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SUMMARY

The blowing of oxygen through strongly alksline solutions
of SOD leads to the drop of pH by more than 3 units. The rate
of the process depends linearly on the concentration of SOD.
The effect of oxygen on the modification of the shape and the
decrease of the intensity of EPR signal of S0D were observed.
The incubation of strongly alkaline solutions of SOD under
vacuum leads to the reduction of the protein copper. The data
obtained suggest, that the reduced copper may be at least par-
tially reoxidized by oxygen. It is suggested that at pH 12.5
and higher in the presence of SOD the reaction of electron
transfer from hydroxyl anion to the oxygen takes place:

OH + 02———>o0H + 02

INTRODUCTION

Superoxide dismutases (SOD) are known to catalyze the
reaction of dismutation of oxygen anion radicals as well as
the reverse process of generation of superoxide radicals from
hydrogen peroxide and molecular oxygen (1,2):

205" + 20'THL, + 0,

In the dismutation process two protons are involved and thus
it is important to investigate the properties of the enzyme
in the media of different acidity. In the recent work (3) it
has been shown that in weakly acid media the enzyme undergoes
a change in the environment of the copper &and some conforma-

tional modifications take place. On the other hand, the data
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available (4,5) indicate that no essential changes in the pro-
perties of the enzyme occur in alkaline solutions up to pH 12.0.
Moreover, the observed changes in the EPR and optical spectra
of SOD at pH 12.5 are still reversible. These facts suggest

the remarkable stability of SOD in the alkaline media. Such
stability of the protein must have & certain biological sig-
nificance.

In the present communication we report effects of oxygen
and vacuum on the properties of SOD alkaline solutions and
pay attention to a reaction possibly catalyzed by SOD in
strongly basic media.

MATERIAL AND METHODS

The preparation of SOD from bovine erythrocytes was ob-
tained by the method of McCord and Fridovich (6) and it was
further purified as described in the work (7).The final pre-
paration was electrophoretically homogeneous and had spectral
purity index (A260/A680) of 26. Concentrations of the protein

were estimated by using molar extinction of 300 ¥l for
the band at 680 nm. The apoprotein was prepared by the method
of McCord and Fridovich (6). The pH was adjusted by adding
0.5 M KOH to the protein solution in 0.005 M phosphate buffer,
pH 7.4+ EPR gpectra were racorded on a Varian E-4 instrument
at -160°C. Optical spectra were obtained at 22°¢ in 10 mm cells.
Phe incubation of the protein under vacuum (10™ 'mm of Hg) was
lasted for several hours.
RESULTS

The aeration of strongly basic solutions of SOD with oxy-
gen was found to lead the drop of their pH. This phenomenon
is clearly observed if initial pH of the protein solution was
12.5 or higher. In various control experiments, when oxXygen
was blowed through alkaline solutions containing no proteins
or in the presence of the apoprotein, no decrease of their pH
was observed. Also, no changes of pH of alkaline protein solu-
tion were noted when the solution was bubbled with nitrogen,
but not with oxygen. From obtained kinetic curves (Fig. 1)

the following conclusions may be drawn.
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Fig. 1. Time course of pH drop at different concentrations of
SOD at blowing of oxygen. The inserted part shows the
dependence of the initial rate of pH drop on concen-
tration of S0D. Oxygen pressure in all cases was 20 mm
of Hge x - data in the absence of the protein.

The final decrease in pH ( ApH~.3.5) does not depend on
the concentration of SQ0D. Similar results were obtained when
pH of the protein solution before aeration with oxygen was
adjusted to 13.2. Whereas, after several hours of aeration
no remarkable drop of pH was observed when the initial pH of
the solution was 11.2. Thus it has been established that oxy-
gen leads to the drop of pH in SOD solutions only when their
pH were sufficiently nigh with pH of 12.5 being as the cri-
tical point. In the second line of experiments the effect of
vacuum on the proverties of SOD solutions was studiede. No
changes in pH as well as in optical and EPR spectra were ob-
served when the protein solutions with initial pH of 7.4 or
11.7 were incubated under vacuum for 4 hours. However, when
initisl pH of SOD solutions was 12.7 or higher the progres-
sive decrease of the integral intensity of EPR spectra was
observed in the course of incubation under vacuum, indicating

the reduction of the protein copper. Thus, "self-reduction”
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of the copper took place when strongly basic solutions of

S0D were subjected to vacuum-storation. It has been found
that this reduced protein might be, at least, partially reoxi-~
dized by the blowing of oxygen through the solution which pH
was decreased from 12.7 to 9.3 in the course of the blowinge

The results of these experiments are shown in Fige. 2.

Fige 2. Changes in EPR (A) and opticel (B) spectra of SOD

(4.10—4M) in the course of oxygen blowinge 1~ (—)
SOD was aerated at pH 7.4 during 4 hourse 2= (-==)
SOD immediately after the alkalyzation to pH 12.7.

3- .-.-gsample 2 after 20 min aeration by oxygen.

4~ (seee) sample 2 after 90 min seration by oxygen.
EPR spectra were taken under the following condlyions:
frequency 9.38 GHz, power 10 mW, modulation amplitude
6+3 gauss, time constant 0.3 sec.

Fig. 3 represents the optical and EFR spectra of S0D
before and after the aeration of the solutions. As msy be con-
cluded the short-time blowing of oxXygen results in 30% decrease
of integral intensity of the EPR spectrum and in the essen-

tial intensity incrcase of the nitrogen superhyperfine struc-
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Fige 3. Effect of vacuum on EPR spectra of SOD. 1- SOD alkaly-
zed to pH 12.7, 2- S0D alkalyzed to pH 13.5, 3- sam~
.Eles 1 or 2 after incubation under vacuum for 4 hours

PH was not changed)s 4- SOD at pH 7.4 after incuba-

tion under vacuum for 20 hours (the shape and inten~
sity were not changed). 5- sample 3 after aeration
by oxygen for 5 hours, (pH became 9.3). Conditions of
EFR spectroscopy were similar to those of Fig. 2.

ture.Although more prolonged aeration of the solution results
in the EPR spectrum which have the shape characteristic for
neutral and basic media, however its integral intensity re-
mains 30% lowsr than that of the initial spectrum. It should
be noted that the changes in optical spectra completely cor-
relate with EPR data. In control experiments when the neutral
or mildly basic solutions of S0D were serated by oxXygen no
changes in optical and EFPR spectra of these solutions were
observed. Thus, oxygen leads to the partial reduction of the
S0D copper in strongly basic (pH 12.5) solutions and to the
drop by more than 3 units in pH of such solutions. On the

other hand, the incubation of strongly basic solutions of SOD
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under vacuum results in partial reduction of copper, but no

changes in the pH of the solutions were notede.
DISCUSSION

The phenomenon of the reduction of blue copper-containing
proteins in weakly basic media was observed in several works
(8,9). It has been suggested that in these proteins there is
& reducing group which is dissocisted &t alkeline pH. However
the properties of SOD are essentially different from those of
the blue copper-containing proteins (e.g. laccase or cerulo-
plasmin). The optical and EPR spectra of SOD were not changed
in alkeline media with pH about 12.0. However at pH 12.5 and
bigher, certain changes were observed (4). At this pH the
deprotonization of some functional groups (in particular,
imidazol (10)) of the protein takes place and the substitution
of water molecule, coordinated to the copper by hydroxyl anion
occurs (11). The effect of oxygen on pH of alkaline solutions
of S0D described here should be connected with the loss of
hydroxyl groups from the medium rather than with the rise of
broton concentration in the medium. Therefore it may be sug-
gested that in basic media in the presence of SOD the reaction
of electron transfer from hydroxyl anion to oxXygen takes place:

OH + 0,—>+0H + 02" (1)

2 2

In the absence of the protein this reaction does not proceed
the copper being essential for the effectivity of this process.
Patiadi (12) proposed that such a reaction is responsible for
the formation of superoxide radicals in alkaline solutions of
some low-molecular weight complexes generslly used for the
oxidation of carbohydrates. By means of the reaction (1) it is

prossible to explain the partial reduction of the protein copper
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in the course of the aeration of strongly basic solutions, be-
cause generated superoxide radicels possess reducing properties:
cut? 0y — cut! 4+ o,
On the other hand, the “self-reduction" of the copper under
vacuum which, in contrast to the reduction by aeration, was
not accompanied by the drop of pH, gives us the possibility to
imagine that in the last reaction there is the equilibrium:
cut? 0;‘;::2 cutl! & 0,

Actually, in accordance with this scheme the removal of oxygen
under vacuum should result in the reduction of the copper, if
there were superoxide radicals in the solutione

It is known that these radicals are stabilized in rather
alkaline media, or in some organic solvents (13). In connec-
tion with the obtained results it should be noted that the EFR
spectrum of the so-called pink copper-containing enzyme, galac-
tose oxidase, is similar to that of SOD at pH 12.5 (14). Galac-
tose oxidase was shown to have superoxide dismutase activity
(15,16)« In this enzyme the copper atom is also linked with
the nitrogen atoms. Besides, the superoxide radical is coor-
dinated to the copper atom of the enzyme. It is known (17,18)
that in SOD the copper atom is linked with 4 atoms of imida-
zol nitrogens. In the first coordination sphere of the copper
of S0D the water molecule which is involved in the process at
in strongly alkaline media, is substituted by hydroxyl ion
(11). Therefore it may be suggested that at pH 12.5 and higher
in the coordination sphere the electron transfer takes place
such as:

N N N _K N N
~ot2 ¥ — P~ — P 42
N At IR T S T S

’
Y Y
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Thus, from the above data it is possible to think that certain

similarities exist between the mechanisms of galactose oxidase,

the low-molecular weight copper complexes, oxidizing of carbo-

hydrates and copper-containing SOD.
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