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The steady state kinetics of a Desulfovibrio (D.) vul-
garis superoxide reductase (SOR) turnover cycle, in
which superoxide is catalytically reduced to hydrogen
peroxide at a [Fe(His)4(Cys)] active site, are reported. A
proximal electron donor, rubredoxin, was used to sup-
ply reducing equivalents from NADPH via ferredoxin:
NADP� oxidoreductase, and xanthine/xanthine oxidase
was used to provide a calibrated flux of superoxide. SOR
turnover in this system was well coupled, i.e. �2O2

.

reduced:NADPH oxidized over a 10-fold range of su-
peroxide flux. The reduction of the ferric SOR active
site by reduced rubredoxin was independently meas-
ured to have a second-order rate constant of �1 � 106

M�1 s�1. Analysis of the kinetics showed that: (i) 1 �M

SOR can convert a 10 �M/min superoxide flux to a
steady state superoxide concentration of 10�10 M, dur-
ing which SOR turns over about once every 6 s, (ii) the
diffusion-controlled reaction of reduced SOR with su-
peroxide is the slowest process during turnover, and
(iii) neither ligation nor deligation of the active site
carboxylate of SOR limits the turnover rate. An intra-
cellular SOR concentration on the order of 10 �M is
estimated to be the minimum required for lowering
superoxide to sublethal levels in aerobically growing
SOD knockout mutants of Escherichia coli. SORs from
Desulfovibrio gigas and Treponema pallidum showed
similar turnover rates when substituted for the D. vul-
garis SOR, whereas superoxide dismutases showed no
SOR activity in our assay. These results provide quan-
titative support for previous suggestions that, in times
of oxidative stress, SORs efficiently divert intracellu-
lar reducing equivalents to superoxide.

An emerging paradigm for protecting air-sensitive bacteria
and Archaea from the toxic reduction products of dioxygen
involves reduction of superoxide and hydrogen peroxide, rather
than the classical disproportionation route for their removal
characteristic of aerobic microoorganisms (1–9). The reduction
of superoxide via Reaction 1 is catalyzed by a novel class of
non-heme iron enzymes called superoxide reductases (SORs).1
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REACTION 1

The SORs are characterized by a mononuclear iron active site
shown in Scheme 1 with a ligand set consisting of a square
plane of histidine nitrogens, an axial cysteine sulfur and, in the
ferric form, a glutamate carboxylate (10, 11).

1Fe-SORs contain this site as the only prosthetic group,
whereas 2Fe-SORs contain an additional [Fe(Cys)4] site, the
function of which remains enigmatic (12). Kinetics investiga-
tions (13, 14) have established that the “resting” ferrous
[Fe(His)4(Cys)] site reacts with superoxide in a diffusion-con-
trolled fashion, producing a transient species, formulated as a
ferric-(hydro)peroxo (cf. Scheme 1), that at pH � 7 decays in a
first-order process to the resting ferric state (14–17). To com-
plete the catalytic cycle the SOR active site must collect an
electron for regeneration of the ferrous state. Although su-
peroxide is thermodynamically capable of reducing the ferric
SOR site, no such reactivity is apparent, and, as a conse-
quence, SORs show little or no superoxide dismutase (SOD)
activity, even when the ligating glutamate carboxylate is
replaced by non-coordinating side chains, such as alanine (5,
7, 13, 14).

Neither the kinetics of reduction of the ferric SOR site by
other exogenous reducing agents, nor the SOR catalytic turn-
over cycle have been systematically studied, perhaps because
the in vivo electron donor(s) to SORs have generally not been
established. Thus, no value for the rate constant, k3, in
Scheme 1 has been reported for any SOR. The small electron
transfer protein, rubredoxin, has been proposed to be a prox-
imal electron donor to both 1Fe- and 2Fe-SORs (5, 18), and,
consistent with this suggestion, addition of Pyrococcus furio-
sus 1Fe-SOR resulted in a slight acceleration of rubredoxin
oxidation by superoxide (5). In at least two bacteria, the
genes for 2Fe-SOR and rubredoxin are co-transcribed (18,
19). For one of these bacteria, the sulfate-reducer, Desulfo-
vibrio vulgaris, rubredoxin has been shown to preferentially
reduce the [Fe(His)4(Cys)] site of 2Fe-SOR and to function as
the proximal electron donor to 2Fe-SOR in an artificial
NADPH:superoxide oxidoreductase reaction cycle shown in
Scheme 2 and Equation 2, where FNR is the flavoprotein,
spinach ferredoxin:NADP� reductase (20). In this system a
calibrated flux of superoxide was generated from reduction of
dissolved dioxygen using xanthine and xanthine oxidase, the
well established method used to generate superoxide in SOD
activity assays (21).
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1 The abbreviations used are: SOR, superoxide reductase; SOD, su-
peroxide dismutase; 1Fe-SOR, SOR containing an [Fe(His)4(Cys)] site
as the only prosthetic group; 2Fe-SOR, superoxide reductase containing
an accessory [Fe(Cys)4] site; 2Fe-SORpink, 2Fe-SOR containing a ferrous
[Fe(His)4(Cys)] site and a ferric [Fe(Cys)4] site; E47A 2Fe-SOR, recom-
binant engineered variant of D. vulgaris 2Fe-SOR in which the gluta-
mate residue providing the ligand to the ferric [Fe(His)4(Cys)] site is
substituted by an alanine residue; C13S 2Fe-SOR, recombinant

D. vulgaris 2Fe-SOR engineered variant in which the accessory [Fe-
(Cys)4] site is absent; C13S 2Fe-SORblue, C13S 2Fe-SOR containing a
ferric [Fe(His)4(Cys)] site; FNR, spinach ferredoxin:NADP� oxidoreduc-
tase; Rub, rubredoxin; D. vulgaris H, Desulfovibrio vulgaris strain
Hildenborough.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 278, No. 41, Issue of October 10, pp. 39662–39668, 2003
© 2003 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org39662



3H� � NADPH �2O2
.O¡

FNR/Rub/SOR
NADP� � 2H2O2

REACTION 2

This report describes the kinetics of Reaction 2 using the
catalytic system shown in Scheme 2, and analyzes the kinetics
according to Scheme 1. The results demonstrate the kinetic
competence of both 1Fe- and 2Fe-SORs to lower the steady
state superoxide concentration to sublethal levels. The results
also quantitate and clarify several qualitative mechanistic ob-
servations, presumptions, and speculations in the SOR
literature.

EXPERIMENTAL PROCEDURES

Reagents, Proteins, and General Procedures—Reagents and buffers
were the highest grade commercially available. All reagents, protein,
and media solutions were prepared using water purified with a Milli-
pore ultrapurification system to a resistivity of �18 M� to minimize
trace metal ion contamination. Bovine milk xanthine oxidase was pur-
chased from Biozyme, Inc. as an ammonium sulfate suspension. Horse
heart cytochrome c, bovine liver catalase, spinach FNR, Escherichia coli
Fe-SOD, and bovine Cu/Zn-SOD were purchased from Sigma. Recom-
binant rubredoxin (20), 2Fe-SOR (15), E47A 2Fe-SOR (13), and C13S
2Fe-SOR (12), all from D. vulgaris, and recombinant Clostridium pas-
teurianum rubredoxin (22) was expressed in E. coli and purified as
described previously. Recombinant Treponema pallidum (23) and De-
sulfovibrio gigas 1Fe-SORs (24) were expressed, isolated, and purified
by modifications of the published procedures, which are described
under Supplemental Materials.

Protein Concentrations and Activities—Concentrations of protein
stock solutions were calculated using previously determined molar ab-
sorptivities: D. vulgaris rubredoxin, �490 � 8,700 M�1 cm�1 (20);
C. pasteurianum rubredoxin, �490 � 8,800 M�1 cm�1 (25); D. vulgaris
2Fe-SORpink and E47A 2Fe-SORpink, �502 � 4,300 M�1 cm�1 (13); C13S
2Fe-SORblue, �645 � 1,900 M�1 cm�1 (12) (with all 2Fe-SOR extinction
coefficients per monomer of the homodimer). FNR concentration, cata-
lase, and SOD activities were assumed to be those provided by Sigma.

SOR Activity Assay—The NADPH:superoxide oxidoreductase assay
described by Coulter and Kurtz (20) was modified and used as described
below. The buffer for all activity measurements and stock solutions was
50 mM phosphate containing 100 �M EDTA, pH 7.5. All reactions were
conducted aerobically at room temperature. In 1 ml of buffer, aliquots of
concentrated stock solutions were added to achieve concentrations of
500 �M xanthine, 1 �M FNR, �200 units/ml catalase, and 100 �M

NADPH, respectively. The high catalase activity was added to remove
hydrogen peroxide, which is not only a product of the SOR reaction but
also a by-product of the xanthine/xanthine oxidase superoxide generat-
ing system (26). After �30 s rubredoxin was added to a concentration of

1 �M. Approximately 30 s later either SOR (1 �M in [Fe(His)4(Cys)]
sites) or SOD (10, 50, 100 or 250 units/ml) were added. After another
�30 s, a pre-calibrated amount of xanthine oxidase (typically 5–15 �l of
a stock xanthine oxidase solution prepared by diluting the ammonium
sulfate suspension 5-fold with buffer) was added to initiate a flux of
superoxide. The superoxide flux generated by the added xanthine oxi-
dase was measured separately both before and after the assay using the
same concentrations of xanthine and xanthine oxidase and the same
buffer as in the assay mixture and measuring the rate of reduction of
horse heart cytochrome c (�550 � 21,500 M�1 cm�1), as described previ-
ously (20). The rate of NADPH consumption in the SOR assay was
measured as the decrease in absorbance at 340 nm (�340 � 6,220 M�1

cm�1). For correlations with superoxide flux, the small background
NADPH consumption rate measured prior to addition of xanthine oxi-
dase was subtracted from that measured after the addition of xanthine
oxidase. Variations on this protocol are described under “Results.”

Effects of Cyanide and Azide on SOR Activity—The SOR activity
assay was conducted as described above, but including small additions
of �1 M sodium azide or sodium cyanide stock solutions, to achieve
concentrations of either 1 or 20 mM azide or cyanide in the assay
mixture. The superoxide flux was pre- and post-calibrated as described
above but in the presence of the indicated concentrations of azide or
cyanide. For some experiments, D. vulgaris 2Fe-SOR or E47A 2Fe-SOR,
having concentrations of �860 or �700 �M in ferrous [Fe(His)4(Cys)]
sites, respectively, were pre-incubated with �20 mM sodium cyanide for
�20 h at 4 °C. Aliquots of these cyanide-incubated 2Fe-SOR solutions
were added to the assay mixture as candidate SORs in the presence of
either 1 or 20 mM cyanide in the assay mixture. Further details are
given in the text and Table I.

Stopped-flow Monitoring of Reactions of C13S 2Fe-SORblue with Re-
duced Rubredoxin—All reactions, column chromatographies, and other
manipulations of proteins were conducted in solutions buffered with 50
mM sodium phosphate, pH 7.5, at room temperature, unless otherwise
indicated. D. vulgaris C13S 2Fe-SORblue was prepared by aerobically
oxidizing �1 ml of as-isolated C13S 2Fe-SOR (�500 �M in
[Fe(His)4(Cys)] sites) by the addition of 2 eq of sodium hexachloroiridate
(Aldrich). The oxidized C13S 2Fe-SOR was then passed over a 5-ml
Hi-Trap desalting column (Amersham Biosciences). The resulting C13S
2Fe-SORblue solution was then diluted anaerobically to �400 �M in
[Fe(His)4(Cys)] sites. Reduced D. vulgaris rubredoxin solutions were
prepared by purging solutions of �500 �M oxidized (as-isolated) rubre-
doxin with argon for 20 min, in a 1-ml quartz cuvette. This sample was
then divided into three sealed plastic tubes, and further diluted (�5 ml
total volume) anaerobically to final concentrations of 80, 40, and 20 �M

rubredoxin. These solutions were again purged with argon for �20 min.
These rubredoxin solutions were then reduced by titration with an
anaerobic �20 mM sodium dithionite stock solution. The titrations were
monitored until addition of a drop (�1 �l) of the sodium dithionite stock
solution gave no further decrease in absorbance at 490 nm. The reduced
rubredoxin and C13S 2Fe-SORblue solutions were loaded under an ar-
gon purge separately into the two 2.5-ml drive syringes of a RSM-1000
stopped-flow spectrophotometer fitted with a rapid scanning monochro-
mator (OLIS, Inc.). Following stopped-flow mixing, absorbance changes
between 350 and 770 nm were monitored by rapid scanning at 25 °C.

RESULTS

Specificity of the SOR Activity Assay—Previous work from
our laboratory (20) has demonstrated that D. vulgaris 2Fe-SOR
can serve as the terminal component of the NADPH:superoxide
oxidoreductase described by Reaction 2 and Scheme 2. Fig. 1
contains plots of NADPH consumption rates for this SOR assay
using various candidate SORs. As shown in Fig. 1, the dimeric
D. vulgaris 2Fe-SOR, the tetrameric D. gigas 1Fe-SOR (a.k.a.
neelaredoxin) (27), and the dimeric T. pallidum 1Fe-SOR (7,
23), all show very similar activities (listed under Supplemental
Materials Table IS). The E47A variant of D. vulgaris 2Fe-SOR,
in which the ligating glutamate shown in Scheme 1 has been
changed to alanine, also shows activity indistinguishable from
the wild type protein. Confirming the previous results (20), no
NADPH consumption above background occurred upon addi-
tion of xanthine oxidase if any of the other protein components
were omitted from the assay mixture.

Under the standard SOR assay conditions, but substituting
either Cu/Zn- or Fe-SOD at 10, 50, 100, or 250 units/ml (corre-
sponding to low micromolar levels of SOD) in place of SOR,

SCHEME 2.

SCHEME 1.
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NADPH was not consumed above background levels. Classical
SODs are, thus, not active in this assay at concentrations
comparable with SOR, presumably because the SODs cannot
accept electrons from any of the donors present in the assay
mixture (i.e. NADPH, FNR, or rubredoxin) at rates sufficient to
outcompete the catalytic disproportionation of superoxide by
the SOD. Consistent with this interpretation, the NADPH con-
sumption associated with 2Fe-SOR in the assay was found to
be inhibited by Cu/Zn- or Fe-SOD (cf. Supplemental Materials
Fig. S1). In the case of Cu/Zn-SOD inhibition to background
levels could be achieved by �1,000 units/ml. Thus, while clas-
sical SODs are not detectably active in the SOR assay, they do
compete with SOR for superoxide, as expected (6).

Effects of Cyanide and Azide on SOR Activity—Cyanide and
azide are known to bind weakly to both the ferric and ferrous
[Fe(His)4(Cys)] sites of SORs (28–30), and spectroscopic evi-
dence indicates that these anions occupy the coordination site
trans to the axial cysteine ligand. For this reason, cyanide has
been presumed to be an inhibitor of SOR (31), even though no
such inhibition data have been published. The data in Table I
show that in fact, azide or cyanide at 1 mM caused no substan-
tial inhibition (or activation) of SOR activity using the assay
described here. The E47A variant of D. vulgaris 2Fe-SOR also
was not inhibited by 1 mM cyanide or azide in the assay mix-
ture. In fact, azide or cyanide added to the assay mixture at up
to 20 mM showed neither substantial inhibition nor any signif-
icant change in the ratio of NADPH consumption rate to SOR
flux (cf. Table I). However, when D. vulgaris 2Fe-SOR (or the
E47A variant) was incubated for �20 h with 20 mM cyanide,
and this cyanide-preincubated SOR was added to the assay
mixture, inhibition was observed, but only if 20 mM cyanide
was also present in the assay mixture. The preincubation with
a large excess of cyanide results in slow air oxidation of the
ferrous [Fe(His)4(Cys)] site (which is otherwise air-stable) and
formation of the ferric [Fe(His)4(Cys)(CN�)] complex (28). Con-

sistent with electrochemical data on synthetic model complexes
(31), the binding of cyanide presumably shifts the reduction
potential of the ferric [Fe(His)4(Cys)] site sufficiently negative
so that the NADPH/FNR/rubredoxin system is unable to re-
duce it, thereby blocking electron flow at the SORox point of
Scheme 2. This pattern of cyanide inhibition provides further
confirmation that 2Fe-SOR, and, more specifically, its
[Fe(His)4(Cys)] site, is the terminal catalytic component of the
NADPH:superoxide oxidoreductase in this assay.

Stoichiometry and Component Saturation in the SOR Activ-
ity Assay—Fig. 2 shows that, when the superoxide flux in the
SOR activity assay of D. vulgaris 2Fe-SOR was varied over a
range of 2.5(� 0.4) to 37(� 1.4) �M superoxide/min, a propor-
tional increase occurred in the NADPH consumption rate. Ac-
cording to Reaction 2, the molar stoichiometry of the NADPH
consumption rate to superoxide flux in the steady state should
be 1:2. The slope of the fitted line in Fig. 2, �0.56, is consistent
with the expected ratio, and shows that under these SOR
turnover conditions, essentially all of the superoxide generated
by the xanthine/xanthine oxidase system is consumed via the
pathway diagrammed in Scheme 2. These results are consist-
ent with those previously reported over a much smaller super-
oxide flux range (20). Fig. 2 also shows that, under these
conditions, the superoxide flux is the rate-limiting process for
NADPH consumption.

The concentration of D. vulgaris 2Fe-SOR in the activity
assay was varied from 50 nM to 10 �M in [Fe(His)4(Cys)] sites,
while maintaining all other component concentrations and su-
peroxide flux constant at the standard assay levels. A plot of
NADPH consumption rate versus 2Fe-SOR concentration un-
der these conditions is shown in Fig. 3. Approximately 0.5 �M

2Fe-SOR is needed to reach maximum consumption of NADPH
under the standard conditions. A least-squares fit of the
Michaelis-Menten equation to the data gave the solid curve
shown in Fig. 3 with Vmax of 11.6 � 0.3 �M NADPH consumed
per min and apparent Km(app) of �100 nM 2Fe-SOR (at a su-
peroxide flux of 21.3 � 0.7 �M/min). The physical meaning of
this Km(app) is ambiguous. However, because from Fig. 2, the
rate-limiting step at saturating 2Fe-SOR is production of su-
peroxide, then, at less-than-saturating 2Fe-SOR concentra-
tions (�0.5 �M from Fig. 2), the rate-limiting step must become
the reaction of 2Fe-SOR with either superoxide or reduced
rubredoxin.

An analogous set of experiments was conducted in which the
concentration of D. vulgaris rubredoxin was varied between 50

FIG. 1. NADPH:superoxide oxidoreductase activities of D. vul-
garis (D.v.) wild-type and E47A 2Fe-SORs, T. pallidum (T.p.)
1Fe-SOR, D. gigas (D.g.) 1Fe-SOR, E. coli Fe-SOD, and bovine
Cu/Zn-SOD. Rates of NADPH consumption were monitored at room
temperature in a 1-ml cuvette as decreases in absorbance at 340 nm in
solutions buffered with 50 mM sodium phosphate plus 100 �M EDTA,
pH 7.5, and containing (in the added order): 500 �M xanthine, 100 �M

NADPH, �200 units/ml catalase, 1 �M FNR, which constituted the time
0 mixtures. After �30 s, 1 �M D. vulgaris or C. pasteurianum (C.p.)
rubredoxin (Rub) was added, and after a further �30 s, either SOR (1
�M in [Fe(His)4(Cys)] sites) or SOD (250 units/ml) was added. After
obtainment of a baseline NADPH consumption rate, a pre-calibrated
amount of xanthine oxidase (X.O.) was added at �90 s, producing a
superoxide flux of 21.5 � 2.0 �M/min. Absorbance spikes caused by the
various additions and mixing are omitted from the traces, which are
offset vertically by an arbitrary amount for clarity. The NADPH con-
sumption rate for each trace is listed under Supplemental Materials
Table 1S.

TABLE I
Superoxide flux and NADPH consumption rates in the

absence or presence of azide or cyanide in the SOR assay of
either wild-type (WT) or E47A D. vulgaris 2Fe-SOR

Assays run at room temperature as described under “Experimental
Procedures” and the legend to Fig. 1 using 1 �M D. vulgaris 2Fe-SOR
(either wild type or E47A) [Fe(His)4(Cys)] sites in 50 mM sodium phos-
phate � 100 �M EDTA, pH 7.6. Ranges are as defined in the legend to
Fig. 2.

Inhibitor Superoxide
fluxa

NADPH consumption rate CN�

preincubation?WT E47A

�M/min �M/min

None 21.5 � 2.2 12.4 � 1.4 11.4 � 2.5 No
N3

� (1 mM) 24.7 � 2.9 14.3 � 1.6 NDb No
CN� (1 mM) 22.1 � 2.2 11.9 � 1.9 12.2 � 2.5 No
CN� (20 mM) 21.3 � 1.5 12.5 � 1.0 ND No
CN� (1 mM) 26.7 � 1.9 12.0 � 0.4 11.7 � 0.6 �20 h/20 mMc

CN� (20 mM) 21.3 � 1.5 1.7 � 0.6 ND �20 h/20 mMc

a Superoxide fluxes were independently calibrated with the same
concentrations of azide or cyanide as listed in the Inhibitor column.

b ND, not determined.
c 2Fe-SOR was preincubated with 20 mM cyanide at 4 °C for 20 h prior

to addition to the SOR assay mixture.
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nM and 10 �M while maintaining all other concentrations and
superoxide flux constant at the standard levels. A plot of the
NADPH consumption rates versus concentration of rubredoxin
is shown in Fig. 4. Approximately 0.45 �M rubredoxin was
needed for the maximum NADPH consumption rate under
these conditions. A fit of the Michaelis-Menten equation to the
data gave Vmax of 11.8 � 0.2 �M NADPH/min, and Km(app) of
�100 nM rubredoxin (at a superoxide flux of 19.9 � 0.8 �M/
min). Thus, at �0.45 �M rubredoxin, the rate-limiting step
must become either the reduction of rubredoxin by FNR or
reduction of 2Fe-SOR by rubredoxin. Varying the concentra-
tions of FNR (0.25–2 �M) or NADPH (50–300 �M) had very
little effect on the superoxide-dependent NADPH consumption
rates measured in this assay (cf. Supplemental Materials Figs.
S2 and S3). The 2Fe-SOR/rubredoxin reaction (corresponding
to the step with rate constant k3 in Scheme 1) must, therefore,

become rate-limiting only at submicromolar concentrations of
rubredoxin under our assay conditions.

Kinetics of SOR Reduction by Rubredoxin—The rate con-
stant for D. vulgaris 2Fe-SOR reduction by D. vulgaris rubre-
doxin was measured by stopped-flow mixing of excess reduced
rubredoxin with C13S 2Fe-SORblue. This 2Fe-SOR variant con-
tains the ferric [Fe3�(NHis)4(SCys)] site but lacks the [Fe(S-
Cys)4] site, the ferric absorption of which is very similar to that
of rubredoxin and, therefore, interferes with spectrophotomet-
ric monitoring of the rubredoxin oxidation (12). Fig. 5 shows
that the reaction progress was monitored as the increase in
absorbance at 490 nm (�490 8,700 M�1 cm�1) associated with the
ferric [Fe(SCys)4] site of oxidized rubredoxin, as well as the
decrease in absorbance at 650 nm associated with the ferric
[Fe(His)4(Cys)] site of C13S 2Fe-SORblue. The reactions were
conducted under approximately pseudo-first order conditions
with excess C13S 2Fe-SORblue (�650 1,900 M�1 cm�1). Under the
conditions used for these experiments, the earliest obtainable
spectra (�1 ms after mixing) indicated that nearly 75% of the
rubredoxin in solution had oxidized within the mixing dead
time. The changes in absorption ended �10 ms after mixing.
Because of the rapid time scale of this reaction, only the last
�25% of the reaction could be measured, which resulted in
relatively large uncertainties in the kinetics fits, especially for
the relatively small decreases in absorbance at 650 nm. There-
fore, only the 490-nm data are reported in Table II. The aver-
age kobs of �240 s�1 coupled with the C13S 2Fe-SORblue con-
centration of 200 �M used in these experiments leads to an
estimated second-order rate constant of 1.2 � 106 M�1 s�1 for
the reduced rubredoxin/C13S 2Fe-SORblue electron transfer
reaction. The fact that this value is about 4 times greater than
the previously reported electron self-exchange rate constant for
rubredoxin, �3 � 105 M�1 s�1, can be qualitatively rationalized
by the �300 mV driving force for the reduced rubredoxin/
oxidized 2Fe-SOR electron transfer reaction (12, 32) and the
protein-surface accessible, solvent-exposed [Fe(His)4(Cys)] site
of 2Fe-SOR (10). The limited amounts of C13S 2Fe-SOR avail-
able and the rapidity of the reaction prevented a more thorough
kinetic analysis. Because we have previously shown that C13S
2Fe-SOR reacts with superoxide in a manner indistinguishable
from that of the wild type protein (12), the second-order rate
constant listed above can be taken as an estimate of k3 in
Scheme 1 for the wild type 2Fe-SOR.

FIG. 2. Superoxide flux dependence on NADPH consumption
in the SOR activity assay. NADPH consumption rates were moni-
tored as shown in Fig. 1 and under the conditions described in the
legend to Fig. 1 using 1 �M D. vulgaris rubredoxin and 1 �M D. vulgaris
2Fe-SOR [Fe(His)4Cys)] sites. Plotted NADPH consumption rates were
corrected for background consumption prior to addition of xanthine
oxidase. Superoxide fluxes were independently measured both before
and after the assays, and the error bars indicate the standard devia-
tions of the averages of at least five measurements of superoxide fluxes
and three determinations of NADPH consumption rates.

FIG. 3. Dependence of NADPH consumption rate on D. vul-
garis 2Fe-SOR concentration in the SOR activity assay. Rates of
NADPH consumption were monitored as described and shown in Fig. 1
with 1 �M D. vulgaris Rub, 50 nM to 10 �M 2Fe-SOR [Fe(His)4Cys)]
sites, and a pre-calibrated amount of xanthine oxidase to produce a
superoxide flux of 21.3(� 0.7) �M/min. Plotted NADPH consumption
rates are corrected for the small background consumption prior to
addition of xanthine oxidase. Error bars represent the standard devia-
tion of three or more measurements at each 2Fe-SOR concentration.

FIG. 4. Dependence of NADPH consumption rate on D. vul-
garis rubredoxin concentration in the SOR activity assay. Rates
of NADPH consumption were monitored as described and shown in Fig.
1 using 50 nM to 10 �M D. vulgaris rubredoxin, 1 �M D. vulgaris
2Fe-SOR [Fe(His)4Cys)] sites, and a pre-calibrated amount of xanthine
oxidase to produce a superoxide flux of 19.9 (� 0.8) �M/min. Plotted
NADPH consumption rates are corrected for the small background
consumption prior to addition of xanthine oxidase. Error bars represent
the standard deviations of three or more measurements at each rubre-
doxin concentration.
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DISCUSSION

Detection of SOR Activity—In our hands the assay described
here consistently performs as a means of measuring SOR ac-
tivity of both 1Fe- and 2Fe-SORs. The SOR specificity and low
detection limit (�50 nM SOR) suggests that this assay could be
used to detect SORs in cellular extracts and/or during isolation
and purification, particularly in organisms that do not contain
SODs (which compete with SOR for superoxide). Fig. 1 shows
that C. pasteurianum rubredoxin, which is commercially avail-
able, as are all the other assay components, can be substituted
for the D. vulgaris rubredoxin in the SOR assay.

Analysis of SOR Turnover Kinetics—Together with our pre-
vious results (12, 13, 15), we now have experimental measure-
ments for all three rate constants, k1, k2, and k3 in Scheme 1 for
D. vulgaris 2Fe-SOR. The results presented in the text, Table I,
and Figs. 2–4 demonstrate that, under the standard SOR assay
conditions, NADPH consumption and superoxide generation
are tightly coupled and that the superoxide flux limits the
turnover rate. Under the steady state conditions of the SOR
assay, we can then make the following assumptions: (i) all
steps in Scheme 1 are irreversible; (ii) the measured superoxide
flux, �SOR, is equivalent to the rate of superoxide consumption
via Schemes 1 and 2; (iii) rubredoxin is essentially all in its
reduced form, i.e. the reduced rubredoxin concentration equals
the total rubredoxin concentration, [RubT]; and (iv) the total
SOR concentration, [SORT], is the sum of the concentrations of
resting ferrous ([SORred]), intermediate ([SORint]), and resting
ferric ([SORox]) species in Scheme 1,

	SORT] � [SORred] � [SORint] � [SORox] (Eq. 1)

Using the Flux Method (33), which assumes equal flux (� �SOR)
through all steps in the steady state, Equation 2 is then readily
derived (cf. Supplemental Materials) from Equation 1.

	SORT]/�SOR � 1/k1[O2
. ] � 1/k2 � 1/k3[RubT] (Eq. 2)

Equation 2 expresses simply that the total turnover time,
[SORT]/�SOR, is the sum of the transit times for each step in
Scheme 1.

Numerical comparisons of the various terms in Equation 2
provide several mechanistic insights regarding Scheme 1.
First, knowing only the superoxide flux (�10 �M/min 
 0.17
�M/s under our standard assay conditions) and [SORT] (1 �M),
we can estimate the total turnover time, [SORT]/�SOR, to be �6
s. That is, a given SOR molecule reacts with superoxide ap-
proximately once every 6 s under our assay conditions. This
turnover time is consistent with a very low steady state super-
oxide concentration. Rearranging Equation 2 to Equation 3,

[O2
. ] �

1/k1

[SORT]/�SOR � 1/k2 � 1/k3[RubT]
(Eq. 3)

and using the values of k1 and k2 listed in Scheme 1 (13, 15), the
value of k3 determined in this work, and the values of �SOR,
[RubT], and [SORT] used in our standard SOR assay (0.17 �M/s,
1 and 1 �M, respectively), the calculated steady state [O2

.] �
1.3 � 10�10 M. At such low concentrations, spontaneous dispro-
portionation of superoxide, occurring with second-order rate
constant �5 � 105 M�1 s�1 at pH 7.5 (34), is extremely slow
compared with our assay time scales, and, could, therefore, not
compete with the steady state reaction cycle in Scheme 1.
Second, the decay of the intermediate (1/k2 �0.02 s), and re-
duction of the ferric [Fe(His)4(Cys)] site, (1/k3[RubT] �0.8 s)
both occur much more rapidly than the diffusion-controlled
encounter of superoxide with the ferrous [Fe(His)4(Cys)] site
(1/k

1
[O2

.] �5 s), i.e. the total turnover time is dominated by the
first term on the right side of Equation 2. Thus, most (�86%) of
the SOR is in its reduced form (SORred) during steady state
turnover under the conditions described here. Finally, the de-
cay of the intermediate to the resting ferric state, (1/k2 �0.02
s), occurs much faster than reduction (1/k3[RubT] �0.8 s). The
incoming glutamate carboxylate shown in Scheme 1, therefore,
has ample time to ligate the ferric SOR site prior to its re-
reduction. Removal of this ligating glutamate does not appre-
ciably affect turnover time; the E47A 2Fe-SOR (in which this
glutamate is changed to an alanine) showed activity that was
indistinguishable from the wild type in the SOR assay (cf. Fig.
1 and Table I). We and others have previously shown that k2 is

FIG. 5. Rapid-scanning stopped-
flow spectroscopy of the absorbance
changes following mixing of C13S
2Fe-SORblue with reduced rubre-
doxin at 25 °C in 50 mM sodium phos-
phate, pH 7.5. An anaerobic solution of
reduced rubredoxin was stopped-flow
mixed (1:1) (v/v) with a C13S 2Fe-SORblue
solution, resulting in concentrations of 20
�M rubredoxin ferrous [Fe(Cys)4] sites
and 200 �M C13S 2Fe-SORblue ferric
[Fe(His)4(Cys)] sites immediately after
mixing. The first spectrum (with the low-
est A490 nm and highest A650 nm) was
obtained �1 ms after mixing, and subse-
quent spectra at 2-ms intervals until 10
ms. Inset shows corresponding absorb-
ance versus time traces at 490 and 650
nm.

TABLE II
Observed rate constants for stopped-flow reactions of reduced

D. vulgaris rubredoxin with excess D. vulgaris C13S 2Fe-SORblue

[Rubredoxin] kobs
a

�M s�1

40 360 � 40
20 255 � 100
10 100 � 70

a Rate constants are based on the assumption that all of the rubre-
doxin was in the ferrous state when the reaction was initiated.
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unaffected by the E47A substitution at and above neutral pH
(13, 17). Fig. 3 shows that a �2-fold decrease from the standard
1 �M concentration of rubredoxin leads to detectably lower
NADPH consumption rates, which, based on Equation 2,
means that a factor of �2 increase in the 1/k3[RubT] term is
sufficient to detectably slow down turnover. The lack of effect of
the E47A substitution, therefore, implies that this substitution
does not lead to an appreciable (�2-fold) decrease in k3. Thus,
neither ligation nor deligation of this carboxylate is rate-limit-
ing for SOR turnover under the assay conditions. The E47A
2Fe-SOR variant was also able to complement SOD knockout
strains of E. coli (17)2 (see discussion below), indicating that
this variant is functional in vivo. The E47A substitution does
not confer substantial SOD activity on 2Fe-SOR (13). The “pur-
pose” of this conserved glutamate ligand, thus, remains mys-
terious. Ligation by this glutamate may inhibit side reactions,
such as with H2O2. The E47A variant appears to be somewhat
more reactive than wild type with excess H2O2 (13, 35).

In Vivo Relevance—Whereas no estimates of superoxide lev-
els are available for anaerobic microorganisms exposed to air,
the steady state superoxide concentration of �10�10 M calcu-
lated for our SOR assay is the same as the steady state cyto-
plasmic superoxide concentration estimated for aerobically
growing E. coli (36), and this level was analyzed to be barely
sublethal (37). Expression of either 2Fe- or 1Fe-SORs, includ-
ing the D. vulgaris 2Fe-SOR examined here, has been shown to
restore aerobic growth to SOD knockout mutants of E. coli
(which contains no SOR homolog) (1, 7, 8, 24) and to lower
intracellular superoxide levels in such strains (4). This lower-
ing presumably occurs via pathways analogous to those of
Schemes 1 or 2, but must use a proximal electron donor other
than rubredoxin (which is not present in E. coli). The superox-
ide flux estimated for aerobic, exponentially growing E. coli is
about an order of magnitude higher than could be achieved
using the xanthine/xanthine oxidase system in our SOR activ-
ity assay (36, 37). To analyze the turnover of SOR under such
conditions we can simplify Equation 3 as follows. Under our
assay conditions with �10�10 M steady state [O2

.], [SORT]/�SOR ��
1/k2 as discussed above, and the term equivalent to 1/k3[RubT]
must also be small compared with [SORT]/�SOR, because the SOR
appears to be fully reduced prior to breaking the SOD knockout
E. coli cells expressing the SORs (6)2,3 Therefore, under the growth
conditions of the SOR-complemented E. coli strains, Equation 3 can
be approximated by Equation 4.

[O2
. ] �

1/k1

[SORT]/�SOR
�

�SOR

k1[SORT]
(Eq. 4)

According to Equation 4, an order of magnitude higher su-
peroxide flux would require an order of magnitude higher
[SORT] to maintain approximately the same steady state [O2

.].
We can, thus, estimate that the intracellular [SORT] concen-
tration in complemented SOD knockout E. coli strains must be
on the order of at least 10 �M (in active sites) to maintain
[O2

.] at �10�10 M. This lower limit of intracellular SOR concen-
tration is about the same as the estimated SOD concentration
in wild type E. coli (36–38). Presuming that intracellular su-
peroxide must be reduced to approximately the same low level
for survival of anaerobic microorganisms exposed to air, and,

because 10�10 M is less than one molecule per bacterial cell, this
analysis emphasizes that, like SODs, SORs function in large
excess over their steady state substrate concentration, as is the
case in our SOR activity assay.

Thus, on the basis of the ability to lower superoxide concen-
trations, SORs and SODs appear to be about equally efficient
at scavenging superoxide. SODs, however, do not require a
source of reducing equivalents, which might seem to constitute
an advantage over SORs for scavenging of superoxide. How-
ever, in the glucose-grown, aerobically respiring SOD knockout
E. coli strains, sufficient reducing equivalents are provided to
recombinantly expressed SOR such that its turnover lowers
superoxide to non-lethal levels (1, 7, 8, 24). In aerobic bacteria
the flux of reducing equivalents through the membrane-bound
respiratory chain is considered to be the main generator of
cytoplasmic superoxide via adventitious one-electron reduction
of dioxygen (38, 41, 42). As has been pointed out (38), because
only a minute fraction (�0.1%) of the total respiratory reducing
flux is diverted to produce superoxide, the reducing equivalents
that would need to be diverted to reduce this superoxide via
SOR must also be a minute fraction of those passing through
the respiratory chain. It has, in fact, been proposed that, under
the relatively reducing conditions of the bacterial cytoplasm,
SODs might also function as SORs (38, 43). We have not,
however, detected SOR activity for either Cu/Zn- or Fe-SODs
using our assay.

Many “strictly” anaerobic sulfate-reducing bacteria have the
ability to reduce dioxygen (44), and a functional cytochrome
bd-type membrane-bound terminal oxidase has been isolated
from D. gigas (45). The D. vulgaris strain Hildenborough (H) is
the source of the rubredoxin and 2Fe-SOR examined in this
work. The D. vulgaris H genome contains genes encoding both
cytochrome c- and bd-type membrane-bound terminal oxidases
(46). The function of these “respiratory” oxidases is unclear,
because these sulfate-reducing bacteria do not grow aerobi-
cally. One possible function is dioxygen scavenging upon expo-
sure to air, which would thereby generate a superoxide flux.
D. vulgaris H, which remains viable after up to a few hours
incubation in air-saturated media (8, 46), contains a periplas-
mic SOD and a single cytoplasmic SOR, the 2Fe-SOR examined
in this work (8). A mutant D. vulgaris H strain in which the
SOR is inactivated was clearly more sensitive than the wild
type to both air exposure and to paraquat-induced increases in
cytoplasmic superoxide fluxes (8, 46). A limiting factor in aer-
obic survival of D. vulgaris H may be the in vivo lifetime of
2Fe-SOR. This protein gradually disappeared from air-exposed
D. vulgaris H cells (46), presumably because of damaging re-
actions in the increasingly oxidizing environment. In its natu-
ral growth habitat D. vulgaris may more often be exposed to
subaerobic levels of dioxygen (44, 47, 48), which may be low-
ered even further by reduction in the periplasm (46, 49). The
cytoplasmic superoxide flux under such conditions is unknown
but is unlikely to be significantly higher than that of dioxygen-
respiring aerobic bacteria.

The activities in the SOR assay of the 1Fe-SORs from
D. gigas and T. pallidum (the latter of which is a microaero-
phile and contains no classical SOD), are indistinguishable
from that of D. vulgaris 2Fe-SOR. The D. gigas and T. pallidum
1Fe-SORs were also able to complement SOD knockout E. coli
strains (7, 24), once again relying on non-native electron do-
nors. The relatively long turnover times, coupled with the high
reduction potentials of SOR active sites (�200 mV versus NHE)
(12), helps explain how non-native donor(s) in E. coli can fur-
nish reducing equivalents for viable intracellular SOR turn-
over and suggests that SORs may use more than one proximal
electron donor even in the native organism. The values of k1 for

2 J. P. Emerson and D. M. Kurtz, Jr., unpublished results.
3 In the case of the 2Fe-SORs, this conclusion is based on the lack of

a red color in whole cells or freshly prepared cell extracts that would
arise from the more strongly absorbing ferric [Fe(Cys)4] site. This site
must, therefore be fully (or nearly so) reduced. Note that the ferric
[Fe(Cys)4] site in 2Fe-SORs has a lower reduction potential and is
harder to reduce than the ferric [Fe(His)4(Cys] site (cf. Ref. 20). The
color due to the ferric [Fe(Cys)4] site of 2Fe-SOR gradually develops
upon exposure of the cell extracts to air.

The Superoxide Reductase Catalytic Cycle 39667



four different 1Fe- and 2Fe-SORs are all on the order of 109 M�1

s�1, whereas the values of k2 equal or exceed those listed in
Scheme 1 (7, 13, 14, 50). Presuming similarly high values of k3

to that measured for D. vulgaris 2Fe-SOR (and/or higher con-
centrations of proximal electron donor(s) than used in our
assay), Equation 4 implies that, in the presence of an adequate
supply of reducing equivalents, all of the characterized SORs
should lower steady state superoxide levels with about equal
efficiency, which is limited by the diffusion-controlled reaction
of the ferrous SOR active site with superoxide (the k1 term in
Equation 4). The results reported here, thus, provide quanti-
tative support for previous suggestions (3, 20) that, in times of
intracellular oxidative stress, SORs function as relatively pro-
miscuous electron acceptors but specific electron donors to su-
peroxide, i.e. under such conditions SORs efficiently funnel
intracellular reducing equivalents to superoxide.
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