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SUMMARY: To better understand aberrant simian virus 40 DNA replication intermediates 
produced by exposure of infected cells to the anticancer drug camptothecin, we compared 
them to forms produced by Sl nuclease digestion of normal viral replication intermediates. 
All of the major forms were identical in both cases. Thus the aberrant viral replicating 
forms in camptothecin-treated cells result from DNA strand breaks at replication forks. 
Linear simian virus 40 forms which are produced by camptothecin exposure during viral 
replication were identified as detached DNA replication bubbles. This indicates that double 
strand DNA breaks caused by camptothecin-topoisomerase I complexes occur at both 
leading and lagging strand replication forks in vivo. @ 1990 Academic Press, Inc. 

Camptothecin is the prototype of a new family of drugs which have shown promise 

for treatment of human colon cancer (1). As a specific topoisomerase I poison, campto- 
thecin traps eukaryotic topoisomerase I in an intermediate step of the DNA breakage- 
reunion cycle in which the enzyme is covalently attached to the DNA at the site of a DNA 

strand break (2-4). These covalent linkages of the enzyme to DNA are reversed when the 
drug is removed, so it is not clear why they should be cytotoxic. The fact that campto- 
thecin is most cytotoxic in the S phase of the cell cycle (5,6), suggests that some interaction 
with the DNA replication machinery is critical to the mechanism of cytotoxicity. We have 
approached this problem by studying camptothecln effects on SV40 DNA replication (7,8). 

The SV40 “minichromosome” is often considered a model for the eukaryotic chromosome 
because of its extensive use of host cell DNA replication and packaging machinery (9). 
Both normal and abnormal viral DNA replication intermediates can be separated and ident- 
ified by high resolution gel analysis (7,101. The reproducibility and logic of this system has 

contributed to an improved understanding of topoisomerase function in DNA replication 
and has led to insights into the mechanisms of anticancer topoisomerase inhibitors 

(7,8,11,12). 
Type II topoisomemse inhibitors only interfere with the latest stages of SV40 DNA 

replication: completion of the late Cairns structure (the last 200 base pairs replicated) and 

separation of newly replicated daughter chromosomes (7,8,11). This is consistent with 
evidence that topoisomerase II is required only for separation of cellular chromosomes 
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during eukaryotic DNA replication 113-15). In contrast, the type I topoisomemse poison 

camptothecin causes breakage of DNA replication forks at all stages of SV40 DNA repli- 

cation (8,121. The broken DNA replication fork may be the lesion responsible for the 

S phase cytotoxicity and anticancer activity of this drug. 

Although two of the aberrant SV40 DNA replication intermediates produced by 

camptothecin treatment have been previously identified as being due to DNA fork breakage, 

it has not been clear if the breakage occurs at leading or lagging strand forks exclusively or 

if it occurs at both. In addition, the origin of linear SV40 forms has not been completely 

understood. In this study, the camptothecin-induced linear forms were identified as 

detached replication bubbles by comparison with the forms produced from normal SV40 

replication intermediates during Sl nuclease digestion. From this we conclude that 

camptothecin-trapped topoisomerase I-DNA complexes break replication forks efficiently on 

both the leading and lagging strand sides. 

MATERIALS AND METHODS 

Cells and Virus. CVl cells were grown and infected with plaque-purified SV40 strain 777 as 

described (8). 
LabelinP and Extraction of DNA. At 36 hr post-infection, old media was removed and 

serum-free medium containing rH]dThd (250 uCi/ml) was added. Hirt extraction (16) was 

carried out after 30 minutes of labeling. The Hirt supernatant was digested with 

proteinase K (1 mg/ml) at 37% overnight). DNA was extracted with chloroform- 

isopropanol (24~11, then ethanol precipitated before being taken up in electrophoresis loading 

buffer. 

Drum Treatment. Camptothecin (NSC 94600) was obtained from the National Cancer 

Institute, Division of Cancer Treatment, Natural Products Branch. The drug was added to 

labeling media 15 minutes after the start of label. 

Electrouhoresis. The high resolution one and two dimensional electrophoretic analysis of 

SV40 replication intermediates was done by the method of Sundin and Varshavsky (10). 

Sl Nuclease Digestion. Sl nuclease was purchased from Sigma. Digestion of purified SV40 

DNA (10 ug/ml) was carried out at 37 “C in 50 mM sodium acetate, pH 4.5, 10 mM ZnSO, 

and 200 mM NaCl. Reactions were stopped after 15 seconds by addition of 0.5 M NaEDTA 

to a final concentration of 2.0 mM. 

RESULTS AND DISCUSSION 

When pulse-labeled SV40 DNA replication intermediates were treated with Sl 

nuclease to digest single strand gaps at replication forks, distinct altered replication forms 

were produced (fig. 1). The distribution of altered forms changed continuously with the 

extent of nuclease digestion. We noted that the patterns of altered forms in the samples 

treated with 3-5 units/ml of Sl nuclease resembled those seen in camptothecin-treated cells 

(7,s) and figure 1, lane C. Normal SV40 DNA replication intermediates are seen in the far 

left lane in figure 1, (0.0 units of Sl nuclease). Replication structures (known as Cairns 
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Fime 1. One dimensional gel analysis of Sl nuclease digested SW0 DNA replication 
intermediates. OrI; origin of electrophoresis, LC; Iate Cairns structure, II; form II (relaxed 
circular) full SW0 genomes, III; form III (full length linear) SW0 genomes, I; form I 
(superhelicaU SV40 genomes, LC’; family of altered Cairns structures with one broken 
replication fork (sigma structures), LC”; family of altered Cairns replicating structures with 
two broken replication forks, Mt; mitochondrial DNA. Unaltered SW0 replication 
intermediates were not treated with Sl nuclease (0.0 units/mR Lane C; pulse-labeled SW0 
DNA replication intermediates extracted from camptothecin-treated cells. Other samples 
were treated with the concentrations shown above each lane. 

structures or theta structures), appear as a continuous smear between the form I band and 
the late Calms structure in this undigested control. The late Cairns structure is a theta 

form with about 200 base pairs unreplicated. On one-dimensional gels of pulse-labeled 

SV40 DNA replication intermediates the late Calms appears as a dark band due to a pause 

at this point ln replication (17,181. As the extent of nuclease digestion was increased, the 

smear of intermediate Calms structures was replaced by two shorter smears, LC’ and LC”, . 

These short smears have been previously identified in camptothecln-treated infected cells as 

SV40 replication intermediates with one and two broken replication forks respectively (8). 

Further digestion weakened the LC’ smear while intensifying the LC” smear and the form 

III band. At the highest levels of digestion, a new smear could be seen to extend from the 

form III band beyond the form I band (fig.1 10 and 30 units of Sl). 
To confirm these observations and to investigate the structure of the altered forms, 

second dimension alkaline gels were run after first dimension neutral gel electrophoresis 

(fig. 2). In the untreated control (fig. 2, A), the form III band from the first dimension gel 

gives rise to a single spot which marks the level of full length linear single strand SV40 

DNA in the alkaline second dimension. Form II gives rise to two spots, one a single strand 

linear and one a single strand circle. Form I (superhelical) SV40 DNA migrates as a single 
spot since the labeled strand is still topologically linked to the parental strand. An arc of 
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Fkure 2. Two dimensional gel analysis of Sl digested SV40 replication intermediates. First 
dimension (neutral) gel electrophoresis is shown from left to right, and the separation in the 
alkaline second dimension is shown from top to bottom for each sample. IC; intermediate 
Cairns replication intermediates, NC; nicked Cairns replication intermediates, III’ arc of 
detached replication bubbles ending at the position of full length linear (form IID genomes. 
All other intermediates same as in fig. 1. 
A; Normal pulse-labeled SV40 DNA replication intermediates, B; same as A but treated with 
0.5 units of Sl nuclease, C; same but treated with 3 units of Sl nuclease, D; same as A but 
treated with 10 units of Sl nuclease, E and F; SV40 DNA replication intermediates from 
cells treated with 10 uh4 camptothecin (duplicate experiments). 

density which is asymptotic to form I and extends up to the level of full length linear at 
the late Cairns structure is composed of nascent strands from early and intermediate Cairns 
structures. Replication intermediates in which the unreplicated region is relaxed due to a 
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single strand nick give rise to a separate arc of nicked Cairns structures. Families of 

replication intermediates and structures derived from replication intermediates typically 
appear as arcs in two dimensional neutral-alkaline gel electrophoretic patterns (78,181. 

The arc of intermediate Cairns structures was diminished by light Sl nuclease digest- 
ion as LC’ and LC” arcs appeared (fig. 2, B). A faint arc (III’) extending from form III 
could also be seen at this stage. More extensive digestion lead to intensification of the LC” 
and III’ arcs and disappearance of normal intermediate Cairns structures (fig. 2, Cl. Finally 

the LC’ arc weakened as the form III band and its associated arc (III’) intensified. The 
structures giving rise to the III’ arc contain nascent DNA strands (since they are labeled) 

and are derived from normal replication intermediates by digestion of the single strand 

regions at replication forks. One family of structures expected to be produced by such 
treatment would include detached replication bubbles. Detachment of replication bubbles 

from normal Cairns replication structures would give a family of labeled linear DNAs 
varying continuously in length from a few nucleotides up to full length SV40 genomes. 
Such a family of linear DNAs would be expected to give an arc identical to the III’ arc. 
The late Cairns structure itself would yield a detached replication bubble 200 base pairs less 
than full length. This is only about 4 % shorter than full length and would not be resolved 
from full length linear SV40. Since the late Cairns structure appears as a distinct band in 
pulse-labeled normal SV40 replication intermediates, it will appear as a band in the family 

of detached replication bubbles and will not be resolved from form III. From these consid- 
erations, we conclude that detached replication bubbles give rise to the III’ arc and the 

intensification of the form III band during Sl digestion of normal viral replication 
intermediates. 

Camptothecin stabilizes a reaction intermediate in which type I topoisomerase is 
covalently attached to DNA at the site of a DNA strand break (2,4). Exposure of replicat- 
ing SV40 chromosomes to camptothecin breaks replication forks and produces forms 

identical to those produced by Sl digestion of normal viral replication intermediates (figure 
2, E), including the intensified form III band and the III’ arc. These aberrant forms are not 

produced from completely replicated viral genomes by in vivo camptothecin exposure (Shin, 
C.-G. and Snapka, R.M. unpublished data). The progressive shift from LC to LC’ to LC” 

with intensification of form III is seen with both increasing extent of Sl digestion and with 
increasing time of exposure to camptothecin in vivo Q. This pattern is easily explained as -- 
being due to progressive breakage of replication forks either by Sl nuclease or by 
camptothecin stabilized topoisomerase I-DNA complexes. 

It has previously been unclear if the replication fork breaks caused by campto- 
thecin exposure occur exclusively at either the leading or lagging strand side of the repli- 
cation forks. The identification of the camptothecin-induced linear forms as detached repli- 
cation bubbles indicates that the breaks occur efficiently on both the leading and lagging 

stand sides of replication forks since one break of each type is required to detach a 
replication bubble. 
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