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The herpes simplex virus UL56 gene is conserved among most members of the Alphaherpesvirinae family and plays
a critical role in viral pathogenicity in vivo. The HSV-2 UL56 protein (UL56) is a C-terminally anchored type II
membrane protein that is predicted to be inserted into the virion envelope, leaving its N-terminal domain in the
tegument. UL56 interacts with KIF1A and UL11. Here we report that UL56 also interacts with the ubiquitin ligase
Nedd4 and increases its ubiquitination. Nedd4 was identified as a UL56-interacting protein by a yeast two-hybrid
screen. UL56 bound to Nedd4 via its PY motifs. Nedd4 was phosphorylated and degraded in wild-type HSV-2-
infected cells but not in cells infected with a UL56-deficient mutant. Ubiquitination assays revealed that UL56
increased ubiquitinated Nedd4, which was actively degraded in infected cells. UL56 also caused a decrease in Nedd4
protein levels and the increased ubiquitination in cotransfected cells. However, UL56 itself was not ubiquitinated,
despite its interaction with Nedd4. Based on these findings, we propose that UL56 regulates Nedd4 in HSV-2-
infected cells, although deletion of UL56 had no apparent effect on viral growth in vitro.

Herpes simplex virus (HSV) is a large, enveloped DNA virus
with a genome possessing at least 74 different genes (19, 46).
Although approximately half of the HSV genes are not essen-
tial for replication in vitro, all of these accessory gene products
are predicted to play indispensable roles in viral replication
and dissemination in vivo (57).

The HSV UL56 gene is an accessory gene that most members
of the Alphaherpesvirinae family possess homologs for (except
bovine herpes virus-1 and -5) (1, 17, 19, 22, 29, 34, 37, 46, 53,
65–70; M. Schwyzer, V. Paces, G. J. Letchworth, V. Misra, H. J.
Buhk, D. E. Lowery, C. Simard, L. J. Bello, E. Thiry, and C.
Vlcek, 1995, complete DNA sequence of bovine herpesvirus 1.
GenBank database [http://www.ncbi.nlm.nih.gov/Genbank/index
.html] accession number NC_001847) and has been shown to play
an important role in HSV type 1 (HSV-1) pathogenicity in vivo.
UL56-deficient HSV-1 mutants are substantially less neuroinva-
sive (4, 58), although little is known molecularly about how this
attenuation occurs. HSV-2 UL56 is a 235-amino-acid, C-termi-
nally anchored, type II membrane protein (39) that is predicted to
be inserted into the viral envelope so that the N-terminal domain
is located in the virion tegument. In this topology, UL56 is pre-
dicted to have a 216-amino-acid cytoplasmic domain. UL56 asso-
ciates with the neuron-specific kinesin KIF1A (41) and the
HSV-2 protein UL11 (40). KIF1A is involved in the axonal trans-
port of synaptic vesicle precursors (51), and its association with
UL56 suggests that UL56 may affect vesicular transport in in-
fected neurons. UL11 is a tegument protein that is involved in the
envelopment and egress of viral nucleocapsids (3) and has dy-
namic membrane-trafficking properties (45). UL56 may specifi-
cally promote UL11 function in virion envelopment and egress in
infected neurons. However, the precise role and function of UL56
in viral replication and pathogenicity are still unknown.

Ubiquitin-mediated protein modifications regulate a variety
of cellular processes, including protein turnover and traffick-
ing, endocytosis, and transcription factor activation (77). Re-
cent studies have also strongly associated ubiquitination with
viral pathogenesis. The ubiquitin-proteasome system is in-
volved in viral immune evasion, viral progeny release and (or)
budding, viral transcriptional regulation, and the suppression
of apoptosis (20). Ubiquitination is executed by a hierarchical
cascade of three types of enzymes: ubiquitin-activating en-
zymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiq-
uitin ligases (E3s) (55).

A major class of E3 proteins contains a domain homologous
to the E6-AP carboxyl terminus (called a HECT domain).
Nedd4 (neuronal precursor cell-expressed, developmentally
downregulated 4) is a ubiquitin ligase with a catalytic domain
of the HECT class (25). Nedd4 was originally identified as a
developmentally regulated gene that was highly expressed in
the mouse embryonic central nervous system (43). Further
analysis revealed that Nedd4 was expressed at various levels in
several embryonic and adult tissues (42). Nedd4 is the proto-
typical member of the Nedd4 ubiquitin ligase family and
regulates diverse cellular processes including signal trans-
duction (which is involved in cancer development [10, 49,
73, 75]), protein trafficking (52, 63), and viral budding (6, 23,
36, 60, 71, 80).

In this study, we searched for additional host cell factors that
interact with UL56 to elucidate its biological role and function.
We identified Nedd4 as a UL56-interacting protein. Moreover,
we demonstrated that although UL56 was not ubiquitinated, it
was required for enhanced degradation of Nedd4 in HSV-2-in-
fected cells. To our knowledge, this is the first report demonstrat-
ing that an HSV-specific protein binds to and targets Nedd4.

MATERIALS AND METHODS

Cells and viruses. Vero cells (African green monkey kidney cells), HEp2 cells
(human laryngeal carcinoma cell line), and SK-N-SH cells (human neuroblas-
toma cells) were obtained from the Riken BioResource Center (Ibaraki, Japan).
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Vero cells were maintained in Eagle’s minimum essential medium (MEM) sup-
plemented with 8% calf serum (CS), 100 U/ml penicillin, and 100 �g/ml strep-
tomycin. HEp2 cells and SK-N-SH cells were maintained in Dulbecco’s modified
Eagle’s medium and MEM alpha (Invitrogen, Carlsbad, CA), respectively, sup-
plemented with 10% fetal CS, 100 U/ml penicillin, and 100 �g/ml streptomycin.
The wild-type HSV-2 strain (186) was used as the prototype strain in this study.
The generation of the recombinant UL56 (�UL56Z), US3 (L1BR1), and US2
(YY2) deletion mutant viruses was previously described in detail (30, 40, 50).
Viruses were propagated and titrated on Vero cells. Infections were routinely
performed at a multiplicity of infection (MOI) of 3 PFU/cell (except where
otherwise indicated).

Antibodies and reagents. The following commercial antibodies were used:
polyclonal anti-Nedd4 (Millipore, Billerica, MA) and anti-c-Myc (Santa Cruz
Biotechnology, Santa Cruz, CA) antibodies, monoclonal anti-E6AP (BD Bio-
sciences, Franklin Lakes, NJ), anti-FLAG (M2), anti-�-actin (AC-15) (Sigma,
Saint Louis, MO), and anti-VP5 (Abcam, Cambridge, United Kingdom) anti-
bodies, horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse
immunoglobulin G (IgG) (Invitrogen), and Alexa Fluor 488-conjugated goat
anti-rabbit and 594-conjugated goat anti-mouse IgG (Invitrogen). Protein A
affinity-purified normal rabbit IgG was purchased from Millipore. Polyclonal
anti-UL56 and anti-VP16 antisera were described previously (32, 39). Anti-UL56
and preimmune sera were purified using a melon gel IgG spin purification kit
(Pierce Biotechnology, Rockford, IL) for immunoprecipitation assays. Poly-
clonal anti-UL36 antiserum was generated using an HSV-2 UL36 (amino-
terminal 483-residue)-His fusion protein to immunize rabbits. Immunization
and collection of antisera were performed as previously described. The gen-
eration and evaluation of the antisera will be described in detail elsewhere.
The proteasome inhibitor MG132 was purchased from Biomol International
(Plymouth Meeting, PA).

Yeast two-hybrid screen. The DNA fragment encoding a truncated UL56
protein (amino acids 1 to 210), which lacks the C-terminal putative transmem-
brane domain, was subcloned in frame with the Gal4 DNA binding domain of the
bait plasmid, pGBT.Q. The construct was directly selected for its ability to drive
tryptophane synthesis in the yeast strain PNY200. A human brain cDNA library
(the prey library) was fused in frame to the Gal4 activating domain, transformed
into the yeast strain BK100, and selected for based on its ability to drive leucine
synthesis. PNY200 cells expressing the bait were then mated with BK100 cells
expressing prey library proteins. The resulting diploid yeast cells expressed pro-
teins that interacted with the bait protein and were selected based on their ability
to synthesize tryptophane, leucine, histidine, and adenine. The library plasmids
from these colonies were rescued, PCR amplified, and sequenced.

Plasmids. Human Nedd4 cDNA (KIAA0093) in pBluescript was provided by
T. Nagase (Kazusa DNA Research Institute, Chiba, Japan). The Nedd4 open
reading frame (ORF) was PCR amplified and cloned into pFLAG-CMV5a
(Invitrogen) to generate pFLAG-Nedd4. pcDNA-UL56 was described previously
(39). The PY motifs in pcDNA-UL56 were mutated by site-directed mutagenesis
using PCR and verified by sequencing. The Myc-ubiquitin expression plasmid
was kindly provided by H. Kato (Kyushu University, Fukuoka, Japan) (31).

Transfection and superinfection. Plasmid DNA was transiently transfected
into Vero cells in 35-mm dishes by use of Lipofectamine 2000 (Invitrogen) and
following the manufacturer’s recommendations. One microgram of each plasmid
was used routinely (except where otherwise indicated) and the total amounts of
DNA were kept constant by adding the following empty expression plasmids:
pFLAG-CMV5a, pcDNA3.1(�) (Invitrogen), and pCMV-Myc (Clontech,
Mountain View, CA). In superinfection experiments, transfected cells were in-
fected with wild-type (186) HSV-2 or �UL56Z 48 h posttransfection. The trans-
fection efficiency was determined by the frequency of UL56-positive cells by use
of immunofluorescent microscopy.

Extraction of cell lysates and Western blot analysis. For blotting whole-cell
lysates, cells were lysed directly with sodium dodecyl sulfate (SDS) sample buffer
(50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 6% 2-mercaptoethanol,
0.0025% bromophenol blue). Cell lysates were separated by SDS-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride membranes (Im-
mobilon-P membrane; Millipore). Membranes were blocked for 1 h at room
temperature in blocking buffer (5% skim milk, 0.1% Tween 20 in phosphate-
buffered saline [PBS]). After being incubated with the appropriate primary
antibodies for 1 h at room temperature, the blots were probed with horseradish
peroxidase-conjugated secondary antibodies, which were detected using We-
stone (iNtRON Biotechnology, Gyeonggi, South Korea). When one membrane
was blotted for several proteins, the membrane was incubated in Re-Blot Plus
mild antibody stripping solution (Millipore) and then blocked and reprobed. The
intensities of the bands were quantified by densitometry using ImageJ (NIH,
Bethesda, MD).

Coimmunoprecipitation assay. In assays with transfected cells, Vero cells in
100-mm dishes were transfected with plasmids encoding the UL56 wild-type
(UL56WT) or UL56AY mutant proteins and harvested 48 h posttransfection.
Cells were treated with 25 �M MG132 24 h prior to harvest. In assays with
infected cells, Vero cells were infected with wild-type HSV-2 (186) and harvested
9 h postinfection (hpi). Harvested cells were lysed with 1 ml of lysis buffer (10
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonident P-40, 1 mM EDTA, 10 mM
NaF, protease inhibitor cocktail [Sigma]) supplemented with 25 �M MG132 and
clarified by centrifugation at 15,000 rpm for 15 min at 4°C. The supernatants
were precleared with protein A-agarose (Roche Applied Science, Mannheim,
Germany) for 1 h and incubated with the appropriate antibodies (or normal
rabbit IgG or preimmune serum) for 1 h at 4°C, followed by the addition of
protein A-agarose for 1 h. After being washed with lysis buffer five times, the
immunoprecipitated proteins were eluted in 2� SDS sample buffer and sub-
jected to Western blot analysis.

Immunofluorescence and confocal microscopy. Vero cells were plated on
coverslips in 35-mm dishes and transfected or superinfected. Cells were fixed
with 4% paraformaldehyde in PBS for 20 min and permeabilized with 0.1%
Triton X-100 for 2 min at room temperature. Coverslips were incubated for 1 h
at room temperature with 20% normal goat serum (Dako, Glostrup, Denmark)
to block nonspecific antibody binding, anti-UL56 (1:200 dilution in PBS) and
anti-FLAG (1:200) antibodies and then Alexa-conjugated anti-rabbit and anti-
mouse secondary antibodies (1:300). Coverslips were mounted on glass slides by
use of PermaFluor mounting medium (Thermo, Pittsburgh, PA). Confocal im-
ages were captured using a Zeiss LSM510 system (Carl Zeiss, Oberkochen,
Germany).

Construction of the �UL56Z rescue mutant. �UL56Z is a UL56-deficient
derivative of wild-type HSV-2 (186), containing the lacZ gene in place of the
UL56 ORF (40). To generate a rescue mutant of �UL56Z, a 1.1-kbp DNA
fragment containing the complete UL56 ORF was PCR amplified from wild-type
HSV-2 (186) genomic DNA by use of the primers �UL56Zrev-f (5�-TAACTC
GAGGCGACGCCACAAAATC-3�; nucleotide position [NP] 116866 through
116881, GenBank accession number NC_001798 [19]) and �UL56Zrev-r (5�-A
AGGATCCAATAAATTGCGTCTGCATG-3�; NP 117964 through 117982)
with Phusion high-fidelity DNA polymerase (Finnzymes, Espoo, Finland) and
cloned into pcDNA3.1(�) to generate pcDNA-�UL56Zrev. Vero cells were
cotransfected with this 1.1-kbp fragment and infectious �UL56Z DNA with the
DEAE-dextran method (14). When plaques appeared, the cell monolayers were
harvested and frozen and thawed once, and rescue mutants were selected as
previously described (50). In brief, Vero cells were infected with progeny viruses
and overlaid with 0.5% agarose in MEM with 2% CS. Plaques were simulta-
neously stained by adding a second overlay containing 5-bromo-4-chloro-3-indo-
lyl-�-D-galactoside (X-Gal; Sigma) on day 2 postinfection followed by a further
incubation at 37°C for an additional 2 days. Colorless plaques were picked,
amplified, and screened by PCR and Western blot analysis. Viral DNA was
isolated from infected cells and PCR amplified with the primers check-f (5�-CA
AAACAGACGCGGTGTGAG-3�; NP 116961 to 116980) and check-r (5�-AC
GTCTGCGGTCTAGTGGTC-3�; NP 117876 to 117895). This approach distin-
guished the genomes of rescued viruses from those of the �UL56Z mutant, since
the PCR products were quite different in size (935 bp versus 4 kbp). UL56
expression in infected cells was also examined by Western blot analysis. When
the desired rescued viruses were identified, a single isolate was plaque purified
three times, giving rise to the �UL56Zrev mutant virus.

Viral replication kinetics assay. Single-step and multistep growth curve ex-
periments were performed with Vero and SK-N-SH cells in 35-mm dishes. Cells
were infected with wild-type HSV-2 (186) or the �UL56Z or �UL56Zrev mu-
tants at an MOI of 3 or 0.003 PFU/cell. After 1 h of adsorption at 37°C, the
inoculum was removed, cells were washed once with serum-free medium, and
MEM containing 5% CS (for Vero) or MEM alpha containing 5% fetal CS (for
SK-N-SH) was added to each culture. Cells and supernatants were harvested at
the indicated times after infection. Cells were lysed by a freeze-thaw cycle, and
progeny viruses were titrated on Vero cells.

Phosphatase treatment. Vero cells infected with wild-type (186), �UL56Z, or
�UL56Zrev HSV-2 were harvested 12 hpi and lysed with Nonident P-40 lysis
buffer (10 mM Tris-HCl, pH 7.8, 150 mM NaCl, 1% Nonident P-40, 1 mM
EDTA) containing a protease inhibitor cocktail. Cell debris was removed by
centrifugation at 12,000 rpm at 4°C for 5 min. The supernatants were mock
treated or treated with 1,000 units of lambda protein phosphatase (�-PPase; New
England BioLabs, Ipswich, MA) at 30°C for 30 min. The reaction was stopped by
the addition of 4� SDS buffer (1� final concentration), and the samples were
subjected to Western blot analysis.

Ubiquitination assay. In the assays with infected cells, cells were cotransfected
with plasmids encoding Nedd4-FLAG and Myc-tagged ubiquitin (Myc-Ub),
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maintained without MG132, and then infected with wild-type (186) or �UL56Z
HSV-2, 24 h posttransfection. Superinfected cells were maintained either with-
out MG132 and harvested 9 hpi or treated with MG132 (25 �M) for 12 h prior
to harvest (6 to 18 hpi) and harvested 18 hpi. In the assays with transfected cells,
Vero cells were cotransfected with plasmids encoding Nedd4-FLAG, Myc-Ub,
and UL56, treated with 25 �M MG132 for 24 h prior to harvest, and harvested
48 h posttransfection. Harvested cells were lysed with radioimmunoprecipitation
assay buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonident P-40, 0.1%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM NaF, protease inhibitor
cocktail) supplemented with 25 �M MG132. Immunoprecipitations were per-
formed with anti-Nedd4 or anti-UL56 antibodies. Ubiquitinated proteins were
detected using Western blot analysis with an anti-Myc antibody.

RESULTS

Several Nedd4 family ubiquitin ligases interact with UL56.
A yeast two-hybrid screen of a human brain cDNA library
(using C-terminally truncated UL56 as bait) identified 10 can-
didate UL56-interacting genes, including the following 7
Nedd4 family genes: the Nedd4, Nedd4-2, HECT, C2 and WW
domain containing E3 ubiquitin protein ligase 1 (HECW1),
HECW2, itchy homolog E3 ubiquitin protein ligase (mouse)

(Itch), WW domain containing E3 ubiquitin protein ligase 1
(WWP1), and WWP2 genes (data not shown).

UL56 binding to Nedd4 in transfected cells occurs via the
PY motifs of UL56. We chose to further examine Nedd4, be-
cause it is the prototypical member of the Nedd4 family of
ubiquitin ligases and has been shown to be a cofactor for
PPXY motif (PY motif)-dependent viral budding (6, 23, 36, 60,
71, 80). Unfortunately, other candidate Nedd4 family proteins
could not be tested, either because antibodies were not avail-
able or because they were not detected in Vero cell lysates with
commercially available antibodies. Nedd4 contains three types
of protein domains: one amino-terminal Ca2�/lipid-binding
(C2) domain (which is involved in membrane targeting), four
WW domains (which bind to predominantly proline-rich mo-
tifs, including the PY motif on target proteins [11]), and a
carboxyl terminal HECT domain (which coordinates with E2
and provides the catalytic E3 activity [28]) (Fig. 1A). UL56
contains three PY motifs in its N-terminal domain (two PPPY
motifs and a PPTY motif), which are predicted to be located in

FIG. 1. HSV-2 UL56 contains PY motifs that interact with Nedd4. (A) Schematic representation of the Nedd4 protein. Nedd4 contains 900
amino acids that encode a Ca2�/lipid binding C2 domain (blue), three WW domains (yellow) that interact with PY motifs, and a catalytic HECT
domain (green). (B) Schematic representation of UL56 and its mutant used in this study. UL56WT contains a predicted transmembrane domain
(TMD) and three PY motifs (PY1, PY2, and PY3). All proline residues in the PY motifs were replaced with alanine to generate UL56AY (AY).
(C) Amino acid sequence alignment of HSV-1 and -2 UL56. The HSV-1 and -2 UL56 proteins share all three PY motifs (red boxes). Identical
residues are in bold.
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the virion tegument or cytoplasm (Fig. 1B). These three PY
motifs are conserved in HSV-1 and -2 (GenBank accession
numbers NC_001806 [46] and NC_001798 [19]) (Fig. 1C),
whereas VZV ORF0 (a UL56 homolog) contains only a single
PPTY motif (NC_001348 [16]). To investigate whether UL56
interacts with Nedd4 in mammalian cells, we carried out co-
immunoprecipitation assays with lysates obtained from Vero
cells transiently expressing UL56 and immunoprecipitated
with an anti-Nedd4 antibody or normal rabbit IgG (as a con-
trol). The anti-Nedd4 antibody specifically precipitated both
endogenous Nedd4 and UL56 (Fig. 2A). The proteins were not
detectable with control rabbit IgG (Fig. 2A, lane 5). We next
tested whether the three PY motifs of UL56 were responsible
for this interaction. All three proline residues in the PY motifs
were mutated to alanines (UL56AY) (Fig. 1B), and UL56AY
was also tested for its ability to bind to endogenous Nedd4 in
the coimmunoprecipitation assay. The binding of UL56 to
Nedd4 was dramatically reduced in UL56AY-expressing cells,
even though UL56WT and the UL56AY mutant were ex-

FIG. 2. HSV-2 UL56 interacts with Nedd4 via PY motifs in trans-
fected cells. (A) UL56WT interacts with Nedd4. Endogenous Nedd4
was immunoprecipitated (IP) from Vero cells transiently expressing
UL56WT. Western blotting (WB) with an anti-UL56 serum detected
UL56 in the precipitants (second panel from the top, lane 4). Controls
to detect the levels of immunoprecipitation (top, lanes 3 to 5) and
expression (Nedd4, top, lanes 1 and 2; UL56, second panel from the
top, lanes 1and 2) were blotted with the corresponding antibodies.
(B) The UL56AY mutant does not interact with Nedd4. Immunopre-
cipitation and Western blot analyses were performed as described for
panel A. UL56WT but not UL56AY was detected in the immunopre-
cipitants. �-Actin (in whole-cell lysates [WCL]) and IgG heavy chain
(H) (in IP) were used as loading controls.

FIG. 3. HSV-2 UL56 and Nedd4 colocalize in cotransfected cells.
(A to C) Confocal immunofluorescence analysis of the subcellular
localizations of UL56WT, UL56AY, and Nedd4-FLAG. Vero cells
transiently expressing Nedd4-FLAG and/or either UL56WT or
UL56AY were fixed 48 h posttransfection and stained with anti-UL56
(green) and anti-FLAG (red) antibodies. (A) UL56WT and UL56AY
were localized in the perinuclear region and in punctate cytoplasmic
vesicles. Nedd4-FLAG was distributed throughout the cytoplasm.
(B) Coexpression of UL56WT with Nedd4 reduced the FLAG signal
(top). UL56 and Nedd4 colocalized in small cytoplasmic aggregates
(bottom). (C) Coexpression of UL56AY with Nedd4 revealed a partial
overlap in their distributions. Bars, 20 �m.
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pressed at comparable levels (Fig. 2B). These results demon-
strate that the PY motifs of UL56 are essential for its interac-
tion with endogenous Nedd4, although the possibility that the
UL56AY mutation somehow affects the global folding of UL56
could not be ruled out.

We next examined the subcellular localizations of UL56WT
and -AY and FLAG-tagged Nedd4 in transiently transfected
cells. Consistent with previous reports (2, 39), UL56WT was
located in the perinuclear region and punctate cytoplasmic
vesicles, while Nedd4-FLAG was evenly distributed through-
out the cytoplasm (Fig. 3A). Coexpression of UL56 with
Nedd4-FLAG markedly reduced the FLAG signal but not the
UL56 signal (Fig. 3B, top), suggesting that the stability or
conformation of Nedd4-FLAG was changed in the presence of
UL56. However, when cells had detectable signals for both
UL56WT and Nedd4, the proteins colocalized in small cyto-
plasmic aggregates (Fig. 3B, bottom). Similar to UL56WT,
UL56AY localized to the perinuclear region and punctate cy-
toplasmic regions. However, in coexpressing cells, UL56AY
and Nedd4-FLAG only partially colocalized with the perinu-
clear region (Fig. 3C). Thus, the colocalizations of UL56 and
Nedd4 are consistent with the coimmunoprecipitation results
and further demonstrate the importance of the PY motifs in
the UL56-Nedd4 interaction.

UL56 interacts with Nedd4 in infected cells. We next tested
whether UL56 and Nedd4 interacted in HSV-2-infected Vero
cells. UL56 and endogenous Nedd4 were coimmunoprecipi-
tated specifically in infected cells with the anti-Nedd4 antibody

(Fig. 4A). However, two other HSV-2 proteins, which also
contained PY motifs (VP5 and VP16), were not immunopre-
cipitated (although these proteins were readily detected in wild
type-infected cell extracts). Both the PY and the P(T/S)AP
motifs act as L-domains, which play a role in viral budding (5).
UL36 (which contains a P(T/S)AP motif and possesses de-
ubiquitinating enzymatic activity) and UL11 (another UL56-
interacting protein) were not immunoprecipitated by the
Nedd4 antibody. However, in these experiments, we found that
Nedd4 was present in two forms, indicated by its different
electrophoretic mobilities, and was less abundant in infected
cells (Fig. 4A, top). Both forms of Nedd4 were immunopre-
cipitated with the anti-Nedd4 antibody.

We also examined the subcellular localizations of UL56 and
Nedd4 in Vero cells that were transfected with a Nedd4 ex-
pression plasmid and subsequently infected with HSV-2.
Nedd4-FLAG expression levels were similar for infected and
mock-infected cells at 3 hpi; however, when UL56 was first
detected at 6 hpi, the FLAG signal was substantially reduced
(Fig. 4B, top). Moreover, when cells had detectable signals for
both proteins, UL56 and Nedd4-FLAG colocalized in the cy-
toplasm (predominantly in the perinuclear region) (Fig. 4B,
bottom). The subcellular localization of Nedd4-FLAG was not
substantially changed by infection. These results indicate that
UL56 also interacted with Nedd4 in infected cells and that the
molecular behavior of Nedd4 was markedly affected by HSV-2
infection.

FIG. 4. HSV-2 UL56 interacts with Nedd4 in HSV-2-infected cells. (A) Coimmunoprecipitation of UL56 with Nedd4 in HSV-2-infected cells.
Lysates from Vero cells transfected with plasmids expressing Nedd4-FLAG and subsequently infected with wild-type HSV-2 were immunopre-
cipitated (IP) with an anti-Nedd4 antibody at 9 hpi. Western blotting (WB) with an anti-UL56 serum detected UL56 in the immunoprecipitants
(second panel from the top, lane 4), whereas VP5, VP16, UL36, and UL11 were not detected by their corresponding antibodies. �-actin (in
whole-cell lysates [WCL]) and IgG heavy chain (H) (in IP) were used as loading controls. (B) Colocalization of UL56 and Nedd4 in HSV-2-infected
cells. Vero cells were transfected and infected as for panel A and fixed at the indicated times postinfection. Confocal immunofluorescence analysis
was performed as described for Fig. 3. The detectable FLAG signal (red) was substantially reduced at 6 hpi, when UL56 (green) became detectable
(top). UL56 and Nedd4-FLAG colocalized to small aggregates throughout the cytoplasm at 6 hpi. Bars, 20 �m.
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Deletion of the UL56 gene does not affect viral growth in
Vero and SK-N-SH cells. To evaluate the function of UL56, we
previously generated a UL56-deficient HSV-2 mutant, the
�UL56Z mutant (40), and then generated rescue mutants for
further analysis. The plaque-purified, marker-rescued rescuant
was designated the �UL56Zrev rescuant. We analyzed the
growth properties of this mutant and rescuant to determine the
contribution of the UL56 gene to HSV-2 replication in vitro.
The replication patterns of the wild-type, the �UL56Z mutant,

and the �UL56Zrev rescuant HSV-2 in Vero cells were virtu-
ally identical in both single-step and multistep growth analyses
(Fig. 5A). Similarly, there was no significant difference be-
tween the multistep growth kinetics of the wild-type and mu-
tant viruses in undifferentiated SK-N-SH cells (Fig. 5B). The
�UL56Z plaques were comparable in size and morphology to
those formed by the wild-type or rescuant viruses in both cell
lines (data not shown). Therefore, the lack of UL56 did not
cause a replication defect in these cell lines. These results
agree with previous reports on HSV-1 UL56 (58).

HSV-2 infection modifies Nedd4 and decreases its protein
levels. As shown in Fig. 4A, Nedd4 was detected in two forms
with different electrophoretic mobilities and had decreased
levels in HSV-2-infected Vero cells. We therefore investigated
the kinetics of Nedd4 expression after viral infection. Early
after infection with wild-type HSV-2, a faster-migrating form
of Nedd4 was present (lower band, 110 kDa) (Fig. 6A). A
similar band was observed for mock-infected cells. However, at
6 hpi a slower-migrating form of Nedd4 appeared (upper band,
125 kDa). The appearance of this slower-migrating form coin-
cided with the appearance of UL56 and peaked around 9 hpi,
after which both forms of Nedd4 steadily declined. In contrast,
these changes in Nedd4 were not observed for mock- or
�UL56Z-infected cells throughout a 24-h time course. E6-
associated protein (E6AP), another ubiquitin ligase with a
HECT domain, also did not undergo any significant changes
during the course of HSV-2 infection, suggesting that HSV-2
specifically altered Nedd4. Nedd4 protein was also modified
and decreased in �UL56Zrev-infected cells. Similar results
were obtained with Vero cells infected with US2 (YY2)- or
US3 (LIBR1)-deficient HSV-2 mutants (data not shown).
Thus, we conclude that HSV-2 infection modifies Nedd4 and
decreases its protein levels through a UL56-dependent mech-
anism in Vero cells.

The UL56-dependent reduction in Nedd4 protein levels dur-
ing HSV-2 infection was also detected in HEp2 cells and SK-
N-SH cells, although the slower-migrating, modified form of
Nedd4 was not as predominant (Fig. 6B).

HSV-2 infection induces Nedd4 phosphorylation and pro-
motes proteasome-mediated degradation of Nedd4. It has been
shown that Nedd4 is serine/threonine phosphorylated in re-
sponse to various stimuli and that its function is regulated by
phosphorylation (18, 61). Therefore, we tested whether Nedd4
was phosphorylated in Vero cells during HSV-2 infection. As
shown in Fig. 7A, treating cell lysates with lambda protein
phosphatase converted the slower-migrating form of Nedd4 to
a faster-migrating form, suggesting that Nedd4 was phosphor-
ylated during HSV-2 infection in Vero cells.

We also sought to clarify the mechanism by which the levels
of Nedd4 protein were decreased during HSV-2 infection. Itch
and WWP1 (other Nedd4 family ubiquitin ligases) are de-
graded by the ubiquitin-proteasome pathway (10, 48), and
Nedd4 is ubiquitinated at a steady state (78). Therefore, we
investigated whether the ubiquitin-proteasome pathway de-
graded Nedd4 during infection.

We first evaluated the stability of Nedd4 in uninfected cells.
Endogenous Nedd4 was very stable in uninfected cells in the
presence of cycloheximide (CHX) (a protein synthesis inhibitor)
and was maintained at constant levels for up to 24 h (Fig. 7B).
Moreover, the slight reduction detected at 36 h and 48 h was

FIG. 5. Deletion of UL56 does not affect viral growth in Vero cells
and undifferentiated SK-N-SH cells. Vero (A) and SK-N-SH (B) cells
were infected with wild-type (186), �UL56Z, or �UL56Zrev HSV-2 at an
MOI of 3 (single-step) or 0.003 (multistep), harvested at the indicated
times postinfection, and titrated as described in Materials and Methods.
The replication patterns of wild-type, �UL56Z, and �UL56Zrev viruses
in Vero and SK-N-SH cells were virtually identical.
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completely blocked by MG132 (a proteasome inhibitor). In con-
trast, cyclin D3, which was used as a control (9), was rapidly
degraded in the presence of CHX, and MG132 treatment delayed
this degradation. These results indicate that Nedd4 is very stable
but is slowly degraded by the proteasome in uninfected cells.

We next evaluated the stability of Nedd4 in infected cells.
Infected cells were maintained with or without CHX (starting
at 6 hpi) and harvested at various times postinfection. CHX
treatment markedly reduced the slower-migrating form of
Nedd4 (Fig. 7C). In the presence of CHX, the slower-migrat-
ing form of Nedd4 had almost disappeared by 24 hpi, while the
faster-migrating form of Nedd4 was slightly decreased at 12 hpi
and remained constant thereafter, until at least 24 hpi. From
these results, it seems most likely that the slower-migrating,
phosphorylated form of Nedd4 was more rapidly degraded
than the faster-migrating, steady-state form in HSV-2-infected
cells. However, there are two other possible explanations for
the faster decrease of the phosphorylated form of Nedd4. First,
because Nedd4 phosphorylation was suppressed in the pres-
ence of CHX, the phosphorylated form appeared to be more
sensitive to degradation. Second, in the presence of CHX, the

slower-migrating form was converted to the faster-migrating
form (probably by dephosphorylation).

We further examined whether the ubiquitin-proteasome
pathway was involved in the reduction of Nedd4 in infected
cells. When cells were infected with wild-type virus and subse-
quently treated with MG132 at 6 hpi, the decrease in Nedd4
was markedly suppressed (Fig. 7D), suggesting that the ubiq-
uitin-proteasome pathway was involved in the degradation of
Nedd4. These results support the view that HSV-2 infection
promotes proteasomal degradation of Nedd4 in a UL56-de-
pendent manner.

UL56 increases ubiquitinated Nedd4 in infected cells. To
verify this hypothesis, a ubiquitination assay was performed
with superinfected cells that were transfected with plasmids
expressing Nedd4-FLAG and Myc-Ub. There was no differ-
ence between the mock-infected and infected cells in their
overall levels of polyubiquitination. Immunoprecipitated
Nedd4 was analyzed by Western blotting with an anti-Myc
antibody, which showed a high-molecular-weight smear typ-
ical of polyubiquitination. Unexpectedly, there were greater
amounts of ubiquitinated Nedd4 in mock-infected cells than

FIG. 6. HSV-2 infection causes a modification and decrease of Nedd4 in a UL56-dependent manner. (A) Wild-type HSV-2, but not the �UL56Z
mutant, infection caused a modification of Nedd4 and decrease in its protein levels. Vero cells mock infected or infected with wild-type (186), �UL56Z,
or �UL56Zrev HSV-2 were harvested at the indicated times postinfection. Western blots (WB) of their lysates with an anti-Nedd4 antibody showed that
two forms of Nedd4 (110 kDa and 125 kDa) were present in cells infected with wild-type or �UL56Zrev virus, and these forms decreased as infection
proceeded. E6-associated protein (E6AP), a control HECT ubiquitin ligase, showed no remarkable changes. (B) Wild-type HSV-2 infection, but not
�UL56Z mutant infection, caused a decrease in Nedd4 protein levels in HEp2 cells and SK-N-SH cells. �-Actin was used as a loading control.
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in cells infected with wild-type virus, and there was no sig-
nificant difference between cells infected with the wild-type
and �UL56Z viruses (Fig. 8A). We also examined the levels
of Nedd4 ubiquitination in superinfected cells in the pres-
ence of MG132 (added to cultures at 6 hpi). We consistently
observed that the high-molecular-weight smears detected
with the anti-Myc antibody were significantly greater in
wild-type virus-infected cells than in �UL56Z-infected cells
(Fig. 8B). These results suggest that the presence of UL56
increased the ubiquitination of Nedd4 in infected cells and
that ubiquitinated Nedd4 was more rapidly degraded in
infected cells in the absence of MG132.

UL56 decreases Nedd4 and can increase ubiquitinated
Nedd4 in coexpressing cells. As described above, UL56 inter-
acted with Nedd4 independent of other viral proteins. There-
fore, we investigated whether UL56 affected Nedd4 ubiquiti-
nation even in the absence of other viral proteins. We first
examined whether the expression of different doses of a UL56

plasmid had an effect on Nedd4. There was no significant
change in endogenous Nedd4 upon expression of UL56 com-
pared with what was seen for control transfections (Fig. 9A),
which is consistent with the results in Fig. 2. However, when a
constant amount of the Nedd4-FLAG expression plasmid was
cotransfected with increasing amounts of the UL56 expression
plasmid, Western blots with anti-FLAG antibody revealed that
UL56 expression did reduce Nedd4 levels. It also showed that
exogenous FLAG-tagged Nedd4 was reduced to different ex-
tents, depending on the level of UL56 expression, and was
almost completely lost by the addition of 1.0 �g of UL56
expression plasmid (Fig. 9A). In contrast, when UL56AY was
coexpressed with Nedd4-FLAG, there was no significant de-
crease in the level of Nedd4 protein (even when detected with
anti-FLAG antibody) (Fig. 9B). These results indicated that
UL56 expression affected the expression of exogenous Nedd4
in the absence of any other viral proteins. In these experiments,
we could not rule out the possibility that endogenous Nedd4

FIG. 7. Nedd4 is phosphorylated and actively degraded by the proteasome in HSV-2-infected cells. (A) Nedd4 is phosphorylated in HSV-2-infected
cells. Lysates were extracted at 12 hpi from Vero cells that were infected with the indicated viruses, mock treated or treated with lambda protein
phosphatase (�-PPase), and subsequently analyzed by Western blotting (WB). �-PPase treatment changed the slower-migrating form of the Nedd4
protein to a faster-migrating form in wild type (top, lanes 3 and 4)- and �UL56Zrev (top, lanes 7 and 8)-infected cells. (B) Nedd4 protein is more stable
in noninfected cells than that in infected cells, although it is degraded by the proteasome. Uninfected Vero cells were treated with CHX (100 �g/ml) in
the presence or absence of MG132 (25 �M). At the indicated times, cell lysates were analyzed by Western blotting for Nedd4 levels. Cyclin D3 was used
as a control. The decrease of Nedd4 in the presence of CHX (top, lanes 4 and 5) was blocked by MG132 (top, lanes 8 and 9). (C and D) Nedd4 is degraded
by the proteasome in HSV-2-infected cells. Vero cells infected with wild-type HSV-2 were mock treated or treated with CHX (100 �g/ml) (C) or MG132
(25 �M) (D) starting at 6 hpi. Cell lysates were Western blotted at the indicated times with anti-Nedd4 or anti-UL56 antibodies. �-Actin was used as a
loading control. (C) CHX treatment suppressed the shift of Nedd4 to a slower-migrating form, inhibited UL56 synthesis, and promoted the decrease of
the slower-migrating form of Nedd4. (D) Both forms of Nedd4 protein accumulated in cells with MG132.
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was also affected by UL56 expression, because the transfection
efficiency was 18 to 23% (data not shown). Currently, the
reason why exogenous newly synthesized Nedd4 was highly
sensitive to the expression of UL56 remains unknown. We next
examined the effect of UL56WT and UL56AY on Nedd4 in
the presence of MG132. As shown in Fig. 9C, the coexpression
of UL56WT, Nedd4-FLAG, and Myc-Ub in the presence of
MG132 resulted in a substantial shift to a higher-molecular-
weight Nedd4 species, whereas the coexpression of UL56AY
with Nedd4-FLAG and Myc-Ub did not.

To confirm that the presence of UL56 increased the ubiq-
uitination of Nedd4 in the absence of other viral proteins, the
lysates of cotransfected cells were immunoprecipitated with an
anti-Nedd4 antibody and Western blotted to detect ubiquiti-

nation with an anti-Myc antibody. These results showed that
the expression of UL56 increased the ubiquitination of Nedd4
(Fig. 10).

UL56 is not a ubiquitination substrate. Finally, we ad-
dressed the capacity of UL56 to serve as a substrate for Nedd4
ubiquitin ligase. Figure 8A already showed that ubiquitinated
UL56 was not detected in HSV-2-infected cells. In addition,
ubiquitination assays with UL56-overexpressing cells showed
no evidence of UL56 ubiquitination (Fig. 10).

DISCUSSION

This study had four major findings. First, HSV-2 UL56 in-
teracted with Nedd4 via its PY motifs, independent of other

FIG. 8. Nedd4 is polyubiquitinated at different levels in mock- and HSV-2-infected cells. Ubiquitination assays with superinfected cells in the absence
(A) or presence (B) of MG132. (A) Vero cells transiently expressing Nedd4-FLAG protein and Myc-Ub were infected with wild-type (186) or �UL56Z
HSV-2 and harvested 9 hpi. Lysates were immunoprecipitated (IP) with either anti-Nedd4 or anti-UL56 antibodies or directly subjected to Western blot
(WB) analysis with anti-Myc or anti-Nedd4 antibodies. Normal rabbit IgG or preimmune serum was used as a negative control for the immunoprecipi-
tation (IP control). Immunoprecipitated Nedd4 was Western blotted using an anti-Myc antibody, which revealed a high-molecular-weight species typical
of polyubiquitination. In contrast, Western blots of immunoprecipitated UL56 showed no evidence that UL56 was ubiquitinated. The expression of
Myc-Ub, Nedd4, and UL56 proteins was verified by Western blots of whole-cell lysates (WCL). (B) The experiments were performed as described for
panel A, except that cells were treated with MG132 from 6 hpi and harvested 18 hpi. Polyubiquitinated Nedd4 was more abundant in wild type-infected
cells than in �UL56Z-infected cells. The expression of the Nedd4 and UL56 proteins was verified by Western blots of WCL. �-Actin and IgG heavy chain
(H) were used as loading controls. These experiments were performed three times with similar results.

FIG. 9. UL56 affects the state of Nedd4 in cotransfected cells. (A) The overexpression of UL56 causes a decrease in the protein levels of
coexpressed Nedd4. Vero cells cotransfected with a constant amount of control FLAG or Nedd4-FLAG expression plasmid and an increasing
amount of UL56 expression plasmid were subjected to Western blot (WB) analysis to detect the total amounts of Nedd4 (top) and exogenous
Nedd4 protein (detected with an anti-FLAG antibody; second panel from the top). The total amounts of DNA were kept constant by adding empty
plasmids. The level of Nedd4 protein (especially exogenous Nedd4) decreased in a UL56 dose-dependent manner. The band intensity of FLAG
was quantified and normalized to the intensity of FLAG in the absence of UL56 (values at the bottom of the FLAG panels). (B) UL56AY causes
no apparent decrease in the levels of Nedd4 protein. Vero cells were cotransfected with a UL56WT or UL56AY expression plasmid or an empty
expression plasmid and either a control FLAG or Nedd4-FLAG expression plasmid and analyzed as described for panel A. (C) Vero cells were
cotransfected with a Nedd4-FLAG expression plasmid, a UL56WT or UL56AY expression plasmid or an empty expression plasmid, and a Myc-Ub
expression plasmid in the presence of MG132. The high-molecular-weight forms of Nedd4 were the most abundant in UL56WT-expressing cells.
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viral proteins. Second, HSV-2 infection induced Nedd4 phos-
phorylation and decreased Nedd4 protein levels in a UL56-
dependent manner. Third, the expression of UL56 decreased
the amount of exogenous Nedd4 (in a coexpression system),
without the need for other viral proteins. This was due, at least
in part, to the increased polyubiquitination of Nedd4. Fourth,
UL56 was not a ubiquitin substrate. A schematic model for the
interaction between UL56 and Nedd4 is shown in Fig. 11.

The interaction of UL56 with Nedd4 was identified using a
yeast two-hybrid screen and verified by coimmunoprecipitation
and immunofluorescence. The coimmunoprecipitation assay
showed no evidence that Nedd4 interacted with other viral
proteins containing PY motifs (VP5 and VP16), suggesting a
specific interaction with UL56. However, these proteins cannot
be ruled out as Nedd4-interacting proteins because Nedd4 can
degrade proteins that are ubiquitination substrates. A binding
assay with catalytically inactive Nedd4 would be necessary to
determine whether other viral proteins that contain PY motifs
interact with Nedd4. UL11, another UL56-interacting protein,
was not detected in the UL56-Nedd4 complex. This result
suggests that UL11 is not a member of the complex or that
UL11 does not tightly interact with the complex, because the
interaction between UL11 and UL56 was detected under sol-

FIG. 10. UL56 promotes the ubiquitination of Nedd4 in cotrans-
fected cells. Ubiquitination assays with cells overexpressing Nedd4-
FLAG, UL56WT, and Myc-Ub in the presence of MG132. Cell lysates

were immunoprecipitated (IP) with either anti-Nedd4 or anti-UL56
antibodies or directly subjected to Western blot (WB) analysis. Normal
rabbit IgG or preimmune serum was used as a negative control for the
immunoprecipitation (IP control). Immunoprecipitated Nedd4 was an-
alyzed by Western blotting with an anti-Myc antibody, which revealed
that UL56 enhanced the level of polyubiquitinated Nedd4. Western
blots of immunoprecipitated UL56 showed no evidence of UL56 ubiq-
uitination. The expression of Myc-Ub, Nedd4, and UL56 proteins was
verified by Western blots of whole-cell lysates (WCL). �-Actin and IgG
heavy chain (H) were used as loading controls.

FIG. 11. Model depicting the topology of HSV-2 UL56 and its
interaction with Nedd4. UL56 localizes to the Golgi apparatus and
cytoplasmic vesicles. UL56 possesses a hydrophobic segment near its C
terminus, which anchors it to the lipid bilayer, while its N terminus
resides in the cytoplasm. UL56 binds to Nedd4 via its PY motifs, which
are contained in its N-terminal domain. UL56 is not ubiquitinated by
Nedd4 but can increase the ubiquitination of Nedd4 and promote its
degradation.
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ubilization conditions that were milder than the ones used in
this study (40).

We found that HSV-2 infection caused a decrease of Nedd4
protein levels through a UL56-dependent mechanism, and this
decrease was strongly inhibited by the addition of MG132, a
specific inhibitor of the proteasome. We therefore investigated
the involvement of the ubiquitin-proteasome pathway in the
UL56-dependent degradation of Nedd4 by use of a ubiquiti-
nation assay on infected cells. However, these experiments
unexpectedly revealed that ubiquitinated Nedd4 was not in-
creased but was equally decreased in cells that were infected
with wild-type and UL56-deficient HSV-2 (compared to non-
infected cells). In contrast, the addition of MG132 caused a
marked accumulation of Nedd4, but only in wild type-infected
cells. One hypothesis explaining these results is that infection
with wild-type or UL56-deficient viruses reduces a common
form of ubiquitinated Nedd4, which is stable in noninfected
cells, while UL56 increases another type of ubiquitinated
Nedd4 that is more susceptible to proteasomal degradation. In
this model, the phosphorylation of Nedd4 may be involved in
its susceptibility to degradation. Substrate phosphorylation is
one mechanism by which ubiquitination is regulated (55). An-
other explanation for the reduction in ubiquitinated Nedd4 in
infected cells (without a proteasome inhibitor) is that HSV-2,
like hepatitis B and C viruses, alters proteasomal activity (26,
35). The reduced viral growth in the presence of a proteasome
inhibitor indicates that cellular proteasomal activity is critical
for HSV replication (15). Since there was no significant differ-
ence in the overall levels of polyubiquitination between HSV-
2-infected and mock-infected cells (Fig. 8A), a selective mech-
anism may play a role in this proteasomal degradation in
infected cells.

When the ubiquitination assay was performed with trans-
fected cells in the presence of MG132, we found that the
coexpression of UL56 increased the amount of ubiquitinated
Nedd4. In contrast, ubiquitinated UL56 was not detectable
under the conditions of our assay, suggesting that UL56 is not
a ubiquitination substrate for Nedd4 (although UL56 does
interact with Nedd4 via its PY motifs). Additionally, the above
observations suggest that UL56 (on its own) can increase the
polyubiquitination of Nedd4. However, the mechanism regulat-
ing Nedd4 ubiquitination remains unclear. Another Nedd4 family
ligase, Itch, undergoes autoubiquitination but is simultaneously
deubiquitinated by deubiquitinating enzymes (DUBs) and there-
fore is protected from proteasomal degradation (48). Two pos-
sibilities are raised for the underlying mechanism by which
UL56 increases ubiquitinated Nedd4. First, UL56 might act as
an accessory or adapter protein for the ubiquitination of
Nedd4. In this situation, UL56 could promote Nedd4 ubiquiti-
nation by accelerating autoubiquitination, recruiting ubiquitin
ligases to Nedd4, or suppressing deubiquitination of Nedd4.
HSV encodes ubiquitin-related enzymes: ubiquitin ligase
(ICP0 [7, 72]) and DUB (UL36 [33]). Cellular ligases and/or
DUBs could also increase Nedd4 ubiquitination and cause a
decrease in the levels of Nedd4 protein in transfected cells.
Second, UL56 itself may act as a ubiquitin ligase for Nedd4.
However, this seems unlikely, because UL56 has no domains
that are homologous to the known catalytic domains of ubiq-
uitin ligases. Further studies will be needed to clarify the mech-
anisms by which UL56 increases ubiquitinated Nedd4.

Based on these findings, we propose that UL56 regulates
Nedd4 during HSV-2 infection. Phosphorylation and ubiquiti-
nation of Nedd4 have profound effects on the activity of Nedd4
(18, 78). The Nedd4 family of ubiquitin ligases have been
shown to regulate signal transduction during viral infection
(27) and viral budding by interacting with viral proteins. How-
ever, to date there have been no reports that viral proteins
regulate the Nedd4 family of ubiquitin ligases. Thus, our re-
search represents a new interaction between the Nedd4 family
of ubiquitin ligases and viral proteins. Given that alterations of
Nedd4 during HSV-2 infection had no effect on viral prolifer-
ation in this study, Nedd4 may play a role only under specific
conditions or may play a redundant role in HSV-2 infection.
Also, Nedd4 could play a more important role during in vivo
HSV infection.

Nedd4 regulates viral budding of Ebola virus (23, 80), hu-
man T-cell leukemia virus type 1 (6, 60), and Rous sarcoma
virus (36, 71). In addition to these viruses, many enveloped
RNA and DNA viruses exploit the multivesicular body (MVB)
machinery for budding, such as retroviruses (21, 56, 74, 79, 81),
rhabdoviruses (12), other filoviruses (38), arenaviruses (54,
64), paramyxoviruses (59, 62), hepatitis B virus (44, 76), HSV
(8, 13), and probably orthomyxoviruses and human herpes
virus type 6 (47). The cellular MVB machinery requires the
coordinated action of endosomal sorting complex required for
transport I (ESCRT-I), ESCRT-II, and ESCRT-III, and sev-
eral Nedd4 family E3s, which act as functional links between
ESCRT and the viral L-domains (including the PY motifs).
Crump et al. reported that Vps4, which was essential for
ESCRT function, was required for HSV-1 cytoplasmic envel-
opment, suggesting that HSV also exploits the MVB machin-
ery (13). Seven L-domain containing proteins are present in
both HSV-1 and -2: the PY motif-containing proteins ICP0,
VP5, VP16, and UL56 and the P(T/S)AP motif-containing
proteins UL29, UL36 and glycoprotein E. The roles of these
putative L-domains have not been investigated to date. The PY
motifs of UL56 could be linked to ESCRT by Nedd4 and
function as L-domains. The functional redundancy of these
L-domain-containing proteins could explain why the deletion
of UL56 did not inhibit HSV replication in Vero cells and
undifferentiated SK-N-SH cells.

Alternatively, like the cellular Nedd4-interacting proteins
N4WBP5 (24), N4WBP5A (63), and LAPTM5 (52), UL56
could be involved in protein sorting or membrane trafficking.
The association of UL56 with the neuron-specific kinesin
KIF1A leads us to speculate that UL56 has a role in neurons.

In conclusion, this study showed that UL56 interacts with
Nedd4 and can promote Nedd4 degradation through the ubiq-
uitin-proteasome pathway during HSV-2 infection, suggesting
that UL56 is a regulator of Nedd4. Nedd4 has been suggested
to play crucial roles in the replication of various RNA and
DNA viruses. The function, mechanism, and significance of
regulating Nedd4 in HSV-2 infection remain unclear and war-
rant further investigation.
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