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SUMMARY

The effect of cyanomorpholinyldoxorubicin, morpholinyldoxorubi-
cin, doxorubicin, and Actinomycin D were studied on purified
mouse leukemia (L1210) DNA topoisomerases | and Il. DNA
unwinding and cross-linking were also studied. It was found that
1) morpholinyldoxorubicin, cyanomorpholinyldoxorubicin, and
Actinomycin D (but not doxorubicin) stimulated DNA topoisom-
erase |-induced cleavage at specific DNA sites; 2) only doxorub-
icin and Actinomycin D stimulated DNA cleavage by DNA topoi-
somerase II; 3) at higher drug concentrations, DNA intercalators
suppressed enzyme-mediated DNA cleavage induced by DNA

topoisomerase |, as well as topoisomerase Il; 4) only cyanomor-
pholinyldoxorubicin produced DNA-DNA cross-links; no DNA
unwinding could be observed; and 5) DNA intercalation (unwind-
ing) potency of morpholinyldoxorubicin was about 2-fold less
than that of doxorubicin. The data indicate that some DNA
intercalators are not only inhibitors of DNA topoisomerase Il but
act also on DNA topoisomerase |. The stabilization of cleavage
intermediates by intercalators may have a common mechanism
for DNA topoisomerase | and DNA topoisomerase |I.

A number of anticancer drugs are believed to exert their
cytotoxic activity by binding to DNA and by inhibiting DNA
topoisomerases (1). DNA topoisomerases are nuclear enzymes
that interconvert topological isomers of DNA by breaking and
resealing phosphodiester bonds (for review see Refs. 2 and 3).
Type I topoisomerase changes the DNA linking number in
steps of one by transient cuts of a single DNA strand and type
II topoisomerase in steps of two by transient cuts of both
strands of duplex DNA (2, 3). In higher eukaryotes, DNA
topoisomerase I is enriched in the nucleolus (4) and its activity
seems tightly associated with RNA polymerase I (5). DNA
topoisomerase I is also enriched in transcribed genes (6, 7) and
has been shown to relax DNA supercoiling and torsional ten-
sion in transcribing DNA domains (8). Therefore, there is good
evidence that DNA topoisomerase I is involved in gene tran-
scription.

The interaction of the anthracycline antibiotic DOX with
DNA has been extensively studied. DOX binds to DNA by
intercalation (9) and its antitumor activity has been associated
with the production of protein-concealed DNA strand breaks
(10) as a result of DNA topoisomerase II poisoning (11). N-
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Alkylated derivatives of DOX have been synthesized in an
attempt to avoid cardiac toxicity and to improve the therapeutic
activity of the drug. Two analogues in this series of derivatives,
MRA-CN and MRA (Fig. 1), have been found to be more
cytotoxic than DOX (12-14). These two derivatives have been
reported to preferentially inhibit ribosomal gene transcription
(15). This inhibition appears to result from drug interaction
with the nucleolar ribosomal DNA template and not from an
interaction with the RNA polymerase I itself. This was also
observed after exposure to the intercalating antitumor drug
ActD (Fig. 1), but not after exposure to DOX (15). Taken
together with the observations concerning topoisomerase I,
these recent data on the morpholinyl anthracyclines suggest a
relationship between the drug effects on ribosomal gene tran-
scription and topoisomerase 1.

In the present study, we have examined the DNA effects of
MRA-CN, MRA, DOX, and ActD in the presence and absence
of purified mouse leukemia L1210 DNA topoisomerases I and
II. We report that 1) MRA, DOX, and ActD bind to DNA by
intercalation, 2) MRA-CN cross-links DNA, 3) MRA, MRA-
CN, and ActD, but not DOX, stimulate topoisomerase I-me-
diated DNA cleavage at specific DNA sites, 4) DOX and ActD,
but neither MRA-CN nor MRA, stimulate DNA cleavage by
DNA topoisomerase II, and 5) high drug concentrations tend
to suppress DNA cleavage, probably as a result of sufficient

ABBREVIATIONS: DOX, doxorubicin; MRA-CN, 3’-deamino-3’-(3-cyano-4-morpholinyl)-doxorubicin; MRA, 3’-deamino-3’-(4-morpholinyl)-doxorub-
icin; ActD, actinomycin D; m-AMSA, 4’-(9-acridinylamino)methanesulfon-m-anisidide.
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Fig. 2. DNA sequence of topoisomerase |-mediated cleavage of SV40
DNA induced by camptothecin, MRA-CN, MRA, and DOX. Reactions
were performed with the 4912-5049 uniquely **P-3’-end labeled Fokl
fragment (137 base pairs). DNA fragments were reacted with topoisom-
erase | in the absence or in the presence of various drugs, as described
in Materials and Methods. The DNA topoisomerase |-mediated cleavage
sites are marked at the right. Topoisomerase | reactions in the presence
of drug are shown as follows: /ane A, 10 uM camptothecin; /anes B-E,
0.1, 1, 3, and 10 um MRA-CN; /anes F-/, 0.1, 1, 3, and 10 um MRA;
lanes J-M, 0.1, 1, 3, and 10 um DOX; and /ane N, topoisomerase | alone.

DNA intercalation. The data suggest that the stabilization of
cleavage intermediates by intercalators may have a common
mechanism for mammalian DNA topoisomerases I and II.

Materials and Methods

DNA, enzymes, and drugs. SV40 DNA (>90% form I), Banl and
Hpall restriction endonucleases, and agarose were purchased from
Bethesda Research Laboratories (Gaithersburg, MD). FoklI restriction
endonuclease and Klenow polymerase were purchased from Biolabs
and Pharmacia, respectively. Polyacrylamide and [a-**P]dGTP were
purchased from Bio-Rad, Inc. (Richmond, CA) and New England
Research Products (Boston, MA), respectively. Autoradiography was
performed with XAR-5 film (Eastman Kodak Company, Rochester,
NY).

Type I and type II DNA topoisomerases were purified from mouse
leukemia (L1210) cells, as described previously (16, 17).

MRA-CN, MRA, DOX, and ActD were obtained through the Devel-
opmental Therapeutics Program, Division of Cancer Treatment, Na-
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Fig. 3. Effect of camptothecin, MRA, and ActD on sequence-specific
cleavages of topoisomerase |. Topoisomerase | cleavage reactions were
carried out as described in Materials and Methods, in the presence or
absence of various drugs. Reactions were performed with the 4912~
5049 uniquely P-3’-end labeled Fokl fragment (137 base pairs). The
genomic positions of cleavage sites are marked at the right. Lane A, the
intact fragment. Topoisomerase | reactions are shown as follows: /ane
B, topoisomerase | alone; in the presence of drug, /lane C, 10 um
camptothecin; /anes D-H, 0.1, 0.2, 0.5, 1, and 2 um MRA,; and /anes /-
M, 1,2,5,10, and 20 um ActD.
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Fig. 4. Genomic localization of topoisomerase |-mediated cleavage of
SV40 DNA produced in the absence and presence of camptothecin
(CPT), ActD, and MRA. Lanes B, C, H, J, and L of the autoradiogram
shown in Fig. 3 were scanned with a Beckman DU-8B densitometer
interfaced with a computer for data collection and analysis.
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Fig. 5. Effects of MRA-CN, MRA, DOX, and ActD on DNA cleavage
induced by camptothecin. Reactions were performed with %P-3’-end
labeled Banl-Hpall fragment of SV40 DNA and the samples were electro-
phoresed on a 1% agarose gel, as described in Materials and Methods.
DNA cleavage at the major camptothecin cleavage site of SV40 DNA
(site 4955) was quantified by autoradiography scanning, using a Beck-
man DU-8B densitometer.
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Fig. 6. Inhibition of DNA topoisomerase | catalytic activity by MRA-CN,
MRA, DOX, and ActD. SV40 DNA was reacted with limited amounts of
topoisomerase | in the absence (O, control for MRA-CN, MRA, and DOX;
©, control for ActD) or presence of the drugs. Drug concentrations were
5 um MRA-CN, 1 um MRA; 1 um DOX, and 2 um ActD. Photographic
negatives of agarose gels were scanned with a Beckman DU-8B densi-
tometer and the fraction of native supercoiled SV40 DNA was calculated.
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Fig. 7. Effects of MRA-CN, MRA, DOX, and ActD
mediated cleavage of SV40 DNA. The long Banl-Hpall SV40 DNA frag-
ment (5191 base pairs) that had been *P-end labeled at the 3’-terminus
of the Banl cutting site (/lane A, control) was reacted with topoisomerase
Il either alone (/ane B) or in the presence of various drugs, as described
in Materials and Methods. The DNA topoisomerase Il-mediated cleavage
sites are marked at the right. Topoisomerase |l reactions in the presence
of drug are shown as follows: lane C, 10 um m-AMSA,; lanes D-F, 0.2,
0.5, and 1 um MRA-CN; /anes G-/, 0.2, 0.5, and 1 um MRA; /anes J and
K, 0.5 and 1 um DOX; lanes L-0O, 0,5, 1, 2, and 5 um ActD.

tional Cancer Institute. Drugs were kept frozen at —20° as stock
solutions in 95% ethanol.

Labeling procedures of SV40 DNA. *P-end labeled SV40 DNA
was prepared as follows: first, the DNA was linearized with Banl
restriction endonuclease at position 295 of the genome and its termini
were labeled with [a-?P]dGTP and Klenow polymerase and then 3?P-
end labeled DNA was cut with Hpall restriction endonuclease at
position 347. Such a procedure generates two *?P-3’-end labeled frag-
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Fig. 8. DNA unwinding produced by MRA-CN, MRA, DOX, and ActD.
Topoisomerase |-relaxed SV40 DNA was reacted with drugs in the
presence of excess enzyme. Reactions were stopped by adding sodium
dodecyl sulfate and proteinase K and were run in 1% agarose TAE buffer
gels. Drug-induced DNA unwinding was determined by computing
changes in DNA linking number produced by topoisomerase | (see
Materials and Methods).
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Fig. 9. DNA interstrand cross-link formation by MRA-CN. *P-5’-end
labeled Hpall SV40 DNA (A) or 2P-5’-end labeled Hindlll pBR322 DNA
fragments (B) were incubated with MRA-CN or MRA at 37° and analyzed
by agarose gel electrophoresis under denaturing conditions, as described
in Materials and Methods. A, An example of dose-dependent DNA
interstrand cross-link formation. Lane A, control; /lanes B-D, 1, 2.5, and
5 um MRA-CN: /ane E, as lane D, without sodium dodecyl sulfate; /anes
F and G, 5 and 10 um MRA, A, Hindlll marker. B, The rate of DNA cross-
link formation. Lane A, control; /anes B-D, reactions with 5 um MRA-CN
for 5, 10, and 30 min; /ane E, as /ane D, with sodium dodecyl! sulfate;
lanes F and G, reactions for 30 min with 0.5 um and 5 um MRA,
respectively; A, Hindlll marker.

ments, one of 5191 base pairs and the other of 52 base pairs. Therefore,
any DNA fragment longer than 53 base pairs could be localized un-
equivocally in the SV40 genome, because only one strand remains 3?P-
labeled (18).

In order to prepare the smaller DNA fragment (137 base pairs)
containing the major topoisomerase I cleavage site (18), SV40 DNA
was cut with FokI restriction endonuclease and 3’-end labeled with [«-
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2P]dGTP, and the fragment between positions 4912 and 5049 of the
genome was isolated by electroelution after electrophoresis on either a
6% or a 8% polyacrylamide gel. This fragment will be referred as FokI
DNA. Because only one of the DNA termini (nucleotide 5049) of the
4912-5049 fragment was labeled, the 4912-5049 fragment could be used
directly for DNA sequencing.

Topoisomerase cleavage reactions. Reactions were performed in
30 ul of reaction buffer (0.01 M Tris-HCI, pH 7.5, 5 mm MgCl,, 0.1
mM Na,EDTA, 15 ug/ml bovine serum albumin), with approximately
5 ng of *?P-3’-end labeled Banl-Hpall fragment or Fokl fragment and
the indicated amounts of L.1210 DNA topoisomerase I. DNA topoisom-
erase II reactions were performed in 30 ul of reaction buffer supple-
mented with 1 mM ATP, and **P-3’-end labeled Banl-Hpall fragments
were reacted with excess topoisomerase II. The DNA fragments were
reacted with the indicated drug concentrations at 37° for 5 min in
reaction buffer in order to obtain binding equilibrium before addition
of DNA topoisomerase I or II and further incubation at 37° for 30 min.
Reactions were stopped by addition of sodium dodecyl sulfate and
proteinase K (Merck, Darmstadt, FRG) (1% and 0.5 mg/ml final
concentrations, respectively) and incubation for an additional 30 min
at 37°. Samples for agarose gel electrophoresis were run into 1% gels
in 1X TBE buffer (2.8 V/cm for 15 hr) after an appropriate volume of
10X loading buffer (0.3% bromophenol blue, 16% Ficoll, 0.01 M
Na,HPO,) was added to each sample. Fokl DNA fragments were
purified by phenol-chloroform extractions, ethanol precipitated, resus-
pended in Maxam Gilbert loading buffer (80% formamide, 0.1 M NaOH,
1 mM Na,EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue),
counted, and heated at 80-90° for 1-2 min before loading of equal
counts onto a 6% wedge-shaped polyacrylamide sequencing gel, as
described previously (18). At the end of electrophoresis, gels were
transferred to 3MM paper sheets, dried, and autoradiographed with
Kodak XAR-5 film. Autoradiographs were scanned with a Beckman
DU-8B densitometer connected to a computer in order to store and
analyze the data and to determine the DNA cleavage patterns and the
genomic localization of topoisomerase-mediated DNA breaks (19).

DNA relaxation by topoisomerase I. Topoisomerase reactions
were performed with 0.4 ug of native SV40 DNA in 30 ul of reaction
buffer and stopped as described above. Samples were then subjected to
agarose gel electrophoresis in 1% gels made in Tris-acetate-EDTA
buffer (0.04 M Tris-acetate, pH 7.6, 0.01 M Na,EDTA) containing 0.1%
sodium dodecyl sulfate in order to remove drug-bound DNA that would
otherwise retard DNA migration (20). Gels were run at 1 V/cm over-
night, washed extensively in H,O in order to remove sodium dodecyl
sulfate, and then stained with 1 uM ethidium bromide for 45 min. After
an additional 45-min destaining in 1 mM Mg,SO,, the DNA was
visualized under UV light and photographed within the linear range of
Polaroid type 55 film. Each lane of the film negative was scanned with
a Beckman DU-8B densitometer interfaced with a computer in order
to subtract baselines, plot the data, calculate area under selected regions
of curves, and determine automatically the center of the topoisomer
distribution of each densitometer tracing (21). This determination was
performed according to the algorithm of Kolb and Buc (22). Briefly, it
was assumed that each topoisomer distribution followed a Gaussian
distribution (23, 24). For a given topoisomer distribution, the most
intense band (A) was selected; its number of superhelical turns [‘change
in linking number’ (Fig. 8)] (N,4) was calculated by the band-counting
method, and its intensity (I,) was determined as its maximum height.
The same was done for the bands immediately below (B), and above
(C). The superhelical density of B and C are (N, + 1) and (N, — 1),
respectively. The superhelical density corresponding to the center of
the Gaussian distribution of topoisomers was then:

i+ Ny
where i was calculated as follows:
i = (log Is — log Ic)/[2(2log I, — log I — log I¢)]

DNA interstrand cross-linking. DNA interstrand cross-link re-
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TABLE 1

Topoisomerase | cleavage sites induced by Act D in the 4912-5049 Fokl fragment of SV40 DNA.

4946 4955
| |

4965 4975
| |

GTTGCATCCCAGAAGCCTCCAAAGT CAGGTTGAT GAGCATATTT TACTCCATCT TCCATTTTCT

4992 5007
| |

5022 5023
] 1l

5032 5033

TGTACAG AGTATTCATTTTCTT CATTTTTTCTTCATC T CCTCCTTTA T CAGGATGAAACTCCTTGCAT

TABLE 2

Effects of the morpholinyl anthracyclines MRA-CN and MRA, DOX,
and Act D on mammalian topoisomerase | and li; relationship to
DNA intercalation and DNA interstrand cross-linking

DNA cleavage
DNA
Topoiso- Topoiso- _ DNA interstrand
merase merase intercalation cross-inking
| I

MRA-CN ) - - +
MRA + - + -
DOX - ++ ++ -
ActD + + ++ -

actions were performed with 3?P-5’-end labeled Hpall-KpNI fragments
of SV40 DNA and HindlII-EcoRI fragments of pPBR322 DNA in 30 ul
of reaction buffer at 37° and were stopped by addition of 3 ul of alkaline
loading buffer (0.5 M NaOH, 10 mM Na;EDTA, 25% Ficoll, 0.25%
bromocresol green). Samples were then subjected to alkaline agarose
gel electrophoresis in 1% gels made in 1 mM Na,EDTA, 30 mM NaOH
solution. Gels were run at 1 V/cm overnight. At the end of electropho-
resis, gels were transferred to 3MM paper sheets, dried, and autoradi-
ographed with Kodak XAR-5 film.

Results

DNA cleavage induced by DNA topoisomerase I in the
presence of MRA-CN, MRA, DOX and ActD; comparison
with camptothecin. The Fokl DNA fragment selected to
study the effects of the morpholinyl derivatives (MRA-CN and
MRA), DOX, and ActD was chosen because it contains the
major DNA topoisomerase I cleavage site induced by campto-
thecin in the whole SV40 genome (18).

The effects of the three anthracyclines upon topoisomerase
I-mediated DNA cleavage was first studied over a wide concen-
tration range (Fig. 2). In the absence of drug, DNA topoisom-
erase I produced two major cleavage sites at positions 4955 and
4997 (Fig. 2, lane N). Camptothecin selectively enhanced DNA
cleavage at positions 4955, 4965, and 4986, whereas it sup-
pressed cleavage at position 4997 (Fig. 2, lane A). This result
is in agreement with previous studies (18). None of the anthra-
cyclines induced new topoisomerase I cleavage sites but rather
changed their global distribution in a dose-dependent fashion.
MRA stimulated cleavage at positions 4955, 4975, and 5007
(Fig. 2, lanes G and H). Only the first of these three sites was
commonly enhanced by camptothecin and MRA, whereas the
last two were enhanced only by MRA. The optimum MRA
concentration for cleavage was about 1-2 uM (Fig. 2, lanes G
and H). Under these conditions, cleavage at position 4997 was
consistently suppressed. Global suppression of topoisomerase
I-mediated DNA cleavage was produced by higher MRA con-
centrations (Fig. 2, lane I). MRA-CN and DOX differed from
MRA in that 1) topoisomerase I-mediated DNA cleavage was
only weakly increased and 2) suppression of cleavage required

lower concentrations of DOX than MRA and was only modest
with MRA-CN (Fig. 2). These results indicate that MRA in-
duced topoisomerase I-mediated DNA cleavage and suggest
that, as in the case of DNA topoisomerase II (19, 20, 25), strong
DNA intercalators suppress topoisomerase I-mediated DNA
cleavage.

Induction of topoisomerase I-mediated DNA cleavage by
MRA was analyzed further by using lower drug concentrations,
and less enzyme in order to reduce background DNA cleavage,
and running longer gels in order to extend the DNA sequencing
range (Figs. 3 and 4). The effects of ActD were also studied. As
observed in Fig. 2, MRA stimulated topoisomerase I cleavage
at sites 4955, 4975, and 5007 (Fig. 3, lanes D-H; Fig. 4). ActD
also induced DNA cleavage in the presence of DNA topoisom-
erase I (Fig. 3, lanes I-M; Fig. 4). However, MRA and ActD
differed in that 1) their patterns of DNA cleavage were different
and also differed from that of camptothecin (Figs. 3 and 4) and
2) no suppression of DNA cleavage was observed at high ActD
concentrations (Fig. 3, lanes L and M).

Effects of MRA-CN, MRA, DOX, and ActD on DNA
cleavage induced by camptothecin. The effects of the an-
thracycline derivatives and ActD upon camptothecin-induced
DNA cleavage were studied by incubation of 3’-end labeled
SV40 DNA with drugs for 5 min and then addition of campto-
thecin and DNA topoisomerase I to the reaction mixtures.
DNA cleavage at the major camptothecin cleavage site of SV40
DNA (site 4955) was quantified by autoradiography scanning.
All four drugs inhibited the production of cleavage by campto-
thecin at concentrations above 1-3 uM (Fig. 5). In addition,
DNA cleavage was overall increased at low MRA concentra-
tions. These concentrations were of the same order of magni-
tude as those required to produce maximal stimulation of
topoisomerase I-mediated breaks in the absence of camptothe-
cin (see Figs. 2 and 3).

Inhibition of DNA topoisomerase I catalytic activity
by MRA-CN, MRA, DOX, and ActD. DNA topoisomerase
I catalytic activity was assayed by monitoring the relaxation
kinetics of native supercoiled SV40 DNA in the presence of
limited amounts of enzyme (21, 26) (Fig. 6). In the absence of
drug (control), DNA relaxation was first order, with a half-
time of approximately 1.5 min (Fig. 6). At the early time points,
the DNA was either fully relaxed or supercoiled, confirming
the processive nature of the reaction (21). In the presence of
MRA and ActD, enzyme catalytic activity remained first order
but was partially inhibited (half-time of relaxation for MRA
and ActD, 6.3 and 3 min, respectively). Inhibition of topoisom-
erase I catalytic activity was also produced by DOX and MRA-
CN (half-lifes, 6.3 and 10 min, respectively), although neither
drug induced marked DNA cleavage (Fig. 2). This observation
is in agreement with results obtained with acridine derivatives
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(21) and suggests that a high level of drug binding to DNA is
responsible for inhibition of topoisomerase I catalytic activity.

DNA cleavage induced by DNA topoisomerase II in
the presence of MRA-CN, MRA, and ActD. DOX and
ActD have been shown previously to poison mammalian DNA
topoisomerase II by trapping the cleavage intermediates of
enzyme reactions (11). We found similar results (Fig. 7, lanes
J-0). However, the induction of DNA cleavage by ActD was
rather modest when compared with the effects of m-AMSA
(Fig. 7, lane C) or DOX (Fig. 7, lanes J and K). At 1 uM ActD
(Fig. 7, lane M), cleavage was stimulated at sites 4132, 4545,
and 4852, whereas at higher drug concentrations cleavage was
globally redistributed as a result of suppression of preexisting
cleavage sites and selective induction of others. Five micromo-
lar ActD suppressed cleavage at sites 3522, 3892, 3970, 4545,
and 4852 and enhanced cleavage at sites 4132 and 4598. It is
interesting to note that site 4132 is located in the nuclear
matrix attachment region of SV40 DNA (27). Neither MRA-
CN nor MRA (Fig. 6, lanes D-I) stimulated topoisomerase II-
mediated DNA cleavage; both compounds were studied in a
concentration range of 0.05-2 uM (not shown). Rather, MRA
suppressed topoisomerase II-mediated DNA cleavage globally,
even at concentrations as low as 0.2 uM (Fig. 7, lane G). In the
presence of MRA-CN, only a weak suppression of DNA cleav-
age could be observed at 1 uM (Fig. 7, lane F). Suppression of
topoisomerase II-mediated DNA cleavage has been found with
most DNA intercalators at sufficient drug concentrations and
has been attributed to high drug intercalation (19, 20, 25).

Measurement of drug intercalation into DNA. Drug
intercalation was measured by using a DNA topoisomerase I
unwinding assay (21) (Fig. 8). These experiments were done in
the presence of excess DNA topoisomerase I, at which no
detectable inhibition of the catalytic activity would influence
the relaxation assay. MRA, DOX, and ActD produced drug
concentration-dependent DNA topoisomer shifts indicative of
changes in DNA linking number as a result of topoisomerase I
action on drug-unwound DNA. MRA-CN, however, produced
no detectable DNA unwinding in this assay but rather retarded
the migration of relaxed DNA at high concentrations (5 uM)
(not shown). Furthermore, MRA-CN did not produce DNA
nicking even at 100 uM drug concentration, as evaluated from
sequencing gel experiments (data not shown).

Using the topoisomerase I unwinding assay, we determined
experimentally the topoisomerase I-mediated DNA linking
number change (see Materials and Methods). For MRA and
DOX, change of DNA linking number was approximately pro-
portional to the drug concentration, and the DNA unwinding
potency of DOX was approximately 2-fold that of its analog
MRA. Although ActD also exhibited a clear unwinding of
supercoiled SV40 DNA, a nonlinear relationship was consist-
ently observed, indicative of a possible high affinity cooperative
binding mode (28, 29). Thus, ActD only showed minor unwind-
ing activity at lower concentrations, whereas it strongly un-
wound DNA at higher concentrations.

DNA interstrand cross-link formation by MRA-CN.
Alkaline elution studies of MRA-CN-treated cells have sug-
gested that the drug could form DNA-DNA cross-links (14).
This possibility was tested directly (Fig. 9). 5'-End labeled
DNA fragments were incubated with MRA-CN or MRA and
analyzed by agarose gel electrophoresis under denaturing con-
ditions. Fig. 9A shows the example of dose-dependent DNA
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interstrand cross-link formation by MRA-CN but not by MRA.
The observed alteration in DNA migration probably measured
DNA-DNA interstrand cross-link formation rather than re-
versible drug effects on DNA structure, because similar retar-
dation of DNA fragments in the gel electrophoresis were ob-
served when the samples were incubated with sodium dodecyl
sulfate before electrophoresis (compare Fig. 9, lanes D and E)
and because similar results have been reported independently
(30). The formation of DNA interstrand cross-links was rapid
and maximal within 30 min of drug incubation (Fig. 9B).

Discussion

The present study is the first demonstration that the DNA
intercalator MRA inhibits mammalian DNA topoisomerase I
by inducing enzyme-mediated DNA strand breaks. Thus, it is
possible that the DNA single-strand breaks induced by MRA
in cells (14, 31) could be due to topoisomerase I inhibition.
Hence, the mechanism(s) of the antitumor activity of MRA is
probably different from that of its parent compound, DOX,
which acts selectively on DNA topoisomerase II (11, 32, 33).
MRA appears as the second DNA intercalator after ActD (34),
for which induction of topoisomerase I-mediated DNA breaks
can be demonstrated. However, unlike ActD (Fig. 7 and Ref.
11), MRA did not induce topoisomerase II-mediated DNA
breaks.

The inhibitory effect of MRA and ActD on topoisomerase I
may be important for the preferential inhibition of ribosomal
gene transcription reported for these agents (15). The following
arguments support this possibility: 1) topoisomerase I is en-
riched in nucleoli (4), 2) topoisomerase I cleavage sites map to
linker regions of ribosomal RNA genes (7) and to the DNase I
hypersensitive sites flanking these genes (35), 3) topoisomerase
I and RNA polymerase I have been found to be tightly com-
plexed both in vitro and in vivo (5), 4) the topoisomerase I
poison camptothecin induces a rapid cessation of the synthesis
of the 45 S rRNA precursor (36), and 5) DOX, which does not
induce topoisomerase I-mediated DNA breaks, has no selective
inhibitory effect on rRNA transcription. Thus, our present
findings suggest a possible relationship between the potent
inhibitory effect of MRA and ActD on rRNA transcription and
topoisomerase I poisoning by these drugs.

ActD has been shown to exhibit a binding preference for the
3’ side of guanine residues and, more selectively, to the 5'-GC
dinucleotide (28). Nevertheless, ActD enhanced topoisomerase
I-mediated DNA breaks at some distance from GC sequences
(Fig. 3; Table 1). It is possible that binding of ActD to GC
sequences could result in propagated DNA structural altera-
tions (37), which would stabilize topoisomerase I-DNA com-
plexes nearby. A comparable effect on the modulation of topo-
isomerase II cleavage sites by distamycin has recently been
reported and interpreted as resulting from a propagated DNA
distortion (38). The enhancement of nearby topoisomerase I-
mediated DNA cleavage when ActD is present may also be
explained by a nonclassical binding of ActD (29) to sequences
other than GC. Using the topoisomerase I unwinding assay,
ActD exhibited a nonlinear pattern of DNA unwinding (Fig.
8), suggesting cooperative binding. This result is in agreement
with several studies demonstrating positive cooperativity for
the binding of ActD to DNA (28, 29), without the requirement
of GC sequences (29).

DNA intercalation is clearly not sufficient for poisoning of
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topoisomerase I and II complexes. Although both MRA and
DOX appeared to unwind DNA similarly, only MRA, and not
DOX, stimulated topoisomerase I-mediated cleavage. Whether
the presence of a bulky morpholinyl substituent on the dau-
nosamine sugar of DOX could interfere with topoisomerase I
remains to be determined. The analysis is further complicated
by the finding that substitution with an a-cyano group on the
morpholinyl moiety in MRA-CN resulted in a decreased ability
of this derivative to intercalate into DNA and to poison topoi-
somerase I. In fact, the DNA interactions of MRA-CN appear
very different from those of MRA and DOX (Table 2). The
presence of a cyano substituent on the morpholinyl moiety of
MRA induces the formation of DNA-DNA cross-links in puri-
fied DNA (Fig. 9 and Ref. 30). Nevertheless, a consistent
finding for all intercalators studied so far is the suppressed
topoisomerase I-mediated DNA cleavage at sufficiently high
drug concentrations. This was seen for DOX, MRA, and ActD
in the present study and had been reported previously for
acridine derivatives (21). Probably, at high drug concentrations,
DNA intercalation suppresses topoisomerase I-mediated DNA
cleavage by modifying the DNA substrate. Clearly, it appears
that DNA-intercalating agents can inhibit topoisomerase I
activity by two different mechanisms, 1) poisoning the enzyme
by trapping it on the DNA as a cleavable complex and 2)
inhibiting the enzyme from ever binding to DNA when drug
concentrations are high enough. These effects would be con-
sistent with those of DNA intercalators upon topoisomerase II.

In summary, our studies show that some antitumor interca-
lators are not only inhibitors of DNA topoisomerase II but act
also on topoisomerase 1. This may suggest that stabilization of
cleavage intermediates by some intercalators may have a com-
mon mechanism for DNA topoisomerase I and DNA topoisom-
erase II, which may strongly depend on their structure and
interaction specificity with the DNA.
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