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Calf thymus DNA was incubated with bleomycin and FeCI, in the presence of isolated rat liver microsomal 
NADH-cytochrome b, reductase, cytochrome b, and NADH which catalyze redox cycling of the bleo- 
mycin-Fe-complex. Furthermore, isolated rat liver nuclei were incubated with bleomycin, FeCI, and 
NADH, a system in which redox cycling of bleomycin-Fe leads to DNA damage. In both systems free bases 
from DNA were released. Furthermore, 8-hydroxy-guanine was also found in the supernatant. On the 
other hand. 8-hydroxy-deoxyguanosine was detected in DNA of cell nuclei indicating that hydroxylation 
of the guanine molecule occurred in intact DNA. The release of bases correlated with the release of 
malondialydehyde as well as with NADH and oxygen consumption. These results indicate that NADH- 
cytochrome b, reductase catalyzes redox cycling of the bleomycin-Fe-complex which results in the forma- 
tion of reactive oxygen species which oxidize deoxyribose as well as bases of DNA. Both mechanisms may 
contribute to  the cytotoxic and cytostatic effects of bleomycin observed in intact cells. 

KEY WORDS: Bleomycin. reactive oxygen species, DNA, base release, 8-hydroxy-deoxyguanosine, 
redox cycling, cell nuclei. 

INTRODUCTION 

The reduced complex of the anticancer drug bleomycin with iron ions activates 
oxygen and leads in the presence of DNA to strand breaks induced by reactive oxygen 
species which oxidize the deoxyribose moiety (for review see I ) .  As reaction products 
base propenals are formed which can be split to free bases and rnalondialdehyde.' In 
cells cytotoxic and cytostatic effects of bleomycin are presumably due to DNA 
damage. We have previously shown that two enzymes, NADPH-cytochrome P-450 
reductase and NADH-cytochrome b, reductase are able to catalyze the reduction of 
the bleomycin-Fe-complex which binds oxygen and leads to oxidation of DNA.3.4 
These enzymes are located in the endoplasrnic reticulum as well as in cell nuclei.' We 
suggested that these enzymes are mainly responsible for redox cycling of the bleo- 
mycin-Fe-complex resulting in increased oxygen activation and DNA damage. In this 
respect the most active enzyme was NADH-cytochrorne b, reductase which was only 
active in the presence of cytochrome b,." 

We wondered whether during redox cycling by this enzyme free bases are released 
from DNA indicating oxidative cleavage of DNA by the above mechanism. Further- 
more, we were interested whether besides the oxidation of deoxyribose the bases of 
DNA are oxidized in this system. Therefore, we incubated this enzyme isolated from 
rat liver microsomes with bleornycin-Fe and DNA. Furthermore, we incubated 
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isolated rat liver nuclei with bleomycin-Fe and NADH. We measured the release of 
free bases from DNA in both systems and analyzed and quantified 8-hydroxy-guanine 
and 8-hydroxy-deoxyguanosine. 

MATERIALS AND METHODS 

Chemicals and Biochemicals 
Bleomycin was the commercially available drug (Mack, Illertissen, F.R.G.). Calf 
thymus DNA, bases, deoxynucleosides, DNase I (bovine pancreas), endonuclease, 
phosphodiesterase I, phosphatase (type 111 S) and TES-buffer were supplied by 
Sigma, Muchen, F.R.G.. Octyl sulfate was purchased from Aldrich, Steinheim, 
F.R.G., and DEAE-cellulose from Serva, Heidelberg, F.R.G.. All other chemicals 
were from Merck, Darmstadt, F.R.G.. HPLC-columns filled with hypersil ODS 
(3 pm) were obtained from Knaur, Berlin, F.R.G.. 8-Hydroxy-guanine and 8- 
hydroxy-deoxyguanosine were synthesized according to Kasai et aL6 Cytochrome b, 
and NADH-cytochrome b, reductase were isolated from rat liver microsomes as 
already de~cribed.~ Cell nuclei were isolated from rat liver as described elsewhere.' 

Incubations 

DNA (0.2rng/ml) was incubated with bleomycin (0.1 mglml), FeCl, (1 mM), MgCl, 
(2.5 mM), NADH (1 mM), cytochrome b, (0.2 nmoles/ml) and isolated NADH- 
cytochrome b, reductase (0.23U/ml) in 25mM TES-buffer (pH 7.5) for 30min a t  
37°C. 

Rat liver cell nuclei (1  mg nuclear protein/ml) were incubated with bleomycin 
(1 mg/ml) FeCI, (1 mM), and MgCI2 (2.5 mM) as above. 

Base analysis 
At various times samples were withdrawn, centrifuged and treated with DEAE-52- 
cellulose several times and subjected to HPLC analysis. 

DNA was isolated according to a standard procedure including treatment with 
proteinase K. Deoxynucleosides were split from DNA by adding deoxyribonuclease 
I and endonuclease followed by treatment with phosphodiesterase I and phospha- 
tase.'v9 The mixtures of deoxynucleosides were also treated with DEAE-52-cellulose 
and subjected to HPLC analyses. 

Free bases and deoxynucleosides were analyzed by HPLC ion exchange chromato- 
graphy on hypersil ODS (3 pm) using an eluent of 9% methanol, 3 mM octyl sulfate 
and 1 YO H,P04. The bases were detected by UV absorbance at 290 nm, whereas the 
hydroxylated bases were quantified by electrochemical detection." 

RESULTS 

Figure 1 demonstrates that during incubation of DNA with the bleomycin-Fe- 
complex and NADH-cytochrome b, reductase all four DNA-bases are released into 
the medium. This agrees with previous results obtained with NADPH-cytochrome-P- 
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10 20 K) min 

FIGURE 1 Release of free bases from DNA (0.2 mg/ml) incubated with bleomycin (0.1 mgfml), FeC1, 
( 1  mM), NADH ( I  mM), cytochrome b, (0.2 nmoles/ml) and NADH-cytochrome b, reductase (0.23 U/ml) 
thymine (X), guanine (O), adenine (0). cytosine ( A )  

450 reductase. Parallel to the base release, maiondialdehyde was formed and NADH 
was consumed (data not shown). The release of bases was dependent on NADH, 
bleomycin-Fe and the enzyme system (data not shown). Table 1 demonstrates that in 
addition to the release of free bases 8-hydroxy-guanine is also released into the 
supernatant of the incubation. Per guanine molecule only 1 /25 of 8-hydroxy-guanine 
is measurable (Table I) .  It is not known whether hydroxylation ofguanine takes place 
in intact DNA or whether guanine already released from DNA into the supernatant 
is hydroxylated. This might be clarified by using scavengers of reactive oxygen species 

TABLE I 
Release of 8-hydroxy-guanine (8-OH-G) from and formation of 8-hydroxy-deoxyguanosine (8-OH-dG) in 
DNA (0.2 mg/ml) incubated with bleomycin (0.1 mglml), FeCI, (1 mM), NADH (1 mM), cytochrome b, 
(0.2 nmoleslml) and NADH-cytochrome b, reductase (0.23 U/ml). , .  

Incubation time 8-OH-Glnmol G 8-OH-dG/nmol dG 
(mid (pmoles) (pmoles) 

0 
5 

10 
15 
20 
30 

0 
11 
22 

4 
5 
7 
9 

10 
15 

38 

46 
- 

A representative experiment out of 3 is shown. 
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formed. However, all previous attempts to trap these have not been ~ u c c e s s f u 1 . ~ ~ ~ ~ ~  On 
the other hand, Table 1 indicates that hydroxylation of the guanine moiety is possible 
in the intact DNA and that a small number of molecules of 8-hydroxy-deoxyguano- 
sine is already present in the DNA used. 

This amount increases with increasing incubation time. The formation of 8- 
hydroxy-deoxyguanosine depends on the bleomycin-Fe-complex, the enzyme system 
and NADH (data not shown). Based on Table 1, we can calculate that over-all only 
about 1/20 of the guanine molecules present in DNA are hydroxylated. 

Figure 2 demonstrates that bases are also released from intact rat liver cell nuclei 
incubated with NADH. The release of bases into the supernatant was dependent on 
NADH and the bleomycin-Fe-complex (data not shown). Parallel to the release of 
bases with incubation time, increasing amounts of malondialdehyde were formed and 
NADH was consumed as previously* described (data not shown). Table 2 demonstra- 
tes that also from isolated nuclei 8-hydroxy-guanine is released into the medium when 
incubated with bleomycin-Fe and NADH. But that hydroxylation of the guanine 
molecule is not only a secondary reaction step is also shown in Table 2 which 
demonstrates that hydroxylation of the guanine moiety of DNA occurs also in intact 
cell nuclei, the hydroxylation step being dependent on the bleomycin-Fe-complex and 
NADH (data not shown). It can be calculated that about 1/30 of overall guanine 
molecules in DNA are hydroxylated. 

DISCUSSION 

From our previous studies it is clear that the bleomycin-Fe-complex undergoes redox 
cycling in isolated liver cell nuclei.’ The enzyme responsible for redox cycling is most 

FIGURE 2 
bleomycin (1 mglml), FeCI, ( I  mM) and NADH ( I  mM). Base assignment as in Figure 1. 

Release of free bases from DNA of liver cell nuclei ( I  mg nuclear proteinlml) incubated with 
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TABLE I1 
Release of 8-hydroxy-guanine (8-OH-G) from and formation of 8-hydroxy-deoxyguanosine (8-OH-dG) in 
DNA of liver cell nuclei (1 mg nuclear protein/ml) incubated with bleomycin (1 mglml), FeCI, (1 mM) and 
NADH (1 mM) 

Incubation time 8-OH-G/nmol G 8-OH-dG/nmol dG 
(min) (pmoles) (pmoles) 

0 
5 

10 
15 
20 
30 

4 
11 
11 
20 
19 
15 

2 
3 
5 
6 

10 
8 

A representative experiment out of 3 is shown. 

likely NADH-cytochrome b, reductase. It has been demonstrated in earlier studies 
that the deoxyribose moiety of DNA is oxidized by the reduced bleomycin-Fe- 
complex. This leads to the formation of base propenals which are split to free bases 
and malondialdehyde.'.2 Concomitantly strand breaks of DNA occur. Furthermore, 
the guanine moiety of DNA is hydroxylated." We show here that the release of DNA 
bases induced by the enzymatically reduced bleomycin-Fe-oxygen-complex is asso- 
ciated with the formation of 8-hydroxy-guanine. It is difficult to quantitate the 
absolute amounts of hydroxylated bases because we only measured 8-hydroxy- 
guanine and 8-hydroxy-deoxyguanine. It is likely that also thymine is oxidized leading 
to the formation of thymine glycol. 

However, it is not clear which role oxidation of bases of DNA plays in relation to 
toxicity. 8-Hydroxy-deoxyguanosine present in intact DNA may result in misrepair 
and could therefore lead to mutations.I2 On the other hand, it is not very likely that 
formation of 8-hydroxy-deoxyguanosine induced in cells is responsible for the acute 
toxicity obsrved with bleomycin. 

In summary, during enzymatic redox cycling of bleomycin-Fe a reactive species is 
formed which is able to oxidize guanine in DNA resulting in the same product, 
8-hydroxy-deoxyguanosine, which has been identified after oxidation of DNA by 
hydroxyl radi~a1s.I~ Therefore, it is likely that the reactive oxygen species formed 
during redox cycling of the bleomycin-Fe-complex has a similar reactivity as hydroxyl 
radicals. But it is not known whether this species is really responsible for the cyto- 
toxicity induced by bleomycin in cells. 
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