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A quantitative analysis of superoxide anion radical (-O3 ) and hydroperoxyl radical (-OOH) generated in
the hypoxanthine—xanthine oxidase (HPX-XOD) reaction system in the presence of dimethyl sulfoxide (DMSO)
was explored by a spin-trapping method using 5,5-dimethyl-1-pyrroline-N-oxide (DMPQ) combined with electron
spin resonance spectroscopy (ESR). O3 and/or -OOH was detected by ESR spectra of the spin adduct, DMPO-
O; (or DMPO-OOH). The concentration of DMPO-O; was increased up to three times by the addition of
DMSO. The half-life of DMPO-0O; , which is the time period to reduce to one-half of the initial intensity, also
became about 70 times longer than that in the system without DMSO. These results suggest that the short
half-life of DMPO-O; that has been reported is attributable to the partial reaction of hydroxyl radical (-OH)
with DMPO-0; . Consequently quantitative analysis of :O; was possible in the presence of DMSO (>0.35 M).
Under these conditions, kinetic approaches show that the generation of O3 in the HPX-XOD reaction is a first-
order reaction and that its rate constant is 6.9x1078 Ms~!. Finally, the competitive reaction of DMPO and
SOD toward O, was shown to be one unit of superoxide dismutase (Cu/Zn— SOD) scavenging -O; by the rate
constant of 7.0x10™® M min~!. This method, which can be used for measurement of SOD-like and SOD-minic
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activity, should be called the superoxide anion scavenging activity method.

A blue copper protein called superoxide dismutase
(Cu/Zn-SOD) was isolated for the first time from
bovine erythrocytes by Mann and Keilin in 1939. In
1969, McCord and Fridovich reported that this protein
was a catalyst for decomposition from superoxide anion
radical (O3 ) to hydrogen peroxide (H202) and molec-
ular oxygen (O2). And they also described the measure-
ment of SOD activity and a method for measurement of
O3 in which various kinds of colorimetric reagents are
used.? Several kinds of similar types of proteins have
since been found by many research groups.>—

The ESR-spin-trapping method has been used to de-
tect -O3 in biological systems such as reperfused heart
and bacterial endotoxin.~% Also, SOD, SOD-like, and
SOD-mimic activity of the biological materials has been
measured by ESR based on the competitive reaction be-
tween such compunds and 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) for -O5 729 Despite of these studies, it
still remains difficult to do measurements by observing
the spin adduct, DMPO-0O3, because of ready decom-
position of DMPO-0O; to DMPO-OH and the reaction
between DMPO-0; and -Oj .21—29

In this paper, we reinvestigated the hypoxanthine—
xanthine oxidase (HPX-XOD) reaction in detail and
discuss improved analysis of -:O; and the measurement
of superoxide anion sacavenging activity (SOSA). The
activity unit of SOSA can be defined by use of the con-
centration of scavenged -O; during one minute.

Experimental

Instruments. ESR measurements were done on a
JEOL RE-1X ESR spectrometer connected with the com-
puter systems, a JEOL-Esprit. G values and hyperfine

coupling constants (hfcc’s) were calculated based on the
resonance frequency measured with a microwave frequency
counter and the resonance field measured with a field mea-
surement unit, a JEOL-ES-FC5. Spin concentrations of the
spin adducts of -O;, -OH, and -CH3 were measured using
4-hyroxyl-2,2,6,6,-tetramethylpiperidine- N-oxyl (TEMPOL)
as a standard.

Preparation of Samples. ‘O, was produced in
the reaction system consisted of HPX and XOD. HPX
and XOD (from cow’s milk) were purchased from Sigma
Chemical Co. (St. Louis, MO.) and Boehringer Mannheim
GmbH (Mannheim, Germany), respectively. Highly purified
DMPO was obtained from Dojin Laboratories (Kumamoto,
Japan), and used without purification. Copper—Zinc SOD
(Cu/Zn-SOD) from bovine and recombinant human Cu/Zn-
SOD were obtained from Boehringer Mannheim GmbH and
Nippon Kayaku Co., Ltd. (Tokyo). Activities of these
Cu/Zn-SOD were measured by the cytochrome ¢ method
as described in according to the previous report,? and were
3130 unitsmg~' and 4160 units mg~' protein, respectively.

Reaction Conditions. One hundred mM (1 M=1
moldm™2) sodium phosphate buffer solution with pH 7.8
was used as a solvent. A solution of 2.0 mM HPX (a) and
0.4 unitml™* XOD (b) were prepared to use at the next
preparation step of the sample. Two kinds of sampling con-
ditions were selected. One was that 50 ul of HPX, 185 ul of
several dimethyl sulfoxide (DMSOQ) concentrations in water,
and 15 ul of DMPO were put into a test tube. The other
was that 50 pl of HPX, 285 ul of DMSO water solution, and
15 ul of DMPO were put into a test tube. After this, 50 pul
of (b) was added to each solution. The total volume of the
reaction solution was 300 or 400 pl. After it was stirred for
5 s, 130 ul of the mixed solution was taken into an aque-
ous flat ESR cell. After 30 s including mixing time, ESR
spectra were recorded by a 30 s sweep or one minute sweep.
Two reaction solutions were composed of 0.25 and 0.33 mM
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of HPX, 0.35 and 0.46 M of DMPO, 0.042—0.055 unit/ml
XOD, and 0—700 mM DMSO.

Results and Discussion

Assignment of Spin Adducts of Superoxide
Anion Radical, Hydroxyl Radical, and Methyl
Radical. Figure 1 shows the ESR spectra of the
spin adducts observed using DMPO (0.46 M) on the
HPX (0.33 mM)-XOD (0.55 unitml~!) reaction sys-
tems. Figure la is the spectrum for the reaction system
without DMSO. Figure 1b is for the reaction system
containing 600 mM. The spectrum in Fig. 1a was con-
structed from the spectra of two type of spin adducts.
Hfcc values for one of the spin adducts were analyzed
as follows: an=1.41 mT, ag=1‘14 mT, and af=0.13
mT. The hfcc’s of the other spin adduct are ax=1.49
mT and of=1.49 mT. Each component of the spec-
trum was assigned to DMPO-0O5 (-OOH) and DMPO-
OH, respectively, according to reported values.?” Upon
the addition of DMSO, another spectrum appeared as
shown in Fig. 1b. This signal increased with the depen-
dence on the decreasing of that of DMPO-OH. The
hfcc’s of new signal are axy=1.64 mT and aﬁ=2.24
mT. These values coincide with the values reported
for DMPO-CH3.28?%) The absolute concentrations of
the spin adducts, DMPO-0;, obtained during one
minute after preparation were measured by double in-
tegration by a computer system as 4.1x10~¢ M for 600

DMPO-CHs
- N S 1
Ml
1b
Mn(3) Mn(4)
1a
L L .
DMPO-OH —
[ A T 1l ) 1mT
DMPO-0O.
Fig. 1. ESR spectra of spin adducts observed using

DMPO as a spin trap reagent in the HPX-XOD re-
action. Spectrum la was observed under these con-
ditions; 0.25 mM of HPX, 0.35 M of DMPO, 0.05
unitml™! of XOD and 600 mM of DMSO. Spec-
trum 1b was observed under the same condition ex-
cept DMSO.
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mM DMSO and 2.1x107% M for 0 mM DMSO, respec-
tively.

Stability of Spin Adduct, DMPO-O;. Figure?2
shows the profiles (scan interval being 5 s) of the for-
mation of spin adducts, DMPO-O; and DMPO-OH, in
the reaction systems consisting of 0.25 mM HPX, 0.35
M DMPO, and 0.05 unitml~! XOD. The profiles (a),
(b), and (c) were obtained for the low field signals in
Fig. 1b in the presence of 0, 175, and 300 mM DMSO,
respectively. The signal intensity of DMPO-0O; are
plotted against the reaction time for various concen-
tration of DMSO (0—700 mM) as shown in Fig. 3a.
Upon the addition of 700 mM DMSQ, the intensity of
DMPO-0; signal was enhanced to about three times
comparing with that without DMSQO. At the maximum
intensity region, the changing speed of signal intensity
become slower. To discover the mechanism of the en-
hancement and the stabilization of this spin adduct,
absolute concentration of DMPO-0O; , DMPO-OH, and
DMPO-CHj; was calculated by using the ESR spectra
observed during one minute after the start of the HPX-
XOD reaction. The concentration of DMPO-0O; and
DMPO-CH;3 observed upon the addition of 700 mM

(©

il
Fig. 2. Changes in DMPO-0; and DMPO-OH signal
intensities at lowest field (M;=1) in Fig. 1b. The
concentrations of DMSO in the reaction system are
a) No DMSO, b) 175 mM DMSO, c¢) 300 mM DMSO.
Acquisition interval is 5 s.



April, 1994]

Measurement of Superoxide Anion Radical

8k T T T T T T

& DMSO0.7M

T
i
“’."’h

6L DMSO 0.525 M -
g I 4
9 B Y % &

E gy

gard 3 ) ]
B | |

[ — ] -
. Y

i ?i EAg

&) oL qo \q_g,'_\ .

gt
\O =
i , lDMSOI oM \ -

0 20 40 60
Reaction Time (/ min. )

Fig. 3.

1087

'a = i ® "

Oe | *

= *

Q T4 -

g " S

ﬂa (J: - . L] —

c? .

2 [ .

£ 2 i

C [ ]

I

[ =

[e] - ® .

© SC.= 693 x102x T

a

U) ) I L i 1 1 1 1
0 20 40 60 80

T(/s)

a) Time dependence of the ESR signal intensities of DMPO-O; . The concentration of DMSO was varied; 0,

175, 350, 535, 700 mM. b) The plot of the ESR signal intensities of DMPO-O; against the initial reaction times.
Reaction conditions: 0.25 mM of HPX, 0.35 M of DMPO, 700 mM of DMSO, and 0.05 unit ml~* of XOD.

DMSO were 4.1x107¢ M and 1.9x10~7 M, respectively.
The concentration of DMPO-CHjs is nearly equal to
that of DMPO-OH. These results suggest that DMSO
reacts selectively with the hydroxyl radical (-OH) and
the equivalent amount of methyl radical (:CHj) was
generated.?® These results show that the stability of
DMPO-O; was dependent on the concentration of -:OH,
and that the life-time of DMPO-0O; was not related
the reaction between -O; and DMPO-O; . Therefore,
it should be revaluated to remove erroneous conclusions
such as the reaction from DMPO-OOH to DMPO-OH
in the biological systems.24—2¢)

Kinetics for the Generation of -:O;. The reac-
tion between HPX and XOD can be explained as

O2 ‘035 . (1)
HPX + XOD

Assuming the concentration of -O; is comparable to
DMPO-03,') the concentration of generated -O; in
the reaction system including 0.25 mM HPX, 0.35 M
DMPO, 0.042 unit ml~! XOD, and 700 mM DMSO at
23 °C were obtained for each reaction time (Fig. 3b).
From the figure, the :O5 generation from Oy at the
initial stage of the HPX-XOD reaction is first or-
der, and the rate constant (kypx—xop) was 6.9x1078
Ms™! (4.1x107¢ M min~!). In addition, as is shown in
Fig. 4, the Michaellis constant, K, and rate constant,
Vinax, were 8.3x10~% M and 4.5x107% M min~?! from
a Lineweaver—Burk plot for various concentrations of
HPX (0—128 mM), respectively. From the experimen-
tal results, Vihax coincided with kgpx—xoD-
Estimation of Produced H;0O, and -OH in the
HPX-XOD Reaction System. The concentra-
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Fig. 4. Lineweaver-Burk plot for the HPX-XOD reaction.

tion of DMPO-0O; generated for one minute in addi-
tion of 700 mM DMSO was 4.1x107% M (6.9x10~8
Ms~1). The concentration of HyO,, and -OH was es-
timated using the concentration of DMPO-O; by the
kinetic appraoch. As already reported,'® it is useful
to consider the first step as the contact reaction be-
tween -O; and DMPO. The rate constant (kpmpo—o0,)
between DMPO and -O; was 16.9 M~1s™! as already
reported.'® Therefore, the concentration of -O; pro-
duced in the reaction was estimated by the Eq. 3,
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kpmPoO—0, 2)
.0; +DMPO ——— DMPO-0;

d[DMPO-0;]/dt = kpmpo-0,[DMPO][-05]  (3)

Since [DMPO)] used in this experiments was 0.35 M,
the absolute concentration of -O3 , [-O3 ], was calculated
by the equation 3 to be 1.17x107® M. On the other
hand, the rate constant for spontaneous dismutation
between -O5 and O3 at neutral pH is generally agreed
to be 1.7x107 M~1571.39 The concentration of HyO,
was estimated using the rate constant by Eq. 5,

2H*
2:.0; ——— H202+ 02

d[H20.]/dt = kn,0,[-03][-O2] (5)

As [-O;] was already calculated as 1.17x1078 M,
d[H20,]/dt was calculated to be 2.3x107% Ms™!.

In the experimental system with addition of DMSO,
the reaction mechanism between -OH and DMSO can
be described as

(4)

kpmpo-oH 6)
.OH+ DMPO —— DMPO-OH
-OH + (CH3)2S0 -CH3 + (CH3)(OH)SO (7

and

kpmpo—cH, ®)
.CH; + DMPO —— DMPO-CH;

Assuming that the rate of formation of DMPO-CHj is
comparable to that of DMPO-OH,

d[DMPO-CH3]/dt = d[DMPO-OH]/dt
' = kpmpo—ou[DMPO][-OH] (9)

The rate constant of DMPO-CHj; generation in the
HPX~-XOD reaction can be estimated using the equa-
tion 9 to be 3.2x107° Ms™! from the concentration of
DMPO-CHj3, which was observed during one minute
after the reaction started. This concentration is con-
nected with the estimated rate, d[H20,)/dt, 2.3x10~°
Ms~!. Therefore, the enhancement of DMPO-Oj
was presumed to be from DMPO-0; directly reacting
with -OH and decaying by the oxidation or reduction
actions.?” From the calculation, main dismutation of
O can also be explained by the reaction between -O5
and <O .

Calculation of DMSO Concentration Pre-
ferred to Stabilize DMPO—-0;. DMSO concentra-
tion of perfectly scavenged -OH in this reaction system
can be estimated theoretically using Eq. 10,

kpmpo—on[DMPO][-OH] =kpmso—ou[DMSO][-OH] (10)

Although the second order rate constants of DMSO and
DMPO for -OH have been reported as 6x10° M~1s~1!
and 1.7—3.4x10°% M~15713273% regpectively, if [-OH]
is constant and [DMPO] is 0.35 M, the minimum con-
centration of DMSO in order to scavenge 50% of -OH
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was estimated as 175 mM. The DMSO concentration
(500 to 700 mM) used in this study was sufficient to
stabilize DMSPO-05 , as shown in Fig. 3a. It is prob-
able that the life-time of DMPO-0; depends on the
concentration of secondly generated -OH from H,0, by
the Haver—Waiss reaction.3®

Definition of Activity of Superoxide Dismu-
tase. The standard assay is done using 130 pl of 0.025
M potassium phosphate buffer (pH 7.8) in an aqueous
flat ESR cell. Final concentration of DMPO and HPX
were 0.35 M and 0.25 mM, respectively. When Cu/Zn—
SOD of various concentrations (0.03 —1.62 unit ml~!)
were added to the reaction system. ESR spectra of
DMPO-0O; shown in Fig. 5 were obtained. In the fig-
ure, the ESR signal intensities of DMPO-0, decreased
with increases of the SOD concentration. These spec-
tra show that the reaction between DMPO and -O; was
inhibited by the Cu/Zn-SOD. In Fig. 6, the DMPO-
O3 intensities are plotted against the reaction time for
various concentrations of SOD. Figure 7 shows the
correlation between SOD activity and concentration of
DMPO-0O; inhibited in 1 min. From the figure, the
inhibition rate by the 1 unit of SOD was defined as
7.0x107% M min~!. This value coincided with the re-
ported rate constants (5x107% M min~!) which is de-

SOD

0 Unit

0.01 Units

0.05 Units

R e R

0.20 Units

N et e e

0.41 Units

MWWM\

0.81 Units

Fig. 5. ESR spectra of spin adducts produced in the
HPX-XOD reaction. The reaction mixture contained
0.25 mM of HPX, 0.35 M of DMPO, 0.05 unitml™*
of XOD and 0—0.81 unitml~! of SOD.
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Fig. 6. The spin concentration of DMPO-0O; against

the SOD concentration (0.003—1.62 unit ml™?).
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fined by the cytochrome ¢ method.?

In conclusion, the ESR-spin-trapping method is more
useful for measurement of SOD and SOD-mimic activity
than the cytochrome ¢ method because the ESR method
provides direct observation of -:O; inhibition profiles.

The following results were obtained for the HPX-
XOD reaction by the ESR Spin-Trapping method. 1)
Reliable measurements of -O3 are attained by the addi-
tion of DMSO, which scavengers secondarily generated.
-OH. 2) Overall reaction mechanisms were explained by
the kinetic approaches. Finally, 3) The ESR spin-trap-
ping method with DMPO will give new information for
the quantitative analysis of -O; in biological systems.
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