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Bleomycin, in the presence of ferric salts, oxygen and a suitable reductant, degrades DNA with the release 
of base propenals, detected as thiobarbituric acid (TBA) reactivity, and the formation of I-hydroxydeo- 
xyguanosine (EOHdG) detected by HPLC. When xanthine oxidase is added to the incubated mixture of 
DNA degradation products, TBA-reactivity is destroyed but 8OHdG formation is increased. EPR Spin 
trapping experiments show that hydroxyl radicals (‘OH) are formed in the reaction mixture and can be 
inhibited by the inclusion of either superoxide dismutase or catalase. These findings suggest that the base 
propenals and possibly malondialdehyde. formed from them, are aldehydic substrates for xanthine oxidase 
and, the product of this reaction is superoxide (0;) and hydrogen peroxide (H202).  Thus, TBA reactivity 
is destroyed in the formation of 0; and H 2 0 2  which stimulate further oxidative damage to DNA resulting 
in increased 80HdG formation. 

KEY WORDS: Bleomycin-iron, DNA damage, 8-hydroxydeoxyguanosine, hydroxyl radicals, spin trap- 
ping. xanthine oxidase, superoxide dismutase. 

INTRODUCTION 

The bleomycins are glycopeptide antitumour antibiotics used in the treatment of 
several human malignancies. Bleomycin sulphate preparations are a mixture of 
bleomycins consisting mainly of bleomycin A2 and bleomycin B2. The bleomycin 
molecule has two important features that determine its ability to degrade DNA. The 
bithiazole and terminal amine residues effect binding to DNA, whereas the /?- 
aminoalanine-purimidine-/?-hydroxyhistidine portion is responsible for complexing 
metals (for a review see Gutteridge and Halliwell 1987).’ Both iron and oxygen play 
a key role in the ability of the bleomycin to degrade DNA’ and when iron is 
complexed to bleomycin it can bring about the specific cleavage of DNA at guanine 
residues.’ The reactive species responsible for DNA degradation is, however, still a 
subject of some debate. Although hydroxyl radicals (‘OH) have been spin-trapped in 
bleomycin-iron  reaction^,^ DNA degradation, as might be expected from a site-specif- 
ic reaction is poorly if at all influenced by scavengers of the ’OH The 

?To whom correspondence should be addressed, at permanent address: NIBSC, Blanche Lane, South 
Mimms. Potters Bar. Herts, EN6 3QG.. UK. 
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penultimate species detected before DNA damage occurs has been identified as a 
ferric peroxide of bleomycin (BLM-F$ + -0OH ). 

When DNA is damaged by the bleomycin-iron complex base propenals are re- 
leased6 which decompose under the conditions of the thiobarbituric acid reaction to 
release malondialdehyde' that reacts to give a characteristic pink chromogen. Recent 
studies have shown that hydroxyl radical damage to the DNA molecule results in the 
formation of a hydroxylated base, 8-hydroxydeoxyguanosine (80HdG)8 and that this 
product can be measured with high sensitivity using an electrochemical detector after 
separation by high performance liquid chromatography.' 

In the present study we examine the reaction of bleomycin, with guanine residues, 
and the possible site specific formation of 'OH radicals. 

Xanthine oxidase has previously been shown to destroy TBA-reactive material 
derived from base propenals" and we here compare the effect of xanthine oxidase on 
TBA-reactivity and 80HdG formation. 

MATERIALS AND METHODS 

Bleomycin sulphate, calf thymus DNA (type I), superoxide dismutase (bovine eryth- 
rocyte). xanthine oxidase (Grade I units as described in the Sigma catalogue), 
DNAase I ,  alkaline phosphatase (calf intestine) and endonuclease were from Cal- 
biochem and phosphodiesterase (snake venom) from Boehringer Mannheim. All 
other chemicals were of the highest purity available from Aldrich Chemicals, Mil- 
waukee. 

1. Bleoniycin-iron riq>endent clegradation of D N A  
The following reagents were added to new clean plastic tubes and the contents 
incubated at 37°C for 1 hr: 0.1 ml DNA 1 mg/ml, 0.1 ml of MgClz 50mM, 20p1 of 
bleomycin I unit/ml, I .7 ml of phosphate-saline buffer pH 7.4 (0.05 M Na phosphate 
in 0.075 M NaCI). The reaction was started by adding 50pl of ascorbate 7.5 mM. 
Where appropriate lop1 of xanthine oxidase (0.25 units) was added to the reaction 
mixture before addition of ascorbate. The DNA and MgCI, solutions were dialysed 
against conalbuinl" then treated with Chelex resin. The phosphate buffer was not 
treated in any way and the adventitious iron in this buffer was the main source of iron 
present in the reaction. 

2. Tliiobarhituric acid reactiviiji 

After incubation at 37°C for I hr, 0.2 ml of thiobarbituric acid ( I  YO v/v in 0.05 M 
NaOH) and 0.2ml of 25% v/v HCI were added and the tube contents heated for 
IOmins at 100°C. The resulting pink chromogen was measured at 532nm against 
appropriate blanks and controls. 

3. 8- Hl'dro.~l'(~eo.u,guanosine measuremen is 

These were carried out as previously described in detail." In brief, after reaction of 
bleomycin with DNA the DNA was precipitated from solution with NaCl and 
ethanol and the recovered pellets dissolved in 5 mM Bistris/O. I mM EDTA buffer pH 
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7.1 and digested with DNAase I phosphodiesterase, alkaline phosphatase and en- 
donuclease. The amount of 80HdG in the DNA digest was measured using HPLC 
with electrochemical detection. The amount of deoxyguanosine (dG) in the DNA 
preparation was determined by HPLC with optical detection in line, but before, the 
eletrochemical detector. 

4 .  Electron paramagnetic resonance measurements 

Measurements were carried out in the capillary segment of a sealed pipette using an 
IBM-Bruker ER 300 electron spin resonance spectrometer at room temperature 
(25°C). Instrument settings were: modulation frequency 100 KHz, modulation am- 
plitude 0.975 G .  Time constants 81.92 ms, sweep width lOOG, microwave frequency 
9.75 GHz, power 1.98 mw, gains are given in respective figures. DMPO (final reaction 
concentration 140 mM) was dissolved in Chelex-resin treated distilled water, with a 
pH value of 7.4 and added to the reaction mixtures described for bleomycin-iron 
dependent degradation of DNA. Samples were scanned in the EPR spectrometer after 
further incubating for 15 minutes at 37". 

RESULTS 

As expected and in agreement with previous studies a bleomycin-iron complex in the 
presence of ascorbate and molecular oxygen released thiobarbituric acid-reactive 
(TBA) material from linear duplex DNA2.3.7 characteristic of base propenals. Little or 
no TBA-reactive material, was formed from DNA in the absence of bleomycin.'2 
8-Hydroxydeoxyguanosine (80HdG) was formed from DNA under similar con- 
ditions with ascorbate and its formation was greatly enhanced by the inclusion of 
bleomycin (Table I). DNA degradation both in the presence and absence of bleo- 
mycin was dependent on the presence of iron salts since, the metal chelator desfer- 
rioxamine inhibited damage (Table I). By carrying out the reaction in the presence of 
phosphate, DNA degradation by bleomycin is greatly increased.'j Incorporation of 
Tris at a pH value of 7.4 into the phosphate buffer inhibited formation of base 

TABLE I 
Formation of base propenals and 8-hydroxydeoxyguanosine from DNA by bleomycin-iron and the effect 
of xanthine oxidase and inhibitors 

8OHdG: lo5 d G  Base propenals as  
TBA-reactivity (A532 nm) 

I .  DNA + BLM 

3. DNA + Ascorbate 
Reaction 2 + XOD 
Reaction 2 + SOD + XOD 
Reaction 2 + TRlS 48mM 
Reaction 2 + TRlS 145mM 
Reaction 2 + TRlS 290mM 
Reaction 2 + TRlS 435mM 
Reaction 2 + DEFOM 

2. DNA + BLM + ASCOrbdte 
0 

I40 
11.0 

270.5 
157.8 
81.3 

7.9 
8.7 
4.0 

25.6 

0.002 
0.758 
0.002 
0.084 
0.082 
0.674 
0.520 
0.295 
0.180 
0.002 

The reactions contained at final concentrations: DNA 0.05 mg/ml, bleomycin (BLM) 0.01 units, ascor- 
bate 0.18 mM. Superoxide dismutase (SOD) 0.024mg/ml. xanthine oxidase (XOD) 0.123 units. The results 
shown are the mean of 3 or more separate experiments. DEFOM = Desferrioxamine. 
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FIGURE I [ I ]  DNA 0.35mg/ml, bleomycin 0.07 units ml, magnesium chloride 8.8mM, phosphate 
8.8 mM, pH 7.4 and ascorbate 0.65 mM or [2] H 2 0 2  0.8 mM (where appropriate) were incubated at 37OC 
for 2hrs. To each reaction tube was added DMPO at a final concentration of 140mM. The following 
reagents were added for further incubation at 37OC for ISmins: (a) Control reaction mixture [I] with 
ascorbate as described above (no additions). (b) Control reaction ( I ]  + xanthine oxidase (0.25 units). (c) 
Control reaction [ I ]  + superoxide dismutase (0.087mg/ml) + xanthine oxidase (0.25 units). (d) Control 
reaction 121 with H202  as described above (no additions). (e) Control reaction [2] + xanthine oxidase (0.25 
units). (f)  Control reaction [2] + superoxide dismutase (0.087 mg/ml) + xanthine oxidase (0.25 units). 
Scans a-f were with a receiver gain of 1.00 x lo6, a-c were on scale 17, d-f scale 18 which is half the 
amplitude of 17. 
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propenals and 80HdG from DNA (Table I). Mannitol at the same molar concentra- 
tions as Tris did not inhibit DNA damage and at high concentrations appeared to 
stimulate damage, In contrast formate was poorly inhibitory (data not shown). 

When samples of DNA were degraded by bleomycin-iron-ascorbate mixtures and, 
the products incubated with xanthine oxidase, a complete loss of TBA-reactivity was 
seen. This occurred whether xanthine oxidase was added before the start of the 
bleomycin reaction or whether it was added after completion of the reaction, followed 
by a short 15 minute incubation period (Table I). When the same samples were 
examined for their 80HdG content however an increase in 80HdG content was 
usually observed after incubation with xanthine oxidase (Table I). The xanthine 
oxidase-dependent increase in 80HdG formation was however, decreased by adding 
superoxide dismutase to the reaction mixture (Table I). This latter finding was further 
examined using epr spectroscopy and the spin trap DMPO. Incubation of DNA with 
bleomycin-iron and ascorbate produced a weak ascorbate radical signal (Figure 1 a). 
Addition of xanthine oxidase appeared to increase the ascorbate radical signal and 
induce the presence of a weak DMPO trapped 'OH radical signal (Figure 1 b). A weak 
'OH signal is consistent with the known ability of ascorbate to destroy a DMPO-OH 
adduct." Superoxide dismutase when added however, reduced the 'OH signal even 
further but the ascorbate radical remained and, possibly increased (Figure lc). To 
avoid the complications of ascorbate radicals, and the destruction of the DMPO-OH 
signal the bleomycin reaction was driven by adding hydrogen peroxide in place of 
ascorbate. In Figure Id it  can be seen that DNA degradation by bleomycin-iron-H,O, 
is accompanied by a small 'OH signal but, the signal is increased by xanthine oxidase 
(Figure le). Superoxide dismutase under these conditions removed the 'OH signal 
(Figure If). In both the ascorbate and hydrogen peroxide driven reactions catalase 
substantially inhibited formation of the DMPO-OH adduct (data not shown). 

DISCUSSION 

DNA is cleaved by a bleomycin-iron complex in the presence of molecular oxygen 
with the release of free bases and sugar fragments known to be base propenals with 
the general structure: B~s~-CH=CH-CHO.~  The tight binding of the bleomycin iron 
complex to DNA ensures that a site-specific reaction takes place on the DNA 
molecule and, this is the most likely explanation of why most antioxidants are poorly 
effective in protecting the DNA molecule from such damage. Iron salts, in the absence 
of bleomycin, damage DNA but do not release substantial amounts of TBA-reactive 
material.'* One of the products formed from DNA by simple iron salts that can be 
detected is the hydroxylated base 8-hydroxydeoxyguanosine (80HdG).'.'' Here we 
confirm that bleomycin greatly potentiates the iron-dependent formation of 80HdG 
from DNA,'' and, this may relate to its specific recognition of guanine residues in the 
DNA molecule.' 

In previous studies using entirely different reaction conditions and in the absence 
of phosphate we have shown that some scavengers of the hydroxyl radical can weakly 
enhance DNA damage. This has been interpreted as the scavenger protecting the 
bleomycin molecule from self-destruction rather than protecting the DNA m~lecu le .~  
Here, using a bleomycin reaction in which ascorbate reduces iron in the presence of 
phosphate we find that Tris is protective whereas mannitol stimulates damage and 
formate is weakly protective. 
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Xanthine oxidase has previously been shown to remove TBA-reactive material 
from the bleomycin reaction.'* Here, we confirm that xanthine oxidase destroys the 
TBA-reactive product(s) when the bleomycin reaction is driven by either ascorbate or 
hydrogen peroxide (data not shown). Loss of TBA-reactivity is seen whether xanthine 
oxidase is included at the beginning of the incubation or after DNA damage has 
occurred when no further TBA-reactive material is being formed. In addition to 
substrates such as xanthine and hypoxanthine, xanthine oxidase is known to utilize 
aldehydes such as a~eta1dehyde.l~ Attempts to distinguish whether the base propenals 
or malondialdehyde are substrates for xanthine oxidase were unsuccessful. Acid or 
heat treatment to destroy base propenals formed in the reaction, followed by incuba- 
tion with xanthine oxidase still resulted in a substantial loss of TBA-reactivity. This 
may suggest that propenals and malondialdehyde are substrates for xanthine oxidase 
although, in a previous study a sodium salt preparation of malondialdehyde did not 
appear to be a substrate for xanthine oxidase." Xanthine oxidase has recently been 
ascribed an enzymic role as a ferroxidase" and this could conceivably explain its 
inhibitory role. However, evidence against a ferroxidase role for xanthine oxidase was 
the finding that it inhibited the peroxide driven reaction. It is known that hydrogen 
peroxide does not reduce ferric ions bound to bleomycin.16 

Although xanthine oxidase caused the loss of TBA-reactivity in incubated mixtures 
it stimulated formation of 80HdG and, this formation was inhibited by superoxide 
dismutase. Electron paramagnetic resonance spectra, using the spin trap DMPO, 
strongly suggested that hydroxyl radicals were formed in reaction mixture when DNA 
damage was initated by bleomycin and ascorbate or hydrogen peroxide. These signals 
did not arise from the decomposition of a DMPO-superoxide adduct (DMPO-OOH) 
since catalase was inhibitory in both reactions. With ascorbate and hydrogen peroxide 
the 'OH signal could be decreased by the addition of superoxide dismutase and, in the 
latter case completely removed suggesting superoxide radicals were formed when 
xanthine oxidase was added to the reaction mixture. Scavenger studies and spin 
trapping experiments, however, do not give a clear picture of what might be happen- 
ing on the DNA molecule since the reactions described take place in a mixture of 
DNA degradation products. Scavengers do not influence 'OH-dependent site-specific 
damage. Alternatively it could be that the species responsible for primary damage to 
DNA is not the 'OH radical. Once DNA damage has occurred however, and alde- 
hydes are released as substrates for xanthine oxidase, it is likely that superoxide- 
dependent Fenton chemistry takes place in the complex mixture of fragments to 
produce 'OH radicals that can be trapped with DMPO. 

The most likely explanation for our results is that aldehydes such as the base 
propenals, and possibly MDA. are substrates for xanthine oxidase and a product of 
this reaction is superoxide (0; ) which leads to hydroxyl radical formation. Oxidation 
of base propenals destroys the TBA-reactive material but produces 0; which stimula- 
tes 80HdG formation by enhancing the reduction of ferric ions bound to bleomycin 
on the DNA molecule close to guanine residues. 

Acknowledgements 

JMCG was a 1988 Greenberg Scholar. We thank Lindsay Maidt and Donald Gibson for their valuable 
analytical help. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

6/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BLEOMYCIN DAMAGE TO DWA 165 

References 
I .  J.M.C. Gutteridge and B. Halliwell. (1987) Radical promoting loosely-bound iron in biological fluids 

and the bleomycin assay. Life Chemistry Reports. 4, 113-142. 
2. E.A. Sausville. J. Peisach and S.B. Horwitz (1978) The effect of chelating agents and metal ions on 

the degradation of DNA by bleomycin. Biochemistry, 17, 2740-2746. 
3. M. Takeshita. A.P. Grollman, E. Ohtsubo and H. Ohtsubo (1987) Interactions of bleomycin with 

DNA. Proceedings of the Narional Academy of Sciences, 75, 5983-5987. 
4. L.W. Oberley and G.R. Buettner (1979) The production of hydroxyl radical by bleomycin and iron 

(I I). Federation o/' European Biochemical Societies. Letters. 97. 4 7 4 9 .  
5. J.M.C. Gutteridge. A. Beard and G.J. Quinlan (1985) Catalase enhances damage to DNA by 

bleomycin-iron (11). The role of hydroxyl radicals. Biochemisrry International, 0. 441-449. 
6. L. Gilone, M. Takeshita, F. Johnson, C. lden and A.P. Grollman (1981) Bleomycin-induced strand- 

scission of DNA. Journal Biological Chemistry, 256. 8608-86 15. 
7. J.M.C. Gutteridge (1979) Identification of malondialdehyde as the TBA-reactant formed by bleo- 

mycin-iron free radical damage to DNA. Federation of European Biochemical Societies. Letters, 105. 

8. H. Kasao and S. Nishimura (1984) Hydroxylation of deoxyguanosine at the C-8 position by polyph- 
enols and aminophenols in the presence of hydrogen peroxide and ferric ion. Japanese Journal of 
Cuncer Research. 15, 565-566. 

9. R.A. Floyd, J.J. Watson, P.K. Wong. D.H. Altmiller and R.C. Rickard (1986) Hydroxyl free radical 
adduct of deoxyguanosine: sensitive detection and mechanisms of formation. Free Rudical Research 
Communications, 1, 163-172. 

10. J.M.C. Gutteridge (1987) A method for removal of trace iron contamination from biological buffers. 
Federation of European Biochemical Societies, Letters. 214, 362-364. 

1 1 .  R.A. Floyd, M.S. West, K.L. Eneff, W.E. Hoggett and D.T. Tingey (1988) Hydroxyl free radical 
mediated formation of 8-hydroxyguanine in isolated DNA. Archives Biochemistry Biophysics, 262, 

12. J.M.C. Gutteridge and D. Toeg (1982) Iron-dependent free radical damage to DNA and deoxyribose. 
Separation of TBA-reactive intermediates. Inremarional Journal Biochemistry. 14. 891 -893. 

13. R.M. Burger, S.B. Horwitz and J. Peisach (1985) Stimulation of iron ( A )  bleomycin activity by 
phosphate-containing compounds. Biochemisrry, 24, 3623-3629. 

14. K.V. Rajagopalan (1980) Xanthine oxidase and aldehyde oxidase. Enzymic basis of deroxication. 1. 

15. R.W. Topham. M.R. Jackson, S.A. Joslin and M.C. Walker (1986) Studies of the ferroxidase activity 
of native and chemically modified xanthine oxidoreductase. Biochemistry Journal. 235, 39-44. 

16. D.L. Melnyk, S.B. Horwitz and J. Peisach (1981) Redox potential of Iron-Bleomycin. Biochemistry, 

17. J.M.C. Gutteridge, L. Maidt, G. Brueggemann and P.B. McCay (1990) Superoxide-dependent 
formation of oxidizing radicals from ferric-EDTA and hydrogen peroxide: Problems with the use of 
DMPO as a spin trap to detect resulting Fenton chemistry. 1990 Submitted. 

18. K.  Kohda. H. Kasai, T. Ogawa, T. Suzuki and Y. Kawazoe (1989) Deoxyribonucleic acid (DNA) 
damage induced by Bleomycin-Fe(l1) in vitro: Formation of 8-hydroxyguanine residues in DNA. 
Chemical and Phurmuceutical Bullurin. 37, 1028- 1030. 

278-282. 

266-272. 

295-309. 

20. 5237-5331. 

Accepted by Prof. B. Halliwell 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

6/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


