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A mass spectroscopic analysis of proteins from human herpesvirus 6 (HHV-6)-infected cells showed that the
HHV-6 U14 protein coimmunoprecipitated with the tumor suppressor p53. The binding of U14 to p53 was
verified by coimmunoprecipitation experiments in both Molt-3 cells infected with HHV-6 and 293 cells
cotransfected with U14 and p53 expression vectors. Indirect immunofluorescence assays (IFAs) showed that by
18 h postinfection (hpi) U14 localized to the dot-like structures observed in both the nucleus and cytoplasm
where p53 was partly accumulated. Despite Northern blotting evidence that U14 follows late kinetics, the U14
protein was detected immediately after infection (at 3 hpi) by IFA. In addition, by Western blotting, U14 was
detected at 0 hpi or in the presence of cycloheximide which completely abolished the expression of IE1 protein.
In addition to U14, p53 was detected at 0 hpi although it was not detected in mock-infected cells. Furthermore,
both U14 and p53 were clearly detected in the viral particles by Western blotting and immunoelectron
microscopy, supporting the idea that U14 and p53 are incorporated into virions. Our study provides the first
evidence of the incorporation of cellular p53 into viral particles and suggests that p53 may play an important
role in viral infection.

Human herpesviruses (HHVs) are large, enveloped DNA
viruses that carry a double-stranded DNA genome of approx-
imately 120 to �230 kbp. On the basis of a diverse collection of
in vivo and in vitro biological properties, HHVs are divided
into three subgroups: alpha, beta, and gamma (27, 28, 39).
Human herpesvirus 6 (HHV-6) is a ubiquitous betaherpesvirus
that was first isolated in 1986 from the peripheral blood of
patients with lymphoproliferative disorders (41) and AIDS (18,
54). HHV-6 utilizes the cellular CD46 molecule as an entry
receptor (42), predominantly infects and replicates in CD4�

lymphocytes (25, 51), and may establish latency in the mono-
cyte/macrophage lineage (22).

The tumor suppressor protein p53 is a negative regulator
that functions in multiple scenarios, including the cell cycle,
apoptosis, and senescence, in response to several genotoxic
stresses including viral infections. Like small DNA tumor vi-
ruses, HHVs encode their own proteins that interact with p53
and inhibit its innate functions of arresting cell proliferation
and inducing apoptosis (5, 12, 15, 33–35, 37, 38, 44, 47, 59).
However, HHVs other than HHV-6 and Epstein-Barr virus
induce the accumulation of p53 in the nucleus, especially in the
viral DNA replication compartment (11, 20, 56, 60), which
leads us to suspect that the HHVs exploit p53 for their repli-
cation. Although HHV-6 has also been reported to encode a
p53-binding protein, open reading frame 1 (ORF-1), which
binds to p53 and suppresses its transcriptional activity in NIH

3T3 cells transfected with the SalI L fragment of the HHV-6
genome (19), p53 accumulates not in the nucleus but in the
cytoplasm of HHV-6-infected cells, unlike other HHVs, as we
previously reported (53). Why HHV-6 causes p53 to accumu-
late in the cytoplasm and not in the replication compartment as
other HHVs do and what mechanism underlies that event
remain to be investigated.

Here we used amino acid sequencing to determine the iden-
tity of a peptide fragment that coimmunoprecipitated with p53
from HHV-6-infected cell lysates that were incubated with an
anti-p53 monoclonal antibody (MAb). The sequence matched
that of HHV-6 U14. Although the U14 gene was expressed
with late kinetics in Northern blot analysis, the protein was
detected as dot-like structures at the immediate-early (IE)
phase (3 h postinfection [hpi]) by immunocytochemistry. West-
ern blot analysis revealed that U14 existed at 0 hpi and, fur-
thermore, that p53 increased at 0 hpi, which led us to hypoth-
esize that U14 and p53 were structural proteins delivered from
the virion into the cells. We successfully detected both proteins
in Western blots of the virion, which was purified from the
culture supernatant, and in immunoelectron microscopy of
HHV-6 strain HST-infected Molt-3 cells. This is the first report
that p53 is incorporated into viral particles, although it remains
to be further investigated whether the virion-associated p53
plays a role in the viral life cycle.

MATERIALS AND METHODS

Cells and viruses. The human T-lymphoblastoid cell lines Molt-3 and MT-4
were cultured in RPMI 1640 medium containing 10% fetal calf serum (FCS). 293
cells were maintained in Dulbecco’s modified Eagle’s medium (Nissui) supple-
mented with 10% FCS.

The methods for preparing viral stocks of HHV-6A strain U1102 and HHV-6B
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strain HST from umbilical cord blood mononuclear cells and infection with these
viruses were described previously (53).

To monitor the expression of RNA when de novo protein synthesis and viral
DNA replication are inhibited, HST-infected MT-4 cells were treated with 50 �g
of cycloheximide (CHX) (Sigma) per ml and 200 �g of phosphonoformic acid
(PFA) (Sigma) per ml. For the CHX-treated samples, the cells were pretreated
with CHX for 1 h prior to the infection.

Antibodies. Anti-p53 MAb (DO-1) and anti-p53 goat polyclonal antibody
(PAb) (FL-393) were purchased from Santa Cruz Biotechnology. The MAbs
against �-tubulin (B-5-1-2) and topoisomerase II � were from Sigma and MBL,
respectively. The anti-IE1 rabbit PAb and the anti-glycoprotein L (gL) MAbs
have been described previously (30, 32).

The U14 MAb was generated by immunizing mice with recombinant U14
protein according to a method described elsewhere (32). The immunogen was
prepared as follows. A PCR product generated with the primer set 6U14-1B
(5�-CATGGATCCATGGAAGGGTCGAAGACATTC-3�) and 6U14-2H (5�-C
ATAAGCTTAATCCTCGAACTCTATTAGGT-3�) was digested with BamHI
and HindIII and inserted into a pMAL-c2 vector (New England Biolabs) at these
sites. Histidine-tagged protein, His-U14, expressed in Escherichia coli was puri-
fied with Ni-nitrilotriacetic acid agarose resin (QIAGEN) and used for immu-
nization.

Immunoprecipitation. The cells were lysed in TNE (10 mM Tris [pH 7.8], 1%
NP-40 0.15 M NaCl, 1 mM EDTA, and 2 �g/ml each of leupeptin, aprotinin, and
pepstatin) for 1 h at 4°C and then spun in a centrifuge. The supernatants of the
cell lysates were preincubated with protein G-Sepharose that had already been
blocked with 0.1% FCS to remove proteins nonspecifically bound to Sepharose
beads. Subsequently, the supernatants were incubated with anti-p53 or anti-U14
MAb-bound protein G-Sepharose at 4°C overnight. The Sepharose beads were
rinsed four times with TNE buffer, resuspended in Laemmli reducing sample
buffer (LRSB) (50 mM Tris [pH 6.8], 2% SDS, 10% glycerol, 50 mM dithiothre-
itol, 0.5% bromophenol blue), and boiled for 5 min. The immunoprecipitants
were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE; 10%
polyacrylamide).

Mass spectrometry. The products of coimmunoprecipitation with anti-p53
MAb were resolved by 6% SDS-PAGE and stained with Coomassie brilliant
blue. The protein band of interest was excised from the gel and subjected to
in-gel digestion with trypsin. The resulting digest was spotted onto a normal
phase chip and analyzed by quadruple time-of-flight mass spectrometry (MS)
using a Q-star system (Applied Biosystems) operated in single MS mode. Peptide
mass fingerprints were determined by comparison with the database included
with Mascot software (Micromass; Waters Corp). Tandem MS (MS/MS) analysis
was performed in using MassLynx software (Micromass; Waters Corp).

Northern blotting. Total RNAs isolated from HST-infected MT-4 cells at
various time points and in the presence of CHX (8 hpi) or PFA (72 hpi) using
RNeasy (QIAGEN) were fractionated by electrophoresis in denaturing 1% aga-
rose gels containing 18% formaldehyde and blotted onto GeneScreen plus (New
England Nuclear Corp) in 20� SSC (1� SSC contains 0.15 M NaCl plus 15 mM
sodium citrate [pH 7.0]), cross-linked to the membrane by UV irradiation, and
prehybridized for 1 h at 42°C in a hybridization buffer containing 50% form-
amide, 5� SSPE (0.9 M NaCl, 50 mM NaH2PO4, and 5 mM EDTA [pH 7.4]),
5� Denhardt’s solution (0.1% Ficoll, 0.1% polyvinylpyrrolidone, and 0.1% bo-
vine serum albumin [BSA]), 0.5% SDS, and 100 �g of denatured salmon sperm
DNA per ml. To make the template for the probes, U14 and U12 cDNAs were
excised from the expression vectors, pEF-U14 and pcDNA-U12, at the EcoRI or
BamHI-KpnI sites, respectively, and U13 cDNA was generated by PCR using the
primer pair 6U13KpnF (5�-CAGGGTACCATGGCGCACGCTAAAAAGCG
G-3�) and 6U13BamR (5�-CAGGGATCCTTATAAGAAAGGTGATAGGGT-�).
The genomic HST DNA was the template. The probes were labeled with
[�-32P]dCTP using a random primer labeling kit (TaKaRa), purified on a Seph-
adex column, and then hybridized to the blots overnight at 42°C. The membrane
was rinsed twice at room temperature for 5 min with 2� SSC–0.1% SDS and
once at 65°C for 20 min with 0.1� SSC–0.1% SDS. Subsequently, the membranes
were allowed to expose Kodak XAR film, with an intensifying screen.

Western blotting and silver staining. Cells were resuspended in LRSB at a
concentration of 104/�l of buffer and then boiled for 5 min. Equal volumes of
whole-cells lysate were loaded onto SDS-polyacrylamide gels, fractionated by
electrophoresis, and Western blotted onto polyvinylidene difluoride membranes
(Bio-Rad). The blots were blocked with 3% skim milk in Tris-buffered saline
(TBS) overnight at 4°C, washed twice briefly with TBST (TBS containing 0.02%
Tween 20), and incubated for 1 h at room temperature with primary antibody in
TBS containing 3% BSA. The blots were then washed three times with TBST,
incubated for 1 h at room temperature with a 1:2,500 dilution of the appropriate
secondary antibody conjugated with horseradish peroxidase (Amersham-Phar-

macia) in TBS containing 3% skim milk, washed three times with TBST, and
developed using an ECL detection kit (Amersham-Pharmacia), according to the
manufacturer’s instructions.

For nuclear and cytoplasmic fractionation, mock- and HST-infected Molt-3
cells (2 � 106) were collected at 24 hpi and were resuspended in cytoplasmic
buffer (10 mM Tris-Hcl [pH 8.0], 10 mM Kcl). Cells were swelled for 2 min on
ice and centrifuged after the addition of NP-40 to a final concentration of 0.4%,
and the supernatant was used as the soluble cytoplasmic fraction. The pellets,
washed five times with the cytoplasmic buffer, were resuspended in RIPA buffer
(50 mM Tris-HCl [pH 8.0], 5 mM EDTA, 400 mM NaCl, 1% NP-40, 1%
deoxycholate, and 0.025% SDS), and the resuspension was used as the nuclear
fraction.

To prepare a time course sample at 0 hpi, Molt-3 cells resuspended in the virus
stock were immediately harvested, rinsed twice with phosphate-buffered saline
(PBS), and lysed with LRSB.

Silver staining analysis of an SDS-PAGE gel was performed by using two-
dimensional silver stain II “Daiichi” (Daiichi Pure Chemicals), according to the
manufacture’s instructions.

Plasmids and transfection. The reverse transcription-PCR product amplified
with the primer pair 6U14-1K (5�-CGCGGTACCGATGGAAGGGTCGAAG
ACATT-3�) and 6U14-4B (5�-CGCGGATCCGAATTGGCCAGATAAAGCA
CT-3�) was subcloned into the pCRII TA cloning vector (Invitrogen), and a clone
that contained the wild-type sequence was isolated. The U14 expression vectors,
pEF-U14 and pFlag-U14, were generated by inserting the cDNA fragment ex-
cised from pCRII into the EcoRI site of pEFBOS-EX and pCMV2-Flag (Sigma),
respectively, and determining their direction. The transfection of 293 cells with
these vectors was carried out using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.

Immunocytochemistry. Cells were plated on glass coverslips, fixed in cold
acetone for 5 min, and incubated with the primary antibody in PBS containing
3% BSA for 1 h at room temperature. The coverslips were then washed with
PBS-Tween (PBST) for 5 min, followed by a wash with PBS for 5 min, and
incubated for 30 min at room temperature with the appropriate secondary
antibody labeled with fluorescein isothiocyanate (FITC) or tetramethyl rhoda-
mine isothiocyanate (DAKO). After being washed as above, the coverslips were
mounted in glycerol and examined by fluorescence microscopy. The confocal
images were captured using a Zeiss LSM410 confocal microscope and software
provided by the manufacturer.

Purification of HHV-6 virions. A total of 5 � 108 Molt-3 cells infected with
HST were harvested at 72 hpi and spun twice at 5,000 rpm for 10 min to remove
cells and cell debris. HHV-6 virions contained in the culture supernatant were
collected by precipitation with polyethylene glycol (PEG) 20000 as described
below. An equal volume of PEG solution (20% [wt/vol] PEG 20000, 0.9%
[wt/vol] NaCl) was thoroughly mixed with the culture medium. The sample was
then incubated at 4°C for 16 h and spun at 5,000 rpm for 2 h. The pellet was
resuspended in PBS and spun again at 20,000 rpm for 2 h through a 15% sucrose
cushion to concentrate the virions, resuspended in PBS, and layered onto a 15 to
60% sucrose gradient. After centrifugation at 27,000 rpm for 1 h, 500-�l fractions
collected from the bottom of the tube were subjected to PCR to detect viral
DNA. Positive fractions were gathered and layered onto a discontinuous CsCl
gradient (10, 15, 20, 25, 30, 35, and 40% [wt/wt] CsCl). After centrifugation at
30,000 rpm for 48 h, all 500-�l fractions were subjected to Western blotting and
PCR.

Immunoelectron microscopy. Immunoelectron microscopy was performed as
described previously (31). Briefly, Molt-3 cells infected with HST were fixed at 48
hpi with 0.1% glutaraldehyde and 4% paraformaldehyde for 10 min, left in 4%
parformaldehyde for another 12 h, and subjected to the cryo-thin-section immu-
nogold method. The ultrathin sections, which were labeled with 5-nm colloidal
gold particles, were fixed in 2% glutaraldehyde, postfixed in 1% OsO4, embed-
ded in London resin white, and examined with a Hitachi H-7100 electron mi-
croscope. For control experiments, sections were directly incubated with the
secondary antibodies without treatments by the first antibodies. Some sections
were incubated with the nonimmunized mouse serum diluted 1:100, followed by
the respective secondary antibodies.

RESULTS

Identifying HHV-6 U14 as the p53-binding protein. Our
previous study showed that the tumor suppressor p53 protein
accumulates and is retained in the cytoplasm in response to
HHV-6 infection, indicating that HHV-6 encodes a protein(s)
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that binds p53 and blocks its nuclear localization. To analyze
the p53-binding protein in the infected cells, we performed a
coimmunoprecipitation experiment using an anti-p53 MAb
and Molt-3 cells infected with strains HHV-6 U1102 (variant
A) and HST (variant B). The products, which were coimmu-
noprecipitated from the cell lysates extracted at 24 hpi, were

analyzed by SDS-PAGE and silver staining (Fig. 1). Six bands
common to both variants and three bands specific to HHV-6B
HST (Fig. 1) were detected. Of these bands, we focused on the
strongest one, the variant-common 75-kDa band. We collected
this protein as a gel band from a large number of HST-infected
Molt-3 cells and subjected it to MS/MS to determine its amino
acid sequence. By matching a fragment of 10 amino acids to
sequence derived from HHV-6 U14 (Fig. 1), we identified the
band as the U14 protein. This result suggested that U14 binds
p53 in the infected cells.

U14 binds to p53 in both infected and transfected cells. To
further investigate the U14 protein, we generated a MAb
against U14 by immunizing mice with purified His-tagged U14
protein with a deletion of the carboxy terminus. Using this
MAb, we first confirmed the binding of U14 to p53 in the
infected cells by coimmunoprecipitation experiments. Molt-3
cells infected with HST were lysed in TNE buffer at 48 hpi and
subjected to coimmunoprecipitation with anti-U14 and anti-
p53 MAbs, respectively, followed by Western blotting for these
proteins. As expected, the anti-U14 MAb reacted with a self-
precipitated 75-kDa band, the predicted molecular mass of
U14, which was specific to the HST-infected cells (Fig. 2A,
lanes 3 and 4). In addition, p53 was coimmunoprecipitated by
the anti-U14 MAb (Fig. 2A, lanes 1 and 2), and U14 was
coimmunoprecipitated by the anti-p53 MAb (Fig. 2A, lanes 5
and 6). The coimmunoprecipitated p53 was successfully de-
tected by using a goat PAb against p53 (FL393) although a
little cross-reactivity of anti-goat secondary antibody conju-
gated with horseradish peroxidase against the mouse immuno-
globulin heavy chain of the anti-U14 MAb was present (Fig.
2A, lane 1). These experiments confirmed the binding of U14
to p53 in the infected cells.

Furthermore, to examine whether another viral protein is
required for the binding between U14 and p53, we performed
the coimmunoprecipitation using transfected cell extracts. 293
cells were cotransfected with the pC53-SN3 and pFlag-U14
plasmids, which express wild-type p53 and Flag-tagged U14,

FIG. 1. Coimmunoprecipitation experiments with the anti-p53
MAb and identification of the 75-kDa protein as HHV-6 U14. Molt-3
cells infected with the U1102 or HST strain were lysed with TNE buffer
at 24 hpi and subjected to coimmunoprecipitation. Samples were re-
solved on 6% SDS-PAGE, the proteins were stained with Coomassie
brilliant blue, and the protein band of interest was excised from the gel
(the photo is of a silver-stained gel). Circles and triangles indicate six
bands common to both variants and three bands specific to HHV-6B
HST, respectively.

FIG. 2. Confirmation of U14 and p53 binding in infected and transfected cells. (A) Mock (m)- and HST (i)-infected Molt-3 cells were lysed
with TNE buffer at 48 hpi and subjected to coimmunoprecipitation with anti-U14 and anti-p53 MAbs. (B) 293 cells were cotransfected with
pC53-SN3 and pFlag-BAP or pC53-SN3 and pFlag-U14, lysed with TNE buffer at 24 h posttransfection, and subjected to coimmunoprecipitation
using anti-Flag M2-agarose (Sigma). To detect p53, anti-p53 goat PAb was used in both experiments. IP, immunoprecipitation; IB, immunoblot.
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respectively, and the cells were lysed at 24 h posttransfection.
As shown in Fig. 2B, when the cells were cotransfected with a
commercially available control plasmid, pFlag-BAP, which ex-
presses Flag-tagged bacterial alkaline phosphatase (BAP), p53
was not coprecipitated from the cell lysates expressing the
Flag-BAP with anti-Flag MAb, while p53 was coprecipitated
from cell lysates expressing the Flag-U14 with anti-Flag MAb,
thus demonstrating that no other viral factor mediates the
interaction between U14 and p53.

Classification and structure of the U14 gene. Because the
HHV-6-encoded ORF U14 has not been studied to date, no
information is available except that it belongs to the human
cytomegalovirus (HCMV) UL25/35 gene family. To character-
ize the U14 gene, we analyzed its kinetics in the course of
infection by Northern blot analysis using total RNAs extracted
from HST-infected MT-4 cells at different time points. A blot
probed with a random-primed 32P-labeled cDNA fragment
displayed several bands specific to the U14 probe that had
lengths of 2.0 kb, 2.9 kb, and 4.3 kb, among others (Fig. 3B).
When we considered the molecular size of the U14 ORF and
protein (1.8 kb and 70 kDa, respectively), only the smallest
band, not the others, was expected to be the U14 mRNA
although the other bands appeared to encompass the U14
ORF. We hypothesized that the 4.3-kb and 2.9-kb bands were
probably generated by the utilization of the U14 polyadenyla-

tion signal by the U12 and U13 transcripts, respectively. To
address this possibility, we performed an additional Northern
analysis using the U12, U13, and U14 cDNAs as probes. Since
the 4.3-kb band was detected in all three blots (Fig. 3C), it was
suggested that the 4.3-kb transcript encoded a sequence from
the beginning of U12 to the end of the U14 ORF, as shown in
Fig. 3A. In contrast, the 2.9-kb band was not detected by the
U13 or U12 probes. The 2.0-kb transcript that was thought to
encode the U14 protein was expressed after 16 hpi (Fig. 3B),
which represented the kinetics of a typical late gene. To con-
firm this, we examined the expression of U14 mRNA in the
presence of CHX, an inhibitor of de novo protein synthesis,
and PFA, a specific inhibitor of viral DNA polymerase. CHX
was used to determine whether the U14 gene is an immediate-
early gene, and PFA was used for inhibition of the late gene.
As shown in Fig. 3B, all bands were significantly reduced in the
presence of PFA; therefore, U14 is indeed a late gene.

U14 localizes to dot-like structures in the nucleus and cy-
toplasm. Our previous data showing the cytoplasmic localiza-
tion of p53 in HHV-6-infected cells led us to suspect that the
viral p53-binding protein would also show a similar distribu-
tion. To examine whether U14 is localized as we had specu-
lated, we performed a time course immunofluorescence assay
(IFA) of HST-infected Molt-3 cells and found that U14 unex-
pectedly localized as fluorescent dots (Fig. 4A). As shown in

FIG. 3. Northern blot analysis. (A) Schematic organization showing ORFs, the template for random primer synthesis of the probe (gray bars),
and the transcripts detected (arrows). (B) Twenty micrograms of total RNAs extracted from HST-infected MT-4 cells at the indicated time points
(hpi) and in the presence of 50 �g of CHX per ml (8 hpi) and 200 �g of PHA per ml (72 hpi) was loaded and hybridized with 32P-labeled U14
(upper panel) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probes. (C) Twenty micrograms total RNAs from mock (m)- and HST
(i)-infected MT-4 cells at 48 hpi was used to hybridize with probes against U12 and U13, and 10 �g was used for the U14 probe.

13040 TAKEMOTO ET AL. J. VIROL.



Fig. 4A, p53 did not seem to form any dots until 36 hpi;
however, a confocal image of HST-infected cells at 18 hpi
revealed that p53 slightly colocalized with the U14 dots in the
nucleus (arrowheads) although the perinuclear staining was
predominant (Fig. 4B). The punctate structures of U14 were
also found in the cytoplasm (arrows) where p53 was more
intensively found (Fig. 4B), although it is difficult to distinguish
exactly the nuclear periphery from the cytoplasm in lympho-
cytes because of the very thin rims of the cytoplasm. To inves-
tigate more precisely, the intracellular localization of U14 was
analyzed in 293 cells transfected with a U14 expression plas-
mid, pEF-U14. As seen in Fig. 4C, the punctate structures of
U14 were observed in either the nucleus (arrowheads) or cy-
toplasm (arrows) in 293 cells, demonstrating that U14 makes
dot-like aggregates in both the nucleus and cytoplasm without
the other viral proteins.

Furthermore, to understand the amount of U14 and p53
proteins distributed in the nucleus and cytoplasm, we per-
formed Western blot analyses by using nuclear and cytoplasmic

extracts fractionated from mock- or HST-infected Molt-3 cells
at 24 hpi. The purity of the cytoplasmic and nuclear fractions
was confirmed by the absence of topoisomerase II � and �-tu-
bulin, respectively. As shown in Fig. 4D, the amount of U14
was higher in the cytoplasm than in the nucleus, but on the
other hand, high amounts of p53 were equally detected in both
extracts. This result conflicted with the results of IFA in the
present study and our previous report (53) that the majority of
p53 was found in the cytoplasm in HHV-6-infected cells. The
localization of p53 remains to be determined more precisely.

Kinetics of the U14 protein. Figure 4A shows the unex-
pected result that U14 was detected in HST-infected Molt-3
cells at low levels at 3 hpi by IFA even though U14 had been
defined as a late gene by Northern blot analysis (Fig. 3B). The
results led us to suspect that U14 might be a component of
HHV-6 virions. To address this issue, the nature of the U14
protein was investigated by a time course Western blot analy-
sis. As expected, U14 was already present at 0 hpi when IE1,
the one viral protein expressed immediately after infection,

FIG. 4. Intracellular distribution of U14. (A) Time course IFA of HST-infected Molt-3 cells harvested at the indicated time points (hpi).
Acetone-fixed cells were incubated with anti-U14 and anti-p53 (DO-1) MAbs and then labeled with FITC-conjugated goat anti-mouse immuno-
globulin G. (B) Confocal microscopy of HST-infected Molt-3 cells after 18 h. Anti-p53 goat PAb (FL393) and anti-U14 MAb were reacted with
FITC- and tetramethyl rhodamine isothiocyanate-labeled secondary antibodies, respectively. Arrows and arrowheads indicate the cytoplasmic and
nuclear dots, respectively. (C) 293 cells were transfected with the U14 expression plasmid, pEF-U14, and subjected to IFA at 24 h posttransfection.
U14 was labeled with FITC-conjugated secondary antibody. Arrows and arrowheads indicate the cytoplasmic and nuclear dots, respectively.
(D) Distribution of U14 and p53 in cytoplasmic and nuclear fractions. Mock (m)- and HST (i)-infected Molt-3 cells were harvested at 24 hpi and
subjected to cytoplasmic and nuclear fractionation. Topoisomerase II � and �-tubulin were used as positive controls for the nuclear and
cytoplasmic proteins, respectively.
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was not detected, and the expression of U14 started to increase
markedly after 16 hpi. The true time course of U14 expression
was most likely represented by the elevation at 16 hpi since the
Northern blot result showed that the U14 transcript was ex-
pressed only after 16 hpi (Fig. 3B). This result indicated that
U14 was expressed in virions and delivered from the virions
into the cells. To confirm this result, we next examined whether
U14 was detected in the absence of de novo protein synthesis
by treatment with CHX. Figure 5B shows that U14 was still
detectable in the presence of CHX, whereas IE1 was not de-
tected; this finding demonstrated that the U14 at the IE phase
was expressed without new protein synthesis, unlike IE1, and
strongly supported the idea that the U14 at the IE phase was
derived from viral particles. The U14 level at 1 to 6 hpi in the
presence of CHX was higher than that in the absence of CHX,
and the reason for this difference at present is unknown. In-
terestingly, the level of p53 was also found to be elevated at 0
hpi (Fig. 5A), which raised the possibility that p53 was derived
from the virions as well as U14, although the possibility that
p53 was rapidly induced in response to the infection cannot be
eliminated.

U14 and p53 are recruited to viral particles. The above
findings that U14 was detected at 0 hpi without protein syn-
thesis and that the p53 level was upregulated at 0 hpi led us to
hypothesize that U14 and p53 are components of the HHV-6
virions. To confirm this hypothesis, we purified virions from

culture supernatants of HST-infected Molt-3 cells collected at
72 hpi. The first step of purification was carried out by sucrose
gradient centrifugation. As a result of PCR of 20 fractions
collected from the bottom of the tube after centrifugation, viral
DNA was detected in fractions 6 to 10 (Fig. 6A). To examine
the purity of the sucrose gradient fractions, fraction 9 was
subjected to Western blotting for IE1 and gL as negative and
positive controls, respectively. As shown in Fig. 6B, while IE1
was only present in the lysate of infected cells, gL was con-
tained in cell extracts and with more intensity in sucrose frac-
tion 9. These results indicated that the virions were successfully
purified by sucrose gradient centrifugation. Fractions 6 to 10 in
the sucrose gradient were collected and subjected to the sec-
ond step of purification by discontinuous CsCl gradient cen-
trifugation. All 20 fractions collected from the bottom of the
tube were subjected to Western blotting and PCR. As shown in
Fig. 6C, U14, p53, gL, and viral DNA were detected in the
same fractions 7 to 12 although U14 and p53 were still positive
in fractions 13 and 14. IE1 was not detected in any fractions at
all. Fractions 8 and 20 were analyzed by SDS-PAGE followed
by silver staining to visualize the polypeptides included in the
purified virion (Fig. 6D). We could detect at least 26 polypep-
tides ranging from 25 to 250 kDa, which were comparable to
the 29 polypeptides reported previously (45).

For further confirmation, HST-infected Molt-3 cells were
fixed at 48 hpi and analyzed by immunoelectron microscopy.
The photographs in Fig. 7 show that the immunogold particles
that reacted with the anti-U14 MAb were frequently localized
to the tegument or nucleocapsid substructure of the virion
(Fig. 7A) and that the anti-p53 MAb clearly labeled a similar
substructure, although the signal appeared less frequently and
clearly than that of the anti-U14 MAb (Fig. 7B and C). In
contrast, immunogold particles specific to the virions were not
observed in either section incubated with the second antibod-
ies without the first antibodies (Fig. 7D) or with preincubation
with the nonimmunized mouse serum diluted 1:100 (Fig. 7E).
In conclusion, the U14-p53 complex is recruited to the HHV-6
virions.

DISCUSSION

We previously reported that the p53 level increases in vari-
ous cell types infected with HHV-6 strains U1102 (variant A)
and HST (variant B) and begins to be elevated immediately
after the infection of Molt-3 cells through the reduction of its
ubiquitination and subsequent degradation (53). p53 that grad-
ually accumulates in the cytoplasm during lytic infection does
not translocate into the nucleus in response to UV irradiation,
but it accumulates markedly in the nucleus of uninfected cells
following irradiation, which results in the acquisition of resis-
tance to UV-induced apoptosis (53). De Bolle et al. (6) and
Oster and colleagues (36) have recently reported the accumu-
lation of p53 in relation to the cell cycle arrest at G2/M phase
caused by HHV-6. One candidate molecule for interfering with
the subcellular relocalization of p53 is the HHV-6 DR7 pro-
tein, which was reported previously (as the ORF-1 protein) to
suppress the transcriptional activity of p53 by direct binding in
NIH 3T3 cells transfected with the SalI L fragment of the
HHV-6 genome (19). However, it remains to be demonstrated
that the interaction between p53 and DR7 indeed occurs in the

FIG. 5. Kinetics of U14 protein expression. (A) Time course ex-
pression of U14, IE1, p53, and �-tubulin proteins in HST-infected
Molt-3 cells. Whole-cell lysates collected at the indicated time points
(hpi) were resolved by SDS-PAGE and followed by Western blot
analysis. (B) Time course expression of viral antigens at the IE stage in
the presence of CHX. Molt-3 cells untreated or pretreated with 50 �g
of CHX per ml for 1 h prior to the infection were cultured in the
absence or presence of CHX, respectively, harvested at the indicated
time points (hpi), and subjected to Western blot analysis.
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infected cells. In addition, no information about the kinetics,
the subcellular localization, or even the molecular weight of
DR7 in the context of HHV-6 infection has been provided to
date. In the present study, therefore, we took a different ap-
proach to defining the molecular mechanism by which the virus
impairs the p53 function by looking for a viral protein from
infected cells that bound p53.

We identified HHV-6 U14 as a p53-binding protein, using
MS/MS analysis to determine the sequence of a trypsin-di-
gested, HHV-6-specific, 75-kDa peptide fragment that was
among the coimmunoprecipitants brought down with an anti-
p53 MAb. While it has been reported that the HCMV UL35
(24) and HHV-7 U14 (49) proteins, which are homologs of
HHV-6 U14, comprise the viral particles, no information about
HHV-6 U14 was available. We demonstrated that U14 bound
to p53 in HST-infected Molt-3 cells and 293 cells that had been
cotransfected with expression vectors for both molecules and

that they colocalized in the cytoplasm in the late phase of
infection. However, we attempted unsuccessfully to coimmu-
noprecipitate U14 and p53 when only these two proteins, de-
rived from in vitro translation, were mixed. There are two
possibilities that could explain this result: (i) the binding of
U14 to p53 is not direct, and some other cellular protein
mediates their interaction; and (ii) some modifications, such as
phosphorylation and acetylation, of either or both U14 or p53
may be requisite for their binding. These possibilities remain to
be investigated.

Because the original aim of the present study was to define
the molecular mechanism by which HHV-6 impairs the redis-
tribution and function of p53, we tested whether U14 sup-
pressed the transcriptional activity of p53, using the reporter
gene p53-luc. When Jurkat cells were cotransfected with wild-
type p53 expression vector pC53-SN3 and pEF-U14, the lucif-
erase activity of p53-luc did not decrease but, rather, increased

FIG. 6. Purification of virions and Western blotting for U14 and p53. (A) PCR assay to detect viral DNA in fractions from the first step of
purification by sucrose gradient centrifugation. Fractions of 500 �l each were collected from the bottom, diluted 1:100 in Tris-EDTA buffer, and
subjected to PCR using the primer pair 6U14-1B and 6U14-2H amplifying part of the U14 ORF. (B) The virions purified from the sucrose gradient
centrifugation were subjected to Western blotting to confirm the purity. Fraction 9 was resolved by SDS-PAGE with whole-cell lysates of mock
(m)- and HST (i)-infected Molt-3 cells at 72 hpi. Molecular weights of protein markers are shown at the left side of each gel. (C) Virions purified
by the second step of purification by discontinuous CsCl gradient centrifugation were subjected to Western blotting with antibodies against U14,
p53, gL, and IE1 and to PCR using the same primer set used above. (D) Fractions 8 and 20 were analyzed by silver staining. Molecular weight
markers (lanes M) are indicated at the left of the gel. IB, immunoblot.
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compared with its activity in cells transfected with pC53-SN3
alone. In contrast, a p53 dominant-negative plasmid, pC53-
SCX3, significantly suppressed reporter gene expression in Ju-
rkat cells (data not shown). We also performed this assay using
pcDNA-U14, which was constructed so that the promoter con-
trolling the U14 expression was the same strength as the pro-
moter in pC53-SCX3; under these conditions we did see a
reduction of the luciferase activity, but it was very slight (data
not shown). The fact that U14 localizes to both the cytoplasm
and the nucleus (Fig. 4) conflicts with the hypothesis that p53
is retained in the cytoplasm of HHV-6-infected cells by U14.
For the present, therefore, we conclude that U14 does not
prevent p53 activity, despite the binding of U14 and p53 in
HHV-6-infected cells; the possibility remains that some other
viral factor is involved in the U14 and p53 complex and func-
tions to inhibit p53.

In Northern blot analysis, we could not identify the origin of
a 2.9-kb band by using U13 or U12 probes (Fig. 3C). It is
unlikely that the transcript that we originally hypothesized to
encode both U13 and U14 ORFs exists, although it still re-
mains possible that we may have failed to detect it by using the
U13 probe because the activity of the probe was rather low
given the difficulty of labeling such a short ORF (300 bases).
There is also the possibility that the 2.9-kb transcript may be
derived from a spliced event and, thus, that the 5� end of the
transcript may initiate upstream of U12 and may not encom-
pass the U12 and U13 sequences; alternatively, the 3� end of
the transcript may be elongated downstream of U14.

Confocal immunofluorescence assays demonstrated that
U14 partly concentrates in some structures like nuclear dots
which are exemplified by nuclear domain 10 (ND10) struc-
tures, as shown in Fig. 4. The ND10s are nuclear bodies that
contain promyelocytic leukemia (PML) protein as a structural

marker and are implicated in the regulation of transcription,
apoptosis, tumor suppression, and the antiviral response (re-
viewed in reference 7). PML is frequently targeted and de-
graded by some IE proteins encoded by herpesviruses such as
herpes simplex virus type 1 ICP0 (10), Epstein-Barr virus
EBNA-5 (50), BZLF1 (1), HCMV IE1 and IE2 (2, 23), and
HHV-6 IE1 (14, 48). Recently, it has been demonstrated that
the HCMV tegument pp71 protein also targets PML (16, 17,
26) and recruits the UL35 protein, a homolog of HHV-6 U14,
to the ND10 structures (43). However, double staining for U14
and PML revealed that the nuclear dots labeled with the anti-
HHV-6 U14 MAb are not ND10s and that U14 does not
colocalize with IE2, which is concentrated in other nuclear
bodies (data not shown). The identification of subcellular
structures targeted by U14 may be a clue to its functional role
in the IE phase.

The intracellular localization of p53 also remained unclear.
Oster et al. reported that p53 was strongly induced in HHV-
6-infected cells and strongly detected in nuclear extracts (36).
In this study, Western blotting of nuclear and cytoplasmic
fractions showed that both fractions contained almost equiva-
lent amounts of p53 (Fig. 4D). These data conflict with our
IFA results that p53 is intensively detected in the perinuclear
or cytoplasmic regions in HHV-6-infected Molt-3 cells. One
possibility is that p53 is concentrated in the cytoplasm although
it is detected in the nucleus at a similar level, since the relative
volume of cytoplasm is much smaller than that of nucleus in
lymphocytes. Another possibility is that p53 associates with the
perinuclear organelles which are insoluble to NP-40. Despite
the data for nuclear and cytoplasmic fractions, the intracellular
distribution of p53 still remains to be further investigated.

So far, several host cellular proteins have been identified in
viral particles and found to contribute to increasing infectivity.

FIG. 7. Immunoelectron microscopy for U14 and p53. Molt-3 cells infected with HST were fixed at 48 hpi, incubated with anti-U14 MAb (A) or
anti-p53 MAb (B and C), immunogold labeled, and examined by electron microscopy. For control experiments, sections were directly incubated
with the second antibodies without treatments with the first antibodies (D). Some sections were incubated with the nonimmunized mouse serum
diluted 1:100 (E), followed by the respective second antibodies. Arrows indicate virions containing U14 or p53. Scale bar, 0.2 �m.
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For example, CD55 and CD59 associate with virions of human
immunodeficiency virus type 1, human T-cell leukemia virus
type 1, and HCMV and protect these viruses from C-mediated
lysis (40, 46). Annexin II (57), cytosolic phospholipase A2 (3),
and serine/threonine protein phosphatases (PP1 and PP2A)
(29) are incorporated into the HCMV virion and seem to
promote various aspects of HCMV infectivity, e.g., respec-
tively, attachment, receptor signaling, and hypophosphoryla-
tion of cellular proteins before IE gene expression. In this
study, we found that p53 is recruited with U14 to the nucleo-
capsid or tegument substructure of the HHV-6 virion. To our
knowledge, this is the first report that shows the incorporation
of the cellular tumor suppressor p53 into viral particles. Re-
cently, proteins composing virions of HCMV (55), murine
CMV (MCMV) (21), and Kaposi’s sarcoma-associated herpes-
virus (KSHV) (4, 61) have been comprehensively identified by
using the proteomics approach. Although many cellular pro-
teins incorporated into their virions have been revealed, p53 is
unlikely involved in the particles of such herpesviruses as
HCMV, MCMV, and KSHV. p53 is a critical regulator of cell
proliferation and apoptosis in response to DNA damage; its
function is mostly exerted by direct transcriptional activation of
its responsive genes. Nuclear import of p53 is a prerequisite for
transactivation and is carried out by the microtubule network
(13). Considering that the tegument and nucleocapsid proteins
function to direct the viral capsid to the nucleus using the
microtubule network (8, 9, 58) and to transactivate IE genes, it
can be hypothesized that virion-associated p53 may be involved
in such events. However, p53 has an antiviral activity of induc-
ing apoptosis in virus-infected cells that is dependent on alpha
interferon, as recently reported (52), and therefore the possi-
bility that p53 may suppress viral infectivity, unlike the other
cellular proteins described above, should be also noted. De-
spite certain experimental limitations, for example, that
HHV-6 cannot infect mouse cells (preventing us from making
use of p53�/� cells from knockout mice to generate virus
lacking p53) and that the strategy of knocking out a specific
gene encoded by HHV-6 has not yet been established, further
investigation using new technologies like RNA interference
instead of conventional knockouts may elucidate the role of
virion-associated p53 in the life cycle of HHV-6.
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