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Previously, two large-scale mutagenic analyses showed that mutations in the human cytomegalovirus
(HCMYV) gene UL117 resulted in a defect in virus growth in fibroblasts. Early transcriptional analyses have
revealed several mRNAs from the UL119-UL115 region; however, specific transcripts encoding UL117-related
proteins have not been identified. In this study, we identified two novel transcripts arising from the UL117 gene
locus, and we reported that the UL117 open reading frame encoded the full-length protein pUL117 (45 kDa)
and the shorter isoform pUL117.5 (35 kDa) as the result of translation initiation at alternative in-frame ATGs.
Both proteins were expressed with early kinetics, but pUL117 accumulated at a lower abundance relative to
that of pUL117.5. During HCMYV infection, both proteins localized predominantly to the nucleus, and the
major fraction of pUL117 localized in viral nuclear replication compartments. We constructed mutant HCMV
viruses in which the entire UL117 coding sequence was deleted or the expression of pUL117 was specifically
abrogated. The growth of mutant viruses was significantly attenuated, indicating that pUL117 was required for
efficient virus infection in fibroblasts. Cells infected with the pUL117-deficient mutant virus accumulated
representative viral immediate-early proteins and early proteins normally. In the absence of pUL117, the
accumulation of replicating viral DNA was reduced by no more than twofold at early times and was indistin-
guishable from that of the wild type at 72 h postinfection. Strikingly, there was a 12- to 24-h delay in the
development of nuclear replication compartments and a marked delay in the expression of late viral proteins.
We conclude that pUL117 acts to promote the development of nuclear replication compartments to facilitate

viral growth.

Human cytomegalovirus (HCMV) is the prototypical beta-
herpesvirus and a ubiquitous opportunistic pathogen infecting
the majority of the world’s population. HCMV infection is
usually asymptomatic in healthy individuals, but the viral in-
fection causes severe disease in immunocompromised adults
and birth defects in newborns (reviewed in reference 3). Ad-
ditionally, HCMYV has been implicated as a possible cofactor in
the development of vascular diseases such as atherosclerosis,
transplant vascular sclerosis, and coronary restenosis after an-
gioplasty surgery (17, 21, 30, 32, 44, 46, 56).

The ~240-kb double-stranded DNA genome of HCMV has
the potential to encode more than 160 putative open reading
frames (ORFs) (10, 33). Fewer than 80 ORFs encode proteins
that have been experimentally characterized or are homolo-
gous to viral proteins of other herpesviruses with known func-
tions (reviewed in reference 31). The protein products of the
remainder have not been identified experimentally, and their
functions remain elusive. Recently, using global mutagenesis
approaches, we and others initiated genome-scale studies to
delineate the functions of the genes carried by HCMV (14, 53).
Such studies make it possible to systematically identify viral
genes that are required or are important for HCMV to estab-
lish infection in a particular cell culture system.
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The UL119-UL115 region of the HCMV genome encodes a
complex transcription unit (Fig. 1A). Transcriptional analysis
of the HCMYV laboratory strains AD169 and Towne indicates
that this region gives rise to at least four transcripts that co-
terminate at the polyadenylation site downstream of UL115
(23, 39). The late 2.1-kb and 1.2-kb transcripts encode viral
proteins pUL116 and gL (i.e., the product of UL115), respec-
tively (23). Splicing between the UL119 and the UL118 coding
sequences results in the 4.1-kb transcript encoding a 68-kDa
glycoprotein termed gpUL119-UL118. This protein is an
HCMYV-encoded receptor for the Fc domain of immunoglob-
ulin G (vFcyR) (2). Additional splicing between UL118 and
UL117 results in a 3.1-kb transcript. Its protein product has not
been identified, but the transcript is predicted to encode a
spliced protein (termed pUL119-UL117) that is composed of
UL119, UL118, and C-terminal 96 amino acids (aa) of UL117
(23). Importantly, despite thorough efforts to map the tran-
scripts arising from the UL119-UL115 region, the transcript
encoding the entire UL117 ORF has not been detected (2, 23).
Current knowledge suggests that the coding capacity of the
UL117 OREF lies within the 96 aa of its C terminus, which
constitutes a component of the spliced UL119-UL117 protein.

UL117 is a viral gene specific to betaherpesviruses of pri-
mates, and sequence homologues of UL117 are not found in
cytomegaloviruses of distantly related species such as those
from mice or rats. The 1,275-nucleotide full-length UL117
gene is predicted to encode a 425-aa protein that is classified as
one of the noncore proteins and does not belong to any known
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FIG. 1. Construction of UL119-UL117 recombinant BAC-HCMYV clones. (A) Viral genomic region encoding UL119-UL115. The first line
represents the schematic structure of the viral genomic region. Viral ORFs are indicated by boxed arrows. Also indicated are the locations of the
poly(A) signal downstream of UL115 and the transposon insertion in the recombinant BAC-HCMYV clone TN635 (termed pADinUL117 in this
study). The boxes below the first line represent the locations of the viral sequences within the UL119-UL116 region that are deleted in the
substitution or deletion mutants, as indicated. Previously reported transcripts derived from the UL119-UL115 region (2, 23, 39) and the
UL117-specific transcripts identified in this study (indicated by asterisks) are shown as lines with arrows representing the 3’ ends of the transcripts.
Also indicated are the positions of two DNA probes used in Northern blotting analysis. Kan, kanamycin resistance gene cassette. (B) EcoRI and
BamHI restriction digestion analysis and (C) Southern blotting analysis of UL117 recombinant BAC-HCMYV clones. Open dots indicate restriction
fragments unique to a recombinant BAC clone due to engineered sequence alteration. For Southern blotting analysis, a **P-labeled probe of the
UL117 ORF was used to hybridize EcoRI- or BamHI-digested BAC-HCMV DNA. Markers of molecular size (in kb) are indicated. Lane 1, the
wild-type BAC pAD-GFP; lane 2, the UL117-deletion mutant BAC pADdIUL117; lane 3, the marker-rescued BAC pADrevUL117-1.

viral protein family (13). However, UL117 is highly conserved
among various HCMV strains such as laboratory strains
AD169, Towne, and Toledo, as well as the clinical isolates TR,
Fix, and Merlin (6, 10, 13, 14, 33). Forty out of 1,275 nucleo-
tides of the UL117 gene vary among these HCMV strains and
are randomly dispersed throughout the gene but result in only
9 aa changes, suggesting that most of the nucleotide variations
are silent, due potentially to the requirement to maintain the
coding capacity of UL117 during HCMV growth in cell culture.
Recently, two large-scale mutagenic analyses revealed that mu-
tations in UL117 resulted in a severe attenuation of HCMV
growth in human fibroblasts, indicating that the UL117 gene
locus is critical to the virus for establishing efficient infection
(14, 53). In this study, we identified and characterized two
proteins expressed from the UL117 gene, pUL117 and
pUL117.5. We constructed and analyzed recombinant viruses
lacking in the expression of the UL117-related proteins, and
we report that pUL117 is expressed at the early stages of the

virus infection cycle, it promotes the development of viral
replication compartments, and it facilitates HCMV infection in
fibroblasts.

MATERIALS AND METHODS

Plasmids, retroviral vectors, and antibodies. The pGS284-based shuttle vec-
tors pYD-C241 and pYD-C267 were used in allelic exchange to create recom-
binant infectious bacterial artificial chromosome (BAC) clones (53, 54). pYD-
C241 contained a total of 1.9-kb viral genomic sequences immediately upstream
and downstream of the UL117 ORF. pYD-C267 contained a 3.2-kb viral
genomic fragment spanning the entire UL117 ORF and its flanking sequences.
pYD-C245 and pYD-C266 are pRetro-EBNA-based retroviral overexpression
vectors (19). pYD-C245 contained a DsRed gene whose expression was driven by
an internal ribosome entry site (IRES). pYD-C266 was created by cloning the
UL117 OREF upstream of the IRES site of pYD-C245. Finally, pYD-C255 was
derived from pGalK (50), containing a GalK/kanamycin dual-expression cassette
that was used for the first step of linear recombination (see below).

To generate the mouse monoclonal antibody to viral proteins originating from
UL117, the viral sequence corresponding to aa 131 to 425 of the UL117 ORF was
cloned upstream of a six-His tag in the expression vector pET-22b (Novagen).
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TABLE 1. Primers used to introduce mutations into the UL117 coding sequence

Targeted Mutation type Primers used to introduce mutations” Resulting construct® Resulting BAC clone
amino acid
Cys19 Silent 5'-ggctccacacgcatctgtaagteectggeeceg-3' pYD-C294 pADsubUL117¢19€
5'-cggggccagggacttacagatgcgtgtggagee-3’
Cys19 Nonsense 5'-ggctccacacgeatctgaaagtecetggececg-3’ pYD-C295 pADsubUL117¢19%
5'-cggggccagggactttcagatgegtgtggagee-3'
Tyr13 Silent 5'-cacgtccagatcgtctatggetccacacgeatc-3' pYD-C297 pADsubUL117Y13Y
5'-gatgegtgtggagecatagacgatetggacgtg-3'
Tyr13 Nonsense 5'-cacgtccagatcgtctagggctecacacgcate-3' pYD-C296 pADsubUL117Y13X
5'-gatgegtgtggagecctagacgatetggacgtg-3’
Cys19 Insertion 5'-gggecagggactctgcaGatgegtgtg-3' pYD-C265 pADinUL117C1-1n
5'-cacacgcatCtgcagagtccetggeec-3'
Cys19 Insertion 5'-cacacgcatctgcaGTAagtccctggeee-3 pAD-C298 pADinUL117¢19-37

5'-gggecagggact TACtgcagatgegtgtg-3'

¢ Underlined lowercase or uppercase letters represent nucleotide substitutions or insertions engineered in the UL117 coding sequence, respectively.
® These constructs were derived from pYD-C259 but carried the mutated UL117 coding sequences that were subsequently used as templates to introduce mutations
into the BAC-HCMV by the second step of linear recombination, as described in Materials and Methods.

The His-tagged peptide was produced in Escherichia coli, purified using Ni-
agarose beads, and used as an immunogen to generate the mouse hybridomas
that were screened for specific interaction with the immunogen and with the
native UL117 proteins made in virus infection. Additional primary antibodies
used in this study include anti-B-actin (clone AC15; Abcam), anti-green fluores-
cent protein (GFP) (clone ab6556; Abcam), anti-pUL44 (Virusys), anti-major
capsid protein MCP (a gift from Wade Gibson, John Hopkins University),
anti-immediate-early protein type 2 (IE2) (a gift from Jay Nelson, Oregon
Health and Science University), and anti-IE1 (48) and anti-pp28 (43) (gifts from
Thomas Shenk, Princeton University).

Cells and viruses. Primary human foreskin fibroblasts (HF) were propagated
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.
To create HF cells expressing UL117-related proteins (HF-UL117) or DsRed
(HF-DsRed), retrovirus stocks were made by transfecting the retroviral vector
pYD-C266 or pYD-C245 into Phoenix Ampho cells (19), respectively. HF cells
were transduced with retrovirus three times to generate a pool of cells expressing
the protein of interest.

Various BAC-HCMV clones were constructed and used to reconstitute re-
combinant HCMV viruses. Two BAC-HCMYV clones (pAD-GFP and pAD/Cre)
were used to produce wild-type virus (ADwr and ADwt-2, respectively). pAD/Cre
carries the full-length genome of HCMV strain AD169, and pAD-GFP is derived
from pAD/Cre but contains a simian virus 40 (SV40) early promoter-driven GFP
gene in place of the viral US4-US6 region (48, 54). The BAC clone that lacks the
entire UL117 coding sequence (pADdI/UL117) was created by performing an
allelic exchange with the shuttle vector pYD-C241 with pAD-GFP. The marker-
rescued BAC clone pADrevUL117-1, in which the UL117 allele was repaired,
was created by performing an allelic exchange with the shuttle vector pYD-C267
with pADdIUL117. Other recombinant BAC clones were constructed by a two-
step linear recombination in the bacterial strain SW102, with modifications (50).
Briefly, a kanamycin cassette in pYD-C191, or a GalK/kanamycin dual marker
cassette in pYD-C255, was amplified by PCR with a pair of 70-bp primers that
had 5'-terminal 50-bp sequences homologous to the viral genomic sequences of
the targeted sites and subsequently recombined into a BAC-HCMV clone at the
locus of interest by the first step of linear recombination to generate the deletion
or the insertional mutant BAC-HCMV clones. Resulting transformants were
selected on kanamycin-containing LB plates to identify clones carrying the
marker cassette, and the correct integration of the marker cassette was verified
by restriction digestion, Southern blotting, PCR, and direct sequencing analyses.
To introduce point mutations in UL117, the mutations were first generated by
using a QuickChange XL kit (Stratagene) with primers containing the desired
mutations and the template plasmid pYD-C259 carrying the HCMV UL118-
UL116 sequence, resulting in the carrier plasmids carrying these mutations
(Table 1). The mutant viral DNA fragments were then amplified by PCR from
the carrier plasmids and subsequently recombined into the BAC clones to re-
place the GalK/kanamycin marker cassette by the second step of linear recom-
bination. Similarly, to introduce the GFP-tagged UL117, the GFP coding se-
quence was amplified by PCR with 70-bp primer pairs from the plasmid pIC113
(7) and recombined into the viral genome in frame at the N terminus of the
UL117 ORF by the second step of linear recombination. The resulting recom-
binants from the second step of the linear recombination were selected on
2-deoxy-galactose (2-DOG)-containing minimal medium plates for the loss of

GalK/kanamycin (50) and verified by restriction digestion, Southern blotting,
PCR, and direct sequencing analyses. Finally, the recombinant BAC-HCMV
clone carrying the transposon insertion in UL117 (termed pADinULI117 in this
study) and the marker-rescued clone (pADrevUL117-2) were described previ-
ously (53).

To reconstitute the virus, 2 ug of the BAC-HCMYV DNA and 1 pg of the pp71
expression plasmid were transfected into HF cells by electroporation as de-
scribed previously (54). Culture medium was changed 24 h later, and the virus
stock was prepared by harvesting cell-free culture supernatant when the entire
monolayer of cells was lysed. Alternatively, virus stocks were produced by col-
lecting cell-free culture medium from infection at the multiplicity of infection of
0.05 PFU/cell.

Analysis of intracellular DNA, RNA, and proteins. The DNA levels of infected
cells were measured by real-time PCR as previously described (48). HF cells
were infected with wild-type virus or pUL117-deficient virus at the multiplicity of
infection of 0.1 PFU/cell, collected at various times postinfection, resuspended in
lysis buffer (10 mM Tris-HCI [pH 7.8], 10 mM EDTA, 400 mM NaCl, 50 mg/ml
proteinase K, 0.2% sodium dodecyl sulfate [SDS]), and lysed by incubation at
37°C overnight. DNA was extracted with phenol-chloroform, treated with RNase
A, extracted again with phenol-chloroform, precipitated with ethanol, and re-
suspended in water. Viral DNA was quantified by real-time PCR analysis using
a TagMan probe (Applied Biosystems) and primers specific for the HCMV
ULS54 gene (35). Cellular DNA was quantified with SYBR Green PCR Master
Mix (Applied Biosystems) and a primer pair specific for the human p-actin gene
(5'-CTC CAT CCT GGC CTC GCT GT-3' and 5'-GCT GTC ACC TTC ACC
GTT CC-3'). The accumulation of viral DNA was normalized by dividing UL54
gene equivalents by B-actin equivalents.

RNA transcripts expressed during HCMV infection were analyzed by North-
ern blotting and rapid amplification of cDNA ends (RACE), as previously de-
scribed (54). For the Northern blotting analysis, probes were prepared by using
PCR-generated templates and a Strip-EZ PCR kit (Ambion) according to the
manufacturer’s instructions. Primer pairs used to generate the templates were
5'-AGA GCG TCG CCC AGA CAG ACT-3' and 5'-ATG TTC TCC CAG
GAC CAC GTC-3' (for the intron-L probe [Fig. 1 and 3]), 5'-TGG AAG ACG
ATT AGC TTG GAG C-3’ and 5'-ATG TTC TCC CAG GAC CAC GTC-3'
(for the intron-S probe [Fig. 1 and 3]), and 5'-GTA GCC TAC ACT TTG GCC
ACC-3" and 5'-TTA CTG GTC AGC CTT GCT TCT A-3' (for the UL123
probe [Fig. 3]). RACE analysis was performed by using a SMART PCR cDNA
synthesis kit (Clontech), and the gene-specific primer (5'-AGA GCG TCG CCC
AGA CAG ACT-3’) that was located 500 bp downstream of the initiation codon
of the UL117 ORF was used for 5'-end RACE.

Proteins were analyzed by Western blotting or immunofluorescence as previ-
ously described (48). To analyze proteins by Western blotting, infected cells were
collected, washed, and lysed in the SDS sample buffer. Proteins from equal cell
numbers were resolved by electrophoresis on an SDS-containing 10% polyacryl-
amide gel, transferred to a polyvinylidene difluoride membrane, hybridized with
primary antibodies, reacted with horseradish peroxidase-conjugated secondary
antibodies, and visualized by ECL-plus (Amersham) detection. To analyze pro-
teins by immunofluorescence, cells grown on glass coverslips were fixed in 2%
paraformaldehyde, permeabilized with 1 mg/ml Zwittergent for 1 min or with
0.1% Triton X-100 for 15 min, incubated with the primary antibody, and subse-
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quently labeled with the secondary antibody. To label viral replication compart-
ments with the anti-IE2 antibody, cells grown on coverslips were washed with
phosphate-buffered saline and incubated with CSK buffer (10 mM piperazine-N,
N'-bis(2-ethanesulfonic acid) [pH 6.8], 100 mM NaCl, 300 mM sucrose, 3 mM
MgCl,) containing 0.5% Triton X-100 at 4°C for 10 min before fixation (29).
Finally, labeled cells were counterstained with TO-PRO-3 (Molecular Probes) to
visualize the nuclei and then mounted on slides with Prolong Gold antifade
reagent (Molecular Probes). Images were captured using Zeiss LSM Image
software with a Zeiss LSM 510 META confocal laser scanning microscope.

RESULTS

The UL117 gene is required for efficient virus replication in
fibroblasts. The UL119-UL115 region of the HCMV genome
encodes a complex transcription unit (Fig. 1A). Transcripts
encoding pULI116, gL (i.e., pUL115), pUL119-UL118, and
pUL119-UL117 have been identified, of which the latter two
resulted from alternative splicing (2, 23). Previously, two large-
scale mutagenic analyses tentatively classified UL117 as an
augmenting gene because mutations in UL117 resulted in at-
tenuated growth of the virus in fibroblasts (14, 53). As the
specific transcripts and the protein products arising from the
UL117 gene have not been identified, we first wanted to de-
termine whether the defective growth of the UL117 mutant
was caused by an alteration in UL117 expression or by an
alteration in neighboring gene expression as an inadvertent
result of mutations introduced in UL117. Recombinant
HCMYV viruses used in this study were generated from the
transfection of BAC-HCMV clones derived from parental
clones pAD/Cre and pAD-GFP, both of which carried the
genome of the HCMV AD1609 strain (48, 54).

We constructed three recombinant viruses (Fig. 1A). ADdl
UL117 lacked the entire UL117 ORF. ADsubUL116 carried a
deletion at the N-terminal half of the UL116 ORF (i.e., aa 1 to
158). ADsubUL119-UL118 lost the substantial portion of the
UL119-UL118 coding sequence (i.e., from aa 41 of the UL119
ORF to the aa 2 of the UL118 ORF). These viruses were
reconstituted from recombinant BAC-AD169 clones (pAD
dIUL117, pADsubUL116, and pADsubUL119-UL118, respec-
tively) that were constructed by allelic exchange or linear re-
combination. Virus ADwt reconstituted from the parental
BAC clone pAD-GFP carrying the genome of the HCMV
strain AD169 and expressing an SV40 early promoter-driven
GFP gene was used as the wild-type control (48). Moreover,
the UL117 gene in pADdI/UL117 was subsequently repaired,
producing the marker-rescued BAC clone (pADrevUL117-1)
that was used to generate the marker-rescued virus (ADre-
vUL117-1). Recombinant BAC clones were examined for in-
tegrity, using EcoRI and BamHI restriction endonuclease di-
gestions, and for the intended mutation at the specific locus, by
Southern blotting analysis. Figure 1B and C show the analyses
for pADdIUL117 and pADrevUL117-1. Restriction digestion
patterns and Southern blotting analysis were consistent with
the predictions, indicating that the recombinant BAC clones
carried the intact viral genome and contained the precise mod-
ification at the correct locus. Finally, modifications introduced
in the BAC-HCMYV clones were also confirmed by PCR and
direct sequencing analysis (data not shown). All other recom-
binant BAC clones constructed in this study were analyzed
with the same level of scrutiny (data not shown).

We first examined the impact of the neighboring genes,
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FIG. 2. Deletion of the UL117 gene locus resulted in severely at-
tenuated growth of HCMV. HF were infected at a multiplicity of
infection (moi) of either 0.01 PFU/cell (for multistep growth analysis)
or at 2 PFU/cell (for single-step growth analysis) with various recom-
binant HCMYV viruses as indicated. Culture medium was collected on
different days postinfection, and yields of cell-free virus were deter-
mined by plaque assay. ADrevUL117-1 and ADrevUL117-2 are marker-
rescued viruses of ADd/UL117 and ADinUL117, respectively.

UL119-UL118 and UL116, on HCMV growth in HF. Under
the conditions of multistep growth, the cell-free recombinant
viruses lacking UL119-UL118 (ADsubUL119-UL118) or
UL116 (ADsubUL116) were produced at wild-type levels, in-
dicating that these genes are dispensable for HCMV growth in
fibroblasts (Fig. 2). We then examined the role of the UL117
gene in HCMV growth by measuring the production of cell-
free virus over the course of the UL117 deletion mutant infec-
tion. Both the single-step and the multistep growth levels of the
UL117 deletion mutant relative to that of the wild-type virus
and the marker-rescued virus were examined in fibroblasts
(Fig. 2). In drastic contrast to the growth levels of the UL119-
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FIG. 3. Northern blotting analysis of transcripts specifically arising
from the UL117 gene locus. (A) HF were either mock-infected
or infected with wild-type virus (ADwt) or UL117 deletion virus
(ADdIUL117) at a multiplicity of infection of 1 PFU/cell. Cells were
harvested at 24 h postinfection, total RNA was isolated, and UL117-
specific transcripts were analyzed by Northern blotting using two spe-
cific probes of the 5" terminus of the UL117 ORF (as shown in Fig. 1).
(B) HF were either mock infected or infected with wild-type HCMV at
a multiplicity of infection of 1 PFU/cell in the presence or absence of
100 pwg/ml CHX. Cells were harvested at 8 h postinfection, total RNA
was isolated, and the UL117-specific transcripts and the control UL123
transcript were analyzed by Northern blotting using the intron-L probe
and the ULI123 specific probe. Molecular size markers (kb) are indi-
cated.

UL118 mutant and the UL116 mutant, the growth of the
UL117-deficient virus was severely reduced under both condi-
tions, whereas marker-rescued virus and wild-type virus repli-
cated indistinguishably. Compared to wild-type virus, the
UL117 deletion mutant produced 300- and 110-fold less infec-
tious virus at 9 days postinfection at a multiplicity of infection
of 0.01 PFU/cell and at 5 days postinfection at 2 PFUj/cell,
respectively. In an independent, single-step growth analysis
experiment where the accumulation of cell-associated virus
was measured, we observed that the UL117 deletion mutant
also produced reduced levels of intracellular virus compared to
that of the wild-type HCMYV, suggesting that one defect of the
UL117 deletion mutant remains prior to the release of virus
from infected cells (data not shown). In addition, a mutant
virus (ADinUL117) that carried a transposon insertion in the
UL117 gene (53) was similarly attenuated; it produced 310-
fold less infectious virus than the wild-type (ADwt) or the
marker-rescued virus (ADrevUL117-2) at 10 days postinfection
at a multiplicity of infection of 0.01 PFU/cell. Thus, we con-
clude that UL117 encodes a gene product independent of
UL116 and UL119-UL118 and the UL117-specific product is
required for efficient virus growth in fibroblasts.

Two novel transcripts are expressed from the UL117 gene
during virus infection. Previously, the only identified transcript
predicted to encode a part of the UL117 ORF was the 3.1-kb
spliced mRNA transcribed from the promoter upstream of
UL119 (Fig. 1A). Because of the different growth phenotypes
of ADsubUL119-UL118 and ADdJIUL117, we hypothesized
that another transcript(s) independent of UL119-UL118 must
be expressed to encode UL117-specific products. Conse-
quently, we carried out Northern blotting analyses to identify
novel UL117-specific transcripts using UL117-specific probes
(Fig. 3A). We detected three transcripts (4.1, 3.1, and 2.7 kb)
at 24 h postinfection, using the DNA (intron-L) probe that was
located at the intron region of the spliced UL119-UL117 tran-
script but within the 5'-terminal 500 bp of the UL117 ORF
(Fig. 1A and 3A). While the 4.1-kb transcript corresponded to
the known UL119-UL118 mRNA, the 3.1-kb and the 2.7-kb

J. VIROL.

transcripts detected by the intron-L probe have not been pre-
viously reported. To map the 5’ ends of the 3.1-kb and the
2.7-kb transcripts more precisely, we performed Northern blot-
ting analysis using a shorter DNA probe (intron-S probe) cor-
responding to the 5’-terminal 329 bp of the UL117 ORF (Fig.
1A and 3A). The intron-S probe detected only the 4.1-kb and
the 3.1-kb transcripts but not the 2.7-kb transcript. Sequence
analysis revealed that a putative TATA box was located 329 bp
downstream of the initiation codon of the UL117 ORF and
that methionine 131 was within the Kozak translation initiation
consensus sequence. RACE analysis confirmed that the 2.7-kb
transcript initiates 31 bp upstream of methionine 131, which
was 30 bp downstream of the intron-S probe (data not shown).
Thus, both the 3.1-kb and the 2.7-kb transcripts are specifically
expressed from the UL117 gene. The 3.1-kb mRNA is ex-
pressed from a promoter upstream of UL117 and has the
capacity to encode the full-length UL117 protein, termed
pUL117. The 2.7-kb transcript is expressed from an alternative
promoter within the UL117 coding sequence and has the ca-
pacity to use the internal ATG (Met 131) of the UL117 ORF
as the initiation codon to translate a short isoform of the
UL117 protein (termed pUL117.5). Although we did not di-
rectly examine other HCMYV strains for their ability to express
pUL117 and pUL117.5, both Met 1 and Met 131 of the UL117
ORF as well as the TATA box upstream of Met 131 are
conserved among HCMYV strains that have been sequenced,
such as the laboratory strains Towne and Toledo, as well as the
clinical strains TR, Fix, and Merlin, suggesting that the expres-
sion of both proteins is likely to be a common theme in HCMV
(date not shown).

Expression and localization of UL117 proteins during virus
infection. We used two approaches to directly detect UL117-
related protein products. First, we made a monoclonal mouse
antibody against a recombinant peptide derived from the
pUL117.5 coding sequence and purified from E. coli. This
antibody was anticipated to recognize the common sequence of
the gene products of both UL117 and UL117.5, and it was used
to examine the expression of UL117-related proteins by West-
ern blotting analysis (Fig. 4A). We detected two proteins of 45
and 35 kDa in the lysate of ADwr-infected cells but not in
mock-infected or ADdIUL117-infected cells, indicating that
both pUL117 and pUL117.5 were expressed at the predicted
sizes and that the deletion mutant has lost the ability to pro-
duce both proteins. Moreover, both pUL117 and pUL117.5
were expressed from fibroblasts transduced with the retroviral
vector carrying the UL117 ORF (Fig. 4A), thereby providing
additional proof that pUL117 and pULI117.5 are translated
from the UL117 ORF.

To determine the expression kinetics of UL117-related pro-
teins, we first analyzed the accumulation of pUL117 and
pUL117.5 at different times postinfection (Fig. 4B). The ex-
pression level of pUL117 peaked at 48 to 72 h, while the
expression level of pUL117.5 increased drastically from 6 h to
24 h and then remained relatively stable throughout the re-
mainder of the experiment. Nevertheless, both pUL117 and
pUL117.5 were detected as early as 6 h postinfection, a time
point prior to viral DNA replication. When infected cells were
treated with cycloheximide (CHX), the accumulation of
UL117 and the UL117.5 mRNAs was blocked, whereas the
immediate-early transcript of UL123 accumulated at abundant
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FIG. 4. Western blotting analysis of proteins arising from the
UL117 gene locus. (A) HF were transduced with retrovirus expressing
DsRed (HF-DsRed) or UL117 (HF-UL117) or were infected with
wild-type HCMV (ADwt) or UL117 deletion mutant virus (ADd!
UL117) at a multiplicity of infection of 10 PFU/cell. At 96 h postin-
fection (hpi), cell lysates were prepared and analyzed by Western
blotting using the mouse antibody raised against the peptide derived
from UL117. (B) HF were infected with ADwt or ADdIUL117 at a
multiplicity of infection of 10 PFU/cell, cell lysates were prepared at
different times postinfection, and the accumulation of pUL117 and
pUL117.5 was analyzed by Western blotting. The antibodies to the
viral protein IE1 and cellular protein 3-actin were used as the infection
control and the loading control, respectively. (C) HF were infected
with ADwr at a multiplicity of infection of 10 PFU/cell in the presence
or absence of 100 pg/ml CHX or 200 pg/ml PAA; cell lysates were
prepared at different times as indicated; and the accumulation of
pUL117, pUL117.5, the tegument protein pp71, and the major capsid
protein MCP was analyzed by Western blotting. Longer exposure of
the ECL Western blot was used to reveal the accumulation of pUL117.

levels (Fig. 3B), indicating that UL117 and UL117.5 are not
immediate-early genes. To further define the expression kinet-
ics of pUL117 and pUL117.5, we investigated the accumula-
tion of viral proteins during HCMYV infection in the presence
of CHX or of the viral DNA synthesis inhibitor phosphono-
acetic acid (PAA) (Fig. 4C). Tegument proteins (pp71) and
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capsid proteins (MCP) that were delivered into cells by input
virus were evident at 2 to 8 h when the multiplicity of infection
of 10 PFU/cell was used, but their levels were markedly re-
duced at 24 h, likely due to protein degradation. Neither
pUL117 nor pUL117.5 was detectable at 2 h or 8 to 24 h in the
presence of CHX, but they were readily detectable at 8 to 48 h
in the absence of CHX, indicating that pUL117 and pUL117.5
accumulated under this experimental condition represented
newly synthesized proteins. Importantly, at 24 to 48 h, both
pULI117 and pUL117.5 accumulated at significant levels in the
presence of PAA, whereas de novo synthesis of late proteins
pp71 and MCP was inhibited. Together, these data indicate
that pUL117 and pUL117.5 are expressed with early kinetics.

To define the cellular distribution of UL117-related pro-
teins, we performed immunofluorescence analysis using the
anti-UL117 antibody (Fig. 5). No appreciable UL117 staining
was present in cells mock infected or infected with the UL117
deletion mutant, indicating the stringent specificity of the an-
tibody to UL117-related proteins. On the other hand, we de-
tected the strong UL117 staining that was predominantly lo-
calized within the nuclei of cells infected with wild-type virus,
indicating that pUL117 and pUL117.5 are primarily nuclear
proteins during the course of infection.

pUL117 is required for the efficient growth of HCMV in
fibroblasts. Our analysis of viral protein expression revealed
that the full-length pUL117 protein was expressed at much
reduced levels compared to that of the shorter isoform
pULI117.5 (Fig. 4). This interesting observation raised the
question of whether the expression of pUL117 was relevant to
virus infection. The growth of mutant virus ADdIUL117, defi-
cient in the expression of both pUL117 and pUL117.5, was
severely attenuated, as was the transposon insertion mutant
ADinUL117, which still expressed pUL117.5 (Fig. 2 and data
not shown). We hypothesized that pUL117 is required for
efficient virus infection in fibroblasts despite its low expression
levels, and we set out to investigate the role of pUL117 in
HCMYV replication. Attempts to complement the growth of
ADdIUL117 with fibroblasts expressing UL117 proteins, how-
ever, were unsuccessful (data not shown). Using an alternative
approach, we constructed three pairs of recombinant HCMV
viruses that carried point mutations in UL117 (Fig. 6A). For
every pair, one mutation was designed to disrupt the transla-
tion of pUL117, whereas the other was introduced at the same
position but preserved the coding capacity of UL117 (i.e.,
silent mutation). Silent mutations were included in this exper-
iment to test the formal possibility that the cis elements (i.e.,
DNA sequences) within the UL117 OREF rather than its pro-
tein-coding capacity was required for the effective growth of
the virus. Moreover, both types of mutations were designed to
maintain the expression of pUL117.5. In the first pair, the
mutant virus ADsubUL117¥'3* carried a (C to G) mutation at
nucleotide 39 of the UL117 gene that would replace aa Tyr"?
with a stop codon, and ADsub silent UL117Y"3Y carried a (C
to T) mutation at the same position, thus maintaining the
UL117 coding sequence. Similarly, in the second pair, ADsub
UL117°"% carried a (C to A) change at nucleotide 57 to
terminate the translation of pUL117 at aa 19, whereas ADsub
UL117<"°€ carried a (C to T) silent mutation at nucleotide 57.
The third pair included the mutant ADinUL117<"" that
carried a single-nucleotide insertion at nucleotide 58, resulting
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FIG. 5. UL117 proteins were localized in the nuclei of infected cells. HF were infected with either ADwt or ADd/UL117 at a multiplicity of
infection of 1 PFU/cell, and at different times, cells were examined for the GFP signal that indicated infection of cells and for the localization of
UL117 proteins by using confocal immunofluorescence microscopy with the anti-UL117 («UL117) antibody. Cells were also counterstained with

TO-PRO3 to visualize the nuclei of the cells. Scale bars are indicated.

in a frameshift of the UL117 gene; and ADinUL117°"" carried a
three-nucleotide insertion at nucleotide 58. In ADinUL117¢-3",
the translation frame of the UL117 gene was preserved despite
the insertion of an extra serine at aa 19.

To confirm the effect of the mutations on the expression
levels of pUL117 and pUL117.5, we performed Western blot-
ting analysis of lysates of cells infected with various mutants.
As expected, recombinant viruses carrying the silent mutations
(ADsubUL117¥'%Y and ADsubUL117<*) or the three-nu-
cleotide insertion (ADinUL117<*7") expressed both pUL117
and pUL117.5 (Fig. 6B). On the contrary, recombinant viruses
carrying nonsense mutations (ADsubUL117¥"** and ADsub
UL117°"%) or the frameshift mutation (ADinUL117"%-/")
lost the ability to express pUL117 but accumulated pUL117.5
at wild-type levels (Fig. 6B). These results validated our mu-
tagenesis strategy for differentiating the expression of pUL117
from that of pUL117.5 in the context of virus infection.

To determine the requirement of pUL117 expression for
HCMYV infection in fibroblasts, we performed a multistep
growth analysis of the UL117 mutant viruses (Fig. 6C). All of
the mutants deficient in pULI117 expression (ADsub
UL117Y5%, ADsubUL117<"%, and ADinUL117<'*""") were
severely growth attenuated, whereas all of the recombinant

viruses that retained the ability to express pUL117 (ADsub
UL117Y5Y, ADsubUL117"°<, and ADinUL117<"*"") repli-
cated at wild-type levels. Finally, the mutant alleles in pUL117-
deficient viruses were also repaired, and marker-rescued
viruses (ADrevUL117¥3%X, ADrevUL117"%, and ADrev
UL117°"""%) grew indistinguishably from wild-type virus.
Thus, the defective growth of the pUL117 mutant viruses was
due to the abrogation of pUL117 expression but not to the
alteration in any potential critical cis elements within the
UL117 ORF or in pUL117.5 expression. We conclude that
the expression of full-length pUL117 is required for HCMV to
establish efficient infection in HF.

The biologically functional GFP-tagged full-length UL117
protein localizes in replication compartments during virus
infection. In order to specifically detect and analyze pUL117
independent of pUL117.5, we constructed the recombinant
HCMY virus (AD-GFP/UL117), which was identical to ADwt,
except that the GFP coding sequence that the virus carried was
fused in frame to the 5" terminus of the UL117 ORF (Fig. 7A).
We performed Western blotting analysis to validate the expres-
sion of the fusion protein pGFP/UL117 in AD-GFP/UL117
infection (Fig. 7B). Cells infected with AD-GFP/UL117 pro-
duced two proteins of 85 kDa and 35 kDa that were recognized
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FIG. 6. pUL117 was required for efficient growth of HCMYV in fibroblasts. (A) The diagram illustrates changes introduced into the viral genome
that specifically inactivated the expression of pUL117 without altering the expression of pUL117.5. The three gray boxes represent three groups
of recombinant HCMYV viruses constructed for this study. Each group consists of a parental wild-type virus and two recombinant viruses with single-
or three-nucleotide alterations in the gene UL117. For each virus, the targeted nucleotide codon and its encoded aa (whose position within the
UL117 OREF is also shown) as the result of the engineered nucleotide change (underlined uppercase letters) are indicated. In ADsubUL117¥'3Y
or ADsubUL117°", a single-nucleotide silent change of (C to T) was introduced in the codon of Tyr13 or Cys19, respectively. In ADsub
UL117Y"3% or ADsubUL117¢"%, a single-nucleotide nonsense mutation of (C to G) or (C to A) was introduced at the same nucleotide position
as that in ADsubUL117Y"*Y or in ADsubUL117°"¢, respectively, resulting in the premature termination of the pUL117 translation. In
ADinULI117¢"7" or in ADinUL117¢'" a single- or a three-nucleotide insertion was introduced after the codon of Cys19 to generate a
frameshift mutation or a single-serine insertion in the UL117 ORF, respectively. (B) HF were infected with the indicated HCMV recombinant
viruses at a multiplicity of infection of 10 PFU/cell, cells were harvested at 24 h postinfection, and expressions of pUL117 and pUL117.5 were
analyzed by Western blotting using the anti-UL117 antibody. Shown are both the long and the short exposures made to visualize protein bands.
The viral protein IE1 was used as the infection control. (C) HF were infected with indicated recombinant HCMV viruses at a multiplicity of
infection of 0.001 PFU/cell, culture medium was collected at the indicated times, and the yields of cell-free virus were determined by plaque assay.

by the anti-UL117 antibody. These proteins were absent in the GFP-tagged pUL117 was fully functional during virus infec-
mock-infected cells, and their apparent molecular masses were tion and was likely to retain the biological properties of the native
consistent with the sizes predicted for the GFP-tagged pUL117 pULI117.

and the native pUL117.5, respectively. Moreover, the anti-GFP The UL117 proteins recognized by the anti-UL117 antibody
polyclonal antibody recognized only the 85-kDa protein, indicat- were localized predominantly within the nuclei of infected cells
ing that we specifically tagged the full-length pUL117 but not (Fig. 5); however, this was likely to represent the localization
pUL117.5 with GFP. Finally, AD-GFP/UL117 replicated at wild- pattern of pUL117.5, because it accumulated at a much higher
type levels in multistep growth analysis (Fig. 7C), indicating that level than pUL117 (Fig. 4). To determine the subcellular lo-
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FIG. 7. Construction of the recombinant HCMV (AD-GFP/UL117) expressing the functional GFP-tagged pUL117. (A) The diagram illustrates
the UL119-UL115 genomic region of AD-GFP/UL117. The GFP coding sequence (gray triangle) was fused in frame to the N terminus of the
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96 h postinfection, cell lysates were analyzed by Western blotting using antibodies («-) specific to GFP or UL117. The antibody to the viral IE1
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calization of pUL117 specifically, we performed fluorescence
microscopy analysis of cells infected with AD-GFP/UL117
(Fig. 8A). The GFP fluorescence was observed predominantly
within the nucleus of the cell infected with AD-GFP/UL117,
during the entire course of infection. This represented the
intracellular distribution of the GFP-tagged pUL117 because
no appreciable green fluorescence was seen in the cells that
were mock infected or those infected with the wild-type virus
that did not express GFP (ADwt-2). Interestingly, the nuclear
GFP/UL117 signal was not evenly distributed; on the diffuse
background of nuclear fluorescence, we observed the accumu-
lation of a strong GFP signal at global intranuclear structures,
reminiscent of viral replication compartments (Fig. 8A).
Replication compartments are intranuclear structures formed
during herpesvirus infection (1, 11, 20, 26, 34, 36, 37). A set of
viral proteins (e.g., pUL44, pUL57, and IE2) and cellular pro-
teins (e.g., p53, Nbsl, and Rad50) are recruited to these sites
during infection. Localization of these proteins to replication
compartments is thought to facilitate viral DNA synthesis (11,
34, 36, 38, 47), gene transcription (20, 24, 36, 38, 40), and DNA
packaging (12, 22, 34, 49, 55), which occur within or juxtaposed
to these organized structures, as well as suppress the host
responses (e.g., DNA damage responses) that are detrimental
to HCMYV infection (15, 29). To directly test the hypothesis
that a subpopulation of pUL117 was distributed to replication
compartments, we stained cells with a monoclonal antibody to
pULA44, the virus-encoded DNA polymerase accessory protein
that has been used as a marker for replication compartments
(1, 34). pULA44 localized mainly to replication compartments,
with diffuse background staining as previously reported (Fig.
8B) (1, 34). Furthermore, the pGFP/UL117 fluorescence
signals that formed intranuclear large domains colocalized
with pUL44, clearly indicating that a major fraction of the

GFP-tagged pUL117 is localized in replication compart-
ments (Fig. 8B).

Development of viral replication compartments is delayed
in the absence of pUL117. The localization of pUL117 in
replication compartments led us to hypothesize that pUL117
might play a role in the replication of viral DNA or in the
development of DNA replication compartments. We first ex-
amined the potential involvement of pUL117 in viral DNA
replication. Cells were infected with the wild-type virus (ADwt)
or the pUL117-deficient virus (ADinUL117<"*"*") and the
amounts of viral DNA accumulated within the infected cells
were monitored by real-time PCR (Fig. 9A). Consistent with
early reports (1, 18, 45), viral DNA replication was initiated at
approximately 12 to 24 h, and at 72 h, both viruses accumulated
DNA at the level that represented more than 1,000-fold in-
crease compared to the amount of the input DNA. At any
given time point during the course of infection (2 to 72 h), the
pUL117-deficient virus replicated its DNA at the level compa-
rable to that of the wild-type virus. The difference detected by
real-time PCR was twofold at most, which approached the
resolution limit of the assay. Therefore, the reduction of viral
DNA replication in the absence of pUL117 was at most two-
fold during the early stages of infection, and the mutant accu-
mulated viral DNA at a level that was indistinguishable from
that of the wild-type virus, at 72 h postinfection.

We then examined the development of replication compart-
ments in cells infected with pUL117-deficient virus. Replica-
tion compartments are initiated from the periphery of the
promyelocytic leukemia protein-associated nuclear bodies
(PODs or ND10) as puncture prereplicative sites at very early
times in HCMYV infection. These structures become larger in
size after viral DNA synthesis begins and finally grow into large
globular replication compartments occupying most of the nu-
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FIG. 8. A major fraction of pUL117 was localized in replication compartments. (A) pUL117 was localized in the nucleus during HCMV

infection. HF were infected with the non-GFPtagged wild-type virus (ADw

t-2) or AD-GFP/UL117 at a multiplicity of infection of 1 PFU/cell. At

different times postinfection, cells were examined for infection by using indirect confocal immunofluorescence microscopy using the anti-IE1
(aIE1) antibody and for the pUL117 distribution by direct GFP fluorescence microscopy. (B) pUL117 was colocalized with pUL44 in replication

compartments. HF were infected with AD-GFP/UL117 at a multiplicity of

infection of 1 PFU/cell. Cells were harvested at 48 h postinfection and

examined by direct GFP confocal fluorescence microscopy and indirect confocal immunofluorescence microscopy with anti-pUL44. Scale bars are

indicated.

cleus (1, 27, 34, 41). We performed confocal immunofluores-
cence using the anti-IE2 antibody to visualize replication com-
partments because IE2 is known to localize to replication
compartments (1) and is produced at wild-type levels in cells

infected with pUL117-deficient virus (Fig. 10). Most of the
HCMV proteins used to mark replication compartments, such
as pUL44 and IE2, also have diffuse background staining that
would make their localization in replication compartments less
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FIG. 10. pUL117 was required for efficient accumulation of repre-
sentative late viral proteins during HCMYV infection. HF were infected
with ADwt or ADinUL117¢"1 at a multiplicity of infection of 0.1
PFU/cell; cells were harvested at different times postinfection; and
accumulations of immediate-early proteins (IE1 and IE2), early pro-
tein (pUL44), and late proteins (MCP and pp28) were determined by
Western blotting analysis. The antibody to actin was used as a loading
control.

visible (Fig. 8A and B, and data not shown) (1, 34). In order to
better reveal viral replication compartments, we treated in-
fected cells with the CSK buffer containing nonionic detergent
Triton X-100, which maintains the nuclear structures of
treated cells but removes viral and cellular proteins that are
not tightly associated with DNA (4, 9, 16). CSK extraction is a
very useful method for specifically examining functional frac-
tions of viral replication proteins morphologically and bio-
chemically, and it has been used previously by other investiga-
tors for analyzing viral replication compartments in cells
infected with herpesvirus such as HCMV (29), herpes simplex
virus (42), and Epstein-Barr virus (8, 9). CSK extraction re-
veals IE2-positive replication compartments clearly, with little
diffuse background staining in HCM V-infected cells (Fig. 9B).
As a control, it completely removes IE1 that is a diffuse nuclear
protein and is known not to localize within replication com-
partments in infected cells (data not shown) (1).

Consistent with previous reports (28, 34), we observed that
during wild-type HCMYV infection, viral replication compart-
ments stained by anti-IE2 appeared initially as multiple small
foci (termed RC I in this study), grew into large bipolar foci
with the progression of the infection (RC II), and eventually

was examined by real-time PCR, as described in Material and Meth-
ods. (B) Representative confocal images and (C) quantitative analysis
of IE2 focus-positive cells. HF were infected with wild-type virus or
pULI117-deficient virus, as described in the legend to panel A, and cells
were treated with CSK extraction and stained with anti-IE2 antibody at
the indicated times postinfection. IE2 focus-positive cells were counted
and scored according to the stage of development, as described in the
text. At least three fields and 900 cells were counted blind for each
infection per time point. Multiple small foci (a), bipolar foci (b), and
single large foci (c) are indicated in panel B by arrows.
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formed a single global compartment at the advanced stage of
the infection (RC III) (Fig. 9B). Strikingly, the progression of
replication compartments in cells infected with pUL117-defi-
cient virus was markedly delayed. At any time postinfection (36
h, 48 h, 60 h, and 72 h), while cells containing RC I in mutant
infection were more than those in wild-type infection, the ac-
cumulation of cells containing RC III was delayed in infection
of the mutant virus. At 36 h, focus-positive cells with RC III
were visible in wild-type infection, whereas focus-positive cells
in the mutant infection consisted almost exclusively of cells
with RC1 (Fig. 9C). At 48 h, 60 h, and 72 h, the numbers of the
cells with RC III in mutant infection were 18%, 24%, and 33%
of those in wild-type infection, respectively (Fig. 9C). Similar
results were also obtained when anti-pUL44 was used for
marking and analyzing the maturation of replication compart-
ments in mutant infection (data not shown). Therefore, we
conclude that pUL117 plays an important role in the develop-
ment of replication compartments during HCMV infection.

Synthesis of late viral gene products is delayed in the ab-
sence of pUL117. To determine whether the delay of replica-
tion compartment development was related to the potential
alteration in viral protein synthesis, we monitored the accumu-
lation of several representative viral genes with immediate-
early (IE1 and IE2), early (pULA44), and late (MCP and pp28)
expression kinetics in cells infected with pUL117-deficient vi-
rus (Fig. 10). At all examined times postinfection (8 to 72 h),
the mutant virus accumulated the immediate-early proteins
IE1 and IE2 at a level comparable to that of the wild-type
virus. The level of pUL44 expressed by the mutant virus was
also similar to that expressed by the wild-type virus (Fig. 10).
Remarkably, the accumulation of late proteins (MCP and
pp28) by the mutant was significantly delayed compared to that
by the wild-type virus at 48 h and 72 h postinfection.

Taken together, our results indicate that two isoforms of
UL117 proteins are expressed during HCMV infection and
that the full-length protein pUL117 is required for viral
growth, efficient development of viral replication compart-
ments, and expression of late viral gene products.

DISCUSSION

The betaherpesvirus-specific gene UL117 is conserved in
human herpesvirus type 6 (HHV-6) and HHV-7 and cyto-
megaloviruses of primates, but its homologue appears absent
from cytomegaloviruses from lower species. Early studies have
identified two major spliced mRNAs transcribed through the
UL117 region, but none is predicted to encode the UL117
protein (Fig. 1) (2, 23, 39). The failure to detect additional
UL117-specific transcripts may be due to their low abundance
or to the fact that the UL119-UL117 transcript and the UL117
transcript have a similar size. In this study we reported that two
novel transcripts of 3.1 kb and 2.7 kb were expressed from the
UL117 gene locus and they encoded the full-length protein
pUL117 of 45 kDa and the short isoform pUL117.5 of 35 kDa
(Fig. 3 to 4).

pUL117 is expressed at very low levels relative to that of
pUL117.5 during virus infection (Fig. 4); however, an analysis
of mutations that specifically disrupt the expression of
pUL117, but not the expression of pUL117.5, demonstrates
that pUL117 is required for the full growth of HCMV in
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fibroblasts (Fig. 6). The low abundance of pUL117 suggests
that the protein may be tightly regulated during infection and
that such regulation may be important to HCMYV replication. It
is conceivable that the proper regulation of the timing and/or
the level of pUL117 is essential to promote the progression of
the viral life cycle and, in the meantime, to minimize any
potential detrimental effects that the protein might have on the
host cellular environment. This may explain our unsuccessful
attempts to rescue the growth of the mutant virus with fibro-
blast overexpressing UL117.

Currently, the role of pUL117.5 remains elusive. This pro-
tein was distributed in both the cytoplasm and the nucleus in
the absence of pUL117, during virus infection (Z. Qian and D.
Yu, unpublished results). However, during wild-type virus in-
fection, proteins recognized by the anti-UL117 antibody were
localized predominantly within the nucleus (Fig. 5). As
pUL117.5 is much more abundant than pUL117, this suggests
that pUL117.5 may represent a major portion of the nuclear
staining, and thus, pUL117.5 may translocate to the nucleus in
the presence of pUL117. It is intriguing to speculate that
pUL117.5 interacts with pUL117 to enhance the function of
the latter. Alternatively, pUL117.5 may act as an antagonist,
thus constituting a regulatory loop to fine tune the activity of
pUL117. Further genetic and biochemical analyses are needed
in order to provide insights into the role of pUL117.5 in
HCMV replication.

A major population of pUL117 was localized within repli-
cation compartments (Fig. 8B). Interestingly, the earliest ma-
jor defect that was apparent during infection in the absence of
pUL117 was the delay in the development of viral replication
compartments (Fig. 9). However, the levels of replicating viral
DNA made by the mutant virus were comparable to those
made by the wild-type virus at any given time. The differences
measured by real-time PCR were less than twofold, at most,
between the infection of the wild type and the mutant, which
was unlikely to be the reason for the differences that we ob-
served in the progression of replication compartments (Fig.
9A). At 48 h and 72 h, while both the mutant virus and the
wild-type virus actively replicated viral DNA, the number of
cells containing large global foci in wild-type infection was 5.1-
and 3.1-fold more than that in mutant infection (Fig. 9C).
Moreover, the DNA levels in cells infected with the mutant
virus at 72 h were 3.4-fold more than those in cells infected
with the wild-type virus at 48 h, but the development of repli-
cation compartments in mutant-infected cells was, at most,
comparable to, if not less than, that of the wild-type infected
cells (Fig. 9B and 9C). Therefore, we propose that pUL117
facilitates the development of replication compartments inde-
pendently of viral DNA synthesis. To our knowledge, this is the
first example that a CMV protein is not required for viral DNA
replication but is important for the maturation of replication
compartments.

Viral DNA synthesis is essential for the maturation of rep-
lication compartments (34, 37); however, it is conceivable that
it may not be the only factor driving this process. Replication
compartments are the places where not only does viral DNA
synthesis occur but other important events such as viral gene
transcription and DNA packaging also take place. In addition
to viral proteins required for DNA synthesis, an increasing
number of cellular proteins, such as p53 and proteins involved
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in the host cell DNA damage response, are found to be re-
cruited to replication compartments (5, 28, 47, 51, 52). It is
possible that, in addition to their potential roles in viral DNA
synthesis, these proteins are important for conferring the
proper configuration of replicating viral DNA that might be
instrumental to the progression of replication compartments
and the transcription of viral late genes (5, 25). It is intriguing
to speculate that pUL117 is required, directly or indirectly by
interacting with cellular factors for the modeling of replicating
viral DNA, the maturation of replication compartments, and
the efficient expression of viral late genes (Fig. 10). We are
currently investigating the potential interactions between
pUL117 and cellular factors to elucidate its mechanism during
HCMYV infection.
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