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The protein products of 11 viral genomic loci cooperate in a transient cotransfection assay to mediate
lytic-phase DNA replication of oriLyt, the human cytomegalovirus (HCMV) origin of replication. Six of these
genes have homology with the well-characterized herpes simplex virus replication genes and encode core
replication machinery proteins that are typically essential for DNA synthesis. The remaining five HCMV gene
loci, initially referred to as auxiliary components, include several known immediate-early (IE) transcriptional
regulatory proteins as well as genes encoding functionally uncharacterized polypeptides. Some or all of the
auxiliary components may be necessary in trans to replicate the HCMV oriLyt only because they are required
for efficient expression or transactivation of the native early promoters and 3* processing elements included in
the genomic clones. Therefore, we reassessed the requirements for the auxiliary components by adding
constitutive heterologous promoters and control signals to the coding regions and carrying out transient DpnI
replication assays in cotransfected Vero cells. The results revealed that in the presence of the UL69 posttran-
scriptional activator and the remaining auxiliary polypeptides, UL84 was the only auxiliary component that
could not be omitted to obtain oriLyt-dependent DNA replication. Nevertheless, in human diploid fibroblasts,
some additional auxiliary loci as well as UL84 were critical. There was also an obligatory requirement for
UL84, in cooperation with two other auxiliary factors, UL112-113 and IE2, and the core machinery, to
constitute the minimal HCMV proteins necessary to direct oriLyt-dependent DNA amplification. However, the
Epstein-Barr virus core replication genes could substitute for the HCMV core genes, and in these circum-
stances, UL84 alone directed amplification of HCMV oriLyt. Moreover, there was also an absolute requirement
for UL84 along with the core and other auxiliary factors for the formation of intranuclear replication
compartments as assayed by immunofluorescence in transient DNA cotransfection assays. These compart-
ments were typical of those associated with active viral DNA replication in HCMV-infected cells, they incor-
porated pulse-labeled bromodeoxyuridine, and their formation was both phosphonoacetic acid sensitive and
oriLyt dependent. These results demonstrate that UL84 is obligatory for both intranuclear replication com-
partment formation and origin-dependent DNA amplification and suggest that it is a key viral component in
promoting the initiation of HCMV oriLyt-directed DNA replication.

Genetically defined cis-acting elements which function as
origins of DNA replication frequently comprise both a core
component, absolutely required for replication, and one or
more auxiliary components, often composed of promoter and
enhancer elements that are dispensable for replication (21–
23). Initiation typically begins within the central core region
adjacent to an adenine-thymidine (AT)-rich motif capable of
being easily unwound, while the auxiliary elements may deter-
mine host range specificity or replication efficiency (11, 18, 21,
22, 36, 41, 46, 90). The replicon model postulates that in order
for DNA synthesis to begin, a sequence-specific recognition
event by an initiator protein is typically required. In higher
eukaryotes, identification of such initiator elements and repli-
cator sequences remains behind the success garnered by the
study of simpler viral systems (11, 28, 68) and yeast cells (32,
61, 63, 76). In most viruses studied to date, the core origin
region is bound by a virus-specified origin-binding protein that

recruits the core replication machinery and often also pos-
sesses helicase or unwinding activity itself (7, 17, 89). For
example, these functions are performed in simian virus 40
(SV40) by the large T antigen (6, 11, 81, 82, 84), in herpes
simplex virus type 1 (HSV-1) by UL9 (28, 55), and in papillo-
mavirus by the E1 polypeptide (53). In Epstein-Barr virus
(EBV), the transactivator Zta performs some of these func-
tions, but until now, a replication-initiating or -promoting ac-
tivity encoded by a human cytomegalovirus (HCMV) polypep-
tide has not been identified.
HCMV provides a complex eukaryotic replication system

which remains mechanistically uncharacterized. This human
betaherpesvirus is an important pathogen which manifests it-
self clinically by causing congenital birth defects (74), and
perhaps coronary restenosis (73), as well as life-threatening
infections in immunocompromised individuals, including re-
cipients of organ transplants (27, 33), persons suffering from
AIDS (3), or those receiving chemotherapy (29, 40). The
HCMV genome is a 229-kb linear double-stranded DNA mol-
ecule which potentially encodes approximately 200 genes (12,
78). After entry into permissive cells and viral uncoating, the
linear genome is thought to circularize and then to replicate by
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a process which produces concatemeric molecules that are
subsequently cleaved into unit-length genomes and packaged
(47, 52). The cis-acting origin of HCMV lytic DNA replication
(oriLyt) was originally mapped to a single precise location
within the viral genome by a chain termination approach (37),
and bacterial plasmids carrying this sequence have been shown
to replicate after introduction into cells by a transient trans-
fection assay in which the viral replication machinery was sup-
plied in trans by virus infection (1, 2, 51, 56).
Although the overall replication scheme appears similar to

its counterpart in alphaherpesviruses (62), the lytic replication
process of HCMV is likely to be more complex for several
reasons: (i) HCMV oriLyt spans more than 2.4 kb (1); (ii)
oriLyt contains numerous reiterated sequence elements (both
known consensus transcription factor recognition sites and nu-
merous uncharacterized motifs) (1); (iii) deletion analyses
within oriLyt suggest that little of the 2.4-kb sequence is dis-
pensable for function (1); (iv) oriLyt function requires 11 dis-
tinct gene loci which mediate DNA replication in a transient
assay (56); (v) HCMV infection stimulates expression of cel-
lular S-phase and growth genes (4, 5, 15, 27, 43, 66, 77, 94),
whereas most viral systems terminate cellular functions (62);
and (vi) maximal viral DNA synthesis occurs approximately
72 h postinfection (hpi), indicating a significant delay not
shared with the alphaherpesviruses (62). This situation is in
striking contrast to the viral origins of HSV and SV40 in
particular, which simply include a small AT-rich region and a
core component of specific-sequence reiterations for a single
viral origin-binding protein required to initiate DNA synthesis,
as well as one or more accessory cis-acting components (11, 21,
22). Despite organizational similarities among the lytic viral
origins of replication of SV40, HSV, EBV, and adenovirus, the
HCMV origin remains distinguishable by its apparently greater
complexity and resemblance to putative mammalian cellular
origins such as the extensive region downstream of the dihy-
drofolate reductase gene in Chinese hamster ovary cells. In-
terestingly, it is thought that rather than utilizing unique es-
sential sequences to initiate replication as found for simple
viral systems, mammalian cells may use dispersed, redundant
cis-acting elements, a feature possibly shared with HCMV ini-
tiation (24, 25).

Recently, Pari and Anders (56) have identified 11 distinct
viral loci encoding trans-acting factors sufficient for transient
complementation of oriLyt-dependent DNA replication in hu-
man diploid fibroblast (HF) cells (56). The previous similar
exploitation of such a transient expression system significantly
contributed to the identification of all seven essential virus-
encoded genes required for origin-specific DNA replication of
HSV-1 (10, 93) and later for EBV also (30). Six of the essential
HCMV loci span homologs or probable homologs of the
HSV-1 (30, 85) and EBV core replication genes (30), encoding
the DNA polymerase (UL54), the single-stranded DNA-bind-
ing protein (UL57), a putative helicase-primase complex
(UL70, UL102, and UL105), and a polymerase-associated fac-
tor (UL44) (56). These six polypeptides comprise the core
replication machinery and are outlined in Table 1. A require-
ment for an additional five HCMV loci, initially termed auxil-
iary factors, was established in the transient assay. These in-
cluded known transactivators of gene expression, including
UL36-38, IRS1, and the major immediate-early (IE) region
(UL122-123) encoding both IE1 and IE2, as well as two novel
loci, which had not previously been implicated in either gene
regulation or viral replication, i.e., UL84 (38, 65, 72) and
UL112-113 (91, 92).
One limitation of the previous form of this assay for HCMV

was the use of viral components regulated by their native
promoter elements and 39 untranslated control regions, which
leads to the inability to define directly the minimal essential
components for replication. For example, in the case of
HSV-1, seven distinct HSV early genes encoding the six core
polypeptides, and the UL9 origin-binding protein plus two IE
genes, were required to mediate HSV origin-specific DNA
replication when introduced along with target origin plasmid
DNA into mammalian cells by transient transfection (93).
When those same essential trans-acting factors were expressed
from a heterologous constitutive promoter, the minimal com-
ponents required solely for origin-directed DNA amplification
were identified, indicating that the IE proteins were dispens-
able and thus not directly needed for DNA replication itself
(39). Most likely, they were critical for the transactivation of
the homologous viral early promoters, as well as posttranscrip-
tional activity, to permit efficient expression of the replication

TABLE 1. HCMV replication genes and expression plasmids

HCMV(AD169) gene Predicted function Clonea
Nucleotide positionb

ATG Stop

Core machinery
UL44 Polymerase accessory pRTS22 56512 55214
UL54 DNA polymerase pRTS6 80631 76905
UL57 Single-stranded DNA-binding protein pRTS7 90281 86577
UL70 Primase pRTS9 103373 100537
UL102 Primase-associated factor pRTS29 146520 149140
UL105 DNA helicase pRTS10 151850 154793

Auxiliary components
UL36-38 Regulatory p302 52706 48246
IRS1 Regulatory pRTS18 189765 192302
IE1/IE2 (UL122/3) Regulatory pRL45 172765 169367
UL112-113 Unknown pRTS26 160589 162797
UL84 Unknown pRTS5 123070 121312

Stimulatory factor
UL69 Posttranscriptional, regulatory pRTS28 100433 98202

a p302 and pRL45 two encode multiple proteins and mRNA that are jointly controlled by the HCMV IE promoter and their natural context polyadenylation
processing signals.
b Genomic locations of the translation start and stop sites for the individual open reading frames of the HCMV replication loci were subcloned into an expression

vector (pRTS2) containing SV40 enhancer, b-globin intron, and SV40 polyadenylation signals as described in Materials and Methods.
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gene products (83, 93). Therefore, their involvement in the
initiation of DNA replication remained indirect and they were
dispensable for the formation of a replication fork initiation
complex. In this report, we have undertaken a systematic ap-
proach with the HCMV replication machinery to eliminate
factors that are required only for efficient gene expression
purposes and to address which, if any, viral components are
directly essential for the initiation process.
The Challberg-designed transient DNA cotransfection rep-

lication assay additionally provides a powerful tool for the
identification of which viral factor serves as a specific origin-
binding or targeting protein that mediates the initiation of
replication. When this assay approach (10, 93) was applied for
replication of EBV oriLyt in Vero cells, it resulted in the
identification of six core replication proteins, as well as three
IE transactivators, Zta, Rta, and Mta (30, 31). Subsequently,
both Rta and Mta were found to be dispensable when the core
components were placed into heterologous SV40 enhancer-
driven expression vectors (31, 67). Although attempts to re-
place individual EBV replication genes by their HSV-1 coun-
terparts proved futile, a group substitution approach aided in
resolving which EBV replication gene(s) provided the essential
origin-binding function. The complete set of HSV-1 core rep-
lication genes (minus UL9) faithfully replicated EBV oriLyt in
a transient transfection assay but did so only when additionally
supplied with a Zta expression plasmid, thus identifying Zta as
the only EBV polypeptide that is indispensable for EBV-spe-
cific oriLyt replication (31). Mutations of the Zta binding sites
within oriLyt confirmed these findings (68, 69). In this study,
we have performed similar substitution experiments using the
HCMV and EBV core replication systems in a successful at-
tempt to identify an apparent origin-specific initiator protein
encoded by HCMV.
In addition, we have approached the identification of a viral

replication-promoting factor(s) by another criterion, that of
the formation of intranuclear structures termed viral replica-
tion compartments (19, 20, 34, 50, 54, 60, 87). Viral infection,
including that of herpesviruses, typically results in the forma-
tion of large globular amorphous replication compartments
(perhaps derived from cellular replisomes) consisting of prog-
eny DNA and the viral replication machinery, which can be
visualized either directly by phase microscopy, by viral DNA in
situ hybridization, or by immunofluorescence with antibody
against core replication proteins such as the viral single-
stranded DNA-binding protein (9, 87). This report represents
the first demonstration that herpesvirus replication compart-
ments can be generated by cotransfection, as detected by in-
direct immunofluorescence assay (IFA), and that this can be
accomplished with just the viral replication-associated genes
and the origin sequences in the absence of virus infection. Our
system is absolutely dependent on the presence of target origin
DNA sequences, the core replication machinery proteins, and
at least one additional polypeptide serving an essential origin
function, UL84, although other auxiliary replication proteins
such as UL112-113 and IE2 may also contribute directly to the
formation of a replication fork complex and to the overall
efficiency of the system. Both our IFA and our transient trans-
fection replication assay data taken together suggest that UL84
is a key viral factor responsible for promoting HCMV oriLyt-
directed DNA replication.

MATERIALS AND METHODS

Cells and virus. Vero (African green monkey kidney) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal
bovine serum. HF cells at passage 9 were maintained in DMEM containing 10%
fetal bovine serum. The AD169 strain of HCMV [HCMV(AD169)] was a gift

from D. J. Spector (Pennsylvania State University, Hershey). Stocks of HCMV
were prepared by infecting monolayers of HF cells with 0.01 PFU per cell. After
viral adsorption in serum-free medium for 1 h at 378C, the cells were maintained
with DMEM supplemented with 5% fetal bovine serum and placed at 378C in a
humidified 5% CO2 incubator. Medium was changed after 4 days. When 75% of
the cells demonstrated cytopathic effects, the volume of medium was reduced by
half. Two days later, the cells and extracellular medium were collected, subjected
to several freeze-thaw cycles, and centrifuged to pellet cell debris. Virus was
stored at2808C and, after titer was determined by plaque formation on HF cells,
used directly for infections.
Replication machinery expression plasmids. HCMV(AD169)-infected cell

DNA was purified as described previously (47) to serve as a DNA template
source from which to clone the viral replication genes. The EBV parent clones
containing the replication genes from which second-generation expression vec-
tors were constructed were described previously (67). Synthetic oligonucleotide
primers (JHU Core Facility) were used to amplify by PCR the coding regions of
viral replication genes extending from the ATG translational start site to the
translational stop codon as indicated in Table 1. A modified pSG5 vector (Strat-
agene) was constructed by destroying the XbaI site and then placing a pUC18-
plus-BglII polylinker from pGH57 into the EcoRI-BglII site to create plasmid
pRTS2. After amplification of each of the appropriate viral open reading frames
from virion DNA, the products were cleaved with zero-cut boundary restriction
endonucleases and subcloned into pRTS2 as follows: pRTS5, XbaI-PstI; pRTS6,
-7, -9, -11 to -16, -25, -26, and -28, XbaI-HindIII; pRTS10, BglII; pRTS18, -21,
and -29, BamHI-BglII; and pRTS22, BamHI-SalI. Plasmids pRL45, encoding IE1
and IE2, and p302 (a gift of A. Colberg-Poley, Children’s National Medical
Center, Washington, D.C.), encoding UL36-38 polypeptides, are regulated by
the HCMV major IE promoter and were described previously (59, 79). Addi-
tionally, the UL69 open reading frame was amplified from HCMV(Towne)-
infected cell DNA by oligonucleotide-directed PCR extending from the genomic
nucleotide 100433 (ATG) to 98202 (stop) and subcloned into pRTS2 as an
XbaI-HindIII fragment to create pRTS28.
Transient transfection replication assay. Vero and HF cells were transfected

by the method of Chen and Okayama as described by Pizzorno et al. (59) and
Pari and Anders (56), respectively. Approximately 10 mg of total DNA contain-
ing the replication plasmids listed in Table 1 was cotransfected with 4.0 mg of
viral origin DNA (either pSP50 or pSP38) into 106 cells plated onto a 100-mm-
diameter dish. The cells were harvested 80 h after the posttransfection medium
change by first washing the monolayer twice with phosphate-buffered saline
(PBS) and subsequently scraping it into 4 ml of 40 mM Tris-hydrochloride (pH
7.5)–1 mM EDTA–150 mM NaCl. The cells were pelleted and lysed in 2 ml of
lysis buffer (10 mM Tris-HCl [pH 8.0], 10 mMEDTA, 2% sodium dodecyl sulfate
[SDS], 100 mg of proteinase K per ml). Following overnight incubation at 378C,
the samples were diluted to 4 ml with Tris-EDTA (pH 8.0), extracted with
phenol, phenol-chloroform, and chloroform, and ethanol precipitated upon the
addition of sodium acetate (pH 5.2) to a final concentration of 0.3 M. The DNA
pellets were resuspended in 450 ml of distilled H2O (dH2O), treated with 100 mg
of RNase A per ml, ethanol precipitated, and resuspended in 300 ml of dH2O.
Approximately 10 mg of transfected cell DNA was digested with 30 U either KpnI
or XbaI in a 100-ml reaction volume for 24 h at 378C. The samples were then
ethanol precipitated, resuspended in 50 ml dH2O, and digested with 30 U ofDpnI
overnight at 378C. To monitor the DpnI activity, 5 ml of the DpnI reaction digest
was removed and incubated simultaneously with 500 ng of pUC19 DNA over-
night at 378C. Complete cleavage of the pUC19 DNA indicated that the exper-
imental DNA was also completely digested. The cellular DNA was resolved by
electrophoresis on a 0.8% agarose gel at 35 V for 20 h, transferred to either a
Nytran membrane (Schleicher and Schuell) or a nylon Zeta-probe membrane
(Bio-Rad) after treatment of the gel at 208C for 10 min in 200 mM HCl (used
only for blots analyzing XbaI-digested samples because of the size of the origin-
containing fragment), and then incubated in 0.4 M NaOH–0.6 M NaCl for 20
min. The gel was then transferred by vacuum transfer to the nylon membrane in
the presence of 103 SSC (1.5 M NaCl, 0.15 M sodium citrate) for 30 min. After
the membrane was dried completely at 208C, the DNA was irreversibly cross-
linked by UV radiation onto the nylon. The membrane was prehybridized for 2
to 4 h at 608C in 25 ml of buffer consisting of 1% SDS, 5 mg of Carnation nonfat
dried milk per ml, 0.5 mg of heparin per ml, 0.2 mg of denatured salmon sperm
DNA per ml, 60 mg of polyethylene glycol 8000 per ml, 53 SSPE (750 mMNaCl,
50 mM Na2HPO4, 5 mM Na2EDTA), and 10% formamide. Approximately 50 ng
of a gel-purified KpnI oriLyt fragment was radiolabeled with [a-32P]dATP by
random priming to a specific activity of 108 cpm/mg as instructed by the manu-
facturer (Boehringer Mannheim). The membrane was then incubated overnight
at 608C with 106 cpm of denatured radiolabeled oriLyt probe DNA per ml and
fresh prehybridization buffer. Following hybridization, the membrane was
washed twice in 0.13 SSC–0.1% SDS at 658C for 45 min and exposed to Kodak
XAR5 film for 24 h at 2808C, using an intensifying screen. The resulting auto-
radiograms were quantified with a Kontes Fiber Optic Scanner.
IFA. HF or Vero cells were plated at approximately 0.8 3 105 cells per well

onto glass tissue culture chamber slides (Nunc). For infection, HCMV(AD169)
was added to monolayers of HF cells at a multiplicity of infection of approxi-
mately 5 PFU per cell. DNA transfections were done as described above, with
the following modification: a total of 1.5 mg of DNA was transfected per well,
using 100 ng of each plasmid. Some samples as indicated were incubated with
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phosphonoacetic acid (PAA) at 400 mg/ml for the duration of experiment. At
72 h after the posttransfection medium change, the cells were fixed in 2%
paraformaldehyde in PBS for 10 min at 208C and then permeabilized in 0.2%
Triton X-100 in PBS for 20 min at 48C. After being rinsed in 13 Tris-saline, the
slides were incubated for 1 h at 378C in a humidified tray with 2% goat serum and
a 1:2,000 dilution of anti-HCMV UL44 mouse monoclonal antibody (MAb)
(Advanced Biotechnologies Inc.). After incubation, the slides were washed for 15
min in 13 Tris-saline at 208C and incubated with a 1:100 dilution of rhodamine-
conjugated goat anti-mouse immunoglobulin antibody (Cappel) for 30 min at
378C. Prior to the addition of mounting solution and a coverslip, the slides were
once again washed for 15 min in 13 Tris-saline at 208C. Slides were screened and
photographed with a 403 oil immersion objective on a Leitz Dialux 20EB
epifluorescence microscope, using Kodak T-MAX 3200 film.
Transfected Vero cells pulse-labeled with 10 mM bromodeoxyuridine (BUdR)

for 20 min at 378C were fixed and permeabilized as described above. The cells
were then treated with 4 N HCl for 10 min at 208C to expose the incorporated
BUdR residues and washed twice for 5 min each with PBS to neutralize the acid.
The HCl treatment procedure did not affect the ability of anti-UL44 to recognize
its target antigen. The slides were then incubated either with the anti-UL44
mouse MAb mentioned above or with a 1:125 dilution of anti-BUdR mouse
MAb (Becton Dickinson) with 2% goat serum for 1 h at 378C in a humidified
tray. The slides were washed, incubated with secondary antibody, washed, and
mounted as described above.

RESULTS

Identification of individual HCMV auxiliary components
dispensable for oriLyt-dependent DNA synthesis in cotrans-
fection assays in Vero cells. Candidate replication genes were
subcloned into a modified pSG5 vector, placing them under
the control of the SV40 early promoter and polyadenylation
region with addition of a 59 b-globin splice signal to stabilize
the mRNA (Table 1). Thus, by removing the viral genes from
their native promoters and 39 processing elements, we hoped
to distinguish which individual gene products are directly re-
quired for DNA replication and effectively eliminate those
viral factors that simply function in a transcriptional or post-
transcriptional capacity to activate expression of the trans-
acting genes. The plasmids described in Table 1 were trans-
fected into Vero or HF cells along with a target HCMV origin
for their analysis in the transient transfection replication assay.
Two separate target plasmids containing origin fragments of
different sizes, pSP38 and pSP50 (1), were used in this study.
The former represents a 5.9-kb origin fragment extending from
HCMV genomic positions 89795 to 95671, whereas the latter
contains a 5.1-kb subfragment ranging from 89795 to 94860.
The transient replication assay measures amplification by ex-
ploiting the lack of methylation and subsequent loss of DpnI
restriction enzyme sensitivity of progeny plasmid DNA se-
quences that have been newly synthesized in mammalian cells.
Only those target DNAs with origins that undergo amplifica-
tion upon transfection will become resistant to cleavage by
DpnI and can be detected by Southern blot hybridization. All
input plasmid molecules unable to replicate in vivo will remain
methylated and be cleaved by the restriction enzyme.
HCMV fails to synthesize progeny viral DNA in most trans-

formed cells, including the Vero cell line; however, the restric-
tive block is targeted at the IE mRNA level and not necessarily
at viral DNA synthesis (47). We have successfully cotrans-
fected Vero cells with the complete set of 11 replication plas-
mids outlined in Table 1 plus an HCMV target oriLyt plasmid
to produce DpnI-resistant replicated progeny DNA in a tran-
sient assay. A portion of the total cellular DNA isolated at 80 h
posttransfection was first cleaved with either XbaI (which lin-
earizes the oriLyt plasmids at approximately 9.0 kb) or KpnI
(which separates the approximately 6.0-kb origin fragment
from the 3.0-kb vector DNA) and next treated with DpnI to
assay for DNA amplification in mammalian cells. The core
replication machinery alone, which represents the six ho-
mologs of HSV-1 replication genes, is insufficient to initiate

and subsequently mediate DNA replication (Fig. 1, lane 1).
The absence of a full-length band on the autoradiogram indi-
cated that the DpnI restriction digestion was performed to
completion. Only upon supplementation of the core replica-
tion machinery with the five auxiliary components did authen-
tic oriLyt-dependent DNA synthesis occur (lane 2). The addi-
tion of PAA (400 mg/ml) to the complete replication assay
abolished all detectable replication (not shown).
Next, we performed an omission assay to identify those aux-

iliary components absolutely required for oriLyt replication. In
the omission assay, a single auxiliary component is removed
from the transfection mixture of target origin, core replication
machinery expression plasmids, and the remaining auxiliary
expression plasmids. Using pSP38 as the target origin, we were
able to identify a strict requirement for both UL84 (Fig. 1, lane
3) and UL36-38 (lane 4), since replication was abolished in the
absence of either of these two components. Furthermore, the
UL112-113 locus (lane 5) and IRS1 (lane 6), as well as IE1 plus
IE2 (lane 7), were all dispensable for replication activity, al-
though UL112-113 and IE2 were critical to obtain optimal
levels of replication.
Cross-comparisons between replication assays from different

transfection experiments cannot be accurately assessed. How-
ever, a replication index (RI) value was calculated to provide a
general indication of the relative replication efficiencies of
different samples within individual transfection experiments.
This value corresponds to the ratio of the densitometric quan-
titation of the DpnI-resistant (replicated DNA) band relative
to the first DpnI-sensitive (input unreplicated DNA) band. An
RI of 1.0 was established for the optimal condition whereby all
11 viral (core and auxiliary) replication machinery components

FIG. 1. HCMV oriLyt DNA replication by constitutively expressed core ma-
chinery proteins depends on only UL84 and UL36-38, individually, in the pres-
ence of the remaining 10 viral components in cotransfection omission replication
assays in Vero cells. Shown are results of a transient replication assay using the
viral origin template pSP38. Vero cells were cotransfected with the six core
replication expression plasmids, the oriLyt target pSP38, and the five auxiliary
(AUX) replication expression plasmids minus the one component listed above
each lane. Isolated cell DNA was digested with XbaI and DpnI, and a Southern
blot of the separated DNA fragments was hybridized with an isolated 32P-labeled
KpnI fragment of oriLyt as the probe DNA. Replicated DpnI-resistant pSP38 and
unreplicated input DNA are marked REP’D TARGET and INPUT DNA, re-
spectively. The RI value shown below each lane corresponds to the ratio of the
DpnI-resistant band relative to the first DpnI-sensitive (input DNA) band. This
value was set at 1.0 for the positive control containing all components shown in
lane 2.

VOL. 70, 1996 REQUIREMENT FOR UL84 IN HCMV oriLyt REPLICATION 7401



were included in the assay. Results for samples within the same
transfection experiment were then compared with the preset
value of 1.0, and the resulting RI values are given below the
lanes in Fig. 1. The RI for the omission of UL84 or UL36-38,
which failed to result in a detectable amplified origin product,
was determined to be 0.01. Exclusion of the UL112-113 ex-
pression plasmid from this experiment reduced the replication
level by approximately three-fold (RI of 0.31), whereas omis-
sion of IRS1 had a minimal effect, as indicated by the quanti-
tative RI of 0.63. Omission of IE1 and IE2 from the transient
assay resulted in a 20-fold decrease in amplification (RI of
0.05) compared with the presence of all 11 viral loci (Fig. 1,
lane 2). Also, the impaired replication activity associated with
the collective loss of IE1 and IE2 was shown to result from an
independent activity associated with each polypeptide (lanes 6
and 8). This drop in the level of replication is not necessarily
unexpected, given that IE1 and IE2 may have synergistically
increased expression from our SV40 early promoter-driven
plasmids (59, 71, 75, 80). Nonetheless, our results suggest that
only UL84 and UL36-38 and none of the latter three genetic
loci are absolutely required for the formation of a replication
initiation complex when the remaining auxiliary components
are present.
We have reproduced the results of the transient omission

assay by using a second target origin, pSP50, and identified the
same two auxiliary components (i.e., UL84 and UL36-38) as
being essential for replication. The RI values for the removal
of these two loci from the replication assay were calculated to
be 0.08 and 0.07, respectively. Again, each of the other three
auxiliary polypeptides omitted one at a time remained nones-
sential in the presence of the other four auxiliary factors (data
not shown). Omission of IRS1 generally had a minimal effect
on the efficiency of oriLyt replication (RI of 0.93), although
UL112-113 and IE1/IE2 made significant contributions. For
example, the loss of IE1/IE2 from the replication assay using
the pSP50 target origin DNA decreased the replication level
6-fold (RI of 0.16) below that of the wild type, whereas the RI
for transient DNA synthesis in the absence of UL112-113 was
0.43 in the same experiment but varied from a 3- to 10-fold
reduction within several other experiments.
Loss of the UL36-38 dependence, but not UL84 dependence,

for oriLyt DNA replication in an omission assay in Vero cells
in the presence of UL69. The UL36-38 genomic locus repre-
sents a complex alternatively spliced transcription unit that
encodes three IE transcripts as well as an additional abundant
early class mRNAs (45, 86). The gene products from this re-
gion can act to regulate expression of both viral and cellular
promoters in a host- and promoter-dependent manner (16).
Their requirement for the lytic cycle in vivo has been estab-
lished by using an antisense phosphorothioate oligonucleotide
complementary to the intron-exon boundary of the UL36 and
UL37 unspliced mRNAs (16, 57, 70). Our initial transient
assay yielded an apparently similar requirement for this region
in the DNA replication assay (Fig. 1).
The UL69 open reading frame of HCMV, the product of

which is homologous to the IE proteins ICP27 of HSV-1 (12)
and Mta of EBV (14, 49), encodes at least two differentially
regulated transcripts that are detected as early as 7 hpi. Several
studies have demonstrated the ability of ICP27 to stimulate
and regulate HSV-1 DNA synthesis (64, 93), and Uprichard
and Knipe (83) noted increased expression of certain HSV-1
DNA replication proteins in the presence of this polypeptide.
The equivalent gene product from EBV, encoded by BSLF2/
BMLF1 (Mta), primarily serves a posttranscriptional function
to indirectly contribute to EBV replication efficiency (8, 44).
UL69 localizes within the nuclei of both transfected and virus-

infected cells and can stimulate expression from an HCMV
early promoter as well as several heterologous promoters (88).
A posttranscriptional mechanism of action such as mRNA
stabilization has been proposed for UL69 to account for the
broad activation observed in transient reporter assays (88).
With the intent of increasing the level of HCMV oriLyt

replication, in a manner equivalent to Mta stimulation of EBV
replication, we supplemented our transient replication assay
with an SV40 enhancer-regulated UL69 expression plasmid.
Surprisingly, under these conditions, the requirement for the
UL36-38 products was abolished (Fig. 2, lane 5). In contrast,
the requirement for UL84 was not affected (lane 3). This result
distinguishes UL84 as the only auxiliary component absolutely
essential for origin amplification in the presence of the core
and four remaining auxiliary factors. The mechanism by which
the UL69 gene product compensates for the replication func-
tion contributed by UL36-38 is unknown; however, they most
likely share an ancillary function. In addition, UL69 also
greatly enhanced replication function in the absence of IE1
and IE2, further implicating the ability to potentially inter-
change some transactivation activities (lane 6). However, the
threefold reduction in replication activity associated with the
absence of the UL112-113 locus was not enhanced by the
presence of UL69 (lane 4).
Curiously, the UL69 gene product was not selected in the

original transient complementation assay used by Pari and
Anders (56), which identified 11 viral loci as essential for
replication, and it was not essential in our assay either. There-
fore, it cannot itself serve a critical function in the initiation
process. The discovery that the otherwise essential require-
ment for UL36-38, even with SV40 enhancer-driven replica-
tion genes, can be substituted with a UL69 activity leads us to
speculate that the most likely role associated with UL36-38 is
to stimulate posttranscriptional events. Evidently, UL84 rep-
resents the only virus-encoded auxiliary component absolutely
required for DNA synthesis when replication conditions are
optimal, i.e., in the presence of the core and all other auxiliary

FIG. 2. HCMV oriLyt DNA replication by the viral core machinery proteins
depends only on UL84 in the presence of UL69, the core replication machinery,
and the remaining auxiliary factors in cotransfection replication assays in Vero
cells. Vero cells were cotransfected with the six core replication expression
plasmids, pSP50 oriLyt, and the five auxiliary (AUX) replication expression
plasmids minus the one component listed above each lane. Southern blot analysis
of the transient replication assay was performed as described for Fig. 1 except
that UL69 encoded by pRTS28 was added to the experimental lanes as indicated.
The transfected cell DNA was cleaved with KpnI and DpnI. The replicated and
unreplicated DNA are denoted by REP’D TARGET and INPUT DNA, respec-
tively, and the RI values are indicated at the bottom.
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replication factors. Some of the other auxiliary replication pro-
teins, especially UL112-113, do, however, significantly contrib-
ute to the overall efficiency of the system. Therefore, our data
suggest that UL84 is the best candidate to fulfill an initiator-
specific function.
A heterologous viral replication core machinery substitution

approach to identify an initiator(s) of HCMV DNA replication
in cotransfection assays in Vero cells.Mammalian herpesvirus
genomes all encode six core replication machinery genes which
exhibit either limited or extensive amino acid sequence homol-
ogy among the three viral classes; however, in general, origin-
binding protein homologs have not been identified in the dif-
ferent herpesviruses. The EBV initiator of replication, Zta,
possesses neither positional nor sequence relationships with
the HSV-1 UL9 origin-binding protein (30, 31). However, we
and others demonstrated previously that the core replication
machinery from one viral class can substitute for the compo-
nents of another viral class to mediate DNA replication in the
presence of the appropriate specific initiator polypeptide and
cis-acting origin sequences (31, 39). To extend this approach,
we attempted to search for initiator properties possessed by
one or more of the HCMV auxiliary components when co-
transfected with the EBV core machinery and the HCMV
origin template. The EBV core replication machinery listed in
Table 2 alone, as expected, proved incapable of directing tran-
sient DNA replication of the HCMV oriLyt (Fig. 3A, lane 1).
Additionally, the same EBV core components, even when sup-
plemented with the three EBV transactivators Zta, Rta, and
Mta, were unable to mediate HCMV DNA synthesis (lane 2).
Authentic HCMV origin-dependent DNA synthesis ensued
only upon the complementation of the EBV core machinery
with the five HCMV auxiliary components, including UL84
(lane 3). The implication is that one or more of the HCMV
auxiliary components can execute specific initiator activities.
Therefore, we set out to identify which polypeptides can

mediate this function by using the heterologous viral comple-
mentation assay. The EBV core replication machinery (Fig.
3B, lane 1) was supplemented with UL84 only, with the
UL36-38 loci alone, with UL69 alone, with UL84 plus UL36-
38, or with UL84 plus UL69 and examined for the ability to
replicate the HCMV oriLyt. Cotransfection of the EBV core
replication machinery expression plasmids with only a single
HCMV expression plasmid, that encoding UL84, proved to be
sufficient to direct HCMV oriLyt DNA synthesis (lane 2). The
addition of either UL36-38 or UL69 to the assay further en-

hanced the replication level in the presence of UL84 (lanes 5
and 6); however, they were clearly not obligatory for replica-
tion. Surprisingly, the absolute requirement for either UL36-38
or UL69 was dispensed with when the EBV core replication
expression plasmids were used, unlike in the presence of the
HCMV core replication expression plasmids (Fig. 1 and 2).
These results indicate that UL84 alone, in combination with
the EBV core protein machinery, is capable of functioning to
promote HCMV oriLyt-dependent DNA replication in tran-
sient replication assays in Vero cells.
Identification of the minimal HCMV auxiliary components

necessary in conjunction with the core replication machinery
to detect oriLyt DNA synthesis in cotransfection assays in Vero
cells. Once we established that UL84 is absolutely required for
oriLyt DNA synthesis in a transient cotransfection assay which
included all other auxiliary components, we set out to deter-
mine the minimal HCMV auxiliary loci necessary to detect
oriLyt replication at the level of Southern blot analysis. We
demonstrated in the experiments shown in Fig. 1 and 2 that
depletion of IRS1 or IE1 activity from the replication assay
failed to significantly affect the replication efficiency; however,
the individual loss of UL112-113, IE2, or UL36-38 was more
critical. Therefore, we performed mix-and-match experiments
using UL84, UL112-113, IE2, and UL36-38 to identify whether
any combination(s) of only two or three of these four auxiliary
components are minimally capable of mediating oriLyt DNA
synthesis in cooperation with the core replication machinery in
the presence of UL69.
The results revealed that no two auxiliary components alone,

including UL84 plus UL69, were sufficient to result in the
amplification of oriLyt, thus demonstrating that the EBV and
HCMV core sets are not completely equivalent in substitution
assays (Fig. 4, lane 1). However, the combination of UL84,
UL112-113, and IE2 provided the minimal components re-
quired to replicate oriLyt in combination with the core repli-
cation machinery proteins plus UL69 (lane 3). Both the
UL112-113 and IE2 components were necessary for replica-

FIG. 3. Complementation of HCMV oriLyt replication with the EBV core
replication machinery proteins and UL84 in Vero cells. (A) Vero cells were
cotransfected with the six EBV core replication expression plasmids, pSP50
(containing the HCMV target oriLyt), and either the three EBV auxiliary (AUX)
components or the entire set of five HCMV auxiliary expression plasmids (minus
UL69) as indicated above each lane. The transfected cell DNA was cleaved with
KpnI and DpnI, and Southern blot analysis was performed as described for Fig.
1. (B) Vero cells were cotransfected with the EBV core replication expression
plasmids, pSP38, and the HCMV auxiliary expression plasmid indicated above
each lane. Southern blot analysis of the XbaI- and DpnI-digested transient
replication assay was performed as described for Fig. 1. The replicated and
unreplicated DNA are denoted by REP’D TARGET and INPUT DNA, respec-
tively, and the RI values are indicated at the bottom.

TABLE 2. EBV replication genes and expression plasmids

Viral gene Predicted function Clone

Core machinery
BMRF1 Polymerase accessory pRTS14a

BALF5 DNA polymerase pRTS13
BALF2 Single-stranded DNA-binding

protein
pRTS12

BSLF1 Primase pRTS11
BBLF2/3 Primase-associated factor pRTS25
BBLF4 DNA helicase pRTS28

Auxiliary components
BMLF1 (Mta) Regulatory, posttranscriptional pRTS16
BRLF1 (Rta) Regulatory pRTS15

Initiator protein
BZLF1 (Zta) Regulatory, origin-binding

protein
pRTS21

a The open reading frames of the EBV replication loci were subcloned into an
expression vector (pRTS2) containing the SV40 enhancer, b-globin intron, and
SV40 polyadenylation signals as described in Materials and Methods.
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tion, since either alone in addition to UL84 and UL69 could
not mediate oriLyt DNA replication in cooperation with the
HCMV core protein replication machinery (lanes 2 and 5).
Additionally, supplementation of the core components and
UL69 with UL112-113 and IE1/IE2 was also unable to result in
transient replication in the absence of UL84 (lane 4). More-
over, we have demonstrated specificity to the requirement for
UL112-113 and IE2 in stimulating replication in cooperation
with UL84, UL69, and the core components, since UL36-38
was unable to individually substitute for either UL112-113 or
IE2 (lanes 6 to 8). Recall that both UL112-113 and IE1/IE2,
however, were individually dispensable in the omission assay
when the remaining four auxiliary loci were present (Fig. 1 and
2). This most likely can occur only when the conditions for
replication are optimal, i.e., in the presence of all of the aux-
iliary components plus UL69. However, when the replication
conditions are suboptimal, i.e., in the absence of some auxiliary
components, the minimal requirements to detect a replication
event are more strict. Our interpretation is that UL84 is a key
viral polypeptide essential to promote HCMV DNA synthesis,
although UL112-113 and IE1/IE2 are also critical to obtain
detectable replication under certain conditions.
Identification of individual HCMV auxiliary components

dispensable for oriLyt-dependent DNA synthesis in cotrans-
fection assays in HF cells. Vero cells have provided an excel-
lent system with which to monitor the replication requirements
for HSV-1 (10, 93), EBV (30, 31), and now HCMV. However,
the viral components necessary to mediate origin-directed
DNA replication may vary depending on the type of cell in
which the transient assay was performed. To determine
whether the viral loci essential for replication within Vero cells
are distinct from those within a primary cell line, the cotrans-
fection replication assay was duplicated in diploid HF cells. In
HF cells, the necessity for UL84 function remained constant,
with an RI of 0.01 (Fig. 5, lane 4), and UL112-113 and IRS1
both proved nonessential for replication function (RIs of 0.39
and 0.93, respectively) even in the absence of UL69 in the
omission assay (lanes 5 and 8, respectively). However, the
replication activity in the absence of only UL112-113 was 2.5-

fold lower than the wild-type activity. These results are in close
agreement with the replication assay data from Vero cells.
Moreover, UL69 enhanced replication 2.3-fold upon addition
to the core (lane 3) and auxiliary (lane 2) components in HF
cells, although its ability to substitute for IE1/IE2 and UL36-38
activity in HF cells has not yet been tested. There was a direct
requirement for both UL36-38 and IE1 plus IE2 for detectable
activity (lanes 6 and 7), although unlike in Vero cells, IE2
alone was not sufficient (lane 9). It is likely that these IE
polypeptides are required in part because of the differentiated
state of the primary cell line. Taken together, both the HF cell
and Vero cell cotransfection assay data provide evidence to
suggest that UL84 is the most critical auxiliary protein and that
it likely fulfills an essential replication function, perhaps as an
initiator of HCMV oriLyt DNA replication.
Formation of intranuclear replication compartments by co-

transfection assays as detected by IFA is absolutely dependent
on UL84. To obtain further evidence in support of the role of
UL84, we used an alternative approach to screen individual
transfected cells for replication compartment formation by
IFA. In our experiments, antibody against the HCMV core
component UL44 (polymerase accessory protein) was used to
monitor replication protein localization and compartment for-
mation. Our initial studies began with HCMV-infected HF
cells to discern the localization of UL44 at 36 and 80 hpi (Fig.
6). At 36 hpi, before onset of the viral replicative cycle, the
viral polymerase accessory protein was localized into well-de-
fined prereplicative globular structures (Fig. 6a). At times dur-
ing active viral DNA synthesis (80 hpi), the prereplicative
structures grew in mass to generate large intranuclear com-
partments typical of a herpesvirus infection (Fig. 6b). Such
structures did not form upon the introduction of the viral DNA
polymerase inhibitor PAA to HCMV-infected cells, although
the prereplicative foci remained (Fig. 6c).
We set out to determine whether similar replication com-

partments are created upon cotransfection of the HCMV rep-
lication machinery. Transfection of a UL44 expression plasmid
into Vero cells results in a nuclear diffuse expression pattern as
detected by IFA (see Fig. 8a). Alternatively, when UL44 lo-
calization was analyzed in the presence of both the core and
the auxiliary components, but in the absence of the origin
DNA, typical prereplicative foci developed (Fig. 7a). These
globular structures were relatively small and often few in num-

FIG. 4. Identification of the minimal auxiliary factors required to direct ori-
Lyt DNA synthesis in cotransfection assays. Vero cells were cotransfected with
the HCMV core replication expression plasmids, pSP50 target origin, and the
combinations of auxiliary components as indicated at the top by a plus sign. The
transfected cell DNA was cleaved with KpnI and DpnI. The replicated and
unreplicated DNAs are denoted by REP’D TARGET and INPUT DNA, re-
spectively.

FIG. 5. HCMV oriLyt DNA replication depends on UL84, UL36-38, and
IE1/IE2 in an omission assay in the presence of the remaining 10 viral compo-
nents in cotransfection replication assays in HF cells in the absence of UL69. HF
cells were cotransfected with the core replication expression plasmids, pSP50
oriLyt, and the five HCMV auxiliary (AUX) replication expression plasmids
minus the one component listed above each lane. Southern blot analysis of the
KpnI- and DpnI-digested transient replication assay was performed as described
for Fig. 1. The replicated and unreplicated DNA are denoted by REP’D TAR-
GET and INPUT DNA, respectively, and the RI values are indicated at the
bottom.
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ber, similar to those formed in infection at 36 hpi (Fig. 6a).
Therefore, formation of these prereplicative globular sites was
not dependent on the presence of the viral origin, and they may
serve as primed replisomes awaiting the loading of the origin
DNA. Upon addition of the oriLyt DNA to the complete
HCMV replication machinery (core plus auxiliary), these pre-
replication sites grew in size culminating in the formation of
large, amorphous, typical intranuclear compartments (Fig. 7b).
Thus, in the presence of oriLyt DNA, the HCMV replication
machinery mediated formation of similar compartments that
appeared to be indistinguishable from those formed during
viral infection (Fig. 6b). Evidently, the development of com-
plete replication compartments commenced only upon the ad-
dition of viral origin DNA. This report is the first demonstra-
tion of the observation of herpesvirus replication compartment
formation in the absence of the other components provided by
viral infection. Moreover, we have exploited this system to
identify UL84 as a putative viral initiator of HCMV DNA
replication.
The addition of the viral DNA polymerase inhibitor PAA

either to HCMV-infected cells (Fig. 6c) or to Vero cells trans-
fected with the full set of replication components plus origin
DNA (Fig. 7c) effectively disrupted the formation of the rep-
lication compartments in both cases and apparently arrested
the process at an early prereplication formation stage, as
judged by the limited size of redistributed globular structures.

Importantly, when UL84 was omitted from the complete set of
replication components, including oriLyt (Fig. 7d), the ability
to recompartmentalize into replication compartments was ab-
rogated, leading to arrest at the level of small prereplicative
globular structures. These structures are both smaller and less
numerous than the typical prereplication foci, although they
are not dependent on UL84 for their formation. Additionally,
in control experiments, UL44 failed to organize or redistribute
into nuclear structures when in the presence of UL84 alone
(Fig. 7e) or in the presence of the entire set of auxiliary com-
ponents (Fig. 8b). However, when cotransfected with all five of
the other core replication machinery genes, UL44 redistrib-
uted into numerous nuclear dots, most likely the result of
protein-protein association with one or more of the core rep-
lication machinery proteins (Fig. 8c). Additionally, UL44 co-
transfected with the viral origin plasmid pSP38 alone (Fig. 8d)
failed to demonstrate any intranuclear organization and re-
mained nuclear diffuse. Therefore, UL44 localization into
higher-ordered structures was terminated in the absence of
UL84, and both UL84 and target origin DNA were absolutely
required for active replication compartment formation, pro-
viding strong evidence confirming that UL84 is a key factor
involved in the initiation of HCMV oriLyt DNA replication.
Additionally, we have identified the same minimal auxiliary

components necessary to replicate HCMV oriLyt by monitor-
ing replication compartment formation in the IFA as deter-

FIG. 6. Formation of both complete intranuclear replication compartments and prereplication structures detected by IFA in HCMV-infected HF Cells. HF cells
were infected with HCMV(AD169) and examined for the formation of replication structure by using a fluorescein isothiocyanate-labeled mouse MAb to the HCMV
polymerase accessory protein UL44. (a) HCMV-infected HF cells at 36 hpi; (b) HCMV-infected HF cells at 80 hpi; (c) HCMV-infected HF cells treated with PAA
at 0 hpi and harvested at 80 hpi.
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FIG. 7. Formation of replication compartments and prereplication foci detected by IFA in cotransfection assays depends on the presence of both UL84 and oriLyt
DNA. Vero cells were transfected with the specific replication machinery genes detailed below (minus UL69) and examined for replication structure formation by using
a fluorescein isothiocyanate C-labeled mouse MAb to the HCMV polymerase accessory protein UL44. (a) Three examples of cells receiving UL44 with the complete
set of both core and auxiliary (AUX) expression plasmids but without the origin plasmid (b) UL44 with both the complete set of core and auxiliary expression plasmids
as well as oriLyt (ORI) DNA in plasmid pSP38; (c) same as panel b except treated with PAA for the duration of the experiment; (d) same as panel b except that UL84
was omitted from the transfection; (e) UL44 with UL84 only.
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mined in the transient replication assay. UL84 plus UL112-
113, IE2, UL69, and the core replication machinery were the
minimal components necessary for the detection of wild-type
replication compartment structures (data not shown). More-
over, omission of either UL112-113 or IE2 from this minimal

cotransfection mixture showed a phenotype identical to that of
removing UL84; this result indicates a codependence on these
three auxiliary loci, in the absence of IRS1, UL36-38, and IE1,
for the initiation and amplification of HCMV oriLyt. These
findings are in agreement with the transient replication assay

FIG. 8. Absence of intranuclear reorganization of UL44 as detected by IFA in cotransfection assays with the core replication proteins, auxiliary components, or
oriLyt DNA alone. Vero cells were transfected with the specific replication machinery genes detailed below and examined for replication structure formation by using
a fluorescein isothiocyanate-labeled mouse MAb to the HCMV polymerase accessory protein UL44. (a) UL44 only; (b) UL44 with the five HCMV auxiliary (AUX)
replication expression plasmids; (c) UL44 with the five other HCMV core replication expression plasmids; (d) UL44 with oriLyt (ORI) pSP38 plasmid DNA only; (e)
negative control for the anti-UL44 antibody with pSG5-transfected cells.
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results shown in Fig. 4, which determined the minimal auxiliary
replication proteins required to amplify the HCMV oriLyt.
Cotransfection-generated HCMV replication compartments

actively synthesize DNA and incorporate BUdR. In an attempt
to demonstrate that the replication compartments visualized in
individual cells cotransfected with HCMV core, auxiliary, and
origin components delineate sites of active DNA synthesis, a
BUdR pulse was used before IFA analysis. BUdR, a thymidine
analog, can be incorporated specifically into DNA in place of
thymidine. In untransfected Vero cells, approximately 25%
incorporate BUdR in a pulse and can be identified with an
anti-BUdR antibody, representing those cells in the S phase of
the cell cycle that are actively synthesizing cellular DNA. The
speckled BUdR incorporation pattern representing cellular
DNA synthesis can easily be distinguished from the large ag-
gregates indicative of viral DNA replication structures. Al-
though some cellular DNA replication may occur within these
virus-induced intranuclear compartments, such structures typ-
ical of viral infection do not occur within uninfected cells even
in S phase. Although we were limited in the ability to perform
double-labeling IFA analysis of UL44 and BUdR because of
the source of MAbs available, single-labeling studies afforded
the opportunity to assay for active DNA synthesis within the
transfection-induced replication factory structures. A slide cul-
ture of Vero cells transfected with the complete set of repli-
cation machinery including oriLyt (core, auxiliary, and origin)
was pulsed with BUdR for 20 min prior to splitting into two
wells for IFA analysis. One well was reacted with antibody to
UL44, and the other, identical well was incubated with an
anti-BUdR antibody for comparison. The distribution of UL44
within reconstituted replication compartments is depicted in
Fig. 9a; Fig. 9b demonstrates BUdR incorporation patterns.
Note that a subset of the cells labeled with anti-BUdR (arrows
in Fig. 9b) show structures similar to the replication compart-
ments identified with the anti-UL44 antibody (Fig. 9a). In
addition, some (presumably S-phase cells) were competent to
incorporate the nucleotide analog into the speckled pattern
typical of cellular replication (those cells in Fig. 9b not marked
with an arrow). Additionally, cells transfected with vector
DNA (pSG5) failed to form any of the intranuclear structures
typical of active viral DNA synthesis as detected by BUdR
labeling (Fig. 9c), thus reaffirming our interpretation that the
UL84-dependent compartment formation represents authentic
sites of viral DNA replication.

DISCUSSION

The mechanism of initiation of HCMV DNA replication is
one of the least understood aspects of this pathogenic virus. A
key step toward understanding such a process relies on the
identification of the minimal set of viral components respon-
sible for directing the amplification event. In this report, we
have identified an absolute requirement for the presence of the
UL84 gene product in transient transfection replication assays
and suggest that it should be considered a strong candidate for
the expected viral protein that promotes the initiation process
(although that need not imply that it is a DNA-binding pro-
tein).
In Vero cells, the IRS1, IE1, IE2, and UL112-113 auxiliary

genomic loci can be dispensed with individually while main-
taining replication function when the core replication genes
and remaining auxiliary loci are expressed under the control of
heterologous constitutive transcriptional signals, thus indicat-
ing a potentially indirect involvement for these gene products
in viral DNA synthesis. Additionally, we identified a strict
requirement for both UL84 and UL36-38 in the oriLyt-directed

omission assay for DNA replication. Nevertheless, the requi-
site presence of UL36-38, but not UL84, could be dispensed
with upon supplementation of the transient replication assay
with the viral transactivator UL69. This result suggests that the
UL84 gene product is the only viral auxiliary factor obligatorily
required for HCMV DNA replication in the presence of all
other 10 replication components (Table 3).
In infected cells, UL69 accumulates in intranuclear inclu-

sions that most likely represent viral DNA replication com-
partments (88). Moreover, the distribution of UL69 to these
replication centers may indicate an intimate association of
UL69 with the replication machinery or nuclear matrix for
efficient DNA replication. The transient cotransfection assay
indicated that UL69 was able to compensate for low replica-
tion activities (in the absence of IE1 and IE2 or UL36-38) by
rescuing replication to a level comparable to that of the wild
type; however, the UL69 gene product was unable to compen-
sate for the stimulatory contribution of UL112-113 to the rep-
lication assay. This result further supports the suggestion that
the mechanism of action of UL69 may be dependent on its
associated transactivation or purported posttranslational prop-
erties and, moreover, implicates the function of UL112-113 in
HCMV DNA replication to be possibly other than transcrip-
tional or posttranscriptional activation.
Furthermore, we demonstrated a functional complementa-

tion of the HCMV core replication machinery by substitution
with the EBV core replication machinery in Vero cells upon
the addition of the HCMV auxiliary expression plasmids. In
fact, the heterologous EBV core components were able to
directly mediate replication of the HCMV oriLyt simply upon
the addition of the UL84 gene product alone. The UL36-38
gene products were unable to functionally substitute for UL84
to produce a similar activity, therefore implicating only UL84
as absolutely necessary for oriLyt-dependent DNA synthesis in
the transient replication assay and suggesting a potential role
in promoting the initiation of HCMV DNA replication. Iron-
ically, the constitutively expressed EBV core replication ma-
chinery was more adept at facilitating this replication event
than was the HCMV core replication machinery itself, since
UL84 alone could not mediate oriLyt DNA replication when
cotransfected with the HCMV core machinery. This could per-
haps be explained in part by differences in core replication
protein expression, mRNA stability, a more intimate associa-
tion of EBV components with the cellular DNA synthesis ma-
chinery, or a greater requirement for UL112-113, for example,
with the HCMV core components.
A precise definition of an HCMV protein(s) that promotes

the initiation of DNA replication may not have been possible
in assays using HF cells because UL69 may be unable to di-
rectly compensate for the absence of the combined activities of
UL36-38 and IE1/IE2 in these cells compared with Vero cells,
thus limiting the potential usefulness of HF cells in this regard.
Also, the use of Vero cells offered the opportunity to cotrans-
fect the 11 expression plasmids along with target origin DNA
in a more efficient manner than in HF cells and therefore
allowed us to focus on the requirements of replication per se,
rather than on factors which contribute only to efficient gene
expression. The UL36-38 and IE1/IE2 genomic loci, in ad-
dition to UL84, were all found to be essential auxiliary pro-
teins for transient oriLyt replication in the omission assay in
the primary cell line (Table 3). Additionally, the removal of
UL112-113 from the replication assay severely reduced the
detectable level of oriLyt amplification. Recently, Iskenderian
et al. (42) argued that the cooperative interactions observed
between some of the auxiliary factors are critical to either
produce a synergistic enhancement of HCMV early promoters
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FIG. 9. Visualization of active DNA synthesis within cotransfection-induced viral replication structures by BUdR residue incorporation. Vero cells transfected with
the complete set of replication expression plasmids plus oriLyt (Ori) were pulse-labeled for 30 min with BUdR prior to IFA. Individual cells were screened for
replication compartment formation with an anti-UL44 MAb (aUL44) and for active DNA synthesis within the viral replication-related intranuclear structures with an
anti-BUdR MAb (aBUdR). (a) Anti-UL44 antibody to identify intranuclear compartments containing viral replication proteins; (b) anti-BUdR antibody to identify
sites of ongoing DNA synthesis (arrows indicate those structures which resemble viral replication compartments); (c) anti-BUdR antibody showing typical speckled
BUdR incorporation patterns found in 25% of untransfected cells; (d) negative control for the anti-BUdR antibody with pSG5-transfected cells.
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or create a local environment suitable for efficient synthesis of
viral DNA replication proteins in the naturally permissive HF
cells. Note that they also failed to associate any transactivation
function with UL84 expression, consistent with our interpreta-
tion that its role in replication is potentially direct (42). Thus,
the requirement for such transactivators in DNA replication
can most likely be explained by a dependence on cooperative
regulatory interactions of multiple loci for the efficient expres-
sion of cellular and viral replication proteins.
The cooperative interplay between IE polypeptides like

UL36-38 and IE1/IE2, which can activate expression of certain
cellular as well as viral replication genes, may likely be crucial
to allow viral replication to occur in differentiated cell types.
To initiate permissive infection, HCMV generally depends
greatly on the host cell machinery to transcribe and translate
the IE gene products, which in turn have demonstrated the
ability to alter the expression of cellular genes. For example,
stimulation of hsp70 mRNA synthesis occurs within a few
hours after infection and is consistent with transactivation by
IE gene products (66). Use of Vero cells in our analysis al-
lowed the identification of an absolute dependence on only a
single auxiliary component, UL84, for viral DNA synthesis,
provided that UL69 plus all other auxiliary components and
the core replication machinery were also present. Likewise, the
requirement for different viral components to mediate DNA
replication in in vivo situations (e.g., monocytes, macrophages,
and endothelial cells) may be unique to each cell lineage.
The importance of associated transcription factors to the

process of DNA replication can be underscored by the results
of studies in numerous other viral systems, including the dem-
onstration of direct effects by cellular NF1 for adenovirus (13),
E1 and E2 for bovine papillomavirus (48), Zta, Mta, and Rta
for EBV (31, 48, 68, 69), and large T antigen for SV40 (26, 35).
The contributions of multiple viral transcriptional activators
obviously plays a key but still indirect role in mediating the
process of HCMV DNA replication as is demonstrated in
transient transfection-replication assays. Initially, we identified
an absolute dependence (in Vero cells) upon both UL36-38
and UL84 for function in the omission assay. The UL36-38
region is unlikely to contribute a direct effect to the process of
DNA replication because when the efficiency of gene expres-
sion in the system is optimal (i.e., in the presence of UL69),
this requirement was abolished. Moreover, it was not directly
required for replication in the minimal auxiliary component
assay in the presence of UL69 or with the EBV core compo-
nents. Perhaps, in addition to its viral gene transactivator role,
UL36-38 (and possibly UL69) helps to recruit the viral repli-

cation machinery into the active region of the origin, mediates
interactions with UL84 and the replication proteins, or is re-
sponsible for transactivating cellular replication genes critical
for HCMV DNA synthesis. Similar functional roles may be
likely for UL112-113 and IE1/IE2 in enhancing oriLyt DNA
replication to a level detectable by Southern blot analysis, as
evidenced by their requirement in the minimal replication as-
say. Additionally, these auxiliary proteins may function in a
more direct replication capacity rather than simply as transac-
tivators of gene expression, although Iskenderian et al. (42)
demonstrated that cooperation between the entire set of aux-
iliary components can increase expression from the SV40 early
promoter 250% over that of the major IE proteins alone (42).
Such increases in gene expression could significantly impact
the replication efficiency as we have demonstrated.
We also determined the minimal auxiliary protein compo-

nents essential to direct amplification of the HCMV oriLyt in
a transient assay in Vero cells. Three auxiliary factors were
identified as essential in this experiment: UL84, UL112-113,
and IE2. Thus, replication of HCMV is significantly different
from that of HSV-1 and requires additional auxiliary compo-
nents to produce detectable levels of replication. Overall,
DNA replication appears to be more complex in HCMV than
in other viral systems and may potentially employ more than
one viral initiator polypeptide and/or may likely utilize cellular
factors to facilitate this process. The direct involvement of
cellular factors in the initiation of replication is feasible since
HCMV, unlike HSV-1, stimulates cellular DNA and RNA
synthesis (4, 5, 15, 27, 43, 66, 77, 94), and moreover, HCMV
oriLyt possesses numerous redundant sequence-specific motifs
similar in organization to cellular replicons (1, 25). We suggest
that when the conditions for replication are limiting, or sub-
optimal, additional auxiliary loci are necessary to detect a
replication event at the level of Southern blot analysis. We
speculate that although the UL112-113 phosphoproteins may
indeed be responsible for activating key cellular replication
fork proteins, it is equally likely that this family of proteins is
directly involved in the formation and stabilization of the rep-
lication complex. Experiments are in progress to define the
obligatory function of UL112-113 in the minimal replication
assay.
The lack of a well-characterized nuclear localization signal

within the UL84 amino acid sequence may delineate the re-
quirement for IE2 in the transient replication assay. Spector
and Tevethia (72) have elegantly demonstrated that UL84 and
IE2 exist in a complexed form in infected cells. They specu-
lated that one function of this interaction may be for IE2,

TABLE 3. Cell-specific differences in requirements for HCMV auxiliary proteins in the presence of the six core replication genes

Viral gene

Requirement for oriLyt replicationa

Vero cells HF cells

HCMV core EBV core, 2UL69
(Fig. 3)

HCMV core 1UL69c

(Fig. 4)
HCMV core 2UL69b

(Fig. 5)2UL69b (Fig. 1) 1UL69b (Fig. 2)

UL36-38 1 2 2 2 1
IRS1 2 2 2 2 2
IE1/IE2 (UL122/123) 2d 2 2 1e 1
UL112-113 2d 2d 2 1 2d

UL84 1 1 1 1 1

a 1, the viral locus is absolutely required for HCMV oriLyt DNA replication; 2, the viral locus is not directly required for HCMV oriLyt DNA replication.
b Data are from the omission assay in the presence of all auxiliary components minus one factor.
c Data are from the minimal replication assay experiment.
d Significantly enhances replication activity but was not absolutely essential.
e IE2 was essential in the minimal replication assay.
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which possesses two nuclear localization signals (58), to serve
as a chaperone polypeptide to target UL84 to the nucleus, the
active site of DNA replication. Perhaps IE2 is responsible for
targeting a substantial portion of UL84 to the replication fork
for the initiation of DNA synthesis but it is not required di-
rectly for replication activity itself. Experiments are under way
to test this hypothesis.
We have also observed here that apparently complete rep-

lication compartments detectable by IFA can be formed in
transiently transfected cells upon the addition of the full set of
replication machinery components and the viral origin DNA.
Unexpectedly, these structures very closely resemble those
identified at late times (80 hpi) in HCMV-infected cells. In
addition, in the absence of oriLyt DNA, the core and auxiliary
components alone generated prereplicative structures typical
of HCMV-infected cells at 36 hpi. The large intranuclear com-
partments reconstituted by cotransfection appear likely to rep-
resent authentic sites of ongoing viral DNA replication, as
determined by their disruption in the presence of PAA and by
BUdR-labeling studies. Additionally, the cotransfection gen-
erated replication compartment structures retained an abso-
lute requirement for UL84 and oriLyt, as did the in vitro
replication assays. Formation of such structures was ablated
upon the omission of UL84, leading to formation of only the
smaller prereplication foci, which are similar to those demon-
strated for HSV infection in the presence of DNA synthesis
inhibitors (19).
Overall, the results of all four of our experimental assay

approaches each imply an essential function for UL84 in the
initiation process of HCMV DNA synthesis. UL84 may play a
direct role in the formation of the replication fork initiation
complex, although it need not serve as a dedicated origin-
binding protein. Alternatively, it may be critical for the expres-
sion and/or recruitment of cellular initiator polypeptides into a
replisome complex, or it may be responsible for promoting the
initiation of HCMV DNA replication by a novel method un-
familiar to most viral systems. Additionally, our data suggest
that UL112-113 and IE2, although not essential for replication
activity in the omission assay, may collectively serve to stimu-
late the generation or possibly stabilization of this initiation
complex.
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