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ABSTRACT

Ditercalinium, a 7f/-pyridocarbazole dimer (bisintercalator) belongs
to a new class of antineoplastic intercalating agents. To investigate its
mechanism of cytotoxicity, the effects of ditercalinium on DNA were
assessed using normal (I 121(1)and drug-resistant (L1210/PyDil) mouse
leukemia cells. Alkaline elution assays demonstrated that ditercalinium
produced no DNA strand breaks, DNA-protein cross-links, or DNA-
DNA cross-links, eliminating these effects as cytotoxic lesions. This
result sets ditercalinium apart from other intercalating agents with re
spect to its interaction with DNA. Nucleoids (histone-depleted chromatin)
from ditercalinium-treated LI 210 cells were considerably more compact
than those from untreated cells, as determined by sedimentation in neutral
sucrose gradients. In contrast, nucleoids from ditercalinium-treated
L1210/PyDil (resistant) cells were similar in compactness to those from
control cells. Thus, ditercalinium altered chromatin structure in vivo. The
effect of the bisintercalator on purified DNA topoisomerase II, an intra-
cellular target of monointercalators, was measured in vitro. Ditercalinium
(5 x IO M) completely inhibited both the formation of covalent com
plexes between this enzyme and simian virus 40 DNA and the enzyme-
induced DNA cleavage. In addition, ditercalinium induced DNA catena
tion in the presence of topoisomerase II and adenosine triphosphate.
Thus, the cytotoxicity of ditercalinium may derive from a mechanism
that, although involving topoisomerase II, is manifested by condensation
of DNA rather than by the induction of protein-associated DNA strand
breaks.

monomer produced a block in the G2 + M phase. These results
suggested that the mechanism of cytotoxicity of ditercalinium
might be different from that of the monointercalating antican-
cer compounds.

Some evidence concerning the mechanism of killing by mon
ointercalators has recently been obtained. It has been shown
that the protein-linked DNA strand breaks produced by mon
ointercalators in mammalian cells are very probably the result
of topoisomerase II inhibition (4-8). It was thus of interest to
determine whether ditercalinium could produce similar effects
in mammalian cells. DNA effects in whole cells were studied
by: (a) alkaline elution assays which can detect DNA single-
strand breaks, DNA-DNA cross-links, and DNA-protein links
(9); and (/>) nucleoid sedimentation analysis which permits an
assessment of gross changes in chromatin loop structure (10,
11).

We also studied the effects of ditercalinium on purified L1210
DNA topoisomerase II by measuring the formation of covalent
enzyme-DNA complexes using a filter binding assay and the
generation of DNA cleavage and DNA topoisomers using aga-
rose gel electrophoresis (6,12). Our results provide biochemical
evidence which supports the conclusion drawn from biological
data that the cytotoxic mechanisms of mono- and bisintercala-
tors are different.

INTRODUCTION

Various 7//-pyridocarbazole dimers have recently been re
ported to have high DNA-binding affinities to calf thymus DNA
(A.PP =* IO7 M~' under physiological conditions) (1, 2) and

antitumor properties against LI210 murine leukemia cells (1-
3). The process of dimerization and the use of rigid
bis(ethylpiperidinyl)-linking chain has produced two highly ac
tive species in the series of 7//-pyridocarbazole: NSC 335153
(ditercalinium see Fig. 1); and NSC 335154. Ditercalinium is
currently in clinical trial (phase I) in Europe.

The comparative effects of ditercalinium and of the corre
sponding 7//-pyridocarbazole monomer on cell viability,
growth, colony formation, and cell cycle progression have been
investigated by Esnault et al. (3) using sensitive and resistant
(L1210/PyDil) L1210 cells. Three major differences were ob
served between the dimeric and the monomeric compounds: (a)
L1210/PyDil cells that were resistant to ditercalinium were
sensitive to the monomer; (b) ditercalinium induced two types
of cytotoxic effects, immediate and delayed, on sensitive L1210
cells whereas the monomer exhibited only an immediate cyto
toxicity; (c) LI210 cells exposed to the dimer became arrested
nonspecifically with respect to cell cycle position, whereas the
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MATERIALS AND METHODS

Drugs, Chemicals, and Enzymes. Ditercalinium (Laboratoire R. Bel-
Ion, Neuilly, France) was kindly supplied by Dr. A. Bellon-Grenier. It
was dissolved immediately before use in distilled water at 2 x 10 ' M,

sterilized by filtration through a 0.2 ^ in filter, and then diluted with
growth medium at the desired concentration. m-AMSA2 (NSC 249992)
and VP-16 (NSC 141540) were obtained from the Drug Synthesis and
Chemistry Branch, Division of Cancer Treatment, National Cancer
Institute. Stock solutions (10~2M)of m-AMSA were prepared in sterile
dimethyl sulfoxide and stored frozen at â€”20Â°C.VP-16 was dissolved in

sterile dimethyl sulfoxide at IO M and used fresh. Unlabeled super-
coiled SV40 DNA (>95% form I) and supercoiled 'H-SV40 DNA
(>85% form I; 2.2 x IO4 dpm/Mg) were purchased from Bethesda

Research Laboratories, Inc., Gaithersburg, MD. Proteinase K was from
EM Laboratories, Darmstadt, West Germany. Sucrose (pure, free of
detectable protease, DNase, and RNase) was from Schwarz/Mann,
Inc., Division of MediScience.

DNA topoisomerase II was isolated from LI210 cell nuclei and
purified as described previously (6).

Cells, Radioactive Labeling, and Drug Treatments. Sensitive and
ditercalinium-resistant (L1210/PyDil) LI210 mouse leukemia cells
were obtained from Dr. A. Jacquemin-Sablon and Dr. C. Esnault
(Institut Gustave Roussy, Villejuif, France). Cells were maintained in
exponential growth in RPMI 1640, as described previously (3). Their
doubling time was about 12 h.

Cells were labeled with [2-'4C]thymidine (0.02 ^Ci/ml, 56 mCi/
mum]; New England Nuclear, Boston, MA) or [methyl-'Hfthymidine

2The abbreviations used are: m-AMSA, 4'-9-acridinylamino)methanesulfon-
m-anisidide; VP-16, etoposide; SDS, sodium dodecyl sulfate.
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(0.1 /iCi/ml; 20 Ci/mmol; New England Nuclear) and 10"6M unlabeled

thymidine for 20 h. Radioactive label was removed by centrifugation
and resuspension of the cells in fresh medium. [14C]Thymidine-labeled

cells were treated with ditercalinium for 24 h (3). Reactions were
terminated by centrifugation and resuspension in drug-free medium
(ice temperature).

Measurement of DNA Damage by Alkaline Elution. The alkaline
elution methodology has been described in previous publications (9, 13,
14). DNA strand breaks were assayed by mixing ditercalinium-treated
[l4CJthymidine-labeled cells (approximately 5 x 10s) with an equal
number of [3H]thymidine-labeled cells that had received no drug treat
ment but 300 rads of 7-irradiation to serve as an internal standard (13,
14). Cells were deposited gently onto 2-^m-pore-diameter polycarbon
ate filters (Nucleopore Co., Pleasanton, CA) and lysed with 5 ml of a
solution containing 0.1 M glycine, 0.025 M disodium EDTA, 2% SDS
(pH 10), plus proteinase K (0.5 mg/ml). DNA elution was then carried
out with tetrapropylammonium hydroxide-EDTA-0.1 % SDS, pH 12.1,
at a pump speed of 0.03-0.04 ml/min, and fractions were collected at
3-h intervals for 15 h. DNA-DNA cross-links were assayed by the same
elution method. However, in the DNA-DNA cross-linking assay both
the [I4C]- and pHJthymidine-labeled cells were 7-irradiated (300 rads)

immediately after drug treatment.
DNA-protein cross-links were assayed by -y-irradiating ditercalinium

treated [MC]thymidine-labeled cells (4Â°C)with 3000 rads. These cells
were combined with an equal number (approximately 5 x IO5) of [3H]
thymidine-labeled cells, which had also received 3000 rads in ice (9, 13,
14). Cells were deposited on a 2-fim-pore-diameter polyvinyl chloride
filter (type BS; Millipore Corp., Bedford, MA) and lysed with LS10
solution consisting of 2 M NaCl, 0.2% Sarkosyl, and 0.04 M disodium
EDTA, pH 10 (5 ml). This lysis solution was removed by washing the
filter with 0.02 M disodium EDTA, pH 10(10 ml). DNA elution was
performed with tetrapropylammonium hydroxide-EDTA, pH 12.1, at
a pump speed of 0.03-0.04 ml/min. Fractions were collected every 3 h
for 15 h. Samples were processed, and data were computed as described
previously (9, 13, 14).

Nucleoid Sedimentation Assay. Following ditercalinium treatment,
pHJthymidine-labeled cells were pelleted by centrifugation (1000 rpm
for 5 min), and the pellets were resuspended at 2 x IO5cells/ml in 2
ml neutral lysis solution (0.1% Triton X-100, 0.02 M disodium EDTA,
and 0.01 M Tris-HCl, pH 8) at 4"C. Cell lysates were gently loaded at
4Â°Conto 15-30% neutral sucrose gradients (1.9 M NaCl, 0.01 M
disodium EDTA, and 0.1 M Tris-HCl, pH 8). The samples were
centrifuged after a 60 min incubation at 4"( in a Beckman L8-80
ultracentrifuge (SW 28 rotor; 4"C at 15,000 to 17,000 rpm for 1.5 to

2.5 h). Following centrifugation, 1-ml fractions were collected from the
bottom of the tubes. Water (4 ml) and Aquassure (10 ml; New England
Nuclear) were added to each fraction which was then counted by liquid
scintillation spectrometry. The distance sedimented (peak fraction) by
"control" nucleoids (one sample per run, which consisted of nucleoids

from untreated LI210 cells) was set equal to 100%, and the percentage
of control nucleoid sedimentation was calculated for each sample by
dividing the nucleoid sedimentation distance (peak fraction) of the
treated sample by that of the control and multiplying this ratio by 100%
(10,11).

DNA Topoisomerase II Assays. Reactions were performed in mix
tures containing 10 mM Tris-HCl, 50 mM KC1, 5 mivi MgCl2, 0.1 HIM
disodium EDTA, and bovine serum albumin (15 Â¿ig/ml),pH 7.2. SV40
DNA (0.4 Â¿ig)was added first, followed by the drugs and immediately
thereafter by DNA topoisomerase II (130 ng). Reaction volumes were
40|tl.

The DNA binding activity of topoisomerase II, was assayed by a

CH,-CH ,-N V- ( N-^ V-/ CHj.CH,

filter binding assay derived from that of Minford et al. (6, 12). It utilizes
the property of polyvinyl chloride filters to retain protein-bound DNA
in the presence of LS10 (0.2% Sarkosyl-2 M NaCl-0.04 M disodium
EDTA, pH 10) without retaining free DNA (6, 9). After DNA topoi
somerase II reactions were stopped by a 10-fold dilution in 20 mM
disodium EDTA, pH 10, at 4Â°C,each reaction mixture was deposited

onto a polyvinyl chloride filter mounted in a Swinnex holder (Millipore
Corp., Bedford, MA) (9). Disodium EDTA (2 ml, 20 mM; pH 10) at
4Â°Cwas then used to rinse the filter and the solution which was collected
by gravity (EDTA fraction) was counted for 3H radioactivity by liquid

scintillation spectrometry. LS10 (3 ml) was then deposited onto the
filter and allowed to drip out. The LS10 fraction was collected and
assayed for 3H radioactivity. Filters were processed as described previ

ously (9).
The binding of topoisomerase II to 3H-SV40 DNA was evaluated as

Binding = [Filter]
[Filter] + [LS10 fraction] + [EDTA fraction]

where [filter], [LS10 fraction], and [EDTA fraction] represent the 3H

dpm of the filter, the LS10 fraction, and the EDTA fraction, respec
tively. In the absence of any topoisomerase II the background value was
less than 2%.

DNA topoisomerase H-mediated DNA cleavage and topoisomeriza-
tion were monitored by agarose gel electrophoresis. DNA topoisomer
ase II reactions were stopped by adding SDS (final concentration, 0.5%)
and proteinase K (final concentration, 0.5 mg/ml). Reaction mixtures
were then run into 1% agarose gels at 2 V/cm overnight. The agarose
electrophoresis running buffer (40 mM Tris-acÃ©tate-lOmMdisodium
EDTA, pH 7.6) contained 0.1 % SDS, in order to dissociate intercalai or
molecules from DNA. Gels were stained with 2 Â¿IMethidium bromide
(final concentration) after the SDS had been removed by 3 or 4 washes
with H2O. After 45 to 60 min staining, the gels were destained in 1 mM
MgSO< for 5 to 12 h and photographed (12).

RESULTS

Alkaline Elution Assays. DNA strand breaks and DNA-DNA
cross-links were determined in LI210 cells treated with various
concentrations of ditercalinium (2.5 x 10~8 to 7 x 10~6 M)
(Table 1). The elution kinetics of [14C]DNA from cells incubated
with 2.5 x 10~8-2 x 10~6M ditercalinium were similar to those

of DNA from untreated cells (Table 1). Additional alkaline
elution assays showed that ditercalinium did not produce any
detectable DNA-DNA cross-links (Table 1) or DNA-protein
links (data not shown). Therefore at concentrations =s2 x 10~6

M, ditercalinium did not produce any detectable DNA damage.
However, elution of DNA from cells exposed to 3-7 x IO"6 M

ditercalinium showed that more than 35% of the DNA was
eluted during lysis (Table 1). This phenomenon was accom-

Table 1 Assays for DNA strand breaks and DNA-DNA cross-links after a 24-h
exposure of LI 210 cells to ditercalinium

TreatmentNoneDitercalinium

(M)2.5
xIO''5
xIO'81
x10~75
xIO-71
x10-'2
x10-'3
x10-'5
x10-*7
x10-Â«300

radsDitercalinium(10-' M) +300radsFraction

of DNA
in thelysis0.0420.0550.0650.0450.0810.0700.0920.3840.7150.9650.0360.0418DNAretention"0.8270.9100.8600.8200.8350.820.840.840.32<0.040.2520.251

H H

Fig. 1. Chemical structure of the 7//-pyridocarbozole dimer, ditercalinium.

* Fraction of eluted [MC]DNA retained on the filter when 25% of concomitantly
eluted I'llJDN \ from 300-rad-irradiated LI210 cells was retained on the filter,

the DNA eluted in the lysis solution was ignored in this calculation.
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panied by a marked reduction in cell number after 24 h of
treatment, which suggests that the DNA damage might result
from rapid cell death.

The conditions of 24 h incubation of cells with 5 X 10~7M

ditercalinium followed by 50 h with drug-free medium were
also chosen to study the delayed effects of the dimer on DNA.
Under these conditions, there is a delayed cytotoxic effect (3);
we observed 78% growth inhibition in the experiments de
scribed here. Elution kinetics of treated and control cells were
indistinguishable, suggesting that, unlike previously studied
monointercalators (4, 13, 14), low concentrations of ditercali
nium did not induce detectable DNA damage. Thus, delayed
cytotoxicity does not seem in this case to have resulted from
intercalator-induced protein-associated DNA strand breaks.

Nucleoid Sedimentation Assays. Nucleoids consist of nega
tively supercoiled DNA loops which are constrained by non-

histone proteins (4, 10, 11). Unfolding of DNA by drug inter
calation or by DNA strand breaks, which relieve the torsional
strain of the loops, can be detected as a reduced sedimentation
velocity of nucleoids (10, 11). On the other hand, a high degree
of drug intercalation resulting in altered supercoiling of DNA
loops in the positive direction (11), an increase in the protein
content of nucleoids (15), or a reduction in DNA loop size (16)
can increase the sedimentation velocity of nucleoids.

To minimize intercalative effects of ditercalinium on nucleoid
sedimentation, cells were washed twice by centrifugation and
resuspended in drug-free medium at 4Â°Cbefore preparation of

nucleoids. Nucleoids from cells that had been treated for 24 h
with ditercalinium sedimented faster than those from untreated
cells (Fig. 2). This increase in sedimentation velocity was ob
served at concentrations as low as 10~8M and appeared to be a

linear function of the drug concentration (Fig. 2). Treatment of
cells with 2 Â¿Â¿Mditercalinium yielded nucleoids which sedi
mented 3 times as rapidly as those from untreated cells. Similar
experiments were performed using LI210 cells resistant to
ditercalinium. The sedimentation rate of nucleoids from
L1210/PyDil cells that had been treated with ditercalinium (up

vr* io-1
DITERCALINIUM CONCENTRATION (Ml

Fig. 2. Nucleoid sedimentation of sensitive and resistant L1210 cells treated
with ditercalinium. (uC]Thymidine-labeled sensitive (L12IO) and resistant
(LI210/PyDil) cells were treated at 37'C for 24 h with various concentrations

of ditercalinium. Drug was removed by centrifugation in iced medium twice and
nucleoid sedimentation assays were performed as described in "Materials and
Methods." The nucleoid sedimentation rate was calculated for each sample by

dividing the sedimentation distance of the treated sample by that of the untreated
control sample centrifugea in the same run. Nucleoid sedimentation rate from
LI2ID-sensitive cells (O): nucleoid sedimentation rate from LI210/PyDil cells
(â€¢).Each point is the mean of 2-4 values: hur\. SE.

to 10 Â¿IM)did not differ from that of nucleoids from untreated
cells. Thus, no chromatin alterations could be detected in
resistant cells, whereas marked nucleoid compaction was ob
served in sensitive cells.

The observations that ditercalinium did not induce the pro
tein-associated DNA breaks that are usually produced in mam
malian cells by intercalators through trapping of DNA topoi-
somerase II-DNA complexes (4, 13, 14) and that ditercalinium
produced a marked nucleoid compaction led us to investigate
the effects of the drug upon DNA topoisomerase II.

Effect of Ditercalinium on the DNA-binding Activity of LI 210
DNA Topoisomerase II. Supercoiled SV40 DNA was used as
substrate because it permits the study not only of DNA binding
activity but also of some of the topoisomerization reactions of
DNA topoisomerase II. The DNA-binding activity of LI210
DNA topoisomerase II was determined by a filter binding assay
which detects topoisomerase II-DNA complexes that are pre-'

sumed to be covalent because of their resistance to 2 M NaCl
and 0.2% Sarkosyl (6, 9, 12). In the absence of drug, DNA
topoisomerase II caused the retention of 20% of 3H-SV40 DNA

on polyvinyl chloride filters (Fig. 3). This ability of the enzyme
to form covalent DNA-protein complexes in the absence of
drug has been reported previously (6, 7, 17, 18). Ditercalinium,
over a wide range of concentrations, did not stimulate this
formation of topoisomerase II-DNA complexes. It did. on the
other hand, inhibit the formation of these complexes at concen
trations above 10~7M (Fig. 3); at 5 x IO'7 M the inhibition was

complete.
We then ascertained whether ditercalinium could inhibit the

covalent complexes that are formed by m-AMSA (6, 7, 12) and
the epipodophyllotoxin derivative, VP-16 (19). In the absence
of ditercalinium, m-AMSA (10 Â¿Â¿M)and VP-16 (100 Â¿IM)in
creased covalent complex formation by 39.1 and 52.2%, re
spectively (Fig. 3). Treatment of 'H-SV40 DNA with ditercal
inium for 5 min prior to and during m-AMSA or VP-16
treatment inhibited covalent complex formation in a concentra
tion-dependent manner (Fig. 3).

These results show that ditercalinium, like some monointer
calators (6, 7, 8, 12), can affect DNA topoisomerase II by
inhibiting the covalent linkage of the enzyme to DNA in the
absence or presence of drugs that stimulate linkage.

Effects of Ditercalinium on DNA Topoisomerase H-induced
DNA Cleavage and Topoisomerization. The covalent linkage of
DNA topoisomerase II to DNA has been shown to be associated
with the cleavage of one or both DNA strands at the protein-
binding site (6-8). Using supercoiled SV40 DNA as a substrate.

DITERCALINIUM CONCENTRATION (Ml

Fig. 3. Inhibition by ditercalinium of covalent binding of DNA topoisomerase
II to SV40 DNA in the absence or presence of m-AMSA and VP-16. Reaction
mixtures contained 130 ng L1210 DNA topoisomerase II, 15 ng 'H-SV40 DNA,
and various concentrations of ditercalinium. DNA topoisomerase II binding to
DNA was studied either in the absence of drug (â€¢)or in the presence of 10 JIM
m-AMSA, or 100 ^M VP-16. Covalent complex formation was determined by
niter binding assays as described in "Materials and Methods."
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one can observe DNA topoisomerase 11-induced DNA cleavage

as the formation of nicked circular DNA molecules (form II
position in agarose gel electrophoresis) in the case of DNA
single-strand breaks and as the formation of linear full-length
DNA molecules (form III) in the case of one DNA double
strand break per DNA molecule (Fig. 4). More than one double
strand break per DNA molecule results in linear DNAs smaller
than the SV40 DNA and therefore faster migrating than the
full linear DNA molecule. Ditercalinium did not appear to
stimulate DNA cleavage by DNA topoisomerase II at any
concentration; in fact, >0.5 ^M inhibited cleavage (Fig. 4, Lanes
4-6). In the presence of 5 Â¿IMm-AMSA (Fig. 4, Lane 7) or 100
fiM VP-16 (Fig. 5, Lane 4) the formation of nicked and linear
forms was observed along with short segments (smearing of
DNA). These reaction products would result from the forma
tion of nicked and cleaved cleavable complexes. Addition of 1
pM ditercalinium to reaction mixtures containing 5 /Â¿Mm-
AMSA (Fig. 4, Lanes 8 and 9) or 100 pM VP-16 (Fig. 5, Lane
8) inhibited the formation of linear DNAs (short segments plus
form III).

III-

I-

1 23456789

+ +
Ditercalinium m-AMSA

Ditercalinium
â€¢â€¢â€¢

+ TOPO II
(ATP 1 mM)

Fig. 4. Effect of ditercalinium on SV40 DNA in the presence of LI210
topoisomerase II. Inhibition of m-AMSA-induced cleavable complexes by diter
calinium. Reactions were carried out with 0.4 ng SV40 DNA and I mM ATP.
Lane 1, DNA alone; Lane 2, DNA reacted with topoisomerase II. Ditercalinium(IO"7M in Lane 3: 5 x 10~7M in Lane 4; 10"*M in Lanes 5 and 8; 10~*M in Lanes
6 and 9) was reacted for 5 min with SV40 DNA. m-AMSA (5 JIM) was then
added to reaction mixtures of Lanes 7, 8, and 9, and L1210 DNA topoisomeraseII (130 ng) to all reaction mixtures except to Lane I. After 30 min at 37'C,

reactions were slopped by the addition of 0.5% SDS and proteinase K (0.5 mg/
ml) (linai concentrations). Electrophoresis was in 1% agarose in Tris-acetate
buffer containing 0.1% SDS (2 V/cm).

1 2345 678

CL

Ditercalinium

VP-16

-I- TOPO II

(ATPImM)
Fig. 5. Inhibitory effect of ditercalinium upon cleavable complexes induced by

L1210 DNA topoisomerase II in the presence of VP-16 (100 n\i). Assays and
electrophoresis were performed as described in Fig. 1. Lane I, partial EcoR}
digest of SV40 DNA; Lane 2: SV40 DNA alone. Ditercalinium (10~8 M in Lane
5; IO"7 M in Lane 6; 5 x 10~7M in Lane 7; 10~*M in Lane 8) was reacted for 5

min with SV40 DNA. VP-16 (100 JJM)was then added to reaction mixtures of
Lanes 4-8.

Two other effects of ditercalinium upon DNA topoisomerase
II can be seen in Fig. 4. First, supercoiled SV40-DNA persisted
at concentrations of ditercalinium greater than 1 UM, showing
that under our experimental conditions ditercalinium prevented
DNA relaxation by topoisomerase II in the presence of 1 mM
ATP. Similar experiments in the presence of LI 2 10 DNA
topoisomerase I gave similar results at identical drug concen
trations (data not shown). The most likely interpretation of this
effect is that at a sufficient amount of intercalation, DNA
supercoiling was abolished, obviating the need for DNA topoi
somerase Il-mediated relaxation (12). After the termination of
the enzymatic reaction and upon drug removal, DNA would
recover its normal supercoiling and would migrate as native
SV40 DNA. The second effect of ditercalinium upon topoisom
erase H-mediated DNA topoisomerization was the appearance
of high molecular weight DNA immediately outside the well.
Such DNA species represent DNA aggregates or catenanes.
The formation of the high-molecular-weight DNA was not
induced by ditercalinium alone (data not shown), was resistant
to SDS and proteinase K (used to stop all reactions), and was
not observed at drug concentrations greater than IO"5 M (Fig.
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4, Lane 6). ATP (1 ITIM)enhanced the formation of high-
molecular-weight DNA in both the absence and the presence
of 5 x 10~7Mditercalinium. These results suggest that ditercal-

inium acts as a DNA-condensing agent, which might facilitate
topoisomerase H-mediated DNA strand passage and thereby
the formation of DNA catenanes at drug concentrations below
5 fiM.

DISCUSSION

Details of the mechanism by which antineoplastic monoin-
tercalating agents kill cells are only beginning to be known.
Intercalators such as anthracyclines, m-AMSA, and 2-methyl-
9-hydroxyellipticinium (4, 5, 13, 14) generate protein-associ
ated DNA strand breaks in mammalian cells and these lesions
occur at cytotoxic drug concentrations (19, 20). On the other
hand, bisintercalators are thought to have another kind of
cytotoxic mechanism because: (a) unlike monointercalators,
they produce delayed cell killing; (b) they can arrest growth in
all phases of the cell cycle; and (c) cells that are resistant to
them are not cross-resistant to monointercalators (3, 22). The
conclusion derived from these biological data is supported by
our failure to detect m-AMSA-like protein-associated DNA
strand breaks in cells treated with ditercalinium and by our
findings of biochemical effects of ditercalinium that appear to
be unique.

Low concentrations (0.05-2.0 x 10~6 M) of ditercalinium

caused compaction of nucleoids prepared from sensitive but not
from resistant L1210/PyDil cells. This difference does not
seem to be related to differential DNA binding because diter
calinium uptake after 24 h of treatment which was the protocol
used, is similar in both sensitive and resistant LI210 cells.3
This result is in contrast with the lack of effect of m-AMSA on
gross nucleoid compactness (4, 5). The ditercalinium-induced
compaction could result from a drug-induced DNA-DNA in
teraction or from a drug-induced DNA-non-histone protein
interaction (15). The first possibility seems unlikely because
under the conditions of nucleoid sedimentation (1.9 M NaCl in
the gradients) the expected DNA binding affinity of ditercali
nium is in the range of 5 x 10~4M"1(25) and the compaction
was observed at drug concentration as low as 10~7M. Therefore

it seems unlikely that enough drug would remain within the
nucleoid DNA to induce positive supercoiling or DNA aggre
gation. Probably the nucleoid compaction was due to DNA-
non-histone protein interactions.

Our results concerning the effects of ditercalinium upon
purified LI210 topoisomerase II are consistent with those
obtained in whole cells. In the presence of purified DNA
topoisomerase II, SV40 DNA, and drug, ditercalinium did not
produce topoisomerase II-mediated DNA strand breaks or
DNA-protein complexes but prevented their formation at con
centrations above 5 x 10~7M (Figs. 4 and 5). This result was

expected, as no protein-associated DNA strand breaks were
generated in intact cells (Table 1). In addition, we observed that
IO"6 M ethidium dimer also blocked cleavable complex forma
tion.1 The prevention of topoisomerase II-DNA covalent com
plex and topoisomerase II-mediated DNA breaks has already
been observed for intercalators such as ethidium bromide, an
thracyclines, bisanthrene, and 2-methyl-9-hydroxyeIlipticinium
(8, 12, 23). However, in the case of ditercalinium and ethidium
dimer, this prevention is observed at much lower concentra
tions. The apparent DNA-binding affinities of ditercalinium
and ethidium dimer are only 20-100 times greater than that of

2-methyl-9-hydroxyellipticinium (2, 24, 25). Thus, the differ
ences between mono- and bisintercalators cannot be explained
by differences in binding affinities alone. Recent evidence sug
gests that low concentrations of some monointercalators pro
mote whereas high concentrations inhibit the formation of
cleavable complexes (12, 23). Using ditercalinium, we appear
to have observed the second, inhibitory effect only. The inhibi
tion of cleavable complex formation does not appear to be
associated with inhibition of the binding of topoisomerase II to
DNA (12) or of the functioning of the enzyme, because topoi
somerase H-dependent high-molecular-weight DNA (aggre
gates or catenanes) was observed at ditercalinium concentra
tions which blocked the formation of cleavable complexes (Fig.
4, Lanes 4 and 5). Of the two, apparently separable, effects of
ditercalinium on the purified enzyme, formation of high molec
ular weight DNA, and blocking of the enzyme-DNA complex
formation, the former is more likely to be cytotoxic. Inhibition
of cleavable complex formation per se is probably not lethal
because it can be produced by ethidium bromide in the presence
or absence of VP-16 under conditions of minimal cytotoxicity
(26).

The high-molecular-weight DNA species produced by topoi
somerase II and ditercalinium seem to be true DNA catenanes
rather than DNA aggregates. Indeed (a) the formation of the
high-molecular-weight DNA is not produced by ditercalinium
alone, excluding any evidence of a drug-induced DNA aggre
gation; (b) the yield of the high-molecular-weight DNA formed
in presence of DNA topoisomerase II is markedly increased by
ATP. This result suggests strongly that DNA topoisomerase II
strand passing activity was occurring when the DNA catenanes
were formed; (c) the maximum amount of high-molecular-
weight DNA was observed in the presence of 10~7M ditercali

nium and its formation was inhibited by io M ditercalinium.
This last observation speaks against the possibility that the
high-molecular-weight DNAs are drug-DNA aggregates be
cause the drug effect should then have been more pronounced
at high ditercalinium concentration; (</) these high-molecular-
weight DNA species were not observed in the presence of
ditercalinium and DNA topoisomerase I (results not shown).
The simplest explanation for the DNA catenation is that the
bisintercalator acts as a DNA-condensing agent. Condensing
agents such as spermidine (27) are known to promote topoisom
erase II-mediated DNA catenation (28). A likely mechanism
would be that the intercalation of each chromophore of diter
calinium into adjacent DNA molecules [formation of ternary
complexes (29)] augments DNA-DNA interactions owing to
elimination by positively charged ditercalinium of repulsion of
negatively charged DNA molecules. Then the passage of a DNA
double strand from one molecule through that of another
(carried out by topoisomerase II) would occur more readily and
would produce the DNA catenanes from this more condensed
DNA. It remains to determine whether the formation of DNA
catenanes produced by ditercalinium is responsible for the
nucleoid compaction and the cytotoxicity observed in ditercal-
inium-treated cells.
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