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Abstract

By virtue of its unique electrochemical properties, iron makes an ideal redox active cofactor for many biologic
processes. In addition to its important role in respiration, central metabolism, nitrogen fixation, and photo-
synthesis, iron also is used as a sensor of cellular redox status. Iron-based sensors incorporate Fe-S clusters,
heme, and mononuclear iron sites to act as switches to control protein activity in response to changes in cellular
redox balance. Here we provide an overview of iron-based redox sensor proteins, in both prokaryotes and
eukaryotes, that have been characterized at the biochemical level. Although this review emphasizes redox
sensors containing Fe-S clusters, proteins that use heme or novel iron sites also are discussed. Antioxid. Redox

Signal. 11, 1029-1046.

Introduction

HE NEED for sensors of cellular redox status is critical in all

organisms. Aerobic organisms produce an appreciable
amount of reactive oxygen species (ROS) as part of respiration,
necessitating careful monitoring of oxidative stress and con-
current regulation of antioxidant systems (76). Obligate an-
aerobes must activate stress-response pathways to survive
exposure to toxic oxygen or ROS such as H,O,. Although the
early Earth is thought to have been anaerobic, the development
of photosynthesis gradually increased oxygen production to
present-day levels. In response, Archaea, the contemporary
"proxies" for progenitor, anaerobic life forms, evolved with
peroxide-detoxifying miniferritins (or Dps proteins) that use Fe
chemistry to detoxify H,O, by making ferric oxy minerals (15,
20, 56, 97, 106, 110, 164). Facultative anaerobes must carefully
balance aerobic, microaerobic, and anaerobic metabolism in
response to changing oxygen concentrations. Furthermore,
maintenance of a specific narrow window of redox potential
within the cell or within a cellular organelle (in the case of
eukaryotes) is essential for proper function of many cellular
pathways.

To provide coordinated regulation of antioxidant systems
and redox-dependent pathways in response to changes in the
cellular redox environment requires a moiety that is exqui-
sitely sensitive to such changes. In many redox-sensing pro-

teins, reactive protein thiol residues are used for this purpose
(84). Selective oxidation, reduction, or chemical modification
of these sensor thiols results in a change in protein activity and
signal transduction in response to redox fluctuations. Protein
thiols are particularly sensitive to H,O, and nitric oxide (NO)
and are often used as sensors of H,O, in vivo (84).

However, some transition metals also can serve this pur-
pose if their oxidation state is sensitive to physiologically
relevant redox fluctuations. Oxidation or reduction of some
transition metals will alter their coordination number and
preferred ligands, providing a potential mechanism for
transducing the redox signal to a protein frame. In particular,
iron is used for a variety of redox-related functions. Iron is the
fourth most abundant element of the earth’s crust. As a first-
row transition element, iron has incompletely filled d orbitals
and can form a range of oxidation states. The most common
oxidation states of iron are II (d°) and III (d°) (referred to as
ferrous and ferric iron ions, respectively), although higher
oxidation states are seen as reaction intermediates during the
catalytic cycle of some iron enzymes. By virtue of their
abundance and redox properties, iron ions were readily in-
corporated for use in biologic processes early in evolution and
today play a key role in biologic pathways such as respiration,
photosynthesis, and nitrogen fixation.

Iron also reacts with oxygen and ROS such as superoxide
and H,O,. O; is in the triplet spin state at its lowest energy
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level and is therefore spin restricted from accepting electrons
as pairs. Iron and other transition metals can donate or accept
single electrons and overcome this spin restriction to oxidize
O,. Ferrous iron can also directly reduce H,O, to generate
hydroxyl anion and the highly reactive hydroxyl radical, a
reaction first described by Fenton >100 years ago. Reactions
between iron and oxygen metabolites can be deleterious to
organisms, especially when they result in hydroxyl radical
production and subsequent damage to nucleic acids, proteins,
and lipids. However, because of the sensitivity of iron to ox-
ygen and ROS, iron has been co-opted for use as a sensor of
such species. When used as a sensor, iron or an iron cofactor is
carefully coordinated to a polypeptide chain to tune the re-
activity of the metal center. The protein importantly provides
a structural frame for translating the controlled iron-mediated
redox reaction into a biochemical effect: a change in protein
activity.

Before delving into the myriad examples of iron-based re-
dox sensors, we must briefly define the various iron cofactors
found in protein active sites (Fig. 1). Iron can be directly co-
ordinated by amino acids in the polypeptide chain, forming
mono- or dinuclear iron centers. The ligands for iron vary,
based on iron oxidation state. Ferrous iron (Fe?") is a bor-
derline soft Lewis acid that prefers borderline soft-base li-
gands such as sulfur and nitrogen (from His, Cys, and Met
amino acid side chains, for example). In contrast, ferric iron
(Fe*") is a hard Lewis acid and prefers hard-base ligands such
as oxygen (found in Glu and Asp side chains, for example). In
addition to the relatively simple iron-only centers, cells also
can synthesize Fe-S cofactors that contain iron and sulfide
organized into planar [2Fe-2S] or cuboidal [4Fe-4S] clusters.
Iron is also incorporated into porphyrin structures (especially
protoporphyrin IX) to form heme. Further discussion of how
these various iron cofactors are bound to protein active sites is
given in each subsequent section. It is also worth mentioning
that iron can be incorporated into complex mixed metal
clusters in a number of enzymes, although little is known
about the potential role of these mixed metal clusters in redox
sensing.

We focus this review primarily on Fe-S clusters as redox
sensors, because they have been extensively studied, and, to a
lesser degree, on recently characterized heme-based sensors
of oxygen and nitric oxide (NO). We also briefly highlight
some interesting discoveries on the use of mononuclear iron
centers for redox sensing. This review is not meant to be a
comprehensive list of all iron-containing redox sensors. Ra-
ther, we attempt to highlight interesting examples from each
class of sensor with a focus on the redox-sensing mechanism
of the iron cofactor and the subsequent transduction of signal
to the accompanying polypeptide frame surrounding the
metal center.

Fe-S Clusters as Redox Sensors
Unique properties of Fe-S clusters

Fe-S clusters are complex protein cofactors consisting of
iron and inorganic sulfide. Fe-S clusters are typically (but not
exclusively) bound to cysteinyl sulfur in protein active sites
(104). The most common Fe-S clusters found in nature are
tetranuclear [4Fe-4S] clusters with low potentials (approxi-
mately —300 mV) that undergo the [4Fe-4S]**"" redox transi-
tion. However, [2Fe-2S] clusters also are abundant, and a
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FIG. 1. Iron cofactors commonly used in biology. From
top to bottom, heme b, [2Fe-2S] cluster, [4Fe-4S] cluster, and
heme b.

variety of more complex Fe-S clusters, such as the [8Fe-7S] P
cluster of nitrogenase, can be found in some enzymes (11).
Under physiologic conditions, Fe-S clusters have a hypo-
thetical redox potential window of —600 to +500mV, and a
survey of Fe-S cluster proteins reveals that most of this redox
potential range is covered by one or more Fe-S proteins. In the
case of redox-sensor proteins, the Fe-S cluster redox potentials
must be carefully tuned to elicit a response to specific oxidants
at a physiologically relevant threshold of oxidant concentra-
tion. In view of this critical property of Fe-S clusters, we
briefly discuss the various factors that influence protein-
bound Fe-S cluster redox potentials [thoroughly reviewed in
(142)].

Fe-S cluster ligands have a profound effect on cluster redox
potential. For example, in the binuclear [2Fe-2S] Reiske pro-
teins, two cysteinyl sulfur ligands are replaced by imidazolyl
groups from two His residues (61). This change to more-
neutral cluster ligands increases the redox potential of Reiske
Fe-S proteins by ~100mV relative to [2Fe-2S] ferredoxins
with all Cys cluster ligation. The extent of NH-S hydrogen
bonding between sulfur ligands of the cluster and protein side
chains or the protein backbone also can influence cluster
redox potential. In general, an increased level of hydrogen
bonding increases the reduction potential for a given cluster
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type, making it more difficult to oxidize that cluster (i.e., sta-
bilizes the reduced form of the cluster). This effect stems from
hydrogen bond competition with sulfur-to-iron charge trans-
fer and an increase in the negative charge on the sulfur ligands
(5, 50). Although a direct correlation between the number
of hydrogen bonds and absolute change in cluster redox
potential is not always apparent, in at least one case, a large
change in redox potential between two highly similar [2Fe-2S]
clusters has been attributed to the relative flipping of one
main-chain NH-S hydrogen bond between the two protein
structures (98).

Electrostatic interactions also play a role in tuning redox
potential. In particular, the overall protein fold, especially the
orientation of amide dipoles relative to the cluster, can have a
profound effect. The proximity of charged amino acid side
chains to the cluster also will exert electrostatic effects. Finally,
the level of cluster solvation or solvent exposure is a critical
variable tuned by different proteins to control Fe-S cluster
redox potential. One of the best-characterized examples of
solvent effects emerges from comparison studies between
high-potential iron-sulfur proteins (HiPIPs) and low-potential
bacterial ferredoxins (Fds). In both enzymes, the initial status
of the cluster is [4Fe-4S]*", but HiPIP clusters oxidize to the
[4Fe-4S]** state with reduction potentials of +100 to
+400mV, whereas Fd clusters reduce to the [4Fe-4S]" state
with reduction potentials of —300mV or less. Structural
analysis indicates that the HiPiP cluster is buried within the
protein core and is largely solvent inaccessible, whereas the
Fd cluster is much closer to the protein surface and is partially
solvent exposed (138).

Careful monitoring of the covalency of the Fe-S bonds in
each type of protein indicates decreasing covalency in the
cluster of Fd relative to HiPIP. This effect was recently shown
to be due to hydrogen bonding between H,O and the cluster
in Fd (cluster solvation) (32). The same study demonstrated
that the HiPIP cluster undergoes a similar decrease in Fe-S
bond covalency if HiPIP is partially unfolded, exposing the
cluster to solvent (32). Thus, controlling the solvation of a
particular cluster within the protein fold can have dramatic
effects on cluster redox potential, an idea that is certainly
relevant in the context of redox sensing.

Transcriptional regulators

In this section, we examine several transcription factors that
regulate gene expression in response to oxidation or reduction
of an Fe-S cluster. By poising the Fe-S cluster redox potential
to respond to a specific oxidant or reductant, these tran-
scription factors are able to mediate the appropriate tran-
scriptional response in the cell.

[2Fe-2S] SoxR and superoxide

SoxR is a member of the MerR family of transcriptional
regulators. The MerR family has been shown to alter tran-
scription at a particular subgroup of bacterial promoters that
contain an unusually long spacer region between the —35 and
—10 RNA polymerase (RNAP) binding sites. Such promoters
are transcriptionally inactive because of the suboptimal
spacing of the RNAP binding sites, such that they are offset on
different faces of the DNA double helix. Once a MerR protein
is activated, it initiates a conformational change in the DNA,
resulting in helix unwinding, to place the RNAP binding sites
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in the correct spatial orientation for transcription initiation
(recently reviewed in ref. 16). MerR proteins have been shown
to interact directly with RNAP and may help stabilize RNAP
interaction with the suboptimal promoter (19, 89). MerR
family members are often used to regulate genes involved in
the homeostasis or detoxification of metals such as Hg*", Cu™,
and Zn*" and are typically activated by binding of metal to
the variable C-terminal region of the protein. MerR family
members typically occupy their binding sites between the —10
and —35 elements, regardless of the activating signal. Signal
binding serves as an allosteric switch to activate the DNA-
unwinding activity of the proteins.

In the case of SoxR, a stable [2Fe-25]*/?* cluster is bound to
each 17-kDa. monomer of the SoxR dimer (66, 166). Regard-
less of cluster occupancy or oxidation state, the SoxR dimer
displays a high affinity for its main target, the soxS promoter
(67). SoxS is a concentration-dependent transcriptional acti-
vator that regulates a host of genes involved in oxidative
stress defense once it is induced by SoxR (57, 154). Although
both apoSoxR and the reduced [2Fe-2S]* SoxR bind to DNA,
neither is able to enhance transcription of soxS. In contrast, the
oxidized [2Fe-2S]** SoxR stimulates transcription of s0xS up
to 100-fold. This effect is readily reversed by reduction of the
[2Fe-2S1** cluster back to the [2Fe-2S]* state (36, 46). It
was established in vivo that SoxR is oxidized by superoxide-
generating agents such as paraquat and menadione, resulting
in activation of the soxS promoter. The oxidation of the SoxR
[2Fe-2S]* cluster during exposure to oxidants was confirmed
in vivo in Escherichia coli by using whole-cell electron para-
magnetic resonance (EPR) spectroscopy (35). EPR can be used
to quantify levels of the paramagnetic [2Fe-2S]* SoxR cluster
and to monitor cluster oxidation to the EPR-silent diamag-
netic [2Fe-2S]** form. The EPR-detectable [2Fe-2S]" SoxR
cluster disappears within 2min of oxidant addition and
quickly reappears after the removal of the oxidative stress.
Complete disassembly of the SoxR cluster was ruled out by
adding the strong reductant dithionite to permeabilized cells
after paraquat treatment. Under these conditions, the [2Fe-
2S]" form of the SoxR cluster was immediately detected with
EPR, indicating simple reduction of existing [2Fe-2S]** SoxR
rather than de novo construction of new cluster (35).

A specific in vivo oxidant for [2Fe-2S]" SoxR has not been
clearly established. In vitro, the SoxR Fe-S cluster from various
organisms has a redox potential of around —290mV. It has
been suggested that the SoxR cluster may be directly oxidized
by the superoxide anion or that SoxR may become oxidized as
the cellular NADPH/NADP™" ratio shifts during oxidative
stress. In the second scenario, the NADPH/NADP™" pool
(with a redox potential estimated to be —340mV in vivo)
provides the reducing power to keep the SoxR cluster in the
reduced state under normal conditions, but depletion of
NADPH under oxidative stress promotes SoxR oxidation.
This model is further supported by the recent discovery of
specific proteins, RseC and the RsxABCDGE system, that are
required to maintain reduced SoxR in vivo (87, 88). The Rsx
proteins are homologous to the NADPH-dependent enzymes
involved in nitrogen fixation in other bacteria. However, the
low redox potential of the SoxR cluster would theoretically
allow other cellular constituents, such as glutathione, actually
to oxidize the SoxR cluster, even under nonstress conditions
(although Fe-S clusters are unlikely to be in equilibrium with
GSH:GSSG in vivo).
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FIG. 2.

(A) Crystal structure of oxidized [2Fe-2S] SoxR dimer bound to DNA (stick representation). For SoxR, blue is the

DNA-binding domain, magenta is the dimerization helix, and yellow is the Fe-S cluster-binding domain with red spheres as
iron and green spheres as sulfur. (B) A close-up showing the interactions between the Fe-S cluster-binding domain of one SoxR
monomer and the DNA-binding domain of the other monomer (shown in white for clarity). (Reproduced with permission
from ref. 160). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article at www liebertonline.com/ars).

Recently this conundrum was addressed by measuring the
redox potential of the SoxR cluster while SoxR is bound to
DNA at its target promoter (55). This elegant study revealed
that binding of SoxR to DNA increases the cluster redox po-
tential to approximately +200mV, an increase of 490 mV
relative to the cluster redox potential of free SoxR. The in-
creased redox potential ensures that the DNA-bound form of
SoxR is kept in the inactive, reduced form under most cellular
conditions. The recently published crystal structure of oxi-
dized SoxR protein bound to DNA shows that the SoxR [2Fe-
2S]?* cluster is solvent exposed, even when SoxR is bound to
DNA (Fig. 2) (162). The solvent exposure of the SoxR cluster

would allow a quick response to oxidants in vivo and rapid
reduction on alleviation of oxidative stress.

The SoxR-DNA structure also revealed that the [2Fe-2S]**
cluster of SoxR is in an “asymmetric environment” (162). The
lower (S1) bridging sulfur atom is surrounded by three par-
tially positively charged main-chain amides and is hydrogen
bonded to one of them. In contrast, the upper (S2) bridging
sulfur atom is close to a partially negatively charged carbonyl
oxygen atom (Fig. 3A). Both iron atoms and the S2 bridging
sulfur atom are exposed to the solvent, allowing them to react
with cellular oxidants. Because of the asymmetric protein
charge distribution around the SoxR cluster, cluster reduction

FIG. 3. (A) Protein environment surrounding the [2Fe-2S

]2+

cluster of SoxR when bound to DNA. Iron and sulfur are red

and green spheres, and NH-S hydrogen bonds are dashed lines. (B) Proposed model of electrostatic changes that occur around
the SoxR [2Fe-2S] cluster on reduction (addition of €’). (Reproduced with permission from ref. 160). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).
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may transduce a protein conformational change (relative to
active, oxidized SoxR cluster) by repulsing the carbonyl ox-
ygen near the S2 sulfur while attracting the positively charged
amides from the main chain near the S1 sulfur (Fig. 3B). These
movements may push the C-terminal region of SoxR outward
(away from the DNA) and alter the interactions between the
SoxR monomers. Thus, electrostatic changes around the
cluster could convey the redox switching to the larger protein
frame.

The [2Fe-2S] cluster of SoxR is also sensitive to reactive
nitrogen species such as nitric oxide. In vivo and in vitro, the
SoxR cluster can react with NO to form dinitrosyl-iron-dithiol
adducts (34). Nitrosylated SoxR is able to activate transcrip-
tion of the soxS target promoter to a similar degree as oxidized
SoxR, suggesting that the dinitrosyl-iron-dithiol modification
triggers a conformational change similar to that of cluster
oxidation (108). Strangely, despite SoxR modification and
SoxS upregulation, most of the SoxS regulon is not strongly
activated by NO in vivo (107). The reason for this discrepancy
is unclear. Possibly SoxR has not evolved to sense NO and is
only nonspecifically activated by reactive nitrogen species, or
other regulatory factors may modulate the downstream SoxS-
mediated response to NO.

[4Fe-4S] FNR and oxygen

Facultative anaerobic bacteria such as E. coli undergo
complex physiological changes in response to oxygen levels.
Many of these changes are controlled at the transcriptional
level by the fumarate and nitrate reduction (FNR) regula-
tor (80, 128). FNR is a member of the CRP subfamily of helix-
turn-helix transcriptional regulators, in which the HTH
motif is located in the C-terminal region of the protein. The N-
terminus of FNR contains a tricysteine motif (Cx,CxsC) be-
tween C20 and C29 that is reminiscent of ferredoxin-like Fe-S
cluster binding sites. This N-terminal motif and a more distal
cysteine (C120) are required for FNR activity in vivo (100, 136,
140). The active, DNA-binding form of FNR is a dimer con-
taining one [4Fe-4S]** cluster per monomer (82, 92). The [4Fe-
4S]** cluster is critical for FNR function and is required for
FNR dimerization, DNA binding at specific sites, and tran-
scriptional activation of target promoters [reviewed in (83)].

Unlike SoxR, the [4Fe-4S]** cluster of FNR is not stable to
reduction or to oxygen exposure, and FNR is present largely
in the apo-form under aerobic growth conditions (119). Sta-
bilization of the [4Fe-4S]>" cluster under anaerobic conditions
activates FNR and leads to transcriptional changes in >100
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FNR target genes (80). Assembly and disassembly of the [4Fe-
4SJ** cluster controls FNR activity, and this process is fun-
damentally more complex than the relatively simple redox
conversion of the SoxR [2Fe-2S]"/?* cluster.

Mossbauer spectroscopy of FNR revealed that as soon as
2 min after in vitro exposure to oxygen, the [4Fe-4S]*" cluster
rapidly converts to a [2Fe-2S1** cluster (82). Further expo-
sure to oxygen ultimately leads to complete disassembly of
the [2Fe-2S]°" cluster and formation of apoFNR. The switch
from a cubane [4Fe-4S]** cluster to a planar [2Fe-2S** cluster
apparently leads to protein conformational changes that
cause FNR to dissociate into monomers, thereby inactivating
the protein. The external oxygen concentration required to
inactivate half of FNR in vivo is in the range of 1-10 uM, a
concentration range in which oxygen diffusion into the cell
begins to outpace oxygen consumption by metabolism (10,
155).

The presence of a semistable [2Fe-2S]** intermediate
during FNR cluster conversion may be relevant when E. coli
is growing in oxygen concentrations that vary between mi-
croaerobic and fully anaerobic. Under such conditions,
maintenance of the [2Fe-2S]** intermediate might allow
more rapid activation of FNR when oxygen levels decrease to
low enough levels to maintain the stable [4Fe-4S]>* cluster.
However, the in vivo conversion of the [2Fe-2S]** interme-
diate to the active [4Fe-4S]*" cluster is not well defined.
Conversion of the [2Fe-2S]** cluster to form the [4Fe-4S]**
cluster or synthesis of the complete [4Fe-4S]>" would both
seem to require de novo Fe-S assembly (to generate either a
[2Fe-2S] or a [4Fe-4S] cluster). It has not been established that
one assembly process would necessarily be faster than an-
other in vivo.

The mechanistic details of FNR cluster oxidation and dis-
assembly have been the subject of intense study (24, 25, 82,
145). The most recent model to emerge is shown in Fig. 4. On
exposure to oxygen, each [4Fe-4S]>" cluster is oxidized to the
[4Fe-4S]*" state, simultaneously generating superoxide.
However, the oxidized cluster is unstable and rapidly de-
grades to the [3Fe-4S]" form, with the concurrent release of
Fe?*. This initial oxidation reaction increases linearly with
oxygen concentration and has an apparent rate constant of
ky =250 4+50M/s at 25°C. The second step of FNR conversion
is the oxygen-independent spontaneous decay of the [3Fe-
48]* cluster to a [2Fe-2S]** cluster with the release of two S
and one Fe’* with an apparent rate constant of k, = 0.008 per
second. The exact oxidation state of each released iron atom
has been the subject of some debate and seems to be strongly

Cys s, Cys,,,,
Fe—S _ Fe—s - c Cys
, oxygen oxygen ¥4, s &S
0, —> s/f— ,:e/A!-‘CVs dependent s/l | independent e e
| /S—';Fe TiCys —> |/S_/Few"'"Cys —>> Cys/ \S/ \Cy
Fe——8 * Fe—S %
Cys ’ Cys ‘V [2Fe-28]
[4Fe—4S] Fe2+ [3Fe_4S] Fe3+
Active Inactive
0- 2 §*

FIG. 4.

[4Fe-4S] cluster oxidation and disassembly on exposure of FNR to oxygen (see text for details).
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influenced by the iron chelator used to detect the released iron
as well as the iron-binding potential of buffer components
such as phosphate (23).

As we have seen, organisms use both the reversible oxi-
dation of an Fe-S cluster and the assembly/disassembly of an
Fe-S cluster to translate cellular redox fluctuations into chan-
ges in gene expression. However, in some cases, transcrip-
tional regulation may not be fast enough to protect the cell
from redox changes. Next, we discuss a class of redox sensors
in which the Fe-S cluster is used to modulate posttranscrip-
tional regulation or to control enzyme activity, thereby pro-
viding a quick response to cellular redox conditions.

Posttranscriptional regulators

The [4Fe-4ST?" cluster posttranscriptional regulator, cyto-
solic aconitase. Aconitase or citrate (isocitrate) hydro-lyase
is an enzyme of the TCA cycle that catalyzes the isomerization
of citrate to isocitrate via a cis-aconitate intermediate. Aconi-
tase contains a [4Fe-4S]** cluster that is used for substrate
binding and activation during the reaction cycle. Eukaryotes
contain a mitochondrial aconitase (m-aconitase) dedicated
to the TCA cycle. However, a distinct cytosolic aconitase
(c-aconitase) was identified nearly 50 years after the initial
discovery of m-aconitase. Since that time, it has become clear
that the aconitase family includes TCA enzymes, mRNA reg-
ulatory proteins, and dual-function proteins. The c-aconitase
uses a [4Fe-4S] cluster to sense iron availability and redox
status, and our discussion focuses on this protein. Although
the historical nomenclature of c-aconitase is complicated,
where appropriate, we refer to the apo-protein (without its
[4Fe-4S] cluster) as iron-regulatory protein 1 (IRP1) and refer
to the [4Fe-4S] cluster form as c-aconitase. On loss of the [4Fe-
4S] cluster, c-aconitase is converted to IRP1 and gains an ad-
ditional function, mRNA regulation. IRP1 regulates mRNA
by binding to a conserved iron-responsive element (IRE) en-
coded in the mRNA sequence. Depending on the location of
the IRE structure, IRP1 binding can inhibit translation
(5" UTR) or inhibit nuclease degradation (stabilize the target
mRNA) (3" UTR). IRP2 is a second translational regulatory
protein that is 50-60% homologous to IRP1. However, IRP2
is discussed later in the sections on heme and Fe regulation,
because it lacks some of the residues necessary for binding a
[4Fe-4S]*" cluster and also lacks aconitase activity (64, 94, 95,
121, 161).

Evolutionary relations between aconitases and mRNA
regulation are complex and may be dynamic, even now.
Many animals, invertebrates and vertebrates, have aconitases
with mRNA-binding activity. Animals have multiple IRE-
containing mRNA targets for IRP1. Some of those mRNA
targets are evolutionarily ancient, as in ferritin, and some are
more recent, as in the heme biosynthetic enzyme aminole-
vulinic acid synthase and one of the transferrin receptors of
higher animals (114). Invertebrates typically have only one
IRP that also has aconitase activity, although Drosophila, in
addition to IRP, has a second cytoplasmic aconitase (96, 167).
Plants have no detectable IRE sequences or active IRP pro-
teins, although they do contain c-aconitase (8, 117, 120). For
example, an animal IRE fused to a plant ferritin mRNA was
not functional in plants (86). Plants could have lost the IRP-
IRE regulatory pair during the integration of plastid, nuclear,
and mitochondrial genomes.
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Bacterial aconitases contain Fe-S clusters and can be TCA-
cycle enzymes, RNA-binding proteins, or both, depending on
the specific organism. In E. coli, aconitase B (AcnB) is the most
abundant aconitase and makes the largest contribution to the
TCA cycle. Similar to IRP1 in higher eukaryotes, AcnB binds
target mRNAs to regulate their stability (150, 158). The iron-
dependent dimerization of AcnB switches it from a catalyti-
cally active dimer to a RNA-binding monomer when cellular
iron levels decrease (151). E. coli also possesses a second stress-
response aconitase, AcnA, which is oxidant resistant and
regulated by soxS (158). In Bacillus subtilis, only one aconitase
is found, regulated during sporulation and vegetative
growth, which is both the TCA-cycle catalyst and an RNA-
binding protein. The natural mRNA targets for B. subtilis
aconitase encode a major cytochrome oxidase and several
iron-uptake proteins. In vitro, the B. subtilis aconitase also
recognizes the ferritin mRNA regulatory IRE structure (2).

Thus, aconitases in single-cell organisms and in higher
multicelled organisms can have both RNA and catalytic
function or only catalytic function, and in the case of some
higher organisms, the m-aconitase of the mitochondrial
TCA cycle is distinct from the RNA regulatory protein
IRP1/c-aconitase. Interestingly, the nuclear encoded
m-aconitase gene in animals has acquired an IRE, although
the m-aconitase IRE binds IRP1 relatively weakly, contains
the initiator AUG, and evolved after the ferritin IRE (38, 81,
114). In contrast, the IRP1/c-aconitase gene has no IRE (122)
and does not appear to regulate its cognate mRNA. Thus,
mechanisms of regulation of mitochondrial aconitase vary
from no known mRNA regulation in plants, to selective reg-
ulation of the mRNA by the cognate gene product in bacteria,
to coordinated regulation of the mRNA with other IRE-
mRNAs (e.g., ferritin and iron-trafficking protein mRNAs)
mediated by IRP1 in animals.

The structural basis for the dual functions of IRP1/
c-aconitase has recently been advanced with crystal structures
of both the [4Fe-4S] c-aconitase (37) and the IRP1 bound to the
IRE of the ferritin mRNA (160). Earlier solution studies sug-
gested that the redox switch was [4Fe-4S]** cluster destruction
by H,O,, which converted c-aconitase to IRP1 (14). The
polypeptide structure of c-aconitase bound to a [4Fe-4S]**
cluster looks very similar to mitochondrial aconitase struc-
tures (37). In contrast when the same polypeptide is bound to
an IRE-RNA, the structure is very different from aconitase:
three domains rather than four are found, and two of the
domains are separated by large distances, rather than touch-
ing, as in c-aconitase [Fig. 5, taken from reference (160)]. The
IRP1 without either Fe-S cluster or mRNA is rather disordered
(14). However, alternate folding around the IRE-mRNA or
[4Fe-4S]*" cluster results in some of the same protein residues
contacting mRNA in the IRP1-IRE structure or the [4Fe-4S]>*
cluster in c-aconitase (160). Given the differences between
the charge and shape of the Fe-S cluster and the RNA, very
large compensatory differences have to occur elsewhere in the
folded polypeptide to allow this alternate folding, reflecting
the plasticity of the polypeptide when either the RNA or [4Fe-
4S1** cluster is absent (14).

The redox-sensing switch in IRP1/c-aconitase is different
from that in the previously discussed FNR for two reasons.
First, conversion of the [4Fe-4S]** cluster to a [2Fe-2S]**
cluster triggers subunit dissociation and loss of DNA binding
in FNR (92), whereas mammalian IRP1/c-aconitase is a single
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FIG. 5. A comparison of the struc-
ture of the polypeptide IRP1 bound to
[4Fe-4S] (c-aconitase) on the left and
bound to the IRE-RNA, noncoding
regulatory structure on the right. Note
the large difference in structure, indi-
cating the possibility that the redox-
sensitive “switch” occurs at or before
[4Fe-4S]*" transfer from the CIA cyto-
solic Fe-S assembly machinery to the
apo-IRP1 polypeptide. (Reproduced
with permission from ref. 158). (For in-
terpretation of the references to color in
this figure legend, the reader is referred
to the web version of this article at

www.liebertonline.com/ars).

polypeptide. Second, for native IRP1/c-aconitase protein
under some conditions, the [4Fe-4S] enzyme, [3Fe-4S] en-
zyme, and apo-protein all bind to target mRNA with similar
affinities (170), whereas only the completely apo recombinant
protein could bind mRNA in vitro (9). Possibly the actual [4Fe-
4S]** switch occurs during IRP1/c-aconitase folding, in which
a cytoplasmic chaperone that transfers the [4Fe-4S]*" cluster
to the nascent or partially folded IRP1/c-aconitase polypep-
tide is actually responsive to cellular redox and iron condi-
tions. Cytoplasmic Fe-S cluster assembly and transfer
machinery has been identified [for example, huNbp35 (141)]
and could play a role in this process.

IRP1/c-aconitase is also phosphorylated in eukaryotes, and
phosphorylation alters both Fe-S cluster binding and RNA
binding (17, 129, 130, 153). How phosphorylation influences
Fe-S sensing or may alter IRP1/c-aconitase folding choices is
not clear. Interestingly, two IRE-containing target mRINAs
regulated by IRP1 are involved in kinase/phosphatase activ-
ity or pathways (124, 125).

The selectivity of IRP2 binding to IRE RNA observed in vitro
is matched by wide ranges of tissue-specific expression (39,
58, 153) and has been recently reviewed in (121) and (161). The
important contributions of IRP2 to IRE-RNA regulation be-
come apparent at the low oxygen concentrations found in
most mammalian tissues that stabilize IRP1 Fe-S cluster for-
mation, so that IRP1/c-aconitase exists as c-aconitase rather
than in the mRNA-binding IRP1 form. Furthermore, IRP1 and
IRP2 complexes with different IRE-RNAs show differential
binding stability, indicating a possible divergence in the roles
of IRP1 and IRP2 for mRNA regulation.

An additional role for c-aconitase in the cytoplasm may be
balancing citrate and NADPH production for fatty acid bio-
synthesis in the cytoplasm (121). This hypothesis is supported
by the observation that IRP1 expression levels are highest in
brown fat, liver, and other tissues that carry out high levels of
fatty acid synthesis. However, under conditions in which
redox is perturbed (such as oxidative stress), conversion of
c-aconitase to IRP1 may increase the importance of IRP1
mRNA regulation.

DNA repair enzymes and Fe-S clusters

Base excision repair (BER) glycosylases catalyze removal of
chemically modified bases to repair DNA by breaking the
N-glycosidic bond between the sugar-phosphate backbone of
DNA and the damaged base. A plethora of BER enzymes, in

organisms ranging from E. coli to humans, contain a [4Fe-4S]
cluster (12). The role of the Fe-S cluster has been most well
studied in the E. coli endonuclease III (Endolll) and MutY
glycosylases. Loss of the Fe-S cluster does not alter thermal
stability of these enzymes and is not needed for their proper
folding (52, 115). However, the Fe-S cluster is required for
DNA binding and enzymatic activity of Endolll and MutY.

In the absence of DNA, the Endolll cluster is stable in the
[4Fe-4S]** state, and oxidation or reduction does not occur at
physiologically accessible redox potentials (27). However, on
binding to DNA, the reduction potential of the [4Fe-4S]>/2*
couple is shifted from approximately +250mV to —30mV,
thereby stabilizing the oxidized form of the cluster (54). The
crystal structures of Endolll, both free and bound to DNA,
show that on DNA binding, the Fe-S cluster binding site en-
ters a more hydrophobic environment and is less solvent ex-
posed (41, 90, 152). This change stems from the proximity of
the cluster-binding site to the DNA-binding site of Endolll,
such that solvent would be excluded from the vicinity of the
cluster on DNA binding. In a sense, DNA binding converts
the Fe-S cluster in Endolll from a low-potential ferredoxin-
type to an HiPiP-type cluster (54).

Oxidation of the Endolll Fe-S cluster also appears to in-
crease DNA-binding activity approximately threefold over
that of the reduced protein. Based on the interplay between
cluster redox potential and DNA binding, a model has been
proposed in which the Endolll Fe-S cluster oxidation state is
used as a sensor to control EndollI activity (and perhaps lo-
calization) in response to oxidative stress (13, 102). Under
nonstress conditions, [4Fe-4S]*" Endolll will bind transiently
to DNA and become oxidized to [4Fe-4S]>" Endolll, thereby
stabilizing its interaction with the DNA. The electron released
during cluster oxidation will proceed through DNA by a
charge-transport mechanism mediated by the DNA itself. The
DNA base-pair n stack structure facilitates long-range charge
transport. On encountering another [4Fe-4S]>" Endolll, this
traveling electron will reduce the protein to [4Fe-4S1** En-
dolll, causing it to dissociate from DNA because of the de-
creased DNA binding affinity on reduction. In this way,
Endolll is constantly sampling the charge-transport ability of
the DNA as a measure of its integrity. On oxidative stress,
DNA lesions caused by hydroxyl radicals and other ROS will
disrupt the DNA-mediated charge transport. This results in
accumulation of [4Fe-4S]°* Endolll, especially near sites
where DNA lesions have occurred. Elegant studies have
clearly demonstrated that such a process can occur in vitro on
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short stretches of DNA bound to an electrode surface and
incubated with EndollI (54).

Although compelling, this model does have some draw-
backs. For instance, a number of transcription factors and
other regulatory proteins bind and distort DNA in ways that
might disrupt charge transport. Many of these DNA-binding
proteins themselves have metal cofactors (SoxR, FNR) that
may be sensitive to adventitious reduction by charge trans-
port. It is not entirely clear how this complexity fits into the
model of DNA-damage sensing by Endolll. It also seems
reasonable that Endolll (and analogous cluster-containing
glycosylases) could be activated through direct cluster
oxidation by superoxide or hydrogen peroxide in the DNA-
bound form. Direct oxidation by ROS would stabilize tran-
sient Endolll interaction with DNA. Furthermore, such a high
local concentration of ROS also would presumably damage
DNA in the vicinity of Endolll oxidation, resulting in coloca-
lization of active Endolll near damaged DNA. Because DNA
binding stabilizes the oxidized form of Endolll, [4Fe-4S]**
Endolll transiently interacting with DNA might be exquisitely
sensitive to ROS oxidation in contrast to unbound [4Fe-4S]**
Endolll. Future studies to test these models further should
clarify the stepwise route of in vivo activation of EndolIlIL

Ferrochelatase and NO

Ferrochelatase is the terminal enzyme in the heme bio-
synthesis pathway in animals and catalyzes the insertion of
ferrous iron into the protoporphyrin IX macrocycle to gener-
ate heme. Ferrochelatase in animals contains one [2Fe-25]*/?*
cluster per protein monomer (29, 40). The [2Fe-25] clusters are
all Cys-ligated, with the ligands arranged in a Cx;Cx4C motif
with a more distal Cys residue (26, 134). The clusters are lo-
cated near the homodimer interface in the human ferroche-
latase crystal structure and are approximately 15 A from the
ferrochelatase active site (165). The midpoint potential of the
cluster was measured at —450 mV, and the spectral features of
the cluster are quite similar to those of the 2Fe ferredoxin
proteins (18, 26, 29). Importantly, loss of the [2Fe-2S] cluster
abolishes ferrochelatase activity in vitro (29).

Although a great deal of evidence suggests that the [2Fe-25]
cluster is important for in vivo ferrochelatase function, its exact
role is still unclear. The cluster does not appear to be necessary
for iron reduction during insertion into protoporphyrin IX,
nor does the cluster itself directly donate iron for heme for-
mation. Because the clusters are present near the dimer in-
terface of the human ferrochelatase, it is possible that the
cluster helps stabilize the homodimer. The C-terminal region
of mammalian ferrochelatase is the site of cluster formation
and dimer interaction. In contrast, other ferrochelatase fam-
ily members in most prokaryotic organisms that lack this
C-terminal extension are monomeric, cluster-free enzymes.
However, the C-terminal region of human ferrochelatase also
contributes 18 hydrogen bonds to the dimer interface, so un-
tangling the relative contributions of the hydrogen bonds and
the Fe-S cluster to dimer formation is required to test this
hypothesis. Recently, careful analysis of mutant forms of
bacterial [2Fe-2S] ferrochelatases showed that loss of the [2Fe-
25] cluster increases the apparent K,, of the enzyme for iron
(137). Whether the decreased binding affinity for iron results
from destabilization of the active homodimer or from a direct
role for the cluster in iron acquisition is not clear.
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More important (in relation to the topic of this review), it
was shown in vivo that exposure of cells to nitric oxide or
activation of NO-generating pathways leads to decreased
ferrochelatase activity (42, 85). Careful in vitro studies sub-
sequently established that physiologic levels of NO can spe-
cifically disrupt the [2Fe-2S] ferrochelatase cluster (133). The
NO sensitivity of the ferrochelatase [2Fe-2S] cluster is in
contrast to other eukaryotic [2Fe-2S] enzymes, such as plant
ferredoxin, that do not show cluster loss on NO exposure.
These results led to a model in which NO accumulation may
deactivate ferrochelatase by disrupting the [2Fe-2S] cluster.
NO regulation of the Fe-S cluster in IRP1/c-aconitase also has
been observed, providing further evidence that NO signaling
may be used to modulate global iron metabolism. Interest-
ingly, [2Fe-25] clusters of a limited number of bacterial fer-
rochelatases apparently are more stable and less sensitive
than the mammalian ferrochelatase enzymes and thus may
not be regulated by NO in vivo (137). A common thread for all
cluster containing ferrochelatases is their obvious depen-
dence on the available iron supply for both [2Fe-2S] cluster
formation and heme formation. Thus, the cluster also may
function as a sensor of cellular iron, such that heme biosyn-
thesis is repressed under low-iron conditions or when iron
trafficking is disrupted by oxidative stress, including NO
exposure.

Heme-Based Redox Sensors

Heme-based sensors are found in every kingdom of life and
are typically involved in sensing O,, NO, and CO (48). In most
cases, heme in the inactive or resting state of the sensor protein
is six-coordinate with two protein ligands binding in the
proximal and distal positions relative to the prophyrin plane.
One protein ligand to the heme iron often is sufficiently labile
that binding of the signal ligand (e.g., O») displaces the protein
ligand and results in a structural change that regulates the
activity of the protein. However, other examples (such as
FixL, mentioned later) exist in which the resting heme is
5-coordinate, and ligand binding causes a rearrangement
within the heme-binding pocket as it coordinates the sixth
position. Binding of the signal to the heme may transduce the
signal directly or may indirectly alter the redox state of the
heme iron, which in turn alters protein conformation.

Heme-based sensors can be divided into four subfamilies
based on the specific heme-binding domain used [for a recent
review see (48)]. These heme-binding domains are themselves
matched with a variety of functional domains that are
responsible for transduction of the signal. For example, heme-
binding domains are found fused to histidine kinase, phos-
phodiesterase, and DNA-binding domains. An exhaustive
overview of heme-based sensors is beyond the scope of this
review, and we do not discuss the globin-coupled sensor
(GCS) or CooA heme sensor subfamilies (6). However, two
subfamilies, the heme-PAS domain family and the H-NOX
(for heme-nitric oxide/oxygen binding) family, are directly
involved in redox sensing by virtue of their interactions with
oxygen and nitric oxide. We briefly discuss two members of
the heme-PAS domain family of sensors and their role in ox-
ygen sensing: FixL and Ec DOS (E. coli direct oxygen sensor).
We also examine the iron-dependent H-NOX enzyme, soluble
guanylate cyclase (sGC), that uses heme for nitric oxide
sensing.
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Heme-PAS domain proteins

FixL is an oxygen sensor that regulates anaerobic (and
microaerobic) respiration and nitrogen fixation in symbiotic,
soil-dwelling bacteria (30, 31). In particular, nitrogen fixation
must be carefully regulated in response to oxygen levels, as
various nitrogenase cofactors and intermediates in nitrogen
fixation are sensitive to oxidation. FixL contains a heme-
binding PAS domain and a histidine kinase domain. Oxygen
binding to the heme PAS domain represses the kinase activity
of FixL, thereby blocking phosphorylation of the downstream
regulatory partner protein, FixJ (1, 47, 105). In the absence of
oxygen, the heme iron of FixL is five-coordinate, high-spin
with a His residue providing the axial ligand (47, 105). On
oxygen binding, the heme iron shifts to six-coordinate and
low-spin (149). The dissociation rates of FixL-O, are similar to
those of the oxygen transporter myoglobin-O,, but the asso-
ciation rate is much slower (two orders of magnitude) for FixL
(49). The decreased stability of the FixL-O, compared with
myoglobin-O; is likely tied to its use as an oxygen sensor
rather than an oxygen transporter.

Crystal structures of the oxygenated and deoxygenated
PAS domain from Bradyrhizibium japonicum FixL (BjFixL)
have revealed a possible mechanism for regulation of FixL
activity by oxygen binding (53, 63). The heme-binding region
of the FixL PAS domain is defined by a helix containing the
proximal His ligand for heme attachment (helix F,) and a
distal antiparallel 8 strand (Gg). These two structures are
connected by a flexible loop (the so-called FG loop). Deox-
ygenated FixL shows extensive hydrogen bonding between
the propionate side chain of the heme porphyrin and residues
in both helix F, and strand Gg. Oxygen binding to FixL causes
alterations in the hydrogen-bond network in the vicinity of
the heme pocket by generating a highly polarized bond to the
heme iron. On oxygen binding, a nearby, highly conserved
Arg220 residue (part of the Gg strand) shifts from a hydrogen
bond with the heme propionate side chain to a new hydrogen-
bond interaction with oxygen. The presence of the stable
hydrogen-bond interaction likely allows FixL to discriminate
between O, and other diatomic gases (such as CO) that will
form less polar bonds with the heme. These oxygen-induced
rearrangements of the hydrogen-bond network around the
heme pocket cause a 1.6 A displacement of the FG loop and a
flattening of the heme. Together, these structural changes
could alter the activity of the FixL kinase domain. Un-
fortunately, this model has not been clearly confirmed, as a
crystal structure of the full-length FixL protein (with both PAS
and kinase domains) has not been forthcoming.

Ec DOS is somewhat homologous to FixL but contains two
PAS domains in the N-terminus fused to a phosphodiesterase
domain in the C-terminal region (127). Only one PAS domain
in Ec DOS, PAS-A, actually binds heme. Ferrous heme in the
PAS-A domain is in the six-coordinate low-spin state. The two
axial ligands identified in the PAS-A domain are His77 and
Met95 (91). Oxygen binding to ferrous Ec DOS activates the
cAMP phosphodiesterase activity of the protein and conse-
quently reduces cellular cAMP levels (126). Because cAMP is
an important cellular second messenger, Ec DOS activa-
tion alters cAMP-regulated signaling pathways in an oxygen-
responsive manner.

Recent crystal structures of ferrous Ec DOS PAS domain
with either Met95 or oxygen as the distal ligand reveal ex-
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tensive alteration around the heme-binding pocket on oxygen
binding (Fig. 6) (91, 113). The Met95 ligand is displaced
by oxygen, and Arg97 rotates nearly 180 degrees. Oxygen-
dependent Arg97 rotation disrupts a salt bridge with Arg112
and Glu98 and brings the Arg97 into a hydrogen bond with
the oxygen ligand. Displacement of the Met95 ligand causes it
to swing away from the heme and toward the protein surface,
resulting in distortion of the FG loop and nearby HI turn (Fig.
6). This significant structural change on oxygen binding to the
PAS domain is postulated to transduce an intramolecular
signal to the phosphodiesterase domain of Ec DOS, leading to
its activation. Similar structural changes are also observed in
oxidized ferric Ec DOS, in which the Met95 ligation to the
heme iron is replaced by a water molecule. Possibly, a redox
conversion of the heme iron may be involved in signal
transduction. However, Ec DOS is thought to exist primarily
in the reduced ferrous state in vivo, and clearly, oxygen
sensing requires the heme to be in the ferrous state.

The H-NOX family

Soluble guanylate cyclase is part of an NO-regulated
signal-transduction cascade in mammals, although bacterial
homologues of sGC have recently been identified and char-
acterized. Nitric oxide synthase (NOS) is the upstream

A

FIG. 6. Crystal structure of EcDOS heme showing re-
arrangments in heme pocket on oxygen binding. (A) Ec-
DOS-O; (yellow) with His77 (below the heme plane) in the
proximal position and O, as two red spheres above the
heme. (B) Deoxygenated EcDOS (red). Amino acids are
numbered according to EcDOS sequence. (Reproduced with
permission from ref. 111). (For interpretation of the references
to color in this figure legend, the reader is referred to the web
version of this article at www.liebertonline.com/ars).
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activator of sGC. The various endothelial and neuronal iso-
forms of NOS produce NO from oxidation of L-arginine. The
released NO can then activate the downstream sGC to per-
petuate the cascade. On activation by NO, sGC converts GTP
to cyclic GMP (cGMP), which is a potent regulator of multiple
pathways in the cell.

sGC forms an off heterodimer that can be present in several
stoichiometries [see recent review on sGC in (116)]. The
N-terminal region of the f monomer contains a regulatory
heme domain, whereas both « and f monomers together form
the catalytic GTP cyclase domain in the C-terminus of sGC. In
the resting state, sGC contains a five-coordinate ferrous high-
spin heme, with H105 from the f monomer providing the
axial ligand (163, 169). In contrast to the oxygen sensors Ec
DOS and FixL, when the signal ligand (NO) binds to ferrous
heme in sGC, the bond between Fe?" and the proximal His
ligand appears to break (75, 143). This is a consequence of the
unique properties of NO as compared with O, or other di-
atomic gases. NO binding to heme tends to lengthen bonds
trans to the NO (in this case, the axial His ligand) because of
movement of the unpaired electron of NO into the dz* orbital.
Thus, NO binding weakens the His-Fe bond, allowing it to
rupture and alter the protein conformation around the heme-
binding site. Because of contribution of the His-Fe*™-00~
resonance structure to Fe”"-0O, the highly polarizable O, li-
gand does not have this effect, explaining why the axial His
ligand to the heme iron is not adversely perturbed by O,
binding to FixL and Ec DOS (116). Although it seems clear that
formation of the NO-Fe complex with disruption of the His-Fe
bond is required for sGC activation, the full mechanism is still
unclear and may involve additional steps and /or other factors
(such as the reaction products cGMP and pyrophosphate). For
recent and thorough discussion of the various models of NO-
dependent sGC activation, see (116, 123).

For both heme-PAS and H-NOX family members, revers-
ible binding of the ligand can alter the hydrogen-bond net-
work around the heme pocket, thereby translating the binding
event into a change in protein activity. Moreover, by tuning
the heme pocket, some selectivity for a particular ligand can
be achieved, although many of these sensors can clearly bind a
range of similar ligands in vitro. As is clear from our earlier
discussion, heme can be a versatile sensor of diatomic gases,
including O, and NO. Because oxygen concentration is a
critical determinant of cellular redox status and nitric oxide is
a potential generator of oxidative stress, the heme-based
sensor proteins play a critical role in redox sensing.

Heme as a signal ligand to control redox pathways

Because of its functional importance in respiration as part
of the electron-transport chain, heme production is often
closely correlated with oxygen availability. For that reason,
levels of cellular heme are sometimes used as a proxy to
control gene expression in response to oxygen. Several eu-
karyotic transcription factors directly bind heme, and their
activities are controlled by cellular heme levels. Although
these proteins do not use the heme to sense redox directly,
cellular heme levels are responsive to redox changes.

Bach1

Bachl is the first mammalian transcription factor found
that binds heme (111). The protein is a BTB, basic leucine
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zipper, transcriptional repressor in which the BTB domain is
N-terminal to the bZip, DNA-binding domain (71, 74, 101,
111). Bach 1 forms heterodimers with Maf proteins (MafK,
MafF, MafG). The DNA target sequences for Bachl are called
MARE (Maf recognition elements) or ARE (antioxidant/phase
II response elements) and are found upstream of genes reg-
ulated by iron, oxygen, or both. Some examples of MARE/
ARE-regulated genes are those encoding NADPH quinone
oxidoreductase, thioredoxin reductase, heme oxygenase
(135), hemoglobin (74, 148), and ferritin (H and L) (33, 68, 69).
Although Bachl binds to all the MARE/ARE sequences, the
binding stabilities vary over a significantly wide range, sug-
gesting that the DNA/Bachl interaction itself can influence
regulation (68). In addition to binding the Bachl repressors,
Maf proteins also bind Nrf2 transcriptional activators (111).
Heme has both direct and indirect effects on Bach 1 that
decrease Bachl gene repression (leading to upregulation of
Bachl target genes). First, heme increases nuclear export of
Bach1 proteins, so that the majority of Bach 1 is in the cyto-
plasm in heme-treated cells (144, 147), and less is available to
bind DNA in the nucleus. Second, the Bachl-heme complex
does not bind MARE/ARE DNA (68). The combination of
direct molecular effects and changes in subcellular distribu-
tion of Bachl provides increased access for Nrf2 to bind Maf
proteins at MARE/ARE sequences, leading to increased
transcription. Bachl has multiple HRM (CP; cysteine-proline)
motifs that contribute to heme binding (109, 111). The stoi-
chiometry of heme binding is five, and based on mutagenesis
studies, four hemes are bound in the C-terminal, B-zip do-
main (71), and one is in the N-terminal, BTB domain. At
least three of the HRM-binding domains contribute to heme-
induced nuclear export of Bachl (146, 147). Sorting out the
contributions of the individual Bachl-heme interactions to
nuclear export of Bach 1, DNA binding, and/or Maf binding
will help elucidate the functional role of heme in this process.

IRP1 and IRP2

Heme interacts directly with both IRP1 and IRP2 and in-
creases protein turnover (77). This effect is resistant to iron
chelators, indicating that it is heme itself, rather than iron
released by heme degradation, that regulates IRP turnover
(51, 99). Effects of heme binding to IRP regulators is compli-
cated by IRP1-Fe-S cluster sensing and IRP1 and IRP2 sensing
of excess environmental iron salts such as ferrous sulfate or
ferric citrate (21, 59, 60, 121, 161). However, when iron che-
lators are used, the heme-specific effects on IRP turnover are
readily observed (51). At least one heme-binding sequence in
IRP2 is absent in IRP1, but the specific heme-binding sequence
that regulates protein turnover is not clearly identified (79).
The role of IRP1 and IRP2 phosphorylation (129, 130) on heme
regulation of IRP stability is unknown.

A physiological consequence of heme regulation of IRP was
recently demonstrated in the case of regulation of ferritin-L
expression. Ferritin L contains an IRE element for regulating
mRNA translation but is also controlled at the transcriptional
level by Bachl-sensitive MARE/ARE elements in the pro-
moter. When the ferritin promoter was studied with and
without the IRE-RNA sequence in a reporter construct, it was
shown that induction of ferritin L expression by heme was
greater than the sum of the induction of the MARE/ARE-
DNA or IRE-RNA regulators alone. Thus, in vivo, increased
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expression of ferritin L by heme binding to Bachl is further
enhanced by heme-mediated degradation of IRP2, leading to
increased mRNA translation (70).

Other Iron-Based Redox Sensors

Although most iron-based redox-sensor proteins require an
Fe-S cluster or heme, in principle, mono- or dinuclear iron
centers can respond to redox status in a similar manner. Re-
cently several mononuclear iron proteins were shown in
bacteria to use this alternative iron site for sensing the strong
oxidants H,O, and NO. Careful biochemical and spectro-
scopic studies of these mononuclear iron proteins have
uncovered several new and interesting mechanisms of iron-
based redox sensing and signal transduction.

PerR and H>0,»

PerR is a member of the Fur family of metalloregulatory
proteins. In most cases, the Fur transcription factor regulates
expression of iron homeostasis genes (transporters, side-
rophore biosynthesis enzymes, efc.) (4). In some organisms,
Fur contains two metal-binding sites, a structural 7Zn%* site
and a regulatory Fe?" site (Fur:Zn,Fe) (3). Iron binding to
Fur:Zn activates its DNA-binding activity, allowing it to re-
press target promoters. As iron levels decrease, Fur:Zn can no
longer repress transcription, and iron homeostasis genes are
upregulated. However, some Fur family members, such as
PerR, instead regulate genes involved in the response to H,O,
stress (65). The PerR repressor is quite similar to Fur and
contains a structural Zn site (consisting of Cys,Zn) and a
second more labile Fe*" binding site with a mixture of po-
tential O- and N-containing ligands (H37, D85, H91, H93, and
D104) (93). Most characterized proteins that sense H,O, stress
rely on peroxide-mediated oxidation of protein thiols as the
signaling event. In contrast, PerR uses a distinct H,O,-sensing
mechanism that uses bound Fe®' to oxidize adjacent His
residues rather than the standard Cys oxidation-sensing
mechanism (93). On exposure to H,O, stress, PerR:Zn,Fe is
rapidly oxidized with a second-order rate constant of ap-
proximately 10° M/s, which is quite comparable to other
H,0, sensors controlled by Cys oxidation. This oxidation
event abolishes PerR DNA binding and relieves PerR re-
pression of antioxidant genes such as catalase and alkylhy-
droperoxide reductase. Replacement of the Fe*" atom in PerR
with Mn?* decreases PerR oxidation by 10*-fold, highlighting
the importance of the Fe for PerR oxidation.

Mass spectrometry was used to map the specific oxidative
modifications on PerR after both in vitro and in vivo exposure
to 80-labeled H,O, (93). These studies revealed that 180 was
incorporated into H37 and H91 of PerR. Both these His resi-
dues are hypothesized to form part of the Fe*"-binding site.
No Cys oxidation at the structural Zn>" site was observed.
Importantly, similar experiments showed no oxidation of the
corresponding His residues in an iron-sensing Fur homologue
of PerR, suggesting that PerR is distinct from other Fur pro-
teins in its use of Fe?* for H,O, sensing. The current model
for iron-catalyzed oxidation of H37 and H91 proceeds as
PerR:Zn,Fe reduces H,O, to produce hydroxyl radical
through a classic Fenton reaction. Because *OH reacts in a
diffusion-limited manner, it quickly oxidizes H37 or H91 or
both in the vicinity of the Fe*" site. Based on metal-catalyzed
His oxidation in other proteins and model compounds, the
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*OH likely forms an adduct with the C-2 position of the im-
idazole ring (132). The C-2-*OH adduct (a 2-oxo-histidinyl
radical) discharges an electron, possibly reducing the
oxidized iron back to Fe**. After deprotonation, a stable 2-
oxo-histidine modification is formed, presumably altering
the protein conformation in some way to inactivate DNA
binding activity. PerR demonstrates how organisms have
coopted metal-catalyzed oxidation of His as a way to sense
H,0O, stress.

NorR and NO

NorR is a sigma 54-dependent transcriptional regulator in
E. coli that activates flavorubredoxin and its associated fla-
voprotein (encoded by the norVW locus) in response to NO
stress (44, 73, 107). The NorV and NorW proteins are re-
sponsible for NO detoxification by converting NO to nitrous
oxide (45, 159). In contrast to the relatively small PerR, NorR is
a large, multidomain protein. Sequence analysis of NorR
shows a three-domain structure with an N-terminal GAF
domain followed by a catalytic AAA+ ATPase domain re-
quired for sigma 54 interaction and promoter DNA melting
during transcription (7, 72, 118, 156, 168). Binding of NorR to
target promoters is dependent on the C-terminal DNA-bind-
ing HTH domain. The GAF domain appears to regulate NorR
activation, as deletion of this domain results in constitutive
NorR activity (44).

NorR purified anaerobically contains a mononuclear iron
center bound to the GAF domain that appears to be in an EPR-
silent ferrous state. On exposure of NorR to NO in vitro or in
vivo, NorR forms a reversible mononitrosyl-iron complex.
This paramagnetic species has an EPR signal with apparent g
values at g=4.19 and g=3.82 (28). NO binding to the NorR
mononuclear iron center stimulates the ATPase activity of the
adjacent AAA+ domain, presumably enhancing NorR tran-
scriptional activity (28). No amino acid residues on NorR
were altered by NO, indicating that the iron center is poised to
sense NO by formation of the mononitrosyl-iron complex
rather than by stimulating other chemical modifications to the
protein. The K4 of NorR for NO was measured at 50 + 10 nM
at pH 8.5 at 30°C. By using myoglobin as a competitor for NO
binding, it was shown that the apparent rate constants for NO
binding by NorR are ko >1s" ! and k(m>2><107M/s (28).
These observations support a role for NorR as a sensitive and
rapid sensor of NO stress in vivo. Comparison of sGC kinetic
parameters with those of NorR show that sGC has a
kon > 1x10% M/s, possibly reflecting the use of mammalian
sGC for NO signaling, as opposed to sensing of toxic NO
accumulation.

The exact coordination site for the mononuclear ferrous
iron site has been intensively probed by site-directed muta-
genesis, EPR, MCD, and UV-Vis spectroscopy for the native
iron and Co®" substituted NorR, as well as structural mod-
eling approaches (157). The most current model synthesized
from this data suggests that the Fe>" is six-coordinate in a
distorted octahedral environment. The iron is likely bound by
only one sulfur ligand (C113) but with an assortment of
oxygen ligands from D96, D99, and D131 and a nitrogen li-
gand from R75. However, a five-coordinate iron site lacking
the R75 ligand cannot be completely ruled out. Because re-
lease of NO would be facilitated by ligand replacement (say
from R75), it seems reasonable that the resting state of NorR is
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likely to be six-coordinate, with one ligand primed for dis-
placement on NO binding. Detailed structural analysis is re-
quired to address the NO binding and release mechanism as
well as the NO-dependent structural changes that activate
NorR ATPase activity.

IRP1 and IRP2

IRP1 and IRP2 are both sensitive to increasing cellular
concentrations of iron, indicated by increased proteosomal
degradation of the proteins when cells or animals are given
excess iron (ferrous sulfate or ferric ammonium citrate) (21, 59,
121). In a recent set of observations, IRP1 without a [4Fe-4S]**
cluster binding site (cysteine ligands replaced by serine) was
regulated by iron normally in cultured cells, as was wild-type
IRP1 in mice deficient in [4Fe-4S]** cluster assembly, indi-
cating that iron-induced IRP1 degradation was independent
of the [4Fe-4S]*" cluster content (21). No obvious iron-binding
sites are found in the IRP sequences, nor were single metals
ions particularly notable in the crystal structure of IRP1 with
RNA or with an Fe-S cluster (37, 160). It is unlikely that free
Fe*" ions are available as signals because of low solubility
(10~ '® M under physiologic conditions) or free Fe*" ions be-
cause of the toxic (Fenton) chemistry with H,O,. More likely,
the Fe signals for IRP1 and IRP2 are cytoplasmic Fe chaper-
ones, such as the one recently observed for ferritin (139). Al-
ternatively, iron-mediated IRP degradation could be initiated
by an unidentified iron-dependent kinase or by hydroxyl-
ation of IRP by iron- or oxygen-dependent hydroxylases (62,
103, 112).

Roles of Iron-Based Redox Switches in Human Health

Many of the iron-based redox switches discussed here
regulate important physiological pathways in response to
changes in redox status; mutations that disrupt or alter the
activity of the sensor proteins can, thus, lead to disease. Dis-
ruption of IRP regulation of iron-homeostasis genes has been
linked to a number of human diseases (121). Mutations in the
IRE of ferritin L lead to loss of IRP binding to ferritin L mRNA
and increased translation of ferritin L. The result is a disease,
hereditary hyperferritinemia cataract syndrome, character-
ized by elevated serum ferritin and early development of
cataracts. Deletion of IRP2 in mice leads to altered iron dis-
tribution and anemia and, in some mouse strains, extensive
neurodegeneration with overexpression of ferritin and de-
creased expression of transferrin receptor 1 (22, 43). Deletion
of both IRP1 and IRP2 is embryonic lethal. Anemia also is
associated with abnormalities in the [2Fe-25] cluster protein,
ferrochelatase; when mutation disrupts two of the cluster li-
gands (C406 and C411), this leads to diminished ferrochela-
tase activity in vivo and to protoporphyria (131).

sGC is part of a critical, NO-dependent pathway that pro-
motes vasodilation while inhibiting platelet aggregation and
leukocyte adhesion in the cardiovascular system. Disruption
of the vascular endothelium can inhibit these protective
pathways and aggravate cardiovascular disease. Therefore,
stimulation of sGC by pharmacologic means has become an
important therapy for patients with cardiovascular disease
(78). Some of the pharmacologic agents require heme to be
present in sGC, whereas others are NO and heme indepen-
dent, but all are designed to activate sGC.

OUTTEN AND THEIL

The molecular arms race between host and pathogen in-
cludes defense strategies that center around iron and oxidant
stress. Host macrophages release damaging peroxide, nitric
oxide, and active oxygen while sequestering available iron. In
response, invading pathogens synthesize potent antioxidant
enzymes and iron-scavenging pathways. Several of the iron-
based redox sensors mentioned here (such as SoxR and PerR)
control the expression of genes involved in the oxidative stress
response of bacterial pathogens. Targeting these regulators
could provide novel ways to sensitize microbes to killing by
macrophages and neutrophils.

Future Directions

A number of important questions about the function of iron-
based redox sensors remain to be answered. In some cases, the
exact binding site for the iron cofactor is not firmly identified.
Clearly establishing the biochemical and bioinorganic mech-
anisms used to modulate iron-cofactor sensitivity to specific
redox signals also is critical for understanding in vivo function
of the sensor proteins. Such studies must include more struc-
tural characterization of fully active sensor proteins, especially
those with labile iron cofactors like Fe-S clusters.

It also has become apparent that study of many iron-based
redox sensors must be extended to more physiological set-
tings. The clear effects of DNA binding on the Fe-S redox po-
tentials of SoxR and Endolll are prime examples in which the
simpler, isolated system can miss key, physiologically im-
portant interactions. Similarly, more whole-organism studies
in higher eukaryotes are needed to complement cultured cell
experiments to define the global and/or tissue-specific im-
portance of individual iron-redox switches, as illustrated by
the cases of IRP1 and IRP2. IRP2 is an especially pertinent
example, as tissue-specific regulation by phosphorylation,
heme binding, and iron binding is likely to occur. It is also
likely that additional iron-dependent redox sensors with new
functionalities will be identified in the coming years, exem-
plified by the nonheme dioxygenases (112). In conclusion, we
hope the examples detailed here have clearly demonstrated
the importance of iron, as both a potential mediator of redox
stress and a critical sensor of redox perturbation used to reg-
ulate gene expression and protein activity.
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