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Abstract

Significance: In recent years, bacterial iron—sulfur cluster proteins that function as regulators of gene tran-
scription have emerged as a major new group. In all cases, the cluster acts as a sensor of the environment and
enables the organism to adapt to the prevailing conditions. This can range from mounting a response to
oxidative or nitrosative stress to switching between anaerobic and aerobic respiratory pathways. The sensitivity
of these ancient cofactors to small molecule reactive oxygen and nitrogen species, in particular, makes them
ideally suited to function as sensors. Recent Advances: An important challenge is to obtain mechanistic and
structural information about how these regulators function and, in particular, how the chemistry occurring at the
cluster drives the subsequent regulatory response. For several regulators, including FNR, SoxR, NsrR, IscR, and
Wbl proteins, major advances in understanding have been gained recently and these are reviewed here. Critical
Issues: A common theme emerging from these studies is that the sensitivity and specificity of the cluster of each
regulatory protein must be exquisitely controlled by the protein environment of the cluster. Future Directions: A
major future challenge is to determine, for a range of regulators, the key factors for achieving control of
sensitivity /specificity. Such information will lead, eventually, to a system understanding of stress response,

which often involves more than one regulator. Antioxid. Redox Signal. 17, 1215-1231.

Introduction

IRON—SULFUR CLUSTERS, which contain iron and inorganic
sulfide, are among the most ancient of protein cofactors.
Since their discovery in the 1960s (5, 13), it has become clear
that they are extremely widespread in biology, exhibiting a
remarkable breadth and flexibility in the roles they perform,
from electron transfer and storage, to redox and nonredox
chemical catalysis (12, 14, 83). Because clusters of different
nuclearity and shape are able to interconvert, they can act as
powerful drivers of protein conformational change. Here, we
focus on their roles in transcriptional regulatory proteins, in
which the cluster senses environmental change, leading di-
rectly to changes in DNA binding affinity.

Iron-sulfur regulatory proteins contain clusters with either
[2Fe-2S] or [4Fe-4S] cores (see Fig. 1). The [2Fe-2S] cluster
consists of an [Fey-(u-S),] rhomb, with the protein amino acid
residues that coordinate it constrained to lie in a plane per-
pendicular to the plane of the rhomb. 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
four amino acid residues lying at the vertices of a tetrahedron.
The [4Fe-4S] cluster may also be viewed as consisting of two

Fey-(112-S), thombs: one on top of the other and at a 90° angle
to each other. [3Fe-4S] clusters, derived from a [4Fe-4S] cluster
by removal of one iron atom from one of the cube vertices, are
found in biology, but they are not yet recognized in a stable
form in a DNA regulatory protein. They have been found
transiently, however, during cluster interconversion (see be-
low). In all iron-sulfur clusters, each iron atom, present in
either the +2 or +3 oxidation state, is tetrahedrally coordi-
nated. Coordinating ligands may be provided by bridging
sulfides, and by amino acid side-chains. These are usually
cysteine thiolates (RS™), but other residues, such as histidine
(N =), serine (R-O7), and aspartate (RCO, "), are sometimes
found (see below). Since tetrahedrally coordinated iron(II)
and (III) always adopt a high spin configuration, they have
several unpaired electrons, and are therefore paramagnetic.
However, paramagnetic exchange coupling within clusters
can lead, in some cases, to a complete canceling of magnetic
moments (known as antiferromagnetic coupling), resulting in
an overall diamagnetic cluster (12). In cases where an odd
number of total unpaired electrons are found, paramagnetism
invariably arises, which is usually detectable using electron
paramagnetic resonance (EPR), magnetic circular dichroism,
or Mgssbauer spectroscopy.
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FIG. 1. Iron-sulfur clusters common in nature. Structures

of [2Fe-2S], [3Fe-4S], and [4Fe-4S] iron—-sulfur clusters. Iron,
sulfide, and cysteine residues are indicated.

Iron—sulfur clusters are coordination complexes containing
ions that are redox active in physiological potential ranges
and therefore can undergo redox reactions. Precisely which
redox couple is involved (e.g., for [4Fe-4S]"" clusters, redox
couples wheren=3+/2+ and 2+ /1 + are commonly known)
and at what potential is highly dependent on the protein en-
vironment of the cluster (12). The capacity to undergo redox
chemistry underpins the functional importance of many
clusters, but it also means that iron—sulfur clusters are sus-
ceptible to damage from reactions with redox-active species
such as molecular oxygen (O,), superoxide ions, and hydro-
gen peroxide, leading, usually, to cluster conversion or even
complete loss (70). Clusters may also be susceptible to damage
resulting from reaction with strongly coordinating species. For
example, it has been shown that a major cause of copper- and
cobalt-mediated toxicity stems from the ability of these metals
to disrupt iron-sulfur clusters of key metabolic enzymes,
presumably as a result of their high affinities for sulfur ligands
(94, 116). Nitric oxide (NO) also reacts with iron—-sulfur clus-
ters, forming various iron nitrosyl species. In such species, the
iron is typically in a low oxidation state (formally +1), and so,
in this case, reaction is coupled to redox chemistry (156).

This inherent reactivity makes iron-sulfur clusters very
well suited to roles in sensing stress caused by reactive oxygen
species (ROS) and reactive nitrogen species (RNS; see Table 1).
While the cell usually strives to protect its complement of
iron-sulfur clusters from this type of destructive reactant, the
clusters of transcriptional regulators have evolved specifically
to exploit such reactions, with sufficient sensitivity to and
specificity for a particular analyte (e.g., O, or NO). Although
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high-resolution structural information is generally lacking,
regulatory cluster reactions, in most cases, must result in
major structural changes, which have significant effects on
interactions with DNA and thus provide a mechanism for
transcriptional control.

Although such regulators are still relatively few, they ex-
hibit complex and fascinating chemistries, and are providing
new insights into iron-sulfur cofactors. We will review these
recent advances, paying particular attention to the nature of
the cluster, and the molecular mechanisms by which they act
as sensors.

Sensors of O, and ROS

The remarkable ability of bacteria to thrive under a wide
range of environmental conditions is a direct result of their
metabolic flexibility, allowing them to adapt to the prevailing
conditions. A prime example of this is the ability to respire
both in the presence and in the absence of O,. While O, is the
preferred terminal electron acceptor for respiration (owing to
the energetic advantages this conveys) in facultative anaero-
bic bacteria, when O is low, other compounds, such as nitrate
and fumarate, can be used (155). This metabolic flexibility is
underpinned by the ability to sense O, and to reconfigure the
cellular proteome accordingly. However, along with the en-
ergetic advantages of aerobic respiration come the dangers
associated with the incomplete reduction of O,, which result
in the generation of ROS, such as superoxide ion, hydrogen
peroxide, and the hydroxyl radical. It is essential that cells can
respond to and minimize the toxicity associated with ROS.

Fumarate and nitrate reduction regulator

In Escherichia coli and many other bacteria the ability to
sense environmental levels of O; is achieved through the ac-
tivity of the global O,-sensing fumarate and nitrate reduction
(FNR) regulator (53, 82). The expression patterns of FNR-
regulated genes indicate that the regulator responds to dis-
solved O, tensions in the range >0-20uM (11, 95). ENR
belongs to the catabolite repressor protein (CRP)-FNR su-
perfamily of regulators (87), characterized by an N-terminal
sensory domain and a C-terminal DNA-binding domain
containing a helix-turn-helix motif (54, 131). The N-terminal
sensory unit varies between members of this super-family;

TABLE 1. BACTERIAL IRON—SULFUR CLUSTER CONTAINING REGULATORY PROTEINS THAT ARE CURRENTLY KNOWN

Regulator Cluster type Function References
FNR [4Fe-4S] Global regulator O, sensor in a wide range of bacteria. (26, 82)
Secondary function in NO sensing.
NreB [4Fe-4S] O, sensor in Staphylococci (105)
ArnR Unknown O, sensor in Corynebacterium (107)
SoxR [2Fe-2S] Redox/O; stress sensor (59, 160)
NsrR [2Fe-2S]/[4Fe-4S]  Global regulator of NO stress response (85, 154)
Wbl [4Fe-4S] Key roles in cell developmental processes in Actinomycetes (27, 139)
IscR [2Fe-2S] Sensor of cellular iron-sulfur cluster levels (106, 128)
SufR [4Fe-4S] Sensor of cellular iron-sulfur cluster levels in Cyanobacteria (132)
Bacterial aconitases  [4Fe-4S] Autoregulation of aconitase and response to oxidative stress (145)
RirA Unknown Iron regulator in alpha-proteobacteria (151)
RsmA [2Fe-2S] SigM antisigma factor (45)
ThnY [2Fe-2S] Regulation of pathway for utilization of tetralin as a carbon source  (41)

NO, nitric oxide.
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some contain a cofactor (e.g., an iron-sulfur cluster or a heme
group) (53, 80, 88), while others do not (162). By far the best
characterized FNR protein is that from E. coli, considered to be
the paradigm system, although there are clearly variations in
properties between FNR proteins (see below). The E. coli
protein becomes activated under anaerobic conditions by in-
sertion of an O,-labile [4Fe-4S] cluster into the N-terminal
sensory domain (53, 89, 114) by the iron—sulfur cluster (Isc)
biosynthetic machinery (99, 127). This causes conformational
changes that diminish inter-subunit electrostatic repulsion
(102), resulting in the dimerization of the ~30-kDa monomer.
This enables the C-terminal DNA-binding domain to recog-
nize specific binding sites within FNR-controlled promoters
(53, 129). Structural information is not yet available for FNR,
but a model, based on the structure of CRP (126), has been
generated (see Fig. 2). Upon exposure to O,, the FNR dimer
dissociates into monomers and is thus converted to a tran-
scriptionally inactive state, in which favorable interactions
with target DNA and the transcription machinery cannot take
place (11, 53, 81, 89, 114). In this way, E. coli FNR regulates
>300 genes (20, 52,79, 125), most of which are associated with
anaerobic metabolism.

In E. coli FNR, the iron—sulfur cluster is bound by the thiols
of four cysteine residues (Cys20, 23, 29, and 122) in the N-
terminal domain. Each of these is essential for function (55).
E. coli FNR contains one other cysteine residue (Cys16), which
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FIG. 2. A model of Escherichia coli fumarate and nitrate
reduction (FNR) regulator and its reaction with O,. The FNR
model is based on the structure of E. coli catabolite repressor
protein (CRP) [pdb file 1CGP (126)]. The [4Fe-4S] cluster is
represented by a cube. After the increase in O, concentration,
the DNA-bound dimer FNR protein undergoes reaction at its
cluster, resulting in a [2Fe-2S] form (represented by a rhomb)
that dissociates into monomers and no longer binds DNA.
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can be removed without apparent effect (55), although it is
conserved in a large subset of FNR proteins. In vitro bio-
chemical studies of FNR were for a long time hampered by its
extreme O, sensitivity, until the development of robust an-
aerobic purification and manipulation protocols allowed
progress in determining mechanistic details. Spectroscopic
studies, including whole-cell Méssbauer, showed that the
reaction of FNR with O, results in conversion of the [4Fe-
4S]** cluster into a [2Fe-2S]** form (77, 81, 114). This, together
with considerations of the intracellular O, concentration, in-
dicated clearly that FNR senses O, directly (77, 89), and not via
another, intermediate signaling species (6, 155).

Two proposals of cluster conversion mechanisms have
been made. First, the reaction proceeds as a concerted single-
step reaction involving the release of two Fe(Il) ions and
partial oxidation of sulfide (81, 142). Second, a two-step re-
action takes place involving a [3Fe-4S]'* intermediate and
sequential release of Fe(Il) and Fe(IIl) ions (21, 23, 24). Evi-
dence for the latter came through the detection of a transient
EPR species with characteristics of a [3Fe-4S]'* cluster, whose
rate of formation and loss was similar to those obtained from
optical observations of a two-step conversion reaction. Fe(II)
is released from the [4Fe-4S]** cluster to generate the [3Fe-
4S]'* cluster containing three Fe(IIT) ions (24). Since the initial
[4Fe-4S1** cluster contained two Fe(Il) and two Fe(III) ions,
the reaction with O, results in oxidation to a superoxidized
state, [4Fe-4S]°", that is unstable and immediately ejects an
Fe(II) ion, forming a [3Fe-4S]'* species. This chemistry has
previously been characterized in the [4Fe-4S]** clusters of
Clostridium pasteurianum 8Fe ferredoxin after one electron
oxidation (17, 40). Consistent with this, the one electron re-
duction product of O,, superoxide ion, could be detected
during this process (24), although this undergoes dispro-
portionation to O, and H,O; (see Fig. 3). Once formed, the
[3Fe-4S]'* cluster is only transiently stable, ejecting one Fe(III)
ion and two sulfide ions (5°7) (25) to generate the product,
[2Fe-2ST7*.

Hence, oxidation of the metal ions rather than of sulfide
ions occurs. However, it has also been shown that the final
oxidation state of the iron released is dependent on the che-
lating power of the environment in which the reaction takes
place (23). Thus, in the presence of reductant, two Fe(II) ions
can be detected. It is possible, therefore, that the sulfide ions
released from the [4Fe-45] cluster are also susceptible to redox
reactions. Oxidation, for example, could generate S” (carried
as polysulfides) or oxy-acids of sulfur (142). These studies also
revealed that the chelating power of the medium can also
influence the relative rates of formation and loss of the [3Fe-
4S]'* intermediate; for example, in the presence of a strong
Fe(III) chelator (e.g., phosphate), the rate of intermediate de-
composition, relative to its formation, was enhanced so that
the intermediate could not be detected (23).

Dismutation of superoxide to O, and H,0O,, followed by
disproportionation of the latter to O, and H,O, catalyzed by
superoxide dismutase and catalase enzymes, respectively,
could result in recycling of the signal molecule, which would
maximize the sensitivity of FNR to O, (24). Further insight
into the site of O, attack was gained from mutagenesis studies
of E. coli FNR (73). Site-directed replacement of residues lying
next to cluster coordinating cysteine residues revealed that
replacement of Ser24, particularly by bulky hydrophobic
residues, had the greatest effect on in vivo activity. In vitro
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FIG. 3. The chemistry of FNR cluster conversion. Scheme
summarizing the mechanism of the reaction of [4Fe-4S] FNR
with O,. See section Fumarate and nitrate reduction reg-
ulator for details.

studies of an S24F variant showed that although the mecha-
nism was conserved, this variant reacted significantly more
slowly with O, than the wild-type protein (73). It was pro-
posed that the bulkier Phe side chain shields O, from binding
at the iron coordinated to Cys23, suggesting that this is a
primary site of O, reaction. A decrease in O, sensitivity was
also observed for L28H FNR, which, like S24F FNR, contains a
substitution of a residue lying next to a cluster-coordinating
cysteine (10). These data imply that the O, sensitivity of FNR
proteins can be finely tuned, through residue substitutions
(leading to structural changes), to ensure that the protein
senses O, over the physiologically relevant concentration
ranges (73).

The [2Fe-2S]** cluster of FNR is also not very stable in the
presence of O, and slowly degrades to form cluster-free (apo-)
protein. This occurs in vitro and is enhanced by, for example,
superoxide as well as in vivo (1, 119, 143). However, the ex-
tended time period over which this occurs (at least in vitro)
offers the possibility that the [4Fe-4S] to [2Fe-2S] conversion
could reverse. Indeed, some [4Fe-4S]** cluster was observed
after addition of dithionite to air-oxidized [2Fe-2S]** FNR
in vitro (81). The apo-protein can also incorporate a fresh
cluster after oxidative disassembly of the original one, as
demonstrated by in vitro reconstitution experiments and,
more importantly, in vivo through reactivation of FNR in cells
where protein synthesis was inhibited (31, 36, 98).

Thus, FNR appears to function by a continual process of
cycling between active [4Fe-4S], inactive [2Fe-2S], and apo
forms, with the level of O, determining which form pre-
dominates and, therefore, the extent to which FNR is tran-
scriptionally active. Such a mechanism requires that the levels
of FNR in the cell are tightly controlled (73). It has been shown
that this is the case in E. coli, where FNR concentrations vary
little under different growth conditions (98, 142). Progress
toward achieving a detailed system level understanding of
FNR-mediated regulation has been made recently, based on
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experimentally determined kinetic models and parameter
values that enabled the large number of unknowns to be
minimized (73, 152). Using a relatively simple model, it was
shown that small changes in the rate at which the [4Fe-45]
cluster reacts with O, have a significant effect on the balance
in vivo between active and inactive forms (73). A more so-
phisticated modeling study was able to predict closely the
in vivo behavior of cells containing wild-type and variant
forms of FNR, and to enable distinction between different
forms of FNR (e.g., active and inactive) that cannot be easily
measured experimentally (152).

FnrP from Paracoccus denitrificans is an FNR ortholog that
binds a [4Fe-4S] cluster, but has a different arrangement of
cysteine residues at its N-terminus (68), while FNR from Ba-
cillus subtilis exhibits significant differences to the E. coli pro-
tein. In the B. subtilis protein the [4Fe-4S] cluster is located in
the C-terminal domain, and, unusually, is coordinated by
three cysteine residues (Cys227, 230, and 235) plus an aspar-
tate (Asp141) (58, 118). The cluster is not required for dimer-
ization, but 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 O, concentration (up-regulated at low O, and down-
regulated at high O,). This, together with the major differ-
ences in the cluster binding and location, suggests that the
B. subtilis protein may function differently from E. coli FNR.
Mechanistic details of the O,-reaction are now needed.

The role of FNR as a master regulator of the anaerobic to
aerobic switch means that it is likely to be important for viru-
lence of pathogens that encounter fluctuations in O, concen-
tration as they seek to establish infection. In Salmonella enterica
serovar Typhimurium, FNR was shown to be essential for in-
fection in a mouse model and for survival in the macrophage
(38), and this was associated with the inability of the fnr mutant
to respond to the cytotoxic oxidative burst associated with the
NADPH phagocyte oxidase. Furthermore, the type IlI secretion
system critical to Shigella flexneri virulence is controlled by
FNR-mediated regulation of Ipa secretion (96). This regulation
ensures that type III secretion is functional only at its precise
site of action, that is, in the partially oxygenated environment in
the vicinity of the gastrointestinal mucosa.

NreB

Staphylococci apparently lack an FNR protein and the
regulation of genes associated with anaerobic respiration of
nitrate and nitrite is controlled by the products of the nreABC
operon (37). NreA is believed to be involved in sensing nitrate,
while NreBC constitutes a two-component O,-sensor. NreC is
activated upon phosphorylation to bind to specific sequences
upstream of anaerobic respiratory nar and nir operons. NreB
is a cytoplasmic histidine kinase that phosphorylates and,
therefore, activates NreC (37, 78).

NreB contains four cysteine residues at its N-terminus
(Cysb9, 62,74, and 77) and can bind a [4Fe-4S] cluster, which is
degraded in the presence of O, (78, 105) to a [2Fe-2S] form,
and subsequently to the apo-form. NreB kinase activity was
found to be dependent on the presence of the [4Fe-4S] cluster.
Thus, like FNR, NreB is a direct O, sensor, but, unlike FNR, it
does not itself act as a transcriptional regulator, but rather
activates NreC (78). How NreA influences this signal trans-
duction system is not yet clear.
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AmR

Anaerobic respiration in the presence of nitrate in Cor-
ynebacterium glutamicum is regulated by the novel transcrip-
tional regulator ArnR, which is distinct from any previously
identified regulator of nitrate reduction (107, 108). It contains
a predicted N-terminal DNA-binding domain and three
conserved cysteine residues (Cys179, 193, and 223) at the C-
terminus. Anaerobically purified ArnR was colored and had
absorbance properties characteristic of an iron—sulfur cluster
(107). Remarkably, AnrR functions as a repressor of the
narKGHJI operon under aerobic conditions by directly bind-
ing to a specific site in the promoter region, thus contrasting
with the anaerobic activation of the equivalent genes by FNR
in E. coli and B. subtilis. Currently, little is known about the
nature of the ArnR iron—sulfur cluster or its role in the pro-
tein’s regulatory function.

SoxR

The SoxRS system constitutes an unusual two-part regu-
latory system in enteric bacteria, in which the two proteins act
sequentially to activate transcription of more than 100 genes
(112) in response to redox stress. SoxR is activated in response
to redox stress and, in enteric bacteria, switches on tran-
scription of soxS. The SoxS protein is also a transcriptional
activator and in turn switches on expression of the SoxRS
regulon. SoxS is subject to proteolytic degradation, ensuring
that the system’s response remains dependent on the signal
(56). From early studies of this system in E. coli, it was known
that a range of redox active molecules (e.g., paraquat and
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menadione) could lead to activation of SoxR (4). For a long
time it was believed that this was an indirect activation re-
sulting from the capacity of such molecules to generate su-
peroxide (O, ™) in vivo (4). However, it was concluded very
recently that SoxR responds not to superoxide, but instead to
bacteria- and plant-derived redox-cycling molecules them-
selves, independent of superoxide (59). SoxR activation
through oxidation by DNA-guanine radicals was also re-
ported, with the potential for long-range electron transfer
mediated by DNA (92). Although SoxR is widely distributed
in bacteria, SoxS is absent in nonenterics, and so SoxR acts
directly in regulating all of the regulon members (33). Inter-
estingly, this type of SoxR protein (e.g., SoxR from Pseudo-
monas aeruginosa and Streptomyces coelicolor) is known to be
activated by small redox active molecules (32, 134). Precisely
how SoxR becomes activated currently remains controversial
(69, 93).

SoxR is an ~17-kDa protein belonging to the MerR family
that forms a homodimer in solution, with each monomer
containing a [2Fe-2S] cluster, essential for transcriptional ac-
tivation (66), bound by four cysteine residues organized as a
Cys-X,-Cys-X-Cys-X5-Cys motif (see Fig. 4A). High-resolution
structural information for iron-sulfur cluster regulatory pro-
teins is not abundant, owing to the sensitivity / fragility of the
cluster. However, the X-ray structure of [2Fe-25] SoxR was
recently solved, in the free form and in a complex with soxS
promoter DNA. The structure revealed overall similarity to
other MerR family members, with significant differences in
the alignment of the dimerization helix with the DNA-binding
domain (160). Also, in comparison to other structurally
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characterized [2Fe-2S] clusters, the rhomb plane of the cluster
(in the sensory domain) is tilted (by 20°) relative to the plane of
coordinating cysteine residues (160). Importantly, the cluster
iron atoms were found to be solvent-exposed, in an asym-
metric electrostatic environment, where one of the two sul-
fides interacts (via H-bonds and van der Waals contacts) with
backbone amides, while the other is solvent exposed and only
makes van der Waals contacts with oxygen and carbon atoms.
Furthermore, the cluster is partially stabilized through inter-
actions with residues belonging to the other monomer of the
dimer, including a number in the DNA-binding domain (160).

The SoxR [2Fe-2S] cluster can exist in the +1 and +2 oxi-
dation states connected by a reduction potential of —285mV
(vs. standard hydrogen electrode at pH 7.6) (35, 46). Both
forms bind DNA with similar affinities (as does the cluster-
free [apo] form), but it is only the oxidized [2Fe-2S1** form
that can activate transcription of the soxS gene. Electro-
chemical measurements on DNA-modified electrodes re-
vealed a dramatic shift in the reduction potential to +200 mV
for SoxR bound to its cognate DNA (51), indicating that only
strongly oxidizing species should be able to oxidize the cluster
to the +2 state. This implies that SoxR only becomes activated
under conditions of oxidative stress and does not respond to
small fluctuations in the cellular redox balance. Activation
occurs through a remodeling of the —35 and —10 promoter
elements such that they become optimally positioned for in-
teraction with RNA polymerase (160). Thus, SoxR is distinct
from other iron—sulfur cluster regulators (see below) in that
the switch which controls transcriptional activity does not
involve major structural changes at the cluster, but instead
simply involves a single-electron oxidation process. The sol-
vent exposure of the cluster likely facilitates the oxidation
reaction, and suggests a rather broad specificity, consistent
with the finding that a number of different redox active
molecules can activate expression (59). Cluster oxidation is a
reversible process and a specific reductase system, encoded
by rseC and rsxABCDGE, was identified in E. coli (86), in
which inactivation of either rseC or any of the genes in the rsx
operon resulted in constitutive expression of soxS.

It is still not fully understood how a simple one electron
redox process can generate the structural changes (in SoxR
and in the promoter DNA) that are required for transcrip-
tional activation. The sensory domain interacts directly with
the DNA-binding domain, providing a direct route for
transmission of the signal. The asymmetric charge environ-
ment of the cluster may also be important, and it was pro-
posed that oxidation state change is likely to result in
structural rearrangements that maximize favorable electro-
static interactions (160). The current understanding of the
SoxRS system is summarized in Figure 4B.

Sensors of NO

NO is a reactive, lipophilic radical that can freely diffuse
into cells. In eukaryotes, NO functions [at nanomolar con-
centrations (100)] as a signal via the reversible coordination of
NO to the heme group in guanylate cyclase to facilitate va-
sodilation, and also as a defense within mammalian macro-
phages [at micromolar concentrations (50)] in response to
infection by pathogenic bacteria (16). Soil bacteria are also
exposed to this gas (161), through anaerobic respiration with
nitrate and some contain an NO synthase that generates NO at
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micromolar concentrations (61), which may be involved in
protection against a broad spectrum of antibiotics (60, 97).
Thus, for some bacteria at least, NO is a natural metabolite.
The ability of NO to react readily with a variety of targets
means that, at elevated concentrations, it is cytotoxic through
processes such as thiol S-nitrosation, recently discovered in
bacteria (67, 120); N-nitrosation of certain amino acids (e.g.,
tryptophan); and oxidative DNA damage. Metal cofactors are
also a major target for NO reactions. Thus, proteins containing
iron-sulfur clusters are highly susceptible to NO-induced
damage (75).

Bacteria must be able to counter the deleterious effects of
NO (at high concentration), but also to respond to environ-
mental stress conditions that may be signaled at lower NO
concentrations. For example, the presence of NO is associated
with hypoxia (62). As a result, many bacteria have evolved a
suite of specific proteins to sense NO (141), leading to its de-
toxification and, in some cases, to dramatic metabolic reor-
ganization (such as occurs in sporulation) in order to adapt to
stress conditions.

NsrR

NsrR has been shown to sense NO in E. coli (15) and to
switch on a regulon of at least 60 genes (111), including hmp,
which encodes an NO detoxifying flavohaemoglobin (113).
Thus, NsrR is a global regulator of the response to NO-
induced stress and has been shown to be important for
virulence in the pathogen S. Typhimurium (9, 49), and for
establishing symbiosis between Vibrio fischeri and its squid
host (159). NsrR belongs to the largely understudied Rrf2
family (122) that includes the [2Fe-2S] cluster-containing
regulator IscR (see below). Purified NsrR from S. coelicolor
(153), Neisseria gonorrhoeae (71), and B. subtilis (169) have all
been shown to be iron-sulfur cluster binding proteins with
three C-terminal conserved cysteine residues [Cys93, 99, and
105 in S. coelicolor NsrR; note that the spacing between cys-
teine residues varies in different NsrR proteins (154)] that
likely act as cluster ligands. Consistent with this, Cys to Ala
substitutions in N. gonorrhoeae NstR relieved repression of a
target promoter and inhibited DNA-binding activity in vitro
(71). The identity of the fourth coordinating residue is not yet
known, but, unless cluster coordination occurs between NsrR
monomers, it cannot be a cysteine residue. The first structure
of an Rrf2 family regulator was recently published (133).
CymR, which regulates cysteine uptake and biosynthesis, was
shown to be a dimer, with each monomer consisting of a
DNA-binding domain (containing a winged helix-turn-helix
motif) and a dimerization domain (see Fig. 5). CymR is un-
usual in that it performs its regulatory function through re-
versible complex formation with CysK, a key enzyme of
cysteine biosynthesis, and is not a member of the iron-sulfur
cluster containing Rrf2 family regulators. Nevertheless,
modeling studies of CymR indicated the likely location of the
cluster in such proteins (133).

In addition to the uncertainty about ligation, the nature of
the cluster and the mechanism by which the NsrR protein
functions to coordinate the response to NO stress are not clear.
Purification of S. coelicolor NstR from E. coli yielded a [2Fe-2S]
cluster form that was found to bind specifically to the S. coeli-
color hmpA1 and hmpA2 promoter regions in bandshift assays
(153). Binding was abolished by addition of NO and this
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FIG. 5. Structure of the Rrf2 family regulator CymR.
Structure of the Bacillus subtilis CymR monomer, showing
the dimerization helix and DNA-binding domain [pdb file
2Y75 (133)]. The likely location of cluster-binding cysteine
residues found in homologous iron-sulfur cluster-binding
Rrf2 proteins (e.g., IscR, NsrR, and RirA) is indicated.

reaction resulted in the formation of iron nitrosyl species,
including a tetrahedral dinitrosyl iron complex (DNIC),
[Fe'(NO),(RS),] ~, species in which RS~ are cysteinate residues
(see Fig. 6A) (156). Interestingly, this DNIC only accounted for
~9% of the original iron, indicating that the major product was
EPR silent (153). Although mass spectrometry suggested that
purified N. gonorrhoeae NsrR also contained a [2Fe-2S] cluster
(71), B. subtilis NsrR was found to contain a [4Fe-4S] cluster
(169). This form was very recently shown to bind the B. subtilis
nasD (nitrite reductase) promoter in an NO-sensitive manner
(85). Furthermore, it was shown that B. subtilis NsrR also bound
DNA at other sites, and this was not dependent on the cluster,
suggesting that apo-NsrR plays a role in regulation (85).

The current literature on NsrR does not, therefore, provide
a consistent view of the type of cluster: both [2Fe-2S] and [4Fe-
4S] forms have been reported for NsrR proteins from different
organisms that each binds DNA specifically. Given the quite
different spatial arrangement of ligating residues required to
coordinate cubane [4Fe-4S] and planar [2Fe-25] clusters, it is
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unlikely that NsrR containing each cluster type could adopt
the same conformation, and therefore each form might be
expected to recognize different operator sequences and reg-
ulate distinct sets of genes. Clearly, further information is
required, but a general scheme describing NsrR regulatory
function is shown in Figure 7.

Wbl proteins

The WhiB-like (Wbl) family of regulators (named after
the first discovered WhiB protein from S. coelicolor) is, re-
markably, found only in the Actinobacteria, a phylum of
Gram-positive bacteria that includes Streptomyces, the most
abundant source of clinically important antibiotics, and im-
portant pathogens such as Mycobacterium tuberculosis and
Corynebacterium diphtheriae (140). Wbl proteins are generally
small (~10-15kDa) and contain a highly conserved pattern of
cysteine residues Cys-X,-Cys-X-Cys-X5-Cys that bind an
iron-sulfur cluster (22, 72).

S. coelicolor encodes 11 Wbl proteins of which five, WbIA,
WhiB, WbIC, WhiD, and WhiE, are well conserved in acti-
nobacteria (39). In S. coelicolor, WbIA and WhiB are required
for the initiation of sporulation and septation, whereas WhiD
is required for the late stages of sporulation (39, 101). A S.
coelicolor wblC mutant is hyper-sensitive to antibiotics, as is the
equivalent whiB7 mutant in M. tuberculosis, suggesting an
important role for WblC/WhiB7 in antibiotic tolerance (39,
103). The function of WbIE is not known, but the wblE gene
could not be disrupted in S. coelicolor, suggesting that its
function may be essential (39). In M. tuberculosis, Wbl proteins
bestow the ability on the pathogen to persist within its host for
long periods, as well as its remarkable tolerance to a wide
range of antibiotics (103). The function of Wbl proteins has
been the subject of some controversy. While initially believed
to be regulatory proteins, in vitro studies revealed that cluster-
free Wbl proteins exhibit disulfide reductase activity (2). This
led to the proposal that loss of the iron-sulfur cluster through
oxidative stress leads to activation of Wbl proteins as disulfide
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NsrR
[2Fe-25]2*
or [4Fe-4S]2*

NO

: NsrR
_ iron-nitrosyl
(DNIC/RRE)

FIG.7. NsrR regulatory systems. Scheme summarizing the
mechanism of NsrR NO-sensing and regulation. Specific
DNA binding has been reported for NsrR proteins from
different organisms in which the form of the cluster ([4Fe-4S]
or [2Fe-2S5]) is different (85, 153). The gene hmpA encodes an
NO-detoxifying enzyme. Note that the high-resolution
structure of NsrR is not yet available, and the schematic
representation included here is based on the recently pub-
lished structure of the Rrf2 family protein CymR (133).
Structural information on the likely iron-nitrosyl species
formed following reaction of NsrR with NO is given in
Figure 6. Although not illustrated, apo-NsrR has also been
reported to bind DNA (at a different sequence) and, there-
fore, may also fulfill a regulatory function (85).

bond reductases. It seems unlikely that this is a general
property of Wbl proteins, however, as investigations of other
Wbl proteins failed to detect any general reductase activity
(22,139). It is possible that Wbl proteins may act as reductases
of specific cellular targets, and in the case of M. tuberculosis
WHhiBl, a specific disulfide-mediated interaction with the al-
pha (1,4)-glucan branching enzyme GIgB was detected (44).
However, the majority of evidence now indicates that Wbl
proteins are indeed DNA regulatory proteins.

Recently, M. tuberculosis WhiB3, which contributes to vir-
ulence and is induced in mouse lungs and macrophages, was
shown to regulate lipid and polyketide biosynthesis, includ-
ing tri-acylglycerol accumulation, in vivo, in response to acti-
vated macrophages (135). The [4Fe-4S] form of WhiB3 is O,
sensitive and reacts with NO (136), leading to the suggestion
that WhiB3 acts as a sensor of O, and NO to control expression
of genes involved in intermediary metabolism. This provides
a key connection to the well-documented accumulation in M.
tuberculosis of tri-acylglycerol (which is also present in the
sputum of tuberculosis patients) in response to hypoxia and
NO exposure (29, 30). Recently, M. tuberculosis whiB1, which
encodes a homolog of S. coelicolor WbIE, was shown to be an
essential gene. The [4Fe-4S] form of WhiB1 did not bind to
whiB1 promoter DNA, but the reduced and oxidized (dis-
ulfide containing) forms of apo-WhiB1 did. Binding was also
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observed after cluster nitrosylation (139). It is becoming clear
that the reaction of NO with Wbl proteins is a central signaling
process and that the iron-sulfur cluster plays a key functional
role in controlling DNA binding.

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 DNIC (Fig. 6A). This species
has invariably been detected, both in vivo and in vitro, by
means of its distinctive S=%2 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 (27) and references therein]. Thus, the fate of most
of the cluster iron and, indeed, the sulfide ion is unclear. In-
sight into this was recently provided by studies of the reaction
of the Wbl proteins WhiD from S. coelicolor and WhiB1 from
M. tuberculosis with NO (27), which revealed several novel
aspects of cluster nitrosylation and a common mechanism (27,
139). The addition of NO resulted in an extremely rapid,
multi-phasic reaction, with a t;, of ~1s, which is about 10%-
fold faster than the reaction of these clusters with O, and by
far the most rapid iron—sulfur cluster nitrosylation reaction
reported to date. Remarkably, the reaction was stoichiometric,
giving a product(s) with a total of eight NO molecules per
[4Fe-4S] cluster that was EPR silent. The product is, therefore,
not a DNIC. Instead, it was proposed that a pair of EPR-silent,
dinuclear iron tetra-nitrosyl species, [FeL,(NO)4(SR),], known
as Roussin’s red ester (RRE) complexes were formed (see Fig.
6A, B) (18). If two such RRE species were to lie close to one
another, the product could be described as a novel, tetra-
nuclear octanitrosyl cluster (see Fig. 6A, B).

Iron nitrosyl complexes typically contain iron in the +1
state. Six electrons are therefore required to reduce all the iron
ions of the [4Fe-4S]** cluster to this oxidation state (since the
cluster contains 2 x Fe(Ill) and 2 x Fe(II) ions). The reductant is
likely to be the cluster sulfide (5*7) ions. Analysis revealed
that three of them were indeed oxidized to S° during the re-
action, yielding the six electrons required (27).

EPR-silent RRE species have also been obtained after the
reaction of NO with model iron—sulfur clusters (63), and re-
cent studies of the Rieske protein using the novel technique of
nuclear resonance vibrational spectroscopy showed that,
upon addition of NO, the [2Fe-2S] cluster forms, in high yield,
an RRE rather than a DNIC species (149). It is not known
currently how commonly RRE species are formed when iron—
sulfur clusters react with NO, but it is apparent that, at least in
some cases, they are the major iron—nitrosyl species formed.

Sensors of Iron or Iron-Sulfur Clusters

As well as exploiting the reactivity of iron-sulfur clusters
toward small gaseous molecules, iron—sulfur regulatory pro-
teins are also involved in sensing cellular concentrations of
iron-sulfur clusters and iron themselves, where the binding of
the cluster, rather than its reaction with an analyte, is the
signal to which the regulator responds.

IscR

Iron—-sulfur cluster regulator (IscR) is a member of the Rrf2
family of transcriptional regulators that also includes NsrR
(see above) and was first discovered as a regulator of the Isc
iron-sulfur biogenesis pathway in bacteria (128). When pu-
rified anaerobically, the 17kDa E. coli protein was found to
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contain a [2Fe-2S] cluster, with a characteristic EPR spectrum
indicative of a reduced cluster (in the +1 state) with a total
spin, S,=% (128). The protein contains three conserved cys-
teine residues (Cys92, 98, and 104), which are all functionally
essential (167), and, in Acidithiobacillus ferrooxidans IscR, it was
shown that a conserved Glu residue located toward the N-
terminus is required for cluster binding, implying that this
may be the fourth cluster ligand in this organism (170).

In its cluster-bound state, IscR represses expression of the
iscSUA-hscBA-fdx genes that encode the housekeeping Isc
iron-sulfur biogenesis system in E. coli. Under conditions of
low iron or oxidative stress, E. coli utilizes a different iron—
sulfur biogenesis system encoded by the sufABCDSE operon
(110, 144). Regulation of the Suf system is complex, involving
OxyR, IHF, Fur, and IscR (91, 110, 167). Under inducing
conditions, suf operon expression is activated by IscR and it is
the cluster-free form that regulates the suf promoter (106, 167).
DNAse I footprinting studies revealed that IscR exhibits dif-
ferent DNA-binding properties in its apo and holo states: type
I sites in the isc promoter are recognized by holo-IscR, while
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the type II site in the suf promoter is recognized by both apo-
and holo-IscR (48, 106). Subsequently, it was demonstrated
that a number of other IscR-regulated genes, including those
encoding anaerobically produced iron-sulfur enzymes, con-
tained type Il sites and that these, too, did not require the [2Fe-
25] cluster and are regulated by apo-IscR (106). That type II
sites can bind both apo- and holo-IscR raises the question of
how regulation is achieved in vivo. It is proposed that under
low iron and/or stress, iscR expression is activated, resulting
in a significant increase in apo-IscR, leading to activation of suf
and other type II-regulated genes (106). Thus, through the
control of its own expression, IscR regulates different subsets
of genes in cluster-bound and cluster-free forms and, in doing
so, integrates regulation of iron-sulfur cluster supply by
sensing the cluster assembly status of cells. Figure 8 summa-
rizes the mechanism of IscR-mediated regulation.

The importance of IscR is becoming increasingly apparent.
Disruption of the regulation of iron—-sulfur cluster supply was
found to dramatically attenuate the virulence of the patho-
gens S. flexneri, Erwinia chrysanthemi, Burkholderia mallei, and
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FIG. 8. The IscR regulatory system. Scheme summarizing the mechanism of IscR regulation of isc and suf operons. Under
iron replete conditions (upper part of the figure), and when the cellular supply of iron-sulfur clusters is sufficient, cluster-
bound IscR represses the housekeeping Isc iron-sulfur biogenesis system in E. coli. When iron—sulfur cluster demand
increases, the apo-form of IscR accumulates, leading to depression of the cluster biosynthesis system. Under conditions of low
iron or oxidative stress (lower part of the figure), E. coli utilizes a different iron-sulfur biogenesis system encoded by the Suf
system. Under inducing conditions, suf operon expression is activated by apo-IscR, which accumulates under conditions of
low iron-sulfur cluster supply through both the loss of cluster from cluster-bound IscR and depression of the isc operon,
which includes iscR. See section IscR for details. Note that the high-resolution structure of IscR is not yet available, and the
schematic representation included here is based on the recently published structure of the Rrf2 family protein CymR (133).
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P. aeruginosa (75, 84, 121, 124), and IscR was also reported to
control biofilm formation by E. coli through regulation of type
I fimbria expression (166).

SufR

Although both Isc and Suf systems are present in cyano-
bacteria, their relative importance appears to be different
compared to many other bacteria (158). Many of the suf genes
are essential, while isc genes are not, indicating that the Suf
system is the primary iron—sulfur biogenesis system in cya-
nobacteria. This is consistent with the observation that a Suf-
like system is present in plant chloroplasts, whereas an Isc
system is not (7). Thus, rather than IscR functioning as a
master regulator of iron-sulfur cluster biogenesis, cyano-
bacteria contain an iron-sulfur cluster-binding protein, SufR,
which regulates the suf operon.

SufR is a homodimeric protein with an N-terminal helix-
loop-helix DNA-binding motif and a C-terminal domain
containing four conserved cysteine residues (Cys164, 177,191,
and 206, unusually arranged as Cys-X;2-Cys-Xi3-Cys-Xqa-
Cys), which can accommodate a [4Fe-4S] cluster (132). How-
ever, only three of these cysteine residues (Cys164, 177, and
206) are actually involved in coordinating the cluster, indi-
cating that the fourth coordinating residue is not a cysteine
(132). This points to some similarities with B. subtilis FNR (see
above), which also includes a dimeric state that is indepen-
dent of the type of cluster. Reduction of the cluster from the
+2 to the +1 state gave a mixture of spin S=3/2 and 1/2
ground states, something occasionally observed in ferredox-
ins with noncysteine coordination (47).

Deletion of the sufR gene led to constitutive expression of
the sufBCDS operon in Synechocystis, indicating that the pro-
tein acts as a repressor (158). The region between juxtaposed
but divergently transcribed sufR and sufBCDS contains two
SufR inverted repeat binding sites that are highly conserved in
cyanobacteria. Although apo-SufR and SufR, containing re-
duced [4Fe-4S]'*, were able to bind the Suf operator se-
quence, as judged from DNA mobility shifts assays, a much
larger effect was observed with the [4Fe-4S]** form, implying
that this is the repressing form of the regulator. Thus, when
iron-sulfur cluster levels drop, SufR can no longer bind, thus
alleviating the repression of the Suf system (132). Further in-
vestigation is required to understand the effect of the redox
state of the SufR cluster on regulation.

Bacterial aconitases

Aconitase is an enzyme of the citric acid cycle that is lo-
calized in the mitochondrion of eukaryotes. Its [4Fe-4S] cluster
is key to its dehydratase activity in converting citrate to iso-
citrate. A close homolog of aconitase is found in the cytoplasm
of vertebrates and is known as cytoplasmic aconitase or iron
regulatory protein 1, IRP1. It is a key regulator of cellular iron
levels [reviewed in refs. (117, 157)]. Under conditions of iron
starvation or oxidative/nitrosative stress, the protein loses its
cluster and becomes activated for specific binding to iron
regulatory elements (IREs) contained within the mRNA re-
sulting from transcription of genes related to iron metabolism.
The specific effect of binding is dependent on whether the IRE
is at the 5 or 3" end of the mRNA: binding to the 5’ end results
in stabilization of transferrin receptor mRNA, whereas bind-
ing to the 3" end inhibits translation of ferritin mRNA.
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This remarkable dual enzyme/regulator behavior of aco-
nitase is also found in some bacteria (3, 8,42, 43, 130, 145, 164).
Two types of bacterial aconitases have been identified: one is
similar to the eukaryotic aconitases and is expressed under
stress conditions (AcnA), while the other, which serves as the
principal citric acid cycle enzyme, is unique to bacteria in that
it contains an additional N-terminal domain and a different
domain arrangement (AcnB) (57, 163). In E. coli the two aco-
nitases are expressed under different conditions and exhibit
different stabilities [AcnA is more stable than AcnB (76)], but
both types have been shown to bind to specific sequences in
the 3’ untranslated regions of acnA and acnB mRNA in their
cluster-free forms (145), thereby promoting the production of
the aconitase proteins under conditions of stress (e.g., iron
starvation, or oxidative/nitrosative stress) that depletes the
cluster-bound active form. Thus, it is suggested that these
enzymatically inactive aconitases mediate a post-transcrip-
tional positive autoregulatory switch.

In aconitase, the cluster is coordinated by only three cys-
teine residues, such that one iron has a vacant coordination
site for substrate binding. Thus, the cluster is susceptible to
losing that iron, generating an enzymatically inactive [3Fe-4S]
cluster that can degrade further to the apo-protein, which in
turn binds mRNA. Iron levels, or stresses that lead to degra-
dation of iron-sulfur clusters, could be sensed through the
[4Fe-4S] to apo-protein transition. Alternatively, because the
conversion [4Fe-4S]*" to give a [3Fe-4S]° cluster plus Fe** is
an equilibrium reaction dependent on the concentration of
Fe(II), it could serve as a means of sensing iron. There is evi-
dence that the mechanism of cluster degradation is different in
the two E. coli aconitases: AcnB is a homo-dimer under iron-
sufficient conditions. The dimerization interface was traced to
the N-terminal region, where it is proposed a second iron-
binding site is located, and is important in the switch of AcnB
from a holo-dimer (catalytic) to an apo-monomeric (regula-
tory) form (146). It is possible that the two aconitases have
difference sensitivities to ROS/RNS and that this might be
functionally important.

In addition to autoregulation, aconitases in E. coli are in-
volved in regulating (positively and negatively) superoxide
dismutase synthesis (148). In Salmonella aconitase is involved
in a regulatory cascade linking central metabolism, oxidative
stress, and motility (147). The aconitases of B. subtilis and M.
tuberculosis were found to bind to IRE-like sequences in
mRNA, suggesting that the mode of binding to mRNA is
similar to that found in eukaroytes (3, 8). The B. subtilis protein
is involved in the regulation of a major respiratory oxidase
and an iron uptake system and was found to be important for
sporulation (3, 130), while roles in iron homeostasis have been
proposed for the aconitases of M. tuberculosis (8) and Xan-
thomonas campestris (164). There is still much to learn about the
importance of the regulatory roles of aconitases in bacteria,
and of the mechanisms associated with their regulatory
functions.

RirA

Rhizobial iron regulator (RirA), another member of the Rrf2
family of transcriptional regulators, was first discovered in
Rhizobium leguminosarum (151) and is found in o-proteo-
bacteria that are closely related to Rhizobium, Agrobacterium,
Brucella, and Bartonella (123). Mutations in the rirA gene led to
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constitutive expression of genes encoding a variety of iron-
uptake systems, and it was shown that RirA-regulated genes
contain an iron-responsive operator (RirA-box) within, or
close to, their promoter sequences (168). Proteomic studies
revealed that RirA is a global (>100 genes) regulator of iron
homeostasis, and also plays a role in regulation of the suf gene
homologs in R. leguminosarum and Sinorhizobium meliloti (19,
150). Although biochemical studies of RirA have not yet been
reported, it contains three conserved cysteine residues (Cys91,
100, and 106) and is predicted to bind an iron-sulfur cluster.
How it senses iron is not yet clear, but RirA functions in
concert with a second global iron regulator, Irr, that is more
widely distributed among «-proteobacteria, and which re-
presses a wide range of genes under low iron availability by
binding to operator sequences (ICE-boxes) that are upstream
of the target genes. Repression by Irr is relieved by the binding
of heme (137, 138) and so it has been proposed that these two
regulators, together, sense the physiologically relevant status
of iron in the form of iron-sulfur clusters and heme, respec-
tively, rather than as the concentration of Fe?*, as seems to be
the case in organisms that employ Fur or DtxR (74). Alter-
natively, RirA could sense Fe** directly through a cluster
conversion reaction (for example, [3Fe-4S] < [4Fe-4S]). Bio-
chemical data are now required to address these questions.

Other Iron-Sulfur Regulatory Proteins

While iron—sulfur cluster regulator proteins are mainly in-
volved in the cellular response to O,, ROS/RNS, and iron/
iron-sulfur cluster concentrations, they have also been found
to play other roles, but even in these cases, the cluster is likely
to be responding to a form of stress.

The group 3 sigma factor SigM of S. coelicolor becomes ac-
tivated in response to osmotic stress (90). The activity of SigM
is controlled by the antisigma factor RsmA, which has ho-
mology with the HATPase_c family of antisigma factors but is
unusual in that it contains seven cysteine residues (45). Iso-
lation and characterization of the protein revealed that it
binds a [2Fe-2S] cluster and that the interaction between
RsmA and SigM is dependent on the presence of the cluster.
Thus, it is proposed that RsmA regulates the activity of SigM
in response to an as yet unknown signal that leads to the loss
of its iron-sulfur cluster (45).

The thn genes encode a system for the utilization of tetralin,
an aromatic compound found at low concentrations in differ-
ent crude oils, as a carbon and energy source by Sphingomonas
macrogolitabida strain TFA (64). Regulation of expression is
complex, but involves the LysR-type activator ThnR and also
ThnY, which has homology to bacterial oxygenase-coupled
NAD(P)H-dependent ferredoxin reductases (41). Purification
and characterization of ThnY revealed that it is an iron—sulfur
flavoprotein containing an FAD and a plant ferredoxin-like
[2Fe-2S] cluster. Electrophoretic mobility shift experiments
showed that ThnY enhanced specific DNA-binding by ThnR,
indicating that ThnY functions by promoting thn transcription
activation by ThnR, most likely via the formation of a complex
with ThnR, and its capacity to do this may be modulated by the
redox state of the ThnY [2Fe-2S] cluster (41).

Hierarchy of Regulatory Responses

In this review we have categorized the various known
iron-sulfur regulators according to the primary signal to
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which they respond. However, in many cases, a regulator will
respond to other signals, and this raises questions about the
specificity of regulatory responses and also about the hierar-
chy of regulators that are involved in the response to a par-
ticular signal. Thus, although not part of the primary response
to NO (104), SoxR and thus the SoxRS regulon are activated by
NO (34, 65, 109) and in E. coli, it plays an important role in
virulence (109). Activation results from the direct reaction of
NO with the [2Fe-2S] cluster, generating DNICs (34). Whereas
nitrosylation of iron—sulfur clusters normally results in inac-
tivation, in this case, SoxR becomes transcriptionally active.
How the nitrosylated form of SoxR is able to elicit the same
response as the one-electron oxidation of the [2Fe-2S] cluster is
unclear (see section SoxR). Although stable in vitro, the DNIC
forms of SoxR are rapidly lost in vivo, pointing to the existence
of a system for the clearance of iron-nitrosyl species (34).

The O, sensor FNR also appears to be involved in sensing
NO. Studies of FNR (or FnrP) regulation of gene expression in
Azotobacter vinelandii (165), P. denitrificans (68), and E. coli (28)
showed that NO significantly diminishes FNR activation.
Reaction of the FNR [4Fe-4S] cluster with NO resulted in the
formation of a mixture of DNIC- and RRE-type iron-dinitrosyl
species (28) (see section Wbl proteins). Anaerobic exposure of
E. coli to NO led to up-regulation of multiple FNR-repressed
genes and down-regulation of FNR-activated genes, includ-
ing nrfA, which encodes cytochrome c nitrite reductase, pro-
viding strong evidence that there is NO inactivation of FNR
(115). Apart from NsrR and NorR, other E. coli global regu-
lators apparently affected by NO were IscR, Fur, and SoxR
(115).

Wbl proteins, which are discussed above in terms of their
extreme sensitivity to NO, may also respond in vivo to O, and
ROS (22, 136). In this case, the O, reaction occurs much more
slowly, but it cannot be discounted that such a response could
be physiologically important.

Concluding Remarks

Iron—sulfur cluster-containing regulators, upon reaction
with their analyte molecules, exhibit rich and variable chem-
istries, including simple cluster oxidation state change, and
more complex cluster reactions, involving conversion/loss, or
formation of iron nitrosyl adducts. Most act as transcriptional
repressors or activators, and may bind to specific operator
sequences in their cluster-bound (e.g., FNR, IscR, and NsrR) or
cluster-free (e.g., IscR, NsrR, and Wbl) forms, and perhaps
even in nitrosylated forms (Wbl proteins). In some cases, the
regulator binds mRNA rather than DNA (aconitases), and in
others, they do not bind nucleic acids at all, but rather regulate
a target protein that does (e.g., NreB and RsmA). In each case,
it is predicted/assumed that the cluster reaction drives a
conformational change in the protein that alters its interaction
with DNA (or phosphorylation activity or protein affinity)
with a resulting significant effect on transcription/translation
and, consequently, the cellular proteome, thus effecting an
appropriate response to the changing environment.

With one notable exception, there is a lack of structural
information on iron—sulfur regulators, undoubtedly reflecting
the difficulties associated with working with such sensitive
proteins. However, more structural information will be nee-
ded to complement the growing mechanistic understand-
ing of how these proteins function. With recent advances it
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should now be possible to begin to address key questions of
specificity, such as why apparently similar clusters in two
different regulators exhibit widely different reactivities with
the same analyte molecule, which will reveal the general
principles governing the specificity of reaction of a protein-
bound cluster. This has clear physiological importance, as
regulators have evolved such that their cluster reactivity is
tuned to enable them to sense concentrations of their analyte
in a particular physiological range. Modeling studies have
shown that changes in reactivity can significantly shift this
range. An important related question concerns the factors that
govern the specificity of any one cluster for one particular
analyte over others (e.g., O, vs. NO). Answers to these ques-
tions will enable researchers to develop more sophisticated
integrated models of how cells respond to particular stresses,
and what the contributions from the various regulators are.
For example, S. coelicolor contains 11 Wbl proteins and NsrR,
and so it is not clear whether one regulator dominates the
response under particular conditions, and what the key de-
terminants of this are. Future research will require data from
in vivo studies of regulatory responses and from in vitro
studies, which can provide kinetic and mechanistic informa-
tion on the reaction and its products, facilitating ever-more
complex (and comprehensive) modeling and leading to a
greater understanding of these complex regulatory responses.
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EPR = electron paramagnetic resonance

IREs =iron regulatory elements
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ROS =reactive oxygen species

RNS = reactive nitrogen species
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