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Oxidative Destruction of DNA by the Adriamycin-Iron Complex*

Helen Eliot, Luca Gianni,* and Charles Myers*

ABSTRACT: The 2:1 adriamycin—-Fe(III) complex is able to
bind to DNA and to catalyze its oxidative destruction. The
binding of the drug-metal complex to DNA is indicated by
characterstic spectral changes which are different from those
seen with adriamycin intercalation and by the propensity of
the drug-metal complex to precipitate DNA. Furthermore,
intercalated adriamycin appears not to be available for iron
binding. The resulting ternary complex is quite stable: it is
not disrupted by incubation in the presence of EDTA and can
be isolated by using Sephadex G-50 column chromatography.
Disruption of the ternary complex requires vigorous conditions
(extraction with phenol at 60 °C). The adriamycin—iron

In an earlier paper, we reported that adriamycin formed a
complex with Fe(III) and that the resulting metal ion complex
bound to erythrocyte ghost membranes and, once bound, was
able to catalyze the oxidative destruction of the erythrocyte
ghost membrane (Myers et al., 1982). This oxidative de-
struction was unusual in that it resulted from thiol-dependent
reduction of oxygen to superoxide and hydrogen peroxide by
the membrane-bound drug-metal complex. In the present
paper, we have extended these observations to the interaction
between the adriamycin—Fe(I1I) chelate and DNA. This work
was triggered by several observations. First, there is much
literature on the binding of the adriamycin—Cu(II) complex
to DNA (Fisherman & Schwartz, 1974; Mikelens & Levinson,
1978; Phillips & Carlyle, 1981; Spinelli & Dabrowiak, 1982;
Fritzsche et al., 1982). Second, one of the most common
histochemical techniques for staining DNA involves the use
of the mordant dye technique in which Fe(III) or AI(III) acts
as a bridge to link the dye to DNA (Lillie & Fallmer, 1976).
Many of the dyes used in this technique are hydroxyquinone
dyes (Figure 1) with structural similarities to adriamycin.
Thus, iron-mediated binding seems feasible in that it appears
to be a general property of hydroxyquinones of diverse
structure. Third, Someya et al. (Someya & Tanaka, 1979)
have recently reported that addition of adriamycin, a reducing
agent, and Fe(III) or Cu(II) to DNA results in DNA cleavage.
The results suggest that adriamycin—Fe(IIT) chelates might
first bind to DNA and then cleave it via a chemistry similar
to that observed in our study of erythrocyte ghost destruction.
This paper investigates that hypothesis.

Materials and Methods

Adriamycin hydrochloride was provided by the Drug Syn-
thesis and Chemistry Branch of the National Cancer Institute.
3H SV-40 DNA, component I (strain 776), and the molecular
weight standards $X174 FR DNA Haelll fragments and the
phage A DNA HindIIl fragments were all purchased from
Bethesda Research Laboratories, Inc., Gaithersburg, MD, and
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complex in free solution has the capacity to catalyze the re-
duction of oxygen by thiols. The DNA-bound drug-metal
complex preserves this capacity over a wide range of com-
plex/DNA ratios. As a consequence of this thiol-dependent
oxygen reduction, DNA is cleaved. This thiol-dependent DNA
cleavage has been shown to require hydrogen peroxide as an
intermediate product. These results have led us to propose
that the thiol-dependent DNA cleavage reaction has two stages
involving (1) reduction of oxygen leading to hydrogen peroxide
and then (2) peroxide-dependent DNA cleavage. An unusual
property of this reaction is that the cleavage is not random
but gives rise to a defined 2300 base pair fragment.

kept frozen at 20 °C until used. Ultra-Pure sucrose and
agarose gel, electrophoresis grade, both negative for DNase
and RNase activity, also were obtained from Bethesda Re-
search Laboratories, Inc. Bovine superoxide dismutase, bovine
liver catalase crystallized twice and containing 30 000-40 000
units/mg of protein, dimethyl sulfoxide, and L-histidine were
all purchased from Sigma Chemical Co., St. Louis, MO. All
other chemicals were reagent grade or better. Glass distilled
water was used throughout the experiments.

Absorbance spectra were measured on the Hewlett-Packard
8540A diode array spectrophotometer which can be pro-
grammed to average the results of 25 scans.

The 2:1 adriamycin~Fe(IIT) complex was formed from the
acetohydroxamic acid complex as previously described and
used as such in all of the studies to be presented. Oxygen
consumption studies were done as previously described (Myers
et al., 1982).

Purification of the DNA. Two reagent solutions were re-
quired. SEVAG was composed of 1 volume of chloroform and
1/.4 volume of isoamyl alcohol. PC9 was composed of 0.5
volume of crystallized phenol, saturated with 50 mM Tris,!
pH 9, and 0.5 volume of SEVAG. Escherichia coli DNA
(65.6 mg) was dissolved in 10 mL of double-distilled water
and brought to 0.2 M NaCl. This was divided evenly into two
stoppered tubes and 1 volume of PC9 added to each, vortexed
thoroughly, and spun at 10000 rpm for 10 min at 4 °Cin a
Sorvall RC-5 centrifuge. The aqueous phase was saved and
the extraction with PC9 repeated. One volume of SEVAG
was added to the supernatants. After mixing, these were spun
for 30 min at 10000 rpm and 4 °C. The DNA was precip-
itated with 2 volumes of cold absolute ethanol, collected on
a spool, and dried in a vacuum centrifuge (Savant SVC 100H
speed vac concentrator, Savant Instrument, Inc., Hicksville,
NY). It was then redissolved in 30 mL of double-distilled
water.

Reaction of Complex with DNA. In these reactions, su-
percoiled SV40 DNA was used as a target for the adriamy-
cin—iron complex. It is important to note that the drug-metal

! Abbreviations: Tris, tris(hydroxymethyl)aminomethane; GSH, re-
duced glutathione; EDTA, ethylenediaminetetraacetic acid; Me,SO,
dimethyl sulfoxide.

This article not subject to U.S. Copyright. Published 1984 by the American Chemical Society



OXIDATIVE DESTRUCTION OF DNA

0 OH 0
CH20H
OH
OH

OCH; O OH

Adriamycine aglycone
mordant nuclear stains

o] OH o] OH
ssegleseq
SOzNa

Alizarin Anthracyanine S

[¢] OH

o OH
SO3Na HO

OH HOOC

NHy 0 OH o

Nuclear Fast Red Carminic Acid

CH0H

FIGURE 1: Structural similarities between adriamycin and several
mordant nuclear strains.

complex engages in photochemistry which leads to dramatic
DNA cleavage and, therefore, all reagents must be kept in the
dark. Details of this photochemistry will be reported elsewhere.
For gradients, the standard reaction mixture contained 0.5
nmol of DNA and 2.5 nmol of ferric iron complexed by 5 nmol
of adriamycin in a total volume of 50 uL. This mixture was
incubated in the dark at room temperature for 2 h and then
40 uL of this placed on a 4.4-mL, 5-20% alkaline sucrose
density gradient, containing 0.3 M NaOH and 0.9 M NaCl.
The gradients were formed on a Beckman density gradient
formed in cellulose nitrate tubes. Thirty 0.15-mL fractions
were taken from the bottom of each tube. In most of our
preparations there existed some form II, or relaxed double-
standed circular DNA, due to a small proportion of single-
stranded breaks. We were interested in any increase in the
number of single-stranded or double-stranded breaks, giving
either open linear pieces of DNA or relaxed circles. After a
few preliminary centrifugations, in a Beckman 60 Ti swing-
ing-bucket rotor, at various combinations of rpm and length
of spin, we settled on the shortest spin time that would give
us a good separation of fragmented from intact DNA with no
overlapping of the curves. Excellent separation was obtained
at 190000g for 135 to 150 min, with the supercoiled DNA
rather uniformly peaking at fractions 5-7 and the fragmented
DNA at 19-21. In each peak, dpm values above background
were totaled, and the sum of the fragment dpm was divided
by the dpm in the fractions containing intact DNA. The
results were expressed as the fragmentation ratio. Controls
of untreated DNA were always included for comparison.
For the agarose gels, the standard reaction mixture con-
tained 24 nmol of DNA, 24 nmol of H,0, or 60 nmol of GSH,
and 12 nmol of ferric iron complexed by 24 nmol of adria-
mycin. The final volume was 240 uL, a sufficient volume for
phenol extraction (see below). The agarose gels were run on
an LKB 2001 vertical slab gel electrophoresis apparatus using
a 2500-V power supply. The gels were 1% agarose, 3 mm
thick, and were run in 40 mM Tris (pH 7.8) containing S mM
sodium acetate and 1 mM EDTA. Gels were run at constant
voltage: 80 V for 2!/,-3 h. A longer running time of 4 h was
used for the DNA sizing experiments. Eight to ten micro-
grams per milliliter of ethidium bromide in the above Tris
buffer was used for overnight staining of the gels. Pictures
were taken with a Polaroid Land camera under UV light.
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FIGURE 2: Structural similarities of the metal chelation site of
adriamycin and acetohydroxamic acid. The anthracycline is on the
left and acetohydroxamic acid on the right.

Phenol Extraction. A number of techniques were tried in
order to obtain efficient extraction of the adriamycin—iron
complex from DNA. Dialysis was ineffective, and extraction
with 2-propanol was not adequate. Cold phenol removed the
complex from the DNA; however, the recovery of adriamycin
with each extraction was quite low, and complete removal of
the drug required multiple extractions. On the other hand,
we have found phenol extraction at 60 °C very effective, with
two extractions giving greater than 97% recovery of the
drug-metal complex from DNA. Furthermore, as long as the
samples were kept in the dark and did not contain hydrogen
peroxide, hot phenol extraction did not result in any DNA
fragmentation. The final technique used is summarized below.

Two hundred microliters of 60 °C water-saturated phenol
was added to 200 uL of the above test mixture in Eppendorf
microtubes with snap tops. This was gently shaken at 60 °C
for 1 min, inverting several times. After spinning at 2000 rpm
for 4 min, the supernatant containing the DNA was removed
to another tube and a second 200 uL of 60 °C phenol added
and again extracted at 60 °C for 1 min. After spinning for
an additional 4 min, the supernatant was removed and placed
in another tube, ready for gel application. Sixteen microliters
of each extracted DNA (approximately 0.53 pg) was mixed
with 16 uL of a 25% Ficoll-0.1% bromphenol blue solution
and 4 uL of water. This was vortexed and placed directly in
a well in the agarose gel.

Results

In attempting to study the interaction of the adriamycin—
Fe(I1I) complex with DNA, we faced a number of technical
difficulties. On the surface it would seem logical to compare
the effects of the adriamycin—Fe(III) complex with adriamycin
on one hand and Fe(III) on the other. However, at neutral
pH, Fe(1II) rapidly polymerizes and becomes unavailable for
adriamycin chelation (Spiro et al., 1966). In practice, Fe(III)
must be chelated in order to be kept stable and to get repro-
ducible results in studies of the kind we will be presenting. In
a previous report, we showed that the acetohydroxamic—iron
complex (Figure 2) was an effective iron donor to adriamycin
and allowed reproducible formation of a stable drug-metal
complex (Myers et al., 1982). Presumably this iron donation
works due to the high-affinity constants of adriamycin for
Fe(ITT) of 10'%, 10!, and 10** as compared to 10!+, 10548,
and 1073 for acetohydroxamic acid (May et al., 1980; Brown
et al., 1978). A comparison of the structure of the two ligands
reveals interesting similarities and differences. As with
adriamycin, the Fe(III) is chelated by a bidentate ligand in
which the binding occurs between two oxygens with a 2.53-
2.56-A spacing (Wani et al., 1975; Pettit et al., 1975; Neidle
& Taylor, 1977; Courseille et al., 1979; Helm et al., 1980).
The two chelates differ, however, in that acetohydroxamic acid
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FIGURE 3: Panel A represents the titration of a 25 uM concentration of the adriamycin~Fe(III) complex {25 uM Fe(III) and 50 uM adriamycin],
with a range of E. coli DNA concentrations: (0) no DNA; (1) 25 uM; (2) 125 uM; (3) 175 uM; (4) 250 uM; (5) 500 uM. All solutions
were made in double-distilled water and brought to pH 7.0. Panel B represents the titration of a 50 uM solution of adriamycin with a range
of E. coli DNA concentrations: (1) (—--) no DNA; (2) (---) 25 uM; (3) (=-) 50 uM; (4) (—) 125 uM; (5) (—=--=) 175 uM; (6) (-) 250
uM; (7) (——) 500 uM. Both adriamycin and DNA were diluted in acetate-barbital buffer, pH 7.0, containing 50 uM EDTA. Panels C
and D represent the isolation of the ternary DN A-adriamycin—Fe(III) complex. Comparison of the spectrum of the isolated DNA-adriamycin
complex (panel C) compared with that of the ternary DNA~adriamycin-Fe(III) complex (panel D). The reaction mixture for the DNA-adriamycin
complex preparation was 100 uM adriamycin and 500 uM E. coli DNA, and that for the ternary DNA complex preparation was 200 uM
adriamycin, 100 uM ¥Fe(III), and 1.0 mM E. coli DNA. The reaction was carried out in double-distilled water brought to pH 7.0 with NaOH.
These were incubated !/, h at room temperature. Two mililiters (76 278 cpm) was placed on a 2.6 X 34 cm Sephadex G-50 column at 4 °C
and shielded from light. All solutions were made, and the elution was carried in double-distilled water, pH 7.0. Fractions of 3.2 mL were
collected and radioactivity and absorbance at both 260 and 505 nm recorded. In panel C, the first arrow marks the void volume and the second
arrow, the point of peak absorption at 505 nm. Fractions containing maximum radioactivity and absorbance at 505 nm, which coincided with
maximum OD 260 readings, were pooled and lyophilized. The lyophilized complexes were then reconstituted in 1 mL of DDW and the spectra
measured [panel D: adriamycin-DNA (—); adriamycin-Fe-DNA (---)].

does not possess the planar chromophore and amino sugar DNA concentrations. - The results of such a titration differ
which endow adriamycin with such a rich biochemistry. In markedly from those obtained with adriamycin (Figure 3A,B).
addition, acetohydroxamic acid is devoid of the structural The most distinctive aspect of the titration of the drug-metal
features required for DNA intercalation. For these reasons, complex by DNA is that the charge-transfer band extending
we have used the acetohydroxamic acid-Fe(III) chelate for out to 600 nm characteristic of the complex undergoes a series
two purposes: (1) as an iron donor for adriamycin and (2) of changes depending upon the DNA base pair/metal complex
as a nonintercalating iron chelate to help us determine what ratio (Figure 3A). At low metal complex/DNA base pair
aspect of the adriamycin—iron complex behavior was the ratios, the charge-transfer band increases in intensity and
general property of Fe(III) chelates rather than a specific extends to longer wavelengths. At higher metal complex/
property of adriamycin. DNA base pair ratios, this process reverses itself, and the

Binding of the Adriamycin—-Fe(III) Complex to DNA. The charge-transfer band declines in intensity and extent as DNA
ability of adriamycin to bind to DNA via intercalation is both concentrations increase. This decline in absorption at 600 nm
well-known and extensively studied. When preformed adria- correlated with the development of a fine purple precipitate.
mycin-Fe(III) complex was added to DNA in concentrations Initially, however, no such aggregation was noted at the metal
of drug and DNA previously used in the study of adriamycin complex/DNA ratio of 1/1, and neutral sucrose density
intercalation (0.1 mM DNA and 0.1 mM adriamycin), a deep gradients done after 1 h showed no aggregation. For this
purple precipitate formed (Spinelli & Dabrowiak, 1982; reason, the stability of this solution was followed for 12 h. Over
Fritzsche et al., 1982). While this behavior indicated asso- the first 8 h, the absorption at 590 nm gradually declined from
ciation of the drug-metal complex with DNA, it made detailed 0.27 to 0.20, after which no further change was noted. A
study of this phenomenon difficult. We next performed a question remained over the state of the drug—metal complex

titration of 25 uM adriamycin-iron complex with a range of remaining in this solution. We had earlier observed that
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FIGURE 4: Effect of preincubation of adriamycin with E. coli DNA
upon the subsequent availability of adriamycin for iron binding.
Adriamycin (40 M) was incubated with 10, 20, 40, 80, 200, and
400 uM DNA in acetate-barbital buffer, pH 7.3. After a 30-min
incubation, 20 uM Fe(III) in the form of acetohydroxamic acid
complex (see Materials and Methods) was added to each dilution and
the increase in absorbance at 600 nm measured.

EDTA effectively competes with adriamycin for Fe(I1I). For
this reason, after 12 h the above solution was made 30 M
with respect to EDTA. Over the 10 h, the absorption at 590
nm slowly declined from 0.20 to 0.18. This is in marked
contrast to the behavior of the free adriamycin—Fe(I1I) com-
plex which completely diassociates in less than 30 min in the
presence of 30 uM EDTA. Thus incubation of the complex
in the presence of DNA leads to the development of a more
stable species still able to absorb at 600 nm,

These above results suggested that the adriamycin—~Fe(III)
chelate may form a ternary complex with DNA which is quite
stable and spectrally distinct from both the free adriamycin—
Fe(III) complex and DNA-intercalated adriamycin. In order
to examine this possibility in more detail, we attempted to
isolate the putative drug-metal-DNA complex directly. Both
adriamycin and the adriamycin—iron complex are retarded on
Sephadex G-50, while DNA elutes near the void volume.
When the putative ternary complex was applied to the
Sephadex G-50 column, the DNA, iron, and adriamycin eluted
together near the void volume of the column (Figure 3C). In
this experiment, 91% of the complex was recovered in the
DNA-containing fractions. An experiment was performed
with DNA and adriamycin alone, and in this case also the
adriamycin eluted in the DNA-containing fractions. The
DNA-containing fractions from each experiment were pooled
separately, lyophilized to dryness, and reconsistituted in a small
volume, and the spectrum of each was measured (Figure 3D).
These results confirm the existence of a spectrally distinct
ternary complex. In a separate experiment (not shown), we
found DNA treated with *Fe-acetohydroxamate bound the
radioactive iron well enough that over 90% of the radioactivity
was recovered in the DNA fractions. We were unable to detect
binding of the acetohydroxamic acid ligand because there was
no spectral change which could be used to indicate binding,
and radiolabeled acetohydroxamic acid was not available.
Thus, we cannot determine whether this chelate donates iron
to DNA or binds to it as a unit.

These results do not serve to distinguish whether the
adriamycin—iron ternary complex represents DN A-intercalated
drug with iron attached or whether another mode of binding
is involved. In order to approach this problem, we preincu-
bated a range of DNA concentrations with a constant amount
of adriamycin so as to allow intercalation to occur and then
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Table I: Effect of DNA Addition on the Thiol-Dependent
Oxygen Consumption Catalyzed by the Adriamycin-Iron
Complex?

O, consumption

" [DNA] DNA/ (nmolmL™! cont ol
(uM) complex min~™!) 4
0 27.1 100
12.5 1 24.8 91.6
25 2 26.9 99.2
50 4 25.3 93.0
100 8 21.5 79.4
200 16 10.4 38.2
499 32 7.7 28.2

2 The concentrations used were the following: Fe(III), 12.5
uM; adriamycin, 25 uM; glutathione, 20 mM. The reaction was
run in acetate-barbital buffer, 20 mM, pH 7.3. The order of
addition was buffer, DNA, glutathione, and then drug-metal
complex.

added Fe(III). The results, shown in Figure 4, indicated that
the charge-transfer band associated with iron binding did not
occur until drug/DNA ratios reached 0.5 (two base pairs per
drug). Since it is known that intercalated adriamycin occupies
a binding site spanning approximately three base pairs (Chaires
et al., 1982), these results suggest the only adriamycin available
for iron binding was drug not fully involved in intercalation.

Oxygen Consumption by DNA-Bound Complex. DNA-
intercalated adriamycin cannot be reduced and cannot undergo
the redox cycling that allows the free drug to support the
generation of superoxide and hydrogen peroxide (Lown et al.,
1977). The fact that intercalated drug cannot be polaro-
graphically reduced has been used to measure and compare
DNA intercalation by a range of anthracyclines (Berg et al.,
1982). However, the adriamycin—iron complex can catalyze
nonenzymatic reduction of oxygen by thiols such as glutathione
via a reaction which appears to be distinct from the redox
cycling discussed above. In addition, the mode of the binding
of the drug-metal ion complex to DNA appears to differ
appreciably from that of adriamycin. Thus, it was of interest
to examine the capacity of DNA to quench thiol-dependent
oxygen consumption catalyzed by the drug-metal complex.
The results (Table I) show that the DNA-bound drug-metal
complex still supports oxygen consumption at nearly its full
rate until DNA is added in considerable molar excess. As
discussed earlier, concentrations of DNA and the drug-metal
complex of this magnitude are associated with some aggre-
gation, which might be expected to effect the reaction between
thiol, oxygen, and the DNA-bound complex.

The results of the studies up to this point indicate that the
adriamycin—iron complex binds to DNA via a mechanism
which can be distinguished from intercalation both on spectral
grounds and by the ability of the DNA-bound drug-metal ion
complex to catalyze thiol-dependent oxygen reduction.

Catalysis of Thiol-Dependent DNA Cleavage by the
Adriamycin—-Fe(III) Complex. The fact that DNA-bound
adriamycin—Fe(I1I) complex preserved the ability to catalyze
the reduction of oxygen by glutathione suggests that this metal
ion complex might also be capable of also causing oxidative
destruction of DNA.

Figure 5 illustrates the effect of thiol addition on DNA
fragmentation in the presence of adriamycin, the aceto-
hydroxamic acid—Fe(III) complex, or the adriamycin—-Fe(III)
complex. It is apparent that the adriamycin—iron complex in
the presence of glutathione causes extensive DNA fragmen-
tation, while adriamycin, itself did not exhibit activity. The
acetohydroxamic acid—ferric ion complex also caused DNA
fragmentation, albeit to a lesser degree than did the adria-
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FIGURE 5: Effect of the addition of reduced glutathione to SV-40 DNA
plus adriamycin, adriamycin—Fe(IIT) complex, or the acetohydroxamic
acid-Fe(III) complex. The reduced glutathione was diluted in
double-distilled water and brought to pH 7.0. All gradients contained
9 uM SV-40 DNA and the following: (A) no additions; (B) 0.25 mM
GSH, 50 uM Fe(III), 150 uM acetohydroxamic acid, and 100 uM
adriamycin; (C) 0.25 mM GSH and 100 uM adriamycin; or (D) 0.25
mM GSH, 50 uM Fe(III), and 150 uM acetohydroxamic acid.

FRAGMENTATION RATIO
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FIGURE 6: Time course of the cleavage of SV-40 DNA in the presence
of the adriamycin—Fe(IIT) complex plus glutathione. The standard
reaction mixture for the gradients (as under Materials and Methods)
was incubated for varying times, and the resulting fragmentation ratios
were plotted.

mycin—iron complex. In our studies, we have found that with
acetohydroxamic acid—Fe(III) concentrations of 10 uM, no
damage was observed, whereas at this same concentration, the
adriamycin—-metal ion complex still caused maximal damage.

As part of these studies, we also assessed the time course
of the fragmentation reaction caused by the adriamycin—iron
complex. As can be seen in Figure 6, after an initial lag period,
the damage proceeded in a linear fashion for 30 min, after
which the rate gradually declined. In most of the studies which
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FIGURE 7: DNA fragmentation as a function of glutathione con-
centration. Fe(III) (25 uM) and adriamycin (50 uM) were incubated
with 9 uM 3H SV-40 DNA and the glutathione concentrations shown.
Alkaline sucrose gradients were run, and total dpm values in the peaks
containing fragmented DNA were compared.

Table II: Effect of Various Inhibitors on the Thiol-Dependent
DNA Fragmentation Reaction Catalyzed by the
Adriamycin-Fe(II11) Complex

% of control

inhibitor® fragmentation
superoxide dismutase 165
catalase 35
Me,SO 75
mannitol 87
histidine 46

2 The inhibitors were added as indicated to the standard reac-
tion mixture for the alkaline sucrose gradients. The concentra-
tions of each were the following: superoxide dismutase, 120
units/mL; catalase, 400 units/mL; Me,SO, 0.5 M; mannitol, 5.5
mM; histidine, 10.9 mM. b The extent of DNA fragmentation
was determined via alkaline sucrose density gradient analysis. The
DNA fragmentation was determined for the standard reaction
mixture after a 2-h incubation. Parallel incubations were done
with the additions specified, and the result was expressed as a per-
cent of the damage seen in the standard reaction mixture.

follow, we have used a 2-h reaction time to allow the DNA
fragmentation to go to completion.

Glutathione concentrations in vivo are constrained within
a narrow range, and it is, therefore, important to know whether
this reaction occurs at biologically relevant glutathione levels.
For this reason, the DNA fragmentation reaction was studied
over a range of glutathione concentrations. The results (Figure
7) showed a sharp increase in DNA fragmentation between
0.1 and 1.0 mM glutathione as assayed in the alkaline sucrose
density gradients.

The alkaline sucrose density gradient, while a valuable tool
for studies of this type, detects both frank DNA breaks and
alkaline labile regions. The phenol extraction—-neutral agarose
gel technique we developed earlier offers a method capable
of detecting DNA fragmentation in the absence of exposure
to alkaline pH. For this reason, we have repeated the gluta-
thione titration above using 1% neutral agarose gels to follow
the fragmentation of the DNA. With this technique, the DNA
damage increased more gradually over glutathione concen-
trations from 0.1 to 10 mM (data not shown). In both cases,
however, DNA fragmentation was extensive in the physiologic
glutathione concentration range 5-20 mM.

Effect of Inhibitors on the Thiol-Catalyzed Fragmentation
of DNA. Previous studies had shown that the adriamycin-
Fe(I1T) complex catalyzed the GSH-dependent production of
superoxide and hydrogen peroxide (Myers et al., 1982). For
this reason, we next examined the role of these substances in
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FIGURE 8: DNA fragmentation as a function of hydrogen peroxide
concentration (determined by alkaline sucrose gradient): 10 uM SV-40
DNA, and the complex of 100 uM adriamycin and 50 uM Fe(III),
treated with (---) 0.5 pM H,0, and (—--) 50 uM H;04; (—) control
of 10 uM DNA treated with 100 uM H,0,.

the glutathione-catalyzed cleavage of DNA. In the alkaline
sucrose density gradient, we found that catalase caused nearly
complete inhibition of DNA damage, while hydroxyl radical
scavengers such as mannitol, histidine, and Me,SO caused
partial inhibition only in high concentrations (Table II).
Surprisingly, superoxide dismutase measurably increased the
DNA damage. A parallel experiment done by using the
neutral agarose gel technique confirmed the above results with
the exception that superoxide dismutase appeared to cause
partial protection. Because of the discrepancy in the results
given by the two techniques used, the role of superoxide re-
mains unclear. Nevertheless, these results suggest that the
generation of hydrogen peroxide plays a central role in the
thiol-stimulated DNA fragmentation reaction.

Catalysis of Hydrogen Peroxide Dependent DNA Damage
by the Adriamycin—Iron Complex. Because the experiments
with thiol catalysis of DNA destruction by the adriamycin—iron
complex pointed to a central role for hydrogen peroxide, we
next looked at the reaction of hydrogen peroxide with DNA
in the presence and absence of the adriamycin—iron complex.
Figure 8 shows that while 0.1 mM H,O, itself caused no
damage, 0.5 uM H,0, plus the drug-metal ion complex caused
nearly complete disappearance of the intact DNA peak. At
higher hydrogen peroxide concentrations, additional frag-
mentation was observed. This process reached saturation at
50 uM, at which point the DNA sedimented near the.top of
the gradient (Figure 8).

The concentration dependence of this reaction was also
studied by using the phenol extraction—neutral agarose gels
with results which confirmed those obtained with the alkaline
sucrose density gradients.

Many iron chelates are capable of catalyzing oxidation of
organic compounds by hydrogen peroxide (Aust & Svingen,
1982). Earlier we had shown that the iron in ferric aceto-
hydroxamate also binds to DNA. The question thus arises
as to the specificity of this hydrogen peroxide dependent DNA
cleavage reaction. In order to evaluate this in more detail,
we studied the effect of a range of acetohydroxamic acid—iron
or adriamycin—iron concentrations on the hydrogen peroxide
dependent DNA cleavage reaction. The results (Figure 9B)
show acetohydroxamic acid-Fe(III) can catalyze DNA
cleavage by hydrogen peroxide. The fragmentation pattern
was very intesting in that it revealed formation of form II
DNA and an additional fairly well-defined fragment peak
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FIGURE 9: Hydrogen peroxide dependent DNA cleavage caused by
the adriamycin—iron complex as compared with that by the aceto-
hydroxamic acid—iron complex. All gels were extracted twice with
60 °C H,0-saturated phenol. Each well contained 100 uM SV-40
DNA, with the following additions. Panel A: (1) 5 uM Fe(III), 10
uM adriamycin, and 50 pM H,05; (2) 10 uM Fe(Ili), 20 uM
adriamycin, and 50 uM H,05; (3) 50 uM Fe(III), 100 M adriamycin,
and 50 uM H,0,; (4) 100 pM Fe(III), 200 uM adriamycin, and 50
M H,0; (5) 100 uM Fe(III), 200 xM adriamycin, and 0 pM H,0,.
Panel B: (1) 50 uM Fe(III), 150 uM acetohydroxamic acid, and 50
uM H,0,; (2) 100 uM Fe(III), 300 uM acetohydroxamic acid, and
50 uM H,05; (3) 500 uM Fe(III), 1.5 mM acetohydroxamic acid,
and 50 uM H,0,; (4) 1 mM Fe(III), 3 mM acetohydroxamic acid,
and 50 pM H;03; (5) 5 mM Fe(III), 15 mM acetohydroxamic acid,
and 50 uM H,0,; (6) 5 mM Fe(III), 15 mM acetohydroxamic acid,
and 0 uM HzOz‘

migrating more rapidly than supercoiled DNA. Through the
use of HindIII fragments of phage A and Haelll fragments
of $X 174 RF as molecular weight markers, we were able to
determine that this fragment peak represented a 2200-2500
base pair fragment. Since the SV-40 DNA genome contains
5600 base pairs, this indicated that the acetohydroxamic
acid—Fe(I1I) complex cuts SV-40 DNA approximately in half.
Of course, this conclusion is based on the assumption that the
DNA fragment produced has the same charge and shape
(linear) as the marker fragments. Additional studies are
required to test the validity of this size assignment. Even at
very high Fe(III) concentrations, further fragmentation did
not occur. While the adriamycin—Fe(II1I) complex caused a
similar fragmentation pattern at much lower concentrations,
above 50 uM it caused extensive DNA degradation (Figure
9A). Hydrogen peroxide alone at the concentration used (50
uM) did not cause DNA damage. It is also interesting to note
that at 100 uM the drug-metal complex cleaved DNA by itself
albeit to a lesser degree than it did in the presence of hydrogen
peroxide (Figure 9A, lanes 5 and 6). This DNA cleaving
ability of the drug—metal complex was removed by addition
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FIGURE 10: Effect of inhibitors on the cleavage of SV-40 DNA in
the presence of hydrogen peroxide plus the adriamycin—iron complex
as assayed in alkaline sucrose gradients. In addition to 10 uM 3H
SV-40 DNA and 100 uM H,0,, each reaction mixture was modified
in the following way: (@) 100 uM adriamycin and 50 uM Fe(1II);
(&) 120 units/mL superoxide dismutase, 100 uM adriamycin, and
50 uM Fe(III); (&) 400 units/mL catalase, 100 xM adriamycin, and
50 uM Fe(I1I); (asterisk) 120 units/mL superoxide dismutase; (0)
400 units/mL catalase; (O) no additions. Inhibitors were added first
and vortexed, followed by the addition of the drug-metal ion complex
and then hydrogen peroxide.

of catalase, suggesting that it was due to the presence of trace
amounts of H,O,. Thus, from these results it is apparent that
the adriamycin-Fe(III) complex is much more active than the
acetohydroxamic acid—Fe(III) complex in that it both functions
at a lower concentration and causes far more extensive DNA
degradation.

We next studied the effect of superoxide dismutase, catalase,
and hydroxyl radical scavengers in order to gain additional
insight as to the mechanism involved in this H,O,-dependent
DNA cleavage reaction. Again, catalase gave almost complete
protection, while superoxide dismutase was without effect
(Figure 10). The hydroxyl radical scavengers mannitol,
histidine, and Me,SO gave only partial protection (Figure 10)
at the concentrations used. In a separate experiment (not
shown), we increased mannitol to 1.4 M and Me,SOto | M
and saw increased, although still partial, protection.

Discussion

The present study has documented three salient properties
of the adriamycin—iron complex. First, it binds to DNA to
form a ternary complex composed of DNA, Fe(Ill), and
adriamycin. This ternary complex appears to be quite stable
and to differ in a number of ways from the DNA intercalation
characteristics of metal-free adriamycin. Second, the DNA-
bound adriamycin—iron complex preserves its ability to catalyze
the reduction of oxygen by glutathione to yield hydrogen
peroxide. Third, the DNA-bound drug catalyzed the cleavage
of DNA by hydrogen peroxide.

DNA Binding. As mentioned in the introduction, it has long
been known that the Cu(IT)-adriamycin complex will bind to
DNA. Recently, Spinelli & Dabrowiak (1982) have studied
this in some detail, and their results indicated that the Cu(II)
complex binds weakly to DNA. The behavior of the adria-
mycin—-Fe(III) complex differs markedly from this in that the
ternary adriamycin—-iron—-DNA complex shows little dissoci-
ation after 10 h in the presence of EDTA and is stable enough
to isolate. Furthermore, the adriamycin—~iron complex shows
considerable tendency to aggregate DNA. While the present
study has not defined the nature of the interaction between
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DNA and the adriamycin—iron complex, the observations do
allow some speculation as to the nature of the binding. The
most straight forward explanation would be to propose a
version of the intercalation geometry described by Quigley et
al. (1980) for adriamycin, with some increase in DNA un-
winding to accommodate the addition of a bulky metal ion.
This would be analogous to that recently proposed for the
Cu(II)-adriamycin complex (Fritzsche et al., 1982). This
concept is consistent with the hypso- and bathochromic shift
seen at high drug/DNA ratios. This type of spectral shift is
seen when adriamycin undergoes DNA intercalation (Figure
3B) or a stacking interaction with itself or other planar aro-
matic systems (Gianni et al., 1983). One major difficulty of
this model is that the metal ion would then be buried within
the double helix, and in that setting it is difficult to imagine
that the metal ion would still preserve its capacity to catalyze
the reduction of oxygen by the tripeptide glutathione: steric
factors alone would seem to dictate a markedly reduced re-
action rate. A second objection to this proposal is that
adriamycin interacalation has proved to be very sensitive to
substituents on rings B and C. For example, replacement of
the phenolic protons on adriamycin at C-6 or C-11 with methyl
groups markedly reduces the ability of these drugs to inter-
calate (Zunino et al., 1981). This decreased affinity is pre-
sumed to occur because the greater bulk of the methyl groups
as compared with a proton makes intercalation more difficult.
By analogy, one would expect the added bulk of a metal ion
in the same position to weaken the affinity of the adriamycin
for DNA. In this regard, it is interesting to note that while
Cu(IT)~porphyrin complexes intercalate DNA, the equivalent
Fe(11I) complexes do not. However, in the present study, the
ternary complex proved quite stable, and in fact, rather vig-
orous conditions were required to disrupt it (phenol extraction
at 60 °C). A third objection is that DNA-intercalated
adriamycin appears to be unavailable for iron binding. For
these reasons, we think that the iron complex is not likely to
bind to DNA via intercalation.

An alternate proposal is suggested by the observation,
mentioned earlier, that a common histochemical technique for
staining DNA depends upon the use of iron to bind a variety
of hydroxyquinone dyes to DNA (see Figure 1). This tech-
nique has been thought to depend upon the metal ion [usually
Fe(I1I) or AI(III)] binding to DNA on one hand and being
chelated by the hydroxyquinone dye on the other hand. The
metal thus acts as a bridge between the chromophore and
DNA.

On the basis of this concept, one can speculate as to what
structural features of adriamycin might explain the stability
with which its iron complex binds to DNA. The evidence
available (to be published elsewhere) suggests that the Fe(III)
binding site of adriamycin is between the oxygens at C-11 and
C-12. We have used the X-ray crystal coordinates for related
anthracyclines to build a space-filling model of adriamycin
with Fe(III) chelated at C-11 and C-12 (Wani et al., 1975;
Pettit et al., 1975; Neidle & Taylor, 1977; Courseille et al.,
1979). The most interesting structural feature of this model
is that 13 A separate the iron from the sugar amine, which
at physiological pH can be expected to bear a positive charge.
The phosphate backbone is characterized by a 6.5-A spacing.
Thus, it is possible to envision a structure where the iron binds
to one phosphate group, the next phosphate group is not in-
volved in the binding, but that sugar amine binds to the third
phosphate. The result is a drug—Fe(III) bridged structure that
spans a binding site of three phosphate groups (13 A) along
the DNA backbone. There are several attractive features of
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this model. First, Fe(III) has a very high affinity for phosphate
with an association constant of greater than 10%°. Second, this
and interaction of the positively charged sugar amine with the
phosphate backbone would be consistent with the observed
stability of the ternary complex. Third, this proposal leaves
the iron sufficiently exposed so as to allow for the redox ca-
talysis observed. Fourth, this binding mode would explain the
ability of the adriamycin—iron to aggregate DNA in that a free
iron d orbital is available to bind to a phosphate group on a
second adjacent double helix, allowing the formation of ag-
gregates. Thus, this model combines the advantages of a
precise geometric fit between the drug—metal ion complex and
DNA with a reasonable explanation of most of the results we
have observed. However, more specific physicochemical
techniques are required to validate this hypothesis.

Thiol Catalysis of DNA Destruction. The reaction by which
the adriamycin—iron complex cleaves DNA in the presence
of glutathione warrants some discussion. The results of this
study suggest a two-stage process. The first step is apparently
the thiol-catalyzed production of hydrogen peroxide either
directly or via superoxide followed by dismutation of super-
oxide to yield hydrogen peroxide. The ability of iron chelates
to catalyze this thiol-dependent reduction is well-known and
will not be discussed further, except to note that in a previous
paper, we had demonstrated that both the adriamycin—iron
and the acetohydroxamate—iron chelate have this capacity
(Myers et al., 1982). In any case, the key aspect of this
reaction appears to be the generation of hydrogen peroxide,
because addition of catalase effectively prevents DNA damage.
The second step appears to be a reaction between hydrogen
peroxide, the drug-metal complex, and DNA which leads to
DNA damage. The adriamycin—Fe(III) complex proved an
extremely efficient catalyst of this hydrogen peroxide de-
pendent DNA cleavage, causing extensive DNA damage at
peroxide concentrations more than 3 orders of magnitude
below the point where peroxide alone damages DNA. The
fact that ferric acetohydroxamate is able to catalyze the same
reaction, albeit much less efficiently, suggests that the role of
adriamycin in this reaction may be merely to enhance the
efficiency of a reaction which is a basic property of ferric ion
chelates. On the basis of what is known of Fe(III) chemistry,
two distinct reaction pathways have been invoked for reactions
of this type (Walling, 1975). These two possibilities involve
either formation of a ferryl ion product via an iron peroxo
intermediate or hydroxyl radical formation. Formation of
hydroxyl radical from Fe(III) plus hydrogen peroxide has, for
the most part, been demonstrated under nonphysiologic con-
ditions. In the present study, hydroxyl radical scavengers did
lessen DNA damage. However, very high concentrations were
required, and for this reason we question the specificity of these
probes. We are currently in the process of trying to determine
the relative importance of hydroxyl radical vs. ferryl ion
formation in the DNA cleavage reaction through the use of
more specific methods such as spin trapping.

Recently it has been shown that DNA or nucleotide-bound
Fe(II) but not Fe(I1I) supported peroxide-dependent hydroxyl
radical production (Floyd & Lewis, 1983). Similarly, ferryl
ion formation is also favored by reduction of Fe(III) to Fe(II)
(Chin et al., 1980). For this reason, we found the reaction
of hydrogen peroxide with the Fe(III)-adriamycin complex
suprising. A third possibility does exists in that adriamycin
is a hydroxyquinone theoretically capable of reducing Fe(III)
to Fe(I). The Fe(II) thus formed might then react with
peroxide via well-established reaction schemes to yield hydroxyl
radical or ferryl ion species. At present, however, no data are
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available to document the actual valence of the drug-bound
iron. Finally, H,0, itself can reduce Fe(III) to Fe(II) which
can, in turn, react with H,O, to produce either hydroxyl radical
or ferryl ion.

Comparison of the Two Modes of Adriamycin-Induced
Formation of Reactive Oxygen Species. From the above, it
is now apparent that adriamycin has two distinct mechanisms
by which it can create reactive oxygen species: the transition
metal jon dependent mechanism just discussed or via the
well-described reaction between the adriamycin semiquinone
and oxygen (Bachur et al,, 1977). It is important to contrast
the metal chelate dependent mechanism with the consequences
of adriamycin semiquinone radical formation. Reduction of
adriamycin to the semiquinone in the presence of oxygen is
characterized by the production of a range of reactive oxygen
species including hydroxyl radical. In the presence of DNA,
this leads to DNA cleavage which is lessened by hydroxyl
radical scavengers (Lown et al., 1977). However, as mentioned
earlier, none of this chemistry is possible with DNA-interca-
lated drug. Thus, for adriamycin to cause radical-mediated
DNA damage, there must be nonintercalated drug available
for reduction. The site of adriamycin reduction closest to the
DNA is the cytochrome P-450 reductase present on the nuclear
envelope (Bachur et al., 1982). DNA damage by this mech-
anism requires the radical species generated to diffuse from
a site of activation such as the nuclear envelope to the DNA
target. While the drug semiquinone radical, superoxide, and
hydrogen peroxide have sufficient stability for this purpose,
it is very unlikely that hydroxyl radical, the species directly
responsible for DNA damage in this case, can do so.

In contrast to the above, the DNA-bound adriamycin—iron
complex is able to catalyze directly the cleavage of DNA in
the presence of trace amounts of hydrogen peroxide. The
hydrogen peroxide utilized for this reaction can either be
generated locally via the thiol-dependent reduction of oxygen
or from more remote sites of hydrogen peroxide generation.
Besides the potential advantage in efficiency of local rather
than distant generation of reactive species, this mechanism has
interesting implications. Adriamycin semiquinone formation
and thus superoxide and hydrogen peroxide production can
be catalyzed by multiple enzymes including xanthine oxidase,
cytochrome P-450 reductase, mitochondrial NADH de-
hydrogenase, and other flavoprotein reductases. In heart
muscle, for example, adriamycin-stimulated superoxide for-
mation can be detected from multiple subcellular organelles
(Doroshow, 1983). Thus, adriamycin semiquinone formation
can act as a source of hydrogen peroxide to the adriamycin—
iron complex. In this sense, the two mechanisms would be
expected to operate cooperatively to enhance DNA damage.

While the importance of the adriamycin—iron complex in
vivo has not been directly studied, there exists circumstantial
evidence that suggests its involvement in drug toxicity. First,
Kappus et al. (1980) have reported that coadministration of
iron and adriamycin leads to an increase in whole animal
toxicity and lipid peroxidation. Second, Herman et al. (1974,
1979) have shown that the EDTA derivative ICRF 159 and
the related compound ICRF 187 are extremely effective in
preventing adriamycin and daunomycin cardiac toxicity.
Recently, ICRF 159 has been shown to hydrolyze intracellular
to V,N~-bis(carboxamidomethyl)-N,N~-bis(carboxymethyl)-
1,2-diaminopropane, which is a powerful chelator of transition
metal ions (Huang et al., 1982). Furthermore, these com-
pounds have been shown to cause an increase in the urinary
secretion of a range of transition metal ions (Witting et al.,
1979). Thus, one explanation for the cardioprotective effect
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of the ICRF compounds would be their ability to prevent the
formation of adriamycin—transition metal chelates.

While the above results are suggestive, it would be desirable
to have a more direct test of the formation and action of the
adriamycin—iron complex in vivo. Perhaps the demonstration,
in the present study, that the adriamycin—iron chelate forms
a stable ternary complex with DNA will aid in this process.
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