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To gain an understanding of the mechanism by which the hydroxyl free radical can arise in superoxide
generating systems and learn how different chelaters of iron can inhibit this reaction, a pulse radiolysis
kinetic study of the reaction of Oz~ with Fe(III)EDTA, Fe(II)HEDTA and Fe(III)DETAPAC (or DTPA)
was undertaken. Superoxide reacts readily with Fe(II)EDTA and Fe(III)HEDTA with a pH-dependent
second-order rate constant having values of 1.9 x 10°M~!.s7! and 7.6 x 10° M '.s™! at pH 7,
respectively. However, the rate constant for the reaction of Oz~ with Fe(III)DETAPAC was found to be
much slower, the upper limit for the rate constant being 10* M~!.s~!. These results in conjunction with
spin-trapping experiments with Fe(INEDTA, Fe(IDHEDTA, Fe(I)DETAPAC and H,O, suggests that
DETAPAC inhibits the formation of ‘OH by slowing the reduction of Fe(IIl) to Fe(I) and not by
inhibiting the Fenton reaction.

Superoxide Fenton reaction
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1. INTRODUCTION

The superoxide radical, O3, appears to be
formed in all aerobic organisms, and has many
potential deleterious effects [1—4]. While the reac-
tivity of superoxide alone is quite limited, there is
considerable evidence that in the presence of H20,,
it will give rise to the highly reactive hydroxyl free
radical [5-8]. To date there has been no
demonstration of a direct reaction between O3~
and H,O, [9-11]. However, addition of small
amounts of iron salts to superoxide-generating
systems results in the formation of "OH [5,12,13].
The mechanism is believed to be the ‘iron-
catalyzed Haber—Weiss reaction’:

Fe(III) complex + O3~ —
Fe(II) complex + O; (1)

Fe(1I) complex + H20, —
Fe(III) complex + OH™ + ‘OH )
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It has been shown that the iron-catalyzed pro-
duction of hydroxyl radical by superoxide-
generating systems can be inhibited by the metal
chelator  diethylenetriaminepentaacetic acid
(DTPA or DETAPAC) [5,13,14], but not by the
related ligands ethylenediaminetetraacetic acid
(EDTA) and N-hydroxyethylenediaminetriacetic
acid (HEDTA). This inhibition could result from a
decrease in the rate of the reduction of Fe(III) by
superoxide, eq.(1), or from a slowing the Fenton
reaction, eq.(2). DETAPAC appears not to block
the Fenton reaction, eq.(2) above [14,15]; in a
rather complex superoxide-generating enzyme
system no evidence for the reaction of eq.(1) in the
presence of DETAPAC was found [14,15]. In [16]
reaction (1) was shown to be slower with the com-
plex Fe(IIHDETAPAC than with Fe(III)EDTA.

To discriminate further between these two
modes of action in the inhibition of ‘OH produc-
tion we have applied both pulse radiolysis and spin
trapping techniques to the study of reactions (1)
and (2). We have chosen a set of structurally
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related chelates to investigate these processes. Here
we show by pulse radiolysis that the reaction of
0;~ with Fe(lIDDETAPAC is indeed very slow,
much slower than indicated in [16], compared to
its reaction with Fe(IIDEDTA or Fe(lIDHEDTA.
Further, spin trapping confirms the production of
‘OH by Fe(II) chelates of DETAPAC, EDTA and
HEDTA.

2. MATERJALS AND METHODS

HEDTA (N-(2-hydroxyethyl)ethylenediamine-
triacetic acid, trisodium salt dihydrate), DETA-
PAC (diethylenetriaminepentaacetic acid), EDTA
(ethylenediaminetetraacetic acid), and the spin
trap, DMPO (5,5-dimethyl-1-pyrroline-N-oxide),
were from Aldrich Chemical Co. (Milwaukee WI).
The DMPO was purified as in [17] and stored at
4°C in aqueous solution. The concentration of the
stock solution was determined using an e =
7700 M~!.cm™! in ethanol [18]. Ferric ammonium
sulfate was from Mallinckrodt Chemical Works
(St Louis MO) and all other reagents were from
J.T. Baker Chemical Co. (Phillipsburg NJI).

The pulse radiolysis studies were done with the
Notre Dame Radiation Laboratory linear ac-
celerator using a ~5 ns pulse of 8-MeV electrons.
Data gathering and analysis techniques are describ-
ed in [19,20]. The (CNS); ion was used for
dosimetry [21]. Phosphate-buffered (5 mM) solu-
tions of Fe(Ill)chelate (0.1 mM) containing
20 mM sodium formate were prepared immediate-
1y before radiation. Solutions were bubbled with
O and maintained at room temperature, 22°C.
Superoxide anion was monitored in the region
around 250 nm while Fe(IlI) reduction was studied
at 280-300 nm.

Electron spin resonance (ESR) spin-trapping ex-
periments were carried out with a Varian E-4 spec-
trometer equipped with an E-231 cavity and
aqueous sample cell accessory.

3. RESULTS

3.1. Pulse radiolysis kinetic results

The presence of formate in the radiolysis solu-
tion allows the production of O3~ from the various
radiolysis products [22,23]. As the pK of HO; is
4.88 [24], the reducing radical is principally O3~ in
the pH range studied. The rate constants were ob-
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tained from pseudo first-order kinetic analysis.
Qur results with Fe(IIHDEDTA (table 1) are in
agreement with those in [16,23]. Fe(II)HEDTA is
very similar to Fe(IIEDTA in its reaction with
03" at pH 6 and 7. However, at pH 8 an apparent
complex with superoxide was formed, similar to
that reported for the Fe(II)EDTA and O3~ system
at pH 10-12 in [23]. We were not able to detect
any reaction of O3~ with Fe(IINDETAPAC in this
pH range. In fact, in the present experiments the
apparent lifetime of superoxide increased in the
presence of Fe(IIDDETAPAC. As DETAPAC
was in slight excess, it is conceivable that the excess
DETAPAC chelated those trace metals introduced
by the buffer salts and formate, rendering them in-
active in the catalytic dismutation of Oz~. With the
conditions of our expériments we suggest that the
rate constant for the reaction of O3~ with
Fe(IIIDETAPAC is <1 x 10* M™!.s™* compared
to ~10° M™1.s7! for the two other complexes
studied.

3.2. Spin trapping of ‘OH

When aliquots of N> purged Fe(II)chelate solu-
tions (20 #«M final conc.) were introduced into a
solution of H,0; (80 M) and DMPO (50 mM) an
ESR signal consistent with the spin trapping of the
hydroxyl free radical was observed (aN = aH =
15.0 G [25,26]). The intensity of the signal observ-

Table 1

Second-order rate constants for the reaction of O;~ with
Fe(II)chelates (M~*.s™ 1)

Chelate pH 6.0 pH 7.0 pH 8.0 [Ref.]
Fe(IIT)
EDTA 3.1x105 1.9x10° 5.0x10° Here
5x 108 1.8x10° 4.6x10° [23]
(pH 5.8) (pH 8.1)
3.6x 105 1.3x10° 3.0%x10° [16]
Fe(III)
HEDTA 3.8%x10° 7.6x10° Complex Here
forma-
tion
Fe(I1I)

DETAPAC <10* <10 <10* Here
No data <10° No data [16]
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ed was a function of the chelate, holding all other
conditions constant. The most intense signal was
obtained with Fe(IDDETAPAC. Fe(IDHEDTA
produced a DMPO/OH signal whose intensity was
about 40% of that observed with Fe(I)DETAPAC
while Fe(INEDTA produced a signal whose inten-
sity was about 8% of that observed with
Fe(INDETAPAC. No signal was observed in the
absence of the Fe(II)chelate,

4. DISCUSSION

We find that the rate of reaction (1) decreases
with increasing pH. This appears to be correlated
to either the degree of hydrolysis of the complex,
and/or the net overall charge of the complex.
Fe(IIDDETAPAC at pH 6-8 exists in a
nonhydrolyzed form with a net charge of —2 [27],
whereas Fe(II)HEDTA in this pH range exists
principally in a nonhydrolyzed form with a net
overall charge of —1 [28]. At pH 8, ~10% of the
Fe(IIDHEDTA is hydrolyzed to a form witha —2
net charge. Fe(IIDEDTA in the pH range 6-8 has
both a non-hydrolyzed form with a — 1 net charge
and a hydrolyzed form with a —2 net charge pre-
sent [27]. An approximate 50—50 mixture of these
forms exists at pH 7.5. Thus, it would appear that
the overall charge of the complex may play a role
in the pH dependence of the kinetics of reaction
(1.

In the pH range employed here, reaction (1) is
thermodynamically favored for all three Fe(III)
chelates. At pH 7, the data of [27-29] vield the
following midpoint reduction potentials (VS
SHRE):

Fe(IIDEDTA +e —

Fe(IDEDTA E =+113mV
Fe(IIDHEDTA +e¢ —
Fe(IDHEDTA E = +372mV

Fe(II)DETAPAC + ¢~ —
Fe(IDDETAPAC E = +357TmV

Coupling this data with the one electron reduc-
tion of oxygen at pH 7

O +e — 057
E°l = —330 mV
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we see that in fact the reaction of O3~ with
Fe(IINDETAPAC appear to be the most ther-
modynamically favorable reaction. Thus, ther-
modynamics appear not to govern the observed
rates of reaction (1), but rather, steric factors may
play an important role.

The observations [14] with "OH scavengers and
the results of our spin trapping experiments in-
dicate that the Fe(II) forms of these chelates are
quite capable of participating in the Fenton reac-
tion, eq. (2). Surprisingly, our studies show that
Fe(IDDETAPAC is far more efficient in catalyzing
the Fenton reaction than the structurally related
EDTA and HEDTA. These kinetic experiments in-
dicate that DETAPAC inhibits the ‘iron-catalyzed
Haber—Weiss reaction” by slowing the rate at

- which the reaction (1)} occurs. Thus, the use of

DETAPAC to probe for the role of the iron-
catalyzed Haber—Weiss reaction in various
biochemical and biological processes as employed
by many investigators [30-38] is justified on
kinetic grounds. However, it should be noted that
if iron complexes are introduced into systems to
probe for this chemistry it would be much better to
introduce the Fe(II) form rather than the Fe(ll)
form as the reaction (2) will proceed. This has not
always been done.
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