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Human cytomegalovirus (HCMYV) lytic DNA replication is initiated at the complex cis-acting oriLyt region,
which spans nearly 3 kb. DNA synthesis requires six core proteins together with UL84 and IE2. Previously, two
essential regions were identified within oriLyt. Essential region I (nucleotides [nt] 92209 to 92573) can be
replaced with the constitutively active simian virus 40 promoter, which in turn eliminates the requirement for
IE2 in the origin-dependent transient-replication assay. Essential region II (nt 92979 to 93513) contains two
elements of interest: an RNA/DNA hybrid domain and an inverted repeat sequence capable of forming a
stem-loop structure. Our studies now reveal for the first time that UL84 interacts with a stem-loop RNA
oligonucleotide in vitro, and although UL84 interacted with other nucleic acid substrates, a specific interaction
occurred only with the RNA stem-loop. Increasing concentrations of purified UL84 produced a remarkable
downward-staircase pattern, which is not due to a nuclease activity but is dependent upon the presence of
secondary structures, suggesting that UL84 modifies the conformation of the RNA substrate. Cross-linking
experiments show that UL84 possibly changes the conformation of the RNA substrate. The addition of purified
IE2 to the in vitro binding reaction did not affect binding to the stem-loop structure. Chromatin immunopre-
cipitation assays performed using infected cells and purified virus show that UL84 is bound to oriLyt in a
region adjacent to the RNA/DNA hybrid and the stem-loop structure. These results solidify UL84 as the
potential initiator of HCMV DNA replication through a unique interaction with a conserved RNA stem-loop

structure within oriLyt.

The mechanism of initiation of human cytomegalovirus
(HCMV) lytic DNA replication is largely undefined. The pro-
cess of HCMYV lytic DNA replication requires six core repli-
cation proteins: UL54 (polymerase), UL44 (polymerase acces-
sory protein), ULS57 (single-stranded DNA binding protein),
UL70 (primase), UL102 (primase-associated factor), and
UL105 (helicase) (13, 30). These six core proteins make up the
generic replication machinery responsible for lytic DNA rep-
lication of the HCMV genome (27). Although the proposed
activities of these components are postulated through homol-
ogy to other herpesvirus systems, the exact mechanism of their
assembly at the site of the origin is unknown. Our laboratory
seeks to understand the early events in HCMV origin-depen-
dent DNA replication that lead to the assembly and function of
the HCMV DNA replication machinery.

Most herpesviruses, as well as many other DNA viruses,
encode an initiation factor, or origin binding protein (OBP),
responsible for recognizing the lytic origin and creating a local
environment where DNA is separated and the replication ma-
chinery can assemble. Many initiation proteins such as those
for simian virus 40 (SV40) T antigen, papillomavirus E1, and
herpes simplex virus type 1 (HSV-1) UL9 have enzymatic ac-
tivities such as DNA-dependent nucleoside triphosphatase ac-
tivity and helicase activity (10, 11, 29, 44). In addition, a few of
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the initiation proteins such as Epstein-Barr virus Zta and hu-
man herpesvirus 8 K-bZIP also play a dual role as transcrip-
tional activators/repressors as well as their role in origin
recognition (12, 18, 19, 21, 31). Other viral mechanisms for
initiation of DNA synthesis involve the creation of a site of
initiation and are exemplified by adeno-associated virus
(AAV), where the AAV Rep protein recognizes and nicks a
stem-loop structure within the origin of replication (6). All of
these proteins exhibit specific activity for nucleic acid binding
to a sequence or structure within the lytic origin, and this
activity consequently targets the protein to the site of DNA
synthesis (20, 21, 24, 35, 40, 42, 45). The initiation of HCMV
DNA replication appears to be more complex than that of
other herpesviruses in that orilLyt spans nearly 3 kb and
contains many cis-acting features such as transcription factor
binding sites, RNA/DNA hybrid structures, and proposed
stem-loop structures (2, 25, 32).

It was shown previously that the only noncore protein re-
quired for HCMV lIytic DNA replication is UL84 (34, 46, 48).
In addition, the major immediate early protein IE2 (IE86) is
also necessary for the process of initiation of HCMV lytic
DNA replication; however, IE2 appears to supply a transacti-
vator function, as demonstrated by the successful functional
replacement of an IE2-responsive element within oriLyt essen-
tial region I (ERI) with the constitutive SV40 promoter (47).
This indicated that UL84 performs a function that is essential
for the initiation of HCMV origin-dependent DNA replica-
tion, and the function is imparted within a specific region,
ERILI, of oriLyt. ERII contains an RNA/DNA hybrid structure
as well as two proposed stem-loop structures, one of which is
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variably reiterated, adding up to an additional 300 bp within
laboratory strains (2, 32).

ULS84 is a unique protein, exhibiting little to no homology to
any other protein in nature with the exception of homologues
present in closely related cytomegaloviruses (CMVs), such as
chimpanzee CMV. Previously, our laboratory and others have
demonstrated that UL84 is an essential multifunctional phos-
phoprotein that displays early kinetics (8, 17). The protein is an
enzyme that exhibits UTPase activity that is not stimulated by
nucleic acids and that represses IE2-mediated transactivation
of the UL112-113 promoter, indicating that UL84 can both
positively and negatively affect IE2 transactivation function (8,
16). It is assumed that the latter activity is dependent upon the
ability of UL84 to form a stable interaction with IE2 (38). Our
previous studies also demonstrated that UL84 is able to self-
associate, and this interaction is essential for oriLyt-dependent
DNA replication (7). A recent report by Lischka and col-
leagues demonstrated that UL84 acts as a nucleocytoplasmic
shuttling protein, using a CRM-1-dependent pathway facili-
tated by two leucine-rich nuclear export signals within the
protein (23).

In an effort to understand the function of UL84 and to char-
acterize possible nucleic acid substrates for the protein we now
show for the first time that UL84 interacts with a specific region
of oriLyt in vitro and in vivo. Although purified UL84 interacts
with a variety of nucleic acid substrates nonspecifically, it binds
with high affinity and specificity to the stem-loop configuration
that is part of the RNA/DNA hybrid structure within the defined
lytic origin of DNA replication, oriLyt. This binding displays a
unique downward-staircase pattern, suggesting that UL84 acts to
change the conformation of the stem-loop RNA oligonucleotide.
This evidence suggests that UL84 recognizes and binds to this
structure within the origin of replication in the early events of
initiation of HCMV DNA replication. Analysis of the interaction
of UL84 with oriLyt using the chromatin immunoprecipitation
(ChIP) assay showed that binding was observed in a region of
oriLyt known to contain an RNA/DNA hybrid.

MATERIALS AND METHODS

Cells and viruses. Vero and COS-1 cells used for production and purification
of recombinant UL84 and IE2 protein were propagated in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% (vol/vol) bovine growth serum
(HyClone) (7). Ad293 cells (Stratagene) used to produce the UL84 recombinant
adenovirus were propagated in DMEM supplemented with 10% (vol/vol) bovine
growth serum (HyClone). Primary human foreskin fibroblasts (HF) were cul-
tured in DMEM supplemented with 10% (vol/vol) fetal bovine serum. HCMV
strain AD169 (ATCC VR-538) was maintained as frozen stocks and propagated
as described previously (36).

Antibodies. The UL84-specific antibody (Virusys; CA144) was used for elec-
trophoretic mobility shift assays (EMSA), the ChIP assay, and coimmunopre-
cipitation assays. The IE2-specific antibody G13-12E2 (Vancouver Biotech) was
used for Western blotting identification of IE2 coimmunoprecipitated protein.

Virion preparation. For the ChIP assay, 10 roller bottles totaling 1 X 10° HF
were infected with AD169 at a multiplicity of infection of 1 to 5, and supernatant
was harvested 2 weeks postinfection. Cells were subjected to three freeze-thaw
cycles and centrifuged at 3,000 rpm for 10 min to pellet cell debris. Supernatant
virus was pelleted at 25,000 rpm for 1 h using an SW28 rotor. The virus pellet was
resuspended in 2 ml 1X phosphate-buffered saline (PBS), layered on top of a
discontinuous sucrose gradient, and centrifuged at 25,000 rpm for 1 h using an
SW28 rotor. The virion layer was removed, suspended in 2 ml 1X PBS, and
centrifuged at 25,000 rpm for 1 h using an SW28 rotor. The pelleted virus was
resuspended in 2 ml 1X PBS and treated with 20 U micrococcal nuclease at 37°C
for 10 min and then again purified using a discontinuous sucrose gradient. The
resulting purified virions were stored in 2 ml 1X PBS at —80°C.
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Oligonucleotides. All oligonucleotides were purchased from Integrated DNA
Techonologies. DNA oligonucleotides were purified by polyacrylamide gel elec-
trophoresis (PAGE), and RNA oligonucleotides were purified by RNase-free
high-performance liquid chromatography for use in the EMSA. SL-RNA and
SL-DNA sequences are derived from nucleotides 93127 to 93181. This sequence
contains part of the stem-loop from the larger stem-loop mapping from nucle-
otide (nt) 93096 to 93211. EMSA oligonucleotides include SL-RNA, 5'-CGGG
CCCGUCCCACCGCCCUGGAGCACCAUCCGGGGCCGUGGGCCGGGC
A-3', SL-RNA PS, 5'-C*PS*GGGCCCGUCCCACCGCCCUGGAGCACCAU
CCGGGGCCGUGGGCCGGGC*PS*A-3', and SL-DNA, 5'-CGGGCCCGTC
CCACCGCCCTGGAGCACCATCCGGGGCCGTGGGCCGGGCA-3" (+PS#
indicates phosphorothioate linkages). ChIP assay primers include UL144 F,
5'-GCGGGTGGTGTTGCGCGGCGA-3', UL144 R, 5'-GCCGACCGCCGCC
GCCCTCCC-3', oriLyt F, 5'-ACGGCGCACATCTAGTGGAATTTTACCG-
3’, and oriLyt R, 5'-CTCCGGAACCGGGGGGGGCAAATTTTTA-3'.

Protein purification. Purified UL84 from mammalian (Vero) cells was pro-
duced using a recombinant adenovirus containing the UL84 open reading frame
in frame with a 3’ FLAG tag as described previously by our laboratory (7, 8). All
protein was evaluated for concentration and purity by sodium dodecyl sulfate
(SDS)-PAGE of gel stained with Coomassie blue. Only protein samples deemed
to be greater than 90% purity were used in binding assays. All protein quantities
were approximated by comparison to bovine serum albumin standards. Similarly,
1E2 protein was purified from transfection of 8- to 10-cm dishes of COS-1 cells
with a phCMV1-Xi-IE2 FLAG plasmid that expresses the IE2 cDNA in frame
with a 3" FLAG tag (47). IE2 FLAG protein was purified and evaluated in the
same manner as described previously for UL84 (7, 8).

EMSA. All binding reactions were carried out at room temperature for 30 min
in a 20-pl reaction volume. The components of the reaction mixture include
binding buffer (10 mM Tris-HCI, pH 7.5, 0.5 mM MgCl,, 100 mM NaCl, and 10%
glycerol), between 0 and 0.5 pg purified UL84 protein, in some cases with the
addition of IE2 protein (see figure legends), and 100 nM *?P-abeled probe. All
samples containing RNA-based substrates also included 1 pl of RNasin (Pro-
mega). Elution buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol)
was used to fill reaction mixtures when unequal volumes of protein were used in
order to maintain buffer and salt concentrations throughout the experiments.
Twenty microliters of loading buffer (40% glycerol, 10 mM EDTA, 0.025%
bromophenol blue, and 0.025% xylene cyanole) was added to each reaction
mixture, and 20 pl of the mixture was subsequently separated through a 0.6%
agarose gel at 4.5 V/cm for 4.5 h. The gel was dried and imaged using a
phosphorimager (GE Healthcare). For cross-linking experiments, reactions were
carried out as described above except samples were UV irradiated for 30 min on
ice in a UV Stratalinker 2400 (Stratagene).

ChIP. For infected-cell samples, 1 X 107 HF cells were infected with AD169
(multiplicity of infection, 10) for 3 days. Samples were fixed for 10 min with 1%
formaldehyde, washed twice with 1X PBS, and lysed for 15 min in lysis buffer (50
mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 0.1% Tween 20, 1 mM EDTA).
Samples were sonicated to shear DNA (~500 bp), and fragments were diluted
sixfold with ChIP buffer (12.5 mM Tris, pH 8, 200 mM NaCl, 1% Triton X-100)
and precleared with mouse immunoglobulin G-AC (Santa Cruz Biotechnology)
at 4°C for 30 min. For each immunoprecipitation, 2.64 pg of antibody (Mab84)
was incubated with the lysate at 4°C overnight. No-antibody and antibody isotype
control immunoprecipitations were also performed. Protein G-Plus-agarose
beads (Santa Cruz Biotechnology) were blocked with various amounts of sheared
salmon sperm DNA and bovine serum albumin at 4°C overnight and then washed
with ChIP buffer. The blocked and washed protein G-Plus beads were incubated
with the lysate at 4°C for 1 h. The beads were washed once with low-salt buffer
(0.1% SDS, 0.1% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8, 150 mM NacCl),
once with high-salt buffer (0.1% SDS, 0.1% Triton X-100, 2 mM EDTA, 20 mM
Tris, pH 8, 500 mM NaCl), once with LiCl buffer (0.25 M LiCl, 1% NP-40, 1%
deoxycholate, 1 mM EDTA, 10 mM Tris pH 8), and twice with Tris-EDTA (TE).
Beads were resuspended in TE, incubated with RNase A at 37°C for 30 min, and
then incubated with proteinase K and 10% SDS at 37°C for 4 h, followed by
incubation at 65°C overnight. For input control samples, NaCl was added to the
sonicated lysate to a final concentration of 0.3 M and incubated at 65°C over-
night. After the antibody, no-antibody, and isotype control immunoprecipitated
samples were filtered through a 0.45-pm filter to remove the agarose beads, they
were extracted with phenol-chloroform and ethanol precipitated. DNA was then
used as a template for PCR with primers that spanned the oriLyt region, or, in
the case of a control sample, PCR primers from the HCMV UL144 locus were
used.
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FIG. 1. Schematic of the HCMV origin of DNA replication, oriLyt.
The relative positions and nucleotide numbers of notable restriction
enzyme recognition sequences are shown. The area between Sgfl and
Notl sites denotes the region that can be replaced with the SV40
promoter. Also shown are the relative positions of ERII and the viral
RNA (VRNA) in comparison to oriLyt.

RESULTS

ULS84 binds to a synthetic oligonucleotide stem-loop struc-
ture complementary to a region within the HCMYV lytic origin
of replication. One defining prerequisite for a protein that
initiates DNA synthesis is that it must bind to nucleic acid
either directly or indirectly. Since our hypothesis is that UL84
initiates lytic DNA replication, we assume that this protein
must interact with a specific region(s) within oriLyt. Based on
previous studies, it is known that a region upstream of nt 92888
(NotI site) in oriLyt was able to be replaced with the SV40
promoter and still retain function (Fig. 1) (47). Although we
acknowledge that UL84 could interact with this region, we
were interested in potential interaction sites of UL84 outside
of this promoter domain and within ERII. Therefore we de-
cided to focus on the region downstream of the NotI site where
a previously reported RNA/DNA hybrid structure was identi-
fied (Fig. 1). Within this region there is a series of reiterated
repeat sequences that have the capacity to form a stem-loop
structure. This stem-loop is also part of the essential variably
reiterated region of HCMYV oriLyt, spanning nt 92887 to 93513
(2, 32). This structure seemed an attractive substrate for an
origin recognition protein such as UL84. Consequently, we
chose to evaluate the ability of purified UL84 to bind to syn-
thetic oligonucleotides complementary to the proposed stem-
loop sequence within oriLyt.

To test this potential structural target, we generated a syn-
thetic RNA oligonucleotide (since the region is part of the
RNA/DNA hybrid) that had the same sequence present within
HCMV oriLyt. We initially used this oligonucleotide (SL-
RNA) as a substrate in the EMSA as described in Materials
and Methods. Our attempt to resolve a UL84-nucleic acid
complex using a PAGE system failed due to the large size of
the protein-nucleic acid complex; hence, we switched to an
agarose gel resolution system similar to one used previously for
the HSV-1 replication protein ICP8 (4).

SL-RNA was able to interact with UL84, and this interaction
was confirmed by the presence of a supershifted species upon
incubation with the ULS84-specific antibody Mab84 (Fig. 2A,
lanes 2 and 3, respectively). The shifted band was efficiently
eliminated by competition with unlabeled SL-RNA oligonucle-
otides added to the binding mixture at concentrations of 50- or
100-fold molar excess (Fig. 2A, lanes 4 and 5, respectively).

We next investigated if the binding of UL84 with SL-RNA
could be eliminated in a competition assay using a variety of
nucleic acid substrates. No other nonspecific substrate, includ-
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FIG. 2. UL84 specifically recognizes an RNA stem-loop oligo-
nucleotide in vitro. Autoradiographs of dried agarose gels show
purified UL84 incubated with SL-RNA, a stem-loop oligonucleotide
with an RNA backbone complementary to a sequence found within
the essential RNA/DNA hybrid region of oriLyt. (A) Lanes: 1,
SL-RNA alone; 2, 3 pl of purified UL84 plus SL-RNA; 3, 3 ul of
purified UL84 plus SL-RNA incubated with Mab84; 4, 3 ul of
purified UL84 plus SL-RNA plus 50X unlabeled SL-RNA; 5, 3 pl
of purified UL84 plus SL-RNA plus 100X unlabeled SL-RNA.
(B) Interaction of UL84 with SL-RNA is specific. Lanes: 1, SL-
RNA alone; 2, 3 pl of purified UL84 plus SL-RNA; 3, 3 ul of
purified UL84 plus SL-RNA incubated with 100X yeast tRNA; 4, 3
wl of purified UL84 incubated with SL-RNA incubated 100X poly-
r(A); 5, 3 ul of purified UL84 plus SL-RNA incubated with 100X
salmon sperm DNA; 6, 3 pl of purified UL84 plus SL-RNA incu-
bated with 100X activated calf thymus DNA; 7, 3 wl of purified
ULS4 plus SL-RNA incubated with100X poly-r(U); 8, 3 wl of pu-
rified UL84 plus SL-RNA incubated with 100X SL-RNA PS; 9, 3 ul
of purified UL84 plus SL-RNA incubated with 100X SL-DNA; 10,
3 pl of purified UL84 plus SL-RNA incubated with 100X SL-RNA.
(C) The DNA version of the stem-loop oligonucleotide does not
interact with UL84. Lanes: 1, SL-DNA alone; 2, 10 wl of purified
ULS84 plus SL-DNA; 3, 10 .l of purified UL84 plus SL-DNA-ULS4
plus Mab84; 4, 10 wl of purified UL84 plus SL-DNA incubated with
100X unlabeled SL-DNA; 5, 10 wl of purified UL84 plus SL-DNA
incubated with 100X salmon sperm DNA; 6, 10 pl of purified UL84
plus SL-DNA incubated with 100X activated calf thymus DNA. SS,
supershifted band upon incubation with anti-UL84 antibody. S,
shifted UL84-SL-RNA species.

ing unlabeled Saccharomyces cerevisiae tRNA, poly-r(A), poly-
r(U), salmon sperm DNA, and activated calf thymus DNA, was
able to competitively inhibit the specific UL84-SL-RNA inter-
action (Fig. 2B, lanes 2 to 7). Interestingly, even an oligonu-
cleotide with the same sequence but composed of a DNA
backbone did not compete with the specific UL84-SL-RNA
interaction (Fig. 2B, lane 9). However, an SL-RNA oligonu-
cleotide capped at the 3" and 5’ ends with thioester linkages
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efficiently competed with UL84-SL-RNA binding (Fig. 2B,
lane 10).

To further define the affinity of UL84 with RNA, we inves-
tigated the interaction of UL84 with a DNA stem-loop sub-
strate. We performed an EMSA using an oligonucleotide with
the same sequence as SL-RNA but having a DNA backbone
instead of RNA. This oligonucleotide, SL-DNA, did bind
weakly with the protein preparation containing UL84 but re-
quired almost threefold more purified protein in the binding
reaction mixture. In addition, the interaction between UL84
and SL-DNA was eliminated in cold competition assays when
either specific or nonspecific unlabeled substrates were added
to the binding reaction mixture (Fig. 2C). Also, the apparently
shifted band could not be supershifted by the addition of the
ULB4-specific antibody to the binding reaction mixture (Fig.
2C, lane 3). Based on these results, we conclude that the
interaction with the DNA version of the oligonucleotide is
nonspecific and that the band observed on the EMSA may be
the result of a low-abundance contaminating protein due to the
increased amount of protein preparation used. When the same
binding conditions used for SL-RNA (i.e., 3 pl of protein) were
used for SL-DNA, no band was detected in the EMSA (data
not shown).

These experiments indicated that UL84 interacts with and
favors RNA and may specifically bind to oligonucleotides
forming a stem-loop whose primary sequence is found within
the oriLyt region.

The secondary structure of SL-RNA is required for interac-
tion with UL84. Once we determined that ULS84 interacted
with SL-RNA, we wanted to establish if the presence of sec-
ondary structure, primarily the stem-loop configuration, con-
tributed to the binding. We eliminated the secondary structure
of SL-RNA by heating the oligonucleotide to 95°C for 3 min
followed by incubation at 4°C for 5 min before performing the
binding reaction. This treatment completely reduced SL-RNA
to a single-stranded configuration (Fig. 3B, compare lanes 3
and 4). The pattern of the native SL-RNA shows the presence
of several “high-order” complexes. These complexes may be
the result of intramolecular interactions. If UL84 has a binding
preference for the stem-loop secondary structure, then this
denatured oligonucleotide should not act as an efficient sub-
strate in vitro. We then used this denatured SL-RNA (dSL-
RNA) in the EMSA and compared the interaction of UL84 to
that of the native stem-loop version, SL-RNA. No apparent
binding was observed when using the dSL-RNA under the
same conditions where a UL84-SL-RNA interaction was
present (Fig. 3B, compare lane 2 to 4, 5, and 6). This result
strongly suggests that a stem-loop substrate was required for
efficient binding and recognition by UL84.

Increasing amounts of UL84 elicit a downward-staircase
binding pattern with SL-RNA. Initial EMSA experiments used
one concentration of UL84 and demonstrated a specific inter-
action with SL-RNA. We next investigated the effects on com-
plex mobility of using increasing concentrations of UL84 pu-
rified protein. EMSA experiments were performed as before
except increasing concentrations of UL84 purified protein
were incubated with SL-RNA. The UL84-SL-RNA interaction
now resulted in an observed increased mobility within the gel
resembling a downward staircase (Fig. 4A). Since one possible
explanation of this downward-staircase observation could be a
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FIG. 3. Binding of UL84 to SL-RNA is dependent on oligonucle-
otide secondary structure. (A) Autoradiograph of dried agarose gel
showing heat denaturation of SL-RNA. Lanes: 1, no protein; 2, 3 ul
ULS4 plus nondenatured SL-RNA; 3, 3 wl UL84 plus nondenatured
SL-RNA and UL84 MAD; 4, 1 pl UL84 plus denatured SL-RNA; 5, 5
wl UL84 plus denatured SL-RNA; 6, 10 pl UL84 plus denatured
SL-RNA; 7, 1 ul UL84 plus denatured SL-RNA and UL84 MADb; 8§, 5
wl UL84 plus denatured SL-RNA and UL84 MADb; 9, 10 nl UL84 plus
denatured SL-RNA and UL84 MAD. (B) Autoradiograph of dried
polyacrylamide gel showing the same samples deproteinized. SS, su-
pershifted band upon incubation with anti-UL84 antibody; S, shifted
ULB4-SL-RNA species.

progressive degradation of the input oligonucleotide, we ex-
amined the integrity of the SL-RNA oligonucleotide after in-
cubation with purified UL84 under the same conditions used
for the EMSA. Three shifted bands (Fig. 4A, lanes 5, 6, and 7)
corresponding to SL-RNA oligonucleotides from lanes with
increasing concentrations of UL84 were excised from the
EMSA agarose gel and resolved through a denaturing 10%
PAGE urea gel. If input SL-RNA was degraded by UL84, we
would then see the resulting degradation products in the de-
naturing gel. Figure 4B clearly shows that the length of the
probe did not change (from the untreated control lane) and
that no apparently less-than-full-length oligonucleotide was
detected. This result suggested that SL-RNA remained intact
in the presence of UL84.

As one more test for degradation of the SL-RNA, we used
an oligonucleotide that contained phosphorothioate linkages
at both the 5" and 3’ termini (between the first and second and
penultimate and last nucleotides). Phosphothioate modifica-
tions were added such that the oligonucleotide would be more
resistant to any UL84-associated exonuclease activity. This
oligonucleotide displayed the same downward-staircase pat-
tern upon incubation with increasing concentrations of UL84
that was observed with SL-RNA (Fig. 4C). Hence, these data
indicate that UL84 can change the mobility of an RNA stem-
loop oligonucleotide, but this change in mobility is not due to
a shortening or degradation of the input oligonucleotide.

To confirm that the UL84-SL-RNA interaction is genuine,
we performed EMSA and supershift experiments using an
unrelated antibody. Samples were incubated with SL-RNA as
before and reacted with either a UL84-specific antibody or an
antibody specific for human herpesvirus 8 K8 (K-bZIP). No
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FIG. 4. Increasing concentrations of purified UL84 produce a
downward-staircase pattern of binding with SL-RNA. EMSA were
performed as described in Materials and Methods except increasing
amounts of purified protein were used in the binding reactions.
(A) Autoradiograph of dried agarose gel showing EMSA using SL-
RNA with increasing concentrations of purified UL84. Lanes: 1, UL84
SL-RNA alone; 2, SL-RNA plus 0.5 pl of UL84; 3, SL-RNA plus 1 l
of purified UL84; 4, SL-RNA plus 2 pl of purified UL84; 5, SL-RNA
plus 3 pl of purified UL84; 6, SL-RNA plus 5 pl of purified ULS84; 7,
SL-RNA plus 7 pl of purified UL84; 8, SL-RNA plus 10 pl of purified
ULS84; 9, SL-RNA plus 13 wl of purified UL84. (B) The downward-
staircase pattern of binding to SL-RNA is not due to a shortening or
degradation of the oligonucleotide. SL-RNA protein bands corre-
sponding to lanes 5, 6, and 7 from the EMSA shown in panel A were
extracted from the gel, deproteinized, and resolved through a dena-
turing urea gel. Shown is the autoradiograph of the dried urea gel.
Lanes: 1, SL-RNA alone; 2, SL-RNA extracted from lane 5 from panel
A; 3, SL-RNA extracted from lane 6 from panel A; 4, SL-RNA ex-
tracted from lane 6 from panel A. (C) The phosphorothioate-capped
SL-RNA displays the same downward-staircase pattern as the unmod-
ified version. EMSA experiments were performed using the same
conditions as described for panel A except that SL-RNA PS was used
instead of the unmodified SL-RNA. (D) Control experiments demon-
strating that the UL84-SL-RNA interaction is genuine. Lanes: 1, SL-
RNA alone; 2, SL-RNA plus UL84; 3, SL-RNA plus UL84 plus
Mab84; 4, SL-RNA plus UL84 plus the K8 MAD; 5, SL-RNA plus
heat-treated UL84; 6, SL-RNA plus IE2 (1 pl); 7, SL-RNA plus IE2 (3
wl); 8, SL-RNA plus IE2 (5 pl); 9, SL-RNA plus IE2 (10 pl). (E) UV
cross-linking gives rise to a slower-migrating species. Lanes are the
same as in panel A except samples were exposed to 30 min of UV light
in a Stratalinker 2400. SS, supershifted band upon incubation with
anti-UL84 antibody; S, shifted UL84-SL-RNA species; CL, shift re-
sulting from cross-linking.

supershifted band was observed when using the K-bZIP-spe-
cific antibody (Fig. 4D, lane 4). To show that binding was due
to native UL84 protein, we performed a reaction with a protein
sample that was heat denatured (95°C for 5 min). The protein
sample was heat denatured and then cooled on ice for 10 min,
followed by the addition of probe. No shifted band was de-
tected using the denatured UL84 sample (Fig. 4D, lane 5).
Lastly, we also used purified IE2 protein alone in a EMSA
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experiment. This was done to show that the bands generated by
a UL84-SL-RNA mixture are authentic and not due to some
contaminant within our purified protein preparation. No band-
ing pattern was observed when increasing concentrations of
IE2 purified protein were incubated with SL-RNA (Fig. 4D,
lanes 6 to 10). These experiments show that UL84 interacts
with SL-RNA in a highly specific manner and that the down-
ward-staircase pattern is due to increasing concentrations of
ULS84 and not a protein contaminant. These results also indi-
cate that the banding pattern observed is genuine and due to
ULS84 and that denatured protein no longer interacts with
SL-RNA.

We also performed the EMSA under conditions where
ULRS4 protein was cross-linked to SL-RNA using UV light.
Cross-linking of samples containing UL84-SL-RNA resulted
in the presence of a slower-migrating band in the gel, which
intensified upon incubation with increasing concentration of
ULRS4 (Fig. 4E). This suggests that UL84 resolves or reduces
some higher-order structure and that cross-linking the samples
inhibited the ability of UL84 to act on the RNA substrate.

The SL-RNA-UL84 complex is not affected by the addition
of IE2. It is known that UL84 binds to IE2 in infected cells, and
this interaction apparently is responsible for both a decrease in
IE2-mediated transactivation of UL112-113 promoter and au-
toregulation of IE2 itself. This suggests that UL84 diminishes
the affinity for IE2 for its DNA substrate, whether it is the
UL112-113 promoter or the CRS element. Additionally, IE2
and UL84 are required for the efficient transactivation of the
promoter region within oriLyt, which is required for DNA
synthesis. We were interested in whether the same would be
true for UL84 and the interaction with its substrate. We inves-
tigated the effects of increasing amounts of purified IE2 on the
ability of UL84 to interact with SL-RNA in vitro. EMSA ex-
periments were performed as before with the addition of in-
creasing amounts of purified IE2 or increasing amounts of
ULS84 in the presence of a stable concentration of IE2 within
the binding reaction mixture. The addition of IE2 to the bind-
ing reaction mixture did not change the mobility or intensity of
the UL84 and SL-RNA complexes in either scenario (Fig. 5A,
lanes 2 to 5 and 7 to 10, respectively). In order to confirm
ULB4-IE2 complex formation within the binding reaction mix-
ture, we successfully coimmunoprecipitated the complex using
the UL84-specific monoclonal antibody (MAb) (Fig. 5B). This
result indicated that IE2 did not enhance or interfere with the
interaction of UL84 with this nucleic acid substrate and is
consistent with the replication data showing that UL84 alone is
required for efficient replication of oriLyt with a substituted
SV40 promoter.

ULS84 interacts with HCMYV oriLyt in vivo. The results of the
in vitro assay showed that UL84 interacted in a sequence- and
structure-specific manner with one of the proposed stem-loop
structures found within oriLyt. In addition, UL84 appeared to
have a distinct preference for RNA substrates over DNA coun-
terparts with the same sequence. Based on this observation, we
decided to investigate the interaction of UL84 within the con-
text of the cellular and virion environments using the ChIP
assay. We designed PCR primers that flanked the oriLyt region
known to contain an RNA/DNA hybrid structure (32). These
primers and the resulting PCR product were immediately ad-
jacent to and upstream from the proposed stem-loop structure
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FIG. 5. Interaction of UL84 with SL-RNA is not affected by the
presence of IE2. (A) Binding reactions were carried out as for the
experiments described in Fig. 4 except variable amounts of IE2 were
added to the reaction mixture. Shown is the autoradiograph of the
dried agarose gel. Lanes: 1, no protein; 2, 3 pl UL84 plus SL-RNA,; 3,
3 wl UL84 plus SL-RNA and 1 wl IE2; 4, 3 ul UL84 plus SL-RNA and
5 wlIE2; 5, 3 nl UL84 plus SL-RNA and 10 pl IE2; 6, no protein; 7,
1 pul UL84 plus SL-RNA and 3 pl IE2; 8, 3 wl UL84 plus SL-RNA and
3wl IE2; 9,5 ul UL84 plus SL-RNA and 3 wl IE2; 10, 10 wl UL84 plus
SL-RNA and 3 pl IE2. (B) Western blot of coimmunoprecipitation of
IE2 and UL84 from binding reaction with UL84 MAb. Lanes: 1, UL84
immunoprecipitated with UL84 MAb and detected with UL84 MAb
with no SL-RNA in binding reaction; 2, UL84 immunoprecipitated
with UL84 MAb and detected with UL84 MADb; 3, IE2 immunopre-
cipitated with UL84 MAb and detected with IE2 MADb with no SL-
RNA in binding reaction; 4, IE2 immunoprecipitated with UL84 MAb
and detected with IE2 MAb. S, shifted UL84-SL-RNA species.

orilyt
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used in the in vitro binding experiments (Fig. 6A). Primer sets
just outside of the RNA/DNA hybrid were chosen because
PCR amplification of the region flanking the stem-loop con-
sistently resulted in a very weak PCR amplification product.
This was probably due to the presence of the RNA/DNA
hybrid and the variable length of this region (data not shown).

HCMV-infected cells or sucrose gradient-purified virion
DNA was used as the starting material for the ChIP assay.
Protein-DNA complexes were immunoprecipitated using a
ULS84 MADb (Virusys; CA144) or no antibody in the case of a
control reaction. We also performed two additional controls.
The first used an isotype-matched unrelated antibody. The
second was a control for the ChIP assay itself, where we am-
plified a region of the genome outsidle HCMV orilyt, the
UL144 open reading frame.

Figure 6B shows the result of the ChIP assay showing that
positive PCR products were in both the input control lane and
the sample immunoprecipitated with the UL84-specific anti-
body from infected-cell DNA harvested 3 days postinfection
(Fig. 6B, top panel, lanes 1 and 2, respectively). No PCR
amplification product was observed in the no-antibody control
sample (Fig. 6B, lane 4) or the isotype control antibody lane
(Fig. 6B, lane 3).

We also investigated the possibility that UL84 was bound to
viral DNA within the virion. This seemed plausible since a
recently published report using highly sensitive mass spectro-
metric analysis identified UL84 as a component of the virion
(41). Consequently we applied the ChIP assay to DNA isolated
from purified virions. Virions were isolated from infected cells
and subsequently treated with micrococcal nuclease to ensure
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FIG. 6. UL84 binds to the HCMV oriLyt within infected cells and purified virions. (A) Schematic of the HCMV origin of DNA replication
showing the location within the HCMV genome as well as other distinguishing features including the relative locations of the regions essential for
DNA synthesis, the RNA/DNA hybrid region, the SL-RNA stem-loop structure, the region amplified by PCR in the ChIP assay, and the proposed
IE2 binding sites. (B) ChIP assay of AD169-infected cells and AD169 purified virion with the UL84-specific MAD (described in Materials and
Methods). (Top panel) Lanes: 1, input control sample from infected-cell lysate amplified with oriLyt F and R primers; 2, ChIP sample from infected
cell lysate amplified with orilLyt F and R primers; 3, no-antibody control ChIP sample from infected-cell lysate amplified with oriLyt F and R
primers. (Bottom panel) Lanes: 1, input control sample from purified virion lysate amplified with oriLyt F and R primers; 2, ChIP sample from
purified virion lysate amplified with oriLyt F and R primers; 3, ChIP sample from infected-cell lysate using the isotype control antibody amplified
with oriLyt F and R primers; 4, no-antibody control ChIP sample from purified virion lysate amplified with oriLyt F and R primers. (C) ChIP assay
of AD169-infected cells with the UL84-specific MAb amplified by primers corresponding to the UL144 locus. Lanes: 1, input control sample from
infected-cell lysate amplified with UL144 primers; 2, ChIP sample from infected-cell lysate amplified with UL144 primers; 3, no-antibody control

ChIP sample from infected-cell lysate amplified with UL144 primers.
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that all DNA analyzed in the ChIP assay was from packaged
virions. Interestingly, a positive PCR amplification product was
observed from ChIP assays performed on DNA isolated from
virions (Fig. 6B, lane 2). In order to ensure the accuracy of our
results, we used an isotype-matched control antibody in the
ChIP assay as well as PCR amplification of an unrelated region
of the HCMV genome after immunoprecipitation with the
ULRB4-specific antibody. In either case, no false-positive PCR
signal was observed (Fig. 6B, lane 3, and C).

Data from the ChIP assay indicate that UL84 interacts with
oriLyt probably within the region of oriLyt that contains RNA/
DNA hybrid and stem-loop structures. Also UL84, which was
previously shown to be a component of the virion, interacts
with oriLyt DNA within the virion. These results, coupled with
the data from the in vitro binding assays, strongly suggest that
a possible mechanism of initiation of HCMV DNA replication
is via a ULS84 direct interaction with specific structures within
orilLyt.

DISCUSSION

The mechanism for initiation of HCMV lytic DNA synthesis
is thought to be unique among the herpesvirus family since no
homolog to an OBP was identified from initial studies using
the cotransfection replication assay (30). Several reports iden-
tified UL84 as the only protein still required after elimination
of viral transactivators and ancillary proteins such as IRSI,
UL112-113, and UL36-38 (34, 48). Additionally, the immedi-
ate early protein IE2, which apparently also has a transactiva-
tor function in lytic DNA replication, works in concert with
ULS4 to positively activate a promoter within oriLyt (47).

Most initiation proteins bind to a specific sequence of DNA
within the origin of replication; however, in some cases the
initiation protein requires a binding partner to complete this
function (1, 39). This is true in the case of papillomavirus E1,
where sequence specificity is conferred only in the presence of
E2. Although we did observe specific binding of UL84 with a
nucleic acid substrate, this interaction or another as yet undis-
covered function could be enhanced with the addition of a
cellular protein or virally encoded factor. For example, the
single-stranded DNA binding protein greatly increases the en-
zymatic activity of the HSV-1 UL9 OBP (5, 10). Our studies
suggest that IE2 does not contribute to the binding of UL84 to
the SL-RNA. The interaction of IE2 with UL84 may play
another role in the regulation of initiation of DNA replication
or the viral life cycle.

The recent finding that UL84 has an intrinsic UTPase activ-
ity suggested that this protein could fulfill the characteristics
needed to function as a true OBP (8). Many initiation factors
possess a helicase activity that is utilized to initially separate
the strands of DNA using the energy from the hydrolysis of
nucleotide triphosphates. While it was clear that UL84 does
not have considerable homology to any other protein in nature
and cannot be immediately classified as a helicase, the protein
does have limited homology to the DExD/H family of proteins
(8). This comparison is based not merely on structural homol-
ogy but also on functional similarities to this group of enzymes.
The fact that UL84 fills a role as a suppresser and an activator
is more evidence that the protein fits in the DExD/H family of
proteins (43). This diverse family includes proteins with a large
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array of functions, although they are usually involved with
some type of nucleic acid disassociation activity. The group of
enzymes can function to separate nucleic acid from RNA,
DNA, or protein (reviewed in references 15 and 22). The
recent evidence that UL84 is a UTPase, contains several con-
served DExD/H sequences, and is both a negative and positive
transcriptional effector, paired with the new data that UL84
can bind to RNA, gives further evidence for inclusion within
this family. Additionally, many DExD/H proteins shuttle RNA
from the nucleus to the cytoplasm, a characteristic recently
shown to be shared by UL84 (3, 23, 49). This shuttling could
serve to regulate DNA replication in a manner similar to that
of HSV-1 ICP27, where UL84 may enhance the accumulation
of viral transcripts encoding replication proteins in the cyto-
plasm (33, 37).

A recent report suggested that UL84 is a dUTPase-related
protein based upon computer-generated analysis (9). While it
is possible that UL84 does contain a six-stranded beta-barrel
structural component at the C terminus, until a crystal struc-
ture of the protein is analyzed, this analysis cannot be con-
firmed. Furthermore this structural fold is found in many
classes of enzymes and by no means strictly defines the protein
as a dUTPase (14, 28). Our initial structural inquiries indicate
that the beta-barrel fold in UL84 more closely resembles that
in a tRNA synthetase-like enzyme and may represent an RNA
stem-loop binding site (unpublished data). We feel there is
overwhelming biochemical and functional evidence that UL84
functions as a DExD/H family member independent of the
novel protein structure observed.

As a prerequisite to determining any enzymatic role for
ULS4, such as helicase or helix destabilization, it was essential
to investigate potential nucleic acid substrates or sequences.
The most obvious region to search for such a potential sub-
strate within oriLyt was the locus between nt 92887 and 93513.
This region was chosen based on several characteristics: (i) the
region is part of the ERII of oriLyt, (ii) the region has se-
quences that form a stem-loop structure that is unique to the
HCMYV genome, and (iii) the region is part of the RNA/DNA
hybrid of oriLyt. In addition, this area of the genome is ampli-
fied in laboratory-adapted HCMYV strains such that the region
containing the stem-loop can be reiterated such that 300 extra
nucleotides are present (32). This inverted-repeat structure is
also conserved among other CMV oriLyt sequences (26).

The evidence that the RNA stem-loop structure is one of the
conformations recognized by ULS84 in vitro is based on several
lines of data. Although other substrates interacted with UL84
in the EMSA, the amount of protein necessary to shift SL-
RNA was almost threefold lower than that required for any
other substrate tested. The UL84-SL-RNA interaction was
also the only interaction that was not eliminated by nonspecific
unlabeled RNA or DNA, whereas UL84 binding to the DNA
form of stem-loop oligonucleotide was competed by all non-
specific-DNA-unlabeled substrates tested and could not be
supershifted with the UL84-specific antibody. Finally, a super-
shift of the protein-RNA complex was observed upon incuba-
tion with the UL84-specific antibody.

One characteristic that distinguishes the SL-RNA substrate
from any other nucleic acid substrate is the unexpected result
observed when increasing amounts of UL84 were added to the
SL-RNA probe. As more protein is added to the reaction
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mixture, the complex formed between UL84 and the probe
shifts progressively smaller, as judged by determining the com-
plex mobility. This phenomenon was not observed with any
DNA substrate that was tested. This downward-staircase ob-
servation may indicate that UL84 is able to modify this struc-
ture. Since there was no shortening or degradation of this
substrate observed, we assume that UL84 may be unwinding
the stem-loop or resolving some higher-order structures form-
ing with this oligonucleotide. The binding of UL84 to SL-RNA
is absolutely dependent upon the presence of the stem-loop
since heat denaturation led to undetectable binding in the in
vitro assay.

Several control experiments also show that the observed
banding pattern is genuine and due to UL84 binding to SL-
RNA: (i) there was no supershifted band when using a non-
specific antibody (anti-human herpesvirus 8 K-bZIP); (ii) no
banding pattern was observed when SL-RNA was reacted with
heat denatured UL84; and (iii) another purified protein, IE2,
alone did not interact with SL-RNA, even when increasing
concentrations were used in the reaction mixture. Also, cross-
linking experiments show that UL84 formed an additional
complex that did not display the typical staircase pattern. This
suggests that UL84 changes the conformation of the SL-RNA
substrate.

The subtle differences between the affinity of UL84 for DNA
and that for RNA or specific sequences could be measured
using a more quantitative method. Our current methods limit
this measurement because our purified protein is contami-
nated with 3X FLAG peptide, which was used to efficiently
elute the protein from the affinity column. While this poses no
problems in the binding assay, it prohibits our quantitation of
purified protein to the level necessary to measure an accurate
dissociation constant for UL84 binding to RNA and DNA
substrates. The only large difference in affinity and specificity
was witnessed with the SL-RNA substrate.

With the results from the in vitro assay in hand, we then
investigated if UL84 could interact with this substrate in the
cellular environment, as well as within packaged virions. Since
recent evidence indicated that UL84 was a component of the
virion, we performed the ChIP assay using infected cells or
purified virus samples (41). The ChIP assay demonstrated that
ULS84 does interact with the region of oriLyt that contains the
stem-loop and RNA/DNA hybrid structures. Because of the
nature of the ChIP assay, where the genome is fragmented into
approximately 500- to 1,000-bp pieces, coupled with the inher-
ent redundancy of the stem-loop region, PCR amplification
was efficiently achieved only using primers complementary to
regions adjacent to the RNA/DNA domain. Nevertheless, this
is the first evidence that UL84 interacts with the HCMV ge-
nome within the oriLyt region in the in vivo environment.

The nucleic acid structure in the stem-loop region may re-
quire an initial transcription event prior to the onset of DNA
synthesis, and one strand of the RNA/DNA hybrid region is
able to form stable RNA stem-loop structures. These struc-
tures also remain in the packaged virion, as demonstrated
previously, and can then be available for specific binding of
ULRS4 (32). The fact that UL84 was associated with the origin
not only in infected cells at 72 h postinfection but also in
purified virions is remarkable and further implicates UL84 as a
key initiation factor. The binding of UL84 to this region could
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then allow for efficient initiation of lytic DNA synthesis. It
could also be that the binding of UL84 to this region would
serve to regulate the onset of DNA synthesis by inhibiting the
interaction of factors necessary for DNA replication. Both
possibilities will be investigated further.
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