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ABSTRACT During eukaryotic DNA synthesis there is
formation of, in addition to Okazaki fragments, discrete 10-
kilobase (kb) DNA replication intermediates. We have investi-
gated the ligation of 10-kb DNA replication intermediates to
high molecular weight DNA, using the drug 3-aminobenza-
mide, an inhibitor of poly(ADP-ribose) synthetase. In human
melanoma cells treated with this inhibitor, there is an accumu-
lation of 10-kb DNA. In contrast, in cells treated with aphidi-
colin, which inhibits DNA polymerase a, there is continued
ligation of 10-kb DNA to high molecular weight DNA. Fur-
thermore, using sequential treatment with aphidicolin and 3-
aminobenzamide, one can observe the conversion of radiola-
beled Okazaki fragments into 10-kb intermediates. The 10-kb
DNA pieces are, however, not ligated to high molecular weight
DNA in the presence of 3-aminobenzamide. Our results imply
that functioning poly(ADP-ribose) synthetase is necessary for
the ligation process.

Eukaryotic DNA synthesis is very complex and there exist
several steps in the synthetic pathway that are not under-
stood (1). For example, we know very little about the steps
in the maturation of primary DNA replication intermediates
(Okazaki fragments) to high molecular weight DNA. Our in-
ability to examine this process has been due in part to the
large size of the eukaryotic genome, which has made it diffi-
cult to detect defined DNA replication intermediates that are
larger than Okazaki fragments.
We have examined the ligation of a large DNA replication

intermediate. Using a novel procedure to lyse cells in dilute
alkali, we have detected at least two discrete DNA replica-
tion intermediates, Okazaki fragments and 10-kilobase (kb)
fragments (2-4). The formation of both the Okazaki frag-
ments and 10-kb DNA replication intermediates is depen-
dent on DNA polymerase a (3). However, the ligation of 10-
kb DNA to high molecular weight DNA still occurs when
DNA polymerase a is inhibited by aphidicolin.

Poly(ADP-ribose) synthetase catalyzes the poly(ADP-ri-
bosyl)ation of chromosomal proteins (5-8). Histones, mainly
histone H1, are the major acceptors. Much work has been
performed in attempts to understand the biological signifi-
cance of this secondary modification. It is known that the
poly(ADP-ribosyl)ation of histones results in relaxation of
polynucleosomes (9, 10) and that the activity of poly(ADP-
ribose) synthetase is dependent on nicks in the DNA (5-8,
11). In cells synchronized with a G1 block, poly(ADP-ribo-
syl)ation exhibits a cell cycle-dependent oscillation with a
maximum coinciding with S phase (12). This observation
suggests connection between poly(ADP-ribose) synthetase
and S-phase events, such as DNA synthesis.

Poly(ADP-ribose) synthetase can be inhibited using the
drug 3-aminobenzamide (13), which is a competitive inhibi-

tor that appears to be highly specific. It inhibits the repair of
DNA damage induced by various alkylating agents or by y-
irradiation. Previous reports suggest that it is the ligation of
DNA during the repair process that is impaired (14-17). In
agreement with this suggestion, it has recently been shown
that alteration of chromatin structure by poly(ADP-ribose)
synthetase influences the activity of the DNA ligases (18).
We have analyzed DNA synthesis in cultured human mel-

anoma cells. We describe results showing a reduced ligation
of the 10-kb DNA replication intermediate in cells treated
with 3-aminobenzamide.

MATERIALS AND METHODS
Cells, Culture Methods, and Labeling with [3H]Thymidine.

A human melanoma cell line (CRL 1424), obtained from
Flow Laboratories, was grown as monolayers at 37°C in 5%
CO2 in air. The culture medium was minimal essential medi-
um (Eagle) with Earle's salt mixture, 2 mM L-glutamine,
10% fetal calf serum, and antibiotics. The culture medium
routinely was changed twice weekly and the cells were pas-
saged every 4-6 days. For experiments, the cells were seed-
ed in small culture dishes (35 x 10 mm), containing 3 ml of
medium, 24 hr before the addition of drugs and [3H]thymi-
dine (24 Ci/mmol, 1 Ci = 37 GBq; Amersham).

Cell Lysis. The incubation medium was drained from the
culture dish and the cells were rinsed twice in cold phos-
phate-buffered saline. Cells were lysed in the dark at 0°C in
2.25 ml of 0.03 M NaOH. After 30 min, the solution was
neutralized by the addition of 0.9 ml of 0.067 M HCl/0.02 M
NaH2PO4. Finally, the solution was made 0.5% in Na-
DodSO4.

In experiments involving CsCl gradient centrifugations,
the sample was sonicated, after the neutralization step, for 2
x 15 sec with a Branson sonifier equipped with a microtip
and set at maximum level. The sample was then made 0.5%
in N-lauroyl sarcosine.

Gel Electrophoresis. The 0.75% agarose flat-bed gels were
made as described (19). Labeled DNA was separated in the
agarose gels using an LKB Multiphor electrophoretic sys-
tem. DNAs of known molecular weight, used as markers,
were obtained from New England Nuclear. The gels were
cut into 1-mm-thick slices that were assayed for radioactiv-
ity, using a toluene-based scintillation fluid containing 3%
Soluene 100, in a Packard scintillation counter.
CsCl Gradient Centrifugation. CsCl was added to solutions

of DNA in 0.01 M Tris Cl, pH 8/1 mM EDTA to give a re-
fractive index of 1.3990. Gradient centrifugations were at
38,000 rpm at 23°C for 40 hr in a Ti5O rotor in a Beckman L2-
65B ultracentrifuge. After centrifugation, the gradients were
divided into 30-40 fractions, and the labeled DNA in each
fraction was precipitated with trichloroacetic acid and col-
lected on Whatman GF/C filters. Radioactivity on the filters
was measured using a Packard scintillation counter.

Abbreviation: kb, kilobase(s).
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RESULTS
To release DNA replication intermediates from bulk DNA,
we lyse cells in dilute alkali (2-4). The treatment with alkali
denatures the DNA and initiates uncoiling of the DNA
strands. This results in release of single-stranded DNA repli-
cation intermediates from bulk DNA, which are then sepa-
rated by agarose gel electrophoresis. The uncoiling is initiat-
ed at gaps (or alkali-labile regions) in the DNA. Gaps can be
induced in the DNA by y-irradiation.

In undisturbed cells, there are gaps at the replication forks
that serve as initiation points for uncoiling. Furthermore,
gaps (or alkali-labile regions) exist at -10-kb intervals in
newly synthesized DNA before it has matured to high molec-
ular weight DNA (2, 3).
The high molecular weight DNA, in contrast to the repli-

cation intermediates, does not completely uncoil in the alka-
li. Therefore, it renatures when the solution is neutralized
and it appears as double-stranded DNA on CsCl gradients.
The experimental approach, which can be visualized as a se-
lective melting of the replicon, facilitates the characteriza-
tion of DNA replication intermediates.

Increased Amounts of Single-Stranded DNA in Cells Treat-
ed with 3-Aminobenzamide. First, we examined the banding
properties in CsCl gradients ofDNA labeled in cells incubat-
ed in the presence of 3-aminobenzamide (3 mM) for 60 min,
with [3H]thymidine present during the last 30 min. The cells
were lysed in dilute alkali and sonicated, and the DNA was
then banded in neutral CsCl gradients. Most of the radioac-
tivity was in single-stranded DNA, while only a small
amount of the label appeared in the double-stranded region
(Fig. 1). In control cells, not incubated with 3-aminobenza-
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FIG. 1. Neutral CsCl-gradient separations of radiolabeled DNA
from cells incubated with 3-aminobenzamide (3 mM) for 60 min with
[3Hlthymidine present during the last 30 min of the drug treatment
(o) and from control cells incubated with thymidine for 30 min (0).
The cells were lysed in dilute alkali, the solution was neutralized,
and detergent (N-lauroyl sarcosine) was then added. The material
located at fractions 6-11 contains single-stranded DNA whereas the
material located at fractions 15-21 contains double-stranded DNA.
The locations of marker DNAs of known densities (1.731 and 1.691)
are indicated.
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FIG. 2. (A) Gel electrophoretic separations of labeled DNA from
cells incubated sequentially with 3-aminobenzamide (3 mM) for 30
min, [3H]thymidine and 3-aminobenzamide for 5 min, and 3-amino-
benzamide for 30 min (o) and from control cells incubated with
[3H]thymidine for 5 min (e). (B) Gel electrophoretic separations of
labeled DNA from cells incubated with aphidicolin (10 ,ug/ml) for 30
min and then with [3H]thymidine and aphidicolin for another 5 min
(a) and from control cells incubated with [3H]thymidine for 5 min
(e). In all cases, cells were lysed in dilute alkali, the solution was
neutralized, and detergent (NaDodSO4) was added. The separation
was performed in 0.75% agarose gels. Numerals across the top (25,
10, and 2) denote the location and size (in kb) of single-stranded
DNA markers. The 10-kb DNA intermediate is located at slices 17-
22, the Okazaki fragments at slices 35-41, and the double-stranded
high molecular weight DNA at slices 3-6.
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mide, most of the label appeared in double-stranded DNA.
25 10 2 There was only slightly less total radioactivity incorporated

1000 into DNA in cells treated with 3-aminobenzamide than in
control cells, in agreement with the findings of others (16,

A 17). Thus, although there is no or very little reduction in total
incorporation of label into DNA, there is a large amount of
single-stranded DNA fragments present in cells treated with

500 3-aminobenzamide. In untreated cells, most of the labeled
DNA is double-stranded. The results indicate that, in the

+200 500Sol presence of the inhibitor, there is reduced ligation of DNA200 500 replication intermediates.
E E Accumulation of 10-kb DNA Replication Intermediates in

Cells Treated with 3-Aminobenzamide But Not in Cells Treat-
ed with Aphidicolin. We have previously described (2, 3) a
single-stranded 10-kb DNA replication intermediate. The 10-

oo10 /0 250 kb DNA has a longer half-life than Okazaki fragments. The
100 250 synthesis of 10-kb DNA is dependent on DNA polymerase

a, while the ligation of existing 10-kb DNA to high molecular
weight DNA occurs independent of DNA polymerase a. A
prerequisite for the existence of 10-kb DNA is the presence
of gaps (or alkali-labile regions) located about 10-kb apart in
the newly synthesized DNA (2, 3).
We examined the effect of 3-aminobenzamide on the join-

ing of 10-kb DNA replication intermediates. Cells were
25 10 2 preincubated with 3-aminobenzamide for 30 min, incubated

1000 with [3H]thymidine for 5 min in the presence of the drug, and
then incubated without label for another 30 min in the pres-

B ence of the drug. The cells were lysed in dilute alkali, and the
DNA was separated by agarose gel electrophoresis. There
was an increased amount of labeled 10-kb DNA present in

500 the treated cells (Fig. 2A). This was paralleled by a reduction
in the amount of labeled high molecular weight DNA.

200l In contrast, Fig. 2B shows that, in cells incubated with
E aphidicolin (10 gg/ml) for 30 min and then labeled with

[3H]thymidine for 5 min in the presence of that drug, there
was no detectable 10-kb DNA. Aphidicolin is a specific in-
hibitor of DNA polymerase a, the enzyme responsible for
the movement of the replication fork (20).

100 Hence, there is an accumulation of 10-kb DNA in cells
treated with 3-aminobenzamide, but not in cells treated with
aphidicolin. A probable interpretation is that 3-aminobenza-
mide reduces the ligation of 10-kb DNA into high molecular
weight DNA, a process that is not impaired by aphidicolin.

Sequential Treatment with Aphidicolin and 3-Aminobenza-
mide Results in Transfer of Label from Okazaki Fragments to
10-kb DNA, But Not to High Molecular Weight DNA. If the
above interpretation is correct, one should be able to ob-

25 10 2 serve the conversion of labeled Okazaki fragments to 10-kb
1000 l DNA and then prevent the incorporation of 10-kb DNA into

high molecular weight DNA, by using sequential treatments
c with aphidicolin and 3-aminobenzamide.

Therefore, cells were labeled with [3H]thymidine for 5 min
and then treated with aphidicolin for 30 min. From these

500 cells, we detected labeled high molecular weight DNA and
Okazaki fragments, but not labeled 10-kb DNA (3) (Fig. 3A).

200 We simultaneously analyzed DNA from cells treated with 3-
E aminobenzamide as described in the section above. In the 3-

FIG. 3. Electrophoretic separations of labeled DNA from cells
incubated under various conditions: (A) Five minutes with [3H]thy-
midine and then 30 min with aphidicolin (10 ug/ml) (e) or 30 min

100 A with 3-aminobenzamide (3 mM), 5 min with [3H]thymidine and 3-
aminobenzamide, and finally 30 min with 3-aminobenzamide (the
same protocol as in the legend to Fig. 2A) (o). (B) Five minutes with
[3H]thymidine, 30 min with aphidicolin, and finally 30 min with 3-
aminobenzamide (o) or 5 min with [3H]thymidine and then 30 min
with aphidicolin (e). (C) Five minutes with [3H]thymidine, then 30
min with aphidicolin, and finally 30 min in fresh medium (o) or 5 min
with [3H]thymidine and then 30 min with aphidicolin (o). Cell lysis

20 40 and DNA electrophoresis are described in Materials and Methods.
Slice Markers and peak identities are described in the legend to Fig. 2.
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aminobenzamide-treated cells there was a discrete 10-kb
DNA population that was not present in the aphidicolin-
treated cells.

Next, cells were labeled with [3H]thymidine for 5 min, in-
cubated with aphidicolin for 30 min, and then incubated in
the presence of 3-aminobenzamide for another 30 min (Fig.
3B). A second set of cells were treated similarly, except that
they were incubated in fresh medium during the last 30 min
instead of in medium containing 3-aminobenzamide (Fig.
3C). When the DNA from these two sets of cells was ana-
lyzed by electrophoresis in agarose gels, there was a distinct
peak of labeled 10-kb DNA in the DNA from cells post-incu-
bated with 3-aminobenzamide. There was no such peak of
labeled DNA from cells post-incubated in fresh medium.
Hence, labeled Okazaki fragments are incorporated into

10-kb DNA but the 10-kb DNA is not ligated to high molecu-
lar weight DNA in the presence of 3-aminobenzamide.
The 10-kb DNA Is Ligated to High Molecular Weight DNA

After Removal of 3-Aminobenzamide. To examine whether
the 10-kb DNA intermediates that accumulate in cells treat-
ed with 3-aminobenzamide can form high molecular weight
DNA, the following experiment was performed. Cells were
incubated with 3-aminobenzamide for 30 min, with [3H]thy-
midine and 3-aminobenzamide for 5 min, and then with 3-
aminobenzamide for another 30 min (the protocol that re-
sults in accumulation of 10-kb intermediates, see Fig. 2A).
The cells were then washed to remove the drug and incubat-
ed for another 3 hr in fresh medium. When the labeled DNA
was analyzed, the gel electrophoretic separation showed
only high molecular weight DNA (Fig. 4A) and the neutral
CsCl gradient contained mainly double-stranded DNA (Fig.
4B). Therefore, the 10-kb DNA intermediates formed in the
presence of 3-aminobenzamide do have the capability to ma-
ture to high molecular weight DNA after the drug is removed
from the cells.

DISCUSSION
Poly(ADP-ribose) synthetase is a DNA-dependent chroma-
tin-bound enzyme (5, 6). Its activity is enhanced by the pres-
ence of gaps or nicks in DNA. It is known that poly(ADP-
ribosyl)ation of proteins during DNA repair occurs in the re-
gions of the chromatin containing single-stranded DNA
breaks.

During DNA replication there exist gaps at the replication
forks. Gaps also exist at 10-kb intervals in the newly synthe-
sized DNA. This may correlate with the earlier finding that
there is increased poly(ADP-ribosyl)ation during S phase
(12), since the presence of gaps in the DNA during replica-
tion should increase the enzymatic activity.
The primary DNA replication intermediates are formed at

the replication fork. Using a new approach to release DNA
replication intermediates from bulk DNA (cell lysis in dilute
alkali), we showed previously that the primary pieces (Oka-
zaki fragments) give rise to secondary pieces, 10-kb replica-
tion intermediates (2, 3). The joining of the 10-kb DNA to
high molecular weight DNA occurs outside of the replication
fork and does not involve DNA polymerase a. We have now
used the drug 3-aminobenzamide to investigate that joining
process.
The results show that 3-aminobenzamide reduces the liga-

tion of 10-kb DNA. Cells pretreated with the drug contain
large amounts of single-stranded 10-kb DNA. Furthermore,
using sequential treatment with aphidicolin followed by 3-
aminobenzamide, we observed the conversion of labeled
Okazaki fragments into 10-kb DNA, but there was reduced
ligation of 10-kb DNA into high molecular weight DNA.
However, when the cells were washed free of the drug, there
was resumed ligation of 10-kb DNA, generating high molecu-
lar weight DNA.
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FIG. 4. (A) Electrophoretic separations of labeled DNA from
cells incubated sequentially for 30 min with 3-aminobenzamide (3
mM), 5 min with [3H]thymidine and 3-aminobenzamide, 30 min with
3-aminobenzamide, and finally for 3 hr in fresh medium (o) and from
cells incubated similarly except for the 3 hr post-incubation in fresh
medium (i.e., the same treatment protocol given in the legend to Fig.
2A) (o). Markers and identity of peaks are described in the legend to
Fig. 2. (B) Neutral CsCl-gradient separations of labeled DNA from
cells incubated as described in A. Markers and the locations of sin-
gle- and double-stranded DNA are described in the legend to Fig. 1.

Taken together, the present results and our previous find-
ings with aphidicolin (3) suggest the following: (i) The forma-
tion of Okazaki fragments and 10-kb DNA is dependent on
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DNA polymerase a. (ii) The ligation of 10-kb DNA to high
molecular weight DNA occurs by a mechanism not connect-
ed with the events at the replication fork. (iii) The ligation of
10-kb DNA is slowed by treatment with 3-aminobenzamide,
resulting in an accumulation of 10-kb DNA replication inter-
mediates. (iv) The enzyme poly(ADP-ribose) synthetase is
involved in the ligation of 10-kb DNA.

Poly(ADP-ribose) synthetase is believed to be located
mainly in the internucleosomal regions of chromatin (21, 22).
The enzyme has the capacity for extensive self-modification
and effects poly(ADP-ribosyl)ation of various chromatin
components (4, 5), especially histones (mainly Hi). Polynu-
cleosomes are fully relaxed when they are poly(ADP-ribo-
syl)ated (9, 10), and it is known that poly(ADP-ribosyl)ation
of isolated chromatin increases DNA ligase activity (18).
Therefore, the existence of poly(ADP-ribosyl)ated relaxed
polynucleosomes may favor the ligation steps ofDNA repli-
cation. 3-Aminobenzamide prevents the poly(ADP-ribosyl)-
ation and, therefore, probably reduces DNA ligation. Such a
mechanism may explain the reduced ligation of 10-kb DNA
replication intermediates in 3-aminobenzamide-treated cells.
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