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Fumarate and nitrate reduction (FNR) regulatory proteins are O,-
sensing bacterial transcription factors that control the switch be-
tween aerobic and anaerobic metabolism. Under anaerobic condi-
tions [4Fe-4S]**-FNR exists as a DNA-binding homodimer. In
response to elevated oxygen levels, the [4Fe-4S]** cluster under-
goes a rapid conversion to a [2Fe-2S]** cluster, resulting in a di-
mer-to-monomer transition and loss of site-specific DNA binding.
In this work, resonance Raman and UV-visible absorption/CD spec-
troscopies and MS were used to characterize the interconversion
between [4Fe-4S]** and [2Fe-2S]%" clusters in Escherichia coli FNR.
Selective 3%S labeling of the bridging sulfides in the [4Fe-4S]**
cluster-bound form of FNR facilitated identification of resonantly
enhanced Cys325-3*s stretching modes in the resonance Raman
spectrum of the O,-exposed [2Fe-2SP** cluster-bound form of
FNR. This result indicates O,-induced oxidation and retention of
bridging sulfides in the form of [2Fe-25]?* cluster-bound cysteine
persulfides. MS also demonstrates that multiple cysteine persul-
fides are formed on O, exposure of [4Fe-45]>*-FNR. The [4Fe-45]**
cluster in FNR can also be regenerated from the cysteine persul-
fide-coordinated [2Fe-2S]?* cluster by anaerobic incubation with
DTT and Fe?* ion in the absence of exogenous sulfide. Resonance
Raman data indicate that this type of cluster conversion involving
sulfide oxidation is not unique to FNR, because it also occurs in O-
exposed forms of O,-sensitive [4Fe-4S] clusters in radical S-adeno-
sylmethionine enzymes. The results provide fresh insight into the
molecular mechanism of O, sensing by FNR and iron-sulfur cluster
conversion reactions in general, and suggest unique mechanisms
for the assembly or repair of biological [4Fe-4S] clusters.

acultative anaerobic bacteria respond to environmental O,

levels to promote optimal cell growth under aerobic and
anaerobic conditions. The best-characterized O,-sensing tran-
scriptional regulator is the Escherchia coli fumarate and nitrate
reduction (FNR) protein, which controls the switch between
aerobic and anaerobic metabolism by regulating the transcrip-
tion of hundreds of genes in response to cellular O, levels (1-3),
and has been the subject of several recent reviews (4-7). Al-
though there is currently no crystallographic structure for E. coli
FNR, the protein shares sequence homology with the struc-
turally characterized cyclic-AMP receptor class of proteins (8),
which comprise a C-terminal helix-turn-helix DNA-binding
domain and an N-terminal sensory domain and binds to DNA
as a homodimer. However, the sensor domain in E. coli FNR
contains five cysteines and mutagenesis studies indicate that
four of these cysteines (C20, C23, C29, and C122) are essential
for in vivo function (9) and serve as ligands to the [4Fe-4S] and
[2Fe-2S] clusters that function in the O,-sensing mechanism

10, 11).

( A lar)ge part of our current understanding of the mechanism
of O;-sensing by FNR comes from the early biochemical and
spectroscopic studies of Kiley and colleagues (10, 12-16) (Fig. 1).
In vivo and in vitro Mdssbauer studies demonstrated the pres-
ence of a [4Fe-4S]** cluster under anaerobic conditions that is
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converted to a [2Fe-2S]** cluster (60-65% yield in vitro) on
exposure to air (10, 12). This cluster conversion is accompanied
by a dimer-to-monomer transition and inability of FNR to bind
DNA (13, 14). The [4Fe-4S]** cluster can be reformed in vitro by
anaerobic incubation with excess Fe** and cysteine in the pres-
ence of catalytic amounts of the cysteine desulfurase, IscS (10).
The [2Fe-2S]°* cluster-bound form of FNR is stable in air for at
least 1 h in vitro, but is more rapidly degraded in vivo by su-
peroxide, a byproduct of aerobic metabolism, to yield mono-
meric apo-FNR (15). Hence, the dominant forms of FNR under
anaerobic and aerobic growth conditions are the [4Fe-4S]**
cluster-containing dimer and the apo monomer, respectively.
E. coli has two primary machineries for Fe-S cluster assembly,
the iron-sulfur cluster (ISC) system for general Fe-S cluster bio-
synthesis and the sulfur utilization factor (SUF) system, which
operates under oxidative stress and iron-limitation conditions. In
vivo studies have clearly demonstrated that the ISC system,
but not the SUF system, is required for converting apo-FNR
back to [4Fe-4S]°* cluster-bound FNR upon the onset of
anaerobic growth conditions (16).

There are two major unresolved issues involving the mecha-
nism of O, sensing by FNR. The first concerns the mechanism
of O,-induced [4Fe-4S]** to [2Fe-2S]** cluster conversion and
centers on the question of whether the reaction involves metal-
based oxidation, sulfur-based oxidation, or a combination of the
two. The metal-based oxidation mechanism involves oxidation
and release of two cluster irons to yield a [2Fe-2S]** cluster, one
Fe** and one Fe** and two $*~ ions, proceeding via a [3Fe-4S]*
cluster intermediate (4, 17-20). A sulfur-based oxidation mech-
anism was proposed based on analytical data showing that only
70% of the sulfide in the original [4Fe-4S]** cluster was de-
tectable following O, exposure, leading to the suggestion that
~30% had become oxidized (10). However, attempts to detect
sulfur oxidation products, such as polysulfide, cysteine persulfide,
or sulfinic acid, were unsuccessful (21). The second issue involves
the significance of the [2Fe-2S]** cluster-bound form of FNR;
that is, is it just an intermediate in the conversion of the tran-
scriptionally active [4Fe-4S]-FNR to the transcriptional inactive
apo-FNR or can [4Fe-4S]*" < [2Fe-2S]** cluster interconversion
occur in vivo and, hence, play a role as a sensor of dynamic
changes in cellular O, levels?

Here we report on resonance Raman, UV-visible absorption
and CD, and MS studies of the O,-induced [4Fe-4S]** to [2Fe-
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Fig. 1. Summary of the in vivo and in vitro cluster and oligomeric state
interconversions reported for E. coli FNR.

2S]** cluster conversion in E. coli FNR. The results clearly show
sulfur-based oxidation and the formation of [2Fe-2S]*" clusters
with one or two cysteine persulfide ligands. In addition, the cluster
conversion is shown to be reversible on addition of Fe*" under
anaerobic conditions in the presence of dithiol reagents and the
absence of $*~. This result suggests that facile [4Fe-4S]*" «
[2Fe-2S]** cluster interconversion can occur, implying that FNR
can be responsive to dynamic changes in cellular O, levels.
Moreover, our observation that O,-induced, sulfur-based oxi-
dation of [4Fe-4S]** clusters to yield semi-stable cysteine persul-
fide-ligated [2Fe-2S]** clusters also occurs in other O,-sensitive
Fe-S proteins, raises the possibility that formation of [4Fe-
4S]** clusters bg the addition of Fe?" to cysteine persulfide-
ligated [2Fe-2S]”" clusters in the presence of dithiol reagents
may provide a major mechanism for the repair or de novo bio-
synthesis of [4Fe-4S]*" clusters.

Results

Resonance Raman Characterization of the [4Fe-4S]** « [2Fe-2S]**
Cluster Interconversion in FNR. Resonance Raman spectra of the
[4Fe-4S]>* center in FNR anaerobically reconstituted with nat-
ural abundance (~95% %S, ~4% **S) and isotopically enriched
(>95%) >*S bridging sulfides are shown in Fig. 24. The Fe-S
stretching frequencies, relative intensities of Raman bands with
458-nm excitation, and the **S-bridging downshifts are all char-
acteristic of an all cysteine-ligated [4Fe-4S]** cluster and are very
similar to those reported and assigned by normal-mode analysis
for [4Fe-4S]-ferredoxins and appropriate analog complexes (22).
To a first approximation, the Fe-S stretching modes can be
assigned under effective D,; symmetry as predominantly Fe-S
(bridging) and Fe-S(Cys) stretching modes based on the mag-
nitude of the >*S-bridging downshifts, 2-7 cm™! and <1 cm™,
respectively (Table S1).

After exyosure to air for 20 min, the cluster is converted into
a [2Fe-2S]" center with an atypical resonance Raman spectrum
in the Fe-S stretching region (240-450 cm™); that is, 10- to 20-
fold lower resonance enhancement and three broad and poorly
resolved bands centered near 293, 345, and 395 cm™", compared
with [2Fe-2S]** cluster-containing ferredoxins, which have six or
seven well-resolved and strongly resonantly enhanced bands (23—
25) (Fig. 2B). In addition, the [2Fe-2S]** center in O,-exposed
FNR has a band at 498 cm™" in the S-S stretching region that is
resonantly enhanced with visible excitation into the S-to-Fe*
charge transfer transitions of the [2Fe-2S]** cluster, suggesting
assignment to the S-S stretching mode of one or more co-
ordinated cysteine persulfides. Definitive confirmation of a cys-
teine persulfide-ligated [2Fe-2S]** center in O,-exposed FNR is
provided by selective **S labeling of the bridging sulfides in the
[4Fe-4S]>* cluster-bound form of FNR. In contrast to the parent
[4Fe-4S]** center, bands involving primarily Fe-S(Cys) or Fe-S
(bridgin%) stretching of the [2Fe-2S] center both undergo sig-
nificant **S/*?S isotope shifts, implying oxidation of some of the
bridging3 sulfides to form Fe->*S-S(Cys) ligands. Moreover, the
7-cm ™' ?*S/*S isotope shift of the 498 cm ™' band is consistent
with the 7-8 cm™" isotope shifts predicted for a mixed **S-*%S
stretching mode based on a simple diatomic oscillator approxi-
mation. The Raman data, therefore, demonstrate the presence
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of cysteine persulfide ligation to the [2Fe-2S] center in Oj-ex-
posed FNR and indicate that the cysteine persulfide results from
Oy-induced S*~ to S° oxidation.

The O,-induced [4Fe-4S]** to [2Fe-2S]** cluster conversion
process is independent of the presence of DTT or GSH, based
on very similar resonance Raman spectra in the presence of
3 mM GSH, which approximates to cellular GSH concentration,
and 8 mM DTT, after 20 min of air exposure (Fig. S1). More-
over, resonance Raman investigations using 445- and 488-nm
excitation of the time course of air exposure of [4Fe-4S]-FNR
indicates that the conversion to a cysteine persulfide-ligated
[2Fe-2S]** center is almost complete within the first 30 s (Fig.
S2). However, the spectra do undergo increased broadenin$ and
small frequency shifts for specific bands (e.g., 288-296 cm™ and
392-397 cm™') as the air-exposure time is increased from 30 s
to 60 min (Fig. S2). This finding suggests that the [2Fe-2S]**
cluster ligation changes and becomes less homogeneous with
prolonged air exposure. As discussed below, MS and CD data
indicate that this is most likely a consequence of formation of
[2Fe-2S]** clusters with one and two cysteine persulfide ligands,
with the latter becoming more prevalent as the air-exposure
time increases.

Previous electron-paramagnetic-resonance studies have shown
that a transient [3Fe-4S]'* cluster intermediate is formed in the
generation of [2Fe-2S]™"-FNR (17, 19, 26). Formation of the
[3Fe-4S]'* cluster is O,-dependent (k = 250 M™.s™"), but its
conversion to the [2Fe-2S]°* cluster product is spontaneous,
occurring at a rate (k = 0.008 s™') that is O,-independent. A

2
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Fig. 2. Resonance Raman spectra of the O,-induced [4Fe-45]?* to [2Fe-25)%F
cluster conversion of FNR with natural abundance (black spectra) and 34g.
labeled (red spectra) bridging sulfides. (A) [4Fe-4S]-FNR prepared by anaer-
obic reconstitution. (B) [2Fe-2S]-FNR obtained by exposing the [4Fe-45]%*-
FNR to air for 20 min. The resonance Raman spectra were recorded for
samples at 21 K with 140 mW of 457.9-nm laser excitation at the sample,
using samples that were ~2 mM in [4Fe-45]** clusters. Each spectrum is the
sum of ~100 individual scans with each scan involving photon counting for
1sata0.5-cm~" increment with 7-cm~" spectral resolution. Bands caused
by ice lattice modes have been subtracted from all spectra.
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small amount (<10%) of [3Fe-4S]'* cluster fails to convert and is
detected as a dead-end product. Cubane-type [3Fe-4S]'" clusters
have intense Raman spectra with 458- and 488-nm excitation
that are dominated by a band at ~347 cm™! that is attributed
primarily to the Fes-(p3-S) symmetric stretching mode (27, 28).
Hence, it seems likely that the 347-cm™' band that is clearly
observed with 488-nm excitation when the cysteine persulfide-
ligated [2Fe-2S]** center in FNR is less resonantly enhanced
(Fig. S2) arises from a cubane [3Fe-4S]'* cluster. However, this
must be a trace amount of [3Fe-4S]'* cluster (certainly <10%),
because the resonance enhancement for cubane-type [3Fe-4S]'*
clusters, such as the one on Pyrococcus furiosus ferredoxin shown
in Fig. S2, is ~30-times greater than that of the cysteine per-
sulfide-ligated [2Fe-2S]** cluster in FNR with 488-nm excitation.
Notably, the relative amount of these two types of cluster does
not change significantly for 0.5- to 60-min air exposure, sug-
gesting that this is the dead-end product that is resistant to
further rearrangement, possibly because of the loss of an Fe from
a different subsite. It is likely that the [3Fe-4S]'* cluster in-
termediate is formed and degraded within the first 30 s of ex-
posure of the highly concentrated Raman sample to air.

Of particular interest is our observation that O,-induced [4Fe-
4S]** to cysteine persulfide-ligated [2Fe-2S]** cluster conversion
in FNR is reversed under anaerobic conditions in the presence of
DTT and excess Fe>*. This result is illustrated by resonance
Raman studies of FNR in the presence of 3 mM GSH (zFig. 3).
After generating the cysteine persulfide-ligated [2Fe-2S]"* clus-
ter-bound form (Fig. 3B) by exgosing the [4Fe-4S]** cluster-
bound form (~2 mM in [4Fe-4S]** clusters) (Fig. 34) to air for
20 min, the sample was thawed under anaerobic conditions in-
side a glove box and incubated for 20 min with § mM DTT and
Fe** before refreezing on the Raman probe. The resulting
spectrum (Fig. 3C) indicates substantial conversion back to the
original [4Fe-4S]** center.

It is not possible to be more quantitative about the extent of
the conversion based on Raman data, as the photon counts that
dictate Raman intensity are very dependent on sample align-
ment. Therefore, the characteristic UV-visible absorption and
CD spectra of [2Fe-2S]** and [4Fe-4S]** cluster-bound forms of
FNR (26) were used to provide a guantitative assessment of the
extent of [2Fe-2S]** to [4Fe-4S]** cluster conversion in the
presence of 3 mM DTT and the presence or absence of an
eightfold excess Fe®*, both before and after repurification of
[2Fe-2S]-FNR formed by O,-exposure of [4Fe-4S]-FNR for
2 min (Figs. S3 and S4). The results reveal that DTT is required
for [2Fe-2S]** to [4Fe-4S]** cluster conversion, and that >70%
of the original [4Fe-4S]** clusters are restored within 10 min of
addition of an eightfold excess of Fe to the [2Fe-2S]-FNR, even
after repurification to remove free sulfides. In contrast, no sig-
nificant [2Fe-2S]-FNR to [4Fe-4S]-FNR conversion occurred
using 3 mM GSH and a eightfold excess of Fe?*. The implication
is that DTT facilitates reductive cleavage of two bound cysteine
persulfides ligated to the [2Fe-2S]** center in O,-exposed FNR
under reducing conditions in the presence of Fe* to reform
a [4Fe-4S]** cluster in situ:

[FesSy (CysS), (CysSS),]* +4e™ +2Fe?* — [FeySy(CysS),]*
[1]

The less-than-quantitative yield of [4Fe-4S]** centers in these
experiments is likely to be a consequence of [2Fe-2S]** centers in
O;-exposed FNR that are ligated by one cysteine persulfide. In
this case, [4Fe-4S]*" cluster formation in the presence of DTT
and Fe?* would likegy require complete cluster degradation and
reassembly from Fe”" and S*~, which is a slow (>2 h) and in-
complete (<40%) process in FNR. Hence, we conclude that inter-
cluster cannibalization cannot be responsible for the rapid 70-75%
[4Fe-4S]** cluster recovery observed in these experiments.
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Fig. 3. Resonance Raman studies of the interconversion between [4Fe-451%*
and [2Fe-25]%* clusters in FNR. (A) Reconstituted [4Fe-4S]%*-FNR (~2 mM in
[4Fe-45]%* clusters) in the presence of 3 mM GSH. (B) [2Fe-25]**-FNR obtained
by exposing the sample (A) to air for 20 min. (C) After incubation of the
sample (B) with 8 mM DTT and 8 mM ferrous ammonium sulfate under
anaerobic conditions for 20 min. The Raman experimental conditions are the
same as described in Fig. 2.

MS Characterization of the [4Fe-4S]** to [2Fe-2S]** Cluster Conversion
in FNR. Although liquid-chromatography electrospray ionization
(LC-ESI)-quadrupole MS studies of Fe-S proteins invariably
result in loss of the Fe-S cluster, our previous studies have
demonstrated that cysteine persulfides or covalently attached
polysulfides remain intact (29). Hence, this technique provides a
direct method for investigating O,-induced S” generation on
[4Fe4S]**-FNR as a function of time. The results are shown in
Fig. 4. Before air exposure, the reconstructed mass spectrum is
dominated by the FNR monomer molecular ion peak at 29,165
Da (theoretical mass of 29,165 Da based on the primary se-
quence). Based on protein and Fe/acid-labile S determinations,
the anaerobically reconstituted samples of FNR used in this work
contained 0.85-0.99 [4Fe-4S]** clusters per monomer immedi-
ately after purification. However, the cluster content decreased by
up to 10% on anaerobic freezing/thawing and concentration of
samples. Hence, the peak at 29,165 Da that persists throughout
the air-exposure time course is attributed to the small compo-
nent of apo-FNR. The time-course experiment indicates that the
form of FNR with one cysteine persulfide dominates after 2 and
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Fig. 4. Time course of air-exposure of [4Fe-4S]-FNR monitored by MS. An-
aerobically reconstituted FNR (~1 mM in [4Fe-45]?* clusters) was exposed to
air for 0, 2, 10, 30, and 60 min before analysis using LC-ESI-quadrupole MS.
The peak at 29,165 Da corresponds to the monomer molecular ion peak of
FNR and the peaks at +32, +64, +96, and +128 Da correspond to the addition
of one, two, three, and four covalently bound sulfur atoms, respectively.

10 min of air exposure. However, the form of FNR with two
cysteine persulfides gradually increases with prolonged air ex-
posure and dominates after 60 min. Hence, the MS data support
the resonance Raman data by demonstrating O,-induced S°~ to
S? oxidation to form cysteine persulfides and suggest that in-
creased heterogeneity occurs with increasing air exposure,
arising primarily from a mixture of [2Fe-2S]** clusters with one
and two cysteine persulfide ligands.

Resonance Raman Evidence for Analogous 0,-Induced [4Fe-4S]** to
[2Fe-2S]** Cluster Conversions in Other Proteins. Anomalous reso-
nance Raman spectra similar to those of the O,-generated [2Fe-
2S]** clusters in FNR have also been reported for aerobically
purified or air-exposed [4Fe-4S]** centers in radical S-adeno-
sylmethionine (SAM) enzymes, such as pyruvate formate lyase
and ribonucleotide reductase-activating enzymes (30, 31), and
biotin synthase (32). In each case the resonance Raman spectra
have been attributed to a [2Fe-2S]** cluster based on parallel
Mossbauer studies. However, these spectra were generally only
scanned in the Fe-S stretching region, 200-450 cm ™. Therefore,
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we have reinvestigated over a wider spectral range the resonance
Raman spectrum of air-exposed biotin synthase (BioB), con-
taining only the [4Fe-4S]** cluster that is responsible for re-
ductive cleavage of SAM (Fig. 5). The spectrum is almost
identical to that of the cysteine persulfide-ligated [2Fe-2S]**
center in air-exposed [4Fe-4S]-FNR, and exhibits a resonantly
enhanced 498-cm™' band that is the hallmark of a coordinated
cysteine persulfide. Moreover, the spectrum is completely dif-
ferent from that of the [2Fe-2S]** cluster in the second cluster
binding site, which is present in as-purified recombinant BioB
(32). Hence, it is likely that the SAM-binding [4Fe-4S]** cluster
common to all radical SAM enzymes undergoes the same O,-in-
duced [4Fe-4S]** to cysteine persulfide-ligated [2Fe-2S]** cluster
transformation on exposure to O,.

Discussion

Implications for the Molecular Mechanism of 0,-Sensing by FNR. The
resonance Raman and LC-ESI MS results presented herein
clearly point to oxidation of bridging sulfides to generate one or
two cysteine persulfide ligands during the reaction of O, with the
[4Fe-4S]** cluster in FNR to form a [2Fe-2S]** cluster. Such
unusual ligation of [2Fe-2S]** clusters would appear to be dif-
ficult to detect by Mossbauer spectroscopy, based on the similarity
of the observed isomer shift (§ = 0.28 mm/s) and quadrupole
splitting (AEg = 0.58 mmy/s) (10) to those of all cysteinate-li-
gated [2Fe-2S]** clusters. However, this conclusion is consis-
tent with the original analytical and spectroscopic data, which
indicated that only 70% of the sulfide in the original [4Fe-4S]**
cluster was detectable following O, exposure to give a 60—-65%
yield of [2Fe-2S]*" clusters, leaving 30% unaccounted for (10).
Indeed, these data led to the original conclusion that the [4Fe-
4S]** to [2Fe-2S]** conversion primarily involved sulfide oxida-
tion, even though there was no direct analytical evidence for s?
(21). Subsequently, this conclusion was challenged by studies that
showed that one Fe?*, one Fe*, and two sulfide ions are released
upon stoichiometric O,-induced [4Fe-4S]** to [2Fe-2S]** cluster
conversion (18, 19, 26), leading to the conclusion that con-
version occurs via an iron-based oxidation mechanism. In
these experiments, released sulfide ion was detected using DTNB
[5,5-dithiobis-(2-nitrobenzoic acid)] (Ellman’s reagent), based on
the established observation that DTNB reacts with one $*~, gen-
erating sulfane (S°) plus the release of two TNB™ ions (33). This
assay accurately detects sulfide that becomes available for oxi-
dation during or following cluster conversion, distinguishing it from
sulfide still bridging iron in the cluster. However, in interpreting the
data, we did not consider the possibility that a bridging sulfide
and a nearby cysteine might undergo DTNB-induced two-electron
oxidation to produce two TBN™ ions and a cysteine persulfide,
which has now been shown to occur during the oxidative degra-
dation of the [4Fe-4S]** cluster in FNR.

The identification of the fate of the sulfide in the O,-induced
[4Fe-4S]** to [2Fe-2S]** cluster transformation in FNR neces-
sitates a reassessment of the mechanism of cluster conversion,
in which [2Fe-2S]** clusters with one or two cysteine persulfide
ligands can be formed. We have previously described the
mechanism as a two-step reaction, in which the [4Fe-4S]**
cluster first undergoes an O,-dependent one-electron oxidation
resulting in the formation of a transient cubane-type [3Fe-4S]'*
cluster intermediate (17, 19, 26), with release of Fe”" and the
formation of superoxide, O,~ (10, 19). This first step remains as
previously proposed, as there is no oxidation of bridging sulfide
during this step. The second step involves the conversion of the
[3Fe-4S]'* cluster to the persulfide coordinated [2Fe-2S]** form
and is therefore more complex than previously envisaged, and
may itself involve multiple steps, depending on whether release
of iron and sulfide from the cluster occurs simultaneously with
sulfide oxidation. It was previously shown that the iron released
in this step is Fe**, although its final oxidation state is influ-
enced by the chelating and redox active species present in the
reaction mixture (26). The electrons from sulfide oxidation (ei-
ther two or four electrons for one and two sulfides, respectively)
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Fig. 5. Comparison of the resonance Raman spectra of the air-exposed
samples of [4Fe-45)%* cluster-containing FNR (A) and BioB (B). The experi-
mental conditions for sample preparation, air exposure, and resonance
Raman are the same as described in Fig. 2, except that samples of BioB were
in 50 mM Hepes buffer, pH 7.5.

most likely reduce, directly or indirectly, O, to either H,O, or
H,O. The overall reactions for the formation of the singly or
doubly persulfide-coordinated [2Fe-2S]** cluster from the initial
[3Fe-4S]'* intermediate and the nearby free cysteine that are
generated in the first step can be written as Scheme 1:

Scheme 1. Overall one persulfide ligand reaction:

[FesSs (CysS);]*” +CysS™ +0,+2H* — [FesS, (CysS); (CysSS)] >~
+Fe’* +S8 +H,0,
[2]

Overall two persulfide ligand reaction:

[FeS4 (CysS3)]*™ + CysS™ + 0, +4H* — [FesS, (CysS),(CysSS),] >
+Fe** + 2H,0
[3]

The timescale of the appearance of the persulfide coordinated
[2Fe-2S]** cluster suggests that the oxidation of at least one sul-
fide occurs simultaneously with release of Fe** and sulfide from
the [3Fe-4S]'* intermediate. The formation of a cysteine persul-
fide by oxidative coupling a p,-S*>~ from the trisulfide face of
a [FesS4(CysS)s]*™ cluster with a nearby free cysteine is clearly
a plausible mechanism, with parallels in O,-induced disulfide
formation. However, as the rate of degradation of [3Fe-4S]'* in-
termediate to yield a [2Fe-2S]*" cluster has been shown to be O,-

15738 | www.pnas.org/cgi/doi/10.1073/pnas.1208787109

independent (19), this reaction appears to involve multiple steps
with the rate-determining step involving loss of Fe**/S*~ from the
intermediate. The overall two-persulfide ligand reaction would
most likely result in the four-electron/four-proton reduction of O,
to H,O using two cluster sulfides as the electron donors, and the
results presented herein suggest that this is likely to occur via
a single cysteine persulfide-ligated intermediate with the pro-
duction of H,O,, which could provide the oxidizing equivalents
for the generation of the second cysteine persulfide.

The observation that [4Fe-4S]**-to-[2Fe-2S]*" cluster con-
version is rapidly reversed, under anaerobic conditions and in the
absence of exogenous sulfide, on addition of Fe** and DTT to
the [2Fe-2S]** cluster-bound form of FNR containing two cys-
teine persulfide ligands, has important implications both for
understanding the FNR mechanism and the mechanism of as-
sembly or repair of O,-sensitive biological [4Fe-4S]** clusters in
general. For FNR this provides the ability to respond rapidly to
changes in cellular O, levels in a dithiol/disulfide redox-buffering
medium. Under aerobic conditions, FNR is inactivated as
a transcrijptional regulator by O,-induced degradation of the
[4Fe-4S]** cluster to form a [2Fe-2S]** cluster with two cysteine
persulfide ligands. However, in many environments encountered
by facultative anaerobes, O is only transiently available and the
data presented herein indicate that the persulfide-coordinated
[2Fe-2S]** cluster-bound form of FNR could be rapidly reac-
tivated by Fe*" and dithiol species without needing the in-
tervention of the entire ISC Fe-S cluster biogenesis system.
Consequently, [2Fe-2S]-FNR appears to play a key role in the
O,-sensing mechanism, as a check point from which the regu-
lator can go back to its transcriptionally active [4Fe-4S]** cluster-
bound form, or on to its apo-form, depending on the prevailing
0, level. Clearly, the [2Fe-2S]** cluster-bound form of FNR
should no longer be considered as a passive intermediate in the
O,-induced transition from [4Fe-4S]-FNR to apo-FNR.

Implications for the Assembly or Repair of 0,-Sensitive Biological
[4Fe-4S]** Clusters. Resonance Raman and structural studies in-
dicate that the O,-degradation of [4Fe-4S]** clusters to cysteine
persulfide-ligated [2Fe-2S]** clusters also occurs in radical-SAM
enzymes and is not limited to FNR. Moreover, sulfur oxidation
on oxidative degradation of Fe-S enzymes is not confined to FNR
and radical-SAM enzymes. Kennedy and Beinert first reported
multiple (up to three) S° in the form of persulfides or polysulfides
in apo-aconitase on careful ferricyanide oxidation in 1988 (34).
Little is currently known about [4Fe-4S]** cluster biogenesis. In
vitro studies carried out under strictly anaerobic conditions have
demonstrated the formation of [4Fe-4S]** clusters on the IscU
and NifU scaffold proteins, via reductive coupling of two [2Fe-
2S]** clusters, that can be transferred intact to the apo-forms of
aconitase and nitrogenase Fe protein, respectively (35-38).
However, currently it is not known how [4Fe-4S]** clusters can
be assembled under aerobic conditions or repaired in response to
oxidative damage. This work suggests an alternative strategy for
assembling [4Fe-4S]** clusters that has the potential to work
under aerobic or microaerobic conditions by trafficking in the
more O,-tolerant [2Fe-2S]*" clusters and for repairing O,-dam-
aged [4Fe-4S]** clusters that have been degraded to cysteine
persulfide-ligated [2Fe-2S]** clusters. For assembly, the first step
would be cysteine desulfurase catalyzed cysteine persulfide for-
mation on two active-site cysteine residues of the acceptor pro-
tein. The second step would then involve transfer of a [2Fe-2S]**
cluster to yield a [2Fe-2S]** cluster with two cysteine persulfide
ligands. The third step, which would mimic the repair mecha-
nism, would involve incorporation of two Fe** ions coupled with
dithiol-mediated cysteine-persulfide reduction for generating the
[4Fe-4S]** cluster on the acceptor protein in situ.

Much work needs to be done to test the above hypothesis and
identify the putative Fe** donor. However, the A-type Fe-S
cluster assembly proteins (IscA, N'IscA, and SufA), which are
specifically required for the maturation of the [4Fe-4S]*" cluster
under aerobic or oxidative stress conditions (39, 40), are good
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candidates because they are capable of binding Fe** under aer-
obic conditions and releasing Fe** in the presence of cysteine
under more reducing conditions (41). Moreover, support for the
above hypothesis and the use of A-type proteins as Fe** donors
comes from recent in vivo studies in Saccharomyces cerevisiae
(40). In this work, Miihlenhoff et al. demonstrated that the A-
type proteins in yeast mitochondria (Isal and Isa2) bind Fe rather
than an Fe-S cluster in vivo and are required along with Iba57 (a
tetrahydrofolate-dependent protein required for Fe release) and
the U-type scaffold proteins (Isul and Isu2) for the maturation of
protein-bound [4Fe-4S]** centers in a step that occurs after
cluster assembly on the U-type scaffold proteins (40).

Materials and Methods

Purification and Reconstitution of [4Fe-4S]-FNR with Natural Abundance and %S
Bridging Sulfides. FNR samples were prepared as previously described (17).
Isotopically enriched [4Fe-45]** clusters were prepared using 3*S-cysteine
synthesized using a thermostable cysteine synthase (44), o-acetylserine and
3452- (CIL Inc). Samples for spectroscopic studies were in 25 mM Hepes buffer
with 2.5 mM CaCl,, 100 mM NacCl, 100 mM NaNOs, at pH 7.5, except reso-
nance Raman samples, which also contained 500 mM KCI. Samples, con-
taining [2Fe-2S]-FNR, were prepared essentially as described previously (18),
except the protein fraction from the PD10 column (GE Healthcare) was
collected (taking care to ensure no contamination with low molecular
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weight components), and centrifuged at 14,000 x g for 2 min. The [4Fe-45)%*
cluster concentration of reconstituted FNR and the [2Fe-25]%* cluster con-
centration of air exposed FNR were determined using e406 = 16.22 (+ 0.14)
mM™.em™" (26) and e420 = 7.95 (+ 0.06) mM™.cm™", respectively. The latter
was determined by assaying [2Fe-2S] FNR samples for protein, acid-labile
sulfide, and iron as previously described (18, 42, 43). These determinations
revealed 2.1 and 2.0 iron and sulfide per protein, respectively, consistent with
the stoichiometric nature of cluster conversion.

Reconstitution of [4Fe-4S]>* Centers in E. coli BioB. BioB containing one [4Fe-
4S]** cluster per BioB monomer was prepared under strictly anaerobic
conditions in 50 mM Hepes buffer, pH 7.5 following the procedure described
by Cosper et al. (32). The [4Fe-45]?* cluster concentration was based on g410 =
15.6 mM™.cm™".

Spectroscopic Methods. All samples were prepared and handled under Ar or
N, in a glove box at oxygen levels < 2 ppm, unless otherwise stated. Details
concerning sampling handling and the spectrometers used in this work are
available in the S/ Materials and Methods.
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