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Cellular topoisomerase II is specifically inactivated by the drug ICRF-193. This compound turns topo-
isomerase II into a closed clamp that is unable to cleave DNA. We have investigated the effects of this inhibitor
on the replication of herpes simplex virus type 1. We show that ICRF-193 at low multiplicities of infection
dramatically inhibits viral DNA synthesis and the production of infectious virus. The inhibition is less efficient
at high multiplicities of infection. In addition, inhibition of viral DNA synthesis was observed only when
ICRF-193 was present during the first 4 h of the infectious cycle. The transient replication of plasmids
containing a herpes simplex virus type 1 origin of DNA replication, oriS, was affected by ICRF-193 in the same
way. In contrast, neither cellular DNA synthesis nor replication of plasmids containing a simian virus 40 origin
of DNA replication was inhibited. The observed effect on herpes simplex virus DNA replication was not caused
by a decreased transcription of replication genes inasmuch as the levels of ULS, UL9, UL29, and UL30 mRNAs
were unaffected by the drug. These results suggest that topoisomerase II plays a vital role during the replication
of herpes simplex virus type 1 DNA. We speculate that topoisomerase II is involved in the decatenation of newly

synthesized daughter molecules.

The replication of herpes simplex virus type 1 (HSV-1) de-
pends on seven viral gene products (34). The origin-binding
protein, UL9 or OBP, is an ATP-dependent DNA helicase that
most probably is responsible for the initial activation of the
viral origins of replication, oriL and oriS (5, 15, 16). The
remaining six viral gene products, UL5, ULS, UL29, UL30,
UL42, and UL52, seem to be integral members of a multien-
zyme complex, a replisome, capable of sustaining origin-inde-
pendent DNA synthesis (37). Little is known about the role of
cellular proteins during the replication cycle of the virus. The
recently discovered interaction between the HSV-1 origin-
binding protein and DNA polymerase o might play an impor-
tant role during the infectious cycle (30). Since HSV-1 does not
encode its own topoisomerase, it is reasonable to assume that
a cellular topoisomerase will play an active role during the
synthesis of viral DNA (14). We have investigated this matter
by using the bisdioxopiperazine derivative ICRF-193 (24, 25,
40). In the presence of ATP, this compound converts topoi-
somerase II to a closed clamp unable to cleave DNA (36).
Cells treated with ICRF-193 can readily traverse the cell cycle
but are unable to pass through mitosis. The end result will be
entangled chromosomes and an accumulation of polyploid
cells (18, 25, 26). This observation is in complete agreement
with the observed role of topoisomerases in yeasts. In yeasts,
topoisomerases I and II play complementary roles in control-
ling the topological state of DNA during all parts of the cell
cycle except for mitosis (43). At this stage, topoisomerase II is
uniquely required for chromosome condensation and segregation
(41). It is also of interest that topoisomerase II is a major com-
ponent of the chromosome scaffold and has been proposed to be
involved in the organization of cellular chromosomes (12, 13, 29).

We have now seen that ICRF-193 dramatically inhibits the
synthesis of HSV DNA, resulting in a decreased yield of in-
fectious virus. This effect was observed only if the drug was
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present during the first 4 h of the infectious cycle. Furthermore,
the effect was specific for HSV-1, since neither cellular DNA
synthesis nor simian virus 40 (SV40) origin-dependent DNA rep-
lication was affected by ICRF-193. The role of topoisomerase 11
during the replication of HSV-1 will be further discussed below.

MATERIALS AND METHODS

Cells, viruses, and plasmids. HSV-1, Glasgow strain 17 syn+, was propagated
on BHK 21 cells (clone 13; ATCC CCL10). The cells were grown in Glasgow
modified Eagle’s medium (GIBCO) supplemented with 10% tryptose phosphate
broth and 10% newborn calf serum (GIBCO) (4). The virus was grown at 37°C,
and viral stocks were prepared as described previously (39). The virus titer was
measured by following standard protocols (32). HSV-1 tsK was obtained from
Nigel Stow, MRC Virology Unit, Institute of Virology, Glasgow, United Kingdom.

COS-1 cells were grown in Iscove’s medium supplemented with 10% fetal calf
serum, 2 mM glutamine (GIBCO), 50 U of penicillin per ml, and 50 pg of
streptomycin per ml. A cell line of human skin fibroblasts referred to as DO4
cells was a kind gift from Goran Bondjers, Sahlgrenska Hospital, Gothenburg,
Sweden. The cells were grown in Earle minimal essential medium (Seromed)-10%
fetal calf serum—1X nonessential amino acids (Seromed)-2 mM glutamine-2 mM
sodium pyruvate-50 U of penicillin per ml-50 pg of streptomycin per ml.

Plasmid replication experiments were performed with either plasmids contain-
ing the HSV-1 oriS, pORI(wt) and pOS822, or a plasmid harboring an SV40
origin of DNA replication, pELAM (3, 19, 44).

The series of plasmids pES, pES, pE9, pE29, pE30, pE42, and pE52 was a
generous gift from Nigel Stow. These plasmids contain the genes for the essential
HSV-1 replication proteins under the control of the major human cytomegalo-
virus immediate-early promoter (38). Studies on gene expression from a syn-
thetic promoter were done with plasmid pOTL. This plasmid was derived from
pUC19 and contained HSV-1 oriS surrounded by divergent T7 RNA polymerase
promoters cloned in the polylinker. The luciferase gene was cloned immediately
downstream of one of these promoters.

Reagents. ICRF-193 was a generous gift from Zenyaku Kogyo Co., Ltd.,
Tokyo, Japan. It was dissolved and stored at —20°C in dimethyl sulfoxide.
Cycloheximide, L-mimosine, and phosphonoacetate were purchased from Sigma
and dissolved in water. Liposomes for the transfection experiments were pre-
pared by mixing 0.24 ml of a 10-mg/ml solution of dimethyldioctadecylammo-
nium bromide (Sigma) in chloroform with 0.6 ml of a 10-mg/ml solution of
L-a-phosphatidylethanolamine dioleyl (Sigma), also in chloroform. The mixture
was dried under vacuum in a Savant Speedvac. Then, the mixture of lipids was
suspended in 6 ml of double-distilled water and sonicated with a probe sonicator
until the solution became clear. The preparation of liposomes was stored at 4°C.

Measurements of viral DNA synthesis. Confluent monolayers containing 4.5 X
10° BHK cells were infected with virus at a multiplicity of infection of 1 PFU per
cell, unless otherwise indicated, and incubated at 37°C. The cells were harvested
at the times indicated. The medium was removed, and the cells were solubilized
in 550 pl of 0.6% sodium dodecyl sulfate-10 mM Tris-HCI (pH 7.5)-1 mM
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FIG. 1. ICRF-193 inhibits the synthesis of HSV-1 DNA. ICRF-193 was
added to BHK cells at 0, 2, 5, 10, 20, and 50 uM before the addition of HSV-1
at a multiplicity of infection of 1 PFU per cell. In one experiment, phosphono-
acetic acid (PAA) was added to a final concentration of 400 pg/ml. The cells were
harvested at 16 h p.i. DNA was digested with BarmHI and analyzed on agarose
gels followed by Southern blotting. The amount of radioactivity in the BamHI
fragment used to monitor replicated viral DNA was measured with a Phosphor
Imager. The insert shows an autoradiograph of the Southern blot of replicated
viral DNA.

EDTA-0.2 mg of proteinase K per ml-60 pg of glycogen per ml for 4 h at 37°C.
Total DNA was prepared by phenol extraction and ethanol precipitation. The
DNA was dissolved in a total volume of 100 wl and subsequently cleaved over-
night with BamHI (100 U/ml). The cleaved DNA was separated on 1% agarose
gels and transferred to Hybond-N" membranes by alkali transfer as suggested by
the supplier (Amersham). Prehybridization, hybridization, and washing of the
membranes were performed as described by the supplier. The radioactive probe
was a 1.5-kb BamHI restriction fragment from the UL9 gene (nucleotides 21655
to 23232 as defined in the EMBL database) labelled with the Megaprime label-
ling system (Amersham). The amount of radioactivity of individual bands of the
Southern blots was measured by a Phosphor Imager (Molecular Dynamics).

Measurements of viral RNAs. BHK cells were infected at a multiplicity of
infection of 1 PFU per cell as above, and the infection was allowed to proceed for
the times indicated. Total cellular RNA was prepared essentially as described
previously (6). RNA from approximately 5 X 10° cells was analyzed on 1%
agarose gels in 2.2 M formaldehyde-20 mM MOPS (3-N-morpholinopropane-
sulfonic acid [pH 7.0])-0.5 mM sodium acetate—1 mM EDTA. All the samples
contained equal amounts of total RNA as determined spectrophotometrically.
The RNA was transferred to Hybond-N+ membranes with 20X SSC (1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate) as described by the manufacturer
(Amersham). Fixation was carried out for 5 min in 0.05 M NaOH. Hybridization
with DNA probes labelled with the Megaprime system was performed as de-
scribed above. The amount of UL29 mRNA was measured with a 1.5-kb PstI
restriction fragment (nucleotides 58806 to 60288) as a probe. The amount of
UL10 mRNA was measured with a Narl fragment containing nucleotides 23546
to 24885. Similarly, a DNA probe was used to quantify UL30 mRNA. Ribo-
probes were used to measure UL8 and UL9 RNA essentially as previously
described (21). The amount of radioactivity in the corresponding bands on
Northern (RNA) blots was measured with a Phosphor Imager.

DNA synthesis dependent on SV40 origin of replication. COS-1 and BHK cells
were transfected with liposomes as follows. For each subconfluent monolayer
containing 4.5 X 10° cells, 0.2 ug of plasmid pELAM was diluted in 30 ul of 20
mM  N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-NaOH
(pH 8.0)-150 mM KCI-1 mM EDTA and mixed with 5 pl of the liposome
preparation described above. The mixture was incubated for 10 min at room
temperature and subsequently diluted in serum-free medium (Optimem
[GIBCO]) to a final volume of 200 wl. The monolayers were washed with
Optimem and overlaid with 200 pl of the liposome-DNA mixture for 4 h at 37°C.
Then, 200 pl of the growth medium containing the inhibitors was added as
indicated. The liposome-containing medium was removed and replaced with
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fresh growth medium plus inhibitors 24 h after the start of transfection. At 28 h
posttransfection, the cells were lysed and total cellular DNA was prepared as
described above and cleaved overnight with EcoRI (100 U/ml) and Dpnl (20
U/ml). The DNA samples were subsequently analyzed on Southern blots pre-
pared from 1% agarose gels as described above. Plasmid pELAM was labelled
with the Megaprime system and used as a probe.

DNA synthesis dependent on plasmids containing an HSV-1 origin of repli-
cation. DNA replication was measured essentially as described previously (19).
Subconfluent monolayers of BHK cells were transfected with liposomes contain-
ing either 0.05 pg of plasmid pOS822 or 0.05 pg of pORI(wt). Each monolayer
contained 4.5 X 10° cells. The monolayers were incubated with the liposomes for
4 h. Then, 200 pl of growth medium was added. At 3 h later, the cells were
infected with virus (1 PFU per cell). The cells were harvested at 16 h postinfec-
tion (p.i.), and total cellular DNA was prepared as described above. The DNA
was cleaved overnight with EcoRI and Dpnl. The samples were subjected to
agarose gel electrophoresis. The gels were stained with ethidium bromide to
make sure that the samples contained equal amounts of DNA. After electro-
phoresis, the gels were subjected to a Southern blot analysis. The probe was
pTZ19 plasmid DNA labelled with the Megaprime system.

In one experiment, the transacting factors were provided by the pE plasmid
series rather than a superinfecting virus (38). In this instance, liposomes were
made from a mixture of 0.1 pg of pORI and equimolar amounts of the pE
plasmids as indicated in the appropriate figure. The cells were harvested after
incubation for 30 h. Replicated oriS-containing plasmid DNA was measured as
described above.

Measurements of cellular DNA and protein synthesis. The effects of ICRF-
193 on cellular protein and DNA synthesis were measured by [**S]methionine
and [*H]thymidine incorporation, respectively. Protein synthesis in BHK cells
was measured after an incubation with ICRF-193 or cycloheximide (48 pM) for
3 h in the growth medium. The medium was then replaced with Dulbecco’s
modified Eagle’s medium without methionine but supplemented with 10% dia-
lyzed newborn calf serum, 29 uCi of [3*S]Pro-mix (Amersham) (1,000 Ci/mmol),
and inhibitors. After 1 h at 37°C, the cells were washed and trypsinized. The cells
were thoroughly suspended in 1 ml of 10% trichloroacetic acid. The suspension
was filtered through a Sartorious nitrocellulose membrane filter. The filters were
then washed with 1 ml of 10% trichloroacetic acid, followed by 1 ml of 95%
ethanol. The dried filters were counted in a liquid scintillation counter.

DNA synthesis was monitored in asynchronously growing cells. After 3 h of
preincubation with inhibitors in growth medium as indicated, the medium was
supplemented with 6 wCi of [*H]thymidine (79 Ci/mmol; Amersham) per ml.
Incubation was continued for an additional 3 h. The cells were harvested as
described above. DNA was precipitated with 10% trichloroacetic acid as de-
scribed above. The precipitate was collected on nitrocellulose filters. The filters
were washed and processed as described above.

Measurements of luciferase activity. BHK cells (5 X 10°) in 15-mm wells were
transfected with 0.5 wg of pOTL as described above. Inhibitors were added 4 h
later as indicated. The cells were infected either with HSV-1 strain 17 syn+ or
HSV-1 tsK, using 1 PFU per cell, at 6 h after lipofection. Incubation was carried
out at 38.5°C. The cells were harvested by trypsinization 12 h p.i. Luciferase
activity was measured with a LUMAT LB 9501 luminometer essentially as
described in the Promega technical bulletin.

RESULTS

ICRF-193 inhibits HSV-1 DNA replication. We have looked
at the effects of ICRF-193 on the synthesis of HSV-1 DNA as
well as on the production of infectious virus (Fig. 1; Table 1).
The synthesis of viral DNA in cells treated with ICRF-193 at
different concentrations was measured. BHK cells were in-
fected with 1 PFU per cell for 16 h in the presence of 0, 2, 5,
10, 20, and 50 uM ICRF-193. The use of 2 uM ICRF-193
reduced viral DNA synthesis to 40%; 20 uM reduced replica-
tion to 10%. At elevated concentrations of ICRF-193, we could
still detect approximately 5% of the normal amount of viral
DNA in the infected cells, and it was never possible to com-
pletely prevent viral DNA synthesis. In contrast, phosphono-
acetic acid at 0.4 mg/ml caused more than a 1,000-fold reduc-
tion of the synthesis of viral DNA (Fig. 1). The concentrations
of ICRF-193 used in the experiments described above are
similar to the concentrations that result in an inhibition of
cellular proliferation (20, 26).

The effects of ICRF-193 on the time course of accumulation
of viral DNA were also examined. In this experiment, the drug
was added at the time of infection and viral DNA was mea-
sured at various times after infection. The results showed that
DNA synthesis was not delayed in the presence of the drug and
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TABLE 1. Effects of ICRF-193 on the production of
infectious virus

Concn of ICRF-193 Yield of virus %o
(M) (PFU/ml) Yield®
Expt 17
0 22107 100
2 2.5 X 10° 11
10 3.7 x10° 2
50 2.4 x10° 1
Expt 2¢
10 9.5 x 10° 43

“ Percentage relative to absence of ICRF-193 (set at 100%).

® ICRF-193 was added 15 min before the infection. HSV-1 at 1 PFU per cell
was used for the infection.

¢ICRF-193 was added 4 h p.i. HSV-1 at 1 PFU per cell was used for the
infection. Addition of phosphonoacetic acid (0.4 mg/ml) at 4 h p.i. produced less
than 10° PFU of HSV-1 per cell.

that severely reduced amounts of viral DNA were also ob-
served at 25 h after infection (results not shown).

We then performed experiments in which 10 pM ICRF-193
was added at different times after infection. We found that
efficient inhibition of viral DNA synthesis in BHK cells oc-
curred only when the drug was present during the first 4 h of
the infectious cycle (Fig. 2a and b).
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We have also examined the effects of ICRF-193 on the viral
replication cycle in a different cell line. This was important,
since transformed cells generally show aberrations in the reg-
ulation of their DNA metabolism. It is therefore possible that
different cell lines would react differently to inhibitors of these
metabolic pathways. An experiment was therefore performed
with nontransformed human fibroblasts (referred to as DO4
cells in this paper). The results were similar to those described
above. Viral DNA replication was efficiently inhibited when
the drug was supplied at the time of infection (Fig. 2¢ and d).
In this instance, less than 2% of the normal amount of viral
DNA was synthesized. When ICRF-193 was added at 6 h p.i,,
substantial amounts of DNA were synthesized after the time of
drug addition (Fig. 2c and d). We do not know the reason for
the more pronounced inhibition observed in DO4 cells. How-
ever, it has been noted that the topoisomerase II activity in
cells depends on cellular growth conditions and may also vary
between different cell lines (22, 33). We speculate that such
differences could account for the different sensitivity toward
ICRF-193 shown by BHK and DO4 cells.

We have also examined how the inhibitory effect of ICRF-
193 depended on the protocol used for infection of the cells.
Interestingly, we noted that the extent of inhibition of viral
DNA synthesis was influenced by the multiplicity of infection
(Fig. 3). Using 10 wM drug, we found an 85% inhibition of
viral DNA synthesis in BHK cells infected at 0.2 PFU per cell.
The inhibitory effect decreased to 50% at 10 PFU per cell.
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FIG. 2. Inhibition of HSV-1 replication depends on the time of addition of ICRF-193. ICRF-193 was added at 0, 2, 4, and 6 h p.i. The cells, BHK or DO4 cells,
were infected with HSV-1 at 1 PFU per cell. The amount of replicated HSV-1 DNA was measured by the Southern blot procedure described in Materials and Methods.
(a) Autoradiograph of replicated viral DNA obtained from BHK cells. (b) Histogram showing the values obtained by Phosphor Imager analysis of the experiment in
panel a. (c) Autoradiograph of replicated viral DNA from DO4 cells. (d) Histogram showing the values obtained by Phosphor Imager analysis of the experiment in

panel c. PAA, phosphonoacetic acid.
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FIG. 3. The inhibition of viral DNA synthesis by ICRF-193 is affected by the
multiplicity of infection. BHK cells were infected with virus at 0.2, 1, 3, 10, and
20 PFU per cell in the presence or absence of 10 wuM ICRF-193. The amount of
viral DNA in cells at 16 h p.i. was determined by Southern blot and Phosphor
Imager analyses.

Similar results were obtained with DO4 cells. Here, the inhib-
itory effect ranged from 95% at 0.5 PFU per cell to 50% at 15
PFU per cell (results not shown).

To assess the antiviral effect of ICRF-193, we measured the
yield of virus from infected subconfluent BHK monolayers
treated with ICRF-193. We noted that ICRF-193 caused a
pronounced decrease in the production of infectious virus (Ta-
ble 1). The effects on DNA synthesis and production of infec-
tious virus were of a similar magnitude. For example, 10 pM
ICREF reduced the synthesis of DNA to 20% and production of
virus to 2% of the values in untreated cells.

ICRF-193 does not inhibit transcription of the ULS8, UL9,
UL29, and UL30 genes. We wanted to make sure that the
inhibition of HSV-1 replication was not caused by an altered
transcription of the viral genes required for DNA synthesis.
We therefore examined the amount of RNA corresponding to
a set of early genes, ULS, UL9, UL29, and UL30, and one late
gene, UL10 (1, 2). The transcription of early genes is largely
independent of DNA replication, whereas the transcription of
late genes requires DNA synthesis (42). In this context, it is of
interest that the time course of accumulation of UL29 RNA
depends on the multiplicity of infection. Under our experimen-
tal conditions, maximal levels of UL29 RNA were already seen
at 5 h p.i. when 10 PFU per cell was used. In contrast, when 1
PFU per cell was used in the experiment, maximal levels of
UL29 RNA were observed after 12 h or later (results not
shown). In the experiment, the cells were either treated with 50
pM ICRF-193 or left untreated (Fig. 4). The cells were in-
fected with 1 PFU of HSV-1 per cell, and RNA was isolated at
5 and 13 h p.i. to allow measurements of early and late tran-
scription. The experiment showed that the levels of the UL29
transcript were not reduced in the presence of ICRF-193.
Substantial amounts of UL29 RNA were observed at 5 and
13 h p.i. under these experimental conditions. To allow a com-
parison, we defined the amount of UL29 RNA seen at 13 h p.i.
in the absence of ICRF-193 as 100%. Quantitation then re-
vealed that at 5 h p.i., 18% of UL29 RNA was observed in the
absence of ICRF-193 and 33% was observed in the presence of
the drug. At 13 h p.i., 91% of UL29 RNA was seen in the
presence of ICRF-193. Similar results were obtained when the
transcription of other early genes such as UL8, UL9, and UL30
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was studied (results not shown). When the late UL10 transcript
was measured at 5 h p.i., only very small amounts were de-
tected. Also, in the absence of ICRF-193, large amounts
(100%) of transcripts were observed at 13 h p.i. In contrast, in
the presence of the compound, the amount of UL10 RNA was
reduced to 7%. Under the same experimental conditions, total
viral DNA synthesis as measured at 16 h p.i. was also reduced
to 7% (Fig. 4). These results indicate that the inhibition of
DNA replication caused by ICRF-193 was not caused by a
decreased transcription of early genes, since the levels of ULS,
UL9, UL29, and UL30 mRNAs were not affected by the drug.
Furthermore, they also show that the inhibition of viral DNA
synthesis caused a severe reduction in the amount of the late
UL10 transcript observed at 13 h p.i.

To further investigate the effects of ICRF-193 on gene ex-
pression, we used a reporter plasmid, pOTL, containing
HSV-1 oriS and a luciferase gene under the control of a T7
RNA polymerase promoter. This promoter can be used by the
cellular RNA polymerase II (31). In addition, the activity of
minimal promoters can be significantly stimulated by HSV-1 in
an ICP4-dependent way (23). Initial experiments revealed that
luciferase expression was increased approximately 10-fold fol-
lowing infection with HSV-1. Furthermore, this effect was not
caused primarily by template amplification, since luciferase
expression was also activated in the presence of phosphono-
acetic acid and when the HSV-1 tsS strain, harboring a tem-
perature-sensitive mutation in the UL9 gene, was used at the
nonpermissive temperature (results not shown). We then ex-
amined the influence of ICRF-193 on luciferase expression
(Table 2). The results show that HSV-1 increased the lucif-
erase expression approximately 10-fold. This effect was depen-
dent on ICP4, since an infection with HSV-1 tsK failed to
activate luciferase expression. Finally, when ICRF-193 was
added at 10 or 25 uM, the expression of luciferase was not
reduced, indicating that transcription and translation were not
affected by ICRF-193.

UL10 mRNA UL29 mRNA
Time of harvest (hours p.i.) 5 13 5 13
ICRF-193 (50uM) . . . 4 S o4 B ¥
— 'H»
-
HSV-1 DNA
Time of harvest (hours p.i.) 16
ICRF-193 (50uM) -
el

FIG. 4. Effect of ICRF-193 on the synthesis of UL29 and UL10 mRNA. BHK
cells were infected with HSV-1 at 1 PFU per cell in the presence of 50 uM ICRF-
193. Total cellular RNA was prepared at 5 and 13 h p.i. Northern blotting was done
with UL10- and UL29-specific probes as described in Materials and Methods. DNA
replication was measured at 16 h p.i. as described in the legend to Fig. 1. Quanti-
tation was done with a Phosphor Imager, and the values are given in the text.
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TABLE 2. Effects of ICRF-193 on the expression of luciferase from
a minimal promoter

Conen of ICRF-193 Luciferase activity?

irus? .
virus (kM) Mean (10° U)* Range (10° U¥ %
1.4 ND#
No HSV-1 130 100-159 11
HSV-1 17syn+ 1,153 1,093-1,240 100
HSV-1 17syn+ 10 1,081 893-1231 94
HSV-1 17syn+ 25 1,178 1,066-1,432 102
HSV-1 tsK 179 169-189 15

“The reporter plasmid, pOTL, contained HSV-1 oriS and in addition the
luciferase gene under the control of a T7 RNA polymerase promoter (see
Materials and Methods and references 23 and 31).

> At 6 h after lipofection, 1 PFU of virus per cell was added at 38.5°C.

¢ ICRF-193 was added 4 h after lipofection.

4 Luciferase activity from plasmid pOTL is expressed as light units.

¢ Mean of three experiments.

/Background value of the luminometer.

£ND, not determined.

ICRF-193 does not inhibit cellular DNA synthesis and coun-
teracts the inhibition caused by etoposide. To examine the
effects of ICRF-193 on cellular metabolism under our experi-
mental conditions, we looked at protein synthesis as well as
DNA replication. We noted that ICRF-193 had no effect on
total cellular protein synthesis as measured by [>*S]methionine
incorporation into trichloroacetic acid-precipitable material
(results not shown). Similarly, ICRF-193 did not reduce the
extent of cellular DNA synthesis in asynchronous cell cultures
(Fig. 5). In contrast, both inhibition of topoisomerase I with
camptothecin and inhibition of topoisomerase II with etopo-
side caused a significant reduction in the incorporation of
[*H]thymidine into DNA (Fig. 5). L-Mimosine, which inhibits
DNA synthesis by interfering with ribonucleotide reductase
(8), completely inhibited DNA synthesis (Fig. 5). The remark-
able specificity of the drugs was illustrated by the observation
that the reduction in cellular DNA synthesis caused by the
inhibition of topoisomerase II by etoposide was abolished by
ICRF-193 (Fig. 5). The most likely explanation of this result is
that ICRF-193 turns topoisomerase II into an inactive form
that is unable to cleave DNA in the presence of etoposide. The
inhibition of topoisomerase 1 by camptothecin was not af-
fected. Our results agree perfectly with previously published
reports and support the notion that topoisomerase II is also
the prime target for ICRF-193 in BHK cells (24, 40).

ICRF-193 has different effects on transiently replicating
plasmids containing either an HSV-1 or a SV40 origin of DNA
replication. We have examined if the transient replication of
plasmid molecules in BHK cells was affected by ICRF-193.
Two plasmids containing either a large, very efficient version of
oriS, pOS822, or a minimal oriS, pORI(wt), were used. We
noted that the replication of both plasmids was inhibited by
ICRF-193 (Fig. 6a). DNA replication decreased from a rela-
tive value of 100% in the absence of ICRF-193 to 12 and 16%
for pORI(wt) and pOS822, respectively. Plasmid DNA repli-
cation and viral DNA synthesis were thus apparently affected
to a similar extent (compare Fig. 1 and 6a). In striking contrast,
we observed that the replication of a plasmid of similar size
containing a SV40 origin, pELAM, in T-antigen-producing
COS-1 cells was not reduced (Fig. 6b). Quantitation revealed
no difference in the amounts of DNA synthesized. Our results
strongly suggest that the T-antigen-dependent synthesis of
plasmid DNA in COS-1 cells was unaffected by ICRF-193. This
conclusion is in good agreement with previously published
results (27, 28, 35).
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The different effects of ICRF-193 on DNA replication from
an HSV-1 origin of replication and on DNA replication from
an SV40 origin of replication were not due to different prop-
erties of the cells used. In fact, HSV-1 DNA replication in COS-1
cells was found to be somewhat more sensitive to ICRF-193 than
was DNA replication in BHK cells (results not shown).

DNA replication dependent on oriS is inhibited by ICRF-
193 also in the absence of a viral infection. In the transient-
replication assay described in the previous paragraph, all the
transacting factors required for DNA synthesis were provided
by the viral genome. It could be argued that the effects of
ICRF-193 on plasmid replication were secondary to an effect
on viral replication and transcription. We therefore performed
an experiment in which the seven viral gene products were
provided by a collection of expression plasmids (38). The re-
sults showed that ICRF-193 caused a strong inhibition of DNA
synthesis under these conditions also (Fig. 7). Quantitation
demonstrated that in the presence of the drug, the amount of
DNA synthesized was reduced to 25%. If plasmid pE9, encod-
ing the HSV-1 origin-binding protein, was excluded from the
experiment, no oriS-dependent DNA synthesis was seen (Fig.
7). These results seem to indicate that inhibition of topo-
isomerase II by ICRF-193 directly affects the ability of plasmid
molecules to participate in efficient DNA replication.

DISCUSSION

In this communication, we have presented evidence indicat-
ing that at least one cellular protein, topoisomerase 11, is re-
quired for efficient replication of HSV-1. This conclusion was
based on experiments with a specific inhibitor, ICRF-193. This
compound converts topoisomerase II into a closed clamp that
is unable to cleave DNA (36). Cells treated with ICRF-193 are
able to pass through S phase in a seemingly normal way, but
they cannot divide (26). The effect of the drug on cells seems
to be rapid, since cells that enters mitosis 90 min after the
addition of the drug show definite signs of defects in chromo-
some condensation and segregation (18).
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FIG. 5. ICRF-193 counteracts the effect of etoposide but not camptothecin
in BHK cells. Subconfluent BHK cells were incubated for 3 h with the inhibitors
as indicated in the figure. ICRF-193 was added 15 min before the other sub-
stances. Cellular DNA synthesis was measured after labelling with [>H]thymidine
as described in Materials and Methods.
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FIG. 6. Effects of ICRF-193 on transient replication of plasmids containing HSV-1 or SV40 origins of DNA replication. (a) BHK cells were subjected to lipofection
with plasmid pORI(wt) or pOS822. The cells were superinfected with HSV-1 at 1 PFU per cell and incubated at 37°C for 15 h. Dpnl-resistant replicated plasmid DNA
was analyzed by a Southern blot procedure as described in Materials and Methods. The arrows show the position of linearized replicated DNA. (b) COS-1 or BHK
cells were subjected to lipofection with plasmid pELAM. The inhibitors were added as indicated. The cells were harvested at 28 h after the start of lipofection.
Replicated DNA was measured as described in Materials and Methods. The arrow shows the position of linearized replicated DNA.

Our experiments revealed that ICRF-193 had to be present
during the first 4 h of the infectious cycle to cause a 20- to
50-fold reduction of the amount of viral DNA produced. We
also found that the inhibitory effect was most pronounced at
low multiplicities of infection. The effect is apparently specific
for HSV-1, since it has been demonstrated that ICRF-193 does
not cause a reduced synthesis of SV40 DNA (27, 28, 35). In this
context, an earlier report demonstrated that the DNA gyrase
inhibitor novobiocin was able to inhibit HSV-1 DNA synthesis
but only marginally affected residual cellular DNA synthesis (17).

Several explanations for our results on the role of topo-
isomerase II during the infectious cycle of HSV-1 should be
considered. It could, for example, be argued that the inhibitor
might turn topoisomerase II into a form that prevents the
progression of a replication fork. We find this unlikely, since
studies on the effect of ICRF-193 on the synthesis of cellular
DNA as well as SV40 DNA have shown that DNA synthesis
per se is not affected by the drug (26). An alternative view is
that the inhibition of topoisomerase II might have unexpected
effects on the execution of viral activities other than DNA
replication. A related possibility is that ICRF-193 could di-
rectly interact in an unknown way with viral gene products. In
this context, it should be emphasized that ICRF-193 is a very
specific inhibitor that is active at low concentrations. We
should point out that an inhibition of topoisomerase II caused
by ICRF-193 can explain all the known effects of this com-
pound on eukaryotic cells (11, 24-26, 40). Furthermore, we
have also demonstrated that the transcription of the early
genes ULS, UL9, UL29, and UL30 was not affected by the
drug. Additional experiments with a reporter plasmid contain-
ing the luciferase gene under the control of an ICP4-inducible
promoter showed that the drug had no effect on luciferase
expression. These observations suggest that the drug affects
primarily the DNA metabolism of the infected cell rather than
transcription.

With the above information in mind, we will therefore limit
ourselves to discussing three plausible roles for topoisomerase
IT during the lytic cycle of HSV-1. First, topoisomerase II
might act as a swivel at the replication fork. Our experiments
indicate, however, that this function can also be executed ef-
ficiently by topoisomerase I, since the addition of ICRF-193 at

6 h p.i. failed to inhibit DNA synthesis. A similar conclusion
can be drawn from studies on the effect of ICRF-193 on the
synthesis of cellular DNA as well as SV40 DNA. Second,
topoisomerase II might be involved in the formation of viral
replication compartments (9). This could perhaps be thought
of as a function analogous to its putative role as a major
constituent of the chromosome scaffold (13, 29). It has been
demonstrated that the p170 species of topoisomerase II relo-
cates to the replicative sites during an infectious cycle (14). The
structure and function of the replicative compartments are not
well understood, but it is tempting to speculate that topo-
isomerase II might interact directly with components of the
viral replication apparatus. Finally, it has been convincingly
demonstrated that topoisomerase II is essential for chromo-
some segregation in eukaryotic cells (10). A similar role could
be required during the first part of the lytic cycle of HSV-1. It

30 hours
Plasmids +pE9 (ug) 0.1 0.3 05 - 03

Plasmids -pE9Q (ug) . . - _ - . g3 -

ICRF-193 (10uM) . 4+ - 4+ . , . .

L-mimosine (400uM) . - . - . . .
- = - -

Y Y ]

FIG. 7. Inhibition by ICRF-193 of oriS-dependent DNA replication sup-
ported by a series of plasmids encoding the HSV-1 replication proteins. BHK
cells were subjected to lipofection with pORI(wt) and a mixture of the plasmids
pES, pES8, pEY, pE29, pE30, pE42, and pE52. In one experiment, pE9 was
excluded as indicated. The cells were incubated for 30 h, and Dpnl-resistant
replicated DNA was measured as described in Materials and Methods.
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is conceivable that the initial replication of the viral genome
during this phase will produce circular intertwined molecules.
Topoisomerase II could then carry out a decatenation of the
daughter molecules and allow a later phase dominated by
rolling-circle replication to take place. At high multiplicities of
infection, other means to provide substrates for rolling-circle
replication could exist. Perhaps an increased initial copy num-
ber of viral genomes might suffice. One could also imagine that
homologous recombination could convert linear molecules to
efficient templates for replication.

ACKNOWLEDGMENTS

This research was supported by Swedish Cancer Society grant 2552~
B95-09XBC and the Ake Wiberg Foundation. Support to O.H. was
generously given by the Goteborg Medical Society.

REFERENCES

1. Baines, J. D., and B. Roizman. 1993. The U 10 gene of herpes simplex virus
1 encodes a novel viral glycoprotein, gM, which is present in the virion and
in the plasma membrane of infected cells. J. Virol. 67:1441-1452.

2. Baradaran, K., C. E. Dabrowski, and P. A. Schaffer. 1994. Transcriptional
analysis of the region of the herpes simplex virus type 1 genome containing
the ULS, UL9, and ULI10 genes and identification of a novel delayed-early
gene product, OBPC. J. Virol. 68:4251-4261.

3. Bevilacqua, M. P., S. Atengelin, M. A. Gimbrone, Jr., and B. Seed. 1989. En-
dothelial leukocyte adhesion molecule 1: an inducible receptor for neutrophils
related to complement-regulatory proteins and lectins. Science 243:1160-1165.

4. Brown, S. M., D. A. Ritchie, and J. H. Subak-Sharpe. 1973. Genetic studies
with herpes simplex virus type 1. The isolation of temperature-sensitive
mutants, their arrangement into complementation groups and recombina-
tion analysis leading to a linkage map. J. Gen. Virol. 18:329-346.

5. Bruckner, R. C., J. J. Crute, M. S. Dodson, and I. R. Lehman. 1991. The
herpes simplex virus 1 origin binding protein: a DNA helicase. J. Biol. Chem.
266:2669-2674.

6. Chomczynski, P., and N. Sacchi. 1987. Single step method of RNA isolation
by guanidiniumthiocyanate-phenol-chloroform extraction. Anal. Biochem.
162:156-159.

7. Crute, J. J., T. Tsurumi, L. Zhu, S. K. Weller, P. D. Olivo, M. D. Challberg,
E. S. Mocarski, and I. R. Lehman. 1989. Herpes simplex virus 1 helicase-
primase: a complex of three herpes-encoded gene products. Proc. Natl.
Acad. Sci. USA 86:2186-2189.

8. Dai, Y., B. Gold, J. K. Vishwanatha, and S. L. Rhode. 1994. Mimosine
inhibits viral DNA synthesis through ribonucleotide reductase. Virology
205:210-216.

9. de Bruyn Kops, A., and D. M. Knipe. 1994. Preexisting nuclear architecture
defines the intranuclear location of herpesvirus DNA replication structures.
J. Virol. 68:3512-3526.

10. DiNardo, S., K. Voelkel, and R. Sternglanz. 1984. DNA topoisomerase II
mutant of Saccharomyces cerevisiae: topoisomerase II is required for seg-
regation of daughter molecules at the termination of DNA replication. Proc.
Natl. Acad. Sci. USA 81:2616-2620.

11. Downes, C. S., D. J. Clarke, A. M. Mullinger, A. J. Gimenez, A. M. Creigh-
ton, and R. T. Johnson. 1994. A topoisomerase II-dependent G2 cycle
checkpoint in mammalian cells. Nature (London) 372:467-470.

12. Earnshaw, W. C., B. Halligan, C. A. Cooke, M. M. Heck, and L. F. Liu. 1985.
Topoisomerase 1I is a structural component of mitotic chromosome scaf-
folds. J. Cell Biol. 100:1706-1715.

13. Earnshaw, W. C., and M. M. Heck. 1985. Localization of topoisomerase II in
mitotic chromosomes. J. Cell Biol. 100:1716-1725.

14. Ebert, S. N., D. Subramanian, S. S. Shtrom, I. K. Chung, D. S. Parris, and
M. T. Muller. 1994. Association between the p170 form of human topo-
isomerase II and progeny viral DNA in cells infected with herpes simplex
virus type 1. J. Virol. 68:1010-1020.

15. Elias, P., M. E. O’Donnell, E. S. Mocarski, and I. R. Lehman. 1986. A DNA
binding protein specific for an origin of replication of herpes simplex virus
type 1. Proc. Natl. Acad. Sci. USA 83:6322-6326.

16. Fierer, D. S., and M. D. Challberg. 1992. Purification and characterization of
ULDY, the herpes simplex virus type 1 origin-binding protein. J. Virol. 66:
3986-3995.

17. Francke, B., and J. Margolin. 1981. Effect of novobiocin and other DNA
gyrase inhibitors on virus replication and DNA synthesis in herpes simplex
virus type-1 infected BHK cells. J. Gen. Virol. 52:401-404.

18. Gorbsky, G. J. 1994. Cell cycle progression and chromosome degregation in
mammalian cells cultured in the presence of the topoisomerase II inhibitors
ICRF-187 and ICRF-159. Cancer Res. 54:1042-1048.

19. Gustafsson, C. M., O. Hammarsten, M. Falkenberg, and P. Elias. 1994.

TOPOISOMERASE II AND HSV-1 DNA REPLICATION 4529

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

43.

44.

Herpes simplex virus DNA replication: a spacer sequence directs the ATP-
dependent formation of a nucleoprotein complex at oriS. Proc. Natl. Acad.
Sci. USA 91:4629-4633.

Hammarsten, O. Unpublished data.

Hammarsten, O., P. Elias, and N. D. Stow. 1996. Characterization of a
binding site for the herpes simplex virus type 1 UL9 origin-binding protein
within the UL9 gene. J. Gen. Virol. 77:969-976.

Heck, M. M., W. N. Hittelman, and W. C. Earnshaw. 1988. Differential
expression of DNA topoisomerase I and II during the eukaryotic cell cycle.
Proc. Natl. Acad. Sci. USA 85:1086-1090.

Imbalazo, A. N., D. M. Coen, and N. A. DeLuca. 1991. Herpes simplex virus
transactivator ICP4 operationally substitutes for the cellular transcription
factor Sp1 for efficient expression of the viral thymidine kinase gene. J. Virol.
65:565-574.

Ishida, R., M. Hamatake, R. A. Wasserman, J. L. Nitiss, J. C. Wang, and T.
Andoh. 1995. DNA topoisomerase II is the molecular target of bisdiox-
opiperazine derivatives ICRF-159 and ICRF-193 in Saccharomyces cerevi-
siae. Cancer Res. 55:2299-2303.

Ishida, R., T. Miki, T. Narita, R. Yui, M. Sato, K. R. Utsumi, K. Tanabe, and
T. Andoh. 1991. Inhibition of intracellular topoisomerase II by antitumor
bis(2,6-dioxopiperazine) derivatives: mode of cell growth inhibition distinct
from that of cleavable complex-forming type inhibitors. Cancer Res. 51:
4909-4916.

Ishida, R., M. Sato, T. Narita, K. R. Utsumi, T. Nishimoto, T. Morita, H.
Nagata, and T. Andoh. 1994. Inhibition of DNA topoisomerase IT by ICRF-
193 induces polyploidization by uncoupling chromosome dynamics from
other cell cycle events. J. Cell Biol. 126:1341-1351.

Ishimi, L., R. Ishida, and T. Andoh. 1992. Effect of ICRF-193, a novel DNA
topoisomerase II inhibitor, on simian virus 40 DNA and chromosome rep-
lication in vitro. Mol. Cell. Biol. 12:4007-4014.

Ishimi, Y., R. Ishida, and T. Andoh. 1995. Synthesis of simian virus 40
C-family catenated dimers in vivo in the presence of ICRF-193. J. Mol. Biol.
247:835-839.

Laemmli, U. K., E. Kis, L. Poljak, and Y. Adachi. 1992. Scaffold-associated
regions: cis-acting determinants of chromatin structural loops and functional
domains. Curr. Opin. Genet. Dev. 2:275-285.

Lee, S. S.-K., Q. Dong, T. S.-F. Wang, and I. R. Lehman. 1995. Interaction
of herpes simplex virus 1 origin-binding protein with DNA polymerase o.
Proc. Natl. Acad. Sci. USA 92:7882-7886.

Lieber, A., V. Sandig, W. Sommer, S. Bihring, and M. Strauss. 1993. Stable
high-level expression in mammalian cells by T7 RNA polymerase. Methods
Enzymol. 217:47-67.

Marsden, H. S., I. K. Crombie, and J. H. Subak-Sharpe. 1976. Control of
protein synthesis in herpesvirus-infected cells: analysis of the polypeptides
induced by wild type and sixteen temperature-sensitive mutants of HSV
strain 17. J. Gen. Virol. 31:347-372.

Nelson, W. G., K. R. Cho, Y. H. Hsiang, L. F. Liu, and D. S. Coffey. 1987.
Growth-related elevations of DNA topoisomerase II levels found in Dun-
ning R3327 rat prostatic adenocarcinomas. Cancer Res. 47:3246-3250.
Olivo, P. D., N. J. Nelson, and M. D. Challberg. 1989. Herpes simplex virus
type 1 gene products required for DNA replication: identification and over-
expression. J. Virol. 63:196-204.

Permana, P. A., C. A. Ferrer, and R. M. Snapka. 1994. Inverse relationship
between catenation and superhelicity in newly replicated simian virus 40
daughter chromosomes. Biochem. Biophys. Res. Commun. 201:1510-1517.
Roca, J., R. Ishida, J. M. Berger, T. Andoh, and J. C. Wang. 1994. Antitumor
bisdioxopiperazines inhibit yeast DNA topoisomerase II by trapping the
enzyme in the form of a closed protein clamp. Proc. Natl. Acad. Sci. USA
91:1781-1785.

Skaliter, R., and I. R. Lehman. 1994. Rolling circle DNA replication in vitro
by a complex of herpes simplex virus type 1 encoded enzymes. Proc. Natl.
Acad. Sci. USA 91:10665-10669.

Stow, N. D., O. Hammarsten, M. I. Arbuckle, and P. Elias. 1993. Inhibition
of herpes simplex virus type 1 DNA replication by mutant forms of the
origin-binding protein. Virology 196:413-418.

Stow, N. D., and N. M. Wilkie. 1978. Physical mapping of temperature-
sensitive mutations of the herpes simplex virus type 1 by intertypic marker
rescue. Virology 90:1-11.

Tanabe, K., Y. Ikegami, R. Ishida, and T. Andoh. 1991. Inhibition of topo-
isomerase II by antitumor agents bis(2,6-dioxopiperazine) derivatives. Can-
cer Res. 51:4903-4908.

Uemura, T., H. Ohkura, Y. Adachi, K. Morino, K. Shiozaki, and M.
Yanagida. 1987. DNA topoisomerase II is required for condensation and
separation of mitotic chromosomes in S. pombe. Cell 50:917-925.

Wagner, E. K., J. F. Guzowski, and J. Singh. 1995. Transcription of the
herpes simplex virus genome during productive and latent infection. Prog.
Nucleic Acid Res. Mol. Biol. 51:123-165.

Watt, P. M., and L. D. Hickson. 1994. Structure and function of type Il DNA
topoisomerases. Biochem. J. 303:681-695.

Wong, S. C., and P. W. Schaffer. 1991. Elements in the transcriptional
regulatory region flanking herpes simplex virus type 1 oriS stimulate origin
function. J. Virol. 65:2601-2611.



