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In Escherichia coli, the switch between aerobic and anaerobic
metabolism is controlled primarily by FNR (regulator of fumarate
and nitrate reduction), the protein that regulates the transcription
of >100 genes in response to oxygen. Under oxygen-limiting
conditions, FNR binds a [4Fe-4S]2ⴙ cluster, generating a transcriptionally active dimeric form. Upon exposure to oxygen the cluster
converts to a [2Fe-2S]2ⴙ form, leading to dissociation of the protein
into monomers, which are incapable of binding DNA with high
affinity. The mechanism of cluster conversion together with the
nature of the products of conversion is of considerable current
interest. Here, we demonstrate that [4Fe-4S]2ⴙ to [2Fe-2S]2ⴙ cluster
conversion, in both native and reconstituted [4Fe-4S] FNR, proceeds via a one electron oxidation of the cluster, to give a
[3Fe-4S]1ⴙ cluster intermediate, with the release of one Fe2ⴙ ion
and a superoxide ion. The cluster intermediate subsequently rearranges spontaneously to form the [2Fe-2S]2ⴙ cluster, with the
release of a Fe3ⴙ ion and, as previously shown, two sulfide ions.
Superoxide ion undergoes dismutation to hydrogen peroxide and
oxygen. This mechanism, a one electron activation of the cluster,
coupled to catalytic recycling of the resulting superoxide ion back
to oxygen, provides a means of amplifying the sensitivity of
[4Fe-4S] FNR to its signal molecule.
DNA regulation 兩 iron-sulfur

I

n Escherichia coli, the switch between aerobic and anaerobic
respiration is primarily controlled by the transcriptional regulator of fumarate and nitrate reduction (FNR) (1–3). The
protein belongs to a large family of regulators that modulate
physiological changes in response to various environmental and
metabolic challenges (4–6). Together with the E. coli cAMP
receptor protein (CRP), FNR is a pivotal member of an expanding superfamily of structurally related transcriptional factors (5).
The archetypal CRP structural fold provides a versatile system
for transducing either environmental or metabolic signals into a
physiological response (5–7). Based on sequence homology,
FNR, like CRP, consists of two distinct domains that provide
DNA-binding and sensory functions (see Fig. 1) (7–9). The
C-terminal DNA-binding domain recognizes specific FNRbinding sequences within FNR-controlled promoters (10). The
N-terminal sensory domain contains five cysteine residues, four
of which (Cys-20, -23, -29, and -122) are essential and capable of
binding either a [4Fe-4S]2⫹ or a [2Fe-2S]2⫹ cluster (11–13).
FNR is activated under anaerobic conditions by the acquisition
of one [4Fe-4S]2⫹ cluster per protein (12–15), which promotes
dimerization and enhances site-specific DNA-binding to target
promoters (16, 17). Molecular oxygen triggers the conversion of the
[4Fe-4S]2⫹ cluster into a [2Fe-2S]2⫹ cluster, both in vivo and in vitro,
causing a conformational change within the protein that induces
monomerization, preventing sequence-specific DNA binding and
favorable interactions with the transcription machinery (12, 14–16,
18–20).
The mechanism of the oxygen-mediated cluster conversion is
of considerable current interest. Various mechanisms have been
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Fig. 1. Predicted structure of a FNR monomer. The proposed structure of a
FNR monomer, based on homology with CRP. The locations of important
features are shown. The model was generated by using Swiss-Model and the
Swiss-PDB viewer (9) with CRP as a template (7).

proposed for this process, including oxygen reduction to hydrogen peroxide through metal-centered oxidation (15) and oxygen
reduction to water through sulfide-based oxidation (21). Recently, we reported the detection of approximately two sulfide
ions released per FNR monomer during cluster conversion (22),
demonstrating that cluster oxidation is metal based.
Here, we demonstrate that the reaction of oxygen with
[4Fe-4S] FNR (either native or reconstituted) in vitro occurs in
two steps. The first is a second-order, one-electron oxidation of
the [4Fe-4S]2⫹ cluster, leading to the generation of superoxide
ion and a [3Fe-4S]1⫹ cluster intermediate, with the ejection of
one Fe2⫹. The second step is the spontaneous (first-order)
conversion of the [3Fe-4S]1⫹ cluster to the [2Fe-2S]2⫹ form, with
the release of two sulfides and a Fe3⫹ ion. Superoxide generated
during the first step undergoes, at least in part, dismutation to
hydrogen peroxide and oxygen. We propose that catalytic recycling of superoxide/hydrogen peroxide back to oxygen provides
a means to amplify the sensitivity of [4Fe-4S] FNR to its signal.
Results
Characterization of Intermediates During the Oxidation of FNR. We
previously reported the detection of an EPR-active species, with
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Detection and Quantitation of Superoxide. The reduction of oxi-

dized cytochrome c by superoxide is a single-electron process
Crack et al.

that can be monitored with great sensitivity because of the large
change in the optical properties of the heme ␣/␤ absorption
bands upon reduction (⌬550nm of 21,000 M⫺1䡠s⫺1) (24).
To investigate whether the conversion of [4Fe-4S] to [2Fe-2S]
FNR by oxygen generates superoxide, we modified the reported
cytochrome c reduction assay (25) (see Materials and Methods).
Under pseudo-first-order conditions (in which cytochrome c was
in excess), addition of oxygen to 9 M [4Fe-4S] FNR resulted in
3.3 ⫾ 0.9 M reduced cytochrome c, indicating that superoxide
was produced (0.37 O⫺•
2 per [4Fe-4S]) (Fig. 3A). To confirm the
specificity of the assay, the experiment was repeated in the
presence of superoxide dismutase (SOD) (Fig. 3A). Here, only
⬇0.5 M reduced cytochrome was detected, consistent with
measurements under anaerobic conditions [with and without
catalase/SOD (Fig. 3B)]. Hydrogen peroxide, which may result
from the spontaneous dismutation of superoxide, reoxidizes
reduced cytochrome c (24). To assess whether hydrogen peroxide is generated, the assay was repeated in the presence of
catalase. Under these conditions 5.2 ⫾ 0.2 M reduced cytochrome was detected (0.58 superoxide ions per [4Fe-4S]) (Fig.
3A), indicating that some hydrogen peroxide is indeed produced
during the oxygen reaction of [4Fe-4S] FNR (15).
The data at 550 nm fitted well to a single exponential function,
giving a pseudo-first-order rate constant, kobs, of 0.0107 ⫾ 0.0012
s⫺1. Division of the observed rate constant by the cytochrome c
concentration estimated the apparent second-order rate constant,
kcyt, to be ⬇145 M⫺1䡠s⫺1 at 21°C.

Fig. 3. Detection of superoxide during [4Fe-4S] FNR oxidation. Cytochrome
c reduction measured at 21°C in the presence of reconstituted [4Fe-4S] FNR (⬇9
M), oxidized cytochrome c (74 M) and oxygen (219.5 M), oxygen and
catalase (CAT), or oxygen and SOD (dashed black line), as indicated. Anaerobic
(dashed gray line) and anaerobic with CAT and SOD (solid gray) served as
controls. Reactions were carried out in buffer A. Single exponential fits are
drawn in (solid black lines).
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a signal centered on g ⬇ 2.01, after the addition of oxygen to
EPR-silent [4Fe-4S] FNR (15). To characterize this species
further, [4Fe-4S] FNR was exposed to a near stoichiometric
amount of molecular oxygen and rapidly frozen. An S ⫽ 1⁄2
signal, similar to that previously reported (15), was observed
(data not shown). The signal reached a maximum intensity at a
temperature of 13.9 ⫾ 0.1 K, after which it rapidly decreased and
was broadened beyond detection above ⬇30 K (data not shown).
The signal saturated at 13.9 K with a P1⁄2 value of 1.6 ⫾ 0.3 mW.
These properties, together with the similarity of the signal line
shape to that of the [3Fe-4S]1⫹ form of c-aconitase (23), indicate
that the signal arises from a [3Fe-4S]1⫹ cluster. Spin integration
revealed a level of ⬇15% of the original [4Fe-4S]2⫹ cluster
concentration, consistent with previous observations (15). Identical results were obtained with both native and reconstituted
[4Fe-4S] FNR samples (a full comparison of these will be
reported elsewhere).
To determine whether the [3Fe-4S]1⫹ species is an intermediate
or a stable dead-end product of an incompletely converted cluster,
[4Fe-4S] FNR was mixed with a 10-fold excess of oxygen and
aliquots frozen at increasing time periods between 0 and 125 s for
EPR analysis (Fig. 2A). The intensity of the [3Fe-4S]1⫹ S ⫽ 1⁄2 EPR
signal at 15 K was plotted as a function of time (Fig. 2B). The form
of the plot demonstrates behavior consistent with that of an
intermediate species. A signal at g ⫽ 4.3, characteristic of rhombic
high-spin Fe3⫹ ion, was not detected during this time course.
EPR intensity changes were compared with optical measurements of cluster conversion at 420 nm derived from an identical
sample of [4Fe-4S] FNR after the addition of a 10-fold excess of
oxygen (Fig. 2B). The time course of the data could not be fitted
to a single exponential but fitted well to a double-exponential
function (Fig. 2B). The EPR kinetic data subsequently were also
fitted to a double-exponential function with rate constants identical
to those determined from the 420-nm decay (Fig. 2B). Thus, the
intermediate is formed and decays at rates consistent with the
overall optical decay process, indicating that the same processes are
being observed.
Addition of oxygen results in the initial conversion of [4Fe-4S]2⫹
to [3Fe-4S]1⫹, which here is a pseudo-first-order reaction with kobs
⬇ 0.06 s⫺1. Division of the observed rate constant by the oxygen
concentration gives an estimate of the apparent second-order rate
constant, k1, to be ⬇278 M⫺1䡠s⫺1 at 21°C. This reaction is followed
by the conversion of the [3Fe-4S]1⫹ cluster to the [2Fe-2S]2⫹ form,
a first-order process with rate constant k2 ⬇ 0.0087 s⫺1 at 21°C.
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Fig. 2. Detection of an intermediate cluster during the oxidation of [4Fe-4S] FNR. (A) EPR spectra of reconstituted [4Fe-4S] FNR (20.4 M), in buffer A, as a
function of time after exposure to oxygen (219.5 M, 21°C). EPR parameters: temperature, 15 K; microwave power, 2.0 mW; frequency, 9.67 GHz; modulation
amplitude, 0.5 mT. Spectra are normalized to the same gain. (B) Correlation of EPR observations with optical (420 nm) observations. Optical data are indicated
in gray, and EPR data are indicated as filled circles. Double-exponential function fits of the optical and EPR data are shown as a solid line and broken line,
respectively (see Data Analysis). Fitting parameters, kobs1 ⫽ 0.0611 s⫺1, kobs2 ⫽ 0.0087 s⫺1.

Fig. 4. Oxygen dependence of cluster conversion measured by optical absorbance. (A) Reconstituted [4Fe-4S] FNR (5 M) was mixed with aliquots of buffer
B containing varying concentrations of dissolved oxygen at 25°C. Loss of the [4Fe-4S] cluster was monitored at 420 nm as a function of time (in gray). Doubleexponential function fits of the data are indicated by solid black lines. Arrows indicate the direction of response with increasing initial oxygen concentrations.
(B) Plot of the first observed (first order) rate constants obtained from the data in A and similar experiments as a function of oxygen concentration (filled circles).
A least-squares linear fit (black line) of the data is drawn in.

Oxygen Dependence of [4Fe-4S]2ⴙ to [3Fe-4S]1ⴙ Cluster Conversion
Measured by Absorbance at A420nm. If the initial reaction of [4Fe-

4S]2⫹ FNR with oxygen is a second-order reaction, then the initial
rate constant measured under pseudo-first-order conditions (where
oxygen is in excess) should exhibit a linear dependence on oxygen
concentration. To test this hypothesis, 420-nm decays were measured at increasing concentrations of oxygen (Fig. 4A). A singleexponential function did not provide good fits, but the data fit well
to a double-exponential function. Observed pseudo-first-order rate
constants for the first exponential phase, kobs, corresponding to
[4Fe-4S]2⫹ to [3Fe-4S]1⫹ cluster conversion, were plotted against
the oxygen concentration (Fig. 4B). A linear dependence of kobs on
oxygen concentration is observed, giving an apparent second-order
rate constant, k1, of ⬇300 M⫺1䡠s⫺1 at 25°C {for both native (data
not shown) and reconstituted [4Fe-4S] FNR}.
Rate constants for the second exponential phase, corresponding
to [3Fe-4S]1⫹ to [2Fe-2S]2⫹ cluster conversion, showed some variability between data sets but were essentially oxygen independent.
Determination of the Oxidation State of Iron Released During Cluster
Conversion. The Fe2⫹-specific chelator 5,5⬘(3-(2-pyridyl)-1,2,4-

triazine-5,6-diyl)-bis-2-furansulfonate (Ferene), which forms a
complex, [Fe(II)(Ferene)3]4⫺ (hereafter denoted as Fe2⫹Ferene), with intense absorbance at 593 nm, was used to monitor
the kinetics of cluster conversion, specifically detecting Fe2⫹
upon release of iron from the cluster (21). Under anaerobic
conditions, both native and reconstituted [4Fe-4S]2⫹ clusters in
FNR are stable to excess Ferene (see 0 M oxygen, Fig. 5A). A
slow reaction was observed, but ⱖ16 h was required to observe

full breakdown of the cluster. Thus, rapid formation of the
colored Ferene complex after the addition of oxygen to [4Fe-4S]
FNR results from the oxygen-mediated release of iron from the
cluster. Control experiments established that ⱖ98% of Fe2⫹ ions
[as (NH4)2Fe(II)(SO4)2] introduced under anaerobic or aerobic
conditions could be recovered as Fe2⫹-Ferene essentially instantaneously (data not shown), provided that the concentration of
Ferene is maintained in an ⬇10-fold excess over Fe2⫹. Control
reactions between Ferene (100 M) and Fe3⫹ (6.4 M as FeCl3)
resulted in the detection of only 0.14 M iron as the Fe2⫹-Ferene
complex. Thus, we conclude that Ferene can be used to report
accurately on Fe2⫹ ion release from the [4Fe-4S]2⫹ cluster.
Kinetic experiments were repeated in the presence of excess
Ferene, with Fe2⫹-Ferene monitored at 593 nm. Data from both
native and reconstituted [4Fe-4S] FNR (Fig. 5A) fit well to a
single-exponential function. A plot of the observed rate constant as
a function of the oxygen concentration (Fig. 5B, left ordinate) is
linear, giving an apparent second-order rate constant, k1, of ⬇200
M⫺1䡠s⫺1. Hence, monitoring cluster conversion at 420 nm and
detection of Fe2⫹ release by Ferene complex formation are consistent, giving an apparent second-order rate constant of k1 ⫽ 250 ⫾
50 M⫺1䡠s⫺1 at 25°C. These observations are also consistent with the
kinetic modeling of the intermediate [3Fe-4S]1⫹ cluster.
From the Ferene assay data, the total concentration of Fe2⫹
detected during cluster conversion was determined. A plot of
Fe2⫹ recovered as a function of oxygen concentration is shown
in Fig. 5B (right ordinate). This plot demonstrates clearly that ⬇1
Fe2⫹ ion per cluster is recovered. The slight downward trend
indicates that somewhat less Fe2⫹ is detected at higher oxygen

Fig. 5. Oxygen dependence of the rate of Fe2⫹ release from [4Fe-4S] FNR upon oxidation. (A) Reconstituted [4Fe-4S] FNR (2 M) was mixed with aliquots of
buffer B containing varying concentrations of dissolved oxygen at 25°C. Release of Fe2⫹ was monitored with Ferene (100 M) at 593 nm (in gray). Singleexponential function fits of the data are indicated by solid black lines. Arrows indicate the direction of response with increasing initial oxygen concentrations.
(B) Plot of the first observed (first order) rate constants obtained from the data in A and similar experiments as a function of oxygen concentration (filled circles,
left ordinate). A least-squares linear fit (black line) of the data is drawn in. The dependence of Fe2⫹ recovered per [4Fe-4S] by Ferene is plotted as a function of
the oxygen concentration (open triangles, right ordinate).
2094 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609514104

Crack et al.

[4Fe-4S]2⫹ ⫺e⫺ 3 [4Fe-4S]3⫹ 3 [3Fe-4S]1⫹ ⫹ Fe2⫹.
[1]
This reaction may provide a good model for the [4Fe-4S] FNR
reaction observed here. A one-electron oxidation reaction of this
type would result in an Fe2⫹ ion and the one-electron reduction
product of oxygen in superoxide. Alternatively, the Fe2⫹ may
also be oxidized, resulting in the two-electron reduction product,
hydrogen peroxide. We have previously detected hydrogen
peroxide after the reaction of [4Fe-4S] FNR with oxygen (15).
To resolve this crucial question, we sought to determine the
nature of the reduced oxygen species and the oxidation state of the
iron released during step 1 of the reaction. A modified version of
the cytochrome c reduction method of McCord and Fridovich (25)
demonstrated that a significant quantity of superoxide (0.37 ions
per cluster) is generated during the oxygen reaction of [4Fe-4S]. In
the presence of added SOD, the reduction of cytochrome c is
essentially prevented, confirming the specificity of the reaction.
Superoxide ions are generated in cells as a by-product of aerobic
respiration, in which oxygen is reduced to water (32). The process
is not 100% efficient, and partially reduced oxygen species are
generated that can be extremely toxic (33). The cell is equipped with
SODs and catalases/peroxidases to deal with them (32, 33). Our
observations here demonstrate that, in its reaction with oxygen,
FNR generates superoxide as an essential step in its mechanism of
action, rather than as a by-product. We are not aware of any other
well characterized examples of the deliberate generation of
superoxide.
The O2/O⫺•
couple is not powerfully oxidizing (Eo ⬍ 0 V)
2
(34), even when the concentration of oxygen far exceeds that
of superoxide. The fact that the one-electron oxidation reaction
proceeds therefore indicates that the potential of the
Crack et al.

[4Fe-4S]2⫹ ⫹ O2 3 [3Fe-4S]1⫹ ⫹ Fe2⫹ ⫹ O⫺•
2 .

[2]

The second step of the reaction involves the spontaneous
conversion of [3Fe-4S] to [2Fe-2S] FNR. We recently reported
the release of two sulfides (and two irons) per cluster during
cluster conversion, ruling out sulfide oxidation (22). The [3Fe4S]1⫹ and [2Fe-2S]2⫹ clusters contain three and two Fe3⫹ ions,
respectively; thus, this step involves the release of one Fe3⫹.
The lack of an EPR signal in the g ⬇ 4.3 region, characteristic
of rhombic high-spin Fe3⫹, would be consistent with the conclusion that only Fe2⫹ ions are released from the cluster after
exposure to oxygen. However, we note that Fe3⫹ and S2⫺ ions
can form an EPR invisible species, e.g., Fe2S3 (37, 38). Furthermore, the total amount of Fe2⫹ released during cluster conversion, i.e., approximately one per cluster, and the detection of 2
Fe2⫹ ions per cluster in the presence of reductant implies that the
second iron is indeed released as Fe3⫹.
From 420-nm absorption measurements, the observed rate constant for the second-step reaction was found to be oxygen independent, consistent with it being the rate-limiting step. Hence, step
2 is a first-order reaction with an apparent rate constant, k2, of
⬇0.008 s⫺1 (⬇1 order of magnitude lower than step 1) and can be
written as in Eq. 3:
PNAS 兩 February 13, 2007 兩 vol. 104 兩 no. 7 兩 2095
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Discussion
The mechanism by which the global transcriptional regulator FNR
converts from an active DNA-binding [4Fe-4S]2⫹ form to an
inactive [2Fe-2S]2⫹ form is currently the subject of debate (21, 26).
Here, we have studied the kinetics of the conversion process and
sought to identify the intermediates generated during it. A nearly
complete description of the process emerges from this study.
The data demonstrate that the oxygen-induced conversion of
the [4Fe-4S]2⫹ cluster of FNR to the [2Fe-2S]2⫹ form proceeds
in at least two steps, with the first leading to an EPR-active
[3Fe-4S]1⫹ intermediate species. The rate of this step increased
linearly with oxygen, indicating an overall second-order reaction
with an apparent rate constant, k1 ⫽ 250 ⫾ 50 M⫺1䡠s⫺1 at 25°C.
The conversion of [4Fe-4S] to [3Fe-4S] clusters is well known.
Some ferredoxins (Fds), such as FdI and FdIII from Azotobacter
vinelandii and Desulfovibrio africanus, respectively, have labile clusters that interconvert by a reversible, Fe2⫹ concentrationdependent equilibrium (27, 28). This process is not the reaction in
FNR because the [4Fe-4S]2⫹ cluster is stable toward the addition of
the Fe2⫹ chelator Ferene. Instead, the reaction of the [4Fe-4S]2⫹
cluster is an oxidative one. Oxidative conversion of [4Fe-4S] to
[3Fe-4S] clusters was first observed in simple bacterial Fds (29) and
quantified by using electrochemical methods (30). In studies of
Clostridium pasteurianum 8Fe Fd, a one-electron oxidation pulse
was observed to take the two clusters transiently to the superoxidized state, [4Fe-4S]3⫹, which labilized an Fe2⫹ ion to generate the
oxidized form, [3Fe-4S]1⫹ (31); see Eq. 1:

[4Fe-4S]3⫹/2⫹ couple in FNR must be low, and the observed
reaction rate suggests that the protein environment is exquisitely
tuned for reaction of the cluster with oxygen.
The concentration of superoxide ion detected was increased
further in the presence of catalase (0.58 superoxide ions per
cluster), demonstrating that released superoxide disproportionates to hydrogen peroxide and oxygen. The presence of catalase
inhibits the reoxidation of reduced cytochrome c by hydrogen
peroxide (24), leading to an increase in the total concentration
of reduced cytochrome detected. Even with catalase, substoichiometric amounts of superoxide were detected, indicating that
an intrinsic dismutase activity competes with the reaction of
superoxide with cytochrome c. This observation is consistent
with our previous study (15) in which ⬇0.5 mol of H2O2 per
cluster were detected. We note that superoxide will readily
disproportionate to H2O2 and O2 at a substantial rate, especially
in the presence of Fe2⫹ ions (k ⱖ 106 M⫺1䡠s⫺1 at pH 7.0) (35).
The apparent second-order rate constant for the reaction of
superoxide with oxidized cytochrome c determined here (kcyt ⬇
145 M⫺1䡠s⫺1) is significantly lower than that reported in ref. 36.
This finding indicates that this reaction is not the ratedetermining step. It is similar to that measured here for step 1
(⬇250 M⫺1䡠s⫺1), indicating that the rate-determining step is
either the generation of superoxide or its release from the
protein. Further experiments are required to establish which of
these is the case. The latter possibility is of interest in relation to
the intrinsic dismutation activity exhibited by the protein.
To address the question of the oxidation state of the iron
released during the first step, we used the strong Fe2⫹-chelator
Ferene, which has been used previously to monitor iron release
from FNR (21). A comparison of data obtained from the Ferene
assay with that obtained in the absence of Ferene (at 420 nm)
shows that there is close agreement. Thus, Ferene does not
perturb the rate of Fe2⫹ released by FNR and therefore acts as
reporter of the rate of the first step of the reaction. In addition,
the Ferene data fit well to a single exponential, indicating that
under the conditions used, the assay reports only on the first step
of cluster conversion. Importantly, the total amount of Fe2⫹ ions
detected by the Ferene assay was ⬇1 Fe2⫹ ion per cluster,
demonstrating that iron is released as Fe2⫹ in the first step.
Thus, we have identified and quantified each of the products
involved in the first step of the reaction between [4Fe-4S] FNR
and oxygen, which can be written as in Eq. 2:
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concentration, presumably because of an increasing propensity
of Fe2⫹ toward oxidation. In equivalent experiments, the inclusion of the reductant sodium ascorbate (4 M) resulted in the
detection of 2 Fe2⫹ ions per cluster (data not shown). Thus, we
conclude that Fe2⫹ is released during step 1, and Fe3⫹ is released
during step 2.

[3Fe-4S]1⫹ 3 [2Fe-2S]2⫹ ⫹ Fe3⫹ ⫹2S2⫺.

[3]

The overall reaction is given as Eq. 4:

Materials and Methods

[4Fe-4S]2⫹ ⫹ O2 3
[2Fe-2S]

2⫹

⫹ Fe

2⫹

⫹ Fe

3⫹

⫹2S

provides a feedback mechanism to amplify the sensitivity of [4Fe4S] FNR to oxygen.

2⫺

⫹

O⫺•
2 .

[4]

The model presented here is not consistent with that proposed
by other workers, in which a concerted single-step conversion
mechanism was favored (21). The detection and characterization of
a [3Fe-4S]1⫹ intermediate, along with the production of superoxide
ion, shows clearly that the conversion reaction does not occur in a
single step. However, ejection of one Fe2⫹ and one Fe3⫹ during the
conversion (Eq. 4) is consistent with previous observations by
Mössbauer spectroscopy both in vivo and in vitro (12, 18).
Our model indicates that the first step, the bimolecular
reaction of the [4Fe-4S]2⫹ cluster with oxygen, is the sole
oxidative step. This reaction results in a change in the cluster,
from one that can bind four cysteine thiols, [Fe4S4(Cys)4]2⫺, to
one capable of binding only three, [Fe3S4(Cys)3]2⫺. This process
is likely to initiate a conformational change and is reminiscent
of the ligand exchange at the heme group of CooA (a CRP/FNR
family member) that triggers the conformational changes needed
to induce DNA binding in the presence of carbon monoxide (39).
In FNR the required reducing equivalent is released during the
[4Fe-4S]2⫹ to [3Fe-4S]1⫹ conversion. However, unlike bacterial
Fds, the [3Fe-4S]1⫹ cluster itself is thermally unstable, expelling a
further iron as Fe3⫹ in a nonoxidative reaction. This instability
enables the protein to complete the conformational change, initiated in step 1, which rearranges the cysteine ligands to accommodate the [2Fe-2S]2⫹ cluster. We note that a mechanism similar to
that described here for FNR may occur in the oxygen-induced
degradation of the [4Fe-4S]2⫹ cluster of biotin synthase and other
radical SAM enzymes, which degrade to a semistable [2Fe-2S]2⫹
cluster (40, 41).
The generation of superoxide ion in step 1 appears to be a
hazardous strategy for a transcriptional regulator, given the
possibility of DNA damage (42). However, when considered as
a regulator with a requirement for a high sensitivity to oxygen
levels, we note that, because the process is triggered by a
one-electron reaction (step 1), one oxygen molecule could
oxidize four [4Fe-4S] clusters provided that the product, superoxide, is rapidly dismutated back to oxygen. In the reaction of
four [4Fe-4S] FNR molecules with oxygen, the resulting four
equivalents of superoxide undergo dismutation, generating two
equivalents each of oxygen and hydrogen peroxide (Eq. 5):
⫹
4O⫺•
2 ⫹ 4H 3 2O 2 ⫹ 2H 2O 2.

[5]

Hydrogen peroxide itself then undergoes dismutation, generating
one equivalent of oxygen and two equivalents of water (Eq. 6):
2H2O2 3 O2 ⫹ 2H2O.

[6]

The sum of reactions is then given by Eq. 7:
4[4Fe-4S]2⫹ ⫹ O2 ⫹ 4H⫹ 3
4[2Fe-2S]2⫹ ⫹ 4Fe2⫹ ⫹ 4Fe3⫹ ⫹ 8S2⫺ ⫹ 2H2O.

[7]

Therefore, one oxygen molecule accounts for the conversion of four
[4Fe-4S]2⫹ clusters. We have demonstrated (here and in ref. 15)
that FNR, during cluster conversion, has a significant intrinsic
dismutase activity. We also note that, even under anaerobic conditions, E. coli contains SOD and catalase enzymes (SodB and
KatE, respectively), which rapidly deal with reactive oxygen species
present in the cytosol (43, 44). Thus, the rapid recycling of superoxide/hydrogen peroxide back to the primary signal molecule, O2,
2096 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0609514104

Purification of Native and Reconstituted [4Fe-4S] FNR. Native FNR
protein was overproduced in aerobic cultures of JRG5369 (E.
coli BL21 DE3 pGS1859) as described (22). GST-FNR fusion
protein was overproduced in aerobically grown E. coli
BL21DE3 pGS572. FNR was purified and reconstituted in vitro
as described (15) by using 25 mM Hepes/2.5 mM CaCl2/100 mM
NaCl/100 mM NaNO3, pH 7.5 (buffer A).
Quantitative Methods. FNR concentrations were determined by
using the method of Bradford (Bio-Rad, Hercules, CA) (45) with
BSA as the standard (14). The iron and acid labile sulfide content
were determined as described (22, 46). Based on the analyses, both
native and reconstituted [4Fe-4S] FNR samples exhibited 405 nm
values of 16,220 ⫾ 135 M⫺1䡠cm⫺1, in close agreement with reported
values (21). Concentrations of dissolved oxygen in buffer solutions
were determined as described (15).
The detection and quantitation of superoxide was carried out by
using a modified version of the cytochrome c reduction procedure
reported by McCord and Fridovich (25). Briefly, cytochrome c (74
M; Sigma, St. Louis, MO) in aerobic buffer A (219.5 M O2, 21°C)
was injected with [4Fe-4S] FNR (9 M), mixed by inversion, and
incubated at room temperature (21°C). Reduction of cytochrome
c was monitored at 550 nm by using ⌬550 nm ⫽ 21,000 M⫺1䡠cm⫺1
(24). To confirm the specificity of the assay, experiments were
repeated in the presence of catalase (234 units) and/or SOD (16
units).
Spectroscopy. Absorbance was measured by using a V550 UVvisible spectrophotometer (Jasco, Easton, MD). EPR measurements were made as described (15). To study the initial products
of FNR reaction with oxygen, [4Fe-4S] FNR (20.4 M) was
mixed with aerobic buffer A (21°C) via injection, mixed by
inversion, loaded into an EPR tube, and frozen rapidly to 77 K.
Spin concentrations were estimated as described (15).
Kinetic Measurements. Kinetic measurements were performed un-

der pseudo-first-order conditions (with oxygen in excess) at 25°C by
combining varying ratios of aerobic and anaerobic buffer (2 ml total
volume) essentially as described by Sutton et al. (21), except that
absorbance changes were monitored within an anaerobic cabinet
via a fiber-optic link (Hellma, Forest Hills, NY), and all aerobic
buffers contained dissolved atmospheric oxygen. The reaction was
initiated by the injection of native or reconstituted [4Fe-4S] FNR,
and the mixture was stirred throughout. The dead time of mixing
was ⬇5 s. Changes in absorbance at 420 or 593 nm were used to
track cluster conversion or formation of the [Fe(II)(Ferene)3]4⫺
complex, respectively. Diffusion of dissolved atmospheric oxygen
from the buffer into the head space of the sealed cuvette was
assumed to be proportional to each initial starting oxygen concentration (21). [Fe(II)(Ferene)3]4⫺ exhibited a 593nm value of 39,600
M⫺1䡠cm⫺1 in 50 mM potassium phosphate/400 mM KCl/10%
glycerol, pH 6.8 (buffer B) (21, 22).
Data Analysis. Kinetic absorbance data (at 420 or 593 nm) or EPR
data (following signals due to the [3Fe-4S] FNR intermediate)
were fitted either to a single- or double-exponential function. For
absorbance data, observed rate constants (kobs) obtained from
the fits (in the case of fitting to a double-exponential function,
the rate constant of the first reaction phase was used) were
plotted against the corresponding initial concentration of oxygen
to obtain the apparent second-order rate constant. Fitting of
kinetic data was performed by using Origin (Microcal, Amherst,
MA), and kinetic modeling of the [3Fe-4S]1⫹ intermediate
species was performed by using Dynafit (47).
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