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A recently developed method has been utilized to
demonstrate the generation of hydroxyl radicals
(HO*) in the immediate proximity of DNA by cop-
per(Il})/iron(Ill)—adriamycin in the presence of ascor-
bate and hydrogen peroxide. SECCA, a succinylated
derivative of coumarin, generates the fluorescent
7-hydroxy-SECCA following reaction with HO-.
SECCA was coupled to polylysine or to histone H1
and then complexed to DNA. When HO*® was gener-
ated in the proximity of DNA by polylysine-coupled
iodine-125, which emits short range Auger electrons,
7-hydroxy-SECCA was produced. DMSO was only
moderately efficient in reducing the fluorescence
induction, demonstrating the “local” generation of
HO-* in this system. Copper(Il)/iron(Ill)—adriamycin
in the presence of ascorbate and hydrogen peroxide
generated the fluorescent 7-hydroxy-SECCA both
when SECCA was free in solution and when SECCA
was DNA-conjugated. With SECCA free in solution,
the fluorescence induction was almost eliminated in
the presence of HO* scavengers {(ethanol, tert-butanol
or DMSO) and the relative efficiency of the scavengers
in reducing the fluorescence followed their rate con-
stant with HO*. Furthermore, SECCA incubated with
a singlet oxygen-generating compound demonstrated
no fluorescence induction. When SECCA was posi-
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tioned in close proximity to DNA as a SECCA-histone-
H1—DNA complex, the relative efficiency of the scav-
engers in reducing the fluorescence still followed their
rate constant with HO*; overall however the scav-
engers were much less effective in reducing the fluo-
rescence, due presumably to the formation of HO*
radical in the immediate vicinity of DNA. These data
suggest that copper(Il)/iron(lll}—adriamycin pro-
duces HO* in the presence of ascorbate and hydrogen
peroxide whether unbound or bound to DNA and sug-
gest that in the latter case scavengers would not pre-
vent HO* from attacking chromatin. In addition, the
ability of DMSO to trap HO* was shown to decrease as
the conformation of the HI—DNA complex becomes
more compact indicating the strong dependence of the
trapping ability on chromatin conformation.

Keywords: Hydroxyl radical, adriamycin, metals, DNA, his-
tone, iodine-125

INTRODUCTION

Adriamycin belongs to a group of anthracycline
antitumor antibiotics widely used in the treat-
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ment of different type of cancers. Its antitumor
action is related to the blockage of replication and
transcription via topoisomerase inhibition and
the generation of DNA strand scissions(!-3l. A
major limitation to the use of the drug is a dose-
dependent cardiotoxicity which is related to its
redox activityl4$l. The formation of reactive oxy-
gen species by adriamycin has been shown in
human breast tumor cells and also in other can-
cer cells by using spin traps, and it has been
demonstrated that catalase and superoxide dis-
mutase have significant protective effects’-%l. The
high affinity of adriamycin for transition metals
(e.g. Fe(II)10: k = 2.5 x 1028 Cu(IN)11k: k = 4.6 x
10% [2:1], k = 1.8 x 102 [1:1]) that easily catalyze
redox reactions enhances its ability to form reac-
tive oxygen speciesli>-15, Among the redox-
action-related damaging effects of adriamycin
and its metal complexes are interference with
electron transport in cardiac mitochondrialél, the
peroxidation of cardiac lipids!'?), the destruction
of erythrocyte ghost membranes(!8,, and the gen-
eration of DNA damagel!®-21l. To explain the
mechanism of DNA damage, it has been sug-
gested that the quinone moiety of the drug can
undergo metabolic activation to a free radical
state which may react with DNA either directly
or through the generation of reactive oxygen
species, e.g. hydroxyl radicals (HO*), superoxide
(O;*")12224], One problem in resolving the ques-
tion of the generation of HO* in the immediate
vicinity of DNA has been the difficulty in detect-
ing this short-lived radical which can react
almost immediately with the DNA moietyl?5].
Thus, indirect approaches utilizing detection of
the HO* fingerprint of damage on DNA have
been utilized (24,

We have recently developed a direct approach
that can be used to detect such DNA-associated
HOr126-28], The method is based on the presence of
an HOe*-detecting molecule (SECCA) in the
immediate vicinity of DNA. SECCA, a succiny-
lated derivative of coumarin-3-carboxylic acid
which under normal conditions is nonfluores-
cent, generates the highly fluorescent compound

7-hydroxy-SECCA following interaction with
HO-26l. Thus, when SECCA is complexed to
DNA via polylysine (SECCA-polylysine—DNA
complexes) and incubated with copper sulfate,
ascorbate, and hydrogen peroxide, the genera-
tion of 7-hydroxy-SECCA reveals the presence of
DNA-associated HO*[28l. In the current work we
provide further verification of the ability of the
system to detect DNA-associated HO®, by posi-
tioning close to DNA both the detector molecule
SECCA and a radioactive nuclide (125I) that emits
low-energy Auger electrons. We then apply the
method to examine whether HO* is generated by
metal-complexed adriamycin bound to histone-
H1—DNA (nucleohistone) when in the presence
of ascorbate and hydrogen peroxide.

MATERIALS AND METHODS

Adriamycin, double-stranded calf thymus
DNA (type XV, high molecular weight), histone
(type III-S, lysine-rich fraction, mainly histone
H1, mean formula weight = 21,000), copper(II)
sulfate pentahydrate, hydrogen peroxide
(H,O,), catalase, NaCl, Bolton—Hunter
reagent, heavy water (D,0O), methylene blue
and phosphate-buffered saline (PBS) were pur-
chased from Sigma Chemical Company (St.
Louis, MO). Ammonium iron(Ill) sulfate
dodecahydrate, ascorbic acid (sodium salt),
DMSO, ethanol, tert-butanol, and EDTA were
purchased from Aldrich Chemical Company,
Incorporated (Milwaukee, WI). Na!?5I was pur-
chased from NEN Research Products,
Du Pont Company (Boston, MA). Anthracene-
dipropionic acid (ADPA), a singlet oxygen
probe, and 7-hydroxy-SECCA (succinimidyl
ester of 7-hydroxycoumarin-3-carboxylic acid),
the expected fluorescent product following
hydroxylation of SECCA, were purchased from
Molecular Probes (Eugene, OR). Ultrapure
water (1820 MOhm m-! resistivity) delivered by
an Alpha-Q system (Millipore Corporation,
Bedford, MA) was used throughout the work.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/15/11
For personal use only.

DETECTION OF DNA-ASSOCIATED HO* 209

Labeling of Histone H1 and Polylysine with
SECCA and 7-Hydroxy-SECCA and Formation
of Complexes with DNA

The synthesis of the succinimidyl ester of
coumarin-3-carboxylic acid (SECCA) and its
conjugation with histone H1 or with polylysine
(average molecular weight = 26,000) has been
described previously(2¢l. SECCA-histone-H1—
DNA complex (nucleohistone) was prepared
by mixing calf thymus DNA with SECCA-his-
tone H1 at high salt concentrations (1 mol dm-3
NaCl) and gradually reducing the NaCl con-
tent by dialysis/?’l. Polylysine—DNA complex
was prepared by the direct mixing of polyly-
sine and DNA (1:4 ratio by weight)[28I. For fluo-
rescence control studies, a nucleohistone
sample containing SECCA plus a small amount
(1%) of 7-hydroxy-SECCA was prepared as
reported(27],

Synthesis of Bolton—Hunter—Polylysine
Conjugate (BHPL)

To a vial containing 40 mg (1.49 umol) poly D-
lysine hydrobromide (average molecular weight
= 26,900) was added 1.5 ml 10 mmol dm-3 phos-
phate-buffered saline (PBS), pH 8, followed by
2.35 mg (8.92 umol) succinimidyl 3-(p-hydrox-
yphenyl)propionate (Bolton—Hunter reagent,
BH) dissolved in 200 pl chilled methanol. The
reaction was allowed to proceed for three hours,
after which the solvent was evaporated to dry-
ness under high vacuum at room temperature.
The reaction mixture was redissolved in PBS (pH
7.4), and the modified polylysine was purified by
centrifugal filtration using Centricon-10 molecu-
lar weight cutoff filters (Amicon, Incorporated,
Beverly, MA). The filters were subsequently
washed with 3 x 500 pl PBS (pH 7.4), followed by
3 x 500 pl distilled deionized water. Isolation of
BHPL from the filters and estimation of the num-
ber of BH groups present by UV absorbance at
280 nm indicated 6 mol BH/mol polylysine.

Iodination of BHPL

To a vial containing 200 ug Bolton—Hunter-
modified polylysine in 100 ul PBS (pH 9) was
added 300 uCi Nal!?’[. To this solution was
added 10 pl of a freshly prepared solution of
Chloramine-T (1.5 mg/ml). The sample was
vortexed and the reaction allowed to continue
for 15 min, after which 10 pul sodium metabisul-
fite (2 mg/ml) and 10 pl KI (100 pmol dm-3)
were added. The reaction mixture was then
carefully transferred with three separate wash-
ings to a Centricon-10 molecular weight cutoff
filter. The 125I-BHPL was purified by centrifugal
filtration and washing with 3 x 500 ul 1 mmol
dm-3 PBS (pH 7.0). Subsequent radioactivity
measurement of the filtrate (including the three
washings) and the '%]-BHPL retained on the fil-
ter indicated >95% labeling efficiency.

Complexation of Adriamycin with Cu(Il) and
Fe(IID)

Copper complexes of adriamycin were made by
mixing adriamycin (6 mmol dm-3 dissolved in 4
mmol dm-3 HCl) with various concentrations of
Cu(II) (10 mmol dm-3 copper sulfate pentahy-
drate dissolved in 4 mmol dm-3 HCI). After a 30-
min incubation of the mixture, the pH of the
metal—adriamycin solution was adjusted to 7.0
by the addition of 1 mol dm-3 NaOH. Similarly,
the iron complexes of adriamycin were made by
mixing adriamycin (6 mmol dm-3 dissolved in 4
mmol dm-3 HCl) with various amounts of Fe(III)
(2 mmol dm-3 ammonium ferric sulfate dissolved
in 4 mmol dm-3 HCIl), incubating the mixture,
and adjusting the pH as above.

Exposure of SECCA and SECCA-Labeled
Biomolecules to Hydroxyl-Radical-Generating
Agents and Fluorescence Measurements

For experiments involving 125 irradiation,
polylysine—DNA samples containing DNA
hybridized simultaneously with SECCA-polyly-
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sine and 12[-polylysine (1:4 and 1:100 ratios of
polylysine to DNA by weight, respectively) were
dispensed in a cuvette. Irradiation of SECCA-
polylysine—DNA complexes that did not con-
tain 125] was accomplished with Na'?I free in
solution. Fluorescence measurements were
obtained in a computer controlled Perkin-Elmer
LS50B fluorometer (fluorescence emission at 450
nm; excitation at 400 nm, slit width 5). The fluo-
rescence induction was followed as a function of
exposure time of the reactants. The results were
plotted as arbitrary units, “net relative fluores-
cence,” the overall fluorescence detected at vari-
ous time points during incubation of the reaction
mixture minus the fluorescence detected at zero
time point. Reproducibility was checked by
repeating the experiments three times.

For experiments with metal—adriamycin com-
plexes, 10 pul Cu(II)/Fe(Ill)—adriamycin complex
was allowed to react for 60 min with SECCA (10
pmol dm-3) or SECCA-conjugated biomolecules
in the presence of ascorbate (500 pmol dm-3) and
hydrogen peroxide (1 mmol dm-3) in 5 mmol
dm-3 phosphate buffer (pH 7.4) and 10 mmol
dm-3 NaCl. Immediately after adding hydrogen
peroxide as the last reagent, fluorescence induc-
tion was followed as above. For experiments
with EDTA and catalase, these reagents were
added to the solution immediately prior to addi-
tion of ascorbate and hydrogen peroxide.

Exposure of SECCA and of ADPA to a Singlet
Oxygen-Generating Agent

The system employed to generate 10, was visi-
ble light exposure of the dye methylene blue
(50 pmol dm-3) dissolved in 5 mmol dm-3 phos-
phate buffer, prepared in heavy water (D,0)
under oxygen-saturated conditions. To verify
production of 10, under our experimental condi-
tions, anthracenedipropionic acid (ADPA), a flu-
orescent dye, was used for the detection of 10,
(104 mol dm-8 dissolved in a 50-umol dm-3
methylene blue solution in D,0, in 5 mmol dm-3
phosphate, pH 7.3) following illumination by a

150 W halogen lamp. Singlet oxygen production
was followed by the disappearance of ADPA flu-
orescence (excitation at 365nm, emission at
430nm). Next, the experiment was performed
with SECCA replacing ADPA under the same
experimental conditions. The concentration of
SECCA in this experiment was 10-°> mol dm-3.
Finally, irradiation of these SECCA solutions
with gamma rays was performed with a 137Cs
gamma cell (Atomic Energy of Canada Limited)
that delivers 1.0 Gy min-1.

RESULTS

Induction of 7-Hydroxy-SECCA Fluorescence
by 1251

The generation of 7-hydroxy-SECCA via 125[-gen-
erated HO* on SECCA-polylysine—DNA com-
plexes is plotted versus the integrated total 1251
decays/ml in Figure 1A. Irradiation by Nal23] or
by DNA-bound 1%5]-polylysine both result in lin-
ear increases in the 7-hydroxy-SECCA fluores-
cence. When increasing DMSO concentrations
(0-0.1 mol dm-3) are added during irradiation,
the resulting 7-hydroxy-SECCA fluorescence is
decreased relative to the absence of DMSO
(Figure 4B), presumably due to the scavenging of
the 125[-generated-HO*. However, as shown in
Figure 1B, DMSO is much less effective in
decreasing fluorescence induction caused by
irradiation via DNA-bound 1%]-polylysine than
by irradiation with Na'?®l, which is expected to
distribute homogeneously in the solution.

Binding of Metals to Adriamycin and of
Adriamycin to Nucleohistone

The reported quenching of adriamycin fluores-
cence following its complexation with metals or
DNA was used to verify the formation of adri-
amycin complexes(?’l. Figure 2A shows the fluo-
rescence emission spectrum (excitation at 480
nm) of free adriamycin and the effect on adri-
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FIGURE 1 A. Induction of 7-hydroxy-SECCA fluorescence in solution containing SECCA-polylysine—DNA during decay of
12351, B. Effect of [DMSO)] on 7-hydroxy-SECCA fluorescence induction from 125 radiation of SECCA-polylysine—DNA. Iodine is
either free in solution (1) or bound to SECCA-polylysine—DNA (2).

w
S
404
O
)
v
o 30
D
I
TR
w 20-
>
|_
S
w 104
4
-
w
Z 0

2A

500 550 600 650 700

500 550 600 650 700
WAVELENGTH (nm)

FIGURE2 Fluorescence emission spectra (excitation = 480 nm) of adriamycin (20 pmol dm-3 in 5 mmol dm-3 phosphate buffer
and 10 mmol dm-* NaCl, pH 7.4). A. Complexed with increasing amounts of Cu(Il): 1, 0 pmol dm-3; 2, 5 umol dm-3; 3, 10 pmol
dm-3; 4, 20 pmol dm-3, B. Complexed with Cu(Il) as in A + HI—DNA.
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amycin fluorescence of adding increasing con-
centrations of copper. Figure 2B demonstrates
that the fluorescence intensity of adriamycin or
its copper complexes is reduced in the presence
of the HI—DNA complex. These results are in
agreement with earlier fluorescence studies.[?]

Quenching of adriamycin fluorescence similar
to that obtained with copper was also observed
in the presence of iron at a Fe(Ill):adriamycin
molar ratio of 1:3 (Figure 3). On the other hand
the native fluorescence of adriamycin or its com-
plexes was found to be little affected following
variation of NaCl concentration (0-150 mmol
dm-3), whether in the presence or absence of
H1—DNA complex (data not shown). This indi-
cates the relative stability of the metal—adri-
amycin and adriamycin—DNA complexes at
different salt concentrations.

Inability of Singlet Oxygen to Convert SECCA
to 7-Hydroxy-SECCA

Because Cu has been reported to catalyze sin-
glet oxygen (10,) in addition to HO" in the
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FIGURE 3 Fluorescence emission spectra (excitation = 480
nm) of: 1, adriamycin (30 pmol dm-3); 2, Fe(Ill)—adriamycin
complex (1:3); 3, adriamycin + HI—DNA; 4, Fe(Ill)—adri-
amycin + HI—DNA.

presence of H,O, and ascorbatel30 we investi-
gated whether 10, may also convert SECCA to
7-hydroxy-SECCA. 'O, has been shown to
result in hydroxylation of aromatic rings at spe-
cific positions, although with a lower efficiency
than HO* and with a different regioselectiv-
ity3132l, The system employed to generate 0,
was visible light exposure of methylene blue in
phosphate buffer prepared in heavy water
(D,0) under oxygen-saturated conditions. D,O
allows 10, a much longer lifetime than in H,O
and permits examination of 'O, reactions(®l.
Upon exposure to visible light, methylene blue
populates the triplet state and subsequently
reacts with O, to produce 10,133, To verify pro-
duction of '0,, anthracenedipropionic acid
(ADPA) was used. ADPA reacts rapidly with
10, to form a nonfluorescent endoperoxidel33l
and the reaction is followed by the disappear-
ance of ADPA fluorescence. Figure 4A demon-
strates the rapid destruction of ADPA upon
exposure to halogen lamp illumination.
Consistent with the production of !0, the
destruction rate of ADPA decreased when the
experiment was performed in H;O instead of
D,0. ADPA remained intact when oxygen was
excluded by continous infusion of nitrogen dur-
ing the experiment (Figure 4A). Next, the
experiment was performed with SECCA replac-
ing ADPA, under the same experimental condi-
tions (Figure 4B). Under these conditions,
halogen-lamp illumination for up to 800 min
showed negligible induction of fluorescence.
For comparison, when a similar solution of
SECCA and methylene blue in D,O was irradi-
ated with 0-10 Gy gamma rays, a rapid induc-
tion of fluorescence was observed (Figure 4B).

Induction of 7-Hydroxy-SECCA Fluorescence
by Metal—Adriamycin Complexes

Figure 5A shows the time-dependent induction
of 7-hydroxy-SECCA fluorescence following
hydroxylation of free SECCA by various cop-
per:adriamycin ratios in the presence of ascor-
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FIGURE4 Exposure of ADPA and of SECCA to singlet oxygen generated by halogen light illumination of methylene blue. A.
ADPA in D,O, oxygen saturated (curve 1); in H,O, oxygen saturated (curve 2); and in H;O, nitrogen saturated (curve 3). B.
SECCA in H,0, oxygen saturated (curve 1); SECCA in same solution as for curve 1, but exposed to gamma rays (0-10 Gy)

instead of halogen light (curve 2).

bate and hydrogen peroxide. In the absence of
copper, no significant fluorescence induction is
observed. Similar results are shown in the pres-
ence of iron—adriamycin complexes (Figure 5B).
The relative ability of DMSO, ethanol, and tert-
butanol to reduce the 7-hydroxy-SECCA fluores-
cence generated by a copper—adriamycin
complex is depicted in Figure 6A. Among the
three HO* scavengers, DMSO is the most effi-
cient and tert-butanol the least. These observa-
tions are also valid for the iron—adriamycin
system (Figure 6B).

The time-dependent generation of 7-hydroxy-
SECCA fluorescence on a SECCA-labeled H1—
DNA complex exposed to copper—adriamycin
complexes (1:1 molar ratio) or iron—adriamycin
complexes (1:3 molar ratio) for various ascor-
bate—hydrogen peroxide combinations is shown

in Figures 7A and 7B. Depending on the relative
amounts of ascorbate and hydrogen peroxide,
the fluorescence induction can either follow a lin-
ear increase or reach a saturation level with little
further increase. Figures 8A and 8B show that the
excitation spectra (emission = 450 nm) following
the exposure of SECCA-labeled H1—DNA to the
same reagents are very similar to those obtained
with a 7-hydroxy-SECCA-labeled H1—DNA
complex, with or without Cu(Il)/Fe(Ill}—adri-
amycin. This is an indirect verification of the gen-
eration of 7-hydroxy-SECCA from exposure of a
SECCA-labeled H1—DNA complex to the
reagents.

The relative ability of several modifiers—HO"*
scavengers (100 mmol dm-3, DMSO, ethanol, and
tert-butanol), catalase (8.3 x 10-5 mmol dm-3), and
EDTA (0.1 mmol dm-3)—to affect the amount of
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FIGURE 5 Induction of 7-hydroxy-SECCA fluorescence as function of time in incubation mixture containing 10 pmol dm-3
SECCA, 500 umol dm-3 ascorbate, and 1 mmol dm-? hydrogen peroxide. A. Adriamycin (20 pmol dm-3) with increasing con-
centrations of Cu(Il): 1, 0 pmol dm-3; 2, 5 pmol dm-3; 3, 10 pmol dm-3; 4, 20 pmol dm-3. B. Adriamycin (30 pmol dm-3) with
increasing concentrations of Fe(lll): 1, 0 pmol dm-3; 2, 2.5 umol dm-3; 3, 5 pmol dm-3; 4, 10 umol dm-3.
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FIGURE 6 Relative effect of scavengers on fluorescence induction in incubation mixture containing 10 pumol dm-3 SECCA, 500
umol dm-3 ascorbate, and 1 mmol dm-3 hydrogen peroxide. A. Cu(ll}—adriamycin complex (1:1) with: 1, no scavenger; 2, 5
mmol dm-3 tert-butanol; 3, 5 mmol dm-3 ethanol; 4, 5 mmol dm-3 DMSO. B. Fe(lll)—adriamycin complex (1:3) with: 1, no scav-
enger; 2, 10 mmol dm-3 tert-butanol; 3, 10 mmol dm-3 ethanol; 4, 10 mmol dm-3 DMSO.
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FIGURE 7 Induction of 7-hydroxy-SECCA fluorescence as function of time in incubation mixture containing H1—DNA, 10
pumol dm-3 SECCA, metal—adriamycin complex, and various concentrations of ascorbate and hydrogen peroxide. A. Cu(Il)—
adriamycin complex (1:1) with: 1, 100 pumol dm-3 ascorbate and 1 mmol dm-? hydrogen peroxide; 2, 100 pmol dm-3 ascorbate and
2 mmol dm~? hydrogen peroxide; 3, 500 pumol dm-3 ascorbate and 1 mmol dm-? hydrogen peroxide. B. Fe(Ill)—adriamycin com-
plex (1:3) with: 1, 100 pmol dm-3 ascorbate and 1 mmol dm-3 hydrogen peroxide; 2, 100 pmol dm-3 ascorbate and 5 mmol dm-3
hydrogen peroxide; 3, 500 pmol dm-3 ascorbate and 1 mmol dm-3 hydrogen peroxide.

7-hydroxy-SECCA generated on either free
SECCA or a SECCA-labeled HI—DNA system is
shown in Figure 9. While the fluorescence is
diminished by all three HO* scavengers when
SECCA is present free in solution, none of the

scavengers can eliminate the fluorescence when
SECCA is positioned close to DNA (Figure 9, III
and IV). Catalase, on the other hand, can elimi-
nate the fluorescence induction in both situa-
tions, while EDTA does so in the presence of
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FIGURE 8 A. Fluorescence excitation spectra {emission = 450 nm) of 7-hydroxy-SECCA-labeled HI—DNA in presence or
absence of Cu(II)— and Fe(Ill)—adriamycin complexes: 1, no metal complex; 2, Cu(ll)—adriamycin (1:1); 3, Fe(Ill)—adriamycin
(1:3). B. Fluorescence excitation spectra (emission = 450 nm, slit width 5) of SECCA-labeled H1—DNA in presence of metal—
adriamycin complexes, 500 pmol dm-3 ascorbate, and 1 mmol dm-2 hydrogen peroxide: 1, Cu({Il}—adriamycin (1:1); 2, Fe(IIl)—

adriamycin (1:3).
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FIGURE 9 Modification of 7-hydroxy-SECCA fluorescence induced following exposure to Cu(Il)— or Fe(lll)—adriamycin
complex in presence of 500 pmol dim-3 ascorbate and mmol dm- hydrogen peroxide and several modifiers. Percent modification
is percent ratio of induced fluorescence in the presence versus absence of each modifier. I. Cu(ll)—adriamycin complex (1:1),
free SECCA,; II. Fe(Ill}—adriamycin (1:3), free SECCA; III. Cu(ll)—adriamycin complex (1:1), SECCA-H1—DNA; IV. Fe(lll)—

adriamycin (1:3), SECCA-H1—DNA.

Cu(1l) but potentiates fluorescence in the pres-
ence of Fe(III).

Finally, the ability of 100 mmol dm-3 DMSO to
reduce the amount of 7-hydroxy-SECCA gener-
ated on SECCA-labeled H1I—DNA by a 60-min
exposure to Cu(Il)—adriamycin—ascorbate—
hydrogen peroxide is shown as a function of
NaCl in Figure 10. As the ionic strength of the salt
increases to 50-100 mmol dm-3, the scavenging
ability of DMSO passes through a minimum.

DISCUSSION

Detection of hydroxyl radicals (HO®) generated
in the microenvironment of DNA (DNA-associ-
ated HO*) has been a notoriously difficult prob-
lem, as these radicals are very short-lived and
highly reactive toward DNAI. Due in part to
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FIGURE 10 Effect of Na* on reduction of induced 7-
hydroxy-SECCA fluorescence by 100 mmol dm-* DMSO.
SECCA-H1—DNA is incubated with Cu(ll)—adriamycin
complex (1:1) with 500 pmol dm-3 ascorbate and 1 mmol
dm-3 hydrogen peroxide in presence of DMSO. Dotted line is
variation in anisotropy of histone-H1-—DNA complex as
function of ionic strengtht41l.
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the difficulty of detecting DNA-associated HO®,
the ability of several DNA-binding agents to gen-
erate HO* when bound to DNA has remained
controversial. Such generation of DNA-associ-
ated HO* does not exclude the simultaneous
presence of other mechanisms of DNA dam-
agel?l whose relative contribution to the overall
DNA damage may be larger than that of HO".
However, the carcinogenicity of various types of
DNA damage is dependent not only on the quan-
tity of DNA damage but also on its quality. For
example, depending also on the reaction condi-
tions, HO*-attack on DNA produces a character-
istic fingerprint of base modifications!?#34 which
could result in an HO*-specific mutation spec-
trum. As such, the ability of an agent to produce
DNA-associated HO* is significant in its own
right, since it may be indicative of the carcino-
genic and other toxic effects one might expect
under similar conditions in cells.

Adriamycin is a DNA-binding chemotherapeu-
tic drug whose cardiotoxicity has been associated
with its redox activityl56l. Although the drug is
known to produce DNA damage, generation of
DNA-associated HO* by DNA-bound metal—
adriamycin complexes has been controver-
siall1*20], Our earlier study with copper-catalyzed
HO* had demonstrated that by associating DNA
with an HO*-detecting molecule (SECCA) one
can detect HO®* within a few angstroms of
DNAI28] (i.e. DNA-associated HO*). A similar
approach was used in this study with metal—
adriamycin complexes. To directly demonstrate
that the system can detect HO* generated close to
DNA, we first tested our method with molecules
labeled with 125], a radionuclide whose decay is
known to produce several low-energy Auger
electrons with ranges of only a few nanome-
tersi35:3¢l. Accordingly, 125 positioned in close
proximity to DNA in aqueous solution would be
expected to generate a high yield of DNA-associ-
ated HO* via ionization of water molecules
within the immediate vicinity of the decaying
atom. Figure 1A demonstrates that SECCA bound
in close proximity to DNA via SECCA-polyly-

sine—DNA complexes can readily detect HO* via
the generation of 7-hydroxy-SECCA. As was
shown earlieri?627], neither direct radiation action
on the detector molecule SECCA, nor radiolyti-
cally-produced e,4~, H*, HO,*, O,*- can induce the
fluorescence; thus, the observed 7-hydroxy-
SECCA fluorescence induction is a specific indi-
cator of HO*26271, That a significant percentage of
HO-* is indeed generated close to DNA in these
experiments is demonstrated in Figure 1B, where
the addition of DMSO results in a different curve
depending on whether 125 is bound to DNA (125]-
polylysine) or free in solution (Na!?). In the for-
mer case DMSO is much less effective in
scavenging HO*, presumably beccause of the
generation of HO* close to DNA and to the detec-
tor molecule SECCA.

Subsequently experiments were carried out
with either free SECCA or SECCA-labeled his-
tone-H1—DNA complexes exposed to metal—
adriamycin complexes in the presence of ascor-
bate and hydrogen peroxide (Figures 5-7). In
both cases, a similar time-dependent induction of
7-hydroxy-SECCA fluorescence was observed.
Although oxidizing species other than HO* may
also be produced during the applied reactions
(e.g. ferryl/copper(Ill) species, or singlet oxygen)
the present data point towards HO* as being the
main species responsible for generation of the
fluorescent 7-hydroxy-SECCA. Thus, DMSO,
ethanol or tert-butanol reduced the fluorescence
induction in the order DMSO > ethanol > tert-
butanol, in accordance with their rate constants
with hydroxyl radical (7 x 10°, 1.8 x 10°, 0.52 x 10°
mol-! dm3 s respectively(®]). In fact, in earlier
experiments using gamma rays, where fluores-
cence induction can be attributed to HO* unequi-
vocallyl2627.38] the three scavengers reduced
fluorescence in the same order as shown in the
adriamycin data in Figure 6. Although the possi-
bility cannot be ruled out, it is unlikely that
ferryl/copper(Ill) species produce 7-hydroxy-
SECCA whose fluorescence reduction in the
presence of three scavengers follows the same
pattern obtained with radiolytically generated
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“pure” HO®, both in the presence and in the
absence of DNA. Our studies with light exposure
of methylene blue (Figure 4) also show that sin-
glet oxygen cannot induce significant amounts of
7-hydroxy-SECCA. Furthermore, since an 8-min
exposure of methylene blue to halogen light is
sufficient to destroy 10 mol dm-3 ADPA by
reaction with an equimolar amount of 10,, it can
be estimated that at least 10-2 mol dm-3 10, is
generated during the 800-min illumination
experiment (Figure 4B). On the other hand, 10 Gy
of gamma rays (Figure 4B) produces approxi-
mately 10-5 mol dm-3 HO* in the SECCA-contain-
ing solutionl®], much of which should be
scavenged by methylene blue. Therefore, under
similar conditions, HO* is many orders of magni-
tude more efficient than 'O, in generating 7-
hydroxy-SECCA.

These results show that metal—adriamycin
complexes in the presence of ascorbate and
hydrogen peroxide probably produce HO*
whether adriamycin is DNA-bound or unbound.
However, as demonstrated with HO® scavengers
(Figure 9), a major difference between experi-
ments with free SECCA and with SECCA
attached to HI—DNA complexes lies in the extent
to which the HO* scavenger can reduce the 7-
hydroxy-SECCA fluorescence generated. Figure
9 indicates that for free SECCA the fluorescence
is diminished by 100 mmol dm-3 of all three
scavengers, while only a moderate reduction of
fluorescence is observed with SECCA-labeled
H1—DNA. These data are consistent with the
generation of HO* in the immediate vicinity of
DNA and the inability of HO* scavengers to pre-
vent HO* from accessing the sites on which
SECCA is bound. On the other hand, agents that
interfere in the metal-catalysis of HO® can have a
significant effect. For example, when catalase,
which is efficient in degrading hydrogen perox-
ide, is added, practically no difference was
observed between free and DNA-bound SECCA
(Figure 9). Furthermore, EDTA, a metal chelator
known to inhibit copper redox reactions/?8! and to
often potentiate iron reactions!®’l, demonstrated

both these effects (Figure 9). The data, therefore,
suggest that copper(Il)/iron(Ill)—adriamycin
produces HO* in the presence of ascorbate and
hydrogen peroxide whether unbound or DNA-
bound and that in the latter case scavengers
would not prevent HO* from attacking chro-
matin.

The influence of HI—DNA conformation on
the scavenging efficiency of DMSO was also stud-
ied (Figure 10). As an earlier fluorescence polar-
ization spectroscopy study demonstrated(*!], an
NaCl content in the region 50-150 mmol dm-3
causes the HI—DNA complex to attain a maxi-
mum anisotropy value (see dotted line in Figure
10) and a most compact conformation which
reduces the accessibility of gamma-ray-generated
HO-* to the SECCA-labeled sites. These results
indicate that increasing concentrations of Na* also
influence the ability of DMSO to scavenge
Cu(II)—adriamycin-catalyzed HO*. Since NaCl
did not affect the binding of copper to adriamycin
or of adriamycin to DNA (also reported by oth-
ers(42)), this effect is not attributable to changes in
the amount of copper—adriamycin complex
bound to DNA. It seems, therefore, that the H1—
DNA conformation may not only have an effect
on the accessibility of HO* to chromatin sitesl41],
but also prevent scavengers from efficiently
removing DN A-associated HO".
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