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Induces DNA Breakage at Replication Forks

KARIN AVEMANN,1 ROLF KNIPPERS,1 THEO KOLLER,2 AND JOSE M. SOGO2*
Fakultat fiur Biologie, Universitat Konstanz, D-7750 Konstanz, Federal Republic of Germany,1 and Institut fiur

Zellbiologie, ETH Zurich-Honggerberg, CH-8093 Zurich, Switzerland2

Received 4 February 1988/Accepted 20 April 1988

The structure of replicating simian virus 40 minichromosomes, extracted from camptothecin-treated infected
cells, was investigated by biochemical and electron microscopic methods. We found that camptothecin
frequently induced breaks at replication forks close to the replicative growth points. Replication branches were
disrupted at about equal frequencies at the leading and the lagging strand sides of the fork. Since camptothecin
is known to be a specific inhibitor of type I DNA topoisomerase, we suggest that this enzyme is acting very near
the replication forks. This conclusion was supported by experiments with aphidicolin, a drug that blocks
replicative fork movement, but did not prevent the camptothecin-induced breakage of replication forks. The
drug teniposide, an inhibitor of type II DNA topoisomerase, had only minor effects on the structure of these
replicative intermediates.

DNA topoisomerases are essential enzymatic components
of the DNA replication apparatus; type I topoisomerases are
probably required to remove the superhelical tension which
could accumulate in front of advancing replication forks, and
type II topoisomerases can also participate in this reaction
but normally function to separate the catenated products of
replication cycles (reviewed in references 34 and 35).
Type I DNA topoisomerases release topological stress by

breaking one strand of the DNA double helix and passing the
other strand through the break. Mammalian type I topoisom-
erase, a protein OfMr 100,000, becomes covalently linked to
the 3' phosphate of a broken strand before the attached
strand is then transferred to a 5' OH receiving group
(reviewed in references 34 and 35).
The cytotoxic antitumor drug camptothecin interferes

with this reaction and stabilizes the intermediate enzyme-
linked DNA breaks (17). Camptothecin appears to be spe-
cific for type I topoisomerase because other topoisomerases
are not affected by the drug (17). The specificity of the drug
is underlined by the finding that camptothecin-resistant cell
lines possess a drug-resistant type I topoisomerase (2). Thus,
camptothecin is a potentially valuable tool for assessing the
role of type I topoisomerase in vivo.

Previous work has shown that camptothecin inhibits RNA
and DNA synthesis in vivo (1, 2, 4, 16, 32). The extent of
inhibition is correlated with breaks in cellular DNA (26).
These breaks have been mapped in certain cases to specific
sequences of transcribed genes (3, 9, 10, 29) as well as to
regions of replicating DNA (23), in agreement with other
experiments showing that type I topoisomerase may be
involved in transcription and replication of eucaryotic DNA
(34, 35).

Biochemical studies with in vitro DNA replication sys-
tems have shown that type I topoisomerase is involved in the
fork movement reaction in replicating DNA, but this func-
tion is dispensable and can be replaced by a type II topo-
isomerase (36). Similar conclusions have been reached in
studies of the behavior of yeast mutants with impaired type
I and type II topoisomerase functions (5, 7, 11). Type II
topoisomerase appears to be normally involved in a termi-
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nation reaction (20), including the separation of catenated
replication products (31).

Simian virus 40 (SV40) serves as a useful model of
mammalian DNA replication because the size of the replicon
is small, ca. 5,200 base pairs per circular double-stranded
DNA (33); because the replicon is organized much like
cellular chromatin, with 20 to 25 densely packed nucleo-
somes, the SV40 minichromosome (25, 33); and because
SV40 DNA uses the replication machinery of the host cell,
except for an initiator protein, the virus-coded T antigen,
which unwinds the viral origin of replication and serves as a
DNA helicase at replication forks (for a brief review, see
reference 28). Except for T antigen, all other replication
functions, including DNA topoisomerase, are supplied by
the host cell.

In the present work, we have extracted replicating SV40
minichromosomes from camptothecin-treated infected host
cells. The minichromosomes were cross-linked in vitro by
using psoralen and UV light irradiation as already described
(24). Electron microscopic examination, performed after
deproteinization and DNA denaturation, is a very useful
method to unambiguously distinguish between superhelical
and relaxed sections of replicative intermediate DNA (25).
We show below that camptothecin caused DNA strand
breakage that preferentially occurred at replication forks.

MATERIALS AND METHODS
Cell culture and virus infection. African green monkey

kidney cells (strain TC7) were grown on 14.5-cm plastic
dishes in Dulbecco modified Eagle medium (DME medium;
Gibco) supplemented with 5% fetal calf serum (Gibco). Cells
were infected with SV40 strain SVS at a multiplicity of 10 to
20 PFU/cell. All experiments were carried out 42 to 45 h
after infection.

Drugs. Camptothecin (NSC 94600) was obtained from the
Division of Cancer Treatment, Natural Products Branch,
National Cancer Institute, and was dissolved in dimethyl
sulfoxide (DMSO; Serva) at a concentration of 5 mg/ml.
Aphidicolin (Boehringer Mannheim) was dissolved in DMSO
at a concentration of 2 mg/ml.

Labeling and analysis. Replicating SV40 DNA was pulse-
labeled with 1 mCi of [3H]thymidine (Amersham) in 10 ml of
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DME medium for 4 min. The radioactive medium was
removed after the pulse. The cells were washed twice with
thymidine-depleted DME medium before chases were car-
ried out in 7.5 ml of DME medium-5% fetal calf serum
supplemented with 100 FM nonradioactive thymidine in
either the absence or presence of 54 ,uM camptothecin or 59
,uM aphidicolin or both.
For long-term labeling, 0.2 mCi of [3H]thymidine per plate

was used for 4, 19, or 49 min. Drugs were added 4 min after
the start of the labeling period.

Viral DNA was extracted by the method of Hirt (15). The
Hirt supernatant was treated with 50 pu1 of proteinase K
(Boehringer Mannheim) per ml at 37°C for 1 h. The DNA
was collected by ethanol precipitation.

Neutral sucrose gradients (7.5 to 25%) were performed
exactly as described before (27).

Preparation of viral DNA for electron microscopy. SV40-
infected TC7 cells were pulse-labeled with 50 ,uCi of
[3H]thymidine in 5 ml of DME medium for 18 to 20 min.
Camptothecin was added 5 min after the start of the labeling
period and left for 15 min. In experiments with aphidicolin,
the drug was added 18 min after labeling and left for 30 min.
In some experiments, both drugs were used in combination.
Aphidicolin was added first, at 15 min, followed by campto-
thecin, added at 20 min after the start of the labeling period.
Viral chromatin was extracted 25 min later.
SV40 chromatin was extracted in hypotonic buffer (10 mM

HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid, pH 7.8], 5 mM potassium acetate, 0.5 mM magnesium
acetate, 1 mM dithioerythritol) as described (27, 30) and
purified in 5 to 30% sucrose gradients prepared in the same
hypotonic buffer. Centrifugation was performed in the Beck-
man SW40 rotor for 110 min at 0°C and 39,000 rpm. The
combined sucrose gradient fractions with replicating mini-
chromosomes (80S to 95S) were treated with 4,5',8-tri-
methylpsoralen (Paul B. Elder Co. or Sigma) and UV-
irradiated in open plastic dishes on ice exactly as described
before (25). The psoralen-cross-linked SV40 replicating
chromatin was collected by ethanol precipitation. The pel-
lets were washed once with 100% ethanol. The dried pellets
were resolved in TE (10 mM Tris [pH 7.8], 1 mM EDTA)-
0.25% sodium dodecyl sulfate. After treatment with RNase
A (500 p.g/ml; Boehringer) for 10 min at 37°C and proteinase
K (50 p.g/ml) for 1 h at 37°C, the DNA was extracted by
repeated phenol-chloroform treatments and precipitated in
ethanol. The dried pellets were resolved in TE and spread
for electron microscopy. Spreading and measuring DNA
contour lengths were performed as described by Sogo et al.
(24, 25).

RESULTS
Pulse-chase experiments. SV40 DNA, pulse-labeled with

[3H]thymidine, was chased with a 5,000-fold excess of
nonradioactive thymidine in the presence or, in a parallel
experiment, in the absence of camptothecin. The DNA was
extracted and analyzed by neutral sucrose gradient centrif-
ugations (Fig. 1). As expected from previous experiments
(27), pulse-labeled replicating SV40 DNA sedimented in a
broad peak ranging from 16S to 27S (Fig. la). During a
normal chase, these structures were converted to mature
superhelical form I (21S) and relaxed form II (16S) DNA
(Fig. lb). In contrast, a chase in the presence of camptothe-
cin resulted in DNA forms sedimenting in a rather broad
peak between 21S and 15S (Fig. lc). This result indicates
that camptothecin induced an aberrant pattern of 3H-labeled
replicating DNA.
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FIG. 1. Pulse-chase experiment. SV40-infected cells were pulse-

labeled for 4 min with [3H]thymidine (a) and chased with an excess
of nonradioactive thymidine in the absence (b) or presence (c) of
camptothecin. The extracted DNA was sedimented through neutral
sucrose gradients (27). Under the centrifugation conditions, super-
helical form I SV40 DNA and relaxed form II DNA have sedimen-
tation coefficients of 21S and 16S, respectively. Late replicative
intermediates sediment at 27S (27).

Pulse-chase experiments similar to those shown in Fig. 1
were also performed to investigate the 3H-labeled DNA by
agarose gel electrophoresis and fluorography. Pulse-labeled
SV40 DNA appeared as a smear of radioactively labeled
material representing replicating molecules in all stages of
the replicating cycle up to late Cairns (LC) structures (data
not shown [27]), which are known to accumulate before
segregation of the replication products takes place (22). The
chase products of the control experiments appeared mainly
as mature form I and form II DNA, as expected from the
data in Fig. 1 and previous work (27). When the chase was

performed in the presence of camptothecin, an entirely
different pattern of chase products was obtained, as de-
scribed before by Snapka (23): only a small fraction of
replicating DNA was converted into mature form I and form
II replication products; some radioactively labeled DNA
appeared to be linearized to give form III DNA, i.e., linear
SV40 DNA of unit length; the remaining radioactivity was

located in a region between the position of LC structures and
form II DNA as a "compressed" smear of replicating
intermediates with sharp boundaries on the cathode side and
a smearing out on the anode side, exactly as described
before by Snapka (23) (data not shown).

In conclusion, our pulse-chased experiment results are in
agreement with earlier findings (see above) showing that
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a b DNA fraction of these gradients was determined and plotted
1.0 as a function of labeling time. [3H]thymidine was incorpo-

rated at an essentially linear rate in the control experiment,
and [3H]thymidine incorporation was severely inhibited in

0.8 camptothecin-treated cells (Fig. 2a). The effects of campto-
thecin on [3H]thymidine uptake and on the conversion of
thymidine to dTTP are not known. We therefore propose

0.6 that the drug drastically inhibited SV40 DNA replication.
In Fig. 2b, we show the results of similar experiments

with aphidicolin and with aphidicolin-camptothecin-treated
0.4 SV40-infected cells. It is apparent that aphidicolin caused an

immediate stop of SV40 DNA synthesis, in agreement with
previous observations (8).

0.2 Breakage at replication forks. Replicating SV40 minichro-

mosomes were extracted from camptothecin-treated in-
fected cells as well as from untreated cells and from cells
treated with DMSO, the solvent for camptothecin. The

5 20 35 50 5 20 35 50 replicating minichromosomes were purified by sucrose gra-
TIME (MINUTES) dient centrifugation and subjected to the psoralen-UV-irra-

Incorporation of [3H]thymidine into SV40 DNA. (a) diation procedure outlined in Materials and Methods. After
labeling conditions in the absence (0) or presence (0) of deproteinization and denaturation, the DNA molecules were
in. (b) Long-term labeling in the presence of aphidicolin spread for electron microscopy. Several hundred replicating
dicolin and camptothecin (O). SV40 DNA molecules from the control and drug-treated

samples were analyzed.
In Fig. 3 we show examples of intact replicative interme-

cin induced an aberrant pattern of SV40 DNA diate minichromosomes as controls. The molecule shown in
i, causing an accumulation of structures with prop- Fig. 3a contained on both replicated branches arrays of
inusual replicative intermediate DNA forms. single-stranded DNA bubbles corresponding to the location
tfinterest to find out whether these structures were of nucleosomes (25). The unreplicated section in the mole-
ibstrates for continued DNA synthesis. cule appeared as double-stranded DNA because the unrepli-
rn of [3H]thymidine incorporation. To determine cated part of replicative intermediate SV40 DNA is normally
amptothecin caused inhibition of SV40 DNA syn- in a superhelical conformation (19, 21) and is therefore
added camptothecin to SV40-infected cells 4 min resistant to denaturation (25). In contrast, the molecule
start of long-term labeling with [3H]thymidine. shown in Fig. 3b contained an unreplicated part of a relaxed
-ly before and 15 and 45 min after addition of the configuration, probably due to a single-stranded break some
10 DNA was extracted and sedimented through place in the unreplicated duplex. For this reason, denatur-
crose gradients. No drug was added in a parallel ation of the unreplicated section was possible and also
xperiment. Replicating intermediates were ob- resulted in an array of single-stranded bubbles correspond-
:er the 4-min pulse-labeling period. With continu- ing to the location of the nucleosomes.
ig, mature form I and form II DNA accumulated in In the control samples (no camptothecin treatment,
)1 experiment, whereas broad peaks of 15S to 21S DMSO treatment), we found that the majority (>85%) of all
eared in drug-treated cells (data not shown; see replicating intermediates were intact and possessed the
ie sum of the radioactivity recovered in the SV40 structural features described above (Fig. 3). The remainder

a',

<XX
FIG. 3. Electron micrographs of replicating SV40 DNA prepared from psoralen cross-linked minichromosomes. Examples of unbroken

replicative intermediates from camptothecin-treated infected cells. (a) Unreplicated parental section (between arrows) is in a covalently
closed superhelical configuration. (b) Parental DNA strand is nicked. The unreplicated section (between arrows) shows the typical array of
denatured, single-stranded DNA bubbles.
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TABLE 1. Structure of replicative intermediate SV40 DNA in camptothecin-treated cellsa

Total no. of
analyzed
molecules

Camptothecin 187 18 80 285 31 49
(66%) (6%) (28%) (39%) (61%)

Untreated 27 7 227 261 173 54
cells (10%) (3%) (87%) (76%) (24%)

"The data from two independent experiments were combined. (Left panel) The analyzed structures were classified as sigma forms, randomly broken molecules
(broken in either the unreplicated or replicated parts of the molecule), and unbroken forms as indicated. (Right panel) The unbroken replicative intermediates from
camptothecin-treated and control cells were classified according to the topological state of the unreplicated region: superhelical in the left and relaxed in the right
column (see-Fig. 3).

of the molecules were broken at random sites (see Tables 1,
3, and 4). In contrast, in SV40 DNA extracted from camp-
tothecin-treated cells, 66% of all branched molecules con-
sidered to represent replicative intermediates were broken at
one replication fork; 6% were broken at random sites in the
unreplicated parental or the replicated section; and only 28%
of all replicating intermediates remained apparently intact
(Table 1). In Fig. 4, we show typical examples of putative
broken replicating intermediates from camptothecin-treated
cells. A characteristic sigma (cr)-type structure was seen in
these and other cases. They were characterized by a branch
attached to a DNA circle of unit length. We interpret this to
mean that the circles were composed of a replicated and an
unreplicated section, whereas the branch was assumed to
correspond to one of the newly synthesized daughter strands
broken off at one replication fork. We determined the size
distribution of the branches and compared it with the size
distribution of replicated branches in intact replicative inter-
mediates. The branches ranged from a few hundred base
pairs to almost the unit length of about 5,200 base pairs in
length (Fig. 5). No significant differences between these data
and the size distribution of replicated branches in intact
replicating intermediates could be detected (Fig. 5). These
results indicate that the broken molecules were not a subset
of replicative intermediates. They included instead the entire
spectrum of replicating molecules from early to late replica-
tive forms. Since the lengths of the broken replicated
branches must be equal to the lengths of the replicated parts
of the circles, it was possible to localize the putative sites to
which the open ends of the branches could have been
attached before breakage (arrows in Fig. 4). In most cases no
conspicuous structures could be detected at these sites.
However, a short single-stranded tail was occasionally found
sticking out close to these sites (e.g. Fig. 4a and c). These
tails are most likely part of a broken nucleosomal bubble
(25).
We tried to find out whether the breakages occurred at the

leading or the lagging side of a replication fork. For this
purpose we determined whether the linkage between the
broken branch and the circle was double stranded (open
arrowhead in Fig. 4b) or single stranded (solid arrowheads in
Fig. 4a and c). A total of 89 broken replicative intermediates
were analyzed (Table 2). About 63% of these had a small
single-stranded region at the attachment site of the branch to
the circle. In the remaining analyzable sigma forms (37%),
the linkage region of the branch was double stranded. The

difference between these numbers was not significant. We
therefore conclude that strand breakages occurred at about
equal frequencies on the leading and the lagging strand sides
of the replication forks (Table 2).

Single-strand breaks outside replication forks. As shown in
Table 1, in camptothecin-treated cells 28% of the branched
molecules had two intact branch points, as in normal repli-
cative intermediates. We determined whether the unreplica-
ted sections in these molecules were in a superhelical or a
relaxed configuration (Fig. 3). As summarized in Table 1,
more than 60% of these molecules were found to be relaxed,
in contrast to the control, in which only 24% of all replicative
intermediates had a relaxed unreplicated section. This result
shows that under our conditions, camptothecin also induced
at least one single-strand break in the parental DNA strand
of more than half of the molecules with intact replication
forks, suggesting that topoisomerase I may act elsewhere on
the parental strand.

Breaks at arrested replication forks. It was also possible
that the topoisomerase was located some place ahead of the
replication forks, allowing DNA synthesis to continue de-
spite the presence of camptothecin until the growth points
ran into a strand discontinuity. In order to investigate this
possibility, we performed experiments with aphidicolin, a
drug which inhibits mammalian replicative DNA polymer-
ases (18), stopping growth point movement after the unwind-
ing of a maximum of 100 base pairs of parental DNA (8).
Consequently, SV40-infected cells were treated first with
aphidicolin and 5 min later with camptothecin. If the propor-
tion of sigma-type structures were reduced drastically under
these conditions, the topoisomerase could be located at
distances of more than ca. 100 base pairs ahead of the
replication fork. We found instead that more than 50% of the
replicating intermediates extracted from aphidicolin- and
camptothecin-treated cells were in the shape of sigma struc-
tures just like those shown in Fig. 4 (Table 3). These data are
in agreement with the proposition that type I DNA topoiso-
merases are located in proximity to the growth points in
replicating SV40 DNA molecules.

Inhibition of type II DNA topoisomerase. Studies with in
vitro replication systems have shown that type I topoisom-
erase is normally involved in the chain elongation reaction of
replicating SV40 DNA, removing the positive superhelical
tension which would otherwise accumulate ahead of the
replication fork. But these studies have also shown that type
I topoisomerase can be replaced by a type II topoisomerase
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FIG. 4. Broken replicative intermediate SV40 DNA from camptothecin-treated cells. Examples of sigma forms (unit-length DNA circles
attached to linear branches) at various stages of the replication cycle. In the structures shown in panels a and c, the branch is attached to the
circle via a short single-stranded region (solid arrowheads), interpreted to be the lagging-strand side of the fork. Consequently, breakage is
likely to have occurred at the leading side of the fork. The structure shown in panel b has a double-stranded region (open arrowhead) at the
branch point; in this case, breakage is likely to have occurred at the lagging strand of the fork. The arrows (a, b, and c) indicate possible break
points on the circular part of the structure.

when the type I enzyme is removed or inhibited (5, 7, 11, 36).
Previous studies with the specific type II topoisomerase
inhibitor teniposide (VM26), an epipodophyllotoxin deriva-
tive (6, 37), suggested that type II topoisomerase was mainly
involved in a reaction converting late replicating intermedi-
ates (LC structures) into mature replication products (20).
However, the participation of type II topoisomerase in chain
elongation reactions could not be excluded entirely (20). To

investigate this possibility, we treated SV40-infected cells
with VM26 dissolved in DMSO under the conditions de-
scribed previously (20). DNAs in replicating SV40 minichro-
mosomes were cross-linked, extracted, and denatured as
described above. Several hundred replicating intermediates
were investigated and classified as intact molecules, sigma
forms (broken at one growth point), or randomly broken
molecules. The data were compared with results from a
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TABLE 2. Localization of break pointsa
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FIG. 5. Size distribution of replicative intermediates. (a) A total
of 187 unselected sigma structures from camptothecin-treated cells
were analyzed. The average size of the circles (solid line) was

determined to be 5,241 ± 419 nucleotides. The sizes of the attached
tails (broken line) were randomly distributed over a range from a few
hundred base pairs to full-length SV40 DNA. (b) A total of 128
unbroken replicative intermediates from camptothecin-treated cells
were investigated. The average size of the circles (solid line) was

found to be 4,963 ± 363 nucleotides, corresponding to the sum of the
unreplicated parental strand and one of the replicated sections (see
Fig. 3). The broken line represents the random distribution of the
second replicated section. No significant difference in the size
distribution of replicated sections in unbroken replicative forms and
the attached branches in sigma forms was detected.

parallel experiment, a control in which SV40-infected cells
were treated with DMSO, the solvent for VM26 (and the
other drugs in this study). As shown in Table 4, most of the
replicative intermediates (59%) remained intact in VM26-
treated cells. These structures largely retained the superhe-
lical configuration of the unreplicated part, as in replicative
intermediates from control cells. But it is also obvious from
the data in Table 4 that the fraction of sigma forms and of
randomly broken DNA structures was somewhat higher in
VM26-treated than in DMSO-treated control cells but clearly
not as high as in camptothecin-treated cells (Table 1).

DISCUSSION

The pulse-chase experiment (Fig. 1) clearly demonstrated
that camptothecin treatment of SV40-infected cells caused
pronounced changes of the structure of SV40 DNA replica-
tive intermediates. Similar results have been reported before
for polyomavirus (12, 13) and for SV40 (23). The DNA forms
extracted from camptothecin-treated cells and identified by
sucrose gradient sedimentation and agarose gel electropho-

a The drawing in the center indicates possible break points (a) at the leading
strand side of the fork and (b) at the lagging side. A total of 187 sigma-form
molecules were screened for a single-stranded or double-stranded linkage of
the branch to the circle. In 89 molecules, the results were unambiguous, as in
Fig. 4. This number was taken as 100%7. The other 98 molecules could not be
analyzed. RI, Replicative intermediate.

resis, have been interpreted as broken replicative interme-
diates (23). We show now that camptothecin indeed causes
DNA breakage. One preferential site of cleavage is clearly
close to the replication fork, but possible cleavage elsewhere
on the parental side of the replicative intermediates is not
excluded by the data in Table 1. The data immediately
suggest a possible mechanism for the cytotoxic effects that
camptothecin exerts on proliferating cells. They also give
insights into the role that type I topoisomerase plays in
replicative chain elongation.

In camptothecin-treated cells, a considerable portion of
replicating SV40 minichromosomes were broken at one of
the two replication forks, giving rise to sigma-type structures
consisting of a linear replicated branch attached to a circular
DNA molecule of unit length. This finding does not neces-
sarily mean that breakage always occurred at one fork only.
But replicating molecules broken at both replication forks
remained undetected. If breakage occurred at the leading
strand of one fork and at the lagging strand of the second
fork, one reaction product would be a circular DNA, indis-
tinguishable from normal nonreplicating DNA, and the other
product would be an unidentifiable short linear DNA frag-
ment. If breakage occurred simultaneously at the leading (or
the lagging) strands of both forks (see drawing in Table 2,
arrows a and b, respectively) a linear DNA of more than unit
size would be produced. If such molecules were produced,
they must have been rare, as we did not detect them.
Moreover, replicating molecules broken at the leading and at
the lagging strand of one fork would be converted to Y-type
structures, which we detected in small numbers among the
SV40 molecules from camptothecin-treated cells (data not
shown).

It could be argued that the partial single-strandedness of
replication forks made this part of the replicative intermedi-
ate vulnerable to unspecific strand breakages, particularly
when the progression of the replication fork was impeded, as

Analyzable broken RIs

89 (100 %)

a -&% b

a b

56 (63 %) 33 (37 %)
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TABLE 3. Analysis of replicative SV40 DNA intermediates from aphidicolin-treated and aphidicolin-camptothecin-treated cellsa

02' Total no.

analyzed
molecules

of

Aphidicolin 13 1 144 158
(8%) (1%) (91%)

Aphidicolin
+ 168 29 130 327

Camptothecin (51%) (9%) (40%)

Untreated 20 7 156 183
cells (11%) (4%) (85%)

a See Table 1, footnote a.

in camptothecin-treated cells. However, this possibility can
be excluded for at least two reasons: (i) we found that strand
breakage preferentially occurred at the branch engaged in
leading-strand synthesis (Table 2), where the size of the
single-stranded region should be minimal; and (ii) fork break-
age was not observed in aphidicolin-treated cells (Table 3).
This is an important control, because the structure of the
replication fork in aphidicolin-arrested replicative interme-
diates has been carefully analyzed before and shown to
consist of unwound single-stranded regions of up to 100 base
pairs (8). Thus, the absence of excess sigma forms in
aphidicolin-treated cells excluded the possibility that ex-
posed single strands may be an important reason for fork
breakage.
Our [3H]thymidine incorporation data suggest that DNA

replication in camptothecin-treated cells is severely inhibited
but not altogether blocked (see below). This conclusion is
supported by the electron microscopic examination of the
length distribution of broken replication branches. The ob-
served distribution was very similar to the length distribution
of the replicated branches in intact replicative intermediates
and never exceeded the unit viral DNA length of ca. 5,200
base pairs. This finding excludes the possibility that DNA
replication continued on broken molecules, for example, in
the form of a rolling circle-type mechanism, as has been
proposed before by others (23). Together, our findings give
strong support to the notion that camptothecin inhibits DNA

synthesis because it induces single-strand breaks at replica-
tion forks.

It has been shown that camptothecin is a specific inhibitor
of type I topoisomerase (17). In the presence of the drug,
mammalian type I topoisomerase induces a single-stranded
break and becomes covalently attached to the 3' phosphate
end of the broken strand but fails to complete the cycle,
being unable to reseal the nick. Given the high specificity
and the proposed mechanism of camptothecin inhibition, it
may be concluded that the sites of strand breakage are
identical with the location of type I topoisomerase. Based on
the data presented above, we propose that type I topoisom-
erase is localized in the vicinity of replicative growth points.
We considered the possibility that the type I topoisomerase
introduced a single-strand break in the parental DNA at
some distance ahead of the replication fork. The advancing
replication fork would disintegrate only when passing this
discontinuity in the template strand. Our experiments with a
double aphidicolin-camptothecin block appeared to exclude
this possibility. Pretreatment with aphidicolin, leading to an
almost immediate halt in fork movement (8), did not prevent
the breakage of forks induced by camptothecin added 5 min
after the addition of aphidicolin. Thus, our results are
consistent with the proposition that type I topoisomerases
are functioning as a swivel at the forks of replicating SV40
DNA. In fact, type I topoisomerase was identified on SV40
minichromosomes some time ago (14).

TABLE 4. Analysis of replicative SV40 DNA intermediates from VM26-treated and DMSO-treated cells'

Total no. of

~~~~~~~~~~~~analyzed
molecules

VM26 105 30 192 327 136 56
(32%) (9%) (59%) (71%) (29%)

DMS0 24 2 204 230 151 53
(10%) (1%) (89%) (74 %) (26 %)

a DMSO was the solvent for all three drugs used in this study. See Table 1, footnote a, for details.

112 32
(78%) (22%)

62 68
( 48% ) ( 52%)

120 36
( 77% ) ( 23%)
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This does not necessarily mean that all replication forks
carry a type I topoisomerase(s). Even in the presence of the
relatively high doses of camptothecin that we used in our

study, some DNA replication continued, as demonstrated by
the [3H]thymidine incorporation data (Fig. 2) and by the
pulse-chase experiments, showing some conversion to ma-

ture SV40 DNA forms (data not shown) (23), in contrast to
aphidicolin-arrested cells, in which DNA synthesis was

completely blocked (Fig. 2) (8). It is conceivable that those
replicons which continue DNA replication in the presence of
high camptothecin levels have engaged a type II topoisom-
erase as a swivel. This possibility is supported by the fact
that some fork breakage was indeed observed in cells treated
with VM26, a specific inhibitor of type II topoisomerase
(Table 4).

It has been shown previously (5, 7, 11, 36) that topoisom-
erase I can be replaced by topoisomerase II in a chain
elongation reaction (see Introduction). However, after
camptothecin treatment, the replication template may be
irreversibly damaged and unable to be used for further DNA
replication even in the presence of sufficient amounts of
functional type II topoisomerase.

Finally, we want to emphasize that not all type I DNA
topoisomerases on replicating minichromosomes must be
localized in the vicinity of replication forks. We found (Table
1) that a substantial fraction of replicating intermediates
(with unbroken branches) in camptothecin-treated cells were
relaxed and not in the normal superhelical conformation of
replicating SV40 DNA (19, 21). This means that single-
strand breaks may have occurred at sites other than repli-
cating growth points. However, this is not necessarily the
case. If topoisomerase I cuts ahead of the replication fork,
detachment of the daughter DNA branches must not neces-

sarily occur, since psoralen cross-linking is not inhibited to a

noticeable extent by the replication machinery (25). There-
fore, small duplex regions immediately ahead of the replica-
tion fork may be stabilized against denaturation. Such mol-
ecules would appear as unbroken replicative intermediates
with relaxed parental strands. On the other hand, we can

speculate that topoisomerase I recognizes gene segments
involved in transcriptional regulation, since camptothecin is
known to induce strand breakage in regions of transcription-
ally active genes (9, 29).

ACKNOWLEDGMENTS

This work was supported by Schweizer Nationalfond (grant
3.279-0.83) and by Deutsche Forschungsgemeinschaft (SFB 156).
We thank Heidi May-Rosa, Zurich, for preparing the figures and

tables, Hans Stahl, Konstanz, for introducing one of us (K.A.) to the
SV40 system and for discussion, and Ole Westergaard, Aarhus,
Denmark, for stimulating discussions. We also thank D. Sargent for
his help with the computer analysis.

LITERATURE CITED
1. Abelson, H. T., and S. Penman. 1972. Selective interruption of

high molecular weight RNA synthesis in HeLa cells by camp-

tothecin. Nature (London) New Biol. 237:144-146.
2. Andoh, T., K. Ishi, Y. Suzuki, Y. Ikegami, Y. Kusunoki, Y.

Takemoto, and K. Okada. 1987. Characterization of a mamma-

lian mutant with a camptothecin-resistant DNA topoisomerase
I. Proc. Natl. Acad. Sci. USA 84:5565-5569.

3. Bonven, B. J., E. Gocke, and 0. Westergaard. 1985. A high
affinity topoisomerase I binding sequence is clustered at DNase
I hypersensitive sites in tetrahymena R-chromatin. Cell 41:541-
551.

4. Bosmann, H. B. 1970. Camptothecin inhibits macromolecular
synthesis in mammalian cells but not in isolated mitochondria or

E. coli. Biochem. Biophys. Res. Commun. 41:1412-1420.
5. Brill, S. J., S. DiNardo, K. Voelkel-Meiman, and R. Sternglanz.

1987. Need for DNA topoisomerase activity as a swivel for
DNA replication and for transcription of ribosomal RNA.
Nature (London) 326:414416.

6. Chen, G. L., L. Yang, T. C. Rowe, B. D. Halligan, K. M. Tewey,
and L. F. Liu. 1984. Nonintercalative antitumor drugs interfere
with the breakage-reunion reaction of mammalian DNA topo-
isomerase II. J. Biol. Chem. 259:13560-13566.

7. DiNardo, S., K. Voelkel, and R. Sternglanz. 1984. DNA topo-
isomerase II mutant of Saccharomyces cerevisiae: topoisomer-
ase II is required for segregation of daughter molecules at the
termination of DNA replication. Proc. Natl. Acad. Sci. USA 81:
2616-2620.

8. Droge, P., J. M. Sogo, and H. Stahl. 1985. Inhibition of DNA
synthesis by aphidicolin induces supercoiling in simian virus 40
replicative intermediates. EMBO J. 4:3241-3246.

9. Gilmour, D. S., and S. C. R. Elgin. 1987. Localization of specific
topoisomerase I interactions within the transcribed region of
active heat shock genes by using the inhibitor camptothecin.
Mol. Cell. Biol. 7:141-148.

10. Gilmour, D. S., G. Pflugfelder, J. C. Wang, and J. T. Lis. 1986.
Topoisomerase I interacts with transcribed region in Drosophila
cells. Cell 44:401-407.

11. Goto, T., and J. C. Wang. 1985. Cloning of yeast TOP 1, the
gene encoding DNA topoisomerase I, and construction of
mutants defective in both DNA topoisomerase I and DNA
topoisomerase II. Proc. Natl. Acad. Sci. USA 82:7178-7182.

12. Gourlie, B. B., M. R. Krauss, A. J. Buckler-White, R. M.
Benbow, and V. Pigiet. 1981. Polyomavirus minichromosomes: a
soluble in vitro replication system. J. Virol. 38:805-814.

13. Gourlie, B. B., and V. P. Pigiet. 1983. Polyomavirus minichro-
mosomes: characterization of the products of in vitro DNA
synthesis. J. Virol. 45:585-593.

14. Hamelin, C., and M. Yaniv. 1979. Nicking-closing enzyme is
associated with SV40 DNA in vivo as a sodium dodecyl
sulfate-resistant complex. Nucleic Acids Res. 7:679-687.

15. Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cell cultures. J. Mol. Biol. 26:365-369.

16. Horwitz, M. S., and S. B. Horwitz. 1971. Intracellular degrada-
tion of HeLa and adenovirus type 2 DNA induced by campto-
thecin. Biochem. Biophys. Res. Commun. 45:723-727.

17. Hsiang, Y., R. Hertzberg, S. Hecht, and L. F. Liu. 1985.
Camptothecin induces protein-linked DNA breaks via mamma-
lian DNA topoisomerase I. J. Biol. Chem. 260:14873-14878.

18. Huberman, J. A. 1981. New views of the biochemistry of
eucaryotic DNA replication revealed by aphidicolin, an unusual
inhibitor of DNA polymerase. Cell 23:647-648.

19. Levine, A. J., H. S. Kang, and F. E. Billheimer. 1970. DNA
replication in SV40 infected cells. I. Analysis of replicating
SV40 DNA. J. Mol. Biol. 50:549-578.

20. Richter, A., U. Strausfeld, and R. Knippers. 1987. Effects of VM
26 (teniposide), a specific inhibitor of type ll DNA topoisomer-
ase, on SV40 DNA replication. Nucleic Acids Res. 13:3455-
3468.

21. Sebring, E. D., T. J. Kelly, Jr., M. M. Thoren, and N. P.
Salzman. 1971. Structure of replicating simian virus 40 deoxy-
ribonucleic acid molecules. J. Virol. 8:478-490.

22. Seidman, M. N., and N. P. Salzman. 1979. Late replicative
intermediates are accumulated during simian virus 40 DNA
replication in vivo and in vitro. J. Virol. 30:600-609.

23. Snapka, R. 1986. Topoisomerase inhibitors can selectively
interfere with different stages of simian virus 40 DNA replica-
tion. Mol. Cell. Biol. 6:4221-4227.

24. Sogo, J. M., P. J. Ness, R. M. Widmer, R. W. Parish, and T.
Koller. 1984. Psoralen-crosslinking of DNA as a probe for the
structure of active nucleolar chromatin. J. Mol. Biol. 178:897-
919.

25. Sogo, J. M., H. Stahl, T. Koller, and R. Knippers. 1986.
Structure of replicating simian virus 40 minichromosomes. J.
Mol. Biol. 189:189-204.

26. Spataro, A., and D. Kessel. 1972. Studies on camptothecin-
induced degradation and apparent reaggregation of DNA from L

VOL. 8, 1988



MOL. CELL. BIOL.

1210 cells. Biochem. Biophys. Res. Commun. 48:643-648.
27. Stahl, H., P. Droge, H. Zentgraf, and R. Knippers. 1985. A large

tumor antigen-specific monoclonal antibody inhibits DNA rep-
lication of simian virus 40 minichromosomes in an in vitro
elongation system. J. Virol. 54:473-482.

28. Stahl, H., and R. Knippers. 1987. Review: the simian virus 40
large tumor antigen. Biochim. Biophys. Acta 910:1-10.

29. Stewart, A. F., and G. Schutz. 1987. Camptothecin-induced in
vivo topoisomerase I cleavages in the transcriptionally active
tyrosine aminotransferase gene. Cell 50:1109-1117.

30. Su, R. T., and M. L. DePamphilis. 1978. Simian virus 40 DNA
replication in isolated replicating viral chromosomes. J. Virol.
28:53-65.

31. Sundin, O., and A. Varshavsky. 1981. Arrest of segregation
leads to accumulation of highly intertwined catenated dimers:
dissection of the final stages of SV40 DNA replication. Cell 25:
659-669.

32. Tobey, R. A. 1972. Effects of cytosine arabinoside, daunomycin,

mithramycin, azacytidine, Adriamycin, and camptothecin on
mammalian cell cycle traverse. Cancer Res. 32:2720-2725.

33. Tooze, J. (ed.). 1980. Molecular biology of tumor viruses, part 2:
DNA tumor viruses. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

34. Vosberg, H. P. 1985. DNA topoisomerases: enzymes that con-
trol DNA conformation. Curr. Top. Microbiol. Immunol. 114:
19-102.

35. Wang, J. C. 1985. DNA topoisomerases. Annu. Rev. Biochem.
54:665-697.

36. Yang, L., M. S. Wold, J. L. Li, T. J. Kelly, and L. F. Liu. 1987.
Roles of DNA topoisomerases in simian virus 40 DNA replica-
tion in vitro. Proc. Natl. Acad. Sci. USA 84:950-954.

37. Yang, L., T. C. Rowe, and L. F. Liu. 1985. Identification of
DNA topoisomerase II as an intracellular target of antitumor
epipodophyllotoxins in simian virus 40-infected monkey cells.
Cancer Res. 45:5872-5876.

3034 AVEMANN ET AL.


