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Toxic DNA Damage by Hydrogen Peroxide Through 
the Fenton Reaction in Vivo and in Vitro 

Exposure of Escherichia coli to low concentrations of hydrogen peroxide results in 
DNA damage that causes mutagenesis and kills the bacteria, whereas higher concentra- 
tions of peroxide reduce the amount of such damage. Earlier studies indicated that the 
direct DNA oxidant is a derivative of hydrogen peroxide whose formation is dependent 
on cell metabolism. The generation of this oxidant depends on the availability of both 
reducing equivalents and an iron species, which together mediate a Fenton reaction in 
which ferrous iron reduces hydrogen peroxide to a reactive radical. An in vitro Fenton 
system was established that generates DNA strand breaks and inactivates bacteri- 
ophage and that also reproduces the suppression of DNA damage by high concentra- 
tions of peroxide. The direct DNA oxidant both in vivo and in this in vitro system 
exhibits reactivity unlike that of a free hydroxyl radical and may instead be a ferry1 
radical. 

T HE INSTABILITY OF PARTIALLY RE-  

duced oxygen species poses a serious 
threat to aerobic organisms. Consec- 

utive univalent reductions of molecular ow-  
gen to water produce three active intermedi- 
ates, superoxide (H02.), hydrogen peroxide 
(H202),  and the hydroxyl radical (HO.): 

Scavenging enzymes, such as catalase, perox- 
idase, and superoxide dismutase ( l ) ,  and 
DNA repair enzymes that correct oxidative 
lesions (2) are found throughout the aerobic 

biota. Despite the apparent significance of 
oxidative cell damage, the mechanism and 
the ultimate oxidant have not yet been estab- 
lished. 

At least two mechanisms produce cell 
damage in the killing of Escbericbia coli by 
exogenous H 2 0 2  (3). Starved cells can toler- 
ate considerable exposure to H 2 0 2  before 
they are killed; this "mode-two" killing is 
due to uncharacterized cell damage and ex- 
hibits a classical multiple-order dose-re- 
sponse curve. In "mode-one" killing, active- 
ly growing cells are killed by lower, more 
physiological doses of H202,  particularly if 
they lack enzymes required for recombina- 
tional or base-excision DNA repair path- 
ways. 

1n the mode-one response the rate of 
Department of Biochemisq, University of California, 
Berkeley, CA 94720. killing is maximal at -2.5 mhf H 2 0 2  but is 

roughly independent of H 2 0 2  concentration 
*Present address: Deparunent of Biochemisq, Duke ,d half-maximal between about 10 and 20 
University Medical Center, Durham, NC 27710. 
tTo whom correspondence should be addressed. mM (Fig. 1). (This twofold difference in 

rate gives rise to large differences in survival 
as shown in Fig. 2A.) Prior exposure to high 
doses of H 2 0 2  does not increase resistance 
to an immediate subsequent challenge with 
low doses (3), indicating that this is not a 
protective response. Similar dose-response 
curves to H"O? are obtained when monitor- - - 
ing mutagenesis, the extent of lysogenic 
phage lambda induction, or postdamage 
filamentation of surviving cells (4),  each of 
which is thought to be related to the extent 
of DNA damage. (These latter effects as well 
as killing are eliminated at low H 2 0 2  con- 
centrations if cells are starved before chal- 
lenge.) Thus the unusual nature of the dose 
response would appear to reflect a character- 
istic dose response for the generation of 
DNA damage. 

Because mode-one killing and the related 
phenomena occur only in actively metabo- 
lizing cells, available reducing equivalents 
might be essential to convert H 2 0 2  into a 
toxic oxidant. E. coli can be made to accumu- 
late reducing equivalents if respiration is 
inhibited with cyanide; when so treated, 
normally resistant DNA repair-proficient 
cells become extremely sensitive to mode- 
one killing by H 2 0 2  (Fig. 2A). Cyanide 
exerts this effect by blocking respiration, 
since ndb mutants, which lack active NADH 
dehydrogenase (where NADH is the re- 
duced form of nicotinamide adenine dinu- 
cleotide) and are also nonrespiring, are 
highly sensitive to mode-one killing but are 
not made appreciably more so by the addi- 
tion of cyanide (Fig. 2, B and C). 

The HO. radical, a highly reactive oxi- 
dant, has been implicated in peroxide-medi- 
ated oxidation of variety of substrates (5). 
The univalent reduction of H 2 0 2  was postu- 
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Fig. 1. Dependence of cellular responses on HzOz 
concentration. The rate of killing of stram 
BW544 (nfo xth, defective in excision repair of 
oxidative DNA damage) is shown. Cells were 
exposed to HzOz for 15 minutes and then plated. 
Colonies were counted after 24 to 48 hours. 
Virtually superimposable dose-response curves 
are obtained when scoring mutagenesis, induc- 
tion of a phage lambda lysogen, or cell division 
delay (4). Many such curves were obtained with 
the maximum effect always between 1.5 and 2.5 
mM HzOz. In this and subsequent figures, the 
results are those from a single experiment, repre- 
sentative of a minimum of three such experi- 
ments. 
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Table 1. Relative rates of reaction of various 
reductants with the immediate oxidant ofp-NDA 
or phage lambda as determined by competition 
experiments. Competition curves like those of 
Fig. 4B were used to obtain relative reaction rates 
with the dye-bleaching and phage-inactivating 
oxidants. The reaction rates are relative to those 
between H z 0 2  and the indicated oxidants. 

Relative reactivity with 

Reduc- Oxidant Oxidant leading 
tant 

HO' of p- to phage 
NDA inactivation 

p-NDA 439 (5, 9) 500 
Ethanol 63 (13) 60 .=lo-4 
Mannitol 63 (13) 51 
tert-Butanol 18 (13) 22 lo-4 

lated by Fenton (6) and by Haber and Weiss 
(7) to explain the iron-dependent decompo- 
sition of H 2 0 2  at acid pH. The metal acts as 
a redox catalyst of the catalase reaction (Eq. 
5) through three reactions (Eqs. 2 through 
4) known collectively as the Haber-Weiss 
cycle: 

A variety of metal chelators can block the 
Fenton reaction (Eq. 2) by occupying metal 
coordination sites. Addition of dipyridyl to 
E. wli l l l y  blocks mode-one killing by H 2 0 2  
(Fig. 3A). By contrast, mode-two killing is 
unaffected. Similar protection is conferred 
by o-phenanthroline and desferrioxamine 
mesylate. The mutagenesis and filamenta- 
tioi that accompany-mode-one killing also 
do not occur if cells are challenged in the 
presence of these chelators. 

The apparent involvement of both elec- 
trons and iron in mode-one killing suggests 
that the Fenton reaction might produce the 
DNA-damaging oxidant. Indeed, if this oxi- 
dant were HO. itself, then Eq. 3 of the 
Haber-Weiss cycle could account for the 
suppression of mode-one toxicity at 10 to 
20 rnM H202; that is, high concentrations 
of H 2 0 2  could scavenge HO.. Moreover, 
since the reduction of iron is likely to limit 
the Fenton reaction in the cell, increasing 
the H 2 0 2  concentration above -1 m M  
would not increase the rate of Eq. 2 since 
Fe2+ would be limiting. However, one 
might expect the many endogenous reac- 
tants in the cell to mask the effect of milli- 
molar concentrations of H202;  more direct- 
ly, 100 mM ethanol or mannitol, both of 
which have a greater ability than H 2 0 2  to 

scavenge HO. radicals (Table l), failed to 
protect against mode-one killing (Fig. 3B). 
A free HO. radical is thus unlikely to be the 
direct DNA oxidant. 

We then studied the properties of Fenton 
reaction oxidants in vitro. In the simplest 
system, mixing of Fe(I1) and H 2 0 2  resulted 
in rapid Fe(I1) oxidation and H 2 0 2  decom- 
position. In excess H202,  1.8 moles of 
H 2 0 2  were consumed for each mole of 
Fe(I1) oxidized (8). [Fe(III) was not recy- 
cled under these conditions, presumably be- 
cause of its precipitation at neutralpH as the 
hydroxide.] The inclusion of ethanol in this 
reaction changed the stoichiometry to one- 
to-one, indicating that ethanol competes to 
scavenge HO. formed by Eq. 2 before it can 
participate in Eq. 3: 

The bleaching ofp-nitrosodimethylaniline 

(p-NDA) has been used as another indicator 
of HO. (9). As expected from Eq. 2, a 
mixture of Fe(I1) salts and H 2 0 2  appeared 
to generate HO. that bleached the dye; 
moreover, the extent of bleaching was re- 
duced at higher concentrations of H 2 0 2  
(Fig. 4A), presumably through Eq. 3. 

Scavengers of the oxidant of the dye 
should quench its bleaching according to 
the function 

where AAo is the extent of maximal bleach- 
ing, A4 is the bleaching in the presence of 
inhibitor I, S is the substrate (p-NDA in this 
case), and KI and Ks are the reaction rates of 
inhibitor and substrate, respectively, with 
the oxidant (9) (Fig. 4B). The relative abili- 
ties to scavenge the dye-bleaching oxidant 
calculated from such curves were indeed 
consistent with the identification of the oxi- 
dant ofp-NDA as HO. (Table 1).  

H202 concentration (mM) 

0 5 10 

Duration of challenge (minutes) 

Fig. 2. Blocks in respiration sensitize normal bacteria to mode-one killing. (A) Potassium cyanide (3 
rnM) was added to strain AB1157 5 minutes before a 15-minute exposure to H202 .  In the absence of 
cyanide, approximately 60% of the cells survived the 2.5 mM H 2 0 2  exposure (3). (B) Strains IY13 
(ndh+) and IY12 (ndh, lacking NADH dehydrogenase) were exposed to H 2 0 2  for 15 minutes and then 
plated. (C) Strains IY13 and IY12 were challenged with 2.5 mM H202;  at the times indicated, aliquots 
were withdrawn and plated to determine survival. Where indicated, 3 mM KCN was added 5 minutes 
before the challenge with H202.  

Fig. 3. Effects of inhibitors 
of the Haber-Weiss cycle on 
mode-one killing. (A) Strain 
BW9091 (xth) was exposed 
to H 2 0 2  for 15 minutes and 
then plated. Where indicat- 
ed, 1 mM dipyridyl was 
added to the cells 5 minutes 
before the challenge with 
H202. (B) Strain BW544 
(xth nfo) was exposed to 
H 2 0 2  for 4.5 minutes and 
then plated. Where indicat- 
ed, 100 mM mannitol or 
ethanol was added to cells 
10 minutes before chal- 
lenge. 
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Fig. 4. High concentrations 
of H202 prevent dye bleach- 
ing by scavengmg the oxi- 
dant of the dye. Reaction g 
solutions contamed 50 pikf t 10 
FeS04, 45 pikf (O), or 15 'O 

p.M (.) pnitrosodimethyl- f 
aniline (P-NDA), and the in- $ 
dicated concentrations of 2 
H202. After 15 minutes, so- "a lutions were diluted 1:10, 
and the absorbance at 440 
nrn was determined. (A) 
Dye consumption. (B) De- I I I , I  

0  20 40 60 '0 10 20 30 40 
gree of bleaching. As noted H,O, concentration ( m ~ )  
in the text and in (8), data 
should fit Eq. 7. For this application, I is the amount of H202 in excess of that which produces that 
maximal level of bleaching. A least-squares fit has been plotted. 

Fig. 5. DNA damage pro- lo0 
duced by Fenton reactions 
in vitro. (A) Lambda bacte- 
riophage (lo5 plaque-form- 
ing units per milliliter) were 5 
mixed at room temperature 5 
with 0.8% NaCI, 0.5 pikf $ FeS04, and H202 as indi- 
cated. After 7.5 minutes, the '$ 
phage were diluted, mixed CJI 

with E,  coli strain AB1157, 
and plated. Plaques were 4 i- 
counted after 12 to 24 
hours. (B) Phage PM2 lo-2 0.0. 1 I I I 

0 2 4 6 8 1 0  
DNA (17 p.84 nucleotide 
concentration) was mixed H202 concentration (mM) 

with 0.8% NaCI, 10 mM ethanol, 80 nM FeS04, and H202 as indicated. After 7.5 minutes, catalase (2 
pgirnl) was added, and DNA single-strand breaks were determined by a nitrocellulose filter binding 
assay (14). The data of both (A) and (B) represent reaction limits. The initial rates of iron oxidation and 
DNA damage are greater at higher H202 concentrations, as expected from Eq. 2. 

In an attempt to relate the activity of the 
biological oxidant to the simple Fe(II)/H202 
reaction, which generates a HO- radical that 
acts as a dye oxidant, we added bacteri- 
ophage lambda in place of the dye. Phage 
were inactivated in this system simulta- 
neously with the oxidation of Fe(I1); more- 
over, as with cell killing, at higher Hz02 
concentrations the final extent of phage 
inactivation was reduced by roughly a factor 
of 2 (Fig. 5A). Phage inactivation did not 
occur if Fe(II1) was substituted for Fe(I1) or 
if metal chelators were included in the reac- 
tion. High concentrations of ethanol, man- 
nitol, or tert-butanol were minimally effec- 
tive at protecting the phage, and the relative 
efficiencies of H 2 0 2  and other agents at 
scavenging the phage oxidant did not reflect 
their reaction rates with the HO., indicating 
that free HO. was not the inactivating oxi- 
dant (Table 1). 

Because strains ofE. coli defective in DNA 
repair are particularly sensitive to mode-one 
killing and such strains accumulate single- 
strand breaks during exposure to H 2 0 2  
(lo) ,  we replaced intact phage with purified 
DNA in the in vitro svstem and measured 
the production of single-strand breaks in the 
DNA as a hnction of H 2 0 2  concentration. 

Nanomolar amounts of iron were sufficient 
to generate detectable strand breaks, and the 
extent of DNA nicking was proportional to 
the iron concentration. Approximately half 
of the nicking could be prevented by micro- 
molar amounts of ethanol at doses consist- 
ent with the scavenging of HO-. The re- 
maining nicking was resistant to millimolar 
amounts of ethanol, and, when the H 2 0 2  
dose response was examined, this nicking 
was reduced (and remained roughly con- 
stant) at higher concentrations -of H 2 0 2  
(Fig. 5B; compare with Fig. 1) (11). Thus a 
simple in vitro Fenton system reproduced 
the essential character of the dose response 
to H 2 0 2  noted for the DNA-damaging 
process in vivo. 

Although the Fenton reaction can gener- 
ate scavengeable HO. radicals, an ethanol- 
resistant DNA oxidant is also produced in 
vitro and in vivo. In the organic bacteri- 
ophage or cell environments only the etha- 
nol-resistant oxidant survives to cause de- 
tectable DNA damage. Studies of Fenton 
reactions in other systems have led to the 
postulation of a "crypto-hydroxyl radical" 
(12), a hydroxyl radical that derives distinct 
character from being complexed either to its 
precursive metal or to its substrate. In this 

way, the Fenton reaction (Eq. 2) might be 
postulated to include such an intermediate: 

One might then propose that the biological- 
ly active radical would be the ferry1 radical 
formed by Eq. 8, and that its breakdown 
(Eq. 9) would complete the Fenton reaction 
(Eq. 2) to produce the hydroxyl radical that 
bleachesp-NDA in an ethanol-sensitive reac- 
tion. 

Ferrous atoms responsible for the DNA 
damage both in vitro and in vivo are proba- 
bly complexed to the DNA rather than free 
in solution. Thus the inability of organic 
scavengers to inhibit DNA damage could be 
a consequence either of the chemical nature 
of the Fenton-generated radical or of the 
immediacy of its reaction with the DNA. 
Since the damage radical is prone to quench- 
ing by H202,  the intermediacy of a nonhy- 
droxyl radical, such as the ferry1 radical, is 
indicated. 
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