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M

ost biological processes require protein-protein interactions. We have been studying human cytomegalovirus
(HCMV) UL44 with the hypothesis that association of viral and
cellular proteins with this protein is required for viral DNA synthesis. UL44 is the presumptive processivity subunit of the HCMV
DNA polymerase and shares notable structural homology with the
eukaryotic DNA polymerase processivity factor PCNA (3, 4).
Multiple proteins required for DNA synthesis and repair associate
with PCNA as the need for the function of these proteins arises
(31, 32). Based on the structure of UL44 (3) and the interaction of
UL44 with the catalytic subunit of the HCMV DNA polymerase
UL54 (4), we hypothesized that, like PCNA, UL44 might interact
with multiple viral and cellular proteins during viral DNA synthesis (4). In several proteomic studies we catalogued a large number
of viral and cellular proteins that associate with UL44 in infected
cell lysate (47, 50). These included the cellular protein nucleolin
(47) and the viral proteins IRS1, TRS1 (49), and UL84 (47, 50).
UL44 has also been found to associate with UL84 in a proteomic
screen for interaction partners of UL84 in infected cell lysate (15).
UL84 has been described as necessary for virus replication of
HCMV laboratory strains AD169 and Towne (13, 16, 55) and for
viral DNA synthesis of AD169 (16). Chromatin immunoprecipitation and proteomic studies have shown that UL84 is present at
the viral origin of replication (7, 26). It has been reported that
UL84 has UTPase activity, and it has been suggested that UL84
functions as a viral origin binding protein (7, 9). However, sequence analysis of UL84 and related proteins indicates that UL84
is more related to dUTPase, not UTPase (11). Additionally, UL84
can interact with the viral transcriptional transactivator IE2 (44),
potentially to modulate IE2-mediated transcription (19). Interac-
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tion of UL84 with IE2, via amino acids 68 to 105 of UL84 is necessary to maintain UL84 protein levels in the infected cell (37, 38).
However, a recent report has indicated that in at least one strain of
HCMV (TB40/E), UL84 is not required for viral replication (45).
It is unknown what purpose the association of UL44 and UL84
serves in the infected cell and what regions of the two proteins are
required for protein-protein interaction. UL84 does not bind to
UL44 at the site used by UL54, the catalytic subunit of the viral
DNA polymerase (50). Here, we sought to identify a region of
UL84 that mediates UL44-UL84 interaction in vitro. We then went
on to assay the effects of deletion of sequences encoding that region on virus replication, which led us to uncover an unusual
capsid localization phenotype.
MATERIALS AND METHODS
GST pulldown assays. Glutathione S-transferase (GST) pulldown assays
were carried out essentially as previously described (50). UL84 expression
vectors are described elsewhere (38), except for UL84(1– 68) which was
generated by inserting a UL84 fragment generated from pZIP13 (33) using PCR primers UL84(1– 68)Fw and UL84(1– 68)Rv (see supplemental
Table 1 posted at https://coen.med.harvard.edu) into the expression vec-
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Protein-protein interactions are required for many biological functions. Previous work has demonstrated an interaction between the
human cytomegalovirus DNA polymerase subunit UL44 and the viral replication factor UL84. In this study, glutathione S-transferase
pulldown assays indicated that residues 1 to 68 of UL84 are both necessary and sufficient for efficient interaction of UL84 with UL44 in
vitro. We created a mutant virus in which sequences encoding these residues were deleted. This mutant displayed decreased virus replication compared to wild-type virus. Immunoprecipitation assays showed that the mutation decreased but did not abrogate association
of UL84 with UL44 in infected cell lysate, suggesting that the association in the infected cell can involve other protein-protein interactions. Further immunoprecipitation assays indicated that IRS1, TRS1, and nucleolin are candidates for such interactions in infected
cells. Quantitative real-time PCR analysis of viral DNA indicated that the absence of the UL84 amino terminus does not notably affect
viral DNA synthesis. Western blotting experiments and pulse labeling of infected cells with [35S]methionine demonstrated a rather
modest downregulation of levels of multiple proteins and particularly decreased levels of the minor capsid protein UL85. Electron microscopy demonstrated that viral capsids assemble but are mislocalized in nuclei of cells infected with the mutant virus, with fewer
cytoplasmic capsids detected. In sum, deletion of the sequences encoding the amino terminus of UL84 affects interaction with UL44
and virus replication unexpectedly, not viral DNA synthesis. Mislocalization of viral capsids in infected cell nuclei likely contributes to
the observed decrease in virus replication.

Deletion of the HCMV UL84 N Terminus
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Western blotting. Western blotting of proteins separated on 10% or 4
to 20% polyacrylamide gels was carried out as described elsewhere (51),
using antibodies recognizing UL44, UL57, pp28, UL84, IE1-72 and IE2-86
(all from Virusys), ␤-actin (Sigma), FLAG (Sigma), nucleolin (Abcam),
eIF2␣ (Santa Cruz), eIF2␣ phosphorylated at Ser51 ([eIF2␣-P] Cell Signaling Technology), UL112-113(p84) (2) (kindly provided by Gary Hayward, Johns Hopkins University School of Medicine), and IRS1 (35) and
TRS1 (6) (both kindly provided by Tom Shenk, Princeton University),
plus UL85 and UL86 (both a kind gift from Wade Gibson, Johns Hopkins
University School of Medicine) (30, 53) (all at a 1:1,000 dilution). All
primary antibodies were raised in mice, except for antibodies recognizing
UL112-113(p84), eIF2␣-P, UL85, and UL86, which were raised in rabbits.
Primary antibodies were detected using anti-mouse or anti-rabbit horseradish peroxidase (HRP)-conjugated antibody (Southern Biotech), except where HRP-conjugated Tru Blot antibody (eBioscience) was used to
detect protein from immunoprecipitation. Chemiluminescence solution
(Pierce) was used in each case to detect secondary antibodies. Where
indicated in the figure legends, Quantity One software (Bio-Rad) was used
to analyze band intensity.
Real-time quantitative PCR analysis of viral DNA synthesis. Briefly,
DNA was isolated from infected cells using a NucleoSpin Tissue Kit (Macherey-Nagel) according to the manufacturer’s instructions. Viral genomes were quantified with a primer pair (pp549s and pp812as) to UL83
(18), and the number of viral genomes was normalized to cellular copies
of adipsin (for primer sequences, see supplemental Table 1 posted at https:
//coen.med.harvard.edu). Unknown sample values were determined on
the basis of standard curves of known copy numbers of UL83 (AD169BAC) and adipsin gene (from uninfected cell DNA). PCRs for UL83 and
adipsin gene were carried out on a StepOnePlus machine using SYBR
green PCR Master Mix (Applied Biosystems) as per the manufacturer’s
instructions. Linear regression analysis of UL83 and adipsin gene standards in triplicate yielded R2 values of 0.996 ⫾ 0.001 and 0.991 ⫾ 0.002
(means ⫾ standard deviations [SD]) and efficiencies of 87% ⫾ 0.1% and
100% ⫾ 0.1% [calculated as 10(⫺1/slope) ⫺ 1], respectively.
Analysis of protein synthesis. Uninfected HFF cells or HFF cells infected at a multiplicity of infection (MOI) of 1 were incubated with
[35S]methionine (PerkinElmer) as described previously (47). A total of
1 ⫻ 105 cells were harvested in 100 l of 2⫻ Laemmli buffer and boiled at
95°C for 5 min. Ten microliters of each sample was analyzed using 4 to
20% SDS-PAGE. Gels were then dried and exposed to a phosphor screen
for 24 h. The signal from phosphor screens was detected using Quantity
One software (Bio-Rad) on a Bio-Rad phosphor imager.
Electron microscopy. Cells infected at an MOI of 1 were incubated for
1 h at room temperature in fixative (2.5% glutaraldehyde, 1.25% paraformaldehyde, and 0.03% picric acid in 0.1 M sodium cacodylate buffer [pH
7.4]) at 72 h postinfection. Cells were provided to the Harvard Medical
School Electron Microscope Facility; they were washed in 0.1 M sodium
cacodylate buffer (pH 7.4), then postfixed for 30 min in 1% osmium
tetroxide (OsO4)–1.5% potassium ferrocyanide (KFeCN), washed in water three times, and incubated in 1% aqueous uranyl acetate for 30 min.
This step was followed by two washes in water and subsequent dehydration in ethanol (5 min each; at 50%, 70%, 95%, and twice at 100%). Cells
were removed from the dish in propylene oxide, pelleted at 3,000 rpm for
3 min, and infiltrated for 2 h in a 1:1 mixture of propylene oxide and
TAAB Epon (Marivac Canada, Inc., St. Laurent, Canada). The samples
were subsequently embedded in TAAB Epon and polymerized at 60°C for
48 h. Ultrathin sections (about 60 nm) were cut on a Reichert Ultracut-S
microtome and picked up onto copper grids stained with lead citrate. All
samples were examined, and images were recorded using a JEOL 1200EX
transmission electron microscope and an AMT 2k charge-coupled-device
(CCD) camera, respectively.

RESULTS

Identification of a region in UL84 required for association of
UL44 in vitro. To identify a region of UL84 required for the asso-
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tor pRSET-A (Invitrogen). Radiolabeled protein (45 l) was used in each
pulldown reaction mixture. Input (5 l) and eluted proteins were visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) and autoradiography.
Cells and viruses. Human foreskin fibroblast (HFF) cells (Hs29, obtained from the American Type Culture Collection [ATCC], Manassas,
VA) were maintained in complete Dulbecco’s modified Eagles medium
(DMEM) (Gibco) containing 5% fetal bovine serum (FBS) (Gibco) and
used in all experiments. Virus AD169rv is derived from AD169-BAC
(where BAC is bacterial artificial chromosome) (21).Viruses expressing
FLAG-tagged IRS1 or TRS1, also derived from AD169-BAC, have been
described elsewhere (49).
BACs and reconstitution of virus. A BAC in which a cassette encoding green fluorescent protein (GFP) under the control of the HCMV major immediate early promoter (MIEP) was derived from a bacmid encoding virus pp28-Luc (where Luc is luciferase) (27) (a kind gift from Gloria
Komazin-Meredith, Harvard Medical School). pp28-Luc is a derivative of
bacmid pAD/Cre (56) (kindly provided by Dong Yu and Tom Shenk,
Princeton University). Briefly, using primers EGFP-KanF and EGFPKanR (see supplemental Table 1 posted at https://coen.med.harvard.edu),
a PCR product was generated from pEP-EGFP-in (a kind gift from Nikolaus Osterrieder, Freie Universität Berlin) to produce a cassette containing
a kanamycin (Kan) resistance gene and I-Sce-1 site within the sequence
encoding enhanced GFP (EGFP). This cassette was inserted into the sequence encoding GFP in plasmid pEGFPN1 at restriction enzyme recognition sites BglII and NotI to produce plasmid pEGFP-Kan. pEGFP-Kan
was used as a template for PCR primers EGFPF and EGFPR (see supplemental Table 1 posted at the URL mentioned above) to generate a PCR
product which was then used in two-step Red recombination (52) with
bacmid pp28-Luc in Escherichia coli strain GS1783 (a kind gift from Gregory Smith, Northwestern University Medical School). Thus, the sequence
encoding pp28-Luc was replaced with sequence encoding the HCMV
MIEP and GFP. The resulting bacmid was termed pBADGFP. Mutation of
the UL84 coding sequence within BADGFP virus was performed using
two-step Red recombination. Repair of UL84 sequences was also performed using two-step Red recombination. Here, a kanamycin resistance
gene and I-Sce-1 site were inserted into the UL84 coding sequence in
plasmid pZIP13 (33) using primers RepairUL84Fw and RepairUL84Rv. A
PCR product generated from the modified pZIP13 plasmid using primers
Rev-UL84stop fw and Rev-UL84stop rv was used to repair sequences in
the appropriate bacmids. Primer sequences are shown in supplemental
Table 1 posted at the URL mentioned above. To generate viruses, BACs
were electroporated into HFF cells with plasmids pCGN71 (5) and
pBRep-Cre (21), as described previously (52).
Virus replication assays. To assess HCMV replication, 1 ⫻ 105 HFF
cells per well were seeded in 12-well plates 24 h before infection. At the
time of infection the indicated virus (0.2 ml) was added to each well at the
multiplicity of infection (MOI) indicated in the text. After incubation for
1 h at 37°C, virus supernatant was removed and replaced with 1 ml of
complete Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) containing 5% fetal bovine serum (FBS) (Gibco). At the time points indicated
in the legends, the medium from a well (virus supernatant) was taken
from the cells and stored at ⫺80°C until required. Dilutions of each virus
supernatant were titrated simultaneously on monolayers of HFF cells to
determine virus titer.
Fluorescence microscopy. Cells were electroporated as described previously (52) with bacmid and plasmids pCGN71 (5) and pBRep-Cre (21).
Images were acquired using a Nikon TS100 microscope and Q Capture
Pro, version 6.0, software (Q Imaging).
IP of proteins from infected cell lysate. Preparation of cell lysate,
treatment with Benzonase, and immunoprecipitation (IP) using monoclonal antibodies (MAbs) recognizing UL44 (MAb ICP36; Virusys) or
UL84 (8) or FLAG-tagged proteins were performed as described elsewhere (47, 50).
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ciation of UL84 and UL44 in vitro, we used glutathione S-transferase (GST) pulldown assays. In these experiments we assayed
the binding of radiolabeled UL84 and UL84 mutants (Fig. 1A)
expressed by in vitro transcription/translation to either GST or
a GST-UL44 fusion protein purified from bacteria (Fig. 1B and
C) that lacks the carboxyl-terminal segment of UL44 (GSTUL44⌬C290) (3). Confirming our previous results (50), radiolabeled UL84 bound to GST-UL44⌬C290 (Fig. 1C, lane 2) but
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FIG 1 Binding of UL84 and UL84 mutants to UL44 in vitro. (A) Schematic of
UL84 and UL84 mutants used in GST pulldown assays. The residues of UL84
at which truncations have been made are noted above the figure. The name of
each mutant is noted to the right of the figure. (B and C) GST pulldown assays
were performed where GST or GST-UL44⌬C290 fusion proteins were incubated with radiolabeled UL84 or UL84 mutants shown in panel A produced by
in vitro transcription/translation and passed over a glutathione column. The
radiolabeled and GST proteins used in each reaction are noted above and
below the figure, respectively. The input (B) and protein eluted by glutathione
(C) from each reaction are shown. (D) Protein products of in vitro transcription/translation in reaction mixtures containing no protein expression vector
(lane 1) or an expression vector encoding UL84(1– 68) (lane 2) (from panel A).
(E) GST pulldown assays were performed where GST, GST-UL44⌬C290, or
GST-US11 fusion protein was incubated with radiolabeled UL84(1– 68) and
passed over a glutathione column. The GST proteins used in each reaction mixture
are noted above the figure. Lane 1, input protein; lanes 2 to 4, protein eluted by
glutathione from each reaction. The position of the approximately 10-kDa form of
UL84(1– 68) is indicated with an arrow in panels D and E. The position of molecular mass markers in panels B to E are indicated to the left of the figure.

not detectably to GST (Fig. 1C, lane 1). Deletion of residues 1 to
68 of UL84 (UL84⌬68) or larger deletions of the N terminus
were sufficient to prevent efficient binding of UL84 to GSTUL44⌬C290 (Fig. 1C, lanes 3 to 5). Deletion of UL84 carboxylterminal residues 513 to 586 (UL84⌬513) had no obvious effect
on the binding of UL84 to GST-UL44⌬C290 (Fig. 1C, lane 6).
Thus, the amino terminus of UL84 (residues 1 to 68), but not
the carboxyl terminus of UL84, was necessary for the efficient
association of UL84 and UL44 in vitro.
To assay whether UL84 residues 1 to 68 are sufficient to bind
GST-UL44⌬C290 (Fig. 1D and E), we created a vector to express
UL84 residues 1 to 68 (Fig. 1A) and expressed this protein
[UL84(1-68)] using in vitro transcription/translation in the presence of a radiolabel (Fig. 1D). In a control in vitro transcription/
translation reaction using a mixture that contained no protein
expression vector, no bands could be detected when the protein
from the reaction was resolved by SDS-PAGE (Fig. 1D, lane 1). In
contrast, in a reaction mixture containing the expression vector
for UL84(1-68), we observed two distinct bands of approximately
10 and 17 kDa (Fig. 1D, lane 2). UL84(1-68) is predicted to have a
molecular mass of approximately 7 kDa. Therefore, these bands
are most likely specifically produced from the UL84(1-68) expression vector and may represent posttranslationally modified (approximately 17 kDa) and less modified (approximately 10-kDa)
forms of UL84(1-68).
We tested the ability of radiolabeled UL84(1-68) produced by
in vitro transcription/translation to bind to purified GST, GSTUL44⌬C290 and, as an additional control, GST-US11 (containing
the herpes simplex virus US11 protein) fusion proteins in GST
pulldown assays (Fig. 1E). We found binding of the approximately
10-kDa UL84(1-84) protein to GST-UL44⌬C290 (Fig. 1E, lane 3)
but not GST or GST-US11 (Fig. 1E, lanes 2 and 4, respectively) in
these assays. These data indicate that the UL84(1-68) protein
binds to UL44⌬C290 in a specific manner. Therefore, the amino
terminus of UL84 (residues 1 to 68) is necessary and sufficient to
bind UL44 (residues 1 to 290) efficiently in vitro.
Generation and analysis of mutant viruses. We sought to determine if the interaction of the UL84 N-terminal segment with
UL44 is important for virus replication. We hypothesized that
mutation of the sequence encoding UL84 in the viral genome
would prevent virus replication. Therefore, similar to the strategy
utilized by Xu et al. (54) to analyze replication of a virus with an
insertion in the UL84 open reading frame, we created a virus expressing a fluorophore so that the presence of virus in the cells and
its spread from cell to cell could be monitored. We inserted a
cassette in which green fluorescent protein (GFP) could be expressed under the control of the HCMV major immediate-early
promoter (MIEP) into a bacmid containing the HCMV genome
(pAD/Cre) (56) to create pAD/CreGFP (Fig. 2A). We analyzed
replication of the virus derived from pAD/CreGFP (BADGFP virus) compared to that of virus from pAD/Cre (BAD) and found
that insertion of the GFP expression cassette had no obvious effect
on virus replication (Fig. 2B). Red two-step recombination (52)
was then used to insert either three sequential stop codons into the
UL84 open reading frame to create pAD/CreGFPUL84n or to delete the sequence encoding amino acids 2 to 68 of UL84 to create
pAD/CreGFPUL84⌬68 (Fig. 2A). Wild-type and mutant bacmids
were electroporated into human foreskin fibroblast (HFF) cells.
Cells electroporated with wild-type bacmid pAD/CreGFP exhibited green fluorescence that spread through the entire culture (Fig.

Deletion of the HCMV UL84 N Terminus

in the center of the figure. The unique long (UL) and unique short (US) segments of the genome are indicated. The internal and terminal repeats of UL and US
are shown as black and white boxes, respectively. Dotted lines lead to magnified regions of the HCMV genome. Indicated below the HCMV genome is the
intergenic region between open reading frames encoding US9 and US10 in which a cassette containing sequence encoding GFP (in gray) under the control of the
major immediate-early promoter (MIEP) has been inserted. Indicated above the HCMV schematic of the genome is the region that contains the UL84 open
reading frame. The insertion of stop codons into the UL84 open reading frame to create BADGFPUL84n is indicated with a vertical line. Also indicated is the
truncation that creates BADGFPUL84⌬68. (B, D, and E) Viral replication. HFF cells were infected at an MOI of 1 with the indicated viruses. Virus supernatant
was harvested at the indicated day postinfection (dpi). Virus titer is represented as PFU/ml (PFU/ml) on HFF cells. In each panel each data point represents the
mean value from two independent experiments. In panel D, the error bars represent the standard error of the mean of the values used to calculate the data points.
The titers of the virus stocks used in the assay were measured at the time the assays were performed to ensure that the correct inocula were used in each case. (C)
Green fluorescence in cells electroporated with the indicated bacmid. Images are presented in grayscale.

2C, frame i). However, disruption of the UL84 open reading frame
with stop codons appeared to prevent virus replication and spread
as only single cells exhibited green fluorescence and as no viral
plaques could be observed over time (over 21 days) in cells electroporated with BADGFPUL84n (Fig. 2C, frame ii). This finding is consistent with previous work using strains AD169 and Towne (13, 54,
55) but in contrast to a recent work by Spector and Yetming using
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strain TB40/E (45). Replication-competent virus was found in cells
electroporated with bacmid pAD/CreGFPUL84⌬68. Virus generated
from these cells (BADGFPUL84⌬68) replicated less well than virus
generated from electroporation of cells with the bacmid BADGFP
(BADGFP virus) (cells infected at an MOI of 1) (Fig. 2D). From
3 days postinfection (dpi) there was approximately 10-fold less
virus produced by BADGFPUL84⌬68 than by BADGFP at all
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FIG 2 Generation and characterization of virus expressing mutant UL84 proteins. (A) A schematic of the HCMV genome encoded in bacmid BADGFP is shown

Strang et al.

time points. The mutations made in bacmids BADGFPUL84n
and BADGFPUL84⌬68 were repaired to generate viruses
BADGFPUL84nrev and BADGFPUL84⌬68rev. These viruses replicated with efficiencies similar to BADGFP efficiency (Fig. 2E).
Therefore, the mutations made in the UL84 coding sequences outlined above are responsible for the replication phenotypes. In
sum, UL84 appears to be necessary for virus replication, at least in
this strain, and deletion of the region encoding the UL84 amino
terminus from the viral genome, identified as necessary and sufficient for association of UL84 and UL44 in vitro (Fig. 1), causes a
defect in virus replication.
Association of UL44 and UL84 in infected cell lysate. We next
assessed the association of UL44 and UL84⌬68 in infected cells.
We performed IP of proteins from cells infected with BADGFP or
BADGFPUL84⌬68 or uninfected cells using a monoclonal antibody (MAb) recognizing UL44 or a control antibody of the same
isotype as UL44 MAb in the presence of the nuclease Benzonase.
Benzonase was used to prevent nonspecific association due to
binding of proteins to adjacent regions of nucleic acid. Agarose gel
electrophoresis confirmed that Benzonase efficiently degraded
nucleic acid (see supplemental Fig. 1 posted at https://coen.med
.harvard.edu/). Immunoprecipitated proteins were examined
by Western blotting using MAbs recognizing UL44 or UL84
(Fig. 3A). UL44 or UL84 protein was not found in protein immunoprecipitated using an isotype control antibody (lanes 1, 3, and
5) or in protein immunoprecipitated from uninfected cell lysate
(lanes 1 and 2). Similar levels of UL44 were immunoprecipitated
from BADGFP- or BADGFPUL84⌬68-infected cell lysate (lanes 4
and 6). Although similar levels of UL84 and UL84⌬68 were found
in BADGFP- and BADGFPUL84⌬68-infected cell lysates (lanes 8
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and 9, respectively), less UL84⌬68 coimmunoprecipitated with
UL44 than UL84 (lanes 6 and 4, respectively). Similar results to
those shown in Fig. 3A were observed when protein was immunoprecipitated from BADGFP- and BADGFPUL84⌬68-infected cell
lysates using a MAb recognizing UL84 in the presence of Benzonase (data not shown). Thus, UL84⌬68 associates with UL44 in
BADGFPUL84⌬68-infected cell lysate, albeit at a reduced level.
Therefore, removal of the amino terminus of UL84 inhibits, but
does not completely abrogate, association of UL84 with UL44 in
infected cell lysate.
Association of viral and cellular proteins with UL44 and
UL84 in infected cell lysate. Because residues 1 to 68 of UL84 are
required for efficient interaction with UL44 in vitro (Fig. 1) but
less so in infected cells (Fig. 3A), we hypothesized that some interactions between UL44 and UL84 in the infected cell can be bridged
by another viral or cellular protein. We have previously demonstrated that UL84, the viral proteins IRS1 and TRS1, and the cellular protein nucleolin can each be specifically immunoprecipitated from infected cell lysate with UL44 in the presence of
Benzonase (47, 49, 50). Furthermore, UL84, IRS1, TRS1, and
nucleolin can each associate with UL44 in in vitro GST pulldown
assays (47–50). It is possible that either IRS1, TRS1, or nucleolin
or a combination of these proteins may bridge the interaction
between UL44 and UL84 in infected cell lysate.
We, therefore, investigated whether these proteins could be
found together in protein complexes immunoprecipitated from
infected cell lysate. Cells were infected with virus expressing either
FLAG-tagged IRS1 or FLAG-tagged TRS1 (49), and protein was
immunoprecipitated using a MAb recognizing FLAG in the presence of Benzonase to degrade nucleic acids. Immunoprecipitated
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FIG 3 IP of UL44 and UL84 from infected cell lysate. (A) Lysates from uninfected HFF cells or HFF cells infected with the indicated viruses (MOI of 3) were
prepared and precleared with immunoglobulin. IP was then carried out with a monoclonal antibody (MAb) recognizing UL44 or a control antibody of the same
isotype as the MAb used (Ig). Immunoprecipitated proteins were analyzed by Western blotting using MAb recognizing UL84 or UL44, as indicated to the right
of the figure. Lanes 1 and 2, uninfected cells immunoprecipitated with Ig and MAb, respectively; lanes 3 and 4, BADGFP-infected cells immunoprecipitated with
Ig and MAb, respectively; lanes 5 and 6, BADGFPUL84⌬68-infected cells immunoprecipitated with Ig and MAb, respectively; lanes 7 to 9, uninfected and infected
cell lysate. Where indicated, high and low exposures of blot to film are shown. (B) Lysate from cells infected with BAD (lane 4), HCMV-IRSF (IRSF) (lane 5), and
HCMV-TRSF (TRSF) (lane 6) and proteins immunoprecipitated using an anti-FLAG antibody from those lysates (lanes 1, 2, and 3, respectively) were separated
on a 10% polyacrylamide gel. Proteins in each lane were examined by Western blotting for the presence of FLAG-tagged IRS1, FLAG-tagged TRS1, UL44, UL84,
UL86, UL57, and nucleolin (Ncl) using antibodies recognizing these proteins, as indicated to the right of the figure. The positions of molecular weight mass (kDa)
are indicated to the left of each figure.

Deletion of the HCMV UL84 N Terminus

October 2012 Volume 86 Number 20

FIG 4 Levels of viral DNA synthesis in infected cells. Viral DNA synthesis in
each experiment was determined by quantitative real-time PCR at each of the
time points indicated. The amount of viral DNA assayed is represented as
copies of the viral gene UL83 per copy of the cellular adipsin gene.

(Fig. 5A). Similar levels of IE1-72, IE2-86, UL112-113(p84), and
UL57 were found in BADGFP- and BADGFPUL84⌬68-infected
cells (Fig. 5A). As also shown in Fig. 3A, UL84⌬68 accumulation
in BADGFPUL84⌬68-infected cells was similar to that of UL84 in
BADGFP-infected cells (Fig. 5A). Interestingly, although UL44 accumulated to substantial levels at 72 hpi in cells infected with
BADGFP and BADGFPUL84⌬68, accumulation of UL44 protein
was compromised at early times in BADGFPUL84⌬68-infected cells
compared to levels in BADGFP-infected cells (Fig. 5A, compare lanes
2 and 5). Analysis of band intensity in Fig. 5A and Western blotting of
dilutions of BADGFP-infected cell lysate (Fig. 5B) indicate that there
was an approximately 2-fold difference in UL44 protein levels in
BADGFP- and BADGFPUL84⌬68-infected cells at 24 hpi. We also
assayed levels of UL44 in BADGFPUL84⌬68rev-infected cells compared to levels in BADGFPUL84⌬68-infected cells (Fig. 5C). UL44
levels were increased in BADGFPUL84⌬68rev-infected cells at early
time points compared to those found in BADGFPUL84⌬68-infected
cells. Thus, the data displayed in Fig. 5A and B are unlikely to be
the result of a spurious mutation in the bacmid from which
BADGFPUL84⌬68 was generated.
We also assayed the levels of proteins (IRS1, TRS1, and nucleolin) that are associated with UL44 in infected cell lysate (47, 49).
Levels of IRS1, TRS1, and nucleolin decreased to the same levels
(approximately 2- to 3-fold) in BADGFPUL84⌬68-infected cells
and BADGFP-infected cells (Fig. 5A). Levels of a protein related to
IRS1, IRS1263 (35), which can be detected by the MAb used here,
were also decreased.
Finally, we assayed the levels of a viral tegument protein, pp28,
expressed late in infection. pp28, whose production is linked to
viral DNA replication (12), is required for production of infectious virus (39–41). A defect in the accumulation of pp28 was
observed in BADGFPUL84⌬68-infected cells compared to levels
in BADGFP-infected cells early, but by 72 hpi there was little difference in pp28 signal (Fig. 5A).
We considered that there might be widespread differences in protein production in BADGFP- and BADGFPUL84⌬68-infected cells.
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protein was analyzed by Western blotting (Fig. 3B). As noted previously, FLAG-tagged IRS1 and FLAG-tagged TRS1 plus a number of smaller FLAG-tagged proteins could be found in immunoprecipitated protein (Fig. 3B, lanes 2 and 3) (49). UL44, UL84, and
nucleolin were found in protein immunoprecipitating with either
FLAG-tagged IRS1 or FLAG-tagged TRS1 (lanes 2 and 3). In contrast, the viral single-stranded DNA binding protein UL57 (Fig.
3B), viral capsid protein UL86 (Fig. 3B), viral capsid protein UL85
(data not shown), and the cellular protein ␤-actin (data not
shown) were not detected. Thus, it is likely that the association of
UL44, UL84, and nucleolin with FLAG-tagged IRS1 or TRS1 is
specific and not dependent upon the presence of nucleic acid during immunoprecipitation. IRS1 and TRS1 do not simultaneously associate with UL44 in infected cell lysate (49). Therefore, IRS1, TRS1, or nucleolin or a combination of these may
bridge the association of UL44 and UL84 in infected cell lysate,
which, in part, may explain the association of UL84⌬68 with
UL44 shown in Fig. 3A.
We also considered the possibility that IE2-86, known to interact directly with UL84 (44), might bridge the association of UL44
and UL84. However, in none of our previous proteomic studies
examining the association of viral and cellular proteins with UL44
(47, 50) could IE2-86 be found with UL44 although UL84 was
readily detected. To investigate this possibility further, protein
was immunoprecipitated with an antibody recognizing FLAG
from lysate of cells infected with AD169rv, as a negative control, or
a virus expressing FLAG-tagged UL44 (47). Immunoprecipitated
protein was examined by Western blotting using antibodies recognizing FLAG, UL84, and an antibody recognizing both IE1-72
and IE2-86. Very low levels of IE1-72 and IE2-86 could be detected
by Western blotting from both lysates, indicating that there was
no specific association of either protein with FLAG-tagged UL44UL84 complexes (see supplemental Fig. 2 posted at https://coen
.med.harvard.edu). Therefore, it is unlikely that IE2-86 has a role
in bridging the association of UL44 and UL84 in infected cell
lysate.
The N terminus of UL84 is not required for viral DNA synthesis. Because it has been reported that UL84 is involved in viral
DNA synthesis (33, 34, 54), we speculated that the defect in virus
replication displayed by BADGFPUL84⌬68 compared to BADGFP
(Fig. 2C) is due to a defect in viral DNA synthesis. Viral DNA synthesis in BADGFP-, BADGFPUL84⌬68-, and BADGFPUL84⌬68rev-infected cells was assayed using quantitative real-time PCR (Fig. 4). The
number of viral genomes present in each sample was determined by
normalizing the copy number of a viral gene (UL83) to the copy
number of a cellular gene (adipsin). We observed little difference between the rates of viral DNA accumulation in BADGFP-,
BADGFPUL84⌬68-, and BADGFPUL84⌬68rev-infected cells, other
than a 2-fold decrease in viral DNA found in BADGFPUL84⌬68infected cells compared to levels in cells infected with the other two
viruses at 96 h postinfection (hpi) (infection at an MOI of 1) (Fig. 4).
We observed similar levels of viral DNA accumulation in BADGFPand BADGFPUL84⌬68-infected cells in two other experiments (data
not shown). Therefore, the 10-fold defect in virus production exhibited by BADGFPUL84⌬68 is unlikely to be due to a defect in viral
DNA synthesis of this virus.
The deletion affects levels of viral and cellular proteins in
infected cells. We next assayed the levels of certain viral and cellular proteins in BADGFP- and BADGFPUL84⌬68-infected cells
compared to levels in uninfected cells by Western blotting
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Uninfected and infected cells were radiolabeled with [35S]methionine
to radiolabel newly translated protein (see supplemental Fig. 2A and
B posted at https://coen.med.harvard.edu/). We found a slight
(nearly 2-fold) decrease in the production of multiple labeled proteins produced in BADGFPUL84⌬68-infected cells compared to
levels in BADGFP-infected cells. Thus, there appears to be widespread, but rather modest, downregulation of protein synthesis in
BADGFPUL84⌬68- compared to that in BADGFP-infected cells.
Similar results were observed comparing protein production in
BADGFPUL84⌬68- and BADGFPUL84⌬68rev-infected cells (data
not shown).
In HCMV-infected cells, shutoff of protein synthesis during
the innate immune response results in inactivation of eIF2␣ by
phosphorylation at residue serine 51 (eIF2␣-P) by protein kinase R (PKR) (22). We also analyzed eIF2␣ levels in BADGFPand BADGFPUL84⌬68-infected cell lysates by Western blotting using MAbs recognizing eIF2␣ and eIF2␣ phosphorylated
at serine residue 51 (see supplemental Fig. 2C posted at https:
//coen.med.harvard.edu/). Slightly higher levels of phosphorylated
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eIF2␣ were observed in BADGFPUL84⌬68- than in BADGFP-infected cells. Western blotting of dilutions of infected cell lysate indicated that there was less than a 2-fold difference in eIF2␣-P levels in
BADGFP- and BADGFPUL84⌬68-infected cells (data not shown).
Similar results were observed comparing eIF2␣ to eIF2␣-P in
BADGFPUL84⌬68- and BADGFPUL84⌬68rev-infected cells (data
not shown).
Therefore, the deletion that removes the amino terminus of
UL84 also results in decreased levels of certain viral and cellular
proteins (Fig. 5), plus a rather modest, but widespread, downregulation of protein production in infected cells and a slight increase
in the phosphorylation of eIF2␣ (see supplemental Fig. 2 posted at
the URL mentioned above). None of these differences, however, is
likely to result in the 10-fold decrease in BADGFPUL84⌬68 virus
production observed in the experiments shown in Fig. 2.
The deletion affects UL85 and UL86 levels. It has been reported (36) that the transcripts encoding UL85 and UL86 (also
known as the minor and major capsid proteins, respectively) are
3= coterminal with RNA encoding UL84 (Fig. 6A). We hypothe-
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FIG 5 Levels of viral and cellular proteins in infected cells. (A and C) Western blotting of infected cell lysate. HFF cells were infected at an MOI of 1 with the
indicated viruses, and cell lysates were prepared for Western blotting at the indicated time points (indicated above the figure). (B) Determination of relative
protein levels in cells. A 2-fold dilution series of protein from lane 2 of panel A (lanes 1 to 3) was analyzed by Western blotting using antibodies recognizing UL44
compared to undiluted protein from lane 5 of panel A. Proteins recognized by the antibodies used in each experiment are indicated to the right of each figure. The
positions of molecular mass markers (kDa) are indicated to the left of each figure. In some panels the numbers below bands represent the percent adjusted volume
of the signal from the particular bands measured within that panel using Quantity One software.

Deletion of the HCMV UL84 N Terminus

the genome represent proteins encoded within the genome. Black lines below the genome represent transcripts from which those proteins are produced. pA,
polyadenylation signal. (B) Western blotting of infected cell lysate. HFF cells were infected at an MOI of 1 with the indicated viruses, and cell lysates were prepared
for Western blotting at the indicated time points (indicated above the figure). (C) Determination of relative protein levels in cells. A 2-fold dilution series of
protein from lane 4 of panel B (lanes 1 to 3) was analyzed by Western blotting compared to undiluted protein from lane 7 of panel B (lane 4). Proteins recognized
by the antibodies used in each experiment are indicated to the right of each figure. The positions of molecular mass markers (kDa) are indicated to the left of each
figure.

sized that deletion of the sequences encoding the N terminus of
UL84 might adversely affect the production of UL85 and UL86
proteins in the infected cells.
We assayed the levels of UL83, UL84, UL85, UL86, and UL44
proteins in BADGFP- and BADGFPUL84⌬68-infected cells by
Western blotting (Fig. 6B). Levels of UL44 in BADGFP- and
BADGFPUL84-infected cells were similar to those seen in the
Western blotting data presented in Fig. 5. In BADGFP-infected
cells compared to BADGFPUL84⌬68-infected cells at 72 hpi,
there was no obvious difference in the levels of UL83 and UL84
proteins and only a slight difference in the levels of UL86. However, we observed a more notable decrease in UL85 levels in
BADGFPUL84-infected cells than in BADGFP-infected cells at
72 hpi. We also examined serial dilutions of infected cell lysate
by Western blotting (Fig. 6C). Levels of UL86 and UL85 were
reduced by approximately 2-fold and greater than 4-fold, respectively, in BADGFP-infected cells compared to levels
BADGFPUL84⌬68-infected cells. Thus, deletion of the sequence encoding the N terminus of UL84 from the viral genome modestly affects levels of UL86 but has a greater effect on
levels of UL85.
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Mislocalization of viral capsids in BADGFPUL84⌬68-infected cells. Based on the above results, we examined capsid production and localization in cells infected with our mutant virus. Cells
infected with either BADGFP or BADGFPUL84⌬68 were analyzed
by electron microscopy (Fig. 7A). We observed viral capsids distributed throughout the nuclei of cells infected with BADGFP (Fig. 7A,
frame i), similar to the distribution of capsids we have previously
observed in nuclei of cells infected with wild-type HCMV (29). Strikingly, in cells infected with BADGFPUL84⌬68, most capsids were
found concentrated around the nucleolus (Fig. 7A, frame iv). To better visualize the distribution of capsids, the position of each capsid in
frames i and iv of Fig. 7A is represented by a white dot in frames ii and
v, respectively. Inspection of capsid localization in infected cell nuclei
at higher magnification indicated that there was no obvious physical
interaction between capsids and the nucleolus in BADGFP- or
BADGFPUL84⌬68-infected cells (Fig. 7A, frames iii and vi, respectively). We found that capsid localization in BADGFPUL84⌬68revinfected cells was similar to that in BADGFP-infected cells (Fig. 7B).
Therefore, mislocalization of capsids in BADGFPUL84⌬68-infected
cells is most likely due to the deletion of the sequence encoding the
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FIG 6 Levels of capsid proteins in infected cells. (A) Schematic of locus in the HCMV virus genome from which UL83 to UL85 are produced. Filled arrows above
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FIG 7 Electron microscopy of infected cells. Cells were infected with either BADGFP or BADGFPUL84⌬68 (A) or BADGFPUL84⌬68rev (B) were
prepared for analysis by electron microscopy at 72 hpi. Panels in the left-hand column show microscopy images. Each white dot in panels in the middle
column indicates the positions of a capsid in panels in the left-hand column. The microscopy images in the right-hand column are enlarged areas of the
images in the left-hand column. (C) Electron microscopy image of a BADGFP-infected cell nucleus containing a nuclear dense body (NDB). The
magnification of each image is indicated below the figure. The white scale bar represents 500 nm. (D) Representative examples of A, B, and C capsids
(frames i to iii, respectively). NM, nuclear membrane.
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FIG 8 Capsids detected in infected cells. (A) The total numbers of A, B, and C
capsids in the nuclei of infected cells were counted. An image of infected cell
nuclei taken at a magnification of ⫻9,600 was chosen at random from each
infected cell analyzed in two independent experiments. (B) The total number
of enveloped and nonenveloped capsids in the entire cytoplasm of an infected
cell was counted at a magnification of ⫻9,600. The result of a Mann-Whitney
test applied in each experiment is shown in each figure.

N terminus of UL84, not to a spurious mutation within the
BADGFPUL84⌬68 genome.
It has been reported that murine gammaherpesvirus-68 (MHV68) capsids localize around virally induced nuclear dense bodies (10)
in much the same way that we find BADGFPUL84⌬68 capsids localize around nucleoli. Consistent with a report by Severi and coworkers
(42), we found no association of capsids with nuclear dense bodies in
HCMV-infected cells (an example of a nuclear dense body in
BADGFP-infected cells is shown in Fig. 7C).
We also sought to analyze the number of capsids in infected cell
nuclei. Three capsid forms of viral capsids are found in the nuclei
of herpesvirus-infected cells (representative images of each is
shown in Fig. 7C): A capsids (frame i), nonproductive forms
thought to result from failed packaging of viral genomes; B capsids
(frame ii), productive intermediates that contain a scaffolding
protein; and C capsids (frame iii), assembled forms in which the
scaffolding protein has been removed and replaced with viral
DNA. The number of each of these capsids was counted in wholecell sections from six different cells infected with either BADGFP
or BADGFPUL84⌬68. B capsids were the most prevalent capsids in
nuclei of cells infected with either virus (data not shown). We found
no statistically significant difference in the total number of capsids
(Fig. 8A) or the distribution of capsid morphologies (see supplemental Table 2 posted at https://coen.med.harvard.edu) found in nuclei
of cells infected with either BADGFP or BADGFPUL84⌬68.
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Here, we found that residues 1 to 68 of UL84 are necessary and
sufficient for association of UL84 with a GST-UL44 fusion protein
in GST pulldown assays. To our knowledge, no function has been
previously ascribed to this region of UL84. Deletion of sequences
encoding the amino terminus of UL84 impaired but did not fully
abrogate interaction between UL84 and UL44 in the infected cell
and did not result in a notable defect in viral DNA synthesis.
However, the mutation did cause a modest widespread downregulation of protein production in the infected cell, a striking
mislocalization of viral capsids in the nucleus, and a 10-fold defect
in virus production.
In agreement with Xu and coworkers (54), we also found that
UL84 is required for replication of virus derived from HCMV
strain AD169. This contrasts with data from Spector and Yetming
(45), who found that UL84 is not required for replication of
HCMV strain TB40/E. The discrepancies among these studies remain unresolved. We suggest that strain-specific differences between the genomes of AD169 and TB40/E allow UL84-independent replication of TB40/E.
Studies of the role of UL84 in AD169-infected cells remain
challenging as it is not currently possible to propagate AD169derived UL84-null mutants. By using a BAC that expresses GFP,
Xu et al. showed that cells electroporated with such a BAC in
which UL84 was inactivated due to an insertion in the UL84 coding sequence did not exhibit normal HCMV replication compartments, as assayed by immunofluorescence for UL44 or detectable
viral DNA synthesis (54). We note that it can be difficult to detect
viral DNA synthesis in the initial electroporated cells (43). However, the distribution of UL44 in the UL84-null BAC electroporated cells (54) is likely to be due to a defect in viral DNA synthesis
as we have previously demonstrated that UL44 is dispersed from
viral replication compartments in the presence of an inhibitor of
the viral DNA polymerase (46).
It is unclear what causes association of UL44 with truncated
UL84 in infected cell lysate. One possibility is that a viral or cellular
protein bridges the association of UL44 and truncated UL84 in
infected cell lysate. We found that UL44 and UL84 can be part of
protein complexes in the infected cell that also contain nucleolin
and either IRS1 or TRS1. It is possible that either IRS1, TRS1, or
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Using electron microscopy, we also counted the number of
cytoplasmic capsids in whole-cell sections of 10 different cells
infected with each virus and detected fewer cytoplasmic capsids
in BADGFPUL84⌬68-infected cells than in BADGFP-infected
cells (Fig. 8B). This difference was statistically significant (Fig.
8B). Indeed, cytoplasmic capsids could not be found in several
of the BADGFPUL84⌬68-infected cells analyzed, while all of the
BADGFP-infected cells analyzed did contain cytoplasmic capsids
(Fig. 8B). We did not observe an obviously aberrant clustering or
mislocalization of cytoplasmic capsids in BADGFPUL84⌬68-infected cells compared to BADGFP-infected cells (data not shown).
Thus, in BADGFPUL84⌬68-infected cells capsid mislocalization
is associated with a defect in the nuclear egress of capsids.
In sum, the production of viral capsids in BADGFPUL84⌬68infected cells did not appear to be compromised; however, there
was a striking mislocalization of these capsids. This may result in
their retention in the infected cell nuclei and, thus, contribute to
the observed detect in virus production from BADGFPUL84⌬68infected cells.
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ments and nuclei and how capsid proteins might interact with
these factors. However, it has been reported that movement of
herpes simplex virus capsids within the nucleus requires myosin
and actin (14). The location of the UL84⌬68 mutation leads us to
speculate on three possible explanations for how the mutation
affects capsid localization. The first is that UL84 somehow has a
role in this process. The second is that the effects of the mutation
on expression of neighboring genes that encode capsid proteins
somehow affect capsid localization. The third is that products encoded from low-abundance transcripts antisense to this region of
the genome (17) somehow could influence capsid localization.
Regardless, the unusual localization of capsids in the mutant infected cells seems likely to point to hitherto unknown features of
HCMV biology.
In summary, the defect in virus production we observe from
BADGFPUL84⌬68-infected cells could be, at least, the result of
both low levels of proteins required for virus replication and reduced nuclear egress. As levels of pp28 and TRS1, both of which
are required for virus assembly and egress from the cell (1, 6,
39–41), were reduced in BADGFPUL84⌬68-infected cells, there
may be as yet unappreciated late defects in virus replication in
BADGFPUL84⌬68-infected cells.
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