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Two supercoiled (SC), double-stranded DNAs, pBR 322 and pUC 19, have been subjected to
oxidative stress using horseradish peroxidase (HRP) and HRP + tert-butyl hydroperoxide
(BOOH). HRP alone causes single-strand cleavage of these SC DNAs. Strand cleavage is
enhanced substantially in the presence of commercial BOOH (which contains H2O2) but is, at
best, only very slightly enhanced in the presence of pure BOOH. In the HRP/pure BOOH
system, the DNA single-strand-scission which does occur appears to be due to a direct action
of oxidized HRP. It is not due to tert-butylperoxyl radicals because strand-scision is not even
retarded by 10 mM Trolox, an outstanding water-soluble trap for peroxyl radicals. The present
results are congruent with our earlier conclusion [Paul, T., et al. (2000) Biochemistry 39, 4129]
that neutral alkylperoxyl radicals produce little or no direct single-strand-scission in SC DNAs.

It was recently demonstrated in this laboratory that
direct single-strand cleavage of (double-strand) super-
coiled DNA by water-soluble alkylperoxyl radicals (1)1 at
37 °C was relatively facile when the peroxyl carried a
positive charge but was generally below the level of
detection when the peroxyl was uncharged or carried a
negative charge (2). For example, with the positively
charged peroxyl radical, (H2N)2

+CC(CH3)2OO• (+ROO•),2

and the supercoiled (SC) plasmid DNA, pBR 322, it was
found that ca. 50% of the SC DNA suffered a single-
strand break to afford relaxed (R) DNA at a +ROO•/bp
ratio of 0.2 (2). Strand cleavage by a different positively
changed peroxyl occurred with a similar efficiency (2).
In contrast, the neutral, water-soluble peroxyl radical,
HOCH2CH2NHC(O)C(CH3)2OO•, generally produced no
detectable strand-scission (i.e., no detectable R DNA) at
a ROO•/bp ratio as high as 5:1 (2, 3),3 and the negatively
charged peroxyl radical, -O3SCH2CH2C(CH3)(CN)OO•,
generally produced no strand-scission even at a ROO•/
bp ratio of 24:1 (2). Essentially identical results were
obtained with another SC DNA, pUC 19 (2). The uniquely
strong DNA strand cleaving abilities of the positively
charged peroxyl radicals was attributed to their Coulom-
bic attraction to the negatively charged SC DNA poly-
anion (2).

After these null-results on the neutral ROO•/DNA
reaction were published (2), a paper appeared which

caused us surprise and concern because it claimed that
neutral alkylperoxyl radicals “generated in situ” from five
different alkyl hydroperoxides and three different per-
oxidases generally produced single-strand breaks in pBR
322 (4). This strand-scission was not a consequence of
the DNA having been subjected to very much higher
ROO•/bp ratios than we had employed.4 We were there-
fore prompted to investigate one of the peroxidase/alkyl
hydroperoxide systems. We chose horseradish peroxidase
(HRP) and tert-butyl hydroperoxide (BOOH) because both
are readily available commercially and because the HRP/
BOOH pair had been reported to have “a substantial
DNA-cleaving activity”(4).5 Our preliminary results using
HRP and commercial BOOH, a 70% solution in water,
showed substantial conversion of SC DNA to R DNA.
However, both HRP alone and BOOH alone also caused

* To whom correspondence should be addressed. Phone: 1-613-990-
0938, Fax: 1-613-941-8447, Email: keith.ingold@nrc.ca.

1 For a succinct, general review of DNA damage by oxygen-centered
radicals, see (1).

2 Abbreviations: SC, supercoiled DNA; R, relaxed DNA; L, linear
DNA; +ROO•, (H2N)2

+CC(CH3)2OO•; HRP, horseradish peroxidase;
BOOH, tert-butyl hydroperoxide; CIP, Coprinus peroxidase; 3HB,
3-hydroperoxy-1-butene; Trolox, 6-hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid; bp, base pair.

3 For the neutral R• geminate radical pair, e was initially assumed
[and stated to be an assumption (2)] to be equal to the value of 0.5
already known for one of the +R• geminate radical pairs (2). Later work
(3) showed that e ) 0.1 for this neutral R• pair, and therefore the bp/
ROO• ratios given originally (2) must be reduced by a factor of 5.

4 From Figure 7 in ref (4), 0.74 mM Coprinus peroxidase (CIP)
incubated in phosphate buffer at pH 7.0 and 20 °C with 28 mM
3-hydroperoxy-1-butene (3HB) but no DNA or other added organic
substrate gave ca. 280 µM O2 in 10 min. This dioxygen “arises from
the disproportionation of peroxyl radicals according to the Russell
mechanism” (5), and, hence, over this 10 min ca. 560 µM neutral
alkylperoxyl radicals were produced. Turning now to lane 4 in Figure
1 of ref (4), the incubation of pBR 322 (10 mg/L) with 0.90 µM CIP
and 60 mM 3HB at 37 °C for 160 min converted 40% of the SC DNA
to R DNA [and 11% to the linear (L) DNA]. At 20 °C, the yield of
neutral ROO• would be expected to be 560 µM × (160/10) × (0.9/740)
) 10.9 µM, a yield which might possibly rise to ca. 25 µM at 37 °C. In
two of our own earlier experiments [lane 7 of Figure 1A,B in ref (2)],
pBR 322 (21 mg/L) treated with a 6-fold (or higher) quantity of neutral
alkylperoxyl radicals (0.78 mM/5 ) 156 µM3) showed no detectable
conversion of the SC DNA to R DNA.

5 A significant fraction of the work reported in reference 4 involved
the enzyme CIP. Since we were unable to obtain CIP, despite at least
two separate approaches to the company cited as its source (4), we
chose the readily available enzyme HRP (from two independent
sources). HRP had been used in (4), and the text of this reference
implies that HRP gave results similar to CIP. However, after writing-
up our present work, we were informed (Adam, W., private com-
munication) that although substantial DNA cleavage had been ob-
served with HRP and the tert-alkyl hydroperoxide, CH3C(dCH2)-
C(CH3)2OOH, this was not seen in the HRP/BOOH system (Kurz, A.,
Ph.D. Thesis, University of Würzburg, June 2000). Our present
extensive work on HRP/BOOH/SC DNA systems may not be incon-
sistent with the earlier HRP/BOOH/pBR 322 experiment.
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substantial DNA damage. For the same concentration of
HRP, there was usually somewhat more DNA damage
with the HRP/BOOH couple than with HRP alone, but
this “extra” damage was not very large and might, in
principle, have been due to the independent, additive
effects of the two separate reagents. Upon purification
of the BOOH, the “extra” DNA damage produced by the
HRP/BOOH couple became smaller. If the HRP/BOOH
couple actually does yield tert-butylperoxyl radicals (but
vide infra), these BOO• radicals are neutral, and our
earlier work indicates that they should be very ineffective
at inducing single-strand breaks in SC DNA (2). Our
present results with HRP and pure BOOH are congruent
with our earlier study and its conclusions.

Experimental Section

Chemicals. Horseradish peroxidase (HRP, EC 1.11.1.7) was
purchased from Sigma-Aldrich (catalog no. P6782, lot no.
26H9512) and from Pierce, Rockford, IL (product no. 31490, lot
no. CH695211). Two plasmid SC DNAs derived from E. coli, pBR
322 (2.9 × 106 Da, 4361 bp) and pUC 19 (1.8 × 106 Da, 2686
bp), were purchased from MBI Fermentas Inc., ON. tert-Butyl
hydroperoxide, BOOH (70 wt % in water), was bought from
Aldrich. All other materials [Tris buffer, catalase (CAT, EC
1.11.1.6), Chelex-100, ethidium bromide, EDTA, glacial acetic
acid, bromophenol blue, Trolox, and the inorganic salts] were
of the highest purity available from Aldrich or Sigma-Aldrich.

Purification of BOOH. Commercial 70 wt % BOOH in
water was subjected to azeotropic separation using a Dean and
Stark apparatus at reduced pressure (water aspirator). When
two phases no longer separated, 90% of the remaining material
was distilled, with refluxing, at the same reduced pressure and
collected. This material was 100% pure by iodiometric titration
and HPLC with chemiluminescence detection (3). Further
purification by recrystalization from hexane at -20 °C gave
BOOH which showed the same behavior toward the DNA/HRP
couple as the distilled material.

Preparation of Reaction Buffer. The pH of Tris (0.6057
g) in Millipore water (100 mL) was adjusted to 7.4 by addition
of HCl, following which KCl (1.0437 g) was added. This solution
was stirred over Chelex-100 for at least 48 h prior to storage
(still over the Chelex-100) at 4 °C. Before each set of experi-
ments, 5 mL of this solution was warmed to room temperature,
MgCl2 (14.27 mg) was added, and the solution was filter-
sterilized.

Interaction of Double-Stranded DNA with HRP and

Other Reagents. Normally, 2 control experiments (lanes 1 and
11) were carried out in a total set of 11 experiments using 2
samples of the above-described, sterilized, air-saturated buffer
(26.40 µL) plus 3.0 µL of Chelex-100-treated, sterilized, phos-
phate buffer (KH2PO4, 5 mM, pH 7.4) in 2 Eppendorf tubes to
each of which was added 0.60 µL of the chosen SC DNA (as
sold in its storage buffer). For the other experiments in a set
(typically 9), the volume of the Tris-based buffer was reduced,
and the total volume was made up to 30 µL with a stock HRP
solution, BOOH, etc. The stock HRP solution (in filter-sterilized
Millipore water) was 36 µM in HRP. All the Eppendorf tubes
were then incubated 1 h at 37 °C. At the end of this incubation
period, 4 µL of a loading buffer (0.2 M EDTA, 0.1% w/w
bromophenol blue, 50% w/w glycerol) was added to each sample,
followed by heating to 65 °C for 10 min. Samples were then
loaded into wells in a 1.5% agarose slab gel. Electrophoresis in
a Tris/acetic acid buffer (5 mM; EDTA, 1 mM; pH 8) was carried
out at the maximum voltage (147 V) until the dye reached the
end of the gel (ca. 1.5 h). This was followed by a soak (1 h) in
an aqueous solution of ethidium bromide (1 µg/mL) and a further
soak (15 h) in Millipore water. The wet gel was photographed
with UV transillumination, and the areas of each band were
determined (in arbitrary units) using the software package
“Alpha Imager 2000” version 4.03 on a PC. The photographs

shown in this paper have black bands on a white background
because very weak bands show up much better this way than
do white bands on a black background.

It should be noted that the purchased SC DNAs were divided
into a number of small aliquot samples immediately upon
receipt and were then frozen at -20 °C. Only one of these
aliquots was required for a set of experiments, and therefore
the SC DNA underwent only one freeze-thaw cycle prior to use.

Results

Photographs of a few of our many gels showing the
results of DNA incubation under the standard conditions
referred to above without and with added reagents are
reproduced in this paper, and additional photographs are
given in the Supporting Information. In each lane, the
lower band is due to supercoiled (SC) DNA, the upper
band to relaxed (R) DNA (sometimes called open-circular
DNA), and between is a band (which does not always
appear) due to linear (L) DNA. It is normally assumed
that it takes only a single-strand-scission event to convert
SC DNA into R DNA (2, 6, 7), and, as we found previously
(2), the latter seems always to be present (in variable
amounts depending on the batch) in the two SC DNAs
we employed, pBR 322 and pUC 19. A second strand-
scission event converts R DNA into L DNA provided this
event occurs on the other (uncut) strand and probably
within about 5 bp of the break in the first strand. If the
second strand-scission event and all subsequent strand-
scission events occur randomly, the conversion of, for
example, 50% of R pBR 322 DNA into L DNA will, on
average, require about 28 separate strand-scission events
(2). Thus, the L DNA never becomes a major product
because it is continuously degraded into small fragments.

Early experiments with both pUC 19 and pBR 322
showed that HRP induces single-strand breaks in SC
DNA both in the presence of the commercial (unpurified)
70% BOOH aqueous solution and in its absence! For the
standard 1 h incubation at 37 °C, the amount of damage
to the SC DNA increased with an increase in the HRP
concentration (0.9-9.0 µM) with and without 60 mM
BOOH. Typical gels illustrating this point for pUC 19
and pBR 322 are shown in Figures 1 and 2, respectively.
This pair of gels not only confirms the greater sensitivity
of pUC 19 than pBR 322 to oxidatively induced strand-

Figure 1. Band areas (arbitrary units) for pUC 19 incubated
under standard conditions.
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scission observed previously (2) but also shows that while
the HRP/BOOH couple induces more strand-scission in
pUC 19 than the same concentration of HRP alone, a
similar effect is far from obvious in pBR 322. The increase
in strand-scission with HRP concentration and the dif-
ference between these two SC DNAs in terms of their
sensitivity to oxidatively induced scission and the relative
effects of the HRP/BOOH couple vs HRP alone are
further illustrated in the Supporting Information in
Figures S1-S9 (most of which also illustrate some other
point). The extent of damage to SC pUC 19 with 9.0 µM
HRP is roughly the same with [BOOH] ) 60 and 6.0 mM,
but damage does decrease somewhat when the [BOOH]
is further reduced to 0.6 and 0.06 mM (see Figure 3). To
quantify (roughly) the amounts of SC, R, and L DNA,
the areas of the respective bands in each lane were
determined as described under Experimental Section and
are given in the figure captions together with the
concentrations of any compounds (HRP, BOOH, etc.)
added to the incubation medium. These areas are pre-
sumed to be approximately proportional to the actual
quantity of DNA present in each band. It should be noted

that total DNA and SC DNA levels greater than the
levels in the control experiments are probably due both
to “edge effects”6 and to errors in the injection of 0.6 µL
of the SC DNA preparation into the incubation tube
(maximum error ca. (10%). Nevertheless, despite such
minor annoyances the overall picture is clear: HRP alone
damages SC DNA in a dose-dependent manner.7 With
pBR 322, this damage was generally, but not always,
slightly enhanced by the addition of commercial BOOH.
With pUC 19, this damage was always enhanced and was
greater. In those cases where the total DNA is much
lower than in the control lanes, it is most probable that
there has been extensive degradation of the DNA into
small fragments.

The foregoing experiments were repeated several
times, always with similar results. Additional experi-
ments were also carried out, some of which yielded very
surprising results, if the induction of DNA damage by
HRP/BOOH really were due to BOO• radicals. For
example, the addition of 10 mM Trolox [a water-soluble
analogue of vitamin E and an outstanding trap for
alkylperoxyl radical in aqueous solutions (8)] had no
significant protective effect as measured by the total
quantity of DNA remaining after an incubation, viz., (SC
+ R + L), as a percentage of the control (SC DNA
incubated without added reagents). Thus, in Figure 3 it
can be seen that incubation of pUC 19 with HRP (9.0
µM) + BOOH (60 mM) + Trolox (10 mM) leaves (SC + R
+ L) DNA ) 58% (lane 12), incubation without the Trolox
leaves total DNA ) 60% (lane 2) and 81% (lane 7), and
incubation with HRP (9.0 µM) and Trolox (10 mM) leaves
total DNA ) 58% (lane 13).8 Additional evidence that 10
mM Trolox does not decrease the extent of DNA damage
induced by the HRP/BOOH couple (relative to the effect
of this couple at the same concentrations on incubations
with HRP alone) is presented in Figures S4-S9 in the
Supporting Information and below.

Another very surprising result was that catalase (CAT,
which would decompose hydrogen peroxide to water and
oxygen) increased DNA damage induced by 9.0 µM HRP
in a dose-dependent manner. Furthermore, damage to
the DNA was greater for incubations with 9.0 µM HRP
plus 60 mM BOOH (see Figure S10). Tentatively, we
attributed these results to adventitious transition metal
ions absorbed on the surface of the CAT. These experi-
ments reminded us that in some fairly recent work
exploring the formation of peroxynitrate from peroxy-
nitrite we had found anomalous results with commercial
aqueous BOOH solutions which we attributed to the
presence of hydrogen peroxide and which were eliminated

6 A relatively unimportant, but annoying problem plagues the edge
lanes of many gels which contain less DNA than other lanes not
subjected to extensive DNA damage. This “edge” effect is generally
more obvious for the right-hand lane (usually lane 11) but can also
manifest itself in there being more DNA in lane 2 that in lane 1, the
lane where the DNA areas are arbitrarily set at 100% in the figure
caption tables [see, e.g., Figure 2 where (SC+R) DNA ) 23% in lane
11 and 121% DNA in lane 2].

7 Results for only two such “blank” experiments are shown in
reference 4. In Figure 1 of this reference, it can be seen that CIP alone
increased the R DNA of pBR 322 from 18% to 21%, whereas 60 mM
BOOH in the absence of CIP increased the R DNA to 35%. This “direct”
effect of BOOH is consistent with our own results. The same quantity
of BOOH increased the R DNA to 62% in the presence of the CIP. In
Figure 2 of reference 4, it can be seen that lactoperoxidase increased
the R DNA from 12% to 18% and with 6.0 mM 2,3-dimethyl-3-
hydroperoxy-1-butene to 38%.

8 Lane 14 in Figure 3 both is an edge lane and has no appropriate
control, i.e., no [HRP] ) 0, [BOOH] ) 60 mM lane.

Figure 2. Band areas (arbitrary units) for pBR 322 incubated
under standard conditions.

Figure 3. Band areas (arbitrary units) for pUC 19 incubated
under standard conditions.
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by purification of the BOOH (9). In the present work, we
had already demonstrated that the incubation of pUC
19 with 12 mM H2O2 and HRP caused extensive degra-
dation of the SC DNA in an HRP dose-dependent fashion
and, furthermore, with an added 60 mM BOOH all the
DNA (i.e., all SC, R, and L DNA) was degraded (see
Figure S11 in the Supporting Information). After puri-
fication of the BOOH, we found that the extent of damage
to both pBR 322 and pUC 19 DNA induced by HRP (1.8
and 9.0 µM) was identical (within our experimental
accuracy) to that induced by the same concentration of
HRP + 60 mM pure BOOH (compare lanes 2 and 3 with
lanes 7 and 8 in Figures 4 and 5) (for duplicate experi-
ments, see Figures S7-S9 in the Supporting Informa-
tion). Furthermore, even in such ‘clean’ systems 10 mM
Trolox exerted little or no protective effect on the SC DNA
(see Figures 4, 5, and S7-S9). Damage to pUC 19 by 9
µM HRP and 60 mM pure BOOH was essentially the
same for BOOH purified by azeotropic distillation and
for that further purified by recrystallization from hexane
(see Figure S12).

These results raised the obvious question: Does HRP
catalytically decompose, or even react with, BOOH? In
other work (3, 10), we have employed HPLC with
chemiluminescence detection to measure hydroperoxide
concentrations reliably and quantitatively. We therefore
employed this same procedure to study the reaction of 9
µM HRP (the highest concentration employed in our DNA
experiments) with 60 µM BOOH (the lowest concentra-
tion employed) in our standard, metal-ion-free, buffer at
37 °C. In the absence of HRP, there was no measurable
decay of the BOOH over 24 h. In the presence of HRP,
only 2 µM BOOH decayed in the first hour, i.e., [BOOH]1.0h

) 58 µM. This increased to totals of 6 µM after 2 h and
13 µM after 2.75 h ([BOOH]2.0h ) 54 µM, [BOOH]2.75h )

47 µM), but thereafter the reaction essentially ceased
with [BOOH]24h ) 0.45 µM (see Table S1 in Supporting
Information).

Discussion

In this discussion we will ignore minor differences in
DNA damage induced by different reagents in view of
the small irreproducibility found for several “repeat”
experiments run on different gels and even run in
different lanes on the same gel. In this way, we hope to
avoid “over interpretation” of our results. Concentrating,
therefore, on large differences in DNA damage, it is
obvious that all our major results on the HRP/BOOH/
SC DNA systems point to the fact that if any BOO•

radicals (which are neutral peroxyls) actually are pro-
duced in the HRP/BOOH reaction (see below) they do not
induce any obvious direct single-strand-scission. This
conclusion is in full agreement with our earlier work (2)
but is in disagreement with the conclusions drawn in the
study of various peroxidase/alkyl hydroperoxide/pBR 322
systems (4). The main facts leading to our present
conclusion are the following:

(i) HRP induces extensive DNA damage in a dose-
dependent manner in the absence of BOOH. For pBR
322, this damage is only slightly enhanced by 60 mM
commercial (H2O2-contaminated) BOOH (see Figure 2).
With pUC 19 which, for reasons we have not explored,
is more sensitive than pBR 322 to radical-induced strand
scission (2), 60 mM commercial BOOH alone induced
more extensive DNA damage than with pBR 322, and
this damage was greatly enhanced by HRP (see Figure
1). However, neither pBR 322 nor pUC 19 treated with
HRP and 60 mM pure BOOH were damaged to a
significantly greater extent than when these SC DNAs
were treated with the same concentration of HRP only
(compare lanes 2 and 3 with lanes 7 and 8 in Figures 4
and 5). Clearly, pure BOOH is simply an innocent
bystander in HRP/DNA reactions.9

(ii) The rate constant for the reaction of Trolox with
BOO• radicals will be very much greater (probably by
several orders of magnitude) than the rate constant for
the reaction of BOO• with the DNA [which, even in bp

9 Even with the maximum concentration of HRP (9 µM) and BOOH
(60 mM) employed in this work, only one gel (pUC 19, Figure S12)
gave results which could suggest that pure BOOH may not be
completely innocent. In this gel, the odd lanes, 3, 5, 7, and 9, had HRP
only, and the means (ranges) of SC and R DNAs (in arbitrary units)
were 28 (23-24) and 42 (38-52), respectively, while the even lanes,
4, 6, 8, and 10, with HRP + BOOH have means (ranges) of SC and R
DNA of 15 (6-31!) and 58 (50-67), respectively. Since the ranges for
SC and also for R DNA in the two systems overlap, we will not “over
interpret” these results.

Figure 4. Band areas (arbitrary units) for pBR 322 incubated
under standard conditions.

Figure 5. Band areas (arbitrary units) for pUC 19 incubated
under standard conditions.

Cleavage of Supercoiled DNA by Horseradish Peroxidase Chem. Res. Toxicol., Vol. 15, No. 10, 2002 1327



units, is present at very much lower concentrations
(viz.,16 µM in bp) than the Trolox (10 mM)]. Since 10
mM Trolox provides no protection to DNA stressed with
HRP/BOOH (see Figures 3-5 and Figures S4-S9 in
Supporting Information), it is quite clear that BOO•

radicals cannot be the DNA damaging species in these
systems.

(iii) Although the HRP/60 mM (pure) BOOH couple
generally9 induces no greater DNA damage than that
induced by the same concentration of HRP alone (see
Figures 4 and 5 and Figures S7-S9 in the Supporting
Information), the HRP/60 mM BOOH/H2O2 system causes
considerably more DNA damage than HRP alone at the
same concentration. This is generally true for the ad-
ventitious H2O2 in commercial BOOH (Figures 1-3 and
S1-S3) and for 12 mM H2O2 deliberately added (Figure
S11 in the Supporting Information).10 This again leads
to the conclusion that the DNA damaging agent in our
experiments is not the BOO• radical but is HRP itself
or, more probably, an oxidized form of HRP. Since it has
been demonstrated that O2 can effect catalytic oxidations
by HRP in the presence of a reducing agent (11), we
carried out some experiments with N2-purged solutions
(see Figure 6). Our results argue against an O2-oxidized
form of HRP being the DNA damaging agent. Indeed, if
small differences in the degree of DNA damage were to
be considered (which we prefer not to do), it would appear
that damage may be greater under N2 than under air!
Nevertheless, because very little O2 would be required
to produce the observed amount of damage (vide infra),
we cannot completely rule out a role for O2 in these
reactions.

At this point it is appropriate to consider whether
alkylperoxyl radicals are generated in peroxidase/alkyl
hydroperoxide systems. A 1988 claim that peroxyl radi-
cals (and alkoxyl radicals) are produced by reaction of
HRP (and other heme-proteins) with BOOH was based

on spin-trapping with 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) and assignment of one of the ESR spin-adduct
spectra to DMPO-OOB (12). Similarly, one of the ESR
spin-adduct spectra in the CIP/BOOH/DMPO system was
also assigned to DMPO-OOB (4). However, Dikalov and
Mason (13) have demonstrated that all claims for DMPO-
OOB (and related) spin-adducts are incorrect, a conclu-
sion that has received overwhelming support from the
work of Honeywell and Mile (14). Thus, the BOOH-
derived spin-adduct assigned by numerous workers to
DMPO-OOB is not formed in the absence of O2, instead
the adduct is DMPO-CH3, the CH3 radical being produced
via the â-scission of tert-butoxyl (BO•) radicals (13). In
the presence of O2 and with a variety of BOOH “activat-
ing” systems (including peroxidases), all the ESR spectra
which have been assigned to DMPO-OOB are actually
due to DMPO-OCH3 (13).11 Depending on the system
employed, the BO• radicals may have been produced
either by the bimolecular self-reaction of BOO• radicals
and/or by one-electron reduction of BOOH. The only other
observation implying peroxyl radical formation in per-
oxidase/hydroperoxide systems was the evolution of O2

upon reaction of 3-hydroperoxy-1-butene (3HB, 28 mM)
with an extremely high concentration of CIP (740 µM)
(4). It is also worth noting that the oxidation of 2′-
deoxyguanosine by the CIP/3HB system was reduced by
the addition of “radical scavengers” (4). However, one of
these “scavengers”, tert-butyl alcohol, is completely un-
reactive toward alkylperoxyl radicals, k < 10-2 M-1 s-1

(though it does scavenge HO• radicals), and all the radical
scavengers employed are certainly less reactive toward
peroxyl radicals than Trolox (which had absolutely no
DNA-protecting ability in the HRP/BOOH system).

At this point, we decided to check whether 9 µM HRP
(the highest concentration used in our DNA experiments)
could decompose 60 µM BOOH (the lowest concentration
used). The concentrations of BOOH decomposed after 1,
2, 2.75, and 24 h were 2, 6, 13, and 15 µM, respectively
(see Table S1). These results prove that HRP can
decompose BOOH but that it is not an effective catalyst,
there being only a slow and limited reaction. The extent
of this reaction is very slight over the 1 h incubation
periods employed with the DNA, but it may be that just
sufficient oxidized HRP (vide infra) is produced to account
for the possible small increase in DNA strand-scission
occasionally observed with HRP and pure BOOH relative
to HRP alone.9

Our present results on the HRP/BOOH system indi-
rectly support our earlier contention (2) that neutral
alkylperoxyl radicals are, at best, very inefficient DNA
cleaving agents.

Finally, it should be noted that DNA cleavage by a
high-valent form of HRP (Compound I or II) is a pos-
sibility because the heme edge is exposed in this enzyme
(17) and will oxidize other large molecular weight sub-
strates, including proteins, lipids, and LDL (18-21). The
agent which oxidizes the HRP is unknown, but, provided
DNA cleavage by the oxidized HRP is efficient, very little
will be required. Indeed, sufficient oxidized HRP may
even have been present in our purchased HRP samples
(which was one reason for employing HRP purchased
from two different sources). That is, for example, 9.0 µM10 H2O2 (12 mM) and BOOH (60 mM) degraded all pUC 19 DNA

even in the absence of HRP (Figure S11). It is likely that adventitious
transition metal ions are absorbed on the DNA polyanion and that
BOOH (or its products) recycles these ions from their upper to lower
valence state where they will react with H2O2 to produce the DNA
cleaving HO• radical.

11 A claim that DNA damage by BOOH/hemoglobin is due to BOO•-
(15), in which the evidence for BOO• formation is also based on spin-
trapping with DMPO (16), should be reevaluated.

Figure 6. Band areas (arbitrary units) for pBR 322 incubated
both under standard conditions (air saturated) and under
similar conditions with nitrogen-purged samples.
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HRP produced ca. 71% single-strand cleavage of pBR 322
with no other reagents added (lane 3, Figure 4). In this
experiment, the pBR 322 concentration was 3.67 nM.
Since the first single-strand break converts the SC DNA
to R DNA, then 3.67 × 0.71 ) 2.6 nM of oxidized HRP
could “do the job” (assuming that SC DNA cleavage by
the oxidized HRP is 100% efficient). This represents only
2.6 × 10-9/9.0 × 10-6 ) 2.9 × 10-4 (i.e., 0.03%) of the
HRP used in the experiment. This simple calculation
emphasizes that extremely little oxidized HRP may be
required to explain our observation that HRP can, by
itself, effect DNA cleavage. If minute traces of oxidized
HRP are not present in commercial HRP, only small
quantities of adventitious H2O2 (or, less probably O2, vide
supra) may be required to produce the observed results.
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