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Spin trapping ofsuperoxide in a biologic

system. The xanthine/xanthine oxidase sys-
tem was used to generate superoxide for
our spin trapping experiments. As with the
chemical system discussed previously, the
spectra observed were found to vary with

time, as shown in Figure 5. The initial spec-
trum consists mainly of the DMPO-OOH
adduct. (A more detailed analysis is pro-
vided by the computer simulation in figures
6 and 7.) After five minutes, most of the
DMPO-OOH spectrum was gone, and the
dominant species present was the DMPO-
OH adduct. With increasing time, a six-line

A

spectrum appeared, AN = 15.31, AH = 22.0,

and eventually predominated. Superoxide
dismutase prevented the formation of both
DMPO-OOH and DMPO-OH. Catalase
could not prevent the formation of DMPO-
OH. Thus, neither a Fenton reaction (1)
nor a Haber-Weiss reaction (1, 25, 26) was
involved in the formation of DMPO-OH.

Therefore, the generation of DMPO-OH
was due mainly to decomposition of
DMPO-OOH, as already described for the
chemical system. Addition of peroxidase
(lactoperoxidase or horseradish peroxidase)
increased the ratio of DMPO-OH to

C

FIG. 5. Spectra generated by DMPO spin trapping 24 sec, 5 mm. and JO mm after addition of xanthine

oxidase (75 flM finalconcentration) to 50mM chelexedpH 7.8phosphate buffer containing4 x l0� Mxanthine

and0.18M DMPO

Modulation amplitude was 1 gauss, time constant 1 second, scan time 8 minutes. scan range 100 gauss.
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FIG. 6. Spectra A and B are computer simulations

of the spectra in figures 4A and C respectively

A is composed of 80% DMPO-OOH, 15.4% DMPO-

OH, 4.6% “six line spectrum”. B is composed of 54%

DMPO-OH, and 46% “six line spectrum”.
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FIG. 7. Computer simulations

A. Computer simulation of DMPO-OOH, AN =
14.3g, A(� = 11.7g and Ai�i = 1.25g.

B. Simulation of DMPO-OH AN = 14.87g, A,, =
14.81g.

C.Simulation of “six line spectrum” AN = 15.31, A11
= 22.

DMPO-OOH, which is consistent with the
structures assigned to these species. At low
ratios of DMPO to xanthine oxidase, a

three-line nitroxide spectrum appeared, AN

= 14.7, which was not present at higher
ratios. We attribute this phenomenon to a
multiple attack on DMPO by superoxide,

where DMPO-OOH is initially formed, then
is further attacked by superoxide resulting

in the loss of the fl-hydrogen and its dis-
tinctive spectral characteristics.

Rate constant for superoxide trapping.

Determination of the rate constant for su-
peroxide trapping by epr techniques re-

quires the resultant nitroxide to be suffi-
ciently stable so that kinetic measurements
may be followed over several minutes. For
this reason, TMPO was chosen over
DMPO.

A solution of superoxide dismutase,
standardized against cytochrome c accord-
ing to the method of McCord et al. (4), was
used to inhibit the formation of TMPO-
OOH by xanthine/xanthine oxidase. The
method of kinetic competition was then
used to determine the rate constant for the

trapping of superoxide by TMPO. Let us
initially consider the fate of superoxide pro-

duced in a system consisting of xanthine/
xanthine oxidase, TMPO and superoxide
dismutase. As shown in equation 1, super-

oxide can react with itself (spontaneous
dismutation), TMPO or superoxide dismu-
tase.

O2� + O� + 2W -‘ 02 + H2O2

O2#{149}+ TMPO -� TMPO-OOH

SOD
O2� +o�: +2}r-�O3+H2O3

Eq. 1

At a level of TMPO high enough to trap

out most of the superoxide, the sponta-
neous dismutation is insignificant, and

TMPO and SOD are competing for the
available superoxide. Under these condi-
tions the following relationship applies
where V equals the rate of enzymatic gen-

eration of superoxide and k, and k� are the
second order rate constants for reaction of
superoxide with TMPO and SOD, respec-
tively.

v-
dT

= k,(TMPO)(O2�) + k. (SOD)(O2�)

Eq.2

Let the rate of EPR adduct formation equal
v, then

v = k,(TMPO)(O2�) Eq. 3

Dividing Equation 3 into Equation 2 and

rearranging gives Equation 4
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Vk,(TMPO)

v = k,(SOD) + k,(TMPO)

1 1 k,(TMPO)

V-:--�=V� k,V(SOD)

The results are shown in Figure 8 and are

consistent with the above equation. Since
the SOD solution was standardized against
cytochrome c, the rate constant for TMPO
trapping of superoxide is 1.16 x i05 times
the second order rate constant for the re-
action of superoxide with cytochrome c.
Assuming that this rate constant is 6 x i05

M’ sec1 (27), k, becomes 7 M1 sec’.
Since the DMPO-OOH adduct is unsta-

ble, its rate constant could not be deter-
mined by monitoring the formation of this
product by epr. However, its rate constant
was determined by its ability to inhibit the

formation of TMPO-OOH. Its rate constant

was found to be 1.5 times that of TMPO or

Eq.4 10M�sec’.

Effect of chelating agents and metal ion

impurities on superoxide trapping. The ef-
fect of metal ion impurities present in phos-

Eq. 5 phate buffer and the effects of chelating

agents on superoxide trapping were system-

atically investigated using the xanthine/

xanthine oxidase superoxide generating
system. Both spin trapping and optical
techniques (cytochrome c reduction) were
employed. These factors affect the amount
of DMPO-OOH formed and their effects
can be summarized as follows: DETAPAC
+ chelexed buffer = DETAPAC + non-
chelexed buffer > EDTA + chelexed buffer
> chelexed buffer > non-chelexed buffer.

These observations can be explained on the
basis that metal ions have been shown to

possess superoxide dismutase activity (1).
In our system, we found the EDTA in-
hibited most of this activity and that DE-

FIG. 8. Competition between SOD and TMPO for O� produced by the xanthine oxidase system

The system contained 0.16 M TMPO, 1 mM DETAPAC, 15 nM xanthine oxidase, 400 �iM xanthine, 50 mz�t pH

7.8 chelexed phosphate buffer, in a total volume of 0.5 ml. Units of SOD activity are defined by the assay of

McCord and Fridovich (4). The ordinate refers to the rate of epr adduct formation, expressed in arbitrary units.

Results are shown as the mean of duplicates.
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TAPAC is even more effective. Buettner et
al. (20) have found that DETAPAC-iron is
inactive as a superoxide dismutase, in con-

trast to EDTA-iron.
In most cases, the sequence seen in Fig-

ure 5 was followed, i.e., the DMPO-OOH
appeared initially, followed by DMPO-OH,
and then with time a new six line spectrum
was formed. With DETAPAC present little

or none of the six line spectrum was ob-
served. The effects of various factors were
either to retard or accelerate this time se-
quence. Those factors that were most effec-
tive in increasing the amount of DMPO-

OOH formed were also most effective in
retarding the time sequence of DMPO-

OOH decomposition. The reasons for these
effects were not determined; however, it is
well known that various metals, especially
iron, can accelerate the decomposition of
hydroperoxides (28).

In a control experiment, it was found that
the addition of EDTA-iron (either Fe�2 or
Fe�3) to DMPO in pH 7.8 phosphate buffer
resulted in a six-line spectrum, AH = 22.0

and AN 15.3 gauss, which is identical to

that observed in the xanthine/xanthine ox-
idase system. The presence of both iron and
EDTA is essential to the generation of this
spectrum. In contrast, DETAPAC-iron did
not form this species. In addition, DETA-

PAC could prevent the EDTA-iron gener-
ated six line spectrum. Preliminary results
suggest that this spectrum is due to an
EDTA-iron catalyzed oxidation of DMPO.
The mechanism of this phenomenon is un-
der further investigation.

Trapping ofSuperoxide by 4-POBN

Recently, Jansen et al. (18) have reported
the use of a nitrone, a-4-pynidyl 1-oxide N-
tert-butyl nitrone (4-POBN), to investigate
the trapping of hydroxyl radicals. These
authors declare that 4-POBN is “unique in
its suitability for the detection of hydroxyl
radicals” at biologically acceptable pH
ranges (18). In order to see whether 4-
POBN could trap superoxide, it was incu-

bated with xanthine/xanthine oxidase un-
den conditions identical to those employed
to produce the DMPO-OOH spectrum. As
shown in Figure 9, the ensuing nitroxide
gives a spectrum with an AN = 14.16 and

10 G

�

FIG. 9. Epr spectrum formed by reaction of O�

with 4-POBN in a system consisting of 75 nM xan-

thine oxidase, 400 �i xanthine, I mp.i DETAPAC, 20

mg/ml4-POBN, in 50 mM pH 7.8 chelexed phosphate

buffer

AN 14.16 g AH = 1.75. Modulation amplitude was

0.5 gauss, time constant 1.0 sec.

A11 = 1.75 gauss. It rapidly decomposed,
leaving no epr signal. Superoxide dismutase
completely inhibited the formation of this
species, but catalase did not. Based on this
evidence, we suggest that this species is 4-

POBN-OOH. As with DMPO, the inclusion
of DETAPAC in the buffered solution
greatly increased the intensity of the mi-
tially observed epr signal.

Generation of 4-POBN-OH by either

acid-catalyzed addition of water to the dou-
ble bond followed by hydrogen peroxide
oxidation, or ultraviolet photolysis of hy-

drogen peroxide in 0. 1 M phosphate buffer
at pH 7.8 gave a species with a spectrum
having AN 14.93 and A11 = 1.69 gauss,
note Figure 10. Thus, 4-POBN-OOH and 4-
POBN-OH give different splitting con-
stants and are thus distinguishable.

In contrast to DMPO-OOH, the epr spec-

trum of 4-POBN-OOH did not decompose
into the epr spectrum of 4-POBN-OH. Ad-
ditionally, 4-POBN is found to be a rela-
tively poor spin trap for superoxide. This
precluded the possibility of determining an
accurate rate constant; however, using ki-
netic competition experiments, as outlined
previously, it was estimated that 4-POBN
is approximately 30 times slower than
DMPO at trapping superoxide.

In conclusion, we have demonstrated

that superoxide may be trapped and iden-
tified using DMPO. The conversion of
DMPO-OOH into DMPO-OH and the ef-
fect of peroxidase enzymes upon the ratio
of these species is consistent with their



FIG. 10. 4-POBN-OHformed in a system contain-

ing 10 mg 4-POBN, 1% 11303, and a catalytic amount

of CH:�CO2H, in a total volume ofo.5 ml

A� = 14.93, A,, = 1.69 gauss. Modulation amplitude

was 0.5 gauss, microwave power 10 mW, time constant

1.0 sac, scan time 0.5 hr.
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original structural assignments. These ex-

peniments also show that spin trapping with
DMPO is highly prone to artifact unless
careful attention is paid to the purity of the

buffers, enzyme preparations, chelating
agents and spin traps. The instability of
those spin trap adducts possessing a
drogen makes them only suitable for the

qualitative detection ofsuperoxide. The low
rate constant for the reaction of superoxide
with the spin traps tested, also makes them
inefficient detectors of superoxide. TMPO,

which forms a more stable nitroxide with
superoxide, may be useful in quantitating

this free radical under conditions where
more conventional methods, such as cyto-
chrome c reduction, cannot be used. How-

ever, superoxide dismutase must be em-
ployed as a control in this instance, since
the TMPO-OOH spectrum (a nitroxide
triplet) is not detailed enough to distinguish
it from other radical species. The produc-
tion of a six-line spectrum by iron-EDTA
and DMPO is of interest since other inves-
tigators have used similar conditions; yet,
to our knowledge, no group has reported
this phenomenon. Despite this fact, a spec-
trum similar to that which we have ob-
tamed appears in published spectra in sys-

tems where iron-EDTA is used (16, 17). In

addition, the iron-EDTA complex can act
as a superoxide dismutase (20). Thus the
use of EDTA in spin trapping experiments
is contraindicated. The use of DETAPAC
as a chelating agent decreases many of the
problems associated with EDTA.

Another possible drawback to the use of
spin trapping in biological systems, is that
the products of spin trapping, nitroxides,

are redox active. Nitroxides can be reduced
to hydroxylamines (29), which are not de-

tectable by epr. The hydroxylamines in
turn can be reoxidized into nitroxides by
superoxide or superoxide producing sys-
tems (30). Thus, redox cycling of the spin
trapped products is possible. We did not

find this to be a problem in the xanthine/
xanthine oxidase system.

The use of DMPO to detect hydroxyl
radical has the additional caveat in that
DMPO-OH can arise via a mechanism that

does not involve the trapping of hydroxyl
radicals, e.g., from DMPO-OOH. Janzen
(18) has already shown, in the case of 4-

POBN, that a false 4-POBN-OH adduct
can be formed by the addition of water
across the double bond followed by oxida-
tion of the resultant hydroxylamine. There-
fore, the investigator should be aware that
spin traps are reactive compounds that can
form radical products by mechanisms not
involving radical trapping.
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ERRATUM

Volume 14, No. 1 (1978), in the article, “Molecular Toxicology of (-)-erythro-Fluoro-
citrate: Selective Inhibition of Citrate Transport in Mitochondria and the Binding of
Fluorocitrate to Mitochondnial Proteins,” by E. Kirsten, M. L. Sharma, and E. Kun, pp.
172-184: Table 2 should read:

TABLE 2

Inhibition of mitochondrial citrate-dependent

cytoplasmic fatty acid synthesis by (-)erythro.

fi uoroczt rate

Citrate incorporated into fatty acids

Preparation .� [nmol/mg protein/iS mm]

Control Fluorocitrate

Liver mito- 5.2 (3.6-7.2) (4) 1.2 (0.8-2.0) (4)

chondria +

liver cyto-

plasmic ex-

tract
Kidney mito- 3.8 (3.2-4.2) (3) 1.0 (0.81-1.2) (3)

chondria +

liver cyto-

plasmic ex-

tract

The legend is identical to that published except the specific activity of L-[U-

‘4Clalanine is 1.5 x 10� cpm4tmole.
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