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Kinetics of superoxide scavenging by dismutase enzymes and
manganese mimics determined by electron spin resonance
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Bethesda, MD 20889-5145, U.S.A.

This study presents an e.s.r. assay for superoxide dismutase (SOD). Enzymic reactions were studied in which Cu,Zn-SOD,
Mn-SOD and Fe-SOD each competed with the spin trap 5,5-dimethyl-1-pyrroline 1-oxide (DMPO) for superoxide anion
(0,7) at pH 7.8. O, from dissolved KO, (potassium superoxide) in dimethyl sulphoxide was added directly to the enzyme
solutions containing DMPO. The results show that, in this competition reaction system, the kinetics of the reactions
between the enzymes and O, follow a function y = f([SOD]"®). The rate constant, kg, = 6.4 x 10° M~1-S™!, determined
for Cu,Zn-SOD is approximately an order of magnitude larger than those for Mn-SOD and Fe-SOD. A comparative
study of reported SOD mimics, including Mn**, MnO,—desferrioxamine mesylate (Desferal) and MnO,-Desferal-as-
corbate, was done. The results show that solutions of these complexes are approximately three orders of magnitude less
active than Cu,Zn-SOD and approximately two orders of magnitude less active than Mn-SOD or Fe-SOD. The results
also suggest that the reactivity toward O," in solutions of these complexes originates from the Mn?* present and not from

the MnO,-Desferal complexes.

INTRODUCTION

Enzymes catalysing the dismutation of superoxide anion (O,")
have been isolated, characterized and discussed in various papers
and reviews [1-6]. These superoxide dismutase (SOD) enzymes
contain metal ions which are cyclically reduced and oxidized
during catalysis [7-9]. Although exact details of the catalytic
mechanism are still under investigation, the cyclic redox reactions
of the metals as shown in reactions (1) and (2) are generally
accepted [10]:

M™.SOD +0,” == [M"*.SOD — 0, ] =M®1*.SOD + 0, (1)
M@-2+.SOD + 0, + 2H* == [M*1+.SOD—O,H,] =
M**.SOD +H,0, )

Two of the three types of metal-containing enzymes, Cu,Zn-
SOD and Fe-SOD, have been studied by stopped-flow techniques,
and the resultant data fit the Michaelis-Menten steady-state
kinetic model [11-13]. Steady-state assumptions provide the
rationale for many competition kinetic assays developed for
reactions having transient free radicals as substrates [14,15). The
present paper reports results of competition-kinetic studies of
SOD enzymes and of manganese-containing preparations that
are reportedly mimics of SOD enzymes.

Competition assays for O, dismutase activity in aqueous
solutions have a background spontaneous dismutation reaction
occurring (reaction 3):

2H*+20,” —H,0,+0, 3)

The rate constant for this reaction is approx. 2x 10° M™*-s™! at
pH 7.8 [16]. Any detector molecule must compete for O, against
this spontaneous dismutation background reaction plus
dismutase enzymes or mimics present in reaction solutions. 5,5-
Dimethyl-1-pyrroline 1-oxide (DMPO) reacts with O, forming
the DMPO-O," spin adduct radical through the bimolecular
mechanism shown in reaction (4) [17]:

0,”+ DMPO — DMPO-O," @)

The calculated rate constant (k,,,,) for reaction (4) is about
18 M*-s7! at pH 7.8, and the spin adduct formed is sufficiently
stable for quantification by e.s.r. [18,19]. It is known that O,"
reacts with both of the spin adducts: DMPO-O,~ and the
decomposition product, DMPO-OH, formed from DMPO-O,"
[20,21]. The products of these reactions with O,~ are e.s.r.-silent.
The rates of each reaction depend on the concentrations of
DMPO-O,", DMPO-OH and the O, concentration. Therefore,
competition experiments using DMPO as a detector should rely
on an initial introduction of O,™ rather than a steady-state flux
of O, generated continuously to minimize formation of e.s.r.-
silent products. Also, it must be demonstrated that the combined
DMPO-O,” and DMPO-OH e.s.r. signal varies with the log-
arithm of the SOD concentration. This insures that spontaneous
dismutation plus scavenging by DMPO-O,” and DMPO-OH
are not masking O, removal by SOD, permitting the use of
DMPO as a detector molecule in competition assays over a
limited range centred around the equality shown in eqn. (A):

kpmro [DMPO][O,7] = k,,, [SOD][O,7] (A)

Reactions (1) and (2) combined have the overall rate constant
kyop- The comparatively low k., value permits competition
assays for relatively small SOD concentrations, since kg, values
approach rate constants for diffusion-controlled reactions
[7,22,23].

A dismutase assay based on competition between SOD and
DMPO for O,” has been described [19]. The assay used a
xanthine-xanthine oxidase O, -generating system rather than an
initial introduction of potassium superoxide (KO,) as described
in the present study. The decrease in DMPO-O, -spin-adduct
concentration was measured at various SOD concentrations and
found to be a logarithmic function of the enzyme concentration.
The concentration of SOD that reduced the DMPO-O," spin
adduct concentration by 50 % (ID,,) was determined, and eqn.
(A) was used to calculate kg, values for Cu,Zn-SOD, Fe-SOD,
Mn-SOD, and additional O, scavengers.

Abbreviations used: SOD, superoxide dismutase ; O,~, superoxide (anion); DMPO, 5,5-dimethyl- 1-pyrroline 1-oxide; DMSO, dimethyl sulphoxide;
ID,,, concentration of SOD that reduced the DMPO-O, -spin-adduct concentration by 50 % ; Desferal, desferrioxamine mesylate; KO,, potassium

superoxide.
1 To whom correspondence should be sent.
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The search for low-molecular-mass SOD mimics has been
extensive, because such compounds could augment endogenous
cellular enzyme levels [24-28]. Recently, Mn complexes of
desferrioxamine mesylate (Desferal) have been prepared and
examined for SOD-enzyme-mimetic activity [29,30]. Two of
these Mn-Desferal complexes appear to have O, -dismutation
activities equal or superior to Mn** when assayed by the
cytochrome ¢ competition assay [31]. However, EDTA eliminated
the O,” dismutase activity of each complex and that of Mn?**
[31,32]. In addition, there are numerous subtle artifacts that may
undermine attempts to assay dismutase activities of metals or
metal complexes by the cytochrome ¢ assay method [33). First,
oxidized cytochrome ¢ may be reduced directly by the metal or
metal complexes [34,35]. Conversely, reduced cytochrome ¢ may
be oxidized by the metal or metal complexes [36,37]. Also, the
test compound may inhibit the enzymic production of O,~ by the
xanthine-xanthine oxidase generating system. Finally, rapid
reoxidation of the reduced metal intermediate by molecular
oxygen (reversal of reaction 1) must be considered in assays
generating a low steady-state concentration of O, [33]. These
problems have led to numerous attempts to develop an alternative
method for determining SOD activity. The present paper reports
the utilization of an e.s.r. method based on competition for O,~
between DMPO and authentic SOD enzymes or suspected
mimics.

EXPERIMENTAL

Bovine erythrocyte Cu,Zn-SOD, Escherichia coli Mn-SOD
and Fe-SOD, Desferal, horse heart cytochrome ¢, xanthine,
xanthine oxidase, L-ascorbic acid, potassium superoxide and
Hepes buffer were obtained from Sigma (St. Louis, MO, U.S.A.).
MnSO, and phosphates for buffers were obtained from Fisher
Scientific Co. (Fair Lawn, NJ, U.S.A.) and manganese(IV) oxide
(MnO,) was from Alfa Products (Ward Hill, MA, US.A)).
H.p.l.c.-grade dimethyl sulphoxide (DMSO) was purchased from
Aldrich (Milwaukee, WI, U.S.A.). Chelex 100 cation-exchange
resin was purchased from Bio-Rad Laboratories (Richmond,
CA, U.S.A)). Reagents were used without further purification.
All reagent preparations and transfers were done using poly-
ethylene or polypropylene labware to avoid possible undesirable
trace-metal-ion contamination from glassware. Metal-free water
was used in all solutions. This water was obtained by stirring
(4-6 h; room temperature) Chelex 100 resin (1%, w/v) with
NANO-pure water obtained from a Sybron/Barnstead NANO-
pure system. The water was then filtered using a 0.2 gm-pore-size
disposable plastic filter and stored refrigerated for further use.
Buffers were treated again with Chelex 100 resin and the pH was
adjusted to 7.8 before use.

Solutions of SOD enzymes (0.01-100 nM) and manganese
complexes (0.01-10 xM) were prepared in metal-free phosphate
or Hepes buffers (5 mM, pH 7.8). The specific activity of SOD
enzymes measured by the cytochrome ¢ assay method was used
to determine enzyme concentrations in solutions used in the
kinetic experiments [1]. The green MnO,-Desferal and pink
MnO,-Desferal-ascorbate complexes were synthesized as de-
scribed elsewhere [31] and assayed in kinetic experiments the
same day. MnSO, solutions were prepared in metal-free water
and then diluted to the required concentration (0.01-10 M) in
buffer.

The spin trap DMPO obtained from Aldrich was shown to be
free of radical impurities by e.s.r. before its use in competition
experiments. DMPO concentrations were determined spectro-
photometrically (wavelength 227 nm; e=8x10*M'-cm™)
[38,39].
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The kinetic experiments were done by adding O," directly to
buffered (pH 7.8) SOD, MnO,—Desferal, MnO,-Desferal—
ascorbate or Mn?* solutions containing DMPO (0.2 m). The final
pH of reaction mixtures after completion of the experiments was
pH 7.7+0.1. Saturated O, stock solutions were prepared by
dissolving KO, in dry DMSO in capped plastic test tubes. The
test tubes were fitted with a Teflon-covered syringe needle through
which dry nitrogen gas was continuously bubbled to eliminate air
and humidity above the solutions. In kinetic experiments,
combined e.s.r. spectra of DMPO-O,-/DMPO-OH spin adducts
recorded 30-45s after addition of sufficient KO, to yield
20 uM-O,~ in reaction mixtures. Each point in the kinetic plots
represents an average of at least five separate determinations
made with different enzyme or manganese preparations. Since it
is known that DMPO-O,~ decomposes forming DMPO-OH
[17,38,40], the spectrometer modulation amplitude was increased
to 1.0 mT in order to combine the e.s.r. spectra of the DMPO-O,~
and DMPO-OH into a single e.s.r. spectrum. This procedure
permits a more accurate measurement of the O, trapped by
DMPO. The O, concentration in the KO, stock solution was
measured by double integration of the first-derivative
DMPO-0," e.s.r. spectrum after addition of a known volume of
KO, solution to 1.0 ml of DMSO containing DMPO (0.2 M). The
stable free radical 3-carboxyproxyl was the concentration stan-
dard used to estimate that the KO, stock solution was 2 mm,
based on spectral integration and a 91 %, spin-trapping efficiency
of O,~ by DMPO in DMSO [41]. Spin-adduct concentrations in
kinetic experiments were also determined by double integration
of their first-derivative e.s.r. spectra. Furthermore, to avoid
possible complications involving the presence of multiple spin
adducts (DMPO-O,” and DMPO-OH) having different lifetimes
in aqueous solutions, double integrations were carried out using
the complete e.s.r. spectrum of the DMPO spin adducts. This
was achieved by rapidly scanning the spectrum over a large scan
range and using a high modulation amplitude. The e.s.r. spectrum
obtained in this manner is virtually collapsed into a single peak.

After recording an e.s.r. spectrum for double integration, an
e.s.r. spectrum of a separate identical reaction mixture was
recorded with the spectrometer set for the kinetic experiments.
This allows the peak-to-peak height of an individual e.s.r. line to
be correlated with the concentration of DMPO spin adducts,
since all e.s.r. spectra in the kinetic experiments were taken under
identical conditions and no changes were observed in the e.s.r.
linewidths. Hereafter, the low-field e.s.r. peak used to determine
the total spin-adduct concentration present will be referred to as
‘DMPO-O,".

All e.s.r. spectra were recorded on a Varian E-109 X-band
spectrometer at 100 kHz magnetic-field modulation. The
magnetic field was set at 340.0 mT, microwave frequency at
9.510 GHz, microwave power at 10 mW and the time constant at
0.128 s. The instrument settings for kinetic experiments and for
double integration respectively were: modulation amplitude:
1.0 mT and 4.0 mT; scan time: 2 min and 30s; scan width:
10 mT and 50 mT. For Mn?* e.s.r. spectra the magnetic field was
set at 370.0 mT, microwave frequency at 9.510 GHz, microwave
power at 10 mW, time constant at 0.25 s, scan time at 4 min and
scan width at 200.0 mT.

The data generated by competition assays were analysed by
assuming that a steady state was established during the reactions.
The measured final concentration of DMPO-O," spin adduct in
the absence of dismutase, [DMPO-0,7],, is a function of the
velocities of both the reaction of O, with DMPO, spontaneous
O, dismutation at pH 7.8 (¥poy; reactions 3 and 4), plus
scavenging of O,” by DMPO-O,™ and DMPO-OH spin adducts
(V):

[DMPO-O,7], = f(Vompos Forox and ¥;,)
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The measured final concentration of DMPO-O," spin adduct in
the presence of dismutase, [DMPO-0,],, is a complex function:

[DMPO-0O,7], = f( Vouros Verows Vea and ¥,p)
Eqn. (B) can be derived from the steady-state model plus the fact

that [O,”] = K, when the competition condition shown in eqn.
(A) is satisfied [13-15]:

(IDMPO-0,71,/[DMPO-0,7],)— 1 =
ksonISOD/kprerDMPO]  (B)

The equation may be applied to the reaction mixtures used
experimentally to determine the order with respect to SOD or
dismutase [42].

Double-reciprocal plots of percentage inhibition as a function
of dismutase concentration have been described [43—45]. Per-
centage inhibition for the reaction mixtures is:

[DMPO-O,7],—[DMPO-0O,7],
[DMPO-0,],
[DMPO-0O,], and [DMPO-O,], must be proportional to [0,7],

which varies inversely with the logarithm of the SOD con-
centration.

100 x

RESULTS

Although the reaction between O, and DMPO initially
generates the DMPO-O,~ spin adduct (reaction 4), it is well
known that this spin adduct has a half-life of about 35s at
pH 7.8, decomposing into products including DMPO-OH
[17,39,40]. Therefore accurate measurement of O, in an aqueous
solution by spin trapping with DMPO is difficult, and care must
be taken to develop a method which accounts for all the O,™ that
has reacted with DMPO. In most cases when O, reacts with
DMPO in an aqueous environment, a superimposition of the
e.s.r. spectra corresponding to DMPO-O,” and DMPO-OH is
observed. The e.s.r. spectra of these spin adducts have been well

characterized, with hyperfine coupling constants @y = 1.41 mT,

ay;=1.13mT and a, =0.125mT for DMPO-O,", and, for
DMPO-OH, a, = a;; = 1.49 mT [46]. Fig. 1(a) shows the twelve-
line DMPO-O,~ e.s.r. spectrum superimposed on the typical
DMPO-OH 1:2:2:1 quartet (marked by arrows) generated after
addition of KO,. A similar spectrum can be generated in 5 mM-
Hepes buffer, pH 7.8. Since the DMPO-OH originates from the
DMPO-0," in an aqueous solution, a more accurate represen-
tation and measurement of the total amount of O, reacting with
DMPO will be a combination of the DMPO-O,” and
DMPO-OH e.s.r. spectral intensities. Fig. 1(b) shows the e.s.r.
spectrum obtained when the contributions from the DMPO-O,~
and DMPO-OH e.s.r. peaks in Fig. 1(a) are combined into single
peaks. This spectrum was generated after an increase in the
instrument modulation amplitude from 0.05 mT (Fig. la) to
1.0 mT (Fig. 1b). Since the intensity of the e.s.r. signal is directly
proportional to the concentration of the species being measured,
double integration of the first-derivative spectrum in Fig. 1(b)
allows determination of the total concentration of spin adducts
originating from the reaction between O,~ and DMPO. This type
of e.s.r. measurement is essential in studies involving competition-
kinetic reactions using O,~ and DMPO.

The spectrum in Fig. 1(b) represents a combination of the e.s.r.
spectra of DMPO-0,~ and DMPO-OH spin adducts, each of
which has a different stability. The combined e.s.r. spectrum’s
decay rate was examined to determine whether kinetic
measurements could be made after O, addition. Fig. 2(a) shows
that the decay with time of the low-field e.s.r. peak in Fig. 1(b)
was relatively small over a 3 min time period; 30 s were required
to start the e.s.r. measurement after O,” addition. All kinetic
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experiments measured the e.s.r. signal 30 to 45s after O,”
addition (arrows) to take advantage of the relatively modest
change in signal intensity over that time span.

On the basis of preliminary empirical results, a 0.2 M-DMPO
concentration was chosen for reaction mixtures. The optimal
initial O, concentration was then determined which satisfied
two experimental criteria. First, the resultant e.s.r. signal from
the chosen O, concentration in 0.2 M-DMPO had to be large

(a)

(b)

Fig. 1. E.s.r. spectra of DMPO adducts after O, addition

(a) An e.s.r. spectrum of DMPO-O,~ and DMPO-OH adducts at an
instrument modulation amplitude of 0.05 mT. Other instrument
settings are listed in the Experimental section. The DMPO-OH
1:2:2:1 quartet is marked by arrows in the combined DMPO-O,~
and DMPO-OH spectrum. (b) An e.s.r. spectrum of a solution
identical with the one used in (a) with the same instrument settings,
except the instrument modulation amplitude was changed to 1.0 mT.
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Fig. 2. E.s.r. spectral responses

(a) Reduction of the combined DMPO-O,” and DMPO-OH
adducts with time. The instrument magnetic field was locked on the
low-field e.s.r. peak in Fig. 1(b) and the scan range was set to zero.
Measurement began 30 s after O, addition to the reaction mixture.
Inset (b): relative e.s.r. signal intensity as a function of O,
concentration. Instrument settings were those for kinetic experiments
in the Experimental section.
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Fig. 3. DMPO-O," spin-adduct formation

(a): @, Spin-adduct formation at increasing [Cu,Zn-SOD]; A, at
increasing [Mn-SOD]; B, at increasing [Fe-SOD). Bars represent
the s.E.M. for each value. The straight-line correlation coefficients are
—0.95 for Cu,Zn-SOD, —0.95 for Fe-SOD and —0.93 for Mn-SOD
data. (b) Graphical representations of the logarithm of the overall
reaction velocities, (DMPO-0,],/[DMPO-0,"],)— 1, as a function
of log[SOD)]. @, Cu,Zn-SOD; A, Mn-SOD; W, Fe-SOD. Bars
represent the S.E.M. at each value. Cu,Zn-SOD data have a straight-
line correlation coefficient of 0.95, Fe-SOD has a value of 0.93, and
Mn-SOD has a value of 0.95.

enough to be conveniently measured. Secondly, the initial O,"
concentration selected had to be in the linear response range for
e.s.r. signal intensity as a function of O,~ concentration. Fig. 2(b)
shows results obtained after the addition of increasing O,"
concentrations to 0.2 M-DMPO in 5 mMm-phosphate buffer,
pH 7.8. There is an apparently linear relationship between the
e.s.r. relative signal intensity and [O,”] up to 20 xM under the
assay conditions described. There was a loss of linear responsé
above 20 uM-O," in our reaction mixtures. About 509, of the
20 pM initial O, concentration was trapped by 0.2 M-DMPO in
reaction mixtures, with the remainder being lost through spon-
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Table 1. ID,, values for SOD species, Mn®* standard and Mn?* complexes

The ID,, values for either SOD enzyme or Mn?* were determined by
the analytical methods shown; 959, confidence intervals are shown
in brackets. The Mn®** standard was prepared from MnSO,. Mn?*
in complexes was measured by e.s.r. and adjusted to concentrations
equal to those of the standards.

ID;, (M)

Graphical

method of 1/Percentage inhibition

determination... [DMPO-0O,7], versus 1/[SOD]’® or
Compound versus log (concn.) 1/[Mn?*]
Cu,Zn-SOD 0.53 [0.44, 0.64] x 10~°  0.59 [0.35, 0.83] x 10~*
Fe-SOD 5.5[4.6, 6.6] x 107° 5.4 [4.0, 6.8] x 107°
Mn-SOD 59[4.7, 7.6]x 107° 4.7[3.0, 6.4] x 10~°

Mn?* standard
Mn?* complexes

14 [1.1, 1.5]x 10
1.2 [1.0, 2.0] x 10°¢

1.7 [—0.70, 4.1] x 10~
1.3[0.71, 1.9] x 10°¢

taneous dismutation (reaction 3). Therefore, a 20 uM-O," initial
concentration was selected for kinetic assays because it best
satisfied both the above experimental criteria.

The relative e.s.r. signal was measured at increasing SOD
concentrations in reaction mixtures with 5 mm-phosphate buffer,
pH 7.8, 0.2 M-DMPO, and initial O, concentrations of 20 uM.
Fig. 3(a) shows the linear correlation between DMPO spin
adducts formed and log[SOD] for each enzyme. The linear
relationship is maintained over two logarithmic cycles of SOD
concentration. At enzyme concentrations above or below those
shown, the linear relationship is not followed. There is no
significant difference between Fe-SOD and Mn-SOD (P > 0.1),
but the slope of the Cu,Zn-SOD line differs from the slopes of
lines for each of the other enzymes (P < 0.05). The ID values are
shown in Table 1.

The data generated in the reaction mixtures can be analysed to
determine the order of SOD in the overall reaction [42]. Plots of
the log[DMPO-O,],/[DMPO-0,7].) — 1 versus log[SOD] (eqn.
B) are shown in Fig. 3(b). The Cu,Zn-SOD line has a slope of
0.59, Fe-SOD data have a slope of 0.48, and Mn-SOD has a
slope of 0.44. The average of the slopes for all three enzymes is
0.5. This unexpected result indicates that, in these competition
assays, SOD acts as if it were a half-order molecular species.

The slope of approx. 0.5 for enzymes in Fig. 3(b) indicates that
the data would be curvilinear on a linear scale, increasing rapidly
at low enzyme concentrations and levelling off at higher enzyme
concentrations. In addition to an apparent half-order reaction to
explain the data, there are two other possible reasons for the
curvilinear direct plot. It is possible that H,0, causes reversibility
of reaction (2) at higher enzyme concentrations. More O," could
be generated and trapped by DMPO, resulting in a smaller value
for [DMPO-O,7],/[DMPO-O,").. Furthermore, it has recently
been proposed that H,O, reacts with SOD yielding hydroxyl
radicals, which could also be trapped by DMPO, yielding a
lower-than-expected [DMPO-O,7],/[DMPO-0,7], ratio [47].
In order to determine the effect of H,0, on the DMPO-spin-
adduct e.s.r. spectra, the H,0, formed in reaction mixtures was
removed by addition of 500 units of catalase/ml before O,"
addition. A second series of control experiments incorporated a
fivefold excess of H,O, (50 #M) in reaction mixtures before O,"
addition. Neither removal of H,0, by catalase nor prior en-
hancement of the H,O, concentration had an effect on the
DMPO-spin-adduct e.s.r. spectra. Another possible-factor at low
enzyme concentrations could be reaction of O,~ with DMPO-O,~

1992



Kinetics of superoxide dismutase and its mimics
6.0
# (a)

5.0 -

40 |-

3.0 -

20

-
o
I

o
-
-

g
=}
|

Relative signal intensity

o
=3
I

+ (b)

3.0

20

1.0

0 1 1 1 1 1 1
0.25 0.5 1.0 25 5.0 10.0
Concn. (um)

Fig. 4. DMPO-O," spin-adduct formation

(a) Spin adduct formation: @, at increasing [MnSO,]; [J, at
increasing MnO,-Desferal; O, at increasing [MnO,-Desferal -
ascorbate]. The straight-line correlation coefficients are —0.91 for
MnSO,, —0.84 for MnO,-Desferal and —0.95 for MnO,—Desferal-
ascorbate. (b) Spin-adduct formation for MnSO, (@), MnO,-
Desferal ((J) and MnO,~Desferal-ascorbate corrected for ascorbate

= —

(b)
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(c)

Fig. 5. E.s.r. spectra of 0.1 mM-MnSO, in three solvents

(a) 5 mM-Phosphate buffer, pH 7.8; (b) solution in (a) acidified
below pH 5.5; (¢) 5 mM-Hepes buffer, pH 7.8.
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or DMPO-OH spin adducts [20,21]. However, at low enzyme
concentrations the relative e.s.r. signal intensity decreased
linearly, indicating that scavenging of O, by the spin adducts is
unimportant. Since H,O, or reaction of O,~ with DMPO-O,"
and DMPO-OH appear to have no effect on the results, the most
likely explanation is an apparent half-order process.

The data in Fig. 3(a) were analysed by double-reciprocal plots
of percentage inhibition versus [SOD]. These data only ap-
proximate straight lines as the SOD concentrations varied.
Double-reciprocal plots of percentage inhibition as a function of
[SOD]®* more closely fit a straight line for each enzyme. The
straight-line correlation coefficients and ordinate intercepts for
Cu,Zn-SOD, Mn-SOD and Fe-SOD were, respectively, 0.82,
0.89 and 0.88, and 1.11 and 0.93 and 1.03.

The relative e.s.r. signal was measured at increasing manganese,
MnO,-Desferal or MnO,—Desferal-ascorbate concentrations in
5 mM-phosphate buffer, pH 7.8, as described for SOD above.
Fig. 4(a) indicates the linear relationship between DMPO spin
adducts formed and the logarithm of the concentration for each
preparation. The slope of the MnO,-Desferal-ascorbate line
indicated a possible contribution to reduction of the e.s.r. signal
by increasing ascorbate at higher concentrations. Ascorbate was
measured at the concentrations used to generate data in Fig. 4(a),
and the point-by-point correction resulted in the data shown in
Fig. 4(b). The MnO,—Desferal-ascorbate preparation corrected
for ascorbate yields results similar to the MnO,-Desferal prep-
aration. Moreover, both Desferal preparations were different
from the Mn?* standard, which appeared more active by a factor
of 3 as an O, scavenger. ID;, values were 0.58 x 10~ M for
Mn?**, 1.7x10*m for MnO,-Desferal and 1.4x10°m for
MnO,-Desferal-ascorbate.

A 5 mM-potassium phosphate buffer, pH 7.8, was used for
SOD enzyme experiments described above. However, it is known
that Mn?* forms hydroxides or phosphates at basic pH. The e.s.r.
spectra were obtained of 0.1 mM-MnSO, samples in different
solvents, and the results are shown in Fig. 5. The Mn?* e.s.r.
spectrum was present in each solution, but 5 mM-phosphate
buffer, pH 7.8, clearly decreased the relative signal intensity. The
relative e.s.r. signal intensity was equal for Mn?* in acidified
phosphate or 5 mm-Hepes, pH 7.8. The e.s.r. signal intensity
observed in Fig. 5(b) represents total Mn?* present in solution.
Since the intensity of e.s.r. signals shown in Figs. 5(b) and 5(c) are
equal, the results suggest that Hepes buffer stabilizes total free
Mn?* sufficiently to allow quantification. Results similar to those
in Fig. 5 were obtained for each complex in Hepes and phosphate
buffer at pH 7.8.

Kinetic experiments were done with MnSO, standards,
MnO,-Desferal complex and MnO,-Desferal-ascorbate
complexes in 5 mM-Hepes, pH 7.8. The concentrations of Mn?*
in each of the complexes were adjusted to equal the Mn?*
concentration measured by e.s.r. in standards prepared from
MnSO,. This procedure ensures different concentrations of
MnSO,, MnO,-Desferal complex and MnO,-Desferal-ascorbate
complex. However, the free Mn®* concentration is nearly equal
in each preparation. Fig. 6(a) shows the results of these kinetic
determinations. There appears to be a correlation between the
relative e.s.r. signal and the logarithm of the Mn?** concentration
over nearly two logarithmic cycles. There was a decrease in the
e.s.r. relative signal intensity in the absence of dismutase in 5 mm-
Hepes, pH 7.8, compared with 5 mM-phosphate, pH 7.8, from
7.6 to 5.4 units. The decrease may reflect a reaction of O, with
5 mM-Hepes and was considered equal in each solution. There
appears to be a slight difference in the slopes of MnO,~Desferal-
ascorbate lines compared with either Mn?** or MnO,—Desferal.
The presence of ascorbate probably accounts for this difference.
However, statistically there is no difference (P > 0.1) between
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Fig. 6. DMPO spin-adduct formation for Mn®* and complexes

(a) Spin-adduct formation : @, at increasing [Mn?*]; A, at increasing
[MnO,—Desferal complex]; @, at increasing [MnO,-Desferal—
ascorbate]. (b) Spin-adduct formation: @, at increasing [Mn**]; ¥,
data for the MnO,~Desferal and MnO,—Desferal-ascorbate were
combined. The straight-line correlation coefficients are —0.91 for
MnSO, standards and —0.83 for the combined-complex data.

each of the slopes of the three lines, suggesting that dismutase
activity in solutions of the two Mn?* complexes resides in Mn?*.
Fig. 6(b) shows results from kinetic experiments comparing
combined MnO,-Desferal and MnO,-Desferal-ascorbate-com-
plex data with data for the MnSO, standard. The probability
that the lines differ is P >0.1. The calculated ID;, for each of the
lines is listed in Table 1.

The data for Mn** in MnSO, standards and Mn?** for the
combined complexes were analysed by double-reciprocal plots of
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Table 2. Second-order rate constants for SOD species and Mn?*

Rate constants for O, reaction with SOD enzymes and Mn2* were
estimated. Determinations were made from average ID;, values
from Table 1 on the basis of the equality expression (A) (see the
text). The 959, confidence intervals are shown in square brackets.

Rate constant

Compound M-s7h)

Cu,Zn-SOD 6.4[4.9, 7.9] x 10°
Fe-SOD 6.6 [5.5, 7.7} x 108
Mn-SOD 6.8 [5.4, 8.2] x 108

Mn?* standard
Mn?* complexes

2.3[0.46, 4.1]x 10°
29[22, 3.6]x 10°

percentage inhibition versus [Mn?*]. Linear plots were generated
and ID,, values estimated at the 50 % -inhibition point (Table 1).
Further, data from Table 1 were used to calculate velocity
constants shown in Table 2.

DISCUSSION

The observation that the DMPO-O,~ spin adduct e.s.r. signal
is inversely proportional to log[SOD] for each of the three
enzymes tested supports the validity of this competition assay. A
similar result was reported for Cu,Zn-SOD using DMPO as a
spin trap and a xanthine-xanthine oxidase O, generator [19]. A
number of studies based on competition assays for SOD activity
indicate that inhibition of the reaction of O, with detector
molecule is a function of log{SOD] [43-45]. Therefore it is
reasonable to conclude that the measured DMPO-O,~ spin
adduct e.s.r. signal is a function of the O, concentration, which
in turn depends on log[SOD]. In the above experiments, the rate
of spontaneous O, dismutation or reaction of O, with the
DMPO-0O,” and DMPO-OH adducts formed was ineffective in
masking the enzymic contribution to O,~ removal over the linear
ranges of the assays.

The unexpected finding that competition reaction mixtures are
apparently half-order with respect to SOD may be explained if
steady-state conditions are present. Redox cycling of SOD occurs
when [0,7] » [SOD], establishing conditions where both the
M**-SOD and M®*P*-SOD forms of the enzyme compete
against DMPO for O, (reactions 1 and 2). Also, fast-kinetic
results have shown that, under less-than-saturating O,"
concentrations, the rate-limiting step for the Cu,Zn-SOD and
Fe-SOD enzymes is reaction with O, [11,12]. Reactions (1) and
(2) may then be represented as the following steady-state
expression :

ki
"_SOD+0," = 0,+ M= _SOD

k_q
ki
+0,"+2H*=H,0,+M"-SOD
k_g

In this case, k_, < k,, M"*-SOD-O,~ and M*»*-SOD-O_H,
are comparatively small, and the steady-state intermediate is
M@®-b+_SOD. Starting with the expression &,,[0,”][M"*-SOD]
= (k,y+k_,) [M*~D*_SOD], it can be shown that:

[M*-SOD][0,"]/[M"Y*-SOD] = (k,, +k_)/k,, = K,,

If SOD is defined as the total concentration of enzyme in all
forms, then the following expression results:

(SOD —[M*-+-SOD]) [0,)/[M**-SOD] = K,,
1992
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Rearrangement results in an expression similar to the
Briggs—-Haldane equation [48]:

[M*-b+_SOD] = SOD[0,7]/([0,7 ]+ K,,)

At half-maximal velocity, by definition, [O,”] = K. This neces-
sary condition for steady-state kinetics substituted into the
equation analogous to the Briggs—Haldane expression yields the
result [M®P+-SOD]=0.5SOD with [M®V+*-SOD]~
[M™*-SOD]. Therefore competition reactions between DMPO
and nearly equal concentrations of M"*~SOD and M"-+-SOD
for O, result in an apparent half-order with respect to SOD. It
must be stressed that this apparent half-order applies specifically
to competition reactions when [O,] > [SOD]. Often a low steady
state [0, ] generated enzymically and higher SOD concentrations
are employed to estimate dismutase levels [1-3,15,19].

There are limitations imposed when attempting to assay O,
dismutation using a competition method. One important factor
is accuracy of the value of k., for estimates of k.. The value
kowro = 18 M71-s7! was used in the present study, but there is
considerable variation reported for this rate constant [18,49].
The accuracy of values for kg, reported above will be directly
related to the accuracy of the k., value chosen for calculation.
In addition, second-order rate constants determined from average
ID,, values are higher than many previous determinations
[7,11,12,22,50]. Elevated kg, values in Table 2 are probably
based on median ID,, values that are too low. Spontaneous
dismutation plus O, reaction with DMPO-O,” or DMPO-OH
spin adducts may be causing underestimation of ID,, values and
overestimation of velocity constants in the present study.

The competition between DMPO and Mn?* for O, occurs in
the micromolar Mn?* concentration range. Relatively high Mn?*
concentrations are required because the reaction rate constant of
0, with Mn** is much lower than k, in eqn. (A). The increased
Mn?* concentration required approaches the 20 #M-O,~ con-
centration initially present in reaction mixtures. This relative
reduction in the ratio of O,” to Mn?* compared with the higher
analogous ratio with the SOD enzymes may result in a simple
chemical reaction between Mn?** and O,  rather than a
dismutation reaction. Mn?* competition with DMPO using these
limiting O, concentrations would not permit steady-state redox
cycling of Mn?* in competition assays.

An additional major finding of the present study is that
the SOD activity of the MnO,-Desferal and MnO,-Desferal—
ascorbate complexes is correlated with the Mn?* concentration
present in the preparations. Since Mn?** is always present in
either the MnO,-Desferal or the MnO,-Desferal-ascorbate
complexes, it is not possible to demonstrate SOD activity
uniquely attributable to either complex or Mn?* in any of the
preparations. The possibility exists that SOD activity in complex
preparations is due to Mn?*, complex, a combination of both
free Mn2?* and complex, or additional manganese species acting
alone or in combination with any or all of the above materials
[31]. Nevertheless, the observation of equivalent SOD activity for
MnSO, standards and manganese-complex preparations
adjusted to concentrations of Mn?* equal to those of standards
strongly supports the contention that O, removal by complexes
is due to Mn?*.
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