
JOURNAL OF VIROLOGY,
0022-538X/99/$04.0010

Jan. 1999, p. 417–426 Vol. 73, No. 1

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

The Ability of Herpes Simplex Virus Type 1 Immediate-Early Protein
Vmw110 To Bind to a Ubiquitin-Specific Protease Contributes to

Its Roles in the Activation of Gene Expression and
Stimulation of Virus Replication

ROGER D. EVERETT,* MICHAYLA MEREDITH,† AND ANNE ORR

MRC Virology Unit, Glasgow G11 5JR, Scotland, United Kingdom

Received 22 June 1998/Accepted 8 October 1998

Herpes simplex virus type 1 immediate-early protein Vmw110 stimulates the onset of virus infection and is
required for efficient reactivation from latency. In transfection assays, Vmw110 is a potent activator of gene
expression, but its mode of action has yet to be determined. Previous work has shown that Vmw110 localizes
to specific intranuclear structures known as ND10, PML bodies, or PODs and causes the disruption of these
domains. The ability of Vmw110 to disrupt ND10 correlates with its biological activities in infected and trans-
fected cells. It has also been found that Vmw110 binds strongly and specifically to a ubiquitin-specific protease
known as HAUSP, itself a component of a subset of ND10. In this study we have investigated the role of HAUSP
in Vmw110 activity; single amino acid residues of Vmw110 required for the interaction were identified, and the
effects of mutation of these residues in infected and transfected cells were then assayed. The results indicate
that the ability to bind to HAUSP contributes to the functional activities of Vmw110.

Herpes simplex virus type 1 (HSV-1) immediate-early (IE)
protein Vmw110 (also known as ICP0) is an important regu-
lator of viral gene expression which augments expression from
transfected reporter genes and stimulates the onset of the viral
lytic cycle (reviewed in reference 9). Failure to express func-
tional Vmw110 decreases the probability that the virus will
enter the lytic cycle after infection at low multiplicity of infec-
tion in cell culture (2, 8, 34). The genomes which fail to initiate
lytic gene expression attain a quiescent state with similarities to
latency, and provision of exogenous Vmw110 leads to their
reactivation (18, 33). Consistent with the results obtained with
cultured cells, Vmw110-deficient viruses reactivate poorly in
mouse latency models (3, 24), and these data have led to the
idea that Vmw110 has a role in determining whether the virus
enters the lytic cycle or establishes a latent infection.

The mechanisms that underlie the functions of Vmw110
have not been clearly defined, although a recent study of
Vmw110-activated gene expression ruled out posttranscrip-
tional regulation (20). Mutagenesis experiments have identi-
fied several functional regions of Vmw110, including a charac-
teristic zinc binding domain called a RING finger that lies in
the N-terminal third of the protein, a nuclear localization sig-
nal, and sequences in the C-terminal 180 residues (reviewed in
reference 9). Recent studies have explored the intermolecular
interactions of Vmw110, and several candidate functional in-
teractions have been identified. Two studies have suggested
that Vmw110 might interact with Vmw175 (ICP4), the major
transcriptional regulator expressed by HSV-1, although direct
proof that such an interaction occurs in infected cells remains
to be established (31, 36). Other studies have concentrated on
the possible interactions between Vmw110 and cellular pro-

teins and structures. It is now firmly established that at the
earliest stages of infection Vmw110 migrates to specific nu-
clear structures termed ND10, PODs, or PML nuclear bodies,
and in consequence the ND10 are disrupted (11, 26, 27). The
ability of Vmw110 to interact normally with and disrupt ND10
appears to be functionally significant, since mutations that
affect the biological activities of Vmw110 also affect its inter-
actions with ND10 (11, 27). The initial observation that ND10
constitute a preferred site for the localization of parental viral
genomes and the subsequent development of replication com-
partments (19, 28) has now been confirmed by other labora-
tories (25, 35).

At the molecular level, Vmw110 interactions with the trans-
lation factor elongation factor (EF) 1d (21) and cyclin D3 have
been observed in vitro and in the yeast two-hybrid system (22).
The interaction that we have concentrated on in this laboratory
is that between sequences in the C-terminal region of Vmw110
and a novel ubiquitin-specific protease named HAUSP (13, 29,
30). The binding of Vmw110 to HAUSP is both strong and
specific in vitro and is readily observable by coimmune precip-
itation of the complex from infected cell extracts. An initial
observation which suggested that the Vmw110-HAUSP inter-
action was functionally significant was the localization of the
latter in a subset of ND10 in uninfected cells (13). Ubiquitin-
specific protease (USP) enzymes are likely to have a role in the
control of protein stability since they cleave ubiquitin adducts
from substrate proteins, thereby protecting the substrate from
proteasome-mediated degradation. In principle, Vmw110
could be inhibiting, activating or redirecting the natural enzy-
matic activity of HAUSP, and there are several examples of
regulation of gene expression mediated by modulation of the
stability of components of regulatory pathways (see reference
13 for further discussion). The association between Vmw110
and HAUSP has recently become particularly intriguing be-
cause of the finding that a major biochemical function of
Vmw110 is indeed the control of the stability of a number of
cellular proteins. For example, at early times during infection
Vmw110 induces the degradation of certain isoforms of the
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major ND10 proteins PML (14) and sp100 (15), events which
correlate with the disruption of ND10 (14). The induced deg-
radation can be inhibited by inactivation of the ubiquitin-pro-
teasome pathway (14), and under these conditions infection
becomes stalled at the IE stage in a way that mirrors the
requirement for Vmw110 (17). However, the ND10 proteins
are not the sole targets for Vmw110-induced proteolysis since
the inner centromere protein CENP-C (16) and the catalytic
subunit of DNA-PK (23, 32) are also lost from the cell in a
Vmw110-dependent manner.

The fact that Vmw110 binds to a ubiquitin-specific protease
and induces the degradation of certain specific proteins is a
compelling indication that the interaction with HAUSP is func-
tionally significant. However, analysis of the importance of the
interaction has hitherto been complicated by the complexity of
the C-terminal region of Vmw110. For example, although the
phenotypes of Vmw110 deletion mutants with lesions in the
HAUSP binding region are consistent with a role for the in-
teraction in virus infection (7, 30), the available deletions en-
croach closely on sequences required for migration of Vmw110
to ND10 and for self-multimerization (reference 30 and refer-
ences therein). We wished to analyze the functional require-
ments for HAUSP binding by Vmw110 as rigorously as pos-
sible by conducting a fine-structure analysis of the Vmw110
sequences required. A number of mutants with single or dou-
ble amino acid substitutions of Vmw110 which reduced the
interaction to background levels in vitro were identified. The
ability of Vmw110 to activate gene expression in transfection
assays was significantly diminished by these mutations, and vi-
rus mutants carrying these substitutions grew poorly in tis-
sue culture. We conclude that the ability of Vmw110 to bind
to HAUSP makes a significant contribution to the ability of
Vmw110 to activate gene expression and stimulate virus
growth in cultured cells.

MATERIALS AND METHODS

Viruses and cells. HSV-1 strain 171 was the wild-type strain used in these
studies. Virus dl1403, from which the majority of the Vmw110 coding region has
been deleted, was derived from strain 171 (34). The FXE, E52X, D12, and D14
viruses with defined deletions in Vmw110 have been described previously (8, 30).
All viruses were propagated and titrated in baby hamster kidney (BHK) cells
grown in Glasgow modified Eagle’s medium containing 100 U of penicillin/ml
and 100 mg of streptomycin/ml and supplemented with 10% newborn calf serum
and 10% tryptose phosphate broth. HeLa cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 2.5% fetal calf serum, 2.5%
newborn calf serum (NBCS), and antibiotics as described above. HEp-2 cells
were grown in DMEM containing 10% fetal calf serum and antibiotics, and Cos7
cells were grown in DMEM containing 10% NBCS and antibiotics.

Construction of viruses with lesions in Vmw110. The viruses with defined
lesions in Vmw110 which were generated for this study included the truncation
and deletion mutants E58X, A8X, and A78 and the substitution mutants M1,
M2, and M4 (see below and Table 2 for details). Infectious dl1403 DNA was
cotransfected with linearized DNA of plasmids carrying the relevant mutations
(see below). The progeny plaques were screened by Southern blotting and plaque
purified three times before preparation of stocks, all as described previously (8).
The presence of the mutations was confirmed by restriction enzyme analysis and
Southern blotting of viral DNA propagated from the final stocks (data not
shown).

Plasmids. (i) GST fusion protein plasmids. Glutathione S-transferase (GST)
fusion proteins were expressed from plasmids derived from the vector pGEX2
TN3; the C-terminal region of Vmw110 (residues 594 through 775) was
expressed as a GST fusion protein from plasmid pGEXE52 (29). Truncation
mutant derivatives of pGEXE52 were constructed as follows. Plasmids pGEXE4
and pGEXE9 contain the EcoRI-SalI coding region fragments of plasmids
p110E4 and p110E9 (6) in place of the EcoRI-SalI fragment of pGEXE52, thus
fusing residues 615 through 775 and 618 through 775 of Vmw110, respectively, to
GST. In these cases a derivative of the pGEX2TN3 vector was used to maintain
the reading frame. The integrity of the junction region was confirmed by DNA
sequencing. Plasmids pGEXE52PmlI, pGEXE52RsaI, and pGEXE52AvaI are
39 truncation derivatives of pGEXE52 which contain Vmw110 sequences from
codon 594 in pGEXE52 to eponymous restriction sites located after codons 713,
680, and 646, respectively. They were constructed by cloning strategies incorpo-
rating multiple fragments of pGEXE52, and in each case the stop codons are

located in vector sequences immediately downstream of the relevant restriction
site. Plasmids pGEXE23X and pGEXE58X have stop codon oligonucleotides
inserted into restriction sites located after codons 638 and 633, respectively. The
stop codon linkers, which each contain an XbaI site, were initially inserted into
the EcoRI sites in the insertion mutant plasmids p110E23 and p110E58 (6) to
give plasmids p110E23X and p110E58X. Primers overlapping codon 594 and the
SalI site at the 39 end of the Vmw110 coding region were used in PCRs with the
derivative plasmids. The 59 primer was designed with additional sequences con-
taining an EcoRI site so as to produce exactly the same sequence at the 59 end
of the fragment as that present at the EcoRI site linking GST to Vmw110
sequences in pGEXE52. In this way, cleavage of the PCR product with EcoRI
and SalI produced a fragment which could be used to replace the equivalent
fragment of pGEXE52, thereby creating plasmids pGEXE23X and
pGEXE58X. The details for these plasmids are summarized in Table 1. The
substitution-carrying mutant plasmids of the pGEXM series were transferred
from the intermediate p110M series plasmids (see below) by the same PCR
protocol as that used to create plasmids pGEXE23X and pGEXE58X. Expres-
sion of the expected fusion proteins was confirmed by Coomassie staining and
Western blotting with monoclonal antibodies (MAbs) 10503 and 10810, which
recognize epitopes in the regions downstream of position 633 and between
residues 594 and 633, respectively (10).

(ii) Plasmids expressing Vmw110 and mutant derivatives in eukaryotic cells.
Plasmid pCI110 was used to express Vmw110; this contains the NcoI-HpaI IE-1
fragment containing the Vmw110 coding region and IE-1 39 processing signals
from plasmid p111 (5) inserted downstream of the human cytomegalovirus
(HCMV) promoter-enhancer in vector pCIneo (Promega). Restriction frag-
ments containing the various mutations in the Vmw110 coding region were
excised from plasmid p110E58X, plasmids of the p110M series (see below), and
plasmids of the previously published p110 series (6), and the mutant fragments
were then used to replace the corresponding wild-type fragment in pCI110.

Construction of amino acid substitution mutants. The MluI-SalI fragment of
p111, containing Vmw110 residues 519 through 768, was inserted into M13
mp19, and uridine-rich single-stranded template DNA was isolated from infected
CJ236 Escherichia coli (ung dut mutant) in the presence of 100 mg of uridine/ml.
Three mutagenesis primers which contained alterations in codons 621 and 622
were synthesized so as to produce a novel FspI site without changing the coding
potential. This site was used to monitor transfer of mutagenized fragments. In
addition, the three primers were synthesized so as to allow alterations (singly or
in both) of the members of the codon pairs 619 and 620, 623 and 624, and 626
and 627 (for details, see Fig. 2). The primers were used to generate double-
stranded forms of the template M13 DNA and transfected into the E. coli strain
TG1, which detects and preferentially degrades the uracil-containing template
strand. Progeny plaques were picked and screened for the presence of mutations
by DNA sequencing. Replicative-form DNA from clones with desired mutations
was prepared, and their AatII-BstEII fragments (containing Vmw110 codons 553
through 712) were excised and exchanged for the corresponding fragment in
plasmid p111 to generate plasmids of the p110M series. Subsequently the mutant
fragments were moved into the pCI110 series of Vmw110 expression plasmids
(see above). Successful transfer was monitored by detection of the novel FspI
site, by DNA sequence analysis of the mutagenized region and, for the mutants
M1, M2, and M4, by extensive sequence analysis of the coding region of the
C-terminal portion of Vmw110.

Expression and purification of GST fusion proteins. Bacteria harboring GST
fusion protein expression plasmids were grown from freshly purified colonies in
100-ml cultures of yeast extract tryptone broth. When the optical density at 450
nm (OD450) reached about 0.6, IPTG (isopropyl-b-D-thiogalactopyranoside) was
added to a final concentration of 0.1 mM to induce expression. After 2 h, cells
were harvested by centrifugation and resuspended in 2 ml of phosphate-buffered
saline (PBS). The bacteria were lysed with a soniprobe (Branson sonifier 450),
and Triton X-100 was then added to a final concentration of 1%. After a 10-min
incubation on ice, insoluble debris were removed by centrifugation (Sorvall SS34
rotor) at 9,500 rpm for 5 min. Aliquots (each, 300 ml) of supernatant were mixed
with 50 to 100 ml of a 50% slurry of glutathione-agarose beads which had been
preswollen for 1 h and washed in PBS. The beads were incubated in the extract
at 4°C for 1 h with continuous mixing, harvested by brief centrifugation, washed
three times in PBS, and stored on ice as a 50% slurry. In all GST pull-down
experiments, the amounts of the fusion proteins bound to the beads were esti-
mated by Coomassie staining of a sodium dodecyl sulfate (SDS)-polyacrylamide
gel loaded with small samples of the bead preparations. Subsequent binding
experiments used amounts of beads normalized for the amount of each fusion
protein and maintenance of the total quantity of glutathione-beads by the addi-
tion of uncharged beads where necessary.

Analysis of cellular proteins bound to GST fusion proteins. Freshly prepared
glutathione-agarose beads with bound and normalized GST fusion proteins (30
ml of a 50% slurry) were mixed with 300 ml of labelled cell protein extract to
which NaCl had been added to a final concentration of 0.5 M. Initially, all
extracts were incubated for 1 h at 4°C with continuous mixing with beads linked
to the GST protein expressed by vector plasmid pGEX2TN3 in order to reduce
background. After removal of these beads by centrifugation, the precleared
extracts were incubated with 30 ml of a 50% slurry of the appropriate GST fusion
protein beads and a negative GST bead control, again for 1 h at 4°C with
continuous mixing. The beads were harvested by brief centrifugation, then
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washed three times in a buffer containing 50 mM Tris-HCl (pH 8.0), 0.5 mM
NaCl, 1 mM EDTA, and 0.5% Nonidet P-40 (NP-40). Protease inhibitors phe-
nylmethylsulfonyl fluoride, bestatin, and leupeptin were used in the wash buffer
at concentrations of 1 mM, 40 mg/ml, and 0.5 mg/ml, respectively. Protein com-
plexes were eluted from the beads with sequential washes (each, 20 ml) of 50 mM
reduced glutathione in 0.25 M Tris-HCl (pH 7.0). Elution was at 25°C for 15 min.
The supernatants containing fusion protein complexes were mixed with SDS-
acrylamide gel loading buffer and boiled.

Virus infection and labelling of cellular proteins. HeLa cells were seeded at
80% confluency 24 h before infection with viruses at a multiplicity of 5 PFU per
cell. Extracts from virus-infected cells for immune precipitation experiments were
prepared 16 h later as described below. Labelling of cellular proteins was conducted
by removing the growth medium, washing the cells with PBS, and then adding PBS
with [35S]methionine at a concentration of 100 mCi/ml (15 ml per 140-mm-
diameter plate). The cells were harvested 2 h later for extract preparation.

Preparation of cell extracts. Infected cells for immune precipitation experi-
ments were washed in PBS and harvested in a buffer containing 50 mM Tris-HCl
(pH 8.5), 200 mM NaCl, 0.1 mM zinc acetate, and 10 mM 2-mercaptoethanol
(160 ml for the cells from an 80-mm-diameter plate). The cells were lysed with
either 10 strokes of a small Dounce homogenizer or brief sonication in a soni-
bath, and the debris were pelleted by centrifugation (Sorvall SS35 rotor) at
10,000 rpm for 15 min. Uninfected cell extracts for use in binding experiments in
vitro were prepared by resuspending the cells (either unlabelled or labelled with
[35S]methionine, as appropriate and as described in the text) in 50 mM HEPES
(pH 7.5)–50 mM NaCl–0.1% NP-40 (1 ml per 140-mm-diameter plate). The cells
were sonicated in a sonibath, and the debris were pelleted by centrifugation with
a Beckman bench top centrifuge at 3,000 rpm for 10 min.

Immune precipitations. Crude extracts from 6-h-infection samples were made
up to a volume of 0.6 ml, maintaining the concentration of NaCl at 200 mM and
adding NP-40 to a final concentration of 0.2%. MAb 11060 (2 ml) and sheep
anti-mouse immunoglobulin (Ig) serum (5 ml) were added and mixed on a rotary
shaker at 4°C for 3 h. Then 60 ml of protein A-Sepharose (Sigma) equilibrated
in the same buffer was added and the incubation was continued for a further
hour. The Sepharose beads were pelleted and washed three times with 0.6 ml of
buffer (50 mM Tris-HCl [pH 8.5], 0.2 M NaCl, 10 mM 2-mercaptoethanol, 0.1
mM zinc acetate, 0.2% NP-40). The beads were then taken up in SDS-acrylamide
gel loading buffer and boiled.

SDS-gel electrophoresis and Western blotting. Protein samples were loaded
onto 7.5% or 10% 30:1 acrylamide–bis-acrylamide gels prepared for use in the
BioRad MiniProtein II apparatus. Gels were either fixed and stained or used for
Western blotting according to the methods recommended by the supplier. Ni-
trocellulose filters with immobilized blotted proteins were blocked with 5% dried
milk in PBS containing 0.1% Tween 20, incubated with primary antibodies in
PBS containing 0.1% Tween 20 with 2% dried milk for 2 to 4 h, and then washed
thoroughly and incubated with horseradish peroxidase-conjugated secondary
antibodies (goat anti-rabbit Ig or sheep anti-mouse Ig; Sigma) prior to detection
by the Amersham ECL method.

Immunofluorescence. HEp2 cells were seeded at a density of 0.5 3 105 cells
per ml into 24-well Linbro dishes containing glass coverslips. The cells were
infected with wild-type and mutant viruses at the multiplicities indicated in the
figure legends. After either 2 or 4 h, the cells were washed with PBS, fixed with
formaldehyde (5% vol/vol of stock solution in PBS containing 2% sucrose) and
permeabilized with 0.5% NP-40 in PBS with 10% sucrose. The primary antibod-
ies were diluted in PBS containing 1% NBCS. Anti-Vmw110 monoclonal anti-
body 11060 was used at a dilution of 1/2,000, and anti-PML rabbit serum r8 was
used at 1/1,000. Goat anti-mouse fluorescein isothiocyanate-labelled and goat
anti-rabbit tetramethyl rhodamine isothiocyanate-labelled secondary antibodies
(Sigma) were used at dilutions of 1/100. After staining, the coverslips were
mounted and examined with a Zeiss LSM 510 confocal microscopy system with

a 363 NA 1.4 objective lens. Data collection was performed under conditions of
no detectable channel overlap, and the images were processed by using Photoshop.

Antibodies. Immune precipitations were conducted with MAb 11060, which
recognizes and strongly interacts with an epitope between residues 20 and 105 of
Vmw110. MAb 10503 recognizes an epitope in the C-terminal 140 residues of
Vmw110 (10). Polyclonal rabbit serum 95 is directed against the RING finger
domain of Vmw110 (10). Anti-PML rabbit serum r8 (1) was used to detect PML.
Rabbit serum r201 was generated by using a branched peptide containing the 16
C-terminal residues of HAUSP (13).

FIG. 1. Binding of HAUSP to C-terminal fragments of Vmw110 in GST
pull-down assays. Extracts of cellular proteins labelled with [35S]methionine were
incubated with glutathione-agarose beads charged with GST or Vmw110 fusion
protein derivatives as described in Materials and Methods. Bound proteins were
eluted with reduced glutathione in two sequential steps (labelled 1 and 2 in panel
A) and analyzed by SDS–7.5% polyacrylamide gel electrophoresis and autora-
diography. Each set of experiments included a negative control with GST alone
(GST) and the positive control fusion protein expressed by GEXE52 (594–775).
The left-hand track in each panel is a sample of the extract, and the arrow points
to the position of the HAUSP band. The identification of the HAUSP band at
approximately 130 kDa has been described in detail previously (29, 30). (A) The
results obtained with pGEXE4 (615–775) and pGEXE9 (618–775). (B, C, and D)
Only the relevant parts of the gels obtained by using proteins expressed by the
construct pGEXE52PmlI (594–713) and pGEXE52RsaI (594–680), the construct
pGEXE52AvaI (594–646), and the constructs pGEXE23X (594–638) and
pGEXE58X (594–633), respectively.

TABLE 1. Characteristics of the GST fusion proteins including
C-terminal portions of Vmw110 used in this study

Plasmid Vmw110 amino acid
residuesa

HAUSP
bindingb

pGEXE52 594–775 1
pGEXE4 615–775 1
pGEXE9 618–775 1
pGEXE58 633–775 2
pGEXE52Pm1I 594–713 1
pGEXE52RsaI 594–680 1
pGEXE52AvaI 594–646 1
pGEXE23X 594–638 Weak
pGEXE58X 594–633 2

a Vmw110 residues fused to the C-terminal end of GST as explained in Ma-
terials and Methods.

b The ability of the fusion proteins to bind to HAUSP in vitro as shown in Fig.
1. The result for pGEXE58 is taken from reference 29.
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Transfections and CAT assays. The ability of Vmw110 and mutant derivatives
to activate gene expression in transfected cells was determined by using plasmid
pSS80 as a reporter (this plasmid carries the chloramphenicol acetyltransferase
[CAT] gene linked to the ICP6 promoter region) essentially as described previ-
ously (12). In this series of experiments Cos7 cells were used, and Vmw110 and
mutant derivatives were expressed from the pCI series of plasmids, as described
above. Calcium phosphate-mediated transfection was used as described previ-
ously (12). The transfection experiments were repeated on at least four inde-
pendent occasions in parallel with positive and negative controls.

RESULTS

Definition of the minimal HAUSP binding domain in Vmw110.
We have previously shown that a GST fusion protein including
the C-terminal region of Vmw110 from residues 594 to 775
binds strongly to HAUSP in vitro and that shorter fragments
(residues 633 to 775, 680 to 775, and 696 to 775) do not (29,
30). Therefore, the Vmw110 region between residue 594 and
residue 632 contains residues that are essential for binding to
HAUSP. To determine the nature of these residues and to
define the minimal segment of Vmw110 required for HAUSP
binding, plasmids were constructed that expressed GST fusion
proteins with shorter segments of Vmw110, as summarized in
Table 1. Extracts containing these proteins were prepared
from induced bacteria, and GST pull-down assays were con-
ducted with glutathione agarose beads charged with these pro-
teins. The positive control was pGEXE52, expressing residues
593 to 775, and the negative control was GST alone. The re-
sults are summarized in Fig. 1. Shortening of the expressed
segment from the N-terminal end (as in plasmids pGEXE4
and pGEXE9) showed that residues between 594 and 617 were
dispensable for binding to HAUSP (Fig. 1A). Truncation of
the Vmw110 sequences at the C-terminal end showed that
sequences downstream of 681 were not essential for binding
(Fig. 1B), and the shortest binding-positive segment in this
assay contained residues 594 through 646 (pGEXE52AvaI;
Fig. 1C). Further truncation of this segment to include only
residues 594 to 638 (pGEXE23X) significantly weakened the
binding, and no binding was observed with the segment con-
taining 594 to 632 (pGEXE58X; Fig. 1D). Taken together,
these data show that Vmw110 residues 594 to 646 (and prob-
ably 618 to 638) are sufficient for binding to HAUSP in vitro
and that essential residues lie between residue 618 and residue
632. These data are consistent with results later obtained by
coimmune precipitation of HAUSP and Vmw110 from virus-
infected cell extracts, except that truncation at residue 646

significantly reduced HAUSP binding in the latter system (see
below).

Disruption of HAUSP binding in vitro in mutants carrying
single and double amino acid substitutions in Vmw110. Of the
21 Vmw110 amino acids between residues 618 and 638, 7 are
charged; in particular, there are three groups of positively
charged doublets (Fig. 2). Comparison with the corresponding
sequence from the HSV-2 homologue protein showed precise
conservation of the charged and intervening residues (data not
shown), so we considered that it was possible that these resi-
dues contributed to the HAUSP binding interface. A series of
single and double amino acid substitutions in pGEXE52 were
created by site-directed mutagenesis, as summarized in Fig. 2.
The choice of replacement residues was determined so as to
alter the charge but maintain the size of the residue as closely
as possible. The mutant fusion proteins were used in GST
pull-down assays, and in this experiment bound HAUSP was
detected by Western blotting with rabbit serum r201. Probing
of the gel with anti-Vmw110 MAb 10503 showed that the
amounts of GST fusion proteins used were equivalent (Fig.
3B). The binding results (Fig. 3A) defined at least two residues,
lysine 620 (mutant M4) and lysine 624 (mutant M1), that were
crucial for HAUSP binding. Mutation of arginine 623 (mutant
M2, also altered in mutant M1) indicated that this residue was
not required for efficient binding. Histidine 627 was also not
required for binding (mutant M6), while mutation of arginine
residues 619 and 626 caused reproducible reductions in bind-
ing activity (mutants M5 and M7, respectively). These data do
not give a complete definition of the Vmw110 residues that are
required for HAUSP binding, but they do allow the construc-
tion of minimally mutated versions of Vmw110 which would be
expected to be HAUSP binding deficient.

Construction of viruses expressing proteins with deletions
and substitutions in the C-terminal region of Vmw110. To ex-
plore the functional significance of Vmw110-HAUSP interac-
tion, a series of plasmids was constructed, which contained a
selection of the deletion and substitution mutations in the
C-terminal region of Vmw110 as used in the GST fusion pro-
tein experiments described above. A number of these plasmids
were cotransfected with infectious DNA of the Vmw110 dele-
tion mutant dl1403 in order to construct viruses which ex-
pressed mutant Vmw110 proteins with defined lesions in the
HAUSP binding region. The desired mutant viruses were iden-
tified by Southern blotting, and stocks were prepared after

FIG. 2. Mutagenesis of selected charged residues within the minimal HAUSP binding region of Vmw110. The upper three lines show the amino acid (aa) and coding
sequences (seq.) of residues 616 through 629 of Vmw110. The next three lines show the relevant changes in the mutagenic oligonucleotides (oligo4, oligo5, and oligo6).
Uppercase letters denote base changes which were present invariably, and lowercase letters indicate positions where equal proportions of normal and mutant nucleotide
precursors were included during synthesis, so that individual single and double mutants could be isolated in the same mutagenesis experiment. The actual mutagenic
oligonucleotides included greater lengths of flanking sequence than shown here, but these regions did not contain any substitutions. The line labelled Replace indicates
the expected amino acid substitution if the mutagenic nucleotide change is present and also the presence of the FspI site (FspI) in residues 621 and 622. Below are
shown the actual amino acid sequences of mutants that were isolated. The presence of the mutations was detected in the M13 isolates, then confirmed by DNA
sequencing after transfer of the mutant fragment to plasmids of the p110 series (see Materials and Methods).
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three rounds of plaque purification. The viruses expressed
Vmw110 proteins of the expected sizes (see Fig. 4 and 5) and
had the predicted restriction enzyme fragment patterns (data
not shown). A summary of the properties of these viruses is
given in Table 2.

Extracts from cells infected with these mutant viruses were
prepared and used in immune precipitation reactions to deter-
mine whether mutations caused defects in HAUSP binding
similar to those observed in the GST pull-down experiments
described above. The results were largely consistent both with
previously published observations (29, 30) and with the in vitro

binding data (see Fig. 1 and 3). The deletion mutant A78
(D592–647) reduced HAUSP binding to background levels
(Fig. 4A). A quantitative difference between the in vitro bind-
ing and the immune precipitation results was that the viral
truncation mutant A8X exhibited substantially reduced bind-
ing (Fig. 4A and B) while its equivalent GST fusion protein
(expressed by pGEXE52AvaI) appeared to bind almost as
efficiently as the complete C-terminal region expressed by
pGEXE52 (Fig. 1C). It is possible that the large amounts of
fusion protein used in the in vitro assays mask reductions in
binding affinity that are revealed in the more sensitive immune
precipitation assay. The truncation mutant E58X had minimal
binding activity (Fig. 4B). Perhaps most importantly, the sub-
stitution mutations M1 and M4, which decreased binding in
vitro to background levels, resulted in substantial reductions in
HAUSP binding in infected cell extracts (Fig. 5). In contrast,
the M2 mutation had little effect in both assays. These results
confirm the importance of this region of Vmw110 for HAUSP
binding. The plasmids and viruses constructed in these ex-
periments allow a thorough analysis of the contribution of
HAUSP binding to Vmw110 function.

The ability to bind to HAUSP contributes to the activation
of gene expression by Vmw110. Once simple mutations which
disrupt HAUSP binding by Vmw110 in vitro were defined, it

FIG. 3. Binding of HAUSP to GST-Vmw110 fusion proteins with substitu-
tion mutations with the minimal HAUSP binding region. GST pull-down exper-
iments were conducted as described in the legend to Fig. 1 and in Materials and
Methods by using unlabelled extracts of cellular proteins. Proteins remaining
bound to the beads were separated by SDS–7.5% polyacrylamide gel electro-
phoresis and transferred to nitrocellulose membranes by Western blotting.
Bound HAUSP was detected by probing with rabbit serum r201 (which detects
a number of other bands in addition to the major band of HAUSP). (A) The
left-hand track contains a sample of the extract, and the adjacent lane shows the
result obtained by using the fusion protein expressed by pGEXE52. The results
obtained with the mutants of the M series, whose details are given in Fig. 2, are
shown with the position of HAUSP indicated by the arrow. (B) The relevant
portion of the same blot reprobed with MAb 10503 to compare the quantities of
the fusion protein used.

FIG. 4. Coimmune precipitation of HAUSP with Vmw110 from extracts of
cells infected with wild-type and Vmw110 mutant viruses. HeLa cells were mock in-
fected (mock) or infected with wild-type virus (1–775) and with the deletion-car-
rying mutant viruses A78 (del 592–647) and A8X (1–646) (A) and with the de-
letion mutants A8X and E58X (1–632) (B). Extracts were prepared and used for
immune precipitation of Vmw110 as described in Materials and Methods. Panel
A shows precipitated proteins (IP) analyzed alongside samples from the corre-
sponding extracts (ex) by Western blotting. In panel B, only the precipitated
proteins are shown. The upper part of each panel shows the relevant portion of the
filter probed with anti-HAUSP serum r201, while the lower part shows the same
filter probed with anti-Vmw110 serum r95. The arrows point to HAUSP.

TABLE 2. Vmw110 mutant viruses used in this study

Virus
strain

Vmw110 residues,
deletions, or

substitution(s)

HAUSP
bindinga

ND10
colocali-
zationb

ND10
disruptionc Multimerd

171 1–775 (wild type) 1 1 1 1
FXE D106–149 1 1 2 1
E52X 1–593 2 2 2 2
E58X 1–632 2 2 2 (2)
A8X 1–646 2 2 2 (2)
D12 D594–632 2 1 1 1
A78 D592–647 2 1 1 (1)
M1 R623L/K624I 2 1 1 (1)
M2 R623L Reduced 1 1 (1)
M4 K620I 2 1 1 (1)

a The ability to bind HAUSP in coimmunoprecipitation experiments from
virus-infected cell extracts as shown in Fig. 4. The data for viruses FXE and D12
were taken from references 26 and 27.

b The ability of the mutant protein to colocalize with PML in ND10 as shown
in Fig. 6. The data for viruses not shown in Fig. 6 were taken from references 11,
24, and 27.

c Disruption of ND10 in HEp-2 cells 5 h after the start of infection. See Fig.
6.

d The ability of Vmw110 to multimerize and the effects of mutations of strains
FXE, E52X, and D12 have been determined experimentally (30). Parentheses
indicate that the mutations in these proteins affect sequences in the mapped
multimerization domain (4, 30).
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was possible to determine the effects of these mutations on the
ability of the protein to activate gene expression in transfected
cells. The results were compared with those obtained by using
other more extensive alterations of the C-terminal region of
Vmw110. Cotransfection of Cos7 cells with a reporter plasmid
(pSS80, which expresses CAT from the ICP6 promoter) and
pCI110 (which expresses wild-type Vmw110 from the HCMV
promoter in the vector pCIneo) resulted in a 9.6-fold increase
in CAT activity (Fig. 6). This was reduced to only 2.3-fold by
deletion of the RING finger region in plasmid pCIFXE; this
region has been shown previously to be of prime importance
for Vmw110 activity in this type of assay (7). On the basis of
the HAUSP binding data presented above and previously pub-
lished mapping of the self-multimerization domain of Vmw110
(4, 30), the proteins expressed by the various C-terminal region
Vmw110 deletion mutants can be classified as follows: HAUSP
binding competent but multimerization deficient (those ex-
pressed by pCIA8X and pCID13); HAUSP binding deficient
but multimerization competent (pCID12 and pCIA78); and
neither HAUSP binding competent nor multimerization com-
petent (pCIE52X and pCIE58X). All of these deletions re-
duced activation of gene expression by Vmw110 (Fig. 6), sug-
gesting that the abilities of Vmw110 to bind to HAUSP and to
multimerize contribute to its activity. However, the reductions
caused by these deletions were not as great as that resulting
from loss of the RING finger. In contrast, the substitution-
carrying mutants pCIM1 and pCIM4 had substantially reduced
activities, while mutant pCIM2 as expected activated gene ex-
pression as efficiently as wild-type pCI110. Western blotting of
extracts of cells transfected with this series of plasmids indi-
cated that the mutant proteins were expressed to similar levels
(Fig. 6, bottom).

A puzzling feature of these results from transfection assays
is the relatively modest effect of complete deletion of the
C-terminal region of Vmw110 (pCIE52X) compared to the M1
and M4 point mutations and other smaller deletions. There is
no clear explanation of this result, but the following consider-
ations of transfection assays and the effects of Vmw110 may be
relevant. First, the viral E52X deletion mutation causes a de-
fect in PML isoform degradation in the early stages of infec-
tion, but this is a kinetic defect in that at later times at least
some E52X-induced degradation occurs (14). If this process is

directly related to Vmw110 activity, the reduced rate of E52X
activity might be sufficient in the much longer timescale of a
transfection assay to induce significant activation of gene ex-
pression. On the other hand, the E52X mutant protein is
actually as efficient as wild-type virus in inducing the loss of
CENP-C, whereas the M1 mutant appears to be less efficient
than the wild type (16). Although the significance of the
effect of Vmw110 on CENP-C in terms of gene expression
remains unknown, this finding raises the possibility that the
effect of Vmw110 on any particular cellular target may be
varied by deletion or point mutation in unpredictable ways.
Whatever the explanation of the unexpectedly high activity of
the E52X mutation in this transfection assay system, the results
obtained with the M-series point mutant plasmids are consis-
tent with the hypothesis that the ability to bind to HAUSP
contributes to the activation of gene expression induced by
Vmw110 in transfected cells.

The relationship between HAUSP binding and ND10 dis-
ruption by Vmw110. Previous data have shown that many de-
letion mutations in the C-terminal region of Vmw110 result in
failure to localize to and disrupt ND10 (11, 30), but mutations
that specifically affect HAUSP binding have not been studied
in this respect in any detail. Therefore, HEp-2 cells were in-
fected with a panel of deletion- and substitution-carrying mu-

FIG. 5. Coimmune precipitation of HAUSP with Vmw110 from extracts of
cells infected with wild-type and Vmw110 substitution mutant viruses. An exper-
iment similar to that illustrated in Fig. 5 was conducted with wild-type virus
positive control (1–775), the mutant E52X negative control (1–593), and the
substitution-carrying mutant viruses M1, M2, and M4. The upper part of the
figure shows proteins detected by Western blotting by using anti-HAUSP serum
r201 in a sample of cell extract and in anti-Vmw110 immune precipitates from
mock-infected (mock) and virus-infected cells as indicated. The arrow indicates
the position of HAUSP. The lower part shows the presence of Vmw110 proteins in
the immune precipitates after reprobing of the filter with anti-Vmw110 serum r95.

FIG. 6. Activation of gene expression by Vmw110 and derivatives with mu-
tations in the C-terminal region. Cos7 cells were cotransfected with reporter
plasmid pSS80 (ICP6 promoter linked to CAT) and Vmw110 expression plas-
mids. The negative control is the vector pCIneo, and all CAT activities are given
as fold activation over this basal level. The data are averages for at least four
independent transfection assays. The nature of the mutations carried by E52X,
E58X, A8X, D12, A78, M1, M2, M4, and FXE is shown in Table 2. The deletion
carried by D13 (deletion of residues 633 through 680) affects the multimerization
and ND10 binding of Vmw110 but not its ability to bind to HAUSP (29). The
lower part of the figure shows a Western blot of total proteins of cells, transfected
in parallel with the same plasmids, probed with anti-Vmw110 MAb 11060.

422 EVERETT ET AL. J. VIROL.



tant viruses, and the localization of Vmw110 and PML (to
detect ND10) was examined by immunofluorescence at 2 and
4 h postinfection. After 2 h of infection (Fig. 7), the localiza-
tion of wild-type and FXE mutant proteins was as previously
reported (27); discrete punctate accumulations were seen
within a diffusely distributed background (Fig. 7A and C). At
this stage of infection, neither the wild type nor the FXE
mutant caused any obvious systematic change in the distribu-
tion of PML in ND10 (compare the infected and uninfected
cells in Fig. 7B and D), and many of the localized accumula-
tions of Vmw110 corresponded to the sites of ND10 (compare
horizontal pairs of panels). Mutants D12, A78, M1, M2, and
M4 all gave results similar to that for the wild-type protein at
2 h. The mutants which differed were A8X (Fig. 7E) and E58X

(not shown), which gave a diffuse nuclear distribution similar
to those of previously described viruses E52X, D13, and D14
(27, 30). Since the A78 and D12 deletion mutations and the
M1 and M4 substitution mutations remove sequences required
for HAUSP binding, it can be concluded that the ability of
Vmw110 to bind to HAUSP is not essential for its localization
to ND10.

The differences between the mutants were more marked
after 4 h of infection (Fig. 8). By that time, wild-type Vmw110
had caused the complete disruption of ND10 (Fig. 8A and B),
while the RING finger mutant FXE remained colocalized with
PML (C and D). The Vmw110 deletion mutant proteins ex-
pressed by viruses A8X (E) and E58X (data not shown) again
gave diffuse nuclear staining patterns, and ND10 was exten-

FIG. 7. Distribution of wild-type and mutant Vmw110 proteins in HEp-2 cells 2 h after the start of infection. Cells on coverslips were infected with the HSV-1 strain
171 (A and B) and with mutant derivatives FXE (C and D), A8X (E and F), D12 (G and H), A78 (I and J), M1 (K and L), M2 (M and N), and M4 (O and P). Each
pair of panels shows the same field of cells stained for Vmw110 (MAb 11060) (left) and PML (r8, to indicate ND10) (right). The bar in P corresponds to 10 mm.
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sively retained in the infected cells (F). By 4 h after the start of
infection, virus A78 gave an intermediate phenotype, with
some punctate staining in some cells (I) and some infected
cells retaining some ND10 (J). Virus D12 (G) gave a greater
degree of punctate staining than A78, but again some cells
retained a few ND10 (H). The HAUSP-binding-proficient M2
point mutant behaved exactly like the wild type, inducing the
complete loss of PML in ND10 at 4 h (M and N), but the
HAUSP-binding-negative mutants M1 and M4 showed two
interesting differences in this assay. First, although many in-
fected cells had lost all ND10 by this time, it was noticeable
that some infected cells retained at least some ND10 (L and P).
It should be noted that the results of this type of experiment
vary with time, from cell to cell, and with cell type (see below),
so it is difficult to compare the relative kinetics of ND10 dis-

ruption with precision. However, it is clear that the HAUSP-
binding-negative mutants retain the ability to disrupt ND10.
The second difference from the wild type exhibited by the M1
and M4 proteins was their accumulation in large cytoplasmic
foci in many cells (K and O). This effect became more marked
as infection progressed (data not shown).

The ability of Vmw110 to bind to HAUSP contributes to the
efficiency of virus replication in tissue culture. In the experi-
ments described above we have shown that the C-terminal
region of Vmw110 is complex and responsible (at least in part)
for a number of phenomena, including localization to ND10,
disruption of ND10, binding to HAUSP, and (as deduced by
comparison with previous data) self-multimerization. The con-
clusions that emerge from this study of multiple deletion and
substitution mutations in this region are that localization to

FIG. 8. Disruption of ND10 by wild-type and mutant Vmw110 proteins. Coverslips were processed for immunofluorescence 4 h after the start of infection. All other
details are exactly as described for Fig. 7.
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ND10 requires sequences that have not been separated from
the mapped self-multimerization domain and that efficient dis-
ruption of ND10 requires the ability of Vmw110 to localize to
ND10 but not to bind to HAUSP. However, all the mutations
are to some extent deleterious for the ability of Vmw110 to
activate gene expression in transfected cells. To investigate the
effects of these mutations on virus replication, single-step
growth curve experiments were conducted with BHK cells and
all the available virus mutants and the results were compared
with those for strain 171 (wild type) and the RING-finger-
deletion-carrying mutant FXE. The results obtained with the
mutant viruses (Fig. 9) were similar to those obtained in pre-
vious studies; in particular, the moderate growth defect caused
by the A78 mutation parallels that seen previously with the
D12 deletion mutation (30), while the E58X truncation muta-
tion had an effect similar to that of the more extensive E52X
deletion. However, the most important conclusion is that the
M series of substitution mutations caused growth defects which
reflected their reduction of HAUSP binding by Vmw110. That
a single amino acid substitution at Vmw110 residue 620 can
reduce HAUSP binding to background levels and cause a sig-
nificant reduction in virus growth provides compelling evi-
dence that the ability of Vmw110 to bind to HAUSP contrib-
utes to its biological properties.

DISCUSSION

This paper presents a thorough analysis of the role of
HAUSP binding in Vmw110 activity in transfected and infect-
ed cells. We have identified single amino acid residues within
a small region of Vmw110 which are required for HAUSP
binding, and we have shown that removal of this region or
alteration of specific residues within it reduces Vmw110 activ-
ity. The results obtained with the substitution mutants M1 and
M4 are particularly striking. However, it is clear that other
factors are also involved in Vmw110 activity.

An understanding of the role of Vmw110 in virus infection is

made difficult by both the complexity of the phenotypes of
Vmw110 mutants and the presence of multiple domains within
the protein that contribute to its functions. The defect caused
by lack of functional Vmw110 is cell type, cell cycle, and mul-
tiplicity dependent (2, 34). Therefore, by definition, the effect
of Vmw110 varies among individual cells in a single experi-
ment, because each cell varies in its stage in the cell cycle and
the dose of virus that it receives. Since the defect can be over-
come at high multiplicity, infection with a sufficient amount of
virus to enable viral gene expression to be readily detectable
(by Western or Northern blotting, for example) circumvents
the requirement for Vmw110, at least to some extent. Further-
more, once the lytic cycle has been established the role of
Vmw110 appears to be dispensable since equal numbers of
progeny virus particles are produced (8). Indeed, growth
curves of the type shown in Fig. 9 in reality reflect the subse-
quent probability of initiation of plaque formation by the prog-
eny virus rather than the total amount of virus particles pro-
duced. For these reasons, simple measurement of viral gene
expression in productive infection is a problematic method of
gauging Vmw110 activity.

Dissecting this complex phenotype is further complicated by
the nature of Vmw110 itself. It contains sequences required for
self-multimerization, for transport to the nucleus, for localiza-
tion at ND10, for disruption of ND10, and for binding to
HAUSP. Of these, the RING finger domain appears to be the
most important, since RING finger mutants do not disrupt
ND10, do not alter the stability of a number of cellular pro-
teins, are very poor activators of gene expression in transfec-
tion assays, and form plaques as inefficiently as a null mutant.
This paper shows that the HAUSP binding region of Vmw110
also affects activation of gene expression in transfection assays
and plaque forming efficiency (as indicated by a single-step
growth curve), but in HEp-2 cells the HAUSP binding mutants
colocalize with PML and disrupt ND10 almost as well as the
wild type. At first sight, this finding presents an anomaly since
in all other respects ND10 disruption correlates with Vmw110

FIG. 9. Growth curves of the HSV-1 strain 171 and derivatives with lesions in Vmw110. BHK cells were infected with the viruses at 1 PFU per cell, replicate plates
were harvested 4, 8, 16, and 24 h later, and progeny virus was titrated on BHK cells. Panels A and C show the results obtained with the viruses constructed for this
study, with wild-type virus, and with the Vmw110 RING finger deletion mutant virus FXE. For comparison and completeness, panel B shows the results obtained with
the complete C-terminal region deletion mutant, E52X, and the HAUSP-binding-region-deletion mutant, D12 (taken from reference 30). The genotypes of the viruses
are given in Table 2. The data are averages of two independent experiments.
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activity, and it is an attractive hypothesis that the mechanisms
which result in the disruption of ND10 underlie the biological
activity of Vmw110. A possible explanation of this paradox lies
in the cell type specificity of the Vmw110 mutant phenotype.
We have previously shown that, compared to the results in
HEp-2 cells (Fig. 8), the HAUSP-binding-defective mutant
D12 disrupted ND10 inefficiently in BHK cells (30). Recent
studies on the correlation between ND10 disruption and the
Vmw110-induced loss of the PML isoforms have confirmed
that in BHK cells mutant D12 is indeed defective in ND10
disruption, and this correlates with inefficient degradation of
the PML isoforms (14) and its reduced growth in BHK cells
(Fig. 9). Furthermore, the D12 mutant disrupts ND10 more
efficiently in HFL cells, and this correlates with improved
growth in this cell type (14).

The picture emerging from this paper and other recent work
is that a major biochemical function of Vmw110 is the control
of the stability of a number of specific cellular proteins. A likely
scenario is that one or more of the target proteins is involved
in a pathway that promotes the establishment of a quiescent
state of the incoming viral genome, and therefore its Vmw110-
induced loss would increase the probability of the onset of the
lytic cycle. The conclusion of this paper that the ability to bind
to HAUSP contributes to the biological functions of Vmw110
is, in principle, consistent with the idea that protein stability
pathways play a key role in control of HSV-1 infection. The
next goals must be to catalogue the cellular proteins which are
affected by Vmw110 and then to determine which of them lie
at the heart of Vmw110 activity.
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