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ABSTRACT. Oxidative DNA damage is decreased by the presence,ofibing FéT-mediated Fenton
reactions when bD- is in excess. During these reactions, the presence of DNA increa®@esbhsumption
relative to F&" consumption under anaerobic conditions, but decreas&s ebnsumption relative to

Fe’™ consumption under aerobic conditions. The pseudobimolecular rate constay@ofdhsumption

is the same under both conditions, however, indicating that the presence of DNA affects the oxidation
and/or reduction of the iron pool. To understand the basis of these effects, DNA was replaced with
ethanol as a model compound. Computer simulations ¥f &ed HO. consumption were experimentally
verified and allowed identification of the predominant reactions leading to the changes in stoichiometry.
Based upon these results and upon qualitative and quantitative differences in DNA damages between
aerobic and anaerobic conditions, it was concluded that, in the presence of DRAisFeduced by

some DNA radicals. However, if Os present, these radicals react instead witha@d the product of

these reactions can then oxidize?Fe Mechanisms proposed for the alteration by d products from

dC- and dG-containing substrates after exposure to Fe abgfiti these general schemes. These results
provide another distinction between DNA damage caused by ionizing radiation and that caused by Fenton

reactions.

H,O, is a byproduct of aerobic metabolism and is
implicated in cell death, aging, and a variety of pathologies
(Imlay & Linn, 1988; Lindahl, 1993; Halliwell & Gutteridge,
1990). The toxic effects of D, are attributable to DNA
oxidationvia Fenton-like reactions. Although in its simplest
form the Fenton reaction generat&H,

FE€"+ H™ + H,0,— Fe"" + "OH + H,0

it is clear that when DNA is present, more complex radicals
may be generated (Imlay & Linn, 1988; L al,, 1994a).

*OH can attack DNA at near diffusion limited rates, either
forming an OH adduct or abstracting a hydrogen. In either
case, a DNA radical is formed (von Sonntag, 1987). The

also apply to temperate phage induction and mutagenesis
by H,O, and are observed fam vitro DNA strand breakage
(Imlay & Linn, 1988; Luoet al, 1994a). It appears that the
existence of several modes is due to differences in iron/DNA
associations (Luet al,, 1994a) which cause a change in the
reactivity of the iron and/or nascent oxidant with®4,
alcohols, and other agents. In further studies of these
reactions, we were surprised to find that the 1:1 stoichiometry
of FE*:H,0, consumption was severely perturbed by the
presence of DNA and that these perturbations were them-
selves affected by the presence of Ohis report describes
studies of the chemistry of these changes and how they relate
to DNA damage.

strongly oxidizing agent generated by the Fenton reaction EXPERIMENTAL PROCEDURES

might be an iror-oxo species such as the ferryl radical,
possibly depending upon the nature of the iron chelation
(Walling, 1975; Yamazaki & Piette, 1991; Bielski, 1992;
Halliwell & Gutteridge, 1992; Goldsteiret al, 1993;
Koppenol, 1994; Winket al, 1994, Winterbourn, 1995;
Wardman & Candeias, 1996).

F&' + H,0,—~FeG" + H,0

Imlay and Linn (1988) found that killing oEscherichia
coli by H,O, is due to DNA damage, requires iron, and can
be subdivided into two kinetically distinct modes. Mode |
has a maximal effect between 0.5 and 2.5 mMOK and
mode Il predominates above 5 mM,®B,. These kinetics
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Materials. Horseradish peroxidase (HRFAyom Sigma
was assayed according totRw and Becker (1983). PM2
DNA was prepared as described (Labal, 1994b). For
reactions in which only P& and HO, were monitored,
salmon testes DNA (Sigma) was used. It had been treated
with RNase, extracted consecutively with phenol, diethyl
ether, and chloroform, and finally extensively dialyzed in a
50-kDa cutoff membrane against 10 mM Tris-HCI, 100 mM
sodium EDTA, pH 8.0, and 1 M NacCl, followed by 50 mM
NaCl or 50 mM NaClQ. The resulting DNA had agpg, of
6950+ 100, anAzsdAzeo of 0.856+ 0.010, anAzgolAzso of
0.540+ 0.010, and a lg, of 5.97+ 0.04. Other materials
are described elsewhere (Let al, 1994b).

Degradation of DNA and DNA Constituents by Iroal.
Reactions containing iron, #,, and DNA and the subse-

1 Abbreviations: HRP, horseradish peroxidase; ABTS2znobis-
(3-ethylbenzothiazoline-6-sulfonic acid); DNPH, (2,4-dinitrophenyl)-
hydrazine.

S0006-2960(96)01235-4 CCC: $12.00 © 1996 American Chemical Society



Reactions of Iron with DNA Radicals

quent enzymatic conversion of DNA products to nucleosides,

product identification, and product quantitation were de-
scribed previously (Luet al, 1994b).

Stoichiometry DeterminationdReactions were carried out
in borosilicate tubes at 1 atm and 22 for 10 min with
vigorous bubbling of either Nor air. The gases had been
prewashed successively in 0.1 M NaOH and a solution
containing components of the reaction except for iron or
DNA. The sequence of addition to reaction mixtures was
NaCl, organic substrate (DNAert-butyl alcohol, or ethanol),
FeSQ, and HO,. NaCl (25-50 mM) was added when
DNA was present. Fenton reactions containing DNA were
adjusted to pH 6.26.4 with NaOH. So long as Fe and
H,O, were not simultaneously present,?FeH,O,, DNA,
ethanol, andert-butyl alcohol were stable under both aerobic
and anaerobic conditions for the times employed for the
experiments. Reactions without DNA started at pH 5.7 and
dropped to pH 3.74.2, depending upon the amount offFe

remaining. Exogenous buffers were avoided as they could

have changed the iron redox couple, interfered with the
intrinsic iron binding abilities of DNA, and/or scavenged
radicals.

Determination of F& and HO, Concentrations.Quan-
titation of stock solutions of P& and HO, were described
previously (Luoet al, 1994b). Consumption of Pe and
H,0O, were halted by adding an equal volume of 4 mM 3-(2-
pyridyl)-5,6-bis(4-phenylsulfonyl)-1,2,4-triazine (ferrozine)/
200 mM sodium acetate, pH 5.0. Within 1 min the ferric
hydrate precipitate and/or insoluble (FEONA complexes
were removed by filtration through a 3-kDa centrifree
Millipore filter. (Fe*" determinations with ferrozine in
control studies showed that the presence of DNA did not
affect the amount of assayed?FHerrozine complex. At
this point, the F&/ferrozine and the kD, concentrations
remained unchanged for at least 2 h at@. With one-
half of the sample, théss, was determined to estimate the
Fe*t concentration (Lucet al, 1994b), and thed\;,o was
determined as a blank forB, determinations. A 4-fold
volume excess of 2.38 mM 2;azinobis(3-ethylbenzothia-
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hydrazoneAgs; peak area was proportional to initial acetal-
dehyde concentration.

Computer Simulation of Reaction Kinetic§he FOR-
TRAN program which was devised to simulate the reaction
kinetics of Fenton reactions in the presence of ethanol
considered 32 reactions (Table 1) which could have affected
the kinetics of HO, and Fé&" consumption in the presence
of ethanol under aerobic and anaerobic conditions. The
combined set of reactions were reformulated as differential
equations for individual yield changes with respect to time.
Additionally, an empirically-determined relationship was
used to estimate the pH from the amount of‘Fgroduced.
The set of stiff coupled ordinary differential equations was
solved for the change in yield of each species assuming a
steady state for all other species during an appropriately small
time interval (Edelson, 1981). The time intervals for
integration were reduced until the differences in the results
were negligible £€1%). The ratio of HO, consumption to
Fe** oxidation of a completed reaction was assessed when
98% of either HO, or F&" was consumed. Program
statements also recorded the contribution of a given reaction
to the simulation. The FORTRAN program is available from
the authors.

Rate Constant DeterminationsThe pseudobimolecular
rate constantskg) for the consumption of kO, [Kg,0,)] OF
the oxidation of F& [kge+)] are defined as

ks = (d[S]/dt)/([H,O,][Fe* ")
where [S] is either [HO,] or [Fe#™].
RESULTS

Stoichiometry of KD, and Fe&* Consumption in the
Presence of DNA and/or O Damage to the 4 nucleosides
in DNA due to Fé"/H,0, was assessed when® was in
excess over Pé. It was found that less damage occurred
to each of the DNA nucleosides under aerobic conditions
than under anaerobic conditions (Table 2). Similar results
were seen with the individual-3or 5-mononucleotides and
with small oligonucleotides of dG (Henkt al, 1996), dC

zoline—6—.sulfonic acid) (ABTS), 1.25 U/mL HRP, and 100 (Luo et al, 1996), dT, and dA (R. Jin, R. Chattopadhyaya,
mM sodium acetate, pH 5.0 was added to the other half of £ g Hene, v. Luo, and S. Linn, unpublished experiments).

the sample. After at least 30 min at 22, the A4y of the
solution was measured. The increasé\ip, per uM H;0,

This effect is not observed duringirradiation (LaFleur &
Retel, 1993) and therefore was subject to further study. For

present was approximately 0.05 depending upon the stockinese studies, the initial 4, concentration was chosen to

solutions of ABTS and HRP. The increase was linear up to
40 uM H30,, and the colorimetric response of ABTS
oxidation per HO, was reproducible to within 2% for a given
batch of ABTS/HRP but varied from batch to batch. When
the Agpo Or Asg2 Was above 1.5, the sample was diluted with
100 mM sodium acetate, pH 5.0.

Acetaldehyde Determinatiorkifty microliters of 2.5 mg/
mL (2,4-dinitrophenyl)hydrazine (DNPH) in 2 M HCI was
added to 20QuL of a sample containing up to 500M
acetaldehyde in a gas tight vessel and incubated &CA40
for 1 h. Acetonitrile (450uL) and 300uL of 0.67 M
potassium phosphate, pH 7, were then added ‘@ With
mixing. One hundred microliters of the final mixture was
finally injected onto an RP-{fg high performance liquid
chromatography column (25 cs 4.6 mm), and the column
was eluted with 45% acetonitrile at 1 mL/min. DNPH eluted

be 0.5-2 mM as these may be biologically relevant
concentrations (Imlay & Linn, 1988).

In the absence of DNA or other organic radical scavengers,
O, had no discernible effect upon the ratio of,(4
consumption to F& consumption (Figure 1). (Although;O
can oxidize F¢&, this rate is negligible compared to that of
the Fenton reaction under these conditions.) In the presence
of DNA, however, with HO, initially in excess of F&", H,O,
consumption relative to P& consumption was increased
under anaerobic conditions, but was decreased under aerobic
conditions (Figure 1). Representative time courses verify
that these changes brought about by the presence of DNA
and Q were due to changes in the rates ofFeonsumption
throughout the reaction and changes igOklconsumption
in the later phases of the reaction (Figure 2A).

Assuming that the Fenton reaction is rate limiting (see

around 7 min, and acetaldehyde (2,4-dinitrophenyl)hydrazoneTable 1), the pseudobimolecular rate constants fe®.H

eluted around 18 min. The acetaldehyde (2,4-dinitrophenyl)-

consumption and P¢ oxidation during the reaction were
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Table 1: Reactions Considered in This Study

rate const
reaction no. reaction M~ts ref
Reactions without Ethanol or Oxygen

1 Fet + H,0, — Fet + *OH + OH~ 7.6x 10t Walling, 1975

2 Fet + HOy — Fe¢ + HO,™ 1.2x 108 Bielski et al,, 1985

3 Feé" + HOy — Fet + HY + O, 3.1x 1P Bielski et al., 1985

4 H,O, + *OH — HO,* + H,0 2.7x 10 Buxtonet al,, 1988

5 Fet + H,0, — Fe&™ + HT + HO» 2.7x 1071 b

6 Fet +*OH— Fe™ + OH~ 3.5x 10° Buxtonet al, 1988

7 *OH+ HO; — H,0 + O, 7 x 10° Buxtonet al, 1988

8 2HO,; — H,0, + O, 1.7 x 10 Bielski et al,, 198%

9 HO,* + H,0, — *OH + O, + HO 5x 107t Bielski et al, 1985
10 20H — H,0, 55x 10° Buxtonet al., 1988

Reactions Involving Ethanol and Its Products but Not Oxygen
11 CHCH(OHY + H,O, — CH;CHO+ H,0 + *OH 1.5x 10° Sedon & Allen, 1967
12 Feét + CHsCH(OHy — CH;CHO + Fe&¢t + HF 2.7x 108 Berdnikovet al,, 1977
13 *CH,CH,OH + F&™ — [CH,CH,OH]~ + Fe** 1.0x 10° Walling & El-Taliawi, 1973
14 2CHCH(OHYy — CH;CHO + CH3;CH,OH 11x 1@ Burchill & Ginns, 1970
15 *OH + CH3;CH,OH — CH;CH(OHY + H,O 1.6x 10° Buxtonet al, 1988
16 *OH + CH3;CH,OH — *CH,CH,OH + H,O 2.8x 1¢° Buxtonet al, 1988
17 *CH,CH,OH + CHz;CH,OH — CH;CH(OHY + CH;CH,OH 2x 10 Burchill & Ginns, 1970
18 2CH,CH,OH — CH;CHO + CH3;CH,OH 1.1x 10 Burchill & Ginns, 1970
19 CH,CH(OHY + *OH — CH;CHO + H,0O 1.0x 10t g
20 *CH,CH,0OH + *OH — HOCH,CH,OH 1.0x 101 g
21 CH,CH(OHY + *CH,CH,OH — CH3;CHO + CH;CH,OH 1.1x 1¢° e h
Reactions Involving Ethanol and Its Products That Can Proceed if Oxygen Is Present

22 CHCH(OH)Q, — CH;CHO + HOY 5.0x 10 Botheet al, 1983
23 CHCH(OHY + O, — CH3;CH(OH)Oy* 46x 10° Netaet al,, 1990
24 *CH,CH,OH + O, — *O,CH,CH,0OH 6.6x 10° Netaet al,, 1990
25 2CHCH(OH)QO; — H,0; + O; + 2CH,CHO 3.5x 108 Netaet al,, 1990
26 CHCH(OH)Oy* + Fe™ — [CH3CH(OH)O,—FeP+ 1.7 x 108 Butleret al, 1974
27 *O,CH,CH,OH + F&¢t — [Fe—0O,CH,CH,OH]?* 1.7x 1¢° k
28 20,CH,CH,OH — O, + OCHCH0OH + HOCH,CH,OH 1.0x 1¢° Netaet al, 1990
29 CHCH(OH)Q,H — CH3;CO(OH)+ H,0 2.1x 10 Butleret al, 1974/
30 CH,CH(OH)O;* + *0,CH,CH,0H — O, + CH;CO(OH)+ OCHCHOH 3.5x 1¢° m
31 CHCH(OH)QH + F&™ — CH3;CH,O + OH™ + Feit 1x10° Garnier-Suillertet al,, 1984
32 HO,CH,CH,OH + F&™ — [HOCH,CH,0—FeP" 1x 1 Garnier-Suillereet al,, 1984

aThe same rate is assumed for the reaction éf Féth O,*~. PE. S. Henle, and S. Linn, unpublished experiments; see also Walling and Goosen
(1973).¢ The rate is pH-dependent and pH 5 is assuriddhe reaction is also described by Walling (1975) and Walling and El-Taliawi (1973),
and similar reactions are reviewed by Fischer (199The products of egs 14, 18, and 21 may also contain 2,3-, 1,4-, or 1,3-butanediol, respectively.
fThe proportion ofx-hydroxy radical tg3-hydroxy radical is between 85% and 97% during these reactions. Rate constants are based on an overall

*OH scavenging rate constant of 1X910° and upon the assumption that 8a%hydroxyethanol radical is formed.These values are estimated

from similar diffusion controlled reactions. Even at these rates, the

reactions have negligible effects on the siniulatensaction rate is

estimated to be equal to those of reactions 14 and Ti8ese are first order reactions{s | The estimate is based upon the rate constants for the
a-hydroxy peroxyl radical of 2-propanol and also upon rates of comparable reactions ietNgt§1990). The reaction rate is estimated to be
equal to that of reaction 24The products are assumétThe reaction rate is estimated to be equal to those of reactions 25 and 26, and the

products are assumed.

Table 2: Percent of Each Nucleoside Damaged during Fenton
Reaction with DNA Presefit

DNA % damaged
nucleoside air N
dG 8 14
dC 9 14
dA 6 9
dT 10 12

a2 Reactions contained 1 mM PM2 DNA (nucleotide residues), 50
mM NaCl, 1 mM FeSQ, and 2 mM HO,. Reactions and analyses
were carried out as described by Labal. (1994b).

estimated from the time courses of Figure 2A (Figure 2B).
Throughout most of the reaction, the rate ofdd consump-
tion was proportional to [kD,][Fe*"] and the proportionality
factors—i.e., the pseudobimolecular rate constants fe®H
consumption ku,0,), were the same under anaerobic and
aerobic conditions (11@&7 M~ s™1) (Figure 2C). (Note

below).) It is significant thaky,o0,) in the presence of DNA

is larger than that expected from the simple Fenton reaction
(76 M1 s7%; Walling, 1975), possibly reflecting an increase
in the rate of the Fenton reaction wher?Fés associated
with DNA.

In contrast to the situation for 4@, consumption, the
pseudobimolecular rate constant fofFeonsumptionkge+),
differed between anaerobic and aerobic conditions in the
presence of DNA. Under anaerobic conditions and in the
presence of 2 mM DNA nucleotid&ge+ was 70% ok,0,)
(Figure 2B,C). The lesser value &f¢+ as compared to
k1,0, could be explained by replenishment of?Felue to
the presence of DNA during the anaerobic Fenton reaction.
In contrast to the anaerobic observations under aerobic
conditions in the presence of 2 mM DNKg#+) exceeded
Kn,0, by roughly 2-fold (Figure 2B,C). This increase in
ket could be explained by enhanced oxidation of‘Fedue

that the equivalence of the rate constants under aerobic and® the presence of DNA during the Fenton reaction.

anaerobic conditions is consistent with®4 consumption

In summary, the rate of #0, consumption was increased

being due to the same reactions under both conditions (seaoughly 30% by the presence of DNA irrespective of
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Ficure 1: Effect of DNA and oxygen upon #D, consumptiorvs
Fe#t consumption. In panel A, reactions contained 0.5 mpD§
FeSQ as indicated, and 4 mM DNA-nucleotide as indicated. In
panel B, reactions were as in panel A except that 1 mi@Hwvas
utilized. In panel C, reactions contained 0.5 mMQ4, 0.2 mM
FeSQ, and DNA as indicated. The #, remaining after 1215
min was determined as described in Experimental Proced#yes.
purged with N, DNA absent®, purged with N, DNA present,
aerated, DNA absent), aerated, DNA present.

[Fe?*] (mM)

Ficure 2: Kinetics of HO, consumption and P& oxidation in

the presence and absence of DNA. Reactions contained 2 mM
DNA-nucleotide, 0.5 mM HO,, and 0.2 mM FeS@except that
initial FeSQ, concentrations were as indicated in panel GOH

and Fé* concentrations were determined as described in Experi-
mental Procedures. Panel B shows the pseudobimolecular rate
constants as defined in Experimental Procedures calculated from
the data of panel A. Panel C shows initial rates obtained from curves
such as those in panel A, purged with N, H,O, consumption;

. . O, aerated, KD, consumptiona, purged with N, FE" consump-
aeration. Conversely, Fe consumption was enhanced tion; A, aerated, B¢ consumption.

roughly 2-fold by the presence of DNA under aerobic

conditions such that it exceeded that gf04 consumption. andtert-butyl alcohol up to 10 mM (Figure 3). For purposes

On the other hand, Pé& consumption under anaerobic of comparison, the concentrations of organic substrates have

conditions was somewhat lower than® consumption. been normalized in this figure according to the rate constants
Comparison of the Effects of DNA to Those of Ethanol of their reaction withrOH. In all cases, when the reaction

and tert-Butyl Alcohol upon FPé and H,O, Consumption. was completed, some B, remained, but Pé was totally

To attempt to better understand the basis of the effects ofconsumed.

DNA upon the stoichiometry of P& and HO, consumption Under aerobic conditions, @, consumption decreased

during aerobic and anaerobic Fenton reactions, the effectswith increasing concentration of each of the compounds

of simple model compounds, ethanol, and to a lesser extent,(open symbols, Figure 3). At the highest concentrations of

tert-butyl alcohol, were studied. These alcohols were chosenthe alcohols, the ratio of #D, consumed to P& consumed

because they had previously been studied in reactions withwas approximately 0.5. In the case of DNA this ratio was

oxygen radicals. In addition, since the majority of radicals 0.68. Under anaerobic conditions (closed symbols, Figure

formed by°OH attack on ethanol, but ntrt-butyl alcohol, 3), the results were quite different. The presence of DNA
are reducing radicals (Walling, 1975), the effects of these or ethanol increased the rate of® consumption by up to
radicals could be distinguished. ThereforeQslconsump- 75% and 240%, respectivelytert-Butyl alcohol, however,

tion was measured in reactions containing 0.5 mjdkand did not effect a change in 4@, consumption.
0.2 mM Feé* in the presence of various concentrations of  The decrease in #, consumption due to the presence
DNA up to 4 mM nucleotide residues, ethanol up to 3 mM, of the organic compounds under aerobic conditions could
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500 L Sequence |
Reaction 1 Fe2+ + HyOp — Fe3+ + «OH + OH"
g 400- L 15 +OH + CH3CH,0H— CH3CH(OH)* + Hy0
] 12 CH3CH(OH)* + Fe3*— Fe2++ CH3CHO + H*
§ 3004 L Sequence T1
§ Reaction 1 Fe2* + HyOp — Fe3+ + «OH + OH-
- - 15,16 +OH + EtOH — *(EtOH) + H,0
;L 200 F 23,24 +(EtOH) + O3 — +(O2EtOH)
26, 27 Fe2+ + H* «(O,EtOH) — Fe3+ + HOEtOH
100 ==l - Sequence 111
0.0 2.0 40 ?;0 Reaction 1 Fe2+ + HpOp — Fe3+ + «OH + OH-
{k oy X [Substrate]} (us ')
15 +«OH + CH3CH,0H — CH3CH(OH)» + H20
Ficure 3: H,O, consumption during the Pe-mediated Fenton 23 CH3CH(OH)» + Oy — CHj3 - CH(OH)Oye
reaction in the presence of DNA, ethanol, tert-butyl alcohol. 2 CH3 - CH(OH)O3+ —> CH3CHO + HOp+

Reactions contained 0.2 mM Fef0.5 mM HO,, and 0-4 mM

2+ . 3+ -
DNA-nucleotide, 6-3 mM ethanol, or 6-10 mMtert-buty! alcohol, Fe®* + HOp» — Fe** + HOp

as indicated. The D, remaining after 1215 min was determined 3 Fe3* + HOp» — Fe?* + HY + 02

as described in Experimental Procedures. The data for DNA are Sequence IV

from the same experiment as those in Figure 1C. The abscissa is Reaction 1 Fe2+ + HyOp — Fe3+ + +OH + OH-

the concentration of the organic substrate (DNA, ethanolec 13 DNA + +OH — DNAe

butyl alcohol) multiplied by its rate constant in reacting wibH, 34 DNA- + Fe3* —> DNAox + Fe2* + H*

as reviewed by Buxtoet al. (1988): 5.2x 10° M~1st 1.9 x

10° M~1s1 and 6.0x 108 M1 s1for DNA, ethanol, andert- Smm s X

butyl alcohol, respectively®, purged with N, DNA present;O, Reaction 1 Fe** + HyOp — Fe’* + «OH + OH"

aerated, DNA presen#l, purged with N, ethanol present], 33 DNA ++OH —> DNA-

aerated, ethanol presem, purged with N, tert-butyl alcohol 35 DNA- + O; —> DNAOp+

present;v, aeratedtert-butyl alcohol present. 36 DNAOy» + Fe2* + H* — DNAOH + Fe3*
I

be explained if carbon-centered radicals were formed onthe — goppin 1 Fe2* + HyOy — Fe3* + «OH + OH"

substrates which would react with, @ form peroxyl radicals 33 DNA + *OH —s DNA-

(von Sonntag, 1987). These peroxyl radicals would then in 35 DNA-« + Oy — DNAO,

turn react with F&". The resulting effect of these reactions 37 DNAO;+ — DNAox + HOp¢

would be an apparent diminishment of® consumption 2 Fe2* + HOp+ — Fe3* + HOy

relative to F&" consumption. 3 Fe3* + HOz» — Fe2+ + H+ + O

The increase in kD, consumption due to the presence of Figure4: Reaction sequences for explaining altered stoichiometries
the compounds under anaerobic conditions could be ex-of the Fé+-mediated Fenton reaction in the presence of ethanol or

plained if carbon-centered radicals were to reduce the iron DNA. Reaction numbers correspond to those in Table 1. In sequence

i idi i I, *(EtOH) is either then- or the g-hydroxy radical at a ratio of
atoms which had been oxidized by.® in the Fenton about 20/1 (see Table 1). ThUXO,EtOH) can be theo or

reaction. The varying effects of the added compounds would g ey radical, which are reduced by2Edo form CHCH(OH)-
then be explained by the different radicals which each can o,H or HO,CH,CH,OH, respectively.

form. With ethanol, 8597% of the radicals would have a

reducing nature (Buxtoet al, 1988; Asmuset al, 1973; under both aerobic and anaerobic conditions. By monitoring
Burchill & Ginns, 1970; Berdnikovet al, 1977). (See  the contribution of each reaction to the overall reactant
footnotef of Table 1 for the definition of the radical character consumptions during the simulation, one can identify the
of ethanol radicals.) With DNA, however, the radicals are predominant reactions for such a simulation. In this way it
more heterogeneous and many of them are redox-ambivalenbecame apparent that while many of the reactions listed in
or oxidizing (Steenken, 1989). Hence ethanol would be Table 1 could contribute to the stoichiometry of’Fend

better at re-forming Pé from Fe&* than would DNA. H,0, utilization, only a few reactions predominate. These
Radicals formed frontert-butyl alcohol are not reducing, predominant reactions can be grouped into three reaction
however, so that, in the presenceteft-butyl alcohol, Fé* sequences (sequenceslll, Figure 4), one for anaerobic

should not be replenished. This is consistent with the conditions and two for aerobic conditions.
observation (Figure 3) that, under anaerobic conditions, the The rate limiting step in all three sequences is the Fenton
presence ofert-butyl alcohol had no effect upon the extent reaction which leads to an ethanol radical. Under anaerobic
of H,O, consumption. conditions (sequence |, Figure 4), th@H formed by the
Modeling of HO, and Fé* Consumption by Fenton Fenton reaction reacts with ethanol to form todydroxy
Reactions in the Presence of Ethand\though it would radical. Fé&' can be replenished from Eeby thea-hydroxy
be desirable to validate the above concepts by quantitativelyradical. Thus several equivalents o® might be con-
modeling the reaction kinetics of the iron-mediated Fenton sumed for each Fé initially present.
reaction in the presence of DNA, the complexity and  Under aerobic conditions (sequences Il and lll, Figure 4)
heterogeneity of DNA reactions with oxygen radicals do not *OH forms ethanol hydroxy radicals which in turn react with
allow this. Thus ethanol was chosen as a model system fromO; to form the corresponding peroxyl radicals. The nascent
which proposals could be derived which could apply to DNA. peroxyl radicals can then oxidize #eo Fe* (sequence II).
With ethanol the pertinent free radical reactions and their Alternatively, the o-peroxy radical could decay to form
rate constants are known or can be adequately estimated, sacetaldehyde and superoxide, and the superoxide could react
that 32 reactions (Table 1) were considered in a computerwith iron ions to change the Fenton reaction stoichiometry
simulation of the kinetics of D, and F&" consumption (sequence lll, Figure 4).
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Ficure 5: H,0, and Fé* consumption during Fenton reactions in the presence of ethaneitdoutyl alcohol. All reactions contained 0.2

mM FeSQ and 0.5 mM HO,. Reactions of panels A and C contained 100 mM ethanol, those of panel B contained ethanol as indicated,
and those of panel D contained 200 ntéft-butyl alcohol. The symbols represent individual data points. In panels A and B the solid lines
are interpolated fits from the results of computer simulations which considered the relevant reactions listed in Table 1, but which showed
that those of sequenceslll of Figure 4 represented the predominant reactions. In panel C the pseudobimolecular rate constafs for H

and Fé&" consumption as defined in Experimental Procedures were calculated for the time course shown in panel A. In panel D under
anaerobic conditions, the pseudobimolecular rate constants forare HO, consumption were 72 7 M1 st and 67+ 7 M1 s71,
respectivelya, aerated, B¢ consumptiona, purged with N, FE™ consumptionM, purged with N, ethanol present, D, consumption;

O, aerated, ethanol present;® consumption;¥, purged with N, tert-butyl alcohol present, D, consumption;v, aeratedfert-butyl

alcohol present, KD, consumption.
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The assignment of the reactions of sequences |, Il, and IlI
as being predominant was tested by comparing the computer-
calculated predictions of P& and HO, consumption to
experimental results. Time courses forQd and Fé*
remaining in the presence of 100 mM ethanol (Figure 5A)
and the ratio of HO, to F&" consumed in the presence of
varying ethanol concentrations (Figure 5B) were measured
and compared to the values predicted by the computer
simulations. The fits between the data and the simulations
under both aerobic (open symbols) and anaerobic conditions O frorern To  Too 7000
(closed symbols) are within experimental error. [Ethanol] (mM)

The experimental results under anaerobic conditions g re 6: Acetaldehyde production during Fenton reactions in the
demonstrate also that, in the presence of 100 mM ethanol,presence of ethanol.” Reactions were purged witamd contained
H20; is consumed with a pseudobimolecular rate constant 0.2 mM FeSQ, 0.5 mM HO,, and ethanol as indicated. After 20
expected for the Fenton reaction, 76 M1 (Walling, 1975) min, acetaldehyde was measured as described in Experimental
(Figure 5C). On the other hankize+, was only one-eighth Procedures.m, H,O, consumed;x, acetaldehyde produced.
that rate (Figure 5C). Moreover, between 3 and 1000 mM mM ethanol, HO; is depleted less rapidly than is Fe
ethanol, the amount of acetaldehyde formed equaled the(Figure 5A). Throughout the reactiok,o,) is roughly one-
amount of HO, consumed within 5%, as expected for third that of the Fenton reaction, wherdgs+ is somewhat
sequence | of Figure 4 (Figure 6). When similar time courses greater than that of the Fenton reaction (Figure 5C). The
were done with 200 mMert-butyl alcohol present under ratio of H;O, consumed per Fé consumed in an aerobic
anaerobic conditions,0,) Was again approximately that reaction with 0.£1000 mM ethanol present was 0.55 (Figure
of the Fenton reaction, and this was also the caséger, 5B). If only the reactions of sequence Il had occurred, the
(Figure 5D). These results are consistent with the reducing ratio would have been 0.5. Should only the reactions of
nature of thex-hydroxyethanol radical which can reducé¥e  sequence Il have occurred, the ratio could also have been
to Fet and with the nonreducing nature of tfehydroxy 0.5, but only if reactions 2 and 3 had occurred at equal
tert-butyl alcohol radical, which does not react with3Fe frequency-i.e., if superoxide had reduced¥end oxidized

As expected from sequences Il and Ill of Figure 4, the Fe** to equal extents.ku,o0, in the presence of 100 mM
aerobic situation is more complex. In the presence of 100 ethanol and @ was 22 M! s™!, whereas that for the

o
&

H202 Consumed or
Acetaldehyde Produced (mM)
o
)

o
o
*
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anaerobic reaction was 7& 4 M s! (Figure 5C). 2 in which DNA increased the consumption of %Fe

Sequence Il would predict a rate constant of 76'&t'—i.e., Therefore, sequence V would appear to be dominant over

the Fenton reaction alone would determine the rateh,H  sequence VI.

consumption. Hence, replenishment gf04 would appear

to be significant in the aerobic reactions. Since only reaction DISCUSSION

2 in sequence Il replenishes,®&h, sequence Il must be o ,

occurrir?g to a signifiF():ant extent, utiliging both reactions 2 | N€ data presented in this paper and the proposals that it

and 3 to roughly equal extents. has generatgd may be summarized as foIIows.. During a
Application of the Ethanol Studies to DNAhe studies Fenton reaction between Feand HO, with no additional

of Fenton reactions in the presence of ethanol can serve adeactants, the amounts o® consumed per Fe consumed

a model by which to begin to understand the complexity of are equal un_der aerobic or gnaerobic _conditions_. However,
the reactions in the presence of DNA which were observed WNen DN&A |sF2§resent, ar:j increase 'g the rat|ob_ojOg| di
in Figures 13. Based upon the results with ethanol, reaction 0NSuUMed to F€ consumed occurs under anaerobic condi-
sequences might be proposed by which iron reacts with tions. Th|s'|ncreas'e is ascribed to r'eplenlshment éf 59.
DNA-derived radicals (Figure 4, sequences-VI). In all a DNA radical which is produced in the presence of iron

cases, the Fenton reaction would generate a reactive oxyger?ndh"boz'_ C(;nversely, unde; aergglc condmogs a decrease
species which in turn would react with DNA, thereby M the ratio of HO, consumed to F€¢ consumed occurs in

generating DNA radicals (DN For purposes of stoichi- th? presence of DNA. .This d_ecrease is ascribed W.Fe
ometry, the reactive oxygen species is simply giverQas, OX|dat|qn by a DNA radical Wh'.Ch was formed by reaction
though it could be an alternative radical such as the ferryl ©f G2 With @ precursor DNA radical formed in the presence

radical. If the DNA radical were to have a reducing nature °f iron and HO.
and if O, were unavailable, then, by analogy to sequence I, As noted in Table 2, there were substantial quantitative
the DNA radical could reduce Feback to Fé*, thereby differences in the degree of damage to each of the four DNA
genera[ing an oxidized DNA product, DNAOX (reaction 34, nucleosides in aerobies anaerobic reactions. We have
sequence IV, Figure 4). The regeneratedtFeuld react begun to characterize the specific base damages to DNA and
again with BO,, more DNA damage could ensue, and its derivatives, and we have observed some qualitative
multiple equivalents of kD, would be consumed for each differences between aerobic and anaerobic conditions (Luo
Fe?* initially entering into this sequence, as was observed €t al, 1996; Henleet al, 1996; R. Jin, R. Chattopadhyaya,
under anaerobic conditions in the presence of DNA (Figures E. S. Henle, Y. Luo, and S. Linn, unpublished experiments).
1-3 and Table 2). Since Qeacts at diffusion limited rates ~ 2'-Deoxyguanosine'galdehyde was observed to be formed
with most carbon-centered radicals, this sequence is likely Preferentially under aerobic conditions wherega8-8yclo-
only to proceed under conditions where &@ncentrations ~ 2-deoxyguanosine was observed preferentially under anaero-
remain very low. bic conditions (Henlest al, 1996). A possible mechanism
Under aerobic conditions, DNA peroxyl radicals are for the formation of these products, based upon studies by
assumed to be formed by reaction of the DNA radicals with Dizdaroglu (1986) and Langfinger and von Sonntag (1985)

0, (sequences V and VI, Figure 4), analogously to the casefor ionizing radiation, is that a's&carbon-centered radical
for ethanol (Sequences Il and |||) In one case, sequence V,WOU|d be formed by reaction with a Fenton oxidant. Under

the peroxyl radicals could oxidize additional 2Feions anaerobic conditions, thé-gadical could attack the guanine

(reaction 36), thereby diminishing the pool of2Fe As a base, and oxidation of the resulting guanine radical by a ferric
consequence, the overall generation of the Fenton oxidantion would yield 3,8-cyclo-2-deoxyguanosine analogously
would be diminished and hence the amount of DNA damage t0 sequence IV of Figure 4. Under aerobic conditions, on
would be reduced. On the other hand, the DNA peroxides the other hand, the'$adical could also react with Qo
which are generated by this sequence would be predicted toProduce a peroxyl radical which would ultimately be
give rise to unique damage products, and products consistengonverted to the ‘saldehyde.
with this sequence of reactions have been observed ¢tuo In a similar study with d-CpC (Lu@t al, 1996), it was
al., 1996; Henleet al., 1996). found that, among the major degradation products, 1-car-
An alternative sequence of reactions under aerobic condi- bamoyl-1-carboxy-4-(2-deoxyribosyl)glycinamide was ob-
tions, sequence VI, would be the analog of sequence lll. The served to be formed preferentially under aerobic conditions
DNA peroxyl radicals would decompos# reaction 37 into whereas 5-hydroxy‘2deoxycytidine was observed only
superoxide and oxidized DNA (DNAox). The superoxide under anaerobic conditions. Based on the general mecha-
radicals could then react with either¥er FE* (reactions nisms for the generation of these products by Cadetl.
2 or 3), respectively. (1991) by ionizing radiation in the absence of iron an®kl
Depending upon the relative rates of reactions 36 and 37,a possible explanation was proposed for these differences
either sequence V or sequence VI would predominate. (Luo et al, 1996). The major site of reaction of the Fenton
However, k,0, Observed in the presence of DNA was oxidant is C5 of cytosine whereby a 5-hydroxy-6-yl radical
approximately the same under aerobic and anaerobic condiis formed. Under anaerobic conditions this radical might
tions and somewhat greater than that of the Fenton reactionbe oxidized by F& so as to form 5-hydroxy-2leoxycyti-
in a pure system (110 M st »s 76 M1 s7%) (Figure 2B). dine analogously to sequence IV of Figure 4. Under aerobic
This observation would imply that the reactions of sequence conditions, on the other hand, the 5-hydroxy-6-yl radical
VI utilizing reaction 2 would not occur to an appreciable would instead react with Dleading to a peroxyl radical
extent aks,0, Would have been diminished by this reaction. which could oxidize F&, forming 1-carbamoyl-1-carboxy-
In addition, if sequence VI proceedeth reaction 3, F&" 4-(2-deoxyribosyl)glycinamide (Luet al., 1996). These
would have been replenished, contrary to the data of Figurereactions would be analogous to sequence V, Figure 4.
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In future studies we hope to utilize defined DNA oligo- Halliwell, B., & Gutteridge, J. M. C. (1992FEBS Lett. 307108
nucleotides. The goal would be to be able to monitor ~112. _ _
reactions leading to particular DNA damages so as to Heznﬁ'g% S., Luo, Y., &Linn, S. (1996) Biol. Chem. 27121177
ultimately understand them to the extent to which we '

. . - Imlay, J. A., & Linn, S. (1988)Science 2401302-1309.
understand the reactions with ethanol. In so doing, we would Koppenol, W. H. (1994) irFree Radical Damage and its Control

hope to validate the sequences of Figure 4 and to define (Rice, C. A., & Burdon, R. H., Eds.) pp-24, Elsevier Science,

exactly the intermediates and products. New York.
LaFleur, M. W. M., & Retel, J. (1993Mutat. Res. 2951—10.
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