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Potentiometric Titrations and Oxidation-Reduction Potentials of Several

Iron Superoxide Dismutases’

William C. Barrette, Jr., Donald T. Sawyer,* James A. Fee, and Kozi Asada

ABSTRACT: The iron-containing superoxide dismutases for
Escherichia coli, Azotobacter vinelandii, and Pseudomonas
ovalis have been titrated with reduced benzylviologen (via in
situ coulometric generation) in the presence of a potentiometric
monitoring electrode. On the basis of the titration data the
midpoint potentials (E,), the pH dependence of the latter, and
the electron stoichiometries for the three proteins have been
determined; these results are compared with previous evalu-
ations for Cu/Zn- and Mn-containing superoxide dismutases.
At pH 7 the average value of E, for this group of proteins
is +0.26 £ 0.04 V vs. normal hydrogen electrode (NHE). The

Superoxide dismutases are metalloproteins which catalyze
the disproportionation of superoxide ion (McCord & Fridovich,
1969):

20,” + 2H* — H,0, + O, (1)

There are three classes of superoxide dismutases as distin-
guished by the metal ion required for catalysis of reaction 1:
Cu, Mn, and Fe. The proteins are isolated as either dimers
or tetramers of identical subunits that have molecular weights
of 16 000-20000 with each subunit binding an active metal
jon. In general, the Cu—protein, which contains a Zn?* that
is not necessary for catalysis (Fee, 1981; Valentine & Pan-
toliano, 1981), has been isolated from the cytosol of eucaryotic
cells while Mn—proteins have been isolated from both pro- and
eucaryotic cells. The iron-containing protein has not been
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reduction potential of the Fe-containing protein from E. coli
decreases by 0.06 V/pH unit from pH 6 to pH 9 but appar-
ently is independent of pH from pH 9.5 to pH 10.8. Hence,
the redox reaction for this protein (and, presumably, all of the
Fe—proteins) obeys the equilibria

E, + H* + ¢ = HE

(En)pu7 = +0.27 V vs. NHE pH <9
on +e = Ered
(Ex)piio = +0.12 Vvs. NHE  pH >9

observed in mammalian cells and is generally associated with
procaryotes, notably anaerobes; however, an iron-containing
protein recently has been found in plant tissues (Bridges &
Salin, 1981). The distribution, function, and properties of these
proteins have been widely discussed (cf. Bannister & Hill,
1980; Bannister & Bannister, 1980).

The iron-containing superoxide dismutases, which normally
have two identical 20 000-dalton subunits with one iron per
subunit (a four-subunit protein has been reported; Kusonose
et al., 1976), exhibit unique spectral and annulation properties
(Slykhouse & Fee, 1976; Asada et al., 1975; Fee et al., 1981a).
The optical spectrum is characterized by a broad band near
350 nm (e = 1850 M~! cm™) that is attributed to a lig-
and-to-metal charge-transfer band. The relatively high energy
for this transition indicates that tyrosine is not a ligand to the
Fe(III) (Gaber et al., 1974). The EPR spectrum (g,, = 4.3)
is characteristically rhombic and has been shown to possess
unusual magnetic properties (Emptage, 1981). Azide and
fluoride act as inhibitors (Misra & Fridovich, 1978; Fee et
al., 1981a) of the dismutase activity while cyanide is not an
inhibitor nor does it bind to the Fe(III) (Asada et al., 1975;
Slykhouse & Fee, 1976). Hydrogen peroxide rapidly destroys
the catalytic activity, and this process has been used to dis-
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tinguish the iron dismutases from the manganese dismutases
in crude cell extracts (Okada et al., 1979).

There appears to be a protic group associated with the
Fe(I1I) of the E. coli protein. Thus, the association of azide,
the spectral properties of the Fe(III) (Fee et al., 1981a), and
the Michaelis constant for superoxide (Fee et al., 1981b) are
all affected by pH in a similar fashion, which is consistent with
an ionizing group with pK, ~9. Proton relaxation measure-
ments (Villafranca et al., 1974; Villafranca, 1976) indicate
that H,O may be a ligand to the metal, and the suggestion
has been made that hydrolysis occurs at high pH (Fee et al.,
1981b).

A widely discussed reaction scheme for catalysis of reaction
1 involves alternate reduction and oxidation of the metal be-
tween adjacent valence states:

0, + P-M"™ — P-MtD* + O, )
0, + P-M=0+ s p_vrt + H,0, 3)

Thus, any detailed understanding of this catalysis must include
information about the valence states available to the metal ion
and the relevant reduction potentials. Some information of
this type is available for the bovine erythrocytic Zn/Cu-protein
(Fee & DiCorleto, 1973; Lawrence & Sawyer, 1979) and two
bacterial Mn-proteins (Lawrence & Sawyer, 1979). The
present study has been directed to the potentiometric titrations
with reduced benzylviologen of the Fe-containing proteins of
Escherichia coli, Azotobacter vinelandii, and Pseudomonas
ovalis. In addition, the effect of solution pH on the midpoint
potential for the Fe—protein from E. coli has been determined.

Experimental Procedures

The electrochemical cell that was used for the potentiometric
titrations has been described previously (Lawrence & Sawyer,
1979). The reduced benzylviologen was produced by coulo-
metric generation with an amperostat that is based on oper-
ational amplifiers (Goolsby & Sawyer, 1967). The poten-
tiometric measuring and reference electrodes were connected
to a Corning Model 12 pH meter, and the titration curves were
recorded with a Sargent Model SR recorder that was inter-
faced with the pH meter.

A 5.0-mL sample solution that contains 50 mM tris(hy-
droxymethyl)aminomethane (Tris) buffer (pH adjusted with
H,PO,) and 1.5 mM benzylviologen dichloride (BVCl,) was
used for each titration. The viologen cation radical (BV*.),
which was produced by the coulometric reduction of BVCl,,
reacted rapidly with the oxidized proteins. Electron transfer
from BV*. to the proteins occurred at a much faster rate than
its rate of generation. When the protein was fully reduced,
the potential of the system sharply decreased at the equivalence
point. Each sample solution also contained 1.3 uM di-
chloroindophenol (DCIP) as a redox mediator for the working
electrode. Because DCIP appeared to interact with the protein
or electrochemical system above pH 9.5, it was not used for
these solutions. The buffered solutions were deaerated with
Ar prior to the addition of proteins. The pH of each sample
was measured before and after its titration. The blue-colored
solutions of BV*. were stable for at least 1 h after generation
with this cell assembly in the absence of a protein sample. The
coulometric titration system was validated regularly by the
use of samples of ferricytochrome ¢. Over the course of the
present investigation the average midpoint potential for such
titrations was +0.265 £ 0.010 V vs. normal hydrogen electrode
(NHE), a value consistent with those by several other methods
(Eddowes & Hill, 1979).
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FIGURE I: Potentiometric titration curves for three iron superoxide
dismutases. All solutions contained 50 mM Tris—PQ, buffer, 1.5 mM
BVCl, (intermediate for the coulometric generation of the BV+.
titrant), and 1.3 uM DCIP. The ionic strength was adjusted to I =
0.15 with NaCl, and an electrolytic generation current of 100 uA was
used. Each of the titration curves is at pH 7: (---) 2.5 X 10° M
E. coli protein (T = 25 °C); (—) 2.12 X 107° M A. vinelandii protein
(T = 25 °C); () 2.5 X 107> M P. ovalis protein (T = 0 °C),

Benzylviologen was obtained from Sigma (St. Louis, MO)
as the dichloride, and dichloroindophenol was obtained from
Aldrich (Milwaukee, WI). Both were used without further
purification. The water for the titration solutions was prepared
with a Millipore Milli-Q ultrapure water system. All other
chemicals were used without further purification.

The iron-containing superoxide dismutase from Azotobacter
vinelandii was isolated and shipped from Japan in a solution
that was 94% saturated with ammonium sulfate. This protein
has a molecular weight of 40000 and is composed of two
identical subunits with one atom of iron per subunit. Its
concentration was determined spectrophotometrically with
A% (350nm) = 0.905 and ¢p, = 1810 M~! cm™ at 350 nm
(S. Kanematsu and K. Asada, unpublished results) after
dialysis against 50 mM Tris—PO, pH 7.0. The iron—protein
from Pseudomonas ovalis was provided by Professor K. Suzuki
and Dr. F. Yamakura, Juntendo University, Chiba, Japan, as
a 3.85 mM protein solution in 4.3 mM sodium phosphate
buffer, pH 7.0. This protein was titrated at 0 °C because of
its thermal instability. The iron—protein from E. coli was
isolated by the procedure of Slykhouse & Fee (1976) and
shipped from Michigan as a frozen solution that contained 0.69
mM protein-bound iron and 1% glycerol. It was titrated as
received.

Results

Typical potentiometric titration curves for the three iron
proteins are illustrated by Figure 1. The net reduction
stoichiometry for the A. vinelandii and the E. coli proteins
is close to the expected 2.0 equiv/mol of enzyme {two Fe(III)
per mol]. For the P. ovalis protein the reduction stoichiometry
is approximately 1.0 equiv/mol, which is half the expected
value. Apparently, the iron in this protein is extremely labile.
For example, one sample of the purified protein that contained
1.4 equiv of Fe/mol of enzyme decreased to 1.0 equiv of
Fe/mol upon dialysis with a chelating agent. The present
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Table I: Midpoint Potentials [Ey, (V) vs. NHE] from the Potentiometric Reduction by Reduced Benzylviologen of Several Fe, Cu/Zn, and

Mn Superoxide Dismutase Proteins

Fe Cu/Znbc Mn¢

pH E. coli P. ovalis® A. vinelandii bovine B. stearothermophilus E. coli
6.0 +0.33, +0.30
6.5 +0.28
7.0 +0.27, +0.29 +0.23 +0.23 +0.28, +0.40¢ +0.26 +0.31
7.5 +0.23, +0.28 +0.23
8.0 +0.21, +0.19 +0.20 +0.21 +0.21 +0.32
8.25 +0.18
8.5 +0.17, +0.22 +0.18 +0.29
8.75 +0.15, +0.16
9.0 +0.12 +0.19 +0.16 +0.18
9.25 +0.11
9.5 +0.14
9.75 +0.12

10.0 +0.12

10.8 +0.12, +0.13

¢ Titrated at 0 °C due to the thermal instability of the protein. b Bovine erythrocytic (Bannister). ¢ From Lawrence & Sawyer (1979).
d From Fee & DiCorleto (1973). Determined by equilibration with the Fe(CN)*"/Fe(CN)* couple.

results are consistent with the conclusion (Yamakura, 1976)
that this protein contains two iron atoms per molecule, but
one is lost during purification. Because the P. ovalis protein
is thermally unstable, its titration was carried out at 0 °C.

The titration curves for the three proteins are well-defined
and exhibit a broad stable midpoint potential region (£, )4 -
E;;, =~ 60 mV), close to the theoretical value of 56 mV. The
reduction midpoint potentials (E,,) of these, as well as for
several previously studied superoxide dismutases, are sum-
marized in Table I.

Dependence of E,, on pH. Potentiometric titrations have
been carried out with the iron—protein from E. coli for solution
acidities from pH 6 to pH 10.8. The observed midpoint po-
tentials are summarized in Table I and plotted in Figure 2.
The reduction stoichiometry varies from 1.5 to approximately
3 equiv/mol of protein over the entire pH range, and all the
titration curves exhibit Nernstian behavior except those above
pH 10.0. From pH 6 to pH 9, E, decreases with a slope of
approximately 60 mV /pH. However, above pH 9 E, appears
to become independent of pH; an approximate pK, of 9.4 £
0.2 is estimated from the data. There is considerable scatter
of the data in this pH region, which may be due in part to the
decreased stability of the protein at high pH (J. A. Fee, un-
published observations). Nevertheless, the experiments have
been repeated several times with different preparations of
protein and are, thus, thought to represent a true behavior of
the protein.

Discussion and Conclusions

The data of Table I show that the three bacterial Fe—
proteins accept one electron per Fe(III) present and have an
average E_ value of +0.27 + 0.04 V vs. NHE at pH 7. Thus,
there is no significant variation of the midpoint potential of
these proteins isolated from the different bacteria. The positive
value of E, is significant in view of the fact that the EPR
signal of the Fe—protein can be observed in whole cells of 4.
vinelandii and that the signal intensity varies with different
states of metabolism (Davis et al., 1972; Shah et al., 1973; W.
H. Orme-Johnson, personal communication). Because the
cytosol is strongly reducing, due primarily to an abundance
of thiols (Meister & Tate, 1976), the Fe(III) of the Fe—protein
does not appear to be coupled to this major redox component
of the cell. The significance of these observations is not
presently clear.

Further examination of Table I confirms that all of the
measured potentials for the several superoxide dismutases (Fe,
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FIGURE 2: pH dependence of E, values for E. coli Fe superoxide
dismutase from pH 6.0 to pH 10.0. Solution conditions were the same
as for Figure 1. The sample solutions at pH 10.8 did not contain DCIP.
The line drawn through the data from pH 6.0 to pH 9.5 has a slope
of —0.060 V/pH unit.

Mn, and Cu) fall in the range from +0.23 to +0.40 V at pH
7.0. As discussed by Stein et al. (1979), for a metal ion to
be active as a superoxide dismutase, its reduction potential
must fall between the potentials for the two half-reactions of
superoxide (O, at unit molarity).

O, +e=0, EY= -016Vvs. NHE (4)

0,” + ¢ + 2H* = H,0, E¥ = +0.89 V vs. NHE

(5)
Inasmuch as these electron-transfer processes are proportional
to the free energy change associated with each step (Basolo
& Pearson, 1967), an optimum catalyst might be expected to
have a reduction potential midway between those for reactions
4 and 5; (EY, + Es")/2 = 4+0.36 V vs. NHE. While this
condition appears to be met by the superoxide dismutases
(Figure 3), this does not establish that elementary electron-
transfer theory can be applied usefully to reactions 2 and 3.
Thus, in the case of the Cu—protein, both reactions are dif-
fusion controlled (Fielden et al., 1974), while the kinetic be-
havior of the Mn (McAdam et al., 1977) and the Fe dismu-
tases is complicated by the apparent formation of protein—
superoxo complexes. Hence, the nature of the rate-limiting
process is not known. Nevertheless, the close similarity of the
E_, values for the three classes of superoxide dismutase proteins
is striking, as is their approximate agreement with the optimal
value to facilitate O, disproportionation. If the biological
function of these proteins is other than superoxide dispro-
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FIGURE 3: Formal reduction potentials (E%) for O, (unit molarity),
O,", and superoxide dismutase model complexes and midpoint po-
tentials (E,,) for several dismutases in aqueous solution at pH 7.0.
Values are from Lawrence & Sawyer (1979), Stein et al. (1979), and
the present investigation.

portionation, this represents a remarkable coincidence of redox
potentials for a diverse set of metals and peptides.

The pH dependence of E, for the Fe—protein from E. coli
indicates that the chemistry of the metal binding site is com-
plicated. The data of Figure 2, for acidities below approxi-
mately pH 9, indicate that reduction of the Fe(III) center
causes a proton to be bound by the protein; above pH 9 re-
duction occurs without concomitant proton binding. As with
the Cu—protein (Fee & DiCorleto, 1973) a ligand bound to
the Fe probably is responsible for this type of behavior

L—Fe(Ill) + ¢ + H* = LH Fe(I]) (6)
L-Fe(Ill) + e = L-Fe(Il) 7)

with the apparent pK, representing a competition of L for H*
and Fe(II).

Previous studies have shown that the Fe(III) form of the
protein jonizes with an apparent pK, of 9.0 + 0.3 so as to
change the spectral properties of the Fe(III) and to decrease
the association constant of Fe(III) for azide (Fee et al., 1981a).
Rapid kinetic studies have shown that the Michaelis constant
for O, also is controlled by an ionizing group (pK, ~9).
These observations have been interpreted (Fee et al., 1981a)
in terms of the hydrolysis of a bound water molecule

P-Fe(III)-OH, = P-Fe(II)-OH~ + H*  (8)

with pK, ~9. However, the simultaneous occurrence of re-
actions 6—8 does not allow a rationalization of the high pH
behavior of this protein; further work is required. Recently,
three-dimensional structures of the E. coli (W. Stallings, T.
B. Powers, K. Pattridge, J. A. Fee, and M. L. Ludwig, un-
published results) and P. ovalis (F. Yamakura, K. Suzuki, D.
Ohmori, D. R. Ponzi, and G. A. Petsko, unpublished results)
proteins have been solved to 3-A resolution, which should aid
in these efforts.
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