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Summary

The mechanism of inhibition of the replication of herpes simplex virus type 1
(HSV-1) by coumermycin A, (CA)), an inhibitor of bacterial DNA gyrase, has been
investigated. Concentrations of antibiotic slightly higher than those needed for 50%
inhibition of viral growth were able to inhibit viral DNA synthesis in infected cells.
This effect was accompanied by a depressed synthesis of viral polypeptides. Protein
synthesis was also inhibited in uninfected cells, especially after long exposure to the
drug, but not in a cell-free system.

In vitro assays of highly purified HSV-1 DNA polymerase in the presence of the
drug, provided evidence that the enzyme was a target of CA,. The viral polymerase was
in fact inhibited by the antibiotic to an extent comparable to that of viral DNA
synthesis in intact cells. In contrast, DNA polymerase a, the enzyme involved in
chromosomal DNA replication, was relatively insensitive to CA,. The drug was also
shown to bind to protein and to viral and cellular DNA.

coumermycin; DNA polymerases; topoisomerases; HSV

Introduction
The possible intervention of DNA topoisomerase during the replication of some

DNA viruses, namely SV, [8], adenoviruses [7,13] and herpes simplex virus type 1, has
been recently emphasized [11]. Topoisomerases are enzymes modulating a variety of
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topological transitions in DNA both from prokaryotes and eukaryotes; in prokaryotes
they are primarily responsible for the supercoiling of DNA [5]; such a supramolecular
organization in eukaryotic cells arises mainly by the wrapping of DNA around histone
octamers that results in the nucleosome structure [17). The idea that a step of viral
replication may be dependent on a topoisomerase activity was derived essentially from
the sensitivity of the above mentioned DNA viruses to novobiocin and coumermycin
A, (CA)), two related coumarin antibiotics [28,29] which are specific inhibitors of
bacterial DNA gyrase (a topoisomerase I1){12,31]. Whilst the genomes of SV,, and
adenovirus are associated with cellular or virus proteins to form nucleosomal
structures, the DNA of herpes simplex virus does not seem to be packed into nucleo-
somes [10,19]. The anti-HSV effect of novobiocin and CA,, was therefore ascribed to
an inhibitory effect on a gyrase-like function involved in maintaining HSV-DNA in a
supercoiled state in spite of its lack of association with histones [11]. However, no
definite evidence that HSV-DNA has such topology has been presented thus far.
Relevant to this point are recent experimental data which have suggested that a
topoisomerase activity might indeed be induced by HSV-1[3,18] but these data do not
indicate the sensitivity of this enzyme to the above mentioned drugs. Accordingly,
results of drug sensitivity which suggest a role for such enzymes as drug targets during
the replicative cycle of HSV should be considered with respect to at least three sets of
findings. First, topoisomerases of type II, which have been found so far in T, and
eukaryotic cells, are relatively insensitive to novobiocin and coumermycin
[20,21,29,30); second, the concentrations required to inhibit HSV-1 replication are
more than 50 times higher than those effective against E. coli DNA gyrase [14]. Finally,
we have recently noted pure non-competitive inhibition of lactate dehydrogenase
activity by CA, and binding of the drug to serum albumin as well as to chromatin
constituents, DNA and RNA by means of different techniques [23].

These observations have prompted us to reinvestigate the anti-HSV effect of the
coumarin antibiotics. Our attention has been addressed to the compound CA |, whose
structure (Fig. 1) resembles that of the analogue novobiocin in that it contains two
specular moieties of novobiocin. Of these two antibiotics CA, is the most potent both
as an antigyrase and antibacterial agent [4,31] and as an anti-HSV drug [11].

Coumermycin A,
CHy
0 CH3

i © o] OCH
CH [¢]
CH, o 0 /0 3 CHY 3
CH,0 o] CONH Ly
CHy _ | II
NH-CO N oM HO 0
OH OH H | on
N 3
a1l
3 N
H

Fig. 1. Molecular structure of CA|.

o —0
[=]
0
le]
T



21

Materials and Methods

Cells and viruses

Vero, HeLa, HEp-2 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal calf serum (FCS) (Gibco), antibiotics and
L-glutamine. HSV-1 was a clinical isolate identified by its digestion pattern with
restriction enzyme Bam HI.

Chemicals and radioisotopes

CA,, a kind gift from Dr. W.F. Minor (Bristol-Myers, Syracuse), was checked for
purity by means of HPLC; it was dissolved in dimethyl sulfoxide (DMSO) and stored
at ~20°C. [*H]dThd, 1-[4,5-*H]leucine and [*H]amino acid mixture were from Amer-
sham, and DTT from Boehringer Mannheim.

Inhibition of HSV-1 plaque formation and assay of virus yield reduction by CA,

Confluent monolayers of Vero cells in 50-mm diameter Petri dishes were inoculated
with 350, 250, 100 plaque-forming units (PFU) of HSV-1 in 0.2 ml of medium
(DMEM). After 1 h absorption at 37°C inoculum was removed and replaced with a
medium containing 2% (v/v) FCS, 0.1% (v/v) pooled human immunoglobulin and
increasing concentrations of CA,. After 48-72 h cells were fixed with methanol and
stained with Giemsa and plaques were enumerated using an inverted microscope.

Virus yield measurements were performed on Vero cells infected witha m.o.i. of 0.5
treated with various amounts of the compound.

From 48 to 72 h following the infection, cells were harvested in the culture medium
and disrupted by two cycles of freezing and thawing and mild sonication. Virus yields
were determined by plaque assay. The amount of CA, required to reduce plaques by
50% (viral EDs,) was derived from the best linear plot of a least-square fit relating
surviving plaques to CA, concentration [6].

Cell cytotoxicity

The effect of CA, on the growth of Vero, HeLa and HEp-2 cells was determined by a
3-day culture experiment in the presence of increasing amounts of the compound. Cells
were seeded at a concentration of 5 X 10* cells in 20-mm diameter Costar wells and
counted at the end of the 72 h by a conventional haemocytometer after trypsinisation
of the monolayers. The overall rate of DNA synthesis, as a measure of the cell
metabolic activity, was also determined on confluent monolayers that were incubated
in the presence of increasing drug concentrations and 1 pCi/ml [*H]}dThd for a period
of 16 h. After this period, the cells were extensively washed with a cold hypertonic
NaCl solution, and three times with 10% (v/v) TCA and methanol; monolayers were
then lysed with 0.1 N NaOH and the samples, neutralized with 1 N HCI, were added to
Instagel scintillator (NEN) and the radioactivity counted in a liquid scintillator
spectrometer. Measurement of cell ED;, was obtained from the plot relating surviving
cells and [*H]dThd incorporation to the concentration of CA, by means of a least-
square fit.
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Measurement of viral and cellular DNA synthesis

Incorporation of [’ H]dThd into cellular and viral DNA was measured in Vero cells
infected at a m.o.i. of 20 and incubated from 9 to 11 h p.i. with 5-10 pCi/ml of
[’H]dThd and CA,. After the labelling interval cells were lysed with 0.5% (w/v) SDS
and digested with 1.5 mg/ml pronase and DNA fractionated by isopycnic centrifuga-
tion on a Nal gradient essentially as described [33]. Fractions were collected from the
bottom of the gradient by the aid of a peristaltic pump and aliquots were spotted onto
GF/C filters. The filters were washed three times with TCA and ethanol and, once
dried, immersed into an Instagel scintillator in order to count TCA-precipitable
radioactivity.

Protein synthesis in infected and uninfected cells

HEp-2 cells were infected at a m.o.1i. of 20 and immediately after the absorption
period exposed to increasing amounts of CA; in DMEM with 2% (v/v) FCS. In order
to study the synthesis of a, B and y polypeptides, cultures of infected cells were
pulse-labelled from 1 to 3 h p.i., from 5to 7 p.i. and from 16 to 18 h p.i., respectively,
with 10 uCi/ml of tritiated amino acid mixture in DMEM containing 1/10 of the
amino acid concentration and 2% (v/v) dialyzed FCS, to which a known amount of
CA, was added. Samples were prepared and SDS-PAGE carried out as described [ 16].
The polypeptide nomenclature was that adopted by Honess and Watson [15].

Absorption measurements on autoradiographic images of separated polypeptides
were made with a laser densitometer LKB 2202 Ultroscan equipped with a peak
integrator (Hewlett Packard). Uninfected HEp-2 cells grown in DMEM with 2%
(v/v) FCS were exposed to 5 and 10 pg/mi CA, and pulse-labelled either from 1 to
3 h or from 16 to 18 h thereafter. Samples were prepared as for infected cells and
aliquots spotted onto GF/C filters to count TCA-precipitable radioactivity.

Effect of CA, on protein synthesis in reticulocyte lysate

Rabbit reticulocyte lysate (nuclease treated, mRNA dependent) was purchased from
Amersham as was tobacco mosaic virus (TMV) RNA. The reaction mixture contained
35 pl of lysate, 1 ul of TMV RNA, 100 mM potassium acetate and 50 pM of amino acid
mixture deficient in L-leucine in 50 pl final volume; it was added to plastic tubes where
50 uCi of L-[4,5-’H]leucine (spec. act. 165 Ci/mmol) had been previously dried. CA |, in
a dose range from 5 to 50 pg/ml, was added to the reaction tube prior to incubation.
The assay conditions were as recommended by the manufacturer, with incubation
being performed at 30°C for variable intervals, after which TC A-precipitable radioac-
tivity was measured.

Purification and assay of DNA polymerases from Hela cells and HSV-1

DNA polymerase of HeLa cells and DN A polymerase of HSV-1wereakind gift from
Dr. Spadari and Dr. Pedrali-Noy (CNR, Pavia). The purification method for both
enzymes involves a final step of affinity chromatography on single-stranded DNA and
has been described in detail elsewhere [25].

The assay conditions were the following: 5-10 pl of enzyme (2600 U/ml of a-DNA
polymerase, 3000 U/ml of HSV-1-DNA polymerase) were incubated irr 100 pl of
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reaction mixture containing either 50 mM Tris, pH 8.1 (for viral polymerase) or 20 mM
KH,PO,/K,HPO, buffer, pH 7.2 (for a-polymerase), 7 mM MgCl,, 250 mM KCl (for
the HSV-1 polymerase), 0.5 mM DTT, 6.85 ug of activated calf thymus DNA, 100 uyM
dTTP, dATP,dGTP and 10 pM [*H]dCTP (1160 cpm/pmol) and various amounts of
CA,.

In some experiments the same Tris buffer was used for both reactions and the drug
was also preincubated with either the enzyme or the template-primer before adding the
reaction mixture. Incubation was performed at 37°C and samples were taken after 15
and 30 min in order to measure the enzyme activity in a linear phase. Samples were
spotted onto GF/C filters and TCA-precipitable radioactivity measured as described
above.

Interaction of CA, with viral and cellular DNA and measurement of the thermodynamic
parameters of binding

Viral and cellular DNA were separated on a Nal gradient which contained 0.5 pg/ml
of ethidium bromide by means of isopycnic centrifugation as described previously.
The two bands were visualized with an UV lamp and collected with a 5-ml syringe and
a 19-gauge needle. The samples were diluted with distilled water and DNA was
precipitated by addition of two volumes of ethanol and centrifugation at 3000 r.p.m. at
room temperature. The pellet was dissolved in 10 mM Tris/l mM EDTA (pH 7.5)and
the solution extracted three times with a mixture of phenol/chloroform/isopentanol
(25/24/1). DNA was again precipitated, washed with 70% (v/v) ethanol and dissolved
in TE buffer and used for spectroscopic studies.

The concentration of CA, in DMSO was determined spectrophotometrically using a
molar extinction coefficient of 60000 at 282 nm.

Spectrophotometric measurements were carried out at 25°C with a Perkin-Elmer
576 spectrophotometer, using 1-cm quartz cells. CA, aqueous solutions were freshly
prepared and 10 ul of a concentrated solution of the drug (2.3 mM) in DMSO were
directly diluted to the desired concentration in the cuvette. Measurement of solutions
containing nucleic acids was made against a nucleic acid blank.

In order to obtain correlation between the biological activity and some physico-
chemical parameters of interaction, also at low DNA/drug (P/D) ratios, the equation
of Papaphilis and Shaw [24]} was used. The titration method applied was the same
as previously reported [23].

All solutions were prepared with double-distilled water.

Results

Antiviral activity

Table 1 reports the effect of CA, on the growth of HSV-1. Values of viral EDy, as
measured by plaque reduction assay, were between 2.60 and 2.75 ng/ml. A significant-
ly lower EDs, (1.03 pg/ml) was obtained when virus yield reduction was measured.
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TABLE 1

ED;, of CA, for virus replication*

Virus yield reduction** Plaque reduction (Size of the inoculum)
(ug/ml £ S EM.) (ug/ml & S.EM.) (PFU/well)

2.75 + 0.46 (100)
1.03 £ 0.24 2.61 + 0.90 (150)

2.60 +- 0.87 (350)

* Vero cells were employed for both virus yield and plaque reduction assays.
** Cells were infected at a m.o.i. of 0.5. Untreated controls gave an average yield of 300 PFU/infected cell.

Cytotoxicity

The cytotoxic effect of CA| has been measured in the three cell lines which were used
in all our experiments. The effects of the drug on cell growth and the incorporation of
labelled thymidine were measured on cells cultured in a medium containing either 2%
(v/v) or 10% (v/v) FCS. These different culture conditions were chosen in view of the
well known ability of coumarin compounds to interact with serum protein [29] and to
make a comparative assessment of the antiviral and cytotoxic action of the drug.

Inspection of Table 2 indeed shows that the serum concentration was a significant
variable. EDjs, values of CA, for cell growth and DNA synthesis increased 1.5-3-fold
when the culture medium contained 10% as compared to 2% FCS. Furthermore, each
cell line had a different level of susceptibility towards CA,, HeLa 229 being relatively
the most sensitive and HEp-2 the most resistant cells.

Effect on the synthesis of viral and cellular DNA
Mock-infected and virus-infected Vero cells were maintained in a medium contain-
ing 2% (v/v) FCS and pulse-labelled with [*H]dThd as described above. The effects of
the antibiotic on the incorporation of the radiolabelled precursor into viral and
cellular DNA isolated by isopycnic centrifugation are illustrated in Fig. 2A and B.
The incorporation of the labelled precursor into viral (Fig. 2A) and cellular (Fig. 2B)

TABLE 2

EDs, of CA, for cell growth and DNA synthesis

Cell lines Fetal calf serum (%)
Reduction of growth rate Reduction of {*H]dThd incorporation
2 10 2 10

HeLa 229 2.74 £ 0.71 6.20 £ 1.15 4.17 £0.70 12.1 £ 2.12

HEp-2 6.25 + 1.64 159 £3.72 13.5 £ 1.55 20.5 = 2.03

Vero 3.29 £ 0.93 8.87 £ 2.04 6.96 + 0.64 19.6 + 2.98

Values are expressed as pg/ml = S.E.M.
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Fig. 2. Nal density gradient profiles of DNA labelled in infected and uninfected Vero cells (B). Cells
infected with HSV-1 at a m.o.i. of 20 and mock infected cells were labelled with 5 uCi/ml [*'H]dThd from 9 to
11 h following infection in the presence of 10 pg/ml CA, (m---m) and in its absence (e---8). DNA
was separated as described in Materials and Methods and fractions were collected from the bottom of
the centrifuge tubes. The denser peak in A represents virus DNA.

DNA was reduced to a comparable extent (over 50%) by a concentration of 10 pg
CA,/ml. Residual synthesis of cellular DNA after virus infection (Fig. 2A) was equally
sensitive to this drug amount which is close to the EDs, value obtained by measuring
[*H]dThd uptake in intact cells grown in 2% (v/v) FCS (Table 2).

These observations might favor the idea that similar functions of both viral and
cellular origin could be affected by CA,. To explore this possibility we have studied the
action of the antibiotic on the enzymes which are primarily involved in the replication
of DNA.

Effect on the activity of purified cellular and viral DNA polymerases

Highly purified HSV-1 polymerase was inhibited by increasing concentrations of
CA, (Fig. 3A) with the concentration of the drug required to inhibit the activity by 50%
being in the range from 5 to 10 ug/ml, i.e. concentrations similar to those required to
inhibit virus and host DNA synthesis in cell culture.

However, the activity of the DNA polymerase o isolated from HeLa cells, which had
a similar specific enzyme activity, was significantly less sensitive to CA, (Fig. 3B). The
drug doses required for a 50% reduction of this activity (20 and 50 pg/mi) were also
significantly higher than the ED;, for [’ H}dThd incorporation into the same cell line
(see Table 2).

Albeit relevant to the mode of action of CA |, the present results using polymerases
do not allow any conclusion concerning selectivity, because the different salt condi-
tions in the two assays might affect the inhibition.

In addition, some indirect evidence for more complex effects of the inhibitor, likely
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Fig. 3. Effect of CA, on the activities of HSV-1 DNA polymerase (A, m——m) and HeLa cell DNA
polymerase a (B, m---m) in the presence of various concentrations of CA, and (B) following preincubation of
the drug for 10 min at 4°C with either HeLa cell DNA polymerase o (e)---e) or activated calf thymus
DNA ( ---_-'. ). Activities were measured after incubation of the reaction mixtures for 30 min at 37°C.
The incorporation was normalized to the value of the control reaction in the absence of the drug; 100
represents 125644 cpm (HSV-1 DNA polymerase) and 112610 cpm (HeLa cell DNA polymerase a) of
[PHJdCMP incorporated per h at 37°C. The assay conditions were as reported in the text. Experimental
points represent the mean of triplicate experiments.

to take place also in intact uninfected cells, was obtained by a different assay. This
consisted in the measurement of a-polymerase activity after preincubation of CA, with
either the enzyme itself or activated DNA for a period of 10 min at 4°C.

As shown in Fig. 3B, such a treatment increased the relative potency of the inhibitor
which produced the most marked effects after preincubation with the template-primer.

Sensitivity of viral polypeptides synthesis to CA, and effect of the antibiotic on protein
synthesis in uninfected cells

To characterize further the mechanism of the antiviral activity of CA,, the effects of
the drug on the synthesis of representative virus-specific polypeptides in cells infected
with HSV-1 was examined. In the presence of a drug concentration of 5 pg/ml
sufficient to prevent virus growth, the synthesis of immediate-early (a) and early (B)
polypeptides was not diminished (Fig. 4, lanes 1, 2, 3, 4). However, when cells treated
with 5 pg/ml of the drug were pulse-labelled 16-18 h after infection, synthesis of icp 5
and 10 (y polypeptides), and icp 9 and 12 was selectively reduced (Fig. 4, lanes 5, 6).

When infected cells were exposed to a dose of CA, (10 pg/ml) that inhibits viral
DNA replication, it appeared that the incorporation into all virus specific proteins was
reduced with synthesis of icp 4 (o) and icp 6 (B) being relatively less sensitive than the
synthesis of the other virus proteins (Fig. 4, lane 7).

Protein synthesis in uninfected cells is also affected by CA,, as shown in Table 3. The
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Fig. 4. Autoradiogram of labelled polypeptides separated on a 8.5% polyacrylamide ge! slab from lysates of
HEp-2 cells labelled with 10 pCi/m! [*H}amino acid mixture from 1 to 3 h (lanes 1,2), 5to 7 h (lanes 3,4),
and 16 to 18 h (lanes 5, 6, 7) after infection with 20 PFU of HSV-1. M.1.C. shows profile of mock infected
cells. Cells were either untreated (lanes 1, 3, 5) or maintained with 5 ug/m! (lanes 2, 4, 6)and 10 pg/ml (lane
7) of CA, for the whole period following infection. Laser densitometer measurements showed a 41%
reduction in the amount of icp 5, a 65.6% reduction of icp 9-10 and a 51.8% reduction of icp 12.

inhibitory activity of the antibiotic is clearly more pronounced with longer periods of
exposure to the drug, i.e. after 18 h. At this time, however, there is no significant
difference in the effect of drug dose.

Effect on in vitro protein synthesis
Asshownin Fig. 5, there is no drug concentration dependence of protein synthesis in



TABLE 3

Protein synthesis in uninfected cells % of control activity = S.E.M.

CA, (pg/ml) Incubation time with CA, (h)
0-3 0-18
5 97.2 £ 3.4 55.4 + 8.6
10 68.7 + 5.0 51.7 £ 8.5
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Fig. 5. Effect of CA| on protein synthesis in rabbit reticulocyte lysate. The radioactivity counted at each time
represents 1/20 of the total fraction incorporated into TCA-precipitable material. Points reported in figure
represent the mean value of triplicate experiments and correspond to concentrations of 5 pg/ml (a), 50
pug/ml (m), and control (Q). The assay conditions are described in the text.

vitro. Itis also noteworthy that doses of 10 and 20 pg/ml were not effective, neither was
preincubation of reticulocyte lysate with the same doses for 20 min at room tempera-
ture (data not shown).

Interaction with cellular and viral DNA

The results of the experiments so far described indicate that CA, inhibits viral and
cellular DNA synthesis but have not clarified if this is the major mechanism responsi-
ble for the antiviral activity of the drug. In this regard, it should be considered that viral
ED, values were much lower than the concentration of CA, giving a 50% inhibition of
viral polymerase activity in a cell-free system and viral DNA synthesis in intact cells. A
still bigger discrepancy exists between the rate of inhibition of DNA polymerase a in
vitro and the cytotoxic potency of the compound. The possibility that CA, interacts
with DNA has therefore been examined. The absorption spectrum of a dilute aqueous
solution of coumermycin A, (11.4 uM), which has an UV peak at 282 nm and a
shoulder at about 344 nm, was modified upon binding to double-stranded DNAs. The
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Fig. 6. UV difference spectra of CA, (11.4 uM) in 99.5% H,0/0.5% DMSO, pH 6.55 (A) and in presence (B)
of celtular DNA (115 uM, pH 6.62), Kapp =5.1X10*M"}, n=10.93; (C) HSV-1DNA (85 1M, pH 6.62),Kap
=8.1 X 10°M™, n=0.93. Absorption spectra of 115 uM cellular DNA (—) and 85 puM HSV-1DNA (--S
are shown in the inset.

spectrum of CA ~cellular DNA complex at a nucleic acid/dye (P/D) ratio equal to 10,
is shown in Fig. 6; it can be seen that the band centered at 282 nm is red-shifted (3
nm) and hyperchromic (+15%). HSV-1 DNA affected the absorption spectrum more
appreciably: a hyperchromic effect of about 30% along with a red-shift of about 5 nm
was observed. The 347 nm band disappeared in both cases.

Both K, ,, values of the complexes with cellular and viral DNA are of the same order
of magnitude, as reported in the legend of Fig. 6, while the number of molecules
interacting with DNA remains the same (n = 0.93).

Discussion

The results obtained in this study contribute to a better understanding of the
anti-HSV-1 activity of CA,. If one considers virus yield reduction or inhibition of
plaque formation, it can be concluded that the therapeutic activity of the drugis rather
low. The question should therefore be addressed whether the antiviral properties of
CA,, as it seems from our data, have to be related to some extent to its cytotoxicity.
This latter in fact is especially pronounced when cells were cultured in the presence of
2% (v/v) FCS. The differences in the cytotoxic level found when using 2% or 10% FCS
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in cultures point to the significance of relative concentration of protein in the environ-
ment where CA, is added. This could explain why our therapeutic index is markedly
lower than the one reported [11].

The data on the incorporation of radiolabelled precursors into DNA clearly show
that inhibition of DNA synthesis is a prominent feature of the antibiotic, both in
infected and uninfected cells. As for the virus, such an effect could well derive, as
shown in this paper, from an interaction of the antibiotic with either the replicase or
DNA itself (Figs. 3A and 6C). However, all the attempts to isolate mutants resistant
to CA,, useful to elucidate further the mode of action of the drug at the enzyme level,
have not been successful and this in turn argues against selectivity of CA . The effect
of the compound on protein synthesis is less pronounced and depends on the length of
time CA, was left to interact with the cells. In particular the inhibition of viral
polypeptide synthesis is prominent only at a late stage of viral growth coinciding with a
long exposure to CA. At 5 ug/ml the 16-18 h pulse appears to show elevated levels of
a4 and B38-39 and reduced levels of ¥5, 10 and 12. However the synthesis of other
proteins (particularly y21, normally very sensitive to inhibitors of DNA synthesis, but
also y31, 44, 45) appears to be unaffected. The same conclusion applies to the 10 pg/ml
dose (slot 7) which, in addition, shows a very marked general inhibition of all viral
polypeptides. These effects on protein synthesis are quite unlike the ones observed with
phosphonoacetic acid [16], cytosine arabinoside or mutants with rs-defects at not
permissive temperature [1,27] and seem therefore to suggest a more complicated
mechanism of CA, action than a simple inhibition of DNA synthesis. On the other
hand, the hypothesis that the antibiotic has a direct effect on the translation process
itself seems not reasonable in the light of the results of in vitro protein synthesis (Fig.
5). However, it cannot be excluded that transcription might be hampered to some
extent by the coumarin binding to DNA, thus leading to a late effect on protein
synthesis. In the light of the data presented in this paper it appears that the mechanism
of inhibition of HSV-1 replication by CA, is rather complex and non-specific since it
involves metabolic pathways common to the normal host cell. In this regard it is
noteworthy that CA, is also active, at a similar range of concentrations (1-5 pg/ml),
against influenza virus type A [26] and a number of murine retroviruses [32]. This
consideration along with previous studies [ 23] showing that CA, interacts with a wide
range of macromolecules, suggest that the anti-HSV-1 activity of the drug cannot be
considered as evidence of an inhibitory effect of CA, on topoisomerase activity.

Acknowledgements

We are indebted to Dr. S. Spadari and Dr. G. Pedrali-Noy for supplying o- and
HSV-1 polymerase and letting us use some of their facilities. We also gratefully
acknowledge the technical assistance of Mrs. A. Rebuzzini, Mr. R. Cusinato and Mr.
M. Guida. This work was supported by C.N.R. Grants No. 820240852 (Progetto
Finalizzato Controllo delle Malattie da Infezione) and No. 800056404/1154971, and
MPI, Rome.



31

References

1 Aron, G.M,, Purifoy, D.J.M. and Schaffer, P.A.(1975) DNA synthesis and DNA polymeraseactivity of
herpes simplex virus type 1 temperature-sensitive mutants. J. Virol. 16, 498-507.

2 Baldi, M.I., Benedetti, P., Mattoccia, E. and Tocchini-Valentini, G.P. (1980) In vitro catenation and
decantation of DNA and novel eukaryotic ATP-dependent topoisomerase. Cell 20, 461-467.

3 Biswal, N,, Feldman, P. and Levy, C.C. (1983) A DNA topoisomerase activity copurifies with the
DNA polymerase induced by herpes simplex virus. Biochim. Biophys. Acta 740, 379-389.

4 Cozzarelli, N.R. (1977) The mechanism of action of inhibitor of DNA synthesis. Annu. Rev. Biochem.
46, 641-666,

5 Cozzarelli, N.R. (1980) DNA gyrase and the supercoiling of DNA. Science 207, 953-960.

6  Crumpacker, C.S., Chartrand, P., Subake-Sharpe, J.H. and Wilkie, N.M. (1980) Resistance of herpes
simplex virus to Acycloguanosine. Genetic and physical analysis. Virology 105, 171-184.

7  Dhalluin, J.C., Millevil, M. and Boulange, P. (1980) Effects of Novobiocin on adenovirus DNA
synthesis and encapsidation. Nucleic Acids Res. 8, 1625-1641.

8  Edenberg, H.J. (1980) Novobiocin inhibition of simian virus 40 replication. Nature 286, 529-531.

9  Fox, N. and Studrinski, G. (1982) DNA dependence and inhibition by Novobiocin and Coumermycin
of the nucleolar adenosine triphosphatase (ATPase) of human fibroblasts. J. Histochem. Cytochem.
30, 364-370.

10 Francke, B. (1977) Cell-free synthesis of herpes simplex virus DNA: structure of the in vitro product
and nucleolytic degradation. Biochemistry 16, 5664-5670.

11 Francke, B. and Margolin, J. (1981) Effect of Novobiocin and other DNA gyrase inhibitors on virus
replication and DNA synthesis in herpes simplex virus type l-infected BHK cells. J. Gen. Virol. 52,
401-404.

12 Gellert, M., O’Dea, M.H., ltoh, T. and Tomizava, J.I. (1976) Novobiocin and coumermycin inhibit
DNA supercoiling catalyzed by DNA gyrase. Proc. Natl. Acad. Sci. USA 73, 4474-4478.

13 Goding, C.R. and Russell, W.C. (1983) Adenovirus cores can function as templates of in vitro DNA
replication. EMBO J. 2, 339-344.

14  Higgins, N.P., Peebles, C.L., Sugino, A. and Cozzarelli, N.R. (1978) Purification of subunit of
Escherichia coli DNA gyrase and reconstitution of enzymatic activity. Proc. Natl. Acad. Sci. USA 75,
1773-1777.

15 Honess, R.W. and Watson, D.H. (1977) Herpes simplex virus resistance and sensitivity to phospho-
noacetic acid. J. Virol. 21, 584-600.

16  Honess, R.W. and Roizman, B. (1975) Regulation of herpes virus macromolecular synthesis: sequen-
tial transition of polypeptide synthesis requires functional viral polypeptides. Proc. Natl. Acad. Sci.
USA 72, 1276-1280.

17 Kornberg, R.D. (1977) Structure of chromatin. Annu. Rev. Biochem. 46, 931-954.

18  Leary, K. and Francke, B. (1984) The interaction of a topoisomerase-like enzyme from herpes simplex
virus type l-infected cells with non-viral circular DNA. J. Gen. Virol. 65, 1341-1350.

19 Leinback, S.S. and Summers, W.C. (1980) The structure of herpes simplex virus type | DNA during
viral replication as probed by micrococcal nuclease digestion. J. Gen. Virol. 51, 45-59.

20 Liu, L.P,, Liu, C.C. and Alberts, B.M. (1979) DNA topoisomerase: a new ATP-dependent enzyme
essential for inhibition of T, bacteriophage DNA replication. Nature 281, 456-461.

21 Liu, L.P., Liu, C.C. and Alberts, B.M. (1980) Type II DNA topoisomerases: enzymes that can unknot
a topologically knotted DNA molecule via a reversible double-strand break. Cell 19, 697-707.

22 Masotti, L., Pali, G., Von Berger, J. and Meloni, G.A. (1984) Different ability of Novobiocin and
Coumermycin A, to interact with nucleic acids. Microbiologica 7, 113-120.

23 Pali, G., Von Berger, J., Meloni, G.A. and Masotti, L. (1984) Nature of toxicity for chick embryo
fibroblast cells of Coumermycin A, and its physico-chemical interactions with protein and nucleic
acid. Biochem. Pharmacol. 33, 147-154.

24  Papaphilis, A.D. and Shaw, Y.H. (1977) Interaction of aminoacridines with nucleic acids. Trans.
Faraday Soc. 52, 261-279.

25 Pedrali-Noy, G. and Spadari, S. (1980) Mechanism of inhibition of herpes simplex virus and vaccinia

virus DNA polymerase by Aphidicolin, a highly specific inhibitor of DNA replication ineukaryotes. J.
Virol. 36, 457-464.



32

26

27

28

29

30

31

32

33

34

35

Portincasa, P., Pali, G., Conti, G., Pesce, A. and Chezzi, C. (1984) Effect of Coumermycin A, on
influenza virus replicative cycle. Microbiologica 7, 121-132.

Purifoy, G.M. and Powell, K.L. (1981) Temperature-sensitive mutants in two distinct complementa-
tion groups of herpes simplex virus type | specify thermolabile DNA polymerase. J. Gen. Virol. 54,
219-222.

Ryan, M.J. (1976) Coumermycin A,: a preferential inhibitor of replicative DNA synthesis in Escheri-
chia coli. 1. In vivo characterization. Biochemistry 15, 3769-3777.

Ryan, M.J. and Wells, R.D. (1976) Coumermycin A,: a preferential inhibitor of replicative DNA
synthesis in Escherichia coli. 1. In vitro characterization. Biochemistry 15, 3778-3782.

Stetler, G.L., King, G.J. and Huang, W.M. (1979) T, DNA-delay proteins, required for specific DNA
replication, form a complex that has ATP-dependent DNA topoisomerase activity. Proc. Natl. Acad.
Sci. USA 76, 3737-3741.

Sugino, A., Higgins, N.P., Brown, P.O., Peebles, C.L. and Cozzarelli, N.R. (1976) Energy couplingin
DNA gyrase and the mechanism of action of Novobiocin. Proc. Natl. Acad. Sci. USA 75, 4838-4842.
Varnier, O.E., Muratore, O., Raffanti, S.P., Melioli, G., Palu, G. and Schito, G.C. {1984) Coumermy-
cin inhibition of murine retrovirus replication in cultured cells. J. Antimicrob. Chemother. 14,
139-147.

Walboomers, J.M.M. and Shegget, J.T. (1976) A new method for the isolation of herpes simplex virus
type 2 DNA. Virology 74, 256-258.

Wagqar, M.A_, Evans, M.J. and Hubertman, J.A. (1978) Effect of 2’,3'-dideoxythymidine-5-triphos-
phate on HeLa cells in vitro DNA synthesis: evidence that DNA polymerase « is the only polymerase
required for cellular DNA replication. Nucleic Acids Res. 6, 1933-1946.

Weissbach, A. (1977) Eukaryotic DNA polymerases. Annu. Rev. Biochem. 46, 25-47.



