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(Background: Fumarate nitrate reduction (FNR) regulator, the master switch between aerobic and anaerobic respiration,

Results: [4Fe-4S] FNR reacts rapidly with eight NO molecules in a complex, multistep reaction.
Conclusion: FNR nitrosylation is remarkably similar to that of WhiB-like proteins.
Significance: A common mechanism of nitrosylation exists for phylogenetically unrelated iron-sulfur regulatory

J

The Fumarate nitrate reduction (FNR) regulator from Esche-
richia coli controls expression of >300 genes in response to O,
through reaction with its [4Fe-4S] cluster cofactor. FNR is the
master switch for the transition between anaerobic and aerobic
respiration. In response to physiological concentrations of
nitric oxide (NO), FNR also regulates genes, including the
nitrate reductase (nar) operon, a major source of endogenous
cellular NO, and #hmp, which encodes an NO-detoxifying
enzyme. Here we show that the [4Fe-4S] cluster of FNR reacts
rapidly in a multiphasic reaction with eight NO molecules.
Oxidation of cluster sulfide ions (S>7) to sulfane (S°) occurs,
some of which remains associated with the protein as Cys
persulfide. The nitrosylation products are similar to a pair of
dinuclear dinitrosyl iron complexes, [Fe(I),(NO),(Cys),]%
known as Roussin’s red ester. A similar reactivity with NO
was reported for the Wbl family of [4Fe-4S]-containing pro-
teins found only in actinomycetes, such as Streptomyces and
Mycobacteria. These results show that NO reacts via a com-
mon mechanism with [4Fe-4S] clusters in phylogenetically
unrelated regulatory proteins that, although coordinated by
four Cys residues, have different cluster environments. The
reactivity of E. coli FNR toward NO, in addition to its sensi-
tivity toward O,, is part of a hierarchal network that moni-
tors, and responds to, NO, both endogenously generated and
exogenously derived.

Nitric oxide (NO) is a gaseous lipophilic radical molecule
that functions in eukaryotes both as a signal molecule (at nano-
molar concentrations) and as a cytotoxic agent (at micromolar
concentrations) (1). The latter arises from the ability of NO to
react readily with a variety of cellular targets leading to thiol
S-nitrosation (2), amino acid N-nitrosation (3), and nitrosative
DNA damage (4). Iron-sulfur proteins, which are vital for many

* This work was supported by Grants BB/G018960/1 and BB/J003247/1 from
the Biotechnology and Biological Sciences Research Council.

"To whom correspondence should be addressed. Fax: 44-1603-592003;
E-mail: n.le-brun@uea.ac.uk.

11492 JOURNAL OF BIOLOGICAL CHEMISTRY

important cellular functions, can also be highly reactive toward
NO (5).

Bacteria that carry out anaerobic respiration with nitrate/
nitrite as terminal electron acceptors can produce NO
endogenously (6, 7). Furthermore, many Gram-positive bac-
teria contain NO synthases, and the NO they generate is
proposed to play a protective role against antibiotics (8).
Pathogenic bacteria will encounter exogenous NO generated
by the host as a defense mechanism. To survive and thrive,
bacteria, both pathogenic and nonpathogenic, must be able
to respond to fluctuations in NO concentrations, spanning a
wide range, and to remove it when it reaches cytotoxic levels
(9).

Several of the regulatory proteins known to respond to NO
contain iron-sulfur clusters that function as the sensory module
(10). Until recently, little was known about the reactions of
iron-sulfur clusters with NO in regulatory proteins. Wbl family
proteins, found exclusively in the actinomycetes, contain a
[4Fe-4S] cluster that undergoes a remarkably rapid and com-
plex multistep reaction involving a total of eight NO molecules
per cluster (11). The products of the reaction have the stoichi-
ometry of [Fe(I),(NO),(SR),], similar to RRE? complexes. Sim-
ilar species have recently been recognized as a major product of
cluster nitrosylation in a Rieske-type [2Fe-2S] protein (12). The
products of the NO reaction are EPR-silent (most likely with
electron spin S = 0), unlike the tetrahedral dinitrosyl iron com-
plexes (DNICs), [Fe(I)(NO),(SR),] ™, previously identified as
products of iron-sulfur cluster nitrosylation, that do give EPR
signals (S = ).

The FNR regulator, which contains a [4Fe-4S] cluster, senses
O, and controls the switch between anaerobic and aerobic res-
piration in many bacteria (13, 14). FNR has sequence homol-
ogy with cyclic-AMP receptor protein and, like the cyclic-
AMP receptor protein, consists of two distinct domains that
provide DNA binding and sensory functions (15). FNR

2 The abbreviations used are: RRE, Roussin’s Red; DNIC, dinitrosyl iron com-
plex; ESI-MS, electrospray ionization-mass spectrometry; FNR, fumarate
nitrate reduction regulator.
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TABLE 1

A Conserved Mechanism of [4Fe-4S] Nitrosylation

Sulfide (5°7) and sulfur (S°) content of [4Fe-4S] FNR pre- and post-NO treatment

S*~ measurements were made by the method of Beinert (45).

Before treatment with NO

After treatment with NO (~530 um)*

Sample Concentration [4Fe-4S] S S27/[4Fe-4S] S~ S27/[4Fe-4S] S° S°/[4Fe-4S]
M M M M M
1 37 33 134 (= 7) 4.0 (+0.2) 7.6 (= 0.5) 0.23 (*+ 0.01) 76 (+ 2) 23 (+0.1)
2 39 35 139 (= 7) 4.0 (= 0.2) 24.5 (= 1.2) 0.70 (= 0.04) 50 (= 7) 14 (= 0.2)
3 2% 23 92 (+ 5) 40 (= 0.2) 17.6 (= 0.2) 0.77 ( 0.10) 43 (+ 10) 1.9 (* 0.4)

“ Samples had a final [NO]:[4Fe-4S] ratio of ~15.

 Low molecular weight reactants and products were removed via gel filtration (PD10, GE Healthcare).

becomes activated under anaerobic conditions by the inser-
tion of an O,-labile [4Fe-4S]*>" cluster, coordinated by four
Cys residues (Cys-20, -23, -29, and -122), into the N-terminal
sensory domain (14). Cluster incorporation promotes
dimerization, enabling the C-terminal DNA binding domain
to recognize specific binding sites located in FNR-regulated
promoters (16).

Upon exposure to O,, the [4Fe-4S]*" cluster undergoes con-
version to a [2Fe-2S]%* cluster (17) via a [3Fe-4S]' ™ intermedi-
ate (18). Cluster conversion causes the FNR dimer to dissociate
into a transcriptionally inactive monomeric form (14). In this
way, FNR regulates >300 genes, most of which are associated
with anaerobic respiration, including nitrate and nitrite reduc-
tases, that are a major source of endogenous NO in bacteria (7,
19, 20).

In addition to its response to O,, FNR also responds to NO.
Anaerobic exposure of E. coli cells to physiologically relevant
concentrations (~5 uM) of NO led to up-regulation of multiple
FNR-repressed genes and down-regulation of FNR-activated
genes, suggesting that NO inactivates FNR (20, 21). Among
those genes up-regulated by FNR in the presence of NO is
hmp, encoding a flavohemoglobin (21) that constitutes a
principal NO detoxification pathway in E. coli and a wide
range of other bacteria. It also plays an important role in the
establishment of infection by pathogens (22). Reaction of
[4Fe-4S] FNR with NO in vitro was shown to generate iron-
nitrosyl species associated with FNR, which bound DNA
with reduced affinity (21).

Here we report detailed kinetic and thermodynamic investi-
gations that reveal a rapid, multistep reaction of NO with the
[4Fe-4S] cluster of FNR that, in terms of both rate and mecha-
nism, is remarkably similar to that previously observed for
Streptomyces and Mycobacterium Wbl proteins (11). These
results suggest a common mechanism for the nitrosylation of
the tetra-Cys ligated iron-sulfur clusters of different regulator
proteins.

EXPERIMENTAL PROCEDURES

RNA Isolation and RT-PCR—Escherichia coli JRG6348,
which lacks a chromosomal copy of the fur gene and carries a
single-copy FNR-dependent lacZ reporter gene, was trans-
formed with pBAD-fir and cultured at 37 °C under anaerobic
conditions in M9 minimal medium supplemented with 5%
L-broth, 0.4% glycerol, 20 mm trimethylamine-N-oxide, and 20
mM fumarate (7) until the optical density at 600 nm was 0.175—
0.200. For the time-course experiments, anaerobic supple-
ments were then added to the cultures as follows: water; 10 mm
sodium nitrite; 10 uM each NOC-5 and NOC-7 (Enzo Life Sci-
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ences). In addition, one culture was exposed to air with shaking.
Samples after supplementation were takenat¢ =0, 5,10,and 15
min. For dose dependence experiments, anaerobic NOC-5 and
NOC-7 mixtures were added to the cultures such that the indi-
cated amounts of NO were released at the 15-min sampling
point. All samples were mixed with 0.4 volumes of ice-cold 95%
ethanol, 5% phenol, pH 4.5, to rapidly stabilize the mRNA.
Total RNA was prepared using the RNeasy RNA purification kit
(Qiagen) according to the manufacturer’s instructions and
quantified on a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific). Relative lacZ RNA quantities were deter-
mined on a Mx3005P Thermocycler using SYBR® Green detec-
tion of amplification in a one-step protocol. RNA (100 ng)
was converted to cDNA and subsequently PCR-amplified
using Brilliant III Ultra-Fast SYBR® Green quantitative RT-
PCR master mix (Agilent Technologies) following the man-
ufacturer’s instructions (reverse transcription, 50 °C for 10
min; annealing temperature, 60 °C; elongation time, 20 s)
using 5 pmol each of primers specific to lacZ (CGT-
GACGTCTCGTTGCTG, GTACAGCGCGGCTGAAAT)
and gyrA (ACCTTGCGAGAGAAATTACACC, AATGAC-
CGACATCGCATAATC). The housekeeping gene gyrA was
used to control for differences in starting material, whereas a
genomic DNA dilution series was used to correct for any
differences in primer amplification efficiencies. All experi-
ments were done in triplicate.

Purification of FNR Proteins—A GST-FNR fusion protein
was overproduced in aerobically grown E. coli BL21ADE3 har-
boring pGS572. Proteins were purified as described previously
using assay buffer (25 mm Hepes, 2.5 mm CaCl,, 100 mm NaCl,
100 mm NaNO,, pH 7.5) (23, 24). FNR was cleaved from the
fusion protein using thrombin and, where necessary, the [4Fe-
4S] cluster was reconstituted, in vitro, as described previously
(25). Protein concentrations were determined using the
method of Bradford (Bio-Rad) (26), with bovine serum albumin
as the standard. The iron and sulfide content of proteins was
determined as described previously (11), and the [4Fe-4S]*"
cluster concentration was determined using €,,, = 16.22
(+0.14) mm~ ' cm~* (23) (Table 1).

Spectroscopy—UV-visible absorbance measurements were
made with a JASCO V500 spectrometer, and CD spectra were
measured with a JASCO J810 spectropolarimeter. X-band EPR
spectra were recorded with a Bruker EMX spectrometer
equipped with an ESR-900 helium flow cryostat (Oxford Instru-
ments). Spin intensities of paramagnetic samples were esti-
mated by double integration of EPR spectra using 1 mm Cu(II),
10 mm EDTA as the standard.
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A Conserved Mechanism of [4Fe-4S] Nitrosylation

Rapid Reaction Kinetics—UV-visible stopped-flow experi-
ments were performed with a Pro-Data upgraded Applied
Photophysics Bio-Sequential DX.17 MV spectrophotome-
ter, with a 1-cm path length cell. Absorption changes were
detected at a single wavelength (360 or 420 nm), as described
previously (11). All stopped-flow experiments were carried
out in assay buffer using gas tight syringes (Hamilton). Prior
to use, the stopped-flow system was flushed with ~30 ml of
anaerobic assay buffer. All solutions used for stopped-flow
experiments were stored and manipulated inside an anaero-
bic cabinet (Belle Technology). Fitting of the overall multi-
phase kinetic data at 360 and 420 nm (separately and
together) was performed using DynaFit (BioKin) (27), which
employs numerical integration of simultaneous first order
differential equations, and verified by fitting individual
phases to single or double exponential functions using Ori-
gin (version 8, OriginLab). Observed rate constants (k)
obtained from the fits were plotted against the correspond-
ing initial concentration of nitric oxide to obtain the appar-
ent second order rate constant.

Analytical Methods—Stock solutions of the NO donor
PROLI-NONOate (t, = 1.5 s; Cayman Chemicals) were pre-
pared in 25 mm NaOH, quantified optically (&,5, ,,,, 8400 M~ *
cm '), and calibrated as described previously (21). For kinetic
experiments, an aliquot of PROLI-NONOate was combined
with assay buffer (25 mm Hepes, 2.5 mm CaCl,, 100 mm NaCl,
100 mMm NaNO,, pH 7.5) and allowed to decompose in a gas-
tight syringe (Hamilton) to achieve the desired NO concentra-
tion before addition to FNR samples. Elemental sulfur (S°) was
determined by S6rbo’s method, as described previously (11), in
which the addition of cyanide ion is used to generate SCN ™ that
yields an absorption band at 460 nm on the addition of Fe*"
ions. For LC-MS analyses, samples were diluted into 10% ace-
tonitrile, 0.1% formic acid at a concentration of 0.5-1 pmol
wl™t, and 10 wl were loaded onto a ProSwift RP-1S monolithic
column (1.0 X 50 mm) (Dionex, Leeds, UK) on a U3000 HPLC
System (Dionex). Proteins were eluted with three gradient steps
of acetonitrile (in 0.05% formic acid) from 12 to 35% in 5 min,
then from 35 to 60% in 10 min, and from 60 to 70% in 2 min. The
eluent was continuously infused into a SYNAPT® G2 High
Definition MS™ mass spectrometer (Waters, Manchester,
UK) using electrospray ionization (ESI), and full MS spectra
were recorded with Masslynx 4.1 (Waters) under standard
conditions over the whole time of the LC run. The mass
spectrometer was calibrated using sodium iodide. Spectra
under the LC protein peak (at half-height) were combined,
background-subtracted (5/20%), and smoothed (Savitzky-
Golay, 3/2), and a mass range of approximately m/z = 650 —
1100 was selected for processing with MaxEnt1 in Masslynx
4.1 (Waters) until convergence. Gel filtration was carried out
under anaerobic conditions using assay buffer and a Sep-
hacryl S-100HR 16/50 column (GE Healthcare), at a flow rate

of 1 ml min~ .

RESULTS

Escherichia coli FNR Responds to Exogenous and Endogenous
NO in Vivo—Exposure of E. coli cultures to micromolar con-
centrations of exogenous NO results in changes in FNR-regu-
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FIGURE 1. In vivo sensitivity of FNR to NO. A, dynamics of FNR-dependent
in vivo transcription when E. coli cultures were exposed to NO, nitrite, or
O,. Anaerobic cultures of E. coli with a chromosomal FNR-dependent lacZ
reporter were exposed to anaerobic water (filled diamonds); a mixture of
the NO-releasing compounds (NOC-5 and NOC-7, 10 um each; release of
NO is indicated by the dashed line) as a source of exogenous NO (filled
squares); nitrite, 10 mwm, as a source of endogenous NO (open squares); or
aeration (filled triangles). The cultures were sampled at the indicated
times, and the relative transcription of lacZ, which is entirely dependent
on FNR in this experiment, was quantified by quantitative RT-PCR. The
abundance of the lacZ mRNA at t = 0 min was set at 1.0 and normalized to
the housekeeping gyrA mRNA. Data from a typical experiment are shown.
B, effects of increasing NO concentrations on FNR-dependent in vivo tran-
scription. The experimental conditions were as described above except
that cultures were amended with mixtures of NOC-5 and NOC-7 (0, 0.33,
0.66, 1, and 2 um of each NOC) for 15 min at which point the cultures were
sampled for the lacZ quantitative RT-PCR measurements. The concentra-
tion of NO released from the NOC mixtures after 15 min was calculated
from the measured half-lives of NOC-5 and NOC-7. Data are mean values
(n = 3) with standard deviations indicated.

lated gene expression and nitrosylation of the FNR iron-sulfur
cluster (20, 21, 28). However, it was recently reported that exog-
enous NO, at a concentration similar to the highest measured
in vivo (~10 uMm), did not invoke an FNR-dependent transcrip-
tional response (7). Because the dedicated NO-sensor NsrR
failed to respond, it seems that in these experiments, NO did
not reach the cytoplasm. Therefore, we compared in vivo
transcription from a semisynthetic FNR-dependent reporter
gene after exposure to exogenous and endogenous NO with
the response to O,. FNR-dependent transcription decreased
~4-fold after a 15-min exposure to a controlled release of
exogenous NO provided by a mixture of NOC-5 and NOC-7
(10 um each) (Fig. 1A). A more rapid FNR response (~3-fold
decrease after 5 min and ~5-fold after 15 min) was observed
when the cultures were supplemented by nitrite (10 mwm; Fig.
1A), a source of endogenous NO (6, 7); anaerobic suspen-
sions of E. coli contained 28 um NO 15 min after the addition
of 12.5 mM nitrite (6). The FNR response to aeration was
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initially similar to that observed upon the addition of nitrite
(~4-fold after 5 min) but was ultimately more pronounced
(~20-fold after 15 min; Fig. 14). We conclude that in vivo,
EFNR responds to exogenous and endogenous NO and that
the amplitude of the NO response is ~4-fold lower than that
observed for O,, suggesting that FNR is partially protected
by actions initiated by the dedicated NO sensors NorR and
NsrR.

The dose dependence of the FNR response to NO was
determined by measuring the response of the FNR-depen-
dent lacZ reporter after anaerobic cultures were exposed for
15 min to different concentrations of NO, generated by the
decay of mixtures of NOC-5 and NOC-7 (Fig. 1B). These
experiments showed that FNR responded progressively to
increases in NO concentration, with a maximum response
(~5.5-fold decrease in FNR activity) observed in the pres-
ence of 1.2 um NO.

The [4Fe-4S] Cluster of FNR Reacts with Eight NO Molecules—
Having established that FNR responds to NO in vivo, the stoi-
chiometry of the reaction of the FNR cluster with NO was
investigated by measuring absorbance changes following
sequential additions of NO to anaerobic FNR (Fig. 2A4). A pro-
gressive decrease in A 46 v a0 increase in A, . and a lesser
increase at 500 =700 nm were observed. These changes are con-
sistent with previous observations (21) and indicate the forma-
tion of iron-nitrosyl species (11). A plot of AA,, . versus
[NOJ:[4Fe-4S] (Fig. 2B) revealed that the reaction was complete
ata stoichiometry of 8 —9 NO molecules per cluster, with a clear
inflection pointat ~4 NO. A plot of AA ;o6 ., Versus [NOJ:[4Fe-
4S] (Fig. 2B) was quite different, with changes complete at 4 -5
NO. The different stoichiometries and lack of isosbestic points
reveal a complex reaction. The final UV-visible spectrum (Fig.
2A), with a principal absorption band at 362 nm and a shoulder
at ~430 nm, was consistent with that of an RRE complex.
Based on a model RRE extinction coefficient (€545 ,,,, = 8530
M~ ' cm™! (29), the spectrum indicated the presence of two
RREs per FNR cluster, consistent with the observed reaction
stoichiometry and previous observations with Wbl proteins
(11). The reaction was also studied using near UV-visible CD
spectroscopy. Signals arising from the [4Fe-4S] cluster
decreased almost to zero as the reaction with NO proceeded
(Fig. 2C). A plot of intensity at 418 nm against the ratio
[NO]J:[4Fe-4S] gave a reaction stoichiometry of approxi-
mately five NO molecules per [4Fe-4S] cluster, similar to
that obtained at AA o .., (Fig. 2B).

An EPR titration of wild-type [4Fe-4S] FNR with NO was
conducted under conditions identical to those of the UV-visible
absorption titration above, with spectra recorded at 15 (not
shown) and 74 K at increasing levels of NO (Fig. 34). Complex
signals centered on g(~) 2.03 were observed, similar to those
previously reported for nitrosylated FNR in vivo (30). Spectra
could be deconvoluted into signals arising from three distinct
S = Y2 species: two thiol-ligated DNIC species with g, = 2.045,
g_ = 2023 and g, = 2.023, g_ = 2.016, respectively, and a
third, giving rise to the sharp feature observed at g(~) 2.04
(g, =2.044,g_ = 2.032) (Fig. 3, Band C). This latter species is
similar to that previously assigned as an FNR-derived persul-
fide ligated DNIC (31). Quantification of the final signal
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FIGURE 2. Titration of [4Fe-4S] FNR with NO. A, absorbance spectra of [4Fe-
4S] FNR (28.2 um) following sequential additions of NO up to a [NO]/[4Fe-4S]
ratio of 12. B, Ao nm (blue circles), AA4pg o (green circles), and ACD 415 v
(black circles) values were normalized and plotted versus the concentration
ratio [NOJ:[4Fe-4S]. C, CD spectra obtained during a titration equivalent to
that in A. Start and end-point spectra are in black. The sample buffer was 25
mm HEPES, 2.5 mm CaCl,, 100 mm NaCl, 100 mm NaNO,, pH 7.5. mDeg,
millidegrees.
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0.330 0.340 0.340 0.350

envelope, including all of the EPR-detectable species,
obtained with excess NO gave a concentration correspond-
ing to ~16% of the original cluster (or ~4% of the original
iron). We previously reported a signal due to a small but
variable amount of a [3Fe-4S]'" species, in addition to the
DNIC signal, upon nitrosylation of wild-type FNR (21); this
was not observed in the samples studied here.

The RRE-like species remained associated with the protein
following passage down a gel filtration column (Fig. 4A).
Analysis by gel filtration of molecular mass changes upon
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nitrosylation of [4Fe-4S] ENR revealed a decrease in mass
from 54 to 34 kDa (Fig. 4B). Given that wild-type FNR has an
actual mass of 28 kDa but has previously been observed by
gel filtration to run at ~30 kDa following reaction with O,
(32), we conclude that nitrosylation, like reaction with O,,
results in monomerization. In combination, the spectro-
scopic and gel filtration data indicate that the addition of NO
results in FNR monomers containing two protein-bound
RREs, similar to recent observations of the reactivity of NO
with Wbl proteins (11).

The [4Fe-4S] Cluster of FNR Reacts Rapidly with NO—The
reaction of [4Fe-4S] FNR with excess NO was followed using
stopped flow by monitoring A, ..., and A5, ., the maxima of
the final nitrosylated product and the initial iron-sulfur cluster,
respectively (Fig. 5). Three distinct kinetic phases were
observed at both wavelengths, indicating a complex multistep
process, with a minimum of three steps in the overall reaction,
A — B — C — D. The data at the two wavelengths were fitted
separately and simultaneously to exponential functions (Fig.
5D), as described previously (11). In both cases, the intermedi-
ate phase had quite different kinetic characteristics at the two
wavelengths, indicating that they report on different processes
in the intermediate part of the reaction. Therefore, the overall
reaction was remodeled as a four step reaction, i.e. A — B —
C — D — E, where the initial and final steps A —Band D —E,
respectively, are detected at both wavelengths, whereas step
B — Cis detected at 360 nm and step C — D is detected at 420
nm. Data corresponding to step D — E at 420 nm were of very
low amplitude as compared with 360 nm, consistent with the
thermodynamic titrations that showed relatively little change at
420 nm during the second half of the titration. Overall, these
observations are remarkably similar to those made previously
with the Wbl proteins Streptomyces coelicolor WhiD and Myco-
bacterium tuberculosis WhiB1 (11).

Plots of the observed pseudo-first order rate constants (k)
against NO concentration for FNR were linear for each step,
indicating a first order dependence on NO for each step (Fig. 6,
A-D, and Table 2), consistent with the stepwise addition of NO.
The rate constant for the slowest step of the NO reaction is at
least ~3 orders of magnitude greater than that for the slowest
step with O,, indicating that FNR is actually much more sensi-
tive to NO than it is to O,. The rate constants for each step are
of the same order of magnitude as those previously observed for
Wbl proteins (11) (Table 2).

FNR Cluster Sulfide Is Oxidized to S° and Retained as Persul-
fide during Nitrosylation—The addition of NO to a [4Fe-4S]*"
cluster to generate DNIC/RRE species entails reduction of the
mixed valence, iron core cluster [2Fe(III)-2Fe(II)]*°* to the
[4Fe(I)]** state. The six electrons required could be derived
from oxidation of cluster sulfide ion, S>7, to sulfane, S° as
shown previously in the case of WhiD (11). After reaction with
excess NO, FNR was indeed found to contain ~0.5 S?>~ and
~1.9 S° per [4Fe-4S] (Table 1). Although only ~2-3 of the
original sulfides could be detected following nitrosylation, the
results demonstrate that S° is generated through oxidation of
S*>7 (11). Importantly, ~2 S° per cluster remained associated
with the protein following gel filtration, whereas the majority of
S* was lost (Fig. 44 and Table 1).

VOLUME 288+-NUMBER 16+APRIL 19,2013



A Conserved Mechanism of [4Fe-4S] Nitrosylation

B 4.4

//'\\ 4.0
[ -
/ \ 3
o / \ 2 3
© [ \ =
] H
1
9 g / \ = 32
< © ! \ 5
-] (]
£ 2 28
2 ©
2 E
[} /
4 /
i
/
¥
/
/
£
//
0.0 L 1 1 1 1 1 " — 1 i e Tkt )
280 360 440 520 600 680 760 840 0 10 20 30 40
Wavelength (nm)

Vt-Vo

FIGURE 4. Properties of nitrosylated [4Fe-4S] FNR probed by gel filtration. A, absorbance spectrum of nitrosylated [4Fe-4S] FNR after rapid gel filtration

(PD10, GE Healthcare). The sample (which corresponds to Sample 3 of Table 1) contained ~2.0 (51 um) RRE per protein, based on an €z, ,m 0f 8530 M ' cm™

1

(29). B, chromatogram for FNR pre- (dashed line) and post-NO exposure (solid black line). The inset is a standard calibration curve for a Sephacryl STOOHR column.
Open circles correspond to standard proteins (BSA, carbonic anhydrase, cytochrome c). Black circles and gray triangles correspond to FNR pre-NO (54 kDa) and

post-NO (34 kDa), respectively. Ln Mwt, natural log of molecular weight in kDa.

Although ESI-MS of acidified iron-sulfur proteins leads to
loss of the cluster, cysteine persulfides/polysulfides remain
attached to the protein (33, 34), thus providing a means to
detect S° associated with FNR following nitrosylation. The
mass spectrum of [4Fe-4S] FNR (Fig. 7) was dominated by
the FNR monomer peak at 29,163 Da (theoretical mass of
29,165 Da). Exposure of [4Fe-4S] FNR to excess NO prior to
analysis by MS resulted in significant additional peaks at
+32, +64, +96, and +128 Da (Fig. 7). These peaks corre-
spond to apo-FNR containing between 1 and 4 S° adducts per
protein.

Recently, it was shown that the reaction of O, with [4Fe-4S]
FNR results in oxidation of cluster sulfide to S°, with FNR con-
taining one or two S° species per protein as the major species
(34). The ESI-TOF MS spectrum of [4Fe-4S] FNR following the
addition of oxygen (Fig. 7, inset) shows the same persulfide
adducts, although more abundant following reaction with O, as
compared with NO. Although this suggests that more persul-
fide species are generated during reaction with O, than with
NO, our S° analytical data are not consistent with this conclu-
sion. This may arise from instability of the persulfide species
under the conditions of the MS experiment following nitrosy-
lation (35). In this case, one possibility is that persulfide species
may become re-reduced to cysteine plus S>~ and iron reoxi-
dized from Fe(I) to Fe(II)/(III) upon disruption of iron-nitrosyl-
FNR complex(es) during acidification in preparation for MS.
Resonance Raman studies of O,-treated [4Fe-4S] FNR showed
that the S° is carried as persulfide that coordinates the [2Fe-2S]
cluster (34). Therefore we propose that the S° adduct species
formed in FNR by the action of NO are also persulfides that
ligate the Fe(I) cluster core.

DISCUSSION

The reactivity of O,/reactive oxygen species and NO toward
protein-bound iron-sulfur clusters is a major cause of their tox-
icity, but also underlies the biological mechanisms through
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which such species are sensed, often as a first step of stress
response (10, 13). Understanding the chemistry of the reaction
between NO and iron-sulfur clusters is, therefore, an area of
growing importance. A recent mechanistic study of the nitrosy-
lation of the [4Fe-4S] clusters of Wbl proteins, some of which
have been proposed to function as NO sensors (36, 37), revealed
arapid and complex multistep reaction involving a total of eight
NO molecules per cluster (11).

E. coli ENR, which functions as a global O, sensor that con-
trols the switch between aerobic and anaerobic metabolism, is
mechanistically the best characterized of the iron-sulfur clus-
ter-containing regulators (13). Here and elsewhere it has also
been shown to regulate gene expression in response to physio-
logical concentrations of NO (20, 21). Previous in vitro studies
of this reaction led to the conclusion that ~3 NO molecules per
cluster are involved in the reaction, resulting in the formation of
a mixture of DNIC and RRE-like species (21). The data pre-
sented here demonstrate that the addition of ~4—5 NO mole-
cules results in loss of the [4Fe-4S] cluster, but 8 NO molecules
are required for complete reaction.

Stopped-flow kinetics showed that nitrosylation of the clus-
ter proceeds via a multiphasic reaction. The first step of the
reaction very probably corresponds to the binding of one NO
molecule to the FNR [4Fe-4S] cluster (A — B; first order with
respect to NO) (Fig. 84). This most likely enhances accessibility
to further NO binding in steps B — C (detected at 360 nm) and
C — D (detected at 420 nm), which are both first order in NO,
indicating either that a single NO is involved in each or that NO
binding occurs independently to different irons of the cluster,
giving an overall first order dependence. During the intermedi-
ate step C — D, a major decrease in absorbance occurs at 420
nm, suggesting that iron-sulfide and/or cysteine interactions
(which give rise to the cluster absorbance) are significantly dis-
rupted and may also be simultaneous with reduction of iron (to
the +1 state) and oxidation of S*~ (to S°). The optical titration
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data (absorbance and CD) revealed a stable intermediate at a
stoichiometry of approximately four NO molecules per [4Fe-
4S] cluster, and EPR showed that this is diamagnetic. Thus,
intermediate D may be an EPR-silent tetra-nitrosylated multi-
iron species. The last step of the reaction (D — E) resulted in a
large increase in absorbance at 360 nm, consistent with signif-
icant further nitrosylation, and was again first order in NO,
resulting in an EPR-silent protein-bound product composed of
four irons and eight NO molecules. This could be a pair of
EPR-silent RRE-like species, [Fe',(NO),(Cys),], with only
minor amounts of EPR-active DNIC, as recently proposed for
Wbl proteins (11).

Nitrosylation of the [4Fe-4S] cluster results in the oxidation
of bridging sulfide ions to S° and most likely addition to cysteine

11498 JOURNAL OF BIOLOGICAL CHEMISTRY

forming a persulfide. The O, reaction of [4Fe-4S] FNR also
leads to sulfide oxidation, resulting in a [2Fe-2S] cluster coor-
dinated by one or two cysteine persulfides (17, 34). It is likely
therefore that the iron-nitrosyl species formed upon cluster
nitrosylation are coordinated by one or more cysteine persul-
fides (Fig. 8A). A possible overall reaction is given in Reaction 1.
We note that, as described in the case of Wbl proteins (11), the
two RRE-like species may dimerize to form a novel cluster, e.g.

[Fe',(NO)g(S-Cys),]°.

[Fe",Fe",S,(CysS), >~ + 8NO —

2[Fe',(NO),(CysS)(CysSS)I° + S* + S°
REACTION 1

VOLUME 288+-NUMBER 16+APRIL 19,2013
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TABLE 2

Rate constants for the nitrosylation of [4Fe-4S] FNR with NO in com-
parison with Wbl proteins

Rate constant”

Phase Step FNR WhiD WhiB1
M ls7!

1 A—B 2.81 = 0.10 X 10° 6.50 X 10° 4.40 X 10°

2 B—C 1.89 = 0.10 X 10* 2.13 X 10* 1.38 X 10*

3 C—D 4.61 +0.25 X 10® 5.36 X 10° 8.34 X 10°

4 D—E 0.75 *= 0.03 X 10° 1.00 X 10° 0.90 X 10°

“ Derived from linear fits of the data in Fig. 6. Rate constants for the nitrosyla-
tion of S. coelicolor WhiD and M. tuberculosis WhiB1 (11) are shown for
comparison.

Nitrosylation of [4Fe-4S] FNR led to monomerization of
the protein, consistent with previous studies that showed a
significantly reduced DNA binding affinity following NO
reaction (21) and consistent with the in vivo data reported
here indicating that NO alleviates FNR-mediated transcrip-
tional repression.

The kinetic and thermodynamic characteristics of FNR
nitrosylation are similar to those recently reported by us for the
Wbl proteins S. coelicolor WhiD and M. tuberculosis WhiB1
(11). Although both FNR and WhiD/WhiB1 contain [4Fe-
4S]*™ clusters ligated by four cysteines (37, 38), they represent
phylogenetically unrelated protein families that have different
residues surrounding the cluster (Fig. 8B). Clearly, nitrosylation
of these Cys-coordinated clusters is not strongly influenced by
the protein environment, and we suggest that this pathway is
likely to occur widely in proteins during the reaction of [4Fe-4S]
clusters with NO.

FNR regulates the aerobic-anaerobic switch via its sensitivity
toward O,; what, then, is the biological significance of its reac-
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maintained entirely under anaerobic conditions until dilution in the MS
solvent. The peakat 29,163 Da corresponds to the monomer molecularion
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, as indicated. The inset is the ESI-TOF mass spectrum of wild-
type [4Fe-4S] (34 um in 25 mm HEPES, 2.5 mm CaCl,, 100 mm NacCl, 100 mm
NaNO;, pH 7.5) after exposure to O, (102 um) for 60 s at 20 °C prior to
dilution in the MS solvent. Peaks at +32, +64, +96, and +128 Da again
correspond to the addition of one, two, three, and four covalently bound
sulfur atoms.

tivity toward NO? Many transcriptional regulators respond to
NO in E. coli. Principal among these are NorR, NsrR, and FNR
(9,21, 39). NorR is a non-heme iron-containing regulator that,
when bound to NO, activates the transcription of norVW,
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step of the reaction, A — B, is proposed to correspond to the binding of one NO molecule to the FNR [4Fe-4S] cluster to yield a mono-nitrosylated cluster, which
may facilitate further NO binding in steps B— Cand C — D. Intermediate D may be the stable, but EPR-silent, tetra-nitrosylated multi-iron species observed
during optical titrations (Fig. 2). The last step of the reaction, D —E, results in further nitrosylation of species D to give a product resembling a pair of EPR-silent
RRE-like species (~96% of starting iron) and S = /2 DNIC species (total ~4%). Models were made using Discovery Studio (Accelrys Software Inc., San Diego, CA)
showing iron (pale blue), sulfide (yellow), Cys B-carbon (gray), Cys y-sulfur (orange), nitrogen (blue), and oxygen (red). B, comparison of amino acid sequence in
the cluster-coordinating regions of FNR and WhiD. Note that the spacing between the three coordinating Cys residues is conserved but the identity of the
spacing amino acid residues themselves are not. Furthermore, the location of the fourth coordinating Cys residue, although necessarily close to the other three

Cys residues in three-dimensional space, is located toward the N terminus in WhiD but is toward the C terminus in FNR.

which encodes the flavorubredoxin NorV and its associated
oxidoreductase NorW that, together, detoxify NO to form
nitrous oxide (N,O) under anaerobic conditions (40). NsrR reg-
ulates at least 60 genes involved in detoxification and/or repair,
including nrfA and hmp, for which NO is a substrate. It is sug-
gested that if these dedicated NO detoxification systems are
unable to lower the NO concentration sufficiently to counter-
act the ensuing nitrosative stress, FNR will become nitrosylated
(30), leading to lowered expression of the nar, nir, nrf, and nap
operons (that require [4Fe-4S] FNR for activation) and dere-
pression of imp expression. We note that NarG is the most
important source of endogenously derived NO during nitrate/
nitrite respiration (7, 41-43). Thus, nitrosylation of FNR would
serve to protect the cell by down-regulating the principal
source of endogenous NO and by up-regulating Hmp, an
important NO-detoxifying enzyme. Although Hmp is most
active under aerobic conditions, where it catalyzes oxidation of
NO to nitrate, under anaerobic conditions, it exhibits some
activity, catalyzing reduction of NO to nitrous oxide (N,O) (44),
and may have a role in NO detoxification under anaerobiosis
(20).

Thus, the nitrosylation of FNR should only occur when the
cellular NO detoxification systems are overwhelmed. This
implies that FNR functions as a final safeguard against NO
damage in a hierarchal network that has evolved to monitor,
and respond to, NO both endogenously generated during
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anaerobic respiration with nitrate or nitrite and exogenously
generated by the host immune system.
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