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SUMMARY

BEERMAN, T. A., AND M. W. GUTAI. DNA damage in neocarzinostatin-, macromo-
mycin-, and bleomycin-treated SV4O virions. Mol. Pharmacol. 17: 388-394 (1980).

The DNA strand scission antitumor drugs neocarzinostatin, macromomycin, and bleo-
mycin have been found to introduce single-strand nicks in encapsidated SV4O DNA. The
nicking of encapsidated DNA by neocarzinostatin was demonstrated to have occurred
within purified SV4O virions rather than as a result of drug-induced leakage of DNA from
the virus. The relationship between sulfliydryl agent and reactivity of these drugs with
encapsidated SV4O DNA is similar to that reported for naked SV4O DNA. The reactivity
of neocarzinostatin at 0.5 pg/mi with naked and encapsidated SV4O form I DNA is quite

similar as measured by the conversion of superhelical DNA to the nicked circular duplex
form. However, at higher drug levels (1.0-100.0 �.&g/mi) the encapsidated DNA is less
susceptible to further DNA damage.

INTRODUCTION

Neocarzinostatin is an antibiotic with a molecular
weight of 10,700 that has antitumor activity (1-4). The
drug has been studied extensively and found to be an
inhibitor of DNA synthesis in both mammalian cells and
a cell-free assay (5-7). Incubation of mammalian cells
with neocarzinostatin results in damage to the cellular
DNA (8, 9). The breakdown of cellular DNA is related to
the drug’s ability to inhibit both DNA synthesis and cell
growth (6).

In a reaction stimulated by 2-mercaptoethanol, neo-
carzinostatin possesses endonucleolytic activity with
DNA in a cell-free assay (8, 10, 11). The drug’s cytotoxic

activity in vivo can be correlated with the drug’s ability
to nick DNA in vitro (10). The nature of the DNA strand
scissions has been determined to be predominantly ran-
dom single-strand breaks that generate both 3’-phos-
phate and 5’-phosphate ends, and the release of a base
possibly followed by a fl-elimination reaction (12, 13).

Macromomycin is another protein antibiotic of similar
size to neocarzinostatin that also shows potential �.s an
antitumor agent (14-16). Though this drug has not been
as well studied as neocarzinostatin, the two drugs appear
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to have many similarities. Macromomycin inhibits cel-
lular DNA synthesis and nicks cellular DNA (17-19).

The drug’s ability to inhibit cell growth appears to be
correlated with the ability of the drug to nick cellular
DNA (18). In addition, macromomycin cleaves DNA in
a cell-free assay; but, unlike neocarzinostatin, sulthydryl
agent is not necessary for maximal nicking activity (20,
21).

Bleomycin is a glycopeptide antitumor drug that is a
similar to both neocarzinostatin and macromomycin in
that this drug causes the breakdown of cellular and cell-
free DNA and inhibits cellular DNA synthesis (1).

The ability of all three of these drugs to cut DNA in
cell-free assays has been studied with a variety of DNA
types including both linear and superhelical DNA (20,
21). These drugs possess endonucleolytic activity that
can place one or more breaks in DNA, although the exact
mechanism of action has yet to be determined.

SV4O’ is a small DNA tumor virus whose genomic
DNA of approximately 3 x 106 daltons is a covalently
closed double-stranded molecule which is packaged in a
viral coat. The virus produces a lytic infection in monkey
cells, transforms mouse cells, and causes tumors in ham-
sters (22).

In this paper we will examine the effects of neocarzi-
nostatin, macromomycin, and bleomycin on the super-

coiled DNA of intact SV4O virions. Since these drugs
have the ability to penetrate mammalian cells and to
cause extensive damage to the cellular DNA, it was of
interest to determine whether they could penetrate a
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virus and cleave the viral DNA. A detailed comparison
is made between neocarzinostatin’s ability to nick encap-
sidated viral DNA as opposed to naked SV4O DNA.

MATERIALS AND METHODS

Cells and virus. SV4O virus (strain 776) was grown on
the BSC-1 line of African green monkey kidney cells in
minimum Eagle’s medium (MEM) supplemented with
fetal calf serum (2%), glutamine, penicillin, and strepto-
mycin.

Purification of3H-labeled SV4O-DNA. Viral DNA was
labeled at 24 h after infection with 20 �tCi of [3H]thymi-
dine/10-cm dish and harvested at approximately 60 h
after infection. Viral DNA was extracted according to
the Hirt procedure (23), treated with RNase A (10 �tg/
ml), extracted with an equal volume of phenol (contain-
ing 0.1 vol 10 mM Tris-HC1, pH 8.0), and precipitated in
2.5 vol of cold ethanoL The form I DNA was purified by
equilibrium centrifugation in CsC1/ethidium bromide
gradients followed by sucrose density gradient centrifu-
gation through a 5 to 20% neutral sucrose gradient as
previously described (24).

Purification of’4C- or 3H-labeled SV4O virions. BSC-
1 cells were infected with SV4O virus at a multiplicity of
0.001 PFU/cell. The virion DNA was labeled at 48 h after

infection with 30 �iCi [3H]thymidine or 12 �iCi [‘4C]-
thymidine/75-cm2 flask, and harvested when greater
than 90% of the cells had become detached from the
surface (12-14 days after infection). Clarified cell lysates
were centrifuged to equilibrium twice in CsCl gradients
(P = 1.34 g/ml). The purified virions were dialyzed
against MEM-30 mi�i Hepes, pH 7.6, and stored at
-20#{176}C.

Drugs and reagents. Neocarzinostatin (NSC-157365)
was provided by the Investigational Drug Branch of the
National Cancer Institute, and crude macromomycin
(NSC-170105) was obtained from the Developmental
Therapeutics Program of the National Cancer Institute.

Macromomycin was purified by a modification of the
procedure of Sawyer et al. (20). Bleomycin was kindly
donated by Bristol Laboratories of Syracuse, New York.
[Me-3H]Thymidine was obtained from New England Nu-
clear. [Me-’4C]Thymidine was from Amersham Corp., as
was the ACS scintillation fluid. DNase I and RNase were
obtained from Worthington. Endo R Barn and Hpafl
were purchased from Biolabs. Agarose was purchased
from Sigma.

Analysis of SV4O DNA damage by sedimentation on
alkaline sucrose gradients. SV4O-I DNA was analyzed
for DNA damage on a 5-20% slkaline sucrose gradient

containing 0.7 M NaC1, 0.3 M NaOH, and 0.01 M EDTA.
The entire reaction mixture of 100 �l was centrifuged in
a Spinco SW5O.1 rotor for 85 mm at 49,000 rpm and
20#{176}C.Placement of the reaction mixture on the alkaline
sucrose gradient terminated all drug activity. The gra-
dients were fractionated from the top and the fractions
counted in ACS scintillation fluid. The percentage con-
version of SV4O-I to type II DNA was determined from

the proportion of radioactivity appearing in the band
positions for supercoiled and open circular duplex DNA,
although the resulting SV4O-fl consists of DNA contain-

ing one or more breaks. The percentage form I DNA in
the untreated control was taken as 100% and all calcula-
tions of the percentage form I remaining were normalized
to this 100% value.

Analysis ofencapsidated SV4O DNA damage by sed-

imentation on alkaline sucrose gradients. The proce-
dure used is essentially that described previously except
the gradient was overlaid with 0.5 ml of lysis solution
consisting of 0.6% sodium dodecyl sulfate and 0.01 M

EDTA, pH 7.4. After a 20-mm lysis period, the gradients
were processed as described previously.

Analysis of encapsidated SV4O DNA damage by sed-

imentation on neutral sucrose gradients. Encapsidated
SV4O DNA was analyzed for strand scissions by neutral
sucrose gradient analysis as described previously except

the gradient consisted of 5-20% sucrose in 0.1 M Tris-
HC1, pH 7.0, 0.7 M NaC1, and 0.01 M EDTA and was run
for 180 ruin.

Analysis ofencapsidated SV4O DNA damage by aga-

rose gels. Encapsidated SV4O DNA was incubated in an
equal volume of lysis solution (see the preceding) for 20
mm at 20#{176}Cand then placed upon a 0.7% agarose gel (7
x 125-mm tubes) prepared in TAE buffer consisting of
0.05 M Tris-HC1, 0.02 M sodium acetate, and 0.002 M

EDTA, pH 8.0. The gels were electrophoresed at 100 V
for 2 h using TAE buffer in the upper and lower reser-
voirs. After electrophoresis the gels were removed from
the tubes, stained for 30 miii in the presence of 0.5 �tg/mi
of ethidium bromide, visualized under ultraviolet light,
and then photographed using a Polaroid MP3 camera
and Kodak Tri-X pan film.

RESULTS

Sedimentation analysis of neocarzinostatin-treated
purified viral DNA and neocarzinostatin-treated virus
lysed directly on an alkaline sucrose gradient. The
introduction of a single-strand scission in superhelical
SV4O DNA (form I) results in conversion of the DNA to
an open circular duplex DNA (form II). Centrifugation
analysis on an alkaline sucrose gradient results in a 53 5
DNA for the collapsed duplex superhelical DNA, while
the form II molecule strand separates into 21 5 and 175
circular and linear DNA, respectively, although the cen-
trifugation conditions used to resolve form I and form II
DNA on gradients are not sufficient to resolve form II
DNA into its component forms. Using purified SV4O
virus containing radiolabeled DNA, it was possible to
duplicate the centrifugation patterns seen with purified
DNA by placing the virus on alkaline sucrose gradients
overlaid with lysis solution. A mixture of[’4C]thymidine-
labeled SV4O virus (90% form I) and purified [3H]thy-
midine-labeled SV4O DNA (60% form I) was run on such
a gradient and resulted in denatured form I DNA from
either the virus or the naked DNA sedinienting to iden-
tical positions on the gradient (Fig. 1A). Also denatured
form II DNA sedimented to the same gradient position

whether it was from naked or encapsidated DNA. In
addition, there appeared to be complete lysis of the virus
as all the radioactivity applied to the gradients was
recovered in the forms I and II DNA peaks.

In a similar experiment neocarzinostatin at 2.0 ag/mi
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SV4O DNA
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Faa. 1. A comparison ofneocarzinostatin.induced strand scission

ofnaked and encapsidated SV4O DNA

[�H]Thymidine-labeled SV4O DNA (0.25 �tg of specific activity, 4.1

x i0� cpm/g�g) and [‘4C}thymidine-labeled encapsidated SV4O DNA

(0.12 g�g of specific activity, 1.3 x 10� cpm/�g) were incubated together

in a 100-,�l reaction mixture consisting of 0.1 M TTis-HCI, 1.0 mr.i 2-

mercaptoethanol, pH 7.0, and the appropriate amount of drug. After 30

miii at 24#{176}C,the samples were placed on top of an alkaline sucrose

gradient overlaid with lysis solution and centrifuged as described in

Materials and Methods. (A) A compaiison ofthe sedimentation profiles

of naked SV4O DNA (D-IJ) and encapsidated SV4O DNA

(O-O) in the absence ofdrug. (B) A comparison ofthe sedimentation

profiles of naked SV4O DNA (R U) and encapsidated SV4O DNA

(#{149}- #{149})after treatment with neocarzinostatin (2.0 �g/m1). Sedimen-

tation was from left to right.

was incubated with a mixture of 3H-labeled naked DNA
and ‘4C-labeled virus, and the resulting DNA sedimen-
tation analysis is shown in Fig. lB. The purified SV4O
DNA was nicked by the drug as expected (8), but there
was also cleavage of the ‘4C-labeled encapsidated DNA
which then sediinented to the denatured form II DNA
position. When the percentage conversion of form I to
form II DNA was compared, normalizing the control
value to 100% form I, 14% of the purified DNA remained
as form I compared to 24.7% of the virion DNA.

Concentration dependence of neocarzinostatin and
macromomycin cleavage of virion DNA. Both neocarzi-
nostatin and macromomycin were found to cleave super-
helical DNA upon incubation of the virus with drug
(Table 1). The conversion of form I to form II DNA was
dependent upon the drug concentration, though it must
be remembered that in this assay only the first strand
break would be measured.

Time course dependence ofneocarzinostatin and ma-
cromomycin cleavage of virion DNA. Neocarzinostatin
and macromomycin, when incubated with SV4O virus,
were both found to cleave SV4O DNA in a manner that
was dependent upon the time of incubation of drug with
virus prior to lysis (Table 2). Since the extent of DNA
damage is proportional to the time of drug treatment, it
would appear that the drug action is taking place prior
to lysis of the virus. To further ensure that damage to
the DNA is not occurring after lysis, a high level of
neocarzinostatin (100 pg/mi) was placed in the lysis
solution, followed immediately by the virus maintained
in a drug reaction mixture (0.1 M Tris, pH 7.0, and 2-
mercaptoethanol at 10.0 mM). Under these conditions,

The experimental conditions and method of analysis were as de-

scribed in Fig. 1. The data from the gradient analysis were converted

to percentage form I DNA by dividing the radioactivity found in the
form I DNA position by that in the forms I and H DNA positions. All

the data were based upon a control form I value (85%) normalized to a

value of 100%. The neocarzinostatin-treated samples were incubated

for 30 miii at 24#{176}Cin 0.1 M TTiB-HC1 and 1.0 ms 2-mercaptoethanol,

pH 7.0, while macromomycin-treated samples were incubated in the
dark for 60 mm at 24#{176}Cin 0.1M Tris-HCI, pH 7.0.

Drug concentration Percentage form I DNA

pg/mi

NeOCarzinOstatin

0 100

0.02 98

0.1 87
0.25 70

0.5 55

1.0 42

5.0 20
Macromomycin

0 100

1.2 93

2.5 47
5.0 19

10.0 9
20.0 7
40.0 0

there was no breakdown of SV4O form I DNA as meas-
ured on an alkaline sucrose density gradient (data not
shown).

Effects of 2-mercaptoethanol on drug cutting of en-
capsidated DNA. Neocarzinostatin is known to damage
DNA in a cell-free assay in a reaction that is almost
completely dependent upon the presence of sulfhydryl
agent (8, 10). Cleavage of DNA during neocarzinostatin
incubation with virus was also found to be nearly totally

TABLE 2

Time course dependence ofdrug.induced strand scission of SV4O

encapsidated DNA

The experiment was performed as described in Table 1 except the

drug concentration for neocarzinostatin was fixed at 1.0 �tg/ml and that

for macromomycin at 10.0 �g/ml. The samples were reacted at 24#{176}C

for the indicated times.

Incubation time Percentage fo rm I DNA

mm

Neocarzinostatin

Control 100

0 91

5 62

15 52

30 64

60 38

Macromomycin

0 100 .�

15 42
30 37

60 22

120 9
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a These values represent the normalization of the percentages of

form I DNA, which were 85% for the SV4O encapsulated DNA and 61%
for SV4O DNA.

b Peak position was at the top of the gradient, indicating that

multiple breaks were placed in the DNA.

a The percentage form I in untreated controls was 82-84% and was

normalized to 100%.
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dependent upon the presence of 2-mercaptoethanol (Ta-
ble 3). In control experiments without drug, 2-mercap-
toethanol under the assay conditions used did not cause
DNA damage. Cutting activity was stimulated by 10 nmi
2-mercaptoethanol when compared with levels of activity
at 1.0 mM. At the lower 2-mercaptoethanol level (1.0
mM), it took a 10-fold higher drug level (1.0 pg/mi) to
cleave DNA to nearly the same extent as at 0.1 �&g/ml of
drug with 10 mi� 2-mercaptoethanoL In the absence of 2-
mercaptoethanol, even extreme levels of drug (100 �tg/
ml) were not able to nick the viral DNA.

Macromomycin is known to cleave cell-free DNA, but
the reaction is independent of suithydryl agent (20, 21).
In the drug-treated viral system, it was also found that
macromomycin damage to DNA was not influenced by
the absence or presence of 2-mercaptoethanol (Table 3).

Bleomycin is a glycopeptide drug that is also known to
damage DNA in a cell-free assay (1). When encapsidated
SV4O DNA was treated with bleomycin, there was a

conversion of DNA from form I to form II DNA (Table
3). Previously it had been determined that 2-mercapto-
ethanol stimulates the drug’s nicking activity nearly 20-
fold (1). In our studies there was also a dramatic stimu-
lation of drug activity by 2-mercaptoethanol (Table 3).

Determination ofthe effect ofnucleases on SV4O. One
possible explanation for the cleavage of DNA in drug-
treated virus is that the drug induces the DNA to “leak”
from the virus and subsequent DNA damage occurs
outside the virus. To exclude this possibility, a compari-

TABLE 3

Effect of2.mercaptoethanoi on drug-induced 8trand scission of

encapsidated SV4O DNA

The experiment was performed as described in Table 1 except the

concentration of 2-mercaptoethanol was varied. All reactions were

incubated for 30 miii at 24#{176}Cexcept those ofmacromomycin, for which

the reaction time was 60 mm.

Drug 2-Mercaptoeth-
anol

Percentage form I
DNA

pg/mi mM

Neocarzinostatin

0 0 100#{176}

0 10.0 98-100

0.1 10.0 35
0.5 1.0 59

0.5 10.0 0

1.0 1.0 49
1.0 10.0 0

5.0 0 98

5.0 1.0 20

5.0 10.0 0

100.0 0 97

Macromomycin
0 1.0 100

2.5 0 50

2.5 1.0 66

Bleomycin

0 1.0 100

1.0 1.0 63

2.0 0 98

2.0 1.0 0

10.0 0 81

TABLE 4

A comparison ofneocarzinostatin and DNase I strand scission

activity on naked and encapsidated SV4O DNA

The experiment was performed as described in Table 1. Two sets of

reactions were run, one for naked SV4O DNA and a second for encap-

aidated SV4O DNA. Reactions were prepared as described in Fig. 1

except the samples contained 0.1 M Tris-HC1, 1.0 m.i 2-mercaptoeth-

anol, and 5 mM MgC12, pH 7.0. The reaction was run for 30 mm at

24#{176}C.Under these conditions there was no DNA nicking in untreated

samples. When drug and DNase I were used in the reaction system,
they were added simultaneously.

Treatment Percentage form I DNA

SV4O virus SV4O DNA

Control (-neocarzinostatin, -DNAse I) 100#{176} 100#{176}

NeOCai-LinOstatin (0.5 pg/mi) 42 25

DNASe I (10.0 ng/ml) 100 0”

NeOCai-ZinOstatin (0.5 pg/mi) and 37 Ob

DNASe I (10.0 ng/ml)

son was made between DNA damage in neocarzinostatin-
treated virus in the presence and absence of DNase I. As
seen in Table 4, DNase I is unable to cleave SV4O DNA
when incubated with virus as compared to the extensive
digestion of naked DNA. After neocarzinostatin treat-
ment of virus or DNA, 42 and 25% of the DNA remained
as form I, respectively. The presence of DNase I in
addition to neocarzinostatin did not significantly alter
the percentage DNA damage seen in the viral system,
while naked DNA was extensively cleaved (Table 4). Any

DNA leaking from the drug-treated virus would have
received multiple breaks, as was found in the naked DNA
system.

Other nucleases were examined for their effects on
encapsidated DNA. Neither micrococcal nuclease, venom
phosphodiesterase, nor Endo R BamHI enzymes were
found to induce damage to DNA when incubated with
virus under conditions which caused degradation to na-
ked DNA (data not shown).

Neutralgradient analysis of neocarzinostatin-treated
SV4O. Superhelical SV4O DNA sediments at 21 5 on
neutral gradients, while the nicked form II DNA sedi-
ments at 17 S. Neocarzinostatin has been shown to nick
superhelical DNA by converting the 21 S form I DNA to
the 17 S form (8). This cleavage of superhelical DNA in
the absence of alkaline conditions indicated that the
DNA damage was a true strand scission as opposed to
alkali-labile bonds. In a similar analysis with drug-treated

virus, neocarzinostatin at 0.5 �&g/ml was found to nick
form I DNA as analyzed by neutral sucrose gradients
(Fig. 2). The percentage form I DNA remaining was 40%,
a value close to that seen with a similar drug level using
alkaline gradient analysis (40-59%).

Analysis of drag-treated virion DNA by electropho-

resi.s in agarose gels. It is possible to interpret the
neutral sucrose data as drug-induced double-strand
breaks in form I DNA, as the sedimentation conditions
would not resolve form II DNA from a linear duplex
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FIG. 2. Analysis of neocarzinostatin-induced strand scission of
encapsidated SV4O DNA on neutral sucrose gradients

The incubation conditions were as described in Fig. 1 except the

drug concentration was 0.5 �g/ml. Sedimentation of the drug-treated

DNA was done on neutral sucrose gradients as described in Materials

and Methods and was from left to right. Control (0-0) and neocar-

zinostatin-treated (#{149} #{149}).

molecule. Forms I and II DNAS, as well as the linear
duplex DNA, are easily distinguishable by electrophore-
sis on agarose gels.

An initial experiment determined that lysed virus could
be analyzed for its DNA composition on agarose gels
(Fig. 3e). if virus was not lysed prior to analysis in gels,
no bands were visible (Fig. 3d). A comparison of DNA
from lysed SV4O virus and from purified SV4O DNA
showed that DNA from both sources run at equidistant
positions on the gel (Figs. 3a and e). Analysis of drug-
treated virus by this technique resulted in similar con-
version of form I to form II DNA at a neocarzinostatin
level of 0.5 pg/mi whether the analysis was done on gels
or sedimentation gradients. At this level of drug, there
was no increase in the amount of linear duplex DNA,
indicating that the first strand scission in the DNA is a
single-strand break (Fig. 30. A high drug level of 50 �tg/
ml resulted in some small amounts of linear duplex DNA,
but under the same reaction conditions there was found
to be even more linear duplex DNA when using naked
SV4O DNA (Figs. 3g and h).

Neocarzinostatin induced multiple breaks in encap-
sidated DNA and purified SV4O DNA. The assays pre-
sented thus far have been concerned with the determi-
nation of the percentage conversion of supercoiled DNA
to a nicked form by the introduction of one strand break.
Under the centrifugation conditions used, it would be
difficult to determine if more than one break is occurring
per 5V40 molecule. By centrifuging the DNA under
alkaline conditions and an extended time period, it is
possible to resolve multiple breaks in the DNA.

Treatment of SV4O DNA with high concentrations of
neocarzinostatin and a more optimal level of 2-mercap-
toethanol (10.0 mr�i) resulted in further fragmentation of
the DNA (Fig. 4A). These data are in agreement with
similar results obtained by Beerman and Goldberg (8).
Even at the lowest drug concentration (1.0 �tg/ml), nearly
all the DNA was reduced to linear pieces. A similar
analysis of neocarzinostatin-treated SV4O virus is shown

in Fig. 4B. Clearly there is much less damage to the viral
DNA than that seen at comparable drug levels with
purified DNA.

DISCUSSION

Drugs such as neocarzinostatin, macromomycin, and
bleomycin have seen studied for their endonucleolytic
effect on naked DNA and also cellular DNA (1). This
paper demonstrates for the first time the ability of these
DNA-reactive antitumor drugs to cleave encapsidated
SV4O DNA. The fact that virus in general is extremely
resistant to nucleolytic activity makes this finding
unique.

A comparison ofneocarzinostatin’s endonucleolytic ac-
tivity on SV4O DNA and on encapsidated SV4O DNA
demonstrated that the rate of conversion of superhelical

Fic. 3. Agarose gel analysis of ncocarz#{252}wstatin-treated naked

and encapsidated SV4O DNA

All reaction systems were 50 pl and contained 0.1 M TriS.-HC1, 1.0

mM 2-mercaptoethanol, pH 7.0, and also DNA and drug as indicated.

The reactions with drug were run for 30 mm at 20#{176}Cand stopped by
the addition of a lysis solution (50 �d of 0.6% sodium dodecyl sulfate

and 0.01 M EDTA, pH 7.4 for 20 mm at 20#{176}C).Electrophoresis was

done on 0.7% agarose for 2 h at 100 V and 24#{176}C.(a) Naked SV4O DNA

(0.35 pg) containing forms I, II, and linear duplex (form III) DNA-no
lysis solution was added. (b) Naked SV4O DNA (0.30 pg) containing

forms I and II DNA-treated with lysis solution. (c) Naked SV4O DNA

(0.25 �tg) digested with Hpall enzyme to produce linear duplex DNA
(Digestion with Hpall enzyme was included to serve as a marker for

linear (form ifi) DNA.) (3 unite of enzyme was incubated with 20 pg/

ml DNA in a 6Ojd reaction for 1 h at 37#{176}Cusing the buffer specified by

New England Biolabs)-treated with lysis solution. (d) Encapsidated

SV4O DNA (0.12 pg)-no lysis solution. (e) Encapsidated SV4O DNA

(0.12 �g)-treatad with lysis solution. (1) Encapsidated SV4O DNA (0.12
fLg) incubated with neocarzinostatin at 0.25 pg/mm-treated with lysis

solution (The lysis solution was found to completely inactivate the

drug.). (g) Encapsidated SV4O (0.12 �tg) incubated with neocarzinostatin

at 50.0 pg/mi-treated with lysis solution. (h) Naked SV4O DNA (0.35

SAg; see sample a) incubated with neocarzinostatin at 50.0 pg/ml-
treated with lysis solution.
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FIG. 4. Analysis ofmuitiple strand scissions induced by neocarzinostatin in naked and encapsidated SV4O DNA

The incubation conditions were as described in Fig. 1 except that the 2-mercaptoethanol concentration was increased to 10 mM (under the

experimental conditions this concentration of 2-mercaptoethanol did not by itself cause nicking of the DNA). (A) Naked SV4O DNA was treated

with neocarzinostatin at 1.0 pg/nil (#{149} #{149}),10 pg/mi (A-A), and 100.0 pg/mi ( S). Encapsidated SV4O DNA was treated with
neocarzinostatin at 1.0 pg/mI (0- - - - -0), 10.0 �g/ml (� ti), and 100 pg/mI (0-. - - - -0). (B) The samples were then centrifuged for 330
mm at 49K and 20#{176}C.The sedimentation was from left to right. No attempt was made to recover superhelical DNA which, when present at the

lowest drug concentration, was sedimented to the bottom. Denatured form II DNA appeared in fractions 22 and 26.

DNA to form II DNA is similar for both systems (Figs.
1A and B). Both neocarzinostatin and macromomycin
nicked superhelical encapsidated SV4O DNA in a concen-
tration-dependent manner. That the nicking of DNA
occurred prior to lysis of the virus is suggested by the
dependence of DNA cleavage upon the time of drug
treatment of the virus (Table 2). Also, the addition of a
high level of neocarzinostatin (a concentration 1000-fold
higher than is necessary to see cleavage of the viral
DNA) to the lysis solution did not result in breakdown of
viral DNA upon the addition of SV4O virus to the lysis
solution.

The possibility that drug treatment of the virus caused
DNA to “leak” from the virus so that the drug effect on
DNA occurred outside the virus was eliminated by anal-
ysis of neocarzinostatin and DNase I effects on SV4O
virus. DNase I levels sufficient to cause multiple breaks

in naked DNA (25 breaks per strand) were unable to
cause any nicking of encapsidated SV4O DNA. Treat-
ment of virus with neocarzinostatin at a concentration
sufficient to convert over half the DNA to form II and
treatment of virus with a similar drug level in combina-
tion with enough DNase I to make 25 breaks per strand
ofDNA resulted in both systems showing nearly identical
levels of DNA damage (Table 4). A similar system of
neocarzinostatin and DNase I with naked SV4O DNA
demonstrated that DNase I was fully active in the pres-
ence of drug (Table 4) and that any leakage of DNA in
the virus system would have resulted in extensive nicking
of the DNA by DNase I.

A comparison of the endonucleolytic activity of these
DNA-reactive drugs as a function of 2-mercaptoethanol
concentration demonstrated that all three drugs showed
a dependence or lack of dependence on sulfhydryl agent
that is similar to that seen with naked DNA (1). Likewise,
neocarzinostatin at 0.1 �.tg/mi in the presence of 10.0 mIii

2-mercaptoethanol showed significant nicking of super-
helical encapsidated SV4O DNA, while a 1000-fold in-
crease in drug in the absence of 2-mercaptoethanol re-
sulted in no detectable breakdown of DNA. Neocarzino-
statin-nicking of naked viral DNA is known to be de-
pendent upon 2-mercaptoethanol concentration up to 10
mM levels (7, 8, 10). Also drug levels of 0.1 �tg/mi in the
presence of 10.0 mM 2-mercaptoethanol resulted in
greater breakdown of encapsidated DNA than neocar#{241}-
nostatin at 1.0 pg/mi in the presence of 1.0 nmi 2-mer-
captoethanol (Table 3). In contrast, neocarzinostatin
damages cellular DNA in the absence of 2-mercaptoeth-
anol.

Sausville and Horwitz (25) recently reported that the
addition of neocarzinostatin (10 pg/mi) to infected cells
does not cause detectable breakage of preexisting SV4O
DNA molecules, although new viral synthesis is inhibited
greater than 90% and the cellular DNA is substantially
damaged. Thus, the failure of drug to nick viral DNA in
their system could be explained by the absence of 2-
mercaptoethanol.

Bleomycin nicking of naked SV4O is known to be
stimulated 20-fold by 2-mercaptoethanol (1). It was found
that bleomycin cutting of encapsidated 5V40 DNA was
aLso dependent upon 2-mercaptoethanol. Macromomycin
endonucleolytic activity on naked DNA has been shown
to be unaffected by the presence of 2-mercaptoethanol
(20, 21). This appears also to hold true in the virion,
where the presence of 1.0 mist 2-mercaptoethanol did not
alter the drug’s endonucleolytic activity.

Another similarity between neocarzinostatin activity
on naked and encapsidated SV4O DNA is the production
of true single-strand scissions as opposed to alkali-labile

bonds in both systems. The results of a neutral sucrose
gradient analysis of encapsidated SV4O DNA treated
with drug were similar to previously published data for
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naked DNA (8) showing that nearly equal amounts of
DNA breakdown occur on alkali or neutral gradients.

Superhelical DNA, upon receiving one single strand

break, is converted to an open duplex DNA. It has been
shown that neocarzinostatin is able to cleave this DNA

to smaller pieces (8). A comparison of neocarzinostatin
endonucleolytic activity, as measured by multiple breaks
per strand on SV4O DNA and on encapsidated SV4O
DNA, showed that the naked DNA was more rapidly

degraded by five fold than the encapsidated DNA (26)
(Figs. 4A and B). There also appeared to be less linear
DNA on agarose gels in the drug-treated (50 �tg/ml)
encapsidated SV4O DNA system compared to naked
SV4O DNA. The initial break in superhelical DNA occurs
at the same rate for drug-treated naked and encapsidated

DNA (Fig. 1). After introduction of the first nick, the
availabifity of additional cleavage sites appear to be
decreased in the virus. During the conversion of super-
helical DNA to form II DNA, it is known that the altered
secondary structure of form I DNA that renders this
DNA more susceptible to single strand-specific chemicals

and nucleases is lost (27). If an analogous mechanism

occurs in virions, it is possible that the initial attack by
these drugs cleaves the encapsidated DNA at a unique
exposed site such as regions of altered secondary struc-
ture which disappear after the first strand scission or at
the nuclease sensitive regions reported by Varshavsky et

al. and Scott et al. (28, 29). A recent study by Das et al.

(30) suggests that susceptibility to restriction endonucle-
ase cleavage depends on the compactness of the SV4O
chromatin structure. It could thus be argued that because
of special features of the chromatin structure, there are
fewer available sites for drug attack than in naked DNA.

To study the question of availability of DNA nicking
sites in encapsidated SV4O DNA compared to naked
SV4O DNA, we are proceeding to map the sites of drug
damage in both DNA systems by restriction enzyme
digestion and nucleotide sequence analysis. By compari-
son of the DNA site specificity of drug-treated naked and

encapsidated SV4O DNA, we hope to understand the
susceptibility of chromatin structure to DNA-reactive
agents and get a step closer to knowing the mechanism
of antitumor drug activity which to date remains obscure.
In addition, the ability of these drugs to penetrate virions
and cause DNA damage warrants the examination of
these agents as antiviral drugs.
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