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ABSTRACT: This study used 2-D agarose gel techniques to examine the effects of the DNA-strand scission
enediyne C-1027 on DNA replication in SV40-infected BSC-1 cells. Replication of SV40 DNA was
inhibited by C-1027 to a greater extent than was BSC-1 genomic DNA replication in infected cells. Low
nanomolar concentrations (0.2-10 nM) of C-1027 affected a rapid, progressive decrease in SV40 replication
activity and replication intermediates (RIs) within 15 min after drug addition. A concurrent decrease in
the signal of both the SV40 bubble arc and replication activity with increasing concentrations of C-1027
suggested that C-1027 inhibited initiation of new RIs. Additionally, the reduction in bubble arc signal
observed with C-1027 was prevented when elongation of nascent chains was blocked by aphidicolin.
Thus, the C-1027-induced disappearance of RIs probably is related to the maturation of preformed
replication molecules in the absence of initiation of new RIs. Strand damage to SV40 DNA was barely
detectable at concentrations where inhibition of replication activity was nearly complete, indicating that
C-1027 replication inhibition occurs intrans.

Enediyne drugs are potent antibiotics consisting of a
protein moiety and a reactive chromophore which binds in
the minor groove of DNA (Nicolaou et al., 1993a; Yu et al.,
1995). DNA strand damage occurs when, under the ap-
propriate conditions (e.g., the presence of thiols), the bound
chromophore generates a benzenoid diradical (Nicolaou et
al., 1992; Wrasidlo et al., 1995). The cytotoxicity of
enediyne drugs is believed to be a consequence of chro-
mophore-induced DNA damage (Nicolaou et al., 1992). An
apoptotic mechanism may be involved in cell death (Corbeil
et al., 1994; Jiang et al., 1995; Nicolaou et al., 1993b).

C-1027 is a recently discovered enediyne-chromophore
containing agent (Hu et al., 1988; Yoshida et al., 1993) with
unusually high cytotoxic activity against cultured cells (e.g.,
human KB and HL-60 cells and simian BSC-1 cells) and
against certain murine tumorsin ViVo (e.g., L1210, P388,
ascites hepatoma H22, sarcoma 180, and Harding-Passey
melanoma) (McHugh et al., 1995; Zhen et al., 1989). While
studies have confirmed C-1027 cytotoxicity is directly related
to induction of DNA damage (Sugiura & Matsumoto, 1993;
Xu et al., 1994), reports of specific effects on cell function
are limited. Earlier studies showed that DNA synthesis in
C-1027-treated cells was reduced to a greater extent than
either RNA or protein synthesis (Sugimoto et al., 1990).
Recently, this laboratory showed that both cytotoxicity and
inhibition of DNA replication can be observed with pico-
molar doses of C-1027 (McHugh et al., 1995).

While C-1027 is a potent inhibitor of DNA replication,
effects on specific molecular events in the replication process
(i.e., initiation or elongation [or both] of nascent DNA chains)
have not been reported. DNA electrophoresis on 2-D agarose
gels can be used to determine the type and quantity of DNA
replication intermediates (Brewer & Fangman, 1987; Cobuzzi
et al., 1996; Snapka & Permana, 1993; Snapka et al., 1991a).
Alterations in DNA migration patterns in 2-D gels can
indicate whether agents which block DNA replication exert
their inhibitory effect at the level of initiation or elongation
of nascent DNA chains. Simian virus 40 (SV40) DNA
replication provides a useful system for studying such effects,
as parameters for its synthesis, bothin Vitro (using subcellular
components) andin ViVo (in infected cells) are well defined
(Li & Kelly, 1984; Stillman et al., 1992; Tooze, 1980).
The present study examined the effects of dose and time

of C-1027 exposure on DNA replication and induction of
DNA damage in SV40-infected BSC-1 cells. DNA elec-
trophoresis on 2-D gels was used to determine how C-1027
blocks SV40 DNA replication at different levels of DNA
damage induction.

EXPERIMENTAL PROCEDURES

Chemicals.C-1027 was a generous gift of Dr. T. Otani
(Taiho Pharmaceuticals Co., Ltd, Tokushima, Japan). Stock
solutions were prepared in water and stored at-20 °C.
[R-32P]dCTP and GeneScreen membranes were obtained
from Dupont NEN (Boston, MA). [3H]TdR ([methyl-3H]-
thymidine, 48 Ci/mmol) was from CEA (France). DECA-
prime II DNA labeling kit was from Ambion (Austin, TX).
Proteinase K was from Boehringer Mannheim (Indianapolis,
IN). High-strength analytical grade agarose used for 2-D
gels was obtained from Bio-Rad Laboratories (Hercules, CA).
All other chemicals were reagent grade.
C-1027 Treatment of SV40-Infected BSC-1 Cells and

Preparation of DNA.Maintenance of BSC-1 (African green
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monkey kidney) cells in Minimal Essential Medium plus
10% calf serum (MEM) and conditions for infection with
the SV40 virus were described previously (Cobuzzi et al.,
1996; Grimwade et al., 1987). Cells to be infected were
plated at 5× 105 per 100 mm plate and grown for 48 h
until 80-90% confluent. Medium was removed, and cells
were infected with SV40 virus in MEM containing 2%
bovine calf serum (MEM-2). 2 h after infection, the virus-
containing medium was replaced with 10 mL of virus-free
MEM-2. 24 h after infection, 5 mL of medium was removed
from each plate, and 25µL of C-1027 at the appropriate
concentration was added to the remaining 5 mL. For
measurement of newly synthesized DNA, [3H]TdR (10µCi/
mL of medium) was added during the last 30 min of the
C-1027 incubation. Plates were rinsed three times with
phosphate buffered saline (PBS), and cells were lysed by
the addition of 3.0 mL of buffer A (100 mM EDTA, 1%
sodium dodecyl sulfate [SDS], 0.2 mg/mL proteinase K).
Plates were further incubated at 37°C for 1h. Samples were
divided into two aliquots: 0.5 mL was removed for forms
analysis, and 2.5 mL was reserved for 2-D agarose gel
electrophoresis.
2-D Gel Electrophoresis. Samples were prepared for 2-D

gel electrophoresis by the addition, with mixing, of 1.04 mL
of 4 M NaCl to 2.5 mL of sample. Samples were placed at
4 °C for 16 h, and centrifuged at 16 000 rpm in a Beckman
SW-41 rotor for 30 min. The “Hirt” supernatant (Hirt, 1967)
was extracted once with phenol and once with chloroform:
isoamyl alcohol (24:1), precipitated with ethanol, resus-
pended in TE (10 mM Tris-HCl, pH 7.6, 1 mM ethylene-
diaminetetraacetic acid [EDTA]), and digested with the
single-cut restriction enzymeBamHI. Samples were assayed
by neutral/neutral 2-D gel electrophoresis as described
previously (Cobuzzi et al., 1996). Briefly, samples were
electrophoresed on 0.6% agarose gels in 1× TAE, 0.1 µg/
mL ethidium bromide for 24 h at 0.7 V/cm. Ethidium
bromide stained DNA was visualized by placing the gel over
an ultraviolet light source, and lanes were cut out and placed
in a slot cut into the top of the second dimension gel (1%
agarose) perpendicular to the direction of the current. The
second-dimension gels were electrophoresed at 4°C in 1×
TBE, 0.5µg/mL ethidium bromide for 19 h at 4 V/cm.
Forms Analysis.The 0.5 mL aliquot reserved for forms

analysis was placed at 37°C, mixed with 1% low gelling
temperature agarose in PBS (sample:agarose) 4:1), and
pipetted into the wells of a 1.0% agarose gel. After the
samples solidified (15 min at 4°C), the gel was placed in a
submarine chamber containing 1× TAE and electrophoresed
for 20 h at 1.5 V/cm. Addition of agarose to the sample
was necessary to overcome the tendency of the SDS-
containing cell lysate to float out of the wells of a submarine
gel.
Southern Blots and Fluorography.All samples were

electrophoresed in duplicate, and were either Southern blotted
or processed for fluorography as described previously
(Cobuzzi et al., 1996). Briefly, one gel was Southern blotted
to GeneScreen and hybridized to [R-32P]-radiolabeled full-
length SV40 DNA. The DECAprime II DNA labeling kit
was used for radiolabeling. The other gel was fluorographed
by dehydration in ethanol (two washes in 95% ethanol for 1
h at room temperature), followed by soaking in absolute
ethanol containing 5% 2,5-diphenyloxazole (PPO). After 1
h, the PPO/ethanol solution was removed and the gel was

washed once for 1 h in H2O to precipitate the fluors and
then dried and exposed to X-ray film.
Quantitation. The quantity and distribution pattern of

SV40 DNA on Southern blots was determined by exposing
a phosphorimaging screen to the [R-32P]-radiolabeled blots,
then scanning the screen using a Molecular Dynamics
Phosphorimager. For assaying replication activity, incor-
poration of [3H]TdR into DNA was quantitated from X-ray
films exposed to fluorographed gels and scanned using a
Molecular Dynamics Densitometer. Both images were
analyzed using ImageQuant software (Molecular Dynamics,
Sunnyvale, CA). Changes in replication intermediates (RIs)
on Southern blots were determined in ImageQuant by
inserting identical ellipses over the tip of the bubble arc (BA)
(i.e., to include the most intense signal in the upper left hand
portion of the bubble arc), the 1n spot (1n) and over a portion
of the blot in which no DNA was located (to provide a
background value [BG]). It was important to use the same
sized ellipse for quantitation of all samples within a single
experiment, although the precise size of the ellipse did not
matter. The volumes of the ellipses were quantitated and
the bubble arc signal was calculated according to the formula

where 1n and 1ncontrol refer to the amount of unreplicated
BamHI-linearized SV40 DNA in the sample and in the
control, respectively (see diagram of 2-D gel in Figure 1).
Following electrophoresis in the first-dimension, gels were

photographed over an ultraviolet light source using a Polaroid
CU-5 Land Camera. Negatives from the Polaroid photo-
graphs were scanned and the amount of DNA in the linear
FIII band quantitated with a densitometer. BA and BG were
quantitated from the 2-D gels as described above. Replica-
tion activity (RA) was calculated according to the formula

where FIII and FIIIcontrol are the intensities on the first-

FIGURE 1: Migration patterns of RIs after electrophoresis in a
typical 2-D neutral agarose gel. Conditions for electrophoresis are
described in Experimental Procedures.

BA signal) BA - BG
(1n- BG)/(1ncontrol- BG)

RA )
(BA - BG)
FIII/FIII control
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dimension gel of the ethidium bromide fluorescence of
BamHI-linearized SV40 DNA in the drug-treated sample and
in the control, respectively.

RESULTS

Earlier studies from this laboratory described the ability
of C-1027 to damage intracellular episomal, mitochondrial,
and SV40 viral DNA targets (Cobuzzi et al., 1995; McHugh
et al., 1995). The present study focused on C-1027-induced
changes in replicating SV40 DNA 24 h after viral infection,
when high levels of incorporation of [3H]TdR into newly
synthesized SV40 DNA are observed (Wang & Roman,
1981). C-1027 effects on SV40 DNA replication were
examined using 2-D gel technology which is uniquely
capable of separating replicating from nonreplicating DNA.

2-D Gel Analysis of Replication Intermediates (RIs)

Migration of RIs on 2-D Gels.SV40 DNA RIs were
analyzed by neutral/neutral 2-D agarose gel electrophoresis
using conditions described in Experimental Procedures. This
technique separates molecules on the basis of size in the first
dimension. In the second dimension, the nonlinear shape
of replicating molecules alters their migration compared to
linear non-replicating molecules. Figure 1 is a diagram of
the typical distribution pattern ofBamHI restricted SV40 RIs
on a 2-D gel after electrophoresis. SV40 replication occurs
bidirectionally from the origin of replication.BamHI cuts
once within the termination region of SV40, at a point
approximately opposite the origin of replication. Therefore,
BamHI restricted replicating molecules contain two replica-
tion forks equidistant from the origin of replication. In the
second dimension gel, an arc (“bubble arc”) consisting of a
population of these molecules replicated to various extents,
rises upward from the 1n spot, where linearized full-length
non-replicating molecules of SV40 DNA migrate. In addi-
tion, smaller amounts of signal are associated with single
forked molecules that correspond to bubble molecules in
which one of the two forks is broken (“broken bubbles and
fork arcs”). Fork breakage can occur when forks are
destabilized in association with an inhibitory effect on
nascent chain elongation, or during the isolation of DNA
(Gilbert et al., 1995). Replicating and non-replicating DNA
is visualized by Southern blotting and probing with SV40
sequences. In the present study, densitometric quantitation
of the bubble arc signal and the 1n spot (see Experimental
Procedures) indicated that 7%((2% SEM) of the total
intracellular SV40 DNA molecules were replicating at any
given time.
C-1027 Concentration Effects on SV40 RIs. To determine

drug doses optimal for examining effects on replication,
SV40 RIs were assayed after infected BSC-1 cells were
treated for 2 h with increasing concentrations of C-1027.
For assay of replication activity, [3H]TdR was added during
the last 30 min of the C-1027 incubation. The replication
activity and bubble arc signal of SV40 DNA on 2-D gels
were determined by fluorography and by Southern blotting,
respectively, as described in Experimental Procedures.
Figure 2, panel A, shows a fluorogram and a Southern blot
of representative SV40 RIs in a control and at two C-1027
dose points. In the fluorogram, the control (0 drug) sample
had high levels of radiolabel associated both with the SV40
bubble arc and with BSC-1 genomic DNA (note the heavy
line extending through the 1n and 2n spots). Fork arcs arise

due to replication fork damage which occurs when elongation
is inhibited (Cobuzzi et al., 1996; Gilbert et al., 1995). Such
damage may be responsible for the presence of a faint fork
arc in the 4 nM C-1027-treated samples. Incorporation of
[3H]TdR into the bubble arc, broken bubble arc, and fork
arc was reduced in cells treated with 0.2 nM C-1027 and
was undetectable with 4 nM C-1027.
Examination of duplicate samples by Southern blotting

showed a similar progressive decrease in bubble arc signal
with increasing C-1027 concentrations. In the control (0

A

FIGURE2: C-1027 concentration effects on SV40 replication activity
and bubble arc signal. SV40 DNA from infected BSC-1 cells treated
for 2 h with 0, 0.2 nM or 4nM C-1027 was electrophoresed on
2-D gels to separate RIs. (A) Duplicate samples assayed on a
fluorogram and on a Southern blot. (B) Summary of changes in
replication activity and signal of SV40 RIs with increasing C-1027
concentrations. Replication activity (O) and bubble arc signal (b)
were quantitated by analysis of 2-D gel patterns as described in
Experimental Procedures and divided by values from control
samples to obtain the fraction of control shown on theYaxis. Data
are from five experiments and are expressed(SEM.
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drug) sample, a strong bubble arc signal, as well as a light
arc corresponding to broken bubbles, was observed. The
signals of both the bubble arc and the broken bubble arc
were reduced with 0.2 nM C-1027 and were nearly undetect-
able with 4 nM C-1027. Since C-1027 is a DNA strand-
scission agent, loss of signal could result simply from damage
to the bulk of SV40 DNA which should be manifested by a
decrease in the signal intensity of the 1n spot. However,
increasing the C-1027 concentration had little effect on the
signal of the 1n spot, indicating that C-1027 treatment caused
a reduction in the fraction of SV40 molecules present as RIs,
without significant damage to the total population of
molecules.

Figure 2, panel B, summarizes the effect of increasing
concentrations of C-1027 on SV40 replication activity and
bubble arc signal detected by quantitation of fluorograms
and Southern blots, respectively, as described in Experimen-
tal Procedures. Replication activity and bubble arc signal
decreased over the drug range tested. For example, at 0.2
nM C-1027, the decrease in replication activity was 25%
((15% SEM) while bubble arc signal decreased by 44%-
((6% SEM).

Time Course of C-1027 Effects on SV40 RIs. As shown
in Figure 2 above, a nearly complete loss of the bubble arc
signal was observed after a 2 htreatment with 4 nM C-1027.
Figure 3, panel A, shows a fluorogram and a Southern blot
of representative SV40 RIs after incubation of infected cells
with 4 nM C-1027 for 0, 15, or 60 min. The fluorogram
shows incorporation of [3H]TdR decreased within the first
15 min of C-1027 treatment. By 60 min, [3H]TdR incor-
poration into SV40 RIs was undetectable. Visual inspection
of the Southern blot showed that the bubble arc signal also
progressively decreased with time. At 60 min, the bubble
arc signal was very faint (bubble arc intensity wase5% that
of the control bubble arc). Quantitation of fluorograms from
several experiments confirmed a rapid decrease in replication
activity with increasing time of exposure to C-1027 (Figure
3, panel B). Incorporation into RIs was reduced by 50%
within 15 min, and was reduced byg90% after 30 min
incubation with 4 nM C-1027.

Characterization of C-1027 Replication Inhibition. Com-
parison of changes in the number of RIs and in the
incorporation of radiolabeled DNA precursors into these RIs
can indicate whether treatments that inhibit DNA replication
act at the level of initiation or elongation of nascent chains
(Cobuzzi et al., 1996; Gilbert et al., 1995). Specific
inhibition of initiation of DNA replication prevents the
formation of new RIs but does not prevent the maturation
of RIs formed before an initiation block has been established.
Maturation of RIs in the absence of new initiation events
results in a progressive decrease in the numbers of RIs,
although the replication activity (i.e., elongation of nascent
DNA chains) and incorporation of radioactive DNA precur-
sors into preformed maturating molecules is not altered. Since
initiation specific inhibition results in a decrease in the total
number of RIs, a parallel decrease in the amount of
incorporation of radiolabeled DNA precursors into the total
population of RIs also is observed. By contrast, inhibition
of nascent chain elongation does not result in substantial
changes in the number of RIs, but incorporation of radioac-
tive DNA precursors into individual RIs is reduced, and
precursor incorporation into the total population of RIs is

reduced to a greater extent than is the overall number of
RIs.
That C-1027 inhibits initiation of SV40 DNA replication

was suggested by the data in Figures 2 and 3, which showed
that the amount of SV40 RIs was decreased by C-1027
treatment. Although rapid destabilization of RIs by this
strand scission agent might also account for the decrease in
RIs, an increase in the gel fork and broken bubble arc signals
associated with replication fork destabilization (Gilbert et
al., 1995) was not observed. Additional evidence that
C-1027 does not act by fork destabilization was obtained
by assaying the effect of C-1027 in the presence of the well-
documented elongation inhibitor, aphidicolin (Levenson &




B

A

FIGURE 3: Time course of C-1027-induced changes in SV40
replication activity and bubble arc signal. SV40-infected BSC-1
cells were incubated with 4nM C-1027 for the times indicated. DNA
was electrophoresed on 2-D gels. (A) Duplicate samples assayed
on a fluorogram and on a Southern blot. (B) Summary of changes
in the replication activity and bubble arc signal of SV40 when
infected BSC-1 cells were incubated with 4 nM C-1027 for
increasing periods of time. Replication activity (O) and bubble arc
signal (b) were quantitated as described in Experimental Proce-
dures. Data are from three experiments and are expressed(SEM.
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Hamlin, 1993; Snapka et al., 1991b; Wist, 1980). If SV40
RIs disappeared from C-1027-treated cells because they
matured in the absence of new initiation events, aphidicolin’s
ability to inhibit elongation should block this maturation, and
equal amounts of SV40 RIs should be observed in cells
treated with both aphidicolin and C-1027 compared to those
treated with aphidicolin alone. In contrast, C-1027 induced
fork destabilization should cause SV40 RIs to disappear even
when replication forks are first arrested by aphidicolin.
Figure 4 is a series of phosphorimages of Southern blots

showing the effects on bubble arc signal of incubation with
C-1027 in the absence and the presence of aphidicolin.
Treatment with 4 nM C-1027 alone reduced RIs in SV40

infected cells to 12% ((2% SEM) of control values (also
see Figures 2 and 3), while substantial amounts of SV40
RIs were recovered from infected cells treated with both
aphidicolin and C-1027 and with aphidicolin alone (77%
[(8% SEM] and 67% [(11% SEM] of control values,
respectively). These data indicate that the disappearance of
most of the SV40 RIs in C-1027 treated cells was due to
their maturation into fully replicated DNA. The decrease
in SV40 RIs recovered from infected cells treated with
aphidicolin alone compared to control cells may reflect a
partial destabilization of replication forks (Gilbert et al., 1995;
Snapka et al., 1991b), while the recovery of similar amounts
of SV40 RIs from aphidicolin and C-1027 treated cells
compared to those treated with aphidicolin alone demon-
strated that C-1027 did not cause further destabilization of
replication forks.
Comparison of C-1027 Effects on Replication ActiVity and

DNA Strand Damage Using SV40 Forms Analysis. Forms

analysis of SV40 DNA provided a simple method to
determine the relationship between C-1027-induced changes
in replication activity and induction of DNA strand damage.
SV40 DNA from a crude cell lysate incubated with protein-
ase K was separated into supercoiled form I (FI), nicked
circular form II (FII), and linear form III (FIII) by electro-
phoresis on agarose gels. In agreement with the results from
2-D gels presented in Figures 2-4, the fluorogram in Figure
5, panel A, shows a decrease in [3H]TdR incorporation into
SV40 DNA with g0.2 nM C-1027. Incorporation into all
three SV40 forms (FI, II, and FIII) was drastically reduced
with 2 and 4 nM, and was undetectable with 10 nM C-1027.
By contrast, examination of the same samples on a Southern
blot shows only a slight increase in FIII, indicative of strand
damage, at the highest concentration of C-1027 tested (10
nM), and no change in the total amount of SV40 (forms I,
II, and III, combined). Thus, the decreased incorporation
of [3H]TdR seen on the fluorogram was not due to a decrease
in SV40 DNA in the C-1027 treated samples.

Data obtained from fluorograms and Southern blots are
summarized in Figure 5, panel B. While only 2 nM C-1027
was required to inhibit replication of newly synthesized SV40
DNA by more than 95%, strand damage was barely detect-
able with 10 nM C-1027.

FIGURE 4: Aphidicolin inhibition of C-1027-induced loss of SV40
RI signal. SV40-infected BSC-1 cells were treated with 5µM
aphidicolin for 5 min prior to addition of 4 nM C-1027, and
followed by further incubation for 2 h. Samples were electrophore-
sed on 2-D gels. A Southern blot of representative samples is shown.




A

B




FIGURE 5: C-1027 concentration effects on [3H]TdR incorporation
and strand damage in total intracellular SV40 DNA. SV40-infected
BSC-1 cells were incubated for 2 h with the C-1027 concentrations
indicated. The position of SV40 forms I (FI), II (FII), and III (FIII)
and of BSC-1 cell genomic DNA (BSC-1) are indicated. (A)
Representative DNA samples analyzed on a fluorogram and on a
Southern Blot. (B) Summary of C-1027 concentration effects on
total [3H]TdR incorporation into SV40 (sum of incorporation into
FI, FII, and FIII), calculated from fluorograms, and expressed as a
fraction of control incorporation (O). Southern blot determination
of the ratio of form I to total SV40 DNA expressed as a fraction of
the control ratio (1). Data are from six experiments and are
expressed(SEM.
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In Figure 5, panel A, the intense bands of high molecular
weight DNA at the top of the fluorogram likely indicate
incorporation of [3H]TdR into newly synthesized BSC-1
genomic DNA, since no hybridization of [R-32P]-radiolabeled
SV40 was observed at the top of the Southern blot. By
contrast with the SV40 results, incorporation into the high
molecular weight BSC-1 genomic DNA was inhibited by
less than 50% even at the highest concentration of C-1027
(10 nM). Since damage to BSC-1 genomic DNA cannot be
quantitated using this type of analysis, the relationship
between damage to BSC-1 genomic DNA and inhibition of
replication activity was not determined.

DISCUSSION

Reports of drug effects on DNA replication previously
relied on sucrose gradient analysis (Hatayama & Yukioka,
1983; Painter, 1986; Povirk & Goldberg, 1982) and usually
involved the indirect analysis of newly replicated DNA by
pulse-labeling techniques. The use of 2-D agarose gel
techniques to distinguish between replicating and nonrepli-
cating DNA on the basis of structure rather than incorporation
of radiolabel was reported elsewhere (Friedman & Brewer,
1995; Huberman, 1994). The present study as well as an
earlier report from this laboratory (Cobuzzi et al., 1996) used
2-D gel techniques to define how particular compounds that
inhibit DNA replication exert their inhibitory effects.
That initiation of SV40 DNA synthesis is inhibited by

C-1027 was indicated by the disappearance of the bubble
arc signal (Figure 2 and 3). The decrease in RIs observed
after C-1027 treatment also could be prevented by treatment
with the elongation inhibitor, aphidicolin (see Figure 4).
Moreover, under treatment conditions where decreases in the
bubble arc signal are first detected, replication activity also
decreases (Figures 2 and 3), indicating that elongation is not
inhibited to a significant extent. In contrast, the elongation
inhibitor, aphidicolin, completely inhibits replication activity
while only a minimal effect on bubble arc signal is observed
(Cobuzzi et al., 1996).
The related enediynes neocarzinostatin and auromomycin

also reportedly inhibit initiation (Hatayama & Yukioka, 1983;
Povirk & Goldberg, 1982). Other workers have reported
initiation inhibition with a broad group of non-enediyne DNA
reactive agents capable of inducing DNA damage, among
them aflatoxin (Meneghini & Schumacher, 1977), 4-nitro-
quinoline 1-oxide, adriamycin, and ethyleneimine (Painter,
1978), daunomycin (Schellinx et al., 1979). Recently, this
laboratory used 2-D gel analysis to show an inhibitory effect
on SV40 replication initiation with the cyclopropylpyrro-
loindole DNA-alkylating agent adozelesin (Cobuzzi et al.,
1996).
DNA damage reportedly is integral to the biological

activity of enediynes (Hoffmann, 1993; Kagan et al., 1993;
Nicolaou et al., 1993a) and likely is related to C-1027-
induced replicative inhibition. However, the amount of SV40
DNA damage detected by forms analysis did not directly
correspond to the extent of inhibition of SV40 replication.
Single-strand damage was observed ine10% of the SV40
molecules at the highest concentration of C-1027 tested (10
nM) (see Figure 5), although replication activity was nearly
completely inhibited with 4 nM C-1027 (see Figures 2-4).
Although selective targeting of replicating DNA is a

possible explanation for the difference in C-1027 concentra-

tions required for detection of DNA strand damage and
replication inhibition, it probably does not account for
initiation inhibition at low levels of DNA damage. For
example, if damage induction is linear,e0.4% of SV40
molecules should be damaged at 0.5 nM C-1027, which
affects a 50% reduction in SV40 replication activity. In the
present study, 7% ((2% SEM) of total intracellular SV40
molecules exist as replication intermediates. Even if all
damage was localized to replicating DNA, only a small
fraction of replicating molecules (0.4% compared to 7%)
would be damaged at a concentration where substantial
inhibition of replication activity is observed. Thus, selective
targeting of replicating DNA as a mechanism for replicative
inhibition at picomolar concentrations of C-1027 is unlikely.
Some fraction of the replication inhibition may reflect

damage to replicating DNA at higher C-1027 concentrations.
Forms analysis shows that 4 nM C-1027 should induce
damage ine4% of SV40 molecules. If damage is limited
to replicating molecules, approximately one-half of all
replicating molecules (7% of total SV40, see above) would
be affected. However, how C-1027 might distinguish
between replicating and non-replicating SV40 DNA is
unclear.
That C-1027 may affect elongation as well as initiation

has not been ruled out. Although marginal, differences
between C-1027-induced decreases in the amount of RIs and
replication activity may be real (Figures 2B and 3B). The
pattern observed with higher C-1027 concentrations (i.e., less
effect on the amount of RIs than on the replication activity)
would be consistent with blockage of elongation. The fork
and broken bubble signals observed in DNA from cells
treated with higher concentrations of drug (e.g., 4nM C-1027)
also suggested a partial elongation block. Both the strand-
scission enediyne neocarzinostatin and the alkylating agent
adozelesin reportedly inhibit elongation at higher concentra-
tions (Cobuzzi et al., 1996; Hatayama & Yukioka, 1983).
Thus, although enediynes and alkylating agents differ in the
type of DNA lesion induced, effects on DNA replication may
be similar.
In infected cells, SV40 DNA synthesis was inhibited by

C-1027 to a greater extent than was BSC-1 cell genomic
DNA synthesis. These differences may relate to the amount
of DNA damage induced. We previously showed that
C-1027 induced 40-fold more strand damage in SV40 DNA
in infected cells than in genomic DNA from uninfected
BSC-1 cells (McHugh et al., 1995). Because of size
differences between SV40 and cellular replicons, differing
times are required to complete their replication.In ViVo,
SV40 replication proceeds from a single origin at a rate of
145 base pairs per minute per replication fork (Tapper et
al., 1979), and one round of SV40 replication (i.e., initiation
and elongation to fully mature SV40 molecules) should be
completed within approximately 36 min. Thus, during the
30-60 min that C-1027 is active, elongation of SV40 has
been completed and, if C-1027 inhibits initiation, no new
RIs have been initiated, resulting in a measurable decrease
in replication activity. By contrast, the larger sized genomic
replicons can continue to elongate and incorporate [3H]TdR
even if new initiation events are inhibited.
Low levels of C-1027-induced damage appear to inhibit

initiation of SV40 DNA by atrans effect. While it is not
known whether other enediyne agents inhibit replication in
a similar fashion, such atrans-acting mechanism was
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reported recently with adozelesin, a DNA alkylating agent
(Cobuzzi et al., 1996). Both adozelesin and C-1027 inhibit
replication rapidly (within 15-30 min after drug addition).
Since both drugs share a preference for AT rich sequences
(Lee et al., 1994; Sugiura & Matsumoto, 1993), thetrans
induced inhibitory effect may relate to the induction of
damage to a cellular gene which is necessary for initiation
of DNA replication. Alternatively, the inhibitory effect on
SV40 replication may occur as part of a cellular response to
damage anywhere in the genome, and would be independent
of the type of DNA damage since C-1027 causes direct DNA
double-strand breaks while adozelesin induces adducts within
the DNA minor groove (Li et al., 1991; Smith et al., 1995).

The inhibitory effect on initiation triggered by C-1027 and
other DNA damaging agents could be mediated as part of a
checkpoint regulatory pathway that protects cells from the
deleterious consequences of DNA damage by arresting DNA
replication. Although most checkpoint responses that have
been characterized previously occur outside of S phase, a
transient arrest of DNA synthesis within S phase has been
reported with a variety of DNA damaging agents (Kaufmann,
1995). For adozelesin, a kinase-dependent mechanism has
been suggested by Bhuyan and colleagues (Bhuyan et al.,
1992a,b) who demonstrated that adozelesin effects the cell
cycle by transiently inhibiting progression through S-phase
followed by long-term G2 arrest. An intra-S phase check-
point response to DNA damage partially mediated by the
MEC1gene, which is structurally similar to the humanATM
gene, mutations in which are associated with ataxia telang-
iectasia, was recently described in yeast (Paulovich &
Hartwell, 1995). Future studies will identify the mechanism
responsible for thetrans-induced blockage of replication at
the level of initiation and will explore whether other
enediynes behave similarly to C-1027.
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