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Bleornycin (BLM)acts as an antitumor agent
by virtue of its ability to cleave DNAX~3). BLM-
induced DNA-damagerequires the presence of
molecular oxygen and ferrous ions4'5), which
may be replaced by ferric ions and a reducing
agent6).

Reaction mixtures for the assay of DNA
degradation were usually prepared with all the
components except iron or the reducing agent.
The reaction was initiated by adding the missing
component and terminated by the addition of
ethylenediaminetetraacetic acid (EDTA) to a
final concentration of l~10mM4'6~10). This
procedure was adopted although Sausville
et alP have shown that a 30-fold excess of
EDTAover BLMat neutral pH only slowed
down DNAscission but did not stop it, and that
the presence of a reducing agent increased the
activity of EDTA.
In the present study we measured the rates of
the substitution reactions of BLM-Fe(III) and
of the ternary DNA=BLM-Fe(III) complex,
with EDTA, diethylenetriaminepentaacetic
acid (DETAPAC) and desferrioxamine
(DESFERAL), which are strong chelators of

iron. Wealso measured the time required to
stop ascorbate oxidation and DNAdegradation
by BLM-Fe(III) and the effect of reducing
agents on the substitution reaction and on the
degradation of DNA. We find that putting a
rapid stop to the catalytic activity of BLM-Fe(II)
at a neutral pH requires the simultaneous ad-
dition of an iron chelator and a reducing agent.

Electrophoretic studies and the preparation
of BLM-iron chelates and calf thymus DNA
solutions were previously describedn). The
substitution reaction of BLM-Fe(III) with

EDTA, DETAPAC or DESFERAL,

BLM-Fe(III) + chelator
-» chelator-Fe(III) + BLM (1 )

was followed by change in absorbance at 365 nm.
The kinetics of the reactions were followed under
pseudo first order conditions ([chelator]0»
[BLM-Fe(III)]0). The solutions contained 0.1 ~
0.18 mM BLM-Fe(III), l~ 100 mMchelator and
1 mMphosphate buffer at pH 6.8. The change
in absorbance at 365 nmin the case of EDTA
and DESFERALwas first order with respect
to [BLM-Fe(III)] and &obsd was linearly de-
pendent on [chelator]. The rate constant of

reaction (1) was determined by plotting Arobsd as
a function of [chelator] yielding ki^O^di
0.08) m^s"1 for both EDTA and DESFERAL
(Fig. 1). This value is similar to that determined
for the substitution reaction of BLM-Cu(II)
with EDTA12). In the case of DETAPAC,we
observed two processes : Onewas first order with
respect to [BLM-Fe(III)] and kohsd was linearly
dependent on [DETAPAC].The second process
was second order and the rate constant, which
is most probably kl9 was determined to be
(l.TSiO^M-^ s-"1 (Fig. 1). The second pro-
cess was very slow, with T1/2=10 minutes and
was independent of [DETAPAC]. In the pre-
sence of 0,92mM DNA, the rate of the sub-

Fig. 1. The observed rate constant of the reaction
of 0.18 mMBLM-Fe(III) with various chelators
as a function of [chelator].

Aerated solutions in 1 mMphosphate buffer at
pH 6.8.

# EDTA, a DESFERAL, O DETAPAC.



VOL. XL NO. 9 THE JOURNAL OF ANTIBIOTICS 1345

stitution reaction with 10 niM of the chelaton
was slowed down considerably. More than 1
hour was required to complete the reaction
The kinetics seemed to be very complicated anc
more than one process may have been involved
Ascorbate, at concentrations exceeding that oj
oxygen, added with the chelator accelerated the
rate of the substitution reaction both in the
absence and in the presence of DNA.In fact,
the reaction was too rapid to be followed spec-
trophotometrically. However, when Fe(II) was
added to air saturated solutions containing BLM
and 10mM of the chelator, the oxidation of
BLM-Fe(II) by oxygen was much faster than the
substitution reaction. The yellow color of BLM-
Fe(III) appeared immediately and subsequently
the slow substitution reaction of BLM-Fe(III)
with the chelator proceeded. We also found
that the rate constant of the oxidation of BLM-
Fe(II) by O2 is much higher than that of the
reduction of BLM-Fe(III) by ascorbate (un-
published results) and therefore, the concentra-
tion of ascorbate had to exceed that of O2
(0.24 mM) in order to maintain significant con-
centrations of BLM-Fe(II). The rate of the
substitution reaction of iron-BLM with the

various chelators in the presence of 1 mMas-
corbate was the same, whether in air or in argon
saturated solutions, indicating that O2 is not
involved in the substitution reaction. Whenwe
incubated DNA with BLM-Fe(III) and 1 mM
ascorbate for 30 minutes and then added the
chelator, the kinetics and T1/% of the substitu-
tion reaction were the same as with BLM-Fe(III)
in the absence of DNAand ascorbate. Since
under these conditions ascorbate was fully
oxidized and the DNAwas degraded, it seems
that DNA degradation products do not bind
BLM.

The spectrophotometric experiment supported
the assumption that it is easier to sequester
Fe(II) from BLMthan Fe(III), and the difference
is even greater when BLMis bound to DNA.
We have previously studiedn) the BLM-Fe(III)
catalyzed oxidation of ascorbate in air saturated
solutions. By measuring the decay of the cata-
lytic activity of BLM-Fe(III) after the addition
of DETAPACwe could indirectly measure the
substitution reaction with great sensitivity (Fig.
2). It can be seen that when 10^m BLM-
Fe(III) was incubated with 100 fJtM DETAPAC,
more than 2 hours were required to inhibit the

Fig. 2. The effect of DETAPACon BLM-Fe(III) catalyzed oxidation of ascorbate.
Reaction mixtures contained 0,1 mMascorbate, 10 fiu BLM-Fe(III) in 1 him phosphate buffer at

pH 6.8. (a) Effect of preincubation of BLM-Fe(III) with 100 m DETAPACfor various times: 0, 5,
30, 60 and 120 minutes, (b) Effect of increasing amounts of DETAPAC:0, 10, 40, 160 and 640 <wm,
added together with ascorbate. Ascorbate oxidation was followed at 266 nm.
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Fig. 3. The effect of preincubation of DNA=
BLM-Fe(III) with DETAPACon the oxidation of
ascorb ate.
Reaction mixtures containing: 0.25 iiim DNA,

10/*m BLM-Fe(III), and 100m DETAPAC in
1 mMphosphate buffer at pH 6.8 were incubated
for0, 120 and 180minutes. Then 0.1 mMascorbate
and 0.1 m NaCl were added and the change in
absorbance at 266 nmwas followed.

activity of the catalyst (Fig. 2a), whereas only
about 2 minutes were required to stop the oxida-
tion of ascorbate when DETAPACwas added
to BLM-Fe(III) together with ascorbate (Fig.
2b).

The ternary complex DNA=BLM-Fe(III) is
relatively inactive as a catalyst for the oxidation
of ascorbate10. High ionic strength (I) increases
the oxidative activity of BLM-Fe(IIX) in the
presence of DNA, probably because the binding
constant of BLM-Fe(III) to DNAdecreases as
I is increased11}. A similar effect of I was ob-
served in the case of BLM-Co(Ili)13). In order
to test the effect of DETAPACon the catalytic
activity of the ternary complex DNA=BLM-
Fe(III), we incubated 0.25 mMDNA and 10 ^m
BLM-Fe(III) with 100 fiu DETAPAC at low
ionic strength (0.001) for various periods of time,
then added 100 ^m ascorbate and measured its
oxidation rate at increased I (0.1). Fig. 3 shows
that up to 3 hours of preincubation with
DETAPAC,in the absence of ascorbate, had
little effect on the catalytic activity of the DNA=
BLM-Fe(XII) complex, confirming that the se-

questration of Fe(III) from the complex with
DNAis slow compared to the reaction with
BLM-Fe(III) (Fig. 2a). We assume that at low
ionic strength an equilibrium between DNA=
BLM-Fe(III) and DETAPAC-Fe(III) is achieved.
Since the relatively rapid substitution reaction
with BLM-Fe(II) is unaffected by the presence
of DNAit appears that Fe(III) binds to BLM
in a way which affects the environment of the iron
as the complex binds to DNA,while the environ-
ment of Fe(II) in complex with BLMis unaf-
fected by the binding to DNA. These conclu-
sions are in agreement with earlier data showing
that the reduction of BLM-Fe(III) by CO2~

decreased as [DNA] increased, while the oxida-
tion of DNA=BLM-Fe(II) by CO2~ was in-
dependent of [DNA]14).

The substitution reaction between DNA=
BLM-Fe(III) and DETAPAC was also followed
by measuring the time required to stop the
formation of DNA single and double strand
breaks in the presence of ascorbate at high In).
Using a reaction mixture which contained 0.25
mMDNA, 0.5mM ascorbate and 1 ^m BLM-
Fe(III) we found that DETAPAC0.1~ 10 mM
slowed down the formation of DNA double
strand breaks but did not stop the reaction com-
pletely. With a [DETAPAC] - [BLM-Fe(III)]

ratio of 100: 1, more than 20 minutes were re-
quired to stop DNAscission. EDTAat 1 mM
concentration was only slightly less active than
DETAPAC.In order to stop the reaction
without delay, both 10mM DETAPAC and
5 mMascorbate were required. Ascorbate by
itself (>2 mM) also inhibited the reaction10.
This may be attributed to the competition be-
tween O2 and ascorbate for DNA=BLM-Fe(II).
Indeed, the addition of high concentrations of
ascorbate to DNA^BLM-FeCIII) yielded a mix-
ture of ferric and ferrous ternary complexes.
Comparing the effects of DETAPAC and

DETAPACtogether with ascorbate or with KI
on the formation of DNAsingle and double
strand breaks (Fig. 4), we found that DNA

damage was prevented only when DETAPAC
was added together with ascorbate. KI was

less effective than ascorbate.
We have shown that the removal of Fe(III)

from BLMbound to DNAwith the commonly
used iron chelators is a very slow process, whereas

the substitution reaction with BLM-Fe(II) is
muchfaster and is unaffected by the presence of
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Fig. 4. DNAdegradation induced by BLM-Fe(III);
prevention by DETAPACand reducing agents.

Reaction mixtures contained: 0.25 mMDNA,
2,wm BLM-Fe(III), 0.1 m NaCl and 0.5mM as-

corbate in 1mM phosphate buffer, pH 6.8.
DETAPACand KI when added were 10mM.
Reaction mixtures were incubated for 5 minutes
at 30°C and the reaction was terminated by the
addition of a stopping mixture which contained
10 mMDETAPACand 5 mMascorbate.

DNA electrophoretic migration profiles for
detection of A; double strand breaks, B; single
strand breaks. Lanes: 1; untreated DNA, 2; no

addition, 3; DETAPAC, 4; ascorbate, 5;

DETAPACand ascorbate, 6; 1 DNAHind III
digest, 7; KI, 8; DETAPAC and KI.

DNA. This probably reflects differences in the
structures of the ternary complexes of DNA=
BLM-iron. The practical implication of this

study is that in order to prevent DNAdegrada-
tion by BLMor to stop it efficiently, both an
iron chelator and a high concentration of a
reducing agent have to be used.
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