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The ability of herpes simplex virus type 1 (HSV-1) to
attain a latent state in sensory neurones and reactivate
periodically is crucial for its biological and clinical
properties. The active transcription of the entire 152 kb
viral genome during lytic replication contrasts with the
latent state, which is characterized by the production of
asingle set of nuclear-retained transcripts. Reactivation
of latent genomes to re-initiate the lytic cycle therefore
involves a profound change in viral transcriptional
activity, but the mechanisms by which this fundament-
ally important process occurs are yet to be well under-
stood. In this report we show that the stimulation of
the onset of viral lytic infection mediated by the viral
immediate-early (IE) protein Vmw110 is strikingly
inhibited by inactivation of the ubiquitin—proteasome
pathway. Similarly, the Vmw110-dependent reactiva-
tion of quiescent viral genomes in cultured cells is
also dependent on proteasome activity. These results
constitute the first demonstration that the transcrip-
tional activity of a viral genome can be regulated by
protein stability control pathways.

Keywords HSV-1/latency/ubiquitin—proteasome
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Introduction
Herpes simplex virus type 1 (HSV-1) is an important

which govern the establishment of and reactivation from
latency, as yet they are poorly understood.

The sequence of expression of viral genes during lytic
infection is now well understood (for reviews see Fields
et al, 1996). The virus particle includes protein VP16
which is required for the efficient activation of the IE
genes. Because of this, viruses which are defective in the
activation function of VP16 (such d@s1814; Aceet al,
1989) have difficulty in initiating productive infection,
especially at low multiplicity. The IE genes encode regu-
latory proteins which are required for normal activation
of the early and late lytic cycle genes. The product of gene
IE-3, Vmw175, is an essential transcriptional regulator.
Mutations in this protein (such as the temperature-sensitive
lesion tsK) cause a block in viral replication at the IE
stage with consequent accumulation of IE gene products
(Preston, 1979). The product of gene IE-1, Vmw110 or
ICPO, is another important regulator of viral gene expres-
sion which forms the focus of this paper.

Several lines of evidence have indicated that Vmw110
is involved in the onset of virus infection and reactivation
from latency. Vmw110 is a non-specific activator of gene
expression, and viruses which express inactive forms of
the protein have a defect in the onset of the lytic cycle
that is dependent on the multiplicity of infection (m.o.i.)
and cell type (reviewed by Everet al, 1991). After
low multiplicity infection of human fetal lung (HFL)
fibroblast cells, Vmw110 mutant viruses preferentially
attain a quiescent state of repressed genome expression
from which they can be reactivated by provision of
exogenous Vmw110 (Stow and Stow, 1989; Preston and
Nicholl, 1997; Samanieget al., 1998). This phenotype
correlates with the reduced efficiency of reactivation of
Vmw110 mutant viruses from latently infected mouse
ganglia (Leibet al, 1989; Caiet al, 1993). Elucidation
of the mechanisms by which Vmw110 stimulates lytic

human pathogen which owes its evolutionary success andinfection and reactivation from quiescence is therefore
clinical importance, at least in part, to its ability to attain crucial for a proper understanding of HSV-1 biology. In
a latent state in sensory neurones after an initial infection addition, the use of HSV-1 as a vector for gene therapy
at the periphery (for reviews, see Fieleisal, 1996). The  requires a detailed understanding of how genome repres-
latent genomes reactivate periodically, thus leading to sion is regulated.

recurrent episodes of disease. During lytic replication, the  Vmw110 is a potent activator of expression from both
whole of the 152 kb viral genome is transcriptionally viral and cellular reporter genes in transfected plasmids
active as a consequence of the activity of viral regulatory (reviewed by Everetet al, 1991). There is no evidence
proteins expressed during the immediate-early (IE) phasethat it interacts specifically with either DNA or components
of infection. In contrast, during latency only one set of of the RNA polymerase Il machinery, and while it has
related RNAs (the latency associated transcripts) are been shown to increase the rate of transcription and not
transcribed at detectable levels (reviewed by Frasat, act at the post-transcriptional level (Jordan and Schaffer,
1992). The bulk of the viral genome becomes repressed1997), it is not clear whether it acts directly or indirectly.
or quiescent during latency, a consequence which appliesOn the other hand, an extensively studied and increasingly
not only to all classes of lytic cycle viral genes, but also understood property of Vmw110 is its ability to localize
to many heterologous transcription units which have beento and then disrupt specific nuclear structures named
introduced in order to utilize the virus as a vector. Despite nuclear domain 10 (ND10), promyelocytic leukemia
the obvious significance of the regulatory mechanisms (PML) bodies or PML oncogenic domains (PODs) (Maul
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et al, 1993; Everett and Maul, 1994; Maul and Everett, o

1994). The roles of ND10 are not well understood, but Table I. The affect of MG132 on virus yield in HFL and BHK cells
there is increasing evidence that PML, the prototype ND10 cells  Virus Input Yield Yield Fold
protein, is involved in the regulation of gene expression m.o.i. -MG132 +MG132  reduction
(Alcalay et al., 1998; LaMorteet al., 1998; Wanget al,

i . HFL 17+ 0.5 2.3x108  2.6x10° 880

1998). ND10 are modified by stress and interferon (Maul - 77, 005 00107 17x1C° 53000
et a]., 19'95), and become abr)ormal in the uncontrol!ed HEL  dl1403 5 4X10P  1.3x10° 31
proliferating blast cells in patients with promyelocytic HFL  di1403 0.5 4%10*0 1.8x10° 250
leukemia (Dycket al, 1994; Kokenet al, 1994; Weis g:E gi 8-8(5)5 ig}gﬁ %Xig g-?
E'tSa\L/, l19;94). Infection W|thI se_veraIHDCN'\,/?\\}nrusgs,c;nclud_lng BHK  dl1403  0.05 191F 931 20
-1, human cytomegalovirus ( ) and adenovirus, puk 41403 005 3K100  16x10° 1.9

also leads to modification of ND10 (Maweit al, 1993;
Carvalhoet al., 1995; Kelly et al., 1995; Doucast al,
1996; Ahn and Hayward, 1997). Intriguingly, the parental o . )
genomes of all these viruses preferentially localize at multiplicity of viral particles per host cell, but they are
ND10 during the earliest stages of infection, and sub- relatively uninfectious if used at low multiplicity. This
sequently viral transcription and replication begin at sites multiplicity dependence varies widely with cell type. For
adjacent to ND10 (Ishov and Maul, 1996; Maet al., example, the human osteosarcoma line U20S plaques
1996; Ishovet al, 1997). In the case of HSV-1, newly Vmw110-mutant viruses as efficiently as the wild-type
synthesized Vmw110 rapidly localizes to and then disrupts Virus (Yao and Schaffer, 1995), but the particle to plaque-
ND10, causing the dispersal of the constituent cellular forming unit (p.f.u.) ratio of the mutant is reduced by as
proteins. Since the regions of the Vmw110 protein required much as 100-fold in baby hamster kidney (BHK) cells
for localization to and disruption of ND10 closely correlate and by a further factor of up to 100-fold in HFL cells,
with those required for its roles in the activation of gene although the exact extent of the defect can vary depending
expression and stimulation of viral replication (Everett ©On the metabolic state of the cells. However, once the
et al, 1998, and references therein), it is a reasonablelytic cycle has started, Vmw110-mutant viruses express
prediction that the mechanisms involved in ND10 disrup- normal levels of viral proteins and produce normal yields
tion by Vmw110 are relevant to its role in the viral life of progeny virus particles (Stow and Stow, 1986; Sacks
cycle. However, hitherto there has been no direct evidenceand Schaffer, 1987; Everett, 1989).
in support of this hypothesis. The multiplicity and cell-type-dependent phenotype of
Recently, we have shown that Vmw110 binds to a Vmw110-deficient viruses implies that Vmw110 affects
member of the ubiquitin-specific protease family of the probability of successful onset of lytic infection, and
enzymes (Everett al., 1997), and that Vmw110 induces in its absence genome shut-down preferentially occurs.
the proteasome-dependent loss of a number high molecularTherefore, the true effect of Vmw110 is best assayed
weight isoforms of PML. The degradation of the PML during low multiplicity infection of HFL cells, since in
isoforms correlates directly with the disruption of ND10 other situations its requirement can be bypassed. However,
(Everettet al,, 1998), and the endogenous PML isoforms the cell-type and multiplicity dependence of the phenotype
that are affected by Vmw110 have gel mobilities which can be used as a tool to identify Vmw110 activity.
strongly resemble those of PML proteins that have been BHK and HFL cells were infected with wild-type virus
modified by covalent conjugation to the small ubiquitin- and Vmw110-deletion mutant virudl1403 (Stow and
like protein known as PIC1 or SUMO-1 (Sternsdorf Stow, 1986) at a range of multiplicities of input virus and
et al, 1997; Kamitaniet al, 1998; Mulleret al., 1998). in the presence or absence of the proteasome inhibitor
Furthermore, Vmw110 also induces the proteasome- MG132. Progeny virus was harvested 20 h later (before
dependent loss of a number of uncharacterized cellularthere was any significant visible cytotoxicity of the drug
proteins that can also be modified by PIC1/SUMO-1 on uninfected cells), then titrated on BHK cells. MG132
(Everettet al., 1998). These observations prompted us to reduced the yield of wild-type virus from BHK cells by
examine the effect of the ubiquitin—proteasome pathway a factor of ~10, but in HFL cells the reduction was up to
inhibitor MG132 on the ability of Vmw110 to modulate 50 000-fold (Table I). Importantly, the extent of the
viral infection. We found that MG132 strongly inhibited reduction was dependent on the multiplicity of the original
the ability of Vmw110 to promote viral gene expression, infection, and MG132 inhibited the replication df1403
replication and reactivation from quiescence. This finding to a much lesser degree (Table I). These results show that
is the first example of a regulator of viral gene expression inactivation of the ubiquitin—proteasome pathway inhibits
functioning via the ubiquitin—proteasome pathway, and viral replication in a manner that closely follows multipli-
furthermore our results suggest, at least in principle, a city and cell-type dependence of the requirement for
mechanism by which reactivation of latent virus might be Vmw110.
inhibited. While it is possible that the results with the wild-type
virus (but not dl1403) could be explained if MG132
caused greater cytotoxicity in HFL compared with BHK

Results g . ;

cells, examination of uninfected cells in the presence of
The proteasome inhibitor MG132 reduces viral the drug indicated that the two cell types exhibited signs
replication of toxicity with approximately equal kinetics. Over the

Viruses which do not express functional Vmw110 are time course of these experiments, neither cell type was
replication proficient if the infection is initiated at a high visibly affected by the drug (data not shown).
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Fig. 1. Inhibition of Vmw110-stimulated viral gene expression by Fig. 2. MG132 has little effect on gene expression of Vmw110-null
MG132. HFL cells were infected with wild-type HSV-1 strain 7t mutantdl1403. A similar experiment to that of Figure 1, using

0.5 p.f.u. per cell after no drug treatmert &ndB) or in the presence Vmw110 mutant virugll1403 (at a nominal m.o.i. of 1 p.f.u. per cell).

of MG132 (C andD). The cells were fixé 8 h after infection and The cells were infected after no drug treatmehtandB) or in the
prepared for immunofluorescence. Vmw110 (left-hand panels) and presence of MG132Q andD), then fixel 8 h after infection and

UL29 (right-hand panels) were detected by simultaneous staining prepared for immunofluorescence. Vmw175 (left-hand panels) and
using Mab 11060 and serum r515 as described in Materials and UL29 (right-hand panels) were detected by simultaneous staining
methods. The bar in (D) represents 1,0. using Mab 58S and serum r515 as described in Materials and methods.

The bar in (D) represents 1Qdm.

MG 132 inhibits the onset of virus infection
To evaluate the role of Vmw110 more directly, we increase with time and little or no virus spreading occurred.
examined cells by immunofluorescence after infection at One explanation for the failure of the virus to spread after
a relatively low multiplicity of 0.5 p.f.u. per cell. Eight several hours infection in the presence of drug could be
hours after infection with wild-type virus, most HFL cells that extended incubation with MG132 caused the cells to
expressing Vmw110 were also expressing UL29, a DNA become uninfectable. However, pre-treatment with the
replication protein which is expressed during the middle drug for 16 h did not reduce further the proportion of
and late stages of viral infection (Figure 1A and B). At cells expressing Vmw110 after virus infection (data not
this stage of infection of HFL cells, Vmw110 is present shown). Therefore the reduced virus yields (Table I) can
in both the nucleus and cytoplasm. In contrast, although be explained by a reduction in the number of cells initially
the number of cells expressing Vmw110 was slightly engaged in productive infection, followed by subsequent
reduced by MG132, the proportion of these that were reductions in the onset of secondary infections.
expressing UL29 was drastically decreased (Figure 1C and If MG132 was having a specific effect on Vmw110
D). Note that the MG132-induced retention of Vmw110 in activity, it would be expected to have lesser effects on
punctate nuclear ND10 structures (Figure 1C) occurs as ainfection of cell types which circumvent the requirement
result of inhibition of the Vmw110-induced disruption of for Vmw110 and on the number of cells expressing viral
these domains (Evereét al., 1998). Essentially similar  proteins after infection withll1403. Indeed, an analogous
results were obtained at earlier times of infection, but experiment usingll1403 at a multiplicity adjusted to give
the proportion of cells expressing UL29 decreased with similar numbers of infected cells showed that MG132 had
shortening periods of infection (data not shown). The fact little effect on the number of cells expressing either the
that the drug did not cause a substantial decrease in themajor IE transcriptional activator Vmw175 (the product
number of cells expressing Vmw110 implies that it does of gene IE-3) or on the proportion of those cells expressing
not significantly inhibit viral adsorption, penetration, UL29 (Figure 2). The lack of effect of MG132 ai1403
uncoating or transcription of the IE-1 gene which encodes is consistent with the high particle to p.f.u. ratio of the
Vmw110. However, the majority of cells expressing mutant, which ensures that the infections are conducted
Vmw110 did not go on to express later viral gene products, at high multiplicity, thereby avoiding the requirement for
indicating that infection was becoming stalled at the IE Vmw110. Also as expected, MG132 had no significant
phase. Counting positive cells showed that MG132 reducedaffect on the proportion of infected U20S cells which
the number of cells expressing Vmw110 and UL29 by progress into the middle stages of infection (Figure 3).
~1.2- and 20-fold, respectively. This result is consistent with the lack of requirement for
After infection at even lower multiplicities, the virus  Vmw2110 for virus replication in this cell line (Yao and
spread to form plaques. However, in the presence of Schaffer, 1995).
MG132 the number of cells expressing UL29 did not  While it would have been of interest to confirm that
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Fig. 3. MG132 has no effect on viral gene expression in a cell line Fig. 4. MG132 decreases the proportion of Vmw110-positive
that does not require Vmw110 for efficient viral infection. U20S cells  infected cells also expressing Vmw175. HFL cells were infected with
were infected by wild-type virus at a multiplicity of 0.5 p.f.u. per cell wild-type HSV-1 strain 1# at 0.5 p.f.u. per cell after no drug

after no drug treatmen®A(andB) or in the presence of MG13Z( treatment A andB) or in the presence of MG13Z(andD). The
andD). The cells were fixeé 8 h after infection and prepared for cells were fixé 8 h after infection and prepared for immuno-
immunofluorescence. Vmw110 (left-hand panels) and UL29 (right- fluorescence. Vmw110 (left-hand panels) and Vmw175 (right-hand

hand panels) were detected by simultaneous staining using Mab 11060 panels) were detected by simultaneous staining using serum r190 and
and serum r515 as described in Materials and methods. The bar in (D) Mab 58S as described in Materials and methods. The bar in (D)
represents 10Qm. represents 10Qm.

MG132 did not reduce progeny virus yield in U20S cells expression by MG132 can be explained by inhibition of
in an experiment analogous to that shown in Table I, we the stimulation of the IE-3 promoter by Vmw110. Indeed,
found that the drug was more rapidly toxic to these cells, since Vmw175 and the other viral activators of gene
causing clearly detrimental effects before a round of virus expression are sufficient to induce normal levels of viral
replication could be completed. Therefore as a more transcription in the absence of Vmw110 once infection
general analysis of the effect of MG132 on virus replica- has been properly initiated, if Vmw110 did not have a
tion, we used $S]methionine labelling and Western blot- role in stimulation of IE gene expression it would be
ting to examine the expression levels of several viral difficult to understand whyll1403 was defective.
proteins in U20S cells infected in the presence or absence To test whether MG132 had any direct effect on
of drug. These were either unaffected or much less affectedtranscription from the IE-1 and IE-3 promoters, we utilized
by MG132 compared with the effect in HFL cells (data a pair of recombinant viruses which are multiply defective
not shown). in VP16, Vmw175 and Vmw110, and cafygalactosidase
Becausedl1403 does not express Vmw110 it was cassettes linked to the IE-1 and IE-3 promoters. As a
necessary to use Vmwl175 as a marker for the IE phasefurther control, we included a similar virus with the
of infection. To check whether this difference influenced HCMV promoter/enhancer driving th@-galactosidase
the results, we repeated the experiment in Figure 1 with cassette. Cells were infected with these viruses either
wild-type virus, but investigated the proportion of cells alone, orin combination with UV-inactivatesK virus (see
which were expressing both Vmw110 and Vmw175. below) to provide VP16. The infections were conducted in
Compared with the effect on Vmw110, MG132 had a the presence or absence of MG132, then the cells were
significantly greater effect on the number of cells harvested fof-galactosidase assays. The results (Table II)
expressing Vmw175 (Figure 4). At first sight, the reduction confirmed that VP16 activates the IE-1 promoter more
of the number of cells expressing Vmw175 is surprising, than the IE-3 promoter, and demonstrated that MG132
since it would be expected to be under the same controlinhibited neither the basal nor the VP16-activated levels
as the IE-1 promoter. However, we note that Vmw110 of either promoter; indeed, levels of basal gene expression
can strongly stimulate the IE-3 promoter (O’'Hare and from the three promoters tested were increased ~2-fold
Hayward, 1985), that the IE-3 promoter is less responsive by MG132. These results are entirely consistent with
to activation by the virion transactivator VP16 than the the previous conclusion that the reduced expression of
other IE promoters (Aceet al, 1989), and that the Vmwl75 in MG132-treated infections (Figure 4) is due
phenotype of Vmw110 mutant viruses demonstrates thatto inhibition of the stimulation of IE-3 expression by
the probability of an infected cell expressing Vmw175 is Vmw110, and this factor undoubtedly contributes to the
dependent on functional Vmw110 (Stow and Stow, 1986; reduced progression of infection into the middle phase
Everett, 1989). Therefore, the reduction in Vmwl75 (Figure 1).
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mock
4hrs
8hrs
12hrs
4hrs
8hrs
12hrs

m-+ - + - +

——— - < Vmwi10 -_--.* < Vmw110

-
R | <Vmw175
s BB w— .
—— e — — < s 5 "_
e — < UL42
- wpengRe < UL42
no drug 2.5uM MG132 .
Fig. 5. MG132 inhibits the expression of UL42, a marker for the
middle phase of virus infection. HFL cells were infected with HSV-1
strain 17 at a multiplicity of 0.5 p.f.u. per cell in the absence or Fig. 6. Inhibition of UL42 expression by MG132 is relieved by high
presence of MG132. Total cell proteins were harvested at 4, 8 and m.o.i. HFL cells were infected with HSV-1 strain +7at multiplicities
12 h after infection, separated by electrophoresis on a 7.5% SDS~ of 5, 50 and 500 p.f.u. per cell in the absence or presence of MG132.
polyacrylamide gel and transferred to nitrocellulose by Western Total cell proteins were harvesta h after infection, separated by
blotting. Vmw110 was detected using Mab 11060, then the blot was  gjectrophoresis on a 7.5% SDS—polyacrylamide gel and transferred to
stripped and re-probed for UL42 using Mab Z1F11. nitrocellulose by Western blotting. Vmw110 was detected using

Mab 11060, then the blot was stripped and sequentially re-probed for
Vmw175 and UL42 using Mabs 10176 and Z1F11 respectively.

Table Il. Effect of MG132 on IE-1, IE-3 and HCMV promoter

activity
Virus  Promoter controlling lacZz ~ UMsK  MG132 B-gal of MG132 could be eliminated by increasing the m.o.i.
activity (Figure 6), a result which is again entirely consistent
in1354 IE-3 (330 to +28) - - 84 with the multiplicity dependence of the requirement for
in1354 1E-3 (330 to+28) - + 330 Vmw110.
!niggi :Eg (;228 :Oiggg i N ;ggg The results of this and the previous experiments show
n - (0} H
in1355 IE-1 {807 to +55) i i 185 thgt the'effect of MG132 on wild-type HSV-1 close_ly
in1355 IE-1 (807 to +55) _ + 337 mirrors, in all'aspects, the phenotypg of Vmwllp—deﬁment
in1355 IE-1 (807 to +55) + - 29500 mutants. An important aspect of the interpretation of these
in1355 IE-1 (-807 to+55) + + 23 600 experiments is that the inhibition of virus infection by
in1352  HCMV (~750 to +3) - - 530 MG132 is multiplicity-dependent in a way that reflects
i35z HOMY 750 10+3) B M 1085 the requirement for Vmw110. However, it could be argued
that rather than affecting Vmw110, MG132 inhibits virus
Monolayers of X10° HFL cells were infected at 38.5°C with the infection in some other way that is bypassed at high
indicated viruses at a multiplicity corresponding to 10 infectious units multiplicity. To test this possibility it is necessary to use
per cell, in the absence or presence of UV-inactivasgdat a nominal a virus which has a multiplicity-dependent defect that is

multiplicity of 1 p.f.u. per cell. 2.54M MG132 was present during the . S .
infections as indicated. Extracts were preparedgalactosidase mdependent of Vmw110. This is not a Stra|ghtf0rward

assays after 6 h, and the means of duplicate samples are presented. ~€Xperiment. Mutations in essential IE, DNA replication
or structural genes are lethal regardless of multiplicity.
MG132 inhibits viral gene expression in a Viruses with lesions in the IE transactivation function of
multiplicity-dependent manner VP16 (such asn1814) have a defect which is overcome
If MG132 was inhibiting the function of Vmw110, it at high multiplicity, but their phenotype is complicated
would be predicted that the drug would have little or no because the mutations resultin reduced IE gene expression.
effect on infections conducted at high multiplicity. To test However, if MG132 was causing a Vmw110-independent
this, we investigated total protein production by Western defect that can be overcome at high multiplicity, it should
blotting. Following infection at the same multiplicity used cause a similar result as that seen with403 (Figure 2)
for the experiment in Figure 1, we found that expression and not inhibiin1814 gene expression. If the drug inhibits
of UL42 (a viral protein which is expressed with kinetics Vmw110 activity, it should inhibiin1814 replication in a
similar to those of UL29) was not detectable in the similar way to inhibition of the wild-type virus (Figure 1).
presence of MG132, whereas the expression of Vmw110 The results (not shown) indicated that MG132 resulted in
was reduced only ~2-fold aft®& h of infection (Figure 5). similar reductions in the proportion of cells infected with
The proportionately greater inhibition of Vmw110 expres- in1814 and wild-type virus proceeding into the lytic cycle,
sion seen at 12 h is due to infection spreading to neigh- with manyin1814-infected cells becoming stalled at the
bouring cells in the absence of drug. However, the affect IE stage. This result strongly suggests that MG132 is
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inhibiting the activity of Vmw110, rather than some other
process which can be overcome at high multiplicity.

MG 132 inhibits the reactivation of quiescent viral
genomes

The shut-down of viral gene expression which occurs
during latent infection of animal models can in part be
mimicked in cultured cells (Preston and Nicholl, 1997;
Samaniegeet al, 1998). Recombinant viruses have been

constructed which carry a heterologous transgene and are

defective in multiple viral IE genes (Prestehal., 1997,
1998). These viruses, which constitute prototype gene
delivery vectors, are relatively non-cytotoxic and can be
used to infect all the cells of a monolayer under conditions
in which the lytic cycle fails to initiate. Such cultures
maintain the viral genome for several days, but in time

A

Cc

"

repression of all gene expression occurs so that even the

transgene is silenced. Previous work has shown that
the quiescent virus can be reactivated by provision of
exogenous Vmw110 (Stow and Stow, 1989; Samaniego
et al, 1998), so this system allows the investigation of
the effect of MG132 on the ability of Vmw110 to relieve
quiescent genome repression. HFL cells were infected
with HSV-1in1382, which is mutated in VP16, Vmw175
and Vmw110 and which expressBgyalactosidase from
the HCMV promoter/enhancer. After 2 days at 38.5°C,
shut-down of the viral genome had occurred and cells
expressing3-galactosidase were extremely rare (~30 cells
per plate; Figure 7A). To induce reactivation and test the
requirement for Vmw110, parallel cultures were super-
infected with HSV-1 mutant$sK and in1366 at the non-
permissive temperaturesK carries a temperature-sensitive
lesion in Vmw175 so that it expresses only the IE
gene products, including Vmw110 (Preston, 1979), while
in1366 is a Vmw110-deficient derivative ¢dK. Super-
infection with tsK resulted in large numbers of cells
expressing B-galactosidase (~10000 cells per plate;
Figure 7B), whereasn1366 had no effect (Figure 7C).
MG132 strikingly reduced the reactivation induced by
tsK, both in terms of the number of-galactosidase-
expressing cells (~200 cells per plate; Figure 7D) and
B-galactosidase enzyme activity (Table Ill). As expected,

E

1 2 3 4 5 6 7

Fig. 7.MG132 inhibits the ability of Vmw110 to reactivate quiescent
virus. HFL cells were infected as described in the Methods section.
(A-D) Fields of cells equivalent to those used for samples 2-5, Table llI.
All had been initially infected with virus11382, then either mock
superinfectedA4), or superinfected witksK (B), tsK in the presence of
MG132 (C) orin1366 D). (E) Western blot of duplicate samples 1-7

(as detailed in Table Ill) probed for Vmw110 expression using Mab
11060.

Table Ill. Activation of B-galactosidase activity from quiescent virus
in HFL cells

the drug had no significant effect on the expression of Sample Vius1 ~ Vius2  MGI132  P-gal activity
Vmw110 bytsK (Figure 7E). In a similar manner to the 4 mock mock _ 1.0

lytic cycle experiments, we found that the effect of MG132 2 in1382 mock - 18.0

in this reactivation experiment could be overcome by 3 in1382 tsK - 1184.0
using high multiplicities of the superinfecting virus, per- !”iggg FS‘I%G + %-8

haps because in this situation very large amounts of ; aes ook 4 180
Vmw110 are very rapidly synthesized. 7 mock tsK - 20

Discussion

These experiments show that inactivation of the ubiquitin—
proteasome pathway inhibited the ability of Vmw110 to

Values are the mean of duplicate samples, expressed as arbitrary
fluorescence units.

(Everett et al, 1997), and that it co-localizes with a

stimulate both onset of virus lytic infection and reactivation number of cellular proteins in discrete nuclear structures
of quiescent viral genomes, and provide the first demon- termed ND10, PML nuclear bodies or PODs (Everett and
stration of a viral activator of gene expression functioning Maul, 1994; Maul and Everett, 1994). The consequence
via the ubiquitin—proteasome pathway. The results clearly of this co-localization is the disruption of ND10, a process
show how the activity of Vmw110 can be obstructed, and which correlates with the proteasome-dependent loss of a
for the first time present the possibility of finding a specific number of modified PML isoforms (Everetdt al., 1998).
inhibitor which blocks reactivation of latent HSV-1. Consistent with the results presented here, Vmw110
Previous work has shown that Vmw110 binds strongly mutants which fail to disrupt ND10 and induce the loss
and specifically to HAUSP, a ubiquitin-specific protease of the PML isoforms also exhibit reduced abilities to
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stimulate the viral lytic cycle (Everett, 1989; Everett and the nucleus. Therefore it is relevant that in productive
Maul, 1994; Meredithet al., 1995). However, the effects infections, parental genomes preferentially localize adja-
of Vmw110 may not be limited to the components of cent to ND10, the initial site of Vmw110 accumulation
ND10, since the PML isoforms which are targets for (Ishov and Maul, 1996; Mautt al., 1996). Accordingly,
Vmw110-induced degradation are almost certainly conjug- it is possible that silencing of the viral genomes in the
ated to PIC1/SUMO-1, a protein related to ubiquitin which absence of Vmw110 also occurs adjacent to ND10, thus
can be conjugated to a large number of nuclear proteinsproviding a link between Vmw2110 modification of ND10
(Sternsdorfet al, 1997; Kamitaniet al, 1997, 1998; and relief of genome repression. This hypothesis suggests
Muller et al,, 1998); many such modified proteins can be that investigation of possible connections between
eliminated during virus infection in a proteasome- and Vmw2110, ND10 and host repression or silencing proteins
Vmw110-dependent manner (Everettal.,, 1998). There- may be fruitful.

fore, Vmw110 induces substantial changes in the

intracellular environment which lead to increased virus ]

infectivity and reactivation of quiescent genomes. The Materials and methods

multiplicity of the potential targets of Vmw110 activity  juses and cells

create problems in determining the significance of any Hsv-1 strain 17 was the wild-type virus used in these experiments,
individual examples, but it is possible to speculate on the from which the Vmw110 null mutant virugll1403 had been derived
underlying pathways. (Stow and Stow, 1986). VirugsK contains a temperature-sensitive

. . mutation in Vmw175, which results in failure to activate early and late
The repression of the Iarge segment of DNA which gene expression and high-level production of the other IE proteins at

comprises the_ Vira_l genome bears some sir_nilarity to Fhe the non-permissive temperature of 38.5°C (Preston, 1979). These viruses
concept of silencing of chromosomal loci, and it is were propagated and titrated in BHK cells under permissive conditions.
intriguing that the ubiquitin—proteasome pathway has been \ﬁrl;sl(les with multiple defects in IE genes and inserted transgenes were
: : ; ; ; as follows:
|mpI|c_a_ted In _t_hIS process. For _example, n yeast the in1382: Vmw17%s, VP16 activation negative, Vmwl1l0 negative,
ubiquitin-specific protease UBP3 interacts with SIR4 and oy jacz.
regulates silencing at both telomeres and mating-type loci in1366: Vmw17%s, Vmw110 negative.
in yeast (Moazed and Johnson, 1996), whil®msophila in1354: Vmw17%s, VP16 activation negative, Vmw110 negative, vhs
a ubiquitin-specific protease suppresses position-effectnegative, IE-3 lacz. - . .
variegation ina dose—dependent manner (Hencé‘tcm in1355: Vmwl|75& VP16 activation negative, Vmw110 negative, vhs

. - . N negative, IE-1 lacZ.
1996). The S|m_p|E'St Interpretation of the results p!'esen_tedinlSSZ: Vmw17%s, VP16 activation negative, Vmw110 negative, vhs
here and previously is that the HSV-1 genome is being negative, HCMV lacZ. o ‘
targeted for repression or silencing at the earliest stages The Vmwl73smutation was frontsK. The VP16 activation-negative
of infection. and that Vmw110 acts to inhibit or reverse mutation was fromin1814, which eliminates the IE activation function
th " Host . tei be t fi of VP16 without affecting its role in the virus patrticle (Aeg¢al., 1989).

e _repres_smn: 0s repres_5|_o_n _pro €Iins may be targeélingrne vmwiio negative mutation was a deletion inducing a frame-shift
the incoming viral genome, initiating a race between shut- at residue 105. The vhs mutation is a deletion of HSV-1 nucleotides
down and further transcriptional activation by vitedns 91610-92545 which removes most of the coding sequences of the UL41
acting factors. If Vmw1L0 were to induce the degradation en et cel st et The e caseete nserions were made
of the h,yp_Othetlca_l repressgon proteins, the prOb,ablhty that viruses were determined by fheir ability to complement temperature
trans_crlptlona_ll activation wins t_he race would be mcre_ased. sensitive mutant viruss1201 at the non-permissive temperature. Further
At high multiplicities of infection, the number of viral  details of these viruses and their propagation are given in Prestah
genomes in the cell would overload the repression mechan-(li?ﬁ, 1998) and Preston andlet_CthOt" c(11997%-HK i od |
; S ; viruses were grown and titrated in cells propagated in
fm,ththus S!Tmat'??h.the ée?ylrﬁ]mtentllfpr V.mwﬁ.l(?]. Glasgow modified Eagle’s medium (GMEM) containing 100 units/m

nother preaiction of this model 1s that cell ines IN WNICN  yenicillin and 100pg/ml streptomycin, and supplemented with 10%
Vmw110-mutant viruses grow readily are defective in thiS newborn calf serum (NBCS) and 10% tryptose phosphate broth. Hep2
repression mechanism; it may be significant that U20S cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)

cells are highly transformed and very fast growing com- Supplemented Wit_h 10% fetal c_alf serum (FCS) and antibi_otics as above.
pared with HFL cells. HFL cells (Imperial Laboratories) and U20S cells (a kind gift from

. . . . . Tony Kouzarides) were propagated in DMEM supplemented with 5%
An extension of this model is that if the proteins rcs 59 NBCS, 1% non-essential amino acids (Gibco-BRL) and

required for repression are normally turned over to some antibiotics as above.
extent by the proteasome pathway, treatment with MG132 o
may not only inhibit the activity of Vmw110, but also of V'F’I‘_ls ’eg’g’:fé"" ﬁssays e cted with wildt e 47and
. o . . an cells were infected with wild-type strain 47an
itself Stablhze j[he repression mechanism. In other v_vords, Vmw110 deletion mutandl1403 viruses in the presence and absence of
Vmw110-deficient mutants such 403 are also subject ;5\ MG132. The cells were pre-treated with drug fb h before
to repression, but this is overcome because one is forcedinfection, and where relevant continuous drug treatment was maintained.
to use a high m.o.i. However, reduction of the m.o.i. Progeny virus was harvested 20 h later by scraping the cells into the
could reveal a further inhibition ofll1403 by MG132. a medium, the mixture was sonicated, then the titre was determined on
. . " . BHK cells.

prediction supported by the results using HFL cells in
Table I, and immunofluorescence experiments conducted;p, munofiuorescence
with dl1403 at very low m.o.i. (data not shown). HFL or U20S cells (X1C° cells per coverslip in 24-well dishes) were

If this model is correct, what could be the relationship infected with wild-type HSV-1 strain 1¥ or Vmw110 mutantl1403
between the relief from repression and the well established2s noted in the figure legends. Where relevant, |6 MG132 was

" : present continuously, and the infections were initiated after a 30 min
effect of Vmw110 on ND10? The mechanism of parental pre-incubation with drug. The cells were fixed with formaldehyde

viral genome rgprgsfsi.on must becias—effec.t, which is [5% v/v in phosphate-buffered saline (PBS) containing 2% sucrose] 8 h
occurring in their vicinity and not necessarily throughout after infection and permeabilized with 0.5% Nonidet P-40 in PBS with
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10% sucrose. The primary antibodies were diluted in PBS containing  adenovirus E1A and E4-orf3 proteins to nuclear matrix-associated
1% NBCS. Antibodies were used at dilutions as follows: anti-Vmw110 PML bodies.J. Cell Biol, 131, 45-56.

Mab 11060: 1/1000; anti-UL29 r515 serum: 1/100; anti-Vmw175 Mab Doucas,V., Ishov,A., Romo,A., Juguilon,H., Weitzman,M.D., Evans,R.M.
58S supernatant: 1/100. Goat anti-mouse fluorescein isothiocyanate and Maul,G.G. (1996) Adenovirus replication is coupled with the
(FITC)-labelled (Sigma) and goat anti-rabbit Cy3-labelled secondary  dynamic properties of the PML nuclear structuf@enes Dey. 10,
antibodies (Amersham) were used at 1/100 and 1/2000 respectively. 196-207.

After staining, the coverslips were mounted and examined in a Zeiss Dyck,J.A., Maul,G.G., Miller, W.H.,Jr, Chen,J.D., Kakizuka,A. and
LSM 510 confocal microscope. Images of typical fields of cells captured  Evans,R.M. (1994) A novel macromolecular structure is a target
using the 1 objective lens and the two channels were scanned  of the promyelocytic-retinoic acid receptor oncoprotel@ell, 76,
separately to avoid channel overlap. Identical settings were used for data 333-343.

acquisition for pairs of FITC- or Cy3-labelled images in each figure. Everett,R.D. (1989) Construction and characterisation of herpes simplex

The images were compiled using PhotoShop. virus type 1 mutants with defined lesions in immediate-early gene 1.
J. Gen. Virol, 70, 1185-1202.
Western blotting Everett,R.D. and Maul,G.G. (1994) HSV-1 IE protein Vmw110 causes

SDS—polyacrylamide gels (7.5% acrylamide) were prepared and runinthe redistribution of PML.EMBO J, 13, 5062-5069.

Bio-Rad MiniProtean Il apparatus, then proteins were electrophoretically Everett,R.D., Preston,C.M. and Stow,N.D. (1991) Functional and genetic
transferred to nitrocellulose membranes according to the manufacturer’s  analysis of the role of Vmw110 in herpes simplex virus replication.
recommendations. After blocking in PBS containing 0.1% Tween-20 In Wagner,E.K. (ed.),The Control of Herpes Simplex Virus Gene
(PBST) and 5% dried milk overnight at 4°C, the membranes were  ExpressionCRC Press Inc., Boca Raton, FL, pp. 50-76.

incubated with primary antibody in PBST/5% dried milk at room Everett,R.D., Cross,A. and Orr,A. (1993a) A truncated form of herpes
temperature for 4 h, then washed in PBST at least 6 times before simplex virus type 1 immediate-early protein Vmw110 is expressed
incubation with horseradish peroxidase-conjugated secondary antibody in a cell type dependent manngfrology, 197, 751-756.

in PBST/2% dried milk at room temperature for 1 h. After extensive Everett,R.D., Cross,A., Tyler,J.K. and Orr,A. (1993b) An epitope within
washing, the filters were soaked in Amersham ECL reagent and exposed the DNA binding domain of the herpes simplex virus immediate-early
to film. Antibodies were stripped from the membranes following the protein Vmw175 is conserved in the varicella-zoster virus gene 62
Amersham ECL protocol and the membranes were re-probed as protein.J. Gen. Virol, 74, 1955-1958.

necessary. Everett,R.D., Meredith,M.R., Orr,A., Cross,A., Kathoria,M. and
Parkinson,J. (1997) A novel ubiquitin-specific protease is dynamically
Antibodies associated with the PML nuclear domain and binds to a herpesvirus

The anti-UL42 Mab Z1F11, anti-Vmw110 Mab 11060 and anti-Vmw175 regulatory proteinEMBO J, 16, 1519-1530.

Mab 10176 have been described previously (Schenk and Ludwig, 1988; Everett,R.D., Freemont,P., Saitoh,H., Dasso,M., Orr,A., Kathoria,M. and

Everettet al., 1993a,b). Rabbit polyclonal serum r515 recognizes UL29 Parkinson,J. (1998) The disruption of ND10 during herpes simplex

(Marsdenet al, 1996) and Mab 58S recognizes Vmw175 (Showalter virus infection correlates with the Vmw110 and proteasome-dependent

et al, 1981). Anti-Vmw110 rabbit serum r190 was generated after loss of several PML isoformsl. Virol., 72, 6581-6591.

immunization with a glutathion&transferase fusion protein including Fields,B.N., Knipe,D.M. and Howley,P.M. (eds) (199@ology, 3rd

residues 594—775. Horseradish peroxidase sheep anti-mouse and goat edn,Vol. 2. Lippincott-Raven, Philadelphia, PA.

anti-rabbit antibodies were purchased from Sigma Immunochemicals. Fraser,N.W., Block,T.M. and Spivack,J.G. (1992) The latency associated
transcripts of herpes simplex virus: RNA in search of a function

Establishment and reactivation of quiescent viral genomes Virology, 191, 1-8.

HFL cells were infected at 38.5°C with virus1382 at a multiplicity of Henchoz,S., De Rubertis,F., Pauli,D. and Spierer,P. (1996) The dose of

0.3 infectious units per cell. After incubation for 48 h at 38.5°C, the a putative ubiquitin-specific protease affects position-effect variegation

cells were superinfected wittsK (0.03 p.f.u. per cell) 0in1366 (0.03 in Drosophila melanogaster. Mol. Cell. Bipll6, 5717-5725.
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noted, MG132 was present at 2181 from the time of superinfection. (ND10) as site of DNA virus depositiod. Cell. Biol, 134, 815-826.
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et al, 1995) or enzyme activities in cytoplasmic extracts measured. The  cytomegalovirus immediate early interaction with host nuclear
values are the mean of duplicate samples, expressed as arbitrary structures: definition of an immediate transcript environméntell
fluorescence units. Biol., 138 5-16.
Jamieson,D.R.S., Robinson,L.H., Daksis,J.Il., NichollM.J. and
Preston,C.M. (1995) Quiescent viral genomes in human fibroblasts

Acknowledgements after infection with herpes simplex virus type 1 Vmw65 mutants.
J. Gen. Virol, 76, 1417-1431.

Jordan,R. and Schaffer,P. (1997) Activation of gene expression by herpes
simplex virus type 1 ICPO occurs at the level of mRNA synthesis.
J. Virol.,, 71, 6850-6862.

Kamitani,T., Nguyen,H.P. and YehE.T.H. (1997) Preferential
modification of nuclear proteins by a novel ubiquitin-like molecule.

Kamitani, T., Nguyen,H.P., Kito,K., Fukuda-Kamitani,T. and Yeh,E.T.H.

Ace,C.l., McKee,T., Ryan,J.M., Cameron,J.M. and Preston,C.M. (1989) (1998) Covalent modification of PML by the Sentrin family of
Construction and characterisation of a herpes simplex virus type 1  ubiquitin-like proteinsJ. Biol. Chem.273 3117-3120.
mutant unable to transinduce immediate-early gene expression. Kelly,C., Van Driel,R. and Wilkinson,G.W.G. (1995) Disruption of PML
J. Virol., 63, 2260-2269. nuclear bodies during human cytomegalovirus infectioisen. Virol,

Ahn,J.-H. and Hayward,G.S. (1997) The major imnmediate early proteins 76, 2485-2491.

IE1 and IE2 of human cytomegalovirus colocalise with and disrupt Koken,M.H.M.et al. (1994) The t (15;17) translocation alters a nuclear
PML-associated nuclear bodies at very early times in infected body in a retinoic acid reversible fashioBMBO J, 13, 1073-1083.
permissive cellsJ. Virol., 71, 4599-4613. LaMorte,V.J., Dyck,J., Ochs,R.L. and Evans,R.M (1998) Localisation of

Alcalay,M., Tomassoni,L., Colombo,E., Stoldt,S., Grignani,F., nascent RNA and CREB binding protein with the PML-containing
Fagioli,M., Szekely,L., Helin,K. and Pelicci,P.G. (1998) The nuclear bodyProc. Natl Acad. Sci. US/5, 4991-4996.
promyleocytic leukaemia gene product (PML) forms stable complexes Leib,D.A.,, Coen,D.M., Bogard,C.L., Hicks,K.A., Yager,D.R.,
with the retinoblastoma proteitol. Cell. Biol, 18, 1084-1093. Knipe,D.M., Tyler,K.L. and Schaffer,P.A. (1989) Immediate early

Cai,W., Astor,T.D., Liptak,L.M., Cho,C., Coen,D. and Schaffer,P.A. regulatory gene mutants define different stages in the establishment
(1993) The herpes simplex virus type 1 regulatory protein ICPO and reactivation of herpes simplex virus latenktyirol., 63, 759-768.
enhances replication during acute infection and reactivation from Marsden,H.Set al. (1996) The herpes simplex virus type 1 UL8 protein
latency.J. Virol., 67, 7501-7512. influences the intracellular localisation of the UL52 but not the ICP8

Carvalho,T., Seeler,J.-S., Ohman,K., Jordan,P., Petterson,U., or POL replication proteins in virus-infected cells.Gen. Virol, 77,
Akusjarvi,G., Carmo-Fonseca,M. and Dejean,A. (1995) Targeting of =~ 2241-2249.

The authors are grateful for the skilled assistance of Angela Rinaldi, the
constructive criticism of Duncan McGeoch, and the production and
supply of anti-Vmw110 rabbit serum r190 by Anne Cross. This work

was supported by the Medical Research Council.

7168



Vmw110 and the ubiquitin-proteasome pathway

Maul,G.G. and Everett,R.D. (1994) The nuclear location of PML, a Note added in proof

cellular member of the §4C, zinc binding domain protein family, is . . .
rearranged during herpes simplex virus infection by thelC, viral Two recent papers provide evidence that may be relevant to the ideas
protein ICPO.J. Gen. Virol, 75, 1223-1233 put forward in the latter part of the Discussion. Lehmigigal. (Proc.

. - Natl Acad. Sci. USA1998,95, 7322-7326) and Seelet al. (Proc. Natl
Mal.JI’G'G" Guldner,H.H._ anq Spivack,J.G. (199.3) Mod|f|_cat|on of Acad. Sci. USA.1998, 95, 7316-7321) show that the ND10 protein
discrete nuclear domains induced by herpes simplex virus type 1

h : sp100 interacts with heterochromatin protein (HP1), thereby suggesting
immediate-early gene 1 product ICRD.Gen. Virol, 74, 2679-2690. for the first ti link ND1 h : :
MaulLG.G., YUE. IshovAM. and EpsteinAL. (1995) Nuclear or the first time a link between 0 and chromatin dynamics.

domain 10 (ND10) associated proteins are present in nuclear bodies
and redistribute to hundreds of nuclear sites after strés<Cell
Biochem, 59, 499-514.

Maul,G.G., Ishov,A. and Everett,R.D. (1996) Nuclear domain 10 as pre-
existing potential replication start sites of herpes simplex virus type 1
Virology, 217, 67-75.

Meredith,M.R., Orr,A., Elliott,M. and Everett,R.D. (1995) Separation of
the sequence requirements for HSV-1 Vmw110 multimerisation and
interaction with a 135 kD cellular proteitvirology, 209, 174-187.

Moazed,D. and Johnson,A.D. (1996) A de-ubiquitinating enzyme
interacts with SIR4 and regulates silencingSrcerevisiae. Cell86,
667-677.

Muller,S., Matunis,M.J. and DeJean,A. (1998) Conjugation of the
ubiquitin-related modifier SUMO-1 regulates the partitioning of PML
within the nucleusEMBO J, 17, 61-70.

O’Hare,P. and Hayward,G.S. (1995) Three trans-acting regulatory
proteins of herpes simplex virus modulate immediate-early gene
expression in a pathway involving positive and negative feedback
regulation.J. Virol., 56, 723-733.

Preston,C.M. (1979) Control of herpes simplex virus type 1 mRNA
synthesis in cells infected with wild-type virus or the temperature
sensitive mutantsk. J. Virol., 29, 275-284.

Preston,C.M. and Nicholl,M.J. (1997) Repression of gene expression
upon infection of cells with herpes simplex virus type 1 mutants
impaired for immediate-early protein synthesis.Virol., 71, 7807—
7813.

Preston,C.M., Mabbs,R. and Nicholl,M.J. (1997) Construction and
characterisation of herpes simplex virus type 1 mutants with conditional
defects in immediate-early gene expressidgimology, 229, 228-239.

Preston,C.M., Rinaldi,A. and Nicholl,M.J. (1998) Herpes simplex virus
type 1 immediate-early gene expression is stimulated by inhibition of
protein synthesis). Gen. Virol, 79, 117-124.

Sacks,W.R. and Schaffer,P.A. (1987) Deletion mutants in the gene
encoding the herpes simplex virus type 1 immediate-early protein
ICPO exhibit impaired growth in cell culturd. Virol., 61, 829-839.

Samaniego,L.A., Neiderhiser,L. and DelLuca,N.A. (1998) Persistence
and expression of the herpes simplex virus genome in the absence of
immediate-early proteingl. Virol., 72, 3307-3320.

Schenk,P. and Ludwig,H. (1988) The 65 kd DNA binding protein appears
early in HSV-1 infection Arch. Virol,, 102, 119-123.

Showalter,L.D., Zweig,M. and Hampar,B. (1981) Monoclonal antibodies
to herpes simplex type 1 proteins including the immediate-early
protein ICP4.Infect. Immun.34, 684-692.

Sternsdorf,T., Jensen,K. and Will,H. (1997) Evidence for covalent
modification of the nuclear dot-associated proteins PML and Sp100
by PIC1/SUMO-1J. Cell Biol, 139 1621-1634.

Stow,N.D. and Stow,E.C. (1986) Isolation and characterisation of a
herpes simplex virus type 1 mutant containing a deletion within the
gene encoding the immediate-early polypeptide Vmw110Gen.
Virol., 67, 2571-2585.

Stow,E.C. and Stow,N.D (1989) Complementation of a herpes simplex
virus type 1 Vmw110 deletion mutant by human cytomegalovirus.
J. Gen. Virol, 70, 695-704.

Wang,Z.G., Delva,L., Gaboli,M., Rivi,R., Giorgo,M., Corden-Cardo,C.,
Grosveld,F. and Pandolfi,P.P (1998) Role of PML in cell growth and
the retinoic acid pathwayScience279, 1547-1551.

Weis, K., Rambaud,S., Lavau,C., JansenJ., Carvalho,T., Carmo-
Fonseca,M., Lamond,A. and DeJean,A. (1994) Retinoic acid regulates
aberrant nuclear localization of PML-RARIn acute promyelocytic
leukaemia cellsCell, 76, 345-356.

Yao,F. and Schaffer,P.A. (1995) An activity specified by the osteosarcoma
line U20S can substitute functionally for ICP0O, a major regulatory
protein of herpes simplex virus type 1. Virol., 69, 6249-6258.

Received July 21998; revised September ,21998;
accepted October 18998

7169



