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ABSTRACT

Protein-protein and protein-nucleic acid interactions within subcellular compartments are required for viral genome replica-
tion. To understand the localization of the human cytomegalovirus viral replication factor UL84 relative to other proteins in-
volved in viral DNA synthesis and to replicating viral DNA in infected cells, we created a recombinant virus expressing a FLAG-
tagged version of UL84 (UL84FLAG) and used this virus in immunofluorescence assays. UL84FLAG localization differed at early
and late times of infection, transitioning from diffuse distribution throughout the nucleus to exclusion from the interior of rep-
lication compartments, with some concentration at the periphery of replication compartments with newly labeled DNA and the
viral DNA polymerase subunit UL44. Early in infection, UL84FLAG colocalized with the viral single-stranded DNA binding pro-
tein UL57, but colocalization became less prominent as infection progressed. A portion of UL84FLAG also colocalized with the
host nucleolar protein nucleolin at the peripheries of both replication compartments and nucleoli. Small interfering RNA
(siRNA)-mediated knockdown of nucleolin resulted in a dramatic elimination of UL84FLAG from replication compartments
and other parts of the nucleus and its accumulation in the cytoplasm. Reciprocal coimmunoprecipitation of viral proteins from
infected cell lysates revealed association of UL84, UL44, and nucleolin. These results indicate that UL84 localization during infec-
tion is dynamic, which is likely relevant to its functions, and suggest that its nuclear and subnuclear localization is highly depen-
dent on direct or indirect interactions with nucleolin.

IMPORTANCE

The protein-protein interactions among viral and cellular proteins required for replication of the human cytomegalovirus
(HCMV) DNA genome are poorly understood. We sought to understand how an enigmatic HCMV protein critical for virus rep-
lication, UL84, localizes relative to other viral and cellular proteins required for HCMV genome replication and replicating viral
DNA. We found that UL84 localizes with viral proteins, viral DNA, and the cellular nucleolar protein nucleolin in the subnuclear
replication compartments in which viral DNA replication occurs. Unexpectedly, we also found localization of UL84 with nucleo-
lin in nucleoli and showed that the presence of nucleolin is involved in localization of UL84 to the nucleus. These results add to
previous work showing the importance of nucleolin in replication compartment architecture and viral DNA synthesis and are
relevant to understanding UL84 function.

Virus replication requires subcellular compartmentalization
and protein-protein and protein-nucleic acid interactions. In

the nuclei of cells infected with herpesviruses, nonmembranous
replication compartments form. Within these compartments, vi-
ral DNA synthesis occurs concomitant with the accumulation of
DNA replication proteins. In cells infected with the betaherpesvi-
rus human cytomegalovirus (HCMV), these replication proteins
include the accessory subunit of the viral DNA polymerase UL44
and the viral single-stranded DNA (ssDNA) binding protein UL57
(1–3). The HCMV replication compartment architecture has sev-
eral distinguishing features (2, 4). In particular, UL44 concen-
trates at the periphery of replication compartments. Viral DNA
synthesis occurs within this peripheral layer, and newly replicated
DNA is subsequently localized within the interior of replication
compartments, which is where most UL57 is found (2). In con-
trast, studies of the alphaherpesvirus herpes simplex virus 1
(HSV-1) have revealed little evidence of comparable replication
compartment organization (5, 6).

Several factors are involved in maintaining the architecture of
HCMV replication compartments. One is viral DNA synthesis, as

treatment of infected cells with an inhibitor of viral DNA synthesis
leads to loss of compartment organization (1, 2), and compart-
ment formation is delayed in cells infected with a virus mutant in
which viral genome replication is delayed (1). Notably, a host
nucleolar component, nucleolin (Ncl), colocalizes with UL44 at
the periphery of replication compartments (3). Based on studies
using small interfering RNA (siRNA), nucleolin is required to
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maintain the concentration of UL44 at this location, which facil-
itates viral DNA synthesis (3, 7).

The HCMV UL84 protein is involved in viral DNA synthesis
(8–11), although its role in the process is unclear. It has been
reported that UL84 is a member of the DExD/H family of helicase
proteins that includes DNA replication origin binding proteins
(12), which would be consistent with the results of studies utiliz-
ing chromatin immunoprecipitation and proteomics that place
UL84 at the viral origin of replication. It has therefore been pro-
posed that UL84 serves as an origin binding protein (12–15). Fur-
thermore, UL44 and UL84 associate with each other in infected
cell lysate (16, 17), and in experiments in which a plasmid encod-
ing an enhanced green fluorescent protein (EGFP)-UL84 fusion
has been cotransfected with plasmids encoding other viral repli-
cation proteins, the EGFP signal colocalizes with UL44 (18). Anal-
ysis of UL84 localization with a monoclonal antibody (MAb)
found the protein to be diffusely distributed throughout the nu-
cleus at day 1 postinfection (p.i.), before DNA synthesis has com-
menced, and at day 5 p.i., at the end of the replication cycle (14).
Neither intermediate time points nor localization relative to other
replication proteins was assessed. Thus, whether UL84 colocalizes
with other proteins within replication compartments in virus-
infected cells is unknown.

The presence of both nuclear localization and nuclear export
signals in UL84 suggests that UL84 shuttles between the nucleus
and the cytoplasm in the infected cell (19, 20). Electroporation of
a bacterial artificial chromosome (BAC) containing the HCMV
genome in which a UL84 nuclear export signal had been deleted
failed to produce detectable virus replication, suggesting that nu-
cleocytoplasmic shuttling of UL84 is necessary for virus replica-
tion (21). UL84 can interact with the viral transcriptional transac-
tivator IE2, potentially modulating IE2 function (22, 23) and
stabilizing UL84 levels (24, 25) in infected cells. UL84 also associ-
ates with a number of other viral and cellular proteins (7, 16),
although it is unclear what functions the majority of these protein-
protein interactions have in the infected cell. Finally, UL84 may
play a role in capsid trafficking within the nucleus, as a deletion
that removes sequences encoding a portion of the UL84 amino
terminus causes a modest nuclear egress defect in which capsids
accumulate around nucleoli in the infected cell (26).

To gain a better understanding of UL84 localization, particu-
larly in terms of replication compartment architecture and UL84
function, we generated a recombinant HCMV expressing a tagged
version of UL84 and analyzed the association of UL84 with repli-
cating viral DNA and proteins involved in viral genome replica-
tion in infected cells.

MATERIALS AND METHODS
Cells and viruses. Human foreskin fibroblasts (HFFs) (American Type
Culture Collection CRL-1684) were used in all experiments. The HCMV
laboratory strain AD169 was used where indicated. The virus derived
from AD169-BAC, AD169 recombinant virus (AD169rv) (27), and the
virus AD169-FLAGUL44, which expresses FLAG-tagged UL44, were de-
scribed previously (7). To generate the bacterial artificial chromosome
AD169-BACUL84FLAG and the virus AD169-UL84FLAG, briefly, a sin-
gle FLAG epitope (DYKDDDDK) was inserted before the termination
codon of the UL84 coding sequence in the bacterial artificial chromosome
AD169-BAC (27) using the two-step Red recombination method de-
scribed by Tischer and coworkers (28) in Escherichia coli strain DY380
(29) and the PCR primers Fw (5=-GAGAAAACGAGTCCTGTCACTCTA
GCCATGGTCTGCGGCGATCTCGACTACAAGGATGACGACGATA

AGTAAACAGAGGACTAGGGATAACAGGGTAATCGATTT-3=) and
Rv (5=-GCGGACGCCTAGTGTCCGTTTTCCATCACCAGGGTCCTCT
GTTTACTTATCGTCGTCATCCTTGTAGTCGAGATCGCCGCCAGT
GTTACAACCAATTAACC-3=). Insertion of the sequence encoding
FLAG was confirmed by sequencing. The resulting BAC, AD169-
BACUL84FLAG, was electroporated into HFFs as described previously
(28) with plasmids pCGN71 (30), expressing the viral transcriptional
transactivator pp71, and pBRep-Cre (27) to generate the virus AD169-
UL84FLAG. To assess virus replication, titration by plaque assay of virus
produced by infection of HFFs was carried out as previously described (7).

Western blotting. Western blotting of proteins separated on 4 to 15%
or 4 to 20% polyacrylamide gels was carried out as described previously
(31), using monoclonal antibodies recognizing UL44 (antibody [Ab]
CA006; Virusys), UL84 (Virusys), nucleolin (antibody 4E2; Abcam),
FLAG (Sigma), and �-actin (Sigma) as primary antibodies (all used at
1:1,000 dilution). Goat anti-mouse– horseradish peroxidase (HRP)-con-
jugated antibody or goat anti-rabbit–HRP-conjugated antibody (both
Southern Biotech; 1:1,000 dilution) and chemiluminescence solution
(Pierce) were used to detect primary antibodies, and the images were
captured using film.

Immunofluorescence and “click chemistry.” HFFs (5 � 104) were
plated on glass coverslips in 24-well plates. The cells were mock infected or
infected with the indicated viruses (multiplicity of infection [MOI] � 3).
Where indicated, 520 �M phosphoformic acid (PFA) (Sigma) was added
to infected cell cultures following removal of inocula. To label replicating
DNA, cells were incubated for the times indicated with 10 �M 5-ethynyl-
2=-deoxyuridine (EdU) (Invitrogen). The cells were fixed, permeabilized,
and stained as previously described (2). Murine MAbs recognizing UL44
(antibody CA006; Virusys), UL57 (Virusys), and FLAG (Sigma) were used
at a dilution of 1:1,000. A rabbit antibody recognizing nucleolin (Abcam;
ab50279) was used at a dilution of 1:100. A rabbit antibody recognizing
FLAG and directly conjugated to Alexa 488 (Sigma) was used at a dilution
of 1:500. Fluorescently labeled secondary goat anti-mouse and anti-rabbit
antibodies labeled with Alexa Fluor 488, Alexa Fluor 568, or Alexa Fluor
647 were obtained from Molecular Probes and used at a dilution of
1:1,000.

Samples were imaged at the Nikon Imaging Facility of Harvard Med-
ical School on a Nikon Ti motorized inverted microscope with a Perfect
Focus System and Yokagawa CSU-X1 spinning-disk confocal microscope
with Spectral Applied Research Aurora Borealis modification. Images
were acquired using MetaMorph image acquisition software. Analyses of
control samples showed no detection of signal from one fluorescent re-
agent while assaying for signal from another (no “bleedthrough”).
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FIG 1 Replication kinetics of AD169-UL84FLAG virus. HFFs were infected at
an MOI of 1 with either AD169rv or AD169-UL84FLAG, and the virus super-
natant was harvested at the indicated time points. The virus titer in the super-
natant was assayed and is represented as PFU/ml on HFFs.
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FIG 2 Detection of UL84FLAG in infected cells. HFFs were infected at an MOI of 3 with either AD169rv (A) or AD169-UL84FLAG (B), fixed at the time points
indicated at the top, and stained for IF analysis with DAPI reagent and MAbs recognizing either UL44 or FLAG. MAbs recognizing UL44 or FLAG were detected
by using secondary antibody conjugated to a red or green fluorophore, respectively, and the images were acquired using spinning-disk confocal microscopy. (A
and B) (i to iv) DNA detected by DAPI (shown in blue). (v to viii and ix to xii) Proteins detected by UL44 and FLAG MAbs. (xiii to xvi) Images v to viii and ix
to xii combined. (B) (xii) The inset shows an enlarged version of the boxed portion of the image. (B) (xvi) The arrow indicates an example of a nucleolus in an
infected cell. The antibody or stain detected in each row is shown on the left.
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IP of FLAG-tagged proteins. Immunoprecipitation (IP) assays were
carried out as previously described (7); however, in each reaction mixture,
400 U Benzonase (Sigma) was added to the mixture containing clarified
cell lysate and beads.

Transfection of siRNA into HFFs. Transfection of HFFs (5 � 104 per
well on glass coverslips in 24-well plates) with siRNA (siControl nontar-
geting siRNA pool or On-Targetplus Smartpool Human Ncl [both Dhar-
macon]) was carried out essentially as described previiously (7).

RESULTS
Generation of a recombinant HCMV expressing FLAG-tagged
UL84. Our initial efforts to visualize UL84 by immunofluores-
cence in infected cells using commercially available antibodies
were not successful, nor were our efforts to produce quantities of
glutathione S-transferase-tagged UL84 in E. coli (17) sufficient for
the generation of antibodies recognizing UL84 (data not shown).
We therefore generated a recombinant HCMV expressing a
FLAG-tagged version of UL84. Toward this end, we inserted a
single FLAG epitope (DYKDDDDK) immediately before the ter-
mination codon of the UL84 coding sequence in the BAC AD169-
BAC (27) using Red two-step recombination (28). This new BAC
was termed AD169-BACUL84FLAG. AD169-BACUL84FLAG
was electroporated into HFFs to generate the virus AD169-
UL84FLAG. The replication kinetics of AD169-UL84FLAG and
AD169rv (the virus derived from AD169-BAC [27]) were compa-
rable following infection at an MOI of 1 (Fig. 1). AD169-
UL84FLAG was not defective for expression of the tagged UL84 or
for expression of UL44 or UL57 (data not shown) (see below).
Thus, we deemed this virus suitable for studies of UL84 localiza-
tion.

Localization of UL84FLAG in infected cells. Using immuno-
fluorescence confocal microscopy, we assayed the localization of
UL84FLAG in relation to the nucleus and UL44 (Fig. 2). Cells were
mock infected or infected with either AD169rv or AD169-
UL84FLAG and fixed at several time points (as indicated in Fig. 2)
postinfection. The cells were stained with DAPI (4=,6-diamidino-
2-phenylindole) to visualize nuclei and with MAbs recognizing
UL44 and FLAG. Only background levels of staining were ob-

served in mock-infected cells using these antibodies (data not
shown) (see below). Consistent with previous results (2, 4, 7),
UL44 accumulated at the periphery of replication compartments
throughout infection with both viruses (Fig. 2A and B, v to viii).
Also consistent with previous observations (2), the replication
compartments changed over time, from multiple small compart-
ments at early times to a single large compartment at late time
points (Fig. 2A and B, v to viii). FLAG staining was at background
levels in AD169rv-infected cells (Fig. 2A, ix to xii). In AD169-
UL84FLAG-infected cells, UL84FLAG was observed predomi-
nantly within the nucleus at all time points, with only background
levels in the cytoplasm. However, intranuclear localization of
UL84FLAG changed over time (Fig. 2B, ix to vii). At early times
postinfection (24 to 48 h p.i.) (Fig. 2B, ix and x), UL84FLAG was
distributed throughout the nucleus, consistent with observations
made using a UL84 MAb (14), and some colocalized with UL44.
Later in infection (72 to 96 h p.i.) (Fig. 2B, xi to xiii), UL84FLAG
appeared to be largely excluded from the interior of replication
compartments, with some colocalizing with UL44 at the periphery
of these compartments at 72 h p.i. and less at 96 h p.i., when most
UL84 was found at the margins of the nucleus and in ring-like
structures (indicated in Fig. 2B, xii and xvi). Thus, the intranu-
clear localization of UL84 varied over time, but at all time points,
there was at least some colocalization with UL44.

We also assayed UL84FLAG and UL44 colocalization at 48 h
p.i. in infected cells treated with the viral DNA synthesis inhibitor
PFA (Fig. 3). As previously observed (3), continuous PFA treat-
ment of AD169-UL84FLAG-infected cells caused UL44 staining
in the nucleus to become more diffuse, with a few areas of concen-
tration (Fig. 3F), consistent with a failure to form replication com-
partments. PFA treatment caused UL84FLAG staining to become
more dispersed (Fig. 3C and G). Some puncta of colocalized
UL44-UL84FLAG could be observed in PFA-treated infected cells
(Fig. 3H and D, respectively). Thus, inhibition of viral DNA syn-
thesis can prevent accumulation of both UL44 and UL84FLAG in
replication compartments but did not completely abrogate colo-
calization of the proteins.

DAPI FLAGUL44 UL44/FLAG

-PFA

+PFA

(A) (B) (C) (D)

(E) (F) (G) (H)

FIG 3 Localization of UL44 and UL84FLAG in PFA-treated cells. HFFs were infected with AD169-UL84FLAG at an MOI of 3 in the presence (�) or absence (�)
of PFA (520 �M). Forty-eight hours p.i., the infected cells were stained for IF analysis with DAPI reagent and either a MAb recognizing FLAG conjugated to a
green fluorophore or a MAb recognizing UL44 followed by a secondary antibody conjugated to a red fluorophore and analyzed using spinning-disk confocal
microscopy. (A and E) DNA detected by DAPI (shown in blue). (B and F) Protein detected by UL44 MAb. (C and G) Protein detected by FLAG MAb. (D and H)
Images of UL44 (B and F) and FLAG (C and G) proteins combined. The antibody or stain detected in each column is shown at the top.
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Localization of UL84FLAG relative to UL57. To investigate
the localization of UL84 further, we assayed the localization of
UL84FLAG relative to UL57, the viral ssDNA binding protein, in
AD169-UL84FLAG-infected cells over time (Fig. 4). We have pre-
viously observed punctate staining of UL57 throughout replica-
tion compartments, with a subpopulation at the periphery colo-
calizing with UL44 (2). Consistent with these observations (2), we
observed punctate UL57 staining in the infected cell that, like
UL44 staining, grew from several clusters at early times to occupy
nearly the entire nucleus at late times (Fig. 4C, G, K, O, and S). At

24 h p.i., small puncta of UL57 staining colocalized with diffuse
FLAG staining (Fig. 4H). Only a very small number of UL57
puncta were observed colocalizing with FLAG staining at the pe-
riphery of replication compartments by 72 and 96 h postinfection
(Fig. 4P and T, respectively). Thus, colocalization of UL84FLAG
with UL57 was more prominent early in infection than later.

Localization of UL84FLAG relative to replicating HCMV
DNA. We next assayed the localization of UL84FLAG relative to
sites of viral DNA synthesis by visualizing incorporation of EdU
into newly synthesized DNA using click chemistry in cells infected

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

(M) (N) (O) (P)

(Q) (R) (S) (T)

DAPI FLAG UL57 FLAG/UL57

24 hrs 24 hrs 24 hrs 24 hrs

48 hrs 48 hrs 48 hrs 48 hrs

72 hrs 72 hrs 72 hrs 72 hrs

96 hrs 96 hrs 96 hrs 96 hrs

0 hrs 0 hrs 0 hrs 0 hrs

FIG 4 Analysis of UL84FLAG and UL57 localization in infected cells. HFFs were infected at an MOI of 3 with HCMV-FLAG, fixed at the indicated time points,
stained for IF analysis using DAPI reagent and MAbs recognizing FLAG or UL57, and analyzed by spinning-disk confocal microscopy. The images in the first
column shows cells stained with DAPI (shown in blue). The second column shows cells stained with Ab recognizing FLAG directly conjugated to a green
fluorophore. The images in the third column show cells stained with Ab recognizing UL57 and a secondary antibody conjugated to a red fluorophore. The fourth
column shows images in the second and third columns merged. The antibody or stain detected in each column is shown at the top.
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with AD169-UL84FLAG (Fig. 5). At 48 h p.i., cells were incubated
with EdU for 20, 30, or 40 min and then fixed for analysis. The cells
were then chemically treated to detect EdU and stained with MAbs
to detect UL84FLAG and UL44. The localization of UL84FLAG
relative to UL44 was similar to that shown in Fig. 2 (Fig. 5C, H, and
M, and B, G, and L, respectively). Consistent with our previous
observations (2), at the earliest time point assayed after addition of
EdU to infected cells (20 min) (Fig. 5A to E), puncta of EdU-
labeled DNA colocalized with a layer of UL44 at the periphery of
replication compartments. Over time (30 and 40 min after addi-
tion of EdU) (Fig. 5F to J and 4K to O, respectively), Edu-labeled
viral DNA accumulated within the interior of replication com-
partments. We found points of colocalization of UL84FLAG and
UL44 with EdU at all time points assayed (Fig. 5E, J, and O).
Similar results were observed by assaying AD169-UL84FLAG-in-
fected cells prepared for analysis at 24 h p.i. (data not shown).
Thus, we observed colocalization of UL84FLAG with viral DNA
labeled with EdU in viral replication compartments.

Localization of UL84FLAG and nucleolin within virus-in-
fected cells. As noted above, UL84FLAG accumulates not only at
the periphery of replication compartments, but also at the periph-
ery of ring-like structures within the nucleus outside replication
compartments (Fig. 2). Furthermore, during HCMV infection,
nucleolin accumulates both at the periphery of replication com-
partments and at the periphery of nucleoli, giving nucleoli a ring-
like appearance (3). We, therefore, hypothesized that UL84FLAG
might associate with nucleolin during infection. Cells infected

with AD169-UL84FLAG were stained with DAPI and analyzed by
immunofluorescence at 0 and 96 h p.i. using antibodies recogniz-
ing UL44, FLAG, or nucleolin (Fig. 6). Only background staining
was observed at 0 h p.i. (Fig. 6A to D). Notable colocalization of
the UL44, UL84FLAG, and nucleolin was found at the periphery
of replication compartments (Fig. 6H), and we found colocaliza-
tion of nucleolin and UL84FLAG, but not UL44, at the periphery
of the nucleoli of infected cells (Fig. 6H and J). Consistent with
previous results (3), we also observed changes in nucleoli during
infection, as more nucleolin accumulated at the periphery of nu-
cleoli than in the interior in AD169-UL84FLAG-infected cells
(contrast panels 6C and G). Colocalization of diffuse UL84FLAG
staining with nucleolin in nucleoli was observed as early as 48 h p.i.
(data not shown). Thus, in HCMV-infected cells, nucleolin colo-
calizes with UL84FLAG both at the periphery of replication com-
partments and the periphery of nucleoli.

Immunoprecipitation of viral and cellular proteins with
UL84FLAG. To further investigate the association of UL44,
UL84FLAG, and nucleolin in infected cells, we performed coim-
munoprecipitation assays (Fig. 7). Protein was immunoprecipi-
tated from the lysate of cells infected with AD169rv, AD169-
FLAGUL44 (7) (which expresses a FLAG-tagged version of UL44
[FLAGUL44]), or AD169-UL84FLAG using a MAb recognizing
FLAG in the presence of Benzonase to remove nucleic acids. Using
Western blotting, we assayed the presence of viral and cellular
proteins in the immunoprecipitate. FLAGUL44, UL84, and
nucleolin were found in FLAG immunoprecipitates from AD169-

FIG 5 Localization of EdU-labeled viral DNA in infected cells. HFFs were infected at an MOI of 3 with AD169 and fixed at 48 h p.i. after incubation with EdU
for the indicated times. The cells were stained using DAPI reagent and MAbs recognizing either UL44 or FLAG, treated to detect EdU incorporated into DNA with
a green fluorophore, and analyzed using spinning-disk confocal microscopy. The images in the first column show cells stained with DAPI (shown in blue). The
second column shows cells stained with MAb recognizing UL44 and detected with a secondary antibody conjugated to a far-red fluorophore. The images in the
third column show cells stained with MAb detecting FLAG conjugated to a green fluorophore. The images in the fourth column show cells in which EdU is
detected using a red fluorophore (here colored blue). The fifth column shows images in the second, third, and fourth columns merged. The antibody or stain
detected in each column is shown at the top. The treatment time with EdU (20, 30, or 40 min) is shown in each panel.
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FLAGUL44-infected cell lysate, while UL84FLAG, UL44, and
nucleolin were found in FLAG immunoprecipitates from AD169-
UL84FLAG-infected cell lysate (Fig. 7, lanes 4 and 6, respectively).
�-Actin was not observed in immunoprecipitates from any cell
lysate (Fig. 7, lanes 2, 4, and 6), and none of the proteins were
found in immunoprecipitates from lysate of cells infected with
AD169rv (Fig. 7, lane 2), indicating that the proteins observed in

the immunoprecipitations from AD169-FLAGUL44- or AD169-
UL84FLAG-infected cell lysates are unlikely to be the result of
nonspecific interactions. In sum, these results indicate that UL44,
UL84, and nucleolin associate in the infected cell, consistent with
their colocalization in immunofluorescence studies.

Localization of UL44 and UL84FLAG in cells treated with
nucleolin siRNA. As nucleolin is required for the concentrated
pattern of localization of UL44 at the periphery of replication
compartments (3), we hypothesized that nucleolin would also in-
fluence the localization of UL84FLAG. We, therefore, treated cells
with siRNA targeting nucleolin mRNA (Ncl siRNA) or nontarget-
ing control siRNA (Ctrl siRNA). Cells infected with AD169-
UL84FLAG were stained at 96 h p.i. with Abs recognizing either
UL44, FLAG, or nucleolin (Fig. 8). Consistent with previous re-
sults (3) (Fig. 6), in infected cells treated with Ctrl siRNA, we
found concentration of UL44 together with UL84FLAG and Ncl at
the periphery of replication compartments, and also colocaliza-
tion of UL84FLAG and Ncl in nucleoli (Fig. 8F). In infected cells
treated with Ncl siRNA, again consistent with previous results (3),
we observed very small amounts of Ncl staining (Fig. 8J) and only
diffuse and disrupted staining of UL44 at the periphery of replica-
tion compartments (Fig. 8H). Remarkably, compared to cells
treated with Ctrl siRNA, we found more UL84FLAG in the cyto-
plasm than in the nuclei of infected cells treated with Ncl siRNA
(compare Fig. 8E and K). We also assayed infected cells treated
with Ncl siRNA at earlier time points after infection and found
accumulation of UL84FLAG in the cytoplasm of infected cells
from 48 h p.i. onward (data not shown). Using antibodies recog-
nizing Ncl, UL44, and UL84, we also assayed protein levels in
infected cells treated with either Ctrl or Ncl siRNA by Western
blotting. Compared to cells treated with Ctrl siRNA, treatment of

UL44 FLAG Ncl UL44/FLAG/Ncl

UL44/Ncl UL44/FLAGFLAG/Ncl

96 h.p.i.

0 h.p.i.

(E) (F) (G) (H)

(A) (B) (C) (D)

(I) (J) (K)

FIG 6 Localization of UL84FLAG and nucleolin in HCMV-infected cells. (A to H) HFFs were fixed at 0 h p.i. (A to D) or infected with AD169-UL84FLAG
(MOI � 3) and fixed at 96 h p.i. (E to H). The cells were stained with primary antibodies recognizing UL44 or nucleolin or a MAb recognizing FLAG conjugated
to a green fluorophore (FLAG). Secondary antibodies conjugated to red (UL44) or far-red (here colored blue) (Ncl) fluorophores are shown. The cells were
analyzed using spinning-disk confocal microscopy. (D and H) Images from panels A to C and E to G, respectively, combined. (I to K) Images in panels E to G
merged. The antibody or stain detected in each panel is shown at the top.
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cells with Ncl siRNA resulted in a drastic decrease in Ncl protein
levels but no obvious decrease in either UL44 or UL84 protein
levels (data not shown). Thus, treatment of cells with Ncl siRNA
dramatically affects UL84FLAG localization.

DISCUSSION

The localization of UL84 early and late in HCMV infection has
been previously reported (14), but it has been unclear how UL84

localizes with other viral and cellular proteins throughout the
course of HCMV replication. Here, we show that the distribution
of a FLAG-tagged version of the viral replication factor UL84
changes during infection from a diffuse pattern within the nucleus
at early time points to a more defined pattern at later times. In
particular, subpopulations of UL84 colocalize with UL44 and with
UL57 within the infected cell starting by 24 h p.i. As replication
compartments form, portions of UL84 colocalize with UL44,
UL57, and nucleolin at the periphery of these compartments,
where UL44 and nucleolin concentrate, but less so in the interior
of the compartments, where most UL57 is found. A portion of
UL84 and nucleolin also colocalizes at the periphery of nucleoli.
Consistent with these findings, immunoprecipitation of either
UL84 or UL44 also precipitates the other and nucleolin. Finally,
and most unexpectedly, we found that depletion of nucleolin not
only eliminates the localization of UL84 at these subnuclear com-
partments, but also eliminates it from in the nucleus. To our
knowledge, the requirement for nucleolin in UL84 localization, or
the localization of UL84 with nucleolin in nucleoli, has not been
previously reported.

The colocalization of UL84 with a portion of the viral DNA
polymerase subunit UL44, puncta of the viral ssDNA binding pro-
tein UL57, and newly synthesized viral DNA at the periphery of
replication compartments is consistent with a role for UL84 in
viral genome replication. It has been suggested that UL84 acts
during the initiation of viral DNA replication as an origin binding
protein (12). Consistent with this suggestion, we note the colocal-
ization of UL84 and UL44 throughout infection, the more prom-
inent colocalization of UL84 with the single-stranded DNA bind-
ing protein UL57 at early versus late time points of infection, and
the eventual exclusion of UL84 from the interior of replication
compartments, where previously synthesized DNA accumulates.
Additionally, there appears to be more extensive colocalization of
UL84 with the layer of UL44 at the periphery of replication com-
partments at early versus later times of infection. These results can
all be viewed as consistent with a role for UL84 in initiation of
DNA replication. On the other hand, the colocalization of UL84
with nucleolin at the periphery of replication compartments
might also be viewed as consistent with a role in maintaining rep-
lication compartment architecture, similar to nucleolin. Thus,
UL84 may have an indirect role in viral DNA synthesis. It is un-
clear why so little UL84 staining is localized to replication com-
partments. It is possible that the UL84 staining localized outside
replication compartments is due to roles in modulating the func-
tion of the HCMV transcriptional transactivator IE2 (22, 23)
and/or virus capsid movement within the nucleus (26).

To our knowledge, this study provides the first evidence that
UL84 can localize to the nucleolus. How this occurs is unclear, but
a direct interaction with nucleolin would provide a simple expla-
nation. Alternatively, it has been reported that several viral pro-
teins, including pp65, can localize to the nucleolus during infec-
tion (32–35). UL84 and pp65 have been reported to interact
within the infected cell (16), and thus, pp65 may recruit UL84 to
the nucleolus or vice versa, or other viral or cellular factors may be
involved.

Although it has been suggested that UL84 shuttles between the
nucleus and the cytoplasm (21), to our knowledge, appreciable
accumulation of UL84 in the cytoplasm of infected cells has not
been previously observed. Here, we observe that UL84FLAG can
be readily visualized in the cytoplasm of infected cells treated with
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FIG 8 Localization of proteins in siRNA-treated cells. HFFs transfected with
Ctrl (A to F) or Ncl (G to M) siRNA were infected at an MOI of 3 with virus
AD169-UL84FLAG. Ninety-six hours p.i., the infected cells were stained for
immunofluorescence analysis using DAPI reagent (A and G) and primary
antibodies recognizing UL44 or Ncl or a MAb recognizing FLAG conjugated to
a green fluorophore (C and I). Primary antibodies to UL44 (B and H) and Ncl
(D and J) were detected with secondary antibodies conjugated to red and
far-red (here colored blue) fluorophores, respectively. The images were ac-
quired using spinning-disk confocal microscopy. (F and M) Images from pan-
els B to D and H to K, respectively, merged. The siRNAs used are shown at the
top. The antibody or stain detected in each row of panels is shown on the left.
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Ncl siRNA. This suggests that nucleolin is involved in efficient
UL84FLAG nuclear localization. Association of nucleolin and
UL84 may retain UL84 in the nucleus. Alternatively, nucleolin
may be required, directly or indirectly, for efficient entry of UL84
into the nucleus.

The association of UL44, UL84, and nucleolin seen here and
elsewhere (3, 7) in immunofluorescence and immunoprecipita-
tion assays can be explained in models in which one of the proteins
bridges the association of the other two or each protein interacts
with the other two directly. Given the structural similarities be-
tween UL44 and the cellular protein PCNA (36–39), which can
bind multiple proteins simultaneously (40, 41), it is tempting to
speculate that UL44 acts to organize protein binding in either of
the aforementioned models. It has yet to be determined what pro-
tein binding surfaces on UL44, UL84, and nucleolin are required
for their association. Furthermore, although each of the proteins
is capable of binding nucleic acid, it is unlikely that either RNA or
DNA is required for protein-protein binding, as association of all
three proteins can be observed during immunoprecipitation in
the presence of nuclease here and elsewhere (7).

In summary, this report further highlights the complexity of
the replication compartment organization and the hitherto unap-
preciated relationship between the critical viral replication factor
UL84 and replication compartments, nucleoli, and nucleolin. In-
deed, the importance of nucleolin for viral DNA synthesis (7) may
be at least as much due to its obvious importance in retaining
UL84 in the nucleus as to its more subtle effect of maintaining
UL44 concentration at the periphery of the replication compart-
ment. To maintain the replication compartment architecture,
nucleolin may play a direct structural role. As discussed above, the
data described here suggest there may be direct protein-protein
interactions between nucleolin and viral proteins, which maintain
the integrity of viral replication compartments. Further study of
UL44, UL84, and nucleolin will uncover further details of not only
their roles in genome replication, but also poorly understood pro-
cesses such as localization of proteins required for viral replication
and the modification of nucleoli in infected cells.
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