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ABSTRACT

Human cytomegalovirus (HCMV) protein pUL48 is closely associated with the capsid and has a deubiquitinating protease
(DUB) activity in its N-terminal region. Although this DUB activity moderately increases virus replication in cultured fibroblast
cells, the requirements of the N-terminal region of pUL48 in the viral replication cycle are not fully understood. In this study, we
characterized the recombinant viruses encoding UL48(�DUB/NLS), which lacks the DUB domain and the adjacent nuclear lo-
calization signal (NLS), UL48(�DUB), which lacks only the DUB, and UL48(�360 –1200), which lacks the internal region (amino
acids 360 to 1200) downstream of the DUB/NLS. While �DUB/NLS and �360 –1200 mutant viruses did not grow in fibroblasts,
the �DUB virus replicated to titers 100-fold lower than those for wild-type virus and showed substantially reduced viral gene
expression at low multiplicities of infection. The DUB domain contained ubiquitination sites, and DUB activity reduced its own
proteasomal degradation in trans. Deletion of the DUB domain did not affect the nuclear and cytoplasmic localization of pUL48,
whereas the internal region (360 –1200) was necessary for cytoplasmic distribution. In coimmunoprecipitation assays, pUL48
interacted with three tegument proteins (pUL47, pUL45, and pUL88) and two capsid proteins (pUL77 and pUL85) but the DUB
domain contributed to only pUL85 binding. Furthermore, we found that the �DUB virus showed reduced virion stability and
less efficiently delivered its genome into the cell than the wild-type virus. Collectively, our results demonstrate that the N-termi-
nal DUB domain of pUL48 contributes to efficient viral growth by regulating its own stability and promoting virion stabilization
and virus entry.

IMPORTANCE

HCMV pUL48 and its herpesvirus homologs play key roles in virus entry, regulation of immune signaling pathways, and virion
assembly. The N terminus of pUL48 contains the DUB domain, which is well conserved among all herpesviruses. Although stud-
ies using the active-site mutant viruses revealed that the DUB activity promotes viral growth, the exact role of this region in the
viral life cycle is not fully understood. In this study, using the mutant virus lacking the entire DUB domain, we demonstrate that
the DUB domain of pUL48 contributes to viral growth by regulating its own stability via autodeubiquitination and promoting
virion stability and virus entry. This report is the first to demonstrate the characteristics of the mutant virus with the entire DUB
domain deleted, which, along with information on the functions of this region, is useful in dissecting the functions associated
with pUL48.

Human cytomegalovirus (HCMV) belongs to the Betaherpes-
virus subfamily. HCMV infection is usually asymptomatic

and causes latent or persistent infections in healthy people. How-
ever, congenital infection and reactivation from latent infection in
immunocompromised individuals can cause severe disease (1).
The HCMV virion is composed of an icosahedral capsid contain-
ing a 235-kb linear genome, the envelope surrounding the capsid,
and the tegument between the capsid and the viral envelope,
which contains many viral proteins (1, 2). The tegument proteins
are delivered to the cell, and some have been shown to play im-
portant roles in both the early and late phases of infection. The
early functions of tegument proteins include regulation of viral
gene expression and modulation of host cell antiviral responses
(3). During the late stages of infection, the tegument proteins are
thought to be involved in nuclear egress of the capsid to the cyto-
plasm and subsequent secondary envelopment (4, 5).

The open reading frame (ORF) UL48-encoded protein of
HCMV, pUL48, is the largest inner tegument protein that is
closely associated with the capsid (6, 7). A deletion of the UL48

gene is lethal to the virus (8), and viruses containing an insertion
of a transposon within the upstream region of the UL48 ORF show
severely impaired viral growth (9), suggesting that the function of
UL48 is critical for the viral replication cycle to be successful.
pUL48 contains deubiquitinating protease (DUB) activity in its
N-terminal region (10, 11). The UL48 DUB contains both a ubiq-
uitin-specific carboxyl-terminal hydrolase activity and an isopep-
tidase activity that cleaves ubiquitin K11, K48, and K64 linkages
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(11, 12). The growth of active-site mutant virus is reduced by
10-fold in permissive human fibroblast (HF) cells compared to
wild-type virus, demonstrating that the DUB activity moderately
enhances virus replication in cultured cells (11). The UL48 DUB
domain is highly conserved among the pUL48 equivalents of other
herpesviruses, including the pUL36 protein (also called VP1-2) of
herpes simplex virus 1 (HSV-1) (13, 14).

The function of pUL48 in HCMV replication has not been
completely studied. However, studies of the pUL36 proteins of
HSV-1 and pseudorabies virus (PRV) have demonstrated that this
tegument protein plays important roles in virus entry and matu-
ration. pUL36 is required for capsid transport within the cell by
interacting with the microtubule network (15–18). In HSV-1, the
nuclear localization signal (NLS) of pUL36 is required for routing
of the capsid to the nuclear pore (19, 20) and proteolytic cleavage
of pUL36 is necessary for release of HSV-1 DNA into the nucleus
(21). Recently, pUL48 was also shown to contain the NLS that is
indispensable for viral growth just downstream from the DUB
domain (22) and can functionally substitute for the NLS of pUL36
(23). Evidence indicates that the alphaherpesvirus pUL36 proteins
are also required for nuclear egress and secondary envelopment.
HSV-1 pUL36 has been shown to associate with the capsid (24),
while the C-terminal fragment of PRV pUL36 was found to enter
the nucleus and enhance nuclear egression of the capsid (25). In
cells infected with UL36-deleted HSV-1 and PRV, the newly as-
sembled capsids accumulate in the cytoplasm (26, 27) and this
event appears to result from the failure of recruitment of the cy-
toplasmic capsid to the site of secondary envelopment (28). Re-
cently, it was shown that in the absence of pUL48 expression,
development of the cytoplasmic virion assembly complex (cVAC)
was abrogated (29).

Although pUL48 of HCMV is thought to play roles similar to
those observed for the pUL36 proteins of HSV-1 and PRV, infor-
mation about the functions associated with the specific domains
of this largest tegument protein is limited. In this study, the re-
combinant HCMV encoding UL48(�DUB/NLS), which lacks the
entire DUB domain and the NLS, UL48(�DUB), which lacks only
the DUB, or UL48(�360 –1200), which lacks the internal region
downstream of the DUB/NLS, were produced and their growth
patterns were analyzed in permissive HF cells. We also investi-
gated the role of the UL48 DUB and its downstream region in
regulating its own stability and intracellular localization. More-
over, we evaluated the requirement of the DUB domain for inter-
actions with other virion proteins, virion stability, and virus entry.

MATERIALS AND METHODS
Cell culture and virus stocks. Human foreskin diploid fibroblast (HF)
and 293T cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 �g/ml) in a 5% CO2 humidified incubator
at 37°C. The HCMV Towne virus stocks used in this study were prepared
as previously described (30). Viral titers were determined on HF cells
using infectious center assays employing an anti-IE1 antibody (31).

Infectious center assays. To perform virus infectivity assays, the di-
luted samples were used to inoculate a monolayer of HF cells (1 � 105) in
a 24-well plate. At 24 h postinfection, cells were fixed with 500 �l of cold
methanol for 10 min. Cells were then washed three times in phosphate-
buffered saline (PBS), incubated with anti-IE1 rabbit polyclonal antibody
(PAb) in PBS at 37°C for 1 h, followed by incubation with phosphatase-
conjugated anti-rabbit immunoglobulin G (IgG) antibody in PBS at 37°C
for 1 h. Finally, the cells were gently washed in PBS and treated with 200 �l

of nitroblue tetrazolium–5-bromo-4-chloro-3-indolylphosphate (KPL)
at room temperature for 1 h, according to the manufacturer’s instruc-
tions. The IE1-positive cells were counted in at least three to five separate
fields per well under a light microscope (200� magnification).

Transient DNA transfection and electroporation. 293T cells were
transfected using polyethylenimine (PEI) (Sigma). The DNA was mixed
with PEI in serum-free medium according to the manufacturer’s proce-
dure. The mixture was kept at room temperature for 20 min and then
added dropwise to cells. HF cells were transfected by electroporation.

Electroporation was used for transfection of HF cells with bacmid
DNAs. For each reaction, HF cells (2 � 106) in 200 �l of resuspension
buffer were mixed with 3 �g of bacmid DNA, 4 �g of plasmid pCMV71
encoding pp71 to enhance the activation of the major immediate early
(MIE) promoter, and 1 �g of pEGFP-C1 to monitor electroporation effi-
ciency. After electroporation at 1,300 V for 40 ms using a Microporator
MP-100 (Digital Bio Technology), the cells were plated in T-25 flasks.
When they reached confluence, the cells were split into new flasks at a ratio
of 1:2. Cultures were grown at 37°C, and the spread of green fluorescent
protein (GFP) fluorescence was monitored.

Plasmids. The wild-type UL48 DNA (Towne strain) and its trunca-
tion or deletion mutant versions were PCR amplified from the HCMV
(Towne) genome and cloned in the pENTR vector (Invitrogen). Plasmids
expressing hemagglutinin (HA)- or Flag-tagged UL48 proteins were pro-
duced by transferring the UL48 DNAs from pENTR vectors to pSG5 (32)-
based destination vectors using LR Clonase (Invitrogen). Plasmids ex-
pressing myc- or glutathione S-transferase (GST)-tagged UL48 proteins
were produced on the pCS3-MT (with a 6Myc tag) (33)-based destination
vector and pDEST27 (Invitrogen) backgrounds using Gateway technol-
ogy (Invitrogen). Plasmids expressing the C24S mutant versions of HA,
Flag, or GST-tagged UL48 proteins were made using the Stratagene
QuikChange site-directed mutagenesis protocol.

pENTR vectors (Invitrogen) containing HCMV ORFs such as UL47,
UL45, UL88, and UL77 were described previously (34). Yeast expression
was used for GAL4 DNA-binding (DB) domain–UL48 fusion and GAL4
activation (A) domain/HCMV ORF fusion proteins, which were gener-
ated on the pAS1-CYH2 and pACTII-based destination vectors (35), re-
spectively, using LR Clonase (Invitrogen). Plasmids expressing myc-
tagged HCMV ORFs were produced on the pCS3-MT-based destination
vector using LR Clonase.

BAC mutagenesis. An HCMV (strain Towne) bacterial artificial chro-
mosome (BAC) clone (T-BAC) (36) was used as the template for mu-
tagenesis. In this BAC clone, a 9-kb portion of the genome (US1 to US12)
is replaced by a fragment containing both the F plasmid sequence and
a GFP expression cassette (36). The T-BAC clones containing the
UL48(�2–359 [�DUB/NLS]), UL48(�2–278 [�DUB]), or UL48(�360 –
1200) genes were generated by using a counterselection BAC modification
kit (Gene Bridges). Briefly, rpsL-neo cassettes were PCR amplified using
primers containing homology arms consisting of 50 nucleotides up-
stream and downstream of the target region plus 24 nucleotides ho-
mologous to the rpsL-neo cassette. The primer sets used were LMV794/
795, LMV794/1303, and LMV798/799 for UL48(�2–359), UL48(�2–
278), and UL48(�360 –1200), respectively. The LMV primers used for
UL48 mutagenesis are listed in Table 1. The amplified rpsL-neo fragments
with homology arms were purified and introduced into E. coli GS243
containing wild-type T-BAC (36) for recombination by electroporation
using a Gene Pulser II (Bio-Rad). The intermediate T-BAC constructs
containing the rpsL-neo cassette were selected on Luria broth (LB)
plates containing kanamycin. Next, the rpsL-neo cassette was replaced
by annealed oligonucleotide DNAs consisting of only homology arms
(50 nucleotides upstream and downstream of the target region):
LMV796/797, LMV1533/1534, and LMV800/801 for UL48(�2–359),
UL48(�2–278), and UL48(�360 –1200), respectively. The UL48(�2–
359), UL48(�2–278), and UL48(�360 –1200) T-BACs were selected on
LB plates containing streptomycin. The mutated regions were amplified
by PCR and sequenced to verify the desired mutations.
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Revertant T-BACs were also generated from the mutant T-BACs.
First, the rps-neo cassettes flanked by homology arms were inserted again
into the mutant T-BACs. Next, DNA fragments containing wild-type tar-
get genes were PCR amplified from the Towne BAC DNA using LMV870/
871 for UL48(1–359) and UL48(1–278) and using LMV872/873 for
UL48(360 –1200). The amplified genes were then inserted into the T-
BACs containing the rps-neo cassette by homologous recombination.

Pulsed-field gel electrophoresis. The bacmid DNAs were digested
with restriction endonucleases and subjected to electrophoresis in a 1%
agarose (Bio-Rad) gel containing 0.5� TBE (1� TBE is 89 mM Tris-HCl
[pH 7.4], 89 mM boric acid, and 25 mM EDTA [pH 8.0]), using a CHEF-
DRII apparatus (Bio-Rad) for 5 h at 6 V/cm, with switching times ramped
at 0.1 s. The DNA fragments were stained with ethidium bromide in 0.5�
TBE buffer.

qRT-PCR. Total RNAs were isolated from virus-infected cells using
Tri reagent (Molecular Research Center, Inc.) and a MaXtract high-
density tube (Qiagen). cDNAs were synthesized using random hex-
amer/oligo(dT) primers in the QuantiTect reverse transcriptase kit
(Qiagen). Quantitative real-time reverse transcription-PCR (qRT-PCR)
was performed using Power SYBR green PCR master mix (Applied Bio-
systems) and the Thermal Cycler Dice real-time system (TaKaRa). PCR
was performed using the following primers: 5=-AGAGCTCGCTCTTTGT
CAGC-3= (UL47 forward), 5=-GACGTTCAGTGTCACGTTGC-3= (UL47
reverse), 5=-GAGGACAAGGCTCCGAAAC-3= (UL99 forward), 5=-CTT
TGCTGATGGTGGTGATG-3= (UL99 reverse), 5=-ATAAGCGGGAGAT
GTGGATG-3 (IE1 forward), 5=-TTCATCCTTTTTAGCACGGG-3= (IE1
reverse), 5=-AGCGGGAAATCGTGCGTG-3= (�-actin forward), and 5=-
CAGGGTACATGGTGGTGCC-3= (�-actin reverse).

Determination of viral genome copy. Viral DNAs were isolated from
200 �l of viral stock using the QIAamp DNA minikit (Qiagen). The DNA
absorbed on the spin column was eluted with 200 �l of distilled water.
qPCR was performed using Power SYBR green PCR master mix (Applied
Biosystems) and Thermal Cycler Dice real-time system (TaKaRa). The
PCR primers used to amplify IE1 exon 4 were 5=-ATAAGCGGGAGATG
TGGATG-3= (forward) and 5=-TTCATCCTTTTTAGCACGGG-3= (re-
verse). Copy number was compared to a standard curve generated from
the HCMV Towne BAC DNA. All reactions, including unknown samples
and standards were analyzed in triplicate.

Antibodies. Rabbit polyclonal antibodies (PAb) raised against the
synthetic peptide corresponding to UL48 residues 278 to 295 (anti-
UL48-N) was described previously (11). Anti-HA mouse monoclonal
antibody (MAb) 3F10, anti-myc mouse MAb 9E10 conjugated with
horseradish peroxidase (HRP), and fluorescein isothiocyanate (FITC)-
conjugated anti-HA rat MAb were purchased from Roche. Anti-GST (B-
14) mouse MAb was purchased from Santa Cruz. Mouse MAb 810R,
which detects both IE1 and IE2, was purchased from Chemicon. Mouse
MAbs against p52 (encoded by UL44) and pp28 (encoded by UL99) were
obtained from Virusys. Anti-Flag mouse MAb M2 and anti-�-actin anti-
body were obtained from Sigma. Anti-UL85 PAb was kindly provided by
Wade Gibson (Johns Hopkins University School of Medicine).

IFA. For the indirect immunofluorescence assays (IFA), cells were
fixed in ice-cold methanol and rehydrated in cold phosphate-buffered
saline (PBS). All subsequent procedures were described previously (37).
Slides were examined and photographed using a Zeiss Axiophot micro-
scope. For confocal microscopy, a Carl Zeiss Axioplan 2 confocal micro-
scope system with LSM510 software (Carl Zeiss) was used.

Immunoblot analysis. For immunoblot analysis, cells were washed
with PBS and total cell extracts were prepared by boiling the cell pellets in
sodium dodecyl sulfate (SDS) loading buffer. Equal amounts of the clar-
ified cell extracts were separated on SDS-polyacrylamide gels, and trans-
ferred to nitrocellulose membranes (Schleicher & Schuell). The mem-
branes were blocked in PBS-T (PBS plus 0.1% Tween 20 [Sigma])
containing 5% skim milk, washed with PBS-T, and then incubated with
the appropriate antibody. The proteins were visualized by the standard
procedure using an enhanced chemiluminescence system (Roche).
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Ubiquitination assays. 293T cells were cotransfected with plasmids
expressing target or effector proteins and plasmids expressing HA-ubiq-
uitin. At 48 h after transfection, cells were treated with 0.5 mM N-ethyl-
maleimide (NEM) for 30 min before they were harvested. Cell pellets were
resuspended with 10% SDS lysis buffer containing protease inhibitors
(Sigma) and boiled for 10 min. Cell lysates were diluted 10-fold with
coimmunoprecipitation (co-IP) buffer (50 mM Tris-Cl [pH 7.4], 50 mM
NaF, 5 mM sodium pyrophosphate, protease inhibitors [Sigma]) and son-
icated using a microtip probe (Vibra Cell; Sonics and Materials). The
clarified cell lysates were incubated with 30 �l of a 50% slurry of anti-Flag
M2 affinity gel (Sigma) for 16 h at 4°C. The mixture was pelleted and
washed seven times with co-IP buffer. The bound proteins were boiled
and analyzed by SDS-PAGE followed by immunoblot assays.

Co-IP assays. 293T cells (8 � 105) were harvested 2 days after trans-
fection and sonicated in 0.7 ml of co-IP buffer (50 mM Tris-Cl [pH 7.4],
50 mM NaF, 5 mM sodium phosphate, 0.1% Triton X-100, protease in-
hibitors) by a microtip probe for 10 s (pulse on, l s; pulse off, 3 s). Cell
lysates were incubated with the appropriate antibodies at 4°C. After incu-
bation for 16 h, 30 �l of a 50% slurry of protein A- and G-Sepharose
(Amersham) was added and then the mixture was incubated for 2 h at 4°C
to allow adsorption. The mixture was then pelleted and washed 7 times
with co-IP buffer. The beads were resuspended and boiled for 5 min in
loading buffer. Each sample was analyzed by SDS-PAGE and immuno-
blotting.

RESULTS
Production of recombinant viruses encoding the N-terminal
variants of pUL48. Mutations of the active site of the N-terminal
DUB domain of pUL48 only moderately reduce the HCMV
growth in permissive HF cells (10, 11). Recently, it was shown that
the nuclear targeting of pUL48 via the NLS located just down-
stream from the DUB domain is essential for viral growth (22). To
understand the structural requirements of the UL48 N-terminal
domains for viral growth, we produced HCMV (Towne) bacmids
(T-BACs) encoding the UL48(�2–359 [�DUB/NLS]), UL48(�2–
278 [�DUB]), and UL48(�360 –1200) mutants and their rever-
tants (Fig. 1A and B). The �DUB/NLS mutant lacks both the DUB
domain and the NLS, whereas the �DUB mutant lacks only the
DUB domain while retaining the NLS. The �360 –1200 mutant
lacks the internal region downstream from the DUB/NLS. Dele-
tions of the region encompassing amino acids 2 to 359 or 2 to 278
in mutant bacmids and their restoration in revertant bacmids
were confirmed by direct sequencing and analysis of the restric-
tion patterns of the EcoRV-digested viral genomes (Fig. 1C and
D). Similarly, a deletion of amino acids 360 to 1200 in a mutant
and restoration in its revertant were confirmed by sequencing and
the HindIII/BamHI restriction patterns (Fig. 1E).

We then tested whether the recombinant viruses can grow
when HF cells are transfected with bacmids via electroporation.
The results showed that the �DUB/NLS and �360 –1200 mutant
viruses did not grow in HF cells and that, while the �DUB virus
was viable, its growth was severely impaired (Fig. 2A). The viral
stocks of wild type, �DUB mutant, and its revertant (�DUB-R)
were prepared by combining the virions produced in cell lysates
and in culture supernatants. When the total viral genome copies of
the viral stocks were compared, the amount of the �DUB virus
genome was 20-fold less than those of the wild-type and revertant
viruses (Fig. 2B). Furthermore, when the total infectious units in
the stocks were measured, the amount of the �DUB virus was
about 7,000-fold lower than either of those for the wild-type or
revertant viruses (Fig. 2C). These results indicate that deletion
of both DUB and NLS completely abrogates viral replication,

whereas deletion of the DUB domain only with retention of the
NLS substantially reduces viral replication. The requirement of
the UL48 NLS for viral replication is fully consistent with the
results recently reported by Brock et al. (22). Our results demon-
strate that the N-terminal region encompassing the DUB domain
is also necessary for efficient viral growth independent of the pres-
ence of the NLS. Furthermore, these data also demonstrate that
the internal region of pUL48 downstream of the DUB/NLS, en-
compassing amino acids 360 to 1200, is essential for viral growth.

Reduced viral gene expression in UL48(�DUB) virus infec-
tion. We further investigated the growth property of the �DUB
mutant virus. Since the �DUB virus showed severely reduced in-
fectivity, we infected HF cells with wild-type, �DUB, and rever-
tant viruses with equivalent amounts of viral genomes, which cor-
respond to about 0.1 infectious unit (IFU) per cell for wild-type
virus. The GFP signals from �DUB virus-infected cells appeared
and spread much more slowly than the wild-type and revertant
virus infections (Fig. 3A). The growth curves of the wild-type,
�DUB mutant, and revertant viruses were also analyzed after in-
fection at multiplicities of infection (MOI) of 0.1 or 2. The results
showed that the �DUB virus showed reduced growth at both
MOIs and that the peak viral titers of �DUB virus were 100-fold
lower than those for wild-type virus at an MOI of 0.1, whereas they
were 10-fold lower at an MOI of 2 (Fig. 3B). Immunoblot analysis
of total cell lysates showed that the reduced growth of the mutant
virus correlated with delayed accumulation of viral IE proteins
(IE1-p72 and IE2-p86), early proteins [p52(UL44) DNA poly-
merase processivity factor], and late proteins [pp28(UL99) and
pUL48] in cells infected at an MOI of 0.1 (Fig. 3C), although
accumulation of viral proteins in mutant virus-infected cells
was only slightly delayed at an MOI of 2 (Fig. 3D). These results
indicate that the growth defect of �DUB virus is more promi-
nent at low MOI.

A deletion of the N terminus of the UL48 ORF may affect the
transcription of the adjacent UL47 gene, and it may account for
the growth defect of UL48(�DUB) virus. This possibility is un-
likely because the growth of the �DUB/NLS virus was more se-
verely impaired than that of the �DUB virus, which has a similar
deletion in the N-terminal region (Fig. 2A), and UL47 transcrip-
tion was shown to use the 3=-end polyadenylation signal of UL48
(38). However, to check this possibility, the UL47 mRNA levels
were compared with those for wild-type, �DUB, and revertant
virus infection. The results of qRT-PCR assays showed that the
mRNA levels of UL123, UL99, and UL47 were 2- or 3-fold lower in
�DUB virus infection than those in wild-type and revertant virus
infections (Fig. 3E, left). Furthermore, the levels of UL99 or UL47
mRNAs over the UL123 mRNA levels were largely comparable
among wild-type, �DUB, and revertant virus infections (Fig. 3E,
right). Therefore, the growth defect of UL48(�DUB) virus cannot
be attributed to the defect in UL47 transcription.

The DUB domain-dependent regulation of pUL48 stability.
To investigate the structural determinants of pUL48 for protein
stability, we produced a series of N- and C-terminal truncation
mutants and an internal deletion mutant (Fig. 4A). First, the ex-
pression levels of the mutants were compared with that of wild-
type pUL48 (2,240 amino acids). We found that the level of pUL48
was much lower than those of other mutant proteins tested, except
for the smallest C-terminal fragment (region 1600 –2400) and
that, in particular, a deletion of the N-terminal DUB domain in
�2–278 (�DUB) and �2-359 (�DUB/NLS) mutants led to a sub-
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stantial increase in the protein level (Fig. 4B, top). Treatment with
MG132, a proteasome inhibitor, increased the level of wild-type
pUL48 while minimally affecting those of the mutant proteins
tested (Fig. 4B, bottom). These results suggest that pUL48 is sub-
jected to proteasomal degradation, probably in a manner depen-
dent on the DUB domain.

To determine whether the DUB activity affects the stability of
pUL48, the levels of wild-type and catalytically inactive C24S mu-
tant proteins were directly compared in transfected cells. The re-
sults showed that the C24S mutant protein level was lower than
the wild-type pUL48 level, but both were effectively increased to a
comparable level by MG132 treatment, suggesting a possible role

for the UL48 DUB activity in regulating its own stability (Fig. 4C).
Similar stabilization of pUL48 protein after MG132 treatment was
observed in virus-infected cells. When HF cells infected with wild-
type or mutant (C24S or �DUB) viruses were untreated or treated
with MG132, the levels of wild-type pUL48 and its C24S mutant
proteins were increased by 1.5-fold and 3-fold, respectively, after
MG132 treatment; however, the level of the �DUB mutant was
not significantly affected (Fig. 4D). These results support the no-
tion that the DUB domain is involved in the regulation of pUL48
degradation by proteasomes. In particular, our observation that
deletion of the DUB sequence from pUL48 (in the �2–278 con-
struct or in �DUB virus) increased its metabolic stability, whereas

FIG 1 Construction of the UL48(�DUB/NLS), UL48(�DUB), or UL48(�360 –1200) mutant T-BACs and their revertants. (A) Nucleotide and amino acid
sequences of the T-BAC clones encoding the wild-type (Wt) or mutant UL48 proteins. The initiation codons for UL48 are indicated in boldface, and the stop
codons of UL47 are underlined. The nucleotides and amino acids added during the mutagenesis procedures are indicated in italic. (B) Strategy used to make the
UL48 mutant and its revertant BAC clones. The N-terminal region of UL48 (gray boxes) encompassing the DUB domain and the NLS (closed circles) was
replaced by an rpsL-neo marker cassette (black boxes) flanked by the 50-nucleotide homologous arm to make pSE5. In a second round of homologous
recombination, the rpsL-neo cassette of pSE5 was replaced by the annealed homology arms, resulting in a mutant bacmid with a deletion (pSE13). To construct
the revertant T-BAC clone, the mutant gene was replaced with the rpsL-neo cassette (pSE31) and then the wild-type T-BAC clone was rescued by homologous
recombination with the wild-type DNA fragment (pSE37). A similar strategy was used to produce the UL48(�DUB) and UL48(�360 –1200) mutant T-BAC
clones and their revertants. (C to E) Restriction fragment DNA patterns obtained following EcoRV digestion for the �DUB/NLS and �DUB mutant T-BACs and
their revertants (R) (C and D) or HindIII/BamHI digestion for the �360 –1200 mutant T-BAC and its revertant (E) were analyzed by agarose gel electrophoresis.
Open arrowheads indicate wild-type and revertant T-BACs, and closed arrowheads show mutant T-BACs. The sizes of �-HindIII are shown by markers. Note
that some bands used for diagnosis of the deletion mutants comigrated with other bands.
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killing the DUB activity with the C24S point mutation made it less
stable, suggested that the region of amino acids 2 to 278 may
contain ubiquitin attachment sites.

This difference between wild-type and C24S mutant proteins
regarding protein stability became more apparent when their sta-
bilities were compared in the N-terminal DUB domain (359-ami-
no-acid) background. The level of the C24S mutant version of
HA-UL48(1–359) was much lower than that of the wild-type frag-
ment, but it was partially restored by treatment with 5 �M MG132
for 5 h (Fig. 5A). This restoration was more apparent with
MG132 treatment at a higher concentration. When transfected
cells were treated with 20 �M MG132 for 16 h, the levels of
C24S mutant versions of HA- or GST-UL48(1–359) were in-
creased to levels comparable to those of HA- or GST-UL48(1–
359) fragments (Fig. 5B).

We next tested whether the DUB activity of pUL48 can regulate
its own stability. In cotransfection assays, the low expression level
of the GST-UL48(1–359) C24S mutant was restored by expression
of HA-UL48(1–359), but not by expression of its C24S mutant
version (Fig. 5C). This result indicates that the UL48 DUB is able
to protect against its own degradation by proteasomes in trans. We
further investigated whether the DUB domain contains lysine res-
idues that are modified by ubiquitin. In cotransfection/ubiquiti-
nation assays, the C24S mutant version of Flag-UL48(1–359) was
effectively monoubiquitinated or polyubiquitinated with differ-

ent lengths and these ubiquitin monomers or polymers could be
completely cleaved by expression of myc-UL48(1–359) (Fig. 5D).
Taken together, our results demonstrate that the DUB domain of
pUL48 contains ubiquitination sites and that its DUB activity can
reduce the proteasomal degradation of pUL48 in trans.

N-terminal determinants of pUL48 for intracellular localiza-
tion. To determine the structural requirement for intracellular
localization of pUL48, the HA-tagged mutant UL48 proteins with
a truncation or an internal deletion described in Fig. 4A were
expressed in HF cells via transfection and their localization pat-
terns were compared with that of wild-type pUL48 (Fig. 6A). By
confocal microscopy analysis, we found that wild-type pUL48 is
primarily localized in the cytoplasm but is also distributed in the
nucleus. The pattern of the �2–278 (�DUB) mutant was similar
to that of the wild type, demonstrating that a deletion of the N-
terminal DUB domain does not largely affect the intracellular lo-
calization of pUL48. However, as expected, the �2–359 (�DUB/
NLS) mutant, which has a deletion of both DUB and NLS, was
strictly cytoplasmic. We also found that the N-terminal half of
UL48 (in region 1–1200) lost its typical localization pattern, show-
ing more punctate forms both in the nucleus and in the cytoplasm.
The N-terminal 359-amino-acid fragment encompassing the
DUB and the NLS largely accumulated in the nucleus as a punctate
form and also accumulated in the nucleolus, although it was also
found as a cytoplasmic, diffuse form. The UL48(�360 –1200) pro-

FIG 2 Comparison of the growth rates of the wild-type and UL48 mutant viruses. (A) HF cells were transfected with wild-type, UL48(�DUB), UL48(�DUB/
NLS), or UL48(�360 –1200) mutants or their revertant T-BAC clones via electroporation (see Materials and Methods) and were monitored for the propagation
of GFP signals. The GFP and phase-contrast images were taken 16 days after electroporation. (B and C) Quantification of viral genomes and infectious units in
the stocks of the wild-type, UL48(�DUB) mutant, and revertant (R) viruses. After electroporation in panel A, the growth medium was collected and combined
with lysates prepared from the cell layer by freezing and thawing three times at 20 days for wild-type and revertant viruses and at 25 days for �DUB virus. The viral
stocks were prepared after clarification of the samples by centrifugation at 300 � g for 10 min at 4°C. Aliquots of viral stocks were taken, lysates were prepared,
and the copy numbers of viral genomes were determined by qPCR (B). The virus titers of wild-type, UL48(�DUB) mutant, and revertant viruses in the viral
stocks were determined using infectious center assays (C). Statistical significance between samples was determined using Student’s t test and is indicated by
asterisks (P � 0.01).
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tein, which has a deletion of the internal region downstream from
the DUB/NLS, lost its typical cytoplasmic distribution and accu-
mulated in the nucleus as a diffuse form. The C-terminal half (in
region 1200 –2400) and the shorter C-terminal forms (in regions

1400 –2400 and 1660 –2400) were largely distributed as cytoplasmic
punctate forms. Collectively, our results from transfection analysis
indicate that both the NLS and the internal region downstream from
the NLS are required for the typical nuclear and cytoplasmic localiza-

FIG 3 Growth properties of the UL48(�DUB) mutant virus. (A) HF cells (2 � 105) were infected with equivalent amounts of wild-type, UL48(�DUB), or
revertant (R) viruses (2 � 107 copies of the viral genome), which correspond to an MOI of about 0.1 IFU/cell for wild-type virus. At 4 and 6 days after infection,
the GFP images and corresponding phase-contrast images were taken. (B to E) HF cells (2 � 105) were infected with wild-type virus at an MOI of 0.1 or 2 and
with equivalent genome copy numbers of UL48(�DUB) mutant and revertant viruses. Samples in culture medium were taken at the indicated time points and
assayed for virus titer as in Fig. 2D (B). Total cell lysates were prepared from cells infected with MOI of 0.1 (C) and 2 (D) and analyzed by immunoblotting with
antibodies for IE1, IE2, p52, pp28, and pUL48 (C and D). M, molecular mass markers. (E) Total RNA samples were prepared from cells infected with an MOI of
0.1 at the indicated time points, and the amounts of UL123 (IE1), UL99, and UL47 transcripts were measured by qRT-PCR. Statistical significance between
samples was determined using Student’s t test and is indicated by asterisks (*, P � 0.05; **, P � 0.005).
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tion of pUL48 and that the presence of the DUB domain does not
appear to significantly affect the intracellular localization of pUL48.

We also determined the localization patterns of wild-type and
DUB-deleted mutant pUL48 proteins in virus-infected cells.
Staining of infected cells with anti-peptide UL48 antibody showed
that pUL48 proteins were distributed primarily in the cytoplasm
as well as the nucleus and that some pUL48 proteins were colocal-
ized with pp28 (Fig. 6B). Consistent with the results from the
transfection assays, the �DUB mutant protein showed a similar
distribution pattern to that of wild-type protein, indicating that
the DUB domain does not significantly contribute to the intracel-
lular localization of pUL48 (Fig. 6C). We also observed that the
localization pattern of the C24S mutant was similar to that of
wild-type pUL48 (data not shown).

Evaluation of the requirement of the DUB domain for the
interactions of pUL48 with virion proteins. Because pUL48 is the

largest tegument protein that is closely associated with the capsid,
it is expected to associate with several viral tegument and capsid
proteins. It was previously reported that pUL48 interacts with
several tegument proteins such as pUL47 (12, 39, 40), pUL45 (41),
pUL88 (40, 41), and pUL69 (40). In yeast two-hybrid interaction
assays using the GAL4-A/UL48 (full-length) fusion protein as a
bait, we also found that pUL48 interacts with pUL47, pUL45, and
pUL88 (data not shown). In similar assays, we also newly identi-
fied two capsid proteins, pUL77, a capsid vertex-associated pro-
tein involved in DNA encapsidation (42, 43), and pUL85, a minor
capsid protein, as putative pUL48-interacting proteins (data not
shown). To validate these interactions, 293T cells were cotrans-
fected with plasmids encoding HA-UL48 and myc-ORF, and
co-IP assays were performed. The �DUB UL48 mutant was also
employed in co-IP assays to address whether the DUB domain is
involved in any of these interactions. The results showed that

FIG 4 Expression levels of wild-type UL48 and its truncation variants. (A) The structures of wild-type or mutant UL48 proteins expressed in these experiments
are illustrated. The DUB region is indicated as gray boxes, while the location of NLS is indicated by closed circles. (B and C) 293T cells were transfected with
plasmids encoding HA-tagged wild-type UL48 (2,240 amino acids) or truncated mutant proteins. At 8 h after transfection, culture medium was replaced with
fresh medium containing DMSO or 5 �M MG132 in DMSO. After further incubation for 36 h, cell lysates were prepared and subjected to SDS-PAGE (8% in
panel B and 6% in panel C) and immunoblotting with anti-HA and anti-�-actin antibodies. (D) HF cells were mock infected (M) or infected with wild-type virus
(Wt) or C24S or �DUB mutant virus (1 � 108 genome copies per 105 cells) for 9 days. Cells were untreated or treated with 5 �M MG132 for 24 h prior to cell
harvest. Total cell lysates were prepared, and immunoblot analysis was performed with anti-UL48 antibody. The relative amounts of UL48 proteins after
normalization with �-actin are shown as graphs.
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pUL48 indeed interacts with pUL47, pUL45, pUL88, pUL77, and
pUL85, but the DUB domain appears to contribute to only pUL85
binding (Fig. 7A).

Since the antibody for pUL85 is available, the interaction of
pUL48 with pUL85 was further evaluated by co-IP assays in virus-
infected cells. The result confirmed that pUL48 indeed interacts
with pUL85 during virus infection (Fig. 7B). The region of pUL48
involved in pUL85 binding was further mapped using cotransfec-
tion/co-IP assays. We found that a deletion of the N-terminal half
of full-length pUL48 protein reduced its pUL85 binding activity to
20% of that of wild-type protein and that a deletion of the DUB
domain reduced its pUL85 binding activity to 50% of that of wild-
type protein (Fig. 7C). These results demonstrate that the N-ter-
minal DUB domain of pUL48 promotes its interaction with
pUL85.

The DUB domain of pUL48 contributes to virion stabiliza-
tion and efficient virus entry. Since pUL48 is tightly associated
with virion and is thought to play a role in virus entry, we inves-
tigated the role of the DUB domain in virion stability and virus
entry. First, HF cells were infected with equivalent amounts of
wild-type, �DUB mutant, and �DUB mutant revertant viruses
that were preincubated at 37°C for 4, 8, or 16 h and the levels of
IE1-positive cells were counted at 24 h after infection. The results
showed that the �DUB mutant virus more rapidly lost infectivity
than the wild-type and revertant viruses, suggesting that the DUB
domain contributes to virion stability (Fig. 8A, top). To determine
whether the differences observed in the �DUB mutant virus relate
to loss of DUB enzymatic activity or to deletion of the amino
portion of pUL48, the effects of preincubation at 37°C on the
infectivity of the wild-type, �DUB mutant, and C24S mutant
viruses were directly compared. We found that while the

�DUB virus lost infectivity more rapidly than wild-type virus,
the wild-type and C24S viruses showed similar patterns of in-
fectivity loss (Fig. 8A, bottom). These results indicate that the
N-terminal region of pUL48 containing the DUB domain,
rather than the DUB catalytic activity, is important for virion
stability.

We also investigated whether deletion of the DUB domain or
inactivation of the DUB catalytic activity affects the efficiency of
virus entry. HF cells were infected with equivalent amounts of
wild-type, �DUB mutant, or C24S mutant viruses in serum-free
media for 1 h, and the levels of intracellular viral DNA were de-
termined by qPCR. The results showed that the DUB virus less
efficiently entered the cell than the wild-type and C23S mutant
viruses (Fig. 8B). This result indicates that the DUB region of
pUL48 is required for efficient virus entry in a manner indepen-
dent of its DUB activity.

DISCUSSION

Two functions associated with the N-terminal region of pUL48
tegument protein have been found to influence viral growth: the
DUB activity moderately promotes viral growth in cultured fibro-
blasts (10, 11), and the N-terminal region contains the NLS that is
indispensable for viral growth (22). The location of the NLS of
pUL48 adjacent to the N-terminal DUB domain is conserved in all
herpesvirus subfamilies (23). In this study, we showed that a de-
letion of the N-terminal 359-amino-acid region encompassing
both DUB and NLS (in �DUB/NLS virus) completely abrogated
viral growth and that a deletion of the DUB domain but not the
NLS (as in �DUB virus) also substantially reduced viral growth
by 100-fold at low MOI, compared to wild-type virus. We pre-
viously showed that a DUB catalytic site mutant virus encoding

FIG 5 Ubiquitination and deubiquitination of UL48 DUB. (A) 293T cells were transfected with plasmids encoding the HA-tagged UL48(1–359) (wild-type or
C24S mutant), as indicated. At 24 h after transfection, cells were untreated or treated with 0.5 or 5 �M MG132 for 5 h before cell harvest. Cell lysates were prepared
and subjected to SDS-PAGE (8%) and immunoblotting with anti-HA or anti-�-actin antibodies. (B) Cells were transfected with HA- or GST-tagged UL48(1–
359) (wild type or C24S mutant), as indicated. At 24 h, cells were left untreated or treated with 20 �M MG132 for 16 h prior to harvesting. Immunoblotting was
performed as in panel A with anti-HA, anti-GST, or anti-�-actin antibodies. (C) Cells were transfected with the HA- or GST-UL48(1–359) (wild-type or C24S
mutant) plasmids, as indicated. At 24 h, cells were untreated or treated with MG132 and immunoblotted as in panel B. (D) Cotransfection/ubiquitination assays.
Cells were cotransfected with plasmids encoding myc-UL48(1–359), its C24S mutant version, and HA-Ub, as indicated. At 48 h, total cell lysates were prepared
(see Materials and Methods). Immunoprecipitation (IP) was performed with anti-Flag antibody, followed by immunoblotting (IB) with anti-HA antibody. The
level of myc-UL48(1–359) in total cell lysates was determined by immunoblotting with anti-myc antibody.
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UL48(C24S) replicated to titers about 10-fold lower than that
in wild-type virus (11). Therefore, our analysis using the
�DUB virus indicates for the first time a DUB activity-inde-
pendent role of the N-terminal region of pUL48 in the viral
replication cycle.

Considering a delayed expression of viral IE genes in �DUB
virus infection, the �DUB virus appears to have a defect early in
the replication cycle. There are several possible explanations. First,
given that deubiquitination is involved in the regulation of diverse
immune responses (44), it is possible that the ubiquitin binding
activity of pUL48 via the DUB domain, as well as the DUB activity,
is important for the regulation of host immune responses by
HCMV. Although the targets for the UL48 DUB are not known,
several key components of the immune signaling pathways have
been identified as cellular targets for other herpesviral DUBs (45):
HSV-1 pUL36 inhibits interferon beta production by removing
polyubiquitin chains from TRAF3 (46), Epstein-Barr virus (EBV)
BPLF1 deubiquitinates TRAF6 to inhibit NF-�B signaling (47),

and Kaposi’s sarcoma-associated herpesvirus (KSHV) ORF64
suppresses RIG-I-mediated interferon signaling by reducing
RIG-I ubiquitination (48). Second, a deletion of the DUB domain
adjacent to the NLS may affect the pUL48-associated activity in
routing the capsid to the nuclear pore, which requires the func-
tional NLS, as shown in a recent study using HSV-1 pUL36 (20).
However, it appears that at least the nuclear transport of the newly
synthesized pUL48 protein does not require the DUB domain,
since the nuclear and cytoplasmic localization patterns of wild-
type and �DUB proteins were indistinguishable in our study.
Third, it is also conceivable that a deletion of the N-terminal
DUB-containing region of pUL48 causes changes in the interac-
tion of pUL48 with other virion proteins or in the composition of
tegument proteins during virion assembly and that this may lead
to a delay in virus entry or initiation of viral gene expression.
Indeed, the DUB domain was necessary for tight binding of
pUL48 with a minor capsid protein. It is particularly interesting
that deletion of the N-terminal DUB domain, rather than inacti-

FIG 6 Localization patterns of wild-type and mutant UL48 proteins. (A) HF cells were transfected via electroporation with plasmids encoding wild-type UL48
or mutant proteins as indicated. At 48 h, cells were fixed with methanol and labeled with FITC-conjugated anti-HA antibody. A mounting solution containing
Hoechst dye was used to stain cell nuclei. The representative images from confocal microscopy are shown. (B and C) HF cells were infected with wild-type HCMV
or �DUB mutant virus (1 � 108 genome copies) for 72 h. Cells were fixed in methanol, and the confocal double-label IFA for pUL48 and pp28 was performed.
Rhodamine Red-X-labeled IgG and Alexa Fluor 647-labeled IgG were used as secondary antibodies to detect UL48 proteins and pp28 proteins, respectively. Two
representative images for wild-type virus (B) and for �DUB virus (C) are shown.
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vation of its DUB activity, leads to a decrease in virion stability.
This finding suggests that the specific interaction of pUL48 with
virion proteins through the N-terminal region may be required
for optimal virion composition that contributes to virion stability.
It cannot be excluded that the N-terminal region of pUL48 may
also be involved in the late events of the replication cycle through
interactions with the virion proteins involved in nuclear or cyto-
plasmic egress.

Like the C24S mutant virus (11), the �DUB virus displayed an
MOI-dependent growth pattern. Both the �DUB and C24S mu-
tant viruses showed reduced accumulation of viral IE proteins at
low MOI. Our results showed that the C24S mutant virus entered
fibroblast cells as efficiently as the wild-type virus. Therefore, in
addition to the DUB domain that promotes virus entry, it appears
that the DUB activity also contributes to efficient IE gene expres-
sion at low MOI after virus entry. At high MOI, the high level of
viral tegument proteins may partly compensate for the lack of
DUB activity.

Autocatalytic activity of the viral DUB was originally demon-
strated in HSV-1 pUL36 (49). In the present study, we also found
that the UL48 DUB activity regulates its own stability. We revealed

that the N-terminal 399-amino-acid region encompassing both
DUB and NLS contains lysine residues that are conjugated by
ubiquitin and that the DUB activity can inhibit the formation of
polyubiquitin chains in trans. Therefore, the regulation of stability
of this large tegument protein by its own DUB activity appears to
be conserved among herpesviruses. Although proteasomal degra-
dation is likely dependent on the DUB domain, a C-terminally
truncated protein (region 1–1200) containing the DUB was also
more stable than the wild-type protein in cotransfected cells. We
attribute this to their aberrant intracellular localization, which
may interfere with the ubquitination process, as judged by the
absence of MG132 effect. How the autocatalytic activity of DUB
contributes to viral replication is not clear. However, it is conceiv-
able that the proper maintenance of the pUL48 level in virus-
infected cells may be important for productive viral infection. We
found that the stability of the UL48(�DUB) protein was substan-
tially increased compared to that of the wild-type protein when
they were expressed alone by transfection; however, this difference
was not observed in virus-infected cells, suggesting that pUL48 is
stabilized in infected cells, probably through interactions with
other viral or cellular proteins. Studies on the exact role of ubiq-

FIG 7 Co-IP assays testing the interactions of wild-type and DUB-deleted mutant pUL48 proteins with other virion proteins. (A) 293T cells were cotransfected
with plasmids encoding HA-UL48 (wild type or �2–278), myc-UL47, myc-UL45, myc-UL88, myc-UL77, or pUL85 as indicated. At 48 h, total cell lysates were
immunoprecipitated with anti-myc antibody, followed by immunoblotting with anti-HA antibody. The levels of UL48 proteins and other HCMV proteins in
total cell lysates were also determined by immunoblotting. (B) HF cells were infected with HCMV at an MOI of 3. At 72 h after infection, total cell lysates were
prepared and immunoprecipitated with anti-UL48 antibody or IgG (as a control), followed by immunoblotting with anti-UL85 antibody. The levels of pUL85
in total cell lysates are also shown. (C) 293T cells were cotransfected with plasmids expressing HA-UL48 (wild type or mutant) and myc-UL85 as indicated, and
co-IP assays were performed as in panel A. The relative binding efficiency of wild-type and mutant pUL48 to pUL85 in panel C is shown as graphs. The results
shown are the averages with error bars from two independent experiments.
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uitination of pUL48 and its regulation by the DUB in the viral
replication cycle are warranted.

Using confocal analysis of HA-tagged pUL48 proteins in trans-
fected cells and pUL48 in virus-infected cells, we observed that a
small amount of pUL48 is distributed in the nucleus. A deletion of
the DUB domain itself did not largely affect the typical nuclear and
cytoplasmic localization of pUL48. Interestingly, a mutant protein
with an internal deletion (�360 –1200) was found to accumulate
primarily in the nucleus. Therefore, this internal region of pUL48
may be critical for cytoplasmic distribution. Furthermore, the
function associated with the internal region appears to be essential
for viral replication, since the �360 –1200 virus was lethal in our
bacmid-based analysis.

Recently, Huffmaster et al. reported that pUL36, a homolog
of pUL48, of PRV contains ubiquitin addition sites and that
both the DUB activity and modification by ubiquitin at a spe-
cific lysine reside play a role in neuroinvasion (50). They dem-
onstrated that the DUB activity was dispensable for neurotro-
pism but essential for neuroinvasion and that ubiquitin
addition at a lysine residue (K442) was required for retrograde
axonal transport. Although HCMV is not neurovirulent and
the K442 in pUL36 does not seem to be conserved in pUL48,

the results in the present study demonstrate that pUL48 is also
ubiquitinated and the DUB activity can control its ubiquitina-
tion level. Whether ubiquitin attachment of pUL48 and its ho-
mologs in other beta- and gammaherpesviruses plays a role in
viral pathogenesis warrants further investigation.

In this study, we demonstrate that the N-terminal DUB do-
main-containing region of pUL48 is required for the early phase of
infection, independent of the DUB activity, that the DUB activity
regulates its own protein stability, and that the internal region
downstream from the NLS is essential for proper cytoplasmic lo-
calization of pUL48 and viral growth. Our results also demon-
strate that the DUB domain of pUL48 is necessary for virion sta-
bilization and efficient virus entry. Given that pUL48 is the largest
HCMV protein with multiple functions, fine dissection of the
functions associated with specific regions using several mutant
viruses will be necessary.
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FIG 8 Comparison of virion stability and virus entry between wild-type and �DUB mutant viruses. (A) HF cells (1 � 105) in 24 wells were infected with
equivalent amounts of wild-type virus or the �DUB mutant and its revertant viruses (5 � 107 copies of the viral genome, corresponding to an MOI of 0.5 for
wild-type virus) that were incubated at 37°C for the indicated times (top). HF cells were also similarly infected with equivalent amounts of wild-type, �DUB
mutant, and C24S mutant viruses (bottom). At 24 h after infection, the number of IE1-positive cells was counted via infectious center assays (left). Relative
infectivity is also shown as graphs (right). (B) HF cells (2 � 105) were infected with equivalent amounts of wild-type, �DUB, or C24S mutant viruses (2 � 107

copies of the viral genome) in serum-free media for 1 h. Cells were washed with PBS, trypsinized, and collected by centrifugation. Total DNA was isolated from
the cells, and the copy numbers of viral genomes were determined by qPCR (left). Relative amounts of input viral genomes were determined by qPCR of the viral
inoculum (right).
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