML protein during productive infection. Localization of IE2
adjacent to PODs between 2 and 6 h after infection was confirmed by confocal microscopy of human fibroblasts
(HF cells) infected with both wild-type HCMV (Towne) and with an IE1-deletion mutant HCMV(CR208) that
fails to disrupt PODs. In HCMV(Towne)-infected HF cells at 24 to 48 h, IE2 also accumulated in newly formed
viral DNA replication compartments containing the polymerase processivity factor (UL44), the single-stranded
DNA binding protein (SSB; UL57), the UL112-113 accessory protein, and newly incorporated bromodeoxyuri-
dine (BrdU). Double labeling of the HCMV(CR208)-infected HF cells demonstrated that formation of viral
DNA replication compartments initiates within granular structures that bud from the periphery of some of the
PODs and subsequently coalesce into larger structures that are flanked by PODs. In transient DNA trans-
fection assays, both the N terminus (codons 136 to 290) and the C terminus (codons 379 to 579) of IE2 exon
5, but not the central region between them, were found to be necessary for both the punctate distribution of IE2
and its association with PODs. Like IE2, the UL112-113 accessory replication protein was also distributed in
a POD-associated pattern in both DNA-transfected and virus-infected cells beginning at 6 h. Furthermore,
when all six replication core machinery proteins (polymerase complex, SSB, and helicase-primase complex)
were expressed together in the presence of UL112-113, they also accumulated at POD-associated sites,
suggesting that the UL112-113 protein (but not IE2) may play a role in recruitment of viral replication fork
proteins into the periphery of PODs. These results show that (i) subsequent to accumulating at the periphery
of PODs, IE2 is incorporated together with the core proteins into viral DNA replication compartments that
initiate from the periphery of PODs and then grow to fill the space between groups of PODs, and (ii) the
UL112-113 protein appears to have a key role in assembling and recruiting the core replication machinery

proteins in the initial stages of viral replication compartment formation.

Human cytomegalovirus (HCMV) typically causes asymp-
tomatic infection in immunocompetent individuals. However,
infections of newborns and of immunocompromised individu-
als, such as organ transplant recipients and patients with AIDS,
as well as reactivation from latent infection can lead to severe
disease complications and pathogenesis (6, 34).

During HCMV DNA replication in permissive cells, the
230-kb viral genome is first transferred to the nucleus and
circularized by joining of the genomic termini; then progeny
genomes are generated as large multicopy concatemeric struc-
tures (25, 33). Like replication of alpha- and gammaherpesvi-
ruses, replication of HCMYV, a member of the betaherpesvirus
subfamily, requires a conserved set of six core DNA replication
proteins (7, 12, 35, 47, 54): the DNA polymerase (UL54) and
the associated polymerase processivity factor (UL44), a single-
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stranded DNA binding protein (SSB; UL57), and the triplex
containing DNA helicase (UL105), primase (UL70), and pri-
mase-associated factor (UL102) subunits. In addition to these
six core machinery proteins, five additional viral proteins (aux-
iliary components) are required for transient in vitro DNA
replication assays that depend on the presence of HCMYV ori-
Lyt DNA (35, 36, 48). Among them, UL36-38, TRS1 and IRSI,
and immediate-early (IE) proteins IE1 and IE2 appear to have
a role primarily in transcriptional transactivation of the repli-
cation protein genes (21), whereas only UL84 is essential for
promoting oriLyt-dependent DNA replication and the forma-
tion of large viral DNA replication compartments in cotrans-
fection assays (47). The UL112-113 protein is needed for effi-
cient replication in the cotransfection assays only in the
absence of the viral transactivators (47). A role for UL112-113
in orchestrating viral replication proteins for assembly of rep-
lication compartments has been suggested based on its earlier
expression compared to other replication proteins and its lo-
calization within discrete subnuclear structures in virus-in-
fected cells (37). Recently, UL112-113 was also shown to co-
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localize with viral DNA both before and during DNA
replication in infected cell nuclei (55).

Replication of HCMV DNA has several characteristics.
First, it initiates between 24 to 72 h after infection, compared
to between 4 and 8 h in herpes simplex virus (HSV) infection.
Second, the origin of replication, oriLyt, is a more complex
structure than that in HSV and spans an approximately 2-kb
region (5, 17, 31). Third, unlike the case for other herpesvi-
ruses, a small RNA transcript and persistent RNA-DNA hy-
brid structures are detected within the origin (18, 42, 47a).
Finally, a DNA binding replication initiation protein analogous
to the HSV type 1 (HSV-1) origin binding protein UL9 (35, 36)
has not been found. Instead, UL84 appears to perform this
function by an unknown mechanism (47). Based on these char-
acteristics, a unique mode of DNA replication for HCMV is
postulated, and the functions of auxiliary components in the
initiation of replication remain to be understood.

Small subnuclear punctate structures known as promyelo-
cytic leukemia protein (PML)-associated nuclear bodies, PML
oncogenic domains (PODs) or nuclear domain 10 (ND10),
have been shown to be sites for input viral DNA accumulation
in adenovirus, simian virus 40, HSV-1, and HCMYV infection as
well as for IE transcription in HCMV (19, 20). PODs are
spherical 0.3- to 0.5-wm structures that are present in most
cells, with an average number of 10 to 20 per cell. The PML
protein surrounds an electron-dense core that is associated
with the nuclear matrix.

The idea that the peripheries of PODs are also associated
with viral DNA replication was first proposed for HSV-1. In
HSV-infected cells, small viral prereplication sites or foci con-
taining the virus-encoded SSB (ICP8) protein were originally
demonstrated by Quinlan et al. (44) when DNA synthesis was
blocked by the presence of the viral DNA polymerase inhibitor
phosphonoacetic acid (PAA). SSB also forms numerous small
punctate structures at early times in the absence of PAA (8),
and studies with mutant viruses showed that these required the
presence of SSB, the helicase-primase complex (ULS, ULS,
and ULS52), and the origin binding protein (UL9) (27, 29). In
DNA-transfected cells, SSB also forms micropunctate struc-
tures in the presence of just the helicase-primase complex, and
these colocalize with cellular bromodeoxyuridine (BrdU)-con-
taining replisomes in S-phase cells (57). In contrast, in cotrans-
fected cells receiving the HSV origin DNA plasmid, all seven
essential HSV DNA replication proteins are required to form
a much smaller number of spherical prereplication foci that
can develop into large globular and kidney-shaped DNA rep-
lication compartments that are actively engaged in viral DNA
synthesis as assayed by PAA-sensitive incorporation of BrdU
in non-S-phase cells (57). Both types of punctate foci were also
confirmed to be formed in infected cells in the presence of
PAA, but only the second type are associated with PODs and
are presumed to be the true replication intermediates (28, 30,
52, 57).

Although some of the HCMV viral DNA replication pro-
teins, including SSB (UL57), UL44 (UL44), and UL112-113,
have been also shown to be localized in large nuclear structures
that resemble HSV-1 replication compartments (9, 14, 22, 23,
37, 41, 47), the cellular location and mechanism for initiation
and assembly of HCMV DNA replication proteins are not
understood. We previously showed that the IE1 protein local-
izes to and subsequently disrupts PODs, whereas the IE2 pro-
tein localizes within or adjacent to PODs at very early times (1,
3). This process appears to be required for efficient viral gene
expression and replication (4, 20). However, the association of
HCMV replication proteins with PODs and a possible role in
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initiation of viral DNA replication compartment formation
have not been evaluated previously.

In this study, we have investigated the initiation of HCMV
viral DNA replication compartment formation, including the
colocalization of the PML, IE, and viral DNA replication pro-
teins, and newly synthesized DNA (BrdU incorporation) dur-
ing productive infection. We show that both the IE2 and
UL112-113 proteins localize adjacent to PODs at very early
times after infection and that they are incorporated into viral
DNA replication compartments that initiate and grow from the
periphery of PODs. We also suggest that UL112-113 may re-
cruit viral replication fork proteins to the POD-associated as-
sembly sites.

MATERIALS AND METHODS

Cell cultures and virus infection. Permissive human diploid fibroblasts (HF
cells) and Vero cells were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal calf serum. HF cells at passages 7 to 13 were used for
virus infection. Some samples as indicated were incubated in the presence of
PAA at 200 pg/ml after infection.

The IEl-defective mutant HCMV(CR208) and its parent virus, HCMV-
(Towne), were provided by Edward Mocarski (Stanford University, Stanford,
Calif.). The virus stocks used were prepared as described by LaFemina et al. (26).
For experiments using indirect immunofluorescence assays (IFA), cells were
seeded into four-well chamber slides (0.4 X 10°/well), and the subconfluent cells
were infected with HCMV(Towne) or HCMV(CR208) at various multiplicities
of infection (MOI; PFU per cell). In all cases, input supernatant virus was diluted
with serum-free medium and was adsorbed for 1.5 h at 37°C, and then the
inoculum was replaced with fresh warmed medium at time zero.

Expression plasmids and transient DNA transfection. All replication machin-
ery expression plasmids used in this work except pMP18 (IE2) and
pJHA309(Flag/UL112-113) were described previously (47). For the six replica-
tion fork core machinery proteins, pRTS22 (UL44; processivity factor), pRTS6
(UL54; DNA polymerase), pRTS7 (UL57; SSB), pRTS9 (UL70; primase sub-
unit), pRTS29 (UL102; primase-associated factor), and pRTS10 (UL105; DNA
helicase subunit) were used. For the auxiliary components and stimulatory fac-
tor, p302 (UL36-38), pRTS18 (IRS1), pMP18 (IE2) (40), pRTS26 (UL112-113),
pRTS5 (UL84), and pRTS28 (UL69) were used.

To generate pJHA309 expressing 5’ flag epitope (F)-tagged UL112-113 pro-
tein products, the 2.2-kb XbaI-Bg/Il fragment was isolated from pRTS26, con-
verted to a blunt-end form, and inserted into the Bg/II site of pJH272, an F-tag
expression vector derived from pSG5 (16).

Plasmid pRLA45, expressing both IE1 and IE2 under their natural transcrip-
tional and splicing signals, plasmids pRL62, pMP88, pMP14, pMP83, and
pRLY4, expressing both wild-type IE1 and mutant IE2, and plasmids pRL72 and
pRL84, expressing in-frame fusions between IE1 and IE2, were all described
previously (26, 40).

All IE2 mutant expression plasmids containing deletions between codons 290
and 542 were generated in the pMP18 background for mammalian expression
purposes. To do so, the Xhol site upstream of the major IE (MIE) enhancer/
promoter region in pMP18 was first destroyed by Klenow fill-in (pJHA100), and
the Xhol-Stul sites of IE2 exon 5 in pJHA100 were subsequently used to replace
a 760-bp wild-type fragment (containing codons 290 to 542) with the equivalent
Xhol-Stul fragments containing deletion mutations as described previously (2).
This approach generated pCIC110(IE2A290-313), pCIC108(IE2A313-346),
pCIC109(IE2A346-358), pJHA104(IE2A358-379), pJHA106(TE2A376-404),
pJHA105(IE2A403-419), and pJHA107(IE2A487-518).

For DNA transfection experiments, Vero cells were seeded into two well-slide
chambers (0.8 X 10°/well) and DNA (3 pg/well) was introduced for transient
expression assays in subconfluent cells, using the N,N-bis-(2-hydroxyethyl)-2-
aminoethanesulfonic acid-buffered saline version of the calcium phosphate pro-
cedure described previously (38).

Antibodies. Mouse monoclonal antibodies (MAbs) 6E1 and 12E2 against
HCMV IE1 (ULI123; exon 4) and IE2 (ULI22; exon 5), respectively, were
obtained from Vancouver Biotech (Vancouver, British Columbia, Canada).
MAb CHB810, which detects epitopes presented in both IE1 and IE2 (exons 2 and
3), was purchased from Chemicon (Temecula, Calif.). MAbs against ppUL44
(ULA44) and BrdU were obtained from Advanced Biotech Inc. (Gaithersburg,
Md.) and Becton Dickinson (San Jose, Calif.), respectively. A MAb against the
F epitope was purchased from Eastman Kodak Company (New Haven, Conn.).
The rabbit antipeptide polyclonal antibody (PAb) referred to as anti-PML(C),
directed against amino acids at positions 484 to 498 of PML, was described
previously (1, 3). Rabbit antipeptide PAb UL112-113(C), directed against the C
terminus of HCMV UL112-113, and a rat antipeptide PAb against HCMV SSB
(ULS57) were prepared as described previously (39). The epitopes for the UL112-
113(C) and SSB antibodies were NH,~-AGNGRRRGPRFLEDGL-COOH and
NH,-RTRLPVVPKQPKKEPS-COOH, respectively.
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FIG. 1. Both IE2 and UL112-113 localize adjacent to PODs at very early times after infection. HF cells were infected with HCMV(Towne) at a low MOI (<1.0
PFU per cell) and fixed in methanol at 2 h (a) or 6 h (d) after infection, or they were infected with HCMV(CR208) at an MOI of 2.0 and fixed with paraformaldehyde
at 6 h after infection (b and c). Confocal double-label IFA was carried out to detect IE2 and PML (a and b), UL112-113 and PML (c), or UL112-113 and IE2 (d). IE2
was detected with mouse MAb 12E2 and FITC-labeled donkey anti-mouse IgG, and UL112-113 was detected with rabbit PAb UL112-113(C) and rhodamine-coupled
donkey anti-rabbit IgG. For PML, either mouse MAb 5E10 and FITC-labeled donkey anti-mouse IgG or rabbit PAb PML(C) and rhodamine-coupled donkey
anti-rabbit IgG were used. Confocal images from each fluorochrome were recorded, and only the superimposed merged images are shown. Inserts show high-power
magnification of some PODs. Note that association of IE2 and PML in PODs in wild-type virus-infected cells (a) is very transient because of IE1-induced displacement

of PML from PODs.

IFA. For IFA, both virus-infected and DNA-transfected cells were fixed by
either the methanol or paraformaldehyde procedure. For the methanol proce-
dure, the cells were washed in Tris-buffered saline (TBS), then permeabilized
with absolute methanol at 20°C for 10 min and rehydrated in ice-cold TBS for 5
min. For the paraformaldehyde procedure, the cells were washed in phosphate-
buffered saline (PBS), fixed with 1% paraformaldehyde solution in PBS at 20°C
for 5 min, and then permeabilized in ice-cold 0.2% Triton X-100 solution in PBS
for 20 min before incubation with primary antibodies. Mouse MAbs 6E1 (for
1E1), 12E2 (for IE2), CH810 (for both IE1 and IE2), and ABI44 (for ppUL44)
were used at 1:200 dilutions. Mouse MADb for BrdU was used at a 1:100 dilution,
and MAD for the F epitope was used at a 1:600 dilution. Rabbit PAb anti-
PML(C) was used at a 1:1,000 dilution, and PAb anti-UL112-113(C) was used at
a 1:800 dilution. Rat PAb against SSB was used at a 1:50 dilution. The antibody
incubations were carried out in TBS at 30°C for 1 h, followed by incubation with
fluorescein isothiocyanate (FITC)-labeled donkey anti-mouse immunoglobulin
G (IgG) or rhodamine-coupled donkey anti-rabbit (or anti-rat) IgG antibody at
a 1:100 dilution at 37°C for 45 min. For double labeling, mouse monoclonal and
rat or rabbit polyclonal antibodies were incubated together. Slides were screened
and photographed on a Leitz Dialux 20EB epifluorescence microscope with
Image-Pro software (Media Cybernetics, Silver Spring, Md.). For confocal mi-
croscopy, a Noran OZ CLSM confocal microscope system with Intervision soft-
ware (Noran Inc., Madison, Wis.) was used.

For BrdU labeling, the cells were pulse-labeled with 10 wM BrdU for 30 min
at 37°C and were fixed and permeabilized as described above. The cells were then
treated with 4 N HCI for 10 min at 20°C to expose the incorporated BrdU
residues and washed three times for 5 min each with PBS to neutralize the acid
before incubation with mouse anti-BrdU MAb.

Western blot analysis. Cells were washed with PBS and lysed with 0.2 ml of
ice-cold lysis buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1.0% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]). Equal
amounts of clarified cell extracts were separated by electrophoresis on SDS-8%
polyacrylamide gels followed by electroblotting onto nitrocellulose. The blots
were blocked by incubation for 1 h at 20°C in PBS plus 0.1% Tween 20 contain-
ing 5% nonfat dry milk. The blots were then washed twice with PBS-Tween 20
for 15 min and incubated with appropriate antibodies at a dilution of 1:3,000 for
1 h at room temperature. After three 10-min washes with PBS-Tween 20, the
blots were incubated with horseradish peroxidase-conjugated goat anti-mouse
IgG (Bio-Rad) for 1 h at 20°C. The blots were washed three times, and reacting
protein bands were detected with an enhanced chemiluminescence system (Am-
ersham ECL RP2106) using Kodak XAR film.

RESULTS

Both IE2 and UL112-113 localize adjacent to PODs at very
early times after infection. When HF cells were infected with
wild-type HCMV(Towne), the localization of IE2 adjacent to
PODs was observed at 2 h after infection by confocal double-
label IFA for IE2 and PML (Fig. 1a). This association is very
transient and was detected in a only a few infected cells be-
cause IE1 normally rapidly displaces PML from the PODs (3).
However, in HF cells infected with mutant HCMV(CR208),



VoL. 73, 1999

which lacks all of IE1 exon 4 but still has the ability to replicate
efficiently at high MOI (15), the PODs remain intact because
of the lack of functional IE1 protein (1). Therefore, HF cells
were also infected with HCMV(CR208) at an MOI of 2.0 and
observed by confocal double-label IFA for IE2 and PML. Un-
der these conditions, most of IE2 was localized as an overlap-
ping pattern in close proximity to but not identical to PODs in
almost all infected cells even at 6 h after infection (Fig. 1b).

We also raised a rabbit anti-UL112-113 PAb that detects the
84-kDa form of the UL112-113 protein (see Fig. 8) and inves-
tigated the distribution pattern of UL112-113 in virus-infected
HF cells. In both wild-type and AIE1 mutant virus-infected
cells, UL112-113 gave a small nuclear punctate pattern at 6 h
(Fig. 1c and d; see also Fig. 4) but was not detected at 2 h (data
not shown). Because this punctate pattern of UL112-113 re-
sembled PODs, confocal double-label IFA for both UL112-113
and PML was performed. The result showed that like IE2, at
least the 84-kDa form of UL112-113 was also distributed ad-
jacent to or touching PODs at 6 h in AIEl-infected cells (Fig.
1c). In contrast, when confocal double-label IFA was per-
formed for both IE2 and UL112-113 in wild-type virus-infected
cells at 6 h, the two proteins often colocalized and were much
more closely associated with each other than either was with
PML (Fig. 1d). These results clearly show that both IE2 and
UL112-113 initially localize together and adjacent to or touch-
ing PODs at very early times after infection, although appar-
ently IE2 targets to PODs at earlier times than UL112-113.
They also demonstrate that these localization patterns for both
IE2 and UL112-113 are not dependent on the expression of
IE1 or on the loss of PML from the PODs.

Evaluation of the IE2 protein domains required for punc-
tate POD association. In DNA-transfected HF or Vero cells,
the IE2 protein is distributed as a mixed nuclear pattern com-
bining a background diffuse distribution with punctate bodies
which exactly colocalize with PML in the PODs (ND/P pat-
tern) (3). In contrast, a fully punctate distribution that only
touches PODs is found at early times during HCMYV infection
of HF cells. To determine which regions of IE2 are required
for the nuclear punctate distribution and for colocalization
with PML in the absence of other viral proteins, we transfected
Vero cells with a variety of IE2 deletion mutants followed by
double-label IFA. The results are summarized in Fig. 2A and
B. Two independent nuclear localization signals of IE2 have
been mapped previously to regions between codons 145 and
151 and codons 321 and 328 (39), and all deletion mutants
tested retained at least one of these motifs. When cells were
transfected with plasmids expressing either IE2 alone (pMP18)
or both IE1 and IE2 (pRLA4YS), the typical wild-type mixed
ND/P pattern for IE2 was detected as described previously (3).
When cells were transfected with plasmids expressing
1IE2(A86-290) (pRL84) or IE2(A136-290) (pMP88), IE2 was
distributed as a uniform nuclear diffuse form only, whereas
cells transfected with pRL72, expressing IE2(A86-135) as a
fusion protein (with an insertion of IE1 amino acids 87 to 131),
showed a novel modified micropunctate pattern with numer-
ous tiny punctate bodies (MP/P pattern). These IFA results
demonstrate that several segments from the region between
codons 87 and 290 are required for the normal punctate dis-
tribution of IE2. In addition, two mutant proteins, IE2(A542-
579) lacking the C terminus in pMP14 and IE2(A290-492)
lacking a large internal region in pMP83, both gave a totally
diffuse nuclear distribution without showing any association
with punctate bodies.

When mutant IE2 proteins containing smaller deletions
within the internal region between codons 290 and 542 were
investigated, four distinct deletions that removed codons 290
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and 313, 313 and 346, 346 and 358, or 358 and 379 (pCJC110,
pCJC108, pCIC109, and pJHA104) all still showed the typical
wild-type punctate (ND/P) staining pattern for IE2 and re-
tained the association with PML. However, three different
internal deletions located at further C-terminal positions be-
tween codons 376 to 404 (pJHA106), 403 to 419 (pJHA105),
and 487 to 518 (pJHA107) all lost the typical punctate pattern
but remained positive by IFA. Interestingly, the PML distribu-
tion pattern in cells expressing the IE2(A376-404) and
1E2(A403-419) mutants showed a large nuclear aggregated
form of IE2 with either only a few remaining PODs or numer-
ous micropunctate spots of PML, whereas the IE2(A487-518)
mutant gave a nuclear and cytoplasmic diffuse pattern without
affecting the punctate PML pattern. Representative patterns
for the IE2(A136-290), IE2(A86-135), IE2(A290-313),
IE2(A376-404), and TE2(A403-419) mutant proteins and the
PML patterns in the same fields are shown in Fig. 2C.

Therefore, regions from both the nonconserved N terminus
(codons 87 to 290) and the conserved DNA binding/dimeriza-
tion domain in the C terminus (codons 379 to 579) of IE2 exon
5 contribute to both the punctate characteristics of IE2 and its
association with PODs, although interestingly the central por-
tion from codons 290 to 379 does not. This association is
believed to be indirect because unlike IE1, IE2 does not inter-
act with PML in yeast two-hybrid assays (1).

IE2 is incorporated into viral DNA replication compart-
ments at late times after infection. The IE2 protein is required
for maximal efficiency of viral DNA replication in transient
DNA cotransfection assays (35, 47). To further study the role
of IE2 in viral DNA replication, the localization pattern of IE2
was also investigated at later times after infection with wild-
type HCMV. Interestingly, the IE2 staining pattern at 96 h
after infection of HF cells at high MOI showed large intranu-
clear structures that resembled viral DNA replication compart-
ments (Fig. 3). Some of the infected cells showed two separate
structures within the nucleus (arrow), but in most cells these
had become enlarged and combined to form the fully devel-
oped irregular oval or kidney-shaped viral DNA replication
compartments that nearly completely fill the nucleus (but spar-
ing the nucleolus). These patterns observed by IE2 staining are
very similar to those detected by staining for the SSB (UL57),
UL44, and UL112-113 proteins at late times after infection
(37) as well as for UL44 in functionally active HCMV replica-
tion compartments assembled in the cotransfection assay sys-
tem (47).

To confirm the specificity of incorporation of IE2 into viral
DNA replication compartments, we investigated the localiza-
tion patterns of IE1, IE2, the polymerase processivity factor
(UL44), UL112-113, and SSB (UL57), as well as newly incor-
porated pulse-labeled BrdU, at 6, 24, and 72 h in HF cells
infected with HCMV(Towne) at a low MOI (<1.0). At 6 h, IE1
was distributed as a uniform nuclear diffuse pattern (Fig. 4a)
and IE2 showed a nuclear punctate pattern (Fig. 4b) as previ-
ously described (3). Neither UL44 nor SSB was detected at 6 h
(Fig. 4c and d), but when rabbit PAb UL112-113(C) directed
against the C terminus of UL112-113 was used, a punctate
staining pattern was obtained as described above (Fig. 4e). At
24 h after infection, IE1 remained as a uniform nuclear diffuse
pattern, whereas IE2, UL112-113, and SSB all showed punc-
tate structures larger than those at 6 h. UL44 was detected as
both a punctate pattern in some cells and a nuclear diffuse
pattern in most cells at 24 h, although it gave only a uniform
nuclear diffuse form at 12 h after infection (not shown). At 72 h
after infection, IE2 as well as UL44, UL112-113, and SSB all
accumulated into large globular nuclear structures, including
some that resembled complete viral DNA replication compart-
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FIG. 2. Domain requirements within the IE2 protein for POD association.
(A and B) Summary of the localization patterns of both IE2 and PML in Vero
cells transiently transfected with genomic plasmids expressing deleted versions of
1E2. (A) The overlapping five-exon structure (solid bar) of the MIE gene tran-
scription unit in the inverted (i.e., viral) genomic orientation is illustrated at the
top. Positions of key restriction sites used to generate the deleted or truncated
versions of IE2 (Bc, Bcll; Ev, EcoRV; Sa, Sall; Sm, Smal; St, Stul; Xh, Xhol) are
indicated. The enhancer/promoter region of the MIE locus (ENH; hatched bar)
and the translation start (ATG) and termination (TAA) sites as well as polyad-
enylation sites (pA) are also indicated. (B) Open bars represent coding regions
with gaps denoting in-frame deletions; the diamond indicates inserted triple-
terminator oligonucleotides; horizontal dashed lines indicate in-frame IE1-1E2
fusion proteins (pRL72 and pRL84). The estimated map locations for the
epitopes recognized by the 12E2 and CH810 Mab are shown at the bottom
(hatched bars). To detect IE2, mouse MAb 12E2 or CH810 and FITC-labeled
donkey anti-mouse IgG were used. PML was detected as described for Fig. 1.
IFA patterns: ND, nuclear diffuse; P, punctate; ND/P, a mixture of nuclear
diffuse and punctate patterns; MP/P, nuclear micropunctate with concentrated
punctate bodies; NAG, nuclear aggregation; NAG/C, NAG pattern with cyto-
plasmic diffuse; ND/C, nuclear and cytoplasmic diffuse pattern. , IE2 was de-
tected with mouse MAb CHS810; ®, reduced number of punctate bodies or
numerous micropunctate bodies. aa, amino acids. (C) Double-label IFA images
of Vero cells transfected with pMP88 encoding TE2(A136-290), pRL72 encoding
1E2(A86-135), pCJC110 encoding IE2(A290-313), pJHA106 encoding IE2(A376-
404), or pJHA105 encoding IE2(A403-419).

ments, while IE1 still remained in a nuclear diffuse pattern.
The cytoplasmic signals detected in virus-infected cells at late
times (24 h and 72 h) by the rabbit PAD raised against UL112-
113 were also detected with preimmune serum (not shown)
and appear to result from the nonspecific binding of rabbit
antibodies to virus-induced immunoglobulin Fc receptor-like
proteins. This has also been seen for most other rabbit PAbs
and has been described by other investigators (14). When dou-
ble-label IFA for IE2 and UL44 was performed with rabbit
antipeptide PAb against IE2 (P3) (38) and mouse MAb for
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FIG. 3. Localization pattern of IE2 at late times after infection. HF cells
were infected with HCMV(Towne) at an MOI of 2.0, fixed in methanol at 96 h,
and stained with mouse MAD 12E2 as described for Fig. 1. In most cells, IE2 was
stained as large irregular oval structures that occupy most of the nucleus. In some
cells, IE2 appeared as two distinct nuclear globular structures (arrow), but these
may be connected to each other around the outside of the nucleolus (arrow-
heads).

ULA44, the proteins were colocalized to the same structures
(not shown).

To localize the sites for viral DNA synthesis in infected cells,
BrdU pulse-labeled DNA was stained with anti-BrdU MAD at
the indicated time points and shown as double labeled for both
UL112-113 and BrdU by IFA (Fig. 4e and f). Incorporation of
BrdU into large nuclear structures that contain UL112-113 and
also resemble those detected by both IE2, UL44, and SSB
staining was observed only at and after 72 h, whereas BrdU was
not incorporated significantly into virus-infected cells (judged
by positive UL112-113 staining) at either 6 or 24 h. This result
clearly demonstrates that the globular structures containing
IE2, UL44, SSB, and UL112-113 detected at 72 h represent
viral DNA replication compartments. Importantly, formation
of both the globular and larger kidney-shaped structures con-
taining IE2, UL44, SSB, UL112-113, and BrdU was not de-
tected at 72 h after infection in the presence of PAA. Instead,
IE2 and UL112-113 gave small punctate bodies similar to those
seen at 6 h, and UL44 was stained as a nuclear diffuse pattern
with only very tiny punctate bodies in the presence of PAA. No
BrdU signals were detected in these residual UL112-113-pos-
itive prereplication foci in either virus-infected S-phase or non-
S-phase cells at 72 h in the presence of PAA, although the
S-phase cells still showed BrdU incorporation into cellular
replisomes (data not shown). These results demonstrate that
IE2, but not IE1, is incorporated efficiently into viral DNA
replication compartments at late times after infection and that
the larger punctate structures containing IE2, UL44, SSB, and
UL112-113 detected at 24 h appear to represent the initial
stages of formation of viral DNA replication compartments,
although viral DNA synthesis does not occur yet at this time
point.
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Viral DNA replication compartments develop from the pe-
riphery of PODs. Our observations that (i) both the IE2 and
UL112-113 proteins localize adjacent to PODs in small punc-
tate domains at very early times after infection, (ii) these punc-
tate domains become larger at later time points, and (iii) both
IE2 and UL112-113 are ultimately incorporated very efficiently
into viral DNA replication compartments led us to ask whether
the peripheries of PODs where both IE2 and UL112-113 ini-
tially accumulate are also sites for the initiation of viral DNA
replication compartment formation. Therefore, the localiza-
tion pattern of IE2 and its association with PODs were further
investigated in HF cells infected with HCMV(CR208/AIE1) at
an MOI of 5.0 (Fig. 5). When the cells were fixed at 48 h after
infection, double-label IFA for IE2 and PML showed that IE2
accumulated adjacent to PODs in some infected cells (Fig. 5a)
and that budding structures containing IE2 were present at the
periphery of PODs in some other infected cells (Fig. 5b).
Furthermore, in some cells, larger structures bounded or
flanked by several PODs were detected at the same time points
(Fig. 5c and d). Therefore, the IE2-containing budding struc-
tures that initiate from the periphery of PODs appear to coa-
lesce to make larger structures that are themselves still flanked
by PODs. It should be noted that budding structures were not
initiated from all IE2 POD-associated domains, suggesting
that localization of IE2 at the periphery of PODs is not itself
sufficient for initiation of the budding structures. At 72 h after
infection, the bulk of the IE2 protein in most cells had accu-
mulated into usually just two separate nuclear globular struc-
tures (Fig. 5e) that were presumably in the process of enlarging
and assembling into the fully developed kidney-shaped viral
DNA replication compartments that nearly completely fill the
nucleoplasm by 96 h (Fig. 3).

To investigate whether these intermediate-stage nuclear
budding structures containing IE2 also contain other viral rep-
lication or accessory proteins, double-label IFA for UL112-113
and IE2, for UL112-113 and UL44, or for UL112-113 and
PML was performed on AIEl-infected HF cells fixed at 48 h
(Fig. 6). Again both IE2 and UL112-113 proved to be colocal-
ized either in small punctate bodies or within the larger gran-
ular structures (Fig. 6a). UL44 was distributed as a mixture of
nuclear diffuse and punctate forms, and the punctate forms
were colocalized with UL112-113 (Fig. 6b). Importantly, both
the UL112-113 nuclear structures budding from the periphery
of PODs and POD-associated small punctate bodies that were
detected by IE2 staining (Fig. 5) were also detected by double-
label staining for UL112-113 and PML (Fig. 6¢). These results
demonstrate that the nuclear budding structures containing
IE2 that initiate from the periphery of PODs also contain viral
DNA replication proteins, including UL44 and UL112-113,
and represent initial stages in assembly of viral DNA replica-
tion compartments.

To confirm that the large globular structures containing viral
proteins that were detected at 48 h in HCMV(CR208/AIE1)-
infected cells (Fig. 5 and 6) are also observed in wild-type
virus-infected cells, and to show that viral DNA synthesis oc-
curs in these structures, HCMV(Towne)-infected cells were
pulse-labeled with BrdU and double-label IFA for both
UL112-113 and BrdU was performed at 48 h. In most cells
showing two or three large globular structures containing
UL112-113, the newly incorporated BrdU signals were also
colocalized in the same structures (Fig. 7c to f), although BrdU
was not incorporated into cells with several smaller punctate
UL112-113 domains, which probably represent earlier stages
of infection (Fig. 7a and b). However, interestingly, in some
cells showing two or three large globular structures containing
UL112-113, BrdU incorporation was not detected in the same
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FIG. 4. Comparison of distribution patterns of five viral proteins at different time points after infection. HF cells were infected with HCMV(Towne) at a low MOI
(<1.0) in the absence or presence of PAA (200 pg/ml). Cells were BrdU pulse-labeled and fixed in methanol at 6, 24, and 72 h after infection, and single labeling IFA
for IE1, IE2, UL44, and SSB (a to ¢) or double labeling for both UL112-113 and BrdU (e and f) was carried out as described in Materials and Methods.

structures (Fig. 7g and h). These latter cells may reflect an
intermediate stage in which all of the viral replication machin-
ery proteins are not yet assembled sufficiently to allow viral
DNA synthesis, or possibly they contain complete assembled
pre-replication compartments that lack viral DNA templates.

The antipeptide PAb UL112-113(C) detects the intact 84-
kDa form of the UL112-113 protein. The UL112-113 locus
expresses four differently spliced polypeptides of 34, 43, 50,
and 84 kDa, as shown by immunoblot assays of extracts pre-
pared from HCMV-infected HF cells (53). However, because
the antipeptide UL112-113(C) PADb used in our study was
raised against the C-terminal 16 amino acids of the UL112-113
transcription unit, it was expected to be specific for only the

intact 84-kDa form of UL112-113. To confirm the specificity of
the UL112-113(C) PADb, extracts of HF cells infected with
HCMV(Towne) were prepared at 6, 24, 48, and 72 h after
infection and the proteins were fractionated by SDS-polyacryl-
amide gel electrophoresis (PAGE) for immunoblot assay. As
controls, extracts of Vero cells transfected with either a plas-
mid expressing 5’ F-tagged UL112-113 or the empty vector
alone (pSGS5) were also used for immunoblot assay with mouse
MAD against the F epitope. The 5’ F tag in the UL112-113
expression vector is expected to be present in all four UL112-
113-derived proteins. The Western blot results showed that
only the 84-kDa band was specifically detectable with the
UL112-113(C) antibody in virus-infected HF cells, whereas all
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FIG. 5. Double-label IFA images demonstrating that formation of viral DNA replication compartments initiates from the periphery of PODs. Double-label IFA
images for IE2 and PML representing sequential intermediate stages in formation of early replication compartments are shown. HF cells were infected with
IE1-defective mutant HCMV(CR208) at an MOI of 5.0 and fixed in methanol at 48 h (a to d) or 72 h (e) after infection. IE2 was detected with MAb 12E2 (FITC;
green), and PODs were detected with PAb PML(C) (rhodamine; red). To produce merge images, each fluorochrome was recorded and the superimposed images were
generated with Image-Pro software.
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FIG. 6. Double-label IFA images for UL112-113 with either IE2, UL44, or PML at intermediate stages of replication compartment formation. HF cells were
infected with HCMV(CR208) and fixed at 48 h after infection as described for Fig. 5. For detection of UL112-113 (a to c), rabbit PAb and FITC-labeled donkey
anti-rabbit IgG were used; for detection of IE2 (a), UL44 (b), and PML (c), mouse MAbs 12E2 (for IE2), ABI44 (for UL44), and 5E10 (for PML) and
rhodamine-coupled donkey anti-mouse IgG were used. Merge images were obtained as described for Fig. 5.

four (34-, 43-, 50-, and 84-kDa) forms of UL112-113 were
detected with anti-F antibody in DNA-transfected Vero cells
(Fig. 8A). Consistent with previous observations (53), the 84-
kDa UL112-113 protein was synthesized within 6 h and in-
creased from early to late times during infection, and the
43-kDa UL112-113 protein was the most abundant among the
four related protein products even in DNA-transfected cells.

To compare the distribution pattern of the 84-kDa version
of UL112-113 to those of the smaller proteins encoded by the
UL112-113 locus by IFA, Vero cells were transfected with
plasmid DNA expressing the 5’ F-tagged version of UL112-
113. In this case, the UL112-113 products detected by anti-F
antibody were distributed as a mixture of both nuclear diffuse
and typical small punctate patterns (Fig. 8B) as well as some
punctate structures that were larger than those detected with
the anti-UL112-113(C) PAb in infected cells. However, dou-
ble-label IFA revealed that the staining pattern of the 84-kDa
form of UL112-113 detected here with UL112-113(C) PAb was
exactly the same as that detected by the MADb for the F epitope
(Fig. 8C). Therefore, although the pattern in overexpressed
transient assays contrasts somewhat with the small punctate
pattern only as observed for the 84-kDa form in HF cells
infected at a low MOI (Fig. 1c and d; Fig. 4d), the results
suggest that all four forms may have the property of targeting
to the PODs.

UL112-113 recruits the UL44 polymerase processivity factor
into POD-associated sites in DNA transfection assays in the
presence of core replication complex components. The data

presented above demonstrated that at least the 84-kDa form of
UL112-113 associates with PODs at 6 h in virus-infected cells
and later accumulates at the periphery of PODs together with
IE2. To further investigate the association of the UL112-113
protein with PODs, Vero cells were transiently transfected
with a plasmid expressing the 5’ F-tagged version of UL112-
113 and double labeled for the F epitope and endogenous
PML. The results confirmed that both the small punctate and
larger globular patterns of UL112-113 were associated with
PODs (Fig. 9a) and also demonstrated that even overexpressed
UL112-113 product associated with PODs in the absence of
other viral proteins. Because IE2 also colocalizes with PODs in
transient DNA transfection assays (3), and both IE2 and
UL112-113 are colocalized adjacent to PODs at 6 h as well as
incorporated into viral DNA replication compartments at 72 h
in virus-infected cells as described above, we also examined the
distribution of the two proteins when transfected together in
Vero cells. As expected, both proteins proved to colocalize
within the same punctate and globular structures that presum-
ably correspond to PODs (Fig. 9b).

Both IE2 and UL112-113 are expressed at very early times in
virus-infected cells and are targeted to POD or to POD-asso-
ciated domains before the replication fork proteins are synthe-
sized. Therefore, we also examined whether expression of ei-
ther IE2 or UL112-113 might affect the localization patterns of
core replication machinery proteins in transient cotransfection
assays. A mouse MADb against the HCMV polymerase proces-
sivity factor UL44 was used to track the localization and as-
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UL112-113 BrdU

FIG. 7. Localization of newly synthesized DNA in intermediate-stage viral
DNA replication compartments. HF cells were infected with HCMV(Towne) at
a low MOI (<1.0), pulse-labeled with BrdU, and fixed in methanol at 48 h after
infection. Double-label IFA for both UL112-113 and BrdU was carried out as
described for Fig. 4. Four independent microscopic images are shown. The large
granular structures containing UL112-113 but not BrdU are indicated by arrows.

sembly of the replication proteins. As expected, UL44 was
distributed as a uniform nuclear diffuse pattern in Vero cells
when transfected alone, and this diffuse pattern was not af-
fected in cells cotransfected with a plasmid expressing IE2
alone (not shown). Similarly, when all six viral core replication
machinery proteins (polymerase, UL44, SSB, and the triplex
helicase-primase complex) were coexpressed in Vero cells in
the absence of the oriLyt plasmid or any accessory proteins,
ULA44 was still distributed as a typical nuclear diffuse form in all
positive cells (Fig. 9c). However, when the same six viral core
replication machinery proteins were expressed together with
UL112-113, the distribution of UL44 was changed to include
typical punctate patterns in a majority of the cells, and double
labeling revealed that the reorganized punctate forms of UL44
were colocalized with endogenous PML in the PODs (Fig. 9d).
Importantly, this alteration in the distribution of the replica-
tion proteins did not occur when they were all cotransfected
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FIG. 8. Specificity of the antipeptide PAb generated against UL112-113. (A)
Immunoblot assay of extracts prepared from virus-infected HF cells and plasmid-
transfected Vero cells. For lanes 1 to 5, HF cells were mock infected or infected
with HCMV(Towne) at an MOI of 5.0, and total cell extracts were prepared at
6, 24, 48, and 72 h. For lanes 6 and 7, Vero cells were transfected with either a
plasmid expressing 5’ F-tagged UL112-113 (pSG5-F/UL112-113, pJHA309) or
the empty DNA vector (pSGS5), and total extracts were prepared at 48 h after
transfection. Equal amounts of each extract were subjected to SDS-PAGE (8%
gel) for Western blotting with anti-UL112-113(C) PAD (lanes 1 to 5) or with
anti-F MADb (lanes 6 and 7). The positions of the molecular size markers and the
four F-tagged UL112-113 protein products (34, 43, 50, and 84 kDa) are indi-
cated. (B and C) IFA images of UL112-113 in DNA-transfected cells. Vero cells
were transiently transfected with plasmid pJHA309 expressing the 5" F-tagged
UL112-113 protein. Cells were fixed by the paraformaldehyde procedure at 48 h,
and double-label IFA was carried out with mouse MADb directed against the F
epitope and rabbit PAb UL112-113(C). (B) F-tagged UL112-113 protein prod-
ucts detected with mouse anti-F MAb and FITC-labeled donkey anti-mouse IgG.
(C) The 84-kDa form of UL112-113 detected with rabbit anti-UL112-113(C)
PADb and rhodamine-coupled anti-rabbit IgG.

together with IE2 (not shown). Similarly, even when all six core
replication machinery proteins plus UL112-113 and all of the
other auxiliary components including UL36-38, IRS1, IE2,
UL84 and UL69 (but omitting IE1) were cotransfected to-
gether, UL44 was still very efficiently accumulated into POD-
associated sites (Fig. 9¢). Obviously, not all of these proteins
are expected to be expressed in all cotransfected cells, but the
results demonstrated that in the context of at least some of the
other core replication machinery proteins, UL44 (and presum-
ably the other replication fork complex proteins also) are re-
cruited efficiently into POD-associated sites in the presence of
UL112-113.

To evaluate whether all or only some of the core replication
complex proteins are required for this altered localization pat-
tern, UL44 and UL112-113 were cotransfected together with
various subsets of the six core genes (not shown). The results
revealed that although UL112-113 had a small effect on UL44
alone (12% of the doubly expressing cells showing punctate
POD-associated UL44 patterns), the effect was greatly en-
hanced in the presence of either SSB (UL57) alone, polymer-
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FIG. 9. Role of UL112-113 in recruiting core replication proteins to the PODs. Double-label IFA images were obtained after the following combinations of plasmids
were cotransfected into Vero cells: (a) F-tagged UL112-113 encoded by pJHA309; (b) IE2 in pMP18 and untagged UL112-113 in pRTS26; (c) the six HCMV core
replication machinery proteins UL44 in pRTS22, UL54 in pRTS6, UL57 in pRTS7, UL70 in pRTS9, UL102 in pRTS29, and UL105 in pRTS10; (d) the six core
machinery proteins and UL112-113 in pRTS26; and (e) the six core machinery proteins, five auxiliary replication-promoting factors UL36-38 in p302, IRS1 in pRTS18,
1IE2 in pMP18, UL112-113 in pRTS26, and UL84 in pRTSS5, as well as the stimulatory factor UL69 in pRTS28. At 48 h after transfection, the cells were fixed with
paraformaldehyde and double labeled as indicated in each panel. To detect F-tagged UL112-113 (a), IE2 (b), and UL44 (c to ¢), mouse MAbs and FITC-labeled donkey
anti-mouse IgG were used. To detect PML (a, ¢, d, and e) and UL112-113 (b), rabbit PAbs and rhodamine-coupled anti-rabbit IgG were used. Merge images were

obtained as described for Fig. 5.

ase (UL54) alone, or the three helicase-primase complex pro-
teins together, with in each case more than 80% of the UL112-
113- and UL44-coexpressing cells showing colocalization in the
PODs. Although appropriate antibodies are not available for
determination of whether only some or all of the other core
replication proteins are similarly recruited to the PODs in
infected or cotransfected cells, we conclude that UL112-113
plays an important role in viral DNA replication compartment
formation at early stages during virus infection by at least

recruiting the UL44 component of the viral DNA replication
fork complex into the IE2-containing domains at the periphery
of PODs.

DISCUSSION

We have demonstrated here that there is a close physical
association in HCMV-infected cells between the subnuclear
compartmentalization of viral DNA replication proteins, the



VoL. 73, 1999

virus-encoded early nuclear proteins IE2 and UL112-113, and
the punctate nuclear domains containing the cellular tumor
suppressor protein PML. As an extension of the concept de-
veloped by Ishov and Maul of PODs being deposition sites for
foreign DNA (19), they now also appear to be sites for selec-
tive accumulation of specific viral proteins involved in both IE
transcription and the assembly of functionally active viral DNA
synthesis machinery. Considering that both the IE2 and
UL112-113 proteins independently accumulate at or adjacent
to PODs and that the viral core replication protein complex
can also be recruited to POD-associated sites in the presence
of UL112-113 but in the absence of viral DNA, it seems clear
that there is much more involved in the targeting to PODs than
just the deposition of foreign DNA. In fact, these results raise
questions about whether indeed the viral DNA goes to PODs
in the absence of viral proteins and whether viral proteins
might also be involved in specifically recruiting the viral DNA
to the PODs. Overall, there now appears to be little doubt that
the PODs serve as a framework for formation and assembly of
the protein complexes involved in initiation of both IE tran-
scription and viral DNA synthesis. While it is also known that
one of the two types of early prereplication foci in HSV is
associated with PODs (28, 30, 52, 57), only the connection
between IE RNA synthesis and PODs has been addressed
previously in HCMYV infection systems (20).

Both of the major lytic cycle DNA binding transcription
factors IE175 (ICP4) of HSV and Zta of Epstein-Barr virus are
known to be efficiently incorporated into viral DNA replication
compartments (24, 45, 51). Therefore, it is not surprising that
IE2 of HCMV also behaves in this way. However, whether IE2
does so only because of its presumed role in late transcription,
as is expected to be the case for IE175, or whether it has dual
direct roles in both transcription and DNA replication as for
Zta (13) is not known. Nevertheless, there are some clear
differences in the behavior of IE2 and IE175. First, IE2 but not
IE175 is partially recruited to PODs even in the absence of
other viral components in DNA-transfected cells. Second,
IE175 associates with functionally active HSV DNA replica-
tion compartments but not with prereplication foci in infected
cells, and even though it is still recruited to assembled repli-
cation compartments in the absence of viral origin sequences
in the cotransfection system, IE175 is excluded from them in
the presence of PAA (24, 45, 57). In contrast, IE2 is closely
associated with early pre-replication structures in HCMV-in-
fected cells that do not yet incorporate BrdU. Even the role of
IE2 in IE transcription domains that lie adjacent to PODs at
very early times in infected cells is not known to be mimicked
by IE175, although this point has not been addressed directly
in HSV-infected cells.

Because both HSV and HCMYV utilize a second viral IE
protein (i.e., IE110/ICPO or IE1) to target to and disrupt the
association of PML with PODs, which occurs before IE2 tar-
gets there and before the prereplication foci form (3, 11, 32),
many questions arise about the possible functional connections
between the disruption of PODs and the assembly of replica-
tion complexes. Again the two systems differ in that in the
presence of HSV IE110 the SUMO-1 modification of PML
and SP100 is abolished and PML is degraded (10), whereas in
the presence of HCMV IE1, PML and SP100 are merely dis-
placed from the PODs and there is no effect on amounts or
modified forms of PML in wild-type virus-infected cells (3). A
recent report has suggested that transfection with IE1 leads to
SUMO-1 removal from PML (34a). However, we have found
that SUMO-1 is also merely displaced into a nuclear diffuse
form together with PML in both HCM V-infected HF cells and
in most IE1-transfected Vero cells, although a loss of both the
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PML and SUMO-1 IFA signals does occur in a subset of highly
overexpressing transfected cells (4a). In both cases, infection in
the absence of either IE110 or IEL1 still allows progression of
the lytic cycle, including formation of viral DNA replication
compartments (especially at a high MOI) (15, 46, 50). This
point was exploited in our studies using an IE1 deletion mutant
virus to allow detection of the colocalization or close associa-
tion of several HCMV proteins with PODs that still contained
PML, which obviously cannot be followed with wild-type virus.
Reasonable conclusions from all of this are that (i) it is the
underlying cellular structures that contain PML and not PML
itself (or SP100) that provides the initial structural framework
for assembly of both the HCMV IE complexes and the HCMV
early DNA replication foci; (ii) the presence or absence of
PML in the PODs is not itself essential for either of these
processes, although it may profoundly affect their efficiency;
and (iii) in the case of HCMV but not of HSV, PML and SP100
may still be available outside of the PODs for some other
functional purpose.

Most of our experiments (especially those with wild-type
virus) were carried out at a low MOI and therefore also raise
an interesting question: when a particular single growing rep-
lication compartment is flanked by three or four distinct PODs,
could each have contained an associated original input paren-
tal viral DNA molecule, or do some early progeny DNA mol-
ecules also take up stations at secondary PODs? Alternatively,
some PODs may become active participants in these processes
without having any associated viral DNA molecules. The latter
seems most likely because although the number of early glob-
ular pre-replication structures at 24 to 48 h is usually reduced
to only 2 or 3 per cell, the number of IE2- and UL112-113-
positive PODs (usually more than 10 per cell) at earlier times
before DNA synthesis commences probably exceeds the num-
ber of input parental viral DNA molecules present. This inter-
pretation assumes that only those DNA molecules from infec-
tious virions enter the nucleus, although this point is unproven
and the fate and functional competence of input DNA mole-
cules from the large excess of noninfectious particles present in
all herpesvirus virion preparations are currently unknown. Cer-
tainly, it is also clear that not all PODs accumulate IE2 or
UL112-113 proteins and not all IE2-positive PODs participate
in the apparent budding out of assembling pre-replication ma-
chinery protein complexes.

Obviously, although segments of both the N- and C-terminal
domains of IE2 are needed for its association with PODs, we
do not know yet what causes IE2 first to move into adjacent
sites next to PODs in infected cells (compared to colocalizing
with PODs in transfected cells) and then to assemble with viral
DNA replication compartments. Certainly we can state from
analysis of the deletion mutants that the DNA binding activity
of IE2 is not required for POD association in transfection
experiments. These results also seem to imply that the trun-
cated 40-kDa form of IE2 that is synthesized at late times after
infection (39, 43, 49) should not be able to target to PODs,
although the status of its association with viral DNA replica-
tion compartments is unknown. We should also point out in
this regard that we have mapped the epitope recognized by the
12E2 IE2-specific MAD to between IE2 amino acids 99 to 136,
and therefore only the intact 86-kDa IE form of IE2 and not
the 40-kDa form was being detected in these experiments.

The colocalization experiments also clearly show that at 6 h
in infected cells the IE2 and UL112-113 proteins both exactly
colocalize with each other but that both lie adjacent to or
surrounding PODs rather than exactly colocalizing with them.
Therefore, what do these adjacent structures represent? Ishov
et al. called the IE2-positive POD-associated structures IE
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transcription domains, because IE mRNA accumulated in
some of them and then extended into larger adjacent spliceo-
some domains (20). However, as described above, most of
these structures in our experiments at low MOI probably do
not contain the input parental viral DNA templates that would
be needed for IE transcription. Recall that in transient single
transfections, both viral proteins on their own exactly colocal-
ize with PML in PODs. We believe that these sites adjacent to
the PODs actually represent a separate set of distinct sub-
nuclear domains that have not previously been characterized
but that touch PODs and may also bridge the PODs to the
splicesome domains. Furthermore, these are not specific for
infected cells but must preexist in uninfected cells. Our evi-
dence for this comes from observations with a third HSV-
encoded IE nuclear protein known as IE68 (or ICP22). In
contrast to IE1, IE2, IE110, and UL112-113, this viral protein
forms another set of discrete punctate domains in both HSV-
infected and DNA-transfected cells that do not colocalize with
SC35 spliceosomes or PODs but often touch the PODs (56).
Furthermore, when HCMV IE2 and HSV IEG68 are transfected
together, most IE2- and IE68-specific domains are found to be
touching each other (data not shown).

Opverall, we conclude that in both HSV and HCMV, the
assembly of viral DNA replication compartments consists of
complex, stage-specific processes that are intimately connected
with specific subnuclear domains and compartments, especially
those that are defined by the presence of PML. Some of the
detailed events, including the pattern and timing of assembly
as well as the nature of the accessory viral proteins involved,
differ dramatically in the two systems, but there are also many
close parallels, including separate recruitment of the input
viral DNA genomes and the viral core replication machinery
proteins to POD-associated sites and the involvement of the
principal viral IE DNA binding transcription factors. Obvi-
ously, many details of the specific protein-protein and DNA-
protein interactions between viral and cellular components
involved in recruitment and assembly remain to be defined, but
studies of intranuclear compartmentalization at the single cell
level have now clearly linked three previously disparate areas
of HCMYV research involving targeting to and disruption of
PODs, IE transcription events, and the initiation and assembly
of viral DNA replication compartments.
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