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Abstract 

Significance.  Iron-sulfur cluster proteins carry out a wide range of functions, including as 

regulators of gene transcription/translation in response to environmental stimuli.  In all known 

cases, the cluster acts as the sensory module, where the inherent reactivity/fragility of iron-

sulfur clusters towards small/redox active molecules is exploited to effect conformational 

changes that modulate binding to DNA regulatory sequences.  This promotes an often 

substantial re-programming of the cellular proteome that enables the organism or cell to adapt 

to, or counteract, its changing circumstances.  

Recent Advances.  Significant progress has been made recently in the structural and 

mechanistic characterization of iron-sulfur cluster regulators and, in particular, the O2 and NO 

sensor FNR, the NO sensor NsrR, and WhiB-like proteins of Actinobacteria. These are the 

main focus of this review. 

Critical Issues.  Striking examples of how the local environment controls the cluster sensitivity 

and reactivity are now emerging, but the basis for this is not yet fully understood for any 

regulatory family. 

Future Directions.  Characterization of iron-sulfur cluster regulators has long been hampered 

by a lack of high resolution structural data. Though this still presents a major future challenge, 

recent advances now provide a firm foundation for detailed understanding of how a signal is 

transduced to effect gene regulation.  This requires the identification of often unstable 

intermediate species, which are difficult to detect and may be hard to distinguish using 

traditional techniques.  Novel approaches will be required to solve these problems. 
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Introduction 

Iron-sulfur proteins exhibit a remarkable breadth of structural and functional diversity. They 

function in electron transfer and storage, chemical catalysis, structural stabilization, and small 

molecule sensing (4,9,13,87). They are characterized by the presence of an iron-sulfur cluster, 

a protein cofactor that contains iron and inorganic sulfide. They are extremely widespread in 

nature and are amongst the most ancient of protein cofactors.  The [2Fe-2S] cluster is the 

simplest, consisting of a [Fe2-(2-S)2] rhomb, with each iron coordinated by two further ligands 

that are normally amino acid residue side chains, see Figure 1.  This arrangement provides 

tetrahedral coordination at each iron.  The [4Fe-4S] cluster consists of two interpenetrating 

tetrahedra of iron and sulfide ions, forming a cube that is linked to the protein framework by a 

minimum of three amino acid residues lying at the vertices of a tetrahedron (27).  The loss of 

one iron from a vertex of a [4Fe-4S] cluster cube generates a [3Fe-4S] cluster.  These are 

generally much less common than [2Fe-2S] and [4Fe-4S] clusters and are sometimes 

observed as intermediates of cluster conversion reactions, or as the result of damage to a 

[4Fe-4S] cluster (Figure 1) (10,26). There are other, more exotic iron-sulfur clusters found in 

biology, e.g. (97,149), but these are not involved in sensing functions and so will not be 

considered further here.  Cysteine thiolates (RS-) are by far the most commonly found amino 

acid ligands to cluster iron ions, but other residues such as histidine (-N=), serine (R-O-) and 

aspartate (RCO2
-) are occasionally found (for examples see (16,60,68,105,109,176,177)). 

The capacity to participate in redox chemistry is a key functional characteristic of many 

iron-sulfur clusters, but this also means that they are readily damaged through interaction with 

redox-active species such as molecular oxygen (O2), superoxide ions and hydrogen peroxide, 

leading, usually, to cluster degradation or even complete loss (70). In general the abundance 

of iron-sulfur clusters correlates inversely with the presence of O2, reflecting this reactivity and 

fragility (66,74). Clusters are also susceptible to damage via interactions with strongly 

coordinating species.  For example copper and cobalt disrupt iron-sulfur clusters and this is a 

route through which these metal ions exert toxicity (108,136).  Nitric oxide (NO) also reacts 

with iron-sulfur clusters, forming various iron nitrosyl species.  The formation of such species 
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requires a supply of electrons, and so, in this case, coordination reactions are coupled to redox 

chemistry (171).  

The inherent reactivity of iron-sulfur clusters with a range of small molecules makes 

them ideal candidates for roles in sensing environmental change and stress caused by 

reactive oxygen species (ROS) and reactive nitrogen species (RNS). Moreover, because 

clusters of different nuclearity and shape can interconvert, they can drive protein 

conformational change, with significant effects on protein-DNA interactions and hence a 

means to effect transcriptional regulation. 

Here, we review the roles of iron-sulfur cluster proteins that function in sensing redox 

signals, defined broadly to include O2 and NO sensing, which both involve cluster redox 

chemistry.  We highlight the most recent advances, with particular emphasis on new high 

resolution structural and mechanistic data that illustrate the complex and fascinating 

chemistries of these cofactors.  

 

 

Primary versus secondary signals 

In this review, we categorize the various known iron-sulfur cluster regulators according to the 

primary signal to which they respond.  However, in many cases, a regulator will respond to 

other species in addition to their primary signal. For example, and as discussed in more detail 

below, SoxR and thus the SoxRS regulon in E. coli is activated by NO (37), but it primarily 

responds to redox active molecules such as methyl viologen (148).  A dedicated or primary 

sensor can be thought of as one that directly detects its primary analyte (such as NO), or 

chemically related products (such as S-nitroso-glutathione (GSNO)), and modulates the 

expression of genes producing proteins whose actions are directly related to the primary 

analyte. A secondary sensor would therefore be capable of detecting other analytes besides 

the primary one, and modulating the expression of genes that may be considered useful when 

dealing with the secondary analyte. As noted by Spiro (157), determining the primary analyte 

can be a difficult issue, especially where limited in vivo or in vitro studies exist. 
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Sensors of molecular oxygen and ROS 

Many bacteria exhibit remarkable metabolic flexibility that enables them to respire both in the 

presence and absence of O2.  While the greater efficiency of O2 makes it the preferred terminal 

electron acceptor for respiration, other compounds, such as nitrate and fumarate, can be used 

when O2 is limiting (169). This flexibility is dependent on the ability to sense O2 and to make 

suitable adjustment of the cellular proteome.  However, along with the energetic advantages 

of aerobic respiration comes the dangers associated with the incomplete reduction of O2, 

which results in the generation of ROS, such as superoxide ion, hydrogen peroxide and the 

hydroxyl radical (70). Moreover, redox-cycling molecules such as the antibiotic actinorhodin 

are toxic, even in the absence of O2 (61). Thus, it is essential that cells can respond to, and 

minimize, the toxicity associated with not only ROS, but also naturally occurring redox-active 

molecules. 

 

FNR family regulators 

In E. coli, and many other bacteria, the O2-sensing fumarate and nitrate reduction (FNR) 

protein is the master regulator of the switch between aerobic and anaerobic metabolism, 

regulating >300 genes, over dissolved O2 tensions in the range of 0 – 20 M 

(8,62,63,88,110,170).  The first crystal structure of an FNR, from Aliivibrio fischeri, was 

recently reported with its [4Fe-4S] cluster intact, see Figure 2A (176). A. fischeri FNR is highly 

homologous to E. coli FNR (84% sequence identity) and so the structural insight gained maps 

directly on to the wealth of in vivo and in vitro data available for the E. coli protein.  Like other 

members of the CRP-FNR superfamily of regulators, FNR comprises two distinct domains, 

providing sensory and DNA-binding functions, respectively, linked by a dimer interface.  The 

N-terminal sensory domain contains four essential Cys residues (Cys20, 23, 29 and 122) 

(59,85,86) that are capable of binding either a [4Fe-4S]2+ (Figure 2B) or a [2Fe-2S]2+ cluster.  

In the absence of O2, monomeric FNR (~30 kDa) acquires a [4Fe-4S]2+ cluster via the Iron-
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sulfur cluster (Isc) biosynthetic system (115,145). This triggers a conformational change at the 

dimerization interface that leads to the formation of homodimers (~60 kDa) and site specific 

DNA binding sites within target promoters via a C-terminal helix-turn helix domain. Kiley and 

colleagues established early on that the presence of O2 led to the conversion of [4Fe-4S]2+ 

FNR into a [2Fe-2S]2+ form (85,101), both in vivo and in vitro, leading to monomerization and 

loss of DNA-binding (84,100). 

A model of the FNR monomer interface had been proposed previously based on a 

series of studies of site-directed variants (6,7,84,88,101,117).  These studies showed that 

Asp154, Ile151 and Arg140, which were all predicted to lie at the dimer interface, were key 

residues in controlling the equilibrium (117).  The recent structure of A. fischeri FNR shed 

considerable further light on the finely balanced equilibrium between monomer and dimer 

forms of FNR.  Several aspects of the model were confirmed, but previously unrecognized 

aspects were uncovered. In particular, the Asp154 sidechain is located in a pocket that cannot 

stabilize the expected negative charge and this is most likely also an important factor 

alongside Asp154-Asp154 charge repulsion in destabilizing the dimer following reaction of the 

cluster with O2.  The sidechain of Ile151 participates in hydrophobic interactions at the coiled-

coil interface that are important in stabilizing the dimer in the absence of O2. Furthermore, 

Arg140 forms a salt bridge with Asp130 from the opposite monomer that also stabilizes the 

dimer, and disruption of this interaction is most likely a key step in destabilizing the dimer upon 

cluster reaction with O2, triggering an ‘unzipping’ of the coiled-coil dimer interface from the top 

to the C-terminal end of the interfacial helices (176)  

A range of biophysical techniques have been used to study the FNR cluster conversion 

in detail. Through a combination of visible absorbance and EPR spectroscopies, an EPR 

active [3Fe-4S]1+ (S = ½) species was identified as a transient intermediate, indicating a two-

step process (see Scheme 1) (25,26). 

 

Scheme 1 

Step 1:  [4Fe-4S]2+ + O2 → [3Fe-4S]1+ + Fe2+ + O2
- 
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Step 2: [3Fe-4S]1+ → [2Fe-2S]2+ + Fe3+ + 2S2- 

 

In the first step, a Fe2+ ion is released to generate the [3Fe-4S]1+ intermediate. This likely 

occurs following one electron oxidation of the [4Fe-4S]2+ cluster to yield an unstable [4Fe-4S]3+ 

cluster that ejects Fe2+. The second step corresponds to the conversion of the [3Fe-4S]1+ 

species to the [2Fe-2S]2+ cluster.  Cluster sulfide is either ejected into aqueous solution or 

undergoes oxidation to form sulfane (S0), which can form persulfides with the thiolate side 

chain of Cys residues. Cys persulfides can serve as ligands to the [2Fe-2S] cluster, as recently 

demonstrated, see Scheme 2 (122,186). Thus, the second step may also be O2 dependent 

and hence more complex than initially envisaged.  Note, the [2Fe-2S]2+ cluster of FNR is also 

not very stable in the presence of O2 and slowly degrades in vitro and in vivo to give cluster-

less (apo-) protein (1,139,161). Apo-protein can incorporate a ‘fresh’ cluster, as demonstrated 

in vivo by the reactivation of FNR in cells where protein synthesis was inhibited (36). In vitro 

cluster reconstitution reactions, which enable post-isolation insertion of a cluster, exploit this 

ability. 

 

Scheme 2 

Step 2: one persulfide ligand 

[3Fe-4S]1+ + O2 +2H+ → [2Fe-2S]2+(S) + Fe3+ + S2- + H2O2 

 

Step 2: two persulfide ligands 

[3Fe-4S]1+ + O2 +4H+ → [2Fe-2S]2+(S)2+ Fe3+ + 2H2O 

 

To probe the cluster conversion reaction further, and in particular to gain insight into 

the [3Fe-4S] to [2Fe-2S] part of the reaction, electrospray ionization mass spectrometry (ESI-

MS) was recently employed under conditions where the protein remained folded with the 

cluster bound.  This work utilised an O2-tolerant variant of FNR, S24F, which was previously 
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shown to react via the same mechanism as wild type FNR (72), but at a slower rate, thus 

enabling real-time mass spectrometry measurements.  The data provided an unusually 

detailed view of the cluster conversion process through the simultaneous detection of 

reactants, intermediates and product species, see Figure 3A. Global analysis of the cluster 

conversion kinetics, as monitored by ESI-MS, was consistent with previous spectroscopic 

studies showing that the first step of the reaction is the loss of Fe2+ from the [4Fe-4S]2+ cluster 

to form a [3Fe-4S]1+ cluster intermediate (Figure 3B). Cluster-specific 34S isotopic substitution 

was used to unambiguously assign intermediary iron-sulfur species, see Figure 3C (24-26). 

Once formed, the [3Fe-4S]1+ cluster is only transiently stable. The ESI-MS data revealed the 

formation of a novel [3Fe-3S] cluster, which formed and decayed as a true conversion 

intermediate. This species results from the loss of one sulfide ion from the [3Fe-4S]1+ cluster, 

implying that the product is a [3Fe-3S]3+ species.  Independent evidence for the existence of 

a protein bound [3Fe-3S]3+ cluster comes from non-denaturing ESI Fourier transform ion 

cyclotron resonance MS studies on the [3Fe-4S] cluster of Pyrococcus furiosus FdI, where it 

appeared to result from instability of the cluster (73).  An inorganic model [3Fe-3S]3+ cluster, 

which has a paramagnetic, S=1/2 ground state, was recently described. We note that the X-

band EPR spectrum of the model complex was similar to those of [3Fe–4S]1+ clusters, 

including those recorded for S24F and wild type FNR proteins during cluster conversion 

(26,72,102).  The decay of the [3Fe-3S] intermediate was found to be relatively slow and 

represents the rate limiting step of the [3Fe-4S] to [2Fe-2S] conversion process. Indeed, the 

observed rate constant is comparable to that previously reported for the [3Fe-4S] to [2Fe-2S] 

conversion of both the S24F variant and wild type FNR (72)).  If the [3Fe-3S] cluster 

intermediate is similar in arrangement to the hexagonal planar array of three Fe3+ and three 

sulfide ions observed in the model [3Fe-3S] cluster, this would suggest a mechanism by which 

the cuboid [4Fe-4S] cluster may rearrange to form the planar [2Fe-2S] rhomb. 

Non-denaturing ESI-MS data revealed the presence of both monomeric and dimeric 

FNR (33).  Although the [4Fe-4S]/[4Fe-4S] FNR dimer was readily detected, only very minor 

amounts of dimer-associated [3Fe-4S] or [3Fe-3S] species were observed. This strongly 
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indicates that, as soon as a Fe2+ ion is lost from one [4Fe-4S]2+ cluster (on one subunit of the 

dimer), the stability of the dimer is reduced and the monomer-dimer equilibrium becomes 

heavily favored in the direction of the monomer. We note that a dimeric form of A. fischeri 

FNR, containing a partly degraded cluster, displays a disorganized cluster binding loop 

(residues 20 to 29) following the loss of iron(s) (176). This suggests that Cys20 is the first 

residue to dissociate from the cluster. Dissociation of Cys20 would increase the flexibility of 

the Cys20-Cys29 cluster binding loop, which is likely an important initiating step in the 

conformational changes that accompany cluster conversion. 

Resonance Raman and LC-MS studies had previously shown that cluster sulfide 

becomes oxidized to sulfane during the cluster conversion process and that it can be 

incorporated into the Cys-iron bonds that coordinate the [2Fe-2S] cluster, as persulfides (186). 

However, when sulfide oxidation occurs in relation to cluster conversion in FNR remained 

unexplored: is it simultaneous with the conversion process, or a subsequent reaction? Non-

denaturing ESI-MS kinetic data showed clearly that sulfide oxidation occurred at the same 

time as formation of the [2Fe-2S] cluster, leading to [2Fe-2S] and singly and doubly persulfide 

coordinated species forming simultaneously. This was confirmed through time resolved LC-

MS experiments carried out under identical conditions to the non-denaturing MS experiments. 

A summary of the mechanism of FNR cluster conversion is shown in Figure 4. 

Cys persulfides can act, at least in vitro, as a stored form of sulfur, allowing the original 

cluster to be repaired on supply of electrons and Fe2+ (186). Thus, FNR may function by a 

continual process of cycling between active [4Fe-4S], inactive [2Fe-2S] and apo forms, with 

the level of O2 determining which form predominates and, therefore, the extent to which FNR 

is transcriptionally active (see Figure 4).  This type of regulatory control requires that FNR 

levels are tightly controlled (72), and it is known that this is the case in E. coli where FNR 

levels vary little under different growth conditions (114,160).   

Bacillus subtilis FNR exhibits significant differences to the E. coli protein.  In particular, 

the [4Fe-4S] cluster is located in the C-terminal domain, and, unusually, is coordinated by 

three Cys residues (Cys227, 230 and 235) plus an aspartate (Asp141) (60,138).  Another 
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major difference to E. coli FNR is that the cluster is not required for dimerization, though it is 

essential for the activation of FNR-regulated genes, and, therefore, functions as a sensory 

unit.  In contrast to E. coli, levels of B. subtilis FNR are variable depending on the O2 

concentration (up-regulated at low O2 and down-regulated at high O2).  This, together with the 

major differences in the cluster binding and location, suggests that the B. subtilis protein may 

function differently from E. coli FNR. The regulation of anaerobic metabolism in Bacillus 

subtilis has recently been reviewed (67). 

FnrP, the Paracoccus denitrificans orthologue of FNR, also binds a [4Fe-4S] cluster 

but has a different arrangement of Cys residues at its N-terminus (69).  FnrP undergoes O2 

driven cluster conversion similarly to E.coli FNR, but at a rate approximately six fold lower 

(12,28). This suggests that FnrP remains transcriptionally active at higher O2 tensions than E. 

coli FNR, consistent with a role for FnrP in activating expression of the high O2 affinity 

cytochrome c oxidase (cco) in P. denitrificans under microaerobic conditions (126).   

The role of FNR as a master regulator of the anaerobic to aerobic switch means that it 

is likely to be important for virulence of pathogens that encounter fluctuations in O2 

concentration as they seek to establish infection.  In Salmonella enterica serovar 

Typhimurium, FNR was shown to be essential for infection in a mouse model and for survival 

in the macrophage (47), and this was associated with the inability of an fnr mutant to respond 

to the cytotoxic oxidative burst associated with the NADPH phagocyte oxidase. Similar 

observations have been made for Neisseria meningitidis and Laribacter hongkongensis 

(5,40,183). The type III secretion system critical to Shigella flexneri virulence is controlled by 

FNR-mediated regulation of Ipa secretion (111).  This regulation ensures that type III secretion 

is functional only at its precise site of action, i.e. in the partially oxygenated environment in the 

vicinity of the gastrointestinal mucosa. Recently, RNA-seq studies have shown that the 

influence of FNR on this process is more extensive than previously appreciated (174). 

 

NreB 
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Staphylococcus lacks an FNR-like O2 sensor. Instead, these bacteria employ the nitrate 

regulatory element (Nre), a multi-component system encoded by the nreABC operon, which 

regulates the expression of genes associated with anaerobic nitrate/nitrite respiration (45).  

NreB and NreC together constitute a two-component regulator: NreB is a cytoplasmic sensor 

kinase and NreC is a response regulator.  NreB has a PAS domain at its N-terminus with four 

Cys residues (Cys59, 62, 74 and 77) and can bind a [4Fe-4S]2+ cluster (80,119).  In the 

presence of O2, the cluster undergoes conversion to a [2Fe-2S] form, and subsequently to the 

apo-form. NreB functions as a cytoplasmic histidine kinase, and is dependent on the presence 

of the [4Fe-4S] cluster.  Thus, like FNR, NreB is a direct O2 sensor, but, unlike FNR, it does 

not itself act as a transcriptional regulator (80). Instead, through its kinase activity, NreB 

activates NreC, which in its phosphorylated form can bind to specific sequences upstream of 

anaerobic respiratory nar and nir operons (45,80).  

NreA has recently been shown to constitute a new type of nitrate receptor. The 

structure of NreA with bound nitrate was solved at 2.35 Å resolution, revealing a GAF domain 

fold (123).  How NreA functions was recently clarified through studies of the Staphylococcus 

carnosus Nre system. In the absence of nitrate, NreA inhibits Nre-mediated activation through 

interaction with NreB (123).  The introduction of nitrate leads to binding to NreA, which must 

cause a conformational change that reduces the extent of interaction between NreA and NreB, 

alleviating the inhibitory effect on NreB. The current understanding of the NreABC system is 

summarized in Figure 5. 

 

SoxR  

Bacteria are exposed to a multitude of redox active molecules that may serve as quorum 

signals, virulence factors or antibiotics. Many of these compounds are produced to help 

bacteria commandeer resources and/or gain an edge over competing species, while others 

are man-made.  The herbicide methyl viologen (Paraquat) is an example of the latter; it can 

abstract an electron from NAD(P)H-reduced flavin cofactors, which can rapidly react with O2, 
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regenerating the oxidized form along with reactive oxygen species (ROS) such as O2
-· and/or 

H2O2 (19). If allowed to proceed in an uncontrolled manner, this redox cycle is fatal. 

The SoxRS system constitutes an unusual two-part regulatory system in enteric 

bacteria, in which the two proteins act sequentially to activate transcription of >100 genes in 

response to redox active molecules or ROS.  SoxR, which belongs to the MerR family of metal-

responsive transcriptional regulators, exists as a homodimer in solution, containing one [2Fe-

2S] per monomer, coordinated by residues Cys119, 122, 124 and 130. Although the cluster is 

not required for structural stability or DNA binding, it is essential for in vivo activation of soxS 

transcription, the only well-established target for SoxR. The SoxS protein, also a 

transcriptional activator, switches on the expression of a suite of genes, including a Mn-

superoxide dismutase, multi drug efflux systems and antibiotic resistance like transcriptional 

regulators. It also adjusts metabolism to favor NAD(P)H regeneration. SoxS is also subject to 

rapid proteolytic degradation, thus ensuring the two-component system response remains 

highly dependent on the input signal sensed by SoxR (15,82,130,153). 

X-ray structures of [2Fe-2S] SoxR in the free form and in complex with soxS promoter 

DNA are available, see Figure 6A.  The overall architecture of SoxR is similar to other MerR 

family members, although significant differences exist in the alignment of the dimerization helix 

with the DNA-binding domain. Unusually, the [2Fe-2S] cluster is solvent exposed, held in an 

asymmetric electrostatic environment with the rhomb plane of the cluster tilted ~20 relative 

to the plane of coordinating Cys residues (181).   

The [2Fe-2S] cluster can exist in +1 and +2 states, connected by a reduction potential 

of -285 mV (versus SHE at pH 7.6). Indeed, SoxR is readily isolated with a [2Fe-2S]+ cluster, 

and is actively maintained in the reduced state, in vivo, at the expense of NAD(P)H 

(55,61,93,94,150). Only when the cluster is in the [2Fe-2S]2+ form can SoxR activate soxS 

transcription by remodeling of the -35 and -10 promoter elements, such that they become 

optimally positioned for interaction with RNA polymerase. We note that the solvent exposed 

nature of the [2Fe-2S] cluster likely enables rapid electron transfer to and from the cluster. 

Indeed, it would appear that oxidation of the [2Fe-2S]1+ cluster of SoxR can be catalyzed 
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directly by redox-cycling molecules, such as methyl viologen. Whether DNA-binding has an 

important effect on the redox properties of the cluster is unclear. Electrochemical 

measurements on DNA-modified electrodes revealed a dramatic increase in the reduction 

potential of the cluster to +200 mV for SoxR bound to its cognate DNA (58). More recent 

solution studies indicated a much smaller increase (~+30 mV) in potential on DNA-binding 

(89). Furthermore, how the cluster redox change translates into the conformational changes 

required to activate transcription is uncertain.  The asymmetric electrostatic environment 

surrounding the cluster may be important. It is suggested that in the reduced +1 state the 

additional negative charge attracts the main chain amides towards the sulfur atoms of the 

cluster and repels close lying oxygen atoms. Oxidation of the cluster to the +2 state increases 

attraction to negatively charged carbonyl oxygen atoms. These subtle changes to the cluster 

binding domain lead to substantial change in the relative position of the DNA-binding domains, 

widening the distance between the recognition helices to accommodate the unusually long, 

19bp, spacer between the -35 and -10 elements of the soxS promoter (181). 

Although SoxR is widely distributed among bacteria, SoxS is absent in non-enteric 

species, such as Streptomyces coelicolor (148). We note that S. coelicolor SoxR has a higher 

reduction potential (~-185 mV) (153) than E. coli SoxR. This results in the detection of a slightly 

narrower range of redox active molecules in comparison to E. coli SoxR, and increased 

sensitivity to extracellular actinorhodin, an antibiotic naturally synthesized by S. coelicolor 

(148). The current understanding of the SoxRS system is summarized in Figure 6B. 

 

RsrR 

Members of the Rrf2 superfamily of transcription factors are widespread in bacteria but their 

functions are largely unexplored (57). The few that have been characterized in detail sense 

cysteine availability (CymR), nitric oxide (NsrR), the iron-sulfur cluster status of the cell (IscR) 

and iron limitation (RirA); several of these are discussed in detail below. 

S. venezuelae RsrR (redox sensitive response regulator) was predicted on the basis 

of sequence to be a homologue of S. coelicolor NsrR (discussed below). ChIP-seq analysis 
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revealed that rather than regulating the nitrosative stress response, RsrR binds to a different 

and much larger set of genes with a diverse range of functions (120). These include a number 

of transcriptional regulators, genes required for glutamine synthesis, NADH/NAD(P)H 

metabolism, as well as general DNA/RNA and amino acid/protein turn over. Biochemical 

experiments showed that the protein contains a [2Fe-2S]+1 cluster as isolated, and that it can 

exist in +1 and +2 states. Intriguingly, the switch between oxidized and reduced cluster 

controls the DNA binding activity of RsrR, with significant DNA-binding observed only when 

the cluster is oxidized. To our knowledge, both the sensing domain and the putative target 

genes are novel for an Rrf2 protein, suggesting that RsrR represents a new member of the 

Rrf2 superfamily, which is functionally reminiscent of SoxR (120). 

 

 

Sensors of nitric oxide 

The biological functions of NO are inexorably linked to its chemical properties.  NO is a 

reactive, lipophilic radical that can freely diffuse into cells. It readily reacts with thiols, O2
- and 

O2 (amongst others), resulting in a range of species, including S-nitrosothiols, nitrogen dioxide 

(NO2), peroxynitrite (ONOO-), dinitrogen trioxide (N2O3) and nitrite (NO2
-), whose cytotoxic 

chemistries are often regarded collectively as nitrosative stress. Metal (principally iron) 

containing cofactors are also a direct target for NO (166). Thus, proteins containing iron-sulfur 

clusters are highly susceptible to damage under conditions of nitrosative stress. 

In higher eukaryotes, NO fulfils a wide range of biological roles, functioning as a key 

secondary messenger in vasodilation, a neurotransmitter, and as a cytotoxin generated by the 

immune system as the first line of defence against pathogen invasion (182). Thus, many 

pathogenic bacteria have evolved a suite of specific proteins to sense NO (some of which are 

discussed in detail below) to enable them to counter the deleterious effects of high 

concentrations (> 10 µM) of NO generated by the host organism (76).   

Such proteins are also widespread in non-pathogenic bacteria, particularly those that 

carry out anaerobic respiration with nitrate/nitrite as a terminal electron acceptor. Here, the 
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adventitious reduction of nitrite (NO2
-) by nitrate (NO3

-) reductases is a significant source of 

endogenous NO (131,175). In vivo, many transcriptional regulators respond to the presence 

of aqueous NO, acidified nitrite or S-nitroso-glutathione; in E. coli these include MetR, IscR, 

Fur, FNR, SoxR, OxyR, NorR and NsrR. This can lead to a dramatic metabolic reorganization 

in order to adapt to stress conditions (46,48,99,132,146).  In some cases, NO exposure may 

protect bacteria from antibiotics (e.g. aminoglycosides) by disrupting the energy-dependent 

uptake of these drugs, while NO is a natural intermediate in the conversion of NO3
- to N2 for 

denitrifying bacteria (64,65,112,167).  

Many literature reports of reactions of NO with protein-bound iron-sulfur clusters ([2Fe-

2S], [3Fe-4S] or [4Fe-4S]) have identified the product as a dinitrosyl iron complex 

([Fe(NO)2](RS)2, DNIC, see Figure 7).  This species has invariably been detected, both in vivo 

and in vitro, by means of its distinctive S = ½ EPR signal, at g = 2.03.  However, when 

quantified by spin integration, the amount of DNIC accounts for only a few percent of the iron 

in the original cluster (see (30) and references therein). Examination of the inorganic chemistry 

of DNIC complexes reveals that they exist in equilibrium with an EPR silent Roussin’s Red 

Ester ([Fe2(NO)4](RS)2, RRE) type species in a thiol dependent manner (21,172). We note that 

higher nuclearity iron-nitrosyl species are also possible (reviewed by (104)), with the most 

common of these being Roussin’s Black Salt ([Fe4S3(NO)7], RBS), see Figure 7. 

 

Wbl proteins 

The WhiB-like (Wbl) family of regulators are named after white (whi) Streptomyces coelicolor 

mutants that are arrested at different developmental stages of sporulation and fail to produce 

the usual grey spore pigment (34).  They are confined to Actinobacteria, a phylum of Gram-

positive bacteria that includes Streptomyces, Bifidobacterium, as well as important human 

pathogens such as Mycobacterium tuberculosis and Corynebcterium diphtheria (156). Many 

Actinobacteria contain multiple Wbl proteins, which are generally small (~9 – 15 kDa) and 

consist of a variable N-terminal region and a core region that contains a highly-conserved 

pattern of Cys residues (Cys-Xn-Cys-X2-Cys-X5-Cys) that, in all cases reported to date, binds 
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an iron-sulfur cluster. The C-terminal region contains a unique turn motif (GVWGG), followed 

by a putative DNA binding region rich in positively charged residues that is annotated as a AT-

hook motif in some cases (35,133,135,154).  Despite this, the function of Wbl proteins has 

been the subject of some controversy, in part because of the lack of evidence of ‘traditional’ 

DNA-binding behavior.  Cluster-free Wbl proteins have been proposed to function as protein 

disulfide reductases, becoming activated through cluster loss (caused by, e.g., oxidative 

stress) (2,53,54,92). However, the majority of more recent evidence now indicates that Wbl 

protein are indeed DNA regulatory proteins that utilize their iron-sulfur cluster as a sensory 

unit to directly or indirectly modulate DNA-binding (20,22,23,43,135,141,151,155). 

In M. tuberculosis, Wbl proteins function in the pathogen’s remarkable ability to persist 

within its host, as well as its innate resistance to a wide range of antibiotics.  From a 

physiological perspective, M. tuberculosis WhiB3 is perhaps the best understood of all the Wbl 

proteins.  In vivo, whiB3 expression is upregulated in response to NO and an acidic 

extracellular pH, and [4Fe-4S] WhiB3 is sensitive to NO, with exposure enhancing site specific 

DNA binding (151).  This results in production of storage lipids (principally triacylglycerol) and 

virulence determinants (e.g. polyketides) (143,151,152), with the latter disrupting phagosomal 

maturation and acidification (113,143).  WhiB3 also regulates the production of ergothioneine 

(142), a low molecular weight thioketone that is critical for the survival of M. tuberculosis inside 

macrophage phagosomes (140).   

[4Fe-4S] WhiB6 from M. marinum (closely related to M. tuberculosis) differentially 

regulates dormancy (DosR) and the virulence (ESX-1) regulons through its ability to sense 

NO and oxidative stress (23). WhiB6, via ESX-1, regulates the export of virulence factors that 

enable the bacterium to survive in the macrophage by escaping the phagosome. Sustained 

exposure to exogenous ROS and RNS from the host’s immune system leads to apo- and 

nitrsoylated forms of WhiB6, which promote a shift away from aerobic respiration and into 

dormancy, via the DosR/S/T system, enabling M. marinum to establish a persistent infection 

within the granulomas.  WhiB7, which regulates aspects of innate resistance to a variety of 
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therapeutic antibiotics (17,135), along with WhiB3 has been shown to interact with the principal 

sigma factor SigA (17,18,158).   

Streptomyces coelicolor encodes 11 Wbl proteins of which five, WblE (WhiB1 in M. 

tuberculosis), WhiB (WhiB2), WhiD (WhiB3), WblA (WhiB4) and WblC (WhiB7), are well 

conserved in other Actinobacteria species. As for M. tuberculosis, many of these proteins 

function in cell developmental processes (sporulation) and in antibiotic resistance 

(71,116,118). Recently it was shown that WblC (WhiB7) induces a stable isoform of the ECF 

sigma (σ) factor R that governs the thiol-oxidative stress response, and that WblC binding to 

the sigRp1 promoter responds to antibiotic treatment in vivo (184). Furthermore, WhiB was 

recently shown to function in concert with WhiA to control genes required for initiation of 

sporulation and septation (20). WhiA is an unusual transcription factor that consists of a 

homing endonuclease fused to a “domain 4” of a bacterial sigma 70 protein (77,78). 

Substitution of the cluster coordinating Cys residues in WhiB was sufficient to prevent DNA 

binding by both WhiA and/or WhiB in vivo, consistent with them working in concert (20).  The 

interaction of Wbl proteins with protein partners (often sigma factors or sigma factor-like 

proteins) may represent an important aspect of their biological mechanism and functional 

diversity.  

The in vitro reactions of M. tuberculosis WhiB1 and S. coelicolor WhiD with NO have 

been examined in detail using spectroscopic and/or rapid reaction kinetic methods (30,155). 

These studies revealed a rapid multi-NO (~8 per cluster), multi-phasic reaction that appears 

to be characteristic of [4Fe-4S] cluster containing regulators. The first step of the reaction was 

found to be first order with respect to NO with an apparent second-order rate constant of k = 

~6 x 105 M-1 s-1. All subsequent steps were also first order in NO (30), consistent with the 

stepwise binding/reaction of NO.  Overall, WhiD was found to be more sensitive than FNR 

(which has a secondary role in NO sensing, see below) but less sensitive than the primary NO 

sensor NsrR (see below) (30,32).  These observations are consistent with WhiB1 and WhiD 

(WhiB3 in M. tuberculosis) playing a role in sensing NO, rather than ROS stress, as the rate 

of reaction with NO is ~104-fold faster than the reaction of these clusters with O2 (30,98). 
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Recent studies of WhiD (and NsrR; discussed in detail below) using nuclear resonance 

vibrational spectroscopy (NRVS) showed that reaction with NO generated multiple iron-

nitrosyl species, principally of the RRE- and RBS-types (Figure 7) (146).   

Such studies of [4Fe-4S] Wbl reactivities, together with the in vivo data summarized 

above, indicate that NO is a physiological signal for at least some Wbl proteins.  Furthermore, 

the iron-sulfur cluster plays a key functional role in controlling DNA/partner protein-binding. 

 

NsrR 

NsrR, like RsrR described above, belongs to the Rrf2 superfamily of transcriptional regulators 

(29,185). It functions as a global regulator of the response to NO induced stress in many 

bacterial species, and is important for virulence (S. enterica) or host colonization (A. fischeri) 

(38,56,81,90,127,180).  While some Rrf2 family regulators do not contain an iron-sulfur cluster 

(e.g. CymR (147,164)), others, including NsrR, contain three conserved Cys residues that are 

known to coordinate a cluster (29,32). Many others are predicted to bind a cluster because 

they contain the three conserved Cys residues (e.g. RirA (165)), but the cluster type is 

uncertain because examples of both [2Fe-2S] (e.g. the iron-sulfur cluster biogenesis regulator 

IscR (134) and RsrR) and [4Fe-4S] (NsrR) are known. Which cluster is utilized presumably 

depends on the particular role of the regulator and the signal it senses, but this is not currently 

well understood. 

In both, E. coli and B. subtilis, NsrR proteins have been shown to regulate multiple 

genes, including the NO detoxifying flavohaemoglobin, hmp (46,90).  B. subtilis NsrR is 

somewhat unusual amongst NsrR proteins (but similar to IscR (121)) in that it can bind two 

different types of operator sites. These are termed class I / class II, and only binding to class 

I is dependent on the cluster (90,91).  Recent ChIP-seq experiments indicated that S. 

coelicolor NsrR controls only three genes: hmpA1, hmpA2 (both encoding NO detoxifying 

flavohaemoglobins) and nsrR itself. Thus, S. coelicolor NsrR appears to have a specialized 

regulatory function, controlling an operon focussed solely on NO detoxification, it is, therefore 

not a global transcriptional regulator (29).  
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NsrR purified under anaerobic conditions is a dimer containing one [4Fe-4S]2+ cluster 

per monomer (29,185). Through a combination of electrophoretic mobility shift assays (EMSA) 

and DNaseI foot-printing, S. coelicolor [4Fe-4S] NsrR was shown to bind site specifically and 

tightly to an 11bp inverted repeat sequence within the promoter regions of the identified target 

genes, with binding tightest to the hmpA1 promoter (saturation was observed at a ratio of [4Fe-

4S] NsrR monomer to DNA of approximately 2:1, i.e. one NsrR dimer per DNA) (29). Binding 

to hmp2A and nsrR promoters was weaker, with full binding occurring at ratios of ~8 and ~5, 

respectively. Unlike B. subtilus NsrR, apo-NsrR had no affinity for any of these promoters (29). 

A range of biophysical techniques have been used to study NsrR in detail. It was found 

that some low molecular weight thiols (such as DTT) could modify the [4Fe-4S] cluster 

(29,185), and for S. coelicolor NsrR this was shown to drastically reduce its O2 stability, leading 

to rapid disassembly into a [2Fe-2S] cluster. These observations help account for initial reports 

of a [2Fe-2S] form of S. coelicolor NsrR  (168). Importantly, physiological thiols, such as 

cysteine or mycothiol, did not induce cluster conversion (29). Resonance Raman data 

collected from [4Fe-4S] NsrR samples were consistent with an iron-sulfur cluster coordinated 

by three Cys and one oxygen-containing residue, rather than a histidine residue as found in 

IscR (29,49). Thus, where exogenous thiol binding is observed, this is most likely due to 

competition for the unique iron site that is not coordinated by a cysteine residue (29,185). 

Very recently, the 1.95 Å resolution crystal structure of S. coelicolor [4Fe-4S] NsrR was 

reported, the first Rrf2 family regulator structure with a cluster bound, see Figure 8A (177). 

Like other Rrf2 members, NsrR is a homo-dimer, with each monomer consisting of a DNA-

binding domain (a winged helix-turn-helix motif) together with an elongated dimerization 

domain. The [4Fe-4S] cluster is ligated, as expected, by the three conserved Cys residues 

(Cys 93, 99 and 105), which form a distinct loop.  Unexpectedly, the fourth ligand is provided 

by Asp8 from the opposite monomer(Figure 8B).  NsrR appears to represent the first 

structurally characterised example of an asymmetrically bound [4Fe-4S] cluster, were ligands 

are provided from two different subunits. To evaluate the importance of the carboxylate ligand, 
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D8C and D8A variants were generated. These both retained the ability to bind a [4Fe-4S] 

cluster but DNA-binding affinity was either reduced or abolished (177).  

The cluster environment is mainly hydrophobic, without H bonds to the sulfides of the 

cluster. Cys93 is the only solvent exposed residue, while Cys99 and 105 are more buried and 

additionally stabilized through H bonds between their thiolates and the main chain N atoms of 

Leu101 and Arg108, respectively. Cys105 is also stabilized by a positive dipole moment from 

the dimerization helix. Asp8, located on the ancillary helix of the helix-turn-helix (HTH) motif, 

forms a salt bridge with Arg12 from the same helix, and the latter also interacts with the 

carbonyl oxygen atom of Val36, located within the HTH motif. An inter-subunit H bond between 

Gly37 and Asn97 provides additional contact between the HTH motif and the cluster binding 

loop. 

Initial attempts to identify the fourth, oxygenic ligand of the cluster, based on cluster 

and DNA-binding characteristics, pointed to Glu85 as a possible ligand (29). Although now 

obviously not a ligand, the structure shows that Glu85 provides additional contacts with the 

ancillary helix, forming H bonds with the main chain N of Thr4 and the O of Thr7.  In an E85A 

variant, these interactions would be disrupted rendering the DNA binding domain, including 

Asp8, more flexible (Figure 9A), accounting for the observed effects of the substitution on 

cluster and DNA-binding.  

To gain further insight into the role of the [4Fe-4S] cluster in DNA binding, the structure 

of apo-NsrR (generated as a triple CysAla variant) was also solved (177).  In the absence 

of the cluster, the salt bridge between Asp8 and Arg12 remains intact, but the Arg12-Val36, 

Gly37-Asn97 and Glu85-Thr4/Thr7 H bonds are all disrupted. Other notable changes include 

the N-terminal lengthening of the dimerization helix to include Cys105, and a considerable C-

terminal lengthening of helix 5 to include Cys93 (Figure 9B). The different orientations of the 

main chains between the holo- and apo- forms result in an opening of the iron-sulfur cluster 

binding domains and displacement of the recognition helix; it is likely that this is sufficient to 

prevent DNA binding (177). 
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Upon exposure to increasing concentrations of NO, NsrR eventually loses its ability to 

bind to DNA. Binding of [4Fe-4S] NsrR to the hmpA2 promoter was reduced by 50% at a ratio 

of ~1.4 [NO]:[4Fe-4S], and lost entirely by a ratio of ~2.5. For hmpA1 equivalent ratios were 

~2.3 (50%) and ~4.2 (complete loss), while for the nsrR promoter ratios were ~4.1 (50%) and 

8.2 (complete loss).  These results suggest that hmpA2 may be preferentially activated at low 

concentrations of NO. Together these observations demonstrate an interesting, but poorly 

understood, effect, which is presumably governed by the specific promoter sequence (32). 

The sequential addition of sub-stoichiometric amounts of NO allowed changes in the 

absorbance of the cluster to be observed during the nitrosylation reaction. The final spectrum 

had an absorption maximum at 360 nm and a shoulder at ~430 nm, consistent with the 

formation of iron-nitrosyl species similar to RRE and RBS-type species. A plot of absorbance 

changes versus the ratio of NO to cluster showed that the reaction was complete at a 

stoichiometry of ~8 – 10 NO molecules, with a clear break point at ~2 NO molecules per 

cluster, and a less distinct break point at ~6 NO molecules. EPR spectra showed a DNIC 

signal that accounted for ~16% of total iron, the remainder being EPR silent (32). 

Circular dichroism (CD) spectroscopy is particularly useful for resolving the 

overlapping transitions of the broad iron-sulfur cluster absorption spectrum, allowing the local 

cluster environment to be probed.  Plots of CD intensity as a function of NO were essentially 

complete by ~ 8 NO, as for absorbance measurements. However, they clearly demonstrated 

the formation of an intermediate at 2 NO (with an intense CD band at (+)330 nm), which 

subsequently reacted with further NO to give less distinct intermediates at ~4 and ~6 NO. 

Similar CD experiments in the presence of a 23bp oligonucleotide containing the hmp1A 

promoter revealed that the major features (at ~2 and ~6 NO) of the NO response were the 

same as in the absence of DNA. Taken together, the titrations suggest a series of 

intermediates are formed during cluster nitrosylation (32). However, the nature of these 

intermediate species could not be determined from these data.  

Recently, NRVS, utilising 32S/34S and 14NO/15NO isotopic substitutions, together with 

density functional theory (DFT) calculations, was used to probe experimental and theoretical 
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responses of [4Fe-4S] NsrR to NO.  It was demonstrated that the nitrosylation reaction does 

not result in a single, iron-nitrosyl product, but rather a mixture of products containing 

principally RRE- and RBS-type species, together with smaller amounts of EPR active DNIC 

(Figure 7).  Importantly, the 32S/34S isotope shift data from samples specifically labeled at the 

cluster sulfides, together with DFT calculations, showed that the RBS-type species cannot be 

RBS itself because 32S/34S shifts in the iron-sulfur region of the NRVS were not observed, 

ruling out a primarily sulfide-bridged species such as RBS. DFT calculations indicated than 

RBS-like species (that could be described as a Roussin’s black ester, RBE, Figure 7), in which 

one or more of the sulfide bridges present in RBS are replaced by Cys thiolate bridges, could 

account for the observed spectra.  Such species were predicted to have an NRVS spectrum 

similar to RBS, but importantly with little or no shift due to the 32S/34S isotope substitution (146).  

Rapid reaction kinetic experiments (performed with data acquisition at 360 nm and 420 

nm) revealed a rapid, complex multi-phased reaction that was modeled most simply as a five-

step reaction.  The rate of the first step was first order with respect to NO concentration (as 

were all subsequent steps) and most likely corresponds to binding of the first NO to the [4Fe-

4S] cluster (32). Its associated second order rate constant was k =  4.5 x 106 M-1 s-1, ten-fold 

higher than that for any other regulator characterised thus far by similar methods. At higher 

concentrations of NO (≥20 [NO]:[FeS]) the rate for the initial step became independent of NO 

(k = ~600 s-1), indicative of a rate limiting step which does not involve NO. This is likely to 

correspond to the dissociation of a cluster ligand(s) and associated conformational changes 

that must occur before NO can bind. At low ratios only the early phases of the reaction were 

observed. This is consistent with there being sufficient NO to achieve the formation of only the 

earliest intermediate(s). Hence, the second step may represent the binding of a second NO to 

form an intermediate with clear spectroscopic characteristics, and an ability to modulate DNA 

binding (in the case of hmpA2)(32). This now requires further investigation. 

Cavity maps (probe radius of 0.6 Å) generated from the [4Fe-4S] NsrR crystal structure 

of NsrR point to Asp8 as the initial point of NO binding. It is likely that this pathway is also 

accessible to exogenous DTT and CN-, accounting for how these ligands are able to react with 
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the cluster, most likely by displacing Asp8 (29,185). As already noted above, Asp8 is intimately 

connected to the both the HTH motif and the cluster binding domain, and loss of its interaction 

(e.g. in D8A) is sufficient to cause a loss of DNA binding. Moreover, we note that in certain 

ferredoxins, where a [4Fe-4S] cluster is ligated by three Cys and an Asp residue, the 

carboxylate bound iron is readily lost, consistent with this ligand having greater lability than 

the Cys residues (177). 

To date, the structural and biophysical data collected for S. coelicolor NsrR provide the 

most complete picture of the enigmatic nitrosylation process, but further investigations are 

needed to try and establish the precise nature of the nitrosylation intermediates and their 

physiological significance.  Overall, data on S. coelicolor NsrR are consistent with the idea 

that NsrR acts as a primary NO sensor, coordinating the expression of hmpA1/2 as the first 

line of defense against NO (29,32,177) (see Figure 9C). Kinetic analyses of NsrR and WhiD 

from the same organism suggest that NO would preferentially react with NsrR in the S. 

coelicolor cytoplasm, consistent with the idea of a hierarchy of transcriptional response. 

However, caution is required because there are other components of the S. coelicolor 

cytoplasm that are capable of sensing NO (e.g. DevSR)(29,32,144). 

 

Detection of NO by FNR and SoxR 

Under anaerobic conditions, nitrogen oxides, such as nitrate or nitrite, can be utilized as 

terminal electron acceptors in place of O2. In this respect, we note that NarG represents the 

most important source of endogenously derived NO during nitrate/nitrate respiration (175).  

Anaerobic exposure of E. coli to physiologically relevant concentrations of NO led to up-

regulation of multiple FNR-repressed genes (including hmp) and down regulation of FNR-

activated genes (including narG), suggesting that NO inactivates FNR in vivo (95,132). More 

recently, in vivo transcription studies, using a semisynthetic FNR-dependent promoter, 

revealed a ~4 fold decrease in FNR-dependent transcription during the first 15 min following 

NO exposure. A more rapid response (~3 fold decrease during the first 5 min) was observed 

when cultures were supplemented with nitrite, a source of endogenous NO (31).  The 
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response of FNR-dependent transcription to both exogenous and endogenous sources of NO 

was ~4 fold lower compared to that observed for O2. This suggests that FNR is partially 

protected in the cytoplasm, most likely by the actions of the primary NO response systems.  

Thus, FNR is classified as a primary sensor of O2 (or the lack thereof) that plays a secondary 

role in the response to NO.  

In vitro studies revealed that a rapid, multi-step reaction involving ~8 NO molecules 

per cluster occurred upon addition of NO to [4Fe-4S] FNR, similar to the nitrosylation reactions 

described above for WhiD and NsrR (31). The apparent second order rate constant for the 

first step, which again most likely corresponds to the binding of the first NO to the cluster, was 

found to be k = 2.8 x 105 M-1 s-1 (lower than for NsrR), and was first order with respect to NO 

at all concentrations (up to ~1 mM). The reaction resulted in monomerization of the protein, 

suggesting that DNA binding is abolished following NO exposure (31). 

There is also increasing evidence to suggest that FnrP of P. denitrificans responds to 

NO in vivo, along with NsrR and NnrR (which does not contain an iron-sulfur cluster) 

(12,103,126). FnrP co-regulates the expression of nitrate (nar) and nitrous oxide (nos) 

reductases, ensuring their production under semi-aerobic conditions.  In vitro studies of the 

reaction of FnrP with NO revealed significant similarities with the FNR nitrosylation reaction 

and also resulted in dissociation of the FnrP dimer into monomers (28). 

Like FNR, it has been known for some time that SoxR-dependent activation of soxS 

can also be stimulated by NO in vivo (37,125). This was recently reexamined, in vivo, by Singh 

et al. They found that E. coli SoxR was activated by all of the NO-generating compounds 

(SNP, DETA-NO and GSNO) tested, but somewhat surprisingly, S. coelicolor SoxR was 

unresponsive (153), further reflecting the different characteristics of SoxR proteins from 

enteric and non-enteric bacteria. The expression of soxS is induced by macrophages and the 

SoxRS regulon appears to prolong the survival of E. coli in response to activated macrophages 

(125). This is modulated by iNOS inhibitors, suggesting that NO activation of SoxR is of 

physiological significance. However, microarray studies have revealed that the activity of a 

wide range of regulators (including both primary NO sensors such as NsrR and NorR and 
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secondary NO sensors such as Fur and FNR) are modulated by the presence NO 

(124,125,132). For some bacteria, such as Salmonella enterica, soxS is dispensable for 

virulence/infection and the SoxRS regulon is not significantly utilized in the presence of 

activated marcophages (41,44).  

Exposure of [2Fe-2S] SoxR to NO leads to DNIC formation (37,106,107). The kinetics 

of this reaction were recently investigated using pulse radiolysis of nitrite solutions to generate 

NO. The reaction was found to be extremely rapid and biphasic in character. The faster phase, 

which corresponds to the bimolecular reaction of NO with [2Fe-2S] cluster, was reported to 

have a second order rate constant of k = 1.3 x 108 M-1 s-1, close to diffusion controlled and 

approximately two orders of magnitude faster than the reaction of NO with S. coelicolor NsrR 

(32,51).  Surprisingly, this implies that NO can bind without the dissociation of one of the 

coordinating Cys residues.  Further investigations are required to verify the kinetics and 

intermediates of the SoxR NO reaction. 

 

Iron regulator protein 1 and other aconitases 

Aconitase, an enzyme of the citric acid cycle, is localized to the mitochondrion of eukaryotes 

where it functions as a dehydratase in converting citrate to isocitrate.  Key to its activity is a 

[4Fe-4S] cluster that is coordinated by only three Cys residues, such that one iron has a vacant 

coordination site for substrate binding (10).  Thus, the [4Fe-4S] cluster is susceptible to losing 

that iron, generating an enzymatically inactive [3Fe-4S] cluster that can degrade further to the 

apo-protein.  A close homologue of aconitase is found in the cytoplasm of mammals and is 

known as cytoplasmic aconitase (c-aconitase) or iron regulatory protein 1 (IRP1), in 

recognition of its role as a key regulator of cellular iron levels.  

Under conditions of iron deficiency, IRP1 loses its cluster. In its apo-form, it functions 

alongside IRP2 (which is not an iron-sulfur cluster protein, but is regulated in an iron-

dependent manner via ubiquitin-mediated degradation (187)) to post-transcriptionally regulate 

the expression of genes involved in iron metabolism.  It does this by binding to iron regulatory 

elements (IREs) at either the 5’ or 3’ ends of the mRNA transcripts, leading to either inhibition 
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(e.g. ferritin) or promotion (e.g. transferrin receptor) of translation (reviewed in (137,178)). High 

resolution structures of IRP1 in both cluster-bound and RNA-bound (as apo-protein) forms 

have been reported (39,179).  

In addition to functioning as a sensor of iron levels, IRP1 has a specific role in 

responding to nitrosative stress in vivo.  Early studies showed that NO generated in the 

activated macrophage/target cell system led to an increase in IRP1 IRE-binding activity in 

adjacent cells (14).  This is consistent with the susceptibility of the IRP1 cluster to nitrosylation, 

resulting in protein bound DNIC complexes (83), and, therefore, sensing of NO directly by the 

IRP1 cluster.  Studies of rat hepatoma cells showed that NO specifically increases the mRNA-

binding activity of IRP1 but not IRP2 (129), consistent with more recent studies showing that 

IRP1 is principally responsible for the post transcriptional regulation of ferritin, ferroportin, and 

transferrin receptor in response to NO (159).  Activation of IRP1 by NO resulted in increased 

iron uptake and reduced iron storage, thereby maintaining supplies of iron necessary for iron-

sulfur cluster biosynthesis.  Precisely how IRP1 connects and integrates the regulation of iron 

homeostasis and nitrosative stress in vivo remains unclear. 

Two types of bacterial aconitase have been identified in E.coli; one (AcnA) is similar to 

the eukaryotic mitochondrial enzyme and is expressed as part of the SoxRS regulon under 

stress conditions. The other, AcnB, contains an additional N-terminal domain and a different 

domain arrangement and is therefore unique to bacteria. AcnB serves as the principal citric 

acid cycle enzyme but is less stable than AcnA to oxidative stress (163,173).  Both AcnA and 

AcnB have been shown to bind to specific sequences in the 3' untranslated regions of acnA 

and acnB mRNA in their cluster-free forms, thereby promoting the production of the aconitase 

proteins under conditions of stress (eg iron starvation, or oxidative/nitrosative stress) that 

depletes the enzymatically active cluster-bound form (11,75,162). Intriguingly, AcnA enhances 

the stability of sodA mRNA transcripts, whereas AcnB lowers sodA transcript stability (82,162).  

Thus, the actonitase proteins of E.coli appear to function in a protective capacity against 

oxidative stress during aerobic growth (163).  
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Concluding remarks 

Iron-sulfur cluster proteins exhibit a remarkable structural and functional diversity.  Those that 

function as regulators of redox (oxidative, nitrosative) stress house their iron-sulfur cluster 

within a protein scaffold that tunes the cluster reactivity and specificity.  The variety of protein 

folds found amongst iron-regulatory proteins, and the variety of signals that are sensed, further 

illustrate the diversity of these proteins.  In all known cases, the cluster functions as the 

sensory module, and so characterization of the cluster environment and the chemistry taking 

place at the cluster, which includes redox cycling, cluster oxidation/degradation/conversion, 

and cluster nitrosylation, are critical to understanding the mechanisms that drive the 

conformational changes that modulate DNA (or RNA) binding. Typically, high resolution 

structural and mechanistic information for iron-sulfur cluster regulatory proteins is not 

abundant, largely owing to the sensitivity/fragility of the cluster, which has severely hampered 

studies of these often highly O2-sensitive proteins. Thus, the progress made recently in solving 

high resolution structures of FNR and NsrR in cluster-bound states (176,177) marks a 

significant step forward for the field.  Alongside these, in vivo functional studies and in vitro 

mechanistic studies have begun to establish precisely the roles that iron-sulfur cluster proteins 

play in cellular regulation and how they accomplish them.  Future progress will require further 

structural characterization, particularly of DNA-bound states (such as those that are available 

for SoxR (181) and IscR (134)), and the development and application of new methods that 

can provide information on the intermediate species formed during sensing at iron-sulfur 

clusters.  The applications of NRVS (146) and ESI-MS (33), discussed here, indicate that such 

methods are now becoming available. 
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Figure legends 

 

Figure 1. Iron-sulfur clusters that are common in nature. Structures of [2Fe-2S], [3Fe-4S], 

and [4Fe-4S] iron sulfur clusters (PDB:1I7H (79), 2VKR (50)). Iron, sulfide, and cysteine 

residues are indicated. These and other structural images in this article were generated using 

UCSF Chimera (128).  

 

Figure 2. Crystal structure of [4Fe-4S] FNR. A) Annotated structure of Aliivibrio fischeri 

FNR. Each subunit contains an N-terminal β-roll sensory domain that binds an all Cys ligated 

[4Fe-4S] cluster (shown as space filled). B) The [4Fe-4S] cluster binding loop in more detail. 

The location of cluster ligands (Cys20, 23, 29, and 122) and residues known to affect O2 

sensitivity are indicated (PDB: 5E44 (176)). 

 

Figure 3. ESI-MS of [4Fe-4S] FNR and the effect of O2.  A) Representative deconvoluted 

mass spectra of [4Fe-4S] S24F FNR before (0 min) and after (up to 20 min) exposure to 

dissolved atmospheric O2. This results in the formation of a variety of protein bound clusters, 

including [3Fe-4S], [3Fe-3S] and [2Fe-2S] clusters.  Persulfide adducts of [2Fe-2S] and apo-

protein are also observed.  B) Plots of relative abundance of [4Fe-4S] cluster (derived from 

A406 nm, black squares), [3Fe-4S] / [3Fe-3S](S) (yellow triangles), [3Fe-3S] (blue circles) and 

[2Fe-2S] cluster (red diamonds) species as a function of time following O2 exposure. Fits 

derived from a global analysis of the experimental data are shown as solid lines. Data are from 

(33). C) Deconvoluted mass spectra of natural abundance (black lines) and isotopically 

labeled (34S) sulfur (blue lines) forms of [4Fe-4S] S24F FNR and cluster conversion 

intermediates/products, as indicated. 

 

Figure 4. Schematic model of E. coli FNR regulation.  Scheme summarizing the 

mechanism of the reaction of [4Fe-4S] FNR with O2. Dimeric holo-FNR is required for the 

expression of the narGHJI operon. Exposure to O2 initiates iron-sulfur cluster conversion, 
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which pauses at [2Fe-2S] cluster forms and results in separation into monomers and loss of 

DNA binding. Consequently, expression of nar operon is downregulated. It is not currently 

known whether the transiently formed [3Fe-4S] form is transcriptionally active. If anaerobic 

conditions return, [2Fe-2S] or apo-FNR can be restored to [4Fe-4S] FNR via the isc FeS 

assembly system, restoring nar expression. (PDB: 5E44, 5CVR (176)). 

 

Figure 5. Schematic model of the NreACB regulatory system.  Under anaerobic conditions 

NreB acquires an O2 sensitive [4Fe-4S] cluster. In the absence of nitrate (NO3
-), NreA binds 

to NreB inhibiting its phosphorylation activity. In the presence of nitrate, NreA[NO3
-] is formed, 

the interaction with NreB is decreased and the inhibitory effect on NreB phosphorylation 

activity is lost.  NreC is a substrate for the NreB kinase domain. Phosphorylated (P) NreC is 

competent for DNA binding, resulting in an increased in narG expression. Depletion of nitrate 

or the return of oxygen inhibit the kinase activity of NreB. 

 

Figure 6. Crystal structure of [2Fe-2S] SoxR A) Annotated structure of Escherichia coli 

SoxR, containing a C-terminal [2Fe-2S] cluster (shown as space filled). Inset, surface view of 

cluster binding loop highlighting the solvent exposed nature of the cluster (PDB: 2ZHG (181) 

and UCSF Chimeria).  B) Schematic model of E. coli SoxRS regulatory system. DNA binding 

of [2Fe-2S] SoxR has been reported for oxidized (2+) and reduced (1+) forms. The cluster is 

maintained in the reduced state, [2Fe-2S]1+, by the NADPH dependent rsx system. Oxidation 

of the cluster, to [2Fe-2S]2+, through direct interaction with redox cycling drugs (or 

perturbations to the NADP/NADPH pool) activates the transcription of soxS, which in turn 

activates transcription of the SoxS operon. Note, a high-resolution structure of E. coli SoxS is 

not yet available. The schematic representation included here is based on the published 

structure of an AraC/XylS family protein (PDB: 1D5Y (96)), which shares 56% homology with 

SoxS (3,52). 
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Figure 7. Types of iron nitrosyl species formed during iron-sulfur cluster nitrosylation. 

The well characterised small molecule iron-nitrosyl species dinitrosyl iron complex (DNIC), 

Roussin’s red ester (RRE), and Roussin’s black salt (RBS) are illustrated.  Also shown is a 

putative Roussin’s black ester (RBE) species that could result from replacement of sulfide in 

RBS with one or more thiolate bridges. Other related nitrosyl species are also possible and 

are reviewed in (21,104). 

 

Figure 8. Crystal structure of [4Fe-4S] NsrR. A) S. coelicolor NsrR is a homo-dimer, 

composed of elongated monomeric subunits. Each subunits contains an N-terminal DNA 

binding domain (helices 1-3), a long dimerization helix, and a C-terminal loop that binds the 

[4Fe-4S] cluster.  B) The [4Fe-4S] cluster binding loop in more detail. The location of the Cys 

ligands (residues 93, 99, and 105) is shown. The fourth ligand, Asp8, originates from helix 1 

of the opposite monomer (PDB: 5N07 (177)).  

 

Figure 9. A regulatory model for S. coelicolor NsrR. A) 2D representation of the near-

cluster residue interaction network. Arg12 from helix 1 connects to Asp8 on the same helix 

and Val36 from helix 2. Gly37 from helix 2 forms an inter-subunit connection with Asn97 in the 

cluster-binding loop. Glu85 connects helix 5 with Thr7 and Thr4 from helix 1. These 

interactions, together with the [4Fe-4S] cluster, correctly position the recognition helix (helix 

3) for optimal DNA binding (PDB: 5N07). B) Comparison of holo- and apo-NsrR structures. 

Note, the increased length compared to holo-NsrR of the dimerization helix (DI) and C-terminal 

lengthening of helix 5 (*) of apo-NsrR to include cluster ligating Cys residues (PDB 5N08). RH, 

recognition helix. C) Scheme summarizing the mechanism of NsrR NO-sensing and 

regulation. Holo-NsrR binds to promotor sequences upstream of hmpA1/2 genes (encoding 

flavohemoglobin NO dioxygenases), repressing expression. Detection of NO by the iron-sulfur 

cluster leads to a loss of DNA binding, allowing expression of hmpA1/2 in an NO responsive 

manner. Note, a high-resolution structure of E. coli Hmp is not yet available. The schematic 

includes the structure of flavohemoglobin (PDB 1CQX), and putative NO dioxygenase, from 
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A. eutrophus (42). The heme and flavin-adenine dinucleotide cofactors present in 1CQX are 

space filled. 
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