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Using the pulse radiolysis technique, we have demonstrated that bleomycin-Fe(1II) is stoichiometrically 
reduced by COT to bleomycin-Fe(I1) with a rate of (1.9 f 0.2) x 108M-’s-’ . In the presence of calf 
thymus DNA, the reduction proceeds through free bleomycin-Fe(II1) and the binding constant of bleo- 
mycin-Fe(II1) to DNA has been determined to be (3 .8  0.5) x lo4 M-’. It has also been demonstrated 
that in the absence of DNA 0; reacts with bleomycin-Fe(II1) to yield bleomycin-Fe(II)O,, which is in 
rapid equilibrium with molecular oxygen, and decomposes at room temperature with a rate of (700 f 200) 
s-’. The resulting product of the decomposition reaction is Fe(II1) which is bound to a modified bleomycin 
molecule. We have demonstrated that during the reaction of bleomycin-Fe(I1) with O,, modification or 
self-destruction of the drug occurs, while in the presence of DNA no destruction occurs, possibly because 
the reaction causes degradation of DNA. 
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INTRODUCTION 

Bleomycin (BLM) is a cytotoxic glycopeptide used for the treatment of cancer.’. In 
vitro, efficient cleavage of DNA by BLM requires Fe(1I) and molecular oxygen.24 
Fe(II1) can replace Fe(II), only in the presence of reducing agents.3 Degradation of 
DNA by BLM can also proceed in the presence of Fe(II1) and H20,.’.6 Experiments 
using optical stopped flow spectrophotometry of BLM-Fe(I1) and O2 indicated that 
an unstable ternary complex was formed quickly and yielded species which closely 
resembles BLM-Fe(II1) in its spectrum.’ This intermediate reacted fast to yield 
“activated BLM” and BLM-Fe(II1). A one electron reduction of BLM-Fe(II)O, by 
BLM-Fe(I1) has been proposed as the mechanism for this step.’ “Activated BLM” is 
the species kinetically competent to cleave DNA.6 In the absence of DNA it has been 
demonstrated that “activated BLM” causes destruction of the drug itself.6.8 

In the present study, we have employed pulse and y radiolysis techniques to 
investigate the one electron reduction of BLM-Fe(II1) by COT and 0; in the absence 
and presence of DNA. 

MATERIAL AND METHODS 

Materials 

Blenoxane (bleomycin sulfate) was a gift from Bristol Laboratories. It was dissolved 
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in water and standardized optically using E~~~ = 1.45 x lo4 M-' cm-'.' BLM-Fe(II1) 
was prepared by mixing M Fe(NH,)(SO,), - 12H20 (Merck), which was 
prepared in lo-' N H,SO,, with a small excess of BLM, followed by neutralization 
with NaOH. Solutions of BLM-Fe(II), in buffer, were prepared by mixing oxygen-free 
solutions of BLM, in phosphate buffer at pH 7, with oxygen-free solutions of 
Fe(NH,),(SO,), * 6H,O (Merck) in water. Calf thymus DNA type I, from Sigma, was 
dissolved in phosphate buffer at pH 7 and standardized optically using 
eZM) = 6800 M-lcm-' (per nucleotide). All reagents were of analytical grade and were 
used as received. Solutions were prepared in distilled water which was further purified 
by a millipore reagent grade water system. Solutions were purged of oxygen by 
swirling them for 15 min under a stream of helium. 

Methods 
Optical absorption spectra were measured on a Bauch & Lomb model Spectronic 
2000 spectrophotometer using curvettes with a 1 cm path length. 

The pulse radiolysis set-up has been described earlier." We used electron pulses 
ranging from 0.5-1.5~s duration, producing 8-17pM radicals for G = 6.05 per 
pulse. Xe-Hg 150 W or Xenon 200 W lamps were used as the analytical light sources 
for kinetic measurements. A 4 cm cell with three light passes was used. Analysis of the 
data was carried out by employing simultaneously an A to D convertor and a 
Biomation model 8100, so that two different sweep rates could be used with one pulse. 
Continuous radiolysis studies were carried out with a 13'Cs y-ray source (Radiation 
Machinery Co. Model M 3813). Dosimetry was done with the Fricke dosimeter using 
G(Fe3+) = 15.6 and E!$+ = 2197M-'crn-'." The dose rate of the I3'Cs source was 
1.25 Krad/min. 

RESULTS AND DISCUSSION 

The reduction of BLM-Fe(III) by COT in the Absence and Presence of DNA 

When aqueous formate solutions, saturated with N,O, are irradiated, all the primary 
radicals are converted into CO; with a yield of G(C0;) = 6.05 molecules/100eV.'2 
In the absence of reactants, CO; dimerizes to 0xa1ate.I~ In y-radiolysis of BLM- 
Fe(III), where steady state concentrations of COT are low, stoichiometric reduction 
of BLM-Fe(II1) takes place: 

BLM-Fe(II1) + CO; -+ BLM-Fe(I1) + CO, (1) 

The value of G(BLM-Fe(I1)) and the spectrum of BLM-Fe(II), which was obtained 
through reaction (I), were determined by irradiation of N20 saturated formate 
solutions at pH 7 containing BLM-Fe(II1) for increasing times. Absorbance changes 
were followed between 450 and 550 nm, where BLM-Fe(I1) absorbs, until all BLM- 
Fe(II1) were reduced and no further changes could be observed. The spectrum of 
BLM-Fe(II), thus obtained, was similar to that obtained directly by adding Fe(I1) to 
anaerobic solutions of BLM at pH 7 (Figure 1). The G (BLM-Fe(1I) = 5.4 f 0.5 
was lower than that of G(C0;) = 6.05 probably because H202,  which is generated 
during the irradiation with G,,, = 0.72,12 reacts with the metal complexes. Exposing 
the solutions after the irradiation to air, caused complete oxidation of the complex, 
but the spectrum, which was obtained was different from the original BLM-Fe(II1) 
(Figure 1). We will define the last species formed as *BLM-Fe(II1). The same spec- 
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I I I 
300 4 00 500 600 

X,nm 

FIGURE 1 The spectra of iron bleomycin complexes. ~ BLM-Fe(II1) obtained directly by adding 
Fe(II1) to BLM. -- - - BLM-Fe(1I) formed by reducing BLM-Fe(II1) by COT. - - - - - - - *BLM-Fe(II1) 
formed by exposing solutions of BLM-Fe(I1) to air. ~~~- The product of the reduction of *BLM-Fe(II1) 
by CO;. All solutions contained 85pM BLM-Fe(III),' 20mM formate at pH 7 (2mM phosphate buffer) 
and were saturated either with N,O or air. Irradiations were carried out in a I3'Cs y-ray source which 
generated 7.56pM CO,/min in the sample. 

trum as that of *BLM-Fe(II1) was obtained by adding Fe(I1) to air saturated solutions 
of BLM at pH 7. When N,O saturated formate solutions of *BLM-Fe(II1) were 
irradiated, CO; reduced *BLM-Fe(II1) but the spectrum of the product differed 
somewhat from that of BLM-Fe(II), (Figure 1). When we irradiated the solutions for 
short peridos of time as compared to full reduction, and then exposed the irradiated 
solutions to air, we got spectra which were a mixture of BLM-Fe(II1) and *BLM- 
Fe(II1). 

It has already been demonstrated by Burger et aL6.' that drug self-destruction 
proceeds when BLM-Fe(I1) reacts with 0, in the absence of DNA. From our observa- 
tions we assume that the spectrum, which we defined as *BLM-Fe(III), is a spectrum 
of Fe(II1) which is bound to a modified BLM, and that modification or self-destruc- 
tion of BLM occurs during the oxidation reaction of BLM-Fe(1I) by 0,. 

The kinetics of the reduction of BLM-Fe(I1I) by CO; was studied by pulse 
radiolysis. In N,O saturated formate solutions, under the conditions where [BLM- 
Fe(III)] [CO;], we observed a bleaching of the signal at 365 nm as well as at 403 
and 435 nm. The kinetics of the reduction reaction followed a biphasic pathway at 
these wavelengths. A trace of the absorption versus time at 403 nm is shown in the 
inset of Figure 2. The first phase obeyed first order kinetics and kobsd was linear 
dependent on [BLM-Fe(III)] (Figure 2). From the slope of the line in Figure 2, we 
determined k,, = (1.9 f 0.2) x lO'M-'s-'. The second phase obeyed first order 
kinetics and kobd was independent of [BLM-Fe(III)] and the pulse intensity, 
k, ,  = (45 f 10)s-'. We attribute the first phase to the reduction of BLM-Fe(II1) by 
CO; to yield BLM-Fe(II)* or BLM-Fe(II)CO, which then follows a change in its 
configuration or decomposes to BLM-Fe(II), respectively: 
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0 25 50  7 5  I00 

FIGURE 2 The observed rate constant of the first phase of the reduction of BLM-Fe(II1) by CO; versus 
[BLM-Fe(III)]. The inset contains a trace of the absorption of the whole process at 403 nm versus time, 
where [BLM-Fe(III)] = 100pM. The pulse duration was 0.5 p e c  and the optical pathlength 12.1 cm. All 
solutions were N,O saturated and contained 20mM formate at pH 7 (1 mM phosphate buffer). 

or 

BLM-Fe(II1) + CO; -+ BLM-Fe(II)* + CO, or BLM-Fe(II)CO, (1A) 

BLM-Fe(II)* -+ BLM-Fe(I1) 

BLM-Fe(II)CO, + BLM-Fe(I1) + CO, 
(1B) 

The CO, adduct seems to be the more reasonable intermediate as BLM-Fe(II1) was 
not reduced by e,, which is a powerful reducing agent, and also for streometric 
reasons; and thus electron transfer reaction seems unprobable. 

The spectra of BLM-Fe(II1) and BLM-Fe(I1) in the presence of DNA are very 
similar to those in the absence of DNA (Figure 3). We assume that in both BLM- 
Fe(II1) and BLM-Fe(II1) complexes the metal is hardly affected by DNA. This is in 
contrast to the cuprous phenanthroline complex, which binds to DNA and its 
absorption in the presence of DNA at the maximum is reduced to half of the value 
obtained in the absence of DNA.I4 

While equimolar concentrations of dithionite fully reduced BLM-Fe(I1I) to BLM- 
Fe(I1) in the presence of DNA, low steady state concentrations of COT reduced it only 
partially. We have found that BLM-Fe(I1) in the presence of DNA was partially 
oxidized by COT. We obtained the same ratio of [Fe(III)]/[Fe(II)] whether BLM- 
Fe(II1) was reduced by COT or BLM-Fe(I1) was oxidized by CO; in the presence of 
DNA (Figure 3). The ratio [Fe(III)]/[Fe(II)] reached under steady state depended on 
DNA concentrations. When [DNA] increased the extent of reduction decreased. To 
explain this dependence on [DNA], we must assume that the reduction process 
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FIGURE 3 The spectra of iron bleomycin complexes in the presence of DNA BLM-Fe(II1) 
which was prepared directiy by adding BLM-Fe(II1) to DNA ~ - -  BLM-Fe(I1) which was prepared directly 
by adding oxygen free solutions of BLM-Fe(I1) to oxygen-free solutions of DNA ~ Radiolitically 
reduced BLM-Fe(II1) by CO; - - - - - - - - Radiolitically oxidized BLM-Fe(I1) by CO; . All solutions were 
N,O saturated and contained 85 pM BLM-Fe(II1) or BLM-Fe(II), 420 pM DNA and 20mM formate at 
pH 7 ( 1  rnM phosphate buffer). Irradiations were carried out in a "'Cs y-ray source, which generated 
7.56pM CO;/rnin. 

proceeds through free BLM-Fe(III), while the oxidation process proceeds through the 
ternary complex of BLM-Fe(I1) with DNA. 

When solutions of DNASBLM-Fe(II), prepared directly or radiolitically in N,O 
saturated formate solutions containing DNAEBLM-Fe(III), were exposed to air, a 
spectrum similar to that of the original DNArBLM-Fe(II1) was obtained. When 
these solutions were resaturated with N,O and irradiated again, the extent of reduc- 
tion was higher than that in the case when DNAEBLM-Fe(II1) was prepared directly, 
indicating that there is more free BLM-Fe(II1) in the solution after the exposure to 
air. From these observations we assume that in the presence of DNA the reaction 
between BLM-Fe(I1) and 0, causes degradation of DNA, while in the absence of 
DNA, self-destruction of the drug occurs. 

The kinetics of the reduction of BLM-Fe(II1) by CO; in the presence of DNA were 
studied by pulse radiolysis. We assume that in the presence of DNA under the 
conditions where [BLM-Fe(III)], > [CO;],, only the reduction of the ferric com- 
plexes by CO; proceeded, and competed with the dimerization of CO; to oxalate. 
The reduction reaction which was followed at 365 nm followed a biphasic pathway as 
in the absence of DNA. The first phase obeyed first order kinetics and kobsd was linear 
dependent on [BLM-Fe(III)], and decreased as [DNA] increased. The second phase 
obeyed first order kinetics and kobsd = (40 k 10)s-' was independent of [BLM- 
Fe(III)], [DNA] and the pulse intensity. From these observations we conclude that the 
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264 S. GOLDSTEIN AND G. CZAPSKI 

reduction of BLM-Fe(II1) by CO; in the presence of DNA proceeds through free 
BLM-Fe(III), in agreement with our earlier assumption of the extent of reduction of 
BLM-Fe(II1) in the presence of DNA in y radiolysis, where there are low steady 
concentrations of CO; . 

DNA + BLM-Fe(II1) e DNAEBLM-Fe(II1) (2) 
BLM-Fe(II1) + COT + BLM-Fe(II)* + CO, or BLM-Fe(II)CO, (1A) 

or 
BLM-Fe(II)* + BLM-Fe(I1) 

BLM-Fe(II)CO, + BLM-Fe(I1) + CO, 
(1 B) 

DNA + BLM-Fe(I1) + DNAEBLM-Fe(I1) (3) 
We assume that equilibria (2) and (3) are rapid. At high [DNA], we obtain for the 

first phase: 
k,,[BLM-Fe(III)], 
1 + n,K,[DNA], kobsd = (4) 

where n2 is the number of binding sites for BLM-Fe(II1) per nucleotide. In Figure 4 
I/kobsd is plotted versus [DNA],. From the slope and intercept of the line we obtained 
n,K, = (3.8 k 0.5) x lo4 M-I. It has been demonstrated that BLM binds for every 
5 to 6 base pairs in calf thymus DNA.” If this is the case also for BLM-Fe(III), then 
K, = (4.3 k 1 .O)  x lo5 M-’ which is of the same order of magnitude as that of the 
binding constant of BLM to DNA, 1.2 x 10’ M-’.I5 

0 0. I5  0.30 0.45 
[ D N A ] ,  mM 

FIGURE 4 The reciprocal of k,, of the first phase of the reduction of BLM-Fe(I1I) by CO; versus 
[DNA],. All solutions contained 50pM BLM-Fe(III), 20mM formate at pH 7 ( 1  mM phosphate buffer) 
and were saturated with N,O. The pulse duration was 0.5 pec.  
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IRON BLEOMYCIN 265 

The reduction of BLM-Fe(III) by 0; in the Absence and Presence of DNA 

When aqueous formate solutions, saturated with air, are irradiated, all the primary 
radicals are converted to 0; with a yield of G(0;) = 6.05 molecules/lOOeV.'* Under 
low steady state concentrations of O;, BLM-Fe(II1) in the presence of 0, was fully 
converted to *BLM-Fe(II1) (Figure 1). We assume that 0; reduced BLM-Fe(II1) and 
subsequently degradation of the drug occurred, similarly to the case where BLM- 
Fe(1I) or radiolitically reduced BLM-Fe(IXX) by CO; were exposed to air. 

The kinetics of the reduction of BLM-Fe(II1) by 0; in the presence of oxygen was 
studied by pulse radiolysis under pseudo first order conditions. A trace of absorption 
at  385 nm is shown in Figure 5. Two sequential kinetic events could be observed. The 
rate of the first one, the bleaching of the signal, was found to be first order, and the 
observed rate constant was independent of [O,], [BLM-Fe(III)], and the pulse inten- 
sity with kobsd = (1.2 0.1) x lo5 S K I .  The extent of the bleaching decreased with 
increasing [O,]. The second process was first order and the observed rate constant was 
independent of [BLM-Fe(III)lo, [O,] and the pulse intensity with 
kobsd = (700 200)s-I. 

The rate of the bleaching of the absorption was independent of [BLM-Fe(III)], . 
Therefore we assume that the reaction of BLM-Fe(II1) with 0; was completed within 
the pulse. This implies that the rate constant of the reaction must be 
-2  x 10" M-ls-', which is much faster when compared to other reactions of 
Fe(II1) complexes with 0; . l6  This rate is comparable to the rate of 0; with BLM 
(unpublished results). The reaction of BLM-Fe(II1) with O;, which was completed 
within the pulse, cannot yield BLM-Fe(I1) as in such a case one would expect to 
observe a t  the end of the pulse a decrease in the absorption ( ~ 3 B 8 : ~ . ~ ~ ( ~ , [ )  > E ~ ~ B ~ + , ( , , J .  
Therefore we assume that 0; reacts with BLM-Fe(II1) not at  the metal site either by 
forming BLM-Fe(II1) or BLM-Fe(II1) . . . 0;. After the end of the pulse, an intra- 

Time 
FIGURE 5 A trace of the absorption at 385 nm of the reduction of BLM-Fe(II1) by 0, in the presence 
of oxygen. Solutions were air saturated and contained 45 pM BLM-Fe(III), 20 mM formate at pH 7 ( 1  mM 
phosphate buffer). The optical path length was 12.1 cm and the pulse duration 1.5 ps. (The sharp negative 
absorption at the left picture represents the Cerenkov radiation). 
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molecular electron transfer may proceed to form either BLM-Fe(II), or BLM- 
Fe(II)O,, respectively. According to the first mechanism we would expect a bigger 
bleaching than that obtained as &BLM.Fe(lI]) > EBLM.F~(II) at  385 nm, while according to 
the other mechanism, the small bleaching results from the fact that 
&BLM-Fe(III) N &BLM-Fe(Il)o2 at 385 nm., The small bleaching in the first mechanism and the 
dependence of the extent of bleaching in both mechanisms inversely on [O,] may be 
explained by assuming that in the first mechanism BLM-Fe(I1) or that in the other 
mechanism BLM-Fe(II)O, are in rapid equilibrium with oxygen: 

Mechanism I 

BLM-Fe(II1) + 0; -+ BEM-Fe(II1) + 0, ( 5 )  

BtM-Fe(II1) -+ BLM-Fe(I1) (6) 
(7) 

BLM-Fe(II1) + 0; -, BLM-Fe(II1) . . . 0; (54  

BLM-Fe(II1) . . . 0; -+ BLM-Fe(II)O, (6a) 

(74  

BLM-Fe(I1) + 0, e BLM-Fe(II)O, 

Mechanism I1 

BLM-Fe(II)O, e BLM-Fe(I1) + 0, 

We assume that reactions (6) or (6a) are the rate determining steps as otherwise the 
rate of the bleaching would depend on [O,]. As the extent of the bleaching was 

we conclude that 
(7) or (7a) are in rapid equilibria. According to those mechanisms, the first step 
observed (Figure 5) is reaction (6) or (6a) with k = (1.2 k 0.1) x lo5 s-’ .  

Mechanisms I and I1 are kinetically and spectrally indistinguishable. Mechanism I1 
has already been proposed by Sugiura et a1.” and seems to be more reasonable. 
However, as we have found that 0; reacts very fast with BLM alone with cmparable 
rate to that with BLM-Fe(III), we feel that both alternatives should be considered. 

We assume that the second process that we observed is the decomposition of 
BLM-Fe(II)O,: 

inversely depended on [O,] and &iYM-Fe(]lI) N & B L M . F ~ ( ~ I ) O ~  3x5 > EBLM-F~(I~)?  385 

BLM-Fe(II)O, -, *BLM-Fe(II1) + products (8) 
We have already shown through y-radiolysis experiments that the resulting product 

of the irradiation of air saturated formate solutions containing BLM-Fe(II1) was 
*BLM-Fe(II1). Therefore we assume that BLM-Fe(II)O, decomposes to yield *BLM- 
Fe(III), which at 385nm has a similar absorption to that of BLM-Fe(II1) and 
therefore we expect that the signal will return roughly to its initial absorption. The 
observed rate constant of the last process is given by equation (9) for both mechan- 
isms: 

kobsd = kI/(l + l/K,[O,I) (9) 
where K, = [BLM-Fe(II)O,]/[BLM-Fe(II)][O,] and K,, = l/K7. 

Since we have found that /cobs,, of the last process was independent of [O,], we 
conclude that K7[02] > 1 and equilibrium (7) is shifted to the right and hence 

Burger et al.’, using stopped flow technique, have studied the kinetics of the 
reaction of BLM-Fe(I1) with 0, at 2°C. They observed three sequential kinetic events, 
which were attributed to : a) the formation of BLM-Fe(II)O, with a rate of 

k8 = (700 f 200)s-I. 
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IRON BLEOMYCIN 267 

6.1 x 10'M-'sKi; b) the decay of BLM-Fe(II)O, to BLM-Fe(II1) with a rate of 
0.1 1 s-', and c) the loss of iron from BLM-Fe(II1) to form complex ferric oxides and 
hydroxides. They observed in the third process, a rise in the absorption from about 
430nm to a very large absorbance near 360nm as compared to the spectrum of 
BLM-Fe(II1). They attributed these changes to light scattering by insoluble ferric 
oxides/hydroxides formed by loss of iron from BLM-Fe(II1). If this is true, one should 
expect that this loss of iron would occur in the case where BLM-Fe(II1) is formed 
directly and not only through the rection of BLM-Fe(I1) with 02. We suspect that the 
changes that were observed were due to self-destruction of the drug, which causes a 
change in the absorption of Fe(II1) which is bound to a modified BLM molecule. 

If we compare our results to those obtained by Burger et al.', our results indicate 
that the whole process of the reduction of BLM-Fe(II1) by 0; in the presence of O2 
was completed within lOms, which is within a time interval much shorter than that 
obtained by Burger et al.7 at 2°C. One possible explanation for the very different 
behaviour between the two systems may result from different species. We assume that 
BLM-Fe(I1) is the same whether it is prepared directly as done by Burger et aL7, or 
whether it is prepared by reducing BLM-Fe(II1) by 0; as we did. If this is not the case, 
and different species are formed, their kinetic behaviour may differ. In such a case it 
would imply that different reducing agents may yield different species. (We have 
found that reduction of BLM-Fe(II1) by dithionite or by CO; did not yield exactly 
the same spectrum in the UV, possibly due to some changes in the drug in the case 
of dithionite (results not shown)). This possibility may be of great interest in the 
biological or chemotherapeutic action of the drug. 

In the presence of DNA, under low steady state concentrations of 0; , we did not 
observe any spectral changes in BLM-Fe(II1). We were not able to follow the kinetics 
of the reaction of 0; with BLM-Fe(II1) in the presence of DNA, since the absorption 
changes were too small for detection. 

The reactions with peroxide 
It has already been demonstrated that catalase does not inhibit the degradation of 
DNA induced by BLM-Fe(I1) and 0, or BLM-Fe(III), a reducing agent and 0,.18 On 
the contrary, it enhances the degradation Therefore it is assumed that 
H,O, is not a cofactor in the degradation reaction. 

We did not investigate in detail the reactions of the various complexes with H,O, 
as we have found that all the iron BLM complexes in the presence and absence of 
DNA react with H20,  yielding different species, some of which we were not able to 
identify. 

However, we can summarize our findings as follows: BLM-Fe(II1) rects slowly with 
H20,  yielding in the absence of DNA the same products obtained when BLM-Fe(I1) 
was oxidized by oxygen (Figure I). The kinetics of this reaction was first order with 
respect to both reactants. The rate of the reaction, but not the reaction products, 
depended on whether the solutions were air or helium saturated or whether formate 
was present in the solutions. In the presence of DNA the reaction was much slower 
as compared to the case where DNA was absent, and the spectrum of the reaction 
products was different from that of BLM-Fe(I1) or BLM-Fe(II1) in the presence of 
DNA. 

It has already been demonstrated that degradation of DNA proceeds either by 
BLM-Fe(I1) and 0, or BLM-Fe(II1) and H,0, .6  In the absence of DNA, our results 
demonstrate that degradation of the drug occurs during this reaction of BLM-Fe(II1) 
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with H202 in agreement with previous studies.6'* In the presence of DNA, although 
degradation of DNA takes place, the spectrum of the reaction products did not 
resemble those obtained when DNAEBLM-Fe(I1) reacted with 0,. 

Both BLM-Fe(I1) and DNAZBLM-Fe(I1) reacted rapidly with H,02 yielding 
spectra which were different from those of BLM-Fe(III), *BLM-Fe(II1) or 
DNAEBLM-Fe(II1). 

It is possible that the oxidation of BLM-Fe(I1) by H,02, which is produced possibly 
during the oxidation of BLM-Fe(I1) by 0, in the absence and presence of DNA, 
causes degradation of the drug and therefore catalase, by destroying H202, enhances 
the degradation reaction of DNA. 

HZ02 

The correlation between the Iron-ELM and Copper-BLM Systems 

Both BLM-Fe(II1) and BLM-Cu(I1) are stiochiometrically reduced by CO; with rates 
of (1.9 f 0.2) x 10' M-'s-' and of (6.7 f 0.5) x 10' M - ~ S - ' , ~ '  respectively. In the 
presence of DNA, the reduction process in both cases slows down and proceeds 
through the free complex. We have determined the binding constants of BLM-Fe(II1) 
and BLM-Cu(I1) to calf thymus DNA to be (3.8 f 0.5) x 104M-' and 
(1.5 f 0.1) x lo3 M-* ,2' respectively. While CO; reduces stiochimetrically BLM- 
Cu(I1) in the absence and presence of DNA, BLM-Fe(II1) in the prsence of DNA is 
only partially reduced because the ternary complex of BLM-Fe(I1) with DNA is 
oxidized by CO;. 

Both BLM-Cu(1) and BLM-Fe(I1) react rapidly with oxygen and H202.  In the 
copper system, the oxidation of BLM-Cu(1) by oxygen does not cause degradation of 
the drug:' while in the iron system, degradation of the drug occurs. In the presence 
of DNA, in both systems the oxidation by O2 does not cause degradation of the drug, 
but causes degradation of DNA only in the iron system. 

The reaction of BLM-Cu(1) with H,02 in the absence and presence of DNA causes 
degradation of the drug.,' This may be the reason why BLM-Cu(I1) in the presence 
of reducing agens and O2 or H20,  does not cleave DNA, while BLM-Fe(I1) in the 
presence of 0, does. The various reaction schemes of copper and iron bleomycin are 
given below: 

DNA 
BLM-Fe(I11) #DNArBLM-Fe(II1) 

HZO, 

/ 1;- \ 

I 

Degraded BLM Degraded BLM Degraded DNA 

Reaction mechanism for degradation of either BLM or DNA by iron-blemoycin. SCHEME 1 
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DNA 
BLM-Cu(I1) DNA=BLM-Cu(II) 

f I  t 

269 

O 2 I  I e  I O2 
1 

DNA 
I t  

BLM-Cu(1) DNA=BLM-Cu(I) j*_l 1 H202 

DNA 
*BLM-Cu(II) W DNA=*BLM-Cu(II) . 1 

Y 

Degraded BLM 

SCHEME 2 Reaction mechanism for degradation of BLM by copper-bleomycin. 

CONCLUSIONS 

We have demonstated that BLM-Fe(II1) which binds to DNA, is reduced by CO; 
through free BLM-Fe(II1). We suggest that when a metal complex binds to DNA, its 
reduction proceeds through the free and not the ternary complex as in the case of 
copper-phenanthr~line,’~ copper-bipyridine14 and copper-BLM.” 

We have shown that degradation of the drug occurs in the iron system in the 
absence of DNA, while in the presence of DNA, cleavage of DNA takes place. 

The kinetics of the reaction of BLM-Fe(II1) with 0; in the absenbce of DNA differs 
from that obtained by Burger et a1.’ It may be that different species are formed when 
BLM-Fe(II1) is reduced by different reducing agents. This point may be relevant in 
biological systems where different reducing agents are present. 
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